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The development of rapid, consistent techniques
for the study of the systematics and biogeogra-
phy of ants is important—if for no other reason
than because these insects are ecologically dom-
inant in almost every terrestrial environment
around the world. Ant species, although they
constitute only 1.5% of the known global insect
fauna, make up as much as 10% or more of the
total animal biomass in tropical forests, grass-
lands, and probably other major habitats. They
are among the principal predators of arthropods
across virtually the entire size range down to and
including oribatid mites, and they are the prevail-
ing scavengers, by a wide margin, of small ter-
restrial animals of all kinds. Worldwide they turn
and enrich more soil than earthworms.

For these reasons alone this volume con-
tributes significantly to studies of the organiza-

Foreword

Edward O. Wilson
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tion of terrestrial ecosystems. But there is a sec-
ond, even more compelling, reason for its
publication. The natural ecosystems in which
terrestrial plant and animal species live are van-
ishing before our eyes. Tropical rainforests in
particular, which harbor more than half the
species diversity of plants and animals, are
being destroyed at the rate of 1-2% annually,
while the remaining forests are being fragmented
and degraded at an even faster rate. In desper-
ate response, systematists and biogeographers
must lead the way in monitoring this destruc-
tion: theirs is an indispensable role in global
conservation.

A key part of the global conservation effort is
the exact mapping of biodiversity in order to
pinpoint the hot spots, which are the most seri-
ously threatened ecosystems as well as those

XV
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with the largest number of unique species. To
date the bulk of the data for this purpose has
come from vertebrates, flowering plants, and a
few especially well-studied invertebrate groups,
such as butterflies and mollusks. Comparative
studies have shown that no one such “focal
group” will serve as an adequate proxy for all
the rest. Therefore the sampling net must be
thrown more widely in future surveys.

Ants are a logical focal group to add to the
field biologists’ repertoire. As the contributors
to this volume repeatedly document, they are
among the most abundant and easily collected
of all animals. They are, moreover, diverse—
but not so diverse as to be taxonomically con-
founding. The number of species in a square
kilometer of lowland Neotropical forest, for
example, ranges from as low as 20 or 30 (in the
Lesser Antilles) to over 500 (in the Peruvian

Amazon). Localness of distribution and endem-
icity are also relatively high. Being highly so-
cial, having colonies forming “superorganisms”
with unique patterns of resource control, ants
will add a distinctive new life form and possibly
new patterns of diversity to the roster of focal
groups. Last but far from least, they are peren-
nial, and their foragers and nests are relatively
easy to find even in the driest or wettest of
seasons.

This book is an important contribution to
defining and standardizing the methodology of
ant collection techniques. It represents an essen-
tial step toward realization of the great potential
of ants in biodiversity surveys around the world.
It will serve as a stimulus and set the standard,
not only for myrmecologists but also for ecolo-
gists and conservation biologists engaged in
biodiversity surveys.



&

5,
-

Biological diversity is the term used to describe
the variety of life forms on earth. It encompasses
at least three levels of diversity: those of the
individual, the species, and the ecosystem (Con-
vention on Biological Diversity 1992). This book
focuses on the species level. The study of the
distribution and abundance of species forms the
core of the biological sciences, encompassing
systematics, biogeography, ecology, and evo-
lutionary theory. The study of species distri-
butions and abundances also provides a wealth
of information about the state of particular
environments.

The increasing pressure exerted by the human
population on the environment has resulted in
an accelerating decline in global biodiversity.
This decline has led not only to the Convention
on Biological Diversity, a legally binding in-

Preface
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77

strument for conserving biodiversity, but it has
also resulted in an urgent need for mechanisms
for surveying our existing biological resources.
Such surveys are essential for establishing the
legislation and other protocols for conserving
biological resources for the future.

The accurate assessment of the biological
resources present at a given time and place
forms the basis of most conservation decisions.
However, owing to the lack of standardization
of survey protocols, the data produced in such
assessments rarely contribute to the continued
monitoring of biological resources over time or
to the comparison of biological resources across
different locations (United Nations Environ-
ment Programme 1995). The most widely used
distribution models are based on extrapolations
from a minimal number of field observations

xvii
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and thus suffer from the problem of biased field
surveys. As global remote-sensing (satellite)
land-cover data sets become available, it is
important to have complementary biodiversity
information. Such remote-sensing data sets,
combined with field surveys, provide powerful
tools for biological resource assessments.

The measurement of biodiversity is a com-
plex matter. Whereas no single group of organ-
isms can indicate the full range of biodiversity
at a particular site, it is also impossible to sur-
vey all the organisms at any location. One solu-
tion to this problem is to choose to survey those
groups of organisms that are ecologically
important, relatively easily collected in a stan-
dardized way, reasonably diverse at the site,
identifiable, and for which a critical minimum
amount of scientific information is available,
both in the form of publications and profession-
al expertise.

Ants, particularly ground-dwelling ants, are
the perfect candidates for such an approach.
Though ants do not have the popular appeal of
birds, large mammals, butterflies, or flowering
plants, we predict that they will play an increas-
ingly important role in conservation planning
throughout the coming century.

Investing now in the assessment of ant diver-
sity will prove a wise strategy for the long-term
future of conservation efforts. As ants are
increasingly used in biodiversity studies, the
backlog of undescribed species will rapidly
diminish. Stabilized species concepts and the
use of a standardized collecting protocol will
permit the comparison of local surveys across
broad geographic distances, and such compar-
isons will provide an important tool for under-
standing such global phenomena as climate
change. The information superhighway will
permit the development of a leaf litter sample
bank, similar to GenBank, through which
researchers across the globe currently share
gene sequences. The relative ease with which
ants can be surveyed makes them an ideal taxon

for the assessment of areas for which virtually
no biodiversity data exist, such as large parts of
the Amazon and Congo basins.

Origin of This Book

The use of ants in conservation and biodiversity
research was seriously discussed for the first
time at the International Conference of the Inter-
national Union for the Study of Social Insects
(IUSSI) in Paris in 1995. The study of ant diver-
sity was subsequently proposed as a new
approach to conservation from within the Social
Insects Specialists Group of the Species Survi-
val Commission of the World Conservation
Union (SSC/IUCN). The strong positive re-
sponses from these organizations led to the
Ants of the Leaf Litter (ALL) conference on
the use of ants in biodiversity studies, upon
which this manual is based.

In August 1996, 24 scientists from around the
world met in the idyllic surroundings of Ilhéus
in the Atlantic rainforest of Bahia, Brazil. Each
was invited to elaborate on a specific topic
related to the overall question of using ants as a
focal taxon in biodiversity and conservation
research. After a week of lively discussions, we
all agreed that ants could serve well in this role,
and a standard protocol was born.

That protocol, the ALL Protocol—which is
the main focus of this manual—is much nar-
rower than those elaborated in previous books
in this series. The consensus of the ALL confer-
ence participants was to produce a manual that
encouraged a standard protocol for collecting
ants rather than a manual that described all pos-
sible ant-collecting methods, thereby leading to
the production of many data sets that could be
readily compared.

Thanks to Jacques Delabie and his crew in
Bahia, a large data set was available for testing
various combinations of collecting techniques
(Chapter 10). The result is a simple but power-
ful tool: the 1-m? leaf litter sample, the mini-



mum common denominator. This is the mini-
mum area from which a number of ant species
large enough to be meaningful in statistical
analyses can be collected. The number of sam-
ples needed to obtain a reliable estimate of the
expected total number of species for a given
surveyed locality was also determined from this
data set. This square-meter sampling approach
allows extrapolations of the number of nests per
area and of the total biomass. The modular pro-
tocol can be supplemented with other collecting
techniques, such as pitfall traps or baiting, to
address any specific objectives of a particular
biodiversity study.

Our focus on ground-dwelling ants is based
on the unique features of this fauna and the spe-
cific, tested methods by which it can be sur-
veyed. Adequate methods for the standardized
sampling of ants in the canopy and on vegeta-
tion have not yet been developed. We feel that a
wider focus that includes these ant faunas is
inappropriate for this manual, because it would
dilute the essential strength of the ALL proto-
col: the ability to collect rigorously comparable
biodiversity data.

The vitality of the standard protocol pro-
posed in this manual is demonstrated by its
increasing application worldwide. The protocol
was largely developed in tropical and subtropi-
cal regions and it is in these regions that it is
most effective. The decreasing diversity of ants
with increasing latitude obviously sets some
limitations on its application in colder regions.
Increased aridity sets another limitation.
Preliminary results, however, show that sifting
leaf litter in savanna ecosystems is entirely pos-

Preface XIX

sible, and yields interesting results. Other col-
lecting methods, detailed in the manual, can add
more information to surveys in such areas.
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Chapter 1

Biodiversity Studies, Monitoring,
and Ants: An Overview

The goal of this book is to encourage and enable
anyone involved in conducting biodiversity
inventories, monitoring programs, or both to
include ants among their focal organisms. The
information provided here should be sufficient
to guide principal investigators, station direc-
tors, natural resource managers, technicians,
and graduate and undergraduate students in the
study of ant diversity patterns.

Although biodiversity inventories should
seek to sample as many taxa as possible,
logistical constraints dictate that only a subset
of all organisms can be sampled. Effective
biodiversity studies may do best to focus on
organisms that constitute a diverse group,
make up a large proportion of the biomass in
the area, and perform important or diverse
ecological functions in the ecosystem. Ants

Leeanne E. Alonso and Donat Agosti

meet all these criteria and therefore should be
given serious consideration for inclusion in
biodiversity studies.

Nevertheless ants and other invertebrates are
usually not included in such studies, despite
their high diversity, numerical dominance, and
ecological importance (Wilson 1987). Some of
the reasons for this include

1. The high diversity of most invertebrate
groups (particularly in tropical areas).

2. The poor status of taxonomic studies of
many invertebrate groups (New 1987).

3. The lack of understanding and recognition
of the ecological importance of inverte-
brates in ecosystem functioning.

4. The small size of invertebrates, which
causes them to be overlooked.
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Such negative perceptions make the incor-
poration of invertebrates into biodiversity pro-
grams more difficult, but not impossible. As
this book demonstrates, with proper training
and background information, it is possible for
any biodiversity program to include inverte-
brates, and specifically ants. This book is an
attempt to make the process as smooth and
straightforward as possible, with the hope that
data on ant diversity will be included in a net-
work of biodiversity programs throughout the
world. Such a network would build a sub-
stantial database and enable analysis of global
patterns of ant diversity.

To facilitate the inclusion of ants in biodiver-
sity studies, this chapter provides a general
overview of the process of sampling and moni-
toring ants, with reference to the appropriate
chapters of this book for more information.

Reasons for Including Ants in
Biodiversity Programs

Ants have numerous attributes that make them
ideal for biodiversity studies (Table 1.1). These
attributes include high diversity, numerical and
biomass dominance in almost every habitat
throughout the world (e.g., Fittkau and Klinge
1973; Agosti et al. 1994; Fig. 1.1), a fairly good
taxonomic knowledge base (Chapters S and 12),
ease of collection, stationary nesting habits that
allow them to be resampled over time, sensitivity
to environmental change (Chapters 3 and 7), and
important functions in ecosystems (Chapter 2),
including interactions with other organisms at
every trophic level (Chapter 4).
Ground-dwelling ants, in particular, are the
focus of this book because they represent a sub-
set of ants that can be fairly completely sampled
using only a few target methods. Ants living in
vegetation and tree canopies are more difficult
to sample effectively. The ground-dwelling ant
community is a good candidate for use in biodi-
versity inventory and monitoring programs

owing to its relative stability, moderate diversi-
ty, and sensitivity to microclimate.

Using Ants in Investigative and
Management Programs

Before any biodiversity inventory or monitoring
program is started, the questions and goals of
the study must be clearly defined. For example,
for a biodiversity inventory: What is the purpose
and scope of the inventory? Will a record of the
number of ant species in the area or a list of
morphospecies be enough information? Or is
the goal to compare the ant fauna of one site
with those of other sites, requiring that species
names be compiled?

Likewise, monitoring programs must state
clear objectives. These objectives in turn will
dictate which organisms will provide the best
answers to monitoring questions. Are ants the
most sensitive indicators of the environmental
factor under study? What types of data are need-
ed to provide answers to the monitoring goals?
How long must the study run before patterns are
revealed?

Knowledge of the diversity of ants in an area
can provide a great deal of useful information
for conservation planning. First of all, an inven-
tory of the species of ants in an area will pro-
vide data on their distribution and will docu-
ment the presence of any rare, threatened, or
ecologically important species, such as intro-
duced species or those found only in particular
habitat types. The number and composition of
ant species in an area can indicate the health of
an ecosystem (Chapter 7) and provide insight
into the presence of other organisms, since
many ant species have obligate interactions
with plants and other animals (Chapter 4).

Data on the species richness and composition
of ants provide the baseline needed for using
ants to monitor environmental change or recov-
ery. Although many ant species are capable of
living in a wide range of nesting sites, many



Table 1.1 The Importance of Ants

Biomass

 Ants constitute up to 15% of the total animal biomass in a Central Amazonian rainforest (Fittkau and Klinge 1973).

¢ Of the more than 750,000 described species of insects, some 9500 are ants (Arnett 1985).

« Of all insect specimens collected in the celebrated forest canopy fogging samples in Peru, 69% are ants (Erwin 1989).
* Some 5300 individual ants were enumerated in 1 m? of tropical lowland forest soil near Manaus, Brazil (Adis et al. 1987).

Diversity
» In 20 m? of leaf litter and rotting logs in Malaysia, 104 ant species representing 41 ant genera were collected (Agosti
et al. 1994).
* A single tree in Peruvian tropical lowland forest yielded 26 genera and 43 species of ants (Wilson 1987).
* In 250 m? on a cocoa farm in Ghana, 128 species and 48 genera of ants were reported (Room 1971).
* In approximately S ha of Peruvian tropical lowland forest, 365 species from 68 genera of ants were found (Tobin 1994).
* In 18 km? of semiarid South Australia, 248 species from 32 genera of ants were documented (Andersen and Clay 1996).
* In 5.6 km? in temperate Michigan, 87 species from 23 genera of ants were observed (Talbot 1975).

Biology

All ants are social. Their nests are perennial and thus can be collected all year round.

There is little variation in ant abundance between rainy and dry seasons (Adis et al. 1987).

Fragmentation affects ground-dwelling ants (see Chapter 15).

Together they turn more of the soil than do earthworms in New England (Lyford 1963).

The density of leaf cutter ant (Asta sexdens) nests is up to 20 times greater in secondary forest than in primary forest
(Nepstad et al. 1995).

Leaf cutter ants are the dominant herbivores in tropical forests: the ground volume occupied by a single 6-year-old nest
of A. sexdens weighed approximately 40,000 kg, and this young colony was estimated to have gathered 5892 kg of
leaves (Wilson 1971).

The seeds of 35% of all herbaceous plants are estimated to be dispersed by ants (Beattie 1985).

Ants rank among the principal granivores in the southeastern United States (Davidson et al. 1980).

.

Systematics

* A catalogue of all described ant taxa exists and lists 9538 species (Bolton 1995b).
e An illustrated key to the ant genera of the world is available (Bolton 1994).

¢ The taxonomy of ants is based on the ubiquitous worker cast.

Leaf litter ant surveys are cost efficient
« A statistically representative sample of the ant diversity of a given area can be completed in one week.
* In comparison, other taxonomic groups require:

Sampling and identification of tree species in 1 ha in the Atlantic Forest, Brazil: 4 person-years (Thomas, pers. comm.).
The number of new tree species (DBH > 10 ¢m) in an Amazonian rainforest still readily increases after 4 ha have
been sampled (Ferreira and Prance, 1998).

Representative sample of snakes in the Brazilian Amazon: >1000 km walked (Zimmerman and Rodriguez 1990).

Representative sample of frogs near Manaus, Brazil: >350 person-hours (Zimmerman and Rodriguez 1990).

Representative sample of birds in Western Amazonia: >800 catches; 1.2-8 catches per day using mist nets (Robinson
and Terborgh 1990).

Representative sample of butterflies in Ecuadorian rainforest: >1000 catches (specimens) over one year (De Vries et al.
1997). .

Representative sample of ithomiine butterflies in Cartago, Costa Rica: 4 days (Beccaloni and Gaston 1995)
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Figure 1.1. (a) Composition of total animal biomass near Manaus, Brazil (Fittkau and Klinge 1973).
(b) Species composition of insect fauna near Manaus, Brazil (Fittkau and Klinge 1973).

others have specific requirements and can there-
fore be used as indicators of habitat change or
restoration success (Chapter 7). On the flip side,
there are several ant species in all parts of the
world that are well adapted to living in dis-
turbed areas and are the first to colonize these
areas. The presence of these ant species is a reli-
able indicator of habitat disturbance. Since most
ant species live in stationary colonies and do not
move readily between habitats, they are ideal
for monitoring because they can be resampled
repeatably over time using the same methods,
providing information about how vegetation
structure, prey abundance, soil quality, or preda-
tor density may be changing over time (Chapter
7).

The First Steps: How to Begin
Incorporating Ants into a Study

In order to get the most useful information from
an inventory, it is best to begin with a good
knowledge base about the organisms under
study. Therefore, the first step, for those who
are not particularly familiar with ants, is to read
the chapters in this book that cover basic ant
biology and ecology (Chapters 2-5 and 8). The
most comprehensive and readable overview of
ants can be found in The Ants by Holldobler and

Wilson (1990). One should also read the chap-
ters on how ants can be used in monitoring pro-
grams, as indicators of diversity or environmen-
tal change (Chapters 6 and 7), to evaluate
whether ants are appropriate for the goals of the
biodiversity project in question. Ants are sensi-
tive to many types of environmental distur-
bance, but other organisms might be better suit-
ed for particular challenges.

The next step is to learn some basic ant taxon-
omy (see Chapters 5, 11, and 12 for basic taxo-
nomic information and additional references).

What Sampling Involves:
Resources, Time, and
Helpful Hints

Once the necessary background in ant biology
has been acquired, the standardized sampling
protocol for ants, the ALL (Ants of the Leaf
Litter) Protocol (Chapter 14), can be imple-
mented with ease. As with all research projects,
the first step in conducting field work is to gath-
er all equipment needed (Appendix 1). Second,
the sampling site must be chosen. The place-
ment of the sampling transect should be deter-
mined based on the research objectives. For
example, a transect may be placed randomly if
an objective overview of ant diversity in the



habitat 1s desired, or it may be positioned so that
it traverses several microhabitats within the
sampling area, thus collecting ants from a vari-
ety of habitat types. Alternatively, the transect
may be placed in the same areas where mammal
or reptile surveys have been carried out, in order
to draw some comparisons between taxa.
Sampling need not be limited to only one tran-
sect per site; several transects can be utilized at
each site.

The ALL Protocol, described in Chapter 14,
is very simple to implement. The entire process
can be carried out in less than 3 days if all the
necessary equipment has been obtained. The
standard protocol relies on two principal sam-
pling methods: (1) leaf litter samples, which are
extracted through mini-Winkler sacks for 48
hours, and (2) pitfall traps, left in the ground for
48 hours (see Chapter 9 for descriptions of these
methods). The number of available mini-
Winker sacks will usually be the limiting factor
to the efficiency of this sampling method. The
ALL Protocol recommends taking 20 samples.
This implies that 20 mini-Winkler sacks will be
needed to process all the samples at the same
time. If 20 mini-Winkler sacks are available and
can be run at the same time, then all samples
can be processed in just over 48 hours. If fewer
than 20 sacks are available, samples may be
extracted one after the other. This will prolong
the sampling process, since for every set of
Winkler sacks used, 48 hours is needed for litter
extraction.

Alternatively, a Berlese or Tullgren funnel
(Chapter 9) may be used for extracting ants
from the leaf litter, or the litter samples may be
sorted by hand. Extraction using Berlese or
Tullgren funnels should take the same length of
time as that using Winklers, and hand sorting
should also be completed in 48 hours.

During this 48-hour period, it is a good idea
to do some general hand collecting in the area
near the sampling transect, in order to collect a
greater number of ant species. General collect-
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ing is not standardized and therefore should not
be part of a monitoring program, but it can be a
valuable addition to an inventory. General hand
collecting includes inspecting rotting logs,
branches, and twigs on the ground; scraping
soil; and visually searching for ants (see Chap-
ter 9 for more details). When doing general col-
lecting, one should be sure to record as much
data as possible about where the specimens
were collected, particularly distinguishing
between ground and vegetation collections. The
standardized protocol restricts sampling to ant
species that live or forage in the leaf litter or on
the ground. General collecting can add addi-
tional ant species from the vegetation.

At the end of the 48-hour period, the ants
must be collected from the pitfall traps and
Winkler sacks. This process may take from 2 to
4 hours for two people, depending on the abili-
ty of the researchers to distinguish tiny ants in
the bottom of muddy cups. This is an important
step, and it should be performed with great care
so as not to miss any ants, some of which are
nearly microscopic. Ant specimens should be
placed in vials of alcohol and completely
labeled with such information as the type of col-
lection method, trap or sample number, date,
and collector’s name (Chapter 11). The steps
involved in processing the specimens to prepare
them for identification are covered in Chapter 11.

Beginning the
Identification Process

Perhaps the most difficult part of incorporating
ants into biodiversity programs is the identifica-
tion process. Few people in the world are able to
identify ants to species level, largely because of
the lack of training and the poor state of tropi-
cal ant taxonomy. However, it is not impossible,
and identification to genus and morphospecies
can be done by most people after a little instruc-
tion and a lot of practice.
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Is It an Ant?

The first step is to sort the ants from the other
organisms collected in the pitfall traps and
Winkler sacks (Chapter 11). Make sure that all
organisms identified as ants really are ants (for
help, see Chapters 5 and 11). All ants are classi-
fied into one family, the Formicidae, which is in
the order Hymenoptera along with bees and
wasps. '

Ant Subfamilies and Genera

The next steps are to identify the ant specimens
to subfamily and then to genus. There are 16
subfamilies of ants, with 296 genera and more
than 9000 described species (Bolton 1994).
Only a subset of these subfamilies, genera, and
species are found in each biogeographic region
of the world. Dichotomous taxonomic keys to
ant subfamilies and genera are available in
Hélldobler and Wilson (1990), Bolton (1994),
and several other publications (Chapter 12). If
these references are not available, consult the
social insects Web site (http://research.amnh.
org/entomology/social_insects/) for general
pictorial keys and information on how to obtain
these publications. These keys are fairly tech-
nical and require some knowledge of insect
morphology. However, with practice and a little
background reading on insect morphology, most
researchers should be able to identify ants to
genus. A more user-friendly, pictorial guide to ant
genera of the world is currently being prepared.

Before attempting to identify an ant speci-
men to genus or species, it is best to become
familiar with the taxonomic keys, the body parts
of an ant (Fig. 5.1), and the morphological char-
acters that are most frequently used to identify
ants (Chapters 5 and 11).

Species Identifications

Identifying ants to species is much more diffi-
cult because taxonomic keys to species are scat-
tered throughout the literature, many keys are
out of date, and there are no keys for many

regions of the world, particularly tropical areas
(Chapter 12). The first step in species identifi-
cation is to separate the ant specimens into mor-
phospecies, or units that look different from one
another (Chapter 11). Each morphospecies
should be assigned a number so that specimens
sorted later can be associated with similar pre-
viously encountered specimens. Morphospecies
designations should be based on the traditional
morphological characters used in ant taxonomy
(Chapters 5 and 11).

It is unlikely that identification of all ant
species at a site can be completed without some
assistance. However, attempts should be made
to identify as many of the specimens as pos-
sible, using publications that contain informa-
tion on the ants of the area, especially those
publications that contain taxonomic keys (see
Chapter 12 for sources).

For a biodiversity inventory, the number of
species (based on morphospecies) may be infor-
mation enough. However, without knowing the
scientific names of the ant species in an area,
little can be inferred about the presence of par-
ticular species or the patterns of their distri-
bution or diversity. Environmental management
and monitoring studies require species identi-
fications so that the presence of exotic species,
rare or threatened species, or species specialized
on particular climatic conditions can be recog-
nized (Chapters 6 and 7). In addition, com-
parisons between sites, both locally and globally,
require species identifications if the studies are
not conducted by the same researchers.

Essential Collaboration
with Ant Taxonomists

After identifying the ant specimens as far as
possible, the next step is to contact local ento-
mologists, some of whom may be familiar with
ants, to provide taxonomic training or assist
with identifications.



If no entomologists are available in the area,
scientists trained in ant taxonomy may be able
to help. The major ant collections of the world
are listed in Chapter 12; most of these collec-
tions have ant taxonomists on staff. The social
insects Web site also has lists of and links to ant
taxonomists. Some ant taxonomists may be
available to visit a site and provide training in
collecting methods and ant identification. This
approach is highly recommended—especially if
funding can be provided for the taxonomist to
travel to the site—since it can provide valuable
training for the project participants and enable
local researchers to identify ants on their own in
the future. If training is neither desired or finan-
cially feasible, ant taxonomists can likely pro-
vide species identifications if specimens are
sent to them. When seeking assistance from any
of the taxonomists, be sure to contact them well
in advance (at least two months) of sending the
specimens for identification. It is important to
keep in mind that these taxonomists are busy
and that species identifications take consider-
able time. Allow at least three to twelve months
for identifications to be made, depending on
how many specimens must be identified.

The Value of
Information Exchange

The exchange of ant collections and taxonomic
expertise between local researchers conducting
biodiversity inventories and ant specialists can
be beneficial for both parties. Field researchers
receive assistance with species identifications,
enabling them to learn more about their local
fauna. Biological information about particular
species may also be provided by the ant spe-
cialists, and this helps the local researchers bet-
ter understand and utilize the patterns of ant
diversity in the management of their areas. Ant
taxonomists also benefit by receiving ant speci-
mens from taxonomic groups and geographic
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areas of interest to them. The specimens and
associated biological information that special-
ists receive from field projects contribute to sys-
tematic studies and taxonomic revisions, thus
adding to our understanding of the biology and
evolutionary history of ants and furthering our
ability to identify particular species.

What to Do with Specimens

The ants collected in biodiversity studies are
potentially valuable to taxonomists and local
researchers, so they should be handled with
care. A reference collection of the species from
the site should be established at the local field
station, university, or research institution. If
possible, a few representatives from each
species should be pinned and housed in a cool,
dry collection case (see Chapter 11 for details).
The pinned specimens will serve as a reference
for future ant identifications. The remaining
specimens may be stored in vials of alcohol.

Ant specimens should also be sent to those
ant taxonomists who are working on particular
groups of ants, regardless of whether their taxo-
nomic assistance is needed (see Chapter 12 or
the social insects Web site). These specimens may
prove valuable in a taxonomic revision by provid-
ing needed material on poorly known species or
additional data on geographic distributions.

Additional specimens should be deposited in
major ant collections (see Chapter 12 for a list).
Depositing ant specimens in national collec-
tions allows other reseachers to examine them
for taxonomic comparisons.

Data Output: How Best to
Utilize the Information

Collecting and identifying ants provides data
that can be used in furthering the goals of the
biodiversity project. How the data are processed
after collection is perhaps the most important
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part of the entire study. Careful consideration
should be given to which methods of data analy-
sis will best address the questions of each par-
ticular study. Several possible analytical meth-
ods are described in Chapter 13.

Analytical tools can be used throughout the
study to determine the ultimate sample size
needed to collect representatives of all ant
species in an area (Chapter 10), to determine
how long a monitoring program need be run, or
to make adjustments to management practices.

The Importance of Training

Depending on their background knowledge of
insects and ant biology, researchers involved in
biodiversity studies may or may not feel qualified
to carry out the standard protocol for ants on their
own. Although this book should provide enough
detail for almost anyone to utilize the methodol-
ogy, some may feel that they need more direct
training or assistance. As mentioned earlier, on-
site training is recommended if the project has
sufficient funding to bring in ant specialists. Such
training provides a lasting knowledge base that
will enable the project to carry out future inven-
tories and follow through with ant identifications.
It also enhances the researchers’ ability to train
others in the ant collection process.

The standard protocol for ants is also being
taught as part of the multitaxa inventory and
monitoring approach of the Smithsonian
Institution/Monitoring and Assessment of Bio-
diversity (S/MAB) training courses throughout
the world. For more information on becoming a
part of the Smithsonian network, readers should
contact the S/MAB Biodiversity Program of
the Smithsonian Institution, 1100 Jefferson
Drive SW, Suite 3123, MRC 705, Washington,
DC 20560; www.si.edu/simab.

In addition to receiving training themselves,
many researchers will eventually be required to
train others to implement the protocol. Stan-
dardized protocols, such as that described in this

book, are an invaluable part of biodiversity pro-
grams, and promotion of their use will enable
data from biodiversity studies worldwide to be
put into broader geographic and global contexts.

Promoting Ants in
Biodiversity Programs

We hope that this book will help facilitate the
incorporation of ground-dwelling ants into biodi-
versity programs throughout the world. The
advantages of their inclusion should be clear from
this chapter as well as several others in this book
(e.g., Chapters 2, 4, and 6-8). Ants are a key
taxon for biodiversity studies and a valuable addi-
tion to multitaxa programs. Their incorporation
into biodiversity programs in diverse habitats and
geographical regions will provide a global data-
base of ant diversity that can be used by taxono-
mists, ecologists, and natural resource managers
in any country. Knowledge of global patterns of
ant diversity and responses of ant communities to
local and global environmental change will assist
with conservation planning worldwide.

Further Information
and Assistance

The contributors to this book have joined
together to form the ALL Group, a team of ant
taxonomists and ecologists from throughout the
world dedicated to the promotion of ants in bio-
diversity programs. Readers should feel free to
contact the ant experts of the ALL Group via the
social insects Web site (http://research.amnh.
org/entomology/social_insects/) for help with
incorporating ants into biodiversity programs.
We will try to arrange assistance in training,
obtaining equipment, identifying specimens, or
other matters. Be sure to contact the Group well
in advance of target dates. Further information
about the ALL Group and ants in general is
available on the social insects Web site.



Chapter 2

A Primer on Ant Ecology _. .

As the first chapter of this book suggests, ants
are a taxon that offers much to those interested
in long-term monitoring, inventory, and basic
ecology. This chapter has two goals. The first is
to introduce the reader to key ecological fea-
tures of ants. Its target audience is those unfa-
miliar with ants but interested in adding them to
monitoring and biodiversity studies. Its cover-
age will not be exhaustive, and as in any review,
this chapter will have a distinct point of view.
Other sources of information with different
viewpoints are available in this volume and in
the form of other reviews (Sudd and Franks
1987; Holldobler and Wilson 1990; Andersen
1991a). Many topics basic to ant ecology (e.g.,
functional groups, patterns of species composi-
tion, dynamics, and interactions) are scarcely
covered here because they are treated elsewhere
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in this book (see Chapters 3, 4, and 8). My second
goal is to challenge potential myrmecologists
by emphasizing that a number of basic puzzles
remain to be solved.

This chapter is organized around five topics:
Colony Life, The Ant Niche, What Regulates
Ant Populations?, What Regulates Ant Com-
munities?, and Open Questions in Ant Ecology.
Where appropriate I will make suggestions on
how to apply this natural history to the design of
a monitoring program. These tips will be great-
ly expanded upon in Chapter 9.

Colony Life

In an introductory chapter such as this, one
inevitably glosses over much of the variation
that scientists enjoy studying. Here I describe
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the behavior and composition of a generic ant
colony, then move on to a few of the interesting
variations on this theme.

Ants are eusocial organisms, characterized
by cooperative brood care, overlapping genera-
tions of workers within the colony, and a highly
developed caste system (Wilson 1971). Castes
are groups of specialized colony members that
perform different functions with corresponding
differences in form. For example, if you were to
dig into the soil of a large ant colony you would
likely see hundreds of workers boiling out. The
worker caste performs most of the colony’s day-
to-day tasks. These include collecting food,
tending the young, and maintaining and defend-
ing the nest. Continued digging would reveal
the colony’s young—off-white eggs, larvae, and
pupae—in small discrete chambers. All ants
start as eggs, grow as larvae, and develop into
adults as pupae; these immature stages are fed,
groomed, and protected by workers. Depending
on the time of year, you may encounter larger,
winged ants—the male and female alates or
sexuals. Alates are the reproductive phase of the
colony and have little to do in the colony while
they wait to fly off and mate. Nonetheless, as
they represent the colony’s reproductive future,
they too are often vigorously defended. Even-
tually you will uncover the queen chamber and
its occupant, surrounded by still more workers.
The queen, once a winged female in another ant
colony, is the center of colony life—often the
largest ant in the colony, swollen with eggs and
fat. The queen’s central role is that of the egg-
layer, that is, the mother of all the other colony
members. No other members of the colony,
although there may be thousands, produce eggs.

It has long been apparent that workers within
a colony work together gathering food and
defending the colony. This apparent cooperation
and self-sacrifice was long held out as an exam-
ple of virtue. How the castes work together and
why workers forego reproduction has been a
subject of constant fascination, as it seemed to

be a potential exception to Darwin’s theory of
evolution by natural selection. Individuals were
not selfish, but instead appeared to sacrifice
themselves for the good of the colony.

One resolution to this paradox came through
the study of the peculiar genetic system com-
mon to many social insects—haplodiploidy
(Hamilton 1964, 1972; Alexander 1974; Trivers
and Hare 1976). To see how this works, consid-
er that humans differ between the sexes in the
genetic makeup of our sex chromosomes.
Females inherit two X chromosomes from their
parents; males inherit an X chromosome from
one parent and a'’Y chromosome from the other.

Sex in ants is determined in a fundamentally
different way—there are no sex chromosomes.
Queens, female alates, and workers have two
pairs of each chromosome (i.e., are diploid);
males have only one set and are haploid.
Females and workers receive two sets of chro-
mosomes through the conjoining of egg and
sperm. Males are produced from unfertilized
eggs.

This simple system has profound conse-
quences for cooperation within the colony.
Workers, it turns out, are closely interrelated,
sharing 75% of their genetic makeup. Queens,
like human mothers, share on average only 50%
of their genetic makeup with each of their
daughters. They also tend to live longer than
their offspring in the insulated environment of
the nest. In this situation, workers can advance
the cause of their genes most by helping the
queen produce more workers and reproductives.
The best way to do that is to help keep the
queen, and hence the whole colony, alive and
functioning. If a worker engages in such “self-
less” behavior as a vigorous and fatal defense of
the nest or enabling the consumption of its own
body by its nestmates, it is actually being self-
ish, insofar as it improves the chance of the
colony surviving and its genes living on. This
division of labor and social organization allows
a high degree of behavioral sophistication. It



may help account for the amazing proportion of
biomass accounted for by social insects in the
world’s ecosystems (see Chapter 1).

This simple picture of colony life, although
somewhat typical, ignores fascinating variation
that occurs when workers are fertile (Peeters
1991) or when many queens contribute eggs to
the same colony (Holldobler and Wilson 1977).
Both scenarios may enable “selfish” workers to
prosper, and both are current, productive
avenues of research in ant ecology.

The Ant’s World—Life as a
Colony of Tiny Organisms

It is often said that ecology and conservation
biology suffer from a vertebrate bias (Wilson
1993). Humans choose to study organisms, such
as birds and mammals, that experience the
world as humans do. But ants live and interact
in parts of the environment that are in many
ways foreign to humans. An effective monitor-
ing program requires a basic understanding of
these differences in order to exploit them in the
design of the project.

Most obviously, individual ants are small,
with a dry weight typically much less than a
gram. Their size allows ants entry into crevices
and microenvironments (e.g., between soil par-
ticles or in the bark of the trees [Kaspari and
Weiser 1999)). It allows ant colonies to exist on
limited resources and to exploit the majority of
the ecarth’s other organisms, which are also
small.

But small size has a cost. Small animals heat
up and dry out more quickly (Hood and Tschin-
kel 1990; Kaspari 1993a). Ants, as ectotherms,
are constrained to forage when it is warm
enough, but not too warm. This results in a tem-
perature “envelope” in which most ants forage
at temperatures greater than 10°C and cease for-
aging much above 40°C, with an average peak
foraging temperature of 30°C (Holldobler and
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Wilson 1990). Low humidity may also con-
strain foraging; the best time to collect ants in
the deserts of North America is after summer
rains (Schumacher and Whitford 1976). But
even moisture is a two-edged sword, as standing
drops of water are sticky and unmanageable to
ants, and rain washes away chemical trails.

This interaction with their chemical environ-
ment introduces another profound way in which
ant societies differ from human societies. Ants
are filled with glands that open to the outside
world, and these glands have three main func-
tions. First, living in the soil requires a defense
against fungal and bacterial pathogens; some
glands produce secretions that help to keep the
ant clean and disease-free. Second, ants are
such a conspicuous part of their environment
that they have many enemies. Ants—similar to
other members of the insect order Hymenoptera
(e.g., bees and wasps)—often defend them-
selves with their stings. Evolution has modified
the ant sting in a variety of ways to produce
defensive chemicals that are injected, dabbed, or
sprayed on potential enemies and competitors.

Finally, some glands produce pheromones,
allowing ants to communicate in sophisticated
ways with others in the colony and with other
colonies and species (Vander Meer and Alonso
1998). For example, each ant colony has an
individual odor; ant queens use pheromones to
control workers; ant workers use pheromones to
leave scent trails to profitable food resources as
well as to mark territories. Still other pher-
omones are released to alert the colony to dan-
gers. In sum, chemicals are the main currency
of communication among ants.

The Colony Life Cycle

The colony life cycle breaks down into three
phases: founding, growth, and reproduction.
Most ant colonies are founded when a newly
mated queen flies off in search of a nest site.
Most alates die during this journey, since they
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are an attractive source of food for a variety of
predators (Whitcomb et al. 1973). Upon finding
a nest site, a queen excavates or occupies a cav-
ity in a plant or in the soil, where she lays eggs.
The queen then depletes her own reserves and
converts them into food for the first clutch of
workers, either in the form of trophic eggs or
salivary secretions.

Colonies enter the growth phase when the
first clutch of workers matures. The queen’s
duties are reduced to egg production and
pheromonal control of the colony. The workers
take over the task of caring for young, foraging,
nest maintenance, and defense. In this phase,
colony growth is often exponential, as all
resources are devoted to gathering food and
raising more workers (Wilson 1971; Tschinkel
1993).

The length of the growth phase varies among
species and is dependent on climate—cold
slows brood development. The growth phase
ends when colonies grow large enough to pro-
duce alates. This colony size threshold varies
widely among species—some are sexually
mature at 10 workers, others at 10,000 or
100,000. What drives this variation is still
unclear, although one pattern that emerges is
that the average colony size decreases as one
approaches the equator (Kaspari and Vargo
1995) and passes from less productive to more
productive environments (Kaspari et al., unpub-
lished data). The determinants of size, growth
rate, time to maturity, and other life history
traits in ants are still only poorly known
(Tschinkel 1991).

The reproductive phase of the colony’s life
cycle begins when attention is lavished on
unfertilized eggs (destined to be male alates)
and some fertilized eggs are raised, through
extra nutrition, to be female alates (and ulti-
mately queens of their own colonies). As alates
are typically larger than workers, resources are
diverted from worker production, and colonies
may stop growing or even decrease in size.

These alates then fly off to mate with alates
from other colonies. The males, after copulat-
ing, die. The females fly off in search of anoth-
er nest site, completing the colony life cycle.
Colony cycles are somewhat synchronized in
habitats that show seasonal rainfall and temper-
ature. Alate flights often occur at the beginning
or end of the “benign season” (the warm season
in the temperate zone, the rainy season in the
tropics). Colonies may produce alates for as
long as the queen lives, often for many decades.

This concludes a sketch of a “typical” ant
colony. Most ant species have only one queen
per colony, and the colony occupies a single
nest. Colonies of some ant species, however,
have multiple-queen nests for at least one part
of their life cycle. This is a topic of enormous
interest since it complicates the genetic-related-
ness rules of ant behavior outlined previously.
Further, many of these species nest not in one
location, but in several nest chambers linked by
long tunnels or runways that may stretch tens of
meters.

Species with multiple queens and multiple
nest sites often dominate habitats, owing to their
high potential growth rate and large spatial
extent. Such is the case for a handful of intro-
duced ant species (Linepithema humile, the
Argentine ant; Pheidole megacephala, the big-
headed ant; Solenopsis wagneri, the fire ant).
Species introductions are a problem worldwide,
and these three ant species have been shown to
have an enormous impact (Chapter 4; Williams
1994). They are a nuisance to humans, tending
aphids on cultivated plants and invading house-
holds; the fire ants have a nasty sting. Intro-
duced ant species are also scourges of their host
ecosystems. Although native species perform a
variety of ecosystem services (e.g., dispersing
seeds) introduced species may not (Bond and
Slingsby 1984). Freed of factors that limited
their native populations, these species may out-
compete and drive to extinction local assem-
blages of ants and arthropods (Porter and



Savignano 1990) and reduce wildlife popula-
tions (e.g., Allen et al. 1995).

The Ant Niche

The ecological niche of a species describes the
roles it plays in an ecosystem. Describing a typ-
ical ant niche is as vexing as describing a typical
ant colony. The variety of diets, nest sites, life
spans, and associations of ants in any given
habitat makes ants an attractive group for
monitoring.

However, some general observations may be
offered. Most ant colonies are relatively sessile,
at most moving their colonies every two weeks,
some not moving at all (Smallwood 1982). Ants
derive their energy from other organisms—
either plants (nectar, leaves, seeds) or other
animals, alive or dead. From a central point,
colonies send foragers through the environment,
quickly recruit to new food resources, and just
as quickly abandon them as the need arises. In
this way ants collect and concentrate resources
in the environment and are themselves pre-
dictable resources for those that exploit them. In
many ways, ant colonies are decidedly “plant-
like” (Andersen 1991a).

Species in an assemblage may vary along
three niche axes of particular concemn to those
designing a monitoring program. These are the
nest niche, the food niche, and the temporal
niche.

The Nest Niche

Ant nests take a variety of forms. If you traveled
along a gradient, from warm desert to moist
tropical rainforest, the variety of nest sites that
ants use would increase dramatically. In deserts
ants tend to be soil nesters. Some soil-nesting
species rarely breach the surface except to
release alates (e.g., some Acropyga and
Neivamyrmex). Many of these species are
known only from male alates caught in light
traps. The diversity and natural history of these
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species remain virtually unexplored (Lévieux
1976, 1983).

Other species nest in the ground but emerge
from entrances to do at least some of their for-
aging above ground. This is probably what most
people think of when they picture an ant colony,
but even this simple idea is expressed in a num-
ber of ways. The nest entrance can be a discrete
hole in the soil. In cooler deserts, particularly
the tundra, soil nests are often found under
stones: stones retain warmth longer than soil,
and colonies in cool climates take advantage of
these environmental hot spots to warm their
brood (Brian and Brian 1951). In some upland
meadows, almost every large, flat stone appears
to have an ant colony underneath. Not surpris-
ingly, then, stone nesting is less common where
soil temperatures are warmer (e.g., hot deserts
and lowland tropical rainforests; Brown 1973).
In other cases ants bring the stones to the nest
entrance, often paving a large gravel disk
around the entrance.

Ants nest in a variety of soil types, from hard
clay to loam to pure sand. Yet whereas a gar-
dener or botanist can speak volumes on how
pH, drainage, and other soil properties influence
the plant community, ant ecologists can say lit-
tle about how soil properties influence ant com-
munities. For example, little is known, given the
heterogeneity in soil and litter occurring at a
given site, about the role that these differences
may play in segregating species (but see
Johnson 1992).

Moving from deserts into grasslands and
savannas, most ants still nest in the soil.
However, in dense grasslands, colonies may live
in perpetual shade. A solution practiced by
some species is to create a disk of bare soil
around the nest entrance. Another solution, par-
ticularly in the Northern Hemisphere, is to form
large thatch mounds that rise a foot or more
above the surrounding grass. In woodlands, tree
stumps and snags may also be hot spots for ant
colonies. In each case, by avoiding or emerging
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from the shade, these nests prolong their resi-
dents’ exposure to the sun.

As we enter forests, the ground becomes cov-
ered with a layer of woody debris, leaves, twigs,
and fruits (e.g., acorns). In very dry woodlands,
soil-nesting species still predominate. As the
woods become moister, ants begin to nest in this
litter. Litter-nesting ants may nest in cavities in
twigs or fruit, between leaves, or in large,
decaying logs (Herbers 1989; Kaspari 1993b;
Byrne 1994). The fraction of species that nest in
the litter is largest in the tropics (Wilson 1959).
In the litter a single bit of hollow twig may
house a colony of ten to a hundred workers; a
scattering of leaves may provide meager shelter
for a colony and its pupae, spread over several
square meters; a large, rotten log may contain
multiple colonies of a variety of species. To find
these colonies, one need only crack some twigs,
disturb some leaves, or cut into a rotten log. If
the environment is seasonally cold or dry, these
colonies may periodically move out of the litter
and into the soil (Herbers 1985).

In tropical forests, a substantial portion of the
local ant fauna will be found living in the plants
themselves, from low herbs to the canopies of
trees (Jeanne 1979). Some ants build nests out of
chewed wood pulp. These “carton nests” are com-
mon in the tropics and may be found affixed to
trees high in the canopy or in the understory, on
the underside of leaves (Black 1987). Species
such as the wood ants (Camponotus) may exca-
vate a nest chamber in a partially rotting tree (look
for regular columns of ants on the trunks of trees).
Finally, a host of plants have evolved cavities and
food bodies, providing ants food and shelter in
exchange for protection from herbivores (Huxley
and Cutler 1991, Chapter 4). Only a small subset
of plants may have these cavities, but they are
often used by species found nowhere else.

The Food Niche

The majority of ants appear to be opportunistic
foragers, taking some combination of plant exu-

dates, seeds, and animal matter, alive or dead.
Some fraction of an ant assemblage, however, is
more specialized in their diets. For example, in
the warmer parts of the Americas, the Attini cut
vegetation or collect dead insects or insect dung.
This material is in turn used as a substrate on
which to grow fungus, and this fungus is cultured
and harvested for food (Weber 1972a, 1972b).

Other ants specialize to various extents on
plant exudates (Tennant and Porter 1991; Tobin
1994). These exudates are obtained either
directly from plant organs called nectaries or
indirectly through such sucking insects as the
Homoptera (Huxley and Cutler 1991). Given
the enormous volume of ants in tropical cano-
pies, an increasing body of evidence suggests
that canopy ants live in a carbohydrate-rich and
protein-poor environment (Tobin 1994; Davidson
1997; Kaspari and Yanoviak, in press).

Many ant genera include specialized preda-
tors (e.g., Cerapachys, Neivamyrmex, Procera-
tium, Strumigenys, Thaumatomyrmex) that feed
on a restricted set of arthropods. Some “special-
ists” may have taxonomically narrow diets but
feed on insects that are otherwise quite common
(e.g., the ant specialists among the army ants
Neivamyrmex) if not always apparent to the
casual observer (e.g., the Collembola specialists
in the genus Strumigenys).

Finally, ant species that make up a community
may specialize to varying degrees on the size
and density of a resource. Species with large
workers often have access to a broader array of
prey sizes (Kaspari 1996c¢). Likewise, as food
comes in packages of different sizes, the larger,
richer bits of food are often taken and defended
successfully by species with large, aggressive
colonies (Kaspari 1993b).

The Temporal Niche

Within an ant community, subsets of species
may restrict their activity to some parts of the
year or day. For example, Prenolepis imparis,
which can forage at temperatures approaching



0°C, is a North American forest species com-
monly active in spring and fall, but rather in-
active in summer (Talbot 1943; Fellers 1989).

Over a 24-hour period, the same patch of
habitat may reveal very different parts of its ant
fauna. Deserts (Whitford and Ettershank 1975;
Bernstein 1979; Morton and Davidson 1988)
and rainforests (Greenslade 1972; Kaspari
1993a), for example, often have distinctive
nocturnal, crepuscular, and diurnal fauna. This
segregation likely arises from a combination of
physiological tolerances, competitive inter-
actions, and predation risk (Whitford 1978; Orr
1992). However, the paucity of such studies
leaves us with no reliable generalizations for an
important question in ant monitoring: at what
times of day do you sample? As a first approxi-
mation, desert (and perhaps rainforest) commu-
nities are likely have the most highly developed
between-species segregation of daily activity.
Desert and temperate communities likely have
the most pronounced seasonal segregation. Bait
studies in such habitats that fail to sample over
the appropriate time intervals may under-
estimate species richness.

What Regulates Ant Populations?

A population is a collection of individuals of the
same species found in a given area (e.g., the
Pogonomyrmex rugosus population of the
Jornada Experimental Range, southern New
Mexico). In this section I briefly review what
we know about factors that regulate ant popula-
tions, that is, factors that cause ant populations
to increase, decrease, or stabilize (see also
Chapter 3 for more examples).

Factors that regulate populations can be bro-
ken down into two groups (see also Chapter 3).
Resource-based factors regulate populations by
controlling the supply of resources as well as a
colony’s access to those resources. Mortality-
based factors, in contrast, are those that kill
and/or harvest parts of colonies. In short,
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resource-based factors determine how fast pop-
ulations can grow in a habitat; mortality-based
factors determine the actual standing crop of a
species. How these forces act together is a topic
of ongoing research.

Resource-Based Regulation

Resource-based factors set the ability of col-
onies to grow and reproduce. They are of three
types: resources, conditions, and population
interactions. Resources are items actually used
and depleted by ant colonies (e.g., food, nest
sites). Conditions are abiotic factors that regu-
late access to resources (e.g., temperature, hu-
midity). Population interactions describe how
other populations in the habitat regulate access
to available resources.

As habitats become more productive, they
often have higher overall numbers of ant
colonies. For example, net primary production
measures the amount of photosynthesis in a
habitat, in units of grams of carbon fixed per
square meter per year. In the Americas, the den-
sity of ants increases from around 0.03
colonies/m? in the Colorado desert (<10 gC/
m?/y) to about 10 colonies/m? in an Ecuadorian
rainforest (>1000 gC/m?/y; Kaspari et al.,
2000). But the increase is far from uniform.
Access to resources is decreased by poor condi-
tions (Andersen’s “stressors”; see Chapter 3)
and by competing populations of ants and other
organisms.

Temperature is a preeminent condition for ant
populations (Brown 1973). As a taxon, ants are
thermophilic, shutting down in winter and
avoiding cold shade (Brian and Brian 1951). Yet
even in environments that are mostly cold year
round, such as alpine tundra, ants are often
common in direct sunshine (Heinze and HolI-
dobler 1994). Where it is warm year round (e.g.,
the tropical deserts, savannas, and rainforests)
ants are a conspicuous part of the landscape.

Organisms or populations compete for re-
sources when an individual or population grows
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at the expense of another individual or popula-
tion. For example, as one colony grows, it may
deplete the food supply sufficiently to make
food unavailable to other nearby colonies.
Likewise, if there are a limited number of hol-
low twigs or ant plants in a forest, whichever
colony or population gets there first may
exclude a second colony or population (David-
son et al. 1989; Longino 1991). Competition
can be within a species (intraspecific) or be-
tween species (interspecific). In the former
case, interactions within a species regulate the
population; in the latter, interactions between
species help regulate the population. Compe-
tition may occur indirectly, through the con-
sumption of food or other resources, or quite
directly, through the killing of other colonies.
The distinction between competition and preda-
tion becomes fuzzy in ant-ant interactions (i.e.,
is a colony that kills a neighboring colony and
carries away its pupae and food stores preying
upon that colony, or simply getting rid of a
competitor?).

Where there is abundant sunshine (or insola-
tion), there is growing evidence that ant col-
onies compete with each other for resources
such as nests and food. I can rank this evidence,
in order of increasing confidence, as follows.

Many ant species are highly territorial. If
colonies deplete resources and kill foundresses
near established nests, this should result in a
regular distribution of ant colonies in a homoge-
nous landscape. Many studies have looked for
these patterns, mapping out colonies in an area
and testing the hypothesis that colonies are
more dispersed than would be expected by
chance. A summary of the evidence (Levings
and Traniello 1981) suggests that territoriality is
often, but by no means always, the case. At least
one cautionary note for this type of evidence is
sounded by Ryti and Case (1992).

Colony density and size can also affect com-
petition between ants. Resources can be sub-
divided by a population in a number of ways.

All the resources can be dominated by a single
large colony, or they can be divided among
many, smaller colonies. Put another way, as
average colony size in a habitat increases, the
density of colonies in that habitat should
decrease. This inverse relationship between
colony size and density is often observed over
the course of a growing season. Early on, habi-
tats are colonized by many foundresses. These
foundresses raise broods that find, fight, usurp,
and kill other colonies, until that same habitat is
left with only a few victors (Ryti and Case
1988b; Tschinkel 1992; Adams and Tschinkel
1995). This is not always the case, however. In
one study of tropical litter ants, there was little
relationship between colony size and density
(Kaspari 1996b); disturbance by rainfall and
army ants may be sufficient to prevent colonies
from saturating the environment.

If ants compete for resources or good condi-
tions, then removal of one colony should bene-
fit another. Experimental removal of ant col-
onies often results in the rapid use of the vacat-
ed site by foragers and nests of adjacent ant
colonies (Davidson 1980; Andersen and Patel
1994).

If resources or conditions limit a colony’s
growth, then increasing resource availability
should enhance that colony’s survival or repro-
duction. This individual success should ulti-
mately result in higher local population densi-
ties. This is a simple experiment, but it has
rarely been performed by ant ecologists. Food
addition studies in warm desert environments
have yielded mixed results (Ryti and Case
1988a; Munger 1992). Ants in temperate envi-
ronments closer to the poles may be more likely
to respond to increases in food supply (Deslippe
and Savolainen 1994). One reason may be that
warm deserts often run on a seed economy, and
seeds can be stored for long periods. “Harvester
ants” may thus be better buffered against food
shortages and more likely to respond only to
prolonged periods of shortfall. Shortages of nest



sites may also limit ant populations. In two
Neotropical litter ant assemblages, nest densi-
ties doubled with the addition of bamboo twigs,
but 75% of the nest sites remained unoccupied
(Kaspari 1996b).

Clearly resources, climate, and competitors
work together to regulate ant populations
(Brown 1973). Even in resource-rich environ-
ments, cool-damp climates have few ants. A
good example is provided by cool, temperate
rainforests. In contrast, warm-dry environments
appear to have conditions quite well suited to
ants. In this case, the number of ants often
appears to be set by rainfall—a good predictor
of the seed crop on which desert ants feed
(Morton and Davidson 1988).

Mortality-Based Regulation

A variety of factors kill and cull ant colonies.
The death of a colony’s queen generally spells
the end for the colony, although it may still pro-
duce a final batch of alates from existing eggs
(or eggs laid by workers). Colonies of some
multiple-queen species may also adopt a new
queen (e.g., Tschinkel and Howard 1978).

But as suggested previously, most queen
deaths occur early in the colony’s life cycle,
when roving foundresses are a vulnerable (and
nutritious) food to predators ranging from
dragonflies to birds. After founding, more
queens, newly ensconced in the nest, are killed
by roving workers from mature colonies.
Mature colonies die less frequently, but the
causes of queen death in older colonies are
obscure, in part because so many queens are
high in the treetops or deep underground, and
thus difficult to observe. Weather must play a
role. Unable to get up and move quickly (a large
colony of Atta colombica may take 8 days to
execute a nest move; Porter and Bowers 1981),
many ant species are probably susceptible to
flooding.

Given their densities, biomass, and inter-
actions, ant colonies are a conspicuous part of
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the environment (see Chapter 1). It should not
be surprising that they have attracted their share
of predators and parasites—many of which are
other ant species (Kistner 1982). For example,
some ant species are social parasites. They have
queens that invade the nests of a host species,
find the queen, and kill it, “adopting” the col-
ony’s workers to raise the intruder queen’s eggs
(Wilson 1984).

Ant populations are also regulated by har-
vesting. Just as regular pruning of a garden can
keep individual plants in check, predators that
drain a colony’s resources by killing its workers
can help regulate ant populations. In the boreal
and temperate zones some ant species conduct
“slave raids,” stealing the pupae of other col-
onies (Topoff 1990). As the term implies, these
pupae are carried off and raised by the raiding
species to take over many of the colony tasks.
Slave-raiding species are replaced (in an
intriguing but as yet unexplained pattern)
toward the tropics by army ants—nomadic raid-
ing colonies of ants that kill and carry off pupae
for immediate consumption. Over 20 army ant
species may inhabit a single Neotropical forest.
It is possible that their combined effects on the
ant community are profound (Rettenmeyer et al.
1983; Kaspari 1996a). But do slave raiders and
army ants keep colony densities lower than they
would otherwise be? No one has yet performed
the simple experiment of removing army ants
and slave raiders—or building fences around
their prey—to observe the response of the host
species.

A host of other animals kill or harvest ant
colonies. For example, almost every continent
has a series of vertebrates (e.g., anteaters and
lizards) that consume ants. It has been shown in
rare instances that these predators regulate the
distribution of their prey (e.g., where ant lions
are common, ants are not; Gotelli 1993). Ant
colonies also have live-in associates, including
mites, nematodes, spiders, and beetles (Chapter
4; Kistner 1982; Holldobler and Wilson 1990).
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The impact of these associates on the colony’s
economy is also largely a mystery.

Finally, just the risk of parasitism may keep
some ant colonies from growing faster. Recent
work on the interactions between phorid flies
and ants exemplifies this phenomenon. Phorids
are tiny parasitic flies, many of which specialize
on a single ant species or genus (Brown and
Feener 1991a, 1991b; Brown 1993). Phorid
flies search for their host ants (often following
the odor plume of the ants themselves), hover,
then zoom in to lay an egg somewhere on the
worker ant’s body (Porter et al. 1995a, 1995b;
Feener et al. 1996). The worker falls over,
stunned, then eventually returns to the colony
and dies when the egg hatches and the ant
serves as food for the developing maggot.

However, phorid flies first must catch worker
ants. Therein lies the tale. Host ants often run
and hide in the presence of their phorid parasite
(Porter et al. 1995c). This reaction is so pro-
found as to interfere with foraging, and perhaps
swing the competitive balance away from the
host ant to its phorid-free competitor (Feener
1981).

Ant ecologists have compiled a catalogue of
parasites and predators, with effects ranging
from killing the queens to frightening the work-
force. But the effect of these parasites and
predators on the number of ant colonies in an
area is still largely unknown. Just because
horned lizards in a desert bajada consume har-
vester ants for a living does not mean they play
a meaningful role in limiting the number or size
of those colonies. Put another way, there is not
a single study of an ant population (let alone a
community; see later in this chapter) in which
all the predators and parasites have been enu-
merated and their impact on ant colonies has
been quantified.

A Word on Patchiness

Density, the number of ant colonies per unit
area, is an abstraction—ant colonies are never

evenly distributed over the landscape. In fact,
ant colonies can be quite patchy, a phenomenon
long recognized (Wilson 1958) and one that
continues to fascinate ant ecologists (Levings
and Traniello 1981; Levings 1983; Kaspari
1996a, 1996b). For example, a single 1-m? patch
of litter in a tropical forest may have 1-17
species nesting in it. The role that top-down and
bottom-up forces play in creating this patchi-
ness, and in creating the broader geographical
trends of diversity, is a subject of ongoing
research.

What Regulates
Ant Communities?

An ecological community is a collection of
species living in a given environment. Most
monitoring programs have as one of their goals
the description of an ecological community.
Community descriptors can be grouped into
those describing form, function, and diversity.
Form describes the size, shape, and mass of an
ant community. Function describes what the
ants actually do to the ecosystem—what foods
they eat, how much soil they turn over, what
other populations they regulate. Diversity
describes the composition, number, and taxo-
nomic relationships of species between and
across communities. Community form, func-
tion, and diversity vary in time and space in pre-
dictable ways.

Form

A community’s biomass is the summed weights
of all its species. Ants and termites may repre-
sent up to one-third of the total animal biomass
in some tropical forests (Fittkau and Klinge
1973). This preponderance of ant biomass is
especially high in the tropical canopy, where up
to half the individuals may be ants (Stork and
Blackburn 1993; note that this is not the same as
saying that ant population densities are higher



since the majority of these ants are workers
from a few colonies).

All the species in a community sum to form a
size distribution. What constitutes “size” in ants
and other social insects is a bit complicated—
ant species have a characteristic distribution of
sizes of individual ants and a characteristic
number of ants in the colony. Taken together,
ant colonies represent some of the largest
insects recorded (Kaspari, forthcoming).

Both the average size of ants and the number
of ants per colony appear to decrease as one
travels from the poles toward the equator (Cush-
man et al. 1993; Kaspari and Vargo 1995). Trop-
ical ants and ant colonies tend to be smaller. The
cause(s) of this pattern, shared with many other
organisms, is not yet clear. It may be linked to
the increasing use of litter nests in the tropics or
to adaptations to living in richer, less seasonal
environments (Kaspari and Byrne 1995;
Kaspari et al. 2000a). Small size, as discussed
earlier, has both costs and benefits. For exam-
ple, smaller ants may be restricted, on average,
to moister environments and cooler, moister
times of the day (Hood and Tschinkel 1990;
Kaspari 1993a) since they desiccate more
quickly.

Even within colonies ants vary in size and
shape beyond the obvious differences between
workers and reproductives. Sometimes there are
discrete worker castes in the colonies (e.g.,
“minors” and “majors™). In such cases, a persis-
tent question in ant ecology is how and why this
occurs, and how caste allocation varies with
environment (Wilson 1985; Schmid-Hempel
1992; Kaspari and Byrne 1995). Relatively few
species have such distinct forms: species typi-
cally show some continuous size variation in the
size of the worker caste. Again, the question
arises, is this variation a natural outcome of
changing food supplies and energy demands
within the colony, or is it “fine-tuning” by the
colony, allowing larger ants to specialize on
larger prey (Rissing 1987; Wetterer 1991)? Ant
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ecologists still have not settled this issue, in part
due to lack of data on how and when resources
limit colony growth (Beshers and Traniello
1994; Kaspari and Byrne 1995).

However, if food is a limiting resource, we
might expect the advantages of worker size
variation to be greatest when a species has the
environment all to itself. In other words, size
variation should evolve to exploit the “empty
niche space” left in the absence of other species.
This appears to be the case with Messor per-
gandei, an ant of the desert southwest in North
America. In assemblages with few species, M.
pergandei workers vary greatly in size (David-
son 1978). In richer environments, with a larger
number of ant species, much of that size varia-
tion disappears.

Function

Given their diversity and biomass, it is not sur-
prising that ants play such a large role in the
functioning of ecosystems. Many of these func-
tions (e.g., seed dispersal) are discussed in more
detail in Chapter 3. Here I discuss a few ways in
which ants shape ecosystems as soil movers, as
“keystone species,” and, pathologically, as intro-
duced species.

First, ants greatly affect the structure of their
environments as “ecological engineers’—
organisms that rearrange the environment in
ways that affect other organisms (Lawton
1994). One way they do this is by moving and
enriching soil—large ant colonies may excavate
liters of soil in their lifetime, aerating the soil
and incorporating litter from the surface in
much the same way as do earthworms (Elmes
1991). Lesica and Kannowski (1998) suggest
that hummocks in northern peatlands may be
abandoned nests of Formica podzolica, based
on similar elevated levels of soil nutrients.

Since ants bring food in from their entire for-
aging territory, they may serve to concentrate
nutrients in the nest. However, this effect can
vary from species to species. For example,
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Haines (1978, 1983) has studied two species of
leaf cutter ants, Atta colombica and A.
cephalotes. Leaf cutters harvest vegetation and
use the cut leaves as a substrate on which to
grow fungus. The fungus is then harvested for
food. Since leaf cutter colonies can consist of
millions of workers, refuse disposal is a big job,
handled differently by the two species. These
habits, Haines suggests, predispose the two
species to have very different effects on the
nutrient recycling in the soil. Atta cephalotes
stores its refuse underground; A. colombica
dumps its refuse in large conical piles above
ground. With A. cephalotes the refuse pile’s
nutrients are leached away deep underground,
while with A. colombica the nutrients are
retained near the surface of the soil and are
more easily recycled by the plant community.

Some ants are likely keystone species—
organisms that disproportionately impact their
community (Paine 1968; Lawton 1994). One
potential example is the army ant Eciton
burchelli. Army ants are nomadic species, with
hundreds of thousands of workers. Army ant
colonies roam in search of prey, mainly arthro-
pods, especially social insects. E. burchelli may
be a keystone species for at least two reasons.
First, a raid by E. burchelli creates a seething
crowd of escaping arthropods just ahead of the
raid front. These are easy prey for numerous
species of birds that form mixed flocks and spend
their lives following army ant swarms (Willis and
Oniki 1978; Willis 1983), as well as other asso-
ciates (Rettenmeyer 1962; Kistner 1982). Seond,
there is some evidence that, by preying on large
ant species, E. burchelli may open up opportuni-
ties for smaller ant species that escape predation
(Franks and Bossert 1983).

The role of ants in ecosystems is clearly seen
when introduced ants disrupt communities.
Ants transported outside their native ecosys-
tems can disrupt the ecosystems of their new
homes. Accounts of two introduced species will
make this clear. The first is Linepithema humile,

the Argentine ant, now common in warm-
temperate habitats the world over (Bond and
Slingsby 1984). In South Africa, the fynbos
plant community is extraordinarily diverse.
Many plants of the fynbos depend on native ants
to disperse seeds to new habitats away from the
parent. As L. humile gradually invades, it dis-
places the native ants but fails to disperse the
seeds. As a result, many of the plants appear on
their way to local extinction as L. humile con-
tinues to spread.

In North America, the fire ant, Solenopsis
wagneri (formerly S. invicta), has occupied much
of the southeastern United States. A host of
studies has begun to assemble a picture of wide-
spread ecosystem disruption. In Texas, S. wag-
neri makes up more than 99% of ants captured
at infested sites. In infested sites, the number of
common ant species has declined from an aver-
age of 13 to 4 species, and the number of other
arthropod species has also declined (Camilo
and Phillips 1990; Porter and Savignano 1990).
In contrast, in S. wagneri’s native Brazil, it is
found at 0.1-19% of ant baits, and it co-occurs
with up to 48 species of ants (Fowler et al.
1990). Population densities of S. wagneri are at
least four times higher in the United States than
in Brazil (Porter et al. 1992).

Such population explosions of pest ants and
destruction of native arthropod communities are
repeated with Wasmannia auropunctata in the
Galdpagos (Clark et al. 1982; Lubin 1984), L.
humile in California (Erickson 1971; Ward
1987), and a host of exotic species in Hawaii
(Fluker and Beardsley 1970). One goal of this
volume is to provide a means for better survey-
ing this damage, and we hope that more scien-
tists will be motivated to study the ecology of
introduced species in order to slow or reverse
their impact.

Diversity

Studies of diversity document the number and
identity of species in a given area. As the



world’s habitats disappear, careful quantifica-
tion of diversity has taken on new import. But
diversity is also one of the most difficult things
to measure unambiguously (see Chapter 13).
Comparing diversities between areas demands a
standard protocol, as species richness increases
with the size of the area sampled and increased
time spent sampling. A chief aim of this book is
to summarize those protocols. Here I review a
few of the major patterns in species richness
and species composition that have been discov-
ered in ants thus far.

The most striking pattern of species richness
(the number of species in a given area and time)
is its increase from the poles to the tropics.
Jeanne (1979) was the first to study this trend in
a standardized way. Jeanne investigated the
intensity of ant predation along a transect from
the New World temperate zone and tropics. The
transect consisted of five forest sites, located in
the northern and southeastern United States,
tropical Mexico, Costa Rica, and Brazil. The
same baits (a wasp larva in an open vial) were
set out for a specified time in a variety of habi-
tats: old field and intact forest, high and low in
trees. A number of trends were apparent. First,
species richness in each habitat increased from
the temperate zone to the tropics. Richness,
however, increased at different rates at different
areas within a site. Arboreal ants were all but
absent in the north but made up an increasing
proportion of the ant fauna toward the tropics.
In contrast, old fields made up a decreasing pro-
portion of species richness compared with
forests.

The latitudinal gradient has many causes. As
we discussed earlier, tropical environments are
more productive. Since plants form the bottom
of trophic pyramids, more productive environ-
ments should be able to support more ants and
hence more species. But, as we also discussed
earlier, ants are thermophilic. Since ants do bet-
ter at warm temperatures, temperature may reg-
ulate access to productivity (Brown 1973).
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Put this way, the other two trends make
sense. Arboreal nesting allows ants to be closer
to the majority of a forest’s productivity—in the
canopy. However, the canopy lacks the soil’s
ability to buffer the colony from hard freezes.
As average temperature becomes more amen-
able, arboreal nesting increases. Likewise, aver-
age temperature decreases toward the poles and
temperature in the shade is always cooler than
temperature in full sun. In cold environments,
ant abundance and species richness may be pro-
portionately higher in open areas than in the
cool shade of a developed forest.

Species richness shows other patterns. For
example, larger islands tend to have more
species than smaller islands (Wilson 1961;
Goldstein 1975). Species richness also tends
to increase, but in an often sporadic way, after
an area has been disturbed (see Chapter 7). In
contrast, as pointed out earlier, introduced ant
species can quickly “simplify” an ant as-
semblage, driving many native species to
extinction.

Major puzzles in the patterns of species rich-
ness remain, however. For example, two studies
examined the correlation between rainfall and
harvester ant diversity in arid environments.
Davidson, studying the deserts of North
America, found a positive correlation (David-
son 1977a, 1977b). Since productivity in dry
environments is largely limited by rainfall, this
finding appears to support a productivity expla-
nation for the trend. However, when the same
techniques were applied to Australia’s desert
and shrubland ant faunas, no correlation existed
(Morton and Davidson 1988). Species richness
is obviously a complex variable shaped by a
number of factors, including the unique history
of an area (see Chapter 8).

The geographical distribution of species
composition is covered by Ward (Chapter 8)
and Brown (1973). Here I briefly review how
species composition may vary in interesting
ways within a habitat.
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Much of the work on species composition has
centered on the role that interspecific competi-
tion plays in arranging species across the land-
scape. For example, in many temperate commu-
nities a regular hierarchy is apparent (Wilson
1971; Savolainen and Vepsildinen 1988; Savo-
lainen 1990; Andersen 1992b). Hierarchies have
been standardized in various ways but boil
down to dominants and subordinates. The dom-
inant species often form(s) large colonies. They
are aggressively territorial and recruit quickly,
in numbers, to food. Ant diversity and density
are often low around dominant species. Sub-
ordinate species often form smaller colonies,
are poor recruiters, and are found on the periph-
ery of territories controlled by dominants. This
pattern is exceptionally pronounced in boreal
and north temperate habitats, in arid deserts and
shrublands in Australia, and in simple commu-
nities (Holldobler and Wilson 1990). A similar
phenomenon may occur in tropical canopies,
where a few species are dispersed in a mosaic
throughout the treetops, making up 95% of the
biomass and/or numbers (Majer 1976; Black-
bum et al. 1990; Adams 1994; Tobin 1997).

This dominance hierarchy is by no means
universal in ant communities (see Chapter 3). In
the tropical litter, species show few strong pos-
itive or negative correlations in abundance pre-
dicted by strong interspecific competition by
dominants (Kaspari 1996b). This may be due to
a number of factors. Litter colonies may never
reach a size that allows them to dominate their
neighbors. Litter nests, rotting around their
occupants, may prevent them from setting up a
large, stable territory. Ants of the tropical can-
opy, on the other hand, form “islands,” with
narrow, defensible trunks leading to the lush
canopy above (Holldobier and Lumsden 1980).
A single large colony can thus monopolize whole
trees and keep out other species (Holldobler
1983; Adams 1994). Similar phenomena, on
smaller scales, occur in the ant plants of the trop-
ical understory (Davidson et al. 1988, 1989).

Dominance hierarchies may also be muted
when predators decrease a dominant’s ability to
monopolize resources. In a classic study, Feener
(1981) studied two species of ants, Solenopsis
texana and Pheidole dentata, with a parasitic
phorid fly, Apocephalus. Pheidole have large-
headed soldiers that are recruited to rich food
supplies. These soldiers are also the preferred
hosts of the flies. As a consequence, when the
flies are present, the Pheidole soldiers run away
in a panic, leaving the Pheidole colonies out-
matched at food resources compared with
Solenopsis. A phorid fly may thus tilt the bal-
ance in competition among these two common
and conspicuous ants of the Texas litter.

In sum, although interspecific competition
may play a large role in shaping patterns of
species composition, it is by no means common
everywhere. Its effects are modified by factors
such as the architecture of the environment and
the presence of predators.

Open Questions in Ant Ecology

This chapter has presented one view of the sta-
tus of ant ecology. As has become clear by this
point, large gaps remain in our understanding of
these important insects. Following are just a few
of the unanswered questions.

What kills ant adult colonies? We know that
the majority of ant colonies die at the foundress
stage. But how do abiotic factors (e.g., floods,
drought, cold spells) and biotic factors (e.g.,
army ants, parasites, slave raiders, viruses, and
predators) combine to kill colonies that have
reached maturity?

What are the impacts, and possible means of
control, of introduced ant species? Wherever
they have been studied, introduced ants such as
the imported fire ant and the Argentine ant have
disrupted ecosystems. What regulates the
spread and final distribution of imported ant
species? Are their effects ameliorated over
time? Can we safely introduce biocontrol?



How does mating system influence interac-
tions? Under what circumstances do large, mul-
tiple-queen colonies evolve and occupy land-
scapes (Davidson 1998: Holway et al. 1998)?
Why aren’t they more common?

What do canopy ants, litter ants, and subter-
ranean ants do? These forms are all integral
parts of ant assemblages, but their inaccessibil-
ity has precluded extensive study. Is their biolo-
gy fundamentally different from that of the soil-
nesting ants that have been the subject of most
ant research?

What factors regulate ant populations? How
do resources and mortality combine to deter-
mine long-term population trends in ants?
How does this answer differ as we go from
boreal to tropical forests, from deserts to
grasslands? Does this answer differ fundamen-
tally between regions (e.g., Australia, Asia,
North America) with differing histories and
taxonomic contributions?

How interchangeable are species? We know
surprisingly little natural history about most
ants, especially those of the tropics. To what
extent, in species-rich communities, do the 30
or so Pheidole or Camponotus species do much
the same thing? What roles do ants play in
ecosystems?

How are current environmental changes (cli-
mate change, habitat destruction) reflected in
changes in ant abundance and diversity? Are
ants sensitive indicators of environmental
change? Or do their lifestyles buffer them
against anthropogenic change?

Tips for Field Work

One never wants to wreak more havoc on popu-
lations than is necessary to satisfy the needs of
a given scientific study. Thankfully, collecting
workers from large colonies is akin to pruning a
bush or scraping off some skin cells—you typi-
cally leave the colony (the queen and most
workers) behind.
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Choose a survey period that maximizes ant
activity—typically one during which tempera-
tures are high and rainfall is plentiful. Desert
and tropical assemblages are often most active
during the wet season. Early summer is often a
good time to sample most other temperate zone
assemblages. Mediterranean climates, where it
rains most in the winter and is warm in the sum-
mer, often require spring sampling. Avoid col-
lecting when there is standing water or when the
vegetation is wet. This can slow ant activity,
especially among small ants.

Be careful how you handle baits, pitfall cups,
or anything with which an ant will come into
contact. Avoid wearing perfumes, colognes, and
insect repellant when sampling ants.

If one goal is to monitor colony densities,
then species with multiple-nest entrances may
be overcounted. There are different ways to
compensate for this tendency. One is ignore
conspecific nests within a given distance of
each other (e.g., 1 m). Another is to perform
“transplant experiments” (i.e., if a worker from
one nest entrance is vigorously attacked when
placed near another nest entrance, it is likely
that the two are from different colonies).

If you use bait in your protocol, use small
baits that are hard to monopolize by a large,
aggressive colony. We have found that short-
bread cookies (made with flour, sugar, eggs, and
nutmeats) attract the widest variety of ants
(compared with peanut butter, tuna, and sugar
water). Even Attini (fungus-growing ants) and
Strumigenys (Collembola specialists) stop to
carry off shortbread cookie crumbs. On the dark
rainforest floor, the investigator often sees the
pale yellow cookie crumb move long before she
or he sees the ant!

If possible, spread sampling effort out over the
hours of the day. One way to do this is to use pas-
sive sampling techniques such as pitfall traps.

Patchiness is a problem when putting togeth-
er a monitoring program. Ant densities can vary
so much from 1-m? plot to 1-m? plot, or from
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valley to valley, that it is important to locate
sample plots randomly and to have enough of
them to account for this variability.

In sum, the ecology of ants—small, colonial,
sessile, and chemosensory organisms—differs
in basic ways from the ecology of vertebrates
and hence from our own world. The impact of

ants in today’s ecosystems is profound and their
presence is ubiquitous. For all these reasons,
adding ants to the list of taxa surveyed in a mon-
itoring program is a wise investment. A careful
consideration of ant life history during the
study’s design phase will maximize the returns
on that investment.



Chapter 3

Global Ecology of Rainforest Ants

Functional Groups in Relation to
Environmental Stress and Disturbance

This chapter deals with global ecology—the
analysis and synthesis of ecological patterns
and processes on a global scale (Cowling and
Midgely 1996), referred to by Brown (1995) as
macroecology. Global ecology does not address
details of community composition and dynam-
ics in any particular place, but instead provides
a broad framework for doing so.

Study of the global ecology of rainforest ants
seeks to understand how the structure and func-
tion of ant communities vary between rainforest
and other biomes, among different rainforest
types, among different strata within rainforest,
and in response to disturbance. This approach
requires a predictive understanding of the
responses of rainforest ants to environmental
stress and disturbance, where stress is defined,
following Grime (1979), as any factor limiting
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productivity, and disturbance as any factor
removing biomass. A key to such an under-
standing is the identification of functional
groups that transcend taxonomic and biogeo-
graphic boundaries and respond predictably to
stress and disturbance (Lavorel et al. 1997;
Smith et al. 1997).

Principles of Stress
and Disturbance

The primary stressors for ants are the following:

1. Low temperature. | consider low tempera-
ture to be the primary stress controlling
global patterns of ant productivity and com-
munity structure (Andersen 1995). From an
ant’s perspective, temperature is a product

25
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of both climate (which controls ambient
temperature) and habitat structure (which
determines the degree of insolation of the
foraging surface and therefore microcli-
mate). Low-temperature stress is high in
cool and shaded habitats, moderate in cool
and open or warm and shaded habitats, and
low in warm and open habitats (Andersen
1995).

2. Nest site availability. The availability of
nest sites (the range of types and their
abundance) exerts an important influence
on ant productivity and community struc-
ture. The range of types of nest sites varies
with the structural complexity of the habi-
tat, and this range constrains the types of
ants that can occur there. Structurally
complex habitats, such as lowland tropical
rainforests, offer nest sites (e.g., leaf litter,
rotting logs, epiphytes, myrmecophytes)
that are often not available in other habitats,
and therefore they support functional types
of ants (e.g., cryptic, myrmecophytic, and
other arboreal species) that are often
uncommon or absent elsewhere (Wilson
1987; Benson and Harada 1988; Byrne
1994). Herbers (1989) considered the abun-
dance of nest sites such as preformed plant
cavities in acorns and twigs to be a key
limiting factor in temperate forests of the
United States. In structurally simple habi-
tats, where most ant species nest in soil,
soil type has a major influence on ant
productivity and community structure.
Throughout Australia, for example, the
highest degree of ant richness and abun-
dance is often found on sandy soils, and
the lowest on heavily textured soils
(Greenslade 1979; Andersen and Spain
1996), reflecting differences between the
substrates as nest sites.

3. Food supply. Food availability is obviously
a critical determinant of the distributions of
species with specialized diets, such as seed

harvesters and specialist predators.
However, most ant species are scavengers,
generalist predators, collectors of honey-
dew, or a combination of these, and the
extent to which overall ant productivity is
limited by food supply is not clear (Kaspari
1996b). There is no clear global relation-
ship between primary productivity on the
one hand and the productivity (reflected in
either abundance or species richness) of
ants on the other. Food resources often do
not appear to be limiting in local ant com-

- munities (Byrne 1994), and it appears that
factors such as temperature (e.g., insolation
of foraging surfaces) and nest site avail-
ability (e.g., soil type) are more important
(Kaspari 1996b), except in the most
unproductive habitats, such as true
deserts (Marsh 1986).

4. Microhabitat structure and resource cap-
ture. The structural complexity of the
foraging surface exerts a major influence
on the ability of ant species to capture food
resources. For example, leaf litter on the
ground reduces the efficiency with which
resources can be located, retrieved, and
defended by epigacic ants. This factor has
a major effect on ant community structure
and possibly also influences overall ant
productivity.

Given that disturbance is defined as the re-
moval of biomass, for most animals it is syn-
onymous with mortality. Ants, however, are
modular organisms, and many “modules” (indi-
vidual ants) can be lost without necessarily
threatening the reproductive unit (the colony),
in a manner analogous to the effects of her-
bivory on plants (Andersen 1991a). Therefore,
combined with the protection provided by nests,
especially those in the soil, habitat disturbance
is often not much of a disturbance to ants at all,
unless it is so severe that it causes widespread
destruction of colonies. The major effects of



habitat disturbance are often indirect and stress-
related, influencing habitat structure, microcli-
mate, and food supplies (Andersen 1995). The
importance of predation as a disturbance of ant
communities has been little studied. Despite a
wide range of animal species that feed on ants,
some exclusively so (Redford 1987; Abensperg-
Traun and Steven 1997), predation is not gener-
ally regarded as a major force structuring ant
communities. However, there is increasing evi-
dence that predation by other insects (Gotelli
1996) and more particularly parasitism by
phorid flies (Feener 1981; Orr 1992; Porter et
al. 1995c¢) can be an important factor in regulat-
ing foraging in some ant species, with signifi-
cant effects on community dynamics.

From a global perspective, environments can
be classified according to the relative im-
portance of stress and disturbance as factors
driving community structure, following the
nomenclature of Grime (1979). Environments
subject to severe stress or disturbance are char-
acterized by highly specialized stress-tolerant
species and unspecialized ruderal species,
respectively. At very low levels of stress and
disturbance, competition becomes the primary
factor regulating community structure, and
highly competitive species predominate. Three
primary types of communities—stress-tolerant,
ruderal, and competitive—can therefore be
recognized in relation to stress and disturbance
(Andersen 1991a, 1995). At intermediate lev-
els of stress and disturbance, a variety of sec-
ondary community types can also be identified
(Fig. 3.1).

Just as the degree of disturbance from a veg-
etation perspective does not necessarily reflect
the level of disturbance to ant communities, the
same environmental conditions can represent
very different levels of stress from plant and ant
perspectives, and can therefore support very dif-
ferent structural types of communities (Ander-
sen 1995). For example, hot and open environ-
ments represent low levels of stress for ants and
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Figure 3.1. Classification of communities in relation
to stress and disturbance, following the nomenclature
of Grime (1979). See text for details. Modified from
Andersen (1995).

support competitive ant communities. However,
these same conditions are stressful for plants
(i.e., primary productivity is low), and such
environments support stress-tolerant plant com-
munities, dominated by taxa such as cactuses in
North America and hummock grasses in Aus-
tralia. Environments support structurally analo-
gous plant and ant communities only when ants
and plants respond similarly to limiting factors.
An example of this is the ground layer of rain-
forests, which supports stress-tolerant ant and
plant communities because both ants and plants
are limited by low levels of sunlight.

Ant Functional Groups

Global community ecology requires the identi-
fication of functional groups that transcend tax-
onomic and biogeographic boundaries and vary
predictably in response to stress and distur-
bance. Such groups have been identified for
ants based on Australian studies (Greenslade
1978; Andersen 1995, 1997a). There are seven
such ant functional groups, and their major rep-
resentatives in Australia and the New World are
listed in Table 3.1. A generalized model of the
relationships of these groups to each other, and
to environmental stress and disturbance, is
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Table 3.1 Ant Functional Groups in Relation to Stress and Disturbance, with Major Representatives in

Australia and the New World?®

Functional Group

Australia

New World

L

Dominant Dolichoderinae

. Subordinate Camponotini

. Climate specialists

Anonychomyrma, Froggattella,
Iridomyrmex, Papyrius, Philidris

Calomyrmex, Camponotus, Opisthopsis,
Polyrhachis

a. Hot Melophorus, Meranoplus,
Monomorium (part)

b. Cold Monomorium (part), Notoncus,
Prolasius, Stigmacros

c. Tropical Many taxa

. Cryptic species

. Opportunists

6. Generalized Myrmicinae

. Specialist Predators

Very many small myrmicines and
ponerines, including Hypoponera,
most Dacetonini, and Solenopsis
(Diplorhoptrum)

Paratrechina, Rhytidoponera,
Tetramorium

Crematogaster, Monomorium, Pheidole

Bothroponera, Cerapachys, Leptogenys,

Azteca, Forelius, Linepithema,
Liometopum
Camponotus

Pogonomyrmex, Solenopsis s.s,
Myrmecocystus

Formica (part), Lasius, Leptothorax,
Stenamma, Lasiophanes

Many taxa

Very many small myrmicines and
ponerines, including Hypoponera,
most Dacetonini, and Solenopsis
(Diplorhoptrumy)

Dorymyrmex, Formica (fusca gp.),
Mpyrmica, Paratrechina

Crematogaster, Monomorium, Pheidole

Myrmecia

Dinoponera, Leptogenys, Pachycondyla,
Polyergus

“See text and Table 5.1 for details.

shown in Fig. 3.2. The seven functional groups
are as the following:

1.

Dominant Dolichoderinae. From a global
perspective, competitively dominant taxa
are by definition those that predominate in
environments experiencing low levels of
stress and disturbance. For ants, such envi-
ronments are hot and open ones, and these
are often dominated both numerically and
functionally by highly aggressive dolicho-
derines. This is particularly true in
Australia, where Iridomyrmex and other
dolichoderines dominate the continental ant
fauna to an extent unparalleled elsewhere.
However, it is also true for warmer regions
of the New World, where Forelius, Line-
pithema, and Liometopum are behaviorally
dominant ants in open habitats, and Azteca
and Dolichoderus are highly dominant in

the canopies of rainforest. It is important to
appreciate that global dominance (where
global defines the spatial scale on which
dominance is considered) does not at all
imply universal dominance (Andersen
1997b). Dolichoderines are not at all uni-
versally distributed, and they are often
absent entirely from even moderately
stressful habitats.

. Subordinate Camponotini. Camponotine

formicines, especially species of Campo-
notus, are also very often diverse and abun-
dant in rich ant communities. Most are
behaviorally submissive to dominant
dolichoderines, and many are ecologically
segregated from them owing to their large
body size and often nocturnal foraging.

. Climate specialists. These taxa have distrib-

utions heavily centered on either arid zones
(hot climate specialists), the humid tropics
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Figure 3.2. Functional group model of ant community
organization in relation to environmental stress
(factors limiting productivity) and disturbance
(factors removing biomass). Arrows indicate
direction and strength of influence. See text for
details.

(tropical climate specialists), or cool-
temperate regions (cold climate specialists).
Both cold and tropical climate specialists
are characteristic of habitats where the
abundance of dominant dolichoderines is
low, and, aside from their habitat toler-
ances, they are often unspecialized ants
(army and fungus-growing ants are obvious
exceptions). Hot climate specialists, on the
other hand, are characteristic of sites where
dominant dolichoderines are most abun-
dant, and they possess a range of physio-
logical, morphological, and behavioral
specializations relating to their foraging
ecology, which reduce their interaction with
other ants. They include thermophilic taxa
(such as species of Cataglyphis,
Melophorus, Myrmecocystus, and Ocymyr-
mex; Snelling 1976; Marsh 1985; Christian
and Morton 1992; Wehner et al. 1992) and
specialist seed harvesters (including species
of Messor, Monomorium, and Pogonomyr-
mex; Morton and Davidson 1988;
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Andersen 1991b; Medel and Visquez
1994), which feature in virtually all of
the world’s desert ant communities.
Although species of Forelius have been
described as dominant dolichoderines
(Andersen 1997a), they might also be
regarded as hot climate specialists
(Bestelmeyer 1997).

. Cryptic species. These are small to minute

species, predominantly myrmicines and
ponerines, that nest and forage primarily
within soil, litter, and rotting logs. They are
most diverse and abundant in forested
habitats and are a major component of leaf
litter ants in rainforest.

. Opportunists. These are unspecialized,

poorly competitive, ruderal species (Grime
1979), whose distributions appear to be
strongly influenced by competition from
other ants. They often have very wide habitat
distributions, but predominate only at sites
where stress or disturbance severely limit ant
productivity and diversity, and therefore
where behavioral dominance is low.

. Generalized Myrmicinae. Species of

Crematogaster, Monomorium, and Pheidole
are ubiquitous members of ant communities
throughout the warmer regions of the
world, and they are often among the most
abundant ants. As will be discussed later in
this chapter, there is often competitive
tension between them and dominant
dolichoderines, including in tropical
rainforest.

. Specialist predators. This group comprises

medium-sized to large species that are spe-
cialist predators of other arthropods. They
include solitary foragers, such as species of
Pachycondyla, as well as group raiders,
such as species of Leptogenys. Except for
direct predation, they tend to have little
interaction with other ants owing to their
specialized diets and typically low popula-
tion densities.
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Distribution of
Behavioral Dominance

Globally, behavioral dominance becomes in-
creasingly important to community structure
with decreasing stress and disturbance. This
trend is illustrated by ant behavior at tuna baits
along an environmental gradient in southeastern
Arizona, where monopolization by large num-
bers of behaviorally dominant species was great-
est in desert (warm and open) habitats and least
in forest (cool and shady) habitats (Fig. 3.3;
Andersen 1997a).

The behaviorally dominant ants in warm
regions are primarily Dominant Dolichoderinae
and Generalized Myrmicinae, and, as previous-
ly mentioned, in open habitats there is often
competitive tension between them. Dominant

dolichoderines are strongly associated with hot,
open habitats, such as deserts, Mediterranean
ecosystems, and the canopies of tropical rain-
forests. Generalized myrmicines, by compari-
son, are far more shade tolerant, with Pheidole
being a numerically dominant genus on the
rainforest floor throughout the tropical world
(Chapter 8). Globally, I consider Generalized
myrmicines to be competitively subdominant
ants (Andersen 1995) for the following reasons
(Table 3.2):

1. They are considerably more stress tolerant
than Dominant dolichoderines.

2. Whereas Dominant dolichoderines typically
have large territories and individuals exhibit
extremely high rates of activity, territory
size tends to be more restricted in
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Figure 3.3. Behavior of ants at tuna baits at desert, woodland, and forest sites in southeastern Arizona, illus-
trating high, moderate, and low levels of behavioral dominance, respectively. Ant abundance (top; solid
lines) at desert sites increases rapidly, reaching saturation levels after 30 minutes. Species richness (top; dot-
ted lines), however, levels off after 5 minutes owing to competitive exclusion. Ant abundance is lower at
woodland sites, but species richness continues to increase with time (local species richness is similar at
desert and woodland sites). Both abundance and richness are very low at forest sites. Ant abundance scores
(bottom) were usually either 5 (>20 ants) or 6 (>50 ants) at desert sites, fairly evenly distributed at wood-
land sites, and usually O (no ants) at forest sites. Data from Andersen (1997a).
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Table 3.2 Generalized Myrmicines as Subdominant Ants to Dominant Dolichoderines?

Generalized Myrmicinae

Characteristic Dominant Dolichoderinae
Primary distribution Low stress

Territory size Large

Rates of foraging activity Very high

Resource monopoly

Aggressive displacement

Moderate stress
Restricted

Moderate

Occupation and defense

“See text for details.

Generalized myrmicines, and rates of
activity are more moderate.

3. Dominant dolichoderines actively displace
other ants from food sources, whereas
Generalized myrmicines often rely more
on stout defense of food sources they have
initially occupied (Andersen et al. 1991).

In cooler parts of the world, Dominant
dolichoderines are mostly absent, and the
abundance of Generalized myrmicines is
greatly reduced. Throughout the Palearctic and
Nearctic, the behaviorally dominant ants of
cool-temperate regions are mound-building
formicines (Cold climate specialists)—species
of Formica and to a lesser extent Lasius
(Creighton 1950; Rosengren and Pamilo 1983;
Savolainen and Vepsildinen 1988). It seems
likely that their behavioral dominance in such
cool climates is related to the thermoregulato-
ry properties of their nests (Holldobler and
Wilson 1990). For example, with air tempera-
ture less than 14°C, Formica polyctena can
achieve nest temperatures of up to 25°C
(Coenen-Stass et al. 1980).

The relative importance of behavioral domi-
nance varies markedly within the rainforest in
response to increasing stress. Most behaviorally
dominant taxa that occur in the tropics are arbo-
real, a habitat in which they can exploit direct
sunlight. Such taxa include Dominant dolicho-
derines (e.g., Azteca, Dolichoderus, Philidris;
Greenslade 1971; Adis et al. 1984; Tobin 1991;

Shattuck 1992b), Generalized myrmicines (e.g.,
Crematogaster; Greenslade 1971; Majer 1976;
Adis et al. 1984), Tropical climate specialists
(e.g., Myrmicaria, Oecophylia; Greenslade 1971;
Majer 1976; Stork 1991), and Subordinate cam-
ponotines (e.g., Camponotus; Wilson 1987).
The canopy is the most productive microhabitat
for both ants and plants in tropical rainforest,
and there is increasing evidence that behaviorally
dominant ants are predominantly primary con-
sumers, being sustained by plant and homopteran
exudates (Tobin 1994; Davidson and Patrell-
Kim 1996).

The abundance of behaviorally dominant ants
in rainforest decreases with increasing latitude
and altitude, with Dominant dolichoderines vir-
tually being restricted to the lowland tropics. On
the rainforest floor, the heavy shade and litter
represent considerable stresses for ants, and, as
discussed by Kaspari (Chapter 2), behavioral
dominance is relatively poorly developed, even
in the lowland tropics.

Functional Group Composition

Consistent patterns of functional group compo-
sition can be recognized in relation to climate
and vegetation (i.e., environmental stress).
Functional group composition varies between
climatic zones and, within any particular zone,
varies systematically with vegetation type
(Andersen 1995, 1997a). For example, in mon-
soonal northwestern Australia (Fig. 3.4a—) the
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Figure 3.4. Effects of
vegetation on functional
group composition in the
monsoonal tropics of
northern Australia (a—;
data from Andersen 1991c;
Andersen and Reichel 1994)
and in cool-temperate
southern Australia (d—f;
data from Andersen 1986a,
1986b). Functional groups:
CCS, Cold climate
specialists; CS, Cryptic
species; DD, Dominant
Dolichoderinae; GM,
Generalized myrmicines;
HCS, Hot climate
specialists; OPP,
Opportunists.
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predominant vegetation is savanna, and func-
tional group composition is similar to that in the
arid zone (predominantly Dominant dolichoder-
ines, Hot climate specialists, and Generalized
myrmicines; Fig. 3.4a). The long-term absence
of fire increases the structural complexity of the
vegetation (Andersen 1996), thereby markedly
reducing insolation at the soil surface. This dra-
matically reduces the abundance of Dominant
dolichoderines and Hot climate specialists, and
increases the abundance of Generalized myr-
micines (Fig. 3.4b; Andersen 1991c¢).

In local patches of monsoonal rainforest,
where insolation at the soil surface is even lower,
Dominant dolichoderines and Hot climate spe-
cialists are absent altogether, and most ants are
either Generalized myrmicines or Opportunists
(Fig. 3.4c; see also Andersen and Majer 1991;
Reichel and Andersen 1996). In cool-temperate
southern Australia (Fig. 3.4d-f), the abundance
of Dominant dolichoderines and Generalized
myrmicines is generally low, and Opportunists
and Cold climate specialists are usually among

Other

(b) Forest

(c) Rainforest

Other

DD
cs

Cccs CCS

(e) Open forest (f) Rainforest

the most common ants. Dominant dolichoder-
ines and Generalized myrmicines are usually
only abundant in open habitats (Fig. 3.4d), and
the relative abundances of cold climate special-
ists and cryptic species increase with decreasing
insolation (Fig. 3.4e,).

The ground-foraging ant faunas of different
rainforest types have distinctive functional
group signatures. The lowland tropics feature
Generalized myrmicines (particularly Phei-
dole), Cryptic species, Tropical climate special-
ists (including army and leaf cutter ants), and
Specialist predators (primarily large ponerines;
Chapter 8). With increasing elevation or lati-
tude, the diversity and abundance of cryptic
species and particularly Generalized myrmi-
cines and Specialist predators declines, and
Tropical climate specialists are replaced by
Cold climate specialists (including Stenamma
in the New World). The faunas of cool-temper-
ate rainforests are composed almost entirely of
Cold climate specialists (including Lasius,
Leptothorax, Prenolepis, and Stenamma in the
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north, and Lasiophanes, Notoncus, Prolasius,
and certain Monomorium in the south), Cryptic
species (e.g., Hypoponera), and Opportunists
(e.g., Paratrechina, Rhytidoponera, and the
fusca group of Formica).

Functional group composition responds pre-
dictably to habitat disturbance in temperate and
semiarid regions (Andersen 1990; Bestelmeyer
and Wiens 1996), but the effects of disturbance
on functional group composition of tropical
rainforest ant communities have been poorly
documented. In temperate southeastern Aus-
tralia, for example, disturbance typically results
in the proliferation of Opportunists, especially
small species of Rhytidoponera (Andersen
1988, 1990; Andersen and McKaige 1987).
Such a proliferation of Opportunists, espe-
cially species of Formica (fusca group) and
Mpyrmica, following disturbance is also charac-
teristic of cool-temperate regions in the
Northern Hemisphere (Brian 1964; Gallé
1991; Andersen 1997a). Results from Queens-
land (Fig. 3.5) indicate that a proliferation of
Opportunists (species of Paratrechina and
Rhytidoponera) is also a characteristic re-
sponse to severe disturbance in humid tropical
Australia. This also appears to be true in the
Solomon Islands, where tree clearing favors
opportunist species of Cardiocondyla, Para-
trechina, Tapinoma, and Tetramorium (Green-
slade and Greenslade 1977). Aside from arbo-
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Figure 3.5. Effects of
disturbance on functional
group composition of
rainforest ants in the humid
tropics of Queensland.
Functional groups as in
Fig. 3.4. Data from King
et al. (1998).

Cleared

real taxa, Specialist predators and Cryptic
species were especially sensitive to tree clear-
ing in the latter study. Cryptic species also
appear to be especially sensitive to tree clear-
ing in the neotropics (Majer et al. 1997), where
edge effects can be manifest for up to 200 m
into the forest.

Conclusion

In any functional group analysis there is an
inevitable trade-off between generality and pre-
cision, and the broad-scale predictive power of
a global scheme will inevitably be inadequate
for a detailed understanding of the dynamics of
particular communities (Andersen 1997b).
However, a global ecology based on functional
groups in relation to stress and disturbance pro-
vides a predictive framework for analyzing
broad patterns of (1) community composition
and behavioral dominance within and between
rainforest types, and (2) the responses of rain-
forest ant communities to disturbance. Unfortu-
nately, even such coarse-scale analyses are
highly constrained by a patchy geographic
coverage of relevant studies (e.g., very little has
been published from Africa) and a paucity of
information on the effects of habitat distur-
bance (other than tree clearing). Nevertheless,
there appears to be substantial convergence
between biogeographic regions in the distribu-
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tion of behavioral dominance within and
between rainforest types and in changes in
functional group composition in relation to
stress (primarily temperature) and disturbance.
To the extent that these patterns are confirmed
by further studies, global functional groups are
a valuable tool for understanding the dynamics
of rainforest ant communities.

ACKNOWLEDGMENTS

I thank all participants in the Ants of the Leaf
Litter conference for stimulating discussions on
rainforest ant community ecology. I am particu-
larly grateful to Brandon Bestelmeyer and John
Wiens for their comments on the manuscript.
This chapter is CSIRO Tropical Ecosystems
Research Centre contribution no. 937.



Chapter 4

The Interactions of Ants
with Other Organisms

Ted R. Schultz and Terrence P. McGlynn

There is little doubt that the common ancestor
of all ants was eusocial and that it maintained
some sort of stable nest environment. From this
auspicious groundplan a broad variety of com-
plex behaviors has evolved. Coupled with the
sheer abundance of the Formicidae, this behav-
ioral diversity has produced a spectacular array
of interactions between ants and other organisms.
Properly understood, these interactions could be
used to predict ecological conditions within a
given habitat by the presence of a particular ant
species, with the goal of using ground-dwelling
ants as indicators of biodiversity.

Two broad factors work against the realiza-
tion of this goal. First, given our current under-
standing of ecological processes, we are unable
to draw reliable inferences about general eco-
logical conditions from knowledge of particular
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interactions between species. A more direct
approach would be to establish empirically cor-
relations between the presence of particular ant
species and particular ecological conditions,
and to use these correlations as predictors. This
practical goal will likely be expedited if we pay
special attention to ant species that participate
in precise, obligate interactions with other
species, or in which interactions are very com-
plex, since we might expect such species to be
most sensitive to general ecological conditions.

A second factor that mitigates against using
the interactions of ants with other organisms for
inferring biodiversity is our poor understanding
of these interactions. Knowledge of ant biology
relies heavily on the intensive study of only a
few species. In many cases the diets of entire
genera are unknown. Many plants are known to
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possess specialized structures for the housing of
ants, yet the identities of their ant guests remain
mysterious. What knowledge there is exists
mostly in the form of brief notes in the litera-
ture, although repeated attempts have been
made to collate subsets of this information (see
references cited later in this chapter).

This chapter serves as a brief and limited
introduction to the complex and fascinating
subject of interactions between ants and other
organisms. In discussing such interactions, we
will employ two broad categories: trophic inter-
actions, in which one organism is eaten by the
other, and symbioses, in which the organisms
coexist for an extended period of time. We will
respect the traditional subdivisions of the latter
category: (1) parasitism, in which one partner
benefits at the expense of the other; (2) com-
mensalism, in which one partner benefits and
the other is neither harmed nor benefited; and
(3) mutualism, in which both parties benefit.
Symbioses may be further distinguished as
either facultative or obligate on the part of one
or both symbionts, depending on whether it is
possible for that partner to survive outside the
relationship. Our ability to place the variety of
interactions described in the following sections
into these categories is limited by our ignorance
of the details of particular cases as well as by
the artificiality of these groupings.

Interactions with Plants

Trophic Interactions

Myrmecological orthodoxy regards ants as car-
nivores, and certainly few ants are entirely her-
bivorous. However, as pointed out by Tobin
(1994), nectar and other plant products play an
important and generally underappreciated nutri-
tional role in the diets of many ant species,
especially those of the adults. Certainly many
otherwise carnivorous ants are attracted to floral
and extrafloral nectaries, and some (e.g.,
species of Solenopsis [Tennant and Porter 1991]

and Atra [Quinlan and Cherrett 1979]) are
known to feed on plant sap and fruit juices.
Some ants (e.g., the North American Messor
pergandei) rely entirely on seeds for nourish-
ment, and many more (including species in
Monomorium, Pheidole, and Pogonomyrmex)
rely heavily on seeds. Aside from such obligate
“harvesting ants,” many ant species are occa-
sional seed consumers (e.g., Beattie 1985; Kas-
pari 1993b), and many more forage for seeds
bearing elaiosomes, ant-attractive nutritive
attachments manufactured by the plant to
encourage seed dispersal (Handel et al. 1981;
Handel and Beattie 1990a, 1990b). As dis-
cussed in more detail subsequently, ants also
consume specialized food bodies produced by
plants, such as Beltian bodies in the New
World Acacia and Miillerian bodies in the New
World Cecropia.

From the standpoint of ecological energetics,
the Neotropical leaf-cutting ants could be
regarded as herbivorous (Stradling 1978), since
they harvest an estimated 15% of all fresh veg-
ctation (Cherrett 1986) in the Neotropics.
Likewise, ants that rely on homopteran-
produced honeydew could be regarded as essen-
tially herbivorous, since homopteran tending is
bioenergetically comparable to collecting plant
fluids directly (Tobin 1994). However, both
leaf-cutting and homopteran-tending ants
acquire their nutrition via symbiotic intermedi-
ates (fungi and homopterans)—an important
consideration from the species interaction per-
spective taken here.

Symbiotic Interactions

Ants participate in symbioses with over 465
plant species in over 52 families (Jolivet 1996)
and, not surprisingly, the literature of ant-plant
symbioses is vast (for reviews, see Bailey
1922b; Bequaert 1922; Wheeler 1942; Buckley
1982a, 1982b; Beattie 1985; Hoélldobler and
Wilson 1990; Huxley and Cutler 1991; Jolivet
1996). Whether the majority of these symbioses



are mutualisms, in which both partners benefit,
or whether they are beneficial only to the ants
was formerly a matter of argument among both
myrmecologists and botanists (e.g., Belt 1874;
Schimper 1888, 1898; von Thering 1891; Rettig
1904; Wheeler 1913, 1942; Skwarra 1934,
Brown 1960). Largely because of recent
experimental work (e.g., Janzen 1966, 1967;
Davidson et al. 1988), the majority of ant-
plant symbioses are currently regarded as true
mutualisms, in which ants obtain shelter,
nourishment, or both and plants obtain protec-
tion against both arthropod and vertebrate
herbivores. In some cases, plants may also
obtain nutrients from ant waste materials and
soil, gain protection from competing plants
(which are removed by the ants), have their
seeds dispersed, and, in rare cases, even get
pollinated.

Cases of commensalism, in which ant col-
onies gain shelter but neither harm nor benefit
the host, certainly exist. For instance, many ants
occupy hollow stems (e.g., Camponotus and
Crematogaster species), abandoned insect galls
(e.g., Leptothorax species), and the tangled
roots of epiphytes (e.g., Anochetus and Strumi-
genys species). Such associations presumably
served as evolutionary precursors for mutu-
alisms in which plants receive protection from
herbivory in exchange for supplying cavities
favoring ant occupation, including hollow
branches, stems, and thorns; hollow pseudo-
bulbs; or pouchlike domatia on leaves and peti-
oles. In many cases, plants provide food as well
as shelter, including carbohydrate-laden extra-
floral nectaries and fatty or proteinaceous pearl
bodies. According to O’Dowd (1982), the latter
are produced by American, Asian, and African
plants in over 50 genera in 19 families.
Alternatively, plants may provide food but not
shelter, encouraging frequent visitations by a
variety of ant species and, presumably, many of
the herbivore-repelling benefits that such visita-
tions afford. Schupp and Feener (1991) showed
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that more than a third of the plants in a Pana-
manian forest may practice such a strategy.

The classic case of ant-plant mutualism is
that of the New World members of the genus
Acacia (Leguminosae), which produce both
extrafloral nectaries and proteinaceous Beltian
bodies. Known for their painful stings, ants in
the genus Pseudomyrmex occupy the hollow
thorns, repelling arthropods (Coleoptera,
Hemiptera, Homoptera, Lepidoptera) as well as
large browsing mammals. The ants also kill
other plants growing within a certain radius
around the occupied Acacia (Janzen 1966,
1967). Another relatively well-studied case of
mutualism is that of Cecropia (Moraceae), in
which ants (primarily Azteca species, including
six obligate Cecropia-dwellers, but also species
of Camponotus, Crematogaster, Pachycondyla,
and other genera) occupy the plants’ hollow
stems, excavating entrance holes in preformed,
weakened areas present in the walls of inter-
nodes. Cecropia-dwelling Azteca species are
particularly well known for their ferocity, react-
ing aggressively to any disturbance to their host
plant. The plant provides nourishment to the
ants in the form of glycogen-rich Miillerian
bodies growing on a pad (trichilium) at the base
of the leaf petiole (Bailey 1922a; Rickson 1971;
Longino 1991). A third example is that of the
hollow pseudobulbs of Hydnophytum, Myrme-
codia, and other species of the Hydnophytinae
(Rubiaceae) of the Far Eastern tropics. These
plants possess swollen tubers with preformed,
often complex chambers that in some species
are nearly always occupied by ants (usually
Iridomyrmex species). The plants obtain nutri-
tion from ant excrement and debris absorbed by
“warted” surfaces found in some of the cham-
bers (Mieche 1911a, 1911b; Bequaert 1922;
Huxley 1978; Jebb 1991).

Some ants cultivate and occupy “ant gar-
dens,” clusters of epiphytes planted in the
branches of trees on soil and carton provided by
the ants (Ule 1902; Kleinfeldt 1978, 1986;
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Buckley 1982a; Davidson 1988). The ants, pre-
dominantly species in the genera Camponotus,
Crematogaster, and Solenopsis, obtain nutrition
from extrafloral nectaries, elaiosomes, and fruit
sap; the plants gain protection from herbivores,
including leaf-cutting attines (Weber 1943).
Some ant species—including Camponotus
Jemoratus, Crematogaster parabiotica, and
Monacis debilis—may be obligate ant-garden
nesters.

As already mentioned, ants are important
dispersers of seeds (Beattie 1985) and are fre-
quently encouraged in this role by attractive and
nutritious elaiosomes provided by plants
(Handel et al. 1981; Handel and Beattie 1990a,
1950b). Ants may also exercise an underappre-
ciated influence on seed germination. Oliveira
et al. (1995) showed that the South American
fungus-growing ant Mycocepurus goeldii (Myr-
micinae) significantly enhanced germination of
the seeds of the tree Hymenaea courbaril
(Caesalpiniaceae) by removing fruit pulp and
thereby reducing fungal infestation. Although
ant pollination may be important for some
plants in some habitats (Peakall et al. 1991), it
has been suggested that, because the antibiotic
secretions of the metapleural gland demonstra-
bly inhibit normal pollen function, ants are
unlikely to be recruited into insect-plant polli-
nation symbioses (Iwanami and Iwadare 1978;
Beattie et al. 1984, 1985, 1986).

Interactions with Animals

Trophic Associations

ANTS AS PREDATORS. The ancestral ant was very
likely a generalized predator. Arising from this
lifestyle, highly specialized predation has
evolved in many ant groups. For instance,
diverse groups of ants—including Acantho-
stichus, Cylindromyrmex, and Eurhopalothrix
heliscata—have independently specialized on
termites (Brown 1975; Wilson and Brown 1984;

Overal and Bandeira 1985). Some myrmicine
ants in the genera Carebara, Carebarella,
Erebomyrma, Liomyrmex, Paedalgus, and
Solenopsis are known to make their nests in
close proximity to those of termites, and it is
assumed that they steal termite eggs and brood
for food (Forel 1901; Wheeler 1914, 1936;
Wilson 1962b; Ettershank 1966). Species of
Discothyrea, Proceratium (Ponerinae), and
Stegomyrmex (Myrmicinae) prey on arthropod
eggs (Brown 1974f, 1979; Diniz and Brandfo
1993). A variety of species in the Dacetonini
(Myrmicinae) prey on Collembola (Wilson
1953; Masuko 1984). Species of the Neotrop-
ical genus Thaumatomyrmex use their bizarre,
pitchfork-like mandibles to remove the repel-
lent hairs of what is apparently their sole prey
item, millipedes in the family Polyxenidae
(Branddo et al. 1991). A number of Leptogenys
species specialize on isopods (pillbugs); at least
one specializes on Dermaptera (earwigs)
(Steghaus-Kovac and Maschwitz 1993). Adult
workers of the Japanese myrmicine species
Myrmecina graminicola nipponica and M. flava
capture oribatid mites, skillfully tearing a hole
in the highly sclerotized integument; the larvae
then feed by inserting their peculiarly elongate
heads into these holes (Masuko 1995). Finally,
some ant species are specialized predators on
other ants, including species of Cerapachys and
Neivamyrmex (Wheeler 1918; Rettenmeyer
1963).

ANTS AS PREY. Many ant species represent pre-
dictable food sources for predators because of
their large numbers, their tendency to forage in
trails, and their long-lived, stable, usually sta-
tionary nests. In what is no doubt a continuing
evolutionary arms race, ants have adopted
numerous defenses, including repellent chemi-
cals and soldier castes, to discourage predators,
while predators have acquired methods of over-
coming such defenses, becoming increasingly
specialized in the process. Such predators



include assassin bugs (Reduviidae), ground
beetle larvae (Carabidae), rove beetles (Staph-
ylinidae), ant lions (Myrmeleontidae), and
worm lions (Diptera: Rhagionidae: Vermileo).
Sphecid wasps in the genera Aphilanthops and
Clypeadon provision their nests exclusively
with ants (Evans 1962, 1977). In Costa Rica,
windscorpions (Solifugae) run along and within
nocturnal foraging columns of the leaf-cutting
ant Atta cephalotes, probably preying on single
workers (Bukowski 1991). Spiders that special-
ize on ants are often striking visual mimics of
their prey, presumably as camouflage against
small vertebrate predators that have learned to
avoid the ants (Oliveira and Sazima 1984;
Oliveira 1988). Although most vertebrates stu-
diously avoid ants because of their stings and
noxious chemical deterrents, vertebrate ant spe-
cialists include anteaters and some toads,
lizards, snakes, and birds (Bequaert 1922;
Weber 1972b).

Symbioses

Symbioses between ants and other animals
(particularly arthropods) constitute a vast and
fascinating subject, the far-flung literature of
which has yet to be exhaustively catalogued
(but see Kistner 1979, 1982, and Holldobler and
Wilson 1990 for excellent reviews).

ANT-HOMOPTERAN ASSOCIATIONS. The tending of
homopterans by ants is well known, no doubt
because of the striking parallel with the hus-
bandry of cattle by humans. The majority of
homopteran-tending ant species occur in the
subfamilies Dolichoderinae, Formicinae, and
Myrmicinae, although some ponerines (notably
in the Ecatommini) also obtain significant nutri-
tion through such interactions. In addition to
Aphidae, ants also tend homopterans in the
families Cercopidae, Cicadellidae, Coccidae,
Fulgoridae, Membracidae, Pseudococcidae, and
Psyllidae. Ants feed on “honeydew,” a by-prod-
uct of homopteran phloem-feeding consisting

Interactions of Ants with Other Organisms 39

largely of carbohydrate but also containing
amino acids that in some cases are added by
the homopteran (Dixon 1985). In return, the
ants protect homopterans from predators and
parasitoids.

Most ant-homopteran associations are facul-
tative mutualisms. However, ants in the North
American genus Acanthomyops (Formicinae)
appear to be obligately dependent on their root
coccid symbionts (Wing 1968), as are species of
the pantropical genus Acropyga (Formicinae). A
virgin queen of an Acropyga species departs on
her nuptial flight carrying in her mandibles a
coccid symbiont to serve as the parthenogenetic
progenitor of a future “herd” (Silvestri 1925;
Wheeler 1935; Biinzli 1935; Brown 1945;
Buschinger et al. 1987). This behavior has also
been observed in a Sumatran Cladomyrma
species (Roepke 1930). The Malaysian ant
Hypoclinea cuspidatus (Dolichoderinae), an
obligate symbiont of the mealybug Malaicoccus
formicarii (Pseudococcidae), is a true “nomadic
herdsman.” The entire colony (which can con-
sist of more than 10,000 workers and 5000
pseudococcids) is constantly on the move as old
feeding sites are depleted and new ones re-
quired (Maschwitz and Hinel 1985).

Ants also tend caterpillars in the butterfly
family Lycaenidae (Hinton 1951; Atsatt 1981;
Pierce 1987). In this case, nourishment is pro-
vided to the ants via specialized glands, and, as
in the homopteran case, protection from preda-
tion and parasitism is provided by the ants
(Malicky 1969; Pierce and Mead 1981; Pierce
and Easteal 1986).

GUESTS IN ANT NESTS. Many thousands of arthro-
pod species make their homes and/or earn their
livings in the stable environment afforded in or
near ant nests, including members of the Acari
(Chelicerata), Araeneae, Collembola, Diplo-
poda, Isopoda (Crustacea), Pseudoscorpionida,
and, within the insects, of the orders Blattaria,
Coleoptera, Diptera, Homoptera, Hymenoptera,
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Lepidoptera, Neuroptera, Orthoptera, Psocop-
tera, and Thysanura. Some parasitic symbionts
simply steal food from ant foragers. For exam-
ple, species of the Old World calliphorid fly
genus Bengalia dart into columns and snatch
away the food of various ant species (e.g.,
Bothroponera, Camponotus, Dorylus, Lepto-
genys, Technomyrmex species) (Bequaert 1922;
Maschwitz and Schonegge 1980). Mosquitos of
the genus Malaya (=Harpagomyia) are able to
solicit regurgitated droplets from various Asian
and African Crematogaster species (Jacobson
1909; Farquharson 1918; Wheeler 1928).

Many symbionts live inside ant nests, gaining
their nourishment by feeding on refuse in the
nest middens, by stealing the food of the ants,
by preying on adult ants or brood, or by preying
on other symbionts. In the very large nests of
some ant species, remarkably large numbers of
such “ant guests” can be found. For example, in
one large refuse chamber within a four-year-old
nest of Atta sexdens rubropilosa, Autuori
(1942) found adult forms of 1491 Coleoptera,
56 Hemiptera, 40 Mollusca, 15 Diptera, 4 Rep-
tilia, and 1 pseudoscorpion. In a study of 150
army ant colonies, Rettenmeyer (1962) collected
8000 mites, 2400 phorid flies, 1100 limulodid
beetles, 300 staphylinid beetles, 300 Collem-
bola, 170 Thysanura, 150 Diplopoda, 140 hys-
terid beetles, and 6 diapriid wasps.

Facuitative ant-nest symbionts, which are
also found living without ants, are typically
species that are predisposed to soil and leaf lit-
ter environments, such as oribatid mites and
Collembola. For example, pyrgodesmid milli-
pedes are frequently found in the refuse piles of
the nests of lesser attines, e.g., Mycetarotes par-
allelus. In contrast, obligate symbionts of ants,
presumably derived from facultative ancestors,
are found only in ant nests, and often only in the
nests of particular ant species. Mites of the
genus Antennophorus (Antennophoridae), for
example, live on the body surfaces of ants in the
closely related genera Acanthomyops (Formi-

cinae) and Lasius and obtain nourishment by
stealing drops of food during trophallaxis or by
actively soliciting such droplets by mimicking
the tactile signals used by ants for this purpose
(Janet 1897; Wasmann 1902; Karawajew 1906;
Wheeler 1910). Many other ant-nest symbionts,
including the thysanuran Atelura formicaria
and the hysterid beetle Hetaerius brunneipen-
nis, steal or successfully solicit regurgitated
food (Wheeler 1908).

The pseudoscorpion Sphenochernes schulzi
lives in nests of the Argentinean fungus-grow-
ing ant Acromyrmex lundi, where it apparently
feeds on worker ants by first immobilizing them
with injected poison, then imbibing their
hemolymph (Turk 1953). The third instar of the
lycaenid caterpillar Maculinea teleius (Lepi-
doptera) follows ant pheromone trails and
enters nests of Myrmica rubra, where it feeds
on the brood (Chapman 1920; Malicky 1969;
Schroth and Maschwitz 1984). Other examples
of nest symbionts that have acquired the ability
to follow ant pheromone trails include the
milichiid fly Pholeomyia decorior, a symbiont
of the fungus-grower Trachymyrmex septentri-
onalis (Sabrosky 1959) and the cockroach
Attaphila fungicola, resident in nests of Atta
texana (Moser 1964). In an example of extreme
integration, the staphylinid beetle Lomechusa
stumosa (Staphylinidae: Aleocharinae) possess-
es specialized “appeasement glands™ at the tip
of its abdomen containing a proteinaceous sub-
stance that seems to exercise a calmative effect
on its ant host, the European Formica san-
guinea. Once incorporated into the nest, it preys
on the ant brood and obtains regurgitated liquid
food from workers (Hoélldobler 1967, 1968;
Holldobler and Wilson 1990).

Numerous parasitoid species prey upon ants,
including species of the hymenopteran families
Diapriidae (Masner 1976; Huggert and Masner
1983) and Eucharitidae (Clausen 1940a, 1940b,
1940c, 1941; Heraty and Darling 1984; Heraty
1985, 1986). Flies (Diptera) of the family



Phoridae are particularly important ant para-
sitoids (Borgmeier 1963; Feener 1981; Feener
and Moss 1990; Brown 1993); most phorid lar-
vae are internal parasites of their ant hosts, but
larvae of at least one species are free-living in
nests of the European Plagiolepis pygmaea,
receiving regurgitated liquid from worker ants
(LeMasne 1941).

Predatory velvet worms (Phylum Onycho-
phora) have been discovered in rainforest
Pheidole nests, but it is unknown whether they
feed upon the ants (McGlynn and Kelley 1999).
In what may be a mutualistic association, the
earthworm Dendrodrilus rubidus (Phylum
Annelida) is found in nests of the European red
wood ant Formica aquilonia (Laakso and Setéla
1997). Adult snakes in the families Colubridae,
Elapidae, and Leptotyphlopidae, and lizards in
the families Amphisbaenidae and Teiidae, live
in nests of species of the leaf-cutting ant genera
Acromyrmex and Arta and/or use the nests as
oviposition sites. In some cases these associa-
tions are obligate. Some of these snakes are
capable of following ant pheromone trails and
may utilize the ants or brood as food (Goeldi
1897; Autuori 1942; Gallardo 1951; Vaz-Ferreira
et al. 1970, 1973; Weber 1972b; Branddo and
Vanzolini 1985).

Internal metazoan parasites of ants are known
to include nematodes, trematodes, and cestodes.
Protozoan ant parasites include (class) Micro-
sporidea (phylum Cnidospora), known from
Leptothorax, Myrmecia, Pheidole, and Solenop-
sis species, and (class) Neogregarinida (phylum
Apicomplexa), known from Leptothorax and
Solenopsis species (Holldobler 1929, 1933;
Gosswald 1932; Allen and Buren 1974; Allen
and Silveira-Guido 1974; Jouvenaz and
Anthony 1979; Espadaler 1982; Buschinger and
Winter 1983; Jouvenaz 1986; Crosland 1988;
Buschinger et al. 1995).

SYMBIOSES BETWEEN ANTS. Finally, ant species
may enter into varying degrees of symbiosis
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with each other. For instance, “thief ants” of
Solenopsis subgenus Diplorhoptrum live in the
walls of the nests of larger ant species and steal
their food and larvae. In a more derived case,
Megalomyrmex symmetochus is found within
the nests of the fungus-growing ant Serico-
myrmex amabilis (Wheeler 1925) and has also
been reported from the nest of an unidentified
Trachymyrmex species. The queen and brood
occupy the fungus gardens, ignored by their
hosts and apparently feeding on the fungus. The
closely related M. silvestrii and an undescribed
Megalomyrmex species parasitize other fungus-
growing ants (Branddo 1990; J. Wetterer, pers.
comm.).

In cases of social parasitism, ants of one
species utilize the work force of another colony
in order to raise their own brood. Workers of
“slavemaking” species raid colonies, steal
brood, and raise them as slaves. In other cases,
parasitic foundress queens enter established
colonies and take over, by either killing or dom-
inating the host colony queen. Thereafter, the
host workers aid in raising the interloping
queen’s offspring, which ultimately supplant
the former inhabitants. In the most extreme
cases, the parasite queen produces only sexual
brood, having lost the ability to produce a work-
er caste. For example, the attine ant Pseudoatta
argentina parasitizes nests of Acromyrmex
lundi. Tts exclusively sexual brood is reared by
the Acromyrmex workers, and upon maturity
they depart and mate, and the queens find new
A. lundi nests to parasitize (Gallardo 1929).

Associations with Fungi

In general, ants avoid associations with fungi.
Indeed ants have evolved at least two important
characteristics for discouraging the presence of
fungi (as well as bacteria) in their nests: elabo-
rate grooming behaviors (Wilson 1962a) and
the antiseptic-secreting metapleural gland
(Maschwitz et al. 1970; Maschwitz 1974; Beattie
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et al. 1986). Little is known of fungal diseases
of ants, although ant-pathogenic fungi have
been described in the families Clavicipitaceae
(Thaxter 1888; Rogerson 1970), Hyphomyce-
tales (Balazy et al. 1986), and Laboulbeniales
(Thaxter 1908; Bequaert 1922); an unidentified
unicellular fungal pathogen has been reported
from the hemolymph of Solenopsis wagneri
(Jouvenaz et al. 1977).

Outside the tribe Attini (Myrmicinae), no
confirmed examples of fungivory are currently
known in ants. Although the infrabuccal pockets
of many ant species contain fungal filaments,
the digestive tract does not; rather, the infra-
buccal pocket serves as a temporary repository
for fungi accumulated during the cleaning of the
body, and the infrabuccal pellet is discarded in
the refuse heap (Bailey 1920). In a rare excep-
tion, fungal filaments have been discovered
within the digestive tracts of ants in the myr-
micine tribe Cephalotini, Cephalotes atratus
and Zacryptocerus clypeatus (Caetano and
Cruz-Landim 1985; Caetano 1989; Kane 1995),
but in this case the fungus is thought to serve as
a digestive tract symbiont.

The northern European Lasius fuliginosus
(Formicinae) constructs carton nests in hollow
tree trunks and in the soil, cementing the carton
with regurgitated sugary liquid. The fungus
Cladosporium myrmecophilum is found grow-
ing only on this cemented carton (Lagerheim
1900); however, the ants do not consume it
(Maschwitz and Holldobler 1970). Fungi have
been reported growing in epiphytic Rubiaceae
that are inhabited by Iridomyrmex ants (Miehe
1911b; Bequaert 1922; Huxley 1978), within
hollow stems of South American Hirtella
(Chrysobalanaceae) occupied by Allomerus ants
(Dumpert 1981), and on carton nests constructed
by Crematogaster species in Nigeria (Farquhar-
son 1914), but, again, there is little reason to
believe that any of these ants is fungivorous.

Ants are thought to disperse the spores of
mycorrhizal fungi in the order Glomales, fami-

ly Endogonaceae, including those of the genus
Glomus (Mcllveen and Cole 1976; Allen et al.
1984; Friese and Allen 1988, 1993; Janos
1993). Since glomalean spores are large
(50-800 pum in diameter) and rich in lipids, and
since spores are often found associated with
roots in the chambers of soil-nesting ants, it has
been suggested that some ants may consume
them (D. P. Janos, pers. comm.). Went et al.
(1972) found mycelium of various fungi in the
refuse chambers of desert harvester ants in the
genera Veromessor and Manica, and they
reported that M. hunteri larvae consumed an
unidentified fungus offered to them in artificial
culture. Perhaps the best support for ant fun-
givory outside the Attini comes from observa-
tions made in Malaysia and Indonesia. In one
case, a Malaysian Prenolepis species was pho-
tographed carrying off pieces of an unidentified
basidiomycete fruiting body (Rosciszewski
1995). In a second case, fungal tissue fragments
made up 50-80% of all food items carried to the
nest by the giant forest ant Camponotus gigas in
Borneo (Orr and Charles 1994; Levy 1996;
S. Yamane, pers. comm.)

One group of exclusively New World ants,
the Attini (Myrmicinae), are obligately fungivo-
rous, with the fungus constituting the sole
source of nourishment for the larvae and the
dominant source for the adults (Barrer and
Cherrett 1972; Littledyke and Cherrett 1976;
Quinlan and Cherrett 1979). Attine ants possess
an elaborate array of behaviors for cultivating
fungus gardens. The less-derived species culti-
vate their fungi on insect frass, seeds, and other
organic detritus obtained from foraging in the
leaf litter. The derived “higher” attines, includ-
ing Acromyrmex and Atta species, cultivate their
fungi on fresh vegetation, including leaves and
flowers cut for that purpose. The identity of the
attine fungal symbiont has been the source of
speculation for over a century, although most
researchers agreed that attines cultivated one or
more species within the families Agaricaceae or



Lepiotaceae (subdivision Basidiomycotina,
order Agaricales). It is now known that most
Attini cultivate lepiotaceous fungi, although
some species within the genus Apterostigma
cultivate a distantly related fungus in the
Agaricales, closely related to the genus
Gerronema in the family Tricholomataceae
(Chapela et al. 1994; Moncalvo et al. 2000).

In a striking parallel with the ant-coccid asso-
ciation of Acropyga and Cladomyrma species
already described, virgin attine queens carry a
pellet of the natal nest fungus garden within
their infrabuccal pockets and use this to start
their new gardens following colony founding.
This clonal propagation leads to the expectation
of fungal lineages that closely parallel the lin-
eages of their ant hosts. However, at least in the
lower attines, this expectation is not borne out.
Instead, the fungal cultivars of many lower
attine ants are more closely related to free-living
species than they are to other attine fungi, indi-
cating that some fungus-growing ants occasion-
ally replace their resident fungal cultivars with
free-living stocks. Furthermore, within a given
geographic area distantly related ants—in some
cases species in different genera—may cultivate
the same fungal clones, indicating that some
fungus-growing ants occasionally replace their
resident cultivars with cultivars acquired from
the gardens of other ant colonies (Mueller et al.,
1998).

Introduced Ant Species

The most widespread ants have been called
“tramp” species; their geographic spread is tied
with human activity (Table 4.1; Passera 1994).
The ants belong to a variety of functional
groups (Chapter 3) and use a variety of strate-
gies to fit into widely variable habitat types.
They are most frequently encountered in urban
environments, in disturbed areas, and on ocean-
ic islands (Lieberburg et al. 1975; Clark et al.
1982; Brandio and Paiva 1994; Passera 1994).
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Table 4.1 Major Exotic Tramp and Invasive Ant
Species?

Tramp Invasive

Species Species Species
Subfamily Dolichoderinae

Linepithema humile (Mayr) Yes Yes

Tapinoma melanocephalum

(Fabricius) Yes

Technomyrmex albipes (Smith) Yes
Subfamily Formicinae

Anopolepis gracilipes (F. Smith) Yes Yes

Paratrechina. fulva (Mayr) Yes

P. longicornis (Latreille) Yes Yes

P. vaga (Forel) Yes
Subfamily Myrmicinae

Cardiocondyla emeryi Forel Yes

C. nuda (Mayr) Yes

C. venustula W. M. Wheeler Yes

C. wroughtoni Forel Yes

Monomorium destructor (Jerdon)  Yes

M. floricola (Jerdon) Yes

M. pharaonis (Linnaeus) Yes

Pheidole megacephala (Fabricius)  Yes Yes

Quadristruma emmae (Emery) Yes

Solenopsis geminata (Fabricius) Yes

S. richteri Forel Yes

S. wagneri (invicta) Santschi Yes

Tetramorium bicarinatum

(Nylander) Yes

T. caespitum (Linnaeus) Yes

T. lanuginosum Mayr Yes

T. pacificum Mayr Yes

T. simillimum (Smith) Yes

Trichoscapa membranifera (Emery) Yes

Wasmannia auropunctata (Roger)  Yes Yes
Subfamily Ponerinae

Hypoponera eduardi (Forel) Yes

H. opaciceps (Mayr) Yes

H. punctatissima (Roger) Yes

“Tramp ants are closely associated with human activity and often
nest in human structures. Invasive species move into natural habi-
tats (either disturbed or undisturbed) and outcompete native ant
species. From McGlynn (1999b).
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Although they are not as frequently encountered
in undisturbed continental habitats, in tropical
and subtropical areas they can be encountered
anywhere.

The five most widespread ant species are
the pharaoh’s ant (Monomorium pharaonis),
Argentine ant (Linepithema humile), crazy ant
(Paratrechina longicornis), ghost ant (Tapin-
oma melanocephalum), and big-headed ant
(Pheidole megacephala). Although these are the
only species known to appear in every nonpolar
biogeographic region (McGlynn 1999a), they
have no functional group or taxonomic com-
monalities but do excel as human commensalist
species. Although some species are dominant
and have been known to maintain absolute ter-
ritories (Haskins and Haskins 1965; Crowell
1968; Lieberburg et al. 1975; Holway 1995),
others are opportunistic or cryptic, and are
capable of coexisting with nondominant ant
species (Holldobler and Wilson 1990; Delabie
et al. 1995).

Where dominant species (for example, P. mega-
cephala, L. humile, Wasmannia auropunctata)
are introduced, their impact upon native ants is
obvious and drastic. Invasive ants exclude com-
peting species from food resources and are
known to raid heterospecific nests (Clark et al.
1982; de Kock and Giliomee 1989; Brandao
and Paiva 1994). Studies of invaded areas show
that noncryptic aboveground foraging ants are
the most severely affected (Holway 1995;
Human and Gordon 1996). In at least one
instance, invasive ants have disrupted ant-plant
mutualisms (Bond and Slingsby 1984). Clearly
the areas that contain these ants will have a
reduced native ant diversity. At the ecosystem
level, at least one invasive ant (Solenopsis wag-
neri Santschi, formerly S. invicta Buren) has

decimated areas where it is introduced, affect-
ing ecological interactions at the levels of soil
cycling, fruit decomposition, and the biodiversity
of the terrestrial arthropod community in gener-
al (Porter and Savignano 1990; Vinson 1991).

The long-term effects of introduced ants are
not well understood. Accounts from the West
Indies of invasions of a exotic ants dating back
to the early nineteenth century demonstrate that
there is a turnover in the species composition of
the introduced ant fauna (Haskins and Haskins
1965). Wilson and Taylor (1967) suggest that
the species composition of invasive ants on a
given island changes over time. Invasive species
are generally more successful in disturbed areas
and do not create a monospecific stand of ant
colonies in most localities.

Introduced ant species can serve as an excel-
lent bioindicator for assessing the status of an
ant community. The impact of human use may
be indicated by the presence of introduced ants
before any long-term community effects are
observed. An excellent case study is in the
Galdpagos Islands (Clark et al. 1982), where the
foci for the spread of the invader W. auropunc-
tata were located in cities and campsites. As
activity spreads throughout many of the
Gal4pagos Islands, the introduced ant is march-
ing in file with human activity.
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This chapter provides a background of taxo-
nomic information for those who may be sam-
pling ant diversity or dealing with other myrme-
cological matters (such as ant ecology) that
demand some understanding of the challenge of
identification of ant species. It is assumed that
ants are chosen for biodiversity study mainly
because they are ubiquitous and easily sampled,
but also because identifying them is practicable
as compared with identification of such other
teeming taxa as mites and collembolans.
Although the last few years have seen great
leaps forward in ant taxonomy—especially
publication of The Ants (Holldobler and Wilson
1990), Identification Guide to the Ant Genera of
the World (Bolton 1994), and A New General

The author died shortly after completing this chapter.
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Catalogue of the Ants of the World (Bolton
1995b)—huge gaps still remain in our ability to
identify given ant species with dispatch and
confidence. The main challenges involve such
immense and unrevised genera as Camponotus,
Crematogaster, and Pheidole, plus various
smaller but nevertheless dominant ground-
dwelling taxa (Chapter 8). Some genera (e.g.,
Pachycondyla, New World Pheidole, the genera
of the dacetonines) are currently under revision,
as indicated by “forthcoming” in the list of
identification aids in Chapter 12.

Ant Genera: An Overview

Table 5.1 summarizes general information
about ant genera; some species may not con-
form to these generalizations. Numbers of
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70 Ww. L. BROWN JR.

species for each genus are largely derived from
Bolton (1995a, 1995b), but these numbers have
been modified in a few cases where the count is
likely to be changed in the near future by the
creation of new species, named and unnamed,
the existence of which are known to me now. Of
course, numbers of species will continue to
change in the future. Another drastic change
will be a reduction in the number of genera of
Dacetonini, which are now deemed excessive
by Bolton (1999). Functional groups of the
genera have been provided by Anderson
(Chapter 3).

Ant Taxonomy:
The State of the Art

Characters

Taxonomists (or for that matter most dictionar-
ies) fail in the definition of character as it
applies to biosystematics. For me, a character is
any trait of use in making a comparison. The
comparison may be made between different
parts of the same organism, but here we are
mainly interested in comparisons between
whole organisms and populations of them. Thus
we accept the distinction between characters
and their states, though we may simply use
character as shorthand for character state.

A major change in formicid systematics since
1950 has been the acceleration of the discovery
and employment of new characters, a function
at least as important as the description of new
taxa. In higher-level classification, Barry
Bolton’s investigations of morphological char-
acters, particularly those of the abdominal seg-
ments of the worker caste, leap immediately to
mind. He has not neglected other tagmata and
other castes, and his sample of the genera and
species has been extensive and documented, at
least as far as the numbers of species reviewed
for each character are concerned. Explicit list-
ing of the species examined for such studies has
become a welcome standard.

HEAD MESOSOMA PETIOLE GASTER

Post-
Spiracles Petiole Petiole
N

Metapleural
Gland Orifice

Sternites

Figure 5.1. Body parts of an ant.

The ancestors of ants were apparently some
kind of aculeate wasp, perhaps a vespoid, as
claimed by Brothers (1975) and Brothers and
Carpenter (1993), but it is probable that the
ancestral ant, like most living ants, differed from
wasp ancestors by possessing a metapleural
gland (Fig. 5.1) far back and down low on each
side of the alitrunk (Grimaldi et al. 1997). This
relatively obscure feature typically consists of a
group of secretory cells that duct separately into
an atrium under a more or less obvious bulla
having a variously shaped aperture to the exte-
rior on each side of the alitrunk. Its products
have disputed functions, one of which may be to
protect the insects against microorganisms and
fungal spores inhabiting the substrate (Masch-
witz 1974). In some ants-—notably the carpenter
ants and a few others—the metapleural gland
has been secondarily lost or reduced.

A much more obvious trait of the family
Formicidae, to which all ants belong, is the nod-
iform or scalelike shape of the second true
abdominal somite of the waist, called the peti-
ole (Fig. 5.1), which is separated by a more or
less apparent constriction from the following
somite (A3), also called the postpetiole, partic-
ularly whenever it itself is separated by a con-
striction from the following somite (A4). The
trouble with using the petiole as an ant-diagnos-
tic character is partly that there exist various
wasps, often wingless ones, that have developed
a nodiform petiole, and some, such as the mutil-
lid Apterogyna, that even have a postpetiole. In



such cases, the lack of a metapleural gland and
other characters must be used to distinguish
them from ants.

To reduce confusion in the naming of succes-
sive somites in the region of the waist and
beyond, we call them by their sequence as
ancestral abdominal units, with the propodeum
being the first (actually it is T1, the tergum of
the first true abdominal somite, which in
Hymenoptera: Apocrita is fused with the thorax
to form the alitrunk). Many specialists on apoc-
ritan Hymenoptera use mesosoma instead of
alitrunk, after Michener (1944:167). However,
alitrunk has been in use at least since J. B.
Smith’s Glossary of 1906, and probably much
longer. It is used in such well-known works as
The Insects of Australia and New Zealand by
Tillyard (1926) and Torre-Bueno’s Glossary of
Entomology (1937, 1989; Tulloch 1962) as well
as several foreign glossaries. When I wrote to
Michener to ask why he had avoided use of
alitrunk, he replied simply that he had not
known about it.

The petiole is the second true abdominal seg-
ment, and the postpetiole, if present, is the third.
The remaining abdominal segments together
form the gaster. The somites are of course
ancestrally rings, each formed of a dorsal plate,
the tergum, and a ventral plate, the sternum;
these are often called tergite and sternite (e.g.,
Gauld and Bolton 1988). A handy convention
calls the somites of the true abdomen Al, A2,

A3, ... ;their terga T1, T2, T3, .. . ; and their
sterna S1 (although S1 has been lost in the
apocritan ancestors of ants), S2, 83, . . . . Each

plate is more or less distinctly divided in the
axial direction into regions, particularly an ante-
rior one (the pretergite or presternite, which is
the band fitting into the preceding somite and
normally at least partly covered by it) and a
main exposed region (which I call the tergite or
sternite, and Bolton calls the posttergite and
poststernite). (I reason by analogy with the
mesothoracic sclerites prescutum and scutum,
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and because the term posttergite or -sternite is
logically reserved for specialized posterior seg-
mental belts found in many ants.)

Bolton (1990a) has given a special name, hel-
cium, to the much-narrowed “presegment,” or
pretergite with presternite, of the third abdomi-
nal segment. The structure of the helcium, espe-
cially its sternum, has become important in ant
phylogeny and taxonomy (e.g., Agosti 1991).

Other abdominal characters of importance
are the fusion or lack of it between the tergum
and sternum of each of the second (A2) through
fourth (A4) somites, and the structure of their
presclerites when present. In Bolton (1990a)
and subsequent papers on ant phylogeny by
Bolton (1990c, 1990d) and Baroni Urbani, Bol-
ton, and Ward (1992) (hereafter referred to as
BBW), the characters are presented in a splen-
did series of illustrations that should be standard
references.

Phylogenies

In the central study of the series, BBW offer a
matrix for 68 characters of all adult castes and
larvae, with coding binary (0 or 1). (I do suggest
that, for making the often complex task of fol-
lowing binary character states easier for the
reader, absence of a state might be coded O and
its presence 1, mnemonic advantage thus out-
weighing other considerations.) The highlights
of the resulting cladogram and classification are
presented, with my comments, in the following
sections.

THE EXTENDED ARMY ANT CLADE. Aenictinae,
Cerapachyinae, Dorylinae, and Ecitoninae, plus
Aenictogitoninae and Leptanilloidinae (consid-
ered as subfamilies), are placed in a mono-
phyletic cluster, with a more-inclusive cluster
being the (Leptanillinae + Ponerinae) and then
the next, Apomyrminae. Of these, the first four
form the doryline section, while the Aenicto-
gitoninae, Apomyrminae, and Leptanilloidinae
are all monogeneric, incompletely known taxa
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that are probably best considered as tribes of
uncertain position.

In his important study of the cerapachyines,
Bolton (1990a) made a reasonable case for their
separation from the Ponerinae and their inclu-
sion in a “doryline section” also containing sub-
families Dorylinae, Ecitoninae (Brown 1973),
and Aenictinae (Bolton 1990c), considered to
be monophyletic as based on eight shared
derived character states. This relationship is
reinforced by the circumstance that most
species sufficiently well known are predators
with a preference for formicid prey; all follow
the army ant lifestyle except Acanthostichus
and Cylindromyrmex, termitotherous special-
ists; the last may not be nomadic and badly
needs study. Of course, we must be aware that
the army ant lifestyle could be the basis for a
convergent adaptive syndrome of morphologi-
cal states in some or all four of the subfamilies
of the doryline section, a possibility demon-
strated by the partial homoplasies of syndromes
in species of such disparate ponerine genera as
Leptogenys, Onychomyrmex, and Simopelta.
However, the unity of the doryline section, with
the cerapachyines near the base of the lineage,
is a concept that has been developing at least
since Emery (1901), and myrmecologists are
probably comfortable with it. In fact, it seems
reasonable now to suggest that the “doryline
section” is equivalent to one subfamily bearing
the prior name Dorylinae.

ANEURETINAE, DOLICHODERINAE, AND FORMICINAE.
Aneuretinae, Dolichoderinae, and Formicinae
form a second cluster at a distance from the
first. These taxa had already received attention
from Shattuck (1992¢), who found them to be
monophyletic in a cladistic analysis. There is
substantial accord among ant specialists in
regarding dolichoderines and aneuretines as
related; the question has become whether they
are separate subfamilies (Clark 1951; Wilson
etal. 1956) or whether, as treated traditionally,

the Aneuretini are a tribe within the Dolicho-
derinae. BBW maintained the subfamily status
rather hesitantly “in accord with contemporary
usage,” because they could not list any strong
morphological shared derived states to bolster
Aneuretinae (BBW, pp. 313, 315-316). Though
the sting is present in Aneuretus and variously
reduced in Dolichoderinae, it seems to me that
the ensemble of differences between the two is
not strong enough to maintain Aneuretini as
more than a tribe of Dolichoderinae.

The placement of the Formicinae with the
dolichoderine lineage is a more important mat-
ter. Judging from the BBW phylogeny, most of
the characters shared by the two subfamilies are
probably in the ancestral state. Unique derived
(autapomorphic) characters of Formicinae are
the presence of the acidopore, or “venom noz-
zle,” and the disarticulation of the sting from its
lancets (a stage of sting reduction beyond the
most extreme condition in the Dolichoderinae).
Associated with this, but not coded, are the pro-
duction of formic acid uniquely by formicids
and what is patently a whole series of characters
of the venom production and storage apparatus.
On their side, the Dolichoderinae (including
Aneuretinae) uniquely have Pavan’s gland and
also share the lack of an unfused furcula in the
sting apparatus. The coding of these complex
characters on a simple binary basis is to me one
of the unreal aspects of cladistic syntheses, at
least as we have them for ants.

Another character, BBW No. 38, is the scle-
rotized versus flaccid condition of the proven-
triculus. Coding “according to Eisner (1957)
could be an oversimplification” puts it mildly,
since the proventriculus of Dolichoderus
(=Hypoclinea) was characterized by Eisner
(1957:453, and his Figs. 7, 17-20, and 97) as of
the flaccid type, “still conform[ing] to the basic
structural plan of Myrmecia, Pseudomyrmex,
and Aneuretus, except that the plicae have
become sclerotized toward the base of the bulb.”
But the subfamilies Dolichoderinae and For-



micinae were both coded by BBW as of the
sclerotized type. Considering the details of
Eisner’s review of proventricular morphology, 1
find it difficult to avoid a conclusion of com-
pletely independent evolution of the two mor-
phoclines, regardless of the apparent similarity
of some intermediate stages. From all this, I
find that close relationship of Formicinae to
Dolichoderinae is unlikely even by strict cladis-
tic standards. As is mentioned by BBW, Emery
(1925b) provides an interesting commentary on
proventricular evolution of formicines versus
dolichoderines, but it is worth noting that in his
time the function of the organ was not well
understood. I would place the Formicinae at an
early split in the ant phylogram, mainly on the
basis of the complex derived condition of the
sting apparatus and the many ancestral states of
characters, such as body articulation, antennal
and palpal segmentation, and retained worker
ocelli. Dolichoderinae seem to me to be a separate
lineage, convergently morphoclinal to Formicinae
in consonance with their commitment to the
adaptive zone of exploiters of sugary fluids.

MYRMECIINAE, PRIONOMYRMECINI, AND NOTHO-
MYRMECIINAE. Myrmeciinae, Prionomyrmecini,
and Nothomyrmeciinae are placed as terminal
taxa on a monophyletic stem, shared at the next
lowest node with Pseudomyrmecinae, and at the
next lowest with Myrmicinae. Of the fossil
Prionomyrmex, there is little to argue against in
its placement in Myrmeciinae. Concerning
Nothomyrmeciinae, things are less certain.
Clark (1951:16) started by putting the mono-
typic Nothomyrmecia into a separate subfamily
in a key that was rather offhanded, for example,
giving subfamily rank to Amblyoponinae,
Discothyreinae, Eusphinctinae, and Odonto-
machinae. Brown (1954b) tended to over-
emphasize the difference between Notho-
myrmeciinae and Myrmeciinae when he split
all the living ants into two branches (“‘myrme-
cioid complex” and “poneroid compliex”) and
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placed Myrmecia in one complex and Notho-
myrmecia in the other. This was at a time when
only the two type specimens of Nothomyrmecia
were known but hardly available for study. Due
to the efforts of Taylor (1978a) and a series of
colleagues, the celebrated N. macrops was
rediscovered, and it is now one of the best
known of all ants. Although its differences from
Myrmecia are at once apparent, more and more
similarities have also been found (e.g., Billen
1990). In addition the BBW opinion that
“absence of a postpetiole in Nothomyrmecia is
undoubtedly primary” need not be accepted
unreservedly, because this segment is small and
just might represent a reversal of the condition
in Myrmecia. My original peek did give me the
impression that Nothomyrmecia was somewhat
like lower formicines in habitus, but I would
now find it easier to accept placement in a tribe
within the Myrmeciinae.

PSEUDOMYRMECINAE. Pseudomyrmecinac were
placed by BBW and by Ward (1990) in their
cladograms as arising near the Myrmecia group
of taxa, and for the time being this placement
seems reasonable to me, as it did in 1954,
Monophyly with the next lowest step, Myrmi-
cinae, is much less appealing.

MYRMICINAE. Myrmicinae, the most speciose of
the subfamilies, was placed by BBW and by
Ward (1990) next to Pseudomyrmecinae. Both
taxa have A3 postpetiolate, that is, reduced in
size and pinched off from A4 by a constriction,
which has probably long caused them to be con-
sidered as allied. Brown (1954b:28 and later
papers) has favored a myrmicine derivation
from ponerine ancestors, possibly Ectatommini,
but the finding by Gotwald (1969), Bolton
(1990a), Ward (1990), and BBW that Ponerinae
have the tergum and sternum of A4 completely
fused seems to weigh heavily against this origin
because Myrmicinae do not show complete
fusion (but sometimes have the pretergite of A4
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fused to its presternite, BBW No. 26). The A4
fusion character is now somewhat diminished by
the finding by Ward (1994) of the new Malagasy
genus Adetomyrma, which, though ostensibly a
rather typical amblyoponine ponerine, has the
terga and sterna of A3 and A4 unfused. In an hon-
est and earnest probe of the phylogenetic implica-
tions of the possibility that tergosternal fusion
may be reversed in this (and other) instances,
Ward offers Fig. 45, a cladogram assuming
reversibility. This schema is fascinating in that it
depicts the possibility that Myrmicinae is mono-
phyletic with “remaining Ponerinae,” that is,
remaining after Amblyoponini is relegated to a
neighboring terminal branch on the same stem. It
is interesting to compare this tree with one I drew
up rather negligently five years ago for a poster
exhibit, in which the Myrmicinae are derived
from within or near the Ponerinae. The position of
the Formicinae is of course entirely different;
Ward was not dealing with that issue in 1994,
Now a finding by Hashimoto (1996) based on
skeletomuscular characters also concludes that
Ectatommini, Myrmicinae, and Ponerinae are
closely related, perhaps sister groups, and inci-
dentally that the amblyoponine petiole may not be
a retention of the typhoid wasp state, but a rever-
sal of a previous formicid condition of petiolar
postconstriction,

APOMYRMINI. Apomyrmini, a problematic mono-
generic tribe, is probably best considered as an
anomalous Leptanillinae for the time being.

Two Lessons

For me, two lessons to be learned from a con-
sideration of the recent history of phylogenetic
reconstructions of the ant family are that (1)
cladistic techniques are not as robust for ants as
had been hoped, perhaps partly owing to prob-
lems of coding and discreteness of characters;
and (2) characters involving the articulation or
fusion, and expansion or reduction, of abdomi-
nal segments may be especially subject, even if

only rarely, to reversal. About problem (1), I can
only suggest that each character be scanned for
complexity, i.e., for whether multiple characters
are involved, and for its suitability to be shoe-
horned into a rigid binary system. For (2), I urge
more careful consideration of possible adaptive
reasons for particular character states and tran-
sitions between them—in short, bolder applica-
tion of the much-derided “Just-So Stories.”
Such application might even help to bring phy-
logeny back into biology. Ward is thinking
along these lines when he briefly discusses pos-
sible reasons for reversal of tergosternal fusion,
though he does not find examples among sever-
al taxa with dichthadigyne queens that might be
expected to evolve an expandable gaster. It is
worth noting, though, that BBW (p. 317) regard
the loss of tergosternal fusion in A3 of ecitonine
males as secondary!

Be that as it may, reversal of the fusion could
conceivably have other adaptive reasons. For
example, if a lineage of ants began a behavioral
shift toward feeding prominently on sugary flu-
ids, such as nectar or honeydew, flexibility and
dissociation of some segments of the abdomen
could be at a selective premium. On the other
hand, increased commitment to predation might
favor strengthening and fusion of integumental
elements at the expense of ability to store fluids
internally, as seems true of many if not all
Ponerinae. Formicinae and Dolichoderinae may
be lineages that have taken the fluid-food path
and retained or evolved anew separated terga
and sterna, while Ponerinae, the dorylines with
Cerapachyinae, and the minor predatory sub-
families (usually) have fusion at least in A3.

At the Front with
Revisionary Taxonomy

Taxonomy in the “old days” was largely accom-
plished on a faunal basis, especially when trop-
ical colonialism was in flower. Collections
made by missionaries, official travelers, and



others were sent back to a specialist in the home
country—a Frederick Smith, a Gustav Mayr, a
Carlo Emery, an Auguste Forel—who then duly
produced a paper on “New and Little-Known
Ants Collected by Mr. Whatsisname in Southern
Whereverland,” replete with descriptions of
new species and varieties, and, fairly often, new
genera. This system, practiced by specialists
who communicated and exchanged specimens
all too rarely, produced such a confused welter
of taxa that it was a wonder that Emery could
make as much sense of it as he managed to do
with his fascicles in the Genera Insectorum
(1910, 1911, 1913, 1921, 1922, 1925a). Even
so, the synonymy and other confusion result-
ing from the compartmental colonial-faunal
approach left a mess that thwarted most efforts
at effective identification or inventory of ant
species, particularly in the larger genera. [ need
only mention the examples of Camponotus,
Crematogaster, Pheidole, and Solenopsis to
make this point about identifiability, even to this
very day.

For a half century this state of affairs has
been changing. The Era of Revision has happily
arrived with a vengeance. By keeping descrip-
tions of new species largely within the context
of world- or at least continentwide revision,
genus by genus, we have been able to avoid
most of the duplicate description and conse-
quent synonymy of the old days. The process of
revision as it is understood today means to gath-
er large collections in the field, compare them
with the type specimens in the classical collec-
tions to fix their names, and generally sort out
all the species. The output is monographs of
whole genera, tribes, or even subfamilies, with
keys to genera and species, illustrations, and
other identification aids by now familiar to all.
These monographs allow others to make accu-
rate identifications for the first time, so that one
result of the appearance of a revision is a subse-
quent flock of descriptions of new species. If
these descriptions are carefully carried out with-
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in the context of the revision itself, that is all to
the good. The best result of a revision is the
encouragement of new revisions.

Some Cases in Point. Subfamily Ponerinae
has been revised in a series of steps, primarily
by Brown since 1952, all listed in Bolton’s
Catalogue. A major part of this study dealing
with the subtribe Poneriti, which has been long
delayed, deals with the expanded version of
Pachycondyla, consisting of nearly 150 valid
species after extensive synonym pruning. This
and allied genera contain many ground-
dwelling species. Other parts deal with the large
genera Leptogenys and Hypoponera—the latter
a genus of great interest to this rnanual because
of its abundance in leaf litter samples. The
African Leptogenys have already been complet-
ed for the known species by Bolton (1975a).
Hypoponera, separated from the smaller genus
Ponera by Taylor (1960), is a real challenge
because of the great uniformity of the many
species, and because ergatoid queens common-
ly resemble the workers of different species. In
addition some adventives are common and
widespread in both hemispheres.

MacKay revised Acanthostichus (1996) and
added several species to this New World genus
of termitotheres.

Following Bolton’s (1990b, 1990d) works on
the Cerapachyinae and Leptanillinae, nothing
has been done on the latter, though Taylor has
had excellent descriptions of Arnomalomyrma
and Protanilla, with fine illustrations, in manu-
script for two decades. Their descriptions are
ascribed to Taylor in Bolton’s paper, but the real
authorship is confused. Scyphodon, known only
from the tiny male, has been found again in
Borneo, and its peculiar mandibles suggest that
it is the male corresponding to the worker of
Protanilla.

Revisionary work on the Pseudomyrmecinae
by Ward (1985, 1989, 1990) following useful
partial revisions by Kempf (1958-1967) has
been completed for the Neotropical species.
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Probably the largest bloc of unrevised species
is genus Pheidole, of which the Nearctic species
have been partly revised by Gregg (1959).
Wilson has revised the New World species of
this genus, which is principally tropical in the
New World, and after synonymic debridement
has found 335 new species, or approximately
one-tenth of the known New World ant fauna!
This revision is essentially complete, with illus-
trations, and will be published in 2000 by
Harvard University Press. Pheidole is of course
another of the prevalent ground-dwelling taxa;
in most tropical forests, it is the dominant one in
terms of individuals (Chapter 8). In Africa,
Pheidole has many species, but fewer than it
does in the Americas; in Asia, Melanesia, and
Australia there are more species, but it is not yet
known how the number compares with that in
tropical America.

Charles Kugler’s (1994) revision of Rogeria
is another first full examination of a long-
neglected myrmicine genus, and his study of the
sting apparatus of Myrmicinae (1978) plus later
papers on the sting promise to be of importance
as more taxa are examined.

The tribe Dacetonini, exceedingly common
in tropical litter samples, has also been under
stepwise revision by Brown (preliminary revi-
sion in 1948, plus many later papers) and by
Bolton for the Afrotropical species. Bolton is
now engaged in a major revision of the classifi-
cation of the tribe, and it is clear that many of
the smaller genera, particularly among the
short-mandibulate forms that once seemed so
distinct, are now compromised by the more
recent discovery of intermediate species. This
tribe is astonishingly diverse in tropical forests,
especially the largest genus Strumigenys, with
hundreds of species worldwide, mostly in leaf
litter and rotten wood. There are probably fifty
endemic species of this genus on Madagascar,
only one of which has been described and
named (B. Fisher, pers. comm.). I have revised
the New World species and have a large, incom-

plete manuscript covering the known Indo-
Australian species.

The genera of the Basicerotini were included
in the Dacetonini in the Emery-Wheeler classi-
fications, and the tribe was set up by Brown
(1949d) and revised by Brown and Kempf
(1960) for the world. A supplement to the revi-
sion of Basiceros was produced by Brown
(1974g), who also described the genus and
species Protalaridris armata from the northern
Andes (Brown 1980a, 1980b). Scattered Neo-
tropical species were published from time to
time by various authors, and major groups of
basicerotine species were studied for the Indo-
Australian area by Taylor (1968a, 1968b, 1970b,
1980, 1990b), bringing the total of Paleotropical
species to 26.

Excellent recent revisions of Dolichoderinae
are those by Shattuck: genera Turneria (1990),
Axinidris (1991), and Iridomyrmex (1992a); a
generic revision of Dolichoderinae (1992b);
and two Australian species groups of Irido-
myrmex. References are contained in his
catalogue (Shattuck 1994). This work is exem-
plary in its treatment of a long-confused sub-
family; the author recognizes 912 currently
valid species, including Aneuretinae and a few
fossils.

In Formicini, the tribe Myrmoteratini, with
the single genus Myrmoteras, has attracted suc-
cessive revisers, perhaps because of its easily
recognizable and distinctive species, originally
few in number. After limited pre-1980 efforts,
reviews were published by Moffett (1985) and
then Agosti (1992), primarily consisting of
diagnoses of new species. The species count has
reached the astounding number of 31. Agosti
(1994a) has extended research to the classifica-
tion of the tribe Formicini and to the species-
level taxonomy of Cataglyphis (1990) and
Cladomyrma (1991).

Paratrechina remains to be revised; the only
large regional revision is by Trager for North
America (1984), but this is a frequently encoun-



tered ground-dwelling genus in most tropical
forests.

Other large genera known to be rich in
ground-dwelling species are Tetramorium,
Monomorium, and Solenopsis (Chapter 8). The
first two of these are predominantly Old World
in distribution; they have been revised by
Bolton (1986-1988) in a very useful series of
contributions. Solenopsis (including Diplorhop-
trum sensu Baroni Urbani 1968), is a very com-
mon and speciose genus in the New World trop-
ics, but much less so in the Old World.
Creighton’s review of the tropical species really
dealt only with the larger fire ants of the saevis-
sima group. Trager (1991) revised the same
group, and his revision has largely been super-
seded since, but the many species of the small-
sized groups, composing the thief ants (subgenus
Diplorhoptrum), are without modern revision.
Treatment of these requires massive collections
of nest series containing queens, and if possible
males, because the workers are often devoid of
striking differences.

Then there are the Attini, fungus cultivators
of the Americas, predominantly the tropics.
Their diversity is being studied by Schultz and
colleagues (Chapela et al. 1994; Hinkle et al.
1994; Schultz and Meier 1995; Mueller et al.
1998; Schultz 1998; Wetterer et al. 1998), who
are also determining the mode of co-evolution
of the ants with their fungi, venturing into
comparative studies of the ant larvae and also
of DNA.

Other taxa, such as Camponotus, Cremato-
gaster, and Pseudomyrmecinae, are certainly
common and ubiquitous in the tropics, but they
are less closely tied to the leaf litter and tend to
be arboreal.

Army ants, although often common and con-
spicuous in tropical forest, usually occur
unevenly in samples, but they and other less
densely distributed genera often are indicators
of particular conditions or habitats, so they
clearly should and will receive attention in sur-
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veys. The New World Ecitoninae were revised
by Borgmeier (1955), with additional taxonom-
ic studies by Watkins (1976, 1982, 1985).

Much more could be said about the systemat-
ics of particular groups and particular taxono-
mists, but many of these studies are based on
work performed in study areas outside the for-
est litter zone and are often published in lan-
guages and journals not readily accessible to
most workers. China now has a number of spe-
cialists on ant systematics, but as far as I have
seen they have not focused on revisions, but
rather on random detection and description of
new species from the Chinese fauna. In Japan
the local fauna is also emphasized, but some
workers are now commencing revisionary work
in the Asian tropics and elsewhere, and experts
such as Imai and Kubota are the leaders in the
field of ant karyology. The world revisionary
initiative has been strong in South America and
Australia, with revisers of the caliber of
Brandio, Lattke, Shattuck, and Taylor, but there
are still not very many of them.

Systematic Infrastructure

The year 1950 was a turning point for world ant
taxonomy; in that year Creighton published The
Ants of North America, the first major work to
apply the Modern Synthesis (Mayr 1942) to the
family. This meant that the “quadrinomial” sys-
tem of the last century, congealed in Emery’s
great Genera Insectorum fascicles of 1910-
1929 and kept relatively unchanged in the
works of W. M. Wheeler and his contempo-
raries, was abandoned—we hope forever! The
quadrinomial (four-name) system in the
Formicidae—almost unique in the persistence
of its application to species-group taxa of names
for genus, species, subspecies, and variety—
was really a pentanomial (five-name) system,
because in practice it routinely used a fifth
infrageneric category, the subgenus. Thus we
suffered such monstrosities as Lasius (Chthono-
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lasius) umbratus mixtus aphidicola; today this
species is represented (in North America) by
Lasius umbratus. Although many pentanomials
and quadrinominals are still listed in catalogues
and regional lists, almost everyone agrees that
they should be eliminated. Under the Inter-
national Code of Zoological Nomenclature,
changes in the status of the variety have helped
mightily in this direction, and in my opinion
they could help still further by removing the
subspecies category from Linnaean nomencla-
ture (Wilson and Brown 1953).

The elimination of the subgenus as a formal-
ly named category is a worthy goal in systemat-
ic biology, and one that is well on the way to
realization in ant systematics (Brown 1973). For
nomenclatorial purposes the International Rules
recognize the subgenus as equivalent to a genus.
The confusion that results when generic names
are synonymized or found to be homonyms
reveals subgenera to be dangerous as well as
merely inconvenient and burdensome: witness
the recurrent case of Cryptocerus and its sub-
genera. Most myrmecologists seem to be mov-
ing in the direction of using informal species
groups instead of subgenera, and groups serve
every purpose except to satisfy the cravings of
authorship. In practice, formicid taxonomy is
fast becoming binomial again, after two
centuries.

Another nomenclatorial issue is the ending
for subtribal names, which in the beetles and
other groups has unfortunately settled on -ing,
this neither unambiguously plural nor uncom-
mon as an ending of generic names, and identi-
cal in the vernacular of most European lan-
guages with the already overburdened -ine (e.g.,
Ponerinae, ponerine; Ponerini, ponerine; Poner-
ina, ponerine). I have discussed the problem
(Brown 1958) and suggested instead the sub-
tribal ending -iti, which does not have the
disadvantages of -ina and enjoys much better
classical credentials. Bolton feels that the
subtribal category may be unnecessary in ant

systematics. I think he is wrong in this, and I
believe that, in a taxonomy increasingly based
on phylogeny, fine subdivisions such as the sub-
tribe will be needed more and more.

One more practice needs attention: the super-
fluous citation of authors with the ant name,
either with the species binomial or just the
genus. I used to teach this practice in taxonomy
courses until at last I asked myself: What is its
purpose? The author’s name has almost become
part of the true scientific name of the organism
for many who publish research papers, in or
outside systematics (true even for many journal
editors!), but the Rules state that the author is
not part of the scientific name. Author citation
has scant reference value in practice, though it
is often put forward as a rationale. Abandon-
ment or radical deemphasis of author citation
would save much time, effort, and page space;
would cut down on the clutter of titles, lists,
and captions that slavish citations now engen-
der; and would facilitate computer searching
through bibliographies. The rule I follow in
this case is to give the author’s name only
when the instance normally calls for a full bib-
liographic citation of author, date, volume, and
page.

Looking Ahead

We can discern some of the taxonomic needs
expected to arise in the future, and the likely
responses to them; indeed this manual defines
some of them. Requirements of litter ecology
overlap, but there is much more to ant system-
atics than the litter inhabitants. Genera such as
Camponotus, Crematogaster, Paratrechina, and
Solenopsis are all there waiting, but it cannot be
said that they make very attractive subjects for
Ph.D. theses. The hope is that a Bolton or a
Shattuck will soon have the courage (and time
and money) to take them on. There is also the
matter of phylogeny and major taxon relation-
ships. More characters will have to be found



and studied. Some of these will be molecular
genetic, but their study will not be all that sim-
ple, as Crozier (1990) hints in his review of the
prospects for mitochondrial DNA research on
phylogeny and populations. If these dual tasks
of defining species and developing new charac-
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ter systems continue apace, we may look for-
ward to dramatic advances in ant systematics
and phylogenetics that will favorably impact
diverse biological disciplines, including the
field of biodiversity assessment that is the focus
of this book.



Chapter 6

Ants as Indicators of Diversity

Leeanne E. Alonso

With the increasing loss of habitats and biodi-
versity around the world, there is an urgent need
for biodiversity assessments to be carried out
during the conservation planning process. Since
time, money, and limited available taxonomic
expertise prohibit a complete survey of all taxo-
nomic groups, several “rapid” strategies for
measuring biodiversity have been developed
and implemented (e.g., Schulenberg and Awbrey
1997; Mack 1998). One approach to is to focus
on selected taxonomic groups, referred to vari-
ously as indicator taxa (Lawton et al. 1998), pri-
ority taxa (New 1987), surrogate taxa (Oliver
and Beattie 1996a), predictor sets (Kitching
1993), focal groups (Di Castri et al. 1992), or
target taxa (Kremen 1992). Measurements of the
species richness or diversity of such indicator
groups have been proposed as a representative
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measure of the species richness or diversity of
other taxa, and therefore as an indicator of the
overall diversity of an area.

Indicator taxa are also used to detect environ-
mental change. The ecological responses of
selected taxa sensitive to habitat modification
have been used as indicators of responses in
other taxa (Landres et al. 1988; Noss 1990;
Pearson and Cassola 1992; Spellerberg 1992;
see Chapter 7 for a discussion of the responses
of ants to environmental change).

To be a successful indicator of species rich-
ness or diversity, selected taxa should meet four
basic criteria. They should (1) be easily sampled
and monitored, (2) represent fairly diverse
groups and/or groups of biological importance
in the ecosystem under study, (3) have known
relationships to the diversity of other taxa, and



(4) respond to environmental change in ways
similar to other taxa (Oliver and Beattie 1996a).

Most groups selected as potential indicator
taxa meet the first two criteria. Biodiversity sur-
veys generally focus on vascular plants and ver-
tebrates (e.g., mammals, birds, reptiles, and
amphibians; Landres et al. 1988). These groups
are, for the most part, readily sampled using
standardized techniques (Heyer et al. 1994;
Wilson et al. 1996) and fairly easily identified
through keys and collections. Ecologically,
many of these groups have been proposed
(although not often verified) to have broad re-
quirements that encapsulate those of other
species, thus serving as “umbrella species”
(Noss 1990; Launer and Murphy 1994). Plants
and their associated habitat types are often con-
sidered to be reliable predictors of the overall
diversity of a habitat, since all organisms direct-
ly or indirectly rely on plants for food or shelter
(e.g., Lesica 1993). Many invertebrate groups
have been considered as potential indicator taxa
owing to their high diversity and ecological
importance (Kremen 1992; Kremen et al. 1994).

The usefulness of indicator taxa basically rests
on the third and fourth criteria: that the species
richness or diversity of the selected taxa and their
responses to habitat change overlap with those of
other organisms. Conservation decisions based
on these taxa are assumed to be appropriate for
other organisms living in the area. However, few
data have been collected on the relationships
between groups of organisms. For those groups
for which we do have information, few correla-
tions have been found between groups (e.g.,
Wilcox et al. 1986; Prendergast et al. 1993;
Lawton et al. 1998; Pharo et al. 1999).

Why Consider Ants as an
Indicator Taxon?
Ants have been used as bioindicators in Aus-

tralia for many years and have been considered
for use in other areas of the world as well. They

Ants as Indicators of Diversity 81

appear to be an ideal candidate for use as an
indicator group because they are diverse (approx-
imately 9000 described species), found abun-
dantly in almost every terrestrial habitat in the
world, and easily collected (Majer 1983).

Ants are particularly appropriate for inventory
and monitoring programs because most species
have stationary, perennial nests with fairly re-
stricted foraging ranges (ranging from less than
a meter to a few hundred meters). Therefore—
in contrast to other insects that move frequently
between habitats in search of food, mates, or
nesting sites—ants are a more constant presence
at a site and can thus be more reliably sampled
and monitored. Ants are important ecologically
because they function at many levels in an
ecosystem—as predators and prey, as detriti-
vores, mutualists, and herbivores.

Correlations between the Species
Richness or Diversity of Ants and
That of Other Organisms

If ants are to be used as an indicator of the
diversity of other organisms, the relationship
between the species richness or diversity of ants
and that of other target organisms must be
understood. In recent years, several studies have
investigated this relationship.

The most comprehensive study was conduct-
ed by Lawton et al. (1998), who investigated
nine taxa, including canopy ants and ground-
dwelling ants, in a semideciduous humid forest
in southern Cameroon, Africa. Species richness
of these taxa was compared across a gradient of
habitat types of increasing intensity and fre-
quency of disturbance. They found few correla-
tions between taxa in change in species richness
across the disturbance gradient (Table 6.1). Of
all the groups, canopy ants were positively
correlated with the most other taxa, including
butterflies, canopy beetles, and ground-dwelling
ants (Table 6.1).
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Table 6.1 Correlations between Ants and Other Taxa in Changes in
Species Richness across Plots along a Disturbance Gradient”

Other Taxa Canopy Ants Ground-Dwelling Ants
Birds 5— 4,047, P=0.53
3,078 P=0.12
Butterflies 3,-0.49, P =0.67 5,0.025, P =0.69
4,0.97, P=0.03
Flying beetles
Malaise traps 2 4,0.43, P=0.57
5 075 P=0.15
Interception traps 2,— 4,0.21, P=0.80
3,030, P=0381
Canopy beetles 3,0.80, P=0.33 5,067, P=022
4,097, P=0.03
Termites 2— 4,084, P=0.16
3,046, P =0.70
Nematodes 3,0.04, P =098 5,-0.21, P=0.73
4,0.70, P = 0.30
Ground-dwelling ants 3,099, P=0.01

“Data presented are number of plots compared, Pearson’s 1, and associated probability, P. Dashes

indicate sample sizes too small for correlations to be calculated. Data in italics were calculated using

an assumed species richness of zero for canopy-inhabiting taxa in the absence of a canopy. Data in

boldface indicate statistically significant values. Data from Lawton et al. (1998).

Most other studies have been carried out in
Australia. Results from seven studies from
Australia and Tasmania are shown in Table 6.2.
These results indicate that, in general, ant
species richness does not correlate positively
with many taxa and that correlations are not
consistent between different habitat types. The
species richness of ants correlates positively
only with that of vascular plants and a few
invertebrate groups (Table 6.2).

These seven studies differed in terms of the
taxa and habitat types studied, sampling meth-
ods, and data analysis methods. Two studies,
Majer (1983) and Andersen et al. (1996), found
significant positive correlations between ants
and several other taxa. Majer (1983) compared
the species richness of ants to the species rich-
ness and abundance of plants and several inver-
tebrate taxa at several Western Australian sites.
He found significant positive associations

between the species richness of ants and plants
in rehabilitated bauxite minesites of differing
ages and rehabilitation treatments (see Majer et
al. 1984 for details). He also found a significant
correlation between the species richness of ants
and that of collembolans and termites in pitfall
traps (Table 6.2). The species richness of ants in
sweep and beat samples was also significantly
positively correlated with the total species rich-
ness and abundance of all the invertebrate taxa
sampled.

Andersen et al. (1996) also found several
positive associations between ant species com-
position and that of seven other taxa in the
Kakadu region of Australia’s Northern
Territory. Ants and several other invertebrate
groups were collected in pitfall traps in (1) nat-
ural Eucalyptus woodland, (2) disturbed sites
on rehabilitated bauxite minesites (woodlands
or shrublands dominated by either Acacia spp.
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Table 6.2 Comparisons between the Species Richness of Ants and the Species Richness of Other Taxa

in Australia®

Taxon Compared

Habitat

Variance, Probability

Reference

Positive association between ants and:

Plants

Invertebrates
Beetles
Collembola
Scorpions
Termites

Ground invertebrates
Vegetation invertebrates

Soil invertebrates
Total invertebrates

Rehabilitated bauxite minesites

Eucalyptus woodland

Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Rehabilitated bauxite minesites
Rehabilitated bauxite minesites
Eucalyptus woodland

Rehabilitated bauxite minesites

Tropical hummock-grassland
Eucalyptus woodland
Rehabilitated bauxite minesites
Rehabilitated bauxite minesites
Rehabilitated bauxite minesites
Rehabilitated bauxite minesites

Negative association between ants and:

Birds
Beetles
Termites

Forest (unlogged)
Grassland, dry and moist forests
Shrubland

No association between ants and:

Plants

Vertebrates
Birds

Mammals

Reptiles

Amphibians

Invertebrates
Beetles

Butterflies

Forest
Shrubland

Woodland, heath, plantations
Logged forest

Woodland, heath, plantations
Forest (logged and unlogged)
Woodland, heath, plantations
Eucalyptus woodland

Forest (logged and unlogged)
Forest (logged and unlogged)

Eucalyptus woodland

Shrubland

Forest (logged and unlogged)

Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Shrubland

?=0.24, P<0.05
2 =0.35, P <0.001
=022, P<0.01

r? =021, P <0.001
—, P <0.05
?=0.25, P<0.01
r? =0.30, P <.001
r? =030, P<0.05
—, P<0.05
=017, P<0.05
2 =0.21, P<0.001
r? =032, P <0.001
r?=0.07, P<0.05
—, P<0.05

r’=-0.14, P <0.05

2 =-0.75, P <0.001

r?=-0.18, P<0.05

2 =0.00, P> 0.05
—, P>0.05

r?=0.09, P>0.05
?=0.16, P> 0.05

r? = -0.001, P > 0.05

7 =0.008, P > 0.05
?=0.03, P>0.05
—, P>0.05
=006, P>0.05
?=0.13, P>0.05

—, P>0.05
—, P>0.05

?=0.12, P> 0.05
b

—, P>0.05

Majer (1983)

Andersen et al. (1996)
Abensperg-Traun et al. (1996)
Cranston and Trueman (1997)

Andersen et al. (1996)

Majer (1983)
Abensperg-Traun et al. (1996)
Majer (1983)

Andersen et al. (1996)

Majer (1983)
Abensperg-Traun et al. (1996)
Andersen et al. (1996)
Andersen et al. (1996)
Andersen et al. (1996)

Majer (1983)

Oliver et al. (1998)
Oliver and Beattie (1996b)
Abensperg-Traun et al. (1996)

Oliver et al. (1998)
Abensperg-Traun et al. (1996)

Burbridge et al. (1992)

Oliver et al. (1998)

Burbridge et al. (1992)

Oliver et al. (1998)

Burbridge et al. (1992)
Abensperg-Traun et al. (1996)
Oliver et al. (1998)

Oliver et al. (1998)

Abensperg-Traun et al. (1996)
Abensperg-Traun et al. (1996)

Oliver et al. (1998)
Cranston and Trueman (1997)

Abensperg-Traun et al. (1996)

Continued on next page
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Table 6.2 continued

Taxon Compared Habitat

Variance, Probability Reference

Centipedes Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Cockroaches Eucalyptus woodland

Collembola Hummock-grassland

Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Earwigs Eucalyptus woodland

Grasshoppers Rehabilitated bauxite minesites

True bugs Eucalyptus woodland

Hymenoptera (non-ant) ~ Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Isopods

Millipedes

Eucalyptus woodland

Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Spiders

Wet sclerophyll forest, dry
eucalypt forest, heathland,
and swamp

Wet sclerophyll forest, dry
eucalypt forest, heathland,

Thrips

and swamp

Grassland, dry and moist forests

Cranston and Trueman (1997)

—, P>0.05 Abensperg-Traun et al. (1996)
—, P>0.05 Majer (1983)

b Cranston and Trueman (1997)
—, P>0.05 Abensperg-Traun et al. (1996)
2 =0.05, P>0.05 Andersen et al. (1996)

—, P>0.05 Abensperg-Traun et al. (1996)
b Cranston and Trueman (1997)
—, P>0.05 Abensperg-Traun et al. (1996)
b Cranston and Trueman (1997)
—, P>0.05 Oliver and Beattie (1996b)

b Cranston and Trueman (1997)

Cranston and Trueman (1997)

“Statistical tests included correlation analysis (Abensperg-Traun et al. 1996), Mantel tests (Andersen et al. 1996), simple regression analy-

sis (Majer 1983), Spearman rank correlation analysis (Burbridge et al. 1992), and Pearson product-moment correlation analysis (Oliver
and Beattie 1996a, 1996b; Oliver et al. 1998). Dashes indicate that values were not given in the published report.

bCranston and Trueman (1997) used site rankings, which did not provide variance and probability values.

or Eucalytus tetrodonta), and (3) waste rock
sites, which consisted of Acacia or mixed
shrubland. Vegetation invertebrates and grass-
hoppers were collected with sweep nets. Sig-
nificant positive correlations were found between
ant species richness and that of plants; ground,
vegetation, and soil invertebrate assemblages;
beetles; and termites (Table 6.2). No correlation
was found between ants and grasshoppers.
Abensperg-Traun et al. (1996) sampled ants
and several other invertebrate groups in pitfall
traps and censused plants in 20 X 20-m plots in
Eucalyptus woodlands and shrublands of west-

ern Australia. Termites were collected by exam-
ining soil and dead wood and butterflies were
collected using hand nets. The study found a
positive correlation between ant species rich-
ness and that of scorpions in woodlands, ter-
mites in woodlands, and vascular plants in
Eucalyptus woodlands (trees, shrubs, herbs, and
grasses) but not in shrublands (Table 6.2). In
contrast, ant species richness was significantly
negatively correlated with termite species rich-
ness in shrublands. No associations were found
between ants and several other invertebrate
groups, including isopods, cockroaches, bee-



tles, and earwigs in woodlands, and hemipter-
ans, beetles, and butterflies in shrublands (Table
6.2). Furthermore, no associations were found
between ants and lizards (collected by hand
searching) in woodlands.

The study by Cranston and Trueman (1997)
is the only other study to find a positive rela-
tionship between the species richness of ants
and that of another taxon, in this case plants.
They compared the species richness of ants with
that of several other invertebrate groups (col-
lected in pitfall traps, in yellow-pan traps, and
by leaf litter extraction in Tullgren funnels) and
with the species richness of plants in five sites
in northeastern Tasmania. Since they had only
one site in each habitat, correlation analysis was
not possible. Instead, the five sites were ranked
independently according to the species richness
of each taxon, and then the rank order was com-
pared between taxa. It was identical only to the
site ranking based on plant species richness
(Table 6.2). The results of this study should be
viewed with caution because the small sample
size and superficial analysis do not provide a
sound comparison of the patterns of species
richness between taxa.

Burbridge et al. (1992) sampled ants in un-
disturbed woodlands and heaths in Western
Australia using pitfall traps, hand collecting,
and leaf litter extraction using Winkler sacks.
They compared the species richness of ants to
the number of vertebrate species sampled by a
separate study conducted in the same area (A.
H. Burbridge and J. Rolfe, unpubl. data). Rep-
tiles and small mammals were collected in a pit
line. They found no significant correlations be-
tween ant species richness and the species rich-
ness of reptiles, birds, or mammals (Table 6.2).

Oliver and Beattie (1996a, 1996b) studied the
relationship between the species richness of
ants and that of beetles or spiders collected in
pitfall traps in New South Wales, Australia, in
four habitat types along a transect that repre-
sented a transition from dry soils and a fairly
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open canopy to higher soil moisture and denser
canopy cover. When the four forest types were
ranked in order of species richness for each
taxon, site rankings for ants, beetles, and spi-
ders were all different. They found a significant
negative correlation between ant and beetle
species richness in each forest type (Oliver and
Beattie 1996b; Table 6.2). In addition, ordina-
tion analysis of species turnover between the
four forest types revealed that ants and beetles
had similar levels of turnover but that spiders
showed lower levels.

Finally, Oliver et al. (1998) investigated the
relationship between species richness and turn-
over of ants and other groups between logged
and unlogged forests in northeastern New South
Wales, Australia. They conducted plant and bird
point surveys at 100-m intervals along transects
through each site. Small mammals were cap-
tured with Elliot traps at each of these points;
reptiles and amphibians were collected by
timed visual searches and in pitfall traps; and
invertebrates were sampled using pitfall traps.
Only ants and three families of beetles were
sorted and identified from the invertebrate sam-
ples. No significant positive correlations were
found between ants and any other group in
unlogged or logged forest sites (Table 6.2). A
significant negative correlation was found
between ants and birds in unlogged forest but
not in logged forest (Table 6.2). Species
turnover between sites was in the order plants >
invertebrates > vertebrates, indicating that these
three groups do not display similar patterns of
response to environmental change.

Limitations to the
Indicator Approach

The finding that there are few strong positive
correlations between ant species richness and
that of other taxa is not surprising. There is no
strong a priori reason why the diversity of a
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selected indicator taxon (or taxa) should corre-
late with the diversity of other taxa (Goldstein
1999). Every species has a unique evolutionary
history that influences its distribution. Higher
taxonomic levels, such as genera and families,
may be influenced by factors that are not neces-
sarily the same as those that affect other genera
and families, even within the same habitat.
Different organisms have distinct ecological
requirements and are unlikely to respond to
environmental change in similar ways (Lawton
et al. 1998).

Studies of the relationships between the
species richness of a variety of taxa have
found similar patterns. Kremen (1992) found
butterflies to be poor predictors of plant spe-
cies richness in Madagascar; Wilcox et al.
(1986) found marginal correlations between
the richness of butterflies, birds, and mam-
mals in the western United States; Prendergast
et al. (1993) found low overlap in hotspots of
species richness for butterflies, dragonflies,
liverworts, aquatic plants, and breeding birds
in England; and Pharo et al. (1999) found no
correlation between vascular plant diversity
and bryophyte and lichen diversity in
Australia. Of the studies reported here,
Abensperg-Traun et al. (1996), Oliver and
Beattie (1996a), Cranston and Trueman (1997),
and Oliver et al. (1998) did not find any cor-
relations between the richness of other taxo-
nomic groups.

Knowledge of the biology of the species
under investigation is an essential aspect of bio-
diversity studies if a biologically meaningful

interpretation of the data and understanding of

the relationships between taxa are to be devel-
oped (see Chapters 2 and 8). Such knowledge is
not possible unless the species names are
known. Furthermore, conservation and manage-
ment plans should not be made based solely on
the number of species present in an area, but
also on the identity and biology of the species
present (Goldstein 1999).

Potential Use of the
Indicator Approach

It is possible that the species richness of differ-
ent taxa may be related in some areas. In undis-
turbed habitats, historical evolutionary factors
may have produced similar levels of species
richness in unrelated taxa (Cranston and True-
man 1997). This is possible in areas of high sta-
bility, such as refugia, where high speciation
rates, low extinction rates, and close co-evolved
mutualistic associations could occur. In areas
that have been subject to some type of distur-
bance, whether it be natural or anthropogenic,
corresponding levels of species richness may be
expected for taxa that have similar habitat or
microclimate needs. For example, soil-dwelling
arthropods and reptiles may both increase in
species richness in an area as the plant species
richness—and thus the availability of nesting
sites and more appropriate soil moisture condi-
tions—changes. Taxa with similar dispersal or
colonizing abilities may also display correlated
patterns of species richness in disturbed areas.
In addition, partners involved in tight mutualis-
tic interactions may display similar patterns of
species richness.

Potential Use of
Ants as Indicators

Patterns in ant species richness and diversity
might be correlated with patterns in taxa that
have similar nesting or feeding needs, taxa that
are affected by similar environmental factors,
or taxa with which ants have significant inter-
actions. Such taxa could include invertebrates
that also live in the litter or soil, such as spi-
ders, collembolans, or mites; invertebrates that
have similar but restricted diets; and organisms
that may serve as specialized prey items for
some ant species. Although ants are regarded
as generalist feeders and nesters, many species



have very specific diets and microclimate
needs. Similar patterns of species richness
may also be found in ants and particular plant,
homopteran, and beetle species with which
ants have obligate mutualistic interactions.

Tables 6.1 and 6.2 present some evidence in
support of the hypothesis that the species rich-
ness of ants may correlate more closely with
that of taxa that have similar microhabitat
requirements. The species richness of canopy
ants was positively correlated with that of other
taxa that occur in the canopy (birds, butterflies,
and canopy beetles) as well as with the richness
of another ant group, the ground-dwelling ants
(Table 6.1; Lawton et al. 1998). Positive asso-
ciations were also found between the species
richness of ants and that of plants, beetles, scor-
pions, termites, ground-foraging invertebrates,
and low-vegetation-dwelling invertebrates
(Table 6.1). All the insect taxa that were found
to correlate positively with ants were collected
with pitfall traps, as were the ants (with the
exception of the total invertebrate fauna of
Majer 1983). This suggests that these taxa live
and operate in a microhabitat similar to that of
ants and may therefore have similar habitat
requirements.

Plant species richness would be expected to
correlate with that of ants if a diverse com-
munity of ants required a variety of plants to
provide nesting sites or food, or to regulate the
microclimate they needed. This would cer-
tainly be the case in relatively disturbed and
harsh habitats, such as the rehabilitated
bauxite minesites (Majer 1983; Andersen et
al. 1996). The ant species richness of any
habitat, including the Eucalyptus woodlands
(Abensperg-Traun et al. 1996) and other nat-
ural Australian habitats (Cranston and
Trueman 1997), would be predicted to
increase with increasing plant species richness
as microhabitats and microclimate became
available for specialist species with specific
requirements.
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Future Directions

Most scientists now agree that individual taxa
or restricted groups of taxa are not sufficient
for use as indicators of overall biodiversity
(Noss 1990; Kremen et al. 1994). Oliver et al.
(1998) concluded that “the evaluation of sites
for conservation based on the species richness
of a few better known taxonomic groups does
not adequately represent the biodiversity of
other groups.” Similarly, using changes in the
species richness of one or a limited number of
indicator taxa to predict changes in the rich-
ness of other groups does not provide an accu-
rate picture of overall change (Lawton et al.
1998).

A better approach is the combined use of a
number of diverse indicator taxa, including taxa
with diverse ecological requirements, such as
plants, vertebrates, and invertebrates (Noss
1990; Kremen et al. 1992; Lawton et al. 1998).
This multispecies approach theoretically pro-
vides a better assessment of the overall diversi-
ty of an area, more accurately reflects changes
in diversity caused by habitat modification, and
provides more complete information for proper
management of habitats for diversity (Lambeck
1997).

More studies comparing the relationships
between the species richness and diversity of a
range of taxa, both invertebrate and vertebrate,
in a variety of habitat types are needed.
Furthermore, more basic information on the
ecology and habitat requirements of potential
indicator groups should be collected so that the
patterns of species richness or diversity for
selected groups can be properly interpreted.

Ants have great potential for use as an indi-
cator taxon. Their high abundance, ease of sam-
pling, relatively good resources for taxonomic
identification, and ecological importance make
them ideal candidates. Ground-living ant
species, in particular, make useful indicators,
since standardized, quantitative methods for
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sampling them have been developed (see Chap-
ter 14). Used in conjunction with other taxa that
have different ecological requirements, ants can
provide valuable information on an area’s over-
all species richness or diversity.
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Chapter 7

Using Ants to Monitor
Environmental Change

Michael Kaspari and Jonathan D. Majer

Ecological assemblages are in a constant state
of flux. Individuals reproduce and die. Popula-
tions cycle and are buffeted by factors ranging
from random to predictable. Species are intro-
duced and go extinct. Parts of the landscape are
disturbed and recover. The role of human per-
turbation in this dynamic is not new, nor is it
restricted to advanced industrial societies. But
the availability of cheap energy combined with
human population pressures has produced agri-
culture, urbanization, and resource extraction
on a grand scale. As a result, habitats are
increasingly changed and fragmented. Intro-
duced species invade these disturbed areas and
infiltrate pristine habitats. Waste products that
result from the production and use of this
“cheap” energy accumulate in the soil, water,
and atmosphere.

The Challenge

Society calls upon the ecologist and resource
manager primarily to do two things. First, we
are asked to monitor extant, pristine environ-
ments and warn society of looming change. But
ecosystems naturally vary in almost every prop-
erty. We require a detailed “baseline” so as not
to cry wolf every time a population dips or
becomes locally extinct. In other words, ecolo-
gists need an expectation of normalcy and a pro-
tocol to achieve it. Second, ecologists and
resource managers are presented with degraded
ecosystems in various stages of recovery and
asked to evaluate the reconstruction of these
ecosystems.

Central to both endeavors is an understanding
of the variability inherent in ecosystems. But

89



90 M. KASPARI AND J. D. MAJER

ecosystems are complex, dynamic things, with
countless taxa exhibiting an array of inter-
actions between organisms and the abiotic
environment. As described in Chapter 6,
selected taxa are often used as indicators of the
diversity or ecological responses of other taxa
and sometimes even as representatives of an
entire ecosystem. In monitoring environmental
change, taxa that are hypersensitive to per-
turbations (Kareiva et al. 1993) are most often
chosen. Spellerberg (1991) suggests a set of
criteria for including taxa in a monitoring
program.

Ants are an ideal indicator group for inclu-
sion in such a program. Many ant species have
narrow tolerances and thus respond quickly to
environmental change. Ants’ small size and
reliance on relatively high temperatures make
them especially sensitive to climate and micro-
climate change. In addition, some ant colonies
are long lived and have permanent nests that
can be marked and revisited. Long-lived spe-
cies thus allow us to monitor the health of a
colony as the environment changes around it.
In contrast, short-lived ant species may show
high turnover and immediate responses to a
stressor. Ant assemblages, therefore, allow a
monitoring program that is sensitive to change
on a number of temporal scales. (See Chap-
ter 6 for other attributes of ants as an indicator
taxon.)

Here we explore the potential role for
ground-dwelling ant assemblages in programs
aimed at monitoring environmental change and
evaluating remediation (recovery) efforts. We
first review the evidence for long-term stability
in ant assemblages. We then review how ant
assemblages have been used to study remedia-
tion efforts after perturbation. We conclude with
modest suggestions—based on our best evi-
dence and a fair bit of conjecture—of the prop-
erties of ant assemblages that would be most
valuable for a successful environmental moni-
toring program.

Baseline Change: Variable Ant
Populations in a Changing World

The assumption of any monitoring program is
that a pristine ecosystem is sensitive to chang-
ing conditions. Remediation programs attempt
to reconstruct ecosystems that behave, to some
degree of accuracy, like pristine systems. The
point of baseline monitoring studies, as controls
for remediation or as worthy endeavors in them-
selves, is to determine the degree to which
ecosystem properties (e.g., productivity, bio-
mass, species composition and richness) vary
naturally. Even if populations fluctuate wildly,
such a “fuzzy target” becomes our expectation
of normalcy and should temper our interpreta-
tion of any remediation effort.

To assess this variability, we need long-
term data sets, ideally greater than the average
lifespan of our longest-lived organism (Con-
nell and Sousa 1983). Such data sets are rare.
This section summarizes a few studies that
followed ant populations or assemblages for
at least four years. In each, we look for
evidence of stasis in population trends and
community dominance. We find, instead,
dynamic populations and assemblages. At
least one study points to long-term trends in
climate as a potential cause for these ecosys-
tem changes.

A Neotropical Ant Guard Assemblage

In a Neotropical second-growth rainforest, ants
were monitored attending Calathea ovandensis,
an understory herb (Horvitz and Schemske
1990). The flowers of C. ovandensis produce a
sugary solution that attracts ants. These ants, in
turn, remove herbivores from Calathea. Four
plots, from 25 to 64 m? in area and from 80 to
250 m apart, were monitored every two weeks
from 1983 through 1986. Inflorescences were
surveyed for ants. In effect, Horvitz and
Schemske report data from a four-year bait
study. Their results are sobering.
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Figure 7.1. Abundance (measured as percentage of
surveyed inflorescenses occupied) of 11 species of
ant guard on Calathea ovandensis in a Neotropical
rainforest (for species names, see Horvitz and
Schemske 1990). Flowers act as “ant baits,” and
this bait study suggests great interannual variation
in population densities, colony sizes, bait
attractiveness, or some combination of the

three factors.

In three of four sites, the numerically domi-
nant ant at C. ovandensis changed over the
four years. In each plot, ant numbers were
highly dynamic, with no apparent trends in
shifting species composition. Figure 7.1 sum-
marizes data from one of their plots. For exam-
ple, Pheidole gouldi, the dominant ant in this
plot from 1983 to 1984, was found on fewer
than 5% of the flowers by 1986. Pheidole “sp.
A” alternated between dominance and rarity.
The causes of these fluctuations are difficult to
pinpoint without further study. Apart from
changes in the successional stage of the forest,
changes in ant numbers could also reflect
changes in, for example, population densities,
colony sizes, or the availability of alternate
food types and hence bait attractiveness. Bait
studies, one would conclude, should be inter-
preted with caution.
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Such fluctuations in insect numbers are com-
mon (Andrewartha and Birch 1954). For exam-
ple, in a 14-year light trap sample on Barro
Colorado Island, Panama, one in five Homop-
tera species showed a 10% change in numbers
(Wolda 1992). Do these changes represent nor-
mal variation around an equilibrium (hence
“baseline” variation)? Or are the Homoptera
“indicating” subtle changes in the forest? This
is, as we shall see, a basic problem in interpret-
ing monitoring data. Interestingly, even as indi-
vidual species waxed and waned, Wolda found
that two measures of species richness were
rather constant.

Two Northern Harvester Ants

The remaining studies all come from arid North
America. All resulted from counts of large, soil-
nesting species that build conspicuous nest
mounds. Two population studies come from
northern desert-grasslands, two from southern
desert-grasslands. The former two feature the
genus Pogonomyrmex, harvester ants that con-
struct nest disks and mounds of fine gravel.
These harvester ants store large quantities of
seeds in underground middens.

A population of Pogonomyrmex salinus was
monitored in a Great Basin sagebrush habitat in
Idaho (Porter and Jorgensen 1988). Mounds
were censused on three plots (two of 0.25 ha
and one of 2.72 ha) three times over 9 years.
The populations varied little from 1977 to 1986,
although there was considerable population
turnover (Fig. 7.2).

In shortgrass prairie of Nebraska a population
of Pogonomyrmex occidentalis was monitored
in a 1-ha plot (Keeler 1993). Mounds were
marked and censused yearly for 15 years. In
contrast to those of P. salinus, P. occidentalis
densities at this site increased 41% from 1977 to
1991, during a period of no apparent change in
grazing pressure or site characteristics but higher
than average rainfall (K. Keeler, pers. comm.).
The causes of this increase are unknown.
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Figure 7.2. Abundance of two harvester ants,
Pogonomyrmex occidentalis and P. salinus, over
15 and 9 years, respectively, in North America.
P. salinus shows no discernible trend, but

P. occidentalis appears to have increased in
numbers. Data from Porter and Jorgensen (1988)
and Keeler (1993).

Two Studies from the
Chihuahuan Desert

Two more long-term studies reflect how differ-
ent investigators focusing on different species
may achieve complementary results. Chew and
De Vita (1980) studied three species (Aphaeno-
gaster cockerelli, Myrmecocystus depilis, and
M. mexicanus) in Chihuahua desert scrub. A
9.3-ha cattle exclosure was censused six times
over 23 years. One species, the diurnal M. dep-
ilis, varied in density about 50%, while the
numbers of its congener M. mexicanus in-
creased 11-fold (Fig. 7.3a). A. cockerelli, in
contrast, was locally extirpated over the same
time period. The increase of M. mexicanus,
given its negative association in space with the
other two species, suggested competitive re-
lease from A. cockerelli, but there was little to
suggest why the assemblage had changed.

A second experiment nearby found evidence
for major reorganization of species composition

over 18 years (Brown et al. 1997). Brown and
colleagues followed the responses of plants,
rodents, ants, and birds to various experimental
treatments on a set of 0.25-ha plots. On the
site’s control plots, the numbers of two harvester
ants, Pogonomyrmex rugosus and P. deser-
torum, decreased over the 18 years (Fig. 7.3b).
P. rugosus, like A. cockerelli in the previous
study, went locally extinct. A third species,
Pheidole xerophila, though showing threefold
variation in density, had no downward trend.
These changes in ant composition occurred at
the same time as a threefold increase in shrub
cover and shifting abundance of a number of
dominant rodent species. Changes in ant and
rodent densities appeared to ramify throughout
the desert community, affecting horned lizards
(which prey on P. rugosus) and burrowing owls
(which nest in rodent burrows).

Brown et al. (1997) link these community
changes to an increase in winter rainfall from
four El Nifio years. The increased winter rain-
fall favors shrubs at the expense of desert grass-
es, and it may wet and ruin the stored seeds of
harvester ants such as Pogonomyrmex and
Aphaenogaster. As in Wolda’s study of Panama
light traps, such profound changes in species
composition in this ecosystem yielded little
change in species richness (Valone and Brown
1995). In both cases, the loss of some species
may be compensated by the arrival of others.

Recovery from Perturbation:
Inertia, Resilience,
and Nonlinearities

We now turn to studies of ecosystems recover-
ing from stressors. For our purposes, a stressor
is anything that alters the ecosystem properties
of a site relative to a control site. Stressors cre-
ate a perturbation; the site recovers to some
degree once the stressor is removed. Given the
inherent variability of ecosystems (as we have
seen previously), monitoring site recovery



50
—e— M. depilis

404 T —o— M. mexicanus
Li —&— A. cockerelli
N
30 q
(=)
N’
n
& 20+
~—
‘; |
S
a 10

0"_1_1 T T T T LI

55 60 65 70 75 80 85

Year
a

Using Ants to Monitor Environmental Change 93

60 —— Ph. xerophila

= s P, desertorum

— P. rugosus

b Year

Figure 7.3. Changes in two Chihuahuan desert ant assemblages as reported by (a) Chew and De Vita (1980)
and (b) Brown et al. (1997). In both systems, over roughly the same time period, populations of seed-

harvesting ants decreased.

requires the simultaneous monitoring of multi-
ple control sites. Over time, one accumulates
data on the trajectories of both control and per-
turbed sites with the goal of determining when
those trajectories have converged.

The trajectory taken by each disturbed eco-
system is by definition unique. However, all
have a number of features that can be quantified
by a monitoring program and measured against
control sites. To discuss these features, we use
the metaphor of a spring stretched and allowed
to recoil. The resulting terminology has been
elegantly set forth by Westman (1986), and we
develop some of his terminology in the follow-
ing sections (Fig. 7.4).

Inertia

Inertia reflects the ability of an ecosystem to
retain its properties in the face of a stressor.
Some ecosystem properties are highly sensitive
to certain stressors. For example, in response to
chemical pollution, a lake’s species richness is
likely to change more rapidly than its produc-

Resiliency
phase

v

Inertia

Stressor

Ecosystem property

T T T T T
Time

Figure 7.4. Model illustrating the response of an
ecosystem to perturbation using the terminology of
Westman (1986). A number of control assemblages
(with error bars) are compared with two disturbed
assemblages, before and after the stressor. One
assemblage (labeled High inertia) has high inertia
and resilience—responding less to the stressor and
quickly attaining properties of the control
assemblages. The other (labeled Low inertia) has
low inertia and resilience and fails to recover
control conditions completely. It is considered
more malleable and may have reached an alternate
equilibrium point.
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tivity (Schindler 1990). In this case, species rich-
ness has low inertia and may be an important
property to monitor, as it is often the harbinger
of more profound and irreversible ecosystem
changes.

Properties of ant assemblages show different
degrees of inertia relative to similar stressors.
For example, an Australian mallee ant assem-
blage retained its entire species complement
following a hot woodland fire (Andersen and
Yen 1985). An ant assemblage in an English
heathland, in contrast, was dramatically changed
by fire (Brian et al. 1976). Likewise, logging
will likely have a greater impact on insect diver-
sity in a Neotropical forest, where the canopy is
rich with insects (including ants), than in a tem-
perate pine woodland, where insect diversity
may be concentrated on the ground (Jeanne
1979; Erwin 1986; Blackburn et al. 1990). Thus
one of the first steps in a remediation program
is to determine the actual impact of the stressor.

Resilience

Resilience reflects an ecosystem’s ability to
recover the properties of matched control sites.
Resilient ecosystems recover quickly and con-
verge on original ecosystem properties. What
properties of ant assemblages yield high
resilience?

One important factor appears to be rainfall
(Fig. 7.5). Species richness on six 3-year-old
mine sites increased most rapidly in sites with
the highest amount of rainfall (Majer 1992). In
tropical rainforests, wetter sites with higher pro-
ductivity and higher levels of ant activity recov-
ered ant density and diversity on 1-m? plots
more quickly than drier sites (Kaspari 1996a).
Ant density and diversity in rainforests may be
quite resilient to drought. A severe El Nifio
drought in a seasonal Panama rainforest
decreased ant densities to their lowest recorded
values (as measured by Berlese funnels), yet the
drought’s signature had disappeared only a few
weeks into the wet season (Wheeler and
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Figure 7.5. Fitted line for the relationship between
the number of ant species in 3-year-old rehabilitated
mines and annual rainfall for a range of sites
throughout Australia. Adapted from Majer (1992).

Levings 1988). Recovery of drier sites may be
much slower without extra remediation efforts.

A second factor that must enhance resilience
is proximity of the disturbed area to sources of
new immigrants, or “propagules” (MacArthur
and Wilson 1967). Large-scale perturbations
should recover species richness more slowly
than small-scale perturbations embedded within
pristine habitat. Species richness of ants in re-
covering bauxite mines decreased with increas-
ing distances from the forest border (Majer 1980).
The processes by which species richness—and
other properties such as productivity and bio-
mass—may recover from perturbation deserve
further investigation.

Malleability

Some disturbed ecosystems may never recover
to control levels. Instead, they may reach a dif-
ferent, stable set of properties. Malleability is
the difference between the disturbed ecosys-
tem’s final properties and those of the control
plots. The greater the difference, the more mal-
leable the ecosystem (Westman 1986).



Malleability is a function of the stressor and
the ecosystem. In one study, ant colonization
was followed over 30 rehabilitated bauxite
mines (Majer et al. 1984). One site had been
accidentally cleared and revegetated with pines,
with no mining having taken place. Ten years
after restoration the species richness of ants in
this plot was high relative to that of mined plots
of similar age that had also been planted with
pines (means of 12 and 10.5 species per transect
respectively). Preservation of the original soil
profile may have reduced that site’s malleability.

Yet who is to say that temporary periods of
stasis will not give way to further convergence
of disturbed sites on control sites? Data cited in
the next section should make one view short-
term dynamics with caution.

Oscillations and Other
Nonlinear Behavior

Just as a perturbed spring may oscillate before
reaching an equilibrium, so may an ecosystem’s
properties fluctuate following a perturbation.
Species richness in particular may be highest at
intermediate time periods following perturba-
tion (Connell 1978). If so, then remediation pro-
jects that use species richness alone to gauge
success may end prematurely.

Ant assemblages in postmining ecosystems
commonly show sharp fluctuations in species
richness, as dominant species are lost and re-
placed. In the next two examples, species rich-
ness on recovering mining sites shows opposite
yet symmetric relationships between age and
species diversity.

One site, a dune system in Queensland,
Australia, increased in species richness from the
cessation of mining up to year 8 (Fig. 7.6). In
that year there was an abrupt increase in the
population of the multiple-queen tramp ant
Pheidole megacephala. Like other introduced
species (see Chapters 2 and 4), P. megacephala
frequents disturbed ecosystems and can have
major effects on the local ant assemblage. The
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Figure 7.6. Pattern of recolonization of ants in
rehabilitated sand-mined areas on North Stradbroke
Island, Queensland. The arrival of the tramp ant
Pheidole megacephala appears to have dramatically
restructured the system, lowering diversity relative
to three controls. Adapted from Majer (1985).

arrival of P megacephala at this site was
accompanied by an equally abrupt decrease in
species richness and the introduction of new
species into the newly depauperate assemblage
(Majer 1985).

In another dune-heath system in New South
Wales, Australia, Fox and Fox (1982) found a
gradual decrease in species diversity after the
cessation of mining. The cause was another
dominant ant, a territorial Iridomyrmex that
gradually increased in abundance for 8 years.
Then, in year 9, this species was replaced by
another [Iridomyrmex species. This dramatic
switch was accompanied by an increase in
species diversity. In both cases, species diversi-
ty seemed to hinge on the identity of the domi-
nant species. Succession in ant assemblages,
then, may not always represent the gradual
accumulation of species (Haskins and Haskins
1988).

Oscillations and nonlinearities in ecosystem
properties create problems for the design of
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remediation studies. In addition to oscillations
in species richness, the assemblage can exhibit
nonlinear trends in species composition during
succession. A study of ants in rehabilitated mine
sites at Richard’s Bay, South Africa, illustrates
this phenomenon. Here a mosaic of cleared and
pristine coastal dune forest is being mined for
mineral sands. The company is attempting to
rehabilitate much of the area to coastal dune
forest by planting forest species and species
that follow shifting cultivation-type farming.
Ordination—which collapses species lists into
fewer, descriptive, variables—was used to study
succession in plots ranging from 0.3 to 13 years
old (plus three forest controls). The first part of
the succession was not “directed” toward the
original forest assemblage. Rather, only in the
older plots does the ant assemblage start to
resemble that of the original forest. Again,
introduced species played a role. Early stages
were dominated by P. megacephala, which pro-
gressively attains massive densities in the
youngest rehabilitation. As the tramp ant
declines to negligible levels from years 6 to 13,
species composition approaches that of the con-
trol plots (Majer and de Kock 1992).

Lessons from Baseline and
Perturbation Studies

The emerging picture from long-term studies of
ant assemblages in both disturbed and pristine
ecosystems is one of flux. A close study of
Fig. 7.6 should give any ecologist pause—a
progress report written in year 6 would look
dramatically different from one written two
years later.

Some tentative lessons from these case histo-
ries include the following:

1. Populations and assemblages are dynamic
entities and may be highly sensitive to the
way in which they are constructed. Since

we are far from understanding ecosystem
dynamics, a series of control plots is vital
to creating a realistic target for remediation.
Such control plots, aside from allowing the
monitoring of a remediation program, will
also provide society with much-needed
long-term baseline ecological data (Palmer
et al. 1997).

2. Stressors come in many spatial scales.
Apart from local perturbation, such as
timber harvesting or mining, large-scale
changes in the environment, such as the
accumulation of greenhouse gases, may be
changing the abiotic environment. Hence
control plots will also likely change, albeit
at a slower rate.

3. A key strategy for enhancing remediation
may be the control of introduced ant
species such as Pheidole megacephala and
Solenopsis wagneri (=S. invicta). On the
other hand, if those hardy species are able
to modify the environment (e.g., through
soil preparation), they may be valuable
remediation tools.

4. Arid ecosystems may take longer to
reconstruct.

What to Measure?
A Cautious Assessment

One admonition in conservation biology is to
“save all the parts.” That is, in something as
complex as an ecosystem the loss of any part
may have unintended consequences. A conserv-
ative approach would therefore be to try not to
lose any species.

Ecologists monitoring an ecosystem face a
similar problem. We are asked to define an
expectation of normalcy for an ecosystem when
the critical elements that hold an ecosystem
together—if indeed there is such a class of ele-
ments—are still poorly known. Little wonder
that Spellerberg’s (1991) first rule of ecosystem



monitoring is “Any variable or process which
can be readily measured and dated may be valu-
able in detecting changes in ecosystems.” A
corollary to “save all the parts” thus seems to be
“monitor everything you can.” However, all
monitoring programs are limited by time,
money, and taxonomists.

Given the sensitivity of ant assemblages out-
lined in this chapter, we argue that ants would
be an ideal animal group to monitor in an
ecosystem. But what aspects of an ant assem-
blage should be monitored? We suggest a set of
three parameters—those of individuals, popula-
tions, and diversity.

Individual-Based Changes
in Ant Assemblages

Individual organisms can be collected and
assessed for physiological responses to environ-
mental change. In long-lived colonies (e.g., the
harvester ant Pogonomyrmex) the same colony
can be monitored over many years. This might
be especially useful if early warnings of stres-
sors are first reflected at the individual fevel.

Thus far such studies in ant ecology have
been rare. However, there are a number of prop-
erties of individual colonies that might be mon-
itored. One is colony activity. If it is sampled at
the same time every year, in similar weather, a
concerted decline in the numbers of foragers
recorded outside a colony may suggest pathol-
ogy long before the colonies die.

A second possibility is deformation of indi-
vidual workers. A promising new field in con-
servation biology is the study of fluctuating
asymmetry (Palmer and Strobeck 1986; Leary
and Allendorf 1989). Organisms tend to devel-
op symmetrically (i.e., their right and left sides
are mirror images of each other). Environmental
stressors can disturb this development and
cause asymmetry. Yearly samples of large, long-
lived species may thus detect changes in sym-
metry in colonies exposed to stressors com-
pared to controls. Working on social insects has
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the added benefit of holding the genotype con-
stant as the environment changes.

Population-Based Changes
in Ant Assemblages

Within any diverse assemblage there are likely
to be species that are acutely sensitive to a vari-
ety of stressors (Carpenter et al. 1993; Tilman
1996). A monitoring program focusing on the
population responses of these species stands a
good chance of picking up the effects of stres-
sors on ecosystem function long before perma-
nent damage is done (Schindler 1990).

Measurements of colony density—based on
quadrat sampling, coupled with hand, Winkler, or
Berlese extraction (Chapter 9)—probably remain
the best foundation on which to build an ant pop-
ulation monitoring program, because of the
quadrat’s lack of ambiguity. The more indirect
and relative the estimate of abundance (e.g., that
arrived at using baits or pitfall traps), the harder it
is to interpret changes in numbers (see Fig. 7.1).

Large-colony species like the harvester ants
may be relatively easy to detect and should be
part of any monitoring program. Small-colony
species, such as those that nest in the litter, are
also readily sampled using a quadrat-based
method. Combined, the two groups of species
would monitor for change on a variety of spatial
and temporal scales.

Certain species may characterize pristine
ecosystems (Chapter 6). If so, the abundance of
those species should be an index of an ecosys-
tem’s recovery from perturbation. Such an
index (percentage recovery of target species)
may be used to gauge recovery. Ordination
methods, which can detect trends in (or add
weighting to) target species, might be used to
detect such trends (see Chapter 13).

Diversity-Based Changes

in Ant Assemblages

Monitoring has often focused on some measure
of diversity, be it the number of species (species
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richness), the makeup of the species in the
assemblage (species composition), or some in-
dex reflecting a combination of these two values.

Species richness (the number of species in a
given area and time), as we have seen, is a tricky
measure upon which to base a monitoring pro-
gram for at least two reasons. First, species rich-
ness is often a nonlinear function of time and is
expected to overshoot the control plots during
the course of recovery. As a result, remediation
programs may be halted prematurely when con-
trol species richness equals that of the recover-
ing plots. For example, recovering bauxite and
manganese mines may yield ant assemblages
whose species richness approaches that of con-
trol sites after 7.5 years. But these sites can have
quite different species (Majer 1984). Second,
species richness may remain constant even
while the assemblage undergoes major restruc-
turing (Brown et al. 1997).

The use of species richness has its advan-
tages, including its relative lack of ambiguity
and its already wide use. We suggest that it be
incorporated, but not relied upon solely, as one
index among many in a monitoring program.

Andersen (Chapter 3; 1997b) advocates ant
functional groups (collections of species based
on an amalgam of phylogeny, habitat, and
microclimate) as another potential index.

Conclusion

The study of ecology, although it has made
great strides in the past hundred years, is still
coming to grips with the complexity of eco-
systems—a complexity manifest in the intricate
dynamics we have reviewed in this chapter. We
feel that the three sampling approaches just
highlighted—based on individuals, populations,
and diversity—will likely capture much of the
phenomena required to describe and reconstruct
ecosystem structure and function. We also fore-
see that attempts at ecosystem remediation, and
the monitoring they require, will only increase
our understanding of these dynamics and point
to relationships yet unknown. Many, if not
most, of the profound advances in ecosystem
and community ecology will come from these
tentative applications of our current understand-
ing (Palmer et al. 1997).



Chapter 8

Broad-Scale Patterns of Diversity
in Leaf Litter Ant Communities

Ants are an important biological component of
the leaf litter stratum in temperate and especial-
ly tropical forests. A number of regional studies
have documented the predominance and diver-
sity of soil and leaf litter ants (Kempf 1961a;
Levings 1983; Andersen and Majer 1991; Olson
1991, 1994; Agosti et al. 1994; Belshaw and Bol-
ton 1994a; Longino 1994; Delabie and Fowler
1995; Fisher 1996a, 1997, 1998; Kaspari 1996a;
Majer et al. 1997; see also Chapter 15), but
there have been few attempts at interregional
comparisons. Emery (1920), Brown (1973),
Holldobler and Wilson (1990), Bolton (1995a),
and Fisher (1997) provide valuable summaries
of the global distributions of ant genera, but
without focusing on particular habitats. Wilson
(1976) presented data on the most prevalent
arboreal and ground-dwelling ant genera at a

Philip S. Ward

series of tropical sites, but he did not specifically
analyze the leaf litter fauna.

This chapter characterizes, in rather general
terms, diversity patterns among assemblages of
leaf litter ant species inhabiting forest and wood-
land habitats in different biogeographic regions.
It is based primarily on a set of leaf litter ant col-
lections made by the author over a 12-year per-
iod. The survey is somewhat uneven in its
geographic coverage, but it does reveal some
robust patterns: the number of ant species at a
given site (alpha diversity) is strongly negatively
correlated with latitude and altitude; there is a
slight secondary decline in species richness at the
lowest elevations in tropical (but not temperate)
forests; and, at higher taxonomic levels (genus,
subfamily), there is substantial faunal turnover
(beta diversity) among biogeographic regions.
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The study also highlights certain glaring
knowledge gaps: without much greater effort
devoted to alpha taxonomy (i.e., the description
and discrimination of ant species), we will be
unable to obtain complete measures of beta
diversity at the species level. We are also igno-
rant of the ecological habits of most leaf litter
ants and their effects on other cohabiting organ-
isms. Thus, although we can point to biogeo-
graphic patterns-—such as the predominance of
Stenamma in Nearctic and montane Central
American forests or the profusion of Tetra-
morium species in the Old World tropics—we
have little idea about the ecological significance
of these observations.

Data Sources and Methods

The primary database for this analysis is a set of
110 Winkler litter samples collected by the
author from various tropical and temperate
localities (Table 8.1; Fig. 8.1). The sites ranged
in latitude from 47°43’N to 35°34’S and in ele-
vation from 10 to 2700 m. Defining biogeo-
graphic realms broadly, the provenance of these
samples is as follows: Nearctic (23 samples),
Neotropical (49), Malagasy (19), and Indo-
Australian (19). The last includes a collection
each from Singapore and peninsular Malaysia
that have been grouped with the Australian and
New Guinea samples for the purposes of com-
paring taxonomic diversity across broadly
defined regions. When analyzing the distribu-
tion of leaf litter ant genera I have included data
from additional sources and used a finer divi-
sion of biogeographic regions, as discussed
later in the chapter.

Most of the Winkler samples were taken from
closed canopy forest (see under “Habitat” in
Table 8.1), and all were taken under conditions
in which the leaf litter was moist from precipi-
tation. None of the collections was made during
or immediately after heavy rain, however,
because experience suggests that Winkler ex-

tractions from water-saturated litter under-
estimate the diversity of the ant fauna. At each
site handfuls of moist leaf litter and rotten wood
were gathered haphazardly over an area of
about | ha or less and sifted through a sieve
(8 cm diameter) until a total of 6 liters of sifted
litter had been acquired. An attempt was made
to sample each area broadly, avoiding undue
concentration on a few localized accumulations
of litter. The 6 liters of litter were placed in
three mesh bags, which were hung in a cloth
Winkler sack (“Gesiebeautomat™) for passive
arthropod extraction (for further description of
this method, see Besuchet et al. 1987; Ward
1987; Fisher 1998; Chapter 9). Extraction was
usually carried out near the field site, under
ambient temperatures, typically in a sheltered
field camp or in a local hotel. The total extrac-
tion time varied depending upon the circum-
stances (10-72 hours; mean 32.3 hours).
Extraction time was treated as an independent
variable in multiple regression analyses of sev-
eral measures of taxonomic diversity (species
richness, genus richness, number of subfamilies
represented), but it was found not to have a sig-
nificant effect on these measurements. This is
probably because representatives of most of the
ant species in a sample fali out of the mesh bags
within a few hours.

The ants from each sample were sorted to
subfamily, genus, and morphospecies, with
higher classification following Bolton (1995b).
The approach taken toward species identifica-
tion was as follows. All specimens in a sample
were first rough-sorted in alcohol. Several
workers of each putative morphospecies were
then point-mounted for examination (as were all
uniques in a sample). For difficult genera, such
as Pheidole and Solenopsis, this approach often
revealed additional species masquerading as a
single form when first examined in alcohol.

The alcohol residue was then reexamined
more carefully and additional specimens
point-mounted and checked. This process was
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Figure 8.1. Locations of the 110 leaf litter collection sites. Grid lines are shown for every 20° of latitude
(between 60°N and 60°S) and for every 20° of longitude.

continued until no further distinctions could be
made. All point-mounted specimens were re-
tained as vouchers. I drew upon my experience
as an ant taxonomist to make judgments about
the kinds of morphological discontinuities that
would indicate the presence of two biological
species. The morphospecies so designated can
be thought of as working hypotheses about
species identities, which can be independently
assessed in the future by examination of the
voucher specimens. Specific names were as-
signed where feasible (i.e., for taxonomically
well-understood genera), but in many instances
it was necessary to develop a system of code
names for the species in a given geographical
area (e.g., Pheidole BOL-32 for one of about 40
Pheidole species from eastern Bolivia). Such
code numbers have local applicability only, and
the task of reconciling the specific identities of
code-named taxa from different geographic
regions has not yet been completed.

Indeed, although sorting species from sam-
ples taken within the same geographical area is
challenging and time consuming, such difficul-

ties pale in comparison to those that attend any
attempt to resolve species identities over large
geographical scales. As a result, this study is
primarily about patterns of alpha diversity
(i.e., geographical variation in within-site spe-
cies richness) and about regional variation in
faunal composition at higher taxonomic levels
(genera, subfamilies). Large-scale measure-
ments of species beta diversity (species turn-
over) remain constrained by insufficient
taxonomic knowledge.

All the results reported here are based on
workers only, although the presence of other
castes was noted. For each sample the number
of individual workers of each morphospecies
was recorded. Variables of interest for each
sample include the total number of workers and
the numbers of species, genera, and subfamilies
represented. Among the independent variables
recorded for each sample were biogeographic
region, habitat, latitude, longitude, and altitude
(see Table 8.1). Latitude was converted to
absolute decimal latitude for all statistical
analyses.



Voucher specimens were deposited in the
Museum of Comparative Zoology, Harvard
University (MCZC) and in the P. S. Ward col-
lection at the University of California at Davis
(PSWC). In addition, duplicate specimens from
Australia, Papua New Guinea, Madagascar,
Mauritius, Argentina, Bolivia, Brazil, Colom-
bia, Ecuador, and Venezuela were returned to
the following host institutions, respectively:
Australian National Insect Collection, Canberra
(ANIC); Entomology Collection, University of
Papua New Guinea (UPNG); Parc Botanique
et Zoologique de Tsimbazaza, Antananarivo
(PBZT); Mauritius Sugar Industry Research
Institute (MSIRY); Instituto Miguel Lillo, Tucu-
man (IMLA); Museo de Historia Natural “Noel
Kempff Mercado,” Santa Cruz (UASC); Insti-
tuto Nacional de Pesquisas da Amazdnia,
Manaus (INPA); Museo de Historia Natural,
Universidad Nacional de Colombia, Bogoti
(UNCB); Museo Ecuatoriano de Ciencias
Naturales, Quito (MECN); and Instituto de
Zoologia Agricola, Universidad Central de Ven-
ezuela, Maracay (IZAV).

The primary database was supplemented by
information on Winkler leaf litter collections
from Malaysia (data kindly provided by Annette
Malsch) and West Africa (Belshaw and Bolton
1994a). The 11 Malaysian samples are all from
Pasoh Forest Reserve, and each consists of 9 m?
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of rainforest leaf litter sifted to yield about 6
liters of concentrated litter. The West African
samples are from 34 sites (20 localities) in
Ghana; at each site ten 1-m? quadrats were ran-
domly placed in an area of approximately 1000
m?2, and all the leaf litter in these quadrats was
collected, sifted, and extracted. Because the
sampling methods used in the Malaysian and
Ghanaian studies differ from those described
here, I have not used these data for the analysis
of diversity patterns. They have been employed
mainly to broaden the geographic base for a
genus-level comparison of faunal composition
(Tables 8.11 and 8.12).

Content of the Winkler Leaf
Litter Samples

The 110 Winkler samples yielded a total of
29,942 worker ants from 6 subfamilies, 103 gen-
era, and approximately 911 species (Table 8.2).
Because of taxonomic uncertainties the cumula-
tive tally of the number of species should be
considered provisional. I estimate that it could
be higher or lower by as much as 10%. Site
richness (alpha diversity) per sample ranged
from O to 75 species (mean 20.3 £ 15.9 s.d.),
from O to 27 genera (mean 10.6 + 6.4 s.d.),
and from 0 to 5 subfamilies (mean 2.8 £ 1.0
s.d.). The number of worker ants per Winkler

Table 8.2 Summary of Winkler Leaf Litter Samples: Taxonomic Content

Number of Number of
Number of Species Workers
Subfamily Genera (% of Total) (% of Total)
Cerapachyinae 2(1.9) 4(0.4) 45 (0.2)
Dolichoderinae 6(5.8) 10 (1.1) 137 (0.5)
Ecitoninae 2(1.9) 3(0.3) 107 (0.4)
Formicinae 14 (13.6) ca. 97 (10.6) 3,873 (12.9)
Myrmicinae 57 (55.3) ca. 594 (65.2) 22,067 (73.7)
Ponerinae 22 (21.4) ca. 203 (22.2) 3,713 (12.4)
Total 103 ca. 911 29,942




Table 8.3 Forty Ant Genera Most Frequently Encountered in the Survey

Number (%) of Mean Number of Mean Proportion of

Winkler Samples  Species per Sample Species per Sample

Genus Occupied Belonging to Genus  Belonging to Genus
Hypoponera 83 (75.5) 2.27 0.099
Pheidole 83 (75.5) 3.82 0.148
Strumigenys 75 (68.2) 1.55 0.061
Solenopsis 64 (58.2) 1.63 0.069
Paratrechina 59 (53.6) 0.84 0.034
Pachycondyla 48 (43.6) 0.70 0.028
Oligomyrmex 42 (38.2) 0.57 0.020
Cyphomyrmex 33 (30.0) 0.46 0.018
Rogeria 30 (27.3) 0.45 0.019
Anochetus 28 (25.5) 0.31 0.012
Brachymyrmex 28 (25.5) 0.40 0.017
Monomorium 28 (25.5) 0.54 0.025
Tetramorium 28 (25.5) 0.71 0.034
Stenamma 27 (24.5) 0.46 0.086
Wasmannia 27 (24.5) 0.25 0.009
Gnamptogenys 25 (22.7) 0.35 0.012
Crematogaster 23 (20.9) 0.31 0.011
Prionopelta 23 (20.9) 0.28 0.008
Octostruma 22 (20.0) 0.27 0.010
Smithistruma 20 (18.2) 0.21 0.009
Acropyga 17 (15.5) 0.21 0.007
Neostruma 17 (15.5) 0.16 0.006
Odontomachus 17 (15.5) 0.16 0.005
Discothyrea 15 (13.7) 0.15 0.008
Adelomyrmex 14 (12.7) 0.22 0.009
Leptothorax 14 (12.7) 0.14 0.036
Ponera 13 (11.8) 0.16 0.009
Aphaenogaster 12 (10.9) 0.11 0.018
Cryptopone 12 (10.9) 0.15 0.007
Apterostigma 11 (10.0) 0.12 0.003
Myrmecina 11(10.0) 0.11 0.007
Lasius 10 (9.1) 0.10 0.042
Myrmicocrypta 109.1) 0.10 0.002
Hylomyrma 9 (8.2) 0.09 0.002
Rhytidoponera 9(8.2) 0.11 0.005
Eurhopalothrix 8(7.3) 0.08 0.002
Heteroponera 7 (6.4) 0.06 0.005
Proceratium 7(6.4) 0.06 0.004
Camponotus 6 (5.5) 0.05 0.002

Leptogenys 6(5.5) 0.05 0.002




sample varied from O to 1632 (mean 272.2 +
301.4 s.d.).

Over the entire collection of Winkler sam-
ples, the predominant subfamily is the Myrmi-
cinae (57 genera, about 594 species), followed
by the Ponerinae (22 genera, about 203 spe-
cies), Formicinae (14 genera, about 97 species),
Dolichoderinae (6 genera, 10 species), Cera-
pachyinae (2 genera, 4 species), and Ecitoninae
(2 genera, 3 species). The predominance of the
Myrmicinae is greater, and that of the Ponerinae
is less, when numbers of individual workers
rather than numbers of species are considered
(Table 8.2). The most frequent and species-rich
genera are listed in Table 8.3. The six most fre-
quent genera are Pheidole (represented in 83
out of 110 samples), Hypoponera (83/110),
Strumigenys (75/110), Solenopsis (64/110),
Paratrechina (59/110), and Pachycondyla
(48/110). The six most species-rich genera are
an overlapping but not identical set: Pheidole
(mean number of species per sample: 3.82),
Hypoponera (2.27), Solenopsis (1.63), Strumi-
genys (1.55), Paratrechina (0.84), and Tetra-
morium (0.71). Based on the proportion of spe-
cies in any sample that belong to a particular
genus, the most species-predominant genera are
Pheidole (mean proportion: 0.15), Hypoponera
(0.10), Stenamma (0.09), Solenopsis (0.07), and
Strumigenys (0.06). The mean proportion for
Stenamma is accompanied by a high variance
and does not indicate large numbers of species
because this genus is largely confined to species-
poor samples taken from temperate Nearctic
localities.

Latitudinal and Altitudinal
Patterns of Leaf Litter

Ant Diversity

Results of a multiple regression analysis of

species richness (number of species in a sam-
ple) on latitude, altitude, and extraction time are
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Table 8.4 Multiple Regression Analysis of
Sample Species Richness®

Standard
Variable Coefficient Error P
Constant 40.412 2.642 0.000
Latitude -0.803 0.103 0.000
Altitude -0.008 0.002 0.000
Extraction time 0.033 0.061 0.593

“Independent variables are latitude (absolute), altitude (m), and
extraction time (hours). Multiple R? = 0.471, n = 110,

shown in Table 8.4. Latitude and altitude alone
account for about 47% of the variance in
species richness, and extraction time has no sig-
nificant effect (P = 0.593). Plots of species rich-
ness as a function of latitude and altitude are
shown in Figs. 8.2 and 8.3. The latitudinal spe-
cies gradient is steeper for low-altitude than for
high-altitude sites, and the decline in ant species
richness with altitude is less pronounced at high
latitudes. There is also an indication that species
richness shows a slight decline below 500 m in
tropical regions (Figure 8.3a). In fact, for tropi-
cal and subtropical sites (latitude < 30°) at
elevations below 500 m there is a significant
positive correlation between species richness
and altitude (r = 0.453, n = 42, P = 0.003),
whereas for sites at or above 500 m the rela-
tionship is negative (r = -0.561, n = 42, P =
0.000). No such midelevation peak in species
richness was detected among the high-latitude
(>30°) sites, although the sample size is admit-
tedly small (n = 26).

A latitudinal gradient in the species richness
of leaf litter ants is hardly surprising and
accords with the pattern seen generally in ants
(Kusnezov 1957; Jeanne 1979) and in numerous
other taxa (Stevens 1989). A sharp attenuation
of the ant fauna at higher elevations in tropical
forests has also been well documented (e.g.,
Weber 1943a; Brown 1973; Janzen et al. 1976;
Olson 1994; Fisher 1996a, 1998). Darlington
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Figure 8.2. Species richness of ant leaf litter
samples as a function of latitude. Values are plotted
separately for low-elevation and high-elevation
sites. Total number of sites: 110.

(1971) and Olson (1994) have discussed the
possible consequences of this decline in ant
diversity for other ground-dwelling arthropods.
In Olson's (1994) study of leaf litter inverte-
brates in Panama, carabid beetles and weevils
showed peaks of abundance and diversity at
the highest elevations, where ants were rela-
tively scarce, suggesting ecological release or
replacement.

A midelevation peak in species richness of
leaf litter ants was documented by Olson (1994)
for Panama and by Fisher (1998) for Mada-
gascar. Sampson et al. (1997) described a simi-
lar pattern for ground-dwelling and arboreal
ants in the Philippines. The present results
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Figure 8.3. Species richness of ant leaf litter
samples as a function of altitude. Values are plotted
separately for tropical (<30° latitude) and temperate
sites.

extend the generality of these findings. Mid-
elevation diversity peaks have also been report-
ed for other taxa and on larger spatial scales
(e.g., McCoy 1990; Colwell and Hurtt 1994;
Rahbek 1995, 1997; cf. Stevens 1992). Various
nonexclusive hypotheses have been put forward
to explain this phenomenon, including the coin-
cidence of midelevation sites with regions of
either intermediate (Rosenzweig 1995) or max-
imum (Janzen et al. 1976) productivity, coupled
with the respective assumptions that species
richness bears a unimodal or monotonic rela-
tionship to productivity. It has also been argued
that topographical constraints such as bounded
ranges (Colwell and Hurtt 1994) and narrower



midelevation zone widths (Rahbek 1997) pro-
duce greater overlap of faunas at midelevation
(see also Fisher 1998). The apparent absence of
a midelevation ant diversity peak in temperate
regions (Fig. 8.3b; see also Cole 1940:11; Gregg
1963:201) argues against a unifying explanation
for elevational gradients in ant diversity or sug-
gests that patterns of covariation between eleva-
tion and other environmental variables differ
between temperate and tropical areas.

Regional Differences in
Taxonomic Diversity of
Leaf Litter Ants

The mean numbers of ant species, genera, sub-
families, and individual workers, per Winkler
sample, are given in Table 8.5 for the different
biogeographic regions. All of these variables
show significant regional heterogeneity
(ANOVA, P = 0.000, for all four comparisons).
This is due largely to the relatively low ant
diversity and abundance in the Nearctic region,
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however, and an analysis of covariance of sam-
ple species richness, with region as the group-
ing variable and latitude and altitude as covari-
ates, reveals no significant effect of biogeo-
graphic region (P = 0.448; Table 8.6). Thus in
this study no intrinsic differences between
regions in species-level alpha diversity were
detected, other than those that could be attrib-
uted to differences in latitude and altitude. By
contrast, a comparable analysis of covariance of
genus richness shows significant regional varia-
tion (P = 0.007; Table 8.7), independent of lati-
tude and altitude. Relatively low genus-level
alpha diversity occurs not only in the Nearctic
region, where it is expected on the basis of high
latitudes, but also in samples from the Malagasy
region.

The finding that sites in the Malagasy region
are depauperate in ant genera but have levels of
species richness comparable to other regions
of the same latitude and altitude suggests the
existence of a climatically influenced asymp-
tote to local species richness, which can be
achieved even in an island fauna with a limited

Table 8.5 Data on Winkler Samples from Different Biogeographic Regions?

Region Species Genera Subfamilies Workers
Nearctic 41%£33 35+24 1.87+1.01 36.5£53.5
(n=23) (0-14) -9 0-4) (0-245)
Neotropical 2681173 13.5%6.1 2.90 £ 0.85 385.6 £ 360.8
(n=49) (0-75) (0-27) 0-4) (0-1632)
Malagasy 19.8+£9.0 8824 3.05+£0.52 305.7 £263.1
(n=19) (6-40) (4-13) 24) (30-1162)
Indo-Australian 234+135 13.8%5.5 332+0.75 231.7+£ 1455
(n=19) (5-56) (4-25) (2-5) (65-588)
ANOVA F=15.062 F=25.050 F=13.032 F=8721
(n=110) P =0.000 P =0.000 P =0.000 P =0.000
ANOVA, excluding F=1538 F=5720 F=2.044 F=1.836
Nearctic
(n=287) P=0221 P =0.005 P=0.136 P=0.166

“Means, standard deviations, and ranges of the numbers of species, genera, subfamilies, and individual workers are given.
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Table 8.6 Analysis of Covariance of Sample Species Richness?

Sum of Degrees of Mean
Source Squares Freedom Square F-ratio P
Region 368.169 3 122.723 0.892 0.448
Latitude 1,910.767 1 1,910.767 13.890 0.000
Altitude 2,676.789 1 2,676.789 19.458 0.000
Error 14,306.663 104 137.564

“Grouping variable is biogeographic region; covariates are latitude and altitude. Multiple R? = 0.48,

n=110.

source pool, given sufficient time for autoch-
thonous speciation.

Subfamilies

There are significant differences among biogeo-
graphic realms in the prevalence of different ant
subfamilies (Tables 8.8-8.10). The relative scarci-
ty of the Cerapachyinae in the New World is
reflected in their absence from the Nearctic and
Neotropical litter samples. They are present in
10% and 16% of Malagasy and Indo-Australian
litter collections, respectively. Conversely, army
ants of the subfamily Ecitoninae, absent from the
Old World, are found in 4% of Nearctic samples
and 10% of Neotropical samples. Old World
army ants (Aenictinae and Dorylinae) were not

recovered from the leaf litter samples that were
taken during this survey, although they were ob-
served at some of the Indo-Australian localities.

Ponerinae are most frequent in the Indo-
Australian region (making up about one-third of
the species in Winkler samples and present in
100% of samples), poorly represented in the
Nearctic samples (3.9% of species, on average,
per sample; present in 22% of samples), and of
intermediate occurrence in the Neotropical and
Malagasy regions (Tables 8.8 and 8.10). The
subfamily Formicinae, although present in a
higher percentage of tropical than temperate
(Nearctic) samples (Table 8.8), shows a greater
proportional representation of species in the
Nearctic sites (Table 8.10).

Table 8.7 Analysis of Covariance of Sample Genus Richness®

Sum of Degrees of Mean
Source Squares Freedom Square F-ratio P
Region 211.199 3 70.40 4236 0.007
Latitude 295.267 1 295.267 17.766 0.000
Altitude 470.126 1 470.126 28.287 0.000
Error 1728.465 104 16.620

“Grouping variable is biogeographic region; covariates are latitude and altitude. Multiple R? = 0.61,

n=110.



Table 8.8 Percentage of Winkler Samples in
Which One or More Species of a Given
Subfamily Were Present

Neo- Mala- Indo-
Subfamily Nearctic  tropical gasy  Australian
Cerapachyinae 0.0 0.0 10.5 15.8
Dolichoderinae 8.7 12.2 53 26.3
Ecitoninae 44 10.2 0.0 0.0
Formicinae 65.2 75.5 89.5 89.5
Myrmicinae 87.0 98.0 100.0 100.0
Ponerinae 21.7 93.9 100.0 100.0

The mean proportions of species, per sample,
belonging to a given subfamily vary significantly
among regions for the Cerapachyinae, Formi-
cinae, Myrmicinae, and Ponerinae (Kruskal-
Wallis tests, P =0.017, 0.011, 0.000, and 0.000,
respectively; Table 8.10). These differences are
sustained even if one excludes the Nearctic
region. Thus even on the coarse scale of ant sub-
families there is significant regional hetero-
geneity in taxonomic composition. This finding
cautions against the use of “indicator taxa” (i.e.,
the use of a small subset of tribes or subfami-
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Table 8.9 Mean Number of Species per
Subfamily per Winkler Sample

Neo- Mala- Indo-
Subfamily Nearctic  tropical gasy  Australian
Cerapachyinae 0.00 0.00 0.11 0.16
Dolichoderinae 0.09 0.12 0.05 0.32
Ecitoninae 0.04 0.12 0.00 0.00
Formicinae 091 2.06 1.84 2.21
Myrmicinae 2.83 18.22 12.63 13.11
Ponerinae 0.26 6.27 5.16 7.63
All sub- 4.13 26.80 19.79 2347
families

lies) when making interregional comparisons of
leaf litter ant communities.

Genera

For the analysis of genus-level differences in
faunal composition among leaf litter ant assem-
blages I have used a finer subdivision of bio-
geographic regions. The 2 “standard” Winkler
samples from Singapore and Malaysia have
been combined with the 11 additional leaf litter
samples from Pasoh Forest, Malaysia (collected
by A. Malsch), to provide an assessment of the

Table 8.10 Mean Proportion of Species per Subfamily per Winkler

Sample?
Indo-

Subfamily Nearctic Neotropical Malagasy  Australian Pt
Cerapachyinae 0.000 0.000 0.003 0.007 0.017
Dolichoderinae 0.012 0.006 0.003 0.018 ns
Ecitoninae 0.003 0.005 0.000 0.000 ns
Formicinae 0.278 0.066 0.102 0.112 0.011
Myrmicinae 0.667 0.695 0.624 0.520 0.000
Ponerinae 0.039 0.228 0.268 0.343 0.000

“Two samples (one Nearctic and one Neotropical) that yielded no ants are excluded.

5K ruskal-Wallis test. ns, Not significant.
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Table 8.11 Most Frequent Genera in Each Biogeographic Region“

Neotropical Nearctic Australian Oriental Malagasy
(n=49) (n=23) (n=17) (n=13) (n=19)
Solenopsis 91.8 Stenamma 69.6 Hypoponera 100.0 Strumigenys  100.0 Hypoponera 100.0
Pheidole 89.8 Leptothorax  56.5 Pheidole 94.1 Tetramorium  100.0 Pheidole 100.0
Hypoponera  83.7 . Lasius 435 Strumigenys  94.1 Monomorium  92.3 Strumigenys  89.5
Strumigenys  79.6 Aphaenogaster 30.4 Solenopsis 76.5 Oligomyrmex 923 Tetramorium  89.5
Cyphomyrmex 67.3 Oligomyrmex 70.6 Odontoponera  84.6 Monomorium 84.2
Paratrechina  61.2 Paratrechina  70.6 Pheidole 84.6 Paratrechina  78.9
Pachycondyla 57.1 Ponera 58.8 Myrmecina 76.9 Oligomyrmex 579
Wasmannia 55.1 Monomorium 529 Odontomachus 69.2 Pachycondyla 579
Rogeria 53.1 Rhytidoponera 52.9 Hypoponera 61.5 Anochetus 36.8
Gnamptogenys 51.0 Tetramorium  47.1 Lophomyrmex  53.8 Prionopelta 31.6
Brachymyrmex 49.0 Heteroponera 41.2 Vollenhovia 46.2
Octostruma 44.9 Pachycondyla 41.2 Cerapachys 385
Anochetus 40.8 Myrmecina 353 Crematogaster 38.5
Oligomyrmex  36.7 Acropyga 29.4 Pachycondyla 38.5
Neostruma 347 Cryptopone  29.4 Pristomyrmex  38.5
Crematogaster 32.7 Lordomyrma  29.4 Pseudolasius ~ 38.5
QOdontomachus 30.6 Prionopelta 294 Anochetus 30.8
Smithistruma  30.6 Pristomyrmex 29.4 Cryptopone 30.8
Adelomyrmex  26.5 Prolasius 29.4 Myrmoteras 30.8

Pheidologeton  30.8

Rostromyrmex  30.8

Smithistruma  30.8

Solenopsis 30.8

“Genera are those present in 25% or more of Winkler samples in each biogeographic region. Figures refer to the percentage of Winkler samples in
which a given genus was represented. n, Number of samples.

Oriental region. The 17 remaining Indo-Austra-
lian samples, from Australia and Papua New
Guinea, can be considered representative of the
Australian biogeographic region.

Table 8.11 summarizes the distribution and
prevalence of the most common leaf litter ant
genera in the five biogeographic regions consid-
ered here; the full data set is given in Table 8.12.
A few genera, including Hypoponera, Pachy-
condyla, Pheidole, and Strumigenys, are pre-
dominant in all four tropical realms. For most
other genera, however, there are striking regional
differences in the frequency of occurrence. Here
I focus on the most frequently encountered ant
genera. Rare ant taxa, including those endemic
to a region or otherwise of biogeographic inter-

est (e.g., Kyidris, Mystrium, Perissomyrmex),
are largely ignored since they appear to con-
tribute in only a minor way to the composition
of the leaf litter community.

The Nearctic region stands out as distinctly
different from the others and low in genus-level
diversity. The most frequent genera in the leaf
litter samples are, in decreasing order of impor-
tance, Stenamma, Leptothorax, Lasius, Aphaen-
ogaster, Hypoponera, Solenopsis, Prenolepis,
Formica, and Myrmecina. Stenamma has a pri-
marily Holarctic distribution, being absent
from the Old World tropics and of sharply
diminished importance at Neotropical sites
with increasing distance from the Nearctic
region. The same is true of most other Nearctic



leaf litter ants; Hypoponera and Solenopsis are
obvious exceptions.

The Neotropical samples reveal a generic
diversity comparable to that of the Oriental and
Australian regions. Common leaf litter genera
that are largely or entirely confined to the Neo-
tropics include Adelomyrmex, Brachymyrmex,
Neostruma, Octostruma, Rogeria, Wasmannia,
and all the attine genera (of which Cypho-
myrmex appears most frequently in Winkler sam-
ples). Solenopsis, represented mostly by small to
minute species, reaches its zenith in the New
World tropics. Despite its morphological homo-
geneity, Neotropical Solenopsis is species rich
(mean number of species per Winkler sample:
3.14; range: 0-9; mean proportion of species per
sample: 0.12) and undoubtedly of considerable
ecological importance. In mean species richness
per sample it is exceeded in the Neotropics only
by Pheidole (mean: 5.45 species; range: 0-16;
mean proportion of species per sample: 0.19).
Another distinctive hallmark of the New World
leaf litter fauna is the virtual absence of species
of Monomorium and Tetramorium.

The wet forests of the Australian region are
characterized by high frequencies of Cryptopone,
Discothyrea, Heteroponera, Ponera, and Rhytido-
ponera, ponerine genera that tend to be uncom-
mon or absent elsewhere. Other distinctive and
common elements include the myrmicine genera
Lordomyrma, Myrmecina, Pristomyrmex, and
Tetramorium, and the endemic formicine genus
Prolasius. The solenopsidine genera Mono-
morium, Oligomyrmex, and Solenopsis are also
prevalent leaf litter ants in this region.

The Oriental samples are from a geographi-
cally restricted area in peninsular Malaysia and
Singapore. Insofar as they are representative of
the Oriental region as a whole, they indicate a
leaf litter ant fauna with a distinctive complex-
ion. Some genera are prominent both here and
in the Australian region (Cryptopone, Mono-
morium, Myrmecina, Oligomyrmex, Pristomyr-
mex, Tetramorium), but others are more com-
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mon in, and in some instances unique to, the
Oriental region: Acanthomyrmex, Lophomyrmex,
Myrmoteras, Odontoponera, Pheidologeton,
Pseudolasius, Rostromyrmex, and Vollenhovia.
The genus Cerapachys also appears in a high
percentage of the Oriental leaf litter samples;
more extensive geographic sampling is needed
to confirm the generality of this result.

Barry Bolton (pers. comm.) has recently ana-
lyzed a larger set of leaf litter ant samples from
Pasoh Forest, Malaysia, with results that are
consistent with the foregoing generalizations,
although Cerapachys shows lesser prominence.

The Malagasy region is depauperate in gen-
era, as befits an island fauna, but species-rich in
certain groups, such as Hypoponera, Mono-
morium, Pheidole, and Tetramorium. The genus
Solenopsis, a very significant component of lit-
ter and soil faunas in the Australian and
Neotropical regions, is completely lacking in
Madagascar, its presence in the Malagasy sam-
ples being due to a single Mauritian species. In
Madagascar the ecological counterparts of the
small species of Solenopsis appear to be drawn
from the genus Monomorium. Another signifi-
cant absence from Madagascar and adjacent
islands is that of Old World army ants (Aen-
ictinae, Dorylinae), with the possible conse-
quence that there is a relatively rich cerapachy-
ine ant fauna (Fisher 1997).

Winkler leaf litter samples, collected using
the same methods as previously described, are
unavailable from the Ethiopian region (main-
land Africa), but Belshaw and Bolton’s (1994a)
detailed census of the leaf litter ant fauna in
Ghana provides useful and approximately com-
parable information. In that study the most
widespread and species-rich genera included
Tetramorium (27 species), Monomorium (16 spe-
cies), Oligomyrmex (12 species), Smithistruma
(12 species), Pheidole (11 species), Pachy-
condyla (8 species), Strumigenys (7 species),
Anochetus (6 species), Hypoponera (6 species),
and Technomyrmex (5 species).
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Leaf Litter Ant Diversity and
Composition: Ecological Trends

Thus far we have considered differences in ant
diversity and faunal composition without refer-
ence to the ecological roles of the constituent
taxa. In fact, for leaf litter ants, which are most-
ly small in size and cryptic in habits, this is
largely terra incognita. There does appear to be
substantial variation in functional roles, from
host-specific predators (e.g., Cerapachyinae,
some Ponerinae, and myrmicine tribes such as
Basicerotini, Dacetonini, and Myrmecinini) to
generalist predators (many Ponerinae), seed
harvesters (some Pheidole and Acantho-
myrmex), and omnivores or scavengers (many
myrmicines and formicines). For many region-
ally prominent leaf litter ants (e.g., species of
Brachymyrmex, Rogeria, Stenamma, Tetra-
morium, Vollenhovia) and even members of
such cosmopolitan genera as Oligomyrmex and
Pheidole, we know little about their feeding
habits and ecological effects. It may be possible
to assign a functional group label of “cryptic
species” or “tropical climate specialist” to such
leaf litter ants (cf. Andersen 1995), but this
reveals little about their biology.

Some ecological variation in leaf litter ant
communities appears to have a strong geo-
graphical component. For example, the relative
prevalence of species of Ponerinae, a group of
mostly predacious ants, is strongly negatively
correlated with latitude (r = —0.698, P = 0.000;
proportions arcsine-transformed) (Fig. 8.4).
Ponerine species are also overrepresented in
leaf litter samples from the Indo-Australian
region compared to other tropical continents, as
noted previously. Other ecologically well-
defined ant taxa (e.g., leaf litter species of the
fungus-growing tribe Attini; army ants of the
subfamily Ecitoninae; mite-catching Myrme-
cina; some of the collembolan-hunting dacetine
genera) also have geographically restricted dis-
tributions. All of this hints at complex geo-
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Figure 8.4. Proportion of ant species in a sample
belonging to the subfamily Ponerinae as a function
of latitude.

graphical variation in leaf litter community struc-
ture that we have hardly begun to investigate.
Latitudinal gradients have been reported in
ant worker body size (Cushman et al. 1993) and
in ant colony size (Kaspari and Vargo 1995).
These studies were not specifically concerned
with the leaf litter habitat, but many of the ant
species from which data were taken, especially
in the colony size study, are leaf litter inhabi-
tants. In both studies the authors favored the
hypothesis that abiotic factors select for larger
body or colony sizes at higher latitudes, as a
buffer against starvation. It would be interesting
to have comparable data for elevation gradients.

Caveats and Concluding Remarks

This study is an attempt to characterize large-
scale geographical variation in ant leaf litter
communities. The analysis is based primarily
on a series of Winkler litter samples, and the
results should be considered provisional. The
samples cover a broad but by no means com-
prehensive set of geographical locations. All
samples in this study come from moist leaf litter
in woodland and forest habitats. Xeric environ-
ments, to which the Winkler method is poorly
suited, have been largely ignored (only 6 of the
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be characterized as tropical dry forest).
Questions can also be raised about the appropri-
ateness of the Winkler method for exhaustive
sampling of the leaf litter ant fauna, although
this procedure appears to work better than any
other single method (Olson 1991; Fisher 1996a,
1998). Some taxa are nevertheless under-
sampled, especially the “army ant” groups
(Aenictinae, Dorylinae, Ecitoninae). These ants
are nomadic and hence episodic in their occur-
rence at any given site. Yet there is evidence that
they have a potent impact on the leaf litter ant
fauna (Franks and Bossert 1983; Gotwald
1995).

Habitat-based differences in ant abundance
and diversity (independent of biogeographic
region) certainly exist but have not been
explored in detail here. Future studies focusing
on the effects of habitat on the diversity and
composition of leaf litter ant communities
would benefit from the adoption of a standard
classification of forest communities.

A comprehensive assessment of species
turnover (beta diversity) has not been attempt-
ed. Knowledge of beta diversity patterns is
essential for a better understanding of biologi-
cal diversity and for intelligent conservation
planning, but measurement of species-level beta
diversity in groups such as leaf litter ants is frus-
trated by the “taxonomic impediment” (Taylor
1983) imposed by the lack of high-quality
descriptive taxonomy. Many of the most preva-
lent and species-rich leaf litter ant genera
(Tables 8.4 and 8.11) have never had the benefit
of a modern taxonomic revision. Three genera
alone—Hypoponera, Pheidole, and Solenopsis—
constitute, on average, 32% of the species in a
given leaf litter sample (this figure increases to
40% for the Neotropics), and all of them are in
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a state of taxonomic anarchy. These three gen-
era, and others such as Pachycondyla and
Paratrechina, should be high on the list of pri-
orities for revisionary studies.

Some results of the present study appear to be
robust and unaffected by taxonomic constraints.
One is the finding of significant heterogeneity
in faunal composition at the level of ant genera
and subfamilies across major biogeographic
regions. This observation argues against the use
of subsets of “indicator taxa” to assess overall
diversity patterns over large geographical
scales. A second finding is that the taxonomic
diversity of leaf litter ant communities is strong-
ly affected by latitude and altitude (Figures 8.2
and 8.3), with a general trend toward increasing
diversity at lower latitudes and altitudes. In
tropical regions, however, species richness
appears to reach a maximum at about 500 m and
then decline slightly at lower elevations.
Finally, whereas species alpha diversity shows
no differences among biogeographic regions
other than those predicted by variation in lati-
tude and elevation, local genus richness is lower
in the insular Malagasy region than in compara-
ble continental areas. This finding implicates
historical constraints on genus richness, which
nevertheless do not prevent the achievement of
climatically characteristic levels of local species
richness.
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Field Techniques for the Study of
Ground-Dwelling Ants

An Overview, Description, and Evaluation
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C. Roberto F. Brandido, William L. Brown Jr., {
Jacques H. C. Delabie, and Rogerio Silvestre &

The precise nature of the methods used to esti-
mate the abundance and composition of organ-
isms in biodiversity assessment is of critical
importance. Owing to the inevitable limitations
of field methods, these estimates are often
biased; that is, some species in a given habitat
are either over- or underrepresented relative to
their true abundances. The estimates obtained
from different sampling techniques or from
variations in the execution of a particular tech-
nique may bias the data in different ways. This
fact, in conjunction with differences in sam-
pling design or analytical procedures between
studies of a particular system, impedes the
direct comparison and integration of data.
Integrated data sets based on sound and repeat-
able methodologies are essential for long-term
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ecological monitoring as well as for devel-
oping a general understanding of patterns of
biodiversity.

In this chapter we describe seven field tech-
niques that are used to study ground-dwelling
ants and recommend a set of protocols for the
use and execution of these techniques. We dis-
cuss the special considerations required for each
method, and the utility and limitations of each
technique for different kinds of research ques-
tions and habitats. Our goal is to provide a set of
standard, repeatable methods that (1) can be
adapted to different research programs and
logistical situations, (2) will provide data that
are as accurate as possible, and (3) will produce
results that are comparable between studies and
researchers.



An Overview of Ant Sampling:
Challenges and Opportunities

In spite of the abundance and ease of collection
of ants in most ecosystems (see Chapter 1), sev-
eral features of ant biology complicate their
sampling. First, ants are variably and non-
randomly distributed on several spatial scales.
Individual ants are aggregated into colonies on
small scales, and colonies are often regularly
dispersed across the landscape owing to com-
petition (Wiernasz and Cole 1995; Crist and
Wiens 1996). Thus caution should be exercised
with sampling designs and statistical pro-
cedures that require the assumption that the
subjects are randomly distributed. Second, ants
may be studied and sampled both as populations
of individual foragers (ignoring colony mem-
bership) and as populations of colonies.
Forager-based studies often emphasize ecologi-
cal or functional relationships to the environ-
ment (Greenslade 1973; Andersen 1991a),
whereas colony-based studies emphasize popu-
lation or genetic structure (e.g., Herbers and
Grieco 1994).

The relationship between the activity and
abundance of foragers and colony abundance
and distribution varies greatly between species,
so that forager- and colony-based comparisons
of communities may not be equivalent. For ex-
ample, given equal colony density, the foragers
of highly active ant species with large foraging
distances from the colony will be sampled more
frequently than those of sedentary species that
forage near the colony (Andersen 1991b).
Finally, the diversity of behavior and habitat
selection exhibited in ants results in different
sampling probabilities between species and
methods. An obvious example is that arboreal
ants are seldom found in leaf litter samples.

The first of the challenges just outlined is of
special relevance to the sampling design and
analytical procedures used in studies of ant

Field Techniques 123

communities and is discussed in Chapter 10.
The remaining points also have implications
for the field techniques used to census ants.
Different methods should be used if one’s
focus is on ant colonies rather than ant for-
agers. Different methods of ant collection are
required to sample in the different habitats that
ants occupy. Furthermore, the several methods
that may be employed for a given research
question in a particular habitat each have biases
owing to practical limitations and differences
in species behavior. These biases must be rec-
ognized in order to interpret and compare field
data correctly.

Two broad categories of questions are com-
monly addressed in biodiversity assessment:
those related to evaluating differences in com-
munities between habitats or sites (e.g., to
assess environmental degradation or restora-
tion) and those concerned with species invento-
ry within sites (Heyer et al. 1994; Chapter 13).
For purposes of monitoring or comparing ant
communities, several features can be examined
that respond to environmental variation: rich-
ness, species composition, forager abundance,
foraging behavior, and colony density. Further-
more, different kinds of ants and ants occupy-
ing different microhabitats (litter-dwelling,
ground-dwelling, and arboreal) will reflect this
variation in unique ways (e.g., Ward 1987).
Thus, many different techniques can be used to
compare ant communities as long as they pro-
vide the desired data, are applied consistently
between the sites, and are logistically feasible.
On the other hand, the primary goal of a
species inventory is to record as many of the
species present at a site as possible. For a given
habitat, a certain set of complementary tech-
niques will best achieve this objective (Majer,
1996).

See Chapter 2 for more information on how
the biology of the ant species under study can
influence the choice of sampling methods.
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Field Techniques

In the sections that follow, we provide detailed
descriptions and evaluations of seven field
methods that are commonly used to study ant
Some techniques—such as
colony, intensive, and direct sampling—overlap
slightly with respect to methodology and the
kinds of data collected, but we separate the
techniques here because of their distinct objec-
tives. Some of the suggestions we make regard-
ing the choice or execution of certain tech-
niques should be evaluated and modified in the
course of pilot studies in a given ant commu-
nity. For example, the abundance and activity of
ants will influence the duration of pitfall trap-
ping or quadrat sampling. If too few ants are
sampled the research question will remain
unanswered, and if too many ants are sampled
the investigator may be unable to sort and iden-
tify all of the specimens.

The techniques we describe may be divided
into two broad classes: passive and active sam-
pling. Passive sampling methods—including
pitfall trapping, baiting, and quadrat sam-
pling—are easy to replicate and rely on ant
activity at sample stations to obtain data. Active
sampling methods—such as direct sampling,
colony counts, and intensive sampling—require
that investigators seek out ants over the study
area and are difficult to replicate precisely be-
tween investigators. In general, passive tech-
niques suffer from biases because of differences
in the behavior of different ant species in differ-
ent habitats or alterations in the natural foraging
behaviors of the ants. Each technique will
systematically miss some ant species. Active
sampling techniques introduce bias through
differences in the effectiveness of researchers in
different habitats, through differences in the
detectability of ant species, and through var-
iations in the execution of the sampling tech-
niques. The resulting lack of comparability of
samples will hinder spatial or temporal compar-

communities.

isons, such as those in long-term monitoring.
Litter extraction is subject to both active and
passive sampling biases because the techniques
used by investigators vary widely and also
depend upon the reactions of ants to behavioral
stimuli.

In addition to these broad characteristics, each
technique has a particular set of challenges and
advantages that investigators should keep in
mind when choosing their methods. Here we out-
line the types of questions that are best addressed
by each technique and summarize important crit-
icisms of the data generated by them.

General Materials and Methods

Materials

General preparation for all techniques will
require several items, including vials or plastic
twirl bags (small plastic bags with a wire-twist
closure), ethanol solution, card stock or paper
tags, pencils, field notebook, and materials for
setting up study plots, including meter tapes, a
compass, a random number table or calculator,
flagging, stakes, and field tags. See Appendix 1
for a complete list of materials and sources.

Methods

In all of the techniques, ants are collected in the
field or afterwards into vials or twirl bags filled
with alcohol. Vials should have tight-fitting caps
to retard the evaporation of the alcohol. The
vials should be filled with at least 75% ethanol,
and preferably 90% for long-term storage.
Every sample receptacle (e.g., cup, twirl bag,
vial) should be clearly labeled with either a tem-
porary or a permanent label. The proper label is
a thick paper or card stock tag with the sample
code written in pencil. The label should be
placed inside the receptacle whenever possible.
The sample code should also be recorded in a
field book with appropriate information about
the identity of the sample (e.g., location, date
and time, habitat; see below).



Figure 9.1. An aspirator. Note that the black gas-

collecting bulb can be removed and that a vacuum
can be created with the mouth. Photo by Brandon

Bestelmeyer.

For general ant collecting, forceps and aspi-
rators are required (see Appendix 1). Feather-
weight forceps are preferred in order to mini-
mize damage to delicate ants. Aspirators are
very useful for collecting small or fast-moving
species (Fig. 9.1). When air is drawn through
the aspirator and the tip of the aspirator is held
close to an ant, the ant is drawn into the collect-
ing vial. A small screen prevents ants from
being sucked back out of the vial. Air can be
sucked through the aspirator with the mouth,
but volatile compounds released from several
formicine and dolichoderine ants may be irritat-
ing to the lungs or cause formicosis. The use of
a gas-collecting bulb (see Fig. 9.1) will elimi-
nate this hazard. Studies should be conducted
along transects or within plots of standardized
area. Metal tags and sturdy metal or wooden
stakes may be called for in long-term studies.

General Collection Data

Regardless of collection method, ant specimens
are most valuable when accompanied by the
fullest possible collection information. Data
documentation involves several levels: regional,
local, and sample.
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REGIONAL. At the regional level one must note
the country and lesser political subdivisions,
such as state, county, district, or national park.
Additional regional information may include
geographic features, such as a watershed, penin-
sula, mountain range, or valley.

LOCAL. Local information includes type of habi-
tat or vegetation in which the collection is being
carried out, for example, lowland humid forest,
dry forest or scrubland, and altitude. Given the
varied names of habitats and ecological com-
munities, it is best to choose a system of
nomenclature already in print for ease of com-
parison. Use the most specific vegetation classi-
fication that is available.

At a finer level, microgeographic characteris-
tics of the collection site can be described,
including slope, aspect, the presence of gullies
or bluffs, soil type, and so forth (see Appendix 2).
This information can be especially useful in
characterizing the ecological preferences of ant
species.

SAMPLE. Each sample—be it from a leaf litter
sack, pitfall trap, or individual nest collection—
carries its own individual record. It receives a
unique collection number that goes into the
field notebook. The sample code is the only cer-
tain means by which multiple specimens may
be recognized as coming from the same colony,
or by which trap sample specimens may be
linked to a specific sample and to data entries.
Codes may be created to reflect the hierarchical
structure of a sampling design; for example,
SBE2-9 could indicate a pitfall trap sample from
site “S,” habitat “BE,” transect 2, and point 9.
Other collection data at this level can include
a brief description of the microhabitat at the
sample location, such as a rotten log, under a
stone, in a bromeliad, beneath the bark of tree
(specify type)—specific data that may help
determine microhabitat preferences of ant
species. All of the field data we describe should
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be recorded as soon as possible; the sooner it is
recorded the less chance there is of forgetting a
detail that may later prove important, or of mix-
ing up information. Errors should never be
erased but crossed out.

Materials

Maps should be of geological survey or carto-
graphic quality, with geographic or Universal
Transverse Mercator (UTM) coordinates and
clevation contour lines. Road maps are fre-
quently used in lieu of higher-quality maps, but
their standards are poor and they are of no use
for precisely delimiting areas. Good maps for a
particular area however, may be unavailable.
Tactical maps used by the U.S. Air Force cover
the entire globe and can be purchased by the
general public.

Global positioning system (GPS) receivers
have dramatically fallen in price over the last
few years, and a good-quality receiver can be
purchased for $200 or even less in the United
States. Given adequate reception conditions a
GPS can furnish accurate latitude, longitude,
and altitude data for a site.

Suitable notebooks for recording field data
are those used by engineers or surveyors. If a
notebook with neutral-pH paper is available,
then it is highly preferable to ensure the perma-
nence of the data. A sample data sheet is pro-
vided in Appendix 2.

Writing materials should include No. 2 or HB
pencils or leads, as well as pens or markers with
indelible ink (see Chapter 11).

Baiting
Objectives

Baiting uses food substances to attract foraging
ants to points where they may be collected or
observed. Tuna or sardine baits are the most
common (Fig. 9.2), but foods that are richer in
carbohydrates—such as fruit jelly, cookie
crumbs, honey, peanut butter, or sugar solu-

tions—are also used alone or in combination
with proteinaceous baits. Live or dead insects
and seeds are employed for special applications.

This technique is commonly used to estimate
the composition and richness of the active
ground-foraging ant fauna, to examine ant
activity and behavior patterns in studies of com-
munity structure, and to estimate the contribu-
tions of particular ant species to ecosystem
processes such as seed redistribution or scav-
enging. The abundance of ant foragers at baits
may help to measure ecological and behavioral
dominance and provides a general measure of
ant foraging efficiency (Greenslade and Green-
slade 1971). Baits can be set out in different
microhabitats at different times and can provide
information on habitat use, biotic interactions,
and activity patterns on very fine scales (Bestel-
meyer 1997).

Many factors influence the species composi-
tion and abundance of ants at baits. The species
most likely to visit baits are trophic generalists.
Ant species with marked preferences for partic-
ular items (such as leaf-cutting ants or special-
ist predators) may not visit artificial baits, but
dietary generalists represent a significant pro-
portion of ant faunas worldwide and can be
used to examine patterns in ant communities.
More specialized groups can be targeted for
study by using the appropriate bait; grass seeds,
for example, can be used to attract desert har-
vester ants (Davidson 1977a, 1977b).

Baits are used on the surface of the soil or lit-
ter as well as in vegetation and underground.
Because the activity of different ant species
varies with microclimate, daily and seasonally,
baiting performed at different times of the day
(and night) or year in the same area will attract
foragers of different species or of the same
species in varying abundance. Because ants
may occupy nest sites for long periods, repeat-
ed collections in the same location may attract
individuals from the same colonies, and tempo-
ral variation in colony activity may be exam-
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Figure 9.2. A tuna bait monopolized by Solenopsis xyloni in a desert grass-
land in New Mexico, USA. Photo by Brandon Bestelmeyer.

ined. Furthermore, ant species that differ in for-
aging behavior and behavioral dominance tend
to discover and occupy baits at different times
after the baits are placed; submissive and rapid-
ly moving species find baits early but are often
later displaced by dominant but slower-moving
species (e.g., Fellers 1987). Thus repeated ob-
servational samples of a bait over time can
reveal behavioral dynamics.

Materials

A bait substance, bait platforms (made of paper,
cardboard, plastic, or leaf), vials or twirl bags,
ethanol, forceps, an aspirator, and a timer
(optional).

Methods

Baits that are pastes or solids are usually pre-
ferred because they tend to be more difficult for
ants to remove than liquids or particles; thus
ants will be present to be collected or observed
for longer periods. Tuna or other fish baits,
honey mixed with lard, and peanut butter are
frequently used bait substances, and they can be
deployed in pieces of about 1-2 c¢cm?. Tuna
should be well mixed and should not contain

excessive amounts of oil. The bait may be set
directly on the ground or on a piece of paper to
make the attracted ant species more readily vis-
ible. Graph paper is useful for distinguishing
some ant species in the field because the
squares provide a reference with which to com-
pare worker sizes. The bait placed on a paper
platform tends to attract more dominant ants,
while the oil around and under the paper will
attract smaller and/or less aggressive species.

Alternatively, an impermeable bait platform
(e.g., plastic) will restrict ant activity to the bait
above the platform, and it will be less likely to
blow away in windy conditions. Baits can be
placed on the ground, in shrubs and trees, and
underground in small containers that are perfo-
rated to allow the ants to enter (a string can be
attached to the container to allow the buried
trap to be recovered; Quiroz-Robledo and
Valenzuela-Gonzdlez 1995). The amount of time
the bait is observed will vary depending upon the
objectives of the study. Care should be taken to
avoid disturbance of the baits and foraging trails
during observations. If the vegetation must be
disturbed, allow at least a day before baiting so
that foraging trails may be reestablished.
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To collect ants attending baits in a single-
sample or “snapshot” fashion, investigators may
collect the bait and platform (and also the leaf
litter around the bait, when necessary) into a
coded plastic twirl bag. When cleaner samples
are desired, baits may be quickly placed into a
plastic tub and the ants removed with forceps or
an aspirator from the bottom of the tub. Fluon or
petroleum jelly around the walls of the tub will
prevent the escape of fast-moving species. Our
observations suggest that 60-90 minutes is
usually sufficient time for dominant ant
species in an area to discover and recruit to the
baits. A small amount of ethanol may be
injected into the bags to allow the ants to be
separated from the bait and debris under a
microscope afterwards; ants may then be trans-
ferred to ethanol-filled vials. Acetone can be
used to remove tuna oils from the ant speci-
mens. Branddo and Silvestre (unpubl. data)
found that circa 1800 bait samples were need-
ed to record 90% of the fauna visiting baits in
a Brazilian cerrado site.

For behavioral studies, it is imperative to
leave the bait undisturbed for the duration of
observations. Baits can be observed repeatedly
(e.g., every 20 minutes for 2 hours) to study
behavioral dynamics over time (see Fellers
1987). Voucher specimens of unrecognized ant
species may be collected from around the bait
with forceps. It is important to collect these
ants, because some ant species may leave the
bait before the end of the observation period. It
is best to target individuals that are separated
from foraging groups so that other ants will not
be alerted by chemical signals released by the
victim. It is convenient to place several previ-
ously labeled vials on the ground next to baits in
advance, so that specimens can be collected in
sequential samples. It is important to collect
representatives of the different castes of poly-
morphic species, especially majors of such
species as Pheidole and Solenopsis, which facil-
itate species identifications. Majors are often

more timid than minors, and they may take
more time than minors to recruit to baits.

While ants are present at baits, behavioral
interactions between individuals of different
species and the numbers of individuals of the
various species attending the baits can be
recorded. Small baits, such as cookie crumbs,
can be used to follow ants back to their nests. As
noted earlier, baiting at different times of the
day or year in a locality can reveal the influence
of abiotic features on ant activity and interac-
tions between species. In general, ant activity
levels tend to vary from the cooler hours of the
day, to the warmer hours (especially in full sun),
and at nightfall. Bestelmeyer (1997, unpubl.
data) found that soil surface temperatures of
37-40°C represent an important transition
between the activity of different species at baits
in both North American and South American
arid-zone ant communities.

In studies of the impacts of ants on ecosystem
processes, dead insects can be used as baits to
measure the consumption rates of scavenging or
predaceous ants (see Jeanne 1979; Fellers and
Fellers 1982; Seastedt and Crossley 1984;
Retana et al. 1991; Olson 1992), and seeds can
be used to examine the impact of granivorous
ants on seed removal and redistribution (see
Crist and Wiens 1994). In both cases, the size
and density of the items presented may influ-
ence the species of ants that will remove them.

Data Output

The data produced by this technique may
include richness, composition, relative abun-
dance of ant foragers at individual baits, fre-
quency of occurrence of species at sets of baits,
frequency and nature of behavioral interactions,
timing and duration of forager activity, and rate
and distance of removal of food items.

Evaluation

Baiting is the most common of the techniques
used to study ant communities, no doubt



because it is very simple and inexpensive and
can be deployed rapidly and extensively.
Baiting is ideal for work involving behavioral
questions. Baits may, however, seriously bias
descriptions of community composition (Green-
slade and Greenslade 1971). Baits are dietarily
selective and may systematically exclude some
components of an ant fauna from samples.
Because baits tend to be monopolized by domi-
nant, mass-recruiting species (e.g., Solenopsis;
Fig. 9.2), subordinate and single-foraging ants
may be underrepresented at baits relative to
their abundances. This problem may be alleviat-
ed in part by using several baits at a sample
point (Culver 1974). Because ant activity at
baits varies with time after bait placement,
daily, and seasonally, multiple observations at
baits will ensure a more complete representa-
tion of the species and the factors that affect ant
foraging.

There is evidence that the preference of some
ants for proteinaceous or carbohydrate baits
may vary seasonally (Stein et al. 1990), al-
though it is unclear how this may affect the
data. Branddo and Silvestre (unpubl. data) com-
pared the species composition of ants that visit-
ed sardine or tuna and honey-water baits, which
mimic protein/fat and sugar sources, respec-
tively. Their results indicate that the nutrient
composition of the baits does not significantly
affect the composition of species at the baits.
Canned sardine or tuna bait may be transported
easily along with collecting gear and stored for
indefinite periods.

Pitfall Trapping

Objectives

Pitfall trapping involves the placement of open
containers in the ground (Fig. 9.3a). Surface-
active animals fall unwittingly into these traps
and are either killed and preserved in a liquid or
“dry-trapped” and allowed to survive after a
census.
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Figure 9.3. (a) A pitfall trap placed in desert soil.
(b) A polypropylene sample container used as a pit-
fall trap and a pitfall-trap scoop (right) made from
the same container, used to catch and remove debris
that falls into the trap while it is being set. Photo by
Brandon Bestelmeyer.
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This method is used to estimate the abun-
dance and species composition of ground sur-
face—active ants in an area. As in baiting, the
abundances of ants in pitfall traps provide a
measure of species importance in a community
by integrating both forager attributes and
colony dispersion patterns (Greenslade 1973).
Pitfall trapping may be used to census ants for-
aging on soil or leaf litter. It may be very diffi-
cult to use pitfall traps on rocky surfaces. Pitfall
trapping may be performed for short (days) or
long (continuously) durations.

Materials

Pitfall traps (containers), pitfall trap scoop,
hand trowel or shovel, killing and preserving
agent, detergent, and a tea strainer or muslin
cloth with additional containers (optional).

Methods

For ants, it is best to use a killing agent in the
pitfall trap; otherwise, captured ants will dis-
member one another and the specimens will be
damaged. Several killing agents can be used.
Propylene glycol (available in the United States
as “environmentally friendly” automobile anti-
freeze) is an ideal choice because it is slow to
evaporate (even when soil surface temperatures
exceed 60°C) and is reputed to be nontoxic to
vertebrates. The more common antifreeze, eth-
ylene glycol, may also be used, but it is toxic to
vertebrates. Ethanol solution may serve as a
killing agent, but a few drops of glycerol should
be added to retard evaporation. The addition of
ethanol to propylene or ethylene glycol may kill
ants more quickly and reduce the chance of
escape. A drop of unscented detergent added to
the killing agent breaks surface tension and may
prevent ants from escaping the trap. Ideally the
killing agent should not attract or repel ants (or
at least not attract or repel species differently);
otherwise estimates and comparisons of forager
densities may be biased. Ethanol/glycerol
(Greenslade and Greenslade 1971) and propyl-

ene glycol (Abensperg-Traun and Steven 1995)
are believed neither to attract nor to repel ants;
other substances await examination in this
regard.

Traps may be plastic or glass containers, such
as jars or drinking cups. Polypropylene sample
containers (see Appendix 1) make ideal traps
because they are durable and flexible and have
tightly fitting lids, enabling them to be used to
transport and temporarily store the specimens
after trapping. Metal containers should be
avoided because rust produces a rough surface
in the trap that ants can use to escape. In gener-
al traps should have clean and smooth interiors
(Luff 1975). The diameter of the mouth of the
trap has been shown to affect the efficacy of pit-
fall traps for ants (Abensperg-Traun and Steven
1995). Traps with a very small diameter
(18 mm) may bias against larger ant species and
collect fewer of the species present in an area
than larger traps. A 42-mm-diameter trap was
found to perform as well as traps 86 and
135 mm in diameter. Smaller traps (40-70 mm
in diameter) are easier to use and best for stud-
ies concerned solely with ants. Larger traps may
be called for if other taxa are to be trapped.

Traps should be placed so as to minimize the
disturbance of the surface around the trap
because surface texture conditions may affect
ant capture rates. A hand trowel that is only
slightly bigger than the trap should be used to
dig the hole. Surface features should be re-
turned to normal by hand (e.g., coarse sand,
stones, or leaf litter should be replaced).

When possible, traps should be allowed to
settle for about a week (with the lids on or the
trap inverted) before they are opened, in order to
avoid the “digging-in effect” (Greenslade 1973).
One manifestation of this effect is an abnor-
mally high capture rate of ants when traps are
placed in the ground and opened immediately
thereafter. Causes include the penetration of
nest galleries in the course of placing the trap
and the exploration of novel habitat features by



the ants. A settling period ameliorates this effect
as the ants become accustomed to the dis-
turbance. The return of natural surface charac-
teristics (e.g., a soil crust) with settling is also
desirable.

Traps should be placed in the ground with the
lip of the trap flush with the soil or leaf litter
surface or a few millimeters below the surface.
If the lip is even slightly above the surface,
small and/or wary ant species may be under-
sampled. Soil or leaf litter should completely
cover the lip. When setting the trap, a tight-
fitting scoop made from another trap container
(Fig. 9.3b) may be used to catch soil and litter
that falls into the trap so that they can be
removed. This will result in cleaner pitfall sam-
ples and reduce the time needed to sort.
Alternatively, one cup may be placed into the
ground and act as a sleeve for a second cup that
may be placed and removed easily. Over the
trap settling period and especially after precipi-
tation or wind, the surface may fall below the
lip. If the soil around the trap is packed well this
effect will be minimized. Immediately before
trapping (and during trapping, for long-term ap-
plications), the condition of the trap lip should
be checked.

The killing agent is placed after the trap is
set, and it should fill about 25% of the cup’s
volume. In situations in which soil or litter is
likely to fall or blow into the trap, more liquid
may be necessary. If rain is likely to flood the
trap, a cover may be suspended over it. In eco-
logical studies, covers should not extend
beyond the trap circumference in order to avoid
changes to the microclimate. Traps placed in
depressions or drainages may also flood.

The duration that the traps are left open will
depend on the objectives of the study and on
logistics. Traps left open longer will collect
more ants and more of the species occupying an
area. Traps left open for very long periods may
deplete populations of foragers or alter foraging
paths around the traps (Greenslade 1973). In
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general, 2 or 3 days seems to be sufficient to
capture the ants foraging around the trap and
provide a measure of forager abundance.
Temperature and humidity have profound
effects on ant activity, and in cooler, drier
weather a longer duration of trapping may be
required. When traps are collected, they may be
capped and removed for short-term storage
when polypropylene sample containers are
used. In other cases, the contents may be poured
through a tea strainer to remove excess liquid.
The tea strainer is then inverted and the contents
washed into a container using 90% ethanol
solution. In the case of large pitfall traps, which
may collect large quantities of animals, the con-
tents may be poured through a piece of muslin
cloth, the cloth tied into a tight ball, and the ball
stored in ethanol. In these cases, washing the
strained specimens with water before storing
may be desirable in order to remove the propyl-
ene glycol and debris that may stick to the ants.

Data Output

The data produced by pitfall traps include rich-
ness and composition, relative abundance of ant
foragers in traps and sets of traps, and frequency
of occurrence of species in sets of traps.

Evaluation

The greatest advantage of pitfall traps is that
they take little time to place and operate by
themselves. Most epigaeic ants are well repre-
sented in pitfall traps, especially in open habi-
tats. Andersen (1991b) found that the results
obtained from pitfall traps were comparable to
those from the relatively unbiased but time-
intensive quadrat method (discussed in the next
section).

If one wishes to use ant capture frequencies
or abundances in pitfall traps as a measure of
ant populations, the estimates may be biased
by differences in locomotion among ant spe-
cies (Greenslade 1973; Andersen 1983). Fast-
moving species (e.g., Forelius, Iridomyrmex) will
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be overrepresented relative to slower-moving spe-
cies (e.g., Crematogaster) in forager abundance
studies. Ant species may differ in their ability to
climb on trap walls or in their wariness of traps,
and this may bias estimates of activity. More
importantly, the physical structure of the ground
surface may affect ant capture rates (Greenslade
1964; Adis 1979). Heavy litter or numerous
stones will reduce ant captures and can con-
found between-habitat comparisons of forager
populations. Ant species may also differ in their
deliberate avoidance of pitfall traps (Marsh
1984). Certain castes of ant species needed for
identification (e.g., Pheidole majors) are often
not recorded in pitfall traps, and additional nest
collections are required. Because pitfall traps
collect only surface-active ants, they are be-
lieved not to provide an adequate sample of
most leaf litter ants (Olson 1991; Majer 1996).

Quadrat Sampling
Objectives

In this technique, ants are sampled directly by
the investigator from within a quadrat-delimited
sample area. Like pitfall trapping, this method
is used to estimate the abundance and species
composition of surface-active ants in an area
(Andersen 1991b). Quadrats are best used in
open-ground situations at different times of the
day or year.

Materials

A prefabricated quadrat, vials, ethanol, forceps,
an aspirator, a timer, and data sheets.

Methods

This method is similar to techniques used to
measure ground-layer vegetation (see Bonham
1689). A fixed, transportable quadrat made of
wood or plastic (e.g., polyvinyl chloride [PVC])
pipe is used to delineate the observation area.
The quadrat may be raised slightly off the
ground by pegs or nails so as not to interfere

with ant movements. Species of ants seen inside
the quadrat or entering the quadrat over a fixed
time interval (e.g., 2 minutes; Andersen 1991b)
are counted, collected, or both. As with baiting,
ant activity in quadrats varies throughout the
day, and quadrats can be sampled several times,
for example, in the morning, at midday, and at
night.

Although a quadrat of 0.5 X 0.5 m is generally
small enough that it can be viewed effectively
by a single researcher, if the level of ant activity
is high a smaller quadrat may be desirable. Data
may be collected in two ways: (1) all the ants in
the quadrat may be collected, or (2) the number
of ants may be tallied by species onto data
sheets. If all the ants are collected, the re-
searcher must be adept with forceps or use an
aspirator to remove ants to a vial. When the
level of ant activity is very great, it may be
impossible to collect all the ants in a quadrat.
Furthermore, subsequent samples in the same
quadrat may be affected by the loss of ant
foragers. If the ants are to be tallied, the
researcher must be able to distinguish on sight
the ants present in the study site. This will
require a considerable amount of preparation
for researchers who are unfamiliar with ants. A
few representatives of unknown ants may be
collected to a vial for identification in the lab-
oratory and given a provisional code in field
notes. It is important not to disturb other ants
during collecting because natural foraging
behaviors may be altered; for example, ants
may swarm into the quadrat. During periods of
high activity, it may be useful to record ant
counts using an abundance scale (e.g., 1, 2-5,
6-20, >20 ants; Andersen 1991b) rather than
absolute numbers.

Data Output

The data produced by quadrat sampling include
richness and composition, relative abundance,
frequency of occurrence in sets of quadrats, and
time and duration of activity.



Evaluation

Quadrats provide information that is similar to
that of pitfall traps and represent the densities of
epigaeic ant foragers more accurately than pit-
fall traps. The densities of the foragers recorded
in quadrats are not influenced by the differential
tendency of ants to be trapped (Andersen
1991b). Furthermore, quadrats can be used to
examine hourly and daily activity patterns,
whereas pitfall trapping sums activity over time.
Of course this level of detail comes at the cost
of a considerable investment of time in the field
and in preparing to identify the ants by sight.
Quadrat techniques may be difficult to imple-
ment at night when small, yellowish-colored
ants are difficult to see. Observations can also
be difficult when levels of activity are very high.

Litter Techniques
Objectives

In the two techniques described in this section, a
quantity of moist leaf litter (usually all the litter
and humus present under a 1 X 1-m quadrat) is
collected and placed in an extraction apparatus.
The apparatus compels mobile ants, through dis-
turbance to the litter or through changes in micro-
climate, to migrate from the litter into a collecting
receptacle.

These techniques are designed to measure the
abundance and composition of ants inhabiting a
volume of leaf litter. Whole colonies of ants
nesting in the litter as well as ants foraging in
the litter from colonies outside the litter sample
are collected. These methods are especially
appropriate for use in forest and woodland habi-
tats, where many ant species inhabit the litter
layer. However, this method is not particularly
successful during very dry periods. When the
leaf litter is dry, ants move their nests deep into
the soil or up into the vegetation.

Winkler Extraction

In this technique the collected litter is first sift-
ed to remove large leaves and twigs from the
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sample. The sifted litter is then placed in the
Winkler sack to process. During this time, ants
from within the litter sample migrate out of the
litter as a behavioral response to disturbance of
their habitat and eventually fall into a container
(see Besuchet et al. 1987; Fisher 1998).

Materials

Winkler extraction requires a litter sifter, a Wink-
ler sack, a quadrat, a ground cloth, large plastic
sample bags, plastic cups, twirl bags, vials,
ethanol, and in some cases a machete.

Methods

First, the litter sample is collected within a
quadrat placed on the ground. The wooden or
plastic quadrat should have movable joints (use
bolts with wing nuts) and be able to open at one
corner so that the frame can be placed around
shrubs or trees. The litter should be scooped
from the edge of the quadrat toward the center
and be removed by hand into the opening of the
sifter (Fig. 9.4a). Gloves should be used to pre-
vent stings and bites. The litter should be
removed from the top of the litter pile to the bot-
tom and put quickly into the sifter. Twigs and
clods should be broken open; decayed logs can
be minced with a machete to expose and disturb
ant nests within them (Fisher 1998). The sifter
should be held immediately adjacent to the lit-
ter sample to minimize the loss of ants from the
sample. Water-soaked litter should not be col-
lected.

The sifter consists of an open-ended sack
with a metal ring and attached handle at the top
end, a mesh screen and handle located at about
one-third the length of the sack from the top,
and a bottom end that may be tied shut. The
sifter should be long enough so that part of the
sack is supported by the ground while being
held. Prior to filling the sifter, its bottom end
should be tied with two knots, a single and a
shoestring knot, so that the sack does not open
during the sifting process. The upper part of the
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Figure 9.4. (a) Construction of the litter sifter. (b) External dimensions of the “mini-Winkler” sack.
(c) Construction of the “mini-Winkler” sack (Fisher 1999a).

sifter is filled with litter that should not quite
reach the upper margin. Holding both handles,
the worker shakes the sifter to separate detritus
and smaller invertebrates into the bottom of the
sack while retaining coarse material above the
mesh.

The sifter should be shaken thoroughly both
laterally and vertically (Fig. 9.5a). The litter in
the upper section should be turned over several
times in the process. When the litter is very dry
it should be shaken briefly, because most of the
animals will fall through the mesh quickly and
extended shaking will only add more debris to
the sample. When the litter is moist, it should be
shaken longer so that ants that are stuck to wet
leaves may fall through. The sifting process
may need to be repeated a number of times for
a 1-m? sample. After the sample has been sifted,
the top of the sifter sack should be twisted
(twice) shut to ensure that animals do not
escape through the top.

The sample bag should be large enough to
hold a single litter sample, and the sample code
should be written on it. The bag should be
porous and made of synthetic material (e.g.,

nylon) to prevent rot. The contents of the sifter
sack are poured into the sample bag through an
opening in the bottom of the sifter. Close the
sample bag using a tight knot. If the bags are to
be stored for days in dry conditions, a little
water can be used to moisten the sample. The
sample bags are now removed to be processed
in the Winkler sack.

The Winkler sack (Figs. 9.4b,c and 9.5¢)
consists of a metal box frame that supports a
covering made of canvas or cotton. Litter from
each sample bag is separated into one or more
4-mm mesh inlet sacks, which are suspended
inside the Winkler sack. Ants in the litter
migrate out of the inlet sacks and are collected
in a receptacle tied to the bottom. The inlet
sacks should have stitches in their centers that
allow the sacks to maintain a flattened shape,
which accelerates the migration of ants from the
litter. The receptacle may be a twirl bag or a cup
partially filled with ethanol solution. The first
step in using a Winkler sack is to find a protected
site where it can be mounted. A sack can be sus-
pended from a nail in a wall, a beam in a shed,
a pole under a tarp in the field, or a tree branch
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b

Figure 9.5. Leaf litter extraction using the Winkler
extractor. (a) Sifting leaf litter. (b) Transferring
sifted litter into a mesh inlet sack that will be
placed inside the Winkler sack. (c) Winkler sacks
hanging from support beams, with researcher
collecting excess debris from sacks. Photo by
Donat Agosti.

at sites where rain is unlikely. It is important to
find a location where the sack will not be tossed
about by the wind or bumped by passersby,
since any vibration or shock causes additional
debris to fall into the receptacle. In preparation
for loading inlet sacks, attach a dry receptacle to
catch falling debris. Label each Winkler sack
according to the sample it is to receive.

The next step is to distribute the contents of
the sample bag into one or more inlet sacks
(Fig. 9.5b). Prior to filling the inlet sacks, place
a large white plastic cloth on the ground, pre-
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pare the inlet sacks, and have a vial or two on
hand in which to place escaping ants. Open the
inlet sacks, pour some material onto the cloth,
and immediately fill each inlet sack by hand.
Hold the inlet sacks over the leaf litter so that
escaping animals fall back to the litter. As each
sack is filled, occasionally and gently shake the
sack to settle the material. Air spaces in the lit-
ter may hinder migration from the sack.
Because ants crawl to the top of the litter col-
umn before falling out, it is most effective to fill
each inlet sack as completely as possible such
that only the last sack is partially filled, if need
be. Ensure that the inlet sacks are kept flat by
the stitching.

After the inlet sacks have been filled, hang
them inside the Winkler sacks (Fig. 9.5¢). This
should be done as quickly as possible. The “mini-
Winkler” (Fisher 1999a) shown in Figs. 9.4b,c
holds one inlet sack; the standard Winkler sack
(see Appendix 1) will accommodate up to four
sacks. The inlet sacks should not touch the walls
of the Winkler sack. Pour the material that re-
mains on the ground cloth into a cup and place
in an inlet sack. Next, pour the material that has
fallen into the collecting receptacle into an inlet
sack. Add the ethanol solution to the cup and
reaffix it to the Winkler sack. Finally, tie the top
of the Winkler sack with a single and a shoe-
string knot to prevent animals from escaping.

The Winkler sack should be allowed to run
for at least 24 and preferably 48 hours. Leaf lit-
ter from Brazilian Atlantic rainforest that was
allowed to process for 1 day collected about
90% of the species and 70% of the individuals
that could be extracted from the sample, and in
2 days about 95% of the species and 85% of the
individuals were collected (Delabie et al. 2000).
The length of time that each Winkler sack can
be allowed to process will depend upon the
duration of one’s stay in the field, the number of
samples to be processed, and the number of
Winkler sacks available (see Chapter 10). The
rate of extraction of ants from litter samples can

be increased by removing the litter to a polyeth-
ylene bag and shaking it once during every 24
hours of processing. When the litter is shaken
gently and returned to the inlet sack, ants that
have settled down in the center of the litter are
again agitated, begin to move, and eventually
fall out. After 4 days, Delabie and do Nasci-
mento found that samples that were agitated
once per day yielded 15% more species and
70% more individuals than unagitated samples.
On conclusion of the processing period, remove
the collecting receptacle and rinse the contents
with ethanol into a labeled vial.

The Berlese Funnel

In the Berlese funnel technique, a quantity of
leaf litter is placed directly into one or more of
the funnels to process. The funnels are then
placed under a lamp or in the sun. As the upper
portions of the litter column dry, mobile inver-
tebrates are driven down the litter column to the
bottom of the funnel and fall into a collecting
receptacle (Southwood 1978). Berlese funnels
can be purchased (see Appendix 1), fabricated,
or modified from other kinds of funnels, as
described later in this section.

Materials

Berlese funnels, a quadrat, large plastic sample
bags, plastic cups, a ground cloth, supports for
the funnels, vials, ethanol, and a light source
(optional).

Methods

Litter is collected as described previously for
Winkler extraction.

This section describes a simple, portable, and
inexpensive version of the Berlese funnel
process. The Berlese funnel may be fabricated
from 0.7-mm-thick acetate sheeting. The funnel
is constructed such that it may be opened and
carried flat or rolied up for transport. The gen-
eral outline of the funnel pattern is shown in
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Figure 9.6. The pattern used to create a Berlese
funnel (above) and the appearance of the assembled
funnel (below).

Fig. 9.6. For setup, the funnel is formed by bring-
ing the two straight edges of the sheet together
to overlap slightly, so that the four to five pairs
of punched holes are aligned. Paper fasteners
are then placed through the holes and spread.

A bag to support the litter in the funnel is fab-
ricated from plastic netting (available at fabric
stores) with a mesh size of about 3 mm. The bag
is made by attaching the edges of a circular
piece of mesh to the upper edge of the funnel
with paper clips. The two ears at the outer edge
of the funnel are bent and may be used to affix
the funnel to a support, such as two chairs or the
rungs of a wooden, straight-sided ladder that is
supported horizontally by sawhorses or benches
(the ladder may hold five or six funnels). Alter-
natively, a Berlese funnel may be constructed
from oil or kitchen funnels, perhaps with some
minor modifications (e.g., cutting the tip off the
oil funnel).

Before filling the mesh bag in the funnel,
place a white plastic cloth or dry cup under the
tip of the funnel to catch material that falls
through the mesh. As with Winkler extraction,
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break up sticks, clods, and decayed logs before
placing them into the funnel. After filling, make
sure the opening at the funnel tip is not clogged.
Next, add material that fell through the mesh to
the top of the sample. The litter should be circa
10-12 cm deep in the middle of the funnel.
Place a collecting receptacle filled with ethanol
under the funnel tip.

If an electric light with a reflector shade (or
improvised aluminum foil reflector) is avail-
able, suspend the light about 2 cm above the
surface of the litter. To reduce fire hazard, do
not allow the bulb to touch the litter. A screen
may be added to the top of the funnel to keep
out flying insects that may be attracted to the
light at night. If no electricity is available, place
the funnel in bright sun and away from wind
and other disturbances. The sample should be
allowed to process until the litter is dry or for
24 days, depending on the condition of the lit-
ter, the temperature, and the humidity. The
alcohol should be checked daily and replen-
ished as needed. Do not disturb the funnel to
minimize dirt in the sample. After the process-
ing is complete, place the contents of the recep-
tacle into a labeled vial or jar for storage. Add
some fresh ethanol to the vial if needed.

Data Output

Both litter techniques produce the following
data: richness, composition, relative abundance,
and frequency of occurrence among litter
samples.

Evaluation

Litter sampling techniques have been relatively
little used for ants, and therefore the ants that
inhabit litter microhabitats remain largely
unknown (Olson 1991; Agosti et al. 1994). Both
the Winkler and Berlese methods sample the
abundant and diverse leaf litter ant fauna, which
is severely undersampled using other methods
owing to the ants’ cryptic habits and small for-
aging ranges (Greenslade and Greenslade 1971;
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Majer 1996). In ant surveys, Winkler sacks
may contribute a relatively large proportion of
unique species compared with pitfall traps
(Olson 1991). Many individuals and species
are often represented in a single litter sample,
and Winklers or Berleses are the most effi-
cient way of obtaining extensive samples in
litter microhabitats. Nonetheless, larger, active,
epigaeic ant species tend to be undersampled
because they escape litter samples, and ex-
tensive litter sampling may require consider-
able effort and cost (especially for Winkler
extraction).

Delabie and do Nascimento (unpubl. data)
have shown that several species of litter ants in
Brazilian Atlantic rainforest are undersampled
in Berlese funnels relative to Winkler sacks.
They attribute these differences to the sifting
procedure used with Winkler sacks, which com-
pels the ants to migrate relatively quickly, and
to the possibility that some sensitive ants may
desiccate and die before leaving the litter in
Berlese funnels.

Colony Sampling

Objectives

In colony sampling, ant colonies in a defined
area are identified and counted to estimate
colony density and monitor changes in popula-
tions. Frequently colonies are also mapped so
that demographic processes and spatial relation-
ships among colonies (Herbers 1994) and
between colonies and environmental features
(Crist and Wiens 1996) may be studied. This
technique can be used to sample species of ants
that nest in an area and are detectable to the
investigator in several kinds of habitats.

Materials

A white sorting tray (in litter microhabitats),
vials, ethanol, forceps, an aspirator, and mater-
ials for mapping (optional).

Methods
In open habitats such as deserts (Schumacher
and Whitford 1976; Whitford 1978; Bernstein
and Gobbel 1979) some ant colonies may be
identified to species by the characteristic struc-
ture of the aboveground portion of the nest or by
observing worker ants at the nest. Such identifi-
cation will of course require a knowledge of the
local ant fauna prior to using the technique.
Nests are identified by searching the sample
area, usually along belt (rectangular) transects
(e.g., 1 x 50 m [Wisdom and Whitford 1981} or
20 x 1800 m [Johnson 1992]) or by searching a
marked study plot using overlapping belt tran-
sects (e.g., Chew 1995) and marking every nest
encountered within the transects. The width and
length of the transects and the size of the plots
will depend on the colony densities and the con-
spicuousness of the nests. Often these studies
are limited to common, active, and large-bodied
ant species because other species have secretive
habits, inconspicuous nest entrances, or both.
In forests with dense leaf litter, most nests are
inconspicuous, and the sample area must be
searched by excavating the litter and soil. Ants
are found nesting in the soil; between rotting
leaves; in all sizes of rotting twigs, branches,
and logs; in nuts such as acorns; and under
rocks. Quantities of litter and soil that are
removed from the ground are searched in a
white pan to help find the ants (see also the sec-
tion on intensive sampling). Partial or entire
nests may be collected into vials, and the loca-
tion where the nest was found may be flagged
for mapping. This technique is destructive, so
temporal patterns may be examined by sam-
pling in nearby plots (e.g., Herbers 1989). A
nondestructive alternative is to place baits sys-
tematically in plots and follow the trails of ant
foragers to locate a subset of the nests in the
plot (Herbers 1985; see also the section on
intensive sampling). This method is easier to
execute but, in some cases, may only sample a
subset of the nests because baits are monopo-



lized by nests of dominant species or colonies
and because some species are less attracted to
the bait than others. Obviously the spatial extent
of sampling is limited by the methodology used.
For example, Herbers (1989, 1994) studied for-
est ant communities in 25-m? plots by searching
leaf litter and soil for nests. Crist and Wiens
(1996) mapped the large and conspicuous col-
onies of the western harvester ant, Pogono-
myrmex occidentalis, in shortgrass steppe in areas
of up to 146 ha using low-level aerial photog-
raphy and geographic information system soft-
ware within which photographs were digitized.

For many studies addressing ecological ques-
tions, researchers may consider each nest as an
independent sample unit. However, researchers
should not confuse nest entrances with nests; a
single nest may have several crater- or conelike
entrances at variable distances from one anoth-
er (e.g., Lasius, some Pheidole). In some popu-
lation studies, it is important to recognize that
the number of nests may overrepresent the num-
ber of genetically distinct colonies. This is
because some species of ants are polydomous,
with individuals of a single colony occupying
two or more distinct nests. This challenge may
be addressed by transplanting individuals
among nests that are suspected to represent a
single colony. The introduced workers may be
distinguished by dusting them with fluorescent
powder (Snyder and Herbers 1991). Agonistic
interactions (e.g., threat displays, chasing, bit-
ing, swarming) between the transplant and the
occupants of the nest indicate that the nests rep-
resent distinct colonies. The relationship among
aggressiveness, nest relatedness, and polydomy
can be quite variable and complex and may
require more detailed study (see Banschbach
and Herbers 1996).

Data Output

The data produced by colony sampling include
richness, composition, colony density, and
colony location.
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Evaluation

Colony sampling can provide a population-
based perspective on ant communities by focus-
ing on the genetically distinct individuals rather
than on the foraging components of the col-
onies. As noted previously, forager-based sam-
pling methods may misrepresent patterns in
population structure. Ant colonies provide
unique information about the ecological setting
because the location of the colony reflects the
responses of the foragers as well as the response
of the queen, especially through her selection of
a nest site (see Johnson 1992). Colony sampling
would best serve a single-species study and is
essential to develop conservation strategies for
endangered ant species. For community studies,
researchers should recognize the potential bias
against ants that have inconspicuous nests.

Intensive Sampling
Objectives

The primary goal of intensive sampling is to
gather data on the total number of ants in an
area by searching for and collecting all the ants
within fixed plots. This approach allows precise
estimation of the number of ant colonies and ant
species per unit area, as well as an estimate of
the total species richness of the site.

As with some kinds of colony sampling, entire
ant colonies may be collected to obtain data on
the number of workers, queens, male and female
reproductives (alates), and pupae per colony.
These “nest series” provide information on the
life history characteristics of the ant colonies
(e.g., colony size, reproductive status) and are of
great use to both taxonomists and ecologists.
This method can be used in all habitat types; it is
particularly appropriate for structurally complex
habitats with abundant leaf litter.

Materials
A plot frame or flagging, a white sorting tray

" and sifting tray, a bait substance, a shovel and
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sample bags (for soil samples), vials or twirl
bags, ethanol, forceps, and an aspirator.

Methods

Samples are usually taken in 1-m? plots set in a
linear transect. As in quadrat sampling, the plot
can be measured using a meter stick and marked
at the corners with small flags, or the plot out-
line may be delimited with a premeasured 1-m?
quadrat made of PVC tubing.

Ants are sampled by carefully inspecting all
the litter in the plot (see the section on colony
sampling). After the litter has been inspected, it
is placed in a sifting tray, which consists of a
wire mesh screen embedded into the center of a
shallow tray and then placed over a deeper tray
that measures at least 30 X 30 cm. A metal
colander can be used in place of the wire screen.
After accumulating some litter in the tray, the
worker shakes the tray so that ants and other
small animals fall through the screen into the
tray below. This additional sifting method
ensures that no ants were overlooked while
inspecting the litter. Whenever an ant nest is
found, the entire nest—including workers,
queen(s), alates, and pupae—is collected and
preserved in a vial of ethanol. To save time in
the field, any ant colonies found in twigs, litter,
or logs can be placed into resealable plastic
bags and labeled by plot and nest. The ants are
later collected from the bags in the laboratory
and preserved in one or more vials of ethanol.
Ants present in the plot but not associated with
a nest are also collected and placed together in
a vial labeled “strays.” Nest series and strays
must be preserved in separate vials so that ants
that nest in the plot can be distinguished from
ants that may nest outside the plot.

After all litter has been removed, the plot can
be baited. Light-colored cookie crumbs are an
ideal bait because the crumbs are very visible
against the dark leaf litter. As in colony sam-
pling, the cookies, or other bait, are crumbled
over the plot to help locate any ant nests in the

soil. After 15-60 minutes, the plot is inspected
and any ants carrying cookie crumbs are fol-
lowed to their nest. If a nest is located inside the
plot, the nest should be collected, which would
involve digging up the nest if it is in the soil. If
the nest is located outside the plot, the ants are
collected as strays. Some cryptic genera, such
as Basiceros or Trachymyrmex, will feign death
if alerted and are nearly invisible until they
begin to move again (Romero and Jaffe 1989).
If the study plot is undisturbed for 10-15 min,
the ants resume activity and may be collected.
After the sampling is complete, it is best to
return the sorted litter to the plot so that ants and
other organisms can recolonize the area.

Several unique ant species may dwell entirely
below the soil, and their abundance may vary
with soil depth (Harada and Bandeira 1994).
Soil-dwelling ants can be censused by retriev-
ing blocks of soil (e.g., 20 X 20 x 30 cm) to
sample bags and sectioning the blocks along the
vertical axis into subsamples (e.g., 5-cm incre-
ments) in order to examine variation in ant com-
position and abundance with soil depth (Harada
and Bandeira 1994). The subsamples may then
be searched by hand in a white tray or separat-
ed from the soil using flotation techniques
(Chapter 11).

Data Output

The data produced by intensive sampling
include richness, composition, the abundance of
colonies and foragers, and the frequency of oc-
currence of colonies and foragers in sets of
plots.

Evaluation

Unlike the other methods, intensive sampling is
able to provide a complete representation of the
ant fauna in a sample plot. Colonies within and
foragers from outside the plot can be recorded
and distinguished from one another. Because
the method relies upon visual inspection to
record nests, there is a great potential for inves-



tigator bias. This method also requires more
time than other methods. Although it is very
useful for small-scale studies, the extensiveness
of sampling may have to be compromised. For
faunal surveys, Romero and Jaffe (1989) found
that intensive sampling was unlikely to record
many species that were not recorded by simpler
methods. Some fast-moving foragers may
escape the plot while nests are being searched.
The destructive nature of the sampling (as with
some kinds of colony sampling) may interfere
with temporal comparisons.

Direct Sampling
Objectives

Direct or hand sampling involves searching for
and collecting ants in different microhabitats
within an area. Unlike intensive sampling, in
which the objective is to provide a precise esti-
mate of colony or forager density in a relatively
small area, direct sampling may be spatially
extensive, and the primary goal is to record the
number of species inhabiting an area. A mini-
mum of material is needed in this technique,
although some experience with ants is required.

Materials

Vials, ethanol, forceps and an aspirator, a white
cloth or tray, and a timer.

Methods

Several microhabitats in which different kinds
of ants nest and forage should be searched, with
searches carried out on bare ground, in leaf lit-
ter, on twigs and nuts, under and on shrubs and
trees, in epiphytes, at the base and in the roots
of grass clumps, under stones, and in decaying
logs (especially under bark; see also the sec-
tions on intensive sampling and additional tech-
niques for arboreal and herbaceous strata).
Twigs, nuts, and logs should be broken open
(over a cloth or tray) during the search. A
favorite method of Hoélldobler and Wilson
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(1990) in forests is to clear loose leaves from
small plots to expose soil and humus and watch
the plot for 30 minutes in order to find small or
cryptic ants. When ants are discovered, forceps,
an aspirator, or both may be used to collect the
ants into vials. As in intensive sampling, nest
series should be collected into separate, labeled
vials; stray foragers may be collected into a sin-
gle vial.

As with other techniques, samples taken at
different times of the day will include different
ant species. To better standardize collecting
effort for comparative purposes, the area
searched may be delimited and the time taken
for the search recorded using a stopwatch.
When a colony is discovered and collected
(which may take several minutes), the timer
should be paused. Searches may be stratified by
variables such as habitat or microhabitat type
and investigator identity (L.ongino and Colwell
1997). Holldobler and Wilson (1990:630) note
that an experienced collector can obtain a “vir-
tually complete list of the fauna of a 1-ha site
within | to 3 days.”

Data Output

The data produced by direct sampling include
richness, composition, and the frequency of
occurrence of species in plots.

Evaluation

Many of the species inhabiting an area can be
recorded in relatively little time through direct
sampling (Romero and Jaffe 1989). Direct sam-
pling may be spatially extensive, and several
microhabitats in an area may be sampled simul-
taneously. Direct sampling is especially useful
for short-term faunal inventory. Abundance,
however, is difficult or impossible to record
with this technique (although frequency may be
used as a surrogate). Considerable expertise is
required for this technique to be efficient.
Variability in the competence and technique of
researchers, as well as differences in habitat
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structure between areas (Greenslade and
Greenslade 1977), reduces the comparability of
samples, and direct sampling alone is inappro-
priate for long-term monitoring. Direct sam-
pling is frequently used as a supplement to other
techniques, such as pitfall trapping (e.g.,
Andersen and Reichel 1994), and may signifi-
cantly augment the number of species recorded.

Additional Techniques for
Arboreal and Herbaceous Strata

Although arboreal and herbaceous microhabi-
tats are used extensively by ants and harbor con-
siderable ant diversity (Wilson 1987), we will
not cover in detail the techniques used to sam-
ple these strata. For arboreal habitats, insecti-
cidal fogging (Erwin 1983; Majer 1990) or
malaise traps (Longino and Colwell 1997) may
be used to sample ants high in the forest canopy.
To sample ants from the lower parts of trees and
herbaceous strata the following techniques may
be employed:

1. Sweeping vegetation with insect nets to
collect ants (Lynch 1981).

2. Beating vegetation with a stick to dislodge
ants onto sheets or trays (Andersen and Yen
1992; Majer and Delabie 1994; Perfecto
and Snelling 1995).

3. The use of sticky traps to capture ants on
tree trunks or limbs (Majer 1990).

4. Collecting ants by hand, especially by
breaking open twigs and branches and
searching epiphytes (see the section on
direct sampling). Tree-falls after storms
offer a good opportunity to collect arboreal
species.

Southwood (1978) and Clements (1982)
provide some additional discussion of these
techniques, and Basset et al. (1997) provide a
review of several techniques.

Environmental Covariates

Information on the environment at the localities
where ants are collected contributes greatly to
the value of any specimen and is necessary for
ecological studies. Both regional and local
information (see Appendix 2), as well as GPS
coordinates, should be recorded whenever
possible.

Researchers should consider recording envi-
ronmental variables that are known to covary
with or affect ant distribution and activity (see
Appendix 2). These include the following:

1. A habitat classification by vegetation type
or dominant plant species, including slope,
aspect, and elevation.

2. Information on the type of ant nests.

3. Soil-surface and air temperatures, relative
humidity, insolation levels, and wind speed
and direction.

4. The percentage ground cover of bare
ground, litter, vegetation, rocks, logs, and
other potential ant nest sites (measured with
a point frame; see Bonham 1989).

5. The depth of the leaf litter, measured with a
wire marked off in 0.5-cm units or some
other measuring device.

6. Soil type and texture.

Vertical vegetation profiles (or foliage

height profiles), measured as the number

of touches of vegetation on a thin rod at
different height intervals above the ground.

8. The amount of overhead canopy cover, esti-
mated using a densitometer or by eye.

~

Measurements such as canopy cover or vege-
tation profiles may be made at several points
around each ant sampling point. The character-
istics of the sample should also be recorded,
including the litter volume and density sampled,
quadrat sizes, size of the pitfall trap, and bait
type. This information will provide a more
mechanistic understanding of comparisons that



Table 9.1 Relative Efficacies of Field Techniques Used to Study Ants?

Total Species Epigaeic  Litter Forager

Technique Richness Ants Ants  Abundance Behavior Population Ease Comparability
Baiting 0 0 0 - + - + +
Pitfall trapping 0 0 - 0 - - +
Quadrat sampling 0 + + + - - 0
Litter techniques 0 - + - - 0 0 +
Colony sampling 0 0 0 - - + - 0
Intensive sampling + 0 + 0 - 0 - -
Direct sampling + + + - - - 0 _

“Entries are based on a subjective 3-point scale: +, good; 0, moderate; —, poor.

Table 9.2 Percentage of Species Recorded Uniquely by Different Techniques in Single Communities?

Percentage Duration
Technique Unique n (area, m?) (hours)? Reference
Quadrats 15 12 (0.25) 1—4¢ Andersen (1991b)
Pitfall traps 30 20 48
Direct sampling 18.6 1020 nr Cammell et al. (1996)
Baits nr 10 na®
Pitfall + direct + baits 40-82 na na Majer (1996)
+ Berlese/Winkler
Pitfall alone nr 610 168 Majer (1996)
Winkler extraction 46 60 (1.5) na Olson (1991)
Pitfall traps 13 40 48
Beat sheets 38 20 Perfecto and Snelling (1995)
Baits 24 50 na
Intensive sampling 38 3(25) nr Quiroz-Robledo and
Valenzuela-Gonziles (1995)
Bait traps (in soil) 30 18 72
Pitfall traps 25 18 72
Bait traps (on ground) 20 18 72
Pitfall/bait traps 16 20 48 Romero and Jaffe (1989)
Direct sampling 14 nr 4¢
Intensive sampling 3 3(7.5) 4

“Abbreviations: n, sample size per site or season; na, a measurement is not applicable for a given technique (e.g., area for pitfall sampling);
nr, the percentage of unique species was not reported for a particular method.

#The duration of sampling events per site or season is given where appropriate.

“Sampling duration was divided among different times of day.
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are made between the ants of different habitats
and ecosystems. Which variables are measured
and the degree of detail in the measurements
will depend on the importance of those features
in the habitat that is sampled. In Appendix 2 we
offer a generalized format for a data collection
sheet that could be used at each sampling point.
This format would be useful when a variety of
techniques are used in ant inventories.

Conclusion

Table 9.1 summarizes the utility and disadvan-
tages of the techniques presented in this chapter
for several different research foci and practical
considerations. Each technique is useful for a
particular research priority, and a combination
of techniques is usually best. For example, 56%
of 75 published studies on ant communities that
we reviewed employed two or more methods.
Several studies have compared the relative effi-
cacies of different techniques in maximizing the
number of unique species records at a site (Ta-
ble 9.2). Unfortunately these comparisons suf-
fer because (1) the results are confounded when
different techniques are spatially separated
owing to small-scale changes in ant richness
and composition (Andersen and Reichel 1994),
and (2) it is difficult to match either the intensity
or the extent of sampling in applications of the
different techniques, even when the sample
sizes are similar (but they are often not similar;
see Table 9.2). Conclusive comparisons of the
relative efficacies of different methods for

recording different kinds of ants await further
study.

The use of species-accumulation curves
(Chapters 10 and 13) can aid in standardizing
comparisons. Nonetheless, it is clear from
Table 9.2 and other studies that the use of sev-
eral techniques adds considerably to the number
of species recorded at a site. Baiting, pitfall
trapping in open microhabitats, the use of
Winkler sacks or Berlese funnels for litter-
dwelling ants, and direct sampling are an ideal
set of techniques for biodiversity monitoring
programs and together form the basis for the
ALL Protocol (Chapter 14). This combination
of methods will ensure both the comparability
of samples and as complete a representation of
the ant fauna as can be expected. The success of
any sampling program will necessarily depend
on the sampling protocol used alongside each
method, as well as a careful interpretation of the
data that accounts for the limitations of the
methodology.
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Chapter 10

Sampling Effort and Choice of Methods

Jacques H. C. Delabie, Brian L. Fisher,

A number of studies have qualitatively assessed
the efficacy of diverse methods for sampling
rainforest ground-dwelling ants, including pitfall
traps (e.g., Adis 1979), Winkler extraction (e.g.,
Olson 1991), baits (e.g., Fowler 1995), hand col-
lection from quadrats (Room 1975), and “trap-
nesting” using artificial nesting sites (Young
1986). However, very few studies have ad-
dressed the question of how many samples need
to be taken in order to obtain a reasonably com-
plete census of an ant community (e.g., Fisher
1999a). This deficiency of the literature results
in part from the fact that the goal of most past
ant sampling studies has been to provide a gen-
eral inventory of the ant fauna of a region (e.g.,
Wilson 1959; Cover et al. 1990; Veerhagh 1990)
rather than a rigorous measure of the underlying

Jonathan D. Majer, and Ian W. Wright

biodiversity in terms of species numbers and rel-
ative abundances.

The qualitative approach may well be ade-
quate when the aim is merely to provide a list of
the species present. However, if ants are to be
used as bioindicators of some aspect of the envi-
ronment, or if a rigorous census of species is
desired, then richness and abundance measures
must be described explicitly per unit area or per
unit of sampling effort. In such cases, it is nec-
essary to know whether the samples are or are
not capturing a reasonably high proportion of
the ant species present; if they are not, then it is
necessary to estimate what proportion of the
total ant fauna is being sampled.

A single sampling method is unlikely to cap-
ture all the ants present in the litter or in other

145
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parts of the ground stratum. To overcome this
problem, researchers often use a combination of
complementary sampling procedures. Combin-
ations that have been used to sample rainforest
ground-dwelling ants include Winkler extrac-
tion of both litter and soil (Belshaw and Bolton
1994a); Winkler extraction plus pitfall traps
(Olson 1991); Winkler extraction plus pitfall
traps plus hand collecting (Andersen and Majer
1991; Fisher 1996a, 1998, 1999b); pitfall traps
plus hand collecting (Jackson 1984); pitfall
traps plus baits (Fowler 1995); and Berlese fun-
nels plus baits (Levings 1983). In this chapter
we use data from comprehensive studies of the
ant communities in Brazilian cocoa plantations
to address (1) the optimal combination of sam-
pling methods for maximizing the species count
of rainforest ground-dwelling ants; and (2) the
relationship between the size of individual litter
samples and the number of species obtained by
Berlese funnel or Winkler extraction methods.

Methods

Field work was carried out on the grounds of
the Centre for Cocoa Research (CEPLAC),
Ilheus, Bahia (14°45’S, 39°13’W), Brazil. The
CEPLAC site formerly consisted of primary
Atlantic rainforest (Mata Atlantica), although
most of it is now planted with cocoa. Cocoa
plantations provide a habitat that retains many
features of the original rainforest, and the
ground-dwelling ant fauna retains a high degree
of similarity to the fauna of the original habitat
(Belshaw and Bolton 1993; Young 1986; Del-
abie et al. 2000).

Sampling Methods Experiment

A 1-ha plantation of regularly planted 20-year-
old cocoa trees, shaded with Erythrina fusca,
was divided into three rows of six cells, each
measuring 23.5 m X 23.5 m. For each sampling
method, three sample points were randomly
selected in each cell, resulting in a total of 54

samples for each method for the entire plot.
Sampling was originally designed to census the
ant fauna from the soil, the litter, the ground
surface, the tree trunks, and the canopy; the pre-
liminary results have been reported in Delabie
et al. (1994). Here we consider only those sam-
pling procedures that are relevant to the soil and
litter stratum. The 17 sampling methods used
were as follows:

1. Small soil samples. Cubes of soil measur-
ing 15 cm on a side were dug up, broken
open, sieved, and then inspected on a
white surface so that ants could be manu-
ally removed.

2. Large soil samples. As in (1), except that
the sides of the cubes were 30 cm across.

3. Berlese funnel samples. Samples of litter
measuring 1 m? were collected and placed
in a funnel for 24 hours.

4. Winkler extraction samples. As in (3),
except that the litter was sieved and then
placed in Winkler sacks for 24 hours.

5. Pitfall traps (24-hour). A 75-mm-internal-
diameter pitfall trap, containing water and
a drop of detergent, was placed out for
24 hours.

6. Pitfall traps (7-day). As in (5), except that
the traps contained a mixture of ethanol
and glycerol and were placed out for
7 days.

7. Sardine bait (4-hour). Small pieces of
sardine were placed on a square of tissue
paper, and the ants that were attracted
were collected after 4 hours.

8. Sardine bait (24-hour). As in (7),
except that the baits were inspected after
24 hours.

9. Meat bait (24-hour). Small pieces of meat
were placed on a square of tissue paper,
and the ants that were attracted were col-
lected after 24 hours.

10. Cassava flour bait (4-hour). A small pile of
coarse cassava flour was placed on a



square of tissue paper, and the ants that
were attracted were collected after 4 hours.

11. Cassava flour bait (24-hour). As in (10),
except that the baits were inspected after
24 hours.

12. Sugar bait (4-hour). A small amount of
dilute sugar solution was placed on a
square of tissue paper, and the ants that
were attracted were collected after 4 hours.

13. Sugar bait (24-hour). As in (12), except that
the baits were inspected after 24 hours.

14. Orange peel bait (4-hour). A small piece
of orange peel was placed on a square of
tissue paper, and the ants that were attract-
ed were collected after 4 hours.

15. Orange peel bait (24-hour). As in (14),
except that the baits were inspected after
24 hours.

16. Dead wood inspection. A rotting branch
near the sampling point was cut open and
the ants within were collected.

17. Dried cocoa pod inspection. A rotting
cocoa pod near the sampling point was cut
open and the ants within were collected.

A number of additional sampling methods
were used to collect ants from other strata in the
plantation. These included chemical knock-
down and beating of trees, meat and sardine
baiting in trees, inspection of dried cocoa pods
on trees, inspection of fallen epiphytic bromeli-
ads, and direct observation over fixed time
intervals. The ant collections resulting from
these methods are outside the scope of this
chapter and will be reported in a subsequent
publication.

Extended Sampling Experiment

To investigate the effect of number of samples
on the number of species obtained, an extended
set of soil and litter samples were collected in a
nearby plantation of 60-year-old cocoa. This
area differs from the 20-year-old plantation
described previously in two important ways:
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(1) the cocoa is grown in a less “manicured”
way, is shaded by around 15 species of native
overstory rainforest trees, and thus constitutes a
more structurally diverse habitat than the 20-
year-old plantation; and (2) no pesticides have
been applied to it for 30 years. In this planta-
tion, 500 Winkler extractions were collected
from 1-m? samples of litter taken from random-
ized points in a 0.87-ha area.

Sample Size Experiment, 60-Year-Old
Brazilian Cocoa Plantation

To investigate the influence of litter sample size
on the number of species obtained, a set of sam-
ples was taken from the same 60-year-old plan-
tation described previously, but using different
litter sample sizes. Samples of 0.01 m?, 0.04 m?,
0.25 m?, and 1 m?, each replicated 20 times,
were collected and extracted by Berlese funnels
over 24 hours. An identical sampling regimen
using Winkler extraction methods was also
undertaken, except that additional samples of
2 m? were also taken.

Data Analysis

All ants from each experiment were initially
sorted to the level of morphospecies, then iden-
tified to genus and, where possible, to species.
For each sampling method, we constructed a
matrix of individual ant species by individual
samples and determined the frequency of each
species in the samples. Standard diversity
analyses were then carried out on the resulting
data sets. See Chapter 13 and Magurran (1988)
for additional background on the statistical
analyses described in this section.

The incidence-based coverage estimator
(ICE) (Lee and Chao 1994; Chazdon et al.
1998) and the first-order jackknife estimator
(Heltshe and Forrester 1983) are nonparametric
approaches for estimating species richness in
the local community from which the samples
were taken, that is, for estimating how many
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species (including those not collected) are pres-
ent in the sampled community. Calculation of
the ICE is based on the number of species found
in ten or fewer sampling units, whereas calcula-
tion of the jackknife is based on the observed
frequency of unique species. To estimate what
proportion of the total species richness was col-
lected by each of the methods employed in the
current study, plots of cumulative species-per-
sample curves were generated in which species
accumulation was plotted as a function of the
number of samples taken. Three values were
plotted for each succeeding sample: the ob-
served number of species, the ICE of the total
number of species present, and the first-order
jackknife estimate of the total number of species
present. For species-accumulation curves, sam-
ple order was randomized 100 times and the
means of the ICE and jackknife estimates were
computed for each succeeding sample station
using the program EstimateS (Colwell 1997;
see also Colwell and Coddington 1994; Chaz-
don et al. 1998).

The asymptote of a species-accumulation
curve (i.e., the value that the curve approaches
as a limit) is interpreted as the total number of
species present at the sample site, including
those that were not collected. In the current
study, the asymptote of the observed species-
accumulation curve was calculated with Est-
imateS (Colwell 1997) using the two-parameter
Michaelis-Menten (M-M) equation (Colwell
and Coddington 1994) and the maximum likeli-
hood method of Raaijmakers (1987), which is
based on the Eadie-Hofstee transformation of
the M-M equation. The observed number of ant
species and the proportion of the M-M asymp-
tote represented by this number were evaluated
for different sample sizes for each of the sam-
pling methods.

The numbers of species collected by different
combinations of the various sampling methods
have important implications for future sampling
studies. To elucidate the optimal combination of

sampling methods tested in the sampling meth-
ods experiment, first a table was prepared list-
ing the total number of species sampled by each
method. The method that sampled the most
species was identified, and combinations in-
cluding one and two additional sampling proce-
dures were assessed in order to elucidate the
optimal combinations of two and three sam-
pling methods for maximizing the species
count.

To evaluate the influence of the size of the lit-
ter sample from which ants were collected by
Berlese funnel or Winkler extraction, the mean
number of individual ants and the number of
species per extraction were calculated; the total
number of species from 20 samples of a partic-
ular area was also calculated.

Results and Discussion

Interpretation of species richness estimates
should take into account a number of factors. A
species-accumulation curve is specific to the
area of the survey, the season or year, and the
collecting techniques employed. The use of
additional collecting methods, or a survey in a
different area or season at the same site, would
most certainly collect additional species. The
actual number of species in an area at a given
time is of course finite, but, in most cases,
exhaustive sampling is not physically or logisti-
cally possible. If an observed or estimated
species-accumulation curve indicates a decrease
in the rate of species accumulation across the
number of samples collected, then, for the par-
ticular methods employed, that number of sam-
ples is arguably adequate for estimating the
species richness in the area or transect surveyed.
Conversely, if the curve continues to rise rapidly
for the number of samples collected, then more
intensive sampling may be necessary to obtain
an adequate measure of the diversity at that site.

The number of samples sufficient for achiev-
ing a high level of species completeness is thus



practically defined as the point at which the
accumulation curve shows an adequate decrease
in species accrual. The principal problems with
this “sufficient-sampling” definition are the
lack of a single asymptote for diverse taxa and
the difficulty in quantifying “an adequate
decrease in species accrual.” One practical solu-
tion to the latter problem is to sample until a
certain percentage—say 80%—of the estimated
species are obtained, based on ICE and jack-
knife estimates of the total number of species
that occur in the plot or transect. An alternative
approach is to continue to sample until addi-
tional sampling effort is predicted to achieve a
negligible increase in the number of species
sampled. In this approach, the increase in
species obtained with additional sampling must
be weighed against both the cost of sorting and
identifying additional specimens and the rela-
tive importance of identifying the full comple-
ment of the species at the site. Under either
approach, species-accumulation curves can be
calculated by randomizing sample accumula-
tion order and using asymptotic or nonasymp-
totic functions (Colwell and Coddington 1994),
and the predicted species richness values can be
extrapolated using the ICE, jackknife, and M-M
estimation techniques.

Sampling Methods Experiment

The 17 sampling methods yielded a total of 134
ant species. In the total of 918 samples (17
methods X 54 samples per method), most of
these ground-dwelling ant species are extreme-
ly rare, with 43 species collected only once, 18
species collected twice, and 34 species collect-
ed in up to 10 samples; only 39 species occurred
in 11 or more samples.

The number of species sampled by the 17 dif-
ferent methods is shown in Table 10.1. Winkler
extraction sampled the greatest number of
species (63), followed by Berlese funnels (48),
inspection of dead wood (45), small soil sam-
ples (42), and pitfall traps. Pitfall traps run for 7
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Table 10.1 Actual Number of Ant Species
Sampled by the 17 Methods Described in the Text

Number of
Sampling Method Species Rank“
Winkler extraction samples 63 1
Berlese funnel samples 48 2
Dead wood inspection 45 3
Small soil samples 42 4
Pitfall traps (7-day) 40 5
Pitfall traps (24-hour) 27 6
Large soil samples 26 7
Sardine bait (24-hour) 20 8.5
Orange peel bait (24-hour) 20 85
Sardine bait (4-hour) 19 10.5
Orange peel bait (4-hour) 19 10.5
Sugar bait (4-hour) 18 12
Dried cocoa pod inspection 17 13
Cassava flour bait (4-hour) 16 14
Meat bait (24-hour) 15 15
Cassava flour bait (24-hour) 14 16
Sugar bait (24-hour) 11 17

“Methods are ranked from 1 (most species sampled) through 17
(fewest species sampled).

days yielded more ant species than those run for
24 hours (40 versus 27 species). Large soil sam-
ples yielded only 26 species and dead cocoa
pods only 17 species, while the species counts
from the baiting methods never exceeded 20.
Baiting for longer periods of time did not nec-
essarily yield more species; indeed, with the
cassava and the sugar baits, a lower number of
species was obtained after the longest baiting
period.

The species-accumulation curve plots are
shown for the individual methods in Figs. 10.1a—q,
and for all methods combined in Fig. 10.1r.
These graphs also show jackknife and ICE esti-
mators of species richness based on successive-
ly larger numbers of samples. The agreement
between the predicted M-M asymptotic values
and the actual maximum value encountered in the
54 samples is shown in Table 10.2. This table
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Figure 10.1. Assessment of each of 17 leaf litter ant sampling methods in Brazil. The lower (thick) species-
accumulation curve plots the observed number of species as a function of the number of stations sampled.
The upper curves display the nonparametric first-order jackknife estimator (dashed) and ICE (solid). The
estimated total species richness is based on successively larger numbers of samples from the data set
(Heltshe and Forrester 1983; Lee and Chao 1994). Curves are plotted from the means of 100 randomizations
of sample accumulation order.
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Table 10.2 Observed Number of Ant Species Evaluated at Different Sample Sizes for Each of the

17 Sampling Methods®

Estimated Species

Observed Species Richness after: Richness”
10 20 30 40 All (54) Jack-
Methods Samples Samples Samples Samples Samples ICE knife M-M
Small soil samples 14.0(20.9) 22.4(33.5) 253(379) 29.6(44.3) 42(62.8) 88.5 64.6 669
Large soil samples 11.9(39.1) 164(53.9) 20.0(65.8) 22.7(745) 26(855) 490 37.8 304
Berlese funnel samples 21.8(39.4) 31.2(564) 37.8(684) 42.4(76.7) 48(86.8) 65.7 64.7 553
Winkler extraction 29.3(42.2) 41.1(59.1) 49.1(70.6) 55.0(79.1) 63(90.6) 108.1 90.5 695
samples

Pitfall traps (24-hour) 12.2(35.9) 174 (51.1) 208¢(6l.1) 239(70.2) 27(79.4) 400 37.8 340
Pitfall traps (7-day) 17.3(36.5) 245(51.7) 30.0(63.2) 344(724) 40(84.3) 72.8 59.6 475
Sardine bait (4-hour) 7.3(34.6) 10.5(494) 13.2(62.2) 15.8(74.6) 19(89.8) 68.5 308 212
Sardine bait (24-hour) 9.1(37.3) 13.0(53.4) 158(64.7) 17.8(73.2) 20(82.1) 29.8 279 244
Cassava flour bait (24-hour) 6.1 (36.4)  8.9(52.8) 10.8(64.1) 12.2(72.77) 14(83.2) 23.8 199 168
Cassava flour bait (4-hour) 6.2 (27.5) 9.3 (41.8) 11.8(52.8) 13.9(62.2) 16(71.6) 24.6 229 224
Meat bait (24-hour) 6.5(35.0) 9.7(524) 11.8(642) 134(72.6) 15(81.3) 18.3 199 184
Sugar bait (4-hour) 8.7(41.0) 120(56.7) 143(68.0) 16.0(759) 18(85.4) 27.0 249 211

Sugar bait (24-hour) 52393y 173549 8.9(66.9) 10.0(75.5) 11 (83.0) 12.7 139 133
Orange peel bait (4-hour) 7.1 (31.0) 10.8 (47.1) 13.8(60.4) 16.1(70.0) 19 (82.9) 349 28.8 229
Orange peel bait (24-hour) 8.1 (31.8) 12.0(47.2) 148(58.1) 17.2(67.5) 20(78.5) 382 30.8 255
Dead wood inspection 17.6(27.9) 27.6(43.6) 34.1(54.0) 39.2(62.0) 45(71.3) 71.0 65.6  63.1

Dried cocoa pod inspection 7.1 (32.7) 11.2(51.2) 13.6(62.4) 152(69.8) 17(77.9) 228 229 218
All methods 75.0(55.0) 95.8(70.3) 110.1(80.7) 121.5(89.1) 134(98.3) 1889 176.2 1364

“Number of species represents the mean of 100 randomizations of sample pooling order.

ICE. incidence-based coverage estimator: jackknife, first-order jackknife estimator; M-M, Michaelis-Menten asymptote (the percentage of

the M-M asymiptote is given in parcntheses in the first five columns).

also shows the ICE and jackknife asymptote
values, as well as the predicted proportions (as
percentages) of the M-M asymptotic value that
would be obtained if 10, 20, 30, 40, and all 54
samples were taken.

Depending on the sampling method, the per-
centage of the M-M asymptote value that was
obtained varied from 20.9 to 42.2, 33.5 to 59.1,
44.31070.6,37.9 to 79.1, and 62.8 to 90.6 when
10, 20, 30, 40, and 54 samples were collected,
respectively. In all cases, Winkler extraction
obtained the highest percentage of the asymp-
tote value and small soil samples the lowest.

There is reasonable agreement between the per-
centages of the asymptotes obtained for the var-
ious sampling methods, which were on average
34.6, 50.4, 61.8, 69.8, and 81.0 for 10, 20, 30,
40, and 54 samples, respectively.

For all methods combined, 70% of the
asymptote value was collected by 20 samples,
whereas for each individual method, a much
lower percentage (33.5-59.1%) was collected
by 20 samples, with some methods obviously
performing much better than others. Thus, in
the context of the total survey, increasing the
number of samples from each individual
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method did not necessarily add new species to
the total census, although for particular meth-
ods, species that were rarely collected by one
method were common in another.

Considering that the study area was sampled
by 17 different methods and that a relatively
large number of samples was taken, the total
species count probably represents a nearly com-
plete census. This conclusion is additionally
supported by an asymptote value of 136.4 spe-
cies (Fig. 10.1r) for the curve for all methods
combined, which implies that the combination
of 54 samples from all 17 methods obtained
98.3 percent of the asymptote.

Extended Sampling Experiment

The species-accumulation curves for the 500
Winkler extraction samples are shown in
Fig. 10.2. As above, this graph also shows ICE,
jackknife, and M-M estimators of species rich-
ness based on successively larger numbers of
samples. The agreement between the predicted
M-M asymptotic value and the actual maximum
value encountered in the 500 samples is shown
in Table 10.3. This table also shows the ICE and
Jjackknife asymptotes, as well as the predicted
percentages of the M-M asymptotic value that
would be obtained if 10, 20, 30, 40, 100, 200,
300, 400, and 500 samples were taken.

If we were to compare the M-M asymptote
value of 136.4 species for this extended sam-
pling experiment (carried out in the 60-year-old
cocoa plantation) with the asymptote value of
69.5 species obtained for only the Winkler
extraction samples from the sampling methods
experiment (carried out in the 20-year-old
cocoa plantation), we might be led to conclude
that ant species richness is higher in the 60-
year-old cocoa plantation. In fact, this disparity
is probably an artifact of the greater number of
Winkler extraction samples that were taken in
the extended sampling experiment, in which an
average of 67.7 species was collected with 54
pooled samples. This value is quite close to the
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Figure 10.2. Assessment of Winkler sampling
methods in Brazil. Lines follow the same
convention as in Fig. 10.1.

observed total of 63 species for 54 Winkler sack
samples in the sampling methods experiment.
When the species-accumulation curve for the 54
Winkler sacks in the sampling methods experi-
ment is extrapolated out to 500 samples using
the logarithmic equation of Soberén and Llo-
rente (1993), 109.9 species are predicted. This
is also quite close to the 107 species observed in
the extended sampling experiment. But perhaps
the most telling argument against a significant
difference in species richness between the 20-
and 60-year-old plantations is the similarity in
richness estimates of 134.6 species for the for-
mer (based on all sampling methods combined)
and 136.4 for the latter (based on the full com-
plement of 500 Winkler extraction samples). It
is particularly noteworthy that the first 100
samples yielded over three-quarters of the
species that were ultimately sampled by this
procedure, and that the last 200 samples yielded
very few additional species.

Sample Size Experiment

For both the Berlese funnel and Winkler sack
samples, number of individual ants, total num-
ber of ant species, and mean number of ant
species per sample generally increased with
increasing litter sample size. However, although



Sampling Effort and Choice of Methods 153

Table 10.3 Observed Number of Ant Species Evaluated at Different Sample Sizes for the Extended

Winkler Sampling Experiment®

Observed Species Richness after Following Number of Samples:

Estimated
Species Richness?

All
10 20 30 40 100 200 300 400 (500) ICE Jackknife M-M
36.5 50.0 56.3 62.1 79.5 92.7 100.1 104.5 107 112.0 1170 103.6
(35.2) (482) (54.3) (60.0) (76.7) (89.5) (96.6) (100.8) (103.3)

“Number of species represents the mean of 100 randomizations of sample pooling order.

PICE, incidence-based coverage estimator; jackknife, first-order jackknife estimator; M-M = Michaelis-Menten asymptote (the percentage

of the M-M asymptote is given in parentheses in the first nine columns).

the number of individuals increased quite dra-
matically with increasing sample size, the
increase in mean number of species per sample
was far less pronounced. Increasing the sample
size from 0.25 m? to 1 m?, and certainly from 1
m? to 2 m?, is associated with a very limited
return for a costly additional investment in
effort.

Based on the results of the sample size exper-
iment, when sufficient sampling devices are
available it is probably generally more efficient
to take a greater number of smaller samples
than to take a lesser number of larger samples.
Since a single Winkler sack can generally hold
the sieved litter from a 1-m? sample, this is
probably the most appropriate sample size for
most situations.

Complementarity of Sampling Methods

Table 10.4 lists the combinations of two and
three sampling methods that produced the
largest numbers of ant species in the sampling
methods experiment. In each case, only combi-
nations that produced the four highest species
counts are shown. Winkler extraction is an ele-
ment in all combinations, along with inspection
of dead wood, small soil samples, pitfall traps
(7-day), and Berlese funnels. The various two-

method combinations captured species totals
ranging from 59 to 65% of the M-M asymptote
calculated for all methods combined (Table
10.2). Species totals for three-method combina-
tions ranged from 73 to 77% of the M-M

Table 10.4 Combinations of Two and Three
Sampling Methods That Obtained the Maximum
Number of Ant Species in the Sampling Methods
Experiment

Combination of Sampling Methods N?
Winkler sack samples + small soil samples + 105
inspection of dead wood
Winkler sack samples + inspection of dead 104
wood + pitfall traps (7-day)
Winkler sack samples + pitfall traps (7-day) + 103
small soil samples
Winkler sack samples + small soil samples + 99
Berlese funnel samples
Winkler sack samples + inspection of dead wood 88
Winkler sack samples + small soil samples 87
Winkler sack samples + pitfall traps (7-day) 84
Winkler sack samples + Berlese funnel samples 80
Total number of litter species sampled by all 134
methods
Total number of species from all strata 167

4N, number of species.
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asymptote calculated for all methods combined.
A similar exercise (results not shown) was per-
formed with combinations of four sampling
methods. Generally speaking, the combinations
that maximized species counts are simply per-
mutations of the methods listed in Table 10.4.
The combination of methods that produced the
maximum species count (117 species) was
Winkler sack samples + small soil samples +
inspection of dead wood + pitfall traps (7-day).
This value of 117 species is 86% of the asymp-
tote value calculated for all methods combined
(Table 10.2).

Conclusion

The choices of what collecting methods to use
and how many samples to collect are dependent

on the intended species completeness of the
proposed inventory, that is, on what proportion
of the ant fauna the inventory intends to survey.
The resuits presented here demonstrate that
Winkler extraction is the most efficient method
for surveying leaf litter ants and therefore that
this method should be included in all ground-
dwelling ant inventory protocols. If a second
method is also to be used, we recommend pitfall
traps. The total number of samples to collect
should be determined both by the alpha diversi-
ty of the inventory site and by the level of
species completeness that is necessary to
achieve the project’s goals, but, based on the
results reported here, in most situations we rec-
ommend taking 20 1-m?> Winkler samples for
areas comparable in size to the 1-ha 20-year-old
cocoa plantation.



Chapter 11

Specimen Processing

Building and Curating an Ant Collection

The proper preparation of ant collections is just
as important as the collection of specimens in
the field. Unlike some groups of organisms,
such as birds and mammals, which can be
identified in the field, ants must be carefully
preserved and prepared for identification in the
laboratory. The use of good preservation and
preparation techniques is critical to collection
quality and serves to facilitate the identification
of species. Poor collecting and curation prac-
tices can substantially diminish the value of
research collections.

This chapter outlines the process of assem-
bling an ant collection and maximizing its value.
The emphasis is practical, and the chapter focuses
on a few issues critical to the maintenance of
high collection quality. This discussion is
intended to apply to large and small collections
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alike. General aspects of keeping an insect col-
lection are discussed in a number of texts (e.g.,
Martin 1977; Borror et al. 1989; Upton 1991),
and the reader should consult these as well. We
hope our contribution will provide food for
thought for practicing ant systematists and ecol-
ogists alike. For newcomers to myrmecology,
we hope to provide some help in ensuring the
value of their contributions to museum collec-
tions, and to the study of ant systematics and
diversity in general.

Sorting Ant Specimens

The first step in ant specimen preparation is to
sort the material collected from the field. After
field work, ant specimens are usually contained
in bags, vials, and jars and are mixed with soil,
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bait, other organisms, and miscellaneous organic
matter. Separating ant specimens from such a
mix can be tedious work, but methods do exist
to permit a faster search by eliminating the dirt
and mineral matter from the sample. It is impor-
tant to remove the ant specimens from this other
material as soon as possible in order to prevent
damage to specimens by abrasive particles and
to avoid the formation of coatings of clay and
mirneral salts on specimens.

During the sorting process it is extremely
important that the collection data, particularly
the field number, always be kept with the spec-
imens, and that the samples not be pooled
before all have been identified. It is best to pre-
pare and place labels in the vials and petri dishes
first when working with samples.

Salt Water Extraction

The salt water method of extracting ant speci-
mens from other materials is highly recom-
mended for its simplicity and low cost. The
process is simple. Slowly heat water in a beaker
on a hot plate, adding generous amounts of salt
until the solution becomes saturated and no
more salt will dissolve. The water should be hot
but not scalding, and never boiling. Empty the
sample with ants (e.g., a vial) into a graduated
cylinder of no more than 4 cm diameter and
drain off the alcohol. Add the saline solution to
the sample, cover the top, and slowly turn the
cylinder upside down a few times. Dirt and
other inorganic material will sink while most
organic material, including the ant specimens,
will float to the top. Tapping the cylinder will
help to dislodge larger items that may be sus-
pended by air bubbles or have adhered to the
sides of the cylinder.

Allow 15 seconds for settling, then quickly
decant floating matter onto a fine mesh of plas-
tic or a metal strainer and rinse it with alcohol.
Repeat the process two or three times, rinsing
well with alcohol each time. Take the material
from the mesh and place it in a petri dish with

alcohol. Then sort the ant specimens from the
other organic material. Sometimes plant parts,
such as roots or bits of decayed wood, will still
abound, but at least the dirt and sand will be
gone.

The material remaining at the bottom of the
cylinder should also be checked by rinsing it
well in a strainer, as heavier ants and other
insects sometimes may sink to the bottom. If
alcohol is at a premium, the initial rinsing of
specimens may be done with warm water, but
alcohol rinsing should be performed before
storage of the separated specimens to avoid
dilution of the alcohol in the storage vial and the
danger of deterioration.

Manual Sorting of Ants
from Debris

Either after salt water extraction or directly after
the collection of field samples, some manual
sorting of ant specimens will be required. Man-
ual sorting is usually performed with the aid of
a dissecting or stereoscopic microscope.
Initially the field samples (including ant spec-
imens) should be poured into a petri dish and
spread out, forming a layer that does not total-
ly obscure the dish bottom. Alcohol can be
added to the sample to dilute the mixture. After
spreading out the sample, one may choose to
wait about 15 minutes for the silt and sedi-
ments to settle if the solution is too cloudy.
The dish is then inspected by systematically
viewing each part under a microscope. A petri
dish with a grid greatly facilitates the task;
alternatively a piece of paper with a grid
marked on it can be taped to the bottom of the
dish.

Ant specimens should be manuaily picked
out with forceps and transferred to individual
vials of alcohol. Ants should preferably be han-
dled with soft forceps or watchmaker’s forceps,
taking care not to squeeze them excessively in
order to avoid damage. Sorting can also be done
with a fine brush.



Separating Ants from Other Arthropods

Since a number of insects and other arthropods
mimic ants and may cause confusion during the
sorting process, we recommend collecting and
storing all arthropods that resemble ants for
later verification. Several groups of wingless
Hymenoptera (wasps and other groups) may be
confused with ants. Identifying these specimens
may pose a problem later on in the identifica-
tion process, as keys to ant subfamilies and gen-
era will not work. Hymenoptera of the World:
An Identification Guide to Families (Goulet and
Huber 1993) is an excellent help in determining
whether a specimen is or is not an ant. Other
insects or invertebrates found in the samples
should also be removed from samples and
stored separately for future study by other
researchers.

Identifying Ant Specimens
to Morphospecies

Since biodiversity data are often analyzed by
relying on the presence or absence of species,
accurate sorting and identification of ants at the
species level is important. Although there have
been substantial advances in taxonomic work
on ants over the past decade, identification of
tropical ant specimens to species is still chal-
lenging owing to the lack of identification aids
for many genera. Limited availability of rele-
vant literature, lack of recent revisions and
expertise in some groups, and the backlog of
work for most ant specialists make the recogni-
tion of morphospecies by nonspecialists a nec-
essary part of biodiversity studies (see, e.g.,
Beattie and Oliver 1994).

Identification of ant specimens begins with
dividing specimens from each sample into mor-
phospecies. Individuals are grouped into morpho-
species according to distinct morphological
characteristics without reference to taxonomic
classifications.

The challenges involved with species and
morphospecies identification vary with the
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scope of each project. One advantage for many
non-—ant specialists working with environmental
monitoring, conservation evaluation, and eco-
logical research is that they will be dealing with
little geographic variability in morphology
because of the sampling of relatively small
areas. Taxonomists generally must look at mate-
rial covering the whole geographic ranges of
species and genera, and must deal with greater
variation. Although Oliver and Beattie (1996a)
found little difference between ant morpho-
species determined by nontaxonomists and bio-
logical species determined by a specialist, their
sampling methods tend to underestimate this
difference.

Sorting to morphospecies will involve the use
of a stereoscopic microscope. A good-quality
scope as well as good illumination will help
make long hours of staring through the lens
more bearable and decrease the chances of error
due to eye fatigue.

Initially, ant specimens from each sample
should be put into a single vial. Then, depend-
ing upon the number of ant specimens in the
sample, the sorted material can be divided into
separate vials for future work, or it may all be
sorted to morphospecies in one session. Initial
sorting is usually conducted in petri dishes.
Putting material into petri dishes before putting
it away into vials permits easier control by the
principal researcher.

Although it is possible to identify ant species
in alcohol-filled petri dishes, it will generally be
best, and it is strongly recommended, to mount
a series of three specimens of each of the
species in question. Distinguishing characteris-
tics of ant species can best be viewed on dry,
mounted specimens, for they are often masked
by the alcohol. At least three to ten ants from
each morphospecies should be mounted to doc-
ument a geographic record, depending on how
many samples are being collected. If some com-
mon species are present and dominant, it is not
necessary to mount more then three specimens
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per sample or survey. It is strongly advised that
all the remaining, nonmounted specimens be
kept in one vial, in case taxonomic problems
emerge later. It is not necessary to keep each
sample in a separate vial; all the samples from
one survey can be combined into one vial.

Specimen mounting and morphospecies sort-
ing will go hand in hand, and it may be neces-
sary to go through several cycles of separation,
mounting, and comparing to make sure that all
the material has been accurately sorted. Ideally
at the end of the sorting one should have mount-
ed specimens from each species present in the
sample, even though the vast majority of speci-
mens will remain in alcohol.

The time and resources invested in such a
project will depend upon the scope of the proj-
ect and its objectives (Chapters 10, 13, and 14).
If the study involves the separation and count-
ing of every ant and the mounting and labeling
of representatives of each species, a principal
researcher and a full-time assistant will need at
least a month of work for 50 mini-Winkler sam-
ples with abundant and diverse ant material (B.
Fisher, pers. comm.). If only species numbers
are necessary, two trained part-time students
can sort and mount 50 samples within a week
(J. Delabie, pers. comm.).

Mounting Ant Specimens

The proper preparation of mounted ant speci-
mens is key to identification. Poorly mounted
specimens can rarely be identified because
diagnostic characters are frequently obscured
by other body parts or by glue. The following
protocol describes the preparation of a standard
mount that facilitates examination of the speci-
men and enhances its value. The technique re-
quires practice to accomplish successfully, but
the resulting specimens, easy to compare and
examine, make the time and effort worthwhile.
Direct pinning of ants (putting the insect pin
through the ant body) is not usually done,

except for the largest of ants, because of the
propensity of the ant cuticle to fracture when
penetrated by the pin. Mounted specimens can
be stored indefinitely if kept away from mois-
ture, temperature extremes, light, and insect
pests.

For small ants, three specimens from the same
nest series, or three specimens from the same
morphospecies, may be mounted together on
the same pin. These three specimens should
preferably be of different castes (e.g., worker,
soldier, queen). Space must be left on the pin
below the specimens for the locality data labels.
It is advisable to include a note on the label
indicating the origin of the specimen (i.e., nest
series or traps).

Learning this technique can be difficult, and
it is recommended that trainees first practice
with large specimens and then learn to mount
progressively smaller ants.

Ant specimens are prepared by mounting
them on a paper triangle, generally referred to
as a point (Fig. 11.1). Ants are glued to the tip
of a small triangle of stiff cardboard or bristol
board of neutral pH. Dimensions of the triangle
should be no more than 10 mm long and circa 2
mm wide at the base. Points can be easily made
using a specialized point puncher (similar to a
paper hole puncher) available from entomologi-
cal supply sources. A water-soluble glue should
be used; it should be stored in a sealable petri
dish while working to avoid excessive drying.

The selected specimens are taken out of the
alcohol and manipulated with fine forceps so
the legs are directed ventrally and away from
the body. With the specimen’s head facing
toward the left the ventral areas of the meso-
and metacoxa are left relatively exposed so the
tip of the triangle can easily touch them. Before
gluing they should be put on absorbent paper to
dry. Then the series of ants, duly associated
with their collection data, may be organized into
columns or rows on an index card for expedient,
assembly-line processing.



Figure 11.1. An ant mounted on a point and pinned
with labels. Photo by Ted Schultz.

A tiny amount of glue is placed on another
index card, the triangle is grasped by the base
with forceps, and a small amount of glue is
allowed to adhere to a single side of the apex of
the triangle. The smaller the ant, the smaller the
amount of glue needed. Alternatively, one may
use two types of glue, one thinned with water
for use with small specimens and the second
full strength for larger specimens. The tip of the
triangle is then delicately maneuvered through
the upward-pointing legs so as to touch only the
meso- and metacoxa and glue the specimen. It
will be necessary to mount small ants using a
stereoscope. Once the glue is dry the triangle
with the ant is picked up with forceps, and an
entomological pin is run through its base, taking
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care not to bend the triangle or damage the
specimen.

An alternative method is to mount ants
directly onto a prepinned triangle. Using this
method, up to ten ants can be spread with their
heads to the right (as seen from the researcher’s
point of view), and if possible with the legs
spread out. A cardboard triangle is first posi-
tioned on a pin (Fig. 11.1). Then the pin is stuck
into a piece of cork or Styrofoam and placed
under the microscope so that the tip of the tri-
angle is clearly in view. A fine drop of glue is
then put on the tip of the triangle, just big
enough to glue the ant’s alitrunk (thorax) on the
tip. The ant is picked up with two pairs of for-
ceps, one holding the right front leg and the
other holding either the left or right hind leg.
The ant is then set on the triangle, so that it is at
the very edge of the tip and the petiole is freely
visible. Depending on the consistency of the
glue, the specimen may be held for few seconds
to prevent it from falling off the pin. The legs
should be arranged so that the researcher has a
full view of the alitrunk outline and the ventral
part of the petiole, but care must be taken not to
pull off the legs in the process.

The finished product is an ant transversely
mounted on the apex of the triangle, with its
head pointing to the right when the triangle is
pointing away from the researcher. Its head,
waist, and gaster project freely and the ventral
surfaces are visible; its legs should be directed
downward so as not to obscure the rest of the
body (Fig. 11.1). If the glue is dry it may be
possible to manipulate some parts of the ant’s
body into a flat plane, although if the specimen
itself is totally dry this may break it. Broken
parts are preferably glued onto the same triangle
or onto a separate triangle on the same pin. Try-
ing to reglue parts together will usually result in
the specimen being obscured by a mass of glue.

Dirt on specimens may hinder observation. It
can be removed by briefly dipping the speci-
mens into dilute acetic acid or potassium
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hydroxide solutions. This will remove most
mineral salts and oily residues, but ants must be
thoroughly rinsed in water immediately after
exposure to cleaning solutions. Organic solvents
(e.g., xylene, toluene, hexane) remove oily res-
idues but are dangerous to inhale or contact.
These compounds should be used only in well-
ventilated areas or under a laboratory hood
while wearing gloves. Strong soap solutions can
be useful for oily residues, but once again thor-
ough rinsing afterward is necessary.

Dissecting Ant Specimens

Dissections of ants are sometimes helpful in
order to obtain a good understanding of the
body parts. When making a dissection, first
soak the ant specimen in 10% potassium
hydroxide solution at 80°C (for one to several
minutes, depending on size and degree of scle-
rotization, until the ant falls to the bottom of the
vial), then rinse several times with water and
transfer the ant to 70% ethanol, which prevents
it from floating during dissection. After dissec-
tion, put the dissected parts into 100% ethanol
and, if the parts are very delicate, rinse the ant
with xylene, which hardens the cuticle. Finally,
dry the parts on a piece of paper towel and
mount the parts on a cardboard triangle so that
the important structures point toward the view-
er. For minute preparations, special tools may
be constructed using minutiae (very fine ento-
mological pins used for small insects) mounted
on toothpicks or wooden matches; the tips of
the minutiae can be slightly bent to form hooks
or other useful shapes.

For labial and maxillary palp counts, it is
sometimes necessary to dissect the mouth parts
out of the head. This is best done with the spec-
imen in ethanol. The mouth parts should be dis-
sected out from the ventral side of the head,
with one pair of forceps holding the head and
the other gliding with the two arms of the for-
ceps along the side of the buccal cavity (mouth

opening) into the head capsule, then holding
firm to the mouth part, which will not easily be
damaged by pressure as it is torn out. The wet
mouth part is then put on a piece of paper towel
and allowed to sit until all the ethanol is evapo-
rated. During that time, it is best to manipulate
the mouth parts so that all the palps are sticking
into the air. This is also the best time to count
the segments. The mouth part is then mounted
on the same cardboard triangle as the head. The
palpal count can then be noted on a colored
(preferably green) label in the form “PF = 5,4”
(palpal formula = 5 maxillary and 4 labial
palps).

Labeling Ant Specimens

Labeling is perhaps the most important part of
specimen preparation. Without the pertinent
field data presented on labels, biological speci-
mens are worthless. Its label is basically an
abstract of the most vital locality data for each
ant sample.

Materials

Labels should be written on fine, 100% rag or
neutral-pH card stock, similar in gauge to that
used for index cards, that will not let ink bleed.
Many apparently fine card stocks may be
cheaply purchased at stationary and office sup-
ply stores, but those not of a neutral pH will
start to deteriorate on point-mounted specimens
within 40-50 years and become brittle, easily
breaking and falling apart upon manipulation of
the specimens. Avoidance of such unsuitable
stocks is especially critical for collections in
humid tropical areas.

India ink is the time-proven standard for writ-
ing labels, but excellent labels can also be print-
ed with a laser or dot matrix printer capable of
making letters 4 or 5 points in size. Laser-print-
ed labels are apparently safe for point-mounted
specimens but should not be used for specimens
preserved in alcohol, although dot matrix print-



er labels are adequate for this purpose. (Never-
theless, each new brand of print cartridge should
be tested beforehand.) If labeling is to be done
manually, the handwriting must be legible!
Accurate locality data can be rendered useless if
the information cannot be read.

Label Size

For point-mounted specimens the labels should
be approximately 7 mm wide and 15 mm long.
The size reflects a compromise between the
amount of information to be included and the
ability to store and manipulate the specimens,
as excessively large labels can easily damage
other specimens.

Position and Order of Labels

Ideally a pinned specimen should have no more
than two or three labels. For mounted ants,
labels are pinned underneath the ant specimens
(Fig. 11.1). Labels must all be consistently ori-
ented parallel to the longitudinal axis of the
point or pinned specimen in such a way that one
does not have to change the direction of the
storage drawer with each specimen label to be
read. The standard for point-mounted ants is
that the label is read with the point directed to
the left; for specimens directly on a pin the label
is read with the specimen’s head directed to the
left. When perforating the label with the pin, it
should be jabbed close to the right-hand margin
for point-mounted specimens and close to the
middle for directly pinned specimens. In both
cases care should be taken not to obliterate
important data with the pin itself.

For specimens preserved in alcohol, labels
can be inserted directly into the vials with the
ants. Multiple copies of labels in alcohol vials
are helpful when additional specimens are to be
removed for mounting.

Label Information

The principal label (uppermost on the pin)
should have no more than five lines and should
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VZLA, Sucre

Las Melenas 9.7 km NW

800 m, 10° 41’N, 62° 37'W
10-V-1993, J. Lattke, leg 4457

Primary Forest
Leaf litter, Winkler

Atta laevigata
det. 20-V1-1993, E. O. Wilson

Figure 11.2. Sample labels (not to scale) for
mounted and alcohol specimens.

include the following standard information in
this order (Fig. 11.2):

First line: country, state, department or
province (abbreviated)

Second line: specific locality

Third line: altitude, latitude and longitude

Fourth line: date, collector, collection
number

Brevity dictates that the country, state, and
locality be abbreviated; standard abbreviations
that can be easily found in gazetteers should be
used. An abbreviation should not be so truncated
that someone else will have difficulty in inter-
preting the name. The locality is the descriptive
name of the collection site. A site can also be
pinpointed by its direction and distance from a
more prominent reference point, such as a large
town. In abbreviating the date, the month should
always be expressed as a Roman numeral and
the year cited in full. The top label in Fig. 11.2
provides an example.
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A second label, pinned underneath the prin-
cipal locality label, may contain ecological
information, such as habitat type and micro-
habitat description (e.g., vegetation, rotting log),
and the collection method (Fig. 11.2). Keep in
mind that additional information can be
accessed from the specimen database or notes
through the collection number. Species and
morphospecies identifications, the name of the
person who identified the species, and the date
identified should be presented on the last (sec-
ond or third) label, since identifications may
change but locality and collection data do not
(Fig. 11.2).

Associated Data Records

The best and safest storage of information on
specimens is in publications based on the spec-
imens and in which they are referred to using
unique field data or sample numbers. All collec-
tion data should also be entered into a specimen
database.

Identifying Ants to
Subfamily and Genus

Before ants can be separated into morpho-
species, two important steps must be followed.
First, knowledge of the important features of an
ant’s external anatomy must be confirmed
before ants can be separated and identified. See
Chapters 5 (especially Fig. 5.1) and 12 and also
Holldobler and Wilson (1990) and Bolton
(1994) for basic descriptions of ant morphology.

Second, ant specimens, already sorted to
morphospecies and mounted, are generally first
identified to subfamily and then to genus before
they are sorted into morphospecies within each
genus (i.e., “morphospecies 17 will become
“genus X morphospecies 17). Identification up
to the genus level and the most common mor-
phospecies quickly becomes an easy task.
Excellent keys to ant subfamilies and genera of
all parts of the world are available and are fairly

easy to use. Resources for determining ant gen-
era are listed in Chapter 12.

Separating Morphospecies
Using Characters

General recommendations are given in this sec-
tion to assist nonspecialists in search of differ-
ences for species separation as well as for man-
aging specimens and facilitating comparisons.
They are all merely suggestions and should not
be interpreted as a cookbook recipe, since the
criteria for determining a species in one genus
may not be valid in another. Criteria for species
determination can differ from genus to genus,
and the ant taxonomy literature should be con-
sulted (Chapter 12) for clues to the criteria most
commonly used, even if the references are not
recent or from the same geographical region.
Many morphological characteristics, especially
in the case of older literature, may not necessar-
ily be correct, but at least the results will be con-
sistent with what is known, and they may even-
tually be corrected when revisions are carried
out.

It is also strongly recommended that each
worker keep his or her own notebook where
characters used to separate each of the mor-
phospecies are recorded. Ideally the notes
should also include sketches of traits that are
difficult to describe, such as hair patterns or
shapes.

Morphological Differences
between Castes

Morphological differences between ant castes
(workers, soldiers, queens, females and males),
as well as polymorphism within castes, create
an additional challenge for ant identification.
Collecting entire nest series—containing all
sizes of workers, soldiers (if present), females,
and males—is the best way to learn about the
variation within an ant species and to relate the
castes to one another. Especially in local sur-



veys, this allows one to match all the different
castes fairly quickly, and it also adds a measure
of satisfaction to the collecting process, as an
understanding of the biology of the species
begins to develop. For many species, one can
obtain samples of other castes, such as males
and soldiers, by keeping a fraction of the work-
ers and some brood from a nest in an artificial
colony in the laboratory.

Specimens collected in pitfall traps or
Winkler samples are often difficult to associate.
In some cases it is relatively easy to match
workers with soldiers and queens, but some-
times the castes look totally different. In general,
the following guidelines apply:

Queens generally will resemble the workers,
especially the majors, to an extent that pairing
them from a non-nest sample is usually not
problematic. Typically one finds that a queen
has larger compound eyes, ocelli, a larger meso-
soma with more segments and sutures as well as
wings or wing stumps, and usually a larger
gaster than the workers. Differences in sculptur-
ing are usually not very great.

Males are wasplike and dissimilar from their
female counterparts, so they are usually difficult
to match with their conspecifics when taken dis-
associated from their nestmates. Normally
males have much larger eyes, a short antennal
scape, a small head relative to the mesosoma,
and an elongate gaster (often with the genitalia
protuding from the apex). It is often impossible
to identify the males even to genus level.
Currently there are no good keys to ant males.

In the case of worker polymorphism it is usu-
ally the major (larger) workers that furnish the
most reliable characteristics for species separa-
tion, because the minor castes of some species
from the same genus may present negligible dif-
ferences among themselves. Workers from
incipient (newly formed) nests on average are
smaller than those from mature nests and have
lighter coloration. Table 11.1 lists the genera in
which polymorphism is present in the workers.

163

Specimen Processing

Table 11.1 Ant Genera with at Least One
Species in Which the Worker Caste Is Divided
into Physical Subcastes?

Ponerinae: Megaponera

Myrmeciinae: Myrmecia

Dorylinae: Dorylus, Eciton

Ecitoninae: Cheliomyrmex, Labidus, Nomamyrmex

Pseudomyrmecinae: Tetraponera

Myrmicinae: Acanthomyrmex, Acromyrmex, Adlerzia,
Anisopheidole, Atta, Cephalotes, Crematogaster,
Daceton, Machomyrma, Messor, Monomorium,
Oligomyrmex, Orectognathus, Pheidole, Pheidologeton,
Pogonomyrmex, Solenopsis, Strumigenys, Zacrvptocerus

Aneuretinae: Aneuretus

Dolichoderinae: Azteca, Iridomyrmex, Liometopum,
Tapinoma

Formicinae: Camponotus, Cataglvphis, Euprenolepis,
Formica, Gesomyrmex, Melophorus, Myrmecocystus,
Myrmecorhynchus, Notostigma, Oecophylla,
Proformica, Pseudphomomyrmex, Pseudolasius

“From Holldobler and Wilson (1990:318).

Choosing Characters

A quick overall look at an ant’s body will usu-
ally permit preliminary separation of specimens
using obvious traits, such as size, color, pres-
ence or absence of denticles, structure of the
petiole and postpetiole, and odd mandibular
shapes. This step permits the division of large
samples of specimens into smaller, more man-
ageable, lots. One can expect to find some vari-
ation in almost any trait, and trying to assess the
limits of infraspecific variation is the crucial
task for fine sorting. Color can be quite unreli-
able, so it should always be used in combination
with other characteristics and not by itself. The
final sorting calls for attention to finer anatomi-
cal details that will mean looking at more re-
stricted areas of each specimen.

Rarely will one find a morphospecies that can
be distinguished on the basis of just one out-
standing character; a combination of three or
more is usually needed. To help keep track of
the morphospecies one may write down diag-
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nostic characters or illustrate them on an index
card. It is generally a good idea to keep a run-
ning list of the characteristics used to separate
morphospecies so that specimens from different
samples can be compared and grouped.

Study each body part from different angles in
an effort to detect useful characters, such as
shape, projection, excavation, pilosity, sculptur-
ing, sutures, and sulci. To have a clearer image
of any general body shape, it helps to use back-
ground lighting, so that only a silhouette is seen.
Dirty specimens may present totally distorted
silhouettes and sculpturing patterns—a com-
mon source of error. Cleaning may uproot pilos-
ity, and care should be taken with the use of
hairs as characters in such a case. Pilosity may
differ between species, but more delicate hairs
may be easily abraded, reducing their diagnos-
tic value in some cases. When studying pilosity
it helps to distinguish between the very short,
fine hairs that form a base pilosity and the
longer emergent hairs; their angle of inclination
(using the cuticular surface as a reference) may
be characteristic.

Some sculpturing may be difficult to assess
because of a shining surface that reflects too
much light. A strip of Mylar or chalk paper
placed very close to the specimen between the
light source and the ant will reduce glare and
permit distinction of details of cuticular sculp-
turing. When working with lengths and widths,
a comparison between the dimensions of one
body part and another is helpful; this is why
indexes are often used in keys and descriptions.
A Glossary of Surface Sculpturing (Harris
1979) is a good introduction to the various types
of sculptures and their terminology.

Specific Characters

Figure 5.1 provides a general diagram of the
body parts of an ant.

HEAD. The shape of the head itself may be dis-
tinct: Is it wider anterad than posterad? Are the

compound eyes part of its silhouette or not?
Look for the presence of distinctive sculpturing
that affects the cephalic shape, such as spines or
crests. Mandibles are frequently useful for spec-
imen determination. The amount and disposi-
tion of dentition should be noted, but dental
abrasion does occur in older specimens. The
clypeus frequently presents useful characters,
and studying differences such as the shape of
its anterior margin and sculpturing is recom-
mended. How far back does it extend between
the antennal lobes? Antennal scapes can differ
in their relative length to the head; see how far
back they extend beyond the posterior cephalic
border. This distance can be quite obvious in
some specimens, or one may gauge the distance
in apical widths of the scape itself in close calls.
The frontal carinae may have a distinct shape,
especially the external margins; how far back do
they prolong themselves? The eyes may differ
in shape, size, and position on the head. Their
presence or absence may vary within a species,
such as in the army ants (ecitonines), where the
minors are eyeless but the majors may retain a
single-faceted eye. The ventral side of the head
may reveal differences in the hypostomal teeth.
The occipital corners frequently have distinct
dentition, lobes, or other sculpturing of use.

MESOSOMA OR ALITRUNK. Each of the four parts
(pro-, meso-, and metanotum and propodeum)
that make up the mesosoma may have differ-
ences in sculpturing from the others even
though impressed lines do not clearly separate
them. In a dorsal view take note of the presence
or absence as well as the development of the
promesonotal suture and metanotal sulcus. The
shape of the mesosoma in lateral view is a use-
ful indicator of differences; note convexities
and angles between different parts. The prono-
tum may present angles or denticles along its
ventral margin that may not at first be noticed.
The anteroventral edge of the mesopleura is fre-
quently bordered by a carina that may present



differences in height and width. How are the
propodeal spiracle openings oriented? What is
their diameter or position on the body? A fre-
quently overlooked spot is the declivitous
propodeal face when it is surrounded by teeth.
The legs may differ by the amount of pilosity or
in the ratio of their length to width, and they
may sometimes have characteristic spines on
the tibia or tarsi.

PETIOLE AND POSTPETIOLE. The petiole will vary
in the presence or absence of a peduncle and in
its general shape. The length-width ratio of the
petiolar node in a dorsal view may be helpful.
The subpetiolar process—a lobe or denticle that
may or may not be present on the anteroventral
petiolar border, and that can be shaped in vari-
ous ways—is frequently hidden from view by
the legs.

GASTER. Differences in shape, especially in lat-
eral view, may be quite distinctive, as may
sculpturing. The ventral area close to the union
with the postpetiole, as well as the rest of the
first gastric sternum, may have useful characters
that are difficult to observe owing to the close-
ness of the postpetiole (or more usually because
of sloppy mounting). Attention should be paid
to differences in sculpture between the basal
and apical parts of the same tergite.

Identifying Ants to Species

Identification of ant specimens to species,
beyond morphospecies, is a science in itself,
one that may take up to 10 years of study and
practice to master. Fortunately, many studies of
ant diversity can be carried out without species
identification (Chapter 7). If one’s study is lim-
ited to a geographically restricted area, identifi-
cation to morphospecies, for which the genus
name is secured, should suffice. For analyses
over larger areas, species identification is
important in order to make comparisons.
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Without accurate species identifications, one
would have literally to compare all the mor-
phospecies from multiple research groups.

However, identifying ants to the species level
will greatly enhance any ecological study by
linking the species richness and diversity data to
biological data on the species of interest.
Species names are like gateways to the enor-
mous amount of knowledge accumulated in
publications over the years. In many cases, a
species name allows one to associate the speci-
men and diversity data with information on the
biology, ecology, or distribution of the species.
It has recently been argued that without ecolog-
ical and biological information about the
species under study, interpretation of species
diversity data is incomplete and may even be
misleading (Lawton et al. 1998; Goldstein
1999). For example, several studies have found
that ant species richness often increases with
increasing levels of habitat disturbance but that
the composition of the ant species changes
(Chapter 7). Without knowledge of the biology
of the species sampled, these changes in species
composition cannot be interpreted.

A species name also allows one to search dig-
ital and printed databases, such as Formis
(Porter 1999), with over 20,000 bibliographic
records, or the social insects Web site (Chapter
1). This information enables further analysis
and interpretation of the species data.

Before diving into species identification, one
should be certain to have familiarized him- or
herself with the basic morphology of ants (Chap-
ter 5; Holldobler and Wilson 1990; Bolton
1995b). Those who may still feel insecure
should begin by choosing some of the larger
ants from various groups and preparing draw-
ings to compare various parts.

Species identifications are facilitated by first
preparing a list of species known to occur in the
area of interest. This can be done using the cat-
alogue of the ants of the world (Bolton 1995b),
which allows one to search for the type locali-
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ties by country, through lists of local faunas, or
by visiting local or regional collections and
going through their records. This quickly
becomes an enormous task, but the more data
that are compiled and shared, the easier it will
be for the next generation of inventories to pro-
ceed. Local lists can be found on (and should be
submitted to) the social insects Web site
(http://research.amnh.org/entomology/social_in-
sects/).

Assistance from Ant Taxonomists

Relationships developed with a major ant col-
lection or with an ant taxonomist will undoubt-
edly make identification of ant specimens a
much easier task. It is inevitable that a
researcher will eventually accumulate speci-
mens that should be looked at by an ant taxono-
mist in order to clarify dubious identifications.
Before proceeding to send a large number of

ants to a specialist, one should first contact that
person and ascertain if he or she has the time to
examine them. Chapter 12 lists institutions with
practicing ant taxonomists. Given that taxono-
mists are usually inundated with material, one
will increase the chances of cooperation if the
sample size is reasonable, the deadline for the
determinations is not too tight, and duplicates
are supplied, enabling the specialist to deposit
them in his or her own institutional collection
(Table 11.2). It is always a plus when the spec-
imens happen to belong to the taxonomist’s par-
ticular group(s) of interest.

It is best to first develop a synoptic collection
of ants from the study before sending any spec-
imens to a specialist for identification. The
specimens should be sorted to morphospecies,
and then only a few specimens of each mor-
phospecies should be sent. If one has little prior
understanding of ants, it might be wise first to
send specimens of the ten most common

Table 11.2 Rules for Submitting Specimens for Identification®

1. Do not assume that specialists desire more specimens for their own sake; usually they are interested only in establish-

ing new records or in additional species. The specialists are spending valuable time to make identifications. At consul-
tant wages, this could be expensive. Therefore a request for identification is equivalent to asking for a substantial

donation of time, either from the individuals involved or from their employing institution.

2. Never ship specimens for identification without making prior, detailed arrangements with the specialist, including:

a. Return shipping costs.

b. Time frame within which specimens are to be returned.

c. Number and identity of specimens to be retained by the specialist.

d. Where type specimens will be deposited (if applicable).

3. All specimens submitted for identification must be:
a. Properly prepared and preserved.
b. Provided with exact locality data.
c. Sorted to genus if possible.

. Never send bulk collections or unsorted collections with a request that the material be picked over to find things of

interest.

. Remember that a refusal to make identifications of large masses of material does not necessarily indicate a lack of

interest, but sometimes merely a lack of time or facilities.

. Under certain circumstances, a specialist may request a fee for providing an identification. This practice has become

nearly universal for court cases, commercial activities such as pest control operations, or environmental impact studies.
Make sure that both you and the specialist agree on a fee, if any, before the identifications are made.

“From Arnett and Samuelson (1986).



morphospecies from the study. This approach
will not overwhelm the specialist, and it will
also allow time to adjust the method of prepara-
tion to meet the requirements of the specialist.
This procedure will result in early identifica-
tions for the most common ants. It also shows
that one is willing to spend some time sorting
through the material and is willing to invest
one’s own scarce time in identification as well.
Most taxonomists will not touch material lack-
ing collection data and will likewise keep well
away from sloppily mounted specimens.

Instead of sending specimens to an ant spe-
cialist, one may consider visiting a major ant col-
lection to try one’s own hand at identification.
Proper preparation for such a visit should include
preparation of and familiarity with a reference
collection of dry-mounted specimens in one’s
collection. Make a list of priorities based on the
most common ants and chose the 20-50 most
common morphospecies in the research program.
Take at least three pins of each morphospecies.
Be sure to bring along a few extra pins of each
species (properly labeled) that can be left for the
specialist’s ant collection.

Identifications are most easily carried out
with the ant specialist guiding one through the
key characteristics of each species. If the spe-
cialist does not have much time, one can also
compare one’s specimens to those in the spe-
cialist’s collection. Once a verified identifica-
tion has been made, another label should be
added to the pin, with the species name, the
name of the person who identified the speci-
men, and the date it was identified. If one com-
pares one’s specimens with the type specimen
(the specimen used for originally naming the
species), a colored label noting “Compared with
type, [your name, date]” should be added. Spe-
cimens compared to a type specimen will be the
most important future reference specimens in
one’s growing collection.

In looking for reference publications, it might
be best to prioritize by first choosing keys to
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general or regional faunas, then revisions of
keys, then faunal lists, and finally the original
species descriptions (Chapter 12). Growing
knowledge of the literature will familiarize one
with the specialists in a particular group, with
whom one might begin a fruitful relationship
(Chapters 5 and 12, and the social insects Web
site).

Building up a Morphospecies
Reference Collection

Specimens of the identified morphospecies
from each sample should be mounted and
labeled in order to build up a reference collec-
tion, as discussed previously. This will permit
comparison of the species collected from vari-
ous sites and samples. Simply relying on an
index card or fiche with some characters or
illustrations as the only reference to a particular
morphospecies will not do, since the difficulties
that arise as new species are identified are best
solved by keeping mounted samples of each
morphospecies for comparison. The arrange-
ment of a reference collection should best suit
the needs of the particular project. In some
cases it may be preferable to maintain reference
collections separated by study site or project,
thus reducing the amount of morphological
variability owing to sampling from widely sep-
arated populations and facilitating comparisons.

Regardless of how collections are separated
or joined, each one should have the ants
arranged at least according to subfamily, genus,
and species. The simplest and least complicated
arrangement is alphabetical order starting with
each subfamily, then putting all of its genera
into alphabetical order, and then putting the
species within each genus into alphabetical
order. When only morphospecies are known,
they are placed after the determined species of
that genus and deposited in numerical order.
This strategy permits easy retrieval and deposit-
ing of specimens by nonspecialists.
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Eventually some groups of ants may grow in
size to the point that trying to match so many
morphospecies will become quite difficult. At
this point one can attempt to divide each genus
into groups of species that are similar in one or
more diagnostic characters.

A fiche system can be grouped into nested
sets of fiches: a set that guides to the subgroups
of one genus and a set that guides to the species
belonging to each subgroup. Alternatively a
computerized database can be implemented,
functioning as an electronic key.

Building up a Proper
Ant Collection

The development of proper taxonomic collec-
tions is beyond the scope of this book—and
probably also beyond the interest and capacity
of individual researchers and projects. The chal-
lenges are huge, especially in guaranteeing
long-term funding and stable conditions for
maintenance and curation beyond the individual
researcher’s working life.

However, the fundamental link between
research collections and the results of inventory
and biodiversity assessment studies lies in the
deposition of voucher specimens in major ant
collections, and in the integration of research
collections at the end of a project or a scientist’s
career.

Though it is tempting to maintain an ever-
growing ant collection, a few points should be
considered before proceeding with such a strat-
egy. The fact that one’s investment, in both time
and money, grows along with the collection has
already been mentioned. With time, and a
greater number of successful projects, more and
more species in the collection will be described.
In well-studied areas, a collection will therefore
come to include few new species, whereas in
such largely unstudied areas as Madagascar, up
to 95% of all the species might be new to sci-
ence. Following the laws of most countries, at

least the primary type specimens must be de-
posited in the country of origin.

Holotypes and, to a lesser degree, paratypes
(specimens used to describe the species) play a
key role in taxonomy, as they are the final
authoritative reference for any species name.
Thus they should be well preserved, accessible
to scientists at any time, and, if possible, avail-
able for loan. It is a wonderful feeling to dis-
cover a new species, but housing the type spec-
imens for it is a great responsibility.

It is therefore strongly recommended that the
researcher establish a strong relationship with
one or more of the major ant collections in his
or her region (Chapter 12) before undertaking
an ant diversity study. There are benefits to
both partners: researchers gain access to new
specimens, often in large numbers, which are
often very rare in major collections and thus of
high value to the collections. Researchers who
deposit voucher specimens actively contribute
to the growth of these institutions. Major col-
lections usually have staff capable of identify-
ing specimens for outside researchers, and
they are often able to exchange specimens for
other species of the region, or closely related
species.

Specimen Storage

Since only a sample of ants will be mounted, an
additional group of specimens in alcohol will
accompany the collection of mounted specimens.
Specimens in alcohol should preferably be kept
in an area separate from the dry collection.
Field numbers should readily be visible in
alcohol vials and on mounted specimens so that
the retrieval of a particular sample is relatively
easy. Specimens may be ordered according to
the field number for each sample, since each is
distinct and permits the grouping of ants from
the same area. The alcohol collection can also
complement the dry collection when more spec-
imens must be consulted for identification or
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Figure 11.3. Mounted ants arranged in unit trays in a collection drawer. Photo
by Ted Schultz.

new analysis, or if specimens are to be deposit-
ed in other collections.

The alcohol used for storing ants is ethanol at
a concentration of 90% (the concentration
should never drop below 70%; keep in mind
that adding specimens will lower the concentra-
tion). Cheaper alcohol such as isopropy! alcohol
will adversely affect the specimens. DNA
analysis normally works best with specimens
preserved in an ethanol concentration that is as
high as possible. Thus preserving specimens in
originally 95% pure ethanol is best. However,
too high a concentration often stiffens speci-
mens, making it more difficult to mount them
properly later.

Vials for reliable long-term storage may be
hard to come by in some countries. Vials
designed for other purposes (e.g., centrifuge
tubes) can be used, although the quality of the
glass and lids is generally lower. Stoppers may
deteriorate with time and need replacing. Cotton
should never be used with specimens as the fibers
entangle them, making observation difficult.

An alcohol collection should be checked at
least once a year. If vials are almost empty, do
not just add new ethanol. Rinse the vials sever-
al times with ethanol and then add new ethanol.
The risk of desiccation of individual vials can
be reduced by storing the vials in a larger jar
that is also filled with ethanol. In case of com-
plete desiccation of specimens, do not move
them unnecessarily. Open the vial and put it into
a wet chamber. This is normally made of a tight-
ly closed box that has sterilized quartz sand on
the bottom, which is kept humid with distilled
water to which fungicide has been added. The
specimens are kept there overnight; afterwards
they are relaxed and perfect for handling. Two
other techniques can also be used: either soak
the specimens in hot water for few minutes or
soak them in a solution of ammonia for a few
hours.

Dry specimens should be stored in drawers
that are as airtight as possible. If drawers are to
be made locally, be very precise about the mea-
surements in order to preserve uniformity in the
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storage system and allow drawers to fit inter-
changeably into all storage cabinets. Unit trays
are very strongly recommended, as they allow
the movement of ants around in trays without
moving individual pins (Fig. 11.3). Unit trays
are commonly made out of cardboard with a
foam bottom. They come in various sizes and
are generally arranged together so that they add
up to the size of the collection trays. Drawers
and unit trays can be easily custom made or pur-
chased from an entomological supply company
(see Appendix 3).

The bottom of unit trays was originally made
out of pressed peat, but today polyethylene or
other foam is used. It is important that the foam
not retain pin holes but be self-healing after pins
are removed. This detail can save quite some
time over the long term.

Pins should be of stainless steel, especially
when they are to be used in humid tropical
areas. Size 3 pins are preferred by many workers,
as they are sturdy enough not to bend when
replaced, although this is to some extent a ques-
tion of taste and availability.

Finally, dry collections are best kept in rooms
with climate control to protect against excessive
heat, cold, and humidity. Excessive heat in com-
bination with humidity makes specimens prime
targets for fungi, insects, and mites; common
pests include museum beetles (Anthrena spp.),
silverfish, and house lice. Damage can be pre-
vented by adding some insecticide (e.g., cam-
phor) to each box and especially by checking
the collection at regular intervals, perhaps two
or three times a year. Infested boxes should be
taken away to be treated, making the process
less of a health risk for workers in the labora-
tory, if the collection is housed in the same
rooms as the laboratory.

Specimen Shipping

To ship specimens to specialists or collections,
use sturdy cardboard boxes padded with Styro-

foam chips to a thickness of at least 12 cm
around the enclosed insect box. Use wide sticky
tape to seal off all possible entrances to the box
and cut off access by unwanted visitors, such as
other insects, during the trip. If possible ship by
an express courier (e.g., Federal Express, UPS,
DHL), and do not forget the proper labels,
including the return address. All appropriate
customs forms should accompany international
shipments to avoid delays at customs.

Vials containing specimens should be tightly
bound together and sealed in a plastic bag to
prevent spillage of ethanol if a vial should
break or leak. Dry-mounted ant specimens
should be firmly pinned in unit trays that are
then secured within a cardboard box. Unit trays
should be braced so that they do not move
around in the box. Pin the ants as far down into
the tray bottoms as possible with the help of a
pair of strong forceps. If labels or triangles with
specimens mounted on them are loose, either
use thicker pins (size 3 pins usually prevent this
problem) or (and for larger specimens this
should be done as well) brace the specimen
with a pin on each side of the cardboard tri-
angle just in front of the specimen, so that it
cannot rotate and thus fall off or destroy neigh-
boring specimens.

Databases

The advent of personal computers, laser print-
ers, and the Internet has made building a collec-
tion and managing its related data much simpler
than in decades past. Once a new record has
been entered into a database, it is easy to print
labels, to search for specimens according to a
particular locality or research question, to add
images or drawings, to print distribution maps,
or even to perform the daily bookkeeping of the
collection. Maintaining an updated database
also facilitates data analysis and allows one to
check on questionable identifications or data
easily.



Databases are available in many different for-
mats. Depending on the size of the project, a
simple spreadsheet program such as Excel may
be sufficient. Such a program allows for the
input, sorting, and export of data and the print-
ing of labels. More advanced database pro-
grams normally require extra effort to learn and
customize. BIOTA and BioLink are two that
have been specifically developed for the pur-
pose of specimen and species data handling and
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might well serve the needs of most of the read-
ers of this volume.

With a little patience and practice, the art of
preparing and identifying and specimens can be
mastered by anyone. A well-labeled reference
collection serves as a solid baseline for ant stud-
ies and allows for comparisons to other sites
and studies. By following the steps outlined in
this chapter, the researcher can sort, mount, and
identify ants relatively easily and rapidly.



Chapter 12

Major Regional and Type
Collections of Ants (Formicidae)
of the World and Sources for the
Identification of Ant Species

C. Roberto F. Branddo

This chapter lists the main depositories of for-
micid type specimens, provides a database of
regional collections of ants, and comments on
the main resources for identifying ant genera
and species. One of the reasons for studying and
cataloguing diversity is that it is the major
prerequisite for understanding how biological
systems work (May 1990). Catalogues are un-
questionably indispensable to the support of
systematics and other biological research.

The synoptic classification of ants by Bolton
(1995a) is based on his new catalogue of the
world’s fauna (Bolton 1995b). Deleting taxa
known to be currently in press but not published
by the limit date of 31 December 1993, Bolton
(1995a) accepts as valid 16 subfamilies, 59
tribes, and 296 genera, and he lists 9538 de-
scribed extant species. Bolton (1995b) also lists

172

the suprageneric, genus- and species-rank taxa
known only from fossils.

The world catalogue brings together all names
published thus far for the extant and fossil ant
fauna, listing every publication on ant taxon-
omy and related fields of study from 1758 to the
present. The estimated size of the world ant
fauna, however—including those still to be
described—elevates this number to a total of
20,000 species, or possibly more (Holldobler
and Wilson 1990).

Thus at least half of the world’s ant fauna
remains to be described, and it will mostly be
found in the tropical part of the world, as one of
the few relatively indisputable generalizations
in community ecology is that a latitudinal gra-
dient in biological species richness and diversity
exists from the temperate regions to the tropics



(Kusnezov 1957; Jeanne 1979; Gadagkar et al.
1990; Chapter 8).

The recent classifications of the Formicidae
into subfamilies (Baroni Urbani et al. 1992;
Grimaldi et al. 1997) provide a fresh framework
for the much-anticipated reappraisal of several
taxa in different subfamilies. In the past, species
and genera were added to the subfamilies with
little concern for the overall effects on other
genera. At the tribe rank, classification is chaotic,
having recently been challenged in the Dolicho-
derinae and Formicinae. In the Dolichoderinae,
even the recognition of the traditional tribes has
not proven useful in classifying these ants
(Shattuck 1994). The tribal organization of the
Myrmicinae is in complete disarray and awaits
a complete overhaul. This situation can be
extended to other taxonomic levels, as several
taxonomic changes in the past resulted in the
formation of paraphyletic genera, the formation
of several unsatisfactory monotypic genera, and
the instability of generic and subgeneric con-
cepts. Thus the generic definition within sub-
families is frequently obscure (Bolton 1995b),
and the same name may represent entirely dif-
ferent concepts to different authors.

The number of generic revisions, mono-
graphs, and faunistic studies has increased
steadily during the 1980s. Yet, as Holldobler
and Wilson (1990:21) state, “like a mosaic
lacking just enough pieces so that the pattern
remains obscure, the classification of the world
fauna still lacks satisfying coherence and prac-
tical utility.”

Regional surveys of local ant faunas often
include keys for the identification of species
within the country or territory in question. Bolton
(1995b:2) does not recommend the use of faunal
surveys antedating 1950, as they are “clogged
with unavailable names and infraspecific taxa
and are of limited use by modern standards.”

Ward et al. (1996) published a comprehen-
sive bibliography of ant systematics, including
references that treat the taxonomy, evolution,
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and comparative biology of ants and also those
dealing with morphology, genetics, physiology,
biochemistry, social behavior, identification,
phylogeny, biogeography, ecology, and faunis-
tics, from Linnaeus (1758) to 1995. They list
8185 entries, of which 8109 are literature records
and the remainder cross references. Where there
is a discrepancy between the publication dates in
Bolton (1995b) and Ward et al. (1996), the latter
date may be considered definitive.

Published Resources

Bolton’s (1994) identification guide includes a
glossary of external morphological terms
(including those specific for use in ant taxono-
my), full diagnoses of workers of the 16 recog-
nized extant subfamilies, an illustrated guide
and updated keys for the identification of ant
subfamilies and genera, and relevant literature
for most genera. This guide presents scanning
electron micrographs of both a full-face view
and a body profile for the worker caste of nearly
every described genus, being the first visual
atlas of the Formicidae. The work will make it
possible to separate and name ant genera with-
out too much trouble for years to come, provid-
ed the reader is aware of several problems in the
generic classification outlined by the author. In
particular, the ground-dwelling ant fauna may
reveal new taxa, and the use of existing keys,
designed for described taxa, may not help to
disclose the new ones. In addition, an existing
genus may not have been well defined, or it may
be necessary to restudy its limits.

Having assembled this information, Bolton
(1994) discusses the need for a detailed taxo-
nomic study of fossil forms embedded in amber
and rock. He also comments on problems of
classification, even at the level of subfamily. A
good proportion of genera are now represented
by monophyletic units, although there are still
some unrecognized synonymies, genera that
may be para- or polyphyletic, or genera that are
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poorly characterized or that are still defined by
different concepts in different zoogeographical
regions.

Very user-friendly keys to ant subfamilies
and genera are presented in Holldobler and Wil-
son (1990). These keys are accompanied by
drawings of each genus. A comprehensive list
of identification guides for each genus is pre-
sented in Table 5.1.

For the New World, MacKay and Vinson
(1989) produced a guide to the species identifi-
cation of the ants, commenting on the power
and validity of species identification keys for
most genera occurring in the Americas. This
and Creighton’s (1950) review of the ants of
North America, along with information found in
Kempf’s (1972) catalogue and the Branddo
addendum of 1991, may aid in locating the
sources to be used for the study of the New
World Formicidae. (See Chapter 5 for more
resources.)

Where the ground-dwelling ant fauna is con-
cerned, some special difficulties may arise. The
study of this seldom-collected segment of the
fauna may reveal new taxa or indicate the need
for better definitions of others.

Electronic Resources

A new and important source of information
regarding ants is the growing number of
Internet World Wide Web pages. In particular,
the social insects Web site, http://research.
amnh.org/entomology/social_insects/, included,
as of late January 2000, the following informa-
tion: phylogeny; on-line catalogues (Neotropical
Ponerinae and Australian ants); Torre Bueno’s
and Harris’s glossaries of terms relating to sur-
face sculpture; visual guides to ant morphology
and anatomy; inventories (Central Park [New
York City], Saint Louis region, Michigan state,
major habitats in southern Bahia [Brazil],
Acacia ants, Costa Rica, Arabian Peninsula, and
Lakekamu [New Guinea]); collection invento-

ries (American Museum of Natural History
[AMNH], School of Environmental Biology,
Curtin University of Technology [CURT], and
Fundacién e Instituto Miguel Lillo, Universidad
Nacional de Tucumédn [IMLA] types); keys
(pictorial guide to Japanese ants, keys to Atlan-
tic forest and Madagascar genera, and keys to
species of Glamyromyrmex, Leptothorax (Myra-
fant), Neostruma, Nomamyrmex, Pheidole, Sim-
opelta, Smithstruma, Strumigenys, and Tricho-
scapa of Costa Rica); Ward’s technique for
mounting ants for museum collections; images
of CURT and Museu de Zoologia da Univer-
sidade de Sdo Paulo (MZSP) ant collections
(including the MZSP types); and slide shows on
the ant colony cycle and food storage, as well as
movies offering a 360° view of an ant. The site
includes important links to related Web pages
and links to popular, educational, and pest con-
trol sites.

Collection Resources

The levels of curation of entomological collec-
tions in temperate zones and of those in tropi-
cal countries are generally unequal; further-
more, the levels of curation across collections
in tropical countries are grossly uneven as well.
Thus any generalizations must be viewed criti-
cally. For the sake of efficiency, collaboration
and aid must account for these differences, in
order to avoid inefficiently utilizing limited
resources. A shared mission among collections
is necessary—one that supersedes myopic
nationalistic visions and that complements each
institution’s weaknesses and shortcomings.
Such cooperation is absolutely essential to the
mission of surveying the planet’s biodiversity
before it is gone forever.

Fortunately, natural history museums and
collections have a long-standing tradition of
cooperation, resulting from the shared realiza-
tion that no collection can possibly be “com-
plete” in every field of knowledge, especially



given the revolution in the concept of species
originating in the early 1940s. The Modern
Synthesis made clear that collections are not
mere depositories of stamplike typological enti-
ties, but information tools that document the
variation of species throughout their distribu-
tion. Moreover, specimens carry a history in
themselves. How, where, by whom, and in
which circumstances the specimens were gath-
ered are recorded in catalogues, notebooks, field
diaries, and other sources of information that are
vital components of natural history collections.

Table 12.1 lists the major public collections
of ants by country. Sources for this information
include Arnett and Arnett (1990), Arnett et al.
(1986, 1993), Gaedike (1995), Heppner and
Lamas (1982), Horn and Kahle (1935a, 1935b),
Horn et al. (1990), Hudson and Nichols (1975),
Rohlfien (1979), Sachtleben (1961), Entomo-
logical Society of Canada (1978), Watt (1979),
and Williams (1978). In the following discus-
sion, the four-letter acronyms are based upon
those of Arnett et al. (1993), but some additions
were necessary. The format follows those
authors’ rules for the construction of new acro-
nyms and avoids the use of acronyms already
employed for other institutions.

Stored in newly renovated rooms, the ant col-
lection of the Museum of Comparative Zoology
(MCZC) of Harvard University houses perhaps
the richest assemblage of ant types in the world.
Here are stored the famous collections of
William L. Brown Jr., William M. Wheeler, and
Edward O. Wilson, as well as parts of the
William Mann and Marion R. Smith collec-
tions. The extensive Berlese collections recent-
ly made by Robert Anderson and Stewart Peck
have been deposited in the MCZC. It also con-
tains the Bruno Finzi collection and recent
material collected by Gary Alpert, Stefan Cover,
and Philip Ward. Parts of the Wheeler collection
were divided between the MCZC and the
American Museum of Natural History (AMNH)
in New York City, and parts of the Mann and
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Smith collections were divided between the
MCZC and the Smithsonian Institution (USNM)
in Washington, D.C.

The Natural History Museum in London
(BMNH) holds important Asian and African
collections (although some New Guinea [Maf-
fin Bay] material collected by Kenneth Ross is
in the California Academy of Sciences [CASC])
and most types of the species described by
Horace Donisthorpe and more recently by Barry
Bolton. Frederick Smith’s collections were
divided between the BMNH (most of the
Neotropical material) and the Hope Entomo-
logical Collections of the University Museum,
Oxford (OXUM) (Asian collections), which
also holds Charles Thomas Bingham’s and
W. Cecil Crawley’s Asian ants. The Museo
Civico di Storia Naturale “Giacomo Doria”
(MCSN) in Genoa has, among other smaller
collections, that of Carlo Emery, which has
been organized according to the Genera Insec-
torum by Carlo Menozzi. The Museum
d’Histoire Naturelle (MHNG) in Geneva has
the Auguste Forel collection, preserving the
organization Forel preferred. It also houses col-
lections of leaf litter ants from Southeast Asia,
Sri Lanka, India, Australia, New Zealand, West
Africa, and Chile. The Naturhistorisches Mu-
seum (NHMB) in Basel has parts of the Forel
and Felix Santschi collections, along with more
recent material, studied in part by Cesare
Baroni Urbani.

The Heinrich Kutter and Daniel Cherix col-
lections are in the Musée Zoologique (MZLS),
which also houses important Afrotropical and
Middle Eastern collections. At the Museum
National d’Histoire Naturelle (MNHN) in Paris
is deposited the collection that has been known
as the “old collection” (ancienne collection),
with specimens studied by Pierre André
Latreille and reorganized in part by Carlo
Menozzi, as well as material collected more
recently, including the Maltese ant fauna, studied
by the curator, Dr. Janine Casewitz-Weulersse.
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Table 12.1 Major Formicidae Type and Regional Collections of the World®

Argentina

IMLA, Fundacién e Instituto Miguel Lillo, Universidad Nacional de Tucumadn, Miguel Lillo 251, 4000 Tucuman
(Dr. Fabiana Del Cuezzo); e-mail instli@satlink.com

MACN, Museo Argentino de Ciencias Naturales, Avenida Angel Gallardo 470 (c.c. 220, suc. 5), 1405 Buenos Aires
(Dr. Arturo Roig Alsina)

MLPA, Museo de la Plata, Universidad Nacional de la Plata, Paseo del Bosque, 1900 La Plata

Australia

AMSA, Australian Museum, P.O. Box A285, Sydney South, NSW 2000

ANIC, Australian National Insect Collection, CSIRO, P.O. Box 1700, Canberra City, ACT 2601 (Dr. Steven Shattuk)

AWAP, Agriculture Western Australia, 3 Baron-Hay Court, South Perth, Western Australia 6151 (fax 61-9-3683223;
e-mail johnvs @apb.agric.wa.gov.au)

CURT, School of Environmental Biology, Curtin University of Technology, GPO Box U 1987, Perth, Western Australia
6001 (Dr. Jonathan Majer; e-mail imajerj @info.curtin.edu.au)

MAMU, Macleay Museum, University of Sydney, Sydney, NSW 2006

MVMA, Museum of Victoria, 71 Victoria Crescent, Abbotsford, Victoria 3067

QMBA, Queensland Museum, P.O. Box 3300, South Brisbane, Queensland 4101

SAMA, South Australian Museum, North Terrace, Adelaide, South Australia 5000

TERC, Tropical Ecosystems Research Centre, Division of Wildlife and Ecology, CSIRO, PMB 44, Winnellie, NT 0821
(Dr. Alan Andersen; e-mail Alan. Andersen@terc.csiro.au) .

WAMP, Spider and Insect Collection, Western Australian Museum, Francis Street, Perth, Western Australia 6000

Austria
NHMW, Naturhistorisches Museum Wien, Postfach 417, Burgring 7, 1040 Vienna

Belgium

FSAG, Collections Zoologiques, Faculté des Sciences Agronomiques, 5030 Gembleaux
ISNB, Institut Royal des Sciences Naturelles de Belgique, 29 rue Vautier, B1040 Brussels
MRAC, Musée Royal de I’ Afrique Centrale, Leuvensesleenweg 13, B3040 Tervuren

Brazil

CPDC, Centro de Pesquisas do Cacau, Comissdo Executiva do Plano de Lavoura Cacaueira (CEPLAC), C.P. 7, Itabuna,
BA 45600 (Dr. Jacques Delabie; e-mail delabie @nuxnet.com)

DZIB, Departamento de Zoologia, UNICAMP, C.P. 1170, Campinas, SP 13100 (Drs. W. W. Benson and P. S. Oliveira;
e-mail pso@unicamp.br)

DZUP, Museu de Entomologia Pe. Jesus Santiago Moure, Universidade Federal do Parand, C.P. 19020, Curitiba, PR
81531-970

FIOC, Fundagio Instituto Oswaldo Cruz, Avenida Brasil 4365, C.P. 926, Rio de Janeiro, RJ 21045-900

IBSP, Instituto Biol6gico, Secretaria de Agricultura, Avenida Conselheiro Rodrigues Alves 1252, Sdo Paulo, SP 04604
(Prof. Eliana Bergamasco)

IBUS, Instituto de Biologia, Universidade Federal Rural do Rio de Janeiro, Antiga Rodovia, Rio-Sdo Paulo Km 47,
Seropédica, RJ 23460 (Dr. Antonio Mayhé-Nunes; e-mail amayhe @ufrrj.br)

INPA, Instituto Nacional de Pesquisas da Amazonia, Estrada do Aleixo 1756, C.P. 478, Manaus, AM 69011
(Dr. Celio Magalhées; e-mail celiomag @inpa.gov.br)

MPEG, Museu Paraense “Emilio Goeldi,” C.P. 399, Belém, PA 66000 (Dr. Ana Y. Harada;
e-mail ayharada@museu-goeldi.br)

MZSP, Museu de Zoologia da Universidade de Sao Paulo, Avenida Nazaré 481, Sio Paulo, SP 04263-000
(Dr. C. Roberto F. Brandio; phone 55-11-2743455; fax 55-11-2743690; e-mail crfbrand @usp.br)

QBUM, Museu Nacional, Quinta da Boa Vista, Sdo Cristovido, Rio de Janeiro, RJ 20942

UFVB, Museu de Entomologia, Universidade Federal de Vigosa, Vigosa, MG 36570 (Drs. Evaldo Vilela [e-mail
evilela@mail.ufv.br] and Teresinha Della Lucia)
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Table 12.1 continued

Canada

CNCI, Canadian National Collection of Insects and Arachnids, c/o Crop Protection Program (ECORC), Agriculture and
Agri-Food Canada, Ottawa, Ontario KIA OC6 (Dr. John Huber, Hymenoptera Unit curator)

CPMQ, Department of Biology, Université Laval, Quebec PQ GIK 7P4

LEMQ, Lyman Entomological Museum and Research Laboratory, McDonald College, McGill University, St. Anne de
Bellevue, Quebec H9X 3M1

Chile

MNNC, Museo Nacional de Historia Natural, Casilla 787, Santiago

UCCC, Departamento de Zoologia, Facultad de Ciencias Naturales y Oceanograficas, Universidad de Concepcién, Casilla
2407, Apartado postal 10, Concepcién, Chile (Dr. Andres Angulo Ormeso; fax, voice 56-41-240280; e-mail
aangulo@halcon.dpi.udec.ch)

China

CFRB, Forest Research Institute, Chinese Academy of Forestry, Wan Shou Shan, Beijing 100091 (Drs. Wang Changlu
and Dr. Wu Jian)

CNHP, Beijing Natural History Museum, 126 Tien Chaio Street, Beijing (Dr. Hong You-chong) (fossils)

GNUC, Department of Biology, Guangxi Normal University, Guilin 541004, Guangxi (Dr. Zhou Shan-yi)

ISAS, Kunming Institute of Zoology, Academia Sinica (Chinese Academy of Sciences), Kunming 650107, Yunnan

IZAS, Institute of Zoology, Academia Sinica (Chinese Academy of Sciences), 19 Zhongguancun Lu, Haidian 100080,
Beijing (Dr. Yuan Decheng)

KFBG, Kadoorie Farm and Botanic Garden, Lam Kam Road, Tai Po, New Territories, Hong Kong Special Administrative
Region (Dr. John R. Fellowes)

SNUC, Institute of Zoology, Shaanxi Normal University, Xi An, P.O. Box 191, Shaanxi 710062, (Dr. Zheng Zhemin)

Colombia

CELM, Coleccién Entomolégica “Lufs Marfa Murillo,” Instituto Colombiano Agropecuario, Tibaitaba. Apartado aéreo
151123 (El Dorado), Bogota (Dr. Ingeborg Zenner-Polania; phone 91-2672710)

IHVL, Instituto Humboldt, Villa de Leyva, Apartado aéreo 8693, Santa Fé de Bogot4, D.C. (Fernando Fernandez C.)

UNCB, Museo de Historia Natural, Instituto de Ciencias Naturales, Universidad Nacional de Colombia, Apartado 7495,
Santa Fé de Bogot4, D.C.

UNCM, Museo de Entomologia “Francisco Luis Gallego,” Facultad de Ciencias, Apartado aéreo 3840, Medellin

Costa Rica
INBC, Instituto Nacional de Biodiversidad, Apartado 22-3100, Santo Domingo de Heredia, 3100 Heredia
MUCR, Museo de Insectos, Universidad de Costa Rica, Ciudad Universitaria, San José

Cuba

IZAC, Instituto de Zoologia, Academia de Ciencias de Cuba, Capitolio Nacional La Habana 2, Ciudad de la Habana
10200

MHNC, Museo Nacional de Historia Natural, Capitolio Nacional La Habana 2, Ciudad de la Habana 10200

Denmark
ZMUC, Universitetets Zoologiske Museum, Universitetsparken, DK-2100 Copenhagen

Ecuador
QCAZ, Museo Zoolégico de la Pontificia Universidad Cat6lica del Ecuador, 12 de Octubre y Roca, Apartado 2184, Quito
(Dr. G. Onore and Patricio Ponce; e-mail varsovia@puce.edu.ec)

Finland
UZMH, Zoologiska Muset, Universitets Helsinki, P. Rautatiek 13, SF-00100 Helsinki

Continued on next page
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Table 12.1 continued

France

ENSA, Ecole Nationale Supérieure Agronomique, Toulouse

LBIT, Laboratoire de Biologie des Insectes, 118 route de Narbonne, F-31077 Toulouse

MNHN, Musée National d’Histoire Naturelle, 45 rue Buffon, 75005 Paris (Dr. J. Casewitz-Weulersse)

Germany

DEIC, Deutsches Entomologisches Institut, Fachhochschule Eberswalde, Schicklerstrasse 5, 16255 Eberswalde

EMAU, Ernst-Moritz-Arndt-Universitit Greifswald, Zoologisches Institut und Museum, Johann-Sebastian-Bach-Strasse
11/12, 17489 Greifswald

SMNG, Staatliches Museum fiir Naturkunde Gorlitz, Am Museum 1, 02826 Gorlitz (Dr. Bernhard Seifert)

SMNK, Staatliches Museum fiir Naturkunde Karlsruhe (formerly Landessammlungen fiir Naturkunde Karlsruhe [LNKY),
Erbprinzenstrasse 13, 76133 Karlsruhe (Manfred Verhaagh; e-mail verhaagh_smnk @compuserve.com)

SMNS, Staatliches Museum fiir Naturkunde Stuttgart, Rosenstein 1, 70191 Stuttgart

SMTD, Staatliches Museum fiir Tierkunde Dresden, Augustusstrasse 2, 01067 Dresden

ZBEMK, Zoologisches Forschungsinstitut und Museum Alexander Koenig, Adenaueralle 160, 53113 Bonn (Dr. Karl-Heinz
Lampe) (holds an important collection of myrmecophilous beetle taxa; contact Dr. Michael Schmitt)

ZMHB, Museum fiir Naturkunde der Humboldt-Universitit Berlin, Invalidenstrasse 43, 10115 Berlin

ZMUH, Zoologisches Institut und Museum der Universitdt Hamburg, Martin-Luther-King-Platz 3, 20146 Hamburg

ZSMC, Zoologische Staatssammlung, Miinchhausenstrasse 21, 81274 Munich (Dr. Erich Diller)

Ghana
UGLA, University of Ghana, Legon, Accra

Greece
ZMAA, Zoological Museum of the University of Athens, Athens

Hungary
HNHM, Hungarian Natural History Museum, Baross utca 13, H-1088 Budapest
SUEL, Bakowyi Természettudomanyi Muzeum/Bakony Museum, Zirc, Rakoczi ter 1, H-8420

India

NZSI, National Zoological Collection, Zoological Survey of India, 34, Chittaranjan Avenue, Calcutta 700 012

UASB, Departament of Entomology, University of Agricultural Sciences, Bangalore, Karnakata 560-065
(Drs. Rhagavendra Gadagkar [e-mail ragh@ces.iisc.ernet.in] and Musthak-Ali)

Indonesia
MBBIJ, Museum Zoologicum Bogoriense, P.O. Box 10, Jalan. Juanda 3, Bogor, Java

Israel
TAUI, Zoological Museum, Tel Aviv University, Tel Aviv 69978

Italy

IEGG, Istituto di Entomologia “Guido Grandi” dell’Universita degli Studi di Bologna, via Filippo Re 6, 40126 Bologna
(phone 051-354161)

MCSN, Museo Civico di Storia Naturale “Giacomo Doria,” via Brigata Liguria 9, 16121 Genoa (Dr. Valter Raineri;
phone 010-564567)

MHNT, Museo Civico di Storia Naturale, Piazza A. Hortis 4, 34123 Trieste (phone 040-301821).

MRSN, Spinola Collection, Museo Regionale di Scienze Naturali, via Giolitti 36, 10123 Turin (phone 011-432061/73;
fax 011-4323331)

MSNM, Museo Civico di Storia Naturale, Corso Venezia 55, 20121 Milan (phone 02-62085405)

MSNY, Museo Civico di Storia Naturale, Lungadige Porta Vittoria 9, 37129 Verona (phone 061-213356)
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Table 12.1 continued

Japan

DBUT, Department of Biology, College of Arts and Sciences, University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902
(Dr. Mamoru Terayama; e-mail terayama@pop.fa2.so-net.or.jp)

EUMI, Entomological Laboratory, Ehime University, Matsuyama

ITLJ, Laboratory of Insect Systematics, National Institute of Agro-environmental Sciences, 3-1-1 Kannondai, Tsukuba,
Ibaraki Prefecture 305 (Terayama types)

KUEC, Entomological Laboratory and Institute of Tropical Agriculture, Faculty of Agriculture, Kyushu University, Hako
Zaki, Higashi-ku, Fukuoka 812 (Yamatsu’s material and Ogata types) (Dr. Kazuo Ogata; e-mail kogata@
agr.kyushu-u.ac.jp)

KUIC, Department of Biology, Faculty of Agriculture, Kagoshima University, Uera Ta-cho, Kagoshima 890
(Dr. Seiki Yamane)

LECJ, Laboratory of Ecosystem Conservation, Obihiro Univerisity of Agriculture and Veterinary Medicine, Inada-cho,
Obihiro 080-8555 (Dr. Keiichi Onoyama)

MNHA, Museum of Nature and Human Activities, Yayoigaoka, Sanda, Hyogo 669-13 (Dr. Yoshiaki Hashimoto)

NSMT, National Science Museum (Natural History), Hya Kunin-cho 3-23-1, Shinjuku-ku, Tokyo 141

UOPJ, Entomological Laboratory, University of Osaka Prefecture, Museum of Natural History, Sakai, Osaka 593

Kenya
NMKE, National Museum of Kenya, P.O. Box 40658, Nairobi

Malaysia
SMSM, Sarawak Museum of Natural History, 93566 Kuching, Sarawak

Mexico

INEC, Instituto de Ecologia, A. C., Km 2.5 antigua carretera a Coatepec, A. P. 63, Xalapa, 91000, Veracruz (Dr. Patricia
Roja)

MCMC, Museo de Historia Natural de la Ciudad de Mexico, Apartado postal 18845, Delegacién Miguel Hidalgo, Mexico
11800, D.F.

UNAM, Instituto de Biologia, Universidad Nacional Auténoma de México, Apartado postal 70133, Mexico 04510, D.F.
(Dr. Julieta Ramos Elorduy)

The Netherlands

NHME, Natural History Museum, de Bosquetplein 6-7, Post-bus 882, 6200 AW Maastricht

ZMAN, Instituut voor Taxonomische Zoologie, Zoologisch Museum, Universiteit van Amsterdam, Plantage Middenlaan
64, 1018 DH Amsterdam

New Zealand

NZAC, New Zealand Arthropod Collection, DSRI, Landcare Research New Zealand, Private Bag 92170, Auckland 1001
(phone 64-9-8496330; fax 8497093)

PPCC, Plant Protection Centre Collection, Lynfield Agricultural, P.O. Box 41, Auckland 1

Nicaragua
SEAN, Museo Entomolégico, SEA, Apartado aéreo 527, Ledn (Dr. Jean-Michel Maes)

Panama
MIUP, Dr. Graham B. Fairchild Museo de Invertebrados, Universidad de Panama, Estafeta Universitaria, Panama
(Dr. Diomedes Quintero-Arias)

Peru
MUSM, Museo de Historia Natural “Javier Prado,” Universidad Nacional Mayor de San Marcos, Avenida Arenales 1267,
Apartado postal 14-0434, Lima 14

Continued on next page
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Table 12.1 continued

Poland
ZMPA, Instytut Zoologiczny, Polska Akademia Nauk, Wilcza 64, 00-679 Warsaw

Portugal
MMFM, Museu Municipal do Funchal, Madeira

Russia

IEME, Institute for Evolution, Morphology, and Ecology of Animals (also cited in some publications as Institute of
Evolutionary Animal Morphology), Leninsky Prospekt 33, Moscow 117071

ZMAS, Department of Entomology, Zoological Institute of the Russian Academy of Science, Universitetskaya,
Naberzhnayal B-164, Saint Petersburg (Dr. Vladimir Tobias; e-mail tvi@zisp.spb.su)

ZMUM, Zoological Museum, Moscow State University, Bolshaja Nikitskaja 6, Moscow 103009 (Dr. Alexander
Andropov; e-mail entomol @zoomus.bio.msu.su)

Singapore
NMSC, Department of Zoology, National University of Singapore, Kent Ridge, S-0511 Singapore (includes material
formerly at the Raffles Museum, the Singapore National Museum, and the University of Singapore)

South Africa

SAMC, South African Museum, P.O. Box 61, Queen Victoria Street, Cape Town 8000 (Dr. Hamish G. Robertson; phone
21-246330; fax 21-246716; e-mail hroberts @ samuseum.ac.za)

TMSA, Transvaal Museum, P.O. Box 413, Pretoria 0001

Spain

DBAG, Departamento de Biologia Animal, Universidad de Granada, Spain

MCCB, Museo de la Cieéncia, Fundacié6 la Caixa, Teodor Roviralta 55, 08022 Barcelona (Dr. Jorge Wagensberg;
e-mail jwagensberg.fundacio@lacaixa.es; fax 34-3-4170381) (Dominican amber fossils)

MNMS, Museo Nacional de Ciencias Naturales, Paseo de la Castellana 84, Madrid (merged with the Instituto Espafiol de
Entomologia)

Sweden
NHRS, Naturhistoriska Riksmuseet, 10405 Stockholm (Dr. Per Inge Persson)
UZIU, Upssala Universitets, Zoologiska Museet, P.O. Box 561, 75122 Uppsala

Switzerland

ETHZ, Eidgenossische Technische Hochschule-Zentrum, Universititsstrasse 2, CH-8006 Zurich

MHNC, Musée d’Histoire Naturelle, La Chaux-de-Fonds

MHNG, Musée d’Histoire Naturelle, route de Malagnon, Case postale 434, CH-1211 Geneva 6 (Dr. Daniel Burckhardt)
MZLS, Musée Zoologique, Place de la Riponne 6, Lausanne (Dr. D. Cherix)

NHMB, Naturhistorisches Museum, Augustinergasse 2, CH-4001 Basel

NMBS, Naturhistorisches Museum, Bernastrasse 15, CH-3005 Bern

Trinidad and Tobago
UWIC, Department of Biological Sciences, University of West Indies, Saint Augustine (Dr. Christopher Starr)

Ukraine

UASK, Institute of Zoology, Ukrainian National Academy of Sciences, B. Khmelnitsky Street 15, 252601 Kiev 30
(Dr. Alexander Radchenko; e-mail rad @usenc kiev.ua)

ZMKU, Zoological Museum, Academy of Sciences of Ukrania, Vladimirskaya SS, Kiev

United Kingdom

BMNH, The Natural History Museum, Cromwell Road, South Kensington, SW7 5BD London (Mr. Barry Bolton)
CMLU, City Museum, Municipal Building, L.51 3AA Leeds (Dr. Cedric Collingwood)

OXUM, Hope Entomological Collections, University Museum, Parks Road, 0XI 3PW Oxford
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Table 12.1 continued

United States of America

ABSC, Archbold Biological Station, P.O. Box 20570, Lake Placid, Florida 32852-2057 (Dr. Mark Deyrup;
phone 1-813-465-2571; fax 6991927)

AMNH, American Museum of Natural History, Central Park West at 79th Street, New York, New York 10024 (Dr. James
Carpenter; phone 1-212-873-1300; (http:/research.amnh.org/~agosti/social_insects/sihp1.html) (includes amber fossils)

ANSP, Department of Entomology, Academy of Natural Sciences, 19th and the Parkway, Philadelphia, Pennsylvania
19103 (phone 1-215-299-1189)

BPBM, Bernice P. Bishop Museum, P.O. Box 19000A, Honolulu, Hawaii 96819

BUWT, Department of Biology, Baylor University, Waco, Texas 76703

CASC, California Academy of Sciences, Golden Gate Park, San Francisco, California 94118 (Dr. Wojciech J. Pulawski;
phone 1-415-221-5100)

CEMU, Cleveland Museum of Natural History, 1 Wade Oval Drive, University Circle, Cleveland, Ohio 44106
(phone 1-614-231-4600)

CIDA, The Orma J. Smith Museum of Natural History, Albertson College of Idaho, Caldwell, Idaho 83605
(Dr. William H. Clark; phone 1-208-459-5507)

CUIC, Department of Entomology, Cornell University, Ithaca, New York 14850

DEFW, Bell Museum of Natural History, University of Minnesota, Minneapolis, Minnesota 55455

DENH, Department of Entomology, University of New Hampshire, Durham, New Hampshire 03824

DEUN, Division of Entomology, University of Nebraska State Museum, W436 Nebraska Hall, Lincoln, Nebraska 68503

ESUW, Rocky Mountain Systematic Entomology Laboratory, University of Wyoming, P.O. Box 3354, University Station,
Laramie, Wyoming 82071 (phone 1-307-766-5338)

FMNH, Field Museum of Natural History, Roosevelt Road and Lake Shore Drive, Chicago, Illinois 60605
(Dr. Alfred F. Newton; phone 1-312-922-9410)

FSCA, Florida State Collection of Arthropods, 1911 34th Street SW, P.O. Box 147100, Gainesville, Florida 32614
(Dr. M. C. Thomas; phone 1-904-372-3505)

INHS, Illinois Natural History Survey Insect Collection, 607 East Peabody Drive, Champaign, Illinois 61820 (Kathleen
R. Methven; phone 1-217-244-2149; fax 1-217-333-4949; http://www.inhs.uiuc.edu)

ISUI, Department of Zoology and Entomology Collections, Iowa State University, Ames, Iowa 50010-3222 (Dr. Robert
E. Lewis; phone 1-515-294-1815)

KSBS, State Biological Survey of Kansas Invertebrate Collection, 2045 Constant Avenue, Campus West, University of
Kansas, Lawrence, Kansas 66044 (phone 1-913-864-4493)

LACM, Los Angeles County Museum of Natural History, 900 Exposition Boulevard, Los Angeles, California 90007
(Drs. Roy Snelling and Brian V. Brown; phone 1-213-744-3363;
http://www.lam.mus.ca.us/lacmnh/departments/research/entomology)

MCZC, Museum of Comparative Zoology, Harvard University, 26 Oxford Street, Cambridge, Massachusetts 02138
(Dr. Edward O. Wilson, Dr. Gary Alpert, Mr. Stefan Cover; phone 1-617-495-2464)

MEMU, Mississippi Entomological Museum, Mississippi State University, Drawer EM, Mississippi State, Mississippi
39762 (Dr. Richard L. Brown; phone 1-601-325-2085)

NCSU, Department of Entomology, North Carolina State University, P.O. Box 5215, Raleigh, North Carolina 27607
(phone 1-919-737-2833)

NDSU, North Dakota State Reference Collection, Entomology Department, North Dakota University, Fargo, North
Dakota 58102 (phone 1-701-237-7902)

NYSM, New York State Museum, Biological Survey, 3132 Albany Cultural Education Center, Albany, New York 12230
(phone 1-518-473-8496)

OSUC, Ohio State University Collection of Insects and Spiders, 1735 Neil Avenue, Columbus, Ohio 43210 (Dr. Norman
Johnson; phone 1-614-292-6839)

PSUC, Frost Entomological Museum, Pennsylvania State University, University Park, Pennsylvania 16802

RUVA, Radford University, Radford, Virginia 24142 (Dr. Charles Kugler)

Continued on next page
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Table 12.1 continued

SEMC, Snow Entomological Museum, University of Kansas, Lawrence, Kansas 66044 (Dr. James S. Ashe;
phone 1-913-864-3065)

STUC, Southern Illinois University Entomology Collection, Research Museum of Zoology, Southern Illinois University,
Carbondale, Illinois 62901 (Dr. J. E. McPherson; phone 1-618-536-2314)

SRSS, Southern Research Station, Forest Insect Research, U.S. Department of Agriculture, 2500 Shreveport Highway,
Pineville, Louisiana 71360

SWRS, Southwestern Research Station of the American Museum of Natural History, Portal, Arizona 85632
(Dr. Wade C. Sgerbrooke; phone 1-602-558-2396)

TAMU, Department of Entomology, Texas A&M University, College Station, Texas 77843 (phone 1-409-845-9712)

TTCC, The Museum, Texas Tech University, Lubbock, Texas 79409 (phone 1-806-742-2828)

UAIC, Department of Entomology Collection, University of Arizona, Tucson, Arizona 85721 (phone 1-602-621-1635)

UCDC, The Bohart Museum of Entomology, University of California, Davis, California 95616 (Dr. Philip S. Ward;
phone 1-916-752-0486)

UCMC, University of Colorado Museum, Campus Box 218, Boulder, Colorado 80309-0218, (curator: Dr. M. Deane
Bowers; collection manager: Virginia Scott; phone 1-303-492-6270; 1-303-fax 492-4195; scottv@spot.colorado.edu)

UCMS, Department of Ecology and Evolutionary Biology, University of Connecticut, Box U-43, Storrs, Connecticut
06269-3034 (Dr. Carl W. Rettenmeyer; phone 1-203-486-4460)

UCRC, Entomological Teaching and Research Collection, University of California, Riverside, California 92521
(Dr. Saul I. Frommer; phone 1-714-787-4315)

UMMZ, Museum of Zoology, University of Michigan, Ann Arbor, Michigan 48109-1079 (contact: Dr. Paul B.
Kannowski)

USDA, United States Department of Agriculture Fire Ant Project Collection. P.O. Box 14565, Gainesville, Florida 32604
(Dr. Daniel P. Wojcik).

USNM, United States National Museum of Natural History, Washington, D.C. 20560 (Dr. Ted Schultz; phone 1-202-357-
1311; fax 1-202-786-2894)

VPIC, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0542 (phone 1-703-231-6773)

WFBM, W. F. Barr Entomological Collection, University of Idaho, Moscow, Idaho 83843 (Dr. Frank W. Merickel; phone
1-208-885-7543)

WSUC, James Entomological Collection, Department of Entomology Collection, Washington State University, Pullman,
Washington 99163 (phone 1-509-335-3394)

WVUC, Arthropod Collection, Room G176, Agricultural Sciences Building, West Virginia University, P.O. Box 6108,
Morgantown, West Virginia 26505

Uruguay
UYIC, Museo de Entomologia, Departamento de Artropodos, Facultad de Humanidades y Ciencias, Tristan Narvaja 1674,
C.C. 10773 Montevideo

Venezuela

IZAV, Instituto de Zoologia Agricola, Facultad de Agronomia, Universidad Central de Venezuela, Apartado postal 4579,
Maracay 2010A, Aragua

USBC, Departamento de Biologia de Organismos, Universidad Simén Bolivar, Apartado postal 80659, Caracas, Miranda

Zimbabwe
NMBZ, National Museum, P.O. Box 240, Centenary Park, Bulawayo

“Acronyms in alphabetical order by country; see text. Italicized acronyms refer to those not found in Arnett et al. (1993) and proposed here
using their criteria.



The Gustav Mayr collection is in the Ernst-
Moritz-Arndt-Universitit (EMAU) in Greifs-
wald and the Naturhistorisches Museum Wien
(NHMW) in Vienna; the Erich Wasmann collec-
tion is deposited in the Natural History Museum
(NHME) in Maastricht and the Massimiliano
Spinola collection in the Museo Regionale di
Scienze Naturali (MRSN) in Turin. The William
Nylander collection is deposited in the Zoolo-
giska Muset, Universitets Helsinki (UZMH) in
Helsinki. For Italian collections, readers are
referred to the complete list of entomological
collections and authors published by Poggi and
Conci (1996).

The George Arnold and Andre J. Prins collec-
tions are deposited in the South African Museum
(SAMC).

In North America the most important collec-
tions besides the MCZC are those at the Los
Angeles County Museum of Natural History
(LACM), with the collections of Arthur C. Cole
Jr., Thomas Wrentmore Cook, and William S.
Creighton; the North Dakota and Nevada col-
lections of George C. and Jeanette Wheeler;
Daniel Janzen’s collection of Central American
Acacia-inhabiting ants; and many thousands of
samples collected and studied by Roy R. Snell-
ing; the USNM, holding parts of the Julian F.
Watkins II army ants and portions of the Mann
and Smith collections; and the AMNH, holding
most of the Theodore C. Schneirla Panamanian
Ecitoninae documents. Several smaller collec-
tions are also important, in particular the Robert
Gregg collection, deposited in the Field Museum
of Natural History (FMNH) in Chicago, which
also houses some 14,000 samples of ants recov-
ered by Berlese extraction of leaf litter. Gregg
based his book Ants of Colorado on a collection
now deposited in the University of Colorado
Museum (UCMC) in Boulder. The Orma J.
Smith Museum of Natural History, Albertson
College of Idaho (CIDA) in Caldwell includes a
part of the Watkins army ants, with field notes
and a worldwide reference collection of ants,
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and it will eventually receive the P. E. Blom and
William H. Clark personal collections and
libraries. The Illinois Natural History Survey
Insect Collection (INHS) has 20 drawers of
pinned material and a full cabinet of ants in alco-
hol, mostly from the American Midwest.

In South America, Argentina and Brazil have
the best ant collections. The Thomas Borgmeier,
Walter Kempf, Karol Lenko, and Hermann von
Jhering collections are all deposited in the
MZSP in Sado Paulo, along with more recent
collections by C. R. F. Branddo and collabora-
tors. The Cincinnato R. Gongalves collection
has been divided between the Museu Nacional,
Quinta da Boa Vista (QBUM) and the Instituto
de Biologia, Universidade Rural Federal do Rio
de Janeiro (IBUS), both in Rio de Janeiro. The
collection at the Centro de Pesquisas do Cacau
(CPDC), although quite new, is expanding
rapidly, holding mostly material from the
Atlantic forest in eastern Brazil. The Niko
Kusnezov collection, mainly from Argentina, is
deposited in IMLA in Tucumdin, Argentina,
whereas the Carlos Bruch and Angel Gallardo
collections are in the Museo Argentino de
Ciencias Naturales (MACN) in Buenos Aires
(duplicates in the Museu de de la Plata, Uni-
versidad Nacional de la Plata [MLPAY}). Cuba’s
Instituto de Zoologia, Academia de Ciencias de
Cuba (IZAC) collection in Havana has the Pastor
Alayo and Juan Gundlach material.

Asian and African material is mostly deposit-
ed in European and North American museums,
especially in the MCZC and BMNH. Other
important sources are the Musée Royal de
I’Afrique Centrale (MRAC) in Tervuren, the
NHME in Maastricht (the Jozef K. A. Van
Boven and Erich Wasmann collections of ants
and ant guests from all over the world), and the
smaller collections listed subsequently.

Australian ants are deposited in several col-
lections, but most species can be found in the
Australian National Insect Collection (ANIC)
in Canberra City.
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Dr. Gennady M. Dlussky kindly sent me the
following information on Russian and former
Soviet ant collections. The Zoological Museum,
Moscow State University (ZMUM) has the
largest ant collection of the former USSR, and
in his opinion the best collection of ants of the
Palearctic region. It consists of Victor Ivanovich
Motschulski’s collection; collections of ants
from Central Asia assembled by Aleksyei
Pavlovich Fedtschenko and described by Mayr;
collections of ants from Austria, South Amer-
ica, and Australia, presented by Mayr with some
syntypes of his species; Nikolai Victorovich
Nasonov’s collection; part of Mikhail Dmitri-
vich Ruzsky’s collection; the collection of
Konstantin Vladimirovich Arnol’di (previously
it was in the Institute for Evolution, Morphol-
ogy, and Ecology of Animals [IEME] in
Moscow, but at the end of his life Arnol’di pre-
sented it to the Zoological Museum); and
Dlussky’s own collection. Paratypes of Emery,
Forel, Mayr, Santschi, Wheeler, and many other
myrmecologists are also at the ZMUM. At the
Institute of Zoology of the Ukrainian National
Academy of Sciences (ZIKU) are housed Vladi-
mir Affanassievich Karavaier’s collection {(main-
ly from the Ukraine and Oriental region) and
Alexander G. Radchenko’s collection, as well as
many paratypes of Emery, Santschi, and others.

Myrmecologists have never worked in the
Department of Entomology of the Zoological
Institute of the Russian Academy of Science
(ZMAYS), and all material has been determined
and described by visitors. In 1903 the collection
was studied by Forel, who described some
species. He also presented to the museum a col-
lection of ants from Madagascar. In 1914 the
large collection assembled by Petr Kuzmich
Kozlov from Tibet and Southern Gobi was
described by Ruzsky. Part of Ruzsky’s personal
collection was also deposited there (most of
Ruszky’s types have been lost). Most material
was determined by Arnol’di, Dlussky, and
Radchenko.

No one knows the location of the collection
of N. N. Kuznetzov-Ugamsky. It may be in the
Museum of Nature in Tashkent; however they
have no entomologists on staff at present.
Some types of his species are in Kiev,
Moscow, and St. Petersburg. Types of Alina
Kupianskaja are in the Biologo-Pocvennyj
Institute in Vladivostok.

Currently several regional ant collections are
under construction that will certainly be instru-
mental in the determination of distributional
patterns and in studies of distributional varia-
tion within taxa.

Major collections holding type specimens,
especially those described in the last century
or at the beginning of this one, are listed in
Table 12.1. This list, favoring extant fauna, is
in alphabetical order and is taken mainly from
Arnett et al. (1993), but it has been combined
with information from recent papers by several
researchers): Agosti, Alayo, Alpert, Baroni Ur-
bani, Benson, Bolton, Brandio, Brown, Cagni-
ant, Casewitz-Weulersse, Cerdd, Collingwood,
Delabie, Deyrup, Diniz, Dlussky, Dubois, Espa-
daler, Fernandez, Fowler, Francoeur, Harada,
Ipinza-Regla, Kohout, C. Kugler, Lattke,
Longino, MacKay, Moffett, Nunez, Ogata, Pisar-
ski, Radchenko, Shattuck, Snelling, Taylor,
Thompson, Tinaut, Trager, Umphrey, Ward,
Watkins, and Wilson. The references used have
been carefully listed in Ward et al. (1996)
under the cited names and are not reproduced
here. The list favors extant fauna. This infor-
mation has been kindly checked and amended
by colleagues from several institutions, listed
in the Acknowledgments.

Collectors and curators may not necessarily
wait for a specialist to request material for
study. Instead they often write to systematists
and ask them to identify specimens. As with the
borrowing of specimens, certain rules should be
followed in making such requests for identifica-
tion; these are outlined in Arnett and Samuelson
(1986).



Private Collections

The information given in this section has been
taken from several different recent references in
the ant taxonomy literature. It is not easy to
ascertain whether the cited collections are still
in private hands or have by now been deposited

in official institutions. Interested readers should

contact the collection holders.

Major private collections cited in the litera-
ture are those of W. Buren, A. Buschinger, F.
Castafio (Colombia), R. Chew, C. A. Colling-
wood (Skipton, U.K.), G. Delye, J. L.. M. Diniz
(UNESP, Sio José do Rio Preto, SP, Brazil), M.
DuBois (Clemson University), X. Espadaler
(Bellaterra, Spain), F. Fernandez C. (Colombia),
A. Francoeur (Chicoutani, Canada), R. Gregg,
D. Kistner (Chico, California, USA), R. Klein,
Masao Kubota (Odawara City, Japan), R. Lav-
igne, J. Longino, J. Lynch, W. and E. MacKay
(University of Texas, El Paso), T. Nuhn, S. O.
Shattuck, A. Tinaut (Departamento de Biologia
Animal y Ecologia, Universidad de Granada,
Spain), J. Trager, G. J. Umphrey (University of
Guelph, Ontario, Canada), P. Ward, G. and J.
Wheeler, and D. Wojcik. Another fast-growing
and interesting private collection in Germany is
that of A. Schulz (Leichlingen).

Although quite dispersed and extremely
heterogeneous by all conceivable criteria, Ta-
ble 12.1 demonstrates that the number of ant
collections available worldwide is impressively
large when compared with other collections of
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similar taxa. The wealth of biological informa-
tion residing in these assemblages is by no
means negligible. A special effort should there-
fore be made by the ant research community to
improve not only the collections themselves but
also—and more importantly——the quality and
accessibility of the information associated with
the collection specimens.

I am sure that many gaps still remain in this
world list of ant collections, and I would be
grateful to receive additions and corrections
from readers.
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Chapter 13

What to Do with the Data 4y

John T. Longino

At their most basic, the data from biodiversity
surveys consist of specimens to which are
attached ecological and taxonomic attributes.
Ecological attributes might include date of col-
lection, locality, habitat, quadrat number, or
collection method. Taxonomic attributes might
be species identification, higher taxa to which
the species belongs, or perhaps a predefined
functional group. This chapter describes how
these data can be organized, visualized, and
analyzed. The procedures outlined here are not
unique to leaf litter ants, and [ present only a
cursory overview of a subject about which
volumes have been written (e.g., Pielou 1975,
1984; Southwood 1978; Ludwig and Reynolds
1988; Magurran 1988; Hayek and Buzas
1996).
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Organizing the Data

Imagine an example in which an investigator
takes a litter-soil sample in a patch of forest,
extracts the ants in a Berlese funnel, and mounts
one or a few specimens of each different species
in the sample. The investigator can present the
results as a species list. Now imagine that the
investigator has taken two samples instead of
one. Some species will be common to both sam-
ples; others will be unique to one or the other.
These results can be presented as a matrix with
two columns and as many rows as there are
species in both samples combined. The pres-
ence of a species in a particular sample is indi-
cated by a check mark. Data such as these are
presence-absence data or incidence data.



Alternatively the investigator may choose to
count the number of individuals of each species
in each sample. The cells of the matrix would
then contain abundance data rather than presence-
absence data. Qur investigator may take ten
replicate samples in old-growth forest and
another ten in managed forest nearby. The
species-by-sample matrix now has the columns,
which represent different samples, organized in
two groups. Species-by-sample matrices such
as these are the fundamental data structure for
ecological sampling (Pielou 1984). Replicate
samples are represented by columns and spe-
cies are represented by rows (or vice versa).
The cell contents may be presence-absence
data or they may be abundances. The replicate
samples may have no particular order or group-
ing, or they may be stratified or grouped in
various ways.

For very large data sets, a matrix remains
the conceptual structure of the data, but not the
best way to actually store them. A large matrix,
most of the cells of which are empty, is a cum-
bersome way to store data. Data are better
stored as a list, with each row representing a
nonzero cell of the matrix. Thus each row con-
tains species name or code number, sample
number, any ecological grouping variables
(e.g., old growth versus managed forest), and
abundance.

Some species will be common in the data set,
and others will be rare. Terminology for rare
species will become important in some of the
analyses discussed later. Singletons are species
known from a single specimen, and doubletons
are species known from two. Uniques are
species that occur in only one sample (regard-
less of their abundance within the sample), and
duplicates are species known from two samples
(Colwell and Coddington 1994; Coddington et
al. 1996; Silva and Coddington 1996; Chazdon
et al. 1998).
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Caveats to Ant Sampling
Caveat 1: Ants Are Spatially Clumped

Some analysis methods assume that within a
spatially and temporally defined community all
individuals in the sampling universe have an
equal probability of being sampled. In other
words, knowing the identity of an individual in
a sample should not influence the probability of
observing other members of the same species in
that sample. This assumption is nearly always
violated because spatial aggregation of organ-
isms appears to be the rule rather than the
exception (L. R. Taylor et al. 1978). Ants are
social and are strongly aggregated when sam-
pling methods capture colonies or portions of
colonies. For this reason presence-absence data
may be preferred over abundance data in analy-
ses. An extreme example is a pitfall trap that
catches 10,000 army ants. In terms of number of
individuals, the army ant species might dwarf
the abundance of all other species combined,
whereas in terms of number of samples in
which it occurred the army ant species might be
among the rarest.

Caveat 2: Obtaining an Unbiased
Sample of Arthropods (Including Ants)
Is Nearly Impossible

Ideally the relative abundances of species in a
sample should reflect the relative abundances in
the community. This is possible if one takes a
huge number of small, random volumetric sam-
ples from the environment and observes every
arthropod in the sample. Arthropods are small
and intricately embedded in other biotic and
abiotic components of the environment (e.g.,
soil, wood, leaf litter, foliage, air). Direct
searching for arthropods is extremely labor
intensive and makes it possible to characterize
only very small areas. Rarely is such an exhaus-
tive search practical.
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More often, arthropods are sampled by con-
centrating them from larger areas or volumes.
This concentration is influenced by the behavior
of individuals, which varies between species
and thus introduces almost insurmountable
problems of bias (Poole 1974). Baiting attracts
ants from surrounding areas and preferentially
samples species that are generalized omnivores
with highly developed recruiting ability. It
undersamples specialized predators and ants
that forage beneath the litter. Sifting litter con-
centrates large volumes of bulk litter, preferen-
tially sampling species that (1) are not quick
enough to escape the litter-gathering process,
(2) can be dislodged from large litter fragments
to which they cling, (3) are not crushed by the
sifting process, and (4) readily drop from the
suspended litter when it is in the extraction bag.
Pitfall traps may undersample sit-and-wait
predators and species that can cling to vertical
surfaces. Intensive manual searching of litter
plots (with its concomitant high cost) comes
closest to unbiased community characterization,
but even in this case the search must be
extremely thorough and painstaking so as not to
miss extremely small (circa 1 mm long) and
cryptic litter ant species. More often than not,
small cryptic ants will be undersampled.

Study Objectives

How important these caveats are will depend on
the objectives of the study. Study objectives can
be portrayed as a set of questions asked of a
data set. Here I discuss some of those questions
and how to answer them. I use an example data
set (Table 13.1) to illustrate the analysis meth-
ods that I discuss. This is a real data set, pro-
duced by an arthropod survey project in a low-
land rainforest in Costa Rica (Project ALAS;
see Longino 1994; Longino and Colwell 1997).
Each “sample” is the combined ants from 13
soil-litter cores, taken over a 13-month period
from the perimeter of a 10-m-radius circle and

extracted in Berlese funnels. The soil-litter
cores were 14.5 cm in diameter and 10 cm deep.
Sixteen samples are shown: eight from old-
growth forest and eight from second-growth
forest. The values in the table are the numbers
of adult workers.

What Is the Rate of
Species Accumulation in
the Sampling Program?

This question alone has no pretensions of
describing community characteristics. The ques-
tion has relevance to what is called “strict inven-
tory” (Longino and Colwell 1997), in which a
goal is compiling the largest possible species
list for the least effort. Strict inventory is prac-
ticed by taxonomists who wish to sample many
taxa efficiently for museum study.

The rate of species-accumulation is observed
with a species-accumulation curve (Soberén
and Llorente 1993). A species-accumulation
curve has some measure of effort on the hori-
zontal axis and cumulative number of species
on the vertical axis (Fig. 13.1). Examples of
effort measures include number of samples,
number of individuals observed, time spent col-
lecting, time required to process and identify
specimens, and monetary cost of the inventory
process. To obtain a species-accumulation curve
from a species-by-sample matrix in a spread-
sheet, first accumulate abundance across rows
and then replace each nonzero value with 1 (this
can be done by dividing each value by itself
plus 1, then rounding). The column sums will
be the species-accumulation curve (Table 13.2).
A particular ordering of samples produces a
particular species-accumulation curve. The last
point on the curve will be the total number of
species observed among all the samples.
Changing the order of samples may change the
shape of the curve but not the endpoint. A
smoothed or average species-accumulation
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curve can be produced by repeatedly randomiz-
ing sample order, calculating a species-accumu-
lation curve for each randomization, and aver-
aging the resultant curves (Fig. 13.1). (This and
many other analyses illustrated here were car-
ried out with the program EstimateS [Colwell
1997].) The curve for a highly undersampled
fauna will appear nearly linear, with each new

sample adding many new species to the inven-
tory. The curve for a thoroughly sampled fauna
will reach a plateau, with few or no species
being added with additional sampling.

In addition to observing the current rate of
species accumulation, one may wish to predict
the results of additional sampling. Projecting a
species-accumulation curve allows one to esti-

Table 13.2 Calculating a Species-Accumulation Curve?®

Sample Number

Ant Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Species 1 0 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
Species 2 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
Species 3 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1
Species 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
Species 5 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1
Species 106 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
Species 107 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

Sum 19 36 47 56 62 68 75 79 92 93 100 101 104 106 106 106

“Abundances are summed across rows and then each nonzero value is replaced with 1. The column sums are the observed species-accumu-

lation curve for a particular sample order.
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Figure 13.1. Raw versus smoothed species-
accumulation curves. A raw curve is produced from
a particular order of samples. A smoothed curve is
an average of multiple raw curves from random
reorderings of the samples. Data are from 16
Berlese samples of litter-soil cores (see text).

mate the effort needed to add a particular num-
ber of species to the inventory or to increase the
species list by a particular percentage. Soberén
and Llorente (1993) discuss a variety of mathe-
matical models that can be fit to species-accu-
mulation curves. It is often the case that numer-
ous models will fit an observed curve more or
less equally well, yet diverge widely when used
to make projections. The choice of a particular
model must be based on assumptions about the
sampling conditions. For large and poorly
known faunas, Soberén and Llorente recom-
mended the logarithmic model, in which the
probability of encountering additional species
declines as an exponential function of the size
of the species list. With this model, the proba-

bility of encountering additional species never
declines to zero, and species-accumulation
curves never reach a plateau. The equation for a
logarithmic curve is

S = In (1 + zat)
b4

where t is the measure of effort, such as time
or number of samples; S(z) is the predicted
number of species at ¢, and z and a are curve-
fitting parameters. Using the data from a
smoothed species-accumulation curve (the
S(¢) and t values), the parameters a and z can
be estimated using a nonlinear curve-fitting
procedure in a statistical analysis program.
For example, using the smoothed curve from
the Berlese data, a fitted logarithmic curve has
a = 28.46 and z = 0.023. The fitted curve is
nearly identical to the smoothed curve (r*> >
0.99).

Longino and Colwell (1997) modified the
logarithmic equation to

e — ez(s -1

za

This equation shows the number of samples
(or other measure of effort) needed to add the
sth species to the inventory. At 107 species,
the number obtained in the 16 Berlese sam-
ples, the cost of adding another species is still
less than one additional sample, but it is in-
creasing rapidly (Fig. 13.2). Looking at inven-
tory progress in this fashion allows one to
develop “stop-rules,” invoked when the cost of
adding an additional species rises above some
threshold.

Other models of species-accumulation as-
sume that the probability of encountering addi-
tional species in an inventory eventually reaches
zero. These asymptotic models can be used to
estimate species richness, and they are discussed
in the section on richness estimation.
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Figure 13.2. Cost in samples of adding an additional
species to an inventory. As the number of species
already captured in the inventory increases, the cost
of adding additional species increases exponentially.
This “cost” curve is derived from a logarithmic
curve (see text) fitted to the species-accurmnulation
curve from the Berlese samples (Fig. 13.1). The
observed species-accumulation curve reaches 107
species after 16 samples. The cost curve predicts
that adding a 17th sample to the inventory would
add about two species.

How Can Species-Accumulation
Rates Be Maximized?

When undertaking an inventory, choices have to
be made about which sampling methods to use
and whether to stratify sampling with respect to
habitat variables or over time. How does one
evaluate whether stratifying by habitat or using
different methods is actually beneficial to an
inventory? Comparing species-accumulation
curves is one method of evaluating inventory
efficiency (Longino and Colwell 1997). If the
species-accumulation curve is much steeper in
one habitat than another, concentrating invento-
ry effort in the more productive habitat is
advised. If two habitats have similar species-
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Figure 13.3. Within-habitat versus combined
species-accumulation curves for the Berlese data
(see text). Inventory efficiency (steepness of
species-accumulation curves) does not differ greatly
between old-growth and second-growth forest
habitats, as revealed by eight Berlese samples. In
addition, stratifying eight Berlese samples by forest
habitat does not improve inventory efficiency.

accumulation curves and very low species over-
lap (high complementarity sensu Colwell and
Coddington 1994), then a combined species-
accumulation curve, drawing samples randomly
from both habitats, will be steeper than either
within-habitat species-accumulation curve. In
such a situation, stratifying samples across the
two habitats is advised. If the combined curve is
not steeper (it can lie below curves for the rich-
est single samples), then there is less advantage
to stratifying.

For example, the Berlese samples can be par-
titioned into those from old-growth forest and
those from second-growth forest. Within-habitat
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Figure 13.4. Comparing methods that differ in cost.
Method 2 may appear more efficient based on num-
ber of samples (upper figure), but if method 2 sam-

ples cost twice as much as those for method 1, it is

actually less efficient (lower figure).

species-accumulation curves are quite similar,
showing that one habitat is not especially
more productive of ant species new to the in-
ventory than the other (Fig. 13.3). The com-
bined curve is not steeper than the within-
habitat curves, and so if only 8 samples are to
be taken there is no advantage to stratifying by
forest age.

Comparing methods is somewhat problemat-
ic. One can apply the method described earlier,
comparing combined and separate species-
accumulation curves. However, if the samples
differ greatly in some measure of cost, then
comparing species-accumulation curves based
on number of samples may be meaningless. To
compare the inventory efficiency (the steepness
of the species-accumulation curve) of different

methods, a common currency should be used.
Ideally that currency is the direct monetary cost
of each sample. Instead of plotting cumulative
species against number of samples, plot cumu-
lative species against the cost of obtaining them
(Fig. 13.4). Calculate the cost by multiplying
the number of samples by the average cost per
sample. Proxies of direct monetary cost, such as
sample processing time or number of mounted
specimens, may also be used (Longino and
Colwell 1997).

Is One Group of Samples More
Diverse Than Another?

To answer this question, one must first define
“diverse.” Magurran’s review (1988) is a full
and highly readable treatment of ecological
diversity and its measurement. A graphical
depiction of ecological diversity is a rank abun-
dance plot (Fig. 13.5). All the species in a sam-
ple are ranked from most abundant to least
abundant. Each species has a rank (1 = most
abundant species, 2 = second most abundant
species, and so on), which is plotted on the hor-
izontal axis, and an abundance, plotted on the
vertical axis. Two separate features of this curve
are considered components of diversity: (1) the
total length of the curve, meaning the number of
species in the sample, and (2) the evenness in
abundance, meaning the general steepness of
the slope going from most to least abundant spe-
cies. More even distributions (shallower slope)
are defined as more diverse.

Numerous measures of diversity somehow
reduce this distribution to one number, being
variously influenced by species richness,
species evenness, or both. In spite of a volumi-
nous literature directed at the development of
diversity indexes, many ecologists believe they
have failed to add much to our understanding of
community ecology. It is difficult to claim that
a diversity value is an estimate of a community
parameter, one that can be compared to similar
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Figure 13.5. Rank abundance plot from Berlese
data (see text). The 107 species are ranked from
most abundant on the left to least abundant on the
right. Abundance is expressed on a log scale.

estimates from other communities or other stud-
ies. Thus a diversity value for a single sample
has little worth. However, instead of estimating
community parameters, diversity indexes can be
used to assess differences between groups of
samples. This approach follows Taylor’s dictum
that diversity indexes are only as good as their
ability to discriminate the effects of relevant
environmental variables (L. R. Taylor 1978). For
example, for the Berlese data we may want to
know if samples from old-growth forest some-
how differ from samples from second-growth
forest. We can calculate the value of a diversity
index for each sample and compare the sets of
values using a ¢ test or Mann-Whitney U test.
Common diversity measures are sample
species richness (S), alpha (o), the Shannon
index (H’), the Simpson index (D), and the
Berger-Parker index (d). These measures vary
in how they are influenced by the species abun-
dance distribution. Species richness, a measure
that ignores evenness, is strongly influenced by
the often long tail of rare species. “Dominance”
indexes, such as the Simpson and Berger-
Parker, are strongly influenced by the relative
abundance of the few most abundant species.
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The Shannon index is influenced by both
species richness and the dominant species.
Alpha is influenced by the species of intermedi-
ate abundance and is relatively insensitive to the
rarest and most abundant species.

Alpha is calculated by first estimating x from
the iterative solution of

S§=(1-x (In(l - x)
N X

where § is the number of species in the sample
and N is the number of individuals, and then
calculating alpha from

_N(1-x)
- X

o

The Shannon index is calculated as
H =—%p/Inp,

where p, is the proportion of individuals in the
ith species.
The Simpson index is calculated as

n(n,—1)
D=2 (w1 )
The higher D the lower the diversity, so the rec-
iprocal of D is often used so that a higher num-
ber means higher diversity.

The Berger-Parker index is calculated as

d = Nmax
N

where N is the number of individuals in the
most abundant species. As in Simpson’s index,
higher d means lower diversity, so the recipro-
cal is often used.

Returning to the Berlese data, Table 13.3
shows diversity indexes calculated for each
sample. Sample species richness, alpha, and the
Shannon index show weak trends toward sec-
ond growth being more diverse, but the differ-
ences are not significant. The two indexes that
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Table 13.3 Diversity Indexes from Berlese Samples

Reciprocal
Number of Species Shannon Reciprocal Berger-Parker
Individuals Richness Alpha Index Simpson Index Index
Old Growth Samples
1 104 19 6.82 2.02 4.49 2.36
2 226 26 7.59 2.19 5.98 3.37
3 156 22 6.98 2.34 6.97 3.25
4 250 22 5.81 2.02 4.66 2.60
S 132 15 4.35 1.89 435 2.49
6 472 32 7.71 2.17 5.47 3.42
7 198 24 7.15 2.02 391 2.11
8 122 15 4.50 1.35 2.08 1.45
Mean 208 (119) 22(5.7) 6.37 (1.34) 2.00 (0.30) 4.74 (1.47) 2.63 (0.69)
(standard
deviation)
Second Growth Samples
9 405 37 9.92 2.61 7.68 327
10 187 20 5.68 2.10 5.79 3.46
11 274 31 8.99 2.48 7.99 4.49
12 120 23 8.45 2.14 425 2.14
13 347 20 4.61 1.80 4.13 297
14 108 23 8.95 2.56 8.97 3.86
15 60 18 8.72 2.39 7.70 3.16
16 112 21 7.63 2.24 6.03 3.11
Mean 202 (126) 24 (6.5) 7.87 (1.82) 2.29(0.27) 6.57 (1.79) 3.31 (0.68)
(standard
deviation)
t Test ns® ns ns ns P <0.05 ns

“ns, Not significant.

emphasize the effects of dominant species show
definite trends toward second growth being
more diverse, with the reciprocal Simpson’s in-
dex being significantly different.

Comparing diversity indexes across habitats
or other environmental partitions is the most
common use of sample data. For example,
Kaspari (1996a) used sample species richness to
show how leaf litter ants respond to disturbance.
Levings (1983) used species richness and a
modified Shannon index to investigate the
effects of seasonality, site, and year on leaf lit-
ter ants. Roth et al. (1994) used a variety of

sample diversity statistics to assess the effect of
land management history on ground-foraging
ants.

Exercise caution in assuming that significant
differences in sample diversity are reflections of
the same differences at other sampling spatial
scales or in the real community. Imagine a sce-
nario such as that depicted in Fig. 13.6. Habitat
A might have higher within-sample diversity
than habitat B but lower overall community
diversity. Species-accumulation curves should
be examined to see if this pattern is occurring.
Levings (1983), Roth et al. (1994), and Oliver
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Figure 13.6. Hypothetical communities with con-
trasting species-accumulation curves. Habitat A has
higher within-sample diversity (e.g., species rich-
ness) than habitat B, but it reaches an asymptote
more quickly. A within-sample analysis alone may
conclude that habitat A is more diverse.

and Beattie (1996b) augment their sample
diversity analyses with species-accumulation
curves for different sites. In each case the
curves provide a powerful and intuitive visual
confirmation of the results from within-sample
diversity statistics.

Do Relative Abundance
Distributions Conform to
Biological or Statistical Models?

A decades-long tradition has been to compare
sample relative abundance data to mathematical
distributions. Some of the distributions are
based on particular biological models; others
are “statistical” models judged purely on good-
ness of fit. Three of the most common distribu-
tions used to fit relative abundance data are the
geometric series, the log-series, and the log-
normal. Each has a preferred plot—a method of
plotting the data that most clearly demonstrates
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the goodness of fit of the data to the model
(Magurran 1988).

A sample that fits a geometric series pro-
duces a rank abundance plot in which each
species abundance is a constant proportion of
the preceding species abundance. If a rank-log
abundance plot is used, the species fall along a
straight line. In contrast, a log-series or log-
normal distribution is nonlinear in such a plot.
Geometric series distributions have lower even-
ness than log-series or lognormal. A biological
mechanism that could produce a geometric
series is the niche preemption hypothesis, in
which the first species to arrive at a site monop-
olizes k percent of the available resources, the
next species monopolizes k percent of the
remaining resources, and so forth. Species-poor
communities sometimes exhibit relative abun-
dance distributions that fit a geometric series.
The Berlese data do not conform well to a geo-
metric series (Fig. 13.5); the curve is somewhat
concave rather than straight.

A sample that fits a log-series is dominated
by a few very common species, similar to the
geometric series, but also has many rare
species. The preferred plot for the log-series is a
frequency histogram for which the horizontal
axis is species abundance and the vertical axis is
number of species. The highest point of the
curve will always be the species known from
singletons, with a steep monotonic decrease in
numbers of species with higher abundances.
Alpha, one of the parameters of the log-series
distribution, has been touted as one of the best
diversity indexes, mainly because of its low sen-
sitivity to sample size (L. R. Taylor 1978). Mag-
urran (1988) gives recipes for calculating the
log-series distribution and evaluating goodness
of fit of sample data.

Most species are of intermediate abundance
in a sample that fits a lognormal distribution
(Fig. 13.7). The preferred plot is a frequency
histogram like the plot for the log-series, except
that the horizontal axis (abundance class) is a
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Figure 13.7. Lognormal distribution of species
abundance. As sampling intensity increases, the veil
line moves to the left, revealing more of the relative
abundance distribution. The area under the exposed
portion of the curve on the right is the observed
species richness. The area under the entire curve is
the estimated total species richness of the community.
Estimating species richness using this method
requires large data sets that clearly reveal a mode
(the highest point of the curve) and closely fit a
lognormal distribution.

log scale. In such a plot the lognormal, as the
name implies, forms a normal distribution.
Preston (1948) proposed that if a community is
undersampled, only the rightmost part of the
curve is revealed. He coined the term veil line
for a vertical line dividing the lognormal distri-
bution into two portions, the rightmost portion
being the more abundant species revealed by
sampling and the leftmost portion being the less
abundant species remaining to be sampled. He
proposed that as sampling increases the veil line
moves to the left, revealing more and more of
the curve. Thus sample data may be interpreted
as a truncated lognormal distribution (Pielou
1975).

In practice, only very large data sets have
revealed lognormal distributions. If the mode of
a lognormal curve (the highest point in the dis-
tribution) is not revealed, it is practically impos-
sible to distinguish a truncated lognormal from
a log-series (Magurran 1988). Lambshead and
Platt (1985) argue that the shape of the lognor-
mal distribution should be independent of sam-
ple size and that there is no evidence that the
veil line moves to the left as sample size

increases. Hughes (1986) even suggests that
some of the observed lognormal distributions
could be caused by species misidentifications
and sampling errors.

In constructing frequency histograms of
species abundances, the traditional practice is to
use log, for the horizontal axis, so that each
abundance class represents a doubling of the
previous one. In constructing observed distribu-
tions from real data, abundance classes are
defined and the number of species in each abun-
dance class tallied. Ideally abundance is a con-
tinuous variable such as biomass or cover, but
typically abundance is number of individuals.
Problems arise when fitting discontinuous
abundance data to a continuous distribution
such as the lognormal. Different methods have
been proposed for defining abundance classes.
Ludwig and Reynolds (1988) describe a com-
mon way, which is to define abundance classes
as 0—1 individuals, 1-2, 24, 4-8, 8-16, and so
on. For each species that straddles abundance
classes (i.e., with abundance 1, 2, 4, 8, 16, and
so on), 0.5 is added to the tally for each of the
adjacent abundance classes. A problem with
this method is that singletons are split between
two abundance classes. The lowest abundance
class will contain half the singletons, and the
second lowest abundance class will contain half
the singletons plus half the doubletons. This
method forces the second lowest abundance
class to have more species than the lowest in all
cases, and it thus gives the false impression that
the mode of a lognormal distribution has been
revealed (Colwell and Coddington 1994).

Magurran uses an alternative method of
defining abundance classes. She defines the
lowest abundance class as the sum of all the sin-
gletons and doubletons, the next lowest as
species with abundance 3 or 4, the next 5-8,
then 9-16, 17-32, and so on. This method does
not generate a “pseudo-mode” at the second
abundance class. The Berlese data set shows
that the same data can appear radically different
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Figure 13.8. Contrasting relative abundance
distributions for the Berlese data, differing only in
how the abundance classes are defined (see text).
Each abundance class is a doubling of the previous
one. Differences in how singletons and doubletons
are distributed in the lowest abundance classes
dramatically alter the shape of the distributions.

when plotted using the two different abundance
class definitions (Fig. 13.8).

Coddington (pers. comm.) finds fault with
both the Ludwig and Reynolds and Magurran
methods. The Ludwig and Reynolds method
correctly assigns species to abundance classes
by splitting ties into adjacent abundance classes,
but it is flawed because it includes the 0.5-1
abundance class. This abundance class is under-
sampled because the lowest measurable abun-
dance is 1 (the singletons). Magurran’s method
is flawed because it combines the two lowest
abundance classes, and does not account for
ties. The Ludwig and Reynolds method under-
estimates the lowest abundance class; the
Magurran method overestimates it. Coddington
proposes a modification of the Ludwig and
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Reynolds method: use 1-2 as the lowest abun-
dance class instead of 0.5—1. In other words, the
lowest abundance class contains half the single-
tons plus half the doubletons. To see the effect
of this method on the Berlese data, ignore the
leftmost bar in the upper graph of Fig. 13.8

May (1975) has shown that the lognormal
distribution is common in both biological and
nonbiological applications (e.g., the distribution
of wealth in the United States). The lognormal
distribution can be produced by combining the
effects of many independent variables, each of
which can have any underlying distribution.
Thus a lognormal distribution of biological
community data may reveal only that many
unknown and independent factors are contribut-
ing to the observed sample distribution. Alter-
natively, Sugihara (1980) provided evidence
that biological community data fit certain log-
normal distributions too well to be explained by
multiple independent factors, and he proposed a
particular model of community structure that
predicted the distributions he observed.

The general problem remains that most data
sets are equally well explained by many com-
peting models. Even model distributions as fun-
damentally different as the log-series and the
lognormal have been difficult to distinguish
using sample data.

What Is the Species Richness
of a Community?

Conservation biologists and environmental
planners may be called upon to evaluate or rank
different sites for their conservation value and
to monitor changes in conservation value over
time. Although not the sole criterion in deter-
mining conservation value, community species
richness is often considered one of the most
important (Gaston 1996). Thus obtaining reli-
able estimates of species richness is an impor-
tant goal.
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Some biological communities, such as islands
and ponds, have well-defined boundaries. But
most communities are not precisely defined,
and so the richness of the community cannot be
either. Because sampling is often area based
(using, e.g., quadrats, or sampling distributed
along transects), as sample size increases the
area sampled does too. Ultimately this is a
species-area phenomenon, and one expects spe-
cies richness to be an ever-increasing function
of sample area (Rosenzweig 1995). However, it
may be appropriate to treat communities as
though they were discrete. Colwell and Cod-
dington (1994) take this approach, proposing
that biodiversity be partitioned into two parts:
the species richness of local communities and
the complementarity—the dissimilarity—among
these communities. When discrete, bounded
communities are assumed, species-accumulation
curves rise owing to increasingly accurate sam-
pling, not species-area effects, and species rich-
ness is considered a finite community parameter.

A desirable attribute of a richness estimator is
that it be independent of sample size (above
some minimum sample size). For example, if
one treats sample species richness as an esti-
mator of community richness, then a species-
accumulation curve shows how the estimator
changes with sample size. If the curve is still
climbing, then sample species richness is an
underestimate of community species richness.
If the curve has stabilized (reached an asymp-
tote) above a particular sample size, then
sample species richness is deemed an adequate
estimate of community species richness for that
sample size. Pielou’s pooled quadrat method
(Pielou 1966, 1969, 1975; generalized by Mag-
urran 1988; applied by Lamas et al. 1991; Col-
well and Coddington 1994) is a generalization
of this approach to any richness estimator (or
any index of diversity). To use the method, cal-
culate the richness estimate based on the first
sample, then on the first two samples pooled,
then on the first three samples pooled, and so

forth. Plot the estimate as a function of number
of pooled samples. Just as a raw species-
accumulation curve can be smoothed by repeat-
edly randomizing sample order and averaging
the curves, the estimate curve can be the aver-
age of many randomized sample orders.

A well-behaved estimator will level off, even
as sample size is increasing. An objective of
biodiversity research is to identify richness esti-
mators that rise and level off sooner than sam-
ple species richness. If such estimators can be
found, community species richness might be
estimated with less sampling effort.

There are three general methods of estimat-
ing species richness from sample data: extrapo-
lating species-accumulation curves, fitting para-
metric models of relative abundance, and using
nonparametric estimators (Bunge and Fitz-
patrick 1993; Colwell and Coddington 1994;
Gaston 1996). In the earlier section on measur-
ing the rate of species capture in an inventory,
fitting equations to species-accumulation curves
was discussed. If the equation is asymptotic, the
asymptote of the fitted curve can be used as an
estimate of the species richness of the com-
munity. An equation commonly used to esti-
mate species richness is the Michaelis-Menten
(M-M) equation (Clench 1979; Soberén and
Llorente 1993; Colwell and Coddington 1994;
Chazdon et al. 1998):

Smax n

S = B+n
where S(n) is the observed number of species, n
is the number of samples, and S, and B are fit-
ted constants. When the smoothed species-accu-
mulation curve of the Berlese data are fitted to
this equation, S_ = 141 species (Fig. 13.9).
Notice that the fitted M-M curve tends to deviate
from the observed curve by overshooting at the
beginning and undershooting at the end. This is a
common observation (Silva and Coddington
1996), because many species-accumulation
curves seem to better fit non-asymptotic curves
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Figure 13.9. Michaelis-Menten estimates of species
richness based on the Berlese data. The richness
estimate is the asymptote parameter of the fitted
M-M equation (see text). The pooled quadrat plot
shows a gradual increase in the estimate with
increasing sample size. The plotted M-M curve is
based on the full data set of 16 samples. Note that
although it fits reasonably well, it is “cupped”
relative to the observed curve, overshooting early in
the curve and undershooting at the end of the curve.
This is commonly observed when M-M curves are
fit to species-accumulation curves.

such as the logarithmic (Coddington, pers.
comm.). Also notice that the pooled-quadrat plot
of the M-M richness estimate is not stable, grad-
ually rising as sample size increases (Fig. 13.9).
A difficulty with fitting asymptotic curves is
that there are many different asymptotic equa-
tions and multiple methods of fitting curves to
them. This results in a plethora of different esti-
mated richness values for the same observed
species-accumulation curve. Which of the dif-
ferent equations or curve-fitting methods is best
is unknown, and it may vary from study to study
(Colwell and Coddington 1994). Examples of
the use of the M-M equation to estimate species
richness include Clench (1979) for Lepidoptera,
Coddington et al. (1996) and Silva and Codding-
ton (1996) for spiders, and Chazdon et al. (1998)
for rainforest trees.
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A common richness estimation procedure is to
fit relative abundance data to a lognormal curve
(see the earlier section on relative abundance
distributions) and then estimate the area under the
“hidden” portion of the curve (Fig. 13.7). The
problems of fitting a continuous distribution to
discrete data (witness the drastically different
distribution shapes in Fig. 13.8 and imagine
how different the richness estimates would be)
and the lack of a method for calculating confi-
dence intervals for the estimates (Pielou 1975)
argue against its use in most cases (Colwell and
Coddington 1994; Silva and Coddington 1996).

Some nonparametric methods show promise
for richness estimation. These methods have
been developed for the general problem of tak-
ing a sample of classifiable objects and estimat-
ing the true number of classes in the population
(Bunge and Fitzpatrick 1993; Colwell and Cod-
dington 1994). In ecology, such methods have
been most frequently applied to estimating
population size from mark-recapture data. Est-
imating richness is essentially the same prob-
lem, with the abundance of a species in a
sample equivalent to the number of captures of
an individual in a mark-recapture study.

A commonly used nonparametric estimator is
the first-order jackknife (Burnham and Overton
1978, 1979; Heltshe and Forrester 1983; Col-
well and Coddington 1994). The estimate of
species richness (S*jack) is based on the number
of uniques (L, species occurring in one sample):

S*juck =S, +L (,’1;_,1, )

where S, is the observed number of species
and n is the number of samples. Belshaw and
Bolton (1994a) use S"‘juck to estimate the species
richness of litter-soil ants in Ghana.

Chao and colleagues developed a set of non-
parametric methods for estimating the number
of classes in a sampling universe (Chao 1984,
1987; Chao and Lee 1992; Chao et al. 1993;
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Lee and Chao 1994). Colwell and Coddington
(1994) and Chazdon et al. (1998) evaluated
these methods when applied to the problem of
estimating species richness from biological data
sets. Two estimators that show considerable
promise are Chao2 and the incidence-based
coverage estimator (ICE). Both rely on inci-
dence (presence-absence) data. Chao2 is the
simpler to calculate:

S* =8  + L

chao2 obs M
where L is the number of uniques and M is the
number of duplicates. Calculating ICE is more
complicated (Lee and Chao 1994; Chazdon et
al. 1998), but it is one of the estimators provid-
ed in Colwell’s EstimateS program (Colwell
1997). Chazdon et al. (1998) found Chao2 and
ICE to perform similarly, although ICE was less
sensitive to spatial patchiness.

When applied to the Berlese data, the pooled
quadrat plot for $*, , shows the estimate
steadily increasing with sample size (Fig. 13.10).
This indicates that this fauna is still far under-
sampled and that attempting a richness estimate
at all is probably premature without additional
sampling. It cannot be emphasized enough that
obtaining reliable estimates of species richness
from diverse communities is difficult, requiring
intensive sampling effort and very large sample
sizes.

Are There Patterns of Association
among Samples?

When comparing different habitats, seasons,
potential conservation units, and so on, one
wants to know how different the communities
are in species composition. For example, we
may know from richness estimation that one
community is depauperate relative to another.
We may wish to determine whether the depau-
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Figure 13.10. Chao2 estimates of species richness
based on the Berlese data. The pooled quadrat plot
shows a steady increase in the estimate with
increasing sample size, which suggests that this
data set is inadequate to estimate richness. The
number of uniques is not declining (the presence
of declining uniques is another indication of an
inventory nearing completion). The number of
duplicates is showing a slight tendency to decline.

perate community contains a subset of the
species in the richer community or a distinct set
of species.

Numerous measures of similarity and differ-
ence exist in the ecological literature (Pielou
1984; Ludwig and Reynolds 1988). A frequent-
ly used index of similarity is Jaccard’s index,
which is the number of species shared by two
species lists (the intersection of the lists) divid-
ed by the total number of species in both lists
(the union of the lists). Thus when lists have
entirely distinct faunas, with no overlap,
Jaccard’s index equals 0, and when the two lists
are identical, Jaccard’s index equals 1. A mea-
sure of dissimilarity is the number of species
unique to one or the other of two lists (comple-



ment of the intersection) divided by the total
number of species in both lists (the union). This
measure, called the Marczewski-Steinhaus dis-
tance in the literature of statistical ecology (Orléci
1978; Pielou 1984), equals 1 — Jaccard’s index.
Questions in ecology and conservation biology
often stress differences rather than similarities.
Are two communities different? Is community a
more different from b than it is from c? There is
greater conservation value in two very different
communities than two very similar ones. Because
of this tendency to stress differences, Colwell and
Coddington (1994) have argued that dissimilarity
indexes are to be preferred over similarity indexes
for reporting comparisons of communities. They
propose complementarity as a replacement name
for the Marczewski-Steinhaus distance. Comple-
mentarity thus becomes a positive measure of the
dissimilarity between two species lists, and it
varies from 0 to 1.

Sample complementarity (or other measures
of dissimilarity or similarity) can be visually
examined for gross patterns of association
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among samples. A matrix of complementarity
values for a sample set may reveal patterns, such
that within-habitat complementarities tend to be
lower than between-habitat complementarities.
For example, when complementarities for all
pairs of Berlese samples are calculated, there is
no apparent difference between within-habitat
and between-habitat values (Table 13.4). Roth et
al. (1994) used such a matrix approach (with a
similarity index) to conclude that samples were
more similar within land management categories
than between them. Nonindependence of com-
plementarity values in a matrix such as Table
13.4 (individual samples contribute to multiple
complementarity values) makes statistical com-
parison of values in different blocks problematic.

When samples occur along a spatial or tem-
poral gradient (rather than in habitat blocks, as
in the earlier examples), complementarities can
be plotted as a function of the distance between
the sample pairs (for an example, see Belshaw
and Bolton 1994a, using Morisita’s index).
Again statistical analysis of the resultant plot is

Table 13.4 Complementarity of Paired Berlese Samples®

2 0.75

3 0.83 0.80

4 089 0.83 0.67

5 0.83 0.83 084 0.77

6 079 068 062 074 085

7 070 072 069 082 078 0.76

8 087 092 077 084 085 083 0382

9 078 079 082 080 087 077 076 0.87

10 078 085 080 080 091 073 078 0.83 084

11 08 079 080 082 09 071 080 082|074 084

12 080 083 085 078 085 075 079 091 |075 087 0.77

13 085 082 08 086 094 079 071 091 |070 089 076 0.70

14 089 089 068 071 091 072 076 081 (082 0.84 074 082 081

15 081 09 079 079 090 078 083 073 |085 081 078 079 085 079
16 079 076 087 081 084 071 082 091 |08 08 079 071 079 078 070

1 2 3 4 5 6 7

8 9 10 11 12 13 14 15

2Mean complementarity: within-forest type, 0.79 (standard deviation 0.06); between-forest type, 0.82 (standard deviation 0.06).
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dubious owing to the nonindependence of
points, but visual inspection of the data may
nonetheless reveal gross patterns (e.g., more dis-
tant samples having higher complementarity).

When species lists are complete for two com-
munities, complementarity is a straightforward
parameter describing the difference between
them. When complementarity is between sam-
ples, however, complications arise (Koch 1987;
Cobabe and Allmon 1994; Colwell and Cod-
dington 1994). A major difficulty in assessing
community differences is distinguishing “sam-
pling zeroes” from “‘structural zeroes.” Imagine
two urns, each of which contains balls of vari-
ous colors. A sample from the first urn contains
red balls; a sample from the second does not.
We cannot tell whether the absence of a red ball
in the second sample is due to red balls being
present in the second urn but not captured in our
sample, or red balls being absent in the second
urn. In a species-by-sample matrix generated by
a sampling program, an entry of “0” or “absent”
for a species may be due to undersampling (the
species was present in the community, but
missed by the sampling), or the species may be
truly absent. Gaston (1994) refers to the former
as sampling zeroes and the latter as structural
zeroes. The inability to distinguish them is a
fundamental problem in biodiversity inventory.
Teasing out the effect of undersampling is a
subject of current investigation (Chen et al.
1995; Colwell 1997).

A major realm for the analysis of patterns of
association among samples is ordination and
classification (Gauch 1982; Pielou 1984; Lud-
wig and Reynolds 1988; Kent and Coker 1992;
Jongman et al. 1995; see also Mike Palmer’s
Web site for ordination: http://www.okstate.
edu/artsci/botany/ordinate). Pielou introduces
her treatment of ordination with a geometric
model. Imagine a hyperspace with as many
dimensions as there are species in a species-by-
sample data matrix. Each dimension is one

species. Each sample can then be plotted as a
point in the hyperspace, with the coordinates
being the abundance values for each species. In
the case of presence-absence data, the values
are all O or 1. The complete data set is repre-
sented as a cloud of points, one point for each
sample, in this S-dimensional space (S is the
number of species). The objective of ordination
is to project this cloud of points, which we can-
not visualize, onto a two- or three-dimensional
subspace, which we can visualize, in such a way
that patterns in the data are revealed. Such pat-
terns might be clusters of points, such that sam-
ples from particular habitats group together.
Examples of studies of ant communities that
use ordination and classification techniques in-
clude Andersen (1991d), Andersen and Yen
(1992), and Oliver and Beattie (1996b). Large
numbers of rare species may cause problems in
ordination, and Pielou (1984) suggests that it
might be best to exclude them prior to analysis.

Conclusion

Ants are a dominant element of most terrestrial
environments and thus are frequent subjects of
ecological sampling. Methods of analysis of
ecological data are constantly evolving, a func-
tion of changing research questions and im-
proved analytical tools. The species-by-sample
matrix is likely to remain the basic data struc-
ture, with research questions dictating how the
samples are taken and new analytical tools
influencing the analysis. Measuring true relative
abundances in nature will always be problemat-
ic because of clumped spatial distributions and
biased sampling methods. However, many
questions can be asked of ant communities that
do not require precise knowledge of relative
abundance. We can ask inventory questions
regarding degree of completeness and rate of
approach to completeness. We can ask whether
sample diversity and composition are related to



environmental variables, such as habitat, sea-
son, year, land management regime, elevation,
or diversity of other taxa. We can estimate com-
munity species richness given certain assump-
tions about community boundaries. Cognizance
of the relationships between sampling regime,
data structure, and analysis options will not
only improve the quality of individual projects
involving ant communities but also make more
likely synthetic analyses that examine results
from many separate studies. The global impor-
tance of ants in terrestrial ecosystems and their
potential value in environmental monitoring
justify an emphasis on quantitative sampling
and cross-study comparability.
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Chapter 14

The ALL Protocol

A Standard Protocol for the Collection

of Ground-Dwelling Ants

Donat Agosti and Leeanne E. Alonso

There is no single best method to sample the
ground-dwelling ant fauna. The objectives of
each study will determine the appropriate meth-
ods and sampling intensity. For example, a wide
variety of methods and a greater effort are needed
to obtain a thorough inventory of the ants of an
area and to collect as many species as possible.
In contrast, a rapid assessment of the ant fauna
using a few standardized methods and less sam-
pling effort would allow for comparisons
between different habitats and would establish a
baseline for a longer-term monitoring program.

However, the use of standardized methods
that can be reliably repeated in different habi-
tats, at different times of the year, and by differ-
ent researchers is beneficial. Using the same
basic methodology, individual studies can be
analyzed in relation to others and can thus be
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put into a larger, global context. Here we pre-
sent a standard protocol for the collection of
ground-dwelling ants, the Ants of the Leaf
Litter (ALL) Protocol. We expect that this pro-
tocol will stimulate further research on ant
diversity and that it will be used by a variety of
researchers in a diverse array of sites.

The ALL Protocol starts with a minimal con-
figuration, utilizing two of the ant collecting
methods that have been proven to sample the
largest component of the ground- and leaf
litter—inhabiting ant fauna: the mini-Winkler
extractor and pitfall traps (Chapter 9). This
method is rapid; sampling can be completed in
a total of 3 days per site if desired. The sample
size, 20 1-m? samples of leaf litter and 20 pitfall
traps, has been found to be sufficient to sample
at least 70% of the ant fauna (Chapter 10).



However, we suggest that researchers start with
50 samples during the first survey to practice
the techniques and to determine the actual num-
ber of samples needed to collect the desired per-
centage of ant species (Chapter 10). Depending
on the study objectives, other complementary
methods can be added to the standard protocol
in order to sample a wider range of ant species
(Chapters 1 and 9).

The ALL Protocol

Basic Setup
200-m transect (at least one)
20 sampling points at 10-m intervals
48-hour time period
1-2 people (2 people recommended)
Methods Employed at Each Sampling Point
Standardized, Repeatable Techniques
Collect leaf litter, 1 m?
Sift litter
Extract ants from litter using mini-Winkler
Place | pitfall trap
Optional Techniques to Collect More Species
Inspect dead wood
Scrape soil (15 x 15-cm area at 1-cm layers
down to 10 ¢cm)
Direct collecting by hand

Overview of the ALL Protocol

The most important points in implementing the
ALL Protocol are outlined in this section, along
with references to chapters of this book that con-
tain more information. See Appendixes 1 and 3
for complete lists of equipment needed for the
sampling methods and specimen processing.

Transects

Before choosing a particular transect, it is
worthwhile to walk through the area to get an
impression of the overall environmental varia-
tion. Chapters 1 and 9 provide guidance on tran-
sect placement.

Ecological Data

In addition to the standard collection informa-
tion (Chapter 11), ecological data must be
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recorded. For each transect, the following mini-
mal set of parameters should be described:
name of collector, date, choice of transect,
locality, habitat, season, soil type, temperature,
and microhabitat. See Chapter 9 for a complete
list of relevant ecological information and
explanations of these parameters.

Labeling Field Samples

It is of the utmost importance to label all sam-
ples adequately. Most of the labeling can be
done prior to the commencement of field work.
Vials used for collecting ants by hand or from
logs should preferably be prelabeled as well.
See Chapters 9 and 11 for more details.

Pitfall Traps

Pitfall traps should be placed | m from the tran-
sect line on the opposite side of the transect
from where the leaf litter samples were taken.
Any plastic drinking cup with smooth sides can
be used, but it is best to use cups with openings
of the same diameter consistently, in order to
standardize the samples. Twenty cups are needed.
See Chapter 9 for more information on how to
set and collect pitfall traps.

Leaf Litter Samples and
Mini-Winkler Extraction

See Chapter 9 for complete instructions on how
to collect the 1-m? leaf litter samples and extract
ants using mini-Winkler sacks. The ALL Proto-
col requires at least 20 mini-Winkler extractors
and one sifter.

Sorting Samples in the Laboratory

Ant specimens and other invertebrates can be
separated from debris using the salt water
extraction method (Chapter 11). After separa-
tion the samples should be washed with ethanol.

Identifying Morphospecies
Ants from each sample should be separated from
other invertebrates and housed in a separate vial.
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Procedures for sorting and identifying specimens
to morphospecies are given in Chapter 11.

Labeling Samples and Specimens

All samples must be labeled immediately with
proper labels (Chapter 11).

Time Requirements

A minimum of 3 days is needed to use the stan-
dard ALL Protocol. The leaf litter coliections
should be run through the mini-Winkler extrac-
tor for a 48-hour period. Pitfall traps should also
be left out for 48 hours. Both the mini-Winkler
extractor and the pitfalls can be left running for
a longer time if desired, but samples should be
collected from both at 48 hours in order to
obtain the standard sample. More time may pro-
duce additional species, but the benefits should
be weighed against the advantages of running
more transects instead.

For inventories, it is recommended that more
than one transect be run and the species-
accumulation curves be plotted by sample and
transect (Chapter 13). This approach will pro-
vide a review of the fraction of the ant fauna
sampled and will help determine if additional
transects are needed. Additional sampling
methods—such as the inspection of dead wood,
soil scraping, and direct sampling—may be
added in order to maximize the diversity of ants
sampled (Chapter 9).

Timetable

An estimate is given in this section for the
amount of time required for one person to carry
out the standard ALL Protocol. It is recom-
mended that two people carry out the protocol
together, to provide assistance with leaf litter
gathering, sifting, and other tasks. The estimat-
ed total time needed to sample, process, and
identify ant specimens from one transect is 161
working hours for a single professional.

Field Work
All times are in hours.
One Two
Person People
DAY ONE
Early morning
1. Mark transect 1.5 1.0
2. Dig in pitfall traps 1.5 1.0
3. Collect Winkler samples 5.0 3.0
Afternoon
1. Fill in Winkler 3.0 2.0
apparatus
Late afternoon/early evening
1. Direct collecting 1.0 1.0
Total 12.0 hours 8.0 hours
DAY THREE
Morning
1. Collect one log 1.0 1.0
2. Direct collecting 1.0 1.0
3. Scrape soil 1.0 1.0
Afternoon
1. Analyze soil samples 2.0 1.0
2. Collect pitfall traps 20 1.5
3. Collect Winkler samples 2.0 1.5
4. Check all labeling 0.5 0.5
Total 9.5 hours 7.5 hours

Laboratory Work, Identification,
and Analyses
Mounting, labeling, and identifying

specimens from Winkler samples 60
Mounting, labeling, and identifying
ant specimens from pitfall traps 60

Mounting, labeling, and identifying

ant specimens from other samples 10
Entering and analyzing data 10
Total 140 hours

Data on ant diversity collected using this pro-
tocol can be compiled and compared, thereby
providing the context needed to begin looking
at truly global ant diversity patterns. We encour-
age researchers who use the ALL Protocol to
provide their data to the social insects Web site
(http://research.amnh.org/entomology/
social_insects/) for inclusion in a global data-
base on ant diversity.
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Applying the ALL Protocol

Brian L. Fisher, Annette K. F. Malsch, Raghavendra Gadagkar, y
Jacques H. C. Delabie, Heraldo L. Vasconcelos, and Jonathan D. Majer

Although the ALL Protocol put forward in this
book was only recently developed and is pub-
lished for the first time here, it is derived from
the experiences of many myrmecologists and
from numerous studies of ant diversity over the
years. Before the development of this protocol,
studies of ant diversity utilized a wide variety of
methods, as described in Chapter 9. The ALL
Protocol is the result of an extensive evaluation
of these methods in different countries and
under a variety of conditions. The studies by
Delabie et al. (Chapter 10) provided the
strongest data for choosing methods for the
ALL Protocol, but a number of other key stud-
ies were also influential in its development.
Brief descriptions of these key studies, from
diverse parts of the world (Madagascar, Malay-
sia, India, and Brazil), are provided here to

Selected Case Studies
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illustrate how the two principal collecting meth-
ods of the ALL Protocol (leaf litter extraction
using the Winkler technique and pitfall traps)
compare, and how they have been used success-
fully in a variety of biodiversity studies, partic-
ularly to measure ant diversity and to detect
habitat change. Full descriptions of these stud-
ies are presented in Agosti et al. (2000).

Madagascar

A series of studies in Madagascar by Fisher and
colleagues (Fisher 1996a, 1996b, 1998, 1999a,
1999b; Fisher and Razafimandimby 1997;
Fisher et al. 1998) provides the best insight into
the usefulness of the ALL Protocol and the
comparative value of its two principal methods,
Winkler extraction and pitfall traps. In one
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particularly informative study, Fisher surveyed
ground-dwelling ant diversity at elevation
zones separated by 400 m at four rainforest
localities: the Reserve Naturelle Integrale d’ An-
dohahela, the Reserve Naturelle Integrale
d’Andringitra, the Reserve Speciale d’Anjan-
aharibe-Sud, and the Western Masoala Penin-
sula in eastern Madagascar.

At each site, 50 pitfall traps were used and 50
leaf litter (Winkler) samples were taken, in par-
allel lines 10 m apart along a 250-m transect.
Pitfall traps were placed and leaf litter samples
gathered every 5 m along the transect. Pitfall

traps consisted of test tubes (18 mm internal
diameter by 150 mm long), partly filled to a
depth of about 50 mm with soapy water and a
5% ethylene glycol solution, inserted into
polyvinyl chloride (PVC) sleeves, and buried
with the rim flush with the soil surface. Traps
were left in place for 4 days. Ants were extract-
ed from samples of leaf litter using Winkler
extractors over a 48-hour period (Chapter 9;
Fisher 1998).

The observed and predicted number of
species sampled by the Winkler, pitfall, and
combined methods for 10-, 20-, 30-, 40-, and

Table 15.1 Observed Number of Ant Species Evaluated at Different Sample Sizes for Winkler Sacks,
Pitfall Traps, and Both Methods for Each 800-m Zone Site in Madagascar®

Estimated Species

Observed Species Richness after: Richness?
10 20 30 40 All (50) Jack-

Methods Samples Samples Samples Samples Samples ICE knife M-M
800 m Andohahela

Winkler 39.6(59.3) 495(74.1) 553(82.8) 59.5(89.1) 63(94.3) 80.0 79.7 66.8

Pitfall 14.8(43.6) 205(60.3) 243(71.5) 27.4(80.6) 30(883) 484 437 34.0

Both methods 44.5(59.6) 555(744) 621(832) 669(89.7) 71(952) 903 90.6 74.6
785 m Andringitra

Winkler 52.2(66.8) 633(81.0) 688(88.1) 72893.1) 76(97.2) 875 90.7 78.2

Pitfall 10.2 (45.6) 14 (62.4) 164 (72.9) 17.6(78.6) 19(84.7) 234 249 224

Both methods 538 (68.6) 64.1(81.8) 69.8(89.0) 740(944) 77(98.2) 882 91.7 78.4
825 m Andringitra

Winkler 434 (67.6) 51.7(80.6) 56.4(88.0) 60.5(944) 64(99.8) 788 79.7 64.1

Pitfall 8.7(39.0) 122(549) 149(67.0) 17.0(76.7) 19(85.6) 32.1 27.8 222

Both methods 44.9 (66.5) 533(79.1) 594 (88.1) 63.5(94.1) 67(99.3) 826 83.7 67.4
825 m Masoala

Winkler 62.2 (57.1) 79.8(73.3) 91.1(83.7) 99.3(91.3) 106(97.4) 139.84 136.38 108.81

Pitfall 89(38.2) 1277(545) 158(67.7) 18.27(78.6) 20(86.0) 33.05 27.84 2325

Both methods 62.5(554) 81.2(71.9) 934(82.7) 102.4(90.6) 109(96.5) 141.7 1394 1130
875 m Anjanaharibe-Sud

Winkler 54.4(584) 69.1(74.1) 789(84.7) 86.7(93.1) 92(98.8) 117.17 1145 93.2

Pitfall 85(37.8) 11.7(52.1) 14.6(650) 17.4(77.2) 20(88.8) 89.2 327 22.51

Both methods 56.2(57.6) 71.9(73.7) 827(84.7) 91.1(93.3) 97(99.3) 126.7 122.5 97.6

“Number of species represents the mean of 100 randomizations of sample pooling order.

#ICE, incidence-based coverage estimator; jackknife, first-order jackknife estimator; M-M, Michaelis-Menten asymptote (the percentage of

the M-M asymptote is given in parentheses in the first five columns).
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Figure 15.1. Assessment of leaf litter ant sampling
technique at 825 m on the Masoala Peninsula,
Madagascar. The lower species-accumulation curve
(thick line) plots the observed number of species as
a function of the number of stations sampled. The
upper curves display the nonparametric first-order
jackknife (dashed line) and the incidence-based
coverage estimator (ICE; solid line), estimated total
species richness based on successively larger
numbers of samples from the data set. Curves are
plotted from the means of 100 randomizations of
sample accumulation order.

50-sample sizes are shown in Table 15.1. Within
the area of the survey, the Winkler technique
collected the majority of ants foraging and liv-
ing in the leaf litter. Most species collected by
pitfall traps were also sampled by Winkler
extraction, indicating that whereas pitfall sam-
ples in the same area would most likely add
additional species, these species would proba-
bly have already been obtained by the Winkler
method. Although this may hold true for most
rainforest sites, it may not apply to all habitats.
For example, Fisher and Razafimandimby
(1997) found that in dry forest habitats, which
contain more areas of open or bare ground, pit-
fall traps may collect a greater number of
unique species.

Species-accumulation curves for the 825-m
site on the Masoala Peninsula, the most species-
rich site (Fig. 15.1), indicate that within the area
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of the survey the techniques employed collected
the majority of ants foraging and living in the
leaf litter in the area encompassed by the 250-m
transect, and that with increased sampling effort
using the same methods in the same area, only
marginal increases in species richness would be
attained. Although additional collecting meth-
ods, or a survey in a different area or season at
the same elevation, would most likely collect
additional species, these results show that the
ALL Protocol provides sufficient sampling for
statistical estimation and comparison of species
richness, and for comparison of faunal similari-
ty and species turnover.

Malaysia

Studies of ant diversity in the Pasoh Forest
Reserve of West Malaysia by Malsch provide
interesting data on the effects of plot size sam-

‘pled in ant diversity studies. Situated in Negeri

Sembilan, West Malaysia, about 140 km south-
east of Kuala Lumpur (2 59°N, 102 19’E), the
Pasoh Forest Reserve is a typical example of a
Southeast Asian ever-wet lowland rainforest,
with primary lowland dipterocarp forest situat-
ed between 75 and 150 m above sea level.

A total of nine leaf litter plots (each 25 m?)
were investigated. Each plot comprised a 5 X 5-
m? area with an additional 3 X 3-m? area nested
in the middle of the plot. Each of the two nested
areas (16 m? and 9 m?) was sampled separately,
and the sum of the two equaled a 25-m? area.
This approach enabled the comparison of all
nested areas within plots. Ants from the leaf
litter were extracted by the Winkler method
after 24 hours and then again after an additional
24 hours (Chapter 9).

The nested sampling area design revealed
that the size of the leaf litter sample (plot size)
can influence the number of ant species collect-
ed. The number of species collected per square
meter for each 9- and 25-m? plot is shown in
Table 15.2. On average, one more species was
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Figure 15.2. Frequency of capture for species in
nine 9-m?, 16-m?, and 25-m? plots in Malaysia.

found per m? on the 9 m? plots compared to the
25 m? plots. The similarity in ant species com-
position was also affected by plot size, with
Sorensen s similarity values of the 25 m? plots
ranging from 37.5% to 63.8%, and those of the
9 m? plots from 28.5% to 66.7%. The mean val-
ues are 52.7% for the 25 m? plots and 43.0 %
for 9 m? plots. These differences are highly sig-
nificant (P < 0.001, Mann-Whitney U-Test).
The higher species turnover in the 9 m? plots
resulted from more single captures and a small-
er number of repeated captures (Fig. 15.2).

The species-accumulation curves for each
plot size reveal that none of the plot sizes sam-
ples all ants of the area since none of the curves

Table 15.2 Number of Ant Species per Square
Meter for 9- and 25-m? Plot Samples in Malaysia

Plot 9 m? 25 m?
P1 2.22 1.36
P2 2.44 1.16
P3 222 1.44
P4 2.22 1.64
P5 1.55 0.92
P6 2.00 1.24
P7 3.11 1.52
P8 3.22 1.76
P9 3.22 1.68
Mean 2.47 1.41

8 120
g o
8 100 o

k] -3 (o]

g ° e °

a .. ‘).

E o0 e

o ® 4 o

2 4 % O 25 m2
2 boad e 16m:
5 \J ome
3 20{® e5m
E

=1

o

0
0 20 40 60 80 100 120 140 160 180 200 220
Area sampled (m?)

Figure 15.3. Species-accumulation curves for the
three plot sizes of 9 m?, 16 m2, and 25 m? in
Malaysia.

levels off (Fig. 15.3). In addition, each plot size
produces a different estimation of the overall
ant species richness. This is an important con-
sideration when comparing the results from
studies using different plot sizes; it is not possi-
ble to compare them directly.

These results emphasize the importance of
using a consistent, standard plot size across
studies in order to make comparisons. The 1-m?
litter plot of the ALL Protocol provides this
standardization.

Western Ghats, India

Ant diversity was investigated using a variety of
sampling techniques in the state of Karnataka,
Western Ghats, India (Gadagkar et al. 1990,
1993). A total of 36 1-ha plots from 12 habitat
types were sampled in sites representing eleva-
tions from sea level to 600 m in forested habi-
tats, in three monoculture plantations, and in a
forest that was regularly harvested to produce
leaf manure. At each of these sites, sampling
was carried out in three 1-ha plots.

Five sampling methods for ground-dwelling
ants were employed at each site: vegetation
sweeps, pitfall traps, light traps, scented traps,
and direct (hand) collecting. Light traps use a
luminescent light source to attract insects that
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Figure 15.4. Dendrograms comparing different
sampling methods by ant species trapped in India.
Data pooled from 36 plots for each sampling
method.

are active at night. Although light traps are typ-
ically used to sample flying insects, they can
occasionally be useful for attracting flying alate
ants and some nocturnal ant species. Scented
traps are essentially a combination of two stan-
dard ant sampling techniques (pitfall traps and
baits); in this study they consisted of 2.5-liter
plastic jars that were baited with unrefined sug-
arcane and hung at about 1 m from the ground
on wooden pegs. Intensive hand collecting was
performed in each 1-ha plot to collect represen-
tatives of as many species of ants as possible.
Two persons made the search for 1 hour be-
tween 1400 and 1500 in every case.

In addition to providing the first estimates of
ant diversity and abundance for any forest local-
ity of India, the results of this study provide
informative comparisons of five different meth-
ods of ant sampling. The combination of the
four trapping methods used was somewhat
more successful than hand collecting, yielding
120 species from 31 genera while hand collect-
ing yielded 101 species from 27 genera. More
significant is the fact that the traps and hand col-
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lecting yielded different species; while 78 spe-
cies were obtained by both methods, the traps
yielded 42 unique species and hand collecting
yielded 20 unique species. It appears, therefore,
that in spite of the efficacy of the traps, a com-
bination of trapping and hand collecting may be
desirable if a more complete list of ant species
at a site is desired.

Of the four trapping methods used, pitfall
traps sampled the most species, followed by
vegetation sweeps, scented traps, and light traps
in that order. The fact that pitfall traps and veg-
etation sweeps were more successful is not sur-
prising; indeed the fact that scented traps and
light traps yielded as many ants as they did is
surprising. Not only did the scented traps and
light traps yield more ants than expected, they
yielded an ant fauna rather different from that
obtained by the other methods (Fig. 15.4).

Had this study included leaf litter extraction
as in the ALL Protocol, many more ant species
would likely have been collected. However, the
combination of several sampling methods used
in this study, including hand collecting, illus-
trates that different techniques usually collect
different components of the ant fauna. There-
fore, if a more thorough inventory of ground-
dwelling ants is desired, it is recommended that
a few additional methods be used along with the
ALL Protocol.

Brazil

Two studies in Brazil, one in the highly frag-
mented Atlantic rainforests of Bahia and the
other in the Brazilian Amazon, reveal the utility
of the ALL Protocol as a means of detecting
habitat disturbance.

Atlantic Forests

In Bahia, ten 110-m transects were established
from the center of a botanical reserve of sec-
ondary rainforest in the Centre for Cocoa Re-
search, Itabuna, Bahia (Majer et al. 1997).
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Transects were marked at 10-m interval points
and were sited so that seven points extended
into the reserve, one occurred in the middle of
the planted edge 5 m outside the forest, and two
were in an adjacent field. The ALL Protocol
was followed, with leaf litter samples collected
along the transect and extracted using Winkler
sacks (for only 24 hours) and pitfall traps set out
along the transect and left out for 48 hours.
Figures 15.5a—c illustrate the variation in the
mean number of ant species collected by pitfall
traps, by Winkler sacks, and by both methods
along the transects. The mean number caught
by pitfall traps ranged from 1.8 to 3.4, and there
was little apparent trend in numbers along the
transects, although the maximum richness was
encountered at the point farthest into the forest
(Fig. 15.5a). The mean number of species ex-
tracted by the Winkler sacks ranged from 3.8 to
7.3. It is noteworthy that the highest density was
once again reached at the point farthest into the
forest and that the lowest density was encoun-
tered at the point 25 m into the field (Fig. 15.5b).
The results of this survey reveal an abrupt
differentiation in forest and field ant communi-
ty composition. Five assemblages of ant species
were distinguished along the transect. The
largest grouping contained species that were
ubiquitous along the transects or that were ubig-
uitous except at points outside the forest. The
second group comprised ants that showed a ten-
dency to occur around the outer forest margin,
while the third and fourth groups contained ants
that were generally found in deeper forest. The
fifth group contained 12 species that were found

Figure 15.5. Mean number of ant species (and
standard error) sampled by (a) pitfall traps,

(b) Winkler sacks, and (c¢) both methods combined
along ten transects extending from the field into
the rainforest in Bahia, Brazil. The vertical line
indicates the position of the fence around the forest
reserve.



only in the field or planted edge. These ant
assemblages can be used to monitor ant com-
munities in these different land uses and to
detect further changes, even if fairly subtle, in
habitats and their microclimates.

Amazon

In the Brazilian Amazon, ground-dwelling ants
were collected in three 1-ha forest fragments, in
three 10-ha fragments, in two 100-ha fragments,
and in one continuous forest area. In each of
these nine fragments a 1-ha plot was delimited
and, within this, a total of 36 sampling points,
distributed at intervals of 20 m, were estab-
lished. Three methods of ant sampling were
used: litter extraction, pitfall traps, and soil
samples.

Of the three methods, litter sampling was the
most efficient in terms of the number of species
collected. The mean number of species collect-
ed per plot was significantly greater in the litter
than in the pitfall traps and soil, whereas the
number of species collected in the pitfall traps
was greater than that in the soil (ANOVA, F), (=
29.87, P < 0.001; Table 15.3). Although the
number of species recorded per fragment was
greater in the litter samples than in the pitfall
traps, the total number of species recorded by
each of these two methods in all nine forest
plots studied was quite similar, and both yield-
ed greater numbers than collections from the
soil samples (Table 15.3). Litter sampling was
also the best method to predict overall ant spe-
cies richness (number of species collected using
the three methods combined) in each of the
study plots.

The number of species that were unique to
each method ranged from 20 to 43 species, a
number that usually represented more than 20%
of all species collected by that method (Ta-
ble 15.3). This observation indicates that these
methods are complementary. Their use in com-
bination, therefore, better characterized the ant
fauna of the fragments. Species of Cerapachy-
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Table 15.3 Number of Ant Species Collected
Using Three Different Sampling Methods in
Forest Fragments near Manaus, Brazil

Litter Pitfall Soil

Subfamily Samples Traps Samples
Myrmicinae 96 82 53
Ponerinae 33 36 33
Formicinae 11 12 12
Dolichoderinae 3 5 0
Ecitoninae 1 5 1
Cerapachyinae 2 0 5
Pseudomyrmecinae 1 2 0
Leptanilloidinae 0 0 2

Total (unique) 147 (43) 142 (39) 106 (20)

Mean + SD 542+11.6 457179 303£56

inae, for instance, were recorded mostly in the
soil samples, whereas those in the Ecitoninae
were mostly recorded in the pitfall traps. On the
other hand, many Myrmicinae were only re-
corded in the litter samples (Table 15.3).

No consistent changes in species diversity
were found in response to variations in frag-
ment area. It must be stressed, however, that
these results reflect a lack of relationship
between the density of ant species (number per
unit area) and forest area, not in overall species
number and forest area, as the latter relationship
is clearly positive and significant. Within two of
the three sites studied, the density of ant species
increased as forest area increased, whereas in
the third site the opposite trend was found.
Differences in the history of fragment isolation
(resulting in different matrix habitats) may have
accounted, at least in part, for these conflicting
results (Vasconcelos and Delabie 2000).

Ordination of the study plots according to
their similarities in species composition indicat-
ed that forest fragmentation does affect the
composition of the ground-dwelling ant com-
munity. A “site effect” on species composition
was also detected, indicating some degree of
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heterogeneity in species distribution among the
three sites studied, even though these sites were
only 10-25 km apart.

The results of this study strongly suggest that
forest fragmentation affects the structure of
ground-dwelling ant communities. The diversi-
ty and composition of the ant community would
thus be useful to include in a monitoring pro-
gram of forest fragments to follow and predict
future changes.

Conclusion

These five case studies, plus those conducted by
Delabie et al. (Chapter 10), provided the com-
parative basis for selection of methods for the
ALL Protocol. They also illustrate the applica-
tion of the ALL Protocol to address a wide
range of research and applied conservation

questions in a variety of locations. We hope that
these studies will inspire and guide the use of
the ALL Protocol, and the inclusion of ground-
dwelling ants, in biodiversity studies across the
globe.
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Appendix 1

List and Sources of Materials
for Ant Sampling Methods

Materials

STUDY AREA SETUP
Measuring tape (50 m or longer)
Random number table
Surveyor flags
Flagging tape
Compass

GENERAL ANT SAMPLING MATERIALS

Forceps (featherweight and watchmaker’s #5)

Aspirator and aspirator vials

Ethanol (ethyl alcohol) (70-95%; preferably 95%)

Specimen storage vials (glass or plastic with
polypropylene stoppers or leakproof caps;
preferably 2 ml polyethylene tubes with silicon
O-ring screw caps)

Resealable plastic bags

Field notebooks and pencils

Preprinted or blank sturdy paper specimen tags

Aluminum tags

Indelible ink marker

N
o
My - e

Trowel or shovel
Gloves

Method-Specific Ant Sampling Materials

BAITS
Bait materials (e.g., canned tuna)
Bait platform materials

PITFALL TRAPPING
Cups for pitfall traps
Scoop for pitfall traps
Shovel for digging trap holes
Killing agent (e.g., propylene glycol)
Tea strainer

QUADRAT SAMPLING, INTENSIVE SAMPLING, AND
COLONY SAMPLING
Prefabricated quadrat of polyvinyl chloride
(PVC) tubing
White sorting or sifting tray (with or without mesh)
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LITTER SAMPLING
Berlese funnels and collecting jars
Support for Berlese funnels
Litter sifter
Winkler sacks
Ground cloth
Large plastic litter sample bags
Machete or large knife

ENVIRONMENTAL MEASUREMENTS
Thermometers for soil and air
Humidity-measuring device
Densiometer
Marked pole for measuring vertical vegetation
profiles
Wire (flag) for measuring litter depth
Meter stick or tape to measure cover

types

Specialty Suppliers

Australian Entomology Supplies

Box 250

Bangalow, NSW 2479

Australia

Telephone/fax: 61-66-847188

Entomological equipment: forceps, vials, Berlese
funnels, aspirators

Bioquip Products

17803 LaSalle Avenue

Gardena, CA 90248-3602

USA

Telephone: 1-310-324-0620

Fax: 1-310-324-7931

e-mail: bioquip@aol.com

Entomological equipment: forceps, vials, Berlese
funnels, aspirators, unit trays, insect drawers and
cabinets

A. Daigger & Company, Inc.
199 Carpenter Avenue
Wheeling, IL 60090

USA

Telephone: 1-800-621-7193
Fax: 1-800-320-7200

Gas-collecting bulbs (polyethylene valves), spe-
cimen containers (for pitfall traps), sample bags

Fisher Scientific

P.O. Box 3029

Malvern, PA 19355

USA

Telephone: 1-800-766-7000

Vials, including 2 ml polyethylene microcentri-
fuge tubes with silicon O-ring screw caps; nal-
gene bottles

Forestry Suppliers, Inc.

P.O. Box 8397

Jackson, MS 39284-8397

USA

Telephone: 1-800-647-5368, 601-354-3565
(international)

Fax: 1-800-543-4203, 601-355-5126
(international)

Materials for study area setup: flags, flagging

tape, measuring tapes, tools, densitometers, note-

books, tags, compasses, wind meters, global

positioning system units

Marizete Pereira dos Santos
Rua do Coqueiro no 60
Bairro Conquista

Cidade Ilhéus

Bahia-Brasil

CEP 45 660 000

Brazil

Telephone: 550-73-231-5888
E-mail: pires@maxnet.com.br
Winkler sacks, litter sifters

Omega Engineering, Inc.

P.O. Box 4047

Stamford, CT 06907-0047

USA

Telephone: 1-800-826-6342

Fax: 1-800-848-4271

Digital handheld thermometers, thermocouples,
humidity meters, thermohygrometers
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PGC Scientifics

P.O. Box 7277

Gaithersburg, MD 20898-7277

USA

Telephone: 1-800-424-3300

Fax: 1-800-662-1112

Disposable polypropylene sample containers (for
use as pitfall traps), twirl (sample) bags

Sante Traps

1118 Slashes Road
Lexington, KY 40502
USA
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Telephone: 859-268-9534
E-mail: santetraps@aol.com
Winkler sacks, litter sifters, Malaise traps

Sarstedt, Inc.

P.O. Box 468

Newton, NJ 28658-0468

USA

Telephone: 1-800-257-5101

Vials, including polyethylene specimen freez-
er tubes with silicon O-ring screw caps
(#72.694.105)






Appendix 2

Ant Survey Data Sheet

Observer: Date: Time:

Sample code: GPS coordinates:

Locality:

Habitat type: Elevation: Slope: Aspect:

Sample type: Sampling duration:

Quadrat size/trap size/litter volume/bait type:

Nest type:

Temp (air): Temp (soil): Relative humidity (R,): Wind:

Insolation:

Percentage Ground Cover

Bare: Litter: Stone: Other:

Soil description: Litter depth:

Foliage Height Profile (cm):

Point 1: 0-25:____ 25-50: 50-100: 100-150: 150200
Point 2: 0-25:____ 25-50: 50-100: 100-150:____ 150-200:_____
Point 3: 0-25: 25-50: 50-100: 100-150: 150-200:____
Point 4: 0-25: 25-50: 50-100: 100-150: 150-200:____
Dominant taxa in Foliage Height Profile (FHP):

Percentage Canopy Cover

Point 1: Point 2: Point 3: Point 4:

Dominant canopy taxa;

Notes:
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Appendix 3

List of Materials for
Ant Specimen Processing

o &/ 77
> i X
=l

General Tools
Indelible ink pens (light-, water-, and alcohol-

proof)
Ethanot (ethyl alcohol) (70-95%, pure with

Forceps (watchmaker’s #5)
Laser or dot matrix printer (if possible)

Tools for Specific Operations
SALT WATER EXTRACTION

no denaturants; preferably 95%)
Forceps: two pairs featherweight forceps;
two pairs watchmaker’s #5 forceps
Grindstone (for sharpening forceps)
Personal computer with text processing and
spreadsheet or database software
Laser printer

Labeling Materials
Thin cardstock of neutral pH
Scissors
Fine-point indelible ink pens or markers
(point size 0.05, 0.1, or 0.2)

Sodium chloride or table salt (NaCl) or
saturated salt solution

Wash bottles (any plastic container that will
enable one to squirt a steady stream of
liquid)

Heating element

Pot

Jars

Graduated cylinder

Strainer

Funnel

Metal or cloth mesh
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Fine paint brush
Spoon
Forceps (featherweight)

MANUAL SORTING OF ANTS FROM DEBRIS

Ethanol (70-95%, preferably 95% if available)

Squeeze bottles

Forceps (featherweight)

Forceps (watchmaker’s #5)

Fine paint brushes

Petri dishes of various sizes

Vials (2-5 ml) (for storage of ants; glass with
polyethylene stopper or 2 ml polyethylene
tubes with silicon O-ring screw top cap)

Locality labels

Scissors

Stereoscopic microscope with light source

SORTING TO MORPHOSPECIES
Stereoscopic microscope with light source
Petri dishes of various sizes
Forceps (featherweight)
Forceps (watchmaker’s #5)
Ethanol (>70%; does not need to be new;
may be reused from former samples)
Squeeze bottle
Fine brush

MOUNTING OF SPECIMENS

Cardboard or bristol board (heavy, acid-free
stock for points: business card weight)

Insect pins (size 2, size 3)

Point puncher

Glues (white glues, wood glues, all water
soluble)

Fine stick (to apply glue to the points)

Pinning block (a wooden or aluminum block
with pin-sized holes of different depths, to
prevent bending of labels and points when
affixing to pins)

Cork or foam pads (4 X 5 cm) (to mount ants
under the microscope)

Index cards (for white background on which
to arrange specimens before mounting)

Tissues or paper towels (to dry specimens)
Forceps (watchmaker’s #5): two pairs

Specimen Storage

Insect cabinets

Drawers (ideally with glass lids and unit
trays; minimally, boxes with soft bottoms
and tightly closing tops)

Unit trays

Labels for unit trays or drawers

Cabinets with strong shelves (for ethanol
collection)

Ethanol (70-95%, preferably 95% if
available)

Vials (2-5 ml for specimens; preferably
glass with polyethylene stopper or 2 ml
polyethylene tubes with silicon O-ring
screw top cap)

Larger containers (e.g., bale-top mason jars)
(to house smaller vials in ethanol)

Shipping of Specimens

Cardboard or wooden boxes of various sizes
(shipping boxes should allow a 12-cm
space for Styrofoam on each side of
enclosed specimen boxes)

Cling film (plastic wrap)

Loose Styrofoam (to pad the contents of the
boxes)

Insect pins

Forceps (watchmaker’s #5)

Shipping labels

Strong tape

Customs declaration forms

Identification of Specimens

Unit trays

Tools to mount specimens under microscope
in various positions (or L-shaped holder)

Notepad or personal computer with text pro-
cessing software

Camera lucida attachment for microscope
(useful for drawing details of specimens)

Scissors (to cut labels)
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Glossary

Ted R. Schultz and Leeanne E. Alonso

This glossary is included to enable readers to use this manual without necessarily referring to additional ref-
erences. It relies heavily on a number of works, all of which are recommended, including Jaeger (1955),
Lincoln and Boxshall (1987), Torre-Bueno (1989), Hélldobler and Wilson (1990), and Bolton (1994).

acidopore The orifice of the formic acid-projecting
system peculiar to the ant subfamily Formicinae.

Aculeata The group of apocritan Hymenoptera,
which includes the ants, in which the ovipositor is
modified into a sting.

adventive A nonnative species present in a given
area because of accidental introduction (e.g.,
human transport).

Afrotropical Region Sub-Saharan Africa south of
the Sahara Desert and the southern half of the
Saudi Arabian peninsula, but variously including
or excluding Madagascar and nearby islands,
which are sometimes referred to separately as the
Malagasy Region.

alate In ants, a winged male or winged female
(gyne).

alitrunk (mesosoma) In apocritan Hymenoptera,

the middle body region from which arise the legs
and wings (when present), posterior to the head
and anterior to abdominal segment 2 (the petiole in
ants). It is formed from the fusion of the thorax and
the first abdominal segment.

ALL protocol Ants of the Leaf Litter protocol, the

standardized method for sampling ground-
dwelling ants described and recommended in this
volume. The protocol employs Winkler litter
extraction as the primary tool, pitfall trapping as a
secondary tool, and other subsidiary methods
depending on conditions. See particularly
Chapters 9 and 14.

antennal segments The separate sclerotized units

into which the antennae are subdivided, connected
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to each other by flexible membranes. In ants and
most other aculeate Hymenoptera, they primitive-
ly number 12 in the females and 13 in the males.

anterad Toward the anterior; on an insect body,
directed toward the head.

anthropogenic Caused by humans.

Apocrita A suborder of Hymenoptera, including
all Hymenoptera except suborder Symphyta, in
which segment 1 of the abdomen has become
fused with the thorax to form the propodeum and
in which the larvae are apodous. Ants are members
of the Apocrita.

apodeme A chitinous ingrowth of the arthropod
exoskeleton to which muscles are attached.

arbicolous Nesting and/or foraging in trees.

aspirator A suction device for picking up insects.

autapomorphy In phylogenetic systematics, a
derived character or character state.

basal At or pertaining to the base or point of
attachment nearest the main body of an organism.

basidiomycete A member of a taxonomic subdivi-
sion of fungi (the Basidiomycotina) that includes
those fungi that produce basidiocarps, or true
mushrooms.

Berlese funnel A device for collecting small litter-
or soil-dwelling arthropods, consisting of an elec-
tric lamp mounted above a funnel containing a
piece of screen, hardware cloth, or other mesh.
Litter is placed over the mesh and, driven down-
ward by the heating and drying agency of the
lamp, arthropods fall into the funnel and thence
into a collecting jar filled with alcohol or other
killing agent (see Fig. 9.6, page 137).

biocontrol Control of pestiferous organisms
through the use of their natural enemies (e.g., pred-
ators, parasites, fungal diseases)

biodiversity “The variety of life forms, the ecolog-
ical roles they perform, and the genetic diversity
they contain” (Wilcox 1984:640); the number of
species or higher taxa in a given region.

biogeography The study of the geographical dis-
tributions of organisms and their habitats, and of the
historical and biological factors that produced them.

bioindicator 1In ecology, an aspect of the environ-
ment, usually a species or group or species, of use
in monitoring biodiversity, ecological status, or
other biological attributes of a particular area.

biomass The mass (including or excluding water
weight, as specified) of a circumscribed biological
entity or collection of entities (e.g., of a single ant,
of all ants in a given location, or of all organisms
in a given locality).

bivuoac In army ants, the mass of workers that serve
as a protective refuge for the queen and brood.

carina An elevated ridge or keel on the insect
integument.

carton In myrmecology, a cardboard-like construc-
tion material manufactured by some ants using bits
of wood, wood pulp, dried plant matter, and soil,
generally used to form protective enclosures
around their nests. The resulting structures are
referred to as “carton nests.”

caste In social insects, any set of individuals in a
given colony that is both morphologically distinct
and specialized in behavior (morphological castes);
more broadly, any set of individuals of a particular
morphological type or age group, or both, that per-
forms specialized labor in the colony.

clade A monophyletic group.

cladistic analysis Phylogenetic analysis in which
monophyletic groups (clades) are identified based
on synapomorphies (shared, derived characters or
character states assumed to have been present in a
shared common ancestor).

cladogram A branching diagram, most commonly
interpreted as a phylogenetic tree, constructed using
cladistic analysis.

clypeus That part of the insect head below the
frons to which the labrum is attached anteriorly; in
most ants, the portion of the “face” (dorsum) of the
head capsule that borders the mouth parts, bounded
by the antennal sockets and tentorial pits above,
the genae (cheeks) on the sides, and the anterior
edge of the head capsule below.

coevolution The interdependent evolution of two
or more species having an obvious ecological rela-
tionship, usually restricted to cases in which inter-
actions are mutually beneficial (mutualisms), but
occasionally used more loosely to refer to sym-
biotic evolution in general.

commensalism A symbiosis in which one partner
benefits and the other is neither harmed nor
benefited.

complementarity In ecology, the relationship of
two habitats that have similar species richnesses
but very few species in common.

conspecific Of or pertaining to the same species
(opposite of heterospecific).

cotype An imprecise term not recognized by the
International Code of Zoological Nomenclature,
formerly used to refer to a paratype or syntype.

covariate Of or pertaining to the quality in which
two or more quantities vary in a way that preserves
a mathematical relationship.



coxa The basal segment of the arthropod leg.

curation The art and science of preserving biolog-
ical specimens and organizing, caring for, and
maintaining collections of such specimens.

cuticle a secretion of the epidermis covering the
entire body of an arthropod as well as lining ecto-
dermal invaginations, such as the proctodacum,
stomodaeum, and tracheae.

denticle A small tooth.

dichthadiigyne queen (dichthadiiform ergato-
gyne, dichthadiiform queen) In army ants, a
member of an aberrant reproductive caste charac-
terized by a wingless alitrunk, a huge gaster, and
an expanded postpetiole.

disarticulation The separation of one sclerotized
component of the arthropod skeleton from a neigh-
boring component to which it was previously
attached.

distal At or pertaining to the free end of a morpho-
logical structure, farthest away from the main body
of the organism.

domatia (myrmecodomatia) Specialized struc-
tures, such as inflated stems or hollow thorns, used
by ant plants for the housing of ant colonies.

dulosis  See slavemaking

ecological succession The chronological distribu-
tion of organisms within an area.

elaiosome An ant-attractive nutritive attachment on
seeds manufactured by some plants to encourage
dispersal.

endemism The quality of being native to and exclu-
sively restricted to a particular geographical region.

energetics The study of energy transformation
within a community or system.

epigaeic Living, or at least foraging, above the sur-
face of the ground (opposite of hypogaeic).

epinotum See propodeum.

ergatogyne See ergatoid.

ergatoid (ergatogyne) In ants, any form intermedi-
ate between the worker and the queen.

eusociality (true sociality, higher sociality) The
condition in which the following three traits are
present: cooperation in caring for the young;
reproductive division of labor, with more or less
sterile individuals working on behalf of individuals
engaged in reproduction; and overlap of at least
two generations of life stages capable of contribut-
ing to colony labor. All ants are eusocial.

Fluon A liquid form of Teflon that, when painted
onto vertical surfaces and allowed to dry, forms an
effective climbing barrier to most insects, includ-
ing ants.
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Formicidae The family of Hymenoptera that com-
prises the ants, characterized by the presence of the
metapleural gland (secondarily absent in some
groups), petiole, and eusociality.

formicosis A disease of the lungs brought on by
excessive inhalation of formic acid vapors (pro-
duced by ants in the subfamily Formicinae), usu-
ally as a result of ant collecting using an aspirator.

foundress In ants, the newly fecundated gyne
(queen) that begins the colony life cycle.

frass Solid larval insect excrement.

frons In insects, a sclerite of the head immediately
posterior to the clypeus.

fungivorous Feeding on fungi.

furcula In the aculeate hymenopteran sting, a
small, forked apodemal sclerite positioned dor-
sobasally, to which important muscles of the sting
attach.

gaster (metasoma) The posterior region of the
body in apocritan Hymenoptera; in ants, the por-
tion posterior to the petiole (i.e., true abdominal
segments 3-10) or, if a postpetiole is present, the
portion posterior to the postpetiole (i.e., true
abdominal segments 4—10).

gena The insect “cheek,” the area of the head
below the eye.

granivorous Feeding on grain, i.e., on the seeds of
grasses.

gular teeth See (more correctly) hypostomal
teeth.

gyne (queen) In ants, the female reproductive
caste.

habitus Overall general form or appearance.

head capsule The fused sclerites of the arthropod
head, which form a hardened, compact case, the
cranium.

heterospecific Of or pertaining to a different
species (opposite of conspecific).

Holarctic Region The region containing both the
Palearctic and Nearctic Regions.

holotype In taxonomy, a single specimen designat-
ed as the name-bearing type of a species or sub-
species when it was established, or the single spec-
imen on which the taxon was based when no type
was specified.

homonym In species-level taxonomy, each of two
or more available names established for different
nominal taxa having the same spelling or spellings
deemed to be the same by the International Code
of Zoological Nomenclature. Homonymy is the
problematic situation in which two or more species
in the same genus have the same name.
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homoplasy The apparent independent evolution
(by parallelism or convergence) of characteristics
that are indistinguishable.

humisol A type of soil that is rich in organic material.

hypogaeic Living primarily below the surface of
the ground, or at least beneath cover such as leaf
litter, stones, and dead bark (opposite of epigaeic).

hypostoma The anteroventral region of the head;
the area of cuticle immediately behind the buccal
cavity and forming its posterior margin.

hypostomal teeth (gular teeth) In ants, one or
more pairs of triangular or rounded teeth that
project forward from the anterior margin of the
hypostoma.

inflorescence The arrangement and sequence of
development of flowers on a flowering shoot.

infrabuccal pocket In ants, a cavity on the floor of
the buccal chamber in which, in most species, indi-
gestible material accumulates and is compacted for
later disposal; in ants of the subfamily Pseudo-
myrmecinae infrabuccal pocket contents are fed to
larvae, and in fungus-growers the infrabuccal
pocket is used by gynes to transport fungus-garden
mycelium.

insolation Exposure to solar radiation

instar In insects, the stage between moults in a
nymph or larva.

integument The outer layer of an arthropod,
including the basement membrane, epidermis, and
cuticle.

interspecific competition Simultaneous demand
for limited resources between members of differ-
ent species.

intraspecific competition Simultaneous demand
for limited resources between members of the
same species.

karyology The branch of cytology dealing with
the study of nuclei, especially the structure of
chromosomes.

labrum The “upper lip” of the insect mouth, aris-
ing anterior to the clypeus.

latosol A type of soil, occurring primarily in tropi-
cal regions, in which plant detritus decays rapidly,
leaching silica from the soil in the process known
as laterization.

lectotype In taxonomy, one of a series of syntypes
that, subsequent to the publication of the original
description, is selected and designated through
publication to serve the same function as the holo-
type specimen for the species.

lineage A group of organisms descended from a
common ancestor. See clade.

mandibles The first pair of jaws in insects. In ants,
the organs for cutting and otherwise processing
food, for biting enemies, for carrying brood, for
nest construction, and for generally manipulating
the environment, usually stout and jawlike, but
variously modified and elongate in some species.

mesocoxa The coxa of the middle leg (i.e., the leg
arising from the mesothorax).

mesonotum The dorsal part of the mesothorax
(thorax segment 2).

mesosoma  See alitrunk.

mesothorax The middle member of the three main
subdivisions of the insect thorax, from which the
anterior pair of wings and the middle legs arise.

metacoxa The coxa of the hind leg (i.e., the leg
arising from the metathorax).

metanotum The dorsal part of the metathorax (tho-
rax segment 3).

metapleural gland An antibiotic-producing exo-
crine gland peculiar to ants located at the postero-
ventral corner of the metapleuron.

metapleuron The lateral region of the metathorax.

metasoma See gaster.

metathorax The posterior member of the three
main subdivisions of the insect thorax, from which
the posterior pair of wings and the rear legs arise.

midden A refuse heap.

monophyletic Describing a group consisting of an
ancestral species and all of its descendants.

morphocline One of a graded series of states with-
in a morphological character.

morphospecies A temporary grouping created to
distinguish morphologically distinct clusters of
specimens from one another prior to rigorous iden-
tification (where possible) with nominal species.

mutualism A symbiosis in which both parties
benefit.

mycorrhizal fungi Fungi that grow in obligate
association with the roots of plants.

myrmecodomatia See domatia.

myrmecologist A student of myrmecology.

myrmecology The study of ants (family
Formicidae).

myrmecophyte A higher plant that lives in obliga-
tory, mutualistic association with ants.

Nearctic Region The northern regions of the New
World, including North America and the Central
Mexican Plateau.

Neotropical Region The tropical region of the
New World (i.e., of Central and South America).
ocellus In insects, a simple eye distinct from the

paired compound eyes; in ants, an eye occurring in



a group of three on the vertex, present in males and
gynes but frequently absent in workers.
oviposition The act of depositing eggs.

Palearctic Region The northern regions of the Old
World, including Europe, Africa north of the
Sahara, and Asia as far south as the southern edge
of the Yangtse-kiang watershed and the Himalayas.

Paleotropical Region The entire tropical region of
the Old World, including the Afrotropical,
Malagasy, Oriental, and Indo-Australian tropical
regions.

palp One of the paired appendages of the maxillary
and labial mouth part segments; in ants, the maxi-
mum number of maxillary palpal segments is six,
the minimum number (rarely seen) is zero; the
maximum number of labial palps is four, the min-
imum number is one.

pantropical Of or pertaining to the tropical regions
of the entire world.

paraphyletic Of or pertaining to a taxonomic
group that does not include all the descendants of
a common ancestor.

parasitism A symbiosis in which one partner ben-
efits at the expense of the other.

paratype In taxonomy, each specimen of a type
series other than the holotype; one of the series of
specimens examined during the formulation of the
original description of the species.

parthenogenesis The development of an individ-
ual from a femnale gamete without fertilization by a
male gamete.

patchiness Heterogeneity within an environment
with respect to ecological conditions of interest
(e.g., those that might favor one species over
another or that might subdivide populations with
regard to gene flow).

petiole In ants, the second abdominal segment
(i.e., the segment immediately posterior to the
alitrunk), which is constricted both anteriorly
and posteriorly.

phylogram A phylogenetic tree; often used to refer
specifically to a phylogenetic tree in which relative
branch lengths are specified.

pilosity A covering of hair.

pitfall trap A steep-sided container sunk into the
ground so that the opening is even with the surface,
often containing a small amount of liquid preserv-
ative; used to trap ground-dwelling animals, which
fall in and cannot escape.

plicae Folds, wrinkles, or pleats; in the ant proven-
triculus, the relatively narrow, longitudinal strips
of thin, flexible cuticle that connect the broad,
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sclerotized, cuticular plates of the proventricular
bulb. :

polydomy The condition in which a single ant
colony simultaneously has more than one nest.

polymorphism In social insects, the condition of
having more than one caste within the same sex; in
ants, the condition of having workers of distinctly
different proportions (e.g., minima and maxima
workers or soldiers).

polyphyletic  Of or pertaining to a taxonomic group
that contains members derived from two or more
ancestral sources (i.e., that are not part of an imme-
diate line of descent).

posterad Toward the posterior; on an insect body,
directed toward the rear of the abdomen.

postpetiole The modified form of the third abdom-
inal segment (i.e., the segment immediately poste-
rior to the petiole) present in some ant groups, in
which this segment is constricted posteriorly to
form what is essentially a second petiole.

predation The consumption of one animal by
another.

presclerite In ants, the distinctly differentiated
anterior section of an abdominal sclerite, separated
from the remainder of the sclerite by a ridge, con-
striction, or both.

presternite In ants, a presclerite derived from a
sternite.

pretergite In ants, a presclerite derived from a
tergite.

proctodeum The insect hindgut.

promesonotum The fused pronotum and mesono-
tum.

pronotum The dorsal part of the prothorax (thorax
segment 1).

propodeum (epinotum) In apocritan Hymen-
optera, the first abdominal segment, which has
become fused with the thorax to form the alitrunk.

prothorax The anterior member of the three main
subdivisions of the insect thorax, from which the
front legs arise.

proventriculus In insects generally, the valve sep-
arating the crop (anteriorly) and the midgut (poste-
riorly); in ants, the proventriculus regulates
whether food is consumed by the individual
(allowed to pass into the midgut) or whether it is
retained in the “social stomach” that consists of the
combined crops of all colony members.

queen See gyne.

relictual  Of or pertaining to persistent remnants of
formerly widespread species or higher taxa current-
ly restricted to certain isolated areas or habitats.
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remediation In ecology, the act of returning a dis-
turbed habitat to its natural state.

replete An individual ant worker that functions as
a living reservoir, having a crop so distended with
liquid food that the abdominal segments are pulled
apart and the intersegmental membranes stretched
tight.

ruderal Pertaining to or living among rubbish or
debris, or inhabiting disturbed sites.

scape The basal antennal segment.

sclerite Any plate of the arthropod body wall
bounded by membrane or by sutures.

sclerotization Hardening of cuticle to form the
arthropod exoskeleton, as compared with the more
flexible, nonsclerotized, membranous cuticular
areas.

slavemaking (slavery, duloesis) The condition in
which workers of a parasitic (slavemaking) ant
species raid the nest of another species, capture
brood (usually pupae), and rear them as enslaved
nestmates.

slavery See slavemaking

speciation The process by which novel species arise.

species richness  The absolute number of species in
an ecological assemblage or community.

speciose Of or pertaining to a clade containing a
relatively large number of species.

sternite See sternum.

sternum (sternite) The ventral (Jlower) sclerite of a
segment.

stomodeum The insect foregut.

subpetiolar process An anteroventral projection
on the petiole or its peduncle.

sulcus A groove with a purely functional (rather
than developmental) origin.

suprageneric In taxonomy, of or pertaining to tax-
onomic ranks above the genus level (e.g., subtribe,
tribe, subfamily, family).

suture On the insect integument, a groove marking
the line of fusion of two developmentally distinct
cuticular plates.

symbiont A member of a symbiosis.

symbiosis The living together of two organisms.

synonym In taxonomy, each of two or more scien-
tific names of the same rank used to denote the
same taxon.

syntype In taxonomy, each specimen of a type
series from which neither a holotype nor a lecto-
type has been designated.

systematics The classification of living organisms
into hierarchical groups emphasizing their phylo-
genetic relationships.

taxon A defined and named unit consisting of a
group of related organisms (e.g., species, genus,
tribe, subfamily, family).

tentorial pits The external depressions in the
exoskeleton of the head at which corresponding to
the roots of the tentorial arms.

tentorium The internal skeleton of the insect
head. The points at which the tentorium is con-
fluent with the exoskeleton are marked by the
tentorial pits.

tergite See tergum.

tergosternal fusion A condition of the ant abdom-
inal segments in which the tergite and sternite are
continuously fused rather than connected by
membrane, so that they are incapable of indepen-
dent movement relative to each other, occurring
in some or all of abdominal segments 2 (petiole)
to 4.

tergum (tergite) The dorsal (upper) sclerite of a
segment.

termitarium A nest, natural or artificial, or a
colony of termites. Frequently used to refer
specifically to nest structures constructed by
termites.

termitotherous Hunting and preying upon termites.

thermophilic Preferring warm temperatures.

thermoregulation The physiological processes,
behavioral processes, or both by which an organ-
ism adjusts its body temperature to a level differ-
ent from the ambient temperature.

thorax The second major subdivision of the
insect body, bearing the legs and wings. The tho-
rax is posterior to the head and anterior to the
abdomen, and consists of three subdivisions, the
prothorax, mesothorax, and metathorax.

trachea A spirally reinforced, elastic air tube that
is the principal component of the insect respira-
tory system. A system of tracheae connects the
outside atmosphere with the internal tissues and
organs.

tribe The taxonomic rank above genus and below
family (i.e., a group of genera).

trophallaxis The exchange of alimentary liquid
among colony members and guest organisms.

trophic Pertaining to nutrition.

trophic eggs A nonviable egg laid by an ant queen
to serve as food for other members of the colony,
usually her offspring.

vertex The top of the insect head between the eyes
and posterior to the frons.

Winkler sack (Winkler bag, Winkler eclector,
Winkler extractor) A device for collecting



small litter- or soil-dwelling arthropods, consisting
of one or more bags constructed from cloth mesh.
The mesh bags are filled with litter and suspended
within an outer cloth enclosure, which includes a
funnel that catches insects escaping through the
mesh and directs them into a collecting receptacle,
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usually filled with alcohol (sec Figs. 9.4 and 9.5,
pages 134 and 135).

xeric Having very little moisture; tolerating or
adapted to dry conditions.

zoogeography The branch of biogeography deal-
ing specifically with the distribution of animals.
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reproduction, 12
queen, 10, 12, 17, 163

sedentary nature, 90
size, 12, 16, 19
temperature and, 11, 12
workers, 10-11, 163, 163t
ant curation, 155-171
databases, 170-171
dissecting, 160
materials, 160
labeling, 160-162
data records, 162
importance of, 160
information to include, 124,
161-162, 161f
materials, 124, 160161, 221
placement, 124, 161
size, 161
major ant collections, 167, 168
mounting, 158-160, 159f
cleaning, 159-160
materials, 158-159, 222
protocol, 158-159

natural history museums and
collections, 174-175,
176t-182t, 183184
private collections, 185
reasons for, 155
reference collections, 7, 167-168
sorting, 155158
by characters, 162-165
manually, 156
materials, 156, 222
to morphospecies, 6, 157-158,
162-165
salt water extraction, 156
to species, 6, 157, 165-166
to subfamily and genus, 6, 162
specimen shipping, 170
materials, 170, 222
specimen storage, 168—170, 169f
materials, 169-170, 222
taxonomists, 166—167
type specimens, 167, 184
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“ant gardens,” 37-38, 4243
ant niche, 13~15
food, 14
nest
entrances, 13, 139
habitats, 13-14
temporal considerations, 14-15
Ants of the Leaf Litter (ALL)
Conference, xviii—xix

Ants of the Leaf Litter (ALL) proto-

col, xviii—xix, 204-206

collection methods, xviii—xix, 204,

205
field work
ecological data, 205
labeling, 205
transect lines, 205
group, 8
laboratory work
identifying morphospecies,
205-206
labeling samples, 206
sorting samples, 205
materials, 215-216, 221-222
sample size, xviii—xix, 204
social insects Web site, 6, 166,
174
time requirements, 204, 206
timetable, 206
arboreal species, sampling of, 142
association, measures of, 200-202
Australia, 112, 115

baiting, 126-129
and ant composition, 126
bait platform, 127
and behavioral interactions, 128
and behavioral studies, 128
biases, 129, 188
data output, 128
evaluation, 128-129
materials, 126, 127, 215
methods, 127128
nutrient composition, 127, 129
objectives, 126-127

materials, 136
methods, 136-137
biological diversity. See also
diversity
ants as indicators of, xviii, 80-88
definition of, xvii
measuring, xviii, 80, 192-195
biology, general ant, 3t
biomass, 3t, 4f, 18
Brazil, 211-214, 212f, 213t

castes, 10, 19, 162-163
characters, 70-71, 70f, 164-165
Chihuahuan Desert, 92, 93f
collection methods, 122—-144
bait, 126-129
Berlese funnel, 136138
direct sampling, 141-142
leaf litter collection, 133-138
pitfall traps, 129-132, 205
soil collection, 138, 140
using combinations of, 123, 144,
146, 153-154,
153t
Winkler sack extraction, 133-136,
205
colony sampling, 138-139
data output, 139
evaluation, 139
geographical considerations, 138
materials, 138, 215
methods, 138-139
nest entrances, 138, 139
objectives, 138
spatial extent available, 138
transects, dimensions of, 138
community
definition of, 18
diversity, 18, 20-22
form, 18-19
function, 18, 19-20
types of, 27, 27f
variability, 89-90
computer technology
databases, xviii, 170-171

competing models of,
195-197, 197f
distributions of, 192-195
challenges to, 122
of diversity
comparisons of, 122, 192-195
definition of, 192
measures of, 192-194
ecological attributes, 186
list use in, 187
matrix use in, 186-187, 201-202,
201f
organization for, 186-187
of sample association patterns,
200-202
matrix approach for, 201-202,
201f
measures of, 200-201
ordinations, 202
of species density data, 91-92, 93f
of species richness data, 197-200
estimations of, 147-149,
198-200, 199f
and sample area, 198
and sample size, 152-153, 198,
200, 200f
taxonomic attributes, 186

data documentation

local, 125
regional, 125
sample, 125-126
site, 125

data sheet

coding for, 125
for field use, 219-220
for quadrat sampling, 132

deformation, of ants, 97
direct sampling, 141-142

data output, 141

evaluation, 141-142
geographical considerations, 141
materials, 141

methods, 141

nest series, 141

objectives, 141

single sample (or snapshot studies),
128

temporal considerations, 126-127,
128

EstimateS computer program,
148

social insects Web site, 6, 166,
174

supplemental nature of, 142
temporal considerations, 141
dissection, 160
diversity

Berlese funnel, 136138

biases, 138

data output, 137

evaluation, 137-138

funnels
composition, 136
preparation of, 136-137, 137f
size of, 137

control plots
importance of, 96
and species richness, 93
Convention on Biological Diversity,
xvii

data analysis, 186-203
of abundance data

alpha, 100, 106, 193
of ants
reasons for studying, xv—xvi,
xviii, 2—4
reasons not typically studied,
1-2
beta, 100, 121
biological diversity



ants as indicators of, xviii,
80-88
definition of, xvii
measuring, xviii, 80, 192-195
data analysis techniques for, 122,
192-195
definition of, 18
general facts, 3t
indexes of, 97-98, 193-194,
194t
taxonomic, 87
dominance diversity indexes, 193

ecological importance of ants, 2, 3t
ecological variation, leaf litter ants
and, 120
ecosystems
inertia of, 93-94
malleability of, 94-95
oscillation of, 95-96
recovery of, 92-96, 93f
resilience of, 94
variability within, 89-90
elaiosomes, 38
environmental stress. See also
mortality
ants’ response to, 26-27
causes of, 25-26
definition of, 25
environmental stressors. See also
mortality
definition of, 92
food availability, effect on ants,
26
foraging surface, effect on ants,
26
and impact on individuals, 26, 97
and impact on inertia, 93-94
and impact on malleability,
94-95
and impact on populations, 26-27,
97

low temperature, effect on ants, 12,

15, 25-26

nest site availability, effects on ants,

16-17, 26
estimators
complementarity, 201-202, 201f
EstimateS computer program,
148

incidence-based coverage estimator,

147-148, 200
jackknife methods, 147-148, 199
nonparametric, 199-200
parametric, 198-199
of species abundance, 147-148
species-accumulation curves,

148-152, 150f, 152f, 188-192,
189f, 190f, 195

of species richness, 147-149,
198-200, 199f

extraction methods. See collection

methods

field notes, 124, 125-126, 219220
field work, 122-144

approach, 123

arboreal habitats, 142

baiting, 126-129

colony counts, 138-139

cost effectiveness of, 3t

data documentation, 124, 125—
126

direct sampling, 141-142

efficacy of, 23, 143t, 144

environmental variables of,
142-144

herbaceous habitats, 142

intensive sampling, 139-141

litter extraction, 133-138

maps, 126

materials, 124, 126, 215-216

methods, 124-125

monitoring colony density, 16, 18,
97, 139

optimal survey period of, 23

pitfall trapping, 129-132, 205

problems with, 123

quadrat sampling, 132-133

food, 14, 26
foraging

and ant size, 14
and baiting, 126

fossils, 173
functional groups, 27-34, 28t, 29f. See

also taxonomy

climate specialists, 28-29

composition of, 31-33, 32f, 33f

cryptic species, 29

distribution of dominance, 30-31,
30f

dominant Dolichoderinae, 28,
30-31, 31t

generalized Myrmicinae, 29, 30-31,
31t

opportunists, 29

reasons for studying, 33

specialist predators, 29

subordinate Camponotini, 28

global ecology, definition of, 25

habitat. See also environmental stress;

environmental stressors
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changes in, 89
disturbance of
ants’ response to, 2627, 90
definition of, 25
documentation of, 125
habitat groups. See also taxonomy
canopy ants, 21
desert ants, 13, 92, 93f
grassland ants, 13-14, 91, 92f
leaf litter ants, 14, 99-121
Neotropical ants, 90-91, 91f, 112,
115
tropical ants, 14, 18-19
hand collecting. See direct sampling
haplodiploidy, 10
holotypes, 168
humans, effect on environment,
xvii, 89

incidence-based coverage estimator
(ICE), 147-148, 200. See also
estimators
India, 210-211, 211f
indicator taxa
ants as, xviii, 81, 86-88
correlation between other taxa and,
81-86, 82t-84t
criteria of, 80-81
limitations of studying, 85-86
possible use of, 86-87
reasons for studying, 80
using multiple species of, 87-88
intensive sampling, 139-141
biases, 140-141, 188
data output, 140
evaluation, 140-141
geographical considerations,
139
materials, 139-140, 215
methods, 140
nest series and, 139
objective, 139
sample
delineation of, 140
duration of sample collection,
140
size of, 140
subsamples and, 140
interaction, 35—44
commensalism, 36, 37
with fungi, 41-43
with Homopterans, 39
mutualism, 36, 37
nests, guests in, 3941
parasitism, 17, 18, 36, 4041
symbiotic, 36
with animals, 3941
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interaction, symbiotic (continued)
between ants, 41
with plants, 36-38
trophic, 36
with animals, 38-39
with plants, 36
International Rules, 78
International Union for the Study of
Social Insects (TUSSI), xviii
introduced species, 4344, 43t
impact on ecosystems, 12—13, 20,
22,44
impact on rehabilitation, 96
tramp species, 43
TUSSI (International Union for the
Study of Social Insects),
Xviit

jackknife methods, 147-148, 199. See
also estimators

keystone species, 20

labeling, 124, 160-162, 221
leaf litter
collection, 133-138
population density in, 14
litter techniques, 133-138
collection rates, 136
geographical considerations, 106,
120
objectives, 133
sacks
assembly of, 133, 134f
duration of litter extraction in,
136
size of, 133
Winkler, 134-136, 134f
Winkler extraction
materials, 133, 216
methods, 133-136, 135f, 205

macroecology, 25
Madagascar, 111-112, 115, 207-209,
208t, 209f
Malaysia, 115, 209-210, 210f, 210t
malleability, 9495
maps, geographical information, 126
materials, 215-217, 221-222
aspirators, 125, 125f
bait, 126, 127f
Berlese funnels, 136-137
calculator, 124
compass, 124
data sheets, 219-220
ethanol solution, 124, 130, 169
ethylene glycol solution, 130

field notebook, 126
flagging, 124
forceps, 125
global positioning system, 126
litter sifter, 133—134, 134f, 140
maps, 126
meter tapes, 124
paper tags, 124
pitfall traps, 130
plastic twirl bags, 124
PVC, 132
stakes, 124
vials, 124, 169
Winkler sacks, 134—135, 134f
mining sites, recovery of ecosystems
and, 95-96, 951
monitoring programs
ALL protocol, 204-206
for changes in diversity, 97-98
for changes in individuals, 97
for changes in population, 97
difficulties of, 89-90
establishing baselines for, 89
and inertia, 93-94
long-term studies, 90-92
and malleability, 94-95
methodology, 96-97
and multiple simultaneous control
sites, 92-93
and nonlinearities, 96
and resilience, 94
types. See field work
morphospecies
characters, 162-165
differences between castes,
162-163
materials used in sorting, 157-
158
mounting by, 157-158
mortality. See also environmental
stress; environmental stressors
of colonies, 22
and harvesting, 17
and parasites, 17, 18
and predators, 17-18
and regulation of population, 15,
17-18
and weather, 17
museums, 174-175, 176t-182t,
183-184

nests
availability, 16-17, 26
entrances, 13, 139
guests in, 3941
habitats, 13-14
series, 139, 141

New World, 112

observer bias, in quadrat sampling,
132

Old World, 112

ordering, of numerical data, 186187

ordination methods, 202

Papua New Guinea, 114
paratypes, 168
passive species inventory, 124
patchiness, 18
perturbation
recovery from, 92-96, 93f
studies, 96
phorid flies, 18, 22
pitfall trapping, 129-132, 205
biases in, 131-132, 188
data output, 131
evaluation, 131-132
geographical considerations, 131,
132
killing agents, 130, 131
materials, 130, 215
methods, 130-131
objectives, 129-130
temporal considerations, 131
traps, 129f
composition of, 130
placement of, 130-131, 149
size of, 130
polymorphism, 163, 163t
population. See also estimators
definition of, 15
density, 14, 91-92
pitfall trapping estimation of, 130,
131-132
regulation of, 15-18
Winkler sack estimation of, 136
predators
ants as, 14, 38
effects on ants, 17-18, 27,
38-39

quadrat sampling, 132-133

data output, 132

design, 132

evaluation, 133

materials, 132, 215

methods, 132

objectives, 132

quadrat
composition of, 132
data collection in, 132
size of, 132

temporal considerations, 132,

133



rainfall

impact on recovery after stress, 94,
94f

impact on resilience after stress, 94,
94f

rapid assessment, 80
resources

and colony density and size, 14, 15,
16

competition for, 15-16

and dominance hierarchies,
22

manipulation of, 16-17

and regulation of population, 15~
17

and removal of colonies, 16

and territoriality, 16

salt water extraction

materials, 156, 221-222
reasons for, 156

sample, representativeness of,
145-146, 187-188

sample size. See also estimators

determination of, xviii-xix, 153

experiment on, 147-148, 152~
153

with Winkler sacks, 133-134, 152,
153t

sampling

and ALL protocol, 204-206

arboreal habitats, 142

baiting, 126-129

challenges to, 123

colony-based studies, 123

colony counts, 138-139

comparing methods of, 143t, 144

considerations in, 4, 23, 123-124,
187-188

design bias, 124, 187-188

direct, 141-142

ease of, 4-5

efficacy analysis, 143t, 144,
191-192, 192f

environmental variables of, 123,
142-144

forager-based studies, 123

geographical scale of, 157

habitats, 123, 191-192

herbaceous habitats, 142

impact of biology on, 123

intensive, 139-141

investigator bias, 124

labeling of, 124

multiple methods in, 123, 144, 146,
153-154, 153t

overview of, 4-5

passive versus active, 124

pitfall trapping, 129-132, 205

quadrat, 132-133

and random distribution, 123

rapid, 80

rate of species accumulation,
148-149, 188-192, 191f

size. See sample size

spatial aggregation, 123, 187

species inventory, 123

shipping, of specimens, 170, 222
SI/MAB (Smithsonian

Institution/Monitoring and
Assessment of Biodiversity), 8

slavemaking, 17, 41
Smithsonian Institution/Monitoring

and Assessment of
Biodiversity (S/MAB), 8

species abundance

and baiting techniques, 126

class, 195-197, 196f, 197f

curve, 195-196, 196f

data analysis of, 192-197

estimators of, 147-148

factors in, 12, 195-196, 196f

and litter techniques, 133

and pitfall trapping techniques, 130,
131

and quadrat sampling techniques,
132

reasons for studying, xvii

species composition

and baiting techniques, 126, 129

and colony sampling techniques,
139

and direct sampling techniques,
141

diversity in, 21-22

fluctuations in, 90-92, 96

and intensive sampling techniques,
140

and litter techniques, 133

long-term studies of, 90-92

and pitfall trapping techniques, 130,
131

and quadrat sampling techniques,
132

reorganization of, 98

species density, data analysis tech-

niques for, 91-92, 93f

species distribution, reason for

studying, xvii—xviii

species dominance, hierarchies, 22
species identification. See also

taxonomy
in the laboratory, 6, 157, 165—
166
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species richness
altitude and, 109-111, 109t,
110f
and baiting techniques, 126
classifying of data, 197-200
and colony sampling techniques,
139
data analysis of, 147-148, 197—
200
definition of, 97-98
and direct sampling techniques,
141
diversity of, 21
estimators of, 147-149, 198-200,
199f
fluctuations in, 90-92, 95
and intensive sampling techniques,
139, 140
latitude and, 21, 109-111, 109t,
110f
and litter techniques, 152-153
measures of association,
200-202
oscillation of, 95-96
and pitfall trapping techniques,
131
and quadrat sampling techniques,
132
recovery of, 92-96
sampling methods for. See
collection methods;
sampling
specimens. See ant curation
standard protocols, benefits of,
xvii—xix, 204. See also Ants of
the Leaf Litter protocol
standardization, of techniques,
xvii—xix, 204
supplies. See materials
symbioses, 36. See also interaction,
symbiotic
facultative, 36
obligate, 36

Tasmania, 82, 83-84t
taxonomic diversity. See diversity
taxonomic groups, correlations
between, 85-87
taxonomists, partnerships between,
6-7, 166-167
taxonomy, 45-79. See also functional
groups; habitat groups;
indicator taxa
of Aneuretinae, Dolichoderinae, and
Formicinae, 72-73
of Apomyrmini, 74
challenges of, 45, 172-173
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taxonomy (continued)

characters, 70-71, 70f
alitrunk (mesosoma), 71,
164-165
gaster, 71, 165
glands, 70
head, 164
petiole and postpetiole, 70-71,
165
collections, 174-175, 176t-182t,
183-184
electronic resources, xviii, 174

genera, 45, 46t-69¢, 70, 173

of Myrmeciinae,
Nothomyrmeciinae, and
Prionomyrmecini, 73

of Myrmicinae, 73-74

problems with, 74, 77-79, 173

of Pseudomyrmecinae, 73

published sources, 45, 77, 173—
174

revisionary, 74-77, 121

examples of, 75-77
species, 173

subfamilies, 173

temperature, effects of, 11, 12, 15,
25-26

terrestrial habitat, descriptions of,
13-14

time-constrained search, 80

tramp species, 43, 43t

traps, pitfall, 129-132, 205

‘Winkler
extraction, 133-136, 135f, 205
sack, 134-135, 134f
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