INFORMATION TO USERS

This reproduction was made from a copy of a manuscript sent to us for publication
and microfilming. While the most advanced technology has been used to pho-
tograph and reproduce this manuscript, the quality of the reproduction is heavily
dependent upon the quality of the material submitted. Pages in any manuscript
may have indistinct print. In all cases the best available copy has been filmed.

The following explanation of techniques is provided to help clarify notations which
may appear on this reproduction.

1. Manuscripts may not always be complete. When it is not possible to obtain
missing pages, a note appears to indicate this.

2. When copyrighted materials are removed from the manuscript, a notc ap-
pears to indicate this.

3. Oversize materials (maps, drawings, and charts) are photographed by sec-
tioning the original, beginning at the upper left hand corner and continu-
ing from left to right in equal sections with small overlaps. Each oversize
page is also filmed as one exposure and is available, for an additional
charge, as a standard 35mm slide or in black and white paper format.*

4. Most photographs reproduce acceptably on positive microfilm or micro-
fiche but lack clarity on xerographic copies made from the microfilm. For
an additional charge, all photographs are available in black and white
standard 35mm slide format.*

*For more information about black and white slides or enlarged paper reproductions,
please contact the Dissertations Customer Services Department.

O g






8601672

McDonald, Philip

SOCIAL AND BIOLOGICAL CORRELATES OF BEHAVIORAL DEVELOPMENT
IN THE ANT NOVOMESSOR ALBISETOSUS (MAYR)

City University of New York Pu.D. 1985

University
Microfilms
International soon. zeeb Roed, Ann Arbor, i 4106

Copyright 1985
by

McDonald, Philip
All Rights Reserved






SOCIAL AND BIOLOGICAL CORRELATES OF BEHAVIORAL DEVELOPMENT
IN THE ANT NOVOMESSOR ALBISETOSUS (MAYR)

by

PHILIP McDONALD.

A dissertation submitted to the Graduate Faculty
in Psychology in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy,
The City University of New York.

1985



COPYRIGHT BY
PHILIP McDONALD

1985

ii



iii

This manuscript has been read and accepted for the Graduate
Faculty in Psychology in satisfaction of the dissertation
requirement for the degree of Doctor of Philosophy.

,S"‘é 3[&(‘ /P@W(/f

date Chairman of Examipi mmittee
S 75~ Pt A W
date / BExecutive Officer

James Cane

Deborah Gordon

Carol A. Simon

Howard R. Topoff

Gerald Turkewitz
Supervisory»Committee

The City University of New York



Abstract

SOCIAL AND BIOLOGICAL CORRELATES OF BEHAVIORAL DEVELOFPMENT

IN THE ANT NOVOMESSOR ALBISETOSUS (MAYR)
by
Philip McDonald
Adviser: Professor Howard Topoff
In Part I, temporal polyethism, the division of labor
accordingwto age, is used as a gauge for behavioral devel-
opment in an ant. By removing various age groups from the
colony and éhanging the number and composition of brood,
it was found that behaviorai development could be acceler-
ated and retarded relative to a baseline. When older
workers were removed, young workers progressed through age
related tasks in one third of the baseline time. Removal
of young workers caused older workers, which had not been
observed touching queen or brood for 4-6 months, to once
more tend brood and queen. It is hypothesized that there
are two types of stimuli coming from the larvae which af-
fect behavioral development. Larval and eclosion stimu-
lation are of particular importance in the social organi-
zation of the colony. Part II is a study of the develop-

ment of protean behavior against army ants by laboratory



and field colonies. Protean behavior includes escape with
or without brood, and aggressive defense., All protean be-
haviors de#eloped in aﬁts raised in isolation. However,
evidence is presented suggesting that experience with army
ants can alter the course of this dévelopment. Part III
deals with the development of ovaries, trail pheromone,
and exoskeleton hardness in workers of selected ages. It
was found that certain stages in the development of these
structures correspond with important behavioral changes.
Behavioral and structural changés are considered not as
separately occurring phenomena, but as a dynamic complex

of developmental processes.
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General Introduction

The capacity of organisms to change during ontogenésis
has long been of central interest to students of behaviorasl
science. The behavioral epigeneticist's chief concern is
that of development--the process of interaction between the
organism and its en?ironment, both. external and internal.
The development of behavior has two fundamental problems:
.the sequence of dévelopment, and the origins of, or stimuli
associated with, particular behaviors as they appear during
ontogeny.

The epigenetic approach to animal behavior was being
pursued (Kuo, 1967; Schneirla, 1971) without much fanfare
during the rise of the Buropean ethologists. It was not un-
til the 1960's, however, when the differences between ethol-
ogists and animal psychologists seemed irreconcilable, that
many animal behaviorists from these disciplines and others
adopted behavioral epigenesis.aS'a logical and explanatory
framework for their studies.

An epigenetic approach holds that all response systens

are synthesized during ontogeny and that this synthesis

involves the integrative influence of both intraorganic
processes and extrinsic stimulative conditions. It con-
siders gene effects to be contingent on environmental
conditions and regards the genotype as capable of enter-
ing into different classes of relationships depending on

the prevailing environmental context. In the epigeneti-
cist's view, the environment is not benignly supportive,
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but actively implicated in determining the very structure

and organization of each response system (Moltz, 1965,

p. 44).

When designing experiments, a researcher may find an epi-
genetic approach to behavioral development unwieldy. If
one's interest focuses on the developing physiology or stfuc-
ture of an organism, one must not forget their development
may differ in another environment. - Similarly, if one is in-
terested in particular environmental influences on an organ-
ism's behavior, one must not forget that these influences
may have different effects at another stage in the organism's
development. If at times we must be somewhat reductionistic
in the design of our research, we must not lose sight of the
concomitant assﬁmptions made or that behavioral ontogeny is
a dynamically complex and continual interaction between the
developing organism and its environment. For each species
a complex picture of the ontogenetic process must be assem-
bled from the fragmentary studies on certain phases of behav-
ioral development.

Development of Social Behavior

Many organisms after birth or hatching are introduced
not only to a new physical enviromment but to a social en-
viromment as well. Social regulation of behavioral devel-

opment has been well documented in vertebrates. For exam-
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ple, if the male of a male dominated harem of cleaner fish
(Labroides dimidiatus) dies, the largest and most dominant
female transforms, first behaviorally and 1éter structur-
ally; into a male (Robertson, 1972). Mexican jays live in
small flocks and do not reprodﬁce until tﬁeir third year.
After a pair successfully mates,‘immature jays and adults
unable to find mates help bring food to the nestlings (Brown,
1963, 1972). The dominant male in age-graded male‘troops of
primates such as vervets and gorillas, may prevent addition-
al males from assuming the role of full aduif (Eisenberg,
Muckenhirn, and Rudran, 1972). In their surrogate-mother
experiments, the Harlows (1962) demonstrated that the social
experiences of young primates are critical for later social
deVelopment.

By contrast, social regulation of behavioral development
in insects had been ignored for many years. Behavior was
largely seen as developing according to a rigid, genetically
‘determined plan, chained to biological maturation. However,
some studies correlating behavioral development with physiol-
ogy have been done. Temporal division of labor in honey
bees has been correlated with the reduction of mandibular
and wax glands that occurs concomitantly with the worker

bees' progress through various age-related tasks both within
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‘énd outside the nest (King, 1933). .Free (1965) demonstrated
social régulation of proportions of worker bees performing
tasks under crowded éonditions, and Lindauer (1961) has
showﬁ that the removal of younger age groups is correlated
with a regeneration of wax glands and hypopharyngeal glands
in older workers. These older workers then recommence comb
building and nursing the brood.
Social Behavior and Temporal Polyethism

The behavioral sequence of temporal polyethism, the di-
vision of labor according'to age, seems to be common to most
ants., Temporal polyethism (also called age polyethism) has
been observed in ants at least since the time of Forel
(1874/1920). He wrote of young workers spending most of
their time nursing brood within the nest, while older workers
were engaged more oftem in work outside the nest. Documen-
tation of temporal polyéthism has been pfovided by a number
of researchers (Buckingham, 1911; Heyde, 1924; Ledoux, 1950;
Otto, 1958; Weir, 1958 a & b; Dobrzanska, 1959).

More recently, researchers have gone beyond describing
the time course of polyethism in ants to the processes in-
fluencing temporal polyethism. Jaisson (1975) has demon-
strated a eritical period and possible imprinting in the on-

togenesis of brood care in Formica polyctena Forst. Social
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manipulations, such as removing an age group from a colony
of Tapinoma erraficum L., reveals that temporal division of
labor can not be attributed éntirely to age-dependent matur-
ational processes (Lenoir, 1979). Other age groups, while
not totally relinquishing their own labors, will take over
the tasks of the missing age group. The role of learning
in the development of behaviors outside the nest has been ex-
plored b& Rosengren (1971) for foraging, and by Dobrzénski
(1968) and Chauvin (1974) for manipulating loads: Rosengren
showed that ants were capable of learned orientation.to land-
marks when following a route; Dobfzanski, using marked and
dated ants, observed their increased efficiency with prac-
tice in repairing holes made in their nest; Chauvin demon-
strated that ants may léarn what objects can or cannot be
successfully moved.

The division of labor according to age implies the ex-
istence of temporal castes. Temporal castes have been dif-
ficult to define to thé satisfaction of all. The one pre-
sented here is the working definition for this dissertation:
A temporal caste is an age group distinguished by its behav-
ior, specifically one specializing in a particular task or
cluster of tasks.

Wilson (1976 a) has documented a discretized caste system



6

in Pheidole dentata, whereby three temporal castes perform

three different clusters of tasks with relatively little
overlap. Mirenda and Vinéon (1981) have fouhd a continuous
,castg system in colonies of Solenopsis invicta, the red im-
ported fire ant; Calabi, Traniello, and Werner (1984) have
found the same for Pheidole horténsis. In both these 1ast
there is an overlap in the frequency distribution of age
classes performing the various tasks. |

Both Wilson (1976 a) and Seeley (1982) claim that spatial
efficiency is the basis for performing clusters of tasks: for
example, efficiency is enhanced if an age group which grooms
larvae, regurgitates to them as well. Spatial factors can-
not be the only conéideration however. Topoff (1972) has
shown that callows of army ants of the genus Neivamyrmex
(1972 a) and the genus Eciton (1972 b) tested under the same
conditions as older workers; are capable of following scent

trails but are reluctant to do so, Heyde (1924) found that

callows of Manica rubida are able to bite but do not actively
attack as do older workers. Similérly, Otto (1958) for
Formica and Weir (1958) for Myrmica found behavioral abili-
ties present in callows that they were not inclined to use.
Hence motivational as well as spatial factors are pertinent

to the consideration of temporal castes.
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Regardléss of the problems in precisely defining temporal
castes, the phenomenon of workers moving through various
tasks as they age does exist. Whether we can alter the se-
quence of behavioral development, or whether certain natural
factors alter it for some workers, can only help us to un-
derstand why the pattern involved roccurs as oftem as it does
in so many workers. In the first part of this dissertation,
temporal polyethism is used as a guage for behavioral devel-
opment in the arid land ant Novomessor albisetosus (Mayr).
In the second part, a number ot defensive béhaviors which
are an intrinsic part of temporal polyethism are studied.
Part III treats of some structural developments which are
concomitant with, aﬁd perhaps influential in, temporal poly-
ethism as manifested by the developmenf of behaviors treated

in Parts I and II.



Part I

Introduction

H; g}bisetosns.ié of the myrmicine subfamily and inhab-
its arid uplands and mountainsides (1,000 - 2,000 m) from
soﬁthwest Teias, New Mexico, and.Arizonavinto northern Mex-
ico (Wheeler ahd Creighton, 1934; Creighton, 1950, 1955).
Though once considered a harvester ant, it is actually omni-
vorous and forages according to seasonal availability of re-
sources (Wheeler and Creighton, 1934; Chew, 1977; Whitford,
Depree, and Johnson, 1980). Slow and deliberate in move-
ment, it forages mostly during cool night temperatures, early
mornings, and overcast days. While obviously flourishing in
the afid Southwest, it is not well suited anatomically to
desert life as are other xerophilous species (Wheeler and
Creighton, 1934): For example, the body and gular hair of
desert dwellingvPogonomxrmex spp may serve to convey heat
from the body and protect delicate mouthparts from blowing
sand, respectively.

N. albisetosus is, however, ideally suited to studies of
behavioral development. It exhibits temporal polyethism,
éannot sting, does not bite hard, adapts readily to artifi-
cial laboratory nests, and consumes é variety of easily got-

ten andleasily stored foods. Within a short period one can
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witness the development of these relatively dociie creatures
from the'egg to the mature adult organism.

Though it describes some of these changes, this disser-
tation aims to be more than just a descriptive study about
changes in the behavior of ants maturing in the colony en-
vironment. Questions about the causes of behavior which in-
volve processes acting during the development of experiment-
al individuals can bé partly answered by various social man-
ipulations: for instance, manipulating brood proportiqns,
age group proportions, the inclusion or exclusion of the
queen. The important question, "What social féctor has the
greatest effect on the behavioral development of a worker?",
can be answered by these manipulations. Heretofore, re-
searchers have had little concern for the possibility that
social regulation is involved in dévelopmental change in
insects. This part of the dissertation is aimed at deter-
mining the role of social factors in the behavioral develop-

ment of the arid land ant, Novomessor albisetosus (Mayr).

General Method

Subjects

Colonies of N, albisetosus were collected near Portal,

Arizona (Cochise County) at an elevation of about 1,600 m,

»

and maintained in the laboratory for 3 months prior to
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experimentation. The colonies were collected by releasing

hundreds of army ants, Neivamyrmex nigrescens, into the

openings to the nests. This caused an alarm called proteah
behavior whereby the workers rush out over the incoming army
ants while carrying the Brood and queen with them. Virtual-
1ly the entire colony can then be collected. Numbers and com-
positions of castes and brood are given for each experiment.
Apparatus

The Lucite housing apparatus consisted of three trans-
parent nest boxes (15 cm diametér X 4 cm high) with dental
stone substrates, connected in a line by 13-mm diameter tub-
ingito»a foraging arena (61 cm x 61 cm x 30.5 cm) containing
fine-grained sand. In order to simulate environmental fea-
tures of a natural nest that enable adult ants to regulate
brood development, a heating pad was placed under the nest
box farthest from the arena, This box was kept dry and on
a cycle of 11 hrs at 32°C and 13 hrs at room temperature
(22~24°C), a condition simulating those chambers of a nat-
ural nest nearest the sun-ﬁeated desert surface. The center
box was kept at room temperature and humidified by periodic-
ally moistening the dental stone, in order to simulate
chambers deeper in the earth. The box nearest the arena was

left dry and at ambient temperature, as a transitional =zone
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between the first two.

In order to facilitate night observation, the apparatus
was kepf under consfant light. An infrared beam counter
moniforing ént traffic between the nest and foraging arena
revealed no significant differenée in traffic as a function
of time of day. ’

Experiment 1
Procedure

Baseline. Baseline data were taken to determine how
long it would take a group of'recently eclosed callows to
proceed through age-related tasks‘within the nest and even-
tually spend as much time outside the nest as mature adult
workers. Twenty-five callows were dated and identified.as
they eclosed by marking their thoraces and gasters with enam-
al paints. Twenty-five mature adult workers (defined as
darkly pigmented ants foraging at least 60 cm from the nest
entrance in the foraging arena) had been similarly marked
1 month previously. They were often seen feeding, drinking,
foraging, and digging in the arena. Their ages were unknown

because Novomessor are virtually indistinguishable in color

after 5 weeks of age. However, those marked as mature a-
dults would have been at least 2 months o0ld at the begin-

ning of the experiment. (As both callows and older workers
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are technically adults; morphologically, I refer to them

as domestics and outside workers, respectively. Both terms
connote dévelopmental and behavioral distinctions, because
callows typically engage in domestic work and older adﬁlts
typically work outside the nest.) Marked ants wére returned
to that part of the nest or arena from which.they had been
collected. The colony consisted of about 400 workers of

all ages, 2 egg clusters, 95 larvae, 55 white pupae, and 1
queen. The proportions of bfood and workers reflected the
actual numbers in the colony at the time observations be-~
 gan.

Each of the 50 marked ants was observed for 5 min daily.
Outside workers and domestics were observed for time spent
iﬁ the following behaviors both inside and outside the nest:
walking, grooming, feeding, debris removal, and inactivity.
Because food (ad-lib honey water, crickets, mealworms, and
cereal) and water were provided only in the arena, observa-
%ions of time spent foraging and drinking were confined to
ants outside the nest. Observations of time spent in behav-
iors occurring exclusively within the nest included those
of tending the brood and queen.

Marked outside workers and domestics were observed

every day until statistical analysis by t tests showed no
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significant differénces between the two groups in time spent
inside and outside the nest. It was further required that
the domestics, when inside the nest, have little or no con-
tact‘with the.brood and queen, because pilot observations
found this to be the behavior of outside workers. This re-
quirement to some extent would assure that the domestics
were .nob in a transiﬁional phase of development and that
their behaviors would be more similar to those of the base-
line outside workers. When these criteria were met for a
period of 4 consecutive days, the baseline time for matura-
tion from eclosion to outside workér was considered com-
pleted.

Qutside-worker removal. In order to determine whether

the absence of outside workers can influence the rate of

the domestics' behavioral development, all ants were re-
moved except the queen, 2 egg clusters, 95 larvae, 55 white
pupae, 30 deeply pigmented pupae (used for marked callows
upon eclosion, they were all the dark pupae available), and
3 older callows to help with the eclosion of the first few
callows. The older callows were removed after 3 new callows
were seen helping with eclosion, within 5 days into the man-
ipulation (all callows eclosed within 5 days). The 30

marked and dated callows were considered the domestic group.
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Observations of their behaviors and the statistical analysis
were done the saﬁe as in the baseline condition. Observa-
. tions were terminated when callows met the criteria set for
baseline outside workers.
Hesults

Baseline. At the end of baseline observations, the work-
er population rose to approximately 470, and brood had in-
creased to about 120 larvae, 67 pupae, and 3 egg clusters,

I decided it best to not keep the colony culled to its orig-
inal numbers. Any intrusion caused considerable distur-
bance: further, I would have had no way of knowing what age
groups were culled.

Twenty of the marked domestics in baseline survived:
they eventually exhibited behaviors not significantly dif-
ferent from those of outside workers. The average age for
this group was 68 days (range, 51-82 days). At the end of
this period, the domestics were spending 55.5% of their time
outside the nest, compared with 55.7% for the oubtside work-
ers over the 68 days of observation.

Figure 1 shows the development of tending brood and
queen for approximately 5 day periods from the time of eclo-
sion to time of meeting outsidé worker criteria. Over the

68 days of observation, contact with the brood and queen



Figure 1. Time spent by domestics tending the brood
and queen in baseline and outside-worker removal manipu-

lation.

15
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dropped from highé of 52.8% and 26.5%, respectively, to 0%.
Outside workers did not contact the brood or queeh during
this time. The outcomes dgpicted in Figure 1 represent two
of the criteria necessary for being judggdloutside workers;
the figure also shows the temporal shift from the 10% through
the 30% day of the domestics' lives. Whereas all domestics
tended the brood, 7 of the 20 domestics were never obserﬁed
in contact with the queen.

Pigure 2A shows a significant drop in feeding in the nest
by domestics from a high of 11.4% during the early stages of
their lives- to a low of less than 1% by the time they afe
outside workers (time spent feeding in the nest as a func-
tion of age: r = -.63, p < .02). The low is within the
range of percentagé of time feeding within the nest by out-
side workers. As with the outside workers, much of the dom-
esfics' feeding after they have become outside‘workers takes
place outside the nest.

As the domestics mature and spend less time tending the
brood and gqueen, their time spent in inactivity significant-
ly increases (r = -.92, p € .0l1). PFigure 2B shows that,
with the exception of the first stage of the domestics'
lives after eclosion, the percentage of time inactive in-

creases from approximately 17% to 46%. The outside workers
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Figure 2. Time spent feeding (A) and inactive (B)
‘within the nest by baseline outside workers and domestics,
and by domestics in the outside~worker removal manipula-
tion. (Por baseline outside workers, the x-axis simply

represents days of observation.)
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exhibited no such trend in within nest activity over fhe
same period of time. The abrupt decrease in the domestics'
level of inactivify as they complete the outside worker cri-
teria is concomitant with an increase in debris removal by
them near the nest entrance, but no significant correlation
was found between the two behaviors over the 68 days of ob-
servation.

Debris removal was the one behavior that did not approach
an outside-worker-like level as the domestics aged. Signif-
icantly more time was spent by domestics in within-nest de-
bris removal than by outside workers (t = 4,89,.p < .01).
Debris removal increased from 1l.4% of observed time to 9.1%
through the outside worker criteria period. There was a
strong correlation between time spent in debris removal and
‘average age (r = .87, p < «.05) on the part of the domestics.
For the outside workefs, no such corrélétion with time ex-
isted. Neither was there a significant correlation between
the amount of time spent in debris removal by domestics and
that spent by outside workers over the same period of time.
FPurther, there was no significant difference between the av-
erage time spent by domestics and that spent by outside
workers in debris removal. In an effort to find a behavior

on the part of the outside workers that might contribute to
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increased.debris removal by domestics and, at the same time,
might take awa& from time available for outside workers to
maintain the nest, a correlation analysis was done on the
domestics' debris removal as a function of time spent by
outside workers foraging. No significant correlation was
found. PFurther, during the 4-day criteria period, at the
peak of domestic debris removal, domestics were also spend-
ing more time foraging than the outside workers, 3;6% to
1.6%, respectively. Nong of the domestics had been observed
foraging prior to these last 4 days.

The remainder of the domestics' time at any sample point
shown in the figures was spent in grooming, walking, and mov-
ing slowly about the nest while feeling the substrate with
the antennae or waving the antennae slowly in the air.

Outgide~worker removal. Domestics of N. albisetosus

developing in the absence of outside workers exhibited out-
side worker behavior in 19 days (range, 14-24 days) which is
less than one third of the time that domestics in the base-
line colony needed to develop similar patterns of behavior.
TPwenty-six of the thirty marked domestics in this manipula-
tion survived. Callows marked as domestics eclosed from
Day 1 through Day 5 of the experiment.

Pigure 1 demonstrates sharply accelerated behavioral
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development for these domestics compared with baseline dom-
estics. The finality of the behavioral change in Figure 1
was evident when no cohtact with the brood was observed for
2”weeks after the completion of this manipulation. The low
percentage of time spent tending the queen in Figure 1 can
be accounted for by the fact fhat only 3 of the 26 domestics
were ever observed having contact with her.

Figure 2A demonstrates that less time was spent feeding
within the nest than was observed for baseline domestics
(t = 4.6, p £ .01), Slightl& more time was spent in feeding
inside the nest than was seen for baseline outside workers
2.3% compared with 1%; t = 2.58, p < .05). No significant
age-related trend was found, however, and this conforms with
within-nest feeding behavior ot the outside workers. ‘Figure
2B shows the same pattern for inactivity within the nest
among these domestics as.existed for the baseline domestics,
although noticeably accelerated over 19 days. Similarly,
as for baseline doméstics, there was a significant negative
correlation between inactivity énd time spent on brood and
queen (r = -.8, p < .05).

Experiment 2

Procedure

Domestic removal. This experiment was designed to deter-
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mine whether outside workers would revert to domestic-like
beha#ior (e.g., tend brood and queen) in the absence of dom-
estics. In a second colony the queen was left alone in the
nest with 95 larvae and 36 pupae. All_gge~groups were re-
moved but for 26 previously marked outside workers which
were returned to the arena. The outside workers ranged in
age from 185 days to an estimated 210 days. The older out-
side workers had not been observed tending brood for 186
days from the time they were marked, and the youngest out-
side workers had not been seen on the brood for 98 days.
Observations were conducted until the outside workers aver-
aged at least as much time as baseline domestics inside the
nest and tending frood.
Results

Pigure 3 demonstrates that reversion to domestic-like
behavior was immediate for the 26 outside workers. Whereas
outside workers in the baseline colony shunned brood and
queen for more than 80 days of observations, outside workers
in this manipulation reverted to tending the brood and queen
in less than 1 day. They continued doing so for the next
4 days, spending 92.2% of the observed time inside the nest.
When compared with time for baseline outside workers, this

proved highly significant (t = 42.52, p £ .001).



Figure 3., Effect of domestic removal on outside
workers. (Outside workers revert to caring for brood

and queen.)
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Experiment 3

Procedure

Queen-no_brood. In order to determine the relative con-
tributions of queen and brood to the accelerated behavioral
de&elopment of domestics in the outside-worker removal man-
ipulation, 30 domestics were marked@ and dated as they
eclosed, and they were left alone with the queen. Eggs
were removed as they were laid.
Results

When the domestics were left alone with.the queen, and
without brood to tend, their behavioral development was re-
tarded. PFigure 4 shoﬁs that levels of feeding and inactiv-
ity within the nest are elevated compared with levels in
baseline and the outside-worker removal manipulation (Fig-
ures 2A and 2B, respectively), and that they lack the no-
ticeable age-related trends of those first two conditions.
Similarly, domestics in this condition spent a larger por-
tion of their time tending the queen than either outsidé
workérs or domestics did in the first three conditions, and
all of the 28 surviving domestics tended the queen. How-
ever, there is no peak in tending the gqueen as there was
for baseline domestics (Figure 1). TFurther, only 8 of the

28 domestics were ever observed outside the nest; as a



Figure 4. Retarded behavioral development of domes-

tiecs in the queen-no-brood manipulation.
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group, the 28 domestics spent 99.2% of their time within
the nest,

Experiment 4
Procedure

Chemico-~larval stimulation. Because larvae must be fed,

it is reasonable to assume that their need is communicated
to the workers and that this stimulation, unlike the pre-
sence of the queen alone, may eventually elicit foragihg be-
havior 6utside the nest. Ant larvae release liquids from
their mouthparts and hindguts which may communicate the con-
dition of the larvae to the workers (LeMasne, 1953), and
thereby affect foraging. Free (1967) found that the smell
of brood alone is partly responsible fér honeybee foragers
collecting pollen. In order to test for an airborne pher-
omone from the larvae, the center nest box of the apparatus
was divided by two parallel screens approximately 7 mm
apart. The queen and 50 larvae were placed on one side of
the barrier, and 23 recently eclosed domestics were placed

- on the other side., The domestics could not touch the lar-
vae across the dual barrier but could receive olfactory
stimulation from them. Every 6 days three mealworms and a
drop of honey water were provided; old worms were removed.

Dead larvae were removed and replaced with live ones.
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Only the domestics had access to the other nest boxés and
foraging arené with ad-1ib water and food.

In order to test for chemotactile stimulation from the
mandibular region of the larvae, the middle nest box was
divided by a single fine-mesh screen which could be pene-.
trated only be the antennae of a group of 23 recently
eclosed, marked, and dated domestics. Thirty larvae were
placed with their mandibular regions near one side of the
screen, and the domestics were placed on the other side. So
that'the larvae could be groomgd, they were rotated each day
to a box of workers, andb30 other larwvae took their place.
Larvae were sparsely fed by placing two cut up mealworms in
the box where they were groomed, every third day. No queen
was provided because she would move the larvae from the
screen. The domestics had access to the nest boxes and for-
aging arena.

Results

In this condition, 13 of the 20 surviving domestics were
observed outside the nest. As a group, domestics spent 2.1%
of the observation time outside the nest, which was signif-
icantly greater than time spént outside in the queen-no-
brood manipulafion (t = 2.59; p £ .02). Thus olfactory con-

tact with the larvae had a greater effect on time spent
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outside the nest than did physical contact with the queen
alone. PFigure 5A shows that for those with olfactory con-
tact only, levels of inactivity and feedihg within thé nest
were elevated compared with baseline and the levels in the
outside-worker rémoval manipulation (Pigure 2). ﬁhen in-
active, domestics often tended to cluster next to the bar-
rier, as close to the queen and larvae as possible. Al-
though the domestics were obviously attracted by the pre-
sence of the larvae, olfactory stimulation from the larvae
is apparently not enough to affect the behavioral develop-
ment of the doemstics to the point at which they will spend
most of‘their time outside the nest, as they did in baseline
‘and the outside-worker remqval manipulation.

Because of a lack of larval supply, domestics in the
chemotactile condition were observed for only 42 days. How-
ever PFigure 5B shows levels of feeding and inactivity with-
in the nest similar to those in the olfactory condition.
Again, there were no significant age-related trends. Eleven
of the twenty surviving domestics were observed outside the
nest, which accounted for 2.4% of all observed time for the
group . This was not significantly different from time
spent outside in the olfactory condition but significantly

greater than in the queen-no-brood manipulation (t = 3.36,



Pigure 5. Elevated levels of inactivity and feeding
in the nest for domestics having only olfactory contact
with larvae (A) and chemotactile contact with anterior

portions of larvae (B).
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p £ .01). Again, contact with the larvae affects time spent
outside the nest to a greater extent than does contact with
the queeh alone. The céllows were observed touching the an-
teridr portions of the larvae through the screen, and on
si% occassions food was found placed against the barrier,
though there was no significant difference in foraging be-
tween the two conditions.

Experiment 5

Procedure

~ Eclosion stimulation. Because the brood had been a
mixture of larvae and pupae in both baseline and the out-
side-worker removal manipulation and because callows were
eclosing from these pupae during those conditions, the ef-
fect of eclosion on the behavioral development of domestics
had to be studied. 1In order to test for an eclosion stim-
ulation, 140 pigmented ﬁubae of various shades were placed
in the central nest box with the queen. The first 24 cal-
lows to eclose were dated and marked as domestics. The ef-
fect on these domestics from the:eclosion of the remaining
pupae was observed,

Results
Of the 24 marked domestics, 21 survived in this condi-

tion; 15 pupae died. When the domesties were exposed to
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the eclosion of more than 100 pupae over a 2 week period,
they were stimuiated to spend an a#erage of 15.7% of their
time outside the nest during the 6 weeks of observations.
This is significantly greater than time spent outside the
nest in the larval stimulation manipulation (olfactory,

t = 20.02, p< .001; chemotactile,.t = 20.39, p £ .001).
All of the domestics were observed outside the nest.

Once baseline domestics left the nest, they spent a éig-
nificantly greater percentage of their time outside than
domestics in the present condition (t = 37.48, p £ .001).
However, at a comparable age, baseline domestics spent an
average of only 0.8% of their time outside the nest, consid-
erably less than fhe 15.7% of the eclosion-stimulated dom-
estics. After the peak of eclosion aétivity, during the
fourth week of their lives, domestics spent 32.1% of their
time outside, but this level of activity was not sustained
during the remainder of the eoendition. Although feeding and
inactivity within the nest were significantly elevated above
the levels of baseline domestics (t = 2.07, p € .05 and
t = 8.74, p < .001, respectively), Figure 6 shows that the
trends followed by both are roughly the same (cf. Figures 2A
and 2B, respectively). Tending the queen also follows a

pattern roughly similar to that of baseline domestics



Pigure 6. Age-related trends for domestics stimu-

lated by recently eclosed callows.
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(Figure 1). Eight of the twenty-one callows were observed
tending the queen.
Experiment 6

Procedure

'Total larval contaét. ‘Given the results up to this
point in the study, it was evident’ that some control of cal-
low behavioral development resided in the brood: Eclosing
callows stimulate older callows to forage; perhaps larvae
stimulate the older callows tq continue foraging and work-
ing outside the nest. 1In both baseline and outside-worker
removal conditions, domestics had complete contact with the
larvae. It was necesséry to present a group of recently
eclosed domestics with a large number of larvae, to see how
much larval stimulation alone would contribute to behavioral
development.

Accordingly, 200 larvae and 30 callows were placed in
the central nest box without the queen. Nonfeeding larvae
were removed and replaced with feeding larvae. Two clusters
of behavibr were observed: those involved in within-nest
brood contact, and outside-the-nest activities.

Results
Iwenty-seven domestics survived in this condition.

Figure 7 shows how the two types of behavior display an in-
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verse fluctuating relation to one another: When brood care
percentage drops, the percentage of time spent outside
rises. This behafior continued through 70 days of obser-
vation. In the eclosion stimulation manipulation there was
no such fluctuating relationship between brood care and
time spent outside (This was in part because of the peaking
nature of eclosion and.the fact that, once eclosion was com-
plete, there was no more brood to care for).

Experiment 7
Procedure

Larval plus.eclosion stimulation, The following was

done to test an hypothesis that I had formed: Eclosion pro-
vides the initial stimulation for rapid behavioral develop-
ment, while larval stimulation is necessary to maintain
the gains made during this acceleration into outside worker
behavior. The previous condition was repeated, again using
30 callows and 200 larvae, During the 4%week, this condi-
tion was combined with the eclosion stimulation conditions.
Accordingly, 100 darkly pigmented pupae that were near to
eclosing were placed in the nest with the larvae.
Results

Twenty-eight domestics survived in this condition.

FPigure 7 again shows the fluctuating relationship between



Figure 7. Domestic response to intense larval stimu-
lation (Experiment 6), and to a combination of larval and
eclosion stimulation (Experiment 7). "E" at the arrow

is the~point of greatest eclosion stimulation.
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time spent outéide the nest‘and_brood care. However, with.
eclosion taking place at about 32 days (beginning toward the
end df the 30% day, with heaviest eclosion by far on the
32nd day, and ending early on the 34% day), there occurred‘
the sudden change in behavior represented by the crossed
broken lines. There was an abrupt increase in percent time
spent outside to 53.9%, or baseline level; and a concomi-
tantly abrupt decline in brood contact to 0%, again base=
line level.
Experiment 8

Procedure

Elevated larval stimulation plus eclosion. After the
eclosion stimulation and total larval stimulation manipu-
lations it was evident that these factors by themselves
were not enough to affect behavioral development to the ex-
tent that was seen in the outside-worker removal condition.
By pairing the two, however, domestic behavioral develop-
ment was accelerated to outside worker levels. While both
stimulation from the larvae and eclosing pupae each direct-
ly affected the marked domestics, there remained the pos-
sibility of a synergistic efféct. For example, the re-

cently eclosed callows may have provided the work force nec-
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essary to properly care for the larvae, thereby diminishing
larval stimulation that would otherwise have kept the
marked domestics within the nest.

To test this possibility, 300 larvae and 55 pupae were
placed with the dueen in the center nest box. This repre-
sents three times the amount of larvae to pupae in the out-
side-worker removal manipulation. Eclosion stimulation was
not well regulated in the outside-worker removal condition,
but the greatest number eclosed on the 14% day. According-
ly, the bulk of the eclosion stimulation occurred at the
end of the second week in the present manipulation. If by
the 24% day (the maximum range for domestics in the outside
worker removal manipulation.to exhibit outside worker be-
havior) domestics were not conforming to the levels of _aut-
side workers for brood contact and time spent outside the
nest, two-thirds of the larvae would be removed so that the
proportion of larvae conformed to the outside-worker remov-
al condition. Twenty-five callows were marked as the dom-
estics for this condition.

Results

0f 25 callows marked for testing, 23 survived. Most of

the eclosion stimulation took place on the 14 day, the

same as in the outside-worker removal condition. Figure B8



Pigure 8. Domestic response after eclosion (E) in
the outside-worker removal manipulation (solid lines);
and after eclosion followed 10 days later by removal of

two thirds of the larvae (R).
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shows the outside-worker removal condition (Larvae to Pu-
pae, 2:1) and the present condition (Larvae to Pupae, 6:1).
There was a response to eclosion in both conditions: Where-
as the behavior of domestics in the 2:1 condition reached
baseline levels, behavior in the present 6:1 condition be-
gan to approach those levels more slowly, then turned away
from them.  Marked domestics after 24 days were still spend-
ing 30% of théir time on the brood and only 14.7% outside.

On the 24% day, which represented the maximum range for
domestics in the outside-worker removal condition to exhi-
bit outside worker béhavior, I removed two-thirds (200) of
the larvae so that the proportion of the larvae conformed
to the outside-worker removal condition (about 95 larvae,
55 pupae), Within 2 days the average level of within-nest
brood care dropped abruptly to 0%; time spent outside in-
creased to 53.6%--both outside worker levels conforming with
baseline (both are not significantly different from baseline
levels). These levels remained the same for the next week,
at which time I had no more larvae to keep the brood re-
plenished to the required numbers. The experiment was then
terminated.

Discussion

According to Schneirla's (1957, 1971) theory of brood
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gstimulation, the eclosion of the pupal brood provides the
gtimulation that initiates the nomadic phase in the.army
ant, Neivamxrméx,nigrescens (Cresson). He assumed that lar-
val excitation was not strong enough to start the nomadic
phase, although necessary to maintain it. Topoff, Mirenda,
Drouél, and Herrick (1980) and Topoff, Rothstein, Pujdak,
and Dahlstrom (1981) corroborated part of Schneirla's theory
by demonstrating that the presence of newly eclosed callows
alone is sufficient to initiate a nomadic phase and that
artificially overfeeding colonies elicited statary behavior
in nomadic colonies. Although N. albisetosus is not nomad-
icy perhaps it is the same kind of brood stimulation that
influences its behavioral development, as gauged by temporal
polyethism, to the point at which it is stimulated to leave
the nest, become active outside, and leave tending of brood
and queen to new ranks of callows.

The outside-~worker removal manipulation clearly demon-
strates that in the absence of outside workers and presence
of brood, behavioral development is rapidly accelerated.
Whereas Lenoir (1979) found similar behavioral plasticity
in Tapinoma erraticum L., young N. albisetosus workers did
not return to former tasks within the nest but remained

outside workers. From this manipulation it is not yeﬁ clear
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whéther the mechanism affecting accelerated behavioral de-:
velopment was stimulatidn from the brood or removal of inhi-
bition from outside workers. |

The domestic-removal manipulation shows that tasks norm-
ally associated with the démestics still remain within the
répertoire of outside workers. Some of the adults that
tended the brood and queen in this manipulation had not been
observed touching'either for 6 months. Perhapé a recipro-
cally inhibitory function is at work here, whereby the out-
side workers keep domestics from leaving the nest and dom-
estics keep outside workers from tending the brood and
queen (more on this later). Unlike Lenoir's (1979) outside
workers (permanent foragers), the outside workers of N. al-
" bisetosus made good brood nurses and cared for the 1afvae
and pupae until pupation and eclosion when new callows re-
placed them in these tasks.

According to the queen-no-brood manipulation, the ab-
sence of brood seems to retard behavioral development.
When exposed to brood for the first time in their lives
after 3 months, these domestics made poor brood nurses: Lar-
vae, pupae, and eclosed callows were stunted. These stunted
callows were significantly smaller (in both head width and

head length: F = 24% & 200, 116 4f, p £ .001, respectively).
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than»workers taken randomly from other colonies. Though
they did not reject brood as Jaisson's (1975) workers re-
jected cocoons after having been deprived of them for the
first 15 days of their lives, there may be a critical per-
iod for brood tending as he suggested. Apparently, the
queen alone has little effect on that part of behavioral
development marked by the domestics' eventually leaving and
gspending much of their time outside the nest. Brood seems
to be a necessary ingredient.

The larval stimulétion manipulation demonstrates that
olfactory stimulation both alone and in combination with
chemotactile stimulation from the anterior regions of the
larvae increases the amount of time spent by domestics out-
side the nést-—significantly more so than in a condition in
which no brood is present. This is interesting in light of
Free's (1967) findiﬁg that the smell.df brood alone is also
partly responsible for the type of foraging that honeybees
do, although physical contact with the brood played a much
larger role in affecting foraging‘patterns. Brian and
Abbott (1977) gave evidence that the larval head stimulates
food collection in Myrmica, and it is not necessary that
the head be able to swallow or to move. Though in the pre-

sent study antennal contact with the heads of larvae had no
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more effect on time spent outside or foraging than did the
smell of lar&ae, food was found placed against the screen
on six occassions. This was not found in the olfactory con-
dition. However, neither of these conditions by itself pro-
vides a strong enough inference of a causative factor in
behavioral developﬁent. ’

The eclosion manipulation provides such an inference.
Rather than eclosion stimulation per se, the stimﬁlation
necessary to arouse the marked domestics to leave the nest
seemed to come from the accumulating numbers of'récently
eclosed callows. Although eclosion caused visible excite-
ment within the nest, the marked domestics were not aroused
to forage en masse until the third and fourth weeks when
most of the callows had already eclosed. During these weeks,
domestics spent 23% and 32.1% of their time, respectively,
outside the nest. This d?opped to 16.3% in the fifth week,
after which it was noticed that some of the unmarked cal-
lows were also outside feeding and foraging. After the
fourth week no domestic was seen tending the queen; after
the third week, what brood remained were tended by thé re-
cently eclosed unmarked callows only. Clearly, stimulation
from recently eclosed callows is enough to arouse young dom-

estics to leave the nest and to keep them from returning to
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some tasks (tending the queen and remaining pupae) within
the nest. As such, it very likely plays a role in the nor-
mal behavioral develbpment of N. albisefosus.

The total larval contact manipulation reveals the dual
naturé of stimulation coming from the larvae. Perhaps
there are two clusters of stimuli,'one of which communicates
the hunger of the larvae, the other of which communicates
their general condition necessitating grooming. Hereafter
I will use "hunger" and "grooming" stimulation simply as
_conveniences descriptive of those stimuli which arouse
workers to leave the nest to forage or to maintain brood
contact within the nest, respectively. It is evident from
this manipulation that young domestics will spend more time
outside the nest at an earlier age than they would in the
presence of older outside workers, as in baseline.

Eclosion stimulati&n and larval stimulation were not by
themselves enough to effect the behavioral development of
domestics to the point where baseline levels for spending
time outside the nest were reéched. But together they stim-
ulated domestic behavioral development to mature outside
worker levels. While eclosion stimulation is evidently a
positive and direct force, it also seems to work indirectly

in the sense that eclosing callows provide the work force
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necessary to take care of the brood's needs, thereby de-
creasing the'brood's grooming stimuli and dropping it below
the thresholds of the older, marked domesties. That this
may be the case is confirmed by the fact that it is the
growing number of newly eclosed callows that is associated
with domestics leaving the nest rather than an eclosion
stimulation per se. Similarly, in army ants it is callow
excitation rather than eclosion stimulation which inifiates
nomadism (Schneirla, 1957). It is to be noted that about
twice the amount of. larvae and pupae were used in this con-
dition than were used in basdline; howe#er, the ratio of
larvae to pupée remained the same. Though this elevated the
larval stimulafion, enough callows eclosed from the pupal
stage to respond to that stimulatibn and take care of the
grooming needs of the larvae, thereby allowing the marked
domestics to spend more time foraging outside the nest.

In the final manipulation, elevated larval stimulation
plus eclosion, I presented marked domestics with both lar-
vae and pupae but in a ratio disproportionate to the other
conditions in which they appeared together. This ultimately
demonstrated that any large fluctuation in brood composi-
tion should also have an effect similar to that found when

outside workers or domestics are removed from the colony.
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Evidence points away from direct‘stimulation from older
age groups, namely outside workers, as a major factor in
the behavioral‘developﬁeﬁt of callows. It seems less likely
that outside workers or other adults directly inhibit or
slow doﬁn behavioral develofﬁent than it does that their
presence ih large enough numbers helps regvi&te the levels
of other stimuli, such as those coming from larvae and
eclosing callows, that would in the outside workers' ab-
sence (or presence in inadequate numbers) drive the callows
out to forage where they would come in contact with othef
stimuli that may further contribute to their behavioral de-
velopment.

I have shown that eclosion and larval stimulation to-
gether will speed callow (domestic) behavioral development
to mature adult levels in one-third the baseline time, but
that separately they do not. I have further shown that
there must be a "proper" proportion of the two groups of
brood stimuli: If too many larvae are present in relation
to pupae, eclosion will not provide the spur to behavioral
development that was seen in the outside~worker removal
condition. Given that some pupae and callows did not sur-
vive, the proportion of larvae fo pupae should be anywhere

from 2:1 to 3:1. This proportion seems to provide enough
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domestics to care for the brood within the ﬁest; they‘seem
to be particularly sensitive to brood stimuli thét evoke a
brood contact response. Given enough recently eclosed cal-
lows to act as domestics caring for the brood within the
nest, the older domesticé are free to respond to the hunger
gtimuli of the brood. On returning to the nest, the stim-
uli for brood contact may become eventually too low for the
oldef foraging dbmestics' thresholds, Thus they stay off
the brood. Their thresholds may further ascend because of
this lack of stimulation. No longer very responsive to lar-
val grooming stimuli, they then become fuil—fledged outside
workers.

I had at'first thought that stimulation from recently
eclosed callows starts the process of accelerated behavioral
development, while stimulation from larvae stabilizes the
gains made during this acceleration into mature outside
worker behavior. While some kind of stimulation evidently
does come from the youngest age group and evokes a foraging
or other outside-the-nest response on the part of older do-
mestics, it does not start the process of behavioral devel-
opment. The last three manipulations show that larval stim-
ulation present before eclosion, can and does influence be-

havioral development. The question of what stabilizes the
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gains made during an acceleration toward outside worker be-
havior can best be answered by the effect that the youngest
age group has upon certain stimuli coming from the larvaé.
The new ranks of eclosing callows seem to have a very low
threshold for the gfooming stimuli of the larvae and spend
much of their time in contact with’ them. The older domes-
tice are stimulated by these younger ones to leave the nest
to forage, thefeby decreasing their time spent with the
brood. This diminished contact coupled with new contact
with other stimuli as a result of foraging may serve to
elevate the older domestics' thresholds to the larval groom-
ing stimuli. A% the same time, the new, recently eclosed
domestics are diminishing the volume of grooming stimuli by
responding to it themselves. There may also be a concomi-
tant decrease in the older domestics' thresholds to the
larval hunger stimuli, which further serves to keep‘them
foraging outside the nest and coming into contact with the
brood. In the case of the domestic-removal condition‘where
older outside workers-cared for the brood, larval grooming
stimuli may have increased to the point of reaching the out-
side workers' high thresholds; this, with renewed larval
contact, may then have served to lower their thresholds of

response to the grooming stimuli.
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These, I think, are the dynamics of brood stimulation
of behavioral development in their simplest form. That
these hypothesiéed clusters of "hunger" and "grooming"
stimuli are not the sole motivating stimuli is evident from
the outside workers doing ofher things than sheer foraging
outside the nest, such as feeding,” remaining inactive,
guarding (inactive or moving about close to the nest en-
trance), transporting and burying debris, and nest execa-

vation..
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. Part II
Introduction
T. C. Schneirla (1938, 1971) becéme a pioneer in the
field of social regulation of,behavior.through his analy-
sis of behaviorai development in army ants. He discovered
that the cyclic pattern of army ant behavior--their nomadic
and statary phases--was governed by the condition of the
brood. Recently, McDonald and Topoff (1985) found evidence
that Schneirla's theory of brood excitation may have
broader developmental implications. They found that chang-
ing brood stimulation by removing certain age groups, con-.
trols behavioral development in an ant that is not closely
related, behaviorally or taxonomicaliy, to army ants. This

ant, Novomegsor albisetosus, is preyed upon by army ants

and, like them, has evolved a high degree of social organ-
ization. Nowhere is this organization more apparent than
in their elaborate‘and cooperative defense against army
ants. The defensive effort takes place both within and
outside the nest and inclﬁdes all the age groups considered
in Part I of this dissertation.

In Part II, I report the results of a study designed

to extend the scope of developmental studies on ants, by

focusing on behavioral interactions between N. albisetosus
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and their chief predator.

Development of Defensive Behavior

The nearctic army ant, Neivamyrmex nigrescens, of the

squthwesfern United States preys primarily upon other ant
species, termites, and their brood. These prey constitute
relatively localized concentrations of food.

To deter predation ants have evolved various adaptations
for defense, including venom apparatuses (comprehensively
reviewed by Blum and Hermann, 1978 a & b) and physical
castes often called soldiers (Wilson, 1971; Oster and Wil-
son, 1978). Behavioral adapta%ions also have evolvéd for
colony defense (Wilson, 1971, pp 158-165), such as ﬁhe pro-
tean behavior of workers fleeing from the nest while evacu-
ating brood and queen (Topoff et al., 1980). In the case
of Camponotus spp, protean behavior includes climbing veg-
etatiqn where N. nigrescens rarely follows (LaMon and
Topoff, 1981).

Rapid dispersal with the brood and queen helps diminish
the effectiveness of army ants attacking in large numbers
an isolated nest. Among species displaying rapid nest evac-

uation are Camponotus festinatus (LaMon and Topoff, 1981),

Pheidole desertorum and P. hyatti (Mirenda et al., 1980),

Novomessor cockerelli and N. albisetosus (author's obser-
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vations).

Nest defense, like most social behaviors of ants, is
also affected by age. Dobrzanska (1959) showed that in
Formica sanguinea there is a gradient of aggression corre-
lated with the location of different-aged workers withiﬁ
and about the nest, and Weir (1958 a & b) has shown a sim-
ilar pattern for Myrmica ruginodis.

Cammaerts-Tricot (1975) took advantage of the fact that
cuticular pigmentation is related to age in many ants
(1lightly colored young ants darken as they age) to show how
Myrmica rubra reacts differently according to age toward an

intruder, lLasius flavus. LeRoux and LeRoux.(l979). while

finding that nest defense varied among Myrmica laevinodis

individuals of a year or more in age, also found that de-
fensive behavior could be altered by experience and changing
group composition.

Initial observations suggest that N. albisetosus exhi-

bits a graded system of nest defense like that reported by
Wilson (1976 b) for Pheidole dentata, where defense is foi—
lowed by nest evacuation when a predatory species penetrates
the nest. The protean behévior of N. albisetosus of evac-
uating the bfood and queen.while the entire colony flees

from the nest appears to be a response used only against
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the army ant genus Neivamyrmex, a natural predator. Closer

observations reveal that darkly-pigmented N. albisetosus

workers defend the area immediately aroﬁnd the nest entrance
by approaching and attacking the army ants. Darkly-pig-
mented ants aléo remove most of the brood, with the propor-
tion of brood removed declining the lighter the pigmenta-
tion of the ants. The lightest pigmented ants (eallows)
emerge with empty mandibles from the nests. Darkly-pig-
mented ants also return for more brood, whe;eas the callows
rarely do so.

The plasticity of temporal polyethism underlying defense
and protean behavior in N, albisetosus is not known. For
example, at what age do patterns of colony defense such as
nest evacuation, approaching and attacking a predator
emerge? Will these complex behaviors emerge in N. albise-
tosus workers without their having had prior experience with
a predator such as army ants? Can the development of.de-
fensive behavior be altered by repeated experiences with
army ants? The present study was designed to elucidate the
developmeént of these behaviors both in the laboratory and
the field.

Care was taken tﬁat trials were performed during the

same time of day or night for both the laboratory and field
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colonies. This was:done in deference to what I call.the
"Gordon doctrine": In each ant colony there is a daily
femporal pattefn of activities perfdrmed;lhence experiment-
al manipulations at one time of day may yield quite differ-
ent results at another (Gordon, 1983).

Section 1 - Isolated Age Groups

The purpose of thetfollowing was to study the develop-
ment of defensive reaction to army ants by groups of N. al-
bisetosus workers which had been raised in isolation.

After exposing them fo army ants the study was repeated
using the same workers, iﬁ order to see if their defensive

behavior was altered due to their single experience with the

predator.
Methods
Subjects ‘

Several intact colonies of N. albisetosus were flushed

from their nests by releasing army ants, Neivamyrmex nigres-
cens, into the nest entrances. Darkly-pigmented pupae from
the various colonies were pooled, and those eclosingbon the
same day were placed about 80 to a group in plastic boxes
with food and water. These callows provided the age groups

tested under the various conditions of the experiment.
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Apparatus

The nest box was made ﬁf wood, 30 cm square x 3 cm high,
fitted with a glass top. The box was situated between two
foraging arenas with~piywood floors: the 1arger arena in
which grmy ants were released measuréd 48 cm x 61 cm; the
smaller arena, which provided an escape route for the N.
albisetosus workers, was 40 cm x 45 cm. Both arenas had
sheet aluminum walls 20 cm high, coated with Fluon GP-1, a
dry lubricant, to prevent ants from escaping over the walls.
The floors of both arenas were covered by filter paper
which was replaced after each trial. Free access to both
arenas was provided from the nest box by 1l3-mm diameter
Plexiglass tubing. Food and water were provided in the
large arena; only water, to prevent possible dehydration,
was provided in the escape arena.

' Procedure

In order to study behavioral processes'of N. albiseto= .
sus unaffected by experience with army ants, groups of about
80 callows were left isolated from eclosion until the day
of testing, when 60 from each group were exposed to army
ants. The 16 age groups were as follows: 3 days, and 1-15
weeks inclusive. Three days before a given age, 60 larvae

and 60 pupae (conspecific) were presented to each age group
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so that they could become accustomed to them (workers were
raised with small numbers of available brood and'seemed to
nurse them well). At testing, the 60 workers along with -
their'pile of brood were exposed to 150 army ants released
into the large arena. The day before the trial, the brood
pile was put in the nest box and the age group to be tested
was placed in the small arena (designated the escape arena).
This was done so that the age group would gain some famil-
iarity with the passage to the escape arena as they went
from the escape arena to the nest. The nest box was kept
moist and it was covered with cloth for a few hours, until
the age group had gone inside and gathered around the brood.
These workers are called the naive groups.

Survivors of each age group in these initial encounters
with army ants were tested again the following day. Be-
cause of varying mortality in the first encounters these
- groups were culled to 40 workers, 40 larvae and 40 pupae,
and tested againét 100 army ants. In the few instances
where mortality was greater than 20 workers, the extra
workers from the same age group were tested with a propor-
tionate amount of brood against army ants, and the necess-
ary number of survivors added to the group to bevtested

the next day. Groups were tested a second time in order to
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reveal any changes that might have occurred in some aspects
of their protean and defensive behavior as a result of their
éingle experience with army ants. These workers are called
the experienced groups.

Pilot studies suggested the following behavioré to be
observed: running away (without breod to the escape arena);
evacuating brood from the nest; carrying brood within the
nest; recruitment (running to the large arené after having
been alerted by incomiﬁg workers that army ants were pre-
sent); approaching the army ants (to within antennal dis-
tance); attack.

For comparisons with defensive behéviors manifested by
foragers taken from the field, foraging workers of N. albi-
" setosus were collected at least 2 m from the nests of three
widely separated colonies in the field. (Two meters was
chosen because at that distance and beyond, all workers ob-
served were darkly pigmented and generally engaged in for-
aging, an indication that they were among the older, more
experienced members of those colonies). In one trial, 60
foragers, 60 larvae and 60 pupae were tested against army
ants; in two other trials, 50 and 40 foragers respectively
were tested with proportionate amounts of brood. The latter

two groups served as comparisons for the fewer number of
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workers tested in the experienced groups. Their éxperience

with army ants, as well as the experience of any foragers

collected in the field for these studies, was not known.
Following the same procedures outlined above, separate

isolated groups were exbosed to Formica spp and Pogono-

myrmex occidentalis. These species are sympatric with
N. albisetosus and served as controls for those defensive
behaviors which might not develop speéificaily as a reaction
to army ants.,
Results

Table 1 shows that for both the expezienced and naive
groups, evacuation and relay of brood (piling drood closer
to the exit to the escape arena), approaching and attacking
army ants, and recruitment, improved as a functioﬁ'of aée.
Both also ran from army ants significantly less as they got
older, but the naive groups, on average, ran more than the
experienced groups. The naive groups also recruited sig-
nificantly fess. These latter two items may in part ex-
plain why the naive groups suffered fewer overall injuries
than the experienced groups (though mortality as a result
of army ant attacks was not significantly different for the
two groups).

Figure 1 shows the steady increase in the percentage
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Table 1
Isolated Age Groups: Correlation of Observed Behaviors
With Age and Experience in Naive and Experienced Conditions

Dependent Sample

Behavior Correlation t-tests
Evacugtion 2.08*?
Naive Q4%x :

Experienced «80%¥*

Relay ns
Naive «H5%* '
Experienced H2¥*

Run 2.21*b
Naive - BUX*

Experienced - 84%%

Recruit 2.05%°
Naive «TH**

Experienced «82%%

Approach ns
Naive «85%%

Experienced 95 %*

Attack , ''ns
Naive .88%%

Experienced 89%¥

aAfter 6 weeks, Experienced evacuates more than Naive.

b, . .
Naive runs more than Experienced.

c . . .
Experienced recruits more than Naive.

 *p < .05

*%p < LO1
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of brood removed for both groups. While both exhibit sim-
ilar trends, the experienced groups removed a greater per-
centage overall from the 7% to the 102 week of age. As can
be seen in Table 1 this.was enough to make the difference
significant. The three comparison groups of foragers evac-
uated 100% of their brood. )

From the 1lst week on, some of the naive groups ap-
proached their attackers and this number increased with
age (experienced workers did not approach until their 2nd
week). However, they'did not begin to attack the army ants
until their 8% week ( a single incidence of aftack in ex~
'perienced workers was observed at 6 weeks, two at 7 weeks--
too few to be of significance when compared with naives
over the same period). Whether they approached or not,
running empty-mandibled from the nest and away from the
army ants declined as a function of age.

Recruitment to the large arena where army ants were re-
leased increased with age. Traffic was typically low in
and out of the nest prior to the release of army ants in
the large arena; it was also low after contact with army
ants for age groups 1-5 weeks. At 6 weeks of age and after,
recruitment began to be noticeable as workers ran into the

nest, touching clusters of resting workers, causing both a



Pigure 1. Percent of brood removed as a function
of age in groups confronting army ants for the first

time (naive), and for the second time (experienced).
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general alarm marked by pickihg up and dropping brood or
otherwise rushing about the nest, and é focused alarm
- characterized by runnihg out to the large arena where the
cause'of the.disturbance lay.
| rwo patterns of defense became evident from these re-
sults: 1) brood relay, brood evacuation, and flight to the
escape arena; 2) recruitment, approach, and attack in the
large arena. At times the same worker would help in relay-
ing or removing brood, and attacking the army ants. This
occurred most often when army ants succeeded in penetrating
the nest and were attacking the brood.' Evacuation-flight
entailed combinations of genaral alarm within the nest,
carrying of brood to the‘escape arena, fleeing empty-man-
dibled to the escape areﬁa, and relay. Relay consisted of
some workers carrying brood from the center of the nest and
depositing it near the tube to the escape arena; from there
it was usually taken by other workers to the escape arena.
Occassionally brood was deposited yet again in the tube
before being removed to the escape arena. Relayers shut-
tled back and forth between brood piles and escape arena.
Aggressive defense entailed recruitment to the large
arena where fightiﬁg took place immediately if army ants

were beginning to enter the tube to the nest. If army ants



had not yet discovered the nest entrance,'ﬁ; albisetosus
workers would disperse into the large arena, épproach the
army ants, run away, or attack. Up to 8 weeks of age run-
ning was the typical response; afterwards attacks increased.
No significant correlation with age was found for the
development ofrany of the behaviors in the control groups
tested against Formica spp or P, occidentalis. In the
evacuation-flight component of the protean behavior, no sig-
nificant difference was found in the amount of brood re-
layed in the presence of the three intruder species. How-

ever, N. albisetosus ran to the escape arena and evacuated

brood significantly more in the presence of army ants
P=37.71, p £ .01 and F = 22.49, p £ .01, respectively)
than in thé presence of the other two species.

In the aggressive defense complex of behaviors, differ-
ences became apparent after 8 weeks of age. Up through
8 weeks the naive groups approached and attacked the three
intruder species equally. From 9-15 weeks, however, they
approached and attacked army ants significantly more
(F = 13.79, p < .01 and F = 8.78, p £ .01, respectively)
than they did the other two species. Though up through

8 weeks of age N. albisetosus recruited to P. occidentalis

more than to Formica or army ants (F = 4.92, p £ .05), from
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9-15 weeks no significant differemce was found. Thus after
8 weeks of age they recruited equally to all three species,
but approached and attacked army ants more.

Section 2 -~ Laboratory Colony

In contrast with Section 1, which dealt with isolated
age groups having no more than two, experiences with army
ants, this part of the study was designed to determine the
effect of repeated exposures to army ants on the development
of protean behavior in several age groups together; and to
see how an intact colonyvmight rgact within the nest when
threatened by army ants.

Methods

Subjects

A large colony of N. albisetosus was collected in the

field and housed in the laboratory. The first three clus-
ters of eclosion that provided at least 50 callows each were
used as experimental groups which differed in age. The
colony was then constituted as outlined below.
Procedure

In order to simulate as closely as possible a small
natural colony, while still being able to observe various

age groups, a colony of N. albisetosus consisting of 50

marked 2-day, l4-day, and 28-day olds, along with 50 marked
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foraging workers collected at least 2 m from the nest en-
trance in the field, and 100 unmarked workers‘collected at
various distances from the field nest, were tested together
with.the queen, 250 larvae and 250 pupae. They were ex-
posed to army ants and to two other species on the follow-
ing repeating schedule: day 1, aboyt 500 army ants; day 2,
alternated between 300 Pogonomyrmex or 300 Formica spp;

day 3, rest. This cycle was repeated nine times over 27
days. Pogonomyrmex and Formica were chosen to compare with
defensive behavior toward nonpredatory ants that are sym-

patric with N, albisetosus.

All intruder species wére dropped in the end of the large
arena opposite to the nest entrance. Unmarked workers
(chosen as a buffer for the marked groups against decimation
by repeated army ant attacks) killed during this experiment
were replaced after each test; callows eclosing from the
pupal brood wefe allowed to remain in the nest. Filter
paper was replaced in the_arena after each trial.

Results

The defensive part of the protean reaction (recruit,
approach, attack) did not change significantly as a result
of age or experience for any of the age groups. Table 2

shows that more noticeable change was taking place in the
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~development of fhe evgeuation—flight part of the protean
reaction: as the age groups ran less, they relayed and
evécuated brood from the nest more. The marked foraging
'workérs (those taken at least 2 m from the field nest) ex-
hibited no change in any of these behaviofs as a function
of repeated experience with army ants.

In all behaviors with the exception of running away,
however, the foraging workers outperformed the other age
groups. The marked foragers removed more brood (F = 212.8,
p £ .01), relayed more (F = 46.1, p £ .01), and attacked
more (P = 209.6, p < .001) than the other three age groups,
which did not differ significantly in these behaviors.

They aléo ran away less, recruited'and approached more than
the other groups, and the 28-~day olds ran away less, re-
cruited and approached more than the 2-day and l4-day olds
(F = 34,4, 303.8, 41.5, p £ .001 respectively), which did
not differ significantly. These results are summarigzed in
Table 2.

Since both marked and unmarked foragers did the bulk of
the fighting, the other age groups got little opportunity
to aggressively defend the nesf. Those beginning as 2-
and l4-day olds were still spending much of their time on

the brood by the end of the study, 24 days after their first



77

Table 2

Laboratory Colony: Development of Observed Behaviors as a

Result of Experience With Army Ants.

Behavior

Evacuation
Relay
Run

Recruit
Approach
Attack

'~ Behavior

Evacuation
Relay

Run
Recruit
Approach
Agtack

a,b

o-day®

o T2%
«8H**
-078*

ns
ns
ns

P

212.8%*
46 .1%%
Bl ¥

303.8%*
41,5%*

209.6%*

respectively.

dForaging workers.

14-day® 28-day’ £l
. o T9¥¥* . 88%* . ns
09l . 8O %% ns
- .88** —.93*% ns
ns ns ns
ns ns ns
ns ns - ns
ANOVA®
Comment

fw remove more brood than other 3
age groups (which don't differ).

fw relay more than other groups
(which don't significantly differ).

fw run less than others; 28-day
olds less than 2- & l4-day olds.

fw recruit more than others; 28-
day olds more than 2- & l4-day ald.

fw approach more than others; 28-
day olds more than 2- & l4-~day old.

fw attack more than others (which
don't significantly differ).

*®Phose beginning as 2-day, l4-day, and 28-day olds,

®Post hoc comparisons by Newman-Keuls test.

*p £ ,05

*%p £ ,01
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exposure'to army ants. They were then 26 and 38 days old
respectivély. Those starting as 28-day olds, however! were
52 days o0ld at the end, and were spending less time with
the brood. This may explain in part their greater availa-
bility for recruitment to and approaching the army anfs.
Figure 2A-2C shows how few responses there were in any of
the defensive cluster of behaviors, but that they were be-
ginning to become more apparent as the marked groups aged
and gained experience with army ants.

Though no significant difference was fouﬁd among the
three age groups in the amount of brood evacuated, it can
be seen in Figure 3 (B and C) that those callows beginning
as 2-day olds showed the most dramatic increase in perform-
ance, equalling the older two age groups by the end of the
experiment. Running away (Figure 3A) decreased with age
and experience. During the first few exposures to army
ants young marked workers running around with brood got
caught up in the focused rush and nest evacuation of the
older brood-carrying workers, and had their own typicaliy
disorderly carrying tactics directed toward the exit to the
escape arena. Even givén their best brood evacuation per-
formance dﬁring the latér trials, however, the three age

groups removed no more than 50 brood and relayed 52 more.



Figure 2. Development of aggressive defense--recruit
(A), approach (B), attack (C)~-in three laboratory age
.groups having repeated experience with army ants. (Note:

Trials were performed every 3rd 'day. Ages given are for

the first trial.)
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Figure 3. Development of the escape component of
protean behavior--run(A), relay (B), evacuate (C)=-in
three 1aborat6ry age groups having repeated experience
‘with army ants. (Note: Trials were performed every 3rd

day. Ages given are for the first trial.)
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Though the number of brood had been reduced by eclosion,
this still represents less than 25% of the brood being
handled by abodt 40% of the workers (the three age groups
initially comprised 50% of the workers, but some died or
were killed by army ants during the course of the experi-
ment). The marked and unmarked foragers handled the bulk
of the fighting and brood removal.

The entire colony became more efficient in removing
brood from harm: There was a significant decrease in time
to complete evacuation as a function of repeated exposures
to army ants (r = -.75, p £ .05). While initial contacts
with army ants produced much fighting followed by brood re-
moval, later trials saw workers removing brood as soon as
recruitment to the large arena oécurred. Evacuation then
proceeded steadily until all brood was removed to the es-
cape arena.

Over the 9 trials a fighting style emerged. Pogono-
myrmex sSpp were contested with antennae-waving, open-mandi-
bled displays, slow rushés and stand-offs., When attacking,

N. albisetosus grasped the pedicel of a Pogonomyrmex from

behind, thereby avoiding its sting. PFighting rarely oc-
curred, however, and the two species would separate to op-

posite sides of the arena. No brood carrying and little
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if any alarm within the nest occurred during these episodes.
FormicaAspp is a faster, more energetic ant than Pogonomyr-

mex: Though N. albisetosus confronted Formica with the

aforementioned displays and stand-offs, it rushed this in-
truder more vigorously and attempted frontal assaults diéf
tinguished by grasping at the head and neck. This tactic
prevented Formica from squirting formic acid into a mandi-
ble-inflicted wound. Even so, combat tended to be more
severe than with Pogonomyrmex, leading to dead on both
sides. When Formica were introduced into the large arena,
there would be some alarm along with scattered brood carry-
ing and relaying within the nest, and recruitment to the
large arena. When attacking an army ant, N. albisetosus
leaned forward as if to keep its legs out of the way (a

typical tactic of Neivamyrmex nigrescens is to have several

of them grasp the legs and antennae of a prey ant and
spread-eagle it into submission); it then lunged its head
down while snapping the mandibles shut and scraping back-
wards, while at times taking quick steps in reverse, again
as if to keep its legs free.

Section 3 - Pield Colony

The following was designed to observe the effects that

a natural environment would have on the development of
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protean behavior by N. albisetosus with repeated exposures
to army ants.
Methods

Subjects

A colony of N. albisetosus was brought into the labora-

| tory to be returned to the fieid with the age group propor-
tions outlined below.
Procedures

Two age groups were assembled and marked from this col-
ony: 50 3-day olds and 50 l7-day olds. PFifty foraging
workers collected 2 m or more from the nest were also
marked. These were returned to their field nest with the
queen, 250 larvae, 256 pupae, and 150 workers taken from
outside the nest. Thé colony was returned to the field nest
by placing them in a wide-mouthed jar which was upended and
left standing over the nest hole in early morning. Those
not entering the hole immediatley, did so as the sun raised
the temperature within the jar. Four nights later, when
the age groups were then 7 days and 21 days old, the trials
began. On that night and every 3rd night thereafter for
36 days, 1,000 army ants in groups of 200 were dropped on
and around the nest entrance (more army ants were used per

trial than in the previous section because some ran away
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from the nest entrance, and the rest had much greater dis-
tances to cover underground through various tunnels and
chambers than they would in the laboratory). Because it
was not possible to see inside the nest and because of the
dim light of our headlamps, only 3 behaviors were recorded:
brood evacuation, run, and attack. Since it was not pos-
sible to obtain an accurate count of the dead, foragers
were not replaced after each trial; callows eclosing during
the experiment were not removed.
Results

Figure 4A shows that, unlike the isolates in Section 1
or the laboratory colony in Section 2, brood evacuation
diminished as a function of age or experience with army
ants (rl= -.7, p £ .01 for the 21-day olds; a negative but
not significant difference for the 7-day olds)._ Neithe:
removed significantly more brood than the other, ﬁut the
marked foraging workers removed significantly more than both
(F = 19.44, p;<_.01). Also unlike the experimental groups
in the first two sections of this study, running away in-
creased (Figure 4B) as a function of age or experience for
the 7-day olds (r = .7, p £ .01l; it was not significant for
the 21-day olds). The two age groups did not differ in

‘this behavior from one another, but both ran away signifi-
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cantly more than the foragers (F = 4.84, p 4 .01). PFig-
ure 4C shows that both 7- and 21-<day olds increased their
attacks over tﬁe course of the trials (r = .89 ahd .94,

P 4_;01 respectively) just as the groups did in the first
two sections of the study. Ho@ever, the field colony groups
began attacking at a much earlier age than the laboratory
groups, and they attacked much more frequently than the
groups in the laboratory colony: While those beginning as

T~ and 21l-day olds in the field did not sighificantly dif-
fer in number of attacks from one andther or from the for-
aging workers in the field and laboratary, all differed from
2-, l4~, and 28-day olds in the laboratory (P = 6.21,

P 2..01). Similarly, the 7- and 21-day olds did not differ
in the number of those running away, but both ran signifi-
cantly less than the groups in the laboratory colony

(F = 32.38, p< .001). All age groups in the laboratory and
field ran significantly more than the foraging workers from
either colony. The 7- and 21l-day olds did not significant-
ly differ in amoﬁnt of brood evacuated, but they evacuated
significantly less than the laboratory colony age groups
(F=7.1, p< .0l). Laboratory foragers evacuated more

than foragers from the field colony, and both evacuated

more than all the other age groups.
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Pigure 4, Development of three protean behaviors—-
evacuate (A), run (B), attack (C)--in two field-colony
age groups having repeated experience with army ants.
(Note: Trials were performed every 3rd day. Ages given

are for the first trial.)
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Section 4 - Graded Introduction

The following was done to ascertain the preferred
method of defense by colonies with which I had not tampered.

Methods
- Subjects

Fifteen colonies of N. albisetosus were located and

studied in the field.

Procedures

Beginning at 8 pm when foraging activity was high, army
ants were introduced near each colony accordingly: 30 were
placed 1 m from the nest entrance; after 1 hr, 30 were ]
placed 30 em from the entrance; an hour later 30 more were
placed in the nest entrance. After each introduction of
army ants, the number of brood evacuated was counted as each
was carried from the nest. One hour after placing 30 army
ants into the nest entrance, large numbers of army ants were
repeatedly poured’into the entrance until all the brood had
been evacuated. The total number of brood from each colony
was counted. All counts were taken by hand counter.

Results

N. albisetosus evacuated significantly more brood when
30 army ants were placed in their nest entrances than when
placed at 1 m or 30 cm from the entrances (P = 16.79,

p € .01). There was no significant differences in amount

evacuated for the latter two distances. No brood was
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evacuated from any of the colonies when the army ants were
placed 1 m from the nest entrances. The amount of brood
rémoved when 30 érmy ants were placéd directly into the en-
trances represented only about 10% of the total brood over

all 15 colonies.

N. albisetosus recruited quickdy to army ants at 1 m
and 30 cm from the nests, and many workers surged out of
the.nests to fight when 30 army ants were dropped into the
entrances. Whatever brood was evacuated during these
skirmishes was usually returned within 10 minutes. After
total evacuation when large numbers of army ants were
dropped into the nest entrances, the bulk of the brood gen-
erally was not returned for two or more hours.

The preferred method of defense was to fight off the
army ants even when some had gained entrance to the nest.
Only when defensés’had been heavily breached did N. albise-
tosus remove all brood.

Discussion

The species typical csmplex of behavior in N. albise-

tosus suitable for protecting its nest against the en-

croachments of its natural predator, Neivamyrmex nigrescens,

emerges without N. albisetosus having had prior experience

with this army ant. That the responses were of a specific
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nature and of greater intensity toward army ants than to-
ward thé other species, renders doubtful possible order or
stress effects that might be inherent in the type of exper-
iments performed.

Escape and brood evacuation evidently are responses
specifically used against army antgs. These behaviors are
exhibited when the workers are still callows. Clearly they
can distinguish between the predator species and.other
species at an early age. However, they do not approach and
attack the predators in any significant numbers until they
reach the age when they would normally develop into foraging
workers, that is, at about 7-9 weeks of age (McDonald and
Topoff, 1985).

Across all groups in the first three sections of this
study, the escape response cluster--run, relay, evacuate--
appeared and developed earlier than the aggressive-defense
response cluster--recruit, approach, attack. In both labor-
atory studies, attacks against army ants occurred at about
the same age: 6-8 weeks for the groups raised in isolation
and 6.5 weeks for the laboratory colony. This is inter-
esting in light of the fact that the isolates did not have
older age groups acting as a first line of defense, as did

the laboratory colony.
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At first it seems that &oung'workers are not prepared
to fight until 6-8 weeks of age. Yet the different circum-
stances of the fieid.colony, shows that young wérkers will
fight at least as early as 3 weeks of age. Otto (1958)
and.Weir (1958) have foﬁhd temporal differences in the
'readinéss of Formica and Myrmica, respebtively, to perform
certain behaviors rather than in their ability. Similarly
Popoff et al. (1972 a and b) have found that army ant cal-
lows are able to follow scent trails but do not do so

readily. Evidently the same holds true for the mttack re-

sponse in N. albisetosus, even though the callows are

softer and more susceptible to injury at 3 weeks of age.

The difference in attacks and evacuation between the groups
in Sections 2 and 3 may be an artifact of the laboratery
nest apparatus with its two exits, one to the escape arena
and one to the large arena. Though it had been thoﬁght that

N. albisetosus had nests with multiple entrances (Whitford,

et al., 1980), I was not able to find such a nest in the
field. Where there were entrance clusters, each entrance
proved to be a single nest occupied by or available to
workers from the same colony. I found no evidence of
underground connections amohg these nests. Consequently,

the two age groups in the field colony had to evacuate



’ 100

brood or otherwise escape through the incoming army ants
“and out of the single entrance. This may have inéreased
the number of attacks and diminished the amount of brood
evacﬁated. The three age groups in the laboratory colony -
were buffered fyom contact with army ants not only by the
older workers' defense, but also by the escape arena exit
where they éould flee the nest without touching an army ant.
As the 28-day olds in the laboratory colony aged, they
spent less time with the brood and remained off by them-
selves. It has been noted that as some ants age, they'
spend less time with the brood and go through a transition
phase where they do little work, but are available for
tasks both ;inside and outside the nest (Lenoir, 1979).
When thel28-day olds had reached this stage, they may have
become available to fight army ants. Certainly they at-'
tacked significantly more than the younger two age groups.
The peculiar fighting styles toward the intruder species
was limited to.older foragers of unknown age, Since system-
atic styles were not observed among the workers raised in
isolation in Section 1, experience with other species may
be an important factor in the development of fighting
styles. ©Since I was not studying this behavior, I report

these observations only to suggest a possible fruitful
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line of study.

Given that the appearance of attacks began at approx-
imately the samé age for the laboratory (7 weeks)'and field
(3=-4 weeks) groups within their respective colonies, it
would seem that age rather than“experience is the more im-
portant factor governing attack. However, Figure 3C (at-
tack) along with the lack of significance in the number of
attacks between the 7- and 2l-day olds in the field colony,
shows that the 7- day olds had caught up with the 2l-day
olds in exhibiting the.attack response by the end of the
experiment.

A similar phenomenon occurs with the evacuation response
in fhe laboratory colony. There the 2-day olds, which evac-
uated little or no brood over the first three trials, even-
tually equalled the 14— and 28-day olds in the number of
brood removed, They removed so much eventually that, by the
end of the study, there was no significant difference among
the three groups. The same holds true for the relay com-

- ponent of brood e#acuation.

The results of Section 4 indicate that fighting is the
preferred method of defense, with brood evacuation increas-
ing as a result of defensive breakdown marked by greater

numbers of army ants gaining access to the nest. Results
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in Section 2, however, demonstrate that tQis process can

be altered by repeated experience with army.ants. Brood re-
moval begah as soon as army ants were detected in the large
arena, before fighting began. No such alteration in their

behavior toward Formica or P. occidentalis was observed.

Experience, then, may play a part in the development of
relay, evacuation, and attack. If it does, its effects may
be limited to a certain age range. It would be difficult
to_explain, otherwise, the fact that the older age groups
did not progress at an equal rate in these three behaviors
and thereby stay ehead of the younger age groups, so that
a significant difference’would be found among them (It must
be remembered that all groups improved in the three behav-
iors over the course of the trials). Of course, it may be
argued that rather than experience having its greatest ef-
fect within a certain age range, some behaviors may simply
develop faster within a certain age range because of matur-
ational processes intrinsic to the young workers. Figure 1
seems to suggest this for the naive groups' evacuation
response between the 4% and 10%® week of age. That the ex-
perienced group developed significantly more in this be-
havior between the 6% and 10% weeks, however, would argue

instead for an inextricable union of the age and experience
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factors.

Pinally, it seems that after a while in the life of a
worker neither age nof experiencé will have much effect 6n
protean behavior: For all_the behaviors studied, the older
foraging werkers did not change signifiéantly, negatively
or positively, though they typically outperformed the young-
er age groups. The single exception was the attack response
in the field colony-;there was no significance among those
groups. In that case, it may have been that the older
foragers were away foraging during the trials. Neverthe-
less, their number of attacks did not change significantly

over the course of the trials.
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Part III

Introduction

I have outlined the development of N. albisetosus from

eclosion, through domestic tasks within the nest, to for-
aging outside the nest in Part I of the dissertation. A
study of the development of defense in the same species
makes up Parf IT. The present study focuses on the devel-
opment of the ovaries, poison gland, and exoskeléton and
their relationship with one another. These structures are
easy to get at and have already been implicated in certain
stages of behavioral develgpment.

Otto (1958) found that the ovaries of young.Formica
polyctena workers contain eggs, but toward the end of their
domestiec period (Innendienst, that early part of their
lives when they spend most of their time within the nest)
resorption of the eggs begin. By the onset of their out-
side worker period (Aussendienst) the resorption of eggs
is complete.

In a review of Otto's work, Wilson (1971) noted that,
apart from the state of the ovaries, glandular changes in
Formica Qolxétena are not closely correlated with tasks
performed or with the change from domestic to outside work-

er, as they are for example in honey bees. However, there
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are some interesting fiﬁdings which indicate that glandular
production in some ants.may be correlated with temporal
polyethism. Cammaerts~Tricot (1974) and Cammaerts-Tricot
and Verhaege (1974) have shown with Mxrmica rubra that the
poison gland, Dufour's gland, and mandibular gland feser—
voirs fill with exocrine secretions as they age. The cal-
low's poison gland reservoir is devoid of trail pheromone.
Further, they found that young workers are less sensitive
than older workers to secretions from the poison and
Dufour's glands. This may be why callows of many species
do not engage much in foraging. However, Topoff et al.
(1972 a and b) have shown that callow army ant workers are
able to follow scent trails but do not do so readily. In
this case, motivation as well -as sensitivity may affect the
behavior.

In N. albisetosus, the poison gland is the source of

the alarm and trail pheromone (HBlldobler, Stanton, and
Markel, 1978). Not surprisingly, callows seem to be less
sensitive to it than are older.workers, but it is not»known
how readily older workers will follow scent trails made
from the poison glands‘of younger workers, or if they are
able to do so. Furthef, it is not known at what age a

worker has to be before older, foraging workers will readily
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follow its trail in the same numbers as if it were one of
their own trails.

Concomitant with developing ovaries and poison glands
are increasing pigmentation and hardening of the exoskeleta.
Weir (1958) showed that, as an ant aged and became more
darkly pigmented, it would more readily attack and intruder.
Within a given species, the exoskeleta of darkly pigmented
ants are harder than the lighter colored callows. It is not
known if there is a correlation between the ultimate hard-
ness of an anf's exoskeleton and a particular stage of beé-
havioral development, such as aggressive defense,

Exoskeleton Pressure Resistance

Methods

Apparatus

A Semmes-Weinstein Pressure Aesthesiometer was used.
The set consists of a series of nylon bristles of various
diameters, each fastened in a plastic handle. If is based
on a system developed by Von Frey (the Von Frey hairs) and
designed for the same purpose: psychophysical tests of touch
sensitivity. Each hair bends at a known force, measured in
grams. In the present study, however, they were used to
test the relati?e hardness of the exoskeleton. Also used

were a stereotaxic device and a dissecting microscope.
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Procedure

Ants were marked as they eclosed and dates were re-
corded so that ten each from thé follbwing age groups couid
be studied: 1 day, 4 days, and eaéh week for 1-15 weeks.
Ten workers of at least 6 months were also tested. At the
appropriate ages the ants were pinmed in a dish of hardened
wax. The nylon bristles were clamped to the stereotaxic
device and inserted gently under the microscope onto the
ant's thorax. Three thoracic locations were selected: di-
rectly on top of the pronotum and avoiding the suture with
the mesonotum; the side of fhe pronqtum; the side of the
metanotum and avoiding-the suture with the epinotum. If the
nylon bristle bgnt, then the next stiffesf bristle was used,
and so on ﬁntil the exoskeleton directly under the hair was
observed to give slightl&: The number of that bristle was
then recorded and used as an indicator of the exoskeleton's
relative hardness. The dissecting microscope was set at
20 power., |
Results

The difference in the thorax's resistance to pressure
as the workers aged proved significant for the three se~
lected areas (pronotum top: F = 235.27; pronotum side:

F = 145.86; metanotum: F = 164.74, all at p £ .0001, Newman-
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Keuls poét hoc test used). Figure 1 shows that the harden-
ing of the exoskeleton progresses steadily up to the 12%
week of age, after which it reaches an asymptote. However,
for the side of the pronotum and the meténotum there was no
significant difference in hardening from about the 9% week
on; and for the top of the pronotum, from the 12%® week on.

The general trend for the overall hardness of the exo-
skeleton is that rapid significant increases in hardness are
taking place from the lst day through the 4% or 52 week.
Prom the 52 through the 8% week changes are slower and not
significant; but the exoskeleton hardness of this group is
significantly different from the group represented by the
9% through the 15% week and beyond.

Development of Ovaries

Method

Procedure

Ten ants from each of the following groups were dis-
sected: 1 day old, 4 days old, each week from 1-12 weeks,
and outside workers of greater than 5 months. Ovaries were
excised while the gaster was under a drop of water so that
they would float free and not collapse upon touching the
hard surface of the tweezers or the small wax filled dish

in which the worker was dissected. The number of ovarioles
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Figure 1. Exoskeleton resistance to pressure (measure
of relative hardness) as a function of age. The ordinate

is logarithmic.
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and eggs were counted and the largest‘egg was measgred for
length and width.
Results

Differences among the age groups for length and width
of the largest eggélwere significant (F = 9,11 and F = 11.56,
p £ .0001, respectively). These differences occurred mostly
in the comparison of the midrange of ages with l-day oids,
and 12-week 0lds and beyond. This is dépicted in Figure 2
where it can be seen that there is an increase in egg length
until the 4% week, followed by an overall decline té the
11%® week, after which there occurs a precipitous drop in
egg length to below that of newly eclosed callows.

This trend is repeated for egg width. There are no
significant differences from the lst through the 11% weeks
of age, but they are all significantly different from new
callows at the one extreme and 12 weeks 0ld and greater at
the other. The quality of the eggs also begins to decline
from the 10® week on; that is, they lose their whiteness and
become more transparent. Some are almost completely trans-
parent. This may be from yolk resorption.

The number of ovarioles declines with age (r = -.56,

p < .05). Though there is a significant difference in the

number of ovarioles among the groups (F = 8.7, p < .0001,
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Figure 2. Measurement of largest egg: an indicator

of egg growth and resorption as a function of worker age.
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Newman-Keuls test), much of it can be accounted for by
those greater than 5 months old. Differences among the

~ other age groups do not follow any particularAtrend: For
examﬁle, 2- and 6- week 0lds do not differ significantly
from any of those from 1 day through 12 weeks old; yet
5-week olds have significantly more ovarioles than do 7-
and 8-week olds, and 4-week 0lds have fewer than do 4-day
olds. This pattern can be seen in Figure 3.

For the number of eggs, however, there is a decided de-
cline with age (r = =-.7, p £ .01, including the l-day olds).
Pigure 3 shows that the decline is precipitous after 8
weeks of age. Overall there was a significant difference
in the number of eggs among the age groups (F = 15.4,

p < .0001, N-K test). Those over 5 months had fewer eggs
than those of 4 days to 8 weeks old, which were not signif-
icantly different from one another. This latter group,

for which the number of eggs remains fairly constant, was
significantly different from the l-day olds.

Develcpmént of Poison Gland

Methods
Procedure
Ants whose ovaries were measured in the previous sec=-

tion also had their poison gland reservoirs measured for
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Figure 3. Number of eggs and ovarioles: an indicator
of growth and resorption of ovaries as a function of

worker age.
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the present study. Further, 50 poisdn glands from‘each of
those groups were excised and used to tesf the response of
foraging outside workers to the trail pheromone. This was
done so that the strength of the exocrine fluid as a stim-
ulus could be assessed. The method of Holldobler et al.
(1978) was modified for this study- (more glands per trial,
and a shorter trail on a rougher surface were used in the
present study).

Each age group contributed 50 poison glands for 10
trials (the gland is housed within the reservoir; it is
actually the reservoir and its contents that were studied).
For each'trial 5 poison glands were placed on the tip of a
hardwood stick and smeared in a 40-cm curved line across a
piece §f construction paper that was placed in the foraging
arena. The number of ants following the trail(from approx-
imately the beginning to the end in either direction over
a 5 minute observation period were recorded. Before a
trial began, it was required that from 20 to 30 ants be in
the arena. New paper was used for each trial.

Results

Pigure 4 shows the overall increase in mean length of

the poison gland reservoir. The correlation with age is

significant (r = .72, p< .01). There were also signifi-
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Figure 4. Measurements of poison gland reservoir:

an indicator of increasing volume with age.
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cant difféfences among the groups (F = 6.46, p £ .0001,
N-K test); but because of considerable variation, there
were some odd resuits. For example, 5-month olds had.sig-
nificantly longer poison glands than 3- and'S-week olds
but not longer than 4—week'olds, and'significantly longef
than glands of 7- and 9-week olds but not longer than
8-week olds. This may reflect differences in volume be-
cause of pheromone use just prior to experimentation.

It can be seen from Figure 4, however, that this vari-
»ability is not repeated for width. There is a steady in-
crease in mean width with age (r = .9, p £ .0l). This
trend is reflected in the significant differences among age
groups (F = 3%1.64, p £ .0001, N-K test). For example:
l-day olds have smaller poison gland reservoirs than all
those 2 weeks and older; those of 4-day and l-week olds are
smaller than those of 8 weeks and older; those of 2- to 7-
week olds are smaller than those of 9 weeks and older, and
so on. The reservoir fluid in ants beyond 8 weeks, and
particularly in those of 12 weeks and 5 months old, had a
slightly yellow hue. This was not noticed in younger ants,
whose reservoirs had clear liquid in them. Up through the
1st week the reservoirs were not well filled, a noticeable

difference from the turgid poison gland reservoirs of those
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9 weeks and older.

Among the foraging workers in the arena the "follow"
response was significantly correlated with the age of the
workers from which the glands were excised (r = .95,
p< .01). The trend in Figure 5 is unmistakeable. Re= - -
sponses toward 8- to 1l2-week o0lds gdid not differ signifi-
cantly.. With the exception of 9-week olds, they also did
not differ significantly from the S5-month olds. In general,
the poison gland trails from this older group elicited sig-
nificantly more follow.responses than trails from those
younger than 7 weeks (F = 27.7, p £ .0001, N-K test).
Glands from newly eclosed callows, the l-day olds, elicited
significantly less response than all the othér age groups.
Follow responsés to poison gland trails frbm the 3~ to T7-
week olds did not differ significantly.

The initial reaction from the outside workers in the
arena was one of general alarm. They swarmed on.the con-
struction paper and ran about excitedly for abouf 30
seconds before settling down to following the trail.

Discussion

As hardness of the exoskeleton, volume of the poison

gland reservoir, and concomitant effect of the trail pher-

omone on outside workers increases, the general state of
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Figure 5. Response of foragers to poison gland

alarm/trail pheromone taken from selected age groups.
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the ovaries goes into eventual decline. 1In géﬁeral, the
sizes and number of eggs increase up through the 4% week,
remain felatively the same for anofher 4 weeks, and thén
degenerate. The volume of the.poison gland reservoir
'plateaus at about the same time as do the number and siges
of eggs, and remains at approximately that volume for a
similar period-éf time, that is, from about the 4% through
fhe 8% week. It then grows noticeably in size as the
ovaries are degenerating.

The decliﬁe in_the ovaries begins around the 6% week,
during a time when the dbmestics are in a transitional be-
havioral stage similar to that which Lenoir (1979) found

for Tapinoma erraticum. At this stage the young workers

spend mést of their time in the nest seemingly at rest and
having little contactr;ith the brood. Lenoir writes that
they are ready to respond to any colony need, whether
brood tending or foraging, during this transition to per-
manent forager (outside worker).

In N. albisetosus, the periods of developing, ripe, and

degenerating ovaries correspond with those of Formica
polyctena (Otto, 1958). Purther, I have done pilot studies
- which corroborate other interesting findings by Otto: when

kept without protein or older workers, ovaries will also
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fail fo develop. At 3 weeks of age, for example, a group
of 15 domestics kept without protein'had an average of 10
eggs each, approximately half the amount in the present
gtudy. In aﬁother study, whgre the number of subjects was
small, the number of eggs from age groups kept without
older workers seem considerably less than for the same age
groups in the present study. |

As the poison gland reservoir increases in size, its
contents affect a greater number of foragers in the arena;
that the follow response also increases during that time
.when the reservoir remains relatively the same size indi-
cates that the quality of the phercmone it contains may be
changing, too. As H8lldobler et al. (1978) found, the
workers first responded to the pheromone with alarm before
settling down to a few minutes of trail following. As in
Holldobler's study, I also found the pheromone to be vol-
atile and short-lived: after 5 minutes, trail following
virtually ceased. To the pheromone taken from the youngest
callows, however, there was little or no response either
of an alarm or a trail following nature.

The hardness of the exoskeleton increases steadily up
through 5 weeks, by which time pigmentation is close enough

to that of mature adults to make it difficult to tell them
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apart on the basis of color. For the next 3 weeks, the
rate of hardening slows dramatically. After the 8t week
there is a spurt of hardening corresponding with a develop-
mentél stage founq by McDonald and Topoff (1985) to be that
time when the domestics become outside workers, spending
half of their time outside the nest. This final hardening
may be prompted by exposure to driei air outside the nest.
In the field, ultra-violet radiation from the intense
desert sunlight may also hasten darkening pigmentation and

hardening of the exoskeleton.
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General Discussion

That temporal polyethism can be altered according to
the negds of the colony is not new to this dissertation
(Sudd, 1967). But "colony needs" has never been a helpful
construct in understanding the behavioral dévelopment of
workers in an ant colony. Simply citing hunger as a gen-
eral colony need inducing ants to forage, for example,
would not have led to the conclusion that there are at least
two clusters of stimuli coming from the larvae to which
workers of different ages have different thresholds.

We can now try to ascertain the nature and sources of
those stimuli and the sensitivity of those thresholds. For
example, I have repeated the larval chemotactile expepiment
from Part I of this study, using fewer domestics, with the
result of increasing domestic time spent outside. It will
be interesting to see if contact with the posterior ends
of the larvae have a similar effect on different numbers
of developing domesties. Larval-worker trophalactic ex-
changes and their effects on ontogenetic processes in
social organization should be a promising area of research.

As a second example, I have replicated the outside-
worker removal condition using different numbers and ratios

of brood and varying amounts of food, including none, and
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have not been able to accelerate behavioral development to
outside worker levels in much under 2 weeks. It is inter-
esting to note that this is agout the limitvthat N. albise-
tosus stays alive with water and little or no food. As
such it may be ;.hedge on the urgeﬁcy of an incipient col-
ony's neéd to have the callows forage at an age when they
are most likely to die in the process. The flexibiiity of
temporai polyethism, then, may be robted in the exigencies
of an incipient colony: skittish, stunted, initial workers
(referred to as nanitic workers by Oster and Wiléon, l978)
must ‘forage at an early age, much earlier than they would
in an older, larger colony where temporal polyethism may
give the appearance of being less flexible.

Brood stimulation must combine with a hbst of other
stimuli in the process of behavioral development. When do;-
esties begin to leave the nest they eventually experience
daylight. It is known that some ants, as they age, become
slightly phototaxic, thereby reversing their preference
when younger. Once outside, they forage, defend, learn
local topography, patrol, excavate, and rest--all activities
which keep them away from the brood. Further, the queen and
brood ofter feed om trophic eggs from the domestics.

Workers whose eggs have undergone resorption may have less
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to do with queen and brood because of this., Certainly, the

Novomessor queen, which feeds largely on workers' eggs,

would 5e less well taken care of by a worker which.could
not provide trophic eggs. When the behavioral development
of callows is accelerated in the absence of outside workers,
it may be in part because of the earlier degeneration and
resorption of their eggs. Without their eggs they would
have less to offer the brood and queen by way of direct con-
tact; they would thus behave more like outside workers with
their absenée of brood and queen contact.

Evidence from this study indicates that there is less
flexibility in the development of defensive behavior than
in those behaviors associated with the development of domes=-
tics into outside workers. Oster and Wilson (1978) make a
good case for the timidity of nanitie workers and why they
avoid aggfessive encounteréf The loss of five workers from
a colony of thousands may be well worth the price if it
keeps enemy scouts frbm their territory; the loss of five
from an incipient colony of ten could very likely be fatal
to the colony. Oster and Wilson argue ergonomics-—-gain and
loss, cost and efficiency.:

Callows which are not nanitic, however, and are part of

a larger colony in which there are many other age groups
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are much less timid and will attack when they are 4 weeks
old, buf given a choice they will flee. Even in the in-
stances when younger workers attacked army ants, it was
always the older'workers which first poured from the nest
entrance to set upon their adversaries.

The usual wisdom in cases of defensive behavior in the
face of predators has been that these behaviors are less
modifiable than others because s=o often'they must be per-
formed properly the first time they are needed. Death may
otherwise be fhe result. Certainly older outside workers
are more efficient killers than the young domestics: army
ant injury and mortality was higher in confrontations with
the older age groups.

That the early appearance of attack in significant num-
bers didn't happen in the field colony until the 4% to 5t
weeks of age may have something to do with the hardness of
the domestics' exoskeleta. Recall that between about 5 and
8 weeks there is no statistically significant hardening of
the exoskeleton. It may be assumed, then, that some 4-week
olds are as able as 8-week olds to resist an army ant's
stings and bites. (Though army ants seem to go for joints
when stinging, they will immobilize young callows by sting-

ing through their thoracic exoskeleta). If a 4-week old's



131

mandibular muscles are as developed as those of 8-week
olds, both may be equally capable of defending the nest.
It will be remembered that some time during these weeks, do-

mestics of N. albisetosus go through a transitional behav-

ioral period when thay begin to spend less time on the brood
and become more available for outside work. One such out-
side task might be defense, but it took an exceptional ef-
fort to make this behavior surface at such an early age:
eight confrontations with thousands of army ants over 3
weeks. These fofced, prolonged exposures to the dry Arizona
air may have hastened the hardening of those domestics' ex-
oskeleta, which may have made them even more available for
aggressive defense.

The effect of the trail pheromone on foragers in the
arena increased with the age of the group of poison gland
donors. Tﬁis>evidence indicates that callows would make in-
efficient foragers if their trails were too weak or short-
lived té follow. However, it is clear that they will for-
age at an early ageAin the absence of older workers. An
interesting observation regarding their early efforts is
that the domestics used tactile cues more than do outside
workers. They hugged the periphery of the arena and touched

the Lucite walls with their antennae. Initially, they
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raided the midden pile against a wall of the arena and used
this for food. PFresh food lay out in the sand within a few
centimeters of the nest entrance. When going out intoc open
sandj areas they explored cautiously, and there was no re-
cruitment to the food when one of them found it. E;ch
worker had to come across the food - on her owﬁ. They could
forage, but it wasn't efficient. Evidently, however, the
work gets done: Out in nature all Novomessof colonies begin
this way.

The changes in the hardnesé of the exoskeleton, size of
the poison gland reservoir, effect of the trail pheromone,
and‘state of the ovaries all occur during concomitant be-
havidral changes. These phenomena do not occur separately,
but as a dynamic complex'of developmental procesées. Cer-
tainly in the case of the ovaries, development can be af-
fected by social changes in the colony. And in one ihter-
esting development, where I replicated part of the larval
chemotactile manipulafion, the exoskeleta failed to harden
and darken on a group of six domestics after 3 months.

They were as soft to the touch as week o0ld callows, and in
every way appeared as such; yet, upon checking, their ova- .
ries had been almost totally resorbed. In behavioral de-

velopment they were somewhat like 6- or 7-week olds.
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But given all the complexity in the behavioral develop-

ment of N. albisetosus, this study has shown that brood
stimulation is.a major proximal causation‘underlying the
social bqus of the colony. As such, it is an extension of
T C. Schneirla‘s.work. Schneirla (1957) formulated a
brood stimulation theory to account for the nomadic-statary
cycle in army ants. The cycle is strongly correlated with
a synchronized pattern of brood development. But brood
stimulation apparently also underlies behavioral develop-

ment in N. albigetosus, an ant species not closély related

to the Dorylines, and definitely not nomadic. It seems
likely, however that a stimulation so powerful as to cause
such a noticeable_change in the social behavior of an army
ant colony, would be available in some form to other species
of ants as well, since all are subject to stimulation from
larvae and eclosion. Such stimulation, of coﬁrse, would be
manifest in a species typical manner; but I think that
brood stimulation may prove to underlie the social bonds;
by way of behavioral development, of most ant species and

other social hymenopterans as well.
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