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Abstract

In these studies a quantitative analysis of agonistic (fighting) behavior in lobsters
in presented as a first step in our attempt to relate patterns of behavior to under-
lying neurobiological mechanisms. The agonistic behavior of juvenile American
lobsters (Homarus americanus L.) was studied in laboratory tanks at the New
England Aquarium. Using video analyses and statistical techniques: (1) an etho-
gram of agonistic behavior was constructed; and (2) the temporal structure of the
behavior was identified. We demonstrated that fighting in juvenile lobsters pro-
ceeds according to strict rules of conduct. All animals exhibit six common
behavioral patterns in a stereotypical manner. A temporal sequence of these pat-
terns was evident, representing an increase in intensity during confrontations.
The typical scenario of an encounter begins with extensive threat displays upon
first contact, continues with periods of ritualized aggression and restrained use of
the claws, and terminates in a brief session of unrestrained combat. Predictions
of game theory (i.e. assessment strategies) provide a useful framework for the
understanding of fighting in lobsters. The presence of a highly structured behav-
ioral system may reduce the potential for damage in fights among conspecifics,
and may prove useful in attempts to study the neurobiological causes of complex
behavioral patterns such as aggression.
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nant animals [Livingston et al., 1980). The individual sero-
tonin- and octopamine-containing neurons likely to be im-

The amines serotonin and octopamine may be intimately
involved in agonistic behavior in lobsters [Kravitz, 1988].
The present investigation stems from observations that pos-
tural components of dominance, closely resembling those
seen in lobsters during agonistic encounters, are triggered
by injection of two amines; serotonin injection generates
stances similar to that of dominant animals, octopamine
injection results in a posture commonly seen in subdomi-

portant in postural regulation have been identified in the
ventral nerve cord of lobsters [Beltz and Kravitz, 1987; Ma
et al,, 1992: Schneider et al., 1993], and the physiological
properties of the serotonin-containing cells have been stud-
ied extensively. These neurons serve as ‘gain-setters’, am-
plifying the output of circuitries involved in generating the
elevated stance characteristic of dominant animals [Ma et
al.,, 1992].
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The next challenging phase of these studies is to attempt
to relate the neurobiological studies to behavior. A first-
order question is whether linkages exist between the func-
tioning of amine neurons and the appearance or mainte-
nance of agonistic behavioral patterns. To begin studies
exploring such linkages, it is necessary to quantify the be-
havior. Quantification would allow us (1) to utilize animals
of precisely defined behavioral status in neuropliysiologi-
cal, biochemical and molecular genetic analyses of neuro-
nal function; and (2) to utilize pharmacological reagents to
manipulate the concentration; metabolism, or actions of
amines, in order to search for associated changes in be-
havior.

In lobsters. as in other decapod crustaceans, the ability
to dominate conspecifics plays a vital role in their biology.
Lobsters. therefore. are good animals for studies of agonis-
tic behavior. Dominance behavior has been studied in cray-
fish [Bruski and Dunham, 1987), stomatopods [Caldwell,
1979], prawns [Evans and Shehadi-Moacdich, 1988], spiny
iobsters [Cobb. 19807, and the American lobster used in our
studies [Scrivener. 1971]. In American lobsters, agonistic
encounters are used for the acquisition and defense of shel-
ters, which are necessary to avoid predation, and to gain
access to food and mates [Hyatt, 1983; Atema. 1986]. The
acquisition of protective shelter is particularly important for
early juveniles. because attacks by benthic predators are
common during the first year of life [Lavalli and Barshaw.
1986; Barshaw and Lavalli, 1988). Many aspects of the
biology of juvenile lobsters may be interpreted as adap-
tations to this quest for shelter. Young animals usually
occupy solitary burrows [Barshaw and Bryant-Rich, 1988]
where plankton. drawn into the burrows via self-generated
currents. is an important source of food {Lavalli and Bar-
shaw, 1989; Lavalli and Factor, 1992]. Fighting behavior
inevitably results when two juveniles are introduced into a
common space. Staged encounters between lobsters lead to
fights of varying length and intensity. Asymmetries in size.
sex, molt state. physical condition. and prior experience
serve as predictors of success in these contests [review in
Atema and Cobb. 1980]. In general. with decapods. con-
frontations are more likely to escalate if combatants are

closely imatched in these factors {c.f. Hazlett. 1968; Scrive-

ner. 1971 Caldwell and Dingle, 1979; Evans and Shehadi-
Moacdieh, 1988]. Physical combat often is preceeded by
extensive and conspicuous threat displays or ritualized
combat, ie. routines during which the use of damaging
weapons is avoided or restricted to harmless maneuvers
[(Tmmelmann and Beer. 1989}. Game Theory predicts that
agonistic behavior may provide an assessment of an oppo-
nents fighting ability [Parker. 1974] while effectively

reducing the risk of injury to both combatants. A close
examination of aggressive encounters in lobsters, where
opponents easily can inflict injury, may provide insights
into the behavioral mechanisms that effectively reduce the
dangers of weapons such as claws.

The goat of this study is to provide a detailed account of
the fighting behavior of juvenile lobsters. Such an account
may serve as a general framework for further neurobiolog-
ical investigations into the proximate causation of this
behavior. With the use of quantitative methodology we
derive an ethogram of the agonistic behavior of juvenile
lobsters, identifying" different aspects of fighting behavior
in this species. First we dissociate agonistic behavior into a
series of distinct, fundamental elements (i.e. basic motor
actions), the occurrence of which can be identified refiably
by different observers. Next we identify the behavioral pat-
terns (combinations of the fundamental elements) charac-
teristic of aggressive interactions and summarize these
results in an ethogram, Then we consider the temporal
structure of the agonistic patterns during such encounters.
Finally, we evaluate the stability and similarity of the
behavior among different animals, or in the same animal on
different days.

Materials and Methods

American [obsters of known age. sex. and molt slage are raised
under controlled environmental conditions at the Edgerton Research
Laboratory. New England Aquarium (Boston. Mass.. USAJ. They are
maintained at steady temperatures (15-20 °C) with a light:dark cycle
of 14 h light: 10 h dark in a large sea-water system. Egg-bearing lob-
sters are collected by local fishermen in the summer and fall of the
year and kept in communat tanks at the aguarium at low lemperature
(10 °C) to slow the rate of embryonic development. On a six week
cycle, single egg-bearing females are transferred to ligher tempera-
ture tanks (20-25 °C) for hatching, Larvae are hatched in the labora-
tory and raised communaily untit Stage IV when they begintosetile to
the substrate. At that time, animals are transferred to individual plas-
tic cups supphied with their own water inflow and containing a smali
shelter. They are fed a mixed diet of mussels. clams. sguid, shrimp.
brine shrimp. and fish. All animals used in this siudy were Jjuveniles
without previous agonistic experience (for descriptive statistics see
table [). Carapace length ranged from 2~5 cm and animals were be-
tween 6 months to 1.5 years old.

Experimental Conditions

Observations were conducted in tanks (43x 20 cm) partitioned by
a removable divider into two adjacent compartments, each of which
conlained a small shelter. Ten pairs of animals which had not previ-
ously fought with u conspecific were closely matched in terms of size
and molt state. to reduce overt asymmetries and to foster conditions
for escalated fights. Only animals in molt states €. DO and D1 [Atken.
1973] were used. Matched pairs of animals were placed into the obser-
viition tank. one lobster per compurtment. Following an acclimation




Table 1. Weight {in grams) and sex of juvenile animais used in this study and summary information on the interaction of each pair on days

land 2
Pair Animal A Animal B Day 1 Day 2
weight sex weight sex N Ng bouts win N N; bouts  win

1 2.63 M 2.63 F 473 99 1 B 180 3 1 B
2 2.03 F 212 F 269 7 1 B 509 183 2 B
3 9.78 M 9.91 M 395 140 1 B 252 0 I B
4 8.08 F 7.66 F 306 62 ! A 249 1 1 A
5 3.62 F 312 F 377 61 2 A 252 0 I A
6 13.62 F 13.41 M 720 164 5 B 720 108 4 B
7 7.67 F 6.90 M 479 6 2 A 263 2 1 A
8 14.32 F 16.11 M 720 161 7 B 521 76 3 B
9 13.35 F 12.82 M 720 345 3 A 325 78 1 A

10 22.50 M 22.00 M 468 80 3 A 720 279 7 A

N indicates the total number of observation intervals quantified. and N, the number of observation intervals in which both animals exhibited

approach-oriented agonistic behavior.

period of at least 24 h. the divider and the sheliers were removed. All
subsequent interactions were recorded on vidcotape, using a video
camera {Panasonic WV-3260) that placed 1 time display on the video-
tape. Encounters began between 09:00 and 12:00 h. and continued for
I'h or uniil one animal retreated consistently for 20 min. Preliminary
observations suggested that a 20 min cut-oft time reduced the chances
of physical damage to losers who failed to withdraw from winners
after repeated 1ailflips to escape. Test studies showed aiso that ence
established. a dominance relationship was rarely reversed or chal-
lenged for the next hour if it had been established for 20 min. At the
end of an encounter. the recording was stopped and the opponents
were separated into their original compartments with the divider. The
following day the same two animals were subjected to an identical
experimental protocol.

Collection of Dara

*Aggression’ has been defined in various ways in both the popular
and scientific literature (Johnson. 1972]. In this study. we use the more-
precise term ‘agonistic behavior’. Agonistic behavior is the set of pat-
terns that share a common function: adjustment to sitvations of con-
flict among conspecifics. It includes threat. submission. chases, and
physical combat [Drickamer and Vessey. 1982]. Two categories of
agonistic behavior are distinguished: (1) approach-oriented agonistic
behavior (approach behavior) - alt patterns of agonistic behavior that
direct an animal towards an opponent: and (2) avoidance-oriented
agonistic behavior (avoidance behavior) — all patterns thar steer un
animad away from an opponent.

The behavior was quantified from the videotape recordings in the
foHowing way. The 101l observation period. monitored separately for
each animal, was divided into five-second segments: during each of
these segments the occurrence of 17 behuvioral variables was re-
corded. For every interval we noted whether ah animal was within one
body length of the other and whether 16 fundamental motor actions
were present or absent {table 2). The success of such an analysis
depends on the selection of an appropriste set of variables, In these
experiments the selection was based on previous descriptions of ago-

nistic behavior in American lobsters [Scrivener. 1971] und crayfish
{Dingle. [969: Bruski and Dunham. 1987} and on observations of a
preliminary series of 50 interactions conducted in our laboratery. In
choosing the variables, we attempted to dissociate behavioral actions
into discrete elements that could be reliably and consistentty identi-
fied by different observers. Staged encounters in lobsters usually fea-
ture one or several periods in which both animals exhibit approach-
oriented agonistic behavior. Such periods are called bouts and ure
separated by periods of no contact or of avoidance behavior by one or
the other of the combatants [Scrivener. 1971: Atema and Cobb, 1980).
A bout begins when both lobsters initiate approach behavior. The end
of a bout is defined operationally as the time following which neither
animal shows approach behavior for at least 5 min. The anaiysis of
fighting behavior is restricted to contested periods (the bouts). In sev-
eral experiments, a dominance relationship was established in less
than 4 min (table 1). Such short encounters were excluded from the
anaiysis. Hence, analyses were conducted on a restricted data set of
3.711 observation intervals comaining data for {8 animals.

Hdentification of Agonistic Behavioral Patterns

Certain of the 17 variables we measure may occur together in dis-
tinct _groupings that comprise more complex behavioral patterns.
Those actions that repeatedly occur together in single 5 s intervals
may be associated to form such putterns. To evaluate the co-occur-
rence of several variables statistically. two independent quantitative
approaches were used: (i) Jaccrd's similarity measure [Procedure
PROXIMITIES: SPSS Inc.. 19887 and (i) principal components anal-
ysis [Procedure FACTOR: SPSS Inc.. 1988].

{i)- Jaccard’s similarity measure (i.e.. the similarity ratio) is
designed to detect relationships mmong "items’ based on 1he presence
or absence of a set of variables (a. b).

Jaccard similarity measure (x, y) =

Y (anndb)
T (onlya)+ 2 (onlyb)+ ¥ (aandh)
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Table 2. The presence or absence of the following behavioral elements was quantified for each five second interval

A lobster advances towards an opponent slowly (<1 body length/sec) reducing the distance between the animals 1o

Approach
tess than [ body length
Lunge Similar to approach. but advance towards the opponent is rapid (>1 body fengih/sec)
Retreat An animal moves or turns away from an opponent
Tailflip An escape response during which a rapid contraction of the abdomen propels a lobster backwards
Body up The body ts raised high above the substrate on fully extended walking legs
Claw up One or both claws are lifted high above the horizontal and extended laterally
Claw down One or both claws are pointed straight down towards the substrate

Claw touch closed
Claw touch open

An animal touches the opponent with closed claws
A lobster touches an opponent with open claws

Claw grasp A lobster uses its claw to grab an appendage of the opponent
Claw rip A rapid motion in which an animal grasps the opponent and pulls ar it quickly
Claw strike A lobster strikes towards the opponent with one or both of its claws

Pushing, pulling
Antennae up
Antennae tap
Antennae whipping

An animal attempts to displace the other through pushing or pulling using walking legs and pleopods

Both antennae are pointed straight up and away from the opponent

In a single motion. an antenna is rapidly swept downwards over the anterior portion of the thorax of the opponent
One or both antennae vigorously and repeatedly lash the opponent in rapid sequence

Here it is used to identify frequent co-occurtences of two motor
actions. by comparing the likelihood that the actions occur together to
the liketihood thut each action occurs without the other in a given
observation interval. The similarity measure ignores instances in
which both actions are absent from the data set. A similarity measure
is calculated for every possible pair of variables, and the measures are
summarized in the form of a similarity matrix.

{ii) Principal components analysis (PCA). is « method of {actor
analysis that has been shown to be un appropriate tool for behavioral
investigations [Lisak and Roth. [988: Temoshok et ai.. 1988: Bou-
chard and Lynch, 1989]. We used this form of factor analysis as an
alternative to Juccard's similarity measure: (1) to identifyv the underly-
ing components or ‘factors’ that explain the correlation between sets of
variables: (2) to summarize a farge number of variables with a smaller
number of “derived” variables: and (3) 10 determine the number of
dimensions required to economically represent a complex set of vari-
ables [Sokal and Rohif, 1981: SPSS Inc., 1988]. The binary represen-
tation of behavioral variables we use in these studies cannot show a
normal distribution, Despite this limitation, principal components
analysis is used since it is a robust statistical procedure that is insensi-
tive to violation of this requirement. The Kaiser-Meyer-Olkin mea-
sure of sampling adequacy and Bartleit's test of sphericity also were
utilized 1o evatuate the applicability of principal components analvsis.
A low value (< 0.5) for the Kaiser-Meyer-Olkin measure of sampling
adequacy indicates that a factor analysis may not be appropriate. since
correlations between pairs of variables cannot be explained by the
other variables [Kaiser, 1974]. Furthermore. a factor analysis may not
be valid unless Bartlew's test of sphericity proves significant, thereby
indicating that the variables correlate sufficiemly well with each other
ISPSS Inc.. 1988]. Our data justify the use of this type of analysis.
since Burtlett’s Test of Sphericity (X* = 6383.2: p<<0.001) was sig-
nificant and the Kaiser-Meyer-Olkin measure of sampling adeguacy,
although low, was in an acceptuble range (total matrix sampling
adequacy = 0.62).

The identification of non-random temporal associations between
the behavioral patterns is of interest in order o detect whether there is
4 sequence to the behavior und to determine whether the levels of

intensity escalate during a fight. The analysis of pattems of change
over time has been summarized in a recent review [Gottmian and Roy.
£9901]. In these studies we construct transition matrices by tabulating
all instances in which one behavioral pattern (i.e., one state) leads 1o
another, All of the observation intervals also are ussigned to 1 of 5 cat-
egories representing a sequence of increasing intensity of fighting: (1)
no agonistic behavior: (2) no physical contact: {3) physical contact bus
claws not used to grasp the opponent: (4) claws grasp the opponent:
and (5} unrestrained use of claws with striking and ripping. To evalu-
ate whether the transitions between the stales or the lighting inten-
sities are random. or whether certain ransitions are more or less likely
to occur than others. likelihood-ratio tests (G-statistics) are applied. In
the cases in which the overall matrix shows significance. cefl-wise
examinations (Freeman-Tukey deviates) are performed to identify the
cells that brought about the significance.

The different matrices (i.e. Jaccard's similacity matrix, the matrix
of factor loadings from the principal components analysis. the trans-
ition matrix} represent ‘snapshots” of the patterns present in agonistic
behavior, and a separate snapshot is derived for each animal on each
day. The similasity in fighting behavior between animals {or in the
sume animal on different diays) can be evaluated statistically using
Mantel Matrix procedures 10 test for homogeneity of the matrices.
This nonparametric technique compares 1wo or more matrices [Man-
tek. 1967: Schnell et al.. 19857 and evaluates the statistical association
between the calculations of interanimal distances based on one behav-
toral characteristic with that calculated from a second behavioral
characteristic. ’

Results

Behaviorally naive juvenile lobsters readily engage in
agonistic encounters. Although no two encounters are iden-
tical. a general description is possible (fig. 1). When ani-
mals approach each other. both engage in a variety of threat

-}
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Fig. 1. Digitized images of behavior pitterns observed during agonistic interactions of American lobsters: A Merul
spread: B and € wresting: D reaching: E retreat: F dominant and sub-dominant stances.

displays with little physical contact: the most common dis-
pldy is "meral spread’ [Dingle. 19691, In a highly ritualized
aspect of lobster fighting. animals tash each other with
their antennae ("do-si-do’). Next comes a stage featuring re-
strained physical contact in which opponents touch each
other with claws that are mostly Kept in a closed position.
They repeatedly stretch their claws fur apart as if meusuring
each others span (‘reaching’). It the fight continues. the
opponents lock claws and attempt to displace each other by
pulling or pushing. They also attempt to lift their opponent

off the substrate und turn it onto its back. In many cases. the
outcome of the encounter is decided during these initial
stages. thereby avoiding the physical injury that can result
from the later. more violent stages of conflict. If no deci-
sion is reached. however. the intensity of the tight increases
dramatically. The last phase is usually short in duration.
with both animals making extensive and unrestrained use of
their claws, They grasp the antennae. chelipeds. or legs and
attempt to tear those appendages from the opponent. In
Juvenile animals this ripping motion is amplified by the use
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of short, upward directed tail flips, which keep the animals
in close proximity. After a time, one animal retreats. and
sometimes remains in place in a comer of the tank. The
other animal initiates further bouts until the ‘loser’ consis-
tently retreats from the advances of the ‘winner’. Qn aver-
age the bouts last approximately 10 min on the first day
(114 five-second observation intervals; mean + SEM = 368
157 s). and 6 min on the second (73 intervals:
mean * SEM = 365£151 s) (table 1). This difference was
not statistically significant (Wilcoxon %?= 1.85 or Nonmal
Quantiles ¢*=2.02; df = 1; p> 0.05).

Classification of the Agonistic Behavioral Patrerns

A matrix of Jaccard’s similarity measures is calculated
for each animal on each day summarizing the probability of
finding any two actions co-occurring within a five-second
observation interval (fig.2). As can be seen in the matrix.
the actions of lifting the claws, standing in an elevated pos-
ture and pointing the antennae up often appear together and
may comprise a group, while pointing the antennae up and
lowering the claws rarely co-occur. Principal components
analysis (PCA) of the same data set indicates that certain
motor actions appear to be grouped (fig. 3). Six commonly
observed behavioral patterns can be derived from the PCA.
cumulatively accounting for 7% of the data. A detailed
description of these 6 behavioral patterns is produced by
the matrix of factor loadings after Varimax rotation (fig. 3).
Each factor loading represents a measure of correlation

between an original variable (e.g. body up) and a derived
factor (e.g. behavioral pattern or factor I). A high positive
value' indicates that a motor action is part of the composite
pattern, whereas a high negative value suggests that the
motor action rarely occurs in the derived behavioral pattern.
For example. in the first behavioral pattern (factor 1) an ani-
mal stands high on its walking legs. the antennae are point-
ing straight up and back. and the claws are held elevated
and may touch the opponent. This pattern of behavior.
called meral spread, has been observed previously in lob-
sters and in other decapod crustaceans [Dingle, 1969:
Scrivener, 1971). In the behavioral pattern described by
factor II (wrestling), animals grasp the claws of the oppo-
nent and attempt to displace each other by pushing or pull-
ing. while maintaining the antennae pointing straight up
and back. The third pattern. do-si-do. is characterized by
one animal standing high on its walking legs. pointing its
claws straight downward. approaching the opponent. and
whipping the opponent with its antennae. while the other
animal retreats in a lowered posture. The animals may
reverse roles in this interesting ‘dance step’. The other be-
havioral patterns are represented by single quantified vari-
ables: (IV) retreat: (V) antenna tap: and (VI) strike and rip.

'Ratings for the magnitude of the factor loadings follow Comrey (1973
A factor loading of 0.71 or above can be considered excellent. 0.63 is
very good. (1535 is good. 0.45 is fair. and 0.32 is poor. The syuare ot the
factor foading represents a measure of the amount of variance in common
hetween the variable and the factor,
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Claws Down (.24 Z002 0877 0.25 0.15 0.10
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Fig. 4. Levels of significance for all possible comparisons of the fighting behavior observed during different ex-
periments. Mantel's matrix procedures were performed to relate the behavior pattern matrix (BPM)} of an individual on
a particular day. with its BPM on other days (e.g.. the 11/1 to 11/2 comparison) as well as to the BPM of afl other indi-
viduals on any days (e.g.. the 1/1 to 3/] comparison). Data for 1/2 (i.e. individual | - animal A of pair | - onday 2).
2/2 (i.e. individual 2 — animal B of pair | ~ on day 2), 3/1, 4/1. 5/2, 6/2. 7/2. 8/2. 9/2. 10/2. 13/1. 13/2. 140, 1472,
15/2, 18/2. 20/1 and 20/2 were excluded due 1o smal} sample size. Twenty-four comparisons were non-significant (ns).
19 comparisons were significant at 0.05= p>0.01(%). 42 were significant at 0.01 = p>0.00) (**). and 168 ut
0.001 = p (***}. The expected outcome for 253 comparisons at P=0.05 is 13 tests significant by chance alone. The
actual total of 229 significant comparisons is considerably higher than that, indicating strong homogeneity among all
behavior matrices. ’
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days combined. The lower left triangle con- 05-06 Claws U
tains similarity measures for all possible pair- 06.07 | 221 910]050)010] 064] 004 02) 036 P
wise comparisons. The probability that any 07.08 | 002| 00s] 026] 005| 010] 0011 049 0.06| 00w Push /Pull
two actions are found Together within an 08.09 0.06] 0061 0171 007] 0.20] 009 0031 019! 418! 003 Retreat
observation interval (3 S)‘IS indicated grap.hl- 09-10 | 6o3| 002l 05| 00 | 005} 001 | 0.081 605 | 0,05 002 002 Strike / Rip
cally by the darkness of the corresponding
box in the upper right triangle.

Similarities in Agonistic Behavior between Different

Animals and within Animals on Different Days

[f agonistic behavior in lobsters is composed of stereo-
typical components shown by all animals in all encounters.
then the patterns seen on similarity matrices should bear a
statistically significant relationship to each other. Mantel's
Matrix Procedure identified highly significant levels of
hormogeneity among the matrices (fig. 4). Of 253 compari-
sons made. 229 were significant at p=<0.05 (chance alone
would predict that 13 of the 253 comparisons would be sig-
nificant at that level). Since the matrices were homogene-
ous, the data of all the animails were grouped together to
construct an overall similarity matrix (fig.5). The grouped
data bear a striking similarity to the single animal data, pro-
viding a further demonstration of the stereotypy in these
patterns of behavior.

The Sequential Analysis of Agonistic Behavior 7

A likelihood-ratio test {G-statisticy on the transitions
between the 6 behavioral patterns proved highly significant
(likelithood ratio x°=255.5; df = 25: p<0.001), suggesting
the existence of a clear temporal sequence to the fights.
Subsequent cell-by-cell analysis identified the transitions
primarily responsible for the overall significance (fig. 6b).
For example, animais often go from no agonistic behavior
to displays like meral spread, but they rarely switch from
no agonistic behavior to wrestling. :

Most behavioral patterns do not result in damage to an
opponent. An analysis of behavioral intensities showed that
agonistic encounters predominantly were made up of elab-
orate threat displays, accounting for 84% of the fighting
time. This included observation intervals without physical
contact (1,139 intervals, 31%), ritualized fighting without
grasping the opponent (1,029 intervals, 28%), and grasping
the opponent without striking and ripping (918 intervals.
25%). Animals made unrestrained use of their claws for
striking and ripping during only 4% of the fighting time
(147 intervals). A sequential analysis of intensity categories
also proved significant and demonstrated an increase in
intensity during an encounter. A subsequent celi-wise ex-
amination demonstrated that transitions are more likely to
occur between categories of similar intensity and less likely
to occur between categories that are dissimilar (fig. 7).

Discussion

'The application of multivariate statistical techniques has
allowed us to generate a quantitative description and char-
acterization of agonistic behavior in lobsters. In a probabil-
istic sense, several features of aggressive encounters are
shown to be stmilar for all animals on all days. This allows
us to make claims concerning their ‘typical’ or ‘usual’
appearance and enhances the utility of the behavioral assay
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Fig. 6. Summary of non-random sequen-
tial associations among agonistic behavior
patterns identified by cell-wise examination
of a significant transition matrix (likelihood
ratio 7°=2555; df=25; p=0.001). Free- B ,
man-Tukey deviates exceeding 1.533 [Sokal Wrestling i
and Rohif, 1981] indicate transitions occur- / T,
ring more frequently than expected by chance W "f:
alone and values less than —1.533 indicate
transitions found less frequently than ex- Antenna Tap
pected. Dark und light shading indicate posi- é .
tive and negative associations, respectively. %
A Freeman-Tukey deviates for all cells of the Meral Spread ;
transition matrix. B Behavioral sequence dia- Do-si-do
gram summarizing the results of the Free- K ﬂ V4
man-Tukey analysis. Dark lines with arrow P-4
heads indicate transitions that occur more . .
often than expected. light lines with round No Agonistic Behavior et Rewreat
heuds mark transitions that were found less %
often than predicted,

in future attempts to relate the behavior to its underlying
neurobiological mechanisms. The analysis does not say that
all components of all patterns are invariably present during
agonistic interactions. For example. meral spread (fig. la) is
a complex display utilizing several different motor ele-
ments. but it will not be composed of all the elements in
every instance.

The success of the methods of analysis utilized here
depends on an adequate choice of the quantified elements.
Problems can arise when elements are quantified that are
mutually exclusive within an observation interval, resulting
in an elevated degree of homogeneity (e.g.. animals cannot
approach and withdraw from an animal at the same time).

The severity of this problem can be Judged by examining
the factor matrix for an abundance of high negative load-
ings. Similarly, this approach yields diminishing returns if
all the quantified variables are elements that necessarily
occur together in the same behavior. Neither of these poten-
tial sources of error proved a significant problem in our
analyses. This study emphasizes the need to take the multi-
variate nature of aggression into account. To adequarely
represent agonistic behavior in lobsters. it must be charac-
terized as a multidimensional profile, with axes represent-
ing each behavioral pattern identified by the factor analysis.

The resuits show that agonistic behavior of juveniie
American lobsters is a highly structured behavioral system.
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tial associations among intensity levels iden-
tified by ceil-wise examination of a signifi-
cant {ransition matrix  (likelihood ratio
X°=25535: df=25: p=0.001). Freeman-
Tukey deviates exceeding 1.533 [Sokal and
Rohl!f, 1981} indicate transitions occurring
more frequently than expected by chance
alone and values less than —1.533 indicate
transitions found less frequently than ex-
pected. Dark and light shading indicate posi-
tive and negative associations, respectively.
A Freemun-Tukey deviates for all cells of the
transition matrix. B Behavioral sequence dia-
gram summarizing the results of the Free-
man-Tukey analysis, Dark lines with arrow-
heads indicate transitions that occur more
often than expected. light lines with round
heads mark transitions that were found less
often than predicted.
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We have demonstrated a probabilistic occurrence of 6 dif-
ferent agonistic patterns, each one beeing displayed in a
highly stereotypical fashion. During some encounters the
intensity of fighting escalates into short periods of unre-
strained combat. which can result in physical damage to an
opponent. Many species with dangerous and damaging
weapons that can be used in fights among conspecifics,

have evolved mechanisms to diminish the risk of injury.

[Carpenter et al., 1976; Lumsden and Haildobler, 1983:
Davis et al., 1986]. In lobsters, the presence of a highly
structured agonistic behavioral sequence which proceeds
according to strict rules of conduct, probably represents
another example of this.

The results of this study are consistent with the general
predictions presented in the context of Game Theory {Par-
ker, 1974; Parker and Rubinstein, 1981: Maynard-Smith,
1982]. In the presence of a prominent asymmetry, for

example in size, encounters among juvenile lobsters are
quickly resolved. If such asymmetries do not exist, fights
can escalate through various levels of intensity and culmi-
nate in a brief period of unrestrained combat. During differ-
ent stages of the interaction, animals may be assessing each
others fighting potential. Agonistic encounters usually be-
gin with a visual display, the meral spread. This behavior
achieves an increase in the apparent size of an animal
through raising the body high on its walking legs and prom-
inently exhibiting its weaponry [Glass and Huntingford,
1988]. Periods of restrained physical combat (‘do-si-do’,
‘wrestling’) follow in which combatants receive direct in-
formation about each others vigor and stamina in a ‘cheat-
proof’ fashion [Parker, 1974). If none of these acts lead to
withdrawal of a rival, the fight may enter a brief intense
stage during which unrestrained use is made of the claws,
The escalation of agonistic interactions seen in juvenile
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