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Abstract Behavioral changes in fighting and the devel-
opment of dominance relationships were analyzed in
groups of juvenile crayfish (Astacus astacus) using
guantitative behavioral techniques. When individuals
were placed into an aquarium, the number of agonistic
challenges, their mean duration, and maximum intensity
reached were high initially but then decreased steadily as
the hierarchy developed. In al groups, linear hierarchies
emerged which became increasingly stable over time.
Winning influenced subsequent fighting behavior on two
distinct time scales. In the short term, recent winners be-
came progressively less likely to retreat. Second, indi-
viduals occupying dominant positions for days became
increasingly likely to escalate to higher intensities early
in the encounter. Both effects biased the outcome of fu-
ture interactions such that winning enhanced further suc-
cess and losing decreased an individual’s subsequent
chances for dominance.
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Introduction

The fighting behavior of clawed decapod crustaceans has
attracted considerable interest due to conspicuous visual
displays and potentially lethal weaponry (Sastry and
Ehinger 1980). In most instances, a meeting between two
lobsters or crayfish of similar size leads to agonistic in-
teractions, which progressively escalate until one of the
opponents withdraws. A typical escalation advances
through several stages of fight intensity, beginning with
threat displays, ritualized aggression, and restrained use
of the claws, through to brief periods of unrestrained
combat (Jachowski 1974; Glass and Huntingford 1988;
Huber and Kravitz 1995). Fighting success depends on a
variety of factors, such as physical superiority (Ranta
and Lindstrom 1992, 1993; Rutherford et al. 1995; Barki
et a. 1997), dietary effects (Vye et a. 1997), molt stage
(Tamm and Cobb 1978), behavioral strategies (Guiasu
and Dunham 1997), knowledge of resource value (Smith
et a. 1994), and socia experiences such as isolation
(Dunham 1972), prior residence (Figler and Einhorn
1983; Evans and Shehadi-Moacdieh 1988; Peeke et al.
1995), or previous agonistic encounters (Rubenstein and
Hazlett 1974; Burk 1979).

Established dominance relationships between oppo-
nents produce a lasting polarity in the outcome of
agonistic bouts (Francis 1988; Drews 1993). Individual
recognition, an important mechanism underlying domi-
nance in vertebrates (Wilson 1975; Clutton-Brock and
Harvey 1976), produces learned, pair-wise relationships.
Although some decapods may communicate dominance
in this manner (Vannini and Gherardi 1981; Karavanich
and Atema 1998), a recognition of aggressive state un-
doubtedly represents the more common mechanism
(Winston and Jacobson 1978; Copp 1986; Zulandt-
Schneider et a. 1999). At a group level, dyadic relation-
ships combine to form dominance hierarchies (Vannini
and Sardini 1971; Atema and Cobb 1980) which have
generally been found to be stable and (near) linear in
most taxa (Wilson 1975; Schein 1975). An ability to
dominate is commonly attributed to relatively fixed indi-



vidual characteristics, including body size or innate ag-
gressive state (Bovbjerg 1953; Hyatt 1983; Dingle
1983). Although such characteristics may play important
roles if they vary greatly between individuals, their im-
portance is commonly overshadowed by contextual fac-
tors (McBride 1958; King 1965; Francis 1988) and
chance events (Landau 1951; Rushen 1982). Individuals
frequently assume different ranks when identical groups
are repeatedly reconstituted (Guhl 1953; Dugatkin et al.
1994). Furthermore, final social statusis strongly contin-
gent upon the order in which individuals are added to the
group (Landau 1965; Bernstein and Gordon 1980). A
central role appears to be played by social conditioning,
where recent winners become more likely to win a sub-
sequent fight (e.g., Burk 1979; Jackson 1991; Hollis et
al. 1995; Hsu and Wolf 1999), and chances for future
success are reduced in previous losers. Such winner/loser
effects, along with evidence for their underlying physio-
logical mechanisms, have been empirically demonstrated
in many taxa (e.g., Francis 1983; Chase et al. 1994).
Theoretical models suggest that a repeated application
of such a mechanism among initially identical entities
will lead to the formation of linear hierarchies through
self-assembly (Hogeweg 1988; Bonabeau et al. 1995;
Hemelrijk 1996, 1997, 1999). Thus animals losing to an
opponent early in hierarchy formation may likely
achieve only relatively low ranks, while winning early
encounters may predispose individuals to obtain more
dominant positions (Theraulaz et al. 1995). In some taxa,
rank appears to be determined by the incidence of fight-
ing itself rather than by its outcome (Stamps and
Krishnan 1997, 1998). Computer models, in which enti-
ties perform self-reinforcing dominance interactions, in-
dicate that the stability of a hierarchy is an automatic
consequence of a feedback between spatial structure and
the polarization of hierarchical positions (Hemelrijk
19983, 1999). With the differentiation of ranks, some in-
dividuals become permanent losers. As these individuals
flee from all others, the group spaces out and the fre-
guency of aggression decreases. Due to increased risks
of injury, initiations of attack decline further in these ani-
mals, decreasing their opportunities for a rank reversal.
A comparison of different offensive strategies demon-
strated that a “risk-sensitive strategy” (i.e., increased at-
tacks on opponents with lower rank) will increase the de-
gree of unidirectionality of attack as hierarchies differen-
tiate (Hemelrijk 1998b, 2000). In contrast an “ambi-

Table 1 Descriptive statistics for groups of four crayfish each,
used in hierarchy experiments. Groups are listed with their range
of weights, the relative size advantage of the largest opponent
compared to the smallest (Diff.), and the sex composition (M male,
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guity-reducing strategy” where individuals preferentially
attack opponents of close rank will not lead to such an
increase. Self-reinforcing effects of winning and losing
may also affect by-standers (Chase 1982a, 1982b, 1985).
For example, winners may subsequently dominate unre-
lated third individuals nearby (double dominance) and
losers may submit to by-standers (double subordinance).
Sequential patterns of this kind have been observed in
social systems with predominant linearity of ranks
(Chase 1980; Mendoza and Barchas 1983; Eaton 1984).

We explored the complex dynamic processes acting
during hierarchy formation in crayfish. In this system,
timing and frequency of stereotyped component behav-
iors, their temporal structure, decisions delineating differ-
ent fighting strategies, and the eventual outcome of bouts
can be quantified reliably (Bruski and Dunham 1987;
Huber and Kravitz 1995; Huber et a. 1997a). In five
groups of juvenile crayfish we determined specificaly:
(1) whether frequency and intensity of fighting decline
over time; (2) in what way hierarchies differentiate, stabi-
lize, and become linear; (3) to what extent first encoun-
ters affect subsequent fighting and fina rank; (4) which
particular attack strategies (ambiguity reducing or risk
sensitive) are used, and (5) the behavioral correlates of
rank. These results will be used to generate hypotheses
about proximate, neurochemical processes which presum-
ably are an integral part of such a behavioral system.

Methods

Experimental animals and general |aboratory setup

Juvenile crayfish (Astacus astacus), 1-1.5 years old, with cephalo-
thorax length of 2-3 cm, were obtained from local commercial
suppliers. Eight weeks prior to the experiment, animals with all
appendages intact were separated into individual containers pro-
viding visual and tactile isolation. All containers and experimental
observation chambers were maintained under controlled environ-
mental conditions at a holding facility in the Department of Zoolo-
gy, University of Graz, under 14 h light:10 h dark. Water was sup-
plied from a central tank (ca 2,000 I) where it was partialy recir-
culated, filtered, aerated, and held at temperatures between
12-16°C. Animals were fed every second day ad libitum with a
variety of itemsincluding pelleted fish food and live meal worms.
Animals were weighed to the closest milligram the day before
experiments began, matched according to body weight and molt
state, and assigned to five groups of four animals each. Weight
differentials per group ranged from 2.4% to 8.8% (descriptive sta-
tistics are summarized in Table 1). To reduce potentia disruptions
of group structure due to molting, we only used individuals that

F female) within these pairs. The overall number of interactions
quantified during the 2-h observation period on each of the 5 days
(Day 1-Day 5) are also listed for each group

Weight () Diff. (%) Sex Day 1 Day 2 Day 3 Day 4 Day 5
1 2.155-2.274 55 1F3M 100 141 129 106 104
2 2.581-2.739 6.1 4M 221 171 138 158 74
3 2.859-3.003 5.0 2F2M 11 101 86 67 55
4 3.653-3.742 24 3F1M 100 72 50 67 43
5 2.698-2.936 8.8 1F3M 9 72 75 63 54
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had molted at least 7 days and not more than 21 days prior to the
start of observations. All animals were marked individually with
small plastic symbols glued to the dorsal carapace.

The observation chamber (60 cm widex40 cm deepx10 cm wa-
ter level) was constructed from white, non-reflecting plastic with
rounded corners. The bottom surface of the arena was spatially ho-
mogeneous. Water flowed continuously through the tank via pairs
of holes arranged symmetrically along the sides of the tank. In-
flows were arranged below the water line to minimize distur-
bances of the surface during filming. All interactions were record-
ed using a video camera (Sony CCD-V6000E) mounted centrally
above the tank at a distance of 90 cm.

Groups of four individuals were placed together into a contain-
er and observed for 2-h periods on each of five consecutive days.
At the end of the observation period individuals remained within
the experimental chamber but containers were placed over each
crayfish to visually and tactily isolate individuals until the follow-

Fig. 1a,b Changesin fighting

ing day. Observation periods always began at the same time of day
(9:00 am.). Our laboratory studies were designed to resemble nat-
ural conditions in the field. Local populations of crayfish com-
monly distribute into series of small rock pools, often with only a
few individuals in each. Low water levels result in the disunction
of these habitats, reduced migration between pools, and isolation
of small groups within them. In the field, it is not unusual to find
groups of four similarly sized individuals in pools the size of our
observation arena.

Quantitative behavioral data
In five groups, we observed a total of 2,452 agonistic encounters
in 2-h periods on 5 consecutive days (Table 1). Behavioral mea-

sures quantified for each bout included its duration, maximum in-
tensity, frequency of escalated fighting with unrestrained use of

Day 1
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the claws, and the identities of the initiating and retreating animals
(Huber and Kravitz 1995; Huber and Delago 1998). The beginning
of an interaction was defined as the point in time when two oppo-
nents advanced to within one body length and overtly reacted to
each other’s presence. The approaching animal was termed the ini-
tiator. As the interaction progressed, maximum intensity was not-
ed according to the following criteria: (0) no fighting: neither ani-
mal attacked its opponent or one animal consistently retreated
from the advances of the other; (1) threat postures. both animals
contested the interaction using threat displays or ritualized fight-
ing without resorting to the use of their claws; (2) claw lock: both
animals contested the encounter and at least one animal used its
claws to grab the opponent; (3) strike and rip: both animals con-
tested the encounter and at least one animal made unrestrained use
of the claws in an attempt to rip or tear off appendages. The fight
ended when an animal turned or walked away from its opponent,
increasing the distance between them to more than one body
length. The identity of the retreating animal was recorded as the
loser. For each group and each day, a dominance hierarchy was
constructed from a matrix containing the frequency with which
each individual supplanted other group members. Rank order was
determined from this matrix by shuffling the position of individu-
als to minimize the number of wins within the lower triangle of
the dominance matrix.

Statistical analyses

Aninitial descriptive view of the data summarized the number and
behavioral characteristics of agonistic interactions across the five
groups (Fig. 1). All subsequent analyses treated groups separately
with nested, repeated-measures analyses of variance (ANOVAS) or
by obtaining results for individual groups and then combining
them using Fisher combination tests (Sokal and Rohlf 1981).
Dominance structure is perfectly linear when all component
triads are transitive (if A > B, and B > C, then A > C) instead of
intransitive/circular (if A > B, and B > C, then A < C). A degree
of linearity is obtained (Landau’s statistic h, Kendall’s t/Appleby’s
K) by comparing the actual number of circular triads to those max-

Table 2 Degree of linearity (Kendall’s K/Appleby’s h), unidirec-
tionality of attack (ty,) and individual dominance status for five
groups reconstituted repeatedly on 5 consecutive days. Measures
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imally possible (Appleby 1983). We determined the amount of lin-
earity for each group and day separately (Landau 1951; Appleby
1983; deVries 1995). For each individual on each day we obtained
measures for its dominance index [DI=number of wins/(number of
winstnumber of losses); Theraulaz et al. 1992], and its ordinal
and cardinal ranks (i.e., Boyd and Silk 1983; Jameson et al. 1999).
The 1, statistic was used to test for the degree of unidirectionality
of socia interactions. This measure compares corresponding rows
of an actor and receiver matrix of aggression (Hemelrijk 1990a,
1990b). Negative correlations reflect the degree of unidirectionali-
ty (i.e., an inverse relationship between social status and fight inti-
tiation). Levels of significance (P) are reported as. *0.01=P<0.05,
**(0.001=P<0.01, ***P<0.001. Analyses of behaviora data were
performed using public domain Java Applets for the analysis
of behavioral data (available on the Internet at http://cas-
par.bgsu.edu/~software/javal) or software for the Kr test
(Hemelrijk 1990a, 1990b) developed by Hemelrijk and available
on request.

Results
Duration and intensity of fighting

Upon release from their containers, juvenile crayfish
readily interacted with conspecifics (Fig. 1). Each day
began with a roughly equal number of agonistic encoun-
ters. The incidence of agonistic challenges then dropped
consistently during each 2-h interval. Fight duration de-
clined significantly during observation periods in each
group (Fisher combination test combined two-way
ANOVA results for separate groups x2,,=56.9***), with
days elapsed (x2,,=76.6***) and, to a lesser degree, as a
function of both (x2,,=30.2**). Similarly, the highest
levels of escalation occurred during the initial days of the

of linearity range from O (all circular) to 1 (perfectly linear rela-
tionships). Listed for individuals (A-D) of each group are ob-
served ordinal ranks (0—0) and cardinal ranks (S,—Sp)

Group Day hK Tk A B C D Sa Ss Sc S

1 1 1 —0.167 a B Yy 1<} 1.124 -0.401 —0.932 —0.554
2 1 —0.606 B a y 14} 0.639 0.836 -0.894 -1.256
3 1 -0.367 B a y o) 0.659 0.891 -0.822 -1.128
4 1 0.000 B a y 5 0.169 1.487 -0.447 -1.597
5 1 -0.367 B a y o 0.010 1.398 -0.893 -1.308

2 1 1 -0.087 o} B Y o) 1.352 -0.424 -0.519 -0.589
2 1 —0.437 a 14} y B 1.182 —0.852 -0.414 —0.089
3 1 -0.367 o 9 B Y 1.044 -0.749 -0.053 -0.283
4 1 —0.606 o Y ) B 1.328 -0.736 -1.074 0.352
5 1 -0.778 a y o B 1.486 —0.226 -0.825 -0.337

3 1 1 -0.473 a B Y 0 1.169 0.143 -0.967 -1.278
2 1 -0.873 a B > y 1.147 -0.223 -1.312 —0.244
3 1 -0.611 a B 0 y 1.405 -0.162 —1.340 -0.464
4 1 0.000 o B ) Y 1.212 -0.226 —1.475 -0.509
5 1 —0.940 a B ) y 1.445 —0.160 -1.312 —0.472

4 1 1 -0.167 a B % 0 1.052 -0.057 -0.010 -1.214
2 1 —-0.483 19 o y B —1.386 1.160 -0.527 0.357
3 1 0.000 y a B 0 -0.671 1412 0.074 —-1.206
4 1 -0.725 Y o B 9 —-1.010 1.245 0.000 —-1.029
5 1 —0.473 o a B y -1.304 1.158 —0.256 —0.684

5 1 1 0.101 o} B y 0 1.398 0.473 -0.518 —1.349
2 1 -0.367 o B Y ) 1.249 0.202 —-0.842 —1.208
3 1 -0.633 a B y 1) 1.436 0.472 -0.629 -1.370
4 1 -0.817 o B 0 Y 1.356 0.539 -1.378 -0.842
5 1 -0.667 a B y 5 1.612 0.317 -0.062 -1.530
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experiment (Fig. 1). Fights on subsequent days were re-
solved more rapidly and at lower intensities. Fight dura-
tion significantly accounted for changes in intensity (in-
tensity=0.88+0.01duration; F; 545,=245.99***, R°=0.094)
confirming earlier characterizations of fight escalation in
related species (Huber and Kravitz 1995; Huber and
Delago 1998). The slope of this relationship represents a
measure of the rate at which fight intensities escalate
(Fig. 1). The rate of escalation did not change within
each 2-h observation period, but increased significantly
on consecutive days (F 4 543,=19.76***).

Differentiation, unidirectionality, linearity,
and stability of the hierarchy

A repeated-measures ANOVA (IMP 3.0; SAS 1997) of
cardinal ranks demonstrated that dominance relationships
became increasingly polarized over time. Differences be-
tween highest- and lowest-ranking individuals increased
over days (Fs;5=3.222*) with no significant difference
evident between groups (F,,5=2.409, P=0.2). However,
differentiation of hierarchical structures was not accom-
panied by a significant increase in unidirectionality. This
suggests that attacks are preferentially directed toward in-
dividuals of similar rank (i.e., ambiguity-reducing strate-
gy; see Hemelrijk 1998a, 1998b, 2000).

Furthermore, within each of the five groups of ani-
mals on each of the 5 days of observation, hierarchies
proved perfectly linear (Table 2). Although the rank of
group members often changed daily (Fig. 2), the stability
of the hierarchy (measured by Kendall correlation of
ranks between subsequent days) increased from an aver-
age 1 of 0.42 per group between the first 2 days (equal-
ing arank change of 1.8 per group per day) to an average
T of 0.80 between the last 2 days (corresponding to an
average rank change of 0.8). Differences in DI between
upper ranks are greater compared to those between lower
ones (Fig. 3), resulting in an exponential function rather
than alinear one.

Effects of first encounters

To explore to what degree initial encounters determined
final rank, a Kendall concordance test was used to evalu-
ated the associations between behavioral characteristics
of fighting for the first ten encounters of each individual.
Included were the number of times the animal had com-
peted at different levels of intensity, how long the bout
had lasted, how many of these encounters it had initiat-
ed, and how often it had remained victorious. All behav-
ioral measures correlated significantly with final rank,
with coefficients (Spearman p) ranging from 0.597 to
0.912. Fisher combination tests (Soka and Rohlf 1981),
combining the results from different groups, demonstrat-
ed that all behavioral measures from these early encoun-
ters were tightly linked with final rank as well (number
of initiations X2,,=78.50***; number of wins x2,,=

Dominance Index

0.75

0.5

0.25

0.75

0.5

0.25

Days

Fig. 2 Dominance index (i.e., number of wins as a proportion of
al encounters) for individual crayfish in each group graphed over
5 days. Note that individuals frequently changed ranks between
days even though identical groups were reconstituted

92.10***; mean duration x2,,=26.94**; mean intensity
X215=48.12***). Thus, early asymmetries in behavior ex-
ist and appear to contribute to the rank that an individual
will finally attain. The crayfish that would eventually oc-
cupy lowest and highest ranks on day 1 were already ap-
parent after the first three interactions of that day (Fig.
4). Considerable rearrangement of ranks between days
hinted at the importance of contextual parameters over
individual characteristics. Moreover, crayfish that moved
up in the hierarchy between days generally had experi-
enced early wins, while early losses by others predis-



Table 3 Frequency distribution and replicated goodness-of-fit tests
(G-tests) for all seven possible types of interaction sequences in tet-
rads: win win same (WWS) — win twice against same opponent; win
lose same (WLS) — first win then lose against same opponent; win
win different (WWD) — win against two different oponents; lose lose
different (LLD) — lose against two different oponents; win lose dif-
ferent (WLD) —win against one individual then lose to another; lose
win different (LWD) — first lose against one individua then win
against another; other pair (OP) — different individualsin second in-
teraction. Sequence types differ in the number of individuals in-
volved (n) and their expected probabilities (P). There are four dif-
ferent triadic interactions (WWD, LLD, WLD, LWD) which should
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occur at equal frequencies under the assumption that animals en-
counter each other randomly and there is no influence of outcome
for subsequent encounters. Sequences which will necessarily lead to
transitive triadic relationships (WWD, LLD) occur significantly
more often than those sequences which may not lead to linearity
(WLD, LWD). An orthogonal set of replicated goodness-of-fit tests
illustrated that sequential encounters were not random with regard
to their outcome. For each group, overall G-statistics (Gy) were par-
titioned into separate terms representing (pooled) goodness-of-fit
(Gp) and heterogeneity among days within a group (G). Similarly,
total G (Gyy) is composed of (pooled) goodness-of-fit (Gpp) and
heterogeneity among groups (G,) (***P<0.001)

Group WWS WLS WWD LLD WLD LWD oP Source df G
n=2 n=2 n=3 n=3 n=3 n=3 n=4
P=1/12 P=1/12 P=1/6 P=1/6 P=1/6 P=1/6 P=1/6

1 88 11 157 83 70 62 103 Gp 6 124.63 ***
Gy 24 470.88 "
Gt 30 595.51 ***

2 64 16 170 135 100 90 182 Gp 6 103.68 ***
Gy 24 264.86 "
Gt 30 368.55 "

3 55 10 111 74 48 45 72 Gp 6 73.25"
Gy 24 262.01 "
Gy 30 335.26 "

4 50 4 93 58 23 39 60 Gp 6 103.68 ***
Gy 24 264.86 "
Gt 30 368.55 ***

5 48 3 90 69 44 41 58 Gp 6 74.99 **
Gy 24 234.24 7
Gt 30 309.22 ***

> 305 44 621 419 285 277 475 Gpp 6 42357
Guy 144 8670.29 ***
Gt 150 9093.85 ***

Table 4 Association between dominance status and behavior in
five groups (1-5). The likelihood of initiating encounters depends
on an individual’s ordinal rank (a—9). Replicated goodness-of-fit
tests (G-tests) illustrated that in every group, high-ranking individ-
uals were more likely to engage conspecifics than lower-ranking
ones. Overal G-statistics (Gy) were partitioned into separate
terms representing overall (pooled) goodness-of-fit (Gp) and het-
erogeneity among groups (Gy). Deviations from the null hypothe-
sis, represented by Gp, are highly significant in every group, with

dominant animals three times as likely to initiate encounters com-
pared to their lowest-ranking opponents. In addition, differences
in the number of interactions received, or the combined total in
which they were involved closely depended on rank. High-ranking
individuals participated in more interactions than low-ranking
ones and received fewer attacks. Fight duration and intensity var-
ied significantly as a function of (cardinal) rank of the initiating
animal, the receiving individual, and on an interaction of both
(*P<0.05, ***P<0.001)

a B y 5 s df Gp df Gy df G,
1 233 206 86 55 580 3 16921 12 56.82"** 15 226.04
2 231 205 163 163 762 3 1749 12 35.84 15 53.32
3 165 139 84 32 420 3 11360 12 21.19° 15 134.79
4 165 89 51 27 332 3 128857 12 41.93** 15 170.78
5 147 115 59 37 332 3 89.00°* 12 24.29° 15 113.29

15 51816™ 60  180.07"* 75 698.23
S 941 754 443 314 2452 3 41090 12 107.26" 15 518.16
S e 456 527 737 732 2452 3 41090 12 107.26™ 15 518.16
3 1,397 1281 1180 1046 4904 3  41090* 12 107.26 15 518.16

total

posed them to a drop in rank. This is evidenced by the
fact that all changes in rank proved highly predictable
from knowledge about the individual’s success (DI) dur-
ing the first ten bouts of a day (Arank=—2.83+7.54Dl;
F14=14.324*** Re=0.782).

Triadic effects — the socia relationships between all
possible combinations of three individuals of a group —

were analyzed using a jigsaw puzzle approach (Chase
1985). This method focuses on predictions concerning
the first two dominance relationships formed within
component triads. Transitive triads (i.e., if A >B and B >
C and A > C) will always emerge from two sequential
patterns (A >B and A > C; A < B and A < C) irrespec-
tive of the outcome of the third interaction. In contrast,
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Fig. 3a—e Dominance index (DI) and distribution of wins and
losses as a function of rank. Differences in DI between the two
highest-ranking individuals consistently exceeded those separating
the lowest ranks

transitivity in the two other possible patterns (A > B and
A <C; A>B andB > C) is not guaranteed and depends
on the third interaction completing the triad. Thus, hier-
archies will automatically form in linear fashion when
sequences ensuring transitivity greatly outnumber those
patterns which do not (Chase 1980, 1985). A non-ran-
dom distribution of sequential patterns in crayfish con-
firmed that the outcome of future encounters closely de-
pended on those that had already occurred. Our data
identified a significant excess of patterns resulting in
transitive triads. 621 double wins (WW=38.76%) and
419 double losses (LL=26.16%) were observed in a total
of 1,602 sequential pairs, while wins against previous
winners (WL, n=285) and wins of previous losers (LW,
n=277) were less common, with a combined probability
of only 35.08%. These frequencies differ significantly
(Table 3) from a random distribution where each pattern
is expected at equal probability (Pyw=P. =Pw.=Pw=
0.25, X2,=184.42***),

The time course over which winning and losing af-
fected the outcome of subsequent encounters was char-
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dict eventual rank. The probability of winning for different final
ranks is graphed as a function of previous encounters. The gray
area along the center indicates +1 Freeman-Tukey deviates. Points
outside this area are considered “large”

acterized by evaluating the strength of such effects as a
function of time elapsed between these encounters (Fig.
5). Effects of previous success for heightened aggression
were pronounced, present immediately, and consistent
throughout the experiments. In comparison, the temporal
dynamics of loser effects proved more complex. Follow-
ing a loss, chances for further retreats are significantly
higher between 20 s and several minutes following the
loss. Data from this study did not permit us to evaluate
the time course of winner and loser effects of time inter-
vals exceeding 200 s.

Fighting behavior differed as a function of rank, with
dominant animals initiating more interactions (Table 4).
Duration and intensity of fighting increased as a function
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of rank of the initiating animal (F; 543,=30.09***), rank
of the recipient (F,,43s=563. 61***), and as an interac-
tion of both (Fs,436=11.64***), with significant differ-
ences between groups (F 4 o436=72.87***).

Discussion

Initial bouts were often long and intense. The subsequent
development of hierarchical structures was accompanied
by a reduction in overt aggression. As dominance rela-
tionships in groups progressed toward linearity and sta-
bility, a variety of concurrent changes in behavior were
observed. Dominant animals became increasingly likely
to initiate and escalate encounters, and were less likely
to retreat. Explanations for enhanced participation in
fights traditionally focus on dominants attacking more
often due to an increase in aggressive state or a reduction
in the risks involved (Theraulaz et a. 1995; Hemelrijk
1996, 1997). Alternatively, computer models indicate
that higher rates of initiation may also emerge when
dominance status is reflected in spatial distributions
(Hemelrijk 1998a, 1999). When dominant entities occu-
py central positions, they automatically face greater op-
portunities to encounter opponents from all sides, com-
pared to subordinates located more often at the periphery
of the group.

Our data al'so demonstrated that dominance is associ-
ated with specific rates of escalation in this system. Ini-
tially, individuals fought conservatively, but as they won
more encounters, they appeared to gather less informa-
tion about the opponent’s strength before increasing the
stakes of the fight. An opponent’s willingness to escalate
more rapidly thus contains information about its recent
agonistic success and socia status; it can thus serve in
the recognition of aggressive state alongside status rec-
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ognition via urine pheromones (Zulandt-Schneider et al.
1999).

Groups of crayfish established linear hierarchies in
every instance where they were allowed to repeatedly in-
teract with each other. Although the probability of ob-
taining apparent linearity due to chance alone is high in
such small groups (Kendall 1962; Appleby 1983), the re-
peated observation of this pattern in multiple groups sup-
ports linearity. Linear or near-linear hierarchies have
been demonstrated in many taxa (Gorlick 1976; Chase
1985; Bonabeau et al. 1995), including several decapod
crustaceans, e.g., hermit crabs (Allee and Douglis 1945;
Hazlett 1968; Winston and Jacobson 1978), crabs
(Bovbjerg 1960; Vannini and Gherardi 1981), lobsters
(Douglis 1946; Fiedler 1965; Scrivener 1971; Cobb and
Tamm 1975; Sastry and Ehinger 1980), other crayfish
species (Bovbjerg 1953, 1956; Lowe 1956; Copp 1986;
Bruski and Dunham 1987), spiny lobsters (Fielder 1965),
and palaemonids (Barki et al. 1992). The existence of
strict linearity of hierarchical structures despite frequent
rank reversals paralleled previous findings (Oliveira and
Almada 1996). In contrast to results by Frey and Miller
(1972), we found no support for distinct and separate
phases of behavioral plasticity associated with initial for-
mation and subsequent maintenance of hierarchies. The
degree of unidirectionality did not increase with the dif-
ferentiation of the hierarchy, which indicates that attacks
preferentially occured between crayfish of similar rank
(as in an ambiguity-reducing strategy; Hemelrijk 1998a,
1998b, 2000).

Self-reinforcing effects of fight success on subsequent
encounters have been demonstrated in a variety of taxa
(van de Pall et al. 1982) including crayfish (Lowe 1956;
Hazlett 1966; Copp 1986), and their importance for hier-
archy formation has been recognized (Theraulaz et al.
1995; Dugatkin 1997; Hemelrijk 1999). Aggressive state
depends on previous agonistic success (Stamps and
Krishnan 1994a, 1994b), a property which defines the
differentiation and stability of dominance ranks in mod-
els (Hemelrijk 1998a, 1998b). However, a conceptual
difficulty arises when we attempt to separate aggressive
state, fighting, and agonistic success, as these properties
do not vary independently. The work presented here is
consistent with a dynamic view of hierarchies, where ag-
gressive state, fighting success, and social status repres-
ent self-structuring, and self-differentiating processes of
feedback loops rather than being static, individual quali-
ties. In this study, behavioral polarities are based on a
combination of initial asymmetries, contextual biases,
and random conditions, which are amplified with each
further iteration and thereby lead to the development of
individual ranks.

Our behavioral characterization uncovered evidence
for the existence of at least three behavioral patterns in
need of a physiological explanation. Winner effects fol-
low two distinct time courses. Recent winners continue
to escalate normally but become less likely to retreat in
subsequent encounters (effect 1). This fight-boosting ef-
fect appears within seconds of a win and lasts for more
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than 10 min. In contrast, those changes in which high-
ranking individuals begin to escalate more rapidly occur
at longer time scales ranging from hours to days (effect
2). Social conditioning associated with previous losses
produce an increased likelihood of retreat (effect 3). A
more complex time course distinguishes it from being
simply a negative version of effect 1. Such a multi-caus-
al view of decapod aggression matches changes in fight-
ing that result from either a reduction in retreat (Lang et
a. 1977; Huntingford et a. 1995; Huber and Delago
1998), or increased escalation (Tamm and Cobb 1978;
Steger and Caldwell 1983).

The challenge ahead lies in linking neurochemistry to
the observed changes in fighting within a framework of
dynamic behavioral mechanisms (e.g., see Antonsen and
Paul 1997; Huber et al. 1997a, 1997b; Huber and Delago
1998).
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