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Abstract

Animals often engage in contests over limited resources. The probability of winning a contest is primarily determined by
the individual's fighting ability relative to its opponent and the perceived value of the disputed resource. Individuals of the
hermit crab Calcinus californiensis frequently fight over gastropod shells. We conducted a free-choice experiment to assess
the factors that determine individuals’ choice of opponent, contest initiation, and contest resolution. We placed hermit
crabs occupying two shell species into a large container and monitored agonistic interactions between crabs. We assessed
the asymmetries in fighting ability based on the differences in body mass between the opponents. The shell species and fit
(i.e., shell size relative to crab body size) were used as measures of the objective and subjective resource value, respectively.
Motivation influenced contest initiation; the crabs occupying too-tight shells were more likely to initiate a contest than the
ones in looser-fitting shells. In most cases, the attackers fought for a shell with a looser fit, even if that meant losing a tighter-
fitting shell of the preferred shell species. The fighting success for attackers was positively associated with the number of
bouts of rapping and the shell size improvement. However, success was negatively correlated with body size asymmetry;
attackers that chose opponents larger than themselves were more likely to evict their opponent than the attackers that chose
opponents that were smaller. Experimental designs that allow animals to select their own opponents, rather than assigning
specific opponents, can strongly contribute to knowledge of agonistic interactions.

Significance statement

Fighting dynamics are commonly assessed by estimating the influence of the resource-holding potential and resource value
in pair-matched opponents. Here, however, we examined the influence of asymmetries in resource-holding potential and the
objective and subjective value of gastropod shells on the choice of a contender and contest resolution through a free-choice
opponent experiment in hermit crabs. The contest initiation was driven by the motivation to obtain a better gastropod shell
species or one with a better size fit—factors which are known to improve individual fitness. Furthermore, fighting success
was associated with an individual's persistence in displaying aggressive behaviors and its motivation to obtain a better
resource. However, contrary to the predictions of game theoretical models, fighting success was higher when attackers chose
opponents larger than themselves. Our results highlight the relevance of assessing fighting under more natural conditions by
allowing animals to select their opponents.

Keywords Animal conflict - Body size - Crustaceans - Free-choice - Resource holding potential - Resource value

Introduction

Fighting can be highly costly in terms of risk of injury (Neat
et al. 1998a), energy expenditure (Hack 1997), accumulation
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fighting ability and motivation); these asymmetries often
determine the likelihood of success in fight encounters
(Bradbury and Vehrencamp 2011). The differences in fight-
ing ability (also known as resource holding potential; RHP)
between opponents may result from asymmetries of conspic-
uous traits, such as body and weapon size, where opponents
with larger body size and weapons are more likely to win a
contest (Emlen 2014; Parker 1974; Vieira and Peixoto 2013),
although inconspicuous RHP components (e.g., muscular
strength and metabolic competence) and aggressiveness can
also influence fight outcomes (Briffa and Sneddon 2007).

The value that individuals place on a disputed resource is
also an important aspect in determining fighting dynamics
and outcomes. The resource value (RV) is determined by the
potential benefits that the contested resource may bring to
the owner (Hurd 2006). Differences in motivation between
opponents arise from the differential value that individuals
place on the contested resource, which is determined by the
individual’s requirements (Maynard and Parker 1976; Nosil
2002). Resource value determines an individual 's motiva-
tion, and it depends on the quality of the contested resource
(objective resource value) or on the value that each con-
testant places on the resource (subjective resource value;
Gherardi 2006). High motivation drives animals to pay high
costs for fighting to obtain a required resource (Enquist and
Leimar 1987) and can increase the probability that the highly
motivated individual will win the fight (Brown et al. 2007;
Dissanayake et al. 2009). As the motivational gap narrows
between opponents, the role of RHP in shaping fighting
dynamics becomes more pronounced. Conversely, when
the RHP disparity between opponents decreases, the influ-
ence of motivation is expected to intensify (Humphries et al.
2006). Therefore, researchers often experiment with contest
dynamics by pairing animals with specific RHP character-
istics and allocating resources to opponents based on their
perceived value to better understand the impact of RHP
traits and motivational factors on contest initiation, esca-
lation, and outcomes (Dowds and Elwood 1983; Mowles
and Briffa 2012). When researchers pair opponents based on
specific characteristics during typical paired staged encoun-
ters, conspicuous key elements influencing animals' deci-
sions at different levels of the agonistic encounter may be
overlooked. The animals may fight opponents with which
they would not naturally compete. These staged encounter
setups are valuable in that they allow the experimenter to
generate specific predictions about contest dynamics and
fight outcomes under controlled conditions; however, the
overall view of the fighting dynamic in naturally matched
individuals (free-choice) is rarely explored (for an exception,
see O'Connor et al. 2015).

Hermit crabs serve as excellent biological models due to
their unique dependence on gastropod shells, which are dis-
crete units with easily identifiable attributes, including their
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absolute value (shell species) and subjective value (shell size
relative to hermit crab body size). These attributes can be
manipulated to test specific biological hypotheses. Hermit
crabs are known to engage in contests for shells, primar-
ily in intertidal environments where suitable shells are lim-
ited (Kellogg 1976). They generally cannot kill and remove
dead gastropods from shells, so they rely on the availability
of unoccupied shells (Hazlett 1981; for an exception see
Alcaraz et al. 2020). During a fight, the attacker uses its legs
and antennae to inspect the outside of a shell that interests
it, and which is currently occupied by another crab (known
as “shell exploring”). The attacker then aligns the aperture
of its own shell with that of the opponent, which remains
retracted into its shell, and inserts both chelae to grab its
rival. Subsequently, the attacker repeatedly strikes its shell
against that of the opponent (bouts of rapping). At the end
of the encounter, the attacking crab either evicts its oppo-
nent and moves to a new, more suitable shell or loses the
contest by retreating (Gherardi 2006). In contrast to other
aggressive encounters where the winner claims the contested
resource and the loser gets nothing, in hermit crabs, the win-
ner acquires the better quality shell species or size that bet-
ter fits its body, while the defeated crab ends up with the
remaining shell, which is generally suboptimal. However,
some hermit crab species can also engage in negotiations,
in which case both opponents end up with a better shell than
the one they originally occupied (Hazlett 1978).

Hermit crabs recognize and choose shell sizes and spe-
cies that maximize one or several components of individual
fitness, such as growth and reproduction (Osorno et al.
2005; Wada et al. 1997), protection against different preda-
tors (Alcaraz and Arce 2017), and the challenges of coping
with wave action (Alcaraz et al., 2020). Accordingly, hermit
crabs assign different absolute value to different shell spe-
cies or types (e.g., with or without epibionts) and different
subjective value based on the shell’s size. The absolute value
that hermit crab species place on specific shell species and
types can be identified by their preference, which may dif-
fer between sexes and ontogenetic stages (e.g., Briffa and
Dallaway 2007; Straughan and Gosselin 2014). Meanwhile,
the subjective resource value placed on the shells is strongly
linked to the shell’s size relative to the crab’s body size (i.e.,
fit). The Shell Adequacy Index (SAI) can be used to estimate
the subjective value that individuals place on the resource;
this index is calculated as the ratio between the size of the
shell occupied and the preferred shell size (estimated under
controlled conditions; Asakura 1995). Hermit crabs place
the greatest subjective resource value on the shell of the
preferred size (SAI=1), and the value decreases when the
shell fit is tighter (SAI< 1) or looser (SAI> 1) relative to
their body size. Therefore, fighting initiation, escalation,
and outcome are influenced by a) the quality of the shell
occupied, b) the shell quality of the potential opponent, and
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c) the potential gain if the attacker obtains the shell of the
opponent (as proposed by Dowds and Elwood 1983).

The hermit crab Calcinus californiensis Bouvier, 1898
has shown a clear preference for certain shell species (Arce
and Alcaraz 2012), most notably Stramonita biserialis Blain-
ville, 1832, a species that it occupies frequently in the wild
(Arce and Alcaraz 2011). By contrast, Nerita scabricosta
Lamarck, 1822 is a gastropod shell that is non-preferred
in laboratory tests but still commonly occupied in the field
(Arce and Alcaraz 2011, 2012). The shells of S. biserialis
are conical and relatively heavy with thick walls, whereas
the shells of N. scabricosta are globose, relatively light, and
thin-walled (Chavez-Solis and Alcaraz 2015). The shell pref-
erence of C. californiensis matches the degree of protection
provided by each shell species against predators; crabs occu-
pying shells of S. biserialis exhibit a higher survival in the
presence of the shell peeler Arenaeus mexicanus than crabs
occupying N. scabricosta shells (Arce and Alcaraz 2013).
Calcinus californiensis also shows preference for shell size
depending on their body size, but this may vary depending
on the type of predator (shell breaking or peeler; Alcaraz
and Arce 2017).

In the present study, we have investigated decision-mak-
ing by the hermit crab C. californiensis during contests,
from the choice of opponent to the contest outcome, in a
free-choice scenario. We used the body mass asymmetry
between the two opponents as the measure of RHP and
the shell fit and species as estimators of the subjective and
objective resource values, respectively. We hypothesized that
if RHP is important during the choice of an opponent, the
crabs would be more likely to initiate, escalate, and sub-
sequently win more fights against individuals whose body
mass is smaller than their own. Additionally, if motivation
plays a role in the initiation, escalation, and resolution of
fights, the attackers occupying lower-quality shells (subop-
timal fit and/or non-preferred shell species) would have a
higher probability of initiating a contest and be more likely
to escalate and win fights than crabs possessing a better-
quality resource.

Materials and methods
Hermit crab capture

The study was conducted during six consecutive days on the
Pacific rocky shore of Troncones, Guerrero, Mexico. Each
day, we captured 25 hermit crabs (C. californiensis) occu-
pying shells of the preferred gastropod species S. biserialis
and 25 occupying shells of the non-preferred species, N.
scabricosta (Arce and Alcaraz 2011) without apparent dam-
age or epibionts (i.e., a total of 300 hermit crabs). The hermit

crabs were captured by hand along a line parallel to the coast
during ebb tides in wave-protected sites.

Behavioral observations

Three observers recorded behaviors. The observer with
most experience in scoring fighting behavior (more than
five years) was responsible for training the other observers
before the onset of observations. Inter-observer reliability
(IR) was tested by asking each observer to score and record
specific fighting behaviors in four pairs of hermit crabs and
was calculated as (Number of agreements/ Total number
of observations) X 100 (Kaufman and Rosenthal 2009). The
tests did not start until IR was at least 90% in contests that
escalated to shell exchange.

We attempted to evaluate the potential factors influenc-
ing a) likelihood to initiate an agonistic encounter (i.e., act
as an “attacker”), b) the choice of opponent, c) escalation
to shell rapping, and d) the contest resolution (winning the
shell or giving up). We considered “shell exploration” (when
the hermit crab used its legs and antennae to inspect the
shell occupied by a congener), to mark the beginning of the
agonistic interaction because it was the first evident sign
of interest in the resource. In addition, shell exploration
allowed us to identify which of the individuals that engaged
in a contest was the attacker and which was the defender
(i.e., which had initiated the contest). We considered escala-
tion to shell rapping when an attacker aligned the aperture of
its own shell with that of the opponent, inserting both chelae
to grab its rival, and repeatedly struck its shell against that
of the opponent. We recorded the number of bouts of rap-
ping. The end of the contest was defined when the attacker
either evicted its opponent or gave up (i.e., moved away
from the defender) without obtaining the defender's shell.
We also noted the contest duration from the recordings as an
indicator of fighting assessment (Arnott and Elwood 2009).
Only the attacker's behaviors were considered for statistical
analyses.

General procedure

During each of the six trials (one per day), the hermit crabs
(25 occupying N. scabricosta and 25 S. biserialis shells)
were placed immediately after capture into individual opaque
cylinders (0.05 L) to prevent physical interaction among
crabs. Subsequently, the hermit crabs were transported to
a laboratory where the cylinders were carefully submerged
within a large experimental arena (80 X 50 % 30 cm) filled
with natural seawater (34 PSU; 27 +1 °C). The water was
constantly aerated. The bottom of the arena was covered
with clean sand that had been previously washed. After one
hour, the cylinders were removed to release the hermit crabs
into the arena together.
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The three observers simultaneously observed the hermit
crabs, looking for the initiation of agonistic interactions
between pairs (shell exploration). Once an agonistic
interaction between two crabs had been identified, it was
assigned to an observer who recorded the behaviors that
occurred until the fight outcome was reached (contest
resolution: eviction or non-eviction). After that, both
crabs were carefully removed from the arena and placed in
previously numbered glass flasks (0.05 L); the role played
by the individual during the contest was recorded according
to the behavior displayed (attacker or defender). At the
end of each trial, which lasted a maximum of 3 h, all the
hermit crabs were removed from the arena and placed in
individual containers to be measured. The contests were
videotaped using a Panasonic DMC-GH4 video camera. We
then recorded from the videos the individuals that escalated
to shell rapping, the number of bouts of rapping, contest
duration, and contest outcome, using BORIS software
(Friard and Gamba 2016).

Resource holding potential

At the end of the trials, each crab, whether or not it had
participated in agonistic interactions, was evicted from
its shell by gently heating the shell apex; this technique
induces short-term effects and does not compromise the
physical or behavioral integrity of individuals (Burciaga
and Alcaraz 2023). Each crab was weighed on a balance
plate (M; OHAUS, +0.01 g). For each pair of crabs that had
engaged in a contest, the body size asymmetry was calcu-
lated as M, = ((M attacker—M defender) / (M attacker + M
defender)/2) 100, such that positive values of this index indi-
cate that the attacker was heavier than the defender, while
negative values indicate that the attacker was lighter than
the defender (O’Connor et al. 2015). All hermit crabs were
sexed. Females participating as attackers or defenders were
excluded from the analyses because males and females can
place different objective and subjective values on the shell
species and fit (Briffa and Dallaway 2007; Sudrez-Rodriguez
et al., 2019), which would be difficult to analyze.

Resource value

The gastropod shells were weighed and total shell width
and length were measured (+ 0.1 mm). The shell fit for
each hermit crab was quantified using the Shell Adequacy
Index (SAI), calculated as the ratio between the mass of
the shell occupied by the crabs in the wild and the mass of
the shells preferred by the crabs under experimental con-
ditions (Asakura 1995). An SAI=1 indicates a shell that
is of adequate size for the crab, SAI < 1 indicates that the
crab occupies a shell smaller than the preferred size (tight
fit), and SAI> 1 indicates that the crab occupies a larger
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shell than the preferred size (loose fit). The preferred size
for N. scabricosta and S. biserialis shells (SAI=1) was
calculated for each individual using the equations that
describe the shell mass preferred by C. californiensis as
a function of hermit crab body mass (Arce and Alcaraz
2011). We considered SAI an indicator of resource value
that could potentially influence contest initiation, escala-
tion and contest resolution. Thus, we tested the potential
influence of the SAI on:

1) the likelihood to initiate a contest as a function of the
shell fit of each shell species occupied by the attacker
(N. scabricosta and S. biserialis; SAl,,, and SAlg,,
respectively);

2) the choice of an opponent by the attacker as a function of
its shell fit (SAI,,,) and the SAI of the shell the attacker
would attain if they evicted the defender (SAl,,. SAI
calculated using the defender’s shell and the attacker’s
body mass); and

3) the likelihood that the attacker would attain an eviction
as a function of its motivation, potentially defined by:
a) the fit of its initial shell (SAI,,), b) the defender’s
motivation to keep its shell (expressed as the poten-
tial improvement of the defender’s fit in the event of a
shell exchange; SAIDef), and c) the potential improve-
ment in shell fit if the attacker evicts the defender
(shell adequacy improvement; SAIImp), estimated as:
SAlL,,,=(SAL,,—1—ISAI,,—1). The magnitude of
this index is the same regardless of the direction of the
improvement; in other words, the degree of potential
improvement does not distinguish between an attacker
going from a too-tight shell (SAI,, <1) to a suitably
sized shell or a too-loose shell (SAl,, > 1) to a suitably
sized shell.

Statistics
Comparison of the six trials

We compared the sex ratio of all crabs present in each trial,
as well as the body mass and SAI of all of the males among
the six trials to test for similarity within the samples. The
number of males and females in the six trials were com-
pared by a heterogeneity Chi-square test for goodness of fit
(Zar 2010). The body mass and shell fit of the hermit crabs
occupying N. scabricosta and S. biserialis shells (SAI,,, and
SAlg,,) were compared by two-way ANOVAs containing the
shell species and trial as factors, and with body mass and
SAI as the response variables. Since there were no signifi-
cant differences among the six trials in the number of males
and females, SAI, or male body mass, all data were pooled
and analyzed as a single sample.
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Factors determining the probability of initiating
a contest

We tested the influence of fighting ability (RHP) and
resource value (RV) on the probability that an individual
would initiate a contest (i.e., become an attacker) using a
GLM with a logit-link function and binomial distribution.
We used each male’s body mass as an estimator of RHP and
shell species (N. scabricosta or S. biserialis) and fit (SAIL,,
and SAIg,,, respectively) as predictor variables. The global
model included the interaction of shell species and shell fit.
Individuals that did not initiate a fight were scored as 0, and
individuals that initiated a fight were scored as 1.

Choice of opponent

To assess whether the RHP influences the choice of the
opponent, we compared the body mass of the attackers and
defenders using a Wilcoxon matched pairs signed ranks test.
The influence of objective RV on the choice of an oppo-
nent in terms of shell species was tested by comparing the
number of fights initiated by hermit crabs occupying N.
scabricosta (non-preferred species) and S. biserialis shells
(preferred species; Arce and Alcaraz 2012), and by compar-
ing the number of contests initiated by males occupying N.
scabricosta and S. biserialis shells to obtain a shell of N.
scabricosta or S. biserialis from the defenders using two
different goodness of fit Chi-square tests.

The influence of subjective RV on the choice of opponent
in terms of shell fit was estimated by comparing the shell fit
of the attackers (SAly,,) originally occupying N. scabricosta
or S. biserialis shells and the shell fit that the attacker could
attain from the defenders occupying shells of N. scabricosta
or S. biserialis shells (SAl,,) using Wilcoxon matched pairs
signed ranks tests.

Escalation and contest resolution

The influence of resource holding potential (RHP) and
resource value (RV) on escalation to shell rapping and con-
test resolution were tested using separate GLMs with a logit-
link function and binomial distribution. For both models,
we used as predictive variables the body size asymmetry
between the opponents, the shell species of the attacker and
the defender (V. scabricosta or S. biserialis), and the SAl,,,,
SAlp,s and SAL,, .. We also included the number of bouts of
rapping as a predictive variable in the model of contest reso-
lution. In the escalation to shell rapping model, individuals
that did not escalate to a higher level of aggression were
scored as 0, and individuals that escalated were scored as 1.
In the contest resolution model, attackers that did not evict
their opponents were scored as 0, and attackers that attained
the eviction were scored as 1. The escalation model included

the body size asymmetry by SAI,,,, interaction term, while
the contest resolution model included two interaction terms:
body size asymmetry by SAl,,,, and body size asymmetry
by number of bouts of rapping.

For all of the final models, we calculated the explained
deviance as a measure of fit (Zuur et al. 2009). We then per-
formed a model selection using the ‘drop1’ function (‘stats’
R package). The assumptions necessary for binomial logistic
regression (independence of variables, absence of multicol-
linearity, linearity of independent variables and log odds)
were verified by examining residual plots (“performance” R
package; Liidecke et al. 2021). All statistical analyses were
performed in R, version 4.2.0 (R Core Team 2022).

Results
Comparison of the six trials

Of the 300 hermit crabs used in the study, seventy-one were
excluded from the analyses because they were females, and
nine of them had participated in contests with males. Con-
sequently, these contests were also excluded from the study.
The number of male:male contests was 54. The number of
males and females was not significantly different among
the six trials (3:1; Chi-square test: X25=8.77, P=0.10).
The body mass of the males did not differ across the six
trials, regardless of the shell species occupied (Two-way
ANOVA, trial by shell species interaction term: Fs 57, =0.78,
P=0.57). The body mass of the males did not differ between
the shell species occupied (F 57,=0.08, P=0.78). The shell
adequacy index of the males did not differ across the six
trials, regardless of the shell species occupied (Two-way
ANOVA, trial by shell species interaction term: F. 5070 = 1.90,
P=0.10). However, the SAI of hermit crabs occupying S.
biserialis was lower than the ones occupying N. scabri-
costa (SAlg,=0.58 +0.021, SAI,,,=0.88 +0.023; Two-
way ANOVA, shell species main effect: F| ,;,=119.81,
P <0.001). Since there was no significant variation of body
size, sex proportion, and SAI among trials, the six sets of
data were pooled for all subsequent analyses.

Factors determining the probability to initiate
a contest

The selected model assessing the influence of the resource
holding potential (RHP) and the resource value (RV) on ini-
tiating shell fighting explained 52% of the variation. Attack-
ers showed a tendency to be more likely to initiate a contest
when the opponent was smaller than themselves; however,
this effect was not significant (body size asymmetry; GLM:
X2 1220=3.14, P=0.08). The interaction between the shell
species occupied (N. scabricosta or S. biserialis) and the fit
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Fig. 1 Effect of the interaction of shell species and Shell Adequacy
Index (SAlg, and SAI,,) on the probability to initiate a fight as
attackers. Males initially occupying Stramonita biserialis and Nerita
scabricosta shells are represented in black and blue, respectively

of those shells (SAIg,,. and SAI,,,) influenced the probability
of initiating a contest (GLM: Xz 1220="7.28, P=0.007). Indi-
viduals occupying tighter shells showed a higher probability
to engage in shell fighting than individuals in shells with a
loose fit in shells of either species, but attackers occupying
S. biserialis required a tighter shell than those in N. scabri-
costa shells to start a fight (Fig. 1).

Choice of opponent

The body mass of the attacker and defenders did not differ
(Wilcoxon; W=_819.5, P=0.62). The body mass asymme-
try within fighting pairs ranged from attackers being 25%
smaller than defenders to attackers being 20% larger than the
defenders, while approximately 80% of the attackers chose
an opponent within 10% of their body size (smaller or larger,
Fig. 2).

In terms of the influence of the objective RV on the
choice of an opponent, the number of contests initiated
by hermit crabs occupying N. scabricosta shells (non-pre-
ferred species; n=34) did not differ from those initiated by
crabs in S. biserialis (preferred species; n=20; le =0.78,
P=0.30). However, more crabs initiated agonistic encoun-
ters against opponents occupying N. scabricosta (n=42)
than against those in S. biserialis shells (n=12; le =9.51,
P <0.01; Fig. 3a), independently of the attacker’s initial
shell species (% =5.75, P=0.30).

The attackers occupying an N. scabricosta shell that
fought against defenders in an N. scabricosta shell chose
opponents occupying a shell that offered a better size fit than
the attacker’s initial shell (Wilcoxon: W=87, P=0.01). The
attackers occupying an N. scabricosta with defenders in an
S. biserialis shell chose opponents whose shell fit was less
adequate than the fit of their own shell (Wilcoxon: W=34,
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Fig.2 Relative difference in the body mass of attackers and defend-
ers (body mass assymmetry). Positive values indicate contests where
the attackers are heavier than defenders, and negative values indicate
contests where the attackers are lighter than defenders

P =0.02; Fig. 3b). The attackers in S. biserialis with oppo-
nents in N. scabricosta chose opponents with a shell that
promised a better fit than that of their current shell (Wil-
coxon: W=2, P<0.01), and the attackers in S. biserialis
chose opponents occupying S. biserialis whose shells were
neither better nor worse than that of their own shell (Wil-
coxon: W=10, P=0.58; Fig. 3b).

Escalation and Contest Resolution

The model selection assessing the influence of RV and RHP
on escalation to bouts of rapping is shown in Table 1. The
selected model explained 39% of the deviance. The esca-
lation to shell rapping was not explained by shell species,
SAly,, SAlp,, or SAL,,, (Table 1). The body size asymmetry
influenced the escalation to bouts of rapping. The probabil-
ity of escalation to shell rapping increased as the body size
asymmetry was increasingly positive (i.e., the attacker had
higher body mass relative to the defender; Fig. 4).

The model selection assessing the influence of RV, RHP,
contest duration, and the number of bouts of rapping on
contest resolution is shown in Table 2. The selected model
explained 71% of the deviance. Contest resolution was
not influenced by shell species, SAl,,, SAIp,, or contest
duration (Table 2). The success in the fight was determined
by SAL,,,, body size asymmetry, and the number of bouts of
rapping. The attackers that achieved the eviction improved
their shell fit (SAI},,,=0.16 +£0.11; Fig. 5a). Contrary to
expectation, attackers that were smaller than their opponents
showed a greater probability of winning a contest than did
the attackers that were larger than their opponents (Fig. 5b).
Additionally, the attackers that performed a greater number
of bouts of rapping had a large chance of winning a contest
(Fig. 5¢).
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Table 1 Factors affecting the likelihood that C. californiensis to esca-
late to bouts of rapping as a function of resource holding potential
(RHP) and resource value (RV)

Steps  Variables x> P
Full model 1 Body size asymmetry: SAI;,,, 0.30 0.57
2 Shell species 042 0.49
3 SAIL,,* 1.07 0.46
4 SAILp,” 1.84 0.33
5 SAL,,* 1.85 0.31
Selected model Body size asymmetry 5.85 0.03

Shell fit of the crabs that participated in the contests as attackers
bShell fit of the crabs that participated as defenders

‘Potential improvement in shell fit of the attacker if swapping is
achieved

Discussion

The species and size of the shells hermit crabs occupy are
important for their fitness (Reese 1969); however, hermit
crabs are commonly found occupying suboptimal shells.
We predicted that the hermit crabs occupying shells with
an inadequate fit or of the non-preferred shell species (V.
scabricosta) would initiate more agonistic encounters
than those occupying shells of a more adequate size or the
preferred species (S. biserialis). In accordance with these

SAlp SAlcon SAlpt SAlcon  SAlay SAlcon

Shell species
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Fig.4 Effect of body size asymmetry on the probability of escalation
to shell rapping. Some data are displaced from their binary positions
for visual clarity (random jitter). Body size asymmetry equal to zero
indicates that the attacker and defender were of similar body size

predictions, individuals occupying tighter shells showed a
higher probability of engaging in fighting than crabs occupy-
ing shells with a looser fit (see Fig. 1). However, the hermit
crabs occupying the preferred and the non-preferred shell
species showed the same probability of initiating a fight.
Further, crabs occupying shells of N. scabricosta and S.
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Table 2 Factors affecting the

R . . Steps Variables X P
likelihood that C. californiensis

succeed in the contest for a Full model 1 Shell species 0.01 0.88
;I;?gisz ;i?:lfttiﬁrl(}?;—lr;)s (;llllzce 2 Body size asymmetry: SAI,,, 0.02 0.86
resource value (RV) 3 Body size asymmetry: bouts of rapping 0.03 0.82
4 SAIL,,* 0.07 0.80
5 SAIp,,’ 1.44 0.33
6 Contest duration 2.81 0.10
Selected model Body size asymmetry 4.45 0.04

Bouts of rapping 7.05 0.008

SAL,,* 7.37 0.007

Shell fit of the crabs that participated in the contests as attackers
bShell fit of the crabs that participated as defenders

“Potential improvement in shell fit of the attacker if swapping is achieved

biserialis chose with higher frequency opponents occupying
the non-preferred shell (N. scabricosta) rather than the pre-
ferred shell (S. biserialis). The behavioral preference for spe-
cific resources (e.g. food, habitat, mate, and gastropod shells
in hermit crabs) is commonly an adaptive response that
results in maximizing one or more fitness components (e.g.
Lemire and Himmelman 1996; Martin 1998). Therefore, it
is expected that individuals initiate and escalate in a con-
test to obtain the preferred shell species and size. Although
S. biserialis gives more protection against predators than
other shell species commonly found at Troncones, includ-
ing N. scabricosta (Arce and Alcaraz 2013), shell fit also
influences the fitness of hermit crabs, since a tight shell will
decrease the growth rate (Bertness 1981), and will hinder
the full retreat of the hermit crab inside, thereby increasing
its vulnerability to predators, regardless of the shell species
occupied (Arce and Alcaraz 2013). Calcinus californiensis
is found in the wild occupying tighter shells of S. biserialis
than of N. scabricosta (SAI=0.58 and 0.87, respectively).
Therefore, motivation to improve shell fit can explain why
the hermit crabs occupying the preferred shell S. biserialis
engaged in agonistic encounters, as well as why these crabs
so frequently chose opponents occupying the non-preferred
shell species from which they can obtain a better fit. It is
particularly interesting that the crabs that were occupying
the preferred shell species and chose opponents in the non-
preferred shell were the ones that had the tightest shells,
showing that these crabs were willing to obtain a larger shell
at the cost of losing the advantages granted by the preferred
species. On the other hand, some hermit crabs in N. scabri-
costa chose opponents in the preferred shell species even
when this implied a fight for a shell that would fit them less
well. Alternatively, most of the attackers (80%) choosing
opponents occupying Nerita shells could also be attributed
to the internal configuration of nerites (reduced columella),
which reduces the owner’s ability to resist eviction (Bur-
ciaga and Alcaraz 2023); therefore, by choosing defenders in
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Nerita shells, the attackers decrease their fighting costs and
increase their likelihood of obtaining a new shell.

In several groups of animals most of the fighting is com-
monly initiated by the larger individuals, including hermit
crabs (e.g., 93%; Pagurus bernhardus; Dowds and Elwood
1983). However, in hermit crabs under pair-matched experi-
mental conditions, researchers often induce a larger oppo-
nent to attack by providing it with a shell that is too tight,
while the smaller opponent occupies a shell of adequate fit.
In contrast, in our free choice experiment, 50% of the attack-
ers chose a larger opponent than themselves, being that the
body size of the attackers varied from 25% smaller to 20%
larger than the defenders.

In Pagurus bernhardus, most of the contests were initi-
ated by the larger individual (Dowds and Elwood 1983),
whose decision to fight was not influenced by the shell spe-
cies occupied by the smaller crab of the pair. However, inter-
estingly, the relatively small proportion of conflicts that were
initiated by the smaller opponent (11%) were all initiated
by crabs occupying the non-preferred shell (Gibbula spp.;
Dowds and Elwood (1983). Similarly, a high proportion of
small opponents of C. californiensis (40%), which previ-
ously occupied non-preferred shells (too heavy), initiated
fights against larger individuals occupying the preferred
shell (S. biserialis; Alcaraz and Jofre 2017). Likely, in natu-
ral encounters, a higher proportion of fights than expected
by theory can be initiated by smaller contestants. Few stud-
ies assess the fighting dynamics of hermit crabs occupy-
ing different shell species, and the opportunity to obtain the
preferred shell could likely be a strong stimulus for small
individuals to fight against larger opponents.

In this study, the body size asymmetry between opponents
was important in determining escalation and fighting out-
come. We found that body size asymmetry had contrasting
effects on the escalation and resolution of contests. Attack-
ers that were larger than their opponents were more likely
to escalate to bouts of rapping, but less likely to win the
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Fig.5 Probability of winning a contest as a function of a) the Shell
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between contestants, and ¢) the number of bouts of rapping. Some
data are displaced from their binary positions for visual clarity (ran-
dom jitter). Body size asymmetry equal to zero indicates that the
attacker and defender were of similar body size

contest. According to Dowds and Elwood (1983), smaller
opponents initiate contests against larger ones, possibly due
to an inaccurate assessment of RHP. However, in the case of
C. californiensis, attackers that investigated a smaller oppo-
nent and its shell were likely to discover that the smaller

defender’s shell was too small and decide to withdraw with-
out rapping. It is conceivable that animals gather informa-
tion throughout the progression of the contest and make a
complete RHP assessment after inspecting the interior of the
shell before engaging in bouts of rapping.

In contrast to several studies where the smaller contest-
ant has a lower probability to win a fight (including her-
mit crabs; e.g., Hazlett 1970), we found that an attacker
smaller than the defender was more likely to win the contest
than was an attacker that was larger than the defender (see
Fig. 5b). This is a surprising result since, in several animals,
even small differences in size between individuals bias the
outcome in favor of the larger contestant, such as in cichlid
fishes (Neat et al.1998b), three-spined sticklebacks (Row-
land 1989), fiddler crabs (Jennions and Backwell 1996), and
crayfish (Pavey and Fielder 1996). In the crayfish Procamba-
rus clarkii, a difference of body size and mass as small as 3%
is enough to favor the success of the larger contestant in 80%
of the encounters (Ueno and Nagayama 2012). There are
several possible reasons why some individuals defeat larger
opponents in a contest. An increase in aggression and fight-
ing success of relatively smaller individuals can be expected
when the difference in body size between opponents is small,
and the subjective resource value is higher for the individual
at an apparent disadvantage (Morrell et al. 2005; Tinnesand
et al. 2013). In those cases, a high motivation to fight can
overcome small differences in individual RHP (Barnard
and Brown 1984). For instance, in the hermit crab Pagu-
rus longicarpus, asymmetries in motivation allow smaller
contestants to defeat a larger opponent and occupy a better
shell (Gherardi 2006), and in C. californiensis, individuals
that occupied broken shells in the wild with lower muscular
strength won contests against stronger defenders with higher
RHP (Alcaraz and Jofre 2017). In the present study, the sub-
jective RV regarding the potential improvement in shell fit
(SAI,,,,) explained the overall fighting success of the attack-
ers; that is, the attackers that would potentially get a shell
of better fit (with higher motivation) were the ones that had
a higher probability of winning, regardless of whether they
were larger or smaller than their opponents. However, the
subjective RV did not explain why smaller attackers defeated
larger defenders, since the interaction of these variables was
not significant.

The success of the contestants that engage in aggressive
interactions against larger opponents could also be explained
by negotiation (Doake and Elwood 2011). However, contrary
to other studies in which both opponents gain in RV (Hazlett
1983, 1996), in this study the defenders that were evicted
were left with a shell that had a poorer fit than their original
shell. This was especially true for defenders that were larger
than the attacker, as their SAI decreased more on average
(ASAI p,=-0.26 £0.09) than the improvement in shell fit
gained by their smaller attackers (SAly,,,=0.16+0.11). A
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potential attacker that investigates a smaller defender will
probably discover that its shell will be too tight a fit; thus,
it would be expected to give up without rapping. On the
contrary, a hermit crab that investigates the shell of a larger
defender would likely find that it has a relatively large shell,
and thus, it would attempt to take it. In other words, in con-
trast to other biological groups, hermit crabs are unlikely to
gain much benefit from fighting against smaller opponents,
since even if they could easily win the resource, the resource
has low subjective value.

The fighting success of the attacker with body size disad-
vantage could also be attributed to an inconspicuous asym-
metry in RHP. Despite our awareness of body size and armor
as key factors determining the RHP, understanding of the
contribution of physical and physiological factors to the res-
olution of animal conflicts is limited (e.g. Humphries et al.
2006; O’Connor et al. 2015). Shell rapping is energetically
demanding (Briffa and Elwood 2002, 2005) and is a strong
predictor of fighting success (Briffa and Elwood 2000). The
success of the smaller attackers could be associated with
their ability to persist in a contest performing bouts of rap-
ping against a larger defender. However, although fighting
success was correlated with body size asymmetry and with
the number bouts, these variables did not interact, i.e. the
smaller attackers that evicted their opponents were not the
ones that displayed more bouts of rapping. Therefore, the
number of bouts was a good predictor of contest success,
but it did not explain the success of the attackers at a body
size disadvantage.

We expected that the longer the attacker spent attempt-
ing to evict the defender, the higher the likelihood that it
would be successful, since energy expenditure thresholds
could be determinant for the decision to persist in a con-
test in C. californiensis, as in other hermit crab species
(e.g., P. bernhardus; Briffa and Elwood 2002). However,
although there is a positive trend toward increased prob-
ability of winning with increasing contest duration (winners:
X =1684 5:£403.43 s.e.; losers: X =322 s +56.67 s.e.), this
trend was not statistically significant (X*>=2.81, P=0.10).
This trend could also reflect a loss of motivation on the part
of the attackers, as they realize that the opponent's shell is
not suitable for them. Therefore, they decide to withdraw
from the fight early.

More accurate predictors of fighting success, such as the
number of raps per bout and the force with which shells
are rapped (Briffa and Elwood 2000), should be explored
to explain the success of the smaller contestants. Addi-
tionally, the influence of strength and persistence-related
individual traits are not clearly understood yet (Vieira and
Peixoto 2013); inconspicuous asymmetries associated with
a functional performance (e.g. metabolic competence and
muscular strength) could be favoring the fighting success of
some crabs despite a body size disadvantage. Inconspicuous
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asymmetries in strength-related traits could play an impor-
tant role in shell fighting, as suggested by Vieira and Pei-
xoto (2013), for encounters depending on physical contact.
Some animals can advertise the RHP of the opponents in
terms of strength, stamina, energy reserves and/or metabolic
costs accrued early in the conflict, which might inform them
about their chances to win a conflict with high reliability
(e.g. Marden and Rollins 1994; Mowles and Briffa 2012).
In cichlids, the eventual winners and losers behave differ-
ently before beginning a fight (Maan et al. 2001), while in
hermit crabs the frequency of cheliped flicks during prefight
assessment strongly predict the fighting outcome (Mowles
and Briffa 2012). Calcinus californiensis might be gathering
information about its chances to win by assessing inconspic-
uous asymmetries during early stages of the interaction since
all the attackers smaller than the defenders that escalated
to bouts of rapping evicted their opponents. The attackers
seem to escalate to shell rapping against larger defenders
only when they have a high probability to win. The traits
that allow weight-disadvantaged individuals to initiate and
win a contest remain to be evaluated.

Scenarios where animals freely choose their opponents
do not allow rigorous control of variables, and hence make
interpretation more difficult; however, this approach permits
a more integrative understanding of individuals’ decision
making. Therefore, despite the considerable understanding
of the rules governing animal conflicts, the reliability of the
sequence of individuals’ decisions in most natural condi-
tions and its actual consequences in the outcome of the fight
require an assessment (Humphries et al. 2006; O’ Connor
et al. 2015). Our findings highlight the complex interaction
between objective and subjective resource value in initiat-
ing a fight and that smaller opponents can initiate and win
more contests than expected based on results in controlled
dyad experiments. Our study shows that agonistic encoun-
ters consist of an inseparable sequence of events that require
evaluation as a whole.
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