
 

 

 

 

THE IMPACT OF CHEMICAL CUE RECEPTION DURING AGONISTIC INTERACTIONS 
IN FEMALE CRAYFISH  

 
 
 
 
 
 
 

Kelly Bryant  
 
 
 
 
 
 
 

A Thesis 
 

Submitted to the Graduate College of Bowling Green 
State University in partial fulfillment of 

the requirements for the degree of 
 
 

MASTER OF SCIENCE 

August 2023 

 Committee: 

 Paul A. Moore, Committee Chair 

 Daniel Pavuk 

 Rachelle Belanger 

   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2023 

Kelly Bryant 

All Rights Reserved 



 iii 

ABSTRACT 
 

Paul A. Moore, Committee Chair 

 

 Agonistic interactions between individuals are influenced by a variety of complex factors 

both internal and external. Due to the complex nature of interactions, it can be difficult to 

determine the specific driving factors that influence the outcome of agonistic interactions. In 

many species, physical and chemical signals are utilized to deliver specific cues to potential 

opponents and mitigate interactions. In aquatic systems chemical signals are often used and 

designed to be carried by the flow of the water to deliver ranged information. This information 

can include status, sexual availability, aggression, and other important cues that may not be 

discernable in the water column through other channels. Crustaceans are a well-known group for 

modeling dominance hierarchies due to their overt demonstrations for dominance and repetition 

of agonistic behaviors over time.  

The goal of this research was to investigate the role that chemical cue reception plays in 

determining dominance in agonistic interactions in female crayfish. To accomplish this, we 

generated groups of individuals and grouped them by size, form, and species to receive either the 

control or ablation treatment. Chemosensory ablation removed the animal’s ability to detect 

chemical signals with their antennules through an extensive lesioning process which lysed the 

cells on that sensory organ. We discovered that lesioning of the antennules resulted in changes in 

duration and level of escalation of agonistic interactions among the crayfish species tested. 

Additionally, the size of the crayfish was a contributing factor to the duration and intensity of the 

interaction. Lesioned crayfish of larger size spend longer at low intensity agonistic behavior, 

likely due to the loss of chemical information from lesioning.  
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INTRODUCTION 

 Interactions between organisms are moderated by a variety of modalities that transmit 

information from sender to receiver. Signals are the basis of communication between individuals 

and are defined as any structure that alters the behavior or physiological status of another, the 

communication itself involving a sender and receiver (Baeckens, 2019). Important information is 

contained in signals using auditory, olfactory, mechanical, or visual modalities among others. 

Species have developed complex signaling pathways that are often adapted to the transmission 

constraints of different environments (Wehner, 1987). Some examples of this are long distance 

calling among birds in different forests (Mathevon, 2008) and bioluminescent visual signals in 

deep sea organisms (Ruxton and Bailey, 2005). These signals take a wide variety of forms, but 

all serve the same function which is conveying information from a sender through the 

environment to a receiver (Krebs and Davies, 1997).  

 One of the oldest and most dominant forms of communication is performed with the 

chemical senses. Chemical signals have a wide range of uses from finding food and mates to 

navigation, all of which can be determined with chemical scents in the environment (Moore, 

2005). Species have developed specialized pathways for chemo-sensation (DeForest, 2012). 

Insects use primarily chemical signals for kin identification and most social insects conduct 

communication through pheromones (Richard and Hunt, 2013). Chemical signals contain both 

specificity and dynamic temporal contrast, meaning that the sender can control the chemical 

composition of the signal and the timing of dispersal to alter the meaning of the signal to the 

receiver (Atema, 1995). In addition, chemical signals disperse through the environment through 

molecular diffusion and bulk flow, as opposed to a wavelength style like audio or visual signals 

(Atema, 1995). Because of this, chemical signals are highly specialized because they can do 
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what audio and visual signals cannot and are valuable means of communication for many 

species. However, organisms in certain environments tend to develop similar methods for 

communication and in aquatic environments there is a bias towards chemical communication.  

 In the aquatic realm, largely due to a lack of light, chemical communication is a 

particularly more common modality compared to other senses. Organisms in aquatic 

environments frequently make use of chemical signals to communicate information efficiently 

and numerous species use chemosensory as their primary form of communication (Hay, 2009). 

For example, certain species of fish (Carassius auratus) release hormones to self-regulate 

maturation and to trigger spawning behavior in potential mates (Stacey, 2003). Bloom forming 

phytoplankton (Phaeocystis globosa) use chemical signals to sense when its neighbors are under 

attack and responds in kind to shift shape until it can no longer be consumed by smaller, 

predatory ciliates (Long et al., 2007). Additionally, several aquatic organisms lack ears and eyes 

and as such rely on chemical signals to fill in the gaps and best understand the environment 

(Hay, 2009). The specificity of chemical signals is exemplified in sea dwelling crustaceans 

(Clibanarius vittatus) which have developed highly specialized peptide signaling systems that 

can differentiate between a number of similarly shaped chemical molecules and determine the 

precise pheromone from minute details (Rittchof and Cohen, 2004). Chemical communication is 

also present in everyday functions, in gastropods chemical signals have been proven to indicate 

the satiation levels of individuals including specifics of diet and age (Kirsch, 2022). Chemical 

cues can have effects beyond the individual and can reach into community organization and even 

ecosystem function as a whole (Hay, 2009). In order to sense chemical signals, many aquatic 

organisms have developed specialized organs for chemosensory that are adapted to best detect 

signals in the water column.  
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 Chemosensory information is gained from the environment through the antennules in 

crustaceans. These appendages contain numerous olfactory sensors known as aesthetascs which 

are small, hair-like structures located on the lateral antennules that relay chemical sensory 

information (Mellon, 2012). The ability to detect signals can be affected by several factors 

including flow speed, rate of flicking, and distribution of aesthetascs along the antennules 

(Bergman et al., 2006; Mead, 2008; Mellon, 2012). The removal of this source of information 

has the potential to alter behavioral interactions since damage sustained on the antennules can 

result in a reduction of olfaction, and overall chemical detection capabilities. Chemical signals 

influence a wide range of behaviors including aggression, identification, mate choice, and social 

status (Schneider et al., 2001). Numerous crustaceans including lobsters, crabs, and crayfish 

utilize urine as an important chemical signal which conveys a range of information about the 

sender (Simon and Moore, 2007). Previous studies have argued that the ability of contestants to 

recognize the status of their opponent, which is established via urine release, prior to engaging in 

combat helps reduce the duration and intensity of aggressive encounters (Goessmann et al., 

2000). Urine release in crustaceans is also used in identification and can indicate the social status 

of combatants (Katoh, 2008). Evidence suggests that crustaceans can control the amount and the 

timing of urine release, meaning that it is a targeted signal being delivered (Schneider, 1999). 

Additionally, in agonistic interactions involving crayfish it has been discovered that the blocking 

of urine release directly from the nephropore leads to increased duration of agonism (Schneider, 

2001). With crayfish, urine release from a dominant individual during fights triggers the switch 

from aggressive to submissive behavior in the receiver, so the urine contains information on the 

fighting ability of the sender (Breithaupt and Eger, 2002). With the ability to receive information 

from chemical cues removed, these determining factors would be eliminated from crayfish and 
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would alter their ability to properly assess their opponents and subsequently impact intraspecies 

interactions. In this study, the goal was to measure the impact of effective chemical 

communication on regulating the duration and intensity of agonistic interactions in crayfish. For 

the purpose of this experiment, crayfish were lesioned to remove the ability to detect chemical 

stimulus and introduced to an opponent. The crayfish’s interaction was then observed for 

duration and intensity of the combat to determine the effects of chemical signaling on agonism.  

 In instances of conflict, effective signaling is an important determining factor in the level 

of escalation and duration of the encounter. However, when the ability to receive certain signals 

is impacted, this can change the approach combatants take to potentially risky confrontations. 

When crayfish enter into a potential combat situation, the contestants must continually make the 

decision between remaining in a fight and escalating or exiting the fight and losing it. Ultimately, 

the main choice which ends the interaction is made by the loser of the fight which must choose to 

acquiesce and forfeit the fight (Herberholz et al., 2003). These choices are impacted by various 

intrinsic and extrinsic sources of information available during a contest. For example, 

contestants’ levels of aggression are different depending on whether they are the resident or 

intruder to the area (Eason and Hannon, 1992), their size compared to their opponents (Wright et 

al., 2019), the available resources and their quality at stake (Gherardi, 2006; Zhu, 2021), 

reproductive status (Martin III and Moore, 2010), and several additional factors. Because of the 

potential complexity of the signals that organisms may incorporate in making the decision to 

engage in combat, a number of authors have proposed models for the best assessment strategy 

that animals are employing during fights. A review of work on agonistic behavior across a broad 

spectrum of animals indicates that there are several strategies or types of assessments that occur 

for individuals comparing the benefits of winning a fight versus the costs of losing. The intensity 
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of the interaction, temperament, contest duration, and resource holding potential are all important 

factors when analyzing fighting behavior (Briffa and Elwood, 2009). These traits are especially 

important when attempting to determine the assessment method best suited for data analysis.  

 Resource holding potential (RHP) is a metric used to measure the potential for success 

each combatant has in a contest, and this metric is calculated based on several combined traits 

including morphology and physiology of each component including both defensive (stamina and 

endurance) and offensive (strength and body size) attributes (Allen, 2017). All these combined 

traits add up to the overall potential for success of a winner or defeat of the loser given it’s the 

resources at its disposal at the time of entering a contest. However, RHP is not the only 

determining factor in the outcome of a contest and there is evidence to suggest that the level of 

aggression or value of the resource at stake influences the winner (Arnott and Elwood, 2008, 

Allen, 2017). Some possible indicators of aggressive behavior used to evaluate such behavior in 

individuals are typically resource holding potential, resource value, and aggressiveness of the 

individual (Hurd, 2006). The relative importance of each of these traits fluctuates during a given 

interaction and between interactions. The precise circumstances of the interaction, be it a 

showdown between males for mates or two individuals competing over nesting ground, are vital 

to making predictions about the influence of intrinsic or extrinsic forces on individual behavior. 

These factors can be redefined as the willingness to fight versus the ability or motivation to win 

(Hurd, 2006). Individuals weigh the anticipated benefits and costs of an interaction prior to 

engaging in risky behavior that could result in injury or death. Levels of aggression can also be 

influenced by sex. For example, female crayfish have been shown to be more aggressive when in 

reproductive form carrying eggs than non-reproductive form females and males in either form 
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(Figler et al., 1999). Taking all of these factors into consideration is important for determining 

the proper assessment strategy utilized by individuals entering into potential conflict situations.  

 The predominant argument for assessment strategies is between self-assessment and 

mutual assessment. In self-assessment the individual takes stock of its own resources, and it is 

evidenced that there is a strong positive correlation between an individual’s resource holding 

potential and resource value (Kelly, 2008). Meaning that larger individuals may have access to 

more resources than smaller ones and as such may have more energy to spare for fighting. 

Typically, combatants attempt fighting tactics in order from least to most energetically taxing in 

an effort to conserve resources (Hack, 1997). In shore crabs, larger males defending their 

territory deterred smaller opponents solely through display whereas similarly sized or larger 

opponents were engaged in physical aggression for increasingly longer periods depending on the 

size of the individual (Rovero et al., 2000). The size of the rival has an impact on the length and 

intensity of the fight to determine a set winner, which ultimately could be tied back to resource 

holding potential of larger individuals (Arnott and Elwood, 2009). If the contest breaks out into 

full contact grappling, the ability of the winner to force its opponent to withdraw demonstrates a 

superior RHP compared to the loser (Briffa and Sneddon, 2006). However, the high cost of 

injury and loss of energy is often a strong enough deterrent to escalating contests into fighting 

unless the resources at stake outweigh the costs.  

 The perceived resource value (RV) of the resources contested over and the resources 

currently held by each combatant is compared to the relative value of those resources to the self, 

which is an element of resource holding potential (Briffa and Elwood, 2009). Taking this into 

consideration, the RV is directly influenced by the RHP, which as stated previously is recognized 

as a willingness to spend resources. In cases where it is necessary to determine the assessment 
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type, the common process is to compare the RHP of winners/losers to the contest duration as a 

metric for measuring the assessment type. In both self and mutual assessment, the higher the 

RHP of the loser, the longer the duration of the contest. This is because the winner is determined 

by the point at which the loser retreats from the fight and ends the interaction. However, in 

instances of mutual assessment the winner’s RHP is inversely related to the contest duration 

which is the direct opposite of self- assessment which is still positively correlated to RHP and 

duration (Arnott and Elwood, 2009).  

 In mutual assessment situations, the decision of the weaker individual in an interaction to 

leave the fight is determined in part by their ability to effectively read the RHP of the stronger 

opponent. By removing the sense of chemical detection in some individuals, this inhibited their 

ability to make mutual assessments. Chemical signals convey information, in cases where this 

information is not received it could have an impact on the individual’s ability to properly assess 

its opponents RHP and lead to increased interaction duration. In self-assessment scenarios, each 

member of the fight is assessing their own RHP and making decisions on whether to act and to 

what level they can escalate to for a certain cost. When unable to make mutual assessments 

through chemical information, which is a common moderator for agonistic interactions in 

crustaceans (Horner, 2008), crayfish may expend more energy to fighting than is metabolically 

sustainable because they are only aware of their own RHP and must engage the opponent to 

determine if fighting is worth the effort. In this study, we aimed to investigate the impact of 

chemical signal reception on assessment strategies in female crayfish during agonistic 

interactions. 
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MATERIALS AND METHODS 

Animal Collection and Handling 

 For this experiment, 45 Rusty Crayfish (Faxonius rusticus) were collected from the 

Portage River in Bowling Green, OH, USA (Latitude: 41.3169, Longitude: -83.6083) by seining 

and hand netting. And 45 Northern Virile Crayfish (Faxonius virilis) were obtained from 

ToledoGoldfish fish farm located in Toledo, OH USA and shipped overnight to Bowling Green 

State University. Only female Form II (non-reproductive) Rusty Crayfish (1.6 – 2.5 cm) and 

female Form I (reproductive) Virile Crayfish (2.7- 4.6 cm) were used in this experiment. All 

crayfish were housed in an environmentally controlled room in the Laboratory for Sensory 

Ecology. Only crayfish with intact appendages were utilized in this study. 

Crayfish were housed in separate plastic containers (25.2×16.2×11.8 cm) in a flow-through 

recirculating system. Animals were visually and physically, but not chemically, isolated from 

other crayfish for at least a week to remove any prior social behavior (Schneider et al., 2001). 

Crayfish were kept on a 12:12 light: dark cycle at ~23°C. All crayfish were fed Manna Pro™ 

Small World™ Complete guinea pig pellets 3 times a week.  

Experimental Design 

 The purpose of this experiment is to gain a better understanding of the role that chemical 

cue reception plays in crayfish fight dynamics. To investigate this, crayfish were divided into 

two groups. The experimental group received an ablation treatment which targeted the 

chemosensory organs located on the antennules. The control group did not have their 

chemosensory organs ablated. Combinations of ablated and unablated individuals of both species 

were placed into fight arenas and their interactions were monitored with a video camera for 
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agonistic behavior. Final pairings for the trial consisted of two different factors: ablated and 

unablated treatment combined with species producing four groups (Table 2).  

Chemosensory Ablation 

 Treatments were randomly assigned to size matched pairs of animals using a random 

number generator. Both the control and treatment groups underwent identical handling 

treatments and the only difference in the procedures was the replacement of salt water (ablations) 

with dechlorinated, aged tap water (controls). Crayfish were restrained on their dorsal carapace 

using a clear Plexiglass board with a series of paired holes. The holes had small rubber bands 

threaded through them which were used to affix the crayfish to the board securely. Once the 

individual was secured, the lateral and medial filaments of the antennules were placed into a 

micro-pipette tip (Universal tip, 1000 μl) which was fitted snugly to the rostrum (Figure 1). 

Crayfish were covered with a damp paper towel to prevent excessive drying and limit stress 

during treatment. 

 For the treatment group with ablation, both the lateral and medial filaments of the 

antennules were placed into the pipette tip which was then filled with 50 ppt saltwater. After a 

period of 2-hours the saltwater was removed from the pipette tip and replaced with dechlorinated 

tap water for an additional 10 minutes to complete the lesion. Cells do regenerate after a period 

of approximately 30 days, to minimize the effects of regrowth all ablated individuals were tested 

24-hours post ablation (Kraus-Eppley, 2015). The control group underwent an identical 

treatment except the salt water was replaced with dechlorinated tap water for both the 2 hour and 

10-minute periods. Upon the completion of each treatment, crayfish were returned to their 

individual housing to recover for 24 hours before being placed in an agonistic assay. Because of 
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the lack of neurological or cellular evidence of this effect, we have termed these behavioral 

lesions. 

Behavioral and Chemical Assay 

 To confirm crayfish were successfully lesioned behaviorally, a behavioral assay (i.e., 

flicking of antennules) was performed on all crayfish before fight trials occurred. The behavioral 

assay consisted of placing a crayfish into a smaller section of a 19-liter aquarium filled with 

dechlorinated tap water. Tap water used in trials was taken from tanks where it was aged over a 

period of several days where the chlorine was removed via evaporation resulting in 

dechlorinated, aged tap water which was safe to use with the crayfish. A camera was placed for a 

side view of the crayfish and was used to quantify the number of flicks during the assay. To test 

for the effectiveness of the lesion protocol, crayfish were subjected to two stimuli in consecutive 

order. The first was 1 ml of dechlorinated tap water delivered to the antennules after a 10 s 

quiescent period and the second was 1 ml of sardine homogenate also aimed at the antennules at 

least 10 s post water delivery. The sardine homogenate consisted of 45 grams of sardines (packed 

in water) homogenized in a blender (Proctor Silex 6 speed blender) with 250 ml of aged tap 

water.  

Fight Trials 

 Size matched crayfish were paired and placed into a divided tank which served as the 

fight arena (Figure 2). All crayfish pairs were determined by post-orbital carapace size within 

10% for a matched pair of similar sized individuals (Bergman et al., 2003). Size matching 

animals eliminates the role that total size plays in determining dominance in crayfish (Daws et 

al., 2002). Previous work has shown that water and odors do not cross between the two sides of a 

fight tank in the arena (Bergman et al., 2003). Two arenas were placed side-by-side which 



 11 

allowed for a total of four simultaneous trials to be recorded at once. A video camera was 

mounted approximately 1.3 meters above the arena alongside two dimmable lights to record the 

fights for subsequent analysis.  

 The fight arena was constructed of opaque Plexiglas (40 x 40 x 14 cm) which prevented 

visual contact between individuals prior to introduction. Each arena was divided into four 

quadrants of equal size (20 x 20 x 14 cm) using opaque retractable walls and was filled with 

approximately 3.5 gal of aged tap water. Prior to being placed in the arena, one out of every pair 

of crayfish received an identifying marker on the dorsal side of the carapace with White-Out. All 

crayfish received small white marks on the flat edge of each chela in order to increase visibility 

of clasping behavior on camera. 

  Crayfish were then placed into the arena and were visually and physically isolated for a 

15-minute period to allow them to acclimate to the trial conditions (Bergman et al., 2005; Simon 

and Moore, 2007). Lighting and arena conditions were identical in the acclimation and trial 

periods. Following acclimation, the appropriate divider was removed, and each pair of crayfish 

were allowed to interact for 15 minutes. Recording of the interaction began simultaneously with 

removal of the dividers. These time periods have been shown to produce a dominance 

relationship in crayfish fights (Bergman and Moore, 2005; Daws et al., 2002). After the trial 

period completed, the crayfish were moved back into their respective beginning areas, the walls 

replaced, and crayfish removed from the arena. The fight arena was deconstructed and 

thoroughly rinsed with hot tap water followed by deionized water to eliminate any traces of 

chemicals in the water prior to beginning another trial (Bergman, 2003). 
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DATA ANALYSIS 

 Analysis of the flicking videos consisted of an observer (blind to the ablation treatment) 

counting the number of flicks within a 10 s period prior to and after stimulation with the water 

and fish homogenate. Each fight trial was analyzed by a blind observer to determine the winner 

and loser of the first bout as well as the duration of the first bout. In addition, the fight dynamics 

of each first bout was determined using a 13-point ethogram (Table 1). During the analysis, the 

time to and time at each level of the ethogram was extracted by tracking the transitions between 

behavioral states on the ethogram. The first bout was defined as the first interaction in which 

both individuals engaged in chelae to chelae contact for greater than 10 seconds. The conclusion 

of the interactions occurred when the individuals remained separated by at least two body lengths 

for at least 20 seconds. Only the first bout was considered in analysis as previous studies have 

demonstrated that the ultimate winners and losers are established in this time period and 

subsequent interactions diminish in duration and intensity (Goessman et al., 2000; Huber et al., 

2001; Edwards et al., 2003). The loser of the first bout was defined as the individual that 

retreated the greatest number of times within the defined bout period. All bouts ended with a 

decisive winner and loser. 

Statistical Analysis 

 All data analysis was done within the programming environment of R (R Core Team 

2022). Prior to any statistical analysis three data conditioning steps were performed according to 

(Zuur et al., 2009). Step one involved the production of Cleveland dot charts to determine if the 

data contained any outliers. None of the measures showed any outliers. The second step involved 

the production of histograms, qqplots, and normality tests to determine the normality of the data 

(Shapiro-Wilk). If the data was not normally distributed, the R function “BestNormalized” was 
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used to select the transformation most likely to produce a normal distribution and after any 

necessary transformations, the data was rechecked for normality (Peterson, 2021). Flick rates 

were not normally distributed and were transformed using an orderNorm transformation. For the 

behavioral measures, not enough fights reach levels 9, 10, and 11 on the ethogram so these were 

dropped from subsequent analysis. Most of the behavioral variables were not normally 

distributed. The time to and time at variables along with total contest duration, non-escalated, 

and escalated durations were transformed using an orderNorm transformation. The final step 

involved the investigation of any collinearity between the time to and time at variables. None 

was found, so all the behavioral variables (except for those associated with ethogram levels 9, 

10, and 11) were kept within the statistical analysis. 

 The statistical analysis for the flick rates was performed using a mixed model. Because 

multiple behavioral measures were collected from a single crayfish, all statistical models were 

performed using generalized linear mixed models (Zuur et al., 2009). All models run in R used 

the lmer function from the lme4 package (Bates et al., 2015; R Core Team 2022). The models 

were constructed with three fixed factors: Stimulus (odor or water), phase (prior to stimulus, post 

stimulus), and ablation treatment (intact or ablated). Crayfish number was included as the 

random factor within the mixed model. Following model construction, the outputs were extracted 

using the anova function from the car package (Fox and Weisburg, 2019). 

 For the time to and time at fight dynamic analysis, ANOVAs were used where treatment 

(intact or ablated) and species (rusticus or virilis) were included in the model. A previous model 

that included sex as a factor determined that sex had no effect. So, this variable was dropped in 

the final analysis.  
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 The relationships between participants size (a proxy for their RHP) and total duration and 

non-escalated durations of bouts were performed using the lm function within R were used to 

evaluate the assessment strategy hypothesized to be in place across treatment types (e.g., Taylor 

and Elwood, 2003; Arnott and Elwood, 2009) by comparing our results to expected outcomes 

seen in Taylor and Elwood, 2003. Initial models were run with either the transformed total 

duration and non-escalated duration as the dependent variables with full interactions among the 

various sizes (winner, loser, larger, and smaller size as well as size difference), treatment (intact 

or ablated), and species (rusticus or virilis). As with the flicking data, species had no effect on 

the models, so species was dropped from subsequent analysis. Slopes, adjusted r2 values, and p 

values were extracted using the summary command in R.
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RESULTS 

Flicking  

 The flick rates of individuals were recorded to measure the response to two stimuli, one 

mechanical and one chemical, to determine the effectiveness of the treatment. Flick rates of 

antennules were measured both pre- and post-stimulus using a mixed model analysis. The rate of 

flicking was a dependent variable while the independent variables were phase (pre and post), 

stimulus (water vs odor), and treatment (control vs ablation). Animal ID was a random effect. 

Utilizing an analysis of variance it was determined that there is an interaction between the 

independent variables (phase, treatment, and stimulus), (F(1,216,0.05) = 7.69, p = 0.006). A post hoc 

test was conducted using the emmeans package. Control pre and post odor were found to be 

different, and post had a higher rate of flicking (p = 0.0021). Pre and post odor ablation were not 

found to be different (p = 0.43). Finally, the post odor control flicking was higher than the post 

odor ablation (p = 0.034). 

Fight Dynamics  

 The majority of fights did not escalate beyond levels -2 to 7 (Figure 1) and as such these 

interactions were classified as non-escalated. Any interaction between individuals that did 

increase in intensity beyond this point from levels 8-11 was classified as escalated. No fights 

escalated to the point of levels 10-11. The odds of the initiator also being the winner was 

calculated using a Tukey HSD multiple proportions test. Fights where the initiator won versus 

fights where the initiator lost was significant (Chi-Squared = 7.815) so there was a difference 

between the two. Most often the initiator won the fight (23:9).  
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Total Duration 

 Linear regression models reveal that the duration of the fights was significantly 

increased as both loser size and winner size increased (F(1,34,0.05) = 6.76, p = 0.013 and (F(1,34,0.05) 

= 6.80, p = 0.013). Similarly, duration of fights increased as the larger and smaller size of the 

combatant increased (F(1,34,0.05) = 7.2, p = 0.011 and (F(1,34,0.05) = 6.40, p = 0.016). Interestingly, 

there was no significant relationship between the size difference of combatants and total duration 

of the fight (F(1,34,0.05) = 1.6, p = 0.2). Treatment of the antennules was not significant by itself 

nor with an interaction of any of the size relationships.  

Non-escalated Duration 

Unlike the total duration analysis, linear regression models reveal significant interactions 

between the ablation treatment, the size measurements, and species interactions. The length of 

the non-escalated duration aspect of a bout was significantly influenced by the interaction 

between winner size and species (F(1,30,0.05) = 4.85, p = 0.035) and winner size and treatment 

(F(1,30,0.05) = 4.9, p = 0.033). The non-escalated duration was significantly altered by the 

interaction between all three independent variables (treatment, species, and loser size) (F(1,34,0.05) 

= 4.7, p = 0.038). The duration of the fights was significantly increased as both loser size and 

winner size increased (F(1,34,0.05) = 6.76, p = 0.013 and (F(1,34,0.05) = 6.80, p = 0.013). In regard to 

the size of the loser of the bout, the non-escalated duration was significantly altered by only the 

interaction between size of the smaller (and larger) combatant and treatment (F(1,30,0.05) = 4.3, p = 

0.043) for smaller combatant; (F(1,30,0.05) = 4.9, p = 0.034 )for the larger combatant). Similar to 

total duration and size difference of the combatants, the duration of the non-escalated portion of 

the bout was not influenced by treatment or size, but only species (F(1,30,0.05) = 21.6, p < 0.001). 

Escalated Duration 
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Escalated Duration 
 There were no interactions at the escalated level and there were no measurable effects. 
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DISCUSSION 

Our overall findings from this study show that the two most impactful factors on the 

dynamics of agonistic interactions in crayfish were the ablation treatment and combatant size. 

These two factors affected the overall duration of the interaction as well as the maximum 

intensity reached within an encounter. Lesioning of antennules in the treatment groups decreased 

the fight duration and intensity and demonstrates that chemical cues are an important source of 

information for assessment strategies in crayfish and the loss of that information alters fight 

dynamics and assessment strategies.  

Overall, the fights did not surpass low intensity in both the control and treatment groups; 

however, the duration spent interacting at low intensity was longer in the treatment group. These 

effects apparent with the removal of  chemical signal reception indicates that either the exchange 

of information between pairs is important or some aspect of self-assessment is performed using 

chemical cues. Assuming that external information on an opponent is important, the exchange of 

information between combatants controls the escalation speed and intensity during agonistic 

interactions and is a powerful regulator of fight dynamics (Breithaupt and Atema, 2000). In most 

decapod crustaceans, chemical signals are assessed through complex sensory pathways which 

derive from the olfactory sensilla, located on the antennules (Derby et al., 2016). Crustaceans 

often use chemical signals to communicate a variety of information including social status 

(Goessmann et al., 2000), reproductive ability (Yen and Lasley, 2010), and threat level (Jurcak 

and Moore, 2014). With lesioning of the chemosensory organs on the antennules, crayfish are 

unable to detect chemical signals (Kraus-Epley, 2015). A more detailed analysis indicated that 

the non-escalated aspects of fights were altered by the absence of chemical information. In 

particular the overall fight intensity remained lower without chemical cues. Game-theory 
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predicts the relationship between the intensity of fights, the durations of fights, and the type of 

assessment models used by the combatants.  

There are three primary theories used to describe assessment strategies in fights mutual 

assessment, cumulative assessment, and self-assessment, all of which are based on combatants’ 

ability to win contests, also known as resource holding potential (RHP) (Green, 2018). Each of 

these strategies establishes the sources of information by which an individual assesses the 

possibility of winning an encounter either using personal information (self-assessment), 

information from both self and the opponent (mutual assessment), or the measurement of 

accumulated costs during an encounter (cumulative assessment). A fight is determined by the 

point at which one contestant retreats, thus making itself the loser and disengaging from the fight 

(Briffa and Elwood, 2009). In instances of self-assessment, the loser measures some aspect of 

RHP solely using private (internal information) and when that personal threshold is met and the 

animal decides to retreat to minimize further risk. However, in mutual assessment the combatant 

will decide to retreat after assessing the difference between its own RHP and its opponent’s RHP 

(Taylor and Elwood, 2003). The exchange of information between opponents carries the cost of 

revealing information as well as securing information to and from the opponent. The lesioning 

treatment removed crayfish’s ability to receive chemical signals via the antennules. If chemical 

signals (such as urine) are important sources of RHP information, then both self and mutual 

assessment would be disrupted which was seen in these results. From here the question becomes 

whether the crayfish were utilizing self or mutual assessment with the chemical signals. 

In our study, there was a significant effect of the treatment on the duration of non-

escalation intensity fights. This treatment effect was seen in conjunction with winner size and 

species. These results could be explained if crayfish use self-recognition via their own chemical 
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signals and utilize that information in a self-assessment strategy. Chemical self-recognition has 

been observed in cichlids (Pelvicachromis taeniatus) which demonstrated a preference for their 

own scent over known scents of siblings or unknown strangers, which indicates a level of self-

cognizance (Thünken et al., 2009). The chemical components in crustacean urine include a 

wealth of metabolites which are indicators of the physiological state of the sender (Breithaupt 

and Atema, 2000). The sender could be investigating its own odor output and using that as a 

gauge for its stamina levels during fights. Both before and at intervals during a fight several 

chemical releases have been quantified and include glucose, glycogen, and lactic acid levels 

(Prenter et al., 2006; Briffa and Elwood, 2005). Given the chemical composition of urine, these 

signals could be utilized as deliberate signals of physical health to broadcast an individual’s 

strength prior to and during fights. If so, these signals would moderate the duration of the fight as 

each contender sends and receives those signals. This, however, would be employed in a mutual 

assessment strategy, which we did not see evidenced by the data. Thus, at this point, these results 

do not allow the distinction between self and mutual assessment. Beyond chemical signals, these 

animals may be using other sources of information. 

Visual and tactile cues are utilized in addition to chemical cues during agonistic 

interactions. These cues take many forms including offensive posturing to defensive postures, 

antennae drumming, and even fleeing, all of which communicates information in agonistic 

interactions (Bruski, 1987). While the informational content of these cues or signals is currently 

unknown, the removal of this information alters fights. For example, freshly molted crustaceans 

(Gonodactylus bredini) demonstrate increased meral spread behaviors in the presence of 

potential threats, despite having a soft body. The interpretation is that the meral spread is 

bluffing the preparedness of the crayfish to fight in an attempt to discourage attacks while 
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vulnerable (Steger and Caldwell, 1983). So, the importance of visual cues in deterring opponents 

from entering combat is important in the life cycle of crayfish. The antennae on crayfish have 

multiple uses, but during fights male crayfish (Orconectes virilis) have been observed engaging 

in antennal waving as a submissive display which resulted in its release from grappling positions 

by its opponent (Bruski and Dunham, 1990). This waving and drumming is both a visual and 

tactile display to minimize injury and end the fight. There are a variety of dominant and 

submissive signals that crustaceans release during fights and interactions are multimodal, but the 

importance of each signal varies depending on the context of the fight.  In crayfish (Orconectes 

rusticus) with impaired sensory modalities including vision, touch, and olfaction, animals were 

able to form dominance hierarchies successfully with olfaction removed while the other two 

modalities remained intact. However, when reduced to only one physical modality (vision or 

touch) with chemical sensory removed the crayfish were unable to establish dominance 

successfully (Callaghan et al., 2012). These results indicate that chemical cues are important in 

regulating social hierarchies, but also that visual and tactile cues work in conjunction with 

chemical cues to convey messages about dominance successfully.  

The size effect on increased fight duration seen in our study may be due to relative RHP 

of larger individuals. Increased size is related to larger RHP and the ability to fight longer.  In 

our study, the only resource available to the crayfish was territory within the fight arena which is 

likely not important. Some research has shown that crayfish with a greater RHP are more likely 

to initiate and win fights motivated by territory disputes; however, in the case of this study there 

was no territory to fight over (Briffa and Elwood, 2009). The effect of size could be due to the 

larger cost of fight escalation for larger individuals with similarly sized opponents which could 

deal a significant amount of damage if the assessment strategy utilized by the initiator is 
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inaccurate (Arnott and Elwood, 2009). Fighting is a costly endeavor and generally animals make 

every attempt to prevent escalation and instead use threat displays to resolve conflict (Gardner 

and Morris, 1989).  Additionally, inaccurate self-assessment of size can play a role in fight 

dynamics as observed in rusty crayfish (Orconectes rusticus) which when placed in small 

shelters relative to body size prior to engaging in fights were more likely to overestimate their 

body size which led to an increased percentage of fights won (Percival and Moore, 2009). The 

crayfish perceived themselves as bigger than their opponents and acted accordingly with 

increased aggression, having valued their ability to win (RHP) as higher than their opponents 

even though that was untrue. The energetic cost of fighting can lead to lasting effects on the 

individual and its ability to win (RHP) is influenced by the quality of resources contested over 

(Riechert, 1988). However, the physical differences in size among crayfish did not have as 

significant of an effect on the fight dynamics as the removal of chemical sense.  

Olfactory cues are important signals in aquatic environments and are utilized in a wide 

range of behaviors. For example, crayfish are capable of individual recognition of familiar 

individuals and the social status of opponents through odor (Schneider et al., 2001). The past 

dietary history of a predator can be discerned through chemical cues by prey and subsequently 

alters their behavior (Kamio et al., 2022). Incidentally, chemical signals are considered more 

honest signals than other modalities because of the direct tie to the physiological state of the 

sender. However, the release of this physiological information by chemical signals can be 

controlled through the periodic release of chemicals during interactions (Breithaupt and Atema, 

2000). The control and more honest nature of chemical signals can make them important sources 

of information for aquatic organisms. The importance of olfaction in crayfish is highlighted by 
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the highly specialized olfactory pathway through which crayfish capture odor molecules in the 

water and incorporate them into the olfactory neurons (Schmidt et al., 2008).  

Conclusion 

In summary, there can be a variety of signals that crayfish utilize when engaging in 

agonistic behaviors. However, when chemical signals are removed as a form of sensory 

reception, this ablation has a measurable effect on fight duration and intensity. The integration of 

information from a number of sensory modalities is important, however; chemical cues in 

crayfish appear to influence a wide range of social behaviors in a unique fashion that mechanical 

and visual systems do not. While the results presented here make it difficult to definitively say 

that self-assessment was being utilized by the crayfish during interactions, the results strongly 

support that chemical signals are vital to mediating fights and their outcomes. Crayfish may be 

measuring their own fighting ability through the information contained in their urine, and 

without that information, may be less willing to engage in intense fights and spend more time 

engaging in low intensity behavior which preserves energy and minimizes risk. Larger crayfish 

have more energy resources than smaller crayfish which may explain why their duration was 

longer than smaller crayfish. Additionally, the species differences observed may be due more to 

size as opposed to form since on average the virile crayfish carapace’s sizes were larger than the 

rusty crayfish and size was observed to be significant. However, the overall effect of chemical 

signals in fight moderation were observed to be linked to increasing the duration and reducing 

the intensity of agonistic interactions between females.



24 

REFERENCES 

Allen, D. S., & Aspey, W. P. (1986). Determinants of social dominance in eastern gray squirrels 

(Sciurus carolinensis): A quantitative assessment. Animal Behaviour, 34, 81–89. 

https://doi.org/10.1016/0003-3472(86)90009-6 

Allen, M. L., & Krofel, M. (2017). Resource Holding Potential. In J. Vonk & T. Shackelford 

(Eds.), Encyclopedia of Animal Cognition and Behavior (pp. 1–3). Springer International 

Publishing. https://doi.org/10.1007/978-3-319-47829-6_444-1 

Aquiloni, L., Gonçalves, V., Inghilesi, A. F., & Gherardi, F. (2012). Who’s What? Prompt 

Recognition Of Social Status in Crayfish. Behavioral Ecology and Sociobiology, 66(5), 

785–790. https://doi.org/10.1007/s00265-012-1326-3 

Arnott, G., & Elwood, R. W. (2009). Assessment Of Fighting Ability In Animal Contests. 

Animal Behaviour, 77(5), 991–1004. https://doi.org/10.1016/j.anbehav.2009.02.010 

Atema, J. (1995). Chemical Signals in the Marine Environment: Dispersal, Detection, and 

Temporal Signal Analysis. Proceedings of the National Academy of Sciences, 92(1), 62–

66. https://doi.org/10.1073/pnas.92.1.62

Atema, J., & Steinbach, M. A. (2007). Chemical Communication and Social Behavior of the 

Lobster Homarus americanus and Other Decapod Crustacea. In Duffy, J., & Theil, M. 

(Eds.), Evolutionary Ecology of Social and Sexual Systems: Crustaceans as Model 

Organisms (116-144). https://doi.org/10.1093/acprof:oso/9780195179927.001.0001 

Baeckens S. (2019) Evolution of Animal Chemical Communication: Insights from Non-Model 

Species and Phylogenetic Comparative Methods. Belgian Journal of Zoology 149: 63-93. 

Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimonious mixed models. arXiv 

preprint arXiv:1506.04967. 

https://doi.org/10.1093/acprof:oso/9780195179927.001.0001


 25 

Bergman, D. A. (2005). The Role of Chemical Signals in the Social Behavior of Crayfish. 

Chemical Senses, 30(Supplement 1), i305–i306. https://doi.org/10.1093/chemse/bjh236 

Bergman, D. A., & Moore, P. A. (2003). Field Observations of Intraspecific Agonistic Behavior 

of Two Crayfish Species, Orconectes rusticus and Orconectes virilis , in Different 

Habitats. The Biological Bulletin, 205(1), 26–35. https://doi.org/10.2307/1543442 

Bergman, D. A., & Moore, P. A. (2005). Prolonged Exposure to Social Odors Alters Subsequent 

Social Interactions in Crayfish (Orconectes rusticus). Animal Behaviour, 70(2), 311–318. 

https://doi.org/10.1016/j.anbehav.2004.10.026 

Bergman, D. A., Redman, C. N., Fero, K. C., Simon, J. L., & Moore, P. A. (2006). The Impacts 

of Flow on Chemical Communication Strategies and Fight Dynamics of Crayfish. Marine 

and Freshwater Behaviour and Physiology, 39(4), 245–258. 

https://doi.org/10.1080/10236240600980608 

Breithaupt, T., & Atema, J. (2000). The Timing of Chemical Signaling with Urine in Dominance 

Fights Of Male Lobsters (Homarus americanus). Behavioral Ecology and Sociobiology, 

49(1), 67–78. https://doi.org/10.1007/s002650000271 

Breithaupt, T., & Eger, P. (2002). Urine Makes the Difference: Chemical Communication in 

Fighting Crayfish Made Visible. The Journal of Experimental Biology, 205, 12221-

12310. https://doi.org/10.1242/jeb.205.9.1221  

Briffa, M., & Elwood, R. W. (2005). Rapid Change in Energy Status in Fighting Animals: 

Causes and Effects of Strategic Decisions. Animal Behaviour, 70(1), 119–124. 

https://doi.org/10.1016/j.anbehav.2004.10.013 

https://doi.org/10.1242/jeb.205.9.1221


 26 

Briffa, M., & Elwood, R. W. (2009). Difficulties Remain in Distinguishing Between Mutual and 

Self-Assessment in Animal Contests. Animal Behaviour, 77(3), 759–762. 

https://doi.org/10.1016/j.anbehav.2008.11.010 

Briffa, M., & Sneddon, L. U. (2007). Physiological Constraints on Contest Behavior. Functional 

Ecology, 21(4), 627–637. https://doi.org/10.1111/j.1365-2435.2006.01188.x 

Bruski, C. A., & Dunham, D. W. (1987). The Importance of Vision in Agonistic Communication 

of the Crayfish Orconectes rusticus. I: An Analysis of Bout Dynamics. Behaviour, 

103(1/3), 83–107. http://www.jstor.org/stable/4534636 

Callaghan, D. T., Dew, W. A., Weisbord, C. D., & Pyle, G. G. (2012a). The Role of Various 

Sensory Inputs in Establishing Social Hierarchies In Crayfish. Behaviour, 149(13–14), 

1443–1458. https://doi.org/10.1163/1568539X-00003033 

Daws, A. G., Grills, J., Konzen, K., & Moore, P. A. (2002). Previous Experiences Alter the 

Outcome of Aggressive Interactions Between Males in the Crayfish, Procambarus 

Clarkii. Marine and Freshwater Behaviour and Physiology, 35(3), 139–148. 

https://doi.org/10.1080/1023624021000014725 

Daws, A., Huber, R., Bergman, D., McIntyre, J., Moore, P., & Kozlowski, C. (2003). Temporal 

Dynamics and Communication of Winner-Effects In The Crayfish, Orconectes rusticus. 

Behaviour, 140(6), 805–825. https://doi.org/10.1163/156853903322370689 

DeForest, M. (2012). Smelling, Feeling, Tasting and Touching: Behavioral and Neural 

Integration of Antennular Chemosensory and Mechanosensory Inputs in the Crayfish. 

Experimental Biology, 215(13), 2163-2172. https://doi.org/10.1242/jeb.069492 

https://doi.org/10.1163/156853903322370689


 27 

Derby, C. D., Kozma, M. T., Senatore, A., & Schmidt, M. (2016). Molecular Mechanisms of 

Reception and Perireception in Crustacean Chemoreception: A Comparative Review. 

Chemical Senses, 41(5), 381–398. https://doi.org/10.1093/chemse/bjw057 

Dunham, D. W., & Bruski, C. A. (1990). Antennal Waving in the Crayfish Orconectes rusticus 

(Girard, 1852) (Decapoda, Astacidea). Crustaceana, 58(1), 83–87. 

https://doi.org/10.1163/156854090X00796 

Eason, P., & Hannon, S. J. (1994). New Birds on The Block: New Neighbors Increase Defensive 

Costs for Territorial Male Willow Ptarmigan. Behavioral Ecology and Sociobiology, 34, 

419- 426. https://doi.org/10.1007/BF00167333 

Edwards, D. H., Issa, F. A., & Herberholz, J. (2003). The Neural Basis of Dominance Hierarchy 

Formation in Crayfish. Microscopy Research and Technique, 60(3), 369-376. 

https://doi.org/10.1002/jemt.10275 

Eisenberg, J. F., & Kleiman, D. G. (1972). Olfactory Communication in Mammals. Annual 

Review of Ecology and Systematics, 3, 1-32. 

https://doi.org/10.1146/annurev.es.03.110172.000245 

Figler, M. H., Cheverton, H. M., & Blank, G. S. (1999). Shelter Competition in Juvenile Red 

Swamp Crayfish (Procambarus Clarkii): The Influences of Sex Differences, Relative 

Size, and Prior Residence. Aquaculture, 178(1-2), 63-75. https://doi.org/10.1016/S0044-

8486(99)00114-3 

Fox, J., & Weisberg, S. (2020). Using car and effects Functions in Other Functions. Using Car 

Eff. Funct. Other Funct, 3, 1-5. 

https://doi.org/10.1146/annurev.es.03.110172.000245


 28 

Freeberg, T. M., Book, D. L., Jung, H., & Kyle, S. C. (2017). Communication, Cues, and 

Signals. Encyclopedia of Evolutionary Psychological Science, 1–10. doi:10.1007/978-3-

319-16999-6_2728-1 

Gardner, R., & Morris, M. R. (1989). The Evolution of Bluffing in Animal Contests: An ESS 

Approach. Theoretical Biology, 137(2), 235-243. https://doi.org/10.1016/S0022-

5193(89)80209-7 

Gherardi, F. (2006). Fighting Behavior in Hermit Crabs: The Combined Effect of Resource 

Holding Potential and Resource Value in Pagurus Longicarpus. Behavioral Ecology and 

Sociobiology, 59(4), 500–510. https://doi.org/10.1007/s00265-005-0074-z 

Green, P. A., & Patek, S. N. (2003). Mutual Assessment During Ritualized Fighting in Mantis 

Shrimp (Stomatopoda). Proceedings of the Royal Society, 285(1871). 

https://doi.org/10.1098/rspb.2017.2542 

Goessmann, C., Hemelrijk, C. & Huber, R. The Formation and Maintenance of Crayfish 

Hierarchies: Behavioral and Self-Structuring Properties. Behav Ecol Sociobiol 48, 418–

428 (2000). https://doi.org/10.1007/s002650000222 

Hack, M. A. (1997). The Energetic Costs of Fighting in The House Cricket, Acheta Domesticus 

L. Behavioral Ecology, 8(1), 28–36. https://doi.org/10.1093/beheco/8.1.28 

Harrigan, K. M., & Moore, P. A. (2018). Scaling to the Organism: An Innovative Model of 

Dynamic Exposure Hotspots in Stream Systems. Archives of Environmental 

Contamination and Toxicology, 74(3), 372–394. https://doi.org/10.1007/s00244-017-

0444-3 



 29 

Hay, M. E. (2009). Marine Chemical Ecology: Chemical Signals and Cues Structure Marine 

Populations, Communities, and Ecosystems. Annual Review of Marine Science, 1(1), 

193–212. https://doi.org/10.1146/annurev.marine.010908.163708 

Herberholz, J., Sen, M. M., & Edwards, D. H. (2003). Parallel Changes in Agonistic And Non 

Agonistic Behaviors During Dominance Hierarchy Formation In Crayfish. Journal of 

Comparative Physiology A, 189(4), 321–325. https://doi.org/10.1007/s00359-003-0409-z 

Horner, A. J., Schmidt, M., Edwards, D. H., & Derby, C. D. (2008). Role of the Olfactory 

Pathway in Agonistic Behavior of Crayfish, Procambarus clarkii. Invertebrate 

Neuroscience, 8(1), 11–18. https://doi.org/10.1007/s10158-007-0063-1 

Huber, R., Schneider, R. A. Z., & Moore, P. (2001). Individual And Status Recognition in the 

Crayfish, Orconectes Rusticus: The Effects of Urine Release on Fight Dynamics. 

Behaviour, 138(2), 137–153. https://doi.org/10.1163/15685390151074348 

Hughes, M. (1996). The Function of Concurrent Signals: Visual and Chemical Communication 

in Snapping Shrimp. Animal Behaviour, 52(2), 247–257. 

https://doi.org/10.1006/anbe.1996.0170 

Hurd, P. L. (2006). Resource Holding Potential, Subjective Resource Value, and Game 

Theoretical Models of Aggressiveness Signaling. Journal of Theoretical Biology, 241(3), 

639–648. https://doi.org/10.1016/j.jtbi.2006.01.001 

Jurcak, A. M., & Moore, P. A. (2014). Behavioral Decisions in Sensory Landscapes: Crayfish 

Use Chemical Signals to Make Habitat Use Choices. Journal of Crustacean Biology, 

34(5), 559–564. https://doi.org/10.1163/1937240X-00002266 

Kamio, M., Yambe, H., & Fusetani, N. (2022). Chemical Cues for Intraspecific Chemical 

Communication and Interspecific Interactions in Aquatic Environments: Applications For 



 30 

Fisheries and Aquaculture. Fisheries Science, 88(2), 203–239. 

https://doi.org/10.1007/s12562-021-01563-0 

Katoh, E., Johnson, M., & Breithaupt, T. (2008). Fighting Behavior and the Role of Urinary 

Signals in Dominance Assessment of Norway Lobsters, Nephrops norvegicus. Behaviour, 

Vol. 145, No. 10, Bioactive Water-Borne Chemicals: Pheromones and Welfare 

Indicators: The 'Faro Workshop', 145(10), 1447-1464. 

https://www.jstor.org/stable/40296054 

Kelly, C. D. (2008). The Interrelationships Between Resource-Holding Potential, Resource 

Value and Reproductive Success in Territorial Males: How Much Variation Can We 

Explain? Behavioral Ecology and Sociobiology, 62(6), 855–871. 

https://doi.org/10.1007/s00265-007-0518-8 

Kirsch, D. R. (2022). Freshwater Gastropods as an Important Group for Studying the Impact of 

Inter- and Intra-Specific Chemical Communication on Aquatic Community Dynamics. 

Aquatic Ecology, 56(2), 361–375. https://doi.org/10.1007/s10452-022-09961-x 

Kraus-Epley, K. E., Lahman, S. E., & Moore, P. A. (2015). Behaviorally Selective 

Chemoreceptor Lesions Reveal Two Different Chemically Mediated Orientation 

Strategies in the Rusty Crayfish, Orconectes rusticus. Journal of Crustacean Biology, 

35(6), 753–762. https://doi.org/10.1163/1937240X-00002378 

Kraus-Epley, K. E., & Moore, P. A. (2013). The Impact of Odor and Ambient Flow Speed on 

The Kinematics of The Crayfish Antennular Flick: Implications for Sampling Turbulent 

Odor Plumes. Journal of Crustacean Biology, 33(6), 772–783. 

https://doi.org/10.1163/1937240X-00002183 

https://doi.org/10.1163/1937240X-00002183


 31 

Krebs J.R., Davies N.B., Behavioral Ecology: An Evolutionary Approach, The Evolution of 

Animal Signals, 1997, 155-177, (7) 4ed, ISBN-10: 0865427313, Wiley-Blackwell 

Long, J. D., Smalley, G. W., Barsby, T., Anderson, J. T., & Hay, M. E. (2007). Chemical Cues 

Induce Consumer-Specific Defenses in a Bloom-Forming Marine Phytoplankton. 

Proceedings of the National Academy of Sciences, 104(25), 10512–10517. 

https://doi.org/10.1073/pnas.0611600104 

Mathevon, N., Aubin, T., Vielliard, J., da Silva, M.-L., Sebe, F., & Boscolo, D. (2008). Singing 

in the Rain Forest: How a Tropical Bird Song Transfers Information. PLoS ONE, 3(2), 

e1580. https://doi.org/10.1371/journal.pone.0001580 

Mead, K. S. (2008). Do Antennule and Aesthetasc Structure in the Crayfish Orconectes virilis 

Correlate With Flow Habitat? Integrative and Comparative Biology, 48(6), 823–833. 

https://doi.org/10.1093/icb/icn067 

Mellon, D. (2012). Smelling, Feeling, Tasting and Touching: Behavioral and Neural Integration 

of Antennular Chemosensory and Mechanosensory Inputs in the Crayfish. Journal of 

Experimental Biology, 215(13), 2163–2172. https://doi.org/10.1242/jeb.069492 

Moore, P. A. (2005). The Smell of Success and Failure: The Role of Intrinsic and Extrinsic 

Chemical Signals on the Social Behavior of Crayfish. Integrative and Comparative 

Biology, 45(4), 650–657. https://doi.org/10.1093/icb/45.4.650 

Moore, P., & Martin III, A. (2010). The Influence of Reproductive State on the Agonistic 

Interactions Between Male and Female Crayfish (Orconectes rusticus). Behaviour, 

147(10), 1309–1325. https://doi.org/10.1163/000579510X520989 



 32 

Percival, D., & Moore, P. (2010). Shelter Size Influences Self-Assessment of Size in Crayfish, 

Orconectes rusticus: Consequences for Agonistic Fights. Behaviour, 147(1), 103–119. 

https://doi.org/10.1163/000579509X12512685881053 

Peterson, R. A. (2021). Finding Optimal Normalizing Transformations via best Normalize. R 

Journal, 13(1). 

Prenter, J., Elwood, R. W., & Taylor, P. W. (2006). Self-Assessment by Males During 

Energetically Costly Contests Over Precopula Females in Amphipods. Animal 

Behaviour, 72(4), 861–868. https://doi.org/10.1016/j.anbehav.2006.01.023 

Richard, FJ., Hunt, J.H. (2013). Intracolony Chemical Communication in Social Insects. Insect. 

Soc. 60, 275–291. https://doi.org/10.1007/s00040-013-0306-6 

Riechert, S. E. (1988). The Energetic Costs of Fighting. American Zoologist, 28(3), 877–884. 

https://doi.org/10.1093/icb/28.3.877 

Rittschof, D., & Cohen, J. H. (2004). Crustacean Peptide and Peptide-Like Pheromones and 

Kairomones. Peptides, 25(9), 1503–1516. https://doi.org/10.1016/j.peptides.2003.10.024 

Rovero, F., Hughes, R. N., Whiteley, N. M., & Chelazzi, G. (2000). Estimating The Energetic 

Cost of Fighting in Shore Crabs by Noninvasive Monitoring of Heartbeat Rate. Animal 

Behaviour, 59(4), 705–713. https://doi.org/10.1006/anbe.1999.1353 

Ruxton, G., & Bailey, D. (2005). Combining Motility and Bioluminescent signaling Aids Mate 

Finding in Deep-Sea Fish: A Simulation Study. Marine Ecology Progress Series, 293, 

253–262. https://doi.org/10.3354/meps293253 

Schneider, R. A. Z., Huber, R., & Moore, P. A. (2001). Individual and Status Recognition in the 

Crayfish, Orconectes rusticus: The Effects of Urine Release on Fight Dynamics. 

Behaviour, 138(2), 137-153. http://www.jstor.org/stable/4535812 

http://www.jstor.org/stable/4535812


 33 

Schneider, R. A. Z., Schneider, R. W. S., & Moore, P. A. (1999). Recognition of dominance 

Status by Chemoreception in the Red Swamp Crayfish, Procambarus clarkii. Journal of 

Chemical Ecology, 25(4), 781- 792. https://doi.org/10.1023/A:1020888532513 

Simon, J. L., & Moore, P. A. (2007). Male-Female Communication in the Crayfish Orconectes 

rusticus: The Use of Urinary Signals in Reproductive and Non-Reproductive Pairings. 

Ethology, 113(8), 740–754. https://doi.org/10.1111/j.1439-0310.2007.01387.x 

Stacey, N. (2003). Hormones, Pheromones and Reproductive Behavior. Fish Physiology and 

Biochemistry, 28(1–4), 229–235. https://doi.org/10.1023/B:FISH.0000030540.99732.2c 

Steger, R., & Caldwell, R. L. (1983). Intraspecific Deception by Bluffing: A Defense Strategy of 

Newly Molted Stomatopods (Arthropoda: Crustacea). Science, 221(4610), 558–560. 

https://doi.org/10.1126/science.221.4610.558 

Steullet, P., Cate, H. S., Michel, W. C., & Derby, C. D. (2000). Functional Units of a Compound 

Nose: Aesthetasc Sensilla House Similar Populations of Olfactory Receptor Neurons on 

the Crustacean Antennule. The Journal of Comparative Neurology, 418(3), 270–280. 

https://doi.org/10.1002/(SICI)1096-9861(20000313)418:3<270: AID-CNE3>3.0.CO;2-G 

Taylor, P. W., & Elwood, R. W. (2003). The Mismeasure of Animal Contests. Animal 

Behaviour, 65 (6), 1195-1202. https://doi.org/10.1006/anbe.2003.2169 

Thünken, T., Waltschyk, N., Bakker, T. C. M., & Kullmann, H. (2009). Olfactory Self 

Recognition in a Cichlid Fish. Animal Cognition, 12(5), 717–724. 

https://doi.org/10.1007/s10071-009-0231-2 

Tierney, A. J., Godleski, M. S., & Massanari, J. R. (2000). Comparative Analysis of Agonistic 

Behavior in Four Crayfish Species. Journal Of Crustacean Biology, 20(1), 54-66. 

https://doi.org/10.1163/20021975-99990016 



 34 

Wehner, R. (1987). Matched Filters: Neural Models of The External World. Journal of 

Comparative Physiology A, 161(4), 511–531. https://doi.org/10.1007/BF00603659 

Wolf, M. C., Martin, A. L., Simon, J. L., Bergner, J. L., & Moore, P. A. (2009). Chemosensory 

Signals in Stream Habitats: Implications for Ecological Interactions. Journal of the North 

American Benthological Society, 28(3), 560–571. https://doi.org/10.1899/08-108.1 

Wright, E., Galbany, J., McFarlin, S. C., Ndayishimiye, E., Stoinski, T. S., & Robbins, M. M. 

(2019). Male Body Size, Dominance Rank and Strategic Use of Aggression in A Group-

Living Mammal. Animal Behaviour, 151, 87–102. 

https://doi.org/10.1016/j.anbehav.2019.03.011 

Yen J., Lasley R., Breithaupt T., Thiel M. Chemical Communication Between Copepods: 

Finding the Mate in a Fluid Environment, Chemical Communication in Crustaceans, 

2010. New York, NY Springer New York, 177197 

Zhu, B., Wang, F., Su, X., Lu, Y., & Zhang, H. (2021). Effect of Different Amount of Food and 

Female Resource on Competitive Strategy and Agonistic Behavior of Swimming Crab 

(Portunus trituberculatus). Aquaculture, 536, 736471. 

https://doi.org/10.1016/j.aquaculture.2021.736471 

Zurr, A. F., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed Effects 

Models and Extensions in Ecology with R. Springer New York, NY. 

https://doi.org/10.1007/978-0-387-87458-6

https://doi.org/10.1016/j.anbehav.2019.03.011
https://doi.org/10.1016/j.aquaculture.2021.736471


35 

APPENDIX A. FIGURES 

Figure 1. Schematic showing the restraining board used to secure the crayfish while receiving the 

lesion treatment. Crayfish were placed on their dorsal surface, stomach up, and secured to the 

board using rubber bands that were fed through pre-drilled holes in the board. Rubber bands 

secured the crayfish at each chelae, thorax, and the telson. A micro-pipette tip (1000 µl) attached 

to the board via rubber band was fitted to the end of the rostrum. The antennules were inserted 

into the pipette tip which was then filled with the appropriate solution. A damp paper towel was 

placed over the board and crayfish to prevent excessive drying during the treatment period. 
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Figure 2. Schematic of the fight arena used for all agonistic encounters. The arena consisted of 

four individual sections with removable divider walls. Previous work has shown that there is no 

dispersion of water between the four areas before the walls are removed, thus crayfish were 

physically and chemically isolated by the dividers for the duration of the acclimation. Only two 

walls (e.g., 1 and 2 in diagram) were removed to allow individuals to engage. Fight arenas were 

monitored by an overhead camera (1.3 m above) which recorded the fight for the 15-minute 

duration.  
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Figure 3. Mean (± SEM) number of flicks prior to (left hand pair of symbols) and post (right 

hand pair of symbols) stimulation with water (left hand graph) or odor (right hand graph). Solid 

red circles represent crayfish that had sham lesions and solid black squares represent crayfish 

with antennules ablated. The ablation treatment significantly reduced the response to odor 

stimuli, but not water stimuli (Three-way ANOVA:  F(1,216,0.05) = 7.69). Tukey-HSD post hoc 

analysis showed that the flick rate for control crayfish pre and post odor were found to be 

significantly different and that crayfish in the ablation treatment did not response to odor stimuli 

(p = 0.43). Finally, the number of flicks for crayfish in the sham (control) treatment was higher 

during odor stimulation than crayfish that received the ablation treatment (p = 0.34). 
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Figure 4. Linear regression of the non-escalated duration of crayfish fights as a function of the 

larger size. The solid red circles represent crayfish that had sham lesions (control) and solid 

black squares represent crayfish with antennules ablated (treatment). Colored shading represents 

the 95% confidence interval for each treatment type (Red = control, Black = ablation). Non-

escalated intensity is the total duration of the fight where combatants were at lower intensities on 

the ethogram (-2 to 7: Table 1). A linear regression was run which yielded the following results, 

for the ablation, adjusted r squared = 0.52, p < 0.0001, and control, adjusted r squared = 0.15, p = 

0.045. A mixed model revealed that there was a significant interaction between size, treatment, 

and duration for larger combatants (F(1,30,0.05) = 4.9, p = 0.034).  
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Figure 5. Linear regression of the non-escalated duration of crayfish fights as a function of the 

smaller size. The solid red circles represent crayfish that had sham lesions (control) and solid 

black squares represent crayfish with antennules ablated (treatment). Colored shading represents 

the 95% confidence interval for each treatment type (Red = control, Black = ablation). Non-

escalated intensity is the total duration of the fight where combatants were at lower intensities on 

the ethogram (-2 to 7: Table 1). A linear regression was run which yielded the following results, 

for the ablation, adjusted r squared = 0.54, p < 0.0001, and control, adjusted r squared = 0.12, p = 

0.07. A mixed model was run which revealed that there was a significant interaction between 

size, treatment, and duration for smaller combatants (F(1,30,0.05) = 4.3, p = 0.043).  
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Figure 6. Linear regression of the non-escalated duration of crayfish fights as a function of the 

winner size. The solid red circles represent crayfish that had sham lesions (control) and solid 

black squares represent crayfish with antennules ablated (treatment). Colored shading represents 

the 95% confidence interval for each treatment type (Red = control, Black = ablation). Non-

escalated intensity is the total duration of the fight where combatants were at lower intensities on 

the ethogram (-2 to 7: Table 1). A linear regression was run which yielded the following results, 

for the ablation, adjusted r squared = 0.53, p < 0.0001, and control, adjusted r squared = 0.13, p = 

0.06. A mixed model revealed that the duration of non-escalated fights was significantly 

increased by winner size (F(1,34,0.05) = 6.80, p = 0.013). Additionally, the interaction between 

winner size and species (F(1,30,0.05) = 4.85, p = 0.035) and winner size and treatment (F(1,30,0.05) = 

4.9, p = 0.033).  
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Figure 7. Linear regression of the non-escalated duration of crayfish fights as a function of the 

loser size. The solid red circles represent crayfish that had sham lesions (control) and solid black 

squares represent crayfish with antennules ablated (treatment). Colored shading represents the 

95% confidence interval for each treatment type (Red = control, Black = ablation). Non-

escalated intensity is the total duration of the fight where combatants were at lower intensities on 

the ethogram (-2 to 7: Table 1). A linear regression was run which yielded the following results, 

for the ablation, adjusted r squared = 0.53, p < 0.0001, and control, adjusted r squared = 0.14, p = 

0.05. A mixed model revealed that the duration of non-escalated fights was significantly 

increased as loser size increased (F(1,34,0.05) = 6.76, p = 0.013). However, the duration was also 
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significantly increased by the interaction between species, treatment, and loser size (F(1,34,0.05) = 

4.7, p = 0.038). 

 

Figure 8. Linear regression of the non-escalated duration of crayfish fights as a function of the 

size difference between combatants. The solid red circles represent crayfish that had sham 

lesions (control) and solid black squares represent crayfish with antennules ablated (treatment). 

Colored shading represents the 95% confidence interval for each treatment type (Red = control, 

Black = ablation). Non-escalated intensity is the total duration of the fight where combatants 

were at lower intensities on the ethogram (-2 to 7: Table 1). The size difference was measured by 

the difference in post-orbital carapace lengths between the winner and loser of the fight. A linear 

regression was run which yielded the following results, for ablation, adjusted r squared = 0.07, p 
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= 0.91, and control, adjusted r squared = 0.18, p = 0.03. When considering the size difference, a 

mixed model revealed that the duration of the non-escalated portion of the bout was not 

influenced by treatment or size, but only species (F(1,30,0.05) = 21.6, p < 0.001).
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APPENDIX B. TABLES 

13 Level Ethogram 

Behavior name Intensity Behavior Description 

Tailflip -2 Rapid movement of the tail in reverse without chelae 
grab 

Slow Retreat -1 Lower intensity walking away from opponent 
Slow Approach 1 Lower intensity walking toward opponent 
Rapid Approach 2 Quick high intensity approach with meral spread 
Closed Chelae Touch 3 No forceful movement, just chelae touches 
Antennal Whipping 4 Hitting the opponent with Antennae 
Stiff Arm 5 Close chelae straight forward holding opponent away 
Closed Claw Boxing 6 Pushing with chelae that are closed 
Open Claw 
Touching 

7 Open chelae touching; no pushing; no closing 

Open Claw Boxing 8 Open chelae pushing, no closing 
Grabbing at 
Appendages 

9 Chelae closed around appendage, no pulling 

Tearing of 
Appendages 

10 High intensity and rapid movement attempting to rip 
claws or appendages 

Inversion 11 Flipping opponent over 
Table 1. Ethogram used to analyze fight dynamics of crayfish is modified from Bergman et al., 

2003. Intensity levels -2 and -1 represent behaviors exhibiting the ending of an agonistic 

interaction. Levels 1-7 represent intensity levels considered to be non-escalated levels, whereas 

levels 8-11 are considered escalated levels of intensity
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Treatment Groups 

Species Treatment Trials (matched pairs) 

 Faxonius virilis Ablated N = 8 

Faxonius virilis Unablated N = 8 

Faxonius rusticus Ablated N = 8 

Faxonius rusticus Unablated N = 8 

Table 2. Ns for the different treatments outlined in the methods. All pairs were matched within 

10% of their carapace size.  
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