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PaV1 (Panulirus argus virus 1) is a lethal contact-transmitted pathogen that infects the 

Caribbean spiny lobster, Panulirus argus.  Juvenile lobsters are highly susceptible to this 

pathogen, which prior to mortality causes fundamental changes in their ecology. However, P. 

argus can reduce infection risk by avoiding shelters inhabited by infected lobsters. Based on its 

role in many other aspects of lobster ecology such as conspecific attraction and mate searching, I 

hypothesized that olfaction was the most likely mechanism by which lobsters detect PaV1-

infected conspecifics. A series of Y-maze experiments were used to test this hypothesis and 

determine the source of the olfactory cue. Shelter avoidance behavior also has the potential to 

alter population structuring dynamics, and based on the type of cue, could be affected by local 

hydrodynamics. To investigate this, shelters and diseased cues were manipulated for wild 

populations in both high and low flow environments. Results showed that diseased avoidance is 

driven by olfaction via urine release, and moreover, the olfactory cue alone was equivalent in 

effectiveness to having a diseased lobster present and visible.  When given a choice between 

sheltering with diseased or non-diseased conspecifics, lobsters rarely sheltered with diseased 

individuals.  In the field, detection of PaV1-infected conspecifics can alter structuring dynamics 
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of natural populations especially under low flow regimes by inducing emigration and 

redistribution of non-diseased animals relative to diseased conspecifics. In shelter-limited 

environments, as occurs in many regions of the Caribbean, the unavailability of shelters due to 

disease avoidance could increase juvenile mortality and potentially impact future adult stocks.
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CHAPTER 1 

INTRODUCTION 

 Olfaction is a sense widely used by organisms to understand their environment (Ache and 

Young 2005).  The efficiency of olfactory-mediated interactions is relative to the transmission 

and range of chemical detection, which in the terrestrial environment is limited by chemical 

volatility (Liley 1982) and bioenergetic cost of chemical production (Wilson 1975).  In terrestrial 

organisms, olfaction is vital for reproduction (Averhoff and Richardson 1974, Carter et al. 1980), 

predation-prey interactions (Apfelbach et al. 2005, Rosell and Sanda 2006), and interactions 

between organisms (Hurst 1990, Moore 1997, Bonadonna and Nevitt 2004).  Compared to 

aquatic olfaction, terrestrial olfaction is well understood, with hundreds of chemical signals 

described for terrestrial arthropods (Herberholz 2007).   

 Although better understood in the terrestrial environment, olfaction can dominate the 

sensory realm in the aquatic environment (Ache and Young 2005).  In aquatic environments, the 

efficiency and effectiveness of chemical transmission is determined by the ability of a chemical 

to dissolve (solubility) and therefore disperse within its environment (Liley 1982).  Chemicals 

can be released from numerous anatomical sources, such as the slime covering of fish (Wilson 

1975, Liley 1982), gill membranes (Liley 1982), and through urine (Bamber and Naylor 1997).  

Aquatic organisms employ olfaction to find food (Carr and Derby 1986, Finelli et al. 2000), 

migration/homing (Hasler and Wisby 1951, Herrnkind 1969, Barbin et al. 1998), predator 

avoidance (Liley 1982, McCormick and Larson 2007), and intraspecific communication 

(Ameyaw-Akumfi and Hazlett 1975, Stacey 2003, Diaz and Theil 2004).  For example, food 

searching in the California spiny lobster, Panulirus interruptus, is driven by the chemoreception 

of adenosine triphosphate (ATP) in the water column (Zimmer-Faust 1993).  Likewise, homing 

by the black rockfish, Sebastes inermis, observed by their strong attraction to their habitat after 
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displacement, is accomplished through olfactory pathways (Mitamura et al. 2005).  Olfactory 

mediated predator avoidance is observed in the goby, Asterropteryx semipunctatus, which can 

learn and associate novel chemical signals with danger (Larson and McCormick 2005).  

Olfaction can also be found in mate searching by the female rock shrimp, Rhynchocinetes typus, 

which is mediated predominantly through olfaction with females initially attracted to chemical 

signals emitted by males (Diaz and Theil 2004).  Chemical communication is used by many 

decapods for a wide range of social interactions (Herberholz 2007).   

Among decapods, the source of the olfactory cue is often found in the urine (Atema 1986, 

Bushmann 1999, Breithaupt and Eger 2002) that contains pheromones used to mediate 

conspecific interactions (Wilson 1965, Bamber and Naylor 1997, Horner et al. 2008).  Common 

urine-mediated intraspecific interactions among decapods include: aggregation and homing 

(Childress and Herrnkind 1997, Nevitt et al. 2000, Bushmann and Atema 1997), social 

interactions (Zimmer-Faust et al. 1985, Bushmann 1999, Shabani et al. 2009), individual 

recognition (Karavanich and Atema 1998 a,b), reproduction (Atema and Engstrom 1971, Bamber 

and Naylor 1997, Kamio et al. 2008), and possibly disease detection (Behringer et al. 2006).  The 

widespread use of urine in common interactions is credited to its rich soluble protein content, 

which increases its dispersal, and the ability of decapods to use appendage-generated currents 

(Caldwell 1992, Gleeson et al. 1993, Kamio et al. 2008).  Therefore it‟s plausible that, urine 

could be employed in disease detection.  Moreover its metabolic waste concentration can be used 

to assess the internal and overall health of an organism (Breithaupt and Eger 2002, Atema and 

Steinbach 2007).  Like individual recognition in many crustaceans, (Karavanich and Atema 1998 

a,b, Hemsworth et al. 2007) viral detection could lead to an olfactory imprint of disease causing 

altered behaviors (Zulandt Schneider et al. 2001).   
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 Crustaceans detect chemical signals in the aquatic environment through chemoreceptors 

(Laverack 1988, Cate and Derby 2002) located primarily on the maxillipeds, pereiopods, 

antennules, and antennae; however, crustaceans can have chemosensory cells on almost any part 

of the body (Atema and Steinbach 2007, Herberholz 2007).  Maxillipeds, pereiopods, and other 

portions of the body are used for food tasting through tactile processes (Atema and Steinbach 

2007).  The antennules, considered the main sensory organs in many crustaceans, have the 

largest proportion of chemosensory cells and are used for assessing their environment (Horner et 

al. 2008).  When detecting odor plumes the antennules are commonly flicked to create flow that 

disrupts the chemical boundary layer around the sensory cells, allowing a new signal to be 

processed (Schmitt and Ache 1979, Goldman and Patek 2002, Daniel et al. 2008).   

 Olfaction can also be a population structuring mechanism, used by many crustaceans to 

form conspecific aggregations (Bushmann and Atema 1997, Childress and Herrnkind 1997, Ritz 

2000).  Conspecific aggregations are important because they decrease predation rates (Zimmer-

Faust and Spanier 1987, O‟Brien and Rtiz 1988, Smith and Herrnkind 1992), provide 

reproductive refuge (Bushmann and Atema 1997, Atema and Steinbach 2007), and reduce 

energetic costs in swimming crustaceans (Ritz 2000).  For example, the spiny lobster, Panulirus 

interruptus, uses olfaction to sense conspecific olfactory cues when searching for shelter 

aggregations (Zimmer-Faust et al. 1985).  Likewise, the American lobster, Homarus americanus, 

will form shelter aggregations in which the male protects the newly molted female during 

reproduction (Bushmann and Atema 1997).  Many factors influence the formation of shelter 

aggregations including the number of suitable shelters, conspecific density, and predation rates 

(Zimmer-Faust et al. 1985, Nevitt et al. 2000, Behringer and Butler 2006).   
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 While chemosensory cues are important in social interactions, visual cues have also 

evolved in organisms that inhabit shallow, well-lit environments because they can be exchanged 

rapidly and efficiently from a distance (George and Main 1966, Acquistapace et al. 2002, 

Baldwin and Johnsen 2009).  Visual communication is used in intraspecific interactions as found 

in female Lake Victoria cichlids, Haplochromis nyererei complex, whose mate choice depends 

on coloration and display rates of suitable males (Seehausen and van Alphen 1998).  Likewise, 

Baldwin and Johnsen (2009) found that mate choice of the blue crab Callinectes sapidus, can be 

stimulated solely by visual cues with males being attracted to females with red dactyls. Another 

example of the importance of visual cues lies in the diurnal migration of spiny lobsters wherein 

they align themselves in a straight formation via visual cues (Herrnkind 1969).   

 Combined visual and chemical signals (signal enhancement) are also commonly required 

in nature to induce behavioral responses because they increase the efficiency of signal 

transmission (Smith 1969, Acquistapace et al. 2002, Herberholz 2007).  Bimodal communication 

is employed in intraspecific interactions such as the male European freshwater crayfish, 

Austropotamobius pallipes (Acquistapace et al. 2002), and in the male snapping shrimp, Alpheus 

heterochaelis (Hughes 1996).  The female southern rock lobster, Jasus edwardsii, uses a 

combination of tactile, olfactory, and visual senses to distinguish between potential reproductive 

partners (Raethke et al. 2004).  Signal enhancement plays a role in intraspecific interactions but 

also could play a vital role in forming shelter aggregations and population structuring due to its 

widespread use. 

 Regardless of the cue driving aggregation or population structure, it was long assumed 

that increased disease prevalence was a cost of sociality because social interactions can increase 

the spread of contact-transmitted disease (Freeland 1979, Wright and Gompper 2005).   
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However, we now know that might not necessarily be true.  The ability to detect and avoid 

diseased conspecifics can reduce disease transmission by affecting population structure 

(Behringer et al. 2006, Ban et al. 2008).  Although it has been shown that disease avoidance can 

affect the population structure of terrestrial and aquatic organisms (Thompson et al. 2002, Ban et 

al. 2008), only anecdotal data exists of these effects in the marine environment (Sousa 1991, 

Thompson et al. 2005, Behringer et al. 2006).  For instance in the aquatic realm, the western 

mosquitofish, Gambusa affinis (Tobler and Schlupp 2008), and the aphid, Rhopalosiphum padi 

(Ban et al. 2008), avoid infected conspecifics creating segregation within the population.  In the 

marine realm, in which crustaceans shelter gregariously, the avoidance of shelters inhabited by 

infected conspecifics (Behringer et al. 2006) effectively removes the use of that shelter from 

those available for habitation, which in turn could have population spatial structuring affects if 

local disease prevalence is high.   

 In marine environments with variable flow velocity, the efficiency of olfaction can be 

altered (Kleerekoper 1967, Weissburg and Zimmer-Faust 1993, Finelli 2000).  For instance, 

Finelli (2000) demonstrated that as flow velocity increases, odor plume concentration decreases 

and physical structures (e.g., sponges, octocoral, seagrass) downstream of the odor source turn 

the single odor plume into many small, dilute plumes.  Another example is found in many teleost 

fish which cannot locate the source of stagnant olfactory cues, but can locate odor source when 

odor plumes are coupled with water flow (Kleerekoper 1967).  Conversely, the efficiency of 

olfaction in blue crabs in high flow environments is decreased due to increased turbulence 

around the antennule boundary layer (Weissburg and Zimmer-Faust 1993).  Furthermore, if 

disease detection occurs via olfaction, local hydrodynamics could influence the area of 

avoidance.   
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 The Caribbean spiny lobster, Panulirus argus (Latrielle 1804), is one example of a 

decapod that employs visual and olfactory signals in an environment with variable flow.  This 

gregarious animal is attracted to shelters inhabited by conspecifics by using an aggregation odor.  

This subsequently decreases predation by enabling conspecifics to find suitable shelter three 

times faster (Zimmer-Faust et al. 1985, Childress and Herrnkind 1997, Childress and Herrnkind 

2001).  This olfactory-driven behavior can help decrease predation on these vulnerable animals 

which are preyed upon by a suite of predators (Smith and Herrnkind 1992, Mintz et al. 1994, 

Schratwieser 1999).  Other daily intraspecific interactions are also commonly mediated by 

olfaction (feeding - Derby and Cate 2001, predator avoidance - Berger and Butler 2001, 

aggressive behaviors - Shabani et al. 2009) and visual cues (migration - Herrnkind 1969).  

 Their social nature implies that they should be highly susceptible to contact transmitted 

diseases, but Behringer et al. (2006) demonstrated that healthy P. argus can detect and avoid 

conspecifics infected with the lethal virus Panulirus argus virus 1 (PaV1).  However, infected 

individuals remain attracted to other conspecifics (non-diseased or diseased) and will actively try 

to aggregate with them (Behringer et al. 2006).  PaV1 is a contact transmitted pathogen that prior 

to mortality causes fundamental changes in lobsters (Shields and Behringer 2004, Butler et al. 

2008).  Such fundamental changes include lethargy, tissue ischemia, depletion of energy 

reserves, and mortality (Shields and Behringer 2004).  Although PaV1 can infect lobsters of all 

sizes, juveniles are most susceptible to this pathogen, succumbing more quickly than adults 

(mortality within 90 days) (Shields and Behringer 2004, Butler et al. 2008).  Although it is 

known that lobsters can detect PaV1-infected conspecifics, the mode of detection, source of the 

cue, and effects on population structuring dynamics are unknown.  Possible implications of 

disease avoidance in a shelter-limited habitat could be emigration and redistribution away from 
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infected conspecifics.  Using the Caribbean spiny lobster as a model species, I tested the 

implications of disease avoidance on juvenile population structuring dynamics.  

Hypotheses: Determine the primary sense (visual versus olfactory) used in detecting 

PaV1-infected lobsters, and the source of the olfactory cue.  

Ho1: Caribbean spiny lobsters do not use chemical or visual cues to detect PaV1-

infected conspecifics 

HA1: Detection of PaV1-infected spiny lobsters by visibly healthy lobsters occurs via 

chemical and visual signals. 

Ho2: If olfaction is critical to detecting conspecific cues relative to PaV1 in spiny 

lobsters, urine does not play a factor 

HA2: If olfaction is critical to detecting conspecific cues relative to PaV1 in spiny 

lobsters, urine is the source of the olfactory cue. 

Determine the range of infected lobster avoidance by non-infected lobsters. 

Ho1: PaV1-infected lobster avoidance non-infected lobster display, is not associated 

with distance from cue source 

HA1: PaV1-infected lobster avoidance non-infected lobster display, is associated with 

the distance from the cue source. 

Evaluate how PaV1 affects juvenile population structure in the wild. 

Ho1: PaV1 avoidance does not alter the spatial structure of wild spiny lobster 

populations 

HA1: PaV1 avoidance alters the spatial structure of wild spiny lobster populations. 

Evaluate the effect of flow on the spatial structuring function of the PaV1 avoidance behavior.  
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Ho1: Spatial avoidance of cues from PaV1 diseased lobster by non-diseased lobsters is 

not positively associated with water flow rate 

HA1: Spatial avoidance of cues from PaV1 diseased lobster by non-diseased lobsters is 

positively associated with water flow rate.
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CHAPTER 2 

METHODS 

Mode of PaV1-infected Conspecific Detection and Cue Source 

Experimental Lobsters 

During the summer of 2010, juvenile Caribbean spiny lobsters, 25-50 mm carapace 

length (CL), were hand-collected from hard-bottom habitat (< 3 m depth) in Florida Bay, Florida 

(Figure 2-1).  Lobsters were held in UV-treated flow-through tanks under natural photoperiod.  

Lobsters were fed shrimp ad libitum every other day.  Of these lobsters, 30 were inoculated with 

PaV1 by injecting 0.1 mL of hemolymph from a visually PaV1-infected lobster (Shields and 

Behringer 2004) through the membrane between the basis and the ischium of the fifth walking 

leg (Behringer et al. 2008).  Inoculated animals were held separately from non-diseased animals 

in recirculating tanks to ensure they were in a similar infection state.  This inoculation method 

typically produces a 95% infection rate in a laboratory setting (Butler et al. 2008).  

Experimental Setup  

To determine the mode of PaV1 detection, Y-maze experiments (Rebach 1996, Ratchford 

and Eggleston 1998, Diaz and Thiel 2004) were conducted in the summer-fall 2010.  Four 94cm 

long x 62cm wide x 20cm tall Y-mazes (79 L) with a 72cm long x 18cm tall central divider were 

constructed out of 1.3cm plywood coated with waterproof epoxy (Figure 2-2).  To attract 

lobsters, each upstream arm of the Y-maze held a conditioned artificial shelter (2 stacked 

concrete bricks; 20cm x 10cm x 5cm) (Butler and Herrnkind 1997, Behringer and Butler 2006).  

Through the center of the shelters, unfiltered, ambient seawater (25 ± 1ºC and 35 ± 1 ppt) was 

gravity fed from isolated 121 L head tanks at a rate of 4.00 mL/s.  From the shelters, water 

flowed downstream at a rate of 1 cm/s to an 18cm tall, 1.9cm diameter stand pipe.  Dye tests 
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confirmed that water from each Y-maze arm was unidirectional and restricted to its respective 

side before converging at the base of the Y-maze. 

Chemical Detection of PaV1-infected Conspecifics 

All Y-maze experiments were conducted under natural photoperiod for an experimental 

duration of 8h during the lobsters‟ most active state, ending 1h post-dawn (when they are 

actively searching for shelters).  In all olfactory Y-maze trials, 2 lobsters (specific treatments 

discussed below) were placed in a randomly assigned head tank 4h prior to the start of the trial to 

infuse the water with their chemical signal.  At the onset of the trial, a non-diseased (visually 

assured - Shields and Behringer 2004) lobster was measured (CL; to the nearest 0.1 mm), sexed, 

and positioned at the base of the Y-maze behind a porous screen.  Following a 5min period to 

reduce handling induced stress on the focal animal, the screen was removed and the lobster was 

allowed to move about freely for the duration of the trial.  Preliminary observations indicated 

that lobsters (n = 12) sampled and thus received cues from both branches of the Y-maze.  Eight 

hours into each trial, the shelter and associated treatment that the focal lobster selected were 

recorded.  Between trials the setup was drained, flushed with fresh water three times (Diaz and 

Thiel 2004), and allowed to air dry for 10h.   

To determine if P. argus can chemically detect and avoid PaV1-infected conspecifics, 3 

olfactory experiments were conducted.  The first experiment tested the olfactory cues emitted 

from non-diseased lobsters in one head tank versus olfactory cues emitted from seawater in the 

second head tank (n = 30).  This experiment provided a baseline on the sheltering behaviors of 

focal animals and was expected to depict the gregarious nature of non-diseased conspecifics.  

The second experiment tested the olfactory cues emitted from diseased lobsters in one head tank 

were tested against olfactory cues emitted from seawater in the second head tank (n = 20). In 

contrast to the previous experiment, this experiment provided information on the avoidance of 
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PaV1 infected individuals.  Finally, to determine if lobsters favored non-diseased conspecifics 

over diseased conspecifics, olfactory cues emitted from non-diseased lobsters in one head tank 

were tested against the olfactory cues emitted from a head tank that held diseased lobsters (n = 

21).  This experiment coupled the natural gregarity of focal animals to non-diseased conspecifics 

with their natural avoidance of diseased conspecifics to determine their sheltering choice. In 

combination, these experiments provided information as to whether lobsters merely avoided 

diseased lobsters or rather were attracted to non-diseased conspecifics. Crustaceans do not 

typically demonstrate a side preference (Rebach 1996) or directional bias (Zimmer-Faust 1993) 

during Y-maze experiments, so these factors were ignored.  

PaV1-infected Conspecific Urine Detection  

To specifically test whether PaV1-infected conspecifics were detected chemically 

through urine, Y-maze experiments were conducted (n = 30) with the nephropores of diseased 

lobsters blocked (Bushmann 1999, Zulandt Schneider et al. 2001).  The nephropores of the PaV1 

diseased lobsters were blocked by blotting the nephropores dry and then covering them with 2 

coats of cyanoacrylate gel (Krazy Glue®), followed by a thorough inspection to insure the 

complete coverage of the gel plug.  To reduce experimental bias, non-diseased control lobsters 

were removed from their holding tank, blotted dry (no glue applied) and held out of water for the 

same time period as treatment lobsters.  Non-diseased animals did not have their nephropores 

blocked because the purpose of the experiment was to see if blocking the nephropores of 

diseased animals in effect made them similar to non-diseased animals.  Observations of the gel 

plug illustrated that it could be removed post-experiment without detriment to the lobster.  After 

application of the gel plug, treatment lobsters (nephropore-blocked diseased blocked) were 

placed in one head tank while non-diseased lobsters (unblocked) were placed in the other head 

tank 4h prior to each trial.  If the PaV1 avoidance cue occurred as a consequence of urine emitted 
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from the nephropores, then the blocked nephropore lobsters would expected to be chemically 

„invisible‟ to the focal lobsters in this experiment.  The preceding Y-maze experiments were 

used as controls because they served as a baseline of lobster sheltering behavior, providing focal 

lobster choice on shelters emitting olfactory cues of diseased or non-diseased animals.     

  Visual Cues in PaV1 Detection  

To determine if lobsters could visually detect PaV1-infected conspecifics, Y-mazes were 

modified by installing a sheet of glass (18cm tall x 28cm wide) 6cm in front of the each upstream 

section of the Y-maze (Figure 2-3) secured with silicone caulking to ensure that water was not 

exchanged between the Y-maze and the partitioned section.  Within this partitioned section two 

bricks (20cm x 10cm x 5cm) standing on end were placed to either side of the partition to keep 

the treatment lobster in the middle of the Y-maze branch and in view of the focal lobster.  The 

procedure was the same as described above except that no lobsters were present in the head tanks 

and the water was released downstream of the glass partition. This experiment included three 

treatments: non-diseased lobster visual cues versus seawater only (n = 30), disease lobster visual 

cues versus seawater only (n = 23), and non-diseased lobster visual cues versus diseased lobster 

visual cues (n = 30). 

Data Analyses 

To determine if the sheltering choice deviated from random, a two-tailed binomial with 

the probability of sheltering set at 50% (random sheltering) was used.  The treatments were 

considered independent and the sheltering probability stayed the same throughout the experiment 

(McClave and Sincich 2009).  The power of the test (1- β) indicated the probability that the test 

would correctly reject the null hypothesis (sheltering probability = 0.5).  The value of the type II 

error (β) decreased as the observed results (probability) deviated from the null hypotheses (0.5) 
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(McClave and Sincich 2009).  Significance was determined at  = 0.05 for this and all other 

experiments as described below. 

PaV1-infected Conspecific Avoidance Range 

Experimental Setup and Procedure 

To determine the range at which PaV1-infected conspecifics elicits an avoidance 

reaction, a flume tank experiment was conducted.  Previous studies with American lobster, 

Homarus americanus, indicated that they lose olfactory memory of previously encountered 

individuals after being separated for 2wks (Karavanich and Atema 1998 a,b).  Similar 

observations have been observed in the common crayfish, Cherax destructor (Hemsworth et al. 

2007), and rusty crayfish, Orconectes rusticus (Zulandt Schneider et al. 2001).  Accordingly, 

diseased lobsters in the present study were isolated from non-diseased lobsters for 4wks prior to 

the experiment to eliminate the chance of any olfactory recognition.  

Trials were conducted at night in a flume tank with a flow rate of 1.34 cm/s.  This flow 

rate was used because, based on the flow velocity at field sites, it was a flow rate that would not 

create excessive turbulence that would disrupt the odor plume.  The bottom of the tank was 

divided into 3 quadrants (25cm long x 28cm wide) (Figure 2-4).  At the downstream end of the 

experimental arena a porous screen was placed to keep lobsters from sheltering behind the 

standpipe.  The upstream end of the experimental arena contained a brick shelter used to attract 

the focal lobsters to that end of the flume.  Water was delivered to the shelter end of the tank via 

a 15cm long PVC manifold.  This manifold created a unidirectional flow and prevented focal 

lobsters from going beyond the shelter.   

To start the trial a treatment lobster (non-diseased n = 19; diseased n = 29) was tethered 

to the center of the artificial shelter using a monofilament harness secured to the carapace with 

cyanoacrylate gel (Krazy Glue®).  A metal swivel connected between the carapace and tethering 
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line allowed the lobster to move about freely within the artificial shelter but prevented their 

movement into the experimental arena.  A size-matched non-diseased lobster (± 5 mm CL of 

tethered animal) was then positioned at the downstream end of the tank for 5min behind a porous 

screen to reduce handling induced stress, after which the focal lobster was allowed to move 

about freely for 1h.  Diseased treatment animals were used in multiple trials due to the lack of 

diseased animals.  Trials were recorded with a digital video camera under a red light for 

subsequent analysis. Red lighting falls at the far end of the maximum spectral sensitivity of 

crustaceans (> 700nm wavelength) therefore minimizing any visual stimuli that might alter focal 

animal behavior (Cronin 1986).  Between each trial the flume was drained, cleaned, and flushed 

with freshwater for 1h. 

Data Analysis 

Video of the trials was used to determine the amount of time spent sheltered or within 

each quadrant (shelter, 0-50 cm, 50-100 cm, and 100-150 cm).  The mean amount of time spent 

in each quadrant was compared using an ANOVA with distance (sheltered, 0-50 cm, 50-100 cm, 

and 100-150 cm) and treatment (non-diseased or diseased) as factors.  ANOVA assumptions 

were assessed by comparing standardized residual plots (residuals divided by the data standard 

deviation; s.d.) for this and other experiments as described below.   

Influence of PaV1 Avoidance on Juvenile Population Structuring Dynamics  

Experimental Setup 

 In fall 2010, a tagging experiment was conducted in Florida Bay (USA) to assess the 

effects of PaV1-infected conspecific avoidance on spatial population structuring dynamics 

(Figure 2-1).  The tagging experiment was conducted in artificial shelter arrays designed to take 

into account olfactory capabilities of P. argus by having multiple distances from the cue source 

(discussed below).  Such capabilities include exchanging social signals over short distances, < 60 
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cm (Shabani et al. 2009), and orienting to odor plumes 2m away (Derby et al. 2001).  Eight 

artificial shelter arrays (Figure 2-5), were placed 100m apart in hard-bottom habitat (~2m depth) 

typically occupied by juvenile lobsters (Herrnkind et al. 1997).  Only large areas (at least 4m
2
) 

devoid of natural shelters were selected as sites for array placement.  Artificial shelters were 

double stacked concrete blocks (40cm x 20cm x 10cm) conditioned for 3mo. in the ocean prior 

to use (Behringer and Butler 2006).  Although the main focus of the study was on population 

structuring associated with PaV1-infected conspecific avoidance, I also sought to determine the 

importance of flow rate on and structuring effect observed. Therefore, 4 arrays were placed in 

low flow environments and 4 arrays placed in a high flow environments.  An average flow 

(cm/s) (n = 3 for each flow regime) for the differing regimes was calculated using a 

digital/mechanical flow meter (G.O. Environmental, Model 2030) set at the site for 24h to record 

mean daily flow for each site and a t-test was employed to determine significant differences 

between the flow regimes.   

Experimental Procedure 

After colonization of the shelters (at least 3 lobsters per array), tagging surveys were 

conducted.  Prior to dusk, 2 scuba divers used hand nets to capture each lobster on the site, 

record their CL, shelter location, mark it with a unique color-coded antenna tag, and return it to 

its respective shelter.  After the initial surveys (t0), a visibly non-diseased or diseased juvenile 

collected from nearby was tethered as described above with a 20cm piece of monofilament line 

to the central block in the shelter array.  Subsequent surveys were conducted at 24h (t24) and 48h 

(t48) to allow untethered lobsters time to redistribute in response to the tethered treatment.  

During the t24 and t48 surveys, divers recorded the location and tag code for each tagged lobster.  

New arrivals at t24 were treated as those at t0.  If tagged animals were encountered during the t24 

survey, the antennae tag was observed without actually capturing the lobster to reduce stress-
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induced movement.  To understand the effects of stress caused by divers on lobster sheltering 

behavior, an initial survey (n = 6) was conducted 24h before t0 surveys.  This pre-trial survey 

used the same methods described above except no animal was tethered to the central shelter after 

the survey.  This provided information on the amount of emigration from the site caused by the 

tagging process.  

Data Analysis 

The geometric formation of the shelters allowed multiple distances to be calculated from 

the central stimulus (Berger and Butler 2001).  Three measurements were taken from this 

formation: (1) lobsters 0.5m from central shelter, (2) lobsters 1m from the central shelter, and (3) 

lobsters 2m from the central shelter.  Two separate repeated-measures ANOVAs were used to 

reduce the variability associated with time with the response variable log-transformed.  Optimum 

power transformation was found by using a Box-Cox transformation within SAS that finds the 

power transformation that maximizes reduction in model variability.  Separate analyses were 

performed due to unequal time factors between the two respective response variables; the first 

analysis (response = count) had three entries per site (t0, t24, t48) while the second (response = 

distance moved) had two data points per site (between t0 - t24 and between t24 - t48).  Conclusions 

from both analyses were taken from the Type III tests of fixed effects.  Significant ANOVAs 

were followed up with Tukey-Kramer multiple comparison tests to determine the source of 

differences (McClave and Sincich 2009).  Multiple comparisons tests compared marginal means 

which are means where the sum of square errors is minimized in the overall solution, decreasing 

variability between the comparisons (McClave and Sincich 2009).   

The second analysis was used to determine if the movement of lobsters changed over 

time (redistribution) when a treatment animal was present.  Net movement was determined by 

adding the movement towards the treatment and subtracting movement away from the treatment 
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of each individual lobster on the site (lateral movement = 0).  Emigration and immigration was 

subtracted or added to the total, respectively, relative to the abandoned/inhabited shelter distance 

from the central treatment. Immigration to shelters closest to the central treatment (0.5m) was 

scored as +2.5 because the immigrating lobster had to traverse closer to the central shelter.  

Immigration to shelters 1m from the central treatment was scored a +2.  Likewise, immigration 

to shelters 2m from the central treatment was scored a +1.  Emigration was scored inversely to 

immigration; i.e., if the abandoned shelter was 0.5m from the central treatment than it was scored 

a -2.5.  
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Figure 2-1.  Florida Bay, FL (USA), the location of lobster collection and study sites.  Area of 

study sites are denoted with an “X” (4 sites at each X) (Image credit: Florida Museum 

of Natural History). 

 

 
Figure 2-2.  Y-maze design used to determine the mode of PaV1-infected conspecific detection 

and the source of the cue. “X” denotes the placement of focal lobster at the start of 

trials. 
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.  

Figure 2-3.  Y-maze set up for experiments used to determine if detection of PaV1-infected 

conspecifics occurs visually. Hatch-marked section represents a glass partition. 
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Figure 2-4.  Flume and quadrants used in the determining of the range of PaV1 avoidance. 
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Figure 2-5.  Geometric formation of artificial shelters used to determine the population 

structuring influence of PaV1-infected conspecific avoidance.  
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CHAPTER 3 

RESULTS 

Mode of PaV1-infected Conspecific Detection and Cue Source 

Non-diseased treatment animals in the Y-maze experiments ranged in size from 25.0 - 

49.0 mm CL with a mean of 34.1 ± 6.3 mm CL s.d. and diseased treatment animals ranged in 

size from 22.3 - 49.0 mm CL with a mean of 31.3 ± 5.1 mm CL s.d.  Non-diseased treatment 

animals were significantly larger than diseased treatment animals (t-test: df = 412.41; t-value = 

4.98; P < 0.0001) but because diseased animals were significantly smaller (less urine output of 

smaller individuals; Shabani et al. 2009) any bias would have been in favor of not finding a 

difference between disease and non-diseased control treatments.  Focal lobsters ranged in size 

from 22.1 - 49.8 mm CL with a mean of 33.4 ± 6.3 mm CL s.d.  Results of the olfactory cue 

experiments are summarized in Table 3-1.  Focal animals in the non-diseased versus seawater 

only treatment selected the shelter with non-diseased olfactory cue 67% of the time, but did not 

differ significantly from random sheltering (P = 0.0987; 1-β = 0.432) (Figure 3-1).  Focal 

lobsters in the diseased versus seawater only treatment preferred to shelter with no conspecific 

odor over diseased odor with sheltering probability significantly different than random (P = 

0.0414; 1-β = 0.617).  Focal lobsters in the non-diseased versus diseased treatments selected 

shelters with non-diseased olfactory cues 86% of the time (P = 0.0015; 1-β = 0.932). When the 

nephropores of diseased lobsters were blocked, focal lobsters selected shelters supplied with 

water from non-diseased or diseased head tanks equally (P = 1.0000; 1-β = 0.043).  In no case 

was sheltering affected by treatments in visual cue experiments (Table 3-1).    

PaV1-infected Conspecific Avoidance Range 

ANOVA assumption checking indicated that standardized residuals were independent of 

one another and had approximately equal variances.  Although standardized residuals did not 
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conform to a normal distributed (Shapiro-Wilk normality test: P < 0.0001), the data was 

considered normally distributed due to the general robustness of ANOVAs in determining 

significant differences in means even if the data are not normally distributed. 

During the flume tank experiment to determine the range of PaV1-infected conspecifics 

by focal lobsters, treatment lobsters ranged in size from 25.1 - 39.2 mm CL with a mean of 32.2 

± 4.1 mm CL s.d.  Focal lobsters ranged in size from 23.6 - 38.1 mm CL with a mean of 30.4 ± 

3.7 mm CL s.d.  Results indicate that the presence of a diseased or non-diseased animal alone 

was not significant (P = 0.9986), but distance from disease presence (P < 0.0001) and interaction 

between distance and disease presence differed significantly (P = 0.0002) (Table 3-2).  The 

distances 0 - 50 cm (P = 0.2393) and 50 - 100 cm (P = 0.6351) did not differ significantly 

between treatments, but 100 - 150 cm (P = 0.0352) and within shelter (P = 0.0002) differed 

significantly (Figure 3-2).  

Influence of PaV1 Avoidance on Juvenile Population Structuring Dynamics  

ANOVA assumptions checking indicated that all assumptions were met, the standardized 

residuals were found to be normally distributed, independent of one another, and had 

approximately equal variances.  A Shapiro-Wilk normality test among the standardized residuals 

indicated that they conformed to a normal distribution (count analysis: P = 0.7780; movement 

analysis: P = 0.1686).  

In 28 experimental trials (disease n = 12, non-disease n = 16 or high flow n = 14, low 

flow n = 14) 258 natural focal lobsters were caught and tagged, ranging in size from 10.0 - 65.1 

mm CL with a mean of 29.6 ± 7.5 mm CL s.d.  There was a mean of 8.1 ± 4.8 wild lobsters per 

site at t0 surveys.  In the16 non-diseased (control) experiments, tethered lobsters ranged in size 

from 29.5 - 49.8 mm CL with a mean of 37.0 ± 6.4 mm CL s.d., and in the 12 disease 

experiments tethered lobsters ranged in size from 24.3 - 37.1 mm CL with a mean of 29.9 ± 3.9 
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mm CL s.d.  Carapace length of tethered animals differed significantly between treatments (t-

test: df = 25.25; t-value = -3.01; P = 0.0058), but because diseased animals were significantly 

smaller (less urine output of smaller individuals; Shabani et al. 2009) any bias would have been 

in favor of not finding a difference between disease and non-diseased control treatments.  Flow 

at low flow sites (0.20 cm/s; ± 0.74 s.d.) was significantly less (df = 2.02; t value = 4.79; P = 

0.0403) than flow at high flow sites (7.94 cm/s; ± 2.79 s.d.).  Repeated-measures ANOVA 

analysis indicated no significant difference between pretrial and t0 wild lobster counts on the 

sites (df = 9; F = 0.00; P = 0.9665), nor were numbers affected by flow regime (df = 22; F = 

0.04; P = 0.8509), or distance (df = 22; F = 0.08; P = 0.9278).   

Trial surveys comparing the changes in lobster count over time indicated that health 

status (P = 0.0009) and time (P < 0.0001) differed significantly (Table 3-3) (Figure 3-4).  

Multiple comparison analysis of the marginal means was used to determine that within the 

diseased treatment the number of lobsters at low flow sites was not significantly different than 

the number of lobsters at the high flow sites (P = 0.0810).  Within the low flow treatment, there 

were significantly fewer lobsters present at diseased sites (P = 0.0010).  Non-diseased treatment 

sites did not differ significantly between flow rates (P = 0.9989) nor did health status differ 

significantly under high flow rates (P = 0.7408) (Table 3-4).   

 Within health status, the number of lobsters located within shelters at different distances 

from the central shelter also differed significantly.  The number of lobsters at 0.5m from the 

central shelter differed significantly between health status (P = 0.0314) while the number of 

lobsters at 1m (P = 0.0690) and 2m (P = 0.1929) from the central shelter did not differ 

significantly (Table 3-5).  At the distance of 0.5m there were fewer lobsters located at the 

diseased sites compared to the non-diseased sites.  Within the diseased or non-diseased 
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treatments there were no significant differences between the distances (Table 3-5).  Multiple 

comparison analysis of the interaction of heath status, flow rate, and distance from central shelter 

revealed that at a distance of 0.5m in a low flow regime there were significantly fewer lobsters 

on disease treatment sites (df = 146; t value = -3.95; Adj P = 0.0066).               

 Repeated-measures ANOVA results indicated that mean distance moved by lobsters 

differed significantly as a consequence of health status (P < 0.0001) and distance from central 

treatment (P < 0.0001), but flow regime was not a significant factor (P = 0.8331) (Table 3-6).  

Within the diseased treatment the movement did not differ significantly between low and high 

flow rate (P = 0.6741) nor did flow rate differ significantly within the non-diseased treatment (P 

= 0.2091).  Within the high flow treatment, movement did not differ significantly between the 

diseased and non-diseased treatment (P = 0.3389).  Within the low flow treatment, lobsters 

moved significantly further away from the central treatment shelter on diseased treatment sites (P 

= 0.0003) (Table 3-7) (Figure 3-6). 

Within health status, lobster movement was significantly different among the distance 

from the central treatment (Table 3-8).  Within the diseased treatment, movement differed 

significantly when comparing the original inhabited shelter distance from the central treatment of 

0.5m to 1m (P < 0.0001) and 0.5m to 2m (P < 0.0001).  On the other hand, when comparing the 

original inhabited shelter distance from the central treatment, 1m did not differ significantly from 

2m (P= 0.0506). Within the original inhabited shelter distance of 0.5m from the central shelter 

lobsters moved significantly father away from the central treatment at diseased sites (P < 

0.0001).  There were no significant differences in lobster movement from shelters located 1m (P 

= 0.8325) and 2m (P = 0.9651) from the central treatment.   
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Table 3-1.  Results determining the detection of PaV1-infected conspecifics. (a) Results from the 

olfactory treatments only. (b) Results from the visual treatments only 

Experiment n/n P 1-β  

a. Olfaction treatments 

   Non-diseased/seawater only 20/10 0.0987 0.432 

Diseased/seawater only  05/15 *0.0414 0.617 

Diseased/non-diseased  03/18 *0.0015 0.932 

Diseased blocked/non-diseased 15/15 1.0000 0.043 

    b. Visual treatments       

Non-diseased/seawater only 15/15 1.0000 0.043 

Diseased/seawater only 14/09 0.4049 0.143 

Diseased/non-diseased 14/16 0.8555 0.057 

Note: Treatments were tested against random sheltering (50%).  P-values denoted with “*” 

indicate a significant result. 

 

Table 3-2.  Results used to determine the range of the PaV1 olfactory avoidance cue. (a)  Overall 

ANOVA results. (b) Multiple comparison test comparing the distance relative to non-

diseased and diseased treatments 

a. Source  df Type III SS F value P 

Treatment 1                  1.5 0.00   0.9986  

Distance  3 256,985,190.0 186.18 *< 0.0001 

Treatment x distance  3     9,667,823.0 6.79   *0.0002 

     

b. Multiple comparison test     

Within shelter  1     6,761,731.0 14.25   *0.0002 

0 – 50 cm from shelter 1     661,570.0 1.39   0.2393 

50 – 100 cm from shelter 1     107,237.0 0.23   0.6351 

100 – 150 cm from shelter 1     2,137,287.0 4.50   *0.0352 

     

Note: P-values denoted with “*” indicate a significant result. 
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Table 3-3.  Results used to determine effect of disease avoidance on the number of lobsters per 

site over time and under high and low flow regimes 

Source df F value P 

Time     71 20.17 *< 0.0001 

Health status  146 11.42    *0.0009 

Flow  146 2.95    0.0879 

Distance from stimulus  146 1.19    0.3069 

Health status X flow  146 3.63    0.0586 

Healthy status X time  146 2.24    0.1097 

Flow X time 146 0.84    0.4345 

Health status x distance from stimulus 146 0.26    0.7734 

Flow X distance from stimulus  146 3.60    *0.0298 

Time X health status X distance from stimulus  146 2.28    *0.0248 

Healthy status X flow rate X distance from stimulus 146 2.69    0.0715 

Note: P-values denoted with “*” indicate a significant result.   

 

Table 3-4.  Results used to determine the spatial structuring capabilities of PaV1 relative to the 

number of lobsters on the site   
Comparison 

within 

Comparison 

between df 

Difference 

of means SE t value Adj P 

Disease Flow regime  146 -0.24 0.101 -2.40 0.0810 

Non-diseased Flow regime 146   0.01 0.088   0.14 0.9989 

Low flow Health status  146 -0.35 0.092 -3.84 *0.0010 

High flow Health status 146 -0.10 0.097 -1.02 0.7408 

       

Comparison             

Disease Low Non-diseased high 146 -0.34 0.088 -3.88 *0.0009 

Disease High Non-diseased low 146 -0.11 0.101 -1.10 0.6894 

Note: This multiple comparison is of health status and flow rate. P-values denoted with “*” 

indicate a significant result. 
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Table 3-5.  Results used to determine the spatial structuring capabilities of PaV1 relative to the 

number of lobsters on the site       
Comparison 

within 

Comparison 

between df 

Difference 

of means SE t value Adj P 

Disease 0.5m – 1.0m 146 -0.02 0.064 -0.34 0.9994 

 0.5m – 2.0m 146 -0.09 0.064 -1.44 0.7056 

 1.0m – 2.0m 146 -0.07 0.064 -1.10 0.8815 

Non-diseased 0.5m – 1.0m 146   0.00 0.057   0.04 1.0000 

 0.5m – 2.0m 146 -0.03 0.057 -0.54 0.9942 

 1.0m – 2.0m 146 -0.03 0.057 -0.59 0.9918 

0.5m Health status 146 -0.25 0.083 -3.05 *0.0314 

1m Health status 146 -0.23 0.083 -2.77 0.0690 

2m Health status 146 -0.19 0.083 -2.32 0.1929 

Note: This multiple comparison analysis is of health status and distance from the central shelter. 

P-values denoted with “*” indicate a significant result. 

 

Table 3-6.  Results used to determine the influence of disease avoidance on the juvenile 

populations structure      

Source df F value P 

Time  43 2.92   0.0946 

Health status  290 17.82 *< 0.0001 

Flow 290 0.04   0.8331 

Distance from stimulus  290 91.30 *< 0.0001 

Health status X flow  290 4.20  *0.0414 

Healthy status X time 290 1.44   0.2315 

Flow X time 290 0.34   0.5629 

Health status X distance from stimulus 290 9.71 *< 0.0001 

Flow X distance from stimulus 290 0.54   0.5812 

Time X health status X distance from stimulus 290 1.06   0.3777 

Healthy status X flow rate X distance from stimulus 290 2.15   0.1186 

Note: This analysis was used to determine differences in lobster movement over time. P-values 

denoted with “*” indicate a significant result. 
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Table 3-7.  Results used to determine the affect of PaV1-infected conspecific avoidance on 

lobster movement   

Comparison 

within 

Comparison 

between df 

Difference 

of means SE t value Adj P 

Disease Flow regime 290 -0.25 0.223 -1.13 0.6741 

Non-diseased Flow regime 290   0.31 0.157   1.95 0.2091 

Low flow Health status 290 -0.85 0.206 -4.14 *0.0003 

High flow Health status 290 -0.30 0.178 -1.67 0.3389 

       

Comparison             

Disease low Non-diseased high 290 -0.55 0.204 -2.68 *0.0383 

Disease high Non-diseased low 290 -0.60 0.181 -3.34 *0.0052 

Note: This multiple comparison analysis is of health status and flow rate. P-values denoted with 

“*” indicate a significant result. 

 

Table 3-8.  Results used to determine the affect of PaV1-infected conspecific avoidance on 

lobster movement   

Comparison 

within 

Comparison 

between df 

Differences 

of means SE t value Adj P 

Disease 0.5m – 1.0m 290 -1.86 0.252 -7.37 *< 0.0001 

 0.5m – 2.0m 290 -2.46 0.240 -10.25 *< 0.0001 

 1.0m – 2.0m 290 -0.60 0.211 -2.86   0.0506 

Non-diseased 0.5m – 1.0m 290 -0.79 0.150 -5.26 *< 0.0001 

 0.5m – 2.0m 290 -1.30 0.140 -9.02 *< 0.0001 

 1.0m – 2.0m 290 -0.51 0.152 -3.34   *0.0119 

0.5m Health status 290 -1.32 0.231 -5.71 *< 0.0001 

1.0m Health status 290 -0.25 0.208 -1.21   0.8325 

2.0m Health status 290 -0.16 0.191 -0.81   0.9651 

Note: This multiple comparison analysis is of health status and distance from the central shelter. 

P-values denoted with “*” indicate a significant result.  
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Figure 3-1.  The sheltering choice (%) of focal lobsters in Y-maze experiments used to determine 

the olfactory detection of PaV1-infected conspecifics. The horizontal dotted line 

represents random sheltering (50%). Within the hash marks, paired bars with an 

“*”were significantly different from random sheltering. Error bars represent 1 

standard error. 

 

 
Figure 3-2.  The sheltering choice (%) of focal lobsters in Y-maze experiments used to determine 

the visual detection of PaV1-infected conspecifics. The horizontal dotted line 

represents random sheltering (50%).  Within the hash marks, no treatments were 

significantly different from random sheltering. Error bars represent 1 standard error. 
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Figure 3-3.  The amount of time spent in each location relative to health status in the PaV1-

infected conspecific avoidance range experiment. Paired bars with an “*” were 

significantly different from one another. Error bars represent 1 standard error. 

 

 
Figure 3-4.  The percentage of lobsters remaining on the field sites over time between non-

diseased and diseased treatments in the PaV1 population structuring experiments.  

Standard error bars with an “*” indicate significant differences. 

 

*  
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Figure 3-5.  The mean distance moved away from central stimulus between the different factors 

irrespective of the other factors in PaV1 population structuring experiments. Paired 

bars within the hash marks with an “*” were significantly different from one another.  

Error bars represent 1 standard error. 

 

 

 



 

 

43 

 

Figure 3-6.  The mean distance moved away from central stimulus between the different factors 

in PaV1 population structuring experiments.  A bar with “*” was significantly 

different than the other treatment. Error bars represent 1 standard error. 
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CHAPTER 4 

DISCUSSION 

The avoidance behavior that visibly healthy P. argus displays in response to PaV1-

infected conspecifics is driven by olfactory cues present in the urine of diseased individuals.  

Detection of PaV1-infected conspecifics led to spatial structuring of juvenile populations on 

experimental field sites through, emigration and redistribution.  Compounding the affects of 

disease avoidance on the juvenile population is the influence of differing flow regimes on the 

detection of PaV1-infected conspecifics, with greater emigration in low flow environments.  

Effects of emigration and redistribution in shelter-limited habitats could increase juvenile 

mortality (Behringer and Butler 2010) and subsequently induce a population bottleneck by 

potentially increasing PaV1 transmission or predation. 

 Olfaction is a highly efficient mode of habitat assessment in the marine environment used 

during feeding (Carr and Derby 1986, Finelli et al. 2000), migration/homing events (Herrnkind 

1969, Barbin et al. 1998, Mitamura et al. 2005), predator avoidance (Liley 1982, McCormick and 

Larson 2007), and other species-specific interactions (Ameyaw-Akumfi and Hazlett 1975, Diaz 

and Theil 2004, Kamio et al. 2008).  This efficiency holds true with disease detection as non-

diseased lobster cues were more favorable than diseased cues to animals searching for shelter.  

The source of the avoidance cue was determined to be urine because when the nephropores of 

infected lobsters were blocked the avoidance behavior ceased.  To focal animals searching for 

suitable shelters, the olfactory cues of diseased animals with blocked nephropores mirrored non-

diseased animals. Like the formation of shelter aggregations, many social interactions are also 

chemically-mediated including individual recognition (Karavanich and Atema 1998 a,b, Zulandt 

Schneider et al. 2001) and reproduction (Atema and Engstrom 1971, Diaz and Theil 2004, 

Kamio et al. 2008).   The actual cue being detected in the urine is unknown, although it could be 
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the metabolic waste concentration (Breithaupt and Eger 2002, Atema and Steinbach 2007) or the 

actual physical PaV1 virus, future work is needed to determine this avoidance driving cue.  On 

the other hand, visual cues do not appear to play a role in PaV1 avoidance.  Olfactory detection 

likely obfuscates the need for visual detection and bimodal signal enhancement was not evident.  

Olfactory detection of PaV1-infected conspecifics might also dominate because it is sensitive to 

infected conspecifics even when they are not yet visibly infected or infectious (Behringer et al. 

2006). 

 Although healthy lobsters avoided infected conspecifics, the range of the avoidance 

response in a laboratory setting could not be determined.  During avoidance range experiments, 

focal lobsters spent significantly more time further away (+1m) from diseased animals than non-

diseased animals, but also spent a considerable amount of time sheltered with diseased and non-

diseased conspecifics.  Compared to PaV1-infected conspecifics detection experiments, the range 

detection experiment gave focal animals only one shelter choice, of which 86% of focal animals 

sheltered with the diseased treatment for a period of time.  Although animals instinctively avoid 

diseased individuals, under these experimental conditions it appears that shelter limitation, and 

presumably the threat of predation, outweighed the threat of disease transmission.  Behringer and 

Butler (2010) found similar sheltering behaviors of P. argus within a laboratory setting with 

focal animals sheltering with diseased animals when only one shelter was provided.  While the 

findings reported herein are possibly due to the inadequate length of the flume, the fact that 

animals spent significantly more time further away from the diseased treatment than non-

diseased treatment, mirrors previous P. argus olfactory experiments in which lobsters could 

exchange social signals over short distances and orient to odor plumes 2 m away (Derby et al. 

2001, Shabani et al. 2009).  Other factors that could have influence the outcome of this 
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experiment was the fact that turbulence caused by the flow could have disrupted odor plumes 

decreasing their readability and the trial time (1h) may have been too short to display altered 

sheltering behaviors. 

Field experiments demonstrated that disease avoidance dramatically altered the spatial 

structuring of juvenile populations via redistribution and emigration.  Not only did diseased 

treatment sites have fewer lobsters over time, but the remaining animals moved farther away 

from the diseased lobster.  After a diseased conspecific finds its way into the population it would 

be advantageous for neighboring lobsters to quickly move away.  Although the maximum 

distance was not determined in the laboratory, in the field diseased lobsters had an effect on wild 

juveniles at least 1m away.  These results are consistent with experiments indicating that urine is 

diluted to 0.1% of its original strength 1m from the source which suggests that specific urine 

driven behaviors probably only function over short distances (Shabani et al. 2009) compared to 

non-conspecific driven behavior experiments in which juvenile lobsters were able to chemically 

detect and avoid octopus predators from up to 2m away (Berger and Butler 2001).  Other factors 

that could have played a role in the animal movement and the reduction of animals at the sites 

could be the stress caused by handling (induced by divers collecting and tagging animals) and 

also predation which can be very high on these vulnerable juveniles (Smith and Herrnkind 1992).  

During surveys no predators were noticed on the sites although they could still be present, but 

because focal animals at the diseased and non-diseased treatment sites experience the same 

handling and predation rates, the different in the number of lobsters at the sites can be attributed 

to the experimental treatments. 

Influence of disease on population structuring dynamics was affected by flow, with high 

flow regimes displaying a lesser effect on movement patterns and emigration.  In low flow 
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environments the presence of a diseased animal significantly altered population structure by 

inducing emigration, possibly due to the concentrated diseased odor plume diffusing over the 

habitat without being diluted by turbulence (Finelli 2000).  High velocity flow and physical 

structures downstream of the odor source (concrete shelters) eliminated the affects of disease 

avoidance, presumably by diluting the odor plume produced by the diseased lobster (Finelli 

2000).  Reduced olfactory efficiency in high velocity flow could possibly result from turbulence 

reducing the animal‟s chance of contacting the diseased odor plume or turbulence disrupting the 

antennule boundary layer before it can be read (Weissburg and Zimmer-Faust 1993).  In areas of 

daily tidal fluctuations, periods of turbulence could possibly render odor plumes unreadable, but 

during changes in tidal direction animals could have the opportunity to sense the odor plume and 

respond. 

 The small-scale population structuring effects of the avoidance of PaV1-infected 

conspecifics have similarities to terrestrial and freshwater disease avoidance.  For example, black 

spot disease Uvulifer sp., can affect the population structure of the western mosquitofish, 

Gambusia affinis (Tobler and Schlupp 2008).  Both healthy and diseased females avoid shoaling 

with infected conspecifics (Tobler and Schlupp 2008).  Similarly, a study on the effects of 

Rhopalosiphum padi virus (RhPV) on the aphid R. padi, demonstrated that healthy aphids were 

attracted to uninfected conspecific aggregations but not attracted to infected aggregations; 

spatially segregating infected and healthy individuals on host plants (Ban et al. 2008).  Infected 

aphids were also found to be more sensitive to a species-specific alarm cue causing them to leave 

the host plant resulting in  increased mortality and a possible decrease in transmission (Ban et al. 

2008).  Organisms such as R. padi and P. argus, avoid infected conspecifics through olfactory 

processes, causing segregation within the population.  Segregation is apt to take a heavy toll on 
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diseased individuals as they have been shown to suffer higher levels of predation, probably due 

to their lethargic condition (Ban et al. 2008, Behringer and Butler 2010).  These examples 

illustrate that the population structuring affects of disease avoidance is apparent in a broad suite 

of environments.   

 Higher levels of predation possibly resulting from disease avoidance could result in a 

population bottleneck of juveniles in shelter-limited habitats when PaV1 prevalence is high 

(Herrnkind et al. 1997, Behringer and Butler 2006, Behringer and Butler 2010).  In habitats that 

are shelter-limited naturally or due to habitat degradation (Butler and Herrnkind 1997, Herrnkind 

et al. 1997), the avoidance of infected animals and the subsequent redistribution and emigration 

could result in increased predation.  As juveniles move away from diseased conspecifics to areas 

of unknown shelter density or across open substrate their predation risk is likely to increase, 

especially among these mostly small, vulnerable juveniles (Eggleston et al. 1990, Eggleston et al. 

1992, Smith and Herrnkind 1992).  The vulnerability of unsheltered juveniles is due to them 

having a large suite of suitable predators (Eggleston et al. 1990, Smith and Herrnkind 1992, 

Mintz et al. 1994) and the lack of protection that group defense offers (Zimmer-Faust and 

Spanier 1987, Eggleston et al. 1990, Smith and Herrnkind 1992).  Likewise, non-emigrating 

animals also could have a risk of increased mortality due to the increased risk of contracting 

PaV1 from nearby infected conspecifics.  Such situations of high disease prevalence and limited 

shelters could cause juveniles to incur increased mortality due to predation or disease 

transmission.  It would seem maladaptive that disease avoidance would cause an increase in 

predation on healthy lobsters, but the overall increase in fitness gained by avoiding disease may 

be greater. 
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While disease avoidance would seem logical, some organisms are indifferent or even 

attracted to diseased conspecifics (Han et al. 2008, Bouwman and Hawley 2010).  For example, 

two amphibians, Bufo boreas and Rana cascadae, were indifferent to conspecifics infected with 

the pathogen Batrachochytrium dendrobatidis, and healthy R. cascadae were actually found 

more often than not aggregated with infected individuals (Han et al. 2008).  Bouwman and 

Hawley (2010) studied the effects of the pathogen Mycoplasma gallisepticum on the male house 

finch, Carpodacus mexicanus, and its reaction towards infected conspecifics.  Healthy males 

actually preferred to feed next to overtly infected finches because they were less aggressive and 

therefore less energetically costly to healthy males; i.e., the energetic cost of feeding near a 

lethargic infected male was lower (Bouwman and Hawley 2010).  Although cases of disease 

attraction do exist, it is usually induced by an attraction to lethargic conspecifics and therefore 

less energetically costly to the healthy individual (Bouwman and Hawley 2010).   

Although few studies have dealt with the hypothetical implications of parasites or 

diseases on marine food webs or population structure (Sousa 1991, Thompson et al. 2005, 

Behringer and Butler 2010), no previous studies have determined the influence of disease 

avoidance on the spatial structure of a marine population.  Pathogens can disrupt nearly every 

aspect of an animal‟s life (e.g., reproduction, feeding, social interactions) and through avoidance 

have the ability to influence population structuring.  A number of studies have dealt with disease 

avoidance and the possible implications on population or community structure (Thompson et al. 

2002, Behringer et al. 2006, Ban et al. 2008).  Community structure (e.g., host aggregation) can 

influence the transmission of contact-transmitted pathogens (Shields and Behringer 2004, Wright 

and Gompper 2005), but host movement due to emigration, disease avoidance, or resource 

depletion can influence this transmission (Freeland 1979, Wright and Gompper 2005).  By 
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manipulating resources Wright and Gompper (2005) found that the prevalence and species 

richness of endoparasites within wild raccoons, Procyon lotor, increased as the host contact rate 

increased around clumped resources.   

 Not only does the ability to detect infectious pathogens influence the community 

structure, but infected individual behavior can also play a role (Behringer et al. 2006, Ban et al. 

2008, Han et al. 2008).  Similar to the Caribbean spiny lobster (Behringer et al. 2006), infected 

individuals of some organisms are still inherently attracted to their conspecifics (Ban et al. 2008, 

Han et al. 2008).  For example the amphibian B. boreas, infected with the fungal pathogen, 

Batrachochytrium dendrobatidis, is still attracted to healthy individuals and will actively try to 

aggregate with them (Han et al. 2008).   Likewise, infected individuals of this study species will 

shelter with infected and healthy animals alike (Behringer et al. 2006).  This could possibly 

result in the aggregation of infected individuals within the population and therefore a decrease in 

transmission (possible disease sink) but could also result in diseased animals moving into 

shelters inhabited by non-diseased individuals and transmitting the disease to these individuals.  

The behavioral response of diseased individuals to diseased olfactory cues needs to be further 

studied to fully understand how their attraction and movement towards healthy individuals can 

influence population structuring dynamics.   

Conclusion: The ability of visibly healthy lobsters to detect and avoid PaV1-infected 

conspecifics is driven by chemosensory cues and this can influence the spatial structure of wild 

juvenile populations through redistribution and emigration.  However, local hydrodynamics can 

alter this effect, presumably by affecting the distribution and detection of odor plumes.  Although 

effective at decreasing disease transmission, disease avoidance could also increase vulnerability 

to predation, further altering population structure.  Clearly disease can play a pivotal role in 
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animal behaviors and in concert with the physical environment, can be a major structuring force 

for populations, both demographically and spatially. 
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