PROJECT SUMMARY


The ecological consequences of viruses in marine systems is enormous, yet studies of their role as pathogens of metazoans and their effect on the population ecology of marine animals are in their infancy. Pathogens can have striking effects on host behavior and ecology, but most examples come from terrestrial or freshwater systems and few are attributable to viruses.  A poorly explored area of the pathogen-mediated behavior arena is the effect of pathogens on the behavior of uninfected members of the host population, and the consequences of such behavior on host population dynamics.


We recently discovered a lethal, pathogenic herpes-like virus that infects Caribbean spiny lobster (Panulirus argus) in the Florida Keys – the first virus reported in lobsters.  Our preliminary studies indicate that this disease not only alters the behavior and ecology of infected individuals, but also causes remarkable changes in the social behavior of healthy individuals in response to diseased conspecifics – an effect reported in only one species of bullfrog. These kinds of behavioral changes in response to disease have potentially far reaching repercussions for the spatial structure, recruitment, and transmission of pathogens in lobster populations.  An intriguing epidemiological twist is that fishing practices for this economically valuable species may also contribute to the spread of the pathogen. Thus, the results of this study stand to dramatically change our perception of disease transmission in natural populations, particularly the role of host behavior and human activities in its regulation.


Our goal is to determine the current prevelance, mode of transmission, behavioral and ecological consequences, and potential population-level impacts of this newly discovered viral disease infecting spiny lobster.  Specifically, we propose:   

(1) To expand our preliminary field surveys to document the current distribution and prevalence of this disease in adult and juvenile lobsters, as well as in other potential viral reservoirs in the Florida Keys. 

(2) To determine through laboratory experiments whether the pathogen is transmitted among lobsters by contact, water-borne particles, or ingestion of infected tissue.  We will also test whether lobster size (age), sex, condition, or injury affect transmission rates.  

(3) To use laboratory experiments and field mark-recapture studies to test the effect of the disease on pivotal aspects of lobster behavior, population dynamics, and spatial structure that may influence the spread of the disease in this gregarious animal.

(4) To develop and implement a diagnostic immunological assay to identify infected lobsters during the early stages of the disease. 
(5) To incorporate the new knowledge obtained in Objectives 1 – 3 into our existing spatially-explicit, individual-based lobster recruitment model to determine if: (i) the aversion of uninfected lobsters to infected conspecifics, or (ii) practices employed in the lobster fishery, alter the spread of the disease.
We have assembled for this collaborative, multi-faceted proposal, a group of scientists experienced in lobster ecology, simulation modeling, crustacean pathology, and immunobiology.  Through our combined efforts, we anticipate not only rapid progress and the cross-fertilization of ideas and approaches among disciplines, but also the opportunity for multi-disciplinary training of our graduate students.

PROJECT DESCRIPTION

Introduction


Pathogens can have striking effects on animal behavior, many of which presumably evolved by promoting pathogen survival or transmission (reviewed by Barnard & Behnke 1990, Ewald 1994, Moore 1995).  Most examples of pathogen-mediated changes in host behavior and ecology are from terrestrial or freshwater systems, and none are known to be caused by viruses (Sukhdeo 1994, Poulin 1994, Lafferty and Kuris 1996).  We recently discovered the first viral disease known to be pathogenic in lobsters, in this case the Caribbean spiny lobster (Panulirus argus).  Our preliminary studies suggest that the disease alters the behavior and ecology of this species in fundamental ways, in part via remarkable changes in the social behavior of healthy individuals in response to diseased conspecifics – an effect reported in only one species of  bullfrog (Kiesecker et al. 1999).  Our initial observations indicate that this fatal, transmissible disease is widespread and prevalent in juvenile lobsters in south Florida, making it amenable to ecological study.  An intriguing epidemiological twist is that fishing activities for this economically valuable species may contribute to the spread of the pathogen.   


In what follows, we detail our preliminary findings, briefly review the effects of disease on animal behavior and ecology, and describe our research plan. We propose a series of field studies, laboratory experiments, immunoassay development, and simulation modeling to determine the ramifications of this pathogen on spiny lobster behavior and ecology, and to examine the role that humans, through fishing, may play in the spread of the disease.  

Discovery and Impact of a Viral Disease in Spiny Lobsters: Initial Findings


The Caribbean Spiny Lobster occurs throughout the Caribbean basin and along the Atlantic coast of Central America and South America, roughly from Brazil to Florida and Bermuda (Williams 1988, Holthuis 1991).  This species is heavily exploited throughout its range.   In Florida, it is targeted by both commercial and recreational fishers and constitutes the single most valuable fishery in the state (Hunt 2000).  Despite extremely heavy fishing pressure over the last two decades (> 90% of the legal-size lobsters are trapped each year), the population in Florida has not declined (Harper 1995, Hunt 2000) and is undoubtedly sustained by open population dynamics and the supply of larvae from outside Florida (Lyons 1980, Silberman & Walsh 1994, Silberman et al. 1994, Acosta et al. 1997).  For years, concerns about the sustainability of the lobster population have focused on over-exploitation (see Hunt 2000) and deterioration of nursery habitat (Butler et al 1995, Herrnkind et al. 1997).  Yet, perhaps neither of those deprivations is as potentially calamitous to the population as a fatal epizootic.    


(A)  Pathology:     Last year, while sampling juvenile spiny lobster populations in the Florida Keys, we discovered lethargic, moribund animals whose hemolymph (blood) appeared chalky, rather than its normal transparent color.  Hemolymph smears were negative for Gram-negative bacteria, but histopathology of lobster tissues showed viral inclusions in the nuclei of infected hemocytes.  In heavily infected individuals, virtually all of the host’s hyalinocytes and semigranulocytes were destroyed.  Subsequent transmission electron microscopy (TEM) confirmed the disease to be an enveloped, icosahedral, Herpes-like DNA virus (HLV-PA) with a nucleocapsid approximately 187 nm in size (Fig. 1) – the first naturally occurring pathogenic virus reported for any lobster (Shields & Behringer, unpub. ms).  We have studied lobsters in the region for nearly two decades and although we have not explicitly monitored diseases, we also have not observed any unusual outbreaks until now.  Thus, we do not know if this disease is new in south Florida, if it has been present for some time but simply has gone unrecorded, or whether it is an emergent pathogen of increasing prevalence. However, our preliminary findings suggest that this virus is highly pathogenic, widespread, and lethal. Viral diseases have spread rapidly in other crustacean populations (e.g., king crabs, blue crabs, and shrimp) and have been attributed to declines in natural populations and aquaculture stocks (see review below). 
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(B) Distribution and Prevalence of the Disease:     Since 1999, infected juvenile lobsters have occurred within 75% - 100% of the 14 nursery habitat sites that we have surveyed twice a year (summer and winter) in the middle and lower Florida Keys.  Prevalence of diseased lobsters has reached up to 40% of the juveniles at each site (mean = 12%).  These are conservative estimates of prevalence because they are based only on the presence of heavily infected individuals that are discernible by visual inspection.  Without histological analysis of tissues from every individual sampled or development of the proposed immunoassay we can not identify less heavily infected individuals.  We propose to continue surveys at our initial 14 sites so as to provide a temporal record of disease prevalence, but we need to expand our surveys beyond these few sites for better spatial coverage of lobster nurseries throughout the south Florida region.   


Thus far, the disease appears limited to juvenile lobsters.  In collaboration with the Florida Marine Research Institute (FMRI), the state of Florida’s fishery management and research agency, we just completed (July 2001) an initial survey of disease within adult lobsters in the Florida Keys.  Adult lobsters reside primarily along the barrier reef south of the Florida Keys, 5 – 10 km from the inshore juvenile nursery.  We sampled 860 adult lobsters from reefs throughout the Florida Keys and only 4 individuals (< 1%) presented visual signs of HLV-PA infection.  Nearly all of the infected animals were sub-adults that may have recently migrated to the reef from the nursery.  


The pathogenicity of many infections may vary due to age- or size-specific changes in immune response, diet, or habitat use, which subsequently alters the demography of the population. There are many known instances of this.  The well-known feline parvovirus, for example, is much more prevalent in kittens and has changed the age structure of cat populations on islands where it has been introduced (Van Rensburg et al. 1987).  Medium-sized individuals of Gammarus pulex, an amphipod crustacean, are more heavily infested with a lethal larval stage of an acanthocephalen parasite than are small or large individuals (Brown & Pasco 1989).  


Why juvenile spiny lobsters are more susceptible to the disease than adults remains unknown.  It may be a consequence of ontogenetic differences in viral resistance.  Perhaps adults receive a relatively lower dose of infectious particles during transmission and their defenses can overcome the infection.  Alternatively, adults may be susceptible to the disease, but the pathogen is concentrated in the nearby nursery habitat where different viral reservoirs may exist (e.g., food resources, co-occurring species).  If so, then the physical separation of adults from juveniles combined with low pathogen dispersal and high mortality could explain the presumed absence of the disease in adults. We propose a set of laboratory adult-juvenile exposure and adult inoculation trials to address this question, and will sample likely prey and cohabiting species in adult and juvenile habitat to assess the presence of the virus in adult and nursery habitats.


(C)  Disease Transmission:     Juvenile and adult spiny lobsters are highly social, and are typically found aggregated under structures such as sponges, coral heads, and rocks that provide refuge during the day when they are inactive (Butler & Herrnkind 2000).  This behavior could presumably hasten the transmission of disease, be it by water-borne particles, direct contact, or ingestion of infected tissue.  In inoculation trials, we injected either 0.1 or 0.2 ml of hemolymph from infected individuals into healthy juvenile lobsters (n = 20) and 90% of the inoculated lobsters acquired the HLV-PA infection and died within 30 – 90 days.  All of the control lobsters (n = 10) injected with uninfected hemolymph survived.   When we fed healthy lobsters (n = 32) diseased lobster tissue in preliminary ingestion trials, 6% showed signs of infection and died within 45 days after having consumed diseased tissue on only three occasions.  Tissue samples from the ingestion trials are currently being processed for histological analysis to ascertain true infection levels, which are likely to be higher than our estimates based on visually apparent symptoms.


In the proposed research, we describe a series of laboratory experiments that build on these initial findings and are designed to pinpoint the most likely mode(s) of disease transmission.  Those factorial experiments will also examine the potential effects of individual lobster condition (e.g., individual size, nutritional condition, injury state) on susceptibility to infection. Environmental conditions and animal stress can increase infection rates and the severity of infection (Esch et al. 1975, Sousa & Gleason 1989, Lloyd 1995).  For example, pond drying increases susceptibility of treefrog tadpoles to digenetic trematode infections due to both treefrog stress (reduced resource availability via competition) and because of increased encounter rates (i.e., transmission) between tadpoles and poor-swimming cercariae in the shrinking ponds (Kiesecker & Skelly 2001).  Of course, injury can also promote infection, as is the case for Gaffkemia infection in clawed lobsters (Stewart et al. 1969). 


(D) Behavioral and Ecological Consequences of the Disease:     Preliminary laboratory experiments indicate that healthy juvenile lobsters avoid cohabitation with diseased conspecifics, presumably responding to alterations in the chemical cues produced by diseased individuals (Fig. 2).  Juvenile and adult spiny lobsters are normally highly social and reside together in dens by day, which enhances their survival (Berrill 1975, Eggleston & Lipcius 1992, Childress & Herrnkind 1994, 1996, Butler et al. 1997).  However, infection by HLV-PA alters the behavior of juvenile lobsters in ways that influence the spatial distribution of individuals in the population and may alter shelter availability, disease transmission, cooperative defensive behaviors, and ultimately survival. Diseased lobsters are predictably lethargic and field observations along with preliminary mark-recapture studies suggest that they remain in the same den day after day, whereas healthy juveniles are nomadic and frequently move among dens. Infected juveniles are also found alone in dens (92% of individuals) more often than healthy juveniles (68% of individuals) and remarkably this alteration in aggregative behavior appears to be driven by changes in the behavior of healthy lobsters, not diseased ones.  That is, healthy individuals somehow detect and avoid their infected conspecifics.  Although such behavior would appear to be advantageous in reducing disease transmission, it is presumably balanced by the benefits afforded by selection for sociality (Loehle 1995). 


An important indirect effect of this change in social aggregation is its possible impact on shelter availability and ultimately recruitment of lobsters.  Previous studies have shown that survival of juvenile spiny lobsters is strongly dependent on the availability of suitable shelters capable of housing groups of individuals of similar size (Herrnkind & Butler 1986, Eggleston et al. 1990, 1992, Eggleston & Lipcius 1992, Mintz et al. 1994, Childress & Herrnkind 1997, Butler et al. 1999).  In fact, the availability of shelter can limit the recruitment of juvenile spiny lobsters (Butler & Herrnkind 1997, Herrnkind et al. 1997, Butler et al. in press).  Since healthy lobsters will not share a  den with a diseased lobster, we suspect that healthy lobsters will either become more nomadic in their search for dens, will reside in underutilized shelters that offer less protection, or they will congregate in even larger groups in the remaining shelters.  Thus the presence of disease in a nursery area is likely to exacerbate shelter-limitation and possibly recruitment strength by indirectly altering the spatial structure and population dynamics of healthy lobsters.  We propose several laboratory and field studies to more fully explore the implications of our preliminary findings and to test their effect on shelter choice, patterns of spatial aggregation, rates of emigration, and survival.


(E) The Fishery as a Vector?     Fishing practices may accelerate the transmission and spread of this disease.  Although at one level this might be considered as strictly a “fishery issue”, this unique situation provides a test-bed for studying the effects of a widespread human activity on the transmission of disease in a marine ecosystem.  Commercial fishermen are permitted to use live juvenile lobsters in traps as “bait” (i.e., a social attractant) for larger adults.  The close proximity of lobsters confined in traps and the confinement of juveniles by the hundreds in live-wells on fishing vessels, along with the physiological stress induced by such practices, may enhance transmission of the disease.  The common practice of transporting juvenile lobsters throughout the fishing grounds may also facilitate the spread of the pathogen. The recreational fishery may also affect disease transmission because divers inadvertently injure lobsters in their attempts to capture them.  Breaches in the integument of animals (i.e., injuries) can contribute to the spread of pathogens.  For example, gaffkemia, a bacterial disease infecting the American lobster, Homarus americanus, gains entry to its host in this way (Stewart et al., 1969).  We propose to modify our existing spatially-explicit individual-based model to include the biological impacts of disease and relevant commercial and recreational fishery dynamics to independently estimate the potential impact of both fishing sectors on the spread of this pathogen.

A Review of Diseases Infecting Spiny Lobsters

Evans et al. (2000) recently reviewed the few known diseases of spiny lobsters (Panulirus spp., Palinurus spp. and Jasus spp.).  Until our discovery, viral infections have never been conclusively demonstrated.  Shell disease from chitinoclastic bacteria causes lesions around the tail and uropods of several infected species (Alderman, 1973; Iversen & Beardsley, 1976; Sinderman & Rosenfield, 1976; Booth, 1988).  Systemic infections of Vibrio spp. occasionally develop in lobsters subjected to increased temperature or holding stress and poor water quality (Chong & Chao, 1986; Diggles et al. 2000). A presumed bacterial infection called hepatopancreatic disease occurs in larval lobsters held in captivity (Kittaka & Abrunhosa, 1997).  Filamentous bacteria (Shields & Diggles, unpubl. data) and fungal infections (Sordi 1958, Alderman, 1973; McAleer, 1983), indicative of poor water quality or stress, occur on the carapace, gills and eggs of spiny lobsters.  Microsporidian protozoans are pathogenic in the muscles of spiny lobsters, but the parasites are rare or rarely reported from their host populations (Bach & Beardsley, 1976; Evans 1987).  At least three helminths use spiny lobsters as intermediate hosts. A microphallid trematode infects the ovaries of adult P. cygnus (Deblock et al., 1990), a tetraphyllidean cestode occurs in the foregut of several species of spiny lobsters from the Great Barrier Reef (Shields unpubl. data), and a nematode infects larvae and juveniles of J. edwardsii (Brett cited in Booth, 1988). Finally, at least two predatory nemerteans (Campbell et al., 1990; Shields and Kuris, 1990) and an amphipod infest the egg clutches of spiny lobsters (Shields, unpubl. data).  


Additionally, experimental infections of two important pathogens have been examined in spiny lobsters. Aerococcus viridans, the causative agent of gaffkemia in clawed lobsters, is pathogenic to Panulirus interruptus (Schapiro et al., 1974) and may occur naturally in P. argus (Bobes et al., 1988). Although no naturally occurring viruses have been reported in lobsters, the infectivity of a shrimp virus has been experimentally tested in spiny lobsters.  Using a DNA probe specific to White spot virus (WSV), Chang et al. (1998) detected the virus in the gills, stomach, cuticular epidermis and hepatopancreas of P. versicolor and P. penicillatus. They did not assess the pathological consequences of infection or the potential for transmission. Wang et al. (1998) used PCR analysis to detect WSV in P. versicolor, P. penicillatus, P. ornatus and P. longipes that had been experimentally infected through ingestion of infected shrimp.  Although all the subjects survived, WSV was detectable in their tissues at low levels.  Other experimental studies have shown that WSV has a wide host range in decapods (Supamattaya et al. 1998; Flowers et al. 2000). 


Although herpes-like viruses have not been reported in lobsters, they occur in at least three other crustaceans.  A pathogenic, herpes-like bifacies virus occurs in the hemocytes of blue crabs and is transmittable via cannibalism and injection (Johnson 1976, 1988).  A herpes-like virus was reported in the germinative testicular cells of the mud crab, Rhithropanopeus harrisii, but it’s effects on the crab are not known (Payen & Bonami, 1979). Another pathogenic herpes-like virus found in the bladder epithelia of Alaskan king crabs occurred at prevalences of 15% to 17%, and given its marked pathology, Sparks and Morado (1986) speculated that the virus may have contributed to major declines in the red king crab fishery in 1982-83.  Several shrimp viruses have severely hindered aquaculture of penaeid shrimp (for review see Brock and Lightner, 1990).  Pandemics of several shrimp viruses have spread widely across the tropical and subtropical regions of the world with catastrophic results to the aquaculture and fisheries for penaeid shrimps.  Recently, herpes-like viruses have caused mass mortalities in pilchards, a major forage fish, in Australia and New Zealand (Hyatt et al. 1997, Gaughan et al. 2000).

Behavioral and Ecological Effects of Disease


The ecological consequences of viruses in marine systems is enormous. Viruses are the most abundant biological entity in the sea, typically numbering ten billion per liter; they significantly influence biogeochemical processes (e.g., nutrient cycling, system respiration, particle size and sinking dynamics, etc.) as well as ecological processes and patterns, such as bacterial and algal biodiversity (see Fuhrman 1999 for review).  Yet, studies of their role as pathogens of marine metazoans and their effect on the population ecology of marine animals are in their infancy.  Better known are the effects of parasites on hosts in terrestrial and freshwater systems, and the often bizarre ways in which they can alter host behavior and ecology.   There are some striking marine examples.  Parasitic rhizocephalan barnacles castrate and feminize crabs, which then nurture the parasite’s eggs as if they were their own (Glenner et al. 1989).  Parasitic trematodes invade the nervous system of saltmarsh killifish summoning conspicuous behaviors (e.g., surfacing, flashing, shimmying) in their host that result in higher rates of killifish predation by wading birds, thus completing the complex life cycle of the parasite (Lafferty and Morris 1996).  Yet, such dramatic examples of parasitic infection may overshadow the widespread, subtle, and important impacts of disease in natural populations (May 1988).


Pathogens can alter nearly all facets of host population dynamics (e.g., growth, movement, fecundity, mate choice, susceptibility to predation, survival) and thus can have strong effects on the demography of natural animal populations.  A number of studies have shown that pathogens can disrupt species interactions such as competitive hierarchies and predator-prey relationships (Price et al. 1986, 1988, Washburn et al. 1991, Schall 1992, Hudson & Greenman 1998, Kiesecker & Blaustein 1999, Kiesecker & Skelly 2001). Parasitoid wasps and flies can affect host spatial distributions because they are highly mobile and activity search for hosts in a predator-like fashion.  In such cases, aggregation by the host reduces the per capita probability of infection in both theoretical models and in field studies of ungulates (Morring & Hart 1992) and stickleback fish (Poulin and Fitzgerald 1989).  Pathogens may even regulate host population abundance and cycles (Hudson & Greenman 1998, Thompkins & Begon 1999), with important consequences for the structure of animal communities (Ayaling 1981, Dobson & Hudson 1986, Sousa 1991, Minchella & Scott 1991, Kohler & Wiley 1997, Marcogliese & Cone 1997).  A well-known example of the impact of a virus on community structure stems from the introduction of the myxoma virus into England where it decimated the rabbit population with cascading effects on vegetation along with associated vertebrate and invertebrate species (see Ross 1982).  Community structure may, in turn, influence the spread of infectious diseases.  Schmidt and Ostfeld (2001) recently modeled the spread of Lyme disease by ticks in mammalian communities of differing structure and found that the disease declined when host community richness increased and when the host species representing the most competent pathogen reservoir were community dominants. 

Behavioral Reduction of Disease 


A poorly explored area of the pathogen-mediated behavior arena is the effect of pathogens on the behavior of uninfected members of the host population, and the consequences of such changes on host population dynamics.  Of direct relevance to this is our discovery that normally social, uninfected spiny lobsters detect and then avoid diseased conspecifics, with potentially far reaching repercussions for population spatial structure, shelter-limited recruitment dynamics, and the transmission of disease by natural and anthropogenic (fishing) means.  Biologists and epidemiologists have long speculated that the detection and avoidance of diseased conspecifics by healthy individuals should confer a fitness advantage (Minchella, 1985, Loehle 1995).  Yet, the empirical evidence for disease avoidance behavior in nature is so scanty that most epidemiological theory and models assume that such behavior does not exist (Anderson and May 1982, but see Hamilton & Zuk 1982).  We are aware of only a handful of studies that document disease avoidance behaviors in animals, with none involving viruses.  


A few studies have demonstrated that parasite load affects mate choice.  Studies of laboratory rodents have shown that females use olfactory cues to detect heavily parasitized males, whose mating overtures they avoid (Kavaliers & Colwell 1995a,b, Penn & Potts 1998).  Male pipefish (Syngnathus typhle) visually discriminate among potential mates depending on the degree to which females are parasitized by a trematode, which produces black spots on the skin and reduces female fecundity (Rosenquist & Johansson 1995).  Female guppies will not mate with heavily parasitized males whose behavior is altered by the infection (Kennedy et al. 1987).  However, we know of only one study demonstrating the more general case (i.e., unrelated to mate selection) wherein healthy animals disassociate from diseased conspecifics.  In that study, Kiesecker and colleagues (1999) demonstrated that healthy bullfrog (Rana catesbeiana) tadpoles used chemical signals to detect conspecifics with an intestinal yeast infection and avoided contact with infected individuals.  Ours is the second example of such extraordinary behavior and the first example from the sea or for a viral infection.  These kinds of studies stand to dramatically change our perception of disease transmission in natural populations and the importance of host behavior in its regulation.


There are many physiological pathways by which an individual’s odor might signal infection.  Detection of diseased conspecifics via chemical cues is consistent with the sensory capabilities of lobsters, which rely heavily on odors from conspecifics for mate selection and creation of social aggregations (Atema & Cobb 1980, Zimmer-Faust et al. 1985, Ratchford & Eggleston 1998, Butler et al. 1999).  Although little is known about such mechanisms in crustaceans, in mammals, activation of the immune system affects concentrations of plasma corticosterone and androgens, which control production of alarm signals and sex pheromones (Penn and Potts 1998).  Similar cues may alert healthy spiny lobsters to diseased conspecifics.  Identification of these cues is beyond the scope of this proposal but we intend to investigate this in subsequent collaborative studies.

Objectives


Our goal is to determine the prevelance, mode of transmission, behavior and ecological consequences, and potential population impacts of a newly discovered and lethal blood-borne viral disease infecting spiny lobster.  Our specific objectives are:  

(1) To expand our preliminary field surveys to document the current distribution and prevalence of this disease in adult and juvenile lobsters, as well as in other potential viral reservoirs in the Florida Keys. 

(2) To determine through laboratory experiments whether the pathogen is transmitted among lobsters by contact, water-borne particles, or ingestion of infected tissue.  We will also test whether lobster size (age), sex, condition, or injury affect transmission rates.  

(3) To use laboratory experiments and field mark-recapture studies to test the effect of the disease on pivotal aspects of lobster behavior, population dynamics, and spatial structure that may influence the spread of the disease.

(4) To develop and implement diagnostic immunological tools to identify infected lobsters during the early stages of the disease.
(5) To incorporate this new knowledge into an existing spatially-explicit, individual-based lobster recruitment model to determine if uninfected host behavior or practices employed in the lobster fishery alter the spread of the disease.
PROJECT DESIGN

Objective 1:  The distribution and prevalence of the disease in south Florida


Based on our preliminary surveys, we hypothesize that: (i) the HLV-PA viral disease infecting lobsters is widespread throughout the Florida Keys, (ii) prevalence is uncorrelated with lobster density, and (iii) the disease is limited to juvenile lobsters and is not present in adult lobsters or other species (potential reservoirs) with which lobsters associate.  To test these hypotheses we will assess the prevalence of disease in juvenile and adult spiny lobsters, cohabiting decapod crustaceans, and major prey items of lobsters at field sites in the Florida Keys.  


We will sample juvenile lobsters at 60 hard-bottom sites throughout the Florida Keys in a stratified (by five biogeographic regions) random design; a subset of the 110 sites that we have formerly sampled for other purposes (Herrnkind et al. 1997).  At each GPS-positioned site, two divers will capture lobsters during timed 1-hr surveys.  We will then determine juvenile lobster abundance and patterns of co-occupancy in dens and will record for each individual: size, sex, nutritional condition (hemolymph protein serum concentration; Musgrove 2001), molt stage, injuries, and disease status (see details under Pathology section).  Those lobsters not used for histological sampling will be returned to the water following processing.  Once an immunoassay is developed (see Immunoassay section), we hope to use it to detect virus at much lower concentrations from blood samples taken from lobsters in the field.  We will continue to survey our original 14 sites in the middle and lower Keys along with a subset of new sites (to expand regional coverage) twice a year (winter, summer) to investigate possible seasonal dynamics in disease distribution or prevalence.  The potential presence of the virus in adults will be assayed similarly, in collaboration with colleagues at FMRI as part of their ongoing surveys of adult lobster populations conducted biannually at 52 reef sites throughout the Florida Keys. We will use a GIS database to examine spatial relationships between disease prevalence and various environmental parameters (e.g., habitat structure, depth, location, lobster density), and discriminant analysis to examine potential relationships between disease and individual lobster parameters (e.g., size, sex, nutritional condition, injuries, molt stage).  Environmental factors can influence crustacean immune responses (reviewed by LeMoullac & Haffner 2000), however, establishing causal relationships between disease and environmental parameters is a complicated task that is beyond the scope of this initial project.


Within each biogeographic region, we will also collect representative tissue samples of invertebrates that occupy the same dens as lobsters and might harbor the virus by virtue of their taxonomic affinity with lobsters (spider crab, Mithrax spinosissimus; stone crab, Menippe mercenaria), or their consumption of lobsters (reef octopus, Octopus briarius).  Our initial ingestion trials suggest that the virus can be transmitted by ingestion of infected tissue, so we will also sample common lobster prey (several gastropod and bivalve species) at these representative sites.  Preserved tissue samples will be histologically examined for viral inclusions or pathology (see Pathology section).  

Objective 2:  Pathogen transmission and the factors affecting individual susceptibility


We have already demonstrated that the virus can be transmitted among juveniles via inoculation and through ingestion of diseased tissue.  However, we know nothing about other possible forms of transmission, the susceptibility of adults, or the effect of host condition on transmission.  We hypothesize that transmission of the disease occurs not only through ingestion of diseased tissue, but also via transmission of water-borne particles or through direct contact by these highly social creatures.  Host factors such as molt stage, size (age), condition, injuries, and maturity contribute significantly to the infection dynamics of diseases in other crustaceans (Shields, 1992; Shields & Wood, 1993; Messick & Shields, 2000; Shields & Squyars, 2000). Therefore, we will test disease transmission in adults, we will determine the most likely mode(s) of transmission of the virus, and will ascertain whether host factors alter susceptibility to disease. 


At present there is no crustacean cell line for the culture of viruses. However, we have maintained the virus in the laboratory for over 7 months (and ongoing) using serial passage of infected hemolymph to uninfected animals. Thus we can assure infectious material for the planned transmission experiments.  In each of the following experiments, lobsters will be housed individually (unless otherwise specified in the protocol) in sterilized 50-l aquaria equipped with flow-through seawater.  The effluent from these tanks will be filtered through a sand/activated charcoal filter, a 2.0 um cartridge filter, and a UV-filter.  As an additional precaution, our seawater outfall flows into a salt-water injection well and not directly into the sea.  Lobsters will be fed squid and shrimp ad libidum during the course of each experiment (except as noted in the ingestion trials).  Mortality due to the disease and associated factors will be estimated using formal survival analysis (Kaplan Meier method) to generate mean time to death, standard errors, and relative risk of infection (Cox & Oakes, 1984) as well as contingency table analyses to compare survival among crossed factors.


Inoculation Trials with Adults:      From these trials we can determine if adults are susceptible to infection by the virus.  If so, then the absence of the disease in adults is attributable to habitat segregation of adults and juveniles.  In the trials we will inject 25 uninfected adult lobsters with filtered hemolymph from an infected donor. Infected hemolymph will be drawn from a diseased juvenile lobster, sonicated, and passed through a 0.45-um syringe filter for inoculation with a sterile 27 ga. needle (using ethanol to sterilize external surfaces) into uninfected lobsters. To verify the presence of the virus, hemolymph and other tissues from the donor lobsters will be fixed and processed through histology as described below. For the control group, uninfected hemolymph will collected from a healthy lobster and treated as above for injection into uninfected lobsters. The progression of the disease will be monitored weekly by subsampling lobsters for both histological tissue analysis and the immunoresponse assay (described under Pathology and Immunoassay). Mortality will be assessed daily during the duration of the experiment. 


Water-borne Transmission Versus Contact Transmission:     
In these trials we will employ two experimental groups and a control group (n = 30 / group). Treatment A (water-borne transmission) will consist of 2 healthy lobsters exposed to seawater that has passed through a head tank containing several infected lobsters in the later stages of the disease.  In treatment B (contact transmission), diseased and uninfected lobsters will be housed together. If a diseased animal dies in Treatment B it will be replaced to ensure a constant source of virus.  For our control, Treatment C, two healthy, uninfected lobsters will be housed in each aquarium receiving only filtered seawater.  If healthy lobsters in Treatment A develop infections, then contact transmission is not required for transmission.  If healthy lobsters in Treatment B develop infections but those in Treatment A do not, then contact is required for transmission. 


Effect of Lobster Condition on Disease Resistance:     Once we ascertain the most likely mode of transmission (i.e., ingestion, water-borne, contact) then we propose an experiment in which we will investigate in a 3 x 2 x 2 crossed design the respective and potentially synergistic influences of lobster size (three size classes: < 25 mm carapace length [CL], 35 – 55 mm CL, 65 – 85 mm CL), nutritional condition (25% daily food ration, 100% daily food ration), and injury (no injury, 2 antennal injuries) on disease resistance.  The remaining experimental conditions will be as described above.   


Pathology:     In a separate proposal to the National Marine Fisheries Service (Saltonstall-Kennedy Program), we have detailed a thorough characterization of disease pathology and its time course.  In that document we propose an analysis of histopathology (using transmission electron microscopy;TEM), analysis of blood constituents (i.e., total hemocyte counts, total serum proteins, hemocyanin concentrations, lactic acid levels) and analysis of tissue glycogen levels.  Therefore, only a limited amount of histopathology is proposed here to confirm infections in our laboratory transmission experiments and in tissue samples collected in the field.  In addition, we will use histological preparations to confirm immunoassay results in the inoculation time-course experiment in a double-blind design.  


For histopathology, various tissues will be dissected and fixed in Bouin’s solution or Zenker’s fixative, then processed through routine histological procedures (Humason, 1979). In some cases, TEM will be used for additional confirmation of the virus. Briefly, tissues will be fixed in 3% glutaraldehyde in 0.2 M sodium cacodylate buffer containing 30 mg/ml NaCl and 20 ug/ml CaCl2, at pH 7.0, washed three times in buffer and postfixed in 1% osmium tetroxide in buffer. The samples will then be processed through routine procedures for viewing with a TEM. All of the histology will be done by J. Shields (Co-PI) at the Virginia Institute of Marine Science, which has a state-of-the-art shellfish pathology/histology laboratory.

Objective 3:  Direct and Indirect Effects of disease on Lobster Population Dynamics


Our initial observations of heavily diseased lobsters suggest that infection by the HLV-PA virus is fatal, but prior to death it diminishes lobster mobility and alters the social behavior of healthy lobsters.  We hypothesize that the indirect consequences of this include changes in the spatial structure of the population, the availability and use of shelter by healthy lobsters, the movement of healthy lobsters, and patterns of predation among healthy and diseased individuals. We intend to test these ideas in laboratory and field studies that compare the ecology of diseased and healthy lobsters.  If any of these hypotheses are supported, then these diseased-altered dynamics must be included in our individual-based simulation modeling (see Objective 5).


Effect of Disease on Movement of Infected Lobsters:     Changes in the movement of diseased lobsters would affect the spread of the disease via emigration or encounter with lobster traps, hence their subsequent use as decoys by the fishery.  To test the hypothesis that diseased lobsters are less motile than healthy individuals, we will assay individual lobster movement in laboratory raceways equipped with automatic recording units.  We are currently using this set-up successfully to assay changes in movement by lobsters exposed to changing salinities.  Each circular raceway (3 m circumference; 0.5 m wide track; 0.75 m deep), equipped with flow-through seawater, will be subject to natural photoperiod and will contain a single lobster shelter.   Small (0.25 cm dia.), transparent plexiglass rods attached to mercury switches will hang from above the raceway, protruding into the water of the raceway nearly reaching the bottom.  The mercury switch array is wired to an event recorder (Hobo Event Recorder; Onset Corporation, Boston, MA).  Each time a lobster moves past the switch array the event recorder is tripped.  These data can then be downloaded onto a computer for analysis.  In this application, we will compare the total number of movement events for diseased versus healthy individuals over 48 hours using an Analysis of Covariance with disease (2 levels) as the factor of interest along and size as the covariate.  If differences in movement between diseased and healthy lobsters exist, then we will use these relative differences to adjust movement rates of diseased lobsters in our model, which may alter disease transmission and interaction with the fishery.


Disease Effects on Shelter Choice, Residency, and Population Spatial Structure:     Our initial field and laboratory results indicate that healthy lobsters avoid cohabitation with diseased conspecifics.  We hypothesize that this change in behavior will alter the movement, patterns of aggregation, choice of shelter, and spatial structure of juvenile lobsters in habitat limited nursery areas.  We will test this by comparing these parameters for diseased and healthy lobsters in field mark-recapture studies conducted at sites varying in disease prevalence and habitat structure.  We will conduct short-term mark-recapture studies of juvenile lobsters at 28 sites scattered throughout the Florida Keys that vary naturally in habitat structure (i.e., abundance of shelters for juvenile lobsters) and disease prevalence.  We can establish these sites rapidly because of  our knowledge of habitat structure and disease prevalence in the region, based on our initial disease survey and other surveys of lobster abundance and habitat structure (Herrnkind et al. 1997).  All of the methods we describe below have been used successfully in previous studies.  


Divers will demarcate and then methodically search each 25 m x 25 m site for lobsters, capturing those found.  The size, sex, injury state, and disease state of each lobster will be recorded along with the type shelter in which it was found and co-inhabitant details.  Each shelter will be individually marked with a numbered den tag and individual lobsters will be marked with numbered antennae tags.  Antennae tags are non-invasive and can be read on subsequent encounters without disturbing the lobster.  They are lost when lobsters molt, which is of minor consequence in this short-term mark-recapture study.  Once tagged, the lobsters will be released back into their original den.  These collection methods will be repeated three times within a week, yielding three sample periods per site.  During the final sample period, the location of potential lobster shelters (i.e., sponges, coral heads, heavily-fouled octocoral complexes, rocky crevices > 20cm in diameter; Forcucci et al. 1994, Butler & Herrnkind 1997, Herrnkind et al. 1997) on each site will be mapped.  The location of tagged shelters (hence lobster locations for each sample period) will also be noted on the map.  We will analyze these data in a number of ways, emphasizing in each analysis the potential effect of disease on population dynamics.  


(i) Patterns of Aggregation, Cohabitation, & Shelter Choice:  We will calculate nearest neighbor distances, percent cohabitation, and number of occupants/den for each site and examine their relationship with disease prevalence, lobster abundance, and shelter structure (i.e., number of shelters of various types) using multiple regression analysis.  Thus revealing changes in population spatial structure attributable to the prevalence of disease while controlling for habitat structure and population density.  Given the information on the availability and use of various types of shelter on each site, we can also calculate indices of shelter electivity or “choice” (Manly’s (, Rank Preference Index) and compare (correlation analysis) electivity among sites differing in disease prevalence to determine if disease influences shelter choice.


(ii) Den Residency & Movement:   We will compare the den residency (number of days occupying a den), on-site movement (distance between dens), and on-site residency (number of days observed on the site) of diseased and healthy juvenile lobsters to determine the effect of the disease on movement and residency patterns.  To do so, we will employ a 1-factor analysis of covariance with disease state (healthy; diseased) the factor of interest and lobster size as the covariate.  We will also compare mean on-site residency of healthy lobsters as a function of disease prevalence and shelter structure (multiple regression) to assess whether the abundance of diseased animals alters the emigration or mortality of healthy conspecifics.  As in any mark-recapture based study, the loss of individuals on a site could be due to either mortality or emigration.  The laboratory assay on movement and the predation study (see below) will provide additional information on the respective likelihood of each effect.


Effect of Disease on Susceptibility to Predation:     The relative susceptibility of diseased and healthy juvenile lobsters to predation will be determined using tethering techniques, which we have used successfully in the past (Herrnkind & Butler 1986, Butler et al. 1997,1999 Acosta & Butler 1999).  To tether lobsters, we will attach one end of a 1 m length of monofilament to the carapace of each lobster and the other end will be secured to a metal stake that can be driven into the substrate.  The live lobster can therefore engage in normal behavior within a 1 m radius of the stake, but can not move away and so can later be retrieved.  Diseased and healthy juvenile lobsters of comparable sizes will be individually tethered alone and in groups of three near shelters at several field sites.  After 48 hrs the lobsters will be checked and the number surviving recorded and analyzed (2 x 2 x 2 contingency table; disease x grouping x survival).  From this we can ascertain whether diseased lobsters are more (e.g., due to lethargy), less (e.g., due to predator avoidance), or equally susceptible to predation than healthy lobsters, and if the solitary status of diseased lobsters affects their risk to predation.
Objective 4:  Development of an immunoassay for the HLV-PA virus


At present, we can only assess the presence of the virus in two ways, visual examination of hemolymph color or histological tissue preparations, each of which has drawbacks for an epidemiological study.  Visual examination of hemolymph color is rapid and does not harm the lobsters, but it is highly subjective and can only be used to distinguish lobsters in late stages of infection.  Our preliminary field surveys of disease prevalence are based on this method.  Thus, our prevalence estimates, which are already high, are undoubtedly underestimates because we can not distinguish individuals in the early stages of infection using this technique.  Hemolymph smears and histological preparations are more conclusive, but they are costly, laborious and require destructive sampling.  We need to develop a rapid and cost-effective diagnostic probe for assessing the presence of the virus (or minimally evidence of viral exposure) in individual lobsters – preferably a technique that can be used in the field.


The development of an enzyme-linked immunoassay, ELISA, would be a valuable tool for detecting infection in advance of the onset of disease symptoms.  Other techniques such as genetic-probe (PCR-based) assays will require a more thorough analysis of the genetic makeup of the virus before they can be implemented as a detection method.  A simple ELISA, on the other hand, can be developed using antisera from rabbits immunized with HLV-PA from lobster hemolymph.  An ELISA will require only small quantities of hemolymph so lobsters can be released after sampling, it can be completed with simple laboratory equipment, and it can be read visually for semi-quantitative information all of which make this assay applicable for on-site lobster collection and viral monitoring efforts.  An additional benefit of the ELISA is that the polyclonal antibody to be developed in this study could be used in the future phenotypic characterization of the virus.


Immunoassay--polyclonal antibody production:     Infected hemolymph will serve as the source of HLV-PA viral antigens for rabbit immunizations and will also be used in the ELISA technique.  Virus in hemolymph will be isolated by ultracentrifugation and the presence of virus confirmed by TEM.  The isolated virus preparation will be mixed with approved adjuvants and subcutaneously injected into 3-6 rabbits with several booster injections over a 6-8 week immunization schedule.

Development of an immunoassay for HLV-PA:     The basic design of the immunoassay will be to attach/coat whole HLV-PA virus to ELISA microplates using standard carbonate buffer absorption procedures.  Virus-specific, primary rabbit antibody will be added to the coated plates followed by the addition of an enzyme-conjugated, Goat anti-rabbit antibody and the substrate added to produce a color change.  After an incubation period the enzymatic reaction will be halted, the amount of color will be read visually using a 0 to +4 scoring scale, and these scores compared to the optical density readings using a microplate photometer.  In the development phase, the detection of the virus using rabbit antisera (positive reaction) will be based on photometeric optical density readings that are three standard deviations above negative controls.  A series of negative controls will be included in each assay: (1) Un-infected hemolymph run with virus-specific rabbit antisera, (2) virus run with pre-immune rabbit sera, and (3) virus run without the rabbit antisera.  When we have established the working conditions for the ELISA, the visual scores and optical density data will be reviewed to determine the cut-off between positive and negative reactions.  

Dectection of HLV-PA in samples.      The presence of virus in lobster hemolymph or in the soluble fraction of tissues will be tested in a competition-type ELISA.  Briefly, ELISA plates will be coated with a standard amount of purifed HVL-PA antigen (determined above) and then the plates blocked to prevent further protein absorption to the plate surface.  Lobster samples will then be added along with a standard amount of rabbit antiserum (determined above).  HLV-PA in the sample will bind the rabbit antibody inhibiting its ability to bind to the virus-coated plates and leading to a loss of color in the assay.  End points can be determined by running several dilutions of each sample.

Immunoassay quality controls:   In the production of the rabbit anti-HLV-PA, one has to be concerned that antibody will react with non-viral antigens in hemolymph giving false-positive readings.  To reduce this likelihood, we are using HLV-PA preparations for the rabbit immunizations in which many lobster hemolymph proteins have been remove by ultracentrigation.  Second, the rabbit antisera can be mixed with normal, uninfected lobster hemolymph as a means to block non-specific antibodies from reacting in the assay.  Finally, each test will include TEM-confirmed samples from lobsters with and without infections (positive and negative controls, respectively).  


Because our assay is designed to detect virus in hemolymph, it is important to determine when in the infection cycle our assay is able to detect the virus in an infected lobster.  To determine the sensitivity of the immunoassay, hemolymph samples will be tested from lobsters at various times following viral inoculation (see transmission studies).  We will determine the false-negative limits of the assay by comparing ELISA data to TEM-confirmation of infection collected in these trials.


The ELISA proposed above allows us to determine visually the presence or absence of virus in samples without the need for expensive equipment at the field laboratory.  In an effort to minimize inter-assay variation, the working concentrations of all ELISA reagents will be standardized at ODU where an ELISA spectrophotometer can be used and the reagents shipped to the Florida laboratory.  To insure that consistency is maintained in visually scoring the samples at the field laboratory, persons from that lab will first be trained at ODU.  Additionally, the completed ELISA plates will be sealed, frozen and shipped to ODU for spectrophotometric readings. 

Objective 5:  Modeling the effects of disease and fishery practices on resource sustainability


Compared to uninfected populations, what effect is this disease projected to have on recruitment to the adult lobster population ? How effective is avoidance of diseased conspecifics by healthy lobsters in curtailing the spread of disease?  Do present fishery practices influence the spread of the disease? To address these questions we will modify our existing spatially-explicit, individual-based lobster recruitment model to include information on the factors effecting disease transmission and the effects of disease on lobster ecology.  This model is particularly well suited to this task because it incorporates spatial habitat complexity and can accommodate the probabilistic biological interactions that may occur between disease, habitat structure, and fishery practices to create possible compensation or feedback mechanisms affecting lobster population dynamics.  This is an ecological model describing the recruitment of juvenile lobsters to a size (70 mm CL) at which they interact with the fishery, but are yet too small to be legally removed by the fishery.  Although not a fishery model per se, it can provide predictions of juvenile lobster population size 6 – 12 months prior to exploitation by the fishery.  We briefly describe the current model structure and our proposed modifications to it below.  More detailed descriptions of the model appear elsewhere (Butler 1994, Butler et al. in press, T. Dolan and M. Butler unpub. ms.). 

Model Overview:     The spatial framework of our model simulates the Florida Keys region stretching from Key Largo to Key West including most of the region’s spiny lobster nursery habitat. We currently model 245 habitat cells (each ~ 12 km2), however, we soon will have redefined the model’s spatial resolution by an order of magnitude (2500 cells, each ~ 1 km2).  The distribution of settlement habitat (i.e., hardbottom and seagrass) cells within the model domain corresponds with a GIS determination of the actual spatial distribution of these habitats in the region.  The habitat structure within each hard-bottom cell, the preferred nursery habitat, is also spatially-explicit and reflects the natural abundance of various shelters for juvenile lobsters (e.g., sponges, octocorals, stony corals, solution holes, etc.) based on diver surveys (Herrnkind et al. 1997).  Lobster “carrying capacity” within a cell is a function of the density of each shelter type and the number of lobsters that typically inhabit each. We also specify cell-specific temporal changes in salinity and temperature that potentially affect lobster growth and survival.

Superimposed on this spatial landscape are the individual-based dynamics of spiny lobster settlement, growth, shelter selection, mortality, and movement (for reviews of individual-based models see DeAngelis and Gross 1992, Uchmanski and Grimm 1996).  New settlers arrive in model cells on a lunar cycle and settlement magnitude within cells depends on the character of the settlement habitat there.  Once an individual is assigned to a habitat cell, the biological processes that affect them are played out individual-by-individual on a daily time-step.  Lobster growth is modeled using molt increments and intermolt intervals that vary as a function of size, time-since-last molt, and temperature.  Shelter selection within each cell is modeled as a complex process that mimics ontogenetic (size-specific) changes in shelter preference, mediated by the availability of appropriate shelters and their lobster sheltering capacity.  Movement of lobsters among cells depends upon lobster size and shelter availability in the current cell.  The time each individual spends in shelter, or in the open during the day or at night while foraging along with its size, figures prominently in its daily probability of mortality. 

Modeling disease:     In model scenarios where disease is present, its initial prevalence, seasonal fluctuations, distribution, and size-specific infection frequencies will reflect conditions as determined from our field surveys of disease prevalence (Objective 1).  The effects of disease on model lobsters designated as being “infected” will depend on our laboratory and field results.  For example, we suspect that the effects of the disease will be more severe for small individuals, will be manifested with increasing severity over time, will increase the daily probability of mortality, and will decrease the daily probability of molting and movement.  As the disease progresses in an individual, we also will diminish the probability that nearby healthy lobsters will be attracted to it, as suggested by our initial field and laboratory studies.  This, in turn, is likely to affect shelter use patterns, the attractiveness of fishery traps, and the impact of aggregation on natural mortality.  Transmission of the disease also depends on our experimental findings.  For example, if transmission is primarily dependent on contact, then spatial aggregation patterns will influence transmission.  If the pathogen must be ingested, then the spatial distribution of prey viral reservoirs (determined from field surveys) will be important.  


Modeling fishing effects on disease:     The commercial trap fishery for spiny lobsters in Florida utilizes subadult lobsters (~55 to 75 mm CL; termed “shorts”) as attractants in traps and each boat is permitted to carry up to 300 sub-legal lobsters in livewells.  When diseased animals are present, this practice may increase the rate of disease transmission by increasing direct contact and exposure of healthy individuals with diseased animals.  In addition, these practices increase lobster stress and retard growth (Hunt & Lyons 1986, Vermeer 1987), which may increase susceptibility to disease.  We will acquire from FMRI on-board monitoring of commercial vessels information on commercial fishery practices (e.g., number and duration of juvenile lobsters in traps and live wells, dispensation of juvenile lobsters among traps, etc.) that may affect disease transmission and we will incorporate these dynamics in the model.  


The commercial fishery’s interaction with sub-legal lobster dynamics will be modeled in a unique way. The fishery will interact with juvenile lobsters via the addition of traps to the landscape, much like a spatio-temporally dynamic type of shelter that varies in abundance among habitat cells in accordance with real patterns in the fishery.  Each day in the model, lobsters within a cell will enter traps with probabilities dependent on trap “attractiveness”, which is a function of the availability of alternative natural shelters, lobster size (hence mobility and encounter rate), and the presence of other lobsters in shelters.  The juvenile lobsters that enter traps then become part of a dynamic pool of individuals (i.e., mimicking those collected and held in a vessel’s livewell) that are randomly redistributed among deployed traps.  If diseased individuals are part of such a pool, then the probability of healthy individuals acquiring the disease is increased in a size-dependent manner over the natural probability of acquiring the disease.  This is due to handling stress, injury, and confinement within live-wells - assuming that our laboratory results confirm our preliminary evidence of such effects.  Diseased individuals within the pool may also be relocated to different habitat cells as the “vessel” redeploys traps in other areas. Many of these “dynamic pools” will be modeled simultaneously, each with its unique characteristics (e.g., trap numbers, soak times, geographic locations and movement) to simulate different vessels and fishing practices.  


Recreational fishers also routinely injure lobsters through rough handling of undersized lobsters that are released or escape capture.  If we find that injured animals are more susceptible to infection by the disease, then we will also model the effects of the recreational fishery.  We will do so by imposing regional and seasonal changes in the probability of individual injury, based on spatio-temporal changes in recreational fishing effort determined from FMRI recreational fishery mail survey data. These data will permit us to include in our model cell- and size-specific temporal fluctuations in fishery-induced lobster injuries and the consequent effect on disease dynamics.  


Model Simulations:     We propose a series of simulations to investigate the population-level effects of: (1) disease avoidance by healthy conspecifics on disease transmission, and (2) the effect of fishing on disease transmission.  The ecological significance of behavioral aversion to diseased conspecifics will be estimated by comparing disease transmission, recruitment strength, and shelter use in simulations where the behavior is and is not manifested.  Fishing effects on disease transmission will be investigated in a 2 x 4 crossed design with disease state (2 levels: no disease present; disease present) and fishing activity (4 levels: no fishing, commercial fishing only, recreational fishing only, commercial + recreational fishing) as the relevant factors. The output one can generate from such a model is flexible and extremely detailed.  The key output from these simulations will be: (a) total number of lobsters recruiting to 70 mm CL (i.e., just under legal size of 76 mm CL) over the entire model domain, (b) the total number of lobsters that contract (and die) from the disease, (c) the cell-specific geographic depiction of disease prevalence over time, and (d) size-specific patterns of shelter use.

Results from Prior NSF Support (to M. Butler)

NSF Award Number:  OCE-9730195
Amount of Award: $276,802
Period of Support: 3/98 - 11/01

Title:  “Marine reserves and spiny lobsters:  effects on male size and reproductive success”

Summary:    Changes in the abundance, size structure and sex ratio of populations can have large and consequential effects on mating systems, and thus on reproductive output.   Fishing can significantly alter the size structure of exploited populations and although the consequences of reduced female size on fecundity are well known, less clear is the effect of reduced male size on reproductive dynamics.  These effects may be particularly dramatic if males normally grow much larger than females, as is the case for spiny lobsters.  We used laboratory experiments, field observations, and simulation modeling to investigate the role that male size plays in determining reproductive output, and we compared results from exploited and unexploited lobster populations.  This study on the Caribbean spiny lobster was conducted in conjunction with a similar study performed by colleagues in New Zealand on another species (Jasus edwardsii), so we could compare results between lobster species with contrasting reproductive dynamics.  

Highlighting some of our more important results, we found that:

(1) Large, reproductively dominant males are rare in fished areas as compared to marine reserves.

(2) Large males mate with more females, produce larger spermatophores (ejaculates) with more sperm, and those matings result in larger clutches.
(3) Large males vary ejaculate size positively with female size, essentially rationing sperm as if it were a limited resource.  Small males only produce small spermatophores and do not alter their size.
(4) The size of spermatophores (hence sperm number) transferred to females explains a significant portion of the variation in clutch size, often as much or more than female size.  Experimental reduction of spermatophore size also resulted in lower fertilization success. 
(5) Multiple matings deplete sperm stores by 50 - 90% during the mating season and reductions of this magnitude decrease fertilization success, particularly when matings involve small males whose sperm stores and recharge capabilities are meager.
(6) Fertilization in spiny lobster operates at extremely low sperm:egg ratios (~ 20:1), particularly in fished areas where males are small.

We found major differences between the Caribbean spiny lobster and its New Zealand equivalent in certain aspects of their reproduction that are consistent with classic temperate – tropical life history patterns; for example: duration of reproductive season, number of broods, mate choice specificity, consequences of non-mating, maternal effects on egg size and larval quality, among others.  However,    the effects of male size and exploitation on reproductive success, outlined above for the Caribbean spiny lobster, were nearly identical to those obtained for the New Zealand species. Our results provide compelling evidence that the availability of sperm, which is largely dependent on male size, can limit the reproductive success of spiny lobsters, particularly when subject to heavy exploitation.
Publications:  This project is not yet completed, but Butler and colleagues are now preparing four manuscripts for publication; one paper has already been published:  MacDiarmid, A.B. and M. J. Butler IV. 1999. Sperm economy and limitation in spiny lobsters. Behav. Ecology Sociobiol. 46: 14-24

Presentations:   Over the past three years, Butler has given five presentations on results from this project at national and international meetings and has been a contributing author on three additional presentations by students and colleagues.

Human Resources:   Five graduate students, one postdoctoral fellow from France, and one undergraduate student have been involved in this project as research assistants.  One of these students (Jamie Heisig) is now writing her Master’s thesis on one aspect of this research.
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FACILITIES, EQUIPMENT, AND OTHER RESOURCES

Facilities in the Florida Keys


The Keys Marine Laboratory (KML) on Long Key, operated by The Florida Institute of Oceanography (a state university consortium), is our base of operations for field and laboratory research in the Florida Keys.  It is a full-service marine laboratory offering dormitories, fully-equipped dry laboratories, and indoor/outdoor wet laboratories on a fee-for-services basis.  We  maintain our own two (6 m) research vessels, SCUBA equipment, and a small storage facility for miscellaneous field gear at KML.  It is here that we will modify an existing indoor/outdoor wet laboratory for our use as a secure disease research facility.  As needed, we also utilize office and wet laboratory facilities in Marathon, Florida provided by the Florida Marine Research Institute - a division of the Florida Fish and Wildlife Conservation Commission, the state agency responsible for marine resource management and research.

Facilities at Old Dominion University


Office space, dry laboratory space, a full-service animal care facility, a fully-equipped immunology laboratory, and various institutional equipment items (i.e., light and electron microscopes, computers, ultracold freezers, etc.) are available at Old Dominion University for our use.

Facilities at the Virginia Institute of Marine Sciences


A full-service pathology laboratory, maintained by co-PI Dr. Jeff Shields at the Virginia Institute of Marine Sciences, will be utilized for histological analysis and confirmation of diseased tissue samples from our laboratory and field studies in Florida. 

CURRENT AND PENDING SUPPORT

Mark Butler

     Current support

(1) “Marine reserves and Spiny Lobsters: effects of male size on reproductive success”, NSF, $276,000 (Feb. 1998 – Nov. 2001) 

(2) "Management of spiny lobsters in south Florida based on postlarval supply and juvenile dynamics", Florida Sea Grant, $145,094 (Co-PI with W.F. Herrnkind) (Mar. 2000 – Feb. 2002)

(3) "Changing salinity effects on spiny lobster and hardbottom habitat", NMFS, $108,515 (Oct. 2000 – Sept. 2002)

     Pending Support

(1) “Epidemiological studies on spiny lobsters, Panulirus argus, infected with a pathogenic herpes-like virus”, NMFS, $220,267 (Co-PI with J. Shields and R. Ratzlaff).

(2) “The fishery effects of a newly discovered viral disease infecting spiny lobster”, Florida Sea Grant, $136,096 (Co-PI with W. Herrnkind and R. Ratzlaff).

(3) “Collaborative proposal: The behavioral and ecological effects of viral disease in Caribbean Spiny Lobster”, NSF (this proposal) $342,643 (Co-PI with R. Ratzlaff and J. Shields).

Robert Ratzlaff


Pending Support

(1) “Epidemiological studies on spiny lobsters, Panulirus argus, infected with a pathogenic herpes-like virus”, NMFS, $220,267 (Co-PI with M. Butler and J. Shields).

(2) “The fishery effects of a newly discovered viral disease infecting spiny lobster”, Florida Sea Grant, $136,096 (Co-PI with W. Herrnkind and M. Butler).

(3) “Collaborative proposal: The behavioral and ecological effects of viral disease in Caribbean Spiny Lobster”, NSF (this proposal) $342,643 (Co-PI with M. Butler and J. Shields).

Jeffery Shields

     Current support

(1) Pfisteria research in Virginia’s waters, NOAA  $650,000

     Pending Support

(1) “Epidemiological studies on spiny lobsters, Panulirus argus, infected with a pathogenic herpes-like virus”, NMFS, $220,267 (Co-PI with M. Butler and R. Ratzlaff).

(2) “Collaborative proposal: The behavioral and ecological effects of viral disease in Caribbean Spiny Lobster”, NSF (this proposal) $342,643 (Co-PI with M. Butler and R. Ratzlaff).
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Synergistic Activities

(1) Organized and Chaired 6th International Conference on Lobster Biology and Management in September 2000.

(2) Editor of “The Lobster Newsletter”, an international newsletter published twice a year and now in its 14th year of publication.

(3)  Staff Reviewer for Marine Ecology Progress Series
(4)  Scientific Advisor, Gulf of Mexico Fishery Management Council

(5)  As Graduate Program Director in Department of Biological Sciences at ODU, I oversaw a major restructuring of our graduate program policies and procedures, including an  increased in admissions of minorities and underrepresented groups in our program.

E.  Collaborators & Other Affiliations


(i)    Collaborators:  Charles Acosta (Northern Kentucky Univ.), Dianne Berger (Broward County Water Mgmt. District, FL), John Booth (NIWA, New Zealand), Fred Dobbs and Thomas Dolan (Old Dominion Univ.), William Herrnkind (Florida State Univ.), John Hunt (Florida FWCC), Alison MacDiarmid (NIWA, New Zealand), Robert Ratzlaff (Old Dominion Univ.), David Reznick (UC-Riverside Univ.), Denice Robertson (Northern Kentucky Univ.), Helen Rodd (Univ. Toronto), William Sharp (Florida FWCC), and Jeff Shields (Virginia Inst. Marine Science).


(ii)   Graduate and Postdoctoral Advisors:   Roy Stein (Ohio State Univ.), William Herrnkind (Florida State Univ.), Donald Strong (UC-Davis), John Magnuson (Univ. Wisconsin).


(iii)  Thesis Advisor and Postgraduate-Scholar Sponsor:  
1. Graduates/Postdocs in past 5 years:  Charles Acosta (Northern Kentucky Univ.), Jason Schratwieser (Florida FWCC), Dianne Berger (Broward County Water Mgmt. District, FL), Denice Robertson (Northern Kentucky Univ.), Emmanuel Ricelet (UC-Berkeley Marine Center).

2. Current Students:  Susan Barco, Donald Behringer, Tom Dolan, Scott Donahue, Holly Fernbach, Jason Goldstein, Jamie Heisig, Jennifer Lear.
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1. Five Publications Most Relevant to Project:
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2. Five Other Publications:
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Kops, S.K., R.E. Ratzlaff, R. Meade, G.M. Iverson, and P.W. Askenase. 1986. Interaction of antigen-specific T cell factors with unique "receptors" on the surface of mast cells:  Demonstration in vitro by an indirect resetting technique.  Journal of Immunology 136: 4515-4524.

Synergistic Activities

Graduate Program Director, Biology Master’s Program, Old Dominion University, 2000-to present. Responsibilities include recruitment and selection of students as well as overall of assessment of the program goals.  Development of databases to carry out responsibilities.

Course Director:  BIOL 270 Cell Biology, BIOL 407/507Molecular and Immunological Techniques, BIOL 409/509 Immunology, BIOL 410/510 Immunology Laboratory, BIOL 416/516 Clinical Immunology, BIOL 496/596 Leading Papers in Biomedicine, BIOL 745/845 Advanced Immunology.

Memberships:  American Association of Immunologists, American Society for Microbiology, Association of Southeastern Biologists.

Developed EXCEL spreadsheets for the analysis of ELISA data in research and teaching.

E.  Collaborators & Other Affiliations

(i) Collaborators:




Frank J. Liuzzi, Eastern Virginia Medical School, Norfolk, VA.  1/1/98-1/1/01.   The Neurogenic Component of Cutaneous Allergic Reactions in Mice.  Jeffress Memorial Trust. $35,000 awarded.

(ii) Graduate and Postdoctoral Advisors:

Jill Troyer (1990-1996), PhD Dissertation; Characterization of P39, a Borrelia burgdorferi specific protein. Took a postdoctoral fellowship with A.F. Azad in the Department of Microbiology & Immunology at University of Maryland School of Medicine, Baltimore.  Currently at Walter Reed Army Institute of Research.


(iii)  Thesis Advisor and Postgraduate-Scholar Sponsor:
Carmony Hartwig (2001-present), Master’s ongoing.


Cecelia Monroe (2001-present), Master’s ongoing.


Kirsten Pennell (2001-present), Master’s ongoing.


Total of 10 graduate students.

Budget Justification

Salaries and Wages

Principal Investigator and Co-Principal Investigator

Funds are requested for Dr. Mark Butler and Dr. Robert Ratzlaff, who will supervise and lead the collection, analysis, and write-up of information.  Faculty salaries are based on a 9-month, academic year, perfor​mance period.  Amounts charged are calculated as follows: academic year salary/9 = rate per month.  Rate per month x number of months in period x percent effort in period = charge per period.  Dr. Butler’s salary is budgeted at $65,800.  Dr. Ratzlaff’s salary is budgeted at $52,400.  A 5-percent salary increase has been budgeted for each project year as of August 16.  We are requesting funds for two months’ effort for each faculty.

Post Doctoral Fellow

The salary budgeted for the Post Doc is $27,000 annually.  It is expected that this position will be utilized full time starting in Year 2.

Graduate Student 


In year 1, support is requested for two Graduate Research Assistants (GRA), one to assist in the development of the ELISA detection assay and one to assist in the laboratory transmission and field studies. In year 2, one GRA is needed to assist in implementing the ELISA assay in the analysis of laboratory and field samples.  The duties of the laboratory/field research assistant noted above in year 1 switch in year 2 to the post doctoral research associate.  This is necessary for two reasons.  First, Donald Behringer (a doctoral candidate working with Butler) is the discoverer of the HLV-PA virus and in year 1 will be working on this project as part of his dissertation research.  Thus, he is a key participant in the project. By year 2, he will graduate and continue on the project full-time, expanding his role in the laboratory and field studies as Dr. Butler shifts more of his attention to modeling.

GRA wages are based on a 9-month performance period, during which the GRA may devote up to 50-percent effort to research during the academic year.  Spe​cific wage rates are determined by the academic de​partments, and they are based on the level of the student (masters or doctoral student) and on the number of years of experi​ence the individual has had on research and sponsored projects.  One GRA will earn wages of $16,000 per year and will work full time (50% effort for academic year, 100% effort for summer) during Year 1 on this project.  One GRA will earn wages of $20,000 per year and will work only during the academic year at 50% effort for Year 1 and Year 2.  A 5-percent salary increase has been projected for each subsequent year of the project.

Other Personnel
During the summer, our activities in the laboratory and field increase and we require additional assistance, particularly at our field site in the Florida Keys.  Therefore, in the summer of years 1 and 2 we request funding for three graduate level students who will be considered Other/Casual personnel (they are not enrolled at the university during the summer.)  The wage rate budgeted for this position is $16,000 and they will devote 3 months effort to this project.  A 5-percent salary increase has been projected for each subsequent year of the project.

Fringe Benefits




(DHHS negotiated rate dated May 14, 1999)

Principal Investigator and Co-Principal Investigator


The fringe benefit rate applicable to Dr. Butler and Dr. Ratzlaff’s salaries is 26% of their salary that is attributable to this project. This rate in​cludes the university's contribution to the Virginia Supplemental Retirement System, FICA, health and life insurance premiums, and workman's compensation and unem​ployment insurance premiums.

Post Doctoral Fellow

FICA, workman's compensation, unem​ployment insurance premiums, and health and dental benefits are budgeted for this position in accordance with ODU Research Foundation policies.

Graduate Student

FICA and workman's compensation are budgeted for this position at 8.25% of their salary that is attributable to this project.

Other Personnel

FICA, workman's compensation and unem​ployment insurance premiums are budgeted for this position at 8.25% of their salary that is attributable to this project.

Materials & Supplies

In year 1, our supply request is substantial ($21,000) because of the cost of setting up a secure disease laboratory at the Keys Marine Laboratory in Florida and the initial development of the ELISA immunoassay, along with more routine expenses. In year 2, our request is for $14,000 to cover continued laboratory and field research in the Florida Keys and for immunoassay implementation. Establishing a suitable laboratory for the disease work in Florida requires the purchase of additional experimental tanks and the re-plumbing of the laboratory seawater outfall with the necessary sterilization system (UV & chlorine sterilization, injection well, etc.) to insure that we do not promote the disease in nature. Various scientific materials and supplies will be used throughout the study.   For example, we request funds for items needed for maintaining large numbers lobsters in captivity for the transmission trials and behavior experiments (e.g., lobster food, disposable lab wares, etc.) and for obtaining (syringes, fixatives, containers) and shipping tissue samples for pathobiology and immunological work.  For the field work in the Keys, we request funds for SCUBA fills, research vessel fuel and maintenance, and miscellaneous disposable items and collecting gear (nets, gloves, underwater data sheets, etc.).  Expenses for the ELISA in year 1 include the purchase and housing of rabbits for the production of HLV-PA antibodies, along with the essential conjugated antibodies available commercially, substrates, buffers, and other basic expendable laboratory supplies. In year 2, the ELISA costs are calculated at $5000 for sample processing of lobster hemolymph for HLV-PA as part of transmission and field studies.  These costs were based on an estimated ELISA operating expense of $10 per sample and the anticipation of testing of a total of 500 hemolymph samples. 

Publications

In year 2, we request $500 for page charges for publishing our results.
Travel

Domestic Travel

Our research-related travel expenses ($10,000 per year) are high because most of the research takes place at our field site in the Florida Keys, where we must travel and pay for lodging and laboratory fees at the Keys Marine Laboratory (KML).  Daily lodging fees at KML are $22 per person; for both years, we anticipate 320 person-days lodging ($7040) to conduct the laboratory and field studies in Florida.  We also request an additional $2960 per year for transportation between Virginia and the Florida Keys.  In both years, we also request meeting-related travel expenses ($2000; registration, airline, hotel) for three persons (Butler, Ratzlaff, Behringer) to attend and present our findings at one scientific meeting per year.  

Foreign Travel


In year 1, we request partial travel expenses ($2500; airline only) for two persons (Butler, Behringer) to attend the International Lobster Conference in Hobart, Tasmania.  This conference is equivalent to an international congress and is held once every 3 years; Dr. Butler convened the last conference in Key West in September 2000.



Indirect Costs

DHHS negotiated agreement dated May 14, 1999 authorizes off campus indirect cost rate of 26% of modified total direct cost for the period July 1, 2001 until amended.

Figure 1:  Electron micrographs showing Herpes-like virions in hemocytes of Caribbean spiny lobster.  (A) Hypertrophied hemocyte nucleus with viral inclusions at right adjacent to an uninfected cell on the left. (B) Hemocyte nucleus with electron-dense circular virions budding from rod-like cores.  
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Figure 2:  Results of preliminary laboratory trials testing patterns of den cohabitation among healthy and diseased juvenile spiny lobster.  Healthy lobsters avoid cohabitation with diseased conspecifics.
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