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and Kanaley 1988. Ford et al. 1993). The disproportionate increase 
in parasites means chat the nun1ber of H. 11e/so11i cells ren1oved by 
hen1ocytes becon1es a progressively lower proponion of the total 
parasite population as the nu,nber of parasites increases. Once 
again, it \vas necessary to ,nodel different rates for Lhe systen1ic 
and epithelial tissues to reproduce observed differences. Thus. in 
relation to their nun1ber. epithelial hemocytes ren1ove more para
sites than do systemic hemocytes. There is no observati onal or 
experi,nental evidence for this ,node! function other than the need 
for siinulation to fit fi eld observations of the H. nelsoni seasonal 
cycle. 

Up 10 this point in the annual infection cycle. late winter/early 
spring, the model relies on ten1perature. parasite-density. and 
hen,ocyte activity to replicate the observed seasonal changes in 
parasite loads. A new elernent \vas needed. ho,vever. to explain the 
rapid spring infection increase from pre-existing Foci, and subse
quent sporulati on. That element is oyster food, which re1nains of 
paramount importance throughout the ren,ainder of the n1odeled 
annual cycle. Proli feration rates naturall y increase ,vith ri sing 
spring ten1perature, but the effect of 1en1perature on parasire dou
bling ti1ne was inadequate to reproduce rhe observed, very rapid 
infecr.ion development in April and May. Particularly evident in 
field observations \Vas the develop,nent of very heavy infections. 
indicating that high parasite division rates continued at densities 
where proliferation ,vas otherwise restricted by sel f crowding. [n 
addition to a rise jn ten1perature in sprwg. the parasite experiences 
other changes inside the host. The oyster becomes acr.i ve again 
after severaJ ,nonths of quiescence over the winter. Oxygen avail
ability rises and the accumulation of end products from anaerobic 
n1etabolisn1 ceases. A spring blooo1 typically occurs, and as oyster 
food consumption increases, the quanrity of nutrients Lransported 
in the hemolyn1ph rises (Fisher and Newell 1986). All of these 
changes should provide an increasingly favorable environn1ent for 
H. 11elso11i proliferarion. Further, the fact that n1etabolic activity 
and nutritional status of the oyster is increasing in the spring 
should provide n1ore or better resources for the parasite. and permit 
higher parasite densit ies before crowding interferes with replica
tion, than in late autun,n when oyster n1etabolism i shutting down. 
even though nutrienl reserves are generally high. Follo\ving this 
biological argument, the 111odel eases the cro,vding effect so that 
higher parasite densir.ies can be achieved rapidly in the spring. 
With this modification, si1nular.ions show the rapid infecr.ion in
tensification that occurs in the late spring and which culn1.inates in 
what are often the highest parasite burdens of the year (Ford and 
Haskin 1982). 

Nutrit ional status. as modeled by oyster potenr.ial gro\vth effi
ciency, is equally itnponant in the next and last phase of the annual 
cycle. ,vhich is the production or attempted production of spores. 
It is also the 111os1 co,nplex aspect of the annual cycle n1odel. The 
observation that the n,odel needed to tit was that the late May/early 
June prevalence peak is rel a Lively brief. in contras! to the ,vinter 
peak. and is follov,1ed by a rapid decline in prevalence (A ndrews 
1966. Ford and Haskin 1982). Lik e Lhe los of infections in late 
winter. part of this decline is due to the deaLhs of heavily infected 
oysters and part to the loss of parasites from live oysrers. To 
simulate this event. a second life stage, the spore. was introduced 
into the ,nodel. ln other me,nbers of the phylun1 Haplosporidia. 
plasn1odia regularly fon11 ~pores ( Perkins 1990). \Vhich presuin
ably allo\v then1 to survive outside the host and are an in,pottanr 
element in transinission. Haplosporidi11n111elso11i does fo1111 spores 
in adult oysters. but very rarely (Couch et al. 1966). Recent re-

ports, however, suggest rhat spores are regularly fonned in j uve
njle oysters wit h advanced infections (R. D. Barber et al. 1991. 
Burreson 1994). Spore production coincides with the May/June 
infection peak and also occurs as infections intensify in the fall. 
Sporulation takes place in the epitheliuin of the digestive tubules 
and marure spores can be shed fron, live oysters: ho\vever, most 
oysters probably die duri ng or after the sporulation process be
cause the overall infecrions are so heavy (R. D. Barber et al. 199 l ). 

Although spores are rare in adulr oysrers, histological observa
tions at the late May/early June infection peak suggest that some 
parasites may begin the sporulation process in adults. Oysters ,vith 
advanced infections often have plasmodia in digestive tubu.le epi 
thelia, so111eti111es ,vith large, anon1alous nuclei and a generally 
deteriorating appearance. We hypothesize that these plasn1odia are 
evidence of failed sporulation, after which parasites die ,vithout 
con1pleti ng their life cycle in the oyster. Their deaLh consequentJy 
resul ts in the post May/June drop in prevalence. 

Observational evidence. then. suggesls a difference in the en
vironn,ent experienced by H. nelsoni in young/s111all oysters. 
,vhich allows the parasite LO form spore&. and thal in larger/older 
hosts. which does not. This difference is nor a quesrion of differ
ential susceptibi lity or resistance because adult oysters of both 
types do not suppon spore formati on. For purposes ol' the n1odel, 
the internal environn1ental quality needed for spon,lation was re
lated directly to the potenrial growth efficiency of the host and 
indirectly to food availabil ity. Gro\vth efficiency is an index to the 
an1ounc of energy available afrer the ho1,t' s bru.ic metabolic re
quirements are ,net. This energy should be available to the parasite 
in the form of nutritional resources and relatively 111ore of it should 
be available in younger oysters because of their higher gro,vth 
efficiency. 

Spore formation. in the 111odel, begins with the accun1t1lation of 
nutritional reserves and the acco1npanying intensification of infec
tions. The parallel field observation is the 1nove1nent of parasites 
inro the Lligesti ve tubule epilheliunJ. \Vhere they begin to undergo 
the 111any changes that accornpany sporulation (Perkins 1969). The 
initial stages of sin,ulated sporulation can happen regardless of 
oyster size. bur to inhibit con1pletion of the process in large oys
ters. the n1odel establishes a tl1reshold quantity of reserves thar 
,nust be exceeded fo r spore production to occur. l f that threshold 
is not reached. the process is not con1pleted. Because of their 
higher gro,vth efficiency, the threshold is exceeded only in small 
oysters, ,vhich consequentl y are the only oysters in which spores 
are forn1ed. If the threshold is reached. sporuJation is successful. 
Spores are shed from live oysters or after the host dies. The model 
considers that parasites that faiJ to sporulate are no longer viable. 
They become susceptible to hen1ocyte attack and are elinunated. In 
either case, resulting model sin1ulations show a dra1natic reduction 
in prevalence. as is seen in field observations. 

The growth-efficiency basis for sporulation used by the 1nodel 
is hyporher.ical. as is failed porulation, to explain the early sun1mer 
prevalence decline in adult oysters. Some other factor, perhaps a 
chen1ical or physical .. cue" having nothing LO do \Vi th gro,vth 
efficiency or nutrirional sratus. may \veil trigger sporulation. Or. 
there may be a sui te of elements involved that occur in juveniles 
only. Nevertheless. the concept of a necessa1y threshold of son,e 
factor or factors re,nains a biologically defensible generalization 
for the fact that H. ,,elsoni can con1plete irs life cycle in s1nall 
oysters, but rarely in large ones. 

Modeling of the sporulation process needed to take into ac
count the observation that spores are fonned in juveniles in the 
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aucun111. as 1vell as in the spring (Andre\VS L979, Burreson 1994). 
The process is probably set in n,otion in adults. too. but is rarely 
successful. In the fall, ho1vever. there is no abrupt prevalence 
decline. The n,odel achieves thi~ result in nvo ,vays. First. food 
supply is lower in the fall so only the sn1allest oysters have a 
potential gro1vth efficiency adequate to trigger sporulation. Second. 
ihe 111odel contains a temperatu re dependency on the loss of vi
ability of plasmodia that have fai led 10 sporulate. Thus. if sporu
lation fails at re latively 101v temperature. plasn1odia becoine less 
usceptible to hen,ocyte attack than those fai ling at relatively high 

ten1perature. Oysters ren1ain infected and eventually die in late 
1vinter. In fac t. if the '"internal environn1ent cue·· hypothesis is 
correct and is related LO the accun1ulation of nutrients, the slo\ver 
reserve build up in adul ts compared to juveniles n1ay simply retard 
the spore-formation process until the te1npera1ure is coo lov.· for 
parasite activity. so the plasinodia are never dan1aged. 

Salinity Eff ects 

Ten1perature is undoubtedly the n1osL in1portant environn1en1al 
variable influencing the seasonal infection cycle. both di rectly and 
indirectly, and in the field and in the model. Salinity is also in1-
portant. but its effect is more obvious when considered on spatial 
or long-tem1 ten1poral scales (Paraso et al. this volume. Powell et 
al. this volume). Jn the model. salinity affects H. nefsoni inside the 
oyster by affecting both survival and proJjferation races. Both are 
parameterized from i11 1•i1ro experi,nentS describing survival of 
plasn1odia after acute salinity change (Ford and Haskin 1988). 
Results of these trials shO\Ved that survival ,vas very IO\V belo1v 
about 9 ppt and very high above about l 5 ppt. 1vhich roughly 
approx imates it distribution in nature (Ford and Tripp 1996). 
Betv.,een those ranges. the parasite i highJy sensitive to sn1all 
salinity change. The n1odel also considers that inside ihe oyster. 
parasites are buffered from rapid changes in salinity by the behav
ior of oy ters 1hen1selves. When exposed to a large salinity change, 
bivalves typically close their valves and thereafter open ihen1 only 
brieny so as to allow entry of only sn,al l an1ounts of an1 bient v.1ater 
(Schoffeniels and Gilles 1972. Davenport J 979). The salt content 
of their body flu id thus cbanges n1ore lowly than does the external 
water. Consequently, the 1nodel extends the in 1•i1ro death rate over 
a period of 4 days. Tn the absence of data on the effect of salinity 
on in ,•il'O doubling ti1nes, it seems reasonable to assume that the 
salinity range over which it occurs is roughly the san,e as fo r 
survival, and that within this range, the response pattern is si1nilar. 

1n the n1odel. salini ty also affects the rate at which parasites 
move into the systenuc tissue from the epitheliu1n : at low salini ty, 
the rate increases. This was a ,vay LO maintain Lhe constant ratio of 
systeni ic to local infections observed along the salini ty gradient 
(Haskin and Ford 1982. Fegley et al. 1994 ). \Vithoui it, the fre
quency of systemic infections decreased v.•iih decreasing salinity. 
Low salinity 1nay, in fact. n1ake it easier for parasites to 1n ake this 
transition, although ihe physiological ,nechanism is unclear. The 
actual reason may be quite different and this may be a case where 
the 1nathematical device provided a good approxi niaLion of ob
served patterns 1vithout a good biological rationale. Nevertheless, 
the need to include a factor that increased the proportion of sys
ce1nic infections indicates ihat a simple salinity effect on parasite 
survival and growth is not sufficient to explain what is observed in 
field data. 

Oyster ft1ortality 

Oysters die. in the n1odel. v. hen H. nelsoni densities exceed that 
,vhich is seen in live oysters. The san1e is true for the P. 111ari11us 
model. but the H. 11elsoni model also re flects the fact iha1 the leihal 
parasite densi ty for some oy~lers is lower than this maxi1nally 
observed level. A fe,v individuals die with relatively light infec
tions and an increasing propo,tion die as infections intensify. It is 
this variation in ability to tolerate infections that forms one of the 
bases for selecLi ve breeding: comparisons between oyster strains 
selected and unselected for res istance to MSX disease indicate that 
one measure of resistance is ihe abi li ty to survive 1vith relatively 
heavy infections (Ford and Haskin 1987. Ford 1988, B. J. Barber 
et al. 1991). 

Tra11s111ission 

I ncomplele kno\vledge of the Ii Fe cycle and n1echanis1n of 
transmission of H. nefso11i is probably ihe single greatest impedi-
111en1 to fu rther understanding this i n1 portant parasite and the dis
ease it causes. The sparsity or inforn1ation about transmission 
111ade modeling this aspect or MSX disease particularly difficult 
because ,nany assumptions had to be n1ade. Yet the exercise \vas 
both intriguing and insightfu l. The 1ransm.ission model is a sepa
rate con1ponenL of the overall H. ne/so11i-oyster 1nodel. It differs 
fro m 1nost 1rans1nission models in that it simulates success or 
failure of transn1ission based on external environmental factors 
rather than on the density and infection levels of neighboring oys
ters. Modeling of the transmission process is detailed and dis
cussed by Powell et al. (this volume). 

SUNliVIAR Y 

The con1poncnt of the H. 11e/so11i 111odel that describes host
parasite interactions inside the oyster is constructed using func
tions describing physiological rates for both organi ms: prolifera
tion. 1ranslocation, and death (or degradation) of the parasite; and 
heinocyte activity. fi lrraLion rate, and gro\vth efficiency of the 
oyster. The ra tes. in turn, are controlled by four environmental 
variables: ten1perature. salinity. food. and total seston. Using only 
these few elen1ents, the 1nodel is able to reproduce Lhe bimodal 
annual in fection cycle that includes infection intensification and 
remission. a life stage change of the parasite, response of ihe 
oyster's internal defense syste n1 , and, eventually. oyster death. 
With fev1 exceptions. the physiologicaJ rate functions are based on 
experimenLal or observarional evidence or general physiological 
principles. For instance. the effect of salinity on in ,•ii ·o parasite 
survival. and the response of oyster hemocytes to dead or damaged 
parasites is welJ grounded with experin1ental, as \Ve ll as observa
tional. data (Haskin and Ford 1982. F isher and Tamp I in 1988. Ford 
and Haskin 1988. Ford et al. 1993. Ford and Ashton-A lcox 1998). 
Parasite doubling tin1es and the relationship between oyster n1or-
1ality and infection intensity were con1puted directly fron1 field 
data (Andre1vs l 966, Ford and Haskin 1982). Physiologically well
reasoned arguments were 111ade for the self-crowding effect, the 
release of cro1vding in the spring, parasite degradation over the 
winter. differences in parasite gro1vth and death rates between 
epithelial and systemic compartn1ents, and the ··threshold"" trigger 
for sporulation. Whether failed sporulation in adult oysters is the 
cause fo r the rapid prevalence decline after the spring infection 
peak, whether lower salinity facilitates the n1ovement of parasites 
from ihe epithelium into the systen1ic tissues. and the increased 
·'efficiency·· of the hemocyte coniponent in the epithelium are 
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highly conjectural. Because virtually noLhing is kno\vn about the 
1rans1nission 1nechanisn1. Lhis component of the n1odel includes 
n1ore hypothetical elernents: specifically the infective dose thresh
old and the concentration of infective particles and Lheir relation
ship LO salinity and ten,pcrature (Po\vell et al. this volurne). 

The fact thal certain hypothetical n1echanis1ns were used to fit 
the ,nodel to ob ervation does not detract fron1 its efficacy. Be
cause the simulations reproduce observed ten1poral and spatial 
patterns. and assun1ing that the ,najor biological and physical sys
terns in volved have, at so,ne level. rea onably predictable re
sponses. the n1odel suggests ways in \Vhich the host-para'°' i te sys
tern must work. For instance. the modeling exercise clearly shows 
that ternperature effects on parasite doubling Lirnes or salinity ef
fects on in vh•o parasite survival. cannot by themselves, explain 
field observations. The ,nodel den1onstrates that other factors rnust 
be involved and points to \vherc efforts n1ust be concentraLed 10 

gain a belier understanding of the overall host-parasite relation
ship. C learly, an in1proved knowledge of the co,uplete syste,n rests 
\Vith a better understanding of the parasite's life cycle and n1ode of 
transmission. co,nbined wiLh an abi li ty to infect oysrers experi
mentally. Nevertheless, the fact that this very con1pJcx and detailed 
n1odel \vorks. with few 111odifications, in Chesapeake Bay as well 

as in Dela\vare Bay. iis a 111easure of iLs power and potential use
ful ness in other areas. 
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