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Abstract

Recent increases in emergent infectious diseases have raised concerns abetdittabilityof

some marine specieshe complexity and expense of studying diseases in marine systems often

dictate that.conservation and management decisiomaade without quantitative data on
populationtevelimpactof diseaseMark-recapture i® powerful, underutilized, tool for

calculating tmpacts of disease on population size and structure, even in the absence of etiological

information

We applied logistic regression models to meg&apture data to obtain estimates of
diseaseassociated maatity rates in three commerciallnportant marine speciesnow crab
(Chionoecetes opilio) in Newfoundland, Canadthatexperiencesporadicepizootics of bitter
crab diseassstriped bassMorone saxatilis) in the Chesapeake Bay, USAatexperience
chronic dermal and visceral mycobacteripaisdAmerican lobsterflomarus americanus) in
the Southern New England stotkatexperience chronic epizootic shell diseasiethree
diseases decreassdrvivalof diseasedhosts. Survival ofliseased adult male crabs was 1%
(0.003 — 0.022,95% Cthat of uninfected crabs indicating nearly complete mortalitpfetted
crabs inthis'life stageSurvival of noderately and severely diseastdped basgwhich
comprised_15% and % of thepopulation respectivelywas84% (70 — 100%, 95% CI), and
54% (42- 68%, 95% CI) and that of healthy striped bas® diseasadjustedyearlynatural
mortality rate for striped bass was 0.29, nearly double the previously acceptdwedin did
notinclude_diseaseSurvival ofmoderately and severely diseased lobst@s30% (15 — 60%,
95% Cl)thatof healthy lobsterand survival of nidly diseased lobstersas45% (27 — 75%,
95% Cl)thatof'healthy lobsters. High disease mortality in ovigerousatlesmay explain the
poor recruitment anchpid decline®bserved in this population. Stock assessments should

account fodiseaseaelatedmortality whenresource management options are evaluated

I ntroduction

Recent rgortsof frequen and severe disease outbreeksequestions about how and when
marine diseases should be managed (Harvell @08B, Groner et al. 2016Tritical to such

decisions arevhether, and under what circumstancksease outbreaks cause significant
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impacts on marine populations, including commercially important stocks (e.g., Cha&iwgika
2009, Krkosek et al. 2013). Howevevaduating impacts of marine diseasgspopulationgan
bechallenging becausaigntitative estimates of diseasdated mortality ardifficult to obtain
particulaty when host species are mobile or experience chronic dis@sesh et al. 2012).
Althoughthey.yield complementary data, studies of the etiology and pathology associated with
an emergent diseasan beexpensive and time-consuming, often taking longer to conduct than
the windowof'time available for early intervention (Burge et al. 2016, Groner et al. 2016,
Langwig etal:"2015). The paucity of information on disease impaotsirine systemas made

it difficult for government agencies to prioritize research and managentemtsdor many

commerciallysand ecologicaliynportantspecies

Althoughunderutilized, markecaptue can bean effectivetool for estimaing the
impacts of disease on host populations (Conn and Cooch 2009, Cooch et al. 20k2). M
recapturestudies that use simple biological marking or conventional tags meépresgaptable
method forobtaining datalhese studiesan be implemented quickés either a new research
program or as an extension to an existing mark-recapture progréme. latter casexdapting the
program to the study of disease requires the identification and recording ofethadn-
diagnostic fordisease presersteh as visual signs or detection of pathogens in bodily fluids.
|dentification-efa pathognomonic diagnostic does not require that the etiolodyeafisease be
fully elucidated, thereby allowingopulation impacts of the disease to be assessed cantburre
with fundamental epidemiological and pathological research, rather thaitsaéiempletion.
Moreover, nark-recapture methods are applicable to the study of a wide range of diseases that
are diverse in thepidemiology and population impact&lthough complex multstate mark
recapture methods atiee idealapproactor determining survival, disease incidence and disease
progression;-these methods frequently recudori knowledge about the disease in order to
correctly specify statgransition matricesand can suffer from convergence issues (i.e. Choquet
et al. 2009)In contrast, logistic regressi®oomparing the recapture rates of initially heakimygl
diseasedindiduals can be used to quantify relative survival of diseased versus healthy
individuals withouta priori knowledge of the disease.avk-recapture methods are being
increasingly used to estimagpidemiological processes in diseases of terrestrial wildlife
including badgers with tuberculosis (Graham et al. 2013), little brown bats witts-mdse
syndrome (Maslo et al. 2015) and gorillas vétbola virus diseas@enton et al. 2015).
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89 Howeverthey are not welusedin marine systems, even though magkaptire is a common

90 method for estimating population sizes in such systems (i.e. Chaloupka et al. 2009).

91 We usedogistic regressiong conduct prosgctive, case&ontrol studies testimate

92 diseaseasSociated mortality rat@sthreecommercially importanspecieghat showisualsigns

93  of chronicdiseasesnow crab Chionoecetes opilio), driped bassNlorone saxatilis), and

94  American'lobsterflomarus americanus). These diseases range in severity and phenology, and
95 include a rapidlyprogressing, unresolvablgarasitic infection causing bitter crab disease (BCD)
96 in snow crabsaslowly-progressing, rarely-resolvetisease caused Inyycdbactera resulting in

97  visceral andlermal mycobacteriosis in striped bams¢ a rapidlyprogressing, resolvable

98 bacterialdyshiosis causing epizootic shell dise@s8D)in lobstersin all cases, populations are
99  hypothesized to be declining in parts of their ranges due to disease (Shields et &/&00%t
100 al. 2009, Vogelbein et al. 20L2Ve applied logistic regression teark-recapturedata to
101  estimate relative survival of animals released in different disease severitycetafged to
102  presumabhhealthy conspecificflennelle et al. 2007, Cooch et al. 2018} interpretedhese
103  results in terms of their impacts on natural mortality, management practices and, in the case of
104  the American lobster, impacts on spawning potential.
105

106 Methods
107  Study systems.and tagging method
108  Case 1. Snow crabsand BCD

109 Sudy system: Snow crab support the most valuafisderyin Atlantic Canadavith

110  exports valed atCAN $500 millionannually Fisheries and Oceans Canada, 20061992, a

111  parasitic dinoflagellateHematodinium sp) was discovered in crabs from the northern bays of

112 Newfoundland..The parasite causes bitter crab diggSP) and renders the meat of the crabs

113 unfit for consumptior{Taylorand Khan 1995Disease pevalence in largelawed male crabs,

114  which arefavored by the industry, has generally been I083v5%) with occasional pulses of

115 increased disease that have been associated with warmer temperatures, and increases in densities
116  of small and intermediated sized crabs (Shields et al. 2005, 2007, Mullowney et al.12011). |

117 2005, prevalence reached 35%adrgeclawed males, leading resource managers and the
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118 industry to question the role of the parasite in crab morta{fik®lds et al. 2007)'he fishing

119  industry elected to reduce the quota in the affected areas in 2006 as a precautionary measure,
120  however population estimates of the impact of BCD are not avadabl& is unclear if these

121  management strategies increase the resiliency of these populations to disease outbreaks

122

123 Tagging: To estimate disease mortality, 361 diseased crabs and 361 crabs without

124  external signs of the disea@eégure la)were tagged in Conception Bay, Newfoundland, Canada
125  (lat. 47° 455 Nglong. 53° 10’ W), in October, 2006, by tying a uniqu@belledvinyl tube

126  (spaghettitag)laterally around the carapace. All crabs in the study werelangel males in

127  terminal moltconditions 2 (i.e., with a new hard shell), ranging in size from 95 to 139 mm

128  carapace widthCrabs in thegrminal molt instawill not molt and hence will not lose the tég

129  molting. Although it would have been informative to tag other stages, this was not feasibde du
130 the risk ofstagoss during molting and the absence of a fishery for other sizes and stages. Most
131  recapturesveremadeby commercial fishermen and occurred during the fishing season, in late
132 spring (April:June)n the two years after releagefew additionalcrabs wereecaptured during

133 research cruises in the spring and.fiadir all recaptures, a reward@AN $10 wasofferedfor

134  return of a tagTe check for differential survival between diseased and healthy crabs that

135  resulted fremstagging, tagged crabs with and without BCD infection (five of aark)held in

136 commercial craliraps at sefor 24 hrsand then examined for differential mortaliurvival

137  was 100% in"both groups (Taylor, D. M. unpubl. Jlada24 hr acute test is considered sufficient
138  to test tagging mortality in this species.

139

140 Case 2:'Stripedbass

141 Sudyssystem: The striped bass fishery supports both recreational and comniistuiady,

142  with US landings between 2005 and 2014 averaging 26.2 million pounds arfoually

143  recreationaeffortsand 6.7 million poundsr commercial effort§ASMFC 2016). In the 1990s,

144  striped bassim:Chesapeake Bay recovered from a significant population decline associated with
145  over-exploitation, environmental degradation and low recruitifiRichardsand Rago 1999).

146  Since 1997, granulomatous dermatitis (Figure 1b) and granulomattausrimdtion of the

147  visceral organs have been noted in striped bass from the region; the disease lesions are associated
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with two newly described speciesMif/cobacterium as well ather undescribed species
(Gauthier et al. 2011, Rhodes et al. 2003, 2085)s typical for infections wittMycobacterium
spp. in fishesdiseasén striped basdevelops slowly and some individuals appear to persist for
long periods with lowlevel infectiors (Colorni 1992 Despite recognition of its potential to
cause mortality or alter fecundity, it is unclear how disease is affecting population size and
restoration,effort$or striped basgévogelbein et al. 2012).

Tagging: Tagging took place in September through Novenalvery year from 2005 to 2012 and
in May for some year®pproximately one to three thousand fish were obtained from pound nets
at the mouth of.the Rappahannock River, Virginia (lat. 37° 36.67" N, long. 76° 17.49' W) and
upriver (lat=37258.73" N, long. 76° 53.04’ W) each year. All fish were greater than 457 mm in
total length(minimum legal sizg and 95% were between 457 and 610 mm total length) which,
in the Chesapeake Bay, typically corresponds to between three and six years of age. Upon
tagging, fisi were measured fdork length and both sides of each fish were photographeal for
direct comparison of disease signs at the times of tagging and recapture. Disease status of
released andrecaptured individuals was assessed in photos using the follassifigation:
healthy —ne.visible external signs of mycobacteriogidf disease — up to 10 pigmented foci

per side ora'single, small focal skin ulcer (< Z)cper side of the fishmoderate disease — from

11 to 50 pigmented foci or multifocal ulcers all less than 2 emmdsevere disease — more than

50 pigmented foci per side or focal or multifocal ulcers greater tharf.2Acpigmented focus is

a small, external, brown focal lesion appearing dstan a scale that we considetede the
earliest manifestation of the disease. Histologically, each pigmented focus is associated with
epidermal/dermal granulomatous inflammation, often containingfastdbacteria (Vogelbein et
al. 2012). . Approximately one thousand to fifteen hundred fish obtainedyffonets from a
variety of locations were tagged annually in Maryland waters. Anchor tags were inserted into the
body cavity.throaugh a small incision cut into the abdomen; a vinyl streamer remgieetkEto

the body with"a unique number and a message offering a $20 US reward for return of the fish
and a $5 reward for return of the t&gcaptured animals were obtained from commercial or
recreational fishers or by research persorfish were handled according to approved IACUC
procedures (project assurance numberA3Y13-01) andvere immediately released back into
the water at the tagging location.
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Case3: American Lobsters

Sudy system: The American lobster is one of the most valuable fisheries in the United States,
with annual.dockside revenues as highy&® $567million (NMFS, 2016). AlthougHobster
populations appear to be growing over most of their range, abundance of lobsters in
southernmost stock, tleuthern New Englanstock is the lowest since the 1980s despite
declining exploitation rates over the last 10 yd&vahle et al. 2015;lowell 2012) Recruitment

has been lew since 1998 and ttatural mortality rat@ppeardo have increaseHowell 2012,
Castro et al»2012). In 1997, epizootic shell disease appeared on lobsters off southern New
England(Castroand Angell 2000). The etiology of the disease remains undetermined, but there
is evidence for the involvement ofitiholytic bacteriain a dysbiosigacilitated by

environmental stressossich as temperature acontaminant¢Castro et al. 2012, Chistoserdov

et al. 2005)The disease is characterized by an extensive erosion and melanization of the cuticle
(Smolowitz @al’ 2005, Figure 1c). Mortality often occurs during molting, which can be
incomplete if cuticle damage is too extensive. However, if molting is succds$isters can rid

themselves of the diseasden they shed their damaged exoskeleton.

Tagging: Tagging took place from May to October every year from 1982 through Z8&5.
original purpose of the tagging study was to monitor population size; however, data on ESD
werecollectedas well.For the purposes of this study, data was only examined ftintae

period where ESD was present (1999 and later). We also excluded recapturesutinati oc

within 21 days or less after tagging, as exploratory analyses revealed diseased animals were
more likely.to be recaptured during this period. Tagging took place off eastern Cortrrezzicu
Jordan Cove=Niantic Bay, and Twotree Island (lat. 41° 18’ N, long. 72° 10’ W). Lobsters (73.0
+ 12.72,mean 5% Clcarapace lengtim mm) werecaught in traps and moved to continuous
flow-through seawater tanks until the end of each sampling week at whictatiapacdength,

sex, reproductive conditipmolt stageand disease state were recordBukereaftefobsters were
tagged with serially numbered, international orange, sphyrion tags and reledsesitat of

capture Lobsters were assigned to one of four disease ské¢althy —no signs of diseaseaijild
disease —active shell disease covering < 10 % of the carapaunder ate disease— active disease

covering 11 -50% of the carapacegvere disease —active disease covering > 50% of the
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carapace. Lobsters recaptured during subsequent research cruises were dgagroeth,

maturity and disease staiad returned to the water immediately. A $2 US reward was offered to
commercial fishers fareturn of a tag. Tag loss due to molting is low (< 4%) for sphyrion tags
(Moriyasu et al. 1995) and would only be a problem for relative survival estimatiomafitieee

a differentialloss of @gs by disease state.

Analyses
Relative survival estimation

We used logistic regression modefgecaptured animate conduct caseentrol studies
to estimate:diseassssociated mortality rates in our three stugstesrs. These models work as
follows: Assume two cohorteeretagged and released at the same time and place. One cohort
hadexternal signs of diseasd)") and the other hado visible signs of diseaseH"). If the size
of each cohort declined exponentially with time, at any given tjttie abundance of th®8
cohort would be

N;; = Njge%it, i€ {D,H}, (1)
whereN;jo IS'thefinitial abundance of cohd@tor H, andz; is the total instantaneous mortality
rate (hazard,rate) for cohart Suppose that catc@, in a short time interval beginning at tirne
is proportional to abundance at titne
Cit = qitNie » (2)

whereq;; iIS\a cohortand timespecific catchability coefficientTheratio of the catches at tinte
R: would be“preportional to the ratio of the survival rates of the two cohorts. By substituting
equation 1'inte equation 2 and taking the ratio we obtain the following relationship:

Rt = @ — dpt Npo e~Zpt (3)

CHt  queNmoe #HY’
We can simplify equation 3 if we assume that the ratio of catchability coefficggnssgonstant
throughout the ‘course of the study. This assumption does not require thespaudfit-
catchability coefficients to be equal or constant through time as long as the ratio remains
constant..I'hus, the model implicitly allows fiiseaseassociated differences in vulnerability to
capture, and in rates of tag reporting, tag-induced mortality and tag sheddingnélegrra
equation 3 produces

Rt — (pe(ZH_ZD)t, (4)
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whereg is a proportionality constant equal to the ratio of the products of the pemific

catchability coefficients and the initial cohort abundancesm.a,zm%. Taking the
Ht/VHO

logarithms of (4) results in the linear relationship
log(R,) =log(ep) + Bt, (5)

wherep isfequal to the difference in total instantaneous mortality (@tes Zp) of the two
cohorts. The variablg; is equivalent to the odds of catching an animal from the diseased
cohort, given a taggditsh has been caught, and thus estimategbsaain be obtained using
logistic regression. Eponentiation of3, provides an estimate of the relative survival r&) (
for the two eohorts. Additional variables can be added to these logistic regressioderstand
how discretedemograplt variablessuch as seaffectrelative survivalnd initial disease
prevalencekerexample, to understand the effect of Sewii relative survival and initial
disease prevalence, equation (5) could be modified such that

log(R) = log(@) + B1s + Bat + B3(t *s), (6)
whereexponentiation of B2+ B3 is the sexdependent relative survival rate, and exponentiation of
1 added tap'is the sexspecific proportionality constant.

Insoursstudies,dgistic regressions were fitted to exact tirag¢berty. Confidence
intervals for the'regression parameters were calculated by thespitcglinood methodFor
striped bass and Americéobster, the log of thimtercept parametdwhich can be thought of as
prevalence catchability) was estimated within the modé&br snow crabs the intercept was
fixed at 0.50ecauséalf of the animals tagged were diseased and half appeared free of the
disease at the time of taggiririped bass and American lobster were tagged and released over
successivesyears; however, year effectg were not estimated for either species. This was
necessary because annual sample sizes {spagéic recaptures) were small and itasher
justified bythelack of support for year effects in more general models. Thus atititeerty was
calculated asal/s between release and recapture regardless of what year, or time thfeyear,
striped bass or.American lobster waggedBecause we quantified different stages of disease
severity in striped bass and lobsters, we conducted separate logistic regEssipasng
recaptures of animals at level of disease severity to animals without disease. In the case of
lobsters, we also included te&ects ofgender andife stage (male, neovigerous females and
ovigerous femalesh our logistic regressions. Wiecluded interaction terms between all

variables (time at largand gendelife stage) in a full model and also calculated models with all
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271  possible subsets of these terms. We then used Akaike Information Criterila tioepiieest model
272 for each stage of disease

273 To infer if there was an association between health and body size, we aribby/eéect
274  of disease status and severity on body size. We used an analysis of variance for each case study.
275

276  Disease prevalence

277  We calculatedlisease prevalence frooor tagging datéor lobsters and striped bass. In both

278  cases, these calculations required the assumption that the proportion of diseased individuals in
279  our catch'reflected the disease prevalence of the population

280 Forstriped bass, theveasno evidencdor seasonal variation in disease. Therefore we
281 calculated'disease prevalence asutogportion of diseased individuals caught (tagged or

282  recaptured) in each disease cldssa(thy,mild, moderate or severe) per yeafe calculated the
283 mean prevalence across years and used the year to year variation to calculate confidence
284  intervals around the prevalence.

285 Fordebsters with epizootic shell disease, prevalence davith time and by sex.

286  Thereforewe calculated disease prevalence separédeiypalesnon-ovigerous females and

287  ovigeroussfemales for each month that tagging occurred. We did this separatebhfgeaaand
288  we also_calculated meanmonthly prevalenceevels for males,non-ovigerousemalesand

289  ovigerous females by averaging monthly prevaldecels across years. As with the striped bass
290 analysis, we also used all caught (i.e., tagged or recapamgdalsto determine prevalence.

291

292  Disease-associated changesin natural mortality rate

293 Bylassuming thahatural mortality(including fishing mortalityyates prior to disease

294  wereadditive to mortality frondiseasewe interpretedhe relative survival rate estimate

295 obtained for.any individual or group of severity stages as an estimate of the chartgeain na
296  mortality rate(AM, equivalent to ) for that severity stage or group. The estim’@,, did not

297  depend onsthe natural mortality rate for uninfected individuals; however, to intérpret

298  magnitude andimanagement implicationsﬂ?l]‘, we requiredan outside estiate of natural

299  mortality rate for the component of the population that is negative for diseasehisHmrpose,
300 natural mortality rates the absence of diseasere obtained from the most recent assessment

301 of the population status of the stock $triped bass TheAtlantic States Marine Fisheries
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Commissiorestimated thatatural mortality ratesereM = 0.15 yi* in areas with little or no

diseas ASMFC 2003).The dseaseadjusted, populatiotevel, natural mortality ratevas

estimated as a weighted average of the stpgeific natural mortality rates where each weight

was equal to the staggpecific prevalence. Bootstrapped changes in mortality rate were obtained
by sampling-frem the distribution @E’j for each diseasdageand multiplying it by the disease
prevalenceforthat sge In the case of striped bass, thesa&slittle seasonal variation in disease
prevalence, swe used the average yearly prevaleinciis calculation. Epizootic shell disease

in lobsters, on the other hadashighly seasonal, with peakstime spring and autumn. Disease
prevalence in all seasons and seasonal mortality rates would be required to estimate the disease
associated’chaeg in natural mortality rates due to epizookielkdiseaseTherefore we could

not estimate disease associated changes in mortality rates for this species.

All analyses.were run in R (v. 3.3.1). R-cdderelative survival analysesme available as

supplemental.documeni®S1) Data are available in dryad

Results

Case 1. Snew'crabs

Of the 722 tagged crabs releadealf were healthy and half were diseadRecaptures were
obtained from 21@rabs that were healtlat release anddicrabs that were diseasatlrelease
At the timesofitagging, the mean size of diséasabs was statistically greater thaaalthy
crabs {720==3.53,p = 0.0005); however the mean difference (2.03 mm) wasonsidered
biologically significantoecause the animals were in the terminal molt instae logistic
regression modedhowedhat largeclawed, male snow crabs with bitter crab diseaseahad
significantly lower survival ratéhan their healthy counterpafisvalue =-9.364, p < 0.001).
The survival rate of diseased males wa909 % (0.003 — 0.022, 95% CI) that of uninfected
crabs(Figure2).

Case 2: Striped Bass

Stripedbass tagging progranis Virginia and Maryland released totals of 22,629 and 4,712 fish,

respectivelyThese fisthadaverage prevalendevels of 39.4+ 1.0% (mean + standard error)
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for mildly diseased striped bass, 15.2 +%.fdbr moderately diseased striped bass and 10.5 £
0.5% for severely diseased striped b@&sgure 3) A oneway ANOVA was used to test for
differences in mean length across the four disease stages. Mean length differed significantly by
disease stagd-§ 26951= 172,p < 0.001), with severely diseased fish having on average the
largestsizefollowed by moderately diseased, mildly diseased and healthy fish. The mean length
of fish withstage Jseverepdiseasavas 19.3 mm larger than thatfagh at stage Qhealthy)

Of the'tagged striped bass, 1,880 and 236 of the striped bass released by Virginia and
Maryland,“respectively, were recaptured and used in the analyses. Combinedesdaptuwth
tagging programs were 912, 966, 393, and 299 for healthy, mild, moderate and severely diseased
individuals; respectively. Time from release to réaepfor striped bass ranged from 0 days
(recaptured‘on‘the day of tagging) to 1,824 days (nearly 5 years). Striped bass wareetecapt
in every month'with the majority of recaptures occurring in October and November
corresponding with tagging activity and the annual period of peak fishing activity.
Approximately 80% of striped bass were recaptured within a year of releasedarud 8
recapturesroceurred within 712 days of release.

Logistiesregression showed that relative survival decreagtadncreaing disease
severity stat@and was marginally or significantly lower than that of hgadthimals for
moderately‘and severely diseased animals respectivalyg 1 Figure 4. Relative survival was
84%(95% CI170 — 100%), and 34 (42 68%) that of healthy animals for these stages.

Weighting the distribution afelative survivals by the prevalence of each disease state gives an
overall relativessurvival during this period of 86.4 + 8.7% (mean + 95% confidence interval
based on 1000 bootstraps) for fish exhibiting dermal disease relative to fish witiriof
diseaself the mortality associated witklisease is additional to ptésease estimates of natural
mortality, this is,equivaldrto a change of natural mortality from 0, Hs estimated by ASMFC
(2009) t00.29.(95% CI: 0.20 - 0.37), or almost a doubling of the natural mortality rate in the

population.

Case 3: Lobsters

During the study period (1999 — 2015), 60,212 lobsters were tagged. Time between
release and recapture ranged from 2 days to 789 days, with the mean time airigr§é tdays.
Preliminary analyss of lobster tagging data showed strong seasonal differantiee overall
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363  prevalence and severity of epizootic shell disease. Seasonal patterns of disease variaddyy sex
364 for females, by reproductive status (Figure 5). For males and non-ovigeroussfaihmal@ghest

365 disease prevalence occurred in Octobeerlit was 56.9 + 8.1% for males and 42.8 + 5.5% for
366  non-ovigerous females. Ovigerous females had much higher gmexadilence levels of disease

367 and thé& highest disease prevalence wadlay, 84.7 + 12.3%.

368 In order to quantify seasonal patterns, we partitionedateset based on time of

369 release The'release data for Octab@seliminated from the full data seb as to stabilize

370 stagespecific'estimates of relative survival. Stabilization of the estimates was indicative of

371  having reduced the futlata set to a homogenous subset that captured the warm water disease
372 dynamics.sThasample sizdor the excluded month (n=2%8gged and recaptured individuals)

373  was too small to analyze for staggecific relative survival The remaining dataset, whialso

374  excluded animals that were at large for less than 21 days, 9@ @&imals. An ANOVA of

375 recaptured individuals for the summer dataset indicated that moderately and severely diseased
376  lobsters were slightly larger than healthy lobstEgsdos= 6.55, p = 0.003); however, the

377  differenceswere small (2.1 and 1.9 mm respectively) and deemed not biologicaligamgnif

378 Model'selection of logistic regressions showed that the best fitting model of mild ESD
379 includedtime at large and ovigerous females (Tabkigure §. The relative survival of mildly

380 diseased.animals wd&% (95%Cl: 27— 75%). Prevalence of mild ESD at tagging was 12.8

381 times higher in ovigerous females than in all other groups at the time of tagging.

382 Separate logistic regressions of moderately and severely diseased lobsters revealed that
383 these diseasesstates had similar estimates of relative survival. Therefore, we combined these data
384 into a singlegmoderate/severanodel. The best fitting model of mexhtésevere ESD included

385 time at largeandwhether a female was ovigerous (but sex as a factor was not significant) (Table
386 2, Figure §. Thesurvivalof moderately and severely diseased lobgmombinedyelative to

387 healthy lobstersvas 30%(95%Cl: 15— 60%). The prevalence of moderata/ere disease at the

388 time of tagging/was 16 times greater in ovigerous females than in all other lobsters.

389

390 Discussion

391 This study demonstrates the value of miakapture data for estimating impacts of

392  poorly understood;hronic diseases on fished populatiolmsall cases, mortality resulting from

393 disease was substantililreachedhearly 100% in diseased snow cralatural mortalityin
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394 diseased populatiord the striped bass we examined waggproximatelytwo times highethan

395 the AFMSC estimatéor natural mortality(0.15, AFMSC 2003)Mortality of diseased lobsters

396 was more than doubtlat ofhealthylobsters These findingsuggest thathese emergent

397 diseases areubstantial driverof population dynamics. In such cases, disease mortality should
398 incorporated.into population models that infdigheries management plafts these species

399 Although we were only able to examine adult male snow crabs in our study, the logistic
400 regression‘clearly shadthat, consistent with lab studiekthis specieg¢Shields et al. 2005)

401 and observations in otherustaceaspecies (e.g., Meyers et al. 1983jter crab diseasean

402  rapidly devastate snow crab populatioDsr results support the industrycenservative

403  reduction in the catch quota in 2006. The sporadic nature of severe epizootics in Neavidundl
404  suggests that monitoring disease prevalgpadicularly when warmer temperatures may

405  contribute to outbreaksyould be prudenin order toforecast impacts on the fishery and protect
406  adequate reproductive potent{&hields et al. 2007urther studies evaluating other stages,

407  particularly.adult femake would assist with population projections and estimating potential
408 reproductiveriess. Field surveys in Newfoundlahdw that BCD prevalence in juvenile males
409 and females can be higher than in adult males, suggestirgstimationsof population impacts

410 in this study.may be conservative (Shields et al. 2005).

411 Prevalence ofilcerative demal mycobacteriosis in our study frequently exceeded 50% in
412  striped bass fronMaryland and Virginia waters. This is higher than previously reported.

413  However,thigs'likely dueg in part, to under-reporting in previous studiestdid not quantify

414  early signs of disease (i.e., presence of pigmented fBegvious estimates were reported to be
415 up to 16% in striped bass in the Rappahannock River, Virginia, and 29% in the York River,
416  Virginia (Cardinal 2001)While survival of mildly infected individualsvas not differenfrom

417 that of healthyanimals survival of moderately and severely diseased individuatseduced

418 relative to healthy fishCombined with this diseaselsegative impact on growithatour et al.

419  2012),its high prevalence in aduléed its increased severity in larger fiie mortality rate

420 from myeobacteriosigaises concerns about potential impacts on fecuntiyGenerally

421 Although Chesapeake Bay populations of striped bass have rebounded considerably from over-
422  harvesting in the 1980s, our resutidicate adoubling of thenaturalmortality rate angupport

423 concerns about the impabis disease ray be having on this population (e Gauthier et al.

424 2008, Vogelbein et al. 2012)Collectively these resultsuggesthat chronic disease now needs
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425 to be considered as an important component of mortality, and the biological refeoerise

426  need to be recalculatéd improve the management goals for these fisheries in light of new

427  levels ofnon{ishing mortality.

428 Analyses of epizootic shell disease in the Southern NeglaRd stock of American

429 lobster show.thahisrelatively new, chronic disease can be contributingtsurtially to the

430 collapse of.tk stock. Our models suggest that motyatif moderately or severely diseased

431 individuals'can'be higlOf great conceris the impact of epizootic shell disease on ovigerous

432 females. Ovigerous femalbave nearly 8% disease prevalence amwlt less frequently than

433  males and non-ovigero@smales. It has been hypothesized that they have higher mortality rates
434  because the disease can progress further between molts and molting is less likely to be successful
435  (Glenn and*Pugh 20046n addition, Emale lobsters rarely molt when ovigerous (Caatipb

436  1983) and, because they cannot shed the diseésss they mo]this likely contributes to

437  disease mortality at this stage (Stevens 2089eduction in survival of ovigerous femaliss

438  consistent\with results from Wahle et al. (2009) that associate declines in settlement and

439  recruitmentto"ESD. dbsters above the legal size limit experience high fishing mortality and

440 have little ehance to reproduce. Combined with decreagedductive outpulue to ESD,

441  mortality'ef.ovigerous lobsternay explainat least part of theapid decline®f the Southern

442  New England stocklThe current management strategy for lobsters includes protecting females
443  until at least one reproductive event has occurred before they reach the lg@edBIEE

444  2009). Low survival of ovigerous females may be undermining the success of this strategy.
445 As withrstriped bass, chronic disease in Americdrstermustnow be considered an

446  important cemponent of mortality in southern New England. It is encouraging that the biologica
447  reference(point for mortalitior the Southern New England stocksincreased to 0.28Bom

o6 (5

448  0.15. Further analyses are necessary to calculate diss ated mortality across the year

449  recent, peereviewed assessment of the statutheflobster fisheryecommended a fivgear

450  fishing moratorium for southern New England because of low abundance and poor recruitment
451  (ASMFC 2009). Increased ndishing mortalty, possibly due to disease and increased

452  temperatures;have bemnplicated ASMFC 2009, 2015, Howell 2012). The Atlantic States

453  Marine Fisheries Commissioftheagency responsible for American lobster management),

454  declined to impose a moratorium and the stock in southern New England has declined furthe

455  Our analysis of the tagging data, in combination with data on catch indices (Wahl2Q£19),
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give mechanistic explanations of increased natural mortality, shifts in sexaatl reduced
recruitmentm southern New England lobstenscieasednortality in diseasedelative to healthy
individuals isparticularlyhigh in ovigerous female$aken together, thesamalyss further
substantiate the need for management actions focusing on protecting femals.lobster
The_degree to which an emergent disease should affect maeratgef an exploited
resource is,controversial (Legault and Palmer 2015, Johnson et al. 2015) and depends upon the
specific'dynamics of the hoedisease interaction. In the case where a disease is novel to a
system, we faver a conservative approach. In these cases, the host population hasnot yet
evolved with the pathogen so the stress of disease should be added to the stress of fishing
mortality ta:compute the maximum potential impact on the host population. Wieference
point such'as the biomass producing maximum production might not change with the
introduction of the disease, the amount of sustainable yield that can be achieJes ratel of
fishing that produces maximum yield should be reduced by the amount diseagse mortality.
However, i cases where the degree of change in natural mortality is poorly estimated, a status
guo approach=may be the best option (Legault and Palmer 2015).
Severaffactorsneed to be taken into consideration when emplolggigtic regressions
on mark-recapture datt understand disease. First, the ability to establish a pathognomonic non-
lethal diagnostic can be a challenging aspect of studying disease viaarapkure; however,
this task can be accomplished by pathologists familiar with the affected spebiessing
molecularmethods to detect pathogen presence. Althibeglormer case may result in missed
detection ef'diseased individuals, the latter case may be too sensitivejmgdicatpresence of
a pathogerbutnot necessarilydisease. Thus, diagnostic approaches must be considered with the
research question and disease progression in mind (Burge et al. 2016)l\se¢bhendodel
assumes that the ratio of catchabifiy diseased and healthy individuals is constant over time
and only dependent upon the grouping factor (e.g., disease status). Numerous factors could lead
to the violation.of this assumption including differential behavior of diseased ankyheal
animals in.relation to variable environmental conditj@mange in disease state aftggiag,
differentialmigratory patterns in diseased and healthy individualdifferential tag reporting.
Althoughsuch factors are frequentiywknown in marine organisms, simulations can be used to
understand how violatiord these assumptions caffectresults, and laboratory experiments
may help quantify such effects. Given the valumafkrecapture for understanding disease in
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poorly studied populations, these considerations should not hinder the approashgbut
possible, should baccounted for in the study desigmd interpretation

Logistic regressiomay not be appropriate for analyziad markrecapture data.
Particularly when there suspected error in diagnosis, or cases where diagnoses are not possible,
multi-state_markecapture methods are more appropriate because they can account for imperfect
detection (e.g.4+/Conn and Cooch 2008)addition, in cases where there are unidentified sources
of heterogeneity within the dataset, for example, due to different life hstatggies within a
population; multistate markrecapture may be a better approdnttontrast to logistic
regression models, muktate mark recapture analyses use all tagging data, not just recaptures,
to estimate:parametemshich may be a major advantage, depending on the dataset of interest
(e.g., Choquetet al. 2009)h& snow crab and striped bass datasets weresuigdld to analysis
with logistic regression becayse both caseshedisease progression was lingamwas not
strongly seasonand recovery did not occuin contrast, analysis of epizootic shell disease in
the American lobster was less straightforward due to complex seasonal dynamics of epizootic
shell diseaserand recovery from disease as a result of malthilg the logstic regression
provides a‘useful first approach to understanding mortality dilnestdisease, seasonal estimates
are necessary to quantify the temporal dynamics of the disease and-idepemelent impacts on
survival. Fhis next-step could be accommodated through stale- mark recapture analysis. In
cases where moepidemiological processes need to be estim@ddisease incidence,
progression and recoveryhulti-state markecapture is a preferred method of analyEiee
tradeoffs, as'discused abovearethea priori knowledge required to specify state-transitions
and potentialehallenges in convergence for these complex models. On the other hand, the
logistic regression models, demonstrated hemee puseful alternatige particularly whetittle is
known about the disease in question.

Collectively, these studies demonstrate the value of usimgle analytial tools (i.e.
logistic regression) on marecapture datto assess the population impacts of chronic marine
diseases onshost populatiobespite substantial differences in disease progression, disease
mortality, and;host life history, this approach was successful in elucidating challenging yet
critical estimatesf the populationevel impacts of diseas@ne of the advantages of this
approach is that additional demographic data can be incorporated in order ty \ddnafable
groups or adjust fisheries management to account for additional diséstee- mortalityThese
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518 data can also be used to parariee population projections. For examta,two of our study

519  species, snow crab and American lobster, increased temperature is associated with disease. The
520 data collected from our marecapture studies cdre used t@redict disease impacts in diffeten

521  environmental regime@laynard et al. 2016)Ve expect to see more studies using mark

522  recapture data.to quantity the effects of disease on marine organisnscréasingly

523  sophisticated and flexible methotbr evaluating disease with mamcapture da (Calvert et al.

524 2009, Connand Cooch 2009, Cooch et al. 2012) leverage the capacity of the research community
525 to quantify"disease impactshimarine organismsShields 2012, Stentiford et al. 20120ner et

526 al. 2016
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Tables

Table 1. Estimated relative survival of striped basswith dermal mycobacteriosis. Relative
survival is measured against survival of fish with no signs of disease. Cl = 95%ecmefi
interval.Data includedish tagged in Bll and Spring from Maryland (20009) and Virginia
(2005-2012).

Disease statenRelative Confidence p-value Sample Percent of

survival Interval size  recaptures
(95%)
None 912 35.5%
Mild 0.96 0.84-1.09 0.50 966 37.6 %
Moderate 0.84 0.70-1.00 0.06 393 15.3 %
Severe 0.54 0.42 -0.68 <0.01 299 116 %
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Table 2. Akaike information criteria to pick the best fit logistic regressions examining the effects of
sex and time at large on recaptures of (A) mild and (B) moderate to severe epizootic shell disease in
lobsters relative to healthy lobsters. Best models angrsbelow (C and D). The index, or base

model, is for male lobsters.

Model df AlCc
A) Model selection for mild epizootic shell disease
Time + Ovigerous 3 2236.0
Time * Ovigerous 4 2237.4
Time + Ovigerous + Female 4 2237.6
Time * Female + Ovigerous 5 2238.8
Time * Ovigerous + Female 5 2239.0

B) Madel selection for mild moderate shell disease

Time + Ovigerous 3 1567.9

Time * Ovigerous 4 1568.7
Time + Qvigerous + Female 4 1569.6
Time * Ovigerous + Female 5 1570.3

Coefficient Standard Error zvalue  p-value

C) Best model: Mild epizootic shell disease

Intercept -3.017 0.085 -35.508 <0.00001
Time (years) -0.795 0.256 -3.098 0.002
Ovigerous 2.551 0.198 12.894 <0.00001

D) Best model: Moderate to severe epizootic shell disease

Intercept -3.412 0.107 -31.911 <0.00001
Time (years) -1.204 0.354 -3.405 0.001
Ovigerous 2.830 0.220 12.867 <0.00001
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Figurelegends

Figure 1. Pathognomonic signs of disease in snow crab, striped bass and American Sobster
are, snow crabs with bitter crab disease show characteristic ‘cooked’ appearance (left side of
figures a and b), Striped bass with dermal lesions from mycobacteriosis and a green tag (c), and
Americanlobster with severe lesions to the carapace due to epizootic shell diseasedd). Pho
credits*PCBeck (DFO, a, b), VIMS mycobacteriosis project staff (c), Jeff Shields (d).

Figure 2. Logistic regression to estimate survival of adult male snow crabs with disease relative to
thosewith'no signs of disease. Rug display shows individuapte®s (disease positive on top,
disease"negative on bottom). Sample size is shown and also given as proportiesadering

each period. Shaded areas indicate 95% confidence intervals.

Figure 3. Propartion of sampled striped bass population froiGlilesapeake Bay that is healthy or
has mild, moderate or severe dermal mycobacteriosis. Means are average yearly proportions and

bars indicate standard errors around yearly estimates.

Figure 4. Logistic regression to estimate survival of striped bassmldhmoderate and severe
disease relative to those with no signs of diseasg @Rug displays and confidence intervals are

as in Figure 2.

Figure 5.°"Seasonal variation in the prevalence of epizootic shell diseasedsy nuwal-ovigerous
females and ovigerous females. Estimates are mean monthly prevalence levels fr@&D1E99

and standard errors around those means are indicated with shading.

Figure 6. Logistic regression to estimate the relative survival of male arovigerous female
lobsters*(a;’s and ovigerous female lobsters (c, d), with mild or moderate to severe epizootic
shell'disease relative to lobsters with no signs of disease. Rug displays and confidence intervals

are as above.
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