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27 Summary

28 1. Causes of on-intentional mortality may pose conservation challenges for long-lived,
29 migratory species. Recovery attemfmisAtlantic sturgeorAcipenser oxyrinchus

30 oxyrinchuspopulatiors in the USA havemainly involved closures of targeted fishing, but
31 bycatehmortality from fisheries targeting other speciesnains a significant obstacle

32 Natural and fishing mortalitievels arehighly uncertainand difficult to separate, but

33 guantifyingspatial andemporal patterns of movements dathl mortalitycandirectly

34 infoarm management policies regarding fishing activity #fégctssturgeon.

35 2. Subadult sturgeonveretagged with acoustic transmittéostracktheir movementswith

36 receivers deployeih activefishing areaswithin the New York Bight. Milti-state mark

37 recapture models were usdquantifyseasongbatterns in survival and migration while
38 accounting for detection probabilities of tagged fish.

39 3. Movement patterns of sturgeon were highly variable among seasons along the Long
40 Island Coastwith frequent south-westward movements duringiticeeasen sea surface
41 temperaturen spring. Northeastward movementgere most pronounced during winter,
42 when temperatures were loweSturgeon were less common alauastalLong Island

43 during summer.

44 4. Largerdsh transitioned among strata more frequently, but also had slightly lower

45 survivalthan smaller fish whiamay result from selectivity for larger individuals caught
46 incidentally inbottomtrawl or gillnetfisheries Weekly total mortality rates, including

47 both natural and fishing mortality, averaged @@4ighest weekly survival rates were
48 observed during periods of decreasing sea surface temperaautenm and winter,

49 while lowest survival was observed during periods of increasing temperature in spring
50 and summewhile sturgeommigrated through areas of knowycatch

51 5. Poliey implications Movement and survival patterngAtlantic sturgeorsuggest that

52 late spring coinciding withperiods of higlhoceanbycatchin fisheriesalong thecoastof

53 Long Island, isa particularly sensitive period for Atlantic sturge@onservation efforts
54 could targethesefew weeksusing reaitime observationfom acoustic telemetry and
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remote sensing technologiesimplement irseason fishery closurgbereby reducing
incidental mortality of Atlantic sturgeosuch bycatch management measures would aid

in recovery attempts of a long-lived, migratory population with endangered status.

Key-words

Acipenser animal movement; biotelemetryycatch mortalitycapturerecapture; fishery

closure; migrationmodel selectionpopulation recoverysurvival rate

I ntroduction

Management oOf living resources generally seeks to balance the abundance and mortality of
populations to achieve sustainable exploitation. If populations are driven to low abyndance
mortality ratessmustisually be reduced to allow recovemhisis particularly challenging with
long-ived speciegHeppellet al. 2005 Jari¢, Gessner & Lenhardt 2015) becausenortality from
anthropogenic factors accumulates duringamek life stagesMigrations pose further
conservatiorchallenges for some species as individuals are exposedidoisstressorslong
habitatsencounteredf critical mortality periods can ba&lentifiedfor populations in need of
rebuilding,.then jsatiotemporal managemeapproachesnplemented at appropriate ecological

scalegDunnet al. 2016)may reduce mortalityeven for longived and migrating species

Conservation concerfimve developedor Atlantic sturgeorAcipenser oxyrinchus
oxyrinchug(Mitehill, 1815) populationsalong the east coast of North Amertbatled to
threatened or endangeréstingsin U.S.waters(USOFR 2012 Depressed gpulation
abundancesesulting fromtwo pulses of directed fishing in the late 1800s latel1900s,
combined withotherfactors including habitat loss (Smith 1985) and pollut@hgmberst al.
2012),led toa 1998 moratorium on targeted fishing. Despite the moratorium, populations
continued to.declinédne possible explanation for the lack of rebuilding is that sturge»atill
takenas byeatcl{i.e.incidental catch in notarget fisheriesin marinefisheriesoperating along
the U.S. Atlantic Coast (Stein, Friedland & Sutherland 28@&MFC 2007 Neatet al. 2014
Duntonet al. 2015). The timing ofoastalmigration periodstrongly influencegishing

mortality becausef thespatictemporal overlapvith fishing activity (Duntonet al. 2015
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Hightoweret al. 2015), but fishing times and locatiocen bemanagedCrowder & Murawski
1998).

Marine bycatchof Atlantic sturgeon occuiia coastal bottom trawl and gillnet fisheries
(Stein, Friedland & Sutherland 2004), particularly along the Long Island @a&stNew York
Bight (Duntonet al. 2015). Summer floundétaralichthys dentatuf_innaeus, 1766tter trawl
fisheries overlap witlsturgeon aggregations, while migration routes within 4.63 km of the coast
exposesturgeorto gillnet fisheriegenerallytargetinggoosefisn_ophius americanus
(Valenciennes;1837) (Duntat al. 201Q Duntonet al. 2015). Detectons of tagged sturgeat
acoustic receiverdeployed alongoastalLong Island showetdroad movements across the
region andwo primary peaks of occurrence, in late spring and fall during migrations (Dunton
2014 Duntonet-al. 2015). However, variation among receiver stations in the probability of
detectingtagged fishas well as focus on mass detections rather than individual tranditinhs,
interpretation omovement and survivalatternsover time.

To better understand seasonal migration patterns atmgjal ong Island and variation
in weeklymortality, we appliedmulti-state markecapture modelArnason 1973Nichols &
Kendall:2995White, Kendall & Barker 2006) to detection data of Atlantic sturgeon tagged with
acoustic transmitterg\ccountingfor time-varying detection probabilitiest receiver stations
allows time-varying movement rates among stations and warging survival rateto be
guantified, thereby identifyingigh mortalityperiods which should be the focus of conservation
efforts Areas of dstributionof sturgeon populations often splamndreds okilometresof
coastling(Dovel & Berggren 1983), but we focus detailedmovements alongoastalLong
Islandat temperal scales directly relevanthe managememf fishing activity in which
sturgeon-are.caught incidentalljhe research provides the application of acoustic telemetry to
estimate“ecological rates that can inform spemporalmanagemergtrategiegor species of

conservation concern.

M aterials and methods

Study area
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The study area is the southern coast of Long Islded York State, along whiclAtlantic
sturgeon migrate and trawl and gillnet fisheries opdFte 1) The shoreline shifts from north-
south to east-west orientation at the mouth of the Hudson Hivere is a mean southerly flow
of shelf waters down the Midtlantic Bight, with low-salinity wateremanatingrom the Hudson
Riverand Chesapeake and Delaware B@ysvnsencet al. 2006). Seasonal changes are strong
in the study. areawith sea surface tempeuses(SST ranging from 2—25°CsgeFig. Sl in
Supporting Information)Seas are typically calmer inmmer, and wind speethcrease during

fall and winter,"deconstruag thesummerstratification(Fig. SJ.

Fish tagging

Atlantic sturgeon were captured via targeted bottom trawnugptonet al. 2015). Captured fish
were placed.into 757 L holding tanks witbwing seawaterunderwent standard sampling
proceduresandwere surgicdy implanedwith ultrasonic transmitters (V&H, VEMCO,

Bedford, Canada9 kHz; high-power output 158 dB re 1uPa @1m; variable transmission delay
of either50-130 swith a 1952 dag life, or 70-15Gs with a2331 dtag life). All fish were
handled.under ethical guidelines detailed in National Marine Fisheries Endangered Species
Permit #16422:to Stony Brook University. A total of 429 sturgeere tagged and released over
22 field'days*between May 2010 and April 2012, most in spring ofTalile 1). Mosfish

(93%) were released in 2011 or 2012 arabt (95%) were released within proximity of station

B (Fig. 1; Table'1).

Allbut two taggedish were detected at some later date following release (Table 1
Tagged sturgeorarnged from 57-181 cm fork length at time of release, corresponding to ages 3—
24 (Duntoret al.2016).Genetic analysis dfn clipsrevealedhat77% of tagged fistwereof
HudsonRiver-origin and 87.7% wevéNew York Bight Distinct Population Segment origin
(O'Learyet al.2014).

Receiversdeployments

Acoustic receiveréVR—2W VEMCO, Bedford, Canadagsonant at 69 kHzayere arranged in
‘listening lines’perpendicular to shore, designed to detect tagged stuigeoeivers were

clustered into station$(g. 1);eachstation consistd of one or more lines extending from shore
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to cover the range of deptlat whichsturgeon are most commonly found (<20 m; Durgbal.
2010).Typically, 8 receiverswere deployed in each line beginning kKb fromshore and
extending offshorapproximatelyd km,with adjacent receiverspacedl.0-1.2km apart
Receives were anchored to the seatmdepths ranging from 7-31 m.

Movementsvereaccounted for among seven stations (FjgEar relevance to
management, primaryterest wag movements among stations B—F alaogstalLong Island,
in area%f activebottomtrawling and gillnetting Stations A and G represented conglomerates of
individual receivers deployed southwest and northeast of the main study area, rdgpective
which providedadditional detection data to inform movement and detection estimates at stations
B—F. Station Asincluded receivers deployed in the Hudson Rivealand coasts of New Jersey,
Delawareandfurther south. Station G includeecavers deployed in Long Island Sound. Most
receiverdn these terminal’ stations were deployed by project partners under data sharing
agreements. The number of receivers, locatmtiming of deploymentatterminalstations A
and G varied across years and were less consistent than at 8attoisea more flexible
approach waswsed for modellidgtection probabilitieat terminal stations

Receiver station B wagperationaln years2010-2013, but other stations C—F along
coastalLong,lsland Fig. 1) wereonly operational in 2012—-2013. Once deployed, receivers were
periodicallyretrieved to download detection data and then re-deployed for neanhuoaosti
yearround coverageTliable S). Occasionally individual receivers within a station west,
yielding a'gap along the listening line. We quantified the proportion of coveragehagtation
over time toincorporate this information as an index of sampling extent in an@elegchuk
2009b). Receiver coverage at stationsfBvaried over timeusually >75%, but occasionally
dropping £50% at some stations for short periéilg. (S2.

Mark-recaptur e modelling

Multi-statemarkrecapturenodels (Arnason 1978lichols & Kendall 1995White, Kendall &
Barker 2006) were used to quantify detectipn gurvival § andtransition(y) probabilities
throughout the study period. Transiticar® movements among the seven receiver statief@s A
which aretreated as mutuaHgxclusive ‘statesTo provide theéemporal resolution desired for
addressing management concerns, weekly time steps werdasaaheters for each time step in

each stratum were not all freekarying, howeverbecause¢he number of parameters that would
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require estimation over four years and seven strata would be prohibitively large famihle s
size availabléBurnhamet al. 1987 Lebretonet al. 1992).Instead, constraints weeenployed to
efficiently model changes over timepnS andy parametersvhile still allowingfor weekly time
steps Constraints involved annual or seasonal poatihgarameteras well as pooling
parameterameong strata. In other words, we sought a desirable balance between model
complexity.for biological realism and model simplicity to avoid ofitted modelr poorly-
estimated-coefficientAppendix S1).

To guantifyseasonamigrationpatterns, we associated weekly time steps with four
season@ each yearwe considered 16 time steps for springAdrch-20 June), 10 time steps
for summer 2&=June29 Aug.), 10 time steps for fall (30 Aug.—7 Nov.) and 16 time steps for
winter @ Nov.-+28/29 Feb.). For parsimony, pooling detection, survival and transition probability
parameterdy season was necessary in some models

Detailed @proaches and ssmptions usetbr markrecapturanodellingaredescribed in
Appendix S1. Briefly, we constructed detection histories of individual tagged stuagetations
A—-G and usedithesas input dato fit multinomial regression models containing parameters for
survival, transition and detection probabilities over tiErvironmental data were incorporated
as covariates for estimating model parameters. Three survivaladéls, four movement sub-
models andfour detection sub-models were hypothesized; the resoltifgnations ofi8
candidate models were compared ugorghal model selection metho@Bable S2) For the best
two models, body size effects on survival and movement probabilities were evélatikxl
S3). Mark-recapture analyses sourced Program MARKiite & Burnham 1999) through the R
package RMarkLaake 201R

Results

Model selection procedures showed strong support for four models within 1.0 AICc units of one
another (Appendix S1; Table 53 hese modelsclude effects of seaso8STand body size on
transition,probabilitiesy(), andeffects of three environmental covariates (wind speed, wave
height andSS) and receiver coveragm detection probabilitiep). Survivd probabilities(S) in

these four models amefluenced byeitherSSTor a categorical season effect, and influenced or

not by fork length (Table S3Results presented below d&@&sed orthe AlCc-preferredmodel
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196 [S.3rL, p.4, w.4r] (Table S4)andalternateresults are shown for modé.2, p.4, w.4¢ ] (Table
197 S5).General conclusions are consistent acrossofnéour models.

198 Survival patterns

199 Survival probability estimates for weekly time stepsS,, ranged from 97.06-99.98% over the
200 duration of the studwyith an annualgeometric mean &9.76% (Fig. 2. Theseimply average

201 annual survivatatesof 88.27%(SE 0.45%) under modgs.3c., p.4, v.4r.]. Weekly S, tended
202 to be lowest in'spring (99.44%, SE 0.15%jermediate isummer (99.74%, SE 0.01%) and
203 highest in fall(99.89% SE 0.0%) and winten(99.88%, SE 0.01%(Fig. 2a2). Weekly S were

204 not freelyvarying, they were constrained as function§8it andchange in sea surface

205 temperaturedSSTi-1,,. The effect oSST1, onS was greater than the effect®8T (Fig. 3
206  Table S3.Duringweeksof rapidly increasing temperatures were lowest, and were greatest
207 duringweeks of decreasing temperatufegs 2 & 3). Model /S.2, p.4, y.4r] showedsimilar

208 results weekly Sy of 99.64% (spring), 99.54% (summer), 99.93% (fall), and 99.91% (winter)
209 (Fig. 2b);annual geometric meameekly survival, 99.76%andaverage annual survival

20  88.22%:

211 A slight'negative effect dbrk length onSwas observedSmaller fish enjoyed slight

212 survival advantagesé. =—0.0094 SE0.0053), but 95% confidence limits did not exclude zero
213 (Table S3.

214 Movement patterns

215 Seasonal'movements among detection strata were not unidirectionat@sitaglong Island,

216 they involved cemplex patterns. In sprisguthwestwaranovements were more common than
217 northeastwar@movementsKigs 4, S4& S5). In summer Atlantic sturgeon were uncommon

218 alongcoastakeng Island (Fig. S3andlittle movement occurred among strata as shown by the
219 predominant intrastratum loops irfrig. 4 (indicatingalack of transition talifferentstrata in

20  successive time stepsig. S§. In fall, weekly movements wesdightly more frequenin both

221 directiorsthan in summer. In winter, sturgeshowed strong directional movement

222 northeastward
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stratum- stratum

Movement probabilitie among stratay , weremodelled with constraints of

separation distance between pairs of receiver statiogs}7) Separation distance haohilar
effects for southwestward and northeastward movements, with transitions being more frequent

among strata.that were closegéther(Fig. 5 Table S43.

Movements over timey, .., weremodelled with constraints of seas@8T and4SST

1. Northeastward, were greater whe8ST was lower while southwestwarg showed little
effect of SST per seon movemats (Fig. 5).Instead, southwestwargdwere positively related to

ASSTr 1, With'southwestwardhovements more common during periods of increasing

temperatureRig. 5). The interaction betwee®ST and4SS7t1—., on y,_,,, was also positive for

southwestward movementBable S4, suggesting a greater tendency for southwestward
movement when temperatures were both high and increasing.

There was atrongpositive effect obody size on overall (r. = 0.0065, SE 0.0010).
Atlantic gurgeon with longer fork lengths at time of tagging were more likely to move among

strata in successive time stepslfles S3 & S}

Detection‘probabilities

Estimatep.varied greatly among strata and seasons. For the aggregate stations A and G,
inconsistencief the number and location of receivers deployed across years and seasons
required flexibility inmodellingp, and indeed there was considerable variatighahthese
terminalstations, especially in the first two years of the study (Fi}. I8&8heseyears, fewer
tagged fish antewer deployed receivers led to large seasonal changes and large unceirtainties
p at station A but in the last two yeagswere typically higher and estimated with greater
precision.Detections were less frequent at station G, so the relatiobstweerp andSSTwas
constrainedto'beommon across years, whereas relationships betwardSSTwere allowed
to vary among‘years at station A (Fig)S8

Along coastalLong Island p were typically <40% for stations<E, <10% for station F
andranged widely over time fror20-90% at station B={g. S§. The variability inp over time
at stations BF wascaptured by variability over time imeceiver coverage and environmental
covariates. As expected, gregbervas associated with greater receiver coverkge §9.

Influences of wind speed, wave height &&iTonp were complexStrong support was found for
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B- B-F

all three 2way interactions op, with negativef, i ... Positive 5% .. andpositive S\ oot

wind:wave’
effects observedhis implied that the overall positive effect of wave heighpeovas mediated
by the interactions such that it lesseifdabth wave height and wind speedreasedand
increasedf both'wave height an8STincreasedThis resulted i) tendingto be greatest at

intermediate levels of wind speed, wave heagtdSST(Fig. S9.

Discussion

Atlantic sturgeon uséie Long Islad Coastas a migration corridodisplaying strong seasonal
patterns with peak occurrences in spring fatid The few weeksluring late spring of lowest
survival may be a particularly sensitive time for sturgeon with respect todisltivity, as they
coincide withotter bottomtraw! and gillnet fishing effor(Duntonet al. 2015). Although
sturgeorare not targetedirectly, incidental catclikely contributes to the higtotal mortality
observedn.late springFig. 6).Causes of mortalitwere not directly observeslith acoustic
telemetry, outsunderstanding the spatial extent and timing of mortalitgidam developing
managemerdtrategies to increasturgeorsurvival. Suchmortality patterns can bessessd

throughreakiime monitoring programs.

Population recovery

Atlantic sturgeon are lonfived and not typically able to withstand high fishing mortality
(Musick 1999) Natural mortality has been estimatedvat 0.07based ora life-history
invariant relationship with assumed g@ar longevitf ASMFC 1998 Kahnle, Hattala &
McKown 2007) An acceptable fishing rate, defined as half the virgin level of-pggecruit,
was estimated-disoy, = 0.03 fo fully-recruited individualsASMFC 1998 Kahnle, Hattala &
McKown 2007), Additionally, population projections predict that 6% total anmoatality
would put recovering populations at risk (ASMFC 20@\proximately 6% cumulative
mortality'was estimated for taggedb-adultsturgeonduring relativelyshortperiods of 12—-17
weeks inlatespring (Fig. 6), and total annual mortality estimates were twice this lev@¥gL
The body size range for which mortality thresholds of fudlgruitedsturgeonwere estimated
does not completely overlap with that of suhHamigrants telemetered in this study, lthe

high mortality estimatedh this studyis nonethelessoncerningRates of tag loss and taglated
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280  mortality have not been well-studied for this endangered species, but arédiikgjiven the

281 surgical impantation of tags and the relatively low tag:body mass ratio compared to sther fi
232 telemetry studiedf mortality alongcoastalLong Island is greater than typical levels along the
283 greater Atlantic Coast and Hudson River, &nalr study period is representative of longgm

284 trends, themnnual total mortality of theludson River populatiois presently too high to allow

285 for recovery. This is consistent with Atlantic sturgeon populations furtheln,soutwhich

286 annual mortality is considered sufficient to hinder recovery (Hightetval. 2015).

287 Theweakrelationshipbetween body size and total survival was in the opposite direction
288 than expected and is suggestive of siekective bycatcimortality. Variability in natural

289 mortality duedo body size is common in marine fishes (Lorenzen 1®@86)larger fish

200 enjoying a'size'advantage, but in this study survivalshgbktly greater for smaller fish. As total
201 mortality iscomprised of both natural and fishing mortality, the unexpected pattern observed for
292 total mortality may result from either greater selectivity for larger individuals in incidental

203 fisheries or.a higher mortality rate of discarded byc#dcharger indivduals, potentially

204 outweighingrany opposite pattern for natural mortaffiye distributions o$turgeorbycatchare

295 domeshaped(Duntoet al. 2015),andbody sizes of sturgeon tagged in this study were mostly
296 In the lower.portion of these distributiongithin the region of positive slope in which larger

297 individualsaccount for mordéycatch than smaller individuals. This providepport for size

208 selective fishing mortalityand thus considerable overall fishimgprtality) infisheriesthat catch

299 sturgeorincidentally

300 Seasonal survival estimatesn be used to approximate the reduction in annual mortality
301 that could besachieved if seasonal closures were implemented in the state watsvy of kN

302 during the spring peak in occurrence (April-June). Stur@goatchin trawl and gillnetfisheries

303 is relatively high in spring and summer months aloogstalL.ong Island (Duntoret al. 2015).

304  Assuming.that thestimated averageeekly mortality in fall and winteof 0.12%is comprised

305 entirely of natural mortalityand applying this weekly mortality to a full yegields annual

306  Nnatural mortality of 5.88%. The difference between annual total mortality, 11.73%, antl annua
307 haturalmortality results irestimatedannual fishing mortality of 5.86%attributable to incidental

308 catcheslf the assumption that fall and winter mortality is comprised of only natural mortality is
309 incorrect andinsteadoycatchmortality occurs throughout thyear, the estimate of annual

s10  fishing mortality would be even greater.
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311 Seasonal movements

312 Atlantic Surgeon movement and survival patterns varied ®8Tin complex ways.

313 Northeastward movements were associated with low temperature periods in winter, when weekly
314 survival was highThe scarcity of detectesturgeon alongoastalLong Island in summer did not
315 result from loweip in summer Fig. S8), but instead reflectémver occurrencgFig. S3). In

316 Spring, during the greatest weekly increaseSSif weekly survival wasow and southwestward
317 movements along the coast (often into the Hudson River@frequent. It is unknown whether
s13  sturgeordiréctly,respond to low temperature (in winter) or rapidly increasing temperature (in
319 spring) by inereasing movement rates northeastward or southwestward, rebpemtiwhether
320 temperatureis Simply correlated with other seasomwdlnging factors. Whethére

321 behaviouralkresponsetis temperature or tother temperatureclated factorst appears to have
322 survival censequencethe relationship with temperature offers opportunitiesrigriementing
323 spatiotemporalfisheryclosuresduring spring migration periods but thexlaxing restrictions in
324 summer monthgonsistent with sturgeon movemersgeceet al. 2016 Dunnet al. 2016).

325 Individual and population characteristics also aédsturgeommigrationbehaviour. The
326  observedsinfluence of body size on movenratgsis not surprising, as larger fish are typically
327 stronger swimmers than smaller fish during migration periods. Ther@isaige indication of
328 differentialmigrationbehaviour among individuals within the Hudson River (Dunton 2014).
329  Notably, conclusionsegarding directiomf movement along coastal New York depend on the
330  geographic scale considered. Limiting focus to atétions BF alongcoastalL.ong Island

331 revealed northeastward spring migrations and southwestalbrdigrations(Dunton 2014,

332 whereas thedarger area considered in the present study revealed the oppesitedpaen

333 largely by=spring movements into the Hudson R{yart of station Ajand fall movements out of
33a  the river’Althotugh tagged fish were primarily of Hudson River origin, fish from other

335 populations alse migrate along the New York coast (Duetai. 2012 Wirgin et al.2015).

336 These findingsogethersuggest aiversity of migratiorbehaviours both amongdividuals and
337 among populationd-uture research is needed to relate migrdieaviourto genetic origin and

333 comparesurvival betweemlternatamigration routes

333 Modelling consider ations
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An appropriatédalance between biological realism and statistical robustness (e.g. avoidance of
over-fitting a model to sparse data) is oftdallengng in markrecapturenodelling.In multi-

state models, complexity increasestlinearly and general models (in whiceparate

parameters are estimated for each stratum and each time step) become prohibitive for modest
sample size@Nichols & Kendall 1995White, Kendall & Barker 2006). The candidate models

we consideredwere highly constrained. Time steps were weekly, but in noagidis were
thereuniqueparameters estimated for individwee¢eks Parametergvere instead constrained to

be commanacross time steps within a season or to be functions of environmental covariates.
Similarly, movements among strata were constrained to be functions of environcosatadtes
andthe separation distance between pairs of strata. This approach permitted a high temporal
resolution 'ef movement and survival parameters without having models become toexctampl
thesample size of tagged figMelnychuk 2009a). For survivalearequivalent suppomas

foundfor temperatureonstrained andategorical seasonal effects, and only slight body size
effects were observed, but annual survival rates as wetekly detection and transition
probabilitieswere similar across the top four candidate models.

Thestudylastedfour years, but sample sinétagged fish and sampling effort by
receiversvere greater i2012—2013. Survival and movement sub-models did not involve any
yearspecific’effects, so estimates #010-2011are heavily weighted towards detection data
from 2012-2013Detection probabilitysub-models, however, did involve yespecific effects,
designed to _capture the change in sampling effort between the first two amblgstars Most
sturgeon werertagged and released near station B, but the study was long enough to ensure
sufficient mxing among stations following release dates (97.6% of sturgeon released ti@ar sta
B were later detected at a different station). Releases were also spread out over several dates
which furtheraidedin mixing and ensuring that observed patterns of thd@igh are likely
representative of the population and its seasonal movements.

The spatial focus of this study was the Long Island Coast, involving stratadgelver
stations were purposefully placed in areas of active trawlagillnetting to quantify
movement'and survival patterrigerminal strata A and @ereoutside this area and are of less
management interest for the present studythmytprovideddetectiondata which informed
movemenestimatesvithin coastalLong Island. BcausestrataA and G were aggregations of
receivers over wide geographic arghg strong tendencies of stayighin stratum A or
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stratum G irsuccessive time steps (loopdHig. 4 do not imply that tagged fisherenot
moving frequently, rapidly, or great distas within theséerminalstrata. Future analyses
involving migration patterns along the entire Atlantic coast calddtify whether mortality

patterns changehenshifting focusrom a regional to a coastwide scale.

Planning of spatio-temporal fishery closures

Conservation efforts targeted at reducstgrgeorbycatchin coastal New York could increase
survivalof the Hudson River population in particular, and other populatiossrte extent
therebyhelpngto reverseabundanceleclinesProtectionfrom marine bycatchuring
occupation of the Hudson River, adé factoprotection provided in many statestbgwling
limitations,leaves New York and Connecticut coastal waters lacking proté&ction
commercialfisherieduringAtlantic sturgeommigrations (Duntoret al. 2010). The higher
estimated/mortality rates in laspring compared with other seastiksly result frombycatchof
bottomtrawl'and gillnetfisheriesalongcoastal.ong Island (Duntoret al. 2015).Implementing
fishery clasures during this critical period in this region would seem promisingéoeasing
bycatch.mortality of the Hudson River population (Crowder & Murawski 1B@atet al. 2014
Dunnet al. 2016).

Thesperiod of late spring and the regiorcoéstal.ong Island arehorter and smaller
than annual time scales ati full areaof population distribution, respectively, but
socioeconomic consideratisstill precludefisheryclosures over thitull period and region.
More plausibly, closures could involve specific weeks and locations along doasgglsland.
To assiswith in-season predictions ofitical times,the observed nolirearinfluence of change
in SSTon Sturgeon survival can be usedwest survivabccured as temperaturesse quickly
if particularly-lewsurvival can be avoided by reducing fishing activity durmgksof rapid
temperature increase (e.g. >1.5 6€2week?), this could increase overall annual survival more
than actions targeted at other times of y&he specificweekly-resolutiontiming of SST
increasaluring late spring véegsamong years (Fig. S1and emperature data collected from
weather and oceanographic buoys aloogstal New York cahe usedn real timeto predictthe
movement angrresence asturgeonin potential fishing locations. Additionallgomeacoustic
receivers camemotelycommunicatealetectionsof tagged sturgeon, which cowdésoinform the
implementation ofine-scale spatidemporalclosures whesturgeorbecome locally abundant
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Such eaktime observations have the potentiatestrictin-seasorisheryclosures to the times
and locations of higestbycatchrisk while allowing continued local fishing activity in times and
locations of lower bycatch risk. Atlantic sturgeon could thus become an example of using
acoustic telemetry and remote sensing technologies to reduéetentional mortality of a long

lived migratery. species with endangered status to promote population recovery.

Applicationsefsacoustic telemetry to conservation

Acoustic telemetry was effective in meeting study objectiviesestimate seasonal movente
and mortalityef’Atlantic sturgeonand to identify critical periods and areas which conservation
actions may targetand has advantages over traditional recapture methods. Acoustic tags
allowedrepeated detectioms multiple locationsproviding more information per tagged
individual thana singlelocation and timef recapturaypically provided by traditional methods
increased{information gais essential for the limited sample sizes typycakedin research of
endangered or degiked species. Repeated detectaer®ss widespreddcationsallowedfor
weekly resolutiorof mortality estimatesandat the same time allowddr quantifying broader
movement.and.survival patterns across years and throughout the Tegaitionalmark-
recapturenethods would not achie¥lkese simultaneous levelsresolutionwithout unrealistic
tag numbersanigvels oftag recovery effort. Traditional methods also rely on tags being
returnedby fishers reporting rategn some fisheries may be lomconsistentpoorly estimated,
and potentially'biased against areas and times of high bytbaticbould trigger fishery closures
(Brownieet al. 1985).A well-designed network of local acdicstelemetrystudiescan provide
large scale_monitoring opportunities to infomagional conservatiostrategiesvhile
simultaneously providing high-resolution movement and mortality patterns to idexyzed
threats Futuresresearch is needed to evala#ternative(or complementaryapproachesor
avoiding incidentatatch—such as move-orules(Dunnet al.2014) gear alteratiorand tow-
length reduction-in terms of research cosbst fishery revenueand efficacy of bycatch
reduction.As acoustic telemetry technology becomes more widely adaptedine and
freshwater systems, it has the potential to address applied ecotpgistibnsat multiple spatial

and temporal scales relevant to management and conserms@uioerns.
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Tables

Table 1. Release times, numbargl body sizes of taggédlantic sturgen throughout the study

period
Release date Number Number  Nearest FL Range FL
released detected station to mean+SD (cm)t
thereafter releasé (cm)t

2016-05-18 3 3 B 76.0+0.5 75.5-76.5
2010-05-19 9 9 B 91.9+14.3 72.0-109.0
2010-06-14 8 8 B 104.4+8.5 94.5-122.0
2016-06-15 4 4 B 117.2+12.0 105.6-130.0
2010-10-23 1 1 A 104.0 -
2016-10-25 3 3 A 137.2+38.4 103.5-179.0
201104-13 2 2 A 65.9+12.2 57.2-74.5
201104-14 3 3 A 66.7+3.4 64.2-70.6
201104-25 1 1 A 59.6 -
201104-26 4 4 A 73.6+8.7 65.1-83.7
20110427 4 4 A 72.8+7.3 64.5-82.0
20110524, 68% 671 B 114.6+14.8% 76.7-155.0F
201108-11 47 47 B 112.5+16.0 75.6-138.3
201109-11 40 40 B 103.2419.1 71.9-164.0
201+10-11 26 26 B 101.0+17.3 77.3-127.0
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201110-13 1 1 B 121.0 -
20111024 1 1 A 133.5 -
201110-31 60 60 B 110.7+18.1 73.7-181.0
2011+12-10 2 2 B 121.6+3.2 119.3-123.8
2012-02-05 46 46 B 91.7+12.1 72.5-127.9
20120305 74 73 B 101.4+18.0 76.0-149.6
2012-04-05 22 22 B 102.9+24 .4 71.6-178.5
Total 429% 427% A: 20 104.4+£19.7 57.2-181.0
B: 409

* Seelabels’inFig. 1.

T Fork length (FL) summary statistics for released; f&h = standard deviation.

1 Three fishsfram 2011-05-24 release group either died or had tags extaaisthtion B
shortly aftersrelease awekre detectedontinuously thexafter.These fish were excluded from

analyss resulting im=426, of which 424vere detected thereafter

Figure Captions

Figure 1. Map of study areBark circles show acoustic receivers maintained by Stony Brook
University; lighter circles show receivers maintained by Atlantic Cooperating Telemetry
Network partnersvhere Atlantic sturgeon were commonly detected. Receiver st#tighsvere
treated as‘distinct states in midtate models: A, all areas south and west of B including Hudson
River (@reashaded); B, Rockaway Peninsula and Sandy Hook &eiéaghaded); C, Jones

Beach; D, Fire Island; E, Shinnecock; F, Montauk Point; G, all areas north andEast of
including Long Island Sounafeashaded)Major water bodieand twoletter state

abbreviationsre labelledinset shows U.Snid-Atlantic coast, with dashed box showing main

study areasScale bar applies to nraemp

Figure 2. Weekly Atlantic sturgeon survival probabikstimatesinder (a) mod€lS.3q_ , p.4,
w.4r] and (b) modefS.2, p.4, w.4r], with 95% confidence intervals.v&rage weekly sea
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surface temperatur&6T °C) measured at the New York Harbor Entrance Bsayerlaid in
(a); e period of four time steps had no availeg®®ldata, during whiclsSTvalues were
linearly interpolated. Seasons are shown with grey shading: spring = ligitest; = darkest.

Primary vertical axis does not begin at 0.

Figure 3. Effects of sea surface temperat&®T{°C), change it5STbhetween successive time
steps (ASSTand their interaction on survival probabilggtimatesSolidlines show partial

survival predictionswith lower 95% confidence band (dashed). Vertical axes do not begin at 0.

Figure 4. Seasonal transition probabilities among strata. Estimated orapsafbabilities for

each time step‘are averaged across each season, separately for each of 49 possible transitions.
Season durations are: spring, 1 March—20 June; summer, 21 June—-29 Aug.; fall, 30 Aug.—7 Nov.;
winter, 8 Nov.—28/29 Feb. Northeastward transitions are shown by arches above statipn labels
southwestward transitions are shown by ardiedsw station labels, and lack of movement to
different stratanin successive time steps is shown by ladjpsent to station label&verage

transition probabilies into eaclstratumand from eaclstratumsum to 1 with line thicknesses

proportional.to these G-probabilities.

Figure 5. Effects of separation distance between receiver stations, sea surface temg&Hhture (
°C), change ir8STbetween successiverit steps (ASST andinteraction ofSSTand ASSTon
transition probabilit estimatesEstimates are shown only for movements involving stratum D,
for clarity. Partial survival predictions (soliithe) and 95% confidence bands (dashed) are

shown.

Figure 6. Cumulative mortality during periods when tagged Atlantic sturgeon weuefitéy

detected at.one or more stationdBn the final two years of the study. Selected intervals are
arbitrary, chesen to correspond to periods of greatest numbers detected (2012-03-01 to 2012-06-
21; 2012-08=30.t0 2012-12-20 and 2013-04-26 to 2012-2)7-Cumulative mortality is

calculated as 100% minus the product of weekly survival estimates during the interval.
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60  Fig. S9. Effects’of wind speed (151), wave height (m), sea surface temperat8&T(°C), 2-

631 way interactions among them areteiver coverage on estimated detection probabilities.
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Estimated transition probability
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Southwestward movements
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