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Abstract

Allocating’ quotas among stakeholders requires an agreed uparaforif the stock unit
spans multiplesmanagement jurisdictions, the formula reguire updated biomass estimates of
the stock’s*spatial distribution with respect to those jurisdictions. Data for calculating stock
biomass_often come from fishery-independent surveys. \Btdgified random sampling is a
common design, strata boundaries may not always alignstete or national jurisdictions,
requiring post hoc stratification and imputation to calculatea-specific biomass. The vector
autoregressiveuspatiotemporal (VAST) model was explored as faitardiculating fish biomass
within subareas of a defined stock unit for three differ¢atks jointly managed by the United
States and Canada on Georges Bank in the NorthwesticAt@oean. VAST estimated
proportions. of stock biomass each nation’s waters were compared with an existing allocation
algorithm that utlizes a loess smooth through the agedsgign-based swept area biomass from
three fishery-independent surveys. The ability of VABTmpute biomass wheno tows occur
in a subareasOf a survey stratumas demonstrated, as well as the relatively smoother biomass
trend compared with design-based estimates, which may batdeegirthe intent is to avoid

large inter-annual swings in allocated quota.
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VAST spatial allocation 2

1. Introduction

Allocating guotas among stakeholders is a management challeswgéring a transparent
management process and buy-in from stakeholders. An agreedeupoiia that considers
factors such as total landings, capital investment and felaed for a specified reference period
(Anderson and Holliday, 2007) can provide the basis for achiewaigtransparency. If the
managed Stockispans multiple management jurisdictiodjacént states or provinces within a
nation, or multiple nations with an international bounddwt intersects the stock unit), then
recent estimates' of spatial distribution of the stock vétspect to those jurisdictions could be a
component of the allocation formula that is regularly updiat

Globallys, it is estimated there are 344 marine fish spedesevstock boundaries span
the territorial”waters of multiple nations and the higias in between (Teh and Sumaila, 2015).
These include transboundary stocks, defined as fish that fooos the boundary of one
exclusive economic zone (EEZ) into the EEZs of one or moastal countries; and highly
migratory Stocks, such as tunas (Thunnus spp.) and bilfisbpfistidae, Xiphiidae), that are
managed through multinational regional fisheries memegt organisations, such as the
International Commission for the Conservation of Atarkunas (ICCAT). There are also
examples=of,inland multjurisdictional cooperation: Thee&rLakes Fishery Commission
between the"United States of America (USA) and Candwal@ke Victoria Fisheries
Organization, which facilitates between Kenya, Tanzamd Uganda; and the Mekong River
Commission, which includes Cambodia, Lao PDR, Thailand aridavfie as full signatories
(Lynch et al"2016).

In the=NOrthwest Atlantic Ocean, species of groundfigiggaalong the coasts of the USA
and Canada, with individual stock boundaries that bridge tiséligtion of one or more states
(coastal waters), federal waters, extending beyond coasttd thaet EEZ, and transboundary
waters where the EEZ of the USA and Canada meet @geeHLine), officially delimited by the
International Court of Justice in the Hague, The Nithgs (International Court of Justice,
1984).

On Georges Bank (Figure 1), three species are jointlyagean by the USA and Canada
through a scientific body that performs assessments, #msbioundary Resource Assessment
Committee (TRAC). The species are: Atlantic cod (Gadus morhu&ddylock

(Melanogrammus aeglefinus (L.)) and yelowtail flounder (Limandeufgnea (Storer)). The
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VAST spatial allocation 3

existing quota allocation formula incorporates historicdizatiion (19671994 total landings by
country) and proportion of biomass imach country’s waters from a smoothed average of three
federal bottom trawl surveys. The latter are updated dynoglincorporating data from the
latest survey (e.g. 2017) and dropping data from the earliestysused in the previous year
(e.g. 1984) so.that a 33-year window is maintained (Barretto®ks, 2018). Whie this
allocation formula_is simple, transparent and well docwedkeiiMurawski & Gavaris, 2004), it
requires “post=stratification of two of the surveys to acoodate the Hague line and
management=unit borders for two of the stocks (Figure 2keTh@mnagement boundaries were
established several decades after the USA survey wsieagastandardised. This post-
stratification: gecurs at a finer spatial scale and sigoally results in low or no sampling
occurring insthe”substrata due to the random allocatiotoves at the spatial scale of the original
survey strata (athough procedures have been put in pleee the autumn 2018 survey to
ensure sampling in these substrata). Results of that@llbcprocedure may be sensitive to gaps
in survey sampling (substrata where no tows occurredg¢rgriow sampling (substrata with one
to two tows)jrand the terminal year estimate of the lses®thing algorithm (Cleveland, 1979)
applied to the'survey average proportion.

Reeent development of a vector autoregressive spatiotem&8IT) model (Thorson
& Barnett+2017) provides a tool to estimate biomass in definecalspagias, and could be useful
in quota allocation (Thorson, 2019). In the Northwest Atla@icean, VAST has been used to
standardise, indices for the northern shrimp (Pandalus bokaaliger) assessment (Cao et al.,
2017); to combipe data from multiple fishery-independent surieysedict density estimates
for cusk (Bresme brosme (Ascanius)) for use in habit#bsliy indices (Runnebaum et al.,
2018), as well as to predict hotspots of cusk bycatch in the Amekibster (Homarus
americanus Mine-Edwards) fishery (Runnebaum et al.,, 2020);ttthéecorporation of
environmental_covariates in a length-structured assesofdine American lobster (Hodgdon et
al., 2020);.and.to examine distribution shifts for cod (Guan.,e2@17) and summer flounder
(Paralichthys'dentatus (L.)) in the region (Perretti & $bar 2019).

Forthis, application, the abilty of VAST to estimate spadutocorrelation could
improve the estimates of biomass at unsampled locationsstoe®rboundaries or in post hoc
substrata, and previous research has noted greater prediginliices compared with design-

based estimators (Thorson et al., 2015). Estimates of biomassieversl using VAST,
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94  focusing on three stock units that are co-managed byRAET(Figure 2): eastern Georges
95 Bank (EGB) Atlantic cod (hereafter referred to as cod) adtidck; and GB yellowtail flounde
96 (hereafter referred to as yellowtail). The primary objectvas to demonstrate the use of VAST
97 for estimating area-specific biomass and proportion of resoutigie@ eachnation’s jurisdiction.
98 The abilty of VAST to overcome the identified limitatiomsd sensttivities to the current
99 allocation method for these stocks is shown. Resource distriband biomass results from the
100 current allocation method are compared with the resualts ¥AST applied to the same data.
101
102 2. Methods
103 2.1. Data
104 Data from two fishery-independent survey program that sampled on both sides of the Hague
105 line were used in this analysis. The Northeast HeheBcience Center (NEFSC) has conducted
106 spring and autumn bottom trawl surveys on the continestief of the Northeast United States
107 since 1968.and 1963, respectively. Data from 1985 to 2017 were used matygssa(to align
108 with the 33=year moving window), with spring and autumratee as two separate surveys
109 (Barrett & Brooks, 2018). The survey employs a stratified randofigndeStrata are defined
110 primarily by.depth and latitude. Several gear and vesseiges have occurred over the course
111  of the survey (Miler atal., 2010; Johnston & Sosebee, 2@d#ronversion factors to account
112 for these changes were applied as necessary.
113 Fisheries and Oceans Canada has conducted a spring bottbrsutkeey on GB since
114 1986, with full"eoverage of strata beginning in 1987. Data from 1987 to 2&E7used in this
115 analysis (Barrett & Brooks, 2018). The survey employs a scatifandom design. Strata are
116 defined primarily by depth, as wel as the location of thenat@nal boundary and geographic
117 regions on.the bank. Two vessels have been used over tee obuhe survey, but no
118 conversions. are, necessary as they are considered idéBtmait, 2006; Stone & Gross, 2012).
119 2.2. Background
120 Details of thetcurrent TRAC quota allocation method cafobnd in Murawski and Gavaris
121 (2004). Briefly,, design-based indices of swept area biomassafealculated for all three
122 surveys, for the country-specific area on each side dflfgeie Line. Since the NEFSC survey
123 strata are splt by both the Hague Line and the boundahe dGB region (Figure 2), there are

124  years when no tows occurred within these modified stragatalthe random allocation of tows
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VAST spatial allocation 5

within the original strata. These cases have histiyiazsed either undocumented imputation to
fll strata with no tows, or they were assumed to be zerotH&mapplication, no imputation was
performed, and strata biomass was assumed to be zero if nodoweed there. The proportion
of biomassof each species within each country’s waters was calculated from the estimated
biomass on.each side of the Hadune. A combined survey proportion for each country is
calculated ‘as the simple average of the proportions frorthribe surveys for haddock and
yelowtail; while™for cod the Canadian and NEFSC spring proportweee averaged first, and
this was averaged with the autumn NEFSC proportions. A Eeesth (span = 0.3) was then
applied to the country-specific proportion to remove unpredictfilddeuation and sampling
variation fromethe time series. To determine quota aitoca¢stimates for the current year, the
result of thessmoother (i.e. the current year estimaterapfortion of a given stock in each
country’s water) was weighted by 90% and the fraction of historic utilisateeighted by 10%

to determine_the overall fraction of quota that was alldcéteeach country. This overal fraction
was then multiplied by the quota for the whole stock arese(ban results from annual stock
assessments)=to obtain country-specific quota amounts.

VAST isfan open source (https//github.com/James-ThorsoAMYAST) package in

the R statistical environment (R Core Team, 20I8)acilitate comparisons with the current
TRAC approach, all three survey data sets were combined tocpradsingle index, with an
uncertainty estimate, for each stock, with each oftitee surveys treated as a vessel effect with
overdispersion (Griss et al, 2017; Thorson, 2019, section 4.1). Téws dibm a recent VAST
study (Thorsomet al., 2020) that modelled seasonal variatiepatial distribution of yellowtail.

It was notedsthat, while this previous work combined a#ehof the same surveystanone

model, the final output was separate indices of relativendamge or biomass for each season (or
survey), and thus was not suitable for the current olgecti a single index, with an uncertainty
estimate, for.each stock. Given the low number of towgwessit of the Hague Line in some
years, and.to better inform points near the EGB boundary, s{spmeific spatial domains were
based on therlarger stock unit defined by USA managemenbdoard haddock rather than the
smaller management unit agreed to for the TRAC. The BIRATRAC stock definition are
identical for yellowtail. From these stock-specific spatiamains, the predicted biomass was

estimated, and the proportion of biomass was calculatedveststéf the Hague Line for either

This article is protected by copyright. All rights reserved
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VAST spatial allocation 6

EGB (cod, haddock) or GB (yellowtail). As VAST is by defintiorsraoother, a loess was not
applied to the calculated biomass proportion (as is done foutlentcallocation method).

2.3. VAST model

Details and equations of the VAST model have been publisksesvhere (Thorson et al., 2015;
Thorson & Barnett, 2017; Thorson, 2019). Briefly, VAST is a spatiotempaelih generalised
linear mixed. model. The default delta model includes a logied linear predictor for encounter
probability, “and“a'log-linked linear predictor for expected catch rate, given ansosincounter.
There is alse™am option for a Poisson link model, which has laloder encounter probability.
The default error distribution for positive catch ratethasgamma. There is also an option for a
lognormal errerdistribution. The footnote in Table 1 showescthmbinations of encounter
probability “ink sfunctions and observed error distributions dnean for each of the three stocks.
Altogether, there are 15 major decisions that must be madsels/ of VAST (Thorson, 2019).
The decisions _made in the present analysis are surecharisTable 2. Another decision that
must be made is the number of prediction locations, i.e. knotse€benmendation of 1000
knots for indexsstandardisation (Thorson, 2019) was used.

Model‘convergete was checked by ensuring that the Hessian of the likelihooctidn
was posttive, definite, and that the absolute value ofiak dgradient of parameters was less than
0.0001. The"Akaike Information Criterion, or AIC (Burnham & Anders2002), was used to
select the best model run for each stock. Additionally, stdndiagnostic outputs from VAST

(e.0. Q-Q plot) were examined to ensure that there wasrong evidence of misspecification.

2.4. Comparisen with the current TRAC method
The VAST] estimates of biomass, with 95% confidence intervadse compared with the
design-based swept area estimates used in the TRAGtialoc Comparisons were plotted for
east/west of the, Hague Line for EGB cod and haddock, and ®®&tgel Proportion of total
biomass east/west of the Hague Line was also calcul@ediitative differences in biomass
trend and quantitative differences in biomass proportion wenenarised; the TRAC allocation
is ad hoc and.does not produce estimates of uncertainty so precisioot be compared.

VAST performance was evaluated for cases where thentuFRAC allocation method
has known limitations and sensitivities. As noted in abdwaetare a number of years in which

there has been zero, or only one to two, tows on either sithe éfague Line in the thin strata
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VAST spatial allocation 7

along the edge of the bank, i.e. strata1B7and 2122 (Figure 1). For the current TRAC
allocation method, biomass in these strata was assumed @mbié o tows occurred. Thus, it
was of interest to compare VAST estimates of bienfaisthese strata. This was done using the
Georges Bank spring haddock data (1288.5) that come with VAST to faciltate replication
by other investigators. Default delta-model settings weesl with 1000 knots.

In addition_to testing the performance of VAST when no toe@urred in a stratum,
VAST was evaluated to determine if estimates of annuahdss are sensitive to new years of
data as the"33=year window moves forward, as this is a knowitivsg/ for the current
allocation method. This was done by comparing the estimatedass trends and proportion of
biomass trends,east/west of the Hague Line for two caieedime series: 1982017 and
1986-2018.+This analysis was limited to one stock (cod). In partictliee behavior of terminal
year estimates from VAST were compared to determinesyf #re less sensttive than those from
the loess smoother used in the current approach. A Poskomddel was used with 1000 knots.

2.5. Software
NEFSC stratammust be speciied as a named list of area codaS$Tn Strata coordinatesere
contained™in,the northwest_atlantic_grid that comes wittS8VAAsit does not contain the split
EGB strata#(Figure 2), it was recalculated for this stusigg ArcGIS Desktop 10.7 (ESRI, Inc.,
Redlands, California, USA). The NEFSC survey strata weregieg into a customised North
America Albers Equal Area Conic projection to maximiseuesty in later area calculations.
Another newfeature class was created in the samecfwojeconsisting of 3.7 x 3.7 km (2 x 2
nmi) gridded=polygons using the fishnet tool. A geometricrsetetion of these two feature
classes produced the final feature class. The centriéubegand latitude (in decimal degrees) as
well as the.area.(in Kinof each individual polygon were then calculated. Thibatie table was
outputted as.atext fle for reading into R.

R version 3.6.0 and VAST version 2.1.0 were used in this anayy8S.T uses Template
Model Buider(Kristensen et al., 2016) to estimate fixedcesffavhie integrating through
random effeets, and the R-INLA package (llian et al., 201®%)ddel spatial variation.

Versions of these packages used in this analysis were 1.1d.1B#&7Y.12, respectively.

3. Results

This article is protected by copyright. All rights reserved
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217 Diagnostics (Supporting Information) suggestho obvious misspecification for any model run.
218 AIC indicated that a Poisson link for encounter probabilitysthe best for all three stocks

219 (Table 1). In terms of error distribution, gamma was bestdorand haddock, while the

220 lognormal was better for yellowtail. It is also worth notitigit for cod, theAAIC between run 2
221 and run 1 was, 0.65, indicating essentially no difference ifinthdunction used for encounter
222  probability.

223 All four-runs estimated similar trends for each of ttexlss with only minor differences
224 in biomass; “although there were slightly higher biomassiaests with the lognormal error

225 distribution (runs 3 and 4) for haddock (Figure The coefficient of variaton (CV) suggests
226 reasonablyprecise biomass estimates (Figure 3): CVs for @mdless than 0.35; whie CVs for
227 haddock and yelowtail were, with the exception of 1986, lessGl#nFor cod and haddoclyrr
228 1, with a gamma error distribution and logit ink had the &weV, whie Run 4 (lognormal

229 error distribution with Poisson link) almost always hadhigeest CV.

230

231 3.1. Comparison’ with current TRAC method

232 VAST estimates of biomass, with 95% confidence intervals,.e wempared with the TRAC

233 allocation“swept area estimates in Figure 4. VAST propertafrbiomass in USA waters (i.e.,
234 west of thesHague Linewere also compared with TRAC estimates of resource propoa®n,
235 well as the loess smooth for the latter. In general, réme tof population biomass on each side of
236 the Hague'Line was similar for the two methods, but stienates following the current TRAC
237 alocation methed shaed strong annual variability (Figure 4, top and middle rows). dimeual
238 variability wasssimilarly present in the TRAC estimates of average ptioypoof biomass per
239 country (Figure 4, bottom rgwThese large annual swings in proportion would trans@targe
240 annual swings In quota allocation, if taken at face vallee loess smoothed proportion of

241 biomass, whichsithe final step currently used for allocation, shkdva more stable trend through
242 time. Comparing the loess smoothed annual proportions with AR estimated proportions,
243 therewere differences in the direction of the trend for the fsints in the time series (1985) for
244  all three stoeks, and for the last point in the time s€@©17) for yellowtail. In any given year,
245 the VAST estimated proportion in USA waters differed from ldess smoothed proportion

246  betweent 0.0005 andt 0.32, depending on the stock.

This article is protected by copyright. All rights reserved
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VAST spatial allocation 9

In each stratum area where no tows occurred, VAST prediciadzero biomass. A
these were narrow strata with very little fractionthef total stock area, the predicted bioreass
were not very large, and ranged from 0.2 tto 2195 t (Table 8)antend towards higher
biomass estimates in recent years due to the histafic biwmass for haddock (Figure 4). VAST
estimates for.strata with no tows ranged from 0 to 72% dbthé biomass estimated in those
years. Similarly,’ in_each stratum where only one to twestoccurred, VAST predicted biomass
ranging from 0:3 t to 7935 t, as compared with 0t to 20,964 t from the TR#Gaes, wih the
largest differences occurring in stratum 21 and 22 eakedfiague Line (Table)3

The consecutive fits of VAST to 1988017 and 19862018 EGB cod data showed no
sensitivity te the biomass estimate in 2017, as opposed to the d¢vasditsuwith the TRAC
method (Figure®5): in the loess for 198817 the estimated trend “chases” the high biomass
estimate in 2017ut when the loess is applied for 198618, the smoothed estimate for 2017 is
much lower. The VAST estimate of biomass in 2017 in both fits was stableusecdAST uses
spatial correlation across the spatial domain to infornmatsts, whereas the TRAC method
relies on stratum means with occasionally few or no tovasgiven stratum. In addition, the
loess smoother<predicted values at the terminal weas unstable because that powds only
informed “by.data from earlier years, and when additional weta added for later years these

can influenee” estimates that had previously been endpoints.

4. Discussion

The primary~objective of this study was to demonstrateusikeof VAST to estimate the
proportion ‘ofistock biomass in country-specific waters for jonifdictional allocation of
guotas. This was contrasted with the current approactugkatthe stratified random sampling
design to estimate average proportion of biomass in each enagialg zone, to which a loess
curve is then fit,An advantage of the VAST approaishthat it provides an objective way to fill
strata with no.tews and inform strata with few tows bametbws in neighboring strata, which is
important when strata are post-stratified to deal with dilmtassues. Another advantage of
VAST s thatit.smooths large inter-annual fluctuations that are potgntile to outlier tows or
low sample size rather than real trends in the populaiidws was observed for USA cod
biomass in 2005 and 2010, and Canadian yelowtail biomass in 2008 and 2009,tand led

estimated biomass spikes in those years in the design-badbod. Previous comparisons of

This article is protected by copyright. All rights reserved
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278 VAST versus design-based indices have also found thddtthe exaggerated temporal

279 variability (Cao et al.,, 2017). However, Hodgdon et al. (2020) found thatHinased

280 abundance indices were not intrinsically better thargaldmsed indices and should be tested for
281 each species individually, as has been donesinsthdy.

282 Across.the four model configurations defined by the link tinnc (logit or Poisson) and
283 assumed error.distribution (gamma or lognormal), no observeddistribution was

284  consistently“best. The gamma was better for cod and haddoaiek;tié lognormal was better for
285 yellowtail. There were two extreme outlier tows foromtiail, one in both 2008 and 2009

286 (Figure 4), and it was hypothesised that the lognormalr distribution provided a better fit due
287 toits heavier gail compared to the gamma. Regarding thdulrction, AIC indicated that the
288 Poisson link®moedels were generally best, but in one casetf@d)was essentially no difference
289 from the conventional defta-model. These findings supportet@mmendation of Thorson

290 (2019) to compare the performance of conventional delta-modelssveoisson link models,
291 and to explere_multiple distributions.

292 Thesgeneral trend in proportion of biomass was similar ®MAST estimate and the
293 loess smoothed" estimate. Although absolute differences of 8. 032%xisted, there was no
294  consistent=trend in the direction of which country had naoriess proportion estimated in a
295 given year=The current TRAC method allocates quotathdoupcoming year based on the
296  current year’s estimate of resource distribution, implicitly assuming it wil be similar. The

297 application of a loess with a span of 0.3 provides some respossivantile removing

298 fluctuationssthat may be due to sampling variation (MukawsGavaris, 2004). Given the

299 relative similarity of trend between VAST and TRAC reates of biomass proportion, the

300 question is whether one method is more appropriate thasthiie One advantage of the VAST
301 approach was highlighted in model performance explorationssirigcwon strata areas where no
302 tows, or only.one to two tows occurred. In all instances avhertows occurred, VAST

303 estimated non-zero biomass; with the current TRAC appr@athoc imputation would be

304 necessary_torinfer biomass. Thus, VAST provides a bettettonfily a missing stratunthan

305 assuming tt*has zero biomass, and it is preferabled hoc imputation for transparency and
306 reproducibility considerations. The performance of VAST fodets such as this has been tested
307 previously through simulation (Thorson et al., 2015; Griss &sOmr2019; Griss et al., 2019;
308 Johnson et al., 2019; Brodie et al., 2020), and future simulation esptrinaxploring
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performance for the combined surveys method proposed herecanamended. Specifically,
future work could explore the accuracy of VAST imputed bioniagkese cases.

The USA proportion (Figure 4) suggests potentially sgmift differences in annual
allocations _between those from the current TRAC methaldtren VAST estimates. Confidence
intervals are.not avaiable for the TRAC allocationthod, so it is not possible to tell whether
intervals for. the'two methods overlap, but there are demetances for each stock where the
TRAC loess“estimates are outside the 95% confidence intervéhe VAST estimates: 1994 and
2015 for EGB*cod; 1994, 1998, 2001, 2003, 2008, 2012 and-2018 for EGB haddock; and
2003, 2006 and 2011 for GB yelowtail. Although these differences didoneistently favour
one country; the country-specific quotas are obtained bypiyiity proportion of country-
specific biomasss by a total allowable quotas (based on results from a stoclsaesesof the
total stock area); thus, in a given year the scale dfdtdavable quota could make the
magnitudes_of those differences in proportion financialipifcant. Moreover, it is not
uncommon ‘that available quota for one species can impact fishers’ decisions about targeting and
effort for othersspecies, ultimately affecting individuaksel income. Thus, even seemingly
minor differences can be important.

In‘the_present study, the abiity of VAST to calculate lssnwithin subareas of a
defined steck unit for three stocks jointly managed by t8& dnd Canada on the Georges Bank
was explored. A similar approach could be taken for other tram$&iou species. For example,
quota for Pacific halbut (Hippoglossus stenolepis Schmidt) agedhbetween the USA and
Canada basedwon regional biomass estimates (Cox et al., 2013vA oéthe allocation
suggested ‘that“a combined spatio-temporal smoothing appliedhtgezacccould help to retain
spatial consistency in biomass across regulatory arebst &tamples include stocks in the
Northeast Atlantic, such as Barents Sea cod, which Xpesienced a poleward displacement
since the late 1980s (Gulestad et al., 2020).

VAST offers some advantages over currently appled metrmdfotate quota in
situations where there are multjurisdictional consitdens. It overcomes sampling gaps,
provides estimates of biomass with uncertainty bounds, deskisensitive to outlier tows and
sharp trend changes at the end of the time series. oBb@fcthis more sophisticated method is
potentially revisiting model selection as data are updated. Fogsteatification, to address

management boundaries that are defined after survey defiiitions and ensure proper tow
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allocation, would be another way to avoid sampling gaps. Howieesitable challenges such
as weather delays and mechanical problems may be insurimeuiriassome years, leaving gaps
in sampling despite best intentions to avoid such occuseritels, a method such as VAST
provides reliability against the unforeseen and unavadabdlties of field sampling.
Spatial_.boundaries help make making environmental issues mamageable (Lidskog et
al., 2011). On the other hand, it is known that such boundariespaliical and management
construct; which”"may not be aligned with, nor respected by, ezalognd human components
essential to"ecemmercial fishing (Song et al., 2017). Ecologicablyndary mismatchesan
create added pressure on fish stocks, resulting in overfisBiogg (et al., 2017). Given changes
in fish distributien worldwide, whether due to climate cleayg stock expansion, survey data
should be used™not only to set catch limits, but to re-exanaiteh shares (Fernandes and Fallon,
2020). This VAST analysis illustrates viademporal changes in spatial distributions can be
modeled and incorporated into the allocation of stocks thatrepiEple management

jurisdictions,_thereby aiding in the conservation offighresources.
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481 Tables

482

483 Table 1. Akaike,information criterion (AIC) for VAST modelnaufor each of the three stocks,
484  with all models*based on 77 parametésns are sorted by AIC, and AAIC relative to the model
485 with the lowest AIC is also shown.

486
Cod Haddock Y ellowtail

Run AIC AAIC Run AIC AAIC Run AIC AAIC
2 32062.13 0 2 46100.37 0 4 18159.15 0
1 32062.78 0.64 4 46151.88 51.50 2 18216.15 56.99
3 32132.00 69.87 1 46195.46 95.09 3 18250.13 90.97
4 32163.11 100.98 3 46275.89 175.52 1 18306.41 147.26

Note:
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Run 1: gamma error distribution; logit link for encounter probability
Run 2: gamma error distribution; Poisson link for encounter probability
Run 3: lognormal error distribution; logit link for encounter probability

Run 4: lognormal error distribution; Poisson link for encounter probability

487
488
489
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490 Table 2 Summary of 15 major decisions for VAST used in this analysis

491

Description

Decision

=
o © 0 N O O b~ W N =

(S
N P

13
14
15

Spatial domain used when calculating derived qtiasti

Which-eategories (species/sizes) to include

Identify whether to analyze encounter, abundanmua biomass sampling date

Includingrspatial and/or spatiotemporal variation
Choosing'the spatial smoother and resolution

Choosing the number of spatial and spatiotempardbfs
Specifying'temporal correlation on model components
Including“density covariates as a semi-parameticieh
Accounting for catchability covariates and confoimgdvariables
Treatingsarea swept as a catchability covariatdfeeb
Including.vessel effects as overdispersion

Choosing among distributions and link functions

Derivedsquantities
Bias correction for derived quantities

Model selection

Eastern Georges Bahfor cod and haddock
Georges Bankfor yellowtail floundef

Cod', haddockj and yellowtail flounder®; each analyzed separateh
Biomass

Both

Anisotropic Matérn correlation function

On

Fixed effects

NA

NA

On

On

Logit & Poisson for encounter probability link fution
Gamma & lognormal for observed error distribution
Biomass index

On

AlC

492

" See Figure?2 for geographic boundaries
¥ Gadus.morhua
® Melanogrammus aeglefinus

TLimandasferruginea
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495
496
497
498
499
500
501
502
503
504
505
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Table 3. Haddock spring biomass (mt) in Northeast Fishewgnc® Center strata 1¥8 and
21-22, west (USA) and east (Canada = CAN) of the Hague Lineasiara Georges Bank
(Figure 2) using the Transboundary Resource Assessnamntmiiee (TRAC) allocation method
(left) and VAST (right). For the TRAC allocation methdd,” represents observed zeros, italics
denotes one.to two tows, and NA indicates that no tows occ@rel significant digit is shown
for VAST to.emphasize that the model did not estimate zemodsis in any substratum in any
year. Only“years that overlap for the Georges Bank spaeglock data that comes with VAST
(1968-2015)"and the data used in the analysis in the main bodg tth(19852017) are

shown

Table is shewn‘on next page
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Year

TRAC
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VAST

USA 17 CANul/Z=alUUSA 18

CAN18 USA 21 CAN21 USA 22 CAN 22

USA 17 CAN17 USA 18 CAN18 USA 21 CAN21 USA 22 CAN 22

1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

14
0
0
0

28
0

NA

NA

NA

11
NA
NA

10

o

NA

NA
680
5
7

9
21
101
13
146
64
37
80
439

60
32
28
84
1598
220
446
332
77
97z
948
323
64

0
0
0
NA
NA
NA
NA
NA
NA

NA

NA
NA

NA
NA
NA
NA

18
0
17
0
79
NA

NA
NA

11

NA

16

75
NA
97
90

NA
0
NA

33

NA
NA

NA
NA
45
282
42
522
1214

1123
NA
NA
143

295

3696
1297
63
310
751
1305
28
376
387
5644
3356
972
1239
227
366
151
4339
896
NA
669
3945
4140
795

NA
NA
NA
0
NA
NA
NA
NA
NA
NA
NA
31
NA
0
37
NA
NA
93
19
NA
132
NA
NA
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54
0
69
0
256
21

154

888

74
108
38
55
15
77
NA

484
40
123

8.1
4.8
17
21
10.9
4.2
2.3
0.7
15
11
11
13
3.2
19
4.8
1.8
10.7
115
4.7
116.4
90.2
21.2
7.0

124.3
119.3

88.2

78.9
236.0
210.6
140.1

74.5
128.9

43.7

56.2

46.8
100.6
125.3
319.4
153.5
266.5
2815
454.5
811.6
557.8
290.8
515.8

3.3
15
05
0.6
4.0
13
0.7
0.2
0.5
0.4
0.3
04
13
0.8
17
0.6
4.4
4.4
1.8
44.3
40.7
8.6
3.0

46.0
32.1
23.7
20.2
79.5
57.7
29.5
17.3
38.8
145
141
135
324
38.9
83.5
41.2
92.8
93.6
116.2
261.2
208.0
112.8
148.1

121.4
35.6
86.6
28.0
70.2
52.2
153
105
39.6
22.8
82.2
98.3
82.3
96.3
65.7

185.0

267.8

1711

161.8

518.8

386.6

221.2

204.7

1046.8
947.8
861.9
440.2
616.5
856.4
230.0
242.2
557.7

1739.5

2180.1
914.9
995.4
797.2
637.3

1409.9

1400.4

1318.3

1648.1

1402.6

2641.1

2006.8

2223.2

55.4
104
26.5
94
25.2
194
55
4.1
14.9
7.3
29.5
36.4
28.1
38.1
34.0
64.2
94.3
70.2
40.6
145.9
155.9
89.3
91.9

165.9
165.7
120.6

74.0
161.1
156.0

33.2

451
102.4
277.6
404.4
161.7
185.7
154.2
117.6
258.1
3135
242.3
312.6
232.3
613.1
444.9
297.4
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2008
2009
2010
2011
2012
2013
2014
2015

100
105
19
17

151
417

135
279
96
978
23271
634
2872
10771

NA

o O »p O O O

67

164

42
168
179
358
335
565
858

484
7452
1553

415

NA
NA
798
NA

151
7085
3379
3008
4138

20964
2737
6472

VAST spatial allocation

NA
0
41
NA
NA
140
NA
NA

204
22
125
843
115
371
1401
796

5.0
82.1
47.9
36.9
31.0
154

113.6
285.9

185.1
411.6
382.1
711.4
1166.8
526.9
1572.1
1988.0

1.8
30.4
195
13.9
131

6.3
61.9

150.4

62.3
156.3
147.1
248.8
429.4
230.8
641.2
914.2

230.2
1186.6
616.6
405.0
514.4
584.5
1308.3
21954

784.7
3599.1
2464.1
3105.1
2352.5
6623.6
6758.4
7934.6

113.6
400.7
294.2
198.5
226.2
221.2
485.5
903.0

140.1
699.4
436.9
701.4
414.3
1031.0
1454.5
1834.8
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510 Figure captions

511

512 Figure 1. Northeast Fisheries Science Center (NEFS@)nbatawl survey offshore strata, with
513 Georges Bank (GB) strata 42 in black.

514

515 Figure 2. Detail/of Northeast Fisheries Science CM&FSC) strata 121 used by the

516 Transboundary™“Resource Assessment Commitee (TRAC)efastessment of Georges Bank
517 (GB) yelowtail*flounder (upper); detail of NEFSC strata-28 used by the TRAC for the

518 assessment of eastern Georges Bank (EGB) Atlantic colbalddck (middle). Fisheries and
519 Oceans Canada bottom trawl survey strata-574 overlaid on the NEFSC strata for

520 comparison=(lowgr The Hague Line separating USA and Canada jurisd&tisrshown as a
521 dotted line in alliplots.

522

523 Figure 3. Biomass (mt) and coefficient of variation (Gdf)the four VAST model runs for each
524 stock. Rungli"gamma error distribution; logit link for encaumisobabilty. Run 2: gamma error
525 distribution;*Paisson link for encounter probability. Run 3:dogral error distribution; logit
526 link for eneeunter probability. Run 4:lognormal error distribati Poisson link for encounter
527  probability

528

529 Figure 4. Comparison of Transboundary Resource Assessmentit@em(RAC) allocation
530 method sweptiarea biomass (sold line) and VAST estimaté®rofss (dashed line) for USA
531 (upper) andw€anada (middle). Shaded region is the 95% confid@aceali for the VAST index.
532 Lower panel shows the proportion USA for TRAC (solid line) YAGT estimates (dashed).
533 Blue line is. the loess smooth for the TRAC proportion USAd8H region is the 95%

534 confidence interval for the proportion USA computed from theSVAndex.

535

536 Figure 5. Cemparison of the proportion USA for Transboundary ReEsdssessment

537 Committee (TRAC) and VAST estimates of eastern Gedsge& (EGB) cod biomass. TRAC
538 proportion USA is shown for 1982018, with loess fits for 1982017 and 19862018. VAST
539 estimates of proportion USA are shown for 198%17 and 19862018. A Poisson link model
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540 was used for both VAST runs. Proportion USA for VAST 198BL7 is the same as that shown
541 in Figure 3.
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