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Abstract

Influences of biophysical conditions on survival zfeal and early stages of eastern
Bering Sea Tanner craEhionoecetes bairdi, were investigated using simple linear regression
modeling, and a combination of hydrodynamic modgliand spatial and geostatistical
methods. Linear regression analyses indicated #sdiimated reproductive female crab
abundance, age 3-7 Pacific cd@adus macrocephalus) abundance and flathead sole
(Hippoglossoides elassodon) total biomass were statistically related to estewaf recruitment
to the 30-50 mm carapace width size interval ofejule crab. Analysis of output from a
Regional Ocean Modeling System simulation modelceteéd considerable capacity of the
Bering Sea oceanography to retain zoeae at reganthlocal scales. Major transport patterns
corresponded to long-term mean flows, with a noesterly vector. Retention may be a
significant recruitment process, particularly in idol Bay, which is effectively
oceanographically isolated from other source regioh crab larvae. Periods during which
conditions may have favored juvenile crab surviwere observed at the model-estimated
larval endpoints during the early 1980s and mithte 1990s. While environmental conditions
at model-estimated endpoints were highly variabtab recruitment was positively correlated
with endpoint locations either within the periph@fythe cold pool, or outside of it, and SST
>2° C after allowing for autocorrelation in the @gnile recruitment series. However, limitations
of the model, gaps in knowledge of Tanner crabHigtory and ecology, and the possibility of

spurious correlations complicate interpretatiothefse results.
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General Introduction

The eastern Bering Sea (EBS) Tanner crab stockimascent decades experienced
dramatic oscillations in recruitment, reflected tbgnds in the legal male segment supporting
the fishery for this stock. This has created a thoand bust” fishery, with multiple closures
interspersed by years with good recruitment andsh@taically valuable harvests (Stockhausen
et al. 2013). Mechanisms responsible for this phesren are of both ecological and economic
interest, as not only has the EBS Tanner crabrysheen of historic economic importance to
local communities, but this recruitment variabilltgs occurred within a backdrop of major,
potentially related, ecosystem changes in the N®@#tific and bordering seas (Hare & Mantua
2000, Mueter & Litzow 2008).

Recruitment to a given stock may be regulated bghaeisms that influence larval
dispersal and retention trends, and by both prd-past-settlement growth and mortality. For
EBS Tanner crab, a modeling workshop (Tyler & Kr887) has identified a number of likely
recruitment mechanisms, which have been the basisbsequent investigations (Rosenkranz
et al. 1998, 2001, Zheng & Kruse 2006). Near bottemperature and sea surface temperature
are hypothesized to directly influence both groesiad mortality through the thermal tolerances
of the crabs themselves, but may also affect thdagiion and feeding environments (Smith &
Vidal 1984, Rosenkranz 1998, Tyler & Kruse 1997ar@ielli & Bailey 2005). Predation is
likely to be an important source of mortality, amdy comprise a recruitment mechanism. For
instance, Pacific codGadus macrocephalus) consumed 79% of a single cohort of juvenile
Tanner crab in Marmot Bay, Alaska, over a 14-m@ehod (Urban 2010). Based on stomach

content analyses and modeling, cod and other gfsindre considered likely to be the most
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important predators (Livingston 1989, Livingstoraet1993, Lang et al. 2003, 2005), although
cannibalism by older conspecifics may also be ingrdr(Jewett & Feder 1983, Sainte-Marie
& Lafrance 2002). Fine grain sediments have begotmesized to provide refugia for small
crab, allowing them to bury themselves to avoidedibn by predators (Rosenkranz 1998),
though evidence for this is to date highly infergintbeing based on observations of wind
patterns that would drive Ekman Transport (RosankrE098; Rosenkranz et al. 1998, 2003)
and observations of juveniles of the congener so@k, Chionoecetes opilio, (Dionne et al.
2003). Finally, density-dependent stock-recruiatiehships may arise through mechanisms
besides cannibalism including disease (Siddeekl.eR@O0) and competition for limiting
resources including prey (Paul et al. 1979), algffowork to date has been inconclusive (Zheng
& Kruse 1998, 2003).

A potential weakness in most pertinent researclldt® has been the use of adult
recruitment as the measure of recruitment succedsch increases the likelihood of
confounding by secondary factors not included m @nalysis (Rosenkranz 1998, Rosenkranz
et al. 1998, 2001, Zheng & Kruse 2006). Information approximate size-at-age and
catchability-at-size may however allow the cautideselopment of a recruitment index based
on younger crab, at least partially alleviatingstboncern (Donaldson et al. 1981, Somerton &
Otto 1999, Rugolo & Turnock 2010).

Larval transport patterns are likely to be an int@otr factor in determining crab
recruitment patterns as they regulate post-settieragposure to environmental recruitment
factors that may vary in space and time. The ifagrpetween retention and long-distance

advection rates may comprise a recruitment mechmnisfor instance, a long-term change in
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drivers leads to a shift from local retention testained transport away from a given source
area, while also isolating that area from impootatdf larvae from other sources (Cowen et al.
2003, Jones et al. 2005, Cowen et al. 2006, Lipeiud. 2008, Cowen & Sponaugle 2009). If
sustained large-scale transport occurs into anvardale habitat, such as the northern Bering
Sea, or into the Bering Sea basin, regions nolyliteefavor a shelf-dwelling, subarctic species
such as Tanner crab, transport has the potentiebrigprise a recruitment mechanism at the
metapopulation level. Finally, a matter of sometmmrersy is the degree to which the EBS
Tanner crab metapopulation comprises one whollgrinixing population as opposed to a
metapopulation comprised of at least two weaklynemted subpopulations, which can have
important implications for recruitment dynamics labth local and regional scales, and
consequently, fishery management. Analysis of figguency data has led some authors to
conclude that there are in fact two substocks, diyoeentered in Bristol Bay and near the
Pribilof Islands (Somerton 1981). On this basi® taska Department of Fish and Game
manages the EBS Tanner crab stock as two substookseast and one west of 166°W
longitude. Somerton (1981) did not, however, allimw migration with ontogeny, which may
have introduced bias into that study. Genetic a®syhave been inconclusive, with some
supporting the division of the stock into substo¢kterkouris et al. 1998), and others not
(Pritchard et al. 2000).

Advanced hydrodynamic modeling procedures provideedul option for evaluation of
larval transport and exchange within a greater pugtalation, and may be particularly
applicable in the EBS region (Curchitser et al. 0Danielson et al. 2011). Here, the broad,

low-gradient and relatively featureless continersia¢lf, in concert with low energy current
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systems and limited potential for interactions wstiorelines limit the formation of complex
hydrodynamic features that might prove problem&biccapture in the model environment.
Hydrodynamic modeling also facilitates the direotastigation of spatial processes that may
influence early life stage survival, through deteration of environments that larvae and early
juveniles are likely to have experienced (Paradale®010). This contrasts with the more
typical method of comparing aggregated recruitniztd with aggregated environmental data,
which assume spatial comparability among dataseisreay leave unknown the actual overlap
between conditions most likely to lead to mortaktyd the population of interest. Violation of
this assumption has the potential to lead to eooseconclusions pertaining to stock-
environmental relationships.

In this dissertation | examined factors that hawerb hypothesized to comprise
recruitment mechanisms through the application efesl different methodologies, each
constituting a separate chapter. Chapter one descriegression analyses conducted using
generalized least squares (GLS) regression mettmdsmpare a juvenile crab recruitment
index reproductive female crab abundances and dfin population size. Chapter two
examines advection patterns and resultant trendsofmmectivity between subregions of the
eastern Bering Sea and source-sink dynamics usitmubfrom a Regional Ocean Modeling
System (ROMS) hydrodynamic model (Danielson e2@L1). Chapter three explores relations
between crab recruitment and a suite of environatdattors in a spatially explicit manner by
utilizing output from the ROMS model to examineighility in biophysical conditions at the
model estimated settling locations. In additionpexplices detail secondary analyses for each

chapter that were not selected for inclusion indhapters themselves.
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Chapter 1:
Relationships Among Abundances of Juvenile Tanmab§; Spawning Adult Female
Crabs, and Groundfish Predators in the EastermB&ea

Abstract

We investigated hypotheses concerning the effdcspawning female abundance and
predatory groundfish abundance and biomass on ilevescruitment of Tanner crabs,
Chionoecetes bairdi, in the eastern Bering Sea (EBS). Hypotheses atmugal relationships
were tested using generalized non-linear leastrequand generalized least squares procedures.
Tanner crab abundance was estimated by area-swethbds using bottom trawl survey data,
whereas stock assessment model estimates were yatpfor groundfish abundance and
biomass. We found statistically significant negativelationships between juvenile crab
recruitment and both spawning female crab abundanddlathead sole total biomass. We did
not find robust evidence for statistically sign#fit predatory effects by Pacific cod or
yellowfin sole. Our findings suggest that predatlmnflathead sole may influence year-class
strength of the EBS Tanner crab stock. While osults are consistent with the hypothesis of a
negative stock-recruit relationship, interpretatio® hampered by the possibility that
recruitment is driven by long-term autocorrelatedieonmental factors that may generate the

appearance of a density-dependent relationship wbee exists.

! Richar, J.I., and Kruse, G.H. 2014. RelationshipsoAg Abundances of Juvenile Tanner Crabs, Spawhitudf
Female Crabs and Groundfish Predators in the EeBning Sea. Prepared for submission to Marinddggo
Progress Series.



Introduction
The brachyuran Tanner cral&hionoecetes bairdi, has supported a lucrative

commercial fishery in the EBS since the 1960s. eMav, the EBS crab stock has
experienced large-scale variability in recruitmant adult stock size. This has led to a
“boom and bust” fishery, with contemporary peakdiags of 30,209 tin 1977 and 18,189 t
in 1990, followed by crashes leading to fisherysoles in 1985-1986 and 1997-2004
(Rugolo & Turnock 2011). The stock declined belowneimum stock size threshold and
was declared to be “overfished” in 2010. The figheas subsequently closed during the
2010/2011, 2011/2012 and 2012/2013 fishing seagonsevaluation of the period used for
estimating MSY-based reference points, coupled toomacurrent upgrade of the stock
assessment from Tier 4 to Tier 3, led to a dedgtardhat the stock was no longer overfished
in October 2012, though the fishery remained cladexng 2012-2013 season due to the
Alaska Department of Fish and Game harvest stra(&gyckhausen et al. 2013). Such
swings in stock status and management for the rifsltimderline the need to better
understand stock productivity. Moreover, identifica of potential causative mechanisms
of variability in Tanner crab stock productivity @8 significant interest due to the severe
economic consequences of fishery closures on ragioommunities. In addition, the
ecological relationships of crab population dynani other species and climate variability
remain topics of speculation and ongoing reseaah,(Zheng & Kruse 2006).

Participants at a workshop on recruitment dynarafcBanner cralsuggested that the
majority of mortality within an age class occursidg the early life stages, with the first

year experiencing the highest mortality (Tyler &ukke 1997). Mechanisms affecting
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survival of age 0 to age 3 Tanner crabs thus likely to exert the most significant eféeon
recruitment to the fishery, which has historicalygeted mature males138 mm carapace
width (CW). Accordingly, early life history stagésmve been a focus of previous studies
attempting to unravel the cause of fluctuationscmb abundance (Livingston 1989,
Rosenkranz et al. 1998, 2001).

A 13-14 yr cycle is evident in both fishery recmént and total adult population size
and has been interpreted to indicate that long-temrironmental variability may mediate
recruitment strength (Zheng & Kruse 1998, 2003)sTdycle is also approximately double
the estimated mean age of maturity of female Tanaps in this region, suggesting the
possibility of an endogenous rhythm associated @mes way with a stock-recruit
relationship. Previous studies have indicated &kwelationship between parental stock size
and subsequent recruitment to the adult populagiotags of 7-9 years, but large year-
classes can result from both small and large bngestiocks (Zheng & Kruse 1998, 2003).
Several issues hinder the ability to determinekstecruit relationships. First, the relatively
long time lags between reproduction and recruitnigcrease the potential for confounding
by secondary mechanisms to blur processes operdtirigg early life history. Second, the
lack of age structures leads to uncertainty in tinge from hatching to recruitment,
necessitating inferences from modal analysis oé $iequency distributions of a cohort
observed repeatedly over time (e.g., Donaldsoh @981). Finally, owing to environmental
and genetic variability in growth rates, membersnoitiple cohorts may recruit to the adult
population within a given year (Rosenkranz 1998e Tse of a smaller (younger) size class

of crabs as an index of recruitment may be an itapbistep in limiting the effects of such
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concerns and determining potential recruitment st Using modeled juvenile
recruitment to the age 4 yr post-settlement (ageyr Spost-fertilization) age class,
Stockhausen (2013) found evidence for a Ricker-tygationship between juvenile crab
recruitment and mature male crab biomass, whilengothat the relationship between
mature males and egg production, which they anenasd to index, is uncertain.

Predation by groundfish, in particular Pacific d@&hdus macrocephalus), flathead
sole(Hippoglossoides elassodon), and yellowfin soldLimanda aspera) may be a significant
source of mortality for juvenile Tanner crabs, lagse species consume immature crabs in
large quantities (Livingston 1989, Pacunski etl898, Lang et al. 2003, 2005). Stomach
contents suggest Pacific cod may remove up to 95%ge-1 (assumed to be 9-34 mm
carapace width) crabs in some years, while alsdirigeon age 0 and 2 crabs at lesser rates
(Livingston 1989, Urban 2010). However, retrospectcorrelative studies have failed to
demonstrate a statistically significant negatiiatrenship between groundfish biomass and
recruitment of Tanner crabs; strong Tanner crabuiesent and high groundfish biomass
have coincided in some years, which would not ljeeeted if groundfish were significantly
depleting young crabs through predation (Rosenki®98, Kruse & Zheng 1999).

In this study we examined two null hypotheses coring the effects of spawning
female crab abundance and predation by three spetigroundfish, Pacific cod, yellowfin
sole and flathead sole, on the recruitment of jugeranner crabs:

Ho1: Recruitment strength of juvenile Tanner crabsdsstrongly related to the size

of the adult spawning population.



Ho:  Recruitment of juvenile Tanner cralssnot related to population sizes of

predatory Pacific cod, flathead sole and yellovsiote.
Methods
Tanner Crab Abundance Estimates

Because a stock assessment model for EBS Tanremwas under development at the
time of this study (Rugolo & Turnock 2011), we gsiied crab abundance directly by area-
swept methods. Tanner crdata from an annual bottom trawl survey of the EBStinental
shelf conducted by the National Marine Fisheriesvise (NMFS) over 1978-2008 were
provided by the NMFS Alaska Fisheries Science Geff€SC). During the first decade of
sampling the number of stations sampled variedhbstbeen standardized at 376 stations since
1988. A 0.5-hr tow is made near the center of ek 20 nmi (37 x 37 kni) square on a
sampling grid. Since 1982, the standardized samgjear has been an eastern otter trawl using
an 83 ft (25.m) head rope and a 112 ft (34.1 mirépee (Rugolo & Turnock 2011).

We considered two primary classifications of Tannerabs: juveniles and
reproductively active females. For our purposes,deéned juvenile crab as those of both
sexes with a CW of 30-50 mm. We did not utilizer@aler size interval because crabs smaller
than this have very low catchability with trawl gey sampling gear. Modal analysis of instars
observed off Kodiak Island in the Gulf of Alaskalicated that male crabs of modal sizes 31.6-
53.6 mm CW were 21.1-37.3 months old (Donaldsoal.e1981), while a reduction in mean
temperature from %to 3 C results in a near doubling of the intermolt pdr{Paul & Paul
2001). Consequently, we surmised that crabs withen30-50 mm CW interval in the EBS are

predominately 3 years of age post-hatching, basedextrapolation of the size-at-age
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relationships derived for the Kodiak stock to coolaters in the EBS. Due to uncertainty in
this extrapolation, we also considered the possibihat 30-50 mm CW crabs were 2 or 4
years old, in our initial stock-recruit models.

Reproductively active female Tanner crabs wereneefias those of shell condition 2
(SC2, new shell) bearing eyed eggs, shell condi8di$C3, old shell) and shell condition 4
(SC4, very old shell), summed by station. Shell-elgssification approximates the time since
the last molt using criteria described by Jadamea.g1999). Shell condition 2 female crabs
bearing un-eyed eggs were ignored in our studyheset are likely to be primiparous crabs.
These have an extended brooding period, matingte Winter immediately following the
terminal molt and carrying the resultant embryosil uhe following year (Swiney 2008).
Consequently, primiparous females sampled in y&alt hatch their eggs in yeadt1 andwill
not contribute to the hypothesized age 3 juverskeuplocohort in yed# 3 used as the response
variable in our stock-recruit analysdsnally, SC5 crabs were ignored due to comparativel
high rates of barrenness, lower fecundity and lbunalance.

For each primary classification of crabs, meansilgrper station in yeair (D;) was
calculated as:

SN ji

DY D)

l n; )

wheren;= number of trawl stations sampled in yeavhere crabs were preseNj, = number
of crabs in size/SC clagssampled at statiop S, = the estimated sampling factor for crabs in
size/SC clask at stationj, used to account for subsampling based on sex,asid SC in the

case of large hauls, adg = the estimated area swept at stafian knm?. For the juvenile
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recruitment index, we modified eq. (1.1) to accoftort reduced catchability of the smaller

juveniles ¢ = 0.30, Somerton & Otto 1999) compared to adabsr

Sjk*Njk
_ it
D; = — 4 (eq. 1.2)

ni

Annual area swept abundance estimates for a gean {N;) were then calculated as:

N; = ¥, Dy * ny * a, (eq. 1.3)
whereN; is the area swept abundance estimate for yeBy, is the mean station density
estimate in straturh n;; is the number of sampled standard grid squardsmat given stratum
| in yeari anda is the area of the individual survey grid squares.

Due to the potential for regional differences iakcrecruitment mechanisms, models
were developed for three groups: “eastern”, repasg the Bristol Bay subpopulation east of
166° W, “western”, representing the Pribilof Islanglbpopulation west of 166° W longitude,
and “EBS”, representing the entire EBS Tanner pagpad (Fig. 1.1). This approach is
consistent with current Alaska Department of Figkd &ame (ADF&G) management policy
for area-specific catch quotas. We excluded the 861ale/1985 juvenile data point because
the extremely large 1982 female abundance estirfiate 1.3) is not consistent with size
frequency distributions of crabs in the precediegrg, which do not indicate a large maturing
cohort in 1982 (Rugolo & Turnock 2011). Furthere th50% decline in the 1983 estimate
relative to that of the preceding year far excetds currently accepted estimate of natural
(females are not harvested) mortality (M = 0.23g#&a & Turnock 2011). Finally, due to the
magnitude of the female estimate, inclusion of #9882 female/1985 juvenile data pairing
substantially inflated variance estimates, leadm@ notably poorer model fit. Consequently
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this data point was considered to be unreliableveairemoved from primary S-R analyses for
all three areas. However, we also conducted explgranalyses including this data point and
evaluated its consequences on model fit.
Groundfish Estimates

For groundfish, population estimates were takemfrecent stock assessment model
results for Pacific cod (Thompson et al. 2010))oyelin sole (Wilderbuer et al. 2009), and
flathead sole (Stockhausen et. al 2010). Due tdithiéations of the data available, we used
abundance anomalies for Pacific cod and yellowéile @and biomass anomalies for flathead
sole, for which abundance estimates were not @lailaVe did not apply area-specific (i.e.
eastern, western) population estimates for groshdfiecause estimates were reported only to
the stock level, which spans the entire EBS sluoglfafl three species. Moreover, distributions
and seasonal movements of all three species tetteesl66° W longitude line used to separate
Tanner crabs in the eastern and western areas 48ai& Kimura 1994, Nichol 1998,
Stockhausen et al. 2010, Fig. 1.1).

For Pacific cod, we used abundance anomalies fes &g7 only, because cod of size
30-59 cm, generally corresponding to these agesl, feore heavily on juvenile Tanner crabs
than those> 60 cm (Livingston 1989). As mean age of 50% fenmakgurity is 4.9 yr, our
selected age range includes a mixture of immatndenaature cod (Stark 2007). For yellowfin
and flathead sole, we considered the minimum apgafda of feeding on juvenile Tanner crabs
based on mean fish length at age (Wilderbuer 20819, Stockhausen et al. 2010), estimated
maximum gape size based on visual comparison othmamd body sizes, and mean crab size

at age (Rugolo and Turnock 2010). Accordingly, veediabundance anomalies for age 7+
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yellowfin sole and total biomass anomalies for agdlathead sole to represent the age groups
capable of consuming juvenile Tanner crabs.
Satistical Analysis Procedures

We employed generalized non-linear least squarddL8p and generalized least
squares (GLS) procedures to examine relationst@pgden juvenile crab recruitment and adult
spawners, and between recruits (as prey) and despezies of groundfish. To evaluate
potential autocorrelation in recruitment, the samgulitocorrelation function (ACF) was plotted
for lags of O to 14 years. This revealed a sigaificpositive autocorrelation at lag 1 yr, and a
significant negative autocorrelation at lag 6 yhefefore, a first-order auto-regressive process
was employed in all regression modeling, with ttnecture:

€= @&r1+ Ve, (eq. 1.4)

wherev; is assumed to be a Gaussian white noise residumhat with variances?, ande is

o2

the autocorrelation parametég( < 1) such that the residual variance6e} = Tz

We explored multiple stock-recruit model formulaigofor applicability to our data. A
linearized Ricker model was fitted to the Tannebcdata, withn(R) as the response variable
and abundance estimates for reproductive femalteeasxplanatory variable (eq. 1.5).

In(R) = a+In(S) —BS + ¢, (eq. 1.5)
whereR = juvenile crab recruitsS = reproductive female crab spawnerss productivity at
very low population sizef} = parameter for density dependence and the autocorrelated
error term. Eq. (1.5) is the multiplicative Rickerodel log-transformed for use in linear

regression (Quinn & Deriso 1999, p. 104). Log-tfameation of crab estimates within this
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model formulation successfully resolved non-nortgalobserved in initial exploratory
analyses. Similarly, we fitted log-transformed Ganglmodels as (eq. 1.6):

In(R) = a+B=*In(S) + ¢, (d06)
where parameters are as in eq. 1.5. In additionsaught to fit a log-transformed Shepherd
model (eq. 1.7).

In(R) = a—In(1+e95P)+¢, (eqriL
wherea, B, R, Sandg; are as before, angl= a parameter controlling the shape of the stock
recruit relationship; ifg > 1, a domed Ricker relationship resultsgit= 1 an asymptotic
Beverton-Holt relationship results, andgf< 1, an unbound, concave, monotonic increasing
relation results. Stock-recruit models were congdeausing lags of 2, 3 and 4 yr relative to
spawner abundance and were fit using GNLS regnegsimcedures , including specification of
the AR(1) process as indicated in our autocorm@tadinalysis. To examine bias in stock-recruit
model estimates, we compared stock-recruit ressdaghinst juvenile abundance estimates.

Finally, in response to concerns about the possiffexts of bias in S-R models, as an
alternative to the S-R residuals we calculated reseof standardized anomalies in log-

recruitment of juvenile crab for use in the predgtey analyses (eq. 1.8).

r = M (eq 18)
Sin (R)
whereR is as before ansi,, (x) is the standard error of the mean log-recruitnestimate.

For our predator-prey analyses we used generalieedt squares (GLS) procedures
incorporating the AR(1) autocorrelation processvedile crab recruitment anomalies for each

group (eastern, western, and total EBS) were regdeagainst each groundfish stock index at
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lags corresponding to predation during the first aecond years post-settiement. We explored
two functional responses between predator and pgheysimplest being univariate models,
representing simple linear relationships (eq. 1.9):

r = Bo+BiX t+eg, (609)
wherer = the juvenile log-recruitment anomajfss andf; are regression coefficient®, = the
population estimate of the groundfish species aadthe autocorrelated error term. We also
explored polynomial regression models, employinthl#linear and a quadratic term to allow
for a domed relationship that may reflect prey-shitig behavior of a generalist predator at
high prey densities (eq. 1.10):

r = Bo+ B X +BrX% +¢,, (eq. 1.10)
wherep, is an additional coefficient = the square of the population estimate to allow f
curvature, and other terms are as in eq. (1.9).

Finally, statistical significance was evaluatedvat 0.05 for all S-R and predator-prey
models using two-tailed-tests. All analyses were completed using R verstoi4 (R
Development Core Team 2005).

Results
Sock-recruit Relationships

Juvenile Tanner crab recruitment is characterizedabge interannual variability with
highest abundance in the late 1980s to early 1984 in the early 2000s (Fig.1. 2).
Recruitment patterns were similar in the eastehwaestern areas, but recruitment levels are

generally higher in the western area especiallgraf990. The abundance of reproductive
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females has also experienced large variability, et lower frequency (Fig. 1.3). Female
abundance was relatively high in the early 198@searly 1990s (Fig. 1.3).

Density dependence in the S-R relationship is sstgdeby a curvilinear relationship
between the abundance of juvenile recruits andrmtive females in all three areas at lags of
2, 3 and 4 years (e.g., Fig.1. 4). Statisticalgngicant Ricker stock-recruit relationships were
observed in all three study groups at these laigsl(F5, Table 1.1), with both productivity and
density-dependent terms being significant. Plots rediduals against observed juvenile
estimates suggest model mis-specification duedgthksence of significant bias in our model
estimates, particularly at low spawner/high juvendbundance levels (Fig.1.6), Further,
decadal periodicity was observed in plots of stomteuit model residuals for all three groups
with peaks during the mid 1980s and late 1990s. (Eig). Significant autocorrelations were
observed in both the EBS and western groups (Thile When we conducted the same S-R
analyses with the outlier (1982 females, 1985 juesh included, poorer fits to both the
western and EBS areas resulted, though the modsiaimed significant and continued to
display the cyclical patterns in the model residuhit were observed with the trimmed data
series. The experimental fitting of a Cushing madebur data gave statistically significant
results (Table 1.1). However the model was bioladycnonsensical because it estimated a
negativef parameter, which implies infinite recruitment asgawning stock size of 0. The
Shepherd model could not be fitted to our data tdueon-convergence of the model fitting
algorithm. Inherent in all stock-recruit modelstie assumption that recruitment approaches

zero as stock size decreases to very low levels,data appear to violate this assumption.
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Consequently, the juvenile log-recruitment anomabries was selected for use in the
groundfish predation analyses.
Groundfish Predator-Prey Relationships

Cyclical variability in the juvenile crab abundan@siduals (Fig. 1.8a) did not clearly
reflect trends in any single groundfish speciegy.(Hi.8b, 1.8c, 1.8d). However, statistical
relationships were observed between crab log-receunt anomalies and abundance anomalies
for Pacific cod as well as with total biomass antesaof flathead sole (Table 1.2). Concerning
the relationships of Pacific cod to the EBS grounpmaalies, a significant (p = 0.02) positive
relationship was observed at lag-2 yr before réxremt for the linear term in both the simple
linear and quadratic models, while the quadratimt&as not significantp(= 0.36). At a lag of
1 yr, a statistically significant (p = 0.04) negatirelationship was indicated for the quadratic
term while the linear term was not significant (f0:83). Data points corresponding to cod
abundance anomalies in 1978 and 1979 are majagrdrof the negative relationships in these
models (Figs 1.9, 1.10). After removing these gettiats from analysis, the quadratic term is
no longer significant, while the positive linealatéonship is strengthened (p <0.0001).

For the eastern group, at lag-2 yr the linear terimoth the linear and quadratic models
was statistically significant (p < 0.01) and poagti while the quadratic term in the latter was
not significant. In the corresponding lag-1 modeé linear term was not significant (p = 0.93),
while the quadratic term was significamt € 0.04) suggesting a dome-shaped relationship
(negative coefficient) between crab log-recruitmambmalies and cod abundance. Similarly to
the EBS group models, quadratic term significancéhe eastern group was driven by data

points for the 1978 and 1979 crab pseudocohortsenMthese were removed, relationships
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were no longer significant. Finally, for the westegroup, no Pacific cod models were
significant (Table 1.2).

For flathead sole significant relationships werseaslied in both the western and EBS
areas (Table 1.2). For the total EBS populatiomath lag-1 and lag-2 models, quadratic terms
were statistically significant (p <0.001) and négat implying a dome-shaped relationship
between crab recruitment and flathead sole bionfaable 1.2). In the western area, quadratic
terms were also statistically significant at bodigd (p = 0.004, lag-1, p = 0.01, lag-2) and
negative (Table 1.2). Finally, in the eastern ame@ly the lag-1 yr quadratic term was
significant (p = 0.05) (Table 1.2). None of the glenlinear regression models for flathead sole
had a slope that was significantly different fromra (Table 1.2). Autocorrelation was a
significant feature in all models, with variability magnitude by region (Table 1.2). Consistent
with these statistically significant relationshipsgenerally curvilinear relationship is apparent
between flathead sole biomass and the crab an@nmédie both areas, with a positive
relationship at low sole biomass levels, and a quaced negative trend at higher biomass
levels (Fig. 1.11).Finally, no statistically significant relationshipgere indicated between
yellowfin sole and log-recruitment anomalies foryasf the Tanner crab groups (Fig. 1.12,
Table 1.2).

Discussion

In this study, we examined possible stock-recrand predator-prey relationships with
recruitment and prey abundance defined as the astthabundance of 30-50 mm CW juvenile
Tanner crabs, representing approximately age-3viohails. On this basis, our results are

consistent with the presence of a strong negaterssity-dependent S-R relationship for the
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Tanner crab population in the EBS, supporting t&acof Hy;, and a predatory effect by
flathead sole, supporting rejection of,H

Density-dependent effects may result from severathanisms. Synchronized release
of larvae by dense aggregations of female crab ecnegte dense patches of first-feeding zoeae
that compete for prey (Stevens et al. 1994). Algiothere are no direct observations of this
behavior in the EBS, as there are for Kodiak Islé8tevens et al. 1994), where a more
constricted environment may lead to locally spéxgal behaviors, high density stations
encountered during bottom trawl surveys are comsistvith this behavior. It may thus be
reasonable to expect that in the relatively sluggiarrents over the EBS continental shelf,
larvae could maintain dense aggregations. To ssfidhsfeed, larval Tanner crabs require
high densities of copepods, potentially exceedmggrhean concentration typically experienced
in much of the natural environment (Paul et al. 49ncze & Paul 1983). In years of high
reproductive output, zoeae in dense aggregatiowystinus experience increased mortality rates
due to starvation as they draw down the local coggmpulation through feeding (Paul et al.
1979).

Alternatively, the negative relationship betweecrugment and female abundance may
arise from cannibalism (Jewett & Feder 1983, Saitéeie & Lafrance 2002, Nielson et al.
2007). In the conspecific snow cralj€hionoecetes opilio), both inter- and intra-cohort
cannibalism have been observed, with inter-coharinibalism being the most significant
(Sainte-Marie & Lafrance 2002). In laboratory treahts with nine or more instar V juveniles

(~1 year old), instar | (newly settled) juveniles reeecompletely extirpated, while the
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prevalence of mutilation in survivors increasedhwatensity of the older year class (Sainte-
Marie & Lafrance 2002).

In addition, changes in female spatial distribusicassociated with stock abundance
may influence advection of larvae to suitable niysseas. Generally, it is our observation
that, in years when females are most abundantdisiibution expands towards the outer shelf
and northwest of the Pribilof Islands. Based onusation results for snow crabs using a
regional ocean modeling system, crab larvae reteasdhese areas are more likely to be
vagrants that are advected to the northern Bereaga®d off the shelf into the Aleutian Basin
(Parada et al. 2010).

Alternatively, the conclusion of a density-depertd®R relationship may be mistaken,
despite the strength of the apparent relationsbiperved for Tanner crabs. In cases where
recruitment variability is driven primarily by laggscale environmental factors that experience
autocorrelated variability, an S-R relationship nieeyapparent, although none, in fact, exists
(Walters 1990, Walters &Collie 1998). When the aotoelation is associated with periodicity
that approximates twice the mean generation tintbefjiven species, an apparent relationship
may be induced between spawners and recruits agnepaabundance cycles will tend to
oscillate out of phase with the cycle of the givawvironmental factor (Shelton et al. 1985,
Walters & Collie 1998). High spawner abundancesiltiegy from successful year classes will
appear associated with weak recruitment duringodsrivhen conditions are unfavorable, while
resultant low spawner abundances will appear aassutiwith strong recruitment in fact

resulting from more favorable conditions (WaltersC&llie 1998). The effect is to produce an
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apparent S-R relationship resembling the descenlgimy of a Ricker curve where none, in
fact, exists (Walters & Collie 1998).

The similarity between the example given in Wal&r€ollie (1998) and our data, and
the periodicity of the residual cycle in our resuithich corresponds to approximately twice the
female age of maturity, may indicate that our staekruitment relationship is in fact the result
of an autocorrelated environmental factor, ratheantan actual density-dependent relationship.
In work not reported here, statistical relationshipere found between stock-recruit residuals
derived from a Ricker model and both the Pacificcaxal Oscillation and the Arctic
Oscillation (Appendix A). The precise mechanisnigwhich these long-term climate patterns
may affect Tanner crab however remain highly spdd, and follow up analyses employing
the juvenile abundance anomaly series did not @rgdificant results.

Previous studies (Zheng & Kruse 1998, 2003) sugdeshly a weak S-R relationship
for this Tanner crab population. However, the farraealyses were based on results of a
length-based stock assessment model for the eamtean(Bristol Bay) only; this model is no
longer used because of subsequent spatial chamgles distribution of Tanner crabs currently
exploited in the fishery. Our methods further diffe that we used estimated abundance of
adult female crabs in “prime” reproductive conditi(SC 3 and 4, plus SC 2 crabs carrying
eyed eggs) and estimates of recruitment to the -e8dyage class. Zheng & Kruse (1998, 2003)
estimated effective spawning biomass based on ade female abundance and assumed
mating ratios and recruitment to the length-basedehat lags of 7-9 yr, the latter of which
likely increased the possibility of confounding rftcother mortality sources (Zheng & Kruse

1998, 2003).
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We reject the null hypothesis of no predation dffe¢he case of flathead sole. Both the
EBS and western groups demonstrated a dome-shafammship between the stock-recruit
residuals and flathead sole biomass; models wgklland -2 yr performed similarly. Crabs
and soles may respond similarly to a common diavdow population levels, and then flathead
sole may predate Tanner crab juveniles more heaailyhigh sole abundance levels.
Interestingly, statistical significance was higherthe deeper waters found west of 166° W
longitude, where flathead sole are more abundashiaaa prevalent year-round (Pacunski et al.
1998, Rooper et al. 2005). Among groundfish sampgledually for stomach analysis in the
EBS, flathead sole are second only to Pacific cottims of Tanner crab predation, and they
are occasionally the top predator of Tanner craba( et al. 2005).

Statistically significant relationships were fouhdtween Pacific cod and Tanner crab
recruitment, and consequently, we rejegt fidr Pacific cod However, these relationships are
not robust, becoming non-significant when one oo influential data points were removed.
Moreover, positive relationships such as those bseed are inconsistent with the expected
predator-prey response and may instead indicatéenthuence of a common control through
bottom-up ecological processes (Worm & Myers 20QR)r results for cod largely agree with a
previous retrospective analysis of Tanner crabshereastern (Bristol Bay) area, where no
significant negative relationship between cod arab aecruitment was found (Rosenkranz
1998). In contrast, analysis of cod stomachs irditantense predation by young cod on
Tanner crabs, particularly for crab of age 1 yrvihgston 1989). Those results were
corroborated in subsequent stomach analyses with reoent data in the EBS Livingston et al.

1993, Lang et al. 2005) and Gulf of Alaska (Urb&i@).
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Our results do not offer support for a significgmédation effect on juvenile Tanner
crabs by yellowfin sole, so we do not rejecs; lfbr this species. This result is surprising
considering both this species' prevalence witheadtudy region (Wilderbuer et al. 2009) and
stomach content analyses, which suggest this speciesumes juvenile crabs (Livingston et al.
1993, Lang et al. 2005). Prevalence of crabs wiglelfowfin sole stomachs has however been
highly variable interannually (Livingston et al. 49 Lang et al. 2005), suggesting that
predatory pressure may also be highly variablesipbsdue to spatial dynamics that were not
captured in our study. Yellowfin sole are seasgnailgratory in response to the cold pool,
with large numbers overwintering in deep offshom@ers north of Unimak Island, and lower
numbers in the outer domain west of the Pribiltdnds (Wilderbuer et al. 1992, Nichol 1998).
These aggregations migrate inshore in the lateg@ind early summer, with the Unimak Pass
group migrating towards Bristol Bay and the Pribiklands group following a more northerly
route towards Nunivak Island (Wilderbuer et al. 209As these regions have not been
important to regional trends in Tanner crab reameitt in recent years, it may be that heavy
predation of Tanner crabs is limited to the mignatperiod when sole cross the shelf and is
dependent upon prevalence of Tanner crabs witleimmtigration corridors. Unlike flathead sole
and Pacific cod, spatial distributions of yellowfsole do not indicate large interannual
variability, and do not appear responsive to valitgin the extent of the cold pool (Spencer
2008).

Complexities present in predator-prey relationsims/ confound the ability to detect
significant relationships in retrospective analysesh as ours. The degree of overlap between

predator and prey may vary interannually, as botpufations respond to dynamic
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environmental conditions, and their respective emmental tolerances, with this reflected in
predatory pressure experienced by the prey spéCiasnelli & Bailey 2005, Spencer 2008). If
non-specialist predators experience a glut of jgeys of various species, feeding pressure on
a particular species might be reduced due to pstglsing as predators optimize their foraging
success (Krivan 1996). In addition, predator-prelationships can be mediated through
indirect effects by the presence of another pred&ldon & Witman 2004), thus altering the
observed functional response. Consequently, abs#rae apparent predatory effect cannot be
considered as conclusive evidence of a lack ofcaurgifish predation effect on recruitment
strength of juvenile Tanner crabs.

Our research was complicated by several conceirss, there was some uncertainty in
determining age of the crabs as they do not retaird body parts for age determination
through molting. Second, due to variability in gtb, it was not possible to accurately infer
individual ages based on carapace width. We judfedl a majority of crabs in the 30-
50 mm CW size range would be age 3 based on sizgeatlata for the Kodiak area in the
northern Gulf of Alaska (Donaldson et al. 1981),umled to recognition that colder
temperatures were likely to be less favorable fongh in the EBS compared to the Gulf of
Alaska, and the advice of crab experts (Dr. Robest, NOAA, pers. comm., Dr. Jie Zheng,
ADF&G, pers. comm.). Third, the survey samplingagevas size-selective for adult and
subadult crabs; younger, smaller crabs were ntt fepresented in the catch (Somerton and
Otto 1999). To compensate, we adjusted our juvenidiex for the estimated catchability
coefficient ¢ = 0.3), assuming constant catchability over timlee Tinal juvenile crab index

displayed trends somewhat similar to those expee@rby the adult population 2-4 yr later,
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and differences between the magnitudes of our agsnof juvenile and subsequent adult
abundances were broadly consistent with currenmasts of natural mortalityM = 0.23).
Therefore, we feel that our estimates of juvenberalance were reasonable. However, our
recruitment estimates contrast strongly with thos&tockhausen (2013) and Stockhausen et
al. (2013), who employed a statistical distributtordetermine size-based entry into the stock-
assessment model, in contrast to our “all-in” apphy which considered all crabs of size 30-50
mm CW to be recruits. Thus, the two recruitmentdes are somewhat different entities. While
the model of Stockhausen (2013) and Stockhausah €2013) generally performed well, it
had some difficulty replicating abundances of drathe 30-50 mm CW interval, most notably
during the mid to late 1980s (Stockhausen et dl320

Our Ricker model recruitment estimates displayethlnle bias, particularly at low
spawner/high juvenile abundance levels, where jilwembundance was consistently
underestimated. We were limited in the selectiormaidel structure by the apparent stock-
recruit relationship, the need to meet the bassuraptions of a stock-recruit relationship
(Haddon 2001, p. 249-250), and by technical diffiea preventing implementation of alternate
model structures. Consequently due to the undeyhstock-recruit model assumption of
reduced recruitment at low stock sizes, it was padsible to implement a suitable model
lacking bias.

In the work presented here, we did not considezcesfof other environmental factors
on Tanner crab recruitment. Previous studies fowval statistically significant relationships
with stronger Tanner crab recruitment: (1) warmeitdm temperatures, which may promote

gonadogenesis and embryo incubation, and (2) restbédy winds, which may favor offshore
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advection to fine sediments or possibly coastal ellmg (Rosenkranz et al. 1998, 2001). A
third relationship with warmer sea surface tempgest during the larval period, believed to
favor production of copepod nauplii, was marginaflgn-significant after correction for
autocorrelation in the time series. In an ongoitglyg, we are investigating these and other
hypotheses with updated datasets. However, weipaticthat the greatest promise lies in
recruitment investigations that consider the spattales at which the regulating processes
operate. Detailed comparisons of spatial distrdngiof juvenile Tanner crabs, together with
those of key limiting ecological factors, may besesgtial to more completely understand
recruitment mechanisms that likely operate on fihan-regional spatial scales and which
likely vary interannually with changing oceanographonditions. This approach may also
resolve discrepancies in predation studies betwstemach content analyses and statistical
analyses, such as reported here.
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Figure 1.1. Study region and approximate distridmsgiof subject species. Map of study
region with 50-, 100- and 200 m isobaths, 166°Wjitude (vertical line), approximate
extent of eastern Bering Sea Tanner crab popul&idults and juveniles, polygon),
study sub-groups, and approximate range of grosingifiedators (oval) . All three
groundfish species are active within the on-shetfipns of this region on seasonal and

interannual time scales.
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Figure 1.2. Regional abundance estimates of jugemédb. Area-swept abundance

estimates of 30-50 mm carapace width Tanner cnathéoeastern, western, and total

eastern Bering Sea (EBS) areas
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Figure 1.3Regional abundance estimates of female.ckapa-swept abundance
estimates of shell condition 3 plus shell condilolemale Tanner crab for the

eastern, western, and total eastern Bering Sea)(&®Ss.
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Figure 1.4. Comparison of juvenile abundance tcalerabundance. Juvenile Tanner
crab abundance (lag-3 yr) versus abundance obdeaptive female crab for the eastern
Bering Sea (EBS) group. Relationships were sinfidatags 2 and 4 yr and for the other

groups.
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Figure 1.5. Comparison of juvenile crab log-aburgato female abundance. Natural
logarithm of juvenile crab abundance versus abucelahreproductively active
females at lag = 3 yr (shell condition 3 plus 4)dastern Bering Sea (EBS) group with
fitted Ricker model curve. Relationships were samfbr lags 2 and 4 yr and for the

other groups.
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Figure 1.6. Comparison of model residuals againgtnile abundance. Lag 3 stock-
recruit residuals from log-transformed Ricker mo@sgj. 1.5) for the EBS group versus
abundance of juveniles. Horizontal linerat O represents model trend line. Note
consistent model underestimates at high juveniledance levels, in addition to a

trend towards overestimation relative to populagstimates at low abundances.
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Figure 1.7. Stock-recruit model residuals. Trendtock-recruit (S-R) residuals for the

eastern Bering Sea (EBS) group, with LOWESS treed|i
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Figure 1.8 Subject species population trends. Trends in (g&rjile log-recruitment
anomalies for the eastern Bering Sea (EBS) grotip MOWESS trendline, (b)
abundance anomalies of eastern Bering Sea agea8HrcRod, (c¢) abundance
anomalies of eastern Bering Sea age 7+ yellowfie, smd (d) total biomass anomalies

of eastern Bering Sea age 3+ flathead sole.
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Figure 1.9. Eastern Bering Sea juvenile crab |lageieament anomalies vs. Pacific cod

abundance (lag-1 yr). Juvenile crab residualshferdastern Bering Sea (EBS group)

lagged to age 1 versus age 3-7 Pacific cod abuedammmaly.
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Figure 1.10Eastern Bering Sea juvenile crab log-recruitmeohnaalies vs. Pacific cod
abundance (lag-2 yr). Tanner crab stock-recruRR)®esiduals for the eastern Bering

Sea (EBS) group lagged to age 2 versus age 3-fidamil abundance anomaly.
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Figure 1.11. Eastern Bering Sea juvenile crabréaguitment anomalies vs. flathead
sole abundance. Tanner crab stock-recruit (S-Rjuaks for the eastern Bering Sea

(EBS) group lagged to age 2 versus total biomadiathiead sole.
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Figure 1.12. Eastern Bering Sea juvenile log-réorent anomalies vs. yellowfin sole

abundance. Tanner crab stock-recruit (S-R) ressdoalthe eastern Bering Sea (EBS

group) lagged to age 2 versus age 7+ yellowfin ablendance anomaly.
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Table 1.1.Stock-recruit model parameter estimatespavalues. Model parameter estimates,
parameter p-values (in parentheses) and autocoretarms, by lag (years) for Ricker and
Cushing stock-recruit models for the eastern (eb$66° W), western (west of 166W), and

total eastern Bering Sea (EBS) areas.

Ricker
Lag Total EBS Eastern Area Western Area
(yr) a B o a B ¢ a B P
2 3.01 0.23 0.68 2.60 5.27e-1 0.28 3.14 3.68e-1 0.66
(< 0.0001) (<0.0001) (< 0.0001) (<0.0001) (<0.0001) (<0.0001)
3 2.97 2.14e-2 0.58 2.60 4.70e-1 0.34 2.95 3.56e-1 0.77
(<0.0001) (0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)

4 3.23 2.45e-1 0.36 2.51 0.44 0.26 3.02 2.99%e-1 0.58
(<0.0001) (<0.0001) (<0.0001) (0.0003) (<0.0001) (0.002)
Cushing

Lag Total EBS Eastern Area Western Area

(yr) o p ¢ o p ¢ o B ¢

2 3.77 -5.02e-1 0.31 1.94 -7.03e-1 0.05 286 -2.33e-1 0.57
(< 0.0001) (0.003) (< 0.0001) (0.001) (<0.0001) (0.17)

3 382 -505e-1 041 200 -563-1 043 281 -1.76e-1 0.58
(<0.0001) (0.001) (<0.0001) (<0.01) (<0.0001) (0.29)

4 380 -470el1 032 191 -484el1 039 299 -3.17el 0.32
(<0.0001) (0.004) (<0.0001) (0.06) (<0.0001) (0.10)
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Table 1.2. Predator-prey model parameter estinzaté$-values. Model parameter estimates
and p-values (in parentheses by time lags (yefmshnhear and polynomial predator-prey
models for Tanner crab (prey) in the eastern (@a%66° W), western (west of 166), and
total eastern Bering Sea (EBS) areas involving gied &): (a) Pacific cod, (b) yellowfin sole,

and (c) flathead sole.

Model Eastern Area Western Area Total EBS
B1 B2 0 B1 B2 0 B1 B2 0
a. Pacific cod
Lag2 2.96e-6 0.51 1.53e-6 0.73 2.24e-6 0.76
(0.006) (0.15) (0.02)
Lag 2 254 -153 0.39 1.25 -5.66e-1 0.69 1.85 -9.92e-1 0.69
Polynomial (0.003) (0.09) (0.16) (0.60) (0.02) (0.36)
Lagl 8.40e-7 0.63 -1.90e-6 0.72 5.30e-7 0.79
(0.59) (0.22) (0.73)
Llagl 1.17e-1 -2.33 0.65 -2.07 -1.69 0.77 -1.20 -2.23 0.73
Polynomial (0.93) (0.04) (0.10) (0.13) (0.33) (0.04)
b. Yellowfin sole
Lag2 -2.83e-2 0.66 2.08e-2 0.75 -7.94e-5 0.80
(0.90) (0.93) (0.99)
Lag2 -3.05e-11.73e-1 0.66 1.13e-1 -1.72e-1 0.77 3.73e-1-3.12e-1 0.83
Polynomial (0.86) (0.85) (0.95) (0.84) (0.84) (0.71)
Lag 1 8.08e-2 0.67 -1.13e-1 0.73 -1.02e41 0.83
(0.73) (0.68) (0.66)
Lagl -2.06e-1 1.06 0.65 -1.89 1.35 0.77 -7.98e1 134 0.76
Polynomial (0.90) (0.23) (0.23) (0.10) (0.63) (0.09)
c. Flathead sole
Lag2 -4.80e-7 0.70 7.50e-7 0.77 1.00e-7 0.86
(0.78) (0.70) (0.95)
Lag 2 -148 -3.04 0.68 6.69e-1 -3.12 0.49 8.12e-2 -3.53 0.58
Polynomial (0.45) (0.06) (0.60) (0.01) (12.00) (0.006)
Lagl -1.90e-7 0.69 7.10e-7 0.77 5.00-7 0.84
(0.91) (0.73) (0.83)
Lagl -9.84e-1 -2.87 0.58 6.65e-1 -3.25 0.80 2.95e-1 -3.66 0.44
Polynomial (0.53) (0.05) (0.55) (0.004) (0.78) (0.0009)
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Chapter 2:
Patterns in Connectivity and Retention of Simulafadner cral§Chionoecetes bairdi) Larvae
in the Eastern Bering Ska

Abstract

The eastern Bering Sea (EBS) population of Tanmab dChionoecetes bairdi)
exhibited high variability in recruitment to the mmercially exploited stock since the late
1970s. Cyclical variability in large male crab atance led to a boom-and-bust fishery, the
causes of which remain poorly understood. The Regi®@cean Modeling System (ROMS)
was used to simulate larval Tanner crab advectaitems oven978 [1 2004 based on larval
hatching sites inferred from the distributions eproductive females sampled during annual
National Marine Fisheries Service trawl surveysn@ctivity among EBS subregions was
examined by comparing start and end float locatiaiter 60 days of simulated drift at four
depth intervals corresponding to depths at whiohtfl were held: bulk (all depths combined),
10 m, 30 m and 50 m. High levels of retention (>50RPfloats) were observed in the majority
of source subregions. Patterns in advection andtaes interregional connectivity were highly
variable. Modeled retention within the overall EBiB8dy region was lowest in the early 1980s,
but never < 70%. The Pribilof Islands area becamehmmore important than Bristol Bay for
settlement after 1990, consistent with an obse@olgraphic shift in recruitment strength.
Apparent reliance of Bristol Bay on local larvaltamtion validates recent spatial fishery

management to conserve this area as a subpopulation

' Richar, J. 1., Kruse, G.H., Curchitser, E., andriann, A.J. 2014. Patterns in Connectivity and Riiarof
Simulated Tanner craltchionoecetes bairdi) Larvae in the Eastern Bering Sea. Submitted ¢gfess in
Oceanography.
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Introduction

Knowledge of connectivity, the exchange of indiatuwithin a metapopulation, is a
key step toward understanding recruitment dynamitsmarine species. Many marine
organisms produce meroplanktic larvae, which mayaia in the water column for time
periods ranging from several days to several moatics may be advected across distances
ranging from a few to hundreds of km (Becletml., 2007; Siegekt al., 2003; Sponauglet
al., 2002). Oceanographic processes and larval behatten foster more localized larval
retention than expected based on considerationseah current velocity and direction during
the larval period, leading to the structuring oftap®pulations into smaller primarily self-
recruiting subpopulations (Becketral., 2007; Blantoret al., 1995; Coweret al., 2003, 2006;
Crawford and Jamieson, 1996).

The interplay between retention and long-distartbesetion rates may be a significant
driver of recruitment dynamics, particularly at fleeluced spatial scales characteristic of local
populations (Cowest al., 2006; Cowen and Sponaugle, 2009; Jabet, 2005; Lipciuset al.,
2008). Local populations may also be sustainedriggenetic migrations, whereby maturing
individuals migrate "upstream” from nursery halsitéd spawning habitats where their life
cycle begins once again (Hinckley al., 2001, Paradat al., 2010; Sponauglet al., 2002).
Finally, these populations may be sustained throdelvery of larvae from one or more
external source regions (Cowehal., 2006; Jonest al., 2009; Stockhausen and Hermann,
2007). These delivery mechanisms are themselvasemded by processes that may vary in
space and time, making it challenging to disceairttoles in determining recruitment success.

Understanding the relative importance of each es¢hmechanisms in determining the degree
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of connectivity in a given population is an impaorttatep toward understanding the dynamics
of that population.

In recent years, the eastern Bering Sea (EBS) ptpalof Tanner craliChionoecetes
bairdi, has exhibited great variability in survival to tandty and subsequent recruitment to the
legal adult male population component that formeslihsis of the historically valuable fishery
(Rugolo and Turnock, 2011). Recruitment variabilyassociated with a “boom and bust”
fishery, with historical peak landings of 30,20ent1977 and 18,189t in 1990, followed by
stock declines and fishery closures in 1985-19&%712004 and 2011-present (Rugolo and
Turnock, 2011; Stockhausenal., 2013). A disproportionate decline in abundanc@&iistol
Bay, coupled to a southwesterly, offshore shifaloundance to deeper waters, was associated
with recent stock declines (Zheng, 2008).

As with other species, spatial distributions offbohmature and mature Tanner crabs
vary interannually, possibly due to a combinatidéryear-to-year variability in the location of
hatching sites, advection patterns during the 2lanal stage, and differential spatiotemporal
patterns in post-settlement survival. This raiesquestion of “downstream effects” — namely,
does variability in spatial patterns of settlinggapae influence subsequent advection of the
next generation of progeny as they mature and becoeproductively active, leading to
variable patterns in connectivity over time? Spectb EBS Tanner crab, might variable
patterns in connectivity explain the observed g@&of the subpopulation within Bristol Bay
coincident with the offshore shift in the adult lerpopulation since 1990? Knowledge of
connectivity between, and retention within, subsimt the EBS Tanner crab metapopulation

may help answer these questions and provide ingighspatial management considerations.
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Eastern Bering Sea Tanner crab larvae hatch dumidgto late spring (Inczet al.,
1987). Larval crabs develop through two zoeal stagach of approximately 1 mo duration,
before molting into a megalops stage of unknowratiom (Inczeet al., 1982), during which
larvae may remain planktic or settle out of the eawatolumn, presumably based on
environmental cues signaling benthic habitat sditgbas in the congenegthionoecetes opilio
(Dionneet al., 2003; Inczeet al., 1982). Upon becoming benthic, Tanner crabs nhotiugh a
series of up to 17 instars before attaining terininalt (Rugolo and Turnock, 2011). Females
are believed to mature at an age of approximatsfly @hereas males are thought to mature at
approximately 7-8 yr, at which point mating may wc(Donaldsoret al., 1981; Rosenkranet
al., 1998).

The EBS continental shelf is subdivided into thcegtinct domains based on water
column structure and chemistry: the inner, middémd outer domains, each with a
characteristic current regime (Coachman, 1986). Tnents, located at approximately the 50-
and 100-m depth contours, separate these threeim®@iad may act to impede exchange of
larvae among domains (Coachman, 1986; Galatzal., 2009; Sebates and Olivar, 1996;
Sponauglest al., 2002). The outer domain is further delineatednftbe Bering Sea basin by a
shelf-break front occurring at ~170 m, acting asdditional boundary between the continental
shelf and off-shelf waters (Stabeetal., 1999).

Tidal currents predominate in the inner domain,oaoting for ~95% of the flow
energy within this region (Coachman, 1986). Howgeweweak (1-5 cm/s) mean flow exists,
following the 50-m isobath northward (Fig. 2.1).the middle domain, tidal currents dominate,

while net flow is minimal because weak (~2-3 cm/syl aariable wind-driven flows tend to
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cancel out (Coachman, 1986). A combination of sklygdvection rates and low bottom relief
results in a relatively long residence time (~1fgr)water within this region, allowing for the
persistence of winter conditions known as the "qmadl" in the bottom layer (Schumactetr
al., 1979). Tidal currents account for ~80% of flowtle outer domain, with a ~5 cm/s mean
northwesterly flow along the shelf (Coachman, 198§, 2.1). Water from the Bering Slope
Current is believed to intrude onto the shelf & Bering Canyon near Unimak Pass and west
of the Pribilof Islands, where a narrowing of thel break accelerates current flow along the
100 m isobath, which subsequently turns northwmals directing flow onto the shelf near St.
Matthew Island (Stabers al., 1999; Fig. 2.1).

Recent advances in computer technology and a hettierstanding of ocean dynamics
have facilitated the development of increasingblistic simulation models. Consequently, 3-D
oceanographic models have been increasingly usexplmre advection of marine fish and
invertebrate larvae worldwide, providing valualhsights into recruitment dynamics (Cowen
et al., 2007; Cowen and Sponaugle, 2009; Incze and Naigti€0; Pedersost al., 2006).
Several recent studies have been conducted emglegimants of the Northeast Pacific (NEP)
version of the Regional Ocean Modeling System (RQiCsirchitseret al., 2005; Danielsoet
al., 2011; Hermanret al., 2009), a Lagrangian hydrodynamic model, to itigase larval
dispersal patterns through advection modeling (€o@ al., 2012; Paradat al., 2010;
Stockhausen and Hermann, 2007). Simulation modelglao finding extensive application in
examinations of population connectivity as an addél means of exploring source-sink larval
dynamics as a complement to genetic and microctgmépproaches (e.g., Cowes al.,

2007).
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Figure 2.1. Eastern Bering Sea circulation patteesan sustained circulation patterns in the

eastern Bering Sea. Solid arrows denote currenitsmean velocities > 1 cm/s (modified from

Stabenat al., 2001).
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The objectives in our study were twofold: (1) detere whether EBS Tanner crabs
comprise a single metapopulation well connecteddoyal advection; and (2) examine the
relative importance of connectivity and retentioithim the management subregions east and
west of 166° W longitude.

Methods

Tanner Crab Density and Abundance Estimates

We estimated EBS Tanner crab abundance directlgreg-swept methods using data
from the National Marine Fisheries Service (NMF8insner bottom trawl survey over 1978-
2004. There was variability in the number of stasicampled prior to 1988; since then, the
number of stations has been standardized at 3D&b-Ar tow was made near the center of each
20 x 20 nnfi (37 x 37 km) square on a sampling grid. Since 1982, the stdimal sampling
gear has been an eastern otter trawl with an §35ftm) head rope and a 112 ft (34.1 m)
footrope (Rugolo and Turnock, 2011).

For our purposes, reproductively active female Earamabs were taken to be those of
primarily shell condition 3 (SC3, old shell) and(8C4, very old shell) (see Jadametal.,
1999 for descriptions of shell conditions). Shalhdition 2 females carrying eyed embryos
were also included; this is an indication that éhésmales mated the previous seadel) @énd
will thus hatch their clutch in yedr Shell condition 2 females carrying uneyed embnyese
ignored as they likely represent primiparous femdleat have an extended brooding period;
such crabs, sampled in ygawill hatch their eggs in yeat1 as SC3 females, rather than in
yeart, and would thus not contribute to reproductive otifpweart. Shell condition 5 females

were ignored due to both low abundances and higls & barrenness. SC4 female abundance
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was weighted relative to SC3 abundance to adjustefiuced fecundity and egg bearing rates

(Joel Webb, Alaska Department of Fish and Games, gemm.) using eq. (1):

SCa,, = (ﬂ) v (k) [eq. 2.1]

SC3f SC3ep

whereSC4,, is the weight function by which SC4 female densityimates were multiplied to
standardize their reproductive potential relativeeSIC3 femalesSC3; = shell condition 3
female fecunditySC4; = shell condition 4 female fecunditffC3« = shell condition 3 egg
bearing rate an&C44, = shell condition 4 egg bearing rate. AbundanceS©@8 and weighted
SC4 abundances were then summed together to abtamll station abundance from which
we estimated density at statibim yearj (D;;, eq. 2):

D\ﬁ _ stijk*Nijk' [eq. 2.2]

Aij

whereN;;, = number of crabs in clagssampled at stationin yeari, S;j, = the estimated
sampling factor for crabs in claksat stationy in yeari, and4;; = the estimated area swept at
stationj in yeari, in kn’. The sampling factor expands the number of cratmspted for
biological information and listed in the databagdghe number actually captured by the trawl
tow at that station in cases of large hauls.
Regional Ocean Modeling System

We employed a variant of ROMS known as the North@azific Model-5 (NEP5),
which was developed as a part of the NortheastfiPaglobal Ocean Ecosystem Dynamics
(GLOBEC) and Bering Ecosystem Study (BEST) rese@rdgrams (Curchitsest al., 2005,
Danielsonet al., 2011). The NEP5 is a free-surface hydrostatienpnre equation ocean
circulation model with a 10-km grid used to simalaurrent patterns based on environmental

56



forcing variables. Model equations are horizontdalilycretized across a staggered Arakawa C-
grid using boundary fitted orthogonal curvilineaoocdinates (Danielsoret al., 2011).
Vertically, the model equations are discretizedrdyaghymetric features by means of a terrain-
following coordinate system able to increase maesblution near comparatively complex
layers at the surface and bottom of the water colu@ur implementation employed 10 vertical
layers to capture variability in water column featl Surface forcing for NEP5 is implemented
using data obtained from the Common Ocean-ice BReter Experiments (CORE, Large and
Yeager, 2008) including observations of wind di@ttand magnitude at 6-hr intervals,
atmospheric temperatures, sea level pressure, fispduimidity, daily short-wave and
downwelling long-wave radiation and monthly pretagion levels (Danielsort al., 2011).
River discharge is implemented within the modelaaspatially dependent, constant surface
freshwater flux that preserves fresh water budgetke regional level, albeit at the expense of
introducing inaccuracies into local salinity cakibns (Danielsonet al., 2011). Tracer
advection employs weakly dissipative algorithms akhmaintain sharp gradients across key
oceanographic features, including the fronts seép@rdhe EBS domains (Danielsaat al.,
2011).

Key model parameters for Tanner crab larvae, inotuéloat release timing, pattern of
release, float depth distributions and advectioration, were derived separately from field
observations (Inczet al., 1987). Observations within the EBS suggest thatal release
begins in late April, peaks in mid May, and thepeis off, ending by early June (Incateal.,
1987). Zoeae strongly favor surface waters, withraxmately 80% being found in the upper

20 m of the water column and > 90% in the uppemdQnczeet al., 1987, Fig. 2.2). There is
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no evidence of diel migration; depth-specific samgl indicated similar larval depth
distributions during day and night (Inceeal., 1987, Fig. 2.2). Following field observations
(Inczeet al., 1987), we modeled a larval period of two montiagturing the estimated period
of the two zoeal stages, which were identicallyapaaterized. We ignored advection during the
megalopae stage, as little is known about eitherbihavior or duration of this life stage, and
the spatial scales considered in our study shouhdhmze the influence of additional advection
during this stage. However, to test sensitivityregults to this decision, additional analyses
were conducted employing a 90-d advection perigopghdix B). Advection during the 90-d
period is likely overestimated, given the identipalameterization to the 60-d zoeal period and
the likelihood of at least a partial affinity of gedopae for the benthos, which would decrease
the proportion of the advection period spent inrrsemface waters relative to zoeae.

Rather than applying a fixed number of floats (ia&vae) each year, the annual number
of floats released varied in proportion to yeagar changes in reproductive female crab
abundance. This allowed us to readily apply ouultedo a subsequent study of mechanisms
associated with interannual variability in recrugimy, and it allowed us to explore the potential
for additional transport vectors in areas that bezeelatively more important in years of high
reproductive output compared to years of low outfupically, 5,000-10,000 floats were
released per year, with a maximum of 60,232 (128@) a minimum of 880 (1986) (Fig. 2.3).
Apportionment between regions varied with femakbcabundance and distributions, but with
notable exceptions (1982-1984 in particular), digpd similar trends when considered at the
management region level, though the region of wést66°W longitude tended to receive

more floats (Fig. 2.3). The extremely high releagmber in 1982 is a function of high
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estimated female abundances for that year due usuatly high densities observed at several
survey trawl stations. The spatial and temporatitistion of float releases was determined as
follows.

Model floats were released near the center of édiglrS trawl survey station in
proportion to estimated annual female densitieab®kn?, eqg. 2), which were assumed to be
representative of female distributions during tpherg larval release period. Specifically, to
determine the number of floats to be releasedyatem station, the female density estimate was
scaled by dividing by 5 to obtain maximum valuethwi the capabilities of the model, and this
value was rounded to the nearest integer. Floats vedeased uniformly over a period of 10 d
for each station. Initial release ranged from Apdf to April 27", with final release ranging
from May 28" to June 8 (Table 2.1). Longer release periods were employeihg years with
higher female abundances to allow for the likelthdbat proportionately more larval crabs
hatched in the tails of the hatch timing distribatwhen abundance is high than when it is low.
To mimic the observed distribution of larvae (Inetal., 1987, Fig. 2.2), floats were released
at depths of 10 m (~75% of floats), 30 m (~15% o#ts), and 50 m (~10% of floats). Due to a
lack of information on vertical behavior of larvdiats were constrained to remain at constant
pressure, that is, remain always at the same desgrtkeath the free surface. Estimafexht
locations after 60 d, corresponding to the apprexérduration of the two zoeatages, were
considered to represent the model estimated endjpcations. Model runs were conducted for

each year over the period 1978-2004.
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Table 2.1. Float release timing. Date of first éindl model float releases by year.

First day Final day of
Year ofrelease release

1978 17-Apr 4-Jun
1979 17-Apr 2-Jun
1980 17-Apr 3-Jun
1981 17-Apr 2-Jun
1982 17-Apr 6-Jun
1983 17-Apr 3-Jun
1984 17-Apr 3-Jun

1985 27-Apr 26-May
1986 27-Apr 22-May
1987 27-Apr 25-May
1988 27-Apr 25-May

1989 17-Apr 2-Jun
1990 17-Apr 6-Jun
1991 17-Apr 4-Jun

1992 27-Apr 26-May
1993 17-Apr 27-May
1994 17-Apr 3-Jun

1995 17-Apr 3-Jun

1996 17-Apr 31-May
1997 27-Apr 25-May
1998 27-Apr 23-May
1999 27-Apr 25-May
2000 17-Apr 27-May
2001 17-Apr 27-May
2002 27-Apr 25-May
2003 17-Apr 2-Jun

2004 17-Apr 27-May
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Connectivity

To explore connectivity patterns and source-sigkatnics of EBS Tanner crabs, a
connectivity grid was developed representing 27regjions (Fig. 2.4). Cross-shelf (east-west)
divisions were based on the EBS shelf domains défoy the 50- and 100-m isobaths and the

shelf break. Along-shelf (southeast-northwest)sions were based on domains similar to

those of Paradet al. (2010), except that finer subdivisions were useduoid overestimation
of local retention owing to the use of regions thay be too large. To test sensitivity of
connectivity results to grid design, an alternativiel was also examined (Appendix B).
Connectivity was calculated as the percentageadtdl from a given source regien
with end points in a given sink regignTo explore effects of depth on advection, conmiygt
was examined at four levels based on the deptthathwiloats were held: 10 m, 30 m and 50
m, and “bulk”, representing all depths together.allow for examination of long-term trends
in addition to trends both before and after the 918&gime shift (Hare and Mantua, 2000;
Rodionov and Overland, 2005), while maintaining gloly equivalent sample sizes in the
connectivity time series, annual model runs weveddd into two time periods, 1978-1990 and
1991-2004, with a third representing advectiongratt over the full (1978-2004) time period.
Annual connectivity of one region to another waasslfied as weak (involving < 10% of
floats), moderate (10-30% of floats) or high (> 36%4loats), while the level of consistency in
connectivity patterns was judged on the basis nheotivity levels meeting these same
criteria in a minimum of 4 yr of each sub-perid®78-1990, 1991-2004) or 8 yr of the full

period examined (1978-2004).
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Figure 2.4. Connectivity regions. Map of connetyiviegions used in this study. The NMFS
annual bottom trawl survey generally correspond®¢ions 1-4, 6-10, 11-15, and the southern

portion of region 18.
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In practice these minimum temporal thresholds werafortably exceeded, particularly
in the cases of both retention categories and tgk bonnectivity category. In addition,
sustained connectivity generally accounting for %10f floats released in a region, but
sufficiently erratic as to not clearly fit into argf the previously identified categories, was
classed as highly variable. Anomalous advectiom&sverere defined as those involving >~5%
of the floats released in the source region irrast one year but not in more than 3 yr of either
subperiod or not in more than 6 yr of the full petiand not fitting into any distinct pattern.
Anomalous advection events were further classifigaither minor (< 30%) or major (>30%)
events. Typically the maximum temporal threshold tftte anomalous classification was not
reached, particularly when the full period was edeied. Retention was computed as the
proportion of floats with endpoints in the souregion, and was classified as being either high
(30-50%) or very high (> 50%) using similar procezhito those used for connectivity.
Exchange Between Management Subdistricts

To specifically evaluate the current Alaska Dement of Fish and Game’s (ADF&G’s)
management strategy of the EBS Tanner crab stotkasubstocks, east and west of 166° W
longitude, we calculated rates of retention witlimd advection between the management
subdistricts delineated by this boundary. Retenti@s classified as the percentage of model
floats released in subdistrigtthat remained in subdistrigtafter 60 d, while advection rates
were calculated as the percentage of floats redesssubdistrictx that were advected more
than z degrees longitude into subdistrict Unlike our connectivity analyses, we did not use

defined levels of connectivity or retention.
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Results
General Transport and Endpoint Patterns

The distribution of female crabs strongly influeddae numbers of float releases in the
eastern and western areas (Figs 2.5a, b). Theabgatiribution of float endpoints among these
two areas mimicked these patterns owing to highsralf retention over these large spatial
scales (Fig. 2.5¢).

To separate the effect of number of floats (i.emdle spawning abundance, Fig. 2.3)
from the effect of advection on model results, thenber of model float endpoints was
expressed as a percentage of the annual totaéri®aif floats at all depths combined (bulk)
exhibited considerable interannual variability, haligh several interesting trends were
observed. High modeled larval endpoint rates oecuwithin Bristol Bay through the 1980s,
but diminished since the early 1990s. Inner Bri&ay (region 1) accounted for > 20% of all
model endpoints in some years; when adjacent regaoa included this proportion rises to >
30% (Fig. 2.6a). Substantial numbers of endpointsuwsed within the middle domain
throughout the entire time period, particularly thee southern and central portions, where
region 7 accounted for > 30% of endpoints througmoast of the study period (except 1980-
1987) and up to 50% during the mid-1990s (Fig. R.6he southern outer domain (region 12)
accounted for a limited number of endpoints throubk early 1990s, but increased in
importance thereafter (Fig. 2.6¢). A major, tholngghly variable, zone for endpoints occurred
in the vicinity of the Pribilof Islands (region 13particularly since the 1990s (Fig. 2.6d).
Finally, a significant endpoint zone occurred sadbt of St. Matthew Island (region 15)

through the early 1980s, receiving >30% of floatsry several years in the 1980-1985 period
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(Fig. 2.6d). Endpoint trends were generally robdosan extended advection period (Appendix
B).

In addition to these major trends, sporadic adeecevents carried floats into the
Aleutian Basin and to the western and northernri§e8ea shelves, particularly during the late
1970s and early 1980s. However, no more than 30%oafs were advected outside of the
Tanner crab survey area on the continental shedfidns 1-4, 6-15 and the southern portion of
region 18) in any year (Fig. 2.7).

Retention

Modeled retention within the overall EBS study megiwas lowest in the early 1980s,
but never < 70% (Fig. 2.7). Retained floats cowntield greatly to the total number of float
endpoints within a given region, accounting forrhe&00% of endpoints in regions 1, 6, 7, 13,
14, 15 and 18 in at least some years examined (Zigs 2.9, 2.10). We observed high
variability in the proportion of retained floatsjtiv regions 1, 6 and 7 demonstrating strong
trends in the contribution of retained floats tdireated endpoints (Figs 2.8a, ¢ and d). The
trend in region 6 is noteworthy for being cycliegith retained floats dominating during the
mid 1980s and early 2000s, and imported floats datimg in the early 1980s and throughout
the 1990s (Fig. 2.8c). Likely due to its upstreamsifpon relative to other major source regions,
endpoints in region 12 were almost exclusively bgult of retention (Fig. 2.9c). Very high
(> 50%) bulk float retention occurred in all magwurce regions, except for region 11 (near
Unimak Pass), a small region subject to strongecusr (Figs 2.1, 2.4), both of which reduce
the probability of retention (Fig. 2.11, Table 2.%)hile most regions demonstrated very high

retention rates across the full time period, sdvegions did not. Region 2 (northern Bristol
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Figure 2.8. Retention dynamics for regions 1, 2arl 7. Trends in percentage of floats
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line) for Bristol Bay regions (a) 1 (b) 2 (c) 6 af@) 7. Breaks in lines indicate years in which

no floats originated in that region.
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Figure 2.9. Retention dynamics for regions 8, 14,ahd 13. Trends in percentage of floats
originating in a region that were retained in ttems region (solid line with points) and

percentage of total number floats with endpointa negion accounted for by retention (dashed
line) for Bristol Bay regions (a) 8 (b) 11 (c) 18da(d) 13. Breaks in lines indicate years in

which no floats originated in that region.
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Figure 2.10. Retention dynamics for regions 14, d&%j 18. Trends in percentage of floats
originating in a region that were retained in tteame region (solid line with points) and

percentage of total number floats with endpointa megion accounted for by retention (dashed
line) for Bristol Bay regions (a) 14 (b) 15 and {&. Breaks in lines indicate years in which no

floats originated in that region.
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Figure 2.11. Sustained bulk connectivity and retenttrends. Trends in bulk long-term
retention and connectivity patterns. Black dendtélstime period, 1978-2004, red denotes

1978 to 1990, and blue denotes 1991-2004.
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Table 2.2. Mean retention rates. Mean retentioesraf model floats by region and time period.

Region 1978101990 1991 to 2004 Full period

1 79.20 79.86 79.49
2 66.85 66.02 66.63
3 0.00 33.33 16.66
6 50.95 56.36 53.75
7 74.48 68.07 71.16
8 61.89 34.44 46.38
9 49.10 53.03 51.24
11 0.00 4.03 1.88

12 45.12 46.52 45.84
13 46.10 53.89 50.14
14 29.08 51.60 40.75
15 45.29 51.24 48.38
18 63.92 100.00 81.96
20 0.00 8.33 5.00

22 0.00 0.00 0.00
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Bay and Kuskokwim Delta/central inner domain) aedion 8 (central middle domain) both
had higher retention prior to than after 1990, @iftodor different reasons (Fig. 2.11). In the
case of region 2, the local adult population wasesally extirpated following the early 1990s
population crash and has not recovered (Fig. 2.8hjs this region had no floats released
within it after that time. For region 8, reducedergion following 1990 was associated with a
number of anomalous advection events to surrourréigigns (Fig. 2.12).

Conversely, regions 9 (northern middle domain), (&¢8ntral outer domain/Pribilof
Islands) and 14 (northern outer domain) experierugtier retention rates following 1990
(Table 2.2). In region 9, increased retention wssoaiated with a reduction in anomalous
advection events, which had led to significant ekpbfloats to surrounding regions during the
1980s, particularly region 14 (Fig. 2.11 and 2.1Bjerestingly, region 13 demonstrated a
cyclical pattern in retention (not shown), with &ripd of reduced retention (~20-40%)
occurring from 1982-1988, followed by a large irage in retention (75-90%) during the early
1990s. Subsequently, a second, shorter durationegsddramatic period of reduced retention
occurred during 1997-2000, followed by a secondease after 2000. Periods of increased
retention were associated with decreased connigctiwih regions 14, 15 and 22 (1990s) and a
cessation of onshore advection to regions 8 amqub$t2000). Finally, for region 14, decreased
retention prior to 1990 was associated primarilghwninor anomalous advection events to
regions 9, 10 and 21 (Fig. 2.11, and Fig. 2.12 ptonounced trends in interannual variability
in retention suggested by bulk float analyses vadse evident in analyses of floats by depth,
particularly at 10 and 30 m depth (Figs 2.13 ant¥R.However, retention rates increased

notably at greater depths; for instance, at 50Imaairce regions, with the exception of region
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Figure 2.12. Bulk anomalous transport events. Tsendulk anomalous advection events (1 to
3 events in a sub-period or 1 to 6 events duritigoriod of study), color coded by time period
of occurrence. Black denotes events occurred acfol time period (1978-2004), red
indicates that events were only observed during81®71990, and blue indicates that events

were observed during1991-2004 only.
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Figure 2.13. Sustained connectivity and retentiends at 10 m. Non-anomalous connectivity
and retention trends at 10 m depth. Black denai#tstime period, 1978-2004, red denotes

1978 to 1990, and blue denotes 1991-2004.
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Figure 2.14. Sustained connectivity and retentiends at 30 m. Non-anomalous connectivity
and retention trends at 30 m depth. Black denai#stime period, 1978-2004, red denotes

1978 to 1990, and blue denotes 1991-2004.
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11, experienced very high (>50%) retention (Fid.52. An extended (90-d) larval period had
relatively limited effects on retention trends, vihe most pronounced being reduced retention
in the regions of the outer domain during the 198&@sich strengthened during the 1990s
(Appendix B). Retention trends in the regions of tmiddle and inner domains were not
notably altered.
Connectivity

The number of connections between regions increagdboth the number of floats
released annually and the number of regions in hwvhioats were released (Table 2.3).
Maximum number of connections (60) was not howenleserved at the highest numbers of
released floats, but occurred in 1981 with a releafs9,481 floats, somewhat less than the
average number of floats released (10,023). Inesegsnumber of connections were accounted
for by anomalous events, and events involving ®a floats to be classified by our criteria.
High rates of along-shelf advection were evidenbath the middle and outer domains, with
the predominate direction being to the northwesg.(R2.11). In the central and northern
portions of the middle domain (regions 8, 9 and dfj outer domain (regions 13, 14 and 15),
high connectivity levels (>30%) were predominatelyserved in this direction (Fig. 2.11).
Concurrent with observed ocean current patternstheasterly advection was much weaker,
being most prevalent during anomalous events, adfhoweak long-term southeasterly
advection trends were indicated from region 7 tan@ from region 15 to 14 (Figs 2.11 and
2.12).

While weak offshore advection was observed in thetern portions of the middle and

outer domains, from region 7 to 12, sustained esbedf advection was limited compared to
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Figure 2.15. Sustained connectivity and retentiends at 50 m. Non-anomalous connectivity
and retention trends at 50 m depth. Black denai#stime period, 1978-2004, red denotes

1978 to 1990, and blue denotes 1991-2004.

81



Table 2.3. Trends in interregional connections aogariates. Number of floats released
annually, number of annual interregional conne&jcnd number of regions in which float

start locations occurred.

Numberof Number of Number of start

Year floats connections regions
1978 11653 42 10
1979 7288 38 9
1980 9292 44 10
1981 9841 60 12
1982 60232 50 12
1983 16826 49 11
1984 9795 43 9
1985 2871 34 10
1986 880 32 9
1987 1411 35 13
1988 2517 43 11
1989 7037 45 12
1990 22763 51 13
1991 24396 53 12
1992 16253 58 13
1993 7531 53 11
1994 7543 35 9
1995 8924 37 8
1996 3471 39 10
1997 1409 31 8
1998 943 29 8
1999 1552 36 8
2000 2974 31 9
2001 2309 33 9
2002 2074 28 11
2003 4710 42 11
2004 24126 32 10
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along-shelf patterns, with the primary directiomigeonshore (Fig. 2.11). Onshore connectivity
between region 12 and region 7 varied over tim&rpoo 1990 only a moderate level of
connectivity was present, while following 1990 centivity became strengthened, such that
after 2000 floats originating in region 12 compdste majority of those with estimated
endpoint locations in region 7 (Fig. 2.16). Theame occurred for onshore exchange between
region 6 and region 1; connectivity was highesbmpto 1990 but weakened afterward, being
offset by strengthened advection from region 6 égian 7 (Fig. 2.11). Despite weaker
connectivity, floats originating in region 6 conigd to account for a majority of estimated
endpoints in region 1 (Fig. 2.17Finally, high rates of onshore advection occurpetiveen
region 11 and region 6 throughout the study pefffog. 2.11).

Patterns in both moderate connectivity (10-30%) avehk connectivity (<10%)
displayed some similarity to those for high conivist however notable differences were
observed. Within the outer domain a significanttimeesterly vector was also apparent in
moderate-strength connectivity, while onshore ativecwas a much more pronounced
component at this level of connectivity (Fig. 2.10ffshore advection was also notable,
particularly for region 15, which demonstrated nradie connectivity with adjacent regions of
both the shelf (region 22) and north-central AlentBasin (region 25) during the 1980s (Fig.
2.11). The direction and distance of weak connggtivends were more variable than either
the significant or moderate categories. Withinitireer domain, advection within this category
was predominately towards the northwest (Fig. 2.Cgnversely, depending on the source
region in question, cross-shelf advection withie tmiddle domain was either onshore or

offshore, while along-shelf advection may be toribeth or to the south, demonstrating this
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Figure 2.16. Contribution of region 12 to endpoimgegion 7. Trends in the percentage of

total endpoints in region 7 accounted for by flaaiginating in region 12.
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Figure 2.17. Contribution of region 6 to endpoimtsegion 1. Trends in the percentage of total

larval endpoints in region 1 accounted for by foatiginating in region 6.
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region's general lack of a defined current pat{éig. 2.11). Despite having a comparatively
well-defined current system, similar trends areo adbserved within the outer domain, with
notable offshore-directed connectivity occurringthwiboth the continental slope and the
Aleutian Basin (Fig. 2.11).

In comparison to these results for the standardl &@lvection period, connectivity
trends using the custom grid were not greatly &by an extended 90-d advection period,
with only trends at the limited scale being notatfhifferent (Appendix B)Advection patterns
at 10 m largely reflected bulk advection pattetitgly due to the fact that floats released at
this depth comprised the majority of all floatsesded (Fig. 2.13). However, advection within
the middle domain (regions 7-9) and middle/northeuter domain (regions 13-14) was
markedly reduced at a depth of 30 m (Fig. 2.14¥ fitagnitude of advection further decreased
at 50 m depth, with one exception: an increadberproportion of floats released at that depth
in region 6 transported to region 1 was observeBiOam during the 1980s (Fig. 2.15). With
increasing depth, limited connectivity trends beeara prominent advection feature,
particularly within the middle domain, and betweba outer and middle domains as advection
patterns weakened (Figs 2.14 and 2.15). Furthesigpent advection from the middle to the
outer domain ceased; the only offshore advectiseted was at the anomalous event level
(Figs 2.14 and 2.15).

Anomal ous Advection Events

Anomalous advection events were, by definitionhhigvariable. Offshore advection
from the outer domain to the Bering Sea basin iotble feature within this category, in

addition to advection to both the northern and emsBering Sea continental shelves (Fig.
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2.12). An apparent shift occurred in anomalous &veniginating in the outer domain after
1990; a stronger trend in offshore advection wasaegnt before 1990, afterwards, onshore
advection became more prevalent (Fig. 2.12). Anoasaladvection at specific depths was
variable with few observable trends; offshore atieecfrom the outer domain during the
1980s was prevalent at 10 m and 30 m depth, buatne® m, while onshore advection during
the 1990s was a feature at 10 m. Additionally, mitBristol Bay anomalous advection from
region 1 to regions 2, 6 and 7 occurred duringli@0s. Finally, anomalous events became the
primary means of advection from the middle domairihie outer domain when depth classes
were considered separately; persistent connectaserved at the bulk level was supported by
combined anomalous advection across multiple degtbes.
Exchange Between Management Subdistricts

Cross-shelf advection between domains in termstf humber of floats advected and
distance covered was of limited magnitude, as ctftkin high rates of retention within both
eastern and western subdistricts (Figs 2.18a ah#lap.and relatively low advection rates
between subdistricts. Advection from the easternthi® western subdistrict was primarily
related to northwestward advection in the soutimeigdle and outer domains, and connectivity
between regions 7 and 12 (Figs 2.11, 2.18b, ¢ gndllde magnitude of this advection,
however, declined rapidly with increasing distaf€ry. 2.18). Advection from the western to
the eastern subdistrict was much more limited, sstjgg that, while the western subdistrict
may receive significant larval subsidies from tlastern substock, the reverse is not typically
the case (Fig. 2.19a). For floats released in thstevn subdistrict, advection rates to greater

than 1 degree longitude east of 166° W were tyfyicaider 10%, except for several strong
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Figure 2.18. Trends for floats released in theezassubdistrict. The fate of floats released in

the eastern subdistrict in terms of rates of: @gntion in eastern subdistrict, (b) advection

more than 1° longitude west of 166° W, (c) advectitore than 2° longitude west of 166° W,

and (d) advection more than 3° longitude west 6P ).
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Figure 2.19. Trends for floats released in thetgraessubdistrict. The fate of floats released in

the western subdistrict in terms of rates of: @gmtion in western subdistrict, (b) advection

more than 1° longitude east of 166° W, (c) advectimre than 2° longitude east of 166° W,

and (d) advection more than 3° longitude east 6f Y.
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anomalous events occurring primarily in the mid A99Fig. 2.19b). For advection over
distances greater thar! Bngitude, even these events were greatly dimausim magnitude
(Figs 2.19c and d).

Discussion

We used a state-of-the-art ROMS model to investigahether EBS Tanner crabs
comprise a single metapopulation with spatial sitsuhat are well interconnected by larval
advection and whether larval settling patternseflarge-scale population trends. Our results
support the hypothesis that the EBS Tanner crabpogulation may be comprised of multiple
subunits within which retention is an important gmnent of recruitment, but which are
connected by limited exchange of larvae.

Broad regional patterns in model float settlememtrevvery closely related to the
distribution of float releases that mimicked thensley distributions of reproductive female
crabs. This suggests to us that female abundartteliatmibution is the most important factor
driving changes in the relative abundance of tekstn the Bristol Bay and Pribilof Islands
areas over the long term. To distinguish trendBoat retention and connectivity from these
patterns in female abundance, the percentagesedfidats released in the given region that
were retained (relative retention) or advected rotlaer region (relative connectivity) were
used.

Northern Bristol Bay (region 2) appeared to be migsiated, with very limited
advection of larvae from only two adjacent regiqimer and middle Bristol Bay). More
broadly, the southeastern Bering Sea (regions 16, 2, 12) received very limited larval

subsidies from other EBS regions, and thus appeab® highly reliant on retention from a
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self-sustaining local metapopulation subunit. Thentrasts with the central and northern
regions of both the middle domain (regions 8 and®) outer domain (regions 13 and 14)
where recruits may represent local retention pthgeetion predominately from the southeast.
Furthermore, the prevalence of estimated endpoudtions in region 7 after 1988 (25-50%,
Fig. 2.6b) suggests that processes within thisoregiay have been of particular importance to
recruitment dynamics of both the Tanner crab staska whole, and particularly to the
southeastern Bering Sea subunit during this pefradrestingly, in region 6, the proportion of
endpoint locations contributed by retained floaispldyed a cyclical pattern similar to that
observed in residuals derived from stock-recruideis for the EBS Tanner crab stock which
were based on abundance estimates of reprodueimalés and small juvenile crabs (Richar
and Kruse, in review). Retained floats contributedst during years of apparent strongest
recruitment across the EBS, and least in yearsceded with the weakest EBS-wide
recruitment, during which floats originating in regs 7 and 12 predominated. This cycle likely
results from changes in the relative distributionis spawning females associated with
abundance trend®©ver the whole area occupied by surveyed Tanraasgmmodeled retention
within the population was generally >95%. The lowesention rates (73-82%) occurred in the
early 1980s when Tanner crabs were most abundahtarered the largest geographic area
within the region of the trawl survey (Zheng anduge&, 2006). It is reasonable to assume that
larvae that are either advected northward intortbeghern Bering Sea or offshore into the
Aleutian Basin (i.e., beyond the extent of the NM$tBvey) are unlikely to survive, due to

unsuitable post-settlement habitat and the lackad@ilt Tanner crabs in those areas.
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Consequently, retention within the EBS region aghale does not seem likely to comprise a
determinant of recruitment to the adult population.

Our finding that the southeastern Bering Sea cdadconsidered as a reproductive
subunit of the EBS Tanner crab metapopulation cdaddconstrued to be consistent with
published genetic differences between Tanner drabs Bristol Bay and those collected in the
vicinity of the Pribilof Islands using allozymes @vkouriset al., 1998). However, a more
recent analysis of those same data using the pro@BRUCTURE (Pritcharet al., 2000)
failed to detect differences (Stewart Grant, Alagkepartment of Fish and Game, pers.
comm.). Nevertheless, as the number of polymorpba was not large, the power of
STRUCTURE to detect fine-scale population structomay be marginal. This potential
contradiction may also be explained as the redytedodic low levels of long-distance larval
advection and anomalous events preventing stromgsistent genetic differentiation through
genetic exchange between substocks, while beinficieutly limited in scale as to not
appreciably alter local recruitment dynamics.

Mitochondrial DNA suggests genetic exchange of Eancrabs along the southern
Alaska Peninsula northward into the EBS (Buethl., 1998). We observed advection of some
EBS floats in the opposite direction. Whereas t@t through the passes is northward, ocean
current reversals may occur and southward flowoimrmon on the western side of the passes
(Stabencet al., 2005). It was beyond the scope of our study tarema potential connectivity
among Tanner crabs from the Gulf of Alaska and EBSve did not conduct ROMS analyses
with larvae hatched from female Tanner crabs in@Guéf of Alaska. However, in a ROMS

analysis of northern rock so(eepidopsetta polyxystra) larvae spawned in the Gulf of Alaska
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just east of Unimak Pass were advected througpdhs into the EBS, largely continuing along
the 100 m and 200 m isobaths, or to the southwesgahe Alaska Peninsula (Lanksbuety
al., 2007). Northern rock sole have a shallow vertdiatribution very similar to Tanner crab.
Similar findings resulted from a study examining/ection of larval rockfish, with simulated
larvae released near Unimak Pass being advectgdinkeethe EBS by the persistent currents
within the outer domain (Stockhausen and Herma@@y R

Multiple previous studies have challenged commauiaptions about the importance
of larval advection vs. retention of local larvabguction (Becket al., 2007; Jonest al.,
2005; Nahast al., 2003; Pinedat al., 2007; Sponauglet al., 2002). In our study, the apparent
importance of larval retention contrasts with fornstatistical evidence that northeasterly
winds were associated with stronger Tanner craluitezent, purportedly owing to offshore
advection carrying larvae away from nearshore apéamfavorable coarse sediments to more
favorable offshore habitats comprised of fine sextite where young crabs can bury to reduce
predation risk (Rosenkrargt al., 1998, 2001). If northeasterly winds instead fostiéshore
retention rather than onshore to offshore advectlen these studies can be reconciled with
our findings. Annual NMFS trawl survey data revdat spatial distributions of mature and
small juvenile female Tanner crabs overlap, butlsmanature females tend to favor deeper
waters near the continental shelf edge and extgrmhio the continental shelf whereas mature
females extend more from the shelf edge and eastwdo shallower waters (Otto and
Pengilly, 2002; Zheng and Kruse, 2006). These psitéed Otto and Pengilly (2002) to
hypothesize that immature Tanner crabs undergo rdagenetic migration from deep to

shallow water, but this hypothesis has not yet Hakytested. Contrary to those observations,
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in the course of conducting our analyses, we oleseavgenerally southwestern, offshore shift
in the centers of female crab distribution withageny from the 30-50 mm carapace width size
interval to the primiparous stage and then to itts¢-year multiparous stage (Appendix D).

Advection appears to play an important role in ftife history of two other
commercially important EBS crab species: BristalyBed king crab and EBS snow crab
(Zheng and Kruse, 2006). Subsequent to hatching floitches brooded by mature females in
relatively deep, offshore waters of Bristol Bayd keng crab larvae seem to be advected toward
shore and into inner Bristol Bay where young cralegupy shallow-water habitats in
association with rocks, shell hash, and biogeniactires (Armstronget al., 1993). With
ontogeny, king crabs move offshore to deeper waterd are thought to migrate in a
southwesterly counternatant direction (Armstrehgl., 1993; Zheng and Kruse, 2006).

In contrast, snow crabs are more broadly distrithateer the middle and outer domains
of the EBS continental shelf, but are not very atam in Bristol Bay. Using an individual-
based model (IBM) coupled to an earlier versiorR&MS than used in our study, predicted
settlement regions matched observed distributidnsnmature crabs generally found at the
northern-most shallow water stations in the aniNMFS bottom trawl surveys (Paradaal.,
2010). With ontogeny, snow crabs appear to migrate southwesterly direction toward the
continental shelf edge (Erngtal., 2005; Zhenget al., 2001). In their IBM analysis, Parada
al. (2010) suggested the existence of southeast artbwest subsystems within which life
cycle closure may occur. However, connectivityledde subsystems appears to be asymmetric
with larval export from the southeast to the noehkty but not vice versa. This asymmetry

agrees with our findings for Tanner crabs in thetlseastern Bering Sea versus the central to
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northern portions of the middle and outer domaanrg] is consistent with the predominant
northwesterly flow of currents on the continentatlé (Stabenat al., 1999).

We also found evidence that variable rates of tetenand connectivity may help
explain decadal population trends. In particulandeled float retention in the Bristol Bay
region was very high in the 1970s and 1980s inheont Bristol Bay (region 2) and central
middle domain (region 8) in the 1970s and 1980sldwtsince the 1990s. On the other hand,
retention increased after 1990 in the northern teidibmain (region 9) and central/northern
outer domains (regions 13 and 14). Moreover, adweaway from the Pribilof Islands area
(region 13) north (region 14) declined after 19€@ther increasing larval retention in the
Pribilof Islands area. These model findings areatihp consistent with survey observations and
commercial fishery data. Annual NMFS surveys caughy few Tanner crabs in northeastern
Bristol Bay since 1992 (Zheng and Kruse, 2006) mwaalthat distribution centers of female
Tanner crabs in Bristol Bay have shifted southvesstr time (Zheng, 2008). Likewise, fishery
production shifted significantly with 86% of EBS fireer crab landings in weight taken from
the Bristol Bay area during the 1970s and 1980scauygl41% taken from this same area in the
2000s (Fitctet al., 2012).

Specific mechanisms for the observed geographit ishiarval retention around 1990
remain uncertain, though we speculate that they Ineaselated to the 1989 regime shift. Since
1990, there has been increased winter cooling efcbastal waters in the Bering Sea, an
intensification of the winter and summer Arctic @ation (AO), and a weakened winter
Aleutian Low (Hare and Mantua, 2000). Among theided considered by Rodionov and

Overland (2005), the 1989 regime shift was mosartjeindicated by the Arctic Oscillation
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(AO) index, which may have contributed to coolimgthe Bering Sea after an exceptionally
warm period, which began in 1977 (Rodionov and @Gwel, 2005). A number of ecological
changes occurred in the EBS consistent with the® 188ime shift (Hare and Mantua, 2000;
Rodionov and Overland, 2005). Among them, recruitinvariability in several species of EBS
groundfish has been linked to changes in decaddé sariability in both the Aleutian Low and
the Arctic Oscillation (Wilderbueet al., 2002). Further, jellyfish biomass increased sthyaipl
the 1990s (Brodeust al., 2002) concurrent with a redistribution of jellyfi®iomass from the
southeastern Bering Sea along the Alaska Penimsule 1980s toward the northwest to the
middle shelf domain and deeper waters including Rnigilof Islands area (Brodeiwet al.,
2002). The similar shifts in geographic distribnsaf both jellyfish and Tanner crab larvae are
intriguing.

High rates of retention of modeled Tanner crabdarmay provide some clues about
population regulating mechanisms for this speciesiner crabs are cannibalistic, with larger
crabs feeding on smaller individuals (Jewett andeFe1983). Because regions with higher
crab densities account for greater annual larvadiyetion, high levels of retention may support
a hypothesis that juvenile recruitment is reguldiga@annibalism by older, larger conspecifics.
In a semi-enclosed fjord (Glacier Bay, Southeasiska) juvenile Tanner crabs were found
over the full range of depths sampled (15-439 mf tiley were most abundant <150 m where
adults were rare (Nielsegt al., 2007). This spatial segregation led Nielgtral. (2007) to
conclude that cannibalism may be important in $tmireg that population. Such a mechanism

could explain a strong negative relationship betweervival, measured as the natural
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logarithm of recruits per mature female, and mataereale abundance (Richar and Kruse, in
review).

Development of an IBM for Tanner crab akin to Paretchl. (2010) has the potential to
provide more realistic model results, though a nembf data limitations should first be
addressed. In conducting our own analyses, we hamgered by the limited state of current
knowledge regarding Tanner crab behavior and plogjoduring the larval and juvenile
stages. Of particular concern is the potentialléoval vertical movements, either diurnal or
tidally driven, as such movements will lead to esrim estimated advection and retention rates
(Sponauglest al., 2002). Although Inczet al. (1987) found no evidence for diurnal movement,
this conclusion was based on limited day-night damgp It has also been suggested that
planktic larvae may change depths on variable scaes as a means of effecting horizontal
movement, by taking advantage of prevailing cuggi@arrison, 1999; Miller and Morgan,
2013; Morgan and Fisher, 2010). In addition, aurfet|IBM would benefit from better
information on the effects of temperature on embrgich dates and larval duration, the prey
field during advection, as well as a better undemding of the duration and behavior of
megalopae. In analyses detailed elsewhere (AppeBjiixaddition of one month to the
advection period to allow for time spent in the @mlegae stage had only limited effect on
retention and connectivity trends even given oudeh@ssumption that megalopae and zoeae
have identical upper water column distributionsp&oted vertical movements of megalopae
toward the benthos are likely to reduce the aderdiistance during this stage relative to that
during the zoeal stages. Reduced retention in titer @omain during the 1980s was the most

notable change observed when adding the extradd@dvection (Appendix B).
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Although improved future models informed with moaed better information are
desirable, we propose that our current resultaieady of value to both managers and fishery
stakeholders. Evidence of possible subunits witthie EBS Tanner crab metapopulation
supports consideration of a spatially explicit &agssessment model with area-specific
measures of stock productivity, taking into accoestimated larval retention and connectivity
patterns. Reductions in uncertainty about stocknbgs and productivity parameters would
foster better informed management decisions, tmimmcing sustainability of fisheries and
reducing the risk of overfishing and the associatests of resultant fishery closures.

Our findings are supportive of the current ADF&Gagtice of managing the EBS
Tanner crab stock as two sub-stocks east and wé&&66 W longitude, rather than as a single
stock (Fitchet al., 2012). ADF&G allocates separate catch quotasasherea based on the
distribution of exploitable biomass between the tweas. Moreover, if the biomass within one
area is below a predefined threshold, no fishingliswed in that area as has been the case
recently in Bristol Bay. This approach contrastshwthe Federal fishery management plan
under which Tanner crabs are assessed and maragee anit stock throughout the EBS. The
extremely limited advection of floats eastward asrahe 166° W line suggests it may be
inappropriate to pool spawners and recruits from rikgions subdivided by this line, as has
been common practice in stock-recruit modeling tfus species (Zheng and Kruse, 1998,
2003), particularly when examining recruitment ire teastern subdistrict. Development of
alternative, more complex, stock-recruit models Momeed to take into account the

asymmetrical and variable retention and connegtpétterns that we have elucidated.
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Nevertheless, we have not analyzed our resultetermine whether the 166° W line is
in the optimal location, nor have we sought to detee whether some smaller subdivisions
may be more appropriate. Given the suggested imupoet of retention to local recruitment
dynamics, particularly during years of low abundgnit would appear that the Bristol Bay
segment of the EBS Tanner crab metapopulation ingigedl capacity to recover from its
current low abundance via advection of larvae ftbenPribilof region, as is also the case of the
southernmost portions of the snow crab metapopumgtParadaet al., 2010). This conclusion
is consistent with recent observations that thetBriBay population segment of Tanner crab
has not recovered from the early 1990s collapsegirirast to those on the middle/outer shelf
that have recovered sufficiently to allow recemhited fishing. Thus, Tanner crabs in the
Bristol Bay area warrant continued special cong@meaactions, such as fishery closures while
biomass remains below an area-specific fisherystiuoiel.
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Chapter 3:
A Spatially-Explicit Analysis of Proposed Recruitniéd/echanisms for Eastern Bering Sea
Tanner Crab's
Abstract
Influences of biophysical conditions on survival zifeal and early benthic stages of

eastern Bering Sea Tanner craBhjonoecetes bairdi, were investigated using the Regional
Ocean Modeling System to simulate larval Tanneb e@dvection patterns from 1978 to 2004.
Factors investigated for their potential influemcerecruitment of age-3 juvenile crab stemmed
from a priori hypotheses, and included predation by Pacific @adus macrocephalus),
yellowfin sole (Limanda aspera), and flathead soléHippoglossoides elassodon), near-bottom
and sea surface temperature, surficial sedimentscannibalism by 30-50 mm carapace width
juvenile or 70-89 mm carapace width subadult maener crabs. We calculated the annual
percentages of estimated endpoint locations witmditmns meeting hypothesized
environmental thresholds for each factor. Thesegrgages were compared against the age-3
yr recruitment index using correlation methods. Udis analysis indicates periods when
biophysical conditions at the endpoints may hawered recruitment during the early 1980s,
mid-1990s and early 2000s. Our simplest model sangerformed best; retention in the
survey area and settlement in near-bottom tempesatel® C together explained about 37% of
the variability in crab recruitment over 1978-20(ea surface temperature, flathead sole

CPUE and densities of juvenile crabs were alsoistitzlly related to crab recruitment.

' Richar, J.I., Kruse, G.H., Curchitser, E., and Hemm A.J. 2014. A Spatially-Explicit Analysis ofdposed
Recruitment Mechanisms for Eastern Bering Sea TraBrabs. Prepared for submission to Fisheries
Oceanography.
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However, our model scenarios with multiple variabperformed poorly in explaining juvenile
crab recruitment variability. Future field reseaisihneeded to better understand behaviors of
zoeae and megalopae, as well as functional rekdtipa between survival of newly settled
crabs and benthic biophysical conditions.

| ntroduction

The eastern Bering Sea (EBS) population of Tanredrs;Chionoecetes bairdi, exhibits
large variability in survival to maturity and sulgsent recruitment to the legal adult male
component of the population. Numerous mechanisms haen proposed to influence survival
of early life stage Tanner crab based on retrogpeeinalyses of recruitment and ecological
variables (Rosenkranet al., 1998, 2001; Tyler and Kruse, 1997). Follow-up stadwith
updated datasets (Richar and Kruse, unpublishedn@land Kruse, 2006) offered limited
support for some previous findings and contradictdebrs. In this study, we examined a suite
of proposed recruitment mechanisms through a dlyateplicit approach combining a
hydrodynamic simulation model and a geographidarmation system (GIS).

Tanner crab recruitment variability has been hypsited to result from mortality
during the zoeal and juvenile life stages and gesafi potential mechanisms has been proposed
(Tyler and Kruse, 1997); a subset of these werenex&d by Rosenkranet al. (1998, 2001).
Near-bottom temperature (NBT) and northeasterlydwimvere statistically related to adult
Tanner crab abundance at biologically reasonalis. |&Varm bottom temperatures were
proposed to favor more rapid adult female gonadegiesnand embryonic development,
reducing egg predation and losses to disease, adh@@theasterly winds during the pelagic

larval stage were suggested to favor advectioarvike to offshore nursery areas predominated
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by fine-grained sediments, believed to be prefebepivenile crabs (Dionnet al., 2003; Paul,
1982). However, a subsequent study with updated wata found a much weaker correlation
to recruitment (Zheng and Kruse, 2006) than diddRkeanzet al. (1998, 2001).

An analysis of groundfish stomach contents corediuthat juvenile Pacific codsadus
macrocephalus) may remove >90% of a given Tanner crab year clpsshaps exerting
significant control of crab recruitment (Livingstori989). Subsequent stomach content
analyses have continued to indicate heavy cod copson of Tanner crabs (Larejal., 2003,
2005; Livingstonet al., 1993). Despite this empirical evidence, retroggectnalyses of
Tanner crab recruitment and Pacific cod abundamcbiamass failed to detect a negative
relationship between cod and crab recruitment en\EBS as would be expected if crabs were
under top-down control by cod (Richar and Kruseguinlished; Rosenkranz, 1998; Zheng and
Kruse, 2006). Rather, these studies suggested eitheelationship or a positive relationship
among the two species. Stomach contents for othmungdfish, particularly yellowfin sole
(Limanda aspera) and flathead soleH{ppoglossoides elassodon), indicate that they may also
feed heavily on Tanner crabs, in at least somesyganget al., 2003, 2005; Livingstoset al.,
1993, Pacunslet al., 1998). Recent statistical analyses suggest thidtefad sole has a negative
effect at high densities (Richar and Kruse, unmhigd), while providing no evidence for a
significant predatory effect by yellowfin sole oafiner crab recruitment.

Stock-recruit relationships might arise in Tanneabs through processes including
cannibalism (Jewett and Feder, 1983; Sainte-Manrt laafrance, 2002), disease (Siddetk
al., 2010) and competition for limited resources, sashprey (Pauét al., 1979). If so, then

settlement of megalopae in regions with high dessiof older crabs may lead to increased
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mortality. Zheng and Kruse (1998, 2003) examinedenTanner crab recruitment to legal size
as a function of estimated spawner biomass at #4gs11 yr, finding weak evidence for a

Ricker stock-recruit relationship after incorpongti autocorrelation. Richar and Kruse
(unpublished) similarly employed a Ricker stockrugtcmodel with autocorrelation and found

strongly negative density-dependent stock-receidtionships at lags of 2, 3 and 4 yr in three
study groups representing two sub-populations aastwest of 166° W, in addition to a group
representing the full EBS Tanner crab population.

The spatial scales of the retrospective analys@aoher crab recruitment conducted to
date may not be appropriate for the spatial scatbeohypothesized mechanism. For instance,
if the geographic distributions of cod and crab®rap to varying degrees depending on
interannual variability in bottom temperature (Giali and Bailey, 2005), it would be
inappropriate to examine potential statistical treteships between cod and crabs based on
abundance estimates for the entire EBS continestitelf. The same may apply to variable
overlap in spatial distributions of cannibalisticler crab and settling young-of-the-year crabs,
at least partly due to interannual variability amial advection.

Recent advances in computer technology and a hettirstanding of marine physical
processes have facilitated the development of rnoneplex simulation models better able to
describe natural processes. As an example, hydamdignsimulation models, such as the
Regional Ocean Modeling System for the Northeastfleg ROMS NEP), have been used to
study advection patterns for marine fish and ireladte larvae, providing valuable insights
into recruitment dynamics (Hermamh al., 1996; Hinckleyet al., 2001; Paradat al., 2010;

Stockhausen and Hermann, 2007). In addition, Gl8wace, incorporating significant
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advanced graphical and geostatistical functionatgywe greatly simplified the task of studying
spatial processes, including ecological conditiav&r space and time. Consequently, GIS is a
powerful tool for the analysis of biological andokgical data from the aquatic/marine
environment, and has been widely applied in redeotdes (Bjgrget al., 2002; Guinett al.,
2001; Isaak and Hubert, 1997; Keleher and Rah&6;18lielsenet al., 2007; Stanbury and
Starr, 1999). Collectively, these spatial toolseofnew means to examine the roles of
biophysical factors on Tanner crab recruitmenhmEBS.

Here we use an exploratory method to compare $lyatieplicit transport patterns from
a hydrodynamic simulation model against a juvemd@ner crab abundance index. We test the
following hypotheses:

H1: Survival of juvenile Tanner crabs is positiveffeated by settling in fine-sediment
grain habitats in which they can bury.

Ho: Survival of juvenile Tanner crabs is adverselfeeted by settling in regions with
high densities of cannibalistic 30-50 mm CW juvergltabs and/or 70-89 mm carapace width
(CW) subadult crabs

Hs: Survival of juvenile Tanner crabs is adverseligeted by post-settlement exposure
to cold NBT (<2C) associated with the cold pool.

H4: Survival of juvenile Tanner crabs is adverselieeted by increased predation by
Pacific cod, flathead sole and yellowfin sole iraggewhen fish distributions overlap those of
settling crabs

Hs: Survival of zoeal stage Tanner crabs is posijiadfected by warmer sea surface

temperatures (SSTs) during the planktic zoeal stage
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He: Retention of larvae within the EBS region over tlontinental shelf is a significant
determinant of early life stage survival and rettnaint to older age classes.

Methods

Tanner Crab Density and Abundance Estimates
We estimated crab abundance by traditional areptsmethods, as data from a length-

based stock assessment model under developmethief@BS Tanner crab stock was not yet
available (Rugolo and Turnock, 2011). Tanner crata drom annual bottom trawl surveys of
the EBS continental shelf conducted during JuneJayl over 1978-2008 were obtained from
the National Marine Fisheries Service, Alaska FiglseScience Center (NMFS AFSC). While
the number of stations sampled varied annuallyngdyuittie first decade of sampling, 376 survey
stations have been consistently sampled since 1®&B5-hr tow is made near the center of
each 20 x 20 nrhi(37 x 37 kni) square on a systematic sampling grid. Since 1®@2standard
sampling gear has been a 83-112 Eastern otter treimf) an 83 ft (25.m) head rope and a 112
ft (34.1 m) footrope (Rugolo and Turnock, 2011).

We considered three classes of Tanner crabs: ¥&pijles, (2) males 70-89 mm CW and
(3) reproductively active females. For our purgosee defined juvenile crabs as those of
either sex of size 30-50 mm CW. Crabs smaller 8&amm CW are not effectively sampled by
the NMFS bottom trawl, while crabs larger than 5@ @W likely represent a mix of multiple-
aged cohorts owing to growth variability. Reprodusly active female Tanner crabs were
defined as those of shell condition 3 (SC3, oldishead shell condition 4 (SC4, very old shell)
(see Jadamest al., 1999 for descriptions of shell conditions), suednby station. We did not

include SC5 female crabs and excluded most SCZdram our estimates. Primiparous or
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SC2 female crabs were primarily excluded becaueg Have an extended brooding period
(Swiney, 2008). Consequently, SC2 crabs samplgdant should hatch their eggs in ydarl,

and thus not contribute to the age-3 juvenilesdary+3 used as the response variable in our
analyseslinstead they would be counted as SC3 crabs wheouatered by the survey the
following year. An exception was made for SC2 fezsdbearing eyed embryos, as this is an
indication of advanced gestation associated withingan yeart-1 (Dr. Jie Zheng, Alaska
Department of Fish and Game, pers. comm.). Sheltiton 5 crabs were ignored due to
comparatively high rates of barrenness, lower fdidyrand low abundance (Joel Webb, Alaska
Department of Fish and Game, pers. comm.).

To prevent bias in float apportionment due to dédfees in reproductive output and
spatial distributions between SC3 and SC4 femé#hesabundance estimates of SC4 female at
each station were weighted relative to correspan@g3 estimates to account for reduced
fecundity and egg bearing rates (Joel Webb, Ald3kaartment of Fish and Game, pers.

comm.) using eq. (3.1):

SC4,, = (ﬂ) o (), [eq. 3.1]

SC3f SC3ep
whereSC4,, = the weight function by which shell SC4 femal@sity estimates were multiplied
to standardize their potential reproductive potdntelative to SC3 female§C3; = shell
condition 3 female fecundity§C4; = shell condition 4 female fecundit¥C3«, = shell condition
3 egg bearing rate ar®C44,= shell condition 4 egg bearing rate. For male890nm CW and

reproductive females, estimated dengitat statiorj in yeari was calculated as:

~ Yk Sijr*Nij
D;; = "+}1’< [eq. 3.2]
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whereN;j, = number of crabs in classsampled at stationin yeari, S;j, = the estimated
sampling factor for crabs in claksat statiory in yeari, and4;; = the estimated area swept at
stationj in yeari in km®. The sampling factor accounts for subsamplingaofié hauls, and
expands the number of crabs sampled for biologrfakmation and listed in the database to
the number actually captured by the trawl tow at thtation. For juvenile crab density
estimates, we used eq. (3.2), modified to accoontréduced catchability of the smaller
juveniles ¢ = 0.30, Somerton and Otto, 1999) relative to a&ddlb generate a juvenile

recruitment index, we first calculated mean dengéty station in year(D;):

™M

D; = a [eq. 3.3]

n;

wheren; = number of stations sampled in yearWe then calculated annual area-swept
abundance estimates for a given yéa):(

N; =D; *n; *a, [eq. 3.4]
whereN; is the area-swept abundance estimate for iyaada is the area of each survey grid
square. Next, we calculated a natural log-abundegm@itment anomaly time series based on
this recruitment index, which was standardized hy $tandard deviation of the natural log-
abundance time series:

_ (nV)-In (V)
SIn (N)

R; [eq. 3.5]

where R = the annual standardized abundance anomaly estianads,yy = the standard

deviation of the natural log of juvenile crab abande. Hereafter, we refer to this as the
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juvenile abundance residual series. This seriesodstrates a cyclical pattern similar to that
observed in stock-recruit model residuals (Fig., 3ichar and Kruse, unpublished), with
statistically significant positive and negative @drrelation occurring at lags of 1 and 7 yr,
respectively (Fig. 3.2).

Regional Ocean Modeling System (ROMS)

We employed the ROMS Northeast Pacific model-5 (B)zRleveloped for the
Northeast Pacific Global Ocean Ecosystem Dynami€@lOBEC) research program
(Curchitseret al., 2005). The NEP5 was a free-surface hydrostaiimifive equation ocean
circulation model run over a 5-km resolution griddaused data on environmental forcing
variables obtained from the Common Ocean-ice Reterdexperiments (CORE, Large and
Yeager, 2008) to simulate circulation patterns. sehéncluded observations of both wind
direction and magnitude measured at 6-hr intervatsjospheric temperatures, sea level
pressure, specific humidity, incident solar radiatand monthly precipitation levels (Danielson
et al., 2011). River discharge is incorporated as a aibpatdependent, constant surface
freshwater flux that preserves regional fresh wabeidgets, albeit while introducing
inaccuracies into the local salinity calculatioBsfielsonet al., 2011). In the horizontal plane,
model equations are discretized across a staggkrakbwa C-grid using boundary-fitted
orthogonal curvilinear coordinates (Danielssral., 2011). Vertically, we employed 10 model
layers to capture variability in water column feati Within these layers, model equations are
discretized over bathymetric features by means déraain-following coordinate system,
allowing model resolution to be increased as necgssear comparatively complex boundary

layers at the surface and bottom of the water col{Danielsonet al., 2011). Finally, tracer
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advection is accomplished using weakly dissipa@lgorithms wherein sharp gradients in
oceanographic properties, such as fronts, aremeéused out in the process of advection across
model grid points (Danielsos al., 2011).

Critical model parameters for Tanner crab zoeaeluding timing and pattern of
release, float depth distributions and advectioration were derived from field observations
(Inczeet al., 1987). In the EBS, larval release begins in Agtel, peaks in mid May, and then
tapers off, ending in June (Inceeal., 1987). Approximately 80% of zoeae are found withi
the first 20 m of the water column, with > 90% e tupper 40 m (Inczet al., 1987). There is
no evidence of diel migration; depth-specific sampl indicated similar larval depth
distributions during day and night (Inceeal., 1987). Following field observations (Incee
al., 1987), we modeled a larval period of two monttlisjded equally between two zoeal
stages. We ignored advection during the megalofaae sas little is known about behavior and
duration of this stage. Similarly, in a ROMS modglistudy of congener snow crab
(Chionoecetes opilio) in the EBS, Paradet al. (2010) assumed that larval “settlement” occurs
at the start of the megalopa stage, as megalopaepsmesumed to be demersal or hyperbenthic.

Float starting locations were derived from denslistributions of reproductive female
crabs from NMFS trawl survey data (eq. 3.2), whiekre assumed to be representative of
female distributions at the time of spawning (1-d pmeviously); numbers of floats per station
were proportional to estimated female density. Hersarface density (crabs/ Rpwas divided
by 5 to conserve computation time and convertedrtanteger to determine the number of
floats released at that station. Model floats weteased near the center of each NMFS survey

station. Floats were released uniformly over aqueof 10 d for each station. Initial release
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ranged over Apt 17 1 27, with final release ranging from May"2% June B (Table 3.1).
Longer release periods were employed during ye#dhshigher female abundances to capture
variability in release timing due to environmengadd physiological variability that may be
more pronounced during years of high female abureanTypically, 5,000-10,000 floats were
released annually, with a maximum of 60,232 (1988%) a minimum of 881 (1986). To mimic
the observed distribution of larvae (Inceeal., 1987), floats were released across water
column depth ranges of +/- 2 m, centered at aqmately 10 m (~75% of floats), 30 m
(~15% of floats), and 50 m (~10% of floats).

Due to lack of behavioral information, we assunteat drifting larvae maintained their
vertical position in the water column. Thereforkeased floats were constrained to remain at a
constant pressure. Model estimated float locatadtes 60 d, corresponding to the approximate
temporal duration of the two zoeal stages (Inetza., 1982), were considered to represent the
model estimated endpoint locations. Simulationsewsnducted for each year during 1978-
2004.

Recruitment Factor Mapping

Ordinary kriging procedures in ESRI ArcGIS 9.3 S$gafnalyst (ESRI, 2009) were
used to interpolate spatial distributional mapgh# hypothesized recruitment factors. Maps
were sampled at endpoint locations after 60-d ugiegSpatial Analyst Extract-to-Point tool to
determine the value of each factor at each endpbinaddition to 70-89 mm CW subadult
male and 30-50 mm CW juvenile crab densities, factocluded NBT and groundfish catch-
per-unit-effort (CPUE) from the annual trawl surve@ummer NBT is measured by

temperature loggers attached to survey trawl geaiia were extracted from the EBS trawl
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survey database for 1978-2008 (Dr. Robert Foy, NOMASC, pers. comm.). Survey CPUE
(in kg/ha per station) of Pacific cod, yellowfinlsand flathead sole over 1982-2008 were
obtained from the survey database

(http://www.afsc.noaa.gov/RACE/groundfish/survey addata.hth Due to the timing of

megalopae settlement and groundfish seasonal moigsat(Shimada and Kimura, 1994;
Wilderbueret al., 1992), we assumed that most groundfish predatiogioung crabs occurred

1 and 2 yr post-settlement. Use of the CPUE timeeselimited our considerations of
groundfish predation to the period beginning whie 11981 pseudocohort, as the CPUE data
began in 1982, and the assumption that predatwmali become significant until the year after
release and settling.

Surficial sediment distributions from the Alaskanfsula north to St. Lawrence Island
and from the western Alaska coastline west to thelforeak were obtained from Naidu
(1988). Paper maps were scanned and the digit@jasaere georeferenced in ArcGIS 9.3. A
polygon shapefile was created to represent sedimtistributions, which was converted to a
raster for ease of use. Nine sediment classethairdassigned numerical value are: (1) gravel,
(2) muddy gravel, (3) gravelly sand, (4) gravellyddy sand, (5) sand, (6) muddy sand, (7)
gravelly muddy sand, (8) sandy mud, and (9) mud.

The ROMS tracks mean daily SST encountered by #aahduring advection. These
daily values were averaged over the 60-d advegt#oiod to obtain mean SSTs for each float.
Multivariable Threshold Gauntlet Models

We examined trends in the percentages of model aanidp meeting a set of pre-

specified biophysical habitat conditions. Differecdmbinations of these conditions, each
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represented by a different scenario, reflect tHéemdint a priori hypotheses about habitat
suitability. These hypotheses were then testeddselating the annual percentages of model
endpoints in suitable habitat meeting specifie@gholds with trends in juvenile Tanner crab
recruitment. For instance, our first hypothesis was that crabigal is enhanced by settling in
fine-sediment grain habitats. However, we did natw how fine the sediment should be. As a
first step, we plotted the sample means for eactofaaveraged across all model endpoints
within the survey area, by year, to assess long-teends in the factors themselves, and to
determine potential thresholds of each factor fowisal of settling crabs. Although it would
be convenient if a single factor explained the mjof recruitment variability, early life stage
survival in a complex system such as the EBS islliko be determined by exposure to
multiple mortality factors acting synergisticallwer varying time scales. Consequently, we
also modeled scenarios in which the biophysicaltofac of interest were examined
simultaneously by assigning values based on irgxaloratory plots (30-50 mm CW and 70-
89 mm CW crab densities, and CPUE for Pacific dladhead and yellowfin sole), reports of
apparent crab preferenda/tolerances (NBT (PauPand, 2001) and sediment class (Nielsen
al., 2007; Rosenkranz, 1998), or proxies for assui@ther crab tolerances (SST, Inezal.,
1987; Rosenkranz, 1998; Smith and Vidal, 1984)e%hold values associated with improved
survival were either minima or maxima, dependingranfactor in question:

ny, =n(F; <T,F, <Ty....and T, > E,), [eq. 3.6]
where ny = the numbem of endpoints in yeay meeting the criteria as specified by each
threshold, F; and F, are values of two factors below their hypothesizedresponding

thresholdsT; and T, thatfavor survival (e.g. sole or cod CPUE), adrdis a factor for which
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values above thresholf, favors survival (e.g. NBT, Table 3.2). The annpaftcentages of

endpointsPy, meeting all hypothesized threshold conditionsestben calculated as:

P, = %100, [eq. 3.7]

y

whereN, = the total number of floats released in ygaAnnual percentages for each threshold
scenario were plotted as time series for compariamong scenarios and with the crab
recruitment series.

To begin, we examined retention alone. To estaltiestelines, we then added each of
the other factors of interest singly and at one Veith initial threshold values determined using
the aforementioned methodologies. We then expangded these baselines by adding each of
the lags investigated for that factor to subseqgseaharios, culminating in a scenario with all
lags investigated for each factor of interest. $hotd values were then varied within
biologically reasonable bounds to allow for tolerasipreferenda differing from our beginning
assumptions. For groundfish CPUE and crab densitiesalso created scenarios focusing on
all agents for a particular mechanism (predatiorcamnibalism), considering CPUE for all
groundfish together, and densities of both cralegmies together, while excluding all other
factors. In our reporting, for simplicity, we cl#gshese mechanism-based scenarios and those
focusing on a single factor as being our "simple™single-factor” analyses. Beginning with
scenario 170, all factors were included. For arey®llowing scenario 170, one factor was
chosen and its threshold value was varied increatignivithin reasonable bounds while all
other factors remained fixed. For each level cargd for that given factor, a second factor

was chosen and its threshold(s) varied while &léofactors remained fixed, and so on. In our
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reporting, we classify these as being our "multddc analyses. We did not examine all
possible combinations, and terminated analyses aftenario 686 to maintain a manageable
workload, and because it had become apparent tinttef multifactor scenarios would be
unlikely to improve upon the initial single factoréchanism analyses. For NBT, thresholds
were investigated as both upper and lower threshotllie to the potential for warmer
temperature to increase predation by groundfissoAln one subset of multifactor analyses,
NBT thresholds were incrementally increased with pepst-settlement to allow for possible
decreased tolerance/preference for cold tempegawith ontogeny, as observeddpilio crabs
(Dionneet al., 2003).

Because the kriging procedures calculated estsrfateNBT, groundfish CPUE and
crab density beyond the spatial extent of the dduevey data, these spatially extrapolated
values were not considered reliable. Consequeatlly, floats whose modeled endpoints were
within the Tanner crab survey region were includedthe analysis. Exclusion of model
extrapolated values outside the survey area alsotanss validity of spatial comparisons
between the juvenile crab index and sampled eccébdiata.

Time series of the proportion of endpoints meetmgyiven set of hypothesized
threshold conditions were visually assessed fordseapproximating those of recruitment to the
juvenile and adult crab populations (e.g. Fig. 3Stfyength of agreement between patterns in
these time series and the juvenile Tanner cralduakiseries was determined by calculating
Pearson’s correlation coefficient for each pairuging both basic correlation methodologies
and, for comparison, methods that account for autetation (Pyper and Peterman, 1998). For

the latter, modified degrees of freedom were caleudl as:
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1

v =t RIS PXX(DPYY (), [ea8B
whereN* is the effective degrees of freedoljs the sample size (24) apdX andpYY are

the autocorrelations of time seri¥sandY at lagj. Using the effective degrees of freedom a

modified standard critical value for the correlatloetween the datasets is then calculated as:
r* = [tZ g (s +N*—2), [eq. 3.9]

wherer* is the standard critical value adjusted for autoaation andN* is the modified
degrees of freedom as in eq. (3.8) with 2 degréégedom subtracted. Two tailédests were
used in all analyses to reduce the likelihood @écdking spurious correlations and because we
were not always sure of the sign of the effect.

Herein, due to the number of scenarios modeied §86) we focus our reporting efforts
on those with either statistically significaat£ 0.05) correlation values:

I7| >j—N, [eg. 3.10]

or~0.4.
Results

Results were variable depending on the factor imstjon, choice of lag, and
threshold(s) employed. In most scenarios, sevegalbgs were observed when, under the
assumptions of the scenario, conditions may haveréa crab survival. In general, simpler (1-
3 factor) scenarios offered superior performanaeasuared on the basis of correlation strength,
in comparison to more complex scenarios incorpagadil or most of the factors of interest. Of
the factors investigated, NBT >1.0° C had the gjesh correlation with recruitment £ 0.61),
while the strongest correlations for the remairfexgjors were often observed when these were
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considered in concert with NBT. Methods to accdontstrong autocorrelation in the juvenile
crab recruitment series greatly reduced the nurabstatistically significant correlations, with
NBT being a factor in all but one of the remaingstgnarios.

Mean annual retention within the region sampledtiy AFSC trawl survey, was
consistently high during most of the study perwih the lowest retention rates (~73%) in the
early 1980s (Fig. 3.3). Ecological conditions atdmloestimated endpoints were variable in
both space and time for each factor considerediaugerannual differences in float transport
and changes in the factors themselves, though s@meés were observed, particularly through
time. For instance, Pacific cod CPUE at the endpgeaked during the early 1980s, but began
to decline after 1985 (Fig. 3.4a). During the 19860d early 2000s, average Pacific cod CPUE
remained under 20 kg/ha, except during 1993-199%¢va brief peak, with mean CPUE of 25-
30 kg/ha, was observed. Yellowfin sole CPUE wasi@darly variable; during the early 1980s
CPUE averaged ~30 kg/ha, with a record peak of ~12Bakin 1987, then declined rapidly,
maintaining an average of ~50 kg/ha through mosh®f1990s. In the early 2000s it declined
further, averaging <25 kg/ha (Fig. 3.4b). Trenddlathead sole CPUE showed the opposite
trend, gradually increasing from <10 kg/ha durihg tarly 1980s to ~25 kg/ha in the early
2000s (Fig. 3.4c).

Temporal trends in the remaining ecological factawexe also variable, with some
notable features. Mean sediment class at the emdpbad no discernible trend, though the
mean varied between 6 (muddy sand) and 8 (sandy) rowver the study period due to
differences in transport vectors, and thus estichatelpoint locations (Fig. 3.4d). For NBT, at

all three lags investigated, warmest conditionsratpoints were in the early 1980s and early
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2000s; mean NBT at the endpoints from the late 49Bfbugh late 1990s was typically <3.0°
C and often < 2.0° C (Fig. 3.5a). Mean SST alomyfkbat tracks shows a similar trend with
warmest temperatures in the early 1980s and 20@fdg@nerally cooler conditions during the
late 1980s and 1990s (Fig. 3.5b). Mean densitidarge juvenile male crabs at the endpoints
were typically well under 800 crabs/knexcept during the late 1980s population spike, ian
the early 2000s, when mean densities ranged beth@@®+1200 crabs/kmwith most of the
1990s being typified by densities <400 crabs/KFig. 3.5c). Finally, mean densities of small
juvenile crabs were extremely variable, rangingrfre200 crabs/kfduring the mid-1990s to
>5000 crabs/kiduring the early 2000s. During the late 1980s fatfmn boom, small juvenile
densities ranged between 1000 and 2000 craBgfkigqn 3.5d).

Gauntlet analyses suggested at least two periodsh,wiith all factors considered
together, conditions may have favored early jusesilirvival. These periods were found to
occur in the majority of scenarios and roughly esponded to recruitment patterns at
biologically reasonable time lags. Length of th@seiods and the percentage of endpoints
meeting the specified thresholds varied with threghold value settings. A third lesser period
was observed under only certain settings.

The first of these periods occurred during theyetarimid 1980s (e.g. Fig. 3.6). During
this interval typically 3-14% of endpoint locationsxperienced conditions within the
hypothesized thresholds, dependent on the scematipan extreme of ~25%. The percentages
of floats meeting thresholds annually, and the remdd years for which this occurred were
highly responsive to Pacific cod, due to relativéiigh CPUE being observed at model

endpoints during the early 1980s (Fig. 3.7). Imitoin, the percentage of floats meeting
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thresholds during this period was also notablycéfe by NBT thresholds (not shown), and by
those for both juvenile crabs and large juvenilgbsr(not shown), though to a more limited
degree, with the strongest effects for the lateandp apparent during the population expansion
at the end of that decade.

The second period during which conditions at thépemts may have favored juvenile
survival occurred primarily during the mid-late 89 but continued into the early 2000s under
certain conditions (Fig. 3.6). During this time1@% of model floats encountered conditions
within hypothetical survival thresholds, with a nraym of 20% occurring in several
scenarios. In contrast to the earlier period, moarer Pacific cod CPUE was observed at the
model endpoints, and a general decline continueaugn the decade (Fig. 3.7, 3.8). As a
consequence, this factor was not an important méent of habitat suitability during this
period. Conversely, flathead sole CPUE at the eimdpdncreased such that it surpassed
Pacific cod CPUE, and became an important critef@orhabitat suitability (Fig. 3.7). During
the 1980s and the period 1997-1999, cold NBT aetidpoints was an important determinant
of the number of endpoints in suitable conditioRsl4%). Due to low population densities,
large male juvenile crabs were an insignificanttdacon modeled survival throughout the
1990s, requiring very low threshold value settitmgbave measurable effects.

A third period occurred in the early 2000s (notwhpunder certain liberal assumptions
regarding the densities of both 30-50 mm CW juveaitd 70-89 mm CW large juvenile male
crabs at which cannibalism and other density depeindffects would become an important

recruitment factor (>1000 crabs/Rm
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The best results for our correlation analyses wbserved in scenarios involving only
1-3 factors. More complex scenarios employing caorations of factors performed
comparatively poorly. The percentages of modeltfomeeting specified thresholds were
positively associated with juvenile crab recruitmér the majority of scenarios considered,
with 24 positive correlations that were statisticadignificant ata = 0.05 (Table 3.3). In
addition, 19 statistically significant correlatiom®re negative and were primarily observed in
scenarios involving low densities of juvenile Tancgeabs (Table 3.3). Because of generally
high retention over the study period, retentionitsnown did not demonstrate a statistically
significant relationship with the juvenile crab icegls. Inclusion of retention in the baseline
scenarios with other factors, for reasons as pusiyooutlined, had limited, generally positive
effects on relationship strength, typically inciegscorrelations by ~0.05-0.1.

Our best performing scenario (144) explained 37.@Pdhe variance in observed
recruitment = 0.61) and involved a combination of retentiothivi the study area and NBTs
>1.0° C during the first 3 yr of life (Table 3.3gF3.9). Mean modeled sea surface temperature
added little descriptive capacity to multifactoresarios, but gave suggestive results in our
simpler scenarios. Threshold values of >3.0° C>ah@° C for SST had statistically significant
correlations i = 0.41 and 0.48 respectively) in basic scenarmslining only retention and
SST (Table 3.3). However, results for threshold2.6f C and 5.0° C were insignificant. When
considered in concert with both retention and NBdenarios with SST thresholds of 3.0° C
and 4.0° C resulted in statistically significantrretations, however incorporating SST
weakened relationships relative to the retentiath IdBT-only scenarios, with the relationship

progressively weakening as SST thresholds wereddiBable 3.3).

128



Several flathead sole-based scenarios performddwith a moderate threshold of <30
kg/ha, giving our best correlation valuex0.53) for a scenario not including NBT (Tabl8)3.
The percentage of floats below a high thresholdGkg/ha was more weakly correlated with
the juvenile residuals, while a correlationrof 0.39 was associated with a low threshold of 20
kg/ha, suggestive of a relationship, but not diasiBy significant.

Low to moderate juvenile (30-50 mm CW) crab deesitat the endpoint locations
were negatively correlated with recruitment acrassange of thresholds (Table 3.3). The
strongest correlatiorr & -0.50) was observed at a moderate upper thréstablie for juvenile
crab densities (<1000 crabs/Rnin both the hatch/settlement year and the folimngear, with
correlations weakening to the point of insignificarat higher thresholds (Table 3.3). For large
juvenile (70-89 mm CW) male crabs, scenarios comginetention, NBT > 1.5° C and > 2.0°
C and crab density thresholds of <500 crab$/lamd <600 crabs/kinwere significant. In
addition, scenarios combining (with thresholdsemébn, SST (>3.0° C and >4.0° C) NBT
(>1.5° C and >2.0° C) and large juvenile male cab90 crabs/kmand >600 crabs/kfhwere
statistically related to juvenile crab recruitmém@nds. However, correlations were lower than
those observed in the retention and NBT-only séesamdicating that inclusion of SST and
large juvenile male crabs was counterproductive.

Pacific cod and yellowfin sole densities and sedimelass at endpoints failed to
demonstrate a strong relation to juvenile crabuitment levels, with the only significance for
these factors being observed in exploratory scesdraving very high thresholds for all three
groundfish species (Table 3.3). The majority ofisexht class observations at the estimated

endpoint locations were fine-grained mixes of samaf or mud.
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When adjusting for autocorrelation in the time agrionly 5 correlations were
statistically significant (Table 3.4). All of thegsificant relationships included either sea
surface temperature or NBT at biologically reasdémdbresholds (Table 3.4). Scenario 144,
involving retention and NBT >1.0° C, remained thestnstatistically significant model. As in
non-adjusted correlation analyses, while scenazmsbining SST and NBT with retention
were statistically related to recruitment, relasibips were weaker than the scenario with only
retention and NBT used as their baseline (Tablg 3.4
Discussion

We examined a suite of ecological factors that whggothesized to regulate
recruitment of EBS Tanner crabs by comparing tregigjpdistributions of these factors against
larval endpoint locations estimated by a statehefdrt ROMS hydrodynamic model. These
results were then compared against interannuatigrém juvenile crab recruitment to identify
likely recruitment mechanisms. Our results indigag¢eiods for enhanced crab post-settlement
survival during the early to mid 1980s and middtel1990s and possibly in the early 2000s.
Our results further offer varying degrees of supparthe hypotheses that SST, NBT, flathead
sole and larger juvenile crabs are related to jedranner crab recruitment success.

Of the factors we investigated, NBT had the strebhgelationship to juvenile crab
survival, explaining up to 37% of crab recruitmerdriability, with the strongest results
obtained using survival threshold values of >18~-1C. This threshold would exclude most of
what is commonly defined as the cold pool (<2.0°wd)h only the warmer periphery being
suitable for settlement and subsequent habitatipnearly juvenile stages. Analysis of

interannual trends in mean NBT at the endpointthéurindicates a mean temperature at the
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endpoints at or below 2.0° C for much of the 1990% congener snow cralhionoecetes
opilio, is tolerant of conditions found within the coldgd (Webbet al., 2007), and may require
cold conditions, particularly during its juveniléages (Comeawt al., 1998; Paradat al.,
2010; Orensangt al., 2004). Tanner crabs are thought to be less caddatat (Rosenkranz,
1998; Rosenkranet al., 2001; Tyler and Kruse, 1997). NOAA surveys indécéttat mature
female crabs occur primarily beyond the boundaryhef region usually covered by the cold
pool. Both legal and sublegal male Tanner crabsvdfistributions similar to those of mature
females (Rugolo and Turnock, 2011). However, sudegg indicate that juvenile Tanner crabs
occur in the periphery of the region typically coea by the cold pool, particularly in the
southern portion of the middle domain, suggestimat they have at least some capacity to
tolerate temperatures found along the margins efdbld pool. In the laboratory, juvenile
Tanner crab growth was slower at 3.0° C than at éri@l 9.0° C treatments, with a mean
intermolt period of 154 days observed, versus 8 &hdays, respectively; yet, no additional
mortality occurred at the colder temperature aredlifeg activity was not reduced (Paul and
Paul, 2001). While Tanner crab tolerances to teatpegs colder than 3.0° C have not been
examined in the laboratory, tolerance of 3.0° Chuaiit apparent ill effects suggests at least
some capacity to tolerate temperatures below, Ibgedo, this threshold.

Our findings support the hypothesis that warmer Si8fing the larval phase may
benefit early life stage success and subsequentitreent. The threshold of 3.0° C matches the
thermal minima for successful growth and reprodurctf Acartia spp. andPseudocalanus spp.
copepods (Smith and Vidal, 1984), proposed as gortant component of the diet of zoeal

Tanner crabs (Inczet al., 1987; Rosenkranz, 1998). Statistical relatiorshg warmer
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threshold values may represent beneficial effetiaaeased temperature on the reproduction
and development of these prey of crab larvae. Adtievely, warmer temperatures may increase
larval crab growth rates and reduce duration ofldinal period, thus reducing vulnerability to
predation during this especially vulnerable lifagg (Hare and Cowen, 1997). Nevertheless,
inclusion of SST in model scenarios with NBT anten¢ion did not improve agreement with
observed Tanner crab recruitment trends and, i fesulted in slightly lower correlations. At
best, this suggests that SST may have limited eapday power beyond effects indexed by
NBT.

Our findings provide limited support for the hypesis that cannibalism by large (70-89
mm CW) juvenile male crabs controls Tanner crabruitbent. The strongest evidence of
cannibalism was associated with scenarios incotipgraannibalism, SST and NBT. However,
these correlations were lower than those obsemdabth baseline NBT-only scenarios and
those involving SST and NBT without cannibalismg@esting that cannibalism did not add
explanatory power. When autocorrelation was takém account, no scenarios including large
juvenile crabs were statistically significant. WhiChionoecetes spp. are known cannibals
(Jewett and Feder, 1983; Sainte-Marie and Lafra®@@2), the most convincing observations
of cannibalism were made in fjords and small baSsir{te-Marie and Lafrance, 2002),
confined habitats combining high densities withiled opportunities for evasion. The broad,
flat EBS continental shelf affords a far greatebitable area with fewer obstacles to evasion,
possibly reducing intercohort interactions suffitlg to limit effects of cannibalism.

We observed a negative relationship between jugaritruitment and lower densities

of 30-50 mm CW juvenile crabs at the endpoint lmcet, opposite the expectation under the
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hypothesis of cannibalism that low densities woloédpositively related to crab recruitment.
This may arise due to autocorrelation present \renile crab population trends which was
reflected in both our density estimates and thenue crab recruitment time series. A less-
likely alternative is that high juvenile crab ddres may reflect so-called nursery habitats
which were not indexed by our other biophysicaladats, with higher juvenile crab densities
being found at endpoint locations within these oagi

Our results provide mixed support for the hypothesi a predatory effect by
groundfish. High Pacific cod CPUE was observed ateh settlement locations during the
early-mid 1980s, consistent with low recruitmenttiee early 1980s (Fig. 3.1), and also
consistent with analyses of stomach contents itidigdigh predation of juvenile Tanner crabs
by cod during these years (Livingston, 1989). Hosvewnclusion of top-down control from
Pacific cod did not improve the overall fit, becausod CPUE declined during the 1990s
concurrent with the decline in Tanner crab recraitin Our results are consistent with other
retrospective analyses (Richar and Kruse, unpudalisRosenkranz, 1998), which failed to find
evidence of a cod effect on Tanner crab recruitm@onversely, while flathead sole CPUE at
the endpoints was low during the 1980s, it incrdab&ing the 1990s, becoming an important
factor for modeled crab survival during the 1990kis is consistent with the geographic
expansion of the EBS flathead sole in the 19904, raay indicate a hand-off in predatory
effect on Tanner crabs between these two specasficcod were the major predator during
the 1980s, while flathead sole took over this ioléhe 1990s, as indicated by stomach content

analyses (Langt al., 2003, 2005; Livingstomt al., 1993). Unlike Pacific cod, flathead sole
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CPUE was statistically related to Tanner crab tserad reasonable thresholds roughly
equivalent to the late 1990s mean CPUE.

The only significant correlations for yellowfin Iso were found in scenarios
incorporating all three groundfish species, withdem@te-high thresholds. These results are
somewhat surprising, as yellowfin sole CPUEs, whitgiable, were typically very high
relative to both Pacific cod and flathead solehat €stimated endpoint locations. However,
while dietary analyses show that yellowfin soleden juvenile crabs, prevalence of crabs in
stomach contents is highly variable, and may nppset an interannually consistent predatory
relationship (Langt al., 2003, 2005; Livingstost al., 1993).

There may be interplay between the potential esfe€told NBT and predation on crab
recruitment, which should be considered when iméthpg results of our analyses of these
factors. For instance, both Pacific cod and flathsale appear to avoid the cold pool, which
may limit their penetration of the middle domainridg summers following severe winters
(Ciannelli and Bailey, 2005; Rooper al., 2005). In particular, flathead sole appear teeha
narrow thermal preference, seeming to prefer a ¢eatpre range of 2.0° to 4.0° C, likely due
to an apparent higldo (Qio = 6.3, Mineva, 1964; Pauwdt al., 1995; Roopeket al., 2005).
Considering the high percentage of model endpewtsbserved within the cold pool (<2.0° C
), such avoidance behavior suggests that setttimgaat within the periphery of the cold pool
may have the potential to reduce predation on jilewefanner crabs, possibly offsetting
deleterious growth effects from cold temperaturposxire. This may offer an explanation for
the difficulty in finding an unambiguous relatiorttveen Tanner crab recruitment and both

groundfish and NBT. Namely, cold pool conditionslder than those observed in the
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laboratory (Paul and Paul 2001), but above somelatessurvival threshold, may adversely
affect growth and cause some juvenile mortalityilevat the same time exclude predators such
that these effects are offset. Conversely, warreaerperatures would favor growth in the
juvenile crabs and reduced mortality due to expmshbut may also increase mortality due to
increased predation.

All three groundfish species display large-scakseaal migratory behavior within the
EBS region, complicating any interpretation of #hésdings. Both Pacific cod and yellowfin
sole overwinter in the deep, warmer offshore wabéthe outer domain, then move onshore in
spring, with the movement of Pacific cod in par&ubeing influenced by the extent of the
cold pool (Ciannelli and Bailey, 2005; Nichol, 19%himada and Kimura, 1994; Wilderbuger
al., 1992). While flathead sole migratory patterns ao¢ as well documented, this species
demonstrates significant interannual variabilitydistributions apparently linked to the extent
of the cold pool (Spencer, 2008). Unfortunatelye da data limitations it is not possible to
track interseasonal changes in groundfish distiobgtat this time.

Our results do not support the hypothesis thatnsexli class at settlement comprises a
recruitment mechanism for eastern Bering Sea Tacnadas. We hypothesized that megalopae
and juvenile crabs would likely prefer muddy sedingue to the preponderance of very small
sediment grains for burial to avoid predators. Ehesdiments, however, have a fairly wide
distribution within the eastern Bering Sea, andnéxing sediment class separately from all
other factors reveals that, while a large numbeerafpoint locations were indicated to have
sediments with larger grain size (i.e. sand anga)afine grain sediments dominate. Likewise,

when considered alone, the percentage of floatsnex in the Tanner crab survey area was
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insufficient to explain recruitment variability. &Jgish, predominately along-shelf currents
appear to limit the capacity for larvae to be adegdeyond the bounds of the trawl survey
area to a much greater extent than we had hypatesi

We would be remiss if we did not point out thatyayi the number of comparisons
made ( = 686) and the significance level used< 0.05), one would expect 34 significant
correlations to be found due to chance alone. Guressly, there is a high likelihood of many
spurious correlations. While we attempted to redihee chances of spurious correlations by
pre-selecting variables for inclusion based on fatwoy, field and retrospective analyses,
uncertainties about functional relationships (algesholds) led us to investigate multiple
scenarios for the different factors, either singfyin combination with other factors. We also
recognize that cross-correlations among variablag i®ad to errant conclusions about cause
and effect. On the other hand, many hypothesest dctors affecting Tanner crab recruitment
exist (e.g. Tyler and Kruse, 1997), and we haveestigated the consistency of these
mechanisms with field observations in the contéxt realistic oceanographic model.

Our results are predicated on the validity of tHePS model and its applicability to the
EBS continental shelf region. Danielseh al. (2011) demonstrated NEP5 to effectively
recreate the hydrography of the EBS region, thonigh some caveats. It has been observed
that NEP5 slightly overestimates mean current vslocelative to corresponding field
observations across much of the EBS shelf, thoiffgrehces between observed and simulated
velocities were generally within the 95% confidenictervals for observed current estimates
(Danielsonet al., 2011). Performance within the middle domain i&nown: comparisons of

modeled and observed currents within the middle alonwvere not considered to be reliable
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due to the highly variable nature of flow withinathregion, and validation has not been
attempted (Danielsoet al., 2011).

Model resolution in both the horizontal and vetiaxes is critical both to capture
small scale features within the current system ity influence float trajectories, and to allow
for complex shorelines and seafloor features thaly rModify currents. The EBS shelf
maintains a gradual low relief slope from the wesilaska coast to the shelf break: the only
significant deviations from this are primordial sblimes approximately marking the 50 and
100 m isobaths, and the Pribilof and St. Matthelands. Further, current systems advected
floats away from the northern Alaska Peninsula,ciwiiomprised the only complex shoreline
within the study region, limiting the potential fehoreline interactions to influence advection.
Moreover, the hydrography of the EBS region is campvely low energy across much of its
extent relative to many other regions of the glad®, with only limited mean long term flows
(Coachman, 1986). As such, for our purposes, thelugon of NEP5 (horizontal: 10 km x10
km, vertical: 10 layers) was judged adequate.

Due to the lack of empirical information on Tanceab ecological tolerances, we were
forced to use hypothetical values for our threstiole acknowledge that this constitutes a
notable concern with our methods, and consider ghidy and its results to be exploratory.
Alternative methodologies exist, but present protdef their own. Distribution-based analyses
(Perry and Smith, 1994) allow visual comparisorsiafjle year, single factor data distributions
and relatively straightforward statistical deteration of similarity/dissimilarity. Analysis,
interpretation and summarization may, however, benbersome when the number of

comparisons being made is high, requiring use dfssts of data that may not be
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representative. In addition, depending on sampte, sstatistical tests may be excessively
sensitive to even small differences in the distidns, leading to misleading conclusions.
Finally, the single factor nature of these analydess not lend itself to approaching complex
ecological questions that may be affected by mleltfpctors (Kruse and Tyler, 1989; Worm

and Meyers, 2003), which may lead to at best anaviguesults (e.g. Appendix C).

Owing to the limited state of current knowledge aling Tanner crab early life
history, we had to employ a non-individual basedleidor larval advection that was relatively
simplistic in comparison to some others (Pareidd., 2010). Before an individual-based model
can be reasonably attempted for Tanner crabs, &&wuai data limitations must be addressed.
Of particular concern is the potential for verticabvement within the water column by zoeae
either as part of a diurnal migration, or as dedctnovement intended to optimize tidal or
other currents for horizontal movement (Garriso899). Either form of movement has the
potential to lead to unpredictable advection vestdiffering significantly from those predicted
within a model not properly parameterized to act¢donsuch behavior. Compounding matters
is the limited state of knowledge of larval duratiparticularly the lack of information on the
megalops stage. Not only is the duration of thegestunknown, but megalops behavior,
including potential for vertical migrations, frequey of such movement and average time spent
at depth are not known. Failing such informatiom, fellowed the approach of Paradaal.
(2010), ignoring the megalopa stage and focusingrdy the zoeal stages with the assumption
that additional advection would be of minimal camsence. This assumption is based on the
scale of the study system, prevalence of sluggiahiable currents and the likelihood that

megalopae would spend at least some time at gréepehs, where current velocities would be
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reduced relative to near-surface currents expegterity zoeae. Considering the generally
north-northwest advection, were further large-s@eection to occur, we anticipate that it
would lead to exposure to cooler sea surface arad-bmtom temperatures and reduced
exposure to groundfish and juvenile crabs, whilesignificantly altering sediment class at the
endpoints, due to prevalence of fine-grain sedisient

Finally, laboratory investigations on thermal taleces and preferenda, as well as
temperature-mediated growth rates in both zoeaearig-stage juveniles, would be invaluable
to future modeling and would help refine size-a¢-agtimates used in the juvenile crab index.
Efforts to quantify both inter- and intra-cohortno#alism, as functions of the prevalence of
alternative prey items, gender of cannibals and dbesities of both older cannibals and
younger prey crabs would be of great use in deténgithe potential importance of this
mechanism.

In conclusion, while our attempts to demonstratenatifactor suite of interacting
recruitment mechanisms for EBS Tanner crabs wereeny fruitful, simpler model scenarios
focusing on one or only a few factors were morecessful. Although there are opportunities
for the development of an improved, better informabel, within the constraints imposed by
the limitations of currently available informationg propose that our results will be of value to
both managers and fishery stakeholders. Our findfr@n apparent relationship between NBT
values >1° C and juvenile survival may be of patéic value, as it suggests that future
recruitment trends may be possible to predict witme accuracy based on current patterns and
temperature fields forecasted from models developgdthe Intergovernmental Panel on

Climate Change (IPCC), as has been done previdmsbther species (Hollowest al., 2009).
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Figure 3.2. Autocorrelation function (ACF) plot. #correlation function for

eastern Bering Sea juvenile Tanner crabs. Dashezbintal lines represent 95%

confidence limits, with values exceeding thesei§igry statistically significant

autocorrelation at that lag. Note significant pgsitautocorrelation at a lag of 1

year, and negative correlation at lags of 7 and 8 y
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Figure 3.3. Float retention trends. Annual fractarfloats retained within the

study region during 1978-2004.
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yr after settling, (b) yellowfin sole 1 yr aftertdimg, (c) flathead sole 1 yr after

settling, and (d) surficial sediment class at theépmints.
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Figure 3.5. Trends in ecological conditions (Il)edh values (solid lines) of four

ecological factors at float endpoints +/- 1 SD (aaklines) for: (a) near bottom

temperature (NBT) during settling year, (b) modetsdh surface temperature

(SST) during advection (c) density of 70-89 mm pae width (CW) large

juvenile male crabs 1 yr after settling and (d)<ign of 30-50 mm CW juvenile

crabs.
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Figure 3.6. Example scenario output. Sample ouputed from scenario 226,
with potentially suitable conditions indicated tocar in the early 1980s and
mid-late 1990s/early 2000s. Settings for this sdenaere: Pacific cod < 30
kg/ha; yellowfin sole < 30 kg/ha; flathead sole 4&fJha; sediment class > 6;
NBT > 1° C; 30-50 mm carapace width juvenile crab80/knf and 70-89 mm

carapace width male crabs <400fkm
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mean CPUE at endpoints for Pacific cod, yellowbiesand flathead sole.
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Figure 3.8. Trends in Pacific cod exposure. Timeeseof percentage of retained
floats with estimated settling locations that exgeced Pacific cod densities

<30 kg/ha at lags of 1 and 2 yr post-release.

156



Recruitment residual

05 10 15

0.0

-0.5

-1.0

-1.5

T T T T \ \ \ T
30 40 50 60 70 80 90 100

% floats retained and NBT =1C

Figure 3.9. Comparison of crab recruitment vs. nkattom temperature.
Comparison of observed juvenile recruitment redglueersus percentage of
endpoints with NBT >1° C during each of the firsir3f life (lag 0, 1 and 2 yr),

with least-squares linear regression lirfex(0.372p = 0.045).
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Table 3.1. Date of first and final model float 1&de by year.

First day of Final day of

Year release release
1978 17-Apr 4-Jun
1979 17-Apr 2-Jun
1980 17-Apr 3-Jun
1981 17-Apr 2-Jun
1982 17-Apr 6-Jun
1983 17-Apr 3-Jun
1984 17-Apr 3-Jun
1985 27-Apr 26-May
1986 27-Apr 22-May
1987 27-Apr 25-May
1988 27-Apr 25-May
1989 17-Apr 2-Jun
1990 17-Apr 6-Jun
1991 17-Apr 4-Jun
1992 27-Apr 26-May
1993 17-Apr 27-May
1994 17-Apr 3-Jun
1995 17-Apr 3-Jun
1996 17-Apr 31-May
1997 27-Apr 25-May
1998 27-Apr 23-May
1999 27-Apr 25-May
2000 17-Apr 27-May
2001 17-Apr 27-May
2002 27-Apr 25-May
2003 17-Apr 2-Jun
2004 17-Apr 27-May
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Table 3.2. Thresholds for individual factors. Lestalternate threshold values used in
gauntlet analyses by factor. Factors are: Pcodfi®aod in kg/ha; FHS, flathead sole
in kg/ha; Yfin, yellowfin sole in kg/ha; Sed, sedint class; NBT, near bottom
temperature in °C; SST, sea surface temperatut€;iduv, 30-50 mm carapace width
(CW) Tanner crab in crab/KinLrg_crab, 70-89 mm CW male crab in crabfkmihe
numerals (0, 1 and 2) associated with each faeooi@ lags of 0, 1 and 2 yr post hatch.

For NBT, “< or >” denotes that value was used at lam upper and lower threshold.

Factor Lags Thresholds
Pcod 1,2 <10, <20, <30, <40, <50, <8, <100

FHS 1,2 <10, <20, <30, <40, <50, <8, <100
Yfin 1,2 <10, <20, <30, <40, <50, <8, <100, <12048
Sed 0 >4, >5, >6, >7, >8

<or>1,>15, >1,75, < or >2, >2.25, >2.75, < 8; >3.75,< or >4,
NBT 0,1,2 <or>5
SST 0 >2,>3, >4, >5
Juv 0,1 <250, <400, <600, <700, <800, <1000, <120600, <2000

<250, <300, <400, <450, <500, <600, <700, <80MNGO, <120
Lrg__crab 1,2 <1600, <2000
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Table 3.3. Statistically significant correlatiorSorrelations between scenario output
and juvenile recruitment residuals, factors, anctdiathresholds for all statistically
significant @ = 0.05) scenarios. Pcod, Pacific cod in kg/ha; Fit#head sole in kg/ha;
Yfin, yellowfin sole in kg/ha; Sed, sediment clgsNBT, near bottom temperature in
°C; SST, sea surface temperature in °C; Juv, 3B0carapace width (CW) Tanner
crab in crab/kfy Lrg_crab, 70-89 mm CW male crab in crabfkifihe numerals (0, 1

and 2) after the factors denote lags of 0, 1 apd@dst hatch.

Scenario Correlation Factor
1 0.407 SST >3
2 0.481 SST >4
44 0.533 FHS1 <30
45 0.455 FHS2 <40
80 -0.421 Juv0 <400
81 -0.408 Juv0 <600
87 -0.485 Juvl <400
88 -0.446 Juvl <600
a0 -0.403 Juvl <1000
94 -0.484 Juv0 <400  Juvl <400
95 -0.483 Juv0 <600 Juvl <600
96 -0.489 Juv0 <800  Juvl <800
97 -0.496 Juv0 <1000 Juvl <1000
98 -0.471 Juv0 <1200 Juvl <1200
99 -0.427 Juv0 <1600 Juvl <1600
JuvO+Juvl
101 -0.401 <400
JuvO0+Juvl
102 -0.451 <600
JuvO+Juvl
103 -0.429 <800
Juv0+Juvl
104 -0.429 <1000
JuvO+Juvl
105 -0.451 <1200
Juv0+Juvl
106 -0.401 <1600
139 -0.478 NBT2 <1
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Table 3.3 continued

Scenario Correlation Factor
144 0.612 NBTO >1 NBT1>1 NBT2>1.0
164 0.431 Pcod <50 Yfinl <560FHS1<50 Pcod2 <50Yfin2 <50 FHS2 <50 Sed >8

165 0.437 Pcod <80  Yfinl <80FHS1 <80 Pcod2 <80Yfin2 <80 FHS2 <80 Sed >8
665 0.513 JuvO0 >600 Juvl >600
666 0.521 NBTO >1.0 NBT1>1.601BT2>1.0 Juv0 >600 Juvl >600

667 0.603 NBTO >1.0 NBT1>1.0lBT2>1.0 SST >2.0
668 0.581 NBTO0>1.0 NBT1>1.01BT2>1.0 SST >3.0
669 0.553 NBTO >1.0 NBT1>1.0lBT2>1.0 SST >4.0
670 0.561 NBTO>1.5 NBT1>1.8BT2>1.5 SST >2.0
671 0.541 NBTO >1.5 NBT1>1.5IBT2>1.5 SST >3.0

672 0.529 NBTO >1.5 NBT1>1.8IBT2>1.5 SST >4.0
Lrg_crab_1rg crab_2
673 0.431 NBTO >1.5 NBT1>1.BIBT2>15 SST>3.0 <600 <600
Lrg_crab_1rg crab_2
674 0.434 NBTO >1.5 NBT1>1.8IBT2>15 SST>4.0 <600 <600
Lrg_crab_1rg crab_2
675 0.440 NBTO0 >2.0 NBT1>2.01BT2>2.0 SST>4.0 <600 <600
Lrg_crab_1rg crab_2
676 0.449 NBTO >2.0 NBT1>2.01BT2>2.0 SST>3.0 <600 <600
Lrg_crab_1rg crab_2
679 0.410 NBTO0 >2.0 NBT1>2.01BT2>2.0 SST>3.0 <400 <400
Lrg_crab_1lLrg_crab_2
681 0.403 NBTO >1.5 NBT1>1.8BT2>15 <500 <500
Lrg_crab_1lrg_crab 2
683 0.426 NBTO >2.0 NBT1>2.01BT2>2.0 <500 <500
Lrg_crab_1Lrg_crab_2
685 0.435 NBTO >1.5 NBT1>1.8BT2>15 <600 <600
Lrg_crab_1lLrg _crab 2
686 0.451 NBTO >2.0 NBT1>2.01BT2>2.0 <600 <600
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Table 3.4. Statistically significant autocorrelatiadjusted correlations. Statistically

significant correlations between scenario output janenile recruitment residuals after

accounting for autocorrelation, factors, and relateesholds. Factors are: SST, mean

modeled sea surface temperature along float traek;INBT, near bottom temperature.

Retention within study area was incorporated itits@narios. NBT and SST are in °C.

The numerals 0, 1 and 2 denote lags of 0, 1 andp@st hatch.

Scenario Correlation P-value

2
139
144
667
668

0.481

-0.478
0.612
0.603
0.581

0.024
0.018
0.045
0.049
0.047

SST >4.0
NBT2 <1.0
NBTO >1.0
NBTO >1.0
NBTO >1.0

Factor

NBT1>1.0
NBT1>1.0
NBT1>1.0

NBT2 >1.0
NBT2>1.0 SIIM0>
NBT2>1.0 SSI0C>
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General Conclusions

Recruitment of juvenile EBS Tanner crabs in tha momplex process likely governed
by interactions of multiple factors acting in cortcand/or sequentially across multiple life
stages, time scales and spatial extents. Thus,tifideanon of specific mechanisms is
problematic, requiring application of multiple appches.

An approximately 12 yr cycle in juvenile abundanoesresponding to two female crab
maturation cycles, is suggestive of an endogenbythm springing from a stock-recruit
relationship. Ricker model based analyses supp@t Wwith a strong-density-dependent effect
being observed. The specific mechanisms by whidh é#ffect occurs are less obvious:
candidates may include both intercohort and intnado post-settlement cannibalism,
exhaustion of food resources during the zoeal pdaseg years of high reproductive output,
or less likely, disease. However, an alternativplaation is that the apparent rhythm arises
from a cyclical environmental process affectingvswal to recruitment. An apparent strong
density dependent stock-recruit relationship hasnbghown to result when environmental
drivers cause recruitment to cycle with periodighat is twice the mean generation time of a
given population.

Groundfish predation may comprise an importantuitrent mechanism for juvenile
Tanner crabs depending on the species in quedtlathead sole, an increasingly ubiquitous
species in the EBS and known crab predator denaiastra pronounced, statistically
significant negative effect at high densities. Hoare neither Pacific cod, long-considered
likely to be a major predator of juvenile crab, rny@lowfin sole, a highly abundant species

appear to comprise a significant recruitment meisman
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Connectivity trends suggest that local retentionlavae is an important feature
throughout the EBS Tanner crab population, with tsoed connectivity between
subpopulations being most prominent along-shelfatol the northwest. As such, local
processes may play a far greater role in determireoruitment, first to the juvenile stages, and
later to the adult stage, than had previously lsmpected. Further, subpopulations may be far
less resilient to overfishing than traditionallysamed. This is borne out by the continued lack
of recovery in the population east of 166° W londé, which our results suggest receives only
limited larval subsidies from other areas. Togethlieese results may validate our previous
observation of a stock-recruit relationship. ReRtyenetic homogeneity across the population,
which has stymied previous genetics-based attemptsdetermine the existence of
subpopulations, may result from infrequent anonmmldansport events able to connect
subpopulations across comparatively large distances

Spatially-explicit methods have great potential fimraveling ecological relationships
that may vary in both space and time. Analyses ewmg spatial distributions of
environmental factors against juvenile crab reomeitt through biologically reasonable
thresholds for each factor that might favor cratvisal met with limited success at best. While
more complex scenarios gave lackluster performasiogler scenarios focusing on 1-3 factors
were more successful. In basic correlation analylsesors that were statistically significant
and positively correlated with juvenile crab retment included near bottom temperature
(NBT) values indicating endpoint locations eithetside of the cold pool, or within relatively
warmer portions of the cold pool (>1° C), sea stefdemperatures (SST) >2° C, low to

moderate densities of flathead sole and 70-89 mmapeae width (CW) large juvenile male
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crab, and high densities of 30-50 mm CW juvenilbciAfter adjusting statistical significance
for autocorrelation in the juvenile crab recruitrheeries, however, only NBT and SST were
statistically significant, and SST only when painedh NBT. Findings for NBT and SST
provide support for the hypothesis that temperaisii@n important environmental recruitment
factor for EBS Tanner crab. While initial findindgsr flathead sole and 70-89 mm CW crab
appear to offer some support for the hypothesisghedation and cannibalism by older crab,
respectively, are important recruitment mechanisths, apparent relationships seem to be
driven by autocorrelation in juvenile crab recrweimh trends. Autocorrelation is most likely
responsible for the observed relationship betweagh tensities of 30-50 mm CW crab at the
model endpoints, and juvenile crab recruitmenth&®es explaining our poor statistical results
with Pacific cod, these analyses indicate a pronedrdecline in exposure to Pacific cod since
the late 1980s, suggesting that, while this spemay have once comprised an important
recruitment mechanism, this may no longer be tise,cat least within the temporal bounds of
the work presented in this dissertation.
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Appendix A:
Additional Statistical Analyses Not Reported in Gtea 1

I ntroduction

In addition to the statistically significant redment factors reported in Chapter 1, |
investigated several other factors that generaéidgd non-significant or inconclusive results,
and were thus excluded from that chapter. Thedaded both near-bottom temperature (NBT)
and sea-surface temperature (SST), cannibalisnargge I(70-89 mm carapace width) juvenile
male crabs and mean wind vector using simple limegression. In addition | investigated
these factors in conjunction with indices for thimter Arctic Oscillation (AOw) and summer
Pacific Decadal Oscillation (PDOs) through multipkgression modeling. For the sake of
completeness, | briefly outline the hypotheses amalytical methods, and provide summaries
of these results here. Due to the poor resultthiese factors | do not provide in-depth analysis

of these results.

Hypotheses

| tested the following null hypotheses:

Hoi: Survival of juvenile Tanner crabs is not enhanogdvind-driven larval advection.

Hoz: Survival of juveniles is not adversely affecteg dannibalistic older and larger
crabs.

Hos: Development and survival of embryonic Tanner srate not adversely affected by

exposure to the especially cold NBT associated thighcold pool.
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Hos: Survival of juvenile Tanner crabs is not negdtivaffected by exposure to cold
NBT (<2°C) associated with the cold pool.

Hos: Survival of zoeal stage Tanner crabs is not faddsy warmer SSTs during the
planktic zoeal stages.

Hos: Recruitment strength is not related to the AOWP&Os, both of which serve as
indices for long-term climatic patterns in the eastBering Sea.
Methods
Data Sets
Cannibalism

To test for evidence of a cannibalism effect onmugment of early stage juvenile Tanner
crabs by older, larger individuals, the stock-réc(®-R) residuals were regressed against
annual abundance estimates for large juvenile Mahmer crabs (70-89 mm carapace width) at
lags of 0, 1 and 2 yr post-release. In additiona@d 3-yr running averages of large crab
abundance were also considered.
Sea Surface Temperature
Extended reconstructed SST version 3b (ERSST v&lojehdata were obtained from the

National Climate Data Center (http://www.ncdc.ngaa/oa/climate/research/sst/ersstv3.php).
The ERSST v3b is the latest version of an SST eoection covering the time period from
1854 to the present. In comparison to v3a, v3bettisps with the use of satellite observations,
which were found to cause a small residual cold b#®.01° C) in temperature estimates due to
interference from cloud cover, while retaining adjoents for effects of sea ice concentration

on SST, improved statistical methods andithsitu SST data of v3a (Smitit al. 2008). Data
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comprise super-observations on a 2° x 2° grid s&dlbough observations at this scale may
dampen out local-scale variability, this data setains useful for larger scale applications and
has been employed in similar studies in this regMuoeteret al. 2011). Monthly, bi-monthly,
and seasonal anomalies from the long-term (Apty-1978-2005) mean were calculated and
lagged for their hypothesized effect during theatgdase (lag 0 yr).
Near-Bottom Temperature

Summer NBTs in the EBS region for 1978-2008 weriokd from the NMFS summer
trawl survey database. Annual mean NBT was estuoinfiten all sampled survey stations to
provide an index of interannual variability acrdee EBS region. Annual anomalies from the
1978-2005 mean were calculated for each year aygethfor effects during the embryonic
stage (lag -1 yr), immediately following settlingd O yr), and the®iand 2% years following
settling (lag +1 yr and +2 yr. Also, 2- and 3-ynning averages of anomalies were considered
as a proxy for cumulative temperature effects..
Winds

Data for estimated wind vectors at a height of 10were obtained from an online
database for the NCAR/NCEP Reanalysis model maietaby NOAA/OAR/ESRL PSD at

http://www.esrl.noaa.gov/psd/This data set was generated using an advancedheavea

prediction model with supplementary field obsemas obtained from surface, atmospheric
and orbital sources. The procedural consistendyhas been used in the reanalysis makes the
data set excellent for examining interannual valitghand it has been found to correspond
very well to field observations obtained from s@sthat were not used in its generation (Bond

and Adams 2002, Ladd and Bond 2002). The data prendded as daily means for zonal and
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meridional components on a ~1@aussian grid; data for this study were bounde86$89
N to 58.093 N and 161.250W to 172.3 W. Monthly, bimonthly and full-period average
vector components for May-July were then resolvetba increments from 0° (northerly, N) to
180° (southerly, S) and were lagged for effectrythe zoeal phase (lag O yr).
Climate Indices

In light of the observed cyclical trends in all S<¢&idual series, the PDOs and AOw were
also obtained from NOAA (http://www.beringclimateaa.gov/) to examine potential
relationships with complex long-term climatic pat® Due to uncertainty in potential
mechanisms through which they may influence Tanas, these were only used in multiple
regression analyses on an exploratory basis, amée lagged for effect during only the zoeal
phase (lag 0 yr).
Satistical Analyses
Simple Linear Regression Models

For analyses of environmental effects on survivel eecruitment of Tanner crabs | first

adjusted variability in log-transformed survivates for possible density dependence. That is, |

computed residuals from a Ricker S-R relationshiiting a model ofin (g) as the response
variable on abundance estimates for reproductiveales (SC 3 + SC 4) as the explanatory
variable (eq. A.1):
R
In (E) = a+pS+e¢, (eq. A1)
where R = juvenile crab recruitsS = reproductive female crab spawnedss= recruits-per-

spawner at very low population sizgss measure of rate of decrease in the ratio olrecto
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spawners a$ increases anel = the autocorrelated error term. These S-R reldduare then
used as response variables to examine possiblet effie environmental variables and
cannibalism on recruitment. Comparison of S-R ngalsl against the recruitment anomalies
used in the final analyses for Chapter 1 show wémjlar variability ¢ = 0.81, EBS group),
thus | did not repeat the analyses presented h&ng wecruitment anomalies. Stock-recruit
models were considered with lags of 2, 3 and 4ag;3 models were selected for subsequent
use on the basis of both strength of fit and prinderstanding of average size at age for
juvenile crab. The S-R models were fitted usingegalized least squares (GLS) regression
procedures, including specification of the AR(1)pgess identified in our autocorrelation
analysis. For the purpose of comparison, modelsimamtrporating autocorrelation were also
fitted for both NBT and large juvenile male crab.

To investigate potential relationships between bygjical factors and Tanner crab
recruitment, model residuals from the lag-3 S-R fittr each group (eastern, western, and total
EBS) were regressed separately against each fatttmologically reasonable lags. Two
alternate relationships were explored, the simfilestg simple linear regressions (eq. A.2):

R = By + B1X +¢, (eq. A.2)
whereR = the S-R residualg, andp; are model parameterX,= the environmental factor of
interest and;; = the autocorrelated error term. In cases in wihhéshidual diagnostics indicated
apparent trends that could not be accounted faifople linear trends, quadratic terms were
included to allow for curvilinearity in the moddlationship (eq. A.3):

R = BO + le + BZXZ + St, (quA\
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wherep, is an additional model paramet®f, = the square of the population estimate to allow
for curvature, and other terms are as in eq. (6)e GLS procedures and the AR(1)
autocorrelation process were used while statissiicadificance was evaluatedat= 0.05 using
two-tailed t-tests. All analyses were completed using R ver@d# (R Development Core
Team 2005).
Multiple Regression Models

For the multiple regression models, variables vgelected from those that were at least
weakly significant | < 0.10) in simple linear regressions, althoughtdiac with a strong
theoretical basis or which were significant in poe studies were also included to explore the
possibility of stronger interactive effects thatrevenot revealed by simple linear regression
analyses. Consistent with Rosenkranz et al. (12881), only the May-June mean wind
component was analyzed to reduce the possibilitgpofrious correlations and because these
months represent the main pelagic larval periocs@Rkranz et al. 1998, 2001). The dependent
variable was the lag-3 S-R residual series caledldbr each group (eastern, western, and
EBS). In initial models, residual series from S-Rdels both including and excluding the
highly anomalous 1982 female/1985 juvenile datanpoivere employed. Following
consideration of the effects on model fit of inghglthis pair, and due to concerns about the
female estimate (see Chapter 1, pp. 14-15 fordigtussion), only the “edited” residual series
from the S-R models for each group with this pgrimopped ere used. To begin, linear models
were fitted using step-wise model selection procesluo select the strongest candidates for

further analyses.
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To allow for autocorrelation, GLS models were tlited for each group while using the
linear model results to guide variable selectidmedgan with simple linear regression models of
the “best” explanatory variables for that groupi@esntified by the linear model analyses.
Variables were lagged appropriately and manuallgedduntil a full model had been built
including all variables previously identified ast@uatial candidates. Interaction terms were
included, if deemed biologically reasonable to tesinteractions among the variables.

Variables examined in multiple regression analyselsided the mean 8075, 9C°, 150,
175 and 180 wind components for May-June, flathead sole bianB®0Os, AOw and May-
June mean SST, in addition to interaction ternnsmMimd component * flathead sole biomass
and wind component * AOw. For each model | caladathe small- sample Akaike
Information Criterion (AICc), due to the relativedhort residual time series € 28) relative to
the number of parameters being investigated. Ak Wie simple linear regression analyses,
statistical significance for individual parametesss determined a&r = 0.05 usingt-tests.
Model suitability was determined based on the $icgmce level of the variables, inspection of
residual plots and reduction in AICc relative t@ tsimple regression model with the lowest
AICc value.

Results
Cannibalism of Juveniles by Larger Males

Regressions of abundance of male crabs > 70 mm iGd¥édendent variable) and S-R
residuals (dependent variable) lagged 0, 1 and, 2a2s/mwell as 2- and 3-yr running averages
failed to reveal significant relationships whencaatrrelation was accounted for (Table A.1). In
models without autocorrelation terms, lag 0O andrImpdels were significant for the EBS
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group, while for both the EBS and western groupsdehs incorporating 2-yr running averages
for the first 2 yr of life were significant. For éheastern group, only the lag 0 model was
significant (Table A.1). Scatterplots are also ssjiye of weak negative relationship at these
lags (Fig. A.1, A.2). Autocorrelation was signifidain all models for the western and EBS
groups, but was not significant in eastern grouple(Table A.1).
Effects of Mean Near-Bottom Temperature on Embryo Development and Juvenile Stages

One statistically significanp(= 0.02) negative relationship between recruitnagmt the
running average of mean bottom temperature dutegfitst 3 yr of life was observed in a
guadratic model for the western group (Table AE)wever, examination of a scatterplot of
these data revealed two outliers on the lower rigih of the plot, representing the 1978 and
1979 pseudocohort S-R residuals (Fig. A.3). Rema¥ahese data points resulted in non-
significance p = 0.15). Model output and scatterplots for othegions and lags did not
indicate any other relationships with NBT.
Favorable Sea Surface Temperature during Larval Stages

No statistically significant relationships betwesea surface temperature during the
zoeal stage and juvenile Tanner crab recruitment wlbserved (Table A.3).
Favorable Winds for Advection

Regression of mean vector wind components atiddrements from 0Onorth to 180
south failed to demonstrate a significant relatimpdetween these components and the S-R
residuals for the EBS and western groups (Table A.8). For the eastern group, the May-
June 150and 16% components were statistically significapt<{0.05) and positively related to
the S-R residuals (Table A.6, Fig. A.4). Notablye tapparent relationships were generally
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driven by a few highly influential data points. Whéhese were removed, the relationships
became non-significant.
Multiple Regression Models

There was significant variability in both “best’dwced model and “best” full model,
depending on the study group in question. For bothEBS and western groups, the “best”
reduced model, incorporated only flathead soleags$ lof 1 yr (EBS group) and 2 yr (western
group, Table A.7). For the eastern group, the begiiced model incorporated only the AOw
lagged for effect during the larval phase (Tabl&)A.Pronounced trends were however
observed in model residuals, suggesting these madele not able to account for significant
recruitment variability Figs A.5a, A.6a, A.7a).

For all three groups the “best” full model incoratad wind components (EBS, -90°;
eastern, 90°, western; -75°), and flathead sodé bodmass (TBM) (EBS and eastern group, lag
1; western group, lag 2) (Table A.7). In additibe €BS full model incorporated the AOw and
PDOs indices, while the eastern group model adddg the AOw index, and the western
group model, only the PDOs index (Table A.7). Hoerewas in the baseline models, trends
were still observed in model residuals, supportirgconclusion that these models were unable
to fully account for variability in crab recruitmie¢rigs A.5b, A.6b, A.7b).
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Figure A.1l. Stock-recruit residuals vs. large sulachale crab abundance (lag-0 yr). Stock-
recruit (S-R) residuals for the eastern Bering §eBS) versus large (70-89 mm carapace
width) subadult male abundance (millions) duringchang year (lag-O yr) for cannibalism

immediately after settling.
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Figure A.2. Stock-recruit residuals vs. large sulachale crab abundance (lag-1 yr). Stock-
recruit (S-R) residuals for the eastern Bering §eBS) versus large (70-89 mm carapace
width) subadult male crab abundance lagged 1 gr afab hatching for cannibalism during the

first juvenile year.
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Figure A.3. Stock-recruit residuals vs. near-bottmperature. Stock-recruit (S-R) residuals
lagged 3 yr versus the 3-yr running average of-bettom temperature (NBT) for the eastern

Bering Sea (EBS).
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Figure A.4. Eastern group stock-recruit residuas 65 winds. Stock-recruit (S-R) residuals
for the eastern group versus the hatch year (Oagy 165° (south-southeast) wind vector
component (m/s). Note the data points for 1986 E9@B year classes, which appear to drive

the observed relationship.
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Figure A.5. Best model residuals by hatch yeartliereastern Bering Sea. Residuals from the
best-fitting (a) reduced model and (b) full model, the eastern Bering Sea by hatch year over

1978-2005. Note the cyclic residual pattern in (a).
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Figure A.6. Best model residuals by hatch yeartlier eastern area. Residuals from the best-
fitting (a) reduced model and (b) full model foethastern study area by hatch year over 1978-

2005. Note the cyclic pattern in residuals in (a).
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Figure A.7. Best model residuals by hatch yearttier western area. Residuals from the best-
fitting (a) reduced model and (b) full model, fdretwestern study area by hatch year over

1978-2005. Note the cyclic pattern in residualssen¢ in both, and particularly in (a).
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Table A.1. Statistics for cannibalism models. Rseal for cannibalism models by region and
lag with autocorrelation terms unless specified A= autocorrelation not incorporated, RA3
= 3-yr running average for effect during intervanijuvenile years, RA2(1) = 2-yr running

average lagged for effect beginning duririygar post-hatch, RA2(2) = 2-yr running average
lagged for effect beginning during th&’%ear post-hatch. Where given, +/- indicates sifjn o

statistically significant relationships. Signs a given for non-significant models.

Level East West EBS

Xi ® Xi ® Xi ®
Lag O 0.08 0.18 0.41 0.88 0.97 0383
Lag O no AR 0.01(-) 0.08 0.01(-)
Lag 1 055 0.25 0.32 0.85 0.20 0.79
Lag 1 no AR 0.36 0.09 0.03(-)
Lag 2 0.90 0.29 0.90 0.87 0.90 0383
Lag 2 no AR 0.87 0.36 0.30
RA3 0.89 0.29 0.50 0.85 045 081
RA3 no AR 0.86 0.39 0.32
RA2(1) 0.23 0.21 0.89 0.86 0.36 0.78
RA2(1) no AR 0.13 0.05(-) 0.01(-)
RA2(2) 0.94 0.29 0.96 0.87 0.93 0383
RA(2)no AR 0.82 0.79 0.82
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Table A.2. Statistics for near bottom temperatucelets. P-values for near bottom temperature

models by area, lag, and model parameter. RA3(13-yw running average lagged for

intervening juvenile years, RA3(2) = as before watpolynomial term to allow for curvilinear

relationship, RA3(3) = 3-yr running average lagded effect beginning during embryonic

stage, RA2(1) = 2-yr running average lagged fat f# juvenile years, RA2(2) = 2-yr running

average lagged for effect beginning during embryatage. Where given, +/- indicates sign of

statistically significant relationships. Signs amet given for non-significant models. NA

indicates that the given term was not includedhat model.

Level East West EBS
X; x> @ XX ¢ X Xi° @

Lag-1 0.96 NA 0.25 0.39 NA 0.48 0.42 NA 0.70
Lag O 0.54 NA 0.27 0.11 NA 0.58 0.25 NA 0.69
Lag 1 0.26 NA 0.23 0.26 NA 0.62 0.89 NA 0.71
RA3 (1) 0.54 NA 0.24 0.44 NA 0.57 0.36 NA 0.70
RA3 (2) NA NA NA 0.81 0.02(-)0.56 0.86 0.08 0.69
RA3 (3) 0.43 NA 0.23 0.64 NA 0.48 0.77 NA 0.66
RA2 (1) 0.65 NA 0.25 0.60 NA 0.55 0.19 NA 0.68
RA2 (2) 0.60 NA 0.30 0.60 NA 0.55 0.19 NA 0.68
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Table A.3. Statistics for monthly sea surface terajpge models. P-values for sea surface

temperature models by group and period over whigangvector mean was calculated, with

autocorrelation terms. Where given, +/- indicatigs ®f statistically significant relationships.

Signs are not given for non-significant models. NA@licates that the given term was not

included in that model.

East West EBS
Average X () Xi () Xi (0
April 0.61 0.25 0.11 0.59 0.44 0.71
May 0.92 0.23 0.13 0.58 0.10 0.83
June 0.99 0.24 0.83 0.55 0.13 0.73
July 0.46 0.29 0.79 0.56 056 0.72
April-May ~ 0.84 0.24 0.10 0.58 0.19 0.70
May-June  0.97 0.24 0.37 0.57 0.08 0.72
June-July 0.66 0.27 0.79 0.56 0.29 0.73
April-uly  0.71 0.26 0.28 0.59 0.18 0.72
May-July  0.77 0.26 0.47 0.58 0.17 0.72
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Table A.4. Statistics for eastern Bering Sea wirmtlets. P-values from wind models for the
eastern Bering Sea by vector angle and period wiiezh given vector means were calculated.
Where given, +/- indicates sign of significant miogigationships. Signs are not given for non-

significant models.

EBS
Angle of
component May-JuneJune-July May-July May  June July
0° (North) 0.24 0.78 0.46 0.30 0.77 0.31
15° 0.33 0.77 0.50 0.33 089 051
30° 0.44 0.81 0.58 0.37 0.97 0.77
45° 0.58 0.87 0.66 042 084 0.98
60° 0.74 0.92 0.75 050 0.72 0.88
75° 0.94 0.97 0.83 0.62 065 0.77
90° (East) 0.84 0.98 0.92 0.82  0.59 0.67
105° 0.60 0.95 0.99 0.86 057 059
120° 0.38 0.92 0.88 052 056 051
135° 0.24 0.89 0.75 0.34 058 043
150° 0.18 0.85 0.62 029 062 035
165° 0.19 0.82 0.50 0.29 068 0.28
180° (South)  0.24 0.78 0.46 030 077 0.31
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Table A.5. Statistics for western area wind modetsalues from wind models for the western
area by vector angle and period over which givestoremeans were calculated. Where given,
+/- indicates sign of statistically significant agbnships. Signs are not given for non-

significant models.

West
Angle of

component May-June June-July May-JulyMay June  July
0° (North) 0.40 0.66 0.36 0.47 0.70 0.80
15° 0.55 0.90 0.52 0.46 0.99 0.84
30° 0.73 0.80 0.72 0.47 0.64 0.89
45° 0.94 0.63 0.92 0.48 0.39 094
60° 0.85 0.54 0.90 0.51 0.27 0.97
75° 0.65 0.50 0.76 0.58 0.23 0.99
90° (East) 0.48 0.48 064 071 022 0098
105° 0.35 0.47 0.53 0.95 0.23 0.95
120° 0.27 0.47 0.44 0.78 0.26 0.93
135° 0.24 0.47 0.36 0.60 0.30 0.90
150° 0.25 0.49 0.31 0.52 0.38 0.87
165° 0.30 0.54 0.30 0.48 0.50 0.83
180° (South) 0.40 0.66 0.36 0.47 0.70 0.80

191



Table A.6. Statistics for eastern area wind modelgalues from wind models for the eastern
area by vector angle and period over which givestoremeans were calculated. Where given,
+/- indicates sign of statistically significant agbnships. Signs are not given for non-

significant models.

Component May-June June-July May-July May June July

angle
0° (North) 0.06 0.63 0.33 052 0.10 0.13
15° 0.13 0.79 0.47 0.55 0.18 0.17
30° 0.26 0.98 0.66 0.60 0.34 0.28
45° 0.47 0.84 0.87 0.66 0.60 0.43
60° 0.76 0.70 0.95 0.73 0.95 0.40
75° 0.92 0.61 0.79 0.84 0.68 0.73
90° (East) 0.60 0.54 0.67  0.97 0.40 0.88
105° 0.34 0.50 0.56 0.85 0.22 0.95
120° 0.17 0.48 0.46 0.67 0.13 0.77
135° 0.08 0.47 0.37 055 0.08 0.57
150° 0.05 (+) 0.48 031 051 0.06 0.36
165° 0.04 (+) 0.53 0.28 0.50 0.07 0.19
180° (South) 0.06 0.63 0.33 052 0.10 0.13
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Table A.7. Statistics for best fitting multivariateodels and factors. Univariate and full models
giving best fit by group. MJ 180° = May-June 18@Advcomponent, MJ 175° = May-June 175°
wind component, MJ 90° = May-June 90° wind compgneHS = flathead sole total biomass
at given lag post settlement. AOw = winter Arcticsddlation index and PDOs = summer
Pacific Decadal Oscillation anomaly. Superscriptates polynomial term, while sign within

parentheses identifies nature of statistically ificgmt relationship and accompanying number

is the term p-value.

EBS group
AlCc
Factor 1 Factor 2 Factor 3 Factor 4  value
Univariate  Lag 2 FHS
Model (-, 0.009) 66.33
MJ 180° Lag 2 FHS AOw PDOs
Full model (+, 0.013) (-, <0.001) (-, 0.046) (-, 0.007) 60.67
Eastern group
AlCc
Factor 1 Factor 2 Factor 3 Factor 4  value
Univariate AOw
Model (-, 0.008) 81.79
MJ 90° Lag 2 FHS AOw
Full model (-, 0.004) (-, 0.014) (-, <0.001) 72.96
Western group
AlCc
Factor 1 Factor 2 Factor 3 Factor 4  value
Univariate  Lag 2 FHS
Model (-, 0.006) 59.57
MJ 175° Lag 1 FHS PDOs
Full model (+, 0.004) (-, <0.001) (-, 0.003) 55.23
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Appendix B:
Auxiliary Connectivity Analyses
Introduction
Assumptions of our connectivity study have the pt& to significantly influence our
results. Here, we explore the implications of tv@swanptions on retention and connectivity: (1)
60-d larval period, ignoring any potential addisbmadvection during the megalops stage, and
(2) the choice of our connectivity grid. Regarditigg former, in a sensitivity analysis we
examined the effects of an extended 90-d larvabgdesn connectivity patterns to consider the
possibility that megalopae continue to be advesiedlarly to crab zoeae. Regarding the latter,
we conducted additional connectivity analyses usimglternative grid based on ecoregions as
defined by the Bering Ecosystem STudy-Bering Séeghated Ecosystem Research Program
(BEST-BSIERP, see http://bsierp.nprb.org/). Thiovaéd us to test the sensitivity of our
results to an alternative connectivity region getynevhich has larger grid size than the one
we selected.
Methods
For the extended larval period analyses, a laredabd of 90-d was assumeal lieu of
the 60-d period employed in the analyses reporte@hapter 2. For the alternate grid-based
analyses, the ArcGIS shapefile used as the badlssofrid was obtained from an online data
repository at http://bsierp.nprb.org/. All other tmeds are as described in Chapter 2. For
simplicity we only examined connectivity at the kulgvel for both sensitivity analyses, with

all depths being considered together.
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Results
Extended Larval Advection Period

Results for the extended larval period analysegwevadly similar to those reported in
Chapter 2. As with the 60-d advection period, regid, 7 and 13 were important endpoint
regions, with region 1 losing prominence in the A9%hile regions 7 and 13 became more
prominent, while region 15 was a significant endpoégion during the early 1980s (Figs B.1a,
1b, 1d). Retention rates were generally slightijueed relative to the 60-d results (Figs 2.8,
2.9, 2.10), but still high, with retained endpoirtntributing greatly to the total number of
endpoints in most major regions (Figs B.2, B.3,)B.#he most pronounced difference
observed was reduced retention rates in the regibtiee outer domain (12, 13, 14, 15) during
the 1980s, with retention in all regions increadituging the 1990s (see Figs B.2, B.3, B.4, B.5
versus Figs 2.8, 2.9, 2.10). Reduced retentionnduitie 1980s was offset by weak offshore
transport into the Bering Sea basin and regiortketontinental slope (Fig. B.5), trends which
weakened during the 1990s (Fig. B.5). Weak persistenshore advection to the
north/northwest and originating in the outer domaas observed beginning in the early 1990s.
Strongest connectivity continued to be along-domanwith the strongest cross-domain
connectivity being onshore and observed betweesdhthern portions of the middle and outer
domains (Fig. B.5).
BEST-BS ERP Alter native Connectivity Analyses

For analyses using the alternative connectivityl,gretention rates were high for all
major source regions (Fig. B.6), comparing wellrésults for the custom grid (Fig. 2.11).

Strongest exchange between the middle and outeaidsrwas onshore in direction and limited

196



to the southern regions of both domains (regioaa@4, Fig. B.6). Within the middle domain,
highly variable transport rates were observed betwtae southern middle domain (region 3)
and the northern middle domain (region 6), (Fid)Bas compared to more sustained transport
northwards with the custom grid (Fig. 2.11). Trams$pbetween regions of the outer domain
was limited and in a northwesterly direction (F836), versus stronger connections in the same
direction using the custom grid, which employs moomstrained regions in this area. In
general agreement with the custom grid, the Pfibgands area (region 5) received limited
numbers of floats from adjoining regions of botk thiddle and outer domain while exporting
floats primarily to the northern middle domain, tigh a variable connection was observed with
the southern middle domain during the 1980s (Fi§, Big. 2.11). Finally, the regions of the
inner domain (regions 2 and 7) were not signifiaatipients of floats from any other release

region (Fig. B.6).
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Figure B.1. Extended advection period float endptiends. Trends in percentages of float

endpoints in (a) regions 1-4, (b) regions 5-8,r@gions 9-12 and (d) regions 13-16. for 90-d

extended advection period. Note trends for regiaofmprising the southern middle domain

and region 13, the Pribilof Islands region. Alsotenhigh endpoint rates in region 15 during

early 1980s. For comparison to the results unde6€id advection period, see Fig. 2.6.
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For comparison to the results under the 60-d adwepkriod, see Fig. 2.8.
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Figure B.3. Retention dynamics for regions 8, 12 ahd 13. Trends in percentage of retained
floats (solid line with points) and percentage tofal number endpoints within region

accounted for by retained floats (dashed line) fmgions (a) 8 (b) 11 (c) 12 and (d) 13 for the
extended 90-d advection period. Breaks in linegcatd years in which no floats originated in a

given region. For comparison to the results unkier60-d advection period, see Fig. 2.9.
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Figure B.4. Retention dynamics for regions 14, d&d 18. Trends in percentage of retained
floats (solid line with points) and percentage tofal number endpoints within region

accounted for by retained floats (dashed line) remions (a) 14 (b) 15 and (c) 18 for the
extended 90-d advection period,. Breaks in lingscate years in which no floats originated in

a given region. For comparison to the results uttie60-d advection period, see Fig. 2.10.
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Figure B.5. Sustained extended period bulk conwiégtand retention trends. Trends in bulk
long-term retention and connectivity patterns unther extended 90-d larval period. Black
denotes full time period, 1978-2004, red denote&31® 1990, and blue denotes 1991-2004.

For comparison to the results under the 60-d adweperiod, see Fig. 2.11.
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Figure B.6. Sustained bulk connectivity and retamtitrends. Trends in bulk long-term
retention and connectivity patterns for the altéweaBEST-BSIERP connectivity grid with 60-
d advection period. Black denotes full time perid€78-2004, red denotes 1978 to 1990, and

blue denotes 1991-2004. For comparison to the teesuider the original grid, see Fig. 2.11.
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Appendix C:
Alternative Analytical Approaches and Results
I ntroduction

Several alternative analytical approaches wereuatad for comparison against the
threshold-correlation approach reported in Chaptefhese analyses and their results were
excluded from that chapter due to analytical litndtas, in the interest of brevity, and due to
generally disappointing results, associated pdaibu with high variability of the
environmental factors and resultant uncertaintthe estimates based on those data. For these
analyses, the following procedures were employed:

1. Exploratory correlation analyses (not adjustadaiutocorrelation) comparing trends
in environmental factor sample means at the moddpeants against trends in the same
juvenile crab recruitment index used in the anaysported in Chapters 1 and 3.

2. Simple linear and multiple regression analysesngaring means of the
environmental factors at model endpoints agairessime juvenile crab recruitment as above.

3. Distribution-based analyses combining quali@ativisual interpretation of both
probability density functions and empirical cumidatdistribution functions (ECDFs) with
guantitative analyses employing Kolmogorov-Smirriests, again focusing on conditions at
the model endpoints. Crab recruitment to the 30¥60 carapace width (CW) interval was
classified into three recruitment bins, allowingrmgarison of conditions at the endpoints for
years with low, moderate and high recruitment.

4. Geographically weighted regression (GWR) modglwhich allows relationships

between crab recruitment trends and environmeatabfs to vary in space, with factors being
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analyzed singly and in combination to allow for gdimentary/interactive effects (Brunsdon et
al. 1998).

As in Chapter 3, environmental factors investigatacbugh these methodologies
included (with lags in years post-settlement); reztom temperature (NBT, 0, 1 and 2 yr), sea
surface temperature (SST, 0 yr), surficial sedinotaxs (0 yr), catch per unit effort (CPUE, in
kg/Ha) for Pacific cod, and both yellowfin and Hetd sole (1 and 2 yr) and densities (in
crabs/knf) of 30-50 mm CW juvenile Tanner crabs (0 and 1amyl 70-89 mm CW large
juvenile male Tanner crabs (1 and 2 yr). Of no®&T Svas not investigated using Kolmogorov-
Smirnov tests/ ECDFs due to issues with integratmiglel SST data encountered at the time
those analyses were conducted.

Methods
Data

See the methods section in Chapter 3 for descniptaf data, hydrodynamic model
specifications, and processing methodologies. BExospere otherwise noted, primary
analytical software was R version 2.14 (R Developn@ore Team 2005).

Regression Analyses
For regression analyses, sample means were caduiat each environmental factor

as:

I 1 N

Xy = N Zk=1 Xjk» [eq. C-1]
wherex = the sample mean in yeafor environmental factoy. These time series were then

compared against standardized abundance residalaigdated from the 30-50 mm CW juvenile
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crab index as in Chapter 3 (eq. 3.3), using sintiplear and multiple regression modeling
procedures. To simplify the model fitting procefs;tors were selected on the basis of the
results reported in Chapter 3, and using resultstepwise model selection using linear
modeling. Strongest factors were then manuallyipo@ted into models for final analysis. To
compensate for autocorrelation present in the jlwemab residual series, in accordance with
procedures employed in Chapter 1, generalized kxpsires (GLS) procedures incorporating
first-order autocorrelation were employed in thésal analyses (eq. 1.4). Due to poor initial
results, we did not apply model selection critdria. small sample size Akaike Information
Criterion (AlICc)). Statistical significance of atlodel parameters was assessed=a0.05.
Correlation Analyses

For correlation analyses, time series of the emvivental factors as calculated above
were compared against our 30-50 mm CW juvenile dratex using basic correlation
procedures. Methods to account for autocorrelatiere not employed in these analyses, due to
both their exploratory nature and weak initial tesuwhich did not support further analysis.
Statistical significance of correlations was cadtetl as in Chapter 3 (eq. 3.10).
Kolmogorov-Smirnov Tests

We adapted the methods of Perry & Smith (1994)e&t for associations between
variability in environmental conditions at modetismted settling locations and juvenile
Tanner crab recruitment patterns. Empirical cunmwgatlistribution functions were calculated

for the values of each environmental variable atlehed settling locations within each year:

f®) = - Tk Hx <8, [eq. C-2]
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wheren = sample sizex is the observed value at sitas a given threshold value adds the
indicator value summed over all sites meeting titera.

To maintain a number of comparisons that would & beasonable and manageable,
ECDFs were then calculated for each factor foreghmepresentative release years corresponding
to low recruitment (1982, 1990 and 1991), moderateuitment (1981, 1988 and 1997) or high
recruitment (1986, 1998 and 2001) to our juveniabcindex. These were then plotted for
visual comparison against a second reference loision for the given factor and chosen from
one of the years listed. This reference distributteas chosen from a recruitment category
based on whether a between- or within-recruitmeategory comparison was desired.
Empirical cumulative distribution functions weresamed a score for being lower (signifying
prevalence of the factor at lower values relatovéhe reference distribution), higher (signifying
prevalence at higher values relative to the refagedlistribution) or ambiguous (no clearly
discernible trend relative to the reference distiin). Scores were tallied as a percentage of
the total number of comparisons for each categamyng to determine whether an effect might
be present.

As a statistical test for similarity between thetadadistributions, two-sample
Kolmogorov-Smirnov test statistics were calculatedeach pairing of data distributions. The
Kolmogorov-Smirnov statistic (eq. 3) tests for damty between two data distributions by
determining the point of maximum vertical differen¢D) between two data distributions
(Perry & Smith, 1994):

D, = Supxan(x) - F(x)l, [eq. C-3]
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wheresupy = the supremum of the set of distances betweedigitigbutions and~,(x) andF(x)
are the distributions being compared.
To determine significance, the valuelfis then compared to the critical valig,

Da = c(x) [inz [eq. C-4]

niny’

wherec(a) = a coefficient determined by the desiredf the test, and; andn; are the sample
sizes of the distributions being compared (We26&B). Statistical significance was assessed
ata = 0.05.
Geographically Weighted Regression Modeling

The ArcGIS 10.1 Spatial Statistics Geographicallgigtited Regression toolset was
used to conduct GWR analyses (ESRI 2011). The -mag$ation (CV) bandwidth selection
option was employed with default settings. Inifedtor selection was based on performance of
factors in the Chapter 3 analyses and in the athatytical procedures discussed here. Both
single-factor and multi-factor models were atterdpte
Results

Results from these analyses do not generally stfeng support for the relationships
hypothesized among the factors, nor do they progael support for the findings reported in
Chapter 3.
Correlation Analyses

Correlation analyses suggest that only near botémnperature lagged 2 yr after settling
and densities of 30-50 mm CW crab lagged for effectr after settling were statistically

related to crab recruitment ¥ 0.4, Table C-1), with both correlations beingigge. However,
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while a positive correlation between near bottormgerature and crab recruitment is
biologically reasonable, a positive relationshipiween juvenile crab densities and crab
recruitment is inconsistent with the hypothesizeghrgbalistic relationship. Rather, this
relationship likely arises due to autocorrelatioancrab recruitment trends that is reflected in
both the abundance index and in crab densities.
Regression Analyses

Regression analyses were generally disappointingh wnly a few significant
relationships being indicated (Table C-2). Surpgy, the only multi-term model in which all
terms were significant combined yellowfin sole lad@ yr after settlement and sediment class,
neither of which shows much relation to crab rdanent trends when considered on its own.
However, inconsistent with a predatory effect, gwfin sole is suggested to have a positive
relationship with crab recruitment, suggesting etda external to the model system may be
influencing both stocks. A positive relationshipthwicrab recruitment is also observed for
surficial sediment class, with this being consisteith the hypothesis that fine grain sediments
provide sanctuary for early juvenile Tanner crdfm. single factor models, the only identified
significant factor was Pacific cod CPUE, laggedr2after settlement, which had a negative
relationship to crab recruitment, consistent wighredatory effect (Table C-1).
CDFs and Kolmogorov-Smirnov Tests

For each of the three recruitment categories exaaniBCDFs demonstrated significant
variability in all comparisons between year classetected from the same recruitment
category, although adjacent years tended to be simniéar than those more temporally distant

from each other (Figs C-1, C-2). This pattern afsahnilarity was repeated in the comparisons
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between recruitment categories. The only exceptimnshis pattern were observations of
surficial sediment class at the endpoint locationif) these being notably similar in multiple
comparisons, both within and between recruitmetdgmies. These findings were supported
by the results of the two-sample Kolmogorov-Smirntsts, which suggested that all
distributions were significantly different from daother, including those that appeared to be
visually very similar (Fig. C-3, Table C-3). Themited subset of years used for each
recruitment period (3), and consequently limitedhber of years overall (9) for which analyses
were conducted, however, comprises a potentialljoge limitation in the ECDF based
analyses.
Weak vs. Weak Recruitment

Comparisons within the low recruitment categorywihnich environmental conditions
for the 1982, 1990 and 1991 year classes were aeahpgielded some interesting results. This
selection of years was able to capture apparef@rdifces in conditions before (1982) and after
(1990 and 1991) the proposed 1989 regime shift gH&r Mantua 2000), while also
highlighting short-term interannual changes in ¢tods. Relative to the post-regime year
classes, the 1982 year class was exposed to l@mesities of both flathead and yellowfin sole,
but higher densities of Pacific cod. In additiohe t1982 year class experienced generally
warmer near bottom temperatures, and reduced aEnsit both categories of juvenile crab.
The 1990 and 1991 year classes experienced camglitibat, while broadly similar in
comparison to those experienced by the 1982 yeascWere still statistically different. While
long-term trends may exist, differential exposuilely as a result of a combination of both

short-term variability in the environment itself canterannually variable larval advection
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paths, is still a major component. Results for mmatde vs. moderate and high vs. high
comparisons, which we do not report in detail hemxe generally similar with high variability
observed between years, and no clear trends.
Weak vs. Moderate Recruitment

Comparisons of recruitment factor ECDFs betweemakwvand moderate recruitment
year classes were generally inconclusive (Table).CFhie ECDFs for 1982 demonstrated
markedly different relationships to those of thederate recruitment years than did those for
1990 or 1991, often showing opposing trends (iig. €-1). Empirical cumulative distribution
functions for these later years demonstrated simmgéationships to those of the moderate
recruitment years. Of the environmental factoresiigated, settling year NBT, yellowfin sole
1 yr after settling, flathead sole 2 yr after setfland 70-89 mm CW male crab 1 and 2 yr after
settling demonstrated possible trends relativerab cecruitment. Low recruitment years were
associated with warmer settling year NBT tempeestulnigher densities of 70-89 mm CW crab
and flathead sole, and lower densities of yellovgiote than were moderate recruitment years
in 6 of 9 comparisons (Table C-4).
Weak vs. High Recruitment

Comparisons of recruitment factor ECDFs betweenkwasad high recruitment year
classes were generally highly variable, lackingacléends in most factors. The notable
exception to this was 70-89 mm CW subadult malb demsity in the year after settling. In this
case, weak year classes were associated with higmsities of crab in 8 of 9 comparisons,
relative to high recruitment year classes (Tablg)Results for Pacific cod, yellowfin sole and

NBT were also suggestive (Table C-5). For bothoyefin sole and Pacific cod, relative to high
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recruitment year classes, low recruitment was aatutwith higher CPUE values at estimated
settling locations 1 yr after settling in 5 of 9ngparisons (Table C-5). Finally, in 6 of 9
comparisons lower endpoint NBT at lags of O (saitlyear) and 1 year after settling were
associated with low recruitment year classes rkeat those associated with high recruitment
year classes.
Moderate vs. High Recruitment

As in the comparisons of ECDFs for weak recruitmgetrs against moderate
recruitment years, comparison of moderate vs. héghuitment years gave ambiguous results
(Table C-6). A possible trend was observed for fikacod lagged for a predatory effect 2 yr
after settling, with moderate recruitment yearsngeassociated with higher densities of cod at
the model end points in 6 of 9 comparisons. In @alti NBT at the endpoint was lower for the
moderate recruitment year in 7 of 9 comparisonsnwhgged for effect 2 yr after settling, and
in 6 of 9 comparisons when lagged for effect 1 fyerasettling. Finally, flathead sole CPUE
lagged 2 yr after settling was lower at the endigofar the moderate recruitment year classes
in 6 of 9 comparisons (Table C-6).
Geographically Weighted Regression Modeling

Attempts to conduct GWR analyses were, as a wholgjccessful. Multifactor models
experienced severe issues with multicollinearityioh prevented successful fitting. Initial
attempts to fit a model surface for a single fast@re more successful, but due to the great
number of endpoint locations for which individuabdels were to be calculated (>10,000),
required significant computational resources ametio successfully fit a given model surface.

In light of the limited use that was to be madette results, the number of years for which
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models were to be calculated and the number obfadd be investigated, it was decided that
further examination using this procedure was natavded at this time.
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Figure C-1. Comparison of trends in Pacific cod EPl). Comparison of cumulative
distribution functions for Pacific cod CPUE at 68ydendpoints for: (a) 1982 (black,
low recruitment) vs. 1981 (thick red line, mediuetnuitment), (b) 1990 (black, low
recruitment) vs. 1981 (thick red line, medium rdécnent), (c) 1991 (black, low
recruitment) vs. 1981 (thick red line, medium réonent) and (d) 1990 (black, low
recruitment) vs. 1991 (thick red line, low recruént). Of note is the greater similarity

between adjacent years than between years witlasiracruitment levels.
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Figure C-2. Comparison of trends in Pacific cod ERU). Comparison of cumulative
distribution functions for Pacific cod CPUE at &ydsettling points for a representative
low recruitment year class (1991, black lines) wusrgthick, red lines): (a) low
recruitment year class (1990), (b) moderate remenit year class (1997), and (c) a high
recruitment year class (2001). All variables inigeged showed similar inter- and intra-

recruitment class differences.
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Table C-1. Correlationsnd r-squared valuegor environmental factors. Values of
correlations between 30-50 mm carapace width jleetriab recruitment index and

environmental factors, with attendarsquared values.

Factor sign r-squared
Pacific cod, lag 1 - 0.02028
Pacific cod, lag 2 - 0.08726
Yellowfin sole, lag 1 + 0.00259
Yellowfin sole, lag 2 + 0.0064
Flathead sole, lag 1 - 0.01545
Flathead sole, lag 2 + 0.00092
Retention + 0.09709
Sediment class + 5.3E-05
Sea surface temperature + 0.0183
Near bottom temperature, lag0  + 0.07712
Near bottom temperature,lag1 + 0.06922
Near bottom temperature, lag 2  + 0.19634
30-50 mm CW juvenile crab,

lag O + 0.10266
30-50 mm CW juvenile crab,

lag 1 + 0.16314
70-89 mm CW male crab, lag1 - 0.04448
70-89 mm CW male crab, lag 2 + 0.01302
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Table C-2. Example regression model output. Reptatee example regression model
with results. Factors are: NBT, near bottom temjoeea Pcod, Pacific cod; Yfin,
yellowfin sole; FHS, flathead sole; Sed, sediméass Units for Pacific cod, yellowfin
sole and flathead sole, kg/Ha and for NBT, °C. mheerals 0, 1 and 2 denote lags of

0, 1 and 2 yr post release.

Model

10

11

12

13

14

15

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Pcodl

(-1.24e-2, 0.65)

Pcod2

(-4.46e-2, 0.04)

Pcod1 Pcod?2

(-6.21e-3, 0.80) (-4.40e-2, 0.05)

Pcodl Pcod2 Pcod1:Pcod2

(8.76e-2, 0.25) (-5.17e-2e, 0.49) (4.41e-3, 0.19)

Pcod1 Sed Pcod1:Sed

(-6.25e-2, 0.86) (-1.46e-1, 0.90) (6.88e-3, 0.89)

Pcod2 Sed Pcod2:Sed

(2.71e-1, 0.42) (9.1e-1, 0.32) (-4.46e-2, 0.34)

Yfinl Sed Yfinl:Sed

(2.36e-1, 0.17) (1.7844,0.15) (-0.0329, 0.18)

Yfin2 Sed Yfin2:Sed

(2.77e-1, 0.03) (2.0994,0.04) (-0.0376, 0.04)

Yfinl Yfin2 Sed Yfinl:Yfin2 Yfinl:Sed Yfin2:Sed

(2.14e-1, 0.37) (2.21e-1,0.25) (3.1261, 0.07) (-7.4e-5,0.79) -3.04e-2, 0.36)-2.9e-2, 0.28)
Pcod1 FHS1 NBTO
(-1.48e-2, 0.60) (-7.83e-2, 0.15) (2.68e-1, 0.18)
Pcod1 FHS1 NBTO Pcod1:NBTO FHS1:NBTO Pcodl:FHS1
(9.74e-2, 0.40) (5.78e-2,0.71) (1.75,0.06) (-4.44e-2, 0.22)(-4.79e2, 0.2C (2.02e-4, 0.97)
NBTO NBT1 NBT2
(1.94e-3,0.99) (-4.17e-2,0.87) (1.75e-1, 0.48)

NBT1:NBT2
NBTO NBT1 NBT2 NBTO:NBT1 NBTO:NBT2 (-2.16e-1,
(6.32e-1, 0.38) (1.54, 0.37) (4.86e-1, 0.63)(-4.43e-1, 0.21)(1.85e-1, 0.48.69)
NBTO NBT1
(5.56e-2, 0.75) (-1.35e-1, 0.58)
NBTO NBT1 NBTO:NBT1
(4.36e-1, 0.48) (2.15e-1,0.72) (-1.58e-1, 0.51)
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Table C-3. Example Kolmogorov-Smirnov statisticsolidogorov-SmirnovD test
statistic values and p-values for 1991 (a modestriitment strength year) vs. 2001 (a

high recruitment strength year). All other companis had similarly significant results.

Factor D p-value
Pacific cod, following year (year 1) 0.5062 <0.0001
Yellowfin sole, following year (year 1) 0.4238 <0@mL
Flathead sole, following year (year 1) 0.3092 <0DO
Pacific cod, second year (year 2) 0.3522 <0.0001
Yellowfin sole, second year (year 2) 0.4823 <0100
Flathead sole, second year (year 2) 0.2630 <0.0001
Sediment class, settling year (year 0) 0.1894 <100
NBT, settling year (year 0) 0.6798 <0.0001
NBT, following year (year 1) 0.8250 <0.0001
NBT, second year (year 2) 0.8189 <0.0001
Juvenile density, settling year (year 0) 0.6982 0801

Juvenile density, following year (year 1) 0.8090 .Cm1
Large male density, following year (year 1) 0.40880.0001
Large male density, second year (year 2) 0.4214 006
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Table C-4. Comparisons of cumulative distributiaimdtions (I). Comparisons of
cumulative distribution functions for low recruitmtevs. moderate recruitment year
classes. LRY = low recruitment year class. Fachoes Juv, 30-50 mm carapace width
(CW) Tanner crab; Lrg_crab, 70-89 mm CW male cr&BT,; near bottom

temperature; PCod, Pacific cod; Yfin, yellowfin soFHS, flathead sole; Sediment,
sediment class; Retention; Retention within studdaaUnits for 30-50 mm and 70-89
mm CW crab are crab/Kinfor NBT, °C and for Pacific cod, yellowfin soledflathead

sole, kg/Ha. The numerals 0, 1 and 2 denote lag®,af and 2 yr post release.
Higher/lower denotes whether low recruitment yedast was associated with
higher/lower values of the stated factor than thesperienced by the moderate

recruitment year class.

Number of Number of Number of
comparisons comparisons ambiguous
Factor LRY higher LRY lower  comparisons
Pcodl 4 4
Pcod2 4
Yfinl
Yfin2
FHS1
FHS2

1
3
5
6
NBTO 6
2
5
3
1

NBT1
NBT2
JuvO
Juvl
Lrg_crabl 6
Lrg_crab2 6

1
0
2
2
3
0
0
3
2
5
1
1
2
Sediment 3 2

5
6
4
1
3
3
4
2
4
3
2
1
4
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Table C-5. Comparisons of cumulative distributiomdtions (II). Comparisons of cumulative

distribution functions for low recruitment vs. higlecruitment year classes. LRY = low

recruitment year class. Factors are: Juv, 30-50 ocamapace width (CW) Tanner crab;

Lrg_crab, 70-89 mm CW male crab; NBT,; near bottemperature; PCod, Pacific cod; Yfin,

yellowfin sole; FHS, flathead sole; Sediment, segfitrclass; Retention; Retention within study

area. Units for 30-50 mm and 70-89 mm CW crab aab/knf, for NBT, °C and for Pacific

cod, yellowfin sole and flathead sole, kg/Ha. Thienerals O, 1 and 2 denote lags of 0, 1 and 2

yr post release. Higher (lower) denotes whethelddherecruitment year class was associated

with higher (lower) values of the stated factorrthbose experienced by the high recruitment

year class.

Factor

Number of Number of Number of
comparisons comparisons comparisons
LRY hig_jher LRY lower ambiguous

Pcodl
Pcod2
Yfinl
Yfin2
FHS1
FHS2
NBTO
NBT1
NBT2
JuvO
Juvl
Lrg_crab 1
Lrg_crab2
Sediment

5 4 0
5 2 2

5 3 1
5 3 1
5 3 1
4 5 0
3 6 0
2 6 1
4 5 0
2 5 2
0 7 2
8 1 0
4 4 1
1 7 1
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Table C-6. Comparisons of cumulative distributiondtions (l11). Comparisons of cumulative
distribution functions for moderate recruitment ¥sgh recruitment year classes. MRY =
moderate recruitment year class. Factors are:3D480 mm carapace width (CW) Tanner crab;
Lrg_crab, 70-89 mm CW male crab; NBT, near bottemperature; PCod, Pacific cod; Yfin,
yellowfin sole; FHS, flathead sole; Sediment, segfitrclass; Retention; Retention within study
area. Units for 30-50 mm and 70-89 mm CW crab aab/knf, for NBT, °C and for Pacific
cod, yellowfin sole and flathead sole, kg/Ha. Thienerals O, 1 and 2 denote lags of 0, 1 and 2
yr post release. Higher (lower) denotes whethereraid recruitment year class was associated

with higher (lower) values of the stated factorrthbose experienced by the high recruitment

year class.

Number of Number of Number of
comparisons comparisons comparisons

Factor MRY higher MRY lower ambiguous
Pcodl 4 3 2
Pcod2 6 3 0
Yfinl 5 3 1
Yfin2 5 3 1
FHS1 3 5 1
FHS2 0 6 3
NBTO 3 5 1
NBT1 3 6 0
NBT2 2 7 0
JuvO 4 5 0
Juvl 2 6 1
Lrg_crabl 4 3 2
Lrg_crab2 1 4 4
Sediment 1 5 3
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