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Abstract

Impact of Ocean Acidification on Recruitment ane:Mdiof Bristol Bay Red King
Crab

DusSanka Poljak

Chair of the Supervisory Committee:
Professor André E. Punt
School of Aquatic and Fishery Sciences

The excess of anthropogenic carbon dioxide AC@oduced since the industrial
revolution is being absorbed by the oceans thrahgltarbon cycle. Atmospheric carbon
dioxide has increased about 40% since the preindustra, and the oceans have
absorbed more than a third of these emissions. Fasded to the release of kbns via
seawater carbonate chemistry, and hence to a reduict ocean pH, that is, ocean
acidification. Ocean pH has been reduced by rou@Hlyunits, which is equivalent to an

increase in M of roughly 30%, and about a 16% decreas€@’ . Corrosive waters, the

waters below the CaG@®aturation horizon, are predicted to reach shall@egths more
in the Northeast Pacific Ocean than in any otheancdbasin. The saturation horizon is
projected to reach the surface of the North Pafean during this century, and some
regions of the Bering Sea are predicted to beccoanigoa shell corrosive seasonally by
the middle of this century, which will expose a widange of North Pacific species,
including Bristol Bay Red king crab, to corrosivaters.

Bristol Bay Red king crab has been one of the maktable fished stocks in the US.
It is managed by the State of Alaska under fedguadielines defined in the Fishery
Management Plan (FMP) for crab in the Bering Sed Ateutian Islands. Current
management rules are designed to handle shortflestuations in stock abundance



mainly due to exploitation. The impact of oceanddwation on red king crab is
predicted to lead to long-term changes to stockdbnce, and for which management is
currently unprepared.

This thesis explores the impact of ocean acidificeabn recruitment and yield of
Bristol Bay red king crab under a range of oceadifazation scenarios and management
strategies. The management strategies includegétie exploitation rate for the directed
fishery to that under the overfishing limit (OFL)le, applying constant exploitation
rates, and setting exploitation rates that maxinseteh and discounted profit. Trends in
recruitment to the first size-class in the stockeasment model are estimated using a pre-
recruit model in which survival is parameterizeddxh on experimental results from the
NMFS Kodiak laboratory. Exploitation rates are mstied, and time series (2000-2100)
for MMB, catch, and discounted profit are projec¢tiamt each management strategy for
three levels of variable fishery costs and foreahenomic discount factor.

The catch, biomass, and discounted profit equikbed non-zero values for the no-
OA scenario, but are driven to zero for all ex@tdn rates in the OA scenarios. Lower
constant exploitation rates lead to a longer tiréote the biomass is driven close to
zero, but the total discounted profit is highesthat highest exploitation rate for the three
OA scenarios. The OFL control rule performs betiten the constant exploitation rate
strategies in terms of conserving the resourcealmecthis rule closes the fishery at low
biomass levels, which are also unprofitable. Edtahaotal discounted profits for the
strategies which maximize catch and discountedtpaé about the same for the base no-
OA scenario, while the strategy that maximizesipteads to slightly higher discounted
profit and it depletes the stock below the biom#seshold sooner than the strategy
which maximizes catch. Catches are the same fatthgegies which maximize catch for
no-OA scenario, and are higher for the strategyctwhmaximizes catch for the OA
scenarios. Higher discount rates lead to highembsses and catches, and the fishery is
closed earlier for higher costs (food, fuel, andt loasts) for the OA scenarios when
exploitation rates are selected to maximize profit.
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Chapter 1. Ocean Acidification

1.1. Ocean Acidification

The pH level of the oceans is regulated through dadon cycle in which carbon
circulates among the atmosphere, the land, an@dbans, in response to the chemical
imbalance of carbon concentrations among the systébhe carbon cycle is an
equilibrium reaction, and the imbalances in carlmmmcentrations or carbon partial
pressures among the three systems creates a darbowhere the environment with the
lowest amount of carbon, currently the oceans, @ sink. The strength of the carbon
intake depends on the strength of the flux. Theatgrethe difference in carbon partial
pressures, the stronger the flux, and the moreocaibabsorbed by the oceans (Raven et
al., 2005).

Atmospheric carbon dioxideGO,) has increased about 40% since the preindustrial

era, i.e., from ~280 ppm (parts per million) to ~3§¥n in 2007 (IPCC, 20070, is
predicted to exceed ~600 ppm by 2100, with a pdagilbd reach ~1000 ppm (Caldeira
et al., 2003). The growth rate 6§O, averaged 1.4 ppm per year over 1960-2005, with an

average of 1.9 ppm per year over the ten-year gpeif@®5-2005. The change B0, is

attributed to anthropogenic activities, mainly fueimbustion and deforestation (Doney
and Schimel, 2007). The surface of the ocean, ééfas the water layer to approximately

100m in depth, plays a critical role 80O, absorption. Over the past 200 years, the
oceans have absorbed more than a third of2®emissions:

Air-sea exchangeCO, ] CO (1.1)

2(aq

This has altered the seawater carbonate chemistiyi@nce the ocean pH by roughly 0.1
units of pH, which is equivalent to an increasédinof roughly 30%, and approximately

a 16% decrease i6O; (Feely et al., 2004; Fabry et al., 2008). 6@, absorbed by the

ocean will remain in the surface layer for severedrs before it is transported to depth
via vertical mixing. Vertical mixing of ocean wat@inking and upwelling) to depths of
1000 - 4000m can take several hundred years or,mbiieh causes the surface waters to
be slightly less alkaline than the deep waterss fienomenon is caused by horizontal
layering of different pH levels in the ocean. Cansantly, most of the C{derived from
human activities has yet to reach the deep oceans.

After CO, is absorbed by the ocean (Equation 1.1), it readtts water (H,0) to
form a weak carbonic acidH,CO,):

CO,ptH,00 H,CO 0 H+HCQI 2H +CQ (1.2)

aq)



H,CQO, dissociates to a hydrogen ioH {) and a bicarbonate io#(CO5). The resulting

H*reacts with carbonate ionsC®:) to produce HCO; ions. As a result,CO,

dissolution in the ocean leads to an increasH ir{thus a decrease in pH) and a decrease
in COZ concentration. Carbon cycle reactions (Equatiofisahd 1.2) are used to predict

future change to the world’s ocean pH level ungercied IPCC 159240, scenarios
(IPCC, 2001). It is projected that the ocean pHelewill decline by 0.14-0.35 pH units
by the year 2100 (IPCC, 2001).

Dissolved CO, in seawater exists in three main inorganic formevkn as dissolved
inorganic carbon (DIC): (i) aqueodsO, (approximately 1% of the total), (ii) bicarbonate

(HCO;, approximately 91%), and (iii) carbonate ion@C@',approximately 8%). All

three forms play important roles in the biologiqalocesses of marine organisms,
including photosynthesis (production of food anergy from sunlight) done mainly by

phytoplankton, and calcification (building struaarsuch asCaCQshells) mainly done

by crustaceans. The part of the dissolvef,which does not facilitate biological
processes sinks to the bottom of the ocean as satim

1.2. Thesaturation horizon
The CaCQsaturation state(@) is the product of the concentrations ©&* and CO?

divided by the apparent stoichiometric solubilinoguct K for both types ofCaCQ
(aragonite or calcite) commonly secreted by maoiganisms:

Q=[Ca’?|[COZ]/ K., 1.3)

Calcium concentrationCa*® is estimated from salinity, andCO; concentration is
calculated from DIC and total alkalinity measuretseincreasing levels of marirfeQ,

decrease levels €07 (Equation 1.2) thereby lowinGaCQ saturation levels. Regions
with 2>1 are above the saturation horizon and favor forwnatif shells and skeletons,
whereas regions witf2 <1 are below the saturation horizon and are corrasieaCQ,
and dissolution is likely to occur (Fabry et aD03).

Oceanic water is not homogeneously saturated bgnaismn Some parts of the ocean
are supersaturated and others undersaturatednns t&fr carbonate ions. The transition
between supersaturated and undersaturated corsdigsoneferred to as the saturation
horizon (see Equation 1.3). The levels of satunaitiothe ocean differ among depths and
geographic locations. Shallow and warm oceanic iwatnd to be supersaturated with
respect to calcite and aragonite, whereas deepcalddtemperature waters tend to be
undersaturated. Hence, deep and cold waters are tilggly to dissolve calcium
carbonate shells (Secretariat of the ConventioBiotogical Diversity, 2009).



In addition to the saturation level, several otbleysical factors impact dissolution of
CaCQ,. Factors that increase dissolution@CQ, usually occur in deeper water, such

as higher pressures, lower temperatures, and IpttgiSigler et al., 2008). Independent
of depth, incorporation of other minerals such asynesium, into carbonate ions also
increases their solubility. Corrosive waters, thatess below theCaCQ saturation
horizon, are predicted to reach shallower depthsenmthe Northeast Pacific Ocean than
in any other ocean basin. TRe&aCQ saturation horizon is shallower in the North Racif
Ocean (~200m) compared to that in the North Atla@iegean (~2,000m) (Feely et al.,
2004; Sigler et al., 2008). The saturation horimoprojected to reach the surface of the
North Pacific Ocean during this century (Orr ef 2005; Sigler et al., 2008), which will
expose a wide range of North Pacific species toosore waters (Sigler et al., 2008).
Consequently, ocean acidification will have a ggeanpact on marine organisms in the
northeast Pacific Ocean, compared to other redid@AA Ocean Acidification Steering
Committee, 2010).

1.3. Therole of CaCOg3 in calcifying organisms
Calcifying organisms, such as most mollusks, coralsustaceans, echinoderms,
foraminifera and calcareous algae use carbon tw @twells. Among species there is
variation in chemical structures and processesgbeern calcification, but the principal
steps are similar in each case. Many calcifyinganigms investigated demonstrate
reduced calcification in response to increased €@centration, decreased concentration

of CO;, decreasedCaCQ saturation state, and lower pH (e.g. Gattuso et18i98;

Langdon et al., 2000; Riebesell et al., 2000). Agwtime multicellular organisms, the
crustaceans may be the most vulnerable group becalusheir dependence on the
availability of calcium and bicarbonate ions durthg multiple molting stages that take
place during their lives (Raven et al., 2005; Sigteal., 2008).

To make calcareous shells, sea water has to besstip@ted with calciumGa; ) and
carbonate ions@CO?) to form CaCQ:

ca'+Cd 0 CaCg (1.4)

In undersaturated waters, the shell forming reaatiay reverse, and shells may start to
dissolve:

CaCQ+HO+CQlJ Cd +2HCC (1.5)

The solubility of calcium carbonate depends oncthrecentration oCOZ (Equation 1.5),
therefore indirectly on pH, temperature, and presgbabry et al., 2008). A decrease in
CO? reduces the saturation state@CQ, which negatively affects shell and skeleton

production for soméCaCQ secreting species such as corals (IIPCC, 2008 .rétluced
concentration ofCO% carbonate ions in seawater results in more eneogily extraction



of the carbonate ion, which is the building blook the shells ofcaCQsecreting species

(Equation 1.5). Also, an increased concentratiorHofions due to decreased seawater
pH makes it energetically more expensive for @&CQsecreting species to releake

while building shells (Equations 1.2 and 1.5), whimay slow down or stop the shell
building process (Secretariat of the ConventioB@mtogical Diversity, 2009).

1.4. Ocean acidification (OA) effects on marine or ganisms and calcification
Carbon transportation in the carbon cycle is pdabjlitated by marine organisms that
use carbon for the basic processes they need toveursuch as food production
(photosynthesis), respiration, and molting.

The effects of OA on marine organisms will vary amgospecies depending on
genetics, environmental factors, and adaptive nméshies (NOAA Ocean Acidification
Steering Committee, 2010). In addition to visibla €éffects such as shell formation, OA
can have behavioral and metabolic impacts on majpeeies. For example, hypoxia is
defined as a decline of oxygen concentration sus, and is caused by increased levels
of aquatic CQ. To various degrees, it can reduce respiratioowtr, and predation rates
(resulting in lethargy and hence decreased pragat®esearch suggests that fish and
crustaceans are most vulnerable, while molluskgjacians, and priapulids are most
tolerant (Raven et al., 2005; Vaquer-Sunyer et 2008). Published data on corals,
coccolithophores, and foraminifera all suggestducéon in calcification by 5-25% in
response to a doubling of atmospheric,@@m pre-industrial levels (from 280 to 560
ppm CQO,) (Feely et al., 2004). See Table 1.1 for a lisewdmples of OA impacts on

some marine organisms.

Ocean acidification may impact many species’ repctiie potential, growth rates,
and susceptibility to disease in addition to itpatt on the rate of calcification. Such
responses to OA might result in cascading effdetsughout the ocean food web, which
may change the future of many marine populationd,the dynamics within the marine
systems (Raven et al., 2005).

1.5. Conclusions
The global atmospheric concentration@D, has increased from the pre-industrial level
of ~280ppm to ~384ppm, leading to approximately a 30€tease in the acidity of the
oceans (IPCC, 2007). The rate of change in theropehlevel is 100 times faster than
that was experienced during the last 20 millionrggaurley et al., 2007). By 2100, the
oceans will be approximately 0.4-0.45 pH units ka@igsline (i.e., more acidic, which is a
150-185% increase in acidity, if the trend@®, emissions continues) (Steinacher et al.

2009).

Increasing ocean acidification reduces the avaditgbiof carbonate minerals
(aragonite and calcite) in seawater that serveuitd Ishells and skeletons for many
marine organisms. As the oceans become less satunath carbonate minerals over
time, those marine organisms are likely to expegedecreased shell/skeleton building

rates, or in the worst cases dissolution. T0&CQ saturation horizon defines the line

4



below which shells and skeletons readily dissolee(y, et al, 2008). This horizon is
shifting upward, and it is predicted that 70% ofdeavater corals will be below the
saturation horizon by 2100 (Guinotte and Fabrg&0

Theory suggests that the effects of ocean acidibicawvill be mainly negative with
fewer species benefiting from it, such as somegaases (Hall et al., 2008). Ocean
acidification is irreversible in short term, and itumulative effects will profoundly
impact the marine ecosystems.
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1.7. Tables

Table 1.1 Ocean acidification impacts on some degan

Organism Lower pH impact Source
Planktonic Decrease in calcification rates (25-40%]);(Riebesell et al., 2000)
organisms structural damage in shells in
coccolithophores
Shell dissolution in living pteropods (for| (Freely et al., 2004)
the level of carbonate content of the ocean
expected in the next 50 years)
Corals 14.2% decrease in coral calcification rategDe’ath et al., 2009)

(warm and cold*

observed on the Great Barrier Reef

water)

Two stony Mediterranean corafSculina

patagonica and Madracis pharencis
maintained under low pH underwen
complete  skeleton  dissolution, bu

maintained health and recovered ong
returned to ambient conditions

(Fine et al., 2007)

t

Negative impact on shell and skeleto
production in some coral species

h(IPCC, 2001).

Decline in calcification rates linked to
carbonate saturation state

(Leclercq et al., 2002)

59% reduction in calcification rates
observed in

Lophelia pertusa compared with older
polyps

juvenile deep sea coral

(Maier et al., 2009)

Echinoderms

(sea  stars, seaq
urchins, sand
dollars, and sea
cucumbers)

Reduction in growth rates, size and body(Michaelidis et al.,

weight 2005)

Test (shell) dissolution (Shirayama et al
2005)

Abnormal morphology in pluteus larvae
reducing competitive advantage.

Brittlestar Ophiothrix fragilis, a keystone
species of shelf seas in north-weste
Europe, showed 100% larval mortality
when pH was decreased by 0.2 units.

(Dupont et al., 2008)

n

H. erythrogramma fertilization and early
development was observed to be robust
decreased pH within predicted values fd
environmental change.

(Byrne et al., 2009)
to
r

Lower rate of shell calcification

(Gazeau et al., 2007)




Molluscs

Juvenile clamsMercenaria mercenaria
showed substantial shell dissolution an
increased mortality.

d

(Green et al., 2004)

Fertilization in Sydney rock oyster
Saccostrea glomerata was reduced as a
result of CO2 increase and temperatu
change from optimum.

(Parker et al., 2009)

[€

16% decrease in shell area and a 42

Crassostrea virginica grown in estuarine
water under simulated pCO2 regime
comparing  pre-industrial to 2100,
Crassostrea ariakensis larvae showed no
change to either growth or calcificatiorn
under the same treatments.

[72)

%6Miller et al., 2009)
reduction in calcium content in oyster

Crustaceans

No observed effect of reduced pH
barnacle Amphibalanus Amphitrite larval
condition, cyprid (final larval stage) size
cyprid attachment and metamorphosi
juvenile to adult growth, or egg production

aiMcDonald et al,
2008)

14

Reduced calcification rates.

(Gattuso et al., 1998
(Langdon et al., 2000)
(Riebesell et al., 2000)

Sea grasses close tg
CQO, vents.

Thrive or are resilient.

(Hall et al., 2008)
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Chapter 2: Ocean acidification impact on Bristol Bay Red king crab recruitment

2.1 Introduction

2.1.1 Bristol Bay Red King Crab (BBRKC)

Red king crab Raralithodes camtschatica) was historically one of the most valuable
shellfish resources on Alaska’s Continental Sh&lfecord 128.1 million Ibs (58,101 t;
$115.3 million in revenue) of red king crab (RKCasvharvested by U.S. fishers during
the 1980-81 fishing season, whereas landings diii® were only 13.3 million Ibs
(6,010 t; and $83.2 million in revenue) (Zheng &dideek, 2010; Fitch et al., 2012). The
NMFS survey data implies that a decline in abundamccurred suddenly during the
early 1980s. The landings have remained low sirg&? (Fig. 2.1). A combination of
high exploitation rates, high natural mortality kvibw and variable year-class strength,
predation by fish on eggs, and microsporidian disegdJewett and Onuf, 1988) has been
suggested to have contributed to the decline.

Zheng and Kruse (2006) noted that the abundancEsasiern Bering Sea (EBS) crab
stocks, including red king crab in Bristol Bay (BRBR), are driven by recruitment
variability. In a closed population, abundance éases through recruitment and
decreases due to catch and natural mortality. Wéemitment exceeds catch and natural
mortality, abundance increases anuk versa.

Spawning biomass can explain some of the variatiarecruitment through a stock
recruitment relationship when recruitment is dendiependent (e.g. Ricker, 1954;
Beverton and Holt, 1957). The remaining variatisrdue to environmental factors such
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as temperature, wind, barometric pressure, foodadbiity, and survival rates, etc.; all of
which are hypothesized to impact recruitment stite8hepherd et al., 1984). In a 4-year
study in Auke Bay, Alaska, Shirley and Shirley (@9%ound that larval survival was
inversely related to the duration of the larvalgstauggesting that longer larval stages
lead to reduced larvae survival rate. Zheng and& 2003) argued that BBRKC has the
strongest density-dependent stock-recruitmentioglsiiip among all crab stocks in the
EBS. However, Zheng and Kruse (2003) also foundgh borrelation among decadal
recruitment, and argued that this implies an emwitental influence on BBRKC
recruitment.

This chapter focuses on modeling the potential egnences of OA on crab
populations through its impact on crab recruitmemd growth. OA may slow down the
process of shell construction in molting crab, vihicay reduce larval growth and fitness
(Walther et al., 2010). Survival of pre-recruitmestages and their growth rates are
modeled in this chapter under four OA scenariosl, @nds in recruitment to the first
size-classes in the stock assessment model for EB&K estimated.

2.1.2 Lifehistory, survival, and growth ratesin BBRKC

Crab life history consists of two distinct stagesshort pelagic stage followed by a
protracted benthic stage (Jewett and Onuf, 1988ultAred king crabs conduct two
migrations annually: a mating-molting migration aadieeding migration. During the
mating-molting migration, adults migrate to shallawaters (<50m) to mate and spawn
during spring. They move to deeper waters in thramsar and fall to feed (Jewett and
Onuf, 1988). Gravid females carry eggs for appratety 11 months before they hatch.
The exact date of hatching is largely determined thg timing of breeding for

primiparous vs. multiparous females (Jewett and fO©888) and the length of the
incubation time, which is influenced by the watemperature (Shirley and Shirley,
1989). The onset of hatch, and hence the occurrehgelagic larvae, can vary by as
much as 4-6 weeks from time of spawning (Jewett@ndf, 1988; Loher et al., 2001).
Thus, larval red king crabs are found in BristolBi@m April to August.

The pre-zoeal larvae molt within minutes into theeal form upon hatching. The
pelagic zoeae go through five stages: foaeal stages each lasting 10-14 days, and a
glaucothoe stage, which is sometimes referred thasegalopa stage. Zoeal stages are
characterized by numerous molts. Crab in the gldwoeostage start to resemble adult
crab. This last planktonic stage lasts about 1&&%s, after which animals molt and
settle in their first benthic instar crab stage. fdeding occurs during the glaucothoe
stage. Crabs in this stage use all of their en¢ogfind the best benthic habitat (i.e.
habitat abundant in food and shelter), which ingesaheir chances of survival through
the juvenile stages.

Juvenile red king crabs are solitary during thestfyear of life and use rocks or the
epifaunal community for shelter. Survival duringetfirst benthic stage as juveniles
depends highly on the availability of shelter (Rignd Stoner, 2010). Dependence on the
benthic habitat ends during the second year wheenjles migrate to deeper water (20-
50m), and begin to “pod”, or congregate, in laigatty packed groups.
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Podding continues until about four years of ag®@als5 mm CL) when the juvenile
crab move to deeper water and join the adults (Letel., 1998). The pelagic larvae
consume phytoplankton and zooplankton. Once seitileldeper water, they feed on the
dominant epifauna, which they also use as sh@&teall crabs can feed on sea stars, kelp,
molted king crab exuvia, clams, mussels, nudibragdnmasses, and barnacles, whereas
adults are opportunistic omnivores (Loher et 2198).

Accurate growth rates are needed to determineithe lag between spawning and
subsequent recruitment to the fishable populatimhér et al., 2001). The commonly
accepted age to reproductive maturity of the RKGegen years (Zheng et al., 1995a,
1995b), and seven years is also used as the ageict RKC are assumed to recruit in
the stock assessment model. Alternatively, Lobhet.2001) suggest that red king crab
in Bristol Bay are likely to reach the recruitmesite in the stock assessment model at
around 8 and 9 years after settlement. This chas®umes seven years to recruitment,
which is consistent with the RKC stock assessmerttahn

2.2 Methods

2.2.1 Introduction to the pre-recruitment model
The dynamics of pre-recruitment red king crab igegoing by the equation:

lllT-v—Hl = C;TSIT NT-H (21)

where N, , is the vector of numbers-at-length at tifie (the numbers-at-length at time

T are the number of eggs spawned, represented as td first size-class and zeros in
the remaining size-classes},, is the growth matrix (i.e. the matrix of probatws of

growing from one size-class to each other sizesgls eggs spawned at tifieand Q,

is the survival matrix for eggs spawned at timé'he last size-class in this model is the
first size-class in the stock assessment modeb (Bim CL; Zheng and Siddeek, 2010).
Projections of Equation 2.1 are conducted undelowarocean acidification scenarios
defined by different levels of the ocean pH (seg Ei2 for a flowchart of the process).

The vectorN consists of 18 pre-recruitment stages (4 zoeglestal glaucothoeal,
and 13 juvenile stages, denoted Z1-Z4, G, C1-C8,J4RJ5) (Table 2.1), with each stage
divided into a number of sub-stages to implementimmum time in each stage. The
stages with the shortest durations, the zoeal stdgst on average 12 days (Table 2.2).
Half of the average zoeal stage duration is usatkfime the time ) step for the model
[6 days]. It is assumed that all individuals witlairstage are subject to the same survival
probability and stage duration, and that individualust stay in a stage for at least a
defined minimum amount of time (Table 2.2) beforegoessing to the next stage.

The matrix G;Q; determines the combined effects of growth and afioyt This
matrix can be written as:
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0 0 0 0 0
Sl,T S1,T (1_ P1,T ) 0 0 0
0 S.B O 0 0
> = 0 0 S; S;0-P,;) O (2.2)
0 0 0  S.P 0
0 0 0 0 Sy .
0 0 0 0 o .

for the case in which animals must stay at least time-step in stages 1-§; is the
probability of survival for stage for animals spawned at tim& and B, is the
probability of growing out of stagefor animals spawned at tinie

The values for theS; and P, are solved for to match values for the expected
duration (c~li’T) and estimated expected survivéj() for stagd for eggs spawned at time

T. The predicted values fcﬁﬁyT and di’T for a stage witlm sub-stages are:

n T+t T+t
& S T Fi),T .

Sy :m dir :yZ:T:(y+1))<a,yS,TF?,T /yZ:T:)ﬂ,yS,TFi),T (2.3)

where X ,is the number of animals leaving the stage time stepT (for stage 1, this

would be the numbers entering stage 2 in Equati@h 2andtt is the number of time-

steps in the modett¢-1100). The derivation of Equation (2.3) is giverAppendix 2.A.
The expected stage survivaI§X are selected given the overall expected suryival

SS= 0.0000046) from egg to subsequent recruitmentrifiefrom the stock assessment
(Zheng and Siddeek, 2010). In addition, the suitvigges for the stages covered by the
NMFS Kodiak experiment (C1-C8) were tuned to edhal survival for the controls in
the experiment (see Table 2.2 for expected staggvals). The survival for a given stage
is density-independent, and depends on the numberotis during that stagent),

described byS =e*™ where the value of the scaling parameteis selected so that
18

SS=HS1 .
i=1

2.2.2 Survival rates and duration times as functions of pH

Survival rates for each pH level are calculatedetlasn a linear relationship between
ocean pH and survival rate:

= _&pn_ . «lpH —pH
S 5 (2.4)
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where, ST is the survival rate for the animals in stageat were spawned at tirfe S
is the reference (non-OA impacted) survival ratesiagei, » is the slope of the linear
relationship,pH is the reference OA-neutrgH value, andpH, is the ocearnpH value

at time T. Stage duration times for each pH level are catedl based on a linear
relationship between ocean pH and stage duration:

d. =d (1Pt - PHy (2.5)
, o

where, 6in is duration of stagefor the animals which were spawned at tifped, is the

is the reference (non-OA impacted) duration fogeia and« is the slope of the linear
relationship.

2.2.3 Parameterization

Changes over time in pH were calculated by fiténgfraight line to the predictions of pH
levels in the ocean between 2000 and 220Qp¢#B.1, pH205=7.4 (Hall-Spencer et al.,
2008; Caldeira and Wickett, 2003), where the wmittime k is 1 year.

pH,, =8.1 + (7.4-8.1K -1)/(20¢ (2.6)

Uncertainty is accounted for by conducting 100 sanons where the reference values
for annual survival and stage duration are drawdependently from beta and uniform
distributions, respectively (see Table 2.3 for emswary of the distributions concerned).
The beta distribution was defined by shape parametsich were calculated from
average values and standard deviations for thevalirvalues. The standard deviations
were assumed to be 0.1 (in the absence of dataeovatiance in average survival). Stage
duration times were obtained from Kovatcheva et(2006) for the first five stages,
Donaldson et al. (1992) for stages 6-13, and Lahal.e(2001) for stages 14-18 (Table
2.1). Each simulation involves drawing stage doraifrom the uniform distributions
defined by the earliest and latest stage end t{ihaisle 2.1).

2.2.4 Scenarios

The impact of OA on recruitment is explored usittgstenarios in which the values for
o andy change (Equations 2.4 and 2.5). The base scefes y=0) corresponds to no
OA impact on the dynamics of red king crab, while btther scenarios (based on values
for o of 3.33, 6.67, and 10, and values faof -3.33, -6.67, and -10) explore impacts of
increasing OA on stage duration and survival, respely.

2.3 Results

The impact of OA is quantified as the relative eliéince in the median number of crabs
recruited to the model given a constant egg produociand the relative change in the
average time between spawning and recruitment & dimallest size-class in the
assessment model. Deterministic and stochastiegions are considered for the 16
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scenarios. The deterministic results allow broaatuiees of the results to be identified
while the stochastic results allow the impact ofentainty to be quantified.

2.3.1 Deter ministic results

The zero-zero combination farandy (a« = 0; y = Q) corresponds to the scenario in

which OA has no impact on survival and stage danatimes (Figure 2.3, first column).
Survival and time to recruitment are constant diee for this scenario, as expected. The
remaining plots in the first row of Figure 2.3 shtle impact of OA when growth is
fixed (i.e. stage duration times are time-invarjiant 0), and the survival rates decrease
over time ¢=0, -3.33, -6.67, -10).Time to recruitment remasosstant in this case, and
recruitment decreases with decreasing survivatolrast, time to recruitment increases,
and the number of crab recruited remains constamén stage durations increase over
time (¢« > 0), and the survival rates are time-invariapt=0) (Figure 2.3, second row).

OA has the largest negative effect on the numbercrab eventually recruiting in
scenarios with increasing stage duration timesdewteasing survival rates (Figure 2.3:
third row). As expected, the most extreme valueste parametersi(= 10;y = -10) lead
to the longest time to recruitment and the lowestrgcruit survival.

Figure 2.4 summarizes the deterministic 200-yeajeptions (2000-2200) for the
percentage of eggs that recruit, and the time tourenent for all 16 scenarios. The
percentage of eggs recruited and the average tmeetuitment relative to the no OA-
impact scenario for eggs spawned in 2041, 20811,22P61, and 2200 in Figure 2.4 are
listed in the Tables 2.4a and 2.5a. Tables 2.4b2abidl list stage survival probabilities (

S) and the probabilities of growing out of each st§g) for a sample of six stages for

the scenarios in the first two rows of Figure Z.Be time to recruitment (Figure 2.4 left
panel) and the percentage of eggs which recruijufii 2.4 right panel), are, as expected,
independent of time in the absence of @A=(0;y = 0).

2.3.2 Stochastic Results

Time to recruitment is independentyotinder the stochastic projections, and it increases
as the impact of OA on pre-recruit crab stage dumat (quantified bya) increases
(Figure 2.5). The impact of drawing the referentags duration from the uniform
distribution is relatively small (note the narro®w% intervals in Figure 2.5). Figure 2.6
shows the results of the stochastic 200-year ptiojex for the percentage of eggs which
progress to recruitment under the stochastic ptiojge match the deterministic
expectations (Figure 2.6). However, the impact aftandard error of 0.1 on survival
leads to marked variation in the percent of eggs itacruit over time (Figure 2.6).

2.3.3NMFSKodiak Laboratory research resultsvs. model results

The results from the NMFS Kodiak Laboratory reskarn the impact of pH on juvenile

red king crab (Long et al., in press) are compavied the results from the model (Figure

2.7). The Kodiak experiment involved two treatmgpid = 7.8, and 7.5) and one control

(pH= 8.0). The treatment levels in the experimemtaspond to eggs spawned in 2088

and 2159 in the model, respectively. In the expentnninety red king crabs were

randomly assigned to three tanks, with 30 crabstg@s, and the tanks were randomly
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assigned one of the two treatments or the confifoé total experimental duration was
192 days, when the time between subsequent moliecgme too long (1 year).

Figure 2.7 shows the survival of the modeled cralthve survival of the experimental
juvenile red king crab. The model results are shéwrlifferent rates of survivak), and
the OA-neutral value fou (0) because survival is independentioh the model, and the
Kodiak experiments do not provide information oagsgt durations.

The model and the Kodiak experiment results agved¢hie no-OA scenario for a pH
of 8.0 (top left plot in Figure 2.7), which was e@qgbed because the reference survival
rates in the model were set to match the controliwi rates in Kodiak experiment
(Equation 2.4). The model results for the mildespact of OA ¢=-3.3) best match the
results of the experiment with pH = 7.8 while thbey two modeled OA scenariog={
6.67 andy=-10) project lower survival rates. The model resare most similar to the
experimental results for pH = 7.5 when the impdcO4 is based on the largest value
considered fory of -10; otherwise, the survival rates are higheant those observed
during the experiment for a pH of 7.5 (lower lelibtan Fig. 2.7).

2.4 Discussion

Ocean acidification is predicted to impact crabyapons in many ways. Ultimately, it
will decrease survival and lead to changes in dgnovates by altering physiology,
reducing and altering food supply, and changingetim&ronment and species with which
the crab interact (Raven et al., 2005). Crab safvand recruitment is not only closely
related to growth, but also to the timing betwebe population and environmental
processes. Red king crab spawn in the spring imaegliafter the females molt (Jewett
and Onuf, 1988), and after both male and femalé bi@e migrated to the spawning
grounds. Spawning success could be negatively itagatmolting in females is delayed
because the time females and males spend togdtliee apawning grounds is limited.
The importance of potential discrepancies in timoegween events in RKC life history
and the supporting environmental conditions haveyabbeen investigated.

This model takes a concise approach to modeling i@pacts, allowing other
potential impacts to be accounted for under the reftzb of the two main factors
addressed by the model dnda), and leads to results that demonstrate the coesegs
of OA (a) on survival of pre-recruit crab and (b) the growth of these crab. The two
effects are separated in the model so that thgiaats can be predicted independently
and compared with observations were they to belaai This construct allows for
estimation of recruitment under various OA scersgnmith possibility of independently
turning off and on either of the two main OA effect

This chapter estimates a range for crab recruitrnader 16 OA scenarios for 200
years (2000 - 2200). The predicted fraction of csatviving differs somewhat between
the observations and model predictions for the expntal scenarios in which pH was
reduced. The model slightly under-estimates suhfivaa pH of 7.8 and over-estimates
it for a pH of 7.5. The less extreme survival potidns from the model might be more
realistic than the laboratory results, had the asnbeen given time to acclimatize to
lower pH’s. The short duration of the experimentl dhe rapid change in pH has not
allowed for the crab to adapt to OA. Furthermorenen of the crab in the experiment
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hatched from already OA-impacted parents, i.e., élxperiment did not allow for

selection to act on at least one generation of @pacted crab. This may lead the
experiments to over-estimate the impact of lower ggHsurvival if adaptation would

occur, or to underestimate the impact. Potentigelacumulative negative OA impacts
that might affect RKC independent of survival, sashlower availability of food and a
lower ability to move and locate prey due to hyperda were not included in laboratory
conditions. The actual survival rates would be Iowe that case, i.e., the negative
consequences of OA on crab would be higher thamibael predicts.

Density dependence is another factor that likelpaois larval and juvenile survival
rates because survival will depend on finding gebeélter and food during the first
benthic stage, and the probability of finding gogltelter will decline with increasing
abundance. Changes in density dependence under®éxpected, but unknown. Data
or precise insights into how density dependenceactsp pre-recruit survival are,
however, not available. The pre-recruitment modetuées on estimation of pre-
recruitment survival rates to match overall prermécsurvival rate deduced from the
stock assessment model guided by the results fnerKodiak Laboratory research, and it
does not include density-dependence during thergmest stage. Such density-
dependence would tend to mitigate the impact of @dAuction of survival. Density
dependence in post-recruit dynamics is accountednfahe population model using a
Ricker stock-recruitment relationship.

Ideally, future research on the impact of reduckldom crab would: (1) include pH
values predicted from now until at most 2050, andsitder pH values in smaller steps
between current and the future values; (2) thedgceanimals would be a group of mature
females with a group of males (juvenile and mattwegllow mating to occur, where the
ratio of females to mature males mimics that edechdor the actual population of red
king crab; and (3) the experiment would be condiicteer at least 2-3 years.

Such experimental design would allow more precisgmation of survival rates
under OA scenarios relevant to the next 50 years,a the same time address several
other questions: (1) what is the response of credwilp and survival to smaller
incremental changes in pH; (2) what is the impdaDA on fecundity and fertilization
rates due to hypercapnia and potential changeghawor; (3) is there a change in the
guality of fertilized eggs, as quantified using fexkample fat content, given OA
conditions; (4) what are the survival and growttesaof 2% and 3' generation larvae and
juvenile crab hatched in OA conditions; and (5) e results constant over time given a
constant pH, i.e., do animals adapt or does th®lityato resist any negative impacts of
OA deteriorate more rapidly than predicted from therent experiments. A major
additional benefit of this research would be a tgreanderstanding of the spawning
behavior of red king crab and their fertilizatiancsess under a high female to male ratio
(as is currently estimated by the stock assessmedel).
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2.6 Tablesand figures

Table 2.1 Stage durations for Bristol Bay red kingb.

Stage Duration Molts CL (mm) Source
Z1-Z4 10-14 days 1 1.18-2.07 (Kovatcheva et al6200
G 18-56 days 1 1.8-2.0 (Kovatcheva et al. 2006)
Cl1-C8 20-30 days 1 2.18-9.5 (Donaldson et al2199
J1 365 days 3 9-22 (Lohr et al. 2001)
J2 365 days 2 23-46 (Lohr et al. 2001)
J3-J4 365 days 1 47-62 (Lohr et al. 2001)
J5 174 days 1 63-67.5 (Lohr et al. 2001)
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Table 2.2. Average stage durations and minimumgigspent in stages, and overall expected stage
survivals.

_ Minimum Time Expected stage

Stage Average Duration . , =
Spent in Stage survival (S)
Z1 12 days 10 0.10503
G 37 days 18 0.10503
Cl1-C8 25 days 20 0.93814
J1 365 days 365 0.82567
J2 365 days 365 0.88011
J3-J4 365 days 365 0.93814
J5 174 days 174 0.93814
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Table 2.3. Distributions for annual survival andgg duration times.

Parameter Distribution Equation
A I ival Bet
nnual Surviva eta F(xa, )= 1 x’“(l— x)’“
B(a, f)
o =539 g
8 =, S-S
p=a-9=3_y
%
Stage Duration Times Uniform F(x) = 1
B-A

A<x<B
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Table 2.4a. Percentage change in recruitment [pgrge of spawned eggs which recruit] for various
values ofy relative to the no OA¢ = 0 andy = 0) scenario for five spawning years. The nundfezggs
recruited is independent af

2041 2081 2121 2161 2200
Y [%] [%] [%] [%] [%]
3.3 | 35.44 12.56 4.45 1.58 0.58
6.7 | 12.56 1.58 0.20 0.02 0.00
10 | 4.5 0.20 0.01 0.00 0.00
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Table 2.4b. Change in survival probabilities forstages for various values pf whereo = O relative to
the no OA ¢ = 0 andy = 0) scenario for five spawning years.

Survival probability (Q)

2041 2081 2121 2161 2200
v=-3.33
Z1 0.587 0.585 0.583 0.581 0.579
G 0.774 0.772 0.771 0.769 0.767
Ci 0.983 0.977 0.972 0.966 0.961
Ji 0.996 0.996 0.996 0.995 0.995
J2 0.998 0.997 0.997 0.996 0.996
J5 0.997 0.995 0.995 0.994 0.993
7= -6.66
Z1 0.585 0.581 0.577 0.573 0.569
G 0.772 0.769 0.766 0.762 0.759
C1 0.977 0.967 0.956 0.946 0.936
Ji 0.996 0.995 0.994 0.993 0.992
J2 0.997 0.996 0.995 0.994 0.993
J5 0.996 0.994 0.992 0.990 0.989
v=-10
Z1 0.583 0.577 0.571 0.566 0.561
G 0.771 0.766 0.761 0.756 0.752
C1 0.972 0.957 0.941 0.926 0.911
Ji 0.996 0.994 0.993 0.992 0.990
J2 0.997 0.995 0.994 0.993 0.991
J5 0.995 0.992 0.989 0.987 0.984
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Table 2.5a. Percentage change in the time to tewent [years] for various values afrelative to the no
OA (a. = 0 andy = 0) scenario for five spawning years. The timesruitment is independent pf

2041 2081 2121 2161 2200
a [%0] [%] [%] [%0] [%]

3.33 | 105.61 111.56 117.86 124.53 131.24
6.67 | 111.56 124.53 139.08 155.34 171.77
10 117.86 139.09 163.98 188.81 202.64
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Table 2.5b. Change in stage duration times fostiges for various values @f wherey = 0O relative to
the no OA ¢ = 0 andy = 0) scenario for five spawning years.

Growth probability (P)

2041 2081 2121 2161 2200
a =333
Z1 0.134 0.119 0.106 0.396 0.319
G 0.211 0.160 0.124 0.197 0.148
C1 0.410 0.369 0.333 0.442 0.388
J1 0.068 0.064 0.060 0.059 0.054
J2 0.069 0.065 0.061 0.060 0.055
J5 0.131 0.118 0.119 0.119 0.104
o = 6.66
Z1 0.120 0.400 0.261 0.177 0.125
G 0.163 0.200 0.114 0.122 0.121
C1 0.371 0.446 0.344 0.384 0.291
J1 0.065 0.056 0.052 0.046 0.041
J2 0.066 0.057 0.053 0.047 0.042
J5 0.119 0.107 0.103 0.093 0.081
o =10
Z1 0.107 0.264 0.149 0.268 0.137
G 0.127 0.116 0.167 0.113 0.113
C1 0.337 0.346 0.335 0.303 0.259
J1 0.062 0.053 0.043 0.038 0.032
J2 0.062 0.054 0.044 0.039 0.032
J5 0.122 0.104 0.089 0.075 0.066

27



— Retained Catch
— MMB

250
|

[million Ibs]
150 200
\ \

100
|

50

1970 1980 1990 2000 2010

[Years]

Figure 2.1. Bristol Bay red king crab annual catod mature male biomass (MMB) (million Ibs) for kac
season (June 1 - May 31) (Zheng and Siddeek,)2010
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Figure 2.2. Flowchart of the methods.
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Appendix 2.A: Derivation of Equations (2.3)

Let S be the survival rate for a given stagebe the minimum number of time-steps that an
animal needs to be in the stage before it can nmibke next step, angl be the probability of
moving to the next stage each time-step once amarhas been in the stage fotime-steps
(moving to the next stage takes place at the ernldeofime-step after survival). For the cas8,

the dynamics of the stage can be written as:

00 0 0N,
S0 0 0N, 2AD
0 S Sl-p) O|N,, o
00 S 1o

where N,,N,, N, are the numbers of animals which have been istdge for 1, 2 and 3+ time-
steps, and2 is the number of animals which have left the stage

The number of animals leaving the stage &tp after 3 time-stepsS*(1- p)p after 4 time-
steps, S°(1- p)’p after 5 time-steps, etc. This is a geometric psgion of the form (
S’p(+ (1- p)S+ (1- pFS?..) which sums to:

_Sp__
1- (1- p)S

Generalizing Equation 2.A.3 from a minimum of 3htbme-steps leads to Equation 2.3.

(2/IA.3)
The average time to leave a stage is:

DN, Sp/Y N, Sp (2.A.4)
i=1 i

where N,, ; is the number of animals in the 3+ class at thd sf time-step.
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Chapter 3: Ocean acidification impact on Bristol Bay Red king crab under various harvest
strategies

3.1 Introduction

3.1.1 Fishery management

The fishery for Bristol Bay red king crab is mandd®y the State of Alaska through a federal
fishery management plan (FMP). The goal of the FBIRo maximize the overall long-term
benefit of Bering Sea and Aleutian Islands (BSAhgand Tanner crab stocks to the nation,
consistent with responsible stewardship for coretém of the crab resources and their habitats
(NPFMC, 2011). The FMP consists of two sets ofgutene under state and one under federal
jurisdiction by the North Pacific Fishery Managem@ouncil (NPFMC). Federal rules, such as
those used to set overfishing levels (OFLs), arediin the FMP and require an FMP
amendment to change. State management rules deteregal catchable crab sizes, total
allowable catch, catch season, catch areas, s#ictiess, and rules related to reporting and
inspections (NPFMC, 2008). State rules are sehafdderal level, but can be modified by the
state based on criteria in the FMP.

The abundance of Bristol Bay red king crab is estéd using stock assessments conducted
by the Alaska Department of Fish and Game (ADF@;, €heng and Siddeek, 2010). These
assessments are based on a sex- and length-sédugiapulation dynamics model that uses
NMFS survey data, commercial catch data, and obsatata for parameter estimation. The
directed (pot) fishery for red king crab is managsadhg a total allowable catch (TAC) which is
determined according to a state harvest contrel {Gable 3.1) and the Tier 3 OFL control rule
(Table 3.2). The state harvest control rule isrecfion of current-year estimates of the biomass
of mature female crabs that are estimated to ssftdgsmate in a given year, or the effective
spawning biomass (ESB), and is implemented in cutjan with restrictions on size, sex, and
season. Specifically, only males with a carapachit 6.5-in may be harvested, and no fishing
is allowed during molting and mating periods. Amaal prohibited species catch (PSC) cap
limits the number of Bristol Bay red king crab tltain be taken by the groundfish fishery. The
PSC limits are based on the previous-year ESBiastis of the biological reference poiBtso,
and Fsse, are used to determine the overfishing level foist®t Bay red king crab, which is
currently classified a Tier 3 stock under the BAdb in FMP (NPFMC, 2008)3sy is the
exploitation rate at which mature male biomassfperuit (MMB/R) is reduced to 35% of its
unfished level MMB/R is computed using a size-transition mafak males and the assumption
that future retained and discard male selectivitidsequal the average of those for 2006-2008.
Average recruitment during 1995-present is use@siimateBsse, (the mature male biomass
corresponding td-3se if recruitment is set to that at which MSY is amled). This set of years
was argued by Zheng and Siddeek (2010) to reflacent (and likely) future recruitment.

In this chapter, post-recruits and ocean acidificaimpacts on recruitment are modeled
within a simplified version of the stock assessnmwoidel for Bristol Bay red king crab. The
model is projected forward for a no-ocean acidifama (no-OA) (base case) scenario and
scenarios in which OA impacts the population dyreamin terms of biological (mature male
biomass, catch) and economic (profit) performanegrios, under various harvest strategies.
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3.2 Methods

3.2.1 Modeling post-recruits

The post-recruits (and hence the impacts of thkefig are modeled using a population
dynamics model which is a simplification of the rant stock assessment model in which only
males are modeled, fewer size-classes are usedoaodnsideration is taken of shell condition.
Male mature biomassMMB) at the time of mating is used as a proxy forilfeed egg
production in this model as recommended by a Cedoteindependent Experts (CIE) review
(NMFS, 2008) owing to many uncertainties in estimgfemale mature biomass and the number
of fertilized eggs. The basic dynamics of the papah in the model are:

Ny+1 = Xsyuy + By+1 (3'1)
where N is the vector of numbers-at-length (males onlyjhat start of yeay, X is the size-

transition matrix,s is the survival matrix for year, and R, is the vector of recruits for yegr
S, is a diagonal matrix with elements:

S, =e"(@1-SF)1-S)F”) (3.2)
where M, is the instantaneous rate of natural mortalityylear y, s’ is selectivity due to trawl
fishery bycatch on animals in size-cleissFyT is the exploitation rate due to the trawl fishery
during yeary, S;i is selectivity for the directed fishery during yea on animals in size class

and FyD is the exploitation rate due to the directed figh#turing yeary. Bristol Bay red king

crab have historically also been caught and dischtoly the fishery for Eastern Bering Sea
Tanner crab, but this source of mortality is igrbfer the analyses of chapter as it has been very

low in recent years. In model projectiorﬁyT in Equation (3.2) are set to the average over 2006
2011. The retained catch (in mass) by the direftsbery during yeary,C,, is:

C,=2 QWS F’N, e (3.3)

where Q is the proportion of crab in size-classvhich is retainedw is the average mass of a
male crab in size-class N,; are numbers of animals in size clagd the start of yeay, and o
is the time from the survey to the fishery.

MMBy — Z Ny’i fi e_(2/12+5 )My (1_ S}Iii FyD) (34)

where MMB, is the mature male biomass during ygaat the assumed time of mating (15
February of yeay+1), and f. is the fecundity of a crab in size-clasgnitial numbers at size (
N, ) are given in Table 3.3.
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Recruitment only occurs to the first size-clasghe model. Recruitment during year is
calculated as the sum of the numbers recruitingqidureary based on spawning during yegts
where the spawning year ranges from 1 to 10 yezftad year.

R = yZ ¢ f(MMB,)G(y".y) (3.5)

y'=y-10

where G(y',y) is the fraction of animals which were spawned myiryeary’ which recruit

during yeary. The functionG sums the recruited animals for the given spawm, yelaich were
projected forward using the pre-recruit populatimodel (Equations 2.1 and 2.2). The symbol

is a constant, computed so that the populationtables in the absence of Of =0), and
exploitation (F, =F; =0). To find the value of this parameteR, is set to 1, the resulting
MMB is found, andG(y', y) is set based on the pre-recruitment model witAampact, i.e.:

$=11 yz f (MMB,)G(y"y) (3.6)

y'=y-10

where recruitment is governed by a Ricker stockengment relationship, i.e.:

MMB., Snha ey
f(MMB,) = ROWBze4 i (3.7)

and MMB,. can be a historical or projected value. The stesprd the stock- recruitment
relationship ih, andR, and MMB, are respectively the recruitment and mature mamass in

an unfished state.
A list of the pre-specified model parameters iegivn Table 3.3.

3.2.2 Projections

3.2.2.1 Constant F projections
The model is projected forward under five constxploitation rates for the directed fishery,

F® (0, 0.11, 0.18,F,,, (=0.22), and 0.25) for eaclr, where y is set to 0 in the no-OA
scenario, and to -3.33, -6.66, and -10 in the Odnados.

3.2.2.2 Control rule projections

The model is projected forward for each OA scenavith FyD based on the NPFMC OFL

control rule (Table 3.2). Only the OFL control ruseused in the projections, because the State
harvest rule is always more conservative than dderal OFL control rule. Hence, projections
based on the OFL control rule are sufficient tovslibe most extreme consequences of OA on
the population of red king crab in Bristol Bay givetate management decision making.
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3.2.2.30ptimal fishery and economic projections for constant and time varying
exploitation rates
The time-series of values deyD are found for each OA scenario that maximize totdth

(Equation 3.3) and the present value of discoupredits using a non-linear search technique
that maximizes objective functions described by d&quns 3.10a-c.The maximization is based

on estimating a separate value Iéf for each future year rather than applying a caormirte,
although Equations 3.10a and 3.10b include a per(al,) (Equation 3.11) to avoid large
changes in exploitation rate (the restriction le¢dl) on year-to-year changes in exploitation
rateis set to 0.01 for these calculations; Equatiori3.The resulting values for MMB arir'tjD
are, however, plotted against each other to ideatfossible harvest control rule.

Discounted profit &,) is calculated for three levels of cog (minimum, median, and
maximum; Equation 3.9) and is defined as:

7,= (8" (p,C,-V,) L

whereg is a discount factor (Table 3.3y, is price per kg during yegr (Table 3.3),Y, is the

first year of the projection period (2000), aMj is the variable cost during the yedr,
calculated for the costs of fuel, food, and bait:

V, =E G +E,G; +488624c, (3.9)

where E, is a sum of days fishingE(yF) and days traveling Ii;), and ¢, C; and ¢, are
respectively the average daily costs of fuel armtifand bait cost per potlift (Table 3.3). The
number of potlifts is calculated as a linear fuostof days fishing, Potlifts:78.312yf (Figure

3.1), while days fishing are calculated as a lifeaction of F,’, E; =6237.7F (Figure 3.2),

and days traveling as a linear function of daysifig, E$=O.5021E§(Figure 3.3), where a
combination of the three results Equation 3.9.

The three objective functions: (a) maximize thaltatatch subject to a penalty on changes
over time in exploitation rate due to the direclistiery (Equation 3.10a), (b) maximize the total
discounted profit subject to a penalty on changesr dime in exploitation rate due to the
directed fishery (Equation 3.10b), and (c) maximilze total catch given linear and quadratic
parameters andb in the quadratic function (Equation 3.10c). Thedpa#ic function represents
an abstract form of discounted profits. For examplarametera on the linear term could
represents net benefits in the form of ex-vesdekpninus the linear costs in equation (3.9), and
the quadratic parametbrcan be interpreted as a non-linear cost that immglecreasing returns
to scale.

2.(C,-40,) (3.10a)
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> (7, - 2,0,) (3.10b)
Z(,B)<y-y°>(az C, —bz (C,)?) (3.10¢)

where the values fod, , are set to scale the penalty to the size of theha&quation 3.10a) and
the profit (Equation 3.10b). The penal®, , is defined as:

2 . D D D
o - ([FyD ~FP1/ Fylzl) if ‘( F-F)/ Fyfl‘ >l (3.11)
0 otherwise

whererl is the restriction level on year-to-year changesxploitation rate, set to 0.01.

3.2.2.3.1 Parameterization of the objective fumio

The values for the parameters to scale the pesalti@ndi,, are chosen such that i) the
projected exploitation rates, MMB and catich Equations 3.10a and 3.10b best match their
values for an exploitation rate df,,,, for the no-OA scenario, ii) the exploitation rasezero
before the end of the projection period for all G&enarios, and iii) the time-series of
exploitation rates are relatively stable. The chosglues foll, andZ, are related to the absolute

magnitude of the catch and profit in Equations 8.{®nnes) and 3.10b ($mil},; is set to
100C,_, , whereC,_ is the equilibrium catch wheR,” = Fy,,, and/,is set to 4.

The same criteria used to sgtand 4, were used to sed and bin Equation 3.10c. In
addition, the exploitation rate by the directedhéisy equals zero whesmn= 0 and this condition
implied a value forb of 1/CF35%. Solving for the optimal constant exploitation erathat

corresponds to each positive value af indicated a spike in optimal exploitation rate at
approximatelya = 1.5(Figure 3.4a). This was due to the impact of thigainsize-structure of the
population. Projections in which the summation guétion 3.10c was restricted to projection
years 2011-2099 showed no such spike (Figure 3'Hix. parametea was set to 4 for the
analyses reported here.

3.2.3 Implementation in the R statistical package

Figure 3.5 outlines the structure of the code thas used to implement the analyses of this
chapter. There are two main parts to the code,ethwlsich implement (a) the population
dynamics model and (b) the objective function. Thde for the population model contains sub-
routines that calculate population numbers-at-ler(@quation 3.1) in response to exploitation
rate, and the impact of ocean acidification onuggrent (Equation 3.5). It also contains the
routines to read in the input data and the valwesttfe numbers-at-length at the start of the
projection period.

The R optimization toolpptim, is called with initial values for the paramet(af'@D ), which
are passed from the code for the objective functiothe code for the population model. The
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code for the population model returns the pendlg, time-series of catches, and discounted
profit (Equations 3.11, 3.3 and 3.8, respectively)the code implementing the objective
function, which is then minimized according to @&afied objective function (Equations 3.10a-

C).

3.3 Results

The results are summarized by plots of 100-yeae-tirajectories of catch, exploitation rate,
MMB, and profit, and by tables of total catch andMBl over the 100-year projection period,
average discounted profit over the 100-year peraod] the years in which catch, discounted
profit and MMB which first drop to 5% of the equitibm values when the exploitation rate is
Fase for the no-OA scenario (Table 3.4; rows?<0.22"). The x-axes for each plot indicate both
year and the pH projected for the year concerned.

3.3.1 Constant F and F,, projections

The catch and biomass equilibrate at non-zero sdiolethe no-OA scenario and are driven to
zero at all exploitation rates in the OA scenafkigures 3.6 and 3.7). Catch and MMB increase
initially owing to the initial numbers-at-length.

MMB first drops to 5% of théBusy under a constant exploitation &%, when there is no
OA impact in 2050, 2036, 2030 for respectively the y= -3.33, -6.67, and -10 scenarios
(Table 3.4c; row FP=0.22"). As expected, catch and biomass reach tiesttbld at essentially
the same time, but because of costs, profit drog#4 of that corresponding kg.,, 3-5 years
earlier (Table 3.4c; rowF°=0.22").

Lower exploitation rates lead to a longer time befthe biomass thresholds are breached
(Table 3.4c), but the longer times do not necelysad to higher profits. Total discounted
profit is highest for the three OA scenarios wke.25yf" (Table 3.4a,b; rowsFP=0.25").

3.3.2 Harvest control rule projections

Projected MMB and catch drop to 5% of the equilibrivalues under an exploitation Bfs,
under the no-OA scenario, and in the OA scenartosrvthe annual exploitation rate is based on
the OFL control rule in 2073, 2049, 2041 and 20483, and 2027, respectively (Table 3.5c).
The catch and discounted profit drop below thesioéd before the MMB for the OA scenarios
because the OFL control rule requires fishery gi®sat low stock biomass (Figure 3.8). The
OFL control rule performs better than the constexploitation rate strategies in terms of
conserving the resource, because it closes therfisat low biomass levels, which are also
unprofitable and which happen sooner for the moteeme OA scenarios (Figures 3.6-3.8;
Tables 3.4a,b and 3.5a,b). Discounted profits tier ®FL control rule are 19.5, 13.2, 11.2, and
10.2 ($mil) for the four OA scenarios (Table 3.5&hich are very close to projected profits for
the Fase strategy (19.9, 13.1, 11.3, and 10.4 ($mil)) arghéi than those for the°=0.11 and
0.18 strategies (Tables 3.4a,b, 3.5a,b).
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3.3.3 Selecting exploitation rates to maximize Equation 3.10a and b

Figure 3.9 shows the sensitivity of the resultsijavhen the time-series of exploitation rates for

the directed fishery are selected to maximize disted profit (Equation 3.10b) when the values
for the cost parameters are set to their mediamega{Table 3.3) and the discount rate is set to

£ =0.95. Low values forA, lead to projected exploitation rates that osellatrealistically,

while exploitation rates do not drop to zero athhigvels of A, for they = -3.33 and -6.6
scenarios. The time-trajectory of exploitation saterelatively stable and converge to zero in the
y =-6.67 and = -10 scenarios whetj is set to 4. The parametéy is set tol00C,,,,.

The present value of discounted profits for thrategies which maximize catch and profits
in Eg. 3.10a and 3.10b (Figures 3.10 and 3.11dHfy less than 1% for the0 scenario (19.7

vs. 20.1 ($mil)) (Tables 3.6a,b, and 3.7a,b?yD“(B:O.95)”). The strategy that maximizes

Equation 3.10b leads to discounted profits that 248% greater than the strategy which
maximizes catch in Equation 3.10a for the three €@Anarios. The strategy which maximizes
profits depletes the stock below the biomass tluldsB-8 years later than the strategy which

maximizes catch (Tables 3.6¢c, and 3.7c; rdﬁf‘(B:O.QS)”). However, the average MMB over

the projection period for the strategy which maxes profits in Equation 3.10b is 22%, 27%,
15% and 14% lower than the strategy which maximiagshcfor the four scenarios. Maximizing
profits reduces MMB to the biomass threshold in 208036, and 2031 under the three OA
scenarios, 2-4 years sooner than the strategyrthgimizes catch (Table 3.6c, 3.7¢c). Catches are
the same for no-OA scenario and higher by 3%, 2%,28ador the three OA scenarios for the
strategy which maximizes catch than in the strat®gich maximizes profit, as expected. The

latter strategy reduces catches below 5% of thaewuthe constant, Strategy 1-4 years
sooner than the former strategy (Tables 3.6b,c3anulc; rows ‘FyD (p=0.95)").

Higher discount factors lead to higher biomasses @atches (Table 3.7a; Figure 3.12).
Fishery costs are another factor which determinditpr The fishery is closed earlier for higher
costs (food, fuel, and bait costs) for the OA scesa(Figure 3.13; Table 3.3) when the
exploitation rates are selected to maximize prdfitis is expected because higher costs lead to
lower profits. Moreover, and as expected, the steneth the lowest costs leads to the highest
discounted profits (Table 3.7a,b).

The first 10 years of the time-series of MMB angblexkation rate are omitted from Figure
3.14, because they appear unstable owing to theemde of the initial years (0-10) on the
exploitation rates that maximize the objective tiot in Equation 3.10b. The estimated MMB
and exploitation rates are simultaneously decrgaeirer time for all OA scenarios, and the
opposite is the case for the no-OA scenario. Thenger the OA impact is, the more abruptly
exploitation rate decreases to zero.

3.3.4 Selecting exploitation rates to maximize Equation 3.10c

Equation 3.10c is maximized under the constant aitgtion rate of 0.265 for the no-OA
scenario when catch in all years is included irectiye function, and is maximized at a lower
rate (0.216) when the first 11 years of catch gn@ied when computing the objective function
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(Figures 3.15a, 3.15b, respectively, and Table,B:9aws “F° ($=0.95)" and F; ¢(8=0.95)").
The latter exploitation rate is closer to the vadfi€ysy (0.222).

Time trajectories of exploitation rate that areoakd to vary annually when maximizing
Equation 3.10c, projected MMB, catch and discoumtexdit (Figure 3.16) are within 1% of the
values when the future exploitation rate is assutodoe constant in Figure 3.17 (Table 3.8a,b;

rows “F° (8=0.95)" and" F,” ($=0.95)"). Exploitation rates and discounted profits for theee

discount factors when exploitation rate is allovwiedsary annually (Figure 3.18) are within 1%
of the profits for the constant exploitation raiesigure 3.15a (Table 3.8a,B” rows compared

with F,” rows for the samp values).

3.4 Discussion

The OFL control rule achieves higher discountedifsrthan the constant exploitation rat’éD(

= 0.11, 0.18, and 0.22) strategies, while the c&c®5% higher and MMB is 55% lower than
that for the lowest exploitation rate considered 1) aty=0. The OFL control rule achieves this
by closing the fishery once the biomass is redumdw the cut-off value and hence it avoids
negative profits. In contrast, the constant expt@h rate strategies do not respond to biomass
and so negative profits are possible.

Estimated exploitation rates and discounted pretfitdree levels of the discount facfoare
larger for smaller values gfwhen profit and catch are maximized, except insttenarios where
B=0.99 andy = -3.33, where exploitation rate is estimated lothan fory =0 (Table 3.9). This
apparent inconsistency agrees with the MMB trajgesofor the same scenarios {6¢0.99 at
vy=-3.33 andy=0 in Figure 3.19, where MMB is estimated largey at3.33 than ay =0 at about
the 15th year of the projection period. This apptaneconsistency is due to the influence of the
initial years on exploitation rates in the objeetiunction (Figure 3.15b and Table 3.9).

Harvest strategies in which the exploitation ratesuwime-invariant allowed for the stock to
fall below minimum stock size threshold (MSST=1/4sB), i.e., to become overfished (Zheng
and Siddeek, 2010) although how to define MSSThia ftace of changing environment is
unclear.

Higher harvesting costs (fuel, food, and bait)ue discounted profits. Exploitation rates
and profits decrease with an increase in variabtedst costs when profit is maximized (Figure
3.13).

The analyses of this chapter assume no changésetgrowth rate or (non-fishery)
survival of post-recruit red king crab in respotgeOA. The parameters of the Ricker stock-
recruitment relationship are also assumed con&arihe OA scenarios. It is not clear whether
these parameters would change due to OA impactsAMN@cean Acidification Steering
Committee, 2010). However the stock-recruitmenatrehship could become less productive
given unfavorable environmental conditions under.OWe natural mortality rate in the
simplified version of the population dynamics mo@&heng and Siddeek, 2010) used for this
analyses is also assumed to be time-invariantjtbugy increase, which would be consistent
with the trend towards higher mortality rates un@éy for larvae and juveniles measured in the
Kodiak Laboratory research (Long et al., in pregs).increase in the natural mortality rate for
red king crab would contribute to the negative Qépact on red king crab MMB. Potential
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changes in the stock-recruitment relationship amel natural mortality rate for post-recruits
would compound the effects of OA modeled here.

Finally, prices and costs are likely to change otrexr next 100 years whereas they are
assumed to be constant for the analyses of thigtehalhe exploitation rates which maximize
discounted profit (Equation 3.10b) would be higlas would discounted profits if prices
increased over time, but costs remained constadiyiee versa.
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34 Figuresand Tables

Table 3.1. State harvest strategy specificationBfAl Bristol Bay red king crab.

Stock threshold for opening fishery:
8.4 million mature females, and 14.5 million poundeffective spawning biomass (ESB)

Exploitation rate on mature-sized (=120 mm CL) male abundance:

10%, when ESB <34.75 million pounds

12.5%, when ESB is between 34.75 million pounds%,m0 million pounds
15%, when ESB-55.0 million pounds

Harvest capped at 50% of legal male abundance:

Minimum TAC:
4.444 million pounds (including portion allocated@DQ fishery)
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Table 3.2. Specification of the exploitation raged to compute the OFL for Tier 3 stocBds a measure of current
reproductive capacity (MMB for Bristol Bay red kirgab); B*=Bssy,, a proxy forBysy, which is the biomass at
which MSY is achievedE =Fgs,, the exploitation rate which reduces mature mabenass biomass-per-recruit to

35% of its unfished level; andk@<f and G<f<1 are restriction parameters, with default value®.df and 0.25,
respectively.

— *
% >1 FOFL =F
B B/ _
—<1 *
- B ForL = F(/B—)
l1-«a
% <p Directed fisheryF =0and F,, <F*
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Table 3.3 Model parameters fixed in the base-cage)A) model, and the initial numbers-at-length.

Par ameter Size-class (mm)
65-80 80-100 100-120 120-140 140+
Weight per classw [kg] 0.324714 0.652966 1.180429 1.946525 3.064985
Fecundity, f; 0 0 0 1.946525 3.064985
Size-transition matrixx 3.80E-05 0.99996 0 0 0
0 0.32988 0.67012 0 0
0 0 0.156486 0.843514 0
0 0 0 0.549888 0.450112
0 0 0 0 1
Retained fraction per clas§ 0 1.30E-6 0.002179 0.516693 0.999167
Selec. groundfisheryST 3.17E-02 0.060261 0.235422 0.531515 0.99
Selec. pot fisheryS® 1.0E-20 0.060246 0.254154 0.658982 0.99
Initial numbers, N, 11170.30 10117.90 6099.39 11285.20 12677.60
Parameter Value
Unfished recruitmenty, 17282.5
Steepnesd) 0.859317
Fucss 0.221697
FT 0.00481205
o 0.5
Natural mortalityM [yr] 018
Price per kg,p, [$/kg] 11.00295
Discount factor,8 0.95
Years 2006 2007 2008 2009 2010
FP 0.221606  0.282729 0.280152 0.196708 0.164573
Days Fishing EyF ) 1096 1489.5 1779.5 1414.75 1604
Potlifts 72218 112626 139329 117782 132661
Days Traveling E)T,) 714.5 849 776.5 724 717
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Potlifts = 78.334E, ) R?=0.89

E, =6237.7F) R?=-1.05
E; =0.5021E, R?=-3.41
median min max
Fuel cost per dag: [$/day] 3209.5 882.0 5953.5
Food cost per daf; [$/day] 305.6 11.0 771.8
Bait cost per dayG, [$/day] 15.8 4.4 28.7
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Table 3.4 (a) Average catch, MMB, and discounteafipbased on 100-year time trajectories under @orisexploitation rates, (b) percentage changéén t
average catch, MMB, and profit relative to the ealuvhen exploitation rate ks, (0.22), and (c) years in which catch, MMB and gréifst drop to 5% of the

equilibrium values when exploitation rateFssy, for the no-OA scenario.

Total catch (‘000t)

Average MMB (‘000t)

Discountpdbfit ($mil)

Y=-

y=-1(

=0 gy 667 10 =0 343 667 10 =0 ¥=333 467

F°=011 | 83 2.3 16 14 85.0 23.2 16.1 13.5 18.9 10.1 86 8 1
F°=0.18 | 105 2.7 1.9 17 64.3 16.1 115 0.8 19.8 12,5 107 9.8
F°=022 | 109 2.7 2.0 17 53.4 13.1 9.5 8.2 19.9 13.1 113 041
F°=025 | 108 2.7 2.0 18 46.4 11.3 8.4 7.3 19.9 13.2 114 061
F°=011 | 765 84.6 80.3 785 | 1593 1776 169.1 165]4 948 477 762 755
F°=0.18 | 966 98.8 96.5 955 | 1206 1237 1210 1198 993 695 949 945
F°=022 | 1000 100.0 1000  1000| 1000  100.0 1000 1040  .0100  100.0 100.0 100.C
F°=025 | 99.1 99.0 1007  1015|  87.0 86.7 88.1 884 1000 101 1017 102.0
F°=0.11 ] 2056 2039 2032 ] 2062 2043 2035 ] 2052 2036 o
F°=0.18 : 2053 2038 2031 : 2054 2038 2033 i 2048 2034 2
F°=0.22 : 2051 2036 2031 : 2050 2036 203( i 2045 2032 2
F°=0.25 : 2049 2036 2030 : 2048 2034 2029 i 2043 2031 2

50



Table 3.5(a) Average catch, MMB, and discountedippbased on 100-year time trajectories under tié @ule, (b) percentage change in the average catch
MMB, and profit relative to the values when the leiation rate isFss,, (Table 3.4a; row F°=0.22"), and (c) years in which catch, MMB and firéifst drop
to 5% of the equilibrium values when the explodgatrate i35 for the no-OA scenario.

Total catch (‘000t)

Average MMB (‘000t)

Discountpbfit ($mil)

vy=0 vy=-3.33  y=-6.67 vy=-10 vy=0 vy=-3.33  vy=-6.67 vy=-10 vy=0 vy=-3.33 v=-6.67 vy=-10
10.9 2.4 1.7 15 54.8 19.6 13.6 11.4 195 13.2 11.2 10.2
100.5 89.1 85.7 84.6 102.8 150.3 142.3 138]8 97.8 01.01 99.3 98.7

- 2049 2033 2027 - 2073 2049 2041 - 2049 2033 2027
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Table 3.6(a) Average catch, MMB, and discountedipbased on 100-year time trajectories when threetseries of exploitation rates is selected to meped
the objective function in Equitation 3.10a, (b) gemtage change in the average catch, MMB, and ulided profit relative to the values when the explion

rate isFsse, (Table 3.4a; row F°= 0.22"), and (c) years in which catch, MMB andcgisnted profit first drop to 5% of the equilibriumalues when the
exploitation rate i$3s5,for the no-OA scenario.

Total catch (‘000t)

Average MMB (‘000t)

Discountpdbfit ($mil)

v=0 y=-3.33  y=-6.67 vy=-10 vy=0 vy=-3.33  y=-6.67 y=-10 y=0 vy=-3.33 v=-6.67 vy=-10
a 10.9 2.7 2.0 1.8 52.8 13.7 8.3 6.4 19.7 13.0 115 071
b| 100.7 100.2 100.9 102.3 99.0 104.9 86.8 78.1 99.2 939 101.8 103.1
c - 2051 2035 2029 - 2051 2034 2027 - 2033 2026 2022
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Table 3.7(a) Average catch, MMB, and discountedipbmsed on 100-year time trajectories when theetseries of exploitation ratest) is selected to

maximize the objective function in Equitation 3.1(b) row * FyD (B=0.95)" is percentage change in the average cdthB, and discounted profit relative to

the values when exploitation rate kg, (Table 3.4a; row F°=0.22"), whereas rows PyD (Min cost; p=0.95)" and “FyD (Max cost,=0.95)" are percent

change with respect to the I‘OV\F;,D (B=0.95)", (c) years in which catch, MMB and discathtprofit first drop to 5% of the equilibrium vakievhen the

exploitation rate sk, (Table 3.4a; row £P =0.22") for the no-OA scenatrio.

Total catch (‘000t)

Average MMB (‘000t)

Discountpdbfit ($mil)

v=0 vy=-3.33  y=-6.67 vy=-10 vy=0 vy=-3.33 y=-6.67 vy=-10 y=0 v=-3.33  y=-6.67 vy=-10
FyD (B=0.90) 9.2 2.3 1.8 1.7 29.6 6.0 4.3 3.5 10.1 9.1 7 8. 8.6
FyD (B=0.95) 10.9 2.6 2.0 1.7 43.4 10.8 7.2 5.6 20.1 134 119 11.2
FyD (B=0.99) 11.4 2.7 2.0 1.8 52.7 14.5 9.2 7.2 72.1 226 17.5 15.6
FyD (Min cost,=0.95) 10.8 2.6 2.0 1.7 40.7 8.7 5.7 4.5 21.2 146 13.1 12.4
FyD (Max cost,3=0.95) 11.0 2.6 2.0 1.7 46.4 13.0 8.5 6.7 18.8 12.2 10.6 10.0
FyD (p=0.95) 100.3 96.9 99.0 100.6 81.3 82.7 75.2 68f 080 1028 105.5 108.3
FyD (Min cost,=0.95) 98.7 98.3 99.9 100.2 93.9 80.4 79.6 80.p .7105 108.9 110.4 110.5
FyD (Max cost,3=0.95) 101.0 99.7 98.6 99.3 106.9 120.3 118.8 114.3 935 90.6 89.7 89.2
FyD (B=0.95) - 2047 2034 2025 - 2055 2036 2031 - 2041 0203 2024
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Table 3.8 (a) average catch, MMB, and discounteditdgyased on 100-year time trajectories when @mistxploitation ratesRD) and annual exploitation rates

(FyD) are selected to maximize the objective functio&guitation 3.10c, (b) percentage change in tieeame catch, MMB, and discounted profit relativéhie

values when the exploitation rate kg, (Table 3.4a; row FD:0.22”), (c) years in which catch, MMB and profitst drop to 5% of the equilibrium values for

Fis0, (Table 3.4a; row £P =0.22") for the no-OA scenario.

Total catch (‘000t)

Average MMB (‘000t)

Discountpdbfit ($mil)

v=0 vy=-3.33 v=-6.67 vy=-10 y=0 vy=-3.33 v=-6.67 vy=-10 y=0 vy=-3.33  vy=-6.67 vy=-10

FP (B=0.90) 8.8 2.4 1.9 1.7 26.9 6.6 4.9 4.2 9.6 8.7 8.3 8.1
FP (B=0.95) 10.6 2.6 2.0 1.8 42.8 9.8 6.6 54 19.8 13.2 11.5 .6 10
FP (B=0.99) 10.9 2.7 2.0 1.8 51.1 135 8.5 6.8 69.9 211 149 241
FyD (B=0.90) 8.7 2.4 1.9 1.7 26.3 6.5 4.9 4.2 9.6 8.7 83 8.0

FyD (B=0.95) 10.6 2.7 2.0 1.8 42.4 9.9 6.7 5.4 19.9 132 115 10.6
FyD (B=0.99) 10.9 2.7 2.0 1.8 51.2 13.5 8.6 6.8 70.2 21.0 149 12.4
FP (B=0.95) 97.6 97.0 99.6 101.4 80.2 75.3 69.4 66.3 99.7 101.0 102.0 102.8
FyD (p=0.95) 97.6 97.3 99.8 101.7 79.5 75.7 69.9 66.5 99.8 101.0 102.1 102.8
FP (B=0.95) - 2048 2034 2028 - 2045 2031 2026 - 2041 2029 2024
FyD (p=0.95) - 2048 2034 2028 - 2045 2031 2026 - 2041 9202 2024
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Table 3.9 (a) constant exploitation raté'sD() that maximize Equation 3.10c for three valueshef discount factor

(B), and (b) constant exploitation rateEl'igg) that maximize Equation 3.10c for three valuegpypfwhen first 10
years in objective function (Equation 3.10c) amsoigd.

y=0 y=-3 vy =-6 vy =-10

a FP(=0.90) | 0.3411 0.3609 0.3768 0.3871
FP(=0.95) | 0.2654 0.2782 0.3051 0.3223

F°(p=0.99) | 02309 0.2155 02471 0.2676

b FJe(B=090) | 02151 01921 0.1818 0.1725
FD e (=0.95) | 0.2158 01807 0173  0.165

FD o (=0.99) | 02183 01652 0163  0.157
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Figure 3.14 Relationship between the exploitatmies that maximize discounted profit (Equation B)land MMB
for A, = 4. Initial years (0-10) are omitted.
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72



Years

v
o o
= 8 4
~ 3
< o D
© 8
L 1]
o T T S o
S S g
o F35% © 8
= (V] E
a o =
~ g 8
() = §
o
IS T T T T ©
20 40 60 80
Years Years
8
= 3
— —
o
= o
= 8 g E SAN
= & A —_ =
5 - \ put . =0
8 \‘\\\ % \‘\ \\ T y:—3.3
\ \ 1\ —
8 N g 3 AN -—= y=-6.7
o R LN I— =
o AN W\ y==10
A AN
\\\\\ \\ ° N .
SN T e
© T T T T T T T T
20 40 60 80 20 40 60 80

Years

Figure 3.17. Time-trajectories of MMB, catch, amdfji for the four OA {) scenarios when constant exploitation
rates are determined by maximizing Equation 3.10c.

73



Discount factor = 0.90 Discount factor = 0.95 Discount factor = 0.99

w | w | w_]
o o o
=+ | =+ =+ |
o o o
T ° I T =
- T —
o oy = E w ===
o o
= = 5
o o o
o o o
pH T T T T T T T T T 1 pH T T T T T T T T T 1 pH T T T T T T T T T 1
g1 807 g 747 748 787 7.8 g1 807 g 747 748 787 7.8 g1 507 § 747 748 787 7.8
Time | T T T T T T T T 1 Time | T T T T T T T T 1 Time T T T T T T T T T 1
2010 2030 2050 2070 2090 2010 2030 2050 2070 2090 2010 2030 2050 2070 2090
[
o | o o
uwr — uwr uwr -
= r_\-/"’—‘l_‘_&‘—‘—‘_ylw = i \_/_/_—MM
=3 o 2 _\ Jp‘ y o 27 Y =0
= = ) = ] \ — =
& & i/ k & \a ) - =33
o = Lo = \\ .
tn W n Yot
\ s by
kS AT
i by 5 i
k) B "
oo A
S e s s
o — o T —
H I T T T T T T T T 1 BH I T T T T T T T T 1 BH I T T T T T T T T 1
g1 807 g 747 748 787 7.8 g1 807 g 747 748 787 7.8 g1 507 § 747 748 787 7.8
Time I T T T T T T T T 1 Time I T T T T T T T T 1 Time I T T T T T T T T 1
2010 2030 2050 2070 2090 2010 2030 2050 2070 2090 2010 2030 2050 2070 2090
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Equation 3.10c. Results are shown for three discfaators f§).
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Discount factor = 0.99
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Figure 3.19. Exploitation rate, mature male biomaasch, and profit for all OAyf scenarios when the exploitation
rate is determined by maximizing Equation 3.10@gia discount factop) of 0.99.
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Discussion:

The model developed in this thesis estimates thpaain of ocean acidification (OA) on
recruitment and yield of Bristol Bay red king crdiblinks a model of pre-recruit survival with a
simplified version of the model used for stock assgent purposes. The parameters of the pre-
recruit model are based on the results from theemx@nts conducted at the NMFS Kodiak
laboratory (Long et al., in press). Specificallgetsurvival rates under OA in the pre-recruit
model cover the range of the survival rates medsul@ing the experiments. The overall
survival rate from embryo to the first size-clasghe post-recruit model for the (base case) no-
OA scenario is set to match the embryo-recruitngemvival rate implied by the results of the
stock assessment.

The OA impacts on Bristol Bay red king crab and semuently fishery profits depend
critically on the pre-recruit survival rates und@A conditions measured during the Kodiak
laboratory experiments. However, there are sevacabrs that may have impacted whether the
laboratory estimates of survival accurately andigedy represent the survival rates in the open
ocean:

(a) the two pH treatments representing conditions ir002land 2200 were applied
instantaneously, whereas change in pH will be stoweality, and adaption could take
place so survival rates would be higher than ptedifrom the experiments;

(b) the experiment does not account for any OA impacthe prey species for crab, which
would imply that the experimental survival ratesyrba overestimated,

(c) the Bering Sea is predicted to experience seasomhlregional changes in pH that are
more extreme than the modeled pH averages, ledadirgpasonal patches of pH that
would be corrosive to crab shells even by the neidxflthe 21 century (Mathis et al.,
2011);

(d) the survival estimates are fairly imprecise owiagtte fairly small sample size of 30 crab
per treatment; and

(e) growth is likely to be impacted by OA, but experimhéid not provide information about
stage duration times, which if increased would itaadower overall recruitment.

The pre-recruit model predicts the impact of OAtbe survival of pre-recruit craly)(and
their growth rateso). These two effects are separated in the modtiataheir impacts can be
modeled independently, and compared with obsemstiovere they to become available.
However, in reality, these two rates are dependent.

Perhaps more important is the impact of OA on adilhe model ignores any impact of OA
on growth, which could have consequences for ramtge success if changes in growth impact
female migration or molting that now coincide wittale migration. The post-recruit model also
ignores the impact of OA on the survival rate o$tpeecruit red king crab, whereas it will likely
decrease under OA impacts, consistent with thedttewards lower survival rates under OA for
larvae and juveniles as measured during the Kodathoratory research. An decrease in the
survival rate for adult red king crab would contrtie further to the negative impact of OA on the
dynamics of and fishery for, red king crab. Theapagters of the Ricker stock-recruitment
relationship are assumed not to change under OAweMer, it is not clear whether this
assumption is valid (NOAA Ocean Acidification Stegr Committee, 2010), and it is not
unreasonable to expect that the stock-recruitmelattionship could become less productive
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given unfavorable environmental conditions under. B&rthermore, a current assumption of the
management process and the post-recruit modelais rétruitment is a function of MMB.
Fertilization rates are therefore ignored and &e aot differentiated from the fecundity rates. It
is unclear how fertilization rates will change und®A, and whether the number of fertilized
eggs will change in proportion to MMB, especialiyen the extremely low male:female ratio
currently estimated by the stock assessment.

Economic parameters such as prices and costssumead to be time-invariant, whereas they
are likely to change over the next 100 years. Ttmo@tation rates which maximize discounted
profit would be higher as would discount profitprices increased over time, but costs remained
constant, and vice versa.

The linked pre- and post-recruit model providesladfoundation for predicting OA impacts
on a crab population if its parameters can be eséichprecisely and accurately. However, the
link model can improved in several ways such bylagpg the linear relationships between
survival and growth and pH by relationships whightfie experimental data better, and by
allowing for impacts of OA on survival and growthpmst-recruit crab.

Bristol Bay Red king crab fishery is one of the Kiig and Tanner Crab fisheries in the
Bering Sea and Aleutean Islands which are undet jeederal-State management. Each of the
10 stocks is assigned to a management tier (1-Blchamdefines how management rules are
applied. Bristol Bay red king crab, and EBS Snow @anner crabs are tier 3 stocks for which
reliable estimates of the stock-recruitment retedfop are not available, but proxies By,

and B,,;, can be estimated based on the assumptior-thgat~ Fase Tiers 1 and 2 (currently, no

stocks) have more reliable information Bsy andBysy than tier 3 stocks, and tier 4 (Pribilof

Islands blue king crab (overfished 2011/12), Stithew blue, Pribilof Island red, and Norton

Sound red king crabs) and tier 5 (Aleutian Islagdklen, Pribilof Islands golden, and Adak red
king crabs) stocks have insufficient informationetimate the stock-recruitment relationship or
estimatezso,

This model can be modified to predict OA impacttbe other tier 3 stocks, because the
stock-recruitment relationships for those stocks loa parameterized under the assumdEiggy
~ Fss0, There is currently no obvious way to parametestek-recruitment relationships for
stocks in tiers 4 and 5, and so this approachradlin this thesis cannot be directly applied to
them. However, an inference regarding the impacDAfon these stocks can be made given
predicted catches under OA for the tier 3 stockgha stocks in tiers 4 and 5 have been managed
using a GHL based on long-term average harvess ifiference will become more meaningful
as the data describing OA impacts on tier 4 antobks becomes available from the Kodiak
Laboratory.

The Kodiak Laboratory is currently conducting fuatlexperiments related to OA impacts on
red king crab, Tanner crab, and golden king cratesé experiments involve not only pH
treatments, but also treatments involving changasmperature, which makes the experiments
more realistic and provide further data for us@anameterizing pre-recruit models. The results
of the additional experiments are planned to becawadlable in Fall 2013. Further research on
embryonic, larval, and juvenile crab, which are sidared the stages most likely to be
vulnerable to OA, has been proposed for red, ldod,golden king and Tanner crab stocks.
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Immediate issues for management of the tier 3 stabks under OA related to MSST and
recruitment:

I.  MSST is currently defined as %2 d,,,, for Alaskan crab stocks, but there is no

definition for B,,q, for stocks impacted by ocean acidification.

ii.  The assumption that recruitment is related to MM&yrbe invalid, in particular because
the decrease in fertilization rates under OA migbit be proportional to the decrease of
MMB.
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