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ABSTRACT  

Ignoring  spatial  population s tructure  in th e  development  of  fisheries  management  advice  can a ffect  

population r esilience  and  yield.  However,  the  resources  required to d  evelop  spatial  stock a ssessment  

models  that  match th e  spatial  scale  of  management  are  often u navailable.  As  a  result,  quota  

recommendations  from s patially  aggregated a ssessment  models  are  commonly  divided a mong  

management  areas  based  on e mpirical  methods.  We  developed  a  spatially  explicit  simulation m odel  to  

1)  explore  how  variation  in p opulation s tructure  influences  the  spatial  distribution o f  harvest  that  

produces  maximum  system  yield,  and 2 )  contrast  the  performance  of  empirical  quota  allocation  methods  

in a pproximating  ideal  spatial  harvest  strategies.  Spatial  scenarios  that  included p ost-recruitment  

movement  resulted in a    broader  range  of  spatial  management  options  (e.g.,  setting  regional  total  

allowable  catch)  that  achieved n ear  maximum  system  yield c ompared to s  cenarios  without  movement.  

Stochastic  projections  showed t hat  using  the  proportion o f  total  survey  biomass  in e ach  management  

area  to s patially  allocate  quota  performed b est  for  maximizing  system  yield w hen t he  true  spatial  

structure  was  unknown,  considerably  outperforming  equal  allocation a nd  allocation b ased o n a   

recruitment  index.  However,  with a ll  methods,  area-specific  harvest  rates  sometimes  led t o u nintended  

depletion w ithin m anagement  units.  Improved d ata  and u nderstanding  of  spatial  stock  dynamics  can  

reduce  the  need  for  ad h oc  approaches  for  spatial  harvest  allocation,  allow  for  a  greater  range  of  

management  options,  and i ncrease  the  efficacy  of  spatial  management  procedures.  

Keywords:   Stock A ssessment,  Spatial  Management,  Connectivity,  Population S tructure,  Catch  

Allocation,  Harvest  Rate  
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46 1.  Introduction  

Fish p opulations  often e xhibit  spatial  variability  in  biological  characteristics  (e.g.,  

growth,  maturity,  fecundity,  natural  mortality,  and  movement)  that  arise  from in teractions  with  

ecological  and  environmental  processes,  which i nfluence  population d ynamics  and  create  

challenges  for  the  development  of  sustainable  fisheries  management  strategies  (Ricker  1958;  

Jackson e t  al.,  2010;  Hanselman  et  al.,  2015;  Vincenzi  et  al.,  2016;  Kerr  et  al.,  2017b).  Yet,  

fishery  management  procedures  commonly  ignore  spatial  variability  by  assuming  average  

population d emographics  (homogeneity)  within o r  across  management  units.  Management  units  

are  often c onveniently  defined ( e.g.,  political  boundaries)  rather  than  aligning  with  known  

biological  characteristics  of  the  resource,  which c an c reate  additional  spatial  heterogeneity  

through r egulatory  measures  (Riess  et  al.  2009;  Cope  and P unt,  2011;  Kerr  et  al.,  2014;  

Hanselman e t  al.,  2015).  Recent  advances  in t he  understanding  of  spatial  population s tructure  

and m ovement  patterns  (e.g.,  see  Berger  et  al.,  2017c)  indicate  a  need t o  address  spatial  

heterogeneity  when p roviding  management  advice,  such a s  defining  biological  reference  points  

and a ssociated  catch q uotas  (Thouzeau e t  al.,  1991;  Rätz  and  Lloret,  2003;  Melville-Smith a nd  

de  Lestang,  2006;  Jackson e t  al.,  2010;  Williams  et  al.,  2012;  Hanselman e t  al.,  2015;  Vincenzi  e

al.,  2016).  Additionally,  it  may  be  necessary  to d efine  regional-scale  management  procedures  

due  to j urisdictional  boundaries  for  shared s tocks  (e.g.,  regional  management  agencies,  state,  or  

international),  fleet  dynamics  (van d er  Lee  et  al.,  2014),  socioeconomic  considerations  (e.g.,  cost

of  travel  to f ishing g rounds;  Thiault  et  al.,  2017);  resource  distribution ( Hanselman  et  al.  2016),  

and/or  the  existence  of  biological  structure  (Kerr  et  al.,  2017a).   
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67 Population c omponents  defined b y  spatially  varying  life  history  characteristics  can h ave  

differential  responses  to  management  actions,  and  not  accounting  for  this  variability  may  inhibit  

the  ability  to m eet  desired m anagement  objectives.  For  example,  because  long-lived,  slow-

growing  fish  generally  have  a  lower  reproductive  output  compared to s  hort-lived,  fast-growing  

fish,  they  cannot  sustain  high h arvest  levels  (Musick,  1999).  Additionally,  connectivity  dynamics  

can c onfound t he  efficacy  of  management  actions  depending  on th e  timing o f  those  actions  and  

the  scale  at  which t hey  are  applied i n r elation t o f ish m ovement  (McGilliard e t  al.,  2015).  

Harvest  rate  differences  among m anagement  units  can d ifferentially  impact  the  size  and a ge  

classes  that  move  compared to th  ose  that  remain  resident  within a   single  fishing  mortality  regime  

(Guan e t  al.,  2013;  Lee  et  al.,  2017).  These  challenges  demonstrate  the  need  to u nderstand a nd  

account  for  the  interactions  among m ovement  dynamics  and b iological  variability  when  

considering  spatial  management  procedures,  such  as  TAC  specifications  (Kerr  et  al.,  2014;  

Goethel  et  al.,  2016;  Goethel  and B erger,  2017).   

The  increasing  availability  and q uality  of  spatially  resolved i nformation r egarding  

population s tructure,  connectivity,  and d emographics  has  led t o t he  development  of  population  

models  which b etter  represent  the  complex  spatiotemporal  nature  of  a  fishery  resource  (Berger  et  

al.,  2017b,  Goethel  and B erger,  2017;  Kerr  et  al.,  2017a;  Punt  et  al.,  2017;  Thorson e t  al.,  2017;  

Truesdell  et  al.,  2017).  Various  simulation s tudies  have  explored t he  impact  of  alternative  spatial  

population p rocesses  on t he  estimation o f  population p arameters  used f or  setting  management  

advice,  including m ovement  (Hulson e t  al.,  2011;  Goethel  et  al.,  2015;  Vincent  et  al.,  2017),  

mortality  (Johnson e t  al.,  2015),  growth ( Punt,  2003),  and r ecruitment  (Hulson e t  al.,  2013;  
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88 Denson e t  al.,  2017).  These  theoretical  studies  have  elucidated th e  importance  of  understanding  

spatial  variability  when i dentifying  biological  reference  points  (Ying  et  al.,  2011;  Goethel  and  

Berger,  2017)  and a lso h ighlighted t he  management  implications  of  ignoring  or  misidentifying  

spatial  population s tructure  (Kerr  et  al.,  2014;  Goethel  et  al.,  2016).   For  example,  Goethel  and  

Berger  (2017)  demonstrated t hat  spatially  explicit  harvest  strategies  that  maximize  system  yield  

were  highly  dependent  on t he  combination o f  spatial  population s tructure,  connectivity  patterns,  

movement  rates,  and p roductivity.  Misdiagnosing e ither  movement  patterns  or  population  

structure  led to d  epletion  within m anagement  units  and a n o verall  loss  of  system-wide  yield.  

Similarly,  ignoring  fleet  dynamics  (e.g.,  effort  aggregation)  has  been s hown t o b e  as  detrimental  

to t he  resource  as  ignoring  resource  distribution a nd c onnectivity  dynamics  (Fu a nd  Fanning,  

2004;  Goethel  and B erger,  2017).    

Although s patial  population s tructure  has  increasingly  been a cknowledged i n f ishery  

stock  assessment  frameworks  over  the  last  two d ecades  (Fournier  et  al.,  1998;  Cope  and P unt,  

2011;  Taylor  et  al.,  2011;  Berger  et  al.,  2012;  Methot  and  Wentzel,  2013;  Goethel  et  al.,  2015;  Li  

et  al.,  2015;  Punt  et  al.,  2015;  Vincent  et  al.,  2017),  relatively  few  spatially  explicit  stock  

assessments  have  been i mplemented  for  setting  harvest  limits  (Berger  et  al.,  2017a;  Punt,  2017).  

Spatially  explicit  assessments  require  high q uality,  spatially  informed d ata  as  well  as  rates  and  

patterns  of  connectivity  (Fournier  et  al.,  1998;  Taylor  et  al.,  2011;  Goethel  et  al.,  2011,  Taillebios  

et  al.,  2017),  but  these  data  are  often li mited o r  not  available  for  many  populations  (Berger  et  al.,  

2017b).  Given th e  limited n umber  of  applied s patial  assessment  models,  spatial  management  

procedures  are  often i mplemented w ithout  estimates  of  population p arameters  (e.g.,  spawning  
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109 stock  biomass  or  fishing  mortality)  at  the  scale  of  desired  management  actions  (Cope  and P unt,  

2011;  Goethel  et  al.,  2016;  Kerr  et  al.,  2017b).  The  resulting  mismatch  across  the  assessment-

management  interface  often l eads  to  ad h oc  approaches  for  spatially  allocating  catch q uotas,  

because  catch p rojections  are  based o n th e  broader  management  domain ( e.g.  assessment  area)  

which c reates  the  need f or  a  method to s  ufficiently  allocate  catch to t  he  smaller  management  

units  (Goethel  et  al.,  2016;  Berger  et  al.,  2017b).  Spatial  catch a llocation  methods  typically  

ignore  inherent  variation  in b iological  processes  of  the  managed r esource  and o ften r ely  on  

empirical  approaches  for  dividing  quotas  across  management  units  (e.g.,  allocations  based o n  

regional  survey  abundance;  Hanselman  et  al.,  2016).  Despite  the  wide  application o f  quota  

allocation m ethods,  there  has  been l imited  exploration in to w hether  these  methods  are  able  to  

ensure  sustainable  harvests  when a   fishery  resource  exhibits  spatial  heterogeneity  in d emography  

and c omplex  population s tructure.  

We  used s tochastic  projection m odels  to q uantify  how  spatial  heterogeneity  and  

connectivity  among  population c omponents  influenced  management  quantities  (e.g.  maximum  

sustainable  yield r eference  points)  for  marine  fish.  We  also e valuated w hether  selected e mpirical  

or  ad h oc  spatial  quota  allocation m ethods  could  approximate  the  distribution o f  catch t hat  

achieved th e  maximum s ustainable  harvest  when t he  true  spatial  dynamics  were  assumed t o b e  

unknown.  Specifically,  the  objectives  were  to,  1)  compare  optimal  spatial  harvest  strategies  

across  alternative  population s patial  structures  and  demographic  parameterizations,  and 2 )  assess  

the  performance  of  several  empirical  quota  allocation m ethods  using  common d ata  sources  for  

allocating  system-level  quotas  to s maller  spatial  management  units.  Collectively,  the  study  
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8 

130 objectives  aim  to o ffer  guidance  on w hether  a  particular  method f or  spatial  quota  allocation  

performs  best  when i nformation o n t he  underlying s patial  dynamics  is  limited.  

 

2.  Methods  

Research o bjectives  were  evaluated u sing  stochastic  projection m odels  extended f rom  

spatially  explicit  modeling  framework  presented b y  Goethel  and B erger  (2017).  The  study  design  

consisted o f  two d istinct  modeling  components,  one  for  each o f  our  two p rimary  objectives.  

Simulation  models  were  developed lo osely  based  Pacific  hake  and A laskan  sablefish,  which  

represent  different  species  with d istinct  life  history  characteristics.  A  ‘hake-like’  model  was  

developed t o  mimic  a  mid-water  semi-pelagic  species  of  intermediate  longevity  and  a  ‘sablefish-

like’  model  was  designed  to m imic  a  longer-lived g roundfish s pecies.  These  two s pecies  

(hereafter  referred t o a s  ‘hake’  and  ‘sablefish’)  provide  a  basis  for  examining  two-area  (hake)  

and t hree-area  (sablefish)  models  with s patial  differences  in n atural  mortality,  recruitment,  

growth,  maturity,  and m ovement  based o n e ither  empirical  data  or  hypothesized p rocesses.  An  

important  distinction b etween t he  two  example  species  was  how  the  stock  recruitment-

relationships  were  parameterized.  The  model  assumptions  mimicked th ose  applied t he  most  

recent  stock a ssessment  such t hat  the  hake  example  assumed a   Beverton-Holt  stock-recruitment  

relationship ( steepness  value  =  0.814),  and s ablefish a ssumed n o d ensity  dependence  in t he  stock  

recruit  relationship ( constant  recruitment  with a nnual  deviations).  In th e  sablefish e xample,  
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9 

149 recruitment  is  de-coupled  from  the  spawning  stock b iomass,  removing  any  effect  of  area-specific  

differences  in  maturity  or  fecundity.  

Connectivity  for  the  hake  model  applied  a  largely  unidirectional  ontogenetic  movement  

pattern,  while  the  sablefish m odel  applied  a  multi-directional  movement  pattern.  Both s imulation  

models  were  conditioned w ith in put  parameters  available  from r ecent  stock a ssessments.  If  input  

parameters  were  not  directly  available,  hypothesized v alues  were  used b ased o n o ngoing  

research.  The  results  from th ese  models  should b e  interpreted r elative  to  each o ther  in o rder  to  

gain  comparative  insight  and n ot  to i nform  management  actions.  A  detailed  description o f  model  

inputs  is  provided in A  ppendix  A.   

 Throughout  this  paper,  definitions  pertaining  to s patial  structure  and  movement  follow  

those  defined i n G oethel  and B erger  (2017).  The  ‘biological  domain’  of  a  system  was  defined  as  

the  entire  spatial  extent  of  the  biological  resource  (Fig.  1).  Spatial  structure  of  the  resource  was  

specified w ithin t he  biological  domain,  which m ay  consist  of  multiple  biological  populations  

and/or  areas.  A  ‘population’  represented  a  single  reproductive  unit  within w hich a ll  fish a re  able  

to r eproductively  mix  and r ecruitment  dynamics  were  modeled u sing  a  single  stock-recruit  

function.  A  population m ay  reside  in a   single  homogeneous  area  or  be  distributed a cross  multiple  

areas  with v ariable  life  history  traits  or  fishery  processes  among  the  different  areas.  An  ‘area’  

represented th e  geographic  extent  over  which a   biological  or  fishery  process  is  homogeneous.  

Movement  could o ccur  among  areas  (assuming  a  Markovian p rocess)  and  once  a  fish  moved i t  

assumed th e  life  history  and r eproductive  dynamics  of  that  area  or  population.  Following  these  

definitions,  we  modeled t hree  alternative  types  of  spatial  structure:  panmictic,  spatial  
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170 heterogeneity,  and m etapopulation.  The  panmictic  structure  was  modeled a s  a  single  population  

occupying  a  single  area  where  all  fish w ere  assumed  to b e  homogeneously  distributed a cross  

space  (Fig  1a).  Spatial  heterogeneity  was  modeled  assuming  a  single  population t hat  resided  

across  two o r  more  areas  (Fig.  1b).  A  metapopulation c onsisted o f  multiple,  demographically  

distinct  populations  connected th rough  movement.  Each p opulation w ithin a   metapopulation  

occurred in a    single  area  and m aintained a   unique  stock-recruit  function,  while  reproductive  

mixing  was  assumed t o o ccur  only  with f ish o f  the  current  resident  population ( Fig.  1c).  Once  

fish m oved i nto a   new  population,  they  adopted t he  reproductive  traits  for  that  population.  For  

simplicity,  we  assumed t hat  the  spatial  extent  of  the  management  units  aligned  with t he  spatial  

extent  of  the  biological  units  (populations  or  areas)  defined i n t he  biological  domain.   

The  terms  ‘apportionment’  and ‘ allocation’  are  often u sed in terchangeably,  however,  in  

this  study  we  apply  each  term t o d escribe  a  separate  process  in o ur  modeling  framework.  

‘Apportionment’  is  defined a s  the  partitioning  of  population-level  recruitment  across  areas  

(specifically  when s patial  heterogeneity  is  modeled)  and ‘ allocation’  refers  to t he  process  of  

partitioning  system-wide  quota  among  individual  management  units.  

 

2.1.  Influence  of  spatial  heterogeneity  on  spatial  harvest  strategies  

To d etermine  how  differing  population s patial  structures  and d emographic  

parameterizations  influence  the  spatial  distribution o f  harvest  that  maximized e quilibrium  system  

yield ( i.e.,  spatial  harvest  strategy,  analogous  to s ystem-wide  maximum  sustainable  yield,  MSY),  

we  conducted a   suite  of  simulations  across  a  range  of  underlying  assumptions  regarding  spatial  
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191 structure  and  connectivity.  Scenarios  were  developed t hat  explored p lausible  demographic  

configurations  and w ere  parameterized  for  both e xample  species  using  stock a ssessment  outputs  

and/or  the  current  best  understanding  of  each s pecies’  biology  (see  Appendix  A).  Model  

outcomes  were  compared  relative  to a   reference  scenario p arameterized  as  a  single  population  

with s patial  heterogeneity  (Spatial;  Table  1)  which r epresented th e  most  likely  population  

structure  and d emography  for  the  example  species.  Model  comparisons  focused o n f our  primary  

aspects;  1)  specification  of  population s tructure,  2)  spatial  biological  or  fishery  heterogeneity,  3)  

spatial  recruitment  dynamics,  and 4 )  connectivity  patterns  (Table  1).  Metrics  used to c  ompare  

model  scenarios  included  the  area- and p opulation-specific  equilibrium  values  for  yield,  harvest  

rate  (u:  yield/biomass),  and d epletion ( terminal  spawning  biomass/unfished  equilibrium  

spawning  biomass  for  each s patial  unit).  The  area-specific  yield t hat  collectively  achieved t he  

overall  maximum s ystem  yield ( ‘spatial  harvest  strategy’)  was  the  primary  metric  for  model  

comparisons.  

Maximum  system  yield w as  found u sing  a  grid s earch a cross  combinations  of  area-

specific  fishing m ortality  rates  ranging f rom  0 to 7  .0 i n in crements  of  0.025  and 0 .050 ( Goethel  

and B erger,  2017)  for  hake  and s ablefish,  respectively.  All  simulated p opulation tr ajectories  

began a t  unfished  equilibrium  abundance  levels  and th e  population d ynamics  for  each s cenario  

were  simulated f or  200  years,  which  was  sufficient  to r each e quilibrium.  Simulations  were  

conducted u sing  AD  Model  Builder  (Fournier  et  al.,  2012)  and R   (R  core  team 2 016)  statistical  

computing  software  programs.  Models  can b e  found a t  

(https://github.com/KatelynBosley/SPASAM/tree/master/Spatial_BRP_project).  
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212 

213 2.1.1 S patial  MSY  Scenarios  

Population S tructure  

 Three  population s tructures  were  compared t o d etermine  the  impact  of  varying  

population s tructure  on s patial  harvest  strategies  (Table  1).  Model  types  included s patial  

heterogeneity  (Spatial),  metapopulation ( Metapop),  and t he  panmictic  (Panmictic)  structures.  

The  panmictic  structure  consisted o f  only  one  population w ith o ne  area,  therefore  area-specific  

input  parameters  from t he  Spatial  scenario w ere  aggregated  for  the  Panmictic  scenario.  For  the  

Metapop  scenario,  each p opulation m aintained a n i dentical  steepness  value,  but  area-specific  

virgin r ecruitment  (R0)  was  scaled t o p rovide  population-specific  recruitment  matching  area-

specific  recruitment  specified i n t he  Spatial  scenario.  No a dditional  changes  to t he  

metapopulation m odels  were  made  relative  to t he  Spatial  scenario.   

 

Biological  and F ishery  Heterogeneity  

Alternative  selectivity  (Alt_Selectivity)  and  maturity  (Alt_Maturity)  scenarios  were  

developed t o e xamine  how  different  parameterizations  influenced s patial  harvest  strategies.  The  

Alt_Selectivity  scenario a ssumed c onstant  selectivity  for  sablefish ( verses  spatially-varying  

selectivity  in t he  Spatial  scenario)  and s patially  varying  selectivity  for  hake  (verses  constant  

selectivity  in t he  hake  Spatial  scenario).  These  scenarios  allowed c omparison o f  both s patially  

varying a nd c onstant  selectivity  assumptions  across  the  two lif e-history  types  (see  Fig.  S1  and S 2  

for  the  alternate  selectivity  ogives).  An  Alt_Maturity  scenario w as  developed f or  hake  that  
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233 assumed  constant  maturity  across  areas  as  opposed  to s patially  varying m aturity  specified in th  e  

Spatial  scenario ( see  Fig.  S3 f or  alternate  maturity  ogives).   The  comparison o f  these  two  

maturity  scenarios  for  hake  allowed e xploration o f  how  the  population d ynamics  were  influenced  

by  spatial  patterns  in m aturity.  

 

Recruitment  Dynamics  

Alternative  recruitment  scenarios  were  explored b y  specifying  different  recruitment  

apportionment  values  (Alt_Apport)  to s imulate  a  change  to t he  distribution o f  recruits  across  

space.  The  alternate  apportionment  values  for  the  hake  model  provided  a  less  skewed d ivision o f  

recruits  among  the  two  areas  relative  to t he  Spatial  model  (Table  S1).  For  the  sablefish  model,  

alternate  apportionment  values  were  obtained b y  reversing  values  for  Areas  1 a nd 3 (  Table  S1).   

 

Movement   

 Examination o f  alternative  movement  parameterizations  included s cenarios  that  induced  

a  higher  residency  rate  relative  to th at  of  the  Spatial  model  (Hi_Residency;  Tables  S3  and S 4)  

and a nother  that  did n ot  include  movement  among a reas  (Spatial_NM).  Additionally,  scenarios  

were  specified w ithout  movement  for  the  alternate  selectivity  (Alt_Selectivity_NM)  and a lternate  

maturity  models  (Alt_Maturity_NM)  to e xplore  the  interaction o f  spatially  varying  demographics  

when c onnectivity  did n ot  exist  among  areas.   

 

2.2.  Spatial  allocation  of  quota u sing  empirical  methods  

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

14 

254 For  our  second  modeling c omponent,  we  compared s everal  methods  for  spatially  

allocating  system-level  catch t o s maller  management  units.  The  purpose  of  these  explorations  

was  to m imic  approaches  to s patial  quota  allocation w here  spatially  explicit  assessment  models  

are  untenable,  but  spatial  quota  management  may  be  needed t o a ccount  for  observed s patial  

structure  in t he  population o r  socioeconomic  factors  that  necessitate  sub-dividing  harvest  across  

the  species  range.  Performance  of  each  allocation  method w as  based o n h ow  well  the  method  

could a pproximate  the  expected s patial  distribution o f  catch  and b iomass  (based o n th e  spatial  

harvest  strategy  identified f or  a  given p opulation  structure  as  described i n  Section 2 .1).   

For  all  total  allowable  catch ( TAC)  allocation s cenarios,  the  population d ynamics  were  

simulated f or  200  years  in o rder  to r each  equilibrium  conditions  and a rea-specific  catch le vels  

were  determined b y  the  allocation o f  a  system-wide  (S)  catch.  The  system q uota  for  an  assumed  

population s tructure  was  calculated b y  multiplying  the  system-level  harvest  rate  (aggregated  

catch d ivided b y  aggregated b iomass  across  all  areas)  that  maximized s ystem  yield (   ��,���_�;  

based o n th e  value  from t he  associated  run i n S ection 2 .1.1)  by  the  system-level  biomass  (BS)  in  

the  current  year  of  the  simulation.  This  approach  assured th at  quotas  did n ot  exceed s ystem-wide  

biomass,  which w ould  cause  overall  population e xtinction.  An a rea-specific  TAC  was  then  

calculated b ased o n th e  system  yield a nd  a  management  unit  (i)  allocation f actor  (Alloc_Bi)  given  

by:  

 

	
��, 
  = ��,���_� ∗ ��, 
 ∗ 
����_��, 
     (1)  
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274 The  allocation f actor  could e ither  be  determined f rom  observed d ata  (e.g.,  the  ratio o f  

area-specific  biomass  to to tal  population b iomass)  or  input  as  a  fixed p roportion ( e.g.,  equal  

allocation a mong  areas).  The  allocation f raction w as  calculated a s  the  relative  ratio o f  the  

observed i ndex  (Obs_I)  for  the  given m anagement  unit  to th e  observed in dex  for  the  entire  

system.  

 


����_� �, 
  = ���_��, 
��/���_��, 
��      (2)  

 

The  three  different  catch  allocation m ethods  were  evaluated b ased o n t heir  ability  to  

replicate  optimal  TAC  allocations  (using  Eq.  1).  All  allocation m ethods  were  evaluated b y  

applying  system-level  yield f rom  the  Spatial  and  Spatial_NM  scenarios  (determined in S  ection  

2.1)  for  both e xample  species.  The  resulting  area-specific  yield a nd b iomass  from  the  TAC  

allocation s cenarios  were  then c ompared to t  he  values  associated  with th e  spatial  harvest  

strategies  derived i n S ection 2 .1.  The  single  population w ith s patial  heterogeneity  model  

configuration w as  applied b ecause  it  represents  the  most  common p opulation s tructure  modeled  

for  marine  fishes.  The  three  TAC  allocation m ethods  we  applied w ere  1)  the  use  of  an o bserved  

survey  biomass  index  Alloc_Survey  and  Alloc_Survey_NM),  2)  an o bserved  recruitment  index  

(Alloc_Rec_Index,  Alloc_Rec_Index_NM)  and,  3)  equal  allocation ( Alloc_Equal,  

Alloc_Equal_NM).   The  survey  biomass  index  was  calculated  as  the  area-specific  biomass  scaled  

by  the  input  catchability p arameter  (q)  with m easurement  error  (CV  =  0.2)  assuming  a  lognormal  

error  structure.  The  biomass  index  was  simulated t o o ccur  mid-year  such t hat  the  TAC  allocation  
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295 factor  ( 
����_� �, 
)  applied  each  year  was  based o n t he  abundance  index  from  the  previous  year  

(y-1;  i.e.  a  one  year  lag  for  the  implementation o f  the  spatial  harvest  allocation).  The  observed  

recruitment  index w as  determined  as  the  number  of  area-specific  recruits  with a pplied l ognormal  

measurement  error  (CV  =  0.5).   

To d emonstrate  the  impact  of  incorrect  specification o f  population s tructure,  TAC  

allocation b ased o n th e  survey  biomass  index  was  applied u sing  system-level  harvest  values  

(��,���_�)  from t he  panmictic  model  (Alloc_Survey_Panmictic)  and t he  metapopulation m odel  

(Alloc_Survey_Metapop)  when th e  true  dynamics  were  simulated  as  a  single  population w ith  

spatial  heterogeneity.  A  final  comparative  scenario  applied T AC  allocation  based o n s urvey  

biomass  when th e  true  population s tructure  was  a  metapopulation,  but  the  population s tructure  

was  misdiagnosed a s  a  single  population w ith s patial  heterogeneity  (i.e.,  using  the  incorrectly  

specified s ystem-level  harvest  rates  from th e  Spatial  models  described i n S ection 2 .1;  

Sim_Survey_Metapop).   

For  each s cenario,  the  Newton-Raphson m ethod w as  used t o i teratively  tune  the  model  

until  the  spatially  explicit  fishing  mortality  rates  for  each  year  (y)  corresponded to th  e  area-

specific  TAC  values  within a   0.1%  error  threshold  (see  Goethel  and B erger,  2017).  Scenarios  

were  comprised o f  100 i ndependent  model  runs  to  encapsulate  random  variation in in  dices.  The  

performance  of  each a llocation m ethod w as  then a ssessed b y c omparing  the  relative  percent  

difference  (RPD)  in  area-specific  management  quantities  (i.e.,  harvest  rate  and d epletion)  

between m odels  that  applied th e  TAC  allocation m ethods  (i.e.  observed)  and t he  comparable  

scenario th at  maximized  system  yield f rom  objective  1 ( i.e.  true).  The  TAC  allocation m ethods  
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316 were  evaluated b ased o n  whether  the  observed d ata  sources  could b e  used t o a pproximate  the  

spatial  harvest  strategies  derived f rom  objective  1.   

 

3.  RESULTS  

3.1 I mpact  of  spatial  heterogeneity  on  spatial  harvest  strategies  

Differences  in p opulation  dynamics,  demographics,  selectivity,  and  movement  led t o  

vastly  different  approaches  to s ystem h arvest  for  both s pecies.  The  Spatial  model  for  the  hake  

example,  which a ssumed  a  unidirectional  ontogenetic  movement  pattern,  suggested t hat  Area  1  

(nursery)  should n ot  be  fished a nd A rea  2 s hould h ave  high f ishing  pressure  (Fig.  2).  The  

sablefish  Spatial  model  allowed  greater  mixing  among  areas  and r esults  indicated t hat  a  spatially  

balanced h arvest  strategy w as  optimal.  In  general,  system-wide  harvest  rates  and d epletion le vels  

associated w ith  maximum s ystem  yield w ere  similar  across  scenarios,  but  the  area-specific  

harvest  rates  required t o  achieve  them  differed s ubstantially  due  to t he  underlying  heterogeneity  

in s patial  processes  (Fig.  2).   

 

Population S tructure  

System-wide  harvest  rate  and d epletion f or  the  hake  single-area  Panmictic  model  were  

not  substantially  different  from  the  Spatial  model  (Table  3,  Fig.  2).  The  spatial  harvest  rates  from  

the  Metapop  model  were  elevated r elative  to t hose  for  the  Spatial  model  (Table  3),  which  

resulted in lo  wer  area-specific  and s ystem-wide  depletion v alues  (i.e.  fewer  fish).  Specification  

of  population-specific  stock-recruit  relationships  was  a  major  factor  influencing  the  difference  
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337 between th e  Spatial  and  Metapop  scenarios.  For  the  hake  example,  maturity  ogives  differed  

between th e  populations  with th e  age  at  50%  maturity  lower  for  one  population r elative  to t he  

other  (Fig S 3).  This  difference  led to a    14%  reduction in t  erminal  system-level  spawning  stock  

biomass  for  the  Metapop  scenario r elative  to t he  Spatial  scenario.  The  sablefish e xample  

produced r esults  similar  to h ake  when  comparing  the  Panmictic  scenario to   the  Spatial,  but  it  

was  not  sensitive  to t he  metapopulation a ssumption  (Metapop  model  outputs  were  almost  

identical  to t he  Spatial  model).   

 

Biological  and F ishery  Heterogeneity  

Changing m aturity  from s patially  varying ( Spatial)  to c onstant  across  areas  

(Alt_Maturity)  for  the  hake  reduced b oth s ystem-wide  and a rea-specific  harvest  rates  and  

depletion l evels  (Fig.  2).  This  resulted f rom  an 8 .2%  reduction in s  ystem-wide  spawning  biomass  

when u sing  the  Area  2  maturity  ogive  (Fig.  S3)  in  both a reas,  which p roduced f ewer  mature,  

younger  fish.   

Assuming  constant  selectivity  across  areas  in t he  sablefish m odel  (Alt_Selectivity)  

resulted in a    sharp  change  in th e  spatial  harvest  strategy  that  maximized  yield w ith e ssentially  no  

fishing  in A rea  2 a nd  an i ncrease  in h arvest  rate  for  Area  1 ( Area  1  � �,���_�  was  0.10 a nd 0 .23  

for  the  Spatial  and  Alt_Selectivity  scenarios,  respectively;  Fig.  2c).  Despite  no f ishing  in A rea  2,  

depletion l evels  remained c onsistent  across  all  areas  (~0.25).  Similarly,  adding  spatial  

heterogeneity  in s electivity  for  hake  resulted in a    marked s hift  in th e  spatial  harvest  strategy  
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357 relative  to th e  Spatial  scenario.  Shifting  selectivity  in A rea  2 s o th at  fish a re  selected a t  older  

ages,  produced a   spatial  harvest  strategy  with s ignificantly  lower  area-specific  and s ystem-level  

depletion l evels  (Fig.  2).   

 

Recruitment  Dynamics  

The  Alt_Apport  scenario  for  the  hake  example  showed l ittle  influence  on s ystem-wide  

and a rea-specific  depletion ( Fig  2).  Altering  recruitment  apportionment  caused a   slight  reduction  

in t he  system-level  harvest  rate  (  ��,���_�   was  0.2 a nd 0 .25 in th  e  Alt_apport  and  Spatial  

scenarios,  respectively;  Fig.  2)  and  the  harvest  rate  in a rea  2 w as  reduced b y  9%  relative  to th e  

Spatial  model.  Altering  recruitment  apportionment  for  sablefish p roduced a   more  spatially  

balanced h arvest  strategy r esulting  in d epletion l evels  that  were  relatively  uniform  across  the  

three  areas  (~0.25;  Fig.  2).   

 

Movement  

 Simulations  of  both e xample  species  showed  area-specific  harvest  rates  and d epletion  

levels  were  approximately  uniform  when  movement  did n ot  occur  among  areas  (Spatial_NM;  

Table  3,  Fig.  2).  Modeling m ovement  in t he  Spatial  scenarios  led t o h arvest  rates  that  varied  

widely  by  area  causing  spatial  variation in d  epletion le vels  (Table  3,  Fig.  2).  In th e  hake  

example,  unequal  recruitment  apportionment  combined w ith a   strong  unidirectional,  ontogenetic  

movement  pattern c reated a   situation w here  fish r ecruited to A  rea  1  and th en m igrated t o A rea  2  

as  they  matured.  For  sablefish,  recruitment  apportionment  and  movement  in t he  Spatial  scenario  
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378 were  more  similar  across  areas  resulting  in  a  more  spatially  uniform  harvest  strategy  relative  to  

the  hake  example  (Table  3).  As  expected,  the  high  residency  (Hi_Residency)  models  for  both  

example  species  resulted  in l ess  spatial  variation o f  in h arvest  levels  compared t o t he  Spatial  

scenario,  with o utcomes  similar  to s cenarios  not  including  movement  (Fig.  2).  Despite  less  

spatial  variation i n h arvest  rates,  depletion le vels  were  similar  to th ose  from th e  Spatial  scenario  

indicating  the  importance  of  other  sources  of  heterogeneity  (i.e.  maturity  and s electivity)  in  

deriving  spatial  harvest  strategies.   

Comparison o f  yield v s.  harvest  rate  isopleths  for  the  Spatial  and  Spatial_NM  scenarios  

showed c onspicuous  differences  in th e  shape  of  the  yield s urface  (Fig.  3).  Modeling m ovement  

among a reas  resulted in a    broader,  plateau-like  surface  indicating  many  combinations  of  spatial  

harvest  can p roduce  in  yields  close  to t he  maximum.  Yield is opleths  from s cenarios  that  did n ot  

model  movement  showed f ewer  combinations  that  achieved n ear  maximum  yield ( Fig.  3).  For  

example,  the  Spatial_NM  scenario f or  hake  produced a   steep s urface  (with s mall  areal  peak)  

indicating  that  the  harvest  rate  in A rea  1 w ould n eed t o r emain n ear  0.3 a nd  greater  than 0 .15 in   

Area  2  achieve  near  maximum  yield ( Fig.  3a).  The  addition o f  movement  resulted i n a   diagonal  

plateau o f  harvest  rate  combinations  across  the  two a reas  (Fig.  3b),  where  68.5%  of  the  harvest  

rate  combinations  produced < =90%  of  the  maximum  yield c ompared to 4  6.9%  without  

movement.  Similarly,  the  sablefish e xample  produced  an  essentially  flat-topped  yield s urface  

over  which t he  maximum  system  yield w as  realized t hrough a   broad r ange  of  area-specific  

harvest  combinations  across  the  three  areas  when  movement  was  modeled  (Fig.  3d).  This  result  
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398 differed  from  the  well-defined p eak a nd a   smaller  range  of  harvest  rates  (around 0 .2 f or  all  areas;  

Fig  3c)  that  achieved n ear  maximum  yield w ithout  movement.   

 

3.2.  Allocation  of  harvest  quota to s  patial  management  units  

Spatial  allocation o f  quota  based o n e mpirical  methods  performed  well,  often r esulting  in  

area-specific  depletion l evels  that  were  within 2 5%  of  the  ideal  level.  Overall,  results  across  

allocation m ethods  were  similar  between e xample  species,  which  allowed  generalizations  to b e  

made  across  the  two li fe-history  types  we  examined.  

None  of  the  methods  we  tested f or  allocating  catches  were  able  to e xactly  reproduce  the  

spatial  harvest  strategy  that  maximized s ystem-level  yield,  but  most  approaches  were  able  to  

approximate  harvest  rates  within a   50%  difference  from e xpected w ithout  causing  high le vels  of  

area-specific  depletion ( Fig.  4;  Tables  S4-S7).  Spatially  allocating  TACs  based o n r elative  

survey  biomass  (Alloc_Survery,  Alloc_Survey_NM)  performed th e  best,  particularly  when n o  

movement  occurred a mong  areas  (median R PD  <60%  in a ll  areas,  Fig.  4).  When t he  underlying  

population d ynamics  included m ovement,  the  equal  apportionment  method ( Alloc_Equal)  

performed  as  well  as  using  the  survey  biomass  (median R PD  <112%  in a ll  areas,  Fig.  4).  

However,  applying  an e qual  harvest  allocation t o th e  parameterizations  without  movement  

(Alloc_Equal_NM)  led t o  substantial  differences  in h arvest  rates  and c aused a rea-specific  

depletion.  Interestingly,  the  simulated d ynamics  when m ovement  did n ot  occur  caused s ome  

area-specific  quotas  to b e  greater  than th e  available  biomass  (Table  4),  ultimately  driving  one  

management  area  (hake;  Area  2)  or  two  management  areas  (sablefish;  Areas  2 a nd 3 )  to c ollapse.   
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419 The  lack  of  available  biomass  resulted i n o verall  underutilization o f  the  resource  with o nly  91%  

and 8 2%  of  the  expected  system-wide  TAC  harvested f or  hake  and s ablefish,  respectively.  

Allocating  the  TAC  using  a  recruitment  index  (Alloc_Rec_Index,  Alloc_Rec_Index_NM)  

performed p oorly  for  both e xample  species  and e xhibited t he  largest  range  of  area-specific  

differences  for  both h arvest  rate  and d epletion ( Tables  S4-S7,  Fig.  4).  

For  both e xample  species,  applying  the  harvest  rate  for  a  panmictic  population w hen  

simulating  spatial  heterogeneity  (Alloc_Survey_Pan)  resulted in a    slightly  more  conservative  

management  approach  and l ower  depletion l evels  (as  indicated b y  the  positive  RPD  in  Fig.  4).  

The  hake  example  was  more  sensitive  to in correctly  assuming m etapopulation s tructure  

(Alloc_Survey_Met),  which c aused  more  fish t o b e  removed f rom th e  system a nd r esulted in   

higher  system-level  depletion ( Fig.  4).  When a pplying  population-level  harvest  rates  to a   model  

that  simulated  metapopulation d ynamics  (Sim_Survey_Metapop),  slight  loss  of  yield  caused  

stock  status  to i ncrease  (population b ecame  less  depleted).  Because  the  sablefish e xample  did n ot  

assume  a  stock-recruit  relationship,  outcomes  from  the  metapopulation s cenarios  were  identical  

to t he  models  that  assumed a   single  population w ith s patial  heterogeneity  (Spatial).   

 

4.  Discussion  

The  development  and  application o f  spatially  explicit  assessment  models  has  been d riven  

by  the  need to p  rovide  management  advice  at  finer  spatial  scales.  Unfortunately,  the  data  are  

often n ot  available  or  lack  sufficient  resolution t o a pply  these  spatially  explicit  modeling  

approaches  when p roviding  management  advice.  We  employed  a  suite  of  stochastic  projection  
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440 models  to d emonstrate  the  importance  of  accounting  for  connectivity  and s patial  heterogeneity  

when d eriving  spatial  harvest  strategies  that  achieve  maximum  sustainable  resource  utilization.  

This  work b uilds  on th e  findings  of  Goethel  and B erger  (2017)  by  incorporating  spatial  variation  

in f ishery  selectivity  and  demographics  using  example  species  that  exhibit  different  life  history  

types.  We  also e valuated  the  consequences  of  applying  empirical  methods  for  spatial  quota  

allocation o ver  a  range  of  assumptions  regarding  the  spatial  complexity  of  a  biological  resource.   

Previous  simulation s tudies  have  shown t hat  subtle  differences  in t he  shape  of  the  

selection c urve  can h ave  large  impacts  on  maximum  sustainable  yield f or  panmictic  populations  

(Scott  and S ampson,  2011;  Goethel  and B erger,  2017).   Thus,  it  was  not  surprising  that  spatial  

heterogeneity  in s electivity  or  life-history  parameters  influenced s patial  harvest  strategies.  

Results  from  Alt_Selectivity  scenarios  for  both e xample  species  demonstrated t hat  relatively  

small  changes  in s electivity  can h ave  a  large  impact  on m anagement  quantities,  especially  when  

movement  occurs.  We  also f ound th at  interactions  between  maturity  rate  and s electivity  pattern  

can h ave  a  strong  influence  on th e  population d ynamics,  resulting  in s patial  harvest  strategies  

that  are  not  intuitive.  Connectivity  among m anagement  units  can f urther  complicate  the  

determination o f  harvest  strategies  derived f rom  yield-based  management  metrics.  Model  

projections  applied o ver  the  two li fe  history  types  provided a n e xample  of  these  challenges,  

showing  that  the  combination o f  area-specific  harvest  rates  that  achieved  maximum  equilibrium  

system  yield w ere  largely  influenced b y  movement  and l ess  by  the  underlying  form  of  spatial  

population s tructure  (e.g.,  panmictic,  spatial  heterogeneity,  or  metapopulation).  Collectively,  

these  results  indicate  that  specifying  the  correct  form  of  spatial  population s tructure  may  not  be  
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461 as  critical  as  understanding  movement  patterns  and  spatial  heterogeneity  in  the  fishery  (e.g.,  

selectivity  curves)  and o ther  demographic  parameters  (e.g.,  maturity)  when  developing  spatial  

reference  points  for  management  advice.   

A  unique  and i mportant  finding  of  our  study  showed  that  connectivity  among  

management  units  results  in n umerous  spatial  harvest  rate  combinations  that  nearly  achieve  

maximum s ystem  yield w ith s imilar  levels  of  overall  depletion.  Unlike  the  scenarios  without  

movement,  yield i sopleths  showing  spatial  harvest  combinations  for  models  that  incorporated  

connectivity  generally  had a   moderate  slope  with a   broad p lateau i nstead o f  a  single  well-defined  

peak  characteristic  of  maximum  equilibrium  system  yield c urves.  The  movement  of  fish a cross  

areas  leads  to th e  effective  dispersal  of  fishing  effort  over  the  model  domain,  which c auses  

correlation a mong a rea-specific  harvest  strategies  (Guan e t  al.,  2013;  Kerr  et  al.,  2014;  Goethel  

and B erger,  2017).  The  plateau-like  yield s urfaces  from  our  simulations  showed a   range  of  

harvest  strategies  with s imilar  overall  management  outcomes,  elucidating  the  potential  for  

greater  flexibility  in th e  distribution o f  fishing  effort  across  space  when d eveloping  management  

plans.  When  movement  exists  among  populations  or  areas,  it  may  be  possible  to d efine  a  range  

of  area-specific  harvest  rates  that  are  able  to a chieve  the  same  overall  goals  (i.e.,  maintaining  a  

system-level  target  population s ize,  MSY).  In s ome  cases,  it  may  be  more  important  to w eigh  

socioeconomic  considerations  (e.g.,  regional  equality  in T AC  allocations,  annual  stability  in th e  

allowable  biological  catch,  costs  of  travel  to t he  fishing  grounds)  in t he  evaluation o f  alternative  

spatial  management  decisions.  Our  results  suggest  that  the  interaction b etween o ntogenetic  

movement  patterns,  recruitment  dynamics,  spatial  variation i n d emographics,  and f ishery  
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482 selectivity  can l ead t o s patial  harvest  strategies  that  may  not  meet  management  objectives,  

particularly  when a pplying  strict  MSY-based,  area-specific  harvest  limits.  This  is  demonstrated  

by  scenarios  from  the  hake  example  that  recommend e xploitation p redominantly  in o ne  area.  

When c onnectivity  dynamics  are  assumed,  the  application o f  spatial  models  can f acilitate  the  

development  of  optimal  management  strategies  by  incorporating b oth e cological  and e conomic  

considerations.  

Spatial  harvest  strategies  produced b y  the  hake  example  illustrated s ome  of  the  

challenges  associated w ith a ttempting  to a llocate  system-level  TACs  to s maller  spatial  

management  units.  It  is  a  common a pproach t o u se  a  relative  index  of  abundance  for  defining  

catch a llocations  across  management  units.  However,  when  a  population d isplays  ontogenetic  

movement  patterns  that  interact  with  maturity  and  fishery  selectivity,  some  portion o f  the  

biomass  will  remain i n a reas  that,  from a   maximum  system  yield p erspective,  should n ot  be  

harvested.  This  implies  that  allocation m ethods  ignoring  age  structure  may  not  be  appropriate  for  

populations  with c omplex  age-based  movement  patterns  and i t  may  be  necessary  to e xplicitly  

account  for  age-specific  abundance  when  evaluating  management  goals.  Similarly,  the  allocation  

scenarios  showed t hat  Area  1 in t  he  sablefish e xample  was  consistently  overharvested d ue  to t he  

low  harvest  rate  required  to m aximize  system  yield.  Despite  the  tendency  to o verharvest  certain  

areas  regardless  of  the  allocation m ethod,  system-level  depletion w as  not  strongly  biased.  This  

result  suggests  that  system-wide  spawning  stock b iomass  and p opulation t rajectories  may  not  be  

significantly  impacted u nless  the  overfished  area  contains  a  large  portion o f  the  total  mature  

biomass.  
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503 Evaluation o f  catch a llocation m ethods  showed t hat  incorrect  specification o f  area-

specific  catch li mits  did  not  result  in s ignificant  depletion r egardless  of  underlying  population  

structure.  Given th is  general  result,  the  survey  index  allocation m ethod i s  likely  to p erform  

sufficiently  for  developing m anagement  advice  when i t  is  impossible  to d irectly  account  for  

spatial  population s tructure  in s tock  assessments,  a  conclusion t hat  is  also s upported b y  Hintzen  

et  al.  (2015).  If  high q uality  and r eliable  surveys  are  not  available  or  residency  rates  are  known to   

be  low,  then t he  equal  or  ‘fixed’  allocation m ethod m ay  be  preferable.  In  general,  the  equal  

allocation m ethod p erformed n early  as  well  as  the  survey  index  allocation m ethod a nd p rovides  

an a ppealing  alternative  because  it  requires  a  lower  investment  in r esources.  However,  the  equal  

allocation m ethod  can b e  more  risk-prone  in te rms  of  local  depletion w hen  connectivity  among  

areas  (or  populations)  is  limited.  Application o f  equal  allocation to s  cenarios  without  

connectivity  led t o o verfishing  in a t  least  one  area  for  both e xample  species.  As  a  result,  area-

specific  TACs  derived f rom e qual  allocation m ethods  may  be  too h igh w hen a   population  

exhibits  spatial  heterogeneity,  potentially  causing a n o verall  loss  of  yield a nd/or  unbalanced  

harvest  of  population c omponents  thereby  inhibiting  management  goals  and r educing  population  

resiliency  (Kell  et  al.,  2009).  Overall,  our  results  illustrate  some  of  the  challenges  that  can  arise  

from  the  implementation o f  a  constant  catch o r  fixed-ratio s trategy  if  the  spatial  dynamics  of  a  

resource  are  unknown.  When a pplying  any  allocation  method,  it  is  advisable  to c onsider  the  

spatial  differences  that  may  result  from t he  interaction b etween a ge-specific  movement  and  

fishery  selectivity  (i.e.,  availability).   
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523 Our  study  evaluated T AC  allocation a pproaches  that  represent  either  currently  applied  

methods  or  theoretical  alternatives  for  overcoming t he  challenge  of  spatial  TAC  allocation.  

Division o f  quota  based  on s urvey  index  has  been  applied t o a s  an  ad h oc  approach d esigned to   

match s patial  and te mporal  variation p roductivity  with f ishery  harvest  (e.g.  sablefish,  Hanselman  

et  al.,  2016)  whereas  fixed-ratio a llocation h as  been a pplied t o f acilitate  resource  distribution  

across  political  boundaries  (e.g.  Pacific  Hake,  Berger  et  al.  2017a).  Although r ecruitment  indices  

have  not  yet  been u sed to   spatially  allocate  catch,  there  is  increasing  interest  in u sing  juvenile  

survey  data  to b etter  estimate  population p roductivity  and in form  stock a ssessment  models  

(Schweigert  et  al.,  2009;  Field e t  al.  2010;  Buchheister  et  al.,  2016).  Our  results  showed th at  

TAC  allocation b ased o n  a  recruitment  index  performed p oorly,  but  both o ur  example  species  

displayed  a  high d egree  of  connectivity  among  areas  and th ey  were  intermediate  to lo ng-lived.  It  

is  possible  that  a  juvenile  survey  with s ufficient  spatial  and t emporal  resolution m ay  perform  

better  for  species  that  exhibit  greater  within-area  residency  and th at  are  shorter-lived ( e.g.  

herring).  Future  work  should e xamine  alternative  TAC  allocation a pproaches,  including  the  

recruiement  index,  given  different  life  history  types  to d etermine  if  longevity  plays  a  role  in h ow  

these  methods  perform.  

There  are  several  caveats  and li mitations  to o ur  modeling  approach  for  evaluating  the  

performance  of  TAC  allocation m ethods.  Generally,  the  population d ynamics  and c atch  

allocation s imulations  we  applied w ere  a  simplification o f  most  real-world  catch a llocation  

situations.   For  example,  the  TAC  allocation e quations  included a n e stimate  of  biomass  from  the  

same  year  in w hich t he  quota  allocation p rocedure  is  applied.  In p ractice,  estimates  of  biomass  
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544 may  not  available  for  the  same  year  that  a  management  procedure  is  put  into e ffect.  

Implementation o f  our  approach w ould th en n eed t o a pply  biomass  parameters  with a   greater  

time-lag  to d erive  TAC  allocation f ractions  for  a  given  year  or  input  a  projected b iomass  

estimate.  We  did n ot  explore  how  timing  differences  between d ata  availability  and t he  

implementation o f  spatial  management  can i nfluence  TAC  allocation p erformance;  however,  

future  work c ould r efine  our  approach b y  taking  into c onsideration t he  timeframe  in w hich  

empirical  data  is  available  and p rocessed r elative  to w hen s patial  management  procedures  are  

enacted.  Additionally,  our  approach t o s patial  quota  allocation a ssumed t hat  the  exploitation r ate  

and b iomass  are  known p erfectly,  without  error,  which w ould b e  impossible  to k now  in  a  real-

world a pplication.  Not  considering  these  important  sources  of  error  in o ur  modeling  framework  

produces  ‘best  case’  scenarios  which  may  not  encompass  the  full  range  of  plausible  outcomes.  

Finally,  there  is  the  inherent  difficulty  associated  with i ncluding  spatially  varying  

biological  parameters  such a s  growth,  maturity,  and f ecundity  when  concomitantly  modeling  

Eulerian o r  box-transfer  movement.  In s ome  cases,  a  flux  of  fish t hat  transition f rom  the  

biological  characteristics  of  one  area  to a nother  in  a  given tim e  step  results  in u nrealistic  

biological  changes  (e.g.,  going  from  mature  to im mature  or  an in stantaneous  reduction in s  ize),  

and t he  range  of  impacts  these  assumptions  have  on m anagement  performance  is  yet  to b e  fully  

understood ( Goethel  and  Berger,  2017).  These  challenges  are  not  unique  to  our  study  as  the  

Eulerian a pproach t o  modeling  movement  is  quite  common.  Lagrangian  approaches  such a s  

individual-based m odeling  are  a  more  flexible  alternative  but  tend to b  e  data-intensive  (Turchin,  

1998;  Kerr  and  Goethel,  2014;  Goethel  et  al.,  2016).  Despite  these  simplifications  in o ur  
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565 modeling  approach,  our  results  broadly  indicate  that  understanding  the  spatial  structure  and  

connectivity  of  fishery  resources  is  important  for  achieving  successful  spatial  management  of  

fisheries,  even u nder  best-case  circumstances.  

This  study  provides  insight  into t he  performance  of  different  catch a llocation s chemes  

under  a  range  of  spatial  population a nd f ishery  regimes,  but  a  comprehensive  analysis  using  

closed-loop f eedback  simulations,  such a s  a  management  strategy  evaluation ( MSE;  Smith,  

1994;  Smith e t  al.,  1999;  Butterworth a nd P unt,  1999;  Punt  et  al.,  2001),  is  needed to a  dequately  

provide  specific  management  advice  that  is  robust  to s ystem  uncertainties.  In  an  MSE,  objectives  

are  predefined a nd t he  consideration o f  trade-offs  are  made  explicit,  which a llows  the  choice  of  

management  options  while  acknowledging  trade-offs  and r isk  (Kell  et  al.,  2005;  Mapstone  et  al.,  

2008).  Exploring  these  methods  within a n M SE  or  simulation-estimation f ramework  would  

provide  a  more  complete  examination o f  how  spatial  processes  and s implified s tock a ssessment  

assumptions  (e.g.  panmictic)  influence  management  performance  for  a  given s tock,  and w ould  

highlight  whether  the  applied h arvest  allocation m ethod is   able  to a chieve  the  overall  

management  goals  (e.g.,  resource  and f ishery  sustainability).  Moreover,  the  integration o f  

spatially  complex s imulation m odels  into a n M SE  framework  could p rovide  feedback  on h ow  

socioeconomic  information c ould b e  incorporated  to s upplement  biological  information f or  

setting  spatial  TAC  allocations.   

The  increasing  use  of  species  distribution m odels  along  with d emographically  structured  

population a nd f leet  dynamic  models  are  providing  improved  ways  to in corporate  spatial  

complexities  into m anagement  advice  (Berger  et  al.,  2017b).  As  spatially  resolved d ata  becomes  
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586 more  available,  and s tatistical  research  and c omputing  power  continue  to a dvance,  the  ability  to  

incorporate  spatial  processes  throughout  the  assessment-management  framework  will  reduce  the  

need t o r ely  on  ad h oc  approaches  to h arvest  allocation.  

 

5.  Conclusions  

Spatial  assessment-management  frameworks  can i mprove  management  performance  

(Punt  et  al.,  2015;  Goethel  and B erger,  2017;  Punt,  2017;  Punt  et  al.,  2017),  but  implementation  

often d emands  reliable  spatial  data  to i nform m odels  and m anagement  decision m aking.  Given  

the  limited a pplication o f  spatial  stock a ssessments  for  providing  management  advice  (Berger  et  

al.,  2017b),  there  remains  a  need to id  entify  robust  approaches  to T AC  allocation ( Kerr  et  al.,  

2014;  Goethel  et  al.,  2016).   Our  results  demonstrate  that  with h igh l evels  of  movement  among  

population c omponents  of  a  biological  resource,  it  may  not  be  critical  to d etermine  an id eal  

spatial  harvest  strategy  for  the  desired  reference  point.  Because  of  this  flexibility,  the  spatial  

allocation m ethods  that  we  evaluated d id n ot  negatively  impact  resource  sustainability.  When  

yield c urves  are  well-defined a nd p eaked,  the  empirical  approaches  to T AC  allocation m ay  be  

more  risk-prone.  In t hese  circumstances,  it  may  be  prudent  to e valuate  the  performance  of  

alternative  approaches,  such a s  adaptive  management  or  application o f  precautionary  catch  

buffers,  within a   dynamic  modeling  framework.   

We  recommend t hat  future  simulation w ork e valuate  how  TAC  allocation m ethods  

perform  over  a  range  of  harvest  levels  and s patial  population d ynamics  while  also in cluding  

additional  sources  of  error  (both p rocess  and  measurement  error)  expected f rom  true  fishery  data.  
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607 Generally,  the  application o f  stochastic  projection  models  can p rovide  insights  into h ow  robust  

TAC  allocation m ethods  are  to  variability  in s patial  processes  and  can h ighlight  best  approaches  

for  how  they  can b e  applied w ithin a   fishery  management  framework.   
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Table  1:  Description  of  scenarios  used  to  determine  the  management  implications  of  

misdiagnosing  spatial  processes.  Each  scenario  was  evaluated  for  both  hake  and  sablefish  unless  

otherwise  noted.  The  Spatial  model  was  applied  as  the  reference  model  for  model  comparisons  

because  it  represented t he  most  likely  population d ynamics  for  the  example  species.   

 Scenario  Description 

  Includes movement  

 Panmictic   Panmictic structure 

 Spatial        Single population with spatial heterogeneity (reference model) 

 Metapop   Metapopulation structure 

 Alt_Selectivity   Alternate selectivity 

 Alt_Maturity    Alternate maturity (hake only)  

 Alt_Apport    Alternate recruitment apportionment 

 Hi_Residency   High residency 

  No movement  

 Spatial_NM     Spatial Model without movement 

 Alt_Select_NM     Alternate selectivity without movement 

 Alt_Maturity_NM       Alternate maturity without movement (hake only) 
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Tabl  e 2  . Description  o  f TAC  allocation  scenarios.Population  Structur  e indicates  population  structur  e assumed  i  n th  e stochasti  c 

projection.  umax_Y  describes  th  e scal  e of  harves  t rat  e applied  to  th  e managemen  t area  . TAC  Allocatio  n Metho  d describes  the  approac  h 

use  d t  o allocat  e th  e proportio  n o  f th  e syste  m wide  TA  C t  o th  e smalle  r spatia  l managemen  t unit  s withi  n th  e system.  

 Scenario  Description  Population Structure  ����_�     TAC Allocation Method 

 Alloc_Survey   Survey Allocation  Spatial  Population   Survey Biomass 

 Alloc_Survey_NM      Survey Allocation - No Movement  Spatial  Population   Survey Biomass 

 Alloc_Rec_Index    Rec Index Allocation  Spatial  Population   Recruit Index 

 Alloc_Rec_Index_NM       Rec Index Allocation – No Movement  Spatial  Population   Recruit Index 

 Alloc_Equal   Equal Allocation  Spatial  Population   Equal Distribution 

 Alloc_Equal_NM      Equal Allocation - No Movement  Spatial  Population   Equal Distribution 

 Alloc_Survey_Panmictic  Panmictic ��,���_�   Spatial  Panmictic   Survey Biomass 

 Alloc_Survey_Metapop  Metapopulation ��,���_�   Spatial   System Metapop   Survey Biomass 

 Sim_Survey_Metapop   Spatial Heterogeneity ��,���_�   Metapopulation  Population   Survey Biomass 
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Table  3.  Spatial  harvest  rates  that  achieve  maximum  system  yield  (����_�)  and  associated  

depletion  levels  for  hake  and  sablefish  scenarios  with  and  without  movement  for  alternative  

population s tructures.  

Hake    Movement   No Movement  

 Model Scenario   Area    Depletion   Depletion  �� !_"  �� !_" 

43 

815 

816 

817 

818 



Panmictic  
 

 (Panmictic)  
 -  - -  0.23  0.32 

 

  Spatial Heterogeneity 
 

   (Spatial & Spatial_NM)  

 

 1 

 2 

 Total 

 0.00 

 0.53 

 0.25 

 0.53 

 0.21 

 0.31 

 0.25 

 0.25 

 0.25 

 0.31 

 0.30 

 0.31 

 

Metapopulation  
 

(Metapop)  

 

 1 

 2 

 Total 

 0.00 

 0.58 

 0.27 

 0.50 

 0.20 

 0.29 

- 

- 

- 

- 

- 

- 

 

Sablefish    Movement   No Movement  

 Model Scenario   Area   �� !_"   Depletion  �� !_"   Depletion 

Panmictic  
 

 (Panmictic)  
 -  - -  0.18  0.24 

  1  0.10  0.29  0.20  0.23 

   Spatial Heterogeneity 
  (Spatial & Spatial_NM)   

 2 

 3 

 0.17 

 0.33 

 0.24 

 0.21 

 0.20 

 0.21 

 0.24 

 0.24 

  Total  0.20  0.24  0.20  0.23 

  1  0.10  0.29 - - 

 Metapopulation  
(Metapop)   

 2 

 3 

 0.17 

 0.33 

 0.24 

 0.21 

- 

- 

- 

- 

  Total  0.20  0.24 - - 
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Tabl  e 4  : Spatia  l harvest  rates  (u  ) an  d proportiona  l TAC  allocations  fo  r scenarios  tha  t maximiz  e syste  m yiel  d (base  d on  results  fro  m 

th  e Spatia  l an  d Spatial_  NM scenarios)  compared  to  TAC  allocation  scenarios  tha  t spatiall  y distribut  e catch  accordin  g t  o th  e surve  y 

biomass  index  (Survey  ) an  d equivalen  t (Equal)  catch  allocation  methods.  Prop_TAC  represents  th  e tru  e proportion  o  f catch  derived  

from  each  scenario.  Values  fro  m th  e equa  l apportionment  scenario  without  movement  (*)  caused  collaps  e in  a  t least  on  e are  a du  e to  

th  e allocated  quot  a exceedin  g availabl  e biomass.  Unde  r the  equal  allocatio  n scenario  , values  in  parenthesis  indicat  e the  termina  l area-

specifi  c depletio  n levels.   

 

 

 Species 

   Maximum System Yield  

Movement    No Movement 

† Survey  

 Movement   No Movement 

 Equal 

Movement    No Movement* 

 u 
 TAC  TAC 

 u 
proportion  proportion  

 u 
 TAC  TAC 

 u 
proportion   proportion 

 u 
 TAC  TAC 

 u 
proportion   proportion 

Hake  

 Area 1  

 Area 2  

 System 

 Sablefish 

 Area 1  

 Area 2  

 Area 3  

 System 

 

 0.00 

 0.53 

 0.25 

 

 0.10 

 0.17 

 0.33 

 0.20 

 

 0.00 

 1.00 

 

 

 0.18 

 0.25 

 0.57 

 

 

 0.25 

 0.25 

 0.25 

 

 0.20 

 0.20 

 0.21 

 0.20 

 

 0.80 

 0.20 

 

 

 0.42 

 0.30 

 0.28 

 

 

 0.21 

 0.28 

 0.25 

 

 0.19 

 0.19 

 0.20 

 0.20 

 

 0.41 

 0.59 

 

 

 0.31 

 0.29 

 0.39 

 

 

 0.25 

 0.24 

 0.25 

 

 0.20 

 0.19 

 0.20 

 0.20 

 

 0.80 

 0.20 

 

 

 0.42 

 0.30 

 0.27 

 

 

 0.26 

 0.24 

 0.25 

 

 0.20 

 0.23 

 0.17 

 0.20 

 

 0.50 

 0.50 

 

 

 0.33 

 0.33 

 0.33 

 

 

 0.13 

 0.46 

 0.16 

 

 0.08 

 0.44 

 0.37 

 0.15 

 

  0.76* (0.49) 

  0.24* (0.19) 

 

 

  0.43* (0.63) 

  0.28* (0.09) 

  0.29* (0.08) 

 

†   median values  
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827 Figure  1.   Schematic  showing  the  hierarchical  structure  of  the  biological  and m anagement  

components  within t he  system  for  the  three  population s tructures  (a-c)  that  were  modeled.  For  

simplicity,  the  management  and b iological  spatial  components  are  aligned  in t he  current  study.  
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832 Figure 2. Scenarios comparing spatial harvest rates (a,c) and depletion (b,d) levels across 

833 alternative model parameterizations (see Table 1 for descriptions). Scenarios are presented 

834 relative to the Spatial population structure assumption (dashed line). 
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837 Figure  3.  Isopleths  representing  a  3-dimensional  yield s urface  as  a  proportion o f  the  system-

wide  maximum  given s patial  harvest  rate  combinations  for  Spatial_NM  (a,c)  and  Spatial  (b,d)  

scenarios.  For  the  three-area  sablefish m odel,  the  two s patial  dimensions  that  best  illustrate  the  

primary  findings  are  shown ( Areas  1  &  2).  Isopleths  showing y ield s urfaces  across  alternate  

spatial  dimensions  are  shown in   Fig.  S8.  The  plot  area  shows  fishing  mortalities  less  than  

7.0.  Inset  values  indicate  the  proportion o f  spatial  harvest  rate  combinations  that  achieved  

>=90%  of  system-wide  maximum  yield.  
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846 Figure  4.   The  relative  percent  difference  (RPD)  in h arvest  rate  (a,c)  and d epletion ( b,d)  

comparing  results  from T AC  allocation m ethod s cenarios  to v alues  that  achieve  maximum  

system  yield a s  derived i n o bjective  1.  For  the  hake  example,  Area  1 v alues  for  Spatial  model  

comparisons  represent  the  true  harvest  rates  (e.g.  20 =   0.2),  because  ����_�  was  zero a nd  

therefore  the  calculation  of  RPD  for  Area  1was  undefined.  The  scenarios  that  do n ot  include  

movement  are  shown  relative  to th e  Spatial_NM  model.  The  metapopulation s cenarios  are  shown  

relative  to th e  Metapop  model.  A  full  description o f  model  scenarios  are  provided i n T able  2.  
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860 Appendix A :  Description o f  Species  Used  for  Model  Scenarios  

 

For  this  study,  we  identified t wo s pecies  that  have  spatially  varying  life  history  

characteristics  and  where  management  advice  relies  on s patial  allocation o f  catch q uotas,  Pacific  

hake  (Merluccius  productus),  and s ablefish ( Anoplopoma f imbria)  in A laskan w aters,  which  

represent  intermediate  and l ong-lived s pecies,  respectively.   The  two s pecies  show  potential  to  

have  spatial  variability  in  natural  mortality,  recruitment,  growth,  maturity,  and o ntogenetic  

movement,  which m ay  impact  population d ynamics,  productivity,  and t hus  spatial  harvest  

strategies.  The  models  for  both s pecies  were  conditioned w ith i nput  parameters  that  were  

available  directly  from  the  most  recent  stock a ssessment  and  further  structured u sing  hypotheses  

and o ngoing r esearch  regarding  the  spatial  population d ynamics  of  the  species.  All  results  

presented in t  his  study  should b e  interpreted  relative  to e ach o ther  to  gain c omparative  insight  

and n ot  used d irectly  to i nform m anagement  for  either  species.     

 

Hake  

 Pacific  hake  (or  Pacific  whiting)  is  a  semi-pelagic,  schooling,  migrating  species  that  

ranges  from s outhern B aja  California  to s outhern  Alaska  (Hamel  et  al.,  2015;  Berger  et  al.,  

2017a).  The  spatial  distribution o f  Pacific  hake  is  largely  defined b y  ontogenetic  movement,  

where  larger  (older)  adults  tend t o m igrate  further  north th an s maller  (younger)  individuals.   The  

most  recent  stock  assessment  assumed  a  single  panmictic  (homogeneous)  population,  with ti me-

varying f ishery  selectivity  to c apture  annual  differences  in t he  availability  of  fish b y  age  that  

results  from h igh  recruitment  variation a nd o ntogenetic  movement  (Taylor  et  al.,  2014;  Berger  et  

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

871 

872 

873 

874 

875 

876 

877 

878 

879 

880 

881 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

53 

882 al.,  2017a).  Catch a dvice  is  provided b ased o n p rojections  from  the  panmictic  assessment  model,  

and q uotas  are  then a llocated t o C anada  and t he  United S tates  (northern a nd s outhern  

management  units)  based  on a   fixed r atio d erived f rom  historical  catches  and s pecified b y  the  

Pacific  Whiting  Treaty  (2004).  Given t he  ontogenetic  movement  of  fish a long  a  general  north-

south  gradient,  the  impact  of  fishing  differentially  affects  the  population d epending  upon w here  

the  majority  of  the  harvest  is  occurring,  the  time  of  year  that  it  occurs,  and t he  distribution o f  

age-classes  in a   specific  year.   

Our  reference  model  for  hake  (Spatial:  see  Table  1 in t  he  main t ext)  was  structured  as  a  

single  population w ith s patial  heterogeneity  with t he  population d istributed a cross  two a reas  

(United S tates,  Area  1,  and C anada,  Area  2;  see  Fig.  A1).   The  model  was  age-structured ( 15  age  

classes  with th e  last  as  a  plus  group)  and in corporated o ntogenetic  migrations  with a ge-specific  

movement  rates.  Age-based m ovement  rates  were  hypothesized u sing  available  acoustic  survey  

and f ishery-dependent  catch-at-age  data  by  area  because  formal  tagging  or  other  animal  tracking  

experiments  have  not  been c onducted f or  this  species.  A  single  Beverton-Holt  stock-recruitment  

function w as  applied u sing  population-wide  spawning  stock  biomass  to in form  future  

recruitment,  which  was  subsequently  apportioned  to e ach a rea  (80%  to th e  United S tates  and  

20%  to C anada).  Recruitment  apportionment  values  were  consistent  with t he  spatial  distribution  

of  age-1 o bservations  in t he  acoustic  survey  (J.  Clemons,  NW  Fisheries  Science  Center,  NOAA,  

pers.  comm.)  and  evidence  that  spawning  predominantly  occurs  further  south ( Area  1;  Ressler  et  

al.,  2007).  Area-specific  maturity  ogives  were  also s pecified in t  he  model  and w ere  based o n  

previous  spatial  estimates  (Taylor  et  al.,  2014).  All  remaining  parameters  were  spatially  and  

temporally  invariant  and  were  obtained d irectly  from  the  most  recent  stock a ssessment  (Berger  et  
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904 al.,  2017a).  These  include  natural  mortality  (M  =  0.226),  stock-recruitment  steepness  (h  =  0.814),  

average  virgin r ecruitment  (R0  =  3.13 b illion),  and f ishery  and s urvey  selectivity  ogives  (Fig.  

A2),  and s urvey  catchability  (q  =  1).   

 

Sablefish  

 Sablefish  are  bottom-dwelling  groundfish c apable  of  long-distance  migrations  along  the  

west  coast  of  the  United S tates  and C anada.  Movement  rates  within A laskan f ederal  waters  and  

between A laska  state  and  federal  waters  are  well  characterized f or  the  species  (Wolotira  et  al.,  

1993;  Hanselman e t  al.,  2015).  Sablefish e xhibit  an o ntogenetic  movement  pattern w here  

younger  fish in habit  shallower  nearshore  habitats  and m ove  to d eeper  offshore  waters  as  they  

age.  Currently,  Alaskan f ederal  waters  are  assessed a s  a  panmictic  stock  using  a  single  area  

assessment  model  (Hanselman  et  al.,  2016).  Catch p rojections  based o n t he  results  of  the  

panmictic  stock a ssessment  have  traditionally  been  used t o s et  the  total  catch f or  the  entirety  of  

Alaskan f ederal  waters.  Allocation t o e ach o f  six  management  units  was  then d etermined u sing  a  

5-year  exponential  weighting  scheme  of  relative  survey  and f ishery  indices  of  abundance,  where  

older  surveys  carry  less  weight.  However,  high v ariability  in  yearly  allocations  was  problematic  

which le ad to t  he  establishment  of  fixed a llocation r atios  beginning  in 2 013.   

The  reference  model  constructed f or  the  sablefish ( Spatial:  see  Table  1 in t  he  main te xt)  

assumed  a  single  population d istributed a cross  three  spatial  areas  (West,  Area  1;  Central,  Area  2;  

East,  Area  3;  see  Fig.  A3)  matching  those  specified i n a   spatially  explicit  stock a ssessment  model  

currently  in d evelopment  (K.  Fenske,  AK  Fisheries  Science  Center,  NOAA,  per.  comm.).  The  

West  area  combines  the  Bering  Sea,  Aleutian  Islands,  and  Western G ulf  of  Alaska;  the  Central  
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926 area  is  the  Central  Gulf  of  Alaska,  and t he  East  area  combines  the  West  Yakutat  and E ast  

Yakutat/Southeast  management  areas  (Fig.  A3).  The  model  was  age-structured ( 31 a ge  classes  

with th e  last  as  a  plus  group)  and in cluded  movement  rates  derived f rom  the  Hanselman  et  al.  

(2015)  tagging  analysis  of  age  2+  sablefish,  which  was  simplified t o d evelop a   single  age- and  

time-invariant  movement  matrix  and s tandardized  to e xclude  movement  out  of  Alaskan f ederal  

management  areas.  A  stock-recruitment  function i s  not  specified i n t he  Alaskan s ablefish  

assessment  because  some  of  the  largest  recruitment  events  have  come  from p eriods  of  low  stock  

biomass  (Hanselman e t  al.,  2016).  Therefore,  the  simulation m odel  follows  the  current  

assessment  where  annual  recruitment  was  fixed a s  an o verall  population-level  mean ( R0  =  15.54  

million).  Recruitment  was  then a pportioned b ased  on t he  proportion o f  age-2 f ish th at  were  

estimated to b  e  in e ach o f  the  three  areas  (44%  to  Area  1,  30%  to A rea  2,  and 2 6%  to A rea  3).  

Biological  parameters  for  the  sablefish m odel  were  derived f rom  data  collected d uring  longline  

surveys  and f rom  outputs  of  the  spatially  explicit  stock a ssessment  model  (K.  Fenske,  AK  

Fisheries  Science  Center,  NOAA,  per.  comm.).  Fishery  selectivity  ogives  represented t he  

average  of  male  and f emale  selectivity-at-age  for  each  area  (Fig.  A4).   Survey  selectivity-at-age  

(Fig.  A4)  and c atchability  (q  =  8.70)  parameters  were  from t he  current  sablefish a ssessment  

(Hanselman e t  al.,  2015).  Spatial  estimates  for  the  proportion o f  mature  females-at-age  were  

derived u sing  visual  observations  from  a  longline  survey  (Sasaki,  1985;  Fig.  A4).   Natural  

mortality  was  assumed to b  e  constant  across  space,  time,  and  age  (M  =0.1).    
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984 Figure  A1.  Map  of  the  Northeastern  Pacific  showing  hypothesized  hake  age-dependent  

movement  rates  and  recruitment  apportionment  by  area.  Area  1  corresponds  to  waters  off  the  

continental  United S tates  and A rea  2 e ncompasses  the  waters  off  British C olumbia,  Canada.   
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Figure  A2.  Maturity  and  selectivity  ogives  for  hake  Spatial  (Area  1  and A rea  2)  and  Panmictic  

model  structures.  The  maturity  ogive  varied b y  area  in t he  hake  Spatial  model  while  both s urvey  

and f ishery  selectivity  were  spatially  consistent  throughout  the  system.   
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Figure  A3.  Map s howing  sablefish m ovement  rates  and r ecruitment  apportionment  rates  by  area.  

Area  1 i ncludes  the  Bering S ea,  Aleutian  Islands,  and w estern G ulf  of  Alaska;  Area  2 is   the  

central  Gulf  of  Alaska;  and A rea  3 i ncludes  the  West  Yakutat  and E ast  Yakutat/Southeast  sub-

areas.  
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Figure  A4.  Maturity  and  selectivity  ogives  for  sablefish  Spatial  (Areas  1,  2,  and 3 )  and  

Panmictic  model  structures.  The  maturity  and f ishery  selectivity  ogives  varied b y a rea  in th e  

Spatial  sablefish m odel  while  survey  selectivity  remained s patially  consistent  throughout  the  

system.   
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