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25 Abstract  

The  vermilion r ockfish c omplex  consists  of  two d istinct  species,  vermilion r ockfish ( Sebastes  

miniatus)  and s unset  rockfish ( S.  crocotulus)  with  clear  haplotypic  differences.  Due  to a   one-way  

mitochondrial  introgression f rom  vermilion i nto s unset  rockfish a   high p roportion ( 20-30%)  of  

fish w ith a   vermilion h aplotype  are  characterized  as  sunset  based o n n uclear  genotype  

(introgressed s unset,  hereafter,  introgressed).  Here  we  examined d ifferences  in t he  distribution  

and b iological  attributes  of  vermilion a nd s unset  rockfish ( including  introgressed i ndividuals)  

collected d uring  a  fisheries  independent  groundfish s urvey  conducted w ith h ook  and l ine  gear  in  

the  Southern C alifornia  Bight  in 2 014.  We  saw  significant  differences  in s patial  distribution  

(latitude,  depth,  and d istance  from  the  nearest  port  and m ainland)  and b iological  characteristics  

(average  size,  size  frequency  distribution,  weight-length  and s ize-depth r elationships)  between  

vermilion r ockfish a nd b oth in trogressed a nd s unset  rockfish b ut  no d ifferences  between s unset  

and i ntrogressed  fish.   Our  analyses  established t hat  introgressed a nd s unset  rockfishes  shared  

similar  biological  and  geographic  characteristics,  with n o s ignificant  differences  based o n th e  

features  we  examined.   Consequently,  we  explored t he  relationship b etween th e  catch o f  

vermilion r ockfish c ollected p er  site,  relative  to  the  combined p resence  of  vermilion,  introgressed  

and s unset  rockfishes,  and a   suite  of  co-located e nvironmental  and  geographic  variables  using  

binomial  generalized  additive  models  (GAMS).  The  best  model  explained 9 5.0%  of  the  

deviance,  indicating  that  the  occurrence  of  vermilion,  introgressed,  and s unset  rockfishes  

depended o n la titude,  longitude,  depth,  dissolved  oxygen,  temperature  and  distance  from p ort.  
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46 1.  Introduction  

Cryptic  speciation a ppears  somewhat  common  among  rockfishes  (genus  Sebastes)  in  

the  NE  Pacific  Ocean w ith e xamples  including  rougheye  (Sebastes  aleutianus)  and  

blackspotted ( Sebastes  melanostictus)  rockfish ( Gharrett  et  al.,  2005),  vermilion ( Sebastes  

miniatus)  and s unset  (Sebastes  crocotulus)  rockfish ( Hyde  et  al.,  2008),  blue  (Sebastes  

mystinus)  and d eacon ( Sebastes  diaconus)  rockfish  (Frable  et  al.,  2015),  and  others.  In  

general,  rockfishes  are  economically  valuable  species  supporting  commercial  and  

recreational  fishing  ventures  along  the  US  west  coast  (Love  et  al.,  2002;  Warlich e t  al.,  

2018).   Since  rockfish l ife  history  characteristics  (long  life,  slow  growth,  low  fecundity)  

make  them p articularly  vulnerable  to o verexploitation ( Love  et  al.,  2002),  successful  

management  of  rockfish  cryptic  pairs,  in p articular,  may  benefit  from  identification t o t he  

level  of  species.  Taxonomic  ambiguity,  coupled  with li fe  history  differences  may  otherwise  

result  in i nappropriate  pooling  of  data,  impacting  reliability  of  information  on  life  history  

parameters,  distribution a nd c atch u sed t o i nform  stock a ssessments  (Garvin  et  al.,  2011;  

Love,  2011;  Hicks  et  al.,  2014).  For  cryptic  species  complexes,  which c annot  be  

distinguished v isually,  genetic  analyses  remains  one  of  the  best  avenues  for  separation i nto  

individual  species  (Rocha-Olivares  et  al.,  1999;  Rocha-Olivares  and  Vetter,  1999).   Nominal  

vermilion r ockfish,  which i ncludes  the  two s ister  species  (vermilion a nd s unset  rockfish)  that  

cannot  be  reliably  separated b y  anglers  or  port  samplers  in th e  field,  is  a  valuable  

recreational  groundfish f ishery  on th e  west  coast  (MacCall,  2005)  and w hen n ot  separated  

into c omponent  pairs  is  the  most  abundant  groundfish c ollected d uring  the  Northwest  

Fisheries  Science  Center’s  Southern C alifornia  Shelf  Rockfish H ook  and  Line  Survey  

(hereafter  called  H&L  survey)  (Keller  et  al.,  2019).  Uncovering  potential  biological,  
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69 environmental  and  geographic  differences  for  the  vermilion a nd s unset  rockfishes  is  thus  

particularly  important  for  successful  management  of  this  heavily  exploited  species  complex.  

Once  identified,  such d ifferences  may  help  clarify  historic  catch a nd l andings  data,  generate  

more  accurate  life  history  profiles  and r educe  uncertainty  for  stock a ssessments.  Without  

definitive  species  identification,  management  measures  based o n s patial  or  depth r estrictions  

could f avor  one  component  of  the  complex  over  the  other  and l ead t o o verexploitation ( Hyde  

et  al.,  2008).    

Hyde  et  al.  (2008)  recognized v ermilion r ockfish  (S.  miniatus)  as  a  cryptic  species  

pair  and p roposed n aming  the  second s pecies,  S.  crocotulus,  sunset  rockfish.  Despite  this  

speciation,  a  reproductive  barrier  did n ot  exist  between t hese  two s pecies.  Specifically,  they  

found t hat  all  sunset  rockfish h ad h aplotypes  and  genotypes  that  assigned t ogether  with h igh  

likelihood.  However,  many  (>35%)  of  the  fish w ith t he  vermilion h aplotype  in d eeper  water  

(>100 m )  also a ssigned t o th e  same  genotype  as  sunset  rockfish.   Hyde  et  al.  (2008)  

attributed th is  second  group o f  vermilion r ockfish,  i.e.  those  with d isagreement  between  

mitochondrial  DNA  (mtDNA)  haplotype  and n uclear  genotype,  to  a  one-way  mitochondrial  

introgression f rom v ermilion in to s unset  rockfish ( introgressed s unset,  hereafter  

introgressed).    

Because  of  the  relatively  recent  discovery  of  cryptic  speciation  within  

nominal  vermilion  rockfish  (i.e.  the  vermilion  complex),  the  distribution  and  

biology  of  the  component  species  pair,  as  well  as  introgressed  forms,  remains  

largely  undescribed  (Love  and  Passarelli,  2020).  Prior  to  separation,  Love  et  al.  
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90 (2002)  reported  a  geographic  range  for  the  combined  species  complex  from  

Prince  William  Sound,  Alaska  to  Islas  central  Baja  California  with  a  depth  

range  from  12–478  m.   Love  et  al.  (2002)  further  noted  a  maximum  size  of  76  

cm  and  maximum  age  of  60  years  for  vermilion  rockfish,  with  females  larger  

and  longer  lived  than  males.  Following  separation,  Hyde  and  Vetter  (2009)  

describe  true  vermilion  rockfish  as  abundant  from  central  Oregon  to  Punta  

Baja,  Mexico  at  depths  <100  m.  Sunset  rockfish,  however,  occurred  primarily  

south  of  Pt.  Conception,  CA  at  depths  >100  m  with  both  species  thought  to  

display  high  site  fidelity  following  the  pelagic  larval  and  juvenile  life  stages.  

Both  vermilion  and  sunset  rockfishes  associate  with  rocky,  high  relief  habitat  

but  Hyde  and  Vetter  (2009)  noted  that  adult  vermilion  rockfish  occur  

primarily  at  shallower  depths  (usually  <100  m)  than  sunset  rockfish  (usually  

>100  m).   

On  the  US  west  coast,  the  vermilion-sunset  complex  is  economically  very  

valuable,  particularly  within  the  recreational  sector.  In 2 019,  the  complex  was  the  third  

most-commonly  landed s pecies  on t he  coast  among  recreational  anglers  and t he  most  commonly  
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106 landed r ecreational  species  in C alifornia  (RecFIN,  extracted 1 2/13/2021).  Annual  removals  have  

increased s teadily  in r ecent  years  (2011 t o 2 019)  (Dick e t  al.,  2021).  A  recent  federal  stock  

assessment  reported  the  combined  catch  for  the  complex  south  of  Pt.  

Conception,  CA  and  noted  that  the  recreational  fleet  accounted  for  the  majority  

of  historical  catch  (Dick  et  al.,  2021).  The  vermilion  complex  is  currently  managed  

in  aggregate  with  other  minor  shelf  rockfish  species  and  contributes  to  the  

combined  overfishing  limit  (OFL)  for  this  group,  which  is  not  being  exceeded.  

Total  mortality  of  the  vermilion  complex,  however,  has  exceeded  their  

component  OFL  contribution  in  southern  California  from  2015–2019.  Harvest  

rates  for  the  vermilion  complex  peaked  in  southern  California  in  the  1990s,  and  

then  declined  to  near-target  fishing  levels  for  the  past  two  decades,  though  rates  

have  been  elevated  in  recent  years  (Dick  et  al.,  2021).   

Management  measures  enacted  to  protect  overfished  rockfishes  in  the  

early  2000s  (such  as  the  Rockfish  Conservation  Area  and  Cowcod  Conservation  

Areas),  often  relied  on  depth  restrictions  (PFMC,  2008,  2011;  Mason  et  al.,  2012).  By  

limiting  fishing  to  depths  less  than  36  to  110  m,  these  spatial  closures  may  have  

6  

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

122 unintentionally  afforded  greater  protection  to  the  deeper-dwelling  sunset  

rockfish  versus  vermilion.   Recently  elevated  recreational  harvest  rates  may  

indicate  that  overexploitation  of  the  complex  is  a  potential  concern  in  the  near  

future  in  a  scenario  where  impacts  on  vermilion  rockfish  may  be  obscured  by  a  

more  abundant  sunset  rockfish  population  responding  to th e  disparate  protection  

afforded b y  spatial  management  measures.  The  recent  increase  in  recreational  catch  

highlights  a  need  to  separate  this  highly  sought  after  complex  into  individual  

species  for  management  purposes.  

Here  we  examined t he  distribution a nd b iological  characteristics  for  vermilion a nd  

sunset  rockfish t o a dd to   the  sparse  information c urrently  available  on s ize,  weight,  depth,  

weight-length  relationship a nd f requency  distributions  (latitude,  depth,  distance  from  

mainland  and p ort,  length,  weight).  We  used d ata  collected d uring  the  2014  H&L  survey  

conducted i n t he  Southern C alifornia  Bight  (SCB)  since  genetic  sequencing d ata  for  the  

vermilion-sunset  complex  are  currently  unavailable  for  additional  years.  Our  goal  was  to  

examine  the  distribution a nd b iology  of  vermilion a nd s unset  rockfish  and e valuate  if  

introgressed f ish w ere  more  similar  to v ermilion o r  non-introgressed s unset  rockfish.  We  

conducted a   rigorous  comparison o f  their  respective  spatial  and d epth d istributions  as  well  as  

various  biological  attributes  to a nswer  questions  on h ow  vermilion a nd s unset  rockfish d iffer  

and t o w hat  degree  introgression m anifests  as  a  biologically  intermediate  form o f  the  two  
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141 species.   Definitive  species  identification f or  the  vermilion/sunset  complex,  with u pdated  

information o n d istribution a nd b iology,  will  provide  an e ssential  step in i  mproving  future  

species-specific  stock a ssessments  for  these  recreationally  and c ommercially  important  

groundfish.  

2.  Materials  and  Methods  

 2.1 S urvey  design a nd s amples  

In 2 014,  the  NWFSC  conducted a n a nnual  fishery  independent  survey  in u ntrawlable  

habitat  (reefs,  banks,  and  hard-bottom)  off  the  southern C alifornia  coast  (Harms  et  al.,  2008,  

2010;  Keller  et  al.,  2019).  Sampling  occurred  at  fixed s ites  from  late  September  through e arly  

October  aboard v essels  chartered f rom  the  local  sportfishing  fleet,  also c ommonly  referred t o a s  

commercial  passenger  fishing  vessels  (CPFV).  Sampling  sites  were  located  via  a  differential  

global  positioning  system  (DGPS)  navigation u nit  (Garmin 1 52,  Garmin  International  Inc.,  

Olathe,  Kansas,  USA)  with e ach s ite  visited o nce.  Vessel  captains  fished b etween d epths  of  37– 

229 m (  median 1 03  m,  IQR  55 m )  within a   91.4  m ( 100-yard)  radius  established a round e ach s ite  

to a llow  flexibility  in r esponse  to p revailing  wind  and w eather  conditions.   

At  each s ite,  three  deckhands  made  five  coordinated d rops  with h ook a nd li ne  gear  set  

using  rod a nd  reel.  Fishers  used a   vertical,  five-hook g angion s imilar  to r ecreational  gear  often  

used t o c apture  shelf  rockfishes  in th e  study  area.  Both a   shrimp f ly  lure  (red a nd  yellow  bucktail  

bristle)  and a   frozen s quid s trip w ere  used to b  ait  each h ook.  Each d rop h ad a   maximum s oak  

time  of  5  minutes  with a   combined  maximum c atch o f  75 f ish p er  site.  Following  each s et,  we  

recorded th e  total  number  of  recovered h ooks  relative  to t he  75 d eployed h ooks  per  site.  

Following c apture,  scientists  subdivided t he  catch in to m anaged v ersus  non-managed s pecies.  

For  managed s pecies,  such a s  the  vermilion c omplex,  we  then i dentified,  counted,  sexed,  
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164 measured ( length,  cm)  and w eighed ( kg)  each f ish.  In  addition,  we  collected  otoliths  and t issue  

samples  from  all  federally  managed s pecies.   

We  deployed  a  Sea-Bird  SBE  19plus  V2 S eaCAT  Profiler  CTD  (Sea-Bird E lectronics  

Inc.,  Bellevue,  Washington)  equipped w ith a   calibrated S BE  43 p olarographic  membrane-type  

oxygen s ensor  at  each s ite  to p rovide  water  column p rofiles  for  dissolved o xygen  (DO,  mL  L-1),  

salinity  (S,  ppt),  temperature  (T,  °C)  and o n b ottom d epth ( Z,  m).  

2.2 T issue  collection a nd  DNA  techniques  

During  the  2014 H &L  survey,  we  collected ti ssue  (~1  cm2)  for  DNA  extraction f rom  

individuals  identified in t  he  field a s  nominal  vermilion r ockfish.  Tissue  samples  from l eft  

pectoral  fins  were  stored  and d ried o n c hromatography  paper  without  alcohol  preservative  

(LaHood e t  al.,  2008).  Initially  we  used  mtDNA  to s eparate  vermilion a nd  sunset  rockfish t o  

species  but  following  Hyde  et  al.  (2008),  who i dentified a   one-way  introgression o f  mtDNA  from  

vermilion in to s unset  (thus  rendering  a  species  call  of  vermilion r ockfish a mbiguous),  we  used  

the  mtDNA  marker  results  to d elineate  non-introgressed s unsets  from  individuals  with v ermilion  

haplotypes.  Using  microsatellite  markers,  we  further  examined i ndividuals  with v ermilion  

haplotypes  for  evidence  of  introgression t o d elineate  true  vermilion f rom i ntrogressed s unset  

rockfish.  

We  extracted  genomic  DNA  from  2-mm  discs  punch-cut  from e ach p aper-mounted  

finclip ( LaHood e t  al.,  2008)  using  a  Chelex-100 ( Bio-Rad  Laboratories)  and p roteinase-K  

boiling  technique  altered  to a ccommodate  a  96-well  format  (Miller  and K apuscinski,  1996;  Hyde  

et  al.,  2005).   We  completed t he  initial  separation  of  the  vermilion-sunset  species  complex  into  

species  via  single  nucleotide  polymorphism ( SNP)  assays.  We  sequenced 1 141 b ase  pair  (bp)  of  

the  cytochrome  b  (cytb)  mitochondrial  locus  (mtDNA)  (Roches-Olivares  and V etter,  1999  and  
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187 references  therein)  for  three  vermilion v ouchered  tissues,  and a dditional  sequences  from  

GenBank  for  known s pecies,  including  the  closely  related c anary  rockfish ( S.  pinniger).   

        Based o n s equence  information w e  chose  two-mtDNA  cytb  SNPs  to d ifferentiate  vermilion  

and s unset  rockfishes  into s pecies  and  a  third S NP  that  excluded c anary  rockfish.   Diagnostic  

sites  were  developed in to  40X  custom T aqman-minor-groove  binding  allelic  discrimination  

assays  (Applied B iosystems,  Foster  City,  CA)  which in cluded th e  following  primers  for  sunset  

rockfish ( forward:  5’ACCGTTATCACCAACCTACTCTCT  3’;  reverse:  5’GTAAGGGTT  

GCATT  GTCTACTGAGA  3’)  and v ermilion r ockfish ( forward:  5’CCCGATTCTTTGCTTT  

CCACTTC  3’;  reverse:  5’GGAAAAGGAGGTGGACTATGGTT)  and  fluorescent  probes  for  

sunset  rockfish ( VIC:  5’CCACCTCAGATTCATT  3’;  FAM:  5’CCACCTCAAATTCATT  3’)  

and v ermilion r ockfish ( VIC:  5’CCCTTTGTGATTGCAG3’;  FAM:  5’CCCTTTGTAATTGCAG  

3’).  Real-time  polymerase  chain r eaction ( PCR)  was  conducted in 3  84-well  plates  in 5 µ  L  

reactions  containing  2 µ L  DNA,  µL  2.5 µ L  2X  Taqman M aster  Mix,  0.25 µ L  20X  SNP  mix  and  

0.25 µ L  of  water  and in cluded p ositives  and n egatives  for  each a ssay.  Thermal-cycling  was  

performed o n  an A pplied  Biosystems  (Foster  City,  CA)  ABI-7900 s equence  detection s ystem.   

           We  used t he  results  from  the  mtDNA  SNPs  to s eparate  individuals  into o ne  group  

composed o f  suspected,  non-introgressed s unsets  and a   second  group th at  we  believed in cluded  

both tr ue  vermilion r ockfish ( e.g.  vermilion h aplotype  and  genotype)  and i ntrogressed s unset  

(with a   vermilion h aplotype  but  a  sunset  nuclear  genotype)  (Hyde  et  al.,  2008).  A  microsatellite  

multiplex  containing  Sra7-7-PET,  Sra7-25-NED  (Westermen  et  al.,  2005),  Sra15-23-VIC  

(GenBank:  AF269060.1,  Westermen u npublished),  and S pi6-FAM  (Gomez  -Uchida  et  al.,  2003)  

was  developed to a  ssign  a  nuclear  genotype  to th e  mtDNA  SNP  identified  vermilion s amples  

(which in cluded in trogressed s unset)  and c omplete  their  separation i nto i ntrogressed s unset  and  
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210 vermilion r ockfish.  As  a  QA-QC  measure,  we  also r an  a  small  subset  of  the  known,  non-

introgressed s unset  samples  (also o riginally  identified b y  mtDNA  SNPs)  using  the  same  

method.  Vermilion r ockfish m tDNA,  sunset  rockfish m tDNA,  and tw o  controls  of  each s pecies  

were  separately  amplified a t  each l ocus  using  PCR  in 1 0 µ L  reactions  consisting  of  1X  buffer,  2  

mM  MgCl,  1X  BSA  (bovine  serum a lbumin),  200 µ M  dNTPs,  0.2 µ M  forward p rimer,  0.5 µ M  

reverse  primer,  0.05 u nits  of  Taq  polymerase,  and  2 µ L  of  DNA.   PCRs  were  diluted s uch t hat  

two l oci  were  included i n e ach d ilution v olume  (1:50 f or  Sra7-25-NED  and  Sra7-7-PET;  1:150  

for  Sra15-23-VIC  and  Spi6-FAM).   Each 1 µ  L  dilution w as  combined i n 1 0 µ L  of  LIZ500  

(Applied B iosystems,  Foster  City,  CA),  denatured  and a nalyzed u sing  an A BI-3730  automated  

capillary  sequencer  (Applied B iosystems,  Foster  City,  CA)  for  fragment  analysis.   

To a ssign  groups  based o n a llele  frequency,  samples  with c omplete  or  one  missing  

nuclear  genotype  were  included i n  Structure  analyses  (version 2 .1)  with 5 0,000 b urn-in s teps,  

100,000 i terations  and tw o i nferred  clusters  (k  =  2)  (Pritchard e t  al.,  2000;  Hyde  et  al.,  2008).  

Nominal  vermilion r ockfish w ere  assigned  as  either  true  vermilion o r  introgressed u sing  an  

assignment  criteria  >90%.    

2.3 D istribution a nd C PUE  

To e xamine  geographic  distributions  for  the  three  subgroups  we  calculated  site-specific  

CPUE  rates  in 2 014.  We  calculated C PUE  (n s ite-1)  for  vermilion,  introgressed a nd s unset  

rockfishes  as  the  total  number  of  individuals  caught  divided b y  the  proportion o f  the  full  

complement  of  75 h ooks  recovered  at  the  end o f  each s et  (i.e.  75 ×   catch/hooks  recovered).  This  

standardization a llowed f or  comparisons  in c atch a mong  sites  if  recovery  of  the  full  complement  

of  75 d eployed h ooks  did  not  occur  following  a  set,  hooks  were  lost,  or  a  drop n ot  conducted d ue  

to l ogistical  issues.  To p rovide  information o n d ifferences  in th e  distribution o f  vermilion,  
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233 introgressed a nd s unset  rockfishes  as  sampled d uring  the  2014 H &L  survey,  we  also e xamined  

catch-weighted a verage  latitude  (°N),  depth ( m),  distance  from m ainland  and d istance  from  port  

(nm)  for  each s ubgroup.   

To t est  the  null  hypothesis  of  no s ignificant  differences  in d istribution a mong  subgroups,  

we  next  statistically  compared la titude,  depth  and  distance  (from m ainland  and p ort)  among t he  

three  subgroups  of  the  vermilion c omplex  using  ANOVAs  with u nequal  variance  (PROC  GLM  

in S AS)  with s ignificant  results  followed b y  multiple  comparison o f  means  tests  (Student-

Newman-Keuls  test,  SNK).  To c ontrol  for  unequal  variance  we  used n atural  log  transformed  

variables.  Based o n t hese  analyses  we  then c ombined h omogeneous  subgroups  (i.e.  subgroups  

not  found s ignificantly  different  in t he  first  analysis)  and r epeated t he  analyses  to a ssess  overall  

differences  in d istribution.  We  evaluated d istance  from p ort  among  subgroups  as  a  proxy  for  

fishing  effort  since  catch  and e ffort  tend t o d ecrease  in r ecreational  fisheries  when tr avel  time  

and f uel  costs  increase  (Bellquist  and S emmens,  2016;  Frid e t  al.,  2016).  

We  also c ompared f requency  distributions  for  latitude,  depth a nd d istance  (from  

mainland  and p ort)  between p aired s ubgroups  (initially  vermilion v ersus  sunset;  vermilion v ersus  

introgressed;  sunset  versus  introgressed)  using  non-parametric,  two-sample  Kolmogorov-

Smirnov ( K-S)  analysis  (SAS  PROC  NPAR1WAY,  SAS  v.  9.3,  SAS  Institute,  Inc.,  Cary,  North  

Carolina;  Daniel,  1990).   We  used t his  analysis  to  test  the  assumption t hat  the  frequency  

distributions  for  each v ariable  are  the  same  among s ubgroups.  Based o n th e  initial  K-S  analysis,  

we  next  combined d ata  in s ubgroups  with n o s ignificant  differences  and r epeated t he  analysis,  

for  each v ariable,  comparing  the  combined d ata  to  the  remaining  pair  (e.g.  sunset  plus  

introgressed v ersus  vermilion).  We  plotted b inned  frequency  distributions  (depth,  latitude  and  

distance)  for  subgroups  with s ignificant  differences  utilizing  eleven b ins  for  depth ( 60 to 2  25 m   
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256 by  15  m),  6 b ins  for  latitude  (32.2 t o 3 4.6 ° N  by  0.4°N),  and 7 b  ins  for  distance  (0 to 1  05 b ins  by  

15 n m).    

 

2.4 B iological  characteristics  

2.4.1.  Size  analysis  

We  compared s ize  information a mong  the  three  subgroups  as  mean,  minimum  and  

maximum le ngth ( cm)  and w eight  (kg)  separated b y  sex  and w ith s exes  pooled.  We  also  

statistically  compared a verage  weight  and l ength  by  subgroups  and s ex  using  ANOVAs  with  

unequal  variance  followed b y  a  multiple  comparison  of  means  test  (SNK  Student-Newman-

Keuls  Test).  To c ontrol  for  unequal  variance  we  used n atural  log  transformed v ariables.  

2.4.2  Weight  – le ngth  relationship  

We  examined w eight-length r elationships  for  vermilion,  sunset  and i ntrogressed  

rockfishes  using  the  allometric  equation:  

� �
=  
��                                                                                                                                         (1)  

with w eight,  W  in  kg;  fork  length,  L  in c m;  and c onstants  a  and  b.  After  natural  log  

transformations  for  both  weight  and f ork  length,  we  fit  equations  via  generalized l inear  models  

(GLM)  using  R  ver.  4.0.2 w ith a n i dentity  link f unction a nd n ormally  distributed e rrors  (Le  Cren,  

1951;  R  Core  Team,  2020).  We  next  examined i f  weight-length  regressions  varied a mong  the  

subgroups  and b y  sex  (female,  male).  We  initially  fit  equations  using  all  data,  then w ith a nd  

without  sex,  then c ombinations  within s ubgroups.  We  compared t hese  weight-length  models  

using  analysis  of  covariance  (ANCOVA),  with s ex  and s ubgroups  as  covariates.  We  determine  

relative  support  among  all  competing m odels  with  Akaike’s  Information C riterion ( AICi)  after  

calculating  Δi  as:  
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279 Δi   =  AICi  - AICmin                                                                                                                                                                                       (2)  

with A ICmin  the  minimum A IC-value  and th e  best  model  defined a s   Δi   =  0.   

 

2.4.3 S ize  – d epth r elationship  

 Since  rockfishes  often e xhibit  ontogenetic  migrations  resulting  in s pecies-specific  habitat  

depths  with s ize  (Love  et  al.,  2002),  we  also e xamined v ariations  in l ength  and w eight  versus  

depth a mong  the  three  subgroups  of  the  vermilion-sunset  complex.  We  used a   procedure  similar  

to t hat  described a bove  for  weight  versus  length r elationships  to t est  the  hypothesis  of  no  

difference  in s ize  with d epth a mong  subgroups.  We  compared l ength ( L,  cm)  versus  depth ( Z,  m)  

as:   

L  =  a Z b                                                                                                                                          (3)  

and w eight  (W,  kg)  versus  depth ( Z,  m)  as:  

W  =  a Z b                                                                                                                                         (4)   

with c onstants  a  and  b  for  each  relationship.  We  used n atural  log  transformed v ariables  (length,  

weight,  depth)  and f it  the  equations  via  GLM  using  the  identity  link f unction a nd n ormally  

distributed e rror  (R  Core  Team,  2020).  We  tested  the  null  hypothesis  that  covariates  

(subgroups  and  sex)  have  no  effect  on  size  versus  depth  via  ANCOVA.  We  fit  

models  in  stages  starting  with  a  fit  to  all  data  without  accounting  for  other  

effects,  followed  by  adding  the  gender  effect  and  then  accounting  for  subgroups  

(two  or  three).  We  combined c ovariates  (sex  and s ubgroups)  with n o s ignificant  differences  

based o n th e  ANCOVA  analysis  and s ummarized v ariations  in s ize  (length  and w eight)  versus  
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300 depth.   We  determined r elative  support  among m odels  via  AIC-values.  For  models  with  Δi<2,  

that  have  substantial  support  relative  to t he  best  model  (Burnham a nd A nderson,  2002),  we  

calculated  weighted A IC-values  (wi)  following  Wagenmakers  and  Farrell  (2004).   

To s tatistically  examine  length  and w eight  frequency  distributions  we  used  non-

parametric,  two-sample  K-S  analysis  as  previously  described.  Based o n th e  analyses  we  grouped  

homogeneous  samples  and e xamined p aired d ifferences  for  subgroups.  We  subsequently  lumped  

subgroups  with n o s ignificant  differences  to d isplay  results  graphically  and  summarized l ength  

frequency  distributions  using  twenty-four,  2-cm  bins  from  16 t o 6 4  cm.  Similarly,  we  divided  

weight  into t wenty-four,  0.2 b ins  from  0.02  kg  to  4.66 k g.  

2.5 Mo deling S pecies  Composition  

We  evaluated th e  proportion o f  vermilion r ockfish  (PV)  as  CPUE  (n s ite-1)  relative  to th e  

sum  of  vermilion,  introgressed a nd s unset  CPUE  (n s ite-1)  using  a  binomial  Generalized A dditive  

Model  (GAM),  fitted t o  PV  as  a  function o f  environmental  and s patial  variables  (Wood,  2006).  In  

general,  GAMs  allow  incorporation o f  non-linear  relationships  in t he  model  through n on-

parametric  smoothers  thus  offering  some  potential  advantage  relative  to l inear  regression  models  

(Hastie  and T ibshirani,  1990).   We  included  environmental  measurements  (salinity,  temperature,  

dissolved o xygen,  and b ottom  depth)  and s patial  elements  (latitude,  longitude  and d istance  from  

the  nearest  major  port  or  mainland)  as  explanatory  variables  in th e  model.  We  evaluated  

collinearity  among  predictor  variables  (environmental  and s patial)  for  inclusion i n G AMs,  by  

calculating  Pearson’s  correlation c oefficients  using  R  ver.  4.0.2 b ut  retained a ll  variables  during  

the  model  exploration p hase  (R  Core  Team,  2020).  We  fit  a  binomial  GAM  with a   logit  link  

function u sing  the  “mgcv”  package  (version 1 .28–34;  Wood,  2011).  To a void lo sing  information  

about  the  site-level  precision o f  each p roportion,  we  fit  the  model  with p rior  weights  equal  to th e  
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323 denominator  of  PV  (note:  this  is  a  special  use  of  prior  weights  for  GLM/GAMs  with b inomial  

errors  in R ,  see  stats::glm h elp,  R  Core  Team,  2020).  The  model  structure  was:  

 logit  (P ) ≈V    a  +  s1(Long,  Lat)  +  s2(DO)  +  s3(S)  + s 4(Z)  + s 5(T)  + s 6(D)  (weights  not  shown)   (5)  

where  a  binomial  GAM  with a   logit  link  function ( logit)  is  used t o r elate  PV  (vermilion C PUE  

versus  the  sum o f  vermilion,  introgressed a nd s unset  CPUE)  to t he  intercept  term ( a),  longitude  

(Long,  °W)  and l atitude  Lat,  °N),  dissolved o xygen ( DO,  mL  L-1),  salinity  (S,  ppt),  temperature  

(T,  °C),  depth ( Z,  m)  and  distance  (D,  nm),  s1  and  s2-6  are  two-dimensional  and o ne-dimensional  

smooth f unctions  respectively,  in t his  case  thin p late  regression s plines  (Wood,  2006).  The  

degrees  of  freedom  for  each s mooth t erm  in t he  GAM  was  constrained to f  our  (k  =  4),  based o n  

sensitivity  analyses.    

The  most  parsimonious  model  was  selected b ased o n A IC-values  (Δi  =  0)  by  adding  or  

removing c ovariates  until  no f urther  reduction i n  AIC  occurred.  The  rank d egrees  of  freedom  for  

AIC-values  used in th  e  analyses  were  adjusted f ollowing W ood  et  al.  (2016).  During  the  model  

exploration s tage,  we  progressively  evaluated w hich c ovariates  produced t he  best  model,  based  

on r eduction in A  IC  value,  for  each s tep i n t he  analysis.  In a ddition,  we  developed a   

parsimonious  set  of  models  with in creasing  number  of  variables  to e valuate  their  use  in  

management  when a   full  suite  of  environmental  measures  may  not  be  available.   

3.  Results  

3.1 H ook  and L ine  Survey  and s ampling i n 2 014  

In 2 014,  we  successfully  sampled 1 62 s ites  from  Point  Arguello,  CA  (34°30’  N)  to t he  

US  Mexico b order  (32°00’  N  (Fig.  1).   Sampling o ccurred f rom S ept.  28,  2014 t o O ct.  8,  2014  

aboard th ree  chartered C PFVs,  the  F/V  Mirage,  F/V  Toronado a nd  F/V  Aggressor  (58 to 7  2 f t  

length o verall).   On  average,  we  recovered 7 3 ( +  5.2 S D)  of  the  75 h ooks  deployed a t  each s ite.  
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346 In 2 014,  we  recovered  a  full  complement  of  hooks  (n =   75)  at  the  majority  of  sites  (58%)  where  

the  vermilion c omplex  was  captured.  We  recovered  greater  than 6 1 h ooks  at  116 s ites  and a   low  

number  of  hooks  (n =   45)  at  a  single  site.  We  captured n ominal  vermilion r ockfish a t  117 o f  the  

162 s ites  sampled i n 2 014 w ith a   maximum  catch  of  60 p er  site  (depth r ange  49.2 to 2  11 m ).  We  

recorded e nvironmental  data  (depth,  temperature,  salinity,  dissolved o xygen)  at  106 t o 1 17 o f  the  

sites  where  individuals  of  the  vermilion c omplex  were  present.  

3.2 D NA  

The  initial  separation o f  the  2014 v ermilion-sunset  samples  (n =   1730)  into s pecies  via  

SNP  within th e  mtDNA  genome  revealed th e  presence  of  839 v ermilion,  887 s unset  rockfishes,  

one  canary  rockfish a nd t hree  failed a ssays  due  to  insufficient  DNA.  Based  on n uclear  

microsatellite  markers,  550 o f  the  839 n ominal  vermilion r ockfish w ere  identified a s  true  

vermilion a nd 2 39  as  introgressed f ish w ith t he  remainder  either  classified  as  intermediate  

hybrids  (n =   31)  or  with i nsufficient  tissue  or  DNA  to c omplete  separation  via  microsatellites.  A  

subset  of  sunset  SNP  mtDNA  samples  (n =   49)  were  also  evaluated  with m icrosatellite  markers  

and c onfirmed t he  majority  (n =   33)  as  true  sunset.  We  excluded a ll  intermediate  hybrids,  

misidentifications  and in complete  separations  from f urther  analyses.  

3.3 D istribution a nd C PUE  

 

 We  observed  geographic  variability  in s ite-specific  CPUE  (n s ite-1)  in 2 014  between  

vermilion ( Fig.  1a)  versus  introgressed ( Fig.  1b)  and s unset  rockfish ( Fig.  1c).  Distribution c harts  

visually  indicate  a  more  northerly  occurrence  of  vermilion r ockfish,  particularly  near  Point  

Conception,  CA  (Fig.  1a).  The  high C PUE  of  vermilion r ockfish in a  nd a round P t.  Conception  

also c ontributes  to t he  difference  in c atch-weighted d istance  from  the  mainland r elative  to t he  

other  two s ubgroups  (Fig.  2)  given  this  area’s  remoteness  from  the  closest  fishing  port.  

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

17 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

370 Distributions  for  introgressed ( Fig.  1b)  and s unset  Fig.  1c)  rockfishes  appear  very  similar,  despite  

the  higher  CPUE  observed f or  sunset  rockfish ( note  difference  in s cale).  

When a djusted b y  the  number  of  hooks  recovered  per  site,  we  observed  a  total  catch o f  

1740 f or  the  vermilion c omplex  overall  with 5 66 v ermilion r ockfish,  249 i ntrogressed,  and 9 25  

sunset  rockfish t aken in 2  014 ( Table  1).  We  collected v ermilion r ockfish a t  61 s ites,  introgressed  

at  59 s ites,  sunset  at  87 s ites  (Table  1)  and a   combination o f  introgressed p lus  sunset  rockfish a t  

97 s ites.  Based o n c atch-weighted a verages,  vermilion r ockfish o ccurred a t  shallower  depths  

(Fig.  2a),  further  north ( Fig.  2b),  and c loser  to t he  mainland r elative  to s unset  and i ntrogressed  

sunset  rockfishes  (Fig.  2c).  We  saw  a  low  correlation ( r  =  11)  between d epth a nd d istance  from  

the  mainland  at  the  sites  (n =   106)  where  the  vermilion c omplex  occurred in 2  014.  Although  

average  catch-weighted d istance  from  the  nearest  port  was  similar  among  the  three  subgroups  

(Table  1),  both i ntrogressed a nd s unset  rockfishes  exhibited s ubstantially  greater  interquartile  

ranges  for  this  metric  relative  to v ermilion c atch ( Fig.  2d).   

Significant  differences  existed i n b oth m eans  and  frequency  distributions  (K-S  test,  see  

below)  among  the  three  subgroups  for  geographic  location a nd d epth.  Statistical  comparisons  via  

ANOVA  revealed h ighly  significant  differences  (p<0.0001)  in d epth,  latitude  and d istance  from  

both m ainland a nd p ort  for  the  vermilion-sunset  species  complex  by  subgroup ( Table  2).   When  

followed b y  multiple  comparison te sts  (Student  Newman-Keuls,  SNK),  we  noted th at  vermilion  

rockfish w ere  significantly  shallower,  further  north,  closer  to t he  mainland a nd f arther  from  

fishing  ports  relative  to b oth i ntrogressed a nd s unset  rockfish a s  separate  subgroups.  For  

significant  ANOVAs,  we  subsequently  combined  subgroups  with n o d ifferences  (i.e.  

introgressed a nd s unset)  and r epeated t he  analysis.  SNK  tests  revealed t hat  depth,  latitude  and  
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392 distance  from  the  mainland a nd p ort  remained s ignificantly  different  for  vermilion r ockfish  

compared to th  e  combined in trogressed a nd s unset  rockfish  group ( Table  2).   

Comparison o f  frequency  distributions  indicated h ighly  significant  differences  (described  

below)  between v ermilion r ockfish v ersus  introgressed ( p<0.0001)  and v ermilion r ockfish v ersus  

sunset  rockfish ( p<0.0001)  based o n n on-parametric,  two-sample  Kolmogorov-Smirnov  analyses  

for  depth,  latitude,  distance  from  the  mainland a nd  port  but  not  between i ntrogressed a nd s unset  

rockfish ( Table  3).   Similarly,  we  observed s ignificant  differences  when  we  pooled d ata  for  

introgressed a nd s unset  and r epeated t he  comparison  with v ermilion r ockfishes  (Fig.  3a).  The  

depth f requency  distribution f or  vermilion r ockfish e xhibited a   generally  normal  pattern  

extending  from ~ 70 to 1  35 m   with p eak  occurrence  centered a t  ~100  m a nd  none  at  depths  >133  

m  (Fig.  3a).  By  comparison,  introgressed p lus  sunset  rockfish d isplayed a   relatively  uniform  

depth f requency  distribution f rom ~   90 to   ~165  m t hen d ecreased  frequency a t  greater  depths  and  

very  few  at  the  shallowest  depth i nterval  (Fig.  3a).  The  latitudinal  distribution f or  vermilion  

rockfish e xhibited in creasing  frequency  at  higher  latitudes  while  the  significantly  different  

distribution f or  sunset  plus  introgressed a ppeared  uniform w ithin t he  latitudinal  range  sampled  

with a   slight  peak ~ 33.8°  N  (Fig.  3b).  All  subgroups  exhibited a   decline  in f requency  of  

occurrence  with d istance  from  the  mainland;  however,  introgressed p lus  sunset  rockfishes  

occurred a t  greater  distances  from  the  mainland th an v ermilion r ockfish ( Fig.  3c).  Both v ermilion  

rockfish a nd in trogressed  plus  sunset  rockfishes  exhibited p eak  frequency  of  capture  at  ~60 n m  

from  the  nearest  port,  but  vermilion r ockfish r arely  occurred b eyond t his  distance  (Fig.  3d).  

Introgressed p lus  sunset  rockfishes  occurred a t  higher  frequencies  both c loser  to a nd f urther  from  

port  relative  to v ermilion  rockfish ( Fig.  3d).    

3.4 B iological  characteristics  
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415 3.4.1 S ize  analysis  

Fork  lengths  (cm)  and w eights  (kg)  were  available  for  543 v ermilion,  877 s unset  and 2 35  

introgressed r ockfishes  in 2 014.  For  all  subgroups,  females  attained  greater  maximum le ngths  

and w eights  than m ales  and o n a verage  tended to   weigh  more  (Table  4).   In  general,  the  average  

size  for  vermilion r ockfish ( females,  males  and o verall)  also t ended t o b e  smaller  with lo wer  

mean l engths  (Fig.  4a)  and w eights  (Fig.  4b)  than s unset  or  introgressed  rockfishes.  

Based o n A NOVAs,  we  found s ignificant  differences  in s ize  for  the  vermilion – s  unset  

species  complex  by  subgroups  and s ex  (Table  5).  Initial  analyses  revealed t hat  both l ength a nd  

weight  of  vermilion r ockfish ( females  and m ales)  were  significantly  smaller  than s unset  and  

introgressed r ockfish.  Based o n t he  SNK  multiple  comparison o f  means  tests  we  saw  no  

differences  in s ize  (length a nd w eight)  by  sex  between s unset  and in trogressed r ockfish.  After  

pooling  these  two s ubgroups  we  confirmed t hat  vermilion r ockfish w ere  significantly  smaller  and  

weighed l ess  when  also c ompared b y  sex  with th e  combined s unset  plus  introgressed s ubgroup  

(Table  5).   

3.4.2  Weight  – le ngth  relationship  

ANCOVAs  for  weight-length r elationships,  based  on m easurements  from  vermilion  

(male  =  274,  female  =  267),  introgressed ( male  =  120,  female  =  115),  and s unset  rockfishes  

(male  =  403,  female  =  473),  indicated d ifferences  by  subgroup  and s ex  (Table  6a).   Model  

selection v ia  the  minimum  AIC-value  (Δi  =  0),  suggested th e  best  model  incorporated t wo  

subgroups  (vermilion a nd a   combination o f  introgressed p lus  sunset)  in a ddition to s  ex  (Table  

6a).   Predicted  weight  at  length w as  greatest  for  females  relative  to  males  regardless  of  subgroup  

(Table  6b).  Additionally,  weight  of  vermilion r ockfishes  tended t o i ncrease  more  rapidly  as  a  

function o f  length r elative  to th e  combined in trogressed p lus  sunset  subgroup ( Table  6b).   
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438 Vermilion r ockfish e xhibited s ignificantly  different  length a nd w eight  frequency  

distributions  compared  with i ntrogressed  and s unset  rockfishes  (Table  7).   Based o n n on-

parametric  Kolmogorov-Smirnov a nalysis,  size  distributions  for  vermilion  rockfish w ere  

significantly  different  (p<0.0001)  when c ompared s eparately  with e ither  introgressed o r  sunset  

rockfishes  (Table  7).   However,  length  (p =   0.29)  and w eight  (p =   0.09)  distributions  were  not  

different  between in trogressed a nd s unset  rockfishes.  We  subsequently  pooled d ata  for  subgroups  

with n o d ifferences  (introgressed a nd s unset)  and c onfirmed s ignificant  differences  (described  

below)  between t his  combined  group a nd v ermilion r ockfish f or  length  (p<0.0001)  and w eight  

(p<0.0001)  distributions  (Table  7).  Length d istributions  for  vermilion r ockfish p eak  at  a  smaller  

size  (~46 c m)  and e xhibit  a  narrower  size  range  relative  to in trogressed a nd  sunset  rockfish ( Fig.  

5a).  In a ddition,  vermilion e xhibited a   severe  truncation a bove  52  cm in le  ngth,  which w e  did n ot  

observe  in t he  combined  introgressed p lus  sunset  subgroup.  We  saw  similar  differences  in w eight  

frequency  distributions  with w eights  of  introgressed a nd s unset  rockfish e ncompassing  a  greater  

range  and  a  more  gradual  decrease  in f requency  at  higher  values  relative  to  vermilion r ockfish  

(Fig.  5b).  

3.4.3.  Size  – d epth r elationship  

Length  and w eight  varied s ignificantly  by  depth  within th e  vermilion-sunset  complex  

with s maller  individuals  occurring a t  shallower  depths  (p<0.0001).  We  initially  used  ANCOVA  

to d etermine  if  sex  and s ubgroup s hould b e  included i n t he  analyses  of  size  versus  depth.   Results  

indicated t hat  the  most  appropriate  models  included s ignificant  effects  among  subgroups  

(p<0.05)  but  no s ignificant  effects  for  sex.  Model  selection,  based o n A IC,  indicated t hat  the  

most  parsimonious  models  for  both le ngth a nd  weight  versus  depth i ncluded s eparation i nto t wo  

subgroups  (vermilion r ockfish v ersus  a  combination o f  introgressed  and s unset  rockfishes)  

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

21 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

461 without  separation b y  sex  (Table  8a).  There  was  substantial  support  (Δi<2)  for  secondary  models  

that  included s eparation i nto tw o s ubgroups,  as  above,  but  with s eparation  by  sex  (Table  8a).  

Weighted A IC-values  (wi,  not  shown)  indicated t he  most  parsimonious  models  were  1.4  (length  

versus  depth)  and 2 .6  (weight  versus  depth)  times  more  likely  to b e  better  than t he  second b est  

models  (Wagenmakers  and  Farrell,  2004).   Predicted le ngth  and w eight  for  vermilion r ockfish  

both in creased  more  rapidly  at  depth r elative  to i ntrogressed a nd s unset  rockfishes  (Fig.  6a,  b).   

Depth e xplained 2 7%  of  the  variation i n le ngth  and 2 7%  of  the  variation i n w eight  for  vermilion  

rockfish ( Table  8b).  For  introgressed a nd s unset  rockfishes  combined,  regression a nalysis  

indicated t hat  46%  of  the  variation f or  weight  and  length w ere  explained b y  depth.  

3.5 Mo deling s pecies  composition  

 We  initially  evaluated b oth d istance  from  port  and  distance  from  the  mainland f or  

inclusion in G  AM  models.  But  since  they  were  highly  correlated ( r  =  0.89),  we  eliminated  

distance  from  the  mainland f or  further  consideration s ince  distance  from  port  produced lo wer  

AIC-values  during  the  model  exploration p hase.  We  also o bserved h igh c orrelation c oefficients  

(r>0.75,  absolute  value)  for  salinity  with o ther  covariates  (depth,  dissolved o xygen  and  

temperature)  (Table  9).  But  we  retained th is  covariate  during  model  exploration b ecause  of  

potential  value  to f ishery  managers  during f uture  modeling e xercises  when  the  full  suite  of  

variables  may  not  be  available.  The  best  GAM  relating  the  proportion o f  vermilion r ockfish ( Pv)  

to e nvironmental  and  geographic  variables  included la titude,  longitude,  depth ( Z),  distance  from  

nearest  port  (D),  dissolved o xygen  (DO),  and t emperature  (T)  (Table  10).  The  optimal  model  

explained 9 5%  of  the  deviance  with a n r 2 =  0.947.  Salinity  was  eliminated f rom  the  final  model  

based o n A IC  analysis.  
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483 The  average  percent  deviance  explained b y  the  models  increased f rom  55.7%  as  

covariates  were  added  (range  55.7 t o 9 5.0%).  The  greatest  improvement  in  deviance  explained ( +  

35.4%)  occurred  with th e  addition o f  depth t o th e  GAM.  Unbiased r isk  estimator  (UBRE)  values  

varied w ith a ddition o f  covariates.  UBRE-values  ranged f rom 0 .35 f or  the  optimal  model  to 5 .16  

for  latitude  and lo ngitude  and i ndicated t hat  overfitting  did n ot  occur  (Table  10).  AIC-values  and  

UBRE-values  were  highly  correlated ( r  =  1.00,  n =   8)  for  the  best  models  shown i n t able  10.    

We  plotted t he  functional  form  of  the  relationships  for  depth,  distance  from p ort,  

dissolved o xygen  and t emperature  with t he  predicted  proportion o f  vermilion r ockfish ( Pv)  based  

on t he  GAM  analysis.   Partial  GAM  plots,  identifying  the  additive  effects  of  significant  

covariates,  indicate  an in crease  in P v  with d issolved o xygen  and d istance  from  port  (Fig.  7).   The  

relationships  with d istance  to p ort  appear  linear  while  a  more  complex  relationship o ccurred  with  

DO.  In c ontrast,  predicted P v  significantly  decreased w ith b oth d epth a nd  temperature  and  

displayed n on-linear  response  curves  (note:  shaded a reas  represent  95%  confidence  intervals).  

Note  that  ranges  on x - and  y-axes  differ  among  panels.  The  y-axis  reflects  the  effect  of  each  

covariate  on  Pv.  The  relative  density  of  data  is  shown b y  the  “rug”  along  the  x-axis.    

We  further  examined r elationships  among th e  covariates  that  explained a   high p ercentage  

of  deviation ( >93%)  in b inomial  GAM  models  by  examining  the  proportion  of  CPUE  for  

vermilion r ockfish a nd in trogressed p lus  sunset  rockfishes  relative  to l atitude,  distance  from  port  

and d issolved o xygen v ersus  depth a t  each s ite  (Fig.  8).   

Results  demonstrate  that  the  highest  proportions  of  vermilion r ockfish C PUE  occurred i n  

a  narrow  band o f  sites  north o f  ~34 ° N  and s hallower  than  ~110  m.  Elevated p roportions  of  

introgressed p lus  sunset  rockfish C PUE  occurred a t  depths  >125 m   in th e  most  northern e xtent  of  

their  range  (>34 ° N)  (Fig.  8a).  South o f  ~33.5 ° N,  a  high p roportion o f  introgressed p lus  sunset  
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506 rockfish C PUE  occurred  throughout  their  full  depth r ange  but  rarely  in s hallow  water  (<80  m)  

north o f  34 ° N.  Results  further  indicated t hat  vermilion r ockfish a nd th e  combined i ntrogressed  

plus  sunset  subgroup w ere  unevenly  distributed w ith r espect  to d istance  from  port  and d issolved  

oxygen,  particularly  at  shallow  depths  (Fig.  8b,  8c).  Vermilion r ockfish w ere  concentrated i n a n  

area  greater  than 4 0 n m  from  the  nearest  port  at  depths  <110 m   (Fig.  8b).  Introgressed p lus  

sunset  rockfishes  dominated a reas  <20 n m  from  the  nearest  fishing  ports  at  relatively  shallow  

depths  (<100 m )  and  areas  >40 n m  from  ports  but  at  depths  deeper  than 1 20  m ( Fig.  8b).  Sites  

with h igh d issolved o xygen c oncentrations  (>4 m L  L-1)  were  characterized  by  CPUEs  dominated  

by  the  sunset  plus  introgressed r ockfish s ubgroup  (Fig.  8c)  while  vermilion r ockfish C PUE  was  

concentrated a t  depths  <110 m a  nd o xygen l evels  from ~   2 to 4 m   L  L-1 .  The  sunset  plus  

introgressed r ockfish s ubgroup  also o ccurred  at  a  range  of  dissolved o xygen  levels  from  ~1.5 t o  

3.5 m L  L-1  at  depths  >110 m   (Fig.  8c).   

4.  Discussion  

This  study  focused o n li fe-history  characteristics  and p opulation e cology  (catch a nd  

distribution)  for  the  recreationally  and  commercially  important  vermilion-sunset  cryptic  species  

pair  in s outhern C alifornia.  We  provided p reliminary  biological  information o n t he  individual  

components  of  the  species  complex  while  also e xamining  whether  the  subgroup id entified a s  

introgressed s unset  rockfish p ossessed c haracteristics  more  closely  aligned  with e ither  sunset  or  

vermilion r ockfish.  Our  results  suggest  that,  based  on d istribution a nd t he  biological  

characteristics  examined  here,  introgressed f ish d o  not  represent  an i ntermediate  form  between  

vermilion a nd s unset  rockfish b ut  rather  behaved i n a ll  cases  as  sunset  rockfish.  In  addition,  our  

results  indicate  that  the  characteristics  for  introgressed a nd s unset  rockfish e xamined h ere  are  

statistically  different  from v ermilion r ockfish.  The  introgressed s ubgroup  represented a   
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529 substantial  proportion ( ~21%)  of  the  total  sunset  rockfish c atch  (n =   1174)  in 2 014 w ithin th e  

SCB.  Based o n a   smaller  sample  size,  Hyde  et  al.  (2008)  estimated i ntrogressed s unset  rockfish  

comprised  ~34%  of  the  overall  sunset  rockfish c atch  within a   similar  latitudinal  and d epth r ange  

sampled f rom 1 993 th rough 2 006.  While  vermilion a nd s unset  rockfishes  were  found t o b e  

genetically  distinct  in 2 008,  this  study  demonstrates  that  significant  distributional  and b iological  

differences  exist  between t his  cryptic  pair.  Our  research s uggests  that  without  careful  scrutiny,  

depth a nd/or  area-based f ishing  restrictions  might  place  disproportionate  effort  on t he  two  

species.  In a ddition,  this  research s uggests  the  need t o i ncorporate  additional  years  of  data,  

examine  a  wider  portion  of  the  coast  and  consider  separate  management  of  these  important  

groundfishes.   

The  biology  and d istribution in formation p resented h ere  supplement  the  relatively  few  

prior  publications  devoted t o t he  distinct  taxonomic  components  of  this  cryptic  species  pair  along  

the  US  West  Coast  (Hyde,  2007;  Hyde  et  al.,  2008;  Hyde  and V etter,  2009).  Because  of  the  

confusion b etween t he  two s pecies,  most  prior  studies  on b iology  and e cology  likely  included  

data  pooled a cross  both s pecies  rather  than s pecies-specific  information.  Love  et  al.  (2002)  noted  

that  vermilion r ockfish,  inclusive  of  sunset,  extended f rom  central  Baja  California  to A laska  at  

depths  of  12 t o 4 78 m .  Following  separation,  vermilion r ockfish w as  described a s  abundant  from  

central  Oregon t o  Mexico a t  depths  <100 m w  hile  sunset  rockfish d ominated t he  region s outh o f  

Pt.  Conception,  California  at  depths  >100 m   (Hyde  et  al.,  2008;  Hyde  and  Vetter,  2009).   The  

north-south v ariation i n d istribution b etween t he  components  of  the  vermilion c omplex  reflects  

similar  latitudinal  differences  reported f or  other  cryptic  rockfish p airs  such  as  blue  (Sebastes  

mystinus)  and d eacon r ockfish ( Sebastes  diaconus)  off  Oregon a nd C alifornia  (Frable  et  al.,  

2015;  Vaux  et  al.,  2019).  Our  results  support  Hyde  et  al.’s  (2008)  findings  that  sunset  rockfish  
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552 dominant  the  species  complex  south o f  Pt.  Conception,  particularly  in d eeper  waters.  Hyde  et  al.  

(2008)  observed t hat  sunset  rockfish a ccounted f or  54%  of  the  total  catch o f  this  cryptic  pair  

south o f  34.5 º N  in 1 993–2006 ( n =   428)  while  we  identified 6 7.5%  of  the  complex a s  sunset  

rockfish p lus  introgressed in dividuals  south o f  Pt.  Conception i n 2 014 ( n =   1740).  This  increase  

in t he  proportion o f  the  complex  attributable  to i ntrogressed p lus  sunset  rockfish w ithin th e  SCB  

could r eflect  differences  in s ampling  between t he  two s tudies  or  perhaps  greater  exploitation o f  

vermilion r ockfish in r  ecent  years  as  fishing  pressure  shifted t o s hallower  waters  following  depth  

based m anagement  closures.  

Hyde  et  al.  (2008)  reported a   common d epth r ange  for  vermilion r ockfish f rom  30 to 1  00  

m  and  a  deeper  range  for  sunset  rockfish,  primarily  from  100 t o 2 00  m.  They  noted f ew  sunset  in  

water  shallower  than 1 00 m a  nd  emphasized  a  high d egree  of  bathymetric  segregation b etween  

vermilion a nd s unset  rockfishes  at  100 m .  Here  we  observed  a  depth r ange  of  64 to 1  33 m f  or  

vermilion r ockfish w ith a n a verage  catch-weighted  depth o f  98 m .  Introgressed a nd s unset  

rockfish o ccurred  at  depths  from 4 9 t o 2 11  m  with  an a verage  depth o f  131  m b ut  exhibited  

considerable  overlap w ith v ermilion r ockfish i n w aters  <133 m .  We  found  29%  of  the  sunset  plus  

introgressed r ockfish c atch a t  depths  <100 m ,  25%  within t he  100–133 m d  epth r ange  and 4 6%  

deeper  than 1 33 m .  We  found m ore  overlap b etween t he  components  of  the  cryptic  pair  in  

shallower  water  relative  to th at  reported b y  Hyde  et  al.  (2008)  and th at  complete  separation  

occurred a t  depths  >133 m .  Whether  this  apparent  shift  in d epth d istribution o ver  time  is  

attributed to f  ishery  removals,  shifts  in p rey  distribution,  differences  is  sampling  distribution o r  

changing  oceanographic  profiles,  remains  to b e  explored.  

 In  addition t o d ifferences  in d epth,  we  found s ignificant  differences  in a verage  latitude  

and d istance  from  the  mainland a nd f ishing  ports  between v ermilion r ockfish a nd in trogressed  
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575 plus  sunset  rockfish,  consistent  with H yde  et  al.’s  (2008)  observation th at  vermilion r ockfish  

occur  further  north  and c loser  to t he  coast.  Geographic  comparisons  of  CPUE  further  emphasized  

differences  in d istribution b etween t he  species.  Elevated C PUE  for  vermilion r ockfish o ccurred  

near  Pt.  Conception a nd t he  northern C hannel  Islands.  Introgressed p lus  sunset  rockfish e xhibited  

greater  prevalence  and w ere  generally  evenly  distributed th roughout  the  SCB  with e levated  

CPUE  near  Pt.  Conception,  across  the  outer  Channel  Islands  region,  along  the  mainland,  and  

within th e  Cowcod C onservation A reas  (CCAs).  

We  also o bserved s ignificant  differences  in f requency  distributions  for  latitude,  distance  

from m ainland a nd d istance  from  the  nearest  port.  Frequency  distributions  for  latitude  indicate  

increased f requency  of  occurrence  for  vermilion r ockfish f urther  north w ith s unset  rockfish  more  

evenly  distributed t hroughout  the  SCB.   Both s pecies  exhibited s imilar  distribution p atterns  for  

distance  from  the  mainland w ith h ighest  frequency  at  sites  closest  to t he  mainland,  decreased  

occurrence  offshore  but  with v ermilion r ockfish n ot  found a s  far  from  land  as  their  sister  species.  

In  contrast,  vermilion r ockfish,  unlike  introgressed  plus  sunset,  exhibited t heir  highest  frequency  

of  occurrence  at  their  greatest  distance  from  port  (60 n m).  As  distance  from  port  represents  a  

proxy  for  fishing  effort  (Miller  et  al.,  2014;  Bellquist  and S emmens,  2016;  Frid e t  al.,  2016),  our  

results  suggest  that  Pt.  Conception,  the  region w ith t he  highest  vermilion r ockfish c atch  from  the  

H&L  survey,  in f act  experiences  decreased  fishing  pressure  from  the  recreational  fleet  and  

perhaps  serves  as  a  refuge  for  vermilion r ockfish i n t he  SCB.  The  introgressed p lus  sunset  

rockfishes  did n ot  exhibit  this  pattern w ith n o a pparent  correlation b etween  elevated f ishing  

pressure  and d istance  from p ort.    

Love  et  al.  (2002)  reported a   maximum  length o f  76 c m a nd w eight  of  6.8  kg  for  the  

complex  with f emales  larger  than  males.  MacCall  (2005)  found le ngths  up t o ~ 70  cm f or  
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598 nominal  vermilion r ockfish c aught  in s outhern C alifornia  fisheries,  particularly  in  years  prior  to  

1986.  We  also f ound t hat  the  maximum  size  for  females  was  greater  than m ales  following  

separation b y  species  but  somewhat  lower  than p rior  reported  maxima  (56 t o 6 3 c m).   We  

additionally  observed t hat  average  lengths  and w eights  for  introgressed  and  sunset  rockfish w ere  

greater  than f or  vermilion r ockfishes.  When e xamining  larger  size  classes,  MacCall  (2005)  noted  

that  fish e xceeding  54  cm  occurred r egularly  through 1 986 b ut  rarely  afterwards.  Here  less  than  

1%  of  vermilion r ockfish e xceeded 5 4 c m  compared t o ~ 13.7%  of  sunset  plus  introgressed  

rockfish la rger  than 5 4 c m.  MacCall  (2005)  further  found th at  the  largest  vermilion s een i n  

southern C alifornia  catch  from 1 987 to 2  004  rarely  exceeded 4 6–48 c m.  In  contrast,  we  recorded  

20%  of  vermilion a nd  ~8.5%  of  introgressed p lus  sunset  rockfish c atch i n t he  46 t o 4 8 c m s ize  

range.  Length  composition d ata  from D ick e t  al.  (2021)  suggest  increased  catch o f  larger  fish  

(50–60 c m)  from  2018 t o  2021 w ithin t he  commercial  hook a nd l ine  fishery b ut  little  change  in  

size  of  recreational  catch.  Since  we  found n o s pecies-specific  size  data  for  comparison w ith o ur  

results,  we  cannot  determine  if  these  differences  reflect  variation i n s ampling  area  or  depth o r  if  

they  indicate  that  size  has  increased  for  both c omponents  of  the  complex  since  the  period o f  

heavy  exploitation in th  e  1980s.  Additionally,  some  of  the  apparent  increase  may  be  tied t o th e  

H&L  survey  sampling a reas  that  have  been  closed  to f ishing  for  20+  years.  Prior  to d epletion o f  

the  vermilion p opulation i n t he  1980s–early  1990s,  Miller  and  Gottshall  (1966)  reported  a  long-

term a verage  weight  of  1.77 k g  fish-1  along  the  west  coast  south o f  Oregon.  We  found a n  average  

weight  of  1.36  kg  for  vermilion r ockfish a nd  a  higher  average  (1.73  kg)  for  introgressed p lus  

sunset  rockfish.  Differences  between t he  historical  and c urrent  averages  can b e  attributed t o  

variation i n  geographic  area  and s eparation i nto c omponent  species.  
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620 Both le ngth a nd w eight  frequency  distributions  differed s ignificantly  between v ermilion  

and i ntrogressed p lus  sunset  rockfishes  with n o p rior  species-specific  data  available  for  

comparison.  However,  similar  to w hat  we  saw  here  for  vermilion,  MacCall  (2005)  and  more  

recently,  Dick e t  al.  (2021)  reported t runcated le ngth d istributions  for  the  complex  overall,  

particularly  at  sizes  greater  than 4 6 c m.  Importantly,  although t he  vermilion r ockfish le ngth  

frequency  distribution a ppears  severely  truncated  as  in t he  past,  truncation  now  occurs  at  an  

overall  larger  size  (>52 c m)  relative  to e arlier  years.  Introgressed p lus  sunset  length a nd w eight  

frequency  distributions  did n ot  exhibit  severe  truncation a t  larger  sizes  but  gradually  declined  

from  peak to   maximum  size.   Since  truncation i n s ize  often a ssociates  with  exploitation,  our  

results  suggest  that  vermilion r ockfish m ay  currently  be  more  highly  exploited t han t heir  species  

pair  (see  below).  

Our  analyses  revealed s ignificant  differences  in w eight-length  relationships  between  

vermilion a nd in trogressed p lus  sunset  rockfish w ith t he  best  model  incorporating  sex.  Data  

indicated t hat  weight,  by  sex,  increased f aster  as  a  function o f  length f or  vermilion r ockfish  

relative  to in trogressed p lus  sunset,  perhaps  reflecting  their  more  northerly  distribution in c  ooler,  

more  productive  waters  near  Pt.  Conception.  Results  also i ndicated t hat  females  increased w eight  

faster  than  males  regardless  of  species.  Earlier  studies  reported n o d ifference  in w eight-length  

relationships  by  sex  for  vermilion r ockfishes  (Phillips  et  al.,  1990;  Love  et  al.,  1990;  MacCall,  

2005;  Dick e t  al.,  2021).  However,  studies  on t he  closely  related  canary  rockfish ( Sebastes  

pinniger)  reported d ifferences  in w eight-length r elationships  by  sex  (McClure,  1982;  Thorson  

and  Wetzel,  2015;  Keller  et  al.,  2018),  as  similarly  reported f or  multiple  other  species  of  

rockfishes  (Love  et  al.,  1990).   For  vermilion r ockfish,  differences  between  sexes  demonstrated  

here  may  have  been  masked b y  fitting  earlier  data  to t he  species  complex  rather  than it s  distinct  
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643 taxonomic  components  (MacCall,  2005;  Dick  et  al.,  2021),  highlighting  a  common e rror  when  

neglecting  to m anage  cryptic  pairs  as  individual  species.  Prior  coefficients  reported f or  the  

complex  (e.g.  intercept  =  -10.957,  slope  =  2.995)  fall  between t he  species-specific  values  

reported h ere  (Love  et  al.,  1990;  MacCall,  2005).   

We  saw  significant  differences  in l ength a nd w eight  versus  depth r elationships  between  

vermilion r ockfish a nd in trogressed p lus  sunset  rockfish b ut  no d ifferences  between  males  and  

females  for  either  subgroup.  Very  little  historical  information e xists  on th ese  relationships  for  the  

vermilion c omplex.  Love  et  al.  (2002)  noted th at  small  nominal  vermilion r ockfish c ommonly  

occurred a t  depths  of  6 to   36 m   with j uveniles  gradually  found d eeper.  Hyde  et  al.  (2008)  

similarly  noted t hat  sunset  rockfish ta ken  at  depths  less  than 1 00 m   were  young  of  year  or  

subadult  fish ( <25 c m).  Here  we  saw  an a verage  length o f  32.8  cm f or  introgressed a nd s unset  

rockfish f rom  depths  of  68 t o 1 00 m b  ut  smaller  subadult  fish ( average  length 2 7.2 c m)  present  at  

depths  from 6 8 to 8  0 m .   Within b oth d epth r anges  vermilion r ockfish t ended t o b e  somewhat  

larger  than s unset  rockfish.  On a verage,  vermilion r ockfish w ere  5.6 c m la rger  in w ater  less  than  

100 m a  nd 8 .0  cm  larger  at  depths  less  than 8 0 m .  Similar  to o ther  rockfish s pecies,  including  

closely  related  canary  rockfish,  nominal  vermilion r ockfish u ndergo  an o ntogenetic  migration  

with in creasing  size  at  depth ( Boehlert,  1977,  1978,  1980;  Love  et  al.,  2002;  Sampson,  1996).    

Based o n G AM  analysis,  we  saw  that  the  proportion o f  vermilion r ockfish  relative  to  

overall  catch o f  the  species  complex  could b e  explained a s  a  function o f  environmental  and  

geographic  covariates.  We  found th at  the  proportion o f  vermilion r ockfish w ithin th e  SCB  was  

related to l  atitude,  longitude,  depth,  dissolved o xygen,  distance  from  port  and te mperature.   

Geographic  location ( latitude,  longitude)  produced  the  best  initial  GAM  followed b y  the  greatest  

improvement  in f it  with th e  addition o f  depth.  The  inclusion o f  other  environmental  variables  
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666 (dissolved o xygen a nd t emperature)  as  well  as  distance  from  nearest  port  further  improved th e  

ability  to p redict  the  proportion o f  vermilion r ockfish r elative  to t he  overall  catch o f  the  species  

complex.  In  general,  the  proportion o f  vermilion r ockfish i ncreased w ith d issolved o xygen  

concentration a nd d istance  from  port  but  decreased  with d epth a nd t emperature.  We  are  hopeful  

that  our  modeling  exercise  provides  a  potential  framework  for  separation o f  historical  data  in t he  

absence  of  DNA  evidence  provided s ome  of  these  ancillary  data  exist.  

Among  recreational  fisheries,  the  vermilion c omplex  ranks  as  one  of  the  highest  in v alue  

along  the  US  west  coast.  Based o n d ata  collected i n t he  SCB  during  the  NWFSC’s  annual  H&L  

surveys  from  2014 t o 2 016,  the  vermilion-sunset  complex  represented 3 0%  of  the  overall  catch  

and w as  the  survey’s  most  abundant  species  (Keller  et  al.,  2019).  The  complex  was  captured a t  

170 o f  the  196 s ites  sampled d uring  these  three  years  with o nly  bocaccio ( Sebastes  paucispinis)  

occurring a t  more  frequent  sampling  sites  (n =   185).  With th e  complex  separated i nto t wo  

distinct  taxonomic  subgroups,  the  sunset-introgressed s ubgroup  comprised  20%  of  the  total  catch  

and v ermilion r ockfish 1 0%.  With t his  separation  into c omponent  species,  bocaccio b ecomes  the  

most  frequently  caught  species  in t he  2014 H &L  survey  (30%).  He  and  Field ( 2017)  similarly  

noted t hat  bocaccio a ccounted f or  25–30%  of  the  historical  catch i n s outhern C alifornia  over  the  

last  century.   

An in itial  stock  assessment  for  vermilion r ockfish  occurred in 2  005,  prior  to t he  

discovery  that  vermilion  was  in f act  a  species  complex  (MacCall,  2005;  Hyde  et  al.,  2008).  

Despite  the  recognized  commercial  and r ecreational  value  for  the  vermilion s pecies  complex,  the  

assessment  was  not  formally  accepted f or  management  purposes  by  the  Pacific  Fishery  

Management  Council  (PFMC).  A  second  assessment,  planned i n 2 013 w as  abandoned d ue  to t he  

lack  of  sufficient  data  to  separate  the  cryptic  pairs  into c omponent  species  (PFMC,  2013).  The  
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689 most  recent  assessment  was  also b ased o n t he  complex  rather  than  a  separation in to v ermilion  

and s unset  rockfish ( Dick  et  al.,  2021).  During  the  interim  between t he  first  two a ttempted  

assessments,  Hyde  et  al.  (2008)  provided i nformation o n t he  depth a nd  geographic  distribution o f  

the  complex’s  component  species.  Although t hese  species  should b e  separated,  it  is  not  

straightforward t o d o s o i n h istorical  data  sets.  

Like  many  single  species  of  rockfishes,  abundance  for  the  vermilion c omplex  declined  

through t he  1990’s  due  to e xcessive  exploitation.  MacCall  (2005)  presented r esults  for  two  

vermilion a ssessment  models  off  California  (subdivided a t  Pt.  Conception),  that  at  the  time  

incorporated  more  than o ne  genetically  distinct  species.  The  2005  assessment,  based o n  

MacCall’s  (2005)  single  species  assumption,  indicated t hat  the  complex  was  recovering  due  in  

part  to a   strong  1999  year  class  and w ould b e  above  a  precautionary  exploitation r ate  of  30%  for  

regions  north a nd s outh o f  Pt.  Conception b y  2007 ( MacCall,  2005).  The  2005 a ssessment  

revealed t he  highest  proportion o f  both r ecreational  (57%)  and c ommercial  (65%)  catch o ccurred  

south o f  Pt.  Conception r elative  to o verall  catch o ff  California.  The  southern m odel  was  based o n  

the  geographic  area  where  both s unset  and v ermilion d istributions  significantly  overlap  and  

notably  the  only  model  that  indicated a   precautionary  biomass  level  for  a  lower  bound  model  

(MacCall,  2005).   The  California  Department  of  Fish  and  Wildlife  reported s ignificant  increases  

in r ecreational  catch f or  the  vermilion c omplex  in  recent  years  (increasing  from  ~100 m t  in 2 008  

to ~ 400  mt  in 2 019).   Dick  et  al.  (2021)  also r eported in creased r ecreational  catch f or  the  

complex  in r ecent  years  (2015–2019)  but  that  overfishing  is  most  likely  not  currently  occurring.  

However,  increased r ecreational  catch c oupled w ith a   presumed h igher  level  of  protection  

afforded t o d eeper  dwelling  introgressed a nd s unset  rockfish,  suggests  that  assessment  of  the  
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711 vermilion c omplex  as  distinct  species  would l ikely  provide  better  guidance  for  management  of  

these  important  resources.  

As  noted b y  Hyde  (2007),  failure  to r ecognize  the  differences  in d epth  and  geographic  

distribution b etween th e  distinct  taxonomic  components  of  the  vermilion-sunset  cryptic  pair  

impacts  management,  particularly  since  strategies  enacted i n th e  early  2000s  to p rotect  multiple  

overfished r ockfish s pecies  often i ncorporated s patial  and d epth c losures.  The  Rockfish  

Conservation A rea  (RCA),  the  CCAs  and o ther  marine  reserves  restricted f ishing  in d eep  waters  

off  California  (PFMC,  2008,  2011;  MacCall,  2005).  Within th e  extensive  CCAs  (11,138 k m2),  

catch o f  all  groundfish w as  restricted in d  epths  deeper  than 3 6.6  m  while  other  closures,  such a s  

the  RCA,  provided s easonal,  annual  or  geographic  limits  at  depths  deeper  than 5 5 t o 1 20 m .  Both  

of  these  geographic  and  depth-based f ishing  restrictions  likely  afforded  greater  protection t o t he  

deeper  dwelling  and  more  southerly  sunset  and in trogressed s ubgroups  while  potentially  

exposing  vermilion r ockfish t o t he  same  or  higher  level  of  exploitation.  Further,  the  closure  of  

these  deeper  waters  likely  shifted s ome  fishing  effort  into t he  more  nearshore  areas  inhabited b y  

vermilion r ockfish p ossibly  further  exacerbating  the  exploitation o f  the  two s ister  species  relative  

to o ne  another.   

Two l ines  of  evidence  suggest  that  greater  exploitation o f  vermilion r ockfish r elative  to  

sunset  and in trogressed r ockfish m ay  be  occurring w ithin th e  SCB.  As  noted p reviously  the  

proportion o f  the  vermilion r ockfish r elative  to t he  total  catch o f  the  species  complex  has  

declined w ithin th e  SCB  compared t o e arlier  years  (Hyde  et  al.,  2008),  a  topic  we  will  explore  

more  fully  when a   time  series  of  genetic  sequencing  data  for  nominal  rockfish c aptured o n H &L  

surveys  from  2004 t o 2 019 b ecomes  available.  Additionally,  size  frequency  distributions  seen  

here  for  vermilion r ockfish e xhibit  severe  truncation a t  larger  sizes,  a  pattern o ften c orrelated  
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734 with s ize  selective  fishing  pressure  (Frank  et  al.,  2018).  We  did n ot  observe  a  similar  pattern f or  

introgressed a nd s unset  rockfish.  Based o n o bserved a nd p otential  differences  between v ermilion  

and s unset  rockfish,  this  research s uggests  that  the  appropriate  management  of  this  cryptic  

species  complex  should m ore  explicitly  consider  the  differences  in t heir  respective  biology  and  

distribution.  This  should  include  research in to a dditional  aspects  of  their  life  history,  including  

age,  growth a nd r eproductive  biology.  Currently,  we  plan f uture  studies  that  will  incorporate  

additional  data  on m aturity  and  age  based o n s amples  collected d uring m ultiple  years  of  the  H&L  

survey.   
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Table 1. Mean (weighted by catch), minimum and maximum latitude (Latitude, °N), Depth (m), distance from 

mainland (Main, nm), and distance from port (Port, nm) shown by subgroups within the vermilion – sunset species 

complex. Total CPUE (catch adjusted by the number of hooks) and the number of sites with positive catch (n) also 

shown. 

Subgroup 
Latitude Depth Main Port CPUE Sites 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max n n 

Vermilion 

Introgressed 

Sunset 

34.04 32.45 

33.45 32.01 

33.47 32.01 

34.52 

34.53 

34.52 

98.3 68.4 

132.9 49.2 

129.8 68.4 

133 

211 

211 

16.6 

33.7 

31.6 

0.9 

0.9 

0.9 

84 

87 

87 

42.6 

42.4 

41.2 

2.4 88.7 

3.7 90.6 

2.4 90.6 

566 

249 

925 

61 

59 

87 
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Table 2. Results from analysis of variance (ANOVAs) comparing natural log transformed 

latitude (N°), depth (m), distance (nm) from mainland (Main) and nearest port (Port) for 

the vermilion–sunset species complex by subgroups (vermilion: V, introgressed: I, sunset: 

S). We followed significant ANOVAs with the Student-Newman-Keuls (SNK) multiple 

comparison of means tests and demarcated significant differences among groups as V>S> 

I or, if equivalent, separated by commas, i.e. V>S, I. For significant ANOVAs (p<0.05), 

we subsequently combined subgroups with no differences, i.e. S + I and repeated the 

analysis. 

Variable 

Depth 

V, S, I 

V, S + I 

F 

191.9 

381.2 

p 

<0.0001 

<0.0001 

df 

2, 1661 

1, 1662 

SNK 

V<I, S 

V<I + S 

2r

0.19 

0.19 

Latitude 

V, S, I 

V, S + I 

138.2 

275.1 

<0.0001 

<0.0001 

2, 1655 

1, 1656 

V>I, S 

V>I + S 

0.14 

0.14 

Main 

V, S, I 

V, S + I 

51.2 

98.8 

<0.0001 

<0.0001 

2, 1655 

1, 1656 

V<I, S 

V<I + S 

0.08 

0.08 

Port 

V, S, I 

V, S + I 

14.1 

27.1 

<0.0001 

<0.0001 

2, 1655 

1, 1656 

V>I, S 

V>I + S 

0.02 

0.02 
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Table 3. Comparison of frequency distributions for depth (m), latitude (°N), and distance (nm) from 

the mainland (Main) and nearest port (Port) for the vermilion-sunset species complex (vermilion: 

V, introgressed: I, sunset: S) based on a non-parametric, two-sample Kolmogorov-Smirnov 

analysis. Shown are the Kolmogorov-Smirnov asymptotic statistics (KSa) with p-values (p) 

between subgroups. Subgroups with no significant differences (p>0.05) were combined (S + I) and 

the analysis repeated. 

Comparisons 

V vs S 

Depth 

KSa p 

9.478 <0.0001 

Latitude 

KSa p 

8.465 <0.0001 

Main 

KSa p 

4.950 <0.0001 

Port 

KSa p 

3.574 <0.0001 

V vs I 7.122 <0.0001 5.910 <0.0001 4.149 <0.0001 3.002 <0.0001 

S vs I 0.965 0.310 0.758 0.617 0.867 0.440 0.537 0.934 

S + I vs V 10.039 <0.0001 8.826 <0.0001 5.340 <0.0001 3.887 <0.0001 
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Table 4. Mean + (standard error, se), minimum (min), maximum (max) and count (n) for length (cm) and 

weight (kg) for vermilion, introgressed and sunset rockfishes by sex and overall. 

Length mean (+ se) min 

females 

max n mean (+ se) min 

males 

max n 

all 

mean (+ se) 

Vermilion 

Sunset 

Introgressed 

40.67 (0.42) 

43.23 (0.53) 

44.97 (1.01) 

18 

17 

16 

56 

63 

63 

268 

473 

115 

41.77 (0.36) 

43.81 (0.46) 

44.74 (0.82) 

23 

22 

21 

52 

60 

58 

275 

404 

120 

41.19 (0.28) 

43.37 (0.36) 

44.77 (0.64) 

Weight 

Vermilion 

Sunset 

Introgressed 

mean (+ se) 

1.37 (0.04) 

1.77 (0.05) 

1.94 (0.11) 

min 

0.12 

0.08 

0.08 

max 

3.58 

4.54 

4.66 

n 

267 

473 

115 

mean (+ se) 

1.35 (0.03) 

1.63 (0.04) 

1.75 (0.08) 

min 

0.22 

0.18 

0.18 

max 

2.46 

3.66 

3.48 

n 

275 

403 

121 

mean (+ se) 

1.35 (0.03) 

1.69 (0.03) 

1.83 (0.07) 
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Table 5. Results of analysis of variance (ANOVAs) comparing length (cm) and 

weight (kg) for the vermilion–sunset species complex by subgroups (vermilion: V, 

introgressed: I, sunset: S) and sex (female: F, male: M). We followed significant 

ANOVAs with the Student-Newman-Keuls (SNK) multiple comparison of means 

tests with significant differences among subgroups demarcated as V<S<I or, if 

equivalent, separated by commas, i.e. V<I, S. We subsequently combined subgroups 

with no differences, i.e. I + S and repeated the analyses. 

Variable F p df SNK 

Length (sex, subgroups) 

F (V, I, S) 8.52 0.0002 2, 852 V<I, S 

M (V, I, S) 7.80 0.0004 2, 793 V<I, S 

F (V, I + S) 14.36 0.0002 1, 853 V<I + S 

M (V, I + S) 14.54 <0.0001 1, 794 V<I + S 

Weight (sex, subgroups) 

F (V, I, S) 17.97 <0.0001 2, 852 V<I, S 

M (V, I, S) 17.25 <0.0001 2, 793 V<I, S 

F (V, I + S) 33.36 <0.0001 1, 853 V<I, S 

M (V, I + S) 32.50 <0.0001 1, 794 V<I, S 
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Table 6. a) Delta AIC-values (Δi, the difference between Akaike’s information criterion per 

model and the minimum AIC-value) for weight-length relationships for the vermilion 

rockfish complex. For fitted relationships, models incorporated sex (female, male) and 

evaluated combinations of three subgroups within the vermilion-complex: vermilion (V), 

sunset (S), and introgressed sunset rockfishes (I). The best model (Δi = 0) included 

separation by sex and two subgroups (V and a combination of S + I). Models are shown in 

order of complexity (number of parameters, n); b) Estimated parameters for the best fit 

curves relating weight (ln kg) and length (ln cm) based on fitted allometric equations by sex 

(F: female, M: male) and two subgroups (V and S + I). Also shown are standard errors (+ 

2se), number of observations (n), F-values (F), and r , p<0.0001 for all equations. 

a) 

Model description 

Without subgroup, sex 

Δi 

103.9 

n 

2 

By sex, without subgroup 

By subgroup, without sex 

with 2 subgroups (I, V + S) 

with 2 subgroups (S, V + I) 

with 2 subgroups (V, S + I) 

with 3 subgroups (V, S, I) 

24.6 

105.8 

98.5 

81.2 

102.6 

4 

4 

4 

4 

6 

By subgroup, with sex 

with 2 subgroups (I, V + S) and sex 

with 2 subgroups (S, V + I) and sex 

with 2 subgroups (V, S + I) and sex 

with 3 subgroups (V, S, I) and sex 

26.4 

16.0 

0.00 

22.5 

8 

8 

8 

12 

b) 

sex 

F 

F 

subgroup 

V 

S + I 

intercept (+ se) 

-11.316 (0.111) 

-11.087 (0.045) 

slope (+ se) 

3.112 (0.030) 

3.045 (0.012) 

n 

267 

588 

F 

10730 

62740 

2r

0.98 

0.99 

M 

M 

V 

S + I 

-10.833 (0.111) 

-10.652 (0.054) 

2.968 (0.030) 

2.919 (0.014) 

274 

523 

9906 

40280 

0.97 

0.98 
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Table 7. Comparison of frequency distributions for length (cm) and weight (kg) for 

the vermilion-sunset species complex (vermilion: V, introgressed: I, sunset: S) based 

on a non-parametric, two-sample Kolmogorov-Smirnov analysis. Shown are the 

Kolmogorov-Smirnov asymptotic statistics (KSa) with significant values (p) between 

subgroups. Subgroups with no significant differences (p>0.05) were combined (S + 

I) and the analysis repeated. 

Comparisons 

V vs S 

Length (cm) 

KSa p 

5.523 <0.0001 

Weight (kg) 

KSa p 

4.646 <0.0001 

V vs I 4.492 <0.0001 4.367 <0.0001 

S vs I 0.978 0.294 1.246 0.09 

S + I vs V 5.946 <0.0001 5.143 <0.0001 

49 



 

 

a)  

  Model description         Δi length        Δi weight   n 

  Without subgroup, sex   124.3  134.4  2 

    By sex, without subgroup  123.2  136.3  4 

    By subgroup, without sex    

          with 2 subgroups (I, V + S)  124.2  136.8  4 

         with 2 subgroups (S, V + I)  48.1  51.9   4 

         with 2 subgroups (V, S + I)   0.0  0.0  4 

        with 3 subgroups (V, S, I)  52.4  57.6   6 

   By subgroup, with sex  

           with 2 subgroups (I, V + S) and sex  123.0  138.6  8  

           with 2 subgroups (S, V + I) and sex  48.5  54.5  8  

           with 2 subgroups (V, S + I) and sex  0.6  1.9  8  

          with 3 subgroups (V, S, I) and sex  52.0  59.6   12 

 b)  

Length-depth    intercept (+ se)     slope (+ se)       n       F   2   r  

 V  0.985 (0.191)   0.595 (0.042)  541  203   0.27 

   S + I  0.545 (0.105)   0.664 (0.022)  1108  934   0.46 

 Weight-depth   intercept (+ se)     slope (+ se)       n       F   2   r  

 V  -8.073 (0.592)   1.806 (0.129)  541  195   0.27 

   S + I  -9.387 (0.314)   2.008 (0.064)  1108  956   0.46 

 

Table  8.  a)  Delta  AIC-values  (Δi,  the  difference  between A kaike’s  information c riterion a nd t he  

minimum  AIC-value)  for  length-depth a nd w eight-depth r elationships  for  the  vermilion r ockfish  

complex.  For  fitted r elationships,  models  incorporated s ex  (female,  male)  and e valuated  

combinations  of  three  subgroups  within t he  vermilion-complex:  vermilion ( V),  sunset  (S),  and  

introgressed s unset  rockfishes  (I).  The  best  model  (Δi  =  0)  included s eparation in to tw o  

subgroups  (V  and a   combination o f  S  +  I).  Models  are  shown in o  rder  of  complexity  (number  of  

parameters,  n);  b)  Estimated p arameters  for  the  best  fit  curves  relating  length ( ln c m)  and w eight  

(ln k g)  with d epth ( ln m )  based o n f itted a llometric  equations  for  two s ubgroups  (V  and S   +  I).  

Also s hown a re  standard  errors  (+  se),  number  of  observations  (n),  F-values  (F),  and r 2 .  

p<0.0001  for  all  equations.   
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Table 9. Pearson's correlation coefficients (r) among spatial (latitude, Lat, °N; 

longitude, Long, °W; distance from nearest port, D, nm) and environmental 

(dissolved oxygen, DO, mL L-1; salinity, S, ppt; temperature, T, °C; bottom 

depth, Z, m) variables included in the binomial generalized additive models 

relating the proportion of vermilion rockfish to the sum of the vermilion, 

introgressed and sunset rockfish taken at sites within the study area (n = 106). 

Lat Long Z D DO S T 

Lat 1.00 

Long -0.68 1.00 

Z -0.08 -0.04 1.00 

D -0.55 -0.20 0.08 1.00 

DO -0.31 0.38 -0.64 0.05 1.00 

S -0.07 -0.19 0.78 0.05 -0.82 1.00 

T -0.06 0.32 -0.72 -0.20 0.72 -0.75 1.00 
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Table 10. A suite of binomial general additive models (GAMs) analyzed by Akaike’s 

information criterion (AIC) relating the proportion of vermilion rockfish (Pv) to environmental 

(dissolved oxygen, DO, mL L-1; salinity, S, ppt; temperature, T, °C; bottom depth, Z, m) and 

spatial (latitude, °N, longitude, °W, Lat, Long; distance from nearest port, D, nm) covariates. 

Models shown represent the best models as covariates were added and removed during model 

exploration with the final model determined by the lowest ΔAIC value (Δi = 0). A plus (+) 

indicates addition of covariates that progressively produced a more parsimonious model, based 

on reduction in AIC value, for each step in the analysis. A minus (-) indicates removal of a 

covariate from the analysis, based on a non-significant P-value (p>0.05) and high correlation 

(r>0.72) with other retained variables. The rank degrees of freedom (df) for AIC-values, 

2deviance explained (%), unbiased risk estimator (UBRE), and r are also shown for each model. 

Covariate AIC Δi df % deviance UBRE 2r

Lat, Long 737.7 507.9 30.0 55.7 5.16 0.43 

+ Z 261.6 32.0 28.0 91.1 0.66 0.91 

+ D 248.2 18.6 33.9 92.9 0.53 0.93 

+ DO 243.1 13.5 36.4 93.7 0.48 0.93 

+ S 241.0 11.4 31.2 93.1 0.46 0.93 

+ T, - D 236.1 6.5 33.2 93.8 0.41 0.94 

+ S, D 234.9 5.3 33.6 93.9 0.40 0.94 

- S 229.6 0.0 38.4 95.0 0.35 0.95 

52 



 

 

  

             

                

            

              

                  

                

      

                

              

               

          

               

               

         

                  

              

              

   

               

             

     

                

             

Figure Legends 

Fig. 1. Geographic extent of the Northwest Fisheries Science Center’s H&L survey showing 

location of the 2014 sample sites in the Southern California Bight relative to the coast of 

California. Charts show 2014 distributions and relative abundance (site-specific catch per unit 

effort (CPUE) for: (a) vermilion, (b) introgressed, and (c) sunset rockfish. For each subgroup, 

the sizes of the circles represent the CPUE (n site–1). Note that the range of CPUE varies as 

shown in the key for each chart; + represents zero catch. Base chart credits: Esri, DeLorme, 

GEBCO, NOAA NGDC, and other contributors. 

Fig. 2. Box-whisker plots for: (a) depth (m); (b) latitude (ºN); (c) distance from mainland (nm); 

and (d) distance from nearest port (nm) for vermilion, sunset and introgressed rockfish. Box 

limits represent 25% and 75% quartiles; line in center represents the median; X the mean, 

whiskers the minimum and maximum values and points represent outliers. 

Fig. 3. Frequency distributions (%) comparing: (a) depth (m); (b) latitude (ºN); (c) distance from 

mainland (nm); and (d) distance from nearest port (nm) for vermilion (upper white bars) versus 

introgressed plus sunset rockfish (grey lower bars) in 2014. 

Fig. 4. Box-whisker plots for: (a) length (cm); and (b) weight (kg) for female, male and all 

vermilion, sunset and introgressed rockfish. Box limits represent 25% and 75% quartiles; line in 

center represents the median; X the mean, whiskers the minimum and maximum values and 

points represent outliers. 

Fig. 5. Frequency distributions (%) comparing: (a) length (cm); and (b) weight (kg) for 

vermilion rockfish (upper while bars) and introgressed plus sunset rockfish (lower gray bars) 

from the 2014 H&L survey. 

Fig. 6. Fitted allometric relationships for: (a) length (cm); and (b) weight (kg) versus depth (m) 

for vermilion (red circles) versus introgressed plus sunset rockfish (green circles) showing the 
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best fit models based on two subgroups: vermilion (solid line) and introgressed plus sunset 

rockfish (dashed line) from Table 8. 

Fig. 7. Binomial generalized additive model (GAM) plots identifying the additive effects of 

significant covariates: (a) depth (m); (b) distance from port (nm); (c) dissolved oxygen (mL L-

1); and (d) temperature (ºC) on the proportion of vermilion rockfish (Pv) at sampling sites within 

the H&L survey area in 2014. Shaded areas reflect the 95% confidence intervals around 

response curves. Note that ranges on x- and y-axes differ among panels. The y-axis reflects the 

effect of each covariate on CPUE. The relative density of data is shown by the ‘rug’ along the 

x-axis. 

Fig. 8. Plots of: (a) latitude (ºN); (b) distance from port (nm); and (c) dissolved oxygen, (mL L-

1) versus depth (m) where individual pie charts are scaled by total CPUE (n site-1) and represent 

the proportion of vermilion rockfish versus introgressed plus sunset rockfish observed at each 

H&L site in 2014. Note key represents CPUE scaled for 50, 25 and 10 (n site-1); asterisk (*) 

represents zero catch. 
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