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A  B  S  T  R  A  C  T 

Sporadic  mass  strandings  of  the  hydrozoan,  Velella  velella,  along  the  US  West  Coast  fasc  inate  beachcombers  and  per  plex  oceanographers.  Velella
 often  ar  r  ive  to  the  coast  in  the  spr  ing  concur  rent  w  ith  a  shi  ft  in  onshore  w  ind  s  and  after  w  inters  w  ith  war  mer  water  temperatures.  Understanding
 the  factors  that  br  ing  Velella  to  coastal  waters  prov  ides  new  infor  mation  about  the  ecolog  ical  impacts  of  local  and  basin-  scale  env  ironmental
 var  iabi  lit  y  in  the  nor  theast  Pac  i  fic.  We  summar  ize  several  compel  ling  ,  non-exclusive  hy  potheses  that  could  ex  plain  the  recent  increase  in  Velella,
 including  increased  population  size,  larger  sur  face  patches  and  enhanced  coast  ward  transpor  t.  We  compi  led  a  comprehensive  dataset  spanning
 planktonic  lar  val  to  colonial  adult  li  fe  stages  f  rom  10  sources  cover  ing  ∼1900–2025.  We  highlight  pul  ses  of  Velella  and  an  unprecedented  number
 of  strandings  and  at-  sea  obser  vations  since  2014.  We  found  that  w  ind  patter  ns  in  the  central-east  Pac  i  fic  favor  transpor  t  toward  the  coast  dur  ing
 years  of  Velella  presence.  However,  we  found  no  clear  relationship  bet  ween  sur  face  f  rontal  features  and  Velella  abundance,  nor  a  consi  stent
 assoc  iation  w  ith  El  Niño.  We  al  so  identi  fied  phalarope  abundance  as  a  potential  seabird  prox  y  for  increased  Velella  abundance  at-  sea  .  Final  ly,
 we  prov  ide  recommendations  for  f  uture  monitor  ing  effor  ts  to  improve  long-ter  m  assessments,  g  iven  the  cur  rent  inabi  lit  y  to  clearly  di  sting  ui  sh
 among  hy  potheses.
 

K  E  Y  W  O  R  D  S: pleuston;  di  str  i  bution  anomaly;  by-the-w  ind  sai  lor  

I  N  T  R  O  D  U  C  T  I  O  N  
“  The  di  str  i  bution  of  the  pleuston  presents  a  chal  leng  ing
 and  di  fficult  problem,  containing  many  w  hirlpool  s  of  er  ror
 into  w  hich  incautious  investigators  may  be  sucked”  (  Mack  ie,
1962). 

Epi  sodical  ly  present  spec  ies  are  valuable  indicators  of  env  iron-
 mental  shi  fts,  but  long-ter  m  data  are  often  sparse,  limit  ing  our
 understanding  of  their  hi  stor  ical  fluctuat  ions.  In  the  Nor  theast
 Pac  i  fic,  despite  f  requent  mass  strandings  of  “  by-the-w  ind  sai  lors”,
 Velella  velella  (  hereafter  Velella),  much  remains  unknow  n  about
 

their  li  fe  c  ycle,  habitat  assoc  iat  ions  and  populat  ion  dy  namic  s.
 Given  that  their  di  str  i  but  ions  have  been  related  to  oceanographic
 and  atmospher  ic  condit  ions  (  Pires  et  al.,  2018;  Jones  et  al.,  2021;
 Epinou  x  et  al.,  2026),  Velella  may  prov  ide  usef  ul  insights  into
 ecosystem  var  iabi  lit  y.
 

Velella  i  s  a  hydrozoan  that  alter  nates  bet  ween  generat  ions  of
 medusae  (init  ial  ly  <1  mm)  that  reside  in  the  subsur  face  and
 poly  ps  that  for  m  float  ing  colonies  on  the  sur  face  (up  to  140  mm)
 ( Bier  i  ,  1977).  R  elat  ively  little  i  s  know  n  about  the  medusa  stage,
 and  contrast  ing  hy  potheses  suggest  medusae  may  reside  in  the
 epipelag  ic  zone  ( L  arson,  1980)  or  sink  to  600–1000  m  for
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reproduct  ion  ( Woltereck  ,  1904).  Medusae  release  lar  vae  that
 ascend  to  the  sur  face  w  here  colonies  develop  and  grow  in  the
 pleuston,  i  .e.  at  the  air–sea  inter  face.  Seasonal  obser  vat  ions  in  the
 Nor  theast  Pac  i  fic  suggest  t  wo  generat  ions  per  year,  w  ith  sur  face
 ar  r  ival  s  concentrated  in  Januar  y  and  July  (  Bier  i  ,  1977).
 

Velella  are  numerous  in  a  convergence  zone  w  ithin  the  Nor  th
 Pac  i  fic  Subtropical  Gy  re  bet  ween  20  and  40  ◦  N  ( Bier  i  ,  1977;
 Chong  et  al.,  2023),  but  understanding  of  Velella  di  str  i  but  ion
 across  the  Nor  theast  Pac  i  fic  remains  incomplete.  Colonies  w  ith
 a  “  left-handed”  r  ig  id  sai  l  dr  i  ft  left  of  the  dow  nw  ind  direct  ion  and
 dominate  obser  vat  ions  along  the  west  coast  of  Nor  th  A  mer  ica
 ( Bier  i  ,  1959;  Mack  ie,  1962).  Here,  coastal  strandings  spanning
 >400  km  (40–49  ◦  N)  t  y  pical  ly  coinc  ided  w  ith  shi  fts  to  onshore
 w  ind  s  (nor  thwesterly)  in  A  pr  i  l  and  were  preceded  by  war  mer
 w  inter  sea  sur  face  temperature  (  Jones  et  al.,  2021).  L  arge  strand-
 ings  of  Velella  as  far  nor  th  as  Br  it  ish  Columbia  have  been  assoc  i-
 ated  w  ith  El  Niño  ( Schoener  and  Fluhar  t  y,  1985;  Ware,  1995).
 At  finer  spat  ial  scales  (tens  of  meters),  dense  concentrat  ions
 of  Velella  at  sea  are  assoc  iated  w  ith  convergent  sur  face  features
 ( Shenker,  1988;  Purcel  l  et  al.,  2012).
 

There  i  s  grow  ing  ev  idence  of  Velella’s  ecolog  ical  impor  tance.
 For  ex  ample,  Velella  have  been  repor  ted  as  prey  for  tur  tles,  fi  shes,
 janthinid  snai  l  s  and  bird  s  ( Hubbs  and  Schultz  ,  1929;  Har  r  i  son
et  al.,  1983;  Hobson  and  Chess,  1988;  Parker  et  al.,  2005).  In

 addit  ion,  Velella  may  exer  t  top  -dow  n  influence  by  feeding  on
 zooplankton  and  lar  val  fi  shes  ( Bier  i  ,  1961;  Purcel  l  et  al.,  2012,
 2015;  Z  eman  et  al.,  2018).  Transpor  t  of  Velella  f  rom  ocean  to
 land  const  itutes  a  substant  ial  cross  -ecosystem  trophic  subsidy
 ( Kemp,  1986;  Zuercher  and  Gal  loway,  2019).
 

We  present  three  non-exclusive  mechani  st  ic  hy  potheses
 link  ing  populat  ion  status  and  env  ironmental  condit  ions  to
 increases  of  Velella  along  the  US  West  Coast  (  Fig.  1):  (i)
 increased  populat  ion  size;  (ii)  ocean  cur  rents  and  w  ind  s
 promot  ing  aggregat  ion  and  (iii)  coast  ward  transpor  t  f  rom  large-

 scale  w  ind  s.  Here,  we  combine  avai  lable  datasets  to  assess  the
 testabi  lit  y  of  these  hy  potheses,  not  ing  the  var  ious  datasets  often
 span  di  fferent  spat  ial  and  temporal  ranges  that  limit  quant  itat  ive
 analyses  ( Supplementar  y  Table  S1).  Our  analysi  s  highlights
 the  recent  abundance  of  Velella  and  ex  plores  factors  that  may
 contr  i  bute  to  these  patter  ns.  We  prov  ide  recommendat  ions  for
 f  uture  monitor  ing  and  data  integrat  ion  to  understand  the  ut  i  lit  y
 of  Velella  as  an  ocean  indicator.
 

M  E  T  H  O  D  S  
Data  source  over  v  iew  

A  lthough  many  sur  veys  record  Velella  obser  vat  ions,  no  dedicated
 monitor  ing  program  ex  i  sts  to  track  their  di  str  i  but  ion  and  abun-
 dance  along  the  US  West  Coast.  To  address  thi  s  gap,  we  compi  led
 data  f  rom  the  literature,  oceanographic  research  sur  veys  and  c  it-
 izen  sc  ience  programs  ( Fig.  1).  These  sources  var  y  in  the  t  y  pe  of
 infor  mat  ion  prov  ided  ,  including  abundance,  presence/absence
 or  other  metr  ic  s  (summar  ized  in  Supplementar  y  Table  S1).
 

Califor  nia  Cooperative  Oceanic  Fi  sher  ies  Investigations
 bongo  

A  nnual  mean  densit  ies  (1951–2019,  abundance  m  − 2  )  of  Velella
 at  al  l  phases  and  stages  (1–40  mm)  were  obtained  f  rom  nightt  ime
 

bongo  net  tow  s  conducted  dur  ing  spr  ing  (March–May)  Cali-
 for  nia  Cooperat  ive  Oceanic  Fi  sher  ies  Invest  igat  ions  (CalCOFI)
 cr  ui  ses  ( L  avaniegos  and  Ohman,  2007)  and  analy  zed  by  the
 Cali  for  nia  Cur  rent  Ecosystem  L  ong-Ter  m  Ecolog  ical  R  esearch
 program  ( Ohman  et  al.,  2013).  A  l  l  tow  s  were  double  oblique  at
 a  tow  speed  of  ∼0.75  m  s  − 1  w  ith  mesh  of  either  550  or  505  μ m
 w  ith  333  μ m  mesh  codend  .  Changes  in  sampling  method  s  have
 been  descr  i  bed  by  Ohman  and  Smith  (1995),  including  a  change
 f  rom  a  1-m  diameter  r  ing  net  beg  inning  in  1951  to  a  paired
 bongo  net  w  ith  0.71  m  diameter  openings  in  December  1977.
 The  bongo  net  i  s  3  m  in  leng  th,  and  i  s  lowered  at  a  45  ◦  angle
 to  210  m,  or  15  m  f  rom  bottom  at  shal  low  stat  ions,  and  remains
 at  depth  for  30  s.  Subsamples  f  rom  mult  iple  stat  ions  w  ithin  a
 sur  vey  were  t  y  pical  ly  pooled  for  ta  xonomic  analysi  s  of  organi  sms
 <25  mm  ( L  avaniegos  and  Ohman,  2007).  Sampling  was  more
 f  requent  in  Souther  n  Cali  for  nia  (n  =  64  years)  relat  ive  to  Central
 Cali  for  nia  (n  =  44  years).
 

CalCOFI  Manta  
A  t  ime  ser  ies  (1978–2010)  quant  i  f  y  ing  propor  t  ional  dominance
 of  Velella  in  spr  ing  CalCOFI  neuston  samples  was  al  so  avai  l-
 able  for  Souther  n  Cali  for  nia  ( Mc  Clatchie,  2014).  Sur  face  plank-
 ton  samples  were  col  lected  using  a  manta  net  (mouth  area  of
 0.133  m  2  ,  505  μ m  mesh  w  ith  a  333  μ m  mesh  codend)  that
 was  towed  at  the  sur  face  for  15  min  at  a  speed  of  ∼0.75  m  s  − 1
 and  catches  were  classi  fied  by  the  dominant  plankton  caught.  A
 tow  classi  fied  as  “Velella”  indicates  that  Velella  was  the  dominant
 spec  ies,  but  a  tow  character  ized  by  another  spec  ies’  dominance
 or  no  dominance,  does  not  preclude  Velella  f  rom  al  so  being
 present.  Time  ser  ies  were  generated  using  propor  t  ions  w  hereby
 the  number  of  tow  s  w  ith  Velella  dominant  in  a  year  was  div  ided
 by  the  total  number  of  samples  in  that  year.
 

A  pplied  Califor  nia  Cur  rent  Ecosystem  Studies  
The  A  pplied  Cali  for  nia  Cur  rent  Ecosystem  Studies  (ACCESS)
 sur  veys  were  conducted  3–4  t  imes  per  year  dur  ing  A  pr  i  l  to  Octo  -
 ber  (excluding  Aug  ust)  f  rom  2010  to  2023  in  nor  th-central  Cal-
 i  for  nia  .  Dur  ing  standard  seabird  and  mar  ine  mammal  transects,
 Velella  presence/absence  and  relat  ive  abundance  was  recorded  in
 four  categor  ies:  0  =  not  present  ,  1  =  present  but  rare,  2  =  present
 and  somew  hat  common  and  3  =  present  and  abundant.
 

Tr  inidad  Head  L  ine  
The  Tr  inidad  Head  L  ine  (TH  L)  consi  sts  of  five  hydrographic
 stat  ions  (TH01–05)  in  nor  ther  n  Cali  for  nia  f  rom  the  inner  shel  f
 to  upper  slope  ( R  ober  tson  and  Bjork  stedt  ,  2020).  The  stat  ions
 were  sampled  roughly  monthly  f  rom  2006  to  2023.  Init  ial  ly,  sta-
 t  ions  were  sampled  dur  ing  darkness,  but  more  recently  in  the  late
 after  noon.  Velella  obser  vat  ions  are  not  a  par  t  of  TH  L  protocol  s
 but  are  somet  imes  noted  on  datasheets.
 

Global  Biodiversit  y  Infor  mation  Faci  lit  y 
O  ppor  tuni  st  ic  obser  vat  ions  of  Velella  were  dow  nloaded  f  rom  the
 Global  Biodiversit  y  Infor  mat  ion  Fac  i  lit  y  (GBI  F)  (  GBI  F,  2023).
 Data  w  ithout  locat  ion  or  date  infor  mat  ion  were  removed  .  Thi  s
 search  contained  3360  obser  vat  ions  f  rom  18  sources  in  the  study
 area;  most  of  these  record  s  (98%)  were  research-  grade  obser-
 vat  ions  (i  .e.  coordinates,  communit  y-confir  med  ident  i  ficat  ion)
 f  rom  “iNaturali  st.” 
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Fig.  1.  Hy  pothesized  mechani  sms  related  to  changes  in  Velella  abundance  along  the  US  West  Coast.  Hy  potheses  2  and  3  may  be  linked  to
 Hy  pothesi  s  1  as  show  n  by  thicker  ar  row  s.  Not  included  i  s  the  effect  of  increased  sampling  effor  t  over  time.  To  test  these  hy  potheses,  spec  i  fic
 t  y  pes  of  data  are  required,  w  hich  we  compi  led  f  rom  var  ious  monitor  ing  programs  operating  in  di  fferent  reg  ions.  

iNaturali  st 
A  total  of  4656  oppor  tuni  st  ic  Velella  obser  vat  ions  were  dow  n-
 loaded  f  rom  the  iNaturali  st  c  it  izen  sc  ience  applicat  ion  (  w  w  w.i
naturalist.org).  Because  research-  grade  obser  vat  ions  f  rom  iNat-

 urali  st  are  incor  porated  into  GBI  F,  thi  s  dataset  was  fi  ltered  to
 remove  obser  vat  ions  w  ith  the  coordinates  and  dates  matching
 obser  vat  ions  f  rom  the  GBI  F  dataset.  A  lthough  these  may  be  con-
 sidered  non-research-  grade  obser  vat  ions  w  ithout  communit  y-

 confir  med  ident  i  ficat  ions  and  coordinates,  we  chose  to  include
 them  due  to  the  conspicuous  and  w  idely  know  n  nature  of  Velella
 strandings  and  the  fact  that  they  are  monot  y  pic  members  of  the
 genus,  mak  ing  mi  sident  i  ficat  ions  unli  kely.
 

Coastal  Obser  vation  and  Seabird  Sur  vey  Team 
Coastal  Obser  vat  ion  and  Seabird  Sur  vey  Team  (COA  SST)  i  s  a
 c  it  izen  sc  ience  program  w  here  ex  per  t-trained  volunteers  moni-
 tor  sect  ions  of  the  coastline  monthly  for  beachcast  mar  ine  bird  s.
 Other  data  ,  including  Velella  presence,  are  col  lected  oppor  tuni  s  -
 t  ical  ly  f  rom  2000  to  2019  (see  Jones  et  al.,  2021).  Each  site
 (n  =  293)  i  s  fi  xed  in  space,  marked  per  manently  along  the  long
 a  x  i  s  of  the  beach. 

R  ock  fi  sh  R  ecr  uitment  and  Ecosystem  A  ssessment
 Sur  vey 

The  NOA  A  R  ock  fi  sh  R  ecr  uitment  and  Ecosystem  A  ssessment
 Sur  vey  (R  R  E  A  S)  used  v  i  sual  sur  veys  to  descr  i  be  the  relat  ive
 abundance  of  Velella  in  2025.  The  sur  vey  had  t  wo  legs  (8–27
 May  and  31  May  –17  June),  each  cover  ing  the  Cali  for  nia  coast  ,
 and  a  sustained  gale  occur  red  bet  ween  legs.  Dur  ing  str  ip  -transect
 seabird  sur  veys,  Velella  obser  vat  ions  were  cont  inuously  recorded
 as  an  “intensit  y  score”  for  relat  ive  abundance  at  20  s  inter  val  s.
 The  number  of  Velella  w  ithin  a  ∼3  m  2  field  of  v  iew  look  ing  over
 the  br  idge  w  ing  was  est  imated  in  four  categor  ies:  0  =  none,  1  =  1–
 20,  2  =  21–100  and  3  ≥  100  indiv  idual  s.
 

Vi  sual  obser  vat  ions  suggested  that  some  seabird  s  may  co  -
 occur  w  ith  Velella,  par  t  icularly  t  wo  spec  ies  of  phalaropes  (red

 

Phalaropus  fulicaria  and  red-necked  Phalaropus  lobatus),  w  hich
 forage  at-  sea  as  spr  ing  migrants  in  Cali  for  nia  waters.  We  summed
 the  total  number  of  phalaropes  across  both  spec  ies,  as  they  are
 ecolog  ical  ly  simi  lar  sur  face-feeding  plankt  ivorous  foragers,  and
 averaged  phalarope  counts  and  Velella  intensit  ies  into  3  km  bins.
 To  test  the  hy  pothesi  s  that  phalaropes  were  posit  ively  related
 to  Velella,  we  modeled  posit  ive  phalarope  counts  (i  .e.  zeroes
 removed)  as  a  smooth  f  unct  ion  of  averaged  Velella  intensit  y
 using  a  generalized  addit  ive  model  (G  A  M,  mgcv  pack  age  in  R).
 Phalarope  counts  were  modeled  w  ith  a  negat  ive  binomial  er  ror
 di  str  i  but  ion  and  log  link  to  account  for  overdi  spersion  in  the
 count  data  .
 

Trophic  database  
Predators  of  Velella  were  ex  tracted  f  rom  the  Cali  for  nia  Cur  rent
 Trophic  Database  ( Bizzar  ro  et  al.,  2023;  Iglesias  et  al.,  2023)
 that  spans  52  years  of  data  f  rom  10  sur  veys.  The  ent  ire  database
 was  ex  tracted  f  rom  ER  DDA  P  and  then  fi  ltered  by  Velella’s  id
 (117832)  and  grouped  by  predator  name.
 

Env  ironmental  analysi  s 
Using  data  f  rom  the  ship’s  under  way  flow  through  system  dur  ing
 the  2025  R  R  E  A  S  sur  vey,  we  calculated  the  mean  and  standard
 dev  iat  ion  sur  face  temperature,  salinit  y  and  chlorophy  l  l  concen-
 trat  ions  w  ithin  the  same  3  km  bins  as  phalaropes  and  Velella
 to  test  w  hether  Velella  were  assoc  iated  w  ith  water  proper  t  ies
 (indicated  by  the  mean)  or  f  rontal  features  (indicated  by  the
 standard  dev  iat  ion).  Here,  we  consider  sur  face  f  rontal  features  to
 be  gradients  separat  ing  the  boundar  ies  of  di  st  inct  water  masses
 character  ized  by  water  proper  t  ies,  often  due  to  strong  conver-
 gence.  We  used  linear  regression  to  test  for  stat  ist  ical  ly  signi  ficant
 relat  ionships  and  acknow  ledge  that  1  year  of  data  limits  stat  ist  ical
 power.  We  al  so  fit  a  G  A  M  using  the  mgcv  pack  age  in  R  to  ex  amine
 Velella  responses  to  mean  temperature  and  salinit  y,  spec  i  f  y  ing
 a  Tweedie  er  ror  di  str  i  but  ion  to  accommodate  excess  zeros  and
 cont  inuous  posit  ive  values  in  the  response  var  iable.
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Spr  ing  t  ime  Velella  occur  rence  along  the  US  West  Coast  i  s
 li  kely  modulated  by  ocean–atmosphere  condit  ions  far  ther  off  -
 shore  in  preceding  months.  To  i  solate  env  ironmental  condit  ions
 assoc  iated  w  ith  Velella,  years  or  mult  iyear  per  iod  s  (“pul  ses”)
 w  hen  Velella  were  more  abundant  and  w  idespread  (  based  on
 literature  and  obser  vat  ions)  were  compared  w  ith  other  per  iod  s.
 To  ex  plore  basin-w  ide  atmospher  ic  forc  ing  ,  hi  stor  ical  w  ind  s  and
 mean  sea-level  pressure  were  obtained  f  rom  the  European  Centre
 for  Medium-R  ange  Weather  Forecasts  ER  A5  atmospher  ic
 reanalysi  s  ( Hersbach  et  al.,  2020).  For  both,  monthly  anomalies
 were  calculated  relat  ive  to  1980–2024.  Wind  s  were  calculated  for
 each  w  inter  (  Januar  y  –March)  w  ithin  potent  ial  source  reg  ions  to
 the  southwest  of  Cali  for  nia  (20–40  ◦  N,  140–120 ◦  W  )  and  in  the
 v  ic  init  y  of  the  Nor  th  Pac  i  fic  Cur  rent  (40–50  ◦  N,  150–130 ◦  W  ),
 assuming  3-month  travel  at  ∼10–20  cm  s  –1

 dr  i  ft  speed  ( Mack  ie,
1962).  We  al  so  evaluated  these  patter  ns  in  relat  ion  to  the  Oceanic

 Niño  Index  (ONI)  as  a  measure  of  El  Niño  -  Souther  n  Osc  i  l  lat  ion
 var  iabi  lit  y  as  wel  l  as  the  Nor  th  Pac  i  fic  High  (NPH),  w  hich  i  s  a
 subtropical  ant  ic  yclonic  pressure  system  that  dr  ives  upwel  ling
 along  the  coast  ( Schroeder  et  al.,  2009;  Black  et  al.,  2011).
 For  the  latter,  we  deter  mined  the  center  posit  ion  and  area  of
 NPH  in  Januar  y  –Febr  uar  y  for  each  year  (fol  low  ing  Schroeder
et  al.,  2013).  We  tested  for  signi  ficant  di  fferences  in  w  ind  s  in

 both  potent  ial  source  reg  ions  as  wel  l  as  NPH  area  ,  lat  itude  and
 long  itude  dur  ing  pul  se  v  s  non-pul  se  years  using  a  Welch’s  t  wo  -

 sample  t-test.
 

R  E  S  U  L  T  S  
Below,  we  first  focused  on  spat  ial  and  temporal  patter  ns  f  rom
 each  sampling  approach  and  program,  and  then  we  combined
 datasets  to  ident  i  f  y  larger  spat  iotemporal  patter  ns  and  invest  igate
 our  hy  potheses.
 

Nets  
CalCOFI  bongo:  Peak  s  in  average  annual  spr  ing  densit  ies  were
 obser  ved  in  Central  Cali  for  nia  in  1983  (142  Velella  m  − 2  ),  1991
 (28.7  Velella  m  − 2  )  and  2016  (19.6  Velella  m  − 2  ;  Fig.  2  and
 Supplementar  y  Fig.  S3A).  Average  annual  densit  ies  were  lower
 in  Souther  n  Cali  for  nia  than  Central  Cali  for  nia  ,  w  ith  a  ma  x  imum
 average  annual  densit  y  in  2004  in  Souther  n  Cali  for  nia  (12  Velella
 m  − 2  ).  Other  w  i  se,  average  annual  densit  ies  remained  <10  Velella
 m  − 2  for  both  reg  ions.
 

CalCOFI  Manta:  W  hi  le  the  spr  ing  tow  s  f  requently  captured
 no  plankton  (n  =  1109  haul  s)  or  no  dominant  t  y  pe  was  estab  -
 li  shed  (230),  w  hen  there  was  a  dominant  plankton  t  y  pe,  Velella
 were  the  most  f  requently  dominant  (114);  other  dominant
 plankton  t  y  pes  were  salps  (59),  siphonophores  (44),  medusae
 (34)  and  ctenophores  (9).  The  annual  propor  t  ion  of  tow  s  in
 w  hich  Velella  dominated  was  relat  ively  low  and  homogenous
 throughout  the  t  ime  ser  ies  (mean  of  al  l  years  =  0.07  ±  0.13),
 except  in  2002,  2004  and  2005  w  hen  Velella  dominance  spi  ked  to
 >20%  (ma  x  =  62%  in  2004,  Fig.  2  and  Supplementar  y  Fig.  S3B).
 

Citi  zen  science  
COA  SST:  Velella  were  present  in  ∼2%  (465)  of  the  23  060
 beach  sur  veys  ( Fig.  2  and  Supplementar  y  Fig.  S3C).  There
 was  interannual  var  iabi  lit  y,  w  ith  most  sight  ings  dur  ing
 

2003–2005  (n  =  64)  and  2014–2018  (n  =  375).  Most  of  the
 presences  occur  red  in  A  pr  i  l  (n  =  170)  and  May  (n  =  120),  w  hi  le
 October,  December  and  Januar  y  had  t  wo  record  s  each.  The
 number  of  Velella  obser  vat  ions  peaked  in  summer  for  2014  (  July:
 n  =  17,  Aug  ust  :  n  =  24),  and  there  were  few  obser  vat  ions  in  June
 2005  (n  =  11)  and  2015  (n  =  16).
 

GBI  F:  A  total  of  3282  Velella  presence  record  s  were  retr  ieved
 f  rom  1994  to  2023. A  lthough  indiv  idual  occur  rences  were
 recorded  in  1994  (n  =  1)  and  2002  (n  =  2),  the  major  ity  were
 found  f  rom  2014  onward  w  ith  67.5%  of  al  l  record  s  in  2023
 ( Fig.  2  and  Supplementar  y  Fig.  S3D).  The  t  iming  of  Velella
 occur  rences  ( Supplementar  y  Fig.  S1)  var  ied  w  ith  di  st  inct  spr  ing
 pul  ses  that  were  most  ev  ident  in  the  nor  ther  nmost  (>45 ◦  N)  and
 souther  nmost  (<35 ◦  N)  reg  ions.  The  latter  al  so  had  another
 peak  in  strandings  in  the  late  summer/early  autumn,  w  hich
 was  al  so  reflected  in  the  35–40  ◦  N  bin.  The  central  reg  ions
 di  splayed  intra-annual  di  str  i  but  ions  of  occur  rences  rang  ing  f  rom
 the  late  spr  ing  to  summer.  Winter  sight  ings,  al  beit  rare  (∼4%
 of  occur  rences),  were  most  common  >45 ◦  N.  The  years  w  ith
 notable  occur  rences  in  July/Aug  ust  include  2014  and  2020–
 2023.  The  number  of  repor  ts  f  rom  September  to  December  was
 general  ly  low  each  year  (n  <  5).
 

iNaturali  st  :  A  total  of  3354  obser  vat  ions  di  st  inct  f  rom  those  in
 GBI  F  were  retr  ieved  f  rom  2003  to  2023.  A  s  w  ith  the  GBI  F  data  ,
 the  over  w  helming  major  ity  (99.6%)  of  Velella  were  obser  ved
 after  2014  ( Fig.  2).  O  veral  l  ,  the  spat  iotemporal  patter  ns  in  iNatu-
 rali  st  obser  vat  ions  t  ightly  mir  rored  those  in  the  GBI  F  data  ,  w  ith
 notable  spr  ing  pul  ses,  and  summer  obser  vat  ions  largely  occur-
 r  ing  in  2014  and  2020–2023.  Obser  vat  ions  f  rom  September  to
 December  were  rare,  composing  1.4%  of  occur  rences.
 

Vi  sual  obser  vations  
ACCESS  :  Velella  were  present  in  8%  (n  =  48)  of  the  ACCESS
 obser  vat  ions,  w  ith  13,  7  and  28  record  s  in  abundance  Categor  ies
 1–3,  respect  ively  ( Fig.  3a).  Velella  were  most  f  requently  obser  ved
 in  2014  and  2023  (73%  of  record  s)  and  to  a  lesser  degree
 in  2015–2016  (18%,  Fig.  3b).  In  years  w  ith  mult  iple  Velella
 obser  vat  ions,  they  were  at  least  somet  imes  obser  ved  in  higher
 abundances  (e.g.  Categor  y  3,  2014–2016,  2023).  Velella  were
 obser  ved  in  al  l  sur  vey  months  (May  –July,  September),  w  ith
 some  years  hav  ing  more  obser  vat  ions  in  May  and  others  in
 September  ( Fig.  3b).
 

TH  L  :  There  were  si  x  record  s  of  Velella  presence  on  datasheets
 ( Fig.  3).  Velella  were  obser  ved  once  in  2014  (September),  t  w  ice
 in  2015  (A  pr  i  l  and  May)  and  three  t  imes  in  2016  (March  and
 A  pr  i  l  ,  Fig.  3b),  and  at  al  l  hydrographic  stat  ions.  Sur  vey  notes
 prov  ided  interest  ing  anecdotes,  such  as  the  vessel  went  through
 “a  cloud  of  Velella”  in  2015,  there  were  “mi  l  lions  of  smal  l  ,  t  iny
 Velella  in  mats”  and  Velella  were  “in  the  bongo  net  and  not  nearly
 as  much  phy  toplankton”  in  2016.
 

R  R  E  A  S  :  Dur  ing  the  first  leg  of  the  2025  sur  vey,  Velella  were
 obser  ved  throughout  the  ent  ire  sur  vey  but  had  nearly  di  sap  -
 peared  dur  ing  the  second  leg  ,  ∼3  week  s  later,  perhaps  related
 to  a  large  gale  bet  ween  legs,  w  ith  only  a  few  locat  ions  w  ith
 low  intensit  y  scores  ( Fig.  4a).  Dur  ing  L  eg  1,  there  was  no  clear
 spat  ial  patter  n  in  intensit  y  scores  as  their  di  str  i  but  ion  was  patchy
 w  ith  both  absences  and  high  intensit  ies  in  the  nor  th/south  and
 onshore/off  shore.  The  highest  intensit  y  patches  (i  .e.  cont  inuous
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Fig.  2.  Temporal  and  spatial  di  str  i  bution  of  a  subset  of  Velella  datasets  w  ith  longer  time  ser  ies.  (a)  The  latitudinal  coverage  of  datasets  (colors)
 since  2000.  (  b)  The  latitudinal  di  str  i  bution  of  presences  f  rom  the  three  data  sources  w  ith  spatial  ly  ex  plic  it  data  spanning  at  least  5 ◦  of  latitude.
 For  CalCOFI,  manta  net tow  s  are  show  n.  (c)  Nor  malized  time  ser  ies  in  5 ◦  latitudinal  bins  for  compar  i  sons  of  Velella  occur  rence  and  abundance
 bet  ween  bins  (row  s)  and  data  sources  (colors).  For  COA  SST  and  ACCESS,  time-  ser  ies  represent  the  ratio  of  presences  to  non-detections.  For
 GBIF  and  iNaturali  st  ,  time-  ser  ies  represent  the  number  of  repor  ted  occur  rences.  For  CalCOFI,  time-  ser  ies  show  log  mean  abundance  values
 f  rom  bongo  net  tow  s  pooled  by  year  and  reg  ion  (i.e.  south  v  s  central),  and  thus  are  not  show  n  in  panel  s  B.  

Fig.  3.  (a)  Spatial  and  (  b)  temporal  di  str  i  bution  of  Velella  obser  vations  f  rom  the  THL  and  ACCESS  sur  veys.  The  THL  includes  presence-only
 record  s  (gray),  w  hi  le  ACCESS  includes  three  abundance  categor  ies.  Black  points  are  ACCESS  stations  w  here  no  Velella  were  obser  ved.  Inset
 (  b)  for  ACCESS,  the  number  of  Velella  obser  vations  by  month  and  year.  

Velella  patches  w  ith  scores  ≥  2)  were  inf  requent  and  smal  l  ,  w  ith
 intense  patches  3  km  long  or  larger  represent  ing  only  3.4%  of
 al  l  Velella  obser  vat  ions,  and  intense  patches  6  km  long  or  larger
 

represent  ing  2.1%  of  al  l  Velella  obser  vat  ions.  R  eg  ions  of  lower
 Velella  intensit  y  (i  .e.  scores  of  1–2)  were  slightly  more  ex  tensive,
 w  ith  8.4%  of  al  l  Velella  obser  vat  ions  occur  r  ing  w  ithin  cont  inuous
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Fig.  4.  R  R  E  A  S  sur  vey  in  2025  w  ith  (a)  Velella  intensit  y  scores  show  n  dur  ing  sur  vey  legs  1  and  2.  Bottom  depths  range  f  rom  0  to  4000  m  (  lighter
 to  darker  shading  ).  (  b)  Phalarope  count  w  here  Velella  were  obser  ved  v  s  Velella  intensit  y  score.  (c)  Temperature-  salinit  y  diagram  w  ith  the  points
 colored  by  the  Velella  intensit  y  score.  L  arger  c  ircles  indicate  higher  intensities. 

low-intensit  y  patches  ≥50  km.  A  necdotal  ly,  some  patches  were
 size-  strat  i  fied  w  ith  al  l  indiv  idual  s  smal  l  or  large  in  size.
 

Predators  and  associates  
Trophic  database:  The  documented  predators  of  Velella  are  blue
 rock  fi  sh  (Sebastes  mystinus,  n  =  51),  Pac  i  fic  hake  (Merluccius
 productus,  n  =  1),  Pac  i  fic  jack  mackerel  (Trachurrus  symmet-
 ricus,  n  =  39)  and  Pac  i  fic  mackerel  (Scomber  japonicus,  n  =  3)
 ( Supplementar  y  Fig.  S2  and  Supplementar  y  Table  S2).  Predators
 var  ied  in  spat  ial  di  str  i  but  ion  w  ith  blue  rock  fi  sh  bet  ween  38
 and  42 ◦  N  and  the  other  spec  ies  bet  ween  46  and  47  ◦  N.  Most
 record  s  were  grouped  temporal  ly:  late  1970s  to  early  1980s,  late
 1980s  and  early  2000s,  w  ith  the  greatest  number  of  obser  vat  ions
 documented  f  rom  2003  to  2005.  Most  obser  vat  ions  occur  red  in
 May  and  June.
 

R  R  E  A  S  :  In  2025,  throughout  the  coast  ,  Phalaropes  were
 f  requently  obser  ved  in  reg  ions  of  high  Velella  abundance
 dur  ing  the  first  sur  vey  leg.  Phalarope  sight  ings  were  mainly
 represented  by  red-necked  Phalaropes  (n  =  1725)  w  ith  red
 (n  =  12)  and  unident  i  fied  Phalaropes  (n  =  8)  more  rarely
 recorded  .  Phalaropes  were  essent  ial  ly  absent  dur  ing  the  second
 leg  ,  li  kely  ex  plained  by  migrator  y  t  iming  as  they  moved  nor  th
 to  breeding  ground  s.  Focusing  on  L  eg  1,  Phalarope  abundance
 was  posit  ively  related  to  Velella  intensit  y  (  Fig.  4b;  ed  f  =  1.0,
 χ  2  =  10.6,  P  =  0.001,  R  2  =  6.4%).
 

Timeline  of  Velella  pul  ses 
W  hi  le  Velella  were  obser  ved  in  many  years  f  rom  ∼1900  to
 2025  along  the  US  West  Coast  ,  years  or  mult  iyear  per  iod  s
 (“pul  ses”)  w  hen  Velella  were  more  abundant  and  w  idespread
 included  the  early  1980s  (1980–1984), the  early  2000s  (2002–
 2005),  the  mid-2010s  (2014–2018) and  2023  (  Figs  2  and  3b,
 Supplementar  y  Fig.  S3,  and  Supplementar  y  Table  S3).  W  hi  le
 

Velella  were  obser  ved  in  other  years,  they  were  either  fewer  (e.g.
 2019–2022),  temporal  ly  separated  f  rom  these  pul  ses  (e.g.  1991,
 bongo  and  Trophic  Database)  and/or  obser  vat  ional  coverage
 was  sparse  (e.g.  early  1950s,  Bier  i  ,  1959;  Schoener  and  Fluhar  t  y,
1985).

 

Env  ironmental  relationships 
Spat  ial  aggregat  ion  f  rom  R  R  E  A  S  :  Dur  ing  L  eg  1  in  2025,
 sur  face  condit  ions  var  ied  w  ith  temperature  rang  ing  f  rom  9.1
 to  18.9  ◦  C,  salinit  y  f  rom  32.2  to  34.0,  and  chlorophy  l  l  a  f  rom  0.5
 to  2.6  μ g  L − 1  .  We  found  Velella  intensit  y  scores  were  slightly
 higher  w  hen  chlorophy  l  l  concentrat  ions  were  more  var  iable
 (  linear  regression,  t  =  1.7,  P  =  0.08,  n  =  757),  mean  salinit  y  was
 higher  (t  =  1.8,  P  =  0.06,  n  =  761)  and  mean  temperature  was
 lower  (t  =  − 3.5,  P  =  0.0006,  n  =  761).  Simi  larly,  these  Velella
 scores  were  signi  ficantly  higher  in  higher  mean  salinit  y  and
 lower  to  moderate  temperature  waters  (  Fig.  4c,  G  A  M  P  <  0.05,
 dev  iance  ex  plained  =  14.4%).  W  here  Velella  scores  were  highest
 was  representat  ive  of  cool  ,  high  salinit  y  water  character  i  st  ic  of
 the  spr  ing/summer  upwel  ling  season  (  Fig.  4c).
 

Wind  patter  ns  and  pul  se  years:  On  average,  pul  ses  of  Velella
 along  the  US  West  Coast  coinc  ided  w  ith  c  yclonic  sur  face  w  ind
 speed  anomalies  dur  ing  w  inter,  promot  ing  transpor  t  toward  the
 coast  f  rom  the  southwest  ( Fig.  5).  However,  off  shore  w  ind  t  ime
 ser  ies  in  presumed  source  reg  ions  of  Velella  did  not  always  show  a
 consi  stent  cor  respondence  w  ith  pul  se  years.  In  the  reg  ion  south
 and  west  of  Cali  for  nia  (  black  outline  in  Fig.  5),  shi  fts  toward
 more  nor  thward  and  east  ward  w  ind  s  were  apparent  dur  ing  El
 Niño  events  (i  .e.  posit  ive  ONI),  but  El  Niño  does  not  appear  to
 be  a  reliable  dr  iver  of  high  Velella  years  along  the  coast.  In  the
 potent  ial  south  source  reg  ion,  nor  thward  w  ind  veloc  it  ies  were
 signi  ficantly  less  negat  ive  dur  ing  pul  se  years  (  − 1.07)  than  dur  ing
 non-pul  se  years  ( − 1.87),  indicat  ing  slightly  weaker  southward
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Fig.  5.  Nor  theast  Pac  i  fic  w  ind  s  relative  to  years  of  elevated  Velella  presence  along  the  US  West  Coast.  (L  eft)  Mean  di  fferences  in  Januar  y  –March
 w  ind  speed  (color)  and  direction  (ar  row  s)  bet  ween  years  w  ith  and  w  ithout  elevated  Velella.  Two  possi  ble  Velella  source  reg  ion  boxes  are
 outlined.  (R  ight)  Time  ser  ies  of  east  ward  and  nor  thward  w  ind  s  in  each  of  the  t  wo  off  shore  reg  ions,  as  wel  l  as  the  ONI.  Per  iod  s  of  elevated
 Velella  presence  (“pul  ses”)  are  shaded  (1980–1984,  2002–2005,  2014–2018,  2023). 

Fig.  6.  The  center  position  of  the  NPH  pressure  system  dur  ing  the  w  inter  (  Januar  y  –Febr  uar  y  average).  Marker  size  i  s  propor  tional  to  the  area
 of  the  NPH,  w  ith  larger  marker  size  denoting  larger  area  .  Years  w  ith  high  Velella  presence  (“pul  ses”)  are  labeled  w  ith  the  year.  The
 climatolog  ical  position  and  area  for  high  and  low  Velella  years  i  s  show  n  by  the  darker  c  ircles,  see  the  legend  for  the  value  of  the  climatolog  ical
 area  .  Dur  ing  years  w  hen  the  NPH  i  s  smal  ler  and  closer  to  shore,  upwel  ling  along  the  coast  i  s  rela  xed,  sea  sur  face  temperatures  are  war  mer,  sea
 level  s  are  higher  and  spr  ing-time  biolog  ical  productiv  it  y  i  s  reduced  ( Schroeder  et  al.,  2013). 

w  ind  s  dur  ing  pul  ses  (t-test  ,  t  =  2.37,  P  =  0.023).  In  the  potent  ial
 nor  th  source  reg  ion,  east  ward  w  ind  veloc  it  ies  were  signi  ficantly
 lower  dur  ing  pul  se  years  (3.17)  compared  to  non-pul  se  years
 (4.04),  indicat  ing  slightly  weaker  east  ward  w  ind  s  dur  ing  pul  se
 years  (t  -test  ,  t  =  − 2.03,  P  =  0.049).  The  w  ind  anomaly  patter  ns
 ( Fig.  5)  were  al  so  assoc  iated  w  ith  the  streng  th  and  posit  ion
 of  the  NPH.  Dur  ing  Velella  pul  se  years,  the  w  inter  NPH  had
 a  signi  ficantly  smal  ler  area  (t  -test  ,  t  =  − 2.79,  P  =  0.008),  and
 the  long  itudinal  center  was  closer  to  shore  (t  -test  ,  t  =  2.22,
 P =  0.035)  ( Fig.  6).  Not  al  l  pul  se  years  were  assoc  iated  w  ith
 c  yclonic  w  ind  anomalies  (e.g.  1984  and  2002),  w  ith  these  years
 hav  ing  a  large  NPH  area  .
 

D  I  S  C  U  S  S  I  O  N  
The  abi  lit  y  to  detect  coast  w  ide  Velella  presence  relied  on  mult  i-
 ple  monitor  ing  effor  ts,  open-access  data  and  the  col  laborat  ion  of
 

researchers.  There  has  been  an  unprecedented  number  of  at-  sea
 obser  vat  ions  and  strandings  since  2014,  suggest  ing  there  have
 been  changes  to  env  ironmental  condit  ions  or  in  Velella  v  ital  rates,
 such  as  product  iv  it  y  or  sur  v  ival  .  The  finding  that  Velella  tend  to
 occur  in  mult  iyear  pul  ses  rai  ses  the  quest  ion  of  w  hether  a  single
 strong  recr  uitment  year  may  increase  abundance  in  fol  low  ing
 years.  Future  work  on  aggregat  ing  and  augment  ing  ex  i  st  ing  sam-
 pling  programs  could  shed  light  on  Velella  li  fe  hi  stor  y,  habitat
 preferences  and  ecosystem  dy  namic  s.
 

Mechani  sms  of  occur  rence  
The  three  hy  pothesized  mechani  sms  (  Fig.  1)  li  kely  col  lect  ively
 influence  the  detectabi  lit  y  of  Velella.  High  densit  ies  of  gelat  inous
 zooplankton  along  shorelines  and  convergent  oceanographic
 features  are  commonly  obser  ved  ,  but  di  st  ing  ui  shing  physical
 aggregat  ion  f  rom  populat  ion  increase  i  s  di  fficult  (  Graham  et  al.,
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2001).  Fronts  assoc  iated  w  ith  bathy  metr  ic  shel  f  break  s  or
 mesoscale  eddies  may  concentrate  organi  sms  throughout  the
 water  column  ( Greer  et  al.,  2015;  Schmid  et  al.,  2020)  and  could
 influence  al  l  li  fe  stages  of  Velella,  but  such  signal  s  are  not  always
 apparent  ( Luo  et  al.,  2014).  In  addit  ion  to  w  ind  forc  ing  ,  sur  face
 slick  s  for  med  by  inter  nal  waves  may  concentrate  neuston  at  fine
 spat  ial  scales  and/or  transpor  t  indiv  idual  s  shoreward  (  Shank  s,
1983;  W  hitney  et  al.,  2021).  Photographs  of  an  at-  sea  patch

 of  Velella  in  the  nor  thwest  Mediter  ranean  Sea  enabled  leng  th
 measurements  of  colonies  and  the  back-calculat  ion  of  colony
 age  based  on  assumed  grow  th  rates  (  Bett  i  et  al.,  2026).  These
 authors  suggested  that  lar  vae  sur  fac  ing  throughout  a  3-month
 per  iod  were  aggregated  together  in  the  same  patch  (  Bett  i  et  al.,
2026).  Thi  s  obser  vat  ion  suppor  ts  the  impor  tance  of  subsur  face

 sourc  ing  paired  w  ith  sur  face  concentrat  ion  mechani  sms  for
 high  coastal  densit  ies  of  Velella  to  emerge.  The  consi  stent
 temporal  alignment  of  increased  subsur  face  medusae  densit  y  and
 increased  sur  face  obser  vat  ions  suggests  increased  populat  ion
 densit  y  w  ithin  the  Cali  for  nia  Cur  rent  dur  ing  pul  se  per  iod  s.
 

With  an  increased  populat  ion  size,  larger  or  more  numer-
 ous  sur  face  patches  of  Velella  might  be  ex  pected  .  We  did  not
 find  signi  ficant  relat  ionships  bet  ween  Velella  aggregat  ion  inten-
 sit  y  and  simple  oceanographic  f  rontal  metr  ic  s  f  rom  the  single
 year  of  R  R  E  A  S  v  i  sual  obser  vat  ions.  Thi  s  suggests  spat  ial  aggre-
 gat  ion  mechani  sms  are  occur  r  ing  but  may  require  mult  iple  years
 of  data  ,  more  sophi  st  icated  f  rontal  algor  ithms  or  a  finer  scale
 approach  to  test  env  ironmental  relat  ionships  (e.g.  Paduan  and
Washbur  n,  2013).  However,  the  ACCESS  sight  ings  and  TH  L

 anecdotal  obser  vat  ions  demonstrate  that  in  years  w  hen  Velella
 were  more  common,  they  were  al  so  found  in  higher  densit  ies.
 Fur  ther,  g  iven  that  Velella  patches  were  anecdotal  ly  size-  strat  i  fied
 suggests  colonies  remain  in  aggregat  ions  for  prolonged  per  iod  s,
 consi  stent  w  ith  obser  vat  ions  in  the  Mediter  ranean  Sea  (  Bett  i
et  al.,  2026).  Var  ious  relat  ionships  have  been  descr  i  bed  to  charac-

 ter  ize  assoc  iat  ions  bet  ween  patch  character  i  st  ic  s  and  total  abun-
 dance  of  pelag  ic  spec  ies.  Acoust  ical  ly  der  ived  biomass  est  imates
 of  A  ntarct  ic  kr  i  l  l  and  schooling  fi  shes  (  her  r  ing  ,  sprat  ,  anchov  y
 and  sardine)  share  a  common  posit  ive,  linear  relat  ionship  w  ith
 the  number  of  aggregat  ions  but  not  aggregat  ion  size  (  Br  ierley
and  Cox  ,  2015).  By  analog  y,  such  a  scaling  relat  ionship  would

 imply  that  increased  f  requenc  y  of  Velella  patches  li  kely  indicates  a
 larger  reg  ional  populat  ion.  A  nalysi  s  of  in  situ  opt  ical  obser  vat  ions
 of  ta  xonomical  ly  diverse  plankton  demonstrated  the  relat  ionship
 bet  ween  aggregat  ion  count  and  mean  populat  ion  densit  y  can  be
 parabolic,  w  hereby  the  number  of  patches  declines  at  par  t  icu-
 larly  high  densit  ies,  presumably  as  aggregat  ions  merge  w  ith  one
 another  ( R  obinson  et  al.,  2021).  A  s  such,  the  spat  ial  ex  tent  of
 Velella  patches  could  be  an  infor  mat  ive  var  iable  in  addit  ion  to
 total  number  of  patches  and  w  ithin-patch  densit  y.
 

Obser  vat  ions  of  Velella  in  fi  sh  diets  and  spat  ial  assoc  iat  ions
 w  ith  seabird  s  could  al  so  be  indicat  ive  of  patch  dy  namic  s.
 W  hen  predators  encounter  patchy  dense  prey,  thi  s  can  result
 in  increased  feeding  rates  (e.g.  Benoit-Bird  et  al.,  2013;  Gliw  icz
and  Maszcz  y  k  ,  2016).  W  hi  le  our  analysi  s  focused  on  Phalaropes,

 it  i  s  possi  ble  that  other  seabird  s  are  al  so  co  -located  w  ith  Velella
 patches  due  to  avai  lable  prey  resources  concentrated  in  f  rontal
 zones  (e.g.  A  inley  et  al.,  2005;  Scales  et  al.,  2014).  More  years  of
 overlapping  obser  vat  ions  would  be  valuable  to  test  thi  s  possi  ble
 

relat  ionship.  Document  ing  the  my  r  iad  assoc  iat  ions  bet  ween
 Velella  and  ver  tebrate  predators  f  urther  suppor  ts  the  grow  ing
 recognit  ion  that  gelat  inous  organi  sms  are  impor  tant  prey  items
 for  many  ta  x  a  ,  both  spec  iali  sts  and  oppor  tuni  st  ic  generali  sts
 ( Hays  et  al.,  2018).
 

Increased  populat  ion  size  could  result  in  more  beaching
 events,  or  increased  beaching  events  could  be  independent  of
 populat  ion  size  and  solely  be  related  to  coast  ward  transpor  t.
 Off  shore  w  ind  anomalies  dur  ing  Velella  pul  ses  along  the  US
 West  Coast  tend  to  favor  transpor  t  toward  the  coast  f  rom
 off  shore  and  to  the  south,  consi  stent  w  ith  the  hy  pothesized  link
 bet  ween  larger-  scale  atmospher  ic  forc  ing  and  Velella  transpor  t
 to  the  easter  n  boundar  y  of  the  Nor  th  Pac  i  fic.  Wind  forc  ing
 was  al  so  hy  pothesized  to  be  the  dominant  dr  iver  of  Velella
 di  str  i  but  ions  more  local  ly  along  the  Por  tug  uese  coast  w  here
 rela  x  at  ion  of  upwel  ling  was  implicated  in  coast  ward  transpor  t
 ( Pires  et  al.,  2018).  The  Nor  th  Pac  i  fic  Cur  rent  ,  another  potent  ial
 source  of  Velella  to  the  US  West  Coast  ,  results  in  sur  face  ocean
 transpor  t  directed  east  ward  toward  the  cont  inental  marg  in,
 potent  ial  ly  supply  ing  organi  sms  to  mult  iple  reg  ions  along  the
 coast.  However,  the  mean  w  inter  t  ime  w  ind  s  in  that  reg  ion  would
 favor  transpor  t  toward  the  Canadian/A  lask  an  coast  (e.g.  Fied  ler
and  Mantua  ,  2017),  and  w  ind  anomalies  in  the  reg  ion  dur  ing

 Velella  pul  ses  are  away  f  rom  the  coast  (  Fig.  5).
 

The  posit  ion  and  area  of  the  NPH  seems  to  be  a  more  reliable
 indicator  of  coastal  Velella  obser  vat  ions.  Because  our  t  ime  ser  ies
 of  Velella  are  incomplete  and  Velella  may  not  have  been  detected
 in  sc  ient  i  fic  sur  veys,  high  Velella  years  may  have  gone  undetected  .
 Consequently,  years  character  ized  by  an  east  ward  NPH  posi-
 t  ion  and  reduced  spat  ial  area  were  classi  fied  as  low-Velella  years,
 perhaps  weakening  the  stat  ist  ical  relat  ionship  bet  ween  the  t  wo
 ( Fig.  6).  For  al  l  of  the  hy  potheses,  the  di  sparate  nature  of  the  data
 compi  led  here  lead  s  us  to  be  caut  ious  about  over  inter  pretat  ion.
 

A  lthough  our  study  focuses  on  the  dr  ivers  of  spr  ing  detect  ions
 of  Velella,  since  thi  s  was  w  hen  the  major  ity  of  obser  vat  ions
 occur  red  ,  occasional  summer  and  fal  l  detect  ions  al  so  occur  red
 ( Bier  i  ,  1977;  Jones  et  al.,  2021).  Notably,  w  idespread  summer-

 early  Fal  l  obser  vat  ions  occur  red  in  2014  across  programs  (TH  L,
 ACCESS,  COA  SST,  GBI  F  and  iNaturali  st).  In  2013,  a  mult  iyear
 mar  ine  heat  wave  (2014–2016)  began  to  develop,  w  ith  a  large,
 persi  stent  war  m-water  anomaly  in  the  nor  theast  Pac  i  fic  in
 late  2013  that  spread  into  the  Cali  for  nia  Cur  rent  in  2014  (  Di
L  orenzo  and  Mantua  ,  2016).  The  development  of  thi  s  heat  wave

 was  assoc  iated  w  ith  an  unusual  ly  persi  stent  high-pressure
 system  along  the  US  West  Coast  (the  “R  idiculously  R  esi  lient
 R  idge”;  Swain  et  al.,  2017),  present  for  much  of  2013  and  2014
 ( Supplementar  y  Fig.  S4),  w  hich  weakened  the  climatolog  ical
 westerlies  in  the  reg  ion  ( Bond  et  al.,  2015).  Thi  s  event  caused
 major  ecosystem  di  sturbances  w  ith  increased  spec  ies  r  ichness
 and  unusual  spec  ies  di  str  i  but  ions  (“tropicalizat  ion”)  (  L  ei  sing
et  al.,  2015).  In  addit  ion,  c  it  izen  sc  ience  and  ACCESS  data

 suggested  addit  ional  summer  anomalies  in  the  early  2020s
 and  par  t  icularly  in  2023,  although  we  did  not  have  sc  ient  i  fic
 sur  vey  data  for  al  l  datasets  dur  ing  thi  s  t  ime.  Unli  ke  in  2014,
 product  iv  it  y  was  init  ial  ly  high  in  2023  and  war  ming  developed
 later  in  assoc  iat  ion  w  ith  El  Niño,  result  ing  in  more  moderate
 ecosystem  impacts.  Given  that  Velella  were  more  reg  ularly  on  the
 beaches  and  repor  ted  in  the  media  in  recent  years,  it  i  s  di  fficult  to
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deter  mine  how  anomalous  the  early  2020s  were  f  rom  c  it  izen
 sc  ience  obser  vat  ions  alone. 

Integration  of  diverse  datasets 
Di  sentangling  the  hy  pothesized  dr  ivers  of  the  occur  rence  of
 Velella  remains  chal  leng  ing.  Spat  ial  and  temporal  sur  vey  coverage
 was  patchy,  often  w  ith  limited  overlap  bet  ween  programs.  The
 complicated  and  poorly  understood  li  fe  hi  stor  y  of  Velella  requires
 study  on  the  di  str  i  but  ion  across  li  fe  stages,  but  data  are  scarce,
 par  t  icularly  dur  ing  the  medusa  phase.  Despite  the  usef  ul  insights
 f  rom  c  it  izen  sc  ience  data  ,  the  oppor  tuni  st  ic  and  unstr  uctured
 nature  of  these  effor  ts  (e.g.  GBI  F,  Dick  inson  et  al.,  2010)  can
 al  so  contr  i  bute  to  spat  ial  biases  (  R  apacc  iuolo  et  al.,  2021).  We
 found  little  di  fference  bet  ween  GBI  F  and  the  non-research  grade
 iNaturali  st  obser  vat  ions,  suggest  ing  that  obser  vat  ions  w  ithout
 communit  y-confir  med  ident  i  ficat  ions  may  be  equal  ly  usef  ul  for
 conspicuous  ta  x  a  ,  such  as  Velella.  Cit  izen  sc  ience  data  were
 pr  imar  i  ly  coastal  and  near  human  populat  ion  centers,  w  hi  le
 more  systemat  ical  ly  col  lected  datasets  (e.g.  CalCOFI)  ex  tend
 f  urther  off  shore  but  do  not  reach  the  hy  pothesized  populat  ion
 center  in  the  central  Pac  i  fic.  Addit  ional  sources  of  bias  ar  i  se
 f  rom  di  fferent  gear  t  y  pes,  sampling  approaches  and  pooling
 samples  in  space/t  ime  (e.g.  CalCOFI).  Moreover,  inconsi  stent
 measurement  units  (e.g.  presence-only,  presence–absence,
 abundance)  make  sy  nthesiz  ing  the  data  a  chal  lenge.  Integrated
 spec  ies  di  str  i  but  ion  model  s  that  incor  porate  mult  iple  data  t  y  pes
 are  one  promi  sing  approach  to  quant  i  f  y  ing  var  ious  sources
 of  er  ror  and  potent  ial  ly  al  lev  iat  ing  these  biases  for  improved
 di  str  i  but  ion  predict  ions  and  understanding  of  env  ironmental
 dr  ivers  ( Mi  l  ler  et  al.,  2019;  Mäk  inen  et  al.,  2024).
 

C  O  N  C  L  U  S  I  O  N  S  A  N  D  F  U  T  U  R  E  D  I  R  E  C  T  I  O  N  S  
R  ecommendat  ions  for  f  uture  work  :  A  pr  ior  ity  i  s  to  resolve  the
 source  reg  ions  and  transpor  t  pathways  that  deliver  Velella  to  the
 coast.  For  ex  ample,  L  agrang  ian  par  t  icle-track  ing  ex  per  iments,
 forced  by  reali  st  ic  sur  face  ocean  cur  rents  and  w  ind  s,  could  recon-
 str  uct  li  kely  trajector  ies  and  source  reg  ions  by  trac  ing  their  trajec-
 tor  ies  backward  f  rom  the  stranding  locat  ions.  If  Velella  are  trans  -
 por  ted  as  colonies  (rather  than  at  depth  as  medusae),  incor  porat-
 ing  sai  l  dy  namic  s  ( Mack  ie,  1962;  Bourg  et  al.,  2024)  into  par  t  icle
 track  ing  ex  per  iments  could  improve  mechani  st  ic  understanding
 of  Velella  transpor  t.  Once  source  reg  ions  are  better  constrained  ,
 targeted  analyses  can  evaluate  w  hich  env  ironmental  condit  ions
 favor  high  Velella  abundance.  Thi  s  approach  could  be  applied
 to  other  transient  spec  ies  (e.g.  py  rosomes,  Hether  ing  ton  et  al.,
2026)  and  has  already  been  used  to  understand  red  crab  range

 ex  pansions  ( Cimino  et  al.,  2021).
 

At  least  four  sampling  programs  have  archived  Velella  sam-
 ples  that  could  be  analy  zed  to  produce,  in  some  cases,  a  mult  i-
 decadal  t  ime  ser  ies  of  abundance,  biomass,  leng  th  f  requenc  y,  li  fe
 hi  stor  y  and  other  character  i  st  ic  s  (  Supplementar  y  Infor  mat  ion).
 Z  ooplankton  communit  y  infor  mat  ion  could  al  so  be  obtained
 f  rom  these  samples  to  understand  w  hether  Velella  co  -occur  w  ith
 other  spec  ies  or  dur  ing  t  imes  of  higher/lower  spec  ies  r  ichness.
 These  addit  ional  datasets  may  al  so  al  low  for  f  urther  invest  iga-
 t  ion  into  match–mi  smatch  dy  namic  s  concer  ning  per  iod  s  w  hen
 

Velella  were  obser  ved  both  off  shore  and  on  the  beach  v  s  only
 obser  ved  off  shore.
 

R  ecommendat  ions  for  sampling  programs:  At-  sea  sur  vey  pro  -
 grams  should  systemat  ical  ly  record  unusual  spec  ies  detect  ions,
 such  as  those  of  Velella  ( Snel  l  Tay  lor  et  al.,  2018).  Integrat  ing
 these  obser  vat  ions  into  str  uctured  sur  veys,  such  as  seabird  and
 mar  ine  mammal  sight  ings  (e.g.  R  R  E  A  S  and  ACCESS)  would
 prov  ide  more  quant  itat  ive  data  .  Simple  presence–absence  can  be
 recorded  by  untrained  obser  vers,  but  abundance  categor  ies  are
 more  usef  ul  .  With  advances  in  ar  t  i  fic  ial  intel  ligence  and  image
 processing  ,  automated  counts  could  al  so  prov  ide  valuable  Velella
 data  .  A  s  climate  change  and  var  iabi  lit  y  increases,  spec  ies  once
 considered  unusual  may  become  usef  ul  indicators  of  ecosys  -
 tem  changes—mak  ing  it  impor  tant  to  document  these  obser  va-
 t  ions  now. 

Understanding  long-ter  m  change:  Despite  obser  vat  ional
 inconsi  stenc  y,  coherent  mult  iyear  pul  ses  of  Velella  along  the
 US  West  Coast  over  the  last  five  decades  prov  ide  a  valuable
 perspect  ive  for  understanding  long-ter  m  change  more  broad  ly.
 In  the  f  uture,  shi  fts  in  the  phenolog  y  and  biogeography  of
 Velella  may  prove  to  be  more  readi  ly  detectable  than  changes
 in  populat  ion  grow  th  or  abundance  (cf.,  Epinou  x  et  al.,  2026).
 L  ook  ing  for  ward  ,  temperature  and  seasonal  w  ind  shi  fts  (  Jones
et  al.,  2021)  are  the  key  candidate  dr  ivers  of  var  iabi  lit  y  in  the

 abundance,  di  str  i  but  ion  and  phenolog  y  of  Velella  along  the  US
 West  Coast.  W  hi  le  the  myster  y  of  the  by-the-w  ind  sai  lor  i  s  st  i  l  l
 play  ing  out  ,  there  are  many  avenues  to  advance  understanding
 of  Velella  as  w  idespread  sight  ing  repor  ts  in  A  pr  i  l–May  2026
 cont  inue  to  inspire  f  urther  invest  igat  ion.
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