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A  B  S  T  R  A  C  T 

Z  ooplankton  are  central  to  pelag  ic  ecosystem  f  unctioning  ,  mediating  energ  y  transfer  and  are  sensitive  indicators  of  climate-dr  iven  change.  W  hi  le
 shi  fts  are  wel  l  documented  in  zooplankton  ta  xonomy  and  abundance,  their implications  for  ecosystem  f  unctioning  remain  less  clear.  Functional
 trait  approaches  prov  ide  a  mechani  stic  f  ramework  to  link  communit  y  composition  w  ith  ecolog  ical  processes  by  focusing  on  traits  that  gover  n
 feeding  ,  grow  th,  and  energ  y  transfer.  We  applied  a  trait-based  analysi  s  to  long-ter  m  copepod  communities  at  t  wo  time  ser  ies  sites  on  the  nor  thwest
 Atlantic  shel  f  col  lected  bet  ween  1999  and  2021 (HL2  and  P5) to  assess  how  env  ironmental  var  iabi  lit  y  str  uctures  f  unctional  composition  and
 diversit  y.  Guided  by  biodiversit  y  –ecosystem  f  unctioning  theor  y,  we  hy  pothesized  that  env  ironmental  change  would  re-organize  communities
 along  dominant  trait  gradients,  favour  smal  ler  and  more  metabolical  ly  active  ta  x  a  under  war  ming  ,  and  produce  reg  ion-spec  i  fic  responses  due  to
 contrasting  hydrographic  conditions.  There  were  declines  in  overal  l  copepod  biomass  dr  iven  by  the  declining  contr  i  butions  of  large  lipid-r  ich
 copepod  s  and  increasing  relative  impor  tance  of  smal  ler  ta  x  a  w  ith  higher  metabolic  rates.  Functional  r  ichness  and  di  spersion  general  ly  tracked
 r  ichness  -based  ex  pectations,  suggesting  f  unctional  redundanc  y  despite  trend  s  in  trait  composition.  These  results  demonstrate  that  env  ironmental
 var  iabi  lit  y  i  s  reshaping  copepod  f  unctioning  and  highlight  the  value  of  trait-based  approaches  for  understanding  ecosystem  responses  to  climate
 change.
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I  N  T  R  O  D  U  C  T  I  O  N  
Z  ooplankton  play  a  v  ital  role  in  the  ecosystem  f  unct  ioning  of
 the  pelag  ic  system  through  both  direct  and  indirect  impacts  on
 the  bioavai  labi  lit  y  of  nutr  ients  and  energ  y  flow  in  an  ecosystem
 ( Héber  t  et  al.,  2017).  They  are  key  indicators  of  climate-

 mediated  changes  in  pelag  ic  ecosystems,  as  ev  idenced  by  shi  fts
 in  communit  y  str  ucture  ( Steinberg  et  al.,  2015),  abundance
 ( Edward  s  et  al.,  2021),  and  di  str  i  but  ion  ( Beaugrand  et  al.,
2002).  W  hi  le  ta  xonomic  changes  have  occur  red  in  zooplankton
 communit  ies  global  ly,  much  less  i  s  know  n  about  how  these
 changes  affect  pelag  ic  ecosystem  f  unct  ioning  (  Deschamps  et  al.,
 2024).  For  ex  ample,  shi  fts  in  the  ta  xonomy  could  lead  to
 changes  in  ecosystem  f  unct  ioning  by  alter  ing  the  trophic  transfer
 effic  ienc  y  ( Prowe  et  al.,  2019)  or  changes  to  the  overal  l  carbon
 biogeochemi  str  y  ( Heneghan  et  al.,  2020)  through  changes  in
 f  unct  ional  trait  composit  ion.  Funct  ional  traits  are  character  i  st  ic  s
 of  a  spec  ies  that  deter  mine  their  fitness  in  a  par  t  icular  ecosystem
 and  prov  ide  infor  mat  ion  on  their  contr  i  but  ion  to  ecosystem
 f  unct  ioning  ( Kiørboe,  2011;  Héber  t  et  al.,  2016).  Funct  ional
 trait-based  approaches  offer  a  power  f  ul  f  ramework  to  mechani  s  -
 t  ical  ly  link  communit  y  composit  ion  w  ith  ecosystem  processes,
 

biodiversit  y  –ecosystem  f  unct  ioning  relat  ionships,  and  spec  ies
 responses  to  env  ironmental  change  (  Pomerleau  et  al.,  2015;
 Benedett  i  et  al.,  2018).
 

Since  the  rev  iew  by  L  itchman  et  al.  (2013),  w  hich  proposed
 that  trait-based  approaches  are  impor  tant  for  descr  i  bing  zoo  -
 plankton  communit  ies,  signi  ficant  effor  t  has  been  made  to
 compi  le  f  unct  ional  trait  infor  mat  ion  for  a  range  of  zooplankton,
 espec  ial  ly  copepod  s  (e.g.  Benedett  i  et  al.,  2016;  Br  un  et  al.,
2017;  Pata  and  Hunt  ,  2025).  O  ver  the  last  decade,  trait-based
 studies  have  highlighted  some  of  the  reg  ional  and  global  var  iat  ion
 in  the  zooplankton  trait  space.  Body  size  has  show  n  to  be  a
 key  trait  for  copepod  s  and  appears  to  fol  low  Bergmann’s  r  ule
 ( Campbel  l  et  al.,  2021)  w  here  larger  bodied  spec  ies  are  more
 prevalent  at  colder  temperatures  (  Mc  Gint  y  et  al.,  2018;  Becker
et  al.,  2024;  Benedett  i  et  al.,  2025).  Other  traits  al  so  di  splay
 reg  ional  di  fferences  in  their  di  str  i  but  ion  w  ith  more  ambush
 feeding  ta  x  a  ( Prowe  et  al.,  2019)  and  herbivores  -omnivores  in
 colder  waters  ( Becker  et  al.,  2021;  Benedett  i  et  al.,  2023).  Studies
 in  the  Nor  th  Sea  revealed  a  decoupling  in  the  obser  ved  shi  fts
 in  ta  xonomic  composit  ion  and  the  ecosystem  f  unct  ioning  of
 the  zooplankton  communit  y  (  D  jeghr  i  et  al.,  2023).  Therefore,
 it  i  s  cr  it  ical  to  ex  amine  t  ime-  ser  ies  for  changes  in  the  trait
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composit  ion  and  f  unct  ional  diversit  y  (FD)  and  not  just  changes
 in  ta  xonomy.
 

However,  limited  trait  har  monizat  ion,  high  trait  plast  ic  it  y,
 sparse  long-ter  m  f  unct  ional  trait  measurements,  and  scale-

 dependent  ecolog  ical  processes  have  col  lect  ively  constrained
 our  understanding  of  how  zooplankton  FD  link  s  to  ecosys  -
 tem  f  unct  ioning.  R  elat  ionships  bet  ween  FD  and  ecosystem
 f  unct  ioning  may  var  y  in  direct  ion  and  streng  th  across  di  fferent
 spat  ial  scales  ( Gonzalez  et  al.,  2020).  A  broader  range  of  traits
 may  enhance  complementar  y  resource  use  w  ithin  ecosystems,
 thereby  increasing  ecosystem  product  ion  and  f  unct  ioning  (niche
 complementarit  y  hy  pothesis;  Mc  Cann,  2000).  Conversely,  a
 system  could  be  dominated  by  a  few  dominant  spec  ies  meaning
 product  ion  could  decline  or  remain  unchanged  despite  changes
 in  trait  r  ichness  (mass-ratio  hy  pothesis  Gr  ime,  1998).  Funct  ional
 diversit  y  i  s  a  mult  i-faceted  concept  w  here  di  fferent  indices  may
 relate  di  fferently  to  shi  fts  in  ta  xonomy  and  prov  ide  indicators  as
 to  how  ecosystem  f  unct  ioning  might  respond  to  these  ta  xonomy
 changes.  Emerg  ing  ev  idence  f  rom  mar  ine  plankton  communit  ies
 suggests  that  ecosystem  f  unct  ioning  may  depend  less  on  the  total
 number  of  traits  present  and  more  on  how  traits  are  di  str  i  buted
 among  ta  x  a  .  For  ex  ample,  w  hether  spec  ies  di  ffer  in  body  size,
 feeding  strateg  y,  or  trophic  role,  influenc  ing  resource  par  t  it  ion-
 ing  ,  trophic  interact  ions,  and  carbon  ex  por  t  effic  ienc  y  (  Br  un
et  al.,  2019;  Benedett  i  et  al.,  2025).  Funct  ional  redundanc  y  can
 enhance  ecosystem  resi  lience  by  bu  ffer  ing  against  spec  ies  loss,
 decoupling  spec  ies  r  ichness  f  rom  ecosystem  f  unct  ioning  so  that
 more  spec  ies  do  not  necessar  i  ly  translate  into  greater  f  unct  ional
 out  put  ( Hooper  et  al.,  2005).  Funct  ional  redundanc  y  may  bu  ffer
 changes  in  spec  ies  composit  ion  by  maintaining  dominant  trait
 combinat  ions  linked  to  ecosystem  f  unct  ioning  ,  consi  stent  w  ith
 the  mass  -rat  io  hy  pothesi  s  ( Benedett  i  et  al.,  2025).  Such  patter  ns
 have  star  ted  to  be  addressed  on  a  global  scale  by  Benedett  i  et  al.
(2025),  yet  they  remain  w  idely  unex  plored  on  local  to  reg  ional
 scales. 

Copepod  s  are  numer  ical  ly  dominant  in  the  Nor  thwest
 Atlant  ic,  often  compr  i  sing  up  to  80%  of  total  zooplankton
 biomass  in  the  area  ( Head  et  al.,  2003).  Copepod  s  not  only  ser  ve
 as  a  pr  imar  y  energ  y  pathway  to  higher  trophic  level  s,  including
 commerc  ial  ly  impor  tant  fi  sh  and  mar  ine  mammal  s  (  Sameoto
et  al.,  1994;  Sorochan  et  al.,  2019),  but  al  so  play  a  pivotal  role
 in  the  biolog  ical  carbon  pump  both  passively  in  the  for  m  of
 faecal  pel  lets  and  act  ively  through  diel  and  seasonal  migrat  ions
 ( Jónasdótt  ir  et  al.,  2015).  L  arge  copepod  spec  ies  belong  ing  to
 the  genus  Calanus  are  ecolog  ical  ly  impor  tant  components  of
 the  ecosystem.  These  spec  ies  deal  w  ith  the  shor  t  phy  toplankton
 bloom  durat  ion  by  accumulat  ing  energ  y-r  ich  lipid  s  w  hich  al  low
 indiv  idual  s  to  diapause  at  depth  (  R  ecord  et  al.,  2018).  Spat  ial
 var  iat  ion  in  the  lipid  content  of  these  spec  ies  can  influence
 the  avai  lable  energ  y  requirements  for  higher  trophic  level  s
 ( Helenius  et  al.,  2024).  There  have  been  signi  ficant  changes  in
 the  spat  ial  and  temporal  var  iabi  lit  y  in  zooplankton  assemblages,
 dr  iven  by  shi  fts  in  dominant  water  masses,  phenolog  ical  t  iming  ,
 and  reg  ional  c  irculat  ion  patter  ns  (  Johnson  et  al.,  2011;  Pepin
et  al.,  2015).  Decreases  in  the  abundance  of  some  larger  bodied
 copepod  s  and  gradual  increases  in  smal  ler  bodied  copepod  s  have
 been  seen  dur  ing  war  mer  years.  Cont  inued  shi  fts  toward  s  smal  ler
 organi  sms  could  lead  to  less  suitable  prey  for  higher  trophic  level  s
 

or  a  weaker  contr  i  but  ion  of  copepod  s  to  the  biolog  ical  carbon
 pump  ( Becker  et  al.,  2024).  These  analyses  largely  focused  on
 ta  xonomy  and  ,  as  such,  do  not  f  ul  ly  capture  how  obser  ved
 communit  y  shi  fts  influence  ecosystem  f  unct  ioning.  Di  fferent
 copepod  spec  ies  may  f  ul  fi  l  simi  lar  or  di  st  inct  ecolog  ical  roles,
 and  changes  in  ta  xonomic  composit  ion  may  not  translate  into
 changes  in  f  unct  ion,  depending  on  trait  redundanc  y  w  ithin  the
 communit  y  ( Severo  et  al.,  2026).
 

Bui  lding  on  trait-based  biodiversit  y  –ecosystem  f  unct  ioning
 theor  y,  we  f  rame  our  ex  pectat  ions  regarding  how  env  ironmental
 var  iabi  lit  y  reshapes  copepod  communit  y  trait  composit  ion,
 FD,  and  the  ecosystem  f  unct  ions  these  traits  suppor  t.  First  ,
 under  the  mass  -rat  io  hy  pothesi  s,  ecosystem  f  unct  ioning  i  s
 pr  imar  i  ly  dr  iven  by  the  traits  of  dominant  ta  x  a  ,  such  that  shi  fts
 in  communit  y  weighted  mean  traits  (e.g.  body  size,  feeding
 strateg  y)  are  ex  pected  to  influence  trophic  transfer  effic  ienc  y  and
 carbon  ex  por  t.  In  thi  s  contex  t  ,  we  ex  pect  increases  in  smal  ler-

 bodied  ,  rapid  ly  reproduc  ing  ta  x  a  to  favour  rec  ycling  pathways
 and  microbial  loop  dominance,  w  hereas  larger,  lipid-r  ich  ta  x  a
 should  enhance  carbon  ex  por  t  effic  ienc  y.  Second  ,  f  unct  ional
 redundanc  y  may  bu  ffer  ecosystem  f  unct  ioning  against  spec  ies
 tur  nover  w  hen  ta  x  a  occupy  simi  lar  reg  ions  of  trait  space.  Thus,
 communit  ies  w  ith  constrained  trait  di  spersion  may  maintain
 f  unct  ion  despite  changes  in  spec  ies  composit  ion.  However,
 dependence  on  a  limited  number  of  dominant  f  unct  ional  groups
 could  increase  v  ulnerabi  lit  y  to  their  loss.  Conversely,  greater
 trait  di  spersion  may  indicate  increased  niche  di  fferent  iat  ion
 but  reduced  redundanc  y.  We  hy  pothesized  that  (  Bar  ton  et  al.,
2013)  env  ironmental  forc  ing  would  dr  ive  coherent  shi  fts  in
 communit  y-weighted  trait  composit  ion  along  dominant  size,
 trophic,  and  metabolic  gradients,  (  Beaugrand  et  al.,  2002)  these
 shi  fts  would  mani  fest  as  changes  in  overal  l  FD  reflect  ing  trait
 fi  lter  ing  and  reorganizat  ion  rather  than  simple  spec  ies  tur  nover,
 and  ( Beaugrand  et  al.,  2003)  reg  ional  oceanographic  contex  t
 would  modulate  the  streng  th  and  direct  ion  of  these  responses.
 By  integrat  ing  f  unct  ional  group  composit  ion,  communit  y-
 weighted  traits,  and  mult  iple  facets  of  FD,  we  aimed  to  resolve
 how  bottom-up  env  ironmental  control  s  propagate  through
 zooplankton  trait  str  ucture  to  influence  trophic  pathways,  carbon
 ex  por  t  effic  ienc  y,  and  ecosystem  f  unct  ioning  of  the  coastal
 ecosystems  w  ithin  the  NW  Atlant  ic  Ocean.
 

M  E  T  H  O  D  S  
The  Atlant  ic  Z  one  Monitor  ing  Programme  (A  ZMP)  i  s  a  long-
 ter  m  monitor  ing  init  iat  ive  designed  to  character  ize  the  physical  ,
 chemical  ,  and  biolog  ical  proper  t  ies  of  the  nor  thwest  Atlant  ic,
 w  ith  par  t  icular  focus  on  the  Canadian  shel  f  ecosystems  (  Ther-
 r  iault  et  al.,  2002).  Since  1999,  the  A  ZMP  has  prov  ided  an  ex  ten-
 sive  t  ime  ser  ies  of  seasonal  and  monthly  biolog  ical  obser  vat  ions,
 including  mesozooplankton,  on  cross  -  shel  f  transects  and  at  fi  xed
 stat  ions.  We  focus  on  t  wo  monitor  ing  stat  ions  in  the  Bay  of
 Fundy  at  Stat  ion  Pr  ince  5  (P5)  and  on  the  Scot  ian  shel  f  Hali  fa  x  2
 (H  L2)  w  hich  were  sampled  at  reg  ular  monthly  or  semi-monthly
 inter  val  s  bet  ween  1999  and  2021  (  Fig.  1).  Both  t  ime  ser  ies  are
 situated  at  a  simi  lar  lat  itude  but  w  ith  contrast  ing  hydrographic
 reg  imes.  Thi  s  contrast  al  low  s  us  to  ex  amine  how  copepod  f  unc-
 t  ional  traits  and  diversit  y  respond  to  env  ironmental  var  iabi  lit  y
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Fig.  1.  A  map  di  splay  ing  the  position  of  the  t  wo  fi  xed  sampling
 stations  in  the  bay  of  Fundy  (P5)  and  on  the  central  Scotian  shel  f
 (HL2).  

across  di  st  inct  ecosystem  t  y  pes,  f  rom  a  more  strat  i  fied  shel  f  sys  -
 tem  (H  L2)  to  a  highly  product  ive,  mi  xed  coastal  reg  ime  (P5),
 and  to  assess  the  ex  tent  to  w  hich  f  unct  ional  reorgani  sat  ion  i  s
 consi  stent  or  contex  t-dependent  across  these  env  ironments.
 

Z  ooplankton  are  col  lected  using  r  ing  nets  w  ith  a  0.75  m
 mouth  opening  and  202  μ m  mesh  size  w  hich  are  towed  ver  t  ical  ly
 f  rom  10  m  above  the  bottom  to  the  sur  face.  Bottom  depth  i  s
 149  m  at  H  L2  and  100  m  at  P5.  Samples  are  preser  ved  in  a
 4%  solut  ion  of  bu  ffered  for  maldehyde.  Samples  are  analy  zed
 using  the  A  ZMP  protocol  ( Mitchel  l  et  al.,  2002).  At  the  t  ime  of
 analysi  s,  al  l  organi  sms  larger  than  1  cm  are  separated  out  f  rom  the
 sample,  ident  i  fied  ,  counted  and  weighed  .  The  remainder  of  the
 sample  i  s  split  ,  and  hal  f  i  s  used  to  est  imate  abundance  and  spec  ies
 composit  ion  in  a  subsample  of  a  minimum  of  200  organi  sms.  A  n
 addit  ional  subsample  i  s  analy  zed  to  ident  i  f  y,  stage,  and  quant  i  f  y
 at  least  75–100  Calanus  spp.,  or  at  least  150–200  Calanus  spp.
 i  f  several  stages  and/or  al  l  spec  ies  were  present.  Copepod  s  are
 ident  i  fied  to  spec  ies  level  w  henever  possi  ble,  but  some  smal  l  ,
 ta  xonomical  ly  simi  lar  copepod  s  such  as  Pseudocalanus  spp.  are
 ident  i  fied  only  to  genus.  Non-copepod  s  are  ident  i  fied  at  either
 the  spec  ies,  genus,  or  higher  ta  xonomic  level  depending  on
 ta  xonomic  group.
 

Copepod  data  
We  focus  on  the  copepod  spec  ies  col  lected  by  the  A  ZMP  due
 to  their  ecolog  ical  impor  tance  w  ithin  the  ecosystem  and  their
 ubiquit  y  w  ithin  the  samples,  often  compr  i  sing  up  to  80%  of
 the  total  biomass.  We  restr  icted  our  select  ion  to  ta  x  a  that  were
 col  lected  at  least  once  f  rom  both  locat  ions  w  ith  38  ta  x  a  being
 retained  ,  27  of  w  hich  were  ident  i  fied  to  spec  ies  level  .  Monthly
 t  ime  ser  ies  of  copepod  abundance  (number  of  indiv  idual  s  m  − 3  )
 bet  ween  1999  and  2021  were  created  .  The  total  number  of  indi-
 v  idual  s  was  conver  ted  into  total  dr  y  weight  for  indiv  idual  ta  x  a
 found  in  the  trait  database  compi  led  by  (  Pata  and  Hunt  ,  2025).
 Mi  ssing  spec  ies  were  fi  l  led  using  linear  body  leng  th—dr  y  weight
 relat  ionships  of  avai  lable  spec  ies  (  Supplementar  y  Table  1).
 Genus  only  categor  ies  compr  i  se  largely  copepodite  stages  of
 

that  group.  Total  body  leng  ths  of  these  groups  are  est  imated
 by  using  the  mean  leng  th  of  the  copepodite  stage  V  of  the  know  n
 spec  ies  of  that  genus  weighted  by  the  abundance  of  each  one
 ( Supplementar  y  Table  2).  The  total  mass  of  a  spec  ies  w  ithin  a
 sample  can  be  found  by  mult  iply  ing  the  dr  y  weights  of  each  ta  xon
 by  the  total  number  of  indiv  idual  s.  Of  the  246  monthly  values,
 there  were  24  and  21  mi  ssing  months  at  H  L2  and  P5  respect  ively.
 Est  imates  of  mi  ssing  values  were  imputed  by  K  alman  smoothing
 w  hich  uses  state-  space  t  ime-  ser  ies  model  ling  and  temporal
 autocor  relat  ion  str  ucture  using  the  R  pack  age  imputeTS  (  Mor  itz
and  Bar  tz  -Beiel  stein,  2017).The  long-ter  m  trend  s  were  averaged
 across  the  12  months  to  produce  annual  abundance  est  imates  for
 each  spec  ies  w  hi  le  monthly  climatolog  ies  were  calculated  f  rom
 the  same  data  .
 

Env  ironmental  data  
At  each  stat  ion  concur  rent  CTD  casts  are  per  for  med  alongside
 the  ver  t  ical  net  haul  s.  Water  samples  are  selected  at  di  screte
 depths  w  ithin  the  upper  150  m  for  nutr  ients  (nitrate,  si  licate
 and  phosphate)  and  chlorophy  l  l-a  w  hi  le  temperature,  salinit  y,
 and  densit  y  are  obtained  f  rom  the  sensors  onboard  the  CTD.
 For  salinit  y,  nutr  ients,  and  temperature,  average  values  of  the
 upper  50  m  are  used  as  env  ironmental  covar  iates.  Integrated
 chlorophy  l  l-a  col  lected  at  fi  xed  depth  in  the  upper  150  m  i  s  used
 as  a  prox  y  of  total  phy  toplankton  biomass  (mg  m  − 2  ).  Strat  i  fica-
 t  ion  i  s  est  imated  by  using  the  potent  ial  energ  y  anomaly  (PE  A)
 w  here  higher  PE  A  equal  s  strong  strat  i  ficat  ion  condit  ions  and
 v  ice  versa.  L  i  ke  the  copepod  data  ,  mi  ssing  values  were  imputed
 using  K  alman  smoothing.  To  focus  on  interannual  var  iabi  lit  y
 rather  than  the  dominant  seasonal  c  ycle,  we  calculated  standard-
 ized  monthly  anomalies  for  each  env  ironmental  var  iable  rela-
 t  ive  to  the  long-ter  m  monthly  climatolog  y.  For  each  calendar
 month,  the  long-ter  m  mean  was  subtracted  f  rom  each  obser  va-
 t  ion  and  div  ided  by  the  cor  responding  monthly  standard  dev  ia-
 t  ion.  A  nnual  anomalies  were  then  calculated  as  the  mean  of  the
 standardized  monthly  anomalies  w  ithin  each  year.
 

Functional  diversit  y 
We  selected  12  f  unct  ional  traits  that  have  been  rout  inely  used
 in  zooplankton  trait-based  ecolog  y  and  were  compi  led  f  rom
 several  publi  shed  databases.  Trait  t  y  pes  represent  di  fferent
 ecolog  ical  f  unct  ions  that  include  mor  pholog  ical  (  body  size
 and  myelinat  ion),  behav  ioural  (feeding  mode  and  dietar  y
 preference)  and  li  fe  hi  stor  y  (dor  manc  y,  spaw  ning  strateg  ies),
 according  to  the  f  ramework  of  L  itchman  et  al.  (2013).  Much
 of  the  categor  ical  trait  infor  mat  ion  were  compi  led  f  rom  the
 trait  table  compi  led  by  Benedett  i  et  al.  (2025).  Infor  mat  ion
 on  body  size,  dr  y  weights  (including  carbon  and  nitrogen)  and
 metabolic  rates  (respirat  ion  and  excret  ion)  are  der  ived  f  rom  the
 trait  database  compi  led  by  Pata  and  Hunt  (2025).  R  espirat  ion
 and  ammonium  excret  ion  rates  were  first  temperature-cor  rected
 f  rom  their  reference  measurement  temperature  (15  ◦  C)  to
 7.5 ◦  C,  cor  responding  to  the  mean  (0-50  m)  temperature  of
 the  study  reg  ion,  using  a  Q  1  0  for  mulat  ion  (Q  1  0  =  2.0  for
 respirat  ion  and  2.5  for  excret  ion)  to  obtain  weight  spec  i  fic
 metabolic  rates  div  iding  by  spec  ies  -  spec  i  fic  indiv  idual  carbon
 mass.  A  l  lometr  ic  scaling  was  used  to  est  imate  mi  ssing  spec  ies
 trait  infor  mat  ion  ( Supplementar  y  Table  1).  Stoichiometr  ic  rat  io
 

https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbag065#supplementary-data
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of  carbon:nitrogen  (C:N)  was  obtained  f  rom  the  indiv  idual  dr  y
 carbon  and  nitrogen  weights.
 

To  deter  mine  the  f  unct  ional  trait  space,  we  used  a  combina-
 t  ion  of  indiv  idual  categor  ical  and  cont  inuous  var  iables  or  f  uzz  y-

 coded  traits.  These  include  both  feeding  mode  and  dietar  y  strat-
 eg  y  w  here  more  than  one  categor  y  could  be  applied  to  an  indi-
 v  idual  ta  xon  (e.g.  Benedett  i  et  al.,  2023).  Due  to  the  high  cor-
 relat  ion  bet  ween  scaled  size  and  weight  var  iables,  only  the  car-
 bon  dr  y  weight  was  used  as  the  main  body  size  trait.  The  trait
 di  ssimi  lar  ity  bet  ween  spec  ies  i  s  calculated  using  gawdis  to  cal-
 culate  the  gower  index  w  hich  al  low  s  for  the  categor  i  sat  ion  of
 f  uzz  y-traits.
 

A  pr  inc  ipal  coordinate  analysi  s  (PCoA)  was  per  for  med  on
 the  di  ssimi  lar  ity  matr  i  x  to  create  a  mult  idimensional  f  unct  ional
 trait  space  for  the  copepod  communit  y.  The  PCoA  a  xes  are  used
 to  deter  mine  the  f  unct  ional  trait  space  of  the  copepod  s  w  here
 closely  or  iented  spaces  are  more  li  kely  to  share  a  simi  lar  suite  of
 f  unct  ional  traits—( Moui  l  lot  et  al.,  2021).  To  evaluate  the  cor  rect
 number  of  a  xes  used  for  calculat  ing  trait  simi  lar  ity  we  use  the  area
 under  the  cur  ve  (AUC)  for  co  -rank  ing  matr  ices.  The  selected
 a  xes  k  were  then  used  to  cluster  ta  x  a  based  on  shared  traits  by
 calculat  ing  the  Euclidean  di  stance  and  the  si  l  houette  method  to
 find  the  cor  rect  number  of  clusters.  The  clustered  ta  x  a  represent
 groups  w  ith  a  shared  trait  profi  le  and  are  know  n  as  f  unct  ional
 groups  (FG).  The  total  biomass  w  ithin  each  f  unct  ional  group
 i  s  found  by  summing  the  spec  ies  w  ithin  each  f  unct  ional  trait
 categor  y  at  both  P5  and  H  L2.  The  relat  ive  contr  i  but  ion  of  each
 f  unct  ional  group  to  the  total  biomass  i  s  show  n  for  each  year  and
 month  at  both  locat  ions. 

The  PCoA  represents  a  scaled  representat  ion  of  the  mult  idi-
 mensional  f  unct  ional  trait  space  for  the  ent  ire  dataset.  Changes
 in  the  annual  f  unct  ional  trait  space  were  calculated  by  finding  the
 annual  communit  y  weighted  means  (C  W  M.  A  x  i  s)  for  each  PcoA
 a  x  i  s  k  and  year  y.  The  abundance  a  of  al  l  spec  ies  s  present  for
 each  year  y  are  mult  iplied  by  their  PcoA  a  x  i  s  score  p,  div  ided  by
 the  abundance  a  of  al  l  spec  ies  s  present  for  each  year.  Di  stances
 bet  ween  each  C  W  M  year  can  be  used  to  indicate  the  level  of
 simi  lar  ity  in  the  f  unct  ional  trait  space  bet  ween  years  w  ith  larger
 di  stances  indicat  ing  years  w  ith  a  greater  change  in  trait  f  unct  ion-
 ing  w  ithin  the  copepod  communit  y  at  P5  and  H  L2.  

C  WM  .A  xis
 yk  =
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 s
 i=1  a iy

 

A  single  combined  PCoA  trait  space  i  s  generated  for  ta  x  a
 present  at  both  P5  and  H  L2.  The  FD  indices  are  calculated
 by  using  the  same  PCoA  scores  and  the  annual  t  ime  ser  ies
 abundances  of  ta  x  a  at  each  locat  ion.  We  calculate  annual
 indices  for  f  unct  ional  evenness  (FEve—How  even  traits  are
 di  str  i  buted  across  communit  y),  f  unct  ional  divergence  (FDiv  —
 Higher  values  suggest  spec  ies  w  ith  trait  ex  tremes  dominate
 a  communit  y),  f  unct  ional  di  spersion  (FDi  s—higher  values
 suggest  spec  ies  are  more  di  fferent  f  rom  another  in  a  communit  y)
 and  f  unct  ional  R  ichness  (FR  ic—Higher  values  suggest  more
 of  the  trait  space  i  s  occupied  by  spec  ies  in  a  communit  y).  For
 cont  inuous  var  iables  the  annual  communit  y  weighted  mean
 (C  W  M)  i  s  calculated  w  hi  le  for  f  uzz  y  coded  var  iables  such  as
 feeding  and  dietar  y  strateg  y  the  annual  percentage  of  each  trait
 

i  s  calculated  .  Since  FR  ic  i  s  closely  coupled  w  ith  the  overal  l
 spec  ies  r  ichness  we  calculate  a  standardized  FR  ic  (ses.FR  ic).  We
 randomize  the  matr  i  x  adopt  ing  the  independent  swap  algor  ithm
 w  hich  control  s  for  year  r  ichness  and  spec  ies  f  requenc  ies  but
 randomizes  ta  x  a  among  years  (n  =  999).  Ses.FR  ic  i  s  scaled  such
 that  values  greater  than  2  standard  dev  iat  ions  indicate  a  signi  fi-
 cant  change  in  f  unct  ional  r  ichness  w  here  posit  ive  values  indicate
 trait  divergence  w  hi  le  negat  ive  values  indicate  trait  convergence
 ( Götzenberger  et  al.,  2012).  Funct  ional  redundanc  y  was  not
 quant  i  fied  directly  but  infer  red  f  rom  patter  ns  in  FD  indices.  L  ow
 dev  iat  ions  in  ses.FR  ic  and  constrained  f  unct  ional  di  spersion
 were  inter  preted  as  indicat  ive  of  high  f  unct  ional  redundanc  y,
 w  here  mult  iple  spec  ies  share  simi  lar  trait  combinat  ions.
 

L  ink  ing  f  unctional  dy  namics  w  ith  the  local  env  ironment  
The  C  W  M.  A  xes  represent  the  dominant  mult  ivar  iate  f  unct  ional
 group  patter  ns  in  each  communit  y.  We  used  a  redundanc  y
 analysi  s  (R  DA)  to  relate  the  matr  i  x  of  annual  C  W  M.  A  x  i  s  scores
 to  our  set  of  standardized  env  ironmental  anomaly  var  iables
 al  low  ing  us  to  ident  i  f  y  the  major  env  ironmental  gradients
 ex  plaining  var  iat  ion  in  f  unct  ional  composit  ion.  Stat  ist  ical
 signi  ficance  of  the  overal  l  R  DA  model  ,  indiv  idual  a  xes,  and
 ter  ms  was  assessed  using  per  mutat  ion  tests,  and  env  ironmental
 var  iables  that  were  signi  ficant  or  near  signi  ficant  (<  0.2)
 contr  i  butors  were  retained  for  f  urther  model  ling.  These  selected
 predictors  were  incor  porated  into  generalized  addit  ive  model  s
 (G  A  Ms)  to  quant  i  f  y  potent  ial  ly  nonlinear  relat  ionships  bet  ween
 env  ironmental  anomalies  and  each  C  W  M  a  x  i  s,  prov  iding  a
 more  detai  led  character  izat  ion  of  trait–env  ironment  responses
 through  t  ime.  Smooth  ter  ms  were  est  imated  using  thin-plate
 regression  splines,  and  the  opt  imal  number  of  smooth  ter  ms  were
 deter  mined  using  shr  ink  age  select  ion  al  low  ing  non-infor  mat  ive
 smoothers  to  be  penalized  toward  s  zero  and  effect  ively  excluded
 f  rom  the  final  model  .  To  complement  thi  s  trait-  space  analysi  s,  we
 ex  amined  annual  patter  ns  in  tradit  ional  FD  indices  and  C  W  M
 of  traits  by  cor  relat  ing  each  index  w  ith  cor  responding  yearly
 env  ironmental  anomalies.  We  constr  ucted  cor  relat  ion-based
 assoc  iat  ion  net  work  s  (Pearson’s  product–moment  cor  relat  ion)
 using  g  g  raph,  w  here  nodes  represented  traits  and  env  ironmental
 var  iables  and  edges  represented  signi  ficant  posit  ive  or  negat  ive
 cor  relat  ions.  These  net  work  s  al  lowed  v  i  sualizat  ion  of  co  -var  y  ing
 indices  and  env  ironmental  dr  ivers,  helping  to  ident  i  f  y  potent  ial
 mechani  st  ic  link  s  and  dominant  control  s  shaping  long-ter  m
 f  unct  ional  dy  namic  s.
 

These  assoc  iat  ion  net  work  s  were  used  to  ident  i  f  y  the
 FD  indices  and  C  W  M  that  most  strongly  assoc  iated  w  ith
 env  ironmental  var  iabi  lit  y.  In  both  t  ime-  ser  ies  the  C  W  M  of
 C:N  rat  io  cor  related  strongly  (r  >  ±  0.9)  w  ith  the  C  W  M  of
 myelinat  ion,  ambush,  cr  ui  se  and  cur  rent  feeding  strateg  ies  and
 the  omnivore-herbivore  trophic  level  group  and  as  a  result
 were  removed  pr  ior  to  constr  uct  ing  the  assoc  iat  ion  net  work  s.
 Only  signi  ficant  cor  relat  ions  (P  <  0.05)  were  represented  in
 the  net  work  s.  These  net  work  s  prov  ided  insight  into  w  hether
 long-ter  m  f  unct  ional  change  was  dr  iven  pr  imar  i  ly  by  shi  fts  in
 dominant  traits,  trait  di  spersion,  or  broader  changes  in  f  unct  ional
 str  ucture. 
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 R  E  S  U  L  T  S  
A  total  of  38  ta  x  a  were  classed  into  four  FG  based  on  the  hierar-
 chical  cluster  ing  of  the  first  four  PCoA  a  xes  (  Fig.  2).  The  high-
 est  level  of  the  dendrogram  div  ided  spec  ies  based  on  the  pres  -
 ence  of  Myelinat  ion  (FG  B  and  C)  and  non-myelinat  ion  (FG
 A  and  D).  Subsequent  grouping  div  ides  FG  based  on  repro  -
 duct  ion  mode  and  could  be  defined  mainly  by  body  sizes  of
 indiv  idual  ta  x  a  w  ithin  the  group,  the  di  fferent  feeding  modes
 and  dietar  y  strateg  ies.  FG  A  :  Smal  l  sac-  spaw  ning  cur  rent  feeding
 omnivores  consi  sts  of  5  ta  x  a  w  ith  a  mean  weight  of  2.2  ug  C
 indiv  idual  − 1  .  Ta  x  a  largely  come  f  rom  the  Clausocalanidae  and
 the  Temoridae  fami  lies  that  are  mainly  cur  rent  feeding  omnivores.
 FG  B  :  Broad  sized  Cur  rent  feeding  omnivore-herbivore  consi  sts
 of  10  ta  x  a  w  ith  a  mean  weight  of  350  ug  C  indiv  idual  − 1  .W  hi  le
 there  i  s  a  broad  range  in  carbon  weights  indiv  idual  − 1  across  the
 groups  representat  ives,  smal  ler  sized  ta  x  a  make  up  less  than  5%
 of  the  biomass  at  both  locat  ions.  Ta  x  a  are  almost  exclusively
 cur  rent  feeding  spec  ies  belong  ing  to  the  Calaninidae  and  Para-
 calanidae  fami  lies  w  ith  just  over  hal  f  of  the  spec  ies  undergoing
 dor  manc  y.  FG  C:  Smal  l  par  t  icle  and  mi  xed  feeding  detr  it  ivore-

 omnivore  consi  sts  of  10  ta  x  a  and  are  compr  i  sed  of  spec  ies  f  rom
 the  orders  Cyclopoida  and  Har  pact  icoida  w  hich  have  the  smal  l-
 est  mean  weight  of  0.22ug  C  indiv  idual  − 1  .  These  ta  x  a  are  al  l
 sac-  spaw  ners  and  non-myelinated  and  are  the  only  to  include
 spec  ies  largely  assoc  iated  w  ith  sink  ing  par  t  icle  feeding  and  have
 feeding  appendages  adapted  to  scraping  detr  itus  and  microbial
 biofi  lms.  FG  D  :  Medium  broadcast  omnivores  consi  st  of  13  ta  x  a
 w  ith  a  mean  carbon  weight  of  22ug  C  indiv  idual  − 1  .  Thi  s  group
 i  s  al  so  var  ied  in  their  approach  to  dor  manc  y  and  DVM  and
 feeding  strateg  y  w  ith  simi  lar  numbers  di  splay  ing  the  three  trait
 categor  ies  found  in  each.
 

FG  B  remained  the  dominant  f  unct  ional  group  throughout
 the  study  per  iod  ,  account  ing  for  the  major  ity  of  copepod
 biomass  at  both  H  L2  and  P5  ( Fig.  3A  ,  B).  At  H  L2,  al  l  four
 f  unct  ional  groups  ex  hi  bited  signi  ficant  direct  ional  changes  in
 their  relat  ive  biomass  contr  i  but  ions  bet  ween  1999  and  2020.
 At  P5,  trajector  ies  init  ial  ly  di  ffered  f  rom  those  at  H  L2  but  after
 ∼  2010,  w  ith  both  stat  ions  show  ing  declining  contr  i  but  ions  of
 FG  B  and  increasing  contr  i  but  ions  of  FG  C  and  FG  D.  At  H  L2,
 the  relat  ive  biomass  contr  i  but  ion  of  FG  B  declined  f  rom  ∼90%
 to  below  70%  (R  2  =  0.45,  P  <  0.001),  w  hi  le  at  P5  it  declined
 f  rom  ∼95%  to  as  low  as  45%  after  2010  (R  2  =  0.39,  P  <  0.001).
 O  ver  the  same  per  iod  ,  FG  D  increased  f  rom  ∼10%  to  over  25%  at
 H  L2  (R  2  =  0.48,  P  <  0.001)  and  f  rom  less  than  10%  to  as  much
 as  45%  at  P5  (R  2  =  0.34,  P  <  0.001).  FG  C  contr  i  buted  less
 than  1%  of  relat  ive  biomass  at  both  stat  ions  in  1999  but  increased
 signi  ficantly  to  more  than  5%  at  H  L2  (R  2  =  0.39,  P  =  0.001)  and
 ∼4%  at  P5  after  2010  (R  2  =  0.19,  P  =  0.024).  FG  A  remained  a
 minor  component  (<5%  of  biomass),  increasing  slightly  at  H  L2
 (R  2  =  0.15,  P  =  0.04)  but  show  ing  no  signi  ficant  temporal  trend
 at  P5.
 

There  were  no  signi  ficant  di  fferences  obser  ved  in  the  mean
 integrated  chlorophy  l  l-a  at  both  locat  ions  (Stat  ion  effect  :
 F  =  0.82,  P  =  0.31;  Fig.  3C,  D).  Chlorophy  l  l-a  declined  signi  f  -
 icantly  at  both  stat  ions,  although  the  trend  was  stronger  and
 more  consi  stent  at  P5  (F  1  , 2  0  =  31.44,  R  2  =  0.59,  P  <  0.001)
 than  at  H  L2  (F  1  , 2  0  =  4.68,  R  2  =  0.15,  P  =  0.04).  In  contrast  ,
 mean  copepod  dr  y-weight  biomass  was  ∼13-fold  greater  at
 

H  L2  (16  g  m  − 3  +/ − 5.7)  than  at  P5  (1.2  g  m  − 3  +/ − 
0.67)  (Stat  ion  effect  :  F  =  144,  P  <  0.001;  Fig.  3E,  F).  Total
 biomass  declined  signi  ficantly  at  H  L2  (F  1  , 2  0  =  5.84,  R  2  =  0.19,
 P  =  0.02),  w  hi  le  P5  ex  hi  bited  a  steady  decline  after  2010
 (F  1  , 2  0  =  5.18,  R  2  =  0.22,  P  =  0.03).  Despite  long-ter  m  declines
 in  both,  annual  copepod  biomass  was  only  weak  ly  and  non-

 signi  ficantly  related  to  integrated  chlorophy  l  l-a  biomass  at  either
 stat  ion. 

The  mult  idimensional  trait  space  of  the  38  copepod  s  i  s
 defined  by  the  first  t  wo  PCoA  a  xes.  The  plot  di  splays  the
 relatedness  bet  ween  the  spec  ies  and  the  four  FG  show  n  in  Fig.  2
and  the  first  t  wo  a  xes  ex  plain  39% of  the  var  iat  ion  in  the  trait  data
 ( Fig.  4A).  Many  of  traits  were  represented  along  the  PCoA  a  x  i  s
 1  represent  a  size-trophic  feeding  gradient  w  here  negat  ive  values
 represented  spec  ies  that  were  larger,  cur  rent  feeding  omnivore-
 herbivores  that  were  more  li  kely  to  undergo  diapause  w  hi  le
 posit  ive  values  represented  smal  ler  ta  x  a  that  were  detr  it  ivore-

 omnivores  or  par  t  icle  feeders  but  al  so  included  a  mi  xed  cr  ui  se
 or  ambush  feeding  strateg  y  ( Fig.  4B).  The  PCoA  a  x  i  s  2  separates
 t  wo  FG  w  ith  ta  x  a  of  approx  imately  equal  size  and  represents
 separat  ion  of  diapause  strateg  ies  and  cr  ui  se-feeding  omnivores
 f  rom  ambush-feeders.  The  C  W  M.  A  xes  for  both  P5  (red  line)
 and  H  L2  (green  line)  are  show  n  w  ithin  the  trait  space  (  Fig.  4A)
 and  ex  panded  to  show  the  annual  progression  w  ithin  each  t  ime
 ser  ies.  Changes  in  both  t  ime  ser  ies  are  strongly  assoc  iated  w  ith
 PCoA  a  x  i  s  1.  For  H  L2,  the  C  W  M  for  each  year  i  s  shi  fted  more
 toward  s  negat  ive  values  close  to  FG  B.  Init  ial  ly  the  t  ime  ser  ies
 shi  fts  more  toward  s  FG  B  and  negat  ive  values  unt  i  l  2008  before
 tur  ning  slightly  less  negat  ive  in  the  latter  hal  f  of  the  t  ime  ser  ies
 toward  s  FG  C  and  FG  D  ( Fig.  4C).  At  P5  we  see  simi  lar  early
 t  ime  ser  ies  shi  fts  toward  s  negat  ive  values  mov  ing  toward  s  FG
 B  before  a  post  2010  shi  ft  back  toward  slightly  negat  ive  values
 ( Fig.  4D).  In  contrast  w  ith  H  L2  the  later  years  do  shi  ft  beyond
 1999  to  more  posit  ive  values  but  are  more  in-line  w  ith  the  init  ial
 PCoA  a  x  i  s  1  posit  ion.
 

The  R  DA  find  s  that  46% of  the  var  iabi  lit  y  in  C  W  M  at  H  L2  and
 65%  of  the  var  iat  ion  at  P5.  There  are  more  balanced  gradients
 across  R  DA1  and  R  DA2  at  H  L2  w  hi  le  a  single  strong  gradi-
 ent  dominates  at  P5.  At  both  locat  ions  opposing  gradients  in
 sea  temperature  and  chlorophy  l  l-a  versus  nutr  ients  are  the  most
 dominant  env  ironmental  patter  ns  w  ith  the  first  t  wo  R  DA  a  xes.
 Only  R  DA  1  was  signi  ficant  at  both  locat  ions.  At  H  L2  the  most
 signi  ficant  ter  ms  were  chlorophy  l  l-a,  phosphate,  si  licate  and  sea
 temperature  w  hi  le  at  P5  chlorophy  l  l-a,  nitrate,  phosphate  and  sea
 temperature  were  the  most  signi  ficant.  These  var  iables  were  used
 to  model  the  first  t  wo  C  W  M.  A  xes  against  env  ironmental  anoma-
 lies  using  a  G  A  M  approach.  Signi  ficant  negat  ive  relat  ionships
 were  found  bet  ween  si  licate  and  nitrate  for  C  W  M.  A  x  i  s1  at  both
 H  L2  and  P5  w  hi  le  at  P5  sea  temperature  i  s  al  so  posit  ively  asso  -
 c  iated  w  ith  C  W  M.  A  x  i  s2  ( Fig.  5).  For  C  W  M.  A  x  i  s2  signi  ficant
 posit  ive  relat  ionships  w  ith  phosphate  are  found  at  both  H  L2  and
 P5  w  hi  le  at  H  L2  a  negat  ive  relat  ionship  w  ith  sea  temperature  i  s
 al  so  found  ( Fig.  5).  Both  the  R  DA  and  G  A  Ms  were  analysed  for
 temporal  autocor  relat  ion  in  the  residual  s,  but  none  were  found
 at  either  H  L2  or  P5.
 

Env  ironmental  cor  relat  ions  w  ith  f  unct  ional  indices  di  ffered
 marked  ly  bet  ween  H  L2  and  P5.  At  H  L2,  nutr  ient  anomalies
 were  posit  ively  assoc  iated  w  ith  C  W  M  C:N  and  negat  ively
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Fig.  2.  A  cluster  dendrogram  of  the  four  f  unctional  groups  based  on  the  Gower  di  ssimi  lar  ity  using  the  PCoA  a  xes.  Spec  ies  are  coloured  based  on
 their  assoc  iation  w  ith  each  of  the  four  FG.  The  dendrogram  i  s  div  ided  broad  ly  bet  ween  predominantly  broadcast  spaw  ning  (FG)  and  sac
 spaw  ning  spec  ies  (FG)  and  presence  of  myelination  (FG).  The  mean  ±  sd  the  continuous  traits  and,  percentage  occur  rence  of  each  f  uzz  y
 coded  traits  w  ithin  each  FG  i  s  show  n  on  the  r  ight.  

assoc  iated  w  ith  FDi  s.  C  W  M  C:N  and  the  C  W  M  of  broadcast
 spaw  ners  al  so  decreased  over  t  ime  w  hi  le  the  FDi  s  and  the  C  W  M
 of  respirat  ion  increased  .  Temperature  was  not  linked  to  changes
 in  FDi  s  but  was  negat  ively  assoc  iated  w  ith  the  C  W  M  of  C:N
 and  the  dr  y  weight  of  carbon  and  a  posit  ively  assoc  iat  ion  w  ith
 both  weight  spec  i  fic  metabolic  rates  (  Fig.  6A).  There  are  fewer
 assoc  iat  ions  at  P5  bet  ween  env  ironmental  anomalies  and  traits,
 however  those  that  are  shared  di  splay  the  same  direct  ion  (e.g.
 nitrate  and  FDi  s,  temperature  and  C  W  M  excret  ion).  Temper-
 ature  i  s  more  central  at  P5,  w  hich  i  s  posit  ively  linked  to  FDi  s,
 w  hi  le  si  licate  i  s  posit  ively  linked  here  to  the  C  W  M  of  carbon
 dr  y  weight  ( Fig.  6B).  The  ses.Fr  ic  i  s  largely  stable  across  both
 t  ime  ser  ies  w  ith  much  of  the  var  iat  ion  w  ithin  ex  pected  var  iat  ion
 

although  there  are  2  years  in  2006–2007  w  hich  show  signi  ficant
 overdi  spersion  at  P5.  FDi  s  emerged  as  the  most  infor  mat  ive  FD
 index  in  our  analysi  s.  We  f  urther  tested  how  annual  changes
 in  spec  ies  r  ichness  ( �  SR  =  SR

 t  +  1  —SR
 t  )  respond  to  annual

 changes  in  FDi  s  ( �  FDi  s  =  FDi  s
 t  +  1  —FDi  s

 t  )  and  found  a  weak
 cor  relat  ion  bet  ween  both  var  iables  (r  =  − 0.6,  P =  0.73).  A  nnual
 t  ime  ser  ies  of  each  FD  plots  and  C  W  M  of  cont  inuous  traits  are
 show  n  in  ( Supplementar  y  Fig.  1).  Both  t  ime-  ser  ies  show  that
 the  C  W  M  C:N  rat  io  i  s  negat  ively  assoc  iated  w  ith  the  C  W  M  of
 ambush  and  cr  ui  se  feeding  copepod  s  (r  >  − 0.85)  and  negat  ively
 assoc  iated  w  ith  cur  rent  feeding  (r  >  0.88)  point  ing  to  decreases
 of  the  communit  y  C:N  rat  ios  and  prevalence  of  cur  rent  feeding.
 Simi  larly,  the  herbivore  dietar  y  strateg  y  i  s  posit  ively  assoc  iated
 

https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbag065#supplementary-data
https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbag065#supplementary-data
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Fig.  3.  Changes  in  the  total  percentage  contr  i  bution  for  each  of  the  four  f  unctional  groups  (A  –D).  Changes  in  the  annual  percentage
 contr  i  bution  are  show  n  for  HL2  (A)  and  P5 (D).  The  total  annual  integrated  chlorophy  l  l-a  (mg  m  −  2  )  biomass  for  HL2  (B)  and  P5  (E)  and
 total  annual  copepod  biomass  in  mg  m  −  3  for  HL2  (C)  and  P5 (F)  are  al  so  show  n.  

w  ith  the  C  W  M  C:N  rat  ios  (r  >  0.86)  point  ing  to  an  overal  l
 decrease  over  t  ime.  A  nnual  t  ime  ser  ies  of  each  f  uzz  y  feeding
 and  dietar  y  strateg  y  are  show  n  in  (  Supplementar  y  Fig.  2).
 

D  I  S  C  U  S  S  I  O  N  
The  applicat  ion  of  f  unct  ional  trait  analysi  s  to  understand  the
 dy  namic  s  of  zooplankton  communit  ies  represents  a  pivotal  step
 toward  s  link  ing  ecosystem  processes  to  broader  env  ironmental
 and  climat  ic  changes.  We  character  ized  the  f  unct  ioning  of  the
 copepod  communit  y  str  ucture  at  t  wo  long  standing  t  ime  ser  ies
 on  the  central  Scot  ian  shel  f  (H  L2)  and  in  the  Bay  of  Fundy
 (P5).  Our  study  revealed  a  coherent  reg  ional  redi  str  i  but  ion  of
 biomass  among  f  unct  ional  groups,  although  the  t  iming  and  mag-
 nitude  of  responses  di  ffered  bet  ween  systems.  The  core  f  unc-
 t  ional  str  ucture  was  dominated  by  FG  B,  there  were  clear  indi-
 cat  ions  that  shi  fts  in  env  ironment  (i  .e.  nutr  ient  decreases  and
 temperature  increases)  favoured  smal  ler  sized  ta  x  a  w  ith  higher
 metabolic  rates  ( Figs  3  and  4).  In  addit  ion  to  these  common
 patter  ns,  clear  reg  ional  contrasts  emerged  .  At  both  H  L2  and
 P5,  nutr  ient  anomalies  were  strongly  aligned  w  ith  interannual
 shi  fts  along  the  pr  imar  y  C  W  M  a  xes,  indicat  ing  that  interannual
 changes  in  resource  avai  labi  lit  y  re-organized  communit  ies  along
 dominant  trait  gradients  rather  than  simply  alter  ing  ta  xonomic
 composit  ion  ( Fig.  5,  D  jeghr  i  et  al.,  2023).  Nutr  ient  avai  labi  lit  y
 

appears  to  be  a  stronger  predictor  than  phy  toplankton  biomass
 for  changes  in  FG  composit  ion  and  overal  l  biomass  (  Fig.  6).
 The  gradual  declines  in  copepod  biomass  and  gradual  redi  str  i  bu-
 t  ion  among  dominant  f  unct  ional  groups  at  H  L2  indicate  t  ighter
 coupling  bet  ween  resource  var  iabi  lit  y  and  copepod  communit  y
 str  ucture  on  the  Scot  ian  Shel  f  ,  w  hi  le  at  P5  there  were  delayed
 reduct  ions  in  biomass  and  delayed  changes  in  f  unct  ional  group
 redi  str  i  but  ion,  suggest  ing  simi  lar  ecosystem  restr  uctur  ing  that
 mani  fested  more  slow  ly  in  the  Bay  of  Fundy.
 

Changes  in  env  ironmental  conditions  post-2010 
The  contrast  ing  responses  bet  ween  H  L2  and  P5  li  kely  reflect
 broader  reg  ional  oceanographic  changes  that  intensi  fied  across
 the  Nor  thwest  Atlant  ic  after  ∼2010  (  Meyer-  Gutbrod  et  al.,
 2021).  Thi  s  per  iod  has  been  assoc  iated  w  ith  a  major  reorganiza-
 t  ion  of  Gul  f  of  Maine  and  Scot  ian  Shel  f  hydrography,  including
 increased  influence  of  War  m  Slope  Water,  rapid  reg  ional
 war  ming  ,  altered  strat  i  ficat  ion,  and  reduced  nutr  ient  inventor  ies
 ( Pershing  et  al.,  2015;  R  ecord  et  al.,  2019;  L  ehmann  et  al.,  2023;
 Casault  et  al.,  2024). H  L2  represents  a  more  advect  ive  outer
 shel  f  env  ironment  strongly  coupled  to  basin-  scale  c  irculat  ion
 and  slope  water  inflow  s,  w  here  these  oceanographic  shi  fts
 li  kely  reduced  the  persi  stence  of  large  oceanic  calanoid  s  and
 favored  smal  ler,  faster-  grow  ing  ta  x  a  assoc  iated  w  ith  war  mer
 

https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbag065#supplementary-data
https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbag065#supplementary-data
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Fig.  4.  PCoA  ordination  used  to  define  the  f  unctional  trait  space.  (A)  The  38  copepod  ta  x  a  found  in  both  areas  (colour  fol  low  ing  trait  grouping
 in  Fig.  2),  bounded  by  a  grey  polygon  to  show  the  f  ul  l  trait  space,  and  the communit  y  weighted  mean  (C  WM)  for  each  year  at  both  Hali  fa  x  line
 2  (HL2,  green)  and  Pr  ince  5  (P5,  red).  The  centroid  i  s  calculated  by  weighting  PCoA  values  for  each  spec  ies  by  their  annual  abundance
 bet  ween  1999  and  2020.  (B)  Projections  of  the  continuous  and  f  uzz  y  (red)  and  categor  ical  (  blue)  traits  on  to  the  PCoA  a  xes.  The  trajector  y  of
 C  WM  show  n  in  a  i  s  enlarged  to  show  year  to  year  changes  for  HL2  (C)  and  P5 (D).  Points  and  lines  are  coloured  to  indicate  years.  

and  more  rec  ycled  product  ion  pathways.  At  H  L2,  nutr  ient
 anomalies,  par  t  icularly  nitrate  and  si  licate,  showed  strong
 negat  ive  trend  s  through  t  ime.  Thi  s  coinc  ided  w  ith  increases
 in  f  unct  ional  di  spersion  (FDi  s),  declining  C  W  M  body  size
 and  C:N  rat  ios,  and  increasing  weight-  spec  i  fic  metabolic  rates,
 indicat  ing  an  increase  in  the  relat  ive  impor  tance  of  di  fferent  FG
 rather  than  simple  ta  xonomic  tur  nover  (  D  jeghr  i  et  al.,  2023;
 Pata  et  al.,  2025).  These  patter  ns  are  consi  stent  w  ith  broader
 reg  ional  obser  vat  ions  of  post-2010  zooplankton  reorganizat  ion
 in  the  Gul  f  of  Maine,  w  here  declines  in  large  lipid-r  ich  Calanus
 finmarchicus  were  accompanied  by  increases  in  smal  ler  copepod
 ta  x  a  ,  greater  mesozooplankton  diversit  y  and  a  decline  in  total
 biomass  under  war  mer  condit  ions  (  Pershing  et al.,  2021;  R  unge
 et  al.,  2025).  In  contrast  ,  P5  i  s  embedded  w  ithin  the  highly
 mi  xed  Bay  of  Fundy  system,  w  here  t  idal  mi  x  ing  par  t  ial  ly  bu  ffers
 strat  i  ficat  ion  and  nutr  ient  deplet  ion,  and  w  here  env  ironmental
 var  iabi  lit  y  i  s  more  epi  sodic  and  strongly  linked  to  interannual
 fluctuat  ions  in  Gul  f  of  Maine  inflow  s  and  reg  ional  war  ming
 

events  ( Greene  et  al.,  2013;  Pershing  et  al.,  2015).  A  lthough  both
 systems  ex  hi  bited  simi  lar  env  ironmental–trait  relat  ionships,  the
 magnitude  and  persi  stence  of  f  unct  ional  restr  uctur  ing  were
 therefore  substant  ial  ly  greater  at  H  L2,  suggest  ing  that  outer
 shel  f  copepod  communit  ies  may  be  more  sensit  ive  to  long-ter  m
 hydrographic  and  nutr  ient-dr  iven  ecosystem  change  than  t  idal  ly
 mi  xed  coastal  systems  ( Ji  et  al.,  2022;  R  unge  et  al.,  2025).
 

L  ink  s  bet  ween  f  unctional  groups,  biomass  and
 env  ironmental  anomalies 

The  total  copepod  biomass  was  on  average  substant  ial  ly  higher
 at  H  L2  than  at  P5.  However,  declines  in  FG  B  at  H  L2  coinc  ided
 w  ith  reduct  ions  in  total  biomass  and  increasing  FDi  s,  suggest  ing
 that  biomass  was  redi  str  i  buted  across  a  w  ider  range  of  trait
 combinat  ions  rather  than  maintained  w  ithin  dominant  large-

 bodied  ta  x  a  .  Thi  s  patter  n  suppor  ts  the  mass  -rat  io  hy  pothesi  s,
 w  hereby  ecosystem  f  unct  ioning  i  s  di  spropor  t  ionately  dr  iven
 by  the  traits  of  dominant  ta  x  a  rather  than  overal  l  r  ichness
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Fig.  5.  The  par  tial  effect  smoothers  of  the  generalized  additive  model  s  (gams)  model  ling  the  C  WM  a  x  i  s  1  (yel  low  line  and  shaded  95%  CI)  and
 C  WM  a  x  i  s  2  (  blue  line  and  shaded  95%  CI)  against  the  env  ironmental  anomalies  of  HL2  (  left  column)  and  P5  (r  ight  column).  The
 env  ironmental  anomalies  show  n  are  named  to  the  left  of  each  panel  fig  ure.  

Fig.  6.  The  cor  relative  relationship  bet  ween  env  ironmental  dr  ivers  (c  ircle)  and  f  unctional  indices  (tr  iangle)  at  both  HL2  (A)  and  P5 (B)  w  hen
 P  <  0.05.  The  absolute  streng  th  i  s  scaled  by  the  thickness  of  the  ar  row  w  here  thicker  lines  signi  f  y  stronger  assoc  iations  w  hi  le  colour  indicates
 positive  (  blue)  and  negative  (red)  relationships.  

or  diversit  y  ( Benedett  i  et  al.,  2025).  In  these  systems,  the
 large,  myelinated  lipid-r  ich  Calanus  complex  tend  s  to  dominate
 ( Brandão  et  al.,  2021)  and  contr  i  butes  substant  ial  ly  to  trophic
 

transfer  effic  ienc  y  and  carbon  ex  por  t  through  high  biomass,
 elevated  C:N  rat  ios,  and  product  ion  of  large  fast-  sink  ing  fecal
 pel  lets  ( Mel  le  et  al.,  2015;  Steinberg  and  L  andr  y,  2017).  The
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obser  ved  decline  in  C  W  M  body  size  and  C:N  rat  io,  together
 w  ith  increasing  metabolic  rates  and  FDi  s,  i  s  consi  stent  w  ith  a
 reduced  dominance  of  the  large-bodied  ,  lipid-r  ich  FG  B  and
 an  increased  relat  ive  contr  i  but  ion  of  smal  ler  f  unct  ional  groups
 ex  hi  bit  ing  higher  mass  -  spec  i  fic  metabolic  rates  and  broader
 trophic  strateg  ies.  ( Kiørboe,  2011;  Prowe  et  al.,  2019;  Benedett  i
et  al.,  2025).
 

The  relat  ionships  bet  ween  copepod  f  unct  ional  str  ucture  and
 env  ironmental  var  iabi  lit  y  di  ffered  substant  ial  ly  bet  ween  H  L2
 and  P5,  highlight  ing  the  impor  tance  of  reg  ional  hydrographic
 contex  t  in  shaping  ecosystem  responses.  W  hi  le  both  systems
 ex  hi  bited  interannual  var  iabi  lit  y  in  communit  y  weighted  mean
 (C  W  M)  traits  and  f  unct  ional  indices,  long-ter  m  direct  ional
 change  was  more  pronounced  at  H  L2  on  the  Scot  ian  Shel  f  than
 at  the  t  idal  ly  mi  xed  Bay  of  Fundy  stat  ion  P5.  Thi  s  contrast
 li  kely  reflects  di  fferences  in  both  oceanographic  forc  ing  and
 the  underly  ing  composit  ion  of  dominant  copepod  assemblages
 ( Head  and  Pepin,  2010;  Johnson  et  al.,  2011;  R  ecord  et  al.,  2019).
 FG  B  remained  the  dominant  contr  i  butor  to  copepod  biomass
 throughout  the  t  ime  ser  ies  at  both  H  L2  and  P5,  although  its  rel-
 at  ive  biomass  declined  signi  ficantly  at  H  L2  alongside  increases
 in  al  l  other  f  unct  ional  groups.  The  spec  ies  composit  ion  w  ithin
 FG  B  did  not  shi  ft  substant  ial  ly  through  t  ime  w  ithin  either  t  ime-

 ser  ies,  although  the  dominant  ta  x  a  di  ffered  bet  ween  them.  At  P5,
 FG  B  was  largely  represented  by  C  .  finmarchicus,  w  hich  may  ini-
 t  ial  ly  have  bu  ffered  declines  in  total  FG  B  biomass.  However,  the
 eventual  post-2010  reduct  ions  in  FG  B  and  concur  rent  increases
 in  FG  C  and  D  suggest  that  thi  s  resi  stance  weakened  over  t  ime
 as  war  ming  and  chang  ing  Gul  f  of  Maine  inflow  s  increasingly
 altered  Bay  of  Fundy  ecosystem  str  ucture  (  Dul  laer  t  et  al.,  2026).
 At  H  L2,  biomass  was  shared  more  evenly  among  the  di  fferent
 congeners  of  Calanus  spp.  w  hich  have  know  n  di  fferences  in
 their  niches,  phenolog  ies,  and  advect  ive  sources  (  Freer  et al.,
 2022;  Supplementar  y  Fig.  3).  Shi  fts  in  hydrographic  forc  ing  and
 nutr  ient  supply  at  H  L2  may  have  di  spropor  t  ionately  altered  the
 balance  among  these  co  -occur  r  ing  large  calanoid  s,  contr  i  but  ing
 to  the  marked  decline,  w  hereas  the  more  stable  dominance
 of  C  .  finmarchicus  at  P5  li  kely  bu  ffered  comparable  biomass
 losses. 

W  hi  le  reproduct  ion  mode  and  myelinat  ion  for  med  di  st  inct
 FG  simi  lar  to  groups  defined  more  broad  ly  (  Fig.  2;  Benedett  i
et  al.,  2023),  myelinated  spec  ies  are  more  li  kely  to  be  broadcast
 spaw  ning  omnivores  -herbivores  (  Becker  et  al.,  2021)  due  to  the
 role  of  myelinat  ion  in  predator  avoidance  and  lipid  accumulat  ion
 ( Lenz  ,  2012).  Here  we  see  that  the  C  W  M  of  these  traits  covar  ies
 quite  strongly  and  decrease  over  t  ime  suggest  ing  that  the  decline
 of  large  lipid-r  ich  calanoid  ta  x  a  simultaneously  reduced  mult  iple
 linked  li  fe-hi  stor  y  and  behav  ioural  strateg  ies,  rather  than  inde-
 pendently  restr  uctur  ing  each  trait  dimension  (  Benedett  i  et  al.,
2025).  We  see  al  so  that  the  obser  ved  shi  ft  f  rom  cur  rent-feeding
 to  cr  ui  se-  and  ambush-feeding  strateg  ies  suggests  increasing
 reliance  on  mot  i  le  prey  and  regenerated  product  ion  pathways
 rather  than  direct  ex  ploitat  ion  of  large  bloom-for  ming  phy  to  -
 plankton  ( Castel  lani  et  al.,  2005;  Supplementar  y  Fig.  2).  Cur  rent
 feeders  are  t  y  pical  ly  linked  to  effic  ient  ex  ploitat  ion  of  spr  ing
 diatom  blooms  and  enhanced  ver  t  ical  carbon  ex  por  t  ,  w  hereas
 ambush  and  cr  ui  se  feeders  are  more  closely  assoc  iated  w  ith
 microbial-loop  and  rec  ycling-dominated  food  webs  (  Kiørboe,

2011;  Prowe  et  al.,  2019).  The  strong  cor  relat  ion  bet  ween
 feeding  strateg  y  composit  ion  and  the  C  W  M  C:N  rat  io  suggests
 that  changes  in  trophic  f  unct  ioning  and  carbon  c  ycling  were
 t  ightly  coupled  to  shi  fts  in  dominant  feeding  behav  iours  rather
 than  simply  body  size  alone  ( Heneghan  et  al.,  2020).  The
 combined  decline  in  total  copepod  biomass  at  H  L2,  coupled
 w  ith  a  steady  decline  of  FG  B  t  y  pe  ta  x  a  toward  smal  ler,  var  ied  diet
 FG  suggests  not  only  a  reduct  ion  in  overal  l  secondar  y  product  ion
 but  a  potent  ial  re-organi  sat  ion  of  energ  y  flow.  Increases  in  FDi  s
 and  a  reduct  ion  in  FG  B  dominance  and  an  increase  in  the  FG
 impor  tance  w  hich  represent  a  w  ider  range  of  trait  combinat  ions,
 rather  than  an  increase  in  total  product  ion,  and  are  consi  stent
 w  ith  a  shi  ft  away  f  rom  a  Calanus-dominated  f  unct  ional  str  ucture
 ( Dul  laer  t  et  al.,  2026).  Prev  ious  trait-based  studies  suggest
 that  chlorophy  l  l  or  product  iv  it  y  gradients  pr  imar  i  ly  enhance
 copepod  biomass  and  herbivorous  trophic  pathways,  w  hereas
 nutr  ient  and  hydrographic  gradients  more  strongly  str  ucture
 f  unct  ional  composit  ion,  trophic  organi  sat  ion  and  ecosystem
 f  unct  ioning  (Nutr  ient  avai  labi  lit  y  influences  more  than  just
 phy  toplankton  biomass  but  al  so  their  size  str  ucture,  ta  xonomic
 composit  ion,  bloom  phenolog  y,  and  trophic  pathways,  w  hich
 ult  imately  deter  mine  copepod  f  unct  ional  composit  ion  Tang
et  al.,  2022;  Huggett  et  al.,  2023;  Severo  et  al.,  2026).  Despite
 signi  ficant  declines  in  chlorophy  l  l-a  at  both  stat  ions,  par  t  icularly
 at  P5,  these  changes  were  not  directly  coupled  to  declines  in
 total  copepod  biomass.  Thi  s  apparent  decoupling  suggests  that
 copepod  communit  y  str  ucture  may  respond  more  strongly  to
 changes  in  phy  toplankton  composit  ion,  bloom  t  iming  ,  and
 trophic  pathway  str  ucture  than  to  bul  k  phy  toplankton  biomass
 alone  ( D  jeghr  i  et  al.,  2023).
 

Functional  traits  and  ecosystem  f  unctioning  
Our  results  do  not  indicate  a  complete  replacement  of  FG  B  by
 other  FG,  but  rather  a  redi  str  i  but  ion  of  relat  ive  biomass  among
 them  ( Fig.  4).  FG  D,  w  hich  i  s  the  second  most  impor  tant  FG
 and  i  s  composed  of  smal  ler  omnivorous  ta  x  a  such  as  Acar  tia,
 Metridia,  and  Centropages,  increases  over  t  ime  w  hi  le  FG  B
 declines.  These  ta  x  a  are  assoc  iated  w  ith  higher  metabolic  rates,
 broader  diets,  and  greater  coupling  to  regenerated  product  ion
 pathways  ( Møl  ler  et  al.,  2007;  Saba  et  al.,  2009). W  hi  le  the
 relat  ive  biomass  of  FG  C  i  s  smal  l  ,  spec  ies  such  as  Oithona
 spp.  that  compr  i  se  thi  s  FG  are  signi  ficantly  underest  imated
 by  tradit  ional  net  sampling  w  ith  >  200  μ m  mesh  ( Gal  lienne
and  R  obins,  2001;  Dahms  et  al.,  2015).  The  increases  in
 both  FG  C  and  D  suggest  a  retent  ion  of  organic  matter  in
 the  upper  water  column  leading  to  increased  microbial  loop
 coupling  ,  and  reduced  ex  por  t  effic  ienc  y  (  Pomeroy  et  al.,
2007;  Tur  ner,  2015).  Env  ironmental  condit  ions  favour  ing
 thi  s  redi  str  i  but  ion  li  kely  include  reduced  nutr  ient  inventor  ies,
 war  mer  sur  face  waters,  enhanced  strat  i  ficat  ion,  and  weaker
 bloom  intensit  y,  al  l  of  w  hich  are  ex  pected  to  promote  smal  ler
 phy  toplankton  and  more  microbial-loop  dominated  food  webs
 ( Morán  et  al.,  2017).
 

The  obser  ved  negat  ive  relat  ionship  bet  ween  temperature  and
 copepod  body  size  i  s  consi  stent  w  ith  broader  ev  idence  that
 war  ming  promotes  smal  ler-bodied  ,  faster-  grow  ing  ta  x  a  w  ith
 higher  metabolic  demand  s  ( Campbel  l  et  al.,  2021;  Tang  et  al.,
2022).  Increases  in  mass  -  spec  i  fic  respirat  ion  and  excret  ion  rates
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f  urther  suppor  t  thi  s  inter  pretat  ion.  However,  these  responses
 li  kely  reflect  both  direct  physiolog  ical  constraints  and  indirect
 ecolog  ical  mechani  sms,  including  altered  phy  toplankton  size
 str  ucture,  phenolog  ical  mi  smatch,  and  chang  ing  predat  ion
 pressure  ( Wiebe  et  al.,  2022;  Pershing  and  Kemberling  ,  2024).
 Such  mechani  sms  appear  par  t  icularly  impor  tant  in  the  Gul  f  of
 Maine–Bay  of  Fundy  reg  ion,  w  here  recent  war  ming  has  been
 assoc  iated  w  ith  declines  in  late-  stage  C  .  finmarchicus,  altered
 phenolog  y,  and  reduced  prey  avai  labi  lit  y  for  higher  trophic  level  s
 ( Evans  et  al.,  2025).
 

Despite  direct  ional  shi  fts  in  communit  y  weighted  mean
 traits  and  f  unct  ional  group  composit  ion,  changes  in  FR  ic  and
 FDi  s  w  ith  respect  to  spec  ies  r  ichness  were  largely  insigni  ficant  ,
 indicat  ing  that  the  volume  of  occupied  f  unct  ional  space  largely
 tracked  r  ichness  -based  ex  pectat  ions  (  Supplementar  y  Fig.  1).
 Increases  in  FDi  s  therefore  reflected  redi  str  i  but  ion  of  biomass
 away  f  rom  dominant  large-calanoid  traits  toward  prev  iously
 less  impor  tant  omnivorous  and  rec  ycling-assoc  iated  strateg  ies
 already  present  w  ithin  the  reg  ional  spec  ies  pool  .  The  persi  stence
 of  non-  signi  ficant  ses.FR  ic  at  H  L2  implies  that  f  unct  ional
 redundanc  y  remained  relat  ively  high  despite  gradual  changes
 in  ecosystem  f  unct  ioning  and  trophic  str  ucture  (  Tang  et  al.,
2022;  Benedett  i  et  al.,  2025).  Elevated  ses.FR  ic,  par  t  icularly  at
 P5  bet  ween  2006  and  2007,  coinc  ides  w  ith  the  t  iming  of  the
 changes  in  relat  ive  FG  abundances  and  may  indicate  temporar  y
 weakening  of  dominant  bloom-assoc  iated  pathways  under
 epi  sodic  env  ironmental  events.
 

O  veral  l  ,  the  stronger  long-ter  m  restr  uctur  ing  obser  ved  at  H  L2
 compared  w  ith  P5  suggests  that  cold-temperate  outer  shel  f  sys  -
 tems  retaining  substant  ial  subarct  ic  large-calanoid  influence  may
 be  more  sensit  ive  to  climate-dr  iven  ecosystem  reorganizat  ion
 than  already  temperate  t  idal  ly  mi  xed  shel  f  systems  (  Ji  et  al.,  2017;
 Ji  et  al.,  2022).  These  results  al  so  highlight  the  impor  tance  of
 scale  w  hen  inter  pret  ing  trait-based  patter  ns.  W  hi  le  global  studies
 often  repor  t  strong  lat  itudinal  gradients  in  FD  and  ecosystem
 f  unct  ioning  ,  local  and  reg  ional  systems  such  as  H  L2  and  P5
 may  ex  hi  bit  comparat  ively  stable  f  unct  ional  composit  ion  due  to
 more  constrained  spec  ies  pool  and  gradients  (  Moui  l  lot  et  al.,
2013;  Zhang  et  al.,  2021;  Tang  et  al.,  2022).  R  egard  less,  even
 w  ithin  these  relat  ively  localized  systems,  changes  in  dominant
 trait  combinat  ions  and  biomass  str  ucture  reveal  the  sensit  iv  it  y  of
 shel  f  systems  to  signi  ficant  changes  in  ecosystem  f  unct  ioning.
 

Use  in  f  uture  model  ling  
R  epresent  ing  zooplankton  as  one  or  t  wo  size-based  graz  ing
 compar  tments  i  s  unli  kely  to  capture  the  ecosystem  dy  namic  s
 obser  ved  on  the  Scot  ian  Shel  f  and  Bay  of  Fundy  (  Mitra  ,  2009).
 Compar  i  sons  bet  ween  biogeochemical  model  s  and  in-situ  data  in
 temperate  ecosystems  reveal  simi  lar  seasonal  patter  ns  al  beit  w  ith
 signi  ficantly  reduced  biomass  (  Mc  Gint  y  et  al.,  2023).  Our  results
 suppor  t  the  grow  ing  v  iew  that  a  limited  number  of  trait-defined
 f  unct  ional  groups  di  spropor  t  ionately  reg  ulate  trophic  transfer
 and  carbon  c  ycling  ( Benedett  i  et  al.,  2025).  L  arge  lipid-r  ich
 calanoid  s  (FG  B),  strongly  str  uctured  communit  y  biomass  and
 traits  linked  to  ex  por  t  potent  ial  ,  including  body  size,  metabolic
 scaling  ,  and  C:N  stoichiometr  y.  Z  ooplankton  are  often  treated
 as  stoichiometr  ical  ly  homeostat  ic  (  Héber  t  et  al.,  2016),  yet  thi  s
 assumpt  ion  mask  s  meaning  f  ul  var  iabi  lit  y  at  the  communit  y  level  .
 

Changes  in  the  phy  toplankton  and  zooplankton  C:N  alter  the
 balance  bet  ween  carbon  assimi  lat  ion,  nitrogen  retent  ion,  and
 excret  ion  ( Ster  ner  and  El  ser,  2009;  Sauterey  and  Ward  ,  2022).
 These  shi  fts  can  propagate  through  the  food  web,  modi  f  y  ing
 nutr  ient  rec  ycling  rates,  trophic  transfer  effic  ienc  y,  and  carbon
 ex  por  t  ,  alter  ing  both  nitrogen  regenerat  ion  pathways  and  the
 streng  th  of  the  biolog  ical  carbon  pump  (  Stukel  et  al.,  2022).
 

These  findings  directly  address  chal  lenges  highlighted  in  the
 recent  model  ling  literature,  w  hich  ident  i  fies  zooplankton  graz  ing
 as  one  of  the  largest  uncer  taint  ies  in  CMI  P6  mar  ine  carbon  c  ycle
 project  ions  ( R  ohr  et  al.,  2023). Our  results  suggest  that  incor-
 porat  ing  a  smal  l  number  of  f  unct  ional  ly  di  st  inct  zooplankton
 compar  tments  centered  around  spec  ies  that  compr  i  se  FG  B  may
 substant  ial  ly  improve  reg  ional  biogeochemical  model  s  w  ithout
 requir  ing  f  ul  l  spec  ies  -level  complex  it  y.
 

C  O  N  C  L  U  S  I  O  N  
Our  analysi  s  demonstrates  that  long-ter  m  changes  in  copepod
 communit  y  str  ucture  on  the  central  Scot  ian  Shel  f  (H  L2)  and
 in  the  Bay  of  Fundy  (P5)  reflect  not  simply  ta  xonomic  shi  fts,
 but  al  so  reorganizat  ion  of  f  unct  ional  trait  space  w  ith  impor  tant
 implicat  ions  for  ecosystem  f  unct  ioning.  Across  both  reg  ions,
 decreases  in  nutr  ients  and  increases  in  temperature  acted  as
 pr  imar  y  fi  lters  on  communit  y  weighted  means  (C  W  M)  of
 f  unct  ional  traits.  W  hi  le  H  L2  ex  hi  bited  a  progressive,  nutr  ient-
 linked  restr  uctur  ing  coupled  to  declining  body  size  and  C:N
 rat  ios,  P5  showed  stronger  temperature–trait  coupling  w  ith  a
 delayed  temporal  response  that  beg  ins  ∼  2010.  The  increase
 in  f  unct  ional  di  spersion  points  to  a  shi  ft  away  f  rom  large,  lipid-

 r  ich,  ex  por  t-effic  ient  Calanus  ta  x  a  toward  smal  ler  omnivorous
 or  detr  ital  feeders.  These  ecosystems  are  character  ized  by
 fewer  larger  sized  spec  ies  w  ith  low  trait  di  spersion.  Therefore,
 increases  in  trait  di  spersion  suggest  a  decline  in  trait  fitness  more
 consi  stent  w  ith  the  mass  -rat  io  hy  pothesi  s  than  w  ith  enhanced
 niche  complementar  ity.  Thi  s  shi  ft  mir  rors  broader  lat  itudinal
 and  basin-  scale  gradients  found  el  sew  here,  par  t  icularly  along
 ther  mal  ( Pata  et  al.,  2025)  and  product  iv  it  y  gradients  (  Benedett  i
 et  al.,  2025).  Combined  w  ith  the  C  W  M  of  each  PCoA  a  x  i  s,
 these  results  indicate  a  transit  ion  f  rom  a  diatom–calanoid–
 fi  sh  pathway  toward  a  more  rec  ycling-or  iented  ,  microbial  ly
 coupled  system,  w  ith  implicat  ions  for  carbon  ex  por  t  effic  ienc  y
 and  trophic  transfer.  U  lt  imately,  detect  ing  and  inter  pret  ing
 long  ter  m  communit  y  shi  fts  through  f  unct  ional  traits,  rather
 than  ta  xonomy  alone,  prov  ides  greater  insight  about  how
 env  ironmental  ly  dr  iven  communit  y  changes  can  alter  overal  l
 ecosystem  f  unct  ioning.
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