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We	
  have	
  been	
  taking	
  the	
  ocean	
  for	
  granted.	
  	
  It	
  has	
  been	
  shielding	
  us	
  from	
  the	
  worst	
  effects	
  
of	
  accelerating	
  climate	
  change	
  by	
  absorbing	
  excess	
  CO2	
  from	
  the	
  atmosphere,	
  and	
  this	
  has	
  
created	
  a	
  “deadly	
  trio”	
  of	
  impacts	
  –	
  acidification,	
  warming	
  and	
  deoxygenation	
  –	
  which	
  are	
  
combining	
  to	
  dramatic	
  effect	
  on	
  the	
  flora	
  and	
  fauna	
  of	
  the	
  ocean,	
  and	
  exacerbating	
  the	
  
effects	
  of	
  other	
  factors,	
  such	
  as	
  pollution,	
  eutrophication	
  and	
  overfishing.	
  	
  	
  According	
  to	
  a	
  
flood	
  of	
  recent	
  literature,	
  most,	
  if	
  not	
  all,	
  of	
  the	
  Earth’s	
  five	
  past	
  mass	
  extinction	
  events	
  have	
  
involved	
  at	
  least	
  one	
  of	
  these	
  three	
  symptoms	
  of	
  global	
  carbon	
  perturbations,	
  all	
  of	
  which	
  
are	
  present	
  in	
  the	
  ocean	
  today.	
  	
  	
  

More	
  worrying	
  still,	
  the	
  scale	
  and	
  rate	
  of	
  the	
  present	
  day	
  carbon	
  perturbation,	
  and	
  resulting	
  
ocean	
  acidification,	
  is	
  unprecedented	
  in	
  Earth’s	
  known	
  history.	
  	
  Today’s	
  rate	
  of	
  carbon	
  
release,	
  at	
  approximately	
  30	
  Gt	
  of	
  CO2	
  per	
  year,	
  is	
  at	
  least	
  10	
  times	
  faster	
  than	
  that	
  which	
  
preceded	
  the	
  last	
  major	
  species	
  extinction	
  (the	
  Paleocene	
  Eocene	
  Thermal	
  Maximum	
  
extinction,	
  or	
  PETM,	
  ca.	
  55	
  million	
  years	
  ago),	
  while	
  geological	
  records	
  indicate	
  that	
  the	
  
current	
  acidification	
  is	
  unparalleled	
  in	
  at	
  least	
  the	
  last	
  300	
  million	
  years.	
  	
  We	
  are	
  entering	
  an	
  
unknown	
  territory	
  of	
  marine	
  ecosystem	
  change,	
  and	
  exposing	
  organisms	
  to	
  intolerable	
  
evolutionary	
  pressure.	
  	
  The	
  next	
  mass	
  extinction	
  event	
  may	
  have	
  already	
  begun.	
  

Developed,	
  industrialised	
  human	
  society	
  is	
  living	
  above	
  the	
  carrying	
  capacity	
  of	
  the	
  Earth,	
  
and	
  the	
  implications	
  for	
  the	
  ocean,	
  and	
  thus	
  for	
  all	
  humans,	
  are	
  huge.	
  	
  It	
  is	
  now	
  certain	
  that	
  
the	
  uptake	
  of	
  CO2	
  into	
  the	
  ocean	
  is	
  outstripping	
  its	
  capacity	
  to	
  absorb	
  it,	
  resulting	
  in	
  a	
  
reduction	
  in	
  ocean	
  pH	
  (i.e.	
  increase	
  in	
  acidity)	
  coupled	
  with	
  a	
  lowering	
  of	
  its	
  CO2	
  buffering	
  
capacity.	
  	
  Acidification	
  is	
  causing	
  a	
  substantial	
  decline	
  in	
  carbonate	
  ion	
  concentrations	
  and	
  
resulting	
  in	
  800km2	
  of	
  the	
  seafloor	
  becoming	
  exposed	
  to	
  waters	
  that	
  are	
  unsaturated	
  with	
  
respect	
  to	
  aragonite	
  every	
  year.	
  	
  The	
  rate	
  of	
  acidification	
  is	
  50%	
  faster	
  at	
  high	
  latitudes	
  
compared	
  to	
  sub-­‐tropical	
  waters	
  because	
  of	
  the	
  effects	
  of	
  temperature	
  on	
  ocean	
  chemistry.	
  	
  
Biological	
  impacts	
  are	
  already	
  being	
  observed	
  as	
  acidification	
  is	
  a	
  direct	
  threat	
  to	
  all	
  marine	
  
organisms	
  that	
  build	
  their	
  skeletons	
  out	
  of	
  calcium	
  carbonate,	
  including	
  reef-­‐forming	
  corals,	
  
crustaceans,	
  molluscs	
  and	
  other	
  planktonic	
  species	
  that	
  are	
  at	
  the	
  lower	
  levels	
  of	
  pelagic	
  
food	
  webs.	
  	
  	
  	
  If	
  current	
  levels	
  of	
  CO2	
  release	
  continue	
  we	
  can	
  expect	
  extremely	
  serious	
  
consequences	
  for	
  ocean	
  life;	
  at	
  CO2	
  concentrations	
  of	
  450-­‐500	
  ppm	
  (projected	
  in	
  2030-­‐2050)	
  
erosion	
  will	
  exceed	
  calcification	
  in	
  the	
  coral	
  reef	
  building	
  process,	
  resulting	
  in	
  the	
  extinction	
  
of	
  some	
  species	
  and	
  decline	
  in	
  biodiversity	
  overall.	
  

The	
  second	
  prong	
  in	
  the	
  “deadly	
  trio”	
  is	
  ocean	
  warming.	
  	
  The	
  average	
  temperature	
  of	
  the	
  
upper	
  layers	
  of	
  the	
  ocean	
  has	
  increased	
  by	
  0.6oC	
  over	
  the	
  last	
  100	
  years,	
  with	
  direct	
  and	
  
well-­‐documented	
  physical	
  and	
  biogeochemical	
  consequences.	
  	
  The	
  impacts	
  which	
  continued	
  
warming	
  is	
  projected	
  to	
  have	
  in	
  the	
  decades	
  to	
  2050	
  include:	
  reduced	
  seasonal	
  ice	
  zones,	
  
including	
  the	
  disappearance	
  of	
  Arctic	
  summer	
  sea	
  ice;	
  increasing	
  stratification	
  of	
  ocean	
  
layers,	
  leading	
  to	
  oxygen	
  depletion;	
  increased	
  venting	
  of	
  the	
  GHG	
  methane	
  from	
  the	
  Arctic	
  
seabed;	
  and	
  increased	
  incidence	
  of	
  anoxic	
  and	
  hypoxic	
  (low	
  oxygen)	
  events.	
  	
  	
  	
  

The	
  biological	
  implications	
  encompass:	
  sea	
  temperature-­‐driven	
  range	
  shifts	
  and	
  species	
  
invasions,	
  in	
  particular	
  a	
  projected	
  movement	
  poleward	
  of	
  30-­‐130	
  km,	
  and	
  3.5	
  m	
  deeper,	
  by	
  



marine	
  fish	
  each	
  decade;	
  loss	
  of	
  60%	
  of	
  present	
  biodiversity	
  of	
  exploited	
  marine	
  fish	
  and	
  
invertebrates,	
  including	
  numerous	
  local	
  extinctions;	
  increased	
  disease	
  prevalence	
  as	
  a	
  result	
  
of	
  pathogen	
  range	
  expansions;	
  increased	
  extinctions,	
  with	
  ice-­‐dependent	
  polar	
  species	
  such	
  
as	
  seals	
  and	
  penguins	
  at	
  greatest	
  risk;	
  and	
  mass	
  coral	
  bleaching	
  leading	
  to	
  increased	
  coral	
  
reef	
  mortality,	
  and	
  a	
  predicted	
  phase	
  shift	
  from	
  coral	
  domination	
  to	
  algal	
  domination	
  in	
  the	
  
Great	
  Barrier	
  Reef	
  and	
  Caribbean	
  reefs.	
  	
  	
  	
  The	
  synergistic	
  effect	
  of	
  acidification	
  and	
  warming	
  
are	
  considered	
  likely	
  to	
  lead	
  to	
  rapid	
  and	
  terminal	
  decline	
  of	
  tropical	
  coral	
  reefs	
  by	
  2050.	
  	
  All	
  
these	
  changes	
  will	
  have	
  massive	
  economic	
  and	
  food	
  security	
  consequences,	
  not	
  least	
  for	
  the	
  
fishing	
  industry	
  and	
  all	
  those	
  who	
  depend	
  on	
  it.	
  	
  It	
  is	
  predicted	
  that	
  the	
  redistribution	
  of	
  
commercial	
  fish	
  species	
  through	
  range	
  shifts	
  will	
  lead	
  to	
  a	
  40%	
  decrease	
  in	
  catch	
  potential	
  in	
  
the	
  tropics	
  by	
  2050,	
  and	
  30-­‐70%	
  increase	
  in	
  the	
  high-­‐latitude	
  zones	
  –	
  where	
  richer	
  societies	
  
and	
  more	
  industrialised	
  fisheries	
  are	
  located.	
  

To	
  complete	
  the	
  triumvirate,	
  there	
  is	
  deoxygenation,	
  the	
  accumulating	
  evidence	
  that	
  the	
  
oxygen	
  inventory	
  of	
  the	
  ocean	
  is	
  progressively	
  declining.	
  	
  Predictions	
  for	
  ocean	
  oxygen	
  
content	
  suggest	
  a	
  decline	
  of	
  between	
  1%	
  and	
  7%	
  by	
  2100.	
  This	
  occurring	
  in	
  two	
  ways:	
  the	
  
broad	
  trend	
  of	
  decreasing	
  oxygen	
  levels	
  in	
  tropical	
  oceans	
  and	
  areas	
  of	
  the	
  North	
  Pacific	
  
over	
  the	
  last	
  50	
  years;	
  and	
  the	
  dramatic	
  increase	
  in	
  coastal	
  hypoxia	
  (low	
  oxygen)	
  associated	
  
with	
  eutrophication.	
  	
  The	
  former	
  is	
  caused	
  by	
  global	
  warming,	
  the	
  second	
  by	
  increased	
  
nutrient	
  runoff	
  from	
  agriculture	
  and	
  sewage.	
  	
  Impacts	
  of	
  the	
  broad	
  deoxygenation	
  on	
  
marine	
  species	
  and	
  ecosystems	
  are	
  varied,	
  but	
  include	
  habitat	
  compression	
  for	
  large	
  ocean	
  
predators,	
  such	
  as	
  marlin,	
  which	
  have	
  a	
  high	
  oxygen	
  demand,	
  which	
  is	
  likely	
  to	
  increase	
  the	
  
vulnerability	
  of	
  these	
  large	
  fish,	
  which	
  also	
  include	
  tuna	
  species,	
  to	
  fishing	
  pressure.	
  	
  
Another	
  symptom	
  of	
  climate	
  change	
  has	
  been	
  the	
  incursion	
  of	
  anoxic	
  (no	
  oxygen)	
  waters	
  
into	
  the	
  inner	
  shelf	
  adjacent	
  to	
  the	
  upwelling	
  zone	
  along	
  the	
  west	
  coast	
  of	
  North	
  America,	
  
with	
  such	
  events	
  occurring	
  in	
  2006,	
  2007	
  and	
  2008	
  having	
  negative	
  effects	
  and	
  causing	
  
mortalities	
  among	
  marine	
  fauna.	
  	
  	
  

Oxygen	
  depleted,	
  or	
  hypoxic,	
  zones	
  have	
  spread	
  since	
  the	
  introduction	
  of	
  industrial	
  
fertilizers	
  in	
  the	
  1940s,	
  and	
  since	
  the	
  1960s	
  the	
  number	
  of	
  “dead	
  zones”	
  has	
  doubled	
  every	
  
ten	
  years,	
  concentrated	
  in	
  areas	
  near	
  human	
  population	
  centres	
  and	
  large	
  water	
  sheds.	
  	
  
Inland	
  seas	
  and	
  estuaries	
  –	
  including	
  the	
  Black	
  Sea,	
  the	
  Kattegat,	
  and	
  Chesapeake	
  Bay	
  –	
  are	
  
particularly	
  badly	
  affected,	
  and	
  number	
  of	
  hypoxic	
  zones	
  is	
  thought	
  to	
  be	
  underestimated	
  as	
  
their	
  occurrence	
  is	
  not	
  reported	
  in	
  many	
  geographic	
  zones.	
  	
  Over	
  long	
  periods	
  of	
  time,	
  
hypoxia	
  or	
  anoxia	
  will	
  eliminate	
  most	
  benthic	
  fauna	
  within	
  areas	
  vulnerable	
  to	
  the	
  formation	
  
of	
  dead	
  zones,	
  causing	
  ecosystems	
  to	
  become	
  dominated	
  by	
  microorganisms	
  (some	
  of	
  them	
  
pathogenic),	
  and	
  harmful	
  algal	
  blooms.	
  	
  Climate	
  induced	
  and	
  eutrophication	
  induced	
  
hypoxia	
  may	
  interact	
  as	
  elevated	
  temperatures	
  enhance	
  stratification	
  and	
  may	
  increase	
  the	
  
likelihood	
  of	
  eutrophication-­‐induced	
  coastal	
  hypoxia.	
  	
  	
  

It	
  is	
  the	
  simultaneous	
  occurrence	
  of	
  the	
  “deadly	
  trio”	
  of	
  acidification,	
  warming	
  and	
  
deoxygenation	
  that	
  is	
  seriously	
  effecting	
  how	
  productive	
  and	
  efficient	
  the	
  ocean	
  is,	
  as	
  
temperatures,	
  chemistry,	
  surface	
  stratification,	
  nutrient	
  and	
  oxygen	
  supply	
  are	
  all	
  
implicated,	
  meaning	
  that	
  many	
  organisms	
  will	
  find	
  themselves	
  in	
  unsuitable	
  environments.	
  	
  	
  
These	
  impacts	
  will	
  have	
  cascading	
  consequences	
  for	
  marine	
  biology,	
  including	
  altered	
  food	
  
web	
  dynamics	
  and	
  the	
  expansion	
  of	
  pathogens.	
  	
  To	
  make	
  matters	
  even	
  worse,	
  this	
  is	
  all	
  
happening	
  to	
  marine	
  ecosystems	
  already	
  undermined	
  by	
  other	
  human	
  pressures	
  such	
  as	
  
overfishing,	
  eutrophication	
  and	
  pollution.	
  	
  The	
  adaption	
  of	
  species	
  to	
  these	
  altered	
  
conditions	
  is	
  in	
  some	
  cases	
  possible	
  –	
  as	
  is	
  migration,	
  though	
  as	
  warming	
  demands	
  a	
  
poleward	
  migration	
  while	
  acidification	
  encourages	
  the	
  movement	
  to	
  warmer	
  more	
  
equatorial	
  waters	
  the	
  “green	
  pastures”	
  will	
  become	
  increasingly	
  scarce	
  and	
  competition	
  for	
  
them	
  fierce.	
  	
  Mass	
  extinctions	
  happen	
  in	
  the	
  geological	
  equivalent	
  of	
  overnight;	
  we	
  may	
  



already	
  have	
  entered	
  into	
  an	
  extinction	
  period	
  and	
  not	
  yet	
  realized	
  it.	
  	
  What	
  is	
  certain	
  is	
  that	
  
current	
  carbon	
  perturbations	
  will	
  have	
  huge	
  implications	
  for	
  humans,	
  and	
  may	
  well	
  be	
  the	
  
most	
  important	
  challenge	
  faced	
  since	
  the	
  first	
  hominids	
  evolved.	
  	
  The	
  urgent	
  need	
  to	
  reduce	
  
the	
  pressure	
  of	
  all	
  ocean	
  stressors,	
  especially	
  CO2	
  emissions,	
  is	
  well	
  signposted.	
  	
  

	
  


