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Complexity	  of	  Climate	  Change	  

•  Warming	  
•  Winds	  

•  Mixing	  

•  Circula<on	  
•  UV	  
•  Acidifica<
on	  

Poloczanska	  et	  al.	  (2007)	  Oceanography	  Marine	  Biology	  Annual	  Review	  

Ocean	  Acidifica<on	  

Orr	  et	  al.	  (2005)	  Nature	  
Royal	  Society	  Report	  (2005)	  

CO2	  +	  CO3
2-‐	  +	  H2O	  →	  2HCO3-‐	  
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Fabry	  2008	  

Turley	  2005	  

Fabry	  2008	  
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Surface	  water	  aragonite	  
satura<on	  state	  (Fabry	  2008)	  

Change	  in	  sea	  surface	  pH	  between	  1700s	  and	  1990s	  

Royal	  Society	  Report	  (July	  2005)	  

Dissolved	  CO2	  

Photosynthesis	  of	  three	  different	  
phytoplankton	  species	  (diatom	  
Skeletonema	  costatum,	  
haptophytes	  Phaeocys<s	  globosa	  
and	  Emiliania	  huxleyi)	  with	  respect	  
to	  CO2	  sensi<vity	  (adapted	  from	  
Rost	  and	  Riebesell	  2004).	  Microalgal	  
species	  differ	  in	  their	  responses	  to	  
CO2,	  which	  implies	  that	  a	  high-‐CO2	  
ocean	  will	  induce	  shi^s	  in	  
phytoplankton	  species	  composi<on.	  
(Hallegraeff	  2010)	  
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SEMs	   Emiliania	  huxleyi	   Gephyrocapsa	  oceanica	  

300	  ppm	  

780–850	  ppm	  

Riebesell	  et	  al.	  (1999)	  Nature	  

Acidifica<on	  -‐	  Coccolithophores	  

Poten<ally	  60%	  decrease	  in	  calcifica<on	  by	  end	  of	  21st	  century	  

Gao	  et	  al.	  2009	  

Decrease	  in	  cell	  size	  and	  calcifica<on	  
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Coccolithophores	  may	  respond	  by	  increasing	  
carbonate	  contents!	  

Iglesias-‐Rodriguez	  et	  al.	  2008	  

Acidifica<on	  -‐	  Mollucs	  
•  Clio	  pyramidata,	  important	  pteropod	  in	  subpolar	  
waters,	  kept	  in	  water	  undersaturated	  in	  aragonite	  
for	  48	  h	  

Normal 

Orr	  et	  al.	  (2005)	  Nature	  

Limacina	  helicina	  dominant	  pteropod	  in	  polar	  waters	  	  

Photo:	  Russ	  Hopcro^	  

Photo:	  Gilmer	  &	  Harbison	  
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So,	  far	  warming	  more	  effec<ve	  on	  Foraminifera	  
than	  acidifica<on	  

Field	  et	  al	  (2006)	  Science	  

PC
1	  

1900 2000 1800 1750 1850 1950 

southern	  California	  

Tropical	  taxa	  

Temperate	  taxa	  

Effects	  on	  copepods:	  no	  effect	  on	  mortality	  
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Effects	  on	  copepods:	  inconclusive	  on	  
reproduc<on	  	  

PH	  7.3	  
PH	  6.8	  

PH	  7	  
PH	  6.8	  

EurOceans 08

Effects

Photosynthesis 

versus irradiance 

curves:

Different responses of
Synechococcus and 

Prochlorococcus

to elevated pCO2 and 
temperature

Fu et al. 2007 J. Phycol.

Synechococcus

Prochlorococcus

Cyanobacteria

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.
Kleypas	  2008	  
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EurOceans 08

Effects

Trichodesmium

Barcelos e Ramos

et al. 2007 GBC

Levitan et al. 2007 Glob. Change Biol.

Hutchins et al. 2007 Limnol. Oceanogr.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.
Kleypas	  2008	  

EurOceans 08

Effects

Barcelos e Ramos et al. 

2007 GBC

Trichodesmium is strongly affected by 

changes in CO2 concentrations

Cell division rate doubles

Redfield ratios shift:

• N:P and C:P ratios increase 

• C:N ratios unchanged

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Trichodesmium

Kleypas	  2008	  
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EurOceans 08

Effects

Trichodesmium
N-limited regions:

• productivity increase

• biological carbon sequestration 

increase

• P limitation

• Change nutritional content of organic 

matter

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Trichodesmium

Barcelos e Ramos et al. 

2007 GBC

Kleypas	  2008	  

pH
	  7
.7
	  

pH
	  7
.4
5	  

Kurihara	  2008	  
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Kurihara	  2008	  

8.1	   7.9	   7.7	  

Dupont	  et	  al.	  2008	  

We	  lack	  long-‐term	  studies	  
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UV	  and	  acidifica2on	  combined	  effects	  (Gao	  et	  al.	  2009)	  

P	  =	  PAR	  
PA	  =	  PAR+UV-‐A	  
PAB	  =	  PAR+UV-‐A+UV-‐B	  

UV	  may	  damage	  organisms,	  especially	  at	  high	  la<tudes	  
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Ozone	  deple<on	  

Reduc<on	  of	  Arc<c	  and	  Antarc<c	  ice	  
cover	  

Higher	  doses	  of	  UVR	  in	  polar	  
regions	  

slide	  from	  C.	  Ruiz	  	  

• 	  Photochemical	  transforma<ons	  of	  DOM	  

• 	  Cellular	  damage	  

	  UVR	  (280-‐400nm)	  affects	  microbial	  ac2vity	  through:	  

Direct	  damage	   Indirect	  damage	  

Direct	  absor<on	  
by	  biological	  
molecules	  

Forma<on	  of	  
reac<ve	  oxigen	  
species	  or	  free	  
radicals	  

slide	  from	  C.	  Ruiz	  	  
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Simó	  2001	  

DMS/DMSp	  cycle	  

Impact	  of	  Global	  Change	  on	  the	  
marine	  planktonic	  ecosystem:	  	  
Phytoplankton	  and	  Zooplankton	  

Albert	  Calbet	  
Ins<tut	  de	  Ciències	  del	  Mar-‐CSIC	  
acalbet@icm.csic.es	  

Other	  Global	  Change	  
mechanisms:	  pollutants,	  
overfishing,	  invasive	  species	  
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POLLUTION	  

There	  are	  four	  main	  sources	  of	  aqua<c	  (toxic)	  pollu<on:	  	  
-‐	  industrial	  wastes	  	  
-‐	  municipal	  wastes	  	  
-‐	  agricultural	  run-‐off	  	  
-‐	  accidental	  spillage	  

	   	  	  
Source	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  Million	  gallons/year	  
Large	  Spill	  Accidents 	   	   	  37	  	  	  	  	  	  	  	  	  	  	  
Rou<ne	  Ship	  Maintenance 	   	  137	  
Drains	  and	  Urban	  Runoff 	   	  363	  
From	  Air	  Pollu<on 	   	   	   	  	  92	  
Natural	  seepage 	   	   	   	  	  62	  
Offshore	  Drilling 	   	   	   	  15 	   	  	  

See	  the	  Sea.org	  

More	  than	  2.8	  billion	  gallons	  of	  industrial	  waste	  water	  per	  day	  are	  
discharged	  directly	  into	  U.S.	  ocean	  waters	  (U.S.	  EPA,	  1994)	  
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Olsen	  et	  al.	  1982	  

IV.	  Subproducts	  form	  nano-‐technology	  

Olsen	  et	  al.	  1982	  
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FOOD	  WEB	  AND	  BIOACUMULATION	  

World	  Ocean	  review	  
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Not	  only	  chemicals,	  also	  lioer	  

World	  Ocean	  review	  

World	  Ocean	  Review	  
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OVERFISHING	  

!"#$%"&'(%)*+&,&-%./)+&01#2324+526

$7/"8/)*&21+)%./#2&9#.&4(+&9747.+&:;<=0>?&
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• Systems changing due to environmental 

forcing (natural and anthropogenic)

Kenneth	  et	  al.	  2005	  

Collapse	  of	  Atlan2c	  cod	  stocks	  off	  the	  East	  
Coast	  of	  Newfoundland	  in	  1992	  
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Response of major forage fish 

species (planktivores)

- Release from predation 

- Similar increases in macroinvertebrates

Kenneth	  et	  al.	  2005	  

Response of Zooplankton

Decline in abundance of 

large-bodied species
1960

0

100

200

300

all Calanus sp.

Kenneth	  et	  al.	  2005	  
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Phytoplankton and nutrients

Phytoplankton levels 

increased dramatically after 

1992

Nutrients (decadal averages) 

steadily dropped

Kenneth	  et	  al.	  2005	  

Side effects:

Quijon & Snelgrove

(2005):

Crab predation reduces 

infaunal abundance of 

sedentary polychaetes

and clams

Negative feedback –

forage fish prey on 

early life stages of 

former predators 

Non-predated 

mesozooplankton

increase (e.g. 

larvacea) but can 

flourish at low 

nutrient levels
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Black Sea 

Pelagic predatory fish

Small planktivorous fish

Zooplankton

Phytoplankton

Baltic Sea 

Daskalov et al 2007 (Möllmann et al. 2008) (Myers et al. 2008)

SE US Coast

Invasive	  species	  
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• 	  Ballast	  Water:	  1	  of	  the	  2	  major	  uninten<onal	  mechanisms	  for	  

aqua<c	  introduc<ons,	  the	  other:	  hull-‐fouling	  

• 	  Interna<onal	  shipping,	  followed	  by	  aquaculture:	  major	  means	  of	  

introduc<on	  globally,	  also	  2	  main	  vectors	  for	  high	  levels	  of	  invasion	  

in	  temperate	  regions	  of	  Europe,	  North	  America	  and	  Australia	  

• 	  Regional	  differences,	  i.e.	  Eastern	  Mediterranean:	  Suez	  Canal,	  main	  

mechanism	  

• 	  Other	  important	  mechanisms:	  sediments	  in	  ballast	  tanks	  and	  

aoached	  to	  anchors/chains	  and	  commercial	  fishing	  nets	  and	  gear	  

From	  Quílez-‐Badia	  2009	  

aquaculture	  
(inten<onal	  and	  
uninten<onal)	  

stock	  
enhancement	  
purposes	  

use	  of	  living	  
organisms	  as	  bait	  

or	  packing	  
material	  for	  bait	  

fish	  processing	  
companies	  

remaining	  
organisms	  le^	  in	  
fishnets	  and	  traps	  

import	  of	  live	  
animals	  for	  human	  

consump<on	  

on	  or	  within	  
recrea<onal	  
equipment	  

ornamental	  
trade	  

imports	  for	  
hobby	  or	  

public	  aquaria	  
research	  

transport	  of	  sand	  
and	  gravel	  as	  
construc<on	  
material	  

removal	  of	  barriers	  

ocean	  and	  coastal	  
currents	  transpor<ng	  
organisms	  aoached	  to	  
man-‐made	  floa<ng	  

objects	  

species	  introduc<ons	  
as	  fouling	  organisms	  
on	  migra<ng	  non-‐
indigenous	  host	  

species	  

From	  Quílez-‐Badia	  2009	  



5/18/11	  

24	  

• From	  1880s	  ballast	  material	  changed:	  seawater	  easier	  to	  obtain,	  

transport,	  get	  rid	  of,	  available	  everywhere	  =>	  more	  efficient	  and	  

economical	  than	  solid	  ballast	  

Source:	  GloBallast	  (hop://globallast.imo.org/index.asp?page=problem.htm&menu=true)	  

• When	  ship	  empty	  of	  cargo,	  

BW	  taken	  in,	  when	  loaded	  

with	  cargo,	  BW	  discharged	  

=>	  crea<ng	  new	  type	  of	  

transport	  to	  new	  

environments,	  unaoainable	  

otherwise	  	  

From	  Quílez-‐Badia	  2009	  

• It	  is	  expected	  global	  and	  local	  shipping	  will	  increase	  in	  future	  =>	  can	  also	  

generate	  poten<ally	  serious	  ecological,	  economical	  and	  health	  threat	  	  

• 	  Organism	  small	  enough	  to	  go	  through	  

ships’	  BW	  intake	  pumps	  and	  filters	  can	  

be	  carried	  in	  BW	  =>	  bacteria,	  other	  

microbes,	  phytoplankton,	  small	  

invertebrates,	  eggs,	  cysts	  and	  larvae	  of	  

species	  (including	  of	  larger	  organisms	  

(>	  2	  cm)	  and	  planktonic	  stages	  of	  

benthic	  species)	  

Source:	  GloBallast	  (hop://globallast.imo.org/index.asp?page=problem.htm&menu=true)	  
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Zebra	  mussel	  (Dreissena	  polymorpha)	  

• Originally	  from	  Black	  Sea	  

• First	  iden<fied	  in	  US	  in	  1988	  	  

• In	  Irish	  waters	  ,first	  no<ced	  in	  1997	  	  

• In	  Spain	  in	  2001	  

• In	  US	  has	  infested	  >	  40%	  of	  internal	  waterways	  and	  required	  US$1	  
billion	  on	  control	  measures	  between	  1989	  and	  2000	  

Source:	  USCG	  

Asian	  clam	  (Corbula	  amurensis)	  	  

• Na<ve	  to	  Japan,	  China	  and	  Korea	  in	  cold	  temperatures.	  

• In	  San	  Francisco	  Bay,	  USA:	  

 Major	  biological	  disturbance	  with	  significant	  

ecological	  consequences.	  Large	  popula<ons	  

established	  (95%	  of	  biomass	  in	  some	  areas)	  

 In	  the	  1990s,	  so	  abundant	  that	  spring	  
phytoplankton	  bloom	  virtually	  disappeared	  

 Thought	  to	  be	  responsible	  for	  collapse	  of	  some	  

commercial	  fisheries	  and	  decline	  in	  diversity	  and	  

abundance	  of	  many	  benthic	  species	  

Photo:	  Luis	  A.	  Solórzano	  www.californiabiota.com	  
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North	  American	  comb	  jellyfish	  (Mnemiopsis	  leidyi)	  

• Accidentally	  introduced	  in	  early	  1980s	  to	  Black	  Sea:	  
 Popula<on	  exploded:	  biomass	  of	  1.5-‐2	  

kg	  ·∙	  m-‐2	  in	  summer	  of	  1989,	  devasta<ng	  

food	  chain	  of	  en<re	  Black	  Sea	  basin	  

 Caused	  sharp	  decrease	  of	  anchovy	  
(Engraulis	  encrasicolus)	  and	  other	  pelagic	  

fish	  stocks	  in	  Black	  Sea.	  

 Also	  similar	  effects	  on	  the	  Caspian	  Sea	  

Source:	  www.livt.net	  

Oguz	  et	  al.	  2007	  

Long-‐term	  changes	  of	  the	  (a)	  
phytoplankton	  biomass	  integrated	  over	  the	  
upper	  50m	  of	  the	  water	  column	  
(con<nuous	  line)	  (in	  g	  m2)	  and	  surface	  
chlorophyll	  concentra<on	  (broken	  line)	  (in	  
mg	  m3)	  during	  May–November	  period,	  (b)	  
annual	  mean	  mesozooplankton	  biomass	  
(in	  g	  m2),	  (c)	  gela<nous	  carnivore	  biomass	  
(in	  kg	  m2)	  (Mnemiopsis	  leidyi	  in	  black	  color	  
and	  Aurelia	  aurita	  in	  grey	  color),	  (d)	  annual	  
mean	  small	  pelagic	  fish	  stock	  and	  catch,	  
and	  large	  predatory	  pelagic	  catch	  (broken	  
line)	  (in	  kilotons).	  They	  are	  given	  as	  the	  
averages	  of	  all	  measurements	  within	  the	  
interior	  basin.	  

BLACK	  SEA	  
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Only	  zooplankton,	  different	  areas	  

Long-‐term	  changes	  in	  the	  biomass	  of	  fish,	  forage	  
zooplankton,	  and	  gela<nous	  macrozooplankton	  in	  
the	  Black	  Sea.	  Fish	  catch	  data	  for	  each	  country	  is	  
from	  www.seaaroundus.	  com.	  The	  forage	  
zooplankton	  data	  (from	  Kideys	  et	  al.	  [2000],	  except	  
for	  Romania)	  are	  for	  (a)	  from	  the	  off	  shore	  western	  
Black	  Sea,	  (b)	  from	  the	  coastal	  waters	  off	  Romania	  
(from	  A.	  Petran	  and	  M.	  Moldoveau,	  Na<onal	  
Ins<tute	  for	  Marine	  Research	  and	  Development	  
“Grigore	  An<pa”	  Constanta,	  unpublished	  data,	  
2005),	  (c)	  from	  the	  coastal	  northwestern	  shelf	  (+)	  
and	  off	  shore	  waters	  of	  the	  northeastern	  region,	  
and	  (d)	  from	  off	  shore	  waters	  off	  Turkey.	  Gela<nous	  
zooplankton	  data	  before	  1991	  belong	  to	  the	  
northern	  Black	  Sea	  (Russian	  values),	  and	  a^er	  1990	  
belong	  to	  the	  southern	  Black	  Sea	  (Turkish	  values,	  
a^er	  Kideys	  et	  al.	  [2000]).	  Note	  the	  blue	  rectangular	  
area	  where	  the	  first	  peak	  of	  Mnemiopsis	  leidyi	  
occurred,	  when	  there	  were	  sharp	  decreases	  in	  the	  
fish	  catches	  and	  forage	  zooplankton	  in	  different	  
regions.	  

Kideys	  et	  al.	  2005	  

Beroe	  ovata	  feeding	  on	  Mnemiopsis	  

Beroe	  ovata	  	  

Natural	  predator	  introduc<on	  
(1998)	  
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(a)	  Abundance	  and	  (b)	  
biomass	  of	  M.	  leidyi	  and	  B.	  
ovata,	  and	  (c)	  zooplankton	  
biomass	  in	  Sevastopol	  Bay	  in	  
1999-‐2001	  (from	  Finenko	  et	  
al.,	  2003).	  
Note	  the	  preda<on	  impact	  of	  
B.	  ovata	  on	  M.	  leidyi	  and	  of	  
M.	  leidyi	  on	  forage	  
zooplankton	  par<cularly	  in	  
2000	  and	  2001.	  

Kideys	  et	  al.	  2005	  


