
	
  
	
  
 

	
  
 
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

D/Dª	
  Juan	
  Luis	
  Gómez	
  Pinchetti,	
  secretario	
  del	
  Departamento	
  de	
  Biología	
  
de	
  la	
  Universidad	
  de	
  Las	
  Palmas	
  de	
  Gran	
  Canaria,	
  certifica:	
  	
  

	
  

	
   que	
  el	
  Consejo	
  de	
  Doctores	
  del	
  Departamento	
  en	
  sesión	
  extraordinaria	
  
tomó	
   el	
   acuerdo	
   de	
   dar	
   el	
   consentimiento	
   para	
   su	
   tramitación,	
   a	
   la	
   tesis	
  
doctoral	
   titulada	
   “Magnitude	
   and	
   controls	
   of	
   N2	
   fixation	
   in	
   the	
   subtropical	
  
Northeast	
   Atlantic”	
   presentada	
   por	
   el/la	
   doctorando/a	
   D/Dª	
   Mar	
   Benavides	
  
Gorostegui	
   y	
   dirigida	
   por	
   el	
   Dr.	
   Javier	
   Arístegui	
   Ruiz	
   y	
   la	
   Dra.	
   Nona	
   Sheila	
  
Agawin	
  Romualdo.	
  

	
  

	
   Y	
   para	
   que	
   así	
   conste,	
   y	
   a	
   efectos	
   de	
   lo	
   previsto	
   en	
   el	
   Artº	
   73.2	
   del	
  
Reglamento	
  de	
  Estudios	
  de	
  Doctorado	
  de	
  esta	
  Universidad,	
   firmo	
   la	
  presente	
  
en	
  Las	
  Palmas	
  de	
  Gran	
  Canaria,	
  a	
  3	
  de	
  Diciembre	
  de	
  2012.	
  



	
  
	
  
 

	
  
 
	
  
	
  

	
  

	
  

Programa	
  de	
  doctorado	
  en	
  Oceanografía	
  

Bienio	
  2008-­‐2010.	
  Con	
  Mención	
  de	
  Calidad	
  de	
  la	
  ANECA.	
  

	
  	
  

	
  	
  

Título	
  de	
  la	
  Tesis:	
  

	
  

Magnitude	
  and	
  controls	
  of	
  N2	
  fixation	
  in	
  the	
  

subtropical	
  Northeast	
  Atlantic	
  

Magnitud	
  y	
  controles	
  de	
  la	
  fijación	
  de	
  nitrógeno	
  en	
  el	
  Nordeste	
  Atlántico	
  
subtropical	
  

	
  	
  

Tesis	
   doctoral	
   presentada	
   por	
   Dª	
   Mar	
   Benavides	
   Gorostegui	
   para	
   optar	
   al	
  
grado	
  de	
  Doctor	
  por	
  la	
  Universidad	
  de	
  Las	
  Palmas	
  de	
  Gran	
  Canaria.	
  	
  

	
  	
  

Dirigida	
  por:	
  	
   Dr.	
  D.	
  Javier	
  Arístegui	
  Ruiz	
  	
  	
  	
  

	
   	
   	
   Dra.	
  Dª.	
  Nona	
  Sheila	
  Agawin	
  Romualdo	
  

	
  

	
  

El/la	
  Director/a	
   	
  	
  	
   	
  	
  	
  	
  El/la	
  Co-­‐Director/a	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  El/la	
  Doctorando	
  

	
  	
  



	
  
	
  
 

	
  
 
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

A	
  mi	
  abuelo	
  Víctor	
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Abstract	
  
	
  
	
   Biological	
   N2	
   fixation	
   contributes	
   significantly	
   to	
   new	
   production	
   in	
   the	
  
oligotrophic	
   subtropical	
   gyres,	
   which	
   cover	
   ~50%	
   of	
   the	
   world’s	
   oceans.	
   It	
   was	
  
generally	
   assumed	
   that	
   diazotrophy	
   was	
   restricted	
   to	
   the	
   warm	
   (>20ºC)	
   and	
  
stratified	
   surface	
   waters	
   of	
   the	
   tropical	
   and	
   subtropical	
   oceans	
   (<200	
   m).	
  
Nevertheless,	
   recent	
   evidence	
   indicates	
   that	
   diazotrophic	
   organisms	
   are	
   more	
  
diverse	
   than	
   it	
  was	
  previously	
   thought,	
   and	
   able	
   to	
   fix	
  N2	
   at	
   higher	
   latitudes	
   and	
  
depths	
  where	
  the	
  temperatures	
  are	
  colder.	
  In	
  the	
  last	
  decade	
  intense	
  research	
  has	
  
been	
  devoted	
   to	
   the	
   study	
  of	
  N2	
  fixation	
   rates	
   and	
   the	
  diversity	
  of	
  diazotrophs	
   in	
  
the	
  different	
  oceanic	
  basins	
  of	
  the	
  world.	
  However,	
  most	
  of	
  the	
  studies	
  have	
  been	
  
concentrated	
   in	
   the	
   western	
   Atlantic	
   Ocean,	
   whereas	
   its	
   eastern	
   half	
   has	
   been	
  
seldom	
   studied.	
   In	
   this	
   thesis	
  N2	
  fixation	
   and	
   dissolved	
   nitrogen	
   release	
   rates,	
   as	
  
well	
   as	
   the	
   diversity	
   of	
   diazotrophic	
   organisms	
   over	
   different	
   areas	
   of	
   the	
  
subtropical	
   Northeast	
   Atlantic,	
   were	
   studied	
   considering	
   the	
   effect	
   of	
   various	
  
environmental	
   factors	
   (e.g.	
   temperature,	
   aerosols,	
   nutrients).	
   We	
   found	
   that	
   N2	
  
fixation	
  rates	
  in	
  the	
  eastern	
  subtropical	
  Atlantic	
  are	
  generally	
  low	
  compared	
  to	
  the	
  
western	
   basin,	
   although	
   the	
   eastern	
   subtropical	
   region	
   provides	
   >70%	
   of	
   the	
   N2	
  

fixed	
   in	
   the	
   whole	
   North	
   Atlantic	
   subtropical	
   latitudinal	
   band.	
   Size-­‐fractionated	
  
experiments	
   showed	
   that	
   unicellular	
   diazotrophs	
   (<10	
  µm	
   fraction)	
   predominate	
  
in	
  these	
  waters,	
  as	
  they	
  typically	
  contributed	
  ~20-­‐90%	
  to	
  total	
  N2	
  fixation.	
  This	
  was	
  
further	
   confirmed	
   by	
  whole-­‐cell	
   hybridization	
   analyses,	
   which	
   indicated	
   that	
   the	
  
predominant	
   diazotrophic	
   forms	
   usually	
   ranged	
   from	
   <1	
   µm	
   to	
   3	
   µm	
   in	
   size.	
  
Moreover,	
   analyses	
   of	
   the	
   nifH	
   gene	
   revealed	
   that	
   UCYN-­‐A	
   diazotrophs	
   are	
  
especially	
  abundant	
   in	
   these	
  waters.	
  The	
  deposition	
  of	
  atmospheric	
  dust	
  over	
   the	
  
Canary	
   Islands	
   waters	
   had	
   a	
   differential	
   effect	
   on	
   N2	
   fixation	
   rates	
   by	
   different	
  
groups:	
   the	
   diazotrophic	
   activity	
   of	
   unicellular	
   diazotrophs	
  was	
   enhanced	
   after	
   a	
  
dust	
  deposition	
  peak,	
  while	
  other	
  diazotrophs	
  such	
  as	
  Trichodesmium	
  seemed	
  to	
  be	
  
unaffected.	
   Also,	
   proxies	
   of	
   atmospheric	
   dust	
   presence	
   were	
   significantly	
  
correlated	
   with	
   N2	
   fixation	
   rates	
   in	
   a	
   long	
   transect	
   over	
   the	
   subtropical	
   North	
  
Atlantic,	
   confirming	
   the	
   enhancing	
   effect	
   of	
   atmospheric	
   dust	
   on	
   diazotrophic	
  
activity.	
  The	
  release	
  of	
  recently	
  fixed	
  N2	
  as	
  DON	
  was	
  measured	
  using	
  stable	
  isotope	
  
techniques.	
   We	
   found	
   that	
   cultured	
   unicellular	
   diazotrophs	
   do	
   not	
   release	
   DON	
  
significantly	
   (only	
   ~1%	
   of	
   the	
   total	
   N2	
   fixed),	
   while	
   natural	
   populations	
   release	
  
~23%.	
   Finally,	
   the	
   comparison	
   of	
   N2	
   fixation	
   rates	
   with	
   new	
   production	
   rates	
  
indicated	
   that	
   the	
  relative	
  contribution	
  of	
  diazotrophy	
   to	
  biological	
  production	
   in	
  
our	
   study	
  area	
   is	
   low	
   (<1%),	
   at	
   least	
   in	
   surface	
  waters	
   (<100	
  m).	
  This	
   result	
   can	
  
change	
  however	
  if	
  N2	
  fixation	
  measurements	
  are	
  extended	
  to	
  higher	
  depths,	
  where	
  
recently	
  discovered	
  heterotrophic	
  diazotrophs	
  thrive.	
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Resumen	
  
	
  
	
   La	
   fijación	
   de	
   N2	
   biológica	
   contribuye	
   significativamente	
   a	
   la	
   producción	
  
nueva	
  en	
  los	
  giros	
  subtropicales	
  oligotróficos,	
  que	
  cubren	
  ~50%	
  del	
  océano	
  global.	
  
Hasta	
   hace	
   poco	
   se	
   asumía	
   que	
   la	
   actividad	
   diazotrófica	
   estaba	
   restringida	
   a	
   las	
  
aguas	
   superficiales	
   de	
   los	
   océanos	
   tropicales	
   y	
   subtropicales	
   (<200	
  m),	
   pero	
   sin	
  
embargo,	
   estudios	
   recientes	
  demuestran	
  que	
   los	
  organismos	
  diazótrofos	
   son	
  más	
  
diversos	
  de	
  lo	
  que	
  se	
  creía,	
  y	
  pueden	
  fijar	
  N2	
  a	
  latitudes	
  y	
  profundidades	
  donde	
  las	
  
temperaturas	
   son	
  más	
   frías.	
   En	
   la	
   última	
   década	
   se	
   ha	
   invertido	
  mucho	
   esfuerzo	
  
científico	
  en	
  medir	
   tasas	
  de	
   fijación	
  de	
  N2	
  y	
   estudiar	
   la	
  diversidad	
  de	
  diazótrofos	
  
por	
  todos	
  los	
  océanos.	
  A	
  pesar	
  de	
  ello,	
  la	
  mayoría	
  de	
  estos	
  estudios	
  se	
  han	
  centrado	
  
en	
  el	
  Atlántico	
  Noroeste,	
  quedando	
  la	
  mitad	
  Nordeste	
  mucho	
  menos	
  estudiada.	
  En	
  
esta	
   tesis	
   nos	
   hemos	
   centrado	
   en	
   el	
   Atlántico	
   Nordeste	
   subtropical	
   para	
   aportar	
  
nuevas	
   medidas	
   de	
   tasas	
   de	
   fijación	
   de	
   N2,	
   exudación	
   de	
   nitrógeno	
   disuelto	
   y	
  
diversidad	
   de	
   diazótrofos	
   en	
   esta	
   zona,	
   teniendo	
   en	
   cuenta	
   el	
   efecto	
   de	
   varios	
  
factores	
   ambientales	
   (e.g.	
   temperatura,	
   aerosoles,	
   nutrientes).	
   Hemos	
   observado	
  
que	
   las	
   tasas	
   de	
   fijación	
   de	
   N2	
   en	
   el	
   Atlántico	
   Nordeste	
   subtropical	
   son	
  
generalmente	
  bajas,	
  en	
  comparación	
  con	
   la	
  cuenca	
  Oeste.	
  A	
  pesar	
  de	
  ello,	
   la	
  zona	
  
del	
  Atlántico	
  Este	
  subtropical	
  aporta	
  >70%	
  del	
  N2	
  fijado	
  en	
  todo	
  el	
  rango	
  latitudinal	
  
del	
  Atlántico	
  Norte	
  subtropical.	
  Mediante	
  experimentos	
  en	
  los	
  que	
  las	
  muestras	
  se	
  
fraccionaban	
   según	
   tamaño,	
   vimos	
   que	
   los	
   diazótrofos	
   unicelulares	
   (<10	
   µm)	
  
predominan	
  en	
  estas	
  aguas,	
  ya	
  que	
  aportan	
  un	
  ~20-­‐90%	
  a	
   la	
   fijación	
  de	
  N2	
   total.	
  
Mediante	
  análisis	
  de	
  hibridación	
  observamos	
  que	
   la	
  mayoría	
  de	
   las	
  células	
  tenían	
  
un	
  tamaño	
  entre	
  <1	
  µm	
  y	
  3	
  µm.	
  También,	
  mediante	
  análisis	
  del	
  gen	
  nifH	
  vimos	
  que	
  
las	
   cianobacterias	
  unicelulares	
  del	
   grupo	
  A	
   (UCYN-­‐A)	
   son	
   la	
   forma	
  predominante	
  
en	
   esta	
   aguas.	
   Además,	
   estudiamos	
   la	
   deposición	
   de	
   polvo	
   atmosférico	
   sobre	
   las	
  
islas	
  Canarias,	
  y	
  comprobamos	
  que	
  afecta	
  de	
   forma	
  distinta	
  a	
  distintos	
  grupos	
  de	
  
diazótrofos.	
  Tras	
  un	
  evento	
  de	
  deposición	
  de	
  polvo	
  atmosférico,	
  la	
  fijación	
  de	
  N2	
  en	
  
diazótrofos	
  unicelulares	
  aumentó	
  ~90%,	
  mientras	
  que	
  Trichodesmium	
  pareció	
  no	
  
verse	
   afectado.	
   En	
   un	
   transecto	
   cruzando	
   el	
   Atlántico	
   Norte	
   sobre	
   el	
   paralelo	
  
24.5ºN,	
  también	
  vimos	
  que	
  el	
  AOD	
  550	
  nm	
  (un	
  indicador	
  de	
  presencia	
  de	
  polvo	
  en	
  
la	
  atmósfera)	
  se	
  correlaciona	
  significativamente	
  con	
  las	
  tasas	
  de	
  fijación	
  de	
  N2,	
  de	
  
manera	
   que	
   podemos	
   confirmar	
   que	
   los	
   aerosoles	
   tienen	
   un	
   efecto	
   sobre	
   la	
  
actividad	
   diazotrófica.	
   También	
   hemos	
   medido	
   la	
   exudación	
   de	
   DON	
   mediante	
  
técnicas	
   de	
   isótopos	
   estables.	
   En	
   diazótrofos	
   unicelulares	
   cultivados	
   bajo	
  
condiciones	
  óptimas	
  de	
  luz	
  y	
  temperatura,	
  la	
  exudación	
  de	
  DON	
  apenas	
  representa	
  
~1%	
   del	
   N2	
   fijado	
   total.	
   Sin	
   embargo,	
   poblaciones	
   naturales	
   de	
   diazótrofos	
  
unicelulares	
  exudan	
  ~23%.	
  En	
  último	
  lugar,	
  comparamos	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  
con	
  tasas	
  de	
  producción	
  nueva	
  en	
  nuestra	
  zona	
  de	
  estudio,	
  y	
  comprobamos	
  que	
  las	
  
primeras	
  aportan	
  <1%	
  a	
   las	
  segundas,	
  al	
  menos	
  en	
  aguas	
  superficiales	
   (<100	
  m).	
  
Este	
   resultado	
   podría	
   verse	
   modificado	
   si	
   las	
   estimas	
   de	
   fijación	
   de	
   N2	
   se	
  
extendieran	
   a	
   mayores	
   profundidades,	
   donde	
   habitan	
   los	
   recientemente	
  
descubiertos	
  fijadores	
  de	
  N2	
  heterotróficos.	
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Oceanic	
  N2	
  fixation	
  and	
  its	
  protagonists	
  

	
   The	
  ocean	
  is	
  the	
  largest	
  ecosystem	
  on	
  Earth.	
  It	
  covers	
  71%	
  of	
  the	
  Earth’s	
  

surface	
  and	
   it	
  provides	
  roughly	
  half	
  of	
   its	
  primary	
  production	
  (Barange	
  et	
  al.,	
  

2010).	
  Despite	
   the	
  high	
  productivity	
  of	
   the	
  oceans	
   in	
  a	
  global	
  basis,	
   there	
  are	
  

wide	
  regions	
  where	
  biological	
  productivity	
  is	
  low,	
  the	
  so-­‐called	
  ‘ocean	
  deserts’	
  

(Fig.	
   1).	
   In	
   the	
   open	
   ocean	
   subtropical	
   gyres,	
   the	
   water	
   column	
   remains	
  

stratified	
   due	
   to	
   intense	
   solar	
   heating	
   throughout	
   the	
   year.	
   Stratification	
  

hinders	
   the	
   upwelling	
   of	
   nutrient-­‐rich	
   deep	
  waters	
   to	
   the	
   surface	
   and	
   hence	
  

restricts	
  primary	
  production	
  in	
  the	
  upper	
  water	
  column,	
  where	
  enough	
  light	
  is	
  

available	
  for	
  photosynthesis.	
  

	
  

	
  

Fig.	
   1.	
   Global	
   distribution	
   of	
   Chlorophyll	
   a	
   (Chl	
   a).	
   Dark	
   blue	
   areas	
   are	
   the	
   least	
   biologically	
  
productive	
   of	
   the	
   ocean.	
   Extracted	
   from	
   the	
   National	
   oceanic	
   and	
   atmospheric	
   administration	
  

(NOAA)	
  website	
  (http://www.noaanews.noaa.gov/stories2008/20080305_oceandesert.html).	
  

	
  

Open	
  ocean	
  biological	
  production	
  is	
   largely	
  limited	
  by	
  the	
  availability	
  

of	
   nitrogen	
   (Falkowski,	
   1997).	
   There,	
   the	
   main	
   sources	
   of	
   nitrogen	
   are	
   the	
  

upwelling	
   and	
   diffusion	
   of	
   deep	
   waters	
   enriched	
   in	
   nitrate	
   (NO3-­‐),	
   the	
  

deposition	
  of	
  atmospheric	
  nitrogenous	
  compounds	
  and	
  the	
  biological	
   fixation	
  

of	
   atmospheric	
   N2	
   (Gruber,	
   2008).	
   Although	
   dinitrogen	
   (N2)	
   is	
   the	
   main	
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component	
   of	
   our	
   atmosphere	
   (78%),	
   it	
   is	
   mainly	
   unavailable	
   to	
   primary	
  

producers.	
  This	
  is	
  caused	
  by	
  the	
  high	
  amount	
  of	
  energy	
  required	
  to	
  break	
  the	
  

triple	
  bond	
   linking	
  both	
  nitrogen	
  atoms	
  of	
   the	
  N2	
  molecule.	
  Only	
   a	
   restricted	
  

group	
  of	
  organisms	
  are	
  able	
  to	
  carry	
  out	
  biological	
  N2	
  fixation:	
  the	
  N2	
  fixers	
  or	
  

diazotrophs	
   (from	
  the	
  greek	
  dis	
  -­‐bis-­‐,	
  azōos	
  -­‐inert-­‐,	
  and	
  trophikos	
  -­‐nutrition-­‐).	
  
These	
   organisms	
   contain	
   a	
   nitrogenase	
   enzyme	
   complex,	
   composed	
   of	
   two	
  

proteins:	
   dinitrogenase	
   (an	
   iron-­‐molybdenum	
   protein	
   encoded	
   by	
   the	
   nifDK	
  
gene),	
  and	
  dinitrogenase-­‐reductase	
  (an	
  iron	
  protein	
  encoded	
  by	
  the	
  nifH	
  gene)	
  
(Postgate,	
  1982).	
  Molybdenum	
  is	
  sometimes	
  replaced	
  by	
  vanadium	
  or	
   iron	
   in	
  

some	
   alternative	
   nitrogenases.	
   The	
   nitrogenase	
   enzyme	
   complex	
   allows	
  

diazotrophs	
  to	
  reduce	
  N2	
  to	
  ammonia	
  (NH3)	
  under	
  the	
  following	
  stoichiometry:	
  	
  

	
  

N2	
  +	
  8H+	
  +	
  8e-­‐	
  +	
  16ATP	
  	
  2NH3	
  +	
  H2	
  +	
  16ADP	
  +	
  16Pi	
   (1)	
  

	
  

	
   As	
   previously	
   mentioned,	
   the	
   biological	
   fixation	
   of	
   N2	
   requires	
   a	
   high	
  

amount	
   of	
   energy	
   (16	
   ATP).	
  Where	
   it	
   occurs,	
   this	
   process	
   enriches	
   the	
   food	
  

web	
  through	
  the	
  leakage	
  of	
  ammonium	
  (NH4+)	
  and	
  amino	
  acids	
  that	
  serve	
  as	
  a	
  

source	
  of	
  nitrogen	
  for	
  autotrophic	
  non-­‐diazotrophic	
  phytoplankton	
  (Karl	
  et	
  al.,	
  

2002).	
  

	
   Studying	
   the	
   nitrogen	
   cycle	
   is	
   of	
   major	
   interest.	
   Microbes	
   control	
   the	
  

oceanic	
   nitrogen	
   cycle	
   through	
   a	
   set	
   of	
   gain	
   and	
   loss	
   processes,	
   and	
   sustains	
  

the	
   marine	
   trophic	
   web	
   (Fig.	
   2).	
   Inorganic	
   nitrogen	
   is	
   fixed	
   (or	
   ‘gained’)	
  

through	
  N2	
  fixation	
   and	
   the	
   assimilation	
   of	
  NO3-­‐,	
   nitrite	
   (NO2-­‐)	
   and	
  NH4+,	
   and	
  

remineralized	
  (or	
  ‘lost’)	
  through	
  ammonification,	
  denitrification	
  and	
  anaerobic	
  

ammonium	
  oxidation	
  (anammox).	
  

	
   The	
  study	
  of	
  N2	
  fixation	
  has	
  become	
  of	
  great	
  interest	
  not	
  only	
  because	
  it	
  

fuels	
  primary	
  production	
  in	
  large	
  oceanic	
  areas	
  (Capone	
  et	
  al.,	
  2005),	
  but	
  also	
  

because	
  of	
   its	
   critical	
   role	
   in	
  balancing	
   the	
  oceanic	
  nitrogen	
   cycle.	
   Indeed,	
  N2	
  

fixation	
   versus	
   denitrification	
   and	
   anammox	
   are	
   the	
   processes	
   thought	
   to	
  

maintain	
   the	
   fixed	
  nitrogen	
   reservoir	
  balance	
   in	
   the	
  ocean	
   (Codispoti,	
   2007).	
  

Present	
  estimates	
  indicate	
  that	
  nitrogen	
  loss	
  via	
  denitrification	
  and	
  anammox	
  

in	
   suboxic	
   and	
   anoxic	
   zones	
   far	
   exceed	
   rates	
   of	
   N2	
  fixation	
   in	
   surface	
  waters	
  

(Table	
   1).	
   However,	
   current	
   improvements	
   in	
   the	
   methodology	
   used	
   to	
  

estimate	
   N2	
   fixation	
   (Mohr	
   et	
   al.,	
   2010)	
   points	
   toward	
   a	
   smaller	
   difference	
  

between	
   fixed	
   nitrogen	
   gains	
   and	
   losses,	
  which	
   could	
   eventually	
   balance	
   the	
  

oceanic	
  fixed	
  nitrogen	
  budget	
  (Großkopf	
  et	
  al.,	
  2012).	
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Fig.	
  2.	
  The	
  marine	
  nitrogen	
  cycle.	
  Modified	
  from	
  http://bit.ly/wC3xZo	
  

	
  

	
   Recent	
   studies	
   have	
   shown	
   that	
   planktonic	
   diazotrophs	
   are	
   more	
  

diverse	
  (Fig.	
  3)	
  and	
  more	
  widely	
  distributed	
  than	
  previously	
  thought	
  (Zehr	
  et	
  

al.,	
   2001,	
   2008;	
  Moisander	
   et	
   al.,	
   2010;	
   Riemann	
   et	
   al.,	
   2010;	
   Farnelid	
   et	
   al.,	
  

2011).	
   Filamentous	
   heterocystous	
   cyanobacteria,	
   like	
   Anabaena,	
  
Aphanizomenon	
  and	
  Nodularia,	
  are	
  frequently	
  present	
  in	
  estuaries	
  as	
  well	
  as	
  in	
  
semi-­‐enclosed	
  seas,	
  like	
  the	
  Baltic	
  Sea,	
  but	
  are	
  rare	
  in	
  open	
  ocean	
  waters	
  (Zehr,	
  

2011).	
  

	
   Non-­‐heterocystous	
   filamentous	
   cyanobacteria	
   such	
  as	
  Katagnymene	
  
and	
  Trichodesmium	
  have	
  been	
  observed,	
  however,	
   in	
  open	
  ocean	
  regions	
  (e.g.	
  
Langlois	
  et	
  al.,	
  2005),	
  although	
  the	
  species	
  of	
  Trichodesmium	
  are	
  undoubtedly	
  
the	
   most	
   abundant	
   forms.	
   This	
   cyanobacterium	
   is	
   ubiquitous	
   in	
   the	
   tropical	
  

and	
   subtropical	
   oceans,	
   where	
   it	
   often	
   forms	
   massive	
   blooms.	
   The	
   high	
  

abundances	
  found	
  in	
  these	
  regions	
  lead	
  to	
  the	
  thought	
  that	
  it	
  was	
  the	
  principal	
  

N2	
  fixer	
  in	
  the	
  oceans.	
  Its	
  diazotrophic	
  activity	
  was	
  discovered	
  in	
  the	
  early	
  60s	
  

(Dugdale	
   et	
   al.,	
   1961)	
   and,	
   ever	
   since,	
   Trichodesmium	
   has	
   been	
   the	
   focus	
   of	
  
intensive	
   research.	
   As	
   a	
   result,	
   we	
   now	
   have	
   fairly	
   good	
   knowledge	
   of	
   its	
  

nutritional	
   (e.g.	
   Berman-­‐Frank	
   et	
   al.,	
   2001a;	
   Dyhrman	
   et	
   al.,	
   2002),	
  

temperature	
  (e.g.	
  Breitbarth	
  et	
  al.,	
  2007)	
  and	
  physical	
  (Davis	
  and	
  McGillicuddy,	
  

2006)	
  controls,	
  global	
  distribution	
  (Luo	
  et	
  al.,	
  2012),	
  and	
  potential	
   responses	
  

to	
  increased	
  atmospheric	
  CO2	
  levels	
  (e.g.	
  Hutchins	
  et	
  al.,	
  2007).	
  A	
  recent	
  review	
  

by	
  Bergman	
  et	
  al.	
  (2012)	
  covers	
  all	
  of	
  these	
  aspects.	
  

	
   Another	
  group	
   frequently	
   targeted	
   in	
  N2	
  fixation	
  studies	
  are	
  symbiotic	
  
diazotrophs,	
   such	
   as	
   the	
   cyanobacteria	
   Richelia	
   and	
   Calothrix	
   which	
   are	
  
symbionts	
  of	
  the	
  diatoms	
  Rhizosolenia,	
  Hemiaulus	
  or	
  Chaetoceros	
  (e.g.	
  Foster	
  et	
  
al.,	
  2011).	
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Table	
  1.	
  Global	
  estimates	
  of	
  nitrogen	
  sinks	
  and	
  sources.	
  Modified	
  from	
  Gruber	
  (2008).	
  All	
  rates	
  are	
  

in	
  Tg	
  N	
  y-­‐1.	
  

Process	
   Codispoti	
  et	
  al.	
  
(2001)	
  

Galloway	
  et	
  al.	
  	
  
(2004)	
  

Gruber	
  	
  
(2004)	
  

	
  
Sources	
   	
   	
   	
  

Pelagic	
  N2	
  fixation	
   117	
   106	
   120	
  

Benthic	
  N2	
  fixation	
   15	
   15	
   15	
  

River	
  input	
   76	
   48	
   80	
  

Atmospheric	
  deposition	
   86	
   33	
   50	
  

Total	
   294	
   202	
   265	
  

	
   	
   	
   	
  

Sinks	
   	
   	
   	
  
Organic	
  nitrogen	
  export	
   1	
   	
   1	
  

Benthic	
  denitrification	
   300	
   206	
   180	
  

Pelagic	
  denitrification	
   150	
   116	
   65	
  

Sediment	
  burial	
   25	
   16	
   25	
  

N2O	
  loss	
  to	
  atmosphere	
   6	
   4	
   4	
  

Total	
   482	
   342	
   275	
  

	
   	
   	
   	
  

Sources	
  -­‐	
  sinks	
   -­‐188	
   -­‐140	
   -­‐10	
  

	
  

	
  

	
   These	
   symbiotic	
   relationships	
   may	
   contribute	
   significantly	
   to	
   the	
  

oceanic	
  carbon	
  ‘biological	
  pump’.	
  Indeed,	
  diatom-­‐diazotroph	
  associations	
  have	
  

been	
  recently	
  identified	
  as	
  the	
  predominant	
  cause	
  for	
  particulate	
  matter	
  export	
  

peaks	
  during	
  the	
  summer	
  in	
  the	
  North	
  Pacific	
  Ocean	
  (Karl	
  et	
  al.,	
  2012).	
  Other	
  

less	
   studied	
   symbiosis	
   of	
   the	
   pelagic	
   habitat	
   are	
   those	
   of	
   anaerobic	
  

diazotrophic	
  bacteria	
  and	
  copepods	
  (Proctor,	
  1997).	
  

	
   Recently,	
   the	
   application	
   of	
   molecular	
   biology	
   techniques	
   has	
   allowed	
  

the	
  identification	
  of	
  a	
  new	
  wide	
  set	
  of	
  diazotrophs	
  through	
  the	
  detection	
  of	
  the	
  

nifH	
   gene.	
   Zehr	
   et	
   al.	
   (1998;	
   2001)	
   were	
   the	
   first	
   to	
   report	
   the	
   presence	
   of	
  
unicellular	
   diazotrophic	
   cyanobacteria	
   (UCYN)	
   in	
   the	
  North	
  Pacific	
  Ocean.	
  
In	
  the	
  following	
  years,	
  UCYN	
  of	
  groups	
  A,	
  B	
  and	
  C	
  (UCYN-­‐A,	
  UCYN-­‐B	
  and	
  UCYN-­‐

C)	
  were	
  detected	
  throughout	
  the	
  Atlantic	
  (Langlois	
  et	
  al.,	
  2005,	
  2008)	
  and	
  the	
  

Pacific	
   Oceans	
   (Needoba	
   et	
   al.,	
   2007),	
   where	
   they	
   occasionally	
   exceeded	
  

Trichodesmium	
   N2	
   fixation	
   rates	
   (Falcón	
   et	
   al.,	
   2004;	
   Montoya	
   et	
   al.,	
   2004;	
  
Benavides	
  et	
  al.,	
  in	
  press).	
  The	
  discovery	
  of	
  UCYN-­‐A	
  was	
  especially	
  remarkable.	
  

This	
  yet-­‐uncultivated	
  small	
  organism	
  (<1	
  µm)	
  is	
  now	
  recognized	
  to	
  be	
  the	
  most	
  

abundant	
   marine	
   diazotrophic	
   cyanobacterium	
   (Luo	
   et	
   al.,	
   2012).	
   In	
  

comparison	
  to	
  Trichodesmium	
  and	
  other	
  diazotrophs	
  which	
  need	
  warm	
  waters	
  
to	
  grow	
  (generally	
  >20ºC),	
  UCYN-­‐A	
  have	
  been	
  detected	
  at	
  higher	
  latitudes	
  and	
  

depths	
   (Moisander	
   et	
   al.,	
   2010),	
   and	
   are	
   even	
   present	
   in	
   upwelling	
   systems	
  

where	
   the	
   temperatures	
   are	
   often	
   below	
   17ºC	
   and	
   fixed	
   nitrogen	
  

concentrations	
  are	
  high	
  (Sohm	
  et	
  al.,	
  2011b;	
  N.S.	
  Agawin,	
  unpublished	
  results).	
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A	
   remarkable	
   peculiarity	
   of	
   UCYN-­‐A	
   is	
   their	
   photoheterotrophic	
  metabolism.	
  

These	
  organisms	
  lack	
  genes	
  for	
  the	
  oxygen-­‐evolving	
  photosystem	
  II	
  and	
  carbon	
  

fixation	
   (Zehr	
   et	
   al.,	
   2008),	
   hence	
   they	
   are	
   believed	
   to	
   rely	
   on	
   compounds	
  

produced	
   by	
   other	
   organisms	
   (Tripp	
   et	
   al.,	
   2010).	
   Indeed,	
   Thompson	
   et	
   al.	
  

(2012)	
   in	
   a	
   very	
   recent	
   study	
   found	
   UCYN-­‐A	
   in	
   symbiosis	
   with	
   a	
  

prymnesiophyte,	
   confirming	
   earlier	
   suspicions	
   of	
   their	
   mode	
   of	
   life.	
   These	
  

authors	
  have	
  proposed	
  the	
  name	
  Candidatus	
  atelocyanobacterium	
   thalassa	
  for	
  
the	
  UCYN-­‐A.	
  

	
  

	
  

Fig.	
  3.	
  Phylogenetic	
  diversity	
  of	
  the	
  nifH	
  gene	
  from	
  marine	
  planktonic	
  diazotrophs.	
  From	
  Riemann	
  
et	
  al.	
  (2010).	
  

	
  

	
  

	
   Besides	
   UCYN,	
   the	
   global	
   diazotrophic	
   domain	
   is	
   further	
   extended	
   to	
  

non-­‐cyanobacterial	
   diazotrophs,	
  which	
  are	
   found	
   in	
  all	
   four	
   clusters	
  of	
   the	
  
nifH	
   gene	
   (Chien	
   and	
   Zinder,	
   1996).	
   They	
   belong	
  mainly	
   to	
   α-­‐,	
   β-­‐,	
   γ-­‐	
   and	
   δ-­‐
proteobacteria,	
   and	
   less	
   frequently	
   to	
   Archaea	
   and	
   anaerobic	
   bacteria	
  

(Riemann	
  et	
  al.,	
  2010).	
  Recent	
  evidence	
  indicates	
  that	
  non-­‐cyanobacterial	
  nifH	
  
is	
   more	
   abundant	
   and	
   diverse	
   than	
   UCYN	
   in	
   global	
   ocean	
   surface	
   waters	
  

Riemann et al.: Non-cyanobacterial diazotrophs in marine waters

gent non-functional archaeal nifH homologues, have
been reported from the deep sea (Mehta et al. 2003).

Based on clone libraries, nifH sequences from non-
Cyanobacteria appear to be not only diverse, but also
abundant relative to those of Cyanobacteria. This is par-
ticularly evident from a recent compilation of published
marine nifH gene clone libraries (Farnelid & Riemann
2008) showing that 73 to 91% (average 83%) of the total
number of nifH sequences obtained were related to non-
Cyanobacteria. The data compiled here (Fig. 1) similarly
show that 80% of the sequences from coastal marine

and estuarine plankton samples derive from non-
Cyanobacteria. In the open ocean the proportion is
lower, with ca. 36% of the sequences deriving from non-
Cyanobacteria, but this likely underestimates their nu-
merical contribution, since many oceanographic studies
sample most intensively in the euphotic zone, and clone
libraries from below ~200 m consist almost exclusively of
non-cyanobacterial nifH genes (e.g. Hewson et al.
2007a).

While nifH clone libraries provide convincing evi-
dence for a near-ubiquitous distribution of non-

237

Fig. 1. Phylogenetic tree illustrating the diversity among 2570 nifH genes amplified from microorganisms in plankton samples
from marine and estuarine environments. Branches derived from sequences (n = 809) from open ocean samples are marked with
a “s”. Green and blue branches belong to a loosely affiliated group of sequences designated as Cluster I (Chien & Zinder 1996),
orange branches are affiliated with Clusters II and III. Purple branches are not assigned to the traditionally defined clusters. The
tree (neighbour-joining, with no distance corrections) was generated using Arb (Ludwig et al. 2004) and is based on amino acid
residues 46 to 151 (Azotobacter vinelandii numbering) translated from PCR-amplified fragments of nifH genes or transcripts.
Sequences were downloaded as an Arb database that was last updated on 30 March 2009 (http://pmc.ucsc.edu/~wwwzehr/
research/database/) and aligned by a hidden Markov model for nifH available at the Pfam web site (Finn et al. 2010). Sequences
from marine and estuarine samples (oceans, seas, bays, gulfs, harbours, lagoons) were retrieved from the database, and those
from sediments, hydrothermal vents or associated with sessile plants and animals were excluded. Open ocean samples include
those from the Atlantic and Pacific Oceans and the Arabian Sea, excluding nearshore environments (gulfs, bays, harbours, fjords)
and inland seas (Baltic, Mediterranean). Clusters are labelled to indicate the phylogenetic affiliations of cultivated microorgan-
isms whose nifH sequences most closely match those from the uncultivated microorganisms shown in the tree. A total of 66% of

all sequences shown are non-Cyanobacteria, and 36% of those from the open ocean are non-Cyanobacteria
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(Farnelid	
  et	
  al.,	
  2011),	
  while	
  heterotrophic	
  N2	
  fixation	
  dominates	
   in	
   the	
  South	
  

Pacific	
  Ocean	
  Gyre	
  (Halm	
  et	
  al.,	
  2011).	
  Non-­‐cyanobacterial	
  nifH	
  is	
  also	
  the	
  most	
  
abundant	
  below	
  200	
  m	
  depth	
  in	
  the	
  Sargasso	
  Sea	
  (Hewson	
  et	
  al.,	
  2007),	
  and	
  N2	
  

fixation	
   rates	
   up	
   to	
   0.3	
   nmol	
   L-­‐1	
   d-­‐1	
   associated	
  with	
   heterotrophs	
   have	
   been	
  

measured	
  in	
  hypoxic	
  basins	
  in	
  the	
  Southern	
  California	
  Bight	
  (Hamersley	
  et	
  al.,	
  

2011).	
   All	
   this	
   suggests	
   that	
   typical	
   nifH	
   measurements	
   in	
   the	
   upper	
   water	
  
column	
  underestimate	
  the	
  real	
   importance	
  of	
  non-­‐cyanobacterial	
  diazotrophy	
  

(Riemann	
   et	
   al.,	
   2010).	
   Nevertheless,	
   although	
   measurements	
   of	
   non-­‐

cyanobacterial	
   nifH	
   abundance	
   and	
   distribution	
   are	
   increasing,	
   the	
  

contribution	
  of	
  these	
  organisms	
  to	
  global	
  N2	
  fixation	
  remains	
  unknown.	
  	
  

	
  

Controls	
  and	
  limitations	
  

	
   There	
  are	
  several	
  environmental	
  factors	
  that	
  control	
  oceanic	
  N2	
  fixation,	
  

but	
  the	
  extent	
  to	
  which	
  each	
  one	
  of	
  these	
  limits	
  or	
  enhances	
  N2	
  fixation	
  varies	
  

among	
   diazotrophic	
   species.	
   Overall,	
   the	
   most	
   obvious	
   limiting	
   factor	
   is	
  

oxygen	
   (which	
   is	
   a	
   byproduct	
   of	
   photosynthesis).	
   Oxygen	
   deactivates	
   the	
  
nitrogenase	
  enzyme	
  complex,	
  inhibiting	
  diazotrophic	
  activity	
  (Postgate,	
  1982).	
  

Photosynthetic	
  diazotrophic	
  organisms	
  have	
  developed	
  different	
  strategies	
   to	
  

overcome	
   this	
   issue.	
   Some	
   filamentous	
   cyanobacteria	
   bear	
   heterocysts	
   that	
  

create	
  a	
  microanaerobic	
  environment	
  and	
  thus	
  are	
  well	
  adapted	
  to	
  N2	
  fixation	
  

in	
   oxygenated	
   waters.	
   However,	
   most	
   oceanic	
   photosynthetic	
   diazotrophic	
  

cyanobacteria	
   are	
   non-­‐heterocystous	
   (Zehr,	
   2011),	
   and	
   must	
   find	
   other	
  

solutions	
  to	
  fix	
  N2	
  in	
  the	
  presence	
  of	
  oxygen.	
  Single-­‐celled	
  diazotrophs	
  such	
  as	
  

Crocosphaera	
   or	
   Cyanothece	
   confine	
   N2	
   fixation	
   to	
   the	
   night,	
   when	
  
photosynthesis	
  and	
  subsequent	
  oxygen	
  production	
  are	
  absent.	
  Trichodesmium	
  
lacks	
  heterocysts	
  but	
  surprisingly	
   fixes	
  CO2	
  and	
  N2	
  simultaneously	
  during	
  the	
  

day	
  (Capone	
  et	
  al.,	
  1997;	
  Berman-­‐Frank	
  et	
  al.,	
  2001b).	
  This	
  cyanobacterium	
  is	
  

able	
   to	
   fix	
  N2	
   in	
   the	
   presence	
   of	
   oxygen	
   by	
   a	
   combined	
   spatial	
   and	
   temporal	
  

segregation	
   strategy.	
   Temporal	
   segregation	
   strategies	
   such	
   as	
   transient	
  

modifications	
   of	
   the	
   nitrogenase	
   enzyme	
   complex	
   or	
   its	
   rapid	
   turnover	
   have	
  

been	
  discussed	
  (Capone	
  et	
  al.,	
  1997).	
  Another	
  possible	
  strategy	
  is	
  the	
  reduction	
  

of	
   cellular	
   oxygen	
   by	
   ‘overfixation’	
   of	
   carbon,	
   which	
   likely	
   explains	
   the	
   high	
  

carbon-­‐to-­‐nitrogen	
  (C:N)	
  ratios	
  found	
  in	
  these	
  diazotrophs	
  (Mulholland,	
  2007).	
  

Moreover,	
  Berman-­‐Frank	
  et	
  al.	
  (2001b)	
  found	
  that	
  N2	
  fixation	
  takes	
  place	
  in	
  a	
  

different	
  time	
  frame	
  than	
  photosynthesis	
  during	
  the	
  day.	
  Spatial	
  segregation	
  is	
  

provided	
   by	
   structural	
   differences	
   along	
   the	
   trichomes:	
   the	
   filaments	
   have	
  

zones	
  where	
  cells	
  are	
   light	
  and	
   less	
  granulated.	
  These	
  cells	
   termed	
  diazocytes	
  
are	
  the	
  place	
  where	
  the	
  nitrogenase	
  is	
  found	
  (Bergman	
  et	
  al.,	
  2012).	
  Once	
  N2	
  is	
  

fixed,	
  it	
  is	
  rapidly	
  distributed	
  along	
  the	
  whole	
  trichome	
  (Finzi-­‐Hart	
  et	
  al.,	
  2009).	
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   There	
   is	
   a	
  wide	
   body	
   of	
   literature	
   addressing	
   N2	
  fixation	
   limitation	
   by	
  

temperature.	
   Because	
   high	
   water	
   temperatures	
   prevent	
   oxygen	
   dissolution	
  
and	
   enhance	
   cell	
   respiration,	
   temperature	
   is	
   thought	
   to	
   constrain	
   the	
   global	
  

distribution	
  of	
   diazotrophic	
   cyanobacteria	
   (Staal	
   et	
   al.,	
   2003;	
   Stal,	
   2009).	
   For	
  

example,	
  the	
  optimum	
  temperature	
  for	
  the	
  growth	
  of	
  Trichodesmium	
  has	
  been	
  
estimated	
   at	
   27ºC	
   (Breitbarth	
   et	
   al.,	
   2007),	
  which	
   confines	
   its	
   growth	
   to	
   the	
  

tropical	
  and	
  subtropical	
  oceans.	
  Although	
  UCYN	
  are	
  also	
  most	
  abundant	
  in	
  the	
  

tropical	
  and	
  subtropical	
  oceans	
  (Luo	
  et	
  al.,	
  2012),	
  the	
  presence	
  of	
  UCYN-­‐A	
  and	
  

heterotrophic	
   diazotrophs	
   at	
   higher	
   latitudes	
   and	
   depths	
   (Moisander	
   et	
   al.,	
  

2010),	
   in	
  cold-­‐water	
  upwelling	
  systems	
  (Sohm	
  et	
  al.,	
  2011b),	
  and	
  even	
   in	
   the	
  

Arctic	
   (Blais	
   et	
   al.,	
   2012)	
   indicates	
   that	
   the	
   diazotrophic	
   latitudinal	
   range	
   is	
  

wider.	
  

	
   N2	
   fixation	
   may	
   also	
   be	
   limited	
   by	
   the	
   in	
   situ	
   availability	
   of	
   fixed	
  
nitrogen	
   (e.g.	
   Krishnamurthy	
   et	
   al.,	
   2007).	
   Additions	
   of	
   NO3-­‐	
   suppress	
   the	
  
expression	
   of	
   nif	
   genes,	
   and	
   the	
   production	
   of	
   diazocytes	
   in	
   Trichodesmium	
  
(Mulholland	
   et	
   al.,	
   2001;	
   Holl	
   and	
   Montoya,	
   2005).	
   In	
   the	
   case	
   of	
   UCYN,	
  

Dekaezemacker	
   and	
   Bonnet	
   (2011)	
   studied	
   the	
   effect	
   of	
   NO3-­‐	
   and	
   NH4+	
  

additions	
  on	
  the	
  diazotrophic	
  activity	
  of	
  two	
  cultured	
  strains	
  of	
  Crocosphaera.	
  
They	
   found	
   that	
   N2	
  fixation	
   rates	
   decrease	
  with	
   increasing	
   concentrations	
   of	
  

NH4+,	
   while	
   the	
   rates	
   were	
   not	
   affected	
   by	
   any	
   additions	
   of	
   NO3-­‐.	
   This	
   may	
  

explain	
   why	
   UCYN	
   are	
   usually	
   found	
   at	
   greater	
   depths	
   in	
   the	
   water	
   column	
  

than	
   Trichodesmium,	
   and	
   even	
   in	
   coastal	
   upwelling	
   systems	
   (Sohm	
   et	
   al.,	
  
2011b).	
  	
  

	
   UCYN-­‐A	
   may	
   rely	
   on	
   dissolved	
   organic	
   matter	
   (DOM)	
   as	
   a	
   nutrient	
  

source	
   (Tripp	
   et	
   al.,	
   2010),	
   and	
   therefore	
   their	
   nitrogenase	
   activity	
   is	
   likely	
  

unaffected	
  by	
  high	
   inorganic	
  nitrogen	
   in	
   situ	
   concentrations.	
   Indeed,	
  UCYN-­‐A	
  

are	
  dominant	
   in	
   the	
  northwest	
  African	
  upwelling	
   system	
  off	
  Cape	
  Ghir	
   (~30-­‐

31ºN)	
   (N.S.R.	
   Agawin,	
   unpublished	
   results),	
   where	
   NO3-­‐	
   concentrations	
   are	
  

usually	
  >2	
  µM	
  (Benavides	
  et	
  al.,	
  2011).	
  

	
   On	
   the	
  other	
  hand,	
   the	
  availability	
  of	
  other	
  nutrients	
  such	
  as	
   iron	
   and	
  
phosphorus	
   influences	
   N2	
  fixation.	
   Diazotrophs	
   have	
   very	
   high	
   iron	
   cellular	
  
quotas	
   (e.g.	
  Berman-­‐Frank	
  et	
   al.,	
   2001a).	
  More	
   importantly,	
   iron	
   is	
   the	
  major	
  

cofactor	
   of	
   the	
   nitrogenase	
   reductase,	
   which	
   makes	
   N2	
   fixation	
   directly	
  

dependent	
  on	
  iron	
  availability.	
  Iron	
  reaches	
  the	
  open	
  ocean	
  mainly	
  through	
  the	
  

deposition	
   of	
   atmospheric	
   dust,	
   although	
   this	
   flux	
   can	
   be	
   overpassed	
   by	
  

vertical	
  diffusive	
  mixing	
  (Rijkenberg	
  et	
  al.,	
  2012).	
  

	
   Due	
  to	
  the	
  proximity	
  of	
  the	
  Sahara	
  desert,	
   the	
  eastern	
  Atlantic	
  receives	
  

the	
  greatest	
  inputs	
  of	
  desert	
  dust	
  in	
  the	
  world’s	
  ocean	
  (Prospero,	
  1981;	
  Fig.	
  4).	
  

The	
   distribution	
   of	
   Saharan	
   dust	
   deposition	
   over	
   the	
   North	
   Atlantic	
   (Fig.	
   4)	
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closely	
  matches	
   the	
  distribution	
  of	
  diazotrophic	
  activity	
   (Fig.	
  5),	
   suggesting	
  a	
  

connection	
  between	
  iron	
  availability	
  and	
  N2	
  fixation.	
  

	
  

	
  

Fig.	
  4.	
  Global	
  distribution	
  of	
  	
  average	
  dust	
  deposition	
  (g	
  m-­‐2	
  y-­‐1).	
  From	
  Jickells	
  et	
  al.	
  (2005).	
  

	
  

This	
   has	
   been	
   further	
   confirmed	
   experimentally	
   by	
   adding	
   dust	
   to	
   seawater	
  

samples	
   and	
   by	
   correlations	
   between	
   N2	
   fixation	
   rates	
   and	
   in	
   situ	
   dissolved	
  

iron	
  concentrations	
  (e.g.	
  Mills	
  et	
  al.,	
  2004;	
  Moore	
  et	
  al.,	
  2009;	
  Fernández	
  et	
  al.,	
  

2010).	
  

	
  

	
  

Fig.	
   5.	
   Geometric	
   mean	
   of	
   depth-­‐integrated	
   N2	
   fixation	
   rates	
   (µmol	
   N	
   m-­‐2	
   d-­‐1).	
   From	
   Luo	
   et	
   al.	
  

(2012).	
  

	
  

macronutrients (42, 43), and trace nutrients
(such as Co and Zn) (2, 44). Furthermore
atmospheric inputs supply not only iron but also
other nutrients and carbonate, which may
influence ocean biogeochemistry (45, 46).

Luxury iron uptake has been demonstrated
for some phytoplankton, allowing them to better
adapt to episodic atmospheric supply (47). Iron
availability influences algal community struc-
ture as well as overall productivity. Open ocean
phytoplankton generally need less iron than
coastal species, which have evolved in a more
iron-rich environment, although iron-limited
coastal systems are known (36). A reduced
iron requirement can be achieved by reducing
cell size or minimizing the number of iron-
containing enzymes (39). The success of
Prochlorococus in HNLC areas depends on
both strategies. Relief of iron stress results in
the growth of phytoplankton taxa character-
ized by larger cells, particularly diatoms with
less dense opal skeletons (36). A similar
process may arise for coccolithophores as a
result of Fe/Zn co-limitation (44). Changes in
skeleton density should influence sinking
rates and hence carbon export to depth,
although this has not been seen in field
experiments (48). Changes in coccolithophore
abundance directly affect atmospheric partial
pressure of CO2 (pCO2), because their cal-
cification produces CO2 (36, 42). In addition
to direct limitation of primary production in
the HNLC regions, iron may limit (or co-limit
with P) nitrogen fixation by photosynthetic
diazotrophs in tropical oceans, where stratifi-
cation creates high temperature and irradiance
and low nitrate concentrations in surface
waters, which favor this process (1, 43). The
best characterized photosynthetic diazotroph,

Trichodesmium, requires 5 to 10 times more
iron for growth based on nitrogen fixation, as
compared to ammonium (47).

The supply of dust to the oceans is very
important in maintaining oceanic primary pro-
duction and CO2 uptake but is sensitive to
climate change, although the overall effect
will vary between ocean biogeochemical prov-
inces (Table 2). In HNLC regions, changes in
iron supply will directly affect primary pro-
duction and species composition, whereas in
subtropical/tropical oligotrophic regions, the
impact will be mainly via changes in nitrogen
fixation. The dust supply from the great North
African and Asian deserts directly affects the
tropical North Atlantic and temperate North
Pacific, respectively, and effects in the two
regions can be expected to be different. The
largest HNLC region, the Southern Ocean
(36), has the biggest potential to influence
atmospheric CO2. Here atmospheric dust
supply is low (Fig. 2), originating from small
dust sources in Argentina, Australia, and South
Africa (6). Changes in these small and little-
studied desert regions may have a dis-
proportionately large global impact.

Because the solubility of iron from dust is
low, it follows that there is a large flux of
particulate iron through the deep ocean,
particularly beneath the major dust plumes. If
some of this dust dissolves at depth, it will
increase abyssal dissolved iron concentrations
and, over the long term, productivity in
upwelling regions such as the Southern Ocean.
Deep-water dust dissolution will depend on
organic ligand concentrations and possibly
sediment redox (33).

Martin (49) proposed that increased dust
transport during the last glaciation reduced

iron limitation in HNLC regions, increasing
primary production and CO2 uptake. The
complexity of iron biogeochemistry and
nutrient co-limitation means that higher gla-
cial dust loadings need not necessarily cause
increased productivity. Current models and
ice core data yield very different results,
predicting that glacial/interglacial changes in
dust fluxes will change atmospheric pCO2 by
5 to 45 parts per million (ppm) as a con-
tribution to the total change of 80 to 100 ppm
(19, 50). Bopp et al. (50) reviewed much of
the existing marine sediment core data on
glacial/interglacial ocean productivity changes
and found no simple global pattern of change.
However, there are regional patterns (51) with
increases in productivity in the northwest
Pacific, South Atlantic, and Indian Oceans
north of the polar front, with decreases south
of it. South Pacific productivity appears to be
little changed. Some of these patterns can be
reproduced in ocean models (50).

Effect on Climate of Iron Inputs
to the Oceans
The oceans clearly exert a major influence on
climate via heat transport and related physical
processes (20). Large-scale reorganization of
oceanic circulation will also affect the trans-
port of iron, effects driven predominantly from
within the ocean. Climate change will induce a
variety of physicochemical changes in the
open ocean, particularly by changing stratifi-
cation and nutrient supply ratios (42), with
unpredictable effects. We acknowledge these
important issues but focus on the dust cycle,
considering now ways in which this can affect
the oceans and climate, beside the direct iron
limitation of primary production and nitrogen
fixation discussed above (Table 2).

Changes in iron fluxes can result in species
shifts and changes in phytoplankton size
distribution, changing oceanic CO2 uptake by
altering the efficiency of organic carbon export
to deep water. Dust may also play a direct role
in regulating export via the ballast effect (52).
In most areas, dust is a minor ballast compo-
nent compared to opal and calcite, but their
production is also influenced by dust/iron
supply. Changes in ocean productivity and
organic carbon export to deep water will
influence subsurface oxygen levels and thereby
denitrification in oxygen minima zones, oce-
anic nitrate inventories and productivity, and
nitrous oxide emissions (53). Changes in
sediment H2S in such areas could affect deep-
ocean iron concentrations and productivity.

Up to eightfold changes in dimethyl sulfide
(DMS) concentrations are seen in iron addition
experiments (54). DMS oxidizes in the atmo-
sphere to form acidic sulfate aerosol, a highly
effective scatterer of solar radiation. Modeling
suggests that a twofold global rise in DMS
fluxes produces a global temperature decrease
of 1-C, proving a climate feedback and linking

Fig. 2. Dust fluxes to the world oceans based on a composite of three published modeling studies
that match satellite optical depth, in situ concentration, and deposition observations (11, 14, 15).
The models have been extensively compared to observations, and although individual models
show strengths and weaknesses, this composite appears to match observations well. Total
atmospheric dust inputs to the oceans 0 450 Tg year –1. Percentage inputs to ocean basins based
on this figure are as follows: North Atlantic, 43%; South Atlantic, 4%; North Pacific, 15%; South
Pacific, 6%; Indian, 25%; and Southern Ocean, 6%.
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Fig. 6. (a) Geometric mean depth-integrated N2 fixation rates binned on 3×3◦ grid. Also
geometric mean N2 fixation rates on 3×3◦ grid for 5 vertical layers of (b) 0–5 m, (c) 5–25 m,
(d) 25–62.5 m, (e) 62.5–137.5 m and (f) 137.5–250 m. The color bar is in logarithmic scale.
Zero values are marked with black triangles.
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   Phosphorus	
   is	
   needed	
   for	
   energy-­‐carrying	
   compounds	
   such	
   as	
   ATP	
   or	
  

NADPH.	
  Phosphorus	
   is	
  available	
  at	
   low	
  concentrations	
   in	
   the	
  open	
  ocean	
  and	
  

frequently	
   limits	
   N2	
   fixation	
   in	
   Trichodesmium	
   (e.g.	
   Hynes	
   et	
   al.,	
   2009)	
   and	
  
UCYN	
   such	
   as	
   Crocosphaera	
   (Dyhrman	
   and	
   Haley,	
   2006).	
   To	
   overcome	
   this	
  
limitation,	
   Trichodesmium	
   bears	
   enzymatic	
   systems	
   capable	
   of	
   uptaking	
  
organic	
   phosphorus	
   (phosphonates;	
   Dyhrman	
   et	
   al.,	
   2006)	
   or	
   inorganic	
  

phosphate	
  (PO43-­‐)	
  (Dyhrman	
  et	
  al.,	
  2002).	
  Crocosphaera	
  cannot	
  uptake	
  organic	
  
phosphorus	
   forms	
   but	
   is	
   capable	
   of	
   inducing	
   a	
   high	
   affinity	
   PO43-­‐	
   binding	
  

system	
  when	
  phosphorus	
  supply	
  is	
  low	
  (Dyhrman	
  and	
  Haley,	
  2006).	
  

	
   Physical	
   forcing	
   controls	
   the	
   availability	
   of	
   inorganic	
   nutrients	
   in	
   the	
  
upper	
   ocean	
   through	
  mixing,	
   upwelling	
   and	
   vertical	
   diffusion.	
   In	
   contrast	
   to	
  

autotrophic	
   phytoplankton	
   species,	
   whose	
   growth	
   depends	
   on	
   NO3-­‐	
  

transported	
   from	
   deep	
   waters	
   or	
   NH4+	
   regenerated	
   in	
   situ,	
   diazotrophic	
  

organisms	
   are	
   capable	
   of	
   growing	
   on	
   N2	
   as	
   the	
   only	
   source	
   of	
   nitrogen.	
  

Theoretically,	
   this	
   sets	
   out	
   a	
   different	
   (with	
   less	
   competition)	
   scenario	
   for	
  

these	
  organisms,	
  which	
  would	
  grow	
  better	
   in	
   the	
  core	
  of	
  warm	
  and	
  nutrient-­‐

poor	
  stratified	
  waters,	
  than	
  in	
  cold	
  nutrient-­‐rich	
  waters.	
  

	
   Although	
   the	
   role	
   of	
   physical	
   forcing	
   on	
   N2	
   fixation	
   has	
   been	
   seldom	
  

studied,	
   previous	
   research	
   indicates	
   that	
   mesoscale	
   features	
   and	
   associated	
  

density	
   fronts	
   influence	
  N2	
  fixation	
   rates	
   and	
  diazotrophic	
  organism	
  diversity	
  

to	
   some	
   extent	
   (Sohm	
   et	
   al.,	
   2011c).	
   Holl	
   et	
   al.	
   (2007)	
  measured	
   greater	
   N2	
  

fixation	
   rates	
   in	
   the	
   core	
   of	
   warm-­‐core	
   eddies	
   than	
   in	
   the	
   core	
   of	
   cold-­‐core	
  

eddies	
   off	
   the	
   west	
   coast	
   of	
   Australia.	
   In	
   an	
   anticyclonic	
   eddy	
   in	
   the	
   North	
  

Pacific	
   Ocean	
   close	
   to	
   station	
   ALOHA	
   (22°45’	
   N,	
   158°W),	
   Fong	
   et	
   al.	
   (2008)	
  

found	
   relatively	
   high	
   concentrations	
   of	
   filamentous	
   cyanobacteria	
   and	
   UCYN	
  

across	
  the	
  eddy,	
  and	
  enhanced	
  N2	
  fixation	
  rates	
  towards	
  its	
  edge.	
  Church	
  et	
  al.	
  

(2009)	
  gathered	
  monthly	
  measurements	
  at	
  station	
  ALOHA	
  from	
  2004	
  to	
  2007	
  

and	
  detected	
  an	
  increase	
  in	
  N2	
  fixation	
  rates	
  coinciding	
  with	
  periods	
  of	
  positive	
  

sea	
  surface	
  height	
  anomaly	
  (SSHA).	
  Davis	
  and	
  McGillicuddy	
  (2006)	
  found	
  high	
  

abundances	
   of	
  Trichodesmium	
   associated	
  with	
   anticyclonic	
   eddies	
   in	
   a	
   cross-­‐
Atlantic	
   cruise.	
   Similarly,	
   Benavides	
   et	
   al.	
   (2011)	
   found	
   N2	
   fixation	
   peaks	
  

associated	
   with	
   density	
   fronts	
   and	
   high	
   concentrations	
   of	
   the	
   filamentous	
  

diazotroph	
   Trichodesmium	
   at	
   the	
   edge	
   of	
   an	
   upwelling	
   filament	
   in	
   the	
  
Northeast	
   Atlantic.	
   Also,	
   because	
   Trichodesmium	
   is	
   a	
   buoyant	
   organism	
  
(Villareal	
   and	
   Carpenter,	
   2003)	
   adapted	
   to	
   stratified	
   warm	
   waters,	
   high	
  

turbulence	
   is	
  known	
   to	
  prevent	
   its	
  proliferation	
   (Carpenter	
  and	
  Price,	
  1976).	
  

All	
   these	
   studies	
   suggest	
   that	
   physical	
   forcing	
   exerts	
   a	
   clear	
   influence	
   on	
   N2	
  

fixation	
  activity	
  and	
  diazotrophic	
  organisms’	
  distribution.	
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Measuring	
  N2	
  fixation	
  

	
   There	
  are	
  two	
  main	
  approaches	
  to	
  estimate	
  N2	
  fixation:	
  the	
  ‘geochemical’	
  

methods,	
  and	
  the	
  ‘biological’	
  (or	
  ‘direct’)	
  methods.	
  

	
   Geochemical	
  methods	
   rely	
  on	
  the	
  study	
  of	
   the	
  horizontal	
  and	
  vertical	
  
distribution	
   of	
   particulate	
   and	
   dissolved	
   nitrogen	
   pools	
   that	
   have	
   a	
   chemical	
  

signature	
   indicative	
   of	
   N2	
   fixation.	
   There	
   are	
   two	
   principal	
   geochemical	
  

methods	
  based	
  on	
  the	
  estimation	
  of	
  the	
  N*	
  and	
  δ15N	
  parameters.	
  

	
   The	
   N*	
   parameter	
   is	
   based	
   on	
   the	
   relative	
   concentrations	
   of	
   NO3-­‐	
   and	
  

PO43-­‐	
   in	
  seawater.	
  Redfield	
  et	
  al.	
  (1963)	
  established	
  that	
  carbon,	
  nitrogen	
  and	
  

phosphorus	
   are	
   taken	
   up	
   and	
   remineralized	
   at	
   a	
   constant	
   ratio	
   of	
   106:16:1	
  

(C:N:P).	
  N2	
  fixation	
  and	
  denitrification	
  are	
  not	
  paralleled	
  by	
  equivalent	
   inputs	
  

or	
   losses	
   of	
   phosphorus.	
   Therefore,	
   N2	
   fixation	
   raises	
   N:P	
   ratios,	
   while	
  

denitrification	
   lowers	
  them,	
   i.e.:	
  nitrogen	
  production	
   in	
  excess	
  of	
   the	
  Redfield	
  

stoichiometry	
   (N:P>16)	
   is	
   indicative	
   of	
   N2	
   fixation,	
   and	
   nitrogen	
   removal	
   in	
  

deficit	
   of	
   the	
   Redfield	
   stoichiometry	
   (N:P<16)	
   is	
   indicative	
   of	
   denitrification.	
  

These	
  processes	
  can	
  be	
  estimated	
  using	
  the	
  N*	
  parameter,	
  which	
  measures	
  the	
  

concentration	
   of	
   NO3-­‐	
   in	
   excess	
   (or	
   deficit)	
   of	
   that	
   expected	
   from	
   the	
  

remineralization	
   of	
   PO43-­‐	
   at	
   Redfield	
   stoichiometries,	
   following	
   the	
   general	
  

formulation	
  below:	
  

	
  

N*	
  =	
  [NO3-­‐]	
  -­‐	
  16[PO43-­‐]	
   (2)	
  

	
  

where	
  [NO3-­‐]	
  and	
  [PO43-­‐]	
  are	
  the	
  concentrations	
  of	
  NO3-­‐	
  and	
  PO43-­‐,	
  respectively.	
  

This	
  parameter	
  was	
  firstly	
  introduced	
  in	
  the	
  90s	
  by	
  Michaels	
  et	
  al.	
  (1996).	
  The	
  

equation	
  was	
  amended	
  by	
  adding	
  constants	
   that	
  bring	
   the	
  global	
  N:P	
  ratio	
   to	
  

16	
   and	
   the	
   intercept	
   to	
   zero	
   (Michaels	
   et	
   al.,	
   1996;	
   Gruber	
   and	
   Sarmiento,	
  

1997).	
  Extensive	
  nutrient	
  databases	
  from	
  projects	
  such	
  as	
  WOCE	
  or	
  GEOSECS	
  

have	
  been	
  used	
  to	
  estimate	
  the	
  distribution	
  and	
  magnitude	
  of	
  N*	
  in	
  the	
  oceans.	
  

	
   The	
   second	
  geochemical	
  method	
  most	
   commonly	
  used	
   is	
   based	
  on	
   the	
  

δ15N	
   parameter.	
   This	
   parameter	
   measures	
   the	
   relative	
   abundance	
   of	
   the	
  

nitrogen	
  isotopes	
  14N	
  and	
  15N	
  in	
  a	
  sample	
  with	
  respect	
  to	
  standard	
  atmospheric	
  

N2	
  (Equation	
  3):	
  

	
  

δ15N	
  =	
  [(15N/14N)sample/(15N/14N)standard	
  –	
  1]	
  x	
  1000	
   	
   (3)	
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   Atmospheric	
  N2	
  has	
  a	
  δ15N~0.6‰,	
  while	
  NO3-­‐	
  has	
  a	
  δ15N~5‰	
  (Karl	
  et	
  

al.,	
  2002).	
  The	
  δ15N	
  of	
  a	
  given	
  dissolved	
  or	
  particulate	
  nitrogen	
  pool	
  is	
  given	
  by	
  

the	
   isotopic	
   composition	
   of	
   its	
   source	
   and	
   the	
   isotopic	
   fractionation	
  

experienced	
  along	
  its	
  assimilation.	
  Therefore,	
  organic	
  nitrogen	
  produced	
  by	
  N2	
  

fixation	
   is	
  depleted	
   in	
  δ15N,	
  while	
  higher	
  δ15N	
  values	
   are	
   expected	
   in	
  organic	
  

nitrogen	
  pools	
  produced	
  by	
  the	
  assimilation	
  of	
  NO3-­‐.	
  

	
   In	
  general,	
  geochemical	
  methods	
  have	
  the	
  disadvantage	
  that	
  N2	
  fixation	
  

signatures	
   (N*>2.5	
  µmol	
  kg-­‐1	
  or	
   low	
  δ15N	
  values)	
   can	
  be	
   caused	
  by	
  processes	
  

other	
  than	
  N2	
  fixation.	
  For	
  example,	
  high	
  N:P	
  fixed	
  nitrogen	
  reaches	
  the	
  ocean	
  

via	
  atmospheric	
  deposition	
  of	
  anthropogenic	
  materials	
  derived	
  from	
  fossil	
  fuel	
  

combustion	
   and	
   agriculture	
   fertilizers	
   (Zamora	
   et	
   al.,	
   2010).	
   Moreover,	
   this	
  

anthropogenic	
   atmospheric	
  nitrogen	
  has	
   low	
  δ15N	
  values	
   too	
   (Hastings	
   et	
   al.,	
  

2003).	
   Other	
   misinterpretations	
   stem	
   from	
   isotopic	
   fractionation	
   during	
  

nitrogen	
   cycling	
   (Altabet,	
   1988).	
   Despite	
   these	
   drawbacks,	
   the	
   geochemical	
  

methods	
  have	
  the	
  advantage	
  that	
  they	
  can	
  be	
  used	
  in	
  large	
  oceanic	
  regions	
  at	
  

higher	
  spatial	
  resolutions	
  than	
  it	
  is	
  possible	
  using	
  biological	
  methods.	
  

The	
  biological	
  methods	
  measure	
  the	
  actual	
  amount	
  of	
  N2	
  fixed	
  by	
  in	
  
situ	
   diazotrophic	
   organisms	
   during	
   a	
   given	
   period	
   of	
   incubation.	
   In	
  

oceanographic	
  cruises,	
   incubations	
  are	
  generally	
  performed	
  on	
  deck	
  on	
   light-­‐

adapted	
  incubators	
  cooled	
  with	
  surface	
  seawater,	
  or	
  alternatively	
  using	
  in	
  situ	
  

free-­‐floating	
  arrays.	
  There	
  are	
  two	
  principal	
  biological	
  methods:	
  the	
  acetylene	
  

reduction	
  assay	
  (ARA)	
  and	
  the	
  assimilation	
  of	
  the	
  stable	
  isotope	
  15N2.	
  	
  

The	
   ARA	
  measures	
   N2	
  fixation	
   indirectly	
   relying	
   on	
   the	
   fact	
   that	
   the	
  

nitrogenase	
  enzyme	
  is	
  capable	
  of	
  reducing	
  acetylene,	
  a	
  triple-­‐bonded	
  molecule	
  

structurally	
   comparable	
   to	
  N2.	
   The	
   reduction	
   of	
   acetylene	
   to	
   ethylene	
   can	
   be	
  

directly	
   compared	
   with	
   the	
   reduction	
   of	
   N2	
   to	
   NH4+.	
   To	
   convert	
   ethylene	
  

produced	
  to	
  N2	
  fixation	
  fixed,	
  a	
  conversion	
  ratio	
  must	
  be	
  applied.	
  The	
  common	
  

theoretical	
  ratios	
  used	
  are	
  3:1	
  or	
  4:1	
  (C2H4:N2),	
  but	
  empirically	
  obtained	
  ratios	
  

are	
  usually	
  higher	
  (Mulholland	
  et	
  al.,	
  2004,	
  2006;	
  Benavides	
  et	
  al.,	
  2011).	
  The	
  

use	
   of	
   the	
   ratio	
   3:1	
   or	
   4:1	
   depends	
   on	
  whether	
   the	
   recycling	
   of	
   hydrogen	
   is	
  

considered	
   or	
   not.	
   Hydrogen	
   is	
   an	
   obligate	
   byproduct	
   of	
   N2	
   fixation	
   (see	
  

Equation	
   1).	
   Two	
   electrons	
   are	
   used	
   when	
   reducing	
   acetylene	
   to	
   ethylene,	
  

while	
   eight	
   electrons	
   are	
   used	
   to	
   reduce	
   N2	
   to	
   2NH3,	
   yielding	
   a	
   conversion	
  

factor	
  of	
  4:1	
  (Equation	
  5).	
  The	
  by-­‐produced	
  hydrogen	
  can	
  be	
  recycled	
  through	
  

an	
   uptake	
   hydrogenase	
   enzyme,	
   using	
   two	
   electrons	
   less	
   and	
   yielding	
   a	
   3:1	
  

ratio	
  (Equation	
  6).	
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C2H2+	
  2e-­‐	
  +	
  2H+	
  	
  C2H4	
  	
   	
   (4)	
  

N2	
  +	
  8e-­‐	
  +	
  8H+	
  	
  2NH3	
  +	
  H2	
  	
   (5)	
  

N2+	
  6e-­‐	
  +	
  6H+	
  	
  2NH3	
  	
   	
   (6)	
  

	
  

Hydrogen	
   is	
   only	
   recycled	
   under	
   a	
   limited	
   availability	
   of	
   reducing	
  

equivalents.	
   The	
   lack	
   of	
   reducing	
   equivalents	
   implies	
   that	
   oxygen	
   cannot	
   be	
  

efficiently	
   scavenged	
   from	
   the	
   cell	
   through	
   respiration.	
   This	
   means	
   that	
   the	
  

suboxic	
   conditions	
  needed	
   for	
  N2	
  fixation	
  would	
  not	
   be	
  met.	
   Thus,	
   this	
   is	
   not	
  

usually	
  the	
  case	
  in	
  cyanobacteria	
  and	
  a	
  ratio	
  of	
  4:1	
  is	
  more	
   likely	
  (Jensen	
  and	
  

Cox,	
  1983;	
  Stal,	
  1988).	
  

The	
   ARA	
   has	
   been	
   successfully	
   used	
   in	
   a	
   variety	
   of	
   marine	
  

environments	
   and	
   cultures	
   of	
   diazotrophic	
   organisms.	
   However,	
   the	
  method	
  

has	
  a	
  number	
  of	
  methodological	
  issues	
  that	
  should	
  be	
  considered:	
  

The	
  use	
  of	
  N2	
  by	
  the	
  nitrogenase	
  enzyme	
  is	
  inhibited	
  in	
  the	
  presence	
  of	
  

saturating	
  acetylene.	
  Therefore,	
  it	
  is	
  plausible	
  that	
  the	
  use	
  of	
  acetylene	
  to	
  assay	
  

the	
  nitrogenase	
  enzyme	
  activity	
  may	
  alter	
  the	
  cell’s	
  nitrogen	
  metabolism	
  itself	
  

(Capone,	
  1993).	
  This	
  problem	
  can	
  be	
  overcome	
  using	
   short-­‐term	
   incubations	
  

(Stal,	
   1988).	
   Another	
   usual	
   problem	
   is	
   the	
   low	
   dissolution	
   of	
   acetylene	
   and	
  

ethylene	
  into	
  water	
  samples.	
  This	
  is	
  usually	
  solved	
  using	
  a	
  high	
  headspace-­‐to-­‐

liquid	
   volume	
   ratio.	
   An	
   additional	
   issue	
   is	
   gas	
   diffusion	
   limitation	
   in	
   cell	
  

suspension	
  samples	
  (cultures	
  or	
  natural	
  planktonic	
  samples)	
  caused	
  by	
  O2	
  and	
  

CO2	
   gradients.	
  This	
   is	
  why	
   sample	
   filtration	
  onto	
   slightly	
  humidified	
   filters	
   is	
  

usually	
  preferred	
  for	
  planktonic	
  samples,	
  which	
  allows	
  a	
  direct	
  contact	
  of	
   the	
  

organisms	
  with	
  the	
  gas	
  phase	
  (Staal	
  et	
  al.,	
  2001).	
  

	
   The	
  other	
  principal	
   biological	
  method	
   is	
   the	
   stable	
   isotope	
   tracer	
   15N2.	
  

This	
  method	
  was	
   first	
   introduced	
  by	
  Burris	
  and	
  Miller	
   (1941),	
  but	
   it	
  was	
  not	
  

until	
  years	
   later	
   that	
   isotope	
  ratio	
  mass	
  spectrometers	
   (IRMS)	
  were	
  sensitive	
  

enough	
  to	
  measure	
  open	
  ocean	
  low	
  N2	
  fixation	
  rates	
  accurately,	
  and	
  high	
  purity	
  
15N2	
   was	
   commercially	
   available.	
   The	
   protocol	
   established	
   by	
  Montoya	
   et	
   al.	
  

(1996)	
  has	
  been	
  widely	
  used	
  in	
  the	
  last	
  decade,	
  yielding	
  a	
  large	
  amount	
  of	
  N2	
  

fixation	
  data,	
  which	
  are	
  particularly	
  abundant	
  in	
  the	
  North	
  Atlantic	
  and	
  North	
  

Pacific	
   Oceans	
   (Luo	
   et	
   al.,	
   2012).	
   Briefly,	
   the	
   method	
   consists	
   on	
   injecting	
   a	
  

volume	
  of	
  15N2	
  to	
  a	
  seawater	
  sample,	
  which	
  is	
  incubated	
  for	
  a	
  given	
  period	
  (on	
  

deck	
   or	
   in	
   situ),	
   and	
   finally	
   filtered	
   through	
   glass	
   fiber	
   filters.	
   The	
   filters	
   are	
  

later	
  analyzed	
  by	
   IRMS	
  and	
   the	
  amount	
  of	
   15N2	
   transferred	
   from	
  the	
  aqueous	
  

phase	
  to	
  the	
  particulate	
  cell	
  material	
  can	
  be	
  determined.	
  

	
   Recently,	
  the	
  method	
  has	
  been	
  proven	
  to	
  underestimate	
  N2	
  fixation	
  rates	
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to	
  a	
  variable	
  extent.	
  One	
  of	
  the	
  major	
  assumptions	
  of	
  the	
  15N2	
  methods	
  is	
  that	
  

the	
  atom	
  %	
  15N	
  enrichment	
  remains	
  constant	
  throughout	
  the	
  incubation	
  period	
  

(Fry,	
  2006).	
  However,	
   this	
  condition	
   is	
  not	
  met	
  when	
  15N2	
   is	
   injected	
  as	
  a	
  gas	
  

bubble.	
   Mohr	
   et	
   al.	
   (2010)	
   found	
   that	
   the	
   15N	
   atom	
  %	
   enrichment	
   increases	
  

with	
  time	
  as	
  the	
  15N2	
  bubble	
  dissolves	
  into	
  the	
  water	
  sample	
  (Fig.	
  6).	
  When	
  the	
  

‘bubble	
  method’	
  is	
  applied,	
  the	
  theoretical	
  complete	
  dissolution	
  of	
  the	
  volume	
  

of	
  15N2	
  injected	
  to	
  the	
  sample	
  is	
  calculated	
  using	
  the	
  gas	
  dissolution	
  equations	
  

provided	
  by	
  Weiss	
  (1970).	
  However,	
  if	
  the	
  15N2	
  bubble	
  is	
  not	
  fully	
  dissolved	
  at	
  

the	
   start	
   of	
   the	
   incubation,	
   the	
   real	
   15N	
   enrichment	
   of	
   the	
   source	
   N2	
   pool	
   is	
  

lower	
  than	
  theoretically	
  expected,	
  which	
  in	
  turn	
  miscalculates	
  N2	
  fixation	
  rates	
  

according	
  to	
  the	
  following	
  equation:	
  

	
  

N2	
  fixation	
  =	
  [(at%XS	
  PON)/	
  (at%XS	
  source	
  x	
  incubation	
  time)]	
  x	
  [PON]	
   (7)	
  

	
  

where	
   at%XS	
   is	
   the	
   atom	
  %	
   enrichment	
   in	
   excess	
   of	
   natural	
   15N	
   abundance	
  

(0.36%)	
  of	
   the	
  particulate	
  organic	
  pool	
   (PON)	
  or	
   the	
  N2	
   source,	
   and	
   [PON]	
   is	
  

the	
  concentration	
  of	
  particulate	
  organic	
  nitrogen.	
  

	
  

	
  

Fig.	
  6.	
  Measured	
  dissolved	
  15N2	
  concentrations	
  as	
  percentage	
  of	
  calculated	
  concentration	
  assuming	
  

complete	
  dissolution	
  when	
  15N2	
  is	
  added	
  as	
  bubble	
  (white	
  circles)	
  or	
  dissolved	
  in	
  seawater	
  (grey	
  

circles)	
  over	
  a	
  24	
  h	
  incubation	
  period.	
  The	
  grey	
  circles	
  show	
  that	
  the	
  15N2	
  enrichment	
  is	
  constant	
  

when	
  15N2	
  is	
  added	
  dissolved	
  in	
  seawater	
  instead	
  of	
  as	
  a	
  bubble.	
  Adapted	
  from	
  Mohr	
  et	
  al.	
  (2010).	
  

	
  

combined from [8]):

N2 fixation rate~
A

final
PN {At~0

PN

! "

AN2
{At~0

PN

! " |
PN½ "
Dt

where A= atom% 15N in the particulate organic nitrogen (PN) at
the end (final) or beginning (t = 0) of the incubation or in the
dissolved N2 pool (N2).
In applications of the method, all parameters of the equation are

measured except for the atom% 15N in the dissolved N2 pool (AN2).
Equation 1 shows that calculation of N2 fixation rates depends
strongly on this value which is calculated from the predicted
equilibrium dissolved N2 concentration [20,21], its natural 15N
abundance, and the amount of 15N2 tracer added with the bubble.
The calculation assumes that there is complete isotopic equilibra-
tion between the injected bubble of 15N2 and the surrounding
water at the start of the incubation.
Here we report results of experiments that were designed to

assess the rate of equilibration of an introduced 15N2 gas bubble
with the surrounding water. Based on results of these experiments,
we developed a modified approach involving addition of 15N2-
enriched seawater which assured a well-defined and constant 15N
enrichment of the dissolved N2 gas at the beginning of the
incubations. We propose the application of the modified approach
for future assessments of N2 fixation rates in natural microbial
communities and in laboratory cultures.

Results

Time-resolved equilibration of a bubble of 15N2 in
seawater
A first set of experiments (isotopic equilibration experiments)

was carried out to assess the time required to attain isotopic
equilibrium in the dissolved pool of N2 gas after injection of a
known amount of 15N2 gas as a bubble into sterile filtered
seawater. A gas bubble of pure 15N2 was injected directly into
incubation bottles which were manually inverted fifty-times
(,3 min agitation) and left standing for up to 24 h. Concentration
of dissolved 15N2 was followed over the 24 h period to assess the
degree of equilibration of the 15N2 gas bubble with the
surrounding water as a function of time. Dissolved 15N2

concentrations in the seawater increased steadily with the
incubation time (Fig. 1A). After eight hours, dissolved 15N2

concentrations reached about 50% of the concentration calculated
assuming complete isotopic equilibration of the injected bubble
with the ambient dissolved N2 gas in the seawater sample. At the
end of the 24 h incubation, the dissolved 15N2 concentration had
increased to about 75% of the calculated concentration.

N2 fixation rate underestimation due to incomplete 15N2

gas bubble equilibration
Similar results were obtained in the incubation experiments

with pure culture of Crocosphaera watsonii (culture experiments),
which confirmed the incomplete and time-dependent equilibration
of the injected bubble of 15N2 gas with the surrounding water
(Fig. 1B). These experiments also demonstrated the associated
underestimation of N2 fixation rates. Culture experiments were
conducted after 15N2 addition as a gas bubble and also after 15N2

addition in the form of 15N2-enriched seawater (our modified
method, see Methods section). The incubation of C. watsonii after
injection of a bubble of 15N2 gas and without prior incubation of
this bubble in algal-free media, gave a N2 fixation rate which was

only 40% of the maximum rate measured in the incubations to
which 15N2-enriched seawater had been added. In other words, for
the 12-h incubation period under the described experimental
conditions, the N2 fixation rate was underestimated by 60% when
the 15N2 was introduced as a gas bubble. In contrast, in both the
isotopic equilibration and the culture experiments, the concentra-
tion of dissolved 15N2 remained stable at the predicted value
throughout the 24 h in incubations to which 15N2-enriched water
was added.

Factors influencing 15N2 gas dissolution in N2-saturated
seawater
Continuous, vigorous shaking (50 rpm) greatly increased the

concentration of 15N2 in the media (Fig. 2) reaching ,67% of the
calculated concentration after 30 minutes whereas the initial,
manual agitation, i.e. inverting bottles 50 times (,3 min), resulted

Figure 1. Time-dependence of the equilibration of a 15N2 gas
bubble with seawater. Results are presented as a function of the
time after bubble injection (white symbols). (A) Measured dissolved
15N2 concentrations as percentage of calculated concentration assum-
ing rapid and complete isotopic equilibrium. (B) N2 fixation rates by C.
watsonii as percentage of the maximum rate measured during the
experiments. For comparison, the addition of 15N2-enriched water to
samples yielded a constant 15N2 enrichment over 24 h (A, grey symbols)
or constant N2 fixation rates (B, grey symbols).
doi:10.1371/journal.pone.0012583.g001
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   Mohr	
   et	
   al.	
   (2010)	
   used	
   cultures	
   of	
   the	
   unicellular	
   diazotrophic	
  

cyanobacterium	
   Crocosphaera	
   to	
   compare	
   N2	
  fixation	
   rates	
   obtained	
   by	
   both	
  
methods.	
   The	
   resulting	
   N2	
   fixation	
   rates	
   using	
   the	
   bubble	
   method	
   were	
  

underestimated	
   by	
   60%	
   compared	
   to	
   the	
   dissolved	
   method.	
   This	
   significant	
  

finding	
   emphasized	
   the	
   urgent	
   need	
   to	
   apply	
   the	
   new	
   method	
   on	
   field	
  

samplings	
   and	
   to	
   recalculate	
  previously	
  published	
  N2	
  fixation	
   rates	
  measured	
  

using	
   the	
   bubble	
   method.	
   With	
   this	
   purpose,	
   a	
   workshop	
   was	
   held	
   at	
   the	
  

GEOMAR	
  -­‐	
  Helmholtz	
  Centre	
  for	
  Ocean	
  Research	
  in	
  Kiel	
  (Germany)	
  in	
  February	
  

2012.	
  Experts	
  on	
  the	
  field	
  presented	
  recent	
  results	
  of	
  experiments	
  where	
  both	
  

methods	
   were	
   compared	
   and	
   discussed	
   on	
   the	
   best	
   approach	
   to	
   prepare	
  

dissolved	
  15N2	
  to	
  be	
  used	
  in	
  field	
  trips.	
  

	
   To	
   date,	
   only	
   a	
   few	
   comparisons	
   of	
   the	
   two	
   methods	
   have	
   been	
  

published.	
   Wilson	
   et	
   al.	
   (2012)	
   made	
   comparisons	
   with	
   natural	
   waters	
   at	
  

station	
   ALOHA.	
   These	
   authors	
   measured	
   a	
   2	
   -­‐	
   6	
   fold	
   increase	
   of	
   N2	
   fixation	
  

rates	
   when	
   15N2	
   was	
   added	
   dissolved	
   in	
   seawater	
   compared	
   to	
   when	
   it	
   was	
  

added	
  as	
  a	
  bubble.	
  In	
  the	
  Atlantic	
  Ocean,	
  Großkopf	
  et	
  al.	
  (2012)	
  measured	
  large	
  

underestimations	
  too.	
  There	
  are	
  several	
  reasons	
  why	
  the	
  bubble	
  method	
  may	
  

underestimate	
   true	
   N2	
   fixation	
   rates:	
   (1)	
   the	
   water	
   temperature	
   -­‐high	
  

temperatures	
   preclude	
   the	
   dissolution	
   of	
   gasses-­‐,	
   (2)	
   the	
   agitation	
   of	
   the	
  

incubation	
  bottles,	
   (3)	
   the	
  volume	
  of	
   the	
   incubation	
  bottle,	
   (4)	
   the	
  volume	
  of	
  

15N2	
   injected,	
   (5)	
   the	
   duration	
   of	
   the	
   incubation,	
   (6)	
   the	
   time	
   the	
   incubation	
  

starts	
   relative	
   to	
   the	
   onset	
   of	
   nitrogenase	
   activity	
   -­‐which	
   differs	
   between	
  

diazotroph	
  species-­‐,	
   and	
   (7)	
   the	
  DOM	
  coating	
  of	
   the	
   15N2	
  bubble	
   (Mohr	
  et	
  al.,	
  

2010).	
   Adding	
   to	
   these	
   factors,	
   Großkopf	
   et	
   al.	
   (2012)	
   found	
   that	
  

underestimations	
   are	
   lower	
   when	
   the	
   community	
   is	
   dominated	
   by	
  

Trichodesmium	
   (62%),	
   and	
   higher	
   when	
   diazotrophs	
   other	
   than	
  
Trichodesmium	
   (symbionts,	
   unicellular	
   cyanobacteria,	
   heterotrophic	
  

diazotrophs)	
  predominate	
  (up	
  to	
  570%).	
  All	
   these	
   factors	
  vary	
  widely	
  among	
  

the	
  previously	
  published	
  works,	
  making	
  the	
  recalculation	
  of	
  N2	
  fixation	
  rather	
  

impossible	
  (Großkopf	
  et	
  al.,	
  2012).	
  

	
   Less	
   attention	
   has	
   been	
   paid	
   to	
   another	
   important	
   factor	
   that	
  

underestimates	
  N2	
  fixation	
   rates:	
   the	
   release	
   of	
   recently	
   fixed	
  N2.	
   Glibert	
   and	
  

Bronk	
   (1994)	
  measured	
   dissolved	
   organic	
   nitrogen	
   (DON)	
   release	
   in	
   natural	
  

populations	
  of	
  Trichodesmium.	
  These	
  authors	
  found	
  that	
  on	
  average	
  50%	
  of	
  the	
  
N2	
   Trichodesmium	
   fixed	
   was	
   released	
   as	
   DON.	
   This	
   ‘loss’	
   of	
   fixed	
   N2	
   is	
  
remarkable	
  and	
  remains	
  unaccounted	
  for	
  because,	
  commonly,	
  only	
  particulate	
  

materials	
  are	
  recovered	
  in	
  field	
  and	
  culture	
  N2	
  fixation	
  experiments,	
  leading	
  to	
  

underestimations	
   of	
   the	
   true	
  N2	
  fixation	
   rate	
   (Bronk	
   et	
   al.,	
   1994;	
   Glibert	
   and	
  

Bronk,	
  1994).	
  The	
  unpopularity	
  in	
  measuring	
  DON	
  release	
  probably	
  stands	
  on	
  

its	
   difficulty.	
   A	
   simple	
   procedure	
   was	
   proposed	
   by	
   Gallon	
   et	
   al.	
   (2002)	
   and	
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Mulholland	
   et	
   al.	
   (2004).	
   These	
   authors	
   used	
   the	
   difference	
   between	
   ARA-­‐

derived	
  and	
  15N2	
  bubble-­‐derived	
  N2	
  fixation	
  rates	
  as	
  a	
  proxy	
  for	
  recently	
  fixed	
  

nitrogen	
  release.	
  Alternatively,	
  DON	
  release	
  can	
  be	
  estimated	
  by	
  measuring	
  the	
  

15N	
   atom	
   %	
   enrichment	
   of	
   the	
   DON	
   pool.	
   Slawyk	
   and	
   Raimbault	
   (1995)	
  

proposed	
  a	
  method	
  consisting	
  of	
  extracting	
  the	
  15N	
  of	
  dissolved	
  inorganic	
  and	
  

organic	
   nitrogen	
   pools	
   in	
   several	
   steps	
   under	
   high	
   pH	
   and	
   high	
   temperature	
  

conditions.	
  These	
  harsh	
  conditions	
  may	
  break	
  DON	
  into	
  smaller	
  molecules	
  and	
  

underestimate	
  true	
  DON	
  release	
  rates	
  (McCarthy	
  and	
  Bronk,	
  2008).	
  Bronk	
  and	
  

Glibert	
   (1991)	
   obtained	
   good	
   results	
   using	
   ion	
   retardation	
   columns,	
   which	
  

unfortunately	
  are	
  no	
  longer	
  commercially	
  available	
  in	
  its	
  previous	
  quality	
  and	
  

therefore	
   the	
   method	
   is	
   no	
   longer	
   applicable.	
   Trials	
   with	
   columns	
  

manufactured	
   in	
   the	
   laboratory	
   have	
   not	
   been	
   successful	
   either	
   (D.	
   Bronk,	
  

personal	
   communication).	
   Thus,	
   a	
   reliable	
   method	
   to	
   estimate	
   DON	
   release	
  

rates	
   from	
   recently	
   fixed	
   N2	
   remains	
   unavailable,	
   but	
   the	
   magnitude	
   of	
   this	
  

process	
  seems	
  to	
  be	
  significant	
  and	
  should	
  not	
  be	
  overlooked.	
  

	
   As	
   we	
   have	
   seen	
   above,	
   the	
   geochemical	
   and	
   biological	
   methods	
   are	
  

strikingly	
  different.	
  Not	
  surprisingly,	
  the	
  N2	
  fixation	
  rates	
  derived	
  from	
  each	
  of	
  

these	
   groups	
   of	
   methods	
   are	
   strikingly	
   different	
   too.	
   In	
   the	
   North	
   Atlantic	
  

Ocean	
  N2	
  fixation	
  rates	
  derived	
  from	
  geochemical	
  methods	
  range	
  from	
  0.84	
  to	
  

~90	
   Tg	
   N	
   y-­‐1	
   (see	
   Table	
   1	
   in	
   Mahaffey	
   et	
   al.,	
   2005),	
   while	
   the	
   average	
   rate	
  

derived	
  from	
  biological	
  methods	
  has	
  been	
  recently	
  estimated	
  at	
  12.7	
  Tg	
  N	
  y-­‐1	
  

(see	
  Table	
   S3	
   in	
   the	
   supplementary	
   information	
   of	
   Großkopf	
   et	
   al.,	
   2012).	
   In	
  

the	
  near	
  future,	
  rates	
  estimated	
  by	
  both	
  groups	
  of	
  methods	
  may	
  become	
  closer	
  

as	
  the	
  dissolved	
  15N2	
  method	
  is	
  applied	
  in	
  different	
  oceanic	
  regions	
  and	
  higher	
  

N2	
  fixation	
  rates	
  are	
  obtained	
  (Mohr	
  et	
  al.,	
  2010;	
  Großkopf	
  et	
  al.,	
  2012).	
  

	
  

The	
  relationship	
  with	
  climate	
  

	
   Current	
  CO2	
  partial	
  pressure	
  (pCO2)	
  levels	
  are	
  expected	
  to	
  double	
  by	
  the	
  
end	
  of	
  this	
  century	
  (IPCC,	
  2007).	
  The	
  main	
  consequences	
  of	
  this	
  increase	
  which	
  

will	
  affect	
  planktonic	
  organisms	
  are	
  (1)	
  seawater	
  acidification,	
  (2)	
   increase	
  of	
  

seawater	
  temperature,	
  (3)	
  water	
  column	
  stratification,	
  (4)	
  expansion	
  of	
  oxygen	
  

minimum	
   zones	
   (OMZ),	
   and	
   (4)	
   desertification	
   and	
   associated	
   increase	
   of	
  

desert	
   dust	
   inputs	
   to	
   the	
   ocean	
   (Boyd	
   and	
  Doney,	
   2002;	
   Jickells	
   et	
   al.,	
   2005;	
  

Stramma	
  et	
  al.,	
  2008).	
  

	
   While	
  seawater	
  acidification	
  (the	
  increase	
  of	
  CO2	
  dissolved	
  in	
  seawater)	
  

can	
  either	
  enhance	
  photosynthetic	
  activity	
   in	
  some	
  species,	
  or	
  be	
  harmful	
   for	
  

others	
   (as	
   the	
   calcifying	
   coccolithophores;	
   Doney	
   et	
   al.,	
   2009),	
   seawater	
  

warming	
  and	
  stratification	
  will	
  likely	
  enhance	
  the	
  proliferation	
  of	
  diazotrophic	
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cyanobacteria	
   such	
   as	
   Trichodesmium.	
   Indeed,	
   culture	
   experiments	
   have	
  
revealed	
   that	
   the	
   length	
   of	
  Trichodesmium	
   filaments	
   and	
   its	
   N2	
  fixation	
   rates	
  
increase	
  when	
   exposed	
   to	
   increasing	
   levels	
   of	
   CO2	
   (e.g.	
   Levitan	
   et	
   al.,	
   2007).	
  
Also,	
   heterotrophic	
   N2	
   fixation	
   in	
   hypoxic	
   zones	
   (Hamersley	
   et	
   al.,	
   2011),	
  

suggests	
  that	
  the	
  predicted	
  expansion	
  of	
  OMZ	
  (Stramma	
  et	
  al.,	
  2008)	
  will	
  likely	
  

enhance	
  global	
  N2	
  fixation	
  rates	
  too,	
  either	
  by	
  in	
  situ	
  heterotrophic	
  N2	
  fixation,	
  

or	
   by	
   the	
   enhancement	
   of	
   diazotrophy	
   in	
   other	
   oceanic	
   areas	
   in	
   order	
   to	
  

balance	
  increased	
  denitrification	
  occurring	
  in	
  the	
  OMZ	
  (Deutsch	
  et	
  al.,	
  2007).	
  

	
   Trichodesmium	
  and	
  other	
  diazotrophs	
  would	
  be	
  further	
  beneficiated	
  by	
  
an	
  increased	
  availability	
  of	
   iron	
  through	
  desert	
  dust	
  deposition	
  in	
  the	
  oceans.	
  

Michaels	
   et	
   al.	
   (2001)	
   proposed	
   a	
   theoretical	
   climate-­‐based	
   N2	
   fixation	
  

feedback	
  cycle	
  (Fig.	
  7).	
  	
  

	
  

	
  
Fig.	
  7.	
  The	
  climate-­‐based	
  N2	
  fixation	
  feedback	
  cycle.	
  From	
  Michaels	
  et	
  al.	
  (2001).	
  

	
  

	
   In	
   this	
   conceptual	
  model,	
   desertification	
   causes	
   a	
   global	
   increase	
  of	
  N2	
  

fixation	
   rates	
   as	
   a	
   result	
   of	
   iron	
   limitation	
   relieve	
   through	
   increased	
   desert	
  

dust	
   deposition,	
   which	
   lowers	
   atmospheric	
   CO2	
   levels	
   decreasing	
   global	
  

temperatures.	
   Global	
   cooling	
   may	
   in	
   turn	
   decrease	
   desert	
   dust	
   inputs	
  

diminishing	
  N2	
  fixation	
  and	
  raising	
  CO2	
   levels,	
  which	
  would	
  again	
  raise	
  global	
  

temperatures.	
  Conclusively,	
  diazotrophic	
  responses	
  to	
  atmospheric	
  CO2	
   levels	
  

are	
   prone	
   to	
   have	
   an	
   important	
   role	
   in	
   carbon	
   and	
   nitrogen	
   and	
   subsequent	
  

productivity	
  in	
  the	
  future	
  oceans.	
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Abstract 

 We measured gross and net nitrogen fixation in fractionated samples 

(organisms >10 μm and <10 μm), and the density of Trichodesmium, during a 

cruise along the northeast Atlantic boundary current system and during 2 

mesoscale experiments in the upwelling systems of Cape Silleiro (northwest 

Iberia) and Cape Ghir (northwest Africa). The density of Trichodesmium (<0.5 

trichomes L−1) and its associated rates of nitrogen fixation (<0.1 μmol N m−2 d−1) 

were low. Trichomes appeared to accumulate at frontal sites — such as upwelling 

filaments and the Azores Front. Gross and net rates of nitrogen fixation were 

always <0.4 nmol N L−1d−1 except off the northwest African coast where a gross 

nitrogen fixation peak of 0.98 nmol N L−1 d−1 was measured. The <10 μm fraction 

contributed more to both gross and net nitrogen fixation than did the >10 μm 

fraction in most of the areas studied. The <10 μm fraction was responsible for 70 

to 92% of the total nitrogen fixation in cold nutrient-rich areas. The contribution of 

small diazotrophs to nitrogen fixation in the upwelling sites suggests that the 

distribution and activity of these organisms are more widespread than previously 

thought. 

 

Introduction 

 Nitrogen is the main nutrient that limits primary production in the open 

ocean oligotrophic environment where the quasi-permanent stratification of the 

upper water column prevents mixing with the denser and nutrient-rich deep 

waters (Falkowski, 1997). Dinitrogen (N2) fixation in the ocean is predominantly 

attributed to the photoautotrophic cyanobacteria. This process enriches the food 

web with combined nitrogen through leakage of ammonium and amino acids 

which serve as a source of nitrogen for autotrophic non-diazotrophic 

phytoplankton (Mahaffey et al., 2005). Indeed, N2 fixation is thought to fuel 50% of 

the primary production in these ‘oceanic deserts’ (Capone et al., 2005). Nitrogen is 

removed from the oxygen minimum zones (OMZ) and from sediments through 

denitrification. Based on present knowledge, the rates of denitrification exceed 

those of N2 fixation (Codispoti, 2007), suggesting imbalances in the cycling of 

nitrogen in the ocean. However, some models suggest that areas of N2 fixation and 

denitrification are coupled and could result in a homeostatic nitrogen cycle 

(Deutsch et al., 2007). 

 Among marine diazotrophic microorganisms, Trichodesmium has been 

considered as the principal N2 fixer in the ocean. However, recent discoveries 

recognized unicellular diazotrophic cyanobacteria as important contributors to the 
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oceanic nitrogen budget (Zehr et al., 2001). Although the presence of non-

cyanobacterial nifH genes has been reported in the oligotrophic oceans (Falcón et 

al., 2004; Langlois et al., 2005; 2008), their contribution to overall N2 fixation 

requires further study. 

 While Trichodesmium seems to be restricted to tropical oligotrophic areas 

(Capone et al., 1997), the unicellular cyanobacteria of groups A (UCYN-A), B and C 

may be more widely distributed. In the Atlantic Ocean, Langlois et al. (2008) found 

unicellular diazotrophs from the equator to ~35°N. Many of the group A and group 

B sequences were highly similar to those found previously in the Pacific Ocean, 

suggesting that these unicellular diazotrophs have a cosmopolitan distribution 

(Langlois et al., 2005). Unicellular oceanic diazotrophs have been documented in 

the North Pacific (Zehr et al., 2001), South Pacific (Moisander et al., 2010), the 

Mediterranean Sea (Le Moal and Biegala, 2009) and the Arabian Sea (Mazard et al., 

2004). 

 Organisms of group A (UCYN-A) are the most abundant and widely 

distributed unicellular diazotrophs in the open ocean (Langlois et al., 2005; Church 

et al., 2008; Langlois et al., 2008; Moisander et al., 2010). Although present mainly 

in tropical latitudes, UCYN-A occur in waters with a wide range of temperatures 

(Moisander et al., 2010); they are found in surface waters but also occur at greater 

depths where temperature and light intensity are lower and the concentration of 

inorganic nitrogen is higher (Montoya et al., 2004; Moisander et al. 2010). 

Organisms of groups B and C seem to occupy more narrow ranges of temperature 

(Langlois et al., 2005; 2008). 

 An increasing number of studies have reported on the distribution and 

abundance of diazotrophs, but only few have also measured N2 fixation. 

Diazotrophy in the ocean is thought to be limited by iron and/or phosphorus (Mills 

et al., 2004; Moore et al., 2009). The Northeast Atlantic is expected to have high 

rates of N2 fixation because of the recurrent input of iron and phosphorus through 

aeolian transport from the nearby Sahara desert (Prospero, 1981). However, N2 

fixation in this area could also be restricted as a result of the cold, nutrient-rich 

upwelling waters from the Iberian−Canary Current system, which extend 

hundreds of kilometers offshore through upwelling filaments (Álvarez-Salgado et 

al., 2007). Both the availability of combined nitrogen and the low temperatures 

could prevent N2 fixation, limiting its relevance in upwelling regions—as happens 

in the cold, high-latitude seas (Gruber and Sarmiento, 1997). The majority of the 

N2 fixation studies conducted in the Northeast Atlantic used a geochemical 

approach (e.g. Mahaffey et al., 2003; Álvarez and Álvarez-Salgado, 2007; 

Bourbonnais et al., 2009). The role of diazotrophy in nitrogen cycling in the 

Northeast Atlantic Ocean remains unclear and more direct measurements of N2 
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fixation are needed. 

 We measured N2 fixation by size-fractionated plankton from the Northeast 

Atlantic in samples from oligotrophic open ocean waters and from two active 

coastal upwelling regions of the Canary Current Large Marine Ecosystem 

(Arístegui et al., 2009): Cape Silleiro (northwest Iberia) and Cape Ghir (northwest 

Africa). The aims of this study were (1) to provide a first estimate of the 

diazotrophic activity in two active upwelling areas of the Northeast Atlantic, and 

(2) to compare the relative contribution of Trichodesmium with that of smaller 

diazotrophs. We combined the two most commonly used methods to measure (1) 

gross N2 fixation, using the acetylene reduction assay (ARA) (Stal, 1988), and (2) 

net N2 fixation, using the 15N2 tracer technique as employed by Montoya et al. 

(1996) (Gallon et al., 2002; Mulholland et al., 2004). The difference between the 

rates obtained by these two approaches is thought to be a proxy for the release of 

dissolved organic nitrogen (DON) (Gallon et al., 2002; Mulholland et al., 2004). 

DON fuels an important amount of autotrophic production (Berman and Bronk, 

2003; Bronk et al., 2007), and some diazotrophs may release up to 50% of their 

recently fixed N2 as DON (Mulholland and Bernhardt, 2005); therefore, the 

potential influence of DON in supporting primary production and global nitrogen 

cycling should not be overlooked (Bronk et al., 1994; Mulholland, 2007). 

 

Materials and methods 

Sampling and hydrographic measurements 

 The sampling was carried out within the framework of the project 

‘Shelf−Ocean Exchanges in the Canaries−Iberian Large Marine Ecosystem’ 

(CAIBEX) on board the R/V Sarmiento de Gamboa during the summer of 2009. The 

cruise was divided into three legs: 2 mesoscale experiments off Cape Silleiro, 

northwest Iberia (6 to 24 July), and off Cape Ghir, northwest Africa (16 August to 5 

September), and a large-scale open-ocean grid (CAIBOX, 25 July to 14 August) 

connecting the two cape regions (Fig. 1). Cape Silleiro and Cape Ghir are sites 

where upwelling filaments typically develop (Arístegui et al., 2009). However, the 

filaments of Cape Silleiro did not develop at the time of the cruise, so the sampling 

stations corresponded only to sites of coastal upwelling (stations S05 to S08) and 

to the open ocean (stations S01 to S03).  

 A strong upwelling filament developed during the Cape Ghir cruise, allowing 

tracking and sampling of the structure during six consecutive days. Samples were 

collected along the path of the filament at stations G12, G17, G22, and G40, G44, 

G48, as well as at two stations outside the filament (stations GM2 and GT2). Finally, 
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17 additional stations were sampled along the box-grid of the CAIBOX cruise, 

connecting the northwest Iberia upwelling with the Canary Islands waters through 

a meridional section at 20°N (Fig.1). 

 

 

Fig. 1. Sampling stations superimposed on sea surface temperature (SST) maps obtained from Aqua-

MODIS. Cape Silleiro SST data were averaged from 11 to 20 July 2009, CAIBOX from 2 to 4 July (dates 

when the ship sailed over the Azores Front), and Cape Ghir represents day 26 August (when station 

GT2 was sampled). 

 

 

 More detailed descriptions of the hydrographic features found during these 

cruises may be found elsewhere (Carracedo et al., 2012; Troupin et al., 2012). 

Temperature, salinity, fluorescence and photosynthetically active radiance (PAR) 

data were recorded by a CTD SeaBird 911 plus, a Sea-Tech fluorometer and a Li-

Cor PAR sensor, all mounted on a General Oceanics 24 bottle rosette sampler. 
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Plankton net casts and counts of Trichodesmium 

 At each station, a plankton net of 50 μm mesh size was deployed two or 

three times from the deep chlorophyll maximum (DCM) and hauled vertically to 

the surface at a mean speed of 20 m min−1. Typically, 20 to 60 m3 were filtered by 

the net, depending on the depth of the DCM and the number of tows. The sample 

was concentrated to 240 mL, of which 60 mL were fixed with 10% formaldehyde 

to a final concentration of 4%. The formaldehyde was buffered with phosphate-

buffered saline (PBS, Sigma Aldrich) and adjusted to pH 8.5. The samples were 

stored in the dark at ambient temperature until used for counting Trichodesmium 

in the laboratory with an inverted microscope. The number of free trichomes 

ranged from 1 to 1200 per sample. The colonial tufts or puffs were present in low 

numbers (typically 1 to 4 per sample). 

 The other 180 mL of the plankton net sample were used for measuring N2 

fixation in the > 50 μm fraction (see next section). 

 

Measurements of N2 fixation 

 Water from the near-surface (5 m) was collected at each station between 

08:00 h and 12:00 h (UTC). N2 fixation was measured by the ARA technique (Stal, 

1988) and the 15N2 stable isotope technique (Montoya et al., 1996). The 

incubations for both techniques were done in on-deck incubators cooled with 

surface seawater. Neutral density screens (Lee Filters) were used to reproduce the 

incident PAR light measured at 5 m depth. ARA incubations were 3 to 4 h, and 15N2 

incubations were for 24 h. 

 For the ARA, triplicate samples of bulk seawater, each of 2 L, were filtered 

through 25 mm Whatman GF/F filters to obtain total N2 fixation rates. The <10 μm 

fraction was obtained by pre-filtering whole seawater through 47 mm white 

polycarbonate filters of pore size 10 μm (GE-Osmonics Poretics) and subsequently 

filtering onto GF/F filters. The activity of the >10 μm fraction was computed by 

subtracting the rates of the <10 μm fraction from the total N2 fixation rates. All 

GF/F filters were placed in 10 mL crimp-top vials (Varian/Chrompack), humidified 

with 0.5 mL of filtered (GF/F) seawater, and sealed with a rubber stopper and an 

aluminium cap using a seal crimper. After sealing, 2 mL of acetylene were injected 

into each of the samples using gas-tight syringes (Hamilton). Acetylene was 

generated from calcium carbide (CaC2, Sigma Aldrich) by adding Milli-Q water in a 

reaction flask (Stal, 1988). The gas was recovered in tedlar gas bags (volume 1 L) 

with polypropylene valves (SKC). The ethylene contamination of the generated 

acetylene was <12 ppm. 
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 Blank GF/F filters were incubated with the same volume of filtered seawater 

and acetylene. A set of 3 blanks was made once every 5 stations. As we corrected 

ARA rates with their respective blanks every 5 stations, we obtained specific 

detection limits for each set of stations. The detection limit of the ARA technique 

ranged between 0.0185 and 0.1268 nmol ethylene, defined as three times the 

standard deviation of the difference between the ethylene produced after the 

incubation period and the ethylene content of the blanks. 

 We divided the 180 mL of sample left over from the plankton net casts (see 

above) into three parts, each filtered through a GF/F filter and processed for the 

ARA as described above. It was assumed that this activity corresponds to the N2 

fixation attributed to Trichodesmium or to endosymbiont cyanobacteria, such as 

Richelia intracellularis, which is the typical endosymbiont of the diatoms 

Rhizosolenia spp. or Hemiaulus spp., which range in size from 15 to 100 μm and 

from 15 to 35 μm, respectively. 

 After incubation, 10 mL of headspace were sampled and transferred to pre-

evacuated Hungate tubes, which were finally sealed with thermofusible glue and 

stored in the dark at ambient temperature until analysis. In previous tests, the 

retention of gas in Hungate tubes was found to be greatly enhanced after sealing 

with thermofusible glue, so this approach was used in the present study. Acetylene 

and ethylene were measured using a gas chromatograph (Agilent Technologies, 

model HP 5890) equipped with a flame ionization detector (FID), fitted with a 

Varian (Middelburg) wide-bore column (ref. CP7584) packed with CP-PoraPLOT U 

(27.5 m length, 0.53 mm inner diameter, 0.70 mm outer diameter, 20 μm film 

thickness). The column flow rate was 4 mL min−1 at a pressure of 5 psi. Helium was 

used as a carrier gas at a flow rate of 30 mL min−1. Hydrogen and airflow rates 

were set at 30 mL min−1 and 365 ml min−1, respectively. Helium and hydrogen 

were obtained from Carburos Metálicos (Air Products Group). Oven, injection and 

detector temperatures were set at 52, 120 and 170°C, respectively. Acetylene 

reduction rates were calculated using acetylene as an internal standard (Stal, 

1988) and converted to N2 fixation rates using a factor of 4:1. Daily rates were 

computed from hourly rates multiplied by the number of light hours in each 

specific date and geographic position. 

 For the 15N2 technique, unfiltered surface and <10 μm seawater (pre-filtered 

with polycarbonate filters as detailed above) was transferred to transparent 

polycarbonate bottles (volume 1.24 L, Nalgene). The bottles were completely filled 

using silicone tubing to prevent the introduction of air bubbles. They were then 

sealed with septum screw-caps before trace additions of 15N2 (2 ml 99 atom %; 

Tracer Tec) were injected through the septum using a gas-tight syringe. 

Enrichments varied from 9.8 to 11.2%. The pressure across the septum was 
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equilibrated by allowing the excess water to escape through a syringe tip piercing 

the septum. Finally, the bottles were placed in the on-deck incubator for 24 h. After 

the incubation, samples were filtered through precombusted GF/F filters, wrapped 

in precombusted aluminium foil, and stored at −20ºC until analysis. The 

particulate organic nitrogen (PON) content and isotopic ratio of samples was 

measured with a Thermo Flash EA 1112 elemental analyzer interfaced by a Conflo 

III with a Thermo Delta V Advantage IRMS. N2 fixation estimated by 15N2 was 

calculated according to Montoya et al. (1996). Considering a minimum acceptable 

change of δ15N between the initial and the final PON sample of 4‰, the incubation 

time and the detection limit of the elemental analyser used (0.75 μg N), we can set 

our detection limit for the 15N2 technique at 0.001 nmol N L−1 d−1 (see Montoya et 

al., 1996). 

 The potential release of DON was taken as the difference between gross 

(ARA) and net (15N2) N2 fixation (Gallon et al., 2002; Mulholland et al., 2004). N2 

fixation rates could be underestimated by injecting 15N2 bubbles (Montoya et al., 

1996) instead of adding 15N2 dissolved in seawater or culture medium (Mohr et al., 

2010). Hence, using the latter method might decrease the difference with the 

results obtained by the ARA, but whether or not this was indeed the case has 

hitherto not been investigated systematically. The difference between ARA and 
15N2-estimated rates is a good proxy for the release of DON, but the actual release 

may be smaller than reported here. 

 

Nutrient sampling and analysis 

 Samples for analysis of nitrate and nitrite (NO3
- + NO2

-) and phosphate 

(HPO4
2−) were collected at the same stations where N2 fixation had been measured. 

In the Cape Silleiro and CAIBOX cruise legs, samples drawn into 50 mL 

polyethylene containers were immediately analyzed on board using a Prescop 

Alpkem autoanalyzer with detection limits of 0.1 μmol L-1 for NO3
-, and 0.02 μmol 

L-1 for NO2
- and HPO4

2−. In the Cape Ghir leg, samples were recovered in 15 mL 

polyethylene tubes and stored frozen at −20°C. These samples were analyzed in 

the land-based laboratory using an AA3 Bran+Luebbe autoanalyser with detection 

limits of 0.01, 0.003 and 0.024 μmol L-1 for NO3
-, NO2

- and HPO4
2−, respectively. 

Recommendations for automated seawater nutrient analysis by Grasshoff et al. 

(1983) were followed. 
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Results 

Distribution and abundance of Trichodesmium 

 The density of Trichodesmium was low across the whole area of study; the 

organisms were present mainly as single trichomes. Only a few colonies were 

found, either as puffs or tufts (Fig. 2). Trichomes typically contained an average of 

100 cells. The number of trichomes observed during the CAIBOX cruise increased 

from the Galician coast to the south, ranging from 0 to a maximum of 0.43 

trichomes L−1 at station X15. A peak of 0.25 trichomes L−1 was found at station X8, 

coinciding with the Azores Front (AF), which was situated at ~37º 30’ N as 

concluded from our CTD profiles (data not shown) and from sea-surface 

temperature (SST) Aqua-MODIS imagery (Fig.1). A very low number of only 0.034 

trichomes of Trichodesmium L−1 was found at the last station of the CAIBOX 

transect (station X17).  

 Trichodesmium densities off Cape Silleiro were low (average of 0.031 

trichomes L−1) and did not appear to be related to the distribution of upwelled or 

open-ocean waters. The abundance of single trichomes was also low off Cape Ghir, 

where only a maximum of 0.38 trichomes L−1 was found at station GT2; this station 

was situated at the edge of the upwelling filament. 

 

N2 fixation and potential DON release 

 Gross rates of N2 fixation measured from net samples (>50 μm) are 

presented as areal rates (i.e. μmol N m−2 d−1, Fig. 2) because the net tows sampled 

the whole water column above the DCM. The rates of acetylene reduction 

associated with the plankton net samples were low across the studied area. The 

rates of acetylene reduction increased towards the southern part of the CAIBOX 

(south of the AF), coinciding with higher temperatures and lower concentrations 

of inorganic nutrients (Table 1), with maximum rates ranging from 0.05 to 0.1 

μmol N m−2 d−1 between stations X13 and X16. The nitrogenase activity of the >50 

μm fraction decreased abruptly to 0.01 μmol N m−2 d−1 at station X17, coinciding 

with a decrease in the density of Trichodesmium. Because no 

cyanobacteria−diatom symbioses were found during the inspection of the samples 

recovered from the plankton net, N2 fixation in the >50 μm fraction was attributed 

to Trichodesmium, although the presence of other diazotrophs that might have 

been trapped due to clogging of the plankton net cannot be excluded (Proctor, 

1997). Also, Trichodesmium densities correlated well with N2 fixation in the >50 

μm fraction during the CAIBOX and Cape Ghir cruise legs (r2 = 0.75 and 0.84, n = 17 

and 8, respectively, both p < 0.01), but the correlation was not significant in Cape 
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Silleiro (r2 = 0.58, p = 0.17, n = 7). The lack of a significant correlation could be due 

to the small range of variability in both parameters. 

 The AF divided the CAIBOX area into two parts characterized by 0.07 ± 0.02 

nmol N L−1 d−1 and 0.11 ± 0.05 nmol N L−1 d−1 average rates of gross N2 fixation 

(stations X1 to X8 and X9 to X17, respectively).  The differences between the rates 

of N2 fixation in both areas were statistically significant (t-test, p = 0.04, n = 8). 

These rates were also significantly related to the SST (r2 = 0.56, p < 0.01; Fig. 3a). 

In this transect, the contribution of the >10 and <10 μm fractions to gross N2 

fixation was similar (40 to 60%), although the small fraction was responsible for 

~60 to 95% of total net N2 fixation (Table 2). Following the slight decrease in SST, 

N2 fixation associated with the >10 and <10 μm fractions decreased abruptly in the 

last 2 stations near the coasts of the Canary Islands (stations X16 and X17). 

 

 

Fig. 2. Density of Trichodesmium (trichomes L−1) and gross N2 fixation rates of the > 50 μm fraction 

(μmol m−2 d−1) during (a) CAIBOX, (b) Cape Silleiro and (c) Cape Ghir cruise legs. 
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 Gross N2 fixation by the >10 μm fraction in the CAIBOX (open ocean) was 

similar to that off Cape Silleiro and Cape Ghir, while the activity of the <10 μm 

fraction was higher in the Cape regions than in the oceanic area sampled. Net N2 

fixation by all fractions was higher off Cape Silleiro and Cape Ghir than in the open 

ocean (Fig. 3b, c). A peak of gross N2 fixation of 0.98 nmol N L−1 d−1 was observed 

for the <10 μm fraction at station G22 in Cape Ghir (not graphically represented as 

it exceeds the other rates by more than two-fold; Fig. 3c). Most of the N2 fixation 

was attributed to the <10 μm fraction. This fraction contributed similarly to gross 

and net N2 fixation in both upwelling regions (~70 and ~90% at Cape Silleiro and 

Cape Ghir, respectively; Table 2). Overall, the contribution of the >10 μm fraction 

ranged from 0 to ~60% (Fig. 4a), whereas it ranged between ~50 and 100 % for 

the <10 μm fraction (Fig. 4b). 

 Differences between gross and net N2 fixation resulted in deviations from 

the theoretical C2H4:N2 ratio of 4:1. The highest average ratios occurred in the 

southern part of the CAIBOX grid, for both the > 10 and < 10 μm fractions (Fig. 4).  

 
Table 1: Average and standard deviation values of sea surface temperature (SST; ºC), Nitrate plus 
nitrite (NO3- + NO2-; µmol L-1) and phosphate (HPO42-; µmol L-1). CAIBOX cruise leg is divided in two 
parts (north and south) by the Azores Front (AF). 

 

 

We estimate that 41.13 and 76.43% of the total gross N2 fixed in the northern and 

southern part of the CAIBOX transect (north and south of the AF, respectively) was 

potentially released as DON. On average, almost all of the N2 fixed by the >10 μm 

fraction north of the AF was potentially lost as DON (99.65%, Table 2), whereas 

the potential loss was only 28.53% south of the AF. The potential loss by the <10 

μm fraction was higher south of the AF (Table 2). In Cape Silleiro and Cape Ghir the 

total potential loss of recently fixed N2 as DON ranged between ~44 and 54%. 

 The contribution of the <10 μm fraction was the greatest in both cases 

(64.07 and 89.73% in Cape Silleiro and Cape Ghir, respectively; Table 2). While the 

>10 μm and <10 μm fractions contributed similarly to total net N2 fixation in Cape 

Silleiro and Cape Ghir, the average C2H4:N2 ratios were similar for the <10 μm 

fraction (Fig. 4b), and the average C2H4:N2 ratio for the >10 μm fraction off Cape 

Silleiro was higher (8.43) than off Cape Ghir (6.38) (Fig. 4a). 

 SST (ºC) NO3- + NO2- (µmol L-1) HPO42- (µmol L-1) 

CAIBOX North of AF 
(stations X1 to X8) 
 

19.48  0.61 0.16  0.20 0.03  0.02 

CAIBOX South of AF 
(stations X9 to X17) 
 

23.45  0.74 0.09  0.05 0.03  0.01 

Cape Silleiro 16.63  1.61 0.67  0.70 0.05  0.06 

Cape Ghir 19.66  1.28 2.22  3.41 0.68  0.31 
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Fig. 3. Fractionated gross N2 fixation (left bars) and net N2 fixation (right bars) rates in (a) CAIBOX, (b) 

Cape Silleiro and (c) Cape Ghir cruise legs. The line represents sea surface temperature (SST; °C). ARA = 

acetylene reduction assay. Where fractionated rates are not available, only total rates are provided. 

Standard deviation bars are presented where available. The asterisk (*) in (c) represents a peak of 0.98 

nmol N L−1 d−1; it is not represented graphically because it exceeds the rest of the rates by more than 

two-fold. The location of the Azores Front (AF) is shown by an arrow in (a). 

 

Discussion 

 N2 fixation in the ocean has long been assumed to be restricted to the 

(sub)tropical, oligotrophic waters where the water temperature is well above 20°C 

(Stal, 2009). Although the N2 fixation measured during this study was lower than 

predicted by geochemical methods and by modeling (summarized in Mahaffey et 
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al., 2005), it occurred throughout the studied area, including the upwelling sites. 

 The density of Trichodesmium was low (<0.5 trichomes L−1) and peaked only 

at frontal sites (Figs. 1, 2). Taking into account the buoyancy of Trichodesmium 

(Villareal and Carpenter, 2003), it is plausible that trichomes accumulated in these 

frontal areas, where water density may change abruptly in small spatial scales due 

to differences in temperature, salinity and concentrations of organic matter. These 

Trichodesmium densities are similar to those obtained by other authors for the 

same latitudinal range as our CAIBOX transect (Fernández et al., 2010; González-

Taboada et al., 2010). Discrepancies between N2 fixation rates by organisms in the 

>50 μm range and Trichodesmium densities at some stations (Fig. 2) could have 

been caused by the presence of cyanobionts in copepods (Proctor, 1997), the 

variable physiological status of Trichodesmium cells (LaRoche and Breitbarth, 

2005), or even the presence of aggregates of unicellular diazotrophs in matrices of 

organic compounds potentially trapped in filters or nets with larger mesh sizes (N. 

S. R. Agawin et al. unpublished results). 

 The measurements indicate that the contribution of the >50 μm fraction to 

total gross N2 fixation was always < 1 % (Table 2). We calculated an average cell-

specific N2 fixation rate of 0.06 ± 0.1 pmol N cell−1 d−1, which is much lower than 

the ~0.22 pmol N cell−1 d−1 reported by Mulholland et al. (2006). The low densities 

of Trichodesmium and the low diazotrophic activity that we found suggest that the 

populations we encountered had drifted from elsewhere rather than grown 

actively in situ (LaRoche and Breitbarth, 2005). 

 Although the contribution of unicellular diazotrophs to the oceanic nitrogen 

budget is not precisely known, their N2 fixation rates may locally exceed those of 

Trichodesmium (Montoya et al., 2004; Bonnet et al., 2009). N2 fixation by 

organisms of the smaller size fraction (<10 μm), potentially containing unicellular 

cyanobacteria and heterotrophic diazotrophs, predominated over that attributed 

to the >10 μm fraction at all stations, confirming results obtained by other authors 

(Voss et al., 2004; Montoya et al., 2007) for lower latitudes of the eastern Atlantic 

Ocean. 

 In the North Atlantic Ocean, measurements of N2 fixation have been 

conducted mainly in the western basin (e.g. Capone et al., 2005), thereby biasing 

extrapolations to the whole of the North Atlantic. The few studies measuring N2 

fixation and abundance of diazotrophs across the whole tropical Atlantic have 

revealed uneven geographic distributions, with higher numbers of Trichodesmium 

in the western North Atlantic while N2 fixation associated with unicellular 

diazotrophs increased towards the east (Voss et al., 2004; Montoya et al., 2007; 

Goebel et al., 2010; Turk et al., 2011). 
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Fig. 4. Box plot summary of the (a) >10 μm fraction and (b) <10 μm fraction contribution to total net N2 

fixation rates (%). Associated measured C2H4:15N2 ratios are presented as black circles. Error bars 

represent the range of values recorded. The upper and lower limits of the boxes represent the upper 

and lower quartiles, respectively. Bands crossing the boxes represent the median. 

  

 Indeed, the densities of Trichodesmium reported in the literature for the 

Northeast Atlantic typically range from 0 to 100 trichomes L−1 (Tyrrell et al., 2003; 

Moore et al., 2009; Fernández et al., 2010; González-Taboada et al., 2010; present 

study), while densities in the Northwest Atlantic easily reached 100 to 1000 

trichomes L−1 (Capone et al., 1997; Mahaffey et al., 2003). 

 Few studies have addressed N2 fixation in upwelling areas. Staal et al. 

(2007) measured N2 fixation from 14°N to 13°S along the west African coast (1 to 

20°N). They did not find N2 fixation in the areas affected by the coastal upwelling 
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(roughly 20 to 15°N). These authors found average N2 fixation rates ranging from 

2.2 to 3.7 μmol N m−2 d−1, which is in the same range as reported here. Integrating 

our volumetric ARA values to the depth of the mixed layer (MLD), we calculate an 

average total ARA-derived N2 fixation rate of 2.14 ± 0.99 and 6.08 ± 7.73 μmol m−2 

d−1 in the upwelling areas of Cape Silleiro and Cape Ghir, respectively. 

 Staal et al. (2003) argued that a high temperature is needed to prevent 

oxygen deactivation of nitrogenase. This would be even more crucial for 

unicellular cyanobacteria because of their higher surface-to-volume ratio. In 

contrast to this paradigm, Raimbault and Garcia (2008) found N2 fixation rates as 

high as 3.6 nmol N L−1 d−1 off the Chilean upwelling system, where the water 

temperature was ~15°C. These authors did not detect the presence of 

Trichodesmium and therefore they attributed the measured N2 fixation rates to 

nanoplanktonic and picoplanktonic diazotrophs. In our study, N2 fixation in the 

small size fraction (< 10 μm) was always < 0.4 nmol N L−1 d−1 except for a peak of 

0.98 nmol N L−1 d−1 at one station off Cape Ghir (Fig. 3c).  

 The contribution of the small size fraction was generally higher in these 

colder and nutrient-richer waters of the northwestern Iberian and northwestern 

African upwelling systems than it was in the open-ocean (CAIBOX). Molecular 

biological studies performed during the CAIBEX cruises have confirmed that 66% 

of the < 3 μm clones sequenced belonged to the UCYN-A group (N. S. R. Agawin et 

al. unpublished results). Moreover, we cannot exclude the possibility that 

heterotrophic diazotrophs were present in the <10 μm fraction, although their 

importance for oceanic N2 fixation is debated (Riemann et al., 2010). 

 The contribution of >10 μm and <10 μm diazotrophs to gross and net N2 

fixation appeared to be highly variable across the studied areas (Table 2). The 

percentage contribution of each fraction to total release of DON did not correlate 

to either water temperature or concentrations of inorganic nutrients. DON release 

by diazotrophs may be influenced by physical and hydrographic factors 

(temperature, nutrients, light, turbulence), and biological factors such as the actual 

physiological state of the cells, interactions with the surrounding planktonic com- 

munity (virus, bacteria, grazers), or varying direct uptake of DON by other 

phytoplankton. 

 Studies performed to date indicate that the DON released by Trichodesmium 

may vary greatly among environments (see summary tables in Mulholland et al., 

2006). Also, Trichodesmium might release DON when experiencing abrupt changes 

in temperature and/or light (Mulholland, 2007), which might have been the case in 

our study area, where hydrographic features such as upwelling filaments and 

fronts were found. Bronk (1999) found a higher release of DON in cultures of non-
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diazotrophic unicellular cyanobacteria in nitrogen-replete conditions, in contrast 

to the release of dissolved organic carbon (DOC), which usually increases in 

nutrient-depleted situations. However, studies on the dynamics of DON release by 

unicellular diazotrophic cyanobacteria are lacking in the literature (Mulholland, 

2007), and the mechanism of release of DON may be different in diazotrophic and 

non-diazotrophic cyanobacteria. 

 The difference between N2 fixation derived from ARA and from 15N2 

assimilation has been interpreted as the release of DON (Gallon et al., 2002; 

Mulholland et al., 2004; 2006). Notwithstanding this, new insight into N2 fixation 

techniques has demonstrated that the use of 15N2 bubbles potentially 

underestimates N2 fixation rates (especially in short incubations) due to slow 

dissolution of the 15N2 into the sample water (Mohr et al., 2010). The use of 15N2-

saturated water, instead of bubbles, might decrease the difference between the 

ARA and 15N2 approaches to some extent, but it will probably not invalidate the 

subtraction of ARA and 15N2 fixation as a proxy for DON release (see ‘Materials and 

Methods’). Nevertheless, this aspect deserves attention in future studies. 

 We have demonstrated that organisms in the <10 μm fraction are more 

important than Trichodesmium for the fixation of N2 in the subtropical Northeast 

Atlantic Ocean. Gross rates of N2 fixation found in the upwelling zones were similar 

to those in the open ocean. This finding increases the latitudinal and habitat range 

of diazotrophic organisms, even when the rates were invariably low (<0.4 nmol N 

L−1 d−1). 
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Table 2. Summary of average of gross and net N2 fixation, percentage of total N2 fixation lost as dissolved organic nitrogen (DON), and percentage contribution to 

total gross and total net N2 fixation by each fraction (>10 μm and <10 μm). Average rates or contributions by the >50 μm fractions have been included only 

where applicable (as no net N2 fixation by the > 50 µm fraction was assayed). 

 

 
Average gross N2 fixation 

(nmol N L-1 d-1) 
Average net N2 fixation 

(nmol N L-1 d-1) 
Fixed N2 lost as DON 

(% of total N2 fixation) 
Contribution to total gross 

N2 fixation (%) 

Contribution to 
total net 

N2 fixation (%) 

 
>10 <10 

>50 
(x10-4) 

Total >10 <10 Total >10 <10 >10 <10 >50 >10 <10 

CAIBOX 
North 
of AF 
 

0.03 0.04 1.47 0.07 0.002 0.04 41.1 99.7 24.2 40.25 59.8 0.2 5.7 94.3 

CAIBOX 
South 
of AF 
 

0.05 0.06 3.87 0.11 0.01 0.02 76.4 28.5 58.12 42.28 57.8 0.4 35.7 64.3 

Cape 
Silleiro 
 
 

0.04 0.10 3.11 0.09 0.05 0.08 44.1 42.7 64.07 29.65 70.4 0.5 26.3 73.7 

Cape 
Ghir 

0.01 0.24 4.03 0.25 0.03 0.08 54.1 14.9 89.73 7.62 92.4 0.2 12.8 87.2 
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Abstract 

 Dinitrogen (N2) fixation rates may be underestimated when recently 

fixed N2 is released as dissolved organic nitrogen (DON). DON release (DONr) 

is substantial in the filamentous cyanobacterium Trichodesmium but has never 

been reported in unicellular diazotrophic cyanobacteria. In this study we used 

axenic cultures of the marine unicellular diazotroph Cyanothece sp. Miami BG 

043511 to measure dissolved organic matter release under N2-fixing 

conditions. DONr was measured as the transfer of 15N2 from the culture 

medium to the extracellular DON pool. On average, the DON released 

represented ~1% of the total N2 fixed. The average release of dissolved organic 

carbon (DOC) as determined by 14C, represented ~2% of the total carbon fixed. 

These results suggest that cultured populations of unicellular diazotrophs do 

not release much dissolved organic matter, but it cannot be excluded that 

DONr is important in the field when grazers and bacteria are present, or when 

the organism is exposed to environmental stresses such as turbulence, excess 

light, temperature changes or nutrient limitation. 

 

 

Introduction 

 The release of fixed dissolved organic carbon (DOC) by healthy marine 

plankton has been studied since the 1960s (e.g. Fogg, 1962). Release of organic 

matter in an oligotrophic environment might seem disadvantageous for 

phytoplankton as it represents a loss of energy and promotes growth of 

heterotrophic bacteria that compete for nutrients. Hence, these organisms may 

be outcompeted by those that do not release DOC. The organic carbon may 

serve as a substrate for autotrophic and heterotrophic plankton (Wood and 

Van Valen, 1990). Therefore, the release of organic compounds by healthy cells 

has often been regarded as a paradox in biological oceanography, although it 

may also have advantages. For example, organic compounds help chelating 

elements with low availability and solubility such as trace metals (Barbeau, 

2006). The release of dissolved organic compounds also helps to protect the 

photosynthetic apparatus in high-light regimes by dissipating excess energy, 

and shortens the phytoplankton’s lag-phase after nutrient-impoverished 

periods (Wood and Van Valen, 1990; Wannicke et al., 2009). 

 DOC release (DOCr) by phytoplankton has been widely studied during 

the past decades (Fogg, 1962; Sharp, 1977; Wood and Van Valen, 1990). 

Diazotrophic plankton such as blooming filamentous cyanobacteria are also 

known to release high amounts of DOC when the bloom decays, feeding grazers 
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and stimulating bacterial production (Sellner, 1997). DOCr has also been 

observed in unicellular cyanobacteria (Bertilsson et al., 2005). However, little 

is known about the magnitude and ecological significance of the release of 

dissolved organic nitrogen (DONr) by oceanic diazotrophic cyanobacteria. 

Most marine dinitrogen (N2) fixation field-studies have been conducted by 

measuring the 15N enrichment of particulate nitrogen (PN) after a certain time 

of incubation. The filtrates are usually discarded and therefore the N2 fixed and 

subsequently released as dissolved organic or inorganic nitrogen (DON or DIN) 

is not taken into account. Thus, the amount of N2 that has been fixed is 

potentially underestimated (Bronk et al., 1994; Gallon et al., 2002; Mulholland, 

2007). 

 Global oceanic denitrification exceeds N2 fixation by ~200 Tg N y-1 

(Mahaffey et al., 2005; Codispoti, 2007). Recent research indicates that this 

disequilibrium could be less severe when N2 fixation measurements are 

expanded to higher latitudes and greater depths (e.g. Moisander et al., 2010), 

and when these measurements are indeed accurate, which has been 

questioned recently (Mohr et al., 2010). However, less attention has been paid 

to the potential underestimation of global oceanic N2 fixation rates caused by 

not taking into account DONr. 

 Estimating DONr is also important because it is a source of new nitrogen 

for autotrophic and heterotrophic plankton (Berman and Bronk, 2003; Bronk 

et al., 2007). For instance, transfer of fixed N2 from large diazotrophic 

cyanobacteria to picoplankton has been described for the Baltic Sea 

(Ohlendieck et al., 2000) and for the Southwest Pacific (Garcia et al., 2007). N2 

fixed by the filamentous cyanobacterium Trichodesmium can also sustain the 

growth of larger autotrophic plankton, such as diatoms (Lee Chen et al., 2010), 

or even promote harmful algae blooms, as for example those of Karenia brevis 

off the Florida shelf (Bronk et al., 2004). Agawin et al. (2007) studied 

interactions between N2-fixing and non-N2-fixing cyanobacteria in a coupled 

modeling-chemostat culture experiment and found that the DON released by 

the N2-fixing unicellular cyanobacterium Cyanothece induced a four-fold 

increase of the abundance of the non-diazotrophic Synechococcus than it would 

have achieved in monoculture. This suggests that organic compounds exuded 

by diazotrophs can fuel primary production and may exert considerable 

control on the composition of the plankton community in the oligotrophic 

ocean. 

 Among marine diazotrophs, Trichodesmium was long thought to be the 

principal N2 fixer in the oceans (e.g. Capone et al., 1997). However, in the last 

decade molecular techniques revealed that unicellular diazotrophic 
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cyanobacteria are more abundant and more widely distributed than 

Trichodesmium (Luo et al., 2012), and their N2 fixation rates are often higher 

(Falcón et al., 2004; Garcia et al., 2007; Moisander et al., 2010). Field 

populations of Trichodesmium are known to release up to ~50% of the recently 

fixed N2 as DON (Glibert and Bronk, 1994), but in cultures the release is much 

less (Mulholland et al., 2004). Due to the wider geographical distribution of 

unicellular diazotrophs, it is necessary to study their DONr activity in order to 

estimate the potential underestimation of N2 fixation rates. However, direct 

estimates of DON release by unicellular diazotrophs have not been reported 

(Mulholland, 2007). 

 DONr rates can be estimated as the difference between gross and net N2 

fixation rates, measured by the acetylene reduction assay (ARA) and 15N2 

assimilation into biomass, respectively (Gallon et al., 2002; Mulholland et al., 

2004). Alternatively, one can measure the 15N atom % enrichment of the DON 

pool and use common tracer equations to estimate DON release rates (e.g. 

Glibert and Bronk, 1994; Mulholland et al., 2004). Both approaches have been 

used to indirectly estimate DONr by unicellular diazotrophs. Benavides et al. 

(2011) performed size-fractionated paired ARA and 15N2 assimilation 

measurements in the eastern North Atlantic and estimated that the <10 µm 

diazotrophs potentially released up to 67% of their recently fixed N2. These 

facts suggest that unicellular diazotrophs in the field release DON similarly as 

Trichodesmium. In this paper we used cultures of Cyanothece sp. Miami BG 

043511 (hereafter Cyanothece) as a model organism to test whether the 

release of dissolved organic matter in unicellular diazotrophic cyanobacteria 

may be an important process. 

 

 

Materials and methods 

Culture conditions and experimental setup 

 N2 fixation and DONr (experiment #1, 10 days), carbon fixation and 

DOCr (experiment #2, 8 days) were examined in this study. Cultures of 

Cyanothece sp. Miami BG 043511 (formerly classified as Synechococcus) were 

obtained from the Culture Collection Yerseke (strain CCY 0408). Cultures were 

grown in 250 mL transparent polypropylene tissue flasks with filter screw caps 

(VWR) in an illuminated incubator (Snijders ECD01E) at 27ºC under a 12-12 h 

light-dark cycle and a light irradiance of ~50 µmol photons m-2 s-2. Standard 

YBCII medium devoid of a source of combined nitrogen (Chen et al., 1996) was 

used in experiments #1 and #2. In both experiments two replicate cultures 
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were inoculated with 1% of an exponentially growing stock culture. 

Experiment #1 lasted 10 days and experiment #2 lasted 8 days. Therefore, 20 

and 16 culture replicates were prepared for experiment #1 and #2, 

respectively. Every experiment day, two replicates were sacrificed for the 

assays and analyses described below. 

 

Chlorophyll, biomass, cell abundance and cell size 

 During both experiments, chlorophyll a (Chl a) concentrations, cell 

abundance and cell size were monitored daily. For Chl a analysis, culture 

aliquots were filtered onto 25 mm GF/F filters. Chl a was extracted with 90% 

cold acetone for 24 h and subsequently analyzed by means of a Cary Eclipse 

fluorescence spectrophotometer, previously calibrated with pure Chl a (Sigma), 

and concentrations calculated using the equations in Ritchie (2006). Cell 

counts and cell size measurements were performed daily in triplicate vortexed 

fresh samples using a Multisizer 3 Coulter Counter (Becton Dickinson). 

Bacterial contaminant numbers were checked daily by phase contrast 

microscopy and did not exceed 3% of the cell number of the cyanobacteria 

throughout the experiments. 

 

N2 fixation 

 Net N2 fixation was assayed once a day in the middle of the dark period 

using the stable isotope tracer method by Montoya et al. (1996). For this 

technique, 125 mL glass vials were filled with culture to overflow, closed with 

rubber stoppers (allowing the excess culture to escape by a sterile syringe tip 

piercing the septum) and crimp-sealed with aluminum caps. Trace additions of 
15N2 (500 µL; 98.3 at.% 15N, Euriso-top, Saint-Aubin, France) were made using a 

gas-tight syringe (Hamilton) and the samples were incubated for 3 h. The 15N2 

incubated samples were filtered onto pre-combusted GF/F filters (6 h, 450ºC) 

to obtain the 15N enrichment and PN concentration. 

 

DONr and intracellular DON production (inDONp) 

 In experiment #1, DONr was estimated as the transfer of 15N from the 

culture medium to the extracellular DON pool, using the ammonium diffusion 

technique by Slawyk and Raimbault (1995) to isolate the labeled DON, and 

equations in Slawyk et al. (1998). In this experiment, we also investigated the 

inDONp (i.e. N2 fixed as DON but not released during the incubation period), 
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computed as inDONp = [(RinDONf / RN2 x t)] x inDONf, where RinDONf   represents 

the excess 15N enrichment of the intracellular DON pool at the end of the 

incubation period, RN2 represents the initial 15N2 enrichment of the culture 

medium, t is the incubation time and inDONf is the final intracellular DON 

concentration (i.e. after the 3 h incubation period). 

 After incubation and filtration, the filtrate was recovered and stored 

frozen for extracellular DON analysis. The intracellular DON content of cells 

was obtained by gently filtering (vacuum pressure <100 mm Hg) culture 

aliquots through 3 µm pore size, 25 mm polycarbonate filters, adding 15 mL of 

boiling Milli-Q water and recovering the filtrate (combined thermal and 

osmotic shock; Thoresen et al., 1982). For the analysis of 15N-labelled DON 

aliquots of the extracellular and intracellular filtrates were poisoned with 1% 

HgCl2 after 3 h of incubation with 15N2. These filtrates were then stored in 

sterile 50 mL polyethylene tubes at room temperature and in the dark until 

analysis. To separate DIN (i.e.: nitrate + nitrite + ammonium) from DON and 

analyze the 15N content of the latter, we followed the 3-step ammonium 

diffusion methodology proposed by Slawyk and Raimbault (1995). In step (1), 

filtrate subsamples were covered with a screw cap provided with a needle tip 

and half a GF/F filter humidified with 0.25 N H2SO4. MgO and DeVarda alloy 

(DA) were added to the samples and were subsequently incubated at 50ºC for 

one week in order to strip off the DIN as (NH4)2SO4. In step (2), the remaining 

nitrogen in the subsamples was only DON, which was oxidized to DIN by 

adding a solution composed of K2S2O8, NaOH and H3BO3. Finally, in step (3) the 

remaining nitrogen was removed by repeating step (1). 

 PN, particulate carbon (PC) and 15N enrichments were analyzed by 

means of a Thermo Flash EA 1112 elemental analyzer connected to a Thermo 

Delta Advantage IRMS. DON concentrations were computed by subtracting DIN 

from total dissolved nitrogen (TDN). The concentrations of TDN were 

determined by autoclave destruction and the persulfate oxidation method 

(Valderrama, 1981). DIN was analyzed with a SEAL Technicon Autoanalyzer II, 

following recommendations by Kirkwood (1995). Detection limits were 0.1, 

0.03 and 0.16 µmol L-1 for nitrate, nitrite and ammonium, respectively. 

 

Potential underestimation of N2 fixation rates 

 Due to the slow dissolution of gaseous 15N2 in water, N2 fixation rates are 

underestimated to a variable extent when 15N2 is added to the sample as a 

bubble (Mohr et al., 2010), indicating that previously published N2 fixation 

rates are likely underestimated. This important observation was published 
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while the experiments reported in this paper were in progress. For consistency, 

we decided not to apply the new method provided by Mohr et al. (2010), which 

consists of adding 15N2 dissolved in the culture medium or seawater sample. 

Alternatively, we provide a second set of N2 fixation, DONr and inDONp rates 

estimated using the % dissolution of a 15N2 bubble after our period of 

incubation. After 3 h, the % dissolution of a 15N2 bubble into YBCII medium at 

27ºC is 28.8%  (W. Mohr, personal communication). 

 

Carbon fixation, DOCr and intracellular DOC production (inDOCp) 

 In experiment #2 we tested carbon fixation, DOCr and intracellular DOC 

production (inDOCp) by Cyanothece. 50 mL of culture were incubated for 3 h in 

the middle of the light period with 100 µL of 1057 kBq mL-1 NaH14CO3 

(American Radiolabeled Chemicals, Inc). The initial CO2 concentration was 

measured by automated titration with a Metrohm Dosimat 765 and a Metrohm 

780 pH Meter. GF/F and 3 µm polycarbonate filters were used as described 

above for experiment #1. 

 After incubation and filtration, filters were transferred to polyethylene 

scintillation vials (Perkin Elmer Pico Prias) and exposed to HCl fumes in a 

desiccator in order to remove the non-incorporated 14C. Ultima Gold MV 

(Perkin Elmer) counting cocktail was added. Non-incorporated 14C in the 

filtrate was removed by adding 100 µL concentrated HCl to 50 mL samples. 

The next day, samples were counted using Insta-Gel (Perkin Elmer) counting 

cocktail. The scintillation counter used was a Packard TRICARB 2300. To avoid 

radioactive contamination of analysis equipment, parallel culture replicates 

not incubated with 14C were used to measure final PC concentrations. However, 

the replicate culture flask used for 14C measurements was split into two parts 

and analyzed separately in order to estimate analytical variability.  

 Samples for the analysis of the intracellular DOC and extracellular DOC 

concentrations were taken at the end of incubations and analyzed with a Skalar 

Formacs TOC continuous flow analyzer, previously calibrated with potassium 

hydrogen phthalate. 

 

Results 

Growth and biomass 

  Cell number and the biomass indices Chl a, PN and PC were used to 

estimate cell division rate and growth rate of the Cyanothece cultures. These 
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variables showed similar patterns in all experiments (Figs. 1a-b). Based on the 

increase of cell number the average division rate was 0.64 d-1 and the average 

growth rates were, 0.27, 0.22 and 0.23 d-1, in experiment #1 as based on Chl a, 

PN and PC, respectively. In experiment #2 these numbers were 0.41, 0.35, 0.24 

and 0.21 d-1, respectively. 

 

Particulate and dissolved nitrogen pools 

 The initial and final (before and after the 3 h incubation period with 
15N2) concentrations of PN, extracellular and intracellular DON and DIN are 

shown in Table 1 (experiment #1). The initial concentration of the PN pool 

ranged from 129 to 1095 µmol N L-1. Except on days 1 and 2, the final amount 

of PN was always lower than initial level. However, differences between initial 

and final PN concentrations were statistically significant (t-test, p = 0.028). The 

initial concentration of extracellular DON and DIN was always smaller than the 

final concentration, except for extracellular DON on days 4, 8 and 10. Initial and 

final extracellular DIN concentrations were statistically different (p = 0.017), 

while differences between extracellular DON concentrations were not (p = 

0.585). Extracellular DON ranged from 10 to 97 µmol N L-1, while DIN values 

were one or two orders of magnitude lower (<1 to 4.5 µmol N L-1). In contrast, 

the initial concentrations of intracellular DON and DIN were always higher 

than the final concentrations, except intracellular DON on day 5, and 

intracellular DIN on days 2, 3 and 10. Initial and final intracellular DON 

concentrations were significantly different (p = 0.027), while intracellular DIN 

concentrations were not (p = 0.859). 

 While PN and extracellular DON and DIN concentrations increased as 

the culture grew (along the 10 days experiment), the intracellular DON and 

DIN pools showed a different pattern. The intracellular DON pools measured 

up to ~5 - 14 µmol N L-1 during the first two and last two days of the 

experiment, while between days 3 and 8 the concentrations were generally 

twice as high. Intracellular DIN remained more or less constant with 

concentrations between <1 and ~2 µmol N L-1, only a peak of 3.14 µmol N L-1 

was observed on day 3. The concentration of 15N2 added to the samples (0.16 

µmol N L-1) was taken into account when comparing the initial and final (pre 

and post incubation with 15N2) total nitrogen concentrations in all pools. The 

final total nitrogen concentration (sum of all pools) was lower than the initial 

one except on days 1 and 2. Initial total nitrogen concentrations were on 

average ~15% higher than final values. This is probably a result of adding the 

injected 15N2 in the mass balance. Some of this 15N2 is fixed and thus 

transferred to the particulate and dissolved nitrogen pools, but some is 
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probably unused or not dissolved into the culture medium during the 

incubation period (Mohr et al., 2010), and thus not accounted for in the final 

sum. 

 

 

Fig. 1: Cell number, particulate carbon (PC), Chlorophyll a (Chl a), and particulate nitrogen (PN) in 

(a) experiment #1 and (b) experiment #2. 



Table 1: Average concentrations of nitrogen in the particulate nitrogen pool (PN) and extracellular and intracellular dissolved organic and inorganic nitrogen pools 

(exDON, exDIN, inDON and inDIN), at the start and at the end of the incubations performed with additions of 15N2 to Cyanothece cultures (experiment #1). The sum of 

all pools at the start and at the end of the incubations is given. All values are given in µmol N L-1. For initial values, the concentration of 15N2 added to the samples is 

included in the sum as well (0.16 µmol N L-1). Standard deviation values are given in brackets. 

 

 Initial Final 

Day PN exDON exDIN inDON inDIN Total (+15N2) PN exDON exDIN inDON inDIN Total 

1 129.3 (21.88) 10.23 (0.14) 0.56 (0.13) 9.89 (0.73) 1.35 (0.49) 151.46 137.47 (16.21) 11.46 (0.72) 0.86 (0.47) 5.50 (2.59) 1.22 (0.06) 156.51 

2 214.16 (27.83) 10.66 (0.68) 0.78 (0.57) 11.78 (12.65) 1.39 (0.23) 238.93 245.27 (45.36) 44.91 (46.8) 1.39 (0.23) 10.45 (4.24) 1.46 (0.18) 303.47 

3 302.25 (50.49) 15.81 (1.27) 0.54 (0.05) 37.21 (12.26) 1.59 (0.69) 360.56 274.72 (29.65) 26.16 (5.96) 1.12 (0.05) 26.19 (5.24) 3.14 (0.66) 331.33 

4 436.81 (92.53) 49.61 (2.47) 1.36 (0.03) 34.74 (4.07) 1.86 (0.99) 524.54 388.59 (20.88) 36.37 (2.82) 1.91 (0.61) 32.24 (3.36) 1.37 (0.40) 460.49 

5 522.07 (10.3) 33.97 (9.42) 1.53 (1.09) 25.40 (23.29) 1.8 (0.62) 584.93 388.55 (38.89) 60.84 (38.55) 1.72 (0.54) 30.35 (1.24) 1.79 (0.53) 483.26 

6 736.19 (101.56) 60.79 (8.52) 0.97 (0.28) 38.88 (11.16) 1.42 (0.03) 838.41 720.52 (17.20) 71.4 (25.56) 1.69 (0.41) 31.26 (11.91) 1.14 (0.39) 826.01 

7 908.25 (58.59) 58.54 (19.28) 1.79 (0.13) 45.58 (5.19) 1.37 (0.03) 1018.69 817.93 (106.90) 67.23 (5.78) 1.52 (0.67) 38.08 (1.98) 1.34 (0.25) 926.10 

8 1095.11 (57.91) 73.49 (14.7) 1.43 (0.25) 42.95 (8.09) 2.54 (1.9) 1215.68 874.93 (96.95) 61.05 (2.78) 2.64 (0.11) 23.37 (0.96) 1.82 (0.93) 963.81 

9 1046.15 (41.66) 56.16 (12.79) 1.24 (0.01) 14.31 (1.89) 2.09 (0.9) 1120.11 1028.53 (55.99) 61.17 (5.85) 2.47 (0.95) 10.99 (3.26) 1.37 (0.17) 1104.53 

10 1065.71 (214.14) 96.86 (18.79) 1.55 (0.42) 9.20 0.98 1174.46 883.81 (3.91) 61.62 (5.74) 4.49 (0.04) 6.74 (0.45) 1.36 (0.34) 958.03 
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 The initial and final concentrations of 15N in the particulate and 

dissolved pools of Cyanothece cultures during experiment #1 are considered 

separately in Table 2. Unfortunately, the 15N enrichment of the DIN pools was 

not measured and therefore these data are lacking from Table 2. Final 

concentrations of 15N in the PN pool were larger than the initial ones, except on 

days 5, 8 and 10. Differences between initial and final 15N concentrations of the 

PN pool were not statistically significant (t-test, p = 0.117). However, Montoya 

et al. (1996) considered a minimum acceptable change of δ15N between the 

initial and the final PN (of a sample incubated with 15N2) of 4‰. The difference 

between the final and initial δ15N values of PN in our experiments ranged 

between 66 and ~1400 (data not shown), hence we are convinced that the N2 

fixation rates presented here are accurate. 

 The final concentration of 15N (sum of all pools) was higher than the 

initial sum in days 1 - 3 indicating an excess recovery of 15N. This imbalance is 

probably due to the low intracellular and extracellular DON concentrations 

measured on these days. However, the average percentage recovery for the 

rest of the experiment (days 4 – 10) is 99.08% (± 10.41, standard deviation). 

 

N2 fixation, DONr and inDONp 

 When considering the complete dissolution of the 15N2 bubble (tracer 

method by Montoya et al., 1996), net N2 fixation rates (assimilation of 15N2 into 

biomass) started at 3.66 µmol N L-1 h-1 on day 1, peaked at 7.36 µmol N L-1 h-1 

on day 2, and then decreased to ~2 µmol N L-1 h-1 at the end of experiment #1 

(Table 3). When only 28.8% dissolution of the 15N2 bubble was considered, all 

rates increased ~2.5-fold and followed the same temporal pattern. 

DONr peaked at day 2 with rates of 0.07 and 0.19 µmol N L-1 h-1, and at 

day 8 with rates of 0.06 and 0.14 µmol N L-1 h-1, when considering 100% 

dissolution and 28.8% dissolution of the 15N2 bubble, respectively. In the 

middle of the experiment, DONr rates remained close to 0.03 and 0.08 µmol N 

L-1 h-1 (100% and 28.8% 15N2 dissolution, respectively), and were lower on 

days 1 and 10. On average, DONr represented ~1% of the total nitrogen fixed 

(net N2 fixed + DON released + intracellular DON produced). It should be noted 

that the ‘total N2 fixed’ includes recently fixed N2 released as DIN. 

Unfortunately, the 15N enrichment in DIN was not measured. 



Table 2: Average concentrations of 15N in the particulate nitrogen (PN) and extracellular and intracellular dissolved organic nitrogen (exDON and inDON) pools, at 

the start and at the end of the incubations performed with additions of 15N2 to Cyanothece cultures (experiment #1). The sum of 15N in all pools at the start and at the 

end of the incubations is given. All values are given in µmol N L-1. For initial values, the concentration of 15N2 added to the samples is included in the sum as well (0.16 

µmol N L-1). A percentage of 15N recovery is given based on the amount of 15N in the samples at the start of the incubations with the amount of 15N recovered in at 

their end. Standard deviation values are given in brackets. 

 
Initial Final   

Day PN exDON inDON Total (+15N2) PN exDON inDON Total 
% 

recovery 

1 0.53 (0.09) 0.04 (0.00) 0.02 0.75 1.06 (0.02) 0.04 (0.0) 0.05 (0.01) 1.15 153.33 

2 0.82 (0.1) 0.04 0.02 (2.59) 1.04 2.02 (0.63) 0.17 (0.19) 0.06 (0.07) 2.25 216.35 

3 1.15 (0.19) 0.05 (0.01) 0.03 (0.01) 1.39 1.73 (0.03) 0.08 (0.02) 0.12 (0.04) 1.93 138.85 

4 1.65 (0.34) 0.15 (0.06) 0.08 (0.02) 2.04 2.06 (0.06) 0.16 (0.04) 0.13 (0.02) 2.35 115.19 

5 1.95 (0.04) 0.12 (0.03) 0.1 (0.01) 2.33 1.95 (0.32) 0.14 (0.02) 0.1 (0.09) 2.19 93.99 

6 2.74 (0.38) 0.29 (0.06) 0.09 (0.00) 3.28 3.17 (0.01) 0.2 (0.01) 0.12 (0.04) 3.49 106.40 

7 3.38 (0.21) 0.25 (0.12) 0.09 (0.04) 3.88 3.42 (0.55) 0.25 (0.02) 0.15 (0.04) 3.82 98.45 

8 4.08 (0.22) 0.29 (0.03) 0.12 4.65 3.68 (0.38) 0.24 (0.0) 0.15 4.07 87.53 

9 3.87 (0.15) 0.2 (0.03) 0.08 4.31 4.22 (0.19) 0.24 (0.0) 0.06 (0.01) 4.52 104.87 

10 3.96 (0.79) 0.26 (0.07) 0.04 4.42 3.51 (0.05) 0.31 (0.14) 0.03 (0.01) 3.85 87.10 
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 The inDONp rates (transfer of 15N2 to the intracellular DON pool) were 

generally one order of magnitude higher than DONr, with values ranging from 

0.003 to 0.2 µmol N L-1 h-1 when 100% dissolution of the 15N2 bubble was 

considered, and 0.008 to ~0.5 µmol N L-1 h-1 when only 28.8% dissolution is 

considered. The overall tendency of inDONp rates was to decrease along the 

experiment, and the lowest rates were observed during the last three days.  

 

Carbon pools, carbon fixation, DOCr and inDOCp 

 Rates of net carbon fixation, DOCr and inDOCp, and the concentration of 

carbon in the particulate and dissolved pools of Cyanothece cultures during 

experiment #2 are given in Table 4. Carbon fixation rates are given either as 

net carbon fixed (carbon fixed into biomass), or as ‘total carbon fixed’ (net 

carbon fixed + DOC released + intracellular DOC produced). Total carbon 

fixation ranged from 54 to 151 µmol C L-1 h-1, close to net carbon fixation, 

which ranged from 37 to 101 µmol C L-1 h-1. The rate of DOCr rates ranged from 

<1 to 3 µmol C L-1 h-1, while the rate of inDOCp was one to two orders of 

magnitude higher, ranging from 15 to 55 µmol C L-1 h-1. DOCr rates represented 

only 1 – 4% of the total carbon fixed (average ~2%). Particulate carbon (PC) 

ranged from 950 to 5600 µmol C L-1. Extracellular DOC concentrations ranged 

from ~70 to 600 µmol C L-1. Intracellular DOC concentrations were generally 

higher than extracellular DOC concentrations, except on the last three days of 

experiment #2 (days 6 – 8). 

 

C:N fixation ratios 

 The ratios provided here come from two different experiments (#1 and 

#2, see Materials and methods). C:N fixation ratios would be more accurate if 

both carbon and N2 fixation rates had been measured simultaneously in the 

same culture. However, experiment #2 was done independently because 

samples treated with radioactivity (14C) need to be manipulated in a separate 

laboratory and cannot be further processed by an elemental analyzer or IRMS. 

 Carbon was fixed at higher rates than nitrogen, as reflected by the high 

molar ratios of net carbon fixation: net N2 fixation (mol C: mol N) (Table 5). C:N 

ratios increased along the experiment and exceeded Redfield in almost all 

experiment days. When net N2 fixation rates were calculated considering 100% 

dissolution of the 15N2 bubble, C:N ranged from 8 to ~40.                                                                          



Table 3: Average rates of net N2 fixation (A), dissolved organic nitrogen (DON) released (B), intracellular DON produced (C), and total nitrogen fixed (A+B+C) 

measured considering 100% dissolution of the 15N2 bubble, and, alternatively, considering 28.8% dissolution of the 15N2 bubble after a 3 h incubation period. All rates 

are given in µmol N L-1 h-1. The last column includes the percentage of DON released compared to the total N2 fixed (A+B+C), which is equal for both 15N2 bubble % 

dissolutions. Note that the total N2 fixed column does not include any N2 fixed and released as dissolved inorganic nitrogen (DIN). Standard deviation values are given 

in brackets. 

 
100% dissolution of 15N2 bubble 28.8% dissolution of 15N2 bubble 

 

Day 
Net N2 

fixation (A) 
DONr (B) inDONp (C) 

Total N2 
fixed 

(A+B+C) 

Net N2 fixation 
(A) 

DONr (B) inDONp (C) 
Total N2 

fixed 
(A+B+C) 

% DONr 

1 3.66 (0.27) 0.00 (0.00) 0.06 (0.04) 3.72 9.46 (0.68) 0.01 (0.002) 0.16 (0.11) 9.62 0.08 

2 7.36 (3.06) 0.07 (0.10) 0.15 (0.10) 7.59 18.9 (7.80) 0.19 (0.2) 0.39 (0.25) 19.25 0.98 

3 4.85 (0.52) 0.04 (0.02) 0.10 (0.02) 4.99 12.3 (1.36) 0.09 (0.04) 0.26 (0.04) 12.51 0.72 

4 4.28 (0.11) 0.03 (0.03) 0.20 (0.03) 4.51 10.8 (0.31) 0.08 (0.07) 0.49 (0.07) 10.95 0.69 

5 3.44 (1.18) 0.03 (0.01) 0.18 (0.01) 3.65 8.62 (2.99) 0.07 (0.02) 0.45 (0.02) 8.75 0.76 

6 3.47 (0.38) 0.03 (0.01) 0.06 (0.01) 3.56 8.60 (0.97) 0.08 (0.03) 0.15 (0.03) 8.77 0.95 

7 2.76 (1.01) 0.04 (0.01) 0.13 (0.01) 2.93 6.78 (2.47) 0.09 (0.01) 0.33 (0.01) 6.97 1.35 

8 3.08 (0.19) 0.06 (0.02) 0.01 (0.02) 3.15 7.51 (0.48) 0.14 (0.05) 0.02 (0.05) 7.79 1.78 

9 2.90 (0.08) 0.03 (0.01) 0.00 (0.01) 2.94 7.02 (0.16) 0.08 (0.03) 0.01 (0.03) 7.18 1.09 

10 1.83 (0.21) 0.02 (0.01) 0.00 (0.01) 1.85 4.4 (0.52) 0.05 (0.02) 0.01 (0.01) 4.49 1.01 



Table 4: Average rates of net carbon fixation (A), rate of release of dissolved organic carbon (DOCr) (B), and rate of production of intracellular DOC (inDOCp) (C), as 

well as the rate of the total carbon fixed (sum of A, B and C) measured using 14C. All rates are given in µmol C L-1 h-1. The percentage of carbon fixed which is released 

as DOC is given. The three final columns represent the concentration of carbon in the particulate carbon (PC), extracellular and intracellular DOC pools (exDOC and 

inDOC) at the end of the incubation period. Concentrations are expressed in µmol C L-1. Standard deviation values are given in brackets. 

Day 
Net carbon 

fixed (A) 
DOCr (B) inDOCp (C) 

Total carbon 
fixed 

(A+B+C) 
% DOCr PC exDOC inDOC 

1 37.47 (4.1) 2.41 (0.12) 14.55 (3.6) 54.43 (5.8) 4.43 948.92 (0.4) 71.39 (17.7) 299.97 (62.9) 

2 61.38 (7.7) 0.70 (0.4) 37.44 (7.6) 99.52 (12.9) 0.70 1119.28 (0.03) 75.42 (1.7) 108.84 (39.3) 

3 89.31 (7) 0.96 (0.3) 54.80 (6.32) 145.07 (11.8) 0.66 1651.62 (0.17) 111.60 (6.7) 172.30 (1.9) 

4 82.62 (10.3) 1.88 (0.2) 52.50 (1.2) 137 (16.9) 1.37 2117.82 (0.13) 160 (2) 306.50 (8.7) 

5 97.6 (4.5) 3.11 (0.8) 46.10 (2) 146.81 (7.8) 2.11 2735.87 (1.41) 274.77 (11.3) 559.24 (203.7) 

6 84.7 (1.9) 2.54 (0.2) 46.04 (2.8) 133.28 (3.4) 1.91 4373.13 (0.24) 324 (28.2) 282.50 (172.6) 

7 101 (2.7) 2.70 (0.1) 47.52 (12.2) 151.22 (4.1) 1.79 5615.35 (0.1) 459.10 (45) 360.90 (40.4) 

8 98.59 (9.01) 2.43 (0.2) 49.34 (14.5) 150.36 (13.8) 1.62 5543 (0.9) 599.24 (36.9) 297.75 (17.1) 
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When 28.8% dissolution of the 15N2 bubble was assumed, net N2 fixation rates 

were ~2.5 fold higher. Consequently, when 28.8% dissolution of the 15N2 

bubble was applied C:N ratios were lower and did not exceed Redfield, except 

on days 1 and 2. From day 3 on, the C:N ratios ranged from 3 to ~15. 

 DOCr : DONr ratios give an estimation of the C:N ratio of the dissolved 

organic matter released. These ratios were also high, ranging from ~10 to 

116.3 when 100% dissolution of the 15N2 bubble was considered for the 

calculation of N2 fixation rates, and from ~4 to 46.5 when 28.8% dissolution 

was assumed. On day 1, the DONr rates were close to zero (Table 3), inflating 

DOCr : DONr ratios (Table 5). 

 

Discussion 

Measuring N2 fixation and nitrogen release: methodological issues 

 There are a number of methodological issues which affect the estimation 

of N2 fixation and DONr rates: (1) potential underestimation of N2 fixation rates 

when the 15N2 bubble method is used, (2) unsuccessful recovery of all 15N 

added at the end of an incubation period, (3) methodological problems related 

to DON isolation for IRMS analysis, (4) artifacts associated to sample 

manipulation, and (5) intracellular isotopic dilution. Each will be discussed in 

detail below. 

 

Table 5: Net carbon fixation : net N2 fixation, and dissolved organic carbon release (DOCr) : 

dissolved organic nitrogen release (DONr) ratios (mol C:mol N). N2 fixation rates were calculated 

assuming  100% dissolution of the 15N2 bubble or, alternatively, assuming 28.8% dissolution of the 
15N2 bubble after a 3 h incubation period. 

 100% dissolution of 15N2 bubble 28.8% dissolution of 15N2 bubble 

Day 
Net carbon fixation : 

net N2 fixation 
DOCr : DONr 

Net carbon fixation : 
net N2 fixation 

DOCr : DONr 

1 10.24 3.89 830.1 321.3 

2 8.33 3.19 9.5 3.7 

3 18.42 7.11 27.0 10.6 

4 19.29 7.50 62.7 24.8 

5 28.34 11.11 116.3 46.5 

6 24.44 9.66 75.6 30.5 

7 36.62 14.61 70.6 28.7 

8 32.02 12.87 42.6 17.5 
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 (1) Recently, Mohr et al. (2010) demonstrated that the routinely used 
15N2 bubble tracer method underestimates N2 fixation rates due to the slow 

dissolution of the gas into the medium or the sample seawater. These authors 

recommended adding 15N2 already dissolved in the water instead of as a bubble, 

as previously done by Glibert and Bronk (1994), in order to provide a constant 
15N enrichment of the source N2 pool. Mohr et al.’s (2010) study was published 

while the experiments reported in this paper were being carried out. As the 

experiments had already started, we chose not to change the methodology to 

maintain consistency. In order to give an approximation of what the rates 

would have been like using more realistic dissolution of 15N2 after 3 h 

incubation, we recalculated net N2 fixation, DONr and inDONp rates assuming 

28.8% dissolution of the 15N2 (Table 3), which is the dissolution of 15N2 

observed after 3 h of incubation in YBCII medium at 27ºC (W. Mohr, personal 

communication). When 28.8% dissolution is applied, net N2 fixation rates 

explain better the daily PN increase observed (Tables 1 and 3), corroborating 

that the 15N2 bubble method underestimates N2 fixation rates. 

 (2) Another problem often encountered during 15N experiments is that 

the label is not fully recovered. Bronk and Glibert (1994) demonstrated that 

the fate of this ‘missing’ 15N differs between marine systems. In particular, 15N 

transfer from the source pool to the extracellular DON pool seems to be more 

important in oligotrophic systems, which supports the need to include DONr 

measurements in routine nitrogen uptake experiments in order to avoid 

underestimations (Bronk et al., 1994). 

 (3) Measuring the 15N enrichment of the DON pool is prone with 

difficulties. Extracting DON for isotope analysis is difficult and has prompted 

intensive discussion in the past (Slawyk et al., 1998; Bronk and Ward, 2000; 

Slawyk et al., 2000). The protocol for extracting DON used here (Slawyk and 

Raimbault, 1995) (see Materials and methods) could underestimate DONr 

because the alkaline hot experimental conditions (60ºC) of the extraction 

process may hydrolyze some fraction of the DON as ammonium (McCarthy and 

Bronk, 2008). The alternative DON isolation method is the ion retardation 

column (Bronk and Glibert, 1991), which is no longer commercially available in 

its previous quality and now retains variable amounts of DON, and therefore is 

not reliable (McCarthy and Bronk, 2008). Hence, consistent DON extraction 

protocols await development. 

 (4) Other methodological problems may affect the measurement of 

DONr, such as the breakage of cells during vacuum filtration and exposure to 

light and temperature changes during sample manipulation (Feuillade et al., 

1990; Wannicke et al., 2009). Vacuum pressure was kept low throughout our 
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experiments (<100 mm Hg) and care was taken to avoid temperature and light 

changes. Light was kept constant in our experiments (~50 µmol photons m-2   

s-2), and was well below natural intensities in tropical and subtropical waters 

where Cyanothece occurs (Langlois et al., 2008). We therefore think that 

culture settings or sample manipulation did not affect DONr analysis. 

 (5) The intracellular isotopic dilution in cells with high intracellular DON 

pools might have affected the measurements of the DONr rates. When the 

intracellular DON pool and its turnover time are high, isotopic equilibrium 

between the intracellular pool and the extracellular medium is slow. This 

causes artificially low DON release rates, as the DON recovered in the 

extracellular pool is 14N-rich material, which was inside the cell previously to 
15N2 addition. (Mulholland et al., 2004). 

 

Nitrogen versus carbon metabolism in Cyanothece 

 Diazotrophs are known to fix carbon at rates exceeding the C:N Redfield 

ratio, (Mulholland et al., 2006; Mulholland, 2007). Reasons why this 

phenomenon occurs in natural populations include (1) substantial nitrogen 

and/or carbon release due to methodological problems associated to cell 

manipulation, (2) excess carbon fixation (this ballast may cause sinking of the 

cells), and (3) excess carbon fixation to decrease cellular oxygen 

concentrations which may inhibit the nitrogenase (Mehler reactions), or for 

ATP production (Mulholland, 2007). Errors in global estimates of N2 fixation 

would be lessened if accurate C:N fixation ratios of marine diazotrophs were 

used instead of theoretical elemental stoichiometries (Mulholland, 2007). 

 The DON released during our experiments was similar to the DOC 

released when expressed as a percentage of the total nitrogen or carbon fixed. 

On average, Cyanothece released ~1% of the recently fixed gross N2 as DON, 

while ~2% of the gross carbon fixed was released as DOC. In a series of culture 

experiments, Wannicke et al. (2009) found that cultured Trichodesmium 

released 71% of the fixed N2 as DON and ammonium and 50% of the carbon 

fixed as DOC. In our study DOCr/DONr C:N ratios were high and always 

exceeding Redfield stoichiometry, with the only exception of day 2 when N2 

fixation rates were calculated using 28.8% dissolution of the 15N2 bubble 

(Table 5). These high ratios suggest that the dissolved organic matter released 

by Cyanothece is enriched in carbon. 

 It should be noted that DOC and DON were treated as independent pools, 

but the exudate material of natural populations of diazotrophic organisms is 

normally composed of both DOC and DON. For example, this is the case for 
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amino acids (Gallon et al., 2002). Whereas eukaryotic phytoplankton 

organisms are known to exude dissolved organic compounds lacking nitrogen 

such as carbohydrates (Newell et al., 1972), diazotrophic cyanobacterial 

exudates are commonly rich in nitrogen (Capone et al., 1994; Mulholland, 

2007). 

 

DONr by unicellular diazotrophic cyanobacteria 

 Trichodesmium is thought to release fixed N2 to provide other trichomes 

in the colony with nitrogen (Mulholland and Capone, 2000), because not every 

cell in a trichome and not all trichomes express nitrogenase (Bergman and 

Carpenter, 1991), or are in the same phase of the cell cycle (Wannicke et al., 

2009). Some unicellular cyanobacteria release organic compounds to feed 

neighboring cells. For example, Gloeothece cells live embedded in a 

mucilaginous sheath that acts as an ‘extracellular vacuole’ (Flynn and Gallon, 

1990). The advantage of releasing DON by free-living unicellular diazotrophs is 

not clear, if there is any. Possibly free-living unicellular diazotrophs release 

DON as a response to abiotic factors such as light stress (Wood and Van Valen, 

1990). In our study, the DON released represented on average ~1% of the total 

N2 fixed by Cyanothece during experiment #1 (Table 3). Given that optimum 

culture conditions were used, the growth of the cells was balanced and DONr 

was negligible. 

 Cultured nitrogen-starved eukaryotic phytoplankton have been 

reported to release dissolved organic compounds when reaching stationary 

phase (Newell et al., 1972). Contrarily, in our study similar levels of DONr and 

DOCr were observed throughout the experiment (Tables 3, 4). A decrease in 

DONr rates was observed during the last three days of experiment #1, when 

the cells were reaching the stationary phase (Fig. 1). We hypothesize that this 

decrease of DONr rates might have been caused by the increasing availability of 

DIN and DON in the medium during the last days of the experiment #1, and/or 

the simultaneous uptake of DON by Cyanothece during the experiment (Bronk 

and Glibert, 1993). Similarly, Bronk (1999) observed a decrease in DONr rates 

in Synechococcus cultures when the cells became nutrient limited. Cyanothece 

cells were incubated under a 12-12h light-dark regime and DONr rates were 

measured during the dark phase. However, we were unable to quantify how 

much of the DON released during the dark phase was taken up during the next 

light period. 

 The percentages of fixed N2 released as DON obtained in this study are 

low (~1% of total N2 fixation), even lower than those obtained with cultures of 



Chapter 2: DON and DOC release by unicellular diazotrophic cyanobacteria 

 
 

 
 
 
 
76 

Trichodesmium IMS101 (~8%; Mulholland et al., 2004), and much lower than 

in field studies of Trichodesmium (~50%; Glibert and Bronk, 1994). To our 

knowledge, there are no reports on DONr by unicellular diazotrophs 

(Mulholland, 2007). Recently, we measured DONr by the <10 µm planktonic 

fraction in surface waters of the North Atlantic Ocean and estimated that on 

average ~20% of the recently fixed N2 was released extracellularly as DON (M. 

Benavides, submitted). The <10 µm fraction in natural waters may contain a 

variety of different diazotrophs, probably mostly UCYN-A and Crocosphaera 

which are dominant in this area of the Atlantic (Langlois et al., 2008). 

Unfortunately, we cannot discern which diazotrophs release DON and which do 

not from a <10 µm planktonic sample. However, this difference in DONr 

dynamics between natural and cultured of unicellular diazotrophs is 

comparable to that observed by Glibert and Bronk (1994) and Mulholland et al. 

(2004) in natural and cultured populations of Trichodesmium, respectively. 

 The constantly growing evidence of the diversity and wide distribution 

of oceanic unicellular diazotrophs emphasize the need for accurate N2 fixation 

rates and to provide better estimates of DONr by these organisms. Among the 

oceanic unicellular diazotrophs, UCYN-A are the most abundant (Luo et al., 

2012). These cyanobacteria lack the genetic material to fix carbon, which 

makes them depend on compounds produced by other organisms (Tripp et al., 

2010). Therefore, it is unlikely that they release any of their recently fixed N2 

unless being under some sort of environmental or predatory stress. However, 

recent research on extracellular polysaccharides (EPS) production by 

Crocosphaera (Sohm et al., 2011a) suggests that the DONr dynamics in oceanic 

UCYN-B diazotrophs could be important. 

 We chose Cyanothece as a model organism because it is easier to grow in 

cultures, facilitating experiments. This diazotroph is similar to Crocosphaera in 

size (~2-6 µm) and in their nitrogenase activity patterns. Thus, their organic 

matter excretion metabolism could be indeed comparable. However, UCYN-A 

and Crocosphaera are much more abundant in the open ocean than Cyanothece 

(Luo et al., 2012). Therefore, DONr should be measured in these other species 

before we draw any conclusion of the importance of DONr in underestimating 

global N2 fixation rates. 
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Abstract 

 Dinitrogen (N2) fixation and associated dissolved organic nitrogen 

(DON) release rates were measured on fractionated samples (>10 µm and <10 

µm) in the North Atlantic. Net N2 fixation rates (N2 assimilation into biomass) 

ranged from 0.01 to 0.4 nmol N L-1 h-1, and DON release rates ranged from 

0.001 to 0.09 nmol N L-1 h-1. On average, DON release represented ~14% and 

~23% of >10 µm and <10 µm gross N2 fixation (assimilation into biomass plus 

DON release), respectively. This implies that by obviating DON release, true N2 

fixation rates are underestimated. Net N2 fixation rates by both size fractions 

were higher in the east and decreased significantly towards the west (rs=-0.487, 

p = 0.002, and rs = -0.496, p = 0.001, for the >10 µm and <10 µm fractions, 

respectively). The sum of both fractions correlated with aerosol optical depth 

at 550 nm (AOD 550 nm) (rs = 0.382, p = 0.017), suggesting an enhancement of 

diazotrophy as a response to aerosol inputs. In contrast, DON release rates 

were constant among size fractions and did not correlate with longitude or 

AOD 550 nm. We also compared N2 fixation rates obtained using the 15N2 

dissolved and bubble methods. The first gave rates 50% higher than the latter, 

which supports the finding that previously published N2 fixation rates are likely 

underestimated. We suggest that by combining N2 fixation and DON release 

measurements using dissolved 15N2 global N2 fixation rates could increase 

enough to balance oceanic fixed nitrogen budget disequilibria. 
 

 

Introduction 

 Most of the nitrogen (N) needed for primary production reaches the 

euphotic zone through upwelling and diffusion of cold nutrient-rich waters 

from the deep sea. However, in the subtropical gyres of the oceans, the 

entrance of nutrients from the deep to the upper layer is hindered by the 

strong water column stratification maintained almost continuously throughout 

the year by solar heating of the ocean surface and the circulation patterns 

derived from trade winds (Falkowski, 1997). In these oligotrophic systems, 

atmospheric nitrogen (N2) fixation, which consists of the reduction of N2 to 

ammonium (NH4
+) by diazotrophic organisms, is important because it provides 

a new source of N to these stratified N-limited systems (Capone et al., 2005).  

 Besides its importance in fueling primary production, there is a high 

interest in obtaining an accurate estimate of the global N2 fixation rate that can 

balance fixed N losses, presently estimated at ~200 Tg N y-1 (Mahaffey et al., 

2005; Codispoti, 2007). A recent revision of the 15N2 tracer method used to 

measure N2 fixation indicates that previously measured rates could be 

underestimated to a great extent (Mohr et al., 2010). This finding raises the 
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question whether a wide application of the revised methods in the global 

oceans will reconcile gains and losses, balancing the oceanic N budget 

(Großkpof et al., 2012; Wilson et al., 2012). 

 Another potentially important source of underestimation in measured 

N2 fixation rates is the release of recently fixed N2. Glibert and Bronk (1994) 

reported that the filamentous non-heterocystous diazotrophic cyanobacterium 

Trichodesmium released ~50% of its recently fixed N2 in the form of dissolved 

organic nitrogen (DON) and Capone et al. (1994) found evidence that the DON 

released was largely in the form of amino acids. The DON release activity of 

widespread unicellular diazotrophic cyanobacteria (UCYN) (Moisander et al., 

2010) has not been studied directly (Mulholland, 2007) however. This DON 

flux is generally unaccounted for in N2 fixation studies, leading to potential 

underestimations of total N2 fixation rates.  

 Finally, global N2 fixation rates can be miscalculated when regional 

estimates are extrapolated to larger oceanic basins or the global ocean. The 

North Atlantic Ocean comprises the greatest quantity of N2 fixation and 

diazotrophic diversity data available worldwide, and therefore N2 fixation rates 

obtained here have been frequently used to calculate global oceanic rates. 

Nevertheless, the heterogeneity of diazotroph abundance, diversity and their 

associated N2 fixation rates (Luo et al., 2012) makes global rates computed out 

of regional measurements subject to overestimations (Hansell et al., 2004). As 

we move forward in the investigation of oceanic N disequilibrium, more 

detailed spatial and temporal variability of diazotroph assemblages and their 

diazotrophic activity are needed. 

 With the aim of covering the longitudinal variability of N2 fixation rates 

in the subtropical North Atlantic and to avoid underestimations, we measured 

fractionated N2 fixation and DON release rates at 40 stations over the 24.5ºN 

parallel using the improved 15N2 tracer technique (Glibert and Bronk, 1994; 

Mohr et al., 2010). 

 

 

Materials and methods 

Hydrographic measurements and nutrients 

 Sampling was performed crossing the North Atlantic Ocean from the 

northwest (NW) African coast (Cape Jubi) to the Bahamas on-board the R/V 

Sarmiento de Gamboa from 27 January to 15 March 2011. The major part of the 

cruise was conducted over 24.5ºN (World Ocean Circulation Experiment -

WOCE- section A05) (Figure 1a). Temperature, salinity and fluorescence data 

were recorded with a SeaBird 911 plus CTD equipped with redundant 
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temperature and salinity sensors and a Sea-Tech fluorometer, all mounted on a 

General Oceanics 24 Niskin bottle rosette sampler. At each station, 

temperature and salinities were measured from the surface down to 20 m 

above the seafloor. Water samples were collected at each station in order to 

calibrate salinity values using a Guildline AUTOSAL model 8400B salinometer 

with a precision better than 0.002 for single samples. 

 Samples for nutrient analyses were collected from the rosette Niskin 

bottles in 15 mL polypropylene tubes and immediately frozen until analysis 

ashore. The concentrations of nitrate (NO3
-), nitrite (NO2

-), NH4
+, phosphate 

(PO4
3-) and silicon (SiO2) were determined with a Technicon segmented-flow 

autoanalyzer. Standard methods were modified to obtain a detection limit of 2 

nmol L-1 (Raimbault et al., 1990; Kérouel and Aminot, 1997). 

 

Sea surface height anomalies (SSHA) and atmospheric dust 

 Daily sea level height anomaly (SSHA) data (the difference between the 

total SSH and the average SSH for this time of year) was downloaded from the 

archiving, validation, and interpretation of satellite oceanographic remote 

sensing service (AVISO, http://www.aviso.oceanobs.com/). The daily data 

were averaged for each three N2 fixation stations. 

 Aqua-MODIS aerosol optical depth at 550 nm (AOD 550 nm) can be used 

as a proxy for dust presence in the atmosphere (Kaufman et al., 2005). In order 

to assess the effect of atmospheric dust on N2 fixation rates, we used AOD 550 

nm data obtained from the national aeronautics and space administration 

(NASA) Goddard earth sciences data and information services center Giovanni 

(NASA GES DISC) online database. The spatial distribution of AOD 550 nm 

during our cruise is plotted in Figure 1b. 

 

Fractionated net N2 fixation and DON release rates 

 Rates of N2 fixation and DON release were measured in the > 10 µm and 

< 10 µm size fraction. The size fractionation was done at the start of the 

incubation. While pre-fractionation may not be the best choice due to potential 

associated artifacts such as cell disruption and cascade effects (Havens, 2001), 

it was chosen here to allow us discern between DONr rates by each size 

fraction. It is now obvious that >10 µm diazotrophs such as Trichodesmium 

release DON (Glibert and Bronk, 1994), while if this activity is significant in the 

widespread unicellular diazotrophs is unknown (Mulholland, 2007).



  

Fig.1. (a) Map of stations sampled along the transect. CTD stations are represented as crosses. Stations were N2 fixation experiments were performed during the day 

and during the night are represented as open and closed circles, respectively. (b) Aerosol optical depth (AOD) at 550 nm averaged from 28 January to 9 March 2011. 

The image was downloaded from the national aeronautics and space administration (NASA) Goddard earth sciences data and information services center Giovanni 

(NASA GES DISC) online database.
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Therefore, pre-fractionation is necessary to study DONr dynamics by each size 

fraction separately. We sampled one station per day but alternated between day 

(0900-1200) and night samplings (1900-2100, local time) (Figure 1a). This 

approach allowed us to study the diazotrophic activity of organisms that fix N2 in 

the light (e.g. Trichodesmium, heterotrophic diazotrophs), and organisms that only 

fix N2 in the dark to avoid oxygen deactivation of the nitrogenase enzyme system 

(e.g. Crocosphaera). 

 N2 fixation and DON release rates were measured using 15N-labeled N2 gas 

during 3 to 4 h incubations, which is the average incubation time frequently used 

in other DONr studies (e.g. Glibert and Bronk, 1994; Bronk, 1999). In this kind of 

experiments, incubation times must be long enough to allow sufficient 15N label to 

reach the DON pool (according to the detection limit of the isotope ratio mass 

spectrometer -IRMS- equipment used), and short enough to protect the cells from 

usual bottle-effects.  

 There are two general approaches used to add the labeled gas to a sample: 

the addition of water that was saturated with 15N2 (e.g. Glibert and Bronk, 1994; 

Mohr et al., 2010), and the addition of a bubble (Montoya et al., 1996). In this study 

we used the addition of saturated water in fractionated seawater samples and the 

bubble method in whole (unfiltered) seawater samples (see below). With the 

addition of a bubble, the N2 fixation rate is potentially underestimated due to slow 

dissolution of the gas bubble in water (Mohr et al., 2010). This is particularly true 

in short-term incubations where the gas bubble may not have sufficient time to 

equilibrate with the sample. If the gas bubble does not equilibrate, the actual atom 

percent (atom %) enrichment of the available N2 pool will be lower than calculated 

resulting in an underestimation of the fixation rate.  

 To prepare the 15N2-saturated water, surface seawater (~5 m) was 

recovered from the flow-through system of the ship and filtered through a 47 mm 

GF/F filter. This was done during the upcast of the CTD to ensure that the 15N2-

saturated water was the same as the sample water. This filtered seawater was 

decanted into 0.5 L transparent polycarbonate bottles (Nalgene) and degassed as 

outlined in Mohr et al. (2010). Each bottle was filled to overflow, closed with a 

septum screwcap and 5 mL of 15N2 (99 at.% 15N; Tracetec) were injected using a 

Hamilton gas-tight syringe. The bottles were vigorously shaken for 10 - 20 min and 

then kept in the on-deck incubators until the rosette was back onboard (0.5 - 2.5 h 

depending on the station depth) to ensure that the 15N-enriched seawater had the 

same temperature as the sample at the time of mixing, in order to protect the 

organisms from thermal shocks.  

 To check the real 15N enrichment of the 15N2-amended seawater added to 
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the samples, replicate samples of the 15N2-amended seawater prepared onboard 

were taken in 10 mL crimp vials (Chrompack), filled to overflow, and sealed with 

teflon-lined stoppers and aluminum caps using a seal crimper. These were stored 

at room temperature in the dark until being analyzed by membrane inlet mass 

spectrometry (MIMS) in S. Joye’s lab. MIMS analysis showed that the real 

enrichment of the 15N2-amended seawater was ~100% (99 ± 2%) of that expected 

from complete dissolution of the 15N2 bubble. 

 To collect water used to measure fractionated rates, near surface (~5 m) 

seawater was collected with a 30 L Niskin bottle at each station. The samples were 

pre-fractionated by filtering two 2 L replicates through a 10 µm Nitex custom-

made sieve. The <10 µm fraction was recovered in 2.4 L transparent polycarbonate 

bottles (Nalgene). The >10 µm fraction was recovered from the sieve by gently 

washing and concentrating the biological material using a water sprayer filled with 

filtered (GF/F) seawater from the same station. Then 200 mL of 15N2-enriched 

filtered seawater was added to all bottles, they were filled to their neck with 

filtered seawater from the same station and placed in the on-deck incubators for 3 

- 4 hr. The incubators were connected to the ship’s flow-through system and 

covered with neutral density screens (Lee Filters). After the incubation, the 

samples were filtered through precombusted 25 mm GF/F filters, which were 

subsequently stored in sterile cryovials (VWR) and frozen. The GF/F filtrates were 

then filtered through 0.2 µm polycarbonate filters (GE-Osmonics Poretics) using 

gentle vacuum pressure  (<100 mm Hg) to remove bacteria prior to isolating the 

dissolved N pools. Rigorous care was taken to avoid light stress in the samples. The 

filtrates stored frozen in triplicate 50 mL polypropylene tubes (VWR) and used to 

measure the concentrations of NO3
-, NO2

-, NH4
+ and total dissolved N (TDN) as 

described below. 

 

Whole seawater net N2 fixation rates 

 Parallel to seawater collection for fractionation, whole seawater was 

transferred to 2.4 L transparent polycarbonate bottles. The bottles were 

completely filled using silicone tubing to prevent the introduction of air bubbles. 

They were then sealed with septum screw-caps before 2 mL of 15N-labeled N2 gas 

were injected through the septum. The pressure across the septum was 

equilibrated by allowing the excess water to escape through a sterile syringe tip 

piercing the septum. The bottles were placed in the on-deck incubator for the same 

incubation period. After the incubation, samples were also filtered through pre-

combusted GF/F filters, stored in cryovials, and frozen until IRMS analysis ashore. 

N2 fixation rates measured with the bubble method were calculated as outlined in 

Montoya et al. (1996). 
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Chemical analyses and rate calculations 

 Nutrient pools in filtrates were analyzed in D. Bronk’s lab after the cruise. 

Concentrations of NH4
+ were analyzed in duplicate with the manual phenol 

hypochlorite method (Hansen and Koroleff, 1983) using a Shimadzu UV-1601 

spectrophotometer (detection limit of ~0.03 μmol L−1). Concentrations of NO3
- and 

NO2
- were determined with a Lachat QuikChem 8500 autoanalyzer (detection 

limits of 0.1 μmol L−1 and 0.03 μmol L−1, respectively). TDN concentrations were 

analyzed on a Shimadzu TOC-V equipped with a TNM module. DON concentrations 

were calculated by subtracting NO3
-, NO2

- and NH4
+ concentrations from TDN 

concentrations; propagation of error calculations were used to estimate errors 

associated with DON concentrations (Bronk et al., 2000). 

 We also isolated the NO3
-, NH4

+ and TDN pools to determine their 15N 

atom % enrichment so that we could quantify rates of DON release. To isolate the 

NH4
+ pool, we used solid phase extraction (SPE) columns (C18) (Dudek et al., 1986) 

and then spotted the isolated NH4
+ on a filter prior to mass spectrometry analysis. 

The atom % of the particulate organic N (PON) and NH4
+ pools were analyzed on a 

Europa GEO 20/20 IRMS with an automated nitrogen and carbon analyzer for 

solids and liquids (ANCA-SL).  

 To isolate the TDN pool, 15 mL samples were oxidized to NO3
- via persulfate 

oxidation (Valderrama, 1981). The NO3
- was then converted to nitrous oxide (N2O) 

using denitrifying bacteria lacking N2O-reductase activity (Sigman et al., 2001). 

Isotope ratios of N2O were then measured using a ThermoFinnigan GasBench + 

PreCon trace gas concentration system interfaced to a ThermoScientific Delta V 

Plus IRMS at the University of California Davis Stable Isotope Facility (Davis, CA). 

The same approach without the persulfate oxidation was used to isolate the NO3
- 

pool. 

 The 15N atom % enrichment of each of these pools was used to measure 

DON release rates as follows: 

 

atom%TDN x (TDN)=(atom%NO3
- x (NO3

-))+(atom%NH4
+ x (NH4

+))+(atom%DON x (DON))         (1) 

 

where (TDN), (NO3
-),(NH4

+) and (DON) are the concentrations of TDN, NO3
-, NH4

+ 

and DON, respectively.  

 

Solving Equation (1), the 15N atom % enrichment of the DON pool was calculated 

as follows: 
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      (2) 

 

 N2 fixation and DON release rates were then calculated using standard 

tracer equations: 

 

                              (3) 

 

where atom% excess is the 15N% enrichment over natural abundance. 

 N2 fixation rates obtained from 15N2 incorporation into biomass were 

considered ‘net’ N2 fixation rates. The sum of net N2 fixation rates and DON release 

rates were considered ‘gross’ N2 fixation rates (Mulholland et al., 2004). 

 

 

Results 

Hydrographic features and nutrient concentrations 

 Low values of SST and SSS of ~19ºC and 36.8 respectively, were observed 

near the coastal upwelling off NW Africa (Figure 2). From east to west, SST 

increased up to 24.26ºC at 54.03ºW, and SSS up to 37.54 at 37.57ºW. Moving 

westwards, SST presented sharp decreases of 1 - 2ºC coincident with strong 

negative SSHA (<-12 cm). In contrast, SSS decreased until 62ºW (station 104), 

where it reached 36.28. From 62ºW to the west, SSS increased in two steps 

coincident with positive or low values of SSHA, and finally reached ~36.74.  

 The surface concentrations of NO3
- + NO2

-, PO4
3- and SiO2 were generally 

maximum at the eastern end of the transect (coinciding with the NW African 

coastal upwelling), and decreased towards the west. The lowest concentrations 

were observed west of ~45ºW, coinciding with the oligotrophic Sargasso Sea.  

 Along with SST and SSS increments and nutrients high values, the first seven 

N2 fixation stations show positive SSHA values, which then decrease considerably 

until station 71 (44.5ºW). From this position to the west, high and predominantly 

negative SSHA dominate. The overall variability of SSHA along the transect can be 

observed in Figure 3. 

atom%DON = 
atom%TDN x [TDN]( )- (at%NO3

-  x [NO3

- ]) + (at%NH4

+  x [NH4

+ ])( )
[DON]

rate = 
atom% excess target pool

atom% excess source pool x time
x target pool concentration
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Dissolved 15N2 versus 15N2 bubble net N2 fixation rates 

 The sum of net N2 fixation rates in the >10 µm and <10 µm fractions 

measured using the dissolved method (Mohr et al., 2010) was compared to net N2 

fixation rates (in whole seawater samples collected at the same stations) using the 
15N2 bubble classic method (Montoya et al., 1996). The difference between both 

rates tended to increase towards the east (Figure 4a). Indeed, the percent 

underestimation of the bubble method was significantly correlated with longitude 

(rs = 0.518, p =0.001). The average percent underestimation of the bubble method 

was 49 ± 39%. Because dissolved organic matter (DOM) coating 15N2 bubbles could 

slow its dissolution in seawater (Mohr et al., 2010), we checked for any significant 

correlations between percentage underestimations and DON concentrations. The 

concentrations of DON in >10 µm and <10 µm samples did not correlate 

significantly with the percentage underestimation of N2 fixation rates, but followed 

a similar longitudinal distribution (Figure 4b). 

 

Fig. 2: Values of (a) sea surface height anomalies (SSHA), (b) sea surface temperature (SST) and sea 

surface salinity (SSS), and (c) surface concentrations of nitrate plus nitrite (NO3- + NO2-), phosphate 

(PO43-) and silicon (SiO2) (all in µmol L-1) at stations were N2 fixation experiments were performed. 
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N2 fixation and DON release estimated by the dissolved 15N2 method 

 Both >10 and <10 µm organisms presented a similar range of N2 fixation 

rates (~0.01to ~0.44 nmol N L-1 h-1), although >10 µm rates were statistically 

different from <10 µm rates (Wilcoxon test, p<0.0001). On average, net N2 fixation 

rates of organisms >10 µm were slightly higher than those <10 µm (0.16 and 0.1 

nmol N L-1 h-1, respectively). Both rates showed a tendency to decrease towards 

the west (Figure 5), showing significant relationships with longitude (Spearman’s 

correlation rank coefficient rs = -0.487, p = 0.002, and rs = -0.496, p = 0.001, for the 

>10 µm and <10 µm fractions, respectively). N2 fixation rates of organisms >10 µm 

measured during the day were not significantly different from those measured 

during the night (Wilcoxon test, p = 0.936), while the differences between rates of 

organisms <10 µm measured during the day and the night were almost statistically 

significant (Wilcoxon test, p = 0.059).  

 DON release rates in organisms >10 µm and <10 µm ranged from 0.001 to 

~0.09 nmol N L-1 h-1 (Figure 6a). Considering gross N2 fixation as net N2 fixation 

plus DON release (see Materials and methods), DON release represented ~14% of 

>10 µm gross N2 fixation and ~23% of <10 µm gross N2 fixation (Figure 6b). 
Significant differences in DON release were not found between >10 µm and <10 

µm fractions, neither between day and night (Wilcoxon test, p>0.05). Also, DON 

release rates did not show a clear trend with longitude (rs = 0.203, p = 0.391, and rs 

= -0.046, p = 0.848, for the >10 µm and <10 µm fractions, respectively). 
 

 

Discussion 

Dissolved versus bubble methods 

 Glibert and Bronk (1994) were the first to use dissolved 15N2 to measure N2 

fixation in Trichodesmium colonies, although they did not perform 15N2 bubble 

versus dissolved 15N2 comparisons. Mohr et al. (2010) observed that N2 fixation 

rates in cultures of Crocosphaera watsonii were 40% higher when the dissolved 

method was used, compared to the bubble method. Recently, Wilson et al. (2012) 

compared both methods in natural waters of the North Pacific Ocean (station 

ALOHA), and obtained rates that were 2 – 3.5 fold higher with the dissolved 

method than they were with the bubble method. Großkopf et al. (2012) observed 

that both methods differ by 62% when the diazotrophic community is dominated 

by Trichodesmium, and up to 570% when dominated by diazotrophs other than 

Trichodesmium (symbionts of diatoms, UCYN, heterotrophic diazotrophs). 
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Fig. 3: West to east maps of sea surface height anomalies (SSHA) averaged every three N2 fixation 

stations 

 

Our N2 fixation rates estimated by the dissolved method were ~50% higher than 

those estimated with the bubble method. This underestimation is at the lower end 

of the few comparisons available in the literature. 

 Adding to differences in the diazotrophic community, the factors influencing 

N2 fixation differences between the dissolved and bubble methods include (1) 

temperature -which affects gas dissolution into water-, (2) the agitation of the 

incubation bottles, (3) the volume of the incubation bottle, (4) the volume of 15N2 

injected, (5) the duration of the incubation, (6) the time the incubation starts 

relative to the onset of nitrogenase activity -which differs between diazotroph 

species-, and (7) the DOM coating of the 15N2 bubble (Mohr et al., 2010). These 

factors vary widely among the previously published N2 fixation data measured 

using the bubble method, which makes the recalculation of rates difficult if not 

impossible (Großkopf et al., 2012). 
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Fig. 4: (a) N2 fixation rates obtained as the sum of >10 µm and <10 µm rates using the 15N2 

dissolved method, and by incubation of whole seawater with a 15N2 bubble. (b) DON concentrations 

(in µmol L-1) in the >10 µm and <10 µm fractions. Error bars represent the standard deviation of 

the mean. 

 

 With regards to DOM, we observed that the differences between the 

dissolved and bubble methods were greater in the eastern part of the transect, 

coinciding with higher DON concentrations (Figure 4b). Correlations between 

DON and the difference between the dissolved and bubble methods were not 

statistically significant (data not shown), but their longitudinal trend was 

similar. The difference between both methods would have probably correlated 

better with dissolved organic carbon (DOC), but unfortunately those data are 

not available. 

 This study does not include diazotrophic organisms’ abundance and 

distribution, so we cannot analyze how this affected the percentage 

underestimation of the bubble method with regards to the dissolved method. 

However, the compilation of diazotroph abundance data shows that 

Trichodesmium clearly dominates in the tropical Northwest Atlantic, while 

UCYN are somewhat more abundant in the eastern than in the western side of 

the basin (Luo et al., 2012) and at higher latitudes (Moisander et al., 2010). 
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Fig. 5: >10 µm and <10 µm net N2 fixation rates in stations sampled during (a) the day, and (b) 

during the night. Error bars represent the standard deviation of the mean. 

 

This distribution of diazotrophs and percentage underestimation by the bubble 

method versus the dissolved method agrees with Großkopf et al. (2012), 

although our percentage underestimation values are much lower. 

 Additionally, we must note that the sum of fractionated N2 fixation rates 

(>10 µm + <10 µm) may be not directly comparable to whole seawater N2 

fixation rates. Sample fractionation is not always successful. For example, if 

<10 µm organisms are retained in the >10 µm fraction due to clogging of the 

mesh used for fractionation. However, due to the oligotrophic character of the 

area of study, seawater samples flowed easily through the mesh used for 

fractionation, and thus significant clogging or cell disruption may not be 

significant. 

 

DON release 

 DON release rates were not significantly different between fractions, nor 

were they different between day and night, or significantly correlated with 
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longitude. This lack of spatial and daily variability in both size fractions 

suggests that the release of a percentage of recently fixed N2 is inherent to 

natural assemblages of marine diazotrophs, although we cannot discern if this 

release was active or passive, via predation, viral infection, or cell death. Axenic 

cultures of Cyanothece sp. Miami BG 043511 grown in optimum conditions 

released ~1% of their recently fixed N2 as DON (M. Benavides et al., in 

revision). This is much lower than the ~23% DON release obtained in this 

study for the <10 µm fraction However, Cyanothece or other UCYN belonging to 

group C (UCYN-C) diazotrophs are less frequent in the North Atlantic Ocean, 

and therefore it can be expected that the <10 µm diazotroph community in this 

transect was rather composed of Crocosphaera (UCYN group B - UCYN-B), 

UCYN of group A (UCYN-A), and heterotrophic diazotrophs (Langlois et al., 

2008). However, whether or not the DON release activity of any of these 

diazotrophs is significant is unknown. 

  

 

Fig. 6: (a) >10 µm and <10 µm DON release rates. (b) Percentage contribution of DON release to 

gross N2 fixation (N2 fixation + DON release) by the >10 µm and <10 µm fractions. 

 

 Previous studies of diazotrophic DON release have focused in the 

filamentous cyanobacterium Trichodesmium (Glibert and Bronk, 1994). These 
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authors found that Trichodesmium released 50% of their recently fixed N2 as 

DON, implying that true N2 fixation rates were substantially underestimated if 

DON release was not taken into account. As previously mentioned, the 

significance of the DON release activity of UCYN is unknown (Mulholland, 

2007), but evidence is accumulating. The difference between gross N2 fixation 

rates obtained using the acetylene reduction assay and net N2 fixation rates 

obtained using the 15N2 method has been used as a proxy to estimate the 

release of recently fixed N2 (Gallon et al., 2002; Mulholland et al., 2004). 

Benavides et al. (2011) measured both rates on fractionated samples (>10 µm 

and <10 µm) over the Canary Current and observed that the <10 µm fraction 

potentially released ~60% of their recently fixed N2. In this study, we 

measured the 15N enrichment of the DON pool and found that both the >10 µm 

and <10 µm fractions DON release rates represent a significant percentage of 

gross N2 fixation. Now that the correction of N2 fixation rates using the 

dissolved 15N2 method is in the spotlight, we call attention to the inclusion of 

DON release measurements in routine field samplings. The application of the 

dissolved method combined with DON release rates could perhaps raise global 

N2 fixation rates enough to balance denitrification, balancing the oceanic fixed 

N budget. 

 Furthermore, estimating DON release is not only important because its 

oversight potentially underestimates N2 fixation rates, but also because DON 

can fuel autotrophic production. Despite DON has been classically regarded as 

a refractory pool, recent investigations indicate that some fractions of this pool 

are labile and have short turnover times. This fact is further confirmed by the 

membrane transporters capable of uptaking some DON fractions such as amino 

acids which some phytoplankton species bear (see review by Bronk et al., 

2007), or by the transfer of DON from filamentous diazotrophic cyanobacteria 

to picoplankton (Ohlendieck et al., 2000). 

 

Longitudinal variability of N2 fixation 

 The tropical and subtropical Northeast Atlantic receives the highest 

inputs of Saharan dust worldwide (Prospero, 1981). N2 fixation rates are 

enhanced in the presence of iron-rich desert dust (Mills et al., 2004), and 

therefore higher rates could be expected in the eastern side of the basin. 

However, the impact of cold nutrient-rich waters from the coastal upwelling off 

NW Africa, plus the deposition of atmospheric anthropogenic fixed N can 

preclude diazotrophy in this area (Benavides et al., 2011). The correlation 

between diazotrophy and dust inputs is however still argued in the literature. 

For example, using a biogeochemical model Deutsch et al. (2007) obtained 

higher N2 fixation rates in the North Pacific than in the North Atlantic. They 
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argued that, due to the low inputs of atmospheric dust to the North Pacific, 

resident diazotrophs could have adapted to lower iron requirements, or either 

subsurface supply was enough to meet the requirements of diazotrophic 

organisms. 

 A recent compilation of previously published data shows that total N2 

fixation rates are higher in the western than in the eastern basin, and that the 

distribution of different groups of diazotrophs also varies longitudinally (Luo 

et al., 2012). Although studies on nifH gene abundance and diversity in the 

North Atlantic have been numerous in the last decade, there is still a wide gap 

in the area comprised by 20 - 40ºN and 40 - 80ºW (see Figure 3 in Luo et al., 

2012). This gap impedes a comprehensive assessment of the spatial 

distribution of different diazotroph species in this basin. However, the figure 

cited above shows that, in general, small diazotrophs belonging to UCYN 

groups A, B and C are more abundant in the eastern than in the western basin, 

and that consequently, their contribution to total N2 fixation rates increase to 

the east, where they dominate over larger diazotrophs such as Trichodesmium 

(Voss et al., 2004; Montoya et al., 2007; Benavides et al., 2011). Instead, 

Trichodesmium blooms are recurrent in the western North Atlantic where the 

highest N2 fixation rates in this basin are found (Luo et al., 2012). 

 In contrast, in this study both >10 µm and <10 µm N2 fixation rates were 

highest close to the NW African coast and decreased westwards (Figure 5). 

This longitudinal variability could also be affected by nutrient availability in 

the upper ocean controlled by diffusion of nutrient-rich deep waters through 

the thermocline. In the northern hemisphere, anticyclonic eddies promote 

positive SSHA, deepening the thermocline and hence enhancing organic matter 

accumulation and bacterial production within their cores (e.g. Baltar et al., 

2010).  On the contrary, cyclonic eddies foster negative SSHA, which uplifts the 

thermocline and promotes the upwelling of deeper nutrient-rich cold waters, 

enhancing primary production and chlorophyll concentrations (e.g. Arístegui et 

al., 1997). In contrast to autotrophic phytoplankton species, which depend on 

NO3
- upwelled from the deep sea or NH4

+ regenerated in situ for their growth, 

diazotrophic organisms are capable of growing on N2 as the only source of N. 

Theoretically, this sets out a different scenario for diazotrophs, which would 

grow better in the core of warm and nutrient-poor anticyclonic eddies, than in 

that of cold and nutrient-rich cyclonic eddies.  

 Church et al. (2009) studied a three-year series of SSHA values at station 

ALOHA and compared it to N2 fixation rates and nifH gene diversity. These 

authors observed that pronounced positive SSHA values coincided with 

enhanced N2 fixation rates and higher temperatures. However, these authors 

also pointed out that negative SSHA could promote the upwelling of waters 
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enriched in PO4
3- and SiO2 relative to fixed N, which would enhance the growth 

of phosphorus-limited diazotrophs and diatom-diazotroph symbiosis limited 

by silica. In order to test the hypothesis by Church et al. (2009), we 

operationally divided our transect into two broad areas: an area dominated by 

weak positive or nearly neutral SSHA values (termed +SSHA zone, east of 

~45ºW), and an area where strong negative SSHA values predominate (termed 

-SSHA zone, west of ~45ºW) (Figures 2a, 3). The separation point between 

both areas roughly coincides with the Mid-Atlantic Ridge. Similarly to Church 

et al. (2009), N2 fixation rates were higher where positive SSHA values 

predominated (+SSHA zone), and lower coinciding with negative SSHA values 

(-SSHA zone). Indeed, net N2 fixation rates in >10 µm and <10 µm organisms 

were significantly different in the two zones (Wilcoxon test, p = 0.01 and p = 

0.005, respectively). Net N2 fixation rates of the <10 µm fraction were ~2-fold 

higher in the +SSHA zone than in the -SSHA zone (Table 1), suggesting that 

small diazotrophs predominated in the eastern North Atlantic during our 

sampling. Unfortunately, parallel nifH gene analyses are not available to 

confirm this. 

 

Table 1:  Fractionated net N2 fixation rates, DON release rates, and the percent contribution of DON 

release to gross N2 fixation.a 

 Net N2 fixation DON release % DON release 

Zone >10 µm <10 µm >10 µm <10 µm >10 µm <10 µm 

+SSHA 0.19 ± 0.10 0.14 ± 0.10 0.02 ± 0.02 0.02 ± 0.03 10.9 ± 16.1 22.2 ± 21.6 

-SSHA 0.12 ± 0.07 0.06 ± 0.03 0.02 ± 0.01 0.02 ± 0.01 17.9 ± 15.9 23.4 ± 16.3 

aRates are in nmol L-1 h-1. Values represent the average and standard deviation (average ± SD). The 

+SSHA zone comprises stations 1 to 71, or longitude 13.34 to 44.5ºW. The -SSHA zone comprises 

stations 77 to 139, longitude 44.5 to 76.15ºW). 

 

 The longitudinal tendency of nutrient concentrations observed is 

opposite to that expected from nutrient diffusion as a consequence of rising or 

deepening of the thermocline, i.e. greater concentrations were observed in the 

+SSHA zone than in the -SSHA zone (Figure 2c), which covers the oligotrophic 

Sargasso Sea. Differences in the response of diazotrophic activity to mesoscale 

variability and consequent nutrient inputs to the upper ocean layers between 

the work of Church et al. (2009) and this study might stem from differential 

atmospheric inputs in the Pacific and Atlantic Oceans. Voss et al. (2004) also 

obtained greater N2 fixation rates towards the west over 10ºN in the north 

Atlantic. These authors performed their cruise in autumn, when the 

intertropical convergence zone (ITCZ) reaches its northernmost position 
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enhancing Saharan dust deposition. Our cruise took place in the late winter 

(January-March 2011), when dust inputs are also known to be maximum 

(Torres-Padrón et al., 2002). Voss et al. (2004) found significant correlations 

between N2 fixation rates and dissolved iron concentrations. In this study, we 

found that total net N2 fixation rates (>10 µm plus <10 µm) correlated 

significantly with AOD 550 nm (rs = 0.382, p = 0.017), suggesting that nutrients 

made available through Saharan dust deposition enhance N2 fixation rates. 

 

 

Conclusions 

 The results obtained here suggest that the longitudinal variability of N2 

fixation rates in the North Atlantic is affected by atmospheric nutrient inputs, 

which are maximum in its eastern basin. In contrast to net N2 fixation rates, the 

release of recently fixed N2 as DON did not show any longitudinal trend or 

variability among size fractions. This suggests that this process is inherent of 

natural assemblages of diazotrophic organisms and should not be overlooked 

in order to avoid underestimation of true N2 fixation rates. Moreover, we have 

added to the body of evidence that N2 fixation rates are substantially 

underestimated when the bubble method is used. Measurements of N2 fixation 

rates using the dissolved method combined with measurements of DON release 

in future samplings will probably diminish global N budget unbalances. 
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:JJ#;L!-+/!'+.6!-!5&A!)+!,%&!C,.-+,)1!D1&-+L!5'142&/!-,!,('B)1-.!-+/!243,('B)1-.!
.-,),4/&2!8[NJ!G9;!8V-+7.')2!&,!-.EL!:JJYL!:JJ#^!d'&3&.!&,!-.EL!:J"J;E!>?@9:<5)=!
.)+&-7&!2,4/)&2!-(&!0)(,4-..6!+'+!&=)2,&+,!)+!-(&-2!54(,%&(!+'(,%!8XNJ!G9;!'5!,%&!
C,.-+,)1!D1&-+L!B-(,)14.-(.6! )+!4BA&..)+7!(&7)'+2!8V4'!&,!-.EL!:J":;E!$%&(&!)2!-!
+&&/!,'!3&,,&(!1%-(-1,&()*&!,%&!2B-,)-.!/)2,()34,)'+!'5!,%&!1&..2!)+!,%&!>?@9:<5)=!
.)+&-7&!)+!,%&!'1&-+2!,'!3&!-3.&!,'!-22&22!1'MB(&%&+2)0&.6!,%&)(!)MB-1,!'+!,%&!
7.'3-.!21-.&!)+!9:!5)=-,)'+E!
! T&(&!A&! )+0&2,)7-,&! ,%&! %'()*'+,-.! -+/! 0&(,)1-.! /)2,()34,)'+! '5! 1&..2! )+!
,%&! >?@9:<5)=! .)+&-7&! )+! ,%&! 243,('B)1-.! 9'(,%&-2,! C,.-+,)1! D1&-+! 8:#E#`! ,'!
F:EJJG9!-+/!IEJ"!,'!:JEJ:GK;!,%('47%!2)*&!5(-1,)'+-,&/!43;<!7&+&!+&2,&/!O?P!
-+-.62)2! 8V-+7.')2! &,! -.EL! :JJY;! -+/! $QC<RSQT! 42)+7! B('3&!9),('#:"! 8_)&7-.-!
-+/! P-)M3-4.,L! :JJ#;L! A%)1%! -.2'! -..'A2! ,'! 1.-22)56! ,%&! >?@9:<5)=! 1&..2!
/&,&1,&/! -2! 5(&&<.)0)+7L! '114(()+7! -2! 26M3)'+,2! '(! 1'MB.&=&/! ,'! B-(,)1.&2E!
R4(,%&(M'(&L! 2)*&! 5(-1,)'+-,&/!M&-24(&M&+,2!'5!9:! 5)=-,)'+! (-,&2!A&(&!/'+&!
42)+7!3',%!-1&,6.&+&!(&/41,)'+!-22-6!8CPC;!8Q,-.L!"I##^!?-B'+&L!"IIN;L!-+/!36!
,%&!"Y9:!2,-3.&! )2','B&!,&1%+)]4&!8U'+,'6-!&,!-.EL!"IIb;E!$%&2&!-(&!B43.)2%&/!
&.2&A%&(&! 8_&+-0)/&2! &,! -.EL! :J"";L! 34,! A)..! 3&! 42&/! %&(&! 5'(! 1'((&.-,)'+!
-+-.62)2!B4(B'2&2E!$%&!2,4/6!A-2!1-(()&/!'4,!)+!2,-,)'+2!&+1'MB-22)+7!A-,&(!
1'+/),)'+2!85('M!'1&-+)1!'.)7',('B%)1!A-,&(2!,'!4BA&..)+7!-(&-2;L!-+/!/&B,%2!
-+/!,&MB&(-,4(&!(-+7&!'5!"NE"!,'!:FE:!G?!-..'A)+7!54(,%&(!-+-.62)2!'+!%'A!,%&!
/)2,()34,)'+!-+/!-1,)0),6!'5!>?@9:<5)=!1&..2!M-6!3&!-55&1,&/!36!/)55&(&+,!7('A,%!
1'+/),)'+2E!
!
!

/&$0%.&1#(&*,(20$3+,#!

D%70B(63%&6E("B0'1F'#$"B(#40(47%'3&4%(#4#9B6&6(

! $%&! 2,4/6! A-2! 1-(()&/! '4,! '+! 3'-(/! ,%&! PHh! D#'23&4%1( 0&( G#281#!
/4()+7!,%&!,%(&&!.&72!'5!,%&!?CS_ij!B('f&1,!1(4)2&!8 Q%&.5 D1&-+!i=1%-+7&2!)+!
,%&! ?-+-()&2 S3&()-+! V-(7&!U-()+&! i1'262,&M ;! /4()+7! ,%&! 24MM&(! '5! :JJIE!
$%&! ?CS_ij! B('f&1,! A-2! B.-++&/! ,'! 1-((6! )+,&(/)21)B.)+-(6! 2,4/)&2! '5! ,A'!
-1,)0&!4BA&..)+7!5).-M&+,!262,&M2!,%-,!&=B'(,!A-,&(!5('M!,%&!1'-2,-.!*'+&!)+,'!
,%&! '.)7',('B%)1! 243,('B)1-.! 76(&! '5! ,%&! 9'(,%! C,.-+,)1! D1&-+E! $%&! ,A'!
4BA&..)+7!5).-M&+,!262,&M2!2,4/)&/!A&(&!?-B&!Q)..&)('!89'(,%A&2,!S3&()-L!5('M!
b<:F!k4.6L!.&7!";!-+/!?-B&!d%)(!89'(,%A&2,!C5()1-L!5('M!"b!C4742,!<!Q&B,&M3&(!
YL! .&7! N;! 8R)7E! ";E! C! .-(7&<21-.&! 24(0&6! A-2! -.2'! 1'+/41,&/! -('4+/! -! 3'=!
3&,A&&+! :JGK!-+/! ,%&! ?-+-(6! S2.-+/2L! &+1.'2)+7! ,%&! ,A'!4BA&..)+7! 262,&M2!
5('M!k4.6!:Y!<!C4742,!"F!8?CS_DjL!.&7!:;E!$%&!?-B&!Q)..&)('!4BA&..)+7!5).-M&+,!
-BB&-(2! )+,&(M),,&+,.6! 34,! (&14((&+,.6! &0&(6! 24MM&(! A%).&! ,%&! ?-B&! d%)(!
5).-M&+,! )2! -! 2,('+7! -+/! ]4-2)<B&(M-+&+,! 5&-,4(&! 8C(l2,&74)! &,! -.EL! :JJI;E!
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W4()+7!,%&!,)M&!'5!,%&!1(4)2&L!,%&!?-B&!Q)..&)('!5).-M&+,!/)/!+',!-BB&-(!-+/!,%&!
2,-,)'+2!2-MB.&/!A&(&!1'-2,-.!4BA&..)+7!82,-,)'+2!QJY!,'!QJ#;!-+/!'B&+!'1&-+!
2,-,)'+2! 82,-,)'+2! QJ"! ,'! QJN;!/4()+7! .&7!"! 8R)7E! ";E!W4()+7! .&7!:L! "`! 2,-,)'+2!
A&(&!2-MB.&/!/4()+7!,%&!.-(7&<21-.&!24(0&6L!-+/!5)+-..6!/4()+7!.&7!NL!2,-,)'+2!
2-MB.&/!A&(&!-.'+7! ,%&!B-,%!'5! ,%&!?-B&!d%)(! 5).-M&+,! 8d":L!d"`L!d::L!dFJL!
dFFL!dF#;!-+/!2,-,)'+2!'4,2)/&!,%&!5).-M&+,!8dU:!-+/!d$:!.'1-,&/!)+2)/&!-+/!
'4,2)/&!,%&!4BA&..)+7!-(&-L!(&2B&1,)0&.6;!8R)7E!";E!!
! C,!&-1%!2,-,)'+!/4()+7!,%&!,%(&&!.&72!'5!,%&!1(4)2&L!,&MB&(-,4(&L!2-.)+),6L!
-+/!1%.'('B%6..! 5.4'(&21&+1&!A&(&! (&1'(/&/!36!M&-+2!'5!-!?$W!Q&-_)(/!I""!
O.42! 1'+/41,)0),6<,&MB&(-,4(&</&B,%! 8?$W;! 262,&ML! M'4+,&/! '+! -! d&+&(-.!
D1&-+)12! :F! 3',,.&! ('2&,,&! 2-MB.&(! &]4)BB&/! A),%! ":<V! 9)2e)+! _',,.&2E!
W)22'.0&/!D:!-+/!1%.'('B%6..! 5.4'(&21&+1&!A&(&!-.2'!M&-24(&/!A),%! -4=).)-(6!
2&+2'(2!-,,-1%&/! ,'! ,%&!?$W!262,&ME! Q-MB.&2! 5'(! )+'(7-+)1!+4,()&+,!-+-.62&2!
A&(&! 1'..&1,&/! -,! &-1%! 2,-,)'+E! W&,-).2! '+! ,%&2&! -+-.62&2! M-6! 3&! 5'4+/! )+!
_&+-0)/&2!&,!-.E!8:J"";E!
!

>'32#'B($'1075%314(#40(;'#5%314#%&0(-H(;3I#%314(

! O()M-(6! B('/41,)'+! A-2! M&-24(&/! 36! ,(-+25&(()+7! 24(5-1&! 8mY! M;!
2&-A-,&(! ,'! "! V! ,(-+2B-(&+,! B'.61-(3'+-,&! 3',,.&2! 89-.7&+&;E! "! MV! '5!
9-T"N?DN!8JE:#!U^!II!-,EZ^!Q)7M-<C./()1%;!A-2!-//&/!,'!-!5)+-.!&+()1%M&+,!'5!
"JZE!C5,&(!:F!%!'5!)+143-,)'+!'+!.)7%,<-,,&+4-,&/!'+</&1e!)+143-,'(2!1''.&/!
A),%! 24(5-1&! 2&-A-,&(L! ,%&! 2-MB.&2! A&(&! 5).,&(&/! '+,'! B(&<1'M342,&/! 8Y%L!
bYJg?;!dRHR! 5).,&(2!8K%-,M-+;L!-+/!-+-.6*&/!'+2%'(&!5'(!B-(,)14.-,&!'(7-+)1!
1-(3'+! 8OD?;! -+/! "N?! -,'M! Z! &+()1%M&+,! 42)+7! -! $%&(M'! R.-2%! iC! """:!
&.&M&+,-.!-+-.6*&(!)+,&(5-1&/!36!-!?'+5.'!SSS!A),%!-!$%&(M'!W&.,-!h!C/0-+,-7&!
)2','B&!(-,)'!M-22!2B&1,('M&,&(!8SPUQ;E!?-(3'+!4B,-e&!(-,&2!A&(&!1-.14.-,&/!
A),%!,%&!&]4-,)'+2!)+!T-M-!&,!-.E!8"I#N;E!
! Q-MB.&2! 5'(! ,%&!M&-24(&M&+,!'5!9:! 5)=-,)'+! (-,&2!A&(&! 1'..&1,&/! 5('M!
,%&!24(5-1&!8mY!M;!A),%!":<V!9)2e)+!3',,.&2E!9:!5)=-,)'+!(-,&2!A&(&!M&-24(&/!
42)+7!,A'!,&1%+)]4&2c!,%&!CPC!8Q,-.L!"I##^!?-B'+&L!"IIN;L!-+/!,%&!"Y9:!2,-3.&!
)2','B&!,&1%+)]4&!8U'+,'6-!&,!-.EL!"IIb;E!S+!.&7!:!8?CS_Dj;!5(-1,)'+-,&/!(-,&2!
8["J!\M!-+/![N!\M;!A&(&!M&-24(&/L!A%).&!)+!.&72!"!-+/!N!8?-B&!Q)..&)('!-+/!
?-B&!d%)(;L!'+.6!A%'.&!2&-A-,&(!-+/!["J!\M!9:!5)=-,)'+!(-,&2!A&(&!M&-24(&/!
/4&! ,'! .'7)2,)1-.! 1'+2,(-)+,2E!R4(,%&(!/&,-).2! '+! ,%&!-BB.)1-,)'+!'5! ,%&! ,A'!9:!
5)=-,)'+!,&1%+)]4&2!42&/!M-6!3&!5'4+/!)+!_&+-0)/&2!&,!-.E!8:J"";E!
!
!
!
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D3J&( ;'#5%314#%&0( +)5T( F&4&( 4&6%&0( >!?( #4#9B636E( 591434F( #40(
6&K7&4534F(1;(5914&6(

! W4()+7! -..! ,%(&&! .&72! '5! ,%&! 1(4)2&L! "J! V! '5! A-,&(! 5('M! &-1%! '5! ,%(&&!
/&B,%2!824(5-1&L!UVW!-+/!W?U;!A&(&!5).,&(&/!)+!.)+&!42)+7!F`!MM!R.4'('B'(&!
8B'(&!2)*&!"J!\M;L!F`!MM!UR<U)..)B'(&!8B'(&!2)*&!N!\M;L!-+/!F`!MM!W4(-B'(&!
8B'(&!2)*&!JE::!\M;!,'!1'..&1,!/&'=6()3'+41.&)1!-1)/!8W9C;!M-,&()-.! 5('M!,%&!
5'..'A)+7!2)*&!5(-1,)'+2c!X"J!\ML!N<"J!\ML!-+/![N!\ME!$%&!5).,&(2!A&(&!5('*&+!
-+/! 2,'(&/! -,! <#Jg?! 4+,).! 54(,%&(! B('1&22)+7! 5'(! +41.&)1! -1)/! &=,(-1,)'+!
89'7-.&2! &,! -.EL! :JJ`;! 42)+7! %-.5! '5! &-1%! 5).,&(E! $%&! +&2,&/! O?P! -MB.)5)1-,)'+!
,&1%+)]4&!42&/!%&(&!)2!-!M'/)5)1-,)'+!'5!,%&!M&,%'/!)+!V-+7.')2!&,!-.E!8:JJY;E!
$%&!5)(2,!('4+/!'5!O?P!n"J=!3455&(!SSL!U7?.:!85)+-.!1'+1&+,(-,)'+L!F!MU;L!"J!MU!
/&'=6+41.&'2)/&! ,()B%'2B%-,&2L! #J! BM'.! '5! &-1%! B()M&(c! 43;<F! 8/C(L34&9#4033!

<$$@!$C@!dd9!CCP!dd9!dd< 43;<N!8/C(L34&9#4033!
<C$P! $$P! $$9! d?9! d?P! $C<

U1P&6+'./2L!"I#I^!a-+)!&,!-.EL!:JJJ;oL!1'+2)2,&/!'5c!"J!M)+!-,!IYG?^!NY!161.&2L!
&-1%!'5!"!M)+!-,!IYG?L!"!M)+!-,!FYG?L!-+/!"!M)+!-,!`:G?^!-+/!5)+-..6!"J!M)+!-,!
`:G?E!$%&!2&1'+/!('4+/!'5!O?P!42&/!"J=!3455&(!SSL!U7?.:!85)+-.!1'+1&+,(-,)'+L!b!
MU;L!"J!MU!/&'=6+41.&'2)/&!,()B%'2B%-,&2!-+/!#J!BM'.!'5!5'4(!B()M&(!2&,2L!
42)+7! -! 2)M).-(! ,%&(M'161.&(! B('7(-M! 34,!A),%! -+! -++&-.)+7! ,&MB&(-,4(&! '5!
YFG?! -+/! '+.6! :#! 161.&2E! $%&! M)=,4(&! '5! 5'4(! B()M&(2! -MB.)56)+7! 43;<(
5(-7M&+,2! 5'(! >?@9! d('4B2! CL! _! -+/! ?! 89&&/'3-! &,! -.EL! :JJ`;! -+/!
='35"10&62372! 42&/! )+! ,%&! 2&1'+/! O?P! A&(&! /&2)7+&/! 36! 2&.&1,)+7! Y:!
2&]4&+1&2!'5!16-+'3-1,&()-.!43;<!7&+&2!8$-3.&!";E!
!
!$-3.&!"c!R'(A-(/!-+/!(&0&(2&!B()M&(2!42&/!)+!,%)2!2,4/6E!

4%+-5( 6+%7&%,(5%.20%( 8090%#0(5%.20%(
>?@9<C! <?d$@$CC$d$$d?C@$d$CCCd?< ! <??$CC$C?C$?C$CCdC$C?d< !
>?@9<_! <?d$$$CC$?!?$?CC?$d$CCCd?< ! <??$CC$C?d$?d$CddC$C?d< !
>?@9<?! <?d$!$$d!C$d!?$C!?C?!C?$!CCC!d?< ! <??$CC$C?d$?C$CddC$C?d< !
='35"10&62372( <?d$$$CC$?$$CCC?d?$CCCd?< ! <??$Cd$C?d$?C$Cd?$$C?d< !
!
! $%&! (&.-,)0&! ]4-+,),6! '5! W9C! 5('M! ,%&! O?P! B('/41,2! A-2! /&,&(M)+&/!
42)+7! SM-7&!V-3!Q'5,A-(&! 8_)'<P-/;!36!M&-24()+7! ,%&! )+,&+2),6!'5! ,%&!3-+/2!
5('M! -7-('2&! 7&.! &.&1,('B%'(&2)2E! $%&! ]4-+,),)&2! A&(&! +'(M-.)*&/! A),%! ,%&!
3-+/2!5('M!,%&!"JJ!_-2&<O-)(!V-//&(!8di<T&-.,%1-(&;E!CMB.)1'+2!'5!mNJJ<3B!
2)*&! -2! (&0&-.&/!36! -7-('2&! 7&.! &.&1,('B%'(&2)2! )+!"Y! (&B(&2&+,-,)0&! 2-MB.&2!
A%)1%!2%'A&/!(&.-,)0&!%)7%!]4-+,),6!'5!W9C!8R)72E!FL!YL!b;!A&(&!1.'+&/!42)+7!

!
)+2,(41,)'+2E! $&+! 1.'+&2! 5('M! &-1%! 1.'+&/! .)3(-(6! '5! ,%&! 2-MB.&2! A&(&!
(-+/'M.6! B)1e&/! -+/! 2&]4&+1&/! )+! ,%&! 5'(A-(/! /)(&1,)'+! 42)+7! ,%&! U"NR!
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B()M&(! A),%! -! _)7W6&! 02E! NE"E! $%&! B%6.'7&+&,)1! -+-.62&2! '5! m"YJ! 43;<!
2&]4&+1&2! '3,-)+&/! A&(&! -+-.6*&/! 42)+7! _VCQ$+!
8%,,BcHHAAAE+13)E+.ME+)%E7'0;E! ?.'2&2,! (&.-,&/! e+'A+! -+/! 4+e+'A+!
B43.)2%&/! 43;<! 2&]4&+1&2! A&(&! (&,()&0&/! 5('M! d&+_-+e!
8%,,BcHHAAAE+13)E+.ME+)%E7'0;! -+/! -.)7+&/! A),%! 2&]4&+1&2! '3,-)+&/! /4()+7!
,%&!2,4/6!42)+7!?V?!Q&]4&+1&!h)&A&(!b!2'5,A-(&E!C.)7+M&+,2!3-2&/!'+!-!"II!
3B!W9C!2&]4&+1&!A&(&!42&/!,'!1'+2,(41,!-!+&)7%3'(<f')+)+7!B%6.'7&+&,)1!,(&&!
('',&/! ,'! ,%&!M&%"B91214#6('78'#! 1.'+&!:N<F! +),('7&+-2&! )('+! B(',&)+! 843;<;!
7&+&!8CRF#Fb`N;!-+/!(&.-,)'+2%)B2!A&(&!3'',2,(-BB&/!"JJJ!,)M&2!42)+7!?V?!
Q&]4&+1&!h)&A&(!bE!!
!
D3J&(;'#5%314#%&0(=D/.N@D<(7634F($'18&(-3%'1OHP(

! S+!2),4!A%'.&<1&..!/&,&1,)'+!'5!B('3&!9),('#:"<,-(7&,,&/!4+)1&..4.-(!9:<
5)=)+7! 16-+'3-1,&()-!A-2! /'+&! 5'..'A)+7! ,%&!M&,%'/2! )+! aA)(7.M-)&(! 8:JJY;!
-+/!_)&7-.-!-+/!P-)M3-4.,! 8:JJ#;E!W&B&+/)+7!'+! ,%&!/&7(&&!'5! 2-,4(-,)'+!'5!
,%&!5).,&(2L!0'.4M&2!3&,A&&+!:YJ!MV!-+/!F!V!'5!2&-A-,&(!2-MB.&2!A&(&!5).,&(&/!
5('M! ,%&! ,%(&&! /&B,%2! 824(5-1&L! UVW! -+/! W?U;! '+! F`! MM! S2'B'(&$U! O?!
M&M3(-+&!5).,&(2!'5!,%(&&!/)55&(&+,!B'(&!2)*&2!8"J!\ML!N!\ML!JE::!\M;!-+/!5)=&/!
A),%!"Z!B-(-5'(M-./&%6/&!8BT!#E:L!3455&(&/!A),%!B%'2B%-,&!3455&(&/!2-.)+&!<
O_Q<;!5'(!"Y!M)+4,&2!-,!(''M!,&MB&(-,4(&L!-+/!1.-()5)&/!A),%!O_Q!36!5).,(-,)'+E!
R).,&(2! A&(&! -)(</()&/! 5'(! -BB('=)M-,&.6! Y!M)+! -+/! 1&..2! A&(&! 2432&]4&+,.6!
/&%6/(-,&/!A),%!&,%-+'.!8i,DT;!M'.&14.-(!7(-/&!2&()&2!8YJZL!#JZ!-+/!"JJZ;L!
&-1%! 5'(! "J!M)+4,&2! -,! (''M! ,&MB&(-,4(&L! -+/! 2,'(&/! -,! <:JG?! 4+,).! 54(,%&(!
-+-.62)2E!R).,&(&/!2-MB.&2!A%)1%!7-0&!43;<!B'2),)0&!(&24.,2!5('M!O?P!-+-.62&2!
/&21()3&/!-3'0&!A&(&!-+-.6*&/! 5'(!$QC<RSQTE!C!2432-MB.&!'5! ,%&! 5).,&(!8"H#;!
A-2!42&/! 5'(!$QC<RSQTE!T63()/)*-,)'+2!A),%!TPO!8T'(2&!P-/)2%!O&('=)/-2&;<
.-3&.&/!8$%&(M'!R)2%&(!Q1)&+,)5)1!dM3T;!"bQ!(P9C!9),('#:"!B('3&!A&(&!/'+&!
-5,&(! B&(M&-3).)*-,)'+! '5! ,%&! 1&..2! A),%! V62'*6M&! 8Y! M7! MV<"! )+! .62'*6M&!
3455&(L!P'1%&;!5'(!NJ!M)+4,&2!-,!N`G?L!5'..'A&/!36!,%(&&!()+2&2!'5!U)..)<p!2,&().&!
A-,&(L!-+/!i,DT!M'.&14.-(!7(-/&!2&()&2!8YJZL!#JZ!-+/!"JJZ;E!$%&!1&..2!A&(&!
2432&]4&+,.6!B('1&22&/!5'(!%63()/)*-,)'+!2,&B2!-+/!$QC!(&-1,)'+2!42)+7!YJZ!
'5!5'(M-M)/&!1'+1&+,(-,)'+!)+!,%&!%63()/)*-,)'+!3455&(!8_)&7-.-!-+/!P-)M3-4.,L!
:JJ#;E! $%&! 5).,&(2! 5)+-..6! A&(&! M'4+,&/! )+! -! M)1('21'B&! 2.)/&L! -BB.6)+7!
M'4+,)+7!M&/)4M!A),%!FqLb</)-M)/)+'<:<B%&+6.)+/'.&!8WCOS^!h&1,-2%)&./;E!
! $%&!2.)/&2!A&(&! )+2B&1,&/!4+/&(!-+! &B)5.4'(&21&+1&!M)1('21'B&! nV&)1-!
WU! :YJJ! &]4)BB&/! A),%! ":! hH"JJK! T-.'7&+! .-MBL! '3f&1,)0&2! T?j! RV!
O.-+"J=HJE:YL! 9! O.-+! FJ=HJEbY! O%:L! 9! O.-+! bN=HJE#J! JE"`W! -+/! 9! O.-+!
"JJ=H"E:Y!').!OTNL!5).,&(2!8NbJ!r!:J!&=1),-,)'+!8&=E;L!F"J!r!Y!&M)22)'+!8&ME;!5'(!
,%&! WCOS! 83.4&! 5.4'(&21&+1&;^! VY! 8F#J! r! FJ! &=EL! Y:`! r! NJ! &ME;! 5'(! ,%&!
5.4'(&21&)+! )2',%)'16-+-,&! 8RS$?;! -22'1)-,&/! A),%! 9),('#:"! B('3&! 87(&&+!

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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5.4'(&21&+1&;^!VN8FYJ<FIJ!&=EL!Y"Y!.'+7!B-22!&ME;!5'(!1%.'('B%6..!5.4'(&21&+1&!
8'(-+7&! 5.4'(&21&+1&;^! &]4)BB&/!A),%! -! /)7),-.! 1-M&(-! 8V&)1-! WR?F:J?!A),%!
2'5,A-(&! 5'(! 1'+,('.!'5! ,)M&!'5!&=B'24(&L! *''M!-+/!1'.'(E!$%&!&=B'24(&! ,)M&!
A-2! -/f42,&/! 5'(! )MB('0&/! 0)24-.)*-,)'+! '5! RS$?<.-3&.&/! 1&..2! 8,'! (&/41&! ,%&!
)+,&(5&(&+1&!'5!,%&!1%.'('B%6..!-4,'5.4'(&21&+1&;E!$%&!5).,&(2!A&(&!1'4+,&/!)+!-!
262,&M-,)1!A-6!,'!1'0&(!,%&!&+,)(&!24(5-1&!'5!&-1%!5).,&(!2.)1&E!9),('#:"!B'2),)0&!
1&..2!A&(&!1'4+,&/!4+/&(!'3f&1,)0&!"JJ=E!?&..2! ,%-,!A&(&!B(&2&+,!-2!8";! 5(&&<
.)0)+7L!8:;!-2!26M3)'+,2!,'!.-(7&(!1&..2L!-+/!8N;!1'MB.&=&/!,'!B4,-,)0&.6!'(7-+)1!
B-(,)1.&2! A&(&! +',&/! -+/! 1'4+,&/! -2! 2M-..! 8["! \M;L! M&/)4M! 8"<N! \M;! -+/!
.-(7&!8XN!\M;!1&..2E!!
!
Q#%#(#40(6%#%36%35#9(#4#9B6&6(

! Q)*&!5(-1,)'+-,&/!9:!5)=-,)'+!(-,&2!5'(!,%&!X"J!\M!-+/!N<"J!\M!5(-1,)'+2!
A&(&! 1-.14.-,&/! -2! ,%&! /)55&(&+1&! 3&,A&&+! 9:! 5)=-,)'+! (-,&! '5! A%'.&! A-,&(!
2-MB.&!-+/!["J!\M!5(-1,)'+L!-+/!,%&!/)55&(&+1&!3&,A&&+!9:!5)=-,)'+!(-,&!'5!["J!
\M! -+/! [N! \M! 5(-1,)'+2L! (&2B&1,)0&.6E! $%&! +'(M-.! /)2,()34,)'+! '5! /-,-! A-2!
1%&1e&/!A),%!Q%-B)('<K).e!K!,&2,!-+/L!)5!+&1&22-(6L!/-,-!A&(&!.'7-(),%M)1-..6!
,(-+25'(M&/! B()'(! ,'! -+-.62&2E! O&-(2'+! 1'((&.-,)'+! -+/! (&7(&22)'+! -+-.62&2!
A&(&! 42&/! ,'! /&,&(M)+&! ,%&! (&.-,)'+2%)B2! 3&,A&&+! 9:! 5)=-,)'+! (-,&2L! 2)*&!
5(-1,)'+-,&/!43;<!7&+&!+&2,&/!O?P!-+-.62)2L!$QC<RSQT!1'4+,2L!-+/!,%&!0-()'42!
B%62)1'<1%&M)1-.! 5-1,'(2! M&-24(&/! 8,&MB&(-,4(&L! 2-.)+),6L! 1%.'('B%6..!
5.4'(&21&+1&L! /)22'.0&/! D:L! ,',-.! B()M-(6! B('/41,)'+L! ODFN<L! 9DN<! s! 9D:<;E!
Q,-,)2,)1-.!-+-.62&2!A&(&!B&(5'(M&/!42)+7!QOQQ!2'5,A-(&E!
( (
!

80#-1$#!

<B0'1F'#$"BE($'32#'B($'1075%314(#40(47%'3&4%(#4#9B6&6(

! $-3.&! :! 24MM-()*&2! ,%&! UVW! -+/! W?U! 2&.&1,&/! B%62)1'<1%&M)1-.!
B-(-M&,&(2!-+/!B()M-(6!B('/41,)'+!)+!24(5-1&!A-,&(2!/4()+7!,%&!,%(&&!.&72!'5!
,%&!1(4)2&E!S+!,%&!?CS_Dj!7()/!8.&7!:;L!,%&!UVW!-+/!W?U!A&(&!7&+&(-..6!/&&B&(!
-+/! 24(5-1&! A-,&(2! &=%)3),&/! A-(M&(! ,&MB&(-,4(&2L! .'A&(! 1'+1&+,(-,)'+! '5!
)+'(7-+)1! +4,()&+,2! 8ODFN<L! 9DN<! s! 9D:<;! -+/! .'A&(! B()M-(6! B('/41,)'+! ,%-+!
?-B&!Q)..&)('!8.&7!";!-+/!?-B&!d%)(!8.&7!N;!8$-3.&!:;E!$%&!24(5-1&!A-,&(2!)+!?-B&!
d%)(!&=%)3),&/! ,%&!%)7%&2,! 1'+1&+,(-,)'+!'5! )+'(7-+)1!+4,()&+,2! 8ODFN<L!9DN<!s!
9D:<;!-+/!B()M-(6!B('/41,)'+!-M'+7!,%&!,%(&&!.&72!'5!,%&!1(4)2&L!A%).&!24(5-1&!
1%.'('B%6..! 5.4'(&21&+1&! A-2! %)7%&2,! )+! ?-B&! Q)..&)('! 8$-3.&! :;E! W&,-).&/!
%6/('7(-B%6!2,4/)&2!'5! ,%&! (&7)'+!-(&!B43.)2%&/!&.2&A%&(&! 8?-((-1&/'!&,!-.EL!
:J":^!$('4B)+!&,!-.EL!:J":;E!
(
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D3J&.;'#5%314#%&0(-H(;3I#%314('#%&6(

! T'4(.6! 9:! 5)=-,)'+! (-,&2! 42)+7! ,%&! CPC! ,&1%+)]4&! )+! ,%&! ?-B&! Q)..&)('!
5).-M&+,! 262,&M! 8.&7! ";! '5! ,%&! ["J! \M! 5(-1,)'+! (-+7&/! 5('M! JE"F! ! FEY`! -+/!
JEbF! !FEJN!+M'.!9!M<N!%<"!/4()+7!.)7%,!-+/!/-(e!)+143-,)'+2!(&2B&1,)0&.6L!-+/!
+&,!/-).6!(-,&2!'5!"bEI! !"#bE"!+M'.!9!M<N!/<"!42)+7!,%&!"Y9:!,&1%+)]4&E! S+!,%&!
',%&(! 5).-M&+,!262,&M! )+!?-B&!d%)(!8.&7!N;L!%'4(.6!9:! 5)=-,)'+!(-,&2!42)+7! ,%&!
CPC!,&1%+)]4&!'5!,%&!["J!\M!5(-1,)'+!(-+7&/!5('M!JE`:! !NIE#b!-+/!JEN`! !FEII!
+M'.!9!M<N!%<"!/4()+7!.)7%,!-+/!/-(e!)+143-,)'+2!(&2B&1,)0&.6L!-+/!"Y9:!/-).6!9:!
5)=-,)'+!(-,&2!(-+7&/!3&,A&&+!`EI!-+/!"`FEN!+M'.!9!M<N!/<"E!$%&2&!9:!5)=-,)'+!
(-,&2! 5'(! ["J! \M! 5(-1,)'+! )+! 3',%! 5).-M&+,2! 262,&M2! 1'((&2B'+/&/! ,'!
-BB('=)M-,&.6!XYJZ!'5!,',-.!9:!5)=-,)'+!8_&+-0)/&2!&,!-.EL!:J""^!R)72E!"L!:;E!S+!
,%&! 5)+&(! (&2'.4,)'+! '5! 2)*&! 5(-1,)'+-,&/! 9:! 5)=-,)'+! (-,&2! /&,&(M)+&/! )+! ,%&!
.-(7&<21-.&!24(0&6!8.&7!:L!?CS_DjL!7()/!3'=;L!%'4(.6!9:!5)=-,)'+!(-,&2!42)+7!,%&!
CPC!,&1%+)]4&!)+!,%&![N!\M!5(-1,)'+!(-+7&/! 5('M!JEYY! !FEb"!-+/!JEFb !:E`b!
+M'.!9!M<N!%<"!/4()+7!.)7%,!-+/!/-(e!)+143-,)'+2!(&2B&1,)0&.6L!-+/!"Y9:!5)=-,)'+!
(-,&2!(-+7&/!5('M!":EJ!,'!IJEJ!+M'.!9!M<N!/<"E!9:!5)=-,)'+!(-,&2!5'(!,%&![N!\M!
5(-1,)'+! M&-24(&/! /4()+7! ,%&! ?CS_Dj! 7()/! 8.&7! :;! 1'((&2B'+/&/! ,'!
-BB('=)M-,&.6!XYJZ!'5!,',-.!9:!5)=-,)'+L!A%).&!,%'2&!'5! ,%&!N "J!\M!5(-1,)'+!
1'((&2B'+/&/!J! !N`!Z!'5!,',-.!9:!5)=-,)'+!8R)72E!"L!:;E!$%&!9:!5)=-,)'+!(-,&2!'5!
,%&![N!\M! 5(-1,)'+L!M&-24(&/! )+! ,%&!/-(eL!A&(&! )+0&(2&.6! .)+&-(.6! 1'((&.-,&/!
A),%! B()M-(6! B('/41,)'+! -+/! /)22'.0&/!D:L! 34,! B'2),)0&.6! .)+&-(.6! 1'((&.-,&/!
A),%!,&MB&(-,4(&!-+/!2-.)+),6!/4()+7!,%&!?CS_Dj!8.&7!:^!$-3.&!N;E!
!

D3J&( ;'#5%314#%&0( +)5T( F&4&( 4&6%&0( >!?( #4#9B636E( 591434F( #40(
6&K7&4534F(1;(5914&6!
! P&24.,2!'5!43;<!7&+&!-MB.)5)1-,)'+!)+!2-MB.&2!5('M!,%&!24(5-1&L!UVW!-+/!
W?U! /4()+7! ,%&! ,%(&&! .&72! (&0&-.&/! ,%-,! M'2,! 8XYJZ;! '5! ,%&! 43;<! 7&+&2!
(&1'0&(&/!A&(&!5('M!,%&![N!\M!5(-1,)'+L!(-+7)+7!5('M!NF!<!FJb!+7L!"J!<!F:"!+7L!
-+/!F#!<!#"J!+7!8B&(!Y<V!2-MB.&!5).,&(&/;!)+!?-B&!Q)..&)('!8.&7!";L!?CS_Dj!8.&7!
:;!-+/!?-B&!d%)(!8.&7!N;L!(&2B&1,)0&.6!8R)72E!NL!FL!Y;E!$%&!43;<!7&+&2!A&(&!-.2'!
(&1'0&(&/!5('M!,%&!N<"J!\M!-+/!X"J!\M!5(-1,)'+2!)+!,%&!24(5-1&!-+/!UVWL!34,!
+',!)+!,%&!W?UL!4+.)e&!)+!,%&![N!\M!5(-1,)'+!A%)1%!A-2!(&1'0&(&/!)+!-..!,%(&&!
/&B,%2!8R)72E!NL!FL!Y;E!W4()+7! ,%&!?CS_Dj!8.&7!:;L! ,%&! (&.-,)0&!]4-+,),6!'5!43;<!
7&+&2! (&1'0&(&/! )+! ,%&! [N! \M! 5(-1,)'+! )+! -..! ,%(&&! /&B,%2! A-2! 2)7+)5)1-+,.6!
B'2),)0&.6! 1'((&.-,&/! A),%! ,&MB&(-,4(&! -+/! 2-.)+),6L! 34,! 2)7+)5)1-+,.6!
+&7-,)0&.6!1'((&.-,&/!A),%!/)22'.0&/!D:!-+/!1%.'('B%6..!5.4'(&21&+1&!8$-3.&!N;E!
$%&!(&.-,)0&!]4-+,),6!'5!43;<!7&+&2!(&1'0&(&/!)+!,%&!X"J!\M!5(-1,)'+!/4()+7!,%&!
?CS_Dj! 8.&7!:;! -+/!N<"J!\M! 5(-1,)'+! )+! -..! ,%(&&! .&72!A&(&! -.2'! 2)7+)5)1-+,.6!
B'2),)0&.6!1'((&.-,&/!A),%!,&MB&(-,4(&!8O&-(2'+!(!t!JE:#L!B![!JEJYL!+!t!Y"!-+/!
8O&-(2'+!(!t!JE:`L!B![!JEJYL!+!t!"J:L!(&2B&1,)0&.6L!/-,-!+',!2%'A+;E!!
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R)7E!"c!P&.-,)0&!1'+,()34,)'+!'5!,%&!/)55&(&+,!2)*&!5(-1,)'+2!,'!'0&(-..!9:!5)=-,)'+!(-,&2!!8+M'.!9!%<"!
M<N;!3-2&/!'+!C1&,6.&+&!P&/41,)'+!C22-62! )+!24(5-1&!A-,&(2! )+!,%&!,%(&&!.&72!'5!,%&!1(4)2&!8?-B&!
Q)..&)('L!?CS_Dj!7()/!-+/!?-B&!d%)(;!M&-24(&/!)+!8C;!.)7%,!-+/!8_;!/-(e!)+143-,)'+2E!$%&!2)*&2!'5!
,%&!1)(1.&2!-(&!B('B'(,)'+-.!,'!,',-.!9:!5)=-,)'+!(-,&!-2!)+/)1-,&/!)+!,%&!.&7&+/E!



$-3.&! :c! C0&(-7&! 8r! QW;! -+/! (-+7&! 8M)+)M4M<M-=)M4M;! '5! 24(5-1&! 0-.4&2! 8mY! M! /&B,%;! '5! 2&.&1,&/! B%62)1'1%&M)1-.! B-(-M&,&(2L! %6/('7(-B%6! -+/! B()M-(6!
B('/41,)'+!)+!,%&!/)55&(&+,!2,-,)'+2!)+!&-1%!.&7!'5!,%&!?CS_ij!1(4)2&E!
!

:0;(
/:<(
=2>(

<?/(
=2>(

@0250%&$-%0(
=A?>(

B&1.*.$C(
61-+%0#'0*'0(
=&%".$%&%C(
-*.$#>(

<.##+190,(
DE(=2;(:FG>(

HDIF(J(HDEF(

=K2+1(:FG>(
LDMIF((

=K2+1(:FG>(

L%.2&%C(
5%+,-'$.+*(

=22+1(?(2FI(3FG>(

?-B&!Q)..&)('!
8V&7!"L!+t#;!

:b!r!"J!
8"Y<FJ;!

N#!r!:N!
8":<#J;!

"bE##!r!"EF#!
8"YEJY<"#EYJ;!

NYEbY!r!JEJb!
8NYEY`<NYE`Y;!

JEF#!r!JENF!
8JE"J<"EJJ;!

`EY!r!JEF!
8`E"<#EJ;!

JEb`!r!JE`I!
8JEJJ<:E"";!

JEJY!r!JEJb!
8JEJJ<JE"#;!

JE"Y!r!JEJ`!
8JEJN<JE:F;!

?CS_Dj!7()/!
8V&7!:L!+t"`;!

F:!r!`!
8:Y<YY;!

#:!r!:J!
8YN<""Y;!

:"E#F!r!:E"Y!
8"#EY#!<:FE"#;!

NbEFb!r!JEYN!
8NYE`J!<N`E"";!

JE""!r!JEJ`!
8JEJN<JE:#;!

bEY!r!JEF!
8bEJ<`Eb;!

JE":!r!JE"N!
8JEJN<JEb";!

JEJN!r!JEJ:!
8JEJ:<JEJY;!

JEJ:!r!JEJ"!
8JEJJ<JEJF;!

?-B&!d%)(!
8V&7!NL!+t#;!

:N!r!b!
8"Y<NJ;!

FJ!r!I!
8:Y<YJ;!

"IEb`!r!"ENF!
8"bEbY<:"E"Y;!

NbEN`!r!JEJY!
8NbE:#<NbEFY;!

JEJb!r!JEJF!
8JEJF<JE"Y;!

bE`!r!JE:!
8bE:<bEI;!

:E::!r!NEF"!
8JEJb<"JEFY;!

JEb#!r!JEN"!
8JENb<"ENb;!

JE":!r!JE"F!
8JEJF<JEFY;!

!
!
!
!
!
!
!
!
!
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! O%6.'7&+&,)1! -+-.62)2! '5! ,%&!m"YJ! 43;<! 7&+&! 2&]4&+1&2! '3,-)+&/! 5('M!
,%&! "J! 1.'+&2! '5! -MB.)1'+2! 5('M!"Y! 2-MB.&2! 8R)72E! NL! FL! Y;! (&0&-.&/! ,%-,! ,%&!
M-f'(),6!8IYZ;!'5!,%&!2&]4&+1&2!%-/!2)M).-(),)&2!'5!I#<"JJZ!,'!>?@9<C!8R)7E!
b;E!D+.6!#!'5!,%&!2&]4&+1&2!8M'2,.6!5('M!2,-,)'+!j"`!)+!,%&!?CS_Dj!7()/;!A&(&!
+',!1.-22)5)&/!-2!>?@9<C!8R)7E!b;L!34,!A&(&!"JJZ!2)M).-(!,'!43;<!'5!4+14.,4(&/!
1.'+&2! 5('M! %6B'=)1! 3-2)+2! A),%)+! ,%&! ?-.)5'(+)-! _)7%,!
8AAAE+13)E+.ME+)%E7'0H+41.&',)/&HNN``NNI"#u(&B'(,t7&+3-+ev.'7wt+41.,'
Bv3.-2,x(-+et"vPSWtb_dF:aY_J"P;E!
!
D3J&(;'#5%314#%&0(=D/.N@D<(7634F($'18&(-3%'1OHP(
! P&24.,2!'5! 2)*&! 5(-1,)'+-,&/!$QC<RSQT!42)+7!B('3&!9),('#:"!(&0&-.&/!-!
1'MM4+),6!'5!9:!5)=&(2!)+!/)55&(&+,!2)*&!(-+7&2L!["!\ML!"<N!\M!-+/!XN!\ME!S+!
M'2,!1-2&2L!,%&!["!\M!-+/!"<N!\M!A&(&!M'(&!-34+/-+,!,%-+!XN!\M!9),('#:"<
B'2),)0&! 1&..2E! d&+&(-..6L! ,',-.! 9),('#:"<B'2),)0&! 1&..2! (&-1%&/! ,%&! %)7%&2,!
-34+/-+1&!-,!-..!/&B,%2!)+!?-B&!d%)(L!(&-1%)+7!4B!,'!N#!=!"JN!1&..2!M<NL!N:!=!"JN!
1&..2!M<NL!-+/!"I!=!"JN!1&..2!M<N!5'(!,%&!24(5-1&L!UVW!-+/!W?UL!(&2B&1,)0&.6!8R)7E!
`;E!$%&!9),('#:"<B'2),)0&!1&..2!)+!/)55&(&+,!2)*&!1.-22&2!8["!\ML!"<N!\M!-+/!XN!
\M;! 1-+! '114(! -2! 5(&&<.)0)+7L! 1'MB.&=&/! ,'! B4,-,)0&.6! '(7-+)1! B-(,)1.&2! -+/!
A),%)+!.-(7&(!1&..2!8_&+-0)/&2!&,!-.EL!)+!B(&22;E!S+!7&+&(-.!,&(M2L!,%&!B('B'(,)'+!
'5!1&..2!'114(()+7!-2!5(&&<.)0)+7!A&(&!,%&!M'2,!-34+/-+,!)+!-..!.&72!81'4./!(&-1%!
4B! ,'! "JJZ! '5! -..! 9),('#:"<B'2),)0&! 1&..2;L! 5'..'A&/! 36! 1&..2! 1'MB.&=&/! ,'!
'(7-+)1!M-,,&(L!-+/!.-2,.6!36!1&..2!A),%)+!',%&(! .-(7&(!1&..2E!T'A&0&(L! )+!?-B&!
Q)..&)('!,%&!B('B'(,)'+!'5!XN!\M!9),('#:"<B'2),)0&!1&..2!'114(()+7!-2!26M3)'+,2!
A),%)+! .-(7&(! 1&..2! A&(&! M'(&! 2)7+)5)1-+,! ,%-+! ,%'2&! 3&)+7! 1'MB.&=&/! ,'!
'(7-+)1! M-,,&(! 8$-3.&! F;E! $%&! ,',-.! +4M3&(! '5! 5(&&<.)0)+7! 2M-..! 8["! \M;!
9),('#:"<B'2),)0&! 1&..2! )+! -..! ,%(&&! .&72! -+/! ,%(&&! /&B,%2! A-2! 2)7+)5)1-+,.6!
B'2),)0&.6!1'((&.-,&/!A),%! 2-.)+),6!34,!2)7+)5)1-+,.6!+&7-,)0&.6!1'((&.-,&/!A),%!
/)22'.0&/!D:!-+/!1%.'('B%6..!5.4'(&21&+1&!8$-3.&!N;E!!
! !
!

<.#'-##.+*(

! 9),('7&+! 5)=-,)'+! -1,)0),)&2! '5! ,%&! ["J! \M! 5(-1,)'+! )+! 24(5-1&! A-,&(2L!
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:b"I!r!::bN!!
J<"JJZ!

8bY!r!F#Z;!

J<"""b"!!
8::N:!r!FII";!!

!J<`NZ!
8"Y!r!NNZ;!

J!
!!
JZ!

!!

bI#<"N`#!!
8IIJ!r!:I:;!
YI<"JJZ!
!8I:!r!"#Z;!

J!
!!
JZ!

!!

J<#:`!!!
8"bY!r!N`J;!
J<F"Z!

!8#!r!"#Z;!
!
!
!
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!"NF!

9),('#:"<B'2),)0&! 2B%&()1-.! 1&..2! ["! \M! B(&24M-3.6! (&B(&2&+,2! >?@9<C!
8d'&3&.! &,!-.EL!:JJ#;E!$%&!9),('#:"<B'2),)0&!1&..2! 1.-22)5)&/! 5('M!"<N!\M!M-6!
1'+,-)+!>?@9<CL!2)+1&!9),('#:"<B'2),)0&!1&..2!4B!,'!"EY!\M!%-0&!(&1&+,.6!3&&+!
-55).)-,&/!,'!>?@9<C!3-2&/!'+!"bQ!-+/!43;<!B%6.'7&+)&2!8V&!U'-.!&,!-.EL!:J"";E!
C//),)'+-..6L!,%&!"<N!\M!5(-1,)'+!M-6!1'+,-)+!>?@9< N!
\ML! d'&3&.! &,! -.EL! :JJ#;L! -+/! ',%&(! +'+<)/&+,)5)&/! 9:! 5)=&(2! 8_)&7-.-! -+/!
P-)M3-4.,L! :JJ#;E! 9),('#:"<B'2),)0&! 1&..2! '5! XN! \M! M-6! 1'+,-)+! >?@9<_L!
>?@9<?! -+/! ',%&(! +'+<)/&+,)5)&/! 9:! 5)=&(2E! T'A&0&(L! 9:! 5)=)+7! 1&..2! 1.'2&.6!
-55).)-,&/! ,'! >?@9<_! -+/! >?@9<?! %-0&! +',! 3&&+! /&,&1,&/! 36! 1.'+)+7! -+/!
2&]4&+1)+7! '5! (&B(&2&+,-,)0&! 2-MB.&2L! )MB.6)+7! ,%-,! &),%&(! ,%&6! A&(&! +',!
B(&2&+,!'(!,%&)(!-34+/-+1&2!A&(&!,''!.'A!,'!3&!/&,&1,&/!36!O?P!-MB.)5)1-,)'+E!
$%)2!2477&2,2!,%-,!,%&!9),('#:"<B'2),)0&!1&..2!5('M!"<N!\M!M-6!3&!-.2'!>?@9<CL!
A),%!-!B'22)3.&!M)+'(!1'+,()34,)'+!'5!,%&!)/&+,)5)&/!1.42,&(!'5!9:!5)=&(2!8R)7E!b;E!
$%&!B(&24M-3.6!>?@9<C!1&..2!A&(&!5'4+/!)+!-..!/&B,%2!85('M!24(5-1&!/'A+!,'!
,%&! W?U;! -2! 5(&&<.)0)+7! 1&..2L! 34,! A%&+! 1'MB.&=&/! ,'! '(7-+)1! M-,,&(! -+/!
-22'1)-,&/!,'!.-(7&(!1&..2L!,%&6!A&(&!5'4+/!M-)+.6!)+!,%&!24(5-1&!-+/!UVWE!$%&!
B(&24M&/! -34+/-+1&2! '5! ,%&2&! >?@9<C! 1&..2! 8["! B.42! "<N! \M! 9),('#:"<
B'2),)0&!5(&&<.)0)+7!1&..2;!(-+7&/!5('M!"!=!"J:!,'!#Eb!=!"JN!1&..2!V<"!A),%!+'!1.&-(!
-34+/-+1&!B-,,&(+!-.'+7!,%&!/&B,%!'5!,%&!A-,&(!1'.4M+E!$'!/-,&L!,%&2&!-(&!5)(2,!
&2,)M-,&2!'5!>?@9<C!1&..2!/&,&1,&/!)+!,%)2!(&7)'+!'5!,%&!C,.-+,)1!8XNJ!G9;!42)+7!
A%'.&<1&..!$QC<RSQT!,&1%+)]4&!42)+7!-!"bQ!(W9C!B('3&!2B&1)5)1!5'(!,%&!>?@9:<
5)=! .)+&-7&E! D4(! &2,)M-,&/! -34+/-+1&! '5! >?@9<C! 1&..2! )+! '4(! 2,4/6! 2),&2!
1'MB-(&/! A&..! ,'! &2,)M-,&2! )+! ,%&! U&/),&((-+&-+L! A%&(&! >?@9<C! 1&..2!
89),('#:"<B'2),)0&!5(&&<.)0)+7!1&..2!'5!m!JE#!,'!"EY!\M;!(-+7&/!5('M!"!,'!b!=!"JN!
1&..2! V<"! 8V&! U'-.! &,! -.EL! :J"";E! T'A&0&(L! ,%&6! A&(&! B(&2&+,! -,! .'A&(!
1'+1&+,(-,)'+2!)+!,%&!U&/),&((-+&-+!)+!,%&!W?U!/&B,%2!8V&!U'-.!&,!-.EL!:J"";E!
S+! ,%&! C,.-+,)1! (&7)'+L! B43.)2%&/! -34+/-+1&2! '5! >?@9<C! -(&! 3-2&/! '+!
]4-+,),-,)0&!O?P!8]O?P;L!A%)1%!-..'A2!,%&!]4-+,)5)1-,)'+!'5!43;<(1'B6!+4M3&(2!
B&(!4+),!0'.4M&E!
! S+!,%&!,('B)1-.!&-2,&(+!9'(,%!C,.-+,)1!8+&-(!?-B&!h&(/&!S2.-+/2L![:`G9;L!
>?@9<C!A&(&!5'4+/!-,!bE#!=!"J:!<!JE"N!=!"Jb!43;<!1'B)&2!V<"!8$4(e!&,!-.EL!:J"";E!
C1('22!,%&!,('B)1-.!C,.-+,)1!D1&-+!>?@9<C!A&(&!B(&2&+,!-,!FE#!=!"J:! !JE"`!=!
"Jb! 43;<! 1'B)&2! V<"! '+! A%)1%! M-=)M4M! -34+/-+1&2! A&(&! 5'4+/! -,! /&&B&(!
A-,&(2!8m!F"!M;L!-+/!/'M)+-,)+7!,%&!A&2,&(+!B-(,!'5!,%&!&-2,&(+!C,.-+,)1!+&-(!
,%&!?-B&!h&(/&!S2.-+/2!8d'&3&.!&,!-.EL!:J"J;E!D,%&(!2,4/)&2!)+!,%&!9'(,%!C,.-+,)1!
D1&-+!8"`! <!:Y!G9;!(&B'(,&/!M-=)M4M!-34+/-+1&2!'5!"!=!"Jb!43;<! 1'B)&2!V<"!
8V-+7.')2! &,! -.EL! :JJ#;E! C.,%'47%! ,%&! -34+/-+1&2! '5! >?@9<C! 5'4+/! %&(&! -(&!
7&+&(-..6! A),%)+! ,%&! (-+7&2! 5'4+/! )+! B(&0)'42! 2,4/)&2! )+! ',%&(! 2),&2! )+! ,%&!
C,.-+,)1!-,! .'A&(!.-,),4/&2!,%-+!'4(!2,4/6!2,-,)'+2L!,%&!M-=)M4M!-34+/-+1&2!
A&(&! 3&.'A! ,%&!M-=)M-! 5'4+/! )+! ,%&2&! B(&0)'42! 2,4/)&2! )+! ,%&! C,.-+,)1! -+/!
',%&(!2,4/)&2!)+!,%&!O-1)5)1L!A%&(&!,%&6!1-+!(&-1%!-34+/-+1&2!'5!"Jb!43;<!!



>/?=(@@*(?&679%6(
(
(

 "NY!

!
R)7E!Fc!P&.-,)0&!1'+,()34,)'+!'5!,%&!/)55&(&+,!2)*&!5(-1,)'+2!,'!'0&(-..!]4-+,),6!'5!43;<!8+7;!(&1'0&(&/!
-,!,%&!3',,'M!'5!,%&!M)=&/!.-6&(!/&B,%2!8UVW;!)+!,%&!,%(&&!.&72!'5!,%&!1(4)2&!8?-B&!Q)..&)('L!?CS_Dj!
7()/!-+/!?-B&!d%)(;E!$%&!2)*&2!'5!,%&!1)(1.&2!-(&!B('B'(,)'+-.!,'!,%&!,',-.!]4-+,),6!'5!43;<!(&1'0&(&/!
-2!)+/)1-,&/!)+!,%&!.&7&+/E!Q-MB.&2!1%'2&+!5'(!1.'+)+7!-+/!2&]4&+1)+7!-(&!)+/)1-,&/!-2!-!8[N!\M;L!3!
8N<"J!\M;!-+/!1!8X"J!\M;E!
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!"Nb!

!
R)7E!Yc!P&.-,)0&!1'+,()34,)'+!'5!,%&!/)55&(&+,!2)*&!5(-1,)'+2!,'!'0&(-..!]4-+,),6!'5!43;<!8+7;!(&1'0&(&/!
)+! ,%&! /&&B! 1%.'('B%6..! M-=)M4M! 8W?U;! /&B,%2! )+! ,%&! ,%(&&! .&72! '5! ,%&! 1(4)2&! 8?-B&! Q)..&)('L!
?CS_Dj!7()/!-+/!?-B&!d%)(;E!$%&!2)*&2!'5!,%&!1)(1.&2!-(&!B('B'(,)'+-.!,'!,%&!,',-.!]4-+,),6!'5!43;<!
(&1'0&(&/!-2!)+/)1-,&/!)+!,%&!.&7&+/E!Q-MB.&2!1%'2&+!5'(!1.'+)+7!-+/!2&]4&+1)+7!-(&!)+/)1-,&/!-2!-!
8[N!\M;L!3!8N<"J!\M;!-+/!1!8X"J!\M;E!
!
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$

%&'($)*$+,-./'0102&3$2400$/5$-./0$607801306($907801306$/:2;&10<$&1$2,&6$628<-$;40$4050440<$2/$=&>$:-$
2,0$/30;1/'4;?,&3$348&60$@ABCDEF$=&&>$2,0$62;2&/16$;2$G,&3,$2,0-$;40$G040$6;H?.0<F$=&&&>$2,0$<0?2,$
2,-$G040$6;H?.0<$=AI6845;30F$CI$JKLF$@I$L@J>F$;1<$=&M>$3./10$18H:04($C//2624;?$M;.806$NOPQ$
;40$&1<&3;20<$;2$2,0$1/<06($93;.0$:;4IP(PO$68:62&282&/1$?04$183.0/2&<06($

538 

1000 

CAIBI::X _ SO 1 S1\(I-1 O) 

CAIBEX SOlSB(l, 5, 7, 10, 12-17) 

CAIBI::X_SOlSC(L 2, 4, 5,7,8,10-12) 

CAIBEX _SO 1 \-lC(I-1 O) 

CAIBEX_SOlDC(l-10) 

CAIBEX X08SA(1-10) 

CAIBI::X_X08S13(l, 2 , 6-11 , 13) 

CAll1EX_XOXSC(I, 4, 5, 7-13) 

CAIBEX X08~1C(1-4, 6-13) 

CA1I3EX_XmmC(l-7 , 9,1O) 

CAIBEX_X17SC(1, 2, 4-9, ll-l3 ) 

CAIBEX_X17'.!C(1-7, 9, 10) 

CAIBEX_XI7DC(1. 7, JI, 12) 

CAII1EX _ GT2SA(1-5) 

CAIBI::X_GT2lJC(3, 12, 16-18,25,30) 

CAIBEX _ X 170C8 

CAIBJ::X_S01SC6 

UCY't\-A 

Lnculturcd bactcrium clone 31293AOS (17 J756674) 

Cncultured bacterililll clone SPOTS_ 45712A132 (HQ660923) 

Lncultured marine bacterium clone I.F09-0rvl-02 (1IQ455985) 

CAII1EX_X17DC10 

886 CAIBEX X17DC2 

686 

CAIBEX X17DC4 

C¡\[BEX_XI7SCIO 

Unidentified marine bacterial clone HT1902 (AF299420) 

951 CAIBEX_X17DC5 

L-_________ Xe/JOCOCCUS sp. (XSL73135) 

Ue"r":-.J-1:3 

Uncultured marine bacterium clone TAI",U0515 (AY896384) 

L-_____ Cyano!hece sp. PCC 8801 (CP001287) 

L-____ Gloeof!tece sp. PCC 6909 (Ll5554) 

UnCllltllrcd bactenllm clone 5202A67 _t7 (DQ273169) 

Uncultured marine bacterium clone TAS1406 (AY896461) 

,------Anabaena PCC7120 (AKANIFBH) 

Anabaena aphanizomenoides ~ ... f17 clone 7101A04 

L-_____ TolYPofhrix sp. PCC7601 (AY76842l) 

L-______ Ch/orogfoell(lsi.\· sp. (CSU73138) 

L-__________ (vngbya "ro/lei clone alexl (EF422067) 

.-'-'---...... l'riclwdesmiwn group 

L-_______ .~~vmploca sp. PCC 8002 (AY221816) 

Phonnidium sp. ADl (AF227927) 

L------;9l9955 L ____ Phormidium sp. (PSU73132) 

L-_____ Methylomonas rubra clone 23-4 (AF484673) 

f----------j 
0.05 
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!"N#!

1'B)&2!V<"L!/'M)+-,)+7!/)-*',('B%!-34+/-+1&2!8?%4(1%!&,!-.EL!:JJI^!U')2-+/&(!
&,!-.EL!:J"J;E!
! $%&! /)2,()34,)'+-.! B-,,&(+! '5! 1&..2! )+! ,%&! >?@9:<5)=! .)+&-7&! -+/! ,%&)(!
(-,&2! '5! 9:! 5)=-,)'+! -(&! -BB-(&+,.6! /()0&+! 36! /)55&(&+,! &+0)('+M&+,-.!
(&]4)(&M&+,2E! D5! ,%&! &+0)('+M&+,-.! 5-1,'(2! (&B'(,&/! )+! ,%&! .),&(-,4(&L!
,&MB&(-,4(&!2&&M2!,'!3&!'+&!'5!,%&!M-f'(!/()0&(2!)+!2%-B)+7!,%&!/)2,()34,)'+!
'5! ,%&! /)55&(&+,! 7('4B2! '5! /)-*',('B%)1! 16-+'3-1,&()-E! W)2,()34,)'+2! '5!
='35"10&62372! -(&!'5,&+!1'+2,(-)+&/!36!:J! <!:Y!g?! )2',%&(M2! 8?-B'+&!&,!-.EL!
"II`;L! A%&(&-2! /)-*',('B%2! )+! ,%&! >?@9:<5)=! .)+&-7&2! -(&! 5'4+/! )+! 1''.&(!
,&MB&(-,4(&2L!)+!.-(7&(!.-,),4/)+-.!7&'7(-B%)1!(-+7&2!8U')2-+/&(!&,!-.EL!:J"J;E!
K),%)+! ,%&! >?@9:<5)=! .)+&-7&L! >?@9<C! -+/! >?@9<_! -(&! (&B'(,&/! ,'! %-0&!
/)55&(&+,! 'B,)M4M! ,&MB&(-,4(&2! '5! :F! g?! -+/! :I! g?L! (&2B&1,)0&.6E! C.2'L! ,%&6!
%-0&! /)55&(&+,! 2B-,)-.! /)2,()34,)'+2L! A),%! >?@9<C! '114B6)+7! /&&B&(! 1''.&(!
A-,&(2! ,%-+! >?@9<_! 8U')2-+/&(! &,! -.EL! :J"J;E! C.,%'47%! ,%&6! %-0&! -! .'A&(!
'B,)M4M!,&MB&(-,4(&L!,%&!-34+/-+1&!'5!>?@9<C!A%)1%!1-+!3&!(&B(&2&+,&/!36!
,%&! (&.-,)0&! ]4-+,),6! '5! 43;<! 7&+&2! (&1'0&(&/! )+! ,%&! [N! \M! 5(-1,)'+!
8B(&24M-3.6! /'M)+-,&/! 36! >?@9<C! 3-2&/! '+! ,%&! M'.&14.-(! ,&1%+)]4&2!
&MB.'6&/! %&(&;! )2! B'2),)0&.6! .)+&-(.6! 1'((&.-,&/!A),%! ,&MB&(-,4(&! 8$-3.&! N;E!
K),%)+! ,%&! ,&MB&(-,4(&! (-+7&! '5! '4(! /-,-! 2&,! 8$-3.&! :;L! ,%)2! 1'((&.-,)'+! 5),2!
A),%! ,%&! )+1(&-2)+7!B-(,!'5! ,%&!+'+<.)+&-(! (&.-,)'+2%)B! 8B'.6+'M)-.;!3&,A&&+!
>?@9<C! -34+/-+1&! -+/! ,&MB&(-,4(&! (&B'(,&/! )+!U')2-+/&(! &,! -.E! 8:J"J;E! C!
+'+<.)+&-(! (&.-,)'+2%)B! 8B'.6+'M)-.;! 3&,A&&+! >?@9<C! -34+/-+1&! -+/!
,&MB&(-,4(&! %-2! 3&&+! /&21()3&/! A%&(&! )+1(&-2&2! )+! ,&MB&(-,4(&! )+),)-..6!
1'((&2B'+/! ,'! )+1(&-2&2! )+! '5! >?@9<C! -34+/-+1&L! 34,! '+.6! 4B! ,'! :F! g?E!
Q432&]4&+,! )+1(&-2&2! )+! ,&MB&(-,4(&! 1'((&2B'+/! ,'! -! /&1.)+&! )+! >?@9<C!
-34+/-+1&2! 8U')2-+/&(! &,! -.EL! :J"J;E! $%&! B%62)'.'7)1-.! 3-2)2! 5'(! ,%)2!
(&.-,)'+2%)B!+&&/2!54(,%&(!)+0&2,)7-,)'+E!!
! K&!-.2'!5'4+/!%&(&!,%-,!>?@9<C!-1,)0),6!89:!5)=-,)'+!(-,&2!'5!,%&![N!\M!
5(-1,)'+;! 1'((&.-,&2! B'2),)0&.6! A),%! ,&MB&(-,4(&! 8$-3.&! N;E! $%&(&! M-6! 3&!
4+e+'A+!/)-*',('B%2!1'+,()34,)+7!34,!+',!-2!B(&/'M)+-+,!-2!,%-,!'5!>?@9<CL!
A%)1%!-BB&-(&/! )+!YZ!'5! ,%&!1.'+&2! 2&]4&+1&/! )+!'5! (&B(&2&+,-,)0&! 2-MB.&2E!
>?@9<C! .-1e! ,%&!D:<B('/41)+7!B%','262,&M! SS! 1'MB.&=!'5! ,%&!B%','26+,%&,)1!
-BB-(-,42!8a&%(!&,!-.EL!:JJ#;L!A%)1%!&+-3.&2!,%&M!,'!5)=!9:!/4()+7!,%&!/-6E!S,!)2!
-.2'! 1'+2)2,&+,! ,%-,! ,%&6! 1-+! 5)=! 9:! )+! /-(e+&22L! )+/&B&+/&+,! '5! .)7%,!
-0-).-3).),6!-+/!/&B&+/&+,!'+!'(7-+)1!1-(3'+!5'(!,%&)(!M&,-3'.)2M!8$()BB!&,!-.EL!
:J"J;E! T'A&0&(L! ,%&! 1)(1-/)-+! (%6,%M! '5! 9:! 5)=-,)'+! '5! >?@9<C! (&M-)+2!
4+1.&-(!3&1-42&L!3-2&/!'+!43;<!&=B(&22)'+L!,%&6!&=%)3),!/)55&(&+,!/)&.!B-,,&(+2!
-,! /)55&(&+,! -(&-2! 8$4(e! &,! -.EL! :J"";E! Q-.)+),6L! .)e&! ,&MB&(-,4(&L! -.2'! 2%'A&/!
B'2),)0&!1'((&.-,)'+2!A),%!9:!5)=-,)'+!(-,&2!-+/!-34+/-+1&!'5!>?@9<C!1&..2!!



!
R)7E!`c!P&.-,)0&!1'+,()34,)'+!'5!,%&!/)55&(&+,!2)*&!5(-1,)'+2!,'!'0&(-..!9),('#:"<B'2),)0&!1&..2!5('M!$QC<RSQT!,&1%+)]4&!)+!2-MB.&2!5('M!,%&!24(5-1&L!-,!,%&!3',,'M!'5!,%&!
M)=&/!.-6&(!/&B,%2!8UVW;!-+/!)+!,%&!/&&B!1%.'('B%6..!M-=)M4M!8W?U;!/&B,%2!)+!,%&!,%(&&!.&72!'5!,%&!1(4)2&!8C;!?-B&!Q)..&)('L!8_;!?CS_Dj!7()/!-+/!8?;!?-B&!d%)(E!
$%&!%&)7%,2!'5!,%&!3-(2!-(&!,%&!,',-.!-34+/-+1&!'5!9),('#:"<B'2),)0&!1&..2E!
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8$-3.&! N;E! T'A&0&(L! ,%&2&! 1'((&.-,)'+2! M-6! 3&! /4&! ,'! 1'((&.-,)'+2! 3&,A&&+!
,&MB&(-,4(&! -+/! 2-.)+),6! 0-()-,)'+2! )+! 9'(,%! C,.-+,)1! A-,&(2! 8O'2,+'0! &,! -.EL!
:JJ`;! '(! -.,&(+-,)0&.6L! ,%&(&! )2! )+/&&/! -! B%62)'.'7)1-.! 3-2)2! 5'(! ,%&2&!
1'((&.-,)'+2!A%)1%!+&&/2!,'!3&!)+0&2,)7-,&/!54(,%&(E!
! D.)7',('B%)1! 1'+/),)'+2! -(&! 7&+&(-..6! (&]4)(&/! 5'(! ,%&! B('.)5&(-,)'+! '5!
='35"10&62372! 8?-B'+&! &,! -.EL! "II`;L! -+/! -0-).-3).),6! '5! 5)=&/! +),('7&+!
8-MM'+)4ML! 9DN<;! %-2! .'+7! 3&&+! (&1'7+)*&/! -2! -+! )+%)3),'(! '5! 9:! 5)=-,)'+!
8P-M'2!&,!-.EL!"I#Y^!U-(,l+<9)&,'!&,!-.EL!"II"^!Q-+*<C.5y(&*!-+/!?-MB'L!"IIF;E!
T'A&0&(L! ,%&! /'M)+-+,! 1'+,()34,)'+! '5! ,%&! ["J! \M! 5(-1,)'+! )+! ,%&!9DN<<()1%!
4BA&..)+7!(&7)'+2!2,4/)&/!8-+/!)+!B-(,)14.-(.6!)+!?-B&!d%)(;!8_&+-0)/&2!&,!-.EL!
:J"";! )2! 1'+2)2,&+,! A),%! (&B'(,2! )+! ',%&(! +4,()&+,<&+()1%&/! &2,4-()+&! -+/!
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Abstract 

 We used 15N-labeled substrates to measure dinitrogen (N2) fixation, 

nitrate (NO3
-) and ammonium (NH4

+) uptake, regeneration and associated 

dissolved organic nitrogen (DON) release in a coastal upwelling system (Cape 

Ghir, ~31ºN) and an open ocean grid (bounded between 25º– 42ºN and 20ºW) 

along the Canary Current region, during the summer of 2009. New production 

(Pnew = NO3
- uptake + N2 fixation + DON released from NO3

- uptake - NO3
- 

regeneration) was higher in the upwelling than in the open ocean zone (0.126 

and 0.014 µmol N L-1 h-1, respectively), while regenerated production (Preg = 

NH4
+ uptake + DON released from NH4

+ uptake + NH4
+ regeneration) was 

similar in both zones (0.157 and 0.133 µmol N L-1 h-1, respectively). The 

resulting f-ratio (Pnew/Pnew+Preg) for the open ocean and upwelling zones 

was 0.08 and 0.48, respectively. The availability of nitrogen in excess of that 

expected from Redfield stoichiometry is generally attributed to N2 fixation. A 

previous study indicated that our open ocean grid zone had an excess nitrogen 

production rate of 40 ± 22 × 1010 mol N y–1. We revisited this budget including 

new dissolved organic matter and NO3
- fluxes through the Strait of Gibraltar 

and estimated a new nitrogen excess rate of 22 ± 19 × 1010 mol N y–1. The 

average volumetric rate of N2 fixation for this zone was only to 1.3 × 10–3 nmol 

N L–1 d–1, indicating that its influence in Pnew and nitrogen excess production 

in this part of the Atlantic is negligible. 

 

 

Introduction 

 One of the greatest current challenges for oceanographers is to balance 

the oceanic nitrogen budget. At present, it is estimated that nitrogen losses 

exceed global nitrogen fixation in the upper water column by ~14 × 1012 mol N 

y–1 (Codispoti, 2007). Massive combined nitrogen losses through 

denitrification and anammox in sediments and oxygen minimum zones of the 

eastern tropical Pacific Ocean push the global budget towards net loss 

(Deutsch et al., 2001), although the opposite may be found in other basins. In 

the North Atlantic Ocean, where pelagic denitrification is thought to be 

negligible (Hansell et al., 2007), excess fixed nitrogen -calculated under the 

assumption of a Redfieldian nitrogen to phosphorus (N:P) molar ratio of 16- 

has been repeatedly observed with varying rates: 0.15 – 0.46 × 1012 mol N y–1, 

0.8 × 1012 mol N y–1, 2 × 1012 mol N y–1, and 2 – 9 × 1012 mol N y-1 by Hansell et 

al. (2004; 2007), Gruber and Sarmiento (1997), and Capone et al. (2005), 

respectively. 
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 Dinitrogen (N2) fixation is a biologically mediated process that reduces 

N2 to ammonium via the nitrogenase enzyme complex, carried by several 

species of cyanobacteria, bacteria and some Archaea (Riemann et al., 2010). N2 

fixation uses phosphate (PO4
3-), but not combined inorganic nitrogen, resulting 

in a non–Redfieldian process that consumes inorganic nutrient salts with a N:P 

<16, leaving a signal of excess nitrogen mineralization (a ‘nitrogen anomaly’) in 

the 70–700 m layer of the North Atlantic Ocean (Mahaffey et al., 2005). 

 The excess nitrogen production rates are generally attributed to N2 

fixation, and are usually calculated using geochemical approaches. These 

involve the use of nitrate (NO3
-) and PO4

3- concentrations to calculate the 

excess nitrogen concentration over phosphorus as compared with the expected 

Redfield ratio of N:P = 16:1 (the N* parameter; Gruber and Sarmiento, 1997; 

Hansell et al. 2004; 2007). This parameter measures net N2 fixation, i.e. the 

resulting excess or deficit of NO3
- resulting from the difference between 

denitrification and N2 fixation.  

 Excess nitrogen production can also be estimated using biological 

approaches, which include the direct measurement of biological N2 fixation 

rates using the acetylene reduction assay (ARA; Stal, 1988) or the stable 

isotope 15N (Montoya et al., 1996; Mohr et al., 2010). Geochemically estimated 

rates usually exceed biologically estimated rates by an order of magnitude 

(Mahaffey et al., 2005). This discrepancy among methods impedes global 

oceanic nitrogen balancing based on the available data. There are a number of 

reasons why such differences exist between methods. While geochemical 

methods attempt to measure N2 fixation rates in large oceanic areas (e.g. basin 

scale) and large periods of time (e.g. years), biological methods are based on 

bioassays performed on small volumes (usually from a few mL to 5 L), and 

short periods of time (up to 24 h). There is also a lag of time and space between 

the biological process and its geochemical signature. The high N:P organic 

matter produced by N2 fixation in the epipelagic layer sinks to the mesopelagic 

layer where it is remineralized. Nitrogen anomalies are maximum in the 

thermocline and travel away from the area where N2 fixation occurs along 

isopycnal surfaces, making gradients in nitrogen excess the only way to localize 

the production areas (Mahaffey et al., 2005). Moreover, Redfield stoichiometry 

is generally assumed in these geochemical calculations (C:N:P = 106:16:1), 

while in practice particulate organic matter (POM), and especially dissolved 

organic matter (DOM), can often have C:N:P ratios well over Redfield (e.g. Vidal 

et al., 1999; Doval et al., 2001; Hopkinson and Vallino, 2005). Although new 

methodological improvements may bring geochemical and biological rates 

closer in the future (Mohr et al., 2010; Großkopf et al., 2012), the nitrogen 

anomaly found in the North Atlantic Ocean remains unexplained to date. 
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 In the eastern subtropical North Atlantic, Álvarez and Álvarez-Salgado 

(2007) calculated an excess of 40 ± 22 × 1010 mol N y–1 for the region bounded 

by 25º–42ºN and 20ºW. These authors tentatively attributed this excess to N2 

fixation, but the lack of in situ measurements in the area could not confirm it by 

that time. The aim of this paper is to verify if the quantified excess nitrogen 

could be supported by N2 fixation and to assess the role of N2 fixation in 

nitrogen cycling in this area during the summer, when N2 fixation rates are 

presumably maxima due to the higher temperatures. With this purpose, we 

measured NO3
- and ammonium (NH4

+) uptake and regeneration, and the 

associated dissolved organic nitrogen (DON) release in the upper water 

column of this study area, and compared it to the N2 fixation measurements 

reported in Benavides et al. (2011) for the same cruise. 

 

 

Materials and methods 

Sampling and hydrographic measurements   

 Sampling was performed from 25 July to 5 September 2009 during the 

‘Shelf−Ocean Exchanges in the Canaries−Iberian Large Marine Ecosystem’ 

(CAIBEX) cruises, onboard R/V Sarmiento de Gamboa. A total of 73 stations 

were sampled in an open-ocean grid which covered the area between the 

northwest (NW) Iberian Peninsula and the Canary Islands, drawing a box 

enclosed by the 20ºN meridian (the ‘CAIBOX’ grid; Fig. 1a). In 17 of the stations 

(white dots in Figure 1a), samples for inorganic nutrients, dissolved organic 

carbon (DOC), and total dissolved nitrogen (TDN) analyses were taken at 15 

levels, from surface to bottom. In these 17 stations, samples for the 

determination of N2 fixation rates were only collected at the surface (5 m). At 

even stations of the open-ocean grid (Fig. 1a, stations X2, X4, X6, X8, X10, X12 

and X16) samples for the determination of nitrogen uptake and regeneration 

and DON release rates were taken a two selected depths: surface (5 m) and the 

deep chlorophyll maximum (DCM). In addition, inorganic nutrients, DOC, TDN 

and nitrogen metabolic rates were also measured in another 8 stations in the 

upwelling region off Cape Ghir, in the NW coast of Africa (Fig. 1b). Hereafter, 

these two areas will be operationally referred to as ‘non upwelling’ and 

‘upwelling’-affected, respectively.  

 At each station, temperature, salinity and photosynthetically active 

radiance (PAR) data were recorded by means of a SBE 911 plus CTD, equipped 

with a Sea-Tech fluorometer and Li-Cor PAR sensor. Temperature and salinity 

were also obtained by means of a Seasoar towed undulating system (Chelsea 
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Technologies Group), fitted with a SBE 911 CTD. The Seasoar was towed over 

the study area performing six transects parallel to the coast, and undulating 

between 10 and 400 m depth. The near-surface (~5 m) temperature and 

salinity data were obtained from the flow-through system of the ship by means 

of a SBE 21 Seacat Thermosalinograph. 

 

Dissolved inorganic and organic nitrogen and carbon analyses 

 Seawater was collected using 12 L Niskin bottles mounted on a General 

Oceanics rosette sampler. In the non upwelling-affected stations, samples for 

inorganic nutrient analyses were drawn into 50 mL polyethylene containers 

(VWR) and immediately analyzed on-board using a Prescop Alpkem 

autoanalyzer with detection limits of 0.05 μM, for NO3
– and Si(OH)4, and 0.02 

µM for NO2
– and HPO4

2–. In the upwelling-affected stations, samples were 

recovered in 15 mL polyethylene tubes (VWR) and stored frozen at –20ºC. 

These samples were analyzed in the land-based laboratory using an AA3 

Bran+Luebbe autoanalyzer with detection limits of 0.01 and 0.03 μM for NO3
– 

and NO2
–, respectively. Samples for the determination of the NH4

+ 

concentration in the surface (5 m) and DCM depth were directly sampled from 

the rosette into 100 mL borosilicate bottles (Duran Schott) and measured on 

board with a Perkin-Elmer LS55 spectrofluorometer following the method by 

Holmes et al. (1999). The detection limit for this method is 5 nM.  

 Samples for DOC and TDN analyses in the upper 150 m were filtered 

through Whatman GF/F filters in an acid-cleaned all-glass filtration system 

under positive pressure of high purity N2. The filtrate was collected in 10 mL 

precombusted (450ºC, 6 h.) glass ampoules. Samples from below 150 m were 

directly collected in the glass ampoules. After acidification to pH< 2 with 

phosphoric acid, the ampoules were flame-sealed and stored in the dark at 4ºC 

until analysis. They were measured with a nitrogen-specific Antek 7020 nitric 

oxide chemiluminescence detector coupled in series with the carbon-specific 

infrared gas analyzer of a Shimadzu TOC–5000 organic carbon analyzer 

(Álvarez–Salgado and Miller, 1998). The measurement error was ± 0.7 µM for 

carbon and ± 0.3 µM for nitrogen. Their respective accuracies were tested with 

the reference materials provided by Prof. D.A. Hansell (Univ. of Miami), which 

were run once per day just after calibration with a mixed standard of 

potassium hydrogen phthalate and glycine. DON was obtained by subtracting 

NO3
–, NO2

– and NH4
+ (when available) from TDN. 
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Fig. 1: Maps of stations sampled. (a) The non upwelling-affected area, sampled from 25 July to 14 

August 2009. The dashed line indicates the approximate position of the Azores Front (AF) during 

the cruise. White dots indicate stations where dissolved inorganic and organic nitrogen 

concentrations were measured. (b) The upwelling-affected area, sampled from 16 August to 5 

September 2009. 

Nitrogen uptake, nitrogen regeneration and DON release 

 NO3
- and NH4

+ uptake, regeneration and associated release as DON was 

measured at the surface (5 m) and DCM depth of stations X2, X4, X6, X8, X10, 

X12, X14 and X16 in the non upwelling-affected area (Fig. 1a), and at all 

stations of the upwelling-affected area (Fig. 1b). For 15N experiments, water 

was directly transferred from the Niskin bottles to 2 L transparent 

polycarbonate bottles (Nalgene) in duplicate. 15N-labeled substrate was added 

AF 

a) CAIBOX 

b) Cape Ghir 
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to the bottles as 1 mL of 15KNO3 (200 μM; 99 at.%), or 1 mL of 15NH4Cl (20 μM; 

99 at.%) (Sigma-Aldrich). For the non upwelling-affected stations, isotope 

enrichments were on average 22 and 27% for NO3
– and NH4

+, respectively. In 

the case of the upwelling-affected stations, average enrichments were 5 and 

56% for NO3
– and NH4

+, respectively. 

 Replicate bottles were immediately filtered after inoculation of the 

labeled substrates to obtain the initial 15N enrichment of samples. The other set 

of replicate bottles were equally inoculated and placed in on-deck incident 

light-calibrated containers cooled with surface seawater for 3–4 h. A hand 

light-meter (Biospherical Instruments) and neutral density filters (Lee filters) 

were used to mimic the light levels measured on PAR profiles at each station. 

After the incubation period, the samples were gently filtered through 

precombusted GF/F filters (vacuum pressure <100 mm Hg), wrapped in 

precombusted aluminium foil and stored at –20ºC. The uptake of NO3
– was 

calculated according to the equations in Dugdale and Wilkerson (1986). NH4
+ 

uptake rates were corrected for isotopic dilution as indicated by Glibert et al. 

(1982). Wherever under detection limit NH4
+ concentrations were observed, 

values were substituted by the detection limit of the method (i.e. 5 nM), 

resulting in 50% enrichments, which can be considered as the threshold 

between real and potential uptake rates (Fernández et al., 2009).  

 The filtrates were kept to analyze final NO3
–, NO2

–, NH4
+ and DON 

concentrations (see above), and the 15N-enrichment of the final NO3
–, NH4

+ and 

DON pools using the protocol proposed by Slawyk and Raimbault (1995). For 

the latter, 80 mL of filtrate were stored in 100 mL borosilicate flasks (Duran 

Schott) and poisoned with 1% HgCl2 (Sigma-Aldrich) to interrupt any 

microbial activity. The extraction protocol consists of three steps: (1) NO3
– and 

NO2
– are reduced and stripped off together with initial NH4

+ as ammonium 

sulfate, (2) oxidation of the remaining dissolved nitrogen (i.e. the DON pool) to 

NO3
– by persulfate oxidation (Valderrama, 1981), and (3) repetition of step (1) 

to strip off DON as ammonium sulfate. From the samples incubated with 15NO3
–, 

rates of NO3
– uptake and DON release from NO3

– are obtained. From the 

samples incubated with 15NH4
+, rates of NH4

+ uptake, NO3
– regeneration, NH4

+ 

regeneration and DON release from NH4
+ are obtained. Nitrogen regeneration 

rates (NO3
– and NH4

+) were calculated by applying the equations in Fernández 

and Raimbault (2007). DON release rates from NO3
– and NH4

+ uptaken by 

microorganisms were calculated with the equations in Slawyk et al. (1998). 

 N2 fixation was assayed only in the surface (~5 m) depth as outlined in 

Benavides et al. (2011), at stations X1 to X17 in the non upwelling-affected 

area, and at all stations in the upwelling-affected area. Briefly, seawater was 

transferred to 1 L transparent polycarbonate bottles (Nalgene). The bottles 
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were filled to overflow using silicone tubing and preventing the introduction of 

air bubbles. Then they were sealed with septum screw caps before 2 mL of 
15N2-gas (99 at.%; Tracer Tec) were injected through the septum using a gas-

tight syringe (Hamilton). The pressure across the septum was equilibrated by 

allowing the excess air to escape through a sterile syringe tip piercing the 

septum at the same time as the 15N2-gas was being injected. Finally, the bottles 

were placed in the on-deck incubator for 24 h. After the incubation, samples 

were filtered through precombusted GF/Fs (vacuum pressure <100 mm Hg), 

wrapped in precombusted aluminium foil and stored at –20ºC until analysis. N2 

fixation rates were calculated after Montoya et al. (1996). 

 The concentration of particulate organic nitrogen (PON) and the isotopic 

ratio (15N/14N) of samples was obtained by means of a Thermo Flash 1112 

elemental analyzer interfaced by a Conflo III with a Thermo Delta V Advantage 

isotope ratio mass spectrometer (IRMS). 

 

 

Results 

Hydrography 

 Sections of temperature and salinity in the upper 200 m of the open 

ocean transect (non upwelling-affected area, Fig. 1a) are shown in Fig. 2. 

Temperature increased southwards along the transect (Fig. 2a). A sharp 

thermocline was observed in the northern part of the transect (stations X2 to 

X6, Fig. 1a), where temperatures of 19–20ºC were measured in the upper 40 m, 

then decreasing to 15–17ºC at 50–60 m depth. The Azores Front was located 

slightly north of station X8 and can be clearly identified by the tilting in the 

isotherms. South of the Azores Front, the entire water column warmed up and 

temperatures > 19ºC were observed down to ~80 m depth. This pattern was 

only disrupted after station X16, when reaching the coastal transition zone 

(CTZ) between the NW African upwelling ecosystem and the Canary Islands 

(Fig. 1b). Salinity mimics the structure of temperature in the upper 200 m of 

the open ocean transect (Fig. 2b). In the northern part of this transect, salinity 

decreased sharply from 38 to ~36.5 in the upper ~60 m depth. The Azores 

Front was also easily depicted by the tilting isohalines observed near to station 

X8. South of the Azores Front, the isohalines deepened (38 at ~100 m depth) 

and a stratified area was observed from stations X8 to X16. Stratification 

disruption associated with the CTZ was also observed in the isohalines (Fig. 

2b). 
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Fig.2: (a) Temperature and (b) salinity sections from the non upwelling-affected area. The position 

of the stations sampled is displayed over the upper x-axis of (a). 

 

 

Surface and 50 m temperature and salinity distributions from the upwelling-

affected area are shown in Fig. 3. We chose to represent temperature and 

salinity at 50 m because it is representative of the DCM at most stations 

sampled in this area (Table 1). From the distribution of temperature and 

salinity at 5 m we see that an upwelling filament extended up to ~11.5ºN, 

which is >150 km offshore. A tongue of cold upwelled water (16–18ºC) and 

associated low salinity (~36.2) extended over the shelf from the northern part 

of the NW African coast and the sampled stations. The coldest SST values 

(<17ºC) were detected at ~31ºN (Fig. 3a). An area of warmer (20-21ºC) and 

saltier water (36.5–36.6) was observed leeward of the upwelling-affected 

stations, over the bay of Agadir (Morocco).
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Figure 3: Temperature and salinity at the surface (~5 m) and 50 m from the upwelling-affected 

area. Black dots represent stations where 15N experiments were preformed. Surface temperature 

(a), and salinity (b) were obtained from thermosalinograph data (white line). Temperature and 

salinity at 50 m (figures c and d, respectively) were obtained by the combination of CTD casts 

(white circles) and Seasoar measurements (white squares). 

 

At 50 m depth, the filament decreased in width. The coldest temperatures 

(15ºC) were observed near the coast leeward of the upwelling-affected stations. 

Stations G12, G17 and G22 were clearly situated over the path of the filament, 

were temperatures at 50 m depth ranged from 17 to 17.5ºC. Station GT2 was 

situated at the edge of the filament, and stations G40, G44 and G48 at its tip-

end, where higher temperatures (17.5 to 18ºC) were measured. 

 

NO3–, NH4+, DON and DOC distributions 

 In situ surface NO3
– concentrations were generally <1 µM at all the 

stations sampled in both study areas with few exceptions (Table 1). These 

surface concentrations were fairly stable along the non upwelling-affected 

stations (at ~0.1 µM), being somewhat more variable at the DCM. Peaks of NO3
– 

were measured in the upwelling-affected area associated with the coastal 

upwelling (station GM2), and stations over the upwelling filament (G17 and 

G44). In the non upwelling-affected area, DCM NO3
– concentrations equaled 

those of the surface at most stations, while in the upwelling-affected area 
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increases of up to 1 µM were observed with respect to surface values. NH4
+ 

concentrations were under the detection limit at several stations (indicated as 

n/d in Table 1). Where detectable, NH4
+ concentrations were <50 nM in most 

cases, being somewhat higher north of the Azores Front (stations X2 to X8). 

NH4
+ concentrations at the DCM were generally higher than at the surface. 

 DON concentrations were very stable along the non upwelling-affected 

stations’ transect, generally ranging from 5.0 to 6.5 µM, except at station X4, 

where anomalously high concentrations of 7–9 µM were recorded. Generally, 

DON concentrations were higher at the surface than at the DCM, although 

stations X14 and X16 were an exception. DOC concentrations ranged from ~50 

to 80 µM. The influence of the Azores Front was again noted in surface DOC 

concentrations. The largest values were found in the area affected by the front 

(stations X8 - X10) and then decreased towards the NW African coast. This 

effect was not observed at the DCM. DOC concentrations at the DCM remained 

stable along the non upwelling-affected area with the exception of station X14. 

In the upwelling-affected area, DON concentrations were much more variable. 

Surface concentrations averaged ~7 µM, but a peak > 9 µM was observed at the 

most offshore station (G48). At the DCM, the concentrations were also variable 

and a peak >10 µM was observed at station G40. DOC concentrations were 

lower in the upwelling-affected area than in the non upwelling-affected area, 

ranging from ~50 to 60 µM. Surface DOC concentrations tended to increase 

from the coast to the open ocean, while DCM values remained ~54 µM, with the 

exception of two peaks of ~63 µM at stations GM2 and G17. 

 

Nitrogen uptake, regeneration and release 

 Surface and DCM NO3
– uptake, NH4

+ uptake, NO3
– regeneration, NH4

+ 

regeneration, DON release from uptaken NO3
– and NH4

+, N2 fixation, and the 

associated new and regenerated production rates (Pnew and Preg, 

respectively) were averaged for the non upwelling-affected and upwelling-

affected areas (Table 2). Note that N2 fixation rates are only available for the 

surface. NO3
– uptake was two orders of magnitude lower than NH4

+ uptake in 

the non upwelling-affected area, while these were similar in the upwelling-

affected area (Table 2). The regeneration of NO3
– was low in the non upwelling-

affected area and not detectable in the upwelling-affected area. NH4
+ 

regeneration was one order of magnitude lower than NH4
+ uptake in the non 

upwelling-affected area, and two orders of magnitude lower in the upwelling-

affected area. DON release from NO3
– was similar in both areas, while DON 

release from NH4
+ was one order of magnitude greater in the upwelling-

affected area than in the non upwelling-affected area. N2 fixation was very low 

in both areas, being somewhat higher in the upwelling-affected area. 
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 Pnew was corrected by adding N2 fixation -as another source of new 

nitrogen-, and by subtracting NO3
– regeneration -a source of regenerated 

nitrogen- (Raimbault and Garcia, 2008). Preg was corrected by adding NH4
+ 

regeneration to NH4
+ uptake. DON released from NO3

- or NH4
+ uptake was 

added to Pnew and Preg, respectively (considering the ‘loss’ of inorganic 

nitrogen to the DON pool; Raimbault and Garcia, 2008). Thus, the f-ratio was 

calculated as follows: f-ratio = (NO3
– uptake + DON release from NO3

–  + N2 

fixation – NO3
– regeneration) / (NO3

– uptake + N2 fixation – NO3
– regeneration + 

NH4
+ uptake + DON release from NH4

+ + NH4
+ regeneration). The NO3

– 

regeneration rates measured were low or undetectable in the two sampled 

areas, so its effect in reducing Pnew was minimal. Similarly, N2 fixation rates 

were several orders of magnitude lower than NO3
– uptake, therefore N2 fixation 

usually contributed <1% to Pnew (Table 2). Pnew was much greater than Preg 

in the upwelling affected area, while they were similar in the non upwelling-

affected area. Accordingly, the f-ratio was very low in the non upwelling-

affected oligotrophic waters (0.08), and higher (0.48) in the upwelling area 

(Table 2). 

 If we consider gross NO3
– and gross NH4

+ uptake as NO3
– uptake plus 

DON release from NO3
–, and NH4

+ uptake released from NH4
+ (Bronk et al., 

1994), we find that DON release from NO3
– is more important in the non 

upwelling-affected area, while DON release from NH4
+ is more important in the 

upwelling-affected area (Table 3). Nevertheless, the variability was very high 

(note high standard deviation values in Table 3). 

 

 

Discussion 

 

Uptake and regeneration of NO3- and NH4+ and associated DON 

release in open ocean and upwelling zones 

 It is generally assumed that primary production in upwelling systems is 

mainly supported by NO3
- (‘new nitrogen’), which is regenerated at the base of 

the euphotic zone and reaches the photic layer through upward diffusive fluxes. 

Instead, productivity in open ocean oligotrophic ecosystems is thought to rely 

on NH4
+ (‘regenerated nitrogen’) due to the year-round persistence of a strong 

thermocline that prevents nutrient-rich deep waters to reach the photic layer 

(Dugdale and Goering, 1967). The f-ratio quantifies the contribution of Pnew to 

total production (Pnew + Preg) (Eppley and Peterson, 1979).



Table 1: Position of the mixed layer depth (MLD) and the deep chlorophyll maximum (DCM) at the stations sampled in the non upwelling-affected and upwelling-

affected areas. In situ concentrations (previous to incubations with added 15NH4+ or 15NO3–) of nitrate (NO3–), ammonium (NH4+), dissolved organic nitrogen (DON) 

and dissolved organic carbon (DOC) (all in µM) at the surface and at the DCM of all the stations sampled. Under detection limit NH4+ concentrations are depicted as 

n/d (not detectable). 

Area Station 
Latitude 

(ºN) 
Longitude 

(ºN) 
MLD 
(m) 

DCM 
(m) 

Surface 
NO3

– (µM) 
DCM NO3– 

(µM) 
Surface 

NH4
+ (µM) 

DCM 
NH4

+ 
(µM) 

Surface 
DON (µM) 

DCM 
DON 
(µM) 

Surface 
DOC 
(µM) 

DCM 
DOC 
(µM) 

N
o

n
 u

p
w

el
li

n
g-

af
fe

ct
ed

 

X2 41.50 10.58 40 60 0.13 0.12 – 0.117 6.5 5.8 68.8 63.0 

X4 41.50 15.29 30 67 0.09 0.09 0.064 0.070 8.6 6.9 73.6 65.4 

X6 41.44 19.26 38 55 0.15 0.05 0.157 0.179 6.1 5.3 71.4 63.4 

X8 37.98 20.01 25 80 0.14 0.14 0.013 0.087 – – 78.7 63.0 

X10 34.99 19.97 40 80 0.08 0.08 n/d 0.028 6.6 5.6 79.1 67.3 

X12 31.50 20.00 45 105 0.13 0.11 0.020 0.015 6.2 6.1 70.2 61.2 

X14 29.85 19.19 45 90 0.17 0.18 n/d 0.019 5.6 6.2 64.9 74.5 

X16 29.25 15.93 50 110 0.05 0.05 n/d 0.012 5.0 5.8 68.4 61.4 

U
p

w
el

li
n

g-
af

fe
ct

ed
 

GM2 31.00 10.01 15 25 3.00 2.77 n/d n/d – – 62.56 59.34 

G12 30.74 10.65 15 30 0.61 1.95 n/d 0.009 6.88 3.73 – – 

G17 30.90 10.80 20 40 1.35 2.20 0.002 0.072 6.91 6.53 54.14 62.75 

G22 31.00 10.91 25 40 0.38 1.56 0.015 0.305 6.74 – 49.18 53.08 

GT2 31.11 10.60 25 45 0.82 0.93 n/d n/d 5.47 – 56.99 62.68 

G40 31.01 11.31 30 48 0.55 1.65 n/d n/d 7.22 10.44 55.08 53.91 

G44 30.95 11.40 28 43 1.50 0.38 n/d 0.021 6.18 7.44 59.32 53.51 

G48 30.89 11.45 27 50 0.76 1.46 0.007 n/d 9.46 3.45 60.05 53.95 



 

 

 

Table 2: Average and standard deviation (± SD) values of NO3– and NH4+ uptake and regeneration, and dissolved organic nitrogen (DON) release derived from NO3– 

uptake (DON-NO3–) and from NH4+ uptake (DON-NH4+), and N2 fixation, all in µmol L–1 h–1. All values are average measurements made at the surface (5 m) and at the 

deep chlorophyll maximum (DCM), except for N2 fixation, which was only measured at the surface. NO3– regeneration was not detectable (n/d) in the upwelling-

affected stations. 

 
NO3– uptake NH4+ uptake 

NO3
– 

regeneration 

NH4
+ 

regeneration 

DON-NO3
– 

release 

DON-NH4
+ 

release 
N2 fixation Pnew Preg f-ratio 

Non upwelling-

affected 
0.008 ± 0.007 0.143 ±0.187 0.002 ± 0.002 0.012 ± 0.013 0.008 ± 0.486 0.001 ± 0.002 

1.3 ± 0.7 

x10–6 
0.014 0.157 0.084 

Upwelling 

affected 
0.122 ± 0.086 0.105 ± 0.078 n/d 0.008 ± 0.023 0.004 ± 0.006 0.020 ± 0.033 5 ± 5 x10–6 0.126 0.133 0.487 
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Table 3: Percentage DON release contribution to gross NO3
– and NH4

+ uptake in non upwelling-

affected and upwelling-affected areas. 

Area 

DON release from 

NO3
– contribution to 

gross NO3– uptake 

(%) 

DON release from NH4
+ 

contribution to gross NH4
+ 

uptake (%) 

Non upwelling-affected 26.48 ± 30.41 2.21 ± 3.18 

Upwelling-affected 2.59 ± 2.67 14.16 ± 13 

 

 

Upwelling systems are expected to have high f-ratios, while oligotrophic 

systems usually present low f-ratios. Nevertheless, the recent inclusion of N2 

fixation, NH4
+ and NO3

- regeneration and DON release rates in the computation 

of f-ratios has shown that Pnew is generally overestimated when nitrification 

is not taken into account, while Preg is generally underestimated when NH4
+ 

regeneration is not taken into account (e.g. Fernández and Raimbault, 2007), 

while gross NO3
- and NH4

+ uptake rates are underestimated if the associated 

DON released is not accounted for (e.g. Bronk et al., 1994). In this study, all the 

above-mentioned fluxes have been included in the calculation of Pnew, Preg 

and f-ratios, enhancing the robustness of our results. 

 The NO3
- uptake rates in the upwelling-affected zone were in the range 

of those observed in the upwelling systems off California (0.1 - 0.55 µmol N L-1 

h-1; Dugdale et al., 2006), and off Peru (0.11 - 0.14 µmol N L-1 h-1; Blasco et al., 

1984), although more recently, rates one to two orders of magnitude lower 

(0.003 - 0.02 µmol N L-1 h-1) have been reported for the Peruvian and Chilean 

upwelling systems (Raimbault and Garcia, 2008; Fernández et al., 2009). While 

these authors observed considerably high NO3
- regeneration (nitrification) 

rates in the surface waters of the South Pacific Ocean upwelling systems (0.125 

× 10-3 - 0.001 µmol N L-1 h-1), this flux was not detectable during our study in 

the coastal upwelling off Cape Ghir. In the non-upwelling affected zone 

(CAIBOX), NO3
- uptake and regeneration rates were similar to that observed in 

a study in the same longitudinal range, but slightly to the north (between ~38 

and 45ºN) by Fernández and Raimbault (2007), but one to two orders of 

magnitude higher than previously observed off the coast of Portugal in an area 

included in our CAIBOX (Slawyk et al., 1997). 

 Generally, we observed that our NH4
+ uptake rates were considerably 

higher than reported in other studies. For example, Fernández et al. (2009) 

measured NH4
+ uptake rates ranging from 0.59 × 10-3 to 0.006 µmol N L-1 h-1 

off the Peruvian upwelling system, and Raimbault and Garcia (2008) measured 
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a maximum of maximum 0.02 µmol N L-1 h-1 off the Chilean upwelling system. 

In an open ocean area of the North Atlantic, Fernández and Raimbault (2007) 

measured NH4
+ uptake rates up to ~0.01 µmol N L-1 h-1. All these rates are two 

to three orders of magnitude lower than our NH4
+ uptake rates measured in 

the upwelling-affected and non upwelling-affected areas (Table 2). However, it 

should be noted that the standard deviation values of our NH4
+ uptake rates 

were considerably high (Table 2), and that non-detectable NH4
+ concentrations 

where substituted by 5 nM (the detection limit of the method used; Holmes et 

al., 1999), and therefore those rates can be considered as ‘potential’ NH4
+ 

uptake rates (Fernández et al., 2009), potentially overestimating the Preg rates 

obtained here. 

 The NH4
+ regeneration rates measured in this study fall within the range 

observed in other upwelling and open ocean areas. For example, Fernández et 

al. (2009) measured NH4
+ regeneration rates ranging from 0.006 to 0.02 µmol 

N L-1 h-1 off the coast of Peru, and our rates are also in the range of those 

observed in an upwelling-affected area off the Galician coast (maximum 0.03 

µmol N L-1 h-1; Varela et al., 2003). Similarly, the rates of NH4
+ regeneration 

observed in the non upwelling-affected area are in the range of those observed 

in the North Atlantic by Fernández and Raimbault (2007) (up to ~0.02 µmol N 

L-1 h-1). 

 In our study, Preg rates were similar in the upwelling-affected and non 

upwelling-affected zones, corroborating the importance of nitrogen 

regeneration in sustaining primary production (e.g. Fernández and Raimbault, 

2007; Clark et al., 2011; Fernández and Farías, 2012). As previously mentioned, 

open ocean oligotrophic zones are expected to have higher Preg rates than 

coastal upwelling zones, a pattern typically related to nutrient availability and 

the related planktonic community structure: picoplankton dominates in 

oligotrophic areas (e.g. Zubkov et al., 2000), while autotrophic microplankton 

such as diatoms usually dominate in active upwelling systems (e.g. Hutchings 

et al., 1995). In contrast, pico- and nanoplanktonic cells predominate the NW 

Iberian and NW African upwelling systems, whereas diatoms only thrive 

during upwelling pulses (Espinoza-González et al., 2012; Anabalón et al., in 

prep.). In a study performed in the same time of the year, Baltar et al. (2009b) 

found high abundances of heterotrophic prokaryotes in an area where the 

upwelling filament stretching off Cape Jubi (south of Cape Ghir, off the NW 

African coast) interacts with the oligotrophic open ocean waters. Similarly, 

Raimbault and Garcia (2008) observed high NH4
+ regeneration rates in the 

upwelling off Chile, associated with the high abundance of heterotrophic 

plankton. Another piece of evidence is the increasing surface DOC 

concentrations observed as we move offshore (Table 1), which indicate an 

enhancement of microbial loop processes, as previously seen in the coastal 
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upwelling zone off Cape Ghir García-Muñoz et al. (2005). 

 The DON release rates observed in our study were in the order of those 

previously measured by Varela et al. (2003) off the Spanish Atlantic coast, but 

usually an order of magnitude higher than those observed in other oceanic 

zones (see Table 8.9. in Bronk and Steinberg, 2008). If we consider gross 

nitrogen uptake as net nitrogen uptake (nitrogen incorporated into biomass) 

plus nitrogen ‘lost’ as DON, we can calculate the percentage contribution of 

DON release to gross nitrogen uptake (Bronk et al., 1994). The percentage 

contributions of DON release to gross NO3
- and gross NH4

+ uptake observed 

(Table 3) were in the range of those previously measured in the Atlantic 

(Varela et al., 2005). DON release derived from NO3
- predominated in non 

upwelling-affected zone, while DON released from NH4
+ predominated in the 

upwelling-affected zone (Table 2). This discrepancy between open ocean and 

coastal zones has been observed in a range of studies (reviewed by Bronk and 

Steinberg, 2008). 

 

Contribution of N2 fixation to Pnew and nitrogen excess 

 The exclusion of N2 fixation rates as a source of Pnew can significantly 

underestimate the f-ratio (Raimbault and Garcia, 2008). N2 fixation has been 

estimated to fuel up to 50% of primary production in oligotrophic oceanic 

areas (Capone et al., 2005). This was not the case in this study, where the 

contribution of N2 fixation to Pnew was negligible (<1% in all cases). Similarly, 

Raimbault and Garcia (2008) did not find a significant contribution of N2 

fixation to Pnew in the upwelling system off Chile. Benavides et al. (2011) 

measured gross and net N2 fixation as derived from the acetylene reduction 

assay and the uptake of 15N2, respectively. The difference between these two 

measurements is a good proxy for dissolved nitrogen release (Gallon et al., 

2002). In the CAIBEX cruises, an average of ~60% of the N2 fixed was ‘lost’ as 

dissolved nitrogen (Benavides et al., 2011). Even if a 60% increase is applied to 

all N2 fixation rates, their contribution to Pnew is still <1%. Mouriño-Carballido 

et al. (2011) compared N2 fixation and NO3
– diffusion from 16ºN to 31ºS over 

central longitudes of the Atlantic. They found that, in the subtropical North 

Atlantic (~16ºN–9ºN), N2 fixation only contributed 2% to Pnew. 

 N2 fixation rates in our study area are likely affected by wind and coastal 

upwelling intensity, which are more intense in the summer off NW Iberia, but 

remain more constant throughout the year off NW Africa (Arístegui et al., 

2009). Coastal upwelling provides high NO3
– concentrations, which raise Pnew 

rates (see the average NO3
– uptake and Pnew rates for the upwelling-affected 

area in Table 2). We must note that the measurements presented here 
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correspond to the summer, when the upwelling intensity is maximum off Cape 

Ghir (Arístegui et al., 2009).  

 It should be also noted that the N2 fixation rates presented are likely 

underestimated according to recent improvements of the 15N2 method. N2 

fixation rates measured using 15N2 bubble injections gives rates 50 to 570% 

times lower than when 15N2 is added dissolved in sample seawater (Mohr et al., 

2010; Großkopf et al. 2012), so a general increase of basin-scale N2 fixation 

rates in the North Atlantic is expectable when the new method is applied in 

different locations.  

 As previously mentioned, Álvarez and Álvarez-Salgado (2007) estimated 

a net nitrogen excess accumulation rate of 40 ± 22 × 1010 mol N y–1 or 658 ± 

354 µmol N m–2 d–1 with a geochemical box model, which they hypothesized 

should be due to N2 fixation after discounting other possible sources. This 

contrasts with the low average N2 fixation rate measured in this study. 

Considering an average mixed layer depth of 100 m, the resulting volumetric 

rate of 6.6 ± 3.5 nmol N L–1 d–1 estimated from Álvarez and Álvarez-Salgado 

(2007) is still three orders of magnitude higher the average rate measured 

experimentally in the same area (1.3 × 10–3 nmol N L–1 d–1; Benavides et al., 

2011). If the average N2 fixation rate for the CAIBOX area was 50% higher, the 

resulting average N2 fixation rate of 2.4 × 10–3 nmol N L–1 d–1 would be still 

three orders of magnitude lower than estimated by Álvarez and Álvarez-

Salgado (2007). Even if the highest increment observed between methods is 

applied (570% by Großkopf et al., 2012), the nitrogen excess rate observed 

would still be two orders of magnitude higher. Nevertheless, we must note that 

surface N2 fixation rates are not necessarily representative of the whole water 

column. For example, the widespread unicellular diazotrophic cyanobacteria of 

group A (UCYN-A) are known to inhabit deeper layers of the world oceans 

(Moisander et al., 2010), and are the most abundant oceanic diazotrophs (Luo 

et al., 2012). Moreover, non-cyanobacterial diazotrophs such as α- or β-

proteobacteria and Archaea also fix N2 in deeper layers (Riemann et al., 2010). 

However, deep profiles of N2 fixation rates in this area of the North Atlantic are 

not available in the literature to date. In summary, a better assessment of 

depth-integrated N2 fixation rates in this area are needed in order to estimate 

its true contribution to Pnew. 

 

Other sources of excess nitrogen accumulation in the water column 

 Nitrogen anomalies are caused by processes that happen in non-

Redfieldian proportions, that is, processes that selectively accumulate nitrogen 

or selectively consume phosphorus (Landolfi et al., 2008). The uptake and 
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regeneration of NO3
– and NH4

+ are expected to occur in Redfieldian 

proportions; therefore, the nitrogen excess computed by Álvarez and Álvarez-

Salgado (2007) in our study area must be caused by other processes. Besides 

N2 fixation, Landolfi et al. (2008) considered the following reasons behind 

nitrogen anomalies: (1) deposition of atmospheric combined nitrogen, which 

usually has high N:P ratios (Chen et al., 2007; Baker et al., 2010; Kanakidou et 

al., 2012); (2) advection and subsequent remineralization of phosphorus-

depleted DOM (Hopkinson and Vallino, 2005; Mather et al., 2008); and (3) 

preferential uptake and/or remineralization of phosphorus over nitrogen 

(Clark et al., 1998). Below, we include a brief discussion of the role of each of 

these possibilities in the CAIBOX area (non upwelling-affected stations, Fig. 1a). 

Nitrogen excess estimations are not available for the upwelling-affected area 

(Cape Ghir, Fig. 1b), and therefore will not be further discussed here. 

 (1) The contribution of atmospheric combined nitrogen deposition to 

the nitrogen anomaly in the North Atlantic has been previously argued (e.g. 

Landolfi et al., 2008; Zamora et al., 2010). However, as discussed in Álvarez 

and Álvarez-Salgado (2007), present modeled rates of atmospheric combined 

nitrogen deposition to the North Atlantic (compiled in Table 4) do not explain 

the nitrogen excess observed in the CAIBOX area. 

 (2) A second factor behind nitrogen anomalies would be the injection of 

dissolved organic matter (DOM) with an N:P ratio > 16 into the mesopelagic 

layer before it is fully remineralized (Mahaffey et al., 2005; Hansell et al., 2007). 

It is important to note that the CAIBOX area is bounded to the east by the 

coastal upwelling system of Iberia – NW Africa. In this sense, García-Muñoz et 

al. (2005), observed that ~60% of the net primary production near Cape Ghir 

(~30–31ºN) was exported as DOM via upwelling filaments. These are 

recurrent features of the Iberian-NW African upwelling system and may 

extend hundreds of kilometers offshore, impacting the thermocline of the 

North Atlantic subtropical gyre (Álvarez-Salgado et al., 2007). In addition, the 

release of DON derived from NO3
– and NH4

+ uptake represented considerable 

percentages of gross uptake (Table 3). This suggests that, adding to 

atmospheric combined nitrogen deposition, DON advected from the coastal 

upwelling, and DON produced in situ through NO3
– and NH4

+ uptake may 

contribute substantially to the observed nitrogen excess in this area.  

(3) In contrast with the DON pool, which contains semilabile and refractory 

fractions (Bronk et al., 2007), the dissolved organic phosphorus (DOP) pool is 

mostly biologically available thanks to the widespread alkaline phosphatase 

enzyme (Dyhrman et al., 2007). Low inorganic phosphorus availability in the 

North Atlantic triggers the uptake of DOP, which is selectively remineralized 

over DON (Kolowith et al., 2001). The preferential remineralization of  
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Table 4: Modeled rates of atmospheric nitrogen deposition to the North Atlantic compiled in Baker 

et al. (2010). Deposition rates were recalculated for the CAIBOX area considering a surface equal 

to 1.1 x 1012 m2. 

 

Reference 
North Atlantic atmospheric 

nitrogen deposition (Gmol N y–1) 

CAIBOX atmospheric 

nitrogen deposition (mol 

N y–1) 

Duce et al., 1991 619 1.27 x 1010 

Prospero et al., 1996 409 0.84 x 1010 

Dentener et al., 2006 492 1.01 x 1010 

Luo et al., 2007 462 0.95 x 1010 

Baker et al., 2010 483 0.99 x 1010 

Baker et al., 2010 456–710 a1.12–1.46 x 1010* 

aConsidering a 13–47% increase in nitrogen deposition rates when soluble organic nitrogen is 

added. 

 

 

phosphorus over nitrogen should be assessed by the observation of profiles of 

DON:DOP ratios (Clark et al., 1998), but unfortunately, DOP data are not 

available for this study. 

 

Nitrogen budgets in the CAIBOX area 

 Revisiting the calculations by Álvarez and Álvarez-Salgado (2007) (Fig. 

4a), they assumed that the organic nitrogen concentrations measured by Doval 

et al. (2001) in the eastern North Atlantic–Azores Front region were 

representative for the whole study area to calculate the organic nitrogen flux 

from the adjacent ocean into the CAIBOX area. Within the framework of the 

CAIBEX project, full-depth organic nitrogen profiles were measured in the 

CAIBOX area in such a way that organic nitrogen fluxes can be recalculated 

more precisely (Lønborg et al, in prep.). Following Álvarez and Álvarez-

Salgado (2007), the total transport of organic nitrogen from the open ocean to 

the CAIBOX area can be ascribed to the Ekman (0.25 × 106 m3 s–1) and 

overturning (3 × 106 m3 s–1) transports. The average total organic nitrogen 

concentration in the surface layer of the CAIBOX area was 6.7 ± 1.0 µM, which 

translates into an organic nitrogen flux into the CAIBOX of 5.4  ± 0.8 × 1010 mol 

N y–1 due to Ekman transport. The average total organic nitrogen 

concentration in the upper 200 m and from 500 m to the sea-bottom of the 

CAIBOX area were 6.4 ± 1.0 and 3.9 ± 1.0 µM. The vertical gradient, estimated 

as the difference between the mean concentration below 500 m and that in the 

upper 200 m, multiplied by the overturning transport, yielded an organic 

nitrogen flux into the CAIBOX of 26 ± 13 × 1010 mol N y–1. Therefore, the 
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recalculated organic nitrogen flux into the box is 32 ± 13 × 1010 mol N y–1 (Fig. 

4c). The previous estimate of the flux of NO3
- ito the Atlantic Ocean was 27 ± 13 

1010 mol N y–1 (Fig. 4b), which is considerably reduced considering the more 

recent estimate of 13.9 ± 0.3 × 1010 mol N y-1 (Fig. 4d), provided by Huertas et 

al. (2012). 

 

 

 

Fig. 4: Schemes showing the (a) organic nitrogen (NOrg) and (b) nitrate (NO3) budgets in the 

CAIBOX region as presented in the study of Álvarez and Álvarez-Salgado (2007), compared to the 

revisited estimates of budgets of (c) NOrg and (d) NO3 presented in this study. 

 

 

 Furthermore, Álvarez and Álvarez-Salgado (2007) did not account for 

the previously referred export of 19 × 1010 mol y–1 of organic nitrogen from the 

coastal upwelling of Iberia–NW Africa because they considered that this 

coastal upwelling system was within the limits of their box model. Therefore, 

they assumed that the organic nitrogen produced in the coast, exported to the 

open ocean, and accumulated within the box, would be part of the recycled 

production of the system and would not contribute to the net production 

budget. However, it has been suggested (Hansell and Carlson, 2002; Hansell et 

al., 2009) that the fate of the material exported from the coast is to accumulate 

in the adjacent ocean; in this case, the steady-state assumption of Álvarez and 
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Álvarez-Salgado et al. (2007) would not be accurate, implying that part (if not 

all) of the 19 × 1010 mol N y–1 of the nitrogen excess could be explained by 

accumulation within the limits of the box (Fig. 4c). In summary, if the original 

budget by Álvarez and Álvarez-Salgado et al. (2007) is revisited incorporating 

new flux estimates of the import of NO3
- form the Mediterranean (Huertas et al., 

2012), the organic nitrogen from the surrounding ocean and the accumulation 

of organic nitrogen from the adjacent coastal upwelling system, the nitrogen 

excess would reduce to 22 ± 19 × 1010 mol N y–1 or 353 ± 306 µmol N m–2 d–1. 

This nitrogen excess rate is about half of the previous estimate by Álvarez and 

Álvarez-Salgado (2007). In conclusion, although the revisited rate is lower 

than previously estimated, this excess is still not explained by in situ 

measurements of N2 fixation and estimates of atmospheric fixed nitrogen 

deposition. Further research is therefore needed to constrain nitrogen inputs 

and outputs in this area of the eastern North Atlantic. 
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Introducción	
  

	
  
La	
  fijación	
  de	
  N2	
  oceánica	
  y	
  sus	
  protagonistas	
  

	
   El	
   océano	
   es	
   el	
   mayor	
   ecosistema	
   de	
   la	
   Tierra.	
   Cubre	
   el	
   71%	
   de	
   la	
  
superficie	
   del	
   planeta	
   y	
   proporciona	
   aproximadamente	
   la	
   mitad	
   de	
   su	
  
producción	
  primaria	
   (Barange	
  et	
   al.,	
   2010).	
  A	
  pesar	
  de	
   la	
   gran	
  productividad	
  
biológica	
  de	
  los	
  océanos	
  en	
  términos	
  globales,	
  existen	
  amplias	
  regiones	
  donde	
  
ésta	
   es	
   muy	
   baja:	
   son	
   los	
   “desiertos	
   oceánicos”,	
   localizados	
   en	
   los	
   giros	
  
subtropicales	
   de	
   los	
   océanos	
   (Fig.	
   1).	
   En	
   estas	
   zonas,	
   la	
   columna	
   de	
   agua	
   se	
  
mantiene	
   estratificada	
   durante	
   todo	
   el	
   año	
   debido	
   al	
   intenso	
   calentamiento	
  
solar.	
  Esta	
  estratificación	
   impide	
  el	
   afloramiento	
  de	
  aguas	
  profundas	
  ricas	
  en	
  
nutrientes	
  y	
  por	
  tanto	
  restringe	
  la	
  producción	
  primaria	
  en	
  la	
  parte	
  superior	
  de	
  
la	
   columna	
   de	
   agua,	
   donde	
   hay	
   la	
   luz	
   necesaria	
   para	
   que	
   pueda	
   darse	
   la	
  
fotosíntesis.	
  

	
  

	
  
Fig.	
  1.	
  Distribución	
  global	
  de	
  Clorofila	
  a	
  (Chl	
  a).	
  Las	
  zonas	
  pintadas	
  de	
  azul	
  oscuro	
  son	
  las	
  menos	
  
productivas	
  biológicamente.	
   Imagen	
  extraída	
  de	
  la	
  página	
  web	
  de	
  la	
  NOAA	
  (National	
  oceanic	
  and	
  
atmospheric	
  administration	
  (www.noaanews.noaa.gov/stories2008/20080305_oceandesert.html).	
  

	
  

En	
   el	
   océano	
   abierto,	
   la	
   producción	
   biológica	
   se	
   ve	
   fuertemente	
  
limitada	
  por	
  la	
  disponibilidad	
  de	
  nitrógeno	
  (Falkowski,	
  1997).	
  En	
  estas	
  zonas,	
  
las	
  principales	
  fuentes	
  de	
  nitrógeno	
  son	
  el	
  afloramiento	
  y	
  la	
  difusión	
  de	
  aguas	
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profundas	
   ricas	
   en	
   nitrato	
   (NO3-­‐),	
   la	
   deposición	
   atmosférica	
   de	
   compuestos	
  
nitrogenados	
   y	
   la	
   fijación	
   biológica	
   de	
   nitrógeno	
   atmosférico	
   (N2)	
   (Gruber,	
  
2008).	
  A	
  pesar	
  de	
  que	
  el	
  N2	
  es	
  el	
  principal	
   componente	
  de	
  nuestra	
  atmósfera	
  
(78%),	
   este	
   gas	
   está	
   prácticamente	
   indisponible	
   para	
   los	
   productores	
  
primarios.	
   Ello	
   se	
   debe	
   a	
   que	
   para	
   romper	
   el	
   triple	
   enlace	
   que	
   une	
   ambos	
  
átomos	
  de	
   la	
  molécula	
  N2,	
   se	
   requiere	
  una	
   gran	
   cantidad	
  de	
   energía.	
   Solo	
   un	
  
grupo	
   restringido	
   de	
   organismos	
   son	
   capaces	
   de	
   llevar	
   a	
   cabo	
   la	
   fijación	
  
biológica	
  de	
  N2:	
  los	
  diazótrofos	
  (del	
  griego	
  dis	
  -­‐bis-­‐,	
  azōos	
  -­‐inerte-­‐	
  y	
  trophikos	
  -­‐
nutrición-­‐).	
   Estos	
  organismos	
  albergan	
  el	
   complejo	
  de	
   la	
   enzima	
  nitrogenasa,	
  
que	
  se	
   compone	
  de	
  dos	
  proteínas:	
   la	
  dinitrogenasa	
   (una	
  proteína	
  de	
  hierro	
  y	
  
molibdeno	
   codificada	
   por	
   el	
   gen	
   nifDK),	
   y	
   la	
   dinitrogenasa-­‐reductasa	
   (una	
  
proteína	
  de	
  hierro	
  codificada	
  por	
  el	
  gen	
  nifH)	
  (Postage,	
  1982).	
  Existen	
  también	
  
algunas	
   nitrogenasas	
   alternativas	
   en	
   las	
   que	
   el	
   molibdeno	
   se	
   sustituye	
   por	
  
vanadio	
   o	
   hierro.	
   El	
   complejo	
   de	
   la	
   enzima	
   nitrogenasa	
   permite	
   a	
   los	
  
diazótrofos	
  reducir	
  N2	
  a	
  amoniaco	
  (NH3)	
  según	
  la	
  siguiente	
  estequiometría:	
  

	
  

N2	
  +	
  8H+	
  +	
  8e-­‐	
  +	
  16ATP	
  	
  2NH3	
  +	
  H2	
  +	
  16ADP	
  +	
  16Pi	
   (1)	
  

	
  

	
   Como	
   se	
   comentó	
   anteriormente,	
   la	
   fijación	
   de	
   N2	
   requiere	
   una	
   gran	
  
cantidad	
  de	
  energía	
  (16	
  ATP).	
  Este	
  proceso	
  enriquece	
  la	
  cadena	
  trófica	
  a	
  través	
  
de	
  la	
  liberación	
  de	
  amonio	
  (NH4+)	
  y	
  de	
  aminoácidos	
  que	
  suponen	
  una	
  fuente	
  de	
  
nitrógeno	
   para	
   el	
   fitoplancton	
   autotrófico	
   que	
   no	
   puede	
   fijar	
   N2	
   (Karl	
   et	
   al.,	
  
2002).	
  

	
   Estudiar	
   el	
   ciclo	
   del	
   nitrógeno	
   es	
   de	
   gran	
   importancia.	
   Los	
  
microorganismos	
   controlan	
   este	
   ciclo	
   a	
   través	
   de	
   una	
   serie	
   de	
   procesos	
   de	
  
ganancias	
   y	
   pérdidas,	
   sustentando	
   la	
   cadena	
   trófica	
   marina	
   (Fig.	
   2).	
   El	
  
nitrógeno	
   inorgánico	
   se	
   fija	
   (o	
   se	
   “gana”)	
   a	
   través	
   de	
   la	
   fijación	
   de	
   N2	
   y	
   la	
  
asimilación	
  de	
  NO3-­‐,	
   nitrito	
   (NO2-­‐)	
   y	
  NH4+,	
   y	
   se	
   remineraliza	
   (o	
   se	
   “pierde”)	
   a	
  
través	
  de	
  la	
  amonificación,	
  desnitrificación	
  y	
  oxidación	
  anaeróbica	
  del	
  amonio	
  
(anammox).	
  	
  

	
   En	
   los	
   últimos	
   años	
   el	
   estudio	
   de	
   la	
   fijación	
   de	
   N2	
   ha	
   cobrado	
  
importancia	
  debido	
  a	
  su	
  gran	
  contribución	
  a	
   la	
  producción	
  primaria	
  en	
  zonas	
  
oceánicas	
  (Capone	
  et	
  al.,	
  2005),	
  pero	
  también	
  debido	
  al	
  desequilibrio	
  en	
  el	
  ciclo	
  
del	
   nitrógeno	
   oceánico	
   que	
   encontramos	
   en	
   la	
   actualidad	
   (Tabla	
   1).	
   Se	
  
considera	
  que	
  la	
  fijación	
  de	
  N2	
  versus	
  la	
  desnitrificación	
  y	
  la	
  anammox,	
  son	
  los	
  
procesos	
  que	
  mantienen	
  el	
  reservorio	
  de	
  nitrógeno	
  oceánico	
  (Codispoti,	
  2007).	
  
Hasta	
   la	
   fecha,	
   las	
   estimas	
   de	
   pérdida	
   de	
   nitrógeno	
   a	
   través	
   de	
   la	
  
desnitrificación	
   y	
   la	
   anammox	
   en	
   zonas	
   subóxicas,	
   excede	
   ampliamente	
   las	
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estimas	
   de	
   ganancia	
   de	
   nitrógeno	
   (la	
   fijación	
   de	
   N2)	
   en	
   aguas	
   superficiales	
  
(Tabla	
   1).	
   La	
  metodología	
   utilizada	
  para	
  medir	
   fijación	
  de	
  N2	
   se	
   ha	
   sometido	
  
recientemente	
  a	
  una	
  revisión	
  (Mohr	
  et	
  al.,	
  2010),	
  y	
  en	
   la	
  actualidad	
  se	
  estima	
  
que	
   su	
   aplicación	
   pueda	
   aumentar	
   las	
   tasas	
   globales	
   suficientemente	
   como	
  
para	
   equilibrar	
   las	
   pérdidas	
   mencionadas	
   anteriormente	
   (Großkopf	
   et	
   al.,	
  
2012)..	
  

	
   	
  

	
  
Fig.	
  2.	
  El	
  ciclo	
  marino	
  del	
  nitrógeno.	
  Modificado	
  de	
  http://bit.ly/wC3xZo	
  

	
  

	
   Recientemente	
   se	
   ha	
   descubierto	
   que	
   los	
   organismos	
   diazótrofos	
   son	
  
más	
   diversos	
   (Fig.	
   3)	
   y	
   están	
   más	
   ampliamente	
   distribuidos	
   de	
   lo	
   que	
   se	
  
constataba	
   (Zehr	
   et	
   al.,	
   2001;	
   2008;	
   Moisander	
   et	
   al.,	
   2010;	
   Riemann	
   et	
   al.,	
  
2010;	
  Farnelid	
  et	
  al.,	
  2011).	
  Las	
  cianobacterias	
   filamentosas	
  heterocísticas	
  
como	
   Anabaena,	
   Aphanizomenon	
   y	
   Nodularia	
   abundan	
   frecuentemente	
   en	
  
estuarios	
   y	
   en	
   mares	
   semicerrados	
   como	
   el	
   Mar	
   Báltico,	
   siendo	
   menos	
  
frecuentes	
   zonas	
   de	
   mar	
   abierto	
   (Zehr,	
   2011).	
   Las	
   cianobacterias	
  
filamentosas	
   no	
   heterocísticas	
   como	
   Katagnymene	
   y	
   Trichodesmium	
   se	
  
encuentran	
  en	
  zonas	
  oceánicas	
  oligotróficas	
  (e.g.	
  Langlois	
  et	
  al.,	
  2005),	
  siendo	
  
sin	
   duda	
  más	
   abundante	
  Trichodesmium.	
  Esta	
   cianobacteria	
   se	
   ubica	
   en	
   las	
  
zonas	
   tropicales	
   y	
   subtropicales	
   de	
   los	
   océanos,	
   donde	
   suele	
   presentarse	
   en	
  
forma	
   de	
   floraciones	
  masivas.	
   Debido	
   a	
   su	
   alta	
   abundancia,	
   durante	
  muchos	
  
años	
   se	
   creyó	
   que	
   era	
   el	
   principal	
   fijador	
   de	
   N2	
   del	
   océano.	
   Su	
   actividad	
  
diazotrófica	
  se	
  estudió	
  por	
  primera	
  vez	
  al	
  comienzo	
  de	
  los	
  años	
  60	
  (Dugdale	
  et	
  
al.	
   1961)	
   y	
   desde	
   entonces	
   esta	
   organismo	
   se	
   ha	
   estudiado	
   ampliamente.	
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Gracias	
   a	
   estos	
   estudios,	
   actualmente	
   tenemos	
   un	
   conocimiento	
   bastante	
  
profundo	
   de	
   sus	
   controles	
   nutricionales	
   (e.g.	
   Berman-­‐Frank	
   et	
   al.,	
   2001a;	
  
Dyhrman	
  et	
  al.,	
  2002),	
  térmicos	
  (e.g.	
  Breitbarth	
  et	
  al.,	
  2007)	
  y	
  físicos	
  (Davis	
  and	
  
McGillicuddy,	
  2006),	
  así	
  como	
  de	
  su	
  distribución	
  global	
  (Luo	
  et	
  al.,	
  2012),	
  y	
  de	
  
su	
   comportamiento	
   potencial	
   ante	
   el	
   cambio	
   climático	
   (e.g.	
   Hutchins	
   et	
   al.,	
  
2007).	
  Una	
  revisión	
  reciente	
  cubre	
  todos	
  estos	
  aspectos	
  (Bergman	
  et	
  al.,	
  2012).	
  

	
  
Tabla	
  1.	
  Estimas	
  de	
  pérdidas	
  y	
  ganancias	
  globales	
  de	
  nitrógeno.	
  Tabla	
  modificada	
  de	
  Gruber	
  (2008).	
  
Todas	
  las	
  tasas	
  están	
  en	
  Tg	
  N	
  y-­‐1.	
  

Proceso	
   Codispoti	
  et	
  al.	
  
(2001)	
  

Galloway	
  et	
  al.	
  	
  
(2004)	
  

Gruber	
  	
  
(2004)	
  

	
  

Ganancias	
  
	
   	
   	
  

Fijación	
  de	
  N2	
  oceánica	
   117	
   106	
   120	
  
Fijación	
  de	
  N2	
  bentónica	
   15	
   15	
   15	
  
Aporte	
  fluvial	
   76	
   48	
   80	
  
Deposición	
  atmosférica	
   86	
   33	
   50	
  
Total	
   294	
   202	
   265	
  
	
   	
   	
   	
  
Pérdidas	
   	
   	
   	
  

Exportación	
  de	
  nitrógeno	
  orgánico	
   1	
   	
   1	
  
Desnitrificación	
  bentónica	
   300	
   206	
   180	
  
Desnitrificación	
  pelágica	
   150	
   116	
   65	
  
Secuestro	
  en	
  sedimentos	
   25	
   16	
   25	
  
Liberación	
  de	
  N2O	
  a	
  la	
  atmósfera	
   6	
   4	
   4	
  
Total	
   482	
   342	
   275	
  
	
   	
   	
   	
  
Ganancias-­‐pérdidas	
   -­‐188	
   -­‐140	
   -­‐10	
  

	
  
	
  

	
   Otro	
  de	
  los	
  grupos	
  más	
  estudiados	
  son	
  los	
  diazótrofos	
  simbiontes,	
  como	
  
las	
  cianobacterias	
  Richelia	
  y	
  Calothrix,	
  que	
  suelen	
  encontrarse	
  en	
  simbiosis	
  con	
  
las	
  diatomeas	
  Rhizosolenia,	
  Hemiaulus	
  o	
  Chaetoceros	
  (e.g.	
   Foster	
   et	
   al.,	
   2011).	
  
Estas	
   simbiosis	
   pueden	
   contribuir	
   sustancialmente	
   a	
   la	
   bomba	
   biológica	
   del	
  
carbono.	
   Por	
   ejemplo,	
   se	
   ha	
   observado	
   que	
   las	
   asociaciones	
   diatomea-­‐
cianobacteria	
   son	
   la	
   causa	
   principal	
   de	
   los	
   picos	
   de	
   exportación	
   de	
   materia	
  
particulada	
   observados	
   durante	
   los	
   meses	
   de	
   verano	
   en	
   el	
   océano	
   Pacífico	
  
Norte	
  (Karl	
  et	
  al.,	
  2012).	
  Existen	
  también	
  otras	
  asociaciones	
  menos	
  estudiadas,	
  
como	
   la	
   de	
   los	
   organismos	
   diazótrofos	
   anaeróbicos	
   con	
   copépodos	
   (Proctor,	
  
1997).	
  

	
   En	
   los	
   últimos	
   años,	
   la	
   aplicación	
  de	
   técnicas	
   de	
  biología	
  molecular	
   ha	
  
permitido	
  descubrir	
  una	
  gran	
  variedad	
  de	
  organismos	
  diazótrofos	
  a	
  través	
  de	
  
la	
  detección	
  del	
  gen	
  nifH.	
  Zehr	
  et	
  al.	
  (1998;	
  2001)	
  encontraron	
  por	
  primera	
  vez	
  
cianobacterias	
   diazotróficas	
   unicelulares	
   (UCYN)	
   en	
   el	
   océano	
  Pacífico	
  Norte.	
  
En	
   los	
   años	
   siguientes,	
   los	
   grupos	
   de	
   UCYN	
   A,	
   B	
   y	
   C	
   se	
   detectaron	
   en	
   el	
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Atlántico	
  Norte	
  (Langlois	
  et	
  al.,	
  2005;	
  2008)	
  y	
  el	
  Pacífico	
  (Needoba	
  et	
  al.,	
  2007),	
  
observándose	
  que	
  en	
  ocasiones	
  sus	
  tasas	
  de	
  fijación	
  pueden	
  igualar	
  o	
  superar	
  
las	
  de	
  Trichodesmium	
  (Falcón	
  et	
  al.,	
  2004;	
  Montoya	
  et	
  al.,	
  2004;	
  Benavides	
  et	
  al.,	
  
en	
   prensa).	
   El	
   descubrimiento	
   del	
   grupo	
   UCYN-­‐A	
   fue	
   especialmente	
  
extraordinario.	
  Este	
  pequeño	
  organismo	
  (<1	
  µm)	
  todavía	
  no	
  se	
  ha	
  conseguido	
  
mantener	
  en	
  cultivo,	
  y	
  según	
  las	
  últimas	
  estimas	
  es	
  la	
  cianobacteria	
  diazótrofa	
  
más	
  abundante	
  del	
  océano	
  a	
  nivel	
  global	
  (Luo	
  et	
  al.,	
  2012).	
  En	
  comparación	
  con	
  
Trichodesmium	
   y	
   otros	
  diazótrofos	
  que	
  precisan	
  de	
   aguas	
   cálidas	
  para	
   crecer	
  
(generalmente	
   >20ºC),	
   las	
   UCYN-­‐A	
   se	
   han	
   detectado	
   a	
   latitudes	
   y	
  
profundidades	
   mayores	
   (Moisander	
   et	
   al.,	
   2010),	
   e	
   incluso	
   en	
   sistemas	
   de	
  
afloramiento	
   costero,	
   donde	
   las	
   temperaturas	
   generalmente	
   son	
   <17ºC	
   y	
   las	
  
concentraciones	
  de	
  nitrógeno	
  son	
  altas	
  (Sohm	
  et	
  al.,	
  2011b;	
  N.S.	
  Agawin,	
  datos	
  
no	
  publicados).	
  Una	
  peculiaridad	
  importante	
  de	
  las	
  UCYN-­‐A	
  es	
  su	
  metabolismo	
  
fotoheterótrofo.	
   Estos	
   organismos	
   carecen	
   de	
   los	
   genes	
   necesarios	
   para	
  
desarrollar	
   el	
   fotosistema	
   II,	
   que	
   produce	
   oxígeno	
   y	
   permite	
   la	
   fijación	
   de	
  
carbono	
   (Zehr	
   et	
   al.,	
   2008).	
   Por	
   tanto,	
   se	
   cree	
   que	
   las	
   UCYN-­‐A	
   viven	
   en	
  
simbiosis	
   o	
   se	
   nutren	
   de	
   compuestos	
   orgánicos	
   producidos	
   por	
   otros	
  
organismos	
  (Tripp	
  et	
  al.,	
  2010).	
  	
  

	
  
Fig.	
   3.	
   Diversidad	
   filogenética	
   del	
   gen	
   nifH	
  de	
   organismos	
   diazótrofos	
   planctónicos.	
   Extraído	
   de	
  
Riemann	
  et	
  al.	
  (2010).	
  

Riemann et al.: Non-cyanobacterial diazotrophs in marine waters

gent non-functional archaeal nifH homologues, have
been reported from the deep sea (Mehta et al. 2003).

Based on clone libraries, nifH sequences from non-
Cyanobacteria appear to be not only diverse, but also
abundant relative to those of Cyanobacteria. This is par-
ticularly evident from a recent compilation of published
marine nifH gene clone libraries (Farnelid & Riemann
2008) showing that 73 to 91% (average 83%) of the total
number of nifH sequences obtained were related to non-
Cyanobacteria. The data compiled here (Fig. 1) similarly
show that 80% of the sequences from coastal marine

and estuarine plankton samples derive from non-
Cyanobacteria. In the open ocean the proportion is
lower, with ca. 36% of the sequences deriving from non-
Cyanobacteria, but this likely underestimates their nu-
merical contribution, since many oceanographic studies
sample most intensively in the euphotic zone, and clone
libraries from below ~200 m consist almost exclusively of
non-cyanobacterial nifH genes (e.g. Hewson et al.
2007a).

While nifH clone libraries provide convincing evi-
dence for a near-ubiquitous distribution of non-

237

Fig. 1. Phylogenetic tree illustrating the diversity among 2570 nifH genes amplified from microorganisms in plankton samples
from marine and estuarine environments. Branches derived from sequences (n = 809) from open ocean samples are marked with
a “s”. Green and blue branches belong to a loosely affiliated group of sequences designated as Cluster I (Chien & Zinder 1996),
orange branches are affiliated with Clusters II and III. Purple branches are not assigned to the traditionally defined clusters. The
tree (neighbour-joining, with no distance corrections) was generated using Arb (Ludwig et al. 2004) and is based on amino acid
residues 46 to 151 (Azotobacter vinelandii numbering) translated from PCR-amplified fragments of nifH genes or transcripts.
Sequences were downloaded as an Arb database that was last updated on 30 March 2009 (http://pmc.ucsc.edu/~wwwzehr/
research/database/) and aligned by a hidden Markov model for nifH available at the Pfam web site (Finn et al. 2010). Sequences
from marine and estuarine samples (oceans, seas, bays, gulfs, harbours, lagoons) were retrieved from the database, and those
from sediments, hydrothermal vents or associated with sessile plants and animals were excluded. Open ocean samples include
those from the Atlantic and Pacific Oceans and the Arabian Sea, excluding nearshore environments (gulfs, bays, harbours, fjords)
and inland seas (Baltic, Mediterranean). Clusters are labelled to indicate the phylogenetic affiliations of cultivated microorgan-
isms whose nifH sequences most closely match those from the uncultivated microorganisms shown in the tree. A total of 66% of

all sequences shown are non-Cyanobacteria, and 36% of those from the open ocean are non-Cyanobacteria
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En	
  efecto,	
  en	
  un	
  estudio	
  muy	
  reciente,	
  Thompson	
  et	
  al.	
  (2012)	
  han	
  encontrado	
  
miembros	
   del	
   grupo	
   UCYN-­‐A	
   en	
   simbiosis	
   con	
   primnesiofitas	
   en	
   la	
   estación	
  
ALOHA,	
   confirmando	
   las	
   sospechas	
   anteriores.	
   Estos	
   autores	
   proponen	
   el	
  
nombre	
  Candidatus	
  Atelocyanobacterium	
  thalassa	
  para	
  las	
  UCYN-­‐A.	
  

	
   Además	
  de	
  las	
  UCYN,	
  existen	
  otros	
  diazótrofos	
  que	
  no	
  pertenecen	
  a	
   las	
  
cianobacterias	
  y	
  se	
  encuentran	
  repartidos	
  entre	
  los	
  cuatro	
  grupos	
  del	
  gen	
  nifH	
  
(Chien	
  y	
  Zinder,	
  1996).	
  Éstos	
  pueden	
  ser	
  α-­‐,	
  β-­‐,	
  γ-­‐	
  y	
  δ-­‐proteobacteria	
  y,	
  menos	
  
frecuentemente,	
   arqueas	
   y	
   bacterias	
   anaeróbicas	
   (Riemann	
   et	
   al.,	
   2010).	
  
Estudios	
  recientes	
  indican	
  que	
  en	
  aguas	
  superficiales	
  el	
  nifH	
  no	
  perteneciente	
  a	
  
cianobacterias	
  es	
  más	
  abundante	
  que	
  el	
  nifH	
  de	
  las	
  UCYN	
  (Farnelid	
  et	
  al.,	
  2011).	
  
También	
  se	
  ha	
  visto	
  que	
   la	
   fijación	
  de	
  N2	
  heterotrófica	
  es	
  predominante	
  en	
  el	
  
océano	
  Pacífico	
  Sur	
  (Halm	
  et	
  al.,	
  2011).	
  En	
  el	
  Mar	
  de	
  los	
  Sargazos,	
  los	
  genes	
  de	
  
nifH	
  no	
  pertenecientes	
  a	
  cianobacterias	
  predominan	
  a	
  partir	
  de	
   los	
  200	
  m	
  de	
  
profundidad	
  (Hewson	
  et	
  al.,	
  2007).	
  También	
  se	
  han	
  medido	
  tasas	
  de	
  fijación	
  de	
  
N2	
  de	
  hasta	
  0.3	
  nmol	
  L-­‐1	
  d-­‐1	
  asociadas	
  a	
  heterótrofos	
  en	
  zonas	
  hipóxicas	
  del	
  sur	
  
de	
   California	
   (Hamersley	
   et	
   al.,	
   2011).	
   Todo	
   esto	
   sugiere	
   que	
   las	
   estimas	
   de	
  
fijación	
   de	
   N2	
   basadas	
   únicamente	
   en	
   aguas	
   superficiales	
   subestiman	
  
claramente	
  la	
  importancia	
  de	
  los	
  fijadores	
  de	
  N2	
  no	
  cianobacteriales	
  (Riemann	
  
et	
   al.,	
   2010).	
   Afortunadamente,	
   la	
   cantidad	
   de	
   estudios	
   de	
   abundancia	
   y	
  
distribución	
   de	
   nifH	
   no	
   perteneciente	
   a	
   cianobacterias	
   se	
   encuentra	
   en	
  
aumento,	
   pero	
   aun	
   estamos	
   lejos	
   de	
   conocer	
   la	
   contribución	
   de	
   estos	
  
organismos	
  a	
  la	
  fijación	
  de	
  N2	
  global.	
  

	
  

Factores	
  reguladores	
  y	
  limitantes	
  

	
   Existen	
   varios	
   factores	
   ambientales	
   que	
   controlan	
   la	
   fijación	
   de	
   N2	
  
oceánica.	
   La	
   influencia	
   de	
   estos	
   factores	
   como	
   inhibidor	
   o	
   favorecedor	
   de	
   la	
  
fijación	
  de	
  N2	
  varía	
   en	
   función	
  del	
   grupo	
  de	
  diazótrofos.	
  En	
  general,	
   el	
   factor	
  
limitante	
  más	
  obvio	
  es	
  el	
  oxígeno	
  (producto	
  de	
  la	
  fotosíntesis),	
  que	
  inhibe	
  la	
  
actividad	
   del	
   complejo	
   de	
   la	
   enzima	
   nitrogenasa	
   (Postgate,	
   1982).	
   Los	
  
organismos	
   diazótrofos	
   han	
   desarrollado	
   variedad	
   de	
   estrategias	
   para	
  
confrontar	
   esta	
   limitación.	
   Por	
   ejemplo,	
   las	
   cianobacterias	
   filamentosas	
  
heterocísticas	
  confinan	
  esta	
  actividad	
  a	
  los	
  heterocistes,	
  que	
  tienen	
  una	
  pared	
  
celular	
  más	
  gruesa,	
  inhibiendo	
  la	
  difusión	
  de	
  oxígeno	
  a	
  la	
  célula.	
  Sin	
  embargo,	
  
la	
  mayoría	
  de	
   los	
  diazótrofos	
  oceánicos	
  carecen	
  de	
  heterocistes	
   (Zehr,	
  2011),	
  
de	
  modo	
  que	
  precisan	
  de	
  otras	
  estrategias	
  para	
  poder	
  fijar	
  N2	
  en	
  presencia	
  de	
  
oxígeno.	
   Las	
   cianobacterias	
   diazótrofas	
   unicelulares	
   como	
   Crocosphaera	
  
(pertenecientes	
   al	
   grupo	
   UCYN-­‐B)	
   o	
  Cyanothece	
   (grupo	
   UCYN-­‐C)	
   confinan	
   su	
  
actividad	
   diazótrofa	
   a	
   la	
   noche,	
   consiguiendo	
   así	
   evitar	
   el	
   oxígeno	
   que	
  
producen	
   durante	
   el	
   día	
   con	
   la	
   fotosíntesis.	
   Trichodesmium,	
   sin	
   embargo,	
   a	
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pesar	
   de	
   no	
   tener	
   heterocistes,	
   fija	
   CO2	
   y	
  N2	
   simultáneamente	
   durante	
   el	
   día	
  
(Capone	
  et	
  al.,	
  1997;	
  Berman-­‐Frank	
  et	
  al.,	
  2001b).	
  Esta	
  cianobacteria	
  es	
  capaz	
  
de	
   fijar	
   N2	
   en	
   presencia	
   de	
   oxígeno	
   gracias	
   a	
   su	
   estrategia	
   combinada	
   de	
  
segregación	
  espacial	
  y	
  temporal.	
  Entre	
  las	
  estrategias	
  de	
  segregación	
  temporal	
  
que	
   se	
   han	
   discutido	
   en	
   la	
   literatura,	
   se	
   encuentran	
   las	
   modificaciones	
  
temporales	
   de	
   la	
   nitrogenasa,	
   su	
   rápido	
   ciclado	
   (Capone	
   et	
   al.,	
   1997),	
   o	
   la	
  
reducción	
  del	
  oxígeno	
  celular	
  a	
  través	
  del	
  exceso	
  de	
  fijación	
  de	
  carbono,	
  lo	
  que	
  
explica	
   los	
   altos	
   ratios	
   carbono	
   :	
   nitrógeno	
   (C:N)	
   por	
   los	
   que	
   se	
   caracterizan	
  
generalmente	
  los	
  diazótrofos	
  (Mulholland,	
  2007).	
  Berman-­‐Frank	
  et	
  al.	
  (2001b)	
  
descubrieron	
   la	
   segregación	
   temporal	
   en	
  Trichodesmium	
   cuando	
   constataron	
  
que	
  tanto	
  la	
  fijación	
  de	
  N2	
  como	
  la	
  fotosíntesis	
  se	
  llevaban	
  a	
  cabo	
  durante	
  el	
  día,	
  
pero	
  en	
  franjas	
  horarias	
  distintas.	
  La	
  segregación	
  espacial	
  se	
  consigue	
  gracias	
  a	
  
las	
  distintas	
  estructuras	
  de	
  los	
  tricomas.	
  Estos	
  filamentos	
  poseen	
  zonas	
  donde	
  
las	
   células	
   son	
   claras	
   y	
   menos	
   granuladas.	
   Es	
   en	
   estas	
   células	
   denominadas	
  
diazocitos	
   donde	
  se	
  encuentra	
   la	
  nitrogenasa	
   (Bergman	
  et	
  al.,	
  2012).	
  Una	
  vez	
  
que	
  el	
  N2	
  se	
  fija,	
  se	
  distribuye	
  rápidamente	
  a	
  lo	
  largo	
  de	
  todo	
  el	
  tricoma	
  (Finzi-­‐
Hart	
  et	
  al.,	
  2009).	
  

	
   Otro	
   factor	
   limitante	
   que	
   se	
   ha	
   estudiado	
   ampliamente	
   es	
   la	
  
temperatura.	
   La	
   disolución	
   del	
   oxígeno	
   es	
   inversamente	
   proporcional	
   a	
   la	
  
temperatura	
  del	
  agua,	
  y	
  es	
  por	
  ello	
  que	
  se	
  estima	
  que	
  la	
  temperatura	
  restringe	
  
la	
   distribución	
   global	
   de	
   cianobacterias	
   diazótrofas,	
   siendo	
   éstas	
   más	
  
abundantes	
   en	
   aguas	
   cálidas	
   donde	
   la	
   disolución	
   de	
   oxígeno	
   es	
   menor	
   y	
   la	
  
respiración	
  celular	
  mayor,	
  lo	
  que	
  reduce	
  los	
  niveles	
  intracelulares	
  de	
  oxígeno	
  y	
  
favorece	
   la	
   fijación	
   de	
   N2	
   (Staal	
   et	
   al.,	
   2003;	
   Stal,	
   2009).	
   Por	
   ejemplo,	
   la	
  
temperatura	
  óptima	
  para	
  el	
  crecimiento	
  de	
  Trichodesmium	
  se	
  estima	
  en	
  27ºC	
  
(Breitbarth	
  et	
  al.,	
  2007),	
  lo	
  que	
  confina	
  su	
  distribución	
  a	
  las	
  zonas	
  tropicales	
  y	
  
subtropicales	
   de	
   los	
   océanos.	
   Sin	
   embargo,	
   aunque	
   los	
   diazótrofos	
   son	
  
especialmente	
   abundantes	
   en	
   las	
   zonas	
   tropicales	
   y	
   subtropicales,	
   tanto	
   las	
  
UCYN	
   como	
   los	
   diazótrofos	
   heterótrofos	
   se	
   pueden	
   encontrar	
   en	
   latitudes	
   y	
  
profundidades	
  mayores.	
  En	
  concreto,	
  estos	
  organismos	
  se	
  han	
  encontrado	
  en	
  
sistemas	
   de	
   afloramiento	
   costero	
   (Sohm	
   et	
   al.,	
   2011b),	
   e	
   incluso	
   en	
   el	
   Ártico	
  
(Blais	
  et	
  al.,	
  2012),	
  lo	
  que	
  indica	
  que	
  su	
  rango	
  latitudinal	
  es	
  muy	
  amplio.	
  

	
   La	
   fijación	
  de	
  N2	
   también	
  puede	
  verse	
   limitada	
  por	
   la	
  disponibilidad	
   in	
  
situ	
   de	
   nitrógeno	
   inorgánico	
   (e.g.	
   Krishnamurthy	
   et	
   al.,	
   2007).	
   Algunos	
  
experimentos	
  demuestran	
  que	
  la	
  expresión	
  de	
  los	
  genes	
  nif	
  y	
  la	
  producción	
  de	
  
diazocitos	
   en	
   Trichodesmium	
   se	
   ven	
   inhibidas	
   en	
   presencia	
   de	
   NO3-­‐	
  
(Mulholland	
   et	
   al.,	
   2001;	
   Holl	
   and	
   Montoya,	
   2005).	
   En	
   el	
   caso	
   de	
   las	
   UCYN,	
  
Dekaezemacker	
  and	
  Bonnet	
  (2011)	
  estudiaron	
  el	
  efecto	
  del	
  NO3-­‐	
  y	
  el	
  NH4+	
  en	
  la	
  
actividad	
   diazotrófica	
   de	
   dos	
   cepas	
   de	
   Crocosphaera.	
   Estos	
   autores	
  
comprobaron	
   que	
   las	
   tasas	
   de	
   fijación	
   de	
   N2	
   disminuían	
   al	
   aumentar	
   las	
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concentraciones	
  de	
  NH4+,	
  y	
  sin	
  embargo	
  éstas	
  no	
  se	
  veían	
  afectadas	
  al	
  añadir	
  
NO3-­‐.	
   Esto	
   podría	
   explicar	
   porque	
   las	
   UCYN	
   se	
   encuentran	
   generalmente	
   a	
  
profundidades	
   mayores	
   que	
   Trichodesmium,	
   e	
   incluso	
   en	
   sistemas	
   de	
  
afloramiento	
  (Sohm	
  et	
  al.,	
  2011b).	
  

	
  

	
  
Fig.	
  4.	
  Distribución	
  global	
  de	
  tasas	
  medias	
  de	
  deposición	
  de	
  polvo	
  atmosférico	
  (g	
  m-­‐2	
  y-­‐1).	
  Extraído	
  
de	
  Jickells	
  et	
  al.	
  (2005).	
  

	
  

	
   Las	
   UCYN-­‐A	
   dependen	
   de	
   la	
   materia	
   orgánica	
   disuelta	
   (MOD)	
   como	
  
fuente	
  de	
  nutrientes	
   (Tripp	
  et	
   al.,	
   2010),	
   y	
  probablemente	
   es	
  por	
   ello	
  que	
   su	
  
actividad	
  nitrogenasa	
  no	
   se	
  ve	
  afectada	
  por	
   las	
   concentraciones	
  de	
  nitrógeno	
  
inorgánico	
   in	
  situ.	
  Este	
   tipo	
  de	
  metabolismo	
  permite	
  a	
  estos	
  organismos	
  vivir	
  
en	
  zonas	
  donde	
  las	
  concentraciones	
  de	
  nitrógeno	
  inorgánico	
  son	
  altas,	
  como	
  en	
  
el	
   afloramiento	
   costero	
   de	
   Cabo	
   Ghir	
   (~30-­‐31ºN)	
   (N.S.R.	
   Agawin,	
   datos	
   no	
  
publicados),	
   donde	
   las	
   concentraciones	
   de	
   NO3-­‐	
   son	
   generalmente	
   <2	
   µM	
  
(Benavides	
  et	
  al.,	
  2011).	
  

	
   La	
   disponibilidad	
   de	
   otros	
   nutrientes	
   como	
   el	
   hierro	
   y	
   el	
   fósforo	
  
influyen	
   sobre	
   la	
   fijación	
   de	
   N2.	
   Los	
   diazótrofos	
   tienen	
   cuotas	
   celulares	
   de	
  
hierro	
  muy	
   altas	
   (e.g.	
  Berman-­‐Frank	
   et	
   al.,	
   2001a),	
   y	
   el	
   hierro	
   es	
   el	
   principal	
  
cofactor	
  de	
  la	
  nitrogenasa	
  reductasa,	
  lo	
  que	
  hace	
  que	
  la	
  fijación	
  de	
  N2	
  dependa	
  
directamente	
   de	
   la	
   disponibilidad	
   de	
   hierro.	
   El	
   hierro	
   llega	
   a	
   los	
   océanos	
  
principalmente	
  a	
  través	
  de	
  la	
  deposición	
  de	
  polvo	
  atmosférico,	
  aunque	
  el	
  flujo	
  
difusivo	
   vertical	
   desde	
   aguas	
   profundas	
   hacia	
   aguas	
   superficiales	
   puede	
   ser	
  
más	
   importante	
   en	
   algunas	
   ocasiones	
   (Rijkenberg	
   et	
   al.,	
   2012).	
   Dada	
   su	
  
proximidad	
  al	
  desierto	
  del	
  Sáhara,	
  el	
  Atlántico	
  Este	
  recibe	
  los	
  mayores	
  aportes	
  
de	
  polvo	
  del	
  desierto	
  del	
  mundo	
  (Prospero,	
  1981;	
  Fig.	
  4).	
  La	
  distribución	
  de	
  la	
  

macronutrients (42, 43), and trace nutrients
(such as Co and Zn) (2, 44). Furthermore
atmospheric inputs supply not only iron but also
other nutrients and carbonate, which may
influence ocean biogeochemistry (45, 46).

Luxury iron uptake has been demonstrated
for some phytoplankton, allowing them to better
adapt to episodic atmospheric supply (47). Iron
availability influences algal community struc-
ture as well as overall productivity. Open ocean
phytoplankton generally need less iron than
coastal species, which have evolved in a more
iron-rich environment, although iron-limited
coastal systems are known (36). A reduced
iron requirement can be achieved by reducing
cell size or minimizing the number of iron-
containing enzymes (39). The success of
Prochlorococus in HNLC areas depends on
both strategies. Relief of iron stress results in
the growth of phytoplankton taxa character-
ized by larger cells, particularly diatoms with
less dense opal skeletons (36). A similar
process may arise for coccolithophores as a
result of Fe/Zn co-limitation (44). Changes in
skeleton density should influence sinking
rates and hence carbon export to depth,
although this has not been seen in field
experiments (48). Changes in coccolithophore
abundance directly affect atmospheric partial
pressure of CO2 (pCO2), because their cal-
cification produces CO2 (36, 42). In addition
to direct limitation of primary production in
the HNLC regions, iron may limit (or co-limit
with P) nitrogen fixation by photosynthetic
diazotrophs in tropical oceans, where stratifi-
cation creates high temperature and irradiance
and low nitrate concentrations in surface
waters, which favor this process (1, 43). The
best characterized photosynthetic diazotroph,

Trichodesmium, requires 5 to 10 times more
iron for growth based on nitrogen fixation, as
compared to ammonium (47).

The supply of dust to the oceans is very
important in maintaining oceanic primary pro-
duction and CO2 uptake but is sensitive to
climate change, although the overall effect
will vary between ocean biogeochemical prov-
inces (Table 2). In HNLC regions, changes in
iron supply will directly affect primary pro-
duction and species composition, whereas in
subtropical/tropical oligotrophic regions, the
impact will be mainly via changes in nitrogen
fixation. The dust supply from the great North
African and Asian deserts directly affects the
tropical North Atlantic and temperate North
Pacific, respectively, and effects in the two
regions can be expected to be different. The
largest HNLC region, the Southern Ocean
(36), has the biggest potential to influence
atmospheric CO2. Here atmospheric dust
supply is low (Fig. 2), originating from small
dust sources in Argentina, Australia, and South
Africa (6). Changes in these small and little-
studied desert regions may have a dis-
proportionately large global impact.

Because the solubility of iron from dust is
low, it follows that there is a large flux of
particulate iron through the deep ocean,
particularly beneath the major dust plumes. If
some of this dust dissolves at depth, it will
increase abyssal dissolved iron concentrations
and, over the long term, productivity in
upwelling regions such as the Southern Ocean.
Deep-water dust dissolution will depend on
organic ligand concentrations and possibly
sediment redox (33).

Martin (49) proposed that increased dust
transport during the last glaciation reduced

iron limitation in HNLC regions, increasing
primary production and CO2 uptake. The
complexity of iron biogeochemistry and
nutrient co-limitation means that higher gla-
cial dust loadings need not necessarily cause
increased productivity. Current models and
ice core data yield very different results,
predicting that glacial/interglacial changes in
dust fluxes will change atmospheric pCO2 by
5 to 45 parts per million (ppm) as a con-
tribution to the total change of 80 to 100 ppm
(19, 50). Bopp et al. (50) reviewed much of
the existing marine sediment core data on
glacial/interglacial ocean productivity changes
and found no simple global pattern of change.
However, there are regional patterns (51) with
increases in productivity in the northwest
Pacific, South Atlantic, and Indian Oceans
north of the polar front, with decreases south
of it. South Pacific productivity appears to be
little changed. Some of these patterns can be
reproduced in ocean models (50).

Effect on Climate of Iron Inputs
to the Oceans
The oceans clearly exert a major influence on
climate via heat transport and related physical
processes (20). Large-scale reorganization of
oceanic circulation will also affect the trans-
port of iron, effects driven predominantly from
within the ocean. Climate change will induce a
variety of physicochemical changes in the
open ocean, particularly by changing stratifi-
cation and nutrient supply ratios (42), with
unpredictable effects. We acknowledge these
important issues but focus on the dust cycle,
considering now ways in which this can affect
the oceans and climate, beside the direct iron
limitation of primary production and nitrogen
fixation discussed above (Table 2).

Changes in iron fluxes can result in species
shifts and changes in phytoplankton size
distribution, changing oceanic CO2 uptake by
altering the efficiency of organic carbon export
to deep water. Dust may also play a direct role
in regulating export via the ballast effect (52).
In most areas, dust is a minor ballast compo-
nent compared to opal and calcite, but their
production is also influenced by dust/iron
supply. Changes in ocean productivity and
organic carbon export to deep water will
influence subsurface oxygen levels and thereby
denitrification in oxygen minima zones, oce-
anic nitrate inventories and productivity, and
nitrous oxide emissions (53). Changes in
sediment H2S in such areas could affect deep-
ocean iron concentrations and productivity.

Up to eightfold changes in dimethyl sulfide
(DMS) concentrations are seen in iron addition
experiments (54). DMS oxidizes in the atmo-
sphere to form acidic sulfate aerosol, a highly
effective scatterer of solar radiation. Modeling
suggests that a twofold global rise in DMS
fluxes produces a global temperature decrease
of 1-C, proving a climate feedback and linking

Fig. 2. Dust fluxes to the world oceans based on a composite of three published modeling studies
that match satellite optical depth, in situ concentration, and deposition observations (11, 14, 15).
The models have been extensively compared to observations, and although individual models
show strengths and weaknesses, this composite appears to match observations well. Total
atmospheric dust inputs to the oceans 0 450 Tg year –1. Percentage inputs to ocean basins based
on this figure are as follows: North Atlantic, 43%; South Atlantic, 4%; North Pacific, 15%; South
Pacific, 6%; Indian, 25%; and Southern Ocean, 6%.
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deposición	
  del	
  polvo	
  sahariano	
  sobre	
  el	
  Atlántico	
  Norte	
  (Fig.	
  4)	
  se	
  corresponde	
  
en	
   gran	
  medida	
   con	
   las	
   zonas	
   donde	
   las	
   tasas	
   de	
   fijación	
  de	
  N2	
   son	
  mayores	
  
(Fig.	
   5),	
   lo	
   que	
   sugiere	
   que	
   existe	
   una	
   conexión	
   entre	
   la	
   disponibilidad	
   de	
  
hierro	
  y	
  la	
  fijación	
  de	
  N2.	
  En	
  efecto,	
  se	
  ha	
  comprobado	
  experimentalmente	
  que	
  
la	
  actividad	
  diazótrofa	
  se	
  ve	
   favorecida	
  cuando	
  se	
  añade	
  polvo	
  a	
  muestras	
  de	
  
agua	
  de	
  mar	
  (Mills	
  et	
  al.,	
  2004),	
  y	
   las	
   tasas	
  de	
   fijación	
  de	
  N2	
  se	
  correlacionan	
  
con	
   las	
   concentraciones	
   in	
   situ	
  de	
   hierro	
   disuelto	
   en	
   el	
   Atlántico	
   Norte	
   (e.g.	
  
Mills	
  et	
  al.,	
  2004;	
  Moore	
  et	
  al.,	
  2009;	
  Fernández	
  et	
  al.,	
  2010).	
  

	
  

	
  
Fig.	
   5.	
  Media	
   geométrica	
   de	
   tasas	
   de	
   fijación	
   de	
  N2	
   integradas	
   en	
   profundidad	
   (µmol	
  N	
  m-­‐2	
   d-­‐1).	
  
Extraído	
  de	
  Luo	
  et	
  al.	
  (2012).	
  

	
  

	
   Por	
   otra	
   parte,	
   el	
   fósforo	
   es	
   necesario	
   para	
   la	
   síntesis	
   de	
   compuestos	
  
energéticos	
   como	
   el	
   ATP	
   y	
   el	
   NADPH.	
   El	
   fósforo	
   se	
   encuentra	
   en	
  
concentraciones	
  bajas	
  en	
  el	
  océano	
  abierto	
  y	
  por	
  ello	
  frecuentemente	
  limita	
  la	
  
fijación	
  de	
  N2	
   en	
  Trichodesmium	
   (e.g.	
  Hynes	
   et	
   al.,	
   2009),	
   y	
   en	
   algunas	
  UCYN	
  
como	
  Crocosphaera	
   (Dyhrman	
  and	
  Haley,	
  2006).	
  Para	
  vencer	
  esta	
  adversidad,	
  
Trichodesmium	
   alberga	
   sistemas	
   enzimáticos	
   capaces	
   de	
   asimilar	
   fósforo	
  
orgánico	
   (fosfonatos;	
   Dyhrman	
   et	
   al.,	
   2006),	
   o	
   fósforo	
   inorgánico	
   (fosfato	
   –
PO43-­‐-­‐;	
   Dyhrman	
   et	
   al.,	
   2002).	
   Crocosphaera	
   es	
   incapaz	
   de	
   asimilar	
   formas	
  
orgánicas	
  de	
  fósforo,	
  pero	
  sin	
  embargo	
  puede	
  inducir	
  la	
  síntesis	
  de	
  sistemas	
  de	
  
ligación	
   de	
   PO43-­‐	
   de	
   alta	
   afinidad	
   cuando	
   el	
   suministro	
   de	
   fósforo	
   es	
   bajo	
  
(Dyhrman	
  y	
  Haley,	
  2006).	
  

	
   El	
  forzamiento	
  físico	
  controla	
  la	
  disponibilidad	
  de	
  nutrientes	
  en	
  la	
  capa	
  
superficial	
  del	
  océano	
  a	
  través	
  de	
  procesos	
  de	
  mezcla,	
  afloramiento	
  y	
  difusión	
  
vertical.	
   En	
   comparación	
   con	
   el	
   fitoplancton	
   autotrófo	
   que	
   depende	
   del	
   NO3-­‐	
  
transportado	
   desde	
   capas	
   profundas	
   o	
   del	
   NH4+	
   regenerado	
   in	
   situ	
   para	
   su	
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Fig. 6. (a) Geometric mean depth-integrated N2 fixation rates binned on 3×3◦ grid. Also
geometric mean N2 fixation rates on 3×3◦ grid for 5 vertical layers of (b) 0–5 m, (c) 5–25 m,
(d) 25–62.5 m, (e) 62.5–137.5 m and (f) 137.5–250 m. The color bar is in logarithmic scale.
Zero values are marked with black triangles.
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crecimiento,	
   los	
   diazótrofos	
   pueden	
   crecer	
   basándose	
   en	
   el	
   N2	
   como	
   única	
  
fuente	
   de	
   nitrógeno.	
   En	
   teoría,	
   esto	
   plantea	
   un	
   escenario	
   distinto	
   para	
   estos	
  
organismos	
  (menos	
  competitivo),	
  ya	
  que	
  en	
  principio	
  crecerían	
  mejor	
  en	
  aguas	
  
cálidas,	
  estratificadas	
  y	
  pobres	
  en	
  nutrientes,	
  que	
  en	
  aguas	
  frías	
  y	
  nutritivas.	
  A	
  
pesar	
   de	
   que	
   el	
   papel	
   del	
   forzamiento	
   físico	
   sobre	
   la	
   fijación	
   de	
  N2	
   no	
   se	
   ha	
  
estudiado	
   en	
   detalle,	
   los	
   estudios	
   disponibles	
   indican	
   que	
   las	
   estructuras	
  
mesoescalares	
  y	
  los	
  frentes	
  de	
  densidad	
  asociados	
  tienen	
  una	
  influencia	
  sobre	
  
las	
  tasas	
  de	
  fijación	
  de	
  N2	
  y	
  la	
  diversidad	
  de	
  los	
  organismos	
  diazótrofos	
  (Sohm	
  
et	
  al.,	
  2011c).	
  Holl	
  et	
  al.	
  (2007)	
  compararon	
  tasas	
  de	
  fijación	
  de	
  N2	
  en	
  el	
  centro	
  
de	
  remolinos	
  anticiclónicos	
  y	
  ciclónicos	
  de	
   la	
  costa	
  Oeste	
  de	
  Australia,	
  siendo	
  
éstas	
  mayores	
   en	
   los	
   ciclónicos	
   (que	
   son	
   giros	
   cálidos	
   en	
   el	
   hemisferio	
   Sur).	
  
Fong	
  et	
  al.	
   (2008)	
  midieron	
   fijación	
  de	
  N2	
  y	
  abundancia	
  de	
  diazótrofos	
  en	
  un	
  
remolino	
   anticiclónico	
   en	
   del	
   Pacífico	
   Norte,	
   cercano	
   a	
   la	
   estación	
   ALOHA	
  
(22°45’	
  N,	
  158°W),	
  encontrando	
  que	
   las	
  tasas	
  aumentaban	
  hacia	
  el	
  perímetro	
  
del	
  remolino,	
  así	
  como	
  una	
  gran	
  abundancia	
  de	
  cianobacterias	
   filamentosas	
  y	
  
unicelulares	
   a	
   lo	
   largo	
   del	
  mismo.	
   Church	
   et	
   al.	
   (2009)	
   recopilaron	
   datos	
   de	
  
anomalía	
  de	
  la	
  superficie	
  del	
  mar	
  (SSHA,	
  en	
  sus	
  siglas	
  en	
  inglés)	
  tomados	
  en	
  la	
  
estación	
  ALOHA	
  entre	
  2004	
  y	
  2007,	
  y	
  detectaron	
  que	
  los	
  picos	
  de	
  fijación	
  de	
  N2	
  
coincidían	
  con	
  períodos	
  de	
  SSHA	
  positiva.	
  Las	
  estructuras	
  mesoescalares	
  y	
  sus	
  
frentes	
   de	
   densidad	
   asociados	
   también	
   pueden	
   afectar	
   a	
   la	
   distribución	
  
espacial	
   del	
   plancton.	
   Por	
   ejemplo,	
   Davis	
   y	
  McGillicuddy	
   (2006)	
   encontraron	
  
altas	
  abundancias	
  de	
  Trichodesmium	
  asociadas	
  con	
  remolinos	
  anticiclónicos	
  en	
  
un	
  transecto	
  transatlántico.	
  Asimismo,	
  Benavides	
  et	
  al.	
  (2011)	
  midieron	
  picos	
  
de	
   fijación	
   de	
   N2	
   y	
   altas	
   abundancias	
   de	
   Trichodesmium	
   asociados	
   al	
   límite	
  
exterior	
   de	
   un	
   filamento	
   de	
   afloramiento	
   en	
   el	
   Nordeste	
   Atlántico.	
  
Trichodesmium	
   abunda	
   en	
   aguas	
   cálidas	
   y	
   estratificadas,	
   donde	
   suele	
  
acumularse	
   en	
   la	
   superficie	
   gracias	
   a	
   sus	
   vacuolas	
   de	
   gas	
   que	
   le	
   confieren	
  
flotabilidad	
   positiva	
   (Villareal	
   and	
   Carpenter,	
   2003),	
   y	
   es	
   por	
   ello	
   que	
   su	
  
proliferación	
  se	
  ve	
  inhibida	
  en	
  aguas	
  turbulentas	
  (Carpenter	
  and	
  Price,	
  1976).	
  
Todos	
   estos	
   estudios	
   indican	
   que	
   el	
   forzamiento	
   físico	
   ejerce	
   cierto	
   control	
  
sobre	
  la	
  actividad	
  diazótrofa	
  y	
  la	
  distribución	
  de	
  los	
  organismos	
  diazótrofos.	
  

	
  

Medir	
  fijación	
  de	
  N2	
  

	
   Existen	
  dos	
  grupos	
  principales	
  de	
  métodos	
  para	
  medir	
  fijación	
  de	
  N2:	
  los	
  
“geoquímicos”	
  y	
  los	
  “biológicos”	
  (o	
  directos).	
  	
  

	
   Los	
  métodos	
   geoquímicos	
   se	
   basan	
   en	
   el	
   estudio	
   de	
   la	
   distribución	
  
vertical	
   y	
   horizontal	
   de	
   nitrógeno	
   particulado	
   y	
   disuelto	
   con	
   características	
  
químicas	
   que	
   indiquen	
   la	
   presencia	
   de	
   actividad	
   diazotrófica.	
   Existen	
   dos	
  
métodos	
  geoquímicos	
  principales:	
  el	
  parámetro	
  N*	
  y	
  el	
  parámetro	
  δ15N.	
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   El	
  parámetro	
  N*	
  se	
  basa	
  en	
  las	
  concentraciones	
  relativas	
  de	
  NO3-­‐	
  y	
  PO43-­‐	
  
en	
   agua	
   de	
   mar.	
   Redfield	
   et	
   al.	
   (1963)	
   establecieron	
   que	
   el	
   carbono,	
   el	
  
nitrógeno	
   y	
   el	
   fósforo	
   se	
   asimilan	
   y	
   se	
   remineralizan	
   en	
   una	
   proporción	
   de	
  
106:16:1	
   (C:N:P).	
   La	
   fijación	
   de	
   N2	
   y	
   la	
   desnitrificación	
   son	
   procesos	
   que	
   no	
  
implican	
  pérdidas	
  o	
  ganancias	
  paralelas	
  de	
  fósforo,	
  y	
  es	
  por	
  ello	
  que	
  la	
  fijación	
  
de	
  N2	
  ocasiona	
  un	
  incremento	
  en	
  el	
  ratio	
  N:P,	
  mientras	
  que	
  la	
  desnitrificación	
  
provoca	
   su	
   disminución,	
   i.e.:	
   la	
   producción	
   de	
   nitrógeno	
   en	
   exceso	
   de	
   la	
  
estequiometría	
  de	
  Redfield	
  (N:P>16)	
  es	
  indicativa	
  de	
  la	
  actividad	
  diazotrófica,	
  
mientras	
   que	
   un	
   consumo	
   de	
   nitrógeno	
   en	
   déficit	
   de	
   la	
   estequiometría	
   de	
  
Redfield	
   (N:P<16)	
   es	
   indicativa	
  de	
  desnitrificación.	
  Estos	
  procesos	
   se	
  pueden	
  
estimar	
  usando	
  el	
  parámetro	
  N*,	
  que	
  mide	
  la	
  concentración	
  de	
  NO3-­‐	
  en	
  exceso	
  o	
  
defecto	
  de	
  lo	
  esperado	
  a	
  través	
  de	
  la	
  remineralización	
  de	
  PO43-­‐	
  en	
  proporciones	
  
de	
  la	
  estequiometría	
  de	
  Redfield,	
  siguiendo	
  la	
  siguiente	
  fórmula:	
  

	
  

N*	
  =	
  [NO3-­‐]	
  -­‐	
  16[PO43-­‐]	
   (2)	
  

	
  

donde	
  [NO3-­‐]	
  y	
  [PO43-­‐]	
  son	
  las	
  concentraciones	
  de	
  NO3-­‐	
  y	
  PO43-­‐,	
  respectivamente.	
  
El	
  parámetro	
  N*	
  lo	
  introdujeron	
  Michaels	
  et	
  al.	
  (1996).	
  La	
  ecuación	
  se	
  mejoró	
  
añadiendo	
  constantes	
  que	
  llevan	
  el	
  ratio	
  global	
  N:P	
  a	
  16	
  y	
  la	
  intersección	
  a	
  cero	
  
(Michaels	
   et	
   al.,	
   1996;	
   Gruber	
   and	
   Sarmiento,	
   1997).	
   Los	
   mapas	
   de	
   N*	
  
disponibles	
   en	
   la	
   actualidad	
   se	
   han	
   basado	
   en	
   bases	
   de	
   datos	
   de	
   proyectos	
  
como	
  WOCE	
  y	
  GEOSECS.	
  

	
   El	
  segundo	
  método	
  geoquímico	
  más	
  utilizado	
  es	
  el	
  δ15N.	
  Este	
  parámetro	
  
mide	
   la	
   abundancia	
   relativa	
   de	
   los	
   isótopos	
   14N	
   y	
   15N	
   en	
   una	
   muestra	
  
determinada	
  con	
  respecto	
  al	
  N2	
  atmosférico	
  estándar	
  (Ecuación	
  3):	
  

	
  

δ15N	
  =	
  [(15N/14N)muestra/(15N/14N)estándar	
  –	
  1]	
  x	
  1000	
   	
   (3)	
  

	
   	
  

	
   El	
  N2	
  atmosférico	
   tiene	
  un	
  δ15N~0.6‰,	
  mientras	
  que	
  el	
  del	
  NO3-­‐	
   es	
  de	
  
~5‰	
  (Karl	
   et	
   al.,	
   2002).	
   El	
   δ15N	
  de	
  un	
  determinado	
   reservorio	
  de	
  nitrógeno	
  
fijado	
   viene	
   dado	
   por	
   la	
   composición	
   isotópica	
   de	
   su	
   fuente	
   y	
   el	
  
fraccionamiento	
   isotópico	
   experimentado	
   durante	
   su	
   fijación.	
   Por	
   tanto,	
   el	
  
nitrógeno	
  orgánico	
  producido	
  a	
  través	
  de	
  la	
  fijación	
  de	
  N2	
  atmosférico	
  tiene	
  un	
  
δ15N	
   bajo,	
   mientras	
   que	
   el	
   nitrógeno	
   orgánico	
   producido	
   gracias	
   a	
   la	
  
asimilación	
  de	
  NO3-­‐	
  tendrá	
  valores	
  de	
  δ15N	
  más	
  elevados.	
  

	
   En	
   general,	
   los	
   métodos	
   geoquímicos	
   presentan	
   el	
   inconveniente	
   de	
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poder	
  confundir	
  la	
  fijación	
  de	
  N2	
  con	
  otros	
  procesos.	
  Por	
  ejemplo,	
  el	
  nitrógeno	
  
procedente	
  de	
  la	
  quema	
  de	
  combustibles	
  fósiles	
  y	
  de	
  los	
  fertilizantes	
  usados	
  en	
  
agricultura	
  que	
  se	
  emiten	
  a	
  la	
  atmósfera	
  y	
  se	
  deposita	
  en	
  los	
  océanos	
  tiene	
  un	
  
ratio	
  N:P	
  alto,	
  al	
  igual	
  que	
  el	
  material	
  procedente	
  de	
  la	
  fijación	
  de	
  N2	
  (Zamora	
  
et	
   al.,	
   2010).	
   Esto	
   también	
   sucede	
   en	
   el	
   caso	
   del	
   δ15N,	
   ya	
   que	
   este	
   nitrógeno	
  
atmosférico	
   antropogénico	
   tiene	
   δ15N	
   bajos	
   (Hastings	
   et	
   al.,	
   2003).	
   Otros	
  
enmascaramiento	
   de	
   la	
   actividad	
   diazótrofa	
   que	
   conllevan	
   los	
   métodos	
  
geoquímicos	
  es	
  el	
  fraccionamiento	
  isotópico	
  que	
  tiene	
  lugar	
  durante	
  el	
  ciclado	
  
del	
   nitrógeno	
   (Altabet,	
   1988).	
   A	
   pesar	
   de	
   todos	
   estos	
   inconvenientes,	
   este	
  
grupo	
  de	
  métodos	
  tienen	
  la	
  ventaja	
  de	
  poder	
  usarse	
  en	
  amplias	
  áreas	
  oceánicas	
  
amplias	
   y	
   a	
   resoluciones	
   espaciales	
   mayores	
   que	
   lo	
   que	
   permiten	
   los	
   más	
  
laboriosos	
  métodos	
  biológicos.	
  

	
   Los	
  métodos	
   biológicos	
  miden	
   la	
   cantidad	
  de	
  N2	
   fijado	
   in	
  situ	
  por	
   los	
  
organismos	
   diazótrofos	
   durante	
   un	
   período	
   determinado	
   de	
   incubación.	
   En	
  
campañas	
  oceanográficas,	
  las	
  incubaciones	
  generalmente	
  se	
  hacen	
  en	
  cubierta,	
  
usando	
   incubadores	
   conectados	
   al	
   continuo	
   del	
   barco	
   y	
   con	
   luz	
   atenuada.	
  
Alternativamente,	
   las	
   incubaciones	
   se	
   pueden	
   realizar	
   in	
   situ	
   en	
   boyas	
   a	
   la	
  
deriva	
   o	
   fondeos.	
   Existen	
   dos	
   métodos	
   biológicos	
   principales:	
   el	
   ensayo	
   de	
  
reducción	
   de	
   acetileno	
   (ARA,	
   en	
   sus	
   siglas	
   en	
   inglés)	
   y	
   la	
   asimilación	
   del	
  
isótopo	
  estable	
  15N2.	
  

El	
   ARA	
   mide	
   fijación	
   de	
   N2	
   de	
   forma	
   indirecta,	
   dado	
   que	
   la	
   enzima	
  
nitrogenasa	
   es	
   capaz	
   de	
   reducir	
   acetileno	
   (C2H2),	
   una	
  molécula	
   con	
   un	
   triple	
  
enlace,	
  estructuralmente	
  comparable	
  al	
  N2.	
  La	
  reducción	
  de	
  acetileno	
  a	
  etileno	
  
(C2H4)	
   se	
   puede	
   comparar	
   directamente	
   con	
   la	
   reducción	
   de	
  N2	
   a	
  NH4+.	
   Para	
  
convertir	
   el	
   etileno	
   producido	
   a	
   N2	
   fijado	
   hay	
   que	
   aplicar	
   un	
   factor	
   de	
  
conversión.	
  Los	
  factores	
  teóricos	
  que	
  se	
  emplean	
  en	
  la	
  literatura	
  son	
  3:1	
  o	
  4:1	
  
(C2H4:N2).	
   Sin	
   embargo,	
   los	
   factores	
   de	
   conversión	
   empíricos	
   suelen	
   ser	
  
bastante	
  más	
   altos	
   (Mulholland	
   et	
   al.,	
   2004,	
   2006;	
  Benavides	
   et	
   al.,	
   2011).	
   El	
  
uso	
  de	
  un	
  factor	
  u	
  otro	
  depende	
  de	
  considerar	
  el	
  reciclado	
  de	
  hidrógeno	
  o	
  no.	
  
El	
  hidrógeno	
  es	
  un	
  producto	
  de	
  desecho	
  de	
  la	
  fijación	
  de	
  N2	
  (véase	
  Ecuación	
  1).	
  
Para	
   reducir	
   acetileno	
   a	
   etileno	
   se	
   usan	
   dos	
   electrones,	
   mientras	
   que	
   para	
  
reducir	
  N2	
  a	
  2NH3	
  se	
  usan	
  ocho,	
  lo	
  que	
  se	
  traduce	
  en	
  un	
  factor	
  de	
  conversión	
  de	
  
4:1	
   (Ecuación	
   5).	
   El	
   hidrógeno	
   producido	
   se	
   puede	
   reciclar	
   a	
   través	
   de	
   una	
  
enzima	
  asimiladora	
  de	
  hidrógeno,	
  de	
  modo	
  que	
  se	
  usan	
  dos	
  electrones	
  menos	
  y	
  
por	
  tanto	
  el	
  factor	
  de	
  conversión	
  sería	
  3:1	
  (Ecuación	
  6):	
  

	
  

C2H2+	
  2e-­‐	
  +	
  2H+	
  	
  C2H4	
  	
   	
   (4)	
  

N2	
  +	
  8e-­‐	
  +	
  8H+	
  	
  2NH3	
  +	
  H2	
  	
   (5)	
  

N2+	
  6e-­‐	
  +	
  6H+	
  	
  2NH3	
  	
   	
   (6)	
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El	
   hidrógeno	
   se	
   recicla	
   únicamente	
   cuando	
   la	
   disponibilidad	
   de	
  
equivalentes	
   reductores	
   es	
   limitada.	
   Esta	
   baja	
   disponibilidad	
   implica	
   una	
  
reducción	
  en	
  la	
  eficiencia	
  de	
  la	
  célula	
  al	
  eliminar	
  el	
  oxígeno	
  intracelular,	
  lo	
  que	
  
implicaría	
  que	
   las	
   condiciones	
  necesarias	
  para	
   la	
   actividad	
  diazotrófica	
  no	
   se	
  
cumplirían.	
  Por	
  tanto,	
  esta	
  no	
  es	
  la	
  situación	
  habitual	
  de	
  las	
  cianobacterias,	
  que	
  
consiguen	
  fijar	
  N2	
  en	
  presencia	
  de	
  oxígeno.	
  Por	
  tanto,	
  se	
  considera	
  que	
  el	
  factor	
  
de	
  conversión	
  4:1	
  es	
  más	
  adecuado	
  (Jensen	
  y	
  Cox,	
  1983;	
  Stal,	
  1988).	
  

El	
  método	
  ARA	
  se	
  ha	
  utilizado	
  de	
  forma	
  exitosa	
  en	
  una	
  gran	
  variedad	
  
de	
  ambientes	
  marinos	
  y	
  en	
  cultivos	
  de	
  organismos	
  diazótrofos.	
  Sin	
  embargo,	
  el	
  
método	
   presenta	
   una	
   serie	
   de	
   problemas	
  metodológicos	
   que	
  merece	
   la	
   pena	
  
considerar:	
  

El	
   uso	
   de	
   N2	
   por	
   la	
   enzima	
   nitrogenasa	
   se	
   inhibe	
   en	
   presencia	
   de	
  
concentraciones	
   saturantes	
   de	
   acetileno.	
   Por	
   tanto,	
   cabe	
   esperar	
   que	
   el	
  
metabolismo	
  del	
  nitrógeno	
  de	
  la	
  célula	
  se	
  vea	
  alterado	
  cuando	
  se	
  aplica	
  el	
  ARA	
  
(Capone,	
  1993).	
  Este	
  problema	
  se	
  puede	
  atajar	
  usando	
  tiempos	
  de	
  incubación	
  
cortos	
  (Stal,	
  1988).	
  Otro	
  problema	
  habitual	
  es	
  la	
  baja	
  disolución	
  de	
  acetileno	
  y	
  
etileno	
   en	
  muestras	
   acuosas.	
   Esto	
   se	
   soluciona	
   generalmente	
   dejando	
   que	
   la	
  
proporción	
   aire/muestra	
   líquida	
   en	
   el	
   tubo	
   de	
   ensayo	
   estanco	
   sea	
   alta.	
   Un	
  
problema	
  adicional	
  es	
  que	
  la	
  difusión	
  de	
  acetileno	
  hacia	
  la	
  célula	
  pueda	
  verse	
  
reducida	
  en	
  muestras	
  líquidas	
  (como	
  en	
  cultivos	
  de	
  microalgas	
  o	
  en	
  muestras	
  
planctónicas),	
   debido	
   a	
   los	
   gradientes	
   de	
   oxígeno	
   y	
   CO2.	
   Es	
   por	
   ello	
   que	
   en	
  
experimentos	
   de	
   ARA	
   con	
   muestras	
   planctónicas	
   se	
   suele	
   filtrar	
   la	
   muestra	
  
sobre	
   un	
   filtro	
   de	
   fibra	
   de	
   vidrio,	
   que	
   se	
   mantiene	
   humidificado	
   durante	
   el	
  
período	
  de	
   incubación,	
  mientras	
   las	
   células	
  están	
  expuestas	
  al	
   acetileno.	
  Esto	
  
proporciona	
  un	
  contacto	
  directo	
  entre	
   los	
  organismos	
  y	
   la	
   fase	
  gaseosa	
  (Staal	
  
et	
  al.,	
  2001).	
  

El	
   otro	
  método	
  biológico	
  principal	
   es	
   el	
   trazador	
   isotópico	
   15N2.	
   Este	
  
método	
  se	
   introdujo	
  ya	
  en	
   los	
  años	
  40	
  (Burris	
  y	
  Miller,	
  1941),	
  aunque	
  no	
   fue	
  
hasta	
  años	
  más	
  tarde	
  que	
  los	
  espectrómetros	
  de	
  masas	
  de	
  relaciones	
  isotópicas	
  
(IRMS,	
   en	
   sus	
   siglas	
   en	
   inglés)	
   fueron	
   suficientemente	
   sensibles	
   como	
   para	
  
medir	
   las	
   tasas	
  de	
   fijación	
   tan	
  bajas	
  que	
   se	
  dan	
  en	
   aguas	
  oceánicas,	
   y	
   el	
   15N2	
  
disponible	
   comercialmente	
   fue	
   lo	
   suficientemente	
   puro	
   para	
   este	
   tipo	
   de	
  
análisis.	
   El	
   protocolo	
   establecido	
   por	
   Montoya	
   et	
   al.	
   (1996)	
   se	
   ha	
   usado	
  
ampliamente	
  durante	
   la	
  última	
  década,	
  proporcionando	
  una	
  gran	
  cantidad	
  de	
  
datos	
  de	
  fijación	
  de	
  N2,	
  	
  siendo	
  éstos	
  especialmente	
  numerosos	
  en	
  el	
  Atlántico	
  y	
  
el	
  Pacífico	
  Norte	
  (Luo	
  et	
  al.,	
  2012).	
  Brevemente,	
  el	
  método	
  consiste	
  en	
  inyectar	
  
un	
  volumen	
  determinado	
  de	
  15N2	
  a	
  una	
  muestra	
  de	
  agua	
  que	
  se	
  incuba	
  durante	
  
un	
  tiempo	
  determinado	
  (en	
  cubierta	
  o	
   in	
  situ),	
  y	
   finalmente	
  se	
   filtra	
  sobre	
  un	
  
filtro	
  de	
  fibra	
  de	
  vidrio.	
  Más	
  tarde,	
  los	
  filtros	
  se	
  analizan	
  por	
  IRMS	
  y	
  se	
  calcula	
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la	
  cantidad	
  de	
  15N2	
  que	
  se	
  ha	
  transferido	
  desde	
  la	
  fase	
  acuosa	
  hacia	
  el	
  material	
  
particulado	
  (i.e.	
  hacia	
  las	
  células).	
  

Recientemente,	
  se	
  ha	
  señalado	
  que	
  este	
  método	
  subestima	
  las	
  tasas	
  de	
  
fijación	
  de	
  N2	
  de	
  forma	
  variable.	
  Una	
  de	
  las	
  principales	
  asunciones	
  del	
  método	
  
del	
   15N2	
   es	
   que	
   el	
   enriquecimiento	
   en	
   15N	
   del	
   medio	
   acuoso	
   permanece	
  
constante	
   durante	
   el	
   período	
   de	
   incubación	
   (Fry,	
   2006).	
   Sin	
   embargo,	
   esta	
  
condición	
   básica	
   no	
   se	
   cumple	
   cuando	
   el	
   15N2	
   se	
   añade	
   en	
   forma	
   de	
   gas	
  
(“método	
   de	
   la	
   burbuja”).	
   Mohr	
   et	
   al.	
   (2010)	
   comprobaron	
   que	
   el	
  
enriquecimiento	
  isotópico	
  del	
  medio	
  acuoso	
  aumenta	
  a	
  medida	
  que	
  la	
  burbuja	
  
de	
  15N2	
  se	
  disuelve	
  (Fig.	
  6).	
  Cuando	
  se	
  aplica	
  el	
  método	
  de	
  la	
  burbuja,	
  para	
  los	
  
cálculos	
   se	
   considera	
   que	
   el	
   15N2	
   añadido	
   se	
   disuelve	
   completamente,	
   y	
   para	
  
ello	
   se	
   usan	
   las	
   ecuaciones	
   de	
   disolución	
   de	
   gases	
   de	
   Weiss	
   (1970).	
   Sin	
  
embargo,	
   si	
   la	
   burbuja	
   de	
   15N2	
   no	
   se	
   disuelve	
   completamente,	
   el	
  
enriquecimiento	
   isotópico	
   real	
   es	
  menor	
  de	
   lo	
   esperado	
   teóricamente,	
   lo	
  que	
  
produce	
  un	
  error	
  en	
  el	
  cálculo	
  de	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  según	
  la	
  siguiente	
  
ecuación:	
  

	
  

Fijación	
  N2	
  	
  =	
  [(at%XS	
  PON)/	
  (at%XS	
  fuente	
  x	
  tiempo	
  incubación)]	
  x	
  [PON]	
  	
  	
  (7)	
  

	
  

siendo	
  at%XS	
  el	
  porcentaje	
  de	
  15N	
  en	
  exceso	
  de	
  la	
  abundancia	
  natural	
  (siendo	
  
éste	
  ~0.36558%)	
  en	
  el	
  nitrógeno	
  orgánico	
  particulado	
  (PON,	
  en	
  sus	
  siglas	
  en	
  
inglés)	
   o	
   en	
   la	
   fuente	
   de	
  N2,	
   y	
   [PON]	
   la	
   concentración	
   de	
   nitrógeno	
   orgánico	
  
particulado.	
  

	
   Mohr	
   et	
   al.	
   (2010)	
   utilizaron	
   cultivos	
   de	
   la	
   cianobacteria	
   diazotrófica	
  
unicelular	
   Crocosphaera	
   para	
   comparar	
   las	
   tasas	
   de	
   fijación	
   que	
   se	
   obtenían	
  
con	
  ambos	
  métodos	
  (15N2	
  en	
  burbuja	
  y	
  en	
  forma	
  disuelta).	
  Estos	
  autores	
  vieron	
  
que	
  cuando	
  utilizaban	
  el	
  método	
  de	
  la	
  burbuja,	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  eran	
  
un	
   60%	
   inferiores	
   a	
   las	
   obtenidas	
   usando	
   el	
   método	
   disuelto.	
   Este	
   gran	
  
descubrimiento	
  puso	
  de	
  manifiesto	
   la	
  urgencia	
  de	
  aplicar	
  este	
  nuevo	
  método	
  
en	
   medidas	
   de	
   campo	
   y	
   de	
   tratar	
   de	
   recalcular	
   las	
   tasas	
   que	
   se	
   habían	
  
publicado	
   hasta	
   ahora	
   utilizando	
   el	
   método	
   de	
   la	
   burbuja.	
   Hasta	
   la	
   fecha	
  
existen	
   apenas	
   unas	
   pocas	
   comparaciones	
   de	
   los	
   dos	
   métodos.	
  Wilson	
   et	
   al.	
  
(2012)	
   compararon	
   ambos	
  métodos	
   en	
   la	
   estación	
  ALOHA	
   y	
   observaron	
   que	
  
las	
  tasas	
  medidas	
  con	
  15N2	
  disuelto	
  eran	
  de	
  2	
  a	
  6	
  veces	
  mayores	
  que	
  las	
  tasas	
  
medidas	
  con	
  burbuja	
  de	
  15N2.	
  Großkopf	
  et	
  al.	
  (2012).	
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Fig.	
   6.	
   Círculos	
   blancos:	
   porcentaje	
   de	
   15N2	
   disuelto	
   real	
   en	
   función	
   del	
   15N2	
   disuelto	
   teórico	
  
(calculado	
  con	
  las	
  ecuaciones	
  de	
  Weiss,	
  1970)	
  cuando	
  se	
  añade	
  como	
  burbuja	
  (círculos	
  blancos),	
  o	
  
en	
  forma	
  disuelta	
  (círculos	
  grises),	
  a	
  lo	
  largo	
  de	
  24	
  h	
  de	
  incubación.	
  Los	
  círculos	
  grises	
  muestran	
  
que	
  el	
   enriquecimiento	
   isotópico	
   es	
   constante	
   cuando	
  el	
   15N2	
   se	
   añade	
  de	
   forma	
  disuelta.	
   Figura	
  
adaptada	
  de	
  Mohr	
  et	
  al.	
  (2010).	
  

	
  

	
  

Las	
   diferencias	
   entre	
   los	
   resultados	
   obtenidos	
   con	
   ambos	
   métodos	
   pueden	
  
deberse	
  a	
  una	
  serie	
  de	
  factores:	
  (1)	
  la	
  temperatura	
  del	
  agua	
  –dado	
  que	
  cuanto	
  
mayor	
  sea	
  la	
  temperatura,	
  menor	
  es	
  la	
  disolución	
  del	
  gas	
  en	
  el	
  líquido-­‐,	
  (2)	
  la	
  
agitación	
   de	
   las	
   botellas	
   de	
   incubación,	
   (3)	
   el	
   volumen	
   de	
   las	
   botellas	
   de	
  
incubación,	
  (4)	
  el	
  volumen	
  de	
  15N2	
  añadido	
  a	
  las	
  muestras,	
  (5)	
  la	
  duración	
  de	
  la	
  
incubación,	
  (6)	
  la	
  hora	
  a	
  la	
  que	
  se	
  inicia	
  la	
  incubación	
  con	
  respecto	
  a	
  la	
  hora	
  en	
  
la	
  que	
  comienza	
   la	
  actividad	
  nitrogenasa	
  –que	
  es	
  distinta	
  según	
  el	
  organismo	
  
diazótrofo-­‐,	
   y	
   (7)	
   el	
  DOM	
  que	
   recubre	
   la	
  burbuja	
  de	
   15N2	
   (Mohr	
   et	
   al.,	
   2010).	
  
Además	
   de	
   estos	
   factores,	
   Großkopf	
   et	
   al.	
   (2012),	
   encontraron	
   que	
   la	
  
subestima	
   de	
   las	
   tasas	
   de	
   un	
   método	
   respecto	
   al	
   otro	
   es	
   menor	
   cuando	
   la	
  
comunidad	
   diazotrófica	
   está	
   dominada	
   por	
   Trichodesmium	
   (subestima	
   del	
  
62%),	
   y	
   mayor	
   cuando	
   la	
   comunidad	
   está	
   dominada	
   por	
   otros	
   diazótrofos	
  
(simbiontes,	
   cianobacterias	
   unicelulares,	
   diazótrofos	
   heterótrofos)	
   (hasta	
   el	
  
570%	
   de	
   subestima).	
   Todos	
   estos	
   factores	
   varían	
   en	
   gran	
   medida	
   entre	
   los	
  
trabajos	
   de	
   fijación	
   de	
   N2	
   publicados	
   anteriormente,	
   lo	
   que	
   implica	
   que	
   el	
  
recálculo	
   de	
   las	
   tasas	
   publicadas	
   sea	
   difícil,	
   acaso	
   imposible	
   (Großkopf	
   et	
   al.,	
  
2012).	
  

combined from [8]):

N2 fixation rate~
A

final
PN {At~0

PN

! "

AN2
{At~0

PN

! " |
PN½ "
Dt

where A= atom% 15N in the particulate organic nitrogen (PN) at
the end (final) or beginning (t = 0) of the incubation or in the
dissolved N2 pool (N2).
In applications of the method, all parameters of the equation are

measured except for the atom% 15N in the dissolved N2 pool (AN2).
Equation 1 shows that calculation of N2 fixation rates depends
strongly on this value which is calculated from the predicted
equilibrium dissolved N2 concentration [20,21], its natural 15N
abundance, and the amount of 15N2 tracer added with the bubble.
The calculation assumes that there is complete isotopic equilibra-
tion between the injected bubble of 15N2 and the surrounding
water at the start of the incubation.
Here we report results of experiments that were designed to

assess the rate of equilibration of an introduced 15N2 gas bubble
with the surrounding water. Based on results of these experiments,
we developed a modified approach involving addition of 15N2-
enriched seawater which assured a well-defined and constant 15N
enrichment of the dissolved N2 gas at the beginning of the
incubations. We propose the application of the modified approach
for future assessments of N2 fixation rates in natural microbial
communities and in laboratory cultures.

Results

Time-resolved equilibration of a bubble of 15N2 in
seawater
A first set of experiments (isotopic equilibration experiments)

was carried out to assess the time required to attain isotopic
equilibrium in the dissolved pool of N2 gas after injection of a
known amount of 15N2 gas as a bubble into sterile filtered
seawater. A gas bubble of pure 15N2 was injected directly into
incubation bottles which were manually inverted fifty-times
(,3 min agitation) and left standing for up to 24 h. Concentration
of dissolved 15N2 was followed over the 24 h period to assess the
degree of equilibration of the 15N2 gas bubble with the
surrounding water as a function of time. Dissolved 15N2

concentrations in the seawater increased steadily with the
incubation time (Fig. 1A). After eight hours, dissolved 15N2

concentrations reached about 50% of the concentration calculated
assuming complete isotopic equilibration of the injected bubble
with the ambient dissolved N2 gas in the seawater sample. At the
end of the 24 h incubation, the dissolved 15N2 concentration had
increased to about 75% of the calculated concentration.

N2 fixation rate underestimation due to incomplete 15N2

gas bubble equilibration
Similar results were obtained in the incubation experiments

with pure culture of Crocosphaera watsonii (culture experiments),
which confirmed the incomplete and time-dependent equilibration
of the injected bubble of 15N2 gas with the surrounding water
(Fig. 1B). These experiments also demonstrated the associated
underestimation of N2 fixation rates. Culture experiments were
conducted after 15N2 addition as a gas bubble and also after 15N2

addition in the form of 15N2-enriched seawater (our modified
method, see Methods section). The incubation of C. watsonii after
injection of a bubble of 15N2 gas and without prior incubation of
this bubble in algal-free media, gave a N2 fixation rate which was

only 40% of the maximum rate measured in the incubations to
which 15N2-enriched seawater had been added. In other words, for
the 12-h incubation period under the described experimental
conditions, the N2 fixation rate was underestimated by 60% when
the 15N2 was introduced as a gas bubble. In contrast, in both the
isotopic equilibration and the culture experiments, the concentra-
tion of dissolved 15N2 remained stable at the predicted value
throughout the 24 h in incubations to which 15N2-enriched water
was added.

Factors influencing 15N2 gas dissolution in N2-saturated
seawater
Continuous, vigorous shaking (50 rpm) greatly increased the

concentration of 15N2 in the media (Fig. 2) reaching ,67% of the
calculated concentration after 30 minutes whereas the initial,
manual agitation, i.e. inverting bottles 50 times (,3 min), resulted

Figure 1. Time-dependence of the equilibration of a 15N2 gas
bubble with seawater. Results are presented as a function of the
time after bubble injection (white symbols). (A) Measured dissolved
15N2 concentrations as percentage of calculated concentration assum-
ing rapid and complete isotopic equilibrium. (B) N2 fixation rates by C.
watsonii as percentage of the maximum rate measured during the
experiments. For comparison, the addition of 15N2-enriched water to
samples yielded a constant 15N2 enrichment over 24 h (A, grey symbols)
or constant N2 fixation rates (B, grey symbols).
doi:10.1371/journal.pone.0012583.g001

Underestimation of N2 Fixation
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   Otro	
   factor	
   que	
   puede	
   subestimar	
   las	
   tasas	
   de	
   fijación	
   de	
   N2	
   en	
   gran	
  
medida	
  y	
  que,	
  sin	
  embargo	
  ha	
  recibido	
  mucha	
  menos	
  atención,	
  es	
  la	
  exudación	
  
de	
   nitrógeno	
   fijado	
   recientemente.	
   Glibert	
   y	
   Bronk	
   (1994)	
   midieron	
   la	
  
exudación	
   de	
   nitrógeno	
   orgánico	
   disuelto	
   (DON,	
   en	
   sus	
   siglas	
   en	
   inglés)	
   en	
  
poblaciones	
   naturales	
   de	
   Trichodesmium.	
   Estas	
   autoras	
   encontraron	
   que	
   el	
  
50%	
  del	
  N2	
  fijado	
  se	
  exudaba	
  en	
  forma	
  de	
  DON.	
  Esta	
  “pérdida”	
  de	
  N2	
  fijado	
  es	
  
considerable	
  y	
  sigue	
  sin	
  tenerse	
  en	
  cuenta	
  debido	
  a	
  que,	
  generalmente,	
  solo	
  se	
  
recupera	
  el	
  material	
  particulado	
  para	
  su	
  análisis	
  en	
  el	
  IRMS,	
  ignorando	
  cuánto	
  
N2	
  se	
  ha	
  fijado	
  y	
  ha	
  ido	
  a	
  parar	
  a	
  la	
  fase	
  disuelta,	
  en	
  vez	
  de	
  a	
  la	
  particulada.	
  Esto	
  
supone	
  una	
  subestima	
  de	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  reales	
  (Bronk	
  et	
  al.,	
  1994;	
  
Glibert	
  y	
  Bronk,	
  1994).	
  La	
  estima	
  de	
  este	
  flujo	
  seguramente	
  sea	
  en	
  cierto	
  modo	
  
poco	
   popular	
   entre	
   la	
   comunidad	
   científica	
   debido	
   a	
   las	
   dificultades	
   que	
  
presenta.	
   Gallon	
   et	
   al.	
   (2002)	
   y	
   Mulholland	
   et	
   al.	
   (2004)	
   propusieron	
   un	
  
método	
  simple:	
  medir	
   fijación	
  de	
  N2	
  mediante	
  el	
  método	
  ARA	
  y	
  el	
  del	
   15N2	
  al	
  
mismo	
  tiempo.	
  Como	
  el	
  ARA	
  se	
  considera	
  una	
  estima	
  de	
  la	
  fijación	
  “bruta”	
  (N2	
  
fijado	
  total),	
  y	
  el	
  15N2	
  una	
  estima	
  de	
  la	
  fijación	
  “neta”	
  (N2	
  fijado	
  e	
  incorporado	
  
como	
  biomasa),	
   la	
   diferencia	
   entre	
   ambos	
   debe	
   de	
   darnos	
   una	
   estima	
  del	
  N2	
  
fijado	
   y	
   posteriormente	
   exudado.	
   Una	
   alternativa	
   a	
   este	
  método	
   es	
   medir	
   el	
  
enriquecimiento	
   isotópico	
   del	
   DON	
   extracelular.	
   Slawyk	
   y	
   Raimbault	
   (1995)	
  
propusieron	
  un	
  método	
  consistente	
  en	
  extraer	
  el	
  15N	
  del	
  nitrógeno	
  inorgánico	
  
y	
   orgánico	
   de	
   la	
   muestra	
   en	
   varios	
   pasos	
   bajo	
   altas	
   condiciones	
   de	
   pH	
   y	
  
temperatura.	
  Estas	
   condiciones	
  pueden	
  ser	
  adversas	
  para	
   la	
  estabilidad	
  de	
   la	
  
muestra,	
   conllevando	
   la	
   rotura	
   de	
   las	
   moléculas	
   de	
   DON	
   en	
   moléculas	
   más	
  
pequeñas	
  y	
  por	
  tanto	
  subestimar	
  las	
  tasas	
  de	
  exudación	
  de	
  DON	
  (McCarthy	
  and	
  
Bronk,	
   2008).	
   Bronk	
   y	
   Glibert	
   (1991)	
   adaptaron	
   otro	
   método	
   más	
   exitoso	
  
usando	
  columnas	
  de	
  intercambio	
  iónico.	
  Sin	
  embargo,	
   la	
  marca	
  comercial	
  que	
  
fabricaba	
  dichas	
  columnas	
  ha	
  disminuido	
  su	
  calidad,	
  de	
  modo	
  que	
  este	
  método	
  
ha	
   dejado	
   de	
   utilizarse.	
   Los	
   intentos	
   de	
   manufacturar	
   las	
   columnas	
   en	
   el	
  
laboratorio	
   tampoco	
   han	
   sido	
   exitosos	
   (D.	
   Bronk,	
   comunicación	
   personal),	
   y	
  
por	
  tanto	
  aun	
  aguardamos	
  un	
  método	
  para	
  medir	
  exudación	
  de	
  DON	
  fiable.	
  Sin	
  
embargo,	
   los	
   datos	
   indican	
   que	
   este	
   flujo	
   podría	
   ser	
   importante	
   y	
   que	
   no	
  
debería	
  de	
  obviarse	
  a	
  la	
  hora	
  de	
  medir	
  fijación	
  de	
  N2.	
  

	
   Como	
  hemos	
  visto	
  anteriormente,	
  los	
  métodos	
  geoquímicos	
  y	
  biológicos	
  
son	
  muy	
  distintos.	
  Cabe	
  esperar	
  por	
   tanto	
  que	
   las	
   tasas	
  obtenidas	
  por	
  ambos	
  
sean	
   también	
  muy	
  distintas.	
   En	
   el	
  Atlántico	
  Norte,	
   las	
   tasas	
  de	
   fijación	
  de	
  N2	
  
obtenidas	
  por	
  métodos	
  geoquímicos	
  oscilan	
  entre	
  0.84	
  y	
  ~90	
  Tg	
  N	
  y-­‐1	
  (véase	
  la	
  	
  
Tabla	
   1	
   en	
   Mahaffey	
   et	
   al.,	
   2005),	
   mientras	
   que	
   la	
   estima	
   más	
   reciente	
   de	
  
fijación	
  de	
  N2	
  a	
  nivel	
  de	
  todo	
  el	
  Atlántico	
  Norte	
  se	
  ha	
  establecido	
  en	
  12.7	
  Tg	
  N	
  
y-­‐1	
  (véase	
  Tabla	
  S3	
  en	
  la	
  información	
  suplementaria	
  de	
  Großkopf	
  et	
  al.,	
  2012).	
  
En	
   un	
   futuro	
   próximo	
   las	
   tasas	
   estimadas	
   por	
   ambos	
   métodos	
   podrían	
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asemejarse,	
   a	
  medida	
   que	
   el	
  método	
   del	
   15N2	
   disuelto	
   se	
   vaya	
   aplicando	
   y	
   la	
  
tasa	
  media	
  vaya	
  aumentando	
  (Mohr	
  et	
  al.,	
  2010;	
  Großkopf	
  et	
  al.,	
  2012).	
  
	
  

La	
  fijación	
  de	
  N2	
  y	
  el	
  cambio	
  climático	
  

	
   Para	
   finales	
  de	
  este	
   siglo,	
   se	
   espera	
  que	
   las	
  presiones	
  parciales	
  de	
  CO2	
  
(pCO2)	
   actuales	
   se	
   multipliquen	
   por	
   dos	
   (IPCC,	
   2007).	
   Las	
   consecuencias	
  
principales	
   de	
   este	
   aumento	
   para	
   los	
   organismos	
   planctónicos	
   son:	
   (1)	
   la	
  
acidificación	
   del	
   agua	
   de	
  mar,	
   (2)	
   el	
   aumento	
   de	
   la	
   temperatura	
   del	
   agua	
   de	
  
mar,	
  (3)	
  la	
  estratificación	
  de	
  la	
  columna	
  de	
  agua,	
  (4)	
  la	
  expansión	
  de	
  las	
  zonas	
  
mínimas	
  de	
  oxígeno	
   (OMZ,	
   en	
   sus	
   siglas	
   en	
   inglés),	
   (4)	
   la	
   desertificación	
   y	
   el	
  
consecuente	
   aumento	
   de	
   deposición	
   de	
   polvo	
   sobre	
   los	
   océanos	
   (Boyd	
   and	
  
Doney,	
  2002;	
  Jickells	
  et	
  al.,	
  2005;	
  Stramma	
  et	
  al.,	
  2008).	
  

	
   Mientras	
   que	
   la	
   acidificación	
   (el	
   aumento	
   de	
   CO2	
   disuelto	
   en	
   agua	
   de	
  
mar)	
  puede	
  provocar	
  un	
  aumento	
  en	
  la	
  actividad	
  fotosintética	
  en	
  determinadas	
  
especies,	
   o	
   ser	
   perjudicial	
   para	
   otras	
   (como	
   los	
   cocolitofóridos	
   con	
   sus	
  
exoesqueletos	
   calcáreos;	
   Doney	
   et	
   al.,	
   2009),	
   el	
   calentamiento	
   y	
   la	
  
estratificación	
   del	
   océano	
   sin	
   embargo	
   podrían	
   propiciar	
   la	
   proliferación	
   de	
  
diazótrofos	
  como	
  Trichodesmium.	
  Algunos	
  experimentos	
  demuestran	
  que	
  tanto	
  
la	
   tanto	
   longitud	
   de	
   los	
   tricomas	
   como	
   la	
   fijación	
   de	
   N2	
   en	
   Trichodesmium	
  
aumenta	
  ante	
  niveles	
  crecientes	
  de	
  CO2	
  (e.g.	
  Levitan	
  et	
  al.,	
  2007).	
  	
  
	
  

	
  

Fig.	
  7.	
  El	
  ciclo	
  de	
  retroalimentación	
  de	
  la	
  fijación	
  de	
  N2	
  basado	
  en	
  el	
  clima.	
  Extraído	
  de	
  Michaels	
  et	
  
al.	
  (2001).	
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Además,	
  la	
  fijación	
  de	
  N2	
  por	
  heterótrofos	
  en	
  zonas	
  hipóxicas	
  (Hamersley	
  et	
  al.,	
  
2011),	
  sugiere	
  que	
  la	
  expansión	
  de	
  las	
  OMZ	
  (Stramma	
  et	
  al.,	
  2008)	
  pueda	
  serles	
  
favorables	
  a	
  estos	
  organismos,	
  aumentando	
   las	
   tasas	
  de	
   fijación	
  de	
  N2	
  a	
  nivel	
  
global.	
  	
  

	
   Trichodesmium	
   y	
  otros	
  diazótrofos	
   también	
  podrían	
  verse	
  beneficiados	
  
por	
   el	
   aumento	
   en	
   la	
   disponibilidad	
   de	
   hierro	
   a	
   través	
   de	
   la	
   deposición	
   de	
  
polvo	
   del	
   desierto.	
   Este	
   concepto	
   se	
   explica	
   en	
   el	
   trabajo	
   de	
   Michaels	
   et	
   al.	
  
(2001),	
   donde	
   se	
   propone	
   un	
   ciclo	
   de	
   retroalimentación	
   de	
   la	
   fijación	
   de	
   N2	
  
basado	
   en	
   el	
   clima	
   (Fig.	
   7).	
   En	
   este	
   esquema,	
   la	
   desertificación	
   propicia	
   un	
  
aumento	
  global	
  de	
   las	
   tasas	
  de	
   fijación	
  de	
  N2	
  gracias	
  al	
  aporte	
  de	
  hierro.	
  Ello	
  
provoca	
  una	
  disminución	
  de	
   los	
   niveles	
   atmosféricos	
   de	
  CO2,	
   lo	
   que	
   a	
   su	
   vez	
  
provoca	
  una	
  disminución	
  de	
   la	
   temperatura	
  global.	
  El	
  enfriamiento	
  global,	
  en	
  
cambio,	
  ocasionaría	
  una	
  disminución	
  del	
  aporte	
  de	
  polvo	
  a	
  los	
  océanos,	
  lo	
  que	
  
disminuiría	
   la	
   fijación	
   de	
   N2	
   y	
   por	
   tanto	
   provocaría	
   un	
   aumento	
   del	
   CO2	
  
atmosférico,	
   volviendo	
   a	
   aumentar	
   la	
   temperatura	
   global.	
   En	
   conclusión,	
   las	
  
respuestas	
  de	
   los	
  diazótrofos	
   frente	
  a	
   los	
  niveles	
  atmosféricos	
  de	
  CO2	
  pueden	
  
jugar	
   un	
   papel	
   importante	
   en	
   el	
   ciclo	
   del	
   carbono	
   y	
   del	
   nitrógeno,	
   y	
  
consecuentemente	
  en	
  la	
  productividad	
  de	
  los	
  océanos	
  en	
  el	
  futuro.	
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Resultados	
  

	
  
Capítulo	
   1:	
   Fijación	
   de	
   N2	
   por	
   Trichodesmium	
   y	
   pequeños	
  
diazótrofos	
  en	
  el	
  Atlántico	
  Nordeste	
  subtropical	
  	
  

Benavides	
   M,	
   Agawin	
   NSR,	
   Arístegui	
   J,	
   Ferriol	
   P,	
   Stal	
   LJ	
   (2011).	
   Aquatic	
  
Microbial	
  Ecology	
  65:43-­‐53	
  

	
  
	
   En	
  este	
  estudio	
  medimos	
   fijación	
  de	
  N2	
  en	
  muestras	
   fraccionadas	
   (>50	
  
µm,	
   >10	
   µm	
   y	
   <10	
   µm)	
   en	
   una	
   zona	
   de	
   mar	
   abierto	
   y	
   en	
   dos	
   zonas	
   de	
  
afloramiento	
  costero	
  de	
  la	
  Corriente	
  de	
  Canarias:	
  Cabo	
  Silleiro	
  (Noroeste	
  de	
  la	
  
península	
   Ibérica)	
   y	
   Cabo	
   Ghir	
   (Noroeste	
   de	
   África).	
   Los	
   objetivos	
   de	
   este	
  
estudio	
   fueron:	
   (1)	
   obtener	
   las	
   primeras	
   tasas	
   de	
   fijación	
   de	
  N2	
   en	
   zonas	
   de	
  
afloramiento	
  del	
  Nordeste	
  Atlántico,	
  y	
  (2)	
  comparar	
  la	
  contribución	
  relativa	
  de	
  
Trichodesmium	
   con	
   los	
   diazótrofos	
   más	
   pequeños	
   (<10	
   µm).	
   Para	
   ello	
  
combinamos	
  los	
  dos	
  métodos	
  más	
  comunes	
  para	
  medir	
  fijación	
  de	
  N2	
  bruta	
  (el	
  
método	
  ARA;	
  Stal,	
  1988)	
  y	
  neta	
  (el	
  método	
  del	
  15N2;	
  Montoya	
  et	
  al.,	
  1996).	
  La	
  
diferencia	
  entre	
   las	
   tasas	
  obtenidas	
  por	
  ambos	
  métodos	
  sirve	
  para	
  estimar	
   la	
  
exudación	
  de	
  DON	
  (Gallon	
  et	
  al.,	
  2002;	
  Mulholland	
  et	
  al.,	
  2004).	
  	
  

	
   La	
   abundancia	
   de	
   Trichodesmium	
   fue	
   baja	
   en	
   toda	
   la	
   zona	
   de	
   estudio	
  
(<0.5	
   tricomas	
   L-­‐1),	
   apareciendo	
   mayormente	
   en	
   forma	
   de	
   tricomas	
   libres.	
  
Encontramos	
   algunos	
   picos	
   de	
   abundancia	
   coincidiendo	
   con	
   zonas	
   de	
   frente,	
  
como	
  en	
  el	
  de	
   las	
  Azores	
   (situado	
  durante	
  esta	
   campaña	
  aproximadamente	
  a	
  
37º	
  30’	
  N),	
  y	
  en	
  el	
  extremo	
  exterior	
  del	
  filamento	
  de	
  Cabo	
  Ghir.	
  

	
   Las	
   tasas	
   de	
   fijación	
   de	
   N2	
   bruta	
   asociadas	
   a	
   Trichodesmium	
   (método	
  
ARA	
  aplicado	
  a	
  las	
  muestras	
  recogidas	
  con	
  una	
  red	
  de	
  50	
  µm)	
  fueron	
  bajas	
  en	
  
toda	
  la	
  zona	
  de	
  estudio	
  (entre	
  0.01	
  y	
  0.1	
  µmol	
  N	
  m-­‐2	
  d-­‐1).	
  Las	
  tasas	
  fueron	
  más	
  
altas	
   al	
   norte	
   del	
   frente	
   de	
   las	
   Azores,	
   disminuyendo	
   después	
   hasta	
   las	
  
proximidades	
  de	
  la	
  costa	
  africana.	
  	
  
	
   El	
  efecto	
  del	
   frente	
  de	
   las	
  Azores	
  también	
  pudo	
  notarse	
  en	
   las	
   tasas	
  de	
  
fijación	
  de	
  N2	
  de	
  las	
  muestras	
  >10	
  µm	
  y	
  <10	
  µm.	
  Las	
  tasas	
  medias	
  de	
  fijación	
  de	
  
N2	
  bruta	
  total	
  (>10	
  µm	
  +	
  <10	
  µm)	
  antes	
  y	
  después	
  de	
  este	
  frente	
  fueron	
  de	
  0.07	
  
±	
   0.02	
   nmol	
   N	
   L−1	
   d−1	
   y	
   0.11	
   ±	
   0.05	
   nmol	
   N	
   L−1	
   d−1,	
   siendo	
   éstas	
  
estadísticamente	
  distintas	
  (t	
  de	
  Student,	
  p	
  =	
  0.04,	
  n	
  =	
  8).	
  Estas	
  tasas	
  también	
  se	
  
correlacionaron	
  significativamente	
  con	
  la	
  temperatura	
  superficial	
  del	
  mar	
  (SST,	
  
en	
  sus	
  siglas	
  en	
  inglés)	
  (r2	
  =	
  0.56,	
  p	
  <	
  0.01).	
  	
  

	
   La	
   fijación	
   de	
   N2	
   bruta	
   en	
   la	
   fracción	
   >10	
   µm	
   fue	
   similar	
   en	
   todas	
   las	
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zonas	
  muestreadas.	
   Sin	
   embargo,	
   la	
   de	
   la	
   fracción	
   <10	
   µm	
   fue	
  mayor	
   en	
   las	
  
zonas	
  de	
  afloramiento	
  (Cabo	
  Silleiro	
  y	
  Cabo	
  Ghir)	
  que	
  en	
  la	
  zona	
  de	
  mar	
  abierto.	
  
De	
   forma	
   similar,	
   la	
   fracción	
   <10	
   µm	
   presentó	
   tasas	
   de	
   fijación	
   de	
   N2	
   neta	
  
mayores	
  en	
  las	
  zonas	
  de	
  afloramiento	
  que	
  en	
  la	
  zona	
  de	
  mar	
  abierto.	
  
	
   A	
  continuación,	
  se	
  muestra	
  la	
  contribución	
  de	
  cada	
  una	
  de	
  las	
  fracciones	
  
a	
  la	
  fijación	
  de	
  N2	
  total	
  (bruta	
  +	
  neta)	
  en	
  cada	
  una	
  de	
  las	
  zonas	
  muestreadas.	
  La	
  
zona	
  de	
  mar	
  abierto	
  se	
  halla	
  dividida	
  en	
  dos	
  por	
  el	
  frente	
  de	
  las	
  Azores	
  (Tabla	
  
1).	
  

	
  

Tabla	
  1.	
  Porcentaje	
  medio	
  de	
   exudación	
  de	
  DON	
  respecto	
   a	
   la	
   fijación	
  de	
  N2	
   total,	
   porcentaje	
  de	
  
contribución	
  a	
  la	
  fijación	
  bruta	
  y	
  a	
  la	
  fijación	
  neta	
  total,	
  por	
  cada	
  fracción.	
  

	
  

Como	
  vemos,	
  la	
  fracción	
  <10	
  µm	
  (en	
  la	
  que	
  se	
  encuentran	
  los	
  fijadores	
  
de	
  N2	
  unicelulares)	
  es	
  la	
  que	
  más	
  aporta	
  a	
  la	
  fijación	
  de	
  N2	
  total.	
  Esto	
  destaca	
  el	
  
papel	
  de	
   las	
  UCYN	
  en	
  esta	
  zona	
  del	
  Atlántico,	
  y	
  amplía	
  de	
  forma	
  considerable	
  
las	
  zonas	
  de	
  actividad	
  diazotrófica,	
  que	
  generalmente	
  se	
  han	
  restringido	
  a	
   las	
  
bandas	
  tropicales	
  de	
  los	
  océanos.	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  
%Exudación	
  de	
  DON	
  

(respecto	
  a	
  la	
  fijación	
  de	
  N2	
  
total)	
  

%Contribución	
  a	
  la	
  fijación	
  de	
  
N2	
  bruta	
  total	
  (>10+<10)	
  

%Contribución	
  a	
  la	
  
fijación	
  de	
  N2	
  neta	
  
total	
  (>10+<10)	
  

	
   Total	
   >10	
  µm	
   <10	
  µm	
   >10	
  µm	
   <10	
  µm	
   >50	
  µm	
   >10	
  µm	
   <10	
  µm	
  

Al	
  Norte	
  del	
  
frente	
   41.1	
   99.7	
   24.2	
   40.25	
   59.8	
   0.2	
   5.7	
   94.3	
  

Al	
  Sur	
  del	
  
frente	
   76.4	
   28.5	
   58.12	
   42.28	
   57.8	
   0.4	
   35.7	
   64.3	
  

Cabo	
  Silleiro	
   44.1	
   42.7	
   64.07	
   29.65	
   70.4	
   0.5	
   26.3	
   73.7	
  

Cabo	
  Ghir	
   54.1	
   14.9	
   89.73	
   7.62	
   92.4	
   0.2	
   12.8	
   87.2	
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Capítulo	
  2:	
  Exudación	
  de	
  nitrógeno	
  y	
  carbono	
  orgánico	
  disuelto	
  en	
  
una	
  cianobacteria	
  marina	
  diazótrofa	
  unicelular	
  	
  

Benavides	
   M,	
   Agawin	
   NSR,	
   Arístegui	
   J,	
   Peene	
   J,	
   Stal	
   LJ.	
   Aquatic	
   Microbial	
  
Ecology.	
  En	
  revisión.	
  
	
  

Las	
  tasas	
  de	
  fijación	
  de	
  N2	
  pueden	
  verse	
  subestimadas	
  en	
  gran	
  medida	
  
si	
   no	
   se	
   incluye	
   el	
   N2	
   recientemente	
   fijado	
   y	
   exudado	
   en	
   forma	
   de	
   DON.	
   La	
  
exudación	
   de	
   DON	
   en	
   poblaciones	
   naturales	
   de	
   Trichodesmium	
   es	
   del	
   50%	
  
(Glibert	
  y	
  Bronk,	
  1994),	
  pero	
  hasta	
  la	
  fecha	
  se	
  desconoce	
  si	
  los	
  fijadores	
  de	
  N2	
  
unicelulares	
   también	
   exudan	
   DON	
   (Mulholland,	
   2007).	
   En	
   este	
   trabajo	
  
empleamos	
  cultivos	
  de	
  una	
  cianobacteria	
  unicelular	
  Cyanothece	
  sp.	
  Miami	
  BG	
  
043511,	
   (de	
   ahora	
   en	
   adelante	
   Cyanothece)	
   como	
   modelo	
   para	
   medir	
   la	
  
exudación	
  de	
  DON	
  en	
  diazótrofos	
  unicelulares.	
  

En	
  un	
  experimento	
  de	
  10	
  días	
  de	
  duración	
  (experimento	
  #1),	
  usando	
  
el	
   isótopo	
   estable	
   15N2	
  medimos	
   la	
   fijación	
   de	
   N2	
   neta,	
   la	
   exudación	
   de	
   DON	
  
(DONr,	
  en	
  sus	
  siglas	
  en	
   inglés)	
  y	
   la	
  producción	
  de	
  DON	
   intracelular	
   (inDONp,	
  
en	
  sus	
  siglas	
  en	
   inglés).	
  Para	
  estimar	
   la	
   fijación	
  de	
  N2	
  neta	
  se	
  considera	
  el	
  N2	
  
que	
  pasa	
  del	
  medio	
  de	
  cultivo	
  al	
  material	
  celular	
  (a	
  la	
  biomasa).	
  Para	
  el	
  DONr	
  
se	
  considera	
  cuánto	
  del	
  N2	
  del	
  medio	
  de	
  cultivo	
  se	
  fija	
  y	
  se	
  encuentra	
  en	
  forma	
  
de	
  DON	
  marcado	
  con	
  15N	
  de	
  nuevo	
  en	
  el	
  medio	
  de	
  cultivo,	
  tras	
  un	
  período	
  de	
  
incubación.	
   Para	
   la	
   inDONp	
   se	
   considera	
   el	
  N2	
   que	
  pasa	
  del	
  medio	
   al	
  DON	
  al	
  
interior	
  de	
  la	
  célula,	
  tras	
  un	
  período	
  de	
  incubación.	
  	
  

En	
  un	
  segundo	
  experimento	
  de	
  8	
  días	
  de	
  duración	
  (experimento	
  #2),	
  
medimos	
   los	
   mismos	
   flujos	
   pero	
   con	
   14C,	
   para	
   estudiar	
   el	
   metabolismo	
   del	
  
carbono	
  en	
  Cyanothece.	
  
	
   Los	
   resultados	
   del	
   experimento	
   #1	
   mostraron	
   que	
   la	
   fijación	
   neta	
  
disminuye	
   a	
   lo	
   largo	
   del	
   experimento,	
  mientras	
   que	
   la	
   DONr	
   y	
   la	
   inDONp	
   se	
  
mantienen	
   más	
   o	
   menos	
   constantes	
   en	
   los	
   días	
   centrales	
   del	
   experimento,	
  
siendo	
  menores	
  en	
  los	
  primeros	
  y	
  últimos	
  días	
  del	
  mismo.	
  La	
  DONr	
  contribuyó	
  
únicamente	
  ~1%	
  a	
  la	
  fijación	
  de	
  N2	
  total	
  (siendo	
  la	
  fijación	
  de	
  N2	
  total	
  =	
  fijación	
  
neta	
  +	
  DONr	
  +	
  inDONp),	
  véase	
  la	
  Tabla	
  1.	
  	
  

En	
  el	
  experimento	
  #2,	
   la	
  fijación	
  de	
  carbono	
  neta	
  también	
  aumentó	
  a	
  
lo	
   largo	
  del	
  mismo.	
  La	
  exudación	
  de	
  DOC	
  (DOCr)	
  siguió	
  la	
  misma	
  tendencia,	
  a	
  
pesar	
   del	
   pico	
   observado	
   en	
   el	
   día	
   1.	
   La	
   producción	
   de	
   DOC	
   intracelular	
  
(inDOCp)	
  aumentó	
  entre	
  los	
  días	
  1	
  y	
  4,	
  manteniendo	
  unos	
  niveles	
  más	
  o	
  menos	
  
constantes	
  durante	
  el	
  resto	
  del	
  experimento.	
  En	
  promedio,	
  el	
  DOCr	
  representó	
  
un	
  ~2%	
  del	
  carbono	
  fijado	
  total.	
  Véase	
  la	
  Tabla	
  2.	
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Tabla	
  1:	
  Tasas	
  medias	
  de	
  fijación	
  de	
  N2	
  neta	
  (A),	
  DONr	
  (B)	
  e	
  inDONp	
  (C),	
  todas	
  en	
  µmol	
  N	
  L-­‐1	
  h-­‐1.	
  
Las	
  desviaciones	
  estándar	
  se	
  dan	
  entre	
  paréntesis.	
  

Día	
  
Fijación	
  
N2	
  neta	
  
(A)	
  

DONr	
  (B)	
   inDONp	
  (C)	
  
Fijación	
  N2	
  

total	
  
(A+B+C)	
  

%	
  DONr	
  

1	
   3.66	
  (0.27)	
   0.00	
  (0.00)	
   0.06	
  (0.04)	
   3.72	
   0.08	
  
2	
   7.36	
  (3.06)	
   0.07	
  (0.10)	
   0.15	
  (0.10)	
   7.59	
   0.98	
  
3	
   4.85	
  (0.52)	
   0.04	
  (0.02)	
   0.10	
  (0.02)	
   4.99	
   0.72	
  
4	
   4.28	
  (0.11)	
   0.03	
  (0.03)	
   0.20	
  (0.03)	
   4.51	
   0.69	
  
5	
   3.44	
  (1.18)	
   0.03	
  (0.01)	
   0.18	
  (0.01)	
   3.65	
   0.76	
  
6	
   3.47	
  (0.38)	
   0.03	
  (0.01)	
   0.06	
  (0.01)	
   3.56	
   0.95	
  
7	
   2.76	
  (1.01)	
   0.04	
  (0.01)	
   0.13	
  (0.01)	
   2.93	
   1.35	
  
8	
   3.08	
  (0.19)	
   0.06	
  (0.02)	
   0.01	
  (0.02)	
   3.15	
   1.78	
  
9	
   2.90	
  (0.08)	
   0.03	
  (0.01)	
   0.00	
  (0.01)	
   2.94	
   1.09	
  
10	
   1.83	
  (0.21)	
   0.02	
  (0.01)	
   0.00	
  (0.01)	
   1.85	
   1.01	
  

	
  
	
  

Tabla	
  2:	
  Tasas	
  medias	
  de	
  fijación	
  de	
  carbono	
  (C)	
  neta	
  (A),	
  DOCr	
  (B)	
  e	
  inDOCp	
  (C),	
  todas	
  en	
  µmol	
  C	
  
L-­‐1	
  h-­‐1.	
  Las	
  desviaciones	
  estándar	
  se	
  dan	
  entre	
  paréntesis.	
  

Día	
   Fijación	
  de	
  C	
  
(A)	
   DOCr	
  (B)	
   inDOCp	
  (C)	
   Fijación	
  de	
  C	
  

total	
  (A+B+C)	
   %	
  DOCr	
  

1	
   37.47	
  (4.1)	
   2.41	
  (0.12)	
   14.55	
  (3.6)	
   54.43	
  (5.8)	
   4.43	
  
2	
   61.38	
  (7.7)	
   0.70	
  (0.4)	
   37.44	
  (7.6)	
   99.52	
  (12.9)	
   0.70	
  
3	
   89.31	
  (7)	
   0.96	
  (0.3)	
   54.80	
  (6.32)	
   145.07	
  (11.8)	
   0.66	
  
4	
   82.62	
  (10.3)	
   1.88	
  (0.2)	
   52.50	
  (1.2)	
   137	
  (16.9)	
   1.37	
  
5	
   97.6	
  (4.5)	
   3.11	
  (0.8)	
   46.10	
  (2)	
   146.81	
  (7.8)	
   2.11	
  
6	
   84.7	
  (1.9)	
   2.54	
  (0.2)	
   46.04	
  (2.8)	
   133.28	
  (3.4)	
   1.91	
  
7	
   101	
  (2.7)	
   2.70	
  (0.1)	
   47.52	
  (12.2)	
   151.22	
  (4.1)	
   1.79	
  
8	
   98.59	
  (9.01)	
   2.43	
  (0.2)	
   49.34	
  (14.5)	
   150.36	
  (13.8)	
   1.62	
  

	
  
	
  

	
   Estudios	
   anteriores	
   demuestran	
   que	
   poblaciones	
   naturales	
   de	
  
Trichodesmium	
   pueden	
   exudar	
   hasta	
   el	
   50%	
   del	
   N2	
   fijado	
   en	
   forma	
   de	
   DON	
  
(Glibert	
  y	
  Bronk,	
  1994),	
  mientras	
  que	
  Trichodesmium	
  en	
  cultivo	
  apenas	
  exuda	
  
aproximadamente	
   el	
   8%	
   (Mulholland	
   et	
   al.,	
   2004).	
   En	
   el	
   estudio	
   que	
   se	
  
presenta	
  en	
  el	
  capítulo	
  siguiente	
  (Capítulo	
  3)	
  veremos	
  que	
  la	
  fracción	
  <10	
  µm	
  
en	
  el	
  Atlántico	
  Norte	
  exuda	
  alrededor	
  del	
  20%	
  del	
  N2	
  fijado	
  en	
  forma	
  de	
  DON,	
  
mientras	
   que	
   las	
   tasas	
   de	
   exudación	
   de	
   DON	
   obtenidas	
   con	
   los	
   cultivos	
   de	
  
Cyanothece	
  en	
  el	
  presente	
  capítulo	
  son	
  apenas	
  del	
  ~1%.	
  Parece	
  por	
  tanto	
  que	
  



Resultados	
  
	
  
 

	
  
 
 
 
212 

las	
   diferencias	
   entre	
   el	
   medio	
   y	
   los	
   cultivos	
   podrían	
   ser	
   similares	
   en	
   ambos	
  
grupos	
  de	
  diazótrofos.	
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Capítulo	
   3:	
   Variabilidad	
   longitudinal	
   de	
   tasas	
   fraccionadas	
   de	
  
fijación	
  de	
  N2	
  y	
  exudación	
  de	
  DON	
  en	
  el	
  Atlántico	
  Norte	
  subtropical	
  
a	
  lo	
  largo	
  del	
  paralelo	
  24.5ºN	
  

Benavides	
  M,	
  Bronk	
  DA,	
  Agawin	
  NSR,	
  Pérez-­‐Hernández	
  MD,	
  Hernández-­‐Guerra	
  
A,	
  Arístegui	
  J.	
  Enviado	
  a	
  Journal	
  of	
  Geophysical	
  Research.	
  

	
  
Para	
   saber	
   si	
   las	
   cianobacterias	
   unicelulares	
   en	
   el	
   medio	
   marino	
  

también	
   exudan	
  DON,	
  medimos	
   fijación	
  neta	
   de	
  N2	
   y	
   la	
  DONr	
   en	
   organismos	
  
>10	
   µm	
   y	
   <10	
   µm	
   en	
   el	
   Atlántico	
   subtropical	
   a	
   lo	
   largo	
   del	
   paralelo	
   24.5ºN.	
  
Encontramos	
  que	
  la	
  fracción	
  <10	
  µm	
  exuda	
  ~23%	
  del	
  N2	
  fijado,	
  mientras	
  que	
  
la	
  fracción	
  >10	
  µm	
  exuda	
  aproximadamente	
  el	
  14%.	
  

Las	
  tasas	
  de	
  fijación	
  neta	
  oscilaron	
  entre	
  0.01	
  y	
  0.4	
  nmol	
  N	
  L-­‐1	
  h-­‐1,	
  y	
  las	
  
de	
  DONr	
  entre	
  0.001	
  y	
  0.09	
  nmol	
  N	
  L-­‐1	
  h-­‐1.	
  La	
  fijación	
  neta	
  disminuyó	
  de	
  Este	
  a	
  
Oeste	
   (Fig.	
   1)	
   y	
   se	
   correlacionó	
   significativamente	
   con	
  AOD	
   550	
   nm	
   (Fig.	
   2),	
  
indicando	
  que	
  la	
  actividad	
  diazotrófica	
  aumenta	
  como	
  respuesta	
  a	
  los	
  aportes	
  
de	
   polvo	
   atmosférico.	
   Las	
   tasas	
   de	
   DONr	
   sin	
   embargo	
   no	
   siguieron	
   una	
  
tendencia	
   longitudinal	
   clara,	
   ni	
   se	
   correlacionaron	
   significativamente	
   con	
   la	
  
AOD	
  550	
  nm.	
  

	
  

	
  
Fig.	
   1:	
   Tasas	
   de	
   fijación	
   en	
   la	
   fracción	
   >10	
   µm	
   sumadas	
   a	
   las	
   de	
   <10	
   µm	
   a	
   lo	
   largo	
   del	
   paralelo	
  
24.5ºN.	
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Fig.	
  2.	
  Valores	
  de	
  AOD	
  550	
  nm	
  en	
  la	
  zona	
  muestreada	
  entre	
  el	
  28	
  de	
  Enero	
  y	
  el	
  9	
  de	
  Marzo	
  de	
  2011.	
  

	
  
En	
  este	
  estudio	
  utilizamos	
  una	
  técnica	
  novedosa	
  para	
  medir	
  fijación	
  de	
  

N2,	
  consistente	
  en	
  usar	
  15N2	
  en	
  forma	
  disuelta	
  (Mohr	
  et	
  al.,	
  2010),	
  en	
  vez	
  de	
  en	
  
forma	
  gaseosa	
  como	
  se	
  había	
  hecho	
  hasta	
  la	
  fecha	
  (Montoya	
  et	
  al.,	
  1996).	
  Los	
  
resultados	
   obtenidos	
   demuestran	
   que	
   el	
   método	
   antiguo	
   (15N2	
   en	
   burbuja)	
  
subestima	
  considerablemente	
  las	
  tasas	
  de	
  fijación	
  de	
  N2.	
  En	
  concreto,	
  las	
  tasas	
  
obtenidas	
  usando	
  el	
  nuevo	
  método	
  (15N2	
  disuelto)	
  fueron	
  un	
  ~50%	
  (49	
  ±	
  39%)	
  
superiores	
  a	
  las	
  obtenidas	
  utilizando	
  el	
  método	
  antiguo.	
  

Los	
  resultados	
  de	
  este	
  estudio	
  sugieren	
  que	
  mediante	
  la	
  combinación	
  
del	
  método	
  del	
  15N2	
  disuelto	
  y	
  las	
  medidas	
  de	
  DONr,	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  
globales	
   podrían	
   aumentar	
   suficientemente	
   como	
   para	
   equiparar	
   las	
   de	
  
desnitrificación,	
  que	
  en	
  la	
  actualidad	
  se	
  estima	
  que	
  superan	
  a	
  las	
  de	
  fijación	
  por	
  
~200	
  Tg	
  N	
  y-­‐1	
  (Mahaffey	
  et	
  al.,	
  2005;	
  Codispoti,	
  2007).	
  	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  



PART	
  IV:	
  Spanish	
  summary/Resumen	
  en	
  español	
  
	
  
 

 
 
 
 

215 

Capítulo	
  4:	
  Aumento	
  de	
  las	
  tasas	
  de	
  fijación	
  de	
  N2	
  en	
  diazótrofos	
  
unicelulares	
  versus	
  Trichodesmium	
  tras	
  un	
  evento	
  de	
  deposición	
  de	
  
polvo	
  atmosférico	
  en	
  las	
  Islas	
  Canarias	
  

Benavides	
   M,	
   Arístegui	
   J,	
   Agawin	
   NSR,	
   López	
   Cancio	
   J,	
   Hernández-­‐León	
   S.	
  
Aceptado	
  para	
  su	
  publicación	
  en	
  Limnology	
  &	
  Oceanography.	
  
	
  

En	
  este	
  capítulo	
  estudiamos	
  la	
  variabilidad	
  a	
  corto	
  plazo	
  de	
  la	
  fijación	
  
de	
   N2	
   y	
   la	
   diversidad	
   de	
   diazótrofos	
   en	
   las	
   Islas	
   Canarias	
   ante	
   un	
   evento	
   de	
  
deposición	
   de	
   polvo	
   sahariano.	
   Este	
   polvo	
   es	
   rico	
   en	
   hierro,	
   elemento	
   que	
  
limita	
  la	
  fijación	
  de	
  N2	
  (Mills	
  et	
  al.,	
  2004).	
  	
  

	
  

	
  
Fig.	
  1:	
  Ejemplos	
  de	
  diazótrofos	
  unicelulares	
  asociados	
  a	
  partículas.	
  Las	
  células	
  se	
  hibridaron	
  con	
  la	
  
sonda	
   Nitro821,	
   teñidas	
   con	
   fluorescencia	
   verde	
   (FITC)	
   mediante	
   la	
   técnica	
   TSA-­‐FISH	
   (ver	
   la	
  
sección	
  “Metodología”).	
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Encontramos	
   que	
   las	
   tasas	
   de	
   fijación	
   en	
   unicelulares	
   aumentan	
   un	
  
~90%	
  tras	
  un	
  evento	
  de	
  deposición	
  de	
  polvo	
  sahariano,	
  mientras	
  que	
  las	
  tasas	
  
de	
   Trichodesmium	
   disminuyen	
   entre	
   el	
   34	
   y	
   el	
   92%.	
   Curiosamente,	
   tras	
   la	
  
deposición	
   de	
   polvo,	
   los	
   diazótrofos	
   unicelulares	
   aparecen	
   asociados	
   a	
  
partículas	
  de	
  materia	
  orgánica	
  (Fig.	
  1).	
  	
  

Dado	
  que	
   la	
  materia	
  orgánica	
  propicia	
   la	
  biodisponibilidad	
  del	
  hierro	
  
contenido	
  en	
  el	
  polvo	
  (Barbeau,	
  2006),	
  planteamos	
  la	
  hipótesis	
  de	
  que	
  ésta	
  sea	
  
una	
   estrategia	
   de	
   los	
   diazótrofos	
   unicelulares	
   para	
   aprovechar	
   el	
   hierro	
  más	
  
eficientemente.	
   Sin	
   embargo,	
   tras	
   el	
   evento	
   de	
   deposición,	
   la	
   abundancia	
   de	
  
Trichodesmium	
   disminuye.	
   Trichodesmium	
   solo	
   puede	
   aprovechar	
   las	
  
partículas	
   de	
   polvo	
   cuando	
   ésta	
   se	
   halla	
   en	
   forma	
   de	
   colonia	
   (Rubin	
   et	
   al.,	
  
2011).	
   Sin	
   embargo,	
   en	
   estas	
   aguas	
   Trichodesmium	
   aparece	
  
predominantemente	
  como	
  tricomas	
  sueltos	
  y	
  no	
  como	
  colonias	
  (Benavides	
  et	
  
al.,	
   2011),	
   y	
   por	
   ello	
   no	
   puede	
   beneficiarse	
   del	
   hierro	
   contenido	
   en	
   las	
  
partículas	
  de	
  polvo.	
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Capítulo	
   5:	
   Comunidad	
   cianobacteriana	
   fijadora	
   de	
   N2	
   en	
   el	
  
Atlántico	
  Nordeste:	
   predominancia	
   de	
   cianobacterias	
   unicelulares	
  
(UCYN-­‐A)	
  

Agawin	
  NSR,	
  Benavides	
  M,	
  Busquets	
  A,	
  Ferriol	
  P,	
  Stal	
  LJ,	
  Arístegui	
  J.	
  Manuscrito	
  
en	
  preparación.	
  

	
  
En	
  este	
  capítulo	
  estudiamos	
   la	
  diversidad	
  de	
  diazótrofos	
  en	
  zonas	
  de	
  

afloramiento	
  y	
  mar	
  abierto	
  de	
   la	
  Corriente	
  de	
  Canarias,	
  mediante	
   técnicas	
  de	
  
biología	
   molecular	
   (PCR-­‐anidada	
   y	
   TSA-­‐FISH).	
   Encontramos	
   que	
   los	
  
diazótrofos	
  <3	
  µm	
  predominan	
  en	
  la	
  zona,	
  siendo	
  la	
  mayoría	
  pertenecientes	
  al	
  
grupo	
   UCYN-­‐A.	
   Este	
   grupo	
   además	
   contribuyó	
   un	
   ~50%	
   a	
   la	
   fijación	
   de	
   N2	
  
total.	
  

Se	
  encontraron	
  correlaciones	
  positivas	
  de	
  la	
  abundancia	
  y	
  la	
  actividad	
  
diazotrófica	
  de	
  las	
  UCYN-­‐A	
  con	
  la	
  temperatura,	
  y	
  correlaciones	
  inversas	
  con	
  los	
  
niveles	
  de	
  oxígeno	
  disuelto.	
  

Las	
  UCYN-­‐A	
  abundan	
  en	
  las	
  zonas	
  de	
  afloramiento,	
  lo	
  que	
  sugiere	
  que	
  
su	
  actividad	
  no	
  se	
  ve	
  tan	
  afectada	
  por	
  la	
  disponibilidad	
  de	
  nitrógeno	
  inorgánico	
  
in	
   situ,	
   a	
   diferencia	
   de	
   otras	
   especies	
   de	
   diazótrofos.	
   Este	
   hecho	
   aumenta	
   la	
  
distribución	
  espacial	
  de	
  diazótrofos	
  en	
  el	
  océano,	
  lo	
  que	
  indica	
  que	
  las	
  tasas	
  de	
  
fijación	
  de	
  N2	
  globales	
  pueden	
  ser	
  mayores	
  de	
  lo	
  que	
  se	
  estima	
  actualmente.	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  



Resultados	
  
	
  
 

	
  
 
 
 
218 

Capítulo	
  6:	
  Contribución	
  de	
  la	
  fijación	
  de	
  N2	
  a	
  la	
  producción	
  nueva	
  
y	
  el	
  exceso	
  de	
  nitrógeno	
  en	
  el	
  Atlántico	
  Nordeste	
  subtropical	
  

Benavides	
  M,	
  Arístegui	
  J,	
  Agawin	
  NSR,	
  Álvarez-­‐Salgado	
  XA,	
  Álvarez	
  M,	
  Troupin	
  
C.	
  Manuscrito	
  en	
  preparación.	
  

	
  
En	
   este	
   estudio	
   usamos	
   sustratos	
   marcados	
   con	
   15N	
   para	
   medir	
  

fijación	
  de	
  N2,	
  asimilación	
  de	
  NO3-­‐	
  y	
  de	
  NH4+,	
  su	
  regeneración	
  y	
  DONr	
  asociada,	
  
en	
  una	
  zona	
  de	
  afloramiento	
  costero	
  y	
  otra	
  de	
  mar	
  abierto	
  sobre	
   la	
  Corriente	
  
de	
   Canarias,	
   durante	
   el	
   verano	
   de	
   2009.	
   La	
   producción	
   nueva	
   (Pnew	
   =	
  
asimilación	
   de	
   NO3-­‐	
   +	
   fijación	
   de	
   N2	
   +	
   exudación	
   de	
   DON	
   procedente	
   de	
   la	
  
asimilación	
   de	
   NO3-­‐	
   -­‐	
   regeneración	
   de	
   NO3-­‐)	
   fue	
   mayor	
   en	
   la	
   zona	
   de	
  
afloramiento	
   que	
   en	
   la	
   de	
   mar	
   abierto	
   (0.126	
   y	
   0.014	
   µmol	
   N	
   L-­‐1	
   h-­‐1,	
  
respectivamente),	
  mientras	
  que	
  la	
  producción	
  regenerada	
  (Preg	
  =	
  asimilación	
  
de	
  NH4+	
  +	
  exudación	
  de	
  DON	
  procedente	
  de	
  la	
  asimilación	
  de	
  NH4+)	
  fue	
  similar	
  
en	
   ambas	
   zonas:	
   0.157	
   y	
   0.133	
   µmol	
   N	
   L-­‐1	
   h-­‐1,	
   respectivamente.	
   El	
   f-­‐ratio	
  
resultante	
   (Pnew/Pnew+Preg)	
   fue	
  de	
  0.08	
  y	
  0.48	
   respectivamente	
  en	
   la	
   zona	
  
de	
  mar	
  abierto	
  y	
  en	
  la	
  zona	
  de	
  afloramiento	
  costero.	
  
	
  
Tabla	
  1:	
  Tasas	
  medias	
  de	
  fijación	
  de	
  N2,	
  producción	
  nueva	
  (Pnew)	
  y	
  regenerada	
  (Preg),	
  y	
  f-­‐ratio	
  en	
  
las	
  zona	
  muestreadas:	
  zona	
  afectada	
  por	
  el	
  afloramiento	
  costero	
  y	
  zona	
  de	
  mar	
  abierto	
  no	
  afectada	
  
por	
  el	
  mismo.	
  Las	
  tasas	
  están	
  en	
  in	
  µmol	
  L–1	
  h–1.	
  

	
  

	
  
	
  

	
  
	
  

El	
   exceso	
  de	
  nitrógeno	
   en	
   el	
  Atlántico	
  Norte	
   (respecto	
   a	
   lo	
   esperado	
  
por	
  el	
  ratio	
  de	
  Redfield,	
  C:N:P=106:16:1)	
  se	
  atribuye	
  a	
  la	
  fijación	
  de	
  N2	
  (Gruber	
  
y	
  Sarmiento,	
  1997;	
  Hansell	
  et	
  al.,	
  2004),	
  proceso	
  que	
  se	
  estima	
  sustenta	
  el	
  50%	
  
de	
  la	
  producción	
  nueva	
  oceánica	
  (Capone	
  et	
  al.,	
  2005).	
  En	
  este	
  trabajo	
  también	
  
comparamos	
   la	
  Pnew	
  con	
   la	
   fijación	
  de	
  N2.	
  Encontramos	
  que	
   la	
   fijación	
  de	
  N2	
  
aporta	
   <1%	
   a	
   la	
   producción	
   nueva	
   en	
   la	
   zona	
   (Tabla	
   1),	
   y	
   que	
   por	
   tanto	
  
difícilmente	
   puede	
   explicar	
   el	
   exceso	
   de	
   nitrógeno	
   observado	
   en	
   la	
   misma.	
  
Aportando	
  nuevos	
  datos	
  de	
  materia	
  orgánica	
  disuelta	
   (DOM,	
   en	
   sus	
   siglas	
   en	
  
inglés)	
   y	
   de	
   intercambio	
   de	
   NO3-­‐	
   a	
   través	
   del	
   Estrecho	
   de	
   Gibraltar,	
  

	
  
Fijación	
  N2	
   Pnew	
   Preg	
   f-­‐ratio	
  

Mar	
  abierto	
   1.3x10–6	
  	
   0.014	
   0.157	
   0.084	
  
Afloramiento	
   4.6x10–6	
   0.126	
   0.133	
   0.487	
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recalculamos	
  el	
  exceso	
  de	
  nitrógeno	
  en	
  la	
  zona	
  y	
  obtuvimos	
  una	
  nueva	
  estima	
  
de	
   exceso	
   de	
   nitrógeno	
   de	
   aproximadamente	
   la	
   mitad	
   de	
   lo	
   que	
   se	
   había	
  
estimado	
  anteriormente	
  (22	
  ±	
  19	
  x	
  1010	
  mol	
  N	
  y–1	
  frente	
  a	
  40	
  x	
  1010	
  mol	
  N	
  y-­‐1).	
  
La	
  tasa	
  volumétrica	
  media	
  de	
  fijación	
  de	
  N2	
  fue	
  de	
  apenas	
  1.3	
  x	
  10–3	
  nmol	
  N	
  L–1	
  
d–1,	
  indicando	
  que	
  su	
  influencia	
  en	
  la	
  Pnew	
  en	
  esta	
  zona	
  es	
  insignificante.	
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A/>')-/0*%()%! 9.5*/!65.0'9%5/&'.(%8!*/8'C/8!2r>0..*8s4+!B-%!8%!/&-*-0/(!%(!
8-6%59'&'%!?5/&'/8!/!8-8!C%8[&-0/8!7%!?/8!2o'00/5%/0!=!P/56%()%5+!"##V41!,/8!>/:/8!
)%*6%5/)-5/8! =! 0/! )-5>-0%(&'/+! '(A%5%()%8! /! 0/8! /?-/8! 8->)5.6'&/0%8! 7%0!
<.57%8)%! K)0Q()'&.! &.*.! 0/! 5%?';(! 7%! 0/! P.55'%()%! 7%! P/(/5'/8+! 8-6.(%(!
8%?-5/*%()%! &.(7'&'.(%8! 6.&.! /7%&-/7/8! 6/5/! 0/! 65.0'9%5/&';(! 7%!
;/"$<9-1#="%=! 2P/56%()%5! =! J5'&%+! 3HNZ41! <.! .>8)/()%+! 0.8! >0..*8! 6-%7%(!
7/58%!%(! @.(/8!7%)%5*'(/7/8! &.*.+!6.5!%:%*60.+! /0! S-5!7%! 0/8! h80/8!P/(/5'/81!
M8)/8! @.(/8! 8%! %(&-%()5/(! /! 8.)/C%().! 7%! 0.8! C'%().8! /0'8'.8! =! 6.5! )/().! 8.(!
&Q0'7/8!=!%8)5/)'9'&/7/8!2t/8)%55%)T%/!%)!/01+!"##"41!KB-[!)/*>'D(!0.8!/6.5)%8!7%!
A'%55.! 8.(! 95%&-%()%8! ?5/&'/8! /! 0/! 65.T'*'7/7! 7%0! 7%8'%5).! 7%0! SQA/5/+! 7%!
*/(%5/! B-%! 8%! 5%^(%(! ).7/8! 0/8! &.(7'&'.(%8! (%&%8/5'/8! 6/5/! -(! >0..*! 7%!
;/"$<9-1#="%=I!,.8!>0..*8!/0!S-5!7%!0/8!'80/8!8%!A/(!.>8%5C/7.!&.(!95%&-%(&'/!
%(!0.8!^0)'*.8!/`.8!2%1?1!$/*.8!%)!/01+!"##G4+!00/*/(7.!0/!/)%(&';(!7%!0/!65%(8/!
0.&/0!2_'?1!341!

!

!!! !
_'?1!31!P.(&%()5/&'.(%8!7%!;/"$<9-1#="%=(%(!0/!&.8)/!S-5!7%!0/8!h80/8!P/(/5'/81!_.).8!6->0'&/7/8!%(!
0/! 65%(8/! 0.&/0+! %T)5/[7/8! 7%! A))6EFFqqq1'80/7%0/(@/5.)%1.5?Fu6v3H"H#! =!
qqq1-('C%58.&/(/5'.1&.*F8'%)%Y'80/8F*'&5./0?/8YF*%(.8Y).T'&/8F)5'&A.7%8*'-*F6.&.Y
/?5%8'C/8FG#Z3!%0!"H!7%!f&)->5%!7%!"#3"1!

!

! M(! 0/! 5%&.6'0/&';(!7%!7/).8!7%!,-.! %)! /01! 2"#3"4! )/*>'D(! 8%! '(&0-=%(!
).7.8! 0.8!7/).8!7%!/>-(7/(&'/!7%!jPk<!7'86.('>0%8!%(! 0/! 0')%5/)-5/1!P.*.!8%!
*-%8)5/! %(! 0/! R/>0/! V+! 0/! */=.5! 6/5)%! 7%! 0/8! jPk<! 7%0! K)0Q()'&.! <.5)%!
6%5)%(%&%(! /0! ?5-6.! K+! 8'%(7.! D8)/8! %86%&'/0*%()%! />-(7/()%8! %(! 0/! >/(7/!
)5.6'&/01!S'(!%*>/5?.+!%(!0/!>/(7/!8->)5.6'&/0!8.(!*Q8!/>-(7/()%8!0/8!jPk<Yt+!
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*'%()5/8! B-%! 0/8! jPk<YP! 8%! A/(! 7%)%&)/7.! ^('&/*%()%! %(! 0/! >/(7/! )5.6'&/01!
U'%*>5.8!7%! 0/8!jPk<Yt!=!jPk<YP!%8)Q(!7'86.('>0%8!%(!&-0)'C.! 2w%>>!%)!/01+!
"##H]! R/('-&A'! %)! /01+! "#3"4+! 6%5.! 0/8! jPk<YK! (.! 8%! A/(! &.(8%?-'7.! /'80/5! =!
&-0)'C/5!/-(!2x%A5!%)!/01+!"##O41!

!

R/>0/!VE!o/0.5%8!*%7'.8!7%!(^*%5.!7%!&.6'/8!7%0!?%(!'"2F(%(!%0!K)0Q()'&.!<.5)%1!,.8!C/0.5%8!8%!7/(!
%(!T3#Z!'"2F!&.6'/8!*YV1!g/).8!%T)5/[7.8!7%!0/!>/8%!7%!7/).8!.(0'(%!65%8%()/7/!%(!,-.!%)!/01!2"#3"41!

! S.T3<F( S.T3<U( S.T3<.(

:+4E"$,-(7B(<(=RNP839( GVNIN! H1ON! Z1OV!

6%V2+4E"$,-(7=RNP(<(OB839( HZV! 3H"V#! #1##!

W:*1E-,>,(7XOB839( "N3! #1##! #1##!

b%0!C/0.5!7%!&.6'/8!7%!'"2F!*Q8!/0!<.5)%!7'86.('>0%!8%!A/!*%7'7.!/!eI"a<1!

!

! ,/8! jPk<YK! 8.(! &'/(.>/&)%5'/8! 7%! 6%B-%`.! )/*/`.! 2l3! m*4! =!
*%)/>.0'8*.!9.).A%)%5.)5;9'&.1!P/5%&%(!7%0!9.).8'8)%*/!hh!=!(.!8.(!&/6/&%8!7%!
9':/5!&/5>.(.!2x%A5!%)!/01+!"##O41!K0!&.()5/5'.!B-%!0/8!jPk<Yt!=!YP+!%8)%!)'6.!7%!
*%)/>.0'8*.! 0%8! 6%5*')%! /! 0/8! jPk<YK! 9':/5! <"! 7-5/()%! %0! 7[/! 2PA-5&A! %)! /01+!
"##G4+!*'%()5/8! B-%! 8-! '(&/6/&'7/7! 6/5/! 9':/5! &/5>.(.! 0%8! A/&%! 7%6%(7%5! 7%!
.)5.8! .5?/('8*.8! 6/5/! .>)%(%5! &.*6-%8).8! %8%(&'/0%8! 2R5'66! %)! /01+! "#3#41! K!
6%8/5! 7%! B-%! /-(! (.! 7'86.(%*.8! 7%! '(9.5*/&';(! *Q8! &.(&5%)/! 8.>5%! 8-!
*%)/>.0'8*.! =! %&.0.?[/+! %(! 0/! /&)-/0'7/7! 8/>%*.8! B-%! 0/8! jPk<YK! 8.(! 0/8!
&'/(.>/&)%5'/8!7'/@;)5.9/8!*Q8!/>-(7/()%8!7%0!.&D/(.!/!('C%0!?0.>/0!2,-.!%)!/01+!
"#3"41!!

M(!0.8!.,E02%-4#(O(@(P!*%7'*.8!0/!/>-(7/(&'/!7%!jPk<!/!)5/CD8!7%!0/!
)D&('&/! 7%! RSKY_hSp! -8/(7.! 0/! 8.(7/! <')5.O"31! M8)/! )D&('&/! (.! 65.6.5&'.(/!
'(9.5*/&';(! 9'0.?%(D)'&/! 7%! 0/8! &D0-0/8! 7'/@.)5;9'&/8+! 6%5.! 8'(! %*>/5?.!
65.6.5&'.(/! .)5.! )'6.! 7%! '(9.5*/&';(! '()%5%8/()%+! &.*.! %8! 0/! 9.5*/! 7%! 0.8!
.5?/('8*.8! .! 8-8! /8.&'/&'.(%8! 8'*>';)'&/81! K65.T'*/7/*%()%! %0! "#d! 7%! 0/8!
&D0-0/8!&.()/7/8!%(!%0!.,E02%-4(O!)%([/(!-(!)/*/`.!l3!m*+!=!6.5!)/().!%8!*-=!
65.>/>0%! B-%! 6%5)%(%&'%5/(! /0! ?5-6.! jPk<YK1! M(! %0! .,E02%-4( P! )/*>'D(!
%8)-7'/*.8! 0/!7'C%58'7/7!7%0! ?%(!'"2F!*%7'/()%!JP$Y/('7/7/!%(!-(/! @.(/!7%!
*/5! />'%5).! =! %(! 7.8! @.(/8! 7%! /90.5/*'%().! &.8)%5.! 8.>5%! 0/! P.55'%()%! 7%!
P/(/5'/81! M(! 3G!*-%8)5/8! 5%65%8%()/)'C/8! 5%&.?'7/8! 7-5/()%! %8)/8! &/*6/`/8!
2.,E02%-4(P4+!0.8!/(Q0'8'8!9'0.?%(D)'&.8!*.8)5/5.(!B-%!%0!HGd!7%!0/8!8%&-%(&'/8!
%5/(!8'*'0/5%8!/0!?5-6.!jPk<YK!%(!-(!HOY3##d!2C%5!_'?-5/!"41!

! j(!5%8-0)/7.!'()%5%8/()%!7%!0.8!/(Q0'8'8!7%!RSKY_hSp!5%/0'@/7.8!%(!0.8!
.,E02%-4#( O( @( P! %8! 0/! 5%0/)'C/! ?5/(! &/()'7/7! 7%! jPk<! B-%! /6/5%&'%5.(!
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/8.&'/7/8! /! 6/5)[&-0/8! 2R/>0/! I41! M8)%! r*.7.! 7%! C'7/! 6%?/7.! /! 6/5)[&-0/8s!
65.6.5&'.(/! -(/! 8%5'%! 7%! C%()/:/8! /! 0.8! *'&5..5?/('8*.8E! 0/8! >/&)%5'/8!
&.0.('@/(!6/5)[&-0/8!.5?Q('&/8!B-%!8%!A-(7%(!%(! 0/!&.0-*(/!7%!/?-/!2K@/*!=!
,.(?+! "##34+! 65.6'&'/(7.! /0)/8! )/8/8! 7%! 5%86'5/&';(! &.*.! &.(8%&-%(&'/! 7%! 0/!
.T'7/&';(! 7%! 0/! */)%5'/! .5?Q('&/+! 65.6'&'/(7.! 0/8! &.(7'&'.(%8! 8->;T'&/8!
(%&%8/5'/8!6/5/!0/!9':/&';(!7%!<"!2$'%*/((!%)!/01+!"#3#41!K7%*Q8+!0/8!*.0D&-0/8!
.5?Q('&/8!7%!0/!6/5)[&-0/!6-%7%(!/=-7/5!/!0'?/5!%0%*%().8!)5/@/!&.*.!%0!A'%55.!
2.,E02%-4(O4+!B-%!8.(!0'*')/()%8!7%!0/!9':/&';(!7%!<"!2%1?1!y-8)X/!%)!/01+!"##"41!

!

R/>0/!IE!J.5&%()/:%!7%!jPk<!%(&.()5/7/8+! /8.&'/7/8!/!6/5)[&-0/8+! 0'>5%8!.!%(!8'*>'.8'8! &.(!.)5/8!
&D0-0/8! *%7'/()%! 0/! )D&('&/! RSKY_hSp+! -8/(7.! 0/! 8.(7/! <')5.O"3+! %(! 7'8)'()/8! &/*6/`/8!
.&%/(.?5Q9'&/8!5%/0'@/7/8!7-5/()%!%8)/!)%8'81!

.,1E,Y,( /,2"2%>5/4')"2%>( K*$Z,( Q(,#4$",>4(
,(E,+20$%-,#( Q(-"V+*#( Q(*'(

#"1V"4#"#(
PKhtfz! eI"Y"Oa<FeHY"#af! {-0YK?.!#H! 3I1G#! O31ZG! V1OZ!
LA'5! eV#YV"a<FeHY3"af! K?.YS%6!#H! N1ZV! H#13#! "1"N!
S'00%'5.! eI3YI"a<FeHaf! {-0!#H! 3V1H"! ZG1N3! "#1VO!
,-&'9%5! "Oa"3|<F3Ga"V|f! _%>YU/=!3#! "I1N3! NV1HN! 31VZ!

!

M(!?%(%5/0+! 0/8!/8.&'/&'.(%8!7'/@;)5.9.Y6/5)[&-0/!8%!A/(!7%8&5').!6/5/!
0.8!7'/@;)5.9.8!(.Y&'/(.>/&)%5'/0%8!7%0!L5-6.!hhh!2CD/8%!0/!5%C'8';(!7%!$'%*/((!
%)! /01+! "#3#4+! /-(B-%! %8! *-=! 65.>/>0%! B-%! D8)/8! )/*>'D(! )%(?/(! 0-?/5! &.(!
/0?-(/8!jPk<1!R5'66!%)!/01!2"#3#4!8-?'5'%5.(!B-%!%0!*%)/>.0'8*.!=!%0!?%(.*/!
5%7-&'7.! 7%0! ?5-6.! jPk<YK! 231II! U>4! '(7'&/(! B-%! %8! 65.>/>0%! B-%! C'C/! %(!
8'*>'.8'8! 2JD5%@Yt5.&/0! %)/! 01+! "##Z4+! .! B-%! 7%6%(7/! 7%! 0/! */)%5'/! .5?Q('&/!
65.7-&'7/! 6.5! .)5.8! .5?/('8*.81! M(! %0! )5/>/:.! 7%! R5'66! %)! /01! 2"#3#4+!
65Q&)'&/*%()%! 0/! ).)/0'7/7!7%0!'"2F!6%5)%(%&'%()%!/0!?5-6.!jPk<YK!8%!5%&.?';!
7%!0/!95/&&';(!l3!m*+!0.!B-%!&.()5/7'&%!0/!8-6.8'&';(!7%!B-%!%8).8!.5?/('8*.8!
C'C%(! %(! 8'*>'.8'8! &.(! .5?/('8*.8! 7%! */=.5! )/*/`.1! M(! %0! 8'8)%*/! 7%!
/90.5/*'%().!7%!t%(?-%0/+!S.A*!%)!/01!2"#33>4!%(&.()5/5.(!/0)/8!/>-(7/(&'/8!
7%! jPk<YK! %(! %8)/&'.(%8! 7.(7%! 0/8! )/8/8! 7%! 9':/&';(! 7%! <"! l3#! m*!
5%65%8%()/>/(! /6%(/8! %0! eV#d! 7%! 0/! 9':/&';(! ).)/01! M(! %8)%! %8)-7'.+! %0! .)5.!
^('&.! 7'/@;)5.9.! 7%)%&)/>0%! 9-%! J/9$9#:<*1/*+! B-%! /6/5%&';! %(! />-(7/(&'/8!
*-&A.!*%(.5%81!,/!^('&/!%T60'&/&';(!6/5/!%8)/!'(&.(?5-%(&'/!%8!B-%!0/8!jPk<Y
K!)/*>'D(!9.5*/5/(!6/5)%!7%! 0/! 9':/&';(!7%!<"!c3#!m*!2'1%1!&D0-0/8!7%!jPk<YK!
%(!8'*>'.8'8!&.(!&D0-0/8!7%!*/=.5!)/*/`.!.!/8.&'/7/8!/!6/5)[&-0/8!(.!6/8/5[/(!
/! )5/CD8! 7%! -(! 9'0)5.! 7%! 3#! m*!7%! 6.5.41! M(! %0!.,E02%-4( O+! 0/!*/=.5[/! 7%! 0/8!
&D0-0/8!/8.&'/7/8!/!6/5)[&-0/8!)%([/(!-(!)/*/`.!%()5%!#1Z!=!e3!m*!2CD/8%!0/!_'?1!
G! 7%0!.,E02%-4( O41! g%! /&-%57.! &.(! %8)%! 5/(?.+! %8! 65.>/>0%! B-%! %8)/8! &D0-0/8!
6%5)%(%&'%5/(!/0!?5-6.!jPk<YK1!K7%*Q8+!)/*>'D(!8%!A/(!.>8%5C/7.!!
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!
_'?1!"1!i5>.0! 9'0.?%(D)'&.!7%! 8%&-%(&'/8!7%0! ?%(!'"2F1! ,/8! 8%&-%(&'/8!.>)%('7/8!%(!%8)%!%8)-7'.! 8%!
5%9%5%(&'/(!8%?^(!2'4!0/!&/*6/`/!.&%/(.?5Q9'&/!7%!PKhtMz+!2''4!0/8!%8)/&'.(%8!%(!0/8!B-%!8%!).*/5.(!
0/8! *-%8)5/8+! 2'''4! 0/! 65.9-(7'7/7! %(! 0/! &.0-*(/! 7%! /?-/! 2Kv8-6%59'&'%+! tv0[*')%! 7%! 0/! &/6/! 7%!
*%@&0/+!Pv*QT'*.!65.9-(7.!7%!&0.5.9'0/4+!=!2'C4!%0!(^*%5.!7%!&0.(1!,.8!C/0.5%8!7%!>..)8)5/6!cG#d!
8%!'(7'&/(!%(!0.8!(.7.81!t/55/!7%!%8&/0/v#1#G!8-8)')-&'.(%8!6.5!(-&0%;)'7.81!

538 

886 

CAlBEX_SOISA(I · IO) 

CA IBEX_S01SB( 1, 5, 7, lO, 12-1 7) 

CAlBEX_SOISC( I.2. 4. 5. 7. 8. 10- 12) 

CAlBEX_SOI MC( I·IO) 

CAIBEX_SOI DC(I·IO) 

CAIBEX_X08SA(I-iO) 

CAIBEX_X08SB(l, 2, 6- 11, 13) 

CAJBEX_X08SC(1 , 4 , 5, 7-13) 

CA IBEX_X08MC( I-4,6-13) 

CA IBEX_X08DC(I-7,9, 10) 

CAIBEX_X I7SC(I , 2, 4-9, 11- 13) 

CA IBEX_X I7MC( I-7,9,1O) 

CA IBEX_X17DC( I , 7, 11 , 12) 

CAlBEX_GT2SA( I-5) 

CAIBEX_GT2DC(3, 12, 16- 18,25 , 30) 

CAIBEX_XI7DC8 

UCYN-A 

,-__ :.:10.::.00'--1 CA1BEX_SOISC6 

Unculturcd bactcrium clone 31293A08 (FJ756674) 

7 13 

686 

Uncultured bactcrium clone SPOTS _ 45712A 132 (HQ660923) 

Ullculturcd marine bactcrium clone LE09-0M-02 (HQ455985) 

Uncultured organisrn clone FEB06 _ TbO 1_2-06_ Om J \8 (HQ606007) 

CAIBEX_X17DCIO 

CAIBEX_X I7DC2 

CAIBEX_X 17DC6 

CAIBEX j 17DC4 

CAIBEX_X 17SC 10 

Unidentified marine bactel;al clone HTl902 (AF299420) 

951 CAIBEX_X17DC5 

'---------- XenOCOCCUl" sp. (XSU73135) 

867 

99 1 

UCYN-B 

Uncultured marine bacterium clone TAMI05 1 5 (A Y896384) 

L-_____ ryonolhece sp. PCC 880 1 (CPOO 1287) 

L-____ Gloeolhece sp. PCC 6909 (l 1 5554) 

843 

Uncultured bacterium clone 5202A67 _17 (DQ273169) 

Unculturcd marine bacteriufll clone TASI406 (AY89646 1) 

,------Anabaena PCC7120 (ANANIFBH) 

Allohoeno orhollizomefloides M 17 clone 7101 A04 

L-_____ ToiypolhrLt sp. PCC7601 (AY76842 1) 

'------- Chlorogloeopsi.\· sp. (CSU73 138) 

L-__________ Lyngbya wollei clone alex l (EF422067) F'-_. Trichodesmillm group 

L-_______ Symploca sp. PCC 8002 (AY22 18 16) 

995 

Phormidium sp. AD l (AF227927) 

'----- P/lormidiUIII sp. (PSU73132) 

L-_____ Melhylomoflos mhra clone 23-4 (AF484673) 

f-j 
0.05 
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7'/@;)5.9.8! 6'&.60/(&);('&.8! %(! /8.&'/&';(! &.(! 6/5)[&-0/8! %(! %0! J/&[9'&.!
S-5.%8)%! 2t'%?/0/! =! $/'*>/-0)+! "##O4! =! M&-/).5'/0! 2t.((%)! %)! /01+! "##H4+! /8[!
&.*.!%(!%0!U/5!U%7')%55Q(%.!2,%!U./0!=!t'%?/0/+!"##H]!,%!U./0!%)!/01+!"#3341!
_'(/0*%()%+! %(! -(! %8)-7'.! *-=! 5%&'%()%+! RA.*68.(! %)! /01! 2"#3"4! A/(!
%(&.()5/7.! *'%*>5.8! 7%0! ?5-6.! jPk<YK! %(! 8'*>'.8'8! &.(! 65'*(%8'.9')/81!
S%?^(!%8).8!/-).5%8+!%8)/8!/8.&'/&'.(%8!(.!8%!A/>[/(!.>8%5C/7.!/()%5'.5*%()%!
7%>'7.! /0! 95/&&'.(/*'%().! 7%! 0/8! *-%8)5/8! =! /! 8-! */('6-0/&';(+! B-%! 6-%7%!
7%865%(7%5! /! 0/8! jPk<YK! 7%! 0/! 8-6%59'&'%! 7%! 8-8! A.86%7/7.5%81! M8).8!
65.>0%*/8!7%!*/('6-0/&';(!7%!*-%8)5/8! 7'9'&-0)/(! %0! %8)-7'.! 7%! %8)%! )'6.!7%!
/8.&'/&'.(%8! 7%! 8'*>'.8'8+! /8[! &.*.! 0/8! /8.&'/&'.(%8! .5?/('8*.Y6/5)[&-0/!
2S'*.(!%)!/01+!"##"41!

R.7/8!0/8!%C'7%(&'/8!5%&.?'7/8!%(!%8).8!%8)-7'.8!8-?'%5%(!B-%+!/0!'?-/0!
B-%!.&-55%!&.(!/0?-(.8!7'/@;)5.9.8!A%)%5;)5.9.8+!0/8!jPk<YK!6-%7%(!65%8%()/5!
-(!*.7.! 7%! C'7/! /8.&'/7.! /! 6/5)[&-0/8! >/:.! 7%)%5*'(/7/8! &'5&-(8)/(&'/81! M(!
?%(%5/0+! 6/5%&%! B-%! %8)/8! /8.&'/&'.(%8! 65%7.*'(/(! %(! /*>'%()%8! &.(! /0)/8!
&.(&%()5/&'.(%8! 7%! gh<! =! */)%5'/! .5?Q('&/! 6/5)'&-0/7/+! &.*.! %(! 0.8!
/90.5/*'%().8! &.8)%5.8! 2S.A*! %)! /01+! "#33>]! .,E02%-4( P4+! =! %(! .)5/8! @.(/8!
&.8)%5/8! %-)5;9'&/8! 2t'%?/0/! =! $/'*>/-0)+! "##O41! ,/8! /8.&'/&'.(%8!
&'/(.>/&)%5'/Y6/5)[&-0/! )/*>'D(! 8%! A/(! .>8%5C/7.! %(! .)5.8! ?5-6.8! 7%! jPk<1!
J.5! %:%*60.+! S.A*! %)! /01! 2"#33/4! .>8%5C/5.(! B-%! J/9$9#:<*1/*! 65.7-&%!
6.0'8/&Q5'7.8! %T)5/&%0-0/5%8! 2MJS+! %(! 8-8! 8'?0/8! %(! '(?0D84! B-%! 8%! /&-*-0/(!
/05%7%7.5!7%!%8)/8!jPk<+!9.5*/(7.!6/5)[&-0/81!

! M(! ).7.8! 0.8! %8)-7'.8! '(&0-'7.8! %(! %8)/! )%8'8+! .)5.8! ?5-6.8! 7%!
7'/@;)5.9.8!&.*.!0/8!&'/(.>/&)%5'/8!9'0/*%().8/8!%(!8'*>'.8'8!&.(!7'/).*%/8!.!
&.6D6.7.8! 9-%5.(! 5/5/*%()%! .>8%5C/7.81! L%(%5/0*%()%+! 0.8! 7'/@;)5.9.8! %(!
8'*>'.8'8! 5%65%8%()/5.(! lGd! 7%! 0/8! &D0-0/8! &.()/7/8! %(! 0.8! /(Q0'8'8! 7%! RSKY
_hSp+!*'%()5/8!B-%!>/:.!%0!*'&5.8&.6'.!;6)'&.!(-(&/!8%!.>8%5C/5.(!8'*>'.8'8!
7'/).*%/Y&'/(.>/&)%5'/1!

!

KL%-*$"&'(-1(45(2"3*-9(/1$"1',1=1',1(

! ,/!*/=.5[/!7%!0/8!)/8/8!7%!9':&';(!7%!<"!7'86.('>0%8!%(!0/!0')%5/)-5/!8.(!
)/8/8!7%!9':/&';(!(%)/!2'(&.56.5/&';(!7%!<"!/!>'.*/8/41!J/5/!*%7'5! 9':/&';(!7%!
<"+!?%(%5/0*%()%!8%!9'0)5/(!0/8!*-%8)5/8!7%!/?-/!7%!*/5!/!)5/CD8!7%!9'0)5.8!7%!
9'>5/! 7%! C'75'.! 7%! #1N! m*! 7%! />%5)-5/! 7%! 6.5.1! M0! /?-/! B-%! A/! /)5/C%8/7.! %0!
9'0)5.! 5/5/*%()%! 8%! 5%&.?%+! 7%! *.7.! B-%! %0! <"! B-%! 8%! 9':/! =! 8%! %T-7/!
%T)5/&%0-0/5*%()%!(.!8%!&.()/>'0'@/!/!0/!A.5/!7%!&/0&-0/5!0/8!)/8/81!S'!%8)%!90-:.!
%8!8-8)/(&'/0+!0/8!C%57/7%5/8!)/8/8!7%!9':/&';(!7%!<"!6-%7%(!C%58%!8->%8)'*/7/8!
%(!?5/(!*%7'7/!2t5.(X!%)!/01+!3HHI41!



!"#$%#"&'(
(
 

!
 
 
 
""O 

! g/7.! B-%! %(! 0/! /&)-/0'7/7! %T'8)%! -(! 7%8%B-'0'>5'.! %()5%! 0/8! )/8/8! 7%!
r?/(/(&'/s!=!r6D57'7/s!7%!(')5;?%(.!20/!7%8(')5'9'&/&';(!=!0/!/(/**.T!8-6%5/(!
/! 0/! 9':/&';(! 7%!<"! %(!e"##!R?!<! =Y3]!U/A/99%=! %)! /01+! "##G]! P.7'86.)'+! "##N4+!
65%&'8/*.8!7%!*%7'7/8!9'/>0%8!7%!9':/&';(!7%!<"!B-%!(.8!/=-7%(!/!%B-'0'>5/5!%0!
&'&0.!.&%Q('&.!7%0!(')5;?%(.1!$%&'%()%*%()%+!U.A5!%)! /01! 2"#3#4!7%8&->5'%5.(!
B-%! 0/8! )/8/8! 7%! 9':/&';(! 7%! <"! >/8/7/8! %(! %0! *D).7.! 7%! 0/! >-5>-:/! 7%! 3G<"!
6->0'&/7.8! A/8)/! 0/! 9%&A/+! %8)/>/(! 8->%8)'*/7/8! %(! ?5/(! *%7'7/! 2CD/8%!
)/*>'D(! L5.WX.69! %)! /01+! "#3"]!w'08.(! %)! /01+! "#3"]!.,E02%-4( R41! M8! 65.>/>0%!
B-%! 0/! /60'&/&';(! 7%0! *D).7.! *%:.5/7.! 23G<"! 7'8-%0).4! 6-%7/! /-*%()/5! 0/8!
)/8/8! 7%! 9':/&';(! 7%!<"! 8-9'&'%()%*%()%! &.*.! 6/5/! %B-'0'>5/5! 0/8! 6D57'7/8! 7%!
(')5;?%(.! 9':/7.! 6.5! 7%8(')5'9'&/&';(! =! /(/**.T+! 6%5.! A/8)/! B-%! (.!
/60'B-%*.8! %0! (-%C.! *D).7.! /! 0.! 0/5?.! =! /(&A.! 7%! (-%8)5.8! .&D/(.8! (.!
6.75%*.8!&.(9'5*/50.1!M8)%!7%8%B-'0'>5'.!6.75[/!C%58%!/-(!*Q8!5%7-&'7.!8'!8%!
*'7'%5/! 0/! %T-7/&';(!7%!<"! 9':/7.!/8'7-/*%()%+! -)'0'@/(7.!%0!*D).7.!7%0! 3G<"!
7'8-%0).+!%C')/(7.!6.5!)/().!).7.8!0.8!9/&).5%8!B-%!6-%7%(!8->%8)'*/5!0/8!)/8/8!
5%/0%81!

! L0'>%5)! =! t5.(X! 23HHI4! %8)'*/5.(! B-%! 6.>0/&'.(%8! (/)-5/0%8! 7%!
;/"$<9-1#="%=( 6-%7%(! %T-7/5! eG#d! 7%0! <"! B-%! 9':/(! %(! 9.5*/! 7%! gf<+!
*'%()5/8! B-%! &-0)'C.8! 7%! ;/"$<9-1#="%=( hUS3#3! ^('&/*%()%! %T-7/(! eOd!
2U-0A.00/(7!%)!/01+!"##I41!g%!*/(%5/!8'*'0/5+!%(!%0!.,E02%-4(=(.>8%5C/*.8!B-%!
&-0)'C.8! 7%! 0/! &'/(.>/&)%5'/! 7'/@;)5.9/! -('&%0-0/5! J.*'9,<1$1! 861! U'/*'! tL!
#IVG33!%T-7/!^('&/*%()%!e3d!7%0!<"!B-%!9':/+!*'%()5/8!B-%!%(!%0!.,E02%-4(R+!
0.8! 7'/@;)5.9.8! 7%! 0/! 95/&&';(! l3#! m*! %(! /?-/8! 7%0! K)0Q()'&.! <.57%8)%!
8->)5.6'&/0!%T-7/5.(!e"Vd1!M8)/8!7'9%5%(&'/8!%(!0/!7'(Q*'&/!7%!%T-7/&';(!7%!
gf<! 65.>/>0%*%()%! %8)D(! /8.&'/7/8! /! 0/8! &.(7'&'.(%8! '(A%5%()%8! 7%! /?-/8!
.&%Q('&/8! =! 7'9[&'0*%()%! '*')/>0%8! %(! 8'8)%*/8! 7%! &-0)'C.+! )/0%8! &.*.! 0/!
C/5'/>'0'7/7! %(! 0/! '()%(8'7/7! 7%! 0/! 0-@+! 0/! )-5>-0%(&'/+! %0! %8)5D8! (-)5')'C.! =!
)D5*'&.+!0/!>/&)%5'C.5[/+!0/!0'8'8!C[5'&/!=!0/!65%7/&';(1!

! ,/! %T-7/&';(! 7%! gf<! 8%! 6-%7%! *%7'5! '(7'5%&)/*%()%! &.*.! 0/!
7'9%5%(&'/!%()5%!0/!9':/&';(!7%!<"!>5-)/!2*D).7.!K$K4!=!(%)/!2*D).7.!7%0!3G<"41!
M0!/-*%().!.>8%5C/7.!%(!0/8!)/8/8!7%!9':/&';(!7%!<"!&-/(7.!8%!/60'&/!%0!*D).7.!
7%0!3G<"!7'8-%0).!%(!C%@!7%0!3G<"!%(!>-5>-:/!2L5.WX.69!%)!/01+!"#3"]!w'08.(!%)!/01+!
"#3"4+! 8-?'%5%! B-%! 0/8! 7'9%5%(&'/8! .>8%5C/7/8! %()5%! 0/8! )/8/8! %8)'*/7/8!
*%7'/()%!K$K!.!>-5>-:/!7%!3G<"!%(!%8)-7'.8!/()%5'.5%8!2%1?1!L/00.(!%)!/01+!"##"]!
U-0A.00/(7! %)! /01+! "##I4!6.75[/(! 8%5+! %(! 5%/0'7/7+! '(8'?('9'&/()%8! 2U.A5! %)! /01+!
"#3#41! S'(! %*>/5?.+! &-/(7.! *%7'*.8! %0! %(5'B-%&'*'%().! %(! 3G<! 7%0! gf<!
%T)5/&%0-0/5! )5/8! -(! 6%5[.7.! 7%! '(&->/&';(+! '(%B-[C.&/*%()%! %8)/*.8!
*'7'%(7.!)/8/8!7%!%T-7/&';(!7%!gf<+!.!%(!%0!6%.5!7%!0.8!&/8.8+!<"!9':/7.!&.*.!
gf<!B-%!A/!8/0'7.!7%!0/!&D0-0/!)5/8!0/!5-6)-5/!7%!0/!6/5%7!&%0-0/5!6.5!&-/0B-'%5!
.)5/!5/@;(!2L0'>%5)!=!t5.(X+!3HHI]!U-0A.00/(7!%)!/01+!"##I]!.,E02%-4(R41!



>7?;(@AB(C:*'"#<(#%==*/.D?1#%=1'(1'(1#:*E96(
(
 

 
 
 
 

""H 

! U%7'5! %0! gf<!*/5&/7.! &.(! 3G<! 5%B-'%5%! -(! ?5/(! %89-%5@.! &'%()[9'&.+!
/7%*Q8! 7%! B-%! &.(00%C/! -(/! 8%5'%! 7%! 65.>0%*/8!*%).7.0;?'&.8+! 65%C'/*%()%!
7'8&-)'7.8! %(! 0/! h()5.7-&&';(! L%(%5/0! 7%! %8)/! )%8'81! M8! 65%&'8.! 7'8%`/5! -(!
*D).7.!*Q8! 8%(&'00.! 6/5/! 6.7%5! /60'&/50.! 7%!*/(%5/! 5-)'(/5'/! %(! &/*6/`/8!
.&%/(.?5Q9'&/8!=!%T6%5'*%().8!7%!0/>.5/).5'.1!

!

J9',/"0%$"&'( -1( 6*( 2"3*$"&'( -1( 45( *( 6*( :/9-%$$"&'( '%1G*( 1'( 16(
7,68',"$9(49/-1#,1(#%0,/9:"$*6(

! ,.8! ?'5.8! 8->)5.6'&/0%8! 7%! 0.8! .&D/(.8! 8.(! 6.>5%8! %(! (-)5'%()%8!
7%>'7.!/!0/!9-%5)%!%8)5/)'9'&/&';(!7%!0/!&.0-*(/!7%!/?-/!%(!%8)/8!@.(/8+!0/!&-/0!
6%58'8)%! /! 0.! 0/5?.!7%! ).7.! %0! /`.+! '*6'7'%(7.! 0/! %()5/7/!7%! /?-/8!65.9-(7/8!
5'&/8! %(!(-)5'%()%8! /! 0/! &/6/! 8-6%59'&'/0! 2_/0X.q8X'+! 3HHN41!M(!%8).8! 8'8)%*/8!
.0'?.)5;9'&.8+!8%!&5%%!B-%!%0!<"! 9':/7.!6.5! 0.8!.5?/('8*.8!7'/@;)5.9.8!8-8)%()/!
%(!?5/(!*%7'7/!0/!65.7-&&';(!65'*/5'/!2y/50!%)!/01+!"##"]!P/6.(%!%)!/01+!"##G41!
M8%(&'/0*%()%+! %8)/! '7%/! 8-5?';!7%! 0/8! /0)/8! )/8/8!7%! 9':/&';(!7%!<"! /!('C%0! 7%!
&-%(&/!7%5'C/7/8!7%!%8)-7'.8!7%!&/5Q&)%5!?%.B-[*'&.!2R/>0/!G41!S'(!%*>/5?.+!
0/8! )/8/8! 7%5'C/7/8! 7%! *D).7.8! ?%.B-[*'&.8! 8.(! )[6'&/*%()%! -(! .57%(! 7%!
*/?(')-7! */=.5%8! B-%! 0/8! 7%5'C/7/8! 7%! *D).7.8! >'.0;?'&.8! 2R/>0/! 341! M8).!
6-%7%!8'?('9'&/5! )/().!B-%! 0.8!*D).7.8!?%.B-[*'&.8!8.>5%%8)'*/(! 0/8! )/8/!7%!
9':/&';(!7%!<"+!&.*.!B-%!0.8!*D).7.8!>'.0;?'&.8!0/8!8->%8)'*/(1!!

!

R/>0/! GE! M8)'*/8! 7%! 9':/&';(! 7%! <"! .>)%('7/8! &.(! *D).7.8! ?%.B-[*'&.8! %(! 7'8)'()/8! Q5%/8! 7%0!
K)0Q()'&.!<.5)%1!R/>0/!*.7'9'&/7/!7%!U/A/99%=!%)!/01!2"##G41!

[*\*+*'$",( ]^24>4(
:,#,(

7;14-(3(1<=(><?9!
A+*,(

7?BC(D1=9!

:,#,(E4+(
$%*'$,(

(7R_N=(G(?BC(
D1=9(

U'&A/%08!%)!/01!23HHZ4! <b! G##Y"G##! NY3H! 3##1"YG##1O!
L5->%5!=!S/5*'%().!23HHN4! <b! 3HN! "N1O! VH1G!
p/(8%00!%)!/01!2"##I4! <b!*.7'9'&/7.! N#Y"#O! Z1O! 3IYI31N!
t/)%8!=!p/(8%00!2"##I4! <b!*.7'9'&/7.! IGY"GH! 3Z! HYG"!
P/6.(%!%)!/01!2"##G4! !3G<! OG#! 3N1O! 3N#1V!

!

! M(!%0!.,E02%-4(C!*%7'*.8!)/8/8!7%!65.7-&&';(!(-%C/!%(!-(/!@.(/!7%!
.&D/(.!/>'%5).!=!.)5/!7%!/90.5/*'%().!&.8)%5.!7%!0/!P.55'%()%!7%!P/(/5'/8+!=!0/8!
&.*6/5/*.8!&.(!0/8!)/8/8!7%!9':/&';(!7%!<"!.>)%('7/8!%(!0/8!*'8*/8!%8)/&'.(%8!
2%(!%0!.,E02%-4(?41!,/!&.()5'>-&';(!7%! 0/! 9':/&';(!7%!<"!/! 0/!65.7-&&';(!(-%C/!
9-%!l3d+! 0.!B-%!(.8! '(7'&/!B-%! 0/! &.()5'>-&';(!7%! 0/! /&)'C'7/7!7'/@.)5;9'&/!/0!
5%8%5C.5'.! 7%! (')5;?%(.! %(! %0! K)0Q()'&.! <.57%8)%! 8->)5.6'&/0! %8! [(9'*.! 2/0!



!"#$%#"&'(
(
 

!
 
 
 
"V# 

*%(.8! 7-5/()%! %0! C%5/(.+! B-%! %8! &-/(7.! 8%! 5%/0'@/5.(! %8)/8! &/*6/`/841! g%!
9.5*/!8'*'0/5+!U.-5'`.YP/5>/00'7.!%)!/01!2"#334!*'7'%5.(!0/8!%()5/7/8!7%!<fVY!/!
0/! &/6/! %-9;)'&/! &.(:-()/*%()%! &.(! )/8/8! 7%! 9':/&';(! 7%! <"! %(! -(! )5/(8%&).!
<.5)%YS-5! /! 0.! 0/5?.! 7%0! K)0Q()'&.! &%()5/01! M8).8! /-).5%8! %8)'*/5.(! B-%! 0/!
9':/&';(!7%!<"!5%65%8%()/!-(!e"d!7%0!/6.5)%!).)/0!7%!(')5;?%(.!(-%C.!/!0/!@.(/!
9;)'&/1!

! ,/8! >/:/8! )/8/8! 7%! 9':/&';(! 7%! <"! *%7'7/8! %(! %0! K)0Q()'&.! <.57%8)%!
8->)5.6'&/0! 2CD/8%! %0! F'*G4( HH4! (.! 8%! &.55%86.(7%(! &.(! 0.8! C/0.5%8! 7%! 0.8!
6/5Q*%)5.8! <b! =! !3G<! *%7'7.8! %(! %8)/! 5%?';(! 2%1?1! U/A/99%=! %)! /01+! "##V]!
$%=(.078! %)! /01+! "##N]! t.-5>.((/'8! %)! /01+! "##H41! R.7.8! %8).8! /-).5%8!
&.(&0-=%5.(!B-%! 0/! 9':/&';(!7%!<"! &.()5'>-[/! 8-8)/(&'/0*%()%! /! 0/! 65.7-&&';(!
(-%C/!%(!%0!K)0Q()'&.!<.57%8)%1!S'(!%*>/5?.+!7%>%*.8!)%(%5!%(!&-%()/!B-%!0.8!
6/5Q*%)5.8!B-%!-)'0'@/5.(!2<b!=!!3G<4!6-%7%(!C%58%!%(*/8&/5/7.8!9Q&'0*%()%!
6.5! .)5.8! 65.&%8.8+! &.*.! 0/! 7%6.8'&';(! 7%! (')5;?%(.! /)*.89D5'&.! =! %0!
95/&&'.(/*'%().! '8.);6'&.! 2CD/8%! 0/! h()5.7-&&';(! L%(%5/0! 7%! %8)/! )%8'841! M(!
%9%&).+! %8)-7'.8! 5%&'%()%8! '(7'&/(! B-%! 0/8! )/8/8! 7%! 7%6.8'&';(! 7%! (')5;?%(.!
/)*.89D5'&.!8%!%8)Q(!/&%5&/(7.!/!0/8!%8)'*/8!7%!9':/&';(!7%!<"!/&)-/0%8!2g-&%!%)!
/01+!"##O41!g%!/&-%57.!&.(!0/8!)/8/8!7%!7%6.8'&';(!7%!0/!R/>0/!Z+! 0/!7%6.8'&';(!
7%! (')5;?%(.! /)*.89D5'&.! 6.75[/! 5%65%8%()/5! %0! e"Y3##d! 7%! 0/8! )/8/8! 7%!
9':/&';(!7%!<"!/!('C%0!7%!&-%(&/!%8)'*/7/8!6.5!*D).7.8!?%.B-[*'&.8!2R/>0/!G41!
S'(!%*>/5?.+!%0!%T&%8.!7%!(')5;?%(.!9':/7.+!.>8%5C/7.!%(!%8)/!@.(/!6.5!i0C/5%@!
=!i0C/5%@YS/0?/7.!2"##N4!=!5%C'8/7.!%(!%0!.,E02%-4(C+!(.!8%!%T60'&/!6.5!%8).8!
90-:.81!

!

R/>0/!ZE!R/8/8!7%!7%6.8'&';(!7%!(')5;?%(.!/)*.89D5'&.!/!('C%0!7%!P-%(&/!2K)0Q()'&.!<.5)%41!

[*\*+*'$",( :,#,(>*(>*E4#"$"&'(7:)(3(@<?9(

g-&%!%)!/01+!3HH3! O1N!

J5.86%5.!%)!/01+!3HHZ! G1N!

g%()%(%5!%)!/01+!"##Z! Z1H!

,-.!%)!/01+!"##N! Z1G!

t/X%5!%)!/01+!"#3#! Z1IY3#!

!

! !

! M(! 5%8-*%(+! 0/8! 7'9%5%(&'/8! %()5%!*D).7.8! ?%.B-[*'&.8! =! >'.0;?'&.8!
65.C'%(%(!7%E!234!0/8!7'8)'()/8!%8&/0/8!%86/&'/0%8!=!)%*6.5/0%8!'(C.0-&5/7/8+!'1%1!
0.8! *D).7.8! ?%.B-[*'&.8! %8)-7'/(! &-%(&/8! %()%5/8! /! %8&/0/! 7%! 7D&/7/8+!
*'%()5/8!B-%!0.8!>'.0;?'&.8!/!6%(/8!-8/(!-(.8!&-/().8!0')5.8!%!'(&->/&'.(%8!7%!



>7?;(@AB(C:*'"#<(#%==*/.D?1#%=1'(1'(1#:*E96(
(
 

 
 
 
 

"V3 

A/8)/! "I! A+! 2"4! 8.>5%%8)'*/8! .&/8'.(/7/8! /0! /60'&/5!*D).7.8! ?%.B-[*'&.8! =/!
B-%! D8).8! 8%! C%(! %(*/8&/5/7.8! 6.5! .)5.8! 65.&%8.8! &.*.! 0/! 7%6.8'&';(! 7%!
(')5;?%(.! /)*.89D5'&.+! .! 2V4! 8->%8)'*/8! .&/8'.(/7/8! /0! /60'&/5! *D).7.8!
>'.0;?'&.8!2U.A5!%)!/01+!"#3#41!

! M(!%0! 9-)-5.+! 0.8!*D).7.8!?%.B-[*'&.8!7%>%5[/(!/:-8)/58%!6/5/!6.7%5!
7'8&%5('5! B-D! 6.5&%()/:%! 7%! 8-! 8%`/0! 8%! 7%>%! 5%/0*%()%! /! 0/! /&)'C'7/7!
7'/@.)5;9'&/+! =! &-Q0! /! .)5.8! 65.&%8.81! ,/! )/8/! 5%8-0)/()%! 6.75[/! 8%5! 0.!
8-9'&'%()%*%()%!>/:/!&.*.!6/5/!8%5!&.*6%(8/7/!6.5!0/8!)/8/8!7%!9':/&';(!7%!<"!
.>)%('7/8!-8/(7.!%0!*D).7.!7%!3G<"!7'8-%0).!2U.A5!%)!/01+!"#3#4+!7%!9.5*/!B-%!
8%!%B-'0'>5/5[/!%0!&'&0.!.&%Q('&.!7%0!(')5;?%(.1!!

(



!"#$%&'("#)'*
*
 

!
 
 
 
"#" 

!"#$%&'("#)'*

*
$%&!'()*+)'%,-&!+.*+,/&).*-&!0-!-&1%!1-&)&!&.*2!

!

• $%&! 1%&%&! 0-! 3)4%+)5*! 0-! 6"! -*! -,! 71,8*1)+.! 6.(0-&1-! &/91(.')+%,! &.*!
9%4%&! -*! +.:'%(%+)5*! +.*! .1(%&! 8(-%&! 0-! -&1%! +/-*+%;! <*! ,%! 9%*0%!
,%1)1/0)*%,!1(.')+%,=!,%&!1%&%&!0-!3)4%+)5*!0-!6"!:8&!%,1%&!&-!-*+/-*1(%*!
-*!,%!:)1%0!>-&1-;!?)*!-:9%(@.=!-*!,%!9%*0%!,%1)1/0)*%,!&/91(.')+%,=! ,%!
:)1%0! <&1-! '(.'.(+).*%! ABCD! 0-,! 6"! 3)4%0.! 1.1%,;! <*! ,.&! -&1/0).&!
)*+,/)0.&! -*! -&1%! 1-&)&=! ,%! 3(%++)5*! EFC! G:! +.*1()9/H5! ICJKCD! 0-! ,%!
3)4%+)5*! 0-! 6"! 9(/1%! 1.1%,=! )*0)+%*0.! L/-! ,.&! 0)%M51(.3.&! /*)+-,/,%(-&!
'(-0.:)*%*!-*!-,!71,8*1)+.!6.(0-&1-!&/91(.')+%,;!$%&!0)3-(-*+)%&!-*1(-!
,%&!1%&%&!0-!3)4%+)5*!0-!6"!9(/1%&!H!*-1%&!)*0)+%(.*!L/-!,.&!0)%M51(.3.&!
-*! ,%! 3(%++)5*! AFC! G:! -N/0%(.*! -*1(-! -,! FO! H! -,! PKCD! 0-,! 6"!
(-+)-*1-:-*1-!3)4%0.=!:)-*1(%&!L/-!,%! 3(%++)5*!EFC!G:!-N/05!-*1(-!-,!
"O! H! -,! KCD;! $%! -N/0%+)5*! 0-! 6"! 3)4%0.! '.(! ,%! 3(%++)5*! AFC! G:! 3/-!
:%H.(!-*!M.*%&!0-!.+Q%*.!%9)-(1.=!:)-*1(%&!L/-!,%!0-!,%!3(%++)5*!EFC!
G:!3/-!:%H.(!-*!M.*%&!0-!%3,.(%:)-*1.!+.&1-(.;!

!

• $%!+)%*.9%+1-()%!/*)+-,/,%(!!+,#"-.)$)!&';!R)%:)!ST!CU#OFF=!+/,1)V%0%!
-*!+.*0)+).*-&!5'1):%&!0-! ,/M!H!1-:'-(%1/(%=!-N/05!%'-*%&!PFD!0-,!
6"! (-+)-*1-:-*1-! 3)4%0.! -*! 3.(:%! 0-! W>6=! &/@)()-*0.! L/-! ,%&!
+)%*.9%+1-()%&! 0)%M.1(53)+%&! /*)+-,/,%(-&! :%()*%&! *-+-&)1%*! -&1%(!
&.:-1)0%&! %! %,@X*! 1)'.! 0-! -&1(Q&! Y,/:Z*)+.=! */1()1)V.=! '(-0%1.().=!
9%+1-()V.(Z%=!1/(9/,-*+)%[!'%(%!-N/0%(!W>6!-N1(%+-,/,%(:-*1-;!

!

• W)%M51(.3.&! /*)+-,/,%(-&! YEFC! G:[! -*! %@/%&! .+-8*)+%&! 0-,! 71,8*1)+.!
&/91(.')+%,!-N/0%(.*!P"#D!0-,!6"! 3)4%0.!-*!3.(:%!0-!W>6=!:)-*1(%&!
L/-!,%!3(%++)5*!AFC!G:!-N/05!PFUD=!+.*3)(:%*0.!L/-!,%&!'.9,%+).*-&!
*%1/(%,-&! 0-! 0)%M51(.3.&! -N'/-&1%&! %! 0)&1)*1.&! 3%+1.(-&! %:9)-*1%,-&!
+.:.! ,%! 1/(9/,-*+)%=! -,! -N+-&.! 0-! ,/M! .! -,! -&1(Q&! */1()1)V.=! '/-0-*!
-N/0%(!/*!'.(+-*1%4-!+.*&)0-(%9,-!0-,!6"!3)4%0.!-N1(%+-,/,%(:-*1-;!?)*!
-:9%(@.=! ,%&!1%&%&!0-!-N/0%+)5*!0-!W>6!3/-(.*!+.*&1%*1-&!-*!%:9%&!
3(%++).*-&=! *.! -N\)9)-(.*! /*! '%1(5*! @-.@(83)+.! 0-1-(:)*%0.=! *)! &-!
+.((-,%+).*%(.*! &)@*)3)+%1)V%:-*1-! +.*! *)*@/*%! 0-! ,%&! V%()%9,-&!
+.*&)0-(%0%&!Y1-:'-(%1/(%=!&%,)*)0%0=!*/1()-*1-&=!H!7>W!OOC!*:[;!
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!

• $%! 0-'.&)+)5*! 0-! '.,V.! &%\%()%*.! ()+.! -*! \)-((.! &.9(-! ,%&! ]&,%&!
^%*%()%&=!'(.V.+5!-3-+1.&!0)&1)*1.&!-*!29($."<)'8(&8!H!-*!0)%M51(.3.&!
/*)+-,/,%(-&;!_(%&!/*!-V-*1.!0-!0-'.&)+)5*=!29($."<)'8(&8*'%(-+)5!*.!
V-(&-!%3-+1%0.!'.(!,%!:%H.(!0)&'.*)9),)0%0!0-!\)-((.!H!:%*1/V.!1%&%&!
0-! 3)4%+)5*! 0-! 6"! &):),%(-&;! <*! +%:9).=! ,%&! 1%&%&! 0-! ,.&! 0)%M51(.3.&!
/*)+-,/,%(-&!%/:-*1%(.*!PKCD;!_(%&!-,!-V-*1.!0-!0-'.&)+)5*!0-!'.,V.!
%1:.&3Q()+.=! P#OD! 0-! ,.&! 0)%M51(.3.&! /*)+-,/,%(-&! %'%(-+)-(.*!
%&.+)%0.&!%!'%(1Z+/,%&;!<&1%!%&.+)%+)5*!'/-0-!3%V.(-+-(!,%!,)@%+)5*!0-,!
\)-((.!+.*1-*)0.!-*!-,!'.,V.;!29($."<)'8(&8! &)*!-:9%(@.!&-!.9&-(V5!
:%H.()1%()%:-*1-!-*!3.(:%!0-!1()+.:%&!,)9(-&=!/*%!0)&'.&)+)5*!L/-!*.!
,-&!'-(:)1-!`%1(%'%(a!,%&!'%(1Z+/,%&!0-!'.,V.!%1:.&3Q()+.!H!%'(.V-+\%(!
,.&!:%1-()%,-&!+.*1-*)0.&!-*!Q&1%&;!

!

• $.&!%*8,)&)&!0-!9).,.@Z%!:.,-+/,%(!(-%,)M%0.&!Yb^cJ%*)0%0%[!)*0)+%(.*!
L/-! ,%! :%H.(! '%(1-! 0-! ,.&! .(@%*)&:.&! EFC! G:! :/-&1(-%0.&!
'-(1-*-+-*! %,! @(/'.! d^e6J7;! 7*8,)&)&! '%(%,-,.&! 0-! _?7Jf]?g!
+.*3)(:%(.*! -&1.&! 0%1.&=! 0%0%! ,%! @(%*! %9/*0%*+)%! 0-! .(@%*)&:.&! EF!
G:;!

!

• $%&! 9%4%&! 1%&%&! 0-! 3)4%+)5*! 0-! 6"! :-0)0%&! )*0)+%(.*! L/-! &/!
+.*1()9/+)5*! %! ,%! '(.0/++)5*! */-V%! -*! -,! 71,8*1)+.! 6.(0-&1-!
&/91(.')+%,! -&! :/H! 9%4%! YEFD[;! <&! '.(! 1%*1.! '.+.! '(.9%9,-! L/-! ,%!
%+1)V)0%0! 0)%M.1(53)+%! '(.0/M+%! ,%&! &-h%,-&! 0-! -N+-&.! 0-! *)1(5@-*.!
.9&-(V%0%&! 3(-+/-*1-:-*1-! -*! -&1%! M.*%;! 7,1-(*%1)V%:-*1-=! ,%!
0-'.&)+)5*!0-!*)1(5@-*.!%1:.&3Q()+.!Hi.!,%!%0V-++)5*!0-!W>R!0-&0-!-,!
%3,.(%:)-*1.! +.&1-(.! 0-,! 6.(.-&1-! 0-! j3()+%! '/-0-*! +.*1()9/)(!
&)@*)3)+%1)V%:-*1-! %,! -N+-&.! 0-! *)1(5@-*.=! '-(.! &)*! -:9%(@.=! ,%&!
-&1):%&!%+1/%,-&!0-!-&1.&!3,/4.&!*.!,.!-N',)+%*!-*!&/!1.1%,)0%0;!

!

!

*

*
!
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'
! %&'(')*+,&-,.! /,! (0,1)! 23,! *4/! 5'6)740,/! 7,! 8"! +)0'&4/! ,0)&! 94(4/!

:90'&('9)*+,&-,'2$-034,+&5-"5!;!/'+<'4&-,/!7,!7')-4+,)/=.!;!23,!*)!)(-'>'7)7!
7')?4-0@5'()! /,! 0,/-0'&A1)! )! *)/! <)&7)/! -049'()*,/! 7,! *4/! 4(B)&4/.! 74&7,! *)/!

)A3)/! /4&! (C*'7)/.! 4*'A4-0@5'()/! ;! ,/-0)-'5'()7)/D! E0)/! ()/'! 74/! 7B()7)/! 7,!

'&>,/-'A)('@&.! ,/-)/! 90,+'/)/! F)&! ()+<')74! 4/-,&/'<*,+,&-,D! G4;! ,&! 71)!

/)<,+4/!23,!*)!5'6)('@&!7,!8"!93,7,!7)0/,!)!*)-'-37,/!F)/-)!HIJK8!:L34!,-!)*D.!

"JM"=.!)!-,+9,0)-30)/!NMOKP!:,DAD!Q4F+!,-!)*D.!"JMM<=.!;!,&!)A3)/!-30<3*,&-)/!

:,DAD!R,&)>'7,/!,-!)*D.!"JMM=D!

! P4+4!'&7'()&!'&>,/-'A)('4&,/!+3;!0,(',&-,/.!*)/!SPT8UV!:23,!-',&,&!3&!

+,-)<4*'/+4! 54-4F,-,04-0@5'(4=! /4&! *)/! (')&4<)(-,0')/! 7')?@-045)/! +C/!

)<3&7)&-,/!7,*!4(B)&4!:L34!,-!)*D.!"JM"=.!;!7,9,&7,&!7,!3&)!53,&-,!,W-,0&)!7,!

+)-,0')!40AC&'()!9)0)!/3!&3-0'('@&.!;)!/,)!B/-)!,*!9049'4!X/-4(YZ!7,!*4/!4(B)&4/!

:E0'99! ,-! )*D.! "JMJ=.! 4! (4+4! /,! F)! >'/-4! F)(,! +3;! 94(4.! 904(,7,&-,! 7,! 3&)!

0,*)('@&!/'+<'@-'()!(4&!4-04/!40A)&'/+4/!9*)&(-@&'(4/!:EF4+9/4&!,-!)*D.!"JM"=D!

E)+<'B&.! 4-04/! ,/-37'4/! 0,(',&-,/! '&7'()&! 23,! ,*! *-67! &4U(')&4<)(-,0')*!
90,74+'&)! /4<0,!,*!9,0-,&,(',&-,!)! (')&4<)(-,0')/!)!&'>,*! A*4<)*! :[)0&,*'7!,-!

)*D.!"JMM=.!;!23,!*)!)(-'>'7)7!7')?4-0@5'()!F,-,04-0@5'()!90,74+'&)!,&!*)/!)A3)/!

7,*! A'04! /3<-049'()*! 7,*! \)(15'(4! Q30! :G)*+! ,-! )*D.! "JMM=D! \40! -)&-4.! 9)0,(,!

,>'7,&-,! 23,! ,*! ,/-37'4! 7,! *)! %0#-.-,%,' ,-%23#$14-0%' 5+#+$3#$14-0%! F)! 7,!
/394&,0!-47)!3&)!&3,>)!,0)!,&!*)!'&>,/-'A)('@&!7,*!('(*4!7,*!&'-0@A,&4!4(,C&'(4D!

],<'74!)!23,!*4/!F,-,0@-0454/!/,!&3-0,&!7,!+)-,0')!40AC&'().!,*!/'A3',&-,!9)/4!

*@A'(4!/,01)!,/-37')0!*)/!-*#+$%00-3*+&',+'(3&',-%21#$343&'5+#+$1#$343&'03*'(%'
6%#+$-%'3$/7*-0%!,&!,*!4(B)&4.!0,/4*>',&74!(3,/-'4&,/!(4+4!/'!*)!(4+94/'('@&!
7,! *)! +)-,0')! 40AC&'()! 5)>40,(,! 4! 7,/5)>40,(,! )! 7,-,0+'&)74/! A0394/! 7,!

7')?@-0454/! F,-,0@-0454/.! 4! /'! B/-4/! 93,7,&! 90,/,&-)0! 3&! +474! 7,! >'7)!

)/4(')74! )! 9)0-1(3*)/! <)64! 7,-,0+'&)7)/! (4&7'('4&,/D! ^/-37'4/! )&-,0'40,/!

'&7'()&!23,!/@*4!3&!MJUMI_!7,!*4/!F,-,0@-0454/!7,!*)!(4*3+&)!7,!)A3)!4(,C&'()!

>'>,&! )/4(')74/! )! 9)0-1(3*)/! :E30*,;! )&7! `)(Y',.! Maa$=D! Q'&! ,+<)0A4.! 4-04/!

,/-37'4/!+C/!0,(',&-,/!/3A',0,&!23,!B/-,!,/!,*!+474!7,!>'7)!90,5,0'74!940!*4/!

+'(04F,-,0@-0454/! :,DAD! R)*-)0! ,-! )*D.! "JJa)=D! ^&! ,*! )+<',&-,! 9,*CA'(4.! *)/!

9)0-1(3*)/!/3,*,&!-,&,0!)*-)/!(4&(,&-0)('4&,/!7,!&3-0',&-,/!;!+)-,0')!40AC&'()!

:>B)/,!*)!E)<*)!I!,&!Q'+4&!,-!)*D.!"JJ"=.! *4!23,!9049'(')!3&)!'&-,&/)!)(-'>'7)7!

+'(04<')&)D! \40! ,6,+9*4.! *)! (4*4&'?)('@&! 7,! ,/-)/! 9)0-1(3*)/! 940! <)(-,0')/!

93,7,!,/-'+3*)0!*)!4W'7)('@&!7,!*)!+)-,0')!40AC&'().!7'/+'&3;,&74!*4/!&'>,*,/!

7,! 4W1A,&4! 7,&-04! ;! )*0,7,740! 7,! *)! 9)0-1(3*).! 5)>40,(',&74! *)! 5'6)('@&! 7,! 8"!

:b',+)&&!,-!)*D.!"JMJ=D!
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! c-0)!(3,/-'@&!9,&7',&-,!7,!/,0!0,/3,*-)!,/!d23'B&!,/-C!F)(',&74!23Be.!,/!

7,('0.! 23B! 40A)&'/+4/! ,/-C&! 7,-0C/! 7,! ()7)! 904(,/4D! ^&! A,&,0)*.! *4/! ,/-37'4/!

/4<0,!)(-'>'7)7!7')?4-0@5'()!4(,C&'()!/,9)0)&!*)!)(-'>'7)7!7,!*)!5'*4A,&').!'D,D!/,!

,/-'+)&! -)/)/! 7,! 5'6)('@&! 7,! 8"! ;! /,! ,/-37')! *)! 7'>,0/'7)7! 7,*! A,&! *-67D! Q'&!
,+<)0A4.!7,/(4&4(,+4/!(3C&-4!8"!F)!947'74!5'6)0!()7)!3&4!7,!*4/!7')?@-0454/!

90,/,&-,/! ,&! 3&)! +3,/-0)! 7,-,0+'&)7)D! ^&-0,! *)/! -B(&'()/! +C/! 3-'*'?)7)/!

)(-3)*+,&-,!,/-C! *)!2\Pb! U23,!(3)&-'5'()! *)! ()&-'7)7!7,!*-67'90,/,&-,!,&!3&)!
+3,/-0).!9,04!/3!90,/,&(')!&4!'&7'()!&,(,/)0')+,&-,!23,!,/-B!)(-'>4U.!;!*)!2bEU

\Pb!U23,!(3)&-'5'()!*)!,W90,/'@&!7,*!A,&!*-67.!;!940!-)&-4!/1!'&7'()!/'!B/-,!,/-)<)!
)(-'>4!4!&4UD!Q'&!,+<)0A4.!&'&A3&)!7,!,/-)/!-B(&'()/!&4/!)(*)0)!0"7*#3'89' 4-:%'
0%,%'+&;+0-+D!^&!3&!53-304!90@W'+4.!,/-)!(3,/-'@&!93,7,!0,/4*>,0/,!+,7')&-,!
-B(&'()/!(4+4!,*!+)0()6,! '/4-@9'(4!7,!C('74/!&3(*,'(4/!;!,*!3/4!7,! -,(&4*4A1)!

&)&4Q%`QD!

! \40! f*-'+4.! &4! 7,<,+4/! 4*>'7)0! 23,! (%&' #%&%&' ,+' 4-:%0-1*' ,+' 89'
;"<(-0%,%&' %*#+$-3$6+*#+' ,+<+*' 03$$+/-$&+' ,+' %0"+$,3' 03*' +(' 6=#3,3'
6+:3$%,3' ,+' >?89! :`4F0! ,-! )*D.! "JMJ=D! E)*! ;! (4+4! g04hY495! ,-! )*D! :"JM"=!
/,i)*)04&.! ,/-)! 93,7,! /,0! 3&)! ,+90,/)! (4+9*'()7).! /'! &4! '+94/'<*,.! 7)7)! *)!

A0)&!()&-'7)7!7,!5)(-40,/!'+9*'()74/!,&!*)!/3<,/-'+)('@&!7,!*)/!-)/)/!:-',+94!

7,!'&(3<)('@&.!>4*3+,&!7,!MI8"!'&;,(-)74.!-,+9,0)-30)!7,!*)!+3,/-0).!,-(=D!Q'&!

,+<)0A4.!&4!7,<,01)!)<)&74&)0/,!*)!94/'<'*'7)7!7,!63,+(%$'(%'03$$+00-1*',+'
(%&' #%&%&'9)0)!)*!+,&4/!**,A)0!)!3&)!)904W'+)('@&D!L)!)*-,0&)-'>)!,/!)9*'()0!,*!
+B-474!+,640)74!940!-47)/!*)/!?4&)/!)&-,0'40+,&-,!+3,/-0,)7)/D!

! R)/C&74/,! ,&! *)! 7')?4-0451)! )3-4-0@5'().! *4/! ,/-37'4/! )&-,0'40,/! /,!

(,&-0)04&!,&!*)!()9)!/39,05'(')*!7,*!4(B)&4!:A,&,0)*+,&-,!j"JJ!+=D!])74!23,!

*4/! *1+'-,/! 7,! *)! )(-'>'7)7! 7')?4-0@5'()! /,! F)&! >'/-4! (4&/'7,0)<*,+,&-,!

)3+,&-)74/!,&!>'0-37!7,!*4/!f*-'+4/!,/-37'4/.!,/!&,(,/)0'4!)F40)!+3,/-0,)0!)!

*)-'-37,/!;!90453&7'7)7,/!+);40,/!7,!*4!23,!/,!F)!>,&'74!F)(',&74!F)/-)!)F40).!

(4&!4<6,-4!7,!0,,>)*3)0!*)!,-.+$&-,%,'@'%0#-.-,%,'/(3<%(',+' (3&',-%21#$343&'
6%$-*3&A!^&!(4&(0,-4.!,W'/-,&!0,A'4&,/!7,*!4(B)&4!23,!F)&!0,('<'74!+3;!94()!
)-,&('@&.! (4+4!,*!V-*C&-'(4! Q30! ;! ,*! k&7'(4D!V3+,&-)&74!,*! 0)&A4! ,/9)(')*! 7,!

,/-4/! ,/-37'4/! ,/9,0)+4/! 947,0! )3+,&-)0! *)! -)/)! +,7')! 7,! 5'6)('@&! 7,! 8"!

A*4<)*!*4!/35'(',&-,!(4+4!9)0)!(4+9,&/)0!*)/!9B07'7)/!7,!&'-0@A,&4!5'6)74!23,!

/,!,/-'+)&!)(-3)*+,&-,.!,23'*'<0)&74!,*!('(*4!4(,C&'(4!7,*!&'-0@A,&4D!

!

!

!

!

!
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!

!
!

"#$%!&'!$()(*(+,(-!.+/!.++(0(-!
!

!



!"#"$"%&"'(
(
 

!

 
!

!

"#$!

!"#"$"%&"'(
!

%&'()*!+,-.!-'/01)223!,.!432561)7!89:.!,3;<'=)17!>.!?02!,.!4'*!@<3;A33!?89.!

?1)7B'*! 9! C"DDEF! G0BH3=)=)0*! '*5! I'J)2)='=)0*! /3=(33*! 1*)J32212';!

*)=;0&3*KI)L)*&! JM'*0/'J=3;)'! '*5! *0*K*)=;0&3*KI)L)*&! H6M=0H2'*N=0*!

7H3J)37O!>)B*02!@J3'*0&;!P"Q""##K""R$!

%2='/3=! 8%! CST$$F! 4';)'=)0*7! )*! *)=;0&3*! )70=0H)J! J0BH07)=)0*! /3=(33*!

7)*N)*&!'*5!717H3*535!H';=)J237Q!)BH2)J'=)0*7!I0;!*)=;0&3*!JMJ2)*&!'*5!

H';=)J23!=;'*7I0;B'=)0*!)*!=63!0H3*!0J3'*O!U33H!,3'!-37!%!#PQP#PKPPR!

V2<';3A!8.!V2<';3AK,'2&'50!W%!C"DDEF!X)0&30J63B)J'2!/15&3=7! )*! =63!3'7=3;*!

/01*5';M! J1;;3*=! 7M7=3B! 0I! =63! +0;=6! %=2'*=)JQ! 3<)53*J3! 0I! *3=!

63=3;0=;0H6M!'*5!*)=;0&3*!I)L'=)0*O!>)B*02!@J3'*0&;!P"QS#"$KS##P!

V2<';3AK,'2&'50!W%.!%;Y7=3&1)!9.!X';=0*!ZU.!?'*7322!U%!C"DDEF!G0*=;)/1=)0*!0I!

1H(322)*&! I)2'B3*=7! =0! 0II760;3! J';/0*! 3LH0;=! )*! =63! 71/=;0H)J'2!

+0;=63'7=!%=2'*=)J!@J3'*O!>)B*02!@J3'*0&;!P"QS"$EKS"T"!

V2<';3AK,'2&'50! W%.! 8)223;! %Z9! CSTT$F! ,)B12='*3017! 53=3;B)*'=)0*! 0I!

5)7702<35!0;&'*)J!J';/0*!'*5! =0='2!5)7702<35!*)=;0&3*! )*!73'('=3;!/M!

6)&6!=3BH3;'=1;3!J'='2M=)J!0L)5'=)0*Q!J0*5)=)0*7!I0;!H;3J)73!76)H/0';5!

B3'71;3B3*=7O!8';!G63B!["Q#"PK###!

%;Y7=3&1)! 9.! V2<';3AK,'2&'50! W%.! X';=0*! ZU.! \)&13);'7! \].! ?3;*^*53AK>3_*! ,.!

-0M!G.! ,'*=07!%8`!C"DD[F!@J3'*0&;'H6M!'*5! I)763;)37!0I! =63!G'*';M!

G1;;3*=ab/3;)'*!;3&)0*!0I!=63!3'7=3;*!+0;=6!%=2'*=)JO!b*Q!-0/)*70*!%-.!

X;)*N! c?! C357F! d63! ,3'Q! b53'7! '*5! 0/73;<'=)0*7! 0*! H;0&;377! )*! =63!

7=15M! 0I! =63! 73'7.! 402! SRO! ?';<';5! e*)<3;7)=M! `;377.! X07=0*.!

8'77'J6173==7.!H![##K[PE!

%;Y7=3&1)!9.!X';=0*!ZU.!V2<';3AK,'2&'50!W%.!,'*=07!%8`.!\)&13);'7!\].!c)I'*)!,.!

?3;*^*53AK>3_*!,.!8'70*!Z.!8'J6f!Z.!U3B';Jg!?!C"DDTF!,1/K;3&)0*'2!

3J07M7=3B!<';)'/)2)=M!)*!=63!G'*';M!G1;;3*=!1H(322)*&O!`;0&!@J3'*0&;!

$#Q##KR$!

%;Y7=3&1)! 9.!d3==!`.!?3;*^*53AK]13;;'!%.!X'7=3;;3=L3'!].!80*=3;0!8\.!:)25!c.!

,'*&;h! `.! ?3;*^*53AK>3_*! ,.! G'*=_*!8.! ]';JY'KX;'1*! 9%.! `'J63J0!8.!

X';=0*! ZU! CSTTEF! d63! )*I213*J3! 0I! )72'*5K&3*3;'=35! 355)37! 0*!

J620;0H6M22! 5)7=;)/1=)0*Q! '! 7=15M! 0I!B3707J'23! <';)'=)0*! ';01*5!];'*!

G'*';)'O!U33HK,3'!-37!`';=!b!RRQESKT[!

%A'B! \.! >0*&! -%! C"DDSF! @J3'*0&;'H6MQ! ,3'! 7*0(! B)J;0J07B7O! +'=1;3!

RSRQRTPKRT$!

X'N3;!%-.!G;00=!`>! C"DSDF!%=B07H63;)J! '*5!B';)*3! J0*=;027!0*!'3;0702! );0*!

7021/)2)=M!)*!73'('=3;O!8';!G63B!S"DQRKS#!
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X'2=';!\.!%;Y7=3&1)!9.!]'702!98.!>3N1*/3;;)!b.!?3;*52!]9!C"DSDF!83707J'23!355)37Q!

60=7H0=7!0I!H;0N';M0=)J!'J=)<)=M!'*5!5)II3;3*=)'2! J0BB1*)=M!7=;1J=1;3!

)*!=63!0J3'*O!b,8Z!9!RQTEPKT$$!

X'2=';! \.! %;Y7=3&1)! 9.! ]'702! 98.! ,)*=37! Z.! ?3;*52! ]9! C"DDT'F! Z<)53*J3! 0I!

H;0N';M0=)J! B3='/02)7B! 0*! 717H3*535! H';=)J12'=3! 0;&'*)J! B'==3;! )*!

=63! 5';N! ('=3;7! 0I! =63! 71/=;0H)J'2! +0;=6! %=2'*=)JO! >)B*02! @J3'*0&;!

PRQS$"KST#!

X'2=';! \.! %;Y7=3&1)! 9.! 80*=3;0! 8\.! Z7H)*0! 8.! ]'702! 98.! ?3;*52! ]9! C"DDT/F!

83707J'23! <';)'/)2)=M! B0512'=37! 73'70*'2! J6'*&37! )*! =63! =;0H6)J!

7=;1J=1;3! 0I! *'*0K! '*5! H)J0H2'*N=0*! J0BB1*)=)37! 'J;077! =63! +:!

%I;)J'KG'*';M!b72'*57!=;'*7)=)0*!A0*3O!`;0&!@J3'*0&;!$#QS$DKS$$!

X';'*&3!8.!\)325!9].!?';;)7!-`.!?0IB'**!ZZ.!`3;;M!-b.!:3;*3;!\!C"DSDF!8';)*3!

3J07M7=3B7!'*5!&20/'2!J6'*&3O!@e`!@LI0;5.!@LI0;5.!R#[!HH!

X';/3'1! c! C"DD[F! `60=0J63B)7=;M! 0I! 0;&'*)J! );0*CbbbF! J0BH23L)*&! 2)&'*57! )*!

0J3'*)J!7M7=3B7O!`60=0J63B!`60=0/)02!$"QSPDPKSPS[!

X'7=3;;3=L3'!].!X';=0*!ZU.!d3==!`.!,'*&;h!`.!+'<';;0K`3;3A!Z.!%;Y7=3&1)!9!C"DD"F!

Z55M! '*5! 533H! J620;0H6M22!B'L)B1B! ;37H0*73! =0!()*5K763';! )*! =63!

233!0I!];'*!G'*';)'O!U33HK,3'!-37!`';=!b!RTQSD$EKSSDS!

X3*'<)537! 8.! %&'()*! +,-.! %;Y7=3&1)! 9.! \3;;)02! `.! ,='2! >9! C"DSSF! +)=;0&3*!

I)L'=)0*! /M! +$1&23/"'4154! '*5! 7B'22! 5)'A0=;0H67! )*! =63! 71/=;0H)J'2!
*0;=63'7=!%=2'*=)JO!%g1'=!8)J;0/!ZJ02![PQR#KP#!

X3*'<)537! 8.! %;Y7=3&1)! 9.! %&'()*! +,-.! >_H3A! G'*J)0! 9.! ?3;*^*53AK>3_*! ,!

Z*6'*J3B3*=!0I!*)=;0&3*! I)L'=)0*!;'=37!/M!1*)J32212';!5)'A0=;0H67!<7O!

+$1&23/"'4154! 'I=3;! '! 517=! 53H07)=)0*! 3<3*=! )*! =63! G'*';M! b72'*57O!
>)B*02!@J3'*0&;O!%JJ3H=35O!

X3;&B'*!X.!G';H3*=3;!Z9!CSTTSF!+)=;0&3*'73!J0*I)*35!=0!;'*50B2M!5)7=;)/1=35!

=;)J60B37! )*! =63!B';)*3! JM'*0/'J=3;)1B! +$1&23/"'4154( 621"7.5611O! 9!
`6MJ02!"EQSP$KS[P!

X3;&B'*! X.! ,'*56! ].! >)*! ,.! >';770*! 9.! G';H3*=3;! Z9! +$1&23/"'4154! i! '!
()537H;3'5! B';)*3! JM'*0/'J=3;)1B! ()=6! 1*171'2! *)=;0&3*! I)L'=)0*!

H;0H3;=)37O! \Z8,! 8)J;0/)02! -3<O! `1/2)7635! 0*2)*3! /3I0;3! H;)*=.! 50)Q!

SDOSSSSajOSPERK[TE[O"DS"ODD#P"OL!

X3;B'*!d.!X;0*N!U%!C"DD#F!U)7702<35!0;&'*)J!*)=;0&3*Q!'!5M*'B)J!H';=)J)H'*=!

)*!'g1'=)J!3J07M7=3B7O!%g1'=!8)J;0/!ZJ02!#SQ"ETK#DP!

X3;B'*K\;'*N!b.!G1223*! 9d.!,6'N35!k.!,63;;322!-8.!\'2N0(7N)!`]!C"DDS'F! b;0*!

'<')2'/)2)=M.! J32212';! );0*! g10='7.! '*5! *)=;0&3*! I)L'=)0*! )*!

+$1&23/"'4154O!>)B*02!@J3'*0&;!R[QS"RTKS"[D!

X3;B'*K\;'*N! b.! >1*5&;3*! `.! G63*! kKX.! c1HH3;! ?.! c02/3;! l.! X3;&B'*! X.!

\'2N0(7N)! `! C"DDS/F! ,3&;3&'=)0*! 0I! *)=;0&3*! I)L'=)0*! '*5! 0LM&3*)J!

H60=07M*=637)7!)*!=63!B';)*3!JM'*0/'J=3;)1B!+$1&23/"'4154O!,J)3*J3!
"TRQSP#RKSP#E!
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X3;B'*K\;'*N! b.! m1)&&! %.! \)*N32! l4.! b;()*! %9.! ?';'B'=M! >! C"DDEF! +)=;0&3*K

I)L'=)0*! 7=;'=3&)37! '*5! \3! ;3g1)3;3B3*=7! )*! JM'*0/'J=3;)'O! >)B*02!

@J3'*0&;!P"Q""[DK""[T!

X3;=)2770*!,.!X3;&21*5!@.!`122)*!89.!G6)7602B!,:!C"DDPF!-323'73!0I!5)7702<35!

0;&'*)J!B'==3;!/M!)$3&283$3&3&&5'O!4)3!8)231!PPQ""PK"#S!

X)3&'2'! bG.! -')B/'12=! `! C"DD$F! ?)&6! '/1*5'*J3! 0I! 5)'A0=;0H6)J!

H)J0JM'*0/'J=3;)'!Cn#!oBF!)*!'!,01=6(37=!`'J)I)J!J0;'2! 2'&00*O!%g1'=!

8)J;0/!ZJ02!PSQRPKP#!

X2')7! 8.! d;3B/2'M! 9K;.! 91*&/21=! %U.! ]'&*0*! 9.! 8';=)*! 9.! d6'23;! 8.! >0<3j0M! G!

C"DS"F!+)=;0&3*!I)L'=)0*!'*5!)53*=)I)J'=)0*!0I!H0=3*=)'2!5)'A0=;0H67!)*!

=63!G'*'5)'*!%;J=)JO!]20/'2!X)0&30J63B!GMJ237!"[Q]X#D""!

X2'7J0! U.! 8'Jb7''J! 99.! `'JN';5! dd.! U1&5'23! -G! CST$RF! -32'=)0*76)H! /3=(33*!

*)=;'=3! ;351J='73! '*5! *)=;'=3! 1H='N3! )*! H6M=0H2'*N=0*! )*! =63! `3;1!

1H(322)*&!;3&)0*O!>)B*02!@J3'*0&;!"TQ"EPK"$[!

X0**3=! ,.! X)3&'2'! bG.! U1=;)31L! `.! ,23B0*7! >@.! G'H0*3! U]! C"DDTF! +)=;0&3*!

I)L'=)0*! )*! =63! (37=3;*! 3g1'=0;)'2! `'J)I)JQ! -'=37.! 5)'A0=;0H6)J!

JM'*0/'J=3;)'2!7)A3!J2'77!5)7=;)/1=)0*.!'*5!/)0&30J63B)J'2!7)&*)I)J'*J3O!

]20/'2!X)0&30J63B!GMJ237!"#Q]X#DS"!

X01;/0**')7!%.!>36B'**!8\.!:'*)3N!99.!,J612AKX122!UZ!C"DDTF!+)=;'=3!)70=0H3!

'*0B'2)37! ;3I23J=! +"! I)L'=)0*! )*! =63! %A0;37! \;0*=! ;3&)0*! C71/=;0H)J'2!

+Z!%=2'*=)JFO!9!]30H6M7!-37!SSRQGD#DD#!

X0M5! `:.! U0*3M! ,G! C"DD"F! 805322)*&! ;3&)0*'2! ;37H0*737! /M! B';)*3! H32'&)J!

3J07M7=3B7!=0!&20/'2!J2)B'=3!J6'*&3O!]30H6M7!-37!>3==!"TQS$D[!

X;3)=/';=6! Z.! @7J62)37! %.! >'-0J63! 9! C"DDEF! `6M7)020&)J'2! J0*7=;')*=7! 0*! =63!

&20/'2! 5)7=;)/1=)0*! 0I! +$1&23/"'4154! i! 3II3J=! 0I! =3BH3;'=1;3! 0*!
5)'A0=;0H6MO!X)0&307J)3*J37!#QEETK$DS!

X;0*N! U%! CSTTTF! -'=37! 0I! +?Rp! 1H='N3.! )*=;'J32212';! =;'*7I0;B'=)0*! '*5!

5)7702<35! 0;&'*)J! *)=;0&3*! ;323'73! )*! =(0! J20*37! 0I! B';)*3!

9:%"&23&3&&5'!7HHO!9!`2'*N=0*!-37!"SQS##EKS#P#!

X;0*N! U%.! ]2)/3;=! `8! CSTTSF! %! SP+! =;'J3;! B3=605! I0;! =63! B3'71;3B3*=! 0I!

5)7702<35! 0;&'*)J! *)=;0&3*! ;323'73! /M! H6M=0H2'*N=0*O! 8';! ZJ02! `;0&!

,3;!EEQSESKS$"!

X;0*N!U%.!]2)/3;=!`8!CSTT#F!%HH2)J'=)0*!0I!'!SP+!=;'J3;!B3=605!=0!=63!7=15M!0I!

5)7702<35! 0;&'*)J! *)=;0&3*! 1H='N3! 51;)*&! 7H;)*&! '*5! 71BB3;! )*!

G637'H3'N3!X'MO!8';!X)02!SSPQPDSKPD$!

X;0*N!U%.!]2)/3;=!`8!CSTTRF!d63!I'=3!0I!=63!B)77)*&!SP+!5)II3;7!'B0*&!B';)*3!

7M7=3B7O!>)B*02!@J3'*0&;!#TQS$TKSTP!

X;0*N! U%.! ]2)/3;=! `8.! :';5! XX! CSTTRF! +)=;0&3*! 1H='N3.! 5)7702<35! 0;&'*)J!

*)=;0&3*!;323'73.!'*5!*3(!H;051J=)0*O!,J)3*J3!"[PQS$R#KS$R[!

X;0*N! U%.! >0B'7! 8:.! ]2)/3;=! `8.! ,J61N3;=! c9.! ,'*53;70*! 8`! C"DDDF! d0='2!
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5)7702<35! *)=;0&3*! '*'2M7)7Q! J0BH';)70*7! /3=(33*! =63! H3;712I'=3.! e4!

'*5!6)&6!=3BH3;'=1;3!0L)5'=)0*!B3=6057O!8';!G63B![TQS[#KSE$!

X;0*N!U%.! ,'*53;70*!8`.!8126022'*5!8-.!?3)2! G%.! @q+3)2! 98! C"DDRF!@;&'*)J!

'*5!)*0;&'*)J!*)=;0&3*!1H='N3!N)*3=)J7!)*!I)325!H0H12'=)0*7!50B)*'=35!

/M!;.$"%1.(7$"<1'O! b*Q!,=3)5)*&3;!c%.!4';&0!]%.!?3)2!G%!C357F!?';BI12!
%2&'3! "DD"O! \20;)5'! \)76! '*5! :)252)I3! G0*73;<'=)0*! G0BB)77)0*.! ,=O!

`3=3;7/1;&.!\>.!H!$DK$"!

X;0*N!U%.!,33!9?.!X;'523M!`.!c)22/3;&!>!C"DDEF!U@+!'7!'!701;J3!0I!/)0'<')2'/23!

*)=;0&3*!I0;!H6M=0H2'*N=0*O!X)0&307J)3*J37!RQ"$#K"T[!

X;0*N! U%.! ,=3)*/3;&! Uc! C"DD$F! G6'H=3;! $! K! +)=;0&3*! -3&3*3;'=)0*O! b*Q!

+)=;0&3*! )*! =63! 8';)*3! Z*<);0*B3*=! C"*5! Z5)=)0*FO! %J'53B)J! `;377.!

,'*!U)3&0.!H!#$PKR[E!

X;0*N! U%.!:';5! XX! C"DDDF!8'&*)=153! 0I! 5)7702<35! 0;&'*)J! *)=;0&3*! ;323'73!

;32'=)<3!=0!&;077!*)=;0&3*!1H='N3!)*!B';)*3!7M7=3B7O!>)B*02!@J3'*0&;!

RPQS$ETKS$$#!

X1;&377! Xc.! >0(3! U9! CSTT[F! 83J6'*)7B! 0I! B02M/53*1B! *)=;0&3*'73O! G63B!

-3<!T[Q"T$#K#DS"!

X1;;)7! -?.! 8)223;! GZ! CSTRSF! %HH2)J'=)0*! 0I! SP+! =0! =63! 7=15M! 0I! /)020&)J'2!

*)=;0&3*!I)L'=)0*O!,J)3*J3!T#QSSRKSSP!

G'H0*3! U]! CSTT#F! U3=3;B)*'=)0*! 0I! *)=;0&3*'73! 'J=)<)=M! )*! 'g1'=)J! 7'BH237!

17)*&!=63!'J3=M23*3!;351J=)0*!H;0J351;3O!b*Q!c3BH!`\.!,63;;!X\.!,63;;!

ZX.! G023! 99! C357F!?'*5/00N! 0I!B3=6057! )*! 'g1'=)J!B)J;0/)'2! 3J020&MO!

>3()7!`1/2)763;7.!X0J'!-'=0*.!\2'.!H!["SK[#S!

G'H0*3!U].!X1;*7! 9%.!80*=0M'! 9`.!,1/;'B'*)'B!%.!8'6'II3M!G.!]1*53;70*!d.!

8)J6'327!%\.!G';H3*=3;!Z9!C"DDPF!+)=;0&3*!I)L'=)0*!/M!+$1&23/"'4154!
7HHOQ! %*! )BH0;='*=! 701;J3! 0I! *3(! *)=;0&3*! =0! =63! =;0H)J'2! '*5!

71/=;0H)J'2! +0;=6! %=2'*=)J! @J3'*O! ]20/'2! X)0&30J63B! GMJ237!

STQ]X"D"R!

G'H0*3!U].!\3;;)3;!8U.!G';H3*=3;!Z9!CSTTRF!%B)*0!'J)5!JMJ2)*&!)*!J020*)37!0I!

=63!H2'*N=0*)J!B';)*3!JM'*0/'J=3;)1B!+$1&23/"'4154(621"7.5611O!%HH2!
Z*<);0*!8)J;0/)02![DQ#T$TK#TTP!

G'H0*3!U].!l36;!9`.!`'3;2!?.!X3;&B'*!X.!G';H3*=3;!Z9!CSTTEF!+$1&23/"'4154.!'!
&20/'22M!7)&*)I)J'*=!B';)*3!JM'*0/'J=3;)1BO!,J)3*J3!"E[QS""SKS""T!

G';H3*=3;! Z9.! `;)J3! GG! CSTE[F! 8';)*3! @'&188.63$1.! C+$1&23/"'4154FQ!
3LH2'*'=)0*!I0;!'3;0/)J!*)=;0&3*!I)L'=)0*!()=601=!63=3;0JM7=7O!,J)3*J3!

STSQS"E$KS"$D!

G';H3*=3;! Z9.! -0B'*7! c! CSTTSF! 8'j0;! ;023! 0I! =63! JM'*0/'J=3;)1B!

+$1&23/"'4154()*!*1=;)3*=!JMJ2)*&!)*!=63!+0;=6!%=2'*=)J!@J3'*O!,J)3*J3!
"PRQS#P[KS#P$!

G';;'J350! >b.! `';50! `G.! 4)22'J)3;07K-0/)*3'1! +.! U3! 2'! ];'*5'! \.! ])2J0=0! 8.!
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`r;3A!\\!C"DS"F!d3BH0;'2!J6'*&37!)*!=63!('=3;!B'77!5)7=;)/1=)0*!'*5!

=;'*7H0;=7! '20*&! =63! "Ds!:!G%bX@W! 73J=)0*! C+Z!%=2'*=)JFO! G)3*J!8';!

#$Q"[#K"$[!

!G6'*&! 9! C"DDDF! `;3J)7)0*! 0I! 5)II3;3*=! B3=6057! 1735! I0;! 37=)B'=)*&! =63!

'/1*5'*J3! 0I! =63! *)=;0&3*KI)L)*&! B';)*3! JM'*0/'J=3;)1B.!

+$1&23/"'4154O!9!ZLH!8';!X)02!ZJ02!"RPQ"SPK""R!

G63*!k.!8)227!,.!,=;33=!9.!]02'*!U.!`07=!%.!9'J0/70*!8.!`'M='*!%!C"DDEF!Z7=)B'=37!

0I!'=B07H63;)J!5;M!53H07)=)0*!'*5!'770J)'=35!)*H1=!0I!*1=;)3*=7!=0!]12I!

0I!%g'/'!73'('=3;O!9!]30H6M7!-37!SS"QUDR#DT!

G63*! kX.! l36;! 9`.! 83220*! 8! CSTT[F! ];0(=6! '*5! *)=;0&3*! I)L'=)0*! 0I! =63!

5)'A0=;0H6)J! I)2'B3*=017! *0*! 63=3;0JM7=017! JM'*0/'J=3;)1B!

+$1&23/"'4154(7HO!b8,!SDS!)*!53I)*35!B35)'Q!3<)53*J3!I0;!'!J);J'5)'*!
;6M=6BO!9!`6MJ02!#"!

G63;;)3;! 9.!X'13;! 9Z! C"DDRF!X'J=3;)'2!1=)2)A'=)0*!0I! =;'*7)3*=!H2'*N=0*K53;)<35!

5)7702<35!0;&'*)J!J';/0*!'*5!*)=;0&3*!)*H1=7!)*!71;I'J3!0J3'*!('=3;7O!

%g1'=!8)J;0/!ZJ02!#PQ""TK"RS!

G6)3*!kd.!l)*53;!,?!CSTT[F!G20*)*&.!I1*J=)0*'2!0;&'*)A'=)0*.!=;'*7J;)H=!7=15)37.!

'*5! H6M20&3*3=)J! '*'2M7)7! 0I! =63! J0BH23=3! *)=;0&3*'73! 7=;1J=1;'2!

&3*37!C%1#=>;?F!'*5!'770J)'=35!&3*37!)*!=63!%;J6'30*!@"62.%3'.$&1%.(
7.$A"$1!""EO!9!X'J=3;)02!SE$QSR#KSR$!

G61;J6! 89.! Xjt;NB'*! c8.! c';2! U8.! ,')=0! 8%.! l36;! 9`! C"DD$F! -3&)0*'2!

5)7=;)/1=)0*7! 0I! *)=;0&3*KI)L)*&! /'J=3;)'! )*! =63! `'J)I)J! @J3'*O! >)B*02!

@J3'*0&;!P#Q[#KEE!

G61;J6!89.!8'6'II3M!G.!>3=32)3;!-8.!>1N'7!-.!l36;!9`.!c';2!U8!C"DDTF!`6M7)J'2!

I0;J)*&!0I!*)=;0&3*!I)L'=)0*!'*5!5)'A0=;0H6!J0BB1*)=M!7=;1J=1;3!)*!=63!

+0;=6!`'J)I)J!71/=;0H)J'2!&M;3O!]20/'2!X)0&30J63B!GMJ237!"#!

G61;J6!89.!,60;=!G8.!93*N)*7!XU.!c';2!U8.!l36;!9`!C"DDPF!d3BH0;'2!H'==3;*7!0I!

*=;0&3*'73! &3*3! C%1#=F! 3LH;377)0*! )*! =63! 02)&0=;0H6)J! +0;=6! `'J)I)J!
@J3'*O!%HH2!Z*<);0*!8)J;0/!ESQP#["KP#ED!

G2';N!U-.!8)223;!`b.!8'2J0B!Z.!:005(';5!,.!-337!%`!C"DSSF!b*0;&'*)J!*)=;0&3*!

'77)B)2'=)0*! '*5! ;3&3*3;'=)0*! )*! =63! J0'7='2! 1H(322)*&! ;3&)0*! 0I! =63!

b/3;)'*!`3*)*712'O!>)B*02!@J3'*0&;!P[QS[$TKSED"!

G2';N! >>.! b*&'22! ZU.! X3**3;! -! CSTT$F! 8';)*3! H607H60;17! )7! 7323J=)<32M!

;3B)*3;'2)A35O!+'=1;3!#T#QR"[KR"[!

G05)7H0=)!>%!C"DDEF!%*!0J3'*)J!I)L35!*)=;0&3*!7)*N!3LJ335)*&!RDD!d&!+KS!<7!=63!

J0*J3H=! 0I! 60B307='7)7! )*! =63! I)L35K*)=;0&3*! )*<3*=0;MO!

X)0&307J)3*J37!RQ"##K"P#!

G05)7H0=)! >%.! X;'*537! 9%.! G6;)7=3*73*! 9`.! U3<02! %?.! +'g<)! ,:%.! `'3;2! ?:.!

k076)*';)! d! C"DDSF! d63! 0J3'*)J! I)L35! *)=;0&3*! '*5! *)=;017! 0L)53!

/15&3=7Q!B0<)*&!=';&3=7!'7!(3!3*=3;!=63!'*6;0H0J3*3u!,J)!8';![PQ$PK

SDP!
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U'<)7!G,.!8J])22)J155M!U9.! 9;O! C"DD[F!d;'*7'=2'*=)J!'/1*5'*J3!0I! =63!+"KI)L)*&!

J020*)'2!JM'*0/'J=3;)1B!+$1&23/"'4154O!,J)3*J3!#S"QSPSEKSP"D!

U3N'3A3B'JN3;! 9.! X0**3=! ,! C"DSSF! ,3*7)=)<)=M! 0I! +"! I)L'=)0*! =0! J0B/)*35!

*)=;0&3*! I0;B7! C+@#K! '*5! +?RpF! )*! =(0! 7=;')*7! 0I! =63! B';)*3!

5)'A0=;0H6!B$3&3'C2."$.(D.6'3%11(CGM'*0/'J=3;)'FO!8';!ZJ02!`;0&!,3;!
R#$Q##KR[!

U31=7J6! G.! ];1/3;! +.! c3M! -8.! ,';B)3*=0! 9>.! ]'*'J6'15! %! C"DDSF!

U3*)=;)I)J'=)0*!'*5!+"!I)L'=)0*!)*!=63!`'J)I)J!@J3'*O!]20/'2!X)0&30J63B!

GMJ237!SPQR$#KPD[!

U31=7J6! G.! ,';B)3*=0! 9>.! ,)&B'*! U8.! ];1/3;! +.! U1**3! 9`! C"DDEF! ,H'=)'2!

J01H2)*&!0I!*)=;0&3*! )*H1=7!'*5! 207737! )*! =63!0J3'*O!+'=1;3!RRPQS[#K

S[E!

U0*3M!,G.!X'2J6!:8.!\'/;M!49.!\332M!-%!C"DDTF!@J3'*!'J)5)I)J'=)0*Q!'!J;)=)J'2!

3B3;&)*&!H;0/23B!I0;!=63!0J3'*!7J)3*J37O!@J3'*0&;'H6M!""QS[K"P!

U0<'2!8U.!V2<';3AK,'2&'50!W%.!`r;3A!\\!C"DDSF!@;&'*)J!B'==3;!5)7=;)/1=)0*7!)*!

=63! 3'7=3;*! +0;=6! %=2'*=)JK%A0;37! \;0*=! ;3&)0*O! 901;*'2! 0I! 8';)*3!

,M7=3B7!#DQ##KRT!

U1';=3! G8.! U'J67! 9.! >2'/;r7! 8.! %20*70K>')='! `.! ]'702! 98.! d0<';K,'*J63A! %.!

,'v150K:)263BM! ,.! %&17=Y! ,! C"DD[F! %3;0702! )*H1=7! 3*6'*J3! *3(!

H;051J=)0*!)*!=63!71/=;0H)J'2!*0;=63'7=!%=2'*=)JO!9!]30H6M7!-37!SSS!

U1J3! -%.! >'-0J63! 9.! %2=)3;)! c.! %;;)&0! c-.! X'N3;! %-.! G'H0*3! U].! G0;*322! ,.!

U3*=3*3;! \.! ]'220('M! 9.! ]'*376;'B!-,.! ]3)53;!-9.! 9)JN3227! d.! c1MH3;7!

88.!>'*&20)7!-.!>)77!`,.!>)1!,8.!8)5532/1;&!99.!800;3!G8.!+)JN0<)J!,.!

@7J62)37!%.!`353;73*!d.!`;07H3;0!9.!,J62)=A3;!-.!,3)=A)*&3;!,.!,0;3*73*!

>>.!e3B'=71!8.!e220'!@.!4077!8.!:';5!X.!l'B0;'!>!C"DD$F!bBH'J=7!0I!

'=B07H63;)J! '*=6;0H0&3*)J! *)=;0&3*! 0*! =63! 0H3*! 0J3'*O! ,J)3*J3!

#"DQ$T#K$TE!

U153N!+.!X;A3A)*7N)!8%.!:63323;!`%!CST$[F!-3J0<3;M!0I!'BB0*)1B!*)=;0&3*!

/M!702<3*=!3L=;'J=)0*!I0;!=63!53=3;B)*'=)0*!0I!;32'=)<3!SP+!'/1*5'*J3!

)*!;3&3*3;'=)0*!3LH3;)B3*=7O!8';!G63B!S$QPTK[T!

U1&5'23! -G.! ]03;)*&! 99! CST[EF! eH='N3! 0I! *3(! '*5! ;3&3*3;'=35! I0;B7! 0I!

*)=;0&3*!)*!H;)B';M!H;051J=)<)=MO!>)B*02!@J3'*0&;!S"QST[K"D[!

U1&5'23!-G.!83*A32!U:.!-M=63;!9?!CST[SF!+)=;0&3*!I)L'=)0*!)*!=63!,';&'770!,3'O!

U33H!,3'!-373';J6!EQ"TEK#DD!

U1&5'23!-G.!:)2N3;70*!\`!CST$[F!d63!173!0I!SP+!=0!B3'71;3!*)=;0&3*!1H='N3!)*!

31=;0H6)J! 0J3'*7w! 3LH3;)B3*='2! J0*7)53;'=)0*7O! >)B*02! @J3'*0&;!

#SQ[E#K[$T!

U1&5'23! -G.!:)2N3;70*! \`.! ?0&13! 4Z.! 8';J6)! %! C"DD[F! +1=;)3*=! J0*=;027! 0*!

*3(!H;051J=)0*!)*!=63!X053&'!X'M.!G'2)I0;*)'.!J0'7='2!1H(322)*&!H21B3O!

U33HK,3'!-37!`';=!bb!P#Q#DRTK#D["!
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UM6;B'*!,d.!%BB3;B'*!9:.!<'*!800M!X%,!C"DDEF!8)J;0/37!'*5!=63!B';)*3!

H607H60;17!JMJ23O!@J3'*0&;'H6M!"DQSSDKSS[!

UM6;B'*! ,d.! G6'HH322! `U.! ?'23M! ,d.! 80II3==! 9:.! @;J6';5! ZU.!:'=3;/1;M! 9X.!

:3//! Z%! C"DD[F! `607H60*'=3! 1=)2)A'=)0*! /M! =63! &20/'22M! )BH0;='*=!

B';)*3!5)'A0=;0H6!+$1&23/"'4154O!+'=1;3!R#TQ[$KES!

UM6;B'*!,d.!?'23M!,d!C"DD[F!`607H60;17!7J'<3*&)*&!)*!=63!1*)J32212';!B';)*3!

5)'A0=;0H6! B$3&3'C2."$.( D.6'3%11O! %HH2! Z*<);0*! 8)J;0/)02! E"QSRP"K
SRP$!

UM6;B'*!,d.!:3//!Z%.!%*53;70*!U8.!80II3==! 9:.!:'=3;/1;M! 9X! C"DD"F!G322K

7H3J)I)J! 53=3J=)0*! 0I! H607H60;17! 7=;377! )*! +$1&23/"'4154! I;0B! =63!
:37=3;*!+0;=6!%=2'*=)JO!>)B*02!@J3'*0&;!REQS$#"KS$#[!

ZHH23M!-:.!`3=3;70*!X9!CSTETF!`';=)J12'=3!0;&'*)J!B'==3;!I21L!'*5!H2'*N=0*)J!

*3(!H;051J=)0*!)*!=63!533H!0J3'*O!+'=1;3!"$"Q[EEK[$D!

Z7H)*0A'K]0*A^23A!@.! \)&13);'7! \].! G;37H0! X].! d3)L3);'! b].! G'7=;0! G]! C"DS"F!

%1=0=;0H6)J!'*5!63=3;0=;0H6)J!B)J;0/)'2!H2'*N=0*!/)0B'77!)*!=63!+:!

b/3;)'*! 1H(322)*&Q! 73'70*'2! '77377B3*=! 0I! B3='/02)J! /'2'*J3O! %g1'=!

8)J;0/!ZJ02![EQEEK$T!

\'2J_*!>b.!G';H3*=3;!Z9.!G)H;)'*0!\.!X3;&B'*!X.!G'H0*3!U]!C"DDRF!+"!I)L'=)0*!

/M!1*)J32212';!/'J=3;)0H2'*N=0*! I;0B! =63!%=2'*=)J! '*5!`'J)I)J!@J3'*7Q!

H6M20&3*M!'*5!)*!7)=1!;'=37O!%HH2!Z*<);0*!8)J;0/)02!EDQE[PKEED!

\'2N0(7N)!`]! CSTTEF!Z<021=)0*!0I! =63!*)=;0&3*! JMJ23! '*5! )=7! )*I213*J3!0*! =63!

/)020&)J'2!73g137=;'=)0*!0I!G@"!)*!=63!0J3'*O!+'=1;3!#$EQ"E"K"EP!

\';*32)5!?.! %*53;770*!%\.! X3;=)2770*! ,.! %2K,015!:%.!?'*73*! >?.! ,x;3*73*! ,.!

,=3(';5! ]\.! ?'&7=;tB! y.! -)3B'**! >! C"DSSF! +)=;0&3*'73! &3*3!

'BH2)J0*7!I;0B!&20/'2!B';)*3!71;I'J3!('=3;7!';3!50B)*'=35!/M!&3*37!

0I!*0*KJM'*0/'J=3;)'O!`>0,!@+Z![Q3ST""#!

\3;*^*53A! %.! 801;)v0KG';/'22)50! X.! X053! %.! 4';32'! 8.! 8';'v_*! Z! C"DSDF!

>'=)=15)*'2! 5)7=;)/1=)0*! 0I!+$1&23/"'4154! 7HHO! '*5!+"! I)L'=)0*! )*! =63!
%=2'*=)J!@J3'*O!X)0&307J)3*J37!EQ#S[EK#SE[!

\3;*^*53A! G.! \';Y'7! >! C"DS"F! %77)B)2'=)0*! '*5! ;3&3*3;'=)0*! 0I! )*0;&'*)J!

*)=;0&3*! )*! '! J0'7='2! 1H(322)*&! 7M7=3BQ! 'BB0*)1B! '*5! *)=;'=3!

1=)2)A'=)0*O!8';!ZJ02!`;0&!,3;!RPSQSKSR!

\3;*^*53A! G.! \';)'7! >.! %2J'B'*!8Z! C"DDTF! `;)B';M! H;051J=)0*! '*5! *)=;0&3*!

;3&3*3;'=)0*! H;0J37737! )*! 71;I'J3! ('=3;7! 0I! =63! `3;1<)'*! 1H(322)*&!

7M7=3BO!`;0&!@J3'*0&;!$#QSPTKS[$!

\3;*^*53A! G.! -')B/'12=! `! C"DDEF! +)=;0&3*! ;3&3*3;'=)0*! )*! =63! +Z! %=2'*=)J!

@J3'*! '*5! )=7! )BH'J=! 0*! 73'70*'2! *3(.! ;3&3*3;'=35! '*5! 3LH0;=!

H;051J=)0*O!8';!ZJ02!`;0&!,3;!##EQETKT"!

\31)22'53! 8.! \31)22'53! 9.! \)'2'! 4! CSTTDF! d63! 3II3J=! 0I! 2)&6=! 0*! =63! ;323'73! 0I!

0;&'*)J! J0BH01*57! /M! =63! JM'*0/'J=3;)1B! E'&188.63$1.( $57"'&"%'O!



)*!+(,-(!"#"$"%&"'(.%/(.%%"0"'(
(
 

 
 
!

!

"RP!

%g1'=!,J)!P"Q#RPK#PT!

\)*A)K?';=!9%.!`3==K-)5&3!9.!:3/3;!`c.!`0H'!-.!\'220*!,9.!]1*53;70*!d.!?1=J630*!

bU.!+3'270*!c?.!G'H0*3!U]!C"DDTF!\)L'=)0*!'*5!I'=3!0I!G!'*5!+!)*!=63!

JM'*0/'J=3;)1B!+$1&23/"'4154!17)*&!*'*0B3=3;K7J'23!73J0*5';M! )0*!
B'77!7H3J=;0B3=;MO!`;0J!+'=2!%J'5!,J)!e,%!SD[Q[#RPK[#PD!

\2M**!c9.!]'220*! 9-! CSTTDF!G6'*&37! )*! )*=;'J32212';!'*5!3L=;'J32212';!zK'B)*0!

'J)57! )*! F83"362"&"! 51;)*&! +"KI)L'=)0*! '*5! I0220()*&! '55)=)0*! 0I!
'BB0*)1BO!%;J6!8)J;0/)02!SP#QPERKPET!

\0&&! ]Z! CST["F! ZL=;'J32212';! H;051J=7O! b*Q! >3()*! -%! C35F! `6M7)020&M! '*5!

/)0J63B)7=;M!0I!'2&'3O!%J'53B)J!`;377.!+3(!k0;N.!H!REPKR$T!

\0*&!%%.!c';2!U8.!>1N'7!-.! >3=32)3;!-8.!l36;! 9`.! G61;J6!89! C"DD$F!+)=;0&3*!

I)L'=)0*!)*!'*!'*=)JMJ20*)J!355M!)*!=63!02)&0=;0H6)J!+0;=6!`'J)I)J!@J3'*O!

b,8Z!9!"Q[[#K[E[!

\07=3;! -%.! c1MH3;7! 888.! 4'&*3;! d.! `'3;2! -:.! 817'=! +.! l36;! 9`! C"DSSF!

+)=;0&3*! I)L'=)0*! '*5! =;'*7I3;! )*! 0H3*! 0J3'*! 5)'=0BKJM'*0/'J=3;)'2!

7MB/)0737O!b,8Z!9!PQSR$RKSRT#!

\;M!X!C"DD[F!,='/23!b70=0H3!ZJ020&M.!,H;)*&3;.!+3(!k0;N!

]'220*!9-.!Z<'*7!%8.!90*37!U%.!%2/3;='*0!`.!G0*&37=;)!-.!X3;&B'*!X.!]1*53;73*!

c.! @;J1==! 8.! X;tJN32! c<.! \;)=7J63! `.! 83M3;6tI3;! 8.! +'J6=)&'22! c.!

@623*5)3JN!e.!=3!>)*=32!?3NN3;=!,.!,)<0*3*!c.!-3HN'!,.!,='2!>9.!,=''2!8!

C"DD"F!8'L)B1B!;'=37!0I!+"!I)L'=)0*!'*5!H;)B';M!H;051J=)0*!';3!01=!

0I!H6'73!)*!'!53<320H)*&!JM'*0/'J=3;)'2!/200B!)*!=63!X'2=)J!,3'O!>)B*02!

@J3'*0&;!REQSPSRKSP"S!

]'220('M! 9+.!U3*=3*3;!\9.!G'H0*3!U].!X0M3;!Z:.!?0(';=6!-:.!,3)=A)*&3;!,`.!

%7*3;!]`.!G23<32'*5!GG.!];33*!`%.!?022'*5!Z%.!c';2!U8.!8)J6'327!%\.!

`0;=3;! 9?.! d0(*73*5!%-.! 4t07B';=M! G9! C"DDRF!+)=;0&3*! JMJ237Q! H'7=.!

H;373*=.!'*5!I1=1;3O!X)0&30J63B)7=;M!EDQSP#K""[!

]';J)'! +.! -')B/'12=! `.! ,'*5;0*)! 4! C"DDEF! ,3'70*'2! *)=;0&3*! I)L'=)0*! '*5!

H;)B';M! H;051J=)0*! )*! =63! ,01=6(37=! `'J)I)JQ! *'*0H2'*N=0*!

5)'A0=;0H6M!'*5! =;'*7I3;!0I!*)=;0&3*! =0!H)J0H2'*N=0*!0;&'*)7B7O!8';!

ZJ02!`;0&!,3;!#R#Q"PK##!

]';JY'K81v0A!8.!%;Y7=3&1)!9.!`323&;Y!9>.!%*=0;'*A!%.!@j35'!%.!d0;;37!8!C"DDPF!

ZLJ6'*&3!0I!J';/0*!/M!'*!1H(322)*&!I)2'B3*=!0II!G'H3!]6);!C+:!%I;)J'FO!

9!8';!,M7=!PRQ$#KTP!

]2)/3;=!`8.!X;0*N!U%!CSTTRF!-323'73!0I!5)7702<35!0;&'*)J!*)=;0&3*!/M!B';)*3!

5)'A0=;0H6)J! JM'*0/'J=3;)'.! +$1&23/"'4154! 7HHO! %HH2! Z*<);0*!

8)J;0/)02![DQ#TT[KRDDD!

]2)/3;=! `8.! >)H7J612=A! \.! 8JG';=6M! 99.! %2='/3=! 8%! CST$"F! b70=0H3! 5)21=)0*!

B05327!0I!1H='N3!'*5!;3B)*3;'2)A'=)0*O!>)B*02!@J3'*0&;!"EQ[#TK[PD!

]03/32! +>.! Z5(';57! G%.! G';=3;! X9.! %J6)2237! c8.! l36;! 9`! C"DD$F! ];0(=6! '*5!
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J';/0*! J0*=3*=! 0I! =6;33! 5)II3;3*=K7)A35! 5)'A0=;0H6)J! JM'*0/'J=3;)'!

0/73;<35!)*!=63!71/=;0H)J'2!+0;=6!`'J)I)JO!9!`6MJ02!RRQS"S"KS""D!

]03/32!+>.!d1;N!c%.!%J6)2237!c8.!`'3;2!-.!?3(70*!b.!80;;)70*!%Z.!80*=0M'!9`.!

Z5(';57! G%.! l36;! 9`! C"DSDF! %/1*5'*J3! '*5! 5)7=;)/1=)0*! 0I! B'j0;!

&;01H7!0I!5)'A0=;0H6)J!JM'*0/'J=3;)'!'*5!=63);!H0=3*=)'2!J0*=;)/1=)0*!

=0! +"! I)L'=)0*! )*! =63! =;0H)J'2! %=2'*=)J! @J3'*O! Z*<);0*! 8)J;0/)02!

S"Q#"E"K#"$T!

]0*A^23AKd'/0'5'! \.! ]0*A^23AK])2! -.! ?tI3;! 9.! ]0*A^23A! ,.! %*'5_*! -! C"DSDF!

+$1&23/"'4154!7HHO!H0H12'=)0*!7=;1J=1;3!)*!=63!3'7=3;*!+0;=6!%=2'*=)J!
71/=;0H)J'2!&M;3O!U33HK,3'!-37!`';=!b!PEQ[PKEE!

];'7760II! c.! c;3B2)*&! c.! Z6;6';5=! 8! CST$#F! 83=6057! 0I! 73'('=3;! '*'2M7)7O!

:)23MK4J6.!:3)*63)B!

];0{N0HI! d.!806;!:.! X'17=)'*! d.! ,J61*JN! ?.! ])22! U.! c1MH3;7!888.! >'<)N! ].!

,J6B)=A! -%.! :'22'J3! U:-.! >'-0J63! 9! C"DS"F! U01/2)*&! 0I! B';)*3!

5)*)=;0&3*KI)L'=)0*! ;'=37! /'735! 0*! 5);3J=! B3'71;3B3*=7O! +'=1;3!

R$$Q#[SK#[R!

];1/3;!+!C"DDRF!d63!5M*'B)J7!0I!=63!B';)*3!*)=;0&3*!JMJ23!'*5!'=B07H63;)J!

G@"O!b*Q!@;&1A!d.!\0220(7!8!C357F!G';/0*KJ2)B'=3!)*=3;'J=)0*7O!c21(3;.!

U0;5;3J6=.!H!TEKSR$!

];1/3;! +! C"DD$F! d63! B';)*3! *)=;0&3*! JMJ23Q! @<3;<)3(! '*5! J6'223*&37.O! b*Q!

G'H0*3!U].!X;0*N!U%.!8126022'*5!8-.!G';H3*=3;!Z9!C357F!+)=;0&3*!)*!

=63!B';)*3!3*<);0*B3*=! C"*5!Z5)=)0*FO!%J'53B)J!`;377.! ,'*!U)3&0.!H!

SKPD!

];1/3;!+.!,';B)3*=0!9>!CSTTEF!]20/'2!H'==3;*7!0I!B';)*3!*)=;0&3*!I)L'=)0*!'*5!

53*)=;)I)J'=)0*O!]20/'2!X)0&30J63B!GMJ237!SSQ!"#PK"[[!

?'2B! ?.! >'B! `.! \3;532B'*! d].! >'<)N! ].! U)==B';! d.! >'-0J63! 9.! Uq?0*5=! ,.!

c1MH3;7! 888! C"DSSF! ?3=3;0=;0H6)J! 0;&'*)7B7! 50B)*'=3! *)=;0&3*!

I)L'=)0*!)*!=63!,01=6!`'J)I)J!]M;3O!b,8Z!9![QS"#$KS"RT!

?'B'!d.!8)M'A'N)!d.!@&'('!k.! b('N1B'!d.!d'N'6'76)!8.!@=71N)!%.! bJ6)B1;'!,!

CST$#F! 83'71;3B3*=! 0I! H60=07M*=63=)J! H;051J=)0*! 0I! '! B';)*3!

H6M=0H2'*N=0*!H0H12'=)0*!17)*&!'! 7='/23! S#G! )70=0H3O!8';!X)02!E#Q#SK

#[!

?'B3;723M!8-.!d1;N!c%.!>3)*(3/3;!%.!];1/3;!+.!l36;!9`.!]1*53;70*!d.!G'H0*3!

U]!C"DSSF!+)=;0&3*!I)L'=)0*!()=6)*!=63!('=3;!J021B*!'770J)'=35!()=6!

=(0!6MH0L)J!/'7)*7!)*!=63!,01=63;*!G'2)I0;*)'!X)&6=O!%g1'=!8)J;0/!ZJ02!

[#QST#K"DP!

?'*7322!U%.!X'=37!+-.!@270*!UX!C"DDRF!ZLJ377!*)=;'=3!'*5!*)=;0&3*!I)L'=)0*!)*!

=63!+0;=6!%=2'*=)J!@J3'*O!8';!G63B!$RQ"R#K"[P!

?'*7322! U%.! G';270*! G%! C"DD"F! X)0&30J63B)7=;M! 0I!B';)*3! 5)7702<35! 0;&'*)J!

B'==3;.!402O!%J'53B)J!`;377.!,'*!U)3&0!
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?'*7322!U%.!G';270*!G%.!-3H3='!U9.!,J62)=A3;!-!C"DDTF!U)7702<35!0;&'*)J!B'==3;!

)*! =63! 0J3'*Q! '! J0*=;0<3;7M! 7=)B12'=37! *3(! )*7)&6=7O! @J3'*0&;'H6M!

""Q"D"K"SS!

?'*7322! U%.! @270*! UX.! U3*=3*3;! \.! l'B0;'! >8! C"DDEF! %77377B3*=! 0I! 3LJ377!

*)=;'=3! 53<320HB3*=! )*! =63! 71/=;0H)J'2! +0;=6! %=2'*=)JO! 8';! G63B!

SD[QP["KPET!

?'*73*! ?`.! c0;023II! 9! CST$#F! U3=3;B)*'=)0*! 0I! *1=;)3*=7O! b*Q! ];'7760II! c.!

Z6;'6';5=!8.!c;3B2)*&!c! C357F!83=6057!0I! 73'('=3;! '*'2M7)7O!:)23MK

4G?.!:3)*63)B.!H!SPDKSPE!

?'7=)*&7! 8].! ,)&B'*! U8.! >)H7J612=A! \! C"DD#F! b70=0H)J! 3<)53*J3! I0;! 701;J3!

J6'*&37!0I!*)=;'=3!)*!;')*!'=!X3;B15'O!9!]30H6M7!-37!SD$QRETD!

?'<3*7! cZ! C"DDSF! G0BH23L! '*'2M737! 0I! H2'*N=0*! 7=;1J=1;3! '*5! I1*J=)0*O!

,J)3*=)I)J:0;25901;*'2!SQSSTKS#"!

?3;*^*53AK>3_*!,.!\;'*J6M!].!80M'*0!8.!83*r*53A!b.!,J6B0N3;!G.!`1=A3M7!,!

C"DSDF!G';/0*!73g137=;'=)0*!'*5!A00H2'*N=0*!21*';!JMJ237Q!G0125!(3!

/3! B)77)*&! '! B'j0;! J0BH0*3*=! 0I! =63! /)020&)J'2! H1BHu! >)B*02!

@J3'*0&;!PPQ"PD#K"PS"!

?3(70*!b.!80)7'*53;!`?.!%J6)2237!c8.!G';270*!G%.!93*N)*7!XU.!80*5;'&0*!Z%.!

80;;)70*!%Z.!l36;!9`!C"DDEF!G6';'J=3;)7=)J7!0I!5)'A0=;0H67!)*!71;I'J3!

=0!'/M770H32'&)J!('=3;7!0I!=63!,';&'770!,3'O!%g1'=!8)J;0/!ZJ02!R[QSPK

#D!

?022!G8.!80*=0M'!9`!C"DDPF!b*=3;'J=)0*7!/3=(33*!*)=;'=3!1H='N3!'*5!*)=;0&3*!

I)L'=)0*! )*! J0*=)*1017! J12=1;37! 0I! =63! B';)*3! 5)'A0=;0H6!

+$1&23/"'4154!CGM'*0/'J=3;)'FO!9!`6MJ02!RSQSSE$KSS$#!

?022! G8.! :')=3! %8.! `37'*=! ,.! d60BH70*! `%.! 80*=0M'! 9`! C"DDEF! e*)J32212';!

5)'A0=;0H6M!'7!'!701;J3!0I!*)=;0&3*!=0!>331()*!G1;;3*=!J0'7='2!355)37O!

U33HK,3'!-37!`';=!bb!PRQSDRPKSDPR!

?02BK?'*73*!@.!>0;3*A3*!G9.!?02B37!-:.!,=;)JN2'*5!9U?!CST[PF!\210;0B3=;)J!

53=3;B)*'=)0*!0I!G620;0H6M22O!9!G0*73)2!#DQ#KSP!

?02B37!-8.!%B)*0=!%.!cr;0132!-.!?00N3;!X%.!`3=3;70*!X9!CSTTTF!%!7)BH23!'*5!

H;3J)73!B3=605! I0;!B3'71;)*&! 'BB0*)1B! )*!B';)*3! '*5! I;376('=3;!

3J07M7=3B7O!G'*!9!\)76!%g1'=!,J)!P[QS$DSKS$D$!

?0HN)*70*! G,.! 4'22)*0! 99! C"DDPF! ZII)J)3*=! 3LH0;=! 0I! J';/0*! =0! =63! 533H! 0J3'*!

=6;01&6!5)7702<35!0;&'*)J!B'==3;O!+'=1;3!R##QSR"KSRP!

?13;='7!bZ.!-Y07!%\.!]';JY'K>'I13*=3!9.!+'<';;0!].!8'N'01)!%.!,^*J63AK-0B^*!%.!

-05;)&13AK]'2<3A!,.!@;/)!%.!-1YA!9.!`r;3A!\\!C"DS"F!%=2'*=)J!I0;J)*&!0I!

=63!835)=3;;'*3'*!02)&0=;0H6MO!]20/'2!X)0&30J63B!GMJ237!"[Q]X"D""!

?1=J6)*&7! >.! `)=J63;! ]G.! `;0/M*! d%.! X')23M! ]:! CSTTPF! d63! J63B)J'2! '*5!

/)020&)J'2! J0*73g13*J37! 0I! J0'7='2! 1H(322)*&O! b*Q! ,1BB3;6'M37! G`.!

ZB3)7! cKG.! %*&32! 84.! ,B)=6! ->.! l3)=A7J632! X! C357F! eH(322)*&! )*! =63!
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@J3'*!8053;*!`;0J37737!'*5!%*J)3*=!-3J0;57.!402!S$O!:)23M.!X3;2)*.!H!

[EKE"!

?1=J6)*7!U%.!\1!\KL.!l6'*&!k.!:';*3;!8Z.!\3*&!k.!`0;=1*3!c.!X3;*6';5=!`:.!

8126022'*5! 8-! C"DDEF! G@"! J0*=;02! 0I! +$1&23/"'4154! +"! I)L'=)0*.!
H60=07M*=637)7.! &;0(=6! ;'=37.! '*5! 323B3*='2! ;'=)07Q! )BH2)J'=)0*7! I0;!

H'7=.! H;373*=.! '*5! I1=1;3! 0J3'*! /)0&30J63B)7=;MO! >)B*02! @J3'*0&;!

P"QS"T#KS#DR!

?M*37!%8.!G6'HH322!`U.!UM6;B'*!,d.!U0*3M!,G.!:3//!Z%!C"DDTF!G;077K/'7)*!

J0BH';)70*! 0I! H607H60;17! 7=;377! '*5! *)=;0&3*! I)L'=)0*! )*!

+$1&23/"'4154O!>)B*02!@J3'*0&;!PRQSR#$KSRR$!

b`GG!C"DDEF!\01;=6!'77377B3*=!;3H0;=Q!J2)B'=3!J6'*&3!"DDEO!b*Q!`'J6'1;)!-c.!

-3)7)*&3;!%!C357F!G2)B'=3!G6'*&3!"DDEQ!,M*=637)7!;3H0;=O!b`GG.!]3*3<'.!

H!SDR!

93*73*! XX.! G0L! -`! CST$#F! U);3J=! B3'71;3B3*=7! 0I! 7=3'5MK7='=3! N)*3=)J7! 0I!

JM'*0/'J=3;)'2! +"! 1H='N3! /M!B3B/;'*3K23'N!B'77! 7H3J=;0B3=;M! '*5!

J0BH';)70*7!/3=(33*!*)=;0&3*!I)L'=)0*!'*5!'J3=M23*3!;351J=)0*O!%HH2!

Z*<);0*!8)J;0/!RPQS##SKS##E!

9)JN3227!dU.!%*!l,.!%*53;73*!cc.!X'N3;!%-.!X3;&'B3==)!].!X;00N7!+.!G'0!99.!X0M5!

`:.!U1J3!-%.!?1*=3;!c%.!c'('6'='!?.!c1/)2'M!+.!>'-0J63! 9.! >)77!`,.!

8'60('25! +.! `;07H3;0! 98.! -)5&(322! %9.! d3&3*! b.! d0;;37! -! C"DDPF!

]20/'2! );0*!J0**3J=)0*7!/3=(33*!5373;=!517=.!0J3'*!/)0&30J63B)7=;M.!

'*5!J2)B'=3O!,J)3*J3!#D$Q[EKES!

c'*'N)501!8.!U1J3!-%.!`;07H3;0!98.!X'N3;!%-.!X3*)=3AK+3270*!G.!U3*=3*3;!\9.!

?1*=3;! c%.! >)77! `,.! 8'60('25! +.! @N)*! ],.! ,';)*! 8.! d7)&';)5)7! c.!

e3B'=71!8.!l'B0;'!>8.!l61!d!C"DS"F!%=B07H63;)J!I21L37!0I!0;&'*)J!+!

'*5!`!=0!=63!&20/'2!0J3'*O!]20/'2!X)0&30J63B!GMJ237!"[Q]X#D"[!

c';2!U8.!G61;J6!89.!U0;3! 9Z.!>3=32)3;!-8.!8'6'II3M!G!C"DS"F!`;35)J='/23!'*5!

3II)J)3*=!J';/0*!73g137=;'=)0*!)*!=63!+0;=6!`'J)I)J!@J3'*!71HH0;=35!/M!

7MB/)0=)J!*)=;0&3*! I)L'=)0*O!`;0J!+'=2!%J'5!,J)!e,%O!`1/2)7635!0*2)*3!

/3I0;3!H;)*=.!50)Q!SDOSDE#aH*'7OSS"D#S"SDT!

c';2!U8.!8)J6'327!%.!X3;&B'*!X.!G'H0*3!U.!G';H3*=3;!Z.!>3=32)3;!-.!>)H7J612=A!

\.!`'3;2!?.!,)&B'*!U.!,='2!>! C"DD"F!U)*)=;0&3*! I)L'=)0*! )*! =63!(0;25q7!

0J3'*7O!X)0&30J63B)7=;M!PEKP$QREKT$!

c'1IB'*!k9.!c0;3*!b.!-3B3;!>%.!d'*;r!U.!])*01L!`.!\'*!,!C"DDPF!U17=!=;'*7H0;=!

'*5!53H07)=)0*!0/73;<35!I;0B!=63!d3;;'K8053;'=3!-37021=)0*!bB'&)*&!

,H3J=;0;'5)0B3=3;! C8@Ub,F! 7H'J3J;'I=! 0<3;! =63! %=2'*=)J! @J3'*O! 9!

]30H6M7!-37!SSDQUSD,S"!

cr;0132! -.! %B)*0=! %! CSTTEF! \210;0B3=;)J! 53=3;B)*'=)0*! 0I! 'BB0*)'! )*! 73'!

'*5! 37=1';)*3! ('=3;7! /M! 5);3J=! 73&B3*=35! I20(! '*'2M7)7O! 8';! G63B!

PEQ"[PK"EP!

c);N(005! U,! CSTTPF! +1=;)3*=7Q! H;'J=)J'2! *0=37! 0*! =63);! 53=3;B)*'=)0*! )*!
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73'('=3;O! b*Q! bGZ,! =3J6*)g137! 0*! 8';)*3! Z*<);0*B3*='2! ,J)3*J37!

-3H0;=! SEO! b*=3;*'=)0*'2! G01*J)2! I0;! =63! ZLH20;'=)0*! 0I! =63! ,3'7.!

G0H3*6'&3*.!H!"P!

c*'HH!%+.!,)&B'*!U8.!>)H7J612=A!\.!c17=N'!%X.!G'H0*3!U]!C"DSSF!b*=3;/'7)*!

)70=0H)J! J0;;37H0*53*J3! /3=(33*! 1HH3;K0J3'*! /12N! U@+! '*5!

71/71;I'J3! *)=;'=3! '*5! )=7! )BH2)J'=)0*7! I0;! B';)*3! *)=;0&3*! JMJ2)*&O!

]20/'2!X)0&30J63B!GMJ237!"PQ]XRDDR!

c020()=6! >G.! b*&'22! ZU.! X3**3;! -! C"DDSF! G0BH07)=)0*! '*5! JMJ2)*&! 0I!B';)*3!

0;&'*)J!H607H60;17O!>)B*02!@J3'*0&;!R[Q#DTK#"D!

c;)76*'B1;=6M! %.!800;3! 9c.! l3*53;! G,.! >10! G! C"DDEF! ZII3J=7! 0I! '=B07H63;)J!

)*0;&'*)J! *)=;0&3*! 53H07)=)0*! 0*! 0J3'*! /)0&30J63B)7=;MO! 9! ]30H6M7!

-37!SS"Q]D"DST!

c17=N'!%.!G';H3*=3;!Z9.!,'v150K:)2632BM!,%!C"DD"F!b;0*!'*5!B';)*3!*)=;0&3*!

I)L'=)0*Q!H;0&;377!'*5!I1=1;3!5);3J=)0*7O!-37!8)J;0/)02!SP#Q"PPK"["!

c17=N'! %X.! ,'v150K:)2632BM! %.! G';H3*=3;! Z.! G'H0*3! U.! X1;*7! 9! C"DD#F! b;0*!

;3g1);3B3*=7! I0;! 5)*)=;0&3*K! '*5! 'BB0*)1BK71HH0;=35! &;0(=6! )*!

J12=1;37! 0I! +$1&23/"'4154! Cb8,! SDSFQ! G0BH';)70*! ()=6! *)=;0&3*!
I)L'=)0*! ;'=37! '*5! );0*QJ';/0*! ;'=)07! 0I! I)325! H0H12'=)0*7O! >)B*02!

@J3'*0&;!R$QS$[TKS$$R!

>'*502I)!%.!@7J62)37!%.!,'*53;7!-!C"DD$F!@;&'*)J!*1=;)3*=7!'*5!3LJ377!*)=;0&3*!

)*!=63!+0;=6!%=2'*=)J!71/=;0H)J'2!&M;3O!X)0&307J)3*J37!PQSSTTKS"S#!

>'*&20)7!-9.!?1BB3;!U.!>'-0J63!9!C"DD$F!%/1*5'*J37!'*5!5)7=;)/1=)0*7!0I!=63!

50B)*'*=! %1#=! H6M20=MH37! )*! =63! *0;=63;*! %=2'*=)J! @J3'*O! %HH2!
Z*<);0*!8)J;0/)02!ERQST""KST#S!

>'*&20)7!-9.!>'-0J63!9.!-''/!`%!C"DDPF!U)'A0=;0H6)J!5)<3;7)=M!'*5!5)7=;)/1=)0*!

)*!=63!=;0H)J'2!'*5!71/=;0H)J'2!%=2'*=)J!@J3'*O!%HH2!Z*<);0*!8)J;0/)02!

ESQETSDKETST!

>'-0J63! 9.! X;3)=/';=6! Z! C"DDPF! bBH0;='*J3! 0I! =63! 5)'A0=;0H67! '7! '! 701;J3! 0I!

*3(!*)=;0&3*!)*!=63!0J3'*O!9!,3'!-37!P#Q[EKTS!

>3! 80'2! 8.! X)3&'2'! bG! C"DDTF! U)'A0=;0H6)J! 1*)J32212';! JM'*0/'J=3;)'! )*! =63!

*0;=6(37=3;*!835)=3;;'*3'*! ,3'Q! '! 73'70*'2! JMJ23O! >)B*02! @J3'*0&;!

PRQ$RPK$PP!

>3!80'2!8.!G022)*!?.!X)3&'2'!bG!C"DSSF!b*=;)&1)*&!5)<3;7)=M!'B0*&!5)'A0=;0H6)J!

H)J0H2'*N=0*!'20*&!'!835)=3;;'*3'*!=;'*73J=Q!'!50B)*'*J3!0I!;6)A0/)'O!

X)0&307J)3*J37!$Q$"EK$RD!

>33! G63*! k.! d10! ,.! G63*! ?k! C"DSDF! G0K0JJ1;;3*J3! '*5! =;'*7I3;! 0I! I)L35!

*)=;0&3*! I;0B! +$1&23/"'4154! 7HHO! =0! 5)'=0B7! )*! =63! 20(K2'=)=153!
c1;076)0!G1;;3*=!)*!=63!+:!`'J)I)JO!8';!ZJ02!`;0&!,3;!R"SQ"PK#$!

>3<)='*! @.! -073*/3;&! ].! ,3=2)N! b.! ,3=2)N0<'! Z.! ];)&32! 9.! c23H3=';! 9.! `;'7)2! @.!

X3;B'*K\;'*N! b! C"DDEF! Z23<'=35! G@"! 3*6'*J37! *)=;0&3*! I)L'=)0*! '*5!
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"PD!

&;0(=6!)*!=63!B';)*3!JM'*0/'J=3;)1B!+$1&23/"'4154(]20/!G6'*&!X)02!
S#QP#SKP#$!

>_H3A! G'*J)0! 9.! G'7=322'*0! %4.! ?3;*^*53A! 8G.! X3=63*J01;=! -].! @;=3&'! Z8!

C"DD$F! 83='22)J! 7H3J)37! )*! '=B07H63;)J! H';=)J12'=3! B'==3;! )*! >'7!

`'2B'7!53!];'*!G'*';)'O!9!?'A';5!8'=3;!S[DQP"SKP"$!

>10!k:.!U0*3M!,G.!%*53;70*!>%.!X3*'<)537!8.!X3;B'*K\;'*N!b.!X053!%.!X0**3=!

,.!X07=;tB!c?.!Xt==j3;!U.!G'H0*3!U].!G';H3*=3;!Z9.!G63*!k>.!G61;J6!89.!

U0;3! 9Z.! \'2J_*! >b.! \3;*^*53A! %.! \07=3;! -%.! \1;1M'! c.! ]_B3A! \.!

]1*53;73*!c.!?M*37!%8.!c';2!U8.!c)='j)B'!,.! >'*&20)7!-9.! >'-0J63! 9.!

>3=32)3;!-8.!8';'v_*!Z.!8J])22)J155M!9;!U9.!80)7'*53;!`?.!800;3!G8.!

801;)v0KG';/'22)50!X.!8126022'*5!8-.!+3350/'!9%.!@;J1==!c8.!`012=0*!

%9.! -'6'<! Z.! -')B/'12=! `.! -337! %`.! -)3B'**! >.! ,6)0A'N)! d.!

,1/;'B'*)'B!%.!dM;;322!d.!d1;NKc1/0!c%.!4';32'!8.!4)22';3'2!d%.!:3//!

Z%.!:6)=3!%Z.!:1!9.!l36;!9`!C"DS"F!U'='/'73!0I!5)'A0=;0H67!)*!&20/'2!

0J3'*Q!'/1*5'*J3.!/)0B'77!'*5!*)=;0&3*!I)L'=)0*!;'=37O!Z';=6!,M7=!,J)!

U'='!RQREKE#!

8'6'II3M! G.! 8)J6'327! %\.! G'H0*3! U]! C"DDPF! d63! J0*1*5;1B! 0I! B';)*3! +"!

I)L'=)0*O!%B!9!,J)!#DPQPR[KPTP!

8'6'II3M! G.!:)22)'B7!-].!:02II! ]%.!8'60('25!+.! %*53;70*!:.!:005(';5!8!

C"DD#F! X)0&30J63B)J'2! 7)&*'=1;37! 0I! *)=;0&3*! I)L'=)0*! )*! =63! 3'7=3;*!

+0;=6!%=2'*=)JO!]30H6M7!-37!>3==!#DC[FQS#DD!

8';=Y*K+)3=0!9.!?3;;3;0!%.!\20;37!Z!CSTTSF!G0*=;02!0I!*)=;0&3*'73!B-+%!23<327!

/M!H;051J=7!0I!*)=;'=3!'77)B)2'=)0*!)*!=63!JM'*0/'J=3;)1B!*%.7."%.!7HO!
7=;')*!`GGKES"DO!`2'*=!`6M7)02!TEQ$"PK$"$!

8'=63;! ->.! -3M*0257! ,Z.!:02II! ]%.!:)22)'B7! -].! d0;;37K4'2537! ,.!:005(';5!

Z8,.!>'*502I)!%.!`'*!W.!,'*53;7!-.!%J6=3;/3;&!Z`!C"DD$F!`607H60;17!

JMJ2)*&! )*! =63! +0;=6! '*5! ,01=6! %=2'*=)J! @J3'*! 71/=;0H)J'2! &M;37O!

+'=1;3!]307J)!SQR#TKRR#!

8'A';5!,>.!\1223;!+9.!@;J1==!c8.!X;)523!@.!,J'*2'*!U9!C"DDRF!`G-!'*'2M7)7!0I!=63!

5)7=;)/1=)0*! 0I! 1*)J32212';! JM'*0/'J=3;)'2! 5)'A0=;0H67! )*! =63! %;'/)'*!

,3'O!%HH2!Z*<);0*!8)J;0/)02!EDQE#PPKE#[R!

8JG';=6M!8U.!X;0*N!U%!C"DD$F!%*'2M=)J'2!B3=6057!I0;!=63!7=15M!0I!*)=;0&3*O!

b*Q!+)=;0&3*!)*!=63!8';)*3!Z*<);0*B3*=!C"*5!Z5)=)0*FO!%J'53B)J!`;377.!

,'*!U)3&0.!H!S"STKS"EP!

8)J6'327!%.!c';2!U.! G'H0*3!U! C"DDSF!Z23B3*=! 7=0)J6)0B3=;M.! *3(!H;051J=)0*!

'*5!*)=;0&3*!I)L'=)0*O!@J3'*0&;'H6M!SRQ[$KEE!

8)J6'327!%.!@270*!U.!,';B)3*=0! 9.!%BB3;B'*! 9.!\'**)*&!c.! 9'6*N3!-.!c*'H!%.!

>)H7J612=A!\.!`;07H3;0! 9! CSTT[F! b*H1=7.! 207737!'*5! =;'*7I0;B'=)0*7!0I!

*)=;0&3*! '*5! H607H60;17! )*! =63! H32'&)J! +0;=6! %=2'*=)J! @J3'*O!

X)0&30J63B)7=;M!#PQS$SK""[!

8)227! 88.! -)5'B3! G.! U'<3M! 8.! >'-0J63! 9.! ]3)53;! -9! C"DDRF! b;0*! '*5!
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H607H60;17! J0K2)B)=! *)=;0&3*! I)L'=)0*! )*! =63! 3'7=3;*! =;0H)J'2! +0;=6!

%=2'*=)JO!+'=1;3!R"TQ"T"K"TR!

806;! :.! ];0{N0HI! d.! :'22'J3! U:-.! >'-0J63! 9! C"DSDF! 83=605020&)J'2!

1*53;37=)B'=)0*! 0I! 0J3'*)J! *)=;0&3*! I)L'=)0*! ;'=37O! `>0,! @+Z!

PQ3S"P$#!

80)7'*53;! `?.! X3)*';=! -%.! ?3(70*! b.! :6)=3! %Z.! 906*70*! c,.! G';270*! G%.!

80*=0M'! 9`.! l36;! 9`! C"DSDF! e*)J32212';! JM'*0/'J=3;)'2! 5)7=;)/1=)0*7!

/;0'53*!=63!0J3'*)J!+"!I)L'=)0*!50B')*O!,J)3*J3!#"EQSPS"KSPSR!

80*=0M'! 9`.! ?022! G8.! l36;! 9`.! ?'*73*!%.! 4)22';3'2! d%.! G'H0*3!U! C"DDRF!?)&6!

;'=37! 0I! +"! I)L'=)0*! /M! 1*)J32212';! 5)'A0=;0H67! )*! =63! 02)&0=;0H6)J!

`'J)I)J!@J3'*O!+'=1;3!R#DQSD"EKSD#S!

80*=0M'!9`.!4077!8.!G'H0*3!U!C"DDEF!,H'=)'2!<';)'=)0*!)*!+"KI)L'=)0*!;'=3!'*5!

5)'A0=;0H6!'J=)<)=M!)*!=63!=;0H)J'2!%=2'*=)JO!X)0&307J)3*J37!RQ#[TK#E[!

80*=0M'!9`.!4077!8.!c|623;!`.!G'H0*3!U!CSTT[F!%!7)BH23.!6)&6KH;3J)7)0*.!6)&6K

73*7)=)<)=M!=;'J3;!'77'M!I0;!+"!I)L'=)0*O!%HH2!Z*<);0*!8)J;0/)02!!["QT$[K

TT#!

800;3!8G.!8)227!88.!%J6=3;/3;&!Z`.!]3)53;!-9.!>'-0J63!9.!>1J'7!8b.!8JU0*'&6!

Z>.! `'*! W.! `012=0*! %9.! -)jN3*/3;&! 89%.! ,1&&3==! U9.! e7763;! ,9.!

:005(';5! Z8,! C"DDTF! >';&3K7J'23! 5)7=;)/1=)0*! 0I! %=2'*=)J! *)=;0&3*!

I)L'=)0*!J0*=;02235!/M!);0*!'<')2'/)2)=MO!+'=1;3!]307J)!"Q$[EK$ES!

801;)v0KG';/'22)50!X.!];'v'!-.!\3;*^*53A!%.!X053!%.!4';32'!8.!U0BY*&13A!9\.!

Z7J^*3A!9.!53!%;B'7!U.!8';'v_*!Z!C"DSSF!bBH0;='*J3!0I!+"!I)L'=)0*!<7O!

*)=;'=3!355M!5)II17)0*!'20*&!'!2'=)=15)*'2!=;'*73J=!)*!=63!%=2'*=)J!@J3'*O!

>)B*02!@J3'*0&;!P[QTTTKSDDE!

8126022'*5!8-!C"DDEF!d63!I'=3!0I!*)=;0&3*!I)L35!/M!5)'A0=;0H67!)*!=63!0J3'*O!

X)0&307J)3*J37!RQ#EKPS!

8126022'*5!8-.!X3;*6';5=!`:! C"DDPF!d63! 3II3J=! 0I! &;0(=6! ;'=3.! H607H60;17!

J0*J3*=;'=)0*.! '*5! =3BH3;'=1;3! 0*! +"! I)L'=)0*.! J';/0*! I)L'=)0*.! '*5!

*)=;0&3*! ;323'73! )*! J0*=)*1017! J12=1;37! 0I! +$1&23/"'4154! b8,SDSO!
>)B*02!@J3'*0&;!PDQ$#TK$RT!

8126022'*5!8-.!X3;*6';5=!`:.!?3)2!G%.!X;0*N!U%.!@q*3)2! 98!C"DD[F!+)=;0&3*!

I)L'=)0*!'*5!;323'73!0I!I)L35!*)=;0&3*!/M!+$1&23/"'4154!7HHO!)*!=63!]12I!
0I!83L)J0O!>)B*02!@J3'*0&;!PSQSE["KSEE[!

8126022'*5!8-.!X;0*N!U%.!G'H0*3!U]!C"DDRF!U)*)=;0&3*! I)L'=)0*!'*5!;323'73!

0I! 'BB0*)1B! '*5! 5)7702<35! 0;&'*)J! *)=;0&3*! /M! +$1&23/"'4154!
b8,SDSO!%g1'=!8)J;0/!ZJ02!#EQ$PKTR!

8126022'*5!8-.! G'H0*3!U! C"DDDF! d63! *)=;0&3*! H6M7)020&M! 0I! =63!B';)*3!+"K

I)L)*&!JM'*0/'J=3;)'!+$1&23/"'4154!7HHO!d;3*57!`2'*=!,J)!PQSR$KSP#!

8126022'*5! 8-.! @6N)! c.! G'H0*3! U]! C"DDSF! +1=;)3*=! J0*=;027! 0*! *)=;0&3*!

1H='N3! '*5! B3='/02)7B! /M! *'=1;'2! H0H12'=)0*7! '*5! J12=1;37! 0I!
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+$1&23/"'4154(CGM'*0/'J=3;)'FO!9!`6MJ02!#EQSDDSKSDDT!

+3350/'! 9%.! \07=3;! -%.! ,'N'B0=0! G.! l36;! 9`.! 906*70*! c,! C"DDEF! +)=;0&3*!

I)L'=)0*! /M! 1*)J32212';! 5)'A0=;0H6)J! JM'*0/'J=3;)'! )*! =63! =3BH3;'=3!

02)&0=;0H6)J!+0;=6!`'J)I)J!@J3'*O!>)B*02!@J3'*0&;!P"QS#SEKS#"E!

+3(322!X,.!U'2B0*=!].!];'*=!X-! CSTE"F!d63!3LJ;3=)0*!0I!0;&'*)J!*)=;0&3*!/M!

B';)*3!'2&'3!)*!/'=J6!'*5!J0*=)*1017!J12=1;3O!G'*!9!X0=!PD!

+0&'237!X.!%&1)2_K\3;;3=j'*7!88.!8';=Y*KG';50*'!G.!>'21J'=!9.!X07J6!-!C"DDEF!

X'J=3;)'2! 5)<3;7)=M.! J0BH07)=)0*! '*5! 5M*'B)J7! )*! '*5! ';01*5!

;3J;3'=)0*'2!J0'7='2!';3'7O!Z*<);0*B3*='2!8)J;0/)020&M!TQSTS#KST"T!

@623*5)3JN!e.! ,=16;!%.! ,)3&B1*5!?! C"DDDF!+)=;0&3*! I)L'=)0*! /M! 5)'A0=;0H6)J!

JM'*0/'J=3;)'!)*!=63!X'2=)J!,3'!'*5!=;'*7I3;!0I!=63!*3(2M!I)L35!*)=;0&3*!

=0!H)J0H2'*N=0*!0;&'*)7B7O!9!8';!,M7=!"PQ"S#K"ST!

`r;3AKX;0J'2! 4.! ])2! -.! -'B07! ,.! >'B32'7!%.! `07=)&0!8.!8)J6323*'! 98.! ,)2<'! \9.!

80M'!%.!>'=0;;3!%!C"DD[F!%!7B'22!B)J;0/)'2!&3*0B3Q!=63!3*5!0I!'!20*&!

7MB/)0=)J!;32'=)0*76)Hu!,J)3*J3!#SRQ#S"K#S#!

`07=&'=3! 9-! CST$"F! d63! \1*5'B3*='27! 0I! +)=;0&3*! \)L'=)0*O! G'B/;)5&3!

e*)<3;7)=M!`;377.!G'B/;)5&3!

`07=*0<! %%.! l60N60<'! +4.! X0;)70<! Z4! C"DDEF! G0;;32'=)0*! /3=(33*!

=3BH3;'=1;3! '*5! 7'2)*)=M! <';)'=)0*7! '7! '! J6';'J=3;)7=)J! 0I! =63! +0;=6!

%=2'*=)J!('=3;7O!-177!83=30;02!?M5;02!#"QSSTKS"P!

`;0J=0;! >! CSTTEF! +)=;0&3*KI)L)*&.! H60=07M*=63=)J.! '*'3;0/)J! /'J=3;)'!

'770J)'=35!()=6!H32'&)J!J0H3H057O!%g1'=!8)J;0/!ZJ02O!S"QSDPKSS#!

`;07H3;0!9!CST$SF!%302)'*!=;'*7H0;=!=0!=63!(0;25!0J3'*O!b*Q!ZB)2)'*)!G!C35F!d63!

,3'.!402!EQ!d63!@J3'*)J!>)=07H63;3O!:)23M! b*=3;37J)3*J3.!+3(!k0;N.!H!

$DSK$ER!

-')B/'12=! `.! ]';J)'! +! C"DD$F! Z<)53*J3! I0;! 3II)J)3*=! ;3&3*3;'=35! H;051J=)0*!

'*5! 5)*)=;0&3*! I)L'=)0*! )*! *)=;0&3*K53I)J)3*=! ('=3;7! 0I! =63! ,01=6!

`'J)I)J! @J3'*Q! bBH'J=! 0*! *3(! '*5! 3LH0;=! H;051J=)0*! 37=)B'=37O!

X)0&307J)3*J37!PQ#"#K##$!

-')B/'12=! `.! ,2'(MN! ].! ]3*=)260BB3! 4! CSTTDF! U);3J=! B3'71;3B3*=7! 0I!

*'*0B02';! *)=;'=3! 1H='N3! /M! =63! B';)*3! 5)'=0B! )2."3/.&6:854(
6$1&3$%5654! CX062)*FO! bBH2)J'=)0*7! I0;! 7=15)37! 0I! 02)&0=;0H6)J!
3J07M7=3B7O!?M5;0/)020&)'!"DEQ#SSK#S$!

-'B07!%].!8';=32!%.!G055!]%.!,023;!Z.!G0J'!9.!-350*50!%.!80;;)70*!>\.!83=J'2I!

9,.!@j35'!%.!,1^;3A!,.!`3=)=!8!C"DDPF!X200B!0I!=63!B';)*3!5)'A0=;0H6)J!

JM'*0/'J=3;)1B!+$1&23/"'4154("$:62$."54! )*! =63!+0;=6(37=!%I;)J'*!
eH(322)*&O!8';!ZJ02!`;0&!,3;!#DSQ#D#K#DP!

-'B07!9>.!8'513*0!\.!]13;;3;0!8]!CST$PF!-3&12'=)0*!0I!*)=;0&3*'73!23<327!)*!

*%.7."%.! 7HO!%dGG!#DRE!'*5!0=63;! I)2'B3*=017!JM'*0/'J=3;)'O! O!%;J6!
8)J;0/)02!SRSQSDPKSSS!
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-35I)325!%G.!c3=J61B!X?.!-)J6';57!\%! CST[#F!d63! )*I213*J3!0I!0;&'*)7B7!0*!

=63! J0BH07)=)0*! 0I! 73'! ('=3;O! b*Q! ?)22! 8+! C35F! d63! ,3'Q! b53'7! '*5!

0/73;<'=)0*7!0*!H;0&;377!)*!=63!7=15M!0I!=63!73'7.!402!"O!b*=3;37J)3*J3!

`1/2)763;7.!+3(!k0;N.!H!"[KEE!

-337!%`.!])2/3;=! 9%.!c322MK]3;;3M*!X%!C"DDTF!+)=;0&3*!I)L'=)0*!)*!=63!(37=3;*!

Z*&2)76!G6'**32!C+Z!%=2'*=)J!@J3'*FO!8';!ZJ02!`;0&!,3;!#ERQEKS"!

-3M*0257! ,Z.! 8'=63;! ->.! :02II! ]%.! :)22)'B7! -].! >'*502I)! %.! ,'*53;7! -.!

:005(';5!Z8,!C"DDEF!?0(!()537H;3'5!'*5!)BH0;='*=!)7!+"!I)L'=)0*!

)*!=63!+0;=6!%=2'*=)J!@J3'*u!]20/'2!X)0&30J63B!GMJ237!"SQ]XRDSP!

-)3B'**! >.! \';*32)5! ?.! ,=3(';5! ]\! C"DSDF! +)=;0&3*'73! &3*37! )*! *0*K

JM'*0/'J=3;)'2! H2'*N=0*Q! H;3<'23*J3.! 5)<3;7)=M! '*5! ;3&12'=)0*! )*!

B';)*3!('=3;7O!%g1'=!8)J;0/!ZJ02![SQ"#PK"RE!

-)jN3*/3;&!89%.!,=3)&3*/3;&3;!,.!`0(322!G\.!<'*!?';3*!?.!`'=3M!8U.!X'N3;!%-.!

%J6=3;/3;&!Z`!C"DS"F!\21L37!'*5!5)7=;)/1=)0*!0I!5)7702<35!);0*!)*!=63!

3'7=3;*! C71/KF! =;0H)J'2! +0;=6! %=2'*=)J! @J3'*O! ]20/'2! X)0&30J63B!

GMJ237!"[Q]X#DDR!

-)=J6)3!-9!C"DD[F!G0*7)7=3*=!73=7!0I!7H3J=;0H60=0B3=;)J!J620;0H6M22!3g1'=)0*7!

I0;!'J3=0*3.!B3=6'*02!'*5!3=6'*02!702<3*=7O!`60=07M*=6!-37!$TQ"EKRS!

-1/)*!8.!X3;B'*K\;'*N!b.!,6'N35!k!C"DSSF!U17=K!'*5!B)*3;'2K);0*!1=)2)A'=)0*!

/M! =63!B';)*3! 5)*)=;0&3*KI)L3;!+$1&23/"'4154O! +'=1;3! ]307J)! RQP"TK
P#R!

,'*AK%2Ir;3A! ,.! G'BH0!\\! CSTTRF!-32'=)0*76)H! /3=(33*!*)=;0&3*! I)L'=)0*! '*5!

*)=;'=3! B3='/02)7B! )*! =63! G3/58.$1.! 7=;')*7! 8S! '*5! 8"O! `2'*='!
STRQ##TK#RP!

,322*3;! c]! CSTTEF! `6M7)020&M.! 3J020&M.! '*5! =0L)J! H;0H3;=)37! 0I! B';)*3!

JM'*0/'J=3;)'!/200B7O!>)B*02!@J3'*0&;!R"QSD$TKSSDR!

,6';H! 9?! CSTEEF! ZLJ;3=)0*! 0I! 0;&'*)J! B'==3;! /M! B';)*3! H6M=0H2'*N=0*Q! 50!

63'2=6M!J3227!50!)=u!>)B*02!@J3'*0&;!""Q#$SK#TT!

,60;=!,8.!l36;!9`!C"DDEF!+)=;0&3*'73!&3*3!3LH;377)0*!)*!=63!G637'H3'N3!X'M!

37=1';MO!Z*<);0*!8)J;0/)02!TQSPTSKSPT[!

,)&B'*!U8.!G'7J)0==)!c>.!%*5;3'*)!8.!X';I0;5!G.!]'2'*=3;!8.!Xt62N3!9c!C"DDSF!

%! /'J=3;)'2! B3=605! I0;! =63! *)=;0&3*! )70=0H)J! '*'2M7)7! 0I! *)=;'=3! )*!

73'('=3;!'*5!I;376('=3;O!%*'2!G63B!E#QRSRPKRSP#!

,)B0*! 8.! ];077';=! ?K`.! ,J6(3)=A3;! X.! `201&! ?! C"DD"F! 8)J;0/)'2! 3J020&M! 0I!

0;&'*)J!'&&;3&'=37! )*!'g1'=)J!3J07M7=3B7O!%g1'=!8)J;0/!ZJ02!"$QSEPK

"SS!

,2'(MN!].!G07=3!X.!G02207!k.!-05)3;!8!CSTTEF!b70=0H)J!'*5!3*AMB'=)J!'*'2M737!

0I! H2'*N=0*)J! *)=;0&3*! 1=)2)7'=)0*! )*! =63! <)J)*)=M! 0I! G'H3! ,)*37!

C`0;=1&'2F!51;)*&!(3'N!1H(322)*&! 'J=)<)=MO!U33H!,3'!-373';J6!`';=! bQ!

@J3'*0&;'H6)J!-373';J6!`'H3;7!RRQSK"P!
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,2'(MN!].!-')B/'12=!`!CSTTPF!,)BH23!H;0J351;3!I0;!7)B12='*3017!;3J0<3;M!0I!

5)7702<35! )*0;&'*)J! '*5! 0;&'*)J! *)=;0&3*! )*! SP+K=;'J3;! 3LH3;)B3*=7!

'*5!)BH;0<)*&!=63!)70=0H)J!B'77!/'2'*J3O!8';!ZJ02!`;0&!,3;!S"RQ"$TK

"TT!

,2'(MN!].!-')B/'12=!`.!]';JY'!+!CSTT$F!83'71;)*&!&;077!1H='N3!0I!SP+K>'/3235!

*)=;0&3*! /M! B';)*3! H6M=0H2'*N=0*! ()=601=! H';=)J12'=3! B'==3;!

J0223J=)0*Q!3<)53*J3!0I!20(!SP+!207737!=0!=63!5)7702<35!0;&'*)J!*)=;0&3*!

H002!>)B*02!@J3'*0&;!R#QSE#RKSE#T!

,2'(MN! ].! -')B/'12=! `.! ]';JY'! +! C"DDDF! e73! 0I! SP+! =0! B3'71;3! 5)7702<35!

0;&'*)J!*)=;0&3*!;323'73!/M!B';)*3!H6M=0H2'*N=0*!C;3H2M!=0!J0BB3*=!

/M!X;0*N!'*5!:';5FO!>)B*02!@J3'*0&;!RPQS$$RKS$$[!

,06B!9%.!Z5(';57!X-.!:)270*!X].!:3//!Z%!C"DSS'F!G0*7=)=1=)<3!3L=;'J32212';!

H02M7'JJ6';)53! CZ`,F! H;051J=)0*! /M! 7H3J)I)J! )702'=37! 0I!B$3&3'C2."$.(
D.6'3%11O!\;0*=!8)J;0/)02!"QSKT!

,06B! 9%.! ?)2=0*! 9%.! +0/23! %Z.! l36;! 9`.! ,')=0!8%.!:3//! Z%! C"DSS/F!+)=;0&3*!

I)L'=)0*!)*!=63!,01=6!%=2'*=)J!&M;3!'*5!=63!X3*&132'!1H(322)*&!7M7=3BO!

]30H6M7!-37!>3==!#$Q>S[[D$!

,06B!9%.!:3//!Z%.!G'H0*3!U]!C"DSSJF!ZB3;&)*&!H'==3;*7!0I!B';)*3!*)=;0&3*!

I)L'=)0*O!+'=!-3<!8)J;0/)02!TQRTTKPD$!

,=''2! 8.! ?3NN3;=! ,=>.! X;1BB3;! ]9.! 432561)7! 8.! ,)NN3*7! G.! `3;7)j*! ,.! ,='2! >!

C"DDEF! +)=;0&3*! I)L'=)0*! '20*&! '! *0;=6K701=6! =;'*73J=! )*! =63! 3'7=3;*!

%=2'*=)J!@J3'*O!>)B*02!@J3'*0&;!P"QS#DPKS#S[!

,=''2! 8.! >)*=32K?3NN3;=! ,=.! ?';;3*! \.! ,='2! >! C"DDSF! +)=;0&3*'73! 'J=)<)=M! )*!

JM'*0/'J=3;)'! B3'71;35! /M! =63! 'J3=M23*3! ;351J=)0*! '77'MQ! '!

J0BH';)70*! /3=(33*! /'=J6! )*J1/'=)0*! '*5! 0*K2)*3! B0*)=0;)*&O!

Z*<);0*!8)J;0/)02!#Q#R#K#PS!

,=''2! 8.! 83M7B'*! \9-.! ,='2! >! C"DD#F! d3BH3;'=1;3! 3LJ21537! +"KI)L)*&!

63=3;0JM7=017! JM'*0/'J=3;)'! )*! =63! =;0H)J'2! 0J3'*7O! +'=1;3! R"PQPDRK

PDE!

,='2! >9! CST$$F! +)=;0&3*! I)L'=)0*! )*! JM'*0/'J=3;)'2! B'=7O! 83=6057! Z*AMB02!

S[EQRERKRTD!

,='2!>9!C"DDTF!b7!=63!5)7=;)/1=)0*!0I!*)=;0&3*KI)L)*&!JM'*0/'J=3;)'!)*!=63!0J3'*7!

;32'=35!=0!=3BH3;'=1;3u!Z*<);0*!8)J;0/)02!SSQS[#"KS[RP!

,=;'BB'! >.! 906*70*! ]G.! ,H;)*='22! 9.! 806;602A! 4! C"DD$F! ZLH'*5)*&! 0LM&3*K

B)*)B1B!A0*37!)*!=63!=;0H)J'2!0J3'*7O!,J)3*J3!#"DQ[PPK[P$!

d'*)1J6)! k.! G63*! kK2>.! G63*! ?Kk.! d7')! 8K>.! @6N)! c! C"DS"F! b702'=)0*! '*5!

J6';'J=3;)A'=)0*!0I!=63!1*)J32212';!5)'A0=;0H6)J!JM'*0/'J=3;)1B!];01H!

G! d:#! I;0B! =63! =;0H)J'2! (37=3;*! `'J)I)J! @J3'*O! Z*<);0*! 8)J;0/)02!

SRQ[RSK[PR!

d60BH70*! %:.! \07=3;! -%.! c;1HN3! %.! G';=3;! X9.! 817'=! +.! 4'120=! U.! c1MH3;7!
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888.! l36;! 9`! C"DS"F! e*)J32212';! JM'*0/'J=3;)1B! 7MB/)0=)J! ()=6! '!

7)*&23KJ32235!31N';M0=)J!'2&'O!,J)3*J3!##EQSPR[KSPPD!

d60;373*!,,.!U0;=J6!m.!%6B35!,b!CST$"F!G0BH';)70*!0I!B3=6057!I0;!3L=;'J=)*&!

)*=;'J32212';!H0027!0I!)*0;&'*)J!*)=;0&3*!I;0B!B';)*3!H6M=0H2'*N=0*O!9!

`2'*N=0*!-37!RQ[TPKEDR!

d0;;37K`'5;_*!8Z.!]32'50KG'/'223;0!8U.!G022'50K,^*J63A!G.!,);132'K8'=07!4\.!

G';50*'KG'7=322'*0! `9.! ?3;*^*53AKX;)=0! 99! C"DD"F! 4';)'/)2)=M! 0I! 517=!

)*H1=7!=0!=63!G%+b]@!A0*3O!U33HK,3'!-37!`';=!bb!RTQ#RPPK#R[R!

d;)HH!?9.!X3*J6!,-.!d1;N!c%.!\07=3;!-%.!U37'*M!X%.!+)'A)!\.!%II01;=)=!9`.!l36;!9`!

C"DSDF! 83='/02)J! 7=;3'B2)*)*&! )*! '*! 0H3*K0J3'*! *)=;0&3*KI)L)*&!

JM'*0/'J=3;)1BO!+'=1;3!R[RQTDKTR!

d;01H)*!G.!8'70*!Z.!X3JN3;7!9K8.!,'*&;h!`!C"DS"F!]3*3;'=)0*!0I!=63!G'H3!]6);!

1H(322)*&!I)2'B3*=Q!'!*1B3;)J'2!7=15MO!@J3'*!80532!RSQSKSP!

d1;N!c%.!-337!%`.!l36;! 9`.!`3;3);'!+.!,()I=!`.!,63223M!-.!>06'*!8.!:005(';5!

Z8,.! ])2/3;=! 9! C"DSSF! +)=;0&3*! I)L'=)0*! '*5! *)=;0&3*'73! C%1#=F!
3LH;377)0*! )*! =;0H)J'2! ('=3;7! 0I! =63! 3'7=3;*! +0;=6! %=2'*=)JO! b,8Z! 9!

PQS"DSKS"S"!

d1;23M!G8.!8'JN)3!`9!CSTTRF!X)0&30J63B)J'2!7)&*)I)J'*J3!0I!'=='J635!'*5!I;33K

2)<)*&!/'J=3;)'!'*5! =63! I21L!0I!H';=)J237! )*! =63!+Z!%=2'*=)J!@J3'*O!8';!

ZJ02!`;0&!,3;!SSPQSTSK"D#!

dM;;322! d.! 8';'v_*! Z.! `012=0*! %9.! X0()3! %-.! ?';/01;! U,.! :005(';5! Z8,!

C"DD#F! >';&3K7J'23! 2'=)=15)*'2! 5)7=;)/1=)0*! 0I! +$1&23/"'4154! 7HHO! )*!
=63!%=2'*=)J!@J3'*O!9!`2'*N=0*!-37!"PQRDPKRS[!

e+Z,G@!CSTTRF.!`;0=0J027! I0;! =63! 90)*=!]20/'2!@J3'*!\21L!,=15M!C9]@\,F!J0;3!

B3'71;3B3*=7.!8'*1'2!"T.!S[T!HHO.!b*=3;&0<O!@J3'*0&;O!G0BBO.!`';)7O!

4'253;;'B'! 9G! CST$SF! d63! 7)B12='*3017! '*'2M7)7! 0I! =0='2! *)=;0&3*! '*5! =0='2!

H607H60;17!)*!*'=1;'2!('=3;7O!8';!G63B!SDQSDTKS""!

4';32'!88.! X';g13;0! ,.! X053! %.! \3;*^*53A! Z.! ]0*A^23A! +.! d3);'! Z.! 4';32'!8!

C"DD#F! 8)J;0H2'*N=0*)J! ;3&3*3;'=)0*! 0I! 'BB0*)1B! '*5! 5)7702<35!

0;&'*)J! *)=;0&3*! )*! =63! 1H(322)*&! ';3'! 0I! =63! +:! 0I! ,H')*Q!

;32'=)0*76)H7! ()=6! 5)7702<35! 0;&'*)J! J';/0*! H;051J=)0*! '*5!

H6M=0H2'*N=0*!7)A3K7=;1J=1;3O!9!`2'*N=0*!-37!"PQESTKE#[!

4';32'!88.!X053!%.!\3;*^*53A!Z.!]0*A^23A!+.!c)=)5)7!4.!4';32'!8.!:005(';5!

Z8,!C"DDPF!+)=;0&3*!1H='N3!'*5!5)7702<35!0;&'*)J!*)=;0&3*!;323'73!)*!

H2'*N=0*)J! J0BB1*)=)37! J6';'J=3;)735! /M! H6M=0H2'*N=0*! 7)A3K

7=;1J=1;3! )*! =63!J3*=;'2!%=2'*=)J!@J3'*O!U33HK,3'!-37!`';=! b!P"QS[#EK

S[[S!

4)5'2! 8.! U1';=3! G8.! %&17=Y! ,! CSTTTF! U)7702<35! 0;&'*)J! *)=;0&3*! '*5!

H607H60;17! H0027! '*5! I21L37! )*! =63! J3*=;'2! %=2'*=)J! @J3'*O! >)B*02!

@J3'*0&;!RRQSD[KSSP!
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4)22';3'2! d%.! G';H3*=3;! Z9! C"DD#F! X10M'*JM! ;3&12'=)0*! '*5! =63! H0=3*=)'2! I0;!

<3;=)J'2! B)&;'=)0*! )*! =63! 0J3'*)J! JM'*0/'J=3;)1B! +$1&23/"'4154O!
8)J;0/!ZJ02!RPQSKSD!

4077! 8.! G;00=! `.! >0J6=3! c.! 8)227! 8.! `33N3*! b! C"DDRF! `'==3;*7! 0I! *)=;0&3*!

I)L'=)0*! '20*&! SDs+! )*! =63! =;0H)J'2! %=2'*=)JO! ]30H6M7! -37! >3==!

#SQ>"#,DT!

:'**)JN3!+.! c0J6!X`.! 4077!8! C"DDTF!-323'73! 0I! I)L35!+"! '*5! G! '7! 5)7702<35!

J0BH01*57! /M! +$1&23/"'4154( "$:62$"54! '*5! G3/58.$1.( 'C541H"%.!
1*53;! =63! )*I213*J3!0I!6)&6! 2)&6=!'*5!6)&6!*1=;)3*=! C`FO!%g1'=!8)J;0/!

ZJ02!PEQSEPKS$T!

:3//! Z%.! Z6;3*;3)J6! b8.! X;0(*! ,>.! 4'20)7! \:.! :'=3;/1;M! 9X! C"DDTF!

`63*0=MH)J! '*5! &3*0=MH)J! J6';'J=3;)A'=)0*! 0I!B12=)H23! 7=;')*7! 0I! =63!

5)'A0=;0H6)J!JM'*0/'J=3;)1B.!B$3&3'C2."$.(D.6'3%11.!)702'=35!I;0B!=63!
0H3*!0J3'*O!Z*<);0*!8)J;0/)02!SSQ##$K#R$!

:3//! Z%.! 80II3==! 9:.! :'=3;/1;M! 9X! C"DDSF! b;0*! 7=;377! )*! 0H3*K0J3'*!

JM'*0/'J=3;)'! C9:%"&23&3&&5'.! +$1&23/"'4154.! '*5! B$3&3'C2."$.!
7HHOFQ! b53*=)I)J'=)0*! 0I! =63! b5)%! `;0=3)*O! %HH2! Z*<);0*! 8)J;0/)02!

[EQPRRRKPRP"!

:3)77! -\! CSTEDF! d63! 7021/)2)=M! 0I! *)=;0&3*.! 0LM&3*! '*5! ';&0*! )*! ('=3;! '*5!

73'('=3;O!U33HK,3'!-37!@J3'*0&;!%/7=;!SEQE"SKE#P!

:)270*! ,d.!Xt==j3;!U.! G61;J6!89.!c';2!U8! C"DS"F!G0BH';'=)<3! '77377B3*=! 0I!

*)=;0&3*! I)L'=)0*!B3=605020&)37! J0*51J=35! )*! =63! 02)&0=;0H6)J! +0;=6!

`'J)I)J!@J3'*O!%HH2!Z*<);0*!8)J;0/O!`1/2)7635!0*2)*3!/3I0;3!H;)*=.!50)Q!

SDOSS"$a%Z8ODSSR[KS"!

:005! 8.! 4'*! 4'23*! 8! CSTTDF! `';'50L! 207=u! @*! =63! ;323'73! 0I! 3*3;&MK;)J6!

J0BH01*57!/M!H6M=0H2'*N=0*O!8';!8)J;0/!\005!:3/7!RQSD#KSS[!

k01*&!c.! U0J63;=M! c.!8'1;)J3! `.! X;)5&6'B! ,! C"DDPF!U3&;'5'=)0*! 0I! 71;I'J3K

('=3;! 5)7702<35! 0;&'*)J! B'==3;Q! )*I213*J37! 0I! U@8! J63B)J'2!

J6';'J=3;)7=)J7!'*5!B)J;0/)'2!H0H12'=)0*7O!?M5;0/)020&)'!P#TQSKSS!

l'B0;'! >8.! >'*502I)! %.! @7J62)37! %.! ?'*7322! U%.! U)3=A3! ?.! U3*=3*3;! \! C"DSDF!

%=B07H63;)J! 53H07)=)0*! 0I! *1=;)3*=7! '*5! 3LJ377! +! I0;B'=)0*! )*! =63!

+0;=6!%=2'*=)JO!X)0&307J)3*J37!EQEEEKET#!

l'*)!,.!83220*!8d.!G022)3;!9>.!l36;!9`!C"DDDF!ZLH;377)0*!0I!%1#?!&3*37!)*!*'=1;'2!
B)J;0/)'2!'773B/2'&37!)*!>'N3!]30;&3.!+3(!k0;N.!53=3J=35!/M!;3<3;73!

=;'*7J;)H='73!`G-O!%HH2!Z*<);0*!8)J;0/)02![[Q#SSTK#S"R!

l36;! 9`! C"DSSF! +)=;0&3*! I)L'=)0*! /M!B';)*3! JM'*0/'J=3;)'O! d;3*57!8)J;0/)02!

STQS["KSE#!

l36;! 9`.! X3*J6! ,-.! G';=3;! X9.! ?3(70*! b.! +)'A)! \.! ,6)! d.! d;)HH! ?9.! %II01;=)=! 9`!

C"DD$F! ]20/'22M! 5)7=;)/1=35! 1*J12=)<'=35! 0J3'*)J! +"KI)L)*&!

JM'*0/'J=3;)'!2'JN!0LM&3*)J!H60=07M7=3B!bbO!,J)3*J3!#""QSSSDKSSS"!
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l36;! 9`.! 8J-3M*0257! >%! CST$TF! e73! 0I! 53&3*3;'=3! 02)&0*1J230=)537! I0;!

'BH2)I)J'=)0*! 0I! =63! %1#=( &3*3! I;0B! =63! B';)*3! JM'*0/'J=3;)1B!
+$1&23/"'4154(621"7.5611O!%HH2!Z*<);0*!8)J;0/!PPQ"P""K"P"[!

l36;! 9`.! 83220*! 8d.! l'*)! ,! CSTT$F! +3(! *)=;0&3*KI)L)*&! B)J;00;&'*)7B7!

53=3J=35!)*!02)&0=;0H6)J!0J3'*7!/M!'BH2)I)J'=)0*!0I!*)=;0&3*'73!C%1#=F!
&3*37O!%HH2!Z*<);0*!8)J;0/)02![RQ#RRRK#RPD!

l36;! 9`.!80*=0M'! 9`.! 93*N)*7!XU.!?3(70*! b.!80*5;'&0*!Z%.!,60;=!G8.!G61;J6!

89.!?'*73*!%.!c';2!U8! C"DDEF!ZLH3;)B3*=7! 2)*N)*&!*)=;0&3*'73! &3*3!

3LH;377)0*! =0! *)=;0&3*! I)L'=)0*! )*! =63!+0;=6! `'J)I)J! 71/=;0H)J'2! &M;3O!

>)B*02!@J3'*0&;!P"QS[TKS$#!

l36;!9`.!:'=3;/1;M!9X.!d1;*3;!`9.!80*=0M'!9`.!@B0;3&)3!Z.!,=3(';5!]\.!?'*73*!

%.!c';2!U8!C"DDSF!e*)J32212';!JM'*0/'J=3;)'! I)L!+"! )*! =63!71/=;0H)J'2!

+0;=6!`'J)I)J!@J3'*O!+'=1;3!RS"Q[#PK[#$!

l1/N0<!84.!,23)&6!8%.!X1;N)22!`?.!>3'N3M!-9]!C"DDDF!`)J0H2'*N=0*!J0BB1*)=M!

7=;1J=1;3!0*!=63!%=2'*=)J!83;)5)0*'2!d;'*73J=Q!'!J0BH';)70*!/3=(33*!

73'70*7O!`;0&!@J3'*0&;!RPQ#[TK#$[!

l();&2B')3;! c! C"DDPF! \210;37J3*J3! )*! 7)=1! 6M/;)5)7'=)0*! C\b,?F! i! =63! *3L=!

&3*3;'=)0*O!\Z8,!8)J;0/)02!>3==!"R[QSPSKSP$!
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%%!%&'()!*+',-!
%./!%0)&'+!1&'--')(!-21+03)24)0)&1035!
%6!%7)31-!63)(0!
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