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ABSTRACT 

T ime se r ies  da ta  o f  Ch lo rophy l l  a ,  d i sso lved  o rg an ic  ca rbon ,  

he te ro t roph ic  bac te r ia  an d  au to t roph ic  b iomass ob ta ined  f rom 

incubat ions  o f  wa te r  samples  co l lec ted  1  km sou th  f rom E l  

Masnou ,  (Med i te r ranean Sea )  we re  ana lysed .  Th is  was  used  to  

exp lo re  the  compet i t i ve  dynamics  o f  he te ro t roph ic  bac te r ia  and  

d ia toms unde r  d i f fe ren t  env i ronmenta l  cond i t ions  and  to  

inves t iga te  the  in f luence  o f  tu rbu lence .  E igh t  mic rocosm 

expe r imen ts  we re  se t  up  w i th  da i ly  add i t ion  o f  n i t rogen  and 

phospho rus  a t  Redf ie ld  ra t io s .  Groups o f  con ta ine rs  we re  

en r iched  o r  dep le te d  in  s i l i ca te  and  g lucose .  Fou r  o f  the  

m ic rocosms were  sub jec t  to  a r t i f i c ia l  t u rbu lence .  The  mic rocosm 

se t -ups  were  g lucose ;  g lucose  and  s i l i ca te ;  g lucose ,  s i l i ca te  and  

tu rbu lence ;  g lucose  and  tu rbu lence ;  tu rbu lence  on ly ;  s i l i ca te  on ly ;  

s i l i ca te  and  tu rbu lence ;  and  a  con t ro l  w i th  no  add i t ion  o f  s i l i ca te  

o r  g lucose  and  no  tu rbu lence .  I t  was  found tha t  t u rbu lence  had  no 

in f luence  on  the  compet i t ion  b e tween  he te ro t roph ic  bac te r ia  and 

d ia toms howeve r  the re  was a  d i f fe rence  based  on  the  va ry ing  

s i l i ca te  o r  g lucose  env i ronments .  As  was to  be  expec ted ,  t he  

bac te r ia l  b iomass inc reased rap id l y  i n  t he  m ic rocosms w i th  added 

g lucose .  Fo l lowing  th i s  was an  inc re ase  in  au to t roph ic  b iomass ,  

pa r t i cu la r l y  when  s i l i ca te  was p resen t ,  and  a  subsequent  

dec rease  in  bac te r ia l  b iomass,  ind ica t ing  a  h igh  leve l  o f  g raz ing .  

In  the  absence  o f  g lucose ,  the  bac te r ia  d id  no t  g row as  rap id l y  in  

the  m ic rocosm con ta in ing  s i l i ca te ,  an d  the re  was  l i t t l e  change in  

b iomass in  the  con ta iner  w i thou t  s i l i ca te .  The  au to t roph  numbers  

inc reased  in  the  s i l i ca te  rep le te  m ic rocosm be fo re  dec l in ing .  In  

the  se t -up  w i thou t  g lucose  o r  s i l i ca te ,  t he  b iomass  d ropped 

in i t ia l l y  wh ich  was expected  bu t  then  inc reased.  Th is  inc rease  

was a t t r i bu ted  to  bac te r ia l  reminera l i sa t ion  o f  d isso lved  o rgan ic  
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carbon  sources ,  p resumab ly  de r ived  f rom p ro tozoans,  f lage l la tes  

and  c i l ia tes .  Th is  subsequent  remine ra l isa t ion  may have  had  an  

impac t  on  d ia tom g rowth  and  rep roduct ion .  Tu rbu lence  had  no 

s ign i f i can t  e f fec t  on  phy top lank ton  compet i t ion  wh ich  may 

h igh l igh t  a  l im i t a t ion  to  m ic rocosm e xpe r imen ts .  

Key words :  D ia toms;  Hete ro t roph ic  Bac te r ia ;  Phy top lank ton  

Compet i t ion ;  Tu rbu lence ;  M ic rob ia l  food -web  
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RESUMO 

O p resen te  es tudo  te ve  como ob je t ivo  expand i r  t raba lhos  

an te r io res  que  in ves t iga ram a  d inâm ica  co mpet i t i va  en t re  

d ia tomáceas  e  bac té r ias  he te ro t ró f i cas .  Num s is tema o l igo t ró f i co  

es t ra t i f i cado ,  bac té r ias  e l im inam  d ia tomáceas,  po r  compet i ção  em 

nu t r ien tes  ino rgân icos  (azo to  e  fós fo ro ) ,  dev ido  à  g rande 

concen t ração  de  ca rbono o rgâ n ico  d isso lv ido .  Con tudo ,  num 

s is tema onde oco r ra  ressu rgênc ia  cos te i ra ,  d ia tomáceas devem 

ser  o  p r inc ipa l  con t r ibu in te  pa ra  a  b iomassa  f i top lanc tôn ica ,  

dev ido  à  a l ta  concent ração  de  s i l i ca to  ( Th ings tad ,  e t .a l .  2007 ) ,  

usado po r  d ia tomáceas na  s in tese  de  f rús tu la s  (Am in ,  e t .a l .  

2012 ) .  A  in f luênc ia  da  tu rbu lênc ia  na  d inâm ica  compet i t i va  en t re  

d ia tomáceas e  bac té r ias  he te ro t ró f i ca ,  sob  cond ições  ambien ta is  

var iáve is ,  fo i  es tudad a pa ra  de te rm ina r  se  esse  fa to r  in f luenc ia  

s ign i f i ca t ivamen te  a  s i tuação  compet i t i va .  A  imp l icação  da 

in f luênc ia  da  tu rbu lênc ia  sob re  a  d inâmica  de  compet ição  é  

impor tan te  pa ra  a  ava l iação  do  des t ino  do  azo to  e  do  fós fo ro  

p resen tes  no  amb ien te  mar inh o .  Cons ide rando  um amb ien te  

dom inado  po r  bac té r ias  he te ro t ró f icas ,  es tes  nu t r ien tes 

ino rgân icos  se rão  rec ic lado s ,  enquan to  num amb ien te  dom inado 

po r  d ia tomáceas,  dev i do  a  p rocessos como “s loppy  feed ing ”  e  o  

a fundamento  das  cé lu las ,  g rande pa r te  da  concen t r ação  de  

nu t r ien tes  é  e xpor tada  pa ra  fo ra  do  s is tema .  

Amost ras  de  água fo ram reco lh idas  a  1km ao  su l  da  mar ina  E l  

Masnou,  loca l i zada  na  reg ião  da  Ca ta lunha ,  a  18  de  ou tub ro  de 

1999 .  Es tas  amost ras  fo ram u t i l i zadas em o i to  sé r ies  de  

expe r iênc ias  sob  fo rma  de  m ic rocosmos con t ro lad os .  Quat ro  

m ic rocosmos fo ram submet idos  à  tu rbu lênc ia  ge rada  

mecan icamente  po r  g re lha  (Ɛ  =  0 .055cm 2  s - 1 ) ,  enquanto  os  ou t ras 
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qua t ro  m ic roscosmos  fo ram man t idos  em cond ições  es tá t i cas .  Dos  

m ic rocosmos tu rbu len tos  e  não  tu rbu len tos ,  as  qua t ro  

con f igu rações amb ien ta is  va r iada s  cons is t iam em g lucose ,  

u t i l i zada  pa ra  subs t i tu i r  o  ca rbono o rgân ico  d isso lv ido ,  g lucose  e  

s i l i ca to ,  s i l i ca to  e  um co n t ro le  sem s i l i ca to  nem g l ucose .  Cada 

m ic rocosmo recebeu inpu ts  d iá r ios  de  azo to  e  fós fo ro .  Os que 

con t inham s i l i ca to  t i ve ram enr iquec imen to  a  cada  do is  d ias ,  

enquanto  os  com g lucose  t i ve ram uma ún ica  ap l icação  no  d ia  0 .  A  

du ração  da  exper i ênc ia  fo i  de  o i to  d ias .  Os n íve is  de  s i l i ca to ,  

fós fo ro ,  n i t ra to ,  n i t r i to  e  amôn io  fo ram med idos  a  cada  do is  d ias .  

Amost ras  fo ram re t i radas  d ia r iamente  de  cada m ic rocosmo  pa ra  

aná l ise  de  ca rbono  o rgân ico  d isso lv ido ,  c lo ro f i la  a  rác io  b iomassa  

au to t ró f ica  vs  b iomassa  osmot r ó f i ca  to ta l  e  b iomassa  bac te r iana .  

A  aná l i se  dos  dados most rou  que ,  ao  con t rá r io  da  h ipó tese  

o r ig ina l ,  a  tu rbu lênc ia  não  teve  in f luênc ia  s ign i f i ca t i va  no 

resu l tado  da  compet i ção  en t re  d ia tomá ceas e  bac té r ias  

he te ro t ró f icas .  Especu lou  se  que  nos  m ic rocosmos hav ia  sempre  

nu t r ien tes  su f i c ien tes  d i spon íve is  pa ra  o  f i top lânc ton ,  

i ndependentemente  da  tu rbu lênc ia ,  que  ge ra lmente  favo rece  as  

d ia tomáceas aumen tando o  c isa lhamento  tu rbu len to .  Po r  esse  

p rocesso  de  c isa lh amento  é  passada ,  a  ma io r  par te  dos  

nu t r ien tes  (Be rgv is t ,  e t .a l .  2018 )  aup lemen tando  a  d i fus ão  pe la  

membrana ce lu la r .  Os  m ic ro rgan ismos au to t ró f i cos  benef ic ia ram 

da  ad ição  de  s i l i ca to  e  fo ram capazes  de  supe ra r  as  bac té r i as  

he te ro t ró f icas ,  independentemen te  da  ad ição  de  g l ucose  ou  não .  

A  b iomassa  bac te r iana  aumentou  em ambos os  m ic rocosmos 

en r iquec idos  com  g lucose ,  po rém fo i  obse rvada  um dec résc imo 

acen tuada no  d ia  4 ,  que  fo i  a t r ibu íd o  ao  “g raz ing ”  po r  

p ro tozoá r ios .  Na  p re sença  de  g lucose  e  ausênc ia  de  s i l i ca to ,  a  

b iomassa  au to t ró f i ca  d im inu iu  rap idamen te ,  ex ib indo  um p ico  no 
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d ia  4  an tes  de  d im inu i r  novamente .  Ap rox imadamente  no  d ia  8 ,  

vo l tou  a  aumenta r ,  poss ive lmente  dev ido  ao  “g raz ing”  de  

he te ro t ró f ico  ou  m ixo t ró f i co  sobre  as  bac té r ias  he te ro t ró f i cas  

resu l tando  em rem ine ra l i za ção  subs tanc ia l .  A  mesma s i tuação  fo i  

obse rvada  na  ausênc ia  de  g l ucose  e  s i l i ca to ,  com um p ico 

oco r rendo no  d ia  3 .  A  a t iv idade  da  c lo ro f i la  a  em ambos os  

m ic rocosmos desp rov idos  de  s i l i ca to  fo i  cons is ten temente  ba ixa ,  

suge r indo  uma taxa  reduz ida  de  p rodu t i v idade  p r imár ia  das 

d ia tomáceas .  Nos  m ic rocosmos  con tendo g lucose ,  a  p rodução 

p r imár ia  aumentou  po r  vo l ta  do  d ia  8 ,  em bora  na  ausênc ia  de 

g lucose  o  aumento  da  p rodução  tenha  oco r r ido  ma is  len tmen te  e  

começou a  d im inu i r  após  o  d ia  6 .  I sso  co inc id iu  com uma 

d im inu ição  da  b iomassa  au to t ró f ica  no  me smo m ic rocosmo.  Es ta  

d im inu ição  também pareceu  co inc id i r  com um aumento  na 

b iomassa  bac te r iana ,  suge r indo  rem ine ra l i zação  dos  au tó t ro fos 

nes te  m ic rocosmo .  Houve  uma  d im inu ição  p rev i s í ve l  na  b iomassa  

au to t ró f ica  du ran te  a  ausênc ia  de  g l ucose  e  s i l i ca to .  Con tudo  

essa  b iomassa  pa receu  aumenta r  rap idamente  a  par t i r  do  d ia  5 .  

V is to  que  a  b iomassa  bac te r iana  pe rmaneceu  ba ixa  nes te  

m ic rocosmo,  especu lou -se  que  o  “g raz ing ”  e f i caz  po r  

p ro tozoá r ios imped iu  a  p rodu ção  mas  p romoveu rem ine ra l i za ção ,  

causando,  ass im,  o  aum ento  da  b iomassa  ex ib ida  pe los  

au tó t ro fos .  Fo i  poss íve l  iden t i f i ca r  d i fe renças  na  p ropo rção  de  

d ia tomáceas sobre  d ino f lage lados na  p resença  ou  ausênc ia  de  

tu rbu lênc ia .  Essa s  d i fe renças  e ram espe radas ,  po is  as  

d ia tomáceas possuem mob i l idade  reduz ida  em comparaçã o aos 

d ino f lage lados,  que  têm locomo ção ,  enquan to  as  d ia tomáceas  

bene f i c iam da  mis tu ra  tu rbu len ta  e  da  ressuspensão de  nu t r ien tes  

(Ross  and  Sha rp les ,  2007 ) .  Com isso ,  é  poss íve l  suge r i r  que ,  

embora  impor tan tes ,  as  d ia tomáceas não  são  o  ún ico  componen te 
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na  compet ição  f i top lanc tôn ica  envo lvendo  bac té r ias  

he te ro t ró f icas .  Ta l  h ipó tese  é  apo iada  pe lo  fac to  de  que  a  

tu rbu lênc ia  não  teve  in f luênc ia  sob re  essa  compe t i ção ,  mas 

pa receu  a fe ta r  a  p ropo rção  de  d ia tomáceas  sobre  d ino f lage lados.  

Fo i  suge r ido  no  p resen te  es tudo  que  a  ausênc ia  de  d ia tomáceas 

po r  fa l ta  de  s i l i ca to  pe rmi te  que  os  d ino f lage lados dom inem a  

p rodução  f i top lanc tón ica ,  to rnando-se  os  p r inc ipa is  compet ido res  

das  bac té r ias  he te ro t ró f i cas .  

O  p resen te  es tudo  iden t i f i ca  a  des vantagem po tenc ia l  na 

u t i l i zação  de  m ic rocosmos para  esse  t ipo  de  expe r i ênc ia .  O 

vo lume  re la t i vamen te  pequeno  pode imped i r  que  os  nu t r ien tes  

m ine ra is  p rec ip i tem da  so lução .  Porém es te  es tudo  mos t rou  que  a  

d inâm ica  compe t i t i va  en t re  au tó t ro fos  e  bac té r ias  he te ro t ró f icas  é  

a l tamen te  in f luenc iada  pe las  concent rações amb ien ta is  de  s i l i ca to  

e  ca rbono o rgân ico  d isso lv ido ,  e  que  o  rác io  de  d ia tomáceas 

sob re  bac té r ias  he te ro t ró f icas  é  in f l uenc iad o  pe la  tu rbu lênc ia .  
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1 INTRODUCTION 

Desp i te  be ing  res pons ib le  fo r  rough ly  1% o f  g loba l  pho tosyn the t ic  

b iomass,  mar ine  p r imary  p roduce rs  sus ta in  ha l f  o f  g loba l  ne t  p r imary  

p roduct ion  and  a lmos t  f i ve  t imes  the i r  b iomass  o f  consumers  (Bar -

On ,  e t .a l .  2018 ) .   Unde rs tand ing  the  s t ruc tu re  and  func t ion ing  o f  

mar ine  m ic rob ia l  commun i t ies  i s  unde r  scrupu lous  rev iew and  the  

knowledge  ga ined  in  the  f ie ld  over  t he  las t  th ree  decades has 

h igh l igh ted  the  ove rwhe lm ing  impor tance  o f  m ic ro -o rgan isms in  

con t ro l l ing  the  eco log ica l  and  b io geochemica l  f unc t i on ing  o f  ocean 

ecosys tems (Cav icch io l i ,  e t .a l .  2019 ) .  A  g rowing  awareness  o f  the  

impor tance  o f  he te ro t roph ic  bac te r ia  (HB)  and  the i r  in f luence  on 

m ic rob ia l  food  webs  has  been  under  r igo rous  rev iew ove r  the  pas t  30 

yea rs  (Azam,  e t .a l .  1983 ;  Th ings tad ,  e t .a l .  2007 ) .  In  coas ta l  

ecosys tems ,  the  key  con t r ibu to r  to  phy top lank ton  b iomass a re 

d ia tom s (Ab ran tes ,  e t .a l .  2016 ;  A r in ,  e t .a l .  2002 )  wh ich  have  

complex  and  d iverse  eco log ica l  re la t ionsh ips  w i th  HB  (Amin ,  e t .a l .  

2012 ) .  

The re  a re  two  ma in  food  webs in  the  mar ine  env i ronment .  The  

m ic rob ia l  loop ,  wh ich  is  t yp ica l  o f  we l l - s t ra t i f ied ,  o l igo t roph ic  

sys tems  in  wh ich  he te ro t roph ic  bac te r ia  e f f i c ien t l y  consume and 

reminera l i se  most  o f  the  au to t ro ph ic  b iomass .  On  the  con t ra ry ,  in  

eu t roph ic  sys tems such  as  coas ta l  upwe l l i ng  sys tems ,  d ia toms 

dom ina te  au to t roph ic  p r imary  p roduct ion  and  mos t  o f  the i r  b iomass 

i s  expo r ted  e i the r  to  upper  t roph ic  leve ls ,  th rough the  c lass ica l  

t roph ic  cha in  o r  to  the  deep ocean and  sed iments ,  whe re  i t  can  be 

re ta ined  fo r  t ime sca les  in  the  o rder  o f  cen t u r ies  to  m i l l ions  o f  yea rs .   
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1.1 THE ROLE OF HETEROTROPHIC BACTERIA IN THE MICROBIAL LOOP 

Hete ro t roph ic  bac te r ia  a re  in  d i rec t  compe t i t ion  w i th  phy top l ank ton 

fo r  m ine ra l  nu t r ien ts  such  as  n i t rogen  (N)  an d  phospho rus  (P )  wh ich 

o f ten  l im i t  the  ra tes  o f  p r im ary  p roduct ion  in  ocean ic  su r face  wa te rs 

(Chrzanowsk i ,  e t .a l .  1995 ;  K i rchman,  1994 ;  Sa la ,  e t .a l .  2002 ) .  Unde r  

nu t r ien t  su f f i c ien t  cond i t ions  t yp ica l  o f  coas ta l  upwe l l ing  sys tems,  

the  g rowth  o f  HB i s  l im i ted  by  the  ava i lab i l i t y  o f  d isso lved  o rgan ic  

carbon  (DOC) .  In  th i s  ins tance ,  d ia toms become an  inva luab le  

sou rce  o f  DOC to  t he  HB (Am in ,  e t .a l .  2012 ;  Ba rbosa ,  e t .a l .  2001 )  

pa r t i cu la r l y  th rough  the  re lease  o f  o rgan ic  compounds  exe r t ing  a  

s t rong  in f luence  on  the  ac t i v i t y  and  hea l th  o f  HB  (B ra tbak  and  

Th ings tad ,  1 985 ;  Va rgas ,  e t .a l .  2007 ) .   

In  env i ronments  where  the  ava i lab i l i t y  o f  DOC is  in  excess ,  HB 

become e f f i c ien t  compet i to rs  fo r  m ine ra l  nu t r ien ts ,  l im i t ing  the  

g rowth  o f  au to t roph ic  o rgan isms such  as  d ia toms.  Thus ,  h igh  leve ls  

o f  DOC a l low HB to  ou tcompete  d ia toms and  o the r  phy top lank ton  fo r  

m ine ra l  nu t r ien ts  ( D ine r ,  e t .a l .  2016 ) .  The  compet i t ion  be tween 

au to t roph ic  o rgan isms and  HB has  impor tan t  imp l i ca t ions  on  the 

carbon  f lux  th rough  mar ine  e cosys tems  as  the  ac t i v i t y  o f  HB 

inc rease s  the  concent ra t ion  o f  CO 2  in  the  su r face  wate rs  wh i l s t  

au to t rophs  de t rac t  f rom i t  th rough ass im i la t i on  fo r  pho tosyn the t i c  

p rocesses  (D ine r ,  e t .a l .  2016 ) .  The  supe r io r  compe t i t i ve  ab i l i t y  o f  HB  

fo r  m ine ra l  nu t r ien ts  (Guer r in i ,  e t .a l .  1998 ;  Amin ,  e t .a l .  2012 )  when  

DOC is  in  excess  has  a  negat i ve  impac t  on  d ia tom popu la t ions  wh ich  

a re  no t  ab le  to  sa t i s fy  the i r  nu t r i t i ona l  requ i remen ts  (Draka re ,  2002 ).  

Th rough ad vanced chemotax is ,  HB have  the  added advantage  ove r  

d ia toms in  tha t  they  a re  mob i le  and  can  “swim”  towards  inorgan i c  

and  o rgan ic  nu t r ien t  food  sou rces  (Am in ,  e t .a l .  2012 ) .   
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1.2 THE ROLE OF DIATOMS IN THE MICROBIAL LOOP 

Fo l low ing  pe r iods  o f  sp r ing  s t ra t i f i ca t ion ,  t he  f i r s t  au to t roph ic  

p lank ton ic  o rgan isms to  b loom a re  d ia toms  (A l len ,  e t .a l .  2005 ) .  Th is  

i s  due  to  the i r  h igh  max imum nu t r ien t  up take  and  la rge  vacuo le  s i ze  

fo r  e f f i c ien t  nu t r ien t  s to rage  capac i ty ,  lead ing  to  a  rap id  g ro wth  

response  to  the  in i t i a l  add i t ion  o f  nu t r ien ts  ( Am in ,  e t .a l .  2012 ) .  

D ia tom g rowth  and  rep roduc t ion  is  l im i ted  ma in ly  by  the  ava i lab i l i t y  

o f  d i sso lved  s i l i ca te  (S i )  and  o the r  m ine ra l  nu t r ien ts ,  in  par t i cu la r  N 

and  P  (NP) .  The  la t te r  two  a re  resou rces  fo r  wh ich  they  a re  in  d i rec t  

compet i t ion  w i th  HB .  D ia toms  have  the  ab i l i t y  to  en te r  pe r iod s  o f  

do rmancy  fo l low ing  nu t r ien t  exhaust ion  du r ing  wh ich  they  s ink  ou t  o f  

suspens ion  because  o f  the i r  heavy  s i l i ca  f rus tu les  they  fo rm as  a  

p ro tec t ive  layer  a rou nd  the  ce l ls ,  o f ten  in  the  fo rm o f  res t ing  cy s ts ,  

o r  th rough pa r t ic le  agg rega t ion .  Th is  s ink ing  o f  ce l l  r ema ins  causes  

pa r t i cu la te  o rgan ic  ca rbon  p roduced  by  the  d ia toms to  be  remove d 

f rom the  su r face  wate rs  and  sequest ra te d  in  deepe r  laye rs  (Amin ,  

e t .a l .  2012 :  Be rgv is t ,  e t .a l .  2018 ;  Rynearson ,  e t .a l .  2013 ) .  Th is  i s  

pa r t i cu la r l y  common in  cha in  fo rm ing  d ia toms wh ich  make up  the  

ma jo r i t y  o f  d ia tom b iomass  in  tu rbu len t  env i ronments  (Be rgv is t ,  

e t .a l .  2018) .   

Unde r  S i  rep le te  cond i t ions ,  wh ich  take  p lace  in  tu rbu l en t ,  upwe l l ing 

sys tems  and  reg ions  w i th  h igh  f luv ia l  d ischa rge ,  d ia tom g rowth  is  

i nc reased .  The  rap id  g rowth  o f  d ia toms dec reases the  b iomass o f  

o ther  phy top lan k ton  such  as  d ino f lage l la tes ,  cocc o l i thopho re s  o r  

p icophytop lank ton  th rough d i rec t  compet i t ion  fo r  nu t r ien t s  bu t  a lso 

poss ib ly  t h rough the  re lease  o f  a l le lopa th i c  chem ica ls .  Th is  

h igh l igh ts  the  ro le  d ia toms have  in  con t ro l l ing  the  s t ruc tu re  o f  

phy top lank ton  commun i t ies  (Dugda le  and  W i lke rson ,  2001 ) .  I t  has  

been  repo r ted  tha t  unde r  nu t r ien t  su f f i c ien t  cond i t i ons ,  

env i ronmenta l  S i  concen t ra t ions  >2μM t r igge r  d ia tom b looms.  Th is  
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causes an  exhau st ion  o f  nu t r ien t s  and  a  dec rease  o r  supp ress ion  o f  

the  g rowth  ra te  o f  o the r  phy top lank ton ic  spec ies ,  wh ich  a re  unab le  

to  compete  aga ins t  d ia toms (Egge and  Aksnes ,  1992 ;  Havskum,  

e t .a l .  2003 ) .   

1.3 IDEALISED MINIMUM MICROBIAL LOOP 

Th ings tad ,  e t .a l .  ( 2007 )  c rea ted  a  “m in ima l ”  mode l  o f  a  p lank ton ic  

foodweb wh ich  shows th e  f low o f  i no rgan ic  and  o rgan ic  nu t r ien ts ;  S i ,  

N ,  P  and  DOC th rough  d i f fe ren t  b io t i c  compar tments .  F igure  1  is  a  

mod i f ied ,  s imp l i f ied  ve rs ion  o f  tha t  mode l .   

 

F I G U R E  1  -  F l o w  s t r u c t u r e  f o r  m i n e r a l  n u t r i e n t s  t h r o u g h  t h e  “ m i n i m u m ”  m o d e l  

f o o d  w e b  a d a p t e d  f r o m  T h i n g s t a d ,  e t . a l .  ( 2 0 0 7 ) .   

The  HB and d ia toms  a re  bo th  in  d i rec t  compet i t ion  fo r  t he  f ree 

m ine ra l  macronu t r ien ts ,  p r imar i l y  n i t rogen  and  phospho rus  (NP) .  I f  

DOC is  i n  excess ,  t he  HB sha l l  ou tcompete  the  d ia tom s fo r  NP ,  

fac i l i ta t i ng  the  decompos i t ion  o f  o rgan ic  mat te r  and  reminera l i sa t ion  

o f  nu t r ien ts  w i th in  th e  food  web.  Unde r  su f f i c ien t  S i  concent ra t ions 
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and  lack  o f  DOC,  d ia toms wi l l  ou tcompete  the  HB ,  s t r ipp ing  ou t  NP 

f rom the  sys tem as  d ia tom s  s ink  ou t  in to  the  mesope la g ic  ocean .   

1.4 EFFECT OF TURBULENCE ON DIATOM GROWTH 

The food -web mode l  (F igu re  1 )  shows how  the  compe t i t ion  be tween 

d ia toms and  HB is  a f f ec ted  by  the  p resence  o r  absence  o f  bo th  S i  o r  

DOC and  i t s  subsequent  impact  on  the  fa te  o f  the  m ine ra l  nu t r ien ts  

in  con t ras t ing  ocean  env i ronmen ts  (e .g .  the  we l l -s t ra t i f ied  

Med i te r ranean Sea  versus  a  coas ta l  up we l l ing  sys tem ) .  Howeve r ,  i t  

fa i l s  to  account  fo r  t he  e f fec t  tha t  tu rbu le nce  has  on  d ia tom 

popu la t ions  and  the re fo re ,  on  the  en t i re  respect ive  fo od -web.   

Tu rbu len t  shea r  is  the  inc reased movement  across  the  ce l l  caused  

by  tu rbu lence ,  and  i t  enab les  a  more  rap id  ass im i la t ion  o f  ca rb on 

and  o the r  m ine ra l  nu t r ien ts  by  d ia toms,  pa r t i cu la r ly  cha in - fo rm ing  

spec ies  (Be rgv i s t ,  e t .a l .  2018 ) .   

Tu rbu len t  m ix ing  a lso  impac ts  the  t ime tha t  pho toau to t roph ic  

o rgan isms expe r ience  favo urab le  l igh t  cond i t ions  in  the  upper  m ixe d  

laye r .  In  s t ra t i f i ed  env i ronm ents ,  o rgan i sms w i th  supe r io r  buoyancy  

and /o r  au tonomous  mot i l i t y  w i l l  pe rs i s t  longer  in  the  sun l i t  layers  o f  

mar ine  and  lacus t r ine  env i ronm ents .  D ia toms,  however ,  a re  be t te r  

adap ted  to  g row unde r  f luc tua t ing  l i gh t  cond i t ions ,  cha rac te r i s t ic  o f  

tu rbu len t  env i ronmen ts  (Hu isman,  e t .a l .  2004) .   

1.5 AIMS AND OBJECTIVES OF THE CURRENT STUDY 

Th is  s tudy  a ims to  exp lo re  the  compet i t i ve  dynamics  o f  HB  and 

d ia toms unde r  labo ra to ry -con t ro l led  cond i t ions  o f  nu t r i en t  sup p ly  and  

tu rbu lence .  Th is  sha l l  inc lude  the  add i t ion  o r  p r i va t ion  o f  g lu cose ,  as  

a  sou rce  o f  d i sso lved  o rgan ic  carbon  ( DOC)  and  the  p resence  o r  

absence  o f  d isso lved  s i l i c ic  ac id  (S i ) .  Th is  sha l l  be  ca r r ied  ou t  in  
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two  d i f fe ren t  env i ronments ,  one  w i th  no  tu rbu lence ,  s imu la t ing  a  

s t ra t i f ied  sys tem ,  and  ano the r  w i th  syn the t i c  tu rb u lence  in  o rde r  to  

s imu la te  uns tab le  cond i t ions  typ ica l  o f  upwe l l ing  sys tems  o r  

env i ronments  w i th  h igh  sub mesosca le  ac t iv i t y .   

The  work  conducted  he re in  sha l l  p rov ide  in s igh t  as  to  the  in f luence  

o f  nu t r ien t  supp ly  dynamics  and  tu rbu lence  on  the  s t ruc tu re  and 

func t ion ing  o f  mar ine  m ic rob ia l  p lank ton ic  commun i t ies .  Th is  sha l l  

a l low a n  improvement  to  cu r ren t  mode ls  used  in  th i s  a rea  o f  

research  in fo rm ing  ocean p l ank ton  ecosys tem  mode ls  encompass ing  

con t ras t ing  hyd rog raph ic  cond i t ions .  Ch ie f l y ,  those  tha t  a re  

pe rmanen t l y  we l l  s t ra t i f ied ,  and  those  tha t  a re  sub je c t  t o  ver t i ca l  

m ix ing  and  tu rbu lence .   

F rom th i s ,  i t  sha l l  be  poss ib le  to  ga in  a  be t te r  unde rs tand ing  as  to  

the  impac ts  tha t  a  chan ge in  the  mar ine  env i ronment  w i l l  have  on  the  

m ic rob ia l  food  webs,  wh ich ,  in  tu rn ,  i n f luence  mar ine  ecosys tem 

serv ices .  Th is  s tudy  sha l l  add  to  the  poo l  o f  wo rk  look ing  in to  the 

eco logy  o f  the  mar ine  m ic rob io lo gy  and  expand  on  what  i s  kn own  

thus  fa r .  Wi th  a  r ise  in  a tmospher ic  CO 2 ,  g loba l  wa rming  w i l l  

i nc rease  ocean s t ra t i f i ca t ion ,  dec reas ing  the  inpu t  o f  ino rgan ic  

nu t r ien ts  to  the  sur face .  Thus ,  i t  i s  impera t i ve  to  unders tand  the  

response  and  eco log ica l  in te rac t ions  o f  mar ine  m ic ro -o rgan isms 

such  as  d ia toms,  wh ich  a re  respons ib le  fo r  rough ly  20% o f  g loba l  ne t  

p r imary  p roduc t ion  and  con t r ibu te  d isp ropo r t i ona te ly  to  the  expo r t  o f  

o rgan ic  ca rbon  in to  the  deep ocean  th rough  the  so  ca l led  b io log ica l  

pump.   
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2 METHODS 

2.1 STUDY LOCATION 

The s i te  o f  samp le  co l lec t ion  was  c a .  1km o f f  the  coas t  f rom E l  

Masnou,  Cata lon ia  in  the  Med i te r ranean S ea (F igure  2 ) ,  wh ich  i s  

cha rac te r i sed  by  a  we l l  s t ra t i f ied  wate r  co lumn du r ing  summer  and  

au tumn.   

 

F I G U R E  2  –  I m a g e  o f  s a m p l e  l o c a t i o n  c a .  1 k m  o f f  t h e  c o a s t  o f  E l  M a s n o u ,  

C a t a l o n i a .  I m a g e  t a k e n  u s i n g  G o o g le  E a r t h  P r o .  

The samp le s  were  ana lysed  a t  Ins t i tu to  de  C ienc ias  de l  Mar  in  

Ba rce lona ,  a  resea rch  cen te r  be long ing  to  the  Span ish  Nat iona l  

Research  Counc i l  (CSIC) .   

The  m ic rocosm expe r iments  we re  run  fo r  8  days  each  wh ich  is  w i th in  

the  same t ime sca le  typ ica l  o f  an  upwe l l ing  even t  (We tz  and  

Whee le r ,  2004 ) .  
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2.2 EXPERIMENTAL SET-UP 

The samp les  were  co l lec ted  on  the  18 -10 -1999  f rom su r face  wate rs  

1km o f fsho re  f rom Masnou,  Cata lon ia .  Ana lys is  o f  da ta  was 

pe r fo rmed  th roughou t  the  year  2020.  Those  who  ana lysed  the  da ta  to  

p roduce  the  cur ren t  paper  we re  no t  p resen t  du r ing  the  co l lec t ion  and  

lab  p rocedu res ,  however ,  a  cons tan t  l ia ison  was ma in ta ined  

th roughout .  

 Mesozoop lank ton  o rgan isms were  d isca rded  f rom the  samp les  by 

wash ing  them th rough  a  150 μm ny lon  mesh  be fo re  the  wa te r  was 

s to red  in  sea led  15L  cy l indr i ca l  met ac ry la te  con ta ine rs  w i th  a  he igh t  

o f  34 .5cm and  an  inne r  d iamete r  o f  24 .2cm.   

A  labo ra to ry -con t ro l led  wa lk ing  chamber  was used  to  run  the  

incubat ion  exper iments .  The  samp les  were  sub jec t  to  a  12 :12 ,  

l i gh t :da rk  pho tope r iod  w i th  a  sa tu ra t ing  l i gh t  i r rad iance  o f  ~225μmol  

pho tons  m - 2 s - 1 .   

A  g r id  gene ra ted  tu rbu lence  (ɛ  =  0 .055cm 2  s - 3 )  was  app l ied  to  fou r  o f  

the  m ic rocosms us ing  the  sys tem desc r ibed  b y  Pe te rs ,  e t .a l .  ( 2002 ) .  

The  rema in ing  m ic rocosms were  ma in ta ined  unde r  s t i l l  cond i t i ons 

th roughout  the  du ra t ion  o f  t he  exper iment .   

G roups  o f  con ta ine rs  we re  se t -up  w i th  en r ichmen ts  o f  e i the r  g lucose ,  

S i ,  g lu cose  and  S i  and  a  con t ro l  w i th  ne i ther  g lucose  no r  S i  (Tab le  

1 ) .  Two  rep l i ca tes  o f  each  enr i chm ent  va r ia te  we re  se t -up .  N  and  P 

were  added  da i l y  to  a l l  con ta ine r s  a t  Redf ie ld  ra t ios  (16 :1 ,  N:P ) .  By  

add ing  nu t r ien ts  in  t h i s  way,  b io deg radab le  o rgan ic  mat te r  i s  

ava i lab le  w i th  a  cons tan t  rep len ishment  o f  low doses  o f  m ine ra l  

nu t r ien ts  en te r ing  the  sys tem in  wha t  wou ld  be  th rough  m ix ing  o r  

resuspens ion  in  na tu re .   
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T A B L E  1  –  E x p e r im e n t a l  s e t - u p  s h o w i n g  t h e  c o n c e n t r a t i o n s  o f  n i t r o g e n  ( N ) ,  

p h o s p h o r o u s  ( P ) ,  s i l i c a t e  ( S i )  a n d  g l u c o s e  ( C )  a d d e d  t o  e a c h  o f  t h e  8  

m i c r o c o s m s  a n d  t h e  f r e q u e n c y  o f  a p p l i c a t i o n .  T  i n d i c a t e s  t h e  p r e s e n c e  o r  

a b s e n c e  o f  t u r b u l e n c e  i n  t h e  m i c r o c o s m s .  As  e x p l a i n e d  i n  t h e  m a i n  t e x t ,  t h e s e  

e x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  n a t u r a l  s a m p le s ,  w h i c h  w e r e  f i l t e r e d  t h r o u g h  

1 5 0μm  n o m i n a l  p o r e  s i z e  n y l o n  m e s h  t o  r e m o v e  m e s o z o o p l a n k t o n .   

Nutrient N P Si Glucose

Initial 0.65 0.08 0.91 N/A

NP/NPT 2 0.125

NPSi/NPSiT 2 0.125 4

NPC/NPCT 2 0.125 15.6

NPSiC/NPSiCT 2 0.125 4 15.6

Frequency Daily Daily Daily Once

Experimental design

Nutrient concentrations in μM

A
d

d
it
io

n

 

 

2.3 VARIABLES MEASURED 

The expe r iment  was  ca r r ied  ou t  ove r  an  8 -day  pe r iod  and  a l l  the 

pa rameters  we re  mon i to red  du r ing  th i s  t ime  Ch l  a  (Tab le  2 ) ,  

he te ro t roph ic  bac te r ia  (Tab le  3 ) ,  au to t rophs  (Tab le  4 )  and  DOC 

(Tab le  5 )  were  measured  da i ly .  M ine ra l  nu t r ien ts  N and  P were 

measured  eve ry  second  day  and  samp les  were  taken  f rom the  

m ic rocosms on  days  0 ,  4 ,  6  and  7  to  ana lyse  the  taxonomic 

compos i t ion  o f  phy top lank ton  commun i t ies .  Es t imat ions  o f  t he 

sed imented  phy top lan k ton  b iomass were  ca lcu la ted  by  s t rong ly  

m ix ing  one  rep l i ca t e  o f  each  va r ian t  on  day  4 .   

2.4 NUTRIENT AND CHL A DETERMINATION 

Ni t ra te  (Tab le  6 ) ,  n i t r i te  (Tab le  7 ) ,  ammonium (Tab le  8 ) ,  phosphate  

(Tab le  9 )  and  s i l i ca te  (Tab le  10 )  concen t ra t ions  were  de te rm ined  

( f igu re  7 )  us ing  an  A l l ian ce  Evo lu t ion  I I  au toana lyze r  us ing  m inor  
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mod i f ica t ions  to  the  methods se t  ou t  by  Grasshof f  (1983 ) .  Ch l  a  

concen t ra t ions  were  es t imated  f l uo romet r ica l l y  (Yentsch  and  Menze l ,  

1963 ) .  20m l  samples  we re  f i l te red  th rough  Whatm an  GF/F f i l te rs .  Ch l  

a  was ex t rac ted  by  g r ind ing  the  samp les  in  90% ace tone  so lu t ion  

and  leav ing  them in  the  dark  a t  room tempera tu re  fo r  a t  le as t  2  

hou rs .  A  Tu rne r  Des igns  f l uo rometer  was  used .   

2.5 DOC – BACTERIA AND AUTOTROPHIC ENUMERATION 

The abundance  o f  bac te r ia  was  de te rm ined  u s ing  f low c y tomet ry  

(Gaso l  and  de l  G io rg io ,  2000 ) .  1 .2m l  samp les  were  f i xed  us in g  1% 

pa ra fo rma ldehyde +  0 .05% g lu ta ra ldehyde .  Therea f te r ,  they  were  le f t  

i n  the  da rk  a t  room tempera tu re  fo r  10  m inu tes  be fo re  s to rage  a t  

70°C .  The  samp les  were  then  thawed fo r  use  a t  a  la te r  da te .  They 

were  run  th rough a  Becton  and  D ickson  FACSca l ibu r  f low  cy tomete r  

w i th  a  lase r  em iss ion  a t  488nm.   

A  subsamp le  o f  200μ l  was  ex t rac ted  and  s ta ined  w i th  Sy to13  

(Mo lecu la r  Probes )  a t  1 .6μM (d i lu ted  i n  DMS) and  le f t  f o r  15  m inu tes  

to  s ta in  in  the  dark  a l low ing  bac te r i a l  abundance  to  be  de te rmined .  

The  subsamp les  were  run  a t  ca .  12μ l  m in - 1  and  the  da ta  was p lo t ted  

loga r i thm ica l ly  u n t i l  10 ,000  even ts  had  be en p rocessed.  As  an  

in te rna l  s tandard ,  10μ l  o f  a  10 6  m l - 1  so lu t ion  o f  ye l low -green  0 .92μm 

Po lysc ience  la tex  beads we re  added .  The  bac te r ia  we re  de tec ted  

us ing  the  spec i f i c  s igna tu re  in  a  p lo t  o f  s ide  sca t te r  (SSC)  vs .  FL1 

(g reen  f l uorescence) .   

Samp les  o f  au to t roph ic  nano f lage l la tes  wer e  f i xed  us ing  10%  

g lu ta ra ldehyde ( f i na l  conc .  1%) .  20m l  were  then  f i l te red  th rough 

0 .8μm b lack  po lycarbonate  f i l te rs  and  s ta ined  w i th  DAPI  (5μg l - 1  f ina l  

conc . ) .  The  f i l te rs  we re  s to red  a t  -20°C.  A  Nikon  Labphot  

ep i f luo rescence  m ic roscope  was  used  a t  1250x  magn i f i ca t ion  (Po r te r  
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and  Fe ig ,  1980 )  to  coun t  the  au to t roph ic  nanof laga l le tes .  The 

o rgan ism s izes  were  de te rm ined  us ing  a  ca l ib ra ted  ocu la r  

m ic romet re  in  3  s ize  c lasse s ;  4 -8μm,  8 -16μm and  >16μm.   

Fo r  the  iden t i f i ca t ion  and  e numera t ion  o f  the  res t  o f  the  

phy top lank ton  ce l l s  (ch ie f l y  d ia toms,  d ino f lage l la tes  and 

cocco l i t hopho res) ,  samples  were  f i xed  w i th  fo rmo lhexamine  so lu t ion  

(0 .4% f ina l  conc . ) .  Counts  were  mad e us ing  the  techn ique  se t  ou t  by 

U te rmöh l  (1958 )  us ing  50cm 3  se t t l ing  chambers .  One  o f  the  chambe r  

t ransec ts  was  observed  a t  400x  magn i f i ca t ion  to  coun t  the  sma l le r  

(<20μm o f  equ iva len t  sphe r ica l  d iamete r ,  ESD )  and  more  f requent  

o rgan isms and  ano ther  t ransec t  o r  ha l f  o f  the  chamber  was  obse rved 

a t  200x  magn i f i ca t ion  to  coun t  ce l l s  o f  in te rmed ia te  ce l l  s ize  

gene ra l ly  be tween  20  and  50μm  o f  ESD.  The  who le  chamber  was  

scanned a t  200x  magn i f i ca t ion  coun t  the  la rges t  o rgan isms.  A l l  

obse rved  o rgan isms  were  c lass i f i ed  to  t he  lowes t  poss ib le  taxonomic 

leve l .  

2.6 BIOMASS CALCULATIONS 

Est imat ions  o f  bac te r ia l  b iom ass were  made by  f l ow cy tomet ry  

fo l lowing  the  me thodo logy  se t  ou t  by  Gaso l  and  de l  G io rg io  (2000 ) 

us ing  a  b iovo lume to  ca rbon  conve rs ion  fac to r  o f  0 .35μgC μm - 3  

(B jø rnsen ,  1986 ) .  The  va lues  fo r  au to t roph ic  ca rbon  b iomass  were 

ca l cu la ted  us ing  a  ca rbon  to  Ch l  a  conve rs ion  fac to r  o f  30μgC pe r  μg  

Ch l  a .   

Vo lumes o f  Synechoccus  sp .  and  p icoeu ka ryo tes  g iven  in  R ibes  

e t .a l .  (1999 )  f rom samples  taken  in  March  f rom the  Nor thwes t  

Med i te r ranean  sea  were  u sed  to  ca lcu la te  the  b iovo lumes o f  these 

o rgan isms.  Fo r  Synechoccus  sp . ,  a  mean carbon  con te n t  va lue  

de r ived  f rom B jø rnsen ,  (1986 ) ,  Kana and  Gi lbe r t  (1987 )  and  Ver i t y  
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et .a l .  (1992 )  was  used  (0 .357pgC μm 3 ) .  Fo r  p icoeuka ryo tes  the 

b iovo lume to  ca rbon  convers ion  fac to r  p roposed by  Ver i t y ,  e t .a l .  

(1992 )  (pgC ce l l - 1  =  0 .433  x  (μm 3 ) 0 . 8 6 3 )  was accep ted .   

The  ce l l  vo lumes o f  au to t roph ic  nano f lage l la tes  (>4μm) was 

ca lcu la ted  f rom the  mean s i z e  o f  each  s ize  c lass  a ssum ing  an  

e l l ipso ida l  ce l l  shape .  The  b iovo lume to  ca rbon  conve rs ion  fac to r  

used  in  th i s  case  was  the  same as  tha t  used  fo r  the  p i coeuka ry o tes .   

B iomass  es t imat ions  fo r  the  d ia toms ,  d ino f lage l la tes  and  

cocco l i t hopho res  were  s im i la r l y  ob ta ined  f ro m s ize  measu rements .  A  

m in imum o f  20  ind iv idua ls  o f  t he  most  abundan t  fo rms  were  reco rded  

w i th  a  H i tach i  KPC503  v ideo  camera  a t  400x  magn i f i ca t ion .  

The rea f te r ,  the  leng th  and  wid th  o f  each  o rgan ism was measu red 

us ing  NHImage so f tware  and  the  ce l l  vo lumes  ca lcu la ted  us ing  a  

geomet r i ca l  app rox ima t ion  o f  the  shape o f  t he  ce l l .  The  ca rbon  

con ten t  was es t imated  f rom the  b iovo lume to  ca rbon  convers ion  

fac to r  desc r ibed  in  Mon tagnes e t . a l .  ( 1994 )  (pgC ce l l - 1  =  0 .109  x  

(μm 3 ) 0 . 9 9 1 ) .   

2.7 DATA ANALYSIS 

Al l  da ta  ana lys i s  was  pe r fo rmed us ing  RStud io  vers ion  3 .5 .3 .  The  

en t i re  da ta  se t  was  sub jec t  to  a  Shap i ro -W i lk  tes t  f o r  no rma l i t y  

(append ix  I )  and  de te rm ine  to  be  ma in ly  no t  no rma l l y  d is t r ibu ted  

due ,  in  par t ,  to  t he  sma l l  samp le  s i ze  and  random d is t r ibu t ion  c lea r l y  

de te rm inab le  by  the  Q -Q p lo ts  and  h is tog rams (Append ix  V I I ,  V I I I ,  IX  

and  X ) .  The re fo re ,  a  Kruska l  Wa l l i s  ch i  squa red  tes t  was used  to  

ana lyse  the  va r ia nce  be tween  g roups  (Append ix  I I I ,  IV ,  V  and  VI ) .  A  

pos t -hoc  Dunn  tes t  was pe r fo rmed  to  de te rm ine  where  the  s ign i f i can t  

d i f f e rences be tween  g roups were .  Due  to  the  la rge  number  o f  

g roups ,  a  Bonfe r ron i  ad jus t ed  a lpha  (0 .05 /28)  was app l ied  to  the  
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resu l ts  o f  the  Dunn  tes t  to  inc rease  the  con f idence  in  the  ou tpu t  

(Append ix  I I I ,  IV ,  V  and  V I ) .  A  W i lcoxon  rank  s um tes t  was used  to  

de te rm ine  the  i n f luence  o f  S i  and  tu rbu lence  on  the  ra t io  o f  d ia toms 

to  d ino f lage l la tes .  The  s tanda rd  dev ia t ion ,  va r iance  and  mean  o f  the  

da ta  se t  was  a lso  computed  (Appen d ix  I I ) .   
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3 RESULTS 

The da ta  p lo t ted  he re in  con ta ins  the  exper imenta l  da ta  co l lec ted  on 

the  18 -10 -1999,  w i th  a l l  the  subsequ ent  ana lys is  per fo rmed 

th roughout  the  yea r  2020.   

3.1 EXPERIMENTAL DATA 

T A B L E  2  –  M e a s u r e m e n t s  o f  C h l  a  r e c o r d e d  f o r  e v e r y  d a y  o f  t h e  e x p e r i m e n t  f o r  

e a c h  o f  t h e  8  m i c r o c o s m s .  C  =  o r g a n i c  c a r b o n  a d d e d  i n  t h e  f o r m  o f  g l u c o s e ,  C T  

=  G lu c o s e  +  T u r b u l e n c e ,  C S i  =  G l u c o s e  +  S i l i c a t e ,  C S i T  =  G l u c o s e ,  S i l i c a t e  +  

T u r b u l e n c e ,  B  =  C o n t r o l ,  B T  =  T u r b u l e n c e ,  S i  =  S i l i c a t e  a n d  S i T  =  S i l i c a t e  +  

T u r b u l e n c e .   

Chl a (μg/L) 

 With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65 

1 0.6788 1.131 0.9165 1.248 0.9945 1.17 0.936 1.014 

2 1.092 1.599 1.768 2.08 1.404 1.768 1.924 1.638 

3 1.092 1.664 1.3 1.976 1.17 1.924 3.9494 4.1962 

4 1.222 1.82 1.456 1.976 0.936 1.404 4.6899 6.2532 

5 0.7076 0.845 1.287 1.391 0.858 1.638 5.8829 7.8 

6 0.936 0.6829 3.4968 2.962 1.95 3.538 8.32 10.92 

7 1.872 1.768 8.84 12.87 3.4968 4.443 7.1582 10.4 

8 2.418 3.8259 6.788 39.494 5.1835 1.365 3.51 16.77 
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T A B L E  3  -  M e a s u r e m e n t s  o f  B a c t e r i a l  c e l l s  r e c o r d e d  f o r  e v e r y  d a y  o f  t h e  

e x p e r i m e n t  f o r  e a c h  o f  t h e  8  m i c r o c o s m s .  N o t a t i o n s  a r e  a s  i n  T a b l e  2 .  

Bacteria (cells/ml) (x10-6) 

 With Glucose Without Glucose 

Time (days) C CT  CSi  CSiT  B BT Si SiT 

0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

1 2.0 3.8 2.0 3.8 1.7 1.8 1.1 1.7 

2 4.9 6.0 5.1 5.7 1.2 1.8 1.2 2.3 

3 4.6 5.4 2.1 5.3 1.3 1.5 1.3 1.7 

4 1.1 2.2 1.6 1.4 1.1 1.8 1.2 1.9 

5 1.5 2.8 1.8   2.9 3.1 3.1 5.3 

6 2.3 2.6 3.4   1.9 2.6 3.6 4.2 

7 3.3 4.2 3.8   3.1 2.3 4.3 8.1 

8 3.3 3.7 4.0   3.2 0.6 5.0 12 
 

T A B L E  4  -  M e a s u r e m e n t s  o f  a u t o t r o p h i c  t o  t o t a l  o s m o t r o p h i c  b i o m a s s  r a t i o s  

r e c o r d e d  f o r  e v e r y  d a y  o f  t h e  e x p e r im e n t  f o r  e a c h  o f  t h e  8  m i c r o c o s m s .  

N o t a t i o n s  a r e  a s  i n  T a b l e  2 .  

Autotroph to total osmotrophic biomass (A/(A + HB)) 

 With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 0.8068 0.8068 0.8068 0.8068 0.8068 0.8068 0.8068 0.8068 

1 0.3058 0.2861 0.3575 0.3933 0.4455 0.4622 0.5258 0.4307 

2 0.2195 0.261 0.3064 0.1855 0.6099 0.5682 0.6688 0.4931 

3 0.2312 0.2808 0.4304 0.2763 0.5514 0.6192 0.7937 0.7541 

4 0.5868 0.524 0.5321 0.5705 0.5227 0.4839 0.828 0.797 

5 0.3707 0.272 0.472 0.4087 0.2833 0.3973 0.6951 0.6945 

6 0.3259 0.2444 0.5582 0.5143 0.5623 0.6141 0.7362 0.7576 

7 0.4169 0.3507 0.7404 0.7848 0.5847 0.7173 0.6757 0.6162 

8 0.4855 0.566 0.683 0.8584 0.6663 0.7267 0.4629 0.6286 
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T A B L E  5  -  M e a s u r e m e n t s  o f  d i s s o l v e d  o r g a n i c  c a r b o n  ( D O C )  r e c o r d e d  f o r  

e v e r y  d a y  o f  t h e  e x p e r i m e n t  f o r  e a c h  o f  t h e  8  m i c r o c o s m s .  N o t a t i o n s  a r e  a s  i n  

T a b l e  2 .  

Dissolved organic carbon 

 With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 2.453 2.453 2.453 2.453 1.34 1.34 1.34 1.34 

1 2.205 2.35 2.185 2.32 1.23 1.32 1.225 1.385 

2 1.41 1.605 1.46 1.58 1.2 1.405 1.2 1.18 

3 1.297 1.4927 1.1918 1.3607 1.32 1.1913 1.1715 1.1943 

4 1.148 1.3755 1.1405 1.503 1.086 1.386 1.1765 1.2395 

5 1.383 1.8058   1.596 1.003   1.113 1.077 

6 1.432 1.616 1.491     1.129 1.343 1.516 

7   1.913   1.538       1.332 

8 1.31 1.57   1.6 1.32 1.64 1.262 1.65 

 

T A B L E  6  –  N i t r a t e  m e a s u r e d  o n  d a y  0 , 2 , 4 a n d  6  o f  t h e  e x p e r i m e n t .  N o t a t i o n s  

a r e  a s  i n  T a b l e  2 .  

Nitrate 

 
With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 

2 0.16 1.58 0.11 0.90 3.63 4.07 3.46 2.92 

4 1.76 2.71 1.15 3.26 6.38 4.16 1.23 4.27 

6 5.59 6.50 3.54 6.70 8.06 10.00 0.46 0.14 
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T A B L E  7  –  N i t r i t e  m e a s u r e d  o n  d a y  0 ,  2 ,  4  a n d  6  o f  t h e  e x p e r i m e n t .  N o t a t i o n s  

a r e  a s  i n  T a b l e  2 .  

Nitrite 

 
With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 

2 0.045 0.13 0.04 0.0925 0.1 0.1725 0.0475 0.11 

4 0.0325 0.1825 0.0625 0.2775 0.0975 0.085 0.05 0.1425 

6 0.125 0.32 0.055 0.395 0.11 0.125 0.06 0.05 

 

T A B L E  8  -  A m m o n iu m  m e a s u r e d  o n  d a y  0 ,  2 ,  4  a n d  6  o f  t h e  e x p e r i m e n t .  

N o t a t i o n s  a r e  a s  i n  T a b l e  2 .  

Ammonium 

 
With glucose Without glucose 

Time (days) C CT  CSi  CSiT  B BT Si SiT 

0 1.58 1.58 1.58 1.58 1.58 1.58 1.58 1.58 

2 5.94 8.58 4.89 8.07 14.13 29.65 4.08 15.13 

4 1.96 9.03 2.98 22.55 7.20 9.96 5.25 14.75 

6 2.26 12.21 3.59 17.16 3.28 2.26 6.02 3.62 
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T A B L E  9  -  P h o s p h a t e  m e a s u r e d  o n  d a y  0 ,  2 ,  4  a n d  6  o f  t h e  e x p e r i m e n t .  

N o t a t i o n s  a r e  a s  i n  T a b l e  2 .  

Phosphate 

 
With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 

2 0.10 0.10 0.06 0.08 0.25 0.30 0.21 0.21 

4 0.33 0.23 0.27 0.37 0.49 0.27 0.25 0.21 

6 0.34 0.30 0.33 0.32 0.50 0.34 0.27 0.21 

 

T A B L E  1 0  -  S i l i c a t e  m e a s u r e d  o n  d a y  0 ,  2 ,  4  a n d  6  o f  t h e  e x p e r i m e n t .  

N o t a t i o n s  a r e  a s  i n  T a b l e  2 .  

Silicate 

 
With glucose Without glucose 

Time (days) C CT  CSi CSiT  B BT Si SiT 

0 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 

2 0.42 0.61 5.13 4.67 0.77 0.96 5.27 4.04 

4 0.35 0.43 8.94 8.23 0.25 0.40 6.25 7.67 

6 0.02 0.73 12.29 11.69 0.30 0.02 8.10 6.16 
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3.2 MICROCOSMS WITH GLUCOSE 

Al l  m ic rocosms  wi th  g lucose  were  p lo t t ed  e i the r  w i th  o r  w i thou t  S i  

and  compar ing  tu rbu len t  and  non - tu rbu len t  env i ronm en ts  in  each 

pane l  o f  F igu re  3 .   

With Si  Wi thout  S i  

(a )  

 

(e )  

 

(b )  

 

( f )  
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(c )  

 

(g )  

 

(d )  

 

(h )  

 

F I G U R E  3  –  R e s u l t s  f o r  t h e  m i c r o c o s m s  w i t h  g l u c o s e ,  w i t h  a n d  w i t h o u t  

t u r b u l e n c e  f o r ; -  ( a )  C h l  a  w i t h  S i ;  ( b )  b a c t e r i a  w i t h  S i ;  ( c )  a u t o t r o p h i c  t o  t o t a l  

o s m o t r o p h i c  b i o m a s s  ( A / ( A+ H B) )  r a t i o  w i t h  S i ;  ( d )  D O C  w i t h  S i ;  ( e )  C h l  a  

w i t h o u t  S i ;  ( f )  b a c t e r i a  w i t h o u t  S i ;  ( g )  A / ( A + H B )  w i t h o u t  S i ;  ( h )  D O C  w i t h o u t  S i ;  

f r o m  d a y  0  t o  d a y  8 .   
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3.3 MICROCOSMS WITHOUT GLUCOSE 

As in  f igu re  3 ,  the  m ic rocosms were  p lo t ted  w i th  and  w i thou t  S i  and  

compar ing  tu rbu len t  and  non - tu rbu len t  cond i t ions  bu t  in  th is  

i ns tance ,  on ly  those  w i thou t  g lucose  supp ly  we re  cons idered  (F igu re  

4 ) .   

With Si  Wi thout  S i  (contro l )  

(a )  

 

(e )  

 

(b )  

 

 

( f )  
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(c )  

 

(g )  

 

(d )  

 

(h )  

 

F I G U R E 4  -  R e s u l t s  f o r  t h e  m i c r o c o s m s  w i t h o u t  g l u c o s e ,  w i t h  a n d  w i t h o u t  

t u r b u l e n c e  f o r ; -  ( a )  C h l  a  w i t h  S i ;  ( b )  b a c t e r i a  w i t h  S i ;  ( c )  a u t o t r o p h i c  t o  t o t a l  

o s m o t r o p h i c  b i o m a s s  r a t i o  ( A / ( A+ H B) )  w i t h  S i ;  ( d )  D O C  w i t h  S i ;  ( e )  C h l  a  

w i t h o u t  S i ;  ( f )  b a c t e r i a  w i t h o u t  S i ;  ( g )  A / ( A + H B)  w i t h o u t  S i ;  ( h )  D O C  w i t h o u t  S i ;  

f r o m  d a y  0  t o  d a y  8 .  
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3.4 CHLOROPHYLL A 

The resu l ts  fo r  Ch l  a  were  s ign i f i can t l y  d i f fe ren t  (H(7 )  =  18 .339 ,  p  = 

0 .01053 )  be tween t rea tments .  Fo l low in g  the  Bon fe r ron i  tes t ,  the  on ly  

s ign i f i can t  d i f fe rence  be tween t rea tments  fo r  Ch l  a  was  be tween t he 

G lucose  t rea tmen t  and  the  S i  +  Turbu lence  t rea tment  (z  =  -3 .212 ,  p  

=  0 .037 )  (F igure  5a ) .  In  the  g lucose  t rea tment  (F igu re  3 ) ,  bo th  S i  

and  S i  +  Tu rbu lence  t r ea tments  (F igure  3a )  rema ined  re la t ive ly  

cons tan t  be low 2 .5μg l - 1  un t i l  day  5 .  T herea f te r ,  the  S i  +  Turbu lence  

t rea tment  in cu r red  a  rap id  inc rease  to  39 .49 μg  l - 1  by  day  8  whereas 

the  S i  t rea tmen t  increased to  8 .84μg l - 1  by  day  7  be fo re  dec reas ing 

to  6 .79μg l - 1  by  day  8 .   

In  the  g lucose  t rea tmen t  w i thou t  S i  (F igu re  3e ) ,  bo th  t rea tments  w i th  

and  w i thou t  tu rbu lence  incu r red  a  dec rease  f rom day 0  to  day  1 .  The 

t rea tment  w i thou t  t u rbu lence  saw a  g rea te r  decrease  in  th is  t ime 

f rom 1 .65  –  0 .68μg l - 1  compared  to  the  .65  –  1 .13μg  l - 1  dec rease  o f  

the  t rea tmen t  w i th  tu rbu le nce .  The rea f te r ,  bo th  t rea tments  saw a  

s teady  inc rease  to  day  4  w i th  the  non - tu rbu len t  t rea tmen t  reach ing 

1 .22μg  l - 1  and  the  tu rbu len t  t rea tment  reach ing  1 .82μg l - 1 .  Fo l low ing 

th i s ,  a  rap id  decrease  in  bo th  t rea tmen ts  was obse rved .  The  non -

tu rbu len t  t rea tmen t  decreased  to  0 .71μg l - 1  by  day  5  be fo re  

inc reas ing  to  2 .42μg l - 1  on  day  8 ,  wh i ls t  the  tu rbu le n t  t rea tment  

d ropped to  0 .68μg l - 1  on  day  6  be fo re  inc reas ing  to  3 .83μg l - 1  by  day 

8 .   

Fo r  t rea tmen ts  w i thou t  g lucose  (F igu re  4 ) ,  the re  were  some marked  

d i f f e rences in  Ch l  a  concent ra t ion .  Fo r  t rea tmen t  w i th  S i  (F igure  4a ) ,  

the  Ch l  a  concen t ra t ion  remained  s teady  fo r  the  f i r s t  two  days ,  neve r 

i nc reas ing  above  2 .5μg  l - 1 .  The rea f te r ,  the  t rea tmen t  w i th  tu rbu lence 

inc reased to  16 .77μg l - 1  by  day  8 .  The  t rea tmen t  w i thou t  tu rbu lence  
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i nc reased  to  8 .32μg l - 1  by  day  6  be fo re  dec reas in g  to  3 .51μg l - 1  by 

day  8 .   

Fo r  t he  t rea tment  w i thou t  g lucose  o r  S i  (F igu re  4e ) ,  the  con t ro l  

d ropped to  0 .99μg l - 1  on  day  1 ,  rose  to  1 .40μg l - 1  on  day  2  and  then 

g radua l ly  dec reased to  0 .86μg  l - 1  on  day  5 .  Fo l low ing  th i s ,  the re  was 

a  rap id  increase  to  5 .18μg  l - 1  on  day  8 .  Fo r  the  tu rbu len t  t rea tment ,  

the  concent ra t ion  d ropped  to1 .17 μg  l - 1  on  day  1  and  then  s tead i ly  

i nc reased to  1 .92μg l - 1  on  day  3 .  The rea f te r ,  i t  d ropped  once  more  to  

1 .40μg l - 1  on  day  4 ,  rose  s te ad i l y  t o  4 .44μg l - 1  on  day  7  and  then 

d ropped rap id l y  to  1 .37μg l - 1  on  day  8 .   

 

3.5 BACTERIA 

There  was no  s ta t i s t i ca l ly  s ign i f i can t  d i f fe rence  (H(7 )  =  8 .392 ,  p  = 

0 .2993 )  in  the  he te ro t roph ic  bac te r ia  ce l l  coun t  be tween  any  o f  the  

t rea tmen ts  used  (F igure  5b ) .   

In  the  g lucose  t rea tmen t  (F igu re  3 ) ,  S i  and  S i  +  Tu rbu lence  (F igu re  

3b )  d isp layed  a  rap id  inc rease  in  the  f i rs t  two  days ,  w i th  the  S i  

t rea tment  reach ing  5 .08x10 6  ce l l  x  m l - 1  and  the  S i  +  Turbu lence  

t rea tment  reach ing  5 .69x10 6  ce l l s  m l - 1  by  day  2 .  The rea f t e r ,  bo th  

t rea tments  exh ib i ted  a  rap id  decrease  in  ce l l  number  un t i l  day  4  w i th  

the  S i  t rea tmen t  d ropp ing  to  1 .61x10 6  ce l l s  m l - 1  and  the  S i  + 

Tu rbu lence  t rea tment  reach ing  1 .36x10 6  ce l l s  m l - 1  due  to  g raz ing .  

Fo l low ing  th i s ,  the  S i  t r ea tment  inc reased a ga in  reach ing  3 .98x10 6  

ce l l s  m l - 1  by  day  8 .  The re  was no  fu r the r  da ta  ava i lab le  fo r  the  S i  +  

Tu rbu lence  t rea tment .   

Fo r  the  t rea tmen t  w i th  g lucose ,  w i thou t  S i  (F igu re  3 f ) ,  the  t rend  i s  

s im i la r  to  F igu re  3b  descr ibed  p rev ious ly .  I n  th i s  case ,  the re  is  a  
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rap id  inc rease  to  day  2  w i th  the  tu rbu len t  t rea tmen t  r each ing  

5 .96x10 6  ce l ls  m l - 1  and  the  t rea tment  w i thou t  tu rbu lence  reach ing  

4 .91x10 6  ce l ls  m l - 1 .  The rea f te r ,  t hey  bo th  exh ib i ted  a  sha rp  dec l ine 

w i th  the  tu rb u len t  t rea tmen t  rea ch ing  2 .23x10 6  ce l l s  m l - 1  and  the 

t rea tment  w i thou t  tu rbu lence  reach ing  1 .11x10 6  ce l ls  m l - 1  by  day  8 .   

Fo r  the  bac te r ia  da ta  w i thou t  g lucose  and  w i th  S i  (F igu re  4b )  the  

t rea tments  w i t h  and  w i thou t  tu rbu lence  appeared  to  be  s im i la r  fo r  

the  f i r s t  6  days  o f  t he  exper iment .  The  tu rbu len t  t rea tmen t  g radua l ly  

i nc reased,  reach ing  4 .29x10 6  ce l l s  m l - 1  by  day  5 ,  d ropp ing  s l igh t l y  to  

4 .22x10 6  ce l l s  m l - 1  on  day  6  be fo re  inc reas ing  rap id ly  t o  1 .24x10 7  

ce l l s  m l - 1  on  day  8 .  The  t rea tmen t  w i thou t  tu rbu lence  g radua l ly  

i nc reased to  4 .99x10 6  ce l l s  m l - 1  on  day  8  w i th  a  rap id  inc rease 

be tween days  4  and  5  f rom 1 .16x10 6  to  3 .14x10 6  ce l ls  m l - 1 .   

In  the  da ta  fo r  t rea tmen ts  w i thou t  S i  o r  g lucose  (F igu re  4 f ) ,  the  

con t ro l  cond i t ion  inc reased  f rom 5 .13x10 5  to  1 .66x10 6  ce l l s  m l - 1  by 

day  1 ,  be fo re  decr eas ing  g radua l l y  to  1 .06x10 6  ce l ls  m l - 1  on  day  4 .  

The re  was then  a  sp ike  in  the  da ta  on  day  5  as  i t  reached 2 .87x10 6  

ce l l s  m l - 1  be fo re  d ropp ing  to  1 .86x10 6  ce l ls  m l - 1  on  day  6 .  Fo l low ing  

th i s ,  the  ce l l -coun t  rap id ly  i nc reased  to  3 .20x10 6  ce l ls  m l - 1  by  day  8 .  

The  t rea tment  w i th  tu rbu lence  incur red  a  s im i la r  inc rease  by  da y  1  

reach ing  1 .81x10 6  ce l l s  m l - 1 .  Therea f te r ,  the re  was a  s l igh t  d rop  to  

1 .54x10 6  ce l l s  m l - 1  on  day  3 .  Fo l low ing  th i s ,  the  ce l l - coun t  rap id ly  

i nc reased,  reach ing  3 .08x10 6  ce l l s  m l - 1  on  day  5 ,  and  f i na l l y  

d ropp ing  to  6 .23x10 5  ce l l s  m l - 1  by  day  8 .   
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3.6 AUTOTROPHIC TO TOTAL OSMOTROPHIC BIOMASS RATIO 

The resu l ts  f o r  the  au to t roph ic  to  to ta l  osmo t roph ic  b iomass  ra t io  

(A / (A+HB) )  we re  s ign i f i can t ly  d i f fe ren t  be tween t rea tmen ts  (H(7 )  = 

50 .33 ,  p  =  1 .244x10 - 8 ) .  Fo l low ing  the  Bon fe r ron i  tes t ,  the  resu l ts  

f rom the  Dunn tes t  sho wed  a  s ign i f i can t  d i f fe rence  be tween Cont ro l  

and  G lu cose  +  Turbu lence  (z  =  3 .210 ,  p  =  0 .037 ) ,  G lucose  and  S i  (z  

=  -4 .325 ,  p  =  0 .0004 ) ,  G lucose  +  S i  and  S i  +  Tu rbu lence  (z  =  -3 .559 ,  

p  =  0 .010 ) ,  G lucose  + S i  +  Tu rbu lence  and  S i  ( z  =  -3 .706 ,  p  =  

0 .006 ) ,  G lucose  +  Tu rbu lence  and  S i  ( z  =  -4 .506 ,  p  =  0 .0002 ) ,  

G lucose  and  S i  +  Tu rbu lence  (z  =  4 .055 ,  p  =  0 . 001 ) ,  G lucose  + S i  

and  S i  +  Tu rbu lence  (z  =  -3 .514 ,  p  =  0 .028 ) ,  G lucose  + S i  +  

Tu rbu lence  and  S i  +  Turbu lence  (z  =  -3 .436 ,  p  =  0 .017 ) ,  G lucose  + 

Tu rbu lence  and  S i  +  Tu rbu lence  (z  =  -4 .235 ,  p  =  0 .0006 ) ,  G lucose  

and  Tu rbu lence  (z  =  -3 .514 ,  p  =  0 .012 )  and  Glu cose  + Turbu lence  

and  Tu rbu lence  (z  =  -3 .695 ,  p  =  0 .006 )  (F igure  5 ) .   

The  A / (A+HB)  resu l t s  fo r  the  t rea tment  w i th  G lucose  and  S i  (F igure 

3c)  shows  an  in i t i a l  d rop  f rom 80 .7% to  30 .6% fo r  the  t rea tment  

w i thou t  tu rbu lence  and  18 .6% fo r  the  tu rbu len t  t rea tmen t  on  day  2 .  

They  bo th  increased  towards  day  4  w i th  the  t rea tment  w i thou t  

tu rbu lence  reach in g  53 .2% be fo re  d ropp ing  to  47 .2% on  day  5  and  

the  tu rbu len t  t rea tmen t  reach ing  57 .1% be fo re  d ropp ing  to  40 .9% on  

day  5 .  The rea f te r ,  the  tu rbu len t  t rea tment  reached  8 5 .8% on  day  8  

wh i l s t  the  t rea tmen t  w i thou t  tu rbu lence  reached 74 .0% on  day  7  

be fo re  d ropp ing  to  68 .3% on  day  8 .   

Fo r  the  t rea tmen t  w i th  g lucose  and  wi thou t  S i  (F igu re  3g ) ,  bo th  the  

tu rbu len t  and  non - tu rbu len t  t rea tments  d ropped rap id l y  f rom 80 .7% 

towards  day  2  w i th  the  fo rmer  reach ing  26 .1% and the  la t te r  

reach ing  21 .9%.  Bo th  t rea tments  incu r red  a  sp ike  on  day  4  w i th  the  

non - tu rbu len t  t rea tmen t  reach ing  58 .6 % and the  tu rbu len t  t rea tmen t  
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reach ing  52 .4%.  They  bo th  d ropped  aga in  by  day  6  w i th  the  non -

tu rbu len t  t rea tment  fa l l ing  to  32 .5% be fo re  c l imb ing  once  more  to  

48 .6% on  day  8  and  the  tu rbu len t  t rea tment  fa l l i ng  to  24 .4% be fo re 

c l imb ing  to  56 .6% by  day  8 .   

Fo r  the  t rea tments  w i th ou t  g lucose  and  w i th  S i  (F igu re  4e) ,  bo th  

t rea tments  d ropped rap id ly  by  day  1  w i th  th e  non - tu rbu len t  t rea tment  

d ropp ing  to  52 .6% and the  tu rbu len t  t rea tmen t  d ropp ing  to  43 .1%.  By 

day  4  bo th  had  r i sen  to  82 .8% fo r  t he  non - tu rbu len t  t rea tment  and  

79 .7% fo r  t he  tu rbu len t  t rea tmen t .  Fo l lowing  th i s ,  bo th  t rea tments 

d ropped aga in  w i th  the  non - tu rbu len t  t rea tmen t  reach ing  46 .3% on  

day  8  and  the  tu rbu len t  t rea tment  reach ing  61 .6% o n  day  7  and  

inc reas ing  s l igh t ly  t o  62 .9% on  day  8 .  The re  was  a  sma l l  i nc rease  

be tween  day  5  and  6  f rom 69 .5% to  73 .6% and  f rom 69 .5% to  75 .8% 

fo r  the  non - tu rbu len t  and  tu rbu len t  t rea tment ,  respect i ve ly .   

3.7 DISSOLVED ORGANIC CARBON 

The resu l ts  fo r  DOC were  s ign i f i can t l y  d i f f e ren t  be t ween t rea tments  

(H(7 )  =  27 .948 ,  p  =  0 .0 002248) .  Fo l low ing  the  Bonfe r ron i  tes t  the  

s ign i f i can t  d i f fe rences be tween t rea tmen ts  we re  be tween Cont ro l  

and  G lucose  + S i  +  T urbu lence  (z  =  -3 .360 ,  p  =  0 .022 ) ,  Cont ro l  and  

G lucose  + Tu rbu le nce  (z  =  -3 .696 ,  p  =  0 .006 ) ,  G lucose  + S i  +  

Tu rbu lence  and  S i  (z  =  3 .431 ,  p  =  0 .017)  a nd  be tween G lucose  + 

Tu rbu lence  and  S i  (z  =  3 .784 ,  p  =  0 .0 04)  (F igu re  5 ) .   

Fo r  t he  DOC t rea tmen ts  w i th  G lu cose  and  S i  (F igu re  3d ) ,  the re  was 

a  rap id  dec l ine  in  bo th  tu rbu len t  and  non - tu rbu len t  t rea tments  w i th  

the  fo rmer  d ropp ing  to  1 .3 61g  μ l  - 1 .  Be fo re  inc reas ing  s tead i ly  to  

1 .6g  μ l  - 1  by  day  8  w i th  da ta  m iss ing  fo r  day  6 .  Meanwh i le ,  t he  non -

tu rbu len t  t rea tmen t  d ropped  to  1 .141g  μ l  - 1  on  day  4  be fo re  r i s ing  to  

1 .491g μ l - 1  on  day  6 .  The re  was  no  da ta  fo r  days  5 ,  7  o r  8 .  
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For  the  t rea tments  w i th  g lucose  and  wi thou t  S i  (F igure  3h ) ,  bo th  

t rea tments  d ropped  rap id ly  by  d ay  4  w i th  the  tu rbu len t  t rea tment  

fa l l ing  to  1 .376g  μ l - 1  and  the  non - tu rbu len t  t rea tmen t  fa l l ing  to  

1 .148g μ l - 1 .  The rea f te r ,  the  non- tu rbu len t  t rea tmen t  s tead i ly  rose  to  

1 .432g μ l - 1  on  day  6  and  the n  dec l ined  to  1 .31g  μ l - 1  on  day  8  w i th  

da ta  m iss ing  fo r  da y  7 .  The  tu rbu len t  t rea tmen t  f luc tua ted  a f te r  da y 

4  reach ing  1 .806g μ l - 1  on  day  5 ,  1 .616g  μ l - 1  on  day  6 ,  1 .913g μ l - 1  on 

day  7  and  1 .57g  μ l - 1  on  day  8 .   

Fo r  the  t rea tments  w i th  S i  and  no  g lucose  (F ig u re  4d ) ,  the  non -

tu rbu len t  t rea tment  d ropped f rom 1 .34g  μ l - 1  to  1 .113g  μ l - 1  on  day  5 .  

I t  then  rose  to  1 .343g  μ l - 1  on  day  6  be fo re  d ropp ing  to  1 .262g μ l - 1  on  

day  8  w i th  no  da ta  on  day  7 .  Conve rse ly ,  the  tu rbu len t  t rea tment  

i n i t ia l l y  rose  f rom 1 .34g  μ l - 1  to  1 .385g μ l - 1  by  day  1 .  I t  i ncu r red  a  

dec l ine  towards  day  2  reach ing  1 .18g  μ l - 1  then  rose  to  1 .24g  μ l - 1  on 

day  4 .  The rea f te r ,  i t  f luc tua ted  da i l y ,  reach ing  1 .077g μ l - 1  on  day  5 ,  

1 .516g  μ l - 1  on  day  6 ,  1 .332g μ l - 1  on  day  7  and  1 .65g  μ l - 1  on  day  8 .   

Fo r  the  DOC t rea tm en ts  w i thou t  g lucose  o r  S i  (F igu re  4h ) ,  the   

t rea tment  w i t hou t  t u rbu lence  (con t ro l )  d ropped f rom 1 .34g  μ l - 1  to  

1 .2g  μ l - 1  on  day  2  be fo re  r i s ing  to  1 .32g  μ l - 1  on  day  3  and  then  

fa l l ing  to  1 .003g μ l - 1  on  day  5 .  On day  8  the  con t ro l  was  a t  1 . 32g  μ l - 1  

w i th  no  da ta  fo r  day  6  o r  7 .  Fo r  the  tu rbu len t  t rea tment ,  the re  wa s 

da i ly  f luc tua t ion  un t i l  day  4 .  The  t rea tmen t  d ropped f rom 1 .34g  μ l - 1  

to  1 .32g  μ l - 1  on  day  1 ,  then  rose  to  1 .405g  μ l - 1  on  day  2 ,  fe l l  to  

1 .191g  μ l - 1  on  day  3  and  rose  to  1 .386g  μ l - 1  on  day  4 .  The rea f te r ,  by  

day  6  i t  had  d ropped  to  1 .129g  μ l - 1  be fo re  r i s ing  to  1 .64g  μ l - 1  by  day  

8  w i th  no  da ta  fo r  days  5  o r  7 .  
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(a )  

 

(b )  
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(c )  

 

(d )  

 

F I G U R E  5  –  C o m p a r i s o n  o f  m e d i a n s  t h r o u g h o u t  t h e  d u r a t i o n  o f  t h e  e x p e r i m e n t  

w i t h ; -  ( a )  C h l  a ;  ( b )  b a c t e r i a ;  ( c )  a u t o t r o p h s  a n d  ( d )  D O C .   
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3.8 BEHAVIOUR OF AUTOTROPHIC TO TOTAL OSMOTROPHIC BIOMASS 

RATIO 

(a )  

 

(b )  

 

                        (c )  

 

F I G U R E 6  –  T e n d e n c y  o f  d o m i n a n c e  f o r  a u t o t r o p h s  ( i . e .  A / ( A + H B )  >  0 . 5 )  i n ; -  

( a )  p r e s e n c e  o r  a b s e n c e  o f  g l u c o s e ;  ( b )  p r e s e n c e  o r  a b s e n c e  o f  S i ;  ( c )  

p r e s e n c e  o r  a b s e n c e  o f  t u r b u l e n c e .   

With  respect  to  a u to t rophs ,  a  chang e in  d i f fe ren t  phys ica l  

pa rameters  had  va ry ing  resu l t s  (F igure  6 ) .  When  compar ing  

t rea tments  w i th  and  wi thou t  g lucose  (F igu re  6a )  the  ma jo r i t y  o f  the 

da ta  f rom the  m ic ro cosms showed the  au to t rophs tended to  favou r  

the  se t -ups  w i thou t  g lucose ,  as  wa s to  be  expected .  L i kewise ,  as  

was  the  p reconcep t ion ,  the  au to t rophs ,  p r imar i l y  d ia toms ,  we re  
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favou red  in  the  env i ronmen ts  rep le te  in  S i  (F igu re  6b ) .  In te res t ing ly  

howeve r ,  the re  seemed to  be  no  rea l  p re fe re nce  to  an  env i ronment  

w i th  o r  w i thou t  tu rbu lence  (F igu re  6c) .  The  o r ig ina l  hypo thes is  was 

tha t  t he re  wou ld  b e  a  tendency  fo r  au to t rophs (spec i f i ca l ly  d ia toms)  

to  favou r  a  tu rbu len t  env i ronmen t .  Th is  was no t  the  case  and  w i l l  be  

d iscussed  in  de ta i l .   
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3.9 TRENDS IN NUTRIENTS 

(a )  

 

(d )  

 

(b )  

 

(e )  

 

(c )  

 

 

 

F I G U R E  7  –  T e m p o r a l  e v o l u t i o n ; -  ( a )  a m m o n i u m ;  ( b )  n i t r a t e ;  ( c )  n i t r i t e ;  ( d )  

p h o s p h a t e ;  ( e )  s i l i c a t e  f o r  e a c h  o f  t h e  m e s o c o s m  o v e r  6  d a y s  o f  t h e  

e x p e r i m e n t .  
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Ammon ium,  n i t ra te ,  n i t r i te ,  phospho rus  and  s i l i ca te  we re  reco rded  

f rom day 0  t o  day  6  (F igu re  7 ) .  Phospho rus  was  re -supp l ied  to  the 

m ic rocosms  da i ly  and  as  was  to  be  expected ,  i nc rea sed  th roughou t  

the  expe r iment  (F igu re  7 ) .  S i l i ca te  (F igu re  7e )  on ly  increased  in  the  

m ic rocosms to  wh ich  i t  was  added.  I n  thos e  wh ich  were  in tended to  

have  a  de f ic iency ,  the  reco rded  S i  leve ls  we re  cons is ten t ly  l ow.  

A f te r  day  4 ,  the  concen t ra t ion  o f  S i  in  the  m ic rocosm w i th  S i  and 

tu rbu lence  on l y ,  began  to  dec rease  towards  day  6 .    

The  ammon ium (F igu re  7a )  in  the  C ,  CS i  and  S i  t rea tments  remained  

low th roughou t  the  6  days  o f  measu re ment .  The re  was  a  g radua l  

i nc rease  in  the  m ic rocosm B  and  an  inc rease  and  subsequen t  

dec rease  in  the  BT  and  S iT  m ic rocosms.  CT an d  CSiT on  the  

o therhand ,  inc reased th roughout  the  expe r iment .   

The  measu rements  o f  n i t ra te  (F igure  7b )  sho wed an  inc rease  in  the  

CT,  CS iT ,  CS i ,  C ,  B  and  BT  mic rocosms,  wh i l s t  t he  S i  and  S iT 

m ic rocosms showed  a n  in i t ia l  inc rease  in  n i t ra te  be fo re  decreas ing  

towards  day  6 .  The  concent ra t ion  o f  n i t r i te  in  the  B  and  BT  

m ic rocosms  inc reased  the  most  w i th  a  rap id  inc rease  in  the  BT 

n i t ra te  concen t ra t ion  be tween day  4  and  6 .   

In  the  case  o f  n i t r i te  ( f igu re  7c) ,  on ly  CS i  and  CS iT m ic rocosms 

showed any  rea l  i nc rease  in  the  concent ra t ion  o f  n i t r i te  w i th  CSiT  

record ing  the  g rea tes t  concen t ra t ion  on  day  6 .  Bo th  S iT  and  BT saw 

an  inc rease  in  n i t r i te  to  beg in  w i th  be fo re  the  concent ra t ion  d roppe d 

aga in  w i th  a  s l igh t  i nc r ease  be tween day  4  and  6  fo r  the  BT 

m ic rocosm read ing .  The  rema in ing  m ic rocosms  rema ined  low in  

n i t r i te  fo r  the  du ra t ion  o f  the  expe r i ment .  N i t r i te  concent ra t ion  in  the 

C  m ic rocosm d id  s ta r t  to  inc rease  towards  the  end  on  the  expe r iment  

bu t  i t  i s  shou ld  no t  be  assume d tha t  th is  wou ld  con t inue  to  inc rease 

a f te r  day  6  as  there  is  no t  enough  da ta  to  back  th i s  up .   
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3.10  PHYTOPLANKTON COMMUNITY COMPOSITION 

The b iomass ra t io  o f  d ia toms to  d ino f lage l la tes  was p lo t ted  (F igu re  

8 )  to  de te rm ine  whethe r  the  va r ious  env i ronm en ta l  pa rame ters  had  

any  in f luence  on  phy top lank ton  commun i ty  compos i t i on .   

(a )  

 

(b )  

 

F I G U R E  8  –  B i o m a s s  r a t i o  o f  d i a t o m s  t o  d i n o f l a g e l l a t e s  u n d e r ;  ( a )  t h e  

t r e a t m e n t s  w i t h  S i :  a n d  ( b )  t h e  t r e a t m e n t s  w i t h o u t  S i .   

There  is  an  appa ren t  d i f fe rence  in  the  ra t io  o f  d ia toms to  

d ino f lage l la tes  (F igu re  8 )  however ,  s ta t i s t i ca l  ana lys i s  showed  tha t  

th i s  d i f fe rence  was  no t  s ign i f i can t  (W =  23 ,  p  =  0 .3823 ) .  The 

d i f f e rence  be tween  the  g lucose  and  s i l i ca te ;  and  g lucose  s i l i ca te  and  

tu rbu len t  t rea tment s  in  the  m ic rocosms con ta in ing  S i  (F igu re  8a )  

appears  to  be  sma l l ,  s l igh t l y  favour ing  the  tu rbu len t  t rea tment .  The  

d i f f e rence  be tween  the  s i l i ca te ;  and  s i l i ca te  and  tu rbu lence 

t rea tments  a re  no t i ceab le  wh i l s t  no t  s ign i f i can t l y  d i f f e ren t  on  bo th  

day  4  and  6 .  In  the  m ic rocosms w i thou t  s i l i ca te  (F igu re  8b ) ,  the  

d i f f e rence  be tween  the  con t ro l  and  the  tu rbu len t  con t ro l  was ve ry  

s l igh t  on  day  4  and  6 .  The  d i f f e rence  be tween the  g lucose ;  and  the  

g lucose  an d  tu rbu len t  t rea tment s  was la rge  bu t  on ly  on  day  4 .  Th is  

was subs tan t ia l l y  sma l le r  on  day  6 .  The  d i f fe rence  be tween the  

t rea tmen ts  w i th  S i  and  w i thou t  S i  was  s ign i f i can t l y  d i f fe ren t  (W =  60 ,  
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p = 0 .001865 )  and  shows  a  much g rea te r  ra t io  o f  d ia toms  to  

d ino f lage l la te s  in  the  p resence  o f  S i .   
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4 DISCUSSION 

There  have  been many s tu d ies  tha t  a im to  in f luence  the  s t ruc tu re  

and  tempora l  dynam ics  o f  p lank ton  communi t ies  unde r  d i f f e ren t  

env i ronmenta l  cond i t ions .  From a  p re l i m ina ry  rev iew o f  the  

l i te ra tu re ,  no  in ves t iga t ion  ha s  ye t  been  ca r r ied  ou t  on  the  in f luence  

o f  tu rbu lence  unde r  d i f fe ren t  env i ronmen ts  focuss in g  on  the  

p resence  o r  absence  o f  DOC and S i .  Cont ra ry  to  the  o r ig ina l  

hypo thes is ,  t he  p resence  o r  absence  o f  tu rbu lence  se ldom made any  

d i f f e rence  to  the  compet i t i ve  dynamics  be tw een phy top lank ton  and  

he te ro t roph ic  bac te r ia .  Howeve r ,  the  d i f fe ren t  ava i lab i l i t i es  o f  DOC 

and  S i  were  found  to  in f lue nce  the  compet i t i ve  dynamics  be tween  

he te ro t roph ic  bac te r ia  and  d ia toms ,  lead ing  to  a  p romot ion  o f  

nu t r ien t  recyc l i ng  th rough the  m ic rob ia l  loop ,  o r  a l te rna t i ve ly ,  

nu t r ien t  losses  th rough  o rgan ic  expo r t .   

4.1  INFLUENCE OF TURBULENCE 

Because  i t  i s  we l l  unde rs tood  tha t  d ia tom  abundance  is  o f ten  g rea te r  

i n  upwe l l i ng  sys tems  (Ab ran tes ,  e t .a l .  2016 ;  A r in ,  e t .a l .  2002 ) ,  i t  was  

wor th  de te rmin ing  the  in f luence  o f  tu rbu lence .  Fa t ima,  e t .a l .  ( 2016 )  

no ted  two impor tan t  fac to rs .  F i rs t l y ,  env i ronments  r ich  in  S i  w i l l  

con ta in  a  h igh  d ia tom  abundance ,  and  second ly ,  th a t  tu rbu len t  

upwe l l ing  sys tems  re la te  to  h igh  leve ls  o f  S i .  In  the i r  s tudy  they 

used  p rev ious  da ta  f r om d i f fe ren t  g loba l  loca t ion s  and  found tha t  

d ia tom d isso lu t ion  wa s ma in ly  in f luen ced by  the  concent ra t ion  o f  S i  

sa tu ra t ion  in  the  med ium.  In te res t ing ly ,  t he y  found  tha t  to ta l  o rgan ic  

carbon  (TOC) was  no t  re la ted  to  sed imenta t ion  ra te  and  ne i the r  was 

the  sed imen tary  d ia tom abundance  (SDA) .  They showed tha t ,  wh i ls t  

i t  was  t rue  in  some a reas ,  ocean ic  phys ics  d id  no t  appea r  to  be  a  

p r imary  con t ro l  on  the  magn i tude  o f  d ia tom b looms.  They found 

there  on ly  to  be  a  s ign i f i ca n t  re la t ionsh ip  in  two  sou the rn  
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hemispher i c  sys tems :  the  Bengu e la  and  Humbo l t  upwe l l ing  sys tems .  

Fu r the rmore ,  they  found a  pos i t i ve  re la t ionsh ip  be tween  SDA and 

ne t  p r imary  p roduc t ion  (NPP) ,  and  be tween SDA an d  N  and  P  leve ls .  

Aga in ,  t he  la t te r  re la t ionsh i p  was  on ly  t rue  o f  ce r ta in  a reas  and  no t  

a  g loba l  t rend .  T hey  found tha t  i n  upwe l l ing  a reas ,  the re  wa s a  

pos i t i ve  re la t io nsh ip  be tween n i t ra te  and  SDA and  s i l i c ic  ac id  and  

SDA.  Th i s  wo rk  is  o f  in te res t  because  i t  suggests  tha t  the  nu t r ien ts  

p resen t  in  the  sys tem have  m ore  o f  an  impact  on  bo th  d ia tom 

abundance  and  d ia tom sed im enta t ion ,  e rgo  ca rbon  exp or t ,  than  

uppe r  ocean  tu rbu lence  does.  Th is  may go  some way  to  exp la in  why 

in  the  cu r ren t  s tudy ,  tu rbu lence  p layed  no  ro le  in  the  phy top lank ton  

communi t y  compos i t ion  and  the  compet i t i ve  dynamics  be tween 

au to t roph s and  he te ro t rop h ic  bac te r ia .  Fu r the rmore ,  th e  fac t  t ha t  the 

da ta  co l lec ted  by  Fa t ima ,  e t .a l .  (2016 )  was in  s i tu  da ta  compared  to  

the  m ic rocosm se t  up  o f  the  cu r ren t  s tudy  may a lso  show a  l im i ta t ion  

in  t he  methods used  he re .  Mos t  impor tan t l y ,  they  showed tha t  t here  

i s  o f ten  a  d i f fe ren t  ou tcome when  the  scope  o f  samp l ing  is  loca l  as  

compared  to  g loba l  sampl ing  des igns  and  t rends  seen in  one  a rea  

may d i f fe r  to  t rends  observed  in  o ther  a reas  fo r  va r ious  reasons.  

Tu rbu len t  m ix ing  is  s t i l l  a  seem ing ly  impor tan t  p rocess  as  i t  con t ro l s  

bo th  the  ava i lab i l i t y  o f  l igh t  and  nu t r ien ts  in  a  mar ine  env i ronment  

wh ich  de te rm ines  the  s t ruc tu re  o f  the  phy top lank ton  commun i t ies  

(Mour iño-Carba l l ido ,  e t .a l .  2016 ) .  Fu r thermore ,  n i t ra te  f luxes ,  no t  

j us t  i t s  concent ra t ion s  p lay  an  impo r tan t  ro le  in  o l igo t roph ic  

env i ronments  (Mour iño -Carba l l ido ,  e t .a l .  2016) .   

The  e f fec t  o f  t u rbu len ce  on  d ia tom and  b ac te r ia l  compet i t ion  unde r  

d i f f e ren t  N and  P reg imes  was inves t iga ted  in  A r in ,  e t .a l .  (2002 ) ,  

who  found  tha t  tu rbu lence  o f ten  p layed  a  s ign i f i can t  ro le  in  

de te rm in ing  the  phy top lank ton  commun i ty  compos i t ion .  They  found  

tha t  NP and  S i  dec reased s ign i f i can t l y  fas te r  in  tu rbu len t  t r ea tmen ts  
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compared  to  s t i l l  t rea tmen ts  in  m ic rocosms s im i la r  to  t hose  used  in  

th i s  s tudy .  In  the  cu r ren t  s tudy ,  i t  was  found tha t  S i  was s l igh t l y  l ess 

in  the  S iT  t rea tmen t  than  in  the  S i  t rea tment .  Th is  was  no t  a  

s ign i f i can t  d i f fe rence ,  howeve r  and  there  seemed to  be  an  even 

sma l le r  d i f fe rence  be tween CS i  and  CS iT  t rea tmen ts .  Wh i ls t  th i s  was 

no t  the  sub jec t  o f  the  cu r ren t  s tud y ,  they  a lso  found  a  s ign i f i can t  

d i f f e rence  be tween N and  NP t rea tments  w i th  and  w i thou t  

tu rbu lence .  The  resu l ts  found  he re  may back -up  the  fac t  tha t  the  

concen t ra t ions  o f  n i t rogen  and  phospho rous  a re  in f luenced by  

tu rbu lence  more -so  than  o ther  nu t r ien ts  and  env i ronmen ta l  fac to rs 

when cons ide r ing  phy top lank ton  comp et i t ion .  They d id  no t ,  howeve r ,  

f ind  any  s ign i f i can t  d i f fe rence  in  bac te r ia l  b iomass  in  any  o f  the  

con ta ine rs  be t ween  tu rbu len t  and  s t i l l  t rea tments .  They found  a  

h ighe r  ra t io  o f  d ia toms to  HB  in  the  t rea tments  w i th  tu rbu lence  wh ich  

sugges ts  tha t  d ia toms a re  more  a f fec ted  b y  tu rbu len t  m ix ing  than  

HB.   

The  pe rp lex ing  fac t  tha t  tu rbu le nce  had  no  s ign i f i can t  e f fec t  on  any  

o f  the  resu l ts  o f   the  cu r ren t  s tudy  cou ld  be  exp la i ned  upon re f lex ion  

o f  the  pape r  by  G ibson  (2000) .  They  s tud ied  the  e f fec ts  tha t  

d i f f e ren t  types  o f  tu rbu lence  ha d  on  phy top lank ton  commun i t i es  and 

what  the  e f fec t  o f  foss i l  tu rb u lence ,  the  resu l tan t  m ix tu re  o f  wa te r  

fo l low ing  tu rbu len t  m ix ing ,  was .  In  the i r  s tudy  th ey  showed tha t  

d ia toms a re  pos i t i ve ly  co r re la ted  to  the  in te rm i t ten t ,  s t rong  

tu rbu lence  caused  by  the  b reak ing  o f  su r face  waves.  W ind  

tu rbu lence  had  l i t t le  e f fec t  on  the  d ia toms poss ib ly  because ,  when 

compared  to  wave  tu rbu lence ,  the  e f fec ts  we re  neg l ig ib le .  The i r  l ab  

s tud ies  showed tha t  d ia toms  responded  negat i ve ly  to  foss i l  

tu rbu lence  over  t im e.  The  cu r ren t  s tudy  emp loyed  a  cons tan t  m ix ing  

reg ime in  the  t rea tmen ts  w i th  tu rbu lence  o f  ca .  0 .55cm 2  s - 1 .  

The re fo re ,  i t  i s  specu la ted  he re  tha t  a  d i f fe ren t  ou tcome as  to  the 
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ef fec t  on  tu rbu len t  m ix ing  on  commun i t y  s t ruc tu res  w ou ld  have  been 

ob ta ined  fo l lo wing  a  s tagnate d  m ix ing  approach .   

In  s t i l l  wa te rs ,  nu t r ien t  t ranspo r t  i s  la rge ly  assoc ia ted  w i th  d i f fus ive 

f luxes .  Unde r  tu rbu len t  con d i t ion ,  advec t i ve  t ranspo r t  f u r the r  

fac i l i ta tes  nu t r ien t  supp ly  and  b io log ica l  up take  and  favours  la rge  

ce l l s  (>ca .  60μm of  equ iva len t  sphe r ica l  d iamete r )  (Pe te rs ,  e t .a l .  

2006 ) .  Th is  is  one  reason why d ia toms a re  f avou red  over  bac te r ia  in  

tu rbu len t  env i ronments .  Pe te rs ,  e t .a l .  (2006 )  showed tha t  la rger  

spec ies  o f  d ia toms ,  in  th i s  case  Cosconod iscus  sp .  we re  favoured  in  

tu rbu len t  cond i t i ons  compared  to  the  sma l le r  spec ies ,  Tha lass ios i ra  

pseudonan a .  The  impo r tan t  po in t  to  no te  he re  i s  tha t  unde r  P -

l im i t ing  cond i t ions ,  a l ka l ine  phospha tase  ac t iv i t y  (APA)  inc reased to  

has ten  P  up take ,  pa r t icu la r ly  u nder  s t i l l  cond i t ions  and  on ly  in  the 

la rge -s ized  Cosconod iscus  sp .  Th is  i s  impo r tan t  because  i t  i s  

mechan isms l i ke  th i s  tha t  a l low d ia toms to  ou tcompete  o the r  

p lank ton ic  o rgan isms in  nu t r ien t  l im i t ing  env i ronments  (Pe te rs ,  e t .a l .  

2006 ) .  I t  i s  specu la te d  he re  tha t  no  such  ac t i v i t y  w i l l  have  occu r red  

in  the  cu r ren t  s tu dy  due  to  the  cons is ten t ly  h igh  concen t ra t ions  o f  

NP.  The re fo re ,  a  d i f f e rence  in  compet i t ion  be tween b ac te r ia  and  

d ia toms wou ld  be  more  sub t le .  No t  on ly  was P  never  l im i t ing  in  the 

cur ren t  s tudy ,  i t  wa s ,  in  fac t ,  cons tan t l y  inc reas ing  in  each  

m ic rocosm th roughou t  the  exper iment  (F igu re  7d) .   

The  resu l ts  f rom f igu re  8  showed  tha t  tu rbu lence  had  an  e f fec t  on  

the  b iomass ra t ios  o f  d ia toms to  d ino f lage l la tes ,  a lbe i t  no t  a  

s ign i f i can t  d i f f e re nce .  The  ra t io  i ncreased in  most  o f  the  t rea tments 

tha t  had  been s ub jec ted  to  tu rbu lence ,  thus  favou r ing  the  d ia toms.  

In  na tu ra l  coas ta l  env i ronmen ts ,  fo l low ing  a  d ia tom sp r ing  b loom,  

mot i le  p lank ton ic  spec ie s  such  as  d ino f lage l la tes  domina te  the  

phy top lank ton  b iomass  when  the  wate r  co lumn  s t ra t i f ies  (Ross  and  
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Sharp les ,  2007 ) .  I t  i s  because  o f  the  mot i le  capab i l i t y  o f  

d ino f lage l la tes  th a t  they  a re  ab le  to  ou t compete  d ia toms dur ing  the  

s t ra t i f i ca t ion  tha t  fo l lows  sp r ing  upwe l l ing  as  they  a re  ab le  to  

ac t ive ly  hun t  and  move towards  the  sou rce  o f  nu t r ien ts  (A r in  e t .a l ,  

2007 ;  Ross  and  Sha rp les ,  2007 ) .  Th i s  may  exp la in  why  in  the  

m ic rocosm dep le te  in  bo th  g lucose  and  S i ,  t he  au to t roph ic  b iomass 

s t i l l  inc reased tow ards  day  8 .  The  inc rease  was due ,  no t  to  d ia toms,  

bu t  to  d ino f lage l la tes .   

4.2  INFLUENCE OF SI 

Whi ls t  the re  w as  no  s ign i f i can t  d i f fe rence  be twe en Ch l  a  t rea tmen ts  

w i th  and  wi thou t  S i ,  the  v isua l  rep resen ta t ion  ( f igu re  3 )  shows a  

d is t inc t  d i f f e rence  towards  the  end  o f  t h e  8 -day  exper iment .  The re  i s  

a  s l i gh t  inc rease  in  Ch l  a  a f te r  day  6  in  the  t rea tment  w i thou t  S i  and  

w i th  g lucose  howeve r ,  no th ing  sub s tan t ia l .  The  g lucose  t rea tmen t  

w i th  S i  on  the  o the r  hand  ( f igu re  3 ) ,  showed a  d ras t i c  inc rease  f rom 

day 5  towards  day  8 .  These  resu l t s  wou ld  suggest  tha t  in  the  

m ic rocosms w i thou t  g lucose  add i t ion ,  d ia toms were  ab le  to  

ou tcompete  HB ,  bu t  on ly  in  the  p resen ce  o f  S i .  Jo in t ,  e t .a l .  ( 2002 )  

conduc ted  a  s im i la r  e xper iment  in  mesocosms to  assess  the  change 

o f  phy top lank ton  assemblages  un de r  d i f fe ren t  n i t ra te ,  ammon iu m,  

phospha te  and  s i l i ca te  add i t ion  ra tes  e i the r  w i th  o r  w i thou t  g lucose .  

They found tha t  the  leve ls  o f  Ch l  a  inc reased ove r  a  6 -day  pe r iod  in  

the  mesocosms to  wh ich  N and  P  was  added wi th  no  add i t ion  o f  

g lucose .  However ,  unde r  the  same nu t r ien t  cond i t ions  in  the  

p resence  o f  g lucose ,  the  ra te  o f  Ch l  a i nc rease  was reduced .  

Fu r the rmore ,  Jo in t ,  e t .a l .  (2002 )  found  tha t  bac te r ia l  p roduct ion 

inc reased in  the  mesocosms con ta in in g  g lucose  compared  to  those  

w i th  no  g lucose  add i t ion .  These  res u l t s  seem to  somewhat  con t rad ic t  

those  o f  t he  p resen t  s tudy .  In  the  resu l ts  desc r ibed  p rev ious ly ,  the  

he te ro t roph ic  bac te r ia  popu la t ions  increased  rap id l y  be fo re  
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decreas ing  equa l l y  as  fas t ,  pe rhaps due  to  bac te r i vo ry ,  and  then 

inc reased  once  more .  Th is  was seem ing ly  una f f ec ted  by  the 

p resence  o r  absence  o f  S i .  The  g rowth  ra te  o f  bac te r ia l  popu la t ions  

in  the  absence  o f  g lucose  was  much s lowe r  and  more  g radua l .  

In te res t ing ly ,  a l though  i t  was  expec ted  tha t  the  bac te r ia l  ce l l  coun t s  

wou ld  remain  low in  the  m ic rocosms w i th  no  g lucose ,  the re  was an  

inc rease  in  the  mic rocosm s tha t  con ta ined  S i .  Th is  co inc ided  w i th  a  

d rop  in  au to t roph ic  b iomass  on  day  4  and  an  inc rease  in  DOC f rom 

day 5  onwards ,  sugges t ing  tha t  the re  was rem inera l i sa t ion  o f  t he  

DOC p roduced  and  re leased  by  the  d ia tom  popu la t ions .  Wha t  i s  more  

surp r i s ing  i s  the  fac t  t ha t  th i s  l ed  to  g rea te r  bac te r ia l  abundances  

than  in  any  o the r  m ic rocosm by  a lmost  tw ice  as  many  in  t he  

p resence  o f  tu rbu lence .   

Havskum,  e t .a l .  ( 2003 )  conducted  an  expe r iment  focuss ing  on  the 

impac t  tha t  va ry ing  ca rbon  and  s i l i ca te  leve ls  wou ld  have  in  the 

p resence  and  absence  o f  N and  P  on  phy top lank ton  commun i t ies .  

The i r  resu l t s  show tha t  unde r  the  add i t ion  o f  g lucose  in  NP r i ch 

mesocosms,  bac te r ia l  p roduct ion  increase d  2 - fo ld  ove r  the  f i rs t  3  

days  and  con t inued  to  r i se  the rea f te r .  The  pho tosyn the t ic  p r imary 

p roduct ion  (PP)  i n  the  same mesoco sms in i t ia l l y  inc rea sed bu t  

subsequent ly  decreased th roughout  the  remainde r  o f  the  expe r im ent .  

Unde r  the  same g lucose  reg ime w i th  the  add i t ion  o f  S i ,  PP  increased  

s ign i f i can t ly  wh i ls t  bac te r ia l  p roduct ion  remained  cons is ten t l y  low,  

a lbe i t  s t i l l  inc reas ing  g radua l ly .  Of  the  au to t rophs ,  they  found tha t  

d ia tom b iomass c lose ly  im i ta ted  the  re su l ts  o f  PP and  f lage l la tes  

and  cyanobacte r ia  made up  a  much lower  con t r ibu t ion  to  the 

au to t roph ic  b iomass.  Th is  fu r the r  ag rees  wi th  the  resu l ts  f rom the  

cur ren t  expe r iment  tha t  the  d ia toms  benef i t  f rom a  S i  rep le te  

env i ronment ,  and  tha t  in  the  p resence  o f  g l ucose ,  bac te r ia l  

p roduct iv i t y  inc reases .  A  po in t  ra ised  in  the  s tudy  by  Havskum,  e t .a l .  



45 

 

(2003 )  i s  t ha t  the  ba c te r ia l  p roduct i v i t y  i s  h inde red  by  the  p resence  

o f  S i  due  to  d ia toms be ing  favou red  in  th i s  env i ronment .  A l though 

th i s  i s  to  be  expec ted  a  p r io r i ,  i t  d id  no t  appea r  to  be  the  case  in  the  

resu l ts  f rom the  cur ren t  s tudy .  On the  con t ra ry ,  in  the  m ic rocosm 

w i thou t  g lucose  and  w i th  S i ,  the  bac te r ia l  p roduct i v i t y  inc reased  

wh i l s t  the  au to t rophs increased  t o  beg in  w i th  bu t  then  dec rea sed,  

wh ich  cou ld  be  exp la ined  by  a  d rop  in  S i  on  day  4  ( f igu re  7e )  in  the 

p resence  o f  S i  and  tu rbu lence  and  the  absence  o f  g lucose .  

The re fo re ,  DOC inc reased  pe rhaps  fo l low ing  h ighe r  ra tes  o f  

au to t roph ic  mor ta l i t y  p rov id ing  the  HB w i th  a  food  sou rce .  Th is  i s  

backed  up  by  the  fac t  tha t  fo l l ow ing  a  d rop  in  au to t roph ic  b iomass  in  

the  p resence  o f  S i  and  absence  o f  g lucose ,  wh ich  occur red  on  day  4  

bo th  w i th  and  w i thou t  tu rbu lence  (F igure  4c ) ,  the  DOC concent ra t ion  

inc reased  f rom day  5  towards  the  end  o f  the  exp e r imen t  (F igu re  4d) .   

B rzez insk i ,  e t .a l .  (2011 )  showed tha t  S i  i s  no t  the  on ly  nu t r ien t  to  

l im i t  g rowth  o f  d ia toms.  Fe  a ls o  p lays  an  impor tan t  ro le  i n  regu la t ing  

the  up take  ra te  o f  s i l i c i c  ac id  and  the  syn thes is  b iogen ic  s i l i ca .  Th is  

meant  tha t  b iomass  and  abund ance  inc reased  in  an  env i ronmen t  

rep le te  in  Fe  and  S i  to  a  g rea te r  ex ten t  than  an  env i ronment  rep le te  

in  S i  a lone .  Wh i ls t  th is  may go  some way to  exp la in  the  rea son  

beh ind  any  i r regu la r i t i es  in  t he  b iomass o f  d ia toms unde r  a  S i  

rep le te  env i ronment  in  the  cu r r en t  s tudy ,  i t  i s  no t  be l ieved  tha t  th i s  

w i l l  have  caused  the  d rop  in  au to t roph  abundance  occu r red  in  f i gu re 

4c .  Fe  was no t  measu re d  howeve r  i f  i t  was  in f luenc ing  the  

au to t rophs to  th is  ex ten t  w i thou t  g lucose ,  i t  cou ld  be  assumed t ha t  i t  

wou ld  have  some imp ac t  in  the  expe r iment  w i th  g lucose  bu t  t h i s  was 

no t  obse rved .  The  cu r ren t  s tu dy  d id  no t  fac to r  in  Fe  as  a  co - l im i t ing  

nu t r ien t  and  pe rhaps th i s  wou ld  make an  in te res t ing  a rea  o f  f u tu re  

research  compar ing  bo th  fac to rs  to  the  p resence  and  absence  o f  
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g lucose  as  i t  appea rs  to  p lay  an  impor tan t  ro l e  in  the  de ve lopment  o f  

f rus tu les ,  con t ro l l i ng  the  s i ze  and  th ickness .   

The re  was a  s ign i f i can t  d i f fe rence  i n  the  ra t io  o f  d ia toms  to  

d ino f lage l la tes  be tween t rea tments  w i th  and  w i thou t  S i ,  w i th  the  

fo rmer  favou r ing  the  d ia toms.  K remp,  e t .a l .  (2008 )  a t t r ibu ted  th is  to  

the  S i  to  n i t rogen  in f lux  ra t i o .  In  the  case  o f  b o th  s tud ies ,  th i s  is  

because  o f  the  dependency  o f  d ia toms on  S i  and  the  rap id  g rowth  

ra te  they  exh ib i t  unde r  S i  rep le te  cond i t ions .  

4.3  COMPETITION BETWEEN HB AND DIATOMS 

The a fo rement ioned  asse r t ion  tha t  the  au toch thonous bac te r ia  we re  

reminera l i s ing  d ia tom -de r ived  DOC is  in t r igu ing  and  poss ib ly  on ly  

ach ievab le  in  a  m ic rocosm expe r iment  due  to  the  rap id  expo r t  o f  

d ia tom rema ins  f rom the  eupho t i c  zone  to  the  ben tho s  in  a  na tu ra l  

env i ronment .  Or  a t  l eas t  enhanced  by  the  re ten t ion  o f  sa id  DOC  in  a  

m ic rocosm.  We tz  and  Whee le r  (2004 )  s im i la r l y  found  in  m ic ro cosm 

expe r imen ts  tha t  an  accumula t ion  o f  ca rbon - r ich  d isso lved  o rgan ic  

mat te r  (DOM)  co inc ided  w i th  in c reased  abundance  and  g rowth  ra te  

o f  bac te r ia .  In  th i s  ins tance  they  were  ab le  to  show  tha t  t h i s  was 

on ly  t rue  o f  bac te r ia  wh ich  exh ib i ted  h igh  nuc le ic  ac t iv i t y  (HNA ) ,  

wh ich  was no t  asce r ta ined  in  the  cu r ren t  s tudy .  They  found  t ha t  

bac te r ia l  ac t iv i t y  was s t imu la ted  by  Ch l  a  concent ra t ion  and  no t  DOC 

concen t ra t ion .  Th is  wou ld  suggest  tha t  ba c te r ia l  ac t iv i t y  i s  

s t imu la ted  by  lab i l e  DOC  re leased  by  phy top lank ton  o r  as  sugges ted  

by  She r r ,  e t .a l .  (2001) ,  th rough va r ious  food  web  in te rac t ions .  

Fu r the rmore ,  as  was the  case  in  t he  cu r ren t  expe r iment ,  in  the  

m ic rocosms  rep le te  in  g luco se ,  Wetz  and  Whee le r  ( 2004 )  found  a  

rap id  inc rease  in  bac te r ia l  b iomass  fo l lowed  by  a  subsequen t  rap id  

dec rease ,  suggest ing  th is  was  po ten t ia l l y  causes  by  inc reased ra tes  

o f  bac te r i vo ry  and /o r  v i ra l  a t tacks .   
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Upon  inspect ion  o f  f igu re  3 .2 b  and  3 .2 f  show ing  bac te r ia l  ce l l  coun t  

i n  t rea tmen ts  w i th  g lucose ,  w i th  and  w i thou t  S i ,  respec t i ve ly ,  i t  i s  

c lea r  tha t  the  t rends  in  ce l l  coun t  a re  h igh ly  in f l uenced by  g raz ing .  

Bo th  f i gu res  show HB  expe r ienc ing  a  rap id  inc rease  be fo re  a  s teep  

dec l ine  un t i l  day  4 .  Meanwh i le ,  3 .2c  and  3 .2g  bo th  showe d the  

conve rse  t rend  in  au to t roph  p opu la t ions .  The re  was an  in i t ia l  

dec rease ,  pa r t i cu la r ly  in  the  t rea tmen t  w i thou t  S i ,  be fo re  a  sp i ke  on  

day  4 .  Grossa r t  and  P loug  (2001 )  showed in  the i r  s tudy ,  wh ich  

focussed on  the  b reakdown o f  o rgan ic  ca rbon  and  n i t rogen  f rom 

d ia tom o r ig in  by  bac te r ia ,  tha t  the re  was a lso  a  h igh  bac te r ia l  g rowth  

ra te  on  the  f i rs t  day  o f  the i r  expe r iment .  Th is  was then  s ign i f i can t l y  

reduced by  the  second day  and  the  numbers  o f  f lage l la tes  and 

c i l ia tes  inc reased substan t ia l l y  du r ing  the  th i rd  da y .  L ikew ise ,  they 

a t t r ibu ted  th i s  t rend  to  bac te r ia l  g raz ing  by  popu la t ions  o f  

p ro tozoans .  In  the i r  s tudy ,  Grossar t  and  P loug  (2001 )  showed  tha t  

the  bac te r ia l  g rowth  s lowed  w i th  deg rada t ion  o f  subs t ra te  q ua l i t y  

wh ich  w i l l  ce r ta in ly  have  exace rba ted  the  bac te r ia l  ce l l  reduc t ion  

ra te  when pa i red  w i th  p ro tozoan  g raz ing .  Th is  w i l l  have  been less  

appa ren t  in  t he  cu r ren t  s tudy  as  nu t r ien ts  we re  ma in ta ined 

(con t inuou s ly  resupp l ied )  th roughout  the  expe r iment .  In  fac t ,  i t  i s  

assumed tha t  bac te r ia l  g rowth  w i l l  have  con t inued  a t  the  same ra te .  

E rgo ,  the  d ramat i c  d rop  in  HB on  day  4  s uggests  tha t  

phagocy t ic /he te ro t roph ic /m ixo t roph ic  g raz ing  was  a  key  con t ro l  o f  

HB ce l l  dens i t ies .  Grossa r t  and  P loug  ( 2001 )  we re  inves t iga t ing  

m ic rob ia l  degrada t ion  o f  d ia tom  agg rega tes  and  so ,  in  t he i r  s tudy ,  

nu t r ien ts  were  on ly  added  a t  t he  s ta r t  in  t he  fo rm o f  f reeze  k i l led  

d ia toms.   

F igure  3 .2  b  and  f  showed  tha t  bac te r ia l  abundance  inc reased  once  

more  fo l l ow ing  the  dep le t ion  th rough  g raz ing .  The  DOC leve l  

d ropped  rap id l y  a t  the  s ta r t  and  kep t  cons is ten t l y  low (F igu re  3 .2d 
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and f )  even  though there  was  a  sma l l  d rop  in  the  au to t roph  numbers  

(F igu re  3 .2  c  and  g )  fo l l ow ing  the  s p ike  on  day  4  as  d i scussed 

p rev ious ly .  Th is  is  even  mo re  obv ious  in  the  s t udy  w i thou t  g lucose  

(F igu re  3 .3 ) ,  in  wh ich  the  abundance  o f  bac te r ia  was cons is ten t l y  

l ow.  Howeve r ,  i n  f igu re  3 .3b ,  where  S i  was ava i lab le ,  the re  was  a  

s l igh t  in c rease  towards  the  end  o f  the  expe r imen t .  In  coas ta l  

env i ronments ,  bac te r ia l  g rowth  ra te  is  expected  to  be  supp o r ted  by 

DOC dur ing  pe r iods  o f  rap id  phy top lank ton  g rowth  (Va rgas ,  e t .a l .  

2007 ) .  F igu re  3 .3 c  showed  tha t  the  ce l l  dens i t ies  o f  au to t rophs  

inc reased p r imar i l y  be fo re  a  reduc t ion ,  wh ich  appea rs  to  co inc ide 

w i th  the  inc rease  o f  HB.  Un fo r tuna te ly ,  due  to  m iss ing  da ta ,  i t  i s  

d i f f i cu l t  to  asce r ta in  w i th  any  ce r ta in t y  the  t rend  in  DOC,  howeve r ,  

Va rgas ,  e t .a l .  (2007 )  found  in  a  s tudy  conduc te d  in  t he  Humbo l t  

upwe l l ing  sys tem tha t  du r in g  the  spr ing  d ia tom b loom,  wh ich  was 

c lose ly  fo l lowed  by  a  b loom o f  bac te r ia ,  t he  concent ra t ions  o f  DOC 

were  cons is ten t l y  low,  wh ich  they  a t t r ibu ted  to  a  rap id  tu rnover  by  

the  bac te r ia .  The  same assessmen t  can  be  made  he r e .  In  the 

g lucose  rep le te  cond i t ion ,  the  concen t ra t ion  o f  DOC was  cons is ten t l y  

l ow rega rd less  o f  ce l l  dens i t ies  o f  au to t rophs  o r  HB  (F igu re  3 .2 ) .  

Th is  backs  up  the  resu l t s  f rom Vargas  e t .a l .  ( 2007 )  in  h igh l igh t ing  

the  impor tan t  coup l ing  be tween  p r imary  p roduct ion  (p r imary  

p roduce rs )  and  bac te r ia l  b ioma ss  ( reminera l i se rs ) .  Bo th  bac te r ia  and  

d ia tom s re ly  upon  each  o the r  to  a  g rea te r  o r  le sse r  ex ten t ,  fo r  

nu t r ien ts .  Ne i the r  N o r  P  were  ever  a  l im i t ing  fac to r  fo r  e i the r  g roup  

in  any  o f  the  m ic rocosm exper iments  a nd ,  in  an  env i ronmen t  whe re  

HB are  favou red ,  g raz ing  w i l l  most  l i ke ly  have  been  the  key  fac to r  

con t ro l l ing  the i r  g rowth  ra tes .  I t  i s  h igh ly  poss ib l e  tha t  v i ra l  l ys is  

p layed  a  ro le  (Vadste in ,  2011 )  bu t  th i s  w i l l  have  ce r ta in l y  been 

ove rshadowed by  g raz ing .   
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The h igh  leve l  o f  g raz ing  on  HB by  the  p ro tozoans ,  f lage l la tes  and /o r  

c i l ia tes  d i scussed in  th is  sec t ion  was  so  p ro l i f i c  tha t  i t  cou ld  we l l  be  

a t t r ibu ted  to  the  increase  in  au to t roph ic  g rowth  in  f igu re  3 .3g .  Th is  

i s  d i f f i cu l t  t o  assess  as  the  bac te r ia  nu mbers  remained  low in  the  

same m icrocosm (F igu re  3 .3 f )  bu t  as  seen  p rev ious ly ,  the re  is  the  

de f in i te  po ten t ia l  fo r  con t ro l  on  the  bac te r ia  popu la t ion  and  i t  i s  

specu la ted  he re  tha t  w i thou t  bac te r i vo ry ,  the  bac te r ia l  ce l l  numbers 

in  f igu re  3 .3 f  wou ld  in  fac t  have  increased.  

4.4  LIMITATIONS OF THE STUDY 

Wetz  and  Wee le r  (2004 )  d iscussed the  in he ren t  d i f f i cu l t i es  in  

ex t rapo la t ing  resu l ts  ob ta ined  th rough labo ra to ry  s tud ies  and  

app ly ing  them to  f i e ld  s i t ua t ions .  Th is  w i l l  a lways  be  the  case  bu t  

does  no t  de t rac t  f rom the  imp or tance  o f  lab -based s tud ies .  Ra the r ,  i t  

h igh l igh ts  t he  inhe ren t  impor tan ce  as  th is  method  o f  inves t iga t ion 

shows when  the re  a re  o the r  fac to rs  impact ing  an  env i ronment  to  

cons ide r ,  no t  to  ment ion  the  cos t  bene f i t s  o f  lab  p rocedu res .  The  

method  used  in  the  c u r ren t  s tudy  has  been  used  in  p rev ious  work s  to  

ob ta in  resu l ts  wh ich  c los e ly  match  the  behav iou r  o f  m ic rob ia l  

communi t ies  in  the  rea l -wo r ld  ocean ic  en v i ronments  (A r in ,  e t .a l .  

2002 ;  Pe te rs  and  Gross ,  1994 ;  Pe te rs ,  e t .a l .  2002 ;  Pe te rs ,  e t .a l .  

2006 ) .   

The  use  o f  a  x30  conve rs ion  fac to r  fo r  Ch l  a  t o  ce l l  ca rbon  con ten t  i s  

an  issue .  Th is  is  because  au to t rophs sha l l  syn thes ise  Ch l  a  a t  

d i f f e ren t  ra tes  la rge ly  depend ing  on  nu t r ien t  ava i lab i l i t y  and /o r  l i gh t  

l eve ls .  The  ca rbon  to  Ch l  a  ra t io  may  va ry  by  abou t  an  o rder  o f  

magn i tude  f rom 20  to  200 ,  w i th  lower  v a lues  in  nu t r ien t - r ich  and 

poo r ly  i l lum ina ted  env i ron ments .  As the  method  used  in  th is  s tudy  

emp loyed  a  12 :12  l igh t :da rk  reg ime and  nu t r ien ts  we re  cons tan t l y  

added to  the  m ic rocosms th rough out  the  expe r iment ,  i t  i s  no t  though t  
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tha t  th is  w i l l  have  had  a  g rea t  impa c t  on  the  resu l t s  as ,  th rough  the 

cons is tency  o f  l i gh t  and  nu t r ien t  leve ls ,  the  Ch l  a  p roduc t ion  shou ld  

have  been  re la t ive ly  cons tan t  ove r  t ime .   

Un fo r tuna te ly ,  due  to  some m iss ing  da ta  fo r  va r ious  reasons,  th e  

f ina l  conc lus ion  d rawn f rom the  resu l t  i s  no t  w i thou t  a  degree  o f  

unce r ta in t y ,  however  as  th is  was  m in ima l ,  i t  can  be  assumed  tha t  th e 

resu l ts  p rod uced  w i l l  con t r ibu te  to  improve  ou r  unders tand ing  o f  how 

these  mic rob ia l  p lank ton  commu n i t i es  in te rac t  in  rea l -wo r ld  ocean 

env i ronments .  Un fo r tuna te ly ,  due  to  the  t ime e lapsed  be tween 

sample  co l lec t ion  and  da ta  ana lys i s ,  the  reasons fo r  the  m i ss ing  

da ta  a re  no t  kno wn.   

The  compara t i ve ly  sma l l  vo lume  o f  m ic rocosms may  have  s tun ted  the  

in f luence  o f  tu rbu lence  on  the  compet i t ion  be tween  he te ro t roph ic  

bac te r ia  and  d ia toms .  The re  may no t  have  been su f f i c ie n t  vo lume fo r  

the  nu t r ien ts  to  become dep le ted  in  t he  so lu t ion .  Th is  combined  wi th  

the  da i ly  add i t i on  o f  n i t rogen  and  pho spho rus  and  the  b i -da i ly  

add i t ion  o f  s i l i ca te  in  t h e  m ic rocosms to  wh ich  i t  was  adde d cou ld  

have  exace rba ted  th i s  po in t .  A t  no  po in t  dur ing  the  expe r imen t  w e re  

the  phy top lank ton  a t  a  nu t r ien t  de f i c i t  rega rd less  o f  t u rbu lenc e.  

Tu rbu lence  d id  no t  ha ve  a  s ign i f i can t  impact  on  the  ra t io  o f  d ia t oms 

to  d ino f lage l la tes  e i the r ,  a l though upon  inspect ion  o f  f igu re  8 ,  there  

d id  seem to  be  a  v i sua l  d i f f e rence .  Th is  t oo ,  cou ld  have  been 

impeded  by  the  low vo lume o f  the  m ic rocosms and  the  f requen t  

supp ly  o f  nu t r ien ts .   
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5 CONCLUSION  

The resu l ts  o f  the  cu r ren t  s tudy  have  backed up  p rev ious  work 

show ing  tha t  HB bene f i t  f rom a  DOC rep le te  env i ronmen t  whe reas  

d ia toms bene f i t  f rom a  S i  rep le te  env i ronment .  Th is  wa s to  be  

expec ted  and  has  a  la rge  body o f  work  to  suppo r t  th is  asse r t ion .  

In te res t ing ly ,  howeve r ,  the  expecta t ion  tha t  tu rbu lence  wou ld  fu r t he r  

i nc rease  the  d ia tom g rowth  ra tes  does no t  ho ld  fo r  the  cu r ren t  s tudy .  

One a rgumen t  fo r  th is  is  tha t  because  the  expe r iment  was  conduc ted  

in  re la t ive ly  sma l l  m ic rocosms,  resuspens ion  o f  the  nu t r ien ts  and 

inc reased tu rbu len t  shea r  was no t  re qu i red  fo r  t he  o rg an isms to  

access  the  m ine ra l  nu t r ien ts .  I t  i s  specu la ted  here  tha t  runn ing  a  

s im i l a r  exper iment  in  a  la rge r  mic rocosm or  a  mesocosm se t  up  

cou ld  more  accura te l y  rep resen t  a  na tu ra l  ocean ic  env i ronmen t .  

M ine ra l  nu t r ien ts  we re  added con t inuous ly  to  the  m ic rocosms.  Th is  

was  ano the r  po ten t ia l  r eason  tha t  tu rbu lence  d id  no t  have  a  

s ign i f i can t  impac t .  Tu rbu len t  shea r  w i l l  no t  have  been necessa ry  fo r  

nu t r ien t  d i f fus ion  in to  the  d ia tom ce l l s .  I t  i s  d i f f i cu l t ,  the re fo re ,  to  

asce r ta in  the  fa te  o f  n i t rogen  and  phospho rus  depend ing  on  

tu rbu lence .  Th is  s t i l l  requ i res  fu r the r  r esea rch  and  i s  impor tan t  to  

shed  l igh t  on  the  a rgumen t .  

The  cu r ren t  s tudy  s imu la tes  the  d ive rgen t  be hav iou r  o f  m ic rob ia l  

p lank ton  communi t ies  in  con t ras t ing  ocean env i ronments .  Whereas  

in  pe rmanent l y  s t ra t i f ied  ecosys tems  m ic rob ia l  p lank ton  communi t ies  

tend  to  favou r  the  rap id  recyc l ing  o f  d i sso lv ed  o rgan ic  mat te r ,  in  

coas ta l  upwe l l ing  sys t ems ,  the  rap id  in f l ux  o f  Red f ie ld  nu t r ien t  ra t ios  

and  re la t i ve  sca rc i ty  o f  d i sso l ved  o rgan ic  ca rbon  wou ld  bene f i t  t he  

g rowth  o f  d ia toms.  The  p resen t  s tudy  shed l i gh t  in to  the  com pet i t i ve  

dynamics  tha t  may  occu r  b e tween d ia toms and  HB in  these  

con t ras t ing  ocean eco sys tems .  
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APPENDICES 

Tab le  o f  no rma l i t y  tes t s  

Subject Condition Statistic p-value Outcome

Glucose 0.918 0.375 Fail to reject H0

Glucose and Turbulance 0.797 0.019 Reject H0

Glucose and Si 0.74 0.004 Reject H0

Glucose, Si and Turbulence 0.552 0 Reject H0

Control 0.768 0.009 Reject H0

Si 0.956 0.757 Fail to reject H0

Turbulence 0.754 0.006 Reject H0

Si and Turbulence 0.921 0.399 Fail to reject H0

Glucose 0.951 0.704 Fail to reject H0

Glucose and Turbulence 0.976 0.943 Fail to reject H0

Glucose and Si 0.969 0.883 Fail to reject H0

Glucose, Si and Turbulence 0.897 0.392 Fail to reject H0

Control 0.909 0.31 Fail to reject H0

Si 0.866 0.112 Fail to reject H0

Turbulence 0.946 0.646 Fail to reject H0

Si and Turbulence 0.818 0.033 Reject H0

Glucose 0.764 0.012 Reject H0

Glucose and Turbulence 0.875 0.14 Fail to reject H0

Glucose and Si 0.866 0.212 Fail to reject H0

Glucose, Si and Turbulence 0.753 0.009 Reject H0

Control 0.962 0.822 Fail to reject H0

Si 0.908 0.301 Fail to reject H0

Turbulence 0.967 0.867 Fail to reject H0

Si and Turbulence 0.905 0.285 Fail to reject H0

Glucose 0.907 0.299 Fail to reject H0

Glucose and Turbulence 0.801 0.021 Reject H0

Glucose and Si 0.962 0.819 Fail to reject H0

Glucose, Si and Turbulence 0.936 0.538 Fail to reject H0

Control 0.89 0.273 Fail to reject H0

Si 0.932 0.538 Fail to reject H0

Turbulence 0.944 0.672 Fail to reject H0

Si and Turbulence 0.963 0.834 Fail to reject H0
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A P P E N D I X  I  –  S h a p i r o - W i l k  t e s t  f o r  a l l  v a r i a b l e s  w i t h  o u t c o m e ,  t e s t  s t a t i s t i c ,  

p - v a l u e  a n d  t h e  d e c i s i o n  a s  t o  w h e t h e r  t o  a c c e p t  o r  r e j e c t  n u l l  h y p o t h e s i s  ( H 0 ) .  
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Statistics 

Subject Condition Standard deviation Variance Mean 
C

h
l a

 

Glucose 0.534 0.285 1.277 

Glucose and Turbulence 0.912 0.831 1.666 

Glucose and Si 2.84 8.067 3.058 

Glucose, Si and Turbulence 12.616 159.17 7.294 

Control 1.456 0.121 1.96 

Si 2.541 6.458 4.224 

Turbulence 1.118 1.249 2.1 

Si and Turbulence 5.292 28.004 6.738 

B
a

c
te

ri
a

l 
c
e

ll 
c
o

u
n
t Glucose 1527485.663 2.33321E+12 2615076.687 

Glucose and Turbulence 1660855.17 2.75844E+12 3465470.882 

Glucose and Si 1381366.275 1.90817E+12 2581785.7 

Glucose, Si and Turbulence 2323597.742 5.39911E+12 3329988.228 

Control 970700.493 9.42259E+11 1863620.103 

Si 1637432.819 2.68119E+12 2366017.512 

Turbulence 839799.701 7.05264E+11 1780683.222 

Si and Turbulence 3828914.015 1.46606E+13 4130817.885 

A
/(

A
+

H
B

) 

Glucose 0.475 0.226 1.58 

Glucose and Turbulence 0.378 0.143 1.798 

Glucose and Si 0.541 0.292 1.654 

Glucose, Si and Turbulence 0.406 0.164 1.744 

Control 0.144 0.021 0.559 

Si 0.125 0.016 0.688 

Turbulence 0.136 0.018 0.6 

Si and Turbulence 0.134 0.018 0.664 

D
O

C
 

Glucose 18.864 355.861 41.889 

Glucose and Turbulence 19.445 378.861 39.889 

Glucose and Si 17.146 294 54.333 

Glucose, Si and Turbulence 27.078 579.75 53.333 

Control 0.129 0.017 1.214 

Si 0.082 0.007 1.229 

Turbulence 0.165 0.027 1.344 

Si and Turbulence 0.178 0.032 1.324 
 

A P P E N D I X  I I  –  S t a t i s t i c s  f o r  a l l  v a r i a b l e s  i n c l u d i n g  t h e  s t a n d a r d  d e v i a t i o n ,  t h e  

v a r i a n c e  a n d  t h e  m e a n  f o r  e a c h  c o n d i t i o n  
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Chlorophyll a 

Test 
Test 

statistic DF p-value 

Bartlett's K-squared 106.63 7 <2.2E-16 

Kruskal-Wallis chi-squared 18.339 7 0.01053 

Dunn test with Bonferroni adjustment 

Comparison Z value 
p-
value 

p-
adjusted 

Control - Glucose 0.822809 0.4106 1 

Control - Glucose + Si -0.811538 0.4171 1 

Glucose - Glucose + Si -1.634346 0.1022 1 

Control - Glucose + Si + Turbulence -1.741424 0.0816 1 

Glucose - Glucose + Si + Turbulence -2.564233 0.0103 0.28953 

Glucose + Si - Glucose + Si + Turbulence -0.929887 0.3524 1 

Control - Glucose + Turbulence 0.011271 0.991 1 

Glucose - Glucose + Turbulence -0.811538 0.4171 1 

Glucose + Si - Glucose + Turbulence 0.822809 0.4106 1 
Glucose + Si + Turbulence - Glucose + 
Turbulence 1.752696 0.0797 1 

Control - Si -2.1641 0.0305 0.85279 

Glucose - Si -2.986909 0.0028 0.07891 

Glucose + Si - Si -1.352563 0.1762 1 

Glucose + Si + Turbulence - Si -0.422676 0.6725 1 

Glucose + Turbulence - Si -2.175371 0.0296 0.82886 

Control - Si + Turbulence -2.389527 0.0169 0.47236 

Glucose - Si + Turbulence -3.212336 0.0013 0.03686 

Glucose + Si - Si + Turbulence -1.57799 0.1146 1 

Glucose+ Si + Turbulence - Si + Turbulence -0.648103 0.5169 1 

Glucose + Turbulence - Si + Turbulence -2.400799 0.0164 0.45806 

Si - Si + Turbulence -0.225427 0.8216 1 

Control - Turbulence -0.715731 0.4742 1 

Glucose - Turbulence -1.53854 0.1239 1 

Glucose + Si - Turbulence 0.095807 0.9237 1 

Glucose + Si + Turbulence - Turbulence 1.025693 0.305 1 

Glucose + Turbulence - Turbulence -0.727002 0.4672 1 

Si - Turbulence 1.448369 0.1475 1 
Si + Turbulence - Turbulence 1.673796 0.0942 1 

A p p e n d i x  I I I  –  L i s t  o f  r e s u l t s  f o r  Ba r t l e t t ’ s  K - s q u a r e d  t e s t ,  K r u s k a l - W a l l i s  t e s t  

a n d  D u n n  t e s t  w i t h  Bo n f e r r o n i  a d j u s t m e n t  f o r  C h lo r o p h y l l  a  d a t a .   
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Heterotrophic Bacteria 

Test 
Test 

statistic DF p-value 

Bartlett's K-squared 25.897 7 0.00053 

Kruskal-Wallis chi-squared 8.392 7 0.2993 

Dunn test with Bonferroni adjustment 

Comparison Z value 
p-
value 

p-
adjusted 

Control - Glucose -1.049519 0.2939 1 

Control - Glucose + Si -1.27612 0.2019 1 

Glucose - Glucose + Si -0.226601 0.8207 1 

Control - Glucose + Si + Turbulence -1.368811 0.1711 1 

Glucose - Glucose + Si + Turbulence -0.481805 0.6299 1 

Glucose + Si - Glucose + Si + Turbulence -0.290293 0.7716 1 

Control - Glucose + Turbulence -2.110964 0.0348 0.97371 

Glucose - Glucose + Turbulence -1.061445 0.2885 1 

Glucose + Si - Glucose + Turbulence -0.834845 0.4038 1 
Glucose + Si + Turbulence - Glucose + 
Turbulence -0.41528 0.6779 1 

Control - Si -0.524759 0.5998 1 

Glucose - Si 0.524759 0.5998 1 

Glucose + Si - Si 0.75136 0.4524 1 

Glucose + Si + Turbulence - Si 0.925308 0.3548 1 

Glucose + Turbulence - Si 1.586205 0.1127 1 

Control - Si + Turbulence -1.717395 0.0859 1 

Glucose - Si + Turbulence -0.667876 0.5042 1 

Glucose + Si - Si + Turbulence -0.441275 0.659 1 

Glucose + Si + Turbulence - Si + Turbulence -0.082653 0.9341 1 

Glucose + Turbulence - Si + Turbulence 0.39357 0.6939 1 

Si - Si + Turbulence -1.192635 0.233 1 

Control - Turbulence -0.035779 0.9715 1 

Glucose - Turbulence 1.01374 0.3107 1 

Glucose + Si - Turbulence 1.240341 0.2148 1 

Glucose + Si + Turbulence - Turbulence 1.338572 0.1807 1 

Glucose + Turbulence - Turbulence 2.075185 0.038 1 

Si - Turbulence 0.48898 0.6249 1 
Si + Turbulence - Turbulence 1.681615 0.0926 1 

A p p e n d i x  I V  –  L i s t  o f  r e s u l t s  f o r  B a r t l e t t ’ s  K - s q u a r e d  t e s t ,  K r u s k a l - W a l l i s  t e s t  

a n d  D u n n  t e s t  w i t h  Bo n f e r r o n i  a d j u s t m e n t  f o r  h e t e r o t r o p h i c  b a c t e r i a  d a t a .   
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Autotroph:(Autotroph + Heterotrophic Bacteria) Ratio 

Test 
Test 

statistic DF p-value 

Bartlett's K-squared 70.691 7 1.07E-12 

Kruskal-Wallis chi-squared 50.33 7 1.24E-08 

Dunn test with Bonferroni adjustment 

Comparison Z value 
p-
value p-adjusted 

Control - Glucose 3.0300431 2.45E-03 0.068465 

Control - Glucose + Si 2.2640843 2.36E-02 0.65993 

Glucose - Glucose + Si -0.7659589 4.44E-01 1 

Control - Glucose + Si + Turbulence 2.4105176 1.59E-02 0.446037 

Glucose - Glucose + Si + Turbulence -0.6195255 5.36E-01 1 

Glucose + Si - Glucose + Si + Turbulence 0.1464333 8.84E-01 1 

Control - Glucose + Turbulence 3.2102687 1.33E-03 0.037131 

Glucose - Glucose + Turbulence 0.1802256 8.57E-01 1 

Glucose + Si - Glucose + Turbulence 0.9461845 3.44E-01 1 
Glucose + Si + Turbulence - Glucose + 
Turbulence 0.7997512 4.24E-01 1 

Control - Si -1.2953716 1.95E-01 1 

Glucose - Si -4.3254147 1.52E-05 0.000426 

Glucose + Si - Si -3.5594559 3.72E-04 0.010405 

Glucose + Si + Turbulence - Si -3.7058892 2.11E-04 0.005898 

Glucose + Turbulence - Si -4.5056403 6.62E-06 0.000185 

Control - Si + Turbulence -1.0250332 3.05E-01 1 

Glucose - Si + Turbulence -4.0550763 5.01E-05 0.001403 

Glucose + Si - Si + Turbulence -3.2891174 1.01E-03 0.028141 

Glucose + Si + Turbulence - Si + Turbulence -3.4355508 5.91E-04 0.016558 

Glucose + Turbulence - Si + Turbulence -4.2353019 2.28E-05 0.000639 

Si - Si + Turbulence 0.2703384 7.87E-01 1 

Control - Turbulence -0.4843563 6.28E-01 1 

Glucose - Turbulence -3.5143995 4.41E-04 0.012341 

Glucose + Si - Turbulence -2.7484406 5.99E-03 0.167663 

Glucose + Si + Turbulence - Turbulence -2.8948739 3.79E-03 0.106207 

Glucose + Turbulence - Turbulence -3.6946251 2.20E-04 0.006166 

Si - Turbulence 0.8110153 4.17E-01 1 
Si + Turbulence - Turbulence 0.5406768 5.89E-01 1 

A p p e n d i x  V  –  L i s t  o f  r e s u l t s  f o r  B a r t l e t t ’ s  K - s q u a r e d  t e s t ,  K r u s k a l - W a l l i s  t e s t  
a n d  D u n n  t e s t  w i t h  B o n f e r r o n i  a d j u s t m e n t  f o r  Autotroph:(Autotroph + Heterotrophic 
Bacteria) Ratio d a t a .   
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Dissolved Organic Carbon 

Test 
Test 

statistic DF p-value 

Bartlett's K-squared 32.273 7 3.61E-05 

Kruskal-Wallis chi-squared 27.948 7 0.000225 

Dunn test with Bonferroni adjustment 

Comparison Z value 
p-
value 

p-
adjusted 

Control - Glucose -1.980942 0.0476 1 

Control - Glucose + Si -1.977746 0.048 1 

Glucose - Glucose + Si -0.139024 0.8894 1 

Control - Glucose + Si + Turbulence -3.360236 0.0008 0.021805 

Glucose - Glucose + Si + Turbulence -1.427705 0.1534 1 

Glucose + Si - Glucose + Si + Turbulence -1.182774 0.2369 1 

Control - Glucose + Turbulence -3.696147 0.0002 0.006129 

Glucose - Glucose + Turbulence -1.723454 0.0848 1 

Glucose + Si - Glucose + Turbulence -1.446489 0.148 1 
Glucose + Si + Turbulence - Glucose + 
Turbulence -0.254358 0.7992 1 

Control - Si -0.045913 0.9634 1 

Glucose - Si 2.002945 0.0452 1 

Glucose + Si - Si 1.993391 0.0462 1 

Glucose + Si + Turbulence - Si 3.43065 0.0006 0.01686 

Glucose + Turbulence - Si 3.784468 0.0002 0.004313 

Control - Si + Turbulence -1.031219 0.3024 1 

Glucose - Si + Turbulence 1.040412 0.2981 1 

Glucose + Si - Si + Turbulence 1.10167 0.2706 1 

Glucose + Si + Turbulence - Si + Turbulence 2.509508 0.0121 0.338518 

Glucose + Turbulence - Si + Turbulence 2.848928 0.0044 0.122827 

Si - Si + Turbulence -1.020602 0.3074 1 

Control - Turbulence -1.178052 0.2388 1 

Glucose - Turbulence 0.764255 0.4447 1 

Glucose + Si - Turbulence 0.845911 0.3976 1 

Glucose + Si + Turbulence - Turbulence 2.143549 0.0321 0.897933 

Glucose + Turbulence - Turbulence 2.446635 0.0144 0.403751 

Si - Turbulence -1.170774 0.2417 1 
Si + Turbulence - Turbulence -0.218294 0.8272 0 

A p p e n d i x  V I  –  L i s t  o f  r e s u l t s  f o r  B a r t l e t t ’ s  K - s q u a r e d  t e s t ,  K r u s k a l - W a l l i s  t e s t  

a n d  D u n n  t e s t  w i t h  Bo n f e r r o n i  a d j u s t m e n t  f o r  dissolved organic carbon d a t a .   
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(d )  
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(g )  

 

 

 

 

(h )  

 

 

 

A P P E N D I X  V I I  –  V is u a l  r e p r e s e n t a t i o n s  o f  n o r m a l i t y  d i s p l a y e d  a s  Q - Q  p l o t s  

a n d  h i s t o g r a m s  t o  v i s u a l i s e  d i s t r i b u t i o n  f o r  C h l o r o p h y l l  a  f o r ;  ( a )  g l u c o s e ;  ( b )  

g l u c o s e  a n d  t u r b u l e n c e ;  ( c )  g l u c o s e  a n d  s i l i c a t e ;  ( d )  g l u c o s e ,  s i l i c a t e  a n d  

t u r b u l e n c e ;  ( e )  c o n t r o l ;  ( f )  t u r b u l e n c e ;  ( g )  s i l i c a t e ;  ( h )  s i l i c a t e  a n d  t u r b u l e n c e .   
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(d )  
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(g )  

 

 

 

(h )  

 

 

 

A P P E N D I X  V I I I  -  V is u a l  r e p r e s e n t a t i o n s  o f  n o r m a l i t y  d i s p l a y e d  a s  Q - Q  p l o t s  

a n d  h i s t o g r a m s  t o  v i s u a l i s e  d i s t r i b u t i o n  f o r  b a c t e r i a l  c e l l  c o u n t  f o r ;  ( a )  

g l u c o s e ;  ( b )  g l u c o s e  a n d  t u r b u le n c e ;  ( c )  g l u c o s e  a n d  s i l i c a t e ;  ( d )  g l u c o s e ,  

s i l i c a t e  a n d  t u r b u l e n c e ;  ( e )  c o n t r o l ;  ( f )  t u r b u l e n c e ;  ( g )  s i l i c a t e ;  ( h )  s i l i c a t e  a n d  

t u r b u l e n c e .  
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(d )  

 

 

 

(e )  

 

 

 

( f )  
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(g )  

 

 

 

(h )  

 

 

 

A P P E N D I X  I X  -  V i s u a l  r e p r e s e n t a t i o n s  o f  n o r m a l i t y  d i s p l a y e d  a s  Q - Q  p l o t s  a n d  

h i s t o g r a m s  t o  v i s u a l i s e  d i s t r i b u t i o n  f o r  A u t o t r o p h s / ( A u t o t r o p h s  +  H e t e r o t r o p h i c  

B a c t e r i a  f o r ;  ( a )  g l u c o s e ;  ( b )  g l u c o s e  a n d  t u r b u l e n c e ;  ( c )  g l u c o s e  a n d  s i l i c a t e ;  

( d )  g l u c o s e ,  s i l i c a t e  a n d  t u r b u l e n c e ;  ( e )  c o n t r o l ;  ( f )  t u r b u le n c e ;  ( g )  s i l i c a t e ;  ( h )  

s i l i c a t e  a n d  t u r b u l e n c e  
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(d )  
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(g )  

 

 

 

(h )  

 

 

 

A P P E N D I X  X  -  V i s u a l  r e p r e s e n t a t i o n s  o f  n o r m a l i t y  d i s p l a y e d  a s  Q - Q  p l o t s  a n d  

h i s t o g r a m s  t o  v i s u a l i s e  d i s t r i b u t i o n  f o r  d i s s o l v e d  o r g a n i c  c a r b o n  f o r ;  ( a )  

g l u c o s e ;  ( b )  g l u c o s e  a n d  t u r b u le n c e ;  ( c )  g l u c o s e  a n d  s i l i c a t e ;  ( d )  g l u c o s e ,  

s i l i c a t e  a n d  t u r b u l e n c e ;  ( e )  c o n t r o l ;  ( f )  t u r b u l e n c e ;  ( g )  s i l i c a t e ;  ( h )  s i l i c a t e  a n d  

t u r b u l e n c e  


