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ABSTRACT: In th is study, w e p rese n t a n ew  m odel of acclim ation to ligh t u n d e r  n u trie n t-rep le te  co n ­
ditions b ased  on the  photo-acclim ation  m odel by  G eider e t al. (1998; Limnol O ceanogr 43:679-694). 
R ather th a n  b e in g  solely ca rbon  (C )-based, th e  n ew  m odel em ploys th e  cell as th e  basic unit, w hich  
m akes it m ore am en ab le  for app lica tion  in  ind iv id u al-b ased  (Lagrangian) m odelling  app roaches. The 
m odel d iffe ren tia tes b e tw e en  a functional C pool w hich  also con tains n itro g en  (N) an d  an  en e rg y  
rese rv e  pool w hich  does not con tain  N. T he cell-specific lig h t-sa tu ra ted  pho tosyn thetic  ra te  is 
assum ed  to scale w ith  th e  size of the  functional pool, an d  the  ligh t-lim ited  pho tosyn thetic  ra te  w ith  
the  ce llu lar chlorophyll con ten t. T h rough  the  explicit inclusion of a C (energy) sto rage pool, an  
im proved  reg u la to ry  te rm  for chlorophyll synthesis, an d  th e  add ition  of an  op tional acce lera to ry  term , 
the  dynam ics of the  m odel in  com parison  to th e  orig inal m odel could  b e  im proved. This is d em o n ­
stra ted  by observa tions du rin g  a light-shift experim en t on  th e  d ia tom  Skeletonem a costatum.
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INTRODUCTION

U nlike th e ir  te rres tria l coun terparts , p lan ts in 
aqua tic  env ironm en ts live in  h igh ly  dynam ic en v iro n ­
m en ts (M acIntyre e t al. 2000). T heir pho tosyn thetic  a p ­
p ara tu s  m ay b e  su b jec t to significant stresses because  
of rap id  ch an g es or im balances in  irrad iance . Som e of 
this variab ility  can  b e  a sc rib ed  to system atic causes 
such as th e  d iu rn a l an d  seasonal cycles in  solar e le v a ­
tion, o thers h av e  to b e  tre a te d  stochastically  although  
th e  causes a re  know n, e.g. ch an g es in  w ea ther, the 
a lte rn a te  focusing an d  de-focusing  of ligh t by  su r­
face w aves (Falkow ski 1984) an d  tu rb u len t transpo rt 
th ro u g h  th e  vertical ligh t g rad ien t. T he la tte r  can  b e ­
com e particu larly  im portan t in  coasta l a reas  or e s tu a r ­
ies w h ere  strong  tu rb u len t m ixing su b jec ts  the  cells to 
la rg e  light, salinity, n u trien t an d  tem p era tu re  g ra d i­
en ts (e.g. Lizon e t al. 1998, S harp ies e t al. 2001, M oore 
et al. 2006, Ross & S harp ies 2007), b u t also in  the  open

ocean  du rin g  d ee p  m ixing even ts  in  th e  w in te r an d  
sp ring  (e.g. W oods & O n k en  1982, N agai e t al. 2003).

As a result, p h y top lank ton  h av e  dev e lo p ed  m e c h a ­
nism s to acclim ate bo th  to su b sa tu ra tin g  an d  su p e rsa t­
u ra tin g  light. T he k inetics of th e  d iffe ren t acclim ation 
processes a re  very  com plex, consisting  of com p lem en ­
ta ry  physiological p rocesses op era tin g  on tim e scales 
of seconds to days. At short tim e scales, sta te  tran s i­
tions an d  ch an g es in  non-pho tochem ical q u en ch in g  
p redom inate , w h e rea s  at long  tim e scales, ch an g es in 
the  chlorophyll a (C hi):carbon  (C) ratio  an d  accessory  
p igm en t com plem ents dom inate . A lthough  the  p h e ­
n o m en a op era tin g  on sho rte r tim e scales can  b e  m o d ­
elled  (Ross e t al. 2008), m ost a tten tion  h as focused on 
acclim ation of Chl:C on  tim e scales of hours to days 
(e.g. G eider e t al. 1998, P ahlow  2005).

M ost g lobal b iogeochem ical m odels now  con tain  
algorithm s w hich  allow  them  to p red ic t phy top lank ton  
g row th  ra te s  u n d e r ligh t an d  nu trien t lim itation (e.g.
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W estberry  et al. 2008). S a te llite -based  C hi es tim ates 
are  am ong  the  few  d a ta  sets to w hich  th e  ou tpu t from  
such g lobal clim ate m odels can  b e  co m p ared  (M orel & 
B erthon 1989, B ehrenfeld  et al. 2002). D ue to the  la rge  
variab ility  of Chl:C in  na tu ra l p h y top lank ton  p o p u la ­
tions, the  ability to p red ic t th is ratio  for a ran g e  of 
aqua tic  env ironm ents (m ixed layer an d  eupho tic  zone 
d ep th  com binations, inc iden t irrad iance , etc.) becom es 
an  equa lly  im portan t ta sk  as the  know ledge of Chi 
alone is insufficient to d e te rm in e  the  associa ted  b io ­
m ass (W estberry e t al. 2008).

W hile m ost g lobal m odels app ly  d ep th - an d  tim e- 
av e rag ed  light an d  n u trien t fields an d  can  the re fo re  use 
rela tively  sim ple acclim ation m odels (Flynn 2003a), 
vertica l 1-d im ensional m odels usually  o p era te  w ith  
ra th e r short tim e steps (e.g. B roekhuizen  1999, Ross & 
Sharp ies 2007, Ji & F ranks 2007) w hich  en ab le s  th em  to 
resolve th e  short-term  variab ility  of the  ligh t en v iro n ­
m en t an d  th u s th ey  can  ta k e  ad v an tag e  of m ore soph is­
tica ted  acclim ation m odels such  as those  by G eider et 
al. (1998), F lynn e t al. (2001), or P ahlow  (2005).

In the  p re se n t study, w e p rese n t a n ew  m odel of 
photo-acclim ation  th a t em ploys th e  cell as the  basic 
unit. C om pared  to th e  m ore com m on C -b ased  m odels, 
the  ad v an tag e  of a ce ll-based  m odel is th a t it can  be 
u sed  in  ind iv id u al-b ased  L agrang ian  m odels such as 
those by  Lizon e t al. (1998), B roekhuizen  (1999), Ross & 
S harp ies (2007), or J i & F ranks (2007). T he u se  of a 
L ag rang ian  g row th  m odel in  com bination  w ith  a 
L ag rang ian  partie le  track in g  m odel delivers signifi­
can tly  d iffe ren t resu lts  co m p ared  to an  ap p ro ach  tha t 
em ploys an  E u le rian -type g row th  m odel (O. N. Ross & 
R. J. G eider unpub l. data).

Initially, w e focus on th e  C -b ased  m odel by  G eider e t 
al. (1998) (GMK98). W e show  how  th is m odel fails to 
ad e q u a te ly  cap tu re  the  rap id  dynam ics of p h o to ­
acclim ation of Chl:C  an d  e lab o ra te  on  th e  causes of 
this failure. W e th e n  p re se n t the  n ew  ce ll-b ased  m odel, 
w h ich  rem ed ies  som e of th ese  shortcom ings th ro u g h  
the  inclusion  of an  explicit C (i.e. energy) sto rage pool 
in  th e  cell, a  m odified  reg u la to ry  te rm  for C hi sy n th e ­
sis, an d  an  op tional acce lera tion  term .

Table 1. Values of m odel param eters and m eaning of symbols used  throughout the text

Symbol Description Value Unit

a Factor by w hich dark N up take rate  is reduced Fig. 5 -

CF Functional C content Eq. (20) pgC  celT1
CR Reserve C content Eq. (21) pgC  celT1
C T Total C content (functional plus reserve) CF + CR pgC  celL1
r F c- fis Functional C content required  for cell fission 14 pgC  celT1
CF Critical C content in functional pool for cell death 0.25 C[1S pgC  celT1
r R'-'thres C storage capacity to m aintain cell through dark (24-L)Rg(n pgC  celL1
Chi Chi content pgC hl celL1
DIN Dissolved inorganic nitrogen concentration Eqs. (6) & (18) mgN  rrT3
I Light period 12 h
n Shape factor for V(¡íax in  GMK98 (Eqs. 3 & 18) 0.01 or 1 -
N Cellular nitrogen Eqs. (3) & (18) pgN  celT1
Pi Scaling factor Eq. (16) -
PL* Max. carbon-based production at a given QF Eq. (16) d-1
^max Max. carbon-based production at a given Q Eq. (7) d-1
Q N:C ratio of entire cell N /C t gN gC -1
Qf N:C ratio of functional pool (= Qmax) 0.19 gN gC -1
Omia Min. N:C ratio of entire cell w hen  CE is maximal 0.05 gN gC -1
Rc The carbon-based m aintenance metabolic rate Eq. (1) d -1
pcell C ell-based m aintenance respiration 0.05 pgC  (cell d p 1
S Shape co-efficient (Eq. 12) 0.01 -
ífis Delay to complete cell division after reaching Cgs 2 h
vJLx Max. N uptake rate Eq. (19) gN (cell d p 1
a Chl Chl-specific initial C assimilation rate Fig. 5 gC m2 (gChl pmol photons)-1
At M odel tim e step 60 S
A M ean squared  residuals Eq. (13) Variable
Umax M aximum specific growth rate 1.15 d“1
UL« Max. prop, of CF allocated to light harvesting 0.33 -
ec Chi: C ratio of cell Chi /C T gChl gC-1
e? Chi: C ratio for functional pool only Chi /C F gChl gC-1
(e fU x Max. Chi: C ratio in  light-harvesting pool 0.28 gChl gC-1
(OfOmax Max. Chi: C ratio in  functional pool ( e i k *  n L x gChl gC-1
Ç Cost of biosynthesis 3.0 gC gN-1
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METHODS

Terms and sym bols. Term s an d  sym bols com m only 
u sed  th ro u g h o u t th e  tex t a re  lis ted  in  T able 1.

Data set. We u se d  th e  d a ta  set from  A nning  e t al. 
(2000) for our m odel validation . It consists of 2 cu ltu res 
of Skeletonem a costatum  g row n  in n u trien t-rep le te  
conditions over a period  of 15 d  u n d e r a 12:12 h  light: 
d a rk  cycle (see A nn ing  et al. 2000 for details). T he p u b ­
lished  d a ta  set w as su p p lem en ted  w ith  u n p u b lish ed  
observations of the  C:N ratio, w h ich  w ere  also u sed  in 
Flynn e t al. (2001). T he 15 d  experim en t consisted  of 3 
d istinc t blocks, ea ch  lasting  5 d. D uring th e  first block, 
th e  g row th  irrad ian ce  w as 50 pm ol pho tons n r 2 s_1; in 
th e  second  block, it w as ra ised  to 1180 pm ol photons 
n r 2 s_1, an d  in  the  last 5 d  b lock  it w as ag a in  50 pm ol 
photons n r 2 s_1 (Fig. la ). We refer to th ese  b locks as 
low -light (LL) an d  h igh-ligh t (HL) phases, respectively . 
C u ltu res w ere  acclim ated  to LL for 7 d  prior to sta rting  
th e  experim en t. For the  p rese n t study, w e focus on

th ree  p articu la r asp ec ts  from  the  data: th e  dynam ics of 
the  Chl:C  ratio  (0C, Fig. lb ), th e  N:C ratio  (Q, Fig. le), 
an d  the  g row th  ra te  (p, Fig. 2).

W hile th e  Chl:C ratio  show s a p ro n o u n ced  die l v a ri­
ation, in  p articu la r d u rin g  th e  HL phase , w ith  genera lly  
low er va lues at th e  e n d  of a  ligh t an d  h ig h e r values at 
the  e n d  of a  d a rk  period, th e  d a ta  for Q show  co n sid er­
ab le  scatter an d  are  less easy  to ch a rac te r ise  in  term s 
of th e  ligh t:dark  cycle. D uring the  2 LL phases, the  
o bserved  av e rag e  g row th  ra te  is p » 0.51 cL1 (Fig. 2a,c) 
w hile  du rin g  th e  HL period, th e  g row th  ra te  in c re ase d  
to approx im ate ly  1.09 cL1 (Fig. 2b).

O riginal GMK98 m odel. W e u sed  th e  orig inal 
GM K98 m odel by  G eider e t al. (1998) on  the  above 
d a ta  set. For clarity, w e have  ag a in  sum m arised  the  
m odel equ a tio n s in  T able 2 as th e  orig inal p ap e r co n ­
ta ins som e typograph ic  errors.

If w e  use  th e  GMK98 m odel in  th e  orig inal configu­
ration  w ith  n «  1 (cf. Fig. 4a in  G eider et al. 1998), 
w h ere  n  is the  sh ap e  fac to r th a t governs th e  dow n-
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Table 2. M odel equations for the GMK98 model. Note that the 
tem perature dependence of ax and Vfj was neglected. 
Eqs. (1) & (4) here  represen t the typographically corrected 
versions of Eq. (1) & (8) from Table 2 in G eider et al. (1998)

C arbon synthesis: = {PC -Ç  V£ - R c )C  = (jC
d t

Chi synthesis
dC hl { pchlV¿

d t I ec
diV _(Y l
d t I Q

.oJV Pc

Photosynthesis: P c = P^ax " l - e x p ( — —
\ l k

Max. N  up take: = V^¡ Qmax — Q
Qmax — Qmin

DIN
DIN + k ,

with: y  c  - p < Q  
v  r e f  1 n 'l í i m '■

p C  p C  Q  Q m in

T m ax1 \r
a chlec

from Eq. (1) and (2): —— = V jy - |iQ
d t

from Eq. (1) and (2): —̂— = Vjy pchl - 0c |f
dO1
dt

,c

( 1 )

(2 )

(3)

(4)

(5)

( 6 )

(7)

( 8 ) 

(9)

( 10 )

( 1 1 )

reg u la tio n  of nu trien t u p ta k e  as Q ap p ro ach es Qmax 
(Eq. 6), th e n  the  m odel fails to ca p tu re  bo th  th e  diel 
variab ility  in  th e  Chi: C ratio  (particularly  d u rin g  the  
HL period) an d  th e  n u trien t dynam ics (top p an e l in 
Fig. 3a). This co rresponds to the  findings by Flynn et 
al. (2001, Fig. 3a), a lthough  they  u sed  the  follow ing 
eq u a tio n  (from th e  w eb  ap p en d ix  of F lynn e t al. 2001; 
w w w .as lo .o rg /lo /to c /v o lp 4 6 /issu e p 7 /1 7 9 4 a l.p d f) in ­
s tead  of our Eq. (6):

Q _

' N
1 - -

1- -

Qir
Q

Q r ,

N  + K\
( 12)

an dThis eq u a tio n  is less steep  as Q ap p ro ach es QK 
thus b e tte r  su ited  for m odels th a t em ploy la rg e r tim e 
steps.

If w e  use  the  GM K98 m odel w ith  n = 1 an d  ad just the  
o ther pa ram ete rs  accordingly, th e  rep rese n ta tio n  of 
bo th  th e  Chl:C an d  N d a ta  can  b e  considerab ly  
im proved  (Fig. 3b). This is ex p ressed  by  th e  m ean  of 
the  sq u a re d  residuals

A = (M odel -  O bservations)2 (13)

By u sing  n = 1, th e  m odel rep rese n ta tio n  of bo th  the  
N:C an d  the  Chl:C ratios w as im proved. T he values for 
A shou ld  b e  co nsidered  w ith in  th e  contex t of th e  sc a t­
te r w ith in  th e  observa tional data . T he m ean  residuals 
b e tw e en  the  m e asu rem en ts  of th e  2 cu ltu res a re  Aec = 
2.76 X IO-5 g C h l2 g C -2 an d  AQ = 3.88 x  KT4 g N 2 g C -2 for
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Fig. 3. Comparison of the original GMK98 model (solid lines) w ith the data from Anning et al. (2000) (circles). Im plem entation of 
the GMK98 model (a) w ith n = 0.01, = 3.2, Ç = 2.0, Çmax= 0.375, and (b) w ith n = 1, P ^  = 4.6, Ç = 3.0, g£ax = 0.475. The other
param eters are set to the sam e values for both configurations: achl = 6.9 x IO-6, Qmax = 0.2, and = 0.05 (see Table 1 for units). 
The shaded areas correspond to the times of darkness for the light regim e from Fig. la . The dilution w ith fresh m edia (cf. Fig. 2) has 
been  scaled out accordingly for plotting the total C in the bottom panels. A are the m ean squared residuals from Eq. (13)
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Chl:C an d  N :C r respectively . T he im proved  re p re se n ­
ta tion  of th e  d iu rn a l dynam ics in  Fig. 3b has b ee n  
ach ieved  at th e  ex p en se  of th e  sp eed  w ith  w hich  the 
m odel can  resp o n d  to ch an g es in  th e  ligh t en v iro n ­
m ent. W ith n = 1, th e  GM K98 m odel fails to cap tu re  the 
rap id  recovery  of the  Chi: C ratio  at th e  transition  from  
th e  HL to the  second  LL p h ase  (Days 10 to 11 in 
Fig. 3b). T he m odel also fails to cap tu re  the  full am p li­
tu d e  of the  N:C variab ility  in  HL.

N ew  acclim ation m odel. U nlike GMK98, the  n ew  
m odel (Ross & G eider; RG) explicitly  em ploys th e  cell 
as th e  basic  unit. Total ce llu lar ca rbon  (C T) is d iv ided  
into: (1) a functional pool (CF), w h ich  includes the  p ro ­
teins, nucleic  acids an d  o ther m acrom olecu les th a t are 
parts  of th e  cell's b iosynthetic  ap p a ra tu s  an d  s tru c tu ra l 
m ateria l (e.g. genom e, cell m em b ran e  an d  cell wall), 
an d  (2) an  e n e rg y  rese rv e  pool (C5), w hich  contains 
o rgan ic  C sto rage reserves, inc lud ing  bo th  ca rb o h y ­
d ra tes  (G ranum  e t al. 2002) an d  n eu tra l lip ids (Eltgroth 
et al. 2005). C ellu lar N is co n ta in ed  only in  th e  fu n c ­
tional pool, w h ich  has a  fixed N:C ratio  an d  is d e s ig ­
n a te d  Qf . Initially, w e assum e th a t the  e lem en ta l com ­
position  of the  functional pool does not 
d e p e n d  on g row th  conditions an d  is 
eq u iv a len t to Qmax. T he m odel does not 
allow  for sto rage of inorgan ic  N (e.g. as 
n itra te  in  vacuoles). A variab le  p ro p o r­
tion of the  functional pool is con ta ined  
w ith in  the  lig h t-harvesting  apparatu s, 
w h ich  has a fixed Chl:C, d es ig n a ted
(0 L)max-

Fig. 4 g ives a rep rese n ta tio n  of th e  
concepts th a t u n d erp in  th is n ew  m odel 
an d  d ep ic ts  the  C flows w ith in  a cell.
A lthough w e inc lude a low  m olecu lar 
w eig h t (LMW) pool in  th e  flow d iagram , 
this is for heuristic  purposes. T he m odel 
does not d esc rib e  the  dynam ics of this 
LMW pool an d  w e h av e  m ade  the  sim ­
plifying assum ption  th a t th is pool is of 
neg lig ib le  size an d  so does not co n ­
tribu te  to th e  ce llu lar C. LMW com ­
pounds a re  p ro d u ced  by pho tosyn thesis 
an d  consum ed  by m a in ten an ce  re sp ira ­
tion, consum ed  by  resp ira tion  asso ­
c ia ted  w ith  biosynthesis, or u se d  to sy n ­
thesise  functional C an d /o r p roduce  
en e rg y  sto rage com pounds.

U nder HL conditions (Fig. 4a), th e  
ra te  of pho tosyn thetic  C fixation e x ­
ceeds th e  sum  of th e  ra tes  at w h ich  
LMW com pounds are  consum ed  for re s ­
piration  an d  biosynthesis, an d  excess 
p ho tosyn tha te  is d ire c te d  to th e  en e rg y  
sto rage pool. A fter sunse t (Fig. 4c), th e

cell is ab le  to d raw  up o n  the  sto red  C rese rv e  an d  co n ­
tinue m a in ten an ce  resp ira tion  an d  biosynthesis. D ur­
ing  the  n ight, b iosynthesis con tinues un til CR drops 
below  a critica l v alue  d es ig n a ted  Cfhres, afte r w h ich  CR 
can  only b e  u sed  for m a in ten an ce  resp ira tion  (Fig. 4d).

U nder LL conditions (Fig. 4b), on  th e  o ther hand , the  
am ount of C th a t can  b e  d iv e rted  into th e  sto rage 
rese rv e  is very  sm all an d  m ost of the  C is u sed  for re s ­
p iration  an d  biosynthesis. A fter sunset, such a cell w ill 
not be ab le  to con tinue b iosynthesis (Fig. 4d). O nce 
en e rg y  rese rv es have  d ro p p ed  to zero, m a in ten an ce  
resp ira tion  is su p p o rted  at th e  ex p en se  of functional 
b iom ass (Fig. 4e). C on tinued  consum ption  of fu n c ­
tional C, such as w ould  occur du rin g  p ro longed  d a rk ­
ness, w ou ld  even tua lly  le ad  to cell dea th . T he m odel 
could  b e  ex ten d e d  to inc lude cell d e a th  d u e  to p ro ­
lo nged  d ark n ess  by assum ing  th a t d e a th  occurs w h en  
CF d rops to a  m inim um  v alue  for a v iab le  cell, d e s ig ­
n a te d  C ^ in. W e will ad d ress  th e  issue of cell survival 
d u ring  p ro longed  d ark n ess  in  a fu tu re  paper.

Cell division is tre a te d  as follows. D ivision is a s ­
sum ed  to b e  in itia ted  once the  functional C pool h as  in-
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c re a se d  beyond  th e  fission threshold : CF > Cf)s. D ivi­
sion is not in stan taneous, b u t tak es a  finite tim e tfis. At 
this po in t in  the  m odel developm ent, w e have assum ed  
th a t th e  en e rg y  cost of cell division is n eg lig ib le  and  
th a t pho tosyn thesis con tinues w hile  cells a re  dividing. 
T hese  assum ptions can  b e  re lax ed  in  the  fu tu re  to 
account for p h en o m en a  th a t a re  lin k ed  to th e  cell 
cycle. C, N an d  C hi a re  d iv ided  equally  b e tw e en  the  2 
d au g h te r  cells.

T he equ a tio n s d esc rib in g  ce llu lar C, N an d  Chi 
dynam ics a re  sum m arised  in  T able 3. As in  GMK98, 
pho tosyn thesis is d esc rib ed  by a Poisson eq u a tio n  
(Eq. 14). H ow ever, w e exp ress th e  pho tosyn thesis ra te  
on a ce llu lar basis, in stead  of th e  C -specific basis 
em ployed  in  GMK98. T he cell-specific lig h t-sa tu ra ted

Table 3. M odel equations for the new  RG model. The regu la­
tory term , p and the acceleration term  Q are listed in  Table 4 
for the 4 different m odel configurations. Note that QF from 
Eq. (18) corresponds to Qmax from GMK98. The RG m odel can 

only achieve Qmax = QF w hen CR = 0

pho tosyn thesis rate , Pmax, is p roportional to CF an d  the  
C F-specific m axim um  ra te  (Eq. 15). In GMK98, 
w as assum ed  to b e  p roportional to (Q -  Qmin) (see 
T able 2, Eq. 8). In the  m odel p re se n te d  here , th e  re la ­
tionship  of Pcmax to Q is g iven  by

(£)-*-(£) <*>m ax
m ax m ax

w h ere  P lax is th e  m axim um  C -specific photosynthesis 
rate . Thus, P^ax w ill n ° t  d rop  to zero  as Q app roaches 
the  subsistence ratio, Qmin, as w as th e  case in  GMK98.

Eq. (16) d esc rib es  how  w e have  chosen  P^axr g iven  
the  inform ation on the  m axim um  cell division ra te  
(|fm ax ) th a t can  b e  susta ined  u n d e r  reso u rce -rep le te  
conditions. This p aram ete riza tio n  is n ecessary  w h en  
d irec t experim en ta l m e asu rem en ts  of P^ax are  not 
available. In this equation , the  fac to r 24/L, w h ere  L is 
the  len g th  of the  ligh t period  in  hours, accounts for the  
fac t th a t pho tosyn thesis d u rin g  th e  ligh t period  m ust 
b e  sufficient to support the  g row th  over 24 h. T he fac - 
tor (1 + ÇQF) accounts for th e  resp ira tion  req u ired  to 
suppo rt biosynthesis: QF is the  N:C ratio  of th e  fu n c ­
tional pool an d  Ç is the  cost of b iosynthesis ex p ressed  
as C consum ed  p e r  un it N assim ilated . Finally, th e  fac - 
tor P /is  a scaling  fac to r th a t w e h av e  inc luded  to allow  
the  lig h t-sa tu ra ted  pho tosyn thesis ra te  to ex ceed  the  
m axim um  grow th  rate: th is is re q u ire d  to allow  accu ­
m ula tion  of en e rg y  rese rv e  polym ers u n d e r nu trien t- 
rep le te  conditions. Eq. (17) defines th e  ligh t sa tu ra tion  
param eter, IK, in  term s of P Fax, th e  chlorophyll a- 
specific in itial slope of the  pho tosyn thesis-ligh t r e ­
sponse curve an d  th e  Chl:C  ratio.

Inorganic N assim ilation  is d esc rib ed  by  Eq. (18), 
w h ich  is sim ilar to th e  form ulation  u sed  in  GMK98, e x ­
cep t th a t assim ilation  is now  ex p ressed  p e r  cell ra th e r 
th a n  b e in g  norm alised  to organ ic  C. As in  GMK98, the  
m axim um  u p ta k e  ra te  is assum ed  to be a function  of the 
ce llu lar N:C ratio, Q, an d  assim ilation  is a  M ich ae lis -  
M en ten  function  of th e  ex te rn a l d isso lved  inorganic 
N (DIN) concentration. O ther form ulations of the d e p e n ­
den ce  of Vmax on  Q, such as those d esc rib ed  by F lynn et 
al. (2001), could  b e  em ployed  if w arran ted . Eq. (19) d e ­
scribes how  w e have chosen  the  value  of th e  m axim um  
C-specific N assim ilation ra te  ( Vmax). This p aram ete riza­
tion is n ecessary  w h en  d irec t ex p erim en ta l m e a su re ­
m en ts of Vmax a re  not available. If 7 ^ ax w as u n affec ted  
by light or g row th on a light:dark cycle, th en  its value u n ­
d e r  n u tr ie n t-rep le te  conditions w ou ld  be th e  p ro d u c t of 
the  m axim um  grow th  ra te  ( p m a x ) r  th e  functional C co n ­
ten t of the  cell (CF) an d  the  N:C ratio  of th e  functional C 
pool (QF). H owever, th e re  m ay be considerab le diel vari­
ability of m axim al N assim ilation (Probyn e t al. 1996). To 
allow  for diel variability  of Vmax, w e h ave in troduced  the 
factor a, w hich  accounts for a  red u c tio n  of the  m axim um  
ra te  in  darkness. M ain ta in ing  |fmax over 24 h, w hile  re-

l - e x p | -----

TFax=PfPmaxy ( l  + ÇQF)
p F  p F  p C

r ______ m ax_______________ m ax1 —
k ' a cuec CT a cuec

dlV
d t

dC
dt
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Qf - Q  \ I DIN
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Q -  On- 
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L

UpmaxQFCF
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otherw ise.

V
q f

r*cel
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otherwise.

dC
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- =  p ceu — -

V

dC
d t
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d t
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V TT-L
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otherwise.

Cell division is triggered w hen CF > CFis after a delay ffis (23) 

Cell death  occurs w hen  CF < (24)
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ducing  V^ax in  d arkness, req u ires  th a t V ^ax be in ­
c re ase d  during  th e  daylight hours. This inc rease  is given 
by the  te rm  [(1 -  a) • 24/L + a].

Eq. (20) d escrib es  th e  dynam ics of th e  functional 
pool. D uring cell g row th, the  ra te  of p ro d u c tio n  of CF 
d ep e n d s  on th e  availability  of N for synthesis of p ro ­
te ins an d  nucleic  acids an d  the  availability  of C en erg y  
rese rves for synthesis of C skeletons of th ese  m acro ­
m olecules as w ell as to p rov ide th e  en e rg y  to support 
b iosynthesis.

Thus, th e  syn thesis ra te  is p roportional to th e  N 
assim ilation  rate , VN, d iv ided  by the  N:C ratio  of the 
functional pool, QF, su b jec t to th e  req u irem en t th a t CR 
> Cfhres. In cells th a t have  com pletely  ex h a u ste d  the ir 
en e rg y  rese rv es (CR = 0), func tional C is consum ed  at 
th e  m a in ten an ce  m etabolic ra te  Rc¿ ü. For th e  condition  
0 < CR < Caires, th e re  is n e ith e r syn thesis nor d e g ra d a ­
tion of functional C. Cell d e a th  occurs w h en  CF drops 
below  C min (Table 3).

T he ch a n g e  in  the  size of the  rese rv e  pool (Eq. 21) is 
g iven  by  th e  d iffe rence b e tw e e n  the  pho tosyn thesis 
ra te  an d  the  d em an d s for b iosynthesis an d  m a in ­
ten an ce  resp ira tion . T he th resho ld  value, C thres, is in ­
c luded  so th a t cells can  accum ulate  sufficient en e rg y  
rese rves by pho tosyn thesis  du rin g  the  day  to allow  
m a in ten an ce  resp ira tion  to con tinue for a finite tim e in 
d ark n ess  prior to the  onse t of d eg ra d a tio n  of th e  func - 
tional pool to fuel m a in ten an ce  m etabolism . W e will 
re tu rn  to this fea tu re  of th e  m odel in  a fu tu re  p u b lic a ­
tion. For th e  size of the  rese rv e  pool in  re la tion  to the 
functional pool, w e im pose an  u p p e r lim it w h ich  is 
g iven  by

In th e  ev en t th a t Q w ould  undershoo t Qmin, th e  cells 
ex cre te  any  excess d isso lved  organ ic  C (DOC), such 
th a t Q alw ays rem ains at or above Qmin.

It is in  th e  descrip tion  of C hi syn thesis (Eq. 22) th a t 
w e have  m ade  th e  g rea te s t m odifications to the 
ap p ro ach  em ployed  in  GMK98. E xperim en ta l resu lts 
suggest th a t C hi syn thesis in  GM K98 resp o n d s too 
slowly to a shift in  pho ton  flux density  (cf. F lynn e t al. 
2001, Fig. 3b). We h av e  m odified  th e  trea tm e n t of Chi 
syn thesis to acce le ra te  the  response  of Chl:C rela tive 
to GMK98. As in  GMK98, w e assum e that, d u ring  sy n ­
thesis of n ew  functional m aterial, a  v ariab le  proportion  
of the  inc rease  in  CF is a llocated  to th e  ligh t-harvesting  
apparatu s.

U nder b a lan c ed  g row th  (e.g. s tead y -sta te  conditions) 
in  con tinuous LL, th e  m axim um  allocation  is g iven  by 
limax ' (0L)max w h ere  Ilmax is th e  m axim um  p roportion  of 
CFth a t can  b e  a lloca ted  to th e  lig h t-harvesting  a p p a ra ­
tus an d  (0¿)max is th e  Chl:C  of the  lig h t-h arv estin g  a p ­
para tu s. N ote th a t ! ! „ „ •  ( 0 i ) m a x  u se d  in  the  cu rren t 
m odel is eq u iv a len t to 0max' Qmax u se d  in  GMK98.

C R \ QF
r F I ~ o  (26)/ m a x  ^¿m in

T he ra te  of C hi syn thesis is m o d u la ted  by  a re g u la ­
tory term , w hich  w e d es ig n ate  p, an d  by an  accelera tion  
term , w hich  w e d es ig n a te  Q. (Table 4). W e have  u se d  2 
d iffe ren t form ulations for p. First, follow ing th e  a p ­
p roach  u sed  in  GMK98, w e set p eq u a l to the  ratio of the 
rea lised  q u an tu m  efficiency for pho tosyn thesis d iv ided  
by the  m axim um  efficiency (Eq. 27 in  T able 4). T he r a ­
tionale for th is is g iven  in  K ana e t al. (1997). A lte rn a­
tively, w e set p eq u a l to the  dev ia tion  of the  ach ieved  
pho tosyn thesis ra te  from  th e  m axim um  ra te  (Eq. 28 in 
T able 4), w h ich  is sim ilar to th e  trea tm e n t of the  re g u la ­
tion of C hi syn thesis in  F lynn (2001). This ap p ro ach  a s ­
sum es th a t Chl:C adjusts to m axim ise th e  p h o to sy n th e­
sis ra te  (Flynn 2001) ra th e r  th a n  in  response  to an  index  
of excita tion  p ressu re  such  as th a t em ployed  by  K ana et 
al. (1997). M odel RG1 in T able 4 delivers the  sam e C hi 
dynam ics as in  GMK98. N ote th a t pChi em ployed  in 
GM K98 (Eq. 2 in  T able 1) is re la ted  to th e  n ew  p a ra m e ­
ters as follows: pchl = n ^ ax- (0f)max- p.

W e h av e  also in tro d u ced  an  acce le ra tion  term , d es ig ­
n a te d  £2, w h ich  is d efined  in  T able 4. In th e  n ew  m odel, 
Q. is defin ed  in  such  a w ay  th a t Q. = 1.0 u n d e r steady- 
sta te  b a lan c ed  g row th, b u t th a t Q. > 1.0 follow ing a shift 
from  HL to LL an d  Q. < 1.0 follow ing a shift from  LL to 
HL. C hi syn thesis is su b jec t to the  m ass b a lan ce  co n ­
strain t th a t n ^ ax-D < 1.0. N ote that, w h en  I T ^ - í í  = 
1.0, all of the  p ro d u c tio n  of CF w ou ld  b e  em ployed  in 
syn thesis of the  lig h t-h arv estin g  appara tu s . By acce le r­
a ting  C hi synthesis upon  a shift to LL (or d ec e lera tin g  
w h en  shifting to HL) in  th is w ay, the  response  of Chi: C 
to a shift in  ligh t conditions is acce le ra ted  re la tive  to 
GMK98. As in  GMK98, C hi d eg ra d a tio n  o ther th a n  for 
m a in ten an ce  m etabolism  is not allow ed in  the  m odel. 
This assum ption  ap p ears  to b e  consisten t w ith  m uch  of 
the  ava ilab le  data , a lthough  it m ay b e  n ecessary  to 
inc lude C hi d eg rad a tio n  in  response  to nu trien t s ta rv a ­
tion or stress for som e species (John & Flynn 2002).

RESULTS

W e te s ted  th e  n ew  m odel in  4 d iffe ren t con figu ra­
tions th a t can  b e  g ro u p ed  into 2 subse ts (Table 4). The 
first subse t (RG1, RGP) uses ju s t the  reg u la to ry  term

Table 4. Equations for the regulatory and acceleration terms 
for the RG1, RGP, RGq, and RGq m odel configurations

n  = i (e£)Q  V F  m ax

ec

HQ_ l - e x p ( - i ) (27) RG1 RGq

p - ( . -
p c e l l  \
D  cell 1 

m ax /
(28) RGP RGq
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w ithout any acce lera tion  (i.e. £2 = 1), w hile  th e  second  
subse t ( R G q , R G q ) uses th e  add itiona l acce lera tion  
te rm  £2 = p • (0F)max/0C- Both subsets com e in  2 varieties: 
th e  'I' in  th e  superscrip t ind icates th a t p = I/Ik- 
[l-exp(-7 /7 i)] is u sed  as reg u la to ry  term . T he configu­

ration  w ith  'P ' as superscrip t uses th e  slightly  m odified 
version  of p = exp (-I/Ik) = (1 - P ce11/ Pc¿^x).

T he perfo rm ance  of the  4 d iffe ren t m odel con figu ra­
tions is show n in Fig. 5. Clearly, our n ew  m odel cap tu res 
the  dynam ics of th e  Chi: C ratio  b e tte r  th a n  th e  orig inal
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Fig. 5. Results for the N:C, Chl:C ratio and the achieved growth rate using the new  m odel from Table 3 in  the 4 different configu­
rations (RG1, RGP, R G q , RG¿>) w ith a CM = (7.8, 7.6, 7.8, 7.6) x IO-6, a  = (0.55, 0.8, 0.55, 0.8), Pf =( Î A,  1.6, 1.4, 1.6) and n  = 0.25. All 
models use the sam e initial conditions CF = 10, CR = Cannes, and Chi = 0.75. The emits and values for the rem aining param eters can 

be found in  Table 1. The light regim e is show n in Fig. la . A are the residuals from Eq. (13)
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GMK98 version (cf. Fig. 3) w ith  the N:C ratio show ing no 
m ark ed  im provem ent. Q uantitatively , this is ex p ressed  
by the  m ean  sq u a re d  residuals, A, from  Eq. (13). A m ong 
th e  4 d iffe ren t m odel configurations, RG1 h as the  low est 
A for Chl:C an d  ap p ro ach es the  residua ls o b ta in ed  for 
th e  d a ta  (Fig. lb ) of Aec = 2.76 x l()-5 g C h l2 g C -2. A l­
th o u g h  the  residua ls for the  N:C ratio  a re  not im proved  
com pared  to Fig. 3b, th e  am plitude in  th e  d iu rn a l v a r i­
ability du ring  the  HL scenario is cap tu red  slightly better. 
The h ig h  residuals in  the  N:C d a ta  m ust b e  seen  in  r e la ­
tion to the  h ig h  variab ility  w ith in  th e  m e asu rem en ts  
them selves, w h ere  the  eq u iv a len t m ean  sq u a re d  re s id ­
ual is A q = 3.88 X 1(T4 g N 2 gC~2, i.e. one o rd er of m a g n i­
tu d e  h ig h e r th a n  for th e  Chi: C m easu rem en ts.

T he g row th  ra tes  m atch  those  o b ta in ed  from  the  fits 
to th e  d a ta  (Fig. 2). T he configurations w ithou t the 
ad d e d  acce lera to ry  te rm  (Fig. 5a,b) rep ro d u ce  bo th  the 
tim ing an d  am plitudes of the  d ie l variab ility  in  Chl:C 
du rin g  the  HL p h ase  an d  also th e  fast recovery  du ring  
th e  HL-to-LL transition  on Days 10 to 11. At first sight, 
th e  value  for (Orimax = 0.28 gC hl gC -1 m ay ap p e a r  
ra th e r h igh. H ow ever, one shou ld  b e a r  in  m ind  th a t the 
m axim um  overall Chl:C  ratio, 0cmax, th a t can  be 
ach ieved  by the  m odel is re la ted  to the  p a ra m ete r 
(0¿(max th ro u g h  th e  re la tionsh ip

e £ a x = ( e £ ) ma x = n L x ( e £ ) m a x  (29)

w h ere  n ( iax is th e  m axim um  p roportion  of functional C 
th a t can  b e  a lloca ted  to the  ligh t h a rv estin g  pool and  
(0L )max is th e  Chl:C ratio  of this pool (cf. T able 1). Thus,

the  m odel yields realistic  va lues of 0 max = 0-092 gC hl 
gC~L T he chosen  va lues for a chl in  Fig. 5 a re  from  the  
u p p e r lim it of the  ran g e  o bserved  by A nning  e t al. 
(2000) of 5.9 X IO-6 <  a chl s  8.1 x  IO-6 gC  m 2 (gChl 
pm ol photons)-1 (cf. Fig. 6A in A nn ing  e t al. 2000).

If w e  inc lude th e  acce lera to ry  te rm  (Fig. 5c,d), the  
m odel recovers th e  Chi: C ratio  ev e n  m ore rapidly; for 
the  p articu la r d a ta  se t a little too rap id ly  in  fact. For 
this p articu la r species, the  acce lera to ry  te rm  w ould  
th e re fo re  not b e  requ ired .

B ecause w e assu m ed  n u trie n t-rep le te  conditions in 
com bination  w ith  a fixed N -to-functional-C  ratio  (QFin 
T able 1), th e  variab ility  in  th e  N:C ratio  is m irro red  by 
the  accum ulation  of rese rv e  C. If th e  cell has  sufficient 
ligh t to accum ulate  rese rv e  C (as is th e  case du rin g  the  
HL period), the  N:C ratio  drops. D uring th e  LL phase, 
the  ratio  of functional to to ta l C is close to unity; thus, 
w e h av e  Q ~ Q F {= Qmax).

In o rd er to exam ine the  stead y -sta te  beh av io u r of the  
m odel, w e ran  it for 25 d  on  a 12:12 h  ligh t:dark  cycle 
for a ran g e  of d iffe ren t ligh t in tensities (Fig. 6). A gain, 
the  I an d  P configurations perfo rm ed  in  a  very  sim ilar 
fashion, y ie ld ing  iden tical g row th  ra tes  an d  sim ilar 
daw n -to -d u sk  variab ility  bo th  in  0C an d  Q. W hile the  
g row th  ra te  g radua lly  ap p ro ach es pmax w ith  in c re as­
ing  ligh t in tensity  (Fig. 6a), th e  Chi: C ratio  starts 
to develop  a no ticeab le  d iu rn a l variab ility  (O ^nse -  
0'sunset > 0.01) from  abou t 160 pm ol pho tons n r 2 s-1 
onw ards (Fig. 6b). A sim ilar tren d  can  b e  ob se rv ed  for 
the  variab ility  in  th e  N:C ratio  (Fig. 6c).

1000

o -R G 1 sunrise 

o- RG' sunset 

-x— RGP sunrise 

x- RGP sunset

1500

x—  _ _

1000

Irradiance (pmol photons r r r2 s_1)
1500

Irradiance (pmol photons r r r2 s_1)

- o -  RG' sunrise 

-o -  RG' sunset 

-X -  RGP sunrise 

-x -  RGP sunset

1000
Irradiance (pmol photons m

1500
- 2  c - 1 \

Fig. 6. Steady-state results from the end of 25 d runs for the RGP and RG1 models, using the sam e configuration as in  Fig. 5 for 
irradiance levels of 10, 20, 40, 80, 160, 320, 640, and 1280 pmol photons n r 2 s_1 on a 12:12 h ligh t:dark  cycle. The steady-states for 
the GMK98 m odel (not shown to avoid cluttering the figure) are similar for growth rate  and Chl:C, but very different (i.e. showing 

less diel variability) for N: C w ith 11 = 1, and no diel variability at all w ith 11 «  1
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This b ehav iou r is now  m arked ly  d iffe ren t from  the 
GMK98 m odel, w h ich  w ould  only show  a re d u c ed  d i­
u rn a l variab ility  in  the  n = 1 configuration  b u t no v a r i­
ability  at all in  th e  orig inal n = 1 configuration  (cf. 
Fig. 3). M ore experim en ta l d a ta  on  th e  d ie l variability  
(daw n an d  du sk  va lues in  particu lar) of Chl:C  an d  N:C 
at a  ran g e  of g row th  irrad ian ces is n e e d e d  to assess 
w hich  (if any) of th ese  form ulations of acclim ation is 
m ost app rop ria te . T he ability  to account for the  diel 
variability  w ill p rov ide a rigourous test of th ese  m odels.

M odel sensitivity

In o rd er to exam ine the  response  of the  m odel to 
step -like ch an g es in  ligh t intensity , w e te s te d  all 4 co n ­
figurations u sing  a su d d en  upsh ift an d  dow nshift in 
ligh t in tensity  (Fig. 7). The m odel w as set up  u sing  the 
sam e p a ra m e te r  values as in  Fig. 5, b u t u sing  co n tin u ­
ous ligh t (i.e. w ith  L = 24 h) w ith  a constan t ligh t in te n ­
sity of 50 pm ol pho tons n r 2 s_1 for Days 1 to 8, 600 pm ol 
pho tons n r 2 s_1 for Days 9 to 16, an d  ag a in  50 pm ol 
pho tons n r 2 s_1 for Days 17 to 24. Fig. 7 show s the 
m odel b ehav iou r afte r th e  step  transitions. T he acce l­
era to ry  te rm  m ainly  affects th e  Chl:C  ratio  d u rin g  the 
dow nshift (Fig. 7b) bu t h as  little or no effec t d u rin g  the 
upsh ift (Fig. 7a). As in  Fig. 5, w e  ag a in  notice th a t the 
P m odel configuration  p roduces a  low er Chl:C  ratio.

A no ther im portan t p a ra m e te r  is a, w hich  controls the 
am ount of d ie l variab ility  in  the  m axim um  n itrogen  
u p ta k e  capacity  (Eq. 19). V alues of a » 1 m ean  th a t the 
cell has  a very  ev en  m axim um  N u p ta k e  capac ity  over 
th e  ligh t:dark  cycle, w hile  va lues of a «  1 m ean  th a t 
th e  cell will ta k e  up  m uch  less N at n igh t co m p ared  to 
th e  day  tim e. To test th e  sensitivity  of the  m odel to this 
p aram eter, w e  u sed  ag a in  the  sam e ligh t reg im e from  
Fig. l a  an d  v aried  a from  0.3 (strong d iu rn a l v a riab il­
ity) to 1.0 (no variability). T he resu lts  for 2 d iu rna l

cycles u n d e r  HL conditions a re  show n in Fig. 8a. For 
a  = 0.3, th e  u p ta k e  of N at n igh t is only 30 % of the  n o r­
m al rate , w h ich  also red u ces  the  C hi syn thesis ra te  
(Eq. 22). As a  result, th e  cells assim ilate DIN slowly in 
darkness, lim iting the  ra te  of C hi synthesis, an d  thus 
the  Chl:C  ratio  rem ains low. As a increases, the  c a p a c ­
ity for n o c tu rn a l C hi syn thesis also increases, an d  for 
a  = 1 w e o b ta in  th e  m axim al d iu rn a l variab ility  in  0C as 
the  n o c tu rn a l C hi syn thesis is no longer N -lim ited an d  
d ep e n d s  solely on th e  am ount of sto red  C. T he d aw n  
value  of 0C th a t is re a c h e d  alm ost co rresponds to the  
C hi:C ratio  du rin g  the  LL p h ase  (cf. Fig. 5). T he N:C 
ratio  is a d irec t ind icato r of this (top p an e l in  Fig. 8a).

T he am ount of d ie l variab ility  in  Chi: C also d ep en d s  
on Pf, the  p a ra m e te r  th a t controls by  how  m uch  the  
lig h t-sa tu ra ted  pho tosyn thesis  ra te  can  ex ceed  the  
m axim um  grow th  rate . Low values for Pf le ad  to r e ­
d u ced  C synthesis capacity , w h ich  resu lts in  in c reased  
N:C ratios (top p an e l in  Fig. 8b). This h ig h  N:C ratio  in 
tu rn  leads to a faste r C hi syn thesis capacity , b u t the  
cell canno t ach ieve th e  sam e h ig h  d aw n  v a lues as w ith  
h ig h e r Pf as the  overall C synthesis capac ity  du rin g  the  
day  is red u c ed  an d  the  cell th e re fo re  has accum ula ted  
less re se rv e  C at the  e n d  of th e  ligh t period. This lim i­
ta tion  can  b e  seen  by the  p la tea u  in  Chl:C th a t is 
rea c h e d  w ith  Pf = 1.0 ju st afte r m idn igh t (dashed  line in 
Fig. 8b). H igh v a lues of Pf, on th e  o ther h and , allow  the  
cell to accum ulate  m ore en e rg y  rese rv e  polym ers 
u n d e r n u trie n t-rep le te  conditions, w h ich  in  tu rn  leads 
to a low er N:C ratio  an d  a re d u c ed  die l variability  in 
Chi: C (dash-do tted  line in  Fig. 8b).

DISCUSSION

Initially, w e ev a lu a ted  th e  perfo rm ance  of the  orig i­
na l m odel by  G eider e t al. (1998) (GMK98) on d a ta  from 
a light-shift experim en t perfo rm ed  on the  diatom  

Skeletonem a costatum. In ag reem en t 
w ith  Flynn e t al. (2001), w e found  tha t 
the  GM K98 m odel fails to rep ro d u ce  
ce rta in  dynam ics in  th e  data , p a rticu ­
larly  if the  m odel is ru n  in  its o rig inal 
configuration  w ith  n «  1 (cf. E q. 6). The 
GM K98 m odel e ith e r rep ro d u ces the  
rap id  recovery  of the  Chi: C ratio  at the  
transition  from  the  HL to LL w hile  fa il­
ing  on the  d iu rna l variability  (Fig. 3a) or, 
if w e  in c rease  th e  ex p o n en t to n = 1, it 
becom es cap ab le  of rep ro d u c in g  som e 
of the  d iu rn a l variability  b u t lags beh in d  
on the  recovery  (Fig. 3b).

W e th e n  tried  a  n ew  ap p ro ach  in 
w hich  w e use  the  cell (ra ther th a n  C) as 
the  basic  un it an d  partition  the  cellu lar
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Fig. 7. Response of the four different model configurations to a sudden (a) upshift 
and (b) downshift in light intensity, I  (pmol photons m~2 s_1), using continuous 

illumination (i.e. L = 24 h)
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Fig. 8. Sensitivity of the RG1 model to (a) the diel variability in the m aximum capacity for N assimilation, determ ined by the p a ra ­
m eter a, and (b) the amount by w hich the light-saturated photosynthesis ra te  can exceed the maximum grow th rate P¡

C into functional an d  sto rage rese rv e  pools (Fig. 4). 
This en ab le s  a  cell to accum ulate  C in  a sto rage pool 
du rin g  th e  day  an d  to d raw  u p o n  th e  sto red  C after 
sunse t in  o rd er to con tinue w ith  b iosynthesis for som e 
tim e into the  n ight. T he im plem en ta tion  of this a p ­
p roach  re su lted  in  a m uch  im proved  perfo rm ance  of 
th e  m odel (Fig. 5). O ne of th e  m ain  reasons for th e  b e t­
te r perfo rm ance  of the  n ew  m odel is th a t the  cells can  
m obilise th e  sto red  C at n igh t in  o rd er to m ain ta in  a 
h igh  C hi syn thesis rate , w h ich  en ab le s  th em  to recover 
th e  h ig h  Chl:C ratio  at th e  transition  from  HL to LL suf­
ficiently rapidly. A lthough  the  m odel perfo rm ed  w ell 
for Skeletonem a costatum, som e species m ay req u ire  
ev en  faster dynam ics of th e  Chl:C  ratio. For th is p u r ­
pose, w e p ropose an  op tional acce lera tion  term , £2, for 
inclusion in  the  C hi synthesis eq u a tio n  (Table 4). The 
resu lt is a  ce ll-based  m odel of p h y top lank ton  p h o to ­
synthesis an d  photo-acclim ation  th a t can  b e  u sed  in 
ind iv idual-based  (Lagrangian) ecosystem  m odels (e.g. 
B roekhuizen  1999, Ross & S harp ies 2007, Ji & F ranks 
2007) u n d e r n u trien t rep le te  conditions such as e n ­
co u n te red  in  w ell-m ixed  w a te r  colum ns in  w in te r and  
spring.

A nother ce ll-based  m odel has  b ee n  dev e lo p ed  by 
Z onneveld  (1998), u sing  2 tran sien t pools for th e  cell: 
one for C an d  one for the  n u trien t w h ile  n eg lec tin g  
photo-acclim ation. Such a m odel m ay b e  b est su ited  to 
describe  the  a lgal g row th  in  contro lled  environm ents, 
w hile  it is less re lev an t to th e  app lica tion  in  ocean- 
scale env ironm en ts w h ere  cells m ay ex p e rien ce  a

h ighly  dynam ic ligh t env ironm ent. A lthough Z onn­
eve ld  (1998) in c lu d ed  variab le  Chl:C in  his m odel, he 
asse rte d  th a t th is ratio  does not p lay  a ro le in  con tro l­
ling  pho tosyn thesis or g row th. In particu lar, Z onneveld  
(1998) specifies pho tosyn thesis as a function  of pho ton  
flux density  in d e p en d e n t of ce llu lar Chl:C. Thus, Z on­
neve ld  (1998) neg lec ts  one of th e  key  fea tu re s  inc luded  
in  m any  o ther m odels inc lud ing  our own. Z onneveld  
(1998) a rg u e d  on  theo re tica l g ro u n d s th a t cell-specific 
ligh t-lim ited  pho tosyn thesis should  b e  in d e p en d e n t of 
Chi: C b ecau se  th e  inc rease  in  ligh t absorp tion  tha t 
w ou ld  b e  ex p ec ted  as ce llu lar C hi con ten t inc reases is 
offset by  a reduc tion  in  the  C hl-specific ligh t ab so rp ­
tion coefficient d u e  to th e  p ac k ag e  effect. In con trast to 
this assum ption, th e re  is a  considerab le  body of e x p e r­
im en ta l d a ta  show ing  th a t a chl is la rge ly  in d e p en d e n t 
of Chl:C  in  n u tr ie n t-rep le te  p h y top lank ton  (M acIntyre 
e t al. 2002).

Dynam ic versus balanced growth m odels

G eider e t al. (1996, 1998) an d  F lynn et al. (1997) 
w ere  the  first to em ploy dynam ic acclim ation m odels to 
p h y top lank ton  g row th  an d  physiological acclim ation. 
U nlike prev ious m odels, w h ich  w ere  b ased  on b a l­
an ced  g row th  u n d e r p resc rib ed  bu t invarian t en v iro n ­
m en ta l conditions (B annister 1979, S hu ter 1979, Kiefer 
& M itchel 1983, Laws & C halup  1990), th e  dynam ic 
m odels w ere  d ev e lo p ed  for app lica tion  to variab le
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env ironm en ta l conditions. O ne ra tionale  for this a p ­
p roach  is th a t p h y top lank ton  g row th  is rarely, if ever, 
b a lan c ed  in  n a tu re  (B erm an-F rank  & D ubinsky  1999). 
G eider e t al. (1996, 1998) focused  on  acclim ation of 
Chl:C to ch an g es in  light, w h e rea s  Flynn e t al. (1997) 
focused on N assim ilation. T hese  dynam ic m odels are 
b ased  on  a set of coup led  d iffe ren tia l equ a tio n s th a t 
describe  the  physiological dynam ics of o rgan ic  C, Chi, 
an d  N. C en tra l to th ese  dynam ic m odels a re  m ass b a l­
ances for ce llu lar C, N an d  Chi, w h e re  th e  gain s and  
losses of th ese  com ponen ts a re  su b jec ted  to en v iro n ­
m en ta l (e.g. light, te m p era tu re  an d  inorgan ic  N co n ­
centration) an d  in tracellu la r (e.g. Chl:C, N:C) variab les 
accord ing  to a p resc rib ed  se t of ru les. T hese  ru les  w ere  
dev e lo p ed  la rge ly  on  the  basis of em pirical o b se r­
vations an d /o r sim plified trea tm en ts  of b iochem ical 
pathw ays.

In con trast to th ese  dynam ic m odels a re  steady -sta te  
b a lan c ed  g row th  m odels. Initially, em pirical m odels 
such as th e  M onod an d  Droop equ a tio n s (Droop 1983) 
w ere  d ev e lo p ed  to d escribe  the  re la tionsh ip  of b a l­
an ced  g row th  ra te  to inorgan ic  nu trien t concentra tions, 
or in tracellu la r n u trien t quotas. T hese  w ere  com ple­
m en ted  by m odels b a se d  on an  en e rg y  b a lan ce  for 
g row th  (Kiefer & M itchel 1983), w hich  focused  on light 
cap tu re  an d  th e  efficiency of light u tilisation  for grow th. 
S everal m odels, s ta rtin g  w ith  S hu ter (1979) an d  in c lu d ­
ing  Laws & C halup  (1990) an d  m ore recen tly  A rm ­
strong  (2006), em ployed  concep ts b a se d  on optim al a l­
location of resou rces to derive  b a lan ced  g row th  m odels.

T here  m ay be som e confusion abou t th e  d iffe ren t 
objectives an d  applications of dynam ic an d  b a lan ced  
g row th  m odels b ecau se  bo th  types of m odels a re  ty p i­
cally ev a lu a ted  by the ir ability to d escribe  b a lan ced  
grow th. D ynam ic m odels m ay perform  b e tte r  or w orse 
th a n  b a lan c ed  g row th  m odels in  describ ing  b a lan ced  
grow th, b u t ca re  m ust b e  ta k e n  in  en su rin g  th a t ap p ro ­
p ria te  p a ra m e te r  values a re  chosen  w h en  fitting  the 
m odels to the  d a ta  (cf. Fig. 3). Ideally, dynam ic m odels 
should  b e  ev a lu a ted  by th e ir  ability  to describe  u n b a l­
an ced  grow th. U nfortunately, th e re  a re  very  few  e x ­
perim en ts th a t inc lude the  n ecessary  d a ta  to do this. 
E ven th e  d a ta  sets th a t a re  availab le , such  at A nn ing  et 
al. (2000) for Skeletonem a costatum  (Figs. 3 & 5), have 
lim itations in  term s of q u an tity  an d  quality  of o b se rv a ­
tions. This deficit n ee d s  to b e  rectified  if fu rthe r 
p rog ress  is to b e  m ade  in  deve lop ing  an d  testing  
dynam ic m odels.

Optimality in phytoplankton growth m odels

A rm strong  (2006) su g g es ted  th a t op tim ality -based  
p h y top lank ton  g row th  m odels th a t account for tr a d e ­
offs in  resou rce  allocation  am ongst com peting  p hysio ­

logical d em an d s can  b e  sim ple en o u g h  to b e  em ployed  
in  ocean  b iogeochem ical m odels, yet soph istica ted  
en o u g h  to b e  u sed  to assess com petition  am ongst d if­
fe ren t functional g roups. A rm strong  (2006) p rov ided  
an  a lte rna tive  trea tm e n t of N -lim itation  to th a t e m ­
ployed  in  GMK98 to incorporate  possib le trade-offs b e ­
tw een  allocation  to lig h t-h arv estin g  an d  dow n-stream  
reactions. H e assessed  the  efficacy of th e  optim ality  
m odel re la tive  to GM K98 w ith  the  d a ta  set for Thalas­
siosira weissflogii p u b lish ed  by Laws & B annister 
(1980). A rm strong  (2006, p. 513) concluded  th a t his 
'n ew  n itrogen-lim ita tion  function  perm its deriva tion  of 
a  stead y -sta te  optim ality  b ased  re la tionsh ip  b e tw e en  
ch lorophy lhcarbon  an d  n itrogen :ca rbon  ratios' an d  
th a t 'th e  p red ic tions of this n ew  m odel a re  [...] a t least 
as good as the  'ch lorophyll a syn thesis reg u la tio n  te rm ' 
of G eider e t al. (1998).'

O ne of A rm strong 's (2006, p. 513) criticism s of 
GM K98 w as th a t GM K98 posited  th a t the  'm axim um  
pho tosyn thetic  ra te  can  b e  rea ch ed  only w h en  the  
n itrogen  cell q u o ta  (n itrogen:carbon  ratio) rea ch es  a 
fixed m axim um  value ... ' H e th e n  asse rted  th a t 'th is 
assum ption  is con trad ic ted  by the  ex trem ely  th o rough  
d a ta  set of Laws & B annister (1980) ...' b ecau se  'm ax i­
m um  grow th  ra te  does not req u ire  m axim um  n itro g en  
cell qu o ta .' In Fig. 3b w e show ed that, u n d e r  nu trien t- 
rep le te  lig h t-sa tu ra ted  conditions, w h en  g row th  ra te  is 
m axim al, GMK98 can  p ro d u ce  N:C th a t is less th a n  the  
fixed m axim um  value. Thus, con trary  to A rm strong 's 
(2006) assertion , GM K98 can  p roduce  the  m axim um  
grow th  ra te  w h en  Q < Qmax: as long  as th e  m axim al 
rea lised  N -u p tak e  ra te  d iv ided  by  Qmax is less th a n  the  
m axim al rea lised  g row th  rate , the  m axim al lig h t-sa tu ­
ra te d  g row th  ra te  w ill b e  associa ted  w ith  an  N:C ratio 
less th a n  Qmax. T he use  of n = 1 in  Fig. 3b dow n-regu - 
la tes n u trien t u p ta k e  as Q ap p ro ach es Qmax (dow n-reg- 
u la tion  is p roportional to Qmax -  Q), resu ltin g  in  < 
V ^f (n «  1 in  Eq. 6 m eans th a t d o w n-regu la tion  of 
n u trien t u p ta k e  only occurs if Q is very  close to Qmax). 
In Eq. (18), F ^ ax is red u c ed  by th e  factor a (and day  
length), w h ich  allow s th e  above condition  to b e  fu l­
filled ev en  w ith  n  < 1.

W e also show  th a t w e can  im prove on  the  perfo r­
m ance of GM K98 in describ ing  the  A nning  e t al. (2000) 
d a ta  set for Skeletonem a costatum  th ro u g h  slight 
m odifications of the  m odel structu re . O ur n ew  m odel 
s truc tu re  re ta in s  the  assum ption  th a t th e  C-specific, 
lig h t-sa tu ra ted  pho tosyn thesis ra te  rea ch es  its m ax i­
m um  v alue  only w h en  th e  N:C of th e  cell is m axim al. 
H ow ever, bo th  GM K98 an d  our n ew  m odel show  tha t 
m axim ising g row th  ra te  does not req u ire  th a t N:C be 
m axim al.

It is im portan t to d istingu ish  b e tw e en  th e  p ho tosyn ­
thesis ra te  of cells in  b a lan c ed  g row th  at a  particu la r 
irrad iance  an d  th e  pho tosyn thesis ligh t (P - I ) response
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curve. A rm strong 's (2006) m odel g ives th e  ph o to sy n ­
thesis ra te  for cells in  b a lan c ed  g row th  from  w hich  a 
P (/(l) vs. 7(l cu rve can  b e  derived . In contrast, GMK98 
an d  our n ew  m odel g ive not only the  pho tosyn thesis 
ra te  at the  g row th  irrad iance , bu t com plete ph o to sy n ­
thesis-ligh t response  curves. It is th ese  P -I  curves th a t 
d e term in e  the  in stan tan eo u s response  of p h o to sy n th e­
sis ra tes to ch an g es in  irrad iance . P -I  cu rves d iverge 
from  P (/(l) vs. 7(l cu rves at all irrad ian ces excep t the 
g row th  irrad iance  (Fig. 9).

Thus, w hile  w e m ake  the  assum ption  th a t P¡¡;ax is 
m axim al w h en  N:C is m axim al, this does not p rec lude  
th a t th e  b a lan c ed  g row th  ra te  w ill b e  m axim al w h en  
N:C is lower.

O ne m ajor d iffe rence b e tw e en  GM K98 an d  the  o p ti­
m ality  m odel of A rm strong  (2006) is th a t GMK98 is a 
dynam ic m odel th a t can  be app lied  to tran sien t co n d i­
tions, w h erea s  th e  optim ality  m odel is ap p lied  to 
s teady -sta te  b a lan c ed  grow th. A rm strong  (2006) r e ­
cogn ised  th is possib le w eak n ess  of the  steady -sta te  
optim ality  m odel an d  su g g ested  an  em pirical app roach  
th a t cou ld  b e  u se d  in  dynam ic ligh t env ironm ents. An 
ad v an tag e  of GM K98 is th a t bo th  the  dynam ic r e ­
sponse an d  the  stead y -sta te  (balanced  grow th) r e ­
sponse can  b e  sim ulated  w ithou t th e  n ee d  for a d d i­
tional assum ptions. Thus, GMK98 is self-contained, 
an d  the  ra te  of response  of Chl:C  is a co n seq u en ce  of 
th e  dynam ics of the  C an d  C hi pools, ra th e r th a n  the 
co n seq u en ce  of an  im posed  ra te  constant.

P ahlow  (2005) d ev e lo p ed  a dynam ic m odel th a t 
em ployed  an  op tim ality  ru le  to specify ch an g es of 
Chl:C in  dynam ic ligh t environm ents. T he optim al 
Chl:C w as o b ta in ed  as a trade-off b e tw e en  (1) the  gain
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associa ted  w ith  allocating  m ore C to the  lig h t-h a rv es t­
ing  ap p a ra tu s  to inc rease  P /Pmax, an d  (2) the  cost in 
term s of the  p roportion  of C th a t w as a lloca ted  to light 
harvesting . This m odel w ou ld  a p p e a r to em brace  A rm ­
strong 's (2006) suggestion  th a t op tim ality  co n sid era ­
tions form  th e  basis of acclim ation m odels, b u t also to 
em ploy op tim ality  considerations w ith in  a dynam ic 
m odel th a t can  b e  ap p lied  in  non -stead y  sta te  ligh t an d  
n u trien t env ironm ents.

What are the rules that specify optim al outcomes?

O ne of the  issues th a t m ust b e  ad d re ssed  w h en  
app ly ing  optim ality  considerations to phy top lank ton  
g row th  m odels (Pahlow  2005, A rm strong  2006) is how  
to quan tify  th e  benefits  an d  costs of d iffe ren t acclim a­
tion strateg ies. T he benefits  a re  usually  qu an tified  in 
term s of in c reased  g row th  rate . W hen m ore th a n  one 
resou rce  (designa ted  P¡) m ay lim it g row th  rate , an d  
u p ta k e  of each  resou rce  is p roportional to th e  a b u n ­
dan ce  of a d iffe ren t cata lyst (designa ted  Q), an d  th e re  
is a trade-off in  the  re la tive  ab u n d a n ce s  of th ese  c a ta ­
lysts such  th a t an  in c rease  in  the  ab u n d a n ce  of one c a t­
alyst com es at th e  ex p en se  of others, th e n  the  g row th  
ra te  w ill b e  g iven  by:

p = M IN

Q
C9

f ( Ri )
f ( R 2 )

C n - f ( R n )

(30)

w h ere  Q  is th e  a b u n d a n ce  of th e  ca ta lyst for assim ila­
tion of resou rce  P¡. G row th  will be m axim ised  w h en
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Fig. 9. Com paring a C(Jp) vs. Ip curve (balanced growth) w ith 2 dynamic P(I ) vs. I  curves for cells grown at Ip = 80 pmol photons 
n r 2 s_1 (dashed lines) and 640 pmol photons n r 2 s_1 (dash-dotted lines) using (a) the GMK98 model, and (b) the RG1 model
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p = Q  ■ƒ(«!) = C2 -f(R2) = ... = Cn ■ f (Rn) (31)

an d  th e  optim al resou rce  d istribu tion  will b e  o b ta in ed  
by m axim ising p, sub ject to the  constra in t th a t

C t o t a l  = Cj + C2 + ... + Cn (32)

T he acclim ation d esc rib ed  by th is type of app roach  
is b a se d  on a trade-o ff b e tw e en  th e  cap ita l costs of 
d iffe ren t resou rce  acquisition  p a thw ays an d  the 
cataly tic capac ity  of th ese  p a th w ay s u n d e r a g iven  set 
of resou rce  availabilities. T he cap ita l costs can  be 
quan tified  in  te rm s of th e  ch an g e  in  th e  proportions 
of ce llu lar C, N an d  iron th a t a re  a lloca ted  to th e  d if­
fe ren t catalysts. D ividing th e  p roportion  of cell r e ­
source devo ted  to a  specific cata lyst by  th e  b a lan ced  
g row th  ra te  allow s th e  cap ita l cost to b e  ex p ressed  in 
re la tion  to the  benefit accrued . H ow ever, an  analysis 
b ased  solely on this ap p ro ach  w ould  b e  incom plete 
b ecau se  th e re  a re  2 o th e r types of costs th a t should  
be considered . T hese  a re  ru n n in g  costs an d  o p p o rtu ­
nity  costs.

W e briefly  consider how  capital, runn ing , an d  o p p o r­
tun ity  costs m ay affect th e  trade-offs involved in  a c ­
clim ation of p igm en t con ten t in  phy top lank ton . The 
m ajor ru n n in g  cost associa ted  w ith  in c reased  p igm en t 
con ten t is tu rn o v er of th e  pho tosyn thetic  p ro te ins 
(Raven 1989). A second  ru n n in g  cost associa ted  w ith  
in c reased  lig h t-harvesting  p o ten tia l w ill be the  g re a te r  
susceptib ility  to photo-oxidative stress, w h ich  is e x ­
p ec ted  to inc rease  as pho tosyn thesis becom es in c re a s­
ingly  ligh t-sa tu ra ted . This cost can  b e  offset to som e 
ex ten t by  d o w n -reg u la tin g  ligh t-absorp tion  to reduce  
th e  g en e ra tio n  of reactive  oxygen  species (ROS), a n d / 
or u p -reg u la tio n  of non-pho tochem ical e n e rg y  d iss ip a ­
tion (Ruban et al. 2004) to red u c e  the  g en e ra tio n  of 
ROS. It can  also b e  offset by  additional investm en t of 
cap ita l resou rces in  u p -reg u la tio n  of R O S-scavenging 
system s to red u c e  th e  d am ag e  cau sed  by ROS g e n ­
era tion  (Logan e t al. 2006). It is possib le th a t the  tra d e ­
off b e tw e en  red u c in g  ligh t-harvesting , u p -reg u la tin g  
non-pho tochem ical q u en ch in g  m echan ism s an d  up- 
reg u la tin g  ROS scaveng ing  system s will d e p e n d  on 
th e  m ean  in tensity  an d  variab ility  of th e  ligh t en v iro n ­
m en t (including the  m axim um  ligh t levels en co u n te red  
an d  th e  frequency  of fluctuations). T hese ru n n in g  costs 
an d  add itiona l cap ita l costs a re  not w ell understood , 
bu t h av e  no dou b t p lay ed  a role in  p h y top lank ton  ev o ­
lution.

Finally, one can  also consider th e  oppo rtun ity  cost 
associa ted  w ith  the  d iversion  of resou rces from  o ther 
functional pools to the  lig h t-h a rv estin g  appara tu s . An 
opportun ity  cost is th e  v a lue  of fo regone opportun ities 
th a t canno t b e  ach ieved  b ecau se  of the  resou rces d e ­
vo ted  tow ards an  a lte rna tive  option. For exam ple , 
d iversion of resou rces from  C alvin  cycle enzym es

an d /o r ribosom es to the  lig h t-h a rv estin g  ap p a ra tu s  in 
LL env ironm en ts m ay red u c e  the  opportun ity  to 
exploit in te rm itten t ex posu re  to HL in an  o therw ise  
ligh t-lim ited  env ironm en t such as a deep ly  m ixed 
layer. Such a rea lloca tion  of resou rces m ight also in ­
crease  th e  susceptib ility  to photo-oxidative stress. 
Thus, the  ex ten t to w hich  p igm en t con ten t increases 
u n d e r LL conditions m ay b e  sub ject to a g en e tic  co n ­
straint, so the  cells re ta in  th e  capacity  to resp o n d  to 
inc reases in  ligh t availability.

In th e  ligh t env ironm en t ex p e rien ced  in  n a tu re , cells 
m ay ex perience  b o th  lig h t-sa tu ra tin g  an d  ligh t-lim it­
ing  conditions d u e  to ch an g es of position  w ith in  a v e r­
tical ligh t g rad ien t (M acIntyre e t al. 2000). In a ch ro n i­
cally ligh t-lim ited  environm ent, such as a  d ee p  m ixed 
layer, cells m ay n o n eth e le ss  b e  in te rm itten tly  exposed  
to sa tu ra tin g  light. A lgae have b e e n  show n to cope 
b e tte r  w ith  such fluctuating  ex posu re  to h ig h  ligh t th a n  
to con tinuous ex posu re  (Pahl-W ostl 1992,W agner e t al. 
2006). H ow ever, the  variab le, often  p u n ctu a ted , n a tu re  
of the  na tu ra l ligh t env ironm en t com plicates a c o s t-  
benefit analysis of p igm en t acclim ation b ecau se  ca p i­
tal, ru n n in g  an d  oppo rtun ity  costs m ay b e  in te rd e p e n ­
dent. For exam ple , d iversion  of resou rces from  C alvin 
cycle enzym es to lig h t-harvesting  p ig m en t-p ro te in  
com plexes will d ec rease  th e  oppo rtun ity  cost of in te r­
m itten t exposu re  to HL w hile  sim ultaneously  in c re as­
ing  the  ru n n in g  cost associa ted  w ith  rep a ir  of d am ag e  
cau sed  by in te rm itten t ex posu re  to HL. H ow ever, 
u n d e r slowly vary ing  ligh t environm ents, such as 
e n c o u n te re d  in  stratified  w a te r colum ns, assessing  the  
costs an d  benefits  of p igm en t acclim ation m ay b e  m ore 
tractab le.

In princip le, a  m odel of p h y top lank ton  g row th  
b ased  on explicit consideration  of th e  costs an d  b e n ­
efits of d iffe ren t acclim ation stra teg ies provides an  
opportun ity  to re p re se n t th e  m echan ism s of com peti­
tion an d  exclusion in  p h y top lank ton  com m unities, 
w h ich  should  le ad  to b e tte r  p red ic tions of how  these  
com m unities m ay resp o n d  to env ironm en ta l change. 
H ow ever, in  th e  absence  of know ledge of th e  costs 
an d  benefits  of d iffe ren t acclim ation strateg ies, it 
m ay be n ecessary  to b ase  our m odels of p h y to p la n k ­
ton g row th  on em pirically  d erived  ru les  o b ta in ed  
from  the  in te rp re ta tio n  of experim en ts. In effect, w e 
can  m ak e  th e  assum ption  th a t th e  response  th a t w e 
observe in  contro lled  experim en ts p rov ides a set of 
ru les th a t is a co n seq u en ce  of the  opera tion  of n a t­
u ral selection  in  th e  n a tu ra l env ironm ent for the  
p h y top lank ton  species u n d e r investigation . T he ru les 
th a t w e em ploy, such as th e  reg u la to ry  te rm s e m ­
ployed  in  GM K98 an d  in  T able 4, a re  thus an  e x p re s ­
sion of th e  outcom e of n a tu ra l selection. In essence, 
they  account for th e  com plicated  trade-offs tha t 
m ay b e  o therw ise  difficult to quantify . N onetheless,
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g re a te r  app lica tion  of optim ality  princip les in  p h y to ­
p lan k to n  g row th  m odels is desirab le , especially  if 
these  m odels a re  u sed  to form ulate  te s tab le  h y p o ­
theses.

Carbon dynam ics

T he p reced in g  d iscussion m ight suggest th a t the 
m odelling  ap p ro ach  of GMK98, an d  the  optim ality  
ap p ro ach es em ployed  by P ahlow  (2005) an d  A rm ­
strong  (2006), a re  w idely  d ivergen t. In fact, th e  m odels 
have  m any  com m on fea tu res. O ur n ew  m odel, like 
GMK98 an d  o ther p h y top lank ton  g row th  m odels 
(Flynn 2001, Pahlow  2005, A rm strong  2006), has  at its 
h ea rt a m ass b a lan ce  (which is eq u iv a len t to an  en erg y  
balance) for o rgan ic  C p roduction  an d  consum ption. 
T he en e rg y  b a lan ce  th a t u n d erp in s th is m odel is 
deriv ed  from  th e  ap p ro ach  em ployed  by B annister 
(1979) an d  Kiefer & M itchel (1983), as e lab o ra te d  in 
G eider (1990). O rganic C is p ro d u ced  by  p h o to sy n th e­
sis accord ing  to a p h o to sy n th es is -lig h t response  curve, 
an d  consum ed  to suppo rt the  en e rg y  d em an d  for 
b iosynthesis (e.g. grow th) an d  m a in ten an ce  (B annister 
1990). M a in ten an ce  resp ira tion  is assum ed  to b e  in d e ­
p e n d e n t of g row th  conditions, w h erea s  th e  en erg y  
d em an d  for b iosynthesis is assu m ed  to be p roportional 
to the  ra te  of assim ilation  of ino rgan ic  N into organic 
m atter.

U nlike GMK98, w e explicitly  d iffe ren tia te  b e tw e en  
th e  functional (CF) an d  e n e rg y  sto rage (C5) pools. This 
allow s us to a ttr ib u te  ch an g es in  th e  N:C ratio  (Q) to 
th e  accum ulation  or m obilisation  of e n e rg y  rese rv e  
polym ers. U nder ligh t-lim iting  conditions, w h en  e n e r ­
gy rese rv es  account for a  sm all p roportion  of cellu lar 
o rgan ic  m atter, Q ap p ro ach es th a t of th e  functional 
pool, Qf . U nder en e rg y -rep le te  conditions, Q dec lines 
as e n e rg y  rese rv es a re  accum ulated  b ecau se  th e  ra te  
of pho tosyn thetic  C fixation exceeds th e  ra te  at w hich  
inorgan ic  N is assim ilated . U nder th ese  HL conditions, 
th e  m axim um  ra te  of N assim ilation  lim its th e  ra te  of 
syn thesis of n ew  functional C.

T he functional C pool, CF, consists of th e  light- 
h a rv estin g  ap p a ra tu s  an d  th e  rem ain in g  cataly tic and  
structu ra l m ateria ls. W e set an  u p p e r lim it on th e  p ro ­
portion  of CF th a t can  b e  alloca ted  to ligh t harvesting , 
limax- F °r the  sim ulations rep o rted  in  this paper, w e 
em ployed  a v a lue  of 0.33 for th is limit. D iatom s are  re l­
atively h igh ly  p ig m en ted  co m p ared  w ith  m any  o ther 
p h y top lank ton  tax a  (see Falkow ski e t al. 1985) an d  w e 
expect this p roportion  to b e  an  im portan t trait th a t 
varies am ongst p h y top lank ton  groups.

In th e  ab sen ce  of d a ta  to the  contrary, w e  assum ed  
th a t the  N:C ratio  of th e  lig h t-h arv estin g  ap p a ra tu s  is 
th e  sam e as th a t for the  rest of th e  functional pool,

a lthough  this assum ption  could  b e  re lax ed  an d  the  
m odel m odified to account for d iffe rences in  N:C 
am ongst cata ly tic an d  structu ra l com ponen ts of the  
p h y top lank ton  cell. We m ight expect the  N:C of the  
lig h t-harvesting  ap p a ra tu s  to vary  am ongst tax a  w ith  
w idely  d iffe ren t p igm en t com plem ents (for exam ple  
w h en  ligh t h a rv estin g  is dom ina ted  by  N -rich phyco- 
b ilisom es as opposed  to N -free xanthophylls). O n the  
o ther hand , w e w ou ld  ex p ect the  N:C of th e  rem ain in g  
functional m ateria l to vary  w ith  th e  proportion  of the  
cell d ev o ted  to cellu lose w alls an d  m em b ran e  lipids. 
U nder ligh t-lim iting  conditions, N:C varies am ongst 
p h y top lank ton  ta x a  an d  species from  as low  as 0.11 to 
as h igh  as 0.25 gN  gC -1 (M acIntyre e t al. 2002, Laws & 
B annister 1980, T hom pson e t al. 1989). It is unclea r 
how  m uch  of this variab ility  is d u e  to m ethodological 
d iffe rences an d  how  m uch  rep rese n ts  system atic v a ri­
ability  am ongst taxa. T he effects of d iffe rences in  the  
com position of th e  lig h t-h arv estin g  appara tu s , d iffe r­
ences in  the  p roportion  of ce llu lar C in  w alls an d  m em ­
branes, an d  d iffe rences in  th e  proportions of ce llu lar C 
a lloca ted  to d iffe ren t functional pools on the  bu lk  N:C 
of p h y top lank ton  cells n ee d s  to b e  exp lo red  further. 
B ased on  the  d a ta  by  A nning  e t al. (2000) (Fig. le), w e 
em ployed  a v a lue  of 0.19 gN  gC -1 for QF, w h ich  com ­
p are s  favourab ly  w ith  an  estim ate  of th e  N:C of the  
lig h t-harvesting  m ach inery  of 0.17 gN  gC -1 (A ppen­
dix 1) b a se d  on d a ta  for Thalassiosira weissflogii p ro ­
v id ed  by D ubinsky  e t al. (1986), an d  is consisten t w ith  
our assum ption  th a t d iffe ren t subpools w ith in  CF have  
the  sam e N:C.

C hlorophyll dynamics

From  th e  trea tm e n t of C hi dynam ics in  GMK98, w e 
can  define  th e  m axim um  Chi: C of th e  cell as:

e£ax = < ax-Qmax (33)

S ince bo th  an d  Q ^ ax are  constan t in  GMK98, 
0max is also a constant. In GMK98, 0^,ax w as in troduced  
to show  explicitly  the  link  b e tw e en  C hi synthesis an d  
N assim ilation. C hi syn thesis is m echanistically  linked  
to N assim ilation  in  p h y top lank ton  b ecau se  C hi does 
not exist freely  in  the  cell, b u t ra th e r is bou n d  in  fixed 
sto ichiom etry  to specific C h l-b ind ing  p ro teins. We 
re ta in  th is explicit link  b e tw e en  C hi syn thesis an d  N 
assim ilation  in  our n ew  m odel. H ow ever, w e h av e  split 
the  0 ^ ax into 2 com ponents. T hese  a re  the  m axim um  
p roportion  of th e  cell's functional C pool d ev o ted  to 
ligh t harvesting , n ^ ax, an d  th e  Chl:C  of th is pool,
(0 L  )m ax*

e£ax=nLI -(0L)mai (34)
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This m ay seem  like a re tro g rad e  step  because , w hile 
w e only n e e d e d  to specify 1 p a ra m e te r  in  GMK98, 
nam ely  O^axr w e  now  have  to specify 2. W e split 0 ^ax 
into its com ponen ts to m ore clearly  identify  the 
resou rce  im plications of p igm en t accum ulation . This 
fea tu re  w ill b e  usefu l for exam in ing  com petition  
am ongst p h y top lank ton  tax a  th a t h av e  d iffe ren t lig h t- 
h a rv estin g  com plexes w ith  the ir associa ted  resource  
im plications (Raven 1984). A m ore m u n d a n e  reaso n  for 
specifying n ^ ax is th a t it allow s us to em ploy th e  acce l­
era tion  te rm  in Eq. (21) w ith  confidence th a t m ass b a l­
ance will not b e  v io lated: th is is b ecau se  w e req u ire  
r 4 axx i l <  1.

Inorganic n itrogen  assim ilation

U nlike m odels dev e lo p ed  by Flynn (2001, 2003b), w e 
em ploy a v ery  sim ple trea tm e n t of inorgan ic  N assim i­
la tion  an d  app ly  th e  m odel to a labora to ry  experim en t 
in  w hich  th e re  w as only one N source, nam ely  n itra te. 
For app lica tion  to assim ilation  of bo th  am m onium  and  
n itra te , it is n ecessary  to fu rth e r specify how  th e  ra tes 
of assim ilation  of th ese  2 N form s a re  reg u la te d  (Flynn 
2003b).

In theory, it should  also b e  n ecessary  to d iffe ren tia te  
b e tw e en  th e  cost of assim ilating  n itra te  (¡¡Nca) a n d  am ­
m onium  (ÇA). This is b ecau se  significant am ounts of e n ­
erg y  are  req u ired  to red u c e  n itra te  to am m onium : 
Flynn (2001) es tim ates the  cost of n itra te  reduc tion  as 
1.71 gC  gN -1. Thus, w ith  ÇN03 = 3.0 gC  gN -1, as w e a s ­
sum ed  (Table 1), w e w ould  expect ÇA to eq u a l 1.29. Lev- 
asseu r e t al. (1993), b ased  on observations of cellu lar 
C:N an d  cell d ivision ra tes  of 4 d iffe ren t phy top lank ton  
species u n d e r  LL conditions, ca lcu la ted  th a t cells g ro w ­
ing  on n itra te  w ould  req u ire  up  to 48%  m ore en erg y  
th an  cells g row ing  on  am m onium . H ow ever, they  found 
no d iffe rence in  ligh t harvesting , an d  thus could  not a c ­
count for th e  provision of th e  ex tra  en e rg y  ca lcu la ted  to 
be req u ired  w h en  n itra te  rep la ce d  am m onium  as the 
ino rgan ic  N source. T he im plication  of th ese  findings 
for our m odelling  ap p ro ach  is th a t it is not necessary  to 
d iffe ren tia te  b e tw e en  ÇN03 an d  ÇA. This can  b e  seen  in  a 
plot of g row th  ra te  versus a proxy for the  ra te  of light 
absorp tion  in  Thalassiosira pseudonana  (Fig. 10) b ased  
on th e  d a ta  of T hom pson et al. (1989). If th e re  w as a s ig ­
nificant d iffe rence b e tw e en  th e  va lues of ÇN03 an d  ÇA, 
th e n  the  g row th  ra tes u n d e r LL conditions w ou ld  fall on 
d iffe ren t tre n d  lines in  this figure.
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Fig. 10. The dependence of growth rate on an index of the 
rate  of light absorption in  Thalassiosira pseudonana  using 
data from Tables 1 & 2 of Thompson et al. (1989). The product 
of the Chl:C and photon flux density (in g Chi pmol photons 
m~2 s_1 (gC p1) provides an index of the rate  of light absorp­
tion: calculation of absolute rates of light absorption requires 
additional information on the chlorophyll a-specific light 
absorption coefficient. Note that the units for Chl:C • I  are the 

inverse of those for a cw

investiga te  th e  ro les of sto rage an d  m obilization  of 
en e rg y  rese rv es  (e.g. ca rbohydra tes an d /o r n eu tra l 
lipids) b ecau se  en e rg y  sto rage rese rv es p lay  a  m ajor 
role in  the  g row th  of m icroalgae (C uhel e t al. 1984). 
Initially, w e app lied  th e  m odel to th e  day -n ig h t vara- 
bility of Chl:C  an d  N:C in Skeletonem a costatum  su b ­
je c te d  to shifts in  pho ton  flux density . By inc lud ing  
accum ulation  an d  m obilization  of en e rg y  sto rage r e ­
serves w e ach iev ed  considerab le  im provem ents in  our 
ability  to d escribe  an d  exp la in  the  day -n ig h t v ariab il­
ity of Chl:C an d  N:C. W e env isage  th a t a ce ll-based  
p h y top lank ton  g row th  m odel, w h en  im p lem en ted  
w ith in  a L ag rang ian  descrip tion  of m ixing th ro u g h  
vertical ligh t g rad ien ts, w ill p rovide a  tool for gain in g  
an  im proved  u n d e rs ta n d in g  of the  ro les of ru n n in g  
costs an d  opportun ity  costs in  p h y top lank ton  ecophys- 
iology. Finally, the  explicit consideration  of an  en e rg y  
sto rage pool w ith in  a ce ll-based  m odel w ill also allow  
the  m odel to b e  ap p lied  to ligh t reg im es th a t include 
periods of p ro longed  darkness: such  reg im es m ay be 
ex p e rien ced  w h en  cells a re  tran sp o rted  on tim e scales 
of days to w eek s out of an d  into illum inated  surface 
layers.

□ □ □□

°  o 0 0

a

□
O

_ □o
OD

G o Nitrate
° Ammonium

CONCLUSION

O ur goal in  u n d e rta k in g  th is re se a rch  w as to 
develop  a ce ll-based  p h y top lank ton  g row th  m odel to
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Appendix 1. Calculation of the N:C of the light-harvesting apparatus

At a minimum, the light-harvesting apparatus consists of 
the photosynthetic pigm ents, together w ith the proteins that 
b ind these pigm ents and the associated lipids in  the thy- 
lakoid m em branes. We estim ated the N:C of the light h a r­
vesting apparatus of Thalassiosira weissflogii based  on data 
provided by Dubinsky et al. (1986) for the ratios of Chi a to 
reaction centres I (RCI) and II (RCII) as follows.

First, we calculated the distribution of Chi a amongst the 
pigm ent binding complexes in  the thylakoid m em brane:

Proportion of cellular Chi a in  RCI complexes:
96

n Chi 
PSI ' Chi a : RCI

Proportion of cellular Chi a in  RCII complexes: 

n c-> 3 6
Chi a : RCII 

Proportion of cellular Chi a in  FCP complexes:
96 36

TT1 aTT 1 - -

Chl a : RCI Chi a : RCII

(35)

(36)

(37)

In these calculations, w e assume that the proteins that m ake 
up RCI and RCII are highly conserved am ongst phytoplank­
ton taxa, and that the amounts of Chi a bound to these reac­
tion centre complexes are also conserved. We assum ed that 
36 Chi a are bound to each RCII and 96 Chi a to each RCI 
(Blackenship 2002). Once Chi a associated w ith the reaction 
centres was accounted for, the rem ainder of the cellular 
Chi a was assigned to the fucoxanthin chlorophyll pigm ent - 
protein (FCP) complexes of both photosystem s I and II.

Second, w e calculated the ratio of protein-to-Chl a in  the 
RCI, RCII, and FCP complex:

289000 
ripci -  -  3.37

R r c i i  : 

R f c p  =

96-893 

368000 
" 36-893 

20000

- = 11.4

7-893
- = 3.2

(38)

(39)

(40)

In these calculations, w e used molecular w eights of 368 000 
for RCII complex, 289 000 for RCI complex and 20 000 for the 
diatom FCP complex. The molecular w eights of the RCII 
and RCI complexes are based  on Blackenship (2002), and 
that for the FCP on Eppard et al. (2000). We assum ed 7 Chi 
a are bound to each FCP (Caron et al. 2001). This inform a­
tion, together w ith the ChhRCII (mean = 620; range = 550 to 
720) and Chl:RCI (mean = 1230; range = 1100 to 1430) 
reported  by Dubinsky et al. (1986) yielded a m ean 
protein:Chl a of 3.7 g protein (g Chi a)-1 for Thalassiosira 
weissflogii grown over the range of photon flux densities 
from 30 to 600 pmol photons n r 2 s-1.

Third, w e accounted for the accessory pigm ents (e.g. chloro­
phyll c, xanthophylls, and carotenoids) and colourless thy­
lakoid lipids by assum ing that there are 0.8 g of accessory 
pigm ents (most of w hich are xanthophylls) per g Chi a (D. 
Suggett unpubl. data), and 0.19 g lipid per g protein in  the 
thylakoid m em branes (Raven 1984).

Finally, w e calculated the C and N contents of a light-har­
vesting apparatus consisting of 1 g Chi a: 0.8 g xantho- 
phylls:0.7 g colourless lipid:3.7 g protein, assum ing the 
protein is 53 % C and 16 % N by weight, Chi a is 74 % C and 
6.3% N by w eight and the xanthophylls and colourless 
lipids are 76% C by w eight (Geider & Roche 2002). From 
this, w e obtained a N:C of 0.17 gN gC-1, w hich is similar to 
the value that we choose for QF of 0.19 gN gC-1. We 
obtained a Chl:C for the light-harvesting apparatus of 0.26, 
w hich is similar to the value 0.28 for (0¿)max used  for the sim­
ulations in  Fig. 5.

There is a large amount of uncertainty in this calculation. In 
addition to the pigm ent binding complexes, w e could 
have accounted for other thylakoid complexes (e.g. the 
cytochrome b6/f complex and ATP-synthase complex), 
w hich w ould raise the calculated N:C ratio and lower the 
Chl:C. Confidence in  any calculation of the N:C of the light- 
harvesting component of CFis lim ited due to the diversity of 
FCP complexes in diatoms (Durnford et al. 1999), the range 
of molecular w eights of the FCP complexes and uncertainty 
in  the amounts of pigm ents bound to each complex.
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