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Abstract
Stable-isotope labe ling  o f phospho lip id -derived  fa tty  acids (PLFAs) is a p o te n tia lly  pow erfu l technique to  

study group-specific p rim a ry  p roduction  o f ph y to p la n k to n , as m any algal groups possess a specific PLEA com ­
pos ition , and i t  is re la tive ly  sim ple to  measure the isotop ic com position  o f a large num ber o f PLFAs. 
Experiments w ith  cu ltu red  algae showed th a t differences exist in  labe ling  am ong PLFAs and between PLFAs and 
particu la te  organic carbon (POC), m ost like ly  ow ing  to  differences in  biosynthesis pathways causing some com ­
ponents o f the cell w ith  short pathways to  be labeled faster. These differences were constant, however, du ring  
the  firs t few hours o f incuba tion , and correction  factors were used to  convert PLEA labe ling  to  to ta l carbon 
uptake. In  algal cultures, g row th  rates based on  13C-PLFA labe ling  agreed w e ll w ith  those based on biomass 
increases in  terms o f PLEA concentra tions and cell numbers. A t tw o  contrasting  sites in  the  Scheldt estuary, PLEA 
synthesis rates were calculated using 2-h incubations. G roup-specific p rim a ry  p roduction  was estimated from  
PLEA synthesis rates and PLEA com positiona l spectra o f samples and algal taxa using the  m a trix  factoriza tion  
program  Chem tax. W hen accompanied w ith  studies or in fo rm a tio n  on  system-relevant ph y to p la n k to n , th is  
sensitive m e thod  w il l  be applicable to  a w ide range o f pelagic ecosystems and also to  ben th ic  systems such as 
algal mats.

Introduction
Since its in tro d u c tio n , the 14C tracer technique (Steeman- 

Nielsen 1952) has provided a w ealth  o f in fo rm a tio n  on  p r i­
m ary p roduction  in  freshwater, brackish, and m arine ecosys­
tems and revealed the im portance o f aquatic photosynthesis in  
the global carbon cycle (Falkowski and Raven 1997, Field et al. 
1998). These measurements provide in fo rm a tio n  on  to ta l car­
bon  fixa tio n . A great varie ty  o f eukaryotic algae and cyanobac­
teria can con tribu te  to  p rim a ry  p roduction , however, and large 
differences in  g row th  and ecological characteristics are know n  
am ong species. The standing stock o f phy top lank ton  at any 
given p o in t and tim e  is the  result o f the com bined effects o f
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gain and loss processes, m any o f w h ich  are species or group 
specific. D ifferences between species such as m a x im u m  
g row th  rates, n u tr ie n t acqu is ition  efficiency, or m in im u m  
required lig h t levels are in tr in s ic  properties o f species (Furnas 
1990, Raven and Kubier 2002, Sunda and H untsm an 1997), 
b u t extrins ic  factors such as v ira l attacks (Brussaard 2004) or 
predation  by  herbivores (T illm ann  2004, V e rity  et al. 2002) 
can also be species or group specific. Therefore, p rim a ry  p ro ­
duc tion  is n o t necessarily p ro p o rtion a l to  standing-stock 
group abundance, and re fin in g  b u lk  photosynthesis in to  nar­
rower taxonom ic  entities can he lp  greatly in  deepening our 
understanding o f aquatic ecosystem p roduc tion  and fu n c tio n ­
in g  (e.g., Barber and H iscock 2006).

A num ber o f methods have been developed and applied to  
measure group-specific rates o f p rim ary  production. M any stud­
ies have used size fractionation  in  com b ina tion  w ith  the 14C 
tracer technique (e.g., L ignell et al. 2003), as size is a de term in­
ing  factor in  m any growth-related processes such as n u tr ie n t 
uptake and in trin s ic  g row th  rates (Raven and Kubier 2002). Eco­
logical differences between the taxonom ic groups (Chisholm  
1992, Latasa et al. 2005), as w ell as species-specific differences 
(e.g., Tang 1996), appear to  override the influence o f size on 
grow th  potentia l, however, and the m ethod is d iff ic u lt to  apply
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in  sediment or in  tu rb id  systems such as estuaries, where algae 
m ay be attached to  large particles or where co lony fo rm a tion  
occurs. The d ilu tio n  m ethod in  com bination  w ith  h igh-per­
formance liq u id  chrom atography (HPLC)-based p igm ent analy­
sis (Landry 1993) can provide group-specific values fo r bo th  
algal g row th  and grazing rates. Samples are d ilu ted  w ith  preda­
tor-free water and several d ilu tions  are compared, based on the 
idea th a t algal g row th  rates rem ain the same w h ile  m o rta lity  
decreases ow ing  to  fewer encounters w ith  po ten tia l grazers. 
Recent technical developments have allowed fluorescence- 
based measurements o f photosynthetic  performance o f single 
cells (D ijkm an and Krom kam p 2006b, G orbunov et al. 1999). 
Q uan tify ing  carbon fixa tio n  o f ind iv idua l cells is hampered, 
however, because i t  remains d iff ic u lt to  measure the lig h t 
absorption o f single cells. In  add ition , the o rig in  o f the d iffe r­
ences com m on ly  observed between fluorescence-derived elec­
tro n  transport rates and carbon and oxygen measurements is 
s till n o t fu lly  solved (e.g., Geei et al. 1997).

O ther m ethods make use o f com pound-specific  labe ling 
w ith  e ither stable or radioactive isotopes. The ch lo ro p h y ll 
labe ling  m ethod  was in it ia l ly  in troduced  by  Redalje and Laws 
(1981) to  calculate the g row th  rate o f the  p h y to p la n k to n  com ­
m u n ity . The m ethod  was later re fined to  measure group-spe­
c ific  algal g row th  rates b y  in c lu d in g  the isotop ic labe ling  o f 
carotenoids (Goericke and W elschmeyer 1993a). A p p ly in g  a 
sim ila r procedure, Popp et al. (2006) used stable-isotope label­
in g  o f alkenones to  calculate the  g row th  rates o f a lkenone-pro- 
duc ing  haptophytes, and Pel et al. (2004) com bined flow -cyto - 
m etric  cell sorting  w ith  stable-isotope labe ling  o f fa tty  acids to 
measure g row th  o f cyanobacteria and eukaryotic algae.

In  th is  article, we explore the use o f stable-isotope labeling 
o f phospho lip id -derived  fa tty  acids (PLFAs) to  study group- 
specific p rim a ry  p roduction . There were several reasons fo r 
tu rn in g  to  PLFAs as biomarkers. A lth o u g h  p igm ents are the 
m ost obvious biom arkers fo r ph y to p la n k to n , m any algal taxa 
have a characteristic PLFA com position  as w e ll (D ijkm an  and 
K rom kam p 2006a, Viso and M a rty  1993, Vo lkm an et al. 1989, 
Zhukova and Kharlam enko 1999), and depending on the tax­
onom ic  com position , PLFAs m ay provide a m ore detailed 
image o f the p h y to p la n k to n  com position  than  p igm ents 
(D ijkm an  and K rom kam p 2006a). An advantage is th a t in fo r ­
m a tion  on  non-algal taxa, such as bacteria, can be derived as 
w e ll because PLFAs are im p o rta n t constituents o f cellu lar 
membranes in  eukaryotes and bacteria. This makes i t  possible 
to  fo llo w  transfer o f labeled m ateria l to  o ther tro p h ic  levels 
app ly ing  the same m ethodo logy  (Boschker 2004, M idde lburg  
et al. 2000). Furtherm ore, the iso top ic com position  o f PLFAs 
can be measured re la tive ly  s im p ly  using gas chrom atogra- 
p h y -co m b us tio n -iso to p e  ra tio  mass spectrom etry (GC-C- 
IRMS) (Boschker 2004). In  contrast, measurement o f the  iso­
top ic  com position  o f pigm ents, w h ich  are m ost com m on ly  
used as biom arkers fo r p h y top lank ton , is n o t s tra ightforw ard 
and requires co llec tion  o f fractions after separation o f the  p ig ­
m ents by  th in -laye r chrom atography or HPLC (Goericke and

W elschmeyer 1993a, 1993b) o r w ith  in - lin e  s c in tilla tio n  
co u n tin g  in  com b ina tion  w ith  radioactive isotopes (O rnolfs- 
d o tt ir  et al. 2004; P inckney et al. 2001, 1996). We used phos­
pho lip id -de rived  fa tty  acids rather than  to ta l lip id -derived  
fa tty  acids, because phospho lip ids are ra p id ly  degraded upon 
cell death and are therefore representative o f viable biomass 
(P inkart et al. 2002). Furtherm ore, phospho lip ids are n o t used 
as storage m ateria l in  contrast to  neutra l lip ids, w h ich  include 
variable am ounts o f storage molecules in  the  fo rm  o f triacy l- 
glycerols. Phospholip ids are therefore a m ore stable frac tion  o f 
ce llu lar biomass to ta l lip ids . PLFA synthesis indicates synthe­
sis o f ce llu lar membranes and thus grow th . The rate o f PLFA 
synthesis should  give a good p ro xy  fo r g row th  rate calcula­
tions  based on  iso top ic labeling.

We measured the  rate o f in co rpo ra tion  o f 13C in  PLFAs in  
b o th  cu ltu red  m ateria l and fie ld  samples d u ring  incubations 
in  the presence o f 13C-labeled bicarbonate (13C-HCO y). In  
algal cultures, g row th  rates were calculated fro m  labe ling  data 
and then  va lidated w ith  those based on  increases in  cell n u m ­
bers and PLFA concentrations. In  fie ld  samples, PLFA synthe­
sis rates were calculated from  PLFA concentra tions and iso­
to p ic  data and the  ta xo n o m ic  co m p o s itio n  and group 
co n tr ib u tio n  to  p rim a ry  p roduc tion  were estimated using fu ll 
PLFA spectra.

Materials and procedures
13C-labeling o f cultivated strains— Species were chosen to  rep­

resent the  p h y to p la n k to n  in  the  Scheldt estuary, a tu rb id , tida l 
system (Belgium, the  Netherlands). A lgal cultures were grow n 
in  Erlenmeyer flasks co n ta in in g  the  appropriate m ed ium  
(Table 1) at an irradiance o f 40 p m o l n r 2 s_1 w ith  a ligh t:da rk  
cycle o f 14:10 and a tem perature o f 16°C. The cultures were 
kept in  the lo g a rith m ic  g row th  phase fo r at least 2 weeks 
before measurements by  regular d ilu t io n  w ith  fresh m edium . 
Incubations were carried o u t in  closed bottles. The cultures 
were enriched w ith  13C -N aH C 03 (99% 13C; Cambridge Isotope 
Laboratories, Inc.) to  approxim ate ly  4% o f the  am bient dis­
solved ino rgan ic  carbon (DIC) concentra tion .

The green alga Ankistrodesmus angustus and the d ia tom  Tha­
lassiosira pseudonana were incubated at the  g row th  irradiance 
fo r a fu ll 24-h period. Cell num bers and concen tra tion  and 
iso top ic com position  o f PLFAs and o f particu late organic car­
bon  (POC) were fo llow ed  in  tim e. The carbon stable-isotope 
ra tio  o f to ta l D IC was determ ined according to  M iya jim a  et al. 
(1995) using a Fisons NA-2500 Elem ental Analyzer (co lum n: 
Haysep Q, flo w  rate 80 m L m in -1) coupled o n lin e  w ith  a F inn i- 
gan Delta S isotope ra tio  mass spectrometer. A larger num ber 
o f species was incubated fo r 2 h  at a h igher irradiance o f 210 
p m o l n r 2 s_1. The exact en richm en t o f D IC in  these incuba­
tions  was calculated after D IC  concen tra tion  was determ ined 
b y  po ten tiom e tric  t itra tio n  as described in  deta il in  Gazeau et 
al. (2005). Cell num bers were determ ined using a cell counter 
(C oulter M u ltis ize r II). Cells fo r PLFA and POC analysis were 
harvested on glass fiber filte rs  (GF/F) (W hatm an) using lo w
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pressure f i ltra t io n  (-0.1 to  -0 .2  atm ospheric pressure). The 
filte rs  fo r PLFA analysis were frozen im m ed ia te ly  in  l iq u id  
n itrogen  and stored at -80°C  u n t i l  analysis. Filters fo r par­
ticu la te  organic carbon and n itrogen  analysis were stored 
at -20°C  u n t i l  analysis.

Field experiments— Incubations fo r 13C -labeling o f n a tu ­
ral p h y to p la n k to n  com m un ities  were perform ed at sa lin i­
ties o f 0 and 28 in  the  Scheldt estuary. In  A p ril 2003, water 
samples were taken from  1 m  depth  w ith  a N isk in  water 
sampler and incubated on board the  research vessel Luctor. 
The samples were enriched w ith  13C -N aH C 03 (99% 13C; 
Cambridge Isotope Laboratories, Inc.) to  2% to  4% o f the 
am bient D IC  concentra tion . The absolute 13C enrichm en t 
was calculated after D IC was determ ined by  po ten tiom et- 
ric  titra tio n . The samples were incubated fo r 2 h  in  closed 
1-L bottles at an irradiance o f 250 p m o l n r 2 s_1 in  an in cu ­
bator at the in  situ  tem perature. Four bottles were in cu ­
bated at each station. Two bottles were pooled before tak­
in g  subsamples fo r 013C-POC and Ô13C-PLFA to  end up 
w ith  duplicate samples. Incubations were ended by  f i lt ra ­
tio n  over GF/F filte rs  using low-pressure filtra t io n . PLFA 
extraction  was started im m ed ia te ly  b y  p lac ing  the  filte rs 
in  the solvent m ix tu re  (see "PLFA extraction  and analy­
sis") and stored at -20°C  u n t i l  co n tin u a tio n  o f the  extrac­
tio n  procedure in  the  laboratory. Filters fo r analysis o f par­
ticu la te  organic carbon and n itrogen  were stored at -20°C  
u n t i l  analysis.

PLFA extraction and analysis— PLFAs were extracted and 
analyzed as in  Boschker (2004). In  short, lip ids  were 
extracted in  a m ix tu re  o f ch lo ro fo rm , m ethano l, and 
water (1:2:0.8 v o l/v o l/v o l) , using a m o d ifica tio n  o f the 
m e thod  o f B ligh and Dyer (1959). Phase separation was 
induced by  the a d d ition  o f ch lo ro fo rm  and water to  a fin a l 
com pos ition  o f ch lo ro fo rm :m e thano l:w a te r o f 1:1:0.9 
(vo l/vo l/vo l). The ch lo ro fo rm  layer co n ta in in g  the to ta l 
l ip id  frac tion  was collected. The to ta l l ip id  extract was 
fra c tio n a te d  in to  d iffe re n t p o la r ity  classes on  silica 
co lum ns (0.5 g Kieselgel 60; Merck) e luted sequentia lly 
w ith  c h lo ro fo rm  (7.5 m L), acetone (7.5 m L), and 
m ethano l (15 m L). The m ethano l fraction , co n ta in ing  
m a in ly  phospho lip ids, was derivatized using m ild  alkaline 
m ethanolysis (1 m L  o f 0.2 M  sodium  m ethanolate, 15 m in  
at 37°C) to  y ie ld  fa tty  acid m e thy l esters (FAMEs), w h ich  
were recovered by  hexane extraction . Separate glassware 
was used fo r enriched and non-enriched samples to  avoid 
con tam ina tion . FAMEs were separated on a very polar 
analytica l co lum n  (BPX-70, 50 m  length , 0.32 m m  diam e­
ter, 0.25 p m  film ; Scientific Glass Engineering). FAME con­
ce n tra tions  were de te rm ined  b y  gas ch rom atogra - 
p hy-flam e  io n iza tio n  de tection (GC-FID) (Interscience 
HRGC MEGA 2 series). The iso top ic  com position  o f in d i­
v idua l FAMEs was determ ined using GC-C-IRMS; a HP 
G1530 GC (H ew lett Packard) was connected to  a Delta- 
p lus IRMS v ia  a typ e -III com bustion  in terface fro m
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Therm o F inn igan (Bremen). The com bustion  oven o f the 
interface was kept at 950°C, and no reduction  oven was used. 
The GCs were equipped w ith  a split/sp litless in jec to r th a t was 
used in  the splitless mode. The in jec to r tem perature was 
240°C, the  co lum n  flo w  was kept at 2 m L  m in -1, and the  fo l­
lo w in g  tem perature program  was applied: in it ia l 60°C fo r 2 
m in , then  to  110°C w ith  +25°C /m in, to  230°C w ith  +3°C /m in, 
to  250°C w ith  +25°C /m in, and h o ld  15 m in . The splitless 
period  was 1.5 m in  and the to ta l run  tim e  about 55 m in . N o n ­
enriched samples were measured before enriched samples. 
Blanks and a standard m ix tu re  were measured regularly in  
between samples to  check fo r system s tab ility  and possible 
con tam ina tion , w ith  regard to  b o th  concen tra tion  and iso­
top ic  com position . FAME id e n tifica tio n  was based on com par­
ison o f re ten tion  tim es w ith  know n  reference standards. The 
id e n tity  o f FAMEs n o t present in  the  reference standards was 
determ ined fro m  mass spectrom etry (F innigan Voyager) on 
p yco lin y l esters prepared fro m  samples as described in  Dubois 
et al. (2006). This allows id e n tifica tio n  o f the m olecular mass 
and the  num ber and pos ition  o f double bonds in  FAMEs.

Stable carbon isotope ratios fo r in d iv id u a l FAMEs were cor­
rected fo r the  one carbon atom  in  the  m e thy l group th a t was 
added d u rin g  deriva tiza tion  to  y ie ld  PLFA ratios using the fo l­
lo w in g  fo rm ula :

fi13r [(n + 1) X 013C 1  X  Ô13C J / n ’

where n  is the num ber o f carbon atoms in  the PLFA. The iso­
top ic  com position  o f the  m ethano l th a t was used fo r de riva ti­
za tion  was determ ined separately by  GC-C-IRMS (—43%o).

Chem ical p u r ity  was checked by  m easuring several samples 
on  a nonpo la r co lum n  (HP-5MS; A g ilen t, see Boschker 2004 
fo r add itiona l in fo rm a tio n ) in  a d d ition  to  the no rm a l mea­
surements on  the very  polar BPX70 co lum n. These colum ns 
separated the com pounds by  d iffe ren t princip les. Both re ten­
tio n  tim e  and the e lu tio n  order o f saturated versus unsatu­
rated fa tty  acids differ. A com parison o f concentra tions and 
iso top ic data showed th a t some PLFAs overlapped, m a in ly  on 
the  nonpo la r HP5 co lum n. The reported data are fo r non-over- 
lapp ing  PLFAs on the polar BPX70 co lum n.

The fa tty  acid n o ta tio n  consists o f the num ber o f carbon 
atoms fo llow ed  by  a co lon  and the num ber o f double bonds 
present in  the m olecule. The pos ition  o f the firs t double bond  
relative to  the  a lipha tic  end o f the  m olecule is g iven between 
parentheses [e.g., 16:1 (n-7)]. I f  relevant, "c " indicates the ds- 
o rie n ta tio n  o f the double bonds. The o ther possible double 
bonds are m ethylene in te rrup ted . Prefixes " i"  (iso) and "a i"  
(anteiso) represent the loca tion  o f a m e thy l branch one or tw o 
carbons, respectively, from  the a lipha tic  end (e.g., il5 :0 ) .

Particulate organic carbon— POC was analyzed using a Fisons 
NA-2500 Elemental Analyzer fo llo w in g  an in  situ  ac id ifica tion  
procedure as described in  N ieuw enhuize et al. (1994). The car­
bon  isotop ic com position  was determ ined using a Fisons NA- 
2500 elem ental analyzer coupled on line  w ith  a F inn igan MAT 
Delta S mass spectrometer.

Data analysis—Stable isotope data are expressed in  the  delta 
n o ta tio n  (013C) relative to  V ienna Pee Dee Belem nite (VPDB) 
calculated fro m  the stable isotope ra tio  (R): 013C = (R /R ^ 1) x 
1000, where R is the  13C /12C ra tio  measured in  the sample and 
in  the standard (Rstá = ÆVPDB = 0.0111797). Fo llow ing  M add i et 
al (2006), we use the  en richm en t (0E n o ta tion ) as a measure o f 
label enrichm ent; ÔE = [(Ô13Cs + 1000)/(013Cb + 1000) -  1] x 1000 
= (RJRb -  1) x 1000, where Rb is the  isotope ra tio  in  the  back­
g round and Rs in  the sample. This en richm en t n o ta tio n  is 
exact and thus accurate fo r h igh  levels o f en richm ent. The 
p roduction  per PLFA was calculated fro m  the difference in  the 
frac tion  o f 13C at the  start and the  end o f the incuba tion , m u l­
tip lie d  by  the  concentra tion  o f th is  PLFA at the start o f the 
incubation . The frac tion  o f 13C is calculated as 13C /(13C + 12C) 
= R/(R + 1). R is the  isotope ra tio  and is derived fro m  013C va l­
ues as R = (013C/1000 + 1) x _Rvpdb. The data were corrected fo r 
the % 13C en richm en t and the  incuba tion  tim e  to  calculate 
PLFA p roduction  rates (nm o l L-1 h -1).

G row th  rates (p) were calculated fro m  several parameters 
fo r experim ents w ith  algal cultures; p (day-1) was calculated 
from  cell num bers and the concentra tion  o f PLFA as:

p
AL

(1)

where NQ and Nt are cell numbers or PLFA concentra tion  at the 
start o f the experim ent and the tim e  o f sampling, respectively, 
and fis  tim e  (days). G row th  rate (p) (days-1) was also calculated 
from  the isotopic data o f PLFAs or POC in  com b ina tion  w ith  
D IC  analogous to  the chlorophyll-based measurements o f 
g row th  rates as reported in  Welschmeyer and Lorenzen (1984):

p = — In
bEC

(2)

where 0ECX is the en richm en t in  13C o f PLFAs or POC and 
ÔeCdic is the en richm en t o f DIC.

The group com position  o f the  standing stock o f biomass 
and o f p rim a ry  p roduc tion  was estim ated fo r fie ld  experi­
m ents using the  m a tr ix  fac to riza tion  program  C hem tax 
(Mackey et al. 1996). The program  requires a data file  con­
ta in in g  sample data and an in p u t ra tio  file  co n ta in in g  the  b io ­
m arker com position  o f the groups present in  the  samples. 
Chem tax uses an itera tive process to  fin d  o p tim a l PLFA ratios 
per group and estimates the frac tion  o f the to ta l b iom arker 
poo l be long ing  to  each group. The program  was o rig in a lly  
developed to  analyze p igm en t data, in  w h ich  case the results 
are expressed as the  frac tion  be long ing  to  c h lo ro p h y ll a. Using 
PLFAs, we express the  results as the frac tion  be long ing  to  the 
PLFA 16:0, since th is  PLFA is present in  a ll groups re levant to  
our samples.

The taxonom ic  com position  fo r the  standing stock o f b io ­
mass was estim ated based on  the  PLFA com pos ition  as 
described in  D ijkm an  and K rom kam p (2006a) and checked 
against m icroscopy counts (data n o t shown). The fie ld  mea­
surements reported here are tw o  o f five stations analyzed fo r
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standing stocks in  th a t pub lica tion . Based on PLFA data, six 
groups were d istinguished: bacteria, tw o  groups o f green algae 
(C hlorophyceae and Trebouxiophyceae), d iatom s, cryp to- 
phytes, and a com bined group o f d inoflagellates and hapto- 
phytes. The la tte r group conta ins haptophytes such as Phaeo­
cystis sp. and Emiliania huxleyi, b u t some o ther haptophytes 
(e.g. Isochrysis sp. and Pavlova sp.) are m ore sim ila r to  d iatom s 
and are n o t represented b y  the  co m b ined  d in o flag e l- 
la te -hap tophyte  group. The in p u t ra tio  m a trix  fo r the analysis 
o f the  standing stock o f p h y to p la n k to n  was based on the  PLFA 
com position  measured in  cu ltu red  algae and lite ra ture  data 
(for the fu n c tio n a l group "bacteria") (Table 2).

The in p u t ra tio  m a tr ix  is adapted by  the CHEMTAX p ro ­
gram d u rin g  the analysis to  best f i t  the data. The adapted ra tio  
files from  the analysis o f the standing stock were used as the 
starting p o in t ( in p u t ra tio  file ) fo r the  analysis o f p h y to p la n k ­
to n  groups co n tr ib u tin g  to  p rim a ry  p roduction . The data were 
grouped per station, and therefore separate ra tio  files were 
used fo r the freshwater and m arine  station. Moreover, d iffe r­
ences occur in  the degree o f labe ling  o f in d iv id u a l PLFAs from  
a single group d u ring  short-term  incubations (see "Assess­
m en t," Fig. 1, and Table 1), and the adapted ra tio  file  resu lting 
fro m  the analysis o f the standing stock was therefore m u lt i­
p lied  by  the corresponding correction factors presented in  
Table 1. Three d ia tom  species are inc luded  in  Table 1, and the 
group "d ia tom s" was corrected w ith  the average values o f 
three tested species. G row th  o f bacteria was n o t detected d u r­
in g  the incubations, and bacteria— and PLFAs fo u n d  o n ly  in

bacteria— were rem oved from  the in p u t ra tio  file . We also 
rem oved PLFAs w ith  dev ia ting  labe ling  kinetics as described in  
"Assessment" (Table 3). The ra tio  file  was again adapted d u r­
in g  the f i t t in g  procedure (Table 4).

Assessment
Culture experiments: Use o f 13C labeling o f PLFAs to determine 

growth rates—The labe ling  kinetics o f in d iv id u a l PLFAs and the 
ca lcu la tion  o f g row th  rates from  labe ling  data were inves ti­
gated using batch cultures. The time-course 13C -labeling o f 
in d iv id u a l PLFAs and POC was fo llow ed  d u ring  a 24-h period 
in  the green alga Ankistrodesmus angustus and the d ia tom  Tha­
lassiosira pseudonana. E nrichm ent o f D IC (ÔE-DIC) was 2725 
and 1244 fo r A. angustus and T. pseudonana, respectively. 0E 
increased in  tim e  fo r a ll PLFAs (Fig. 1); however, the rate o f 
increase was PLFA specific. In  b o th  algal species, 0E in it ia l ly  
increased faster and was h igher fo r 1 8 :l(n -9 ) and 18:2(n-6) 
than  fo r the o ther PLFAs. In  A. angustus, 16:3(n-3) fo llow ed  a 
s im ila r dev ia ting  labe ling  pattern. 0E o f the  rem a in ing  PLFA 
in it ia l ly  increased lin e a rly  w ith  tim e, at least fo r the firs t 8 h 
o f incuba tion . Coeffic ients o f de te rm ina tion  ( r2) fo r linear 
regression o f 0E versus tim e  u n t i l  8 h  were h igher than  0.95 fo r 
all PLFAs in  b o th  species. As a general pattern, 0E increased 
faster in  short PLFAs than  in  long  PLFAs, a lthough  there were 
exceptions to  th is  pattern . For example, 16:4(n-3) was labeled 
m ore slow ly than  several longer PLFAs in  A. angustus. S im i­
larly, labe ling  was slower fo r 14:0 and 16:3(n-4) than  fo r sev­
eral longer PLFAs in  T. pseudonana. 0E o f POC increased at an

Table 2. Chem tax ratio files fo r the station w ith  salin ity 0: Inp u t ratio file  fo r  the analysis o f the standing stock.

Chlorophyceae Trebouxiophyceae Diatoms Cryptophytes Dinoflagellates-haptophytes Bacteria

¡14:0 0.10
14:0 0.05 0.01 0.81 0.33 0.74 0.33
¡15:0 0.33
ail 5:0 0.49
15:0 0.04 0.02 0.11 0.11
16:0 1 1 1 1 1 1
16:1(n-7c) 0.40 0.54 1.68 0.20 0.19 0.67
16:2(n-4) 0.45 0.09
16:3(n-4) 0.74
16:3(n-3) 0.20 1.549
16:4(n-3) 1.26
16 :4 (n -l) 0.68
18:1 (n-9c) 0.58 0.20 0.05 0.09 0.52 0.14
18:1(n-7c) 0.03 0.07 0.45 0.69 0.37 0.38
18:2(n-6) 0.46 0.56 0.08 0.08 0.10 0.09
18:3(n-3) 3.34 3.18 1.63 0.45
18:4(n-3) 0.42 0.52 3.78 1.21
18:5(n-3) 0.39
18:5a 1.31
20:5(n-3) 2.27 2.28 0.36
22:6(n-3) 0.48 1.31 1.60

a(n-3,6,9,12,1 6).
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Time (hours)

Fig. 1 . Development of ôE (specific labeling) with time in the green alga Ankistrodesmus angustus (A) and the diatom Thalassiosira pseudonana (B) dur­
ing 24-h incubation. Error bars (where larger than marker size) present differences between duplicate incubations.
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in term ediate  rate in  b o th  species. In  A. angustus, the difference 
in  0E values decreased after 24 h; in  T. pseudonana, conver­
gence was n o t observed du ring  24 h  o f incubation .

The to ta l in cuba tion  tim e  o f 24 h  was su ffic ien tly  long  fo r a 
measurable increase in  the concentra tion  o f in d iv id u a l PLFAs. 
The increase in  PLFA concentra tion  was balanced, and the re l­
ative PLFA com position  d id  n o t change du ring  the incuba tion  
(data n o t shown). Differences am ong PLFAs as observed fo r 
th e ir 0E were n o t found  fo r increases in  concentration.

As the relative differences in  labe ling  were more or less con­
stant du ring  the  firs t few  hours o f the incubation , a larger 
num ber o f species was incubated fo r 2 h  only. The labeling 
pa tte rn  o f in d iv id u a l PLFAs was reproducib le am ong species, 
a lthough  the relative am plitude varied. S im ilar to  the results 
fo r A. angustus and T. pseudonana, after 2 h  ôE was always h ig h ­
est in  18 :l(n -9 ) and 18:2(n-6) and was generally h igher in

short PLFAs th a n  in  long  PLFAs (Fig. 1). This difference in  label­
ing  between in d iv id u a l PLFAs and POC is probably due to  d if­
ferences in  biosynthesis routes, where fast-labeled com pounds 
are firs t interm ediates in  pathways and other com pounds get 
labeled more slowly, exp la in ing  the lower labeling in  to ta l POC 
(see "D iscussion"). Table 1 lists the ra tio  o f PLFA ôE relative to  
0E o f 16:0 fo r several PLFAs th a t can po te n tia lly  be used as b io ­
markers fo r the ca lcu la tion o f group-specific p roduction .

G row th  irradiance fo r the algal cultures and the incuba tion  
irradiance fo r the 24-h incubations was chosen to  represent 
average irradiance in  the tu rb id  estuary where we d id  our fie ld  
measurements. We sw itched to  a h igher irradiance fo r the 2-h 
incubations to  approxim ate the irradiance used in  the fie ld  
incubations, w h ich  was chosen to  represent near-surface irra ­
diance. The change in  incuba tion  irradiance d id  n o t affect the 
labe ling  pa tte rn  (Table 1).
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Table 3. C hem tax ratio files fo r the station w ith  salin ity 0: Inp u t ratio file  fo r the  analysis o f p rim ary  p roduction  (adapted ratio file from  
the analysis of standing stock, m u ltip lied  by the  correction factors presented in Table 1).

Chlorophyceae Trebouxiophyceae Diatoms Cryptophytes Dinoflaqellates-haptophytes

14:0 0.01 0.00 0.19 0.21 0.71
16:0 1 1 1 1 1
16:1(n-7c) 0.28 0.18 1.21 0.04 0.15
16:2(n-4) 0.20 0.02
16:3(n-4) 0.15
16:3(n-3) 0.30 0.25
16:4(n-3) 0.30
18:3(n-3) 0.80 0.76 1.52 0.17
18:4(n-3) 0.02 0.24 1.96 0.25
18:5(n-3) 0.02
18:5a 0.08
20:5(n-3) 0.45 0.16 0.11

a(n-3,6,9,12,1 6).

Table 4. Chem tax ratio files fo r the station w ith  salin ity 0: Adapted ratio file  after the  analysis o f p rim ary  p roduction .

Chlorophyceae Trebouxiophyceae Diatoms Cryptophytes Dinoflaqellates-haptophytes

14:0 0.01 0.01 0.16 0.21 1.18
16:0 1 1 1 1 1
16:1(n-7c) 0.28 0.18 1.58 0.04 0.15
16:2(n-4) 0.37 0.02
16:3(n-4) 0.27
16:3(n-3) 0.30 0.25
16:4(n-3) 0.30
18:3(n-3) 0.80 0.61 0.50 0.17
18:4(n-3) 0.02 0.27 1.96 0.23
18:5(n-3) 0.02
18:5a 0.02
20:5(n-3) 0.52 0.16 0.11

a(n-3,6,9,12,1 6).

For a ll species and at all sam pling times, 0E fo r POC was 
lower than  fo r 16:0. 0E o f POC was 61%  o f th a t o f 16:0 as deter­
m ined  from  linear regression ( r2 = 0.95) (Fig. 2). This was inde ­
pendent o f the species and irradiance, in d ica tin g  th a t the  rate 
o f ce llu lar carbon labe ling  relative to  th a t o f carbon in  16:0 
was w e ll constrained am ong species d u rin g  the firs t few  hours 
o f incubation .

G row th  rates fo r A. angustus and T. pseudonana cou ld  be cal­
cu la ted fro m  several independen t parameters, based on 
changes in  e ither biomass (pN and p PLFA) or isotop ic labe ling 
(p 16.0 and p poc). p PLFA was the  average o f the g row th  rate calcu­
lated fro m  the change in  concen tra tion  fo r each PLFA in d i­
v idua lly . p 16.0 was m u ltip lie d  by  0.61 to  compensate fo r the 
difference in  labe ling  between 16:0 and POC as described in  
the  preceding paragraph. p 16.0 and p poc were the average o f the 
values calculated fo r each sam pling tim e. For b o th  species, the 
d iffe ren t m ethods led to  comparable g row th  rates (Fig. 3). D if­
ferences am ong these proxies fo r algal g row th  rate were sig­

n ific a n t fo r A. angustus (ANOVA, P < 0.001) b u t n o t fo r T. 
pseudonana (ANOVA, P >  0.05). For A. angustus, the difference 
between the h ighest and the lowest g row th  rate was 30% o f the 
m ax im um  value. For T. pseudonana, th is  difference was m ax i­
m a lly  20%. Despite these differences being s ign ifican t fo r A. 
angustus, these varia tions are w e ll w ith in  the range reported for 
g row th  rates calculated from  isotope labe ling o f other cellular 
com pounds such as pigm ents (Riemann et al. 1993), alkenones 
(Popp et al. 2006), and to ta l fa tty  acids (Pel et al. 2004).

Field measurements: Group contribution to prim ary produc­
tion— Stable-isotope labe ling  o f PLFAs allows the ca lcu la tion  o f 
the  c o n tr ib u tio n  o f algal groups to  to ta l p rim a ry  p roduction . 
This approach was tested at tw o  sites in  the  Scheldt estuary 
d iffe r in g  in  sa lin ity : one site w ith  sa lin ity  0 in  the  freshwater 
tid a l reaches o f the estuary and another w ith  sa lin ity  28 at the 
m o u th  o f the  estuary.

A large num ber o f d iffe ren t PLFAs were id e n tifie d  in  the 
samples (Fig. 4A). The differences in  PLFA concentra tion  and
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Fig. 2. ôEpoc versus ôE16.0 for all measured species and all sampling times. 
The line represents linear regression (ôEpoc = 0.61 x ôE16.0, r2 = 0.95, P<
0 .0001 ).

th e ir re lative abundance between stations are due to  varia­
tions in  the standing stock o f bacteria and p hy top lank ton . 
Some o f the PLFAs are found  in  m ost groups present in  the 
Scheldt estuary [e.g., 14:0, 16:0, 16 :l(n -7 ), 18 :l(n -7 ), 1 8 :l(n - 
9)]; o ther PLFAs are restricted to  specific groups. Branched 
fa tty  acids such as il4 :0 , i l5 :0 , and a il5 :0  are exclusively 
found  in  bacteria (Kaneda 1991, Ratledge and W ilk inson  
1988); 16:2(n-4), 16:3(n-4), 20:5(n-3), and 22:6(n-3) are ty p i­
ca lly  im p o rta n t in  diatoms; 16:3(n-3), 16:4(n-3), and 18:3(n-3) 
in  green algae; and 18:5(n-3) and 18:5(n-3,6,9,12,16) are char­
acteristic fo r d inoflagellates and some haptophytes (e.g., 
Phaeocystis sp.) (D ijkm an  and K rom kam p 2006a). A t the fresh­
water station, the re la tive ly  h ig h  concentrations o f 16:3o)4, 
20:5o)3, and 22:6o)3 ind icate  a d ia tom -dom ina ted  p h y to ­
p la n k to n  com m un ity . The m ost obvious difference between 
the  tw o  stations is the presence o f 18:5(n-3) and 18:5(n- 
3,6,9,12,16) at the h ig h -sa lin ity  station, because these PLFAs 
were absent in  the lo w -sa lin ity  station. This difference was 
caused by  a b loom  o f the haptophyte  Phaeocystis sp. in  the 
m o u th  o f the estuary.

D IC  was enriched w ith  1.4% (ÔE-DIC = 1289) and 3.2% 13C 
(ôE-DIC = 2902) at stations 0 and 28, respectively. ôE was d if­
ferent fo r nearly every PLFA (Fig. 4B). Differences in  ôE are the 
result o f n o t o n ly  varia tions in  labe ling  o f PLFAs w ith in  a s in­
gle organism  (Fig. 1), b u t also a c tiv ity  and biomass o f taxo­
nom ic  groups c o n tr ib u tin g  to  a particu la r PLFA. Some o f the 
patterns observed in  the cu ltu re  experiments, such as h igh  
labe ling  o f 18 :l(n -9 ) and 18:2(n-6), were obvious in  the fie ld  
experim ents as well.

The p roduc tion  rates o f in d iv id u a l PLFAs were calculated 
from  concen tra tion  and labe ling  data (Fig. 4C). O n ly  PLFAs 
typ ica l fo r p h y to p la n k to n  became labeled. The p roduction  
rate o f branched fa tty  acids, w h ich  are un ique  to  bacteria, was 
close to  zero, in d ica tin g  th a t bacteria d id  n o t acquire substan-

A. angustus T. pseudonana
3

2

1

0
O  o  o  
O co §

O  o  o  -
O  cd §  5

CO CO

Fig. 3. Growth rates for the green alga Ankistrodesmus angustus and 
the diatom Thalassiosira pseudonana calculated from labeling of POC 
(13Cpoc), labeling of 16:0 (13C16.0), changes in PLFA concentration (PLFA 
eone), and changes in cell numbers. Error bars present differences 
between duplicate incubations, except for cell counts that were not 
replicated.

tia l am ounts o f 13C d u ring  incubation . G row th  o f green algae, 
diatoms, and d ino flage lla tes-haptophytes was revealed by 
synthesis o f PLFAs typ ica l fo r these groups. C ryptophytes con­
ta in  no  biom arkers th a t are n o t also present in  the o ther 
groups, and grow th  o f th is  group can therefore n o t be readily 
determ ined from  PLFA p roduction .

A na lyz ing  the  data w ith  a com positiona l estim ator p ro ­
gram such as C hem tax provides an estim ation  o f the relative 
abundance o f the groups and th e ir c o n tr ib u tio n  to  p rim a ry  
p roduction . The co n tr ib u tio n  o f groups w ith o u t un ique  b io ­
markers, such as the cryptophytes, can be detected as well, 
since the analysis is based on the com plete PLFA pattern  and 
n o t solely on un ique  biomarkers. In  Fig. 5, group com position  
o f stand ing stock and p rim a ry  p roduc tion  are compared. Data 
fo r stand ing stock were analyzed in c lu d in g  bacteria as a group, 
b u t o n ly  the relative abundance o f algal groups is shown in  
Fig. 5 to  fac ilita te  a com parison w ith  the data fo r group-spe­
c ific  p rim a ry  p roduction . A t b o th  stations, the same groups 
were detected in  the standing stock and the p rim a ry  p roduc­
tio n . The m ost obvious difference between standing stock and 
p rim a ry  p roduc tion  was found  at sta tion 28, where d in o fla ­
gellates-haptophytes con tribu ted  more to  p rim a ry  p roduction  
than  to  standing stock.

The outcom e o f the C hem tax analysis depends at least to  
some degree on the data prov ided b y  the user in  the in p u t 
ra tio  m atrix , as th is  m a trix  conta ins the groups to  be consid­
ered and th e ir PLFA abundance ratios (e.g., Latasa 2007). We 
tr ied  several f i t t in g  op tions analyzing the standing stock 
(adding green algae as a single com bined group instead o f tw o
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Fig. 4. Concentration (A), enrichment (ôE) (B), and production (C) of PLFAs in the Scheldt estuary in April 2003 at a salinity of 0 (white bars) and 28 
(black bars). The data are not corrected for the difference in labeling between PLFAs. Error bars present differences between duplicate incubations.

separate groups, va ry ing  PLFA ratios fo r bacteria, l im it in g  the 
changes a llowed in  the ra tio  m atrix ), b u t these d id  n o t lead to

s ign ifican tly  d iffe ren t results in  terms o f algal group abun­
dance. Furtherm ore, the derived group com position  is in  good
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Fig. 5. Group composition, estimated with Chemtax, of the standing 
stock (S) and primary production (P) in the Scheldt estuary in April 2003 
at a salinity of 0 and 28.

agreement w ith  p igm en t data w ith in  the  lim ita tio n s  o f b o th  
approaches as discussed in  D ijkm a n  and K rom kam p (2006a).

The adapted ra tio  files from  the  analysis o f stand ing stock 
are in  p rinc ip le  the  best s tarting p o in t fo r C hem tax analysis o f 
p rim a ry  p roduction , as these PLFA ratios have been op tim ized  
fo r the samples. N o t all species represented b y  a group neces­
sarily con tribu te  to  p rim a ry  p roduction , however, and correc­
tio n  fo r differences in  labe ling  o f PLFAs w ith in  a certain group 
introduces uncerta in ty. Therefore, we tr ied  several f it t in g  
op tions in  a dd ition  to  the  m ethodo logy o u tlin ed  in  "M a te ri­
als and procedures." O ptions tested were (1) a llow ing  no 
change in  the PLFA in p u t m a trix ; (2) co m b in in g  b o th  green 
algal groups (Chlorophyceae and Trebouxiophyceae) in to  a 
single group, as these share m any PLFAs, a llow ing  changes in  
the  in p u t m a trix ; and (3) same as (2) b u t a llow ing  no  changes 
in  the in p u t ra tio  m a trix . The largest varia tions observed (rel­
ative to  the  results as presented in  Fig. 5) were 8.2% o f 16:0 fo r 
d iatom s [station (st) 0, o p tio n  (1)], 1.1% fo r green algae [st 28, 
o p tio n  (3)], 7.5% fo r the  cryptophytes [st 0, o p tio n  (3)], and 
5.1% fo r d ino flage lla tes-haptophytes [st 28, o p tio n  (1)]. These 
changes are m in o r considering the relative abundance o f these 
groups, except fo r the cryptophytes, as 7.5% is a large d iffe r­
ence fo r a group c o n tr ib u tin g  at m ost 10% o f 16:0. A fo u rth  
o p tio n  was n o t correcting fo r the differences in  labeling. This 
increased the  co n tr ib u tio n  o f cryptophytes to  16:0 to  unreal- 
is tica lly  h igh  values, up to  22% h igher at st 28 compared to  
results shown in  Fig. 5. The relative differences between the 
o ther groups rem ained the  same, however. F inally, rather than  
using the  fu l l  spectra o f PLFAs w ith  Chem tax, single b iom ark­
ers to  16:0 ratios were used: 16:4(n-3) fo r green algae, 20:5(n- 
3) fo r diatom s, and 18:5(n-3) fo r d inoflage lla tes-haptophytes.

This again re turned the same general pa tte rn  fo r the relative 
c o n tr ib u tio n  o f these three groups to  p rim a ry  p roduction . A 
disadvantage o f th is  last m e thod  is th a t i t  cannot detect 
groups th a t con ta in  no  un ique biomarkers, such as c ryp to ­
phytes. Thus, a lthough  some unce rta in ty  is in e v ita b ly  associ­
ated w ith  estim ations o f group abundance, the  pa tte rn  o f 
group abundance was w e ll constra ined and n o t ove rly  
dependent on  PLFA abundance in p u t ra tio  matrices and cor­
rection  factors fo r iso top ic labeling.

Precision o f measurements—The typ ica l precision o f 013C 
de te rm ina tion  o f PLFAs by  GC-C-IRMS is 0.3%o. A fter 2 h  o f 
incubation , 0E values fo r algal PLFAs were h igher than  10%o, 
in d ica tin g  th a t ana lytica l re p ro d uc ib ility  is better than  3%. 
M ost unce rta in ty  in  group-specific p rim a ry  p roduc tion  esti­
mates is associated w ith  differences in  labe ling  o f in d iv id u a l 
PLFAs, as discussed above, and varia tions between replicate 
samples. The good analytica l re p ro d uc ib ility  also im p lies th a t 
ve ry  lo w  inco rpo ra tion  o f label can be detected. A n  en rich ­
m en t o f D IC  w ith  13C -H C O y o f 1.4% to  3.2%, as used in  the 
fie ld  experim ents, led to  a well-measurable increase in  PLFA 
labe ling  after 2 h, leaving room  fo r e ither using even lower 
en richm en t or studying  less p roductive  systems. The actual 
detection l im it  depends on 13C en richm en t o f D IC , incuba tion  
tim e, p h y to p la n k to n  biomass, and analytica l precision.

Discussion
Several requirem ents have to  be m et i f  b iom arker labe ling 

is used fo r ca lcu la ting  group-specific g row th  rates: (1) g row th  
m ust be balanced, i.e., physio log ica l acc lim ation  should  n o t 
take place d u ring  the incuba tion  (Goericke and Welschmeyer 
1993a); (2) the  b iom arker m ust be a stable end p roduct th a t 
does n o t tu rn  over (Goericke and W elschmeyer 1993a); and 
(3) specific a c tiv ity  o f b iom arker and to ta l carbon m ust be 
equ ivalent after a g iven tim e  period (Redalje and Laws 1981, 
W elschmeyer and Lorenzen 1984).

A cc lim a tio n  to  incu b a tio n  cond itions  can cause g row th  to  
be severely unbalanced. W ell kn o w n  are the  changes in  ce llu ­
lar p igm en t com pos ition  and co n te n t due to  pho toacc lim a­
tio n  (Goericke and W elschmeyer 1993a, 1993b; M cM anus 
1995). L ip ids are p r im a rily  a cons titu tive  com ponen t and 
make up a ra ther constant fra c tio n  o f biomass (W ainm an et 
al. 1999). A lth o u g h  studied less than  fo r p igm ents, varia tions 
in  PLFA con ten t and com pos ition  in  response to  irradiance 
seem to  be m uch  m ore lim ite d  in  com parison to  va ria tions in  
p igm en t com pos ition  (Brown et al. 1993, 1996; D ijkm an  and 
Krom kam p, unpub lished data). PLFA com pos ition  is kn o w n  to  
respond to  shifts in  tem perature, as leng th  and degree o f satu­
ra tion  are adapted to  m a in ta in  mem brane f lu id ity  (Sushchik 
et al. 2003). Because we incubated at in  s itu  temperatures, 
however, we can neglect th is  possible source o f error.

Pigments are stable end products th a t are n o t respired and 
have neglig ib le  tu rnover (Goericke and W elschmeyer 1993a). 
PLFAs meet th is  requ irem ent o n ly  partia lly , since some PLFAs 
are in term ediates in  the  synthesis tow ard  o ther PLFAs. De
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novo  synthesis o f fa tty  acids occurs in  ch lo rop last as acyl- 
carrier p ro te in  (ACP) thioesterss w h ich  are n o t inc luded  in  the 
po lar l ip id  frac tion . 16:0-ACP and 18:1-ACP are the  m ajor 
products o f p lastid  fa tty  acid synthesis (Browse and Som erville 
1991). Further e longation  and desaturation, leading to  the 
synthesis o f longer and/or m ore unsaturated fa tty  acids, can 
proceed along various pathways, p a rtly  via phospha tidy l­
cho line  (PC)- and phospha tidy le thano lam ine  (PE)-linked fa tty  
acids (Arao and Yamada 1994, Domergue et al. 2002, Khozin- 
Goldberg et al. 2002, Sushchik et al. 2003). E ither synthesized 
fa tty  acids are released as free fa tty  acids and subsequently 
b ound  to  o ther lip ids  or the d iacylg lycero l m oieties are 
released from  the  phospho lip ids and incorpora ted  in to  other 
lip ids  (Khozin-G oldberg et al. 2002).

The above biosynthesis route o f fa tty  acids explains several 
observations in  our experiments. The differences in  0E reflect 
the biosynthesis route o f fa tty  acids, w ith  h igh  labe ling o f 
PLFAs early in  the biosynthesis route and lower labe ling in  
PLFAs th a t are fu rthe r dow n the biosynthesis route. The tw o 
PLFAs w ith  a dev ia ting labeling pattern in  all species, 18 :l(n -9 ) 
and 18:2(n-6), are the firs t interm ediates tow ard  a ll o ther long- 
cha in  polyunsaturated fa tty  acids (Arao and Yamada 1994, 
Domergue et al. 2002, Khozin  et al. 1997, Sushchik et al. 2003). 
The o n ly  other PLFA w ith  a dev ia ting labe ling pattern, 16:3(n- 
3) in  Ankistrodesmus angustus, was o f m in o r im portance in  
terms o f biomass and was probably m a in ly  acting as an in te r­
mediate tow ard  16:4(n-3). Some loss o f label was observed fo r 
18:1 (n-9) and 18:2(n-6) in  Ankistrodemus angustus after 24 h; 
the synthesized fa tty  acids can also be incorporated in to  neu­
tra l lip ids  or g lyco lip ids and, hence, can be lost from  the phos­
p h o lip id  fraction . 18 :l(n -9 ) and 18:2(n-6) are nonspecific 
PLFAs th a t are found  as a m in o r frac tion  in  all eukaryote algae 
(D ijkm an and Krom kam p 2006a). Because o f the ir devia ting 
labe ling pattern  and nonspecific b iom arker properties, they are 
n o t useful to  derive group-specific rates. Labeling o f most other 
PLFAs was linear w ith  tim e, at least fo r the firs t few  o f hours o f 
an incubation . Therefore, fa tty  acid synthesis p a rtly  tak ing  
place attached to  phospholip ids does n o t pose a problem .

Apart fro m  m in o r differences caused by  d isc rim ina tion  
against the  heavier isotope 13C in  certa in enzym atic reactions, 
the  isotop ic com position  o f ce llu lar com pounds w il l  eventu­
a lly  become equal. As our results ind icate, however, i t  m ay 
take a considerable period  before PLFAs and POC become 
equa lly  labeled. To calculate g row th  rates, e ither incubations 
should be long  enough to  reach equal labe ling  or the  data 
have to  be corrected fo r the  difference in  labeling, in  w h ich  
case the  incuba tion  period should be short enough to  ensure 
th a t the difference in  labe ling  relative to  16:0 is constant. D if­
ferences in  specific a c tiv ity  o f marker molecules have been 
observed fo r p igm ents (Goericke and Welschmeyer 1993a) and 
alkenones (Popp et al. 2006) as w ell, and are th o u g h t to  be 
caused by  the  presence o f an unlabeled precursor poo l at the 
start o f the experim ent and iso top ic d isequ ilib rium  o f the 
in te rn a l carbon pool, precursor pools, and marker molecules.

O ur fie ld  measurements were done in  a h ig h ly  eu troph ic  
and h ig h ly  productive  system th a t allowed the  use o f in te r­
m ed ia te ly  h ig h  labeling. The aforem entioned isotop ic dis­
c r im in a tio n  against the  heavier isotope was n o t corrected for. 
W ith  some precautions, the  m ethod  can equa lly  w e ll be 
applied in  o lig o tro p h ic  or less p roductive  systems. W hen 
labe ling  is low, e ither because lower D IC  en richm en t is used or 
because o f lower p ro d u c tiv ity  o f the studied system, isotop ic 
d isc rim in a tio n  should be taken in to  account as was done in  
W elschmeyer and Lorenzen (1984) fo r pigm ents. A nother 
issue th a t becomes im p o rta n t w hen labe ling  is lo w  is th a t fa tty  
acids are usually somewhat depleted 13C relative to  to ta l b io ­
mass (l% o-8% o) and th a t a few %o difference can exist in  n a t­
u ra l abundance o f 13C in  in d iv id u a l PLFAs from  a single organ­
ism due to  frac tiona tion  at d iffe ren t steps in  the  biosynthesis 
route (Schouten et al. 1998, D ijkm an  and Krom kam p, u n pub ­
lished data).

As po in ted  o u t in  the " In tro d u c tio n ,"  an im p o rta n t reason 
fo r using PLFAs is the relative ease w ith  w h ich  the  isotop ic 
com position  can be measured. As biomarkers, PLFAs have 
b o th  advantages and disadvantages. For example, the  green 
algae can be sp lit in to  tw o  classes based on  PLFAs, and Phaeo­
cystis sp., o f w h ich  the  local stra in lacks the  b iom arker p ig ­
m en t 19 '-hexanoy loxyfucoxan th in , is easily recognized by  the 
presence o f 18:5(n-3) and 18:5(n-3,6,9,12,16) (D ijkm an  and 
K rom kam p 2006b). The d iv is ion  o f haptophytes in  tw o  
groups, however, is n o t consistent w ith  the  m a jo r clades in  
these algae based on phylogenetic  studies (e.g., Edvardsen et 
al. 2000). I t  should be po in ted  o u t here th a t evo lu tiona ry  
pathways o f p igm ents and PLFAs are n o t necessarily the  same. 
Phospholip ids are mem brane lip ids , m ost o f w h ich  orig ina ted  
fro m  the  host cell, whereas p igm ents are restricted to  the 
ch lo rop last and thus orig ina ted  fro m  the endosym biont. 
Algae acquired th e ir ch loroplasts by  m u ltip le  endosym biotic  
events (Jeffrey and W rig h t 2006), and thus the evo lu tiona ry  
pathways o f PLFAs and p igm ents m ay w e ll be d iffe ren t. As 
w ith  any com pound used as biom arker, a careful exam ina tion  
o f the sample is necessary to  determ ine w h ich  organisms are 
present and to  ascertain a correct in te rp re ta tion  o f the data.

Pel et al. (2004) used to ta l fa tty  acids (o f w h ich  PLFAs are a 
subfraction) to  measure algal g row th  rates. They firs t separated 
lacustrine p h y to p la n k to n  samples by  flo w  cy tom etry  and ana­
lyzed the resu lting  fractions fo r fa tty  acids. The cell sorting 
resulted in  w e ll-de fined fractions o f p h y to p la n k to n , w h ich  
fac ilita ted  assigning fa tty  acids to  specific taxa. This m ethod  
w orked w e ll to  separate cyanobacteria fro m  eukaryote algae. 
Because the fractions collected fro m  the flo w  cytom eter were 
ve ry  small, however, p y ro ly tic  m é th y la tio n  was required to  
prepare the  fa tty  acids. U n fo rtuna te ly , th is  resulted in  selective 
loss o f long-cha in  (C20 and C22) fa tty  acids, w h ich  prevented 
a proper d iffe re n tia tio n  between eukaryotic algal taxa. Fur­
therm ore, in  tu rb id  environm ents such as rivers and estuaries, 
flow -cy tom e tric  cell sorting  is o ften  n o t possible since m any 
species are attached to  o ther algae or to  detritus particles. For
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example, m icroscopic observations o f p h y to p la n k to n  at sta­
tio n  28 showed th a t nearly  every Phaeocystis sp. co lony  had 
chains o f the d ia tom  Thalassionema nitzschioides attached to  it.

We calculated algal g row th  rates based on labe ling  o f the 
PLFA 16:0, b u t g row th  rates can be based on any o f the  other 
PLFAs, provided th a t data are corrected fo r the  difference in  
labe ling  relative to  16:0. I f  applied in  fie ld  measurements, con­
tr ib u t io n  o f bacteria and eukaryotes o ther than  algae w il l  have 
to  be considered, as these con ta in  PLFAs as w ell. In  water sam­
ples collected by  filte rin g , bacteria and algae are the m a in  con­
tr ibu to rs  to  biomass. In  our samples, bacteria con tribu ted  
approx im ate ly  20% o f 16:0 (D ijkm an  and K rom kam p 2006a). 
Bacteria do n o t synthesize long-cha in , polyunsaturated fa tty  
acids such as the PLFAs 18:3(n-3) and 20:5(n-3), and these 
PLFAs can be used fo r ca lcu la ting  g row th  rates.

W hether grow th  rates can be calculated in  fie ld  samples 
depends on the experim ental setup. Proper algal grow th  rates 
require 24-h incubations, as algal g row th  continues du ring  the 
dark period  on  in te rn a lly  stored carbon. Furtherm ore, i t  
requires incubating  under the correct irradiance conditions, 
w ith  regard to  b o th  lig h t in tens ity  and spectral com position, 
and should therefore preferably be carried ou t in  situ (Goericke 
and Welschmeyer 1993a). Short-term  incubation  also lim its  the 
effect o f grazing. In  the Scheldt estuary w ith  its strong tida l cur­
rents and heavy sh ipp ing traffic, in  situ incubations are n o t fea­
sible. Therefore, we used short incubations and estimated the 
group com position o f the p rim ary  production  from  the PLFA 
synthesized. Calculation o f production  from  biom arker labeling 
and in it ia l biomass estimates is based on the assumption tha t 
biomass remains constant du ring  incubation  (Latasa et al. 
2005). This was one o f the reasons fo r using short incubations. 
A t the freshwater station, all groups tha t were present in  the 
standing stock o f phy top lank ton  contribu ted  to  p rim ary  p ro ­
duction  more or less p ropo rtiona lly  to  abundance (Fig. 5). In  
contrast, at the m arine station, the d inoflage lla te-haptophyte 
group contribu ted  m uch more to  the production  than  expected 
based on its abundance, ind ica ting  tha t they were grow ing re l­
ative ly fast and tha t a spring b loom  o f th is  group was develop­
ing. Sim ilar measurements in  other systems showed th a t even 
larger differences can occur. For example, in  coastal m icrob ia l 
mats, d iatom s were found  to  grow m uch faster than the 
cyanobacteria tha t were the dom inan t com ponent o f the mats 
(D ijkm an  and Krom kam p, unpublished data).

Comments and recommendations
A num ber o f com pounds (pigments, alkenones, PLFAs) 

have been used in  com pound-specific  labe ling  studies to  
investigate group-specific p rim a ry  p roduction . The choice o f 
m e thod  and com pound w il l  depend on the system to  be stud­
ied, the taxonom ic com position  o f such a system, the  research 
question, and the  analytica l too ls at hand. We have shown 
here th a t i t  is possible to  d ig  in to  the b lack box  o f b u lk  p ro ­
d u c tio n  by  using PLFA labeling. The a c tiv ity  o f the  in d iv id u a l 
algal groups and the ir co n tr ib u tio n  to  the overall p rim a ry  p ro ­

d u c tiv ity  can be estimated, and by  do ing  so, a m ore accurate 
p ic tu re  o n  b io d iv e rs ity  fu n c t io n  re la tionsh ips  can be 
obtained. The m a in  advantage o f using PLFAs is th a t in fo rm a ­
tio n  on  a large num ber o f PLFAs can be obta ined fro m  a sin­
gle sample so th a t a detailed image o f p rim a ry  p roduction  can 
be acquired. W ith  some add itiona l studies on  system-relevant 
ph y top lank ton , th is  sensitive m e thod  w il l  be applicable to  a 
w ide range o f pelagic ecosystems and also to  ben th ic  systems 
such as algal mats.

In  the  Scheldt estuary, three o f five  id e n tified  p h y to p la n k ­
to n  taxa conta ined specific biomarkers. For tw o  o ther taxa, 
however, o n ly  the relative im portance o f d iffe ren t PLFAs was 
ind ica tive . One then  has to  take the entire  spectrum o f ana­
lyzed PLFAs in to  account by  using a com positiona l estimator. 
Our approach is based on the  m ost co m m o n ly  used and w ell- 
know n  techn ique C hem tax (Mackey et al. 1996), w h ich  has 
id e n tif ia b ility  problem s and requires ite ra tive  ad hoc m o d if i­
cations to  generate acceptable results (Latasa 2007). K now l­
edge o f p h y to p la n k to n  groups present in  the system under 
investigation  is essential to  produce the  r ig h t in p u t ra tio  
m a trix . However, our results were rather robust and n o t very 
sensitive to  co m b in ing  groups or lim ite d  changes in  the  ra tio  
m a trix . Recently, van den Meersche et al. (2008) in troduced  a 
nove l com positiona l estim ator fo r m icrob ia l taxonom y based 
on Bayesian interference. The ir approach allows fo r better and 
m ore accurate inc lus ion  o f variance in  in p u t ratios am ong 
taxa and environm ents. C om b ina tion  o f th is  Bayesian com ­
pos itiona l estim ator and stable-isotope labe ling  o f PLFAs w il l  
l ike ly  resolve some o f the unce rta in ty  related to  va ria b ility  o f 
in p u t ra tio  files. A no the r im provem en t c ircum ven ting  the 
lack o f b iom arker PLFAs w o u ld  be in  the  use o f m ore specific 
types o f b iom arkers such as ribosom al RNA (e.g., M iyatake et 
al. 2009).
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