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ABSTRACT: Two field  stud ies w ere  conduc ted  to  study  th e  in  situ  n e t p ro d u c tio n  of ex tracellu lar ca r­
bohydrates a n d  th e  d istribution  of b en th ic  diatom s over a  p e rio d  of 24 h  p e r  study. A  com parison was 
m ade  b e tw e en  a  s ituation  w here  a  clear su rface  biofilm  of diatom s h a d  developed  an d  a  situation 
w h ere  this w as n o t th e  case. V ertical profiles w ere  m a d e  b y  sam pling  th e  top  2 m m  of the  sed im ent 
a t d ep th  in te rvals of 0.2 m m  using  th e  'cryo lander' te ch n iq u e . In th e  p re se n c e  of a  biofilm, diatom  dis­
trib u tio n  show ed  a  consisten t p a tte rn  w h en  th e  sed im en t w as em ersed . In th e  light, m ost of the  
d ia tom s w ere  p re se n t in  th e  top 0.2 m m  w hile  in  th e  dark , diatom s w ere  hom ogeneously  d istribu ted  
in  th e  u p p e r 2 m m  of the  sedim ent. W hen a  biofilm  w as absen t, no c lea r  p a tte rn s  w ere  observed. 
E x tracellu lar ca rb o h y d ra tes  w ere  ex trac ted  from  th e  sed im en t an d  se p a ra te d  in  2 operationally  
defin ed  fractions (colloidal an d  ED TA -extractable). T h e  2 carbohydra te  fractions show ed  a  different 
dynam ic behav iour. T he colloidal ca rbohydra te  fraction  w as highly  variab le  w hile  th e  EDTA- 
ex tractab le  fraction  b eh a v ed  m ore conservatively. O nly in  the  ligh t an d  in  th e  p resen ce  of a  diatom  
biofilm , w as p roduction  of ex trace llu la r ca rbohydra tes observed . The m axim um  ra te  of chlorophyll- 
norm alized  p ro d u c tio n  of ex trace llu la r carbohydra tes, ex p ressed  in g lucose  equivalen ts (g g-1), 
am o u n ted  to  20 h~x in  the  u p p e r 0.2 m m . T he m olecu lar size d istribution  of bo th  carbohydra te  frac­
tions w as sim ilar. T he m onosaccharide com position  w as also sim ilar, excep t th a t th e  EDTA- 
ex tractab le  fraction  con ta ined  a  h ig h e r p e rc e n ta g e  of u ro n ic  acids. C arbohydra tes p ro d u ced  during  
tid a l em ersion  w e re  rich  in  g lucose a n d  w ere  rap id ly  tu rn e d  over.
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INTRODUCTION

B enthic ep ipelic  d ia tom s are  th e  m ost im portan t 
g roup of p rim ary  p ro d u ce rs  in  in te rtidal m udflats (Ad­
m iraal 1984, Sm ith  & U nderw ood  1998). They are 
know n to p ro d u ce  copious am ounts of ex tracellu lar 
polym eric su b stan ces (EPS) m ainly consisting of ca rb o ­
hyd ra tes  (H oag land  e t al. 1993). By so doing, diatom s 
form  a  biofilm  th a t se rv e s  to  p roduce  the ir ow n m icro­
env ironm en t w hich  p ro tec ts  them  from  th e  rapidly
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c h a n g in g  conditions in  in te rtidal m udflats (Decho 
1994). T he excretion  of EPS p lays a  role in  th e  m ove­
m e n t of ep ipelic b en th ic  diatom s (Edgar & Pickett- 
H ea p s  1983) an d  allow s th e  organism s to ad h ere  to 
sed im en t surfaces (W ang e t al. 1997). EPS-production 
m ay also  b e  contro lled  by n u trien t availability, for 
in stan ce  w hen  the  organism s grow  u n d e r unbalanced  
conditions (Ruddy e t al. 1998), a situation likely to 
occur in  in te rtidal env ironm ents (F lothm ann & W erner
1992). T he presence of d ia tom  biofilm s increases the 
s tab ility  of th e  sed im en t su rface  (Kornm an & de 
D eckere  1998, Paterson 1989) an d  can  have a  profound
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effect on the  m orphodynam ics of m udflats (Dyer 1998, 
de B rouw er e t al. 2000). T hrough  th e  excretion  of EPS, 
diatom s are  responsib le for a  considerable in p u t of 
h igh-quality  o rgan ic carbon into the  sed im en t th a t 
m ay b e  u tilized  as a  food source for he tero troph ic  con­
sum ers (King 1986, v an  Duyl e t al. 1999).

T he dynam ics of ex tracellu lar carbohydra tes in  in te r­
tidal m udflats h av e  b ee n  stud ied  a t d ifferen t tem poral 
and  spa tia l scales (U nderw ood & Paterson 1993, Taylor 
& P aterson  1998, Taylor e t al. 1999, B lanchard  e t al. 
2000, de B rouw er e t al. 2000, S taats e t al. 2000). By 
u sing  d iffe ren t ex traction  protocols, d iffe ren t o p e ra ­
tionally  defined  carbohydra te  fractions a re  ob ta in ed  
(U nderw ood e t al. 1995). Colloidal carbohydrate, a 
w ater-so luble fraction  tha t is com m only u sed  for the  
determ ination  of ex tracellu lar carbohydrates, show s a 
significant co rrela tion  to  chlorophyll a (chi a) in  in te r­
tidal m udflats th a t a re  dom ina ted  by  ep ipelic diatom  
assem blages (U nderw ood & Sm ith 1998a, B lanchard  et 
al. 2000). O ther fractions h av e  b een  ob ta in ed  using  
EDTA to reco v er ex trace llu la r ca rbohydra tes th a t a re  
m ore tigh tly  associa ted  w ith  cell w alls or sed im en t 
particles (Decho & Lopez 1993, d e  W inder e t al. 1999). 
Finally, to tal hydro lyzable carbohydra te  con ten ts can  
b e  m easu red  by  d irec t hydrolysis of sed im en t sam ples 
(Taylor & P aterson  1998, Taylor e t al. 1999). P roduction  
of ex trace llu la r ca rbohydra tes has b e e n  ob serv ed  to 
occur w h en  the  sed im en t is exposed  to  th e  light 
(de W inder e t al. 1999, Taylor e t al. 1999, S taa ts  e t 
al. 2000), an d  is d ep e n d en t on a  num ber of factors 
includ ing  tim e of exposure (U nderw ood & P aterson
1993), g row th  s tag e  (Staats e t al. 1999, Sm ith & U nder­
w ood 2000) an d  m orphology of th e  m udflat (Taylor & 
P aterson  1998, B lanchard  e t al. 2000). Furtherm ore, 
in c reased  p roduction  of ex tracellu lar carbohydra tes 
has b ee n  o b serv ed  concurran t w ith  changes in  diatom  
num bers a t th e  m udflat surface, typically a t th e  sta rt 
and  en d  of th e  em ersion period  (Smith & U nderw ood 
1998, U nderw ood & Sm ith 1998b).

To e lucida te th e  factors th a t control th e  excretion  of 
carbohydrate, it is im portan t to  sam ple in  a  w ay  tha t 
p rov ides sufficient reso lu tion  w ith in  the  a re a  w ere  
diatom s a re  active (Paterson e t al. 2000). Epipelic 
diatom s show  rhythm ic m igrations in  response  to  light 
an d  tida l cycles (H appey-W ood & Jones 1988, Serôdio 
e t al. 1997), an d  the  am plitude of vertical m igration  has 
been  rep o rted  to v ary  b e tw een  1.6 m m  (Paterson 1986) 
an d  12 cm (Kingston 1999). In in te rtidal m udflats, 
m igration  generally  occurs w ith in  th e  u p p e r 2 m m  of 
the  sed im ent. T he cryolander m e th o d  (W iltshire e t al. 
1997) is a sam pling  tech n iq u e  th a t allows th e  cross- 
sectioning of und istu rbed  sed im en t cores a t a  dep th  
reso lu tion  of up  to 100 pm  an d  is the re fo re  th e  m ethod 
of choice to  investiga te  carbohydra te  a n d  diatom  
dynam ics in  su rface sedim ents.

In situ  studies h a v e  so fa r m easu red  only daytime 
em ersion  periods (Taylor e t al. 1999) or lacked  suffi­
cien t vertical reso lu tio n  w h e n  com paring day- and 
n igh ttim e em ersion  periods (van Duyl e t al. 1999, 
S taats e t al. 2000). In addition , th e re  is very  little infor­
m ation  on the  b iochem ica l p ro p ertie s  of extracellular 
carbohydra tes in  m u d fla t sed im ents. Inform ation about 
th e  m onosaccharide  com position of carbohydrates 
excre ted  by b e n th ic  diatom s com es m ainly from  work 
on cu ltu res (de W in d er e t al. 1999, S taats e t al. 1999), 
a lthough  Taylor & P aterson  (1999) analyzed  th e  m ono­
saccharide  com position  of colloidal an d  bu lk  carbohy­
d rates in  the  E d en  estuary , Scotland.

In  addition  to  com positional data, size-distribution 
analyses can  p ro v id e  inform ation on the  p roperties of 
ex tracellu lar ca rbohydra tes a n d  m ay the re fo re  b e  use­
ful in  u n d e rs ta n d in g  th e  dynam ics of th ese  sugars in 
in te rtidal m udflats. E thanol p rec ip ita tion  of colloidal 
ca rbohydra tes is o ften  u sed  to  ob ta in  th e  h igh  m olecu­
la r w eigh t fraction, w h ich  is te rm ed  EPS (Underwood 
e t al. 1995) an d  is com posed  of th e  >100 kdaltons poly­
saccharides (pers. obs.). H ow ever, in  m arine  sedim ents 
it h a s  b ee n  d em o n stra ted  th a t polysaccharides are 
rap id ly  decom posed , resu lting  in sm aller polymers 
w ith  a  b road  ra n g e  of m olecu lar w eights (Arnosti 1995, 
1996) th a t a re  w e ll below  th e  size th a t p rec ip ita tes in 
ethanol. F u rtherm ore , EPS-excreting  organism s may 
p roduce  polym ers th a t a re  variab le  in  chain  leng th . For 
exam ple, B ender e t  al. (1994) found th a t th e  benthic 
m at-form ing cyanobacterium  Oscillatoria sp. excreted  
polysaccharides of 2 d iffe ren t sizes.

In th is  paper, d iu rn a l dynam ics in  diatom  distribution 
an d  ex tracellu lar carbohydra te  in the  u p p er 2 m m  of 
in te rtid a l m udfla t sed im ents a re  described. T he m ain 
questions th a t w e ad d re ss  are: (1) W hat a re  th e  effects 
of ligh t an d  tida l in u n d a tio n  on  diatom  distribution and 
carbohydra te  s ta n d in g  stocks? (2) W hat a re  the  dy­
nam ics of ex trace llu la r carbohydra tes in  te rm s of bio­
chem ical p roperties?  (3) A re th e  2 extracellu lar carbo­
h y d ra te  fractions com parab le  in  te rm s of dynam ics and 
biochem ical p roperties?

T he stud ies th a t w e conducted  rep resen ted  2 differ­
en t situations th a t occur in  in te rtid a l m udflats. In June 
1998 th e  m udflat w as  devoid  of a d istinct v isual layer of 
m icrophytobenthos, w h ile  in  M ay 1999 extensive mats 
w ere  observed  th a t a lte red  the  sed im en t p roperties of 
th e  m udflat surface, chang ing  bedform  structu re  and 
inc reasing  sed im en t stability  (de B rouw er e t al. 2000).

MATERIALS AND METHODS

Site description. T he B iezelingse H am  m udflat is 
s itu a ted  along the  n o rth ern  shore of the  W ester- 
schelde es tuary  in  th e  sou th -w est of the  N etherlands
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(51°56.47 'N , 3 °5 5 .5 1 'E). T h e  m udfla t h as  an  a re a  of 
ca 1.5 km 2 and  th e  tida l ran g e  is ca 4 m. A sm all salt- 
m arsh an d  a  freshw ate r in le t a re  s itu a ted  on  th e  north  
side of th e  m udflat. S am pling  w as ca rried  ou t a t the  
m iddle sta tion  of a  tran sec t es tab lished  a t the  so u th ern  
end  of th e  m udflat. T he em ersion  tim e a t this site  w as 
ca 6 h. S ed im ent a t th is p a r t of th e  m udfla t w as typ i­
cally m uddy, w ith  a  m ed ian  g ra in  size of <20 pm; the  
surface w as p lanar, w ith  m ajo r bedform s generally  
absent. A deta iled  survey, exam in ing  th e  dynam ics in 
biology a n d  sed im entology of this m udfla t w as carried  
out by d e  Brouw er e t al. (2000).

Sam pling m ethodology. T h e sam pling  site  w as sam ­
pled tw ice  over a period of 24 h  each. In b o th  studies, 
low tide  during  daytim e em ersion  o ccu rred  a t 14:00 h, 
while low  tide during  n igh ttim e em ersion  occurred  a t 
02:30 h. T he first study  took p lace  on 16 Ju n e  1998, 
about 3 w k  after the  collapse of a  b en th ic  diatom  bloom  
(see also de B rouw er e t al. 2000). A t th a t tim e, no 
diatom  biofilm s w ere  found a t th e  sed im en t surface. In 
contrast, w ell-developed  d ia tom  films w e re  p resen t 
during th e  second  study, w h ich  w as ca rried  ou t on  20 
M ay 1999. P igm ent analysis of th e  sed im en t sam ples 
revealed  th a t in  both  stud ies diatom s w ere  by far the 
dom inant phototrophic organism s p resen t. In M ay 1999, 
sed im en t sam ples w ere  ta k e n  every  30 or 60 m in, s ta rt­
ing 15 m in  after the  sed im en t becam e exposed; th e  last 
sam ple w as ta k e n  15 m in befo re  im m ersion. In Ju n e  
1998, 3 sed im en t sam ples w e re  ta k e n  d u rin g  daytim e 
em ersion (1.25, 4.00, a n d  5.00 h  afte r em ersion), w hile 
7 cores w ere  ta k en  du ring  n ig h ttim e  em ersion  (15 m in 
to 5.5 h afte r em ersion a t reg u la r tim e intervals).

S edim ent cores w ere  co llec ted  u sing  th e  cryo lander 
coring m ethod  (W iltshire e t  al. 1997). Briefly, th e  sed i­
m ent su rface  w as frozen w ith  liquid  N 2 vapour, e n su r­
ing m inim al d is tu rbance  of th e  s tru c tu re  of the  se d i­
ment. A fter th e  sed im en t su rface  h ad  b e e n  frozen, 
liquid N 2 w as p ou red  over it in  o rder to  freeze  d e e p e r  
sed im en t layers (dow n to 1 cm). T he frozen  sed im ent 
sam ples could b e  rem oved  easily, an d  w e re  w rap p ed  
in alum inium  foil an d  tran sp o rte d  to  th e  labora to ry  in 
liquid N2. Prior to sectioning, th e  cryo lander sam ples 
w ere cu t into p ieces of approx. 1 cm 2 w ith  a  diam ond 
grinder. Subsequently , the  top 1 m m  of th e  sed im en t 
w as sectioned  into 0.2 m m  slices a n d  th e  second  1 m m  
into 2 slices of 0.5 m m  each , u s in g  a  freeze-m icro tom e 
(Leica, SM 2000 R). S am ples w ere  lyophilized  prior to 
analysis of carbohydra te  (n = 3) a n d  chi a (n = 3).

Results a re  exp ressed  as con ten ts (pg g-1 dry  w t of 
sedim ent) an d  w ould thus b e  sensitive  to  ch an g es in  
w ate r conten t. In the  2 field stud ies, w a te r  con ten t (cal­
cu lated  from  the  w et an d  d ry  w eig h ts  of the  sedim ent) 
d ec reased  w ith  inc reasing  d ep th  (from 55.5 ± 8.4 [SD] 
and 75.1 ± 6.5%  in th e  0 to 0.2 m m  d ep th  horizon to 
47.6 ± 5.0 a n d  70.0 ± 4.7 % in  th e  1.5 to  2.0 d ep th  hori­

zon in  Ju n e  1998 a n d  M ay 1999, respectively). Over 
the  course of the  2 field  studies, the  w ate r conten t of 
th e  sep ara te  d ep th  la y e rs  d id  not change; the re fo re  the 
tim e-series d a ta  w e re  no t in fluenced  by w ate r content.

Chi a  analysis. Lyophilized  sed im ent sam ples (10 to 
100 mg) w ere  ex tra c te d  w ith  2 m l 90:10 (v/v) ace- 
tone :w ate r for 1 h  a t 0°C. E xtraction w as a id ed  by son- 
ication. T h e  ex trac ts  w ere  cen trifuged  for 10 m in at 
1000 xg . C hi a w as m e asu red  fluorom etrically, app ly­
ing  a  correction  for p heop igm en ts, using th e  equations 
of L orenzen (1966).

Carbohydrate analysis. The lyophilized sed im en t (5 
to  55 mg) w as ex trac ted  w ith  400 pi distilled w ater for 
1 h a t 30°C. T he ex trac t w as cen trifuged  for 5 m in at 
6000 xg , an d  th e  colloidal carbohydra te  fraction of the 
su p e rn a tan t w as d e te rm in ed . Subsequently , the  pellet 
w as in cu b a ted  w ith  500 p i 0.1 M N a2EDTA for 16 h at 
room  tem p era tu re . T he ex trac t w as cen trifuged  for 
5 m in  a t 6000 xg , a n d  th e  ED TA -extractable carbohy­
d ra te  fraction of th e  su p e rn a ta n t w as assayed . Carbo­
h ydrate  w as m e asu red  spectrophotom etrically  using 
th e  pheno l-su lphu ric  ac id  assay  (Dubois e t al. 1956). 
G lucose w as u sed  as the  reference . To a  200 pi sam ple, 
200 pi 5%  (w/v) p h en o l an d  1 m l concen tra ted  sul­
phu ric  acid  w ere  ad d ed , a n d  the  m ixture w as incu­
b a ted  for 35 min.

Size distribution and m onom eric com position of car­
bohydrate fractions. S ed im en t sam ples ta k e n  15 min 
afte r the  s ta rt an d  15 m in befo re  the  end  of the  daytim e 
em ersion  period  of th e  M ay 1999 study w ere  used  for 
m olecular size d istribu tion  analyses and  determ ination  
of th e  m onom eric ca rbohydra te  com position. Sam ples 
w ere  ta k e n  a t d ep th  in te rv a ls  of 0 to  0.2, 0.6 to  0.8 and 
1.5 to  2.0 m m . T en  rep lica te  sam ples w ere  pooled, lyo- 
ph ilised  a n d  su b seq u en tly  ex trac ted  w ith  1 m l distilled 
w a te r  an d  1.5 m l 0.1 M N a2EDTA as described  above.

Size d istribu tion  w as d e te rm in e d  by ultrafiltration 
using  C en tricon  cen trifuge tubes (M illipore) w ith  mol­
ecu la r w e ig h t cut-off filters of 100, 50, an d  10 kdaltons. 
T hese filters a re  com m only calib rated  using  protein 
s tandards. C arbohydra tes h av e  d ifferen t space-filling 
m olecu lar p roperties, a n d  th e re fo re  the ir m olecular 
w eigh t cut-off m ay be sligh tly  d ifferen t an d  the ir size 
classes m ust b e  re g a rd e d  as operationally  defined. 
Sam ples w ere  cen trifuged  for 30 min, 1000 xg-, 15 min, 
5000 xg-, a n d  2 h, 5000 xg ,  th ro u g h  100, 50 and  10 
kdalton  filters, respectively. T h e  fractions re ta ined  by 
these  filters w ere  d esa lted  by  ad d in g  2 m l of distilled 
w ate r an d  rep ea tin g  th e  ultrafiltration . The recovery 
w as de te rm in ed  by w eig h in g  th e  am oun t of original 
sam ple in  th e  u ltrafiltration device, the am ount of fil­
tra te  an d  re te n ía te  after u ltrafiltration, an d  th e  carbo­
hyd rate  concentrations in  th e se  fractions. Recoveries of 
the  u ltrafiltration  varied  b e tw e en  85 an d  115%  and 
w ere  norm alised  to 100% .
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T he m onosaccharide com position of th e  ca rbohy ­
d ra te s  w as determ ined  by HPLC. M ethanolysis and  
su b se q u en t hydrolysis of the  ca rbohydra tes w as ca r­
ried  ou t accord ing  to  de Ruiter e t al. (1992). Briefly, 
lyophilised  sam ples w ere m ethano lyzed  w ith  0.5 ml 
2 M  H C l in  m ethano l for 16 h  a t 80°C. S ubsequently , 
th e  m ethylglycosides w ere  hydro lyzed  to th e  m onosac­
charides w ith  2 M  trifluoro-acetic acid (1 h  a t  120°C). 
T he sugars w h ere  separated  on a C arbopack-1  colum n 
(Dionex) a n d  d e tec ted  by a  p u lse  am perom etric  d e te c ­
to r (PAD). N eutra l sugars w ere  se p a ra te d  ru n n in g  the  
follow ing grad ien t: 0 to 20 m in, 15 m M  N aO H ; 20 to 
25 m in, 300 m M  NaOH, 25 to  35 min, 15 m M  N aO H . 
Uronic acids w ere  analyzed  in  a  sep ara te  ru n  using  
100 m M  N aO H /100 m M  sodium  ace ta te  as e luen t. The 
p ea k s  of xylose and m annose co-elu ted . Q uantification  
w as b ased  on th e  assum ption th a t bo th  m onosaccha­
rides w ere  p re se n t in  equal am ounts. T he ana ly tica l 
reproducib ility  was w ith in  ± 5 %  (n = 8) for all m ono­
saccharides analyzed. The re la tive  con tribu tion  of the 
d iffe ren t m onosaccharides w as ca lcu la ted  u s in g  ex te r­
na l s tandards, an d  is exp ressed  in  w eight% .

Statistical analyses. Statistical analysis w as p e r ­
fo rm ed  on log(n+ l)-transfo rm ed  data . A  M ANOVA 
(m ultiple analysis of variance) d es ig n  w as u se d  to  te s t 
th e  effects of du ration  of em ersion  an d  day  or n ig h t on 
th e  con ten t of carbohydrates a n d  chi a. D ep e n d en t 
variab les w ere  the conten t of chi a an d  ca rbohydra te  a t 
all d e p th  in tervals. The d u ra tio n  of em ersion, 
day /n ig h t situation  an d  the  in te rac tion  w e re  u sed  as 
in d e p en d e n t variables, w here  tim e is a  n um erica l and  
day /n ig h t a  categorical variab le. T he in te rac tio n  b e ­
tw ee n  th e  duration  of em ersion a n d  the  d ay /n ig h t situ ­
ation  exam ines to w hat ex ten t th e  evolution of the 
m e asu red  con ten ts over the day tim e em ersion  period  
are  d iffe ren t from  th a t m easu red  du ring  th e  n igh ttim e 
em ersion  period. F -tests for th e  to ta l d ep th  layer w ere  
based  on W ilkinson's lam bda F -statistics. S tatistical 
results a re  g iven  for the  to ta l d e p th  layer, un less  s ta ted  
o therw ise . T h e  da ta  w ere  ana lyzed  using  S ystat 5.02 
(Systat C orporation, Evanston, Illinois).

RESULTS 

Extracellular carbohydrates

In Ju n e  1998, the dry sed im en t con ten t of colloidal 
ca rbohydra te  over th e  w hole d e p th  layer ana lyzed  
av e rag ed  206 ± 32 (SD) p g  g _1 sed im en t, w hile 
the  ED TA -extractable carbohydra te  av e ra g e d  670 ± 
201 p g  g-1 (Fig. 1). T here w as no  in te raction  b e tw een  
duration  of em ersion and d ay /n ig h t in  e ith e r carbohy­
d ra te  fraction (colloidal carbohydrates, F [7i n] = 0.49, 
p = 0.83; ED TA -extractable carbohydra tes, F [?i 10| =

Carbohydrates (jig g '1)
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Fig. 1. V ertical p ro file s  of av era g e  (± 1 SD) con ten t (pg g"1 
dry  sedim ent) of co llo idal (■) an d  ED T A -extractable (o) carbo­
hydra tes on 16 J u n e  1998 d u rin g  day tim e (A) an d  nighttim e 

(B) em ersion  periods

2.02, p  = 0.15). T h e  con ten ts of b o th  carbohydrate frac­
tions did n o t v a ry  over th e  em ersion  periods (colloidal 
carbohydrates, F [7¡ nJ = 0.49, p = 0.83; EDTA-ex­
trac tab le ca rb o h y d ra tes , F [7rl0) = 2.31, p = 0.11). The 
colloidal con ten t d iffe red  b e tw een  day- and  nighttim e 
em ersion periods (F [7< 12j = 6.09, p < 0.01). However, 
w hen  the  s e p a ra te  d e p th  in tervals w ere  considered, 
none of th e  te s ts  rev ea led  significant differences 
[F[i, íe] < 3.48, p >  0.08 for all d ep th  intervals). Vertical 
profiles of collo idal carbohydra te  show ed no signifi­
can t d ifferences w ith  inc reasing  dep th . In contrast, the 
conten t of E D T A -extractable carbohydrate decreased  
from  900 p g  g _1 a t  th e  surface to 600 pg  g“1 below  1 mm 
dep th  (Fig. 1).

In M ay 1999, th e  co n ten t of b o th  colloidal an d  EDTA- 
ex tractable ca rb o h y d ra te  w as h igher than  in  June 
1998. A t the  s ta rt of th e  em ersion, colloidal carbohy­
d rate  in  th e  top 2 m m  av erag ed  1644 ± 443 pg  g“1 sed­
im ent, an d  ED TA -extractable carbohydrate 1893 ± 
305 pg  g-1. In th e  light, the  con ten t of colloidal carbo­
h ydrate  in c re ase d  alm ost 10-fold in  the  u p p er 0.2 mm 
over th e  em ersion  period  (Fig. 2). W hen considering 
the  w hole d e p th  layer sam pled, the interaction 
be tw een  d u ra tio n  of em ersion  an d  day /n igh t w as sig­
nificant (F[7i 3 6 ) = 5.59, p < 0.001) as a  resu lt of carbo­
hyd rate  p roduction  du ring  day tim e em ersion b u t not 
during n ighttim e em ersion  (cf. Figs 2 & 3). W hen the
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Fig. 2. V ertica l profiles (m eans ± 1 SD) of collo idal (■) an d  
E D T A -extractable (o) carb o h y d ra tes  over day tim e  em ersion  
period  on  20 M ay  1999, 15 m in  (A), 2.05 h  (B) an d  5.5 h  

(C) a fte r em ersion

differen t d ep th s  w ere  exam ined  individually, a sign ifi­
can t in te rac tion  effect w as ev iden t in  th e  top  1 m m  of 
th e  sed im en t (F[1i4 2j = 5.6, p = 0.022 a t 0.8 to  1.0 mm). 
The in te rac tio n  b e tw e e n  tim e of em ersion a n d  d ay / 
n ig h t w as n o t sign ifican t for E D TA -extractable ca rb o ­
hyd ra tes  (F [7i 3 7 ] = 0.67, p  = 0.70) an d  th e  am oun t did 
no t v a ry  d u rin g  em ersion  (F[7i 37] = 1.75, p  = 0.13). A  s ig ­
n ifican t in c re ase  in  ED TA -extractable con ten t du ring  
em ersion w as ob serv ed  only in  th e  top 0.2 m m  (Ffl_ 43! = 
7.35, p  = 0.01). T h e  con ten t of E D TA -extractable 
carbohydra te  w as h ig h e r  during  daytim e th a n  n ig h t­
tim e em ersion  (F(7|37] = 5.43, p < 0.001), b u t ag a in  this 
w as m ain ly  d u e  to  th e  h ig h e r  conten t in  th e  u p p e r 
0.2 m m  la y er du ring  th e  daytim e em ersion  (F[lr 43] = 
29.96, p  < 0.001). A t th e  s ta rt of the  n igh ttim e em ersion  
period, th e  ca rb o h y d ra tes  p roduced  in  th e  lig h t h ad  
d isappeared , an d  th e  levels h ad  d ro p p ed  to th o se  a t 
the  s ta rt of the  day tim e em ersion period  (Figs 2 & 3).

D uring the night, t h e  co n ten t of colloidal as w ell as 
ED TA -extractable ca rb o h y d ra te  d id  n o t vary, with 
a v e rag e  values of 1648 ± 408 an d  1610 ± 277 p g  g_1 
respectively.

C hi a content

In Ju n e  1998, th e  c h i a  co n ten t in  th e  top  0.2 m m  of 
sed im en t during  em ers io n  v arie d  from  3.3 to 12.3 pg 
g -1 during daytim e a n d  5.0 to  9.4 p g  g _1 du ring  n ig h t­
tim e. Chi a content v a rie d  only m arg inally  during  the 
em ersion periods (F [7_ 5] = 4.86, p = 0.05). N o signifi­
ca n t changes w ere  o b se rv ed  b e tw e en  chi a content 
du ring  daytim e an d  n ig h ttim e  em ersion  (F[7, 5] = 3.11, 
p = 0.12) (Fig. 4).
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0  1 0 0 0  2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0

0.0

0 .5 -

1 .5 -

I— h ío -H

2.0
0 1000 2000 

__1__ 3 0 0 0 4 0 0 0 5 0 0 0
0 .0 -

0 .5 -

I— d -

bo-
2.0

1000 2000 3 0 0 0 4 0 0 0 5 0 0 0
0.0

0 .5 -

2.0

Fig. 3. V ertical profiles (m ean s ± 1 SD) of colloidal (a) and 
ED T A -extractable (o) ca rb o h y d ra tes  over n igh ttim e em ersion 
p e rio d  on  20 M ay 1999, 5 m in  (A), 2.05 h  (B) a n d  5.5 h  (C) after 

em ersion
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Fig. 4. V ertical p rofiles av erag e  (± 1 SD) of chi a con ten ts on 
16 Ju n e  1998 d u rin g  day tim e (A) a n d  n igh ttim e (B) em ersion  

periods, 1.25 h  (■), 4 h  (o) an d  5 h  (a ) after em ersion

b e tw e en  day a n d  n ig h t (F [7i 30) = 31.23, p < 0.001), 
(Fig. 5). In the ligh t, th e  chi a co n ten t w as h ighest in the 
top  0.2 mm, d e c re a s in g  steep ly  w ith  increasing  depth. 
D uring  th e  n ight, th e  co n ten t of chi a rem ained  con­
s ta n t over the  d e p th  ran g e  ana lyzed . The conten t of 
chi a in  the top 2 m m  d u rin g  th e  n ig h t w as abou t 75 % 
of th e  conten t d u r in g  th e  day.

Carbohydrate production in  the light

D uring  daytim e em ersion  in  M ay 1999, th e  carbohy­
d ra te  conten t w as n o rm alized  to chi a in  o rder to  obtain 
p roduction  e s tim a tes  of ex trace llu la r carbohydrates at 
th e  m easu red  d e p th  in te rvals  (Fig. 6, Table 1). Col­
lo idal ca rbohydra te  p roduction  w as significant in the 
top  1 mm, being  h ig h e s t in  th e  top 0.2 m m . In this layer, 
th e  chlorophyll-norm alized  p roduction  ra te  of colloidal 
carbohydra te  (g lucose equivalen ts) w as 20 hr1. For 
E D TA -extractable carbohydrates, a significant in ­
crease  w as only found  in  th e  top  0.2 m m  sedim ent 
layer. H ow ever, co m p ared  to  colloidal carbohydrates, 
p roduction  of E D T A -extractab le carbohydra tes was 
low  (1.2 h _1). Typically, the  in te rcep ts of th e  linear re ­
g ressions for bo th  colloidal a n d  ED TA -extractable car­
bohydrates in c re a se d  w ith  in c reasin g  d ep th  (Table 1).

In M ay 1999, th e  con ten t of chi a  w as 5 to  10-fold 
h ig h e r th a n  in  J u n e  1998. In the  top 0.2 mm, th e  chi a 
con ten t du ring  em ersion  w as typically  in the  ran g e  of 
155 p g  g -1 d u rin g  th e  day  an d  51 pg  g “1 during  th e  
n ight. A lthough  th e re  w ere  no  significant changes 
b e tw een  sam ples w ith in  the  em ersion periods (F[7i 30] = 
0.41, p  = 0.89), v ertica l profiles differed m arkedly

Size distribution

T able 2 gives th e  resu lts for th e  size-distribution 
analyses. The collo idal an d  E D TA -extractable fractions

T able 1. C hi a-norm alized  carbohydrate production ( y -  ax + b) 
d u rin g  daytim e e m ers io n  period  on 20 M ay 1999. ns: not 

significant

Chlorophyll a (pg  g '1)

0.0

0 . 5 -

1 . 5 -

2.0

Fig. 5. V ertical p rofiles of av erag e  (± 1 SD) chi a con ten ts on 
20 M ay 1999 d u rin g  day tim e (a) an d  n igh ttim e (•) em ersion  

periods

D ep th
(pm)

a
(h“1)

b R2 P

C ollo idal carb o h y d ra tes
0 -2 0 0 19.9 7.2 0.74 <0.001
200-400 7.6 12.7 0.59 <0.001
400-600 5.6 19.1 0.37 <0.001
600-800 3.4 23.9 0.23 <0.05
800-1000 2.2 24.3 0.17 <0.05
1000-1500 1.2 31.8 0.03 ns
1500-2000 -0 .5 40.7 0.03 ns

E D T A -extractable carbohydra tes
0-200 1.2 13.2 0.44 <0.001
200-400 1.6 16.8 0.09 ns
40 0 -6 0 0 0.8 22.0 0.12 ns
600-800 0.4 31.1 0.007 ns
800-1000 0.05 33.5 0.0002 ns
1000-1500 -0 .1 35.0 0.0008 ns
1500-2000 -3 .2 49.0 0.12 ns
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T ab le  2. Size d istribution  of colloidal a n d  ED T A -extractable carb o h y d ra tes  (pg g 1 d ry  sed im en t) in  3 d e p th  in tervals at sta rt and 
en d  of day tim e exposure  p e rio d  on 20 M ay 1999. V alues in p a ren th eses  a re  p e rc e n ta g e s  of w ho le  fraction, nd: no t detected

D ep th  (pm)
>100 100-

Size class (kDa)
-50 50- 10 <10

Start en d start end sta rt e n d start end

Colloidal
0 -2 0 0
600-800
1500-2000

836 (29) 
413 (25) 
477 (37)

4774 (24) 
523 (21) 
465 (34)

375 (13) 
314 (19) 
115 (9)

1719 (9) 
323 (13) 
123 (9)

173 (6) 
132 (8) 
90 (7)

3819  (20) 
124 (5) 

82 (6)

1529 (53) 
793 (48) 
605 (47)

8975 (47) 
1518 (61) 
698 (51)

ED TA -extractable
0 -2 0 0
6 0 0 -8 0 0
1500-2000

441 (22) 
nd 

419 (22)

512 (18) 
320 (17) 
295 (22)

180 (9) 
nd 

190 (10)

199 (7) 
301 (16) 
147 (11)

260 (13) 
nd 

190 (10)

114 (4) 
245 (13) 
268 (20)

1142 (57) 
nd 

1104 (58)

2019 (71) 
1036 (55) 
643 (48)

show ed  a  com parable size d istribu tion . Both fractions 
con tained  h ig h  am ounts of c a rb o h y d ra tes  <10 kdaltons 
(47 to  71 %), w hile ca rbohydra tes in  th e  size classes 50 
to 100 an d  10 to 50 kdaltons w ere  less abu n d an t. D ur­
ing  th e  em ersion period, th e  re la tive  contribu tion  of 
th e  >100 kdaltons size class d ec re a se d  slightly  com ­
p a re d  to th e  o ther size classes (S tuden t's f-test, p < 
0.05). T he size d istribution  of the  ca rb o h y d ra te  frac­
tions d id  no t vary  as a function  of dep th .

M onosaccharide com position

T he d ep th -av erag ed  m onosaccharide  com positions 
for th e  d iffe ren t size classes of ca rbohydra tes a re  
show n in Fig. 7. C om parison of th e  size fractions p e r 
sam ple in  te rm s of m onosaccharide  com position size 
classes >100, 50 to 100 an d  10 to 50 kdaltons revealed  
no  d ifferences. H ow ever, th e  colloidal carbohydra tes 
of <10 kdaltons w ere  en rich ed  in  galac to se  and

■  0-200 pm 
A 600-800 pm
O 1500-2000 pm

150

125

a
5  100 
d
a  75 o

i 2 3 4 50 6

Time after emersion (h)

Fig. 6. A v erage  (± 1 SD) chi a -n o rm alized  colloidal carbohy­
drate  (CHO) p roduction  d u rin g  day tim e  em ersion  period  on 

20 M ay 1999

d ep le te d  in  xy lose/m annose, rham nose an d  arabinose 
com pared  to  the  la rg e r  polym ers. ED TA -extractable 
ca rbohydra tes of <10 kdaltons w ere  en riched  in g lu­
cose, w hile  th e  contribu tion  of xylose an d  m annose 
d ro p p ed  to  zero. F urtherm ore , th e  relative contribution 
of fucose d ec reased  w ith d ec reas in g  size class in  both

o'-

%
£

ESI lucose CE3 g lucose-am ine E S xylose/m annose
1___1 rham nose EZ3 g ala c to se S galacturonic acid
iSEa arab inose M  g lu co se m u glucuronic acid

Fig. 7. R elative m onosaccharide  com position (dep th -aver­
aged) of d iffe ren t size fractions. Sam ples w e re  tak e n  during 
day tim e em ersion  period on 20 M ay 1999. (A) Colloidal car­
bohydra tes; (B) ED TA -extractable carbohydra tes. For each 
size class, le ft-h an d  bar re p re se n ts  m onosaccharide  com posi­
tion  a t s ta r t  of th e  em ersion period , r ig h t-h an d  bar rep resen ts 
m o n o sacch arid e  com position a t e n d  of the em ersion  period

>100 1 0 0 -5 0 5 0 - 1 0  < 1 0

1 0 0 -5 0

S iz e  c la s s  (kDa)
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Fig. 8. R elative m onosaccharide  com position  in  th e  3 sa m p le d  dep th-in tervals 
du rin g  day tim e em ersion  period  on 20 M ay 1999. (A) C ollo idal carbohydrates, 
sta rt of th e  em ersion  period; (B) co llo idal carb o h y d ra tes , en d  of th e  em ersion 
period ; (C) ED TA -extractable carb ohydra tes, s ta rt of th e  em ersion  period; (D) 
ED T A -extractable carbohydrates, end  of the em ersion  pe rio d . Fuc: fucose; Rha: 
rham nose; Ara: arabinose; GlcN: g lucose-am ine; Gal: galactose; Glc: glucose;

X yl/M an: xylose/m annose; GalA: ga lac tu ro n ic  acid; GlcA: g lucuron ic  acid

carbohydra te  fractions. T he EDTA- 
ex tractab le  carbohydra tes con tained  a t 
least tw ice as m uch u ronic acids as the  
colloidal fraction, reg ard less  of size, 
except for th e  <10 kdaltons size class.

Fig. 7A show s changes in  the  sugar 
com position of colloidal carbohydra tes 
during  the  em ersion  period. In all size 
classes, the  rela tive contribution  of 
glucose h a d  in c reased  abou t 2-fold by 
the  en d  of th e  em ersion  period. H ence, 
the  ex trace llu la r ca rbohydra tes p ro ­
du ced  during  em ersion  w ere  relatively  
rich in  glucose. The ED TA -extractable 
fraction of >10 kdaltons d id  n o t change 
in  com position du ring  em ersion, w hilst 
som e varia tion  in  th e  <10 kdaltons 
fraction w as apparen t.

T he com position of the  carbohy­
drates a t d iffe ren t d ep th  in te rvals is 
show n in  Fig. 8. A t th e  end  of the  
em ersion  period, glucose rep re se n ted  
up  to 85 % of th e  sugars in  the  colloidal 
fraction  in  th e  top 0.2 m m  of th e  sed i­
m ent. T he contribution  of g lucose d e ­
creased  rap id ly  w ith  in c reasin g  depth .
A t 1.5 to  2 mm, the  contribution  of g lu ­
cose w as only 28% , an d  galac tose b e ­
cam e th e  m ost a b u n d a n t m onom er. In 
th e  E D TA -extractable fraction, the 
contribution of g lucose in c reased  d u r­
in g  em ersion, a lth o u g h  th is w as m uch  less p ronounced  
th a n  for the  colloidal fraction. A gain, m ost of this 
in c rease  w as associa ted  w ith  th e  su rface  0.2 m m  of th e  
sed im ent.

DISCUSSION  

Carbohydrate dynamics

In this study, th e  dynam ics of colloidal an d  EDTA- 
ex tractab le  carbohydra te  fractions in  an  in te rtidal 
m udfla t w ere  investiga ted . M easu rem en ts  of carbohy­
d ra te  conten ts in  th e  p rese n ce  an d  ab sen c e  of diatom  
biofilm  structu res rev ea led  d iffe ren t dynam ics b e ­
tw ee n  the  2 carbohydra te  fractions. T his w as clear both  
on th e  tim e scale of a  tidal cycle, an d  also w h en  com ­
paring  th e  sam ples w ith  an d  w ithou t a  d ia tom  biofilm. 
In Ju n e  1998, colloidal carbohydra tes, w h ich  h av e  
b ee n  su g g ested  to b e  indicative of m icrophytobenth ic 
p roduction  (U nderw ood & Sm ith  1998a), w e re  p resen t 
in  low er am ounts th a n  ED TA -extractable carbohy­
d rates. N o p roduction  of ex trace llu la r ca rbohydra tes 
w as observed  over the  tida l cycle. In M ay 1999, the

contents of colloidal as w ell a s  ED TA -extractable 
carbohydrate w e re  considerably  h ig h e r  th a n  in  June 
1998. Colloidal ca rbohydra te  co n ten t w as h igher by a 
factor of 8, w hile ED TA -extractable carbohydrate con­
ten t h a d  in c reased  by a  factor of 2 to 3. In contrast to 
Ju n e  1998, n e t p roduction  of EPS (m ainly colloidal) 
w as observed, resu ltin g  in  a  10-fold increase  in  carbo­
hydrates by  th e  e n d  of the  day tim e em ersion period. 
This daytim e p roduction  h a d  d isa p p e a re d  a t th e  start 
of th e  n ighttim e em ersion  period . T hese  d a ta  suggest 
th a t colloidal ca rbohydra tes a re  recen tly  p roduced  and 
d isap p ea r rap id ly  from  th e  system , b e in g  either 
w ash ed  aw ay d u ring  im m ersion (Sm ith & U nderw ood 
1998, de W inder e t al. 1999) or u tilized  by  heterotro- 
phic consum ers (van Duyl e t al. 1999, M iddelburg  e t al. 
2000). ED TA -extractable ca rb o h y d ra tes  a re  less 
dynam ic and  re p re se n t a m ore conservative fraction of 
th ese  sedim ents.

A lthough  clear d ifferences in  th e  dynam ics of the  2 
carbohydrates w ere  observed, b o th  the  size d istribu­
tion an d  the  m onosaccharide com position of carbohy­
d ra te  fractions >10 kdaltons w e re  rem arkab ly  similar. 
T he m onosaccharide com position of th e  sm allest size 
fraction differed from  th a t of th e  la rg e r  fraction, galae-



de B rouw er & Stal: E x trace llu la r carbohydrate  d y n a m ic s 41

tose b e in g  m ost ab u n d a n t in  the  colloidal fraction, 
while glucose w as the predom inant sugar in  the  EDTA- 
ex tractab le  fraction. P aterson  (1986) show ed  th a t 
lyophilisation m ay dam age diatom s p re se n t in  th e  se d ­
im ent. A lso Ja n se  et al. (1996) observed  th a t in te rn a l 
ca rbohydra tes p re se n t in  the cells of P haeocystis  
globasa  w e re  re le a se d  w hen  cells w ere  frozen. T h e re ­
fore w e  can n o t exclude th a t sto rage ca rbohydra tes 
(e.g. chryso lam inaran , m olecular w e ig h t = 3 to  4 k d a l­
tons) a n d  o ther low m olecular w eigh t ca rbohydra tes 
w ere  p ré se n t in  the  <10 kdaltons fraction.

The sim ilarities in  th e  m onosaccharide com position 
and  size d istribu tion  of the 2 fractions m ay h in t a t a 
com m on source  of th ese  carbohydrates or a  rap id  u ti­
lization of th e  d eg rad ab le  p a r t  of th e  carbohydra tes. 
A lthough  bo th  th e  com position an d  size of th e  2 frac­
tions w ere  broadly  similar, the uronic acids in  th e  EDTA- 
ex trac tab le  fraction  w ere  tw ice as a b u n d a n t as in  the 
colloidal fraction. A nionic sugars (sulfonic acids, u ron ic 
acids) a re  co nsidered  to  be im portan t for th e  ad so rp ­
tion of EPS to sed im en t particles (Decho 1990); th e re ­
fore, it is possib le th a t ED TA -extractable ca rbohydra te  
o rig inates from  th e  sam e source an d  m ay b e  p ro d u ce d  
by the conversion  of colloidal carbohydra te , involving 
in teractions w ith  sed im en t particles an d  m e ta l ions 
(Decho 1994).

The p roduction  of carbohydra te  w as only ev id en t in  
th e  light; it w as confined  to th e  top  1 mm, a n d  show ed  
its h ig h est ra te s  of production  in  the  top  0.2 m m . This 
co rre la ted  w ith  d ia tom  biom ass, w hich  w as also  con­
cen tra ted  in  th is top  layer of the  sed im en t d u rin g  d ay ­
tim e em ersion. This clearly  em phasises th e  im portance 
of light, w h ich  is s trongly  a tten u a ted  in  silty sed im en ts 
(Kühl e t al. 1994). De W inder e t al. (1999) a n d  S taats e t 
al. (2000) d em o n stra ted  tha t th e  p roduction  of ex trace l­
lu la r ca rbohydra te  by  b en th ic  diatom s w as co u p led  to 
photosynthesis , a n d  our resu lts su p p o rt this conclu­
sion. Sm ith  & U nderw ood (1998) observed  an  in c rease  
in  ca rb o h y d ra te  con ten t associa ted  w ith  th e  v ertical 
m igration  of diatom s. In our study, v ertical d ia tom  
m igration  occurred  a t th e  s ta rt an d  en d  of the  daytim e 
em ersion period , as ju d g e d  from  the  coloration of the  
sedim ent. This w as no t directly coup led  to  ch an g es in  
ca rbohydra te  con ten t. T herefore, the  excretion  of ex ­
tracellu lar ca rbohydra tes as p a rt of th e  m echan ism  of 
d iatom  m otility is p robab ly  sm all com pared  to  th a t p ro ­
duced  th ro u g h  u n b a lan c ed  photosynthetic  grow th.

In the  light, th e  chlorophyll-specific ra te  of p ro d u c­
tion of colloidal carbohydra te  carbon  (g g -1) am o u n ted  
to  8 h-1 in  th e  top  0.2 m m  of the  sed im ent. A ssum ing  
chlorophyll-specific carbon-fixation ra te s  for b en th ic  
diatom s of 20 h r1 (B lanchard & M on tagna 1992), w e 
calculate th a t ab o u t 40%  of the  carbon  fixed m ay be 
excre ted  as ca rbohydra tes. This p e rc en ta g e  w as m e a ­
su red  experim en tally  by M iddelburg  e t al. (2000) u sing

in  situ  en rich m en ts  of the  stab le  carbon iso tope 13C: 
how ever, th e  a s su m e d  ra te  of carbon  fixation w as for a 
subtropical m u d fla t. B lanchard  e t al. (1997) calculated 
a  m uch low er ra te  of 11 h-1 in  a  tem perate  mudflat. 
U sing this low er n u m b e r  w e calcu la ted  th a t as m uch as 
73%  of fixed c a rb o n  m ight b e  excreted  as carbohy­
drates. U sing rad io iso to p e  14C incubations, G oto e t al.
(1999) rep o rted  th a t  42 to  73%  of fixed carbon  was 
excreted . This confirm s our estim ates. As this ex trace l­
lu lar carbohydrate o n ly  forms in  the  colloidal fraction, 
it follows th a t th e  v a s t  m ajority of this m ateria l rapidly 
d isappears. W h e th e r  th ese  ca rbohydra tes dissolve in 
the  w ater colum n o r  a re  deg rad ed  in  the  sed im ent 
rem ains to b e  d e term in ed .

T he m ajor co m p o n en t of th e  EPS p roduced  during 
th e  em ersion p erio d  w as glucose, w hich rep resen ted  
ab o u t 90 % in th e  e x c re te d  carbohydrates. This w as the 
case for ca rb o h y d ra tes  of all size classes, indicating  
th a t th e  po lysaccharides p ro d u ced  are  h igh ly  variable 
in  size or tha t th e  po lym ers a re  rapidly hydro lysed  into 
sm aller m olecules. G lucose is a  p re fe rre d  substra te  
for m any h e te ro tro p h ic  consum ers such  as bacteria 
(Sawyer & King 1993). The first s tep  in  po lym er d eg ra ­
dation  is its hydro lysis to m olecules sm alle r than  
0.6 kdaltons (Weiss e t  al. 1991) by exo-enzym es. King 
(1986) an d  v an  D uyl e t  al. (1999) m e asu red  th e  activity 
of ß-glucosidases in  in te rtid a l m udflats an d  dem on­
stra ted  th a t b en th ic  h e te ro tro p h ic  b ac teria l production  
d ep e n d ed  on colloidal carbohydra tes in  a  d ia tom  b io­
film -dom inated  m udfla t. A luhiw are & R épéta  (1999) 
found th a t th e  EPS ex c re te d  by  3 phy top lank ton  sp e ­
cies w ere  sub ject to  rap id  p a rtia l deg radation . The 
residual po lysaccharides th a t rem a in ed  resem bled  
m etabolically s tab le  acy l heteropolysaccharides (Aluhi­
w are  e t al. 1997) th a t accum ulate in  seaw ater. Our 
resu lts a re  very  sim ilar. At th e  s ta rt of th e  em ersion 
period  an d  d e e p e r  in  th e  sed im en t th e  contribu tion  of 
glucose w as considerab ly  low er th a n  th a t of th e  EPS 
excre ted  during  th e  em ersion  period. This indicates 
th a t g lucose is p referen tia lly  rem oved  from  th e  system. 
T herefore, EPS p re se n t a t th e  s ta rt of th e  em ersion 
period  an d  d e e p e r in  th e  sed im en t seem  to rep rese n t a 
po lysaccharide fraction th a t is m ore resis tan t to  m icro­
bial degradation .

Diatom  m igration

In Ju n e  1998, th e  sed im en t chi a con ten t w as low 
(<13 p g  g _1) an d  no  c lear p a tte rn  in  the  vertical d istri­
bu tion  of ben th ic  diatom s over a  tidal em ersion period 
w as observed. This was p robab ly  th e  resu lt of th e  low 
biom ass and  h ig h  spatial variation . In M ay 1999, chi a 
con ten t reach ed  u p  to 150 p g  g -1 sed im en t in  th e  su r­
face 0.2 m m  during daytim e em ersion. D uring this
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period, th e  m ajority  of the  diatom s w ere  p resen t in  th e  
surface sed im en t layer, allow ing a  m axim um  ra te  
of photosyn thesis . D uring n ighttim e em ersion, th e  
m icrophy toben thos biom ass w as equally  d istribu ted  
th ro u g h o u t th e  u p p e r 2 m m  (Fig. 4), th e  diatom s h a v ­
ing m ig ra ted  d e e p e r into th e  sedim ent. U pw ard  m ig ra ­
tion to w ard s th e  sed im en t surface is p robab ly  tr ig ­
gered  by light, w hile in  the d a rk  th e  d irection  of 
diatom  m ovem ents m ay b e  random , resu ltin g  in  a 
hom ogeneous d istribution. A lternatively, diatom s m ay 
sense chem ical g rad ien ts th a t trigger th e  d irection  of 
m igration.

D iatom  m ig ra tion  occurs a t the s ta rt an d  e n d  of th e  
em ersion periods, as show n by Serôdio e t al. (1997) 
and  Sm ith  & U nderw ood (1998). In our study, th is m i­
gration  w as also  observed. D uring th e  daytim e em e r­
sion period , th e  coloration of th e  sed im en t su rface  
ch an g ed  30 m in  afte r th e  site becam e exposed  and  
aga in  1 h  be fo re  im m ersion. Rem arkably, th is w as n o t 
reflec ted  in  th e  v ertical profiles of chi a, w h ich  r e ­
m ained  u n c h a n g e d  over the  w hole em ersion period , 
ind icating  th a t th e  m igration  of diatom s a t th e  tim e th a t 
th e  sed im en t c h a n g ed  colour w as only w ith in  th e  top 
0.2 m m  (see also W iltshire e t al. 1998). T herefo re, th e  
d ifferences in  chi a distribution b e tw een  the  day- an d  
n ighttim e em ersion  periods m ust h av e  em erg ed  d u rin g  
tidal im m ersion.

G uarin i e t al. (2000) rep o rted  tha t m icrophy thoben- 
thic b iom ass is sub ject to  short-term  cyclic varia tions. 
In their study, b iom ass production  occurred  in  th e  ligh t 
while losses w ere  d u e  to  n a tu ra l mortality, g raz in g  an d  
resuspension . O ur resu lts show  th a t m icrophytoben- 
thic b iom ass d id  n o t increase during th e  light period, 
suggesting  th a t fixed  carbon w as p redom inan tly  
excreted  in  th e  form  of extracellu lar carbohydra tes 
while little w as u sed  for b a lanced  grow th  (see above). 
D uring tid a l im m ersion, 23 % of the  m icrophytobenth ic 
biom ass w as lost, p robably  because of resu sp en sio n  
and  m ig ra tion  to  below  th e  2 m m  zone.

Summary

In this study, th e  dynam ics of 2 ex tracellu lar ca rb o ­
hydrate fractions w ere  exam ined. Biochemically, bo th  
fractions w ere  of a  sim ilar com position. H ow ever, they  
b eh av ed  differently , a n d  ecologically th ese  fractions 
have d iffe ren t im pacts. The colloidal ca rbohydra tes 
rep rese n t a fraction  th a t w ere  h ighly  dynam ic. EPS 
p roduced  du ring  tidal em ersion is rich  in  glucose 
(about 90% ), d isap p ea rs  rapidly. EPS a re  tu rn e d  over 
in  the sed im en t (particularly  th e  glucose portion) bu t 
may also b e  w ash e d  ou t of the  sed im en t d u rin g  tidal 
im m ersion. T h e  ED TA -extractable fraction  is en rich ed  
in  uronic acids an d  is associated  w ith  sed im en t p a r ti­

cles. This fraction b eh a v ed  m ore conservatively. EPS- 
production w as s tro n g ly  lig h t-d e p en d e n t an d  associ­
a ted  w ith the p re s e n c e  of d ia tom s in  the  upperm ost 
surface layer. D u rin g  th e  n igh ttim e em ersion  period  no 
EPS production w a s  observed  an d  th e  d ia tom  d istribu­
tion d id  not vary  o v e r  th e  d ep th  investigated . Between 
40 and  73 % of th e  ca rb o n  fixed  during  the  ligh t period 
w as converted to ex trace llu la r ca rbohydra tes th a t are 
rapidly  rem oved fro m  th e  system  an d  therefo re are 
likely to  rep re se n t a n  im portan t lab ile  o rganic carbon 
pool in  in tertidal sed im e n ts  a n d  th e  associated  es tu ar­
ine an d  coastal env ironm en ts.

A ckn o w led g em en ts . T h is in v estiga tion  w as su p p o rted  by the  
E uropean  C om m ission  th rough  con trac t M AS3-CT95-0022 
(INTRMUD) and c o n tra c t M A S3-PL97-1605 (CLIMEROD). 
T he au thors th an k  M a re  S taa l for assistance  during  th e  field 
studies, Eric B oschker for help  w ith  th e  HPLC-PAD an d  Peter 
H erm an  for help  on  sta tistics. J a c k  M id d e lb u rg  an d  Eric de 
D eckere  are th an k e d  for constructive  com m ents on th e  m an ­
uscript. This is Pu b lica tio n  2704 of th e  N eth erlan d s Institu te  of 
Ecology, Y erseke, T h e  N etherlands.

LITERATURE CITED

A dm iraal W (1984) T h e  ecology of e stu arin e  sed im en t-in h ab ­
iting diatom s. P ro g  Phycol Res 3 :269-322  

A luw ihare LI, R ép éta  DJ, C h en  RF (1997) A  m ajor biopoly­
m eric  com ponent to  dissolved o rg an ic  carbon  in  surface 
sea  w ater. N a tu re  387:166-169 

A luw ihare LI, R ép éta  D J (1999) A  com parison of th e  chem ical 
characteristics o f ocean ic  DO M  a n d  ex trace llu la r DOM 
produced  by m arin e  a lgae. M ar Ecol P rog Ser 186: 
105-117

A rnosti C (1995) M ea su rem e n t of d e p th - an d  site -re la ted  dif­
fe rences in  po ly sacch arid e  hydro lysis ra te s  in  m arine  se d ­
im ents. G eochim  C osm ochim  A cta  59:4247-4257 

A rnosti C (1996) A  n e w  m ethod  for m easu rin g  po lysaccharide 
hydrolysis ra tes in  m arine  env ironm ents. O rg G eochem  
25:105-115

B ender J, R odriquez-E aton  S, E k an em esan g  UM, Phillips P 
(1994) C h arac te riza tio n  of m e ta l-b in d in g  bioflocculants 
produced  by th e  cyanobacteria l com ponent of m ixed 
m icrobial mats. A p p l E nviron M icrobiol 60:2311-2315 

B lanchard  GF, M o n tag n a  PA (1992) Photosynthetic  response 
of n a tu ra l a ssem b lag es  of m arin e  b en th ic  m icroalgae to 
short- and  lo n g -te rm  varia tions of incid en t irrad ian ce  in 
Baffin Bay, T exas. J  Phycol 28:7-14 

B lanchard  GF, G u arin i JM , G ros P, R ichard  P (1997) Seasonal 
effect on the re la tio n sh ip  b e tw ee n  the  photosynthetic  
capacity  of in te rtid a l m ic rophytobenthos and  tem p era ­
tu re. J  Phycol 33 :723-728  

B lanchard  GF, P a terso n  DM , Stal LJ, R ichard  P, G alois R, 
H u e t V, Kelly J , H oneyw ill C, d e  B rouw er JFC , D yer KR, 
C hristie  M, S eg u ig n es M (2000) T h e  effect of geom orpho- 
logical s tru c tu res on po ten tial b iostabilization  by m icro­
phytobenthos on  in te rtid a l m udflats. C ontin  Shelf Sei 20: 
1243-1256

de B rouw er JFC, Bjelic S, de  D eckere  EMGT, Stal LJ (2000) 
In teraction  b e tw ee n  biology and  sed im ento logy  in a m ud­
flat (Biezelingse Ham , W esterschelde, th e  N etherlands). 
C ontin  Shelf Sei 20:1159-1177 

de R uiter GA, Schols HA, V oragen A G J, Rom bouts FM  (1992)



de B rouw er & Stal: E x trace llu la r c a rb o h y d ra te  d y n am ics 43

C arbohydrate  analysis of w ater-so lu b le  u ron ic  acid con­
ta in ing  po lysaccharides w ith  h ig h  p e rfo rm an ce  anion- 
ex ch an g e  ch ro m atography  u sin g  m ethano lysis com bined 
w ith  TFA hydrolysis is su p erio r to four o th er m ethods. 
A nal Biochem  207:176-185 

d e  W inder B, S taats N, S ta l LJ, P a terso n  DM (1999) C arbohy­
d ra te  secretion  by p h o to tro p h ic  com m unities in  tidal sed i­
m ents. J  Sea Res 42 :131-146  

D echo AW (1990) M icrobial exopolym er secre tions in ocean 
environm ents: th e ir role(s) in  food w eb s and  m arine p ro ­
cesses. O cean o g r M ar Biol A n n u  Rev 28:73-153 

Decho AW (1994) M olecu lar sca le  ev en ts  in fluencing  the 
m acro-scale  cohesiv en ess of exopolym ers. In: K rum bein 
WE, P a terson  DM, S tal U  (eds) B iostabilization of sed i­
m ent. BIS V erlag, O ld en b u rg , p  135-148 

Decho AW, Lopez GR (1993) E xopolym er m icroenvironm ents 
of m icrobial flora: m u ltip le  an d  in te rac tiv e  effects on 
troph ic  re la tionsh ips. Lim nol O c ean o g r 33:1633-1645 

Dubois M, Gilles KA, H am ilton  JK, R ebers PA, Sm ith  F (1956) 
Colorim etric m eth o d  for d e te rm in a tio n  of sugars and 
re la ted  substances. A nal C hem  28:350-356 

Dyer KR (1998) T he typology  of in te rtid a l m udflats. In: B lack 
KS, Paterson  DM, C ram p A  (eds) S ed im en tary  processes 
in  th e  in te rtid a l zone. G eo lo g ical Society, London, p  11-24 

Edgar LA, P ick ett-H eap s JD  (1983) D iatom  locom otion. Prog 
Phycol Res 3 :47 -88  

F lo thm ann S, W ern er I (1992) E x p erim en tal eu troph ica tion  on 
an  in te rtid a l sandflat: e ffects of m icrophytobenthos, m eio- 
and  m acrofauna. In: C olum bo GEA (ed) M arine  eu tro p h i­
cation an d  p o p u lation  dynam ics. O lsen  & O lsen, Fredens- 
borg, p  93 -100

Goto NT, K am aw ura T, M itam u ra  O, T era i H  (1999) Im por­
tan ce  of ex trace llu la r o rg an ic  carb o n  p roduction  in  the 
to tal p rim ary  p ro d u c tio n  by  tidal-fla t d iatom s in  com pari­
son to p hy top lank ton . M a r Ecol Prog S er 190:289-295 

G uarin i JM , B lanchard  GF, G ros P, G o u leau  D, B acher C
(2000) D ynam ic m o d e l of th e  sh o rt-te rm  variab ility  of 
m ic rophytobenthos b iom ass on tem p e ra te  in te rtid a l m u d ­
flats. M ar Ecol P rog  S er 291:291-303  

H appey-W ood CM, Jo n e s  P  (1988) R hythm s of vertical m ig ra­
tion an d  m otility  in in te rtid a l b en th ic  d iatom s w ith  partic ­
u lar re fe ren ce  to  P leurosigm a angulatum . D iatom  Res 3: 
8 3 -9 3

H oagland  KD, R osow ski JR , G re tz  MR, R oem er SC (1993) 
Diatom  ex trace llu la r p o lym eric  substances: function, fine 
s truc tu re , chem istry  a n d  physiology. J  Phycol 29:537-556 

Jan se  I, van  Rijssel M, v a n  Flail PJ, G erw ig  GJ, G ottschal JC , 
Prins RA (1996) T h e  s to ra g e  g lu ca n  of P haeosystis globosa  
cells. J  Phycol 32 :382-387  

King GM (1986) C h a rac te riza tio n  of ß-g lucosidase  activity in 
in te rtida l m arine  sed im en ts . A p p l Environ M icrobiol 51: 
373-380

K ingston MB (1999) W ave effects on th e  v e rtica l m igration  of 
tw o ben th ic  m icroalgae: H a n tzsch ia  virgata  var. in te rm e­
dia and  E uglena  prox im a. E stu aries  22:81-91 

K ornm an BA, d e  D eck ere  EM G T (1998) T em poral variation  in 
sed im en t erod ib ility  a n d  su sp en d e d  sed im en t dynam ics in 
the Dollard estuary . In: B lack KS, Pa terson  DM, C ram p A 
(eds) S ed im en tary  p ro c esses  in  the  in te rtid a l zone. G eo­
logical Society, London, p 231-241  

Kühl M, Lassen C, Jo rg e n se n  BB (1994) L ight pen etra tio n  and 
ligh t in tensity  in  san d y  m arin e  sed im en ts m easu red  w ih 
irrad iance  an d  sca lar irrad ian c e  fiber-optic  m icroprobes. 
M ar Ecol Prog Ser 105:139-148 

Lorenzen CL (1966) A  m eth o d  for th e  continuous m easu rem en t 
of in vivo  chi concen tra tion . D eep -S ea  Res 13:223-227 

M iddelburg  JJ , H erm an  PM J, B o schker HTS, B arranguet C,

M oens T, H eip C H R  (2000) The fa te  of in te rtid a l m icro­
phytoben thos: a n  in situ  13C labe lling  study. Limol 
O cean o g r 45:1224-1234 

P a terson  D M  (1986) the m igratory  beh av io u r of diatom 
a ssem b lag es in  a la b o ra to ry  tidal m icro-ecosystem  exam ­
in ed  by low  te m p e ra tu re  scan n in g  e lectron  microscopy. 
D iatom  Res 1 :227-239  

P a terso n  DM  (1989) S h o rt- te rm  changes in th e  erodibility  of 
in te rtid a l cohesive sed im en ts  re la ted  to th e  m igrato ry  b e ­
hav iour of ep ip e lic  diatom s. Limnol O ceanogr 34:223-234 

P a terso n  DM, T olhurst T  J, Kelly JA, H oneyw ill C, d e  D eckere 
EM GT, H u e t V, S h a y le r  SA, B lack KS, d e  B rouw er JFC, 
D avidson I (2000) V aria tio n s in  sed im en t stab ility  an d  sed­
im en t p ro p e rties  ac ro ss  th e  Skeffling m udflat, H um ber 
estuary , UK. C o n tin  Shelf Sei 20:1373-1396 

R uddy  G, Turley CM, Jo n e s  TER (1998) Ecological interaction 
a n d  sed im en t tran sp o rt on an  in te rtid a l m udflat. I. Evi­
d e n c e  for a b io logically  m ed ia ted  sed im en t-w ate r in ter­
face. In: Black KS, P a terso n  DM, C ram p A (eds) Sed im en­
ta ry  p rocesses in th e  in te rtid a l zone. G eological Society, 
London, p  135-148 

S aw y er TE, King GM  (1993) G lucose u p tak e  an d  en d  product 
form ation  in an  in te rtid a l m arine  sed im ent. A ppl Environ 
M icrobiol 59 :120-128  

S erôdio  J, d a  Silva JM , C atarino  F (1997) N on destructive 
tracing  of m ig ra to ry  rh y thm s of in te rtid a l b en th ic  m icroal­
g a e  u sin g  in  vivo  ch i a  fluorescence. J  Phycol 33:542-553 

S m ith  DJ, U nderw ood G JC  (1998) Exopolym er p ro d u c tio n  by 
in te rtid a l epipelic  diatom s. Limnol O ceanogr 43:1578-1591 

Sm ith  DJ, U nderw ood G JC  (2000) T he p roduction  of ex trace l­
lu la r ca rb o h y d ra tes  by es tu a rin e  b en th ic  diatom s, the 
effects of g row th  p h a se  a n d  light an d  d a rk  treatm ent. 
J  Phycol 36:321-333 

S taats N, d e  W inder B, S tal LJ, M ur LR (1999) Isolation and 
ch arac te riza tio n  of ex trace llu la r po lysaccharides from  the 
ep ipe lic  d iatom s C ylindro theca  closterium  an d  Navicula  
sahnarum . E ur J  Phycol 34:161-169 

Staats N, Stal LJ, d e  W inder B, M u r LR (2000) O xygenic  photo­
sy n th esis  a s  driv ing  p ro cess in exopolysaccharide  p ro d u c ­
tion  of b e n th ic  diatom s. M ar Ecol P rog Ser 193:261-269 

T aylor IS, P a terson  DM (1998) M icrospatial varia tion  in  carbo­
hy d ra te  concen tra tions w ith  d e p th  in  th e  u p p e r  m illim e­
te rs  of in te rtid a l cohesive sed im ents, E stu ar C oast Shelf 
Sei 46 :359-370

T aylor IS, Pa terson  DM, M eh leri A (1999) T h e  quantitative  
v ariab ility  an d  m onosaccharide  com position of sed im en t 
ca rb o h y d ra tes  assoc ia ted  w ith  in te rtid a l diatom  assem ­
blages. B iogeochem istry  45 :303-327 

U nderw ood  G JC , Paterson DM  (1993) S easonal ch an g es in 
d iatom  biom ass, sed im en t stab ility  and  b iogenic  stab iliza­
tion in th e  Severn  estuary . J  M ar Biol Assoc UK 73:871-887 

U nderw ood GJC, Sm ith DJ (1998a) P red icting  epipelic 
d iatom  exopolym er concen tra tions in  in te rtid a l sed im ents 
from  sed im en t chi a. M icrob  Ecol 35 :116-125 

U nderw ood  G JC , Smith D J (1998b) In  situ  m easu rem en ts  of 
exopolym er p roduction  by in te rtid a l ep ipelic  d iatom -dom ­
in a ted  biofilm s in the H u m b er estuary. In: B lack KS, P a ter­
son DM, C ram p A (eds) S ed im en tary  p ro cesses in the 
in te rtid a l zone. G eological Society, London, p  125-134 

U nderw ood  G JC , Paterson DM, P arkes RJ (1995) T h e  m ea ­
su re m en t of m icrobial carb o h y d ra te  exopolym ers from 
in te rtid a l sedim ents. L im nol O cean o g r 40:1243-1253 

v a n  Duyl FC, de  W inder B, Kop AC, W ollenzien U (1999) Tidal 
cou p lin g  b e tw een  carb o h y d ra te  concen tra tions an d  b ac te ­
rial activ ities in  d iatom -inhabited  in te rtid a l m udflats. M ar 
Ecol Prog Ser 191:19-32 

W ang Y, Lu J, M ollet JC , G retz  MR, H o ag lan d  KD (1997)



44 M ar Ecol P rog  Ser 218: 3 3 -4 4 , 2001

E xtracellu lar m atrix  assem bly  in  d iatom s (Bacillario­
phyceae). II. 2 ,6 -d ichlorobenzonitrile  inh ib ition  of m otility 
an d  s ta lk  p roduction  in th e  m arine  diatom  A ch n a n th es  
longipes. P lan t Physiol (Rockv) 113:1071-1080 

W eiss MS, A bele  U, W eckesser J , W elte W, Schiltz E, Schultz 
GE (1991) M olecu lar a rch itec tu re  an d  electrostatic  p ro p ­
e rties of a bac te ria l porin . Science 254:1627-1630 

W iltshire KH, B lackburn  J, P a terson  DM  (1997) T he cryolan-

Editorial responsibility: O tto K inne  (Editor),
O ldendorf/L uhe, G erm a n y

der: a n e w  m eth o d  for in  situ  sam pling  of in te rtida l surface 
sed im en ts. J  S e d im en t Res 67:981-997 

W iltshire KH, T o lhurst T, P a terson  DM, D avidson I, G ust G 
(1998) P igm en t fin g erp rin ts as m ark ers  of erosion and 
ch an g e s  in  co h esiv e  sed im en t surface p rop erties  in sim u­
la te d  a n d  n a tu ra l erosion  even ts. In: B lack KS, Paterson 
DM , C ram p A (eds) S ed im en tary  p rocesses in  the in te r­
tid a l zone. G eo log ical Society, London, p  99-114

S u b m itted : A u g u s t  20, 2000; A ccep ted : D ecem b er 8, 2000  
Proofs re c e ive d  fro m  author(s): A u g u s t  2, 2001


