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ABSTRACT: D ep th  profiles of chlorophyll a (chi a), its d eg rad a t io n  products ,  a n d  accessory p igm en t  
m arkers  from 5 si tes with  differing sed im ent propert ies  h igh ligh ted  the role of physical and  biological 
processes in re-d is tr ibuting  microalgal  biomass both  horizontally a n d  vertically  a round  the M olenplaat  
tidal flat. In term edia te -scale  distribution of chi a was highly co rre la ted  with sedimentologica l  p a r a 
meters, with biomass grea tes t  at siltier sites. F u co x an th in x h l  a ratios of 0.35 to 1.60 ind ica ted  that  the 
m icrophytoben thos comm unity  was dom ina ted  by d iatoms in both  silty a n d  sandy  sediments.  
C yanobacter ia  (zeaxanthin) w ere  also p resent ,  m ainly  in Sep tem ber.  O ther  sources of a lgae  cam e  in 
the  form of deposi ted  w a te r  column material.  Peridium, 19 'hexanoyloxyfucoxanthin ,  a n d  to a lesser 
extent  chi b w ere  the main pigments ,  primarily found  at silty sites. B etw een  J u n e  a n d  Sep tem ber,  the 
relative am ounts  of accessory p igm ents  increased  suggest ing  tha t  inputs  of m ateria l  from the  w a te r  
column occurred  during  this period. A l though ben th ic  and  w a te r  colum n p igm en ts  w e re  found in the 
surface  layers of silty a n d  sandy  sites, there  w ere  p ro n o u n c ed  differences in biomass a n d  vertical d is
tribution. At sandy  sites, hom ogenous  vertical distributions of chi a in the  u p p e r  2 cm of sediment,  
toge the r  with low p h aeo p ig m en t  levels and  the absen ce  of w a te r  colum p igm en ts  below' the surface 
layer, sugges t  that  accum ula tion  of in situ  and  a llochthonous sources of m icroalgae  is insignificant. 
Material  is sub jected  to a continuous cycle of burial  a n d  re su sp en s io n  du r ing  e ac h  tidal cycle and 
th rough  the action of b ioturbators such as A renico la  m arina. T h ere  w as  a p ro n o u n c ed  p e a k  in chi a b io
m ass at the  silty sites in June .  Rapidly decreas ing  chi a over the top 1 cm suggests  that  d eg rad a t io n  was 
m ore  rapid  than  sed im en t  mixing. Large am ounts  of p h aeo p ig m en ts  w e re  p roduced ,  with the  relative 
contribution sw itching from p haeophy t ins  (March/April)  to p h a eo p h o rb id es  (September)  as the  role of 
the herbivorous comm unity  in chi a cycling b eca m e  m ore  significant.  An increase  in rela tive  con tr ibu 
tions of accessory p igm en ts  bo th  at the surface  a n d  in d e e p e r  layers b e tw e e n  spring  an d  a u tu m n  su g 
gest  tha t  silty sites a re  a s ink for sed im ent ing  a lgae  from the  w a te r  co lum n dur ing  this time. During  the 
late au tum n-w in ter ,  chi a biomass a n d  p igm en t  diversity d ec re ased  considerably,  coincident with 
re d u c e d  biological activity an d  increased  physical mixing.

KEY WORDS: M icrophytoben thos • Diatoms • HPLC • Algal p igm en ts  • D egrada t ion  p rocesses  ■
Sed im entat ion  ■ Tidal flats

INTRODUCTION

Benthic m icroalgae (microphytobenthos) play  an 
im portan t role in the dynam ics of shallow coastal sys
tems, both as primary sources of organic m atte r  for 
ecological and  biogeochem ical processes  and  as modi-
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fiers of sed im en t dynamics. M any studies h av e  d e 
scribed the  b iomass and  taxonom ic composition of 
m icrophy toben thos  com m unities from intertidal flats 
(MacIntyre et al. 1996), often focusing on spatial and  
tem poral distributions in rela tion  to environm enta l  
variables such as sed im en t characteristics, light, sa l
inity, w ave  exposure , and  em ersion  period (Colijn & 
D ijkem a 1981, S u n d b äck  1984, O p p e n h e im  1988, S a n 
tos et al. 1996), However, w h e n  used  alone, cell counts
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Fig. 1. W es te rschelde  estuary,  show ing  the location of the  M olenplaa t  tidal 
flat a n d  the 5 sam pling sites

an d  s ta n d a rd  chlorophyll a (chi a) m e a 
su rem e n ts  only give limited information 
on the  dynam ic  p rocesses  that occur on 
tidal flats.

H igh -perfo rm ance  liquid ch rom atog ra 
phy  (HPLC) has  b ee n  used  for some time 
in phy top lank ton  rese a rch  to identify and  
assess bo th  com m unity  composition and  
ecological processes  (Millie et al. 1993) 
such  as physiological status, materia l 
flux an d  sedim entation ,  an d  graz ing  by 
Zooplankton (Vernet & Lorenzen  1987,
Levinton & M cC artney  1991, Barlow et 
al. 1993a, H ea d  & H orne  1993). This te c h 
n iq u e  can also be app l ied  to benthic 
m icroalga l com m unities  to answ er  similar 
ques tions re la t ing  to microalgal co m m u 
nity com position and  processes  occurring 
in the  sed im en t  and  se d im e n t-w a te r  in te r
face (Riaux-Gobin et al. 1987, Bianchi et 
al. 1993, Sun et al. 1994, Cariou-Le Gall &
Blanchard  1995).

This p a p e r  describes the algal p igm ent 
distribution on the  M olenp laa t  tidal flat in 
the  W este rschelde (SW Netherlands), a 
turbid and  eutrophic well-mixed coastal 
pla in  es tuary  (Heip 1988). The es tuary  is 
heavily  polluted, with a h igh  load of 
o rganic  and  inorganic  substances  resu l t
ing  in a highly  hetero troph ic  system 
(Stoetaert & H e rm a n  1995). T he  m icroal
gal com m unity  is ne i ther  N nor P limited.
How ever, ne t  pelag ic  photosynthetic  p r o 
duction is relatively low due  to the  high 
turbidity  in the  w a te r  colum n (Kromkamp 
et al. 1992, S toe taer t  et al. 1994), and  on 
an  es tuary -w ide  scale, ben th ic  prim ary 
p roduction  am ounts  to abou t 60%  of pelagic primary 
production  (Stoetaert & H erm an  1995). The m icrophy
tobenthos a s sem blage  has b ee n  descr ibed  for the  e s tu 
ary, and  is dom ina ted  by dia tom s for most of the year 
(Sabbe & V yverm an  1991, S abbe  1993), with sum m er 
inputs of cyanobac te ria  an d  euglenoids  (Barranguet et 
al. 1997). This resea rch  into algal p igm ents  forms par t  
of a m ult idisc iplinary project,  ECOFLAT, which aims to 
study the  p rocesses  im portan t for carbon  and  nutr ient 
cycling within a tidal flat ecosystem., an d  b e tw e en  the 
tidal flat an d  su r round ing  estuary.

MATERIALS AND METHODS

Study area. T he M olenp laa t  tidal flat, located  in the 
m id-reg ion  of the  W esterschelde  es tuary  was chosen 
as the  study  a re a  (Fig. 1). Based on a seasonal survey

carried  out in 1995, 5 sam pling sites w ere  selected, 
each  one characterised  by d ifferent physical properties 
(Table 1) and  associated m acro fauna  communities. 
Site 2, located in the central region of the flat, exper i
ences sum m er silt accumulation. Sites 4 and  5 are  more 
sandy, particularly  Site 5, w hich is located in a high 
energy  (megaripples) region of the  M olenplaat.  Sites 1 
and  3 are  in te rm edia te  in nature .  Site 2 is dom ina ted  
by the benthic suspension feeders C erastoderm a edule  
and. M ya arenaria, a l though it also has a significant 
popula tion  of the  h ead -dow n  deposit feeder  H ete ro 
m astus  filiformis. Sites 1, 3, and  4 are  dom ina ted  by 
deposit-feed ing  m acro fauna  communities, in pa r t icu 
lar Arenicola  marina, M acom a balthica, and  H. fili
form is  (NIOO Progress Report 1996).

Sam pling. Sam pling was carried  out at all 5 sites 
during  field cam paigns  in Ju n e  and  S ep tem ber  1996 
and  1997, and  at Sites 2 and  4 on a m onthly basis dur-
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Table  1. S ed im en t  characteristics from 1995 (water and  AFDW are  m ea n  of 1996 an d  1997). DW = dry weight,  AFDW = ash free
dry w e igh t

Site 1 Site 2 Site 3 Site 4 Site 5
Ju n Sep Jun Sep Ju n Sep Ju n Sep Ju n Sep

M ean  grain  size (pm) 77.02 147.08 37.62 58.54 193.99 167.47 228.35 175.58 178.52 159.97
% m ed ium  sand 2.56 8.59 0.22 0.21 14.06 8.84 20.22 5.62 4.49 3.71
% fine sand 23.97 50.59 7.03 16.88 67.55 64.01 71.64 79.81 86.91 79.42
% very fine sand 19.00 17.65 14.69 27.58 6.80 11.62 3.96 6.54 4.90 6.01
% silt 54.47 23.17 78.07 55.33 11.59 15.54 4.19 8.04 3.71 10.87
% AFDW (of DW) 2.11 1.70 4.78 5.36 1.91 2.20 0.87 0.74 0.71 0.96
% w ater  (of DW) 32.28 30.07 50.39 45.62 29.41 29,11 24.58 23.73 17.34 22.26

ing 1997. Sed im en t cores for HPLC analysis w ere  col
lected using  2.54 cm d iam eter  cut-off syringes, and 
sectioned on-site. In Ju n e  1996, 4 cores w ere  collected 
randomly and  sectioned at 0 -5 ,  5 -10 , 15-20, 20-40, 
and  4 0 - 6 0  m m  dep th  intervals. The corresponding  
dep th  sections w ere  then  com bined and  ana lysed  as 
one. For the  rem ain ing  cam paigns, be tw een  4 and  6 
cores w ere  collected at fixed points along a linear 
scale, and  sectioned at 0 -2 ,  2 -4 ,  4 -6 ,  6 -10, 10-15, and 
15-20 mm  dep th  intervals. The cores w ere  analysed 
individually. T he  sections w ere  f reeze-d n ed  in the 
dark  for 24 to 72 h (until dry) and  stored at -70°C  for 
be tw een  2 and  9 mo prior to analysis. S torage of sed i
m ents  for this length  of time did not significantly affect 
p igm ent concentra tions (see also G ieskes & Kraay 
1983, Klein & Riaux-Gobin 1991). For microscopic con
trol, sed im ent sam ples  for cell identification and  e n u 
meration  w ere  similarly cored and  sectioned, and  p r e 
served  with form aldehyde  (ca 2%  final concentration). 
At the sam e time as the  sed im ent coring, surface sc rap 
ings of the sed im en t for w ater  and  organic content 
w ere  collected us ing  a m eta l  spa tula  and  p laced  in p r e 
w eighed  vials.

Sedim ent characteristics. Water and  total organic 
(ash free dry weight, AFDW) contents of the surficial 
sed im ent was de te rm ined  after oven drying at 60°C for 
3 to 4 d, followed by the loss on ignition at 500°C for 24 h.

Plant pigm ent analysis (HPLC). Dried sedim ents 
(0.5 ± 0.1 g) for HPLC analysis w ere  g round  and  the 
p igm ents  ex tracted  in 10 ml of 90%  acetone. The sam 
ples w ere  ultrasonicated  for 30 s and  centr ifuged at 
3000 rpm (2000 x g) for 15 mín. The su p e rn a tan t  was 
filtered th rough  a 0.2 pm  Nyaflo m em brane  filter (Gell- 
man). P igments w ere  d e te rm ined  by ion-impairing, 
reverse -phase  HPLC, modified from M antoura  & 
Llewellyn (1983), and  described  by Barlow et al. 
(1993b).

The mobile p hase  consists of a b inary  e luan t system 
consisting of e luan t A (80% methanol, 20%  1 M am m o
nium acetate), and  e luan t B (60% methanol, 40%  a c e 
tone). A m m onium  aceta te  acts as an  ion-impairing

agent.  For the  analysis, 700 pi of 1 M am m onium  
ace ta te  is mixed with 500 pi of p igm en t  extract for
0.2 min. 100 pi of the  result ing  m ix ture  is then  in jected  
into a Perkin Elmer 5 pm  C-18 column (25 cm x 46 m m
1.d.). A linear  g rad ien t  from 0 to 100% eluan t B is c r e 
a ted  for 10 min, followed by an  isocratic stop at 100% 
e luan t B for 7.5 min. A second  g rad ie n t  of 2.5 min is 
used  to re tu rn  to the  initial condition of 100 % eluan t A. 
Separation  of the p igm ents  w as achieved within 17 min. 
Dual channel detec tion  was ach ieved  with a Spectra- 
System U V I000 detec tor  set to 440 nm  for absorbance ,  
and  a SpectraSystem  FL3000 fluorescence detec tor  set 
at excitation 410 nm  and  emission 670 nm.

Pigm ents w ere  identified by com paring  their  p eak s  
and  re ten tion  times with  ei ther  commercially  available 
s tandards,  or m onocultures  with  w ell-docum en ted  ac 
cessory p igm en t  m arkers ,  such  as P haeodactylum  tri
cornutum  (Bacillariophyceae), A m p h id in iu m  carterae 
(Dinophyceae), Synechococcus  sp. (Cyanophyceae), 
E uglena  sp. (Euglenophyceae) ,  and  Em iliania h u x ley i 
(Prymnesiophyceae). The m ain  p igm ents  and  their 
re ten tion  times (Rt) used  in this p a p e r  a re  chlorophyll 
cl+ c2  (chi cl+c2) (2.2), peridinin (2.9), fucoxanthin 
(4.3), 19’hexanoyloxyfucoxanth in  (4.6), d iad inoxan th in
(5.6), diatoxanthin  (6.6), zeaxan th in / lu te in  (6.8), chloro
phyll b (chi b) (9.3), chi a (10.3). ß -C aro tene  (12.0) w as 
identified, but its cosmopolitan  p resence  in most algal 
groups  n e g a te d  it as a useful indicator for this work. 
B reakdow n products  of chi a w ere  identified as chloro- 
phyllide a (Rt 2.0 nun), phae o p h o rb id es  (elute before  
chi a) and  phaeophy tin s  (elute after chi a). The p h a e o 
phorb ides  an d  phaeophy tin s  w ere  n u m b e re d  in order  
of elution as phae o p h o rb id e  (2.9), phae o p h o rb id e  a2
(4.7), phaeophy tin  aj (11.7), an d  phae o p h y tin  a2 (12.5) 
in accordance  with  Barlow et al. (1993b) and  Plante- 
C uny  et al. (1993). The 'a 2' p h ae o p ig m e n ts  co rrespond  
to the 'a-like ' ph ae o p ig m e n ts  of H aw kins  et al. (1986) 
and  Klein & Riaux-Gobin (1991), an d  the pyrophaeo-  
p igm ents  of King & Répéta  (1991) and  H e a d  & H orne  
(1993). C opepod  faecal pellets  w ere  used  as s tandards  
to identify re ten tion  times. P eak  a reas  w ere  conver ted
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to concentra tions using  response  fac
tors ca lcu la ted  from s tandards  and 
p u b lish ed  extinction coefficients
(M antoura  & Llewellyn 1983), 

M icroalgae counts. Microscopic 
analysis  of the  sed im ent m icroalgae 
w as  carried  out to provide a  control 
for the  HPLC data, ra the r  th a n  supply  
deta i led  taxonom ic information. The 
p re se rv e d  sam ples  w ere  dilu ted  with 
distilled w a te r  and  p r e p a re d  for 
exam ina tion  using  U termöhl's  sed i
m en ta t io n  technique .  The cham bers  
w e re  sc an n e d  at 200x m agnification 
us ing  an  inverted  microscope (Leica 
DMIRB). Both 'live' cells and  frustules 
w ere  identified an d  enum era ted .

Table  2. Inter-site d i fferences in chi a biomass (mg m “2), in Ju n e  and  Sep tem b er  
1996 an d  1997. N um b ers  a re  p-values resulting from un p a ired  f-tests. (ns = not 

significant, nd  = not e n ough  da ta  for t-test, df ranges  b e tw ee n  4 an d  49)

Site
June 1996

1 2 3 4 5 Site
Septem ber 1996

1 2  3 4 5

1 ns 0.05 nd nd 1 -  0.001 0.05 ns 0.05
2 - 0.05 nd nd 2 -  0.01 0.001 0.001
3 - nd nd 3 - ns 0.05
4 - nd 4 - ns
5 - 5 -

June 1997 S ep tem b e r  1997
Site 1 2 3 4 5 Site 1 2 3 4 5

1 -  0.01 ns 0.01 0.001 1 ns ns 0.01 0.001
2 - 0.01 0.001 0.01 2 -  0.001 0.001 0.001
3 - 0.05 0.001 3 - 0.001 0.001
4 - 0.01 4 - 0.02
5 - 5 -

RESULTS

M icroalgal b iom ass and environm ental param eters

Distributions of chi a and  ph ae o p ig m e n ts  in the 
u p p e r  2 m m  of sed im en t of the  M olenp laa t  va r ied  te m 
porally  an d  spatially (Fig. 2). A part  from a few cases, 
diffe rences in chi a b e tw e e n  sites w ere  statistically 
significant (Table 2). Overall,  siltier sites (1, 2, 3) had  
g rea te r  chi a and  ph ae o p ig m e n ts  th a n  sand ie r  sites

(4, 5), with m e a n  values rang ing  from 1.1 and  1.3 mg 
m -2 at Site 5 to 56.5 and  269.6 m g m~2 at Site 2.

Chi a concentra tion w as typically h igher  in Ju n e  
than  September. The seasonal signal w as very p ro 
n o u nced  at Sites 1, 2 and  3 (p < 0.005, n = 3 to 24), and 
slightly less so at Site 4 (p < 0.01, n = 6). At Site 5, there  
w as no significant difference in m e an  chi a be tw e en  
Ju n e  (1.9 m g m~2) and  S ep tem ber  (1.1 m g m f2). The 
seasonality  at Sites 1, 2 and  3 reflects the  seasonal 
ch anges  in environm enta l  param ete rs  at these  sites, 
particularly  m e a n  grain  size, silt, and  AFDW contents 

(see Table 1). A d eg re e  of in te r-annual 
variability was ev ident from this study, 
but this w as only significant at Site 1 in 
S ep tem ber  (p < 0.001, n = 18), Site 2 in 
Ju n e  (p < 0.01, n = 4), and  Site 3 in 
S ep tem ber  (p < 0.10, n = 24).

Causes  of temporal and  spatial dif
ferences w ere  re la ted  to the  su r ro u n d 
ing environm ent using  linear  r e g re s 
sions. In June ,  chi a was positively 
corre la ted  with silt (r = 0.619, p < 
0.001) and  negatively  corre la ted  with 
m ean  grain  (r = 0.514, p < 0.01) and 
m ed ian  grain  (r = 0.496, p < 0.01) sizes. 
In September, chi a was positively 
correla ted  with w ate r  (r = 0.358, p < 
0.001), AFDW (r = 0.368, p < 0.001), silt 
(0.312, p < 0.01), an d  negatively  co rre
lated with m e an  grain (r = 0.281, p < 
0.01) and  m ed ian  grain  (r = 0.263, p < 
0.01) sizes. T here  was no ap p a ren t  
re la tionship with sorting coefficient of 
the sediment, and  none  of the re la t ion
ships be tw een  chi a and  sediment 
characteristics w ere  valid for J u n e  and  
S ep tem ber  combined.
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Fig. 2. Mean (± SD) chlorophyll a and total phaeopigments in the upper 2 mm 
of sediment at Sites 1 to 5 in June and September 1996 and 1997
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Surface variability at the centim etre scale (m easured 
as coefficient of variation, % CV, w here  n = 4 to 28) 
was ev ident th roughou t the Molenplaat.  Patchiness 
was g rea te r  in S ep tem ber  (mean 48.4% ± 34.7 SD) 
than  in Ju n e  (31.8% ± 27.0); and  in phaeop igm ents  
(49.8 % ± 40.2) com pared  with chi a (32.3 % ± 19.0). As 
a genera l  rule, coefficient of variation was lowest at 
Sites 2 (23.8% ± 15.0) and  1 (25.9% ± 11.4), and  g re a t 
est at Site 5 (87.7 % ± 45.1).

Comm unity com position

Throughout the campaigns the carotenoid fucoxanthin 
was the dom inant accessory pigment. Fucoxanthin, chi 
cl+c2, diadinoxanthin, and  diatoxanthin are found in di
atoms, as well as in the  p lanktonic prym nesiophytes  
(also contain 19'hexanoyloxyfueoxanthin). Microscopical 
examination of preserved  sediments confirmed the p res 
ence of benthic  diatoms in significant numbers, p ar t icu 
larly by m em bers  of the gene ra  N itzschia  and  Navicula. 
Ratios (by weight) be tw e en  fucoxanthin and  chi a in the 
u p p e r  2 m m  of sed im en t ran g e d  b e tw e en  0.33 an d  1.65, 
■with overall m ean  values of 0.60 in Ju n e  and  0.89 in Sep
tember. Between-site  differences w ere  apparen t,  with 
siltier sites having higher  fucoxanthin ratios than sandier 
sites (means 0.86 and  0.58, respectively). The high e n 
ergy sandy sites p reven t  accum ulation  of diatoms, and 
are likely to be com posed  of a mixed microalgal com 
munity  which includes euglenoids and  cyanobacteria , 
A lthough m em bers  of both  groups w ere  identified 
during microscopical examination, neither w ere  found in 
particularly large num bers.

Other sources of m icroalgal biom ass

Algal p igm ents  other than  those found in diatoms 
w ere  also p resen t  on the  M olenplaat.  Overall,  Sites 1, 2 
and  3 had  g rea te r  p igm en t  diversity 
than  Sites 4 and  5, and  the  relative 
am ounts  of p igm ents  inc reased  from 
Ju n e  to Septem ber. Zeaxan th in  was 
found at Sites 1 to 4 in J u n e  and  at all 
sites in Septem ber. Chi b w as only p r e 
sent at Sites 1 to 4 in Ju n e  in very low 
am ounts  (<0.4 m g m“2). Z eaxanth in  is 
found in cyanobacteria , ch lorophytes 
and  prasinophytes, while chi b is p r e 
sent in chlorophytes, prasinophytes, 
and  euglenoids. Zeaxanthim chl a ratios 
of up  to 0.32 at Site 2, toge ther  with the 
virtual absence  of chi b, suggest  that 
zeaxan th in  is primarily identifying the 
p resence  of cyanobacteria ,  a l though

m acroa lgae  detritus canno t be d iscounted. The r e la 
tive contribution of cyanobacteria  to total chi a b iomass 
is difficult to assess accurate ly  because  the  slower 
deg radation  rate  of zeaxan th in  relative to chi a may 
bias ratios, but is e s t im ated  to be  on the order  of 5 to 
10% at Sites 1 to 3, and  1% at Site 4. The p resence  of 
'w ater  column' p igm ents  such as perid in in  (dinofla- 
gellates) and  19 'hexanoyloxyfucoxanthin  (prym nesio
phytes) in the surface layers of the  central, silty region 
of the M olenplaat  indicate the p re se n ce  of se d im en ted  
phytoplankton .  T he  rela tive am ounts  of these  p ig 
m ents  inc reased  dram atically  b e tw e e n  J u n e  and  S ep 
tember. For example, at Site 2, peridinimchl a increased  
from 0.02 to 0.33, while  19 'hexanoyloxyfucoxanthin: 
chi a inc reased  from 0.06 to 0.57.

Depth distributions of a lgal pigm ents

Intact chi a w as found to the  m ax im um  sam pling  
dep th  of 6 cm, well below  the photic zone. Chi a below  
the photic zone is a potentia l source of p r im ary  p ro 
duction, and  d ep th - in teg ra ted  values of chi a (Table 3) 
give an  indication of the  am oun t of b iom ass th a t  could 
becom e available at each  site. At ah the  sites e x a m 
ined, ch anges  in the  tem poral and  spatial distributions 
of chi a w e re  highly  corre la ted  with  fucoxanthin  (p < 
0.01 to 0.001, n = 6), indicating  tha t major ch anges  in 
a lgal b iomass a re  due  to ch a n g es  in dia tom  a b u n 
dance.  A part  from Site 4 in Septem ber,  chi a d ec re a s e d  
with dep th  at all sites (Fig. 3). This rela tionship  was 
less significant in Septem ber.  Overall,  vertical d is tribu
tions of chi a w ere  fairly hom ogenous  in Septem ber,  
with concentra tions at 15 to 20 m m  b e tw e e n  42.5 and  
111.4% (m ean = 70.4%) of surface values. Similar 
spring and  a u tu m n  chi a d istributions w ere  ev ident at 
the high en e rgy  Site 5. At the  rem ain ing  sites in Ju n e  
the vertical s tructure  was m ore he terogenous .  At Site 2 
for exam ple , chi a concentra tion  at 15 to 20 m m  dep th

Table  3. M ean  (± SD) d ep th - in teg ra te d  chi a a n d  p h a eo p ig m en ts  (Phaeops) 
va lues in m g for the  u p p e r  2 cm of sed im en t

Year Site J u n e  S ep tem b e r
Chi a Phaeops  Chi a Phaeops

1996 1 543.25 (160.08) 3040.20 (1159.73) 20.77 (7.73) 235.70 (131.18)
2 362.52 (61.19) 4155.41 (1300.33) 41.32 (5.09) 402.08 (121.36)
3 429.67 (41.59) 3919.21 (333.00) 24.40 (5.61) 264.51 (120.53)
4 191.29 (0) 1198.05 (0) 21.85 (0) 27.96 (0)
5 77.79 (0) 505.40 (0) 5.60 (0) 12.80 (0)

1997 1 100.37 (0) 545.06 (0) 50.91 (0) 388.63 (0)
2 184.58 (0) 1090.04 (0) 34.37 (0) 628.33 (0)
3 79.22 (0) 286.49 (0) 28.93 (0) 338.93 (0)
4 56.44 (0) 51.89 (0) 27.74 (0) 56.21 (0)
5 10.70 (0) 11.82 (0) 4.96 (0) 19.70 (0)
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w as only 14% of the  surface  value (8.0 com pared  with 
56.5 m g m “2). At Sites 1,3 and  4, chi a at 15 to 20 mm  
w as  27 to 28%  of surface  values, but the  slopes of the 
regressions w ere  very  different. For example , at 2 to 
4 m m  dep th  chi a w as 38.5% of the  surface value at 
Site 1, 50.9%  at Site 2, an d  72.2% at Site 3. Because of 
the  similar d eg ra d a t io n  rates  of chi a an d  fucoxanthin, 
ratios b e tw e en  the  2 p igm en ts  w ere  consistent from 
the  surface to 2 cm d ep th  at all sites.

Differences in the  physical env ironm ent and  p ig 
m e n t  deg rada t ion  rates  (reported  in the  literature) p ro 
duce  distinct vertical s tructuring  of accessory p igm ent

ratios. At one extreme, the h igh  ene rgy  Site 5 was 
character ised  by extrem ely  poor p igm ent diversity 
and  dom inance of d iatom indicators in both  Ju n e  and  
Sep tem ber  (Fig. 4). T here  w as no ev idence of detrital 
or senescen t phytoplankton, normally indicated  by 
high chi c:chl a ratios, as well as chlorophyllide a. 
Indeed, chi cl+ c2  w as not sam pled  below  ~5 mm 
depth ,  and  the surface concentra tion is most likely due 
to the p resence  of diatoms p roduced  in situ.

Site 4 was similar to Site 5, except tha t  the re  w ere  
low-level,  isolated patches  of zeaxanth in ,  peridinin 
a n d  19 'hexanoyloxyfucoxanthin at depth . Chi cl+c2  
w as found to the m ax im um  sam pling  dep th  of 2 cm. 
In Ju n e  there  was a subsurface  p ea k  in the relative 
am oun t of chi cl+ c2  b e tw een  -4  and  10 m m  depth, 
with ratios typically 0 .03-0 .07 at the surface, inc reas
ing to 0.08-0.12. The subsurface p eak s  in chi cl+c2: 
chi a could indicate senescence  of the dia tom  bloom 
just below  the photic zone. In Septem ber,  chi cl+c2  
was m ore hom ogenously  d istributed relative to chi a 
and  fucoxanthin, with ratios <0.05.
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Pigm ent diversity and  changes  in the vertical s truc
ture of accessory p igm ent ratios be tw e en  Ju n e  and  
S ep tem ber  w ere  particularly p ronounced  at Sites 1, 2 
and  3. Fig. 5 il lustrates these changes  using Site 2 
as the most ex trem e example . In June ,  increased 
19 'hexanoyloxyfucoxanthin and  zeaxan th in  ratios with 
dep th  at the central sites may be caused  by their slow 
deg radation  rates rela tive to the  labile chi a, and  high 
diatom production  at the surface. Betw een  Ju n e  and  
S ep tem b er  th e re  w as a gene ra l  increase in the  relative 
am ounts  of both  short-lived (fucoxanthin, peridinin) 
and  long-lived (19'hexanoyloxyfucoxanthin, ze a x a n 
thin) pigments,  and  in S ep tem ber  the vertical profiles 
of accessory p igm ent ratios generally  becam e more 
homogenous.

Fate of m icroalgal biom ass

P haeophorb ides  and  phaeophy tins  w ere  the major 
b rea k d o w n  products  of chi a on the Molenplaat.  
Chlorophyllide a was e i ther  absen t  or contributed  an 
insignificant am oun t to total phaeop igm ents .  The re la 
tive contributions of phaeophorb ides  and  p h a e o 
phytins to total p h ae o p ig m e n ts  in the u p p e r  2 m m  of 
sed im ent is sum m arised  in Table 4. Overall,  p h a e o 
phorb ides w ere  the principal ph ae o p ig m e n t  group. 
Although the  distributions of chi a and  its degradation  
products  are  closely related, several processes, inc lud
ing algal growth, senescence,  photodegradation ,  bac-

Table  4. Relative contribution  of the b re ak d o w n  products  
p h a eo p h o rb id es  (a ,+a2) (Phorbides) and  phaeo p h y t in s  (a ,+a2) 
(Phytins) to total p h aeo p ig m en ts  (Phaeops) in the u p p e r  2 m m  

of s ed im en t

Site Month Year Phaeops 
(mg r r r 2)

Phorbides
(%)

Phytins
(%)

1 Ju n 1996 125.23 79.47 20.53
1997 83.76 73.39 26.61

Sep 1996 20.15 79.10 20.90
1997 24.95 78.15 21.85

2 Ju n 1996 269.59 74.95 25.05
1997 136.02 67.05 32.95

Sep 1996 50.55 72.68 27.32
1997 85.62 85.47 14.53

3 Ju n 1996 133.76 73.24 26.76
1997 29.98 71.51 28.49

Sep 1996 24.83 78.91 21.09
1997 52.58 84.21 15.79

4 Ju n 1996 38.99 48.31 51.69
1997 6.12 61.59 38.41

Sep 1996 3.87 67.99 32.01
1997 2.62 72.21 27.79

5 Ju n 1996 1.27 66.29 33.71
1997 1.28 60.51 39.49

Sep 1996 2.66 72.80 27.20
1997 5.29 71.70 28.30
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terial degradation ,  and  herbivore grazing, affect their 
relative concentrations. The differences in the  fate of 
chi a in silty and  sandy sedim ents is dem onstra ted  by 
following changes  in the tem poral vertical s tructure at 
Site 2 (Fig. 6) and  Site 4 (Fig. 7).

At Site 2, the total am ount of phaeop igm en ts  in the 
u p p er  2 m m  increased  th roughou t the spring from a 
m inim um  of 10.0 m g m"2 in M arch  to 136.0 m g m"2 in 
June .  From M arch through  to May, phaeop igm ents  
displayed a subsurface p ea k  at approxim ate ly  5 mm, 
primarily due  to phaeophorb ides .  Their contribution 
(particularly phaeophorb ide  a2) to total p haeop igm ents  
inc reased  from Ju n e  to S ep tem ber  th roughou t the 
u p p e r  2 cm, and  during this time the phaeophorb ide: 
chi a ratio also increased  from <6 to -15  to 20. The ratio 
of phaeophy tins  to chi a was typically <3 from M arch 
th rough  to Septem ber, increasing with depth. From 
S ep tem ber  th rough  to December, p h a e o p h y tin x h l  a 
inc reased  sharply to >5, becom ing  m ore vertically 
homogenous.

At Site 4, the tem poral sequence  in vertical distribu
tion of the deg radation  products was similar to those at 
Site 2, a l though  the values w ere  an order  of m agn itude  
lower. The relative contribution of phaeophorb ides  to 
total phaeop igm en ts  also inc reased  th rough  the course 
of the season  to 7 0 -7 6 %  in Septem ber. The ratios of 
phaeophy tins  and  phaeophorb ides  to chi a w ere  typi
cally <1 and  very  patchily distributed in the vertical 
plane. Overall,  p h a e o p h y tin x h l  a ratios w ere  grea test  
during the w inter  (-0.4 to 1.2). P h a e o p h o rb id e x h l  a 
ratios w ere  g rea tes t  in the sum m er (-0.9 to 2.1), which 
is significantly lower than  those observed  at Site 2.

DISCUSSION  

Sources of algal b iom ass

Pigments in sediments can be  derived from 3 sources: 
(1) m icrophytobenthos p roduced  in situ; (2) sediment- 
m g  phy toplankton  and  tychoplankton; and  (3) m a cro 
a lgae  detritus. HPLC and  microscopic ev idence clearly 
es tab lished  the dom inance  of ben th ic  diatoms within 
the m icrophytobenthos com m unity  of the  Molenplaat.  
T he carotenoid  fucoxanthin was the dom inan t acces
sory pigment, which toge ther  with chi cl+c2, dia- 
dinoxanthin, and  d ia toxanth in  is found in the Ba
cillariophyceae. C h a n g es  in tem poral and  spatial 
distributions of fucoxanthin  w ere  highly correla ted 
with chi a. The p redom inance  of diatoms confirms p r e 
vious studies from the  W esterschelde. B arranguet et al. 
(1997) observed  that,  in the  m ore uniformly sandy  NE 
region of the M olenplaat,  th e re  w as a succession from 
diatoms in spring to cyanobacteria  and  euglenoids in 
summer, then  b ack  to diatoms in the autum n. The b e n 

thic dia tom  assem blage  of the  W esterschelde es tuary  
has  been  exam ined  taxonomically by Sabbe  & Vyver- 
m an  (1991) and  S abbe  (1993), including flats m  close 
proximity to the M olenplaat.  Species composition was 
d e p e n d e n t  on sed im en t type, bu t  w as dom ina ted  by 
m em bers  of the g e n e ra  N avicula, N itzschia , Fragilaria, 
A cnan thes, and  O pephora.

Of the  accessory p igm en ts  identified on the  Molen- 
plaat, several are  not found in diatoms. T hese  include 
zeaxanthin ,  chi b, peridinin, an d  19’hexanoyloxyfuco- 
xanthin. The ex trem ely  low levels of chi b suggest  tha t 
chlorophytes, p ras inophytes  an d  euglenoids  w ere  not 
an  im portan t com ponen t of microalgal biomass during  
the  study period. The p resence  of zeaxan th in  without 
chi b is an  indication of the p resence  of cyanobacteria  
ra the r  than  significant inputs  of m acroa lgae  detritus 
onto the flat. M acroalgae  are  not found on the  Molen- 
plaat, a l though  se aw ee d s  and  sa ltmarsh  plants such as 
Spartina tow nsend ii a re  know n  to grow  along the 
m arg ins  of the  es tuary  (Sabbe 1993). The p re se n ce  
of 'water  column' p igm ents  such as p e n d in in  and  
19 'hexanoyloxyfucoxanthm  in the surface layers ind i
cate the  p re se n ce  of sed im en ted  phy toplankton .

In terpreta tion  of p igm en t  ratios m ust  be  carried  out 
with a d eg re e  of caution because  of the la rge n u m b e r  
of env ironm enta l  an d  physiological factors tha t  affect 
them. T hese  include light regim e, tem pera tu re ,  nu tr i
en t  supply, and  grow th  status. Nevertheless ,  they p ro 
vide useful information on the  taxonomy and  status of 
m icroalgae populations. Overall,  Sites 1, 2 and  3 h ad  
g rea te r  p igm en t  diversity th a n  Sites 4 and  5. B e tw een  
Ju n e  and  Septem ber,  the rela tive am ounts  of the 
accessory p igm ents  increased,  particularly  at Sites 1, 2 
and  3, suggesting  tha t  inputs  of m ateria l from the 
w ate r  column occurred  during  this period. Fucoxan- 
th in x h l  a ratios also inc reased  from an  overall m e a n  of 
0.60 in J u n e  to 0.89 in Septem ber,  and  at Site 2 ratios 
w ere  as h igh  as 1.65. Fucoxanth in  an d  chi a a re  
repor ted  to have similar half-lives (A bele-O eschger  
1991), and  dia tom  m onocultures  h ave  fucoxanthin: 
chi a ratios of -0 .6  to 0.8 (see Jeffrey  et al. 1997). In the 
p resen t  study, fucoxanthin  a p p e a re d  to b e  m ore co n 
servative than  chi a. A lthough  HPLC analysis cannot 
identify the source of diatoms, it is likely tha t  ac cu 
mulation  of diatoms from both ben th ic  and  pelagic 
sources is occurring; some la rge r  centric diatoms w ere  
found in the  sed im en t samples. The behav iour  of p ig 
m ents  in the  w a te r  column prior to deposition  is, h o w 
ever, complex. For exam ple , Hurley  & A rm strong  
(1991) reported  tha t w a te r  column fucoxanth in  w as 
substantia lly  d e g ra d e d  prior to incorporation into sed i
ments, w h erea s  Leavitt & C a rp e n te r  (1990) found tha t 
Zooplankton processing, in addition to transform ing 
chi a to phaeophorb ides ,  m ay  preferen tia lly  transport 
u n d e g ra d e d  carotenoids to the  sediment.
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R e-distribution o í m icroalgae w ithin the tidal flat

In a g re e m e n t  with m any  studies (Colijn & Dijkema 
1981, S u n d b äck  1984, Lukatelich & M cC om b 1986), 
the  horizontal distribution of chi a was corre la ted  with 
the  abiotic environm ent.  The correlations b e tw e en  
chi a an d  sed im en t characteristics such  as grain  size 
an d  silt con ten t  confirmed w ha t  m any  authors  have 
repor ted :  in te rm ed ia te -sca le  distribution of m icro
phy toben thos  is g overned  by a combination  of factors 
re la ted  to the  d eg re e  of exposure  to cu rren t  sp e ed  and  
w av e  action (Sundbäck  1984). As a result, the  physi
cally stable, silty central region of the M olenp laa t  su p 
p o r ted  g rea te r  algal b iomass than  the  m ore dynam ic 
sandy  regions.

Algal cells collected below  the photic zone can pho- 
tosynthesise  w h e n  exposed  to the  light, and  are  th e re 
fore an  im portan t  source of potentia l pr im ary p ro d u c 
ers (C adée & H e g e m a n  1974). The p rese n ce  of chi a 
below  the  photic  zone (1 to 5 mm) to dep ths  of >30 cm 
(6 cm sam pling  limit in p re se n t  study) is caused  by the 
ba lance  b e tw e e n  active migration  of diatoms, and  r e 
distribution caused  by hydrodynam ic  mixing by w ave 
a n d  cu rren t  action, an d  bioturbation  by deposit  feeders  
(C adée & H e g e m a n  1974, Lukatelich  & M cC om b 1986, 
F ield ing et al. 1988, B a rranguet et al. 1997). Seasonal 
varia tion  in profiles are  due  to changes  in the  relative 
im portance  of these  processes  (Sun et al. 1991). Across 
the  w hole  of the  M olenplaat,  a lgae  are  being  re su s 
p e n d e d  and  depos ited  to an d  from the sed im ent su r 
face dur ing  each  tidal cycle. A lthough benth ic  and  
w ate r  column p igm en ts  w ere  found in the  surface la y 
ers of the silty and  sandy  sites, the re  w ere  p ronounced  
d ifferences in b iomass and  vertical distribution. Differ
ences  in deg rad a t io n  rates b e tw e e n  p igm ents ,  w hich 
are  in tu rn  affected  by photo-oxidation, senescence,  
an d  grazing, can  be  used  to identify the  n a tu re  of 
o rgan ic  cycling as defined  by local physical and  bio
logical conditions.

In sandy  regions, hom ogenous  vertical distributions 
of chi a in the  u p p e r  2 cm of sediment,  toge ther  with 
the  absence  of 'water  column' p igm ents  below  the 
surface layer, sugges t  tha t accum ulation  of both 
au toch thonous  or allochthonous sources of m icroalgae 
into the sed im ents  is insignificant. H igh chi cl+ c2:chi a 
ratios, indicative of detrital or se nescen t  algae, were  
not apparen t.  Indeed, chi cl+ c2  was not sam pled  
below  5 m m  dep th  at Site 5. With each  tidal cycle, su r 
face p roduction  is ei ther  re su sp e n d e d  into the  water  
column by h igh  cu r ren t  speeds  or b u n e d  into the  s e d i
m en t during  bed load  transport  (indicated by the  p re s 
ence of 1 to 2 cm high ripples). Diatoms living in. sandy 
sites are primarily ep ipsam m ic in nature ,  and  are 
t ransported  a t tac h ed  to sand  grains or other particles. 
C om bined  with the A renico la  m arina  popula tion  at

Site 4, which turns over the u p p e r  centim etres of sed i
ment, the  microalgae at this site are sub jected  to a con 
tinuous cycle of burial and  resuspension, with losses 
approxim ate ly  ba lanced  by inputs. The high d eg re e  of 
small-scale patch iness  in chi a and  phaeop igm ents  
at the  surface of Sites 4 and  5 seem s to be caused  by 
a com bination of w ind /w ave  ripples and  A. marina  
casts increasing bed  roughness. This m icrotopography 
creates  differences in cu rren t  flow across the  benthic 
bo u n d a ry  layer, result ing in su spended  particles being 
depos ited  in pits and  depressions (reviewed by Graf & 
Rosenberg  1997). Increased  patch iness  at sandy  sites is 
a  similar observation  to tha t of S undbäck  (1984), but 
is the opposite to tha t repo r ted  by B arranguet et al. 
(1997).

T he  im port-export cycle of microalgae in the  silty 
sed im ents  was very  different from the sandy sed i
ments, and  was sub jected  to far g rea te r  seasonality. 
During the  early spring, relatively low chi a th roughou t 
the u p p e r  2 cm suggests  tha t ei ther  p r im ary  p roductiv 
ity is low or biomass from the  photic zone is being 
buried  and /o r  resu sp e n d ed  th rough  tidal action. A 
p e a k  in d iatom biomass occurred  during  the late 
spring and  early summer. During this time, the rapid 
dec rease  in chi a over the top 1 to 2 cm at Sites 1, 2, and  
3 sugges ts  that degradation  of chi a into p h a e o p h o r 
bides and  phaeophytins  was m ore rapid  than  sed im ent 
mixing, re-distributing chi a to dep th  (Sun et al. 1991). 
Large am ounts of p haeop igm en ts  w ere  produced , with 
the relative contribution switching from phaeophytins  
to phaeophorb ides.

The increase  in the  relative contributions of acces
sory p igm ents  such as fucoxanthin, peridinin, z e a 
xanthin, and  19 'hexanoyloxyfucoxanthin b e tw e en  the 
spring and  au tu m n  suggests  tha t Site 2 is a sink for 
sed im enting  a lgae  from the w ate r  column. The source 
of these  a lgae  could be  phytop lank ton  an d /o r  re su s 
p e n d e d  benth ic  diatoms from o ther  regions of the 
M olenplaat.  Lower curren t  velocities over the central 
region of the flat, toge ther  with a sticky surface caused  
by dia tom  EPS (extracellular polymeric substances) 
and  cohesive silt particles, cause  m ateria l to becom e 
t rap p e d  into the sed im en t surface (Krumbein et al. 
1994). The materia l p roduced  or deposited  at the su r
face becom es incorporated  into the u p p e r  few centi
m etres  of sed im ent during the  sum m er and  early 
au tu m n  as more m ateria l is deposited  on top. It is 
unlikely that the faunal com munity has a significant 
influence over the sed im ent mixing process, as these 
sites are  not character ised  by bioturbators. From S ep 
tember, the vertical stratification of chi a b reaks  down 
as hydrodynam ic activity increases  (stronger winds 
and  cu rren t speeds) and  m icrophytobenthos biomass 
decreases  th rough  r ed u c ed  prim ary productivity, and  
inc reased  senescence  and  grazing pressure.
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Fate of m icroalgae

Cycling of chi a within the sedim ents  was clearly due 
to the production and  degradation  of the d iatom com 
munity, illustrated by the close coupling be tw e en  chi a 
and  fucoxanthin with depth. Spring and  au tum n differ
ences in chi a on the M olenplaat  can  be explained  by 
following the degrada tion  of chi a to its various phaeo- 
p igm ent constituents: chlorophyllide a, p h ae o p h o r 
bide a, and  phaeophy tin  a. Chlorophyllide a results 
from the loss of the phytol chain  th rough  chlorophyl- 
lase action, and  m ay be p resen t  in senescen t a lgae  and 
nutrient-limited algae, as well as in copepod  faeces 
(see Millie et al. 1993, P lan te -C uny  et al. 1993). H ow 
ever, chlorophyllase activity can be  activated during 
collection and  processing of samples, and  is sometimes 
considered  to be  an  experim ental ar tefact (see Millie et 
al. 1993). P haeophorb ide  a and  a -like p igm ents  are 
widely considered  to be the  m ain  deg radation  product 
of grazing (Hawkins et al. 1986, Bianchi et al. 1988, 
Klein & Riaux-Gobin 1991, Barlow et al. 1993a), with 
phaeophy tins  indicators of cell senescence  (Barlow et 
al. 1993a). Nevertheless, in te rpre ta tion  of chi a d e g r a 
dation pathw ays  is m ade  complex by the diversity of 
deg radation  pathw ays and  rates due to environm enta l 
conditions, and multiple sources of materia l into the 
system including sinking of particles from the w ater  
column and  production in situ  (Sun et al. 1993). Several 
authors (Hurley & A rm strong 1990, Sun et al. 1993) 
have noted  that a l though  degradation  products  can 
accum ulate  u n d e r  anoxic conditions, they are  fully 
d eg ra d ed  into colourless res idues  u n d e r  oxic condi
tions.

On the M olenplaat,  the total am oun t of p h ae o p ig 
m ents differed spatially and  temporally, and  was in 
fluenced by the d ifferences in sed im ent turnover and 
seasonal changes  in ben th ic  fauna  activity. At all the 
sites exam ined, low phae o p ig m e n ts  in early spring 
w ere  rep rese n ted  by approxim ate ly  equal am ounts  of 
phaeophy tins  and  phaeophorb ides .  The relative con
tribution of phaeophytins :ch l a was g rea tes t  during  the 
late au tum n  through  w inter  months. As this is the 
period w hen  biological activity is low, it would  seem 
that a large proportion  of the chi a is being  d eg raded  
th rough  photo-oxidation an d  cell senescence.

While there  w as a g rea t  deal of seasonality  in the 
am ount of degradation  products  at Site 2, Site 4 dis
p layed  a rapid tu rnover  of a lgae  th roughou t the year. 
Phaeop igm ents  w ere  m uch  lower at the sandy  sites 
than  at the silty sites, and  the vertical distributions 
w ere  more hom ogenous.  A ccumulation of detrital 
material was p rev e n ted  by h igh  physical and  biologi
cal mixing, which exposes the materia l to the oxic lay
ers w here  pigments, and  in particular  phaeopigm ents ,  
u ndergo  rapid photo-oxidation  to colourless residues.

The trend  of m ore p ronounced  seasonality  in 
p h a e o p ig m e n t  content in s table silty sed im en ts  com 
p ared  with coarser sed im ents  has  also b ee n  docu 
m e n ted  by B arranguet et al. (1997). Factors respons i
ble for seasonal fluctuations include tem pera tu re ,  
nu tr ien t  levels, irradiance, dep th  of photic zone, and  
graz ing  p ressu re  (Lukatelich & M cC om b 1986, U n d er 
wood & Paterson 1993, P inckney  et al. 1995). The cor
relations b e tw e en  spatial distributions of chorophyll a 
and  sed im en t variables w ere  not valid for Ju n e  and  
S ep tem b er  com bined. G rea te r  silt and  AFDW contents 
in the  central reg ion  in S ep te m b er  w ere  not m a tched  
by g rea te r  chi a. C oincident with inc reased  benth ic  
fauna  biomass, the am o u n t  of phae o p h o rb id es  in 
c reased  th roughou t the  spring to a u tu m n  period to 
becom e the dom inan t p h a e o p ig m e n t  at all sites, but 
particularly  the  siltier sites. This highlights the  im por
tance of the  biological com m unity  in chi a  cycling 
(Gieskes & Kraay 1986, H aw kins  et al. 1986, Riaux- 
Gobin  et al. 1987). For exam ple , Bianchi et al. (1988) 
repo r ted  tha t  p h ae o phorb ides  rep re se n ted  40 to 60% 
of total ph ae o p ig m e n ts  in m esocosm s conta in ing  the 
deposit feeders  M acom a balthica  an d  L eitoscoplos  
fragilis, bu t  only 3 to 4%  in controls w ithout fauna. It 
ap p e a rs  tha t on the M olenp laa t  grazing p ressu re  by 
the ben th ic  com m unity  reduces  algal biomass, resu lt
ing in the m ore hom ogenous  distribution of a lgae 
across the M olenp laa t  during  the a u tu m n  and  winter.

Im port-export budget of prim ary producers 
on a tidal flat

The m icrophytobenthos community, m a d e  up of 
diatoms, cyanobacteria , and  euglenoids , plays a key 
role in tidal flat dynam ics in estuaries. The cycling of 
m icroalgae both within tidal flats an d  b e tw e e n  the 
tidal flat and  overlying w a te r  colum n has considerab le  
implications for both ben th ic  and  pelagic herb ivores  
and  in modifying sed im en t dynamics. Primary p ro d u c 
tion of ben th ic  m icroalgae living in the  u p p e r  few mm  
of sed im en t can account for - 3 0 %  of an  estuary 's  
annua l carbon  b u d g e t  (de J o n g e  & Colijn 1994). This is 
particularly  im portan t in the  w in ter  and  early spring 
w hen  w ate r  column production  is still limited by high 
turbidity.

B ecause of their close association with sediments, 
ben th ic  m icroalgae are  sub jec ted  to the  sam e physical 
forces of curren ts  and  w ave  action. The p re se n ce  of 
m icrophytobenthos as tem porary  m em bers  of the 
phy top lank ton  is well d o cu m en te d  (Baillie & Welsh 
1980, de  Jo n g e  & van B eusekom  1992, 1995), and  they 
can contribute - 3 0 %  to w ate r  column chi a (de Jo n g e  
& van  B eusekom  1992). As a result  of resuspension,  
a lgae are  m a d e  available to local w a te r  column and
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ben th ic  suspension  feeders, or they can be transpor ted  
several k ilom etres  away. T hese  losses m ay  be  rep laced  
th ro u g h  in situ  p r im ary  p roduction  or advection  of 
m icroa lgae  from other sources.

Import and  export of a lgae  differs on a seasonal basis 
as the  ba lance  b e tw e e n  physical and  biological factors 
ch anges  from w in ter  to summer. HPLC analysis of 
chi a, d eg rada t ion  products,  and  accessory p igm ents  
in sed im en ts  has  b e e n  used  to identify the  seasonal 
cycling of m ic rophytobenthos both  within the Molen- 
p laa t  and  b e tw e e n  the  M olenp laa t  and  surround ing  
estuary. Before a  num erical  m odel of m ic rophy toben 
thos dynam ics on a tidal flat can  be m ade,  processes  
occurring with in  sed im en ts  an d  at the  sed im en t-w a ter  
in te rface h av e  to be  identified. Fig. 8 provides a con 
cep tua l  m ode l of the  import and  export  of chi a b io 
mass on the  M olenp laa t  tidal flat.

Summary

The use  of d iagnostic  p igm ents  as m arkers  for com 
m unity  composition an d  trophic fate applications 
should  be carried  out with caution b ecause  of their 
p re se n ce  in several a lgal groups, an d  in am ounts  tha t 
m ay be in f luenced  by trophic status an d  e n v iro n m en 

tal conditions (Barlow et al. 1993b, Millie et al. 1993). 
W ater column processes, such as photo-oxidation, cell 
lysis, and  grazing may preferentially  d eg ra d e  p ig 
m ents  prior to their incorporation into sediments 
(Hurley & Arm strong 1991). However, they  do provide 
an  insight into the cycling of m ateria l within tidal flat 
systems. On the Molenplaat,  it appears  that the sandy 
sites undergo  rapid  recycling of primary producers, 
with imports (in situ  and  deposited  primary p ro d u c 
tion) roughly  ba lanced  by exports (losses to grazing 
pressure,  resuspension  into the w a te r  column, and  
burial into sed im ent below  the photic zone) for m uch  of 
the year. At the silty sites, the im port/export budge t 
ch anges  on a seasonal basis. During the spring and  
summer, these sites act as a sink for m icroalgae as both 
in situ  and  deposited  biomass becom es incorporated 
into the sediment. As benthic fauna biomass increases 
during  the sum m er and  early autum n, grazing p re s 
sure acts to reduce  microalgal biomass. This also has 
the effect of reduc ing  sed im ent stability, and  the sed i
m en t becom es m ore physically dom inated , with rapid 
cycling of materia l in the u p p e r  few cm of sediment.  
Q uanti tat ive data  on rates of processes  can only really 
be  provided by controlled experiments, w here  iden ti
fied inputs of algal materia l a re  in troduced  to the 
system (e.g. Sun et al. 1993).

Prim ary  Production
Photic Zone

Physical and Biological 
Mixing

A c t i v e  M i g r a t i o n

Senescence

Senescence

G r a z i n g  
(Z o o p la n k to n  and 

suspension  feeders )

Resuspension and 
Deposition Cycle

Fig. 8. C o ncep tua l  m odel  of the cycling of m ic rophytobenthos  
on a tidal flat
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