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ABSTRACT: M icrophytoben th ic  primary  production  a n d  biomass w e re  stud ied  in an  in tert idal  flat 
loca ted  in the  W esterschelde  (SW Nether lands)  with a vertical resolution of 1 mm. Short - te rm  variab il­
ity of primary  production and  photosynthetic  characteris tics w e re  co m p a red  du r ing  low tide in 2 types 
of sediment:  sandy  a n d  m u d d y  sands.  The  ch an g es  o b se rv ed  w ere  co m p a red  w ith  abiotic factors and  
the biomass abu n d an ce ,  which  was d om ina ted  by ben th ic  diatoms. 14C u p ta k e  values ob ta ined  from 
incubations in a phot.osynthetron w ere  used for the construction of P-I (photosynthes is-irradiance) 
curves. A nnual  averages  indicate  that  both  sed im ents  w e re  equally  productive  (34.5 ± 23.6 m g C n r 2 
h “1 a n d  41.1 ± 11.6 m g C m '2 h“1 for the sands a n d  m uddy san d s  respectively), but p roduction  ra tes 
w e re  highly variable on monthly  time scales and  w ere  reg u la ted  by different  m echanism s .  Light and  
t em p era tu re  p layed an im portant  role in de te rm in ing  the production  rates, especially  in the m ud d y  
sediments,  w h e re  ch an g es  in Ik (light saturation) w e re  co rre la ted  with  t em p era tu re .  Ik sh o w ed  seasonal  
changes,  suggest ing  that a lgae  a d ap ted  to the seasonal  light conditions bu t  there  w as  not a significant 
correlation b e tw ee n  the Ik a n d  PAR (photosynthetic  available  radia tion) at any  of the  stations. Vertical 
migrat ion  of the algae, as followed by spec troradiom etric  m easu rem en ts ,  p robab ly  accoun ted  for a g e n ­
eral absen ce  of photoinhibition. In the sandy  sedunents ,  p roduction  a p p e a r e d  to be  l imited by the low 
biomass of algae, d u e  to re suspension  and  export.  T h e  fact that  gross oxygen  p roduc tion  ra tes  m e a ­
su red  on intact cores using m icroelectrodes w ere  not lower than  potentia l  p roduction  ob ta ined  from ,4C 
fixation suggests  that  short- term  limitation of p roduction  d u e  to n u tn e n t s  an d /o r  carbon  is not f req u en t  
in the m icrophytoben thos of the W esterschelde.

KEY WORDS: M icrophytoben thos  ■ Photosynthetic  characteris tics ■ Prim ary  p roduction  • Tidal flats

INTRODUCTION

The im portance of benthic microalgae in shallow 
es tuarine  systems as oxygen producers, carbon fixers 
and  food sources for grazers is now fully recognised  
and  well docum en ted  (Heip et al. 1995 and  references 
therein), but the m echanism s regu la ting  m icrophyto­
benthos production on short time scales still need  fur­
the r  s tudy (Pinckney & Z ingm ark  1993).

In intertidal sediments,  the m icrophytobenthos com ­
munity  has to ad a p t  to a series of stressful factors, such 
as sed im ent transport, as well as s teep  g rad ien ts  in 
light, te m pera tu re  and  nu tr ien t concentrations. In tur-
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bid  estuaries, m ic rophy toben thos  production  will be 
mainly restric ted  to the em ersion period d ue  to light 
limitation d u n n g  flood tide (Colijn 1982). In turbid 
environm ents ,  ben th ic  m icroalgae can be the principal 
input of o rganic  m a tte r  in tidal flats (MacIntyre et al. 
1996 and  references  therein). In tem p era te  estuaries, 
m ic rophytobenth ic  biomass is fairly constan t th ro u g h ­
out the year. However, the  p roduction  shows both  
s teep  seasonal p e a k s  and  la rge variations on hourly 
time scales (Barranguet 1997 and  references  therein). 
Photoacclimation and  vertical m igration  are  som e of 
the  m echan ism s w hich  m igh t be  responsib le  for these  
c h anges  in photosynthetic  activities.

B lanchard  & Cariou-Le Gall (1994) advocated  the 
use  of photosynthetic  p a ra m ete rs  (photosynthetic 
capacity  and  m axim al photosynthetic  efficiency) to
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be t te r  u n d e rs ta n d  the  m echan ism s of adap ta tion  of 
m ic rophy toben th ic  a lgae to ch ang ing  env ironm enta l  
conditions by photoacclimation.

We a im ed  to assess the rates of m icrophytobenthos 
p roduction  in a tidal flat of the  W este rschelde  (the 
M olenplaat,  SW Netherlands)  and  the response  of 
m icroalga l  photosynthesis  to env ironm enta l  regu la ting  
factors. For tha t  purpose, we u sed  the  photosynthetic  
p a ra m e te rs  and  production  rates ca lcula ted  from 14C 
P-I (photosynthesis-irradiance) curves, an d  gross oxy­
g en  production  rates es t im ated  with oxygen  m icro­
electrodes. Both m e thods  have  their own a d v a n ta g es  
an d  limitations, an d  they have  often b ee n  used  for 
de te rm in ing  m icrophy toben thos  production, but se l­
dom  sim ultaneously  (Revsbech et al. 1981, Bott et al. 
1997). In the  W esterschelde estuary, m ic rophy toben ­
thos production  rates show variability at seasonal and  
hourly scales (Kromkamp et al. 1995), an d  the  annua l 
es tim ate  available so far is b ased  on chlorophyll m e a ­
su rem en ts  (De Jong  & De J o n g e  1995), not on actual 
p roduction  m easu rem en ts .  This p rec ludes  the  con ­
struction of accurate  o rganic carbon  budgets .

We h av e  chosen  to work with  2 sed im en t types dif­
fering in g rain  size distribution, euphotic  zones and  
tidal en e rg y  to gain  a be t te r  un d e rs ta n d in g  of the  fac­
tors affecting and  limiting intertidal m ic ro p h y to b en ­
thic production.

MATERIAL AND METHODS

The W este rschelde  is a m acro tida l es tuary  located  in 
the  SW N ethe r lands  (Fig. 1). Tidal flats occupy an 
im portan t  p a r t  of its a re a  (20%), w h ere  microphyto- 
ben thos rep rese n ts  the  m ain  input of o rganic carbon  to 
the sedim ents.  A diverse a s sem blage  of ben th ic  m icro­
a lgae  also constitutes a la rge  am oun t of biomass 
(Sabbe 1997). The composition of the  m icrobenth ic  
com m unity  ch anges  du r ing  the  year, m ain ly  in  re la tion  
to abiotic factors such as nu tr ien t  concentration, te m ­
pe ra tu re  and  g rain  size (Barranguet et al. 1997). Two 
stations w ere  sam pled  monthly: sed im ents  at Stn A 
have  on ave rag e  10% silt, 0.07 w eigh t % organic  C 
and  are  exposed  to a h igh  level of tidal energy,- Stn B, 
with a h ighe r  p e rc e n ta g e  of silt (16%) and  o rganic  C 
(0.16 w eigh t  %), occupies a  m ore e leva ted  and  p ro ­
tected  p ar t  of the flat (Fig. 1).

PAR (photosynthetic available radiation) w as m e a ­
su red  dur ing  the  em ersion  per iod  with a cosine sensor 
LI 192 (Q 17079) connected  to a Licor Data Logger LI- 
1000. D ata  w ere  in teg ra ted  every  10 min. Spectral 
ref lec tance at the  sed im ents  surface w as m e asu red  
with a M A C A M  SR9910 spec tro rad iom ete r  on sed i­
m en t cores exposed  to an  ir rad iance level of 800 pmol 
m~2 s"1 by m eans  of a Schott KL 1500 light source.

Belgium

Westerschelde /

Molenplaat

Fig. 1. Study site and  location of the stations at the M olenplaat

T em pera tu re  was recorded  in the  field with an  RD- 
Tem p O m ega  te m pera tu re  data  logger at 5 min in te r­
vals. Samples w ere  always taken  d u n n g  ebb  tide 
(betw een  3 an d  5 h of emersion) once a m onth  on dates 
w h en  the m in im um  w ate r  level was a round  noon. 
Cores for chlorophyll an d  production m easu rem en ts  
(inner d iam eter  2.5 cm) w ere  ta k e n  3 times during  ebb 
tide. The sed im ent was ex t ruded  from the core in 1 mm  
slices with a piston m an ipu la ted  with a screw, with one 
whole turn  equivalen t to 1 mm. The samples for chi a 
w e re  frozen on board  until analyses. P igments were  
ex tracted  from, f reeze-dried  samples with m ethanol 
(95%) buffered  with am m onium  ace ta te  (5%) and 
w ere  sonicated  for 10 mín. Chi a was ana lyzed  by 
HPLC as in Barranguet et al. (1997). The results are 
exp ressed  in m g chi a itT2 for the first m m  of sediment.

Primary production m easurem ents. Carbon uptake: 
M icrophytobenthic  potentia l production, calculated  as 
14C b icarbonate  uptake, was m e asu red  in a photosyn- 
the tron  (Lewis & Smith 1983). Duplicate samples were  
incuba ted  in the dark  and  at 32, 43, 91, 203, 328, 614 
and  864 pmol m “2 s 1 during the  first months, and  then 
at 58, 72, 154, 332, 614, 1038, 1536 pmol m  2 s 1 the rest 
of the  year. Photoinhibition was never  observed  in any 
of the  m easurem ents .

The incubation p rocedu re  followed tha t of M a c­
Intyre & Cullen (1995), with small modifications. The



B arrangue t  et al.. Factors controlling m ic rophytoben thos 119

superficial m m  of 2 sed im ent cores was diluted in 50 ml 
of filtered sea water, and  aliquots of 2.5 ml w ere  taken  
while the sam ple  was agitated, p roducing  a h o m o g e­
neous slurry. The aliquots w ere  p laced in glass scintil­
lation vials and  50 pi of N a H 14C 0 3 (Amersham) was 
a d d e d  to each  sam ple for a final activity of 0.0185 MBq 
ml-1. The samples w ere  incubated  at in situ  te m p e ra ­
ture. W hen an increase in sed im en t tem pera tu re  was 
m e asu red  during  emersion, the te m pera tu re  was 
adjusted  in the incubator. The carbon incorporation 
was stopped  with 100 pi of concentra ted  HC1, which 
rem oves all the non incorporated  inorganic carbon, as 
proved by dark  and  control incubations. The in c u b a ­
tion time was short (30 min) so as to obtain production 
values as close as possible to gross production 
(Williams 1993). The sam ples  w ere  counted  using a 
B eckm an LS 5000TD scintillation counter  including 
quench ing  correction, after the addition of 17.5 ml of 
D ynagel (Baker Analyzer Reagent).

The values of production for each  light intensity 
(2 replicates), expressed  per  unit area  (mg C m"2 h "1), 
w ere  norm alized for chlorophyll units and  fitted 
according to 5 d ifferent models for primary production. 
The model with the  bes t fits (Platt & Jassby  1976) was 
adop ted  to calculate the photosynthetic  param ete rs  a B, 

and  4- aB >s the initial slope of the P-I curve (pho­
tosynthesis rate  at sub-sa tu ra ting  light, in m g C mg 
chi a-1 [pmol m~2 s ' 1]’ 1 h ' 1). Pfuax is the  m axim um  pho- 
tosynthethic capacity  at sa tura ting  irradiances (mg C 
m g chi a ' 1 h"1). 4  (pmol m"2 s“1), the light saturation 
param eter ,  is ca lculated  as P Bax/ a B and  is normally 
u sed  as a photoacclimation index.

To calculate production  for the  whole photic zone, 
a t tenuation  b e tw e en  400 and  700 nm  in the first mm  of 
sed im ent w as m e asu red  with reconstitu ted  sed im ent 
as in MacIntyre & Cullen (1995), assum ing  an  expo ­
nential d ec rease  of light intensity in the sediments, 
according to the formula:

4  =

Although scatter may cause  an  increase  of light in 
the first mm  with respect  to the exponentia l model 
(Kühl & Jo rg en sen  1994), the sed im ents  at the Molen- 
p laat do not have fea tures  favorable for a high scatter, 
like white quartz  sands. This is not the only potential 
error in vertical fine scale: the algal b iomass within the 
first mm  of sed im ent (chi a) is assum ed  to be  constant, 
while a lgae stratify vertically in tenth-of-millimetre 
scales (Taylor & Paterson 1998).

Incident light intensity was av e rag ed  for the 1.5 h 
period be tw een  each  m e asu rem en t  and, with 3 P-I 
curves, 3 estimates of carbon fixation w ere  obta ined  
per  sampling day.

Production was calculated  at each  dep th  with a reso ­
lution of 0.1 mm as:

Pz = chi a • P Bflx- t a n h ( a B- 4 / P Bax)

The production at each  layer was a d d e d  up  for the 
whole photic zone, assum ing  a cons tan t  chi a content 
with dep th  in the photic zone. Two-way ANOVAs w ere  
perfo rm ed  to test the significance of the short- term  
(hours) and  m onthly variations of chi a contents, p r i ­
mary production, and  photosynthetic  param ete rs  
(-Pmaxi aB a n d 4)  at both stations. To com pare  these 
values  with oxygen derived values of gross production, 
the production values w ere  also ca lcula ted  assum ing a 
constant inc ident light intensity of 800 pmol m ' 2 s ' 1.

O xygen production:  M icrophytobenth ic  gross p ro ­
duction w as m e a su re d  by oxygen p roduction  in sed i­
m e n t  cores (i.d. 6 cm) at am b ien t  te m p era tu re  with a 
fixed ir rad iance of approxim ate ly  800 pmol m“2 s ' 1. 
T he cores w ere  transported  to the ship, then  successive 
m easu rem en ts  w ere  m a d e  on board  dur ing  the e m e r ­
sion period. The cores w ere  cooled in the w inter to 
avoid la rge  d ifferences of te m p era tu re  from those in 
the field; AT b e tw e en  the sed im ents  in the field and  the 
core w ere  1 or 2°C only. In M arch  1996, at Stn B, the 
d ifference w as 4°C, and  the values of p roduction  w ere  
corrected.

O xygen  concentra tion  w as m e a su re d  with  D iam ond 
glass m icroelectrodes (737 GC Clark Style). The m icro­
electrodes (duplicates) w ere  low ered  via an  electri­
cally driven m icrom anipulator  connected  to a da ta  log­
ger  tha t controlled the light an d  dark  intervals  as well 
as the d is tance b e tw e e n  m easu rem en ts .

The elec trodes w ere  ca lib ra ted  after each  set of m e a ­
surem ents ,  with air sa tu ra ted  water, an d  the  anoxic 
layer of the cores w as ca lib ra ted  for 0%  oxygen.

Gross production  was es tim ated  by the  ligh t-dark  
shift m e thod  descr ibed  by Revsbech et al. (1981) and  
Revsbech & Jo rg en se n  (1986): after a s teady  state in 
oxygen concentra tion  is r ea ch ed  dur ing  illumination, 
the observed  d ec rease  in oxygen concentra tion  during  
the first seconds of d a rkness  will be  equa l  to the rate  of 
gross photosynthesis .  M icrophytobenth ic  production 
was assessed  in steps of 0.2 mm. The ob ta ined  results 
w ere  in teg ra ted  over the  euphoric zone to es tim ate the 
total gross prim ary production. The m e an  values  of 
several profiles w ere  av e rag ed  to ge t  an  average  
hourly production per  em ersion  period.

A photosynthetic  quotien t (PQ = A 0 2/AC) of 1 was 
used  to transform the oxygen  values into carbon (Har­
grave et al. 1983).

RESULTS

D u n n g  the sam pling period, inc ident light intensities 
r an g e d  from 25 to 1700 pmol m '2 s”1 with high seasonal 
variability and  hourly variability due  to cloudiness.
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Fig. 2. (a) Chlorophyll  a 
concentra t ions (mg chi a 
m~2) for the superficial 
n un  of sed im en t  at Stns A 
a n d  B at the Molenplaat,  
(b) Hourly rates of m icro­
phy toben thos  production 
(mg C m “2 h ' 1) at Stns A 
a n d  B. (c) (the m a x ­
im um  photosyntheth ic  
capacity  at sa turating 
irradiancesi in mg C mg 
chi a ' h : a t Stns A and 
B. (d) a B (photosynthesis 
rate  at sub-saturat ing  
light) in mg C m g  chi a~‘
(pmol m  ■ s"1) 1 at
Stns A a n d  B. (e) Monthly 
evolution of the p h o to ac ­
c limation index l k (pmol 
m  2 s !) for m icrophyto­
b en th o s  a t  Stns A an d  B. 
M ean  va lues a re  shown 

with variation ranges
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T em pera tu re  at the sed im en t surface was also highly 
variable according to the season, with sharp  changes  
also d e tec ted  on daily time scales. The minim um  was 
4°C in F ebruary  1996 and  the m axim um  tem pera tu re  
recorded  was 23°C in S ep tem ber  1996. Increases in 
sed im ent tem pera tu re  of 3.5°C w ere  recorded  during 
em ersion periods on our sam pling  dates  in S ep tem ber  
and  October; in winter, or with cloudy skies, t e m p e ra ­
tures rem a ined  constant at the sed im en t surface d u r ­
ing the whole emersion period.

The calculated  dep th  of the photic zone differed at 
both stations, due  to d ifferences in grain size and  silt 
con ten t and  a t tenuation  coefficients show ed small 
variations be tw e en  the 3 m e asu rem en ts  m ade  in 
March, M ay and  October (1995): 1.98 ± 0.07 and  4.24 ± 
0.10 m m -1 for Stns A and  B respectively.

M icrophytobenthos was m ore a b u n d a n t  at Stn B 
than at Stn A (annual m e an  for 1995, 5.9 ± 3.2 mg 
chi a m~2 for the top mm  at Stn A and  17.3 ± 6.7 mg 
chi a m -2 for Stn B). A description of the chlorophyll 
content and  m icrophytobenthic  community com posi­
tion at the  easte rn  part of the M olenplaat w as m ade  in 
B a rranguet et al. (1997). T he  spatial he te rogene ity  of 
chi a was less p ronounced  at Stn A than  at Stn B, typ ­
ical of more ag itated  sediments.  The m axim um  chi a 
concentra tion and  primary production w ere  recorded  
in April and  May 1996 for Stn A (Fig. 2). At Stn B, the 
variability in chi a con ten t during the year  was less 
p ronounced  and  the m axim um s occurred  in October 
1995 and  April 1996. The classically observed  2 
annua l p eak s  in prim ary production occurred  in S ep ­
tem ber  1995 and  spring 1996 (March, April and  May) 
(Fig. 2).

Averaging potentia l hourly production  over the 
entire  y ear  (14C data), using the recorded  incident irra­
diance, the re  was no significant difference be tw een

rates at bo th  stations (paired f-tests, 2-tailed), with 34.5 
± 23.6 m g  C m “2 h _1 for Stn A and  41.1 ± 11.6 m g  C m -2 
h"1 for Stn B. At Stn B, the m ax im um  potentia l p ro d u c ­
tion ob ta ined  from C fixation m e asu rem en ts  (Pmax, not 
shown) occurred  in N ovem ber  (267 m g  C m -2 h '). The 
correlation b e tw e en  chi a and  Pmax was not significant 
at Stn B. For Stn A, the m ax im um  potentia l production 
was reco rded  in April (119 m g C m"2 h ' 1), an d  Pmax was 
significantly co rre la ted  with chi a (r = 0.58; n = 23; p < 
0 . 01 ) .

The photosynthetic  activity varied dur ing  low tide; 
however, we could not see any consistent t rend  in the 
pa ram ete rs  P Bax and  a B. This is in contrast to results 
ob ta ined  earlier (Kromkamp et al. 1995). The ANOVA 
tests show ed  tha t the  short- term  variations (hours) of 
the variables  s tudied  (chi a, carbon p roduction  and  
photosynthetic  pa ram ete rs  P BdX, a B and  Ik) w ere  not 
significant for both stations (Table 1).

Nevertheless ,  production  show ed consistent s e a ­
sonal pa t te rns  at both  stations. Chi a concentrations, 
carbon production  and  P Bax ch a n g ed  significantly at 
Stn A for the different m onths sampled, w h erea s  Ik and  
a B did not (Table 1). P^ax w as positively co rre la ted  to 
te m p era tu re  (r = 0.588; p < 0.01).

For Stn B, the m onthly variations of chi a, carbon p ro ­
duction rates  and  Ik w ere  significant (Table 1). Both 
carbon  production  and  Ik w ere  co rre la ted  with te m p e r ­
a tu re  (r = 0.439, p < 0.05 and  r = 0.754, p < 0.01 re sp e c ­
tively). T hese  correlations b e tw e en  the photosynthetic  
pa ram ete rs  and  primary production  rates an d  te m p e r ­
a tu re  suggest  an  adap ta t ion  of the m icrophy toben th ic  
com m unities to the seasonal ch anges  of light and  te m ­
p e ra tu re  in the silty sediments. Low rates  of production 
w ere  reco rded  from O ctober to F eb ruary  at Stn B, h in t­
ing at a be t te r  photoacclim ation at Stn B. At Stn B, 
4  show ed  seasonal changes ,  sugges ting  tha t  a lgae

Table  1. Analysis of var iance  for chlorophyll concentrations,  carbon  production  rates a n d  photosynthetic  pa ram ete rs ,  for Stns A
and  B. Significant probabili ties a re  underlined

df
Month
F-ratio P df

H our
F-ratio P

Stn A
Chi a (mg m 2) / 38.84 0.000 2 2.041 0.170
Prod, ra tes (mg C m"2 h ' 1) y 3.19 0.034 2 1.79 0.206
P L x  (mg C mg chi a"1 h ') 7 3.36 0.032 2 0.383 0.690
a B (mg C m g chi a“1 (pmol m r2 s“1) h “1) 7 1.53 0.247 2 0.221 0.805
4- (pmol m ' 2 s“1) 7 1.22 0.362 2 0,371 0.291

Stn B
Chi a 8 3.02 0.027 2 1.863 0.186
Prod, rates 8 3.29 0.018 2 0.309 0.738
P L 8 1.54 0.214 2 0.465 0.636
a B 8 2.17 0.085 2 0.009 0.991
4 8 4.77 0.003 2 1.689 0,214
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w a v e le n g th  (nm)

Fig. 3. Spec trum  of the  light a b so rb ed  by the sed im ents  at 
Stns A a n d  B during  different  t imes of low tide (September)  
show ing  vertical u p w a rd s  m igra t ion  of m ic rophytoben th ic  
a lgae  by continuous increase  of absorp tion  at 680 nm. (a) *
11:43 h ;  12:36 h; V  12:54 h; ▼ 13:47 h. (b) •  10:08 h; —

10:38 h; V  12:08 h; ▼ 12:38 h

ad a p te d  to the  seasona l light conditions (Fig. 2), but 
th e re  was no significant correlation b e tw e en  the  Jk and  
PAR, at any  of the  stations. B lanchard  & Cariou-Le Gall 
(1994) also found the  sam e p a t te rn  of increasing  Ik 
from M arch  to July  in m u d d y  sed im ents  as tha t which 
w e found.

U pw ard  algal m igration  was d e tec ted  by the spectro- 
rad iom ete r  m e asu rem en ts  at both  stations from the 
beg inn ing  of em ersion  onwards. The am o u n t  of light 
abso rbed  by chlorophyll (around 670 to 680 nm) in ­
c reased  sharply  during  the  first hour of emersion 
(Fig. 3). No significant d ifferences in the  ch a n g e  of 
light absorbed  w ere  d e tec ted  b e tw e en  the 2 stations 
for the  whole em ersion  period, a l though  the m e an  AR 
(reflectance) was h ighe r  at Stn B.

T he  gross p roduction  rates calcu la ted  with the 
m icroelectrodes w ere  often in good a g re e m e n t  with 
the  carbon u p ta k e  values, w ith  the  only la rge d isc rep ­
ancies found in periods with the  h ighest  production 
rates in sp r ing-sum m er 1996. At this time, gross oxy­
gen  p roduction  w as m uch  h ighe r  than  the  14C up take  
(Fig. 4).

During  spring and  summer, a s tation located on a 
tidal flat in the  O osterschelde was also sampled. The 
w ate r  of the  O osterschelde is m uch  poorer  in n itrogen
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Fig. 4. Gross m icrophytoben th ic  production  m easu red  with 
oxygen  m icroelectrodes with an. incident  light intensity of 
800 pmol n r 2 s ' 1 and  potentia l  p roduction  from the photosyn­
thetic  pa ram ete rs  issued from the 14C incubations,  calculated 
for a similar incident light. Stns A a n d  B are located at the 
M olenp laa t  in the W esterschelde,  and V onde l ingenp laa t  is 

located  in the Oosterschelde

and  silicate than  tha t  of the W esterschelde (Wetsteyn 
& Krom kam p 1994). We also m e asu red  oxygen p ro ­
duction and  carbon up ta k e  to d e term ine  any differ­
ences in photosynthesis  during the periods of maximal 
productivity tha t could hint at a n itrogen  or silicate 
limitation during ebb  tide. The production  rates were  
slightly lower than  in the W esterschelde, and  the 
sam e discrepancy b e tw e en  oxygen and. 14C arose in 
Ju n e  for the m icrophytobenthos in the Oosterschelde 
(Fig. 4).
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DISCUSSION

Part of the complexity in attributing  changes  in 
m icrophytobenthos production to seasonal factors can 
be expla ined  by the mixed m icrophytobenthic  com po­
sition of motile and  non motile fractions with different 
ecological strategies. S abbe  (1997) a lready  po in ted  out 
the complexity of the m ic rophytobenthic  d iatom com ­
munity  in the Westerschelde, as temporal pat terns  are 
subord inate  to spatial ones. He found that the p ropo r­
tion of motile and  non motile fractions varied d e p e n d ­
ing on the kind of sed im ents  p resen t and  that both 
fractions had  a different seasonal evolution.

In the M olenplaat,  the sandy sed im ents  (Stn A) con ­
ta ined  proportionally  m ore epipsam m ic than  epipelic 
a lgae (Barranguet et al. 1997). The epipsam m ic frac­
tion is com posed of diatoms showing low motility 
which are  firmly a t tached  to the sand  grains (De Jonge  
1985), and  hence  m ore resis tant to export,  but do not 
p resen t  the functional ad v a n ta g es  of the motile frac­
tion, which can vertically m igra te  in the sediments: 
migration ensures  protection from photoinhibition and  
desiccation and  facilitates access to nutrients and  
organic and  inorganic carbon  d ee p e r  in the  sediments. 
The spectrorad iom eter  m e asu rem en ts  show ed  vertical 
algal m igration at both  stations, but it is difficult to 
com pare  quantita tively the  am oun t of the m igrating 
fraction at the 2 stations. First, it is not possible to esti­
m ate  accurately  from w hich dep th  the  light signal is 
com ing at each  of the stations. Second, if the detrita! 
par t  of the sed im ent in the beg inning  of the exposure is 
a lready  absorb ing  light in the chlorophyll region, then  
the normalisation will give lower results of migration 
than  in a sed im ent w ithout algae. Stn B w as richer in 
degradation  p igm ents  of chi a than  Stn A (Barranguet 
et  al. 1997), and  the m e asu red  change  in R at both s ta ­
tions was in the sam e range ,  implying tha t the propor­
tion of migratory a lgae is la rger  at Stn B.

The comparison of hourly changes  in the  pho tosyn­
thetic param ete rs  during each  of the em ersion periods 
s tudied  did not give any additional information r e g a rd ­
ing a consistent pa t te rn  of change  at the 2 stations. 
However, the migration during  ebb  tide appears  to be 
responsible for the changes  in the vertical profiles of 
production shown in Fig. 5, w h ere  the m axim um  p h o ­
tosynthesis rates progress  upw ards  during the em e r ­
sion period. 14C calculations of prim ary production 
consider the am ount of biomass vertically constant in 
the photic zone, so production  will exponentia lly  d e ­
crease  dow nw ards  with decreas ing  irradiance, w ithout 
taking into account h e te rogeneous  b iomass or vertical 
migration. In the 14C profile, production decreases  e x ­
ponentially  with depth ,  while in consecutive profiles of 
oxygen production we see tha t the m ax im um  p ro d u c ­
tion is not located at the surface layer  of the sed im ent

but, as also show n by the  spec tro rad iom ete r  m e a s u r e ­
ments, m igra tes  u p w ard s  during  ebb  tide, This could 
partly  explain  the  d iscrepancies  found b e tw e e n  m e a ­
su rem ents  in sum m er using carbon  and  oxygen m e th ­
ods. O xygen  profiles show the sk e w e d  vertical profile 
of production, with a m ax im um  biomass located in the 
subsurface  an d  u p w ard  m igration  during  em ersion 
(Fig. 5).

The other reason  for a d iscrepancy  b e tw e en  l4C 
incorporation and  oxygen production  on those occa­
sions is the a p p a re n t  w ider  euphotic  zone in the oxy­
gen  profiles th a n  the  one ca lcula ted  using  the a t te n u a ­
tion coefficients of 1995. If the re  w as an  en r ichm en t in 
sand  contents in those months, the  light intensity  p e n ­
etra ting  the sed im ents  used  to calculate in teg ra ted
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Fig. 5. Vert ical profiles of p roduc tion  at Stn B (4 July 1996, 
eb b  tide a t 12:16 h) with 800 pmol m f2 s_1 incident  irradiance,  
m e a su re d  with oxygen  m icroelectrodes (bars) with 0.2 m m  
resolution an d  14C incorporation (•), calcula ted  with 0.1 m m  
resolution, (a) O xygen  profile at 10:20 h, 14C P-I curve s ta r ted  
at 10:30 h. (b) O xygen  profile at 12:45 h, l4C P-I curve sta rted  

at 12:30 h
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production  was underes tim ated ,  indicating  tha t light 
a t tenua tion  should  be m e a su re d  on each  sam pling 
occasion.

For most of the m easu rem en ts ,  g iven the limitations 
of the  2 very different p rocedures ,  the re  was an 
accep tab le  ag re e m e n t  b e tw e e n  oxygen and  carbon 
results, sugges ting  tha t no m a rk e d  n u tn e n t  limitation 
occurred  at e i ther  station. C arbon  incorporation values 
m e a su re  potentia l production, b ecau se  the  a lgae  are 
r e su sp e n d e d  an d  all the  nu tr ien t  g rad ien ts  destroyed, 
w h erea s  oxygen gross production  is m e asu red  in intact 
cores. Therefore, w h en  values m e asu red  by the  2 
m e thods  are  in ag reem en t,  as se en  in this study, nu tr i­
en t  limitation is not p robable .  T ha t  is, if severe  n itro ­
g en  or carbon  limitation existed, 14C production  rates 
w ou ld  be  m uch  h igher  than  oxygen production  m e a ­
su red  in an  in tact core, since d u n n g  14C incubations a 
very  small am oun t  of the  a lgae  is in contact with an 
excess of nu tr ien ts  in the water. Also, n itra te  co n c en ­
tration in W esterschelde  w ate rs  is very  high: 185.1 pM 
in J u n e  1996 an d  an  ave rag e  concentra tion  of 161 pM 
in 1995/96 for the M olenplaat a re a  (Sinke pers. comm.).

However, carbon  p roduction  rates  m uch  h ighe r  than  
oxygen  gross production, sugges ting  a nu tr ien t  or ca r ­
bon limitation, have  b ee n  observed  during  spring m e a ­
su rem en ts  in very  thick mats located  in the  south  of the 
tidal flat (Barranguet & P eene  1996), w hich  has a b io ­
m ass abou t double  tha t of the n o r the rn  part. The shape  
of the  P-I curves did not indicate tha t the  m icroalgae 
w ere  limited by nutr ients  or inorganic  carbon  as the re  
w as no dec rease  in photosynthetic  activity during  low 
tide. It can  be concluded  tha t u n d e r  the ave rag e  con­
centrations of algal b iomass in the  M olenplaat,  the re  
w as no nu tr ien t  limitation for m ic rophytobenth ic  p r o ­
duction during  the  s tud ied  period.

C h a n g es  in the  pa t te rn  of photosynthetic  param ete rs  
dur ing  em ersion  can also be  re la ted  to env ironm enta l  
factors o ther  th a n  nutrients.  B lanchard  & Cariou-Le 
Gall (1994) found highly variable: hourly pho tosyn ­
thetic ra tes  in in ter tidal m ic rophy toben thos  during 
M arch  and  July  in M a re nnes-O lé ron  Bay w hich  w ere  
a t tr ibu ted  to the h igh  adaptive  capacity  of the  a lgae  to 
shor t- term  variations in field conditions (Blanchard & 
M on ta g n a  1992).

Specific adap ta tion  to light and  te m p era tu re  has 
b ee n  often sug g e s ted  in correlative field studies in 
in tertidal environm ents  (Cadée & H e g e m a n  1974, Ras­
m ussen  et al. 1983, G ran t 1986, B lanchard et al. 1996), 
as in ter tidal a reas  are  subject to la rge  fluctuations of 
tem pera tu re ,  and  seasonal increases  in te m pera tu re  
are  closely accom pan ied  by an inc rease  in PAR. In sub- 
tidal environm ents, m icrophytobenthos production  is 
m ore directly l inked to light than  to te m p era tu re  (Blan­
chard  & M on ta g n a  1992, C ahoon  & Cooke 1992, Mon- 
creiff at al. 1992, B a rrangue t  1997).

Furtherm ore ,  photoinhibition is generally  not e n ­
coun te red  in in tertidal m icroalgae (Cadée & H eg e m an  
1974, C adée  1980, Rasm ussen et al. 1983, Colijn & de 
Jo n g e  1984). Some studies on subtidal sed im ents  have, 
however, show n photoinhibition (Davis & MacIntyre 
1983, S u ndbäck  & Jönsson 1988, Barranguet 1997). An 
in te rm ed ia te  situation w as described  by G argas  & Gar- 
gas (1982) in very shallow sed im ents  (0.5 to 0.7 m) 
w here  photosynthesis  seem ed  to be reg u la ted  by both 
te m pera tu re  and  light, a l though  te m pera tu re  was the 
dom inan t factor.

In our study, P ”ldX at Stn A and  !k at Stn B show ed 
clear seasonal trends, such as a m arked  correlation 
with light an d  tem perature ,  in a g re em e n t  with the 
results of Blanchard et al. (1996). M acIntyre & Cullen 
(1996) also found a link be tw e en  Pn,,,x and  tem pera tu re  
in shallow w ate r  sedim ents  in San Antonio Bay.

C h a n g es  m P®ax m ay be explained  by changes  in 
a lgal com munity composition, w hich m ay have  vary ­
ing photosynthetic  features: diatoms have a h igh  P®„x 
w h en  blooming (Kirk 1986) and  the m icrophytobenthic  
com munity in the M olenplaat is com posed  principally 
of diatoms d u n n g  the blooming periods of spring and 
au tum n  (Barranguet et al. 1997).

The h igh  correlation be tw e en  Ik and  tem pera tu re  
and  the significant seasonal changes  suggests  tha t the 
m ain  factors regu la ting  m icrophytobenthic  production 
in the silty sedim ents w ere  te m pera tu re  and, indi­
rectly, light conditions. With a narrow er  euphotic  zone, 
a h igher  biomass per  unit area  and  no clear nutrient 
limitation, m icroalgae  at Stn B ap p e a re d  to be  light 
limited.

At Stn A, however, the regula ting  factors seem ed  to 
be  of a d ifferent na tu re  than  at Stn B. Station A is su b ­
jec ted  to a h igh  hydrodynam ic ene rgy  level, resulting 
in a constant export of m icrophytobenth ic  biomass 
(Barranguet et al. 1997). P®ax, chlorophyll and  p ro d u c ­
tion rates vary significantly over the year, with biomass 
and  production being correlated. The absence  of large 
fluctuations in o B and  the lesser d e p e n d e n c e  of Ik 
variance on tem pera tu re  sugges t  that the am ount of 
m icrophytobenthos b iomass is determ in ing  how  much 
carbon is produced . Resuspension and  horizontal 
transport will result in continuous export of microalgal 
biomass m sedim ents  at the m arg ins of the Molenplaat, 
m ak in g  algal b iomass the critical factor lowering p ro ­
duction.

Therefore, the factors regu la ting  the production in 
the  2 types of sed im ents  differed, as did the response 
of the community. However, the am ount of production 
was of the sam e order of m agn itude  in both  sediments.

O n an  annua l basis, es timates of intertidal m icrophy­
tobenthos production fall always a round  100 g C m -2 
yr“1 (Pomeroy 1959, G argas  1970, Davis & Lee 1983, 
Rasm ussen et al. 1983, Colijn & de Jo n g e  1984, Varela
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& Penas 1985, Shaffer & Cahoon  1987, Shaffer 1988, 
Sullivan & Moncreiff 1988, C am m en  1991, S tew ard  et 
al. 1992). The sam e annua l rate of production can be 
rea ch ed  by very d ifferent mechanisms, result ing  in 
yearly averages  which are  ra the r  constant. Photosyn­
thesis in microalgae appears  to be regu la ted  by very 
diverse environm enta l variables; the forcing factors 
can be as varied  as nu tr ien t limitation, light, te m p e ra ­
ture  or sed im ent g ram  size and  stability.

Our results point to the s trong influence of light and 
sed im en t stability on m icrophytobenthos production in 
the M olenplaat and  the im portan t role of migration 
during  ebb  tide in de term in ing  photosynthesis  rates, as 
well as the bias that can  occur in primary production 
estimations if this process is not considered, especially 
during  periods of h igh production rates, like blooms, in 
which biomass is com posed mainly of epipelic algae.
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