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ABSTRACT: A nnu lar flum es w ere  used  to quantify  ben th ic -p e lag ic  ex ch an g es in re la tion  to chan g es in 
c u rre n t velocity  an d  sed im en t biota. Various physical, chem ical an d  biological p a ram ete rs  w ere  d e te r 
m in ed  for 4 sites on th e  M o lenp laat tidal flat in the  W esterschelde (The N etherlands) du rin g  2 field 
c am p aig n s in  M ay -Ju n e  a n d  A u g u st-S ep tem b er 1996. T hese included: th e  m ass of sed im en t eroded , 
m axim um  a n d  m ean  erosion  rates, critical e rosion  velocity ( Ücm), suspension  feed m g/b iodeposition  
rate , oxygen  an d  am m onium  fluxes, density  of m acro fauna  species, chlorophyll a (chi a), colloidal c a r
b ohydra te , an d  physical p ro p e rtie s  of th e  sed im ent. T he study show ed  m ark ed  and  statistically  signifi
can t spa tia l a n d  tem p o ra l d ifferences in th e  po ten tia l for sed im en t erosion. Sites in th e  cen tre  of 
the  tidal flat w e re  less e ro d ab le  th an  those on th e  edge. AH sites on the  tidal flat h ad  a significantly  (p < 
0.001) low er erosion po ten tia l in Ju n e  (i.e. h ig h er 0 cnl and low er erosion rates) com pared  to Septem ber. 
T he p re sen ce  of a w e ll-d ev elo p ed  m icrophy toben thos com m unity in Ju n e  resu lted  in a statistically  sig 
n ifican t re la tio n sh ip  b e tw ee n  Ücnt and  chi a /co llo id a l carb ohydra te  (r = +0.85, p = 0.01). T h ere  w as a 
significant re la tio n sh ip  (r = +0.88, p = 0.005) b e tw ee n  sed im en t e rodab ility  (m ass of sed im en t eroded  
an d  erosion  ra te) an d  th e  density  of the  clam  M acom a balthica, a m ajor b io tu rb a to r of the  su rface  se d 
im ents. A nalysis of th e  d a ta  also d em o n stra ted  sign ifican t re la tionsh ips b e tw ee n  c learan ce  ra te  and  
C erastoderm a  e d u le  b iom ass (r = +0.91, p < 0.001), an d  b e tw een  sed im en t chi a /co llo id a l carbohydra te  
an d  C. ed u le  b iom ass (r = +0.92; p  < 0.001), reflecting  the  in fluence of suspension  feeders on bo th  the 
w a te r  colum n an d  th e  sed im ent, th ro u g h  their b iodeposits. T he significant in crease  in sed im en t e ro d 
ability  b e tw een  Ju n e  an d  S ep tem b er re flec ted  the  shift in the  overall b a lan ce  b e tw een  th e  m ajor ‘bio- 
stab ilise rs’ (m icrophytobenthos) an d  'b io -d es tab ilise rs ' (b io tu rbating  bivalves). This in te rp re ta tio n  of 
fie ld -derived  corre lations is consisten t w ith p rev iously  e s tab lish ed  re la tionsh ips an d  m echanistic  
u n d e rs tan d in g  deriv ed  from  contro lled  flum e experim ents.
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INTRODUCTION

Tidal flats occupy la rge and  significant a reas  of estu- 
a r ine an d  she lte red  coastal ecosystems. They are 
inhab ited  by com plex and  d iverse biological com m uni
ties w hich  can play an  im portan t  role in the  metabolic 
processes and  m ateria l fluxes w ithin the  es tuary  (Heip 
et al. 1995). However, the b iogeochem ical processes 
influencing es tuar ine  tidal flats, particularly  sed im ent
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stability and  benthic-pelagic exchanges, are poorly 
understood  despite  their ecological and  economic 
im portance in relation to fisheries, birds, na tu ra l  sea 
defences, shipping and  as a sink for pollutants in 
industrialised estuaries.

At p resen t  the re  are  no a d e q u a te  models capab le  of 
predic ting erosion, transport and  deposition of fine 
sedim ents  in estuaries. This is largely because  the 
interactions be tw e en  physical, chemical and  biological 
processes are poorly quantified and  understood. The 
role of biota as potential sed im ent stabilisers (e.g. ben-
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thic diatoms) and  sed im ent destabiiisers (e.g. bioturba- 
tors) has long been  recognised  (Rhoads & Boyer 1982, 
Grant & D aborn 1994, Paterson 1989, 1997), but few 
studies have  considered the balance  be tw een  the 2 
functional groups and  provided the quantita tive 
unders tand ing  necessary  for improving predictive 
models of es tuarine sed im ent dynamics. T here  are  re l
atively few techniques able to quantify sed im ent e ro 
sion, as well as other ben thic-pelagic exchange  p ro 
cesses, in relation to cu rren t velocity/shear stress and 
physical/biological properties of natura l undis turbed  
sediments (techniques rev iew ed by Black & Paterson 
1997). Such m easurem ents  are  necessary  to assess the 
impact of biota on sed im ent stabili ty/erodability and  
for the param eterisat ion  of models of sed im ent d y n am 
ics. Recent field studies have show n that annu lar  flume 
techniques are able to m easure  sed im ent erosion, and  
that m arked  spatial changes  are  a function of the b io
logical properties  of cohesive sedim ents  (Amos et al. 
1998, Widdows et al. 1998a).

The field study p resen ted  in this p ap e r  forms a com 
ponen t of the EU ELOISE ECOFLAT program m e, a 
multi-disciplinary study of the complex interactions 
b e tw een  physical, chemical and  biological processes 
involved in the functioning of an es tuarine tidal flat. 
The p n m a ry  objective of this study was to quantify 
spatial and  temporal changes in sed im ent erodability 
and  material fluxes in relation to physical variables 
(sediment properties, curren t  velocity) and  biological 
factors (macrofauna and m icrophytobenthosj.  The 
study also investigates: (1) The hypothesis tha t the 
spatial and  temporal variation in sedim ent erodab il
ity is influenced by the density/activity of biota and  
the overall balance be tw e en  sed im ent 'stabilisers ' and

'destabilisers’. (2) The im portance of biologically m e d i 
a ted  ben th ic-pelag ic  fluxes on the dynam ics of e s tu a r 
ine tidal flats (i.e. suspension  feeding and  b iodeposi
tion, s tabilisation/destabilisation of sediments). (3) The 
ex ten t  to w hich  results from annu lar  flume studies r e 
flect resuspension /sed im en ta tion  processes  m e asu red  
directly in the  field.

MATERIALS AND METHODS

Two 'ECOFLAT' field cam paigns  w ere  carried  out at 
the M olenplaat  tidal flat (Fig. 1) in the W esterschelde 
(SW N etherlands)  in the spring (28 M ay to 7 J u n e  1996) 
and  late sum m er (27 A ugust to 5 S ep tem ber  1996). The 
Plymouth M arine Laboratory (PML) an n u la r  flumes 
(Widdows et al. 1998a,b) w ere  used  to quantify  m a te r 
ial fluxes and  the erosion potential of sed im en t col
lected from 4 of the 5 sites (Sites 1, 2, 3 and  5; Fig. 1). 
Site 4 was not sam pled  for flume studies dur ing  1996. 
The site locations w ere  as follows: Site 1 (latitude 51° 
26.15', longitude 3° 57.3'); Site 2 (latitude 51° 26.30’, 
longitude 3° 57.2'); Site 3 (latitude 51° 26.25’, longitude 
3° 56.9’); Site 4 (latitude 51° 26.40', longitude 3° 56.8'); 
Site 5 (latitude 51° 25.90', longitude 3° 56.6').

The annu la r  flume and  opera ting  p rocedu res  have 
b ee n  described  in detail by Widdows et al. (1998a,b). 
In summary, the flume rep resen ts  a smaller, modified 
version of the  des ign  described  by F u k ad a  & Lick 
(1980). The annu lar  flume is constructed  of acrylic 
materia l with a 64 cm (outer) and  44 cm (inner) d ia m e 
ter, result ing in a 10 cm channel w idth with a total bed 
area  of 0.17 m 2, a m axim um  w ate r  dep th  of 38 cm, and  
a m axim um  volume of 60 1. C u rren t  velocities rang ing
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Fig. 1. Location oi the  M olenplaat tidal flat and  the  sam pling  sites. Isolines re p re se n t low tid e  level (2) a n d  m id -tide  leve l (0)
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from 1 to 50 cm s~‘ and  b ed  shear  stresses (0.01 to 2 Pa) 
are  g en e ra te d  by a ro tat ing annu la r  drive p late (a 
smooth surface without paddles) driven by a 12 V 
motor, with controller board  and  data  logger, which is 
p o w ered  by two 12 V batteries. The drive p late speed  
is m onitored  using an  infra-red photo switch and  this is 
recorded  every  15 s by the data logger. An e lec tro
m agnetic  (EM) curren t flow m eter  (Valeport Model 
800-175) and  v ideo-track ing  of neutra lly  buoyant p a r 
ticles have  been  used  to m easu re  free-stream  current 
velocities and  vertical profiles in the  flume and  to cali
b ra te  the rotation speed  of the  drive plate. The concen
tration of su sp e n d ed  particula te  m atte r  (SPM) in the 
flume is m onitored  using an  optical back  scatter sensor 
(OBS-3; D & A Instruments) and  the output (V) is r e 
corded  every  15 s by the  data  logger. The OBS sensor 
is calibrated  aga inst  w ate r  samples taken  for g rav i
metric analysis and  calibration curves are p roduced  for 
each  experim ental run  for each  s i te /sed im ent type.

During the first ECOFLAT field cam paign  (May- 
Ju n e  1996), the annu la r  flume was initially dep loyed  in 
its 'in situ  m ode ' during tidal exposure  at Site 2, 
because  the  surface sed im ent was sufficiently silty/ 
m uddy  to reta in  the w a te r  in the flume. However, fol
lowing the  erosion /resuspension  of the  sticky cohesive 
surface layer at cu rren t  velocities of 30 cm s"1, the 
w a te r  was rapidly lost th rough  the  porous underly ing  
sandy  sediment.  For details of in situ  dep loym ent of the 
flume see W iddows et al. (1998a,b).

Due to the porous n a tu re  of the M olenplaat sed i
ment, all su b se q u en t  flume experim ents  w ere  th e re 

fore carried out in ' laboratory m ode ' on board a Rijk
sw aters taat research  vessel m oored on the Molenplaat.  
At each  site, sed im ent with its benthic community was 
cut into quad ran t  blocks (10 cm depth) and  p laced into 
polythene-lined trays, enabling  it to be in troduced  into 
the laboratory flume (i.e. with fixed base) with minimal 
d isturbance. In the  second ECOFLAT field campaign, 
sed im ent was cored to a dep th  of 10 cm by m eans  of 
stainless steel qu ad ra n t  box cores (4 cores forming an 
annulus  of 64 cm outer and  44 cm inner  diameter) 
des igned  to fit precisely into the flume. The stainless 
steel quad ran t  cores w ere  first p u sh e d  into the sed i
m en t and  then  dug  out, allowing base  plates to be 
inserted  at the bottom of the cores. This enab led  the 
cores to be lifted, and  bands to be p laced around  them 
to reta in  the base and sed im ent during transportation 
to the flume. The quadran t box cores w ere  carefully 
inserted  into the annu lar  flume and  the  stainless steel 
boxes w ere  then  removed, leaving the sed im ent and 
base  p la tes in the flume. The sed im ent blocks w ere  
then  carefully pushed  together  to fill any  small gaps 
and  the final space filled with a slice of sed im ent from 
an  additional core. Such coring m ethods enab le  the 
surface features (e.g. ripples, worm casts, microphyto- 
benthic film), burrow ing  m acrofauna within the top 
10 cm, and  the natural sedim ent stratification to be 
reta ined.  Previous unpub lished  studies in the H um ber  
estuary (England) have shown tha t there  are  no signif
icant differences be tw e en  the in  situ  flume m e a su re 
m ents and  labora tory-based m easu rem en ts  using 
quad ran t  box cored sedim ent (Fig. 2).
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Fig. 2. C om parison  b e tw een  a n n u la r  flum e sed im en t erosion m easu rem en ts  perfo rm ed  in situ  at Skeffling m udfla t in th e  H um ber 
estu ary  (replicated) an d  those pe rfo rm ed  in the  laboratory  w ithin 3 h of coring sed im en t (q uadran t cores) and  p lac ing  in th e  flum e
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T here  are  2 phases to the m e asu rem en t  of material 
flux across the sed im ent-w ater  interface: Phase 1 (30 to 
40 min duration) is conducted  u n d e r  conditions of low 
curren t velocity (5 cm s ' 1) and  quantifies the  clearance 
rate or the removal of su spended  particles from the 
w ate r  column. This process will be en h a n c e d  by the 
suspension-feed ing  activity of benthic m acrofauna and  
their  net  clearance rate (CR 1 h ' 1) is de te rm ined  from 
the difference be tw een  the clearance rate in the  flume 
and  in the 'control'  (i.e. w ate r  column without sed i
m en t and  benthic  fauna). The clearance ra te  is ca lcu
lated using the following equation:

CR (1 h"1) = V  (logeC, -  logeC2)/f (1)

where, V  is the volume of w ate r  in the flume (1), t is 
the time interval in h, and  Q  and  C2 are the volumes 
of su sp e n d ed  particles (betw een  3.2 and 12.1 pm 
equivalen t spherical diameter) at the beg inn ing  and  
end  of each  time increm ent (10 min intervals). Parti
cles within this size range  form a la rge proportion  of 
the  total particle volume and  provide consistent 
counts. Water samples are  taken  by syringe from the 
middle of the w ater  column in the flume and  control. 
The volumes of suspended  particles are de te rm ined  
by m eans  of an  electronic particle counter, Coulter 
Counter® Multisizer, using a 100 pm orifice tube. Net 
clearance rates of suspended  particles (Phase 1) are 
then  calculated  from the exponentia l decline in the 
su spended  particle concentration in the flume com 
p ared  with the control chamber. Previous studies have 
confirmed tha t there  are  no significant differences 
be tw e en  the c learance /sed im entation  rates in a flume 
without fauna and a 'control cylinder' within the  first 
30 to 45 min. Filtration or biodeposition rates are  then  
calculated  as follows:

Biodeposition rate (g m~2 h"1) = (CR) (SPM) (1/A) (2)

w here  CR is the net c learance rate (1 h ' 1), SPM is the 
m ean  su spended  particulate m atte r  concentration 
(g I“1) in W esterschelde seaw ater  at the Molenplaat,  
and  A is the flume area  of 0.17 m 2.

P hase 2 (2.5 h duration) quantifies the SPM concen 
trations (mg I"1), mass of sedim ent eroded  (g m"2) and 
the sed im ent erosion rate (g m~2 s"1) in response  to 
step-wise increase in curren t  velocity from 10 to 50 cm 
s ' 1, in 5 cm s"1 increments, each  with a duration  of 
15 mm. During Phase 2, the resuspension  of sed im ent 
was de term ined  by frequent monitoring (i.e. 15 s in te r
vals) of the OBS output in volts. M aximum erosion rate 
[£fra.M occurs within 1 to 2 min after a step-wise 
increase in current velocity, and the m ean  erosion rate 
(•Cunan) is calculated over the first 10 min at each cu r
rent velocity. M easu rem en ts  a ré  also supp lem ented  by 
video recording [Sony Hi-8) of observed  p h en o m en a  
and  p rocesses  within the flume.

The re la tionship b e tw e e n  m e asu red  free-s tream  cur
ren t velocity (i.e. 10 cm above the bed) and  es tim ated 
bed  sh e a r  stress (based on log vertical profile 1 cm 
above the  bed  w h en  smooth tu rbu len t  flow over fine- 
grain  cohesive mud) is described  by the following 
equation:

S hear  stress (Pa) = 0 .0008Ü 2 -  0.0006Ü + 0.0052
(r2 = 0.99) (3)

w here  0  = m e an  f ree-stream  curren t  velocity (cm s"1). 
Calculation of shear  stress is b ased  on a log profile of 
cu rren t velocity within 1 cm above the bed. EM curren t  
m eter  m e asu rem en ts  and  video-track ing  of su spended  
particles show tha t f ree-stream  curren t  velocities are 
constant dow n the w ate r  column to within 1 cm of the 
sed im ent surface. T hese  observations confirm vertical 
profiles recorded  in annu la r  flumes by previous r e 
searchers  (e.g. F u k ad a  & Lick 1980, M aa  1990). In the 
p resen t study, the  results are  re la ted  to cu rren t  veloci
ties in p re ference  to shear  stress as the former p a r a 
m eter  can be  quantif ied  directly and  with a g rea te r  
d eg re e  of accuracy, both in the flume and  in the field 
(at z = 10 cm above the bed). In contrast, shear  stress is 
es tim ated  indirectly assum ing  a log velocity profile, 
but such profiles are  only p resen t  during a portion of 
the tide, w h en  there  are  no accelera ting  or d ec e le ra t
ing tidal currents  (Collms et al. 1981, W iddows & 
Salkeld unpubl.  obs.).

Quanti ta t ive and  qualitative changes  in the p ro p er
ties of the surface sed im en t (2 cm depth) and  the  re su s 
p e n d e d  particles in the flume w ere  also m easured .  
These include: size fraction analysis (by wet sieving 
for >63 pm  d iam eter  and  Coulter Counter® Multisizer 
analysis for 2 to 63 pm), chlorophyll a (chi a) (by high- 
perform ance liquid chrom atography  [HPLC] following 
acetone  extraction,- Lucas & Holligan 1999), colloidal 
carbohydra tes  (by the phenol-su lphuric  acid method; 
Underw ood et al. 1995), particu la te  organic carbon 
and  nitrogen (using a Carlo Erba NA 1500 Analyser; 
Verardo et al, 1990), % particu la te  organic m atte r  
(POM; by loss on ignition at 450°C), bulk  density  (mass 
of wet sed im en t/vo lum e of w et sediment) and  moisture 
content (mass of w ate r /m ass  of dry sediment).

The benth ic-pelag ic  flux of oxygen and  am m onium  
was de te rm ined  by sam pling w ate r  into a 10 ml glass 
syringe via side ports in the flume d u n n g  Phase 1. The 
oxygen concentra tion was m easu red  with a rad iom eter  
oxygen sensor (E5046) held  in a the rm osta ted  cell cou
pled  to an oxygen m eter  and  chart recorder. The e lec 
trode was calibrated daily with a ir-sa tura ted  w ate r  and  
oxygen-zero  solution (Radiometer 54150). Ammonium 
was m e asu red  using the  phenol-hypochlorite  m ethod  
of Solcrzano 11969).

At the  end  of each experim ental run, the  sed im ent 
from the flume was sieved th rough a 0.5 nun mesh, the
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m acro fauna  p re se rv e d  in Rose-Bengal in formalin (8% 
after dilution) and  subsequen tly  sorted. The dom inant 
suspension- and  deposit-feed ing  bivalve species with 
a potentia l for b io turbation  w ere  identified, sized 
(shell length), coun ted  and  w e ig h e d  (ash-free dry 
weight[AFDW]).

During the  first field cam paign  the  EM curren t  m eter  
(Valeport) and  OBS w ere  m oun ted  10 cm above the 
b ed  at Site 1 and  cur ren t  velocities and  SPM recorded  
over a single tidal cycle (30 M ay 1996). The OBS r e a d 
ings w ere  conver ted  to SPM using the  calibration 
curve derived  from the flume experim ents  involving 
the  resuspension  of sed im ents  from Site 1.

Statistical analysis of the data  w as perfo rm ed  using 
ANOVA, ANCOVA and  Pearson correlation analysis 
with Bonferroni corrections to probabilities (Systat v. 7 
for Windows).

RESULTS 

Sedim ent erosion

T he results from the annu la r  flume studies show ed 
m a rk e d  spatial and  tem poral differences in the  stabil- 
i ty/erodability  of sed im ents  from the  4 sites on the 
M olenp laa t  tidal flat. Erosion potentia l of the sed i
m ents  was m e asu red  in term s of m ass e roded  (g n r 2), 
critical erosion velocity (Ücril), and  both m ax im um  and  
m e an  erosion rates (Emax and  E mean: g m -2 s-1) from the
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Fig. 3. Tim e course of su sp en d ed  sed im en t concen tra tion  
(thick line) and  erosion  ra te  (thin line) follow ing a step-w ise  
increase  in free-stream  cu rren t velocities b e tw een  10 and 

43 cm s ' 1 (Site 2 , S ep tem b er 1996)

bed  at each  cu rren t velocity /bed shear  stress (for 
details see  Widdows et al. 1998a,b). A represen ta tive  
time course of SPM concentra tion an d  erosion rate, in 
response to s tep-wise increases in current velocity, is 
illustrated in Fig. 3 (Phase 2: Site 2, S ep tem ber  1996).

Spatial differences in mass of sed im en t eroded  in 
Ju n e  and  S ep tem ber  are p resen ted  in Fig. 4A,B and 
other aspects of sed im ent stability are  sum m arised  in 
Table 1. ANCOVA, b ased  on regressions b e tw e en  log 
mass eroded  and  current velocity (Fig. 5A: linear re la 
tionship be tw een  20 and  43 cm s_1; Fig. 5B: linear re la 
tionship be tw een  15 and 30 cm s"1), dem onstra ted  that

T able  1. Spatia l an d  tem poral varia tion  in sed im en t stability  a t 4 sites on the  M olenplaat tidal flat (W esterschelde). Sum m ary of 
sed im en t stab ility  m easu rem en ts: m ass e ro d ed  (g m~2) at a 's tan d ard ised  cu rren t velocity ' of 30 cm s~\ m ax and  m ean  erosion ra te  
(Emax, £ mean: g m f2 s_I) a t 30 cm s"1, an d  critical erosion  velocity  ((/crit: cm s“1) defined  as the  cu rren t velocity (x) req u ired  to increase  
su sp en d e d  p a rticu la te  m atte r  (SPM) co ncen tra tion  (y) above a th resh o ld  of 50 m g T ’. M easures of sed im en t stab ility  a re  p re 
se n ted  for a 's ta n d a rd ise d ' cu rren t velocity  of 30 cm s"1 This w as chosen  for in tra- and  in ter-site  com parisons b ecau se  30 cm s“1 
w as above  or n e a r  th e  m axim um  reco rd ed  critical erosion  th resh o ld s and  w as w ith in  th e  ran g e  of cu rren t velocities o bserved  on 
th e  M o len p laa t tidal flat. H ow ever, sim ilar conclusions w ere  a p p a re n t a t 25 and  37 cm s"'. M ean  v a lues ± ran g e  w h ere  n  = 2

rep lica te  flum e experim ents.

Site M ass e ro d ed  at £ max a t 30 cm s ' 1 E mea„at 30 cm s‘ 1 E quation  describ ing Ucn, (cm S“1)
30 cm s^1 (g m -2 s - ’) (g n r 2 s’ 1) SPM (y: m g 1 ') vs cu rren t

(g m "2) velocity (x: cm s"1)

Ecoilat 1: M ay-June 1996
1 65 ± 11 0.28 ± 0.05 0.045 ± 0.005 y  = 0.0049e° 326t* 28.2 ± 1.6
2 (in situ) - 0.04 - - -30
2 29 0.10 0.03 y  = 0.0867e° 2276* 27.9
3 6.8 0.05 0.01 y =  O.OlOOe0 2462* 34.6
5 39.5 0.43 0.03 y = 0.5260e° 16761 27.2
Ecoilat 2: A ugust-Septem ber 1996
1 2068 ± 98 6.02 ± 0.31 2.00 ± 0.32 y = 1.2668e0 30551 11.95 ± 0.9
2 390 ± 73 1.67 ± 0.44 0.33 ± 0.05 y = 1.0227e0 2556* 15.3 ± 0.9
3 457 ± 91 2.15 ± 0.14 0.51 ± 0.14 y = 0.0384e03234* 19.2 ± 0.1
3a 216 0.60 0.20 y = 0.0837e03155* 20.3
5 943 ± 154 7.49 1.08 y  = 1.2588e0 2681* 13.7 ± 0.9

a~100 m sou th  of Site 3
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experim ents

the re  w ere  no significant differences be tw e en  repli
cates, but there  were  significant spatial and  temporal 
differences. Significant temporal differences w ere  r e 
corded at all sites (p < 0.001) with the d eg re e  of e ro d 
ability at least 1 order of m agn itude  h igher  in S e p 
tem ber  1996. A more conservative statistical analysis 
of the sed im ent mass eroded  at a single cu rren t  speed  
of 30 cm s"1 (Table 1) confirmed that temporal differ
ences w ere  highly significant (ANOVA, p < 0.001) and  
that the central sites (Sites 2 and  3) had  a consistently 
lower erosion potential (p < 0.001) than  Sites 1 and  5. 
Tem poral changes  in the sedim ent erosion curves 
for sites at the cen tre  and  ed g e  of the M olenplaat are 
sum m arized  in Fig. 6.

The Emedn at the different current velocities are  p r e 
sen ted  in Table 2, and  and  £ .[IMtl at a s tandard ised  
current velocity of 30 cm s : in Table 1. Both £ m¡¡:, and  

dem onstra te  that sed im ent at Sites 1 and  5 erode 
at a h igher  rate  than at Sites 2 and  3. The initial onset 
of sedim ent erosion occurs be tw een  15 and 20 cm s_1 in 
Ju n e  and  at 10 cm s"1 in S eptem ber  (Fig. 4). However,

Ucnt calculated  from the regress ion  of log SPM against  
cu rren t speed  provides a separation  of the  sites and  a 
bet ter  quantita tive  m e asu re  of critical erosion velocity 
(Table 1). Therefore  L/cm, defined  as the  cu r ren t  v e 
locity requ ired  to increase  SPM concentra tions in the 
flume above a threshold  of 50 m g I“1, ranges  from 
26.5-34.6  cm s“1 in Ju n e  to 11.0-20.3 cm s ' 1 in S ep 
tember. ANOVA show ed  tha t Site 3 had  a consistently 
h igher  Ücnt (p < 0.001). In S ep tem ber  the Öcri[ was 
ca 50%  lower at all sites, h igh ligh ting  the  m arkedly  
h igher sed im en t erodability  com pared  with Ju n e  
(ANOVA, p < 0.001).

Although Site 3 show ed  the g rea tes t  sed im en t s tabil
ity (i.e. h igh  Ücr¡, and  lower m ass eroded  and  lower e ro 
sion rates) up  to 30 cm s~’, a t  cu rren ts  velocities above 
43 cm s“1 in Ju n e  and  37 cm s"1 in S ep tem ber  the  mass 
eroded  and  erosion rate  inc reased  rapidly, generally  to 
values g rea te r  than  the o ther  sites. This inc reased  e ro 
sion occurred  at cu rren t velocities above the m axim um  
recorded  at Site 3 (33 cm s_1 on the  ebb; W iddows un- 
publ. da ta  1997), and  following the r e m o v a l/re su sp en 
sion of the s table surficial layer (m icrophytobenthic film
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Fig. 5. R elationships b e tw een  cu rren t velocity  anti log m ass 
e ro d ed  (g m ■ ) for sites on th e  M o lenp laat tidal Hat. (A ) Ecoflat 
1, 28 M ay to 7 Ju n e  1996; i B) Ecoilat 2, 27 A u g u st to 5 S e p 

tem b er 1996; m ean  of 2 rep lica te  flum e ex p erim en ts
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Fig. 6. Spatia l an d  tem poral ch an g es in sed im en t erosion curves for th e  M olenp laat tidal flat. (M ean ± ran g e  [n = 2 rep lica te  flume 
experim ents] of m ass e ro d ed  in re la tion  to in creas in g  cu rren t velocity; vertical arrow s deno te  critical erosion velocities, Ötril, for

each  curve)

an d  sticky cohesive sediment). In contrast to Site 3, the 
sandy  sed im ent from Site 5 show ed the  lowest stability 
and  s ta rted  to erode  at a f ree-s tream  curren t  velocity of 
15 cm s"’ (a few rolling sand  grains), with sand  ripples 
forming and  silt being  re su sp e n d ed  from the  bed  at 
20 cm s" \  and  sand  in suspension at 25 cm s- ’. Above ca 
40 cm s"1 the  bed  then  flattened, thereby  reduc ing  the 
bed surface a rea  and  further  rew orking of the bed. This 
p rev e n ted  further resuspension  of fine silt or sand, and  
consequently  there  w as even  a slight reduction of SPM 
and  a nega tive  erosion rate  (i.e. deposition) at 43 cm sM

in Sep tem ber  (Table 2). However, this occurs above the 
maximum recorded  tidal curren t  velocity at Site 5 (i.e. 
35 cm s"1 on the flood; Widdows unpubl. data  1997).

Sedim ent properties and nature of 
suspended material

The physical properties of the surface sediment 
(2 cm depth) and  the chi a and  colloidal carbohydra te 
content within the top 2 mm  of sed im ent w ere  m e a 

T ab le  2. M ean  erosion ra tes (Emean: mg m 2 s ') b a sed  on the  initial 10 m in at each  cu rren t velocity for d ifferen t sites on th e  M olen- 
p laa t tidal flat. M ean  ± range, w h e re  n = 2 rep lica te  flum e experim ents

C u rren t velocity (cm s ’)
1 2

Site
3 3d 5

Ecoflat 1: M ay-June 1996
10 0.15 ± 0.15 0.0 0.0 0.0
15 0.15 ± 0.15 0.0 0.0 - 0.1
20 0.15 ± 0.06 2.6 0.6 - 3.5
25 11.5 ± 10.5 8.6 0.4 - 6.9
30 47 ± 4 30 9.6 - 32
37 222 ± 46 7 24 - 32
43 583 ± 117 179 41 - 17
50 540 465 752 - 226
Ecoflat 2: A ugust-Septem ber 1996
10 0.25 ± 0.25 0.7 ± 0.7 0.0 0.0 0.0
15 31 ± 6 12.7 ± 3.8 3.5 ± 0.2 3.0 41
20 89 ± 73 61 ± 21 38 ± 6 16 58
25 730 ± 20 154 ± 39 130 ± 23 50 297
30 2005 ± 3 1 4 325 ± 48 510 ± 145 197 1082
37 - 544 ± 49 2079 ± 1479 3838 547
43 - 801 - - -546.25

d~100 m south  of Site 3
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sured  for each site (Table 3). The rank ing  of sites in 
terms of sand content (% > 63 pm) w as 5 > 1 = 3 > 2 
(ANOVA, p < 0.001) in both  Ju n e  and  September, with 
no significant temporal differences. In terms of chi a 
and  colloidal carbohydra te  content there  w ere  highly 
significant temporal differences (p < 0.001) and the site 
rankings w ere  5 < 3 < 2 < 1 and  5 < 3 < 1 < 2, re sp e c 
tively in M ay-June,  and  5 = 1 < 2 = 3 and  5 < 1 < 2 < 3 
respectively in A ugus t-Sep tem ber  (ANOVA, p < 0.01).

In addition, qualitative changes  (%POM, organic 
carbonm itrogen, chi a) in the material eroded  and 
su spended  into the w ater  column of the flume w ere  
d e term ined  at different cu rren t velocities. Exam ples 
of the n a tu re  of eroded  and  suspended  materia l are 
p resen ted  for 2 sites (Sites 1 and  3) in Ju n e  and  S ep 
tem ber  (Figs. 7 & 8). Site 1 is represen ta t ive  of the 
sandy ed g e  of the tidal flat and  Site 3 the central 
region with cohesive m uddy  sand. At Site 1 in June, 
chi a in the w ater  column increased rapidly as cu r
rents rose above 20 cm s“1 (Fig. 7A), reflecting the 
suspension of surficial benthic algae from less stable 
sandy sediments. However, the more dense sedim ent 
particles (SPM m easu red  by OBS) did not resuspend  
m arkedly  until currents increased above ca 30 cm s"1. 
In contrast,  at the more stable Site 3 the erosion of 
benthic a lgae and  sed im ent b eg a n  at h igher current 
velocities, 25 and  37 cm s 1 respectively. C o n se

quently, the flux of ben th ic  a lgae  into the w ate r  col
um n  in response  to a curren t  velocity of 30 cm s_1 
was 9-fold h igher  at site 1 com pared  to Site 3 (Fig. 7), 
while the chi a concentra tion  in the  surficial sed i
m ents was only 1.4-fold h igher  at Site 1 (Table 3). 
The resuspension  of sed im ent and  benth ic  a lgae was 
accom pan ied  by a 3-fold decline in the % POM  in the 
SPM, while the organic C:N shows little change. 
However, the total C.N inc reased  from 11 by 2- to 
3-fold, p resum ably  due  to the  resuspension  of fine 
calcareous material. In S ep tem ber  a similar response 
occurred, a l though the  erosion and  suspension  of 
sed im ent and  chi a occurred  at a lower cu rren t  veloc
ity com pared  to Ju n e  (chi a at 10 and  15 cm s“1 at 
Sites 1 and  3, and  sed im ent at approxim ate ly  15 cm 
s“1). Therefore  the ben th ic  a lgae  a p p e a r  to have  a 
slightly lower critical erosion velocity com pared  to 
the sed im ent particles.

The m ed ian  size of fine particles in suspension  (i.e. 
<63 pm  as m e asu red  by Coulter Counter)  increased 
with increasing  cu rren t  velocity, from 7 -9 .5  pm  at 
10 cm s“ ' to 12-17.5 pm  at 37 cm s_1 in M ay-June  with 
no clear differences be tw e en  sites. In A ugust-Septem - 
ber  the m ed ian  size increased  from 5 - 7  pm  at 10 cm s“1 
to 9 -2 0  pm  at 37 cm s“1 with sed im ents  from Sites 1, 2 
and  3 producing  la rger  particles (median >16 pm) than  
Site 5 (median 9-11  pm).

T able  3. Physical and chem ical p roperties of su rface  sed im ent. (All m easu rem en ts  a re  for sed im en t sam pled  to a d ep th  of 2 cm, 
excep t for the  chem ical analyses of chi a and  carbohydra tes, w hich  a re  re p re sen ta tiv e  of 0 to 2 m m  depth ; m ean  of 3 replicates)

Site D ate
(d/m o/yr)

Bulk 
density  
(g cm “3)

M oisture 
con ten t (% g 

w a te r g“1)

% of 
sed im ent 
>63 pm

% POM  
in total 

sed im en t

% POM 
in <63 pm  

fraction

C hlorophyll
(pg g '1 )

d ry  m ass

C arb o h y 
d ra tes  (pg g“1 

dry  m ass)

Ecoflat 1: M ay-June 1996
1 31/5/96 1.80 33.4 87.7 1.11 5.3 33.5 148
1 1/6/96 1.77 35.3 85.8 1.23 4.3 37.6 187
2 29/5/96 1.75 41.7 71.3 1.34 3.6 28.1 349
2 3/6/96 1.65 56.5 65.2 1.81 4.1 34.6 258
3 30/5/96 1.82 35.1 84.6 1.10 3.2 24.9 96
3 4/6/96 1.80 32.7 85.6 1.22 4.1 23.8 121
5 29/5/96 1.79 25.7 99.5 0.45 8.0 1.25 14
Ecoflat 2: August-Septem ber 1996
1 2 /9 /96 1.85 30.6 90.8 1.0 6.3 2.33 12
1 2/9/96 1.86 26.3 91.9 1.0 6.2 - -

2 27/8/96 1.66 52.5 57.8 3.2 5.0 7,87 22
2 29/8/96 1.67 50.7 64.1 2.9 5.9 4.15 11
2 2/9/96 1.70 46.4 66.4 2.8 5.2 2.61 39
2 4/9/96 1.72 44.5 69.9 2.8 5.5 5.42 42
3 3/9/96 1.84 29.4 89.2 1.4 5.7 6.37 79
3 3/9/96 1.81 27.4 89.7 1.3 5.0 - -

3" 30/8/96 1.85 27.6 88.1 1.0 3.5 1.92 42
5 27/8/96 1.77 24.9 98.8 0.7 8.4 1.46 0.5
5 28 /8 /96h 1.76 24.2 99.4 0.6 8.4 - -

-100  m sou th  of Site 3 and 2 d after storm  
'’Force 9 storm  occurred
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sent a t Sites 1, 2 and  3 in S ep tem ber  and  
w as particularly a b u n d a n t  a t Site 3.

Cohort analysis of these bivalves 
show ed  tha t they had  grow n signifi
cantly during  the  sum m er (Mya arenaria 
from 10 to 20 mm be tw een  M ay and  
September; M acom a balthica  from 5 to 
14 mm; C erastoderm a edu le  from 5 to 
20 mm).

F ie ld  v e r su s  f lu m e  m e a su r e m e n ts

C urren t velocity (cm s )

ttPOM 
SPM (g/l) 
Organic C:N 
Net chloroph>U aB - S ite 3 in  June

35 5-

20  °

0 5 10 2015 25 30 35 40 45 50 55
Current velocity (cm s )

Fig. 7. Q ualita tive  an d  q u an tita tiv e  ch an g es in su sp en d ed  particu la te  m atte r 
(SPM) w ith in creas in g  cu rren t velocity. (A) Site 1 (edge of tidal flat) in Ju n e . 
1996; (B) Site 3 (cen tre  of tidal flat) in Ju n e  1996. POM: particu la te  o rgan ic

m atte r

Benthic bivalves

The density  and  biomass of suspension- and  deposit- 
feed ing  bivalves within the  sed im ent of the  flume 
experim ents  in both  cam paigns  are  sum m arised  in 
Table 4. In M ay-June ,  the  density  and  biomass of M ya  
arenaria  and  M acom a balthica  w e re  similar at Sites 1, 
2 an d  3 and  w ere  absen t from the sandy  Site 5. The 
h ighes t  densities of C erastoderm a edu le  w ere  at the 
central Sites 2 an d  3, w ith  low er num bers  at Site 1, and 
they w ere  absen t  at Site 5.

In A ugust-Septem ber,  the re  was a lower density  of 
M ya arenaria  at Sites 1, 2 and  3, bu t  the biomass was 
h igher  than  Ju n e  due  to 3 mo of sum m er growth. In 
contrast, M acom a balthica  and  C erastoderm a edu le  
w ere  p resen t at all sites, including Site 5, and  at h igher 
densities (approx. 5- to 10-fold) d ue  to sum m er rec ru it
ment, but w ithout increasing the  biomass markedly. 
The exception w as Site 1, w h ere  C. edu le  was at lower 
densities or absent.  Scrobicularia p lana  was also p r e 

The changes  in current velocity and 
SPM, m easu red  over a single tidal cycle 
at Site 1 on the 30 May 1996, are illus
trated  in Fig. 9. At this site the currents 
are flood dominated, p eak ing  at 33 cm 
s"1 within 30 min of flooding, and  then 
declining rapidly to slack water. This 
coincided with a p ea k  in the SPM of 
500 mg I-1 in the shallow flood water, a 
d ep th  com parable to tha t of the flume. 
SPM then  rapidly declined to a re la 
tively constant concentra tion and  only 
increased  slightly to 75 m g I-1 w hen  the 
currents  rapidly increased  to a m ax i
m um  of 21 cm s_1 on the  ebb  tide.

A plot of these  data  as SPM concen tra
tion versus curren t  velocity (Fig. 10) 
shows good ag re em e n t  b e tw e en  the 
observed (field) and  p red ic ted  (flume) 
SPM for Site 1. The Ücnt occurs be tw een  
22 and  27 cm s"1, and  above this the 
SPM increases logarithmically with cu r

ren t velocity. At 30 cm s“1 the observed  SPM in the 
field is 232 m g T '  and  flume results p red ic ted  241 mg 
T 1, and, even  w h en  using the equation  to extrapolate 
beyond the field data  to h igher  than  observed current 
velocities, the re  is close ag re em e n t  be tw e en  the field 
and  flume data  (at 43 cm s“1: 2566 m g I"1 [field] and  
3136 mg 1"' [flume]).

Suspension-feeding activity and b iodeposition  rate

The spatial and  temporal changes  in net  clearance 
rates (1 h_I) and  es tim ated biodeposition rates (g m-2 
h"1) at the seasonally  am bien t SPM concentrations 
are p resen ted  in Table 5. In M ay-June  1996 the  flux 
from the w ate r  column to the sed im ent was similar at 
Sites 1, 2 and  3, w hereas  the rate at the sandy  Site 5 
was more than  1 order  of m agn itude  lower and  just 
detectable. In A ugust-Sep tem ber  only Site 3 h ad  a 
consistently h igh  clearance and  biodeposition rate. At
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oxygen-consum ing  hetero trophs  and  
the oxygen-producing  photosynthetic  
au to trophs {i.e. major ben th ic  algal 
films). A m m onium  flux w as not d e 
tected  at Site 1 (i.e. no ne t  flux) but 
there  was up ta k e  at Site 5 and  p ro d u c 
tion at Sites 2 and  3. At Site 2, a m m o 
n ium  flux was also m e asu red  during 
the erosion p h ase  and  show ed  ev i
d ence  of increas ing  efflux with in c re as 
ing cu rren t velocity. In general,  net 
am m onium  flux reflected the reverse  
of oxygen flux, with ne t  am m onium  
u p ta k e  due  to the activities of ben th ic  
a lgae and  ne t  production d ue  to the 
dom inance of hetero trophic  activity.

In A ugus t-S ep tem ber  there was net 
up ta k e  of oxygen and  ne t  p roduction  of 
am m onium  at Sites 2 and  3, and  Site 1 
in term s of oxygen u p ta k e  only. This 
reflected the visual absence  of major 
ben th ic  algal films at this time, and  the 
lower recorded  chi a concentra tions in 
the sed im ent (Table 3). Therefore, the 
balance  had  shifted to m ore heterotro- 
phic-dom inated activity at all sites in Au- 
gust-Septem ber.  However, the lower 
oxygen u p ta k e  in S ep tem ber  com pared  
to Ju n e  probably  reflects the seasonally  
lower metabolic rates of macrofauna, 
particularly bivalves (Bayne & Newell 
1983).

Site 2 a low rate was m easured,  but at all other sites 
there  was no detec table  rate of clearance above that 
of natura l sedimentation. Biodeposition rates w ere  
based  on the m ean  SPM at slack high water  over the 
M olenplaat in Ju n e  (5 m g I-1) and  Sep tem ber  (60 mg 
r 1) to reflect the effect of temporal changes  in SPM 
on biodeposition rates. The results show that b iode
position rates in the centre  of the tidal flat w ere  1 
order of m agn itude  h igher in the au tum n com pared  
to the spring, and this was due  to the h igher  SPM 
rather  than  h igher clearance rates of suspension fee d 
ers,

O xygen and ammonium  flux

The net fluxes of oxygen and  am m onium  across the 
sed im ent-w ater  in terface a re  p resen ted  in Table 6. In 
M ay-June  there was net up ta k e  of oxygen at Sites 2 
and  3, but at the sandier  Sites 1 and  5 there was net 
production. This reflected the balance be tw een  the

Statistical analysis

Analysis of the da ta  for ECOFLAT 1 and  2 revealed  
the following significant correlations: sed im ent chi a 
versus colloidal ca rbohydra te  (r = +0.91, p < 0.005); 
Lj-nt versus sed im ent chi a and  colloidal ca rbohydra te  
(r = +0.85, p = 0.01); c learance rate versus sed im ent 
chi a and  colloidal ca rbohydra te  (r = +0.92; p < 0.001) 
c learance rate versus C erastoderm a edu le  biomass (r = 
+ 0.91, p < 0.001) C. ed u le  biomass versus sed im ent 
chi a and  colloidal ca rbohydra te  (r = +0.82, p < 0.05); 
M acom a balthica  density versus mass eroded  and 

an (r = +0.88, p = 0.005).

DISCUSSION

The p resen t  flume studies have  dem onstra ted  
m arked  and  statistically significant differences in the 
spatial and  tem poral variation m the  sed im en t erosion 
potential of the M olenplaat lidal flat. T here  w ere  no
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T able  4. Sum m ary of bivalve density  and  biom ass (m ean ± range; n = 2)

Bivalve species
1 2

j i i e  ■
3 5

Ecoilat 1: M ay-June
M ya arenaria

1996
(N m -2) 491 ± 21 470 ± 76 521 ± 68 0
(g m '2) 5.03 ± 0.59 3.63 ± 0.30 4.80 ± 0.12 0

M acom a balthica (N m"2) 156 ± 3 121 ± 27 141 ± 29 0
(g m “2) 10.36 ± 1.5 4.64 ± 0.41 7.15 ± 0.70 0

C erastoderm a ed u le (N m “2) 12 ± 6 56 ± 9 56 ± 3 0
(g m “2) 4.72 ± 2.77 4.87 ± 0.11 3.31 ±0.11 0

Total g m -2 20,11 ± 0.56 13.14 ± 0.21 15,26 ± 0.93 0

Ecoflat 2: A ugust-Septem ber 1996
M ya arenaria  (N m '2) 167 ± 67 274 ± 79 159 ± 41 0

(g m"2) 7.48 ± 2.45 10.05 ± 3.96 5.75 ± 0.75 0
M acom a balthica (N m -2) 785 ± 44 138 ± 26 470 ± 105 l i i  ± 2 9

(g m 2) 14.01 ± 1.64 2.13 ± 0.53 7.05 ± 0.15 0.83 ± 0.46
C erastoderm a ed u le (N m '2) 6 ± 6 267 ± 102 743 ± 179 12 ± 0

(g m '2) 0.58 ± 0.58 2.02 ± 1.01 3.94 ± 0.38 0.014 ± 0
Scrobicularia plana (N m"2) 12 ± 0 15 ± 9 106 ± 65 0

(g m '2) 0.05 ± 0.02 1.18 ± 0.64 1.04 ± 0.48 0
Total g m “2 22.12 ± 4.65 15.38 ± 1.78 17.78 ± 1.50 0.84 ± 0.46

Fig. 9. Field m easu rem en t of cu rren t 
velocity  (■) and  SPM  at 10 cm above the 
b e d  over as tidal cycle a t Site 1 on the 

M olenplaat. HW: h ig h w ate r
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significant rela tionships (p > 0.1) be tw een  m easu res  of 
sed im ent erodability (¡7crit, mass eroded, erosion rate) 
an d  the  physical p roperties  of the sed im en t (%sand, 
%POM, bulk  density, %water). This lack of correlation 
is consistent with the  conclusions of previous studies 
in the  H u m b e r  es tuary  (Widdows et al. 1998b). The s ta 
tistically an d  biologically significant correlations r e 
corded  in the  p resen t  study w ere  primarily be tw e en
(1) Ocn[ versus chi a and  ca rbohydra te  concentra tion  in 
the  sediment,  reflecting the  stabilising role of the 
microphytobenthos; and  (2) erodability (mass eroded, 
erosion rate) versus the  density  of M acom a balthica, 
reflecting the destabilising role of these  surface d e 
posit-feeding clams. This interpretat ion  of field data  
is consistent with previously established relationships
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Fig. 10. R elationship b e tw een  log SPM and  c u rre n t velocity 
w ith  reg ress io n  line d raw n for data  above the  (Tent (data  from 

Fig. 9)
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Table 5. S uspen sio n -feed in g  activity  (c learance  rates) and 
b iodeposition  ra tes b ased  on the  am bien t SPM concen tra tions 
in Ju n e  (5 m g I"1) and  S ep tem b er (60 m g I“1). M ean  ± range, 
w h e re  n = 2 rep lica te  flum e experim ents, nd: not d e tec tab le

Site N et c learan ce  ra te  
in flum e (1 h“1)

N et b iodeposition  rate  
(g n r 2 h_1) a t 5 m g SPM  I“1

Ecoflat 1: M ay-June 1996
1 21.7 ± 1.7 0.64 ± 0.05
2 28.9 0.85
3 19.3 ± 6.6 0.57 ± 0.19
5 1.5 0.05
Ecoflat 2: August-Septem ber 1996
1 nd 0
2 8.0 2.82
3 21.68 ± 2.29 7.65 ± 0.81
5 nd 0

and  the mechanistic  unders tand ing  derived from con
trolled flume experim ents  (Sutherland et al. 1998a, 
W iddows et al. 1998c, Willows et al. 1998).

B io-stabilisation of sedim ent

Critical erosion thresholds w ere  considerably h igher  
in M ay-June  [Ücríl: 11 to 35 cm s ' 1), com pared  to 
A ugust-S ep tem ber  (Ücril: 11 to 20 cm s“1), and  this was 
associated with the p resence  of very visible benthic  
algal films, as supported  by the m arkedly  h igher  chi a 
and  colloidal carbohydra te  levels in the sed im ent in 
the spring. However, once the benthic  alga) film is 
s tr ipped aw ay by currents above the fJCTit then  the 
underly ing  sediment is readily eroded. This was p a r 

ticularly a p p a re n t  at the central Site 3 (Fig. 4). Even at 
the sandy  sites on the ed g e  of the  tidal flat (Sites 1 and  
5), the  p resence  of w ell-developed  benth ic  biofilms 
e n h a n ce d  sed im en t stability in the spring. A lthough 
the sed im en t at Site 5 did not have a very visible b e n 
thic algal film in com parison to Site 1, its enh a n ce d  
sed im ent stability was consistent with the ‘c rus ty ’ n a 
ture of the surface sed im ent during  air exposure. This 
m ay be indicative of the  p resence  of ep ipsam m ic algae 
and  filamentous cyanobacteria , which are know n to 
b ind sand  grains and  reduce  the erodability  of sandy 
sed im ent (Stal 1994).

The observed  re la tionships b e tw e en  chi a or carbo
hydrates  and  m easu res  of sed im ent stability, such as 
Ücnt in this study, are  consistent w ith  the  largely qual i
tative and  a few quantita tive findings of previous s tu d 
ies (reviewed by Paterson 1997). G rant & Gust (1987) 
using a quantita tive app roach  show ed  similar rela tion
ships be tw e en  critical erosion (friction) velocity (Lf.cnt) 
and  chi a (r = +0.80) and  colloidal carbohydra te  
(r = +0.77). M ore recently, Su ther land  et al. (1998b) 
dem onstra ted  s trong relationships b e tw e en  critical 
erosion thresholds and  sed im ent chi a (r = +0.97) and  
colloidal ca rbohydra te  (r = +0.92) during  field dep loy
m ents  of a benth ic  annu lar  flume in Nova Scotia.

In spite of the p resence  and  activity of infaunal 
bivalves (M acom a balthica, C erastoderm a edu le  and  
M ya arenaria) in Ju n e  and  S ep tem ber  (Table 4), the 
overall ba lance  b e tw e e n  the ‘bio-stabilisers' and  the 
'bio-destabilisers ' appears  to b e  dom ina ted  by the s ta 
bilising influence of the m icrophytobenthos in June .  
The p resence  of major ben th ic  algal films during the 
spring of 1996 indicates  tha t their grow th  ra te  was 
g rea te r  than  the grazing rate by surface deposit f e e d 
ers such as M. balthica  and  P ygospio elegans.

T able  6. R ates of oxygen and  am m onium  fluxes across sed im en t-w ate r in te rface  as m easu red  in th e  flum e at a cu rren t velocity of 
5 cm s“1 (NH4 flux assoc ia ted  w ith erosion also m easu red  at Site 2). E xperim en tal conditions: 18°C, 24 psu, am b ien t light. M ean  ± 
range, w h ere  n = 2 rep lica te  flum e experim ents; +: production; -: up take ; nd: no t d e tected , i.e. < 3 x  ra te  of ch an g e  in control

Fluxes C u rren t velocity 
(cm s“1) 1

—  Site -
2 3 5

Ecoflat 1: M ay-June 1996
O xygen  (mmol h r ! n r 2) 5 + 10.1 ± 9.0 -4 .5 2  ± 0.44 -12 .95 + 5.92
N H 4 (mmol h“1 n r 2) 5 nd + 0.18 ± 0.06 + 0.10 -0 .2 6

20 + 0.45
25 + 0.29
30 + 0.36
40 + 0.86

Ecoflat 2: August-Septem ber 1996
O xygen  m m ol h_1 n r 2 5 -1 .8 4 “ -1 .4  ± 0.32 -2 .58 0.0
N H 4 m m ol h “1 m -2 5 nd + 0.29 ± 0.02 + 0.04 nd

'n d  in second  rep lica te  due  to large ch an g e  in control
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The small tube-build ing  spionid polychae te  P ygos
p io  e legans  is ano ther  m e m b er  of the  benthic com 
munity  that m ay exert a stabilising effect on the  sed i
ment, particularly at high  densities (Eckman et al. 
1981). Spionid tubes are  fragile an d  difficult to q u a n 
tify but w ere  observed  in high density  patches  at 
Sites 2 and  3 (up to 14 000 n r 2 in Ju n e  1996, b ased  on 
analysis of video recordings of the sed im ent in the 
flume). Detailed analysis of the  faunal composition of 
the M olenplaat  in 1996 has show n P. e legans  to occur 
at m ax im um  densities in Ju n e  com pared  to S ep tem 
ber; particularly at Sites 2 and  3 (max. of 32 000 m~2), 
with lower densities at Sites 1 and  5 (P. H erm an  et al. 
unpubl.  data). Quantification of the  im pact of spionids 
on the  sed im ent stability is at p resen t experimentally  
untested ,  but it seem s probab le  tha t  these  tubes, 
w h e n  p resen t at high  densities, will significantly 
en h a n ce  stability by reduc ing  the effective shear  
stress on the bed. Video record ings show ed  that as 
the  surface sed im en t erodes, the  tops of the  flexible 
tubes b en d  over in the  curren t  an d  serve to physically 
pro tec t the sed im en t and  inc rease  the heigh t of the 
viscous sublayer  and  boundary  layer, thus reducing  
erosion.

B io-destabilisation oi sedim ent

Tem poral and  spatial d ifferences in sed im ent e ro d 
ability a p p e a r  to reflect d ifferences in the biological 
p roperties  of the sed im en t on the  M olenplaat,  p a r 
ticularly the  recru itm ent and  grow th  of surface 
deposit-feeding bivalves, such as M acom a balthica  and  
Scrobicularia p la n a , b e tw e en  Ju n e  and  S ep tem ber  
(Table 4). The observed  correlation b e tw e en  sed im ent 
erodability (mass eroded, E mean) and  the  density  of M. 
balthica  is consistent w ith  previous field and  laboratory 
m easurem ents .  Studies in the H u m b er  es tuary  have 
show n a similar correlation be tw e en  sed im ent e ro d 
ability and  the  activity a n d  density  of M . balthica  (Wid
dows et al. 1998b). More importantly, laboratory flume 
experim ents  have  show n tha t bioturbation by the clam 
M. balthica  causes a den s i ty -d ep e n d en t  increase  in the 
erodability of the surface sed im ents  (Widdows et al. 
1998c). Furtherm ore, m odelling studies have  d e m o n 
strated the im portance of M. balthica  as a  destabiliser of 
in tertidal sedim ents (Willows et al. 1998).

Two other surface deposit feeders, Pygospio e iegans  
an d  H ydrobia ulvae, w ere  a b u n d a n t  on the M olenplaat 
in 1996 (P. H erm a n  et al. unpubl. data). However, these  
species w ere  at a h igher  density  in Ju n e  com pared  to 
Septem ber, and  their  feed ing  behaviour  is m ore g raz 
ing than  bioturbation. Consequently , they do not 
a p p e a r  to destabilise the sed im en t to the  sam e ex ten t 
as M acom a balthica.

B iodeposition  and sedim ent properties

The results show a significant relationship be tw een  
clearance rate  and  C erastoderm a edu le  biomass (r = 
+ 0.91, p < 0.001). In M a y-June  there  w ere  high c lear
ance rates at Sites 1, 2 and  3 w here  C. edu le  w ere  m o d 
erately abundan t.  During the  sum m er there  was r e 
cruitm ent and  growth of C. edule, resulting in a h igher 
density, bu t  similar biomass, in the central region (Sites 
2 and  3). In S ep tem ber  the re  w ere  only m easurab le  
clearance rates at these  central sites. The generally  
lower clearance rate  in Sep tem ber  is consistent with 
the recorded  seasonal decline in clearance rate of C. 
edule  from a m axim um  in the spring to a m inimum in 
the au tum n  (Newell & Bayne 1980). M ya arenaria, 
a l though p resen t at a similar or slightly h igher biomass 
than  C. edule, ap p e a r  to have lower suspension-feed
ing rates (Shumway et al. 1985, P. Salkeld unpubl. 
data) and  therefore contribute less to the overall b e n 
thic com munity clearance rate.

The results also dem onstra ted  a significant corre la
tion be tw een  the clearance rate/biodepositron rate and 
the concentration of chi a and  colloidal carbohydrates 
in the sedim ents  (r = +0.92 and  0.95, respectively; p < 
0.001). This relationship p robab ly  arises from the filtra
tion of phytoplanktonic and  any resu sp en d ed  micro- 
phytobenthic organism s from the w ate r  column by sus
pension-feeding bivalves (e.g. C erastoderm a edule  
and  M ya arenaria), and  their  deposition as faeces and  
pseudofaeces. U nder conditions of increasing SPM 
(above a threshold  of ca 5 m g I"1; N avarro  & Widdows 
1997), excess material including phytoplankton and  
resu sp en d ed  m icrophytobenthos may be  rejected  by 
the bivalve gills, loosely bound  in mucus and  ejected 
from the m antle  cavity as pseudofaeces. Even mucus- 
bound  faecal pellets may contain undiges ted  algal 
cells as par t  of the rejection pa thw ay  within the s tom 
ach (i.e. intestinal faeces, Widdows et al. 1979).

The m easu red  clearance and biodeposition rates  (at 
5 and  60 m g SPM I"1) in the central par t  of the Molen- 
plaat,  with the h ighest density  of C erastoderm a edule, 
a re  com parab le  to rates recorded  in o ther  studies (e.g. 
1.64 g m-2 h-1 for 78 ind. m -2 in the Oosterschelde at 
20 mg SPM I“1: Smaal et al. 1986, and  6 g m"2 h -1 for 
50 ind. m “2 in the H um ber  at 52 mg SPM I-1: Widdows 
et al. 1998c). Previous studies have show n that as the 
clearance rate by C. edu le  gradually  declines in r e 
sponse to increasing SPM, the mass filtered and  d e 
posited as faeces and  pseudofaeces increases with 
SPM, reach ing  a m axim um  at ca 200 m g SPM E 1 
(Navarro & Widdows 1997). Consequently, as the SPM 
increases from low values in the spr ing /sum m er to high 
values in the au tum n/w in te r  period, due  to the physi
cal/biological interaction (i.e. inc reased  river flows and 
storms com bined with a biologically m ediated  increase
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in sed im ent erodability), the biodeposition rates will in 
crease. However, most of the material deposited  during 
the period of slack high water, w he the r  by the process 
of natural sedimentation or biodeposition, will be r esus
pen d e d  aga in  w h en  currents increase above the critical 
erosion threshold. Any retention  and  long-term in 
corporation of recently  deposited  material into the bed 
sedim ent will be d e p e n d e n t  on the d eg re e  of mixing 
and  vertical transport within the sed im ent involving 
important biological processes (e.g. deposit feeding, 
bioturbation and  burrowing) by species such as M a 
coma balthica, C. edule, H eterom astus filiformis.

During the period from M ay-June  to August-Septem - 
ber there  is ev idence of a slight but consistent change  
in the properties of the sed im ent on the M olenplaat 
tidal flat. Table 3 shows an increase in the %POM  in the 
total sed im ent and  in the <63 pm fraction. This p ro b a 
bly reflects the biological activity within the sediment, 
particularly the processes of biodeposition w hich  will 
enhance  the flux of fine material from the w ater  column 
to the sediment, as well as the process of bioturbation 
which will subsequently  mix and  trap this material in 
the sediment. The % POM  in the <63 pm fraction in 
creased  by an  average  of 41 % be tw een  June  and  S ep 
tem ber  for Sites 1, 2 and  3, com pared  to only 5%  for 
Site 5 with minimal suspension-and deposit-feeding ac 
tivity. These findings support the observations of 
Austen  (1997), who found that benthic  fauna p layed  an 
im portant role in modifying the composition of surficial 
sedim ents and  established positive relationships b e 
tw een  animal a b u n d a n ce  and  % m ud content and 
faecal pellet volume in tidal flats. Data for 1997 indicate 
that the % POM  in the fine fraction and the silt content 
of the M olenplaat subsequen tly  decline over w inter 
before increasing aga in  during the spring-summer. 
This decline in the %POM  and  silt particles is probably  
the result of increased  physical d isturbance (tidal cur- 
r en ts /nver  flow and  w ind /w ave  action) com bined with 
the reduced  biological activity during the winter period 
(i.e. suspension feeding for deposition, bioturbation for 
sedim ent mixing, and  productivity of benthic a lgae to 
enhance  sed im ent binding).

During the second ECOFLAT field campaign, there 
was a major storm (Force 9 on 28 August 1996) and 
the m ain  visual impact of this storm was to deposit a 
fine layer of sand  g ram s on the sedim ent surface at 
Sites 2 and  3. The surface was transformed from a very 
smooth to a slightly r ippled surface (ca 5 mm  height), 
but with little ev idence of significant erosion or scour
ing of the sed im ent surface. However, after 24 h there 
was evidence of mixing and  burial of the surface sed i
ment, particularly by the faecal deposits of the a b u n 
dant head -dow n ' deposit feeder  H eterom astus fili
formis (13 000 ind. m f2; P. H erm an  unpubl. data). After 
3 d the surface had  re tu rned  to its original appearance

(i.e. smooth surface with a high density  of small po ly
chaete  tubes and  faecal deposits and  no ev idence of 
sand  grains on the surface). Table 3 p resen ts  observed  
changes  in the  physical and  chemical properties  at 
Site 2 over a period of 6 d post-storm. The time series 
shows an  increase  in the sand  content (58 to 70%), a 
decline in the % PO M  (3.2 to 2.8%), and  a decline fol
lowed by a rise in chi a and  carbohydrates.  O b se rv a 
tions within the flume after erosion (Phase 2) and  in 
the field (post-storm) h ighlight the adaptabili ty  and  
rapid recovery of the benthic  biota following periods 
of physical d isturbance.

W hen assessing the potential for sed im ent erosion 
and  deposition at the M olenplaat sites and  the relative 
balance  be tw e en  the 2 processes, it is ap p a ren t  that 
the central Sites 2 and  3 have g rea te r  potentia l for fine 
sed im ent accumulation. At these sites, both the erosion 
rate  is lower and  the deposition rate  is h igher  than  the 
sites on the edge  of the tidal flat. This applies in May- 
Ju n e  and  A ugust-Septem ber,  and  appears  to be p ri
marily the  result of biological processes and  the b io
logical properties  of the sediment.

The deve lopm ent of algal films on the  tidal flat also 
provides some im portan t positive feedback  to both the 
benthic and  planktonic algal communities, by re d u c 
ing tidal sed im en t resuspension  and  turbidity, the reby  
increasing light pene tra tion  in the w ate r  column. The 
e n h a n ce d  light pene tra tion  will therefore provide 
feedback  and  encourage  both benthic  and  planktonic 
algal productivity. Any erosion of surficial sedim ents 
will result in m icrophytobenthic a lgae  being m ade  
available to suspension feeders, but these  animals will 
also serve to en h a n ce  algal sedim entation  rate, pa r t ic 
ularly if depos ited  via rejection pa thw ays  as p se u d o 
faeces or intestinal faeces.

C onclusion

In conclusion, this study has dem onstra ted : (1) S p a 
tial and  tem poral variation in the sed im ent erodability 
of a tidal flat, which reflects changes  in the overall b a l 
ance b e tw e en  the major biological 'stabilisers' (micro
phytobenthos) and  'destabilisers' (bioturbating clams). 
Centra] sites w ere  less e rodable  than those at the edge  
of the tidal flat, and  sed im ent erosion potentia l was 
> 10- to 60-fold h igher  in S ep tem ber  com pared  to June.
(2) The m icrophytobenthos are eroded  and  suspended  
in the w ate r  column w hen  flood and  ebb  tidal currents  
are grea ter  than  the critical erosion velocity. They are 
then  m a d e  available to suspension  feeders (e.g. C eras
toderm a edule, M ya arenaria), but those filter feeders 
can also en hance  the  deposition of the m ic rophy toben
thos via pseudofaeces  and  intesiinal faeces. F u r th e r 
more, the biodeposits of suspension  feeders can alter
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the na tu re  of the sediment. (3) Similar relationships 
b e tw e en  SPM and  curren t  velocity have been  r e 
corded  in the field and  in the annu lar  flume. This indi
cates that flume studies reflect the processes occurring 
in the field, and  can therefore play an  im portant role in 
quantifying and  unders tand ing  the role of biological 
and  physical processes  in benthic-pelagic exchanges 
and  sed im ent dynamics.
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