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ABSTRACT- A seasonal  s tudy of o rganic  m at te r  m ineral izat ion  ra tes was m ad e  at 8 in te r t ida l  stations 
in the W este rsche lde  Estuary (The Netherlands).  O rgan ic  m at te r  mineral iza t ion  rates,  b a se d  on the 
gaseous  emiss ion  of carbon  dioxide and  m ethane ,  sh o w ed  significant dynam ic  tem pora l  a n d  spatial  
variabil ity  at various scales. Annual  rates of o rganic  m at te r  m ineral izat ion  va r ied  from 8 to abou t  
339 mol C m “2 yr“1. The  tem p era tu re  d e p e n d e n ce  of o rganic  m atter  d eg rad a t io n  was d esc r ibed  using 
an  A rrhen ius - type  equation. Activation energ ies  r an g ed  from 54 to 125 kJ mol-1 a n d  co rre la ted  n e g a ­
tively w ith  d ep th - in teg ra ted  rates of mineralization. Spatial d ifferences in m ineral iza t ion  w e re  m ainly  
due  to d ifferences  in the lability of the  o rganic  matter, since the quanti ty  of o rgan ic  m at te r  was similar 
b e tw e e n  sta tions on an  a rea l  or volume basis. Average  first-order decom posit ion  ra te  constan ts  ra n g e d  
from 0.2 to 7 yr“1 and  d e creased  towards the seaw ard  e n d  of the es tuary  d u e  to ag e in g  of riverine- 
derived materia l.  Intertidal sed im ents  w e re  es t im ated  to account  for abou t  25 uo of the total carbon  
re tention  in the W esterschelde  estuary.
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INTRODUCTION

Estuaries lie at the  in terface be tw e en  freshw ater  and  
m arine systems forming the transition be tw e en  these 2 
environm ents  (M artens & G oldhaber  1978). They are 
highly variable an d  dynam ic systems with la rge s e a ­
sonal an d  spatial g rad ien ts  (Heip et al. 1995). In order 
to eva lua te  the im portance  of benthic mineralization in 
biogeochem ical cycles of es tuarine  ecosytems, it is 
therefore m andato ry  to consider temporal and  spatial 
variability. A lthough  there  are  m any  studies of benthic  
mineralization rates in es tuarine  systems, most are 
restric ted to a lim ited salinity range  (e.g. H arg rave  & 
Philips 1981, 1989, H am m o n d  et al. 1985, Silverberg & 
Sundby 1990, T herk ildsen  & Lomstein 1993) or have an 
incomplete seasonal coverage (Boynton & Kemp 1985, 
Burdige 1991). N o tab le  exceptions are the studies of
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sed im en ta ry  carbon m ineralization  rates  in N orsm inde 
Fjord, D enm ark  (Jo rgensen  & S orensen  1985), the 
White O ak  River estuary, North  Carolina, USA (Kelley 
et al. 1990), C h e sa p e a k e  Bay, USA (Roden & Tuttle 
1993a, b), Tómales Bay, California, USA (Dollar et  al. 
1991, C ham bers  et al. 1994) an d  som e Texas, USA, 
es tuaries  (Yoon & B enner  1992, Z im m erm an  & B enner
1994). In all these  systems, rates  of ben th ic  carbon  m in ­
eralization show p ro n o u n ce d  seasonality  accord ing  to 
tem pera tu re ,  while significant spatia l variability is 
obse rved  in the White O ak  River es tua ry  (Kelley et al.
1990), C h e sa p e a k e  Bay (Roden & Tuttle 1993a, b) and  
Galveston Bay, Texas (Z im m erm an & B enner  1994), 
but not in N orsm inde Fjord (Jo rgensen  & S orensen  
1985) or the N ueces and  G u a d a lu p e  es tuaries  in Texas 
(Yoon & B enner  1992).

Studies on ben th ic  m ineralization  in es tuar ine  eco ­
systems have b ee n  limited not only in te rm s of their 
tem poral and  spatial coverage,  b u t  also in te rm s of 
their  habitat; i.e. sub tidal versus  intertidal.  The m a jo r ­
ity of studies on ben th ic  m ineralization  in es tuaries
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repo r t  an d  discuss results for sub tidal a reas  only (Heip 
e t al. 1995), with the  exception  of those execu ted  in the 
Bay of Fundy, C a n a d a  (H argrave & Phillips 1989), and  
Flax Pond, Long Island, USA (Mackin & Swider  1989). 
Yet in te r t idal  sed im ents  cover la rge  a reas  in meso- and  
m acro-t ida l  estuaries,  a re  an  im portan t site for the 
accum ula t ion  of sed im en ts  an d  associa ted  organic 
matter,  an d  are  the  type of sed im en ts  most often s tu d ­
ied for the ir  faunal com position (Heip et al. 1995).

In this p a p e r  w e repor t  results  of a seasonal study of 
se d im e n ta ry  o rganic  carbon  m ineralization  rates at 8 
in te r t ida l  stations a long the  salinity g rad ie n t  of the 
W este rschelde  Estuary, The N ether lands .  M inera liza­
tion rates  are  b ased  on the  inorganic  carbon  efflux and  
exhibit  significant spatial and  seasonal variability,

MATERIAL AND METHODS

Study site. T he  n v e r  Schelde, with a total leng th  of 
330 km, flows th rough  France, Belgium, and  The 
N e th e r lan d s  before  it flows into the  North  Sea (Fig. 1). 
The tidal am p litude  varies from 2 to 5 m, and  tidal 
e x c h a n g e  (about 45 000 m 3 s ' 1) is m ore  im portan t  than  
f re shw ate r  d ischarge  (50 to 200 m 3 s ' 1) in the  estuary. 
D ue to the  tidal range ,  in te rt idal  sed im ents  a re  the p r i­
m ary  site of ben th ic  carbon  m ineralization  an d  carbon 
burial in the  W este rschelde  Estuary  (Soetaert  & H e r ­
m a n  1995). The S chelde is heavily  po llu ted  by the  d is­
ch a rg e  of im portan t  cities, active industria l a reas  and  
in tensive  livestock farming. As a consequence ,  the 
es tua ry  is a highly he te ro troph ic  system  with  annua l 
ca rbon  losses rang ing  from 16 to m ore  th a n  100 mol C 
m "2 (Soetaert & H e rm a n  1995). In the  tidal f reshw ater  
p a r t  of the  estuary, m ineralization  results  in suboxic to 
anoxic conditions in the  w a te r  column.

A pproach. Rates of o rganic  m a tte r  m ineralization 
can be es t im ated  from: (1) the  consum ption  of organic
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Fig. 1. W es te rsche lde  Estuary  (The N e ther lands) ,  showing 
sam pling  locations

matter, (2) the consumption of oxidants and  (3) the p ro ­
duction of metabolites. Each of these  3 app roaches  
m ay be based  on experim ental rate m e asu rem en ts  or 
chemical gradients in com bination with m ass-ba lance  
considerations (Jorgensen  1983, Henrichs 1993, M id­
de lbu rg  et al. 1993). C arbon  mineralization  rates 
repo r ted  in this study w ere  assessed  using  the third 
approach, nam ely  the production of C 0 2 a n d  C H 4, the 
2 major end-products  of carbon mineralization. In ter­
tidal sedim ents m ay re lease  inorganic carbon  (T C 02, 
C H 4) as dissolved C 0 2, H C 0 3y C 0 32'  and  C H 4 during 
inundation  or as gaseous  C 0 2 an d  C H 4 dur ing  expo ­
sure. Organic carbon m ineralization rates  will be 
b ased  on the  release of gaseous carbon com pounds 
during  air exposure.

Sam pling. In order to study the rate  of sed im entary  
organic m atte r  decomposition as a function of organic 
m atte r  input and  decomposition pathways, 8 r e p re se n ­
ta tive intertidal tidal flat stations w ere  se lec ted  (see 
Table 1). All stations w ere  located high in the  intertidal 
zone w here  sedim ents  are  exposed to air at least 14 h 
per  day. Stations D urm e and  N otelaar  a re  the tidal 
freshw ate r  end-m em bers  of the estuary, s tations Lillo 
and  Doei rep resen t  the in te rm ed ia te  b rack ish  part, s ta ­
tions Paal and  Bath comprise the in te rm ed ia te  saline 
pa r t  and  stations W aarde  and  E llewoutsdijk  are  the 
saline end-m em bers  of the es tuary  (Fig. 1). Replicate 
m e asu rem en ts  of carbon dioxide and  m e th a n e  fluxes 
w ere  m ade  m onthly from S ep tem ber  1990 through  
D ecem ber  1991 to provide information on o rganic  m a t­
ter decomposition rates a long the es tua r ine  grad ien t  
and  seasonal variability. Flux m e asu rem en ts  w ere  
m a d e  systematically at low tide and  w ith in  a single 
w ee k  for each  es tuarine survey. W ooden w alkboards  
w ere  constructed  and  used  to red u c e  d is tu rbance  
ca used  by rep e a te d  visits and  to reduce  spatia l var i­
ability. Results for Doei have been  p re se n te d  by M id­
de lburg  et al. (1995).

In order to de te rm ine  short- term  variability, a d d i­
tional m e asu rem en ts  w ere  m ade  at the in te rm ed ia te  
brackish station Lillo. Firstly, be tw e en  J u n e  5 and  25, 
1993, duplicate  flux m e asu rem en ts  w ere  m a d e  each 
day  to de term ine  the daily variability of gaseous  fluxes 
an d  its possible relation with the sp n n g - n e a p  tidal 
cycle. Secondly, on July 8, 1993, carbon dioxide and  
m e th an e  fluxes w ere  d e te rm ined  starting im m edia te ly  
following air exposure  until su b se q u en t  flooding. 
T hese  data give information on the variability over an 
8 h period of exposure.

G aseous flux m easurem ents. The re lease  of carbon 
dioxide and  m e th an e  was m e asu red  by m onitoring 
accum ulation  of the  gases  b e n e a th  cham bers  p laced  
over the sed im ent surface. The cham bers  h a d  a 0.11 m 2 
base, a volume of 45 1 and  w ere  m ade  of n o n - t ra n sp a r ­
en t  polypropylene. During the Lillo sem i-d iurnal tide



M i d d e lb u r g  e t  al.. O r g a n ic  m a t t e r  m in e r a l iz a t io n  m  in te r t id a l  s e d i m e n ts 159

exper im en t a polypropylene base w as installed to p r e ­
vent any spatial variability and  to reduce  sed im ent d is­
tu rbances during  ch a m b e r  flushing.

Carbon dioxide an d  m e thane  concentra tions w ere  
m easu red  by circulating cham ber  air th rough  Teflon 
tubes b e tw e en  the ch a m b e r  and  the gas monitor. M e a ­
su rem ent with the mult i-gas monitor used, a Brüel & 
Kjaer type 1302, is b ased  on the photoacoustic  infrared 
detection method. Briefly, after thorough flushing of the 
Teflon tubes and  analysis cell, the air sam ple is h e rm e t­
ically sealed  in the analysis cell. The light em itted  by a 
pulsating  infra-red light source and  purified by a nar- 
row -band  optical filter is selectively adsorbed. The te m ­
pera tu re  of the gas increases  and  decreases  in response 
to the pu lsa ting  light transmitter, and  this causes an 
eguivalen t increase and  d ec rease  in the p ressu re  of the 
gas  in the closed cell. Two ultrasensitive microphones 
m ounted  in the cell a re  used  to m easu re  this p ressure  
wave, which is directly proportional to the co ncen tra ­
tion of the gas. Various gases  can be m e asu red  in the 
sam e sam ple  using different filters. A sequentia l m e a ­
su rem en t  of carbon  dioxide and  m e th an e  takes about 
90 s. Detection limits for carbon dioxide and  m e thane  
are 3 and  0.1 ppmv, respectively, and  the response for 
both gases is l inear up  to several thousand  ppmv. The 
reproducibilities at am bien t levels are abou t 1 and 
10%, respectively. Fluxes w ere  calculated  by r e g re s ­
sion analysis from the  recorded  change  in co ncen tra ­
tion over time, usually  about 30 mm; regression slopes 
with a significance of p > 0.05 w ere  considered  to be 
non-significant. Slopes with p < 0.01 w ere  usually  o b ­
ta ined  with m in im um  detec tab le  fluxes of 0.13 mmol 
C H 4 n r 2 d"1 and  3.3 mmol C 0 2 m r2 d“1.

The results w ere  also used  to distinguish bubbling  
events  from diffusive fluxes, since bubb ling  events 
may cause an a b ru p t  shift in detector  ou tput (Fig. 2). 
Diffusive fluxes, e i ther  molecular or en h a n c e d  by b u b ­
ble tubes, result in a continuous increase, w hereas  
ebullition causes an episodic increase in m e th an e  con ­
centrations. This parti t ioning approach  has, however, a 
bubb le  detection resolution be tw e en  abou t 2 and  
30 min, which is d e te rm in e d  by the m e asu rem en t  fre ­
quency  an d  duration  respectively. Very high bubbling  
frequencies  (<2 min) will result m  a semi-continuous 
rise in m e th an e  concentrations. Similarly, bubbling  
events  m ay not be reco rded  during  the m e asu rem en t  
period if the bubb ling  f requency  is too low.

Sedim ent. During each  sam pling period and  at each  
station, the porosity, salinity and  the organic carbon 
(C) and  nitrogen  (N) contents w ere  de term ined  at 3 or 
more dep th  intervals. Porosity was calculated  from 
w ater  contents (weight loss on drying at 105°C) a s su m ­
ing a dry density  of 2.55 kg d m '3; salinity was ca lcu ­
la ted  from the chlorimty de te rm ined  by potentiometric 
titration with A g N 0 3. Sedim ent C and  N contents w ere
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Fig. 2. E xam ple  of m e th a n e  flux m ea su re m e n t .  Diffusive 
fluxes a re  calcu la ted  by l inear regress ion , an d  b u b b le  fluxes 

by the d ifference  Total -  Diffusive = Bubble  flux

d e te rm in ed  using a Carlo-Erba CN ana lyzer  following 
a recently  deve loped  in situ HC1 acidification p ro c e ­
dure  (N ieuw enhuize  et al. 1994).

Statistics. A nnual flux es tim ates  w ere  ca lcu la ted  by 
in tegration  of the curves connect ing  m onthly  av e rag es  
of replicate  m e asu rem en ts .  S tanda rd  errors are  b ased  
on the bootstrap techn ique ,  a nonparam etr ic  m e th o d  
(Efron 1979). All o ther  s ta n d a rd  deviations are  b ased  
on a norm al distribution and  are  com bined  errors using 
the squa re  root of sum -of-squares  te chn ique  for p r o p a ­
gation of errors as sum ing  in d e p e n d e n c e  of errors. 
Analysis of var iance (ANOVA), b ased  on log - trans­
formed data, was u se d  to eva lua te  significant d iffer­
ences  b e tw e en  stations an d  the  significance of s e a ­
sonal, daily or hourly variability. O ther  statistical 
calculations w ere  m a d e  following Sokal & Rohlf (1995) 
using SYSTAT (Wilkinson 1990).

RESULTS 

Site characteristics

In tertidal sed im en ts  in the  W esterscheld t Estuary  are  
generally  dom ina ted  by silt, but vary from silty m ud  to 
fine sand. The m uddy  sed im ents  at D urm e had  the 
h ighest porosity (0.85), while  the  sandy  sed im en ts  at 
Bath had  the lowest porosity (0.54; Table 1). A verage  
pore -w a te r  salinity ra n g e d  from 0.8 psu  at the  tidal 
f reshw ater  station D urm e to 26.5 psu  at the most saline 
station, Ellewoutsdijk  (Table 1).

The organic carbon  a n d  n itrogen  conten ts  of the  s e d ­
im ent varied from 1.4 to 4.6 w t%  and  0.09 to 0.42 wt%  
C and  N, respectively; the re  w as no g rad ie n t  b e tw e e n
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0 a n d  40 cm. M olar  C:N ratios ran g e  from 13.2 to 22.3. 
S ed im en ts  from the tidal freshw ate r  stations had  the 
h ighes t  C a n d  N contents and  lowest C:N ratios. H o w ­
ever, if concentra tions w ere  exp ressed  on a volume 
basis ra th e r  than  on a dry  w eigh t basis the re  w ere  only 
minor d iffe rences b e tw e e n  the  stations (Table 1).

Carbon d ioxid e and m ethane iluxes

Fluxes of carbon  dioxide and  m e th a n e  from the sed i­
m ents  to the  a tm osphe re  w ere  highly variable, both  in 
space  and  time, w ith  a ran g e  of abou t 4 orders of m a g ­
n i tude  (Fig. 3). A nnual rates of carbon  dioxide emission 
var ied  from abou t  8 mol C m ' 2 at Bath to abou t 137 mol 
C m "2 at D urm e (Table 2). A nnual m e th a n e  emission 
ra tes  ra n g e d  from abou t 0.04 mol C i r r 2 at the saline 
stations W aarde  and  Ellewoutsdijk  to abou t 200 mol C 
m r 2 at Durm e. T he  total am o u n t  of carbon  em itted  a n ­
nually  var ied  from 8 to 339 mol C n r 2 yr"1. ANOVA 
analysis of the  carbon  dioxide an d  m e th a n e  flux m e a ­
su rem en ts  ind ica ted  highly significant d ifferences b e ­
tw e e n  stations ( C 0 2: n = 238, F -  102, p < 0.0001, C H 4: n 
= 189; F=  141, p < 0.0001) and  seasons ( C 0 2: n = 238, F  
= 44.8, p < 0.0001, C H 4: n = 189; F= 5.1, p < 0.0001). Due 
to the  u n b a la n c e d  n a tu re  of the ANOVA analysis, it 
w as not possible  to de te rm in e  in teraction  terms.

Temperature

In order to de term ine  the tem pera tu re  d e p e n d e n c e  
of carbon fluxes, the emission rate data w e re  fitted to 
the Arrhenius equation:

Rate of emission = A exp( -Ea/RT),  (1)

w h ere  A is a p re-exponen tia l  factor; Ea is the  ap p a ren t  
activation ene rgy  (kJ mol-1). R is the gas  constant 
(8.314 X IO-3 kJ mol 1 K-1) and  T is the abso lu te  te m ­
pe ra tu re  (K). T em pera tu re  v a n e d  annually  be tw een  
2 an d  22°C. A pparen t activation energ ies  an d  Q 10 va l­
ues  for carbon dioxide and  total carbon re lease  varied 
from about 55 to 125 kJ mol-1 and  2.2 to 6.3, re sp e c ­
tively (Table 3). The rate  of m e th an e  emission w as not 
significantly re la ted  to te m pera tu re  (p > 0.05).

Temporal variability in gaseous carbon fluxes

Daily carbon dioxide fluxes at Lillo var ied  from 17.5 
to 227 mmol C m -2 d -1 and  av e rag ed  120 ± 9 m mol C 
m -2 d -1 (Fig. 4). M e thane  emission rates ra n g e d  from 
less than  0.14 to 189 mmol C m -2 d -1, with a m e a n  of 
21.6 ± 4.9 mmol C m -2 d -1 . ANOVA results indicated  
that differences existed be tw e en  days for carbon  diox­
ide (n = 39, F = 2.015, p = 0.039) and  m e th a n e  (n = 33,

Tab le  1 Description of sam pling  sites in the W este rschelde  Estuary. Values are m ean s  ± SD. POC: particula te  o rgan ic  carbon,-
TN: total n i trogen

Station Salinity
(psu)

Porosity POC
(wt%)

TN
(wtV)

Molar C/N 
ratio

POC 
(mmol cm -3)

D u rm e 0.8 ± 0.4 0.85 ± 0.03 4.6 ± 0.3 0.42 ± 0.07 13.2 ± 1.3 1 5 ± 0.1
N o te la a r 1.6 ± 0.8 0.78 ± 0.06 3,1 ± 0.6 0.24 ± 0.06 14.7 ± 1.0 1.4 ± 0.3
Lillo 10.2 ± 1.9 0.65 ± 0.04 2.4 ± 0.3 0.16 ± 0.01 16.5 ± 1.7 1.8 ± 0.2
Doei 11.4 ± 2.6 0.74 ± 0.08 2.6 ± 0.5 0.18 ± 0.02 16.8 + 2.9 1.4 ± 0.3
Paal 15.7 ± 3.3 0.62 ± 0.06 1.7 ± 0.3 0.12 ± 0.01 18.0 ± 3.7 1.4 ± 0.3
Bath 14.3 ± 2.7 0.54 ± 0.07 1.5 ± 0.5 0.11 ± 0.04 15.4 ± 1.1 1.5 ± 0.5
W aard e 15.8 ± 3.4 0.63 ± 0.07 1.4 ± 0.4 0.09 ± 0.03 18.3 ± 4.2 1.1 ± 0.3
Ellewoutsdijk 26.5 ± 3.6 0.61 ± 0.09 1.9 ± 0.4 0.09 ± 0.04 22.3 ± 6.4 1.6 ± 0.4

Table  2. A nnua l  c a rb o n  fluxes (mol C n r 2 yr ') a t the stations in the W esterschelde  Estuary. Integra In tegra ted  fluxes

Station CO
Integr.

2
SD

c h 4
Integr. SD

C-flux 
Integr. SD

Max. contribution of 
m e th an o g en es is  (%)

D urm e 137 20.7 202 16.9 339 26.7 100
N ote laar 57.1 7.9 69.8 10.0 127 12.7 100
Lillo 19.3 3.4 8.3 3.5 27.6 4.9 60
Doei 18.6 2.9 2.55 1.15 21.2 3.1 24
Paal 9.8 2.4 0.11 0.05 9.9 2.4 2.1
Bath 7.9 1.7 0.14 0.05 8.0 1.7 3.5
W aard e 16.4 2.9 0.04 0.03 16.5 2,9 0.5
Ellewoutsdijk 17.8 3.3 0.05 0 05 17.8 3.3 0.6
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Fig. 3. Seasonal carbon dioxide (solid symbols) a n d  m eth a n e  (open symbols) fluxes. C a rbon  fluxes a re  g iven  in m mol C m 2 d 1 
The  lines connect  the averages  of replicate  m easu rem en ts .  Note the  d ifferences in scale

F = 2.359, p = 0.048) release. An autocorre la tion test 
(r = 0.39 for carbon dioxide and  r = 0.04 for methane)

Table  3. Seasonali ty of carbon  dioxide fluxes and  m ineral iza­
tion ra tes at sam pling  sites in the W esterschelde  Estuary.  A p ­
paren t  activation en erg ies  (Ea) and  their s tan d ard  errors (SE) 
w ere  obta ined  by linear regress ion  of the logarithm of the rate 
versus 1 IT, w h e re  T  = temperature,- Q 10 values w ere  derived 
by re la ting the rate  to t em p era tu re  using an  exponentia l  

equation

Station c o 2 C-flux
Fa SE Qio Ha SE Qio
(kJ mol ') (kJ mol ')

Durme 86 16 3.6 54 14 2.2
Notelaar 76 11 3.0 56 20 2.3
Lillo 99 31 4.3 102 35 4.6
Doei 102 33 4.6 109 33 5.1
Paal 115 21 5.3 116 21 5.4
Bath 97 11 4.1 98 10 4.1
W aarde 125 32 6.3 122 31 6.0
Ellewoutsdijk 121 30 5.9 121 30 5.9

and  a non -param etr ic  runs test with a significance 
worse than  10% show ed  tha t the re  was no relation 
b e tw e en  gaseous carbon  fluxes an d  the neap -sp r ing  
tidal cycle.

C arbon  dioxide and  m e th an e  fluxes during a single 
period of tidal exposure  ran g e d  from 56.4 to 121 and  
3.8 to 129 mmol C m ' 2 d - 1 , an d  av e ra g e d  86.3 ± 5.2 and  
45.2 ± 13.2 mmol C n r 2 d~* , respectively  (Fig. 5). C a r ­
bon dioxide emission rates w ere  not significantly 
affected by the time of m e a su re m e n t  (n = 11, F =  1.7, 
p = 0.29), w h erea s  the  m e th a n e  flux was (n = 11, F  = 
7.1, p = 0.03). A post-hoc Tukey-K ram er  test ind icated  
that the m e th an e  flux m e a su re d  b e tw e e n  15:00 and 
17:00 h differed from the fluxes m e a su re d  during  the 
first few hours (p = 0.04), bu t  not from those m e asu red  
at other times. This variability in m e th a n e  emission at 
hourly time scales is due  to the  episodic n a tu re  of e b u l ­
lition (e.g. see Fig. 2). Bubble escape  rates  w ere  high 
imm ediate ly  following exposure  and  just before in u n ­
dation (Fig. 5). This may be re la ted  to the p ressu re  
re lease  during  falling tide (Chanton  et al. 1989) or to a
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Fig. 4, Variability of carbon  dioxide and  m e th a n e  fluxes d u n n g  
the Lillo experim ent.  C a rb o n  fluxes a re  g iven  in m mol C m ' 2 
d " 1. T he  line connects  the av era g es  of rep lica te  m easu rem en ts

pressu re  w ave  re la ted  to rising w ate r  levels. On the 
basis of ab ru p t  inc reases  in m e th a n e  concentra tion  
dur ing  flux m easu rem en ts ,  ebullition se em e d  to dom i­
na te  overall fluxes of m e th a n e  at Durme, Notelaar, 
Lillo an d  Doei. During bubb ling  events, individual 
m e th a n e  re lease  rates from ebullition ra n g e d  from less 
than  14 m mol C m -2 d ' 1 up to abou t 275 mol C i r r 2 d"1.

Fig. 6 shows the  seasonal cycle of carbon  dioxide 
fluxes at Lillo for 1991, as well as m ore limited data  
tha t a re  available  for 1990 and  1993. T he  ag re em e n t  
in carbon  dioxide fluxes b e tw e en  these  3 years 
is good considering  possible in te rannua l  d ifferences 
in m eteorological conditions, river d ischarge, etc. For 
comparison, we have  also inc luded  d ep th - in teg ra ted  
rates  of carbon dioxide p roduction  m e a su re d  in 1991 
a n d  1992 at Ballastplaat, a nea rby  in tertidal flat 
(Panatrakul 1993). T hese  d ep th - in teg ra ted  carbon 
dioxide p roduction  rates are  b ased  on d e p th - in te ­
g ra ted  sulfate reduc tion  rates ob ta ined  by w hole  core 
incubation  with 35S 0 4 an d  a stoichiometric factor of 2 
(2C H 20  + S 0 42~ —> H 2S + 2 H C 0 3”). The excellent 
a g re e m e n t  b e tw e e n  m e a su re d  carbon  dioxide em is­
sion rates at Lillo and  carbon  dioxide p roduction  rates 
b ased  on sulfate reduc tion  at Ballastplaat has  2 major 
implications. Firstly, this similarity reinforces the 
in te ran n u a l  reproducibili ty  of seasona l patterns .  S ec­
ondly, the s trong a g re e m e n t  implies that carbon  diox-
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m at te r  m ineralization based  on gaseous  carbon  dioxide m e a ­
su rem en ts  m ad e  at Lillo in different m onths  in different years. 
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in te g ra te d  sulfate  reduction  rates m ad e  at n ea rb y  Ballastplaat 
(Panatrakul  1993). Lines indicate  ave rage  va lue  for that  time 

p e n o d

ide fluxes m e asu red  at low tide provide a good m e a ­
sure of dep th - in teg ra ted  carbon dioxide production 
rates.
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DISCUSSION

In the absence  of any oxidants, organic carbon m in ­
eralization th rough  ferm entative processes results in 
the production of equa l  am ounts  of carbon dioxide and  
m e th an e  according to:

2 C H 20  - r  C 0 2 + C H 4 (2)

The availability of oxidants results in a proportionally 
g rea ter  am ount of carbon dioxide relative to m ethane ,  
ei ther  directly:

C H 20  + oxidant —> C 0 2 + reaction products (3)

or indirectly th rough  oxidation of the m e th an e  formed 
by fermentation:

C H 4 + oxidant —» C 0 2 + reaction products (4)

Accordingly, the net production  of carbon dioxide and 
m e th an e  in tegrates  all metabolic processes involved in 
carbon mineralization since these 2 com ponents  are 
the ultimate reaction products.

If s teady-sta te  conditions apply to a sed im ent sys­
tem, then  the sum of all reactions in the sed im ent 
should be balanced  by the flux out of the sediment, 
and  the com bined effluxes of carbon dioxide and  
m e th an e  provide a m easu re  of organic m atter  m inera l­
ization rates. T hese  estimates may, however, deviate  
from true mineralization rates if (1) there  is assimila­
tion of carbon dioxide by chem oau to trophs  within the 
sed im ent or photoauto trophs at the sed im ent surface 
(Kelley et al. 1990, C ham bers  et al. 1994, Z im m erm an 
& B enner  1994), (2) there  is significant dissolution or 
precipitation of carbonate  minerals  (Aller 1982, A n d er ­
son et al. 1986, McNichol et al. 1988, G re en  et al. 1993, 
Heip et al. 1995), and  (3) s teady-sta te  conditions do not 
apply. Assimilation of carbon dioxide by (chemo) 
autotrophs can usually be neg lec ted  on seasonal time 
scales and is a ssum ed  not to be quantitatively im por­
tant (Zimmerman & B enner 1994). Assimilation of ca r­
bon dioxide by m icrophytobenthos or other p ho to ­
autotrophs was not possible in our study because  
m easu rem en ts  w ere  ma d e  in the dark. It is not easy  to 
correct our data  for carbonate  reactions because  the re  
may be dissolution reactions in the surface layer and  
precipitation reactions in the d ee p e r  layers of the same 
sed im en t (e.g. Aller 1982, A nderson  et al. 1986). For 
Long Island Sound sediments, G reen  et al. (1993) 
reported  a m ean  net calcium carbonate  dissolution rate 
of about 5.5 mmol C m -2 d"1, with seasonal rates v a ry ­
ing from no ne t  dissolution up to about 19 mmol C m -2 
d"1. However, other studies, including that of M ackin  & 
Swider (1989) with in tertidal sed im ents  in Flax Pond, 
Long Island Sound, have show n tha t carbonate  disso­
lu tion/precipita tion reactions do not contribute signifi­
cantly to carbon fluxes.

N on-s teady-sta te  conditions may arise if production 
rates exceed  emission rates and  the re  is a bu ild -up  of 
Z C 0 2 and  m e th an e  in pore  water, or vice versa if 
effluxes exceed  p roduction  rates and  pore -w a te r  
inventories decrease .  U nder  such transient conditions, 
inorganic carbon effluxes will only reflect net p ro d u c ­
tion rates if corrections are  app l ied  for s torage changes  
(M iddelburg  et al. 1995). This uncoup ling  b e tw e en  
emission and  p roduction  rates is m ore im portan t  for 
m e th an e  than for carbon dioxide. C arbon  dioxide is 
relatively soluble in w a te r  and  any in c re ase /d e crease  
in production rates will result in both h igher/ low er  
pore -w a te r  inventories an d  h igher/ low er  emission 
rates, the net result being  a slight delay  of carbon diox­
ide emission rates relative to production  rates (M iddel­
burg  et al. 1995). Due to the low solubility of m ethane ,  
po re-w ate r  concentra tions of m e th an e  m ay exceed  the 
solubility limit an d  gas bubb les  are  formed upon  con ­
tinuing production of m ethane .  T hese  gas bubb le s  are 
re leased  w h en  hydrostatic  p ressu res  d ec rease  during 
falling tide (Chanton et al. 1989). Data from the Lillo 
8 h exposure  expe r im en t are  consistent with this 
bubb le  re lease  m echanism , though  the significance is 
ra ther  low (Fig. 5). Since our flux m easu rem en ts  w ere  
m ade  at low tide, we m ay have  overes tim ated  the  flux 
of m e th an e  at stations w h ere  ebullition occurs, i.e. at 
Durme, Notelaar, Doei and  Lillo.

A lthough  our carbon  dioxide fluxes w ere  m e asu red  
over a period of 30 min and  at low tide only, they are 
rep resen ta t ive  for long te rm  carbon  dioxide release. 
Firstly, carbon dioxide emission ra tes  w ere  not signifi­
cantly affected  by the  time of m e a su re m e n t  dur ing  the 
8 h Lillo tidal exposure  exper im en ts  (Fig. 5). Secondly, 
carbon dioxide fluxes m e a su re d  at low tide at Doei are  
consistent with carbon  dioxide p roduction  estimates 
b ased  on I C 0 2 pore -w a te r  profiles (M iddelburg  et al.
1995), which have characteristic time scales of w eeks  
ra the r  than hours. Thirdly, carbon  mineralization  rates 
based  on flux m e asu rem en ts  at Doei and  Lillo are  very 
similar to carbon dioxide production  rates b ased  on 
sulfate reduction at the nea rby  Ballasplaat (Panatrakul 
1993). By incubating  whole cores with 35S 0 4 for 5 h, 
P anatrakul ob ta ined  d ep th - in teg ra ted  rates of 24.8, 
162 and  22 mmol C rm 2 d~' in April, July and  D ec em ­
ber 1991, respectively. T hese  carbon  dioxide p ro d u c ­
tion rates correspond  closely with those b ased  on ca r ­
bon dioxide fluxes at Doei (37.6, 157, 26.7 m mol C m -2 
d -1, respectively) and  Lillo (37.1, 149, 11.2 m mol C m"2 
d_1, respectively; Fig. 6). Moreover, an n u a l  carbon 
mineralization rates at Ballasplaat based  on sulfate 
reduction (18.8 mol C m"2 y r 1; P ana traku l  1993) are 
very similar to those b ased  on extrapolation  of shor t­
te rm  carbon  dioxide flux m easu rem en ts  m ade  during  
air exposure  at Lillo (19.3 ± 3.4 mol C n r 2 yr*1) and  
Doei (18.6 ± 2.9 mol C n r 2 y r 1).



164 iMar Ecol P ro g  Ser  132: 15 7 -1 6 8 ,  1996

Being aw a re  of these  restrictions on the applicability 
of emission rates as a m e asu re  of total mineralization 
rates, we will assess the  rela tive im portance  of fe rm en ­
ta tive an d  oxidative pa thw ays  of o rganic m atte r  m ine r­
alization. At the  most saline stations, Paal, Bath, 
W aarde  and  Ellewoutsdijk, o rganic m atte r  m ineraliza­
tion occurred  th rough  oxidative pathw ays  (>97 %), and  
m e th a n e  fluxes can be neg lec ted  in carbon budgets  
(Table 2). Ferm en ta tive  pa thw ays  could potentially 
accoun t for all m ineralization  at D urm e and  Notelaar, 
for ab o u t  60%  at Lillo and  abou t for 24%  at Doei 
(Table 2). A lthough  these  num bers  p robably  are  over­
es tim ates  due  to the te n dency  of m e th a n e  to escape  at 
low tide, they do indicate  tha t ferm entative  pa thw ays  
a re  im portan t  in f re shw ate r  and  b rack ish-estuarine  
sed im ents .  Sulfate availability, and  h ence  salinity, has 
b e e n  rep o r ted  to be the  prim ary factor determ in ing  the 
rela tive im portance  of m e thanogenes is  versus sulfate 
reduc tion  in organic carbon mineralization  in es tuarine 
sed im en ts  (Bartlett et al. 1987, C apone  & Kiene 1988, 
Kelley et al. 1990, H eip  et al. 1995).

Effect of tem perature on benthic m ineralization rates

T he te m p era tu re  d e p e n d e n c e  of ben th ic  m inera liza­
tion is usually  observed  to be  exponentia l  an d  is m o d ­
elled using an in teg ra ted  form of an  A rrhenius-type 
equa tion  (Vosjan 1974, Aller & Yingst 1980, Westrich & 
Berner  1988, this study). It should, however, be rea l­
ized tha t the  A rrhen ius  reaction  rate  law  rela tes  the 
reaction  ra te  constan t (Jc), not the  rate, to the activation 
ene rgy  and  tem pera tu re .  Moreover, the  A rrhenius  
equa tion  has b ee n  derived  for w ell-defined  chemical 
or enzym atic  reactions for which the activation energy  
is constan t by definition (Stumm & M organ  1981). 
O rgan ic  carbon  m ineralization  involves the activity of 
a variety of microbial popula tions consisting of hyd ro ­
lyzing, ferm enting, acetogenic  and  respir ing  bacteria  
on a com plex m ix ture  of o rganic com pounds. Hence, 
the activation en e rgy  es tim ated  with Eq. (1) is an 
a p p a re n t  activation energy, i.e. a m easu re  of an  eco­
logical te m p era tu re  response  of the  total microbial 
community, ra the r  than  an activation en e rgy  in the 
the rm odynam ica l  or biochem ical sense  (Westrich & 
Berner  1988). T here  is no theoretical reason  for a p p a r ­
en t  activation energ ies  of ben th ic  m ineralization to be 
constan t (Tarutis 1992) since the processes  involved 
m ay shift with time, tem pera tu re ,  oxidant availability 
an d  reaction  progress.

A p p aren t  activation energ ies  for ben th ic  m inera liza­
tion repo r ted  in the li terature vary from 23 to 132 kJ 
m o L 1 (Westrich & Berner  1988), with most values clus­
tering  in the ranges  from 50 to 60 kJ mol“1 (Qln 2.1 to 
2.4; Kelly & C hynow eth  1981, Jo rg en se n  & Sorensen

1985, H argrave & Phillips 1989, T herk ildsen  & Lom- 
stein 1993) and  from 70 to 90 kJ  mol“1 (Q10 2.8 to 3.7; 
Vosjan 1974, Aller & Yingst 1980, Westrich & Berner 
1988, Klump & M artens 1989, M ackin  & Swider 1989, 
Swider & M ackin  1989, Roden & Tuttle 1993a). Simi­
larly, values of Ea obta ined  in this study var ied  from 54 
to 125 kJ mol“1 (Table 3). This range  of values suggests  
tha t the  te m pera tu re  d ep e n d en c e  of ben th ic  m inera l­
ization rates is highly variable an d  may d ep e n d  on the 
substra te  and  processes involved.

Direct ev idence for variable a p p a re n t  activation 
energ ies  has  been  reported  by Crill & M artens (1987) 
and  Westrich & Berner (1988). In C ape  Lookout Bight 
(North Carolina, USA) sediment,  the a p p a re n t  Ea for 
dep th  in tegrated  sulfate reduction rates is 114 kJ 
mol“1 in the sum m er and  23 kJ mol“1 in winter. Crill 
& M artens (1987) a t tr ibuted  this change  in Ea to a 
change  in the reaction m echan ism  be tw e en  sum m er 
and  winter. On the basis of laboratory  experim ents  
and  field m e asu rem en ts  in Long Island Sound, West- 
rich & Berner  (1988) show ed tha t the tem pera tu re  
d e p e n d e n c e  for sulfate reduction increases  as the 
overall rate of mineralization decreases .  Moreover, 
these  authors observed  a h igher  te m pera tu re  d e p e n ­
d ence  for sulfate reduction rates with increasing 
d ep th  in sediments, w hich they a t tr ibu ted  to d e ­
creases  in mineralization rate  and  rate constants of 
the organic m atte r  with depth.

In Fig. 7, the ap p a ren t  activation ene rgy  of organic 
carbon  mineralization in the W esterschelde Estuary is 
plotted versus the annua l rate of organic m atte r  m iner­
alization. For comparison the  da ta  reported  by West- 
rich & Berner (1988) are  inc luded  as well. For both 
W esterschelde and  Long Island Sound sediments, 
the re  seem  to be fair correlations (r = 0.88 and  0.78, 
respectively) be tw een  ap p a ren t  Ea values and  depth  
in teg ra ted  rates of mineralization. This relation for the 
W esterschelde also holds if only carbon dioxide p ro ­
duction is considered, though  the correlation coeffi­
cient is som ew hat lower (r = 0.63).

In terpreta tion  of these  trends is not straightforward. 
M ethodological artifacts can not be excluded, but are 
unlikely since the W esterschelde trend  is b ased  on 
field m easu rem en ts  of carbon dioxide production, 
w hereas  the data  from Long Island Sound are  based  
mainly on 35S sulfate reduction ra ted  m e asu red  in the 
laboratory, but with some field m e asu rem en ts  in ­
cluded. The trend  observed  for W esterschelde sed i­
m ents  m ight be explained  by invoking a very tight 
coupling be tw e en  tem pera tu re  and  local organic m a t ­
ter input at the  more saline stations with relatively high 
rates of net primary production (Soetaert et al. 1994, 
K rom kam p & P eene  1995) and  low mineralization 
rates, and  no or limited coupling be tw e en  tem pera tu re  
and  organic m atte r  input at stations with high mineral-
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Fig. 7 Activation e nergy  (kJ mol“1) versus d ep th - in teg ra ted  
mineralization rates (mol C m “2 yr“1 ). Solid symbols:  Wester-  
schelde Estuary (this study); open  symbols: Long Island 

Sound da ta  in teg ra ted  to 1 m (Westrich & Berner 1988)

varying from about 340 mol C m “2 yr“1 at D urm e to 
abou t 8 mol C m “2 yr“1 at Bath (Table 2). The rate of 
o rganic m atte r  m ineralization d ep e n d s  primarily on 
the quantity  and  quality of the organic m atte r  ava il­
able (Westrich & Berner  1984, M idde lbu rg  1989, 
B oudreau  1992). The quantity  of the organic carbon, 
as usually  expressed  on a dry w eigh t basis, dec reases  
going dow nstream  from the tidal freshw ate r  stations 
to the m arine  stations (Fig. 8A). For ecological studies, 
it is m ore  appropr ia te  to express  the am oun t of 
o rganic m a tte r  available  for decomposition on a vol­
um e or a rea  basis b ecau se  this accounts for differ­
ences in w ate r  content/porosity . If the am oun t of 
o rganic carbon in the W esterschelde es tuary  is 
expressed  on a vo lum e (Table 1) or an  a re a  basis 
(Fig. 8A), there  is no es tuar ine  gradient.  Accordingly, 
the variability in mineralization  rates a long the West- 
e rschelde Estuary  (Fig. 8B) m ust be due  to spatial dif­
ferences in the lability of o rganic matter.

ization rates. However, net  prim ary production in the 
W esterschelde is very low and  not significant in the 
carbon bu d g e t  (Soetaert & H erm an  1995). A nother  
possibility could be tha t the microbial populations at 
sites with high mineralization rates have a lower ab il­
ity to respond  to te m pera tu re  changes  than  those at 
sites with lower mineralization rates. This m echanism  
could p erh ap s  explain  the laboratory experim ents  of 
Westrich & Berner (1988), but not their or our field 
data, since microbial populations have am ple  time to 
develop and  ad a p t  on seasonal time scales. Auto- 
mhibition at high mineralization rates due to the ac cu ­
mulation of metabolites could account for both the la b ­
oratory as well as the field data. Inhibition due to 
accum ulation  of sulfide can probably  be excluded 
since dissolved sulfide concentra tions are  low in Long 
Island Sound sed im ents  (Westnch & Berner 1988) and 
the suspected  inhibition in W esterschelde sed im ents  is 
h ighest at the freshw ater  sites, w here  sulfate reduction 
is likely less important.  Finally, Westrich & Berner 
(1988) proposed  that organic m atte r  that is less su sc ep ­
tible to deg radation  m ight have a h igher ap p a ren t  ac ti­
vation ene rgy  for decomposition. This m echanism  is 
consistent with the trends reported  in Fig. 7. W hatever 
the cause of these  trends  may be, the use of a constant 
tem pera tu re  correction factor (either Ea or Q10) in m o d ­
elling seasonal rates of benthic mineralization at 
regional scales may lead to inaccura te  results.
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in up p e r  10 cm of sed im en t  and first-order ra te  constant
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The reactivity of organic m a tte r  is usually  expressed  
in term s of a first-order rate  constan t (Berner 1980, 
H arg ra v e  & Phillips 1981, 1989, M idde lbu rg  1989):

R = k C ,

w h e re  R is the rate  of o rganic m atte r  mineralization, C 
is the  concentra t ion  of o rganic m atte r  and  k  is the 
first-order rate  constant. For sed im ents  receiv ing  a 
ce r ta in  am oun t  of o rganic carbon, the  res idence  time 
or the time to reach  95%  of s teady-s ta te  co ncen tra ­
tions can be ca lcu la ted  accord ing  to (Hargrave & 
Phillips 1981):

Residence time = - ln (0 .05) /k  = 3Ik.

A ssum ing  s teady-s ta te  on an an n u a l  basis, the resi­
d en c e  time can also be  ob ta ined  by dividing the 
o rganic  carbon  inventory  in the u p p e r  10 cm of the 
sed im ents  with  the  d ep th - in teg ra ted  mineralization 
rate. O rgan ic  carbon  res idence  times in the  u pper  
10 cm of in te r tidal W esterschelde sed im ents  vary  from 
0.4 to 18.6 yr (Fig 8C). F irs t-order rate  constan t for 
bulk  o rganic  carbon  in the u p p e r  10 cm vary  from 0.2 
to 7 yr"1 (Fig. 8C). A lthough  the m agn itudes  of organic 
carbon  res idence  times and  first-order rate  constants 
d e p e n d  on the  dep th  chosen, the  relative differences in 
o rganic  m a tte r  reactivities rem ain . Bulk organic m atte r  
in the u p p e r  10 cm of in tertidal sed im ent at D urm e has 
an  ave rag e  first-order rate constan t abou t 43 times that 
at Bath. T he  range ,  as well as the m agn itude ,  of first- 
o rder  decay  constants in surficial W esterschelde sed i­
m ents  is similar to those observed  in surficial sed i­
m ents  of C h e sa p e a k e  Bay (0.2 to 14.6 yr"1; Burdige
1991), Long Island Sound (0.8 to 8.8 yr"1; Westrich 
& Berner  1984), Buzzards Bay, M assachusetts ,  USA 
(0.1 to 4.8 yr"1; McNichol et al, 1988), C ape  Lookout 
Bight (0.7 to 11,2 yr"1; M artens  & Klump 1984) and  the 
eas te rn  Passage, Nova Scotia, C a n a d a  (0.2 to 2.1 y r 1, 
H arg ra v e  & Phillips 1981), and  in su sp e n d ed  m atte r  of 
the  u p p e r  Bay of F undy (0.3 to 5 yr"1; H arg rave  & 
Phillips 1989).

The quality  of o rganic matter, as exp ressed  by its 
first-order decay  constant, dec reases  upon  m inera liza­
tion b ecau se  the  m ore labile substra tes  are  consum ed 
first, with the  rem a in ing  substra te  consequen tly  being 
m ore refractory (Westrich & Berner 1984). This age ing  
effect has b ee n  observed  in several environm ents  
covering various time scales (M iddelburg  1989). The 
spatial distributions of m ineralization rates and  first- 
order  decay  constants  show n in Fig. 8 are  consistent 
with input of a l lochthonous organic m a tte r  from both 
the  river an d  sea, and  su b se q u en t  age ing  of this 
o rganic  matter. A recen t carbon  b u d g e t  study of 
Soetaer t  & H e rm a n  (1995) ind icated  that each  year 
abou t 104 000 t C are  imported, abou t 19000 t C are 
p roduced  by au to trophs within, the estuary, about

117000 tonnes C are consum ed and. abou t 7000 t C 
are exported to the North Sea. Soetaert  & H erm an  
(1995) also show ed that a relatively small am ount 
(1000 t C yr"1) of relatively n itrogen-rich  materia l is 
im ported  from the sea and  tha t the majority of 
autochthonous carbon is p roduced  in the m arine part 
of the estuary.

The allochthonous o rganic  m atte r  en ter ing  the e s tu ­
ary from the river is very labile since it is com posed of 
u n d e g ra d e d  sew age  s ludge and  dying freshw ater  
a lgae and  bacteria  (Soetaert et al. 1994, Soetaert  & 
H erm a n  1995). While being transpor ted  dow nstream  
the organic m atte r  undergoes  decomposition and  not is 
su p p le m e n ted  with fresh labile organic m atte r  because  
au tochthonous production is limited to the m arine part 
(Soetaert & H erm an  1995, Soetaert  et al. 1994). As a 
result, the overall lability of the  organic m atter  
decreases  and  both the m ineralization rate and  the 
first-order decay  constant d ec rease  (Fig. 8). In the 
m arine  par t  of the estuary, import of 'fresh' m arine 
organic m atte r  and  local prim ary production  result in. a 
slight increase of labile organic m atte r  and  organic 
m atte r  mineralization rates.

Finally, the annual, carbon mineralization rates 
es tablished in this study can be used  to estimate the 
contribution of intertidal sedim ents  to the total e s tu a r ­
ine consum ption of organic carbon (117000 t C yr"1; 
S oetaert & H erm an  1995). Implicit in our approach  is 
the assum ption  tha t mineralization rates m e asu red  in 
the u p p e r  in tertidal zone can be considered  re p re se n ­
tative of the entire intertidal zone. Rates of annua l 
carbon mineralization ra tes  in the  com partm ents  
defined  by Soetaert & H erm an  (1995) w ere  multiplied 
by the area  of intertidal sed im ents  in these  com part­
ments. The total am ount of organic m atte r  m inera l­
ized. in intertidal sedim ents of the W esterschelde 
Estuary  is abou t 16000 t C yr"1, with abou t 50%  of the 
m ineralization occurring in the lower 50 km  of the 
estuary. Our estimate for m ineralization in intertidal 
sed im ents  is very similar to tha t (21000 t C yr"1) 
repo r ted  by Soetaert  & H erm an  (1995), partly  because  
they have used  the data repor ted  in this study for 
their  model calibration. Estimates for organic carbon 
burial rates in W esterschelde sed im ents  are  very 
scarce. Soetaert  & H erm an  (1995) repo r ted  an annua l 
loss of 7000 t C yr"1 and  M idde lburg  et al. (1995) su g ­
ges ted  a burial rate  of 12500 t C yr"1. On the  basis of 
these  estimates, intertidal sed im ents  rep rese n t  a net 
carbon  sink of abou t 23 000 to 29000 t C yr \  which is 
abou t 25 to 30%  of the total es t im ated  es tuarine 
retention  of carbon (98000 t C yr"1; Wollast 1976, 
S oetaert & H erm an 1995). T hese  very simple ca lcula­
tions provide first-order estimates only, but they do 
indicate that intertidal sed im ents  are  a significant 
com ponen t in es tuarine ecosystems.
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