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Recent observations in  th e  tidal Scheldt River and  E stuary revealed  a poor m icrobiological 
w a ter quality  and  su b stan tia l variability  o f th is quality  w hich  can  hard ly  be  assigned to 
a single factor. To assess th e  im p ortance  o f tides, river discharge, p o in t sources, u p stream  
concen tra tions, m orta lity  and se ttling  a new  m odel (SLIM-EC) w as built. This m odel w as 
first validated  by com parison  w ith  th e  available field m easu rem en ts  o f Escherichia coli 
(E. coli, a com m on  fecal bacteria l indicator) concen tra tions. The m odel sim ula tions agreed 
well w ith  th e  observations, and in  p a rticu lar w ere  able to reproduce  th e  observed long­
te rm  m ed ian  con cen tra tio n s and variability. Next, th e  m odel w as used  to perform  sen si­
tivity  ru n s in  w hich  one p rocess/fo rcing  w as rem oved a t a tim e. T hese sim ulations 
revealed  th a t th e  tide, u p stream  con cen tra tio n s and  th e  m orta lity  process are th e  prim ary  
factors contro lling  th e  long-term  m ed ian  E. coli con cen tra tio n s and  th e  observed variability. 
The tide is crucial to explain  th e  increased  con cen tra tio n s u p stream  o f im p o rtan t inpu ts , 
as well as a generally  increased  variability. Rem arkably, th e  w astew ate r t re a tm e n t p lan ts 
d ischarging in th e  study  dom ain  do n o t seem  to have a significant im pact. This is due to 
a dilu tion  effect, and to th e  fact th a t  th e  con cen tra tio n s com ing from  u p stream  (w here 
large cities are located) are high. Overall, th e  se ttling  process as it is p resen tly  described in 
th e  m odel does n o t significantly affect th e  s im ula ted  E. coli concen tra tions.

© 2011 Elsevier Ltd. All righ ts reserved.

1. Introduction

W ith  its  p o p u la tio n  d e n s ity  o f m o re  th a n  500 in h a b ita n ts  p e r 
k m 2, its  ac tive  in d u s tr ia l d e v e lo p m e n t a n d  its  in te n siv e

a g ricu ltu re  a n d  a n im a l fa rm ing , th e  S ch e ld t w a te rsh e d  
(20,000 k m 2 fro m  th e  N o rth  o f  F rance  to  th e  B e lg ia n -D u tch  
b o rd er, see  Fig. 1) re p re se n ts  a n  e x tre m e  case  o f su rface  w a te r  
a n d  g ro u n d w a te r  p o llu tio n  (EEA, 2004). Im p ro v e m e n t o f w a te r
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Fig. 1 -  Model domain and grid, showing the area of interest (Scheldt River and Estuary) covering only a small fraction, but 
containing a significant number of grid cells, (a) Complete mesh; (b) zoom on estuary and tidal rivers, also showing the 
connection between the ID and 2D models, the different tributaries modelled as well as a few  important locations. 
Important cities are encircled, sampling locations are indicated by coloured circles (blue: our monitorings, green: VMM 
stations, red: estuarine stations sampled during cruises). The sam e colours are used throughout the figures. Km indications 
refer to the longitudinal axis along the Scheldt used for visualising the simulations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

q u a lity  is h o w e v e r  ex p ec te d  for 2015, o w in g  to  th e  ongo ing  
im p le m e n ta tio n  o f th e  EU w a te r  fram e w o rk  d irec tive  (EU, 2000). 
Id en tifica tio n  of p o llu ta n t so u rces , d e sc rip tio n  o f th e ir  fa te  a lo n g  
th e  S ch e ld t la n d -se a  c o n tin u u m  a n d  p re d ic tio n  of th e  ev o lu tio n  
o f w a te r  q u a lity  in  re sp o n se  to  fu tu re  im p le m e n te d  en v iro n ­
m e n ta l  po lic ies a n d  c lim a te  c h an g e  -  th e s e  a re  th e  ob jec tiv es of 
th e  In te ru n iv e rs ity  A ttrac tio n  Pole (IAP) TIMOTHY (ww w.

c lim ate .b e /tim o th y ). T h is m u s t  b e  a ch iev ed  th ro u g h  th e  in te ­
g ra tio n  o f d iffe ren t ex is tin g  a n d  n e w  m a th e m a tic a l m o d e ls  for 
d e sc rib in g  th e  w a te r  flow s a n d  b io g eo ch em ica l a n d  m icrob ial 
tra n s fo rm a tio n s  fo r all a q u a tic  c o m p a r tm e n ts  o f th e  Sch e ld t 
la n d -s e a  c o n tin u u m . T h e  c u r re n t  s tu d y  is to  b e  s itu a te d  in  th is  
b ro a d  fram ew o rk , a n d  m o re  p a rticu la rly  fo cu ses on  th e  u n d e r ­
s ta n d in g  o f th e  m icrob io log ical w a te r  q u a lity  in  th e  p a r t  o f th e
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S ch e ld t in flu e n ce d  b y  th e  tide . R ecen t field m e a su re m e n ts  
(O u a tta ra  e t  al., 2011) h a v e  d e m o n s tra te d  a  ra th e r  p o o r  m icrob ial 
w a te r  q u a lity  in  th e  S ch e ld t w a te rsh e d  c o n c e n tra tio n s  above 
th e  m in im a l w a te r  q u a lity  s ta n d a rd s  o f th e  n e w  EU D irective for 
b a th in g  w a te r  (EU, 2006). In ad d itio n , a  larg e  v a riab ility  in  th e  
m e a su re d  c o n c e n tra tio n s  w a s  o b served . U n d e rs ta n d in g  th e s e  
o b se rv a tio n s  is th e  p r im a ry  m o tiv a tio n  for th e  c u rre n t  study .

T h e  m o n ito r in g  o f m ic ro b io lo g ica l w a te r  q u a lity  is b a se d  on  
th e  c o n c e p t o f feca l b a c te r ia l  in d ic a to rs , w h o se  a b u n d a n c e  is 
re la te d  to  th e  r isk  o f p a th o g e n s  b e in g  p re s e n t  (H av elaar e t  ah, 
2001). T oday , Escherichia coli (E. coli) is th e  m o re  c o m m o n ly  
u se d  feca l b a c te r ia l  in d ic a to r , a s  th e re  w a s  e v id e n ce  fro m  
ep id em io lo g ica l s tu d ie s  (Kay e t  al., 2004) t h a t  i ts  a b u n d a n c e  is 
a  good in d ic a to r  to  p re d ic t th e  s a n ita ry  r isk s  a s so c ia te d  w ith  
w a te rs  (Edberg e t  al., 2000).

E. coli c o n c e n tra t io n s  m e a s u re d  in  r iv e r w a te rs  o ften  
e x h ib it  a  v a ria b ility  w h ic h  is so  h ig h  t h a t  th e  c o n c e n tra t io n s  
a re  c la ss ica lly  v isu a lise d  on  a lo g -scale . T h is  v a ria b ility  is 
e sp ec ia lly  im p o r ta n t  in  sy s te m s  u n d e r  t id a l in flu e n ce , a s  th e  
p a r t  o f  th e  S c h e ld t s tu d ie d  h e re . T ab le  1 s u m m a r is e s  th e  
fa c to rs  g e n e ra lly  th o u g h t  to  a ffe c t E. coli c o n c e n tra t io n s  a n d  
v a ria b ility  in  n a tu ra l  w a te rs . H ow ever, i t  is o f te n  n o t  c lea r 
w h ic h  fa c to rs  a re  th e  m ain d riv e rs  e x p la in in g  th e  m e a n  
c o n c e n tra t io n s  a n d  th e  c o n c e n tra t io n  v a riab ility .

H ydro log ical fa c to rs  in c lu d e  th e  tid e , r iv e r d isc h a rg e  a n d  
la te ra l  ru n o ff, w h ic h  all in f lu e n ce  th e  loca l t ra n s p o r t ,  a n d  
h e n c e  th e  loca l re s id e n c e  t im e , o f  th e  b a c te r ia . T h ese  fa c to rs  
v a ry  a t  d if fe re n t sca le s  (a n d  in te ra c t  w ith  e ac h  o th er); b u t  i t  is 
c le a r t h a t  s h o r t  te rm  v a r ia tio n s  a t  th e  sc a le  o f th e  h o u r  c a n n o t 
b e  n eg lec ted .

In p u ts  o f  E. coli b a c te r ia  in to  th e  d o m a in  a re  a lso  m a jo r  
fa c to rs  co n tro llin g  th e  E. coli c o n c e n tra t io n s  in  th e  sy s te m . 
In d eed , i t  is  g e n e ra lly  a s s u m e d  t h a t  feca l b a c te r ia  c a n n o t  g row  
in  n a tu ra l  w a te r , a n d  h e n c e  m u s t  b e  b ro u g h t in to  th e  sy s te m

th ro u g h  e x te rn a l so u rc es . R eg ard ing  th e  t id a l S c h e ld t River 
a n d  E stu ary , b a c te r ia  c a n  e n te r  th ro u g h  th e  u p s tre a m  
b o u n d a r ie s  a n d  tr ib u ta r ie s . O bviously  th e s e  in p u ts  a re  h ig h ly  
v a riab le . In ad d itio n , E. coli a re  b ro u g h t in to  th e  d o m a in  by  
p o in t  so u rc e s  o f  d o m e s tic  w a s te  w a te r . D o m estic  w a s te w a te r  
is r e le a s e d  in to  th e  a q u a tic  sy s te m  a f te r  t r e a tm e n t  in  w a s te  
w a te r  t r e a tm e n t  p la n ts  (W WTPs); th e  ty p e  o f t r e a tm e n t  
g re a tly  a ffec ts  th e  c o n c e n tra t io n  o f feca l b a c te r ia  in  th e  
r e le a s e d  e fflu e n ts  (G eorge e t  al., 2002; S e rv a is  e t  al., 2007b). 
W a s te w a te r  d isc h a rg e s  a re  e x p e c te d  to  v a ry  g re a tly  o n  s h o r t  
tim e  sca les , e sp e c ia lly  d u rin g  ra in  ev en ts . F inally , fecal 
p o llu tio n  c a n  a lso  b e  b ro u g h t  to  su rfa c e  w a te rs  th ro u g h  
d iffu se  so u rc es  (su rface  ru n o f f  a n d  soil leach in g ). In a  re c e n t  
s tu d y , (O u a tta ra  e t  al., (2011) c o m p a re d  th e  re sp ec tiv e  
c o n tr ib u tio n  o f p o in t  a n d  n o n -p o in t  so u rc e s  o f  feca l c o n ta m ­
in a tio n  a t  th e  sca le  o f th e  w h o le  S c h e ld t w a te rsh e d . T h ey  
c o n c lu d ed  t h a t  p o in t  so u rc e s  w e re  la rg e ly  p re d o m in a n t  w h e n  
c o m p a re d  to  n o n -p o in t  so u rc es  (a ro u n d  30 tim e s  m o re  for 
E. coli a t  th e  sc a le  o f th e  S c h e ld t w a te rsh e d ) . P re d o m in a n c e  of 
p o in t  so u rc e s  w a s  a lso  d e m o n s tra te d  fo r th e  S e in e  w a te rsh e d  
w h ic h  is  j u s t  s o u th  o f th e  S c h e ld t o n e  a n d  is a lso  h ig h ly  
u rb a n is e d  (G arcia -A rm isen  a n d  S ervais , 2007; S e rv a is  e t  al., 
2007b). H ow ever, th e s e  re s u lts  a re  b a se d  o n  c a tc h m e n t-s c a le  
c a lcu la tio n s  a n d  d iffu se  so u rc es  c an  still h a v e  a  sig n ifican t 
loca l im p a c t  on  th e  E. coli c o n c e n tra tio n s , e sp ec ia lly  in  sm a ll 
r iv e rs  in  ru ra l a rea s .

A fte r th e ir  re le a se  in  rivers , feca l b a c te r ia  a b u n d a n c e  
d e c re a s e s  m o re  o r le s s  rap id ly . T h e  d isa p p e a ra n c e  o f fecal 
b a c te r ia  in  a q u a tic  e n v iro n m e n ts  re s u lts  f ro m  th e  co m b in e d  
a c tio n s  o f v a r io u s  b io log ical (g raz in g  b y  p ro to zo a , v iru s-  
in d u c e d  cell ly sis a n d  au to ly sis) a n d  p h y s ic o -ch e m ic a l 
c o n d itio n s  (s tre ss  d u e  to  o sm o tic  sh o c k  w h e n  re le a s e d  in  
se a w a te r , n u t r ie n t  d e p le tio n , ex p o s itio n  to  su n lig h t  a n d  
te m p e ra tu re  d ecrease) a n d  a lso  to  p o ss ib le  se ttl in g  to  th e  
se d im e n ts  (B arcina e t  al., 1997; R ozen  a n d  Belkin, 2001). 
U n fo rtu n a te ly , i t  is  d ifficu lt to  id e n tify  th e  re sp e c tiv e  c o n tr i­
b u tio n  o f e a c h  o f th e s e  fa c to rs  to  th e  d e ca y  ra te  a t  a  g iven  
m o m e n t  b u t  i t  c a n  b e  e x p e c te d  th a t  th e ir  r a te  o f d is a p p e a r ­
a n ce  v a r ie s  o n  tim e sc a le s  fro m  h o u rs  to  y e a rs . In m o d e ls , th e  
d ecay  o f feca l b a c te r ia  is u su a lly  d e sc rib e d  by  a f irs t o rd e r 
k in e tic s  (Servais e t  al., 2007b).

F rom  th e  above  overv iew  i t  is c le a r  t h a t  m a n y  fa c to rs  a c t on  
th e  loca l E. coli c o n c e n tra tio n s , a n d  m o s t  o f th e m  v a ry  o n  s h o r t  
t im e  sca les . T h e  goal o f th is  s tu d y  is  to  b r in g  s o m e  in s ig h t  in to  
th e  (rela tive) im p o r ta n c e  o f th e s e  d iffe re n t fa c to rs  in  c a u s in g  
th e  o b se rv ed  E. coli c o n c e n tra t io n s  in  th e  t id a l S c h e ld t River 
a n d  E stu ary . T h e  focus w ill b e  o n  u n d e rs ta n d in g  b o th  th e  
lo n g -te rm  m e d ia n  c o n c e n tra t io n s  (v a ry ing  in  space) a n d  th e  
loca l v a ria b ility  in  c o n c e n tra tio n . For th is  p u rp o se , th e  SLIM- 
EC m o d e l is s e t  u p  w h ic h  in c lu d e s  a s  m a n y  o f th e s e  fa c to rs  as 
p o ss ib le  (T able 1). T h is  is  th e  f irs t E. coli m o d e l d e v e lo p ed  for 
th e  S c h e ld t t id a l River, t r ib u ta r ie s  a n d  E stu ary , a n d  th e  
c u r re n t  p a p e r  p re s e n ts  th e  f irs t re a lis tic  s im u la tio n  re su lts .

As a  n u m b e r  o f fa c to rs  c an  b e  in c lu d e d  o n ly  a p p ro x im a te ly  
(due to  a  lack  of in fo rm a tio n ), i t  is  n o t  e x p e c te d  t h a t  c o n c e n ­
t ra t io n s  c an  b e  p re d ic te d  fo r a  specific  p o in t  a n d  tim e . 
F u rth e rm o re , a lth o u g h  th e  m o d e l is cap a b le  o f  s im u la tin g  th e  
in tra - t id a l  E. coli c o n c e n tra tio n s , th e  n e c e s sa ry  h ig h -re so lu -  
t io n  o b se rv a tio n s  a n d  b o u n d a ry  c o n d itio n s  a re  n o t  av a ilab le  
to  e v a lu a te  th e  m o d e l p e r fo rm a n c e  a t  th is  sca le . R a th e r, th e

Factor a ffecting R epresentation in SLIM-EC
E. coli concen tration

Hydrological /actors
Tide 15 min resolution
Upstream discharges Daily resolution
Lateral runoff Parameterised (only in river part), 

at daily resolution
E. coli inputs
Upstream concentrations Constant concentration

(boundaries)
Concentration entering Main tributaries explicitly in model

by tributaries
WWTP point sources Constant discharge
Diffuse sources No
E. coli processes
Mortality First order kinetic process, with 

time-dependent coefficient (seasonal 
variation linked to temperature)

Sedimentation First order process, coefficient u SCd/H  
(with constant u sed)
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o b jec tiv e  is to  r e c o n s tru c t  th e  r ig h t m e d ia n  E. coli c o n c e n tra ­
tio n s  ( tak e n  o v er t im e  p e r io d s  o f th e  o rd e r  o f o n e  d a y  to  a  year) 
a n d  c o n c e n tra t io n  v a riab ility , b o th  in  t im e  a n d  in  sp ace . T he 
ab ility  o f th e  m o d e l to  ach iev e  th is  goal is a s se s s e d  by  
c o m p a riso n  w ith  th e  av a ilab le  d a ta .

2. Model description

T h e  m o d e l u s e d  in  th is  s tu d y  is a  v e rs io n  o f th e  S eco n d  
g e n e ra tio n  L o u v ain -la -N eu v e  Ice -o c ea n  M odel (SLIM: w w w . 
c lim a te .b e /s lim ). A s i ts  n a m e  in d ic a te s , th is  m o d e l o rig ina lly  
fo c u ses  o n  th e  p h y s ic a l p ro c e ss e s  in  th e  a q u a tic  e n v iro n m e n t, 
a n d  d o es so  b y  so lv in g  th e  g o v e rn in g  e q u a tio n s  u s in g  th e  
fin ite  e le m e n t  m e th o d  on  u n s tru c tu re d  m e s h e s  (“se c o n d  
g e n e ra tio n ”). U n s tru c tu re d  g rid s  o ffer th e  p o ss ib ility  o f a  m o re  
a c c u ra te  r e p re s e n ta t io n  o f c o a s tl in e s  a n d  grid  s izes  v a ry in g  in  
sp a c e  (an d  tim e) -  w i th o u t  h a v in g  to  in c re a s e  th e  to ta l 
n u m b e r  o f d isc re te  u n k n o w n s . A v a lid a te d  SLIM v e rs io n  for 
th e  h y d ro d y n a m ic s  in  th e  S c h e ld t (de Brye e t  al., 2010) is 
c o m b in e d  w ith  a  s im p le  re ac tiv e  tr a c e r  m o d u le  fo r th e  s im u ­
la tio n  o f E. coli c o n c e n tra tio n s , fo rm in g  SLIM-EC. T ab le  1 
s u m m a r is e s  th e  m a in  p ro c e sse s  a n d  in p u ts  a n d  a t  w h ic h  
te m p o ra l  re so lu tio n  th e y  a re  r e p re s e n te d  b y  th e  m o d e l.

2.1. Model domain and mesh

T h e  c o m p u ta tio n a l d o m a in  (see Fig. 1) is id e n tic a l to  t h a t  u se d  
b y  d e  Brye e t  al. (2010): a lth o u g h  th e  fo cu s is  o n  th e  S c h e ld t 
E stu a ry  ( in d ic a te d  b y  th e  re c ta n g le  in  Fig. l a  a n d  sh o w n  in  th e  
zo o m  of Fig. lb ) , th e  d o m a in  is e x te n d e d  b o th  u p s tr e a m  a n d  
d o w n s tre a m . U p s tre a m  th e  d o m a in  re a c h e s  a s  fa r a s  th e  tid a l 
in f lu e n ce  is sig n ifican t, c o v erin g  a r iv e rin e  n e tw o rk  o f th e  
S c h e ld t a n d  its  tr ib u ta r ie s . So, a lth o u g h  th e  S c h e ld t is th e  
m a in  fo cu s o f th is  s tu d y , all m a in  (tida lly  in flu en ced ) 
t r ib u ta r ie s  a re  a lso  m o d e lle d  exp lic itly . T h is  r iv e r in e  p a r t  o f 
th e  m o d e l is  ID  (av erag ed  o v er th e  c ro ss  sec tion ), w h ile  th e  
e s tu a ry  a n d  th e  d o w n s tre a m  e x te n s io n  c o v erin g  th e  w h o le  
N o rth -W e s te rn  E u ro p ea n  c o n tin e n ta l  sh e lf  a re  m o d e lled  by  
2D, d e p th -a v e ra g e d  e q u a tio n s .

Fig. 1 a lso  sh o w s  th e  u n s tru c tu re d  m e s h  u se d , c o n s tru c te d  
b y  G m sh  (G euzaine  a n d  R e m a d e , 2009; L am b rec h ts  e t  al., 
2008), w h ic h  is  m a d e  u p  o f a p p ro x im a te ly  21,000 tr ia n g le s  (in 
th e  2D p a rt)  a n d  400 lin e  s e g m e n ts  (in th e  ID  p art). In th e  
c u r re n t  s tu d y  a  m e s h  w a s  u se d  w ith  tr ia n g le  s izes  co v erin g  
se v e ra l o rd e rs  o f  m a g n itu d e  (th e  ra tio  o f th e  size  o f th e  la rg e s t 
tr ia n g le  to  th e  sm a lle s t  e x ce ed s  1000, th e  sm a lle s t  w ith  
a  c h a ra c te ris tic  le n g th  o f ~ 6 0  m  a re  in  th e  S c h e ld t E stuary). For 
a  m o re  d e ta ile d  d isc u ss io n  o f th e  c o m p u ta tio n a l d o m a in  a n d  
c o n s tru c tio n  o f th e  m e sh , p le a se  re fe r  to  d e  Brye e t  al. (2010).

2.2. Hydrodynamics

A  d e ta ile d  p re s e n ta tio n  a n d  v a lid a tio n  o f th e  h y d ro d y n a m ic a l 
m o d e l SLIM c an  b e  fo u n d  in  d e  Brye e t  al. (2010). W e o n ly  
r e p e a t  h e re  th e  a sp e c ts  d e te rm in in g  its  te m p o ra l re so lu tio n . 
T h e  m o d e l h a s  a  t im e  s te p  of 15 m in . It is fo rced

- a t  th e  sh e lf  b reak : by  e le v a tio n  a n d  v e lo c ity  h a rm o n ic s  o f 
th e  g lobal o c e a n  tid a l m o d e l TPX07.1;

- b y  w in d  fields a t  10 m  ab o v e  th e  sea  level. T h ese  fields a re  4 
t im e s  d a ily  NCEP R ean a ly s is  d a ta  p ro v id ed  b y  th e  NOAA/ 
OAR/ESRL PSD;

- a t  th e  u p s tr e a m  r iv e r b o u n d a r ie s , th e  m o u th s  o f th e  Seine, 
T h am es , R h ine/M euse , th e  B ath  C anal, G h e n t-T e rn e u z e n  
C an al a n d  th e  A n tw e rp  H a rb o u r locks: b y  d isc h a rg e s  in te r ­
p o la te d  fro m  da ily  m e a s u re m e n ts .

2.3. E. coli module

SLIM-EC c o m b in e s  th e  h y d ro d y n a m ic  SLIM w ith  a m o d u le  
d e sc rib in g  th e  d y n a m ic s  o f E. coli in  th e  a q u a tic  sy s te m . In th is  
m o d u le  th e  b a c te r ia  a re  m o d e lle d  a s  a  s in g le  ty p e  o f re ac tiv e  
tra c e r , i.e. o n ce  th e y  e n te r  th e  m o d e l d o m a in  ( th ro u g h  
e x te rn a l  so u rces), th e y  a re  t r a n s p o r te d  b y  th e  h y d ro d y n a m ic s  
a n d  th e ir  c o n c e n tra t io n  is a ffe c te d  b y  E. coli-specific p ro c esse s .

In th e  2D p a r t  o f  th e  m o d e l d o m a in , th e  d e p th -a v e ra g e d  
c o n c e n tra t io n  C o f E. coli is  d e sc rib e d  b y  th e  fo llo w in g  advec- 
t io n -d iffu s io n -re a c tio n  eq u a tio n :

^(H C ) +  V .(H u C ) =  V .(K H V C ) +  HR (1)

w h e re  t  is th e  t im e , V th e  h o r iz o n ta l del o p e ra to r, H th e  w a te r  
d e p th , u  th e  d e p th -a v e ra g e d  v e lo c ity  v ec to r, K th e  d iffu siv ity  
co effic ien t a n d  R th e  re a c tio n  te rm  (w h ich  w ill b e  d e sc rib e d  in  
m o re  d e ta il below ). A s th e  m e s h  size  v a r ie s  g re a tly  o v er th e  
c o m p u ta tio n a l d o m a in , i t  is e s se n tia l  to  t h a t  th e  h o r iz o n ta l 
d iffu siv ity  v a r ie s  w ith  th e  m e s h  size . In th is  s tu d y  th e  d iffu ­
siv ity  co effic ien t K d e p e n d s  o n  th e  m e s h  size  A  a cc o rd in g  to  
a  re la tio n  in sp ire d  by  O kubo (1971): K =  a A115, w ith  
a = 0.03 m  “^ V 1.

In th e  ID  p a r t  o f th e  m o d e l th e  fo llow ing  ad v ec tio n -d iffu -  
s io n -re a c tio n  e q u a tio n  is so lv ed  fo r th e  se c tio n -a v e ra g e d  
c o n c e n tra t io n  C of E. coli:

—(SC )+ — (SuC) = — f x S— + S R  (2)
a t 3x 3 x \  3 x j  w

w h e re  S is th e  se c tio n  of th e  r iv e r a n d  u th e  se c tio n -a v e ra g e d  
v e loc ity . T h e  v a r ia b le  x r e p re s e n ts  th e  a lo n g -riv e r d is ta n c e .

T h e  p ro c e sse s  a ffe c tin g  E. coli c o n c e n tra t io n  in  th e  w a te r  
c o lu m n  th a t  a re  c o n s id e re d  in  th e  SLIM-EC m o d e l a re  
m o r ta l ity  a n d  se d im e n ta t io n . T h e  a p p ro a c h  u se d  to  m o d e l 
th e s e  p ro c e sse s  is s im ila r  to  t h a t  o f S e rv a is  e t  al. (2007a, b) to  
m o d e l th e  d y n a m ic s  o f feca l co lifo rm s in  th e  r iv e rs  o f th e  
Se in e  d ra in a g e  n e tw o rk . B oth m o r ta lity  a n d  se ttl in g  a re  
m o d e lle d  b y  f irs t o rd e r  (type) re a c tio n  te rm s:

R  =  - k m o r tC  -  H ï ï l c  (3 )

T h e  s e d im e n ta t io n  v e lo c ity  used is a s s u m e d  to  b e  c o n s ta n t  a n d  
eq u a l to  5.56 x 10~6 m s -1 . T h is  v a lu e  is b a se d  on  e x p e r im e n ts  
c o n d u c te d  to  s tu d y  th e  feca l b a c te r ia  se ttl in g  ra te  in  r iv e rs  
fro m  th e  S c h e ld t a n d  S e in e  w a te rs h e d s  (G arc ia -A rm isen  a n d  
Servais , 2008). N o te  t h a t  th is  r e p re s e n ta t io n  of th e  d isa p ­
p e a ra n c e  ra te  b y  s e d im e n ta t io n  is a  p a ra m e te r is a t io n  for 
d e p th -a v e ra g e d  m o d e ls , im p ly in g  t h a t  th e  w a te r  c o lu m n  is 
w e ll-m ix ed . In p ra c tic e , th is  a s s u m p tio n  m a y  n o t  b e  e n tire ly  
v a lid , b u t  i t  h a s  b e e n  sh o w n  t h a t  th e  e r ro r  m a d e  re m a in s  
re la tiv e ly  sm a ll (de B rau w ere  a n d  D e lee rsn ijd e r, 2010).
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T he m o rta lity  r a te  v a r ie s  w ith  te m p e ra tu re  follow ing 
a  s ig m o id  re la tio n  (Servais e t  a l ,  2007a, 2007b):

k m o r t ( T )  —  1?20‘
ex P ( - T § F

(4)
exP(~™ )

w ith  T re p re s e n tin g  te m p e ra tu re  in  °C a n d  fe2o= l-25 x 10_ 5 s _1.
W e do n o t  h a v e  h ig h -freq u e n cy  h ig h -re so lu tio n  te m p e ra tu re  

m e a su re m e n ts  in  th e  Scheld t. B ut u s in g  th e  te m p e ra tu re  
m e a su re m e n ts  m a d e  a t  th e  m o n th ly  in te rv a ls  d u rin g  
2007-2008  a t  sev era l lo ca tio n s , w e  fitted  a s in e  th ro u g h  th e s e  
p o in ts  in  o rd e r to  g e t th e  av erag e  se a so n a l te m p e ra tu re  in  th e  
w h o le  d o m a in  a s  a  fu n c tio n  o f t im e  (Fig. 2). U sing  th is  re la tio n , 
w e  can  n o w  ap p ro x im a te  th e  te m p e ra tu re  a t  a n y  tim e  d u rin g  
th e  s im u la tio n s . S u b s titu tin g  th is  in  e q u a tio n  (4), w e  effectively  
ge t a  m o rta lity  ra te  v a ry in g  seaso n ally . T he v a lu e  o f th e  
m o rta lity  ra te  w a s  s im ila r  to  th e  o n e  u se d  b y  S ervais e t  a l . (2007a, 
b) fo r m o d e llin g  th e  d y n a m ic s  o f fecal b a c te r ia  in  th e  Seine 
w a te rsh e d . W e verified  in  b a tc h  e x p e rim e n ts  (d a ta  n o t  show n) 
th a t  th e  m o rta lity  r a te s  in  th e  larg e  r iv e rs  o f th e  S ch e ld t w a te r ­
sh e d  w ere  n o t  s ign ifican tly  d iffe re n t fro m  th o se  e s tim a te d  for 
th e  large  riv ers  o f  th e  Seine w a te rsh e d . In th is  m o d el, to  th e  
“b a se  m o rta lity ” n o  a d d itio n a l m o rta lity  te rm  w a s a d d ed  re la te d  
to  so la r  e ffects, a s  is d o n e  in  so m e  o th e r  s tu d ie s  (Liu e t  al., 2006; 
T h u p ak i e t  al., 2010). T he m a in  re a so n  for th is  is th a t  in  th e  
m o d e lled  d o m a in  w a te r  is q u ite  tu rb id  (from  20 m g d  o f s u s ­
p e n d e d  m a t te r  to  m o re  th a n  1 g/1 in  th e  m a x im u m  tu rb id ity  zo n e  
of th e  estuary ), re su ltin g  in  a  low  lig h t p e n e tra t io n  a n d  th u s  
a lim ited  im p a c t o f so la r i rrad ia tio n  o n  fecal b ac te ria .

2.4. Input of E. coli into the system

2.4 .1 . In p u t by  W W TPs
A s O u a tta ra  e t  al., (2011) sh o w e d  th a t  E. coli e n te r  th e  S c h e ld t 
m o s tly  th ro u g h  p o in t  so u rc es  (cf. In tro d u c tio n ), W W TP o u tle ts  
a re  th e  o n ly  so u rc es  in c lu d e d  in  th e  m o d e l (see  a lso  T ab le  1). 
W W TP d a ta  a re  co m p iled  fro m  in fo rm a tio n  p ro v id ed  by  th e  
V la am se  M ilie u m aa tsch a p p ij (F lem ish  E n v iro n m e n ta l A gency, 
VMM), R ijk sw a te rs ta a t Z ee la n d  a n d  W a te rs c h a p  Z eeu w se  
E ilan d en  fo r th e  w h o le  (tidal) b a s in . D a ta  p ro c e ss in g  s te p s  
in v o lv ed  th e  lo ca lisa tio n  o f th e  W W TP o u tle t, th e  a c tu a l 
d isc h a rg e  p o in t  in  th e  m o d e l d o m ain , a n d  th e  d is ta n c e  
b e tw e e n  th e s e  tw o  p o in ts . T h e  n u m b e r  o f E. coli d isc h a rg e d  by 
a W W TP p e r  se c o n d  w a s  a p p ro x im a te d  to  b e  p ro p o rtio n a l to

th e  av era g e  v o lu m e  t r e a te d  in  th e  W W TP (w h ich  d e p e n d s  on  
th e  n u m b e r  o f in h a b ita n ts -e q u iv a le n ts  c o n n e c te d  to  th e  
W W TP) m u ltip lie d  b y  a n  E. coli c o n c e n tra t io n  d e p e n d in g  o n  th e  
t r e a tm e n t  ty p e  a p p lie d  in  th e  W W TP (G eorge e t al., 2002; 
S erva is e t  al., 2007b). T h e  E. coli c o n c e n tra t io n s  c o n s id e re d  in  
th e  t r e a te d  e fflu e n ts  w a s  2.8 x IO5 E. coli (100 m l)-1 w h e n  a th e  
p r im a ry  t r e a tm e n t  fo llo w ed b y  a n  a c tiv a te d  slu d g e  p ro c e ss  w as  
ap p lied , 1.7 x IO5 E. coli (100 m l)-1 w h e n  th e  N re m o v a l t r e a t ­
m e n t  (n itrifica tio n  +  d en itr if ic a tio n ) w a s  a d d e d  to  a n  a c tiv a te d  
slu d g e  p ro c ess  a n d  1.1 x IO5 E. coli (100 m l)-1 w h e n  th e  t r e a t ­
m e n t  in c lu d e d  a c tiv a te d  slu d g e  fo llow ed  b y  N a n d  P rem o v a l; 
th e s e  v a lu e s  r e s u l t  fro m  m e a s u re m e n ts  p e r fo rm e d  in  t r e a te d  
e fflu e n ts  o f v a r io u s  W W TPs lo c a te d  in  th e  S c h e ld t w a te rsh e d . 
A fte r th is  p ro c ed u re , th e  E. coli d isc h a rg e s  in  th e  m o d e l d o m a in  
b y  th e  W W TPs ra n g e d  fro m  8 x 106s _1 to  8 x 108s _1.

2 .4 .2 . Open  b o u n d ary  concentrations
T h e  c o n c e n tra t io n  of E. coli e n te r in g  th e  d o m a in  th ro u g h  th e  
o p e n  b o u n d a r ie s  m u s t  a lso  b e  a s s ig n e d  (see Fig. 1 fo r lo ca tio n  
a n d  T ab le  2 fo r v a lu es). T h e  c o n c e n tra t io n  a t  th e  sh e lf  b re a k  
w a s  a s s u m e d  to  b e  zero , a s  w ell a s  th e  c o n c e n tra t io n s  e n te r in g  
th e  e s tu a ry  la te ra lly  ( th e  B ath  a n d  T e rn e u z e n  C anals, a n d  
w a te r  co m in g  fro m  th e  A n tw e rp  h a rb o u r  locks). T h e  a s s u m p ­
tio n  fo r th e  sh e lf  b re a k  se e m s  u n d isp u ta b le , d u e  to  i ts  larg e  
d is ta n c e  fro m  la n d . T h e  c o n c e n tra t io n s  in  th e  c a n a ls  w e re  n o t  
m e a s u re d  b u t  e s tu a r in e  o b se rv a tio n s  in d ic a te  t h a t  th e ir  e ffec t 
is v e ry  l im ite d  (see below ). T h e  e ffec t o f th e  h a rb o u r  w as  
n e g le c te d  b a se d  on  specific  m e a s u re m e n ts  m a d e  in s id e  a n d  
o u ts id e  th e  locks, w h ic h  w e re  q u a s i- id e n tic a l (unpublished 
data). F u r th e rm o re  th e  h a rb o u r  a u th o r i t ie s  e s t im a te d  th e  
av erag e  re s id e n c e  t im e  in  th e  h a rb o u r  to  b e  o f th e  o rd e r  o f 
sev e ra l m o n th s ,  su g g e s tin g  t h a t  b a c te r ia  e n te r in g  th e  h a rb o u r  
a re  p ro b a b ly  lo n g  d e a d  b e fo re  th e y  co u ld  re a c h  th e  locks.

T h e  o n ly  b o u n d a r ie s  th ro u g h  w h ic h  a s ig n ific a n t a m o u n t  
o f b a c te r ia  e n te rs  th e  d o m a in  a re  th e  u p s tr e a m  r iv e r b o u n d ­
a ries . T h ese  b o u n d a ry  c o n c e n tra t io n s  a re  b a se d  o n  field  
m e a s u re m e n ts  ta k e n  a t  th e  b o u n d a ry  lo c a tio n s  (unpublished 
data). If o n ly  o n e  m e a s u re m e n t  is availab le , th is  v a lu e  w as  
c o n sid e re d , o th e rw ise  th e  m e d ia n  v a lu e  o f a ll m e a s u re m e n ts  
av a ilab le  a t  t h a t  p o in t  w a s  u se d . T h e  d a ta  d id  n o t  a llo w  to  
im p o se  b o u n d a ry  c o n c e n tra t io n s  v a ry in g  in  t im e  -  a lth o u g h  
w e  d id  in v e s tig a te  w h e th e r  th e  m e a s u re d  c o n c e n tra t io n s  
c o rre la te d  w ith  d isch arg e , b u t  n o  s ig n ifican t re la tio n  w as  
re v ea le d  (O u a tta ra  e t  ah, 2011).
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Fig. 2 -  Fitted sine (black line) through temperature m easurements made at several locations in the Scheldt and its 
tributaries (dots).
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B o u n d a ry  c o n c e n tra t io n s  in  E. coli (100 m l) 1

Durme 2600
Scheldt upper branch 10000
Scheldt lower branch 15000
Kleine Nete 1900
Grote Nete 1500
Dender 700
Dijle 3400
Zenne 400000
Shelf break, rivers discharging in North Sea 

and canals discharging in estuary
0

3. Validation m easurem ents

T h e  E. coli c o n c e n tra t io n s  c a lc u la te d  b y  th e  m o d e l w e re  
c o m p a re d  to  field  m e a s u re m e n ts  m a d e  in  th e  s tu d y  d o m a in  in  
o rd e r  to  v a lid a te  th e  m o d e l. T h e  m o d e llin g  p e r io d  w a s  c h o se n  
su c h  t h a t  i t  co v ers  th e  m e a s u re m e n ts  m a d e  in  th e  sc o p e  of th e  
IAP TIMOTHY p ro jec t, i.e. F e b ru a ry  2 0 0 7 -Ju n e  2008. T w o ty p es  
o f  s a m p lin g  c a m p a ig n s  w e re  c o n d u c te d  d u rin g  th is  p eriod :

•  F rom  26 M arch  2007 to  13 Ju n e  2008, m o n th ly  sa m p le s  w ere  
ta k e n  a t  sev e ra l m o n ito r in g  s ta tio n s  in  th e  S c h e ld t w a te r ­
sh e d . T h is g ives m o n th ly  t im e se r ie s  a t  sev e ra l lo ca tio n s , b u t  
a lso  e n a b le s  to  a s s e s s  th e  lo n g - te rm  v ariab ility .

•  In F eb ru a ry  2007 a n d  2008, tw o  o n e  d a y  c ru ise s  a lo n g  th e  
sa lin e  e s tu a ry  w e re  c o n d u c ted . T h is  re su lte d  in  tw o  lo n g i­
tu d in a l  e s tu a r in e  p rofiles.

T h e  re su lts  o f th e  la t te r  m o n ito r in g  su rv e y  a re  fully  
d e sc rib e d  in  O u a tta ra  e t  al., (2011). E. coli c o n c e n tra t io n s  w ere  
e s t im a te d  b y  a  p la te  c o u n t  m e th o d  u s in g  C h ro m o cu lt Coli- 
fo rm  a g a r m ed iu m . By p e rfo rm in g  re p lica te s , th e  co effic ien t o f 
v a r ia tio n  (CV) o f th e  p la te  c o u n ts  o n  specific  m e d ia  u se d  in  
th is  s tu d y  w a s  e s t im a te d  to  b e  25%. T h is v a lu e  o f CV is u su a l 
fo r th is  ty p e  o f b a c te r ia l  e n u m e ra tio n  (Prats e t  ah, 2008).

In a d d itio n , a  se c o n d  s e t  o f d a ta  w a s  u sed : m e a s u re m e n ts  
o f  feca l co lifo rm s m a d e  by  th e  VMM a t  o n e  s ta tio n  in  th e  
S c h e ld t R iver (Zele) a n d  th re e  lo c a tio n s  in  th e  e s tu a ry  v e ry  
c lose  to  e a c h  o th e r  (a ro u n d  Doei). T h e  feca l co lifo rm  c o n c e n ­
tra t io n s  w e re  c o n v e rte d  in to  E. coli c o n c e n tra t io n s  by  m u lt i ­
p ly in g  th e  feca l co lifo rm  d a ta  b y  0.77; th is  v a lu e  is  th e  av erag e  
ra tio  b e tw e e n  E. coli a n d  feca l co lifo rm s n u m b e rs  m e a su re d  in  
r iv e r w a te r  sa m p le s  (G arcia -A rm isen  e t  al., 2007). T h e  VMM 
m e a s u re m e n ts  s p a n  d iffe re n t p e rio d s , ra n g in g  fro m  2000 to  
2008, a n d  h e n c e  do n o t  ex ac tly  c o rre sp o n d  to  th e  m o d e lled  
p e rio d . T h ere fo re , th e s e  m e a s u re m e n ts  sh o u ld  be  re g a rd e d  
w ith  so m e  c au tio n .

4. Results and discussion

4.1. Reference simulation

T h e  s im u la tio n s  a re  c o m p a re d  to  th e  av a ilab le  o b se rv a tio n s  in  
th re e  d iffe re n t w ay s, e n a b lin g  m o d e l v a lid a tio n  fro m  d iffe re n t 
p e rsp ec tiv e s :

(1) S im u la ted  m e d ia n  a n d  ra n g e  (over th e  p e rio d  o f th e  o u r 
m o n th ly  m o n ito rin g ) o f E. coli c o n c e n tra tio n s  a lo n g  th e  
S c h e ld t ax is  (Fig. 3) a n d  a lo n g  th e  R upel-N ete-G ro te  N ete  
ax is  (Fig. 4) a re  c o m p a re d  to  th e  m e d ia n  a n d  ra n g e  of 
m e a su re d  v a lu e s . T h is e n ab le s  a n  a s s e s s m e n t  o f  th e  
s im u la te d  m e d ia n  a n d  v a riab ility , a n d  its  v a r ia tio n  in  space.

(2) S im u la ted  a n d  m e a s u re d  t im e se r ie s  a t  a  g iven  p o in t  in  
sp a c e  (tw o  lo ca tio n s  in  th e  S c h e ld t River, Fig. 6). T h is 
c o m p a r iso n  m o re  c learly  v isu a lise s  th e  s im u la te d  a n d  
m e a s u re d  lo n g -te rm  v a r ia b ility  in  t im e .

(3) S im u la ted  a n d  m e a s u re d  c o n c e n tra t io n s  o n  tw o  specific  
d ays, a t  a  n u m b e r  o f  specific  e s tu a r in e  s ta tio n s  (sam p led  
d u r in g  tw o  c ru ises , Fig. 5). T h is c o m p a riso n  fo c u ses  o n  th e  
e s tu a r in e  p a r t; i t  v isu a lise s  th e  s h o r t  te rm  m o d e l v a r i­
ab ility , b u t  o n ly  p o in t-w ise  c o m p a riso n s  w ith  th e  o b se r­
v a tio n s  a re  poss ib le .

Fig. 3a sh o w s  t h a t  th e  m o d e l is ab le  to  re p ro d u c e  th e  
m e a s u re d  m e d ia n  c o n c e n tra t io n s  a n d  c o n c e n tra t io n  ra n g e  in  
th e  t id a l S c h e ld t River (ID  m odel). T h e  m e d ia n  v a lu e s  c o rre ­
sp o n d  v e ry  w ell to  th e  o b se rv ed  m e d ia n s  (T able 3). T h e  d iffe r­
e n ce  c e r ta in ly  fa lls  w ith in  th e  m e a s u re m e n t  p re c is io n  of 
a p p ro x im a te ly  25% (cf. s e c tio n  3). On th e  o th e r  h a n d , i t  a p p e a rs  
t h a t  th e  m o d e l fin d s a  la rg e r ra n g e  o f c o n c e n tra t io n s  th a n  
th o se  m e a s u re d  (w h e n  e x p re ss e d  a s  in te rq u a r t i le  ra n g e , cf. 
T ab le  3). T h is  is  p ro b a b ly  d u e  to  th e  fa c t t h a t  th e  m o d e l covers 
a  m u c h  w id e r ra n g e  o f h y d ro lo g ica l re g im e s  th a n  th e  m o n th ly  
m e a s u re m e n ts .  In d eed , th e  m o d e lle d  ra n g e  is p r im a rily  
a  re fle c tio n  o f e x tre m e  e v e n ts  o c cu rr in g  d u r in g  th e  s im u la tio n  
p e rio d . It is n o t  su rp r is in g  t h a t  th e s e  b r ie f  e x tre m e  c o n d itio n s  
a re  n o t  c a p tu re d  b y  a m o n th ly  p o in t  sa m p le . F u rth e rm o re , i t  
w a s  a t te m p te d  to  ca rry  o u t  th e  m o n ito r in g  sam p lin g s  
a p p ro x im a te ly  a t  low  w a te r , b u t  d u e  to  log istic  c o n s tra in ts  th is  
is  n o t  ex ac tly  th e  c ase  fo r all s ta tio n s . T h is  co u ld  b e  a n  a d d i­
tio n a l fa c to r lo w e rin g  th e  o b se rv ed  ran g e .

A cco rd in g  to  Fig. 3 th e  W W T Ps h a v e  little  e ffe c t o n  th e  
c o n c e n tra tio n s , w h ile  th e  t r ib u ta r ie s  a n d  th e  w a te r  fro m  
u p s tr e a m  h a v e  a m o re  s ig n ifican t in flu en ce . T h is  is e sp ec ia lly  
tru e  fo r th e  w a te r  c o m in g  fro m  th e  R upel, a s  th is  r iv e r a lso  
c a rr ie s  w a te r  co m in g  fro m  th e  Z en n e  c ro ss in g  th e  c ity  o f 
B ru sse ls  (cf. Fig. 1). Fig. 4  sh o w s  th e  s im u la tio n  re su lts  fo r th e  
R upel, in c lu d in g  th e  m e a s u re m e n ts  m a d e  d u rin g  th e  m o n th ly  
m o n ito r in g , c lea rly  i llu s tra tin g  th e  h u g e  c o n c e n tra tio n s  
e n te r in g  th ro u g h  th e  D y le /Z en n e . O u a tta ra  e t  ah, (2011) 
re p o rte d  o n  th e  Z en n e  w a te r  q u a lity  in  m o re  d e ta il, n o tin g  
t h a t  th e  se c tio n  d o w n s tre a m  of B ru ssels is h e av ily  c o n ta m i­
n a te d  w ith  E. coli a b u n d a n c e s  c o m p a ra b le  to  th o se  u su a lly  
m e a s u re d  in  t r e a te d  w a s te  w a te rs .

T h e  e ffe c t o f th e  t id e  is  a lso  c lea rly  v is ib le  in  Figs. 3 a n d  4, 
a s  h ig h  c o n c e n tra t io n s  a re  a lso  t r a n s p o r te d  u p s tr e a m  o f th e  
in p u t  p o in t  (e.g. w h e n  th e  D y le /Z en n e  jo in  th e  R upel in  Fig. 4, 
o r  w h e n  th e  R upel jo in s  th e  S c h e ld t in  Fig. 5). In d eed , th e  tid e s  
p e rio d ica lly  p u s h  w a te r  u p  th e  riv ers , th u s  c o u n te ra c t in g  th e  
“n o rm a l”, d o w n s tre a m  d irec te d , r iv e r flow . W ith o u t  tid e s , th e  
h ig h  c o n c e n tra t io n s  w o u ld  p r im a rily  b e  t r a n s p o r te d  d o w n ­
s tre a m . T h is im p o r ta n t  fe a tu re  c o u ld  o n ly  b e  c a p tu re d  by  
a m o d e l re so lv in g  tid e s , a n d  su g g e sts  t h a t  th e  tid a l p ro c ess  
m a y  in d e e d  b e  a n  im p o r ta n t  fa c to r e x p la in in g  th e  o b se rv ed  
c o n c e n tra t io n s  a n d /o r  v a riab ility . In p a r tic u la r , i t  s e e m s  th a t  
th e  c o n c e n tra t io n s  m e a s u re d  a t  T e m se  (Fig. 3a) a re  h ig h ly



2730 W A T E R  R E S E A R C H  4 5  ¡ 2 0 1  i )  2 7 2 4 —2 7 3 8

x 104
4.5

3.5

E
o  2.5 o

o
o

LU

I Uitbergen

0.5

Durm e Tsouthern Î  
Scheldt branch

3 0  D e n d e r  î

d is ta n c e  from  G h en t (km ) -  1D m odel
R u p e l T20 40 50 60 70

3000

SLIM-EC interquartile band
  SLIM-EC min -  max values
 SLIM-EC median value

•  measurements

2500

j r  2000OO
C* 1500

8 1000 

u i 500

80 90 100 110 120 130 140 150
d is ta n c e  from  G h en t (km ) -  2D  m odel
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in f lu e n c e d  b y  th e  R upel a lth o u g h  T em se  is s i tu a te d  u p s tre a m  
o f th e  R upel c o n n e c tio n . T h e  im p o r ta n c e  o f th e  tid e  w ill b e  
fu r th e r  d isc u sse d  in  se c tio n  4.2.

In th e  estuary , th e  m ajo r fea tu re  is a  s teep  decrease  in  s im u ­
la te d  co n cen tra tio n s  (Fig. 3b). T h is decrease  is co in c id en t w ith  th e  
m a x im u m  tu rb id ity  zone  (MTZ) in  th e  Scheldt, w h ich  is rep o rted  
ap p ro x im ate ly  b e tw e e n  k m  60 a n d  100, o r b e tw ee n  sa lin ity  va lues 
2 a n d  10 (Baeyens e t al., 1998; C hen  e t al., 2005; M uylaert an d  
Sabbe, 1999). M easured  tim ese rie s  in  th e  e s tu a ry  a re  scarce. T he 
on ly  tim ese rie s  in  th e  e s tu a ry  available to  u s a re  th o se  p e rfo rm ed  
by  VMM. As d iscu ssed  in  sec tio n  3, th e se  m e a su re m e n ts  a re  to  be  
in te rp re te d  w ith  care, b u t  i t  ap p ea rs  th a t  th e  m o d el u n d e re s ti­
m a te s  th e  co n cen tra tio n s  in  th is  p a r t  o f th e  estu ary , o r a t  lea s t 
c a n n o t rep ro d u ce  so m e  of th e  h ig h er v a lu es m easu red . T he 
m o d el p e rfo rm an ce  in  th e  e s tu a ry  is fu r th e r  a sse ssed  in  Fig. 5, 
co m p arin g  m e a su re m e n ts  m ad e  d u rin g  tw o  e s tu a rin e  cru ises 
w ith  m o d el o u tp u ts  from  th e  sa m e  days. T hese  re su lts  suggest 
th a t  th e  m odel p red ic ts  th e  co rrec t co n cen tra tio n s  in  th e  b eg in ­
n in g  a n d  a t  th e  m o u th  o f th e  estuary , b u t  s im u la tes  too  fast 
a  decrease  b e tw ee n  th e se  tw o  ex trem es. Again, th e  c o n cen tra tio n  
decrease  occurs in  th e  MTZ. T herefore, th e  p o o r m o d el p e rfo r­
m a n c e  in  th is  p a r t  o f th e  Scheld t is p robab ly  re la ted  to  th e  fact 
th a t  th e  E. coli d y n am ics a re  m o d elled  as in d e p e n d e n t of

su sp en d e d  m a tte r . For in s tan ce , explicitly  m o d ellin g  re su s ­
p en sio n  a n d  longer survival tim es  for E. coli b ac te ria  a tta c h e d  to  
se d im e n t p a rtic les (Craig e t al., 2004; D avies a n d  Bavor, 2000; 
D avies e t  al., 1995) m a y  in d ee d  in c rease  th e  m o d elled  co n cen ­
tra tio n s  in  th e  MTZ. A seco n d  possib le  e x p lan a tio n  for th e  m odel 
u n d e re s tim a tio n  is m iss in g  sources. W W TPs are  in c lu d ed  in  th e  
m odel, b u t  n o t  th e  possib le  p o llu tio n  effect o f cana ls , o r of d iffuse 
sou rces (m o st o f th e  e s tu a ry  lies in  a  ru ra l area).

In Fig. 6 th e  m o d e l re su lts  a re  v isu a lise d  as tim e se r ie s  a t  tw o  
m o n ito r in g  s ta tio n s  in  th e  S cheld t. T h ese  figures v isu a lise  m o re  
exp lic itly  th e  te m p o ra l v a riab ility  in  th e  o b se rv a tio n s  a n d  
s im u la tio n s . It c an  b e  se e n  th a t  th e  m o d e l is  n o t  ab le  to  re p ro ­
du ce  th e  o b se rv a tio n s  exactly , i.e. th e  m o d e l is n o t  a cc u ra te  for 
p re d ic tio n s  o f th e  e x ac t c o n ce n tra tio n  a t  a  g iven  tim e  a n d  
lo ca tion . H ow ever, th e  m e d ia n  v a lu e  a n d  ra n g e  a re  sa tis fac to rily  
m o d elled , e sp ecially  w h e n  co m p a rin g  w ith  th e  gen era lly  
re p o rte d  p e rfo rm a n ce s  o f m icrob ial q u a lity  m o d e ls  d e sc rib ed  in  
th e  lite ra tu re , w h e re  o n e  is g en era lly  sa tis fied  w ith  m o d e l 
s im u la tio n s  fa lling  w ith in  h a lf  a  log u n i t  o f th e  o b se rv a tio n s 
(Collins a n d  R u therfo rd , 2004; G arcia-A rm isen  e t  ah, 2006; 
S an d e rs  e t  al., 2005). T h e  m o d e lled  v a riab ility  h a s  a  d iffe ren t 
n a tu re  a t  th e  tw o  loca tions: in  T em se  (Fig. 6a) a  large  p o rtio n  of 
th e  v a riab ility  is  d u e  to  th e  tid e  (co m p are  ra w  o u tp u ts  w ith
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u p s tre a m  th a n  T em se . It is a lso  in  a g re e m e n t w ith  O u a tta ra  
e t  al., (2011), w h o  id en tified  a p o sitiv e  c o rre la tio n  b e tw e e n  E. 
coli c o n c e n tra tio n s  a n d  d isch arg e  a t  U itbergen , w h ile  th e re  w as 
n o  s ig n ifican t c o rre la tio n  a t  T em se . T he tid a l in flu en ce  in  T em se  
w a s  a lread y  su g g ested  w h e n  in sp e c tin g  Fig. 3a, a n d  is re la te d  to  
th e  R upel jo in in g  th e  S ch e ld t d o w n s tre a m  of T em se . T h e  h ig h  
E. coli c o n c e n tra tio n s  ca rried  b y  th e  Rupel a re  p u sh e d  u p s tre a m  
(to T em se) a t  a  tid a l freq u en cy , ex p la in in g  th e  im p o r ta n t  tida l 
f in g erp rin t in  th e  tim e se r ie s  a t  th is  loca tio n . C onversely , a t 
U itbergen , th e re  is n o  im p o r ta n t  so u rce  in  th e  v ic in ity  w h ic h  
co u ld  c au se  a  s im ila r tid a l in fluence .

In th is  se c tio n , th e  m o d e l re s u l ts  o f th e  re fe re n c e  s im u la ­
t io n  w e re  a s se s s e d  a n d  g e n e ra lly  a  good  a g re e m e n t is fo u n d  
fo r th e  m e d ia n  c o n c e n tra t io n  a n d  i ts  v a riab ility . T h is  v a lid a ­
t io n  is n o t  triv ia l a s  th e  m o d e l p a ra m e te rs  (for m o r ta lity  a n d  
se ttlin g ) a n d  in p u ts  (W W TPs a n d  b o u n d a ry  c o n c e n tra tio n s )  
w e re  n o t  tu n e d , b u t  d irec tly  ta k e n  fro m  field  m e a s u re m e n ts  o r 
e x te rn a l  s tu d ie s . T h e  (po ten tia l) in f lu e n ce  of tid e , r iv e r 
d isc h arg e , W W TP in p u ts  a n d  u p s tr e a m  c o n c e n tra t io n s  h a v e  
b e e n  b rie fly  d isc u sse d . T h e  im p o r ta n c e  o f th e s e  fa c to rs  w ill b e  
fu r th e r  in v e s tig a te d  in  th e  n e x t  sec tio n .

4.2. Impact o f different processes on E. coli 
concentrations

tid a lly  a v erag ed  c o n cen tra tio n s), w h ile  in  U itbergen  (Fig. 6b) 
m o s t  o f th e  v a riab ility  se e m s  to  o ccu r a t  lo n g er tim e sc a le s  a n d  is 
p ro b ab ly  m o re  re la te d  to  th e  h ydro log ical reg im e. T h is ag rees 
w ith  w h a t  w e  cou ld  e x p ec t a s  U itbergen  is  lo ca ted  m o re

O ne o f th e  o b jec tiv es o f th is  s tu d y  is to  b e t te r  u n d e r s ta n d  th e  
im p o r ta n c e  of th e  d iffe re n t fa c to rs  a ffe c tin g  th e  lo n g -te rm  
m e d ia n  E. coli c o n c e n tra t io n  a n d  its  v a ria b ility  in  th e  S c h e ld t 
River a n d  E stu ary . S ta r tin g  fro m  th e  re fe re n c e  s im u la tio n
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p re s e n te d  in  th e  p re v io u s  se c tio n , w e  re m o v e d , o n e  b y  one, 
th e  m a jo r  p ro c e sse s  (cf. T ab le  1). T ab le  3 s u m m a r is e s  th e  
re s u l ts  o f  th e s e  d iffe re n t s im u la tio n s .

4.2 .1 . Tide and u p strea m  discharge
To a s se s s  th e  ro le  o f th e  tid e s , a  s im u la tio n  w a s  ru n  w ith  th e  
tid e s  re m o v e d  fro m  th e  h y d ro d y n a m ic s , w h ile  all o th e r  fo rc ­
in g s  a n d  p ro c e sse s  a re  k e p t  id en tica l.

Table 3 -  Comparison of observed and simulated median 
and interquartile concentrations all expressed as E. coli 
(100 ml)-1 . The comparison is done at two monitoring 
locations, where sam ples were taken at approximately 
monthly intervals from 26 March 2007 to 13 June 2008. 
The sim ulations cover the sam e period, but all model 
outputs (at 15 min intervals) are used to compute the 
statistics.

T em se  U itb erg en

M ed ian  In te rq u a r ti le  M ed ian  In te rq u a rti le  
ra n g e  ra n g e

Observations 1400 1200 3500 3700
Simulations
Reference 1500 3000 3600 4700
No tide 80 280 5500 4700
No upstream 110 51 300 120

eone.
No WWTPs 1400 3000 3300 4900
temori = 0 16000 20000 10000 2900
Used = b 1900 3800 4700 5100

F irst in sp e c tin g  w h a t  h a p p e n s  a t  th e  tw o  m o n ito r in g  
s ta tio n s  T em se  a n d  U itb erg en  (Table 3), i t  is s e e n  t h a t  th e  
c h a n g e  is la rg e s t a t  T em se . In d eed , b o th  m e d ia n  c o n c e n tra tio n  
a n d  v a ria b ility  ( in te rq u a rti le  ran g e) a re  s ig n ifican tly  re d u ce d . 
S u rp risin g ly , th e  m e d ia n  c o n c e n tra t io n  a t  U itb erg en  in c re a se s , 
w h ile  th e  v a ria b ility  r e m a in s  eq u al. T h is  c o n firm s th e  
h y p o th e s is  fo rm u la te d  w h e n  d isc u ss in g  Fig. 6 t h a t  T em se  is 
m u c h  m o re  in f lu e n c e d  b y  th e  tid e , b e c a u se  i t  is th e  tid e  th a t  
a llo w s w a te r  m a s s  to  flow  fro m  d o w n s tre a m  to  u p s tr e a m  a n d  
th u s  b r in g s  th e  h ig h  R upel c o n c e n tra t io n s  u p s tre a m . W h e n  th e  
t id e  is sw itc h e d  off, th e  R upel c o n c e n tra t io n  c a n n o t re a c h  as 
fa r u p s tr e a m  a n y m o re  (Fig. 7). Fig. 8a  sh o w s  th e  s im u la te d  
t im e se r ie s  a t  T em se , sh o w in g  th e  re d u c e d  c o n c e n tra t io n s  a n d  
v a riab ility . T h e  re m a in in g  v a ria b ility  is r e la te d  to  th e  u p s tre a m  
d isc h a rg e  (av erag e  d a ily  d isc h a rg e s  a re  p rescrib ed ). Fig. 8c 
sh o w s th e  da ily  w a te r  d isc h a rg e  a t  M elle (see Fig. 1 fo r lo ca tion ) 
a n d  th e re  is in d e e d  a  c le a r  s im ila r ity  w ith  th e  c o n c e n tra tio n  
t im e se r ie s  a t  T em se . H igh c o n c e n tra t io n s  a t  T em se  g e n era lly  
co in c id e  w ith  h ig h  d isc h a rg e  p e rio d s .

T he c o n ce n tra tio n s  a t  U itbergen  a re  overall less in flu en ced  by 
th e  tide . T herefo re , i t  is n o  su rp rise  th a t  th e  s im u la ted  co n ce n ­
tra tio n  tim e se rie s  a t  U itbergen  (w ith o u ttid e , Fig. 8b) a lso  exh ib its  
a  c lear sim ila rity  w ith  th e  d isch arg e  tim ese rie s , a lth o u g h  th e  
c o n ce n tra tio n s  se e m  to  be  less  “sen sitiv e” to  h ig h  d isch arg es 
th a n  w a s  th e  case  a t  T em se. T h is su g g ests  th a t  th e  tw o  c o u n ­
te ra c tin g  effec ts o f h ig h  d isch arg e  -  re d u ce d  t ra n s it  tim e  
(in creas ing  E. coli c o n ce n tra tio n s  d o w n stream ) a n d  in c reased  
d ilu tio n  (decreas in g  co n cen tra tio n s) -  a re  b a la n ce d  d iffe ren tly  
a t  th e s e  tw o  loca tions. But th e  overall re su l t  a t  b o th  lo ca tio n s is 
a n  in c re ase  o f th e  E. coli c o n ce n tra tio n s  w ith  d ischarge.



W A T E R  R E S E A R C H  4 5  ¡ 2 0 1  i )  2 7 2 4 —2 7 3 8 2733

x  104

5

4

E
O oo  J

oo 2
LU

1
U itbergen

O
30 Dender î D u rm e  î R upe l T0 southern î  1 0 20 40 50 60 70

Scheldt branch distance from Ghent (km) -  1D model

3000
SL IM -E C  interquartile band

 SL IM -E C  min -  m ax  v a lu e s
 SL IM -E C  m edian  va lu e

•  m ea su rem en ts

2500

2000

1500

O 1000
500

0
80 90 100 110 120 130 140 150

distance from Ghent (km) -  2D model

Fig. 7 -  E. coli concentration profile along the Scheldt (cf. Fig. 3 for legend). Model results refer to simulation without tide.

F u r th e r  in sp e c tin g  th e  s im u la tio n s  a t  U itb erg en  w ith o u t  
tid e s , i t  is re m a rk a b le  t h a t  th e  m e d ia n  s im u la te d  c o n c e n tra ­
tio n  is in c re a se d , w h ile  th e  in te rq u a r t i le  ra n g e  re m a in s  
u n c h a n g e d . W h e n  c o m p a rin g  Fig. 8b w ith  Fig. 6b, i t  a p p e a rs  
t h a t  sw itc h in g  o ff th e  t id e  in d u c e s  tw o  m a in  c h an g es:

(i) th e  s h o r t  te rm  v a ria b ility  d u e  to  th e  t id a l e ffe c t v a n ish e s , 
a s  e x p ec ted . B ecause  th is  v a ria b ility  h a s  a  sm a lle r  
a m p litu d e  th a n  th e  lo n g - te rm  v a ria tio n s , th is  b a re ly  
in f lu e n ce s  th e  o verall in te rq u a r t i le  ran g e .

(ii) th e  m in im a l c o n c e n tra t io n s  a re  h ig h e r  (a lth o u g h  th e  
m a x im a l c o n c e n tra t io n s  re m a in  q u a si- id e n tic a l) . In d eed , 
in  th e  s im u la tio n  w ith  tid e s , th e  c o n c e n tra t io n s  d ro p  to  
lo w er, a lm o s t-z e ro  v a lu e s . As fo r U itb erg en  n o  m a jo r  
so u rc e s  lie  d o w n s tre a m , d u rin g  r is in g  tid e , w a te rs  w ith  
lo w e r E. coli c o n c e n tra t io n s  a re  b ro u g h t u p s tr e a m  to  U it­
b e rg en , e ffec tiv e ly  re d u c in g  th e  c o n c e n tra t io n  a t  U itb e r­
gen . It is re m a rk a b le  th a t  th e  c o n c e n tra t io n s  re m a in  a t 
th e s e  low  lev e ls  fo r s ig n ifican tly  lo n g e r  p e r io d s  th a n  
a  tid a l cycle. T h ere fo re , th e s e  low  v a lu e s  c a n n o t  (only) 
re s u l t  fro m  th e  p e rio d ic  t id a l c u r re n t  u p s tre a m . R a th er, i t  
s e e m s  th a t  th e  tid a l o sc illa tio n  h a s  a  m ix in g  e ffe c t a c tin g  
o n  lo n g e r tim e sc a le s , e sp ec ia lly  d u r in g  p e r io d s  o f low  
d isc h arg e , w h e n  th e re  is le s s  c o u n te ra c t io n  fro m  th e  r iv e r 
flow.

T h ese  re s u lts  c lea rly  d e m o n s tra te  th a t  th e  c o n c e n tra t io n s  
a t  b o th  m o n ito r in g  lo ca tio n s  a re  in f lu e n c e d  b y  th e  tid e s , b u t  in  
a  d iffe re n t m a n n e r .  In o rd e r  to  ge t a  m o re  d e ta ile d  p ic tu re  o f 
th e  sp a tia lly  v a ry in g  e ffec t o f th e  tid e s  on  m e d ia n  c o n c e n ­
tra t io n  a n d  v a riab ility , w e  v isu a lise d  th e  d iffe re n ce s  b e tw e e n  
Fig. 3 (w ith  tid es) a n d  Fig. 7 (w ith o u t tid es) in  Fig. 9. T h is figure

re v ea ls  a  c o m p lex  ro le  o f th e  tid e s : th e y  c a n  lo ca lly  e ith e r  
in c re a s e  o r d e c re a se  th e  m e d ia n  c o n c e n tra t io n  an d , s u rp r is ­
ingly , th e  sa m e  h o ld s  fo r th e  v a riab ility . In d eed , in  th e  c en tra l 
p a r t  (b e tw een  k m  22 a n d  50) th e  t id e s  e ffec tiv e ly  re d u c e  th e  
o b se rv ed  v a ria b ility  in  E. coli c o n c e n tra tio n s . F u r th e r  d o w n ­
s tre a m  (from  k m  50 to  th e  Rupel) th e  tid e s  h u g e ly  in c re a se  
b o th  th e  v a ria b ility  a n d  th e  m e d ia n  c o n c e n tra tio n s , u n til 
a lm o s t  100% o f th e ir  v a lu e  is d u e  to  th e  tid e s . T h is  is  th e  
u p s tr e a m  R upel in f lu e n ce  zo n e , a s  d isc u sse d  fo r th e  sa m p lin g  
s ta tio n  T em se . U p s tre a m  of k m  50 th e  m e d ia n  c o n c e n tra tio n s  
a re  lo w e red  b y  th e  t id e s  (cf. d isc u ss io n  fo r U itbergen), a n d  th is  
re d u c tio n  is h ig h e r  th a n  50% fo r a  s ig n ifican t se c tio n  o f th e  
river.

In o rd e r  to  b e t te r  u n d e r s ta n d  w h y  th e  t id e s  re d u c e  m e d ia n  
a n d  in te rq u a r t i le  ra n g e  in  th e  c e n tra l p a r t  o f th e  riv er, w e  
p e rfo rm e d  a n  a d d itio n a l m o d e l te s t.  A n a rro w  p a tc h  o f t ra c e r  
w a s  in itia lise d  a t  U itb erg en  o n  1/2/2007 a t  0:00 a n d  fo llow ed  
d u r in g  10 d a y s  -  o n ce  t r a n s p o r te d  b y  th e  “fu ll” h y d ro d y ­
n a m ic s  (tid es +  r iv e r flow), a n d  o n ce  w ith  o n ly  th e  r iv e r flow. 
For sim p lic ity , all o th e r  so u rc es  a n d  d ecay  re a c tio n s  w e re  
re m o v e d  (p assiv e  tracer). Fig. 10 sh o w s th e  re s u lts  o f th e s e  
tw o  s im u la tio n s . It is  se e n  th a t ,  in  a d d itio n  to  m o v in g  th e  
p a tc h  u p  a n d  d o w n  th e  river, th e  tid e s  in c re a s e  th e  w id th  of 
th e  p a tc h  a n d  a cco rd in g ly  re d u c e  th e  m a x im a l c o n c e n tra tio n . 
T h is  su g g ests  t h a t  th e  t id e s  in d e e d  h a v e  a n  in c re a s e d  “m ix ­
in g ” e ffec t, sm o o th in g  th e  p a tc h  m o re  e ffic ien tly  th a n  w ith o u t  
t id a l a c tio n , w h ic h  is c o m p a tib le  w ith  th e  o b se rv ed  lo w er 
m e d ia n  c o n c e n tra t io n s  a n d  v a ria b ility  in  th is  se c tio n  o f th e  
river.

In th e  e s tu a ry , th e  p ic tu re  d o es  n o t  c h a n g e  so  m u c h  by 
re m o v in g  th e  t id a l e ffec t (Fig. 7b). W ith o u t  tid e s , th e  h ig h  
R upel c o n c e n tra t io n s  p ro p a g a te  le s s  fa r d o w n s tre a m . Only
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Fig. 8 -  E. coli concentration tim eseries at (a) Temse and (b) Uitbergen (cf. Fig. 1 for location). Model results refer to simulation 
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th e  re s id u a l c u r re n t  d riv es th e  c o n c e n tra t io n s  d o w n s tre a m , 
re su l tin g  in  s lig h tly  h ig h e r  c o n c e n tra t io n s  c lose  to  th e  R upel 
a n d  a fa s te r  d e c re a se  to  q u a s i-z e ro  v a lu es .

In co n clu sio n , th e  t id e  a p p e a rs  to  h a v e  a  s ig n ifican t in flu ­
en ce  on  th e  E. coli c o n c e n tra tio n s  (m ed ian  a n d  range) -  b u t  th e  
e ffec t is  d iffe re n t d e p e n d in g  o n  th e  lo ca tio n . O verall, th e  tid e  
h a s  th e  e ffec t to  e n la rg e  th e  in flu e n ce  ra d iu s  o f a  so u rc e  (or 
tr ib u ta ry ) b y  p u sh in g  w a te r  u p s tre a m  a n d  fu r th e r  d o w n s tre a m  
th a n  if  th e re  w e re  n o  tid e s . In z o n es  ly in g  (n o t to o  far) 
u p s tre a m  o f im p o r ta n t  so u rces , th e  tid e s  th e re fo re  c au se  a n  
increase o f th e  av erag e  c o n c e n tra tio n s , o th e rw ise  th e  av erag e  
c o n c e n tra tio n s  te n d  to  decrease. In th is  p a r tic u la r  case  o f  th e  
Scheld t, th is  m e a n s  th a t  th e  e x te n t  o f th e  re g io n  in flu e n ce d  by 
th e  h ig h  R upel c o n c e n tra tio n s  is s ig n ifican tly  e n la rg ed  by  th e  
p re se n c e  of tid e s , m o s tly  u p s tre a m  b u t  a lso  d o w n s tre a m . 
C onversely , th e  m o s t  u p s tre a m  se c tio n  of th e  S c h e ld t is m a in ly  
in flu e n ce d  b y  w h a t  co m es fro m  fu r th e r  u p s tre a m , a n d  o n ly  to  
a  le s se r  e x te n t  b y  th e  tide . In th is  p a r t, th e  t id e s  r a th e r  h a v e  th e

e ffec t to  d e c re a se  th e  c o n c e n tra tio n s  b y  b r in g in g  d o w n s tre a m  
w a te r  w h ic h  c o n ta in s  lo w e r c o n c e n tra tio n s  o f E. coli. F inally, by  
re m o v in g  th e  t id a l fo rc in g  i t  w a s  a lso  c learly  se e n  th a t  b o th  a t  
T em se  a n d  U itb erg en  th e  m o d e lled  E. coli c o n c e n tra tio n s  
co rre la te  p o sitiv e ly  w ith  u p s tre a m  d isch arg e , a lth o u g h  th e ir  
r e sp o n se  is  d iffe ren t. C learly, th e  im p a c t o f  th e  t id e s  o n  th e  E. 
coli c o n c e n tra tio n s  is c ru c ia l b u t  v e ry  co m plex , im p ly in g  th a t  
“tid a l c o rre c tio n s” in  m o d e ls  w h ic h  w o u ld  n o t  exp lic itly  
s im u la te  th e  tid e s  a re  u n lik e ly  to  be  re liab le .

4 .2 .2 . U pstream  concentrations and  W W TPs 
T ab le  3 c learly  sh o w s  t h a t  fro m  th e  tw o  in p u ts  c o n s id e re d  in  
th is  s tu d y  (u p s tre a m  c o n c e n tra t io n s  a n d  W W TPs), th e  m a in  
“so u rc e ” o f E. coli in  th e  S c h e ld t is  w h a t  co m e s th ro u g h  th e  
u p s tr e a m  b o u n d a r ie s . T h is is p ro b a b ly  d u e  to  th e  fa c t th a t

(i) a  h u g e  a m o u n t  o f  b a c te r ia  e n te r  th e  m o d e l d o m a in  th r ­
ou g h  th e  Z en n e  b o u n d a ry , c a u se d  b y  th e  la rg e  v o lu m e s  of
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w a s te  w a te r  d isc h a rg e d  in  th e  B ru ssels a re a  (u p s tre a m  of 
th e  m o d e l b o u n d a ry ) in  th e  re la tiv e ly  sm a ll r iv e r Z enne . 
T h ese  m a ss iv e  c o n c e n tra t io n s  p ro p a g a te  th ro u g h  th e  
R upel in to  th e  S ch e ld t, w h e re  th e y  o v e rw h e lm  th e  e ffec t 
o f  loca l W W TPs.

(ii) th e  la rg e s t W W TPs in  th e  S c h e ld t (th e  p a r t  u n d e r  tid a l 
in flu en ce) h a v e  a l im ite d  effec t. M ost o f  th e m  a re  lo c a te d  
in  th e  A n tw e rp  a rea , w h e re  th e y  e ith e r  d isc h a rg e  in  
c a n a ls  o r in  th e  A n tw e rp  h a rb o u r, a v o id in g  a  d ire c t e ffec t 
o n  th e  S ch e ld t. T h e  few  la rg e  W W TPs th a t  d isc h arg e  
d irec tly  in  th e  S c h e ld t (e.g. A n tw e rp en -Z u id  a n d  A artse- 
laar), do  so  in  th e  d o w n s tre a m  p a r t  o f  th e  r iv e r (d o w n ­
s tre a m  o f th e  R upel co n n ec tio n ) w h e re  w a te r  d isc h a rg e s  
a re  m u c h  h ig h e r  a n d  th e re fo re  th e ir  im p a c t  is im m e d i­
a te ly  re d u c e d  b y  d ilu tio n .

A lth o u g h  T ab le  3 o n ly  fo c u ses  o n  T em se  a n d  U itb erg en , th e  
c o n c e n tra t io n s  a re  re d u c e d  in  th e  w h o le  d o m a in  w h e n  
th e  b o u n d a ry  c o n c e n tra t io n s  a re  s e t  to  ze ro  (n o t sh o w n ). T he 
e ffe c t o f th e  W W TPs is th e n  m o re  v is ib le  b u t  re m a in s  o n ly  
v e ry  local, su g g e s tin g  a n  e ffic ien t m ix in g /d ilu tio n .

4.2 .3 . D isappearance processes
Finally , w e  te s te d  th e  im p a c t  o f  ta k in g  o u t  e i th e r  o f  th e  tw o  
c o n s id e re d  d is a p p e a ra n c e  p ro c e sse s :  m o r ta l i ty  a n d  se ttl in g . 
T ab le  3 sh o w s  t h a t  s e d im e n ta t io n  h a s  a  n eg lig ib le  e ffec t, b u t  
m o r ta l i ty  c e r ta in ly  n o t.  In o th e r  w o rd s , i t  is  th e  m o r ta l i ty  
p ro c e s s  w h ic h  is  p r im a r i ly  re sp o n s ib le  fo r th e  d e c re a s e  in  
c o n c e n tr a t io n s  fo llo w in g  th e  in p u t  b y  a  W W TP o r t r ib u ta ry  
(Fig. 3). T h e  n eg lig ib le  im p o r ta n c e  o f th e  s e t t l in g  p ro c e s s  on  
th e  o v e ra ll d is a p p e a ra n c e  r a te  is  p ro b a b ly  d u e  to  th e  fa c t 
t h a t  th e  r iv e rs  c o n s id e re d  in  th is  s tu d y  a re  re la tiv e ly  d eep ,

im p ly in g  th a t  b a c te r ia  n e e d  to  c ro ss  a  s ig n if ic a n t w a te r  
d e p th  b e fo re  th e y  a c tu a lly  d is a p p e a r  b y  se ttl in g . T h e  (local) 
re la tiv e  im p o r ta n c e  o f m o r ta l i ty  v e rs u s  s e d im e n ta t io n  c an  
b e  e x p re s s e d  a s  q =  k mortH /used, w ith  H th e  w a te r  h e ig h t. In 
th e  f r e s h w a te r  (ID) p a r t  o f th e  S c h e ld t a n d  d u r in g  th e  s tu d y  
p e r io d  (26 M arch  2 0 0 7 -1 5  Ju n e  2008) th is  ra tio  ra n g e s  
b e tw e e n  2 a n d  35, w ith  a  m e d ia n  v a lu e  o f 9. In  o th e r  w o rd s , 
d is a p p e a ra n c e  b y  m o r ta l i ty  is  a lw ay s  fa s te r  th a n  b y  s e d i­
m e n ta t io n .  For th e  S e in e  w a te rs h e d , i t  w a s  a lre a d y  fo u n d  
t h a t  th e  re la tiv e  im p o r ta n c e  o f s e t t l in g  v e rs u s  m o r ta l i ty  in  
th e  to ta l  d is a p p e a ra n c e  r a te  d e c re a s e s  w ith  in c re a s in g  
h y d ro lo g ic a l o rd e r  o f th e  s t r e a m  (S ervais e t  al., 2009). For 
sm a ll  s tre a m s , s e t t l in g  w a s  th e  d o m in a n t  c a u s e  o f E. coli 
d is a p p e a ra n c e ,  w h ile  i ts  im p o r ta n c e  b e c a m e  n eg lig ib le  in  
th e  la rg e s t  r iv e rs  o f th e  w a te rs h e d . N e v e r th e le s s , w e  m u s t  
k e e p  in  m in d  t h a t  th e  s e t t l in g  p ro c e ss  w a s  m o d e lle d  by  
m e a n s  o f  a  v e ry  s im p le  f irs t  o rd e r  p a ra m e te r is a t io n ,  w h ile  
a  m o re  a c c u ra te  r e p re s e n ta t io n  w o u ld  in c lu d e  a n  e x p lic it 
m o d e l o f  s u s p e n d e d  m a t te r  ( in c lu d in g  re su sp e n s io n ) .  It w a s  
a lre a d y  d is c u s se d  th a t  su c h  a r e p re s e n ta t io n  is  e x p e c te d  to  
im p ro v e  th e  m o d e l p e r fo rm a n c e  in  th e  e s tu a r in e  MTZ. 
H o w ev er, i t  is n o t  o b v io u s  w h e th e r  i t  w ill s ig n ific a n tly  
in f lu e n c e  th e  r e s u l ts  in  th e  r iv e r in e  p a r t.  B ased  o n  th e  E. coli 
c o n c e n tr a t io n s  m e a s u re d  in  th e  b o t to m  s e d im e n ts  a n d  th e  
c o n c e n tr a t io n s  o f s u s p e n d e d  m a t te r ,  O u a tta ra  e t  al., (2011) 
e s t im a te d  th e  p o te n t ia l  c o n tr ib u tio n  o f s e d im e n t  r e s u s ­
p e n s io n  to  th e  E. coli c o n c e n tr a t io n  in  th e  w a te r  co lu m n . 
S e d im e n t r e s u s p e n s io n  c o n tr ib u te d  s ig n ific a n tly  to  th e  
w a te r  c o n ta m in a tio n  o n ly  a t  tw o  s ite s  in  th e  S c h e ld t 
w a te rs h e d . T h e se  r e s u l ts  su g g e s t t h a t  r e s u s p e n s io n  c an  
h a v e  im p o r ta n t  b u t  lo c a lise d  im p a c ts  in  th e  r iv e rs . M o d e l­
lin g  th e s e  e ffe c t w ill b e  a  c h a lle n g e  fo r th e  fu tu re .
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Fig. 10 -  Results of simulation in which a patch of passive tracer w as released at Uitbergen. No sources or decay processes 
were considered. In a first simulation, the tracer w as transported by the “full” hydrodynamics (tides + river flow, thick 
lines) and in a second simulation only the river flow w as considered (thin lines). Results shown: (a) evolution of maximal 
concentration (arbitrary units), with inset showing zoom on first hours; (b) position of maximum; (c) measure for the width  
of the patch.

5. Summary and conclusions

T h e  c u r re n t  s tu d y  a im e d  a t  p ro v id in g  so m e  in s ig h t  in to  th e  
(observed) E. coli c o n c e n tra t io n  in  th e  tid a l S c h e ld t R iver a n d  
E stu ary . A t a  few  lo c a tio n s  a lo n g  th e  t id a l S c h e ld t lo n g -te rm  
m o n ito r in g s  (>1 year) h a v e  b e e n  p e rfo rm e d , a n d  th e  re su ltin g  
(m o n th ly ) m e a s u re m e n ts  e x h ib ite d  a re m a rk a b le  v a riab ility , 
w h ic h  c o u ld  n o t  re ad ily  b e  ex p la in ed . A lth o u g h  m e a s u re ­
m e n ts  a re  av a ilab le  o n ly  a t  a  m o n th ly  in te rv a l, w e  h y p o th ­
e s ise d  th a t  th e  s h o r t  te rm  p h y s ic a l p ro c e sse s  (tide  a n d  
u p s tr e a m  d isch arg e) co u ld  b e  m a jo r  d riv e rs . To v e rify  th is  
h y p o th e s is , th e  SLIM-EC m o d e l w a s  b u ilt, in  o rd e r  to  s im u la te  
th e  sp a tio - te m p o ra l d is tr ib u tio n  of E. coli c o n c e n tra tio n s , 
in c lu d in g  th e s e  h ig h -re so lu tio n  p h y s ic a l fo rc ings, in  a d d itio n  
to  specific  E. coli so u rc es  (W W TPs, b o u n d a ry  c o n c e n tra tio n s )  
a n d  p ro c e sse s  (m o rta lity  a n d  se ttlin g ). T h e  E. coli d y n a m ic s  a re

k e p t  re la tiv e ly  s im p le , m o tiv a te d  by  an a lo g o u s  s tu d ie s  (e.g. 
d is re g a rd  o f d iffu se  so u rces) a n d  by  lack  o f d a ta  (c o n s ta n t 
W W TP d isch arg e , b o u n d a ry  c o n c e n tra tio n s , s ing le  poo l o f 
b ac te ria ) . N e v e rth e le ss , th e  m o d e l s im u la tio n s  w e re  cap ab le  
o f re p ro d u c in g  th e  lo n g -te rm  m e d ia n  a n d  ra n g e  of E. coli 
c o n c e n tra t io n s  in  th e  S ch e ld t. T h e  m a in  de fic ien cy  o f th e  
m o d e l is i ts  in ab ility  to  a c c u ra te ly  s im u la te  th e  d e c re a se  in  
c o n c e n tra t io n  in  th e  MTZ -  w h ic h  is m o s t  p ro b a b ly  d u e  to  th e  
lack  o f s e d im e n t- re la te d  d y n a m ic s  fo r E. coli.

T h is is  n o t  th e  f irs t E. coli m o d e l re so lv in g  th e  tid e , b u t  
p re v io u s  s tu d ie s  d id  n o t  in v e s tig a te  th e  lo n g - te rm  e ffe c t o f 
th is  fo rcing . K a sh e fip o u r e t  al. (2002) fo cu s o n  s in g le  days, 
G a rc ia -A rm isen  e t  al. (2006) o n ly  s tu d y  th e  c o n c e n tra tio n  
p ro file  a f te r  a  28 d ay s s im u la tio n  w ith  c o n s ta n t  u p s tre a m  
d isch arg e . On th e  o th e r  h a n d , w e  m u s t  a d m it  t h a t  th e  c u r re n t  
m o d e l is  n o t  fit fo r “p o in t  p re d ic tio n s” a t  a  p re c ise  t im e  a n d  
lo ca tio n . Still, th e  m o d e l h a s  p ro v e n  a c c u ra te  in  p re d ic tin g
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lo n g -te rm  m e d ia n  a n d  ra n g e , m a k in g  it  a  p o te n tia lly  in te r ­
e s tin g  to o l fo r lo n g -te rm  risk  a s s e s s m e n t  s tu d ie s . In d eed , for 
r isk  s tu d ie s , u n d e r s ta n d in g  o f th e  m e d ia n  b e h a v io u r  is  n o t  
su ffic ien t; i t  is c ru c ia l to  h a v e  so m e  in s ig h t  in to  th e  v a riab ility  
a n d  th e  p ro c e sse s  d riv in g  it.

C o m p arin g  th e  re fe re n c e  s im u la tio n  to  re d u c e d  m o d e l 
se tu p s , a  d e e p e r  u n d e rs ta n d in g  o f th e  co n tro llin g  p ro c e sse s  
w a s  possib le :

(1) T h e  tid e , th e  c o n c e n tra t io n s  co m in g  fro m  u p s tr e a m  a n d  
th e  m o r ta lity  p ro c e ss  a re  th e  m a in  fa c to rs  c a u s in g  th e  
o b se rv ed  E. coli c o n c e n tra t io n s  a n d  v a riab ility .

(2) T h e  tid e  is c ru c ia l to  find  c o rre c t m e d ia n  a n d  ra n g e  of 
c o n c e n tra tio n s . H ow ever, its  e ffec t is co m plex : i t  c an  
e ith e r  in c re a s e  o r d e c re a se  th e  loca l (m ed ian ) c o n c e n tra ­
tio n s  (d e p en d in g  on  th e  lo ca tio n  o f th e  c lo se s t so u rces) 
a n d  in c re a s e  o r d e c re a se  th e  loca l v a riab ility .

(3) T h e  im p a c t  o f th e  W W TPs in s id e  th e  m o d e l d o m a in  a re  
m in o r , su g g e s tin g  th a t  in v e s tm e n t  in  th e s e  W W TPs m a y  
n o t  b e  th e  m o s t  e ffic ien t m a n a g e m e n t  a c tio n  to  im p ro v e  
th e  w a te r  q u a lity  in  te rm s  o f feca l c o n ta m in a tio n . A t th e  
o p p o site , im p ro v in g  w a s te w a te r  t r e a tm e n t  in  so m e  
W W TPs lo c a te d  u p s tr e a m  of th e  s tu d ie d  d o m a in  (esp ec ially  
in  th e  B russels area) w o u ld  b e  im p o r ta n t  fro m  a w a te r  
q u a lity  p o in t  o f v iew .

T h ese  re s u l ts  p o in t  to w a rd s  a  few  d ire c tio n s  fo r fu tu re  
d e v e lo p m en ts :

(1) M odel im p ro v e m e n ts :

a. A b e t te r  m o d e l re p re s e n ta t io n  o f th e  e s tu a r in e  d e c re a se  
in  E. coli c o n c e n tra t io n s  m a y  b e  ach iev e d  by  c o m p lex ify in g  th e  
E. coli m o d u le  by  in c lu d in g  a  d ire c t lin k  w ith  se d im e n t 
d y n a m ic s .

b. In c lu d e  fu r th e r  v a ria b ility  in  th e  fo rcings, e sp e c ia lly  th e  
b o u n d a ry  c o n c e n tra tio n s . In c lu d in g  v a ry in g  W W TP d isc h a rg e s  
d o e s  n o t  se e m  re le v a n t, d u e  to  th e  sm a ll im p a c t  o f th e s e  
so u rc es . H ow ever, a  m o re  a c c u ra te  re p re s e n ta t io n  o f w h a t  
e n te r s  fro m  u p s tr e a m  co u ld  b e  ach iev e d  b y  e x te n d in g  th e  
m o d e l to  th e  m o re  u p s tr e a m  (n o n -tid a l) r iv e r se c tio n s , e sp e ­
c ia lly  th e  Z en n e  se c tio n  c ro ss in g  B russels, a s  th is  a p p e a rs  to  b e  
a  m a jo r  so u rc e  o f c o n ta m in a tio n .

(2) A d d itio n a l d a ta . In d eed , th e  a b o v e -m e n tio n e d  m o d e l 
im p ro v e m e n t a re  o n ly  p o ss ib le  if  a d d itio n a l m e a s u re ­
m e n ts  a re  m a d e /b e c o m e  availab le . B ut a lso  fo r th e  v a li­
d a tio n  o f th e  m o d e l a d d itio n a l d a ta  a re  n e c e ssa ry . V isually  
i t  is  c le a r  t h a t  d a ta  (tim ese rie s) a re  lac k in g  in  th e  e s tu a ry , 
b u t  a lso  in  th e  r iv e r in e  p a r t  a d d itio n a l m o n ito r in g  s ta tio n s  
w o u ld  b e  u se fu l. T h e  m o d e l m a y  b e  a  u se fu l gu id e  to  
d e te rm in e  th e  o p tim a l p o s it io n  a n d /o r  t im in g  o f fu tu re  
sa m p le s  (e.g. d e  B rau w ere  e t  al., 2009).
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