
Reprinted from

Canadian 
Journal 
of Fisheries 

Aquatic 
Sciences

and

Réimpression du

Journal 
canadien 
des sciences  

halieutiques 
« aquatiques

I n s t i t u é  w * î  t.î o t - ' - " ' - ' - ' - ' ! ' 5'! « t i e n o e k

i r . r . v

8401 Bredcm» - Belgium - • ei. 459 / 80 37 15

Development of an ecosystem model of a turbid estuary

I. R . J o in t

V olum e 4 0  •  S upp lem en t N um ber 1 •  1983 

3 4 1 -3 4 8

Canada 1+ Government of C anada Gouvernement du Canada 
Fisheries and O ceans Pêches et O céans

Printed in Canada by K,G. Campbell Corporation



Development o f an Ecosystem Model of a Turbid Estuary1

I . R . J o in t

U .K . N a tu ra l E n v iro n m e n t R esea rch  C ounc il, In stitu te  f o r  M a rin e  E n v iro n m en ta l R ese a rc h ,
P ro sp e c t P la ce , T he  H oe, P lym ou th , P L I  3D H  U .K .

Jo in t , I. R. 1983. D e v e lo p m en t o f  an eco sy stem  m odel o f  a  tu rb id  e s tu a ry . C an . J . F ish .
A quat. S ei. 4 0 (S u p p l. 1): 3 4 1 - 3 4 8 .

T h is  p ap e r d esc rib es  the d ev e lo p m en t o f  those  asp ec ts  o f  the w h o le  eco sy stem  m o d el,
G E M B A S E , w h ich  a re  m ost in flu e n ced  by w ate r tu rb id ity . M ean  valu es o f  su rface  tu rb id ity , 
d e te rm in ed  fo r  a  co a rse  g rid  o f  th e  B risto l C h a n n e l, w ere  found  to be h igh ly  c o rre la te d  w ith 
tidal ran g e  and lo g i0 14-d m ean  river flow . P aram eters d e riv ed  from  m u ltip le  reg ressio n s o f  
these  variab les  w ere  u sed  to ob ta in  rea listic  sim u la tions o f  su rface  tu rb id ity  fo r  an 8 -y r period  
from  1972 to  1980; s im u la ted  ex tin c tio n  dep ths derived  from  tu rb id ity  s im u la tio n s  w ere  a lso  
rea lis tic . R esu lts o f  G E M B A S E  are d iscussed  for p hy top lank ton  and  susp en sio n  feed in g  
b e n th o s , the tw o  c o m p o n en ts  o f  the ecosystem  m ost affec ted  by su sp en d ed  so lid s c o n c e n ­
tra tio n s . S im u la tio n s  o f  p h y to p lan k to n  b io m ass w ere ob ta in ed  w hich  c o m p ared  w ell w ith  fie ld  
data . H o w ev er, re su lts  fo r  su sp en s io n  feed ing  ben thos w ere  less g o o d  and  sh o w ed  slig h t 
in c rease s in b io m ass  from  y e a r to y e a r  w hich  have not been  found  in the B risto l C h a n n e l; 
p o ss ib le  reaso n s fo r  th is are  d iscussed .

K ey  words'. B risto l C h a n n e l, eco sy stem  m o d elin g , tu rb id ity , ex tin c tio n  d e p th , p h y to p lan k to n , 
su sp en s io n  feed in g  m acro fa u n a

Jo in t , I. R . 1983. D ev e lo p m en t o f  an ecosystem  m odel o f  a turbid e s tu a ry . C an . J. F ish .
A quat. S ei. 4 0 (S u p p l. 1): 3 4 1 - 3 4 8 .

L es aspects du  m o d èle  d ’un éco sy stèm e en tie r, G E M B A S E , les p lus in flu e n cés p a r  la 
tu rb id ité  d e  l’eau  son t décrits  dans le  p résen t article. O n a co n sta té  q ue  les v a leu rs m o y en n es 
d e  la tu rb id ité  d e  su rface , d é te rm in ées dans un quad rillage  g ross ie r du chenal d e  B ris to l, son t 
en  é tro ite  co rré la tio n  avec  l’am p litu d e  de la m arée  et le log,,, du déb it m o y en , par p é rio d e  de 
14 jo u rs , de la r iv iè re . N ous av o n s u tilisé  des param ètre s d ériv és des rég re ss io n s  m ultip les 
d e  ces v ariab le s  afin  d ’o b ten ir  des s im u la tio n s réa listes de la tu rb id ité  de su rface  p en d an t une 
p é rio d e  de 8 a n s , de  1972 à  1980; les p ro fondeurs d ’ex tinc tion  s im u lées d éco u lan t des 
s im u la tio n s  d e  tu rb id ité  son t ég a lem en t réa lis tes . N ous ex am in o n s  les ré su lta ts  d e  G E M B A S E  
en  re la tio n  av ec  le p h y to p lan c to n  e t le ben thos se  nou rrissan t d e  m atiè re  en  su sp en s io n , les 
d eu x  c o m p o san te s  de l ’éco sy stèm e  les p lus in fluencées p a r  les co n cen tra tio n s de so lid es en  
su sp en s io n . N o u s o b ten o n s  des s im u la tio n s de b iom asse  p h y to p lan c to n iq u e  qu i s ’acco rd en t 
b ien  av ec  les d o n n ées  recu e illies  su r le te rra in . C e p en d an t, les résu lta ts  re la tifs  au b en th o s  se 
n o u rrissan t de  m atiè re  en  su sp en sio n  son t m oins bons e t m on tren t de fa ib les  au g m en ta tio n s  
de b io m asse  d ’u ne  an n ée  à l ’au tre , qu i n ’avaien t pas é té  obse rv ées dans le ch en a l d e  B risto l; 
n o u s an a ly so n s  les ra iso n s  p o ss ib les  d e  ce phénom ène.

R e ce iv ed  O c to b e r  14, 1981 R eçu  le 14 o c to b re  1981
A cce p te d  Ju n e  2 1 , 1982 A ccep té  le 21 ju in  1982

E c o s y s t e m  m odels o f  e s tu aries  are  d riven  by  a v arie ty  o f  a subm odel w h ich  sim u la tes the env iro n m en ta l variab le  con-
env iro n m en ta l fo rc ing  fu n c tio n s; so m e  physical p ro cesses cern ed . S o m e  forcing  fu n c tio n s , such  as riv er ru n o ff  o r so la r
w h ich  d e te rm in e  b io log ica l ac tiv ity  a re  p red ic tab le  but o th ers  rad ia tion  are  so  variab le  th a t th e ir im pact on  an  ecosystem  can
h av e  a h igh  deg ree  o f  ran d o m n ess . In a ttem p tin g  to m o d el the only  be m odeled  by in c lu d in g  h isto ric  da ta . H ow ever, o ther
p rev io u s b eh av io r o f  an  e co sy stem , en v iro n m en ta l d a ta  c an  be fo rc ing  fu n c tio n s a re  m ore p red ic tab le ; R adford  and Join t
in c lu d ed  e ith er in d ig ita l fo rm , d e riv ed  from  field  d a ta , o r as (1980) d escrib ed  how  the seasonal cy c le  o f  w ater tem p era tu re

in the B risto l C hannel cou ld  be ad eq u a te ly  d escribed  by a
--------------------  s inuso idal c u rv e , fitted  to fie ld  d a ta  ob ta in ed  over 4  years; this

'This paper forms part o f the Proceedings of the Dynamics o f w>as used  as a  fo rc ing  function  in th e  es tu a rin e  ecosystem
Turbid Coastal Em ironments Symposium convened at the Bedford m o d e l, G E M B A S E  (G en era l E co sy stem  M odel o f  the B ristol
Institute of Oceanography, Dartmouth, N .S ., Canada, September C hannel and  Severn  E stuarv ).
2 9 - October I, 1981. V ariab les  d om inated  by  random  flu c tu a tio n s such  as so la r
P rin ted  in C a n ad a  (J6671) rad ia tion  and  river f lo w  are inc luded  in G E M B A S E  as tables
Im p rim é  au C a n ad a  (J6671)
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L u n d y

F ig . I . B ris to l C h a n n e l sh o w in g  th e  sev e n  re g io n s  m o d e le d  in G E M B A S E . T h e  sm all 5  n au tic a l m ile  sq u a re s  a re  u s e d  in c a lc u la tin g  m e an  
v a lu e s  o f  e a c h  v a r ia b le  fo r  the la rg e  reg io n s .

o f  d ig ita l d a ta  deriv ed  from  field  o b se rv a tio n s  (R adfo rd  
1979). H o w ev er, la rge  tab les o f  da ta  tend  to m ake w ork ing  
w ith  a  co m p u te r  sim ulation  m odel cu m b erso m e  and su b ­
m o d e ls , i f  th ey  are  not so  co m plica ted  that they  use  a lot o f  
c o m p u te r  co re  and com p u tin g  tim e , are  e a s ie r  to u se . S u b ­
m o d e ls , o n ce  v erified , also  have the ad v an tag e  tha t it is no 
lo n g e r n ecessa ry  to co llec t fie ld  data  fo r  that en v iro n m en ta l 
v a riab le  at the sam e in tensity  o f  sam pling .

T u rb id ity  is o ne  env ironm en ta l variab le  w h ich  has been  
su c cess fu lly  inc luded  in G E M B A SE  as a  su b m o d e l. T h e  B ris­
to l C h a n n e l has consid erab le  q u an tities o f  p a rticu la te  m a tte r in 
su sp en s io n  in ce rta in  reg ions o f  the e s tu ary . T u rb id ity  is a 
c ru c ia l fo rc in g  function  because  it a ffec ts  light penetra tion  
in to  th e  w ater co lu m n , and hence  p h o to sy n th es is , as w ell as 
a ffe c tin g  the feed in g  responses o f  filte r feed in g  an im a ls . T h e  
p u rp o se  o f  th is p ap e r is to describ e  the m ethods w hich  have 
been  u sed  to m odel tu rb id ity  ch anges in the e s tu a ry , w ith in  the 
c o n tex t o f  a w ho le  ecosystem  m o d el, and to rep o rt the resu lts 
o f  th e  m odel fo r  p hy top lank ton  and su sp en s io n  feed ing  
ben th o s .

M ethods and Data T reatm ent

T h e  B risto l C hannel (F ig . 1) is o ne  o f  the m ajo r estu aries  
o f  the U n ited  K ingdom  w ith seven large r iv e r  sy s tem s d ra in ­
ing in to  the u p p e r  100 km . It is a h igh ly  d y n am ic  es tu ary  w ith 
a  tida l ran g e  o f  up to  14 m in the O u te r E stu ary  and  a tidal

ex cu rs io n  o f  up to  25 km . M ean dep th  ranges from  41 m at 
the seaw ard  en d  to  9 .5  m  in the O u te r  E stuary .

As part o f  a m u ltid isc ip lin ary  s tu d y  o f  th e  B risto l C hannel, 
th e  In stitu te  fo r M arine  E nv iro n m en ta l R e search  has been 
sa m p lin g  in the es tu ary  since 1971, co llec tin g  d a ta  on zoo- 
b en th o s (W arw ick  and D avies 1977; W arw ick  e t al. 1978), 
Z ooplankton (C o llin s  and W illiam s 1981), p h y to p lan k to n  and 
bacteria l b io m ass and p roduction  (Jo in t and  P om ro y  1981, 
1982) and on p hysica l variab les and h y d ro d y n am ics (U ncles 
1979; U ncles and  Jo rd an  1980; U ncles and R ad fo rd  1980). 
T h ese  data  fo rm  the base in itia lly  u sed  to fo rm ulate  
G E M B A S E  and  subseq u en tly  to va lid a te  and  verify  the 
m odel.

T u rb id ity  w as m easu red  on each  cru ise  w ith  a P artech  S u s­
p en d ed  S o lids M o n ito r w hich w as ca lib ra ted  by  com parison  
w ith  g rav im etric  de te rm in a tio n s o f  su spended  so lid s co n cen ­
tra tio n s . F rom  1972 until 1975 sam ples w ere  taken  on a grid 
o f  s ta tio n s 5 nau tica l m iles apart; a f te r  1977, tu rb id ity  m ea­
su rem en ts  w ere m ade con tin u o u sly  on  w ater sam pled  w ith a 
su b m e rs ib le  p u m p  as the ship steam ed  ro u n d  th e  sam pling  
g rid . B efore 1975, es tim ates o f  ex tin c tio n  dep th  w ere also  
m ade w ith  a S ecch i disc .

C o n to u r  ch a rts  w ere prepared  fo r  every  variab le  m easured  
on each  cru ise ; the position  o f  each  sa m pling  sta tio n  w as 
co rre c ted  to  the co m p u ted  locations at h igh  and  low  w ate r and 
th e  d a ta  w ere  co n to u red  using  th e  S u rface  A ppro x im atio n s 
and  C o n to u r M a p p in g  System  (S A C M ) d ev e lo p ed  by  A ppli­
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ca tio n s  C on su ltan ts  In c ., T exas to g iv e  se p a ra te  charts fo r the 
p o sitio n s  the s ta tio n s w ould  o ccupy  at h igh  w a te r  and low 
w ater. F o r the p u rp o ses o f eco sy stem  m o d elin g , the B risto l 
C h a n n e l w as d iv id ed  in to  th e  co a rse  g rid  o f  seven  reg ions 
(R ad fo rd  1979) sh o w n  in F ig. 1 and  the m ean fo r  each  v a ri­
ab le  w as com p u ted  fo r  each  reg io n . V alu es fo r each  square  o f  
5 nau tica l m iles (F ig . 1) w ere  read  from  the co n to u r charts  for 
h ig h  and  low w a te r , and  averag ed . A m ean  fo r  each  o f  the 
se v en  large  reg ions w as determ ined  fro m  these sm all square  
m eans by  w eig h tin g  th e  data  acco rd in g  to  the vo lu m e o f  w ate r 
in the 5 nau tica l m ile  squares. T h ese  av erag e  v a lues fo r  the 
la rg e  reg io n s w ere  used  in G E M B A S E  d ev e lo p m en t and  v a l­
ida tion  (R adfo rd  and  Jo in t 1980).

Results and Discussion

M o d e l i n g  T u r b i d i t y

T h e  co n cen tra tio n s o f  su spended  so lid s vary  co n sid erab ly  
in the B risto l C hannel from  the h igh ly  tu rb id  In n er E stu ary  to 
the O u te r  C hannel w h ich  has low  p a rticu la te  loads typ ica l o f  
B ritish  coasta l w a te rs . In add ition  to the vertical d istribu tion  
o f  su sp en d ed  p a rtic les  w hich  is co n tro lled  by  tidal re­
su sp en s io n , th e re  is a d is tin c t se aso n a l v a ria tio n  in su rface  
tu rb id ity  in the B risto l C hannel; F ig . 2 sh o w s typ ica l co n to u r 
ch a rts  fo r  tu rb id ity  o f  su rface  w a te r  in M arch  and A u g u s t. T he 
very  tu rb id  reg io n s sh o w  little  v a ria tio n  w ith  seaso n  bu t the 
tu rb id ity  o f  th e  In n er and  C en tra l C hannel reg ions is s ig n ifi­
can tly  redu ced  in su m m er. It is th is seasonal ch an g e  in tu r­
b id ity  w h ich  w as m odelled  in G E M B A S E  and no a ttem p t w as 
m ad e  to m odel tu rb id ity  ch anges d ue  to  the sem id iu rn a l tide.

D u rin g  m odel d ev e lo p m en t, v a rio u s a ttem p ts w ere  m ade to 
find  a sim p le  e x p ress io n  w hich  w o u ld  su c cessfu lly  sim u la te  
se aso n a l ch an g es in tu rb id ity . A n  in itial co rre la tio n  o f  tu r­
b id ity  and  daily  v a lues o f  riv er f lo w  gav e  a  reaso n ab le  a p p ro x ­
im ation  to o b se rv ed  tu rb id ities . F low ever, th e  sim u la ted  
tu rb id ity  w as h igh ly  variab le  w ith  u n reaso n ab le  daily  flu c tu ­
a tio n s resu lting  from  th e  ch ang ing  r iv e r  flow . T h ese  rapid 
o sc illa tio n s w ere  d am p ed  by re la tin g  tu rb id ity  to the logarithm  
o f  r iv e r  run o ff, averag ed  o v e r the p rev io u s  14 d . T h e  s im u ­
la tio n s w ere  based  on  a  reg ressio n  o f  m ean  su rface  particu la te  
co n cen tra tio n  fo r e ach  re g io n , d e riv ed  from  14 c ru ises in 1973 
and  1974, and logm  14-d m ean  r iv e r  f lo w  ( r  =  0 .7 1 , 
P  €  0 .0 1 ) . A lth o u g h  th is  ex p ress io n  gav e  re aso n a b le  se aso n ­
al s im u la tio n s o f  tu rb id ity , th e re  w ere  still u n rea lis tic  da ily  
f lu c tu a tio n s and the sim u la tio n  w as p a rticu la rly  su scep tib le  to 
sh o rt-te rm  in creases in river flo w . It w as a lso  d ifficu lt to 
en v isag e  how  riv e r  flow  cou ld  a ffe c t tu rb id ity  o f  the w ho le  
B risto l C h a n n e l, a lth o u g h  it m ig h t be a cru d e  in d ica tio n  o f  
w e a th e r cond itions in the reg ion . A ttem p ts w ere , th e re fo re , 
m ad e  to re la te  tu rb id ity  to those  o th e r env iro n m en ta l v ariab les 
w h ich  w ere  in tu itiv e ly  though t m o re  likely  to con tro l re ­
susp en sio n  in the e s tu a ry , such  as w in d  speed  and tidal range 
(as ind ica to rs  o f  w ind  and tidal stress).

R eg ressio n s w ere  d o n e  betw een  the m ean  v a lu es  o f  tu r­
b id ity  fo r  each  o f  the seven reg io n s  and  the fo llo w in g  v ari­
ables: (a) m ean tidal range on  m id -d a te  o f  c ru ise , (b) m ean 
tida l ran g e  over w ho le  c ru ise  p e r io d , (c) range o f  last S p rin g  
tid e  b e fo re  c ru ise , (d ) river f lo w , (e ) logm  14-d m ean  river 
flo w , (f) m ean w ind sp e ed  o v e r c ru ise , (g) m ean  w ind  speed
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F ig . 2 . C o n to u r  c h a r ts  o f  s u rfa c e  tu rb id ity  in th e  B ris to l C h an n e l in 
M arch  a n d  A u g u s t 1980 : s ta t io n  p o s itio n s  w e re  c o rre c te d  to  the p o ­
s itio n  th e y  w o u ld  o cc u p y  a t  lo w  w a te r  b e fo re  c o n to u r in g . T h e  d o tted  
lin e  s h o w s  th e  tid a lly  c o r re c t p o s itio n  o f  th e  sa m p lin g  tra ck .

fo r  7 and  14 d before c ru ise , (h) w esterly  co m p o n en t o f  w ind 
speed  fo r  7 and  14 d b e fo re  c ru ise . S ig n ifican t co rre la tions 
w ere  o b ta in ed  betw een  tu rb id ity  and  log,,, 14-d m ean river 
flow  and  tidal range o f  th e  S p rin g  tide p rio r to  da ta  co llec tion . 
M u ltip le  reg ressio n  o f  these  tw o  variab les  to g e th e r against 
tu rb id ity  resu lted  in a s ig n ifican tly  b etter co rre la tio n  co effi­
c ien t th an  w as ob ta in ed  aga in s t the ind iv idual variab les; the 
co rre la tio n  cou ld  not b e  sig n ifican tly  im p ro v ed  by includ ing  
any  m easu rem en t o f  w in d  as a th ird  variab le . T h e  resu lts o f  
the m u ltip le  reg ressions fo r  th e  seven reg io n s o f  the B ristol 
C han n e l are  g iv en  in T a b le  1; the F  ratio  is s ign ifican t at 
P  <  0 .0 5  fo r  the Inner C hannel and S outh  O u te r  C h a n n e l, at 
P  s  0 .001  fo r the S o u th  C en tra l C hannel and  at F  <  0.01 for 
th e  o th e r  fo u r reg ions.

T h e se  reg ression  e q u a tio n s  fo rm  the b as is  o f  tu rb id ity  sim ­
u la tio n  in G E M B A S E . T h e  resu lts o f  th e  sim ulation  fo r 
8 y ea rs  a re  show n  in F ig . 3 fo r tw o co n tra s tin g  reg ions, the 
tu rb id  In n er C hannel an d  th e  least tu rb id  reg io n , the South  
O u ter C h a n n e l. D ata p o in ts  p rio r  to 1975 w ere  used in the 
fo rm u la tio n  o f  the m odel and  w ere  based  on  g rav im etric  de­
te rm in a tio n s  o f  p artic le  load ; the data  a fte r 1976 w ere Partech 
read in g s an d , since th ese  w ere  not used  in m odel fo rm ula tion , 
th ey  p ro v id e  verifica tio n  o f  the g o o d n ess-o f-fit o f  the s im u­
la ted  and  ob se rv ed  tu rb id itie s .

T h e  p ro b lem  o f  how  to valid a te  the o u tp u t from  a m odel is 
a  very  d ifficu lt one. P la tt and  R adach  (1981) sta te  tha t, fo r 
co m p lex  m odels that g en e ra te  tim e se ries o f  m an y  state vari­
ab les , th e re  is no o b jec tiv e  c rite rio n  fo r  goo d n ess-o f-fit and
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T a b l e  1. M u ltip le  re g re s s io n  o f  tid a l ra n g e  o f  th e  S p rin g  tid e  p r io r  to  d a ta  co lle c tio n  (1 s t  v a riab le ) a n d  logm  14 -d  m e a n  r iv e r  f lo w  (2nd 
v a r ia b le )  a g a in s t tu rb id ity  fo r  sev en  reg io n s  o f  th e  B ris to l C h a n n e l. T h e  e q u a tio n  is

T u rb id ity  =  a  +  ( b  x  tid a l ra n g e )  +  ( c  x  logm  r iv e r  flow ) 

r  is  th e  c o r re la tio n  c o e ff ic ie n t, F  is  th e  ra tio  o f  re g re s s io n  m e a n  sq u a re d  o v e r  res id u a l m e a n  s q u a re d , a n d  P  is th e  lev e l o f  s ig n if ic a n t o f  the 
F - ra t io .

R e g io n n a  (s e ) b  (SE ) c  (SE ) r F P

In n e r  E s tu a ry 24 - 5 6 5 .6 1  ± 2 4 3 .4 6 7 0 .2 7 ±  19 .42 1 .1 6  ±  1 .17 0 .6 3 6 .6 7 =£0.01
O u te r  E s tu a ry 24 —7 6 3 .5 4 ± 2 7 3 .16 7 5 .9 8 + 1 9 .1 0 5 5 .5 1  ± 3 2 .7 9 0 .6 6 8 .1 5 « 0 .0 1
In n e r  C h a n n e l 14 —9 8 .3 9 ± 5 6 .5 0 9 .9 0 ± 5 .7 6 6 .1 7  ± 8 .7 3 0 .6 8 4 .7 4 « 0 .0 5
N o r th  C e n tra l C h a n n e l 14 - 4 4 .8 1  +  18 .70 3 .3 7  ± 1 .9 1 5 .9 8 ± 2 .8 9 0 .8 2 11.51 « 0 .0 1
S o u th  C e n tra l C h a n n e l 14 —3 8 . 1 4 ±  10 .54 3 .4 4 ±  1.08 2 .7 1  ±  1.63 0 .8 8 18 .76 « 0 .0 0 1
N o rth  O u te r  C h a n n e l 13 - 2 7 . 5 7 ±  14 .63 1 7 9 ±  1.51 4 . 0 2 ± 2 . 10 0 .7 9 8 .1 4 « 0 .0 1
S o u th  O u te r  C h a n n e l 12 -  13 .08  ±  10 .07 0 .9 7 ±  1 .05 2 .0 1  ± 1 .4 4 0 .7 2 4 .7 5 « 0 .0 5

Inner Channel

S o u th  O uter Channel

5 0 -

2 0 -

F ig . 3 . S im u la te d  v a lu es  f o r  su rfa c e  tu rb id ity  f ro m  1973 u n til 1980 f o r  th e  In n e r C h an n e l a n d  S o u th  
O u te r  C h a n n e l. T h e  d a ta  p o in ts  a re  m e a n  v a lu e s  o f  tu rb id ity  c a lc u la te d  fo r  ea ch  reg io n  fro m  f ie ld  o b s e r ­
v a tio n s .

th a t m o s t m o d el fits  are  ju d g e d  sub jec tive ly . S ta tis tica l v a lid a ­
tio n  o f  th e  o u tp u t from  G E M B A S E  has not been  a ttem p ted  
and  th e  re su lts  show n  on this p ap e r are based  on  sub jec tive  
a s se ssm en ts  o f  good n ess-o f-fit.

W eek ly  varia tio n s in sim u la ted  tu rb id ity , w h ich  w ere often  
c o n s id e ra b le , are  the resu lt o f  th e  sp r in g -n e a p  tidal cy c le . 
T h e  f ie ld  d a ta  a lso  ind ica te  la rge  ch anges in tu rb id ity  o v e r 
sh o rt tim e  p erio d s bu t o u r sa m pling  p rog ram  w as too  in fre ­
q u en t to  d e te rm in e  w hether o r not the fine detail o f  th e  s im u ­
la tion  is rea lis tic . I t w ould  be n a ïv e  to th ink  that su ch  a  s im p le  
m o d e l co u ld  be  u sed  to sim u la te  sho rt-term  ch an g es in tu r­
b id ity  in  a fin er g rid  in the B risto l C han n e l; b u t, fo r the 
p u rp o ses  o f  G E M B A S E , w ith  the assum ed  hom o g en e ity  over 
la rg e  re g io n s , th e  re su lts  are accep tab le . T h e  co m p lex ity  o f  
m an y  o f  the b io log ica l p rocesses in an estuarine  eco sy stem  are 
so  g re a t th a t a  sim u la tio n  m odel is m uch  m ore like ly  to b reak  
d o w n  as a  re su lt o f  p o o r  m odeling  o f  the b io lo g y  th an  o f  a 
p o o r  ap p ro x im a tio n  o f  w ater turb id ity .

M o d e l i n g  E x t i n c t i o n  D e p t h

E stim ates o f  ex tin c tio n  dep th  a re  need ed  to m o d e l the re ­
sp o n se  o f  phy to p lan k to n  to light. A co rre la tion  w as found 
b e tw een  tu rb id ity  and Secch i d isc  dep th  fo r  the 14 c ru ises in 
th e  B risto l C h a n n e l in 1973 and 1974 and  fo rm ed  th e  basis o f 
s im u la tio n  o f  e x tin c tio n  dep th  in G E M B A S E . A reg ression  o f  
rec ip rocal S ecch i d isc  dep th  aga in s t su rface  p a rticu la te  load of 
the fo rm  1/SD =  0 .0 3 4  tu rb id ity  +  0 .1 3 4  gav e  a  corre la tion  
co effic ie n t o f  0 .8 9 2  (P  «  0 .0 0 1 ); ex tin c tio n  dep th  w as , th e re ­
fo re , m o d eled  in G E M B A S E  by co rre la tin g  w ith  sim ulated  
d a ily  v a lu es  o f  tu rb id ity . F igu re  4  show s the ag reem en t be­
tw een  sim u la ted  and observed  S ecch i d isc  d ep th s fo r  the Inner 
and  S outh  O u te r  C h an n e ls  from  1973, p lo tted  as logm  Secchi 
d isc  d ep th . U n fo rtu n a te ly , too few  Secch i d isc  m easu rem en ts 
w ere  m ade a fte r 1974 fo r a m ean in g fu l tes t o f  th e  long-term  
sim u la tio n  o f  e x tin c tio n  dep th . H o w ev er, in v iew  o f  the close 
f i t  o f  s im u la ted  and  observed  tu rb id itie s  fo r  1973 until 1980,
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F ig . 4 .  Log,,, S e c c h i d is c  d e p th  s im u la te d  fo r  1973  un til 19 8 0  fo r th e  In n e r C h a n n e l a n d  S o u th  O u te r  
C h a n n e l: th e  d a ta  p o in ts  a re  m e a n  v a lu e s  o f  S e c c h i d isc  c a lc u la te d  fo r  e a c h  reg io n  fro m  fie ld  d a ta .

it se em s reaso n a b le  to assum e that F ig . 4  is a  reaso n ab le  
rep re sen ta tio n  o f  m ean  ex tinc tion  dep th  in each  o f  the seven  
reg io n s  o f  th e  B risto l C hannel. D aily  v a lues o f  ex tin c tio n  
dep th  com p u ted  in G E M B A S E  are m o d ified  fo r se lf-sh ad in g  
by  a te rm  w hich  resp o n d s to ch an g in g  p h y to p lan k to n  d ensity  
(K rem e r and N ixon  1975, 1978) and  rep re sen ts  the sum  o f  
ligh t a tten u a tio n  by inorgan ic  p a rtic les  and p hy top lank ton  
ce lls .

M o d e l i n g  P h y t o p l a n k t o n  B io m a s s

T o  m odel the B risto l C hannel in ju s t  se v en  reg io n s , a  large 
d e g re e  o f  spa tia l h om ogeneity  in the d is tr ib u tio n  o f  p lank ton  
w as assu m ed . M o reo v er, it w as d ec id ed  that too  fine a tem p o ­
ral sc a le  w ould  a lso  no t be ap p ro p ria te  fo r  G E M B A S E  and 
th a t it w o u ld  not b e  feasib le  to m o d el p rocesses w ith  a re la x ­
a tion  tim e o f  less than  I d . W ith  o ne  ex cep tio n , all eco lo g ica l 
p ro cesses  sim u la ted  in G E M B A S E  a re  assu m ed  to o ccu r at a 
co n s ta n t rate fo r a tim e period o f  I d; th is is ju s tif ia b le  in 
m o d e lin g  p rocesses such  as filte r  feed in g  becau se  the average  
fo o d  co n cen tra tio n  (phy to p lan k to n ) is no t likely  to  chan g e  
d ram a tica lly  o v e r  24 h and  a m ean  d a ily  feed in g  ra te  is a close 
ap p ro x im a tio n  to rea lity . H ow ever, a  s im ila r  co a rse  ap p roach  
to m od elin g  pho to sy n th es is  cou ld  no t b e  ju s tif ie d  becau se  
p h o to sy n th es is  is in fluenced  m o re  by  the in stan tan e o u s light 
in ten sity  than  by the daily  in teg ra ted  v a lu e . P ho tosy n th es is  
in crease s w ith  increasing  light in ten sity  until a sa tu ra tin g  light 
le v e l, th en  the rate  decreases d ue  to  p h o to in h ib itio n . It w as 
fe lt th a t it w ould  be inappropria te  to  d riv e  G E M B A S E  w ith  an

idea lized  d a ily  value fo r  so la r rad ia tion  (such  as K rcm cr and 
N ixon  (1978) used  in th e ir  m odel o f  N arra g an se tt Bay) b e­
cau se  it w ould  not be po ss ib le  to  ad eq u a te ly  m odel the re­
sponse  o f  ph y to p lan k to n  to natural f lu c tu a tio n s in light in­
ten s ity . T h e  G E M B A S E  p rim ary  p ro d u c tio n  sub ro u tin e  uses 
h o u rly  valu es o f  so la r rad ia tion  to m odel p rim ary  p roduction  
and  th e  hourly  rates are  su m m ed  to g iv e  a  p rec ise  in tegral fo r 
daily  p rim a ry  p roduction ; R adfo rd  (19 7 9 ) has describ ed  the 
p ro ced u re  in detail.

P h o to sy n th es is , in teg ra ted  do w n  the w a te r  co lu m n , w as 
m odeled  u sin g  the eq u a tio n  o f  S tee le  (1 9 6 2 ), assum ing  a 
constan t v a lu e  fo r ex tin c tio n  co effic ie n t o v e r  each  24-h  peri­
od . T h e  e s tim ates o f  p rim ary  p roduction  ob ta in ed  by th is 
m odel co m p are  w ell w ith  m easu rem en ts  m ad e  in the Bristol 
C hannel (R ad fo rd  and  Jo in t 1980). A ll o th e r  processes in­
v o lv ing  p rim ary  p ro d u cers , i.e . resp ira tio n , ex c re tio n  o f  d is­
so lv ed  o rg an ic  m atter, m o rta lity , g raz in g  by Z ooplankton and 
zo o b en th o s and  physical tran sfe r  from  o ne reg ion  to  ano ther, 
w ere  ca lcu la ted  on a da ily  b as is .

S im u la ted  phy to p lan k to n  b io m ass in fiv e  reg io n s is show n 
in F ig. 5 and  com p ared  w ith  m ean  valu es o f  ob se rv ed  b iom ass 
fo r  each  reg ion ; the d a ta  and s im u la tio n s a re  p lo tted  on a logm 
scale  to a llow  b etter v isua l co m p ariso n  o f  the agreem ent at 
b o th  h igh  and  low  b io m ass values. T h e re  is a ten d en cy  fo r 
s im u la ted  v a lues in the O u te r  and C en tra l C h a n n e ls  to be too 
low  in w in te r  and to o  h igh  in su m m er, and  th e  sim u la tion  fo r 
the In n er C hannel does not agree  w ell w ith  obse rv ed  data.

A lth o u g h  ch lo rophy ll a co n cen tra tio n s in the Inner C hannel 
a re  s im ila r  to  those in th e  C en tra l and O u te r  C h a n n e ls , annual



346 C A N . J. F ISH . A Q U A T . S C I..  V O L . 4 0 (S U P P L . 1), 1983

N o rth  C e n tra l  •  C h a n n e lN orth O u te r  C h an n e l

F ig . 5 . S im u la te d  a n d  o b s e rv e d  s ta n d in g  s to c k  o f  p h y to p la n k to n  in f iv e  reg io n s  o f  th e  B ris to l C h an n e l 
fro m  1973 u n til 1975 p lo t te d  a s  logm  m g  C - m ~ \

N o rth  O u te r  C hannel N orth  C e n tra l  C hannel

Inner C hannel

S o u th  C e n tra l  C h an n e l Inner C h an n elS o u th  O u te r  C h an n el2 '8_1

2 0 -

1 0 -

5 -

I------------- 1 I

S o u th  C e n tra l  C h an n e lS o u th  O u te r  C hannel

F ig . 6 .  S im u la te d  b io m a s s  o f  su sp e n s io n  fe e d in g  b en th o s  in  five  re g io n s  o f  the B ris to l C h a n n e l fro m  
1973 u n ti l 1975.

p rim a ry  p ro d u c tio n  in th e  Inner C hannel is on ly  4 %  o f  that in 
the O u te r  C h a n n e l (Jo in t and Pom roy  1981). R adfo rd  (1981) 
has sh o w n  that the rate  o f  p rim ary  p ro d u c tio n  sim u la ted  in 
G E M B A S E  c o m p ares  w ell w ith  the e s tim ates m ade by Jo in t 
and  P o m ro y  (19 8 1 ) u sin g  the l4C  techn ique. T h e  low  s im u ­
la ted  b io m ass  m ust resu lt becau se  a p ro cess o th er than  p h o to ­
sy n th e sis  is in ad eq u a te ly  m odeled  by G E M B A S E . In th e  In ­
n e r  C h a n n e l, the im p ac t o f  g raz in g  is very  sm all becau se  o f  
th e  lo w  b io m ass  o f  h erb iv o res in the reg ion  (C o llin s  and 
W illiam s 1981); th e re fo re , th e  equatio n s e ith er fo r  m o rta lity , 
re sp ira tio n  o r  in te r-reg io n  transfers are in ad eq u a te  fo r  the 
Inner C h a n n e l, a lth o u g h  they resu lt in rea listic  s im u la tio n s fo r  
th e  less tu rb id  reg io n s . T ran sfe rs  o f  m aterial from  o ne reg ion  
to  a n o th e r  are  u n lik e ly  to be  at fault becau se  o f  the g o o d  
sim u la tio n  o f  sa lin ity  in G E M B A S E  (U ncles 1983). I f  e ith er 
m orta lity  o r  re sp ira tio n  o f  phy to p lan k to n  in w in ter in the Inner 
C h a n n e l is less th an  assu m ed  then  the sim u la ted  resu lts  w o u ld  
be c lo se r  to  th e  o b se rv ed  h igh co n s tan t s tan d in g  stock  o f

p h y to p lan k to n . H ow ever, very  little  resea rch  has been  done 
on  p h y to p lan k to n  physio logy  in tu rb id  en v iro n m en ts . S m ayda 
and  M itch e ll-In n es ( 1974) and A n tia  ( 1976) have repo rted  that 
lab o ra to ry  cu ltu re s o f  algae can  re ta in  v iab ility  in th e  dark  fo r 
m an y  m on ths w ith o u t fo rm ing  restin g  s ta g es. U n d er co n d i­
tio n s o f  c o n tin u o u s  d a rk n ess , s im ila r to those  ex p erien ced  by 
p h y to p lan k to n  in tu rb id  w ate rs , these  au th o rs  rep o rted  a  co n ­
sid e rab le  red u c tio n  in resp ira tion  ra te . H o w ev er, no  fie ld  data  
are  av a ilab le  to  con firm  th is o b se rv a tio n  w ith  natural p h y ­
to p lan k to n  po p u la tio n s. T h e  b eh av io r o f  p h y to p lan k to n  in the 
d ark n ess o f  a  tu rb id  w ater co lu m n  is o ne  e x am p le  o f  several 
w h ere  G E M B A S E  o u tpu t has h ig h lig h ted  im p o rtan t lacunae 
in o u r u n d e rstan d in g  o f  es tu arin e  eco logy .

M o d e l i n g  t h e  B i o m a s s  o f  S u s p e n s i o n  F e e d i n g  B e n t h o s

O th er c o m p o n en ts  o f  the p elag ic  eco sy stem  have been  
m o d eled  w ith  s im ila r  success to p h y to p lan k to n ; R adfo rd  and



JO IN T : D E V E L O P M E N T  O F  A  T U R B ID  E S T U A R Y  E C O S Y S T E M  M O D E L 347

Jo in t (1980) repo rted  rea lis tic  re su lts  fo r  the s im u la tio n  o f  
o m n iv o ro u s  and carn iv o ro u s Z ooplank ton  w h ich  co m p ared  
w ell w ith  fie ld  data . H o w ev er, the ben th ic  e co sy stem , an d  in 
p a r tic u la r  susp en sio n  feed in g  m acro b en th o s h av e  p roved  
m o re  d ifficu lt to m odel.

M acro fau n a  are  patch ily  d is trib u ted  in th e  B risto l C han n e l; 
th is w as m odeled  in G E M B A S E  by assu m in g  a h o m o g en eo u s 
d istr ib u tio n  o f  an im als over a  no tio n a l p ro p o rtio n  o f  each  
re g io n , th e  p ro p o rtio n  being  d e riv ed  from  th e  f ie ld  o b se r­
v a tio n s o f  W arw ick  and  D avies (19 7 7 ). B io m ass, ex p ressed  
as g  C , w as sim u la ted  fo r  each  m 2 w h ere  su sp en s io n  feeders 
o ccu rred . C han g es in sim u la ted  b io m ass a re  the in teg ra l o f  the 
feed in g  p rocesses and re sp ira tio n , ex c re tio n , feces p ro d u c ­
tio n , and  g raz ing .

T h e  m o d el sim u la tes  th e  e ffec t o f  ch an g in g  p a rtic le  co n cen ­
tra tio n  on  feed in g  ra te ; u sing  d a ta  ob ta in ed  w ith  M ytilu s  
e d u lis ,  B ayne et al. (1976a) deriv ed  an ex p ress io n  w h ich  
re su lte d  in decreas in g  filte ring  rate  and  in creasin g  p se u d o ­
feces  p roduction  w ith  increasin g  p a rtic le  c o n cen tra tio n ; this 
ex p ress io n  has been  used  in G E M B A S E . D aily  feed in g  rates 
w ere  co m p u ted  using  resu lts o f  the s im u la tio n  fo r  tu rb id ity , 
p h y to p lan k to n , and p articu la te  o rg an ic  carb o n ; p h y to p lan k to n  
carb o n  w as ingested  by  m acro fa u n a  w ith  a  g rea te r  e ffic ien cy  
th an  detrita l carbon  and  the la tte r w as assu m ed  to b e  90%  
re frac to ry . E quatio n s fo r  ro u tin e  and s tan d ard  re sp ira tio n  
w ere  b ased  on  the d a ta  o f  B ayne et al. (197 6 b ). P re d a tio n  on 
b en th ic  m acro fa u n a  in G E M B A S E  w as by b irds in in tertida l 
reg io n s  and  by  dem ersa l fish and carn iv o ro u s in v e rteb ra te s  in 
th o se  su b litto ra l reg ions w here  m acro fa u n a  o ccu rred .

S im u la tio n  resu lts , exp ressed  as g  C fo r  each  n r  w here  
su sp en s io n  feeders ex is t, are sh o w n  in F ig . 6 fo r  fiv e  reg ions 
fro m  1973 un til 1975. S easonal d a ta  fo r  all zo o b en th o s in the 
B ris to l C han n e l w ere no t ob ta ined  d u rin g  o u r sa m p lin g  p ro ­
g ram  so  it is not p o ss ib le  to co m p are  th e  s im u la tio n  resu lts 
w ith  f ie ld  data . N o  y ea r-to -y ear varia tio n s in b io m ass hav e  
been  found  in the zoo b en th o s o f  the N orth  O u te r  C hannel 
(R . M . W arw ick , p ersonal co m m u n ica tio n ) so  the crite rion  
ad o p ted  fo r ju d g in g  th e  success o f  the sim u la tio n  is th a t the 
o u tp u t sh o u ld  show  a reaso n ab le  seaso n a l cy c le  w ith  s im ila r 
b io m ass  in success iv e  years. It is c lea r  fro m  F ig . 6 th a t th is 
c r ite rio n  is no t sa tis fied  becau se  there is an  in c rease  in b io ­
m ass in su ccess iv e  y ea rs , p a rticu larly  in th e  N o rth  O u te r  and 
N o rth  C en tra l C hannels.

T h e  in crease s occu r in  a short period  o f  3 0 - 6 0  d  in late 
sp rin g  w h en  G E M B A S E  sim u la tes low  tu rb id ity  (F ig . 3) and 
rap id  in creases in s tand ing  stock o f  p h y to p lan k to n . F oo d  in­
tak e  by  su sp en sio n  feeders in G E M B A S E  is re la ted  to food  
c o n cen tra tio n  and to w a te r  tu rb id ity  w h ich  m od u la tes  filte ring  
e ff ic ie n c y , so  th e  cond itions w hich  o ccu r in th e  m odel each  
sp rin g  fav o u r ingestion  o f  food  at h igh  e ffic ien cy  by su s­
p en s io n  feed in g  ben thos.

T h e re  are  severa l ex p lan a tio n s fo r  the p o o r s im u la tio n  o f  
su sp en s io n  feed ing  m acro fauna. T h e  re la tio n sh ip s  u sed  to 
d e fin e  feed in g  ra te , in g estio n , and pseu d o feces p ro d u c tio n  
w ere  d e riv ed  fo r  M y tilu s  edu lis  and  m ay  no t be a p p ro p ria te  fo r 
o th e r  susp en sio n  feed in g  fau n a , su ch  as S a b e lla r ia ,  w h ich  are 
a b u n d an t in the tu rb id  reg ions o f  the In n e r C h an n e l. A lte rn a ­
tiv e ly , th e  increase  in g ross sim u la ted  b io m ass m ay  be reaso n ­
ab le ; G E M B A S E  does no t a ttem p t to m o d el p ro cesses such  as 
g am e te  p ro d u c tio n  and a  sig n ifican t p ro p o rtio n  o f  p roduction

w hich  w o u ld  no rm ally  b e  lo s t to  the p a rticu la te  o rgan ic  m atter 
pool m ay  be re ta in ed  w ith in  the s im u la ted  su sp en sio n  feed er 
b iom ass re su ltin g  in u n rea lis tic  n e t p ro d u c tio n . I f  th is is the 
ex p lan a tio n  fo r  the p o o r  s im u la tio n  re su lts , th e  p resen t level 
o f  co m p lex ity  o f  G E M B A S E  m ay  be too  sim p le  to allow  
rea listic  s im u la tio n s o f  susp en sio n  feed in g  b en th o s and the 
m odel m u st b e  m od ified .

Conclusions

A  m ultip le  reg re ssio n  o f  tida l ra n g e , r iv e r  flow  and tu r­
b id ity  w as th e  basis o f  a  rea lis tic  sim u la tio n  o f  tu rb id ity  in the 
eco sy stem  m odel G E M B A S E . A lth o u g h  th is exp ress io n  is 
c learly  too  sim p le  fo r  sim u la tin g  sh o rt- te rm  ch an g es in tu r­
b id ity , it w as adequate  to s im u la te  ch an g es in m ean  tu rb id ity  
over th e  large reg ions o f  the B risto l C hannel m odeled  in 
G E M B A S E  and w as used  successfu lly  as a fo rc ing  function  
o f  the m odel. A n o th e r ex p ress io n  d e riv ed  from  a  reg ressio n  o f  
ex tin c tio n  dep th  w ith  tu rb id ity  also  re su lted  in rea lis tic  sim u­
lation  o f  ex tin c tio n  dep th  and  con trib u ted  tow ard s a  successfu l 
sim u la tio n  o f  th e  p elag ic  eco sy stem . T h ese  sim p le  ex p res­
sions a re  ad eq u a te  w ith in  th e  co a rse  g eo g rap h ic  g rid  adopted  
in G E M B A S E  bu t the success o r fa ilu re  o f  large ecosystem  
m odels depends m uch  m ore on  o u r u n d e rs tan d in g  and ab ility  
to s im p lify  in to  m a th em atica l ex p ress io n s th e  com plex  in ter­
ac tio n s occu rrin g  w ith in  and  betw een  th e  b io log ica l co m ­
p o n en ts  o f  the ecosystem .
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