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A B ST R A C T: B a se d  o n  d a ta  from  L a k e  G re v e lin g e n , T h e  N e th e r la n d s , a s im u la t io n  m o d e l h a s  b e e n  
d e s c r ib e d  w h ic h  re fe rs  to g ro w th  ra te s  p e r  u n it  e e lg r a s s  b io m a ss , o b ta in e d  w ith  th e  le a f -m a rk in g  
te c h n iq u e , a n d  to a b o v e -g ro u n d  b io m a ss  a n d  s h o o t-d e n s ity  c h a n g e s  p e r  u n i t  a re a . S p a c e  l im ita t io n  
d e p e n d in g  o n  d e n s ity  of th e  a b o v e -g ro u n d  b io m a ss  a n d  g ro w th  l im ita t io n  d u e  to  s h o r ta g e  in  b e lo w - 
g ro u n d  b io m a ss  h a v e  b e e n  in tro d u c e d . S e a s o n a l  c h a n g e s  in  e e lg r a s s  p ro d u c tio n , b o th  a b o v e  a n d  b e lo w  
g ro u n d , h a v e  b e e n  s im u la te d  as fu n c tio n s  of th e  e x te rn a l  fo rc in g  v a r ia b le s  l ig h t, w a te r  te m p e ra tu re , 
w in d - g e n e r a te d  w a te r  m o v e m e n ts  a n d  in te rn a l  co n tro l v a r ia b le s  d u e  to  a g e in g  of th e  p la n t  m a te r ia l .  
T h e  v e r t ic a l  d is tr ib u tio n  of e e lg r a s s  c a n  b e  p a r t ly  e x p la in e d  from  m o d e ll in g  re s u l ts  o n  sp a c e , l ig h t  a n d  
b e lo w -g ro u n d  b io m a ss  lim ita tio n s . T o g e th e r  w ith  a d d it io n a l  d a ta  -  n o t u s e d  in  th e  m o d e l -  o n  s e e d  
p ro d u c tio n  a n d  g ro w th  of e e lg r a s s  sh o o ts  from  se e d s , v e r t ic a l  a n d  h o r iz o n ta l  d is tr ib u t io n s  c a n  b e  
e x p la in e d  sa tis fa c to rily .

INTRODUCTION

The m odel p re se n ted  in  th is p a p e r  has b ee n  based  
on stud ies carried  out in  Lake G revelingen , SW- 
N etherlands -  a form er estuary  an d  since 1971 a b rac k ­
ish w ate r lake, connected  w ith  the  N orth Sea by 
sluices. T he lake has a surface a rea  of 108 km 2; about 
60 % of its a rea  is sha llow er th an  5 m. In th e  tide less 
lake, ch lorin ity  of th e  w a te r v aried  b e tw e en  12.5 and  
14 %o in 1976.

The subm erged  m acrophy te ee lg rass  Zostera m arina  
in c reased  enorm ously  after closure of the dam  in 1971 
(1200 h a  in  1968, 4400 h a  in  1978). Soon after 1971, 
ee lg rass p roduction  w ith in  the beds reach ed  ap p ro x i­
m ately  100 to 150 g C  m ~2y r -1 . E elg rass p roduction  for 
the  en tire  lake in c reased  from 5 to 50 g C m “2yr_1 
w ith in  10 yr (N ienhuis, 1980).

fn lite ra tu re  the  n u m b er of m athem atica l m odels for 
m arine m acrophytes is scarce (Jansson, 1975; B elyeav 
et al. 1977; Short, 1980). This is p articu la rly  true  for 
eelgrass, a lthough  ee lg rass  ecosystem s are  am ong  the 
most productive m arine  system s in the  w orld, 
m a them atical sim ulation  of th e ir  dynam ics has hard ly  
ever b ee n  a ttem p ted  (Short, 1980).

This p ap e r  p resen ts  a m a th em atica l m odel for

grow th, decom position , an d  d is trib u tio n  of ee lg rass  in 
re la tion  to ex te rn a l forcing functions in  Lake G re­
velingen , ap p lica b le  as a p red ic tiv e  tool for lak e  m a n ­
agem ent. A d e ta iled  rep o rt on the m odel has b ee n  
p resen ted  by V erh ag en  (1981). T he m odel w as 
deve loped  as p a rt of a la rg e -sca le  aq u a tic  m odelling  
effort in Lake G revelingen .

MATERIAL AND METHODS 

Structure of the M odel

T he m odel is b ased  on d a ta  p u b lish ed  by N ienhu is  
an d  De Bree (1977, 1980) an d  ad d itio n a l d a ta  p rov ided  
by the second  au thor. G row th  an d  decom position  of 
ee lg rass  in  1976 have b ee n  fo rm u lated  as functions of a 
n u m b er of forcing v ariab les , such as light, w a te r tem ­
p era tu re  an d  w ind  g e n e ra te d  w ate r m ovem ents. On 
accoun t of th e  p e rm a n e n tly  h ig h  leve ls of n u trien ts  in  
the  in te rs titia l w aters of the  sed im en t (H olland an d  AÍ, 
1980; K elderm an, 1981) it is su p p o sed  th a t ee lg rass  
g row th  is not lim ited  by n u tr ie n t av a ilab ility  in  Lake 
G revelingen .

To incorporate  the  effect of ag e in g , the  shoots (i. e.
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p arts  of ee lg rass  p lan ts  a ttac h ed  to a rhizom e) in  the  
m odel are  d iv id ed  in to  ag e  classes. C onsequen tly , e e l­
grass g row th  a t a g iven  m om ent not only  d ep e n d s  on 
th e  in s tan tan eo u s  forcing functions, b u t also on the 
en v iro n m en ta l conditions p rev a ilin g  d u rin g  the  p re ­
ced in g  period .

T he fo llow ing  lim iting  factors in  th e  p roduction  of 
new  ab o v e-g ro u n d  shoots have b ee n  in troduced : (a) a 
sp ace  lim ita tion , d ep e n d in g  on th e  d ensity  of the 
ab o v e -g ro u n d  biomass,- (b) a g row th lim ita tion  due to 
sh o rtag e  in  belo w -g ro u n d  biom ass.

A d istinction  has b ee n  m ade b e tw e en  2 grow th  forms 
of shoots, viz. an  early  grow th  form  sta rtin g  v eg e ta - 
tively  an d  resu lting  in  g en e ra tiv e  b ran c h in g  an d  flow ­
erin g  (genera tive  shoot), an d  a la te  sum m er grow th 
form (an u n b ran c h ed  v eg e ta tiv e  shoot). T he 2 grow th 
forms are  su b d iv id ed  into age classes, L/DT ag e  c lass­
es for the  g en e ra tiv e  shoots an d  M /D T for the  v e g e ta ­
tive shoots, w h ere  DT is th e  sim u la tion  tim estep  an d  L 
an d  M are  m axim um  ages.

G row th an d  decom position  of each  g row th  form have  
b ee n  fo rm u lated  as first o rder processes, i. e. the ra te  of 
ch an g e  in  b iom ass is p ropo rtiona l to th e  b iom ass p re ­
sent. G row th ra te  p er u n it biom ass, the  re la tiv e  grow th 
rate , has  b ee n  d esc rib ed  as a function  of the  ex tern a l 
forcing v ariab les  ligh t an d  w ate r te m p era tu re  an d  as a 
function  of in te rn a l control v ariab les  du e  to age ing . 
T he re la tiv e  decom position  -  or loss ra te  of ee lg rass

Fig . 1. O u tl in e  of m o d e l s tru c tu re  fo r th e  e e lg ra s s  p o p u la t io n  in  
L a k e  G re v e lin g e n . O p e n  a rro w s: a c tio n  of fo rc in g  fu n c tio n s . 
R ig h t-h a n d  a rro w : tim e  ax is  a lo n g  w h ic h  p o o ls  BG a n d  BV a re  
f ille d  su c c e ss iv e ly  from  in o rg a n ic  c a rb o n  p o o l a n d  fro m  Pool R, 
a n d  s u b s e q u e n t ly  e m p tie d  in  th e  d e tr i tu s  po o l. A b o v e -g ro u n d  
b io m a ss  B =

L/D T M /D T

2  BG, +  2  BVm
1 =  1 m  =  1

biom ass has b ee n  describ ed  as a function of w ater 
tem p era tu re  an d  w ate r m ovem ents due to w ind- 
induced  w aves an d  curren ts an d  is also d e p e n d en t on 
age. An ou tline of the  m odel structu re  is g iven  in 
Fig. 1.

Growth and D ecom position  of One Eelgrass Shoot

T able 1 show s the ra te  of ch an g e  in b iom ass of 1 
ee lg rass shoot. C oncom itan t w ith  inc reasing  p lan t age, 
the re la tive  grow th ra te  is assum ed  to d ecrease  and  the 
re la tive  loss ra te  to increase . M axim um  age  of the 
g en e ra tiv e  grow th form  has b ee n  o b ta in ed  from a 
ca lib ra tion  w ith  av a ilab le  d a ta  on above-g round  e e l­
grass b iom ass and  shoot density ; it ap p e a red  to be 
app rox im ate ly  70 d. M axim um  age  of the vege ta tive  
grow th form  has b ee n  o b ta in ed  in  the  sam e m anner; it 
ap p e a red  to be abou t 40 d. Loss rate  due to w ind- 
in d u ced  w aves and  cu rren ts is supposed  to be strongly  
d e p e n d en t on w ater depth , rea ch in g  m axim um  values 
in  shallow  w ate r (0 to 1 m) w h ere  w ave h e ig h t can be 
of the  sam e order as w ater dep th . It is assum ed  tha t 
ligh t in tensity  at the  bottom  determ in es ee lg rass 
grow th; th is is valid  only if the m ean  p la n t len g th  is 
sm all com pared  to w ate r dep th . T he reason  for this 
approx im ation  is to avoid  the  difficulty  of m odelling  
p la n t len g th  at various w a te r dep ths. D ata on in so la­
tion, extinction  coefficients, w ate r tem p era tu re  and



V e rh a g e n  e t al.: A s im u la tio n  m o d e l 189

T a b le  1. R a te  of c h a n g e  in  b io m a ss  of 1 e e lg ra s s  sh o o t. (1) V a lu e s  b a s e d  on  d ire c t  m e a s u re m e n ts ;  (2) v a lu e s  b a s e d  o n  a 
c o m b in a tio n  of d ire c t  m e a s u re m e n ts ,  l i te ra tu r e  v a lu e s  a n d  a s su m p tio n s ; (3) v a lu e s  b a s e d  o n  a s s u m p tio n s  w ith  li t t le  v a lid a tio n ,

b u t c o n s id e re d  re a s o n a b le  e s t im a te s

RL =  P (RGR -  RDR)

P(0) =  PS

R ates:
RGR =  M R G R  • FI (I) FT, (T) G S (j)
RDR =  M R D R F T 2 (T) • FH  (H) D S (j)

L im itin g  fac to rs :

FI =  1 ~  Ic for 0 <  I <  Ik 
Ik le 

— 1 for I >  Ik 
I =  I0 e"kH
FTi =  GjT-20)
F T 2 =  © 2 ^ - 2 0 )
F H  (H) =  1 +  ô e - ’-n
G S (j) =  a  +  (1 - a )  {1 +  ( j/ja )2}“1
DS (j) =  j/L

S y m b o l d e s c r ip tio n s U n it V a lu e

P (t) B io m ass of 1 e e lg r a s s  sh o o t m g  C S ta te  v a r ia b le
PG  (t) G e n e ra tiv e  g ro w th  fo rm  of P m g  C S ta te  v a r ia b le
PV  (t) V e g e ta tiv e  g ro w th  fo rm  of P m g  C S ta te  v a r ia b le
t T im e d
PS In itia l sh o o t b io m a ss m g  C 2.4 (2)
RGR R e la tiv e  g ro w th  ra te d -1
RDR R e la tiv e  lo ss  ra te d -1
M R G R M a x im u m  re la t iv e  g ro w th  ra te , 20 °C d-1 0.08 (D
M RD R M a x im u m  re la t iv e  lo ss ra te , 20 °C in  s ta g n a n t  w a te r d -1 0 .013  (2)
I L ig h t in te n s i ty  in  w a v e le n g th  r a n g e  400  to 700 n m  a t th e  b o tto m J  cm -2 d -1

Io S u rfa c e  v a lu e  of I J  cm -2 d -1 (1)
k E x tin c tio n  c o e ff ic ie n t m -1 .691 (2)
H W a te r  d e p th m (1)
T W a te r  te m p e ra tu re °C (1)
©i T e m p e ra tu r e  c o e ff ic ie n t for g ro w th - 1.08 (2)
e 2 T e m p e ra tu re  c o e ff ic ie n t for d e c o m p o s itio n - 1.04 (2)
le C o m p e n s a tio n  l ig h t  in te n s ity J  c rm 2 d ' 1 8 (2)
Ik L ig h t s a tu ra t io n  in te n s ity J  cm -2 d -1 60 (2)
Ô A m p lif ic a tio n  fac to r  for le a f  lo sse s  d u e  to w a v e  a c tio n - 5 (3)
X E x tin c tio n  of w a v e  m o tio n m -1 1.5 (2)
] S h o o t a g e d S ta te v a r ia b le

ja A d u lt sh o o t a g e d 25 (3)
L M a x im u m  g e n e ra t iv e  sh o o t a g e d 70 (3)
a C o e ff ic ie n t in  a g e in g  fu n c tio n - 0.3 (3)
FI L ig h t fu n c tio n  in  g ro w th  ra te -
FTi T e m p e ra tu r e  fu n c tio n  in  g ro w th  ra te -
F T 2 T e m p e ra tu r e  fu n c tio n  in  lo ss r a te -
FH In f lu e n c e  of w a te r  d e p th  on  ra te  of le a f  lo sse s  d u e  to w a v e  a c tio n -
G S E ffect of a g e in g  on  g ro w th  ra te -
DS E ffect of a g e in g  o n  lo ss  ra te -

w ate r m ovem ents w ere  av a ila b le  from the  D elta  Insti­
tu te  for H ydrobio log ical R esearch, and  th e  D elta 
D epartm ent, E nv ironm ental R esearch D ivison of the 
M inistry  of T ransport an d  P ublic  W orks and  from Pelli- 
k aan  (1980).

T he choice of the  specific functions and  p aram eters, 
as show n in T ab le  1, has b ee n  ch an g ed  sev era l tim es 
du rin g  the ca lib ra tion  process. The m odel a p p e a red  to 
be less sensitive  to these  d a ta  as com pared  to som e of 
those m en tioned  in  T able 2.

Production of N ew  Shoots and Loss of Shoots

T able  2 show s the in c re ase  in  nu m b ers  of new  shoots 
p er m 2, re la ted  to the lim itin g  factors considered . The 
effect of space lim ita tion  w ill b e  m ore severe  w ith  
in c re as in g  s tand ing  stock, an d  above a g iven  v a lu e  of 
the ab ove-g round  b iom ass the p roduction  of new  
shoots w ill cease.

It is assum ed  th a t the  em erg en ce  of new  shoots 
resu lts  from  a transloca tion  of ca rbon  from  the
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T a b le  2. In c re a s e  in  n u m b e r s  of n e w  e e lg ra s s  sh o o ts  p e r  m 2 For e x p la n a t io n  c o n su lt T a b le  1 (1), (2) a n d  (3)

R a te s:
D N D T G  =  D N D T M  ■ FI (I) FT3 (T) • FB (B) FR (R) fo r t =S DD A Y  
D N D T V  =  A ■ D N D T G  (t — L) • FI (I) • F T 3 (T) FB (B) FR (R) for t >  DD A Y

L im itin g  fac to rs :
FI =  as in  T a b le  1

T  -  T 0
FTs ~  ^  -t- fo r T ï T 0 3 k T  +  T  -  T 0 °

=  0 fo r T  <  T 0
FB =  1 -  (§ ) for B «  o

=  0 fo r B >  o

FR -  n  fo r R 3= 0 R +  e

S y m b o l d e s c r ip tio n s U n it V a lu e

D N D T G P ro d u c tio n  of n e w  sh o o ts  of th e  g e n e ra t iv e  g ro w th  fo rm  m -2, d "1 n u m b e r  
m 2 d

R ate

D N D T V P ro d u c tio n  of n e w  sh o o ts  of th e  v e g e ta t iv e  g ro w th  fo rm  m -2, d “1 n u m b e r  
m 2 d

R ate

B A b o v e -g ro u n d  b io m a s s  m~2 m g C  m -2 S ta te  v a r ia b le
R B e lo w -g ro u n d  b io m a ss  m~2 m g  C  m -2 S ta te  v a r ia b le

P a ra m e te r  v a lu e s
n u m b e r  

m 2 dD N D T M M a x im u m  p ro d u c tio n  of n e w  sh o o ts  m  2, d 1 150 (3)

T 0 T e m p e ra tu r e  b e lo w  w h ic h  n o  sh o o ts  a re  p ro d u c e d °C 9 (3)
kT M ic h a e l is  c o n s ta n t  fo r te m p e ra tu re °C 3 (3)
a A b o v e -g ro u n d  b io m a ss  a b o v e  w h ic h  no  n e w  sh o o ts  a re  p ro d u c e d m g  C  m -2 42 .IO 3 (3)
e M ic h a e lis  c o n s ta n t  fo r rh iz o m e  b io m a ss m g  C  m -2 0 .47 .IO 3 (3)
A M u lt ip l ie r - 1.4 (3)
D D A Y T im e  sw itc h  fro m  g e n e r a t iv e  to  v e g e ta t iv e  sh o o t p ro d u c tio n d 215
f t 3 T e m p e ra tu r e  fu n c tio n  in  th e  p ro d u c tio n  of n e w  sh o o ts -
FB R e d u c tio n  fa c to r  in  th e  p ro d u c tio n  of n e w  sh o o ts  d u e  to  sp a c e  l im ita t io n - (3)
FR R e d u c tio n  fa c to r  in  th e  p ro d u c tio n  of n e w  sh o o ts  d u e  to  rh iz o m e  l im ita t io n - (3)

T a b le  3. R a te  of c h a n g e  in  b e lo w -g ro u n d  e e lg r a s s  b io m a ss . F or e x p la n a t io n  c o n su lt T a b le  1, (2) a n d  (3)

HR = K1 • PR — PS (DNDTG + DNDTV) -  K2 PLOSS
a t

P L O SS =  ^  D N D T G  (t — L) +  ^  D N D T V  (t -  M ) +  ^  J  D N D T G  (t -  x) dx +
o

1 M
+  2 ^ j  J  D N D T V  (t -  x) dx

o
L

P R =  ƒ D N D T G  (t — x ) ( l  ~ ^ i )  P G (x ,t)  RGR (t, x) ■ dx +
o

M

+  ƒ D N D T V (t — x) (1 - § ¡ ^ )  ' P V (x ,t)  R G R (t.x ) • dx

S y m b o l d e s c r ip tio n s  
K1 P ro p o r t io n a li ty  c o n s ta n t
K2 B e lo w -g ro u n d  b io m a ss  of 1 u p ro o te d  sh o o t
L M a x im u m  a g e  of g e n e r a t iv e  sh o o t
M  M a x im u m  a g e  of v e g e ta t iv e  sh o o t

PL O SS Loss ra te  of sh o o ts

PR A b o v e -g ro u n d  p ro d u c tio n

U n it

rng C
d
d
n u m b e r  

m 2 d 
m g  C
m 2 d

V alue
0.19 (2)
2.0 (3)

70 (3)
40 (3)

Rate

Rate
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rhizom es. O n the  o ther hand , root an d  rh izom e p ro d u c­
tion  are fed by a transfer of carbon from the ab o v e­
g round  biom ass. A constan t portion  (17 % on dry 
w eig h t basis; cf. McRoy, 1974) of the  carbon fixed by 
the leaves is supposed  to be transloca ted  to the roots 
an d  rhizom es. As a consequence of the alloca tion  of 
organic carbon  from below -to  above-g round  ee lg rass 
parts, the  below -g round  b iom ass pool m ay be heavily  
d ep le te d  in  au tum n, causing  a d ecreased  production  of 
new  shoots the follow ing year.

In ad d itio n  to the  lim iting  factors m en tioned , w hich 
are basic  to the  b ehav iou r of th e  m odel, ligh t and 
tem p era tu re  as lim iting  factors have b ee n  in troduced. 
T he start of shoot p roduction  in  sp ring  is re la ted  to 
w ate r tem peratu re .

A fu rthe r im portan t assum ption  is th a t the p ro d u c­
tion of new  v eg e ta tiv e  shoots in  the second  half of the 
grow ing  season  is re la ted  to the production  of g e n e ra ­
tive shoots in  the  first half. Both grow th forms be lo n g  to 
th e  sam e an n u a l ee lg rass p lan t. A fter an  in itia l g e n e ra ­
tive grow th  p eriod  the sam e p la n t develops a v e g e ta ­
tive shoot w hile  th e  g en e ra tiv e  shoot dies. As a co n se­
quence, the  p roduction  of new  v eg e ta tiv e  shoots is 
supposed  to be p roportional to the num ber of g e n e ra ­
tive shoots reach in g  m axim um  age. T he in troduction  of 
2 grow th forms im plies an  arb itra ry  day on w hich  the 
g en era tiv e  grow th form is rep laced  by the  v ege ta tive  
one. This day is ca lled  DDAY =  215, i. e. 2 A ugust 
1976.

F ortunately , the m odel is ra th e r  unsensitive  to the 
choice of DDAY, due to the  fact th a t in  sum m er the 
b iom ass m axim um  is reached , im ply ing  th a t the space 
lim ita tion  factor w orks in  th e  m odel at a m axim um , 
resu lting  in the p roduction  of hard ly  any new  shoots. 
A gain, deve lopm en t of b iom ass and  shoot density  in 
the course of the  year are la rge ly  dom ina ted  by the 
lim iting  factors in troduced  in  the production  of new  
above-g round  shoots. The m odel is, therefore, m ost 
sensitive to th e  choice of the  lim iting  factors FB and 
FR. T hese specific functions have not b ee n  m easured  
b u t have b ee n  assum ed  w ith  little  v a lid a tio n  (Table 2).

We assum e th a t shoots reach in g  th e ir  m axim um  age 
are tran sp o rted  out of the ee lg rass  bed ; how ever, th is is 
only partly  true. W e finally  assum e th a t the nu m b er of 
shoots o rig in a ted  at a g iven  d a te  d ecreases  linearly  
w ith age, to an ex ten t tha t at m axim um  age  only half of 
the in itia l nu m b er is left (Table 3). T he m odel 
ap p eared  not to be very sensitive  for ch an g es in  loss 
rate.

Underground Biomass

Rates of changes in  u n d erg ro u n d  b iom ass are  lis ted  
in  T able 3. The u n d e rg ro u n d  b iom ass consists of

creep in g  rh izom es an d  roots. O n account of the 
assum ed  transloca tions of o rgan ic  carbon, th e  inc rease  
in  u n d erg ro u n d  b iom ass has b ee n  ta k en  to be p ro p o r­
tional w ith  the ab o v e-g ro u n d  production . The p ro p o r­
tionality  coefficient (K¡), o b ta in ed  by calib ration , 
tu rn ed  out to be 0.19; th is is com parab le  w ith  d a ta  of 
McRoy (1974).

The d ecrease  in  b e lo w -g ro u n d  biom ass is caused  by
(a) tran sfe r of en ergy  from  rh izom es to above-g round  
shoot p roduction  -  assu m in g  th a t th is  transfer eq u a ls  
the n u m b er of shoots p ro d u ced  p e r  un it tim e m u lti­
p lied  by the b iom ass of 1 shoot; (b) up roo ting  of com ­
p le te  ee lg rass  p lan ts, w h ich  is p roportional to the  loss 
rate  of shoots. T he b e lo w -g round  b iom ass of 1 
up roo ted  shoot (K2) p roved  to b e  2 m gC .

A bove-G round Biom ass m -2

T he abo v e-g ro u n d  b iom ass m ~ 2 is the  sum  of the 
b iom asses of all ag e  c lasses of th e  grow th forms. The 
b iom ass p er age  class is o b ta in ed  by m ultip ly ing  shoot 
density  an d  sin g le-sh o o t b iom ass per age  class 
(Table 4).

T a b le  4. E q u a tio n  of a b o v e -g ro u n d  e e lg r a s s  b io m a s s  r r r 2

B = ƒ D N D T G  (t — x) (1 — ■ PG  (t, x) dx +
o

M 1
+ ƒ D N D T V ( t - x ) ( l  - ± ^ )  ■ P V (t,T ) ■ dx

o

The p erio d  of 1 ag e  class in  the  sim u lation  m odel has 
b ee n  chosen  to eq u a l the  tim estep  in  the  n u m erica l 
so lu tion  of the  d iffe ren tia l equ a tio n ; it is DT =  0.5 d. 
This lead s to a ra th e r  la rg e  n u m b er of age classes 
([L -I- M ]/DT =  220), b u t the accuracy  of the  ca lc u la ­
tion  is im proved. Later, m odel resu lts  w ere  com posed  
of b io log ica lly  m ore m ean in g fu l age  classes of 10 d 
each. T o g eth er w ith  the  d iffe ren tia l eq u a tio n  for the 
u n d erg ro u n d  biom ass the  ee lg rass  m odel consists, 
therefore, of 221 non -lin ear, coup led  first-o rder o rd i­
nary  d iffe ren tia l eq u a tio n s for the  221 sta te  variab les; 
these  w ere  so lved  on a DEC-10 com pu ter a t the 
W ag en in g en  H ydrau lic  Laboratory.

C alibration oí the M odel

T he m odel w as ca lib ra ted  on d a ta  of seasona l 1976 
ch an g es in  abo v e-g ro u n d  ee lg rass  b iom ass an d  shoot 
density  a t the  w a te r d ep th  of the  p e rm a n en t sam p le  
p lo t (0.75 m). D uring  ca lib ra tio n  -  a tria l an d  error 
p ro ced u re  w ith  ju d g e m e n t by  eye as m atch ing  c rite ­
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F ig . 2. A b o v e -g ro u n d  e e lg r a s s  b io m a ss  in  th e  10 x  10 m 2 
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F ig . 3. S h o o t d e n s i ty  of e e lg r a s s  in  th e  10 x  10 m 2 p e r m a n e n t  
q u a d r a t  in  L a k e  G re v e lin g e n ;  w a te r  d e p th , 0 .75  m . S o lid  lin e : 

m o d e l c a l ib ra t io n ;  •  m e a s u re d  d a ta

rion  -  the  p aram ete rs  in  T ab les 1 to 3 d en o ted  by the 
in d e x  3 an d  ce rta in  functions (no tab ly  FB an d  FR) have 
b ee n  ch a n g ed  w ith in  ce rta in  lim its. R esults of the 
ca lib ra tio n  are show n in Figs. 2 an d  3. T he d isc rep an cy  
b e tw e en  ca lib ra ted  m odel resu lts  an d  ac tu a l d a ta  at 
the  en d  of the  g row ing  season  is p ro b ab ly  du e  to a 
red u c ed  re liab ility  of m easu red  data , since the  m ean  
b iom ass of an  ee lg rass  p lan t, w h ich  can  b e  o b ta in ed  by 
d iv id in g  the  m easu red  s ta n d in g  stock v a lu es by the 
m easu red  shoot density , is u n rea lis tica lly  h igh . This 
m eans th a t e ith e r  the m easu red  shoot d en s itie s  a re  too 
low  an d /o r the  m easu red  s ta n d in g  stock v a lu es are too 
h ig h  in  th a t period .

A second  d isc rep an cy  concerns th e  sh a p e  of the  tip 
of th e  b iom ass curve: the m easu red  curve is less sharp  
th a n  the  ca lcu la ted  one. P erhaps th is is du e  to th e  fact 
th a t p lan ts  a re  transpo rted  less sp o n tan eo u sly  out of 
the  ee lg rass  b ed s th an  has b ee n  assu m ed  in  the  m odel.

RESULTS AND DISCUSSION

A vailab le  data , not u sed  for the  ca lib ra tion , have  
b ee n  a p p lie d  for m odel verification. T he d a ta  com ­

prise: seasona l changes in  above-g round  ee lg rass  p ro ­
duction  an d  in u n d erg ro u n d  b iom ass and  production  at 
0.75 m w ate r dep th ; the d istribu tion  of the above- and  
b elow -ground  biom ass of ee lg rass from 0.5 to 4 m 
w ater d ep th  (N ienhuis an d  De Bree, 1977, 1980).

N ienhu is and  De Bree (1980) o b ta in ed  production  
values w ith  the  Ieafm ark ing  techn ique , a g en e ra lly  
accep ted  an d  recom m ended  m ethod  (McRoy and  
M cM illian, 1977; Z iem an  an d  W etzel, 1980) for 
m easu ring  ee lg rass  ne t p roduction. They ca lcu la ted  a 
n e t above g round  p roduction  of 649 g ash-free dry 
w eig h t (AFDW) m _2yr_1, in  w hich  biom ass inc rem en t 
p e r ee lg rass  leaf b u n d le  p er day  w as m u ltip lied  by the 
num ber of leaf b u n d le s  p er m 2, as recom m ended  by 
S an d -Jen sen  (1975). This ca lcu la tion  (M ethod I) is 
open  for serious over- or und erestim a tes  of the p roduc­
tion  proper. T he sm all sam ple  of m ark ed  leaf b u n d les  
(10) from a pop u la tio n  of 2000 to 12 000 bun d les  of 
leaves m -2 in  sum m er has to be tak en  at random . This 
req u irem en t a p p e a red  difficult to m eet, espec ia lly  d u r­
ing  sum m er, w hen  a la rg e  nu m b er of short leaves 
develop  on flow ering  shoots. C loser in spection  of the 
data  (N ienhuis an d  De Bree, 1980) rev ea led  th a t the 
leaf b u n d le s  chosen  a p p e a red  to be too heavy  during  
the  sum m er m onths, com pared  to th e  m ean  w eig h t of 
the leaf bund les . This led  to an  overestim ation  of net 
above-g round  production .

N et above-g round  ee lg rass  p roduction  m ay also be 
expressed  as b iom ass inc rem en t p er leaf b u n d le  per 
day, d iv ided  by the  b iom ass of the  leaf bun d le , av e r­
ag ed  over the sam ple  of m arked  leaf bund les, and 
m u ltip lied  by the av erag e  b iom ass p e r  m 2 (relative net 
production). In th is w ay  ne t p roduction  reach ed  a level 
of 274 g AFDW m ~ 2y r_1. This ca lcu la tion  m ethod, 
expressing  a re la tiv e  grow th rate , is less sensitive  to 
the choice of the m arked  leaf b u n d le s  an d  is therefo re 
to be p referred . This m eans tha t the  ee lg rass p roduc­
tion  data  for Lake G revelingen , as g iven  by N ienhu is
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F ig . 4. N e t p ro d u c tio n  of a b o v e -g ro u n d  e e lg ra s s  in  th e  
10 X 10 m 2 p e rm a n e n t  q u a d ra t  in  L ak e  G re v e lin g e n ;  w a te r  
d e p th , 0.75 m. S o lid  lin e : m o d e l s im u la tio n ; •  m e a s u re d  d a ta  
a c c o rd in g  to le a f -m a rk in g  te c h n iq u e , c a lc u la t io n  M e th o d  II
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F ig . 5. N e t  p ro d u c tio n  of a b o v e -g ro u n d  e e lg r a s s  (s tem s a n d  
in f lo re s c e n c e s  e x c lu d e d )  in  th e  10 x  10 m 2 p e rm a n e n t  q u a d ­
ra t  in  L a k e  G re v e lin g e n ; w a te r  d e p th , 0 .75  m . S o lid  lin e : 
m o d e l s im u la tio n ; •  m e a s u re d  d a ta  a c c o rd in g  to th e  lea f- 

m a rk in g  te c h n iq u e , c a lc u la t io n  M e th o d  I

and  De Bree (1980), have  to be d iv ided  by a factor of 
2.4.

W hen the orig inal d a ta  of the  1976 m easurem ents 
(N ienhuis an d  De Bree, 1980) a re  ca lcu la ted  accord ing  
to M ethod  II, an  estim ate  of level an d  seasonal changes 
in  p roduction  is ob ta in ed  w hich  is fairly  w ell com par­
ab le  w ith  the  m odel resu lts  (Fig. 4). This is not th e  case 
w hen  M ethod  I is u sed  (Fig. 5), in d ica tin g  ag a in  the 
superio rity  of ca lcu la tion  M ethod  II if app ly ing  the 
leaf-m ark ing  techn ique .

B iom ass an d  production  ra tes of roots an d  rhizom es, 
as m easu red  in  the field  (N ienhu is an d  De Bree, 1980) 
and  as ca lcu la ted  from the m odel, are  show n in Figs. 6 
an d  7. E vidently , the m odel ca lcu la tion  of the u n d e r­
ground  production  in  the  second  half of the grow ing 
season  is too low. The m odel in troduces a constan t 
portion  of the above-g round  p roduction  being  tran sfe r­
red  to the below  ground  biom ass, derived  from data  
g iven  by McRoy (1974). This assum ption  seem s to be 
incorrect. Obviously, a la rg e r p roportion  of dow nw ard  
energy  transport has to be accep ted  for the vege ta tive  
shoot as com pared  to the  g en e ra tiv e  shoot. The 
un rea lis tica lly  strong d ip  in  the ca lcu la ted  below  
ground  b iom ass curve (Fig. 6) m ay also be ex p la in ed  as 
an  ind ication  th a t the  g en e ra tiv e  shoot p roduction  
w ithdraw s too m uch en e rg y  from  the  rhizom es, as 
com pared  to the v eg e ta tiv e  shoot. H ow ever, very little 
is know n abou t carbon  tran sp o rt in  seag rasses (W etzel 
an d  P enhale, 1979).

From the  sim ulations ca rried  out w ith  th e  m odel at 
various w ate r dep ths it a p p e a red  th a t the  w ate r m ass 
can  b e  subd iv ided  in to  a n u m b er of vertical zones in 
re la tion  to the lim iting  factors dom in a tin g  in  the  p a r­
ticu la r zones: (a) From the  shore dow n to ab o u t 1 m 
w ate r dep th , above-g round  ee lg rass  b iom ass suffers 
from space lim itation , (b) B etw een  abou t 2 an d  3 m
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F ig . 6. B e lo w -g ro u n d  e e lg r a s s  b io m a ss  in  th e  10 X 10 m 2 
p e r m a n e n t  q u a d r a t  in  L a k e  G re v e l in g e n ;  w a te r  d e p th , 
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F ig . 7. N e t p ro d u c tio n  of b e lo w -g ro u n d  e e lg r a s s  in  th e  
10 X 10 m 2 p e r m a n e n t  q u a d ra t  in  L a k e  G r e v e l in g e n ;  w a te r  
d e p th , 0 .75  m . S o lid  lin e : m o d e l s im u la tio n ;  •  m e a s u re d  d a ta

w ate r dep th , ab o ve-g round  ee lg rass  g row th  is lim ited  
by the  av a ilab ility  of b e lo w -g ro u n d  b iom ass, (c) 
B etw een  ab o u t 1 an d  2 m w ate r dep th , bo th  above- 
m e n tio n ed  lim iting  factors a re  effective, (d) B etw een  3 
an d  5 m w ate r dep th , both  b e lo w -g ro u n d  b iom ass and  
lig h t act as g row th -lim iting  factors, (e) Below  5 m 
w ate r dep th , lig h t in tensity  is in su ffic ien t for su s ta in ­
ing  n e t g row th  of ee lg rass  from  rhizom es.

W hich ex te rn a l factor causes the o bserved  lim ita tion  
in  b e lo w -g ro u n d  biom ass a t g rea te r  dep ths?  This q u e s ­
tion  has b ee n  s tu d ied  by ca rry ing  out m odel s im u la ­
tions at d iffe ren t in ten sitie s  of light, te m p era tu re  and  
w ind. W aves and  curren ts cause  m ech an ica l dam ag e 
to ee lg rass  p lan ts  an d  su b se q u en t losses of leaves. In 
sha llow  w ate r th is effect is m ore p ro n o u n ced  th a n  in 
d e e p e r  w ater. Loss of leaves, w h ich  is p ro p o rtio n a l to 
shoot age, is com pensa ted  for by a con tinuous p ro d u c­
tion  of n ew  leaves re ju v e n a tin g  the  p o p u la tio n . As it is 
assu m ed  th a t b e lo w -g round  p roduction  consists of a 
fixed  p e rc en ta g e  of the  abo v e-g ro u n d  p roduction , the 
b e lo w -g ro u n d  b iom ass in  sha llow  w ate r is p rov ided  
w ith  m ore en e rg y  p er u n it of b iom ass th a n  is th e  case
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in  d e e p e r  w ater. It ap p e a re d  th a t the p roduction  of 
below  ground  biom ass, a t d ep th s below  the reach  of 
w ind  g e n e ra te d  w aves, is too low  to cover the  energy  
loss du e  to shoot p ro d u ctio n  on a yearly  basis.

T hese  m od e llin g  resu lts  have b ee n  confirm ed by 
observa tions (N ienhu is an d  De Bree, 1977, 1980): 
Below  2 m w ate r dep th , the  m easu red  b e low -g round  
biom ass d ec reases  to alm ost zero, w h ereas  the  ab o v e­
g round  b iom ass rem a in s at a ra th e r  h ig h  level dow n to 
3 m.

Fig. 8 show s the v ertical d istribu tion  of the  yearly  
m ax im um  of ab o v e-g ro u n d  and  b e lo w -g round  ee lg rass  
biom ass, to g e th e r  w ith  th e  a n n u a l p roduction  of 
ab o v e -g ro u n d  biom ass, as ca lcu la ted  w ith  ou r m odel. 
T he m odel resu lts  show  a fairly  good sim ilarity  w ith  
a v e rag ed  m e asu red  d a ta  from  1974, 1975 an d  1976 
(N ienhu is an d  De Bree, 1977, 1980).

The p ro p ertie s  of th e  m odel h av e  b ee n  ana lyzed , 
e. g. its cyclic s tab ility  in  a m u lti-y ear sim ulation . The 
m odel w as stab le  on ly  b e tw e e n  ab o u t 0.5 and  2 m 
w ate r dep th . B eyond th is ran g e  the  ee lg rass becam e 
ex tinct afte r several years. T his b eh a v io u r of the  m odel 
d rew  a tten tio n  to ee lg rass  g row ing  from  seeds a t g re a t­
e r dep ths. U n p u b lish e d  1976 d a ta  of the  second  au thor 
rev ea led  th a t at g re a te r  w ate r d ep th  m ost shoots o rig i­
n a tes  from  seeds, not from rh izom es. T hus m odel 
resu lts focussed a tten tio n  to a p a ra m e te r  not used  in 
the m odel: th e  ro le of seed s in  th e  su rv ival s tra teg y  of

A b o v e-g ro u n d  b io m ass  g AFDW m 2
0 _______ 20 ¿0 60 80 100 120 140

eelgrass. The p resence of a fair am ount of ab o v e­
ground  b iom ass and  the v irtua l abscence  of below - 
ground  b iom ass in  w ate r d ee p e r th an  2 m (Fig. 8) 
ap p ears  to be a ttr ib u tab le  to grow th of ee lg rass  shoots 
from seeds. O ne of the m ain  characteristics of the 
G rev elin g en  pop u la tio n  is the  la rg e  nu m b er of g e n e ra ­
tive shoots in  sum m er p roducing  la rge  am ounts of 
seeds. B esides from p eren n ia l rhizom es, an n u a l 
grow th from seeds p lays an im portan t role in the 
m a in ten an ce  and  expansion  of the Zostera m arina  
popu la tion  in  the  lake. Seeds w ere  m ain ly  responsib le  
for qu ick  co lon isation  of the la k e  follow ing its closure 
in  1971 (N ienhuis, 1980). G erm ination  of seeds and  
su b se q u en t g row th of shoots is also  considered  the 
m ain  cause of d ifferences in the  year-to -year se ttling  in 
d ee p e r  w ater.

D ata on seasonal dynam ics of ee lg rass  b iom ass and  
p roduction  h av e  b ee n  sam p led  in  a 10  X 1 0  m 2 p e rm a­
n en t q u ad ra t in  a dense  Zostera m arina  bed. The 
m odel d escribes fairly  w ell the  p h en o m en a  found in

T a b le  5. A re a c o v e re d b y  e e lg ra s s  
v e lin g e n

( > 5 % ) in  L a k e  G re -
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F ig . 8. M o d e l c a lc u la t io n s  of m a x ­
im u m  a b o v e -  a n d  b e lo w -g ro u n d  
b io m a ss  a n d  of a b o v e -g ro u n d  a n n u a l  
p ro d u c tio n  of e e lg r a s s  a lo n g  tra n se c ts  
in  L a k e  G re v e lin g e n : v a r io u s  w a te r  
d e p th s . X m e a s u re d  d a ta , J u ly  to A u ­
g u s t 1974, 1975, 1976: •  m o d e l s im u ­

la t io n  d a ta
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the field  for 1 year at a specific w ater dep th . On a m 2 
basis, th e  dynam ics in  the chosen  ee lg rass stand 
ap p e a red  to be ra th e r stab le . As in d ica ted  by T ab le  5 
the G rev elin g en  popu la tion  as a w hole, how ever, is 
charac terized  by la rge  year-to -year fluctuations in  su r­
face area, b iom ass and  p roduction  {Nienhuis, 1980 and  
in press). In add ition  to a nu m b er of assum ed  causes 
w hich are  beyond  the  scope of th is p ap e r (N ienhuis, in 
press) the  p resence  or absence  of an  ex tensive  seed- 
b an k  m ay form a pow erfu l denom inato r for the 
dynam ics observed  in  the ee lg rass popu la tion  of Lake 
G revelingen .

By ch an g in g  the  ex terna l forcing functions in  the 
m odel developed , a num ber of resu lts a p p e a red  w hich 
co incide w ith  the sign ificance a ttach ed  to seed  p ro d u c­
tion as ev id en ced  in  th e  field. Low w ater tem p era tu re s  
du ring  the g row ing  season, up  to A ugust, cause  a 
reduction  in b iom ass, in  num bers of g en e ra tiv e  shoots 
and  in  concom itan t num bers of seeds. This m ay have 
consequences for the d istribu tion  of ee lg rass shoots in 
the nex t year. H igh  w ate r tem p era tu res  from A ugust 
onw ards to la te  au tum n  stim ula te  the production  of 
v eg e ta tiv e  shoots b e tw e en  A ugust and  O ctober. It is 
assum ed  th a t the grow th of these  shoots is supported  
in itia lly  by transloca tion  of o rgan ic  carbon from the 
rhizom es. V igorous grow th of these  v eg e ta tiv e  shoots 
exhausts  the  be low -g round  biom ass du rin g  w inter. 
C onsequen tly , sp rou ting  from  rhizom es du ring  the fol­
low ing  sp ring  d im in ishes proportionally . U ltim ately, 
th is leads to a reduction  in  b iom ass and  num bers of 
g en e ra tiv e  shoots in  sum m er an d  thus to a dec rease  in 
the num bers of seeds.

T he follow ing conclusions can  b e  d raw n  from this 
study:

(a) The s im ulation  m odel -  based  on d a ta  of g row th 
rates p e r u n it ee lg rass  b iom ass, o b ta in ed  w ith  the  leaf- 
m ark ing  tech n iq u e , an d  on b iom ass inc rease  and 
decrease  p e r  un it a rea  as functions of light, w ater 
tem pera tu re , w a te r m ovem ents and  ag e in g  of ee lg rass 
m ateria l -  d escribes p art of the seasonal ch an g es in 
ee lg rass  production , bo th  above and  below  ground.

(b) The m odel reveals th a t the  vertical d is tribu tion  of 
ee lg rass  can  partly  b e  ex p la in e d  by  a com bination  of 
ex terna l and  in te rn a l factors, viz. space lim itation , 
lim ita tion  du e  to av a ilab ility  of b e low -g round  biom ass, 
and  lig h t lim itation.

(c) V ertical an d  horizon tal d istribu tions of ee lg rass  
in Lake G revelingen , to g e th er w ith  year-to -year v a ria ­
tions, can  only be ex p la in ed  by in troducing  a factor not 
used  in  the m odel, viz. seed  p roduction  and  grow th  of 
ee lg rass shoots from seeds.

A ck n o w led g e m e n ts .  W e th a n k  th e  D e lta  D e p a r tm e n t,  
E n v iro n m e n ta l  R e se a rc h  D iv is io n  of th e  M in is try  of T ra n s p o r t

a n d  P u b lic  W o rk s  fo r f in a n c ia l  su p p o rt, a n d  D rs. E. K. 
D u u rsm a , A. G. V la sb lo m  (D IH O , Y e rse k e )  a n d  H . G . F ra n sz  
(N IO Z, T e x e l)  fo r c r i t ic a l ly  r e a d in g  o u r  m a n u s c r ip t .
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