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ABSTRACT: Based on data from Lake Grevelingen, The Netherlands, a simulation model has been
described which refers to growth rates per unit eelgrass biomass, obtained with the leaf-marking
technique, and to above-ground biomass and shoot-density changes per unit area. Space limitation
depending on density of the above-ground biomass and growth limitation due to shortage in belowground biomass have been introduced. Seasonal changes in eelgrass production, both above and below
ground, have been simulated as functions of the external forcing variables light, water temperature,
wind-generated water movements and internal control variables due to ageing of the plant material.
The vertical distribution of eelgrass can be partly explained from modelling results on space, light and
below-ground biomass limitations. Together with additional data - not used in the model - on seed
production and growth of eelgrass shoots from seeds, vertical and horizontal distributions can be
explained satisfactorily.

INTRODUCTION
The model presented in this paper has been based
on studies carried out in Lake Grevelingen, SWNetherlands - a former estuary and since 1971 a brackish water lake, connected with the North Sea by
sluices. The lake has a surface area of 108 km2; about
60 % of its area is shallower than 5 m. In the tideless
lake, chlorinity of the water varied between 12.5 and
14 "/oo in 1976.
The submerged macrophyte eelgrass Zostera marina
increased enormously after closure of the dam in 1971
(1200 ha in 1968, 4400 ha in 1978). Soon after 1971,
eelgrass production within the beds reached approximately 100 to 150 g C m-2yr-1. Eelgrass production for
the entire lake increased from 5 to 50 g C m-2yr-'
within 10 yr (Nienhuis, 1980).
In literature the number of mathematical models for
marine macrophytes is scarce (Jansson, 1975; Belyeav
et al. 1977; Short, 1980). This is particularly true for
eelgrass, although eelgrass ecosystems are among the
most productive marine systems in the world,
mathematical simulation of their dynamics has hardly
ever been attempted (Short, 1980).
This paper presents a mathematical model for
O Inter-Research/Printed in F. R. Germany

growth, decomposition, and distribution of eelgrass in
relation to external forcing functions in Lake Grevelingen, applicable as a predictive tool for lake management. A detailed report on the model has been
presented by Verhagen (1981). The model was
developed as part of a large-scale aquatic modelling
effort in Lake Grevelingen.

MATERIAL AND METHODS
Structure of the Model
The model is based on data published by Nienhuis
and De Bree (1977, 1980) and additional data provided
by the second author. Growth and decomposition of
eelgrass in 1976 have been formulated as functions of a
number of forcing variables, such as light, water temperature and wind generated water movements. On
account of the permanently high levels of nutrients in
the interstitial waters of the sediment (Holland and Al,
1980; Kelderman, 1981) it is supposed that eelgrass
growth is not limited by nutrient availability in Lake
Grevelingen.
To incorporate the effect of ageing, the shoots (i. e.
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Fig. 1. Outline of model structure for the eelgrass population in
Lake Grevelingen. Open arrows: action of forcing functions.
Right-hand arrow: time axis along which pools BG and BV are
filled successively from inorganic carbon pool and from Pool R,
and subsequently emptied in the detritus pool. Above-ground
biornass B =
UDT

2
1-1

parts of eelgrass plants attached to a rhizome) in the
model are divided into age classes. Consequently, eelgrass growth at a given moment not only depends on
the instantaneous forcing functions, but also on the
environmental conditions prevailing during the preceding period.
The following limiting factors in the production of
new above-ground shoots have been introduced: (a) a
space limitation, depending on the density of the
above-ground biomass; (b) a growth limitation due to
shortage in below-ground biomass.
A distinction has been made between 2 growth forms
of shoots, viz. an early growth form starting vegetatively and resulting in generative branching and flowering (generative shoot), and a late summer growth
form (an unbranched vegetative shoot). The 2 growth
forms are subdivided into age classes, L/DT age classes for the generative shoots and M/DT for the vegetative shoots, where DT is the simulation timestep and L
and M are maximum ages.
Growth and decomposition of each growth form have
been formulated as first order processes, i. e. the rate of
change in biomass is proportional to the biomass present. Growth rate per unit biomass, the relative growth
rate, has been described as a function of the external
forcing variables light and water temperature and as a
function of internal control variables due to ageing.
The relative decomposition - or loss rate of eelgrass

BCI

+

MlDT

1 BV,
m=1

biomass has been described as a function of water
temperature and water movements due to windinduced waves and currents and is also dependent on
age. An outline of the model structure is given in
Fig. 1.
Growth and Decomposition of One Eelgrass Shoot
Table 1 shows the rate of change in biomass of 1
eelgrass shoot. Concomitant with increasing plant age,
the relative growth rate is assumed to decrease and the
relative loss rate to increase. Maximum age of the
generative growth form has been obtained from a
calibration with available data on above-ground eelgrass biomass and shoot density; it appeared to be
approximately 70 d. Maximum age of the vegetative
growth form has been obtained in the same manner; it
appeared to be about 40 d. Loss rate due to windinduced waves and currents is supposed to be strongly
dependent on water depth, reaching maximum values
in shallow water (0 to 1 m) where wave height can be
of the same order as water depth. It is assumed that
light intensity at the bottom determines eelgrass
growth; this is valid only if the mean plant length is
small compared to water depth. The reason for this
approximation is to avoid the difficulty of modelling
plant length at various water depths. Data on insolation, extinction coefficients, water temperature and
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Table 1. Rate of change in biomass of 1 eelgrass shoot. (1) Values based on direct measurements; (2) values based on a
combinat~onof direct measuren~ents,l~teraturevalues and assumptions; (3) values based on assumptions w ~ t hlittle validation,
but cons~deredreasonable estimates

dt

=
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=
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Symbol descriptions
Biomass of 1 eelgrass shoot
P (t)
PG (t) Generative growth form of P
PV (t) Vegetative growth form of P
t
Time
Initial shoot biomass
PS
Relative growth rate
RGR
Relative loss rate
RDR
MRGR Maximum relative growth rate, 20°C
MRDR Maximum relative loss rate, 20°C in stagnant water
Light intensity in wavelength range 400 to 700 nm at the bottom
I
Surface value of I
I0
Extinction coefficient
k
Water depth
H
Water temperature
T
Temperature coefficient for growth
0l
Temperature coefficient for decomposition
0 2
Compensation light Intensity
1,
Light saturation intensity
I,
Amplification factor for leaf losses due to wave action
6
1
Extinction of wave motion
Shoot age
j
Adult shoot age
ja
Maximum generative shoot age
L
Coefficient In ageing function
a
Light funct~onin growth rate
F1
Temperature function in growth rate
m,
Temperature function in loss rate
FT2
FH
Influence of water depth on rate of leaf losses due to wave action
Effect of ageing on growth rate
GS
Effect of ageing on loss rate
DS

water movements were available from the Delta Institute for Hydrobiological Research, and the Delta
Department, Environmental Research Divison of the
Ministry of Transport and Public Works and from Pellikaan (1980).
The choice of the specific functions and parameters,
as shown in Table 1, has been changed several times
during the calibration process. The model appeared to
be less sensitive to these data as compared to some of
those mentioned in Table 2.

Unit
mg C
mg C
mg C
d
mg C
d-'
d-'
d-'
d-'
J cm-2 d-'
J cm-2 d-'
m-'
m
"C
-

J cm-, d-'
J cm-2 d-'
-

m-'
d
d
d
-

Value
State variable
State variable
State variable

(1)
,691 (2)
(1)

(1)
1.08 (2)
1.04
(2)
8
(2)
60
(2)
5
(3)
1.5
(2)
State variable
25
(3)
70
(3)
0.3
(3)
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Production of New Shoots and Loss of Shoots
Table 2 shows the increase in numbers of new shoots
per m2, related to the limiting factors considered. The
effect of space limitation will b e more severe with
increasing standing stock, and above a given value of
the above-ground biomass the production of new
shoots will cease.
It is assumed that the emergence of new shoots
results from a translocation of carbon from the
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rhizomes. On the other hand, root and rhizome production are fed by a transfer of carbon from the aboveground biomass. A constant portion (17 % on dry
weight basis; cf. McRoy, 1974) of the carbon fixed by
the leaves is supposed to be translocated to the roots
and rhizomes. As a consequence of the allocation of
organic carbon from below-to above-ground eelgrass
parts, the below-ground biomass pool may be heavily
depleted in autumn, causing a decreased production of
new shoots the following year.
In addition to the limiting factors mentioned, which
are basic to the behaviour of the model, light and
temperature as limiting factors have been introduced.
The start of shoot production in spring is related to
water temperature.
A further important assumption is that the production of new vegetative shoots in the second half of the
growing season is related to the production of generative shoots in the first half. Both growth forms belong to
the same annual eelgrass plant. After a n initial generative growth period the same plant develops a vegetative shoot while the generative shoot dies. As a consequence, the production of new vegetative shoots is
supposed to be proportional to the number of generative shoots reaching maximum age. The introduction of
2 growth forms implies a n arbitrary day on which the
generative growth form is replaced by the vegetative
one. This day is called DDAY = 215, i. e . 2 August
1976.
Fortunately, the model is rather unsensitive to the
choice of DDAY, due to the fact that in summer the
biomass maximum is reached, implying that the space
limitation factor works in the model at a maximum,
resulting in the production of hardly any new shoots.
Again, development of biomass and shoot density in
the course of the year are largely dominated by the
limiting factors introduced in the production of new
above-ground shoots. The model is, therefore, most
sensitive to the choice of the limiting factors FB and
FR. These specific functions have not been measured
but have been assumed with little validation (Table 2).
We assume that shoots reaching their maximum age
are transported out of the eelgrass bed; however, this is
only partly true. We finally assume that the number of
shoots originated at a given date decreases linearly
with age, to an extent that at maximum age only half of
the initial number is left (Table 3). The model
appeared not to be very sensitive for changes in loss
rate.

Underground Biomass
Rates of changes in underground biomass are listed
in Table 3. The underground biomass consists of
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creeping rhizomes and roots. On account of the
assumed translocations of organic carbon, the increase
in underground biomass has been taken to be proportional with the above-ground production. The proportionality coefficient (K,), obtained by calibration,
turned out to be 0.19; this is comparable with data of
McRoy (1974).
The decrease in below-ground biomass is caused by
(a) transfer of energy from rhizomes to above-ground
shoot production - assuming that this transfer equals
the number of shoots produced per unit time multiplied by the biomass of 1 shoot; (b) uprooting of complete eelgrass plants, which is proportional to the loss
rate of shoots. The below-ground biomass of 1
uprooted shoot (K,) proved to b e 2 mgC.

Above-Ground Biomass mP2
The above-ground biomass m-' is the sum of the
biomasses of all a g e classes of the growth forms. The
biomass per age class is obtained by multiplying shoot
density and single-shoot biomass per age class
(Table 4).
Table 4 . Equation of above-ground eelgrass b ~ o m a s sm-'

The period of 1 a g e class in the simulation model has
been chosen to equal the timestep in the numerical
solution of the differential equation; it is DT = 0.5 d.
This leads to a rather large number of age classes
([L
M]/DT = 220), but the accuracy of the calculation is improved. Later, model results were composed
of biologically more meaningful age classes of 10 d
each. Together with the differential equation for the
underground biomass the eelgrass model consists,
therefore, of 221 non-linear, coupled first-order ordinary differential equations for the 221 state variables;
these were solved on a DEC-10 computer at the
Wageningen Hydraulic Laboratory.

+

Calibration of the Model
The model was calibrated on data of seasonal 1976
changes in above-ground eelgrass biomass a n d shoot
density at the water depth of the permanent sample
plot (0.75 m ) . During calibration - a trial and error
procedure with judgement by eye as matching crite-

Mar. Ecol. Prog. Ser 10: 183-195, 1983

Fig. 2. Above-ground eelgrass biomass in the 10 X 10 mZ
permanent quadrat in Lake Grevelingen; water depth,
0.75 m. Solid line: model calibration; measured data in g
ash-free dry weight (AFDW) m-'

Time ( Day No.) 1976

Fig. 3. Shoot density of eelgrass in the 10 X 10 m2 permanent
quadrat in Lake Grevelingen; water depth, 0.75 m. Solid line:
model calibration; measured data
rion - the parameters in Tables 1 to 3 denoted by the
index 3 and certain functions (notably FB and FR) have
been changed within certain limits. Results of the
calibration are shown in Figs. 2 and 3. The discrepancy
between calibrated model results and actual data at
the end of the growing season is probably due to a
reduced reliability of measured data, since the mean
biomass of a n eelgrass plant, which can b e obtained by
dividing the measured standing stock values by the
measured shoot density, is unrealistically high. This
means that either the measured shoot densities are too
low and/or the measured standing stock values are too
high in that period.
A second discrepancy concerns the shape of the tip
of the biomass curve: the measured curve is less sharp
than the calculated one. Perhaps this is due to the fact
that plants are transported less spontaneously out of
the eelgrass beds than has been assumed in the model.

prise: seasonal changes in above-ground eelgrass production and in underground biomass and production at
0.75 m water depth; the distribution of the above- and
below-ground biomass of eelgrass from 0.5 to 4 m
water depth (Nienhuis and De Bree, 1977, 1980).
Nienhuis and De Bree (1980) obtained production
values with the leafmarking technique, a generally
accepted and recommended method (McRoy and
McMillian, 1977; Zieman and Wetzel, 1980) for
measuring eelgrass net production. They calculated a
net above ground production of 649 g ash-free dry
weight (AFDW) m-2yr-1, in which biomass increment
per eelgrass leaf bundle per day was multiplied by the
number of leaf bundles per m2, as recommended by
Sand-Jensen (1975). This calculation (Method I) is
open for serious over- or underestimates of the production proper. The small sample of marked leaf bundles
(10) from a population of 2000 to 12 000 bundles of
leaves m-2 in summer has to be taken at random. This
requirement appeared difficult to meet, especially during summer, when a large number of short leaves
develop on flowering shoots. Closer inspection of the
data (Nienhuis and De Bree, 1980) revealed that the
leaf bundles chosen appeared to be too heavy during
the summer months, compared to the mean weight of
the leaf bundles. This led to an overestimation of net
above-ground production.
Net above-ground eelgrass production may also be
expressed as biomass increment per leaf bundle per
day, divided by the biomass of the leaf bundle, averaged over the sample of marked leaf bundles, and
multiplied by the average biomass per m2 (relative net
production). In this way net production reached a level
of 274 g AFDW rn-'yr-'.
This calculation method,
expressing a relative growth rate, is less sensitive to
the choice of the marked leaf bundles and is therefore
to be preferred. This means that the eelgrass production data for Lake Grevelingen, as given by Nienhuis

Time l Day No) 1976

RESULTS AND DISCUSSION
Available data, not used for the calibration, have
been applied for model verification. The data com-

Fig. 4. Net production of above-ground eelgrass in the
I 0 X 10 m2 permanent quadrat in Lake Grevelingen; water
depth, 0.75 m. Solid line: model simulation; measured data
according to leaf-marking technique, calculation Method I1
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T~me ( Doy No.) 1976

Fig. 5. Net production of above-ground eelgrass (stems and
inflorescences excluded) in the 10 X 10 mZ permanent quadrat in Lake Grevelingen; water depth, 0.75 m. Solid line:
model simulation;
measured data according to the leafmarking t e c h ~ u q u ecalculation
,
Method I

and De Bree (1980), have to be divided by a factor of
2.4.
When the original data of the 1976 measurements
(Nienhuis and De Bree, 1980) are calculated according
to Method 11, an estimate of level and seasonal changes
in production is obtained which is fairly well comparable with the model results (Fig. 4). This is not the case
when Method I is used (Fig. 5), indicating again the
superiority of calculation Method I1 if applying the
leaf-marking technique.
Biomass and production rates of roots and rhizomes,
as measured in the field (Nienhuis and De Bree, 1980)
and as calculated from the model, are shown in Figs. 6
and 7. Evidently, the model calculation of the underground production in the second half of the growing
season is too low. The model introduces a constant
portion of the above-ground production being transferred to the below ground biomass, derived from data
given by McRoy (1974). This assumption seems to be
incorrect. Obviously, a larger proportion of downward
energy transport has to be accepted for the vegetative
shoot as compared to the generative shoot. The
unrealistically strong dip in the calculated below
ground biomass curve (Fig. 6) may also be explained as
an indication that the generative shoot production
withdraws too much energy from the rhizomes, as
compared to the vegetative shoot. However, very little
is known about carbon transport in seagrasses (Wetzel
and Penhale, 1979).
From the simulations carried out with the model at
various water depths it appeared that the water mass
can be subdivided into a number of vertical zones in
relation to the limiting factors dominating in the particular zones: (a) From the shore down to about 1 m
water depth, above-ground eelgrass biomass suffers
from space limitation. (b) Between about 2 and 3 m
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Fig. 6. Below-ground eelgrass biomass in the 10 X 10 m2
permanent quadrat in Lake Grevelingen; water depth,
0.75 m. Solid line: model simulation; measured data

Time l Dov No) 1976

Fig. 7. Net production of below-ground eelgrass in the
10 X 10 m2 permanent quadrat in Lake Grevelingen; water
depth, 0.75 m. Solid line: model simulation; measured data

water depth, above-ground eelgrass growth is limited
by the availability of below-ground biomass. (c)
Between about 1 and 2 m water depth, both abovementioned limiting factors are effective. (d) Between 3
and 5 m water depth, both below-ground biomass and
light act as growth-limiting factors. (e) Below 5 m
water depth, light intensity is insufficient for sustaining net growth of eelgrass from rhizomes.
Which external factor causes the observed limitation
in below-ground biomass at greater depths? This question has been studied by carrying out model simulations at different intensities of light, temperature and
wind. Waves and currents cause mechanical damage
to eelgrass plants and subsequent losses of leaves. In
shallow water this effect is more pronounced than in
deeper water. Loss of leaves, which is proportional to
shoot age, is compensated for by a continuous production of new leaves rejuvenating the population. As it is
assumed that below-ground production consists of a
fixed percentage of the above-ground production, the
below-ground biomass in shallow water is provided
with more energy per unit of biomass than is the case
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in deeper water. It appeared that the production of
below ground biomass, at depths below the reach of
wind generated waves, is too low to cover the energy
loss due to shoot production on a yearly basis.
These modelling results have been confirmed by
observations (Nienhuis and De Bree, 1977, 1980):
Below 2 m water depth, the measured below-ground
biomass decreases to almost zero, whereas the aboveground biomass remains at a rather high level down to
3 m.
Fig. 8 shows the vertical distribution of the yearly
maximum of above-ground and below-ground eelgrass
biomass, together with the annual production of
above-ground biomass, as calculated with our model.
The model results show a fairly good similarity with
averaged measured data from 1974, 1975 and 1976
(Nienhuis and De Bree, 1977, 1980).
The properties of the model have been analyzed,
e. g. its cyclic stability in a multi-year simulation. The
model was stable only between about 0.5 and 2 m
water depth. Beyond this range the eelgrass became
extinct after several years. This behaviour of the model
drew attention to eelgrass growing from seeds at greater depths. Unpublished 1976 data of the second author
revealed that at greater water depth most shoots originates from seeds, not from rhizomes. Thus model
results focussed attention to a parameter not used in
the model: the role of seeds in the survival strategy of

eelgrass. The presence of a fair amount of aboveground biomass and the virtual abscence of belowground biomass in water deeper than 2 m (Fig. 8)
appears to be attributable to growth of eelgrass shoots
from seeds. One of the main characteristics of the
Grevelingen population is the large number of generative shoots in summer producing large amounts of
seeds. Besides from perennial rhizomes, annual
growth from seeds plays an important role in the
maintenance and expansion of the Zostera marina
population in the lake. Seeds were mainly responsible
for quick colonisation of the lake following its closure
in 1971 (Nienhuis, 1980). Germination of seeds and
subsequent growth of shoots is also considered the
main cause of differences in the year-to-year settling in
deeper water.
Data on seasonal dynamics of eelgrass biomass and
production have been sampled in a 10 X 10 m2 permanent quadrat in a dense Zostera marina bed. The
model describes fairly well the phenomena found in
Table 5. Area covered by eelgrass ( > S % ) in Lake Grevelinaen

km2

Year

Year

km2

Above-ground biornass g AFDW

1

20

Below-ground

0

20

L0

60

80

100

b~ornoss g AFDW

10

60

If0

Above-ground

80

0

100

140

160

product~on g AFDW

200

300

200

lap

LOO

m-'

yr-l

500

Fig. 8. Model calculations of maximum above- and below-ground
biomass and of above-ground annual
production of eelgrass along transects
in Lake Grevelingen; various water
depths. X measured data, July to August 1974, 1975, 1976; a model simulation data
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the field for 1 year at a specific water depth. On a m*
basis, the dynamics in the chosen eelgrass stand
appeared to be rather stable. As indicated by Table 5
the Grevelingen population as a whole, however, is
characterized by large year-to-year fluctuations in surface area, biomass and production (Nienhuis, 1980 and
in press). In addition to a number of assumed causes
which are
the scope this paper (Nienhuis, in
press) the presence or absence of a n extensive seedbank may form a powerful denominator for the
dynamics observed in the eelgrass population of Lake
Grevelingen.
changing the
in the
model developed, a number of results appeared which
coincide with the significance attached to seed production as evidenced in the field,
water temperatures
during the growing season, up to August, cause a
reduction in biomass, in numbers of generative shoots
and in concomitant numbers of seeds. This may have
consequences for the distribution of eelgrass shoots in
the next year. High water temperatures from August
onwards to late autumn stimulate the production of
vegetative shoots between August and October. It is
assumed that the growth of these shoots is supported
initially by translocation of organic carbon from the
rhizomes. Vigorous growth of these vegetative shoots
exhausts the below-ground biomass during winter.
Consequently, sprouting from rhizomes during the following spring diminishes proportionally. Ultimately,
this leads to a reduction in biomass and numbers of
generative shoots in summer and thus to a decrease in
the numbers of seeds.
The following conclusions can b e drawn from this
study:
(a) The simulation model - based on data of growth
rates per unit eelgrass biomass, obtained with the leafmarking technique, and on biomass increase and
decrease er unit area as functions of liaht,
water
.,
temperature, water movements and ageing of eelgrass
material - describes part of the seasonal changes in
eelgrass production, both above and below ground.
(b) The model reveals that the vertical distribution of
eelgrass can partly b e explained by a combination of
external and internal factors, viz. space limitation,
limitation d u e to availability of below-ground biomass,
and liqht limitation.
(c) Vertical a n d horizontal distributions of eelgrass
in ~~k~ G
~together with
~ year-to-year
~ variations, can only be explained by introducing a factor not
used in the model, viz. seed production and growth of
eelgrass shoots from seeds.
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