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The consideration of biological processes in hydro- and morphodynamic models is an important

challenge for numerical simulation in coastal engineering. Eco-hydraulic aspects will play a major

role in engineering tools and planning processes for the design of coastal works. Vegetation

greatly affects the hydro- and morphodynamic models in coastal zones. Most hydrodynamic

numerical models do not consider influences by ecological factors.

This paper focuses on the presentation of an object-oriented holistic framework for eco-

hydraulic simulation. The numerical approximation is performed by a stabilized finite element

method for hydro- and morphodynamic processes, to solve the related partial differential

equations, and by a cell-oriented model for the simulation of ecological processes, which is based

on a fuzzy rule system. The fundamental differences between these model paradigms require

special transfer and coupling methods. Case studies on seagrass prediction in the North Sea

around the island of Sylt show the main effects and influences on changed hydro- and

morphodynamic processes and demonstrate the applicability of the coupled finite element fuzzy

cell-based approach in eco-hydraulic modeling.
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INTRODUCTION

Coastal zones are characterized by complex hydro- and

morphodynamic as well as ecological processes. Tides and

waves attack the shore lines and cause changes of position

and the shape of coasts. Hydraulic engineering projects and

coastal protection measures interfere with the environment,

mostly restricting natural processes with far-reaching

consequences on coastal systems and their surrounding

areas. The aim of coastal engineering is to estimate these

effects. In recent years especially, numerical simulation

models have been proven as a valuable tool in coastal

engineering (Horikawa 1988; Abbott & Minns 1998). They

allow the estimation and quantification of effects concerning

changed hydrodynamic conditions and sediment transport

processes caused by man-made structures already during the

planning stage. In the future, eco-hydraulic aspects, and

especially the estimation of the effects of man-made struc-

tures on the environment, will play a major role in the process

of planning in coastal engineering. In order to answer a wide

spectrum of questions concerning hydro- and morhopdy-

namic conditions, water quality, transport processes with

chemical reactions as well as biological and ecological

processes as it is stipulated in the requirements of the

European Water Framework Directive and in the Integrated

Coastal Zone Management, suitable eco-hydraulic simu-

lation models are necessary (Mynett 2002; Imberger &

Mynett 2006).

For the description of the physical processes, a variety

of hydro- and morphodynamic models have been devel-

oped. These models are typically based on systems of

partial differential equations, which are usually solved
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approximately using finite element methods, finite volume

methods or finite difference approximations. In contrast,

discrete simulation models on the basis of cellular automata

have proved to be an appropriate tool in situations where

dependences and effect relationship rules are formulated, as

in biology and ecology (Hogeweg 1988; Chen 2004). In

addition, a variety of processes in nature and technology

can be described only with a certain degree of fuzziness.

A fundamental approach to the description of blur is the

fuzzy theory, where linguistic variables are used to describe

the system behavior (Salski & Sperlbaum 1991). The holistic

modeling and simulation of such coupled problems require

coupling mechanisms, which consider the different model

specifications and guarantee a consistent transfer of the

system parameters.

Benthic ecosystems like seagrass and mussel beds signifi-

cantly affect the hydro- and morphodynamic models. Influ-

ences of seagrass beds on tidal current velocities and sediment

texture were studied in different experiments (see Fonseca

et al. 1982;Cox et al. 2003) where a substantial reduction of the

vertical velocity profile, stabilizing effects to sediment and

wave damping effects could be observed. On the other side,

hydrodynamic conditions are attributed to represent an

important effect on biological and ecological processes.

Case studies on seagrass prediction in the North Sea

around the Island of Sylt show the main effects and influences

on a changed hydro- and morphodynamic model and

demonstrate the fundamental coupling algorithms.

METHODS

The focus of this study lies in the presentation of a holistic

ecological, hydro- and morphodynamic model approach.

The numerical approximation is performed by a stabilized

finite element method for hydro- and morphodynamic

processes as well as advection–reaction ecological pro-

cesses to solve the related partial differential equations, and

by a cell-oriented fuzzy model for the benthic ecological

processes. The fundamental differences between these

different model paradigms require special transfer and

coupling strategies.

The essential coupling strategies and algorithms are

presented for the example of the interaction of the benthic

ecosystem seagrass with the hydro- and morphodynamic

processes.

HYDRO- AND MORPHODYNAMIC MODEL

The hydro- and morphodynamic module is based on the

numerical model system MARTIN (Milbradt 2002a,b). The

mathematical formulation of these physical processes leads,

for example, to a system of nine time-dependent partial

differential equations.

The hyperbolic wave model:
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with the wavenumber vector K, the angular frequency s, the

wave amplitude frequency r and the wave amplitude a.

Here Cg is the group velocity, Sij describes the radiation

stresses, f is the influence of the bottom change and 1B the

energy loss by wave breaking.

The shallow water equations are used to describe the

mean water elevation h and depth integrated velocities u:
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where d the total water depth, T describes turbulence, T B

the bottom friction and T W the energy input by wind. To

model the sediment transport and the changes of the sea
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bottom the following equations are used:
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where C the concentration of the suspended sediment, qb

the bed load transport rate, n the porosity as well as h the

sea bottom.

The numerical approximation is performed by a

stabilized finite element method. In order to find a solution

of the time-dependent equations with the finite element

method, the domain V is discretized into nel finite elements

Ve. A semi-discrete approach is used, which is separated

into a domain integration and a time integration step. The

domain integration is implemented with a predictor–

corrector procedure based on the combination of standard

Galerkin approximation and least squares approximation.

By introducing suitable differential operators:

L ; Ladv þ Ldiff ¼ Avi
›

›xi
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and source and sink terms S, each of the subsystems for

waves, currents and sediment transport processes can be

transformed into a uniform mathematical formulation and

approximated with

V
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The first integral contains the Galerkin approximation

and the second term contains the least-squares stabilization.

For each time step the time derivatives UG
t are determined

by the standard Galerkin method in the predictor step.

In the corrector step the time derivatives are corrected by

the least squares, where the element stabilization parameter

te weights the portion of the least squares part to the

Galerkin part of the method. The time integration step can

be performed by universal time integration schemes (e.g.

Euler, Heun, Runge-Kutta).

The element parameter te plays an important role in the

stability and consistency as well as for the accuracy of the

approximation (Hughes et al. 1989). For the determination

of this coefficient the following generalization is used:

te ¼ aopt
1

2

he

kLadvk
ð11Þ

with an optimality parameter aopt, the characteristic

element expansion he and the norm of the advection

operator kLadvk. The optimality parameter aopt is

computed by

aopt :¼ cothðPeÞ2
1

Pe
ð12Þ

based on the element Peclet number Pe, which depends on

the operator norms of the advection and diffusion differen-

tial operator:

Pe :¼
kLadvkhe

kLdiffk
: ð13Þ

The choice of a suitable operator norm has a significant

influence on the quality of the solution. On the basis of the

general definition (Kolmogorov & Fomin 1975) of the norm

of the continuity operators in (Euclidian) normed spaces we

define the following operator norm:

kLadvk :¼
ffiffiffiffiffiffiffiffiffiffiffiffiX

rðAiÞ
2

q
ð14Þ

where r(Ai) is the spectral radius of the operator com-

ponent

rðAiÞ :¼ max ljðAiÞ
��� ��� ð15Þ

Here lmax (Ai) is the largest absolute eigenvalue of the

matrix Ai. This approach for the determination of the

stabilization parameter leads to very good results for a large

number of simulation models for hydro- and morphody-

namic processes.

For the consideration of influences of biotic factors the

holistic model system MARTIN was extended by ecological

model components.

JHYDRO D_06_00029—9/5/2008—15:43—KARTHIA—299415 – MODEL IWA2 – pp. 1–15

3 P. Milbradt & T. Schonert | Eco-hydraulic simulation in coastal engineering Journal of Hydroinformatics | xx.not known | 2008

ARTICLE IN PRESS



BENTHIC ECOLOGICAL MODEL

The existence of benthic ecosystems, like seagrasses and

mussel beds, has strong effects on water motion and

sediment dynamics (see Figure 2). It was shown (Fonseca

et al. 1982; Nepf 1999; Järvella 2004) that vegetation greatly

affects the hydro- and morphodynamic processes in coastal

zones. The vertical velocity profile in vegetation areas is

divided into mainly two parts. There is an accelerated flow

field above the vegetation layer whereas the flow velocities

between the seagrass plants are strongly reduced (see

Figure 1). In particular, the sensitivity of the water subsur-

face to erosion is primarily influenced by the existence of

marine organisms and natural cover. This shows the

necessity of considering ecological components in hydro-

dynamic numerical models.

Ecological systems are usually described by rules and

relationship diagrams which show positive and negative

dependences between all relevant quantities. This rule-

based formulation is typical for the description of biological

processes and differs basically from the mathematical

description of physical processes. Therefore, special simu-

lation methods are necessary in ecological modeling. For the

analysis and description of spatial and time-variant pro-

cesses in ecology, discrete cell-oriented models have been

proven as suitable simulation tools (see Hogeweg 1988;

Marsili-Libelli & Guisti 2005; Schonert & Milbradt 2005).

To exemplify the modeling of ecological systems, we

consider seagrass beds and their dependences in the

mudflats of the North Sea. Seaweeds are habitats for

different kinds of species. Special experiments (Schanz

2003) showed that the complex interaction between hydro-

dynamic conditions, densities of algae and snail populations

as well as temperature, turbidity and concentration of

nutrients play an important role for the growth of zostera

marina seagrass plants. The interactions and vegetation

dynamics can be described by a graph, where influences can

be positive or negative (illustrated in Figure 2).

Cell-based approach

For the simulation of vegetation dynamics in seagrass plants a

cell-based model is used. A cell-based model is characterized

by a quasi-discrete structure of all its components space, time

and states. It can be described as a tuple (L, S, N, d), where L is

a regular grid of cells; S is a quasi-finite set of states; N # S n is

the neighborhood relation and d:S n ! S is the local tran-

sition function or a set of rules.

The domain can be decomposed into regular and non-

regular polygonal cells (see Figure 3). Each cell ck contains

different state variables ûðckÞ for all relevant quantities and

represents a small section of the sea.

For the description of relationships and dependences

among the state variables fuzzy techniques and rule-based

systems have been proven to process expert knowledge

derived by biologists and ecologists to determine the

dynamics of ecosystems adequately (Chen 2004; Marsili-

Libelli & Guisti 2005).

z

x

flow

us(z)

u(z)

Figure 1 | The influences of seagrass plants on the vertical velocity profile.

Physicochemical
inputs

Hydrodynamic conditions

Current
velocities

Water depth

–
–

–
–

Nutrients

pH

Meteorological inputs

Wind

Algae Snails

Seagrass

Photoperiod

Temperature

Salinity

Nitrogen

Turbidity

Figure 2 | Basic interaction in the ecological model of seagrass beds in the North Sea.
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In the presented model the temporal development of

the ecological system variables is realized with a dynamic

fuzzy system for each computational cell (see Figure 4).

Fuzzy-based approach

The main difficulty in ecological modeling is that the

knowledge about the evolution of populations and

vegetation contains uncertainties. Human expertise can

generally be uncertain and imprecise. This shows the

necessity of handling uncertainties in the variables and

rules. The modeling of uncertain processes is a very

complex problem. The fuzzy set theory (Zadeh 1965) is the

best tool to handle those uncertainties. Like numerical

variables representing numerical values, in fuzzy set theory,

linguistic variables represent values that are words (linguis-

tic terms) with associated degrees of membership. Fuzzy

logic provides the description of complex system dynamics

with expert knowledge. The theory of fuzzy sets is based on

the notion of partial membership: each element belongs

partially or gradually to the fuzzy sets that have been

defined. A fuzzy set F, like the density of algae concen-

tration is low, has blurred boundaries and is well charac-

terized by a function that assigns a real number out of the

closed interval from 0 to 1 to each element u in the set U.

This function mF:U ! [0,1] is called a membership function

and describes the degree that an element u [ U belongs to

the fuzzy set F. In this way fuzzy sets can be specified to

define linguistic terms (low, medium, high) for each system

variable (for example, population density). Figure 5 gives an

example of these linguistic variables for the parameters

population density and flow velocity.

Such fuzzy formulation of parameters can be used to

represent ecological expert knowledge in the form of a fuzzy

rule base. The information represented in the fuzzy rule

base, which is applied for every cell, can be formulated as

linguistic if–then rules, such as:

The general form of a fuzzy rule consists of a set of

premises Ai and a conclusion B:

Figure 3 | Simulation of benthic seagrass by use of different cell decompositions.

Q2

t:=t+1

Population A(ck,t)

Nutrients N Fuzzy Model

<rule base>

Temperature T
Population A(c

k
, t+1)

Light L

Neighborhood
N(c

k
)

“Benthic ecosystem”

Figure 4 | Structure of the fuzzy-based model for a cell.

Rule 1: if the quantity of algae in a specific cell is high and
the quantity of snails is low, then the growth of the snail
population is high.
Rule 2: if the quantity of algae in a specific cell is medium
and the quantity of snails is very high, then the growth of the
algae population is negative high.

JHYDRO D_06_00029—9/5/2008—15:43—KARTHIA—299415 – MODEL IWA2 – pp. 1–15

5 P. Milbradt & T. Schonert | Eco-hydraulic simulation in coastal engineering Journal of Hydroinformatics | xx.not known | 2008

ARTICLE IN PRESS



if A1 and … and An then B

Rules like these can be derived from the relationship

graph illustrated in Figure 2. The complete set of fuzzy

if–then rules represents the expert knowledge about relation-

ships and dependences between all relevant state variables.

Fuzzy logic provides concepts of approximate reasoning,

where imprecise conclusions can be deduced from imprecise

premises. Such fuzzy reasoning allows the application of

fuzzy information and simulation of dynamic systems. The

basic mathematical concept consists of the generalized

modus ponens with a suitable fuzzy implication operator.

There are several fuzzy implication operators (for further

details see Ruan & Kerre 1993). In most cases the Mamdami

operator is used (R:mA!B(x,y) ¼ min (mA(x),mB(y))) to

determine a fuzzy relation Rbetween premise and conclusion

variables. The deduction of imprecise conclusions from

uncertain premises is performed by max-t-composition:

mB0 ðyÞ ¼ maxðtðmA0 ðxÞ;mA!Bðx; yÞÞÞ ð16Þ

where t is a t-norm (t:[0,1] £ [0,1] ! [0,1]). The general

inference procedure can be described as follows:

MODEL COUPLING

The use of these different model paradigms requires special

transfer and coupling methods. Both directions have to be

considered. On the one hand, the continuous values from

the hydro- and morphodynamic model must be used in the

discrete fuzzy model and, on the other hand, the discrete

linguistic terms must be transferred in the continuous finite

element model. Additionally, conservative transfer algor-

ithms between different geometrical resolutions as well as

different time scales must be realized. Finally some aspects

of the physical–phenomenological coupling are described.

Fuzzification and defuzzification

The use of different model concepts dictates that we need an

approach to interpret the continuous values of the hydrodyn-

amic model in the rules of the discrete cell-oriented ecological

fuzzy model. Firstly a transformation of continuous values in

quasi-discrete fuzzy sets is necessary for a consideration of the

hydro- and morphodynamic variables in the fuzzy rule-based

method. The system variables of the hydrodynamic numerical

model will be in the form of “crisp” real numbers with

definitive values, e.g. the absolute hydrodynamic velocity

(u ¼ 1.2 m/s). The process of transforming these crisp

input variables into unsharp linguistic variables is called

fuzzification. The input values are translated into linguistic

state concepts (e.g. low, medium, high, very high), which

are represented by fuzzy sets (Figure 6). Each of these

linguistic terms ti has an associated degree of membership

mi
U [ ½0;1�. This leads to an extension of the finite set of

states S ¼ {s0,s1,…sn} in this way, so that each state si gets a

specific degree of membership. Thus, a modified set of states
~S ¼ {ðs0;m

0
UðuÞÞ; ðs1;m

1
UðuÞÞ; … ; ðsn;m

n
UðuÞÞ} can be obtained,

where the pairs ðsi;m
i
UðuÞÞ characterize the statesof each cell ck

and allow a processing of continuous simulation results in the

cell-based fuzzy model.

Secondly the quasi-discrete state variables of the cell-

based ecological model have to be converted into continuous

parameters for processing in the hydro- and morphodynamic

model. In particular, the task of generating continuous values

from the discrete model without producing erroneous

m(x) Very
small Small Medium High Very high

Population density

Low Medium High Very high

Flow velocity

1.0

0.0

m(u)

1.0

0.00.5 1.0 x 0.5 1.0 1.5 u [ms–1]

Figure 5 | Definition of fuzzy sets for ecological and physical parameters.

(Premise): X is A0 A0

(Implication): if X is A, then Y is B A ! B

(Conclusion): Y is B0 B0

A0ðxÞ mA0 ðxÞ

Rðx; yÞ mRðx; yÞ ¼ mA!Bðx; yÞ

B0ðyÞ ¼ Rðx; yÞ+A0ðxÞ mB0 ðyÞ ¼ max ðtðmA0 ðxÞ;
mA!Bðx; yÞÞÞ

mU(u) mU(u)

u uU U

Very
low

Very
lowMedium MediumHigh Very highLow Low

1.0
0.8

0.2

Figure 6 | Fuzzification of hydrodynamic velocity into quasi-discrete linguistic terms.
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discontinuities represents a particular challenge for a suitable

coupling strategy.

As a result of the reasoning process of the cell-based

model, weobtain a series of fuzzy setsm
j
V ðvÞwhich describe the

degree of membership for each linguistic state variable (e.g.

low, medium, high). For a processing of these discrete

ecological simulation results in the hydrodynamic numerical

model, a transformation of this fuzzy information into sharp

values �v is necessary. This transformation from a fuzzy set to

a crisp number is called the defuzzification process. It is not a

unique operation, as different approaches are possible. The

most important ones are the mean-of-maximum method

(MOM) and the center-of-area method (COA):

�vMOM ¼
V 0

Ð
v dv

V 0

Ð
dv

with V 0 ¼ {vjmV ðvÞ ¼ v
maxmV ðvÞ}

and �vCOA ¼
V

Ð
v·mV ðvÞdv

V

Ð
mV ðvÞdv

ð17Þ

where mV(n) is the resulting fuzzy set for the linguistic variable

V, which can be obtained by aggregation of all corresponding

fuzzy setsm
j
V ðvÞ for the linguistic terms. Figure 7 illustrates the

possibilities toextract crispvaluesv for each linguisticvariable.

Now a continuous representation of the values of the

ecological linguistic variable for each cell is realized.

Spatial and geometric coupling

Through the use of fuzzyfication and defuzzyfication, it is

sufficient to examine consistent and conservative interpola-

tions methods. With the use of standard interpolation

methods it is not guaranteed that state variables are

transferred correctly from the cell-based to the finite

element grid (see Figure 8). This could lead to disconti-

nuities and inconsistent results during the coupling pro-

cedure. Therefore, extended conservative interpolation

methods are used in the following. The continuous values

uh(x) of the hydrodynamic model have to be interpreted in

the rules of the discrete cell-oriented model. So we’ve to

compute a representative value for each cell ck, that we can

fuzzify. This can be obtained by a weighted integral

formulation for each cell ck:

ûðckÞ ¼
1

m*ðckÞ
ck

ð
uhðxÞdck ð18Þ

Again the quasi-discrete ecological values ûðckÞ have to

be transferred into continuous parameters for processing in

the finite element model. This is based on the Voronoi

decomposition of the domain V (see Figure 9). In this way,

every node is influenced by the cells ci in the Voronoi

v
MOM

v
COA

m
V (v) m

V (v)

V V

Medium MediumLow Low
1.01.0

Figure 7 | Defuzzification of linguistic ecological state variables into sharp numerical

values by mean-of-maximummethod (left) and center-of-area method (right).

Ci

pk

pk
Th

û

VR(pk)

VR(pk)∩ci

Figure 9 | Consideration of all cells ci in the Voronoi region VR(pk) for geometric coupling.

Q2

Th

ck

ck

Th

Pj

uh

Figure 8 | Coupling by integration of the FE approximation over each cell region ck.

Q2
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region VR(pk):

uk¼
1

m*ðVRðpkÞÞ
VRðpkÞ

ð
ûðxÞdVRðpkÞ¼

P
m*ðVRðpkÞ>ciÞ·ûðciÞP

m*ðVRðpkÞÞ
ð19Þ

With this approach, uniform conservative geometric

coupling can be realized, which considers the structural

differences of both models and guarantees a correct and

consistent transfer of all system parameters.

Through the analysis of hydro- and morphodynamic as

well as ecological processes it can be recognized that these

processes take place not only in spatial, but much more

often in very different time scales (Mynett 2004). The up-

scaling and down-scaling between different time scales in

the process of model coupling is a significant challenge. For

example, physical processes like currents or waves change

comparatively fast in the water body; therefore a temporal

resolution of seconds’ proximity is used in the hydrodyn-

amic model. Ecological processes, however, are indicated

by considerably bigger time periods. For this reason a time

step of a day up to a month are used in ecological models.

How big the time step exactly is depends on the ecosystem.

As a part of the coupling process of the finite element

model with the cell-based fuzzy model suitable membership

degrees of the specification of the corresponding linguistic

variables must be generated. The generation of such member-

ship degrees, which will be processed in the rules of the

ecological model, is a hard task to tackle. An integration of the

continuous numerical system values over the characteristic

period dT and subsequent fuzzification generally leads to a

consistent, but often a false, mapping. This is connected with

the fact that by such an averaging the state variables are

smoothed strongly or it can even come to an abolition of the

model quantities. The example of a periodic scalar value v(t)

may well illustrate this phenomenon (see Figure 10).

Through analysis of the integrals and averaging over the

time interval DT we obtain

�v ¼
1

DT

ðtþDT

t

vðtÞdt ¼ 0 ð20Þ

A subsequent fuzzyfication of this integrated value returns a

full membership only for the linguistic term “around zero”.

However, as can be seen, throughout the temporal course of

the state variable v(t), the value “around zero” is rarely

taken comparatively to the whole integration interval (see

Figure 11). Obviously the integrated values nullify each other,

and it results in a false mapping of the function in the observed

time interval. This error goes in the rule application of the cell-

based fuzzy model. To resolve this problem an integration of

the linguistic variables instead of the sharp continuous values

is carried out. For this the corresponding degrees of member-

ship of the linguistic variables will be integrated, and thereby

the integration of linguistic variables is realized:

mti
¼

1

DT

ðtþDT

t

mti
ðnðtÞÞdt ð21Þ

This equation represents an integration of the membership

vector who’s occupancy in the interval [t, t þ DT ] constantly

changing, according to the fuzzification of v.

In this way, as opposed to the real-valued integration, a

consistent temporal transmission can be realized. Figure 12

shows the results of both time integration schemes.

The mapping of the time course of linguistic variables in

continuous system values may occur initially on the basis of

classical defuzzification procedures:

�zð~x; tÞ ¼
1

DT

ðtþDT

t

defuzðzð~x; tÞÞdt ð22Þ

With the time and spatial transfer methods, the

algorithmic basis for the consideration of the interaction

1.5
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Figure 10 | Continuous functions and linguistic terms.
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Figure 11 | Integration of the linguistic variable.
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between ecological and physical model components is

established.

Physical–phenomenological coupling

Vegetation exerts strong effects on water motion (Fonseca

et al. 1982; Verduin & Backhaus 2000) and sediment

dynamics (Ward et al. 1984; Fonseca & Fisher 1986).

It has been generally agreed (Yen 2002) that vegetation

has a great influence on hydro- and morphodynamic

processes. The dense carpet of leaves is able to raise the

flow resistance and change sediment transport behavior and

deposition. There are a lot of investigations in the field

of vegetation roughness in open channels (see Järvelä

2004). Based on first experiments and studies by Li & Shen

(1973), the most popular theories are those of Lindner (1982),

Pasche & Rouvé (1985), Mertens (1989) and Nuding (1991).

The majority of research on vegetative flow resistance is

based on theory and experiments with rigid cylindrical

elements. However, seagrass is a very flexible material with

a low flexural stiffness and is far from this simplification.

Oplatka (1998) dealt with the flow resistance of flexible

willows and could show that the friction factor varies

greatly with the mean flow velocity due to bending of the

vegetation (Figure 13).

Pasche & Deussfeld (2003) presented an approach for

the numerical simulation of flexible vegetative roughness in

seagrass meadows. The flexible seagrass elements have been

considered as sources of surface roughness as well as drag

resistance. The total flow resistance FR of the seaweeds can

be obtained as the sum of two force components FD,` and

FS,k, where FD,` denotes the vertical drag force and FS,k the

friction force which acts on the surfaces of the leaves. Both

forces result from the movement of the water around the

seagrass and both depend on the actual hydrodynamic

conditions:

FR¼FD;’þFS;k

¼
1

2
r·u2·CD·LAI·lpbp·sinuþ

1

8
r·u2·lp·LAI·lpbp·cosu ð23Þ

where u is the vegetation slope; u is the depth-averaged flow

velocity, LAI is the leaf area index; r is the vegetation

density; CD is the drag coefficient; lp is the roughness

parameter and Ap ¼ lpbp is the the area of the seagrass

leaves. According to Kouwen & Unny (1973), there is a

Po
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Figure 12 | Results of different fuzzy integration.
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Figure 13 | Dependence of the vegetation slope on different flow velocities.
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correlation between vegetation slope u, depth-averaged flow

velocity u, vegetation density r, leaf area index LAI and the

relative vegetation height lp/h:

u¼f u;rp;LAI;
lp
h

� �
: ð24Þ

At present, there are not enough studies and measurements

to quantify the dependences between geometric parameters

of the seagrass plants and the hydraulic drag and friction

coefficients (see Pasche & Deussfeld 2003).

To reproduce the behaviour of flexible seagrass plants

and to consider the roughness caused by vegetation ade-

quately in the depth-integrated hydrodynamic model system,

an approximation of the method by Pasche can be used to

determine equivalent Strickler friction coefficients kSt:

kSt ¼ rpl1 þ ð1 2 rpÞl2

l1 ¼ A cosðkuÞ þ B with A ¼
k¼

St;g 2 k’
St;g

2
;

B ¼
k¼

St;g þ k’
St;g

2
k ¼ 3:0

ð25Þ

l2 ¼ kSt;b

where rp is the density of the seagrass plants; k’
St;g is the

equivalent friction coefficient for upright seagrass elements;

k¼
St;g is the equivalent friction coefficient for bended seagrass

and kSt,b is the bottom friction factor. The influence of the

vegetation slope uand the density of the vegetation layer rp on

the equivalent Strickler friction coefficient kSt are illustrated

in Figure 14.

The existence of a vegetation layer has also significant

influences on the sediment dynamics and morphological

developments in coastal zones. As mentioned before, there is

a strong reduction of the flow velocities, especially in the plant

layer which decreases critical bottom shear stresses tB.

Moreover, the vegetation layer acts as sediment catchment

since the dense carpet of leaves cause fine-grained suspended

particles to settle out and they are then stabilized by the

root and rhizome systems of the seagrass plants (Ginsburg

& Lowenstam 1958; Heiss et al. 2000). Thus, it is an important

challenge to integrate these processes in the morphodynamic

model. Morphodynamic changes result from transport of

bed-load at the bottom and suspended load in the water

body. There are several possible approaches which can

be found in the literature (Malcherek 2003). In the

model presented here, the formula of van Rijn (1984) is

used for bed-load transport, and for the determination

of the suspended sediment concentration the approach of

Rossinsky & Debolsky (1980) is implemented. The conside-

ration of ecological components like seagrass plants leads to

the adaptation of sedimentological parameters d50 (median

grain size) and tc (critical sheer stress).

OBJECT-ORIENTED FRAMEWORK

A reusable and extendable software design allows for the

development of eco-hydraulic simulation models in coastal

engineering. This can be achieved by developing an object-

oriented framework that is a reusable software architecture

represented by a set of classes and their interactions.

The class libraries of the coupled eco-hydraulic simu-

lation framework are structured into five packages Finite

Element Model, Cell-based Model, Geometrical Model,

kSt

kSt,g

kSt,b

90°

0°
1.0

0.0

rP

kSt

(from Pasche 2003)
=

⊥

q

Figure 14 | Dynamic equivalent roughness parameters kst reproduce the flexible behaviour of seagrass plants as additional resistance in hydrodynamic–numerical models.

Q2
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Fuzzy and ODE packages. Each package consists of several

modules and classes (see Figure 15). The package FEM

contains classes and interfaces such as FEDOF, FElement,

FEModelData, FEModel, FEDecomposition and FEApprox-

imation. The implementation of the ODE package allows

the application of ordinary differential equations. It con-

tains an interface ODESystem and classes TimeStep and

IVP (initial value problem). The linking to physical problem

definitions takes place by means of the implementation of

the interfaces FEModel and ODESystem and the allocation

of the model data to the class FEDOF. The design of the

FEM and ODE packages provide methods and algorithmic

implementations for the approximation and solution of

time-dependent partial differential equations. This contains

domain integration and approximations as well as different

time integration schemes (Euler, Runge-Kutta, etc.).

An analogue structure can be found for the Cell-based

Model package, where classes CellDOF, CellModelData,

CellModel, CellDecomposition, CellNeighbourhoodRelation

andCellApproximationare realized to facilitate thegeneration

of ecological models. The major difference between cell-based

andfiniteelementmodels is in the fuzzy rule-based description

instead of mathematical equations. Therefore, the main

purpose of the Fuzzy package is to provide the classes

FuzzySet, LinguisticTerm, LinguisticVariable, FuzzyExpres-

sion, FuzzyRule and FuzzyControler. These classes include

methods and constructs to handle uncertain knowledge, rule-

based formulation and fuzzy reasoning. The design of the Cell-

based Model and Fuzzy package allows the creation of

ecological models by implementation of the interface CellMo-

del and the use of the fuzzy modeling approach.

The classes for the description of geometry, such as, for

example, PointNd, Polyhedron and DomainDecomposition,

belong to the package Geometry and are commonly used by

all kinds of models.

In particular, the FEModel, Fuzzy and ODE packages

use a common mathematical package, which contains

abstract classes and methods for integration and differen-

tiation of scalar- and vector-valued functions.

The object-oriented approach allows the creation of

reusable, extensible and reliable model components for eco-

hydraulic simulation in coastal engineering.

Cell-based
Model

Geometrical
Model

Finite Element
Model

DomainDecomposition

elements: Polyhedron[]
points: PointNd[ ]

FEDOF

modelData: Vector
aelements: Vector

F Element

element: Polyhedron
dofs: Vector

FEDecomposition

felements: F Element[]
dofs: FEDOF[ ]

FE Approximation

Fenet: FEDecomp.
numberofThreads

FEModelData

<<FEModel>>

elementApprox.()
setBoundCondition()
genData()

CellDOF

Cell 

poly: Polyhedron
dof: CellDOF

CellDecomposition 

CellApproximation

lattice: CellDecomp.
numberofThreads

modelData: Vector
number: int 

CellNeighbourhood 

lattice: CellDecomp.
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CellModelData
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cellUpdate()
setBoundCondition()
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Ecological models,…

Fuzzy package ODE package

<<ODESystem>>
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setMaxTimeStep()
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getMembership()
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performInference ()
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getIdentifier()
getMembership()

LinguisticVariable

fuzzification()
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getConclusion()

TimeStep

timeStep()
numberofThreads
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SnailModel2D 

AlgaeModel2D 
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Figure 15 | UML class diagram of the object-oriented eco-hydraulic framework.
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SIMULATION RESULTS

Case studies on seagrass prediction in the North Sea around

the Island of Sylt show the main effects and possible influences

on a changed hydro- and morphodynamic process. The

simulation started with a stochastic distribution of seagrass,

snails and algae. After a simulation period of 2 years, a typical

organization of vegetation was achieved (Figure 16).

Due to the evolution and existence of the natural cover,

changes of the hydrodynamic conditions occurred. The left

side of Figure 17 shows the distribution of seaweeds after a

simulation period of 2 years. The consideration of the

vegetation layer as a source of additional roughness can be

modeled by adaptation of friction coefficients in the hydro-

dynamic–numerical model (Equation (25)). The right-hand

sideofFigure17presentsdifferencesof themaximumvelocities

compared to the simulation without consideration of ecologi-

cal model components. The existence of vegetation leads to a

change of the effective hydrodynamic cross sections in the tidal

basins. Biological processes and seagrass meadows can be

found, especially on the tidal flats. This causes the reduction of

the maximum hydrodynamic velocities in the shallow areas,

while the velocities in the tidal channels are increased. These

first simulations show general influences of ecological com-

ponents on the hydrodynamic model and vice versa.

Changed hydrodynamic conditions influence sediment

transport processes and morphodynamic developments in

the intertidal basins. Due to the reduced velocities in the tidal

flats, more sedimentation is expected. However, the results of

the morphodynamic simulation (Figure 18) do not show

sedimentation phenomena in these regions. Changes of

morphological developments concentrate on areas of the

deeper tidal channels at the northern and southern end

of Sylt. The increased maximum hydrodynamic velocities

in the tidal channels cause morphological deepening. The

higher suspended load concentration is deposited at the sand

banks at the northern and southern end of Sylt.

In addition to the expected local effects of biological

processes and seagrass vegetation the results of the numerical

ecological, hydro- and morphodynamic simulations show

influences on remote areas, which have to be studied and

analyzed.

Figure 16 | Result of the coupled eco-hydraulic simulation, where only seagrass variables are shown.

Q2

Figure 17 | Distribution of seagrass vegetation (left) and velocity differences (right) dueQ2

to the existence and consideration of seaweeds.

Figure 18 | Morphological influences of seagrass vegetation after the simulation period.

Q2
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CONCLUSIONS AND PERSPECTIVES

This paper focused on the presentation of a holistic object-

oriented framework for eco-hydraulic simulation. It consists

of class libraries and packages which allow a holistic concept

for the use of numerical methods in coastal engineering.

The numerical approximation is performed by a stabilized

finite element method for hydro- and morphodynamic

processes and by a cell-oriented model for the simulation of

ecological processes, which is based on a fuzzy logic rule-

based system. The use of fuzzy techniques has been proven to

process expert knowledge derived by biologists and ecolo-

gists and to describe the dynamics of ecosystems adequately.

Special transfer and coupling strategies based on conserva-

tive interpolation are presented which allow for the coupling

of these fundamentally different models.

In this way, hydrodynamics and ecology are integrated

into a holistic model in which physical processes are directly

considered in an ecological seagrass model. Dependent on

the presence of vegetation, friction coefficients have to be

adapted which, in turn, is a decisive factor for hydro- and

morphodynamic processes.

Future work could focus on improvements and exten-

sions of the holistic model. An objective for further

investigations should be the extension to hierarchical or

polygonal bounded cell decompositions to achieve refine-

ments of interesting regions in the ecological model.

Open questions are the adaptation of sedimentological

parameters for adequate physical coupling between veg-

etation and morphodynamic processes as well as long term

simulation with regard to different temporal scales of the

physical and ecological processes.
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