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1 General introduction

1.1 large shallow lakes
Large shallow lakes are important aquatic ecosystems that play a prominent role around the
world. They are often a souree of drinking water supply and food production (aquaculture,
fisheries, irrigation). They serve as buffers against seasonal fluctuations in water availability
and are used for transport and recreational purposes. Next to providing these anthropogenic
functions, large shallow lakes are also unique aqua tic ecosystems often with extended Iittoral
zones and connected wetland systems. Some examples of well-studied large shallow lakes
are Lake TaiHu (China), Lake Erie (USA/Canada), Lake Veluwemeer (The etherlands),
Lake Krankesjön (Sweden) and Lake Apopka (Florida, USA). Reynolds (2004) estimates that
there are over 127.000 shallow lakes larger than 1 krn -, These lakes have in common that they
are predominantly non-stratified, polymictic lakes (Lewis, 1983) subject to wind action. This
wind action creates three dimensional flow (circulation) patterns, and the orbital motions of
wind-driven waves affect the take bottom (CERC 1974, Wetzei 1983). These hydrodynamic
processes can influence the sediment on the lake bottom to the extent that bottom material is
resu spended into the water column (Bloesch, 2004; Zhang, 2006; Qin, 2008; Bachmann et al,
1999; Lövstedt 2008). A shallow lake might have deeper sections, but these never dominate
the ecological functioning through the pronounced effects that prolonged stratification might
have, such as oxygen depletion in the hypolimnion (j ónasson 2004), and a large risk for algae
blooms, due to the stratified nature of the lake (Salrnaso, 2000).
Within the context of th is thesis large shallow lakes are defined as 1I01l-stratifyillg lakes subject
to toind-drioen waves and flow patterne that affect the bottoni also under non-extreme meteorological
conditions.
Although the above mentioned hydrodynamic processes are common, and in principle weil
known in large shallow lakes, the implications of these processes for the general
management and understanding of the ecological functioning of these lakes is not frequently
addressed. Thi s thesis aims to give an overview of the most important mechanisms with
respect to hydrodynamic and ecohydraulic processes in large shallow lakes and link this to
the integration of this knowIegde in the ecological management of these lakes.

I

1.2 General ecological functioning in large shallow lakes
Important characteristics of the shallow lakes functioning are the strong interrelations
between aquatic macrophytes and the rest of the system (Moss 1989, Scheffer 2001, [arnes et
al, 2004). Macrophytes provide habitat for a myriad of both invertebrate and vertebrate
species, (Pokorny and Kvêt 2004, Snickars et al. 2004), and their presence is Iinked to clear
water conditions that benefit predator species who depend on sight such as fish Iike pike and
birds Iike grebes and great cormorants. In the absence of macrophytes, shallow lakes are
often characterized by algae-dominated turbid situations and a fish population mainly
consisting of (benthivorous) fish such as bream and pike perch (Hosper et al. 2004).
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The feedback mechanisms between rnacrophytes and their surroundings affect processes of
nutri ënt cycling and primary production (Sendergaard and Moss 1998, Pokorny and Kvét
2004), suspended matter dynamies (Verrnaat et al. 2000), and fish and zooplankton
community interaction (jeppesen et al., 1998). The cornpetition between phytopIankton and
macrophytes has received considerable attention due to the many problems caused by
eutrophication pressures from the 1970's until now (e.g. Van Donk and Van de Bund 2002,
Takamura et al. 2003, Cenkai-Kato and Carpenter 2005, Jeppesen et al. 2005). When nutri ënt
enrichrnent becomes streng enough for algae to dominate the nutriënt cycling, macrophytes
often disappear abruptly due to poor light conditioris and disturbance by benthivorous fish
(Zambrano and Hinojosa, 1999, Lougheed et al. 1997). Re-establishing a healthy macrophyte
community is diffieult, as the nutrient levels needed for macrophytes reestablishment are
much lower than when they disappeared (Scheffer et al. 1993, [ones and Sayer 2003). In
between these two switch-points of nutrient concentrations a lake can be both in a turbid or
c1ear water sta te, depending on the food web present. This phenomenon is often described
by the term 'alternative stabie states' or 'alterantive equilibria' (Helling, 1973, Scheffer et al.
1993). Although often perceived as a clear 'snap-point' (bifurcation) in time at whieh the
whole lake shifts in terms of ecoIogieal functioning between turbid and c1ear, this process
can be gradual (Van Geest et al, 2007), annual/seasonal (Rip et al. 2007), with spatial variation
within a lake (Van den Berg et al. 1998) or slowly developing (Scheffer et al, 1994).

1.3 Pressures in large shallow lakes
Large shallow lakes are often Iocated in densely populated areas and their many resources
have been exploited over centuries. However, since the large socio -economie changes from
the 1950's onward most of the large shallow lake s are under severe anthropogenic pressure,
resulting in reduced ecosystem quality and functioning (Moss , 1998; Ripl and Wolter, 2004).
The most common pressure in these lakes is unnaturally high nutrient toading. called
eutrophieation (Rohlich 1969; Sutcliffe and [ones, 1992). In many large shallow lakes this has
resulted in an ecosystem shift from clear waters with a dominant macrophyte community to
a turbid system dominated by algae (Phillips, 2004). Fish communities in the impacted lakes
are also different from the natural lakes with astrong dominanee of benthivorous cyprinid
fishes such as bream and roach, rather than percids such as pike and perch (Leach et al, 1977,
Persson et al, 1991). Next to eutrophieation, other pressures that are common in large
shallow lakes are unnatural water level regimes, acidifieation, fixed hard shorelines,
disconnection of adjacent wetlands, rerouting of incoming and out-flowing water, cooling
water intakes and outlets, overexploitation of the fish community and disturbance by
boating (Ripi and Wolter, 2004).
In addition to the anthropogenie pressures there is an increasing concern about the
effects of c1imate change on the ecological functioning of shallow lakes (Moss, 2010, Adrian
et al. 2009, Kosten et al. 2009). Increased frequency of storms, increased winter temperatures
and warmer summers, and larger fluctuations in weather patterris in general, are already
identified as new pressures on lake ecosystems.
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1.4 Restoring lake ecosystem quality
A proper understanding of all process playing a role in the final appearance of a lake (turbid
or clear or anywhere in between) is fundamental to further the management of the lake in a
way to accommodate not only all human uses, but also the biologica! communities. In
Europe, the Water Framewerk Directive (WFD, EU, 2000) has adopted th is vision and airns
at providing a framework for water management in Europe to reach clean and healthy
aqua tic and groundwater ecosystems by 2027. Also in other parts of the world legislation has
been, or is being, put in place to reach similar goals, such as the Clean Water Act in the USA
and the A ZECC guidelines in Australia and New Zealand .
Box 1. The Water Framework Directive in brief
The Water Framewerk Directive (WFD, EU, 2000) has redefined the way water management
should take into account water quality and ecology in its daily practice. Throughout Europe
a new language and common set of technical concepts has been developed based on the
philosophy of the directive. Although in principle simple (maintaining or establishing a
healthy and clean aquatic environment for all surface and groundwater water bodies), the
implementation of this directive has called for a myriad on common EU-wide and national
guidelines to harmonize the full understanding of the legal text. Many of these follow from
international or national research projects to harmonize data, assessment methods and most
importantly ecological experts opinioris of the definitions of high, good, moderate, poor and
bad ecological and chemical status.
In short the WFD requires that reference conditions for all natura] water bodies are
defined and that a judgement is made on the current status of a water body with reference to
th is preset 'reference condition' . When a water body is c1assified as Heavily Modified or
Artificial, derivations from the natural reference condition to a maximum ecological
potential is needed. This is done using descriptions of the appearance (species composition
and abundance or biomass) of the four Biological Quality Elements (BQE) in that reference
condition: Phytoplankton, Macrophytes and Phytobentos, Macroinvertebrates and Fish.
Additional general descriptors such as salinity, alkalinity, nutrient levels and
hydromorphological aspects are included as weIl. Reference conditions can be defined based
on exisiting monitoring data, paleaolimnolodical data, historical data or expert judgement.
This definition of reference condition is done for series of comparable water bodies,
also known as water body types. Both on the EU level as on the national levels a series of
water body types is described for running waters, lakes, transitional waters and coastal
waters. For the Europe wide arena a series of Geographic lntercalibration Groups (GIGs) was
established: Alpine, Atlantic, Central/Baltic, Mediterranean and Northern GIG. Per GIG a set
of water body types has been defined. For instanee. for the Central/Baltic lakes a subdivision
in three lake types (LCBl, LC2 and LCB3) was made, based on their depth and alkalinity
features. On the nationallevel each member state has defined these water body types as well,
often more detailed than the intercalibration types. For example in the etherlands, there are
9 lake types defined depending on their salinity, size, depth, alkalinity and predominant soil
type.
Based on existing data, metrics have been developed, both on the national and
international level, to define the response of a BQE to a pressure. Via often complicated
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methods, individual metrics per BQE are combined to an overall judgement of the rurrent
status of a water body. This status is expressed in a number between 1 (high status) and 0
(poor status) and is based on a ene-out-all-out principle: i.e. the lowest score of an individual
BQE status gives the final score of the waterbody. If the score is below the good/moderate
boundary (0.6) measures need to be taken to improve the status to a good status (or good
ecological potential for heavily modified or artificial water bodies). The metrics for lakes
describe: phytoplankton biomass and composition and number of bloorns, macrophyte
abundance and species composition, macroinvertabrate composition and fish communities
described via size and age classes and species composition.
The measures required to improve the status need to be both cost-effective and
communicated with the stakeholders via publication in River Basin Management Plans.
(river basins being e.g. subsections of the Rhine-catchment such as the 'Rhine-West, 'RhineMiddle', Rhine- orth and Rhine-East in the etherlands). On alocal scale, regional water
management authorities must describe and ensure the quality of individual water bodies, for
example a single lake within the catchment of a large river system.
Measures to improve transparency
In most shallow lakes high pressures result in a reduced transparency of the water and a
collapse of the macrophyte cornrnunity, resulting also in changes in higher trophic levels.
Taking measures is therefore often aimed at re-establishing a c1ear water system which will
harbour the related healthy ecological community with sufficient macrophyte cover. In
broad terrns, lake management can select measures from th ree characteristic groups of
measures to improve lake c1arity:
1.
utrient reduction rneasures, (reduction of internal and extemal nutrient sources)
2. Hydromorphological measures (affecting the water level or lake morphology)
3. Biological measures (e.g. biomanipulation - removal of unwanted species, often
benthivorous fish, or introduetion of desired species such as pike and zebra mussels)
The general effects of reducing nutrients are weil studied: less nutrients will ultimately result
in less problematic high (blue-green) algae concentrations that affect the light c1imate in a
lake to the extent that it might be called turbid. A turbid shallow lake is a lake where light
does not penetrate the full water column to allow for germination of macrophytes from the
bottom of the lake, where in the reference condition this would have been the case .
Little is known about the results of hydromorphological rneasures, as these are
relatively new concepts, infrequently explored and not often evaluated (Gulati et al, 2008).
These measures can be diffirult to take within the local setting of a lake and might affect the
human uses in the lakes (e.g. a change in water level might affect constructions and
infrastructure).
Biological measures are often carried out in combination with, or following nutrient
reduction measures (Meijer et al, 1999). Biomanipulation (i.e. the removal of a large
percentage of the fish biornass, when the fish community is perceived to be 'poor' viz.
consisting mainly of bream and carp) has been carried out in many lakes, especially in
Europe, often with mixed results (Sendergaard et al. 2007). Frequently, results are only
temporary, in particular when fish is not managed on a permanent basis (Sondergaard et al.
2007). These fluctuating results can often be explained by the nutrient status of the lake still
being too high to cause a permanent shift to c1ear water. Critical loads of nutrients, Iinked to
the potential switch points in lake transparency, can be established by means of an
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assessment of the external and interna! loads compared to situations in similar lakes (Wilson,
2004, janse et al, 2008), but the uncertainty in these calculations rernains a cause of concern.
Requirements for macrophyte growth
Light is an important requirement for plant development and often one of the main
objectives in lake restoration is to provide sufficient transparency for macrophytes to (re-)
establish. The amount of light needed for macrophyte establishment can be expressed both
as a fixed quantity of photons or a percentage of the average incoming surface irradiance at
the start of the growing season, For exarnple, freshwater plant communities in lake Balaton
are found in situations of 2-3°,{, light at the bed (Istvánovics et al, 2008) and experirnents on
charids by Küster et al. (2004) show minimal light conditions of 35 urnol photons m? S-1 is
needed for growth (approx. 3% of average light at surface). The growth at these light dosages
is sign ifican tly less than at higher light doses (10% of maximum growth). Under laboratory
circumstances macrophytes can grow at much lower light intensities than in the field (Van
den Berg, 2001). However, also the range of the percentage of light required to reach the
bottom in order to stimulate germination, based on measurernents in the field, is large: from
0.5% to 35% (Dobberfuhl (2007) for Vallisneria americana in humic brackish rivers in Florida,
with freshwater sites requiring less light (9%) than saline sites (14%). Domin et al. (2004) and
references therein find 9% for brackish species. Seagrasses in estuarine systems grow at a
minimum of 6% (Giesen et al, 1990 and Pellikaan 1980, in Van der Heide et al. 2007).
Stoneworts (charids) are known to grow best under high light situations and Sanderson et al.
(2008) find 5% to 30% as field mea surement values where stoneworts grow (with reference to
Schwarz and Hawes 1997). This might be partly due to the fluctuation in daily irradiation at
a give location, but macrophyte development in the field can also be limited by additional
factor s such as grazing by birds (jupp and Spenee. 1977; Van Donk and Otte 1996, Hidding et
al, 2010) or fish (Dorenbosch and Bakker, 2011), wave energy (Schutten et al, 2004; Coops et
al, 1994), soil stability (Schutten and Davy, 2000). Schutten et al. (2005) showed that
macrophytes have more difficulty colonizing muddy soils than sandy soils. Also, covering
su itable sed iment with fluffy mud can ham per seed germination, with a 5 mm mud layer
reducing the light availability to practically zero (Frankland et al. 1987). Dugdale et al. (2001)
show that the deeper the oospores are located, the more difficult their germination is.
Seedbank density is key in the long term survival of species. When light temains
limiting after germination, plants might not develop further, slowly depriving the seed bank
for years to come. De Winton et al (2004) show that only 2-10% of the seedbank germinated.
Also Van den Berg and Delauney (unpublished, 2007) showed that the success of
colonization of macrophytes is dependent both on light reaching the bottorn. as on the
density of the seed bank. This relation was determined using samples taken in five Dutch
lakes (over 30 samples per lake) . In these lakes water depth, light attenuation, seed bank
density and bottom coverage with submersed macrophytes in the following growth season
were recorded. Using logistic regression a relation was determined between the seed bank
biornass, percentage light reaching the bottom and the probability of macrophyte vegetations
in the following summer (figure 1.1, R2= 0.76). Figure 1.1 shows thatthere is a large range of
light percentages that can be applicable depending on the seedbank density.
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propagule bank biomass and the germination success of the seedbank (1 = 100% successful, 0 = no
success) (Souree Van den Berg and Delauney, unpublished data) .

Light in the aquatic system
The law of Lambert-Beer (1852) is commonly used for the determination of the irradiance at
a given depth:

Tz=Ioe i-kz)

(1.1)

in which l, = irradiance at depth z (W m -Z), 10= irradiance at the surface (W rrr-), k =
attenuation coefficient (mol), z = depth (m). In this formula the term irradiance (unit W m oZ) is
used, contrary to the word radiance (unit W m oz sterad ian' ) as there is no mention of an
angle under which light might be entering (e.g. the zenith angle for downward light due to
location on the globe and time of the day and season).
Secchi-disk-depth is often used as a common measure to define transparency but the
relationship between Secchi-disk reading and attenuation coefficient is poor (Effler, 1985;
Preissendorfer, 1986; Scheffer, 2001). Although attempts have been made to link Secchi-depth
and attenuation to each other as early as 1926 by Pool and Atkins, who used a constant
factor, and Preisendorfer (1986) in a slightly more complex forrnula, no truly satisfactory
results were obtained. One of the main reasons that Secchi-depth readings and attenuation
coefficients are not welllinked is that photons can either be absorbed or scattered, depending
on the type of particIe they meet in their downward journey in the water column (Kirk, 1994;
Kalff, 2001). As this composition of particles varies in time and location, this results in
changes in the relation between light attenuation and Secchi-disk depth.
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The total light attenuation can therefore best be described by taking into account those
particles influencing the photons:
• Aigae
• Detritus (organic suspended solids)
• Inorganic suspended solids
• Humic aeids (a.k.a gilvin, yellow substance)
• Water
In monitoring data often only a total suspended matter (TSM) concentratien is
available, rather than the above mentioned individual particles. The TSM concentratien (mg
L·I) expresses the concentration of all particles in the water. After filtering, drying and ashing
the TSM the remairring ashes give an indication of the inorganic fraction of the particles. The
organic fraction in the TSM does not distinguish between the algae and detritus cornponents,
unless the biomass measurements on living algae are used and these va lues are subtracted
from the organic fraction of the TSM. Detritus (organic, non-living suspended particles) can
be originating from dead algae that quickly decompose, or come from other sou rees, such as
peat particles. that are decomposing more slowly. Differences in C:N ratios in the algaedetritus and peat detritus can help defining the main souree of the detritus. Light attenuation
by these particles is mainly caused by absorption.
Cohesive and non-cohesive sediments react differently to hydrodynamic forces due to
their relative density, size and composition. Non-cohesive inorganic sediments (sands and
silts) do not easily Iloeculate and their optical properties and contribution to the light
attenuation, are different than those of cohesive sediments ('mud' consisting of both
inorganic clay particles and organic compounds, such as bacteria, dead organic matter and
extracellular polymerie substances (ErS) excreted by mieroblal organisms).
The behaviour and seasonal dynamics of these different particles needs to be
understood in order to effectively select the most appropriate measures. E.g. for Iimiting the
contribution of algae, quantification of nutrient measures is needed. For other suspended
solids also knowledge of their cycling through the lake is needed and hydrodynarnics can
play a role in th is. Hydromorphological rneasures can influence these hydrodynamic
processes and thereby the role of suspended particles in light attenuation.

1.5 Hydrodynamics of large shallow lakes
The role of hydrodynamic processes in large lakes has been recognized as early as 1895 when
Forel described the interrial seiches in lake Geneva that periodically affect water levels. In
1937 Whitney was one of the first to report on the presence of therrnal stratification in deep
lakes and Mortimer (1941) reported on the exchange of dissolved substances between mud
and water. An important first volume of a Iimnological handboek, focusing on physical and
chemical processes was made in 1957 by George Evelyn Hutchinson. All these early studies
show that winds and wind generated hydrodynamics have pronounced effects on the
functioning of large lakes. Lewis (1983) even classified lakes based on whether or not
stratification occurs and to which extent fetch leng th and depth play a role in this. The
hydromorphological measures (§1.4) are therefore speeifically relevant in large shallow lakes
where hydrodynamics can play a significant role in the ecosystem functioning.
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Hydrodynamics involve the study of Iiquids in motion. In surface waters both currents
(horizontal and vertical rnass, momentum and energy transport) and waves (momentum and
energy transport, rather than mass transport) are studied. This paragraph introduces some of
the main concepts involved in the hydrodynamics of shallow lakes that are further used in
this thesis.

Wind
In large shallow lakes wind is often the dominant factor influencing the way water moves.
Wind blows over the lake surface and exerts force on its surface. The undisturbed disrance
that wind travels over water is called fetch length and affects the resulting size of the waves
in relation to the wind force, time of the event and depth of the lake (CERC, 1984).
H, = 5.112 "10-4 UAF°.s

In which H, = significant wave height (rn), UA = wind-stress factor (m
(m) .
UA = 0.71 U w

(1.2)
S·I)

and F = Fetch length

(1.3)

Where U = wind speed (m S·I) at 10 m height.
Wind not only creates waves, it also pushes water to one side of the lake, causing
differences in water level between the leeward and windward side of the lake. This so-called
'wind setup' results in horizontal and vertical flow patterns due to differences in hydrostatic
pressure and the partienlar bathymetry (bottom topography) of the lake. These flows are
often slow, but can reach veloeities up to 20-30 cm S ' 1 in case of stormy weather in a lake of
150 km 2 (e.g. Markerrneer), which is cornparable to slow flowing lowland streams. However,
in shallow lakes shear stresses due to horizontal flow are generally much smaller than shear
stresses due to waves (Luettich et al, 1990; Hawley and Lesht 1992). Therefore a focus on
wave related hydrodynamic processes is common in lake studies.
Waves
Waves transport energy through the water both horizontally and vertically. When wave
characteristics (wave height and wave length) are not directly measured at the water surface.
they can be derived using the fetch Iimited deep water wave forecasting equations (CERC,
1984) for deep water. The dynamics of waves are often simplified using linear wave theory
and derivations based on these (e.g. Hurdle and Stive, 1989). The theory assurnes energy but
no mass transport (neglecting Stoke's drift of particles in a (semi-)circular pattern forward in
the direction of the wave). It should be noted that in this paragraph several simple formulae
are mentioned (e.g. based on the commonly used Shore Proteetion Manual (CERC, 1984) and
Holthuijsen 2007) although the common recommendation is to use dedicated computational
software for spectraI wave analyses where possible. For exarnple, the wave length of a
deepwater wave is related to its period via the equation:

L= gT

2

2lr

(1.4)
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in which L is wave length (rn), g the gravitational constant (9.8 m 5-2), T the wave
period (5). The wave period is related to the wind velocity and fetch following (CERC, 1984,
see also Hurdle and Stive, 1989 and Carper and Bachrnann, 1984). A commonly used formula
for th is is given below, but different approaches of varying level of complexity exist,
including full scale numerical wave modeling (e.g. Booij et al. 1999).
T
2~U
= 1.20 tanh [ 0.77 ( ~2F)O.25]

(1.5)

A distinction is made between deep and shallow water waves: In deep water the orbital
motions exerted by the wave do not reach the bottom of the lake. Shallow water waves do,
thereby creating shear stress on the bottom that might result in the resuspension of
sediments, when a critical shear stress is exceeded. CERC gives different calculation methods
for the two systerns, because for the deep waters what CERC was rneant for are oceans and
shallow waters of ten beach-coastal zone systems. In shallow lakes however, both deep and
sha llow waves (and transitional situations) might occur depending on the exact depth and
wind force in a given situ atio n, Therefore genera I linear wave theory is most useful. A
general rule of thumb states that the water depth d is smaller than half the wave length L, the
wave is affected by the bottom because orbital motions interact with the bottom.
Sediment resuspension
The hydrodynamic energy transferred to the bottom (both via orbital wave motions and
overall circulation f1ows) can exceed critical Iimits of the shear stress T . Below a given critical
shear stress value the sediment is primarily sedimenting to the bed (T (TH""d); or shear stress is
above a critical value (T cri . n'S ) where sediment is primarily being resuspended into the water
column. As these values are not necessarily the sarne, an intermediate phase is distinguished
in which there is no nett upward or downward flux (Figure 1.2) (Bloesch, 1995). The effective
shea r stress needed for resuspension depends on the strength of the sediments. This effective
shear stress is defined not only by the relative density and shape of the individual particles.
but also by their capability to adhere to each other (cohesiveness) and the water content of
the bed and the frequency of disturbance by hydrodynamic and other mechanical forces
(Berlamont et al, 1993). Coarse sediments such as sands are often considered as non -cohesive,
but fine sediments (c1ays and organic matter) are typically cohesive (Lam and Jacquet, 1976,
Winterwerp and Van Kesteren, 2004). For soft estuarine marine muds the values range from
0.1 to 2 Pa. (Berlamont et al, 1993).
When material is resuspended due to hydrodynamic forces, a large part of the
material settles quickly at the lake bottom again (Kristensen et al, 1992). However, especially
the very sma ll particles with a Iow settling velocity may remain in suspension for a long
time, and can contribute significantly to light attenuation (Sloot, 1995). Stokes (1851) showed
that the settling velocity for non-cohesive particles is reached when the frictional forces
along the particIe surface together with the buoyancy force exactly balance the gravitational
force .
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The resulting fall velocity

v =3. r 2g (p p I

9

VI can be calculated from Stokes' law as:

PI)

(1.6)

J.i

in which r is the Stokes radius of the partiele (m), g the gravitational acceleration (m S·2), pp
the density of the particles (kg m-'), PI the density of the fluid (kg m-'), J1 the dynamic fluid
viscosity (Pa s = kg rrr! S·I).
As a result of the critical shear stress mechanism in Stokes' law, non-cohesive
particles of different size fall and resuspend at different rates. This can lead to a logarithmic
profile of particles with depth along the water column, with higher densities of suspended
particles near the bottom. Wind mixing might affect this gradient. Next to this, for cohesive
sediments an additional process occurs where falling individual particles may encounter
each other and form aggregates of larger size. These aggregates can link to even larger flocs,
especially due to organic compounds that glue particles and aggregates together (Figure 1.3,
Canfield and Bachmann, 1978; Droppo, 2001). The large flocs are often susceptible to
hydrodynamic forces that can break the weak matrix of the floc when the shear stress
becomes sufficiently high (Winterwerp and Van Kesteren, 2004). As aresuit Stokes' law
cannot be directly applied to cohesive sediments and it is recommended that settling velocity
of cohesive particles is measured in-situ, as settling velocities of these particles in a natural
solution range between 0.01 -10 mm S' I (Berlamont et al, 1993). These settling velocity values
increase with increasing concentration up to 2-10 g L·I, after which flocs break up due to
mutual hinderance.
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particle
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Figure 1.3. Movement of particles between the water column and sediment layers due to
hydrodynamics.

Other hydrodynamie processes
Besides the above mentioned processes other hydrodynamic processes that might occur are
wind setup driven currents, temperature and density induced currents (e.g. between the
waters in shaded reed beds and sun exposed open waters (Lövstedt, 2008», internal seiches,
lunar and solar oscillations in very large lakes, etc.. These are not further elaborated within
the context of this thesis.

1.6 Ecohydraulics
Biota can influence hydrodynamic motion, e.g. when plants influence water movement or
musselbeds affect bed roughness and influence the related potential for erosion of the bed.
These types of feedback mechanisms are classified under the term ecohydraulics.
Ecohydraulics is very frequently used in relation to fish habitat studies in rivers, and related
environmental flow studies. As a concept it started to emerge both from engineering
perspectives as weIl as from biologists perspectives from the 1950's onwards (Wood et al.
2007) and originated especially from fish habitat studies in river systems, focusing on the
relationship between flow veloeities. basic water quality parameters and fish habitat / fish
passage requirements (e.g. Bell, 1973, Webb, 1988). Over time, the interdisciplinairy aspects
of intergrating knowledge from hydrodynamic, morphological, chemical and ecological
processes has become more important (Mynett, 2002, 2004a, 2004b). More and more
interdisciplinary, ecohydraulic studies are used to assess potential ways of improving the
overall functioning of water systems (Duel et al, 1994). Other terms used in similar studies,
often more focussing on estuarine systerns, are for example biogeomorphology and
ecohydromorphology. In estuarine systems many ecohydraulic studies occur due to the
pronounced tidal dynamics of that type of system and the important feedback mechanisms
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biota create in these systems. For example, the rale of vegetation in the formation of gullies
in intertidal flats and the rale of phytobenthos in fixing sediments in the intertidal flats. In
rivers most attention remains focused on the effects of hydradynamics and sediment
behaviour on fish habitats, both in the main channel and on floodplains, together with the
effects of floodplain vegetation on discharge patterns and floodplain sediment accretion. For
shallow lakes, where wind-driven waves and currents disturb the bottom to the extent that
the lake experiences frequent resuspension of sediments, studies on ecohydraulic pracesses
started to emerge in the early 70's «Price et al. 1968; Carper and Bachmann 1984», although
not using the term ecohydraulics as such. Severa! authors underpinned the role of
winddriven resuspension in the functioning of lakes (Evans, 1994, Gons et al, 1986,
Bachmann et al 1999).
Like in rivers and estuaries, in large shallow lakes hydrodynamic processes can affect
the ecological functioning, although perhaps to alesser extent as in rivers and estuaries.
Thus, in some situations the role of wind-driven hydrodynarnics in large shallow lakes can
not be neglected. The most important hydradynamic and ecohydraulic pracesses in large
shallow lakes are depicted in figure 1.4. In this, the Location drivers are the characteristics of
the lake, such as the lake surface area, lake bathymetry and substrate. Lake area can be
translated into a fetch length and together with the wind regime at the location this creates
impacts on the lake as a certain wind set-up with related 3D flow patterns and wave
dynamics. These result in a shear stress that affects resuspension and settling, if exceeding
the critica! shear stress at a particular location. Also, the fish community can have an impact
on the critica! shear stress and resuspension of sediments (through benthic feeding activity)
and is therefore included as a driver. Response to the impacts can be unidirectional e.g. in
the effect on food quality for filter feeders, but can also result in feedback mechanisms when
biota affects for example flow and wave characteristics. Especially macraphytes are known
to strongly reduce the bed shear stress and the hydrodynamic flow patterns at their location,
resulting in changes in the potential for resuspension of sediments, thereby creating feedback
oops to
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Figure 1.4. Relation between location drivers (characteristics of the lake), hydrodynamic impacts and
responses and feedbacks of the aquatic ecosystem.
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1.7 Thisthesis
The WFD requires a selection of appropriate measures to maintain or improve the ecological
status of water systems. For shallow lakes up to now most attention. both in scientific studies
and in daily water management practice, has focused on managing nutrient levels. Total
phosphorus is often used to describe and assess the eutrophication pressure and ecological
status in a lake, focusing on algae and macrophyte communities. Metrics that link TP to
macrophyte communities are defined to describe the statistical response of large sets of lakes
to a eutrophication pressure. However, this will not always be sufficient by itself to reach or
maintain a good ecological status and other measures might need to be investigated as weIl.
A more in-depth analysis of for example the interactions between hydrodynamic processes
and biological groups can be needed especially in cases where wind-driven processes play a
significant role in the functioning of the lake.
This thesis aims to show how hydrodynamic and ecohydraulic processes can affect the
aquatic ecosystem functioning in large shallow lakes, and when it is important to take these
types of processes into consideration in lake management.
Chapter 2 aims at assessing the usability of a single metric for macrophyte status assessment
based on total phosphorus (fP) concentrations. It shows that such ametric can not always be
used to analyse how or why macrophyte cornmunities, as representative indicators of the
ecosystem functioning in individual lakes are responding to environmental pressures over
time (Chapter 2).
In order to further the understanding of effects of mechanical pressures on the ecological

status (expressed as an effect in transparency and effect on key-components of the
ecosystem, such as macrophytes and benthic bivalve communities) some ecohydraulic
processes, linking hydrodynamics to sediment dynamics and ecosystem response are further
investigated in chapters 3, 4, 5 and 6.
Chapter 3 airns at demonstrating that organic suspended matter can be a dominant pressure
on the ecological functioning of a large shallow lake. The characterization of this suspended
matter behaviour via field and lab measurements allowed the definition of a suspended
sediment balance and a link with the underwater light elimate and the area potentially
available for macrophyte establishment. In order to understand which types of measures can
contribute to the improvement of the ecological status in this case study lake 3D
hydrodynamic calculations were carried out. These showed that deepenings do decrease the
suspended matter concentration but also influence the flow patterns in the lake resulting in
increased erosion around the deepenings. From light analyses it is shown that the
combination of measures on suspended matter reduction and measures on chlorophyIl-a
concentrations result in a better situation than the result of the individual measures alone.
Chapter 4 aims at extrapolating knowledge of measures in one lake to seemingly comparable
lakes of the same lake type. Here, it appeared that measures influencing the
hydromorphology of a lake, through aiming at fetch reduction, were suitable in one lake (i.c.
the Loosdrechtse Plassen in the Western part of the Netherlands), but not in two other lakes
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of the same Iake type that were initially thought to behave in a similar fashion (Lake
ieuwkoop and Lake Reeuwijk). Small differences in fetch and depth proved already large
enough to make this difference
Chapter 5 aims at Iinking the response of zebra musseis to suspended matter dynamics in
lake Markermeer. Zebra musseis have dedined strongly in this day dominated system and
the role of near-bed suspended matter is Iinked to the filtering behaviour of the musseis
under different near-bed suspended matter concentrations.
Chapter 6 aims at quantifying the feedback mechanisms where macrophytes affect the wave
dynamics in a shallow system through a series of flume experiments coupled with numerical
modelling. The effects of macrophyte patch density and macrophyte morphology (shape) are
further detailed.
Chapter 7 provides a synthesis and links the knowledge on hydrodynamic and ecohydraulic
processes in shallow lakes to lake management applications, taking into account the need for
spatie-temporal assessments. Here the focus is on the interactions between both
ecohydraulic and water quality processes and the implications for sustainable water
management in shallow Iakes with a focus on macrophyte development.
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2.1 Abstract
Oefining the overall ecological status of lakes according to the Water Framewerk Directive
(WFO) is to be partially based on the species composition of the aqua tic macrophyte
community. We tested three assessment methods to define the ecological status of the
macrophyte community in response to a eutrophication pressure as reflected by total
phosphorus concentrations in lake water. An absolute species richness, a Trophic Index (TI)
and a Lake Trophic Ranking (LTR) method were tested at Europe-wide, regional and
national scales as weil as by alkalinity category, using data from 1147 lakes from twelve
Europeen states. Total phosphorus data were used to reptesent the trophic status of
individual samples and was plotted against the calculated TI and LTR va lues. Additionally,
the LTR method was tested in some individual lakes with a relatively long time series of
monitoring data. The TI correlated weil with total P in the Northem European lake types,
whereas the relationship in the Central European lake types was less clear. The relationship
between total Pand light extinction is often very good in the Northern European lake types
compared to the Central European lake types. This can be one of the reasons for a better
agreement between the indices and eutrophication pressure in the Northern European take
types. The response of individual lakes to changes in the abiotic environment was sometimes
represented incorrectly by the indices used, which is a cause of concern for the use of single
indices in status assessments in practise.

2.2 Introduction
The WFO uses aquatic macrophyte species composition and abundance as a biologica I
quality elements throughout Europe. According to the directive, similar lake types should
have a similar macrophyte community composition if they have similar ecological status.
Assessment methods based on this community structure should be formulated to describe
the overall ecological status of the water body, and to report on improvements where
measures have been implemented (European Pari iament, 2001). The WFO emphasises the
importance of species composition and abundance, but gives relative freedom for selection of
assessment methods. In principle, a status assessment of macrophytes is based on deviation
from its type-specific reference community. Indices may provide a means for quantifying
this deviation from reference conditions. The use of indices is also relevant for large and non homogeneous datasets, such as those used in this study, which do not allow the use of
models based on community structures.
Most of the currently suggested status assessment methods for macrophyte
communities in accordance with WFO requirements focus on applications in rivers and
streams across Europe (O'Hare, 2006). For lake macrophyte comrnunities, there are not many
assessment methods published and harmonized in Europe that are in line with the WFO
requirements. Birk et al. (2006) concluded that for lowland streams the current proposed
methods for assessing macrophytes of four individual member states did not respond
comparably, despite the use of one harrnonized type of monitoring method. They conclude
that further intercalibration is required for better understanding of status assessment using
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these methods.
Many European member states are currently undertaking efforts to create status
assessment me thods for lakes based on a.o . macro phyte communi ties, of w hich some are
already available. The countries which have developed these methods are: Germany (Stelzer
et al, 2005; Schaumburg et al., 2004), Denmark (Sendergaard et al, 2005), the etherlands
(Van den Berg, 2004), Belgium: (Leyssen et aï., 2005), Sweden (Ecke 2006), Finland (Leka et al,
2007), the UK (Willby et al, 2006) and Irela nd (Free et al, 2006).
The Ge rman method uses an index based on the relative abundances of 'sensitive',
' tole ra nt' and ' ind ifferent' species. The Dutch, Danish and Belgian approaches are
multimetric, using various aspects of the macrophyte community to de scribe the sta tus of the
macrophytes to a generalised 'ecosystem disturbance'. For example, the Dutch method uses
abundance and percentage of lake area covered by various growth forms. There is a
composition-index for submerged macrophytes and one for helophytes, although the Jatter is
under di scu ssion. The Dani sh approach includes a maximum-growth-depth index, and the
presence or absence of exotic species. The Irish index is also based on a multimetric approach
combining several existing and developed indices (Free et al. 2006), while a preliminary
approach in Norway uses similar methods to those in Germany (Mjelde, unpubl). The
Swedish index is calculated as the weighted average of the indicator values (along the
phosphorus gradient) of all species present in a lake using the niche breath of the species
along the phos phorus gradient as we ighting factor (Ecke, 2007). The UK approach (WiIlby et
al. 2006) describes species as responding positively (impact species ) or negatively (reference
species) to eutrophication pre ssure, and defines a Lake Trophic Rank sco re as an average of
the sco res of all species found in a single lake, weighted by abundance.
Th is paper describes and compares three selected indices for assessment of the aqua tic
macrophyte species community status on European, regional and local scale. The se are:
1).the total species richness; 2). relative abundance of po sitive and negative species, based on
a modified German approach; and 3). the suggested UK approach called the 'LEAFPACS
rnethod' (Willby et al. 2006) . The indices diffe r specifically in their level of complexity,
ranging from the very simple, total species richness to the rather complex LTR. We examine
the effect of classification deci sions (as de scribed in Penning et al, this issue) on resultant
ecological quality indices for individual lake s and groups of lakes. Also, the applicability of
bo th TI and LTR to represent temporal developme n ts wi thi n a sing le lake are assessed to
address the usability of these indices for water management in view of the WFD
requ iremen tso

2.3 Methods
Data on macrophyte abundance and water quality were collected for as many European
countries as pos sible , as described in detail in Penning et al., this issue. Macrophyte data
were ga thered at species level and the main water q uality parame ters collected we re tot al
phosphorus (total P), chlorophyll a and Secchi depth. Lake typological inforrnation,
specifically lake size, average depth, colour, alkalinity and altitude, was also collected for
most lakes and the lake types were identified according to the method of the inte rcalibration
processes (Heiskanen et al., 2004) with some mi no r adj us tme nts in alkali nity classes. This
resulted in four main subsets of the database: for the Northem and Ce ntral Geographic
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Intercalibration Groups ( -GIG and C-GIG) two alkalinity types we re distinguished: High
(>1 meq I-I) and Moderate/Low (0.05-1 meq I-I) alkalinity. Low and moderate alkalinity types
were grouped after initial data-analyses that showed these two types to be overlapping in
cluster analyses (reported in Lyche Solheim 2007). Additional subsets were created for
countries with sufficient amount of sampling points (>20) per alkalinity type ( orway,
Finland and Latvia). From all 1399 lakes available in the database data from 1147 lakes was
used, as the remaining lakes either had too few species per lake «4), unclear information on
water quality parameters or species composition or lacked sufficient descriptive data. For
further description of the database used in th is work see Moe et al. (this issue). The three
indices used were: 1). total species richness; 2). a trophic index based on sensitive and
tolerant species; and 3). a lake trophic ranking index.
Species richness
The simplest index available for lake macrophyte community status assessrnent is species
richness. Species richness was examined across the gradient of total P for the entire dataset
using total number of species recorded (S).
Trophic indices (TI) based on sensitive and tolerant species
The trophic indices subtract the number or abundance of tolerant species from the number or
abundance of sensitive species either based on the count of species using presence/absence
data (Eq. 1), or based on relative abundance of different classes (Eq. 2):

TI c

= Ns -

N T X 100

(Eq.1)

r

N

where 5 is the number of Sensitive species found in the lake, T is the number of Tolerant
species, and N is the total number of species, including Indifferent species.
NT

N.

LA;- LA)

TI A

= ;: 1

N

j :1

X

100 ,

(Eq.2)

LAl
11

where A is a measure of abundance.
TIA(Eq. 2) is similar to the index used for German lakes by Stelzer et al. (2005).
Both indices include all aquatic macrophyte Iife form groups (isoetids, elodeids,
nyrnphaeids, lemnids, and charids) and produce a number between +100 and -100, (+100
when all species are defined as Sensitive and -100 when all species are Tolerant) for an
individuallake. Many database-subsets in the REBECCA database lacked abundance data so
that only Tic (Equation 1) could be used on those occasions.
Lake Trophic Ranking Index (LTR)
Similar to the Trophic Index, the index suggested by the LEAFPACS project combines
species-level values into a whole lake index. The Lake Trophic Ranking Index is a by-product
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of the LEAFPACS method of c1assifying species into eutrophication response classes (see
Penning et al., 2008, for details). The LTR in this report is the same as the Lake Macrophyte
utrient Index, mentioned in Wiliby et al (2006). The Lake Trophic Rank method calculates a
trophic rank for a species, which is then converted to a trophic rank for a single lake based
solely on the species composition. The lake trophic rank (LTR) should thus respond to a
change in macrophyte community caused by a change in eutrophication pressure. The LTR
was calculated for the four main lake types identified within the REBECCA dataset.
Strictly speaking, the LTR of a lake should be calculated using the weighted (by
abundance) averages of the species trophic ranks, of the species occurring in the lake.
However, in the REBECCA dataset, abundance data have often been lacking or are not
comparable due to differences in monitoring methods. Therefore, we have calculated the
LTR as simply the average of the trophic ranks of the species occurring in the lake. The LTR
is included here is expected to have more precision than indices based on very few response
classes.

2.4 Results
Species richness
The species richness of the lakes within the REBECCA database was highest in mesotrophic
situations (Figure 2.1) and did not show a c1ear (linear/log linear) negative response to
eutrophication pressure throughout Europe, although the maximum number of species
found was lower at the extremes of phosphorus range. Lakes of low species richness were
found across the whole trophic gradient. Species richness as an indicator for eutrophication
is therefore of limited value.
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Figure 2.1. Number of aquatic macrophyte species and total P measured in all lakes in this study
(n=1174).
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Trophic indices
The Trophic Index using abundance information (TIA) could only be used for data from
individual countries due to the very variabie methods for recording abundance data. Results
of TIAare, therefore, not reported in th is article. The Trophic Index using presence/ absence
(Tic) was tested both on the data in the full REBECCA dataset and on the subselections for
the ordic and Central GIGs . Various species c1assification lists (as defined in Penning et al.,
this issue) were applied in calculation of the TIcand resulting regression Iines were plotted.
For the full dataset the Tic was calculated and plotted against total P (Figure 2.2a). A
c1ear decreasing trend was observed, but with a large varlation around the regression line .
This makes the use of this Europe-wide scale assessment un suitable for use on either
individual lake s or also for a Europe-wide comparison of the defined status of macrophyte
species composition based on a single species list. Especially within the most common total P
concentration interval (between 20 f.!g I-I and 100 f.!g I-I) the index can be either +100 or -100 at
a given concentratien. The central GIG lakes from the overall REBECCA-Iist also show the
sa me decreasing trend, with large variatien around the fitted regression line. None of these
lake s wa s populated solely by sensitive species . In contrast, a large number of the lakes at the
high end of the index scale originated from Nordie countries (figure 2.2c).
The index results for individual countries in the Nordie GIG are similar to those
using the overall Nordic GIG species list (compare figure 2.2c with 2.2h) although
Norwegian classification Iists respond more c1early to a change in total P concentration. For
so me lake types the index never de crea ses to negative values along the total P axis (fig. 2.2e
and 2.2f). Thi s is most likely because heavily impacted sites in the se lake types were not
present in the database. In Centra I GIG lakes the index does not perform as weil as in the
Nordie lake s (Figure 2.2b and c, and table 2.2) and for LCB1 there is no apparent change in
index values along the total P gradient (figure 2.2e). Although this is partly due to the quality
of the data (a larger variation in sampling methods was used in the Central-GIG countries,
relative to those used by the ordic GIG countries). Unfortunately the quality of the data
does not allow for further testing of the infIuence of, e.g., combined pressures especially for
the high alkalinity lakes . For certain countries and typologies there were insufficicnt data to
perform the analysis, This was especially true in the Central GIG, where there were sufficient
data for th is analysis only from Latvia . Nordie GIG data were tested also by using Norway
and Finland species list c1assifications as examples (fig 2.2g and 2.2h). These show that
although the Finni sh and Nordie GIG species classification Iists are similar in resulting TIc,
the orwegian list deviates, resulting in stronge r negative values at lower phosphorus
concentrations.
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Figure 2.2. Troph ic Index (Tlcount) for the Rebecca lakes on various scale levels and with various
species lists (listed in table 3 of Penning et al, this issue). al Overall Rebecca dataset response ; b)
Centra I GIG lakes with Central species list ; c) Nordic GIG lakes with Nordic species list; d) Central and
Nordic lakes vs GIG lists and Rebecca list; e) Central lake types based on the Central species list; f)
Nordic lake types based on the Nordic species list ; g) Finnish lakes based on Nordic species list and
Finnish species list; h) Nord ic lakes based on Nordic, Norwegian and Finn ish species lists. All lakes
with less than 4 species are excluded (Total P in ug 1-1). See Table 2.1 for description of the lake types
and Table 2.2 for the regression results.
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Table 2.1. Description of the intercalibration lake types as used in figure 2.
Alkalinity
I Calsium
Lake area
Mean
Lake types
region
I km2*
I depth *
meq/I
I mgCa/1
Northern GIG
I
I
I
I 3-15
lowland
0,05 - 0,2 I 1- 4
LN2a+b
>5
I LN5
3-15
0,05 -0,2
boreal
1 -4
, >5
3
15
0,05
-0,2
I
low
land
1
1
-4
LN3
1 <5
1 1-4
3-15
LN6
boreal
<5
0,05 -0,2
lowland
3-15
4 - 20
<5
0,2 - 1
LNl
I
3
15
0,2
1
boreal
14 - 20
LN4
1 <5
1 3-15
4 - 20
LN8
I low land
>5
0,2 - 1
Central GIG
lowland
3-15
I >1
L-CBl
> 20
I >1
L-CB2
lowland
<3
> 20
<1~
~0,2 - 1
4 - 20
L-CB3
lowland
_
* size and depth categories are merged in our macrophyte analysis.

I

I

I

I

Colour
mg Pt/I

I
1 < 30
< 30
1 30 - 90
30 - 90
< 30
1 < 30
30 - 90
< 30
1 < 30
< 30

Table 2.2. Linear regressions for figure 2.2.R-list : the overall REBECCA species c1assification list for the
whole dataset; N-list : the species c1assification list for N-GIG; C-list: the species classification list for CGIG.
Figure no

graph

Fig 2 a
Fig 2 b
Fig 2 c
Fig 2 d

Rebecca
Centrallakes
Nordic lakes
N-GIG (Rebecca list)
N-GIG (Nordic list)
C-GIG (Rebecca list)
C-GIG (Centra I list)
LCBl
LCB2
LCB3
LNl
LN2a+b
LN3
LN5
LN6
LN8
Nordic list
Finnish list
N-GIG (Nordic list)
Finland (Finnish list)
Norway (Norwegian
list)

Fig 2 e

Fig 2 f

Fig 2 g
Fig 2 h
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equation
y = -33.752Ln(x)+113.75
y = -21.179Ln(x)+74.21
y = -23.994Ln(x)+122.67
y = -27.269Ln(x)+109.83
y = -23.994Ln(x)+122.67
y = -13.093Ln(x)-7.9753
y = -21.179Ln(x)+74.21
y = -6.232Ln(x)+24.921
y = -22.631Ln(x)+72.857
y = -16.65Ln(x)+75.239
y = -18.098Ln(x)+100.22
y = -9.4927Ln(x)+99.833
y = -16.486Ln(x)+l11.62
y = -4.0267Ln(x)+96
y = -8.1338Ln(x)+l1 1.15
y = -25.498Ln(x)+131.57
y = -18.574Ln(x)+116.11
y = -21.003Ln(x)+117.16
y = -23.994Ln(x)+122.67
y = -21.003Ln(x)+117.16
y= -32.283Ln(x)+125.83

R2
0.3981
0.3091
0.4327
0.3954
0.4327
0.1927
0.3091
0.0543
0.3078
0.2912
0.3047
0.07267
0.2343
0.091
0.1395
0.4361
0.3019
0.3449
0.4327
0.3449
0.6945

N

1294
231
932
932
932
231
231
72
120
39
57
63
143
14
29
92
399
417
932
417
234
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The Lake Trophic Rank
The average regression line for LTR-values along a total P gradient for four lake types shows
increasing trends of the LTR va lues with increase of total P (on log sca le, Figure 2.3). R2 for
Nordie GIG lakes is 0.43 for lew-moderate alkalinity lakes (n:819) and 0.46 for high alkalinity
lake s (n:111), while in Central GIG these values are much lower with 0.26 for low-moderate
alkalinity lakes (n: 41) and 0.11 for high alkalinity lakes (n: 190). The variation around the
regression line, however, is high. Also in the lew-modera te alkalinity lakes of Nordie GIG
the variation along the line is high, and reference lakes in this group (n:399) with a similar
total P concentration can have an LTR value between 1.7 and 5. The high variation of the
trophic rank score among reference lakes in this type will make the inference of impacts in
non-reference lakes difficult.
The reference lakes in the REBECCA database have been identified and provided as
such by national experts based on various approaches, often involving expert judgement.
The designation of reference lakes is discussed further in Carvalho et al (this issue). The
reference lakes in the low-moderate alkalinity lakes and the Nordie high alkalinity lakes
were found at lower total P concentrations, at the lower end of the regression line . In
contrast, in the high alkalinity central GIG lakes the reference lakes are scattered throughout
the plot. This means that the index will not show deviation from the perceived reference
condition. as reference condition does not seem to be related solely to trophic status in these
lakes.
Ap p lying in di ces for in divid ua l lakes
The TIc was tested on time-series data from Lake Veluwe, the Netherlands. using six
different species scores derived from arialysis of 3 different data sub-sets (CH - Central G IG
High alkalinity lakes; C-GIG - Central GIG ; NL - Dutch species classification, The
classifications of Penning et al., (this issue) were used for CH and C-GIG analyses; and the
classification in Van den Berg, (2004) for the Dutch species classification, All classifications
were used with presence/absence and abundance values (Figure 2.4). The resu lting ind ex
values depend strongly on the species classification method used and the underlying dataset
used to derive the classification (following Penning et al 2008). Using the species Iists from
the Central GIG (either presence/absence or abundance) the index suggests that the species
composition changes slowly, with a slight improvement in 2003.
Using the Dutch species list (defined by national experts) the obtained value of the
index is on average 30 points higher than using the European species lists, but still does not
rise above zero indicating that sensitive species never become more abundant than tolerant
species. The total P decreased sharply from 1995-1996, but this was not reflected in a
response by the index. Even though the index is transparent and easy to calculate its
insensitivity restricts its use for lake management to assess eutrophication impact on the
macrophyte community in this specific lake
The Lake Trophic Rank (LTR) was plotted against Total P for th ree shallow, highalkalinity lakes in the Netherlands. for which a time series longer than 2 years was available
(Figure 2.5). None of the other lakes in the REBECCA database has such longer time series
for assessment of the response of the index following changes in the ecosystem. The three
Dutch lakes have been intensively investigated in the last decades d ue to their changing
eutrophication status. Lake Botshol fluctuated between c1ear and turbid states duri ng the
period 1993-2003 (Simons et al, 1994, Rip et al., 2005), while Lake Veluwe has re-established a
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Figure 2.3. The relationship between total phosphorus (plotted on a logarithmic scale) and Lake
Trophic Rank, caiculated as the average of trophic ranks of all species found in each lake
(presence/absence data only). Lakes have been separated into Nordie (bottom) and Central-Baltic
(top) GIG types, and into low-moderate « 1 meq I-l). and high (> 1 meq 1-1) alkalinity classes.
Squares represent reference lakes.
highly valued macrophyte community and clear waters af ter a substantial reduction in
nutrient load (Lammens et al, 2004, Van den Berg et al, 1997). Although Lake Gooimeer
displays high transparency, macrophyte community has not recovered markedly. The lake's
overall status has improved over the last decade, but macrophytes for unknown reasons
have responded only gradually to this improvement (pers. comm. R. Portielje, RIZA, NL).
The response of the LTR in Botshol follows the changes in total P, while in lake Veluwe and
Gooimeer, the decrease in total P is not reflected by changes in the LTR. In fact, the LTR
remains stably higher in these lakes af ter the decrease of TP than it was before.
Improvements in total cover and maximum growing depth may give more precise additional
information to describe the positive changes in macrophyte communities over time as
observed in the field. The trophic indices were also examined to determine whether there
was a relationship between classification with the use of species presence compared to
abundance for different lake types in Norway (Figure 2.6). The Vansjo-Hobol is a large
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lowland catchment influeneed by intensive agriculture, forest and sewage, with varying
eutrophication problems in the intereonneeted lakes in the catchment The eight lakes in the
catchment represent a large gradient in eutrophieation pressures, from the oligotrophie lake
Bindingsvatn in the upper part of the eatehment to the impaeted lake Vanemfjorden in the
lowest part. The resulting values for the trophie indices eorrespond weil to earlier
assessments based on other parameters (Mjelde 200Sa). Gjeving is a small catchment close to
the coast and influeneed by acidifieation. None of the four lakes have eutrophieation
pressure and the phytoplankton and water chemistry data clearly show oligotrophie
eonditions. The high ind ex values eorrespond weil to the general understanding of the
trophie status of the lakes, for example TP values vary between 3 and 10 !!g PI-I, with Litjenn
as the most P-rich lake (Hindar et al. 200S).

2.5 Discussion
There are many indice s available that deseribe eommunity charaeteristics of aquatic
maerophytes. Birk et al. (2006) tested some 70 different indices and eoncluded that various
groups of methods ean be identified that follow similar eoneepts. We therefore seleeted only
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three indices for further testing of community response to a eutrophication pressure: species
richness, an index based on the relative abundance of tolerant and sensitive species (Trophic
Index) and the Lake Trophic Ranking index.
The species richness along the phosphorus gradient for the used dataset is in line
with the unimodal response curve or 'hurnp-back model' of diversity (Grime, 1979).
Eutrophication in oligotrophic lakes thus can be shown by an increase in number of species,
while eutrophication in natural mesotrophic lakes shows a decrease in species richness.
Murphy (2002), Rerslett (1991) and Mjelde (1997) obtained similar results for various studies
in Scandinavia. As species richness in th is dataset shows no clear (linear/log Iinear) negative
response to eutrophication pressure throughout Europe, its value as index is Iimited for
status assessment to meet WFD requirements.
The indices based on the relative abundance of sensitive and tolerant species assume
that the abundance of sensitive species decreases while the tolerant species increase with
increasing eutrophication. However, most of the tolerant species seem to require a certain
threshold level of alkalinity. For instanee. in Norwegian low-moderate alkalinity lakes 65%
of the species are classified as sensitive, while 18% are classified as tolerant. Few of the
tolerant species seem to appear in lakes with alkalinity <0.2 meq I-I, i.e. the low alkalinity
lakes have very few tolerant species. In such lakes, the TIc seems to remain high, compared
to other lake types, even at eutrophic conditions.
The TIc appears valid in situations where eutrophication is known to be the dominant
pressure on the system. The index shows a decreasing trend with an increase of total
phosphorus. This is partly because species sensitivity and toleranee have also been set based
on their occurrence along a phosphorus gradient, but this is true for all indices based on
sensitive vs. tolerant species. Variation around the average response can be due to unknown
disturbance and geographical factors as weil as environmental variables other than trophic
state that control species distributions.
In general. trophic indices based on sensitive and tolerant species cannot be used for
lakes with very few or zero species, as also mentioned by Schaumburg et al. (2004). This
implies that such indices always have to be supported by other metrics, such as the extent of
macrophyte coverage (%) of the shallow zones or maximum colonisation depth, especially
when discussing hypertrophic conditions, where absence of specific macrophyte species
such as large isoetids or charophytes or the dominanee of a specific tolerant species is to be
expected.
The trophic index based on only presence or absence (TIc), will not reflect changes in
relative abundance of species, as might be expected when, in response to eutrophication
pressure, the abundance of sensitive species declines relative to that of their tolerant
competitors. In this situation some specimens of sensitive species may survive in impacted
lakes with a higher trophic status, but will no longer exist in large stands. An index using
change in abundance, as TIA, is, therefore, preferred. Comparison between these two indices
has been tested for the Norwegian lakes (Figure 6) and, contrary to expectations, the
regression with total P was better for TIc than for TIA in this comparison (r2 = 0.69 for TIc and
r2 = 0.56 for TIA).
For moderate-Iow alkalinity lakes in the Northern GIG both TIc and TIA displayed a
good relationship between macrophyte community composition and a eutrophication
gradient. Central GIG macrophyte communities showed a Iimited response to total P. This
might be due to the fact that macrophytes are known not to respond immediately to changes
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in water chernistry, but only after a period of time changes in community structure can be
observed (jeppesen, 2005). Many of the Central GIG lakes have been undergoing changes in
trophic status in the past decades due to land use practises and are currently starring
recovering. This phenomenon is poorly reflected in our dataset, as for most lakes it lacks the
time series needed to analyse changes over time. Also, other effects such as the effects of lake
morphometry on eutrophication characteristics (Genkai-Kato and Carpenter, 2005;
H ákanson, 2005) and the responses of macrophytes to light limitation by factors other than
eutrophication could be important (Barko, et al., 1991). This could not be verified with the
available data of this project as information on morphometry, suspended solids and water
colour were not available. The maximum depth of occurrence of macrophytes as a response
to eutrophication pressure is suggested for use to define boundaries for status assessment
(Phillips et al., this issue) which is in line with findings of, for exarnplc, Middelboe and
Markager (1997). At present maximum depth of macrophyte occurrence is seldom
monitored, and lack of data is the largest problem in assessing th is method on a Europe-wide
scale,
Although lirnited, the examples of individual lakes show that the use of TI and LTR
indices do not necessarily correctly represent the ecological response of lakes: therefore, care
needs to be taken if such indices are used to define the lake's status. The use of multi-metric
approaches has been suggested by various individual EU member states, e.g. the
Netherlands (Van der Molen et al., 2004), Denmark (Sondergaard et al., 2005), Belgium
(Leyssen et al., 2005) and Ireland (Free et al., 2006). All these approaches incorporate multiple
aspects of the macrophyte community, such as abundance, percentage cover of different
growth forms (e.g. charids, nymphaeids etc), exotic species, maximum depth of occurrence
etc. Unfortunately the REBECCA dataset was not suitable to assess these multimetric
methods Europe-wide. In addition, data on only a limited number of environmental
variables were available: total P, Secchi depth and Chlorophyll-a concentration. We tested
the multi-metric approach currently used in Ireland on a small group of lakes in Norway and
found these to respond as expected (see Lyche Solheim ct al., 2006 for results).
Currently, eutrophication is considered the main pressure for lakes, but
hydromorphological pressures and combined (toxic, hydromorphological and
eutrophication) pressures are also likely to be important and require more research. At
present, Europe-wide data on hydromorphological pressures are scarce, which hampers the
atternpts to optimize pressure-irnpact relationships, and to assess ecological quality status
boundaries for macrophytes as required by the WFD.
Harmonizing sampling methods and types of information collected for both
macrophytes and supporting environmental variables on a GIG/Europe wide scale is
necessary for Europe-wide assessments and intercalibration. For exarnple, maximum depth
of occurrence, sediment typology, humic content and light attenuation should also be
considered in macrophyte surveys. Other important factors are considered to be suspended
solids, light attenuation related to the depth at the sampling location, interrial and external
locding. shoreline slope and wind fetch. With these, an accurate assessment of the influence
of pressures in the context of other important environmental factors in an individuaI lake
becornes feasible.
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2.6 Conclusions
Changes in macrophyte communities due to eutrophication can be quantified using indices
such as the TI and the LTR index. Especially in lakes known to be only exposed to a
eutrophication pressure, such as is often the case in the Nordic GIG lakes, the macrophyte
community changes are reflected in the resulting indices vaIues. However, various aspects of
these indices need to be considered, when translating the results to a judgement on the
ecological status of a lake system: the seIected database and classification used may influence
the exact index value and the variability around the average response is large. The
uncertainty derived from this variability indicates that the result of the single index alone are
not always sufficient to understand why of if a lake has a changing macrophyte community
due to a change along the eutrophication pressure gradient. Combing the results of the
eutrophication indices with additional environmental variables and other macrophyte
community characteristics may help enhancing the accuracy of status assessment as required
for the WFD.
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3 local deepening of large shallow peat lakes: a measure to
improve their ecological status
Willemijntje E. Penning, Rob Uittenbogaard. Maarten Ou boter, Ellen van Donk
Journalof Limnology (2010) 69(1): 126-137.

3.1 Abstract
Fine organic suspended sedirnents (refractory detritus) play an important role in the
underwater light attenuation of large shallow lakes with a peat origin and a eutrophication
history. Wind-driven resuspension of th is material. its f1occulation in the water column and
the settlement of the formed flocs are the ma in processes governing the dynamics of this
material. For restoration of the macrophyte community in such lakes, reduction of this
refractory detritus to improve underwater light c1imate is the key process when
eutrophication reduction measures alone are not effective enough. The shallow lake
Loosdrecht (the Netherlands), was used as case study to ilIustrate the effects of artlficially
created deepenings on suspended matter concentrations and the consequences for the
underwater light elimate. Suspended sediment balances were created for the current
situ ation and the situation with deepenings. Field measurements were taken to quantify
various processes and results of the calculations from the suspended sediment balances were
used to quantify the effects on light elimate and potential habitat for macrophytes.
The se calculations show that creating deepenings (three sections with a total surface
area of 120 ha and a depth of 12 m on a 10% section of the lake) decreases the concentration
of organic detritus by 25% and decrease attenuation coefficients from 2.5 m' to 2.2 m' . p,
load reductions affecting chlorophyll-a levels lead to a change of attenuation coefficients
from 2.5 m-I to 2.0 m-I. The combination of deepenings with P-load reduction measures gives
the most optimal result and leads to a predicted attenuation coefficient of 1.6 m-I. These
improvements of the underwater light elimate are a first step to the recovery of the
submerged macrophyte community.

3.2 Introduction
The Water Framework Directive (European Union, 2000) requires water bodies to be of good
ecological and chemical status. In cases where the current status is lower than the predefined
'good status' boundary, measures need to be taken to improve the ecological functioning of
the system. Eutrophication is considered the major pressure for most water bodies in Europe
(Gulati and Van Donk 2002; Lyche Solheim et al, 2008) and nutrient reduction from incoming
sourees is a key measure to improve ecological status. Although nutrient laad reduction
Iimits primary production by algae, the measure has Iittle effect on in-lake resuspended
matter that is also affecting the underwater light elimate. The potenrial habitat for
su bmerged macrophytes, expressed as a light requirement for germination, can thus be
limited through the various types of suspended particles (algae and (in-)organic matter).
Measures such as biornanipulation, in which benthivorous and zooplanktivorous fish
populations are strongly reduced, have proved to be effective shock treatments for several
lakes in which current nutrient laad was already reduced, but turbidity remained high
(Meijer et al, 1999). However, th is measure proves to be susceptible to unpredictable factors
and has shown in many cases only to be valid for a Iimited number of years, often due to
misjudgment of nutrient status or connectivity and colonization possibilities of benthivorous
fish (Sondergaard et al, 200?). In situations where suspended matter is regulated byerosion
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and sedimentation under influence of wind-driven flow and wave action. the rnethods to
limit these physical processes have to be found in non-biologica I measures. These measures
include those that alter the morphological characteristics of the lakes such as creating local
deepenings, local shallow zones or fetch reducing barriers (Gulati et al, 2008).
We will use the shallow lake Loosdrecht (the Netherlands) as an example to ilIustrate
the effects of deepenings on suspended matter concentrations and the consequences for the
underwater light climate. This large, very shallow (mean depth 1.77 m), eutrophic peat lake
(Fig. 3.1) currently has a poor ecological status, due to high turbidity caused mainly by
organic suspended matter. Table 3.1 gives an overview of the basic characteristics of the lake .
In the 194O's up to 50% of the lake was covered by a Characean dominared vegetation
community (a.o. C. aspera, C. globularis and Nitel/a jlexilis) with a transparency of ca. 2 m
Secchi-depth (Best et al, 1984). In the 1960's and 1970's the lake experienced strong
eutrophication due to nutri ënt input from extemal sourees. which was reduced in 1984 and
thereafter after changes in the management of the incoming waters (Van Liere 1986). Figures
3.2a, 3.2b and 3.2c give an overview of time series of standard monitoring data from the lake
for the period 1980-2005, showing the decrease of chlorophyll-a levels and the steady
concentratien of suspended matter and Secchi disk transparancies.

Figure 3.1. Location of Lake Loosdrecht in the Netherlands (outIined in small dotted line)
and the potenttal location for 3 deepenings (outlined with large dotted line). Star indicates
location of monitoring station.
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Table 3 ..
10verview ofcharacteristics of Lake Loosdrecht
Surface area (ha)
1000
peat over sand
Soil type
1.77
Av. depth (m)
Max . fetch (km )
3.5
1.4
Av. fetch (km)
l
Av. spring Chl-a (Ilg r )
50
Av. spring attenuation coeft. (m'l)
2.5
i
4
Av. org . carbon (mgC r )
Total fish density (kg ha')
110
Benthivorous fi sh (kg ha" )
50
Suggested depth of deepen ing (in this study) (m)
12
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and the average wind speed of the dav before sampling in Lake Loosdrecht for samples from 1985 to

2005 .

Macrophytes have not recovered af ter the measures to decrease nutrient input and algae
concentrations, mainly as a result of the high turbidity levels, with Secchi disk readings
averaging 0.4 m over the last decade. The organie matter that has accumulated over the last
decades due to the eutrophication problems and measurements of oxygen uptake showed
that the greater part of the epipelic matter, called refractory detritus, is being decomposed
only very slowly (Gons et al, 1986a,b). Based on C:N measurements of the top layer of the
sediment, it appears that dead algal matter and peat that is the main soil type in large areas
of the lakes each account for about 50% of the dissolved oxygen uptake (unpubl. data water
board). Wind-driven resuspension of the detritus is one of the main causes of the current low
levels of transparency (Gons et al, 1986a and Fig. 3.3). This was confirmed by mesocosm
studies in the lake where in the wind sheltered mesocosms turbidity decreased not only in
the absence of fish, but also in the treatments where fish remained present, although to a
lesser amount (Van Donk et al, 1994). For details on the lake's origin, his tory and
eutrophication see Gu lati and Van Donk (2002), Van Liere (1986) and Best et al, (1984).
Currently measures are being assessed for their cost-effectiveness to improve the
clarity of the lake and resto re a macrophyte rieh situation (dominated by a Characean
community) as before the period of eutrophieation in line with the WFD requirements.
Besides nutrient load reduction, one of the proposed measures is alocal intervention in the
morphology of the lake bed. It is hypothesized that creating deeper sections on strategie
positions reduces the suspended matter concentrations predominantly through dilution of
the amount of particles per m 3 (next to a small reduction in the area susceptible to winddriven erosion of the sediment, thereby resuspending dead organie mater ial int o the water
column) and thereby improves the transparency of the lake. This would lead to an
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improvement of potential habitat for macrophytes as su fficien t amount of light reaches a
larger part of the bottom.
In thi s paper we analyze whether deepening (three sections with a total su rface area of
120 ha and a depth of 12 m.) of thi s sha llow lake may help improving its ecological
fun ctioning by reduction of the sus pend ed matter concentration, thereby improving the
underwater light cond itions and creating more potential habitat for macrophytes to colonize.

3.3 METHODS
Field and laboratory measurements
To assess seve ra l characteristics of the sed imen t of Lake Loosdrecht four cores of the top 30
cm o f undisturbed se d imen t were taken to the lab for further analyses. Measurements on the
critica I shea r stress es needed for resu spension of the undisturbed sed imen t cores were
ca rried ou t using a rot ating vane that stirs the water above the sed imen t with a known spee d
as described by Andersen (2001). Critical speed s for erosion of the sed imen t in the cores wa s
regist ered by v isua l inspection. Th ese speeds were translated to critical shea r stress values
(Pa) follo wi ng ca lib ratio n cu rves of sed ime n ts with known Shields parameter characteri stics
(viz. critica l shea r stress values o f sa nds o f 100 J.!m and 200 J.!m are weil known and the se
wer e used to relate shea r stress to the speed of the vane). ParticIe size distributions of the
sus pe nded sed imen ts wer e mea sured using a Malvern Ma stersizer2000 both before and af ter
cen trifug ing a wat er sa m p le for 1 hour at SOOg to test flocculation spee d of the particles and
to d efin e the size of the formed flocs. These settings of the centrifuge were defined by a
ste pw ise increa se in centrifuging time and analyses in changes in particIe size distributions.
Samples of particIe sizes after centrifuging were taken from the top and bottom of the
cen trifuge vial as large flocs ar e g ro u pe d at the bottom w hile a perc entage of the sma ll
particles th at did not floc rem ain in the top of the vial. Th e results of the centrifuge testing
were transformed int o flocculation speeds under normallake conditions following theory by
Van Leu ssen (1994). Fall velocity of the formed flocs wa s determined using a dedicated
sub me rge d sed ime n tation balance onto w h ich flocs were allowed to settle from sus pens ion
for 12 hours, following Kowalski (2004). Su spended matter sa m p les we re furth er ash es at 450
C" to define perc entage inorganic material within the sam p les.
Annual suspended matter balance
An ann ua l sus pended matter bal ance of the lake wa s created, usin g th e information on the
field mea surements and additional data from the water board ' Am stel, Gooi and Vecht' on
lake bathymetry and sus pend ed matter concentrations expressed in mgC L-I. In this
sus pe nde d matter balance we focu s on the or ganic particles sma lle r than 10 J.!m as they are
the ma in cons titu ent o f the sus pend ed matter in Lake Loosdrecht. We assume an equilibrium
in the yea rly so u rees and sin ks of sus pend ed matter. In th is balance the mass flux of floc
formation Mno" of the fine sus pend ed particles depends on the concentration of the
sus pended particles (csu spended) and the time needed for flocculation (Tno"):

(1)
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This mass flux of f1occulation is used in the gross sedimentation flux:

V
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Together with the incoming sourees of suspended matter (primary production and decay of
peat) and sinks (deepenings and mineralization) this flux is in equilibrium with the
production of suspended matter from the f1uid f1uffy sediment layer that forms the most
upper layer of the sediment. As the volume of Lake Loosdrecht (VLL) affects the f1occulation
process the equation 2.2 can be rewritten as:

VLL Af fl oc = ALL[ :LL JC....,pe.'k J

[kgs-' ]

~

~

show ing that sedimentation due to f1occulation is a volume-based process, while the net
sed imen tation velocity is based on a lake surface area. Also equation 3 shows that given the
annual production of suspended matter, even in a situation where all sedimented matter is
fixed to the bottom (no erosion) a minimal concentration of suspended matter is larger than
zero. In this erosion-free situation there is a balance between net production of suspend ed
matter and the f1occulation speed.
Enlarging the vo lume of the lake by creating loca l deepenings can be written as:

(VLL+ VJ )

Af floc = (V LL + VJ )

cs....pe."""

r:

[kg s- ' ]
(4)

lt shows that without change in souree terms a lower concentration of suspended matter
occurs when the deepenings are included. The f1occuIation time Tnu" is inversely related with
the concentration due to the decreasing chance of collisions between fine particles. Therefore
the concentration of suspended matter does not decrease Iinearly with the increase in
volume but rather with the square root of this volume. A detailed description of the full
suspended matter balance is included in Appendix A.

Effects of w in d on suspe n de d ma tte r
The monthly monitoring data on suspended matter was also related to time series of wind
patterns registered at the standard monitoring location 'Airport Schiphol' of the Royal Outch
Meteorological Institute. Hourly wind data (average speed (m S·I) and direction) was
averaged for the previous day and suspended matter concentrations were corrected for the
amount of algal biomass by converting the monthly monitoring data on chlorophyll-a
concentrations to biomass, using 0.035 as a commonly accepted average converting factor
(e.g. Strickland 1960; Banse 1977; Harris 1978).
Three dimensional hydrodynamic calculations including the effects of wind patterris
on waves and flow dynamics were carried out for a 3 month winter and early spring period
to estimate the effects of the deepenings on bottom shear stresses and related erosionsedimentation patterns in the lake, using the software package Oelft30-f1ow (Lesser et al,
2004) and Oelft3D-waves, which incorporates the dynamic wave model SWA (Booij et al,
1999). Readily available wind data from airport Schiphol from the winter 1987-1988 was
chosen for the Oelft30-analyses as this winter is known to be a good representative of
average winter wind conditions in th is area. We assessed the winter condition in the 30
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simulations as wind is generally stronger in that season. Some processes such as temperature
influences that might affect biological processes (bio-turbation) and thermal stratification
which are expected to occur in summer time are not assessed as we focus in this study on the
abiotic processes that govern the suspended matter cycles. The locations of the deepenings in
the model we re selected based on their distance to the shoreline (>100m from shoreline) and
located an area predominantly subjected to sedimentation. The maximum depth of the
deepenings was predefined to be 12 m. Additional calculations were made in which the area
available for erosion was stepwise decreased, mimicking the coverage of such an area
through colonization of macrophytes.
Calculation of attenuation coefficient and potential hab itat for macrophytes
Attenuation of light was calculated for PAR (400-700 nm) conform Buiteveld (1995) in which
spectra I attenuation characteristics are taken into account for all substances contributing to
the attenuation of light: algae, organic suspended matter (detritus), humic acids, anorganic
suspended matter and water itself. Monthly monitoring data (1982-2006), obtained via
standard protocols', from the regional water board' Arnstel, Gooi and Vecht' on these
substances from a representative monitoring location in the lake (MBPOOS) was used as a
first input to validate the model and define the current situation of the light elimate in the
lake, expressed as an attenuation coefficient.
After this, calculations were performed linking lake bathymetry to the calculated
attenuation coeHicients to define the potential area suitable for macrophytes given the
requirement that 4% of the surface light must reach the bed as a minimum for germination
opportunities for submerged macrophytes. This requirement is predominantly based on field
measurements carried out in various lakes in the Netherlands relating light availability and
in-situ mul ti-species seed bank density to germination chances (unpubl. data M.5. van den
Berg and S. Delauney), focusing on commonly present species, mainly eloedids and charids.
Also, various literature sourees indicate that germination can occur in similar light
availability conditions (e.g. Istvánovics et al, 2008, Küster et al, 2004, De Winton et al, 2004,
Kalin and Smith 2007).
Three subsets of predefined chlorophyll-a concentrations were combined with a
decreasing concentration of organic suspended matter (from 5 mgC L·I to 1.7 mgC L-I
following the results of the suspended sediment analyses) to define the attenuation
coeHicients in these combinations of algae and suspended particIe concentrations as a
sensitivity arialysis for the effect of reduced suspended matter (deepenings) vs. reduced
primary production (P-Ioad reduction). The three different predefined chlorophyll-a
concentrations selected were: 50 flg L-I, which is representative for the current ave rage
winter and spring situation, 40 flg L-I and 30 flg L-' both representing a step in decreasing
eutrophication pressure through reduction in P-load to the lake. We have not directly linked
P load reduction to the used algal concentrations, but assume these to be representative for
the potential reduction. either have we directly assessed the effects of a macrophyte stand
on the amount of algae in the stand and thereby positive feedback mechanisms on the light
elimate in th is stand . The used concentrations show the bandwidths within which light

I Chlorophyl-a via NEN-standard 6520. suspcndcd matter via NEN-standard 6499, Attcnuation at 380nm via
photospcctrornetry using samples filtercd over 45 urn filter. total attenuation in the field using a Li-Cor
underwater sensor Li-192SA.
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attenuation is determined by both organic suspended sediments and chlorophyll-a levels.
The potential area available for macrophyte development wa s then calculated using these
attenuation coefficients in combination with the hyp sometry of the lake . As very shallo w
areas «0.9 m) do not exist in the lake, wind and wave driven mechanical Iimitation of
macrophyte developmen t (Schutten et al, 2004, Chambers 1987) wa s not considered of any
influence in the la ke. This results in curves for each chlorophyll-a concentratien in which the
potenrial area available wa s plotted against the co ncentratie n su spended matter.
The graphs of pot entially available area for macrophyte development based on
su spended matter and chlorophyll-a concentrations were Iinked to the graphs for the
suspended matter concentration in the situations with and without the deepenings in
relation to the area no longer su sceptible to erosion due to e.g. the presence of macrophytes
or capping with sand . With these results we obtain the cross points of the light attenuation
Iines and the sus pe nded matter reduction Iines from the sus pe nde d sed ime nt bal anc e. These
cross points represent potentlal equilibri a for area covered by macrophyt es and a sus pe nde d
matter concentration, including the attenuation coefficient belonging to this point.

3.4 RESULTS

I
I

I

!
I
I

Field and laboratory mea surernents
The increase in partiele siz e distribution of the current su spended matter concentratien after
1 hour of centrifuging at SOOg is show n in Figure 3.4. The homogenous di stribution of
particles in the vial before centrifuging shows th at a lar ge volume percentage of particles is
between 10 to 40 Ilm in size. After centrifuging the sa mp le of th e bottom of the viaI shows
that a large volume of flocs in the siz e c1ass up to 10 Ilm ha s di sappeared and that there is a
further increase in flocs of a larg er size. In the top of the vial predominantly smal! particles
have remained and larger particles have di sappeared. Flocs larger than 1 mm formed after
centrifuging hav e a fall velocity of ca. 1 mm S-I, which is su fficiënt for sed imentation to the
bottom. In contrast, the original fine particles have a fall velocity of 0.1 md-I, making it
highl y unlikely the y will ever reach the bottom due to turbulence in the lake . In th is
concentration it take s under normal lake conditions ca. 20 days for the flocs to form . When
total sus pended matter concentrations decrease, the time for flocculation will increase.
Th e epipelic layer starts moving at Van e ind uced flow speeds of ca. 3 cm S-I
(comparable with ca. 0.01 Pa bottom shea r stress) created by orbital motions due to winds
from ca. 4 m S-I . At 10 cm S-I (ca. 0.1 Pa bottom shea r stress, winds of 10 m S-I) this layer is
character ized as a fluid fluffy layer of. 20-30 cm . In this moving fluid layer flocs are broken
down to their ori ginal small size « 10 urn) due the mechanical friction . The se sm all particles
are mo ved further upwards in th e water column due to turbulence.
Su spended matter balance
Table 3.2 shows the suspended matter balance parameters and fluxes per year for the current
situation and the situ atio n with deepenings, both with and without erosion . Based on the
results of the field and laboratory mea surements the input parameters for the current
situ ation are defined, specifically th e average suspend ed matter size (1-10 umj.the
sus pended matter concentration (4 mg CL-I) and the flocculation time (20 da ys). Using the
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Figure 3.4. Change in particIe size distribution (urn) in a suspended sediment sample from before
centrifuging (dotted line) to after centrifuging (semi-solid and solid lines for top and bottom of vial)
for 1 hour at SOOg.

suspended matter balance these input parameters are recalculated for the situation without
erosion. with deepenings and deepenings wit hout erosion. The f1occulation time increases
with a decreasing the amount of particles in the water column (see Appendix A, X3) viz.
particles do not encounter each other that often in lower concentrations, so f1occulation
becomes less likely. The fixed input f1uxes are based on information of the Water Board on
the functioning of the water system (unpublished data Water Board' Amstel Gooi en Vecht').
In the calcuIated output f1uxes it is shown that the erosion and sedimentation f1uxes in the
current situation are ten-fold higher than the other fluxes. This implies that the recirculation
of the material present in the system is the most dominant process in the suspended ma tte r
balance. When macrophytes would be present no erosion would occur and the suspended
matter concentration and erosion f1uxes strongly reduce. The deepenings themselves allow
for a decrease in suspended matter concentration of 25%, which supports creating a larger
area for potential macrophyte re-establishment (figure 3.7).
Wind and sus pe n de d matter
Ashing of total suspended matter samples showed that <1 % of the sample cons isted of
inorganic material. Therefore we neglect this part of suspended matter in the further
analyses. In the present situation organic suspended matter (excluding algal biomass) is
positively related to an increase in average wind speed, regardless of direction and season,
on the day before sample taking (Figure 3.3, R2 = 0.26). Three-dimensional hydrodynamic
calculations show that in the area around the deepenings wind-driven currents cause
additionaI erosion of the sediment, due to the change in equilibrium of wi nd force wit h the
hydrostatic p ressure in deep and shallow parts of the Ia ke: in deeper pa rts a sma ller water
level displacement is needed than in shallow parts to create flow, resulting in a ret urn flow
through the deeper sections (this is only valid when the deepenings are not comprising the
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Table 3.2 Suspended matter balance for
which fixed input parameters in bold and
Fixed input parameters
and calculated output parameters

the current situation and the situation with deepenings, in
calculated outputs in underlined italics
Current
Current
With
With
situation
situation
deepenings
deepenings
no erosion
no erosion
1.77
1.77
Lakedepth (m)
1.77
1.77
17.7
17.7
17.7
Lakevolume (Mm3)
17.7
10
10
8.8
8.8
Lakesurface (Mm2 )
Deepening depth (m from current bed)
0
0
12
12
0
0
1.2
1.2
Deepening surface (Mm2 )
Deepening volume (Mm3 additional to
0
0
14.4
14.4
lake volume)
Flocsize (urn)
200
200
200
200
Flocfall velocity (mm S'l)
1
1
1
1
Mineralisation time (days)
1000
1000
1000
1000
1-10
1-10
1-10
Suspended matter size (urn)
1-10
Suspe nded matter concentratien (mgC
4
1.7
3.0
1.3
r l)
Flocculation time (days)
20
47
27
62
Fixedinput f1uxes

Production Aigae (tonC vear')
Peat decay (tonC vear")
Water input from external sourees
(Mm3 vear')
Calculated output f1uxes
Mineralisation (tonC vear")
Exchange with external sourees (tonC
vear")
Sedimentation (tonC vear"]
Erosion (tonC vear" )
Deposition (tonC yea(l)
Suspended matter (tonC)

Current
situation

With
deepenings

120
180
28

Current
situation - no
erosion
120
180
28

120
180
28

With
deepenings and
no erosion
120
180
28

-26
-113

-14
-48

-35
-84

-15
-37

1305
1144
161

238
0
238
30

1308
1127
181
96

248
0
248
36

71

full lake area).This effect of deepenings are shown in Figure 3.5a and 3.5b for the average
winter flow patterns in the lake using meteorological data from winter '87-'88. So, in the
areas of the deepenings chances of erosion occurring are present, despite the increased depth
and the lack of direct wave action on the bed .
Light c1imat e an d po te ntial area for m acro phyt es
The calibration of the calculated attenuation coefficients in comparison with measured
attenuation coefficients throughout the years 2002 to 2006 is shown in Figure 3.6. The
average variation between measured and predicted value is 0.5 rn' (n=29), which is partly
caused by a mismatch in timing taking samples for attenuation coefficient and chlorophyll-a
concentrations.
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A

B

Figure 3.5. A) Average flow velocities at the bottom of Lake Loosdrecht from 1" December '87 to lst
of February '88 for the current situation. B) Average flow velocities at the bottom of Lake Loosdrecht
from 1" December '87 to lst of February '88 for the situation with deepenings. In both figures the
contours of the deepenings are included for reference. Flows in m sol.
Table 3.3. Quantification of the equilibrium points in figure 3.7.
Current
Only
situation
P reduction
Potential area for macrophytes
111
282
(ha)
Equilibrium
concentration
of
3.8
3.5
organic suspended matter
(mgC L-l)
Attenuation coëfficiënt (rn")
2.5
2.0
Max. depth of occurrence of
1.3
1.6
macrophytes (m)

210

Deepening and
P reduction
502

2.7

2.2

2.2
1.5

2.0

Only
deepening

1.6

The results of the combined ca1cuJations of the effect of deepenings and erosion on
the current suspended matter concentration and the effect of combined chlorophyll-a and
suspended matter on light availability and thus the potential area for macrophyte growth (as
described in methods section) are shown in Figure 3.7. In points A to D equilibria are met
where the potential area covered with macrophytes is in line with the ca1culated suspended
maller and chlorophyll-a levels. Table 3.3 gives an overview of the exact numbers belonging
to these points. The deepening creates 100 ha additional area potentially suitabIe for
macrophyte development. Reduction of P-Ioad leading to a decrease in average chlorophylla levels from 50 Ilg L-I to 30 Ilg L-I will increase this area in current situation with 171 ha. In
combination the two measures enhance each other and lead to an increase of 391 ha
potentially suitable for macrophytes.
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3.5 DISCUSSION
Organic suspended sediment problems in large shallow peat lakes have not been receiving
much attention in the last decades. However, the problems derived from detritus in such
lakes and in similar lakes throughout Europe have not diminished. With the current revival
of interest in clear waters, caused by the Water Framework Directive requirements
(European Uni on, 2000) the topic has gained renewed attention. The measure here proposed,
to reduce the suspended matter concentrations by rneans of alocal deepening, is also
considered for other large shallow lakes in the Netherlands. such as Lake Markermeer and
various other large (wind affected) peat lakes. The locations and dep th used for the
deepenings in our case study are only illustrative and changes in these parameters will affect
the resulting suspended matter concentrations and resulting transparency in the lake. In this
study we have not assessed the potential effects of thermal stratification which can occur in
summer periods although this is likely to have some effects on the nutrient balance in the
lake. As shown through the suspended matter balance not only increasing the volume of the
lake, but also reducing erosion helps to deercase the concentrations of suspended matter.
Other types of measures focu sing on such erosion reducing measures (e.g. physical
structures such as wave barriers and capping sediment with more stabIe sand) have been
proposed as equally feasible alternatives (jarnes and Barko 1994, Gulati et al. 2008).
Large fetches mechanically disturb macrophytc and especially helophytes
development due to wind-driven wave action (Schutten et al. 2004, Coops and Vanderveld
1996). Based on standard theory on wind-driven wave movements and resulting orbital
motion following Hurdle and Stive (1989) a fetch threshold can be calculated below which
orbital motions do not reach the bed . For Lake Loosdrecht this fetch should be less than 500
rn, given the lakes depth of 1.8 m, to reduce the wave and flow patterns to the extent that
bottom shear stress and thus erosion is virtually limited . When resuspension is stopped the
transparency will increasc due to settlement of flocked particles. This was confirmed for
Lake Loosdrecht by light attenuation and suspended matter measurements af ter a recent
period of ice cover on the lake from 24th December 2008 to 20lh of January 2009 (unpubl. data
waterboard) which show that during this prolonged pc riod the attenuation coefficicnt
dropped to 1.6 m-1 which is comparable to our calculated situation without erosion. A week
af ter ice cover disappeared attenuation coeHicients were back to the average 2.6 rn-l due to
wind-driven rcsuspension.
The results of plotting the measured organic suspended matter and wind speeds
(figure 3) do show a positive relation, but with a large variation around the average trend
line. The high suspended matter recordings at low wind speeds are almost all summer
samples where additional resuspension by biological and anthropogenic activities is
expected. The few recordings of low suspended matter concentrations at higher wind speeds
are dominated by early may samples, which are normally associated with the clear water
spring phase in prcsence of suffici ënt volumes of zooplankton. Also, wind direction is not
taken into account in this relationship, but is likely of influence on the recorded suspended
matter data, as fetch and thereby wave driven resuspension is directly depending on wind
direction. The effects of a potentially developing biofilm in periods of low wind have not
been observed on undisturbed samples we took to the lab and left resting over a period of 2
weeks at room tempera tu re.
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In our case study of Lake Loosdrecht, in the current situation 111 ha of the lake is
predicted to have a suitable light c1imate. However, field observations show that only a few
patches of white and yellow water Iilies exist in very shallow and weil protected areas, but
submerged macrophytes are almost nowhere recorded. It is expected that the fluffy epipelic
layer is too often too Iiquid for macrophyte establishment and that the current fish
population of 110 kg ha -\ (of which 50% bream, unpubl. data Water board) is contributing to
the Iimited presence of macrophytes. We therefore use the word 'potential area' for
macrophyte recolonization, as we did not include other potentially Iimiting habitat factors in
the analyses. We assume that light is the first requirement before any colonization from seed
will be possible. It is not known what the current propagule bank of the lake is. Van den Berg
(2001) showed that for the successful germination of Characeae a seed bank of more than
10.000 propagules m-2 is necessary and that in high density areas of characean growth the
propagule bank can be up to 1.7 million seeds. As Lake Loosdrecht is not isolated from its
surroundings it is expected that a suffici ënt seed supply is available. Mesocosm experiments
in adjacent lake Breukeleveen showed that various submerged macrophyte species were able
to recolonize after improvement of the light conditions (Van Donk et al, 1994). Also, the
active biological control measure carried out in nearby Terra Nova (Van de Haterd and Ter
Heerdt, 2007) showed that macrophytes can quickly recolonize, although both examples
were carried out in situations with smaller fetch (<SOO m.).
The reductions in chlorophyll-a represent the measures envisaged to reduce P
loading to the lake. We have not included the potential shift in phytoplankton community
and density due to improvement of the light c1imate. The effect of the deepening by itself on
the available area for macrophyte recolonization has thus not taking into account that
chlorophyll-a levels might increase when more light becomes available.
The shift to c1ear state in the reoligotrophication process is not necessarily influenced
by resuspension of organic detritus. In an analysis of 7 years of data from 15 shallow Danish
lakes Jeppesen et al (2003) found that the reduction in phytoplankton biomass after external
loading reductions or changes in abundance of plankti- and benthivorous fish was
accompanied by a proportional reduction in detritus and inorganic suspended solids.
Resuspension of non-algal organic or inorganic matter (average 54% and 26% resp.)
accumulated in the sediment did not delay the recovery of these lakes. Still, the debate on the
issue remains as others such as Bachmann et al, (1999) found contradicting results for the 124
km 2 large, shallow Lake Apopka.
Flocculation characteristics of organic suspended matter are an important driver for
the dynamics in the suspended matter equilibrium. The sedimentation and erosion processes
dominate the overall suspended matter balance, as they are a ten-fold higher than the
production and loss terms. A better understanding of the suspended material characteristics
is important in the analysis of the dynamics of the benthic-pelagic coupling (Droppo 2001).
Unfortunately, most studies on (bio-)mechanical flocculation are carried out for inorganic
cohesive sediments, especially in marine and estuarine systems (e.g. Winterwerp et al, 2006,
Berlamont et al, 1993, Le Hir et al, 2007) or for suspended matter in fluvial systems (Wotton
2007). Adding chemical substances such as Fe and AI may enhance the natural flocculation of
material. although Van Donk et al (1994) showed that adding FeCb as a flocculant in a
mesocosm experiment did not result in significant changes over a longer period of time. Also
other chemical flocculants (e.g. using Alum) can enhance flocculation (Wang et al 2009) and
are applied most frequently with the intention to bind with in-lake phosphorus
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(Lewandowski et al, 2003). However, applying these types of treatments on large, shallow,
wind-driven lake s where bottom shear stresses are strong enough for near constant
resuspension seems no sustainable solution. We foresee that, although P load reduction will
remain the prime issue within water management of large shallow lakes, more attention to
the o the r com ponents affecting the underwater light elimate will be nece ssary to comply
with WFD requirements.

3.6 CONCLUSIONS
Local deepenings in large wind-influenced sha llow lakes with a high concentration of
organic sus pended matter will facilitate the reduction of this material through an increase in
lake vo lu me. Flocculation is the main process by which the small partic1es are able to sink to
the bed . How ever, eve n small di sturbances of the lak e bed (comparable with 3 cm s- l flow)
alread y break up th e flocs and cau se resu spension of the material. In the current situation for
Lake Loosdrecht the production of new organic sus pended matter through primary
production and peat decay is a ma gnitude 10 lower than the constant sedimentation and
resu spension of a lrea dy pr esent material in the water on ann ua l basis. The contribution of
livin g a lgae to th e total atte n uation coe fficient is an additional factor to tak e into account
when assessing the effect of the deepenings on potenrial area for macrophyte recolonization.
Th erefore it appears that creation of local deepenings in eutrophic shallo w peat lake s in
combination with further reduction of P load ma y giv e an overall higher result than these
measures individually.
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APPENDIX A: D et ailed de scription of the suspended matter balance
Van Leussen (1994) showed that the flocculation time

r:

can be expressed in terms of a

f1occulation efficiency a, the zeta potential r/J and a collision term G.

X.1

In stagnant wa ters G is predominantly determined by the differences in fall velocity of
various particles L'1w, (G di! differential settiement) and the diameter d of the particles. in
turbulent waters chaotic pathways result in the same G. Saffman and Turner (1956) showed
that:

G

= JTL'1w,

dij

d

G

_

lu, -

~8JT
~
15v

X.2

In which I: is the energy dissipation of turbulence (Watt kg-1 or m 2s-3 ) and u the kinematic
viscosity (m -s") .
The f1occulation parameter 'tOoc is used in the calculation of the total gross sedimentation flux
for the current situation (indicated with an additional 0) :

Vu.M. floc = - VLL
-co2

[ kg s: IJ

r j1"c ,O

X.3

in which

XA
which implies that f1occulation time Tooc is depending on the available concentration of
suspended particles and

X.5

for the situation with deepenings (indicated with an additionall)
The temporal and spatially specific erosion flux E (kgCm-2s-l ) is integrated over the bed
surface ALL as:

X.6
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in which the superscript '0' indicated the current situation and Tl the fraction of the bed
surface not susceptible to erosion (e.g. due to macrophyte presence).
--1

1

-

-1

Or: E ALL = '71E( ALL - A,,) + E A"

X.7

For situations with the deepenings (indicated with superscript '1') in which we assume
erosion from the bed in the deepenings is negligible when deeper than 4 m.
To counterbalance the increased erosion outside the deepenings (see results of 3D
calculation, figure 3) we include XO.1 in X.7 and calibrate terms within ti against the current
situa tion:

-EAu.I= '7 E( Au. - A,,) 1= '7 .:i\o{'70-EAu.O}(1
--:-A J
1

---!.

'70

LL

X.8

X.8 shows that a reduction of the erodable area due to deepenings can be counterbalanced by
the additional ero sion directly outside the deepenings. For small deepenings relative to the
total lake surface area the total shear stress on the bed resulting from the hydrostatic
pressure due to wind set up we can estimate X1 .0:

X.9
Combining X.8 and X.9 gives

X.lO

which shows that the reduction of the current erodable lake surface with the proposed
deepenings of 120 ha (12% reduction the erodable surface area) results in only 1.5%
reduction of erosion.
Next to these terms we assume that the production of suspended matter due to algae (Pa)
and decay of peat (Pp) is equal with and without the deepenings. Also, the amount of inlet
water (Qc) and the mineralization time of the organic suspended matter (Tm) remain the
same in both situations.
The total balance for the current situation (indicated with '0') is than:

X.ll
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and for the situation with deepenings (indicated with '1')
d cl = ( p p) _Q . _VLL+VJ
(VLL + V)
J
a + p
Cl
dl
1
TM

Cl

_ VLL + VJ
t /1<»c,1

2
Cl

+ '7, E(A LL - AJ ) I + E AJ I
X.12

Assuming that in the current situation the lake is in an equilibrium (th e suspended matter
ma ss is con stant over the year) gives:

X.13

and for th e new equilibrium with the deepings than follows:

X.14

The f1occulation time wa s defined using the results of the centrifuge experiments for the
Loosdrecht sa mples from which followed that th e flocculation efficiency a is approx. 0.1,
which is in accordance with Van Leussen (1994) and a tP of -5mV. G di f wa s determined to be
l s·1 usi ng the fall velocity va riation of O.lm da y·1 between particles and an average particIe
diameter of 3 urn . Ct"' $ls-1 for Loosdrecht in mo st of the water column. This allows Iinking
the experimental data to the hydrod ynamical 3D calculations, which show that turbulence is
too low for breaking of the flocs in the water column. Onl y directly above the sha llow
bottoms wave action cau sed fracture of the flocs back to their original state. Thus the gross
sediment flux can be assumed equal to the mass flux for f1occulatio n. X.s shows that the
sed imenta tion flux (in ton C yeart) decreased squa red with a decrease in concentration and
the sed ime ntation flux increases due to the additional available volume that the deepenings
provide.
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4 Quantifying measures to limit wind-driven resuspension
of sediments for improvement of the ecological quality in
some shallow Dutch lakes
W.E. Penning, M. Genseberger, R.E. Uittenbogaard, j.C. Cornelisse
Hydrobiologia 2012. OO I: 1O.1007/s10750-012-1026-z
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4.1 Abstract
Although phosphate loadings are considered the ma in pressure for most shallow lakes,
wind-driven resuspension can cause additional problems for these aquatic ecosystems. We
quantified the potential effectiveness of measures to reduce the contribution of resuspended
sediments, resulting from wind action, to the overall light attenuation for three comparable
shallow peat lakes with poor ecological status in the Netherlands: Loosdrecht, Nieuwkoop
and Reeuwijk (1.8 - 2.7 m depth, 1.6 - 2.5 km fetch). These measures are: 1. wave reducing
barriers, 2. water level fluctuations, 3. capping of the sediment wi th sand, and 4.
cornbinations of above. Critica I shear stress of the sediments for resuspension (Vcri'), size
distribution and optica I properties of the suspended material were quantified in the field
(lune 2009) and laboratory. Water quality monitoring data (2002-2009) showed that light
attenuation by organic suspended matter in all lakes is high. Spatial modeling of the impact
of these rneasures showed that in Lake Loosdrecht limiting wave action can have significant
effects (reductions hom 6% exceedance to 2'Yo exceedance of Vcri'), whereas in Lake
ieuwkoop and Lake Reeuwijk this is less effective. The depth distribution and shape of
Lake ieuwkoop and Lake Reeuwijk limit the role of wind-driven resuspension in the total
suspended matter concentration. Although the lakes are sirnilar in general appearance
(origin, size and depth range) measures suitable to improve their ecological status differ.
This calls for care when defining the programme of rneasures to improve the ecological
status of a specific lake based on experience hom other lakes.

I

4.2 Introduction
The Water Framework Directive (WFD) (EU, 2000) requires all waters in European Member
States to be clean and healthy and reach 'good ecological status' by 2027. Water bodies with a
bad, poor or moderate status need to improve to good status by implementing measures.
These measures must counterbalance the effects of negative environmental pressures on the
ecosystem. Although phosphate loadings are considered to be the main pressure for most
aquatic systems (Moss, 1998; Bronmark and Hansson, 2002), the turbidity caused by dead
organic and inorganic suspended matter (next to the turbidity caused by living algae) can
limit light availability with increasing depth in aquatic ecosystems and therefore constrain
the (re-)establishment of macrophytes (jarnes et al, 2004; Van Duin et al., 2001; Scheffer,
2001). Nutrient load reducing rneasures are implemented to limit algal growth and turbidity
caused by them. Additional rneasures to reduce turbidity caused by non-algal suspended
matter will help improve the light conditions to a point that macrophytes can re-establish
and thereby improve the overall ecological status of the water body. For considering
measures to improve the underwater light elimate in a certain lake, water managers often
assess those that proved effective in lakes of the sarne lake type (e.g. Sendergaard et al.,2007;
[eppesen et al., 2007). These rneasures can be classified in three sequentia I pathways to
improve the light c1imate:
(i) Chemical pathway: utrient load reduction to attain a maximally acceptable critical
nutrient load (mg P m-2 y'. [anse et al., 2008);
(ij) Ivîechanical pathway: Hydromorphological measures to limit resuspension of
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sediment via e.g. deepening (Penning et al., 2010), wind-reducing barriers, sand
capping of the sediment, and water level f1uctuations (Van Geest et al., 2005), and
alterations to the shoreline profile (Soli ie et al., 2008);
(iii) Biological pathway: biomanipulation measures in which top-down control of the
foodweb is influenced via the active removal of the surplus of benthivorous white
fish, when these dominate the foodweb (e.g. Meijer et al.,1999, Sendergaard et al.,
2007). Only after measures from the chemical and mechanical pathway have been
carried out, biomanipulation functions as a 'shock-treatrnent' (Sendergaard et al.,
2007; Gulati et al., 2008).
Lake typology as suggested by the WFD is of ten used to group and compare lakes that are
similar in e.g. depth, size, alkalinity and color. Also, lakes of the same type are often
considered to benefit in a similar way from the same types of measures. In the Netherlands.
one such lake type is the "moderately large shallow lakes with high alkalinity and a peat
soil" (0.5-100km 2 ) (STOW A, 2007). These lakes are man-made excavations of the peat soil
(partially) filled with external water sourees of high alkalinity such as inlets from the river
Rhine. Many of the lakes in this category have problems related to their high turbidity and
have lost their well-developed macrophyte communities due to eutrophication and strict
management of water level and water sources. Wind- and wave-driven erosion of the
sediment in these shallow lakes causes an additional souree of suspended particles in the
water column that can persist for a prolonged period of time especially when the fall velocity
(sinking rate) of these particles is Iimited (Van Duin et al., 2001; Winterwerp and Van
Kesteren, 2004). Also, benthivorous fish feeding activity and recreational motor boating will
contribute to the erosion and soil stability, especially in summer time (Scheffer et al, 2003).
The resulting turbidity hampers the (re-)establishment of a resilient macrophyte community
(jarnes and Barko, 1994; Best et al., 2008) and thereby limits the functioning of the lake
ecosystem as a whoIe. For Lake Loosdrecht, which is one of the lakes in this lake type, the
past studies indicate that wind-driven resuspension of sediments contributes significantly to
the overall turbidity (Gons et al., 1986; Van Liere, 1986; Penning et al., 2010). We
hypothesized that this process of wind-driven resuspension also applies to two other lakes of
the same lake type: Lake Nieuwkoop and Lake Reeuwijk. For these two last lakes, much less
information is available and we expected that given their similarity to Lake Loosdrecht they
also experience the wind- driven resuspension and resulting turbidity problems.
In this study we assessed the contribution of different types of suspended particles to
the light attenuation in these th ree shallow peat lakes (Lake Loosdrecht, Lake Nieuwkoop
and Lake Reeuwijk) and quantified the effectiveness of potential measures (wave reducing
barriers, sand capping of the sediment and water level f1uctuation) to limit wind-driven
resuspension of sediment in these lakes to improve the light c1imate using mathematical
modelling.

4.3 lake description
Lake Loosdrecht, Lake Nieuwkoop and Lake Reeuwijk. are located in the western part of
The Netherlands (Figure 4.1) and they all have similar history of eutrophication over time
(Van der Does et al., 1992, Gulati and Van Donk, 2002). The names we use in th is study refer
to the overall greater areas where the lakes are located. For th is study we used subsections of
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Figure 4.1. An outline ske tch of the central part of etherlands show ing the lakes in insets (1,
Lake Reeuwijk ; 2 Nieuwkoop; and 3 Loosdrecht). Dotted lines indicate the sections of the
lake sys tems used in thi s stud y.
the lak e sys tems : in Loosdrecht we use the main lake (plas 1-5), in Nieuwkoop the most
northern large lake ( ieuwkoop- oord), in Reeuwijk the two linked sou th-easte rn lake s
( ieuwenbroek and Kalverbroek). The lakes originated from peat harvesting starting as
early as the 15'h century (Bakker et al, 1976). The waters were reported to be clear with
charophyte-dominated macrophyte communities up to 1960's, i.e. when eutrophication
sta rted to become a problem (Leentvaart and Mörzer Bruijns, 1962; Best et al., 1984; Van Dam
and Merten s, 1993; Van Dam and Frinking, 1997). The lakes are interconnected with the
sur ro u nd ing polder syste ms (predominantly pa stures and grazing field s and natural
reserves) and have a layer of organic mud deposit on the bottorn. with a compact peat layer
below. Although the mud layer thickness in all lakes is on average 0.2 m thick, local
variations per lake make that in so me she ltered areas of the lakes the thickness can reach up
to 0.7 m. The average depth of the lakes ranges from 1.8 m (Lake Loosdrecht) to 2.7 m (Lake
ieuwkoop) and fetch length is on average between 1.6 km (Lake Reeuwijk) and 2.6 km
(Lake Loosdrecht) with maximum fetch lengths up to 3.6 km in Lake Loosdrecht for some
locations within the lake (Table 4.1). Predominant wind direction in The Netherlands is from
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the south we st and for Lake Loosdrecht the relationship between winds and suspended
matter were already reported by Gons et al. (1986). Alllakes experience high anthropogenic
pressure, mainly through recreational boating and agricultural activity in the surroundings.
Nutrient loading to the lakes comes both from point sourees (mainly known water inlet
points from surrounding po lde rs and canals) and non-point sourees from po lder areas
within the study area. Alt hough nutrient levels have redu ced since the 1980's to (more or
less) best capability by the responsible water management authorities, the lakes have
remained remarkably turbid and macrophytes have not re-established up to this date. Lake
Reeuwijk is least transparent of the lakes with an average light attenuation coefficient of 4.4
m' in summer time (based on data from 2009), while Lake Nieuwkoop is c1earest with light
attenuation coefficients of 2.0 rrr! in summer time (based on data from 2009) (TabIe 4.1).
Table 4.1. General characteristics of the lakes Reeuwijk, Nieuwkoop and loosdrecht (with minimum
and maximum values between brackets).
Reeuwijk
Nieuwkoop
loosdrecht
Dept h z (m)

2.0 (1.4-2.2)

2.7 (1.8 -3.3)

1.8 (1.4-2.7)

Mud layer thickness (m)

0 .2 (0.1-0.7)

0.2 (0.1-0.7)

0.1 (0-0.24)

Fetch (km for SW wind)

1.6

2.1

2.5 (3.6 rnax)

light attenuation k (m-1)

4.4

2.0

2.3

Area (km2 )

3.5

4.5

10

Dominant wind direction

SW

SW

sw

4.4 Methods
We analyzed the contributions of different substances in the suspended material to the
overall light attenuation and for samples taken from the field we measured various
characteristics of the suspended matter and the top sediment layers (specific dry weight,
partic1e size distribution, critical flow speed for erosion and light attenuation by the
suspended partic1es) . This information was Iinked to spatial analyses of the potential for
wind-driven erosion of the bed. The effects of mechanical measures such as wave reducing
barriers, sand capping or water level fluctuations, or combinations thereof were further
quantified for those situations where wind-driven erosion was a factor of concern using
mathematica I modeli ng .
An al ysi s of th e underwater light elimate
We used a minimum of 4% light of the surface light reaching the lake bottom as an average
proxy for the amount of light needed for germination in the field, following the methods
used by Kenworthy and Fonseca (1996), Kemp et al. (2004), Dobberfuhl (2007), and
unpublished data on the relation between seed bank density and light needed for
germination by a variety of species by Van den Berg and Delauney, rather than an absolute
quantity of light (expressed in umol photons m-2 S-I) to account for the fact in the field the
fluctuation in light in tensity is high depending on meteorological conditions and time of the
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year. In th is method we used the Lambert-Beer equation for light attenuation:
1<,)=1(0) e -kz
(1)
in which /(,) = radiation at depth z (W m-2), lio, = surface rad iatio n (W rrr-). k =
attenuation coeHieient (m-I ) , z = depth (m). We defined the relation between this 4% light
requirement and the needed light attenuation coefficient k combined wi th the maximu m
depth z at which this percen tage of inco ming light is still avai lab le, thereby representing a
maximum depth of colonization by macrophytes. By quantifying the combined kz we
es ta blishe d a referen ce value below which suffieient light is available for potential
ma crophyte germination and g row th. With /(z) / Irol = 4% this combined kz is 3.2 as the
ma ximum valu e for potential macrophyte ge rm ination. By quantifying the relative
contribution of different su bsta nces to the total light attenuation we identified which
potential pathways to reduce the kz can be follow ed : i.e. che m ica ] pathway measures affect
the contribu tion of livin g and de cayin g a lgal biomass to light attenuation or mechanical
pathw ay rneasures that affect the contribution of refractory detritus and inorganic matter to
light attenuation (Figure 4.2).
In order to assess the contributions of the various sus pended ma tcria ls to light
attenua tion within PAR (400-700nm) we used long-term monitoring data on chloro phyll-a,
total sus pe nde d matter, humic aeid s (if available), inorganic matter and light a ttenuation
coe ffieients provided by the regional waterboards Waternet for Loosdrecht and
Hoogh eemraad schap va n Rijnland for Nieuwkoop and Reeuwijk. We used the se monitoring
dat a as input for the dedicated light attenuatio n model "UITZICHT" (Buiteveld, 1995) to
assess the contribution of vari ou s subs ta nces to light att enuation within PAR (400-700 nm) .
The results of th is ca lcu lation (light att enuation per contribution subs tance) were related to
the measured totallight att enuation coeHieients for validatien of the results.
kz = 8.8 -4.1
,.-----, - - - - - - - - - - - ------ - - -- - --- - ----- - - - (0.01 -1 .6%)
lnorq. Matter &
Refr. Detritus

kz = 3.2 (4%)
Algae & Active
Detritus

Chemical

Humic acids
(0.9-1.6) Depth

kz

=0 (100%)

Figure 4.2. Conceptual relationsh ip between light attenuation components (inorganic matter and
refractory detritus, afgae and active detritus, humic aeids) with depth and the total combined light
attenuation and depth value 'kz', with kz values determined and used in this study. Height of the
column represents height of kz value. Mechanical pathway measures influence the inorganic matter
and refractory detritus component; chemical pathway measures influence the algae and active
detritus component contributing to the overall light attenuation and therefore to the kz (arrows).
When the kz value is 3.2 this equals 4% light reaching the bottom of the fake that is taken as a
minimum criterion for macrop hyte germination.
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Field measurements
We conducted a field study in [une 2009 in all three lakes. For a!llakes detailed bathymetric
maps from high frequency depth sample surveys were provided by the regional water
boards. These maps were validated by depth measurements carried out at 10-12 points per
lake. The thickness of the mud layer was registered using a PVC disk (0 0.3m) that was
lowered by a rope so that it floated on the soft mud. After this a lead weight was lowered by
a rope to sink through the mud layer to the firmer peat layer below it. Light attenuation was
measured at these points using a LiCor- underwater PAR meter. At each point an
undisturbed, i.e. an intact sediment core was taken by pushing a Plexiglas tube (0 0.06m)
down into the sediment that was then sealed on both ends. All cores were transported in
vertica! position to the lab for further analysis, avoiding disturbance by shaking. Before
analysis, the cores were stored at 12°C in the dark.

I!

Laboratory measurements
Using the undisturbed sediment cores from the field we measured critical shear stress,
specific dry weight of the resuspended material and particIe size distribution and light
attenuation properties of the resuspended particles, both in flocculated and deflocculated
state (Figure 4.3). We placed a Vane propeller in the undisturbed water column 15 mm above
the sediment in the cores (layer of -15 cm thickness) and applied stepwise increased settings
of Vane propeller speed to the sediment to define flow veloeities at which the critical shear
stresses (Ven.) were exceeded. The Vane is a propeller connected to a small motor that can be
adjusted to move the propeller with a known revolutions per minute (rpm) . The relation
between the propeller speed and bottom shear stress values is established and calibrated
using sand samples with known grain-size and compared to Shields values for shear stress
(Shields, 1936). The method is one of many used in studies to measure properties of cohesive
and non-cohesive soils in response to applied forces (viz. EROMES Nöther 1989, Cornelisse et
al, 1993). Next to first series of increasing settings, we used 2 settings, each of 20 min, to
assess the stability of the sediment and amount of sediment that would resuspend under
such settings: a first setting of 30 revolutions per min (rpm) of the Vane, and a second setting
of 60 rpm. The rotational speed of the Vane propeller was translated into flow velocity (50
and 140 mm S·1 resp. for the settings 1 and 2) and typical wind speeds that would cause such
bottom flows at the depths typical per lake are (-5 and 8 m S' I, comparable with -3 and -5 on
the Beaufort wind scale (Bft.), respectively).
During the experiments, water was gently extracted by suction from the water
column in the core and transported via silicon tubes to a first OSLIM meter (Optical Silt
meter, Deitares, The Netherlands), numbered OSLIMl, to measure light attenuation of the
eroded material with flocculated material present. The OSLlM is an optica! inline turbidity
meter designed to measure concentrations of suspended particles in relatively small
quantities of sampling liquid that is subtracted from the experiment. The measuring
principle is based on the attenuation of the intensity of a light beam (LED) through
absorption and reflection of the light by particles in the liquid that is pumped through the
flow cell placed between a near-infrared LED and a photo diode within the probe
(WL/Deitares, 2001). After this first OSLIM measurement, the sample flowed to a Malvern
Mastersizer2000 (Malvern Instruments Ltd.) which uses non-intrusive laser diffraction to
measure particIe size distribution of the eroded flocs, that are passed through a focused laser
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beam. The particles scatter the laser beam light at an angle that is inversely proportional to
their size. The angular intensity of the scattered light is then measured by a series of
photosensitive detectors. After the sample has passed through the Malvern, the particles
were pumped over a series of pumps to mechanically deflocculate potentiallarge flocs. The
resulting sample was measured on a second OSLIM (numbered OSLIM2) to measure the
individual particles rather than the flocs. The OSLIM measurements are expressed as
Formazine Turbidity Units and are determined at 880 nm, rather then at the PAR spectrum
(400-700 nm) that the Li-Cor underwater light meter records in the field . In order to relate the
readings from the OSLIM with the field data on light attenuation in the lakes, OSLIM output
was calibrated using formazine in known concentrations to establish a correlation of the
FrUs with a comparable value of light attenuation in PAR range.
The particIe size distribution measurements were compared with previous
measurements on light attenuation per size cIass for suspended matter in Nieuwkoop (Sloot,
1995; Table 4.2). Dry weight of the suspended matter was determined by drying for 24 h the
filtered material in an oven at 105°C. All measurements were replicated (3X). The measured
Ve« values for erosion were used as input for the spatial modeling analyses on wind wave
driven resuspension in the lakes.
Wind-driven erosion exceedance
Spatial analysis of wind-wave-driven erosion was carried out using the validated
bathymetric maps as model input (interpolated grid). Data on hourly values of wind force
and wind direction. as measured at a reference height of 10 m at Schiphol Airport were
provided by the Royal Netherlands Meteorological Institute (KNMI) from I " of January to I "
of April 2005. These were used as direct input to calculate the orbital velocity per grid cell
per time step with the formulations of Hurdle and Stive (1989) and related to the lab
measurements on Vcrit per lake.

Malvem

I~
--

-+

OSLlM2

sediment

-----_/
V"
Mechanical deflocculation

Figure 4.3. Set up of the lab experiments to measure susceptibility of lake sediment to flow velocities
at which the critica I shear stresses is exceeded (Vcr il ) using a Vane propeller and extraction of the
suspension using a small pump to transport and measure optical characteristics of the resuspended
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material (OSLlM1 and OSLlM2) and its particIe size distribution (Malvern).
The number of days that a grid cell exceeded these measured Vent values due to wind-driven
wave action was expressed as a percentage per period and this percentage was plotted on
spatial maps to allow for identification of hotspots of erosive activity. For hotspot areas in
Lake Loosdrecht additional spatial analyses included combinations of various wind-driven
erosion reducing rneasures, using local wind data from 1 January 2005 to 1 April 2007.

4.5 Results
Light analysis
Given the differences in depth, the kz value 8.8 for Reeuwijk (mean depth 2.7m) is much
higher than kz value of 4.1 for Loosdrecht (mean depth 1.8m) and the kz value of 5.4
Nieuwkoop (mean depth 2.7) (Tabie 4.2). Therefore, it indicates that not sufficient light
reaches the bottom of the lake. The kz for Lake Loosdrecht (4.1) is closest to the value of 3.2
needed to have sufficient light at the bottom for potentially successful macrophyte
germination.
The suspended organic matter, which is the major contributor to the light
attenuation, will determine light availability at the different depths in all three lakes (Figure
4.4). Previous studies on C:N ratios of the suspended matter for Lake Loosdrecht showed
that -50% of the organic suspended matter has a peat origin; the other 50% consists of labile,
decomposing algae (Medusa, 2007, see also Penning et al., 2010). For the lakes Reeuwijk and
Nieuwkoop such studies have not been carried out so far. Humic acids are a significant
contributor to the total light attenuation in all th ree lakes given presence of peat soil in the
area (Laanen, 2007). In all lakes inorganic suspended material is almost absent. The
calculations of the overall light attenuation are comparable to the measured data for all th ree
lakes.
Table 4.2. Values of the combined averaged light attenuation k and averaged depth z (kz) and flow
veloeities at which the criticaI shear stresses is exceeded (Vcrit m s") at which bed erosion starts,
measured using the Vane propeller.
Reeuwijk
Loosdrecht
Nieuwkoop
8.8
5.4
4.1
0.041
0.063
0.055
Laboratory experiments
Critical shear stress expressed as Vent is significantly higher in Lake Nieuwkoop than in Lake
Loosdrecht and Lake Reeuwijk (Figure 4.5, Table 4.2). At the low setting of 30 rpm (63mm S'l,
-3 BH wind force) the measured turbidity values with both OSLlM1 and OSLlM2 were low.
Only at the high setting of 60 rpm (126 mm s", -5 Bft) the sediment starts eroding, indicating
that the bottom of Lake Nieuwkoop seems more consolidated than those of other the two
lakes, where it is quickly eroded. After an initial rapid increase in turbidity measured by the
OSLlM1 and OSLlM2, the turbidity reaches a stabie higher value that increases further when
a higher erosive setting is started. Again, after ca. 15 min, the turbidity becomes stabie at a
higher concentration and resulting erosion. implying that the amount of material
resuspended also depends on the thickness of an erodible layer.
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Figure 4.4. Contributions of individual substances (humic acids, inorganic suspended matter, organic
suspended matter and living algae) to the overall light attenuation coefficient for the lakes Reeuwijk
(4a), Nieuwkoop (4b) and Loosdrecht (4c) from 1990-2008 based on calculations using UITZICHT
(Buit eveld, 1995) in relat ion to measured totall ight attenuation (dots) .
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Figure 4.5 . Turbidity measurements using the OSLlM1 (intact flocs) and OSLlM2 (after mechanica I
breaking of flocs) of the water extracted from the water column during the sediment erosion
experiments for lake Reeuwijk (Sa), lake Nieuwkoop (Sb) and lake loosdrecht (Sc). The horizontal
lines indicate the Vane rotational speed (rpm).
Table 4.3. Results (average ± standard error) of the OSLIM measurements for the th ree study lakes in
both Formazine Turbidity Units measured directly by the OSLIM (FTU at 800 nm) during the
experiments, translated FTU to a l rng" and conversed to a light attenuation in PAR 400-700 (m·l) per
l mg ' I on the suspended matter obtained from the vane experiments compared to the total overall
dry weight of the suspended matter. Calibration for this experiment: 100 FTU =8.5 m?
lakes
Reeuwijk
Nieuwkoop
loosdrecht
average
283.5
230.7
275.0
0.83

Dryweight
OSLlM1
OSLlM2
OSLlM1

unit
mg r'
FTU
FTU
FTU l rng"

OSLlM2

FTU l mg·1

0.96

OSLlM1
OSLlM2

rnl t rng'

0.070
0.081

m'll rng"

se
58.9
54.9
76.5
0.16
0.19

average
338.7
112.7
139.3
0.35
0.42
0.029
0.035

se
33.0
9.9
5.5
0.02
0.05

average
407.0
143.7
175.0
0.39
0.45

se
54.6
50.3
61.7
0.09
0.16

0.033
0.038

Table 4.4. Main characteristics of the five size fractions of suspended sediment as measured for
samples from lake Nieuwkoop. (Souree: Sloot, 1995)
Fraction Fallvelocity
Specific Attenuation Contribution (%) Contribution (%)
mm 5 . 1
(PAR) m-I l rng"
total attenuation Sedimentation
flux
1
<0.1
0.080
21
2
2
0.1-0.6
0.036
4
2.4
0.6-1.0
3
0.051
0.4
4
4
1.0-5.0
0.028
0.3
8
> 5.0
0.015
0.1
82
5
The average turbidity values measured with the 05LIM during the experiments were
recalculated to values per mg dry weight (Tabie 4.3). Although the total dry weight of the
suspended matter of 283 mg L:' DW measured for Reeuwijk is the lowest dry weight value
for the three lakes, the contributing light attenuation is highest (0.08 m-I L mg·l for Reeuwijk.
compared to 0.035 for Loosdrecht and Nieuwkoop). The Malvem measurements show that
the sediment in Lake Nieuwkoop and Lake Loosdrecht contain a relatively high percentage
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of larger particles with diameter of flocs around 1 rnrn, while these flocs are less prominent
in Lake Reeuwijk. In Lake Reeuwijk 0 50 is approximately 0.1 mm, while in Lake Nieuwkoop
and Loosdrecht 0 50 is approximately 0.2 mmo This also hel ps to explain the measured light
attenuation per dry weight suspended matter that is high for Lake Reeuwijk in comparison
with the measurements in Lake ieuwkoop and Lake Loosdrecht. For this, we compared our
results to measurements of Sloot (1995; Table 4.4) on suspended matter from lake
ieuwkoop, that focus on the role of particIe size on light attenuation. The measurements of
Sloot (1995) show that the contribution of very small particles. with a low fall velocity. to the
overall attenuation is high (21%). Based on this, and on the laser diffraction measurements
using the Malvern to quantify particIe size distribution we conclude that the average size of
suspended particles in Reeuwijk is smaller than in Nieuwkoop and Loosdrecht. The average
attenuation characteristics of the suspended matter of Lake Nieuwkoop and Lake Loosdrecht
are similar to each other (ca. 0.03 m·1 L mg' dry weight).
Spatial modeling analysis
Wind-driven resuspension of suspended matter occurs often in Lake Loosdrecht (Figure
4.6a) and Vent is exceeded about 6% of the studied period (i.e. comparable to 500 hours per
year, note that the exceedance frequency is computed by dividing the number of
exceedances with the total amount of - hou rly- observations). The limited fall velocity of the
fine suspended organic matter implies that most of the organic material is constantly prone
to settling and erosion (Penning et al, 2010). Had Lake Nieuwkoop the same average depth
as Lake Loosdrecht (1.8m), than it would have been very prone to resuspension (Figure 4.6b).
However, being 2.7m deep-- rather than 1.8m decp-, Lake Nieuwkoop experiences only 2%
of exceedance of Vm' (Figure 4.6c). A similar result was obtained for Lake Reeuwijk. that has
less wind-driven resuspension with an average fetch in south western direction of 1.6 km vs.
2.6 km fetch of Loosdrecht (but about the same depth as Lake Loosdrecht) resulting in 2%
exceedance. This is due to the topography of the lake: a few small wind reducing islands and
barriers reduce the locations where wind fetch combined with depth result in such high
waves that the orbital motion created by them exceeds Venl. Thus, measures to limit winddriven resuspension are Iikely to be more effective in Lake Loosdrecht than in lakes
Reeuwijk and Nieuwkoop.
Measures to reduce wind-driven resuspension were therefore only further
investigated for Lake Loosdrecht (Tabie 4.5 and Figure 4.7). They include the construction of
wind reducing barriers; both a 'light' option and a 'heavy' option (resp. Figure 4.7b and 4.7c).
In the 'light' option we computed the effect of fetch reduction by implementing a Iimited
number of barriers (sand dikes) in the model calculations; in the 'heavy' option we calculated
the effect of fetch reduction by implementing harriers to reduce the % exceedance as much as
possible. For the light option, we strived to minimize the impact on the open water and only
reduce the most significant hotspots of erosive activity. This results in reduction of
exceedance, from 6.0 %, to 3.7%. In the heavy option, barriers were assigned to all areas of
hotspots. reducing the exceedance from 6.0% to 1%. After this, for a modified 'light' option
we took into account the interests of the recreational sailing community resulting in 2%
exceedance. Additional calculations were done combining the original light option with 15
cm of water level increase in winter time. Compared to only water level fluctuation (4.75%
exceedance) this combination of the light option and water level fluctuations reduces the
exceedance to 2.8%.
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Figure 4.6. Percentage exceedance of flow velocities at which the criticaI shear stresses is exceeded
(Vcrit) based on meteorological data from 1 January 2005 to 1 April 2005 for Lake Loosdrecht (6a),
Lake Nieuwkoop with the fictive depth of 1.7 m (comparable to the depth of Lake Loosdrecht; 6b),
Lake Nieuwkoop with lts' actual depth (6c); and Lake Reeuwijk (6d).
The IS-cm water level f\uctuation is an increase in water level, or a 'top-up' using the winter
rainfall surplus to an additionallS cm of water. This increase in water level not only reduces
the need for supplementary water supply to the lakes in summer but also reduced the
external nutrient loading that comes with it. However, IS-cm increase in depth, also implies
an increase in kz, which will have a negative impact on the potential for macrophyte
germination in the spring time. Capping of the lake sediment with a layer of medium sized
sand, estimated to be ca. 30 cm thick was added to the model in hotspot areas located in
openings (gaps) in the wave-reducing barriers that allow boats to pass through (Figure 4.7d).
In these openings currents are strong due to wind setup and the sand capping allows boating
to remain possible. The sand is less prone to erosion and therefore the capping prevents
further erosion of the underlying peat layers in these areas (2.8% exceedance). Last, the best
way of reducing wind- driven resuspension is to implement the heavy option for wave
reducing barriers in which barriers are placed in all parts of the lake where resuspension
occurs (Figure 4.7c). However, the light option, i.e barriers only in the most affected areas, in
combination with sand capping is a more feasible option from practical and societa! view
points.
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Figure 4.7. Percentage exceedance of flow velocities at which the critica I shear stresses is exceeded (Vcri')
s
based on meteorological data from 1 ' of January 2005 - 1S! of April 2007 (note different period from that
used in fig. 6). The legend bar shows the %Exceedance of Vcri' for the calculated period. 4.7a. Current
situation in lake loosdrecht. 4.7b. Option of implementing 'light' version of wind reducing barriers. 4.7c.
Option of implementing 'heavy' version of wind reducing barriers. 4.7d. Option of implementing 'light'
version of wind reducing barriers and capping with sand in remaining hotspots.
Table 4.5. Wind-wave erosion reducing options for lake loosdrecht indicated the percentage of time th at
the flow velocities at which the critica I shear stresses (Vcri') is exceeded. Note: 6% is 21 days per year. The
spatial design of these options is shown in Figure 4.7.
Wave Reduction Options loosdrecht
Vcri'. Exceeded (%)
Reference (current situation)
light option (wave reduction barriers in only the most prone positions to
erosion)
Heavy option (wave reduction barriers in all needed positions)
Adapted light option (wave reduction barriers in most prone positions taking
recreational use into account)
Reference + 15 cm water level fluctuation winter
light option + 15 cm water level f1uctuation winter

4.75%
2.79%

light option + capping

2.85%

light option + capping + 15 cm water level fluctuation winter

2.10 %
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6.04%

3.72%
LOS %
2.07%
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4.6 Discussion
Comparing three lakes of the same lake type
Although the three studied lakes, Loosdrecht, Nieuwkoop, and Reeuwijk. fall within the
same WFO lake type (STOWA, 2007), the characteristics of their suspended sediments, their
sediment consolidation and depth vary to the extent that the selection of potential measures
to red uce resusp ension need to take these characteristics in to account. The spatial modelling
ana lyses show that whereas for Loosd recht is it sensible to imp lement wind-wave red ucing
barriers to improve the overall ligh t elimate. for the othe r 2 lakes th is does not seem to be the
most useful approach.
Effectiveness of wind wa ve reducing mea sures
In this study we show how to use the results of our measurements to select the most suitable
measures (chemica I vs. mechanical pathway) to improve transparency in three shallow lakes.
For Lake Loosdrecht we fu rther qua ntified the po tential effect of wi nd wave red ucing
measures on the amount of time Vcrit was exceeded. These measures were the
implementation of wave reducing barriers, the raising of the water level in winter and spring
time and the partial capping of the sediment with sand. The spatial modeling analyses of
these measures showed that although all studied measures seem feasible or successful for
reducing wind-driven wave erosion. However, some measures had negative side-aspects: for
instanee. the "heavy op tion" of wave reducing barriers is perceived as undesi rab le from
socio-economie and recrea tion view points and the 15-cm increase in water level in winterspring time negatively affects the percentage light reaching the bottom in spring time, which
in turn adversely affects the macrophyte development. Moreover. quantifying the Iikely
benefit of the 15-cm water level increase in reducing nutrient availability for algae growth
requires detailed analyses of nutrient cycling in Lake Loosdrecht in relation to primary
production over the years. This means less external nutrient loading through retention of
rainwater surplus in wi nter time tha t mig ht reduce the overall biomass of algae or alte r the
algae commun ity composition and the refore affect ligh t conditions in the lake.
Sediment characteristic s
The strong resistance in Lake
ieuwkoop of the bottom sediment to erosion and
resuspension follows our general understanding of soil consolidation over time: i.e. the
longer the period that soil is undisturbed from extemal dis tu rbance, the more it consolidates
to form a stronger ma trix (Lambe and Whi tma n, 1979; Winterwerp and Van Kesteren, 2004).
For peat so ils, a consolidation of the sediment where Vcri. becomes significantly stronger
needs a 20-40 day disturbance-free period (unpublished data on Lake Loosdrecht sediment,
Penning and Co melisse, 2006). Foraging activity of benthivorous fish, especially in spring
and summer time , can be an additional cause of the disturbance of the sediment (Breukelaar
et al., 1994). The loosened bottom matrix then becomes mo re prone to suspension in the
overlying water column by wind-driven wave action (Scheffer et al., 2003). Also, the heavy
motorized boa ting traffic might contrib ute (ma inly on goo d wea the r, su mmer days) to the
disturbance and suspension of the sediment (pers. obs. M. Genseberger, Oeltares).
It remains unknown why in Lake Reeuwijk such small-sized suspended material
domina te and why this lake differs from Lake Loosdrecht and Lake Nieuwkoop. Previous
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changes in waler chemistry (due 10 changes in management of in- and outflows) might have
conlributed 10 eulrophication caused by autochthonous material and peal decomposition
within the lake (Smolders et al., 2006) bul data 10 confirm this assumplion are nol available,
Also, the fish community in the take might contribute 10 the resuspension flux given that it
consisls of predominantly of benthivourous fish (-150 kg ha -I, unpublished data Rijnland
Waterboard). In an adjacent smaller, more isolated section of the grester Reeuwijk area, a
biomanipulation exercise proved 10 be effective. The large size and the interconnectivity of
the currently studied area of the take make biomanipulation in all probability a ternporary
treatment because benthivorous fish stock is expecled to replenish in a relatively short
period, which is comparable to the results reported for ot her Dutch shallow walers bodies as
weil as in many European lakes (Gulati and Van Donk 2002; Sendergaard et al., 2007). In
Lake ieuwkoop and Lake Loosdrecht, biomanipulation wil I also be difficult and most
Iikely a temporary shock-trea tment, in view of the inlerconnectivity of the lakes with the
su rround ing water sys te rns, 10 which waters the fish escape while being captured for their
ma ss removal (Van Donk et al ., 1990).
Spatial modeling analyses
For the spatial modeling analyses we assumed a single VeTi' value per lake for the entire lake
bed, ba sed on the averaged critica I value of shear stress on the sediment cores. In large,
shallo w lakes spatial diversity in sed iment cohesion depends on prevailing winds, such that
the relatively soft and uncompacted sed iment (high conlent of waler and organic material) is
ga lhe red in relatively shelte red or deeper areas (Zhu, 2008). Lövstedt and Benglsson (2008)
showed that in Lake Krankesjön (Sweden) winds, particularly from the non-prevailing wind
directions, have a strong effect on the amounl of resuspended sediment and its
redistribution, because most easily eroded malerial is deposited in the normally sheltered
areas that are than affected by these non-prevailing winds. As a result our study might
undereslimate the contribulion of non-preveiling winds 10 the potentlal resuspension of
material.
For Lake Loosdrecht we did nol link the results of the spatial analyses to reduce VeTi'
exceedance directly to change in light clirnate, nor to rnacrophyte establishment potential. To
do th is an annual balance for suspended sediment musl be made (Penning et al. 2010) and
linked to developments in algae production. which can be affecled by altered light
conditioris (Rijkeboer and Gons, 1990; Gons and Rijkeboer. 1990).
Light attenuation in relation to depth
Based on va lues of light altenuation alone, Lake Nieuwkoop appears to have the best
underwaler light elimate. but if depth (z) is combined with the light allenuation (k), the kzvalue in th is take is significantly higher than that of Lake Loosdrecht. Consequently, we
venture 10 surmise that Lake Loosdrecht is a more plausible candidate for reestablishmenl of
macrophytes. There are suggestions 10 create shallower areas in this lake where kz will be <
3.2, following general studies by [anse et al. (2008) and [ohnson el al. (2007). However, care
musl be taken, because shallower sections are polentially more vulnerable 10 wind- and
wave induced ero sion. Lowering the water lable is not possible in this peat area as it might
affect constructions along the lake and reduce the groundwaler table in adjacent peat lands
where drained soil oxidalion could become a problem when th is is done for a longer period.
Creating shallow zones by adding sand is also Iikely 10 alter the lakes' characteristics, i.e.
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change the peat bottom to sand-bottomed lakes.
Humic acids are a significant contributor to the total light attenuation in all three
lakes (0.5 - 1.1 mol) given presence of peat soiI in the area (Laanen, 2007). This implies that in
order to reach a kz of 3.2 significant efforts are needed to reduce the other contributing
substances. both organic suspended matter and algae.
Macrophytes need a minimum amount of light to germinate. This ranges between 0.5
and 35% of the incoming light at the surface (Dobberfuhl, 2007), depending amongst others
on plant species and temperature (Van den Berg et al., 1998), salinity (Dobberfuhl, 2007),
sediment type and wave exposure (Istvánovics et al., 2008), cover of sediment with new
muddy depositions (Frankland et al., 1987) and seed bank density (Van den Berg, 2001).
Freshwater plant communities in lake Balaton are found in situations where light at the bed
is 2-3% (Istvánovics et al., 2008) and Dobberfuhl (2007) reports 9% for low salinity sites (<0.5
ppt) and 14% for high salinity sites (>0.5 ppt) in St. [ohns River (Florida). Experiments on
charids by Küster et al. (2004) show minimal light conditions of 35 flmol photons rrr? S-I is
needed for growth. SimiIar values are reported by De Winton et al. (2004) for charids and by
Van den Berg et al. (1998) for Chara aspcra and Potamogeton pectinatus. The growth of
macrophytes is less under such low light dosages than at higher light dosages (10% of max).
Using a daiIy photon flux of approximately BOO umol photons rn? S-I (Istvánovics et al., 2008,
Grant and Slusser, 2004) the 35 umol photons m-2 S -l is comparable to a 4% light avaiIability
as an average value. Since light intensity varies during the day and growing season, we
choose this approximation of 4% light reaching the bottom rather than a true value of urnol
photons m? S·I that is often mentioned as the light compensation point for photosynthesis in
lab-experiments.
Other examples of wind reducing measures
To our knowledge there is only one recorded case of a lake where large scale wind reducing
measures have already been implemented and evaluated for reducing turbidity to facilitate
the return of macrophyte communities: Huang & Liu (2009) described the effects of a 3.3 km
long wave barrier implemented in Lake Taihu on sediment resuspension inside and outside
the protected area. They showed that the barrier reduced sediment resuspension to less than
37% of the non-protected zone. Given the high trophic status of Lake Taihu the reduction did
not result in macrophyte development, but rather enhanced phytoplankton production. If
nutrient loads are high, the improved light conditions due to reduced suspended sediments
might favour quickly developing phytoplankton over macrophyte establishment, and wave
reducing barriers should therefore be implemented only when nutrient loads are sufficiently
low. In some larger turbid lakes in the Netherlands such as Lake Markermeer simiIar
(desktop) studies to reduce wind-driven wave action and manage resuspension have been
undertaken very recently (Vijverberg et al., 2010; Boderie & Hulsbergen 2009; Genseberger et
al., 2011). Also, small scale barriers have been implemented Lake Markermeer to reduce
wave and ice action on an important dyke in this lake, for which unfortunately only ad-hoc
data on water quality are available, that do not allow for appropriate evaluation of the
functioning of the barriers in Iimiting resuspension of sediments (RW5-RIZA, 2007). For the
shallow lake Apopka (Florida USA) simiIar suggestions have been made to implement wave
reducing barrier in order to reduce resuspension of weak organic sediments (Bachmann et
al., 1999). Gulati et al. (2008) also advocate the use of new ecotechnological approaches to
improve ecological status of wind-exposed, shallow lakes, in addition to the more primary
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control measures as nutrient load reduction. The lack of examples where measures involving
reduction of wind effects have been carried out has intensified the debate on whether or not
resuspension of suspended matter through wind action prevents lake recovery (Bachrnann et
al., 1999; Bachmann et al., 2001; Lowe et al., 2001; Jeppesen et al., 2003; Bachmann et al., 2005;
Schelske et al., 2010). This study contributes to the notion that for shallow lakes where windwave action plays a role in resuspension of sediments the answer towards the best
management options for improvements of ecological status lies probably in a combination of
measures from different pathways. Both nutrient loading and wind-driven resuspension
should both be quantified correctly, taking into account also the effects of the fish
community present in the lake on both internal eutrophication and sediment cohesion and
resuspension potential.

4.7 Conclusion
We used the combined light attenuation coeHicient k with the water depth d as a proxy for
indicating the status of the light c1imate in three large shallow peat lakes . This gives a better
idea of the potential for macrophyte germination, assuming that a given percentage of light
at the bottom is needed, rather than only looking at the light attenuation coeHicient as such.
We assessed the main contributors to the overall light attenuation and found that the
suspended organic sediments in all the three studied lakes is most important. We therefore
further characterized the suspended sediment by Iinking its dry weight to size specific light
attenuation and measured light attenuation during laboratory experiments. This showed that
suspended matter in Lake Reeuwijk is relatively small and contributes more to the light
attenuation than that of Lake Nieuwkoop and Lake Loosdrecht. Sediment in Lake
Nieuwkoop is less prone to resuspension as it is more consolidated, probably because of its
less frequent disturbance by wind-driven wave action. In Lake Loosdrecht the potential for
wind-driven resuspension is most marked, given its shallower depth and higher fetch of the
lake in comparison to the other two studied lakes. In th is lake measures to reduce fetch and
wave action on the sediment by wave barriers, sand capping and increasing the water level
reduce the percentage exceedance of the critical shear stress threshold. Discussions with
stakeholders on selecting the most appropriate set of measures to reduce wind-induced
wave action in th is lake showed that next to technical result also socio-economie and water
quality effects of the measures need to be taken into account.
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5.1 Abstract
Until 1992 the zebra mussel, Dreissena polYlllorpha, played an important role in Lake
Markermeer (The Netherlands) as food souree for diving ducks. After 1993 the mussel
biomass strongly declined. The population is in poor condition (maximum shell length <15
mm) in comparison to musseIs from adjacent Lake Ijsselmeer. The high concentration of
inorganic suspended particles in the lake may infIuence the uptake of food by the musseIs.
We assessed whether the poor condition of the zebra musseis in Lake Markermeer could be
attributed to the high suspended matter concentrations.
ear bottom suspended sediment concentrations were measured in situ and linked to
wind-driven wave action. Experiments were carried out, using increasing inorganic
suspended sediments concentrations combined with a fixed green alga (Scelledesnllls
obliqulles) concentration to determine the clearance rates (CR) of adult and juvenile musseis.
CR on inorganic particles decreased with increasing concentrations. The CR on S. obliquus
showed a different pattern with CR increasing until 0.75 g inorganic particles L-I for adult
musseis after which it collapsed . CR of juvenile mussels on S. obliquuu s collapsed at >0.5 g
inorganic particles L-I. Zebra musseIs can thus tolerate relatively high concentrations of
suspended matter and selectively graze on phytoplankton but eventually reduce their CR at
very high concentrations, Although the concentrations used here are high compared to
concentrations in other studies, analyses of the near bottom suspended matter concentrations
in Lake Markermeer show that these values frequently occur and may be partly responsible
for the poor mussel status in Lake Markermeer.

5.2 Introduction
Zebra musseis (Dreissella polymorpha (Pallas, 1771)) can occur in high abundance in shallow
lakes and, in such situations, affect the ecological functioning of the system. Especially their
infIuence on the suspended matter cycling e.g. through biodeposition of filtered suspended
matter can be significant (e.g. Ackerman et al. 2001, Daunys et al. 2006, Boegman et al. 2008,
Strayer et al. 2011). Zebra musseIs are known to filter both organic and inorganic suspended
matter (Madon et al. 1998, Baker et al. 1998) and are capable of selectively feeding (Ten
Winkel and Davis 1982, Dionisio Pires et al. 1994), ejecting undesired particles as
pseudofaeces (Walz 1978), that fall on the bed and are no longer part of the pelagic systern
(e.g. Gergs et al. 2009, Atkinson et al. 2011).
In the Netherlands. zebra musseIs play an important roIe in the food web of the
shallow lakes Ijsselmeer and Markermeer (Fig. 5.1) and other shallow lakes connected to
them (Reeders et al. 1989, oordhuis et al. 2010). In lake Markermeer. surveys of the zebra
mussel population show a st rong decline since 1993 (Fig. 5.2). Noordhuis et al. (2010) report
the strong decline of the musseis and a simultaneons strong decrease in the abundance of
their predators (diving ducks such as tufted ducks, Aythya [uligula (Linnaeus 1758)).
Furthermore, transparency decreased and chl-a increased (Fig. 5.3). The overall depth
averaged inorganic suspended matter concentrations in Lake Markermeer have stayed
approximately constant, but are high in comparison to the surrounding lakes (Vijverberg et
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al. 2010 and references therein). In Lake Markermeer the average seston concentration is 55
mg L:', of which 70% are inorganic clay particles «10 urn) depending on season and
meteorological conditions, compared to 30 mg L-I of which 50% inorganic in Lake Ijsselmeer
(unpubl. monitoring data Centre for Water Management, Lelystad, The Netherlands). The
large fetch in the lake, up to 40 km, and the exposed, shallow clay-silt bot tom (mean depth
3.6m) cause a constant load of resuspended sediment in the water column (Vijverberg et al.
2010).
This paper aims to link the response of D, polymorpha (i.e. clearance rate and shell
length/tissue weight relation) to the typically occurring near bed concentrations of
suspended matter in Lake Markermeer through a combination of field measurements on
suspended sediment dynamics and zebra mussel occurrence, and a laboratory experiment on
clearance rate of adult musseIs of two size classes at varying levels of suspended matter. We
therefore exposed zebra musseis to combinations of inorganic particles and a green alga
(Scenedeemus obliquu s (Kützing 1833), high food quality) to see if the inorganic suspended
matter has negative effects on the rnussel's feeding behaviour. High loads of inedible
suspended solids may lead to high energy costs for the musseis during the removal of these
particles ('high cleaning costs') (Madon et al. 1998, Schneider et al. 1998). We hypothesize
that the high concentration of inorganic particles in Lake Markermeer negatively affects the
growth and feeding behaviour of the musseIs (Iess filtration) and that this is at least partly
responsible for the current poor condition of the zebra musseIs in the lake.
I
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Figure 5.1. The tlsselmeer area in the centre of the Netherlands. The numbers in the right figure
correspond to: 1. Afsluitdijk; 2. llsselmeer: 3. Houtribdijk; 4. Markermeer
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Legenda
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0.00
0.01 · 12.00
12.01 ·30.00
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2006
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30.01 - 60 .00

•

60.01 - 120.00

•

120.01 - 240.00

•

>240

Figure 5.2. Zebra mussel densities (biovolume in mL m'2) in Lake Markermeer for the years 1981 -20 06
(modified from Noordhuis et al. 2010). In 1997 only the southern part of the lake was monitored .
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Figure 5.3. Chlorophyll-a, total suspended matter, Secchi-disk transparency and total phosphorus
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and 'west') (updated from Noordhuis et al. 2010).
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5.3 Study site
Before Lake Markermeer existed, the area was part of Lake Ijsselmeer which was created
after damming of the Zuyder Zee estuary in 1932. Due to freshwater discharges from small
rivers. brooks and the River Ijssel, the newly created Lake Ijsselmeer became a freshwater
area within about four years (Havinga 1954). Through the years the lake changed
considerably due to land reclarnation, by polder construction. and the construction of a dam
(completed in 1976) in the middle of the lake, dividing it into a northern part keeping the
name Lake Ijsselmeer, and a southern part called Lake Markermeer (De Jong and Bij de
Vaate 1989). Eutrophication, water level and shore line regulation, together with
overexploitation of fish populations resulted in a poor ecological status in both lakes
Ijsselrneer and Markermeer (Lammens et al. 2008).
Geologically the Lake Markermeer bottom mainly consists of marine clay and loam,
with in the northern part remnants of a former sand bank (Enkhuizerzand). Zebra musseis
are mo stly found attached to marine shells, mainly Mya an'llaria, which were abundant in the
area before 1932. These shells typically occur on the bottom in the western half of the lake
where they provide a suitable substrate for the zebra mussel to attach and subsequently to
serve as their habitat during the rest of their life.
The change from a brakish-salt ecosystem to a fresh water lake caused loss of
cohesion of the marine clay sediments, that therefore easily erodes (Winterwerp and Van
Kesteren 2004, Mietta et al. 2009). This loss of cohesion also limits the flocculation capacity of
particles. causing small sized particles to remain long time in suspension with settling
veloeities of 0.0025 - 0.02 mm s·) for particles < 10 pm (Van Duijn 1992, Mietta et al. 2009). It
also resulted in the formation of a mobile oxidized muddy layer of suspended solids
(approx.3 mm thick on average, with a maximum of 15 mrn), especially in the south-western
part of the lake. Below this, an easily eroding soft mud layer of 10-20 cm is found on top of
the old clay-peat-sand deposits (Vijverberg et al. 2010). The mobile layer may persist at
certain locations for longer periods, when no wind occurs and can cover the shells that
function as zebra mu ssel habitat (S. Bouma. professional diver, Bureau Waardenburg, rnarch
2008, pers. obs.). Wind induced waves in the lake can get up to 1.2 m wave height with a
period of 4-5 seconds. Already in the frequently occurring situation of a wind force of 3-4
Beaufort (-5 m.s') resuspension of the mobile oxidized muddy layer occurs and the soft mud
layer resuspends as weil from 10 m s: wind velocity onwards (Vijverberg et al. 2010). The
nearly permanent wind-wave driven erosion causes significant arnounts of resuspended
organic and inorganic fine particles in the water column, resulting in high turbidity. The
Houtribdam (Fig. 5.1) prevents flushing of th is suspended material from Lake Markermeer
into Lake Ijsselmeer and from there into the Waddensea as would have been the case before
1932. As a consequence, Lake Markermeer is characterized by a high concentration of
suspended matter and a layer of mobile soft sediments on the bottom that not only persists
in more tranquil parts of the lake, but is actively moved around in more dynamic parts. More
detailed physical descriptions of Lake Markermeer. its water- and sediment dynamics and
modeling thereof are given by Van Duin et al. (1992) and Vijverberg et al. (2010).
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5.4 Methods
Overall approach
The changes in the concentratien of suspended matter near the lake bottom (related to the
meteorological circumstances at the location) were measured during a field survey period in
November-December 2007. The effect of this suspended matter on the CR of D. polY1llorpha
was studied in vitro in grazing experiments, using both juvenile and adult mussels collected
from a nearby lake with good ecological status. Zebra musseis in Lake Markermeer were
surveyed during the period [une 2009 - November 2010 for shelliength-dry weight relation,
compared to musseis from Lake Ijsselmeer collected in the same period, and to data on size
distribution of the population in period 1980-1983.
Mo n itoring of the mobile se diment layer
In December 2007, vertical profiles of the suspended sediment concentrations in the water
column were measured adjacent to a permanent measurement pole in the cent re of the lake
using an Argus Surface Meter IV. This device uses several optical backscatter sensors (aBS)
to measure suspended sediment concentrations in a water column of 1 m above the lake
bottom, with a vertical resolution of 1 cm (time resolution of 10 min). At the same moment,
wave height, flow velocity. flow direction and wind veloeities were also recorded at the
monitoring pole. A detailed description of the calibration and analyses of th is full data set in
relation to the sediment dynamics of the lake is found in Vijverberg et al. (2010). Here we
link this data to the suspended matter concentrations in the near bed layers as experienced
by the zebra musseIs.
Size dist ribution an d b iom ass of th e ze bra mussel population
We used size distribution and biomass of the zebra musseis in the field as proxy for their
general fitness and cornpared the fitness of musseis of Lake Markermeer to those of Lake
Ijsselmeer where suspended matter concentrations are about half of that in Lake
Markermeer and less dominated by inorganic particles. The shell length frequency
distribution of the zebra mussel populations of Lake Markermeer and Lake Ijsselmeer was
rneasured in the winters of 2009/2010 and 2010/2011 by measuring -2800 individuals
collected with a trawl net. These data we re compared to da ta obtained by grab sampling
(Van Veen grab) during the winters of 1980/1981; 1981/1982 and 1982/1983. Next to this,
monthly measurements on the shelllength frequency and ash free dry weight (AFDW) of the
zebra musseIs in both Lake Markermeer and Lake Ijsselmeer were made in the period [une
2009 - November 2010. AFDW was determined with 10-40 specimens per length c1ass (c1ass
width 1 mm) from a shelliength of 6.5 mmo The animals were dried during 22-24 h at 80°C to
obtain dry weight and incinerated during 4 h at 450°C for determination of their ash content.
Regression analyses were carried out to establish the relation between AFDW and shell
length (L) for mussels ranging from 7 to 15 mm following AFDW = al," (AFDW in mg, L in
mm) for both Lake Markermeer and Lake Ijsselmeer.
Collection of zebra mussei s an d sedi me nt for grazing expe rim ent
Zebra musseis for the grazing experiments were collected from a nearby lake in good
ecological status (Lake Maarsseveen, 52°08'43"N; 5°04'59"E) and transported to the
Netherlands Institute of Ecology, where they were kept in 400L aquaria containing water
filtered over 0.2 flm from Lake Maarsseveen at 18°C. Musseis were not collected from Lake
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Markermeer because of the poor condition. their small size and low density. The musseis
were fed daily with cultured SCL'IlL'dCSlIIlIS obliquus (- 2 mg CL-I) prior to the experiments.
Fine sediments used in the grazing experiments were collected from the top layer of the
Markermeer sediment using a Van Veen grab. The top layer of the grab sample was carefully
scraped off and stored at 4 oe. This wet natural untreated sediment was used for all
experiments. Relationships between wet weight, dry weight and carbon content of the
sediment was determined by drying three samples of wet sediment at 105°C for 24 hafter
which they were incinerated at 450°C during 4 h. The organic content of the sediment was
30%. Sediment amounts added to the grazing experiments are reported here as dry weight of
sediment (not ashed).
Setup grazing experiment
On the day of the grazing experiment, zebra musseis were sorted into two size classes: small
« 15 mm) and large (> 15 mm). Hereafter, they were placed in the experimental vessels
containing 2 L of 0.2 f-Im filtered water from the nearby Lake Maarsseveen and allowed to
acclimate for 3 hours to the expertmental setup. After acclimatization, 25 large or 100 small
zebra musseis per vessel were exposed to a standard concentration of S. obliquus (3 mg CL-I)
together with different suspended sediment concentrations. The sediment concentrations
were 0, 0.25, 0.5, 0.75 and 1 g dry weight L-I (in accordance with the results from the Argus
Surface Meter IV). The S. obliquus concentration used was weil above the incipient Iimiting
concentration of 2 mg CL-I, and was chosen to assure no confounding effects of starvation
(Sprung and Rose 1988, Dionisio Pires et al. 2004). Each treatment was carried out in
triplicate. For each treatment, there were vessels without musseis which served as controls
(also in triplicate). Musseis were allowed to graze for a period of 3 h. The water in the vessels
was kept in motion using aquarium air-pumps at a fixed room temperature of 18 oe. At the
end of the grazing period, the musseis were freeze-dried and weighed (without shell and
byssus threads) to calculate weight-specific clearance rates (mL mg OW-I h-I).
Water samples (10 mL) were taken at t=Oh and t=3h and fixed with a 0.01%
paraformaldehyde and 0.1% glutaraldehyde solution to quantify clearance rates on
suspended sediment particles on a 2 laser system flow cytometer MoFlo® (Modular Flow
High Performance Cell Sorter DakoCytomation 2002). The combination of the two lasers
enabled us to separate the suspended sediments from the alga SCL'IlL'deSlIIlIs. The flow rate of
the MoFlo was 20 f-II min -I. For each sample 20,000 particles were counted, including an
addition of 5,000 fluorescent PE beads of 1f-Im which served as an internal reference. We did
not use the MoFlo measurements for determination of the algal clearance rate, as the samples
were dominated by the suspended particles. As aresuit counts of the algal cells are low and
prone 10 error. The clearance rates on Scenedesmus were therefore measured separatcly, by
analyzing the water samples for chlorophyll-a concentration immedialely after the grazing
period by pulse-amplitude modulated f1uorometry (Phytoplankton Analyzer, PHYfO-PAM,
Heinz Walz GmbH).
We tried 10 caplure and analyze faeces and pseudofaeces produced during the
experiment 10 gain additional insight in the assimilation efficiency of the mussels, but the
pseudofaeces were too Iiquid to capture and process in a controlled way.
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Data analysis
Clearance rates (CR) of the musseIs on suspended sediments and on algal biomass were
calculated following Coughlan (1969):

Co
C~ } ,
CR = -v { In--In----;nt
C,
Ct
in which V is the volume of food suspension (2 liters in our case), 11 the dry weight of the
mussel's tissue (mg), i the duration of the experiment (hours), Co the particIe concentration
(!-tg chlorophyll L" [PHYfO-PAM] or particles L-I [MoFlo]) in the vessels with musseIs at i =
0, C, the concentration in vessels wi th animals at time i, C othe concentration in the con trol
vessels at i = 0 and C , the concentration in the con trol vessels at time i. As musseIs may eject
pre-filtrated particles to the water in the form of pseudofaeces it is possible that some are
resuspended into the water and hence recounted . The clearance rates reported here are
therefore net clearance rates.
There are no results of the 0 g L-I treatment in the MoFlo arialysis because th is
analysis focuses on the suspended inorganic particles. which are not present at that
concentration.
CR calculated based on the MoFlo and PHYTO-PAM rneasurements were checked for
normality of distribution. Regression analyses and pairwise comparisons between each
possible combination of two treatments (with i-tests at P<0.05) were performed using
STATISTICA 9.0 (StatSoft, 2003, Tulsa, OK, USA).

s.s Results
M onitoring of th e mobile sedi me n t layer
Wind-driven wave action causes changes in the vertical profile of suspended matter
concentrations in the water column depending on wind force and direction. During the
continuous monitoring period of 14 days growing and decreasing wind speeds generate both
uniform and non-uniform vertical profiles of suspended sediment concentrations (Fig. 5.4).
A thin layer of high suspended sediment concentrations can occur near the bed (up to about
700-800 mg L:'). This non-uniform profile develops only if waves reach height of
approximately >0.5 m. Below this threshold, the vertical turbidity profile is homogeneous for
the whole water column. Wave heights of 0.5 m or more develop from wind speed of 4 Bft,
which are moderate and frequent conditions in the Markermeer area implicating that high
suspended matter concentration near the bottom are being generated often.
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Size distribution and biomass of the zebra mussel population
Th e size di stribution of the zebra mu ssel population in lak e Markermeer has shifted from a
med ian size of 13 mm in th e 1980's to 5 mm in 2010 (Fig. 5.5a) . Also in Lake Ijsselrneer th e
med ian size has decreased in compa rison to the 1980's (fro m 15 to 10 mm ; Fig. Sb), but lar ge r
sized individ uals a re still pr esent (up to 28 mm). Th e percentage of very sma ll mu sseis «2.5
mm ) is mu ch smaller in Lak e Ijsselmeer (max . 9%, compared to the 48% in the Markermeer
sa mp les). Th e maximum she ll len gth in Markermeer sa mp les the 1980's is 23 mm ; in 2010
th is was reduced to 15 mm o In Lake Ijsselm eer th e maximum recorded she ll len gth in th e
1980's was 31 rnm , and 28 mm in 2010. Thi s sho ws that already in the 1980's zebra mu sseIs in
Lake Ma rke rmeer we re sig nificantly sma ller than in La ke Ijsselmeer.
The relati on between she ll len gth a nd mu ssel biom ass (AFDW in mg) f1uctu at es
during th e season but is always lower fo r mu sseIs from Lake Markermeer than for mu sseis
fro m Lake Ijsselrneer (Fi .5.6, Tabl e 5.1).
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Table 5.1. Relationships between shell length (L, mm) and zebra mussel biomass (body tissue in
AFDW, mg) following AFDW=aL b for zebra musseis in Lake Hsselrneer and Lake Markermeer for the
range of 7-15 mm shell length from June 2009 to November 2010. The number of length classes
(c1ass width of 1 mm) used to establ ish relation = n
Markermeer
Ijsselmeer
r2
n
Date
a
B
n
a
b
r2
~ 3/0 6/09
~ 2/07/09
19/08/09
15/09/09
13/10/09
10/11/09
10/12/09
09/03/10
30/03/10
27/04/10
26/05/ 10
22/06/10
20/07/10
17/08/10
12/10/10
9/ 11/10

0.0148
0.0132
0.0068
0.0146
0.0038
0.0069
0.0057
0.005 2
0.013 9
0.0087
0.0086
0.0250
0.0043
0.0116

2.2437
2.5365
2.7690
2.3315
2.9311
2.6346
2.6902
2.722 3
2.4077
2.7323
2.7437
2.1513
2.9 173
2.4977

0.987
0.990
0.975
0.986
0.997
0.996
0.994
0.999
0.994
0.995
0.998
0.980
0.990
0 .994

5
6
6
6
4
6
7
5
7
6
9
6
9
9

0.00 61 2.6962

0.99 5

9

0.0045
0.0201
0.0233
0 .0297
0.0225
0.0476
0.0572
0.0033
0.0403
0.0532
0.0252
0.0166
0.0180
0 .0200
0.0310
0.0360

2.6756
2.0072
1.8800
1.7639
1.8499
1.5459
1.4519
2.8259
1.8370
1.7848
2.0891
2.1795
2.0296
2.0281
1.8263
1.7940

0.961
0.995
0.993
0.995
0.976
0.981
0.971
0.993
0.986
0.972
0.983
0.986
0.944
0.994
0.997
0.994

5
8
7
8
8
8
6
7
6
6
7
6
8
7
8
7

Grazing experiment
The CR for suspended sedi rnents, measured wi th the MoFlo, decreased significantly w ith
increasing suspended sedimen t load for the combined results of the lar ge and sma ll musseis
(r2=0.42, p<o.OOl, Fig. 5.7a) and the sma ll mu sseis se pa rately (r2=0.65, p<0.01, Fig. 5.7b). Th e
CR of the lar ge mu sseis decreased also but this wa s not significant (r 2=0.30, p=O.065) due to
the large erro r in the 0.25 g L-I treatment. This w as confirmed by the r-t ests for pairwise
diffe rences between trea tments (TabIe 5.2), wh ere for the lar ge mu sseis the 0.25 g L-I is not
sig nifican tly di ffe rent fro m the other treatments. Almos t all othe r r-t ests gave sig nificant
differ en ces bet ween g rou ps . Onl y th e differ en ce between 0.75 g L-I and 1 g L-I for small
musseis is not significa nt, which is link ed to the results of their CR based on chlorophy ll-a
levels, showi ng that the sma ll mu sseis sta rt reducing their filte ring if concentra tions are
above 0.75 g L-I.
CR's o n S. obliquus sho w a different pattern then th e CR' s on the inorganic sus pe nde d
matt er . The general resp on se of the combined lar ge and sma ll mu ssel results is humped
sha ped, wi th high est CR a t 0.5 g L-I and a sudde n decrease at 1 g L-I (Fig. 5.7d). The
treatm en ts of 0.25, 0.5 and 0.75 g L-I a re not significantly differ ent from eac h othe r, but the 0
and 1 g L-I a re significantly different of the intermed iate conce ntra tions, whi ch is also the
case for th e sma ll mu sseIs only. The sma ll mu sseis sho w a n increase in CR on S. obliquus up
to a sed ime nt concentratio n of 0.5 g L -I, after w hich the CR on S. obliquus decreases
significantly (Fig. 5.7e). For the lar ge mu sseIs a sim ilar patt ern occu rs, but in this case the CR
on S. obliquus sta rts decreasin g after a sed ime nt co ncentra tion of 0.75 g L-I (Fig. 5.7f) and the
high CR va lue at th is concentra tion is significantly different from the oth er treatm ents (Tabie
5.2).
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Figure 5.7. Zebra mussel clearance rates (CR; mL mg DW ûreissena" hO
l) of inorganic suspended
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for all musseis together (top panels) and for each size c1ass (small and large musseis). S. obliquus was
added to the different treatments at one concentration (see text) .
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Table 5.2. t-tests of significant differences between treatments, where n.s. - not significant, • p<O.l,
•• p<0.05
MaFia

Total
0.25
0.5
0.75
1

Small
0.25
0.5
0.75
1

Large
0.25
0.5
0.75
1

PHYTO-PAM

0.25

0.5

0.75

n.s.

••
••

••
••

n.s.

0.25

0.5

0.75

n.s.

Total
0.25
0.5
0.75
1

0

0.25

0.5

0.75

n.s.
n.s.

n.s.

••

••

••

••

Small
0 .25
0.5
0.75

0

0.25

0.5

0.75

n.s.

n.s.
n.s.

n.s.

•

••
••

•

•

••
••

••
••

n.s.

1

•

••

••

•

0.25

0.5

0.75

0
n.s.

0.25

0.5

0.75

n.s.
n.s.
n.s.

••

n.s.

•

Large
0.25
0.5
0.75
1

••

••

••

••

n.s.

n.s.

•

••

••

5.6 Discussion
Effect of muddy layers on zebra mussels
The presence of a mobile mud dy layer and underlying soft mud layer in Lake Markermeer
and the temporarily non-uniform distribution of suspended matter in the vertical water
column at higher wind speeds shows that the suspended matter behaviour in Lake
Markermeer is very dynamic both in time and space depending mainly on wind speed and
direction. Van Duin (1992) already observed the finding of a small oxidized layer on top of
the soft mud layer, indicating that both layers were (to some extent) present in 1991-1992.
Various earlier modeling studies on the suspended matter in Lake Markermeer (Vlag 1992)
and numerous studies on other shallow lakes such as Lake Okeechobee (e.g. Jin and Ji 2004,
Jin and Sun 2007), Lake Apopka (Bachmann et al. 1999, Bachrnann et al. 2005), and Lake
Tahihu (Hu et al. 2006) mentioned comparable mobile muddy layers and the vertical
gradients in suspended matter concentrations near the bottom during windy situations. To
our knowiedge, however, this was never before directly linked to effects on freshwater
bivalves. Our study, therefore, is the first one to experimentally test th is.
The suspended matter concentration in Lake Markermeer has not changed
significantly since the creation of the lake (Fig. 5.3). This suggests that suspended matter and
mobile mud dy layer dynamics have been relatively constant over a long period of time, also
in the 1980's when D. pobpnorpha populations were more abundant. Already at that time the
musseis in Lake Markermeer were smaller than in the adjacent Lake Ijsselmeer, indicating
they experienced more environmental pressures than the population of Lake Ijsselmeer.
However, given that zebra musseis live on average 3-4 years (Stoeckman and Garton, 2001),
the high suspended matter load as such might not be the main direct cause for the decline
that has been perceived from the long term surveys (Fig. 5.2, see also Noordhuis et al. 2010).
The high concentrations may contribute to the overall poor condition of the mussels, given
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the negative effect that the high suspended matter concentrations has on CR in our
experiments. Moreover. the potential additional pressure of lack of suitable substrate for the
larvae of the new reeruitment when the sediment covers the ancient shells and the
suffocation when old and juvenile musseis become covered by the mobile muddy layer has
to be considered. Zardi et al. (2006, 2008) showed that such mechanisms had a st rong impact
on the marine bivalves Perna flerna and Mytillls galloprooincialis.
Vertical differences in sus p en d ed matter concentrations
The ARGUS measurements show tha t weil mixed vertical suspended matter concentrations
occur, but that often the suspended matter vertical profiles show higher concentrations near
the bottom. These profiles are especially occurring during or after rough weather conditions.
When the mobile muddy layer is resuspended (at windspeeds > 3Bft) its pa rticles are
transported according to the wind-driven circulation and settle only if the turbulence
intensity decreases significantly. Because of this dynamic behaviour, the locations where this
layer is present wil! vary in space and time (Vijverberg et al. 2010). Mussel may therefore be
exposed and covered by the mobile muddy layer during varying periods. It is unknown
whether zebra musseis are able to detach from their substrate c1imbing upwards out of the
layer, which is a known for marine musseIs such as Mytillls edilus (Widdows et al. 2002),
given that they are not as mobile as M. edilus (Dionisio Pires, pers. obs.).
In general, researchers use a water column averaged suspended matter
concentrations to study their effect on benthic organisms. However, our detailed analyses of
the vertica! distribution of suspended matter shows that the concentrations perceived near
the bottom can be up to 10 fold higher than the concentrations higher up in the water
column. Therefore we recommend using near bottom concentrations rather than water
column averaged concentrations for studies on benthic filter feeders response to food quality
and availability.
Monitoring data
The suspended matter monitoring program (Fig. 5.3) is po tentially skewed towards the
calmer days as sampling campaigns are sometimes postponed or cancelled in times of strong
winds. Van Kessel et al. (2008, in Vijverberg et al. 2010) normalized the total suspended
matter data (TSM) of the standard monitoring campaign by the corresponding wind speeds
and observed a slight increase in TSM after 1994 but a stronger deercase in Secchi-disk
depth. This may be better explained by the increase in chlorophyll-a levels and changes in
the phytoplankton community composition than by changes in the inorganic suspended
matter concentration, as the % inorga nic content of the tota l organic matter is slightly
decreased in favour of a higher organic content since then. These changes in seston mayalso
be a result of the decreased grazing pressure by the zebra mussel population, as has been
shown in other water bodies (e.g. Reeders and Bij de Vaate 1990, Ackerman et al. 2001).
A monitoring campaign conducted in the most northern section of Lake Markermeer
(not following the standard monitoring grid) in 2010 showed an approximately 50% further
decline of the zebra musseis relative to 2006. In this survey however, a relatively large
nu mber of recently invaded quagga musseIs iDreissena rostrifonnis bugensi« (And rusov,
1897) was found, in approximately similar densities as the zebra mussels, bringing the total
biovolume of dreissenids in the lake to the levels of 2006 (unpublished data Centre for Water
Management, Lelystad, The Net herlands).
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Selective grazing in presence of suspended sediments
Our results show that both large and small sized zebra musseis are sensitive to increasing
concentration of inorganic suspended matter. Although the CR on suspended sediments
drops with increasing concentrations, it appears that the musseIs are able to selectively graze
on the available algae with higher intensity when needed. The CR of small musseis on
Scenedesmus increased with increasing inorganic suspended matter until 0.5 g L-t, probably to
optimize the balance between uptake of high quality food and removal of inedible particles.
The large mu sseis showed the same behaviour and were able to increase their CR on
Scenedesmus to an inorganic suspended matter concentration of 0.75 g L", before it suddenly
decreased . Thi s is in line with results from a.o. Stoeckmann and Carton (2001) who also
showed that zebra musseis are f1exible in their energy allocation depending on diet quality.
In our experimental set-u p relatively high suspended matter concentrations were used
compared to other studies (e.g. Madon et al. 1998, Schneider et al. 1998, Atkinson et al. 2011),
but the se concentrations are reali stic for Lake Markermeer. especially near the bottom and
the mu sseis. We exposed the zebra mussels in our experiment to the high sediment
concentrations for only three hours. As such we do not attained insight in the response of the
mu sseis on a longer term but we expect that longer exposure to such high concentrations
affect s the general fitne ss of the population, as shown by the differences in shell lengths
between the populations of Lake Markermeer and Lake ljsselrneer.
Schneider et al. (1998) concluded from their experiments using concentrations up to
100 mg L-I of natural river suspend ed matter and organic-inorganic ratios between 0.19-3.58,
that the filtration rate and pseudofaeces production of zebra musseis increased. At the same
time, the clearance rate remained constant with increasing suspended matter concentration.
Respiration rate did not change with increasing quantity and quality of food. Scope for
growth feil below 0 cal mg-I hot at an organic; inorganic ratio of 0.5. This is in line with our
findings and sugges ts that under conditions of high suspended inorganic sediment
concentrations growth is difficult for zebra musseis. Madon et al. (1998) mention that in the
lIIinois river suspended solids in the main channel range from 15 to 550 mg L:', with strong
temporal and s patla l variations also in inorganic-organic ratlos. often above 1.71. They found
that the scope for growth of the zebra musseis became zero at this ratio.
Additional rernarks
Although the current poor condition of the musseis may be partly attributed to the high
su spended matter concentrations that occur in the lake, other pressures should be further
investigated as weIl. A newly emerging phenomenon is the increasing winter temperature in
the Netherlands. Zebra musseis show little to no filtration when water temperatures fall
below 4°C (Reeders and Bij de Vaate 1990). However, in recent years the average water
temp érature during winter is above th is threshold (unpublished data Centre for Water
Management, Lelystad, The
etherlands). Above 4 °C, the zebra musseis are actively
filtering, although at a much lower rate than in summer (Diggins 2001). With low food
availability, and a highly active mobile muddy layer due to the more frequent storms in this
season, the energy demands of the mu sseis for their maintenance and/or survival of the
musseIs may be higher than what is available.
In Lake Ijmeer (small lake in direct conneetion with the southern part of Lake
Markermeer) a large scale mitigation measure has been carried out in 2007 to provide a
better habitat for the dreissenid musseIs as part of a Natura2000 compensation requirement
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for the expansion of the city of Amsterdam. It includes 25 ha of concrete blocks that are O.5m
above the mobile muddy layer to create a mussel reef. Recent monitoring results of the
cobble bed showed that zebra mussel juveniles are abundant and a mobile muddy layer is
not found (A. Bak, Bureau Waardenburg, March 2008, pers. comm.). This strengthens our
idea that the mobile muddy layer has a negative impact on the zebra musseIs in Lake
Markermeer.
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6 The Effects of Macrophyte Morphology and Patch Density
on Wave Attenuation
Willemijntje E. Penning, Reinout De Oude, Arthur Mynett.
Limnology and Oceanography (submitted).

6.1 Abstract
The effects of three morphologically different freshwater macrophyte species (Cabomba
carolinia IIa, Echinodorus grandifiorus, Nymphaea rl/bra) in different patch densities were
investigated in a large wave f1ume. Wave settings and water depth were varied to create a
large range of results representing waves commonly occurring in shallow lakes. Measured
wave attenuation data were used to establish drag coefficients for applications in a numerical
modeling study using an adapted version of the open source SWAN wave model that
includes energy dissipation by plant beds.
Results of the experiments show that wave attenuation is stronger dominated by
hydrodynamic settings than by macrophyte morphology or patch density (expressed in
biomass m·2) . For a given wave length and water depth a positive relation is found between
macrophyte biomass and wave attenuation, independent of wave amplitude and plant
morphology. The experimental results were used to calibrate a bulk drag coefficient in the
SWAN model and this coefficient can be used to represent results in similar hydrodynamic
conditions with changed density settings. The use of a single drag coefficient for all
hydrodynamic settings performed poorly in comparison with a drag coefficient calibrated
per hydrodynamic setting. Introducing a Keulegan-Carpenter number and the obtained bulk
drag coefficients proved good for N. rubra but was less effective for the other two species.

6.2 Introduction
The effect of vegetated patches on water wave attenuation has received considerable
attention from both the theoretical and applied modeling community (e.g. Dalrymple et al.
1984; Kobayashi et al. 1993; Mendez and Losada 2004). Emergent, submergent and floating
macrophytes can reduce the energy of flow and waves, thereby also reducing the risk of
resuspension of sediments due to these forces (jarnes et al. 2004; Baptist et al. 2007) and
limiting the potential damage of waves on shore proteetion (Turner and Dagley 1993).
Various field studies have registered the effects of macrophytes on wave attenuation.
Specifically in estuarine systems many examples exist, focusing largelyon sea grass and kelp
interactions with hydrodynamic processes (e.g Denny 1988; Möller et al. 1999; Chen et al.
2007). Bouma et al. (2010) showed via flume experiments that both a stiff and flexible
estuarine plant species exhibited the same wave attenuation capabilities on a per biomass
scale and that the effect of the difference in morphology does not affect their efficiency as
"ecosystern engineers" (the capability to trap sediment and reduce hydrodynamic energy).
However, for freshwater aqua tic macrophytes communities in relation to wave
attenuation only limited information is available, predominantly focusing on rigid
(shoreline) vegetation (e.g. Keddy 1982; Coops et al. 1999; Lövstedt and Larson 2010).
Especially flexible, obligate freshwater macrophytes exhibit a wide variety in morphological
shapes that is both species specific, but can also be a phenotypic plasticity resulting from
adapation to stress (puijalon et al, 2008). The effect of morphologically different types of
vegetation (eleodids, nympheaids, broad leaved potamoids etc.) and the effects of the patch

I
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density and size are not weil addressed for wave attenuation by this very variabIe group of
submerged f1exible maerophytes. This Iimits the insight in their role as eeosystem engineers
especially for large shallow lake sys tems that are pro ne to wind indueed waves. In such
sys tems these maerophyte s may stabilize sed iments and reduee resu spension thereby
influencing their own environment.
The aim s of this stu dy are two-fold: (i) to identify the effects of morphologicall y
different obligate aquatic freshwater maerophytes species on wave attenuation via controlled
flurne experiments reflecting wave spectra commonly oecurring in feteh affeeted shallow
lake systems. And (ii) to assess the usability of an existing numerical wave model (i.e.
SWAN) for situations wh ere these maerophytes and waves inte ract. thereby providing a
usabi e method to include macrophytes in larger scale water sys tem analyses.

6.3 Methods
Flum e experiments were carried out to obtain data on wave attenuation by three
morphologically different maerophyte species in a wave flurn e at the hydraulic laboratory of
the ational University of Singapore. This data wa s used to assess the pot enti al usability of
an existing numerical mod el (SWAN) for stu d ies on the effects of this vegeta tion on wave
att enuation.

II

~

I

Experiments
Wave attenuation over a 5 m long vegetated bed wa s mea sured for three morphologically
differ ent freshwater maerophyte species in a wave flurne of 36 m. L x 0.8 m. W x 1.3 m. D at
the Hydraulic Laboratory of the National University of Singapore. The f1ume wa s fitted with
a 1:8 beaeh to absorb wa ves at the end of the flurne and min imi ze reflection and 3 wa ve
probes to record wave heights positioned in the eentre of the flum e width, just before (Sl ), in
(S2) and direetly after the vegetated patch (S3) (figure 6.1). Probes were ealibrated in
stagnant water before use each day during the time of the experiment. A 10 cm pebble bed
(Dso 3.5 cm) wa s used as substratu m for the plants.
Three morphologically different maerophyte species were se leeted : the rooted, very
f1exible Cabomba caroliniana; the flexible, rooted NYlllplleae rl/bra (also known as N. pubeseens
or N. edulis (Salisb.j) with floating sur face leaves and the rooted rigid Echinodorus gralldiflorus
(also known as E. bleheri or E. grisebachii (Rieh ex. Engelm 1848» with a single broad leave at
the end of the stem (figure 6.2). All plants were aequired from a speeialized aquatic plant
nursery, ensuring that plants were homogeneous in length and fitne ss and attaehed in small
pots in which they remained when planted in the pebble bed . Th e pot s planted into the
pebble bed by hand in a approximately regul ar staggered pattem and were ear efull y eovered
with a thin layer of pebbl es to avoid influenee of the pot s on the experime nt as mueh as
possible. All plants are tropical species, ensu ring their long evity in the ambient water
temperature in the lab (-30 °C). The generic plant eharaeteri stics per species, the amount of
biomass (kg rrr-), and stem densities (# mo2) applied in this flume experiment are shown in
table 6.1 and table 6.2 respeetively. Full density wa s defined as the maximum density
occurring in eomparable field situations, based on expert judgment as no recorded literature
on the these parameters eould be found for these plants.
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Table 6.1. M orphological characte ristics of the used plant species E. grandiflorus, N. rubra and C.

coroliniona.
Appearance

C. coroliniana

N. rubra

rooted submerged

rooted with floating leaves
on f1exible stems

0.3 (± 0.01)
46 (±5)
2.5

Stem diameter (cm)
Plant height (cm)
Leaf length (cm)
Leaf diameter (cm)
#Leaves/stem

0.6 (±0.2)
50.8 (±9.3)
18.3 (±3.3)
17 .0 (±3.2)
1

2

35.4 (±9.6)

E. grandiflorus
rooted
with
erect
leaves on rigid stems
0.4 (±0.01)
31.2 (±13.5)
11.4 (±1.2)
5.4 (±1.8)

1

Table 6.2. Plant biomass (kg m") and densities (# stems rn") of the species used in the f1ume
experiments for the full and reduced density settings
Full density
Species
Reduced density
wet weight
dry weight
# stems
wet weight
# stems
dry weight
m'2
m' 2
(kg m'2)
(kg rn")
(kg rn")
(kg rn')

1410
66
480

C. caroliniana
N. rubra
E. grandiflorus

\ Va vc boa r d

Slats

5.95
3.45
1.69

SI

0.46
0.34
0.05

S2

581
41
240

2.45
2.15
0.91

0.19
0.21
0 .03

S3

Figure 6.1. Overview of experimental setup, with the th ree wave probes 51, 52, 53 and a beach with
slope 1:8.
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Figure 6.2. Images of Cabambo caroliniana, Nymphaea rubra and Echinodorus grandiflorus (reprinted
with permission from www.tropica.com).

Plants were exposed to a broad range of wave heights using water depths of 0.3, 0.4, 0.5, 0.6,
0.7 and 0.8 m (measured from the top of the pebble bed). For N. rubra only water depths of
0.4 and 0.5 m were used as otherwise the floating leaves would be submerged, which was
considered inappropriate given the characteristics of the species. With each water depth
monochromatic wa ves were sent out by the wa ve board (DH!) with frequencies of 0.5, 0.75,
1, 1.5 and 2 Hz . For each frequency three wave intensities were generated using settings of
0.5, 1 and 1.5 Volt at the wave board. These combinations of depths, intensities and
frequencies resuited in a broad spectrum of wave heights varying between 0.01 m and 0.11 m
and wave lengths varying between 0.4 and 3.7 m (wa ve lengths calculated using standard
linear wave theory e.g. CERC, 1984), resulting in wave steepness's of 0.005 to 0.15 (thus
never breaking waves). Given the water depth and wave characteristics both deep and
shallow waves and intermediate situations were created, therefore linear wave theory was
used for calculations of the wave lengths.
When the wave field reached stability each run of wa ve characteristics (height and
length) was measured using three wave probes that record the current between two stainless
steel metal wires that are partially irnmersed in the water (HR Wallingford). These probes
were positioned 1 meter in front of the plant patch, 2.5 m inside the patch, and at the end of
the patch (5 m). Probes were syn ced to the same time doek. Measurements were carried out
for 80 seconds with a 20Hz sample frequency . Between measurements of each wave setting
the water was allowed to become stagnant. Zero measurements without plants in the flurne
were performed as weil using the same wave settin gs and water depths. These zero
measurements served as the reference to define the reduction in wave heights by the plants.
For each plant both a full and reduced density of the patch were tested. After testing
full density situation the plant bed was reduced by hand in a uniform way, cutting off the
sterns at the pebble bed ; wet weight and dry weight of removed biomass was measured and
number of sterns removed counted. Wet weight was recorded by shaking of all excess water
and placing the biomass directlyon a weighing scale. Dry weight was recorded by d rying
samples of the biomass for 2 days in an oven at 60°C after which plants were weighe d on a
standard weighing scale. Plant height, stern diameter and leaf length and diameter were
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recorded as weil as the number of leaves per stem. Stem diameter was measured using a
sliding millimeter gauge. After the experiments with the reduced plant densities also the
biomass and other plant characteristics of this remaining vegetation was recorded.
Runs with irregular wave pattems (e.g. nodes and antinodes in the measured signal)
due to reflections from the plant bed and flume characteristics were removed from the total
dataset as the distance between the wave probes did not allow for frequency analysis of
these spectra. Analyses on the remaining runs with stable wave pattems and homogenous
wave heights in the measured signal were used to summarize the effect of plant species,
density, water level and wave height on the extent of wave height reduction over the
vegetated bed.
Wave attenuation was quantified in terms of a percentage wave height reduction
when passing over the macrophyte patch both at sample location 52 and 53 in comparison to
the zero measurements at the same locations. Location 51 was used as a reference between
the zero measurement and macrophyte measurement to identify situations where reflection
by the start of the plant bed was high. The extent of wave attenuation due to macrophyte
resistance was correlated with the different plant characteristics, wave properties and water
depths. Two water depth categories were distinguished: deeper water depths (h = 0.6 - 0.8
m, hIL 0.14-2.05) where the relative submergence a was -004, and the shallower water depths
(h = 0.3 - 0.5, hIL 0.09-1.28) where a-I. For C. caroliniana and E. grandiflorus measurements for
both a-OA and a -I were available. For N. rubra only measurements with a-I were available.
For water depth of 0.4 m where a=1 more detailed analyses were carried out, as all
three species were subjected to this setting. For this water depth, the wave attenuation
coefficient ki over the length of the plant patch was calculated according to Kobayashi et al
(1992) for each used wave length:
(1)

in which H = wave height at x = 2.5 (52) m or x = 5 m (53) H(O)= wave height at x = 0 (51), and
Ju = exponential decay coefficient. Wavelengths were calculated using standard linear wave
theory equations (e.g Dean and Dalrymple, 1991) and regression lines were fitted to the
results.
Numerical wave modeling
The second aim of this study was to investigate whether a 3D numerical wave energy model
is able to represent the effect of wave attenuation by vegetation. In this study an adapted
SWAN model that included vegetation effects was used. SWAN is an open souree numerical
model developed by the Technical University Delft, the Netherlands. that describes the
propagation of waves in the near shore area (Booij et al. 1999; SWAN 2011). The dissipation
of waves by vegetation has been investigated by several researchers (Dalrymple et al. 1984;
Kobayashi et al. 1993; Mendez and Losada 2004). The approach of Mendez and Losada (2004)
resulted in an expression for the average energy flux balance to account for wave dissipation
by vegetation for random waves. This equation (2) was implemented into the SWAN model,
version 40.81, by Suzukî (2011), further called SWAN- VEG:
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(2)

where: E =(1/8)pgH,m/ = energy density; p= water density; g = acceleration of gravity; H,m, =
root-meen-square averaged wave height; Cg = group velocity; x= distance in the direction of
wave propagation; Cd = the average drag coefficient; bv = the plant diameter perpendicular to
the waves; N = vegetation density expressed as a number of sterns per m 2; k = wave number;
a = wave frequency; a = vegetation height relative to water depth; and IJ = water depth. The
product of Cd, bv and N is referred to as vegetation parameter, V. The energy dissipation is
calculated over the weighted mean of the wave energy spectrum.
Modeling the experimenls
The experimental results were used 10 calibrate and validate the SWAN-VEG model for
applications with submerged flexible macrophytes. Description of the plants for the model is
shown in table 6.3. The experimental setup was modeled in 30 using the SWAN-VEG model
in the Oelft30 environment (www.deltares.nl). Bed roughness in SWAN is defined as a
Collins friction factor, which was set to 1.5. In the experimental setting wave lengths were
always smaller than the bed length, making the translation to energy dissipation as
calculated by SWAN-VEG acceptable. Although the model is designed with wave spectra in
mind, it can be used for simple monochromatic waves as weil.
The model calibration was conducted by determining the reduction of the wave
height by the full plant bed compared to the measurements without vegetation. The Cd was
varied until the results of the model fitted the experiment results with an accuracy of 2.5 % in
wave height. Two ways of calibration were carried out; a first calibration was carried out
determining one single drag coefficient per plant species that gave a good fit over all the
experimental setups. A second calibration was conducted by calibrating per experimental
setup, determining a drag coefficient per hydrodynamic condition (combination of wave
height, wave period and water level) as Mendez and Losada (2004) suggest a relation exists
between the drag coefficient and the wave conditions, requiring calibration for each
experimental setting.
For both ways; once the correct Cd was determined, the model was validated by
calculating the effect of a vegetation field with a reduced density of sterns m-2 using this Cd.
Not all data of the experiment is used in the numerical modeling exercise: only
experiments where both with and without vegetation showed a decreasing wave height over
the flume are used, excluding the experiments in which large reflection occurred or where
there is amismatch between the absolute values of the zero measurements and the
measurements with plants.
To describe the effect of vegetation the remaining wave height (RWH) was used,
describing the ratio between the wave height without plants and the wave height for the
experiments with plants (3).

RWH[%]

=

Hs ,w;thplants

* 100%

(3)

H s, without p1ants
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Table 6.3. Parameter settings used to describe the plant bed per species in the full and reduced
density setting in the SWAN-VEG model, in which the schematized diameter takes into account the
potential presence of leaves along the stem.
Species
Plant height h Full density N Reduced density N Schematized diameter
(m)
(n rn")
(n rn")
b, (m)
581
0.03
C. caroliniana
0.46
1410
41
0.047/0.038
0.4 / 0.5
66
N. rubra
240
0.426
480
0.017
E. grandif/orus
Mendez and Losada (2004) suggest the Cd of the vegetation is not only species-specific but
also depends on the wave conditions per unit length of field. For longer waves, less
dissipation of waves occurs compared to shorter waves. Mendez and Losada (2004) show the
drag coefficient can be related to the Keulegan-Carpenter number, which is defined as:
uT.
KCnumber=--f....f...

(4)

b,
where T; is de wave peak period and u, is the horizontal component of the orbital wave
velocity acting on the plant and br is the diameter of the plant. A low KC-number
corresponds with a small wave and a higher KC number with a larger wave in both period
and height. In order to investigate whether a similar relation can be obtained for E.
grandiflorus, C. caroliniana alld N. rubra, the calibrated Cd for each experiment were plotted
against the corresponding Keulegan-Carpenter number (KC) of the experiment. A distinction
was made between the relative low water level (0.3 - O.5m.) with a - 1 and the relative
deeper water (0.6 - O.Sm) a - 0.4.

6.4

Results

Experiments
The effect of the plant densities on wave height reduction depends on the wave setting and
water depth, Figure 6.3 and 604 show a significant separation between the two water depth
categories a-OA and (l-1 (Mann-whithney Rank Sum Test, P<O.OO1) with a positive
relationship between increase in biomass and an increase in average wave height reduction
that is stronger for (l-1 than for a-OA. Wave height reduction is very variable depending on
the experimental wave settings, ranging from 0% to 100% for the highest biomass (full
density C. carolinianaï. Also for the intermediate biomass densities (N. rubra full and reduced
density, and the reduced density of C. caroiinianaï the wave height reduction varies between
5% and 95%. Only for the two lowest biomasses (E. grandiflorus full and reduced density)
wave height reduction was never higher than 65°/.•. The negative percentages in these two
settings are most likely due to a small inaccuracy in the recorded wave heights for these
settings. Also per water depth category there is a significant increase in % wave height
reduction with wet biornass increase.
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Figure 6.3 . Relatian
between wet biomass
(kg m-2) and wave
height reductian (%)
for full and reduced
biornass af E.
grandiflorus (EG), N.
Rubro (NR) and C.
caroliniana (CC) for
two classes af water
depth (a-1 where
h=0.3-0.Sm and a - 0.4
where h=0 .6-0 .8m) .
linear regressian lines
are included for a-I
(cantinuaus line) and
for a-0.4 (datted line).
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Wavelen gth is more important for wav e height reduction th an wave height itself. Figure 6.5a
sho ws a biomass dep endent wave height reduction per wavelength over the patch. Per
waveleng th, th e ava ilable wave height settings a re plott ed (ma x. 3 per wave len gth). Clear
distinc tion be tween the wave len gth gro ups can be see n, with sma ll w ave len gth bein g
st rongest red uced and large wave len gtbs being less reduced w ith inc reas ing biom ass. The
sa me patt em is also found for the ot he r water depth setti ngs (no t sho w n in figures here),
altho ug h al high er dep ths the relali on is less pronounced pr ob abl y due 10 insu fficient
number of d at a points, as N. rubra wa s only exposed to wale r depths of 0.4 and 0.5 m. When
th is wa ve height reduction is Iran slal ed 10 a wa ve altenualion coe fficient k: per wavelength A
th e sa me stron g linear relali on ship belween the ave rage d valu e of this wave altenualio n
coefficie nl and we l bio mass was found ( R~.99) (figure 6.5b).
In ge ne ra l wave heig ht reduction is less in deep er wa ters (figure 6.6) but also in
shallow wa ter reduction is slro ng ly va riabie, depending on whe the r or nol th e o rbita l moti on
is affected by the plan t bed (setti ngs include both A < 0.5 * depth and A > 0.5 * depth), The
typ e of plant and den sity thereof affects the relati on between water depth and wave height
reduction . In figure 6.6 regr ession lines for all plant sett ings a re included a nd a stron g
negati ve relati on bet ween wa ler depth and wave height reduction is found for C. caroiiniana
and E. grandifl orus (tabIe 6.4). For N. rl/bra th e relat ion ship is not significa nt as only water
depths of 0.4 and 0.5 m we re used, allowi ng the leaves to float on the wa ler su rface.
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Figure 6.5a. Relationship betw een wet biomass (kg m' 2) and wave height reduction (%) over a 5 m
long vegetated bed for 5 wave length settings , each with three amplitudes at a water depth of 0.4 m.
Figure 6.5b. Relationship between wet biomass (kg rn") and averaged wave attenuation coefficient kj
per wave length setting À at 0.4 m depth ± standard error .
Table 6.4. Regression lines and R2 values for the relationship between water depth (m) and wave
height reduction (%) over a 5 m vegetated bed for the three morphologically different plant species
C. carolin iana (CC), N. rubra (NRI and E. grandiflorus (EG) as given in figure 6.6.
linear regression line
R2
0.73
y = -145.32x + 125.73
CC full
y= -97.019x + 77.129
0.36
CC red.
0.06
NR full
y = -131.48x + 102.98
0.00
y = 23.386x + 25.41
NR red.
0.51
EG full
y = -70.729x + 56.484
y = -41.284x + 33.128
0.29
EG red.
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Wave attenuation coefficients per wave length were plotted for each plant species and
den sity (figur e 6.7). An exponential decay of wave attenuation coefficient per wave length is
obse rved in relat ion to the plant species and density used . For C. caroliniana full and reduced
den sity the expone ntial regression lines a re induded (R~ 0.81 and R~.98 resp.).
Numerical wave modeling
The first calibration of the sing le drag coefficient per plant species resulted in a Cd of 1.80 for
Echinodorus gralldiflorus, 2.55 for Ny mphaca rubra and 1.23 for Cabomba caroliniana. The
va riation between the measured and predicted va lues (p-o) is on average 6.9% (Figure 6.8).
The mod eling results show that the model with one single drag coefficient is able to de scribe
the experiments of E. Grandijlorus (p-o = 4.9'Yo) and C Caroliniana (p-o=1.5%) but not the
results of the N. Rubra expe rime nts (p-o=12.2%). Using the single dra g coefficient per plant
for va lida tion, the model gives reasonable results for E. Grandijlc rue (p-o= 3.)? For C.
caroliniana the mod el overestimates th e expe rime nt results and the va riation is lar ge (p0=10.6%). For so me cases the model is able to de scribe the experiments, however the drag
coe fficient is in most cases not weil determined .
The seco nd set of calibra tions of Cd per wave setting per plant result improved
sig nificantly (p-o=3.8%) and th e Cd ran ged of 0.31 - 2.94 for E. Grandijiorus, 0.59- 2.01 for C.
Caroliniana a nd 1.20 - 8.77 for N. Rubra (Figure 6.9). The mod el is able to describe the wave
height reduction du e to the veget at ion for all hydrod ynamic setting used with su fficient
accur acy, wh en assessed per expe rimenta l setting (p-o<5%). The validation results show a
simila r result as th e calibration results (p-o<5%). Onl y the validation of C. caroliniana shows
so me va riation and overestimates the wa ve att enuation. In these expe rime nts, the very high
den sity see ms to have mor e effect on the reduction th an is calcu lated by the model.
There is a significant difference between the predi cted and observed valu es from the
ca lcu lations with a sing le Cd and usin g a Cd per wave setting for the E. gralldiflorus and N.
rubra a na lysis. For the C. caroliniana th is difference is not significant (Mann-Whitney Rank
test, Table 6.5)
When plotting th e obtained G values of the second calibration in relati on to the KC
number an expo ne ntial trendline cou ld be fitted for N. rubra (figure 6.10). For E. gralldiflorus
and C. Caroliniana no clea r relation between the drag coefficient and the KC-number wa s
found . Based on these results it appears that not eve ry macrophyte will have a clear relation
between KC and G . How ever the results indicated that for lar ger waves the effectiveness of
the vegeta tion decrea ses, exp resse d by a decline drag coe fficien!.
Table 6.5. Med ian values of the difference between the predicted and observed values for either
using 1 Cd or 1 Cd per wave setting, with P values for significant difference (* when P < 0.05) (MannWhitney Rank test)
Median p-o manyCd
P-value
Median p-o lCd
f . grandiflorus full
4.5
1.6
<0.001 *
E. grandiflorus reduced
2.4
1.7
0.031*
N. rubra full
9.3
1.5
<0.001*
N. rubra reduced
7
4.1
0.041 *
C. caroliniana full
1.2
3.4
0.561
C. caraliniana reduced
11.1
6.8
0.394

120 I CIIAPTER 6

..

Cal ibrati on

Calibration EG - ru il de ns it)'

100

100

.....
..'- .'"

.. 80

80

...

"C
0

E 60

=

.. .. ........ .
,

Cali bration CC - ruIl den s il) '

'R - full den s lty

,...

100
80

60

60

;,

Q: 4O

40

40

20

20

0~

20

A

0

B

0

20

60

40

80

100

0

Validation EG - r ed de nsity
100

.. 80

80

Ol••

"C
0

20

60

40

0

100

80

Validalion NR - red densit)'

100

...

40

20

60

100

80

Validatio n CC - r ed de nsity

...

100

• • -. <,.-•

80

I

E 60

60

60

c:: 4O

40

40

=
:::

C

0

0

.....

...,. ..
'/',

~
0

20

20

20

E

D
0

0

JO

80
40
20
60
% RWH ex per ime nts

0

F

0
20
40
60
80
% RWH expe r i me n ts

0

lOC

80
100
20
40
60
% RWH exper ime nts

0

Figure 6.8. Relationships between the observed and modeled %Remaining Wave Height (RWH) in the calibration using 1
drag coeffic ient per plant l or lull density setti ngs of E. grandiflorus (EG), N. rubr a (NR) and C. caroli niana (CC) (Iigu res a, b, c)
and validation using th ese obt ained dr ag coefficie nts in th e same calculations with reduced densiti es (Iig ures d, e, 1).
Cam ra lion NR - ruil dens i!)

100 Cal ibration EG - ruil dens ity

:g

80

Ca lilration CC - ruil dcnsi ty

100

100

80

80

0

~60

~
..:40

60

60

40

40

00

20

20

A

0
0

20

40

60

80

20

B

0
0

100

Validation EG - r ed den sil)"

20

40

60

100

80

.. 80

0

20

80

80

60

60

40

40

0

~
..:40
00

D
0

20

40

60

80

% RWH e xperimen ts

E

0

0
100

100

80

.'.
...

..
~

20

20

20

60

100

"C

~60

40

Validalion CC, ruil densil )

100 Validalion 'R - red dens ity

100

C

0

0

20
40
60
80
% RWHexperirrents

F

0

IOC

0

20

40
60
80
% RW11 experiments

100

Figure 6.9. Relationships betw een t he observed and modeled %Remaining Wave Height (RWH) in t he calibrati on using 1
drag coeffi cient per individual experimenta l setting lor lull density setti ngs of E. grandifloru s (EG), N. rubra (NR) and C.
coraliniono (CC) (figures a, b, c) and validation using t hese obtained drag coefficients in t he same calculatio ns with reduced
densities (Iigu res d, e, 1).

EFFECfS OF MAC ROI'HYfES ON WAVE AlTENUATION I 121

Cd-KC retauon
3.5

••
•
•

3.0
2.5
"0

U

2.0
1.5

Fe

o

0.5
0.0
0

•

R' ~ 0 276 1
6

•

~o

1.0

Cd-KC relalion l'iR
10

y ~ 1.83ISc-0069'.

_

10
15
KC-nu nber

20

I

y ~ 8. 1 1 03e-olm,

R' ~ 0. 852

I

0

10
5
KC-nunner

•

2.0

•

1.6

~

4

0
25

Cd-KC re lalion CC
2.4

· 00

1.2

y~

0

1.317Sc-001. ,,
R' - 0.0334

•

~

., •

0.8
0.4
0.0
15

0

5

10

15

KC.nunner

Figure 6.10. Relatian ship between Keulegan-Carpenter number and drag caeffici ent c" far E. grandiflarus (EG), N. rubra
(NR) and C. caraliniana (CC). A distinctian between depth classes is included far EG and CC with apen circles 0.6-0.8 m
water depth and dosed circles 0.3-0.5 m water depth .

6.5 Discussion
Experiments
Th e f1exible aquatic ma crophytes tested in thi s stud y are all capable of di ssipating wave
ene rgy. Wave ene rgy is best di ssipated when relative water height above the plant remains
sma ll (a - 1), but the magnitude of dissipation depends strongly on the wavelength and
biornass of the plant bed . Thi s scatter in results wa s also recorded by Fonseca and Cahalan
(1992) for four different species of f1exible seag rass. Our experiment shows that dense
sub me rged aqua tic vegetation field s of onl y 5 meters (1 - 13 wavelengths passing over this
bed depending on ex pe rimen tal se tti ng ) can already reduce average wave heights up to
100%. Thi s is in line with results found for sa lt rnarsh vegetations. For example, Turner and
Dagley (1993) suggest that a six-mete r wide sa lt marsh can already halve the required
seaw all height. For strips of vegetated marsh of 200 m length Möller et al. (1999) showed an
av era ge d ecrease of wa ve height of 60 to 96% over salt marshes. compared to onl y 15 to 20%
on non vegetated sa nd banks. Most wave energy was dissipated over the first 10 to 50 meters
in that vegetated marsh .
Not all measurement results could be used immediately for the analyses in the
pr esent stud y. Some sett ings resulted in a wave height pattem with resonance features
(nodes a nd an tino d es ) before, in, and after the plant bed . Thi s is due to the known effects of
reflection both at the sta rt and end of the vegetated zone that prove to be clear and strong
boundaries of conditions. These interference patterns could potentially be further analyzed
using s irn ila r techniques as is used for hydrodynamic stud ies for wave attenuation over
porous media (e.g. Van Gent, 1995). Given the scope of our stud y (being more focused
towards general patterns based on morphological species traits), we have not included or
further analyzed the se mea surement results.
N u merica l wave m od eling
Translating the results of the experiments to larger sca le applications requires modeIing of
the plant bed. The proposed method for th is wa s to use numerical sirnu la tio ns that take into
account the wave attenuation by plants via the formulae derived by Mendez and Losada
(2004) in a standard numerical wave model SWAN. The three main components used to
de scribe thi s effect of plants on wave attenuation in the calculations are drag coefficient (Cd),
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number of stems per unit of area (N) and diameter of stem (b-) (formulae 1). B, and N can be
quantified in the field, leaving Cd to be used for calibration. In the schematization we used b,
values that are not representing the measured diameter of the stems of the plants used, but
adapted values to take into account that leaves surround the stem. For example, for C.
caroliniana the schematized b, was 0.03 m rather than the 0.003 m, to take into account the
large amount of leaves around the stem. This type of adaptation was also used by Kobayashi
et al. (1993) who used data from an experiment by Asano et al. (1988) similar in settings to
ours with b, of 0.052 m for artificial flexible strips resembling kelp to take into account the
presence of leaves around the stem.
We showed that using a single Cd for all wave settings was less accurate than using a
calibrated Cd per wave setting. This poses difficulties for extrapolating from th is study to
new domains (new plants, new densities and new wave spectra), as Cd will always need to
be recalibrated. Taking a single Cd from literature wiJl not suffice to create accurate output.
The obtained drag coefficients for the experiments are very high compared to the existing
Iiterature on drag coefficients for standard rods (Cd - 1 for standard stiff rods, Cd ranging
from 0.16 to 10 for our experiments). However, our results that use real plants are
comparable to those obtained by Lövstedt and Larson for real plants in field measurements
(2010). This is no surprise as the hydrodynamic conditions are in the same order of
magnitude; waves of only a few centimeter with a short period and water depth of around
0.5 meter.
lt should be emphasized that the currently used drag coefficient can not be perceived
as an absolute coefficient describing the drag of the plant but rather it is a calibration or bulk
parameter to fit the model with experiments depending on the wave conditions. This is in
line with the results of Augustin et al. (2009), who also used a bulk drag coefficient to
represent the average drag force per unit width across the wave propagation direction and
establish an overall friction factor for the wetland vegetation they studied. lt shows that
hydrodynamic conditions have the largest influence on the drag coefficient, so an indication
of flume waves, lake or ocean gives a better indication of the drag coefficient than the type of
vegetation.
Plant characteristics and wave attenuation
The assumed effects of plant morphology we re not as pronounced as expected. The very
flexible C. caroliniana was expected to have less effect on the wave attenuation than the stiffer
E. grandiflorus. However, at densities that represented comparable biornass, the results of all
species is similar, indicating that biomass seems a more likely proxy for wave attenuation
than plant morphology. Augustin et al. (2009) also did not find st rong differences between
rigid and flexible surrogate vegetations in their flume experiment, both for emergent and
nearly emergent situations, but did note that density and the ratio of stem length to water
depth were important. In a way, th is lack of c1ear effect of flexibility might be reflected in the
definitions of the energy dissipation term for vegetation in formula 2, where biomass is
described as a combination of number of stems and diameter of stems and a 'bulk' drag
coefficient. For N. rubra the number of stems is low, but the diameter is high, whereas for C.
caroliniana this is opposite. The combination of the two parameters ho wever remains roughly
equal.
Both in linear wave theory and more sophisticated modeling efforts are made to
relate the characteristics of vegetated beds to their effect on wave attenuation (e.g. Dalrymple
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et al. 1984; Kobayashi et al. 1992; Mendez and Losada 2004). The more detailed studies often
sum these characteristics in for example a plant specific depth averaged drag coefficient,
some terms of f1exibility and buoyancy and the number of sterns per square meter and their
diameter. In larger scale studies a total friction coefficient is often applied. All these have in
common that defining the right parameter value can be difficult and prone to error.
Our study shows that relative amount of wet biomass (kg m-2 ) can be areasonabie
first indication of the potential reduction in wave heights over vegetated beds for shallow
systems, where water depth does not exceed 1.8 times the vegetation height (maximum of
0.8m water depth with 0.5 m of vegetation in our experiment) and wave length is known.
Depending on the relative settings biomass might thus be a good proxy for thresholds in
wave reductions of a given wave length. For instanee. field measurements by Li et al. (2008)
show that a threshold dry biomass of 300 g m-2 for the rooted broadleaved Potamogcton
maackaianus was required above which resuspension of sediments was negligible. This
indicates that wilh certain settings of water depth and plant densities wave dissipation is
sufficiently strong for macrophytes to be able to influence their own habitat.
Morphological trails have been hypothesized to be of significance to macrophyte
species, especially for salt marsh species occurrence in locations with specific prevalent
hydrodynamic conditions (Bouma et al. 2010). Also, stream habitats and wind exposed shore
lines in large shallow lakes are subjected to hydrodynamic forcing that might influence the
occurrence of macrophyte species due to biomechanical forcing (Schutten et al. 2004). When
subjected to the hydrodynamic settings in our artificial flurne experiments the effect of the
plant species morphological traits could not be distinguished. However, the very f1exible and
more fragile C. caroliniana did not wilhstand the settings where large waves (height and
length) occurred. At those settings C. caroliniana plants were uprooted and damaged by the
force of the waves, similar to the results of Schutten et al. (2004) on biomechanical forcing of
macrophytes. E. grandiflorus and N. rubra were not physically damaged by the wave
spectrum used in these experiments.
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7.1 Ecohydraulics
management

in

large

shallow

lakes:

implications

tor

Large shallow lakes can be affected by winddriven hydrodynarnic motions (both flow and
wave pattems) that can cause the resu spension of particles which contributes to the overall
turbidity in these lake s. This thesis highlights and further investigates the interaction
between water movement. sediment dynamics, aquatic organisms and ecosystem
functioning, and shows the implications of these interactioris for lake management in the
current setting of the EU Water Framewerk Directive.

7.2 Ecohydraulic processes in relation to WFD implementation
The Water Frarnework Directive (WFD) calls for rneasures to keep lake s in a good ecological
sta tus or improve them to su ch level. Therefore, the European scientific community and
nati onal and regiorial water management authorities in indi vidual member sta tes try to
quantify their 'g ood ecological sta tus' using metrics per Biological Quality Element (BQE).
These describe the response of the BQE's to environmental pre ssures (Tóth et al 2008). In
this, mo st effort is placed on developing metrics in which BQE's respond to a eutrophication
pr essure, often exp ressed as a totaI phosphorus concentration (Carvalho et al, 2006). For
ph ytoplankton the metri cs related to eutrophication pressure link back all the way to the
Vollenweid er typ e of approach (Lych e Solheim et al, 2008) and helped defining commonly
acce pted threshold levels of nutrient concentrations in lake s throughout Europe (Phillips et
al 2008, Cardoso et al 2007). Unfortunately for macrophytes the response to the sa me
pressure of eutrophication (expressed as a total phosphorus (TP) concentration) wa s only
weil related in the Nordie countries (Chapter 2). In the Central Baltic region the macrophyte
metric did not perform as accurateIy as hoped. Not onl y wa s the overall relationship less
clear, also the response of individual lakes to changes in TP concentration was not reflected
by the change in metric output (Chapter 2). This calls for care wh en using these types of
metrics to anal yse the cau se of impaired comrnunities or when analyzing the response of a
si ng le lake to changes in TP concentrations solely. For the management and restoration of
ind ivid ual la kes more detailed anal yses of the true mechanism s in the lake will be needed in
addition to the status assessments as such.

7.3 Ecohydraulic processes help selecting appropriate measures
In o rder to bett er under stand and manage the response of large shallow lakes to changes in
pressure, a more holi stic, limnological view of lake functioning is needed encompassing
more than only assessing the overall nutrient sta tus (chapter 2, Del Pozo et al, 2010). In this,
knowledge on the role of hydrodynamic and ecohydraulic processes can help understanding
which pathways are best follow ed to improve lake transparency, which is considered a key
indicator of ecosystem health (Moss, 1998). In chapters 3 and 4 the contribution of different
sus pended subs tances to light att enuation wa s investigated as a first step to define potential
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pathways towards improved transparency. This provides a detailed understanding of the
factors that affect the potential re-establishment of macrophytes and thus the overall
ecological stalus improvement. When light allenuation is caused substantially more by
suspended particles than by algae and related active detrilus (fast decomposing dead algae),
the need for measures to reduce the turbidily caused by these other suspended particles
becomes apparent. A variety of measures can reduce suspended particles. for instanee local
deepenings (chapter 3) or the creation of wind-wave reducing barriers, water level
alterations and/or capping eroding areas wilh more sta bie sandy layers (chapter 4). In the
further specifications of these measures spatial location and extent of these physical
alterations to the lake can be made visible using both detailed hydrodynamic modeling of 3D
flow pallerns and a more simple quickscan tooi for wave driven erosion using the
formulations suggested by Hurdle and Stive (1989).

7.4 Ecohydraulic processes and ecological response
Individual ecohydraulic processes might be weil known to people from one single scientific
discipline, but are not necessarily acknowledged by people from adjacent disciplines. For
example, the fact that lurbidity levels near the bed can be substantially higher than turbidity
levels higher up in the water column is commonly known as the Rouse profile in sediment
mechanics (Lambe and Whitman, 1979). However, there is little mentioning of th is vertical
difference in lurbidity concentration in relation to the effect il might have on benthic
organisms when under pressure from both such a high concentration near the bed and from
other (not necessarily directly known) pressures. Chapter 5 shows that the benthic bivalve
Dreissena polymorplra (zebra musseis) responds to alterations in suspended sediment
concentrations near the bed by changing its filtering behaviour expressed as clearance rate.
Although the used concentrations seem high in relation to standard limnological literalure,
these concentrations do occur frequently in the field as shown by the measurements on the
vertical turbidity profile in Lake Markermeer.
At the same time large mussel beds might affect the bed roughness that in turn affects
the flow field, both in fresh- and saltwater systems (Van Leeuwen et al, 2010, Borsje et al,
2011). For example, in order to create a proper 3D model of Lake Markermeer the old mussel
beds needed to be taken into account as an additional roughness factor (Van Kessel et al,
2008).

7.5 Ecohydraulic feedback mechanisms
When macrophytes are substanlially present in a lake system, they can influence both
hydrodynamic processes and primary production by algae. Macrophyte patches can
allenuate waves (chapter 5) and affect flow patterns. Next to that, macrophytes absorbe light
in the vertical water column, thus shading in the lower areas (fig 7.1). Although in th is thesis
the focus is predominantlyon the effects of macrophytes on waves, also flow is affected by
macrophytes and many studies have focused on these effects (e.g. Nepf 1999, [ ärvel ä 2005).
Also in lakes flow pallerns occur, although often of limiled velocity compared to riverine
and esluarine systems.
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Figure 7.1 (a) Stream velocity profiles and (b) light intensity profiles on a non-vegetated location
(profile 1) and through a Nuphar /utea patch (profiles 2 to 4). The gray background indicates the
presence of vegetation : floating biomass in the top layer and submerged biomass near the bottom.
Standard deviations were not recorded. EMF velocity measurements typically have an error of about
10%. Light measurements have an error smaller than 5%.
Macrophytes affect the se flow patterns, slowing down the water in those section of the
vertical profile where biomass is present (e.g. fig 7.1a). This results in a.o . a reduction in the
potential for resu spension of sediments, when biomass near the bed is high, and might
attenuate waves passing over the bed.

7.6 Fish resuspension versus wind resuspension
Benthivorous fish will also affect the resuspension of sediments (Breukelaar 1994, Roozen
2007, Lammens 1999) through direct foraging behaviour and through loosening the matrix of
the sediment (Scheffer et al 2003). In this thesi s not much attention has been paid to the
percentage contribution of these fishes to the total resuspension, as it can be seen as a
background disturbance that is not related to wind action (although seasona l fluctuations
occur, with less di sturbance in winter time than in su m mer time). The effects of fish on bed
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cohesion are also included when carrying out measurements on sediment stability directly
and implicitly contained in undisturbed cores if treated within a few days in the lab after
being taken from the field.

7.7 Spatio-temporal diversity in shallow lakes
Large shallow lakes often exhibit spatial and temporal diversity in water quality and ecology
(Scheffer 1994, Van den Berg et al, 1998). The most prominent differences being between the
pelagic and Iittoral zone of lakes (Reynolds, 2004), and also between the windward and
leeward side of a lake (Zhang 2006). For example, the sheltered leeward side of a lake will
often contain softer and muddier soils (Lövstedt and Bengtsson 2008), which in turn affect
the benthic community which is related strongly to sediment type (j ónasson , 2004). When
the macrophyte community is weil developed in a lake, it can contribute 10 the spatial and
temporal variations in water quality in the lake, both through competition for nutrients with
phytoplankton (Van Donk et al., 1993), and through ecohydraulic feedback mechanisms
(Madsen et al 2001, [ames et al, 2004a). The effects of macrophytes on sediment resuspension
have been measured in many field situations (jarnes et al, 2004b) and in sufficiently large
patches also affect the local transparency (Scheffer et al, 1994).

7.8 Lake Veluwemeer as an example
Field measurements can help assessing the role of ecohydraulic processes on general water
quality parameters, such as the amount of suspended matter and transparency inside and
outside macrophyte stands (e.g. Van den Berg et al, 1998, 1999, [arnes et al 2004b).
Unfortunately, in large lakes these measurements are often costly, time consuming and
difficult to be carried out as part of a standard monitoring network. Spatial numerical
modeling can be an alternative tooi to create a birds-eye view of the spatial and temporal
diversity of water quality in lakes as a result of hydrodynamic and ecohydraulic processes.
In combination with field measurements to validate these numerical analyses, a general
overview of large scale patterns can be obtained. For exarnple, in Lake Veluwemeer (The
Netherlands), the role of macrophytes (predominantly charophytes) has been shown to affect
the spatial diversity in water quality conditions as observed from field measurements
(Scheffer et al, 1994). This information was used to create a birds-eye view of the full lake
functioning using 2D and 3D hydrodynamic modeling using the Delft3D software package
(Deltares, The Netherlands) by including the effect of plants on flow, waves, critical shear
stress and resulting suspended matter concentrations.
Lake Veluwemeer
Lake Veluwemeer (52°23'39 N, 5°41'41 E, 3250 ha) is situated in the Netherlands and is part
of the so-called "Borderlakes systern": a chain of shallow lakes that came into being due to
land reclamation for the "Flevopolder" in 1957. Approximately half of the Lake Veluwemeer
bed is sandy, and less than 1 meter deep bordering the old land and the other half consists of
a c1ay soil varying from 3 to 5 meters depth bordering the new land. The two parts differ in
water flow: in the shallow part, seepage occurs from the Veluwe massif while in the deeper
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section infiltration to the lower Iying Flevopolder takes place. Additionally, the lake receives
water from 17 small strearns, a water purification plant and a pumping station (Van der
Molen et al., 1998). Lake Veluwemeer is connected to Lake Drontermeer in the north and
Lake Wolderwijd in the south. The lake is of national and international importance, as it
contributes to the conservation of specific macrophytes, macrofauna and birds and has been
assigned as a bird and habitat directive area (postema et al., 2005).
After its creation the lake was c1ear and the rich plant life was dominated by
Characeae (Van der Molen, 1998). These macrophytes supported a large bird population
(Leentvaar, 1961, 1966). However, in the late sixties a steady supply of nutrients from the old
land and internal phosphate loading forced a switch from the clear, Chara dominated state to
a turbid, algae and large brearn (Abralllis brallla) dominated state (Noord huis, 1997). The
algae blooms were year round and dominared by the cyanobacteria Plankiothrix, With the
disappearance of the macrophytes also the bird population severely reduced because of food
shortages ( oordhuis et al., 1998). To reeover the c1ear state of the lake, various measures
were taken, including flushing with nutrient-poor water from the Flevopolder, improvement
of the waste water treatment plant, and biomanipulation. From 1985, Chara slowly started to
recolonize the lake, creating a clear state in the shallow part in coexistence with a turbid state
in the deeper part of the lake (Scheffer et al, 1994). From 1994 onwards, Chara expanded
rapidly together with a stepwise reduction of fish biomass and a reintroduction of the zebra
mussel (Ibelings et al., 2007). Nowadays, Cltara is present in the system in reasonably large
quantities (Noordhuis, 2010).
The effects of waves and macrophytes on bottom shear stress in Lake Veluwemeer must be
included in order to get results from the numerical model that fit with the field
measurements on temporal-sparial diversity in water quality parameters in the lake, Figure
7.2 shows the modeled effects excluding wind waves, including wind waves and including
both wind waves and macrophytes on bed shear stress va lues for one location in the shallow
area of Lake Veluwemeer where macrophytes are present in high density. Without wind
waves and macrophytes the bed shear stress in the lake is negligible (red line on zero-axis,
not weil visible), however, when waves are included a c1ear pattern can be seen that
corresponds with the meteorologicaJ data of the nearby airport Lelystad (green line, no te that
from january to March these lines are overlapped by the blue line). Charophytes start
occurring every spring season and die in late autumn. During their presence in summertime
the bed shear stress is significantly reduced in comparison to the setting where only wind is
included (blue line). These results can be translated also to for example the concentrations of
inorganic suspended matter in the lake (figure 7.3). The first 30 days of the calculation
should be disregarded as the model is establishing its equilibrium condition from the initial
values. After that, results are in line with the shear stress calculations with generally leads to
lower values in summer period (due to less wind events) and (due to macrophytes) to even
less inorganic suspended matter since resuspension is limited by the plants.
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Figure 7.2: Bottom shear stress without waves (Iine on x-axis not visible), with waves (green line) and
with waves and macrophytes (blue line) .
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Figure 7.4. Spatial patterns in calculated bed shear stress (0.02-0.18 Pa) and inorganic matter
concentrations (0.4 - 3.6 mg L-I ) resulting from incoming sources in the presence and absence of
macrophytes (at time step 01-07-1994).

The spatial diversity in bed shear stress in the lake and the presence of macrophytes
influencing this bed shear stress affect the resulting fate of incoming inorganic suspended
matter from the main water inlets in the lake as shown in figure 7.4.
The above modeling results match field measurements taken over the period April
2008 - March 2009 for a transeet in the lake that includes both vegetated and unvegetated
zones (fig. 7.5). In the vegetated zones total suspended matter (fSM) in summer time is on
average below 5 mg L-I, whereas the unvegetated areas have a TSM >10 mg L-I. The amount
of inorganic matter in these samples is between 40-60% (data not shown). The high values in
the plant field in winter time are directly linked to the high winds during the measurement
days (5-6Bft) in combination with the absence of the Chara sp.. Especially in the area of the
plant beds suspended matter that has accumulated over summer time on the bed below the
plants is resuspended strongly by these events. It was observed that this sediment in the
plant bed over summer increased in thickness and softness, from a firm sandy bed to a bed
being covered by some 5-10 cm of muddy deposits. The winter storms might therefore
function as a clear-out of the deposited muddy substrates before the new growing season.
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Figure 7.S. Seasonal f1uctuations in total suspended matter concentrations in Lake Veluwe in the
vegetated zone and outside the vegetated zone.

7.9 When are
important?

hydrodynamic

and

ecohydraulic

processes

In shallow lakes hydrodynamic processes are only important when the lakes are large
enough for wind to have influence on the water movement. Ecohydraulic processes are
important when potentially there is also a feedback mechanism where biota are affecting the
hydrodynamic processes. In this paragraph a quick scan method is given to assess whether
hydrodynamic processes might affect a lake ecosystem. The flow chart (fig 7.6) aims to help
focusing on the more detailed direction of study and management of the lake. The steps of
the flow chart are explained below.

Quantify your location:
Each lake has a characteristic shape and depth profile. Wh en quantified in combination with
the wind patterns in the area this gives the first step to analyse whether hydrodynamic
processes play a role in a lake .
1: Estimate fetch
Estimating the fetch length for wind-wave generation can be done in various ways.
Direct measurements of longest distances in the direction of the main wind are the
quickest way, but do not necessarily reflect which part of a lake is frequently
susceptible to wind-driven resuspension. Keddy (1982) gives a method to calculate
direct and effective fetch lengths that takes into account all major wind directions.
2: Estimate depth
Estimate the depth in various parts of the lake . Only using information from a single
measurement point in the centre of the lake might not give the necessary details on
the shallower zones near the shores. These shallower zones also might have a large
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Quanlify yoor localion

r
Do waleS affect OOllom?
(tabIe 7.1)

t·

Estimate:
-Ietch
-deplh
- wind speeds

J

----G---i

Define critical shear stress

I

I

Further detail wale lenght and orbilal molion at bed
Are orbital ielocities higher than critical shear stress?

8
Focus on

(intemal and extemat) nutrient loading
and fish communiliy effects

Consider the potenliat impacts ol hydrodynamic
and ecohydraulic processes on lake management oplions

Figure7.6 Flowchart to assess if hydrodynamic and ecohydraulics can play a role in a lake system.
fetch that can make them more prone to resuspension than the zones in the centre of
the lake.
3: Estimate wind speeds
An average wind speed and direction can be estimated from meteorological data of
nearby airports or weather stations. Note that also non-prevailing winds might have
a strong effect on resuspension of sediments in a take (Lövstedt and Bengtsson, 2008).
Check table 7.1
The depth at which orbital wave motions still exerts forces on the lake bottom can be taken
as (less than) half the wave length as a general rule of thumb, assuming that no plant beds
are present to attenuate the waves (Carper and Bachrnann, 1984, Bachmann et al, 2000). This
penetration depth can than be related to the actual depth map in order to assess if waves
reach the bottom. Table 7.1 is a look-up table of this rule of thumb for various combinations
of wind speeds and depths, using formula 1.4 and 1.5 (chapter 1) to calculate wave length
from fetch and wind speed. The resulting numbers in the table give the depth at which the
wave energy is still feIt at the bottom. For exarnple, a lake with an average fetch of 2000
meter, with a depth of 1.5 meter will experience orbital motions near the bed at that location
of 2000 meter fetch when the wind force is above 4 m 5 ,1. Note that sheltered areas in the lake
on the lee-ward side will not be experiencing these waves. Figure 7.7 gives a 3D version of
the tabie . As these are all momentary values, it might be useful to express these number as a
% of the time that a location in a lake is affected by orbital motions on the bed that might
cause resuspension, using the combined wind and fetch data per depth point in the lake (as
done in chapter 3 and 4). When waves are potentially affecting the bed further specifications
of the effects of waves should be made, specifically for the critical shear stress values of the
bed.

136 I Cl IAI'TER 7

Table 7.1. Depth at which the wave energy is still feit (using the rule of thumb th at th is is at approx.
0.5* wave length) based on fetch length (m) and wind speed (m S-I), assuming no large plant beds are
present at the location .
Wind speed (m 5-1 )
Fetch (m) 1
2
4
7
10
3
5
6
8
9
11
12
250
0.11
0.25 0.38 0.52 0.65 0.79 0.92 1.06 1.19 1.33 1.46 1.60
500
0.34 0.53 0.72 0.91 1.10 1.29 1.48 1.67 1.86 2.06 2.25
0.15
750
0.17
0.40 0.63 0.86 1.10 1.33 1.57 1.80 2.03 2.27 2.50 2.74
1000
0.19
0.45 0.72 0.99 1.26 1.53 1.80 2.07 2.34 2.61 2.88 3.15
1250
0.21
0.49 0.79 1.09 1.39 1.69 1.99 2.30 2.60 2.90 3.20 3.51
1500
0.22
0.53 0.86 1.18 1.51 1.84 2.17 2.50 2.83 3.17 3.50 3.83
1750
0.23
0.57 0.91 1.27 1.62 1.98 2.33 2.69 3.05 3.41 3.76 4.12
0.24
2000
0.60 0.97 1.34 1.72 2.10 2.48 2.87 3.25 3.63 4.01 4.39
2250
0.25
0.62 1.02 1.41 1.82 2.22 2.62 3.03 3.43 3.84 4.24 4.65
2500
0.26
0.65 1.06 1.48 1.90 2.33 2.75 3.18 3.61 4.03 4.46 4.89
2750
0.26
0.67 1.10 1.54 1.98 2.43 2.88 3.32 3.77 4.22 4.66 5.11
3000
0.27
0.69 1.14 1.60 2.06 2.53 2.99 3.46 3.92 4.39 4.86 5.33
3250
0.28
0.71 1.18 1.65 2.13 2.62 3.10 3.59 4.07 4.56 5.05 5.53
3500
0.28
0.73 1.21 1.71 2.20 2.71 3.21 3.71 4.22 4.72 5.22 5.73
3750
0.29
0.75 1.25 1.76 2.27 2.79 3.31 3.83 4.35 4.87 5.40 5.92
4000
0.29
0.77 1.28 1.80 2.34 2.87 3.41 3.94 4.48 5.02 5.56 6.10
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Fig 7.7 Graphic representation of depth at which the wave energy is still feit (using the ruIe of thumb
that th is is at approx. 0.5* wave length) based on fetch length (m) and wind speed (m S-I).
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Define critica! shear stress
The susceptibility of a lake to wind-driven resuspension depends not only on the lake
morphometry but also on the soil type. The softer or weaker a sediment, the more likely it is
to resuspend at a given force. Therefore quantification of the strength of lake sediments (as
for example done in chapter 4) is recommended. It is not possible to give simple numbers for
critical shear stress values for cohesive sediments and as most lake bottoms will contain
cohesive sediments of some sort it is always needed to measure these for the situation at
hand (Berlamont et al, 1993).
Sediment stability
Sediment stability depends not only on the sediment composition (organic/inorganic,
partiele size etc.), but also on the cohesive properties of the materiaI. The cohesivity of a
sediment can be influenced by (pore) water chemistry (Arulanandan 1975, Mietta et al 2009),
the frequency of disturbance (Lambe and Whitman, 1978, Winterwerp and Van Kesteren,
2004), presence of microbiota and invertebrates (Black et al, 2002, Paarlberg et al, 2005), fish
(Scheffer et al, 2003) and boating (Garrad and Hey, 1987). Of these, disturbance frequency is
an important factor. For example, the muddy peat soils of Lake Loosdrecht are disturbed
frequently (6% of the time, i.e. every 20 days on average), while the sediment in Lake
Nieuwkoop is disturbed less frequently (2% of the time) contributing to the sediment being
more resistant to resuspension (chapter 4). The effect of time on sediment consolidation and
therefore on sediment cohesion was measured for the Loosdrecht sediments by placing 40
sediment samples in small buckets left to rest for up to 30 days. At each time step 4 samples
were tested for flow veloeities at which resuspension started in a small recirculating flume,
after which the sample was discarded. There is a significant increase in sediment stability
from an approximated average 0.08 Pa at day 1 to an average 0.16 Pa at day 30 (fig 7.8).
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Figure 7.8. Increase in sediment cohesion and related critica I shear stress for erosion over time for
organic sediments (peat/organic mud) from Lake Loosdrecht (r 2=0.42, P < 0.001).
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Are orbital veloeities higher th an critical shear stress values?
When orbital veloeities are higher than critica I shear stress values on a regular basis (i.e. also
under non-extreme meteorological conditions), it is recommendable to take into account the
effect of hydrodynamic and ecohydraulic processes in the lake. It might imply that for
improvement of the ecological status a long list of measures consists not only of nutrient and
foodweb-related measures, but also of measures that (temporarily) affect the hydrodynamic
regime or bed stability in the lake.

7.10 Implications for management
Hydrodynamic and ecohydraulic processes in large shallow lakes can be quantified with
sophisticated measuring techniques and modeling tools, similar to those applied for coastal
and riverine ecosystems. Although estuarine and riverine systems usually have higher levels
of hydrodynamics (higher flow velocities, larger and longer waves, and different (coarser)
types of sediments), studies on estuarine and riverine vegetation have shown a prominent
feedback role of macrophytes and benthic organisms on the hydrodynamic processes. These
mechanisms also work in large shallow lakes, where often the sediments are softer and
therefore require less force to be moved into action. Indepth knowledge of these
ecohydraulic processes can help the water management of the lakes as it might open the
door for new types of measures, known as eco-technological measures (Gulati et al, 2008) or
eco-engineering solutions (Borsje et al, 2011).
Taking advantage of ecohydraulic processes to steer or enhance ecosystem
functioning is taking a new flight in recent years with research projects like 'Room for the
River' and the Dutch 'Building with ature' projects from the Ecoshape consortium. Ecoengineering solutions to improve ecosystem functioning, often in combination with other
functions that a system provides (flood control, water storage, navigation etc.) are strongly
promoted for riverine and estuarine systems. These solutions are currently being ineluded in
some of the large shallow lakes in the Netherlands, such as Lake Markermeer and Lake
Volkerak. The knowledge gained from these applied scientific research projects now needs to
be made accessible to the wider community of lake managers both in the Netherlands and
abroad, as it appears that in recent years some of the basic knowledge on wind-driven
hydrodynamic and ecohydraulic processes in lakes has been lost, or at least, is not always
weil understood or taken into account at times it might have been helpful for the analysis of
the lake system.
Ecohy draulics in relation to other developments
Due to the st rong need for more knowledge on the dominant role of nutrient cyeling in
relation to eutrophication especially in the late 20lh century lake restoration efforts, the main
emphasis of research on lake management became focused on nutrient cyeling. The
importance of nutrient dynamics in shallow lakes in relation to the central role of
macrophytes in the ecosystem and turbidity affecting the transparency in these lakes is, and
remains key. The current emerging knowledge on the effects of elimate change shows that
warmer temperatures are expected to increase nutrient loading and nutrient cyeling in lakes.
There will be a tendency for food webs toward algae- and small fish dominated systems, in
which macrophytes and predatory fish will face many more challenges in keeping
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themselves established (Meerhoff et al 2007, Mooij et al 2007, Bekliogu et al 2007). At the
same time there will be an increase in weather irregularity, also reflected in an increase in
storms and high wind events throughout the year. This too might affect the lake ecosystems
with an increased risk for resuspension of sediments.
Especially in relation to changes in c1imate it is advisable to evaluate the role of
hydrodynamic and ecohydraulic processes in large shallow lakes in more detail. There are
many tools readily available to undertake at least some scenario studies of the effects of
changes in weather and resulting hydrodynamic patterns in the lakes. One can start with a
quick scan method to broadly define to which extent these processes are important, after
which more sophisticated models may be applied to gain further insights.
Ecohydraulics and the Water Framework Directive
Translating the technical knowledge on ecohydraulic processes to management practice also
requires a thorough link with the legislation to which managers must comply. Within
Europe the Water Framework Directive (WFD) provides a harmonized framework that
supports the holistic management of waters with an emphasis on good ecological
functioning. It created a common language and awareness of the importance of ecological
functioning in water management. It aids ecologists and integrated water managers alike to
set goals for achieving healthy ecosystems and work towards them; something that without
such a piece of legislation would have been much more difficult.
Unfortunately, the way the WFD is describing these objectives is both general and
open to interpretation. This has led to a myriad of interpretations, levels of arnbition, and
immense, complicated bureaueratic systems of defining and reporting status and setting
reference conditions and boundaries. In the European context, the eutrophication pressure
has been given most attention, leading to a neglect of the understanding and harmonizing of
views on other pressures and multi-stressor situations. As aresuIt the importance of
hydromorphological pressures to aqua tic ecosystems is not weil understood and it is not
easy to turn the tide, as the lack of data on theses pressures hampers intercalibration and
general disscusion on the topic.
Perhops the best way forward for the integrated management of water bodies
themselves lies not in the wish to rely on further intercalibration, harmonization and
combination of data from many different sourees. but rather in proper integrated quantified
assessments of these individual water bodies. As was shown in chapter 2 and 4, individuaI
lakes from the same WFO lake type can respond very differently to pressures if looked at in
detail. A full quantified integrated assessment of an individual lake for chemica],
hydromorphologicaI and biological pressures will give the individual water manager more
understanding and help towards the selection of the most cost-effective measure rather than
generalized rules of thumb.

7.11 Recommendations for further research and management of
shallow lakes
The translation of knowledge from individual scientific disciplines into multidisciplinary
integrated solutions for lake management requires a stimulation of an open dialogue
between scientists of different disciplines and a translation of individual results into a shared
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paradigm. This implies that not only are we open to each others knowledge, but that we are
also willing to translate our own technical language into one that is understood by all. With
it comes a will to measure or monitor items that might seem of less importance from e.g. an
ecological perspective, but might be essential to couple hydrodynamic knowledge to
ecological interpretations. For exarnple, knowing the critical shear stress values of a lake bed
is not often quantified by ecologist, but is essential to translate orbital motions into potential
for resuspension. Likewise, the knowledge on the composition of the suspended particles is
needed to not only define how long these particles will remain in suspension. but also how
strongly they affect light attenuation.
With the current trends of decreasing TP load (Hosper et al, 2011), the role of nonalgal particles in the total light attenuation will become more important. In many (Dutch)
regular monitoring programmes the Secchi disk depth is recorded rather than light
attenuation. Unfortunately there is no accurate relationship between the two (e.g. Effler,
1985, Preisendorfer, 1986, Scheffer, 2001). Although underwater optical light meters,
inexpensive and commercially available, are rather simple to use, their deployment in
regular monitoring systems is very limited. In practice th is often ham pers a thorough
understanding of the underwater light elimate. which, together with the lack of a proper
analysis of the total suspended matter, makes it more difficult to select appropriate measures
to improve transparency. Adding the step of defining the ash free dry weight of the
suspended matter would also help identifying the role of different particles in the light
attenuation.
On a larger scale, the lack of examples of actually implemented new ecotechnological measures in large shallow lakes is hampering the evaluation of their
functioning and how these are made most effectively (Gulati et al, 2008). Desktop studies,
Iike those described in this thesis, are merely a first step to start working on these types of
measures. Fortunately, lake managers and Iimnologists alike can learn from the research and
experiments carried out predominantly in estuarine ecosystems, where the role of mussel
beds and vegetation on hydrodynamics and sediment dynamics has been studied more
extensively.
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English summary
Shallow lakes are important ecosystems that provide goods and services for mankind. as
they are often located in densely populated areas. Especially over the last half century these
lakes have often been under severe anthropogenic pressures, which caused a decrease in the
overall functioning and quality of the ecosystem. As aresuIt the waters of many shallow
lakes are now turbid and dominated by algae, where they were transparent before the 1960's
and have lost their submerged macrophyte communities that play a key-role in stabilizing a
healthy aqua tic lake ecosystems. The turbidity now present in many shallow takes is a
combined effect of new primary production by algae and the constant recycling of other
suspended particles. both organic and inorganic.
With the launch of the European Water Frarnework Directive (WFD) in 2000, water
management in Europe has been forced to take coordinated action to improve the ecological
status all water bodies within Europe up to a certain quality level. For shallow lakes th is can
be translated roughly into the need to improve the aquatic lake systems from turbid to clear
water state with associated biologica I communities. Measures need to be selected that are
both technically feasible and socio-econornically acceptable. This called for a EU-wide
harmonized approach to setting references and goals, in which eutrophication pressures
were pinpointed as the most important pressure to deal with.
Already before the WFD, water quality management focused on a limitation of external
nutrient loading to aquatic systems and th is is, and will be, a ma in path for lake restoration.
However, not in all cases this will be sufficient to help change a shallow lake from a turbid to
a clear water system. Especially when other suspended particles (dead organic matter and
inorganic particles) contribute significantly to the overall light attenuation, In such cases
additional measures must be considered to tackle specifically these suspended particles.
This thesis shows the role of hydrodynamic and ecohydraulic processes in shallow lakes and
how th is knowledge can be used to better understand and manage these ecosystems. The
macrophyte community of a shallow lake responds not always in the same way to changes in
trophic status (chapter 2), making it challenging to define EU-wide metrics and solutions that
'fit all'. In this, time series of monitoring data are crucial to show these differences in
response.
Focussing on the dynamics in an individuallake might help better understand it and select a
more suitable set of measures for it. In shallow lakes where suspended matter recirculates
through the systern on a permanent basis due to wind-driven hydrodynamic forces,
measures that prevent this recirculation can help reducing the overall concentratien of the
suspended particles and thereby improve transparency (chapter 3). The combination of such
measures with measures that reduce primary production through load reduction gives better
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results than the individual measures.
It is common management practice to 'borrow' ideas for measures from other exarnples,
especially when lakes seem to be rather similar to each other. Chapter 4 shows that care
should be taken, as small differences in lake morphymetry can have pronounced effects on
the potential results from selected measures. The nature of sediment and suspended
sediment characteristics must be quantified to assess whether resuspension of sediments is
important and can/must be addressed from a management perspective.

In lakes where hydrodynamic processes play astrong role, their interaction with the
ecosystem might be either one-way or two-way. In one-way interaction the hydrodynamic
processes might affect the ecosystem and create a response in the biotic community. For
exarnple, high suspended sediment loads that can occur near the bottom might affect the
food quality of seston available for benthic filterfeeders such as zebra musseis (chapter 5). On
the other hand, the presence of biota can alter the hydrodynamic environment (ecohydraulic
processes) . For example, macrophytes can dampen wave action depending on the amount of
biomass in a stand, especially in sections where they fill the water column (chapter 6).

I
I
I

Hydrodynamic and ecohydraulic processes in shallow lakes can affect the current and
potential ecological status of large shallow lakes in certain situations. It is therefore necessary
to at least assess whether these processes might play a role in an individual lake. Therefore
chapter 7 provides a synthesis in which the link to water management is made and provides
a method to make a quick assessment whether hydrodynamic and ecohydraulic processes
playa role in a given lake . The example of Lake Veluwemeer in this chapter shows that such
processes can vary over time and space. s

I

I
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Ecohydraulics in grote ondiepe meren: implicaties voor
beheer
Nederlandse samenvatting
Ondiepe meren zijn belangrijke en waardevolle ecosystemen waar ook mensen op allerlei
wijze van profiteren. Door hun ligging in vaak druk bevolkte gebieden staan ze onder grote
anthropogene druk en is in veel gevallen de kwaliteit van het ecosysteem sterk achteruit
gegaan door milieuvervuiling en overexploitatie. Als gevolg hiervan zijn veel ondiepe meren
tegenwoordig troebel en gedomineerd door algen, waar ze vroeger (voor de jaren '60 vorige
eeuw) helder water hadden met een gezonde gemeenschap aan ondergedoken waterplanten
en bijbehorende fauna. De huidige troebelheid van veel van deze meren is het gevolg van het
gecombineerde effect van een te hoge primaire productie door algen (eutrofiering) en de
constante recycling van ander zwevend materiaal, zowel organisch als anorganisch.
Met de inwerkingtreding van de Europese Kaderrichtlijn Water (KRW) in 2000 heeft
waterkwaliteitsmanagement een belangrijke rol gekregen in Europa, die gecoördineerd moet
worden uitgevoerd. Het doel hierbij is om de ecologische status van alle waterlichamen in
Europa te behouden of waar nodig te verbeteren. Voor ondiepe meren vertaalt dat zich
grofweg in het streven om van troebele meren weer heldere meren te maken door het nemen
van kosteneffectieve en maatschappelijk aanvaardbare maatregelen. Dit roept voor een EUbrede harmonizatie van de aanpak om de huidige en mogelijke status van waterlichamen te
definieren. In dit proces op EU-niveau is eutrofiering altijd als meest belangrijke oorzaak van
een verslechterde situatie aangewezen, wat resulteerde in een focus op de respons van
ecosystemen op een te hoge nutrientenvracht.
AI voor de KRW was waterkwaliteitsbeheer sterk gericht op het terugdringen van externe
nutrientenvrachten naar het oppervlaktewater. Dit was, en is een belangrijk pad om de
ecologische status van een waterlichaam te verbeteren. Helaas blijkt in niet alle gevallen een
eenzijdige benadering gefocussed op nutrientenreductie voldoende te zijn om een meer
ecosysteem te verbeteren. Naast algen kunnen immers ook andere zwevende stof deeltjes
(dood organisch materiaal, waaronder veenresten en langzaam afbreekbare deeltjes van
algen, en anorganisch materiaal zoals kleideeltjes) een rol spelen in de troebelheid van een
meer. In zulke gevallen kan het nuttig zijn te analyseren of ook de reductie van deze
zwevend stofdeeltjes tot de mogelijkheden behoort.
Dit proefschrift toont de rol van hydrodynamische en ecohydraulische processen in ondiepe
meren en op welke wijze deze kennis kan worden gebruikt om deze ecosystemen beter te
begrijpen en te beheren. Ondergedoken waterplanten (macrofyten) vormen daarbij een
belangrijk onderdeel van een gezond aquatisch ecosysteem.
Het zoeken naar een betrouwbare algemene beschrijving van de response van deze
plantengemeenschappen op eutrofiering bleek in EU breed verband niet eenvoudig. Hoewel
er wel algemene trends zichtbaar zijn, blijkt de respons van de macrofyten-gemeenschappen
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in individuele meren op veranderingen in trofiegraad sterk te variëren (Hoofdstuk 2).
Het doorgronden van de dynamiek van een individueel meer kan helpen in de afweging van
alternatieve maatregelen. Voor ondiepe meren waar zwevend stof een belangrijke bijdrage
levert aan de totale troebelheid is een beter begrip van het gedrag van dit zwevend stof
nodig om te bepalen of er maatregelen zijn die dit zwevend stof bij de bron kunnen
bestrijden. Resuspensie van deeltjes door windgedreven hydrodynamiek (golven en
stroming) speelt ook in ondiepe meren een rol. Het limiteren van deze resuspensie en de
hoeveelheid zwevend stof, bijvoorbeeld door het aanleggen van verdiepingen, bezanden of
het aanleggen van golf-reducerende barrieres, kan dan ook potentieel bijdragen aan een
verminderde troebelheid (hoofdstuk 3). De combinatie van het aanleggen van dit soort
maatregelen met maatregelen die ingrijpen op de primaire productie door algen geeft een
beter resultaat dan de afzonderlijke maatregelen.
Het is gebruikelijk dat ideeën voor waterbeheersmaatregelen worden gekopieerd van de ene
locatie naar de andere, zeker als deze locaties op elkaar lijken. Hoofdstuk 4 laat zien dat
voorzichtigheid in acht moet worden genomen als het gaat om maatregelen die betrekking
hebben op reductie van resuspensie door vermindering van golfwerking. Kleine verschillen
in diepe en grootte van een meer en in sedimentkarakteristieken en zwevend stof
samenstelling kunnen ervoor zorgen dat waar een maatregel kan werken in het ene meer, dit
in het andere meer niet het geval is. Het is noodzakelijk om sediment en zwevend stof
voldoende te kwantificeren om een duidelijk beeld te krijgen van de mogelijkheden.

,
•

In meren waar hydrodynamica een belangrijke rol speelt, kan de interactie met het
ecosysteem zowel eenrichtings- als tweerichtingsverkeer zijn. Bij eenrichtingsverkeer heeft
de hydrodynamica een effect of op biologische gemeenschap, maar is er geen sprake van
directe feedback. Als voorbeeld hiervan is studie gedaan naar de rol van zwevend stof op de
voedselkwaliteit van seston beschikbaar voor driehoeksmosselen (Drcissena polymorpha) in
het Markermeer. Door windgedreven golfwerking kan de concentratie zwevend stof bij de
bodem veel hoger worden dan de concentratie nabij het oppervlak doet vermoeden. Dit heeft
direct effect op het filtergedrag van de mosselen (hoofdstuk 5). Bij tweerichtingsverkeer
vindt er feedback plaats van biota op de hydrodynamische processen. Zo kunnen
macrofyten golven uitdoven en daardoor een rustiger hydrodynamisch klimaat creëren
(Hoofdstuk 6). De golfuitdoving per golflengte is daarbij vooral afhankelijk van de relatieve
waterdiepte ten opzichte van de planthoogte en de hoeveelheid biomassa in het
waterplantenveld.
Hydrodynamische en ecohydraulische processen in ondiepe meren kunnen in sommige
gevallen een belangrijke rol spelen in het functioneren van het aquatisch ecosysteem. Het is
daarom belangrijk om op z'n minst een inschatting te maken of dit het geval zou kunnen zijn
of niet. Daarom is in hoofstuk 7 een synthese gegeven waarin de link naar de implicaties
voor management worden gegeven. Hierin is een methode gegeven om zo'n snelle
inschatting te kunnen maken. Ook wordt er aan de hand van een voorbeeld in het
Veluwemeer inzicht gegeven in de variaties in tijd en ruimte in deze processen en hoe die
kunnen helpen een beter inzicht te krijgen in het functioneren van een ondiep meer dat
onder invloed van hydrodynamische en ecohydraulische processen staat.
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STELLI, 'GE '
behorende bij het proefschrift
Ecohydraulics in large shallow lakes: implications for management
van
Ellis Penning
Delft, 2 april 2012
1.

Hoewel een overmaat aan nutriënten een belangrijke bron van
problemen zal blijven vormen, is het noodzakelijk ook andere
componenten van een ecosysteem goed te begrijpen, om de juiste
maatregelen te selecteren (dit proefschrift) .

2.

Een goede analyse van de rol van zwevend stof in meren begint bij
een goede monitoring daarvan (dit proefschrift).

3.

Zeker in ondiepe meren is diepte een niet te onderschatten
parameter (dit proefschrift) .

4.

Tegenwoordig is de Secchi-disk een typisch voorbeeld in de reeks
'goedkoop is duurkoop' en zou alleen nog in uiterste nood gebruikt
moeten worden .

5.

Waterbeheerders moeten vaker denk in vrachten als eenheid in hun
discussies.

6.

" What has been put into textbooks is weil known, but many quite
fascinating details have been forgotten ." G. E. Hutcbinson, 1957. A
Treatise on Limnology pagina 300.

7.

Van een dag in 't veld leer je meer dan van een jaar lang
bureaustudies uitvoeren.

8.

Integreren is makkelijker gezegd dan gedaan; dit geldt zowel in de
wiskunde, de ecologie als de maatschappij.

9. Je hoeft geen Frans te spreken om je in Frankrijk verstaanbaar te
maken, maar het op hoofdlijnen begrijpen daarvan helpt in de
interactie met hen die slechts Frans spreken. Hetzelfde geldt tijdens
discussies in interdisciplinaire studies.
10. De komst van de digitale snelweg leidde niet tot het oplossen van
het fileprobleem of het verlagen van de werkdruk, maar
veroorzaakte wel een nieuwe verslaving.
11. Fietsen leer je met vallen en opstaan; het is bewonderenswaardig als
iemand er, als volwassene, met deze voorkennis toch aan begint.
Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als
zodanig goedgekeurd door de promotoren prof. dr. ir. A. E. Mynetl en
prof . dr. E. van Donk

PROPOSITIO . 's
pertaining 10 the thesis
Ecohydraulics in large shallow lakes: implications for management
of
Ellis Penning
Delft, 2 April 2012
1.

Although the surplus in nutrients will remain an important sou ree of
problems, it is necessary to understand also ether components of the
ecosystem in order to select the correct measures (this thesis).

2.

A proper analysis of the role of suspended matter in lakes starts with
correct monitoring (this thesis).

3.

Espedally in shallow lakes depth is a parameter that should not be
underestimated (this thesis) .

4.

At present the Secchi-disk is a typical example of 'low value for
money' and it should only be used in cases of extreme eme rgency.

5.

Water managers should more often use loads as the unit in their
discussions.

6.

"What has been put into textbooks is well known, but many quite
fasdnating details have been forgotten ." G. E. Hutcbinson, 1957. A
Treatise on Limnology page 300.

7.

One day out in the field pro vides more insight than studying for a
year behind a desk.

8.

Integration is easier said than dorre: this holds equally in
mathernaties. ecology and society .

9. There's no need to be f\uent in French to get by in France , but a
crude understand ing of the ma in prindples of the language aids the
interaction with those who only speak French . The same goes for
discu ssion s in interdisdplinary studies.
10. The arrival of the digital highway did not solve the traffic jams, nor
did it reduce work load, it only caused a new addiction.
11. Biking can only be leamed the 'hard' way . With this knowledge in
mind, it is admirable that an adult might start such aprocess.
These propositions are considered opposable and defendable and as
such have been approved by the supervisors prof. dr. ir. A. E. Mynett
and prof. dr. E. Van Donk.
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