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Construction of artificial wave shelters is a promising measure to stimulate submerged vegetation in large wind
exposed lakes. Here we tested whether the construction of shelter results in the colonization of submerged
vegetation and whether grazing by waterbirds hampers vegetation development under those sheltered condi
tions. We studied the effect of breakwaters that were constructed between 1992 and 1996 in the large (695 km2),
wind exposed and turbid Lake Markermeer, The Netherlands. We used monitoring data to evaluate the devel
opment of submerged vegetation and its relation with the abundance of herbivorous birds and conducted a field
grazer exclosure experiment to determine the effect of grazers on the newly established vegetation. We found
that in the sheltered area, a dense charophyte dominated vegetation developed over 16 years, while submerged
vegetation remained very sparse outside the breakwaters. The area also attracted many herbivorous birds,
especially molting Mute swans during summer. After the breakwaters had been completed, 10 years passed
before the development of the charophyte vegetation started. This delay was probably not caused by bird
grazing, but more likely due to unfavorable light conditions in the first decade. The exclosure experiment
confirmed that while grazing reduced macrophyte biomass by 50% and plant height by 45%, it did not affect
vegetation cover, which remained high (90–95%) throughout summer. The water depth in most of the study area
exceeded the depth range at which Mute swans prefer to forage and this probably prevented overgrazing. We
conclude that building artificial wave shelters is an effective measure to stimulate submerged vegetation in large
wind exposed lakes.

1. Introduction
Shallow lakes are important ecosystems, not only because they
contain a high biodiversity (Dudgeon et al., 2006), but also because they
are hotspots of carbon and nutrient cycles (Williamson et al., 2009) and
provide services that are valuable to society, such as the provision of
drinking water and food (Baron et al., 2002). Submerged aquatic mac
rophytes are a key element in these shallow lakes, because they are
involved in several processes that promote clear water and stabilize the
clear water state (Scheffer et al., 1993). Furthermore, submerged mac
rophytes have a positive effect on biodiversity in lakes (Declerck et al.,

2005; Hilt et al., 2017). Because of these positive effects on both water
quality and biodiversity, many lake restoration efforts aim to stimulate
submerged vegetation (Jeppesen et al., 2007). Especially charophytes
are viewed as a desirable group of macrophytes in lakes, because they
have a strong positive effect on water transparency (Blindow et al.,
2014) and because they form low-growing meadows that hardly inter
fere with swimming or boating (Van Nes et al., 1999; Verhofstad and
Bakker, 2019). Hence, the conservation and restoration of charophyte
vegetation is of prime interest to ecosystem functioning and lake
management.
In large shallow lakes, the abundance of submerged vegetation tends
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to be lower than in small shallow lakes (Janssen et al., 2014), mainly
because of stronger wave effects. Wind generated waves are bigger in
large lakes, due to a greater fetch length. The resulting wave forces can
inhibit macrophytes both directly by damaging plants and through
erosion of propagules (Van Zuidam and Peeters, 2015) and indirectly
through resuspension of the sediment causing a lower light availability
(Van Duin et al., 2001). Creating shelter from wave exposure is therefore
a potential measure to stimulate submerged vegetation in large shallow
lakes, specifically in areas where development of vegetation is
hampered by wave forces (Gulati et al., 2008; Huang and Liu, 2009).
However, herbivorous birds also prefer locations that are sheltered
from waves, probably because the energetic costs for swimming and
foraging there are lower compared to those at wave-exposed locations.
This may lead to a larger grazer impact at sheltered locations (Lauridsen
et al., 1993; Weisner et al., 1997). As a result, the success of creating
shelter in wind-exposed lakes, aimed to stimulate the development of
submerged vegetation, may be jeopardized by waterbird grazing,
depending on the densities and impact of the birds on the vegetation.
Herbivory can have a large impact on aquatic vegetation (Wood
et al., 2012, 2017; Bakker et al., 2016). The impact of herbivorous birds
increases with bird biomass density, with high grazer densities causing a
large reduction in plant biomass of up to 93% (reviewed by Wood et al.,
2012). However, the effect of grazing on the vegetation does not depend
on bird densities alone, but ultimately depends on the ratio between
consumption by grazers and plant production (e.g. Townsend et al.,
2003). As data on consumption and production are often lacking, the

ratio between grazer density and plant abundance seems a reasonable
alternative to approximate grazing pressure. This approach is particu
larly relevant in situations where vegetation abundance is low, because
a low density of herbivores may still have a strong impact on submerged
vegetation development, if plant abundance is low as well (e.g. Laur
idsen et al., 2003). This especially applies to the colonization phase of
submerged macrophytes, for instance during the return of plants after
restoration measures have been taken (Bakker et al., 2013). High graz
ing pressure may delay the return of vegetation, even if key factors such
as light availability and wave exposure are at a level suitable for plant
colonization (Lauridsen et al., 1993; Hilt, 2006; Bakker et al., 2013).
Here, we studied how a measure that improves growing conditions
for submerged plants affects the colonization and development of the
submerged vegetation in relation to the development of the abundance
of herbivorous waterbirds. The construction of artificial wave shelter
can stimulate vegetation in large wind exposed lakes, but at the same
time, these sheltered areas may attract a high density of grazing wa
terbirds. Grazing by waterfowl is likely to concentrate behind artificial
wave shelters and could potentially have a large negative effect on the
vegetation development behind artificial wave shelters, which could
form a bottleneck for successful restoration of submerged vegetation
(Bakker et al., 2013). The aim of this study was to determine the impact
of herbivorous waterfowl in the north of Lake Markermeer on the
colonization and development of submerged vegetation behind break
waters. We collected 20 years of data on the abundance of submerged
vegetation, density of herbivorous birds and the availability of light

Fig. 1. Overview of the study area, with (A) a map of the study area located in the north of Lake Markermeer, (B) location of the experimental plots in the sheltered
area behind the breakwater and (C) picture of the breakwater behind which the exclosure experiment was conducted, as seen from the dike.
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underwater, to evaluate whether grazing delayed the development of
the vegetation after construction of the breakwaters. Furthermore, we
conducted an exclosure experiment to determine the effect of the high
grazer density at the end of the study period. Based on the results, we
discuss the implications for the effectiveness of artificial wave shelters as
a measure to restore submerged vegetation in large lakes.

vegetation was present before the construction of the breakwaters, a
dense vegetation dominated by charophytes developed afterwards in the
sheltered area behind the breakwaters (Noordhuis and van Schie, 2007).
Outside the breakwaters, vegetation remained sparse. Recently, the
abundance of herbivorous waterbirds has increased in the Netherlands
as a result of a decreased hunting pressure and an increased food quality
on agricultural pastureland (Van Eerden et al., 2005). In the study area
in Lake Markermeer, an increase in herbivorous waterbirds has also
been reported, resulting in a higher grazer density foraging on the
recently developed vegetation.

2. Materials and methods
2.1. Study area
The study took place in Lake Markermeer in the Netherlands
(Fig. 1A). We defined a study area in the north of lake (13.1 km2,
hatched area in Fig. 1A) that encompassed both an area sheltered from
waves by a series of breakwaters (1.7 km2) and an exposed area outside
these breakwaters (11.4 km2). Lake Markermeer is a large (695 km2) and
shallow (average depth 3.8 m) artificial freshwater lake, with a low
abundance of submerged vegetation (Coops et al., 2007). The lake ob
tained its current shape after the construction of two dikes. In 1932, a
dike was constructed that separated the inland sea, Zuiderzee, from the
Wadden Sea, resulting in a large inland lake. In 1976, another dike was
constructed, dividing the former inland sea into two large freshwater
lakes: Lake Markermeer and Lake IJsselmeer (Fig. 1A). The water level
in Lake Markermeer is not influenced by the tides anymore, but is
managed at an almost fixed level, which is 20 cm higher in summer than
in winter. In most of Lake Markermeer, the sediment consists of marine
clay and loam, but in the study area in the north of the lake, the sediment
consists mainly of sand (De Lucas Pardo et al., 2013).
Due to the lake’s large size and shallow depth, sediment is frequently
resuspended by wind driven waves (Van Duin et al., 2001; De Lucas
Pardo et al., 2013) and, as a result, turbidity of the water is highly
correlated with wind speed (Vijverberg et al., 2011). On average, sus
pended solids cause more than 50% of the light extinction in the water
column and this share increases to up to 90% under storm conditions
(van Duin, 1992). In the period 1980–2010, total suspended solids
concentrations were around 40 mg/l in summer and 60 mg/l in winter,
and Secchi depth was around 0.3 m in summer and 0.2 m in winter
(Penning et al., 2013). The nutrient availability in the water, on the
other hand, is low (Brinkmann et al., 2019). The total phosphorus
concentration in summer was around 0.1 mg/l in 1980–2010 (Penning
et al., 2013). More recently, phosphorus availability has decreased to a
lower level. This is most evident for ortho-phosphate, which has drop
ped from around 10 μg/l in 1980–2003 to around 2 μg/l since 2004
(Noordhuis, 2010), leading to phosphorus limited conditions for
phytoplankton (Brinkmann et al., 2019). The total nitrogen concentra
tion has gradually declined from around 2 mg/l in 1980 to just above
1 mg/l in 2008 (Noordhuis, 2010).
The study area in the north of the lake is exposed to wind driven
waves, due to its large fetch length of approximately 25 km in the di
rection of the prevailing southwesterly winds. From 1992 until 1996, a
series of breakwaters was constructed in this exposed area, near the dike
that forms the lake’s northeastern shoreline (Noordhuis and van Schie,
2007). The breakwaters were primarily meant to prevent ice scouring
from damaging the dike and promoting the lake’s ecological quality was
a secondary goal. The breakwaters consisted of sand dams that were
covered with stone rubble, reaching 0.5 m above mean water level in
summer, and stayed in place until a larger foreshore was added to the
dike in 2018. These breakwaters sheltered a small part of the lake from
wave action. The sheltered area was situated between the breakwaters
and the dike and had a total surface area of 1.7 km2. Most of the shel
tered area was shallow with a water depth between 0.5 and 1.5 m, but
locally the water was deeper with depths exceeding 2 m. The exclosure
experiment was conducted in the sheltered area behind one of these
breakwaters (Figs. 1B and 1C).
Construction of the breakwaters facilitated the development of
submerged vegetation in the sheltered area. Whereas hardly any

2.2. Collection and analysis of monitoring data
2.2.1. Submerged vegetation data
In the study area only submerged macrophytes and no emergent or
floating macrophytes occurred. Data on the distribution of submerged
macrophytes in the northern part of Lake Markermeer from 1992, 1996,
2002, 2004, 2005, 2007, 2010 and 2012 were used, which were pro
vided by the Dutch Ministry of Infrastructure and Environment. Sub
merged macrophytes were sampled between the end of June and the
beginning of August at a large number of locations that were approxi
mately 100 m apart from each other. The number of locations surveyed
varied per year and ranged from 12 to 235 (min-max) for the sheltered
and from 20 to 837 for the unsheltered area respectively (Table B.1).
Macrophytes were sampled with a double sided rake and the coverage
per macrophyte species and the total submerged vegetation cover
including filamentous algae were estimated in 8 classes: 0%, < 1%,
1–5%, 5–15%, 15–25%, 25– 50%, 50–75% and 75–100%. A further
description of the macrophyte data collection method is given in Van
den Berg et al. (2003). From the data of the study area, the average cover
per macrophyte species and the average total vegetation cover including
filamentous algae was calculated per year (Table B.1). For this, the
original cover class was converted to the cover percentage correspond
ing to the middle of the class and this cover percentage was then aver
aged over all locations. This was done separately for two parts of the
study area: the area sheltered by the breakwaters (1.7 km2) and the
exposed area outside the breakwaters (11.4 km2).
2.2.2. Waterbird data
Monthly aerial counts of waterbirds in Lake Markermeer were
available from the Ministry of Infrastructure and Environment (van
Roomen et al., 2012). Counts from 1990 to 2010 of the study area in the
north of Lake Markermeer (hatched area in Fig. 1A) were used
(Table B.2). The biomass of herbivorous birds was calculated by
selecting species that forage primarily on aquatic macrophytes accord
ing to Wood et al. (2012), viz. Bewick’s swan (Cygnus columbianus
bewickii), Mute swan (Cygnus olor), Whooper swan (Cygnus cygnus),
Gadwall (Mareca strepera), Common pochard (Aythya ferina) and
Eurasian coot (Fulica atra). In this selection, all species that were
observed in the area and that forage on aquatic macrophytes were
included. Red-crested pochard (Netta rufina) was also considered to
forage on macrophytes, but was not observed in the area. The total
biomass of herbivorous birds was calculated for each monthly count by
multiplying the observed number of individuals per species by the
species-specific average individual weight obtained from Wood et al.
(2012) and summing this biomass over all species. The herbivore
biomass density per season was then calculated by taking the average of
the total herbivore biomass per season (unique combination of year and
season, typically 3 areal counts available per season) and dividing this
season-averaged biomass by the surface of the study area, viz. 13.1 km2.
For this, seasons were used that encompassed three whole months
(winter: January-March, spring: April-June, summer: July-September,
autumn: October-December). Following the same procedure, the
biomass density was also calculated separately for Mute swan in
summer.
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2.2.3. Grazing pressure by waterbirds
The waterbird counts and macrophyte survey data were used
together to approximate grazing pressure. Waterbirds were expected to
be the dominant grazers in the study area, because they were far more
abundant than other grazers, although it cannot be excluded that some
crayfish and fish may also have foraged on macrophytes. To quantify
grazing pressure, the consumption of macrophytes by herbivorous birds
was estimated using the observed bird numbers and intake rates from
literature. For this, a species specific daily intake rate was calculated for
each bird species, using the relationship between bird body mass and
intake rate from Wood et al. (2012): I = − 4.89 + 0.81 * M, where I is
the log10-transformed intake rate (g DW/s) and M is the log10-
transformed average individual body mass of the bird species (g). This
species-specific intake rate was converted to a species-specific daily
intake, by assuming that herbivorous birds on average spend 9.7 h per
day on feeding (van Gils et al., 2007). The total daily consumption was
then calculated for each monthly bird count, by multiplying the
species-specific daily intake with the observed number of birds of the
corresponding species and summing this over all bird species. Next, the
total macrophyte consumption per season (unique combination of year
and season) was calculated by averaging the total daily consumption per
season, using the same definition of the seasons as was used in the
calculation of herbivore biomass density, and multiplying this season
averaged daily intake with 91 days, corresponding with the length of a
season. Ideally, grazing pressure would have been quantified by relating
the estimated consumption by herbivores to the biomass production of
macrophytes, but, as data on macrophyte production were not available,
an estimate of the total macrophyte biomass that was present at the peak
of the growing season was used instead. Total macrophyte biomass in
the study area was calculated as the product of the surface area covered
by macrophytes and the average macrophyte biomass density that was
found in the control plots of the field experiment. For this, the macro
phyte covered surface area was calculated separately for the sheltered
area and the wave exposed area, by multiplying the earlier calculated
average total vegetation cover (as a fraction) by the corresponding
surface areas, and these two values were summed to obtain the macro
phyte covered area for the entire study area. Next, this surface area was
multiplied by the average macrophyte biomass that was found in the
control plots of the field experiment in both 2011 and 2012 (average
biomass: 366.78 g DW/m2, average cover: 94%). Grazing pressure was
then quantified for each season by dividing the biomass consumed in
each season by the total macrophyte biomass that was present during
summer. This was expressed as a percentage, giving a rough estimate of
the macrophyte consumption in each season, expressed as a percentage
of the total macrophyte biomass that was present at the peak of the
growing season, in summer. The bird data was available for the same
area as the macrophyte data, because the area surveyed during the areal
bird counts corresponded with our entire study area, so bird and
macrophyte data could be used together to calculate grazing pressure.

wind speeds above 10–15 m/s (Vijverberg et al., 2011; Kelderman et al.,
2012). Therefore, wind speed measurements were used to check
whether there was a relationship between the light availability under
water and days on which strong wind had occurred. We determined on
which days strong wind had occurred, using wind speed > = 13.9 m/s
(corresponding with 7 Beaufort wind or higher) as a threshold. For this,
hourly data of potential wind speed at 10 m elevation from a meteoro
logical station 28 km to the southeast of the study area (Lelystad,
52◦ 27’07.7"N, 5◦ 31’39.7"E) were obtained from the Royal Dutch
Meteorological Institute (KNMI).
2.3. Exclosure experiment
2.3.1. Experimental design
The field experiment was performed in the sheltered area between
the breakwaters and dike in the north of the large Lake Markermeer
(52◦ 40’27.47"N; 5◦ 21’33.60"E, Fig. 1). To test the effect of grazing by
waterfowl on the submerged vegetation, accessibility of the vegetation
for birds was manipulated by excluding birds with cages. Three different
treatments were applied, viz. grazer protected plots (n = 10), unpro
tected control plots (n = 10) and material control plots (n = 5). For the
protected plots, cages were used that were closed at all sides and the top
with gauze, thereby excluding large grazers. Cages (outer dimensions
L × W × H = 60 × 60 × 52.5 cm) were constructed from galvanized
steel gauze with a wire diameter of 2.5 mm and a mesh size of 5 × 5 cm
(Fig. B.1). The cages were pushed 2.5 cm into the sediment and were
anchored by steel rebar of 70 cm in each corner. Control plots were
marked by 2 m long bamboo sticks pushed in the sediment at the four
corners of the plot until the top was just below water level. For the
material control plots, the same cages were used as for the protected
plots, but these were left open at the top to allow waterbirds to reach the
vegetation. The aim of the material control treatment was to quantify
the effect of the cages without manipulating grazing. Yet, preliminary
analysis of macrophyte characteristics in these plots combined with
measurements of the effect that the cages had on water movement
showed that waterbirds most likely avoided these plots (Appendix A),
and thus that this setup was not suitable as a material control. The re
sults of material control plots are therefore not presented here and were
excluded from further analyses, but a summary of these results can be
found in Appendix A. The experimental plots were randomly assigned a
position in a rectangular grid (L × W: 55 ×10 m), resulting in plots that
were at least 5 m apart from each other. The experimental grid was
parallel to the dike and was situated 25–40 m in front of the dike,
placing it at about 1/3 of the total distance of 130 m between the dike
and the breakwater (Fig. 1B). Average water depth in the experimental
plots during summer was 83.9 cm ( ± SE 0.53, range 78–93 cm, n = 39,
based on single depth measurements in all plots in August of both 2011
and 2012, one protected plot was lost in 2012). Protected and unpro
tected control plots were assigned positions independently, i.e. they
were not paired. The plots were installed on 8, 9 and 10 June 2011 and
were left in place for two years. Hence, grazing was excluded from the
protected plots during one summer before data collection in August
2011 and was excluded during two summers and a winter before data
collection in August 2012.

2.2.4. Light availability and wind data
Monthly measurements of the light extinction coefficient at the
nearest water quality sampling station (Fig. 1A, station Broekerhaven,
2 km west of the study area, 52◦ 41’12.4"N 5◦ 15’24.8"E) were obtained
from the Dutch Ministry of Infrastructure and Environment, for
1998–2012. This sampling station is situated near the shoreline and is
sheltered from waves and was therefore thought to be representative for
the sheltered part of the study area (area behind the breakwaters). From
the extinction measurements, light availability in the area behind the
breakwaters was approximated by calculating the percentage of surface
light that reached the lake bottom, using Lambert Beer’s law and
assuming a water depth of 1 m, reflecting the average depth of the area
behind the breakwaters. A threshold of 5% surface irradiance (Mid
delboe and Markager, 1997) was used to visualize whether sufficient
light was available for macrophyte growth. Strong sediment resus
pension leading to high turbidity is expected in Lake Markermeer at

2.3.2. Measurements
Vegetation was monitored in the experiment by determining total
macrophyte cover, the number of plant species, average plant height,
biomass per macrophyte species and total biomass in the plots in August
of 2011 and 2012, the time of peak standing crop of charophytes in this
region (Van den Berg et al., 2001). The fieldwork was carried out on
foot, wearing a dry suit that is usually used for scuba diving. Total
macrophyte cover was estimated visually, by observing each plot from
just above the water surface. Underwater visibility on the field work
days was sufficient to identify macrophytes and to see the lake bottom
inside the plots. Macrophyte species present in the plot were recorded
4

B.G. van Zuidam et al.

Aquatic Botany 181 (2022) 103541

during these visual observations and from this, the number of macro
phyte species was determined. The Chara genus (Chara sp.) and the
filamentous algae group were not identified to species level, so these
groups were counted as one species each. Average plant height was
determined by choosing a plant that was thought to represent the
average height of the vegetation in the plot and measuring that plant by
gently placing a ruler on the sediment surface. To determine biomass, a
frame consisting of closed PVC walls and an open top and bottom (L × W
× H= 30 × 30 × 80 cm) was placed in a plot and all aboveground parts
of the vegetation were collected from this frame. The plant material was
collected in bags and brought to the laboratory, where it was rinsed and
large impurities such as snails and detritus were removed by hand.
Macrophyte species were sorted by hand and the material was dried at
60 ◦ C for at least 24 h and weighted with an analytical balance. Samples
were processed in a random sequence without knowing the treatment of
the sample. In 2011, biomass was determined in half of the protected
plots and half of the controls (both treatments: n = 5). In 2012 biomass
was determined in all plots, except for one protected plot because that
cage was damaged (unprotected plots: n = 10, protected plots: n = 9).
In the plots that were already sampled for biomass in 2011, biomass
sampling in 2012 was done in a part of the plot that was not sampled in
2011.

2.4. Statistical analysis
Generalized linear models were used to test whether the vegetation
characteristics differed significantly between the experimental treat
ments. For the analysis of total biomass and average plant height, GLM’s
with a Gamma probability distribution and an identity link function was
used (syntax: glm(biomass ~ treatment *year, family=Gamma(link =
"identity"), data=d)). The Gamma distribution was deemed suitable for
these response variables because they had only non-negative values, the
coefficient of variation was approximately constant across group levels
and the residuals of the linear model were not normally distributed but
right-skewed. For the analysis of total macrophyte cover, a GLM with a
quasibinomial probability distribution and a logit link function was used
(syntax: glm(cover ~ treatment*year, family=quasibinomial(link =
"logit"), data=d)). This model was deemed suitable, because the
response variable consisted of percentage data. For the analysis of the
number of plant species, a GLM with a Poisson probability distribution
and a log link function was applied (syntax: glm(nspec ~ treatment*
year, family=poisson(link = "log"), data=d)). This model was deemed
suitable, because the response variable consisted of counts. Treatment
(protected or unprotected) and year (2011 or 2012) and their interaction
were tested as independent variables in all models. R version 3.6.1 was
used for all tests.

Fig. 2. Development of total submerged vegetation cover (including filamentous algae) and Chara sp. cover since the breakwaters were built (1992–1996) (A),
density of herbivorous birds (B), grazing pressure (C) and light availability (D) in the north of Lake Markermeer. Grazing pressure (panel C) was calculated by
expressing the macrophyte biomass consumed by birds in each season as a percentage of the total macrophyte biomass that was present in the study area during
summer. The dashed horizontal line in panel D indicates the minimum light availability required for macrophyte growth. Days with strong or stormy wind (wind
speed >=7Bft) are indicated in panel D with a small vertical black line above the x-axis.
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3. Results

macrophyte cover was similar in all plots, ranging between 90% and
95%, and did not differ significantly between treatments or years
(Fig. B.4B).
Plants were significantly taller when protected from grazing (F
(1,37)= 106.4, p < 0.001; Fig. 3A) and biomass was higher in the pro
tected plots compared to the controls (F(1,25)= 77.7, p < 0.001;
Fig. 3B). Plant biomass was roughly 2 times higher in 2012 than in 2011
(Fig. 3B; (F(1,25 =110.2, p < 0.001)). The effect of protection from
grazing increased over time (interaction between exclosure treatment
and study year (F(1,25)= 10.9, p = 0.003)) revealing a larger effect of
protection on plant biomass in the second year, compared to the first
year.

3.1. Long term developments from monitoring data
Before the construction of breakwaters in 1992–1996, hardly any
submerged vegetation was present in the study area (Fig. 2A). In the first
period after construction, from 1996 to 2005, some submerged vegeta
tion had developed, but cover was still low (Fig. 2A). In this period the
vegetation consisted of low abundances of the following macrophytes
(in order of decreasing abundance): Stuckenia pectinata, Potamogeton
pusillus, Myriophyllum spicatum, P. perfoliatus and Zannichellia palustris
ssp. palustris, accompanied by a low abundance of filamentous algae
(Table B.1). In 2004, charophytes (mainly Chara globularis, with
C. contraria and Nitellopsis obtusa also present) were first observed
behind the breakwaters and this group increased in the following years
(Table B.1). In 2006, Elodea nuttallii, Ceratophyllum demersum and
P. crispus were first observed (Noordhuis and van Schie, 2007). After
2005, the vegetation cover increased sharply (Fig. 2A). By 2010, char
ophytes had reached high abundance in the sheltered area (covering
49% and 66% of the area in 2010 and 2012 respectively) and dominated
the vegetation (Table B.1). Outside the breakwaters vegetation
remained almost absent (Fig. 2A).
After an initial decrease between 1990 and 2000, herbivorous birds
strongly increased in the study area from 2002 onwards (Fig. 2B,
Table B.2). Until 2000, biomass density of herbivorous birds was highest
in spring and summer and much lower in autumn and winter. After
2002, herbivore biomass density in summer increased more than in the
other seasons and, as a result, herbivore biomass density was highest in
summer (Fig. 2B). The total summer herbivore biomass density in the
study area was around 0.25 g/m2 in the early 1990s, decreased to
around 0.01 g/m2 in 2002 and increased again to 0.41 g/m2 around
2010 (Fig. 2B). Mute swan made up the largest part of the grazer
biomass (in summer around 90% since 2005), because it was abundant
(Table B.2) and it is far heavier than the other bird species.
Grazing pressure was highest around 1992 (up to 445% in spring
1992), when vegetation was very sparse and birds were fairly abundant
(Fig. 2C). From 1996 onwards, grazing pressure was lower (average
1996–2010 over all seasons: 6%), reaching its lowest value in 2002
(around 2%, Fig. 2C). There was a temporary increase in summer
grazing pressure in 2004 and 2005 (34% and 25% respectively, Fig. 2C),
which was the result of the increase in bird density starting earlier (after
2002) than the increase of the vegetation (after 2005).
Light availability for macrophytes growing at the bottom of the
sheltered area (taken as 1 m depth) fluctuated between 0% and 80% of
the surface irradiance, as a result of variation in turbidity (Fig. 2D). Light
availability was frequently below the threshold for macrophyte growth,
especially during winter (38.4% of all observations and 68.2% of winter
observations were below threshold), but in most years there were
several observations during late spring and summer with sufficient light
for macrophyte growth (Fig. B.2). Prolonged periods with higher light
availability appeared to correspond with longer periods without strong
winds (Fig. 2D). In 2005–2006 an exceptionally long period with higher
light availability occurred (May 2005 until October 2006), which lasted
17 months, making it the longest period with light above the threshold
for macrophyte growth recorded in the study period.

4. Discussion
4.1. Wave shelter effect
The breakwaters in Lake Markermeer facilitated the development of
submerged vegetation. After construction, a dense submerged vegeta
tion dominated by charophytes developed at the sheltered area behind
the breakwaters, while vegetation remained almost absent outside the
sheltered area. This is a strong indication that the breakwaters caused
the increase of the vegetation by creating suitable conditions for mac
rophytes. The breakwaters appeared not to affect the turbidity of the
water, because neither Secchi depth nor the light extinction coefficient
differed structurally between the sheltered area inside the breakwaters
and a wave exposed location outside the breakwaters during five sam
pling occasions in the summer of 2006 (Noordhuis and van Schie, 2007).
The absence of an effect on turbidity was probably due to the open
structure of the breakwaters, through which water in the sheltered area
was readily exchanged with the rest of the lake. The positive effect of the
breakwaters on the vegetation was thus not due to a structural
improvement of the light conditions, but most likely due to a reduction
of wave forces. Studies in other large lakes, such as Lake IJsselmeer (Van
Zuidam and Peeters, 2015) and Lake Balaton (Istvánovics et al., 2008)
have shown that in wind-exposed parts of these lakes, wave forces can
indeed hamper submerged vegetation development. The developments
in Lake Markermeer indicate that the construction of artificial wave
shelter can be an effective measure to stimulate submerged vegetation in
wind-exposed parts of large lakes.
4.2. Bird density
The number of herbivorous waterbirds in Lake Markermeer showed a
remarkable decrease from 1990 to 2000, followed by an increase after
2002. The initial decline in the 1990’s was most likely caused by
movement of a part of the bird population to other nearby Dutch lakes
(viz. the Eastern Borderlakes), as a response to the increased food
availability there (Noordhuis et al., 2002). In the same period, there was
a monotonous increase of herbivorous birds in the greater region (viz. in
the IJsselmeer area, the set of lakes central in the Netherlands which
Lake Markermeer is part of; Hornman et al., 2020), which confirms an
internal movement. After 2002, herbivorous birds strongly increased
again in the study area, leading to the highest grazer density around
2012. This increase in bird density since 2002 may have been the result
of an internal movement in opposite direction due to crowding in other
areas. The Mute swan population in the Netherlands has strongly
increased since the late 1980’s (Hornman et al., 2020), which may have
led to saturation of other molting areas. In two nearby lakes that are
important molting sites for Mute swan, Lake Veluwemeer and Lake
Wolderwijd, macrophyte cover was temporarily lower in 2002 and
2003, due to the removal of a sluice and the turbidity caused by the
construction work (Noordhuis et al., 2015). This lower food availability
may have contributed to an internal movement of birds towards the
study area in Lake Markermeer. Grazer density in this study was highest
around 2012, but this did not result in the highest grazing pressure,

3.2. Field exclosure experiment
The submerged vegetation in all experimental plots was dominated
by Chara sp. making up 97–100% of the total biomass (Table B.3 and
Fig. B.3). Other species found in the biomass samples were: Cerato
phyllum demersum, Elodea nuttallii, Myriophyllum spicatum, Nitellopsis
obtusa, Potamogeton perfoliatus, P. pusillus and Stuckenia pectinata
(Fig. B.3). The number of species ranged from 1 to 4 species per plot
(Fig. B.4A) and did not differ significantly between treatments (Chi
(1,37)= 0.21, p = 0.650) or years (Chi(1,37)= 2.67, p = 0.102). Total
6

B.G. van Zuidam et al.

Aquatic Botany 181 (2022) 103541

Fig. 3. Vegetation characteristics in the exclosure experiment, with height (A) and biomass (B) of the vegetation in unprotected control plots and plots protected
from bird grazing at the end of the growing season (in August) of 2011 and 2012. Significant differences between treatments and years are indicated with different
letters at the top of the figure.

Søndergaard et al., 1996, 2000; Irfanullah and Moss, 2004). It is not
clear what causes these differences in outcome, but between-lake dif
ferences in grazing pressure and water depth probably affected the
impact that grazers had on macrophyte colonization. Furthermore, dif
ferences in dominant macrophyte species may play a role. Lake Væng,
Lake Engelsholm and Lake Stigsholm in Denmark and Little Budworth
Pool in the UK were dominated by Potamogeton or Elodea species,
which are palatable (Dorenbosch and Bakker, 2011) and form canopies
at the water surface (Hidding et al., 2010b), hence these species are
easily within reach of grazing birds. These species also occur typically at
higher trophic levels, at which grazing may have a larger impact,
because low light availability can hamper re-growth after grazing (e.g.
Hidding et al., 2016). In contrast, Lake Veluwemeer was dominated by
charophytes, which are bottom-dwelling species (Hidding et al., 2010b)
that are more difficult to reach for non-diving herbivorous birds.
Consequently, charophytes may be more sensitive to underwater light
conditions, but lose less biomass to grazing birds.
Rather than a delay due to grazing, it seems more likely that the 10year time-lag observed in our study was caused by unsuitable light
conditions. Extinction measurements showed that light availability
frequently was too low for macrophyte growth. The start of the vege
tation development coincided with an exceptionally long period with
higher transparency, resulting in sufficient light for macrophyte growth.
This indicates that the increase of the vegetation was probably initiated
by a temporary improvement of the light climate and thus that a lack of
light had probably caused the vegetation to remain sparse for 10 years
after the breakwaters were completed. Charophytes sharply increased
within 2 years after the rise in light availability. Such a fast response to
an improvement in growth conditions is in line with the developments in
Lake Veluwemeer and Lake Wolderwijd in the Netherlands, where a
strong increase of charophytes started one year after turbidity decreased
considerably and the lakes shifted to the clear state (Ibelings et al., 2007;
Noordhuis et al., 2015). Rapid colonization requires that sufficient
macrophytes or propagules are present when conditions improve (Bak
ker et al., 2013; Hilt et al., 2018). Indeed, before the shift in Lake
Veluwemeer and Lake Wolderwijd, charophytes were already present
and increased slowly in shallow water (Van den Berg et al., 2001;
Ibelings et al., 2007; Noordhuis et al., 2015) and in the study area,

because after 2005 vegetation abundance increased more than bird
density, causing grazing pressure to decrease again after 2005. In 1992,
grazing pressure was remarkably high, but at that moment, hardly any
submerged vegetation was present and herbivorous birds foraged on
filamentous algae that grew on the dikes (van Dijk and van Eerden,
1991). Later, when macrophytes became more abundant, birds switched
to feeding mainly on charophytes (Noordhuis et al., 2002; personal
observation).
4.3. Vegetation development
After the construction of the breakwaters, 10 years passed before the
development of the charophyte dominated vegetation started. It is not
entirely clear what caused this delay or what initiated the vegetation
development eventually, but the monitoring data provide some clues.
From the monitoring data, it seems unlikely that grazing delayed the
vegetation development, for two reasons. Firstly, the vegetation abun
dance increased despite the ongoing increase in grazer density that had
already started several years earlier. The earlier start of the increase in
bird density resulted in a slightly higher grazing pressure in 2004 and
2005, but this did not prevent the increase of the vegetation after 2005.
Secondly, the very low grazing pressure in 2002 did not induce an in
crease of the vegetation. If grazing controlled the vegetation, the vege
tation increase would be expected to have started in this period with low
grazing pressure, but this increase did not start until after 2005 when
grazing pressure was higher. It thus appears that grazing did not play an
important role in determining the timing of the vegetation development.
Based on the monitoring data alone, it can however not be excluded that
grazing might have caused a delay. The higher grazing pressure around
2004 may have delayed the colonization phase of the vegetation by
several years. In studies in the Dutch Lake Veluwemeer and the Swedish
Lake Finjasjön, grazing by birds did not slow down macrophyte colo
nization (Strand and Weisner, 2001; Noordhuis et al., 2002), which is in
line with the absence of an effect on the colonization in this study. On
the other hand, studies on Lake Væng, Lake Engelsholm and Lake Stig
sholm in Denmark and Little Budworth Pool in the UK concluded that
grazing by waterbirds delayed macrophyte colonization or even
inhibited colonization entirely (Lauridsen et al., 1993, 2003;
7
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charophytes were already observed in 2004, before the vegetation
abundance increased. The vegetation in the study area increased further
after 2006, despite light availability being lower again. In this period,
the vegetation probably improved growth conditions for itself by locally
reducing turbidity locally (Scheffer et al., 1994; Kosten et al., 2009).
This probably enabled the vegetation to increase further, even though
light conditions at the water quality station outside the breakwaters
were back to the level that was insufficient for the initial colonization
earlier.

depth range corresponds well with the depth of 76 cm that Noordhuis
et al. (2002) assumed as maximum depth over which Mute swan prefer
to forage. Mute swan can reach deeper, up to 1 m under water (Tatu
et al., 2007), but shallow foraging costs less energy (Nolet et al., 2006)
and this explains why the upper plant parts were exploited first. The
lower part of the plants was not consumed in summer, so apparently
food availability in the shallow depth range was sufficient for the birds.
The charophyte vegetation was not overgrazed and remained present
throughout summer, probably because the water depth in most of the
study area exceeded the depth range at which the birds prefer to forage.
Therefore, it can be concluded that the recently increased grazing
pressure did not reduce effectiveness of the breakwaters to facilitate
submerged vegetation development in the study area. To reduce the risk
of overgrazing, we recommend to build wave shelters in such a way that
in the wave protected area does not only include very shallow water that
serves as a starting point for vegetation establishment, but also includes
a sufficiently large area with a water depth of 0.8–1.2 m. This depth
range is shallow enough to facilitate the establishment and expansion of
submerged vegetation and is deep enough to prevent overgrazing by
most non-diving species, including Mute swan. This design can strongly
benefit the large-scale application of these wave-sheltering measures in
the future, including the Marker Wadden project (Barciela Rial, 2019;
van Leeuwen et al., 2021).
It is likely that the birds forage also on the lower parts of the plants
later in the year, because in winter, the water level in the lake is 20 cm
lower (from October onwards) and food availability may be more
limited. However, based on the results of the second year of the exper
iment it seems that grazing in winter had little additional effect on the
vegetation, as the effect of grazing on plant height did not differ between
the two years. For biomass, on the other hand, the difference between
protected and unprotected plots was higher in the second year, but
rather than a stronger impact of the herbivores, it seems likely that this
was caused by higher light availability in 2012 resulting in higher plant
biomass overall and enlarging the difference between protected and
unprotected plots. It can however not be excluded that the larger dif
ference in biomass between protected and unprotected plots in the
second year was related to grazing, as it may have been a delayed
response to the release from grazing. The vegetation development may
show a time lag after release from the stresses limiting plant growth,
hence, after release of grazing pressure, the charophytes may have
started to accumulate more biomass over time, until another factor
limited their growth. Other studies also found that grazing in winter had
less effect than in summer, because winter grazing does not interfere
with the formation of plant propagules (Kiorboe, 1980; Gyimesi et al.,
2011). In the study area, the vegetation dies back at the end of the
growing season, so grazing on the remaining plant parts in autumn
indeed does not constitute a loss of plant propagules or growth potential.
The die back of the vegetation also causes low food availability for birds
in winter, because there are no above ground plant parts left and most of
the water in the area is too deep for birds to forage on below ground
plant parts (Nolet et al., 2001; Noordhuis et al., 2002). This low food
availability is a likely explanation for the low abundance of herbivorous
birds in winter.

4.4. Grazer impact on vegetation
The grazer exclusion experiment showed that, in summer, macro
phyte biomass in unprotected plots was about 50% lower than in pro
tected plots. This exclosure effect was most likely due to a difference in
grazing by waterbirds and not due to other effects of the cages. Her
bivorous birds most likely avoided the open cages that were used for the
material control treatment and therefore the results of this treatment
could not be used to determine the effect that the cage had in itself,
independently from the effect of grazing. Nevertheless, it is unlikely that
the cages promoted macrophytes by providing shelter from waves,
because a breakwater sheltered the experimental plots and thus wave
exposure was limited. Measurements of water flow velocity inside and
outside the material control plots confirmed that the cages did not
reduce water movements (Appendix A). The cages could also have
affected the vegetation by excluding other animals, besides waterbirds.
Fish and crayfish can strongly reduce submerged macrophyte biomass
(Hilt, 2006; Matsuzaki et al., 2009). However, grazing by fish was
probably not important in the study area, because, with a total fish
biomass below 25 kg/ha, the density of fish was low (van Rijssel et al.,
2021). Furthermore, the cages had a fairly large mesh size (5 × 5 cm),
which allowed most of the fish to enter the cages and excluded only
larger individuals. The mesh size was also large enough to allow crayfish
to enter the cages. During the fieldwork, on one occasion, a crayfish was
indeed observed inside one of the protected plots. It is thus likely that
the cages hardly altered any effects that fish and crayfish may have had
on the vegetation. Therefore, the exclosure effect on macrophyte
biomass that was found in the experiment was most likely related to bird
grazing. At the observed biomass density of herbivorous birds, a
reduction in plant biomass of 40% is expected on average (Wood et al.,
2012, 2017). The grazing impact in our experiment is thus slightly above
average, but is still within the range reported in literature (Wood et al.,
2017). In the study area, Mute swan is the most important herbivore,
because it made up the largest part of the herbivore biomass, it feeds
primarily on aquatic macrophytes (Bailey et al., 2008) and has a high
food intake rate (Wood et al., 2012). Grazing by Mute swan can have a
large impact on submerged vegetation, leading to almost complete
removal of vegetation in some studies (e.g. Allin and Husband, 2003).
The impact of Mute swan grazing is however not always large,
depending on bird density and plant abundance (Gayet et al., 2014).
Mute swan density in the study area is highest during summer, because
in that period Mute swans concentrate in this area to molt. During
molting, these birds are unable to fly (Cramp and Simmons, 1977, 1980)
and therefore completely rely on food available in the nearby area.
The experiment further showed that, despite a considerable effect on
biomass, grazing had no effect on vegetation cover. This is in line with
other exclosure studies in Chara-dominated systems in the Estonian
Matsalu bay (Hidding et al., 2010a) and in the Dutch Lake Botshol (Rip
et al., 2006) and Lake Veluwemeer (Van den Berg et al., 2001), in which
no effect of grazing by waterbirds was found. The water depth at the
experimental site probably played an important role in the absence of an
effect on cover. In the protected plots, plants were on average 20 cm tall
and in the unprotected control plots plant height was reduced by 45% to
11 cm, with no reduction in plant cover. This shows that the birds pri
marily foraged on the upper 9 cm of the plants and exploited the plant
parts that were available up to a depth of about 73 cm under water. This

5. Conclusions
The construction of the breakwaters in Lake Markermeer resulted in
an area near the shoreline that was sheltered from wave action. In this
sheltered area, a dense vegetation dominated by charophytes developed,
while vegetation remained almost absent outside the breakwaters. The
sheltered area also attracted a lot of herbivorous birds during summer,
especially Mute swan. Monitoring data indicated that the increase of the
charophytes started 10 years after the construction of the breakwaters.
This delay was probably not caused by grazing by birds but was probably
due to unsuitable light conditions. The exclosure experiment showed
that grazing reduced macrophyte biomass by 50%, but did not affect
8
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plant cover. Therefore, despite ongoing grazing, the vegetation
remained present throughout the summer. Overgrazing of the vegeta
tion did not occur, probably because the water depth in most of the study
area exceeded the depth range at which the non-diving birds prefer to
forage. Building artificial wave shelters thus seems an effective measure
to stimulate submerged vegetation in large wind exposed lakes. Water
depth seems to play a key role in preventing overgrazing. Therefore, we
recommend to build wave shelters in such a way that in the wave pro
tected area does not only include very shallow water that serves as a
starting point for vegetation establishment, but also includes an area
with a water depth of 0.8–1.2 m, making it less sensitive to overgrazing
by most non-diving bird species.
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