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Abstract 

Mussels are ecosystem engineers that self-organize and aggregate in 
bands  of 3-5 m wide, in which hummocks of accumulated faeces and 
pseudo-faeces develop. Theoretical studies suggested that hummock 
formation may have positive effects on mussel bed production and 
stability. In this paper, we used field measurements on natural mussel beds 
and experimental plots to test whether hummocks indeed increase mussel 
production, condition, and persistence on tidal flats as predicted. 
Observations on natural mussel beds revealed that mussels on the top of 
the hummock were not any larger, but were in better condition and 
occurred in higher density, suggesting that improved growth conditions. 
Experiments on the short-term persistence of mussels on artificial beds 
demonstrated that mussel cover decreases faster on hummocks than on flat 
bands indicating that hummocks are unfavourable for the persistence of 
individual mussels. Measurements on natural and artificial mussel beds in 
the field, combined with flume experiments showed that current velocity, 
substrate erosion and bottom shear stress were significantly higher on the 
top than on the front or on the back of the hummocks, explaining 
differences in persistence. We conclude that within our experiments, 
where mussels were dislodged, negative effects of hummocks on mussel 
persistence prevailed. In contrast, mussels are more firmly attached on real 
beds, where they establish prior to hummock formation, and are thus less 
vulnerable to the effects of increased hydrodynamic exposure. This 
suggests that on natural mussel beds, the positive effects of increased food 
availability may prevail over the negative effects of increased hydrodynamic 
exposure. 
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Introduction 

Negative interactions, such as predation and intra and inter-specific 
competition, were once considered as the main biotic drivers of species 
abundance and distribution (Paine 1966, Begon et al. 1996, Chase et al. 
2002). However, positive interactions among species (i.e. facilitation) have 
more recently been found to also strongly influence community dynamics 
and biodiversity in ecosystems (Matuszek and Beggs 1988, Dunson and 
Travis 1991, Jones et al. 1994, Stachowicz 2001, Bruno et al. 2003). 
Ecosystem engineering – active habitat modification by organisms – is a 
process that in many cases not results in a positive effects on the engineer 
itself, but often also facilitates many associated species (Naiman et al. 1988, 
Jones et al. 1994, Barnes and Mallik 2001, Margolis et al. 2001). In soft-
sediment ecosystems, foundation species such as seagrasses, corals, 
mangroves and epibenthic bivalves are often considered ecosystem 
engineers as they modify create aboveground structure, modify the 
sediment composition, and attenuate currents and waves (Madsen et al. 
2001, Reise 2001, van de Koppel et al. 2005, van der Heide et al. 2007, 
Bouma et al. 2009). 

Although, by creating new habitat, ecosystem engineers often 
positively affect other species (Seed 1996, France 1997, Borthagaray and 
Carranza 2007), their modifications can also have a negative effect on 
themselves or other species. For instance, by trapping and stabilizing 
sediment, seagrasses and salt marsh plants also accumulate large amounts 
of organic matter, which can lead to anoxic conditions and high sulfide 
levels, that in turn significantly hamper plant growth and can reduce 
endobenthic biodiversity (van der Heide et al. 2012). Although the effect of 
engineering on biodiversity has been extensively studied, the effect of 
engineering on ecosystems engineers themselves has received much less 
attention (Chapter 2, Liu et al. (2013)). Knowledge about how species, by 
their engineering activities, improve or reduce the quality of their own 
habitat is still limited. 
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Found mostly in coastal environments, mussels are reef-building 
ecosystem engineers that create habitat and shelter for both themselves 
and many other species (Gutiérrez et al. 2003, Donadi et al. 2013, van der 
Heide et al. 2014). Within reefs, mussels self-organize at two different 
spatial scales, increasing habitat complexity (van de Koppel et al. 2005, van 
de Koppel et al. 2008). At a larger spatial scale, they aggregate in bands of 
3-5m wide, perpendicular to the flow of the water. At a smaller scale, they 
aggregate in strings of 10-15cm wide that form reticular networks. 
Theoretical work investigating this two-scale aggregation suggests that the 
self-organized patterns emerging from this process may enhance mussel 
bed persistence (Chapter 2, Liu et al. (2013)). However, by increasing their 
local density, mussels not only increase their own density – they also 
locally accumulate faeces and pseudo-faeces, creating hummocks of mud 
on top of which the mussels themselves are situated (Buschbaum et al. 
2009). Such hummock formation may lead to increased water velocity (Liu 
et al. 2012), which in turn can lead to improved feeding conditions for the 
mussels, as both food supply and water mixing is improved on top of the 
hummock. However, experimental evidence of effects of hummock 
formation on the growth and persistence of mussels in mussel beds is still 
lacking. 

In this paper, we used observations in a natural mussel bed 
combined with field and flume experiments, to test the hypothesis that 
mussel growth and overall mussel bed persistence is enhanced by 
hummock formation. We first investigated how hummocks influence food 
availability for mussels, by looking at mussel density, condition and growth 
on natural mussel beds. Second, we experimentally investigated the 
influence of hummocks on persistence and growth of newly settled mussel 
beds, using flume and field experiments.  
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Material and Methods 

Studied Area 

The Wadden Sea is located in between barrier islands and the 
mainland coast of Denmark, Germany and Netherlands (Figure 3.1). The 
Dutch part of the Wadden Sea covers an area about 2,500 km2, half of it 
being tidal flats. The Wadden Sea is generally recognized as a natural area 
of primary importance for migrating birds and as a nursing area for 
juvenile marine fish (Brinkman et al. 2002). Within the Wadden Sea, 
intertidal mussel beds are an important habitat that combines high 
biomass with high species richness (Flemming and Delafontaine 1994, 
Seed 1996). Our study area was located on a mudflat near 
Schiermonnikoog, one of the most Eastern islands of the Dutch Wadden 
Sea. We selected an area with large intertidal mussel beds (several hectares 

per bed) at the southwest edge of the island 
(53°27’6.95”N – 6°9’6.13”E). The mussel beds 
are typified by spatial patterns that are 
oriented perpendicular to the tidal current, 
and were located ~0.5 m under mean sea level 
with a low tide exposure time of ~30%.  

Figure 3.1: Map of the Netherlands showing 
the location of Schiermonnikoog; the island where the 
experiments were set up (53°27’6.95”N – 6°9’6.13”E). 

Experimental set-up 

To study the effects of hummocks on the growth and persistence of 
mussels within mussel beds, we set up a field experiment. Twelve artificial 
beds (3x5m) were set up on the mudflat in our study area about 150m from 
a natural mussel bed. Also, their elevation (-51.3 ± 0.5cm) was similar to the 
elevation of the natural mussel bed. On half of the beds, we constructed 2 
artificial hummocks (1.0 x 2.5m) separated by 1.5m. Care was taken to orient 
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the experimental beds in the same way as the nearest natural bed in order 
to obtain the same exposure to incoming waves. The foundation of each 
hummock consisted of ten 50x60-cm sandbags. To stabilize the hummocks, 
coir mat was placed over the bags and fixed 20-cm deep in the sediment 
around the bags. The other half of the plots served as controls. To obtain 
the same substrate conditions, we also added 2 bands (1.0 x 2.5m) of coir 
net to these control plots. The experiment was replicated 6 times (yielding 
12 beds in total) in a block design, with each block containing one bed with 
hummocks, and one flat control bed. The artificial plots were allowed to 
stabilize for a full month after which we added 16 kg of mussels, obtained 
from the nearest natural intertidal mussel bed, to each plot. 

The effect of hummocks on food availability 

To study how hummocks affect food availability, we estimated the 
density, growth and the condition index of the mussels on different 
locations within natural mussel hummocks, and also studied growth on the 
artificial beds. 

Mussel density on natural hummocks 

The density was estimated on three locations (front, top and back, 
Figure 3.2) across 3 different hummocks with aerial pictures taken at each 
hummock. Surface cover (in %) of mussels used as a proxy for density, and 
was determined from the pictures using Matlab to resize the pictures, and 
Image J to calculate the cover of mussels on the plots, respectively. The 
calculation was replicated 3 times for each location (i.e. front, top, back) on 
each picture.  

Condition index in a natural mussel bed 

As a measure of the condition of individual mussels, we used 
condition index which is based on the ratio between dry flesh and dry shell 
weight (Lucas and Beninger 1985). In a natural mussel bed, we collected on 
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3 different hummocks. On each hummock, we sampled 16 mussels at the 
front, the top and the back of a hummock (yielding 144 mussels sampled, of 
which 138 mussels were analyzed). After collection, mussels were cleaned 
and frozen until further analyses. 

 

Figure 3.2: Schematic representation of band-shaped hummocks in a mussel 
beds. The colored dots designate the different locations on the hummocks that were used 

in our sampling and measurement schemes. 

For each mussel, length, height and width were measured using a 
caliper. Mussel volume (cm3) was subsequently estimated assuming an 
ellipsoid shape: 

  Length  Height  Width 

The soft tissue was separated from the shell, dried independently 
for 24h at 70°C, and subsequently weighed. Both dry weight of the soft 
tissue and the shell were used to compare treatments.  

Mussel growth on natural and artificial mussel beds 

To study how hummocks affect mussel growth, mussel length 
increase was measured on both natural mussel beds and on artificial beds. 
Mussels were collected on natural mussel beds and processed in the lab. 
Only young mussels were selected (3,14cm ± 0,03cm). The length of each 
mussel was measured and it was subsequently labelled with a hallprint 

Upcoming tidal current 

Top 

Front Back 

Exposed band Protected band 
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shellfish tag (Hallprint Pty Ltd, South Australia) glued to the shell with 
cyanoacrylate glue. Mussels were then were glued to a rope and attached in 
groups of 8 on a tent peg, which was then placed in the field at the end of 
April 2013. 

On natural beds, we placed 16 mussels per location (i.e. front, top, 
back) on two different hummocks and the GPS coordinates of each 
locations were recorded. The change in length of each mussel was 
measured in the field at the end of July 2013. In October 2012, mussels 
were collected and re-measured. We were able to retrieve 51% of the 
mussels at the end of the experiment. Mussel growth was estimated as the 
percentage of increase in length per day. 

On the artificial beds, we placed 16 mussels in the middle of each 
mussel band (hummocks and flat controls) at the end of April 2013. Mussels 
were collected, and measured in the lab at the end of July 2013. The 
differences of growth between flat bands and hummocked bands, and 
between exposed (bands at the gully-side) and protected (bands in the 
wake of gully-side bands) bands were studied (Figure 3.2). 

The effect of hummocks on mussel bed persistence 

The effect of hummocks on mussel persistence was studied using 
the aforementioned experimental beds. On the first day of the experiment, 
the length and width of each mussel band was measured with a 
measurement tape (± 1cm). Subsequently, all plots were surveyed for the 
next 30 days. Aerial pictures of the artificial beds were taken daily for the 
first 4 days, and additionally after 11 days of experiment using a time-lapse 
camera (Canon D10; 5s interval) mounted on a 4m telescopic pole. Every 
picture was resized with Matlab using the initial band dimensions 
measured in the field. On these pictures, the cover of mussels was 
quantified using ImageJ. The change in mussel cover was used as a proxy 
for the persistence of the artificial mussel beds over time. Apart from 
comparing mussel cover between flat controls and plots with hummocks, 
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we also assessed the difference in persistence between the hummock at the 
gully-side, which is directly exposed to waves, and the second hummock 
which was situated in the wake of the gully-side hummock (Figure 3.2). 

Hydrodynamic measurements 

As hummocks are elevated compared to their direct surrounding, 
hummock form a barrier for current and waves and thus affect 
hydrodynamic conditions. We therefore investigated how and to what 
extend the hydrodynamics were modified by the hummocks using a range 
of methodologies outlined below.  

Plaster sticks 

Plaster sticks were used to estimate the relative hydrodynamic 
intensity on three different hummocks at the different locations (front, 
top/middle, back) within a natural bed (Figure 3.2). Relative weight loss by 
dissolution of plaster is considered a proxy for hydrodynamic forcing and 
integrates effects from tidal currents and waves (Porter et al. 2000, Eklof et 
al. 2011). Plaster sticks were molded using 40 ml of model plaster (8cm) 
attached to a 60-ml syringe plunger of which the ends had been removed. 
The sticks were weighed before and after placement in the field, after 
drying to constant weight. 

On each location, 2 plaster sticks were placed and left over the 
course of 4 tides (wind max: 4bft, time under water ~32h). After collection, 
the plaster sticks were dried at 50°C during 24h, and weighed. As 4 out of 
24 plaster sticks broke during the outplacement, we used the remaining 20 
in the statistical analyses. The difference in weight before and after being 
placed in the field gave us an indication of the intensity of hydrodynamic 
energy for each location. Using the same procedure as outlined above, 
plaster sticks were also placed in the artificial beds, on the top of the 
hummocks, and on flat control beds.  

50



 47 

shellfish tag (Hallprint Pty Ltd, South Australia) glued to the shell with 
cyanoacrylate glue. Mussels were then were glued to a rope and attached in 
groups of 8 on a tent peg, which was then placed in the field at the end of 
April 2013. 

On natural beds, we placed 16 mussels per location (i.e. front, top, 
back) on two different hummocks and the GPS coordinates of each 
locations were recorded. The change in length of each mussel was 
measured in the field at the end of July 2013. In October 2012, mussels 
were collected and re-measured. We were able to retrieve 51% of the 
mussels at the end of the experiment. Mussel growth was estimated as the 
percentage of increase in length per day. 

On the artificial beds, we placed 16 mussels in the middle of each 
mussel band (hummocks and flat controls) at the end of April 2013. Mussels 
were collected, and measured in the lab at the end of July 2013. The 
differences of growth between flat bands and hummocked bands, and 
between exposed (bands at the gully-side) and protected (bands in the 
wake of gully-side bands) bands were studied (Figure 3.2). 

The effect of hummocks on mussel bed persistence 

The effect of hummocks on mussel persistence was studied using 
the aforementioned experimental beds. On the first day of the experiment, 
the length and width of each mussel band was measured with a 
measurement tape (± 1cm). Subsequently, all plots were surveyed for the 
next 30 days. Aerial pictures of the artificial beds were taken daily for the 
first 4 days, and additionally after 11 days of experiment using a time-lapse 
camera (Canon D10; 5s interval) mounted on a 4m telescopic pole. Every 
picture was resized with Matlab using the initial band dimensions 
measured in the field. On these pictures, the cover of mussels was 
quantified using ImageJ. The change in mussel cover was used as a proxy 
for the persistence of the artificial mussel beds over time. Apart from 
comparing mussel cover between flat controls and plots with hummocks, 

 48 

we also assessed the difference in persistence between the hummock at the 
gully-side, which is directly exposed to waves, and the second hummock 
which was situated in the wake of the gully-side hummock (Figure 3.2). 

Hydrodynamic measurements 

As hummocks are elevated compared to their direct surrounding, 
hummock form a barrier for current and waves and thus affect 
hydrodynamic conditions. We therefore investigated how and to what 
extend the hydrodynamics were modified by the hummocks using a range 
of methodologies outlined below.  

Plaster sticks 

Plaster sticks were used to estimate the relative hydrodynamic 
intensity on three different hummocks at the different locations (front, 
top/middle, back) within a natural bed (Figure 3.2). Relative weight loss by 
dissolution of plaster is considered a proxy for hydrodynamic forcing and 
integrates effects from tidal currents and waves (Porter et al. 2000, Eklof et 
al. 2011). Plaster sticks were molded using 40 ml of model plaster (8cm) 
attached to a 60-ml syringe plunger of which the ends had been removed. 
The sticks were weighed before and after placement in the field, after 
drying to constant weight. 

On each location, 2 plaster sticks were placed and left over the 
course of 4 tides (wind max: 4bft, time under water ~32h). After collection, 
the plaster sticks were dried at 50°C during 24h, and weighed. As 4 out of 
24 plaster sticks broke during the outplacement, we used the remaining 20 
in the statistical analyses. The difference in weight before and after being 
placed in the field gave us an indication of the intensity of hydrodynamic 
energy for each location. Using the same procedure as outlined above, 
plaster sticks were also placed in the artificial beds, on the top of the 
hummocks, and on flat control beds.  

51



 49 

Pressure sensors 

In addition to the plaster stick, which are only able to measure 
relative differences between treatments, we also placed pressure sensors 
(Sensus Ultra Dive logging device) on the sediment surface of natural 
mussel hummocks. Measurements were taken at the front, the top and the 
back of a hummock. Water depth was measured every second over the 
course of 4 tides (Wind max: 5Bft, time under water= 7.5h). Water level 
fluctuations (h, meters) were calculated as the difference between the 
instant water height and the mean water height over 30s (h30, m) around the 
measurement time. Using the water level fluctuations, we calculated the 
significant wave height (Hs, meters) as (Tucker and Pitt 2001): 

 

Because the influence of waves on the hummock depends on water 
orbital velocity (Uw, m/s) and wave-related bottom shear stress ( b, Pascal) 
these were calculated as (van Rijn et al. 1990, Friedrichs and Aubrey 1996, 
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during the experiment was 40cm. The test section used for the experiment 
consists of a 4.45m section located at the end of a 10.8m straight part of the 
flume. In this section, we placed 2 plastic hummocks consisting of 2 
sloping sections (17cm high on 35cm long) with, a flat section (50cm long, 
60cm wide, elevation: 17cm) in between. The angle of the slope and overall 
height of the hummocks was similar to the ones we studied on natural 
hummocks. The first hummock was placed on the front of the test section, 
and the second one was placed 1.20m away from the first one, end to front. 
The water speed was set at 0.3 m/s, which represents average water velocity 
conditions on mudflats in the Wadden Sea (Pejrup 1988). 

A Nortek Acoustic Doppler Velocimeter (ADV) with a sampling 
volume of 9mm high and 6mm in diameter located below the sensor head, 
was used to measure water velocity over the hummocks. A computer with 
control positioning software was connected to the ADV, which permitted it 
to take measurements at different locations across the test section. Velocity 
was measured for 5 min at 20htz, at 318 locations over the sampling section 
along a vertical axis with a step size of 5 cm. Measurements were taken 
across the middle of the sampling section to avoid potential artefacts 
created by the sides of the flume. Over the slope section and on the top of 
the hummock, the 40 cm vertical axis was reduced to 20 cm in order to 
avoid collisions between the device and the hummock. On a horizontal 
axis, measurements been taken every 10cm over the 4.45m test section. Near 
bed flow velocities were calculated by averaging the two velocity 
observations that were nearest to the bottom (at 5 and 7.5 cm above the 
bed) over the flat sections. 

Statistics 

Residuals of all models based on a Gaussian distribution were 
tested for normality using the Shapiro test, and the data were transformed 
to obtain a normal distribution if necessary. Plaster stick dissolution, 
density (square root-transformed) growth in natural mussel bed and 
absolute flow velocity measured in the flume were analyzed using an 
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Analysis of Variance (ANOVA), with location on the hummock as fixed 
factor. We used Tukey HSD post-hoc (p<0.05) to check for differences 
between the three locations. Even after data transformation, we could not 
obtain normality of the model residuals for bottom shear stress and shell 
and flesh dry flesh. Therefore, we analyzed these variables with a non-
parametric Kruskall-Wallis test, followed by Mann-Whitney U tests with a 
Bonferroni correction of the significance level (0.05/3=0.017) to test for 
differences between locations (front, top/middle, back). On the 
experimental beds, plaster stick dissolution, mussel cover and (squared 
root transformed) daily growth were tested with an ANOVA, using 
treatment (hummock or flat band) and exposition as fixed factor.  

Results 

The effect of hummocks on food availability 

Mussel density on natural mussel bed 

We observed clear differences in density between the different 
locations on the hummocks. Mussel density was found to be higher on the 
top of the hummock than on the front and the back of the hummock (F2, 

27=51.3, p=0.001 Figure 3.3A). On the top of the hummock, mussels covered 
69.8 ± 1.8% of the substrate, while on the front and the back of the 
hummock, mussels were only covering 42.3 ± 2.8% and 47.8 ± 3.3%, 
respectively. 

Condition index on natural mussel bed 

Mussels on the top of the hummock had significantly heavier shells 
(Kruskall-Wallis, p = 0.013, Figure 3.3B), but their flesh weight did not 
differ from the other locations (ANOVA, F2,139= 1.273, p=0.283). On the top 
of the hummock, shell weight was 0.61 ± 0.02g/cm3, whereas on the front 
and back weight equaled 0.56 ± 0.02 g/cm3 and 0.55 ± 0.01g/cm3, 
respectively. 
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Figure 3.3: Effect of position in front, on top, and in the back of natural mussel 
hummocks on (A) mussel cover (a proxy for density, N= 27), (B) mussel specific shell 

weight (expressed per mussel volume, N= 138). Letters on top of the bars denote 
significant differences among the treatments. 

Mussel growth on natural bed and artificial beds 

The mussels position on the hummock was not influencing their 
growth at estimated by the increase in length per day (F2,84=0.285, p=0.75). 
On average, mussels grew 0.15 ± 0.002% per day.  

On the transplanted beds, results showed that flat bands were more 
favorable for growth than hummocks. Mussels were found to grow better 
on flat bands than on hummocky bands (ANOVA, F1,295=4.23, p = 0.041, 
Figure 3.4A). On the flat bands, mussels grew 0.10 ± 0.008% per day, while 
on the hummocks, mussels grew 0.8 ± 0.006% per day. No differences were 
found between growth of mussels located on the first band and on the 
second band (ANOVA, F1,295=-0.629, p =0.43). 
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Figure 3.4: Experimental evidence of the effects of hummocks on mussel beds. A: Daily 
mussel growth on artificial bed. Mussel grew during 63 days. N=295, Mean +/- SE. B: 
Mussel bed persistence on mussel bed. Remaining cover on the artificial beds after 11 
days. Mean +/-SE. C: Hydrodynamic stress on hummocks and mudflat. Dissolution of 

plaster sticks over 4 tides. N=20, Mean +/-SE. 

The effect of hummocks on mussel bed persistence 

The hummocks at the gully-side were exposed to stronger 
hydrodynamics compared to the hummocks situated in the wake of the 
first row. Mussel bed persistence was found to be higher on flat bands than 
on hummocks (ANOVA, F1,24=71.18, p <0.001; Figure 3.4B). On the top of 
the hummock, only 53.3 ± 3.9% of the mussels survived after 11 days, while 
on flat bands 89.9 ± 2.2% of the mussels survived. Mussel persistence on 
the exposed band not significantly different than on the protected band 
(ANOVA,F1,24=1.36, p=0.26).  

Hydrodynamic measurements 

On the natural bed, plaster dissolution revealed that hydrodynamic 
intensity was higher on the top of a hummock compared to the front or the 
back (Figure 3.5-A) as estimated by the relative weight loss of plaster sticks 
(ANOVA, F2,18=9.1, p=0.003). On the top of the hummock, 35 ± 0.9% of the 
plaster stick weight was lost, while on the front and on the back of the 
hummock, 30.9 ± 0.9% (p=0.006) and 30.8± 0.8% (p=0.005) of the plaster 
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sticks dissolved. These measurements were supported by the wave sensors. 
Wave induced bottom shear stress as calculated from the loggers pressure 
data was significantly higher on the top of the hummock compared to the 
other two locations (Kruskall-Wallis, p <0.001, Figure 3.5B). On top of the 
hummock, bottom shear stress was twice as high (0.31 ± 0.002 Pa) 
compared to the front of the hummock and three times as high compared 
to the back (0.094 ± 0.0004 Pa). 

In agreement with the results on the natural bed, hydrodynamic 
intensity on the experimental bed was found to be higher on hummocks 
than on flat bands (Figure 3.4C). On the top of the hummock, 40 ± 1.2% of 
the stick had dissolved, while this was only 33.4 ± 2.3% on the flat bands 
(ANOVA, F1,20=6.75, p=0.019). Furthermore, we were not able to detect an 
influence of exposure on the hydrodynamic intensity (ANOVA, 
F1,20=0.095, p=0.76).  

 

Figure 5: Dissolution of plaster sticks (A) and bottom shear stress (B) in front, on top, and 
in the back of natural hummocks. The error bar expresses the standard error around the 

mean. Letters on top of the bars denote significant differences among the treatments. 

In the flume, near-bed flow velocities were found to be higher on top of 
the hummocks than in front, in between the hummocks and behind them. 
The absolute flow velocity near the bed on top of the hummocks was 0.22 ± 
0.07 ms-1. Flow velocities measured in front of the hummock (0.13 ± 0.01 
ms-1) where larger than those measured between the hummocks (0.04 ± 
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0.02 ms-1) and behind the second hummock (0.07 ± 0.01 ms-1). There was no 
difference in the absolute flow velocity on top of first and second 
hummock (t.test, tg=-1.6, p=1.2). Velocity vectors, shown in Figure 6, 
indicate that when flow is forced over the first hummock, it increases 
vertical velocities. The effect of this hydraulic jump is less obvious on the 
second hummock. In between the two hummocks the presence of velocity 
vortexes indicates strong turbulence. Due to the rapid changes in velocity 
over the hummock, the vertical structure of turbulence is not fully 
developed (i.e. no logarithmic velocity profile is formed), and therefore 
standard methods to determine bed shear stress from velocity 
measurements away from the bed cannot be applied. 

 

 Figure 4.6: Flow velocities energy measured over two artificial hummocks within a flume 
experiment. Velocity measurements along center cross-section of the flume. Black arrows 
indicate the flow direction in the x-z direction. Colors indicate the absolute flow velocity. 

Discussion 

Self-organization by ecosystem engineering species, ranging from 
mussels, corals and seagrasses to trees and desert plants, has been widely 
studied in the last decades (Klausmeier 1999, Bekker and Malanson 2008, 
Rietkerk and van de Koppel 2008, Weerman et al. 2011). Both theoretical 
and experimental studies have shown important emergent effects of self-
organization, in term of increased persistence and improved availability of 
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resources (Rietkerk and Van de Koppel 2008). In mussel beds, an 
important consequence of the self-organization process is that faeces and 
pseudofaeces accumulate to form hummocks of mud underneath the 
mussel patches (van de Koppel et al. 2008, Buschbaum et al. 2009, Liu et 
al. 2014). These structures have been predicted by theoretical studies to 
improve food availability for mussels (Liu et al. 2012), but could at the same 
time also increase physical stress due to enhanced hydrodynamics. Our 
results reveal that, in well-developed, older mussel beds, higher biomass 
was found on the top of the hummock, indeed suggesting higher food 
availability. However, our experimental results, that were more focused on 
short-term effects, reveal little differences in growth, but demonstrate 
decreased persistence due to enhanced hydrodynamic intensity on top of 
artificial hummocks. Measurements in the field and in the flume indeed 
revealed flow acceleration on the top of the hummock, which increases 
food supply, but also increases chances for dislodgement if mussels are 
insufficiently anchored. Hence, our results reveal that the effects of 
hummocks represent a trade-off in which the hummocks increase the risk 
of being dislodged, while simultaneously enhancing growth by increasing 
the availability of algae. 

Field observations presented here suggests that the increased 
elevation resulting from hummock formation leads to improved food 
availability for mussel as more mussels were found on top of the 
hummocks than on the sides. Even though hummocks did not directly 
impact individual mussel biomass, total biomass found on the top of the 
hummock was higher than on the front and on the back of the hummock, 
indicating improved growth conditions. Moreover, mussels were found to 
be in better condition – as indicated by a stronger shell – on the top of the 
hummock, suggesting beneficial effects of hummocks on food availability 
in old mussel beds. As we found no significant differences in flesh 
biomass, we suggest that it is likely that increased food availability to 
individual mussels is at least in part balanced by increased competition by 
higher mussel numbers, following the ideal free distribution (Fretwell and 
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Calver 1969). This is a remarkable observation, as the hummock is not an 
external feature creating variability in potential fitness over the landscape 
as proposed by the ideal free distribution, but it is created by the mussels 
themselves. Our study highlights that while the concept of spatial self-
organization contradicts the ideal free distribution at the population scale – 
positive interactions generate heterogeneity in animal numbers in habitats 
despite the absence of underlying heterogeneity in growth conditions – on 
the individual level, animals still redistributed in such a way that growth 
differences are evened out over the landscape, in agreement with the ideal 
free distribution. 

In contrast to the observational results, hummocks were not found 
to improve mussel persistence in artificially created mussel beds. Mussels 
on the top of the hummocks were easily dislodged and flushed away by 
waves and currents within the first days after settlement, indicating that 
hydrodynamic stress on the top of the hummock was too high for mussels 
to survive. These results highlight that abiotic conditions are not improved 
on top of the hummocks compared to unmodified mudflat conditions on 
the short term, when mussels are transplanted and have to adapt quickly to 
their new environment. Obviously, hummock formation in natural 
ecosystems occurs as mussels aggregate and actively accumulate faeces and 
pseudofaeces, a process that takes weeks to months to occur. In contrast to 
our experiment, this much slower, interactive process allows mussels to 
adapt, enabling them to attach more firmly and survive the enhanced 
hydrodynamic stress (Donker 2015).  

For transplanted mussel beds, our results suggest that experimental 
hummock building may have a clear negative effect on local mussel 
persistence, as hydrodynamic stress generated by waves and currents did 
not allow the mussels to maintain themselves on the artificial elevations. 
More surprisingly, mussels were growing faster on flat artificial beds, than 
to the artificial beds with hummocks. This suggests that the improved food 
supply on the top of the hummock may have been lost on investments into 
and attachment rather than in shell development, explaining our 
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experimental results. However, as conditions stabilize over time, the 
balance between the positive and negative effect of hummocks may be 
reversed when the beds become established. Then, growth advantages may 
predominate over the increased wave and flow stresses, explaining the 
prevalence of the mussels on top of the hummocks in our observations. 

Our experimental mussel bed transplantations highlight the 
difficulty that can be encountered when one attempts to recreate the 
physical environment characteristic for a target species that one aims to 
reintroduce for the purpose of ecosystem restoration. Clearly, in case of 
natural mussel beds, the physical environment is not just the result of the 
basic underlying abiotic conditions, but it generated in interaction with the 
engineering activities of the mussels themselves. As a result, active 
recreation of the hummocks that characterize intertidal mussel bed habitat 
for restoration purposes is ineffective. Our experimental reconstruction of 
the hummock only partially provided the environment of natural beds, as 
transplanted mussels could not attach sufficiently fast to prevent 
dislodgement by waves. Our study therefore highlights the importance of 
natural development of mussel beds, where natural self-organization 
processes build a tightly knit community, rather than artificial engineering, 
as the most optimal approach to restore mussel beds communities. 
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hummock building may have a clear negative effect on local mussel 
persistence, as hydrodynamic stress generated by waves and currents did 
not allow the mussels to maintain themselves on the artificial elevations. 
More surprisingly, mussels were growing faster on flat artificial beds, than 
to the artificial beds with hummocks. This suggests that the improved food 
supply on the top of the hummock may have been lost on investments into 
and attachment rather than in shell development, explaining our 
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experimental results. However, as conditions stabilize over time, the 
balance between the positive and negative effect of hummocks may be 
reversed when the beds become established. Then, growth advantages may 
predominate over the increased wave and flow stresses, explaining the 
prevalence of the mussels on top of the hummocks in our observations. 

Our experimental mussel bed transplantations highlight the 
difficulty that can be encountered when one attempts to recreate the 
physical environment characteristic for a target species that one aims to 
reintroduce for the purpose of ecosystem restoration. Clearly, in case of 
natural mussel beds, the physical environment is not just the result of the 
basic underlying abiotic conditions, but it generated in interaction with the 
engineering activities of the mussels themselves. As a result, active 
recreation of the hummocks that characterize intertidal mussel bed habitat 
for restoration purposes is ineffective. Our experimental reconstruction of 
the hummock only partially provided the environment of natural beds, as 
transplanted mussels could not attach sufficiently fast to prevent 
dislodgement by waves. Our study therefore highlights the importance of 
natural development of mussel beds, where natural self-organization 
processes build a tightly knit community, rather than artificial engineering, 
as the most optimal approach to restore mussel beds communities. 
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PART 2:
Transplantation of
subtidal mussels to

restore intertidal beds




