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Abstract

The common mud snail Hydrobia ulvae is a widespread and dominant deposit feeder on fine-grained substrata along the

European Atlantic coastline. Previous studies have shown that mud snail activities such as grazing, faecal pellet production and

mucous production may influence physical properties of the surface sediment layer and thus depositional and erosional

processes. To quantify the influence of Hydrobia density on key parameters such as erosion threshold and erosion rate, a short-

term laboratory experiment was conducted. Snails were placed on fine-grained sediment at densities of 10000 and 50000 ind

m� 2 and erosion experiments were carried out one, three and five days after establishment of the sediment beds. Controls

without H. ulvae were treated the same way. The presence of H. ulvae significantly increased the erosion rate and decreased the

erosion threshold compared to snail-free control plots. The erosion rate was increased by a factor of 2 to 4 when H. ulvae were

present and showed stronger influence by the snail than the erosion threshold. Snail density did not affect the erosion threshold,

but the erosion rate doubled with an increase in density from 10000 to 50000 ind m� 2. The erosion rate was only marginally

different after one day but the difference increased over time and the erosion rate was significantly different for all treatments

after five days. No significant time dependence was observed for the erosion threshold. The results generally confirm results

obtained in situ and differences can be related to different hydrodynamic conditions under field and laboratory conditions.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Biotic factors/processes may play an important role

in mediating the deposition and erosion of fine-grained

sediment (e.g. Rhoads, 1974; Yingst and Rhoads,

1978; Nowell et al., 1981; Grant and Gust, 1987;

Paterson, 1989). Several studies have demonstrated

that bacteria, benthic diatoms and some macrozoo-

benthic organisms may modify the erosion threshold

of soft-bottom substrata (Paterson, 1989; Underwood

and Paterson, 1993; Yallop et al., 1994; Austen et al.,

1999; Tolhurst et al., 1999) and some have also

attempted to quantify erosion rates of cohesive sedi-

ments (Amos et al., 1992, 1996, 1997; Sutherland et al.,

1998; Willows et al., 1998; Andersen, 2001a).
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However, for most of the dominant organisms from

fine-grained sediments we do not yet have solid data

indicating how and to what extent the erodibility of

the bed is affected directly and indirectly by the

presence of the different species. The common mud

snail Hydrobia ulvae is a widespread deposit feeder at

fine-grained sediments on European intertidal flats

and an evaluation of the effect of this species on the

erodibility of the bed is therefore of major importance.

The snail may occur in densities of up to about

300000 individuals m � 2 (Blanchard et al., 1997;

Austen et al., 1999; Jensen, 1992; Lillebø et al.,

1999). Some studies (Blanchard et al., 1997; Ander-

sen, 2001a) have indicated that H. ulvae increase the

erodibility of their substrata. Not only do the snail-

shells themselves increase the roughness of the bed,

but so does the surface tracking caused by the feeding

activity of the snails (Blanchard et al., 1997). Addi-

tionally, faecal pellets egested by the snails are easily

eroded, and as more than 80% (by weight) of the

topmost 5 mm of the bed at intertidal mudflats may

consist of such pellets, it may be a significant factor in

mediating erodibility (Andersen, 2001a).

The present study set out to quantify the effect of

H. ulvae density on both erosion threshold and ero-

sion rate in laboratory experiments and to compare

these results with data obtained in the field using

identical erosion equipment.

2. Methods

2.1. Experimental design

Hydrobia ulvae was incubated on cohesive sedi-

ment collected at Kongsmark (Danish Wadden Sea;

mean grain size: 10 Am, sand content: < 5%; for site

description see Andersen and Pejrup, 2001) at den-

sities corresponding to 10000 and 50000 ind m � 2,

respectively. Controls without H. ulvae were also

established using the same sediment. The average

length of the snails was 2.7 mm (SE = 0.60, N = 60)

and the mortality of the snails was virtually zero.

Erosion experiments were carried out one, three and

five days after incubation (13 to 21 h, 61 to 69 h and

117 to 125 h, respectively) with three replicates at

each density, giving a total of 27 erosion experi-

ments.

2.2. Bed preparation

The sediment was wet-sieved through a 0.5 mm

mesh in order to retain shells and macrofauna and the

slurry was placed in 27 containers with a diameter of

18 cm (one container for each erosion experiment).

The sieving was also carried out in order to destroy

any sediment aggregates that may otherwise influence

the erodibility. The material was allowed to settle for

two hours before snails were placed in the experi-

mental containers and seawater was added until a

water depth of 8–10 cm was reached. This water

level was maintained throughout the study and the

experimental regime was consequently subtidal. The

first erosion experiment was carried out 13 h after bed

preparation. The containers were kept at c. 20 jC and

exposed to artificial light from fluorescent tubes for

14 h each day.

2.3. Erosion experiments

Erosion threshold and erosion rate were determined

using the portable EROMES erosion equipment (see

Schünemann and Kühl, 1991 and Andersen, 2001a).

The instrument consists of a 10 cm perspex tube

which is pressed into the bed. Bed shear stress is

generated by a flow induced by a propeller and the

suspended sediment concentration (SSC) is monitored

by an OBS sensor (optical back-scattering sensor).

The propeller revolutions have been converted to bed

shear stress by use of a calibration based on erosion of

quartz sands with known critical erosion shear stress

(same procedure and similar test samples as Schüne-

mann and Kühl, 1991). This type of calibration has

been used for all previous EROMES measurements.

Based on examination of the Reynolds number during

the calibration with quartz sand it was found that a

partially smooth flow was present for bed shear

stresses below 0.5 N m� 2, whereas the flow is rough

and turbulent for higher bed shear stresses. The bed

shear stress was gradually increased by 0.1 N m� 2

every 5 min. The OBS readings are calibrated by

determining the SSC in subsamples withdrawn from

the instrument during the erosion experiments. The

erosion threshold was determined by the same proce-

dure as Riethmüller et al. (1998) and Andersen

(2001a), using plots of erosion rates (30 s running

mean) versus applied bed shear stress and a critical
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erosion rate of 0.01 g m� 2 s� 1. The erosion rates

reported here are calculated as the average erosion rate

for the six bed shear stress increments of 0.1 N m� 2

from 0.5 N m� 2 to 1.0 N m� 2.

2.4. Chlorophyll-a, bulk density, organic content and

faecal pellet content

A sediment sample from the top 1 to 2 mm of the

bed was taken for each erosion experiment and was

analysed for organic content and faecal pellet con-

tent. A second sample consisting of five subsamples

of the top 5 mm of the bed was taken with a 20 cm3

syringe (in total 9.7 cm3). This sample was used to

determine the chlorophyll-a content, wet and dry

bulk density and water content. The chlorophyll-a

content was dtermined spectrophotometrically after

extraction in 97% ethanol for 24 h at 5 jC in

darkness. After centrifugation at 3000 rpm for 10

min, the absorbance of the supernatant at 665 and

750 nm was measured before and after acidification

with 200 mm3 of 1 M HCl. Subsequent calculation

of chl-a was based on Parsons et al. (1984). A

quantitative estimate of the species composition of

the microphytobenthos was not undertaken, but vis-

ual inspection of the sediment using light micro-

scopy showed dominance of large epipelic diatoms.

The organic content was determined by loss on

ignition, LOI, for 2 hours at 550 jC (DIN 18128).

The faecal pellet content of the bed material and

the eroded material was determined by gentle wet-

sieving of the sample through a 63 Am mesh, which

retained faecal pellets, shell fragments and sand

grains. The two subsamples produced were weighed

separately after drying at 105 jC and the faecal pellet

content as weight percentage of the total sample was

calculated after correction for the faecal pellet content

in the retained material. This content was estimated by

visual examination under a microscope and was in the

range of 90–95%. The faecal pellet contents are

minimum values since small pellets passing through

the sieve were excluded.

3. Statistical analysis

Statistical analysis of the data was performed

using ANOVA and Pearson correlation analysis

(Statistical Package for the Social Sciences; SPSS

10.0 for Windows). All parametric tests were pre-

ceded by Levene’s test for equality of error varian-

ces. If homoscedasticity among samples was rejected

(p < 5%), data were transformed (ln(x) or

arcsin� 0.5) in order to meet the requirement or

non-parametric statistics (Kruskal-Wallis test) were

used.

4. Results

As soon as the snails were introduced at the sedi-

ment surface they started to feed on the bed material,

creating surface tracks and faecal pellets. The average

snail density after 3 and 5 days of feeding was 8800

ind m � 2 for an initial density of 10000 ind m � 2 and

34500 ind m� 2 for an initial density of 50000 m � 2.

Thus about 12% and 30% of the snails had left the

sediment surface at the two densities, respectively, and

had moved to the walls of the containers. The results

reported here should therefore be regarded as repre-

sentative of natural densities of H. ulvae of approx-

imately 9000 and 35000 ind m� 2 rather than 10000

and 50000, respectively.

4.1. Faecal pellets, chlorophyll-a and wet bulk density

Although the experimental factors were snail den-

sity and ‘incubation time’, other variables could

change between the treatments. Faecal pellet produc-

tion is directly related to the abundance of snails and

the duration of their feeding time. Furthermore, the

biomass of microalgae was expected to depend on the

grazing intensity and time.

For both treatments with H. ulvae, the faecal pellet

content was low (5–10%) after one day of feeding but

increased with time (Two-way ANOVA, F2,12 = 80.0,

P < 0.001) (Fig. 1). However, a significant statistical

interaction occurred between the treatments (Two-way

ANOVA, F2,12 = 10.4, P < 0.001). At 10000 ind m � 2

the pellet content increased significantly from day 1 to

3 (P= 0.014). A slight increase also seemed to take

place between day 3 and day 5 but this increase was

not significant (P= 0.96). At 50000 ind m � 2 a strong

increase was observed between days 1 and 3

(P < 0.001). Pellet content at day 3 was about 70%

and it did not increase further with time. So, the
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treatment interaction was accomplished mainly by a

significantly higher pellet content in containers with

the higher snail density at both day 3 (Student’s t-

test, t4 = 5.09, P = 0.007) and day 5 (t4 = 4.74,

P= 0.009).

The chlorophyll-a content remained fairly con-

stant throughout the experimental period and no

significant differences were observed between the

treatments from day 1 to 5 (Fig. 1, Kruskall-Wallis

test, m2
2 < 4.36, P > 0.11). Similarly, no dependence

on time was observed when the treatments were

analysed independently. The wet bulk density var-

ied between 1.23 and 1.65 g cm� 3 and was not

dependent on either treatment or time (Two-way

ANOVA, F2,18 < 2.38, P>0.12) Additionally, the

density of the top 5 mm of the sediment was not

related to either the density of H. ulvae (r2 = 0.00,

P>0.05) or pellet content (r2 = 0.06, P>0.05).

4.2. Erosion threshold

The erosion threshold of sediment incubated with

H. ulvae was lower than that of the control sediment

(two-way ANOVA, F2,22 = 14.80, P < 0.001), but the

density of the snails did not affect the erosion threshold

(Fig. 2, P= 1.00). There was no strong effect of time

Fig. 2. The erosion threshold as a function of the treatment

(meanF SD, n = 9).

Fig. 3. Plots of the temporal variation of the erosion threshold and

erosion rate as a function of the treatment. 1: 50000 ind m� 2, X:

10000 ind m� 2, .: controls without Hydrobia ulvae. MeanF SD,

n = 3.

Fig. 1. Plots of the temporal variation of faecal pellet content and chl

a content as a function of the treatment. 1: 50000 ind m� 2, X:

10000 ind m� 2, .: controls without Hydrobia ulvae. MeanF SD,

n = 3.
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(two-way ANOVA, F2,22 = 0.25, P= 0.78) although

erosion threshold shows a decreasing tendency for

the control sediment from day 3 to 5 (Fig. 3).

While a significant decline in the erosion threshold

was found with snails, there was no significant rela-

tionship between the faecal pellet content (mass%)

and the erosion threshold (r2 = 0.14, p>0.05) (Fig. 4).

Nor was there any significant relationship between the

erosion threshold and either chl-a content (r2 = 0.00,

p>0.05) or wet bulk density (r2 = 0.11, p>0.05).

4.3. Erosion rate

There were significant differences between the

erosion rates for the different treatments for day 3

(one-way ANOVA, F2,6 = 38.6, P < 0.001) and day 5

(Kruskall-Wallis test, m2
2 < 7.20, P= 0.027), with the

erosion rate increasing with increasing snail density

(Fig. 3). At 50000 ind m� 2 the erosion rate was

between 2.5 and 4.3 times higher than that of the

controls. The erosion rate did not show any significant

temporal variation for any of the treatments.

A strong correlation between the density ofH. ulvae

and the erosion rate was observed (r = 0.92, P < 0.001,

Fig. 5) as well as a strong correlation between the

faecal pellet content and the erosion rate (r = 0.80,

P < 0.001, Fig. 6). Partial Pearson correlation was used

to test which of the two parameters had the strongest

influence on erosion rate. Inspection of the zero order

correlation analysis showed that snail density was the

main factor controlling the erosion rate (pellet content

versus erosion rate, controlling for snail density:

r = 0.41, P= 0.045; snail density vs erosion rate, con-

trolling for pellet content: r = 0.84, P < 0.001).

No dependence between chl a content and erosion

rate was observed (linear regression: r2 = 0.03, n = 25).

Similarly, no dependence on wet bulk density was

observed (linear regression: r2 = 0.01, n = 25).

5. Discussion

5.1. Experimental data

Both erosion threshold and erosion rate were

influenced by the presence of H. ulvae. Significantly

higher erosion thresholds were found for the control

Fig. 4. The erosion threshold plotted as a function of the faecal

pellet content of the bed material.

Fig. 5. The average erosion rate at the six 0.1 N m� 2 bed shear

stress increments from 0.5 N m� 2 to 1.0 N m� 2 as a function of

the treatment (meanF SD, n = 9).

Fig. 6. The average erosion rate at the six 0.1 Nm� 2 bed shear

stress increments from 0.5 N m� 2 to 1.0 N m� 2 as a function of

the faecal pellet content.
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sediment compared to sediment incubated with snails,

but the density of the snails did not seem to affect the

erosion thresholds within the range of snail densities

applied. At days 1, 3 and 5 the destabilising index

(H crit, control/H crit, snail) was 1.7, 1.9 and 1.3, respec-

tively. The decline from day 3 to day 5 was due to a

decrease in the erosion threshold for the control

enclosures probably caused by disruption of the sedi-

ment surface by meiofauna (visual inspection of the

sediment surface). As the chl-a content was similar in

both the control and snail treatments, it seems unlikely

that development of biofilm was responsible for the

difference measured in erosion threshold. Nor was

there any visual evidence of biofilms on the control

sediment, although an increased standing stock of

microalgae was expected in response to the reduced

grazing intensity. All field data from the Kongsmark

mudflat have shown lower contents of chl-a at stations

with high densities of H. ulvae compared to stations

with low densities of H. ulvae, where biofilms may

occasionally form (Austen et al., 1999; Andersen,

2001a). It is also possible that enhanced grazing on

the control sediment by meiofauna or micro faunal

organisms could control micro algae in the absence of

H. ulvae.

The erosion rate increased with snail density. Cal-

culating the destabilising index for the erosion rate

(esnail, 50 000/econtrol) gave values of 2.5, 4.3 and 3.5 for

the three days. Thus, the biological modification of the

erosion rate was stronger than the modification of the

erosion threshold. This is in accordance with some

earlier observations on the biological mediation of the

erodibility of fine-grained sediments (Sutherland et al.,

1998; Widdows et al., 1998, 2000; Andersen, 2001a)

and highlights the importance of determining both

erosion threshold and erosion rate in relation to bio-

logical factors. Both parameters are also needed in

numerical modelling of cohesive sediment transport

— an increasingly important tool for coastal zone

management.

The reason for the larger biological modification of

the erosion rate than the erosion threshold is that the

erosion threshold only reflects the threshold for the

surface particles that are easily eroded, e.g. faecal

pellets or loose aggregates at surface tracks. Such

particles will generally be present even at low den-

sities of macrozoobenthos and the erosion threshold

will consequently be low and not decrease signifi-

cantly for increasing density of bioturbators. In con-

trast, the rate at which particles are eroded is strongly

dependent on the degree of bioturbation, as the avail-

ability of easily eroded aggregates will determine the

erosion rate. The amount of easily eroded aggregates

will increase with increasing bioturbation as particles

become incorporated in low-density aggregates. Addi-

tionally, increases in the bed’s roughness length, e.g.

due to increased surface tracking or increased num-

bers of shells or faecal pellet mounds, will also cause

an increase in current- and wave-induced bed shear

stress which will increase the erosion rate.

5.2. Comparison with field data

A significant correlation was observed between the

faecal pellet content and the erosion rate. However,

partial regression analysis indicated that the presence

of snails is responsible for a major part of the increase

in erosion rate. This contrasts with results from in situ

measurements (Andersen, 2001a; Andersen et al., in

prep.) demonstrating the importance of faecal pellet

content as a controlling factor in the erodibility of the

sediment. The present data set was compared with in

situ data from Andersen et al. (in prep.) (Fig. 7).

Firstly, the in situ data indicate that the erosion rate is

well correlated only with faecal pellet content, sug-

gesting that aggregation of bed material is determin-

ing the erodibility. Secondly, the erosion rates

measured in situ are generally higher than the rates

measured in the laboratory, except for beds with low

faecal pellet contents. Some of these differences could

be due to additional macrozoobenthos in the field

(both Heteromastus filiformis and Cerastoderma

edule are locally present in high numbers) but the in

situ erodibility has been shown to be strongly con-

trolled by H. ulvae (Andersen, 2001a). Therefore, the

differences between the results from the laboratory

study and field studies are probably caused by differ-

ences in the bed structure. In the field, continuous

erosion, transport and deposition of fine-grained mate-

rial take place on intertidal mudflats, creating a sur-

face layer which differs slightly from the surface layer

formed in the laboratory experiments. Material is

eroded, transported and deposited on the mudflat

during almost every tidal cycle and the result is that

a surface layer (up to at least 5 mm thick) consisting

of up to 80% faecal pellet material will normally be
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present. This mobile surface layer is easily eroded

and redistributed over some distance by hydrody-

namic forces (waves and currents). As a result, the

faecal pellet content is not a simple function of snail

density and snails are often partly or completely

buried in this mobile, pelletised surface layer. The

increase in bed roughness normally induced by the

snails themselves and their surface tracking is

reduced if the snails are buried in faecal pellets and

fine-grained material. In that case, the increase in

erodibility is related to the faecal pellet content and

the thickness of the mobile surface layer. These

factors offer the most likely explanation of the results

obtained in situ. The mobile surface layer will not be

redistributed over the sediment surface in the labo-

ratory experiments (no current and waves) and as a

consequence, the increase in roughness induced by

shells and surface tracking can be expected to be

more important than under field conditions. These

differences highlight the importance of field studies

as a supplement to studies in the laboratory and

indicate that both kinds of studies are needed to gain

a detailed knowledge of the system. In nature, it is

difficult to assess whether it is the presence of snails

or the absence of biofilms that is responsible for the

increase in erodibility (e.g., Austen et al., 1999). This

study demonstrates that the presence of H. ulvae in

itself increases erodibility.

It must be stressed that increased erodibility due to

the presence of mud snails does not necessarily result

in a net loss of sediment. The strong pelletisation of

the surface bed significantly increases the settling

velocity of eroded sediment (Edelvang and Austen,

1997; Andersen, 2001b; Andersen and Pejrup, 2002).

On fine-grained tidal flats, this increase in settling

velocity may result in an increase in the net landward

flux of suspended sediment due to the associated

increases in settling and scour lag. Consequently, it

is possible that the presence of H. ulvae on fine-

grained deposits may increase the deposition rate in

spite of the increase in erodibility.
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