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Problem

There is an increasing drive to consider ecosystem

dynamics in terms of ecological functions, the maintain-

ing of these functions being seen as a key factor in sus-

taining the goods and services provided by ecosystems

(e.g. E.C. 2007). Ecosystem functions, as defined by Nae-

em et al. (2002), are the ‘activities, processes or properties

of ecosystems that are influenced by their biota’. In lit-

toral systems, these functions include the cycling of

organic carbon and nutrients, food provisioning, biologi-

cal productivity and energy transfer through the system

(Christensen et al. 1996).

There has been much debate as to the role that species

diversity plays for the functioning of ecosystems (e.g. Kai-

ser 2000) and a number of hypotheses have been devel-

oped to explain the effects of species on ecosystem

function (Huston 1997; Loreau & Hector 2001). Species

do not evolve in order to provide ecological functions.

Instead, the delivery of functions is a consequence of the

methods that taxa have developed to survive and repro-

duce, with different taxa developing different approaches

to, for example resource capture and reproduction. The

‘rivet hypothesis’ (Ehrlich & Ehrlich 1991) suggests that

each species in an assemblage plays a unique and special-

ized role, providing a range of functions unique to that

Keywords

Biological traits analysis; ecological function;

fishing disturbance; intertidal assemblages;

macrofauna; redundancy hypothesis; UK.

Correspondence

Christopher P. Cesar, School of Biological

Sciences, University of Liverpool, Crown

Street, Liverpool L69 7ZB, UK.

E-mail: ccesar@liv.ac.uk

Conflicts of interest

The authors declare no conflicts of interest.

doi:10.1111/j.1439-0485.2009.00305.x

Abstract

The cockle Cerastoderma edule L. occurs at commercially exploited densities

within both species-poor and species-rich assemblages, dominating the faunal

biomass and potentially acting as a key contributor to a number of ecological

functions. The questions considered were: Is the delivery of ecological functions

affected by the removal of C. edule? Does the biodiversity of the affected

assemblage affect the extent to which it is altered? To explore these questions,

adult cockles were removed from experimental plots at two shores in the

North-West of England: a species-poor shore at Warton Sands, Morecambe

Bay, and a more diverse shore at Thurstaston, Dee estuary. Impacts on the

functioning of the systems were determined during a 4-month study in sum-

mer 2007 by direct measurements of benthic primary production, organic mat-

ter content and sediment granulometry, and by indirect analyses using

Biological Traits Analysis. Removal of adult cockles led to significant changes

in faunal assemblage composition and in the distribution of biological traits,

with increased biodiversity and an increased prevalence of traits relating to

opportunistic taxa observed following the removal of C. edule. These changes

occurred at both study sites and hence were independent of the initial biodi-

versity of the assemblages. Sediment granulometry was significantly affected;

however, surface chlorophyll and organic matter were not affected. This implies

a minimal impact on these functions and a high degree of functional redun-

dancy within the macrofauna. The implications of these findings and future

areas of research are discussed.
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species and that the extinction of a species will result in

reduced ecosystem function. Therefore, within highly

diverse assemblages, an increased number of species pro-

vide a greater range of ecological functions.

Species-rich assemblages may also be more resilient to

species extinction than less diverse assemblages, providing

a greater insurance against the loss of taxa. This concept

is an integral part of the ‘redundancy hypothesis’ (Walker

1992; Naeem 1998) in that many species in the assem-

blage are able to deliver each ecological function and the

localized extinction of one species is compensated for by

other taxa carrying out the same functional roles. The

identity of taxa removed, however, is likely to be of

importance, with individual taxa making different contri-

butions to each ecological function. Some taxa make a

key contribution to one function, whereas other taxa have

very little influence upon it. This combination of the rivet

and redundancy hypotheses is the basis of the ‘keystone

hypothesis’ (Lavorel & Garnier 2002; Hooper et al. 2005).

For example, dense aggregations of the filter-feeding mus-

sel Mytilus edulis L. have an influence on both the regen-

eration of nutrients and the primary productivity within

coastal systems (Prins & Smaal 1994). Mytilus edulis is an

efficient filter feeder, removing large amounts of phyto-

plankton. Dense aggregations also influence near-bed

hydrodynamics, causing increased levels of biodeposition

and mineralization of biodeposited particles, and resulting

in increased levels of nutrient regeneration within mussel

beds (Prins & Smaal 1994). Mytilus aggregates also pro-

vide refugia for other fauna, increasing biodiversity and

thus influencing energy flow through the system (Rag-

narsson & Raffaelli 1999).

The cockle Cerastoderma edule L. is common in inter-

tidal assemblages on all British coasts and has been the

target of a commercial fishery for over a century (Dare

et al. 2004). Cerastoderma edule are a major prey item for

birds (Drinnan 1957) and demersal fish (Pihl 1985) forag-

ing on intertidal flats and are active filter-feeders, con-

suming planktonic flora and fauna and re-suspended

microphytobenthos (Kamermans 1993, 1994; Sauriau &

Kang 2000). At certain times of the year a large propor-

tion of the diet of C. edule can be the planktonic juvenile

stages of benthic organisms, including C. edule itself

(Flach 1996). Bivalves eject undigested particulate mate-

rial as mucous-coated pseudofaeces, which can alter the

resuspension characteristics of the benthic boundary layer

and add to the organic matter content of surface sedi-

ments, acting as a nutrient source for primary producers

and a food source for surface deposit-feeding fauna

(Hempel 1957; Swanberg 1991; Giles & Pilditch 2006).

Cerastoderma edule therefore has the potential to impact

upon the structuring of intertidal assemblages and be of

critical importance in the delivery of ecological functions

in these systems, either directly (e.g. impacting on energy

flow through the removal of settling juveniles) or indi-

rectly (e.g. providing a food source to detritivores via the

biodeposition of pseudofaeces). Dense beds of C. edule

occur in situations where the faunal assemblage is spe-

cies-diverse and productive, but also where very few taxa

are present (e.g. Ivell 1981; Attrill 1998). This raises the

possibility that these systems deliver quite different ranges

and quantities of ecological functions, or that the role of

C. edule varies in response to the nature of the assem-

blage. The removal of C. edule by a fishery would, pre-

sumably, alter the dynamics and ecological functioning

of these systems, with the possibility that the response of

the more diverse assemblages would differ from that of

species-poor assemblages.

The large size of the organism and the availability of

harvesting techniques provide an opportunity for the

manipulation of cockle diversity within both species-rich

and species-poor assemblages. This allows in situ field

investigations to be carried out: investigating the impact

of an experimentally reduced population of a potentially

key species on ecological functioning. To date, manipula-

tive experimental investigations of the impacts of altered

assemblage composition on ecological functioning have

principally been limited to laboratory-based microcosm

studies (e.g. Michaud et al. 2006; Norling et al. 2007).

Although such studies confer a high degree of control,

allowing specific ecological questions to be approached,

by their nature such designs remove a large number of

unknown variables that would be present within natural

systems. Microcosm experiments generally include only a

limited number of taxa and hence only a limited repre-

sentation of the complexity inherent within ‘real’ systems

(Duffy et al. 2001; Bulling et al. 2008; Olsgard et al.

2008). The outcomes of such studies therefore, are gener-

ally less able to be applied to natural assemblages and

ecosystems. Although in situ approaches introduce a

greater number of unmeasured variables into experimen-

tal systems (and hence limit the degree to which the cau-

sality behind any responses can be assigned), they allow

inference to a greater extent as to what the response of a

‘natural’ assemblage may be.

Traditional methods of assessing ecosystem functioning

are based upon the direct or proxy measurements of a

limited number of ecological functions, such as chloro-

phyll concentration, sediment organic matter content and

sediment granulometry (Thrush et al. 2006; Sundbäck

et al. 2007). However, this approach alone is somewhat

limited in that it provides an incomplete view of the

functioning of the system as a whole. That is, the

responses of one function to a particular effect may be

negligible and the observation of a limited number of

functions may mean that more subtle changes to ecologi-
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cal functioning, i.e. those difficult to predict a priori, are

missed. Biological Traits Analysis (BTA) is a complimen-

tary approach to these ‘direct’ methods. BTA was devel-

oped primarily for lotic systems (Charvet et al. 1998) but

it has been increasingly applied to marine systems (Frid

et al. 2000; Bremner et al. 2003; Tillin et al. 2006; Kench-

ington et al. 2007).

The delivery of ecological functions is, by definition, a

consequence of the life history, ecological and physiological

strategies that taxa within a system have evolved. Different

strategies employed by species affect different ecological

functions. For example, the living habit employed by a

taxon (e.g. being a surface dweller, tube-dweller, active bur-

rower, etc.) has an influence on the depth of sediment into

which oxygen-rich water can penetrate, thus influencing

the regeneration of nutrients and the circulation of toxins

within the benthos (Aller 1983; Ziebis et al. 1996). Map-

ping the occurrence of these functionally important traits

within a system may therefore be used as a proxy for the

analysis of ecological functions. Species may have a number

of traits in common; hence BTA allows a comparison

between systems where the finite biogeographic ranges of

species make the interpretation of taxa-based approaches

difficult (Charvet et al. 2000). Changes to the prevalence of

biological traits within a system can provide an insight as

to how the ecological functioning of the assemblage has

been affected by an external stressor.

The aim of the current study was to test the redun-

dancy and rivet hypotheses in situ within two contrasting

estuarine intertidal assemblages. The following questions

were asked: Is the delivery of ecological functions affected

by the removal of a potentially keystone species? Does the

biodiversity of the affected assemblage affect the extent to

which it is disturbed? To facilitate this, C. edule was

experimentally removed from the benthos and ecological

functioning assessed through measurements of surface

chlorophyll as a proxy for microphytobenthic primary

production, organic matter within the sediment as a

proxy for benthic community metabolism, and sediment

granulometry as a measure of changes to the physical

habitat. BTA was carried out on faunal assemblages to

assess changes to the functional structure of the faunal

communities.

Material and Methods

Site description and experimental design

Experimental manipulations were carried out on two tidal

flats in North-West England, UK. Thurstaston (53�20¢N,

3�9¢W) is located within the Dee estuary and Warton

Sands (54�6¢N, 2�49¢W) within Morecambe Bay. Both are

sandy shores, with mean silt contents (<63 lm) of

10.1 ± 1.3% and 15.9 ± 1.9% for Thurstaston and War-

ton Sands, respectively. The faunal biomass at both sites

is dominated by Cerastoderma edule, the Baltic tellin Ma-

coma balthica (L.), the mud snail Hydrobia ulvae (Pen-

nant) and the spionid polychaete Pygospio elegans

(Claparède). Biomass at Thurstaston is also dominated by

the bivalves Scrobicularia plana (da Costa) and Mya are-

naria (L.) and the polychaete Hediste diversicolor (OF

Müller). A large proportion of the biomass at Warton

Sands consists of the predatory polychaete Nephtys hom-

bergii (Savigny). Thurstaston contains a more diverse

macrofaunal assemblage (c. 30 species) than Warton

Sands (c. 18 species; C. Cesar unpublished observations).

Both sites have in the past been commercially fished

cockle beds; however, at the time of the experiment, both

had been closed to fishing for �2 years.

At each shore, four replicate 2 · 2 m plots were estab-

lished for each of three treatments:

(1) Fished – surface sediment was hand-raked to a depth

of �10 cm and passed through a 6-mm-square mesh. All

C. edule retained on the mesh were removed and all other

organisms were returned to the plot.

(2) Procedural control – surface sediment was raked as

above and all organisms returned to the plot.

(3) Undisturbed control.

The 12 plots on each shore were arranged in a ran-

domized block design, with plot locations marked by a

30-cm plastic peg at each corner of the plot. To minimize

interactions between plots, each was located at least 5 m

from other plots.

The experiment was initiated in June 2007 and plots

were sampled every 4 weeks until September 2007. To

minimize the risk of creating artifacts from the repeated

sampling of plots, each plot was split into four sub-plots

(each representing an area of 1 m2). At each sampling

event, samples were removed from random locations

within the central 50 · 50 cm (to avoid edge effects) of

only one randomly selected sub-plot; each sub-plot was

sampled once only during the course of the experiment.

Every 4 weeks, four surface chlorophyll a samples were

taken using plastic cores (internal diameter 20 mm)

pushed into the sediment to a depth of 15 mm. Samples

were wrapped in foil and stored in a cool box until return

to the laboratory. Prior to analysis, chlorophyll a samples

were stored at )80 �C. Sediment granulometry and

organic matter content were ascertained from the removal

of one sediment sample from each plot (PVC core, inter-

nal diameter 30 · 100 mm). On the first and final sam-

pling occasions, four sediment core samples were taken to

investigate the faunal assemblage composition at each plot

(PVC core, internal diameter 110 · 200 mm depth).

These samples were washed over a 500-lm sieve and the

residue fixed in 4% formaldehyde.
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Infaunal assessment

Macrofauna were identified to the lowest taxonomic

level practical and biomass ascertained by wet weight

(±0.0001 g). Biomass was chosen as the faunal ‘abun-

dance metric’ in this investigation as biomass is likely to

better represent the distribution of resources within the

system than species abundance measures (e.g. Chiarucci

et al. 1999). A high abundance of very small organisms

are not likely to partition as great a proportion of eco-

system resources (particularly organic carbon) as fewer,

much larger taxa occupying a greater biovolume than

their low abundance alone would suggest. This is partic-

ularly important when we wish to assay the ecological

roles being played by taxa, rather than biodiversity per

se and this approach is supported by other literature

(e.g. Wilson 1991; Chiarucci et al. 1999; McGill et al.

2007). Comparisons of macrofaunal communities were

carried out using permutational analysis of variance

(PERMANOVA, Anderson 2001) based on Bray–Curtis

dissimilarities and probability values calculated from

4999 permutations (see Manly 1997) using the FOR-

TRAN program PERMANOVA (Anderson 2005). When

assemblages significantly differed between factors (Shore,

Treatment and Time) (a < 0.05), a posteriori pairwise

comparisons were carried out using PERMANOVA and

the significantly different factors investigated using the

SIMPER procedure in the PRIMER v.6.1.6 software

package (Clarke & Warwick 1994; Clarke & Gorley

2006), to identify the contribution of individual taxa to

differences between factors.

Biological traits analysis

To investigate the distribution of biological traits within

the species assemblages, taxa were scored against 14 bio-

logical traits to reflect the life history, morphological and

ecological strategies of taxa and to provide a proxy analy-

sis of a number of ecological functions. Each trait was

divided into a number of modalities (sub-categories)

(Table 1) and a fuzzy coding approach used to score the

affinity of each taxon against all of the modalities within

each trait (Chevenet et al. 1994). Trait information was

obtained from a range of sources; where possible, infor-

mation came from published peer-reviewed literature.

Alternatively, information was taken from grey literature

or from expert opinion on the taxa. Where trait informa-

tion for a taxon could not be obtained (in only 3% of

cases), 0 scores were used for each modality and hence

did not influence the analysis (Chevenet et al. 1994).

Fuzzy scores were standardized prior to analysis so that

within each trait, the modality scores for each taxa

summed to one.

Table 1. Biological traits and modalities used in the fuzzy coding of

taxa for biological traits analysis (BTA) to describe functional diversity

(adapted from Bremner et al. 2006; Frid et al. 2008). Codes refer to

Fig. 2.

trait modality code

adult mobility ⁄ dispersal

potential (distance per year)

none D0

<10 m2 D1

10–100 m2 D2

>100 m2 D3

age at sexual maturity (years) 0.08–0.5 M1

0.5–1 M2

1–2 M3

>2 M4

fecundity (eggs released

per reproductive event)

10 s F1

100 s F2

1000 s+ F3

food type Phytobenthos Ph

Benthic Invertebrates Bi

Carrion Cr

Benthic POM Bp

Plankton Pl

Pelagic POM Pp

living habit Tube Tu

Burrow Bu

Epizoic Ep

Free Fr

living location Pelagic Pe

Surface Su

Interface In

Shallow (0–20 cm) Sh

Deep (>20 cm) Dp

longevity (years) <0.5 L1

0.5–1 L2

1–2 L3

2–5 L4

>5 L5

maximum size (mm) 0–50 S1

50–100 S2

100+ S3

movement method None Nm

Swim Sm

Crawl Cw

Burrow Br

propagule dispersal None N

Planktonic (0.04 years) P1

Plank (0.04–0.08 years) P2

Plank (0.08–0.5 years) P3

Benthic crawl Bc

Raft Rf

reproductive frequency Continuous Co

1 event per year Y1

2+ per year Y2

Less than annual Yx

reproductive method Asexual Ax

Sexual (spawn) Ss

Sexual (ovigerous) So

Sexual (direct) Sd
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To investigate differences in the distribution of biologi-

cal traits between assemblages, the taxa-trait table was

weighted by multiplying the trait scores for each taxon by

the biomass of the taxon for each sample. The scores for

each modality within each trait were summed. This

resulted in a table containing the total biomass of organ-

isms within an assemblage that displayed each trait. The

resulting biomass-weighted trait-by-station table was ordi-

nated using fuzzy correspondence analysis (FCA) (Cheve-

net et al. 1994). The ordinate scores for FCA axes one

and two were analysed using Kruskal–Wallis analysis

against the factors Shore, Treatment and Time. BTA was

carried out using the ade4 (version 1.4–5) package for R

(version 2.6.2, CRAN 1999; Dray & Dufour 2007).

Sediment properties and chlorophyll a concentration

Changes to sediment granulometry were ascertained from

the 30 · 100 mm sediment cores which were dried in a

cool (60 �C) oven and weighed (±0.01 g). Sediments were

soaked overnight in sodium hexametaphosphate solution

and washed over a 63-lm sieve. After drying at 80 �C,

retained sand (>63 lm) was reweighed and percentage

silt contents (i.e. <63 lm) were inferred by subtraction.

Changes to the organic matter content of the sediments

were assayed by loss on ignition (LOI). Samples of c. 10 g

of dried sediment were ground with a pestle and mortar

to even consistency and weighed (±0.0001 g) before and

after ignition at 500 �C for 5 h.

Surface chlorophyll a concentrations were taken as an

index of microphytobenthic biomass (MacIntyre et al.

1996). Surface sediment samples were agitated for 15 min

in 90% acetone solution and centrifuged for 15 min at

1200 g. Chlorophyll a concentration in the supernatant

was determined by spectrophotometry, following Loren-

zen (1967) and expressed as mass of chlorophyll a per

unit mass of dry sediment (lg Chla g)1).

Statistical analyses were carried out for each of the sed-

iment properties using linear mixed models (LMM) with

the first order auto-regressive (AR1) covariance structure

fitted according to the criteria of Wang & Goonewardene

(2004), with Time as a repeated variable and experimental

Treatment (i.e. ‘Hand-raked’ and ‘Hand-raked & cockles

removed’) and Shore as fixed factors. LMM were selected

as the assumption of sphericity, as required in general lin-

ear models (GLM), is unlikely to be satisfied (Rowell &

Walters 1976). Additionally, unlike GLM, LMM is equally

efficient for both balanced and unbalanced designs and

hence allows for a degree of missing data and for the fact

that due to tidal variations, sampling times were not

exactly 4 weeks apart (Wang & Goonewardene 2004; Spi-

lke et al. 2005). Percentile data (loss on ignition and silt

content) were �-transformed prior to analysis; for clarity

however, untransformed values were used in presented

figures. LMM analyses were carried out in SPSS v15

(SPSS, Inc.).

Results

Infaunal assemblages

Analyses revealed significant differences in Cerastoderma

edule biomass between the factors Treatment (LMM,

F = 9.79, P = 0.001) and Time (F = 7.13, P = 0.013), but

no significant differences within the interactions between

factors. Plots subjected to the treatment Fishing had a mean

C. edule biomass of 89.15 ± 52.41 gÆm)2; assemblages

within Procedural Controls contained 448.91 ± 245.54

gÆm)2 C. edule and Undisturbed Controls contained

484.09 ± 176.78 gÆm)2. Therefore the Fishing treatment

did result in a significantly reduced biomass of C. edule

within experimental plots. Cerastoderma edule biomass was

also found to increase under the factor Time (T1 =

268.08 ± 124.13 gÆm)2, T2 = 413.35 ± 181.92 gÆm)2), pre-

sumably due to the immigration and ⁄ or growth of the

organisms over the summer period (Flach 1996).

Total macrofaunal biomass was greater at Thurstaston

than at Warton Sands (mean total macrofaunal biomass

for Thurstaston = 768.7 ± 429.0 gÆm)2, for Warton

Sands = 353.1 ± 283.6 gÆm)2, Mann–Whitney U = 779,

P < 0.001). A total of 35 taxa were identified over both

assemblages, with 33 at Thurstaston and 19 at Warton

Sands (see supplementary Tables S1 and S2 in appendi-

ces). Thurstaston showed greater macrofaunal diversity

than Warton Sands (Shannon–Weiner mean H’Thurstaston =

1.30 ± 0.37; H’Warton Sands = 0.97 ± 0.23, Mann–Whitney

U = 742, P = 0.002). Significant differences in faunal

assemblage compositions were identified between the two

shores (Table 2 and MDS plot, Fig. S1, in supplementary

appendices). Faunal biomass within both assemblages was

dominated by C. edule, contributing 45.3 ± 28.34% of

total faunal biomass at Thurstaston and 52.9 ± 28.6%

at Warton Sands. Other major contributors to faunal

biomass at both assemblages were the bivalve Macoma

Table 1. Continued

trait modality code

resource capture Deposit De

Suspension: active Sa

Suspension: passive Sp

Opportunist ⁄ Scavenger Sc

Grazer Gr

Predator Pr

tissue components Calcareous Ca

Fleshy Fl
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balthica (contributing 20.7 ± 13.1% at Thurstaston and

20.7 ± 15.2% at Warton Sands) and the gastropod Hydro-

bia ulvae (contributing 7.3 ± 9.2% at Thurstaston and

12.8 ± 21.8% at Warton Sands). Most of the difference

between the two shores was derived from differences in

the biomass of the bivalve species C. edule, M. balthica

and Scrobicularia plana, the polychaete Hediste diversicolor

and the gastropod H. ulvae (Table 3). With the exception

of H. ulvae, which showed a greater biomass at Warton

Sands, these taxa were either absent at Warton Sands or

present at much reduced biomass.

Total macrofaunal biomass (including biomass of

C. edule) present within assemblages was significantly

reduced following the removal of C. edule (LMM,

F = 16.27, P < 0.001). There was also a significant

increase of biomass with sampling time, with samples

taken in October housing a greater biomass than those in

June (LMM, F = 7.25, P = 0.010). However, when the

biomass data for C. edule were excluded from the analy-

sis, although total biomass at Thurstaston was still greater

(LMM, F = 84.97, P < 0.001), no significant changes

under the experimental treatments were detected and

hence non-C. edule assemblage biomass was not signifi-

cantly changed by the treatments. The removal of C. edule

had a significant effect on biodiversity both with (Shan-

non–Wiener Index, LMM, F = 11.94, P = 0.002) and

without (Shannon–Wiener Index, LMM, F = 4.56,

P < 0.05) the C. edule data being included in the analyses.

Fished plots showed increased biodiversity compared with

both Procedural and Undisturbed Controls.

PERMANOVA revealed no significant changes over

Time and no Shore · Time interaction within faunal

assemblage compositions within either assemblage

(Table 2). However, significant differences were observed

with regard to Treatment and within the Treat-

ment · Time interaction (Table 2). A posteriori pairwise

analyses were carried out on the significant outcomes of

the PERMANOVA. At Thurstaston, differences in faunal

biomass compositions were observed between the Undis-

turbed Control plots and both the experimentally Fished

and the Procedural Controls. SIMPER analyses (Table 3)

revealed that much of the differences was due to a

reduced biomass of the bivalves C. edule, M. balthica, and

S. plana in Fished plots and increased biomass of H. ulvae

in Undisturbed Control plots. Procedural Control plots

showed an increased biomass of the M. balthica and

Table 2. PERMANOVA and pairwise a posteriori comparisons between faunal biomass compositions within two assemblages (TH = Thurstaston

and WS = Warton Sands) under different experimental treatments (F = Fished, P = Procedural Control and C = Undisturbed Control) at two differ-

ent times (1 = June 2007 and 2 = October 2007). Significant (P < 0.05) differences in the PERMANOVA are shown in bold. For the pairwise a

posteriori comparisons, only significant results (P < 0.05) are shown. For example, TH, 1: F „ P means that there was a significant difference in

assemblages at Thurstaston at Time 1 between the Fished and Procedural control plots.

source of variation df MS F P(perm) a posteriori comparisons

shore 1 16,940.02 18.60 <0.01 TH „ WS

treatment(Shore) 4 2621.31 2.88 <0.01 TH: F „ C, P „ C; WS: F „ C

time 1 549.68 0.60 0.644

shore · time 1 618.02 0.68 0.586

treatment(shore) · time 4 2861.33 3.14 <0.01 TH, 1: F „ P, F „ C;

TH, 2: F „ P, P „ C

error 36 910.58

Table 3. Output of the SIMPER analyses displaying the taxa responsible for 90% of the difference between experimental treatments (F = Fished,

P = Procedural Control, C = Undisturbed Control) within two assemblages (TH = Thurstaston and WS = Warton Sands) both in terms of overall

differences and over two sampling occasions. Only differences revealed as significant by a posteriori pairwise comparisons are displayed. Values

represent the percentage contribution made to the differences by each taxon. Superscript a indicates that the former of the pairwise comparisons

has the greater biomass, b indicates that the latter comparison has greatest biomass, e.g. Thurstaston has a greater biomass of Hediste diversicol-

or than Warton Sands does.

species TH versus WS

Thurstaston Warton Sands

overall June 2007 October 2007 overall

F versus C P versus C F versus P F versus C F versus P P versus C F versus C

Hediste diversicolor 4.86a 2.95b

Hydrobia ulvae 4.02b 4.14a 3.76b 4.83b 6.27a 3.27b

Cerastoderma edule 54.40a 64.74b 65.77b 68.15b 57.98b 73.95b 61.68a 83.60b

Macoma balthica 15.03a 11.21b 10.81a 17.26a 18.59a 7.60b 7.47a 8.79b

Scrobicularia plana 14.36a 10.17b 10.78b 9.70b 10.21b 15.64a
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reduced biomass of C. edule, S. plana and H. ulvae com-

pared with Undisturbed Control plots.

At Thurstaston, Treatments were also significantly dif-

ferent between the two sampling times. In June 2007,

Fished plots were different from both Procedural and

Undisturbed Control plots (Table 2). Fished plots had a

reduced biomass of C. edule and increased biomass of

M. balthica compared to both controls. Plots subjected to

Fishing had a reduced biomass of H. ulvae compared with

Procedural Controls, but a greater biomass than Undis-

turbed Control plots. In October 2007, Procedural Con-

trols were significantly different from both Fished and

Undisturbed Control plots, with most of the difference

attributable to increased biomass of C. edule, S. plana and

M. balthica within Procedural Controls compared to the

other two treatments (Table 3). Procedural Control plots

were found to have a decreased biomass of H. ulvae and

H. diversicolor in relation to the Undisturbed Control

plots.

At Warton Sands, the only significant difference in

taxon biomass was between Fished and Undisturbed Con-

trol plots; most of the difference between the Treatments

was due to decreased C. edule and M. balthica biomass

within Fished plots (Table 3). This effect was irrespective

of the factor Time.

Biological traits analysis

The first two axes of the FCA explained over 78% of vari-

ance, with 45% across fuzzy correspondence axis 1

(FCA1) and 34% of variance across axis 2 (FCA2)

(Table 4). Much of the variance on FCA1 was represented

within traits relating to faunal dispersal (propagule dis-

persal and adult mobility ⁄ dispersal potential), longevity

and feeding-related traits (Resource capture and Food

type) (Table 4). Ordination scores were compared for

FCA1 and revealed a significant separation of samples

under the factor Treatment (Kruskal–Wallis, H = 16.82,

P < 0.001), with Fished plots tending towards a positive

value and the Procedural and Undisturbed Control treat-

ments tending towards negative values on FCA1 (Fig. 1).

No significant differences were detected on FCA1 under

the factors Shore or Time. Fished samples tended towards

a reduction in non-motile fauna, with an increased pro-

portion of highly motile fauna (adult mobility >100 m2).

Fished plots had an increased prevalence of relatively

short-lived fauna (0.5–1 and 1–2 year modalities) and a

reduced biomass of long-lived organisms (2–5 years).

Scavengers were more prominent within Fished plots and

these plots had reduced prevalence of active suspension

feeders relative to the controls (Fig. 2). The removal of

C. edule therefore explained much of the variability

within the data (factor = Treatment within FCA1) and

much of this variability was explained by traits relating to

the dispersive abilities, longevities and feeding methods of

fauna.

Much of the variance within FCA2 was explained by

the living location and maximum size of taxa, the disper-

sive potential of adult organisms and the food resources

exploited (Table 4). No separation of samples on FCA2

was found relating to the factors of Treatment or Time.

Significant separation of samples was observed along

FCA2 under the factor Shore (Kruskal–Wallis H = 32.62

P < 0.001), with samples taken at Warton Sands tending

towards positive values and at Thurstaston tending

towards negative values on FCA2 (Fig. 1). Assemblages at

Warton Sands tended towards a prevalence of smaller (0–

50 mm), more motile (>100 m2Æyear)1) taxa, dwelling at

the sediment-water interface and assemblages at Thurstas-

ton tended towards larger (50–100 mm), deeper-dwelling

(>20 cm) and less-motile (<10 m2Æyear)1) fauna (Fig. 2).

Table 4. Relative inertia and correlation ratios of biological traits on

the first two axes of the fuzzy correspondence analysis. Correlation

ratios represent the proportion of variance explained by the different

traits across each axis.

axis 1 axis 2

relative inertia (%) 44.92 33.57

correlation ratio (%)

propagule dispersal 17.07 6.05

adult dispersal 13.55 13.97

longevity 13.15 4.45

resource capture 12.75 2.18

food type 8.14 12.35

location 5.82 20.42

Max. size 2.56 18.04

Fig. 1. Ordination of the first two axes of the FCA for the two exper-

imental assemblages. FCA1 explained �45% of variance in the data

and FCA2 explained �34%. Sample treatment is indicated by symbol

shading: solid black = Fished, grey = Procedural Control and

clear = Undisturbed Control.
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When C. edule were excluded from the BTA, no signifi-

cant changes to the distribution of biological traits was

observed on either FCA1 or FCA2 (Kruskal–Wallis

H = 0.53, P = 0.766 and H = 1.21, P = 0.547, respec-

tively). This suggests that the differences in the prevalence

of traits following the removal of large C. edule are

directly caused by C. edule, rather than by a shift in the

underlying community structure. Differences were

observed on FCA1 between the two Shores (H = 33.57

P < 0.001) and there were significant differences between

the two sampling Times on both Shores (Thurstaston:

H = 10.08, P = 0.001; Warton Sands: H = 5.60,

P = 0.018), with increased prevalence of deep-dwelling,

relatively non-motile and larger trait characteristics

between the June and October sampling occasions. No

significant differences were observed on FCA2 for any of

the factors.

Sediment properties and chlorophyll a concentration

Sediment properties differed between the two study sites,

with significantly higher concentrations of chlorophyll a

and organic matter content at Thurstaston (Table 5,

Fig. 3). Sediment granulometry (indicated by silt content

(63 lm)) at Warton Sands was less coarse than that at

Thurstaston and changed over time at both shores

(Table 5, Fig. 3). No significant differences in chlorophyll

a concentration or loss on ignition were observed with

regards to experimental treatment. However, sediment

granulometry did show significant change; sediments in

Fig. 2. Ordination of biomass-weighted biological trait categories from the first two axes of the FCA, allowing interpretation of the traits respon-

sible for the differences between assemblages. Points represent the FCA coordinates for each experimental plot (as in Fig. 1) and label locations

represent the centroid for each trait modality and lines link the plots to the modalities. Modality labels refer to Table 1.
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Fished plots contained higher silt contents (3.99 ± 0.06%)

than non-fished plots did (3.70 ± 0.10%).

To investigate the power of the experiment to detect

significant changes, iterative analyses were carried out on

the chlorophyll and organic matter data. Under the cur-

rent design, a change in surface chlorophyll values of

�16% and a change in the organic matter content data of

�2.5% would be necessary to give statistically significant

changes.

Discussion

This study has shown that the removal of Cerastoderma

edule led to a marked increase in faunal diversity within

manipulated plots, irrespective of the pre-impact diversity

at the site. This suggests that other taxa are prevented

from establishing themselves by the presence of C. edule

even within species-poor assemblages. Following the

removal of large C. edule, other taxa established within

the system, either exploiting the resources liberated by the

loss of C. edule or in response to the physical disturbance

of the habitat. Such changes have been reported in a

range of systems (e.g. Tuck et al. 1998; Sparks-McConkey

& Watling 2001; de Juan et al. 2007).

The observed changes to macrofaunal communities

were reflected in changes to the distribution of biological

traits within the assemblages; however, this change was

due to the removal of large C. edule themselves, rather

than to changes in the distribution of underlying traits

following removal. Removal of C. edule resulted in an

increased prevalence of motile, short-lived taxa, with

increased occurrences of scavengers, coupled with a rela-

tive reduction in non-mobile, longer-lived suspension-

feeding fauna. This adds support to the potential of

C. edule as key contributors to ecological functioning, in

that their removal significantly altered the distribution

and prevalence of functionally important biological traits.

This occurred within both study assemblages and is con-

sistent with other studies investigating the impacts of dis-

turbance on benthic communities. At a smaller scale,

Norkko & Bonsdorff (1996) for example found increased

abundances of opportunistic taxa beneath experimentally

placed algal mats. Larger-scale analyses of North Sea ben-

thos also found a trend towards increased numbers of

motile predators and scavengers with high levels of fishing

disturbance (Bremner et al. 2003; Tillin et al. 2006).

Following the observed changes to the macrofaunal

communities and distribution of biological traits within

the two assemblages, it could be expected that changes to

the delivery of the ecological functions would be evident.

However, this was not the case with respect to the func-

tions quantified here. Cerastoderma edule is an active sus-

pension feeder and a significant portion of its diet can be

re-suspended microphytobenthos (Sauriau & Kang 2000;

Page & Lastra 2003). Removal of C. edule, a principal

contributor to macrofaunal biomass, would therefore

reduce grazing pressure and result in an increased bio-

mass of primary producers. This was not observed in the

current study, with chlorophyll a concentration (as a

proxy for primary producer biomass) showing no signifi-

cant relationship to experimental treatment on either

study shore.

Organic matter content within the sediment was also

studied as a proxy for the overall community metabolism

within the assemblages (van Duyl et al. 1992). A shift

towards a more motile fauna, for example, can influence

the rate at which organic matter is incorporated into the

sediment, influencing the resources available to the

microbial community; this has subsequent impacts onto

the provision of oxygen and the mineralization of organic

materials within the sediment (Gilbert et al. 1995; Fenchel

1996). Assemblages with shorter life histories and more

Table 5. Summary of the linear mixed model analyses for the sediment parameters quantified to investigate ecological functions. Significant val-

ues (a = 0.05) indicated in bold.

source df

chlorophyll a LOI silt content

F P F P F P

shore 1 127.42 < 0.001 15.47 < 0.001 52.21 < 0.001

raked 1 0.18 0.673 0.04 0.841 0.16 0.690

cockles removed 1 0.30 0.589 1.75 0.198 5.39 0.026

time 4 1.01 0.379 1.21 0.315 1.94 0.111

shore · raked 1 0.24 0.630 0.05 0.834 0.72 0.403

shore · cockles removed 1 0.03 0.858 0.66 0.425 0.19 0.666

shore · time 4 0.42 0.797 1.78 0.145 2.86 0.028

raked · time 4 0.27 0.894 0.39 0.818 1.00 0.414

cockles removed · time 4 0.16 0.960 2.11 0.091 0.86 0.491

shore · raked · time 4 0.19 0.944 0.15 0.963 0.92 0.459

shore · cockles removed · time 4 0.05 0.994 1.15 0.342 2.43 0.054
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opportunistic resource-gathering methods would also

influence the trophic relationships throughout the assem-

blages and hence also the overall metabolism within the

system. Therefore, the removal of C. edule was expected

to result in a change in the availability of organic matter

within the benthos. Again, no significant relationship with

experimental treatment was observed at either study site.

The third ecological indicator considered was the gran-

ulometry of sediments within the assemblages. This is

important to the functioning of systems, impacting upon

sediment porosity and hence the depth of the redox layer

(Huettel & Rusch 2000) with implications for the settle-

ment of larvae into the benthos (Pinedo et al. 2000; Du-

chêne 2004). Cerastoderma edule have been shown to

loosen and destabilize sediments (Flach 1996), leaving

finer grained particles more prone to resuspension, result-

ing in a coarsening of sediment granulometry (Ciutat

et al. 2006, 2007). The findings of the current study con-

cur with this: the removal of large C. edule resulted in a

higher silt content within plots.

Within the current study, the removal of large C. edule

had no significant impact on the measured ecological

A 

B 

C 

Fig. 3. Mean values (±SD) of the sediment parameters over 4 months following the experimental removal of Cerastoderma edule at two loca-

tions: (a) chlorophyll a concentration (lgÆg per dry sediment), (b) silt content (% <63 lm) and (c) organic matter (as % loss on ignition).
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functions relating to the biological productivity (as

indexed by organic matter content and primary producer

biomass) within the benthos. These responses, or lack of

them, were common to both study shores and hence were

independent of the initial biodiversity of the assemblages.

Following the removal of large C. edule, both the species-

rich assemblage at Thurstaston and the species-poor

assemblage at Warton Sands showed a shift towards

assemblages dominated by traits common to opportunist

taxa. It appears, therefore, that ecological functions were

conserved following the removal of large C. edule, regard-

less of the underlying macrofaunal diversity present at the

sites. A number of possible explanations may account for

this. First, the statistical power of the current study may

be insufficient to detect subtle changes to the measured

functions. Iterative power analyses revealed that, with the

natural variability observed in this study, chlorophyll and

organic matter contents would have to alter by �16%

and 2.5%, respectively, to detect a significant change.

Such changes are not unfeasible. Swanberg (1991), for

example, observed that the presence of C. edule resulted

in a change in microphytobenthic biomass in the region

of 90%. Therefore, it appears that surface chlorophyll and

organic matter content did not change significantly under

the experimental treatments. Two alternative explanations

may also account for this observation: (i) the removal of

large C. edule and the subsequent changes to the macrofa-

unal communities (and therefore the distribution of bio-

logical traits) within the study systems have no effect on

the investigated functions, or (ii) other processes are buf-

fering or masking the response of the systems to the

removal of C. edule and the subsequent shift in assem-

blage and trait structure.

Previous, largely laboratory-based, experimental investi-

gations have shown that C. edule can influence ecological

functions, for example enhancing primary productivity

(Swanberg 1991); C. edule has also been shown to signifi-

cantly alter near-bed hydrodynamics and sediment stabil-

ity (Ciutat et al. 2007). Additionally, shifts in the

distribution of biological traits within an assemblage have

been shown to affect the delivery of ecological functions,

for example changes to the prevalence of different meth-

ods of bioturbation affect the regeneration of nutrients

and penetration of oxygen within sediments (Mermillod-

Blondin et al. 2005; Waldbusser & Marinelli 2006; Gilbert

et al. 2007). It is therefore likely that the removal of

C. edule and the subsequent shift in biological traits

would have some effect on the functions under investiga-

tion unless other factors were simultaneously changing

and compensating for it.

The findings of the current study imply that the eco-

logical functions measured are largely unaffected by sig-

nificant reductions in the biomass of a potentially key

contributor to ecological function. This is contrary to a

number of other studies that have identified substantial

changes to ecological functions following the removal of

large taxa. Kanaya et al. (2005), for example, found that

deposit-feeding bivalves had significant impacts on pri-

mary producer biomass, and Volkenborn (2005) found

that the exclusion of the lugworm Arenicola marina from

intertidal plots had significant effects on a number of eco-

system functions. Conversely, however, Bolam et al.

(2002) found no effects of macrofaunal biomass or spe-

cies richness on ecological functioning within a Scottish

intertidal mudflat.

In the present study, BTA revealed significant changes

to the prevalence of a number of traits within the macro-

fauna following the removal of large C. edule. However,

there were no significant changes in the distribution of

traits likely to impact upon the composition of the

microbial community which primarily drives benthic pri-

mary production and microbial metabolism (Azam et al.

1993; Paerl 1997; Azam 1998). Additionally, Franklin &

Mills (2006) showed that microbial communities display

a high degree of functional redundancy, and even consid-

erable changes to the microbial community composition

are not reflected by changes to ecological functioning.

Therefore, even if changes to the macrofaunal community

did alter the microbial community, the substantial func-

tional redundancy within these communities means that

the measured functions were unlikely to be affected.

The conservation of functions observed in this investi-

gation is likely, to some degree, to be related to the scale

of the study. Subtle and ⁄ or small-scale changes in ecolog-

ical processes are likely to be masked by the substantial

natural variability over small scales and larger-scale pro-

cesses occurring within the habitat (Kendrick et al. 1996).

A larger-scale study would be more likely to reveal obser-

vable impacts (e.g. Watling et al. 2001; Falcão et al. 2003).

However, as the aim of the current study was to assay the

impacts of small-scale cockle hand-raking on ecological

functioning, the spatial and temporal scales used reflected

those used within the commercial fishery.

A limitation of the fuzzy-coding approach in BTA

requires further consideration. This technique can only

provide an indication, based on published and expert

information, as to how a taxon may behave. It can-

not provide any indicator of how an organism actually

does act in a given situation. Hediste diversicolor, for

example, is able to utilize a number of feeding strate-

gies, depending upon resource availability (Fauchald &

Jumars 1979) and Pygospio elegans can adopt a wide

range of reproductive strategies (Gudmundsson 1985;

Anger et al. 1986). Additionally, BTA does not account

for ontogenetic differences within taxa. In this investiga-

tion, large C. edule were removed from assemblages and
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the remaining C. edule were scored identically to large

C. edule for the purposes of BTA. However, it is likely

that younger (i.e. smaller) individuals behave differently

and display a different range of functional traits than

adult individuals, for example displaying different feed-

ing preferences (Sauriau & Kang 2000). It is impossible

to ascertain which strategy or strategies an organism is

utilizing at any time and whether a change in condi-

tions causes an organism to change its strategy, as the

fuzzy coding technique includes all the strategies that

can potentially be used by a species. It is necessary to

address whether conspecifics under different disturbance

regimes adopt the same behavioural ⁄ life-history strate-

gies as this would potentially affect how the assemblage

is delivering ecological functions. Studies involving BTA

should therefore aim to incorporate some inference of

the behavioural responses of taxa within affected assem-

blages.

The conservation of the measured functions does not

necessarily mean that fished systems will continue to deli-

ver other ecological functions. The availability of food

resources within the system for example, is a key aspect

of ecological functioning (Frid et al. 2008). As well as

being the target of a fishery, C. edule are an important

food source to demersal fish and shorebird species and

are a major contributor to macrofaunal biomass. Large-

scale removal of C. edule will therefore affect the food

availability within and, by definition, the functioning of

affected systems. Over longer timescales, this will poten-

tially impact upon the regeneration and sustainability of

C. edule stocks (Piersma et al. 2001; Kraan et al. 2007)

and directly affect taxa relying on C. edule for food

(Beukema & Dekker 2006). Therefore, the implications of

small-scale, non-ubiquitous cockle harvesting depend

upon the aspect of the system under concern. In terms of

microbial and small-scale processes, there appears to be

little impact; however, the removal of large C. edule from

the system does impact upon the total macrofaunal bio-

mass within the system and the potential availability of

food resources available within the system.
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