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Introductions of non-native species are seen as major threats to ecosystem function and biodiversity.

However, invasions of aquatic habitats by non-native species are known to benefit generalist consumers

that exhibit dietary switches and prey upon the exotic species in addition to or in preference to native ones.

There is, however, little knowledge concerning the population-level implications of such dietary changes.

Here, we show that the introduction of the Manila clam Tapes philippinarum into European coastal waters

has presented the Eurasian oystercatcher Haematopus ostralegus ostralegus with a new food resource and

resulted in a previously unknown predator–prey interaction between these species. We demonstrate, with

an individuals-based simulation model, that the presence of this non-native shellfish, even at the current

low density, has reduced the predicted over-winter mortality of oystercatchers at one recently invaded site.

Further increases in clam population density are predicted to have even more pronounced effects on the

density dependence of oystercatcher over-winter mortality. These results suggest that if the Manila clam

were to spread around European coastal waters, a process which is likely to be facilitated by global

warming, this could have considerable benefits for many shellfish-eating shorebird populations.
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1. INTRODUCTION
The five most important determinants of changes in

biodiversity at the global scale have been identified as

changes in land use, atmospheric CO2 concentration,

nitrogen deposition and acid rain, climate change and

biotic exchanges i.e. deliberate or accidental introduction

of plants and animals to an ecosystem (Sala et al. 2000).

Biological invasions are already a major component in

global environmental change, leading to changes in

economic value, biological diversity, ecosystem function

and evolutionary pathways (Mooney & Cleland 2001;

Leppäkoski et al. 2002). Most studies dealing with

invasions by non-native species focus on the potential or

observed detrimental effects (Mooney & Cleland 2001;

Leppäkoski et al. 2002; Occipinti-Ambrogi & Savini 2003).

However, invasions have the potential to be beneficial in

some respects. Invasions of both marine and freshwater

habitats by non-native shellfish have presented diving

ducks in North America and Europe with additional food

resources which have been exploited due to the greater

availability and energetic profitability of the non-native

species (Hamilton et al. 1994; Richman & Lovvorn 2004;

Werner et al. 2005; Leopold et al. in press). The invasion of

freshwater lakes in both Europe and North America by the

zebra mussel Dreissena polymorpha has caused changes to

the migration patterns and dramatic increases in the local

abundance of diving ducks (Suter 1982a,b; Wormington &

Leach 1992; Stark et al. 1999). Here, we investigate
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whether the invasion of European coastal waters by

the Manila clam (Tapes philippinarum) could have

beneficial population-level consequences for shellfish-

eating shorebirds.

Manila clams are native to the western Pacific Ocean

and first spread from this area between the 1920s and

1940s when introduced to the Hawaiian Islands and the

Pacific coasts of Canada and the USA (Goulletquer

1997). Manila clams have since been introduced to several

European countries and have naturalized in Italy, France

and Britain (Goulletquer & Héral 1997). The most

spectacular invasion by Manila clams occurred in the

Adriatic Sea following their introduction to Venice Lagoon

in 1983 (Breber 2002). Naturally formed beds in the most

favoured areas of Venice Lagoon now hold densities of

more than 1000 clams mK2 and the species has spread

along the Adriatic coast at 30 km yearK1 (Breber 2002).

Manila clams were deliberately introduced to Britain in

the late 1980s for the purpose of aquaculture. This release

was conducted in the light of studies which suggested that

water temperatures would be too low to support successful

larval production or recruitment (Laing & Utting 1994).

However, at one site, Poole Harbour in Dorset, Manila

clams have naturalized (Jensen et al. 2004, 2005).

The coasts of many western European countries serve

as stopover sites and wintering grounds for migratory

shorebirds (Smit & Piersma 1989). Here, they rely upon

adequate food resources in order to survive the winter and

early spring in good enough condition to migrate in time
This journal is q 2007 The Royal Society
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to breed successfully (Goss-Custard 1985). The cold

winter of 1962–1963 led to a prolific recruitment of

cockles Cerastoderma edule in The Wash in England (Dare

et al. 2004). In contrast, a series of mild winters in the late

1980s led to repeated recruitment failure of several

shellfish species in the Wadden Sea and resulted in low

standing stocks of prey for shorebirds (Beukema 1992).

Climate change is predicted to affect the reproduction and

lead to a contraction of the range of many ‘northern’

species of macroinvertebrates upon which shorebirds

currently feed (Kendall et al. 2004; Lawrence & Soame

2004; Mieszkowska et al. 2006). Thus, any spread of

‘southern’ or non-native shellfish species may be of

considerable benefit to shellfish-eating shorebirds. Here,

we demonstrate that the naturalized population of Manila

clams in Poole Harbour is exploited by the Eurasian

oystercatcher (Haematopus ostralegus ostralegus) and

describe the details of this novel predator–prey interaction.

We use a behaviour-based individuals-based simulation

model (IBM) of shorebird foraging (Goss-Custard &

Stillman in press) to predict the way in which the density

dependence of over-winter mortality of oystercatchers

may be altered by Manila clams’ presence.
2. MATERIAL AND METHODS
(a) Field observations of oystercatchers

Oystercatchers foraging on the intertidal mudflats of Poole

Harbour (Lat 50842 044 00 N Lon 2803 030 00 W ) were observed

on two consecutive days per month between August 2004 and

March 2005. Observations over distances of up to 250 m

were made from a shore-based observation point using a

telescope. Focal individuals were selected at random and

observed for two consecutive 5 min periods. Each prey item

consumed was identified to species whenever possible and its

size assessed on the basis of the length of the shell and/or the

volume of flesh ingested.

(b) Dietary and size-selection assessments

Owing to the distance over which observations were made, it

was not always possible to positively identify prey items to

species level. Birds for which the majority of prey items could

be clearly identified as being of one species were classified as

specializing on that species of prey. Some of these birds were

Manila clam specialists. Among the birds that could not be

classified in this way, there were some individuals that

consumed Manila clams occasionally as part of a mixed

diet. These birds were categorized separately from those

specializing on Manila clams. This allowed the number of

‘specialist’ birds to be analysed separately from the total

number of birds that included Manila clams in their diet (i.e.

the sum of the two groups). The total number of birds

including Manila clams in their diet and the number

specializing on Manila clams in each month were converted

to proportions by dividing by the total number of birds

observed in each month.

The size range of Manila clams taken by oystercatchers was

assessed on the basis of only those prey items that were lifted

clear of the sediment and identified as being Manila clams (i.e.

ignoring the lengths of any shellfish of uncertain identity that

were consumed by birds known to consume Manila clams).

The size range of Manila clams present in the mud was derived

by combining monthly samples of clams taken between

August 2003 and March 2004 (Humphreys et al. 2007).
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(c) Estimating intake rates of the three principal diets

Estimates of prey size based purely on the volume of flesh

were converted to estimated shell length on the basis of prey

species-specific regression equations derived from occasions

on which both measures were recorded. Estimates of shell

length were corrected for observer bias by a standard

procedure (Goss-Custard et al. 1987). Using standard

procedures (West et al. 2003), ash-free dry mass (AFDM)–

length relationships were derived from samples of approxi-

mately 50 individuals of each of the three principal

prey species (Manila clams, cockles and sand-gapers

(Mya arenaria)) collected in September 2002 and March

2003. These relationships were used to generate the

estimated AFDM (mg) of flesh of each prey consumed,

allowing for the rate of seasonal change in flesh content and

the date of observation. These values were summed for each

5 min period of observation and used to derive the mean

instantaneous intake rate achieved by each focal bird

(mg AFDM sK1).

The intake rates achieved by birds specializing in the three

principal diets were compared to establish the homogeneity of

variances (Levene’s test for non-homogeneity of variances;

F2,65Z0.23, pZ0.798). The data conform to the assumption

of equal variances.

(d) Modelling

Individuals-based models predict how animal populations will

be affected by changes in their environment by modelling the

responses of fitness-maximizing individuals to environmental

change and by calculating how their aggregate responses

change the average fitness of individuals and thus demo-

graphic rates of the population (Goss-Custard & Stillman

in press). Goss-Custard & Stillman (in press) provide a

detailed description of the generic model. The particular

model of Poole Harbour used here is described by Durell et al.

(2006). The methods used to survey the numerical and

biomass density of the intertidal macrozoobenthos through-

out Poole Harbour in order to parametrize the model are

described by Caldow et al. (2005). The stable over-winter

population of oystercatchers in Poole Harbour is approxi-

mately 1200 (Durell et al. 2006). In exploring the density-

dependent mortality function, we used populations of

between 500 and 6000 birds, i.e. allowing for a five- to sixfold

increase in population size. Populations of oystercatchers were

varied while holding the populations of the other principal

wader species in the harbour, i.e. dunlin Calidris alpina,

redshank Tringa totanus, black-tailed godwit Limosa limosa and

curlew Numenius arquata at present day values. As our field

observations to date have focused on oystercatchers alone,

only they were allowed to consume Manila clams in the model.

Simulations were run in which the prey resources available

in the model (i) did not include Manila clams, (ii) included

the current population of Manila clams in each of the

intertidal patches within the harbour, and (iii) simulated

proportionate increases to the clam density in each patch so

as to achieve harbour-wide average densities of 10, 20 and

40 clams mK2. In all simulations in which Manila clams were

included, the clam population structure was assumed to be

the same as that already present in the harbour (Humphreys

et al. 2007).

The principal output under each scenario is the percen-

tage of the initial autumn population of oystercatchers that

is predicted to die due to starvation between September

and March.
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Figure 1. Seasonal variation in the proportion of oystercatch-
ers which specialized on feeding on Manila clams (open
circles) and of those which ever included Manila clams in their
diet (filled squares). The total numbers of birds observed
in consecutive months are 7, 12, 19, 23, 21, 23, 24 and 29 (SZ
158). The lines depict the binary logistic regression equations
between date and the proportions ( p) of birds, specializing on
Manila clams (dashed line; log( p/(1Kp))ZK3.339C0.373�

months after August, GZ10.92, nZ158, d.f.Z1, pZ0.001),
and those including Manila clams in their diet (solid line;
log( p/(1Kp))ZK2.882C0.419� months after August,
GZ19.41, nZ158, d.f.Z1, p!0.001).
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Figure 2. Frequency distribution of the shell lengths (mm) of
Manila clams in the sediment (solid line; nZ859) and
consumed by oystercatchers (dashed line; nZ77). Both
frequency distributions have been expressed as percentages
of the sample size to facilitate comparison.
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Figure 3. An overview of published studies of the intake rates
(mg AFDM sK1) of free-living, over-wintering European
oystercatchers consuming native bivalve species: M. edulis
(black); C. edule (open); S. plana (dark grey); and M. balthica
(pale grey). Frequencies refer to the number of independent
values of intake rate presented in the source paper (Zwarts
et al. 1996a). The arrow denotes the value of the mean intake
rate achieved by birds specializing on Manila clams (nZ27)
in this study (2.02 mg AFDM sK1 (95% CI 1.673–
2.367 mg AFDM sK1)).
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3. RESULTS

(a) Observations of oystercatcher foraging

behaviour

A total of 158 oystercatchers were observed. Of these, it

was possible to positively identify the majority of prey

items eaten by 86 birds (Manila clams (nZ27), cockles

(nZ17), sand-gapers (nZ24), mussels Mytilus edulis

(nZ3), Macoma balthica (nZ5) and worms (nZ10)). Of

the remaining birds (nZ72), three were feeding on prey so

small as to be virtually invisible to the observer, 29 were

feeding on larger but unidentifiable prey which were

probably not bivalves and 40 were feeding on bivalves that,

due to factors including the distance of the bird, its

particular method of dealing with prey and poor visibility,

could not be clearly identified. The proportion of

oystercatchers that specialized on feeding on Manila

clams increased significantly between late summer and

the following spring (figure 1). In addition to the 27 birds

that specialized on Manila clams, a further 17 birds were

seen to include an occasional Manila clam in their diet.

The proportion of all birds that was seen to consume

Manila clams (nZ44 out of 158) also increased signi-

ficantly between late summer and the following spring

(figure 1).

Oystercatchers consumed Manila clams within the

length range 16–50 mm. The cumulative frequency distri-

butions of the sizes of clams consumed by oystercatchers

and those available in the mud differed significantly

(Kolmogorov–Smirnov test DZ0.241, nZ859, 77;

p!0.001), primarily because the birds ignored clams

smaller than 15 mm (figure 2). The average intake rate

achieved by oystercatchers that specialized in the three

principal diets did not differ significantly (ANOVA F2,65Z
2.18, pZ0.1218, Manila clams: mean 2.02 mg AFDM sK1,

s.d.Z0.90, nZ27, cockles: mean 1.81 mg AFDM sK1,

s.d.Z0.99, nZ17 and sand-gapers: mean 1.49 mg

AFDM sK1, s.d.Z0.83, nZ24). The intake rate of Manila
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clam ‘specialists’ in Poole Harbour compares favourably

with that achieved by oystercatchers feeding on native

bivalve species not only within Poole Harbour, but also at

many other sites around Europe (figure 3).

(b) Simulation modelling

The model predicts that the presence of Manila clams in

Poole Harbour, even at the current mean density of

approximately 5 clams mK2 (Jensen et al. 2004), has

reduced the over-winter mortality of the existing wintering

population of oystercatchers (from 4.6% to 1.1%) and

altered the shape of the density-dependent mortality

function (figure 4). The model predicts that if the average

clam abundance across Poole Harbour was to increase, the

density dependence of the over-winter mortality of

oystercatchers would gradually diminish in strength. The

density dependence of over-winter mortality would be

completely suppressed if an average density of

40 clams mK2 were reached, even were the local wintering

population of oystercatchers to increase fivefold (figure 4).
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Figure 4. Variation in the form of the density-dependent
mortality function of oystercatchers given various population
densities of Manila clams (0 clams mK2, filled circles;
5 clams mK2, open circles; 10 clams mK2, filled squares;
20 clams mK2, open squares; 40 clams mK2, filled triangles).
Each data point depicts the mean predicted over-winter
mortality arising from 10 replicate simulations of each
scenario. The variation between replicate simulations was so
small that the 95% CIs cannot be presented given the size of
the symbols.
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4. DISCUSSION

Manila clams are eaten by a variety of birds, e.g. gulls

(Family Laridae), crows (Family Corvidae) and scoters

(Family Anatidae) (Toba et al. 1992). However, no

instance of oystercatchers eating Manila clams has ever

been recorded in the scientific literature. Worldwide

enquiries confirm that there is no knowledge of this

predator–prey interaction. Thus, our field observations

provide the first recorded instance of oystercatchers

exploiting a wild population of Manila clams anywhere

in the world.

Most mortality in wintering wader populations is

caused by competition for limited resources leading to

starvation or to risk-prone behaviour motivated by hunger

(Goss-Custard 1985; Whitfield 2003) and occurs during

the coldest period of the winter, usually after mid-January

(Zwarts et al. 1996b). The proportion of oystercatchers

consuming Manila clams reached 40–50% during this key

stage of the winter. As only birds that were clearly seen to

consume a Manila clam during a 10 min period were

included in deriving this figure, it is a very conservative

estimate. Thus, this apparently anecdotal observation of a

novel predator–prey interaction could have considerable

biological significance. Our behaviour-based IBM of

shorebird foraging supports this assertion.

Our model indicates that the invasion of Poole Harbour

by Manila clams has potentially already altered the over-

winter mortality of oystercatchers there. Manila clams,

however, were only introduced to the site less than 20

years ago and the current average density is comparatively

low (Humphreys et al. 2007). However, the clams grow

comparatively well and regularly exhibit two recruitment

events per year (Humphreys et al. 2007). Densities of

60 clams mK2 already occur in some locations within the

harbour (Jensen et al. 2007). Given that a density of

1000 mK2 is considered moderate in the clams’ native

range (Ohba 1959) and that the annual variation in water
Proc. R. Soc. B (2007)
temperature within Poole Harbour (3–278C) is similar to

that in southern Brittany (Golfe du Morbihan), the

lagoons of the Adriatic Sea and in the Inland Sea of

Japan where the Manila clam thrives at such high

densities, it would be surprising if this local population

does not continue to grow to attain average densities

similar to those that we have modelled.

The magnitude of the effect of an alteration to the density

dependence of over-winter mortality on the size of the

overall population depends upon the ratio of the strengths

of density dependence of mortality in the winter and of

reproductive output in the summer (Goss-Custard &

Sutherland 1997). However, even quite small changes to

over-winter mortality rates, whether density dependent or

not, can lead to pronounced changes in population size,

especially when the density dependence of reproductive

success is weak (Goss-Custard 1993). Given that the

population of oystercatchers in Poole Harbour comprises

approximately 0.5% of the UK wintering population, it is

however not surprising that the invasion of Poole Harbour

by Manila clams has had no discernible effect on the size of

the UK wintering population of oystercatchers, which has

declined since the early 1990s (Collier et al. 2005). In fact,

numbers of many species of shorebirds have been stable or

have declined on the south west coasts of Britain while

increasing on the east coast (Austin & Rehfisch 2005).This

pattern has been explained as a large-scale population

response to warming winter climate (Austin & Rehfisch

2005). This has clearly overridden any local effects of

clams’ presence in Poole Harbour where the size of the local

wintering oystercatcher population has, in spite of the new

food resources available, also not increased (Pickess &

Underhill-Day 2002). Stark et al. (1999) recorded a

fourfold increase in the waterbird population of Lake

Constance in response to the invasion of the zebra mussel,

making the site one of the most important wintering sites

for waterbirds in Central Europe. It may be that the

intensive winter fishery for the Manila clam in Poole

Harbour which reduces the abundance, maximum age and

size of Manila clams there (Humphreys et al. 2007) has

suppressed the potential benefits to oystercatchers which

would otherwise have already taken place.

One of the most common reasons for the reproduction

and successful invasion of non-native species in marine

environments is elevated seawater temperatures in relation

to regional or local conditions (Eno et al. 1997). Food

availability and water temperature are the principal

environmental variables that control the growth, repro-

duction and survival of Manila clams (Bodoy et al. 1980;

Maı̂tre-Allain 1982; Melià et al. 2004). The optimum

water temperature for growth is between 20 and 258C and

spawning occurs when water temperatures are between 18

and 268C (Solidoro et al. 2003). The naturalization of

Manila clams in Poole Harbour, as in the lagoons of the

Adriatic Sea, reflects the presence of relatively warm

eutrophic waters (Jensen et al. 2004). Manila clams spawn

more frequently and over longer periods in the southern

part of their native range and within Europe (Laruelle

et al. 1994). At present, the population of Manila clams in

Poole Harbour, like those in Brittany, is subject to occa-

sional mortality events in late winter, often associated with

cold weather and negative energy budgets (Goulletquer

et al. 1989; Humphreys et al. 2007). Thus, in northern

European waters, the reproduction and survival of Manila
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clams are vulnerable in many locations under existing

environmental conditions. However, increases in seawater

temperature that have already occurred in European

coastal waters and which are predicted to continue

(Hulme et al. 2002) will favour both the reproduction

and survival of Manila clams at many more sites than they

currently occupy. Biological responses in the ocean to

climate change will be substantially more complex than a

simple response to temperature alone (Harley et al. 2006)

and predicting species’ distributions will therefore be

equally complex (Guisan & Thuiller 2005). Nonetheless,

the rate at which the biogeographic limits of southern

intertidal species are extending northwards and eastwards

towards the colder North Sea is up to 50 km per decade

(Mieszkowska et al. 2006). Indeed, a recent survey has

shown that Manila clams are now abundant on the

intertidal mudflats of Southampton Water which is

50 km east of Poole Harbour. This spread may not have

been natural, but mediated by man. Nonetheless, given

the precedents set by several southern, warm-water

species, it would not be surprising if, under future climate

change scenarios, the Manila clams were to (be) spread

and establish populations around the increasingly warm

coastal waters of northwest Europe.

The Manila clam has only recently naturalized in

European waters (Goulletquer 1997; Goulletquer & Héral

1997). Thus, it is not yet possible to be sure of the long-

term consequences that its invasion may have on invaded

ecosystems. When cultivated at very high densities,

Manila clams are known to alter biogeochemical cycles,

the abundance of microplankton, zooplankton and

macroalgal growth (Sorokin et al. 1999; Bartoli et al.

2001). Manila clams may also carry diseases that are

transmissible to other species (Figueras et al. 1996),

compete for resources with other species and may provide

a new food resource for generalist predators (Toba et al.

1992). In Venice Lagoon, the Manila clam has apparently

replaced Cerastoderma glaucum and Tapes decussatus

(Occhipinti-Ambrogi 2000 although see Breber 2002).

Surveys of the macroinvertebrate fauna on the intertidal

flats of Poole Harbour in the late 1980s and in 2002 reveal

that the appearance of the Manila clam in Poole Harbour

coincided with a decline in the abundance of Scrobicularia

plana and M. balthica (Caldow et al. 2005). However, the

decline of these species may have been caused by tri-butyl

tin pollution (Langston et al. 2003) and may have

facilitated the naturalization of the Manila clam. The

average numerical density of bivalves as a group is more or

less the same now as in the 1980s, but it is C. edule and

Abra tenuis that have increased most in the intervening

years rather than the Manila clam (Caldow et al. 2005).

Thus, within Poole Harbour, there is no evidence yet of

species replacement by the Manila clam. Within the

scientific literature, there is also no evidence that at the

densities typical of wild populations of Manila clams, they

have any negative effects on native shellfish fauna (Breber

2002; Byers 2005). However, Mieszkowska et al. (2006)

suggested that the spread of southern warm water species

may compound the retreat of northern cold water species

on which shorebirds may currently depend.

The ability of birds to winter further north than they

currently do under future climate change scenarios is

likely to be constrained by a lack of daylight and by the lack

of extensive intertidal mudflats. Thus if, in response to the
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warming of European coastal waters, the Manila clam

spreads from its current loci, this is likely to be into

locations that will hold substantial populations of over-

wintering shorebirds in the future. There are several

species of shorebird that winter on western European

coasts and regularly prey upon bivalves, i.e. oystercatcher,

curlew black-tailed godwit, bar-tailed godwit Limosa

lapponica, knot Calidris canutus and grey plover Pluvialis

squatarola. Thus, given the probable contraction of the

southern range edges of many northern species of shellfish

in response to climate warming (Mieszkowska et al. 2006),

we suggest that if the Manila calm were to spread, this

would have the potential to be of considerable benefit to

several European shorebird populations. The potential

implications of our findings highlight the need for further

studies to improve our understanding of the interactions

between native and non-native marine species. Further-

more, given the rate of climate change and of species

responses to it, there is a pressing need for studies that

improve our understanding of the interactions between

the drivers of biodiversity change (Sala et al. 2000) such as

biotic exchange and climate change.
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L. Zwarts for replying to enquiries concerning oystercatcher/
clam interactions and to J. Bullock, P. Goulletquer,
R. Gozlan, C. Reading, K. Schonrogge and J. Thomas for
providing comments. Various parts of this work were funded
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