
Abstract The majority of field experiments have

been carried out on relatively small spatial and

short temporal scales, but some of the most

interesting ecological processes operate at much

larger scales. However, large-scale experiments

appropriate to the landscape, often have to be

carried out with minimal plot replication and

hence reduced statistical power. Here, we report

the results of such a large scale, un-replicated field

experiment on the Mondego estuary, Portugal,

which nevertheless provides compelling evidence

of the importance of habitat structure for inver-

tebrate community composition and dynamics. In

this estuary, seagrass beds have suffered a dra-

matic decline over the last 20 years, associated

with changes in invertebrate assemblages. In

addition, the most abundant species in the system,

Hydrobia ulvae, displays distinctly different pop-

ulation structures in those sites. The aim of the

field experiment was to test the hypothesis that

these differences are related to enhanced survival

of snails due to protection from avian or fish

predators so that they can grow to larger body

sizes in the more complex habitat provided by

seagrass. We tested this hypothesis through a

large-scale experiment using artificial seagrass

beds over a 12-month period. Adult snail densi-

ties were higher in the artificial bed plots com-

pared to controls. However, these differences

emerged only slowly, related to snail growth rate.

This suggests that protection from epibenthic

predators can have a significant effect on popu-

lation structure and hence biomass and produc-

tivity of key species in this system. However, the

invertebrate assemblage in artificial seagrass plots

and the natural seagrass bed, remained statisti-

cally separate by the end of the experiment.

Keywords Zostera noltii Æ Artificial seagrass

unit Æ Habitat structure Æ Hydrobia ulvae

Introduction

Dominant taxa such as fields of tube worms,

mounds of lugworms and beds of mussels and

seagrasses generate landscape-scale complexity in

many intertidal areas. The invertebrate assem-

blages associated with such landscapes are often

qualitatively and quantitatively different from

adjacent areas lacking these dominants due to
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differences in the hydrodynamic, sediment and/or

predation climate (Commito & Boncavage, 1989;

Dittmann, 1990; Flach, 1992; Raffaelli et al., 1998;

Commito & Dankers, 2001; Flach & Tamaki,

2001; Cardoso et al., 2004). Evidence of the

overriding role of the dominant has been most

compelling when mimics of the habitat structure

normally created by such taxa have been used in

controlled manipulative field experiments for

tube fields and mussel beds (e.g. Ragnarsson &

Raffaelli, 1999, 2001). However, such experi-

mental set-ups are necessarily on a relatively

small spatial scale, due to the need to replicate

treatment plots as well as the enormous effort

required to assemble the mimic structures. The

effects of spatial scale (extent) on the interpre-

tation of the results from such experiments are

not well understood because few experiments of

this type can accommodate a wide range of spatial

scales. Where manipulative experiments have

been carried out at the larger scales appropriate

to the landscape features of interest, replication

has been necessarily sacrificed at the expense of

realism (e.g. Paine’s early experiments on starfish

removal in Washington, USA and limpet remo-

vals on the Isle of Man, UK) and the results re-

main convincing (reviewed in Raffaelli & Moller,

2000).

Here, we adopt a large-scale approach to the

role of a dominant taxon of many intertidal and

shallow sublittoral areas around the European

coast, the seagrass Zostera noltii. At a well-doc-

umented site, the Mondego estuary, Portugal,

previous research has shown that seagrass has

become confined in recent years to the outer

reach of the estuary due to extensive eutrophi-

cation in the inner parts (Marques et al., 1997;

Cardoso et al., 2002, 2004; Marques et al., 2003;

Pardal et al., 2004). The general macrofaunal

assemblage in seagrass beds and in those areas

from where seagrass has disappeared are dis-

tinctly different (Dolbeth et al., 2003; Marques

et al., 2003; Cardoso et al., 2004; Pardal et al.,

2004), and the most abundant species, the muds-

nail Hydrobia ulvae, has different population

structures in seagrass and non-seagrass habitats

(Lillebø et al., 1999; Cardoso et al., 2002, 2005).

Specifically, larger sized Hydrobia do not occur at

non-seagrass sites. The between-site differences

in population structure of Hydrobia do not ap-

pear to be due to differences in the incidence of

parasites that induce gigantism (cf Huxham et al.,

1995) and are more likely related to enhanced

survival (due to protection from avian or fish

predators) of snails to larger size classes in the

more complex habitat provided by seagrass

(Cardoso et al., 2002). In order to explore these

hypotheses, large-scale plots of seagrass mimics

were set up in non-seagrass areas and their

assemblages and the population structure of

Hydrobia compared with adjacent non-mimic

plots over a 12-month period.

Materials and methods

The Mondego estuary is located on the Atlantic

coast of Portugal (40�08 N, 8�50 W) and com-

prises two contrasting arms, northern and south-

ern, separated by Murraceira island, formed by

the deposition of detrital materials transported by

the river, as the river flood-plain (Fig. 1). During

the last two decades, this estuary has experienced

significant eutrophication leading to an overall

increase in primary production and to a progres-

sive replacement of seagrass Zostera noltii by

opportunistic green macroalgae (Lillebø et al.,

1999; Pardal et al., 2000, 2004; Martins et al., 2001;

Cardoso et al., 2002, 2004; Dolbeth et al., 2003;

Marques et al., 2003). Three distinct zones can be

recognised in the southern arm: an outer estuary

zone with a seagrass (Zostera noltii) bed, an

innermost zone, which is the most eutrophic area

(here termed ‘‘Arm’’) and an intermediate area

(here termed ‘‘Gala’’) in between. At the time of

the experiment, the eutrophic and intermediate

zones, had no seagrass, but in the mid-1980s

Zostera noltii occupied the entire southern arm

covering almost 15 ha. Since the beginning of the

1990s, with increasing eutrophication, the extent

of the seagrass bed was reduced to the small zone

(0.9 ha in 2000) located downstream (Pardal

et al., 2004; Cardoso et al., 2005).

In each of the two zones, a single artificial

seagrass unit (ASU) (plot size = 2 · 2 m) was

established in late September 2003. This size of

plot was based on a balance between realism

(simulation of a real seagrass bed) and resources
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(person-power and funding). By virtue of their

large size, both ASUs required almost 1 month to

construct (involving several persons), so that

replication of ASUs of this large plot size was not

feasible. The majority of field experiments in the

literature have been carried out on relatively small

spatial and short temporal scales (Raffaelli &

Moller, 2000) but some of the most interesting and

challenging ecological processes operate at much

larger scales. If experiments are conducted on

inappropriate scales, the outcomes may be

meaningless, however well replicated. Each ASU

comprised 3,000 artificial shoots (~750 shoots m–2,

equivalent to those found in natural density Z.

noltii bed). Each ‘‘seagrass’’ shoot consisted of five

strips of 3–4 mm wide and 20 cm green plastic

ribbon similar to Z. noltii leaves. The shoots were

anchored to the sediment with corkscrewed wire,

penetrating several centimetres into the sediment

and mimicking a natural seagrass habitat. Addi-

tionally, in each experimental area, a control

(treatment clear of artificial seagrass) was also

established. In total, there were four treatments:

Gala artificial Zostera, Gala control, Arm artificial

Zostera and Arm control. In addition there was a

reference site (undisturbed Zostera noltii bed) and

its control (unvegetated sediment adjacent to the

Zostera bed—Z. noltii out). The experiment was

set up in September 2003 at low tide and ran for

1 year. During this period, the plots were sampled

on four occasions (winter—09/01/04, spring—10/

03/04, summer—05/07/04 and fall—18/10/04). The

duration of the experiment was based on the

knowledge that Hydrobia would require at least

9 months to grow to its adult body size (>1.5 mm

width) (Cardoso et al., 2002) and hence the

experiment should run for at least 9–12 months. If

the experiment would run for a shorter period of

time, probably, the effects of the treatment would

not be visible. On each occasion and in each

experimental area, three replicate cores were

taken from the middle of each treatment plot,

(avoiding the same spot subsequently), and also in

the natural seagrass bed, using a 13-cm diameter

corer to a depth of 15 cm. Additionally, we mea-

sured the sediment height within the artificial
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seagrass plots relative to the adjacent sand with a

ruler and took sediment samples with a small

syringe to 4 cm depth (n = 3) for organic matter

estimation. All samples were washed in estuarine

water through a 500 lm mesh and the fauna re-

tained preserved in 4% buffered formalin and la-

ter transferred to 70% ethanol.

All macrofauna were identified to the lowest

possible taxon and counted. Macroalgae included

in the sediment cores were picked out for later

determination of biomass determined as ash free

dry weight (AFDW) after oven drying at 60�C for

72 h and combustion at 450�C for 8 h. The same

procedure was used to quantify the organic mat-

ter content of the sediment.

All Hydrobia ulvae were counted and mea-

sured (maximum width—MW) and grouped in

different age/size classes (juveniles < 1 mm;

young individuals 1–1.5 mm; adults >1.5 mm)

(Anderson, 1971; Planas & Mora, 1987; Cardoso

et al., 2002).

Multivariate analysis of the macrofaunal

assemblages

Faunal assemblages were compared using non-

metric Multi Dimensional Scaling (MDS) on

square root transformed data (Clarke & Warwick,

2001; Clarke & Gorley, 2001). Because Hydrobia

ulvae dominated all samples it was excluded from

the MDS analysis. It should be noted that because

there is no replication of plots within a site, any

between-plot differences observed reflect just

that: plot differences. This is a necessary feature of

many large-scale experiments (Raffaelli & Moller,

2000).

Results

Macroalgal biomass

At both experimental sites, there was greater

biomass of green macroalgae in the artificial plots

compared to the controls, with slightly more in

the Arm artificial seagrass plot than in the Gala

plot (Fig. 2). Biomass increased gradually

throughout the sampling period reaching the

highest values in July in the Gala artificial sea-

grass plot and in October for the Arm plot. In the

natural seagrass bed, the biomass of green mac-

roalgae was insignificant.

Organic matter content and deposition of

sediment

The percentage of organic matter was generally

greater in the artificial plots than in the controls

(Fig. 3). This difference was more pronounced at

the eutrophic site (Arm), especially for March

and July, when we observed statistical differences

between the artificial plot and the control (March,

t-test, t3 = 10.14, P < 0.05; July, t-test, t3 = 12.71,

P < 0.05). In October, we recorded a marked
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reduction in organic matter content in the Arm

artificial plot, probably due to high freshwater

flows in that area, which washed out large

amounts of sediment. The organic matter content

in the natural seagrass bed was similar to that in

the Gala artificial plot (Fig. 3). The organic mat-

ter content of the Gala control sediments was

naturally greater than that of the Arm control,

reflecting the muddy sediments of Gala and the

more sandy sediments of the Arm.

Sediment accumulated dramatically in both of

the artificial plots, being slightly higher in the

Gala artificial plot (6–8 cm) than in Arm artificial

plot (4–9 cm).

Hydrobia ulvae population density and

structure

In the Arm area, there were no differences in

snail density between the artificial plots and

control in January (t-test, t4 = –0.91, P > 0.05)

and March (t-test, t4 = –2.08, P > 0.05), but den-

sity was higher in the artificial plot in July (t-test,

t4 = 11.84, P < 0.05), and lower in the artificial

plot in October (Fig. 4). In the Gala area, densi-

ties of H. ulvae were always higher in the artificial

plot than in the control, but declined progres-

sively over time. In the Z. noltii bed, H. ulvae

density was generally higher than in the adjacent

unvegetated areas, being significant in January

(t-test, t6 = 4.76, P < 0.05), July (t-test, t6 = 3.63,

P < 0.05) and October (t-test, t6 = 2.93,

P < 0.05).
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In both the Gala and Arm areas, the number of

large individuals (>1.5 mm MW) in artificial sea-

grass and control plots was similar in January and

March, with relatively larger numbers of adults

appearing in artificial seagrass plots by July and

October (Fig. 5). At the Arm site there were

more adult snails in artificial plots compared to

the control in July (t-test, t4 = 3.52, P < 0.05) and

at the Gala site in October, (t-test, t3 = 4.38,

P < 0.05). The relatively slow emergence of dif-

ferences between artificial and control plots is

explained by the growth rates of Hydrobia at

these sites (see below).

In October, large snails were reduced dramat-

ically at the Arm site when the area experienced

high flows (>1.5 m s–1 for some consecutive hours

during several days) and hydraulic disturbance

originating from a local industry discharge.

The natural Zostera noltii bed generally had

higher densities of adult snails compared to

adjacent unvegetated areas.

Multivariate analysis of macrofaunal

assemblages

Ordination plots (MDS) for each sampling occa-

sion illustrate that neither the Gala nor the Arm

artificial seagrass assemblages overlap with sam-

ples from the natural seagrass bed throughout the

study period (Fig. 6), confirming that the primary

experimental treatment was effective. However,

the seagrass mimic assemblages were always dif-

ferentiated from their matched control samples

(Fig. 6), as was the case for the natural seagrass

assemblages compared to those from the adjacent

unvegetated sediments.

Inspection of the original Bray-Curtis similar-

ity matrix reveals that, on average, the artificial

seagrass assemblages at both experimental sites

(Gala and Arm) became more similar to the

natural seagrass bed over time, especially for

Gala (increasing from 42% to 65% similarity)

(Fig. 7). In opposite, the controls seem to become

more isolated from the natural seagrass bed

through time.

Discussion

Carrying out experiments at larger spatial scales

often requires a trade-off with plot replication

(Raffaelli & Moller, 2000), reducing statistical

power or as in the present case, obviating the

application of inferential statistics such as ANO-

VA. The persuasiveness of such experiments rests

in their more realistic spatial extents (our exper-

iments had plots 20 times larger than those used

in similar studies, Lee et al. 2001) and in their

effect sizes (magnitude of difference between

control and treatment plots). We could have

made smaller, replicate artificial seagrass plots

with the same resources (time, effort and funds)

expended and dispersed these over the two hab-

itats to achieve the replication that would have

allowed the application of ANOVA to our data.

However, we decided not to do this for the fol-

lowing reasons. Depending on the number of

0

2000

4000

6000

8000

10000

12000

14000

16000

Arm artificial Zos Arm control

ad
u

lt
s 

m
-2

0

2000

4000

6000

8000

10000

12000

14000

16000

ad
u

lt
s 

m
-2

0

2000

4000

6000

8000

10000

12000

14000

16000

ad
u

lt
s 

m
-2

January 2004
March 2004
July 2004
October 2004

Eutrophic area (Arm)

Gala artificial Zos Gala control

Intermediate area (Gala)

Zostera noltii Zostera noltiibed out

Seagrass bed

Fig. 5 Average Hydrobia ulvae adult density ± standard
error (SE) in the three sampling areas

226 Hydrobiologia (2007) 575:221–230

123



smaller plots per site, plot size would have

effectively been very small, probably less than

1 m2 for n = 4, given the relatively larger edge

effects. It would be difficult to argue that plots of

this scale can mimic the structural and hydrody-

namic environment of seagrass beds sensu strictu

or even large natural patches. Indeed, even the

largest scale plots that we managed to construct

had faunal assemblages that remained different

from natural seagrass beds (Figs. 6, 7). We argue

that smaller mimic plots would have been even

less realistic. Experiments aimed at mimicking
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the effects of habitats with a large spatial extent,

such as seagrass beds, need to be conducted at as

large a scale as possible, if they are to approach

ecological realism, even if this is at the expense of

replication. We believe that, for a fixed set-up

cost, it is much better to have an un-replicated

experiment that approaches the correct scale,

than a highly replicated, small scale one that

allows elegant and powerful statistical analysis

but where the relevance of the outcomes are

debatable.

In the present experiment, our seagrass mimics

clearly changed the local sediment conditions

within the experimental plots: sediment accumu-

lated and organic matter content increased as

predicted, reflecting changes in near-bed

hydrography (Orth et al., 1991), and confirming

the notion that seagrass canopies influence water

current flow, attenuating waves and dissipating

turbulence, thereby reducing sediment ressus-

pension and increasing the retention of sediments

within the meadows, and hence the rate of

detritus accumulation (Duarte, 2000).

The faunal difference between artificial sea-

grass units and their controls and those between

the natural seagrass bed and its surrounding

unvegetated sediments, were of a similar scale

and we conclude that the habitat structuring ef-

fects of the artificial seagrass plots was qualita-

tively similar to that normally produced by a

natural seagrass bed. Despite large-scale changes

in the physical environment, there was some

evidence of convergence of the invertebrate

assemblages within the artificial seagrass plots

towards that normally recorded from the natural

seagrass bed, although after 12 months artificial

and natural seagrass assemblages still remained

substantially different. There may be several

reasons for this. First, not enough time had

elapsed to allow recruitment, growth and relative

abundance shifts in invertebrate populations.

Whilst any effects on the population structure of

Hydrobia would seem to take many months to

develop (due to the slow growth of the snails, see

below), insufficient experimental duration is un-

likely to be the complete explanation for the ab-

sence of typical seagrass taxa in seagrass mimic

plots. A complementary, perhaps alternative,

explanation is that environmental differences

between the sites established over years of

eutrophication were sufficiently great to prohibit

the re-establishment of a natural seagrass assem-

blage if only the physical habitat structure is re-

stored.

Hydrobia ulvae density was always higher in

the Gala artificial seagrass plots than in the Gala

control, possibly due to the green macroalgae

(food resource) present on the mimics and also

due to the heterogeneity and complexity created

by the artificial plants. In January, the mean

population density was much higher than in the

following surveys, perhaps due to the combined

effects of stronger benthic recruitment in this area

and dispersion of juveniles from the natural sea-

grass bed. In the eutrophic area (Arm), snail

density increased in the artificial seagrass plot

until July when it became different from the

control. In October, extensive flooding occurred

and most of the snails in the artificial seagrass plot

disappeared, along with the artificial seagrass

shoots and the sediment was very heterogeneous

(personal observations).

There were no obvious effects of seagrass

mimics on Hydrobia size during the first few

months of the experiment, but a greater number

of larger individuals were recorded after about

9 months. We believe that this is partly explained

by the growth rate of individual Hydrobia over

the experimental period. Previous research (Lil-

lebø et al., 1999; Cardoso et al., 2002) has shown

that Hydrobia recruits which were present in plots

at the start of the experiment (September 2003)

would require at least 9 months to grow to the

adult body size (>1.5 mm width). One of the

recruitment peaks of H. ulvae is in September

(see Cardoso et al., 2002) and one would not

therefore expect to see significant treatment ef-

fects until July 2004. It is also possible that the

appearance of large individuals in the artificial

seagrass plots is due in part to the dispersion of H.

ulvae from the surrounding area into the artificial

seagrass units. This process could have been

occurred some months after the beginning of the

experiment, when the presence of macroalgae

and microalgae growing on the units could make

them more attractive for the snails.

In the natural seagrass bed, the adult snail

density was always higher than in the other
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treatments, including the artificial plots. This may

be explained by the generally better environ-

mental quality of this outer estuary site (it is the

least affected by eutrophication) and the im-

proved food (epiphytes) quality provided by

natural seagrasses offer, compared to that in the

artificial seagrasses. Pinckney & Micheli (1998)

noted that epiphyte biomass tends to be higher on

live compared to mimic blades and that species

composition also differs.

Our experiment provides limited but compel-

ling evidence that large, adult Hydrobia are not

regularly found in the Gala and Arm areas of the

estuary because of the lack of habitat structure

provided by macrophytes, such as seagrasses. In

the absence of such structure, large individuals

are removed from these sites possibly due to their

greater risk of dislodgment by water movement,

lack of epiphytic algae, and/or predation by epi-

benthic crustaceans, such as crabs and shrimps, as

well as shorebirds. Further investigations are

required to determine which of these factors is

the most important for the snails, and different

factors may be different for different species.

However, our study does show the importance of

carrying out manipulations at the appropriate

spatial scale and running them for sufficiently

long duration. If we had used smaller plot sizes

and run the experiment for a shorter time (many

manipulative experiments in intertidal systems

have typically run for only a few weeks; Raffaelli

& Moller, 2000), our findings would probably

have been quite different.
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