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Abstract

The ability of benthic macrofauna to disperse and colonize new habitats throughout their life may

contribute substantially to small-scale patchiness in abundances in different habitats. Microgastropods

in coralline turf on rocky shores in Australia are very patchy in abundance at different spatio-temporal

scales. They therefore represent an ideal assemblage for testing hypotheses about processes of

colonization. Patterns and rates of colonization of 10 species of microgastropods were investigated in

one intertidal habitat (coralline turf) in Botany Bay, New South Wales, Australia, using artificial

substrata, which are considered to be a good mimic of natural coralline turfs. The experiment was

designed to test the hypotheses that (1) patterns (abundance of colonizing individuals) and mode

(juveniles vs. adults) of colonization depends on the proximity of a patch to a potential source of

dispersing colonists (i.e. patch of natural coralline turf), (2) different species show different rates of

colonization, and (3) patterns of succession are not repeatable among different patches of natural algae.

Seven different plots (natural patches of coralline turf) were randomly chosen in the area of study.

Artificial units (called patches) were placed at different distances around each plot (within the plot and

0, 50 or 100 cm away from the edge). Samples were collected 6, 13, and 27 days after the experiment

started. Colonization was rapid (i.e. within 6 days) for most species. Pattern (number of individuals)

and mode of colonization (adults vs. juveniles) varied among algal plots. Most species responded

differently across patches causing no consistent patterns of colonization. Furthermore, patterns of

colonization of artificial units were not always synchronous with, or in the same direction as, changes

in abundances in the nearest algal plots, which themselves showed no consistent spatio-temporal

pattern. Crown Copyright D 2002 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the past several years, many ecologists have turned their attention to understanding

how ecological processes vary at different spatial and temporal scales (e.g. Dayton and

Tegner, 1984; Barry and Dayton, 1991; Dayton et al., 1992; Levin, 1992; Thrush et al.,

1996). Ecological communities are commonly affected by disturbances that vary in extent,

intensity, and frequency. These disturbances consequently, can have effects that vary in

spatial and temporal scale (Hall et al., 1994). Disturbances are often considered to play a

central role in dynamics of assemblages by creating a mosaic of patches at different stages of

recovery (Van Blaricom, 1982; Underwood, 1999). To understand and model the function-

ing of mosaics of patches (e.g. Paine and Levin, 1981), one must understand the mechanisms

and rates of arrival of new organisms into disturbed patches.

Although benthic marine research has emphasized species that colonize areas as

planktonic larvae, individuals of many taxa disperse as adults and/or juveniles (e.g. Santos

and Simon, 1980; Highsmith, 1985; Martel and Chia, 1991; Norkko et al., 2001). The

ability of benthic macrofauna to disperse throughout their life may contribute substantially

to species reacting to local heterogeneity of habitats (Günther, 1992). High rates of post-

settlement movement are considered important in providing a mechanism for rapid

dispersal and recolonization of patches by macrofauna, contributing to small-scale patchi-

ness in different habitats (Cummings et al., 1995). Recent research has shown that some

macrofauna and meiofauna are highly mobile as adults. Many benthic species undertake

regular nocturnal excursions into the water column (Ohlhorst, 1982; Howard, 1985) and

defaunated sites often may be colonized within a few hours, days or weeks (Sherman and

Coull, 1980; Leber, 1985; Virnstein and Curran, 1986). In addition, transport of bedload

and suspended load may move post-settlement juvenile and adult benthic stages of soft-

bottom macrofauna, particularly bivalves and gastropods (e.g. Sörlin, 1988; Highsmith,

1985; Commito et al., 1995; Cummings et al., 1995; Norkko et al., 2001). It is now widely

recognized that above-sediment movement by post-settlement macrofauna is an important

process structuring soft-sediment systems and can have a significant influence on patterns

of macrofaunal distribution and abundance (Günther, 1992; Snelgrove et al., 1993).

Therefore, knowledge of the ability of macrofauna at different stages of their life cycles

to colonize new habitats is generally important in determining responses of assemblages to

disturbance. Experiments investigating colonization may provide useful information about

rates of movement into unoccupied habitat (Bell and Devlin, 1983; Howard, 1985) and can

be used to measure distances over, which fauna can disperse.

Studies of colonization have primarily focused on macrofauna in soft-bottom commun-

ities (e.g. Sherman and Coull, 1980; Zajac and Whitlatch, 1982; Bell and Devlin, 1983;

Virnstein and Curran, 1986; Thrush et al., 1996; Turner et al., 1997) or large components of

the fauna on rocky intertidal habitats (e.g. McGuinness, 1988; Lagadeuc and Colbeaux,

1992; Hockey and Schurink, 1992; Davenport and Stevenson, 1998). To date, relatively little

attention has been paid to the influence of colonization on the population dynamics of

microfauna on intertidal rocky shores.

Microfaunal assemblages have great potential for measuring changes to biodiversity

(Gee and Warwick, 1996) and assessing environmental impacts (Smith and Simpson,

1993). A diverse assemblage can be found in small patches of habitat under different
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environmental conditions and can develop in both natural and artificial habitats placed in

different areas (Gee and Warwick, 1996). Coralline turfs (i.e. turfs composed of tightly

packed upright branches of coralline algae, forming a stiff matrix that holds quantities of

sand) are a common type of habitat on rocky shores in Australia. Microgastropods (i.e.

gastropods with adult size < 2 mm) are a common component of assemblage in algal

turf. As their abundances are patchy at different spatial (Olabarria and Chapman, 2001a)

and temporal scales (Olabarria and Chapman, 2002), they represent an ideal assemblage

to test models of ecological processes, including colonization. Particularly, abundances

of microgastropods vary largely at small spatial scale in coralline turf habitat (Olabarria

and Chapman, 2001a). This variation may be caused by processes of recruitment and/or

mortality (Underwood and McFadyen, 1983) or short-term dynamic patterns of immi-

gration and emigration among patches of habitat (Barnes, 1998). Because coralline turfs

range from beds of algae that extend over several hundreds of meters, to fragmented

patches < 0.25 m2 (Stewart, 1982; Akioka et al., 1999), coralline turf is, therefore, an

ideal system for evaluating the role of colonization in determining patterns of

distribution in fragmented habitats.

Until now, studies on patch dynamics of soft-sediment (reviewed by Thrush et al., 1996)

and intertidal rocky shores (reviewed by Sousa, 1985) have focused primarily on the

influence of the size, shape, and location of the patch on colonization and changes in

colonization overtime (i.e. succession) (Virnstein and Curran, 1986; Farrell, 1991; Bene-

detti-Cecchi and Cinelli, 1994). For example, a patch’s position with respect to various

environmental gradients (tidal height, velocity of currents, degree of insolation) can

influence greatly the mode and rate of colonization (e.g. Denley and Underwood, 1979).

To my knowledge, not much attention has been paid to the location of patches on

succession of microfaunal assemblages in algal beds on rocky shores (but see Dean and

Connell, 1987a,b). In this study, colonization of artificial patches of turf by species of

microgastropods that normally inhabit coralline turfs is documented. Habitat-mimics, such

as artificial turf possess similar structural characteristics to natural habitat, but do not

exhibit any of the biological characteristics of natural habitats. Various types of habitat-

mimics have been used to test hypotheses about faunal assemblages associated with

different habitats on rocky intertidal shores (e.g. Myers and Southgate, 1980; Davenport

and Stevenson, 1998). Artificial patches of coralline turf provide a good mimic of natural

algal turf and avoid potential artefacts associated with defaunating natural coralline turf to

measure colonization and confounding effects, such as shape or size of patch because

patches can be made to measure. These patches also accumulate sediment as the natural

algal turf, but it is very dynamic over time (Kelaher, 2000). Moreover, artificial turfs are

colonized by a similar suite of species as are found in natural habitats (Bell and Hicks, 1991;

Edgar, 1991).

The microgastropods used in this study represented different species within a range of

families, with likely different life-history traits with respect to feeding modes, reproduc-

tion, development, mobility, and dispersal (Beesley et al., 1998). Life histories and the

stage of the life cycle which disperses, can change rates or patterns of colonization (Smith

and Brumsickle, 1989). For example, organisms that disperse over long distances may

colonize small, isolated patches more efficiently than do individuals with limited dispersal

ability (Sousa, 1984; Butler, 1991, but see Johannesson, 1988).
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This experimental study was designed to test the hypotheses that (1) patterns (i.e.

abundance of colonizing individuals) and mode of colonization (i.e. juveniles vs. adults)

depend on the proximity of a patch to a potential source of dispersing colonists (i.e. a patch

of natural coralline turf), (2) different species show different rates of colonization, and (3)

patterns of succession (i.e. sequence of arrival of each species) are not repeatable among

patches of natural coralline turf because of variability in physical and biological processes

experienced by each patch.

2. Material and methods

2.1. Study area

The experiment was done in the Cape Banks Scientific Marine Research Area on the

northern headland of Botany Bay, New South Wales, Australia (site described in Olabarria

and Chapman, 2001a). The area (f 1500 m2) was orientated to the west with a slope of 30j
and was semiexposed to wave-action. This intertidal rock platform had many patches of

coralline turf, composed of tightly packed upright branches of coralline algae, primarily

Corallina officinalis Linnaeus, forming a stiff matrix that held quantities of sand. Patches of

turf separated by distances ranging from tens of centimeters to 10 m were isolated from

each other by what appeared as bare rock to the naked eye. These patches were about 1 to

2.5 m2 and were between mid- and low-shore, ranging from 0.29 to 0.96 m above mean

lower low water (MLLW). Although the swell is predominantly from one direction in the

study area, swell was not large over the time of this experiment and most of the wave-swash

was to and from.

2.2. Experimental design and sampling

Artificial turfs (manufactured by the Grass Alternative, Sydney) were made of poly-

propylene strips attached in regular rows to a latex back. The rows of fronds were separated

by 10 mm, the bundles of fronds in each row were 6 mm apart and the fronds were 26 mm in

length. PVC pipe-ends, which were 10 cm in diameter (78.5 cm2) and had 3 cm high sides,

were screwed to the rock. A similar sized patch of artificial turf was glued in each pipe-end

using epoxy resin. To avoid possible effects of chemicals on colonization, pipe-ends and

patches of artificial turf were soaked in seawater for 1 week prior to being placed in the

field.

The experiment was in the field from June 8 to July 5, 2001. Seven plots of natural

coralline turf, separated by at least 6 m, were randomly chosen in the area of study. Use of

replicate plots tested for generality of patterns across different patches of turf. Units of

artificial turf (i.e. patches) were placed at different distances around or in each natural plot.

Distances were chosen to represent a set of those natural distances (see Section 2.1) and

were relevant to models about how these small snails move among natural patches of

algae. These distances also represented those, in which spatial variability in abundances of

microgastropods had been previously found (Olabarria and Chapman, 2001a). Artificial

patches placed within the natural plot, i.e. a procedural control, examined colonization of
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artificial structures when species could potentially colonize those patches from the

surrounding habitat. Those placed on the edge (0 cm), at 50 or at 100 cm from the

natural coralline plot tested the hypotheses that patterns and mode of colonization vary

with the proximity of a patch to a potential source of colonists. Microgastropods have not

been observed on the bare rock among the patches of algae and are unlikely to be able to

crawl 50 or 100 cm on these surfaces. At each distance from the plot, the patches were

placed 8 cm apart in a line parallel to the border between the patch of coralline turf and the

surrounding area and located at the same height as the coralline turf. To measure normal

abundances of snails in each natural coralline plot, 10 cm in diameter core was pushed into

the turf and the algae and sediment inside the core scraped off at the level of the rock.

After 6, 13, and 27 days, two replicate patches from randomly assigned positions at each

distance and two replicate cores from natural coralline turf were collected.

The number of replicates was small (n = 2), but it was the most appropriate compromise

between the increase of number of replicates to get more powerful tests and time required

to sort each sample. Moreover, it was decided to put the effort into maximizing the number

of plots (i.e. seven patches of natural coralline turf) because a previous work showed lots

of plot-to-plot variation (Olabarria and Chapman, 2002).

Samples were fixed in 7% formalin in seawater and sieved through a 63 Ammesh. Then,

organisms from each sample were counted and assigned as juveniles ( < 0.5 mm) or adults

( > 0.5 mm) under the microscope. Ten species of microgastropods, most direct developers

with one that has larval dispersal (Beesley et al., 1998), were selected for analysis. These

microgastropods only represented a small component of the assemblage (e.g. Kelaher, 2000

showed 102 macrofaunal taxa in coralline turf), but they were relatively abundant in algal

turf (Olabarria and Chapman, 2001a) and represented species across a range of families

(Table 1).

2.3. Analysis of data

To test the hypotheses that (1) patterns of colonization depend on the proximity of a patch

to the potential source of colonists (coralline algal turf), and (2) different species show

different rates of colonization, abundances of each species were separately analysed using

Table 1

The taxonomic relationships and type of development (Beesley et al., 1998) of the species of microgastropods

selected for this study

Superfamily Development Family Species

Trochoidea Larval dispersal? Turbinidae Tricolia variabilis (Pease, 1861)

Cingulopsoidea Direct development Eatoniellidae Eatoniella atropurpurea (Frauenfeld, 1867)

Direct development Crassitoniella flammea (Frauenfeld, 1867)

Direct development Cingulopsidae Eatonina rubrilabiata Ponder and Yoo, 1980

Direct development Pseudopisinna gregaria gregaria Laseron, 1950

Rissooidea Direct development Anabathridae Amphithalamus incidata (Frauenfeld, 1867)

Direct development Scrobs luteofuscus (May, 1919)

Direct development Pisinna olivacea (Frauenfeld, 1867)

Direct development Anabathron contabulatum (Frauenfeld, 1867)

Omalogyroidea Direct development Omalogyridae Omalogyra liliputia (Laseron, 1954)
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three-waymixedmodel ANOVAs. Treatment (five levels: natural turf, procedural control, 0,

50 and 100 cm) and Time, since start of experiment (three levels: 6, 13 and 27 days), were

fixed factors and Plot (seven levels, i.e. patches of natural turf) was a random factor.

Five species, Eatoniella atropurpurea, Eatonina rubrilabiata, Pseudopisinna gregaria

gregaria, Amphithalamus incidata, and Scrobs luteofuscus, which were sufficiently

abundant and had adults and juveniles in the samples, were also analysed using Life stage

(juvenile vs. adult) as a 4th fixed factor to test the hypothesis that mode of colonization

varies with the proximity of a patch to a potential source of colonists, i.e. adults and

juveniles show different patterns. There was, however, a problem of non-independence of

data due to juveniles and adults came from the same samples. As the number of replicates

was two, adults and juveniles from different replicates could not be analysed using a model,

where all factors were orthogonal. Consequently, data were analysed using 4-factor

ANOVAs with Stage, Treatment and Time as orthogonal and fixed factors, and Plot (six

levels, i.e. only six patches of natural turf) as a random factor nested within Stage and

orthogonal to Time and Treatment.

Homogeneity of variances was examined using Cochran’s test and data were log-

transformed to eliminate heterogeneity. Data for all species were transformed because it

was desirable to analyse all species in a similar scale to facilitate comparisons across species.

Analyses of variance were followed by a posteriori Student–Newman–Keuls tests (SNK

tests) on appropriate terms of the model found to be significant.

Additional analyses of total abundance (i.e. across species) over time and over the spatial

scales of the study together with multivariate analyses (Warwick, 1993) of the 10 species

were performed, but results did not provide additional insight into assemblage–level

interactions.

Mean abundances of most species (E. atropurpurea, P. g. gregaria, A. incidata, S.

luteofuscus, Anabathron contabulatum and Omalogyra liliputia) varied significantly

among treatments (see Results), but this variation was not consistent across plots and/or

from time to time. Subsequent multiple comparisons were not always able to identify,

which treatments differed consistently across plots and times. The differences in the

frequency with which treatments were given a particular rank by SNK tests in a series of

multiple comparisons for each species, time and plot were recorded. If any treatment

showed a particular tendency to have larger mean abundances in a series of multiple

comparisons, that treatment would repeatedly have a larger rank than would the other

treatments. These ranks were then analysed using the Anderson’s test (Winer, 1971), to test

the hypothesis that any particular treatment consistently ranked larger.

3. Results

3.1. Natural coralline turf

Five species, E. atropurpurea, E. rubrilabiata, P. g. gregaria, A. incidata and S.

luteofuscus, were the most abundant and widespread across different plots of coralline turf.

The abundance of each species varied across plots and through time. There was no clear

temporal trend in abundances for most species, and patterns of change (increases or
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decreases) were not in the same direction in the different plots (Fig. 1a–b; illustrated by E.

atropurpurea and S. luteofuscus; Time� Plot, F12, 21 = 2.29, P < 0.05; F12, 21 = 2.32,

P < 0.05, respectively). Only one species, O. liliputia, showed a similar temporal trend

across plots, with larger abundances at time 3 (i.e. after 27 days) (Fig. 1c; Time, F2, 12 = 6.89,

P < 0.01)). Other species were not found in all of the plots and/or times of sampling and their

abundances were small (Fig. 1d, illustrated by Crassitoniella flammea; all F ratios P>0.05).

3.2. Pattern and mode of colonization. Distance from the potential source of colonists

In general, independently of distance from the plot, all the artificial patches were

colonized, reaching similar or larger abundances to those in the natural coralline turf.

Pattern of colonization varied, however, among species, across plots and from time to time.

Four species, Tricolia variabilis, C. flammea, E. rubrilabiata, and Pisinna olivacea

showed no significant variation among treatments, i.e. distance from the plot, nor

interactions between treatment and plot or time (Table 2). The abundances of these species

in all patches were similar to those in the natural turfs (illustrated for E. rubrilabiata in four

plots; Fig. 2a).

P.g. gregaria and O. liliputia showed significant differences among treatments, which

were not consistent across plots (i.e. interaction Treatment� Plot; Table 2). SNK tests

Fig. 1. Mean number (F SE) of individuals (n= 2) of (a) E. atropurpurea, (b) S. luteofuscus, (c) O. liliputia, (d) C.

flammea in the natural coralline turfs (Plot 1–Plot 7) after 6, 13, and 27 days.
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Table 2

Summary of ANOVA for abundance of each species

Source df T. variabilis E. atropurpurea C. flammea E. rubrilabiata P. g. gregaria A. incidata S. luteofuscus P. olivacea A. contabulatum O. liliputia

Time =Ti 2 3.82n.s. 8.70* * 0.78n.s. 6.44* * 5.35 * 36.47** * 35.64** * 29.64** * 4.61 * 23.77** *

Plot = Pl 6 8.37** * 8.68** * 1.41n.s. 5.63** * 10.99** * 11.00** * 7.93** * 4.41** * 4.64** * 7.26** *

Treatment = Tr 4 0.90n.s. 15.99** * 1.51n.s. 0.75n.s. 0.70n.s. 3.51 * 21.06** * 0.68n.s. 0.69n.s. 1.68n.s.

Ti� Pl 12 2.27 * 0.51n.s. 2.26 * 1.10n.s. 1.77n.s. 0.77n.s. 2.01n.s. 0.59n.s. 0.82n.s. 0.96n.s.

Ti�Tr 8 1.25n.s. 2.95* * 1.98n.s. 1.33n.s. 2.06n.s. 3.03* * 2.75 * 0.95n.s. 1.13n.s. 1.61n.s.

Pl�Tr 24 0.73n.s. 4.11** * 1.41n.s. 0.91n.s. 3.12** * 1.24n.s. 1.34n.s. 1.50n.s. 1.81 * 1.78 *

Ti� Pl�Tr 48 0.59n.s. 1.42 * 0.87n.s. 1.30n.s. 1.02n.s. 1.22n.s. 0.94n.s. 1.03n.s. 1.51 * 1.31n.s.

Residual 105

F-ratios and level of significance are shown (n= 2). Time (three levels: 6, 13 and 27 days) and Treatments (five levels: natural turf, procedural control, 0, 50 and 100 cm)

are fixed factors; Plot (seven levels: natural coralline turf) is a random factor. *P < 0.05, * *P< 0.01, * * *P < 0.001, n.s. P>0.05.
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showed that abundances of P. g. gregaria in natural turf were larger than in the other

treatments in Plot 1, whereas abundances in the procedural control patches were larger

only in Plot 2 (SNK tests, P < 0.05). In the other plots, patches were not significantly

different (illustrated for four plots in Fig. 2b). Abundances of O. liliputia were

significantly smaller in patches located at 100 cm than in the other patches only in Plot

7 (SNK test, P < 0.05), but there were no significant differences in the other plots.

A. incidata and S. luteofuscus showed significant differences among treatments, which

were inconsistent through time (i.e. a significant interaction Treatment�Time; Table 2).

After 27 days,A. incidatawas less abundant in the natural turf than in all the artificial patches

(SNK tests, P < 0.05; Fig. 2c). After 13 and 27 days, S. luteofuscus also had the smallest

abundances in the natural turfs (SNK tests, P < 0.05).

Finally, A. contabulatum and E. atropurpurea showed significant differences among

treatments, i.e. distance from the plot, but these differences varied across plots and with

length of time (Table 2). After 6 and 13 days, abundances of A. contabulatum were

significantly larger in the natural turf than in the other treatments only in Plot 1 (SNK tests,

P < 0.05). E. atropurpurea, in contrast, was significantly more abundant in the natural turf

than in the other treatments (except in Plot 2), although the magnitude of those differences

was not consistent across plots and time (illustrated for two plots in Fig. 2d; SNK tests,

P < 0.05).

Fig. 2. Mean number (F SE) of individuals (n= 2) in each treatment (natural turf, procedural control, 0, 50, and

100 cm). (a) E. rubrilabiata in Plot 1–Plot 4, (b) P. g. gregaria in Plot 1–Plot 4, (c) A. incidata averaged across

plots after 6, 13, and 27 days, (d) E. atropurpurea in Plot 2 and Plot 3 after 6, 13, and 27 days.
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Anderson’s tests showed that there were some general trends in variation of treatments

across different plots and/or times. These trends, however, varied among different species.

Abundances of P. g. gregaria and O. liliputia were more often larger in procedural control

than in the other treatments within the 28 combinations of treatment and plot (Anderson

test, Q2 = 62.83, df = 16, P < 0.001; Q2 = 108.54, df = 16, P < 0.001, respectively; Table 3).

Procedural control (Anderson test, Q2 = 93.92, df = 16, P < 0.001) and patches located at 0

cm (Anderson test, Q2 = 146.66, df = 16, P < 0.001) had larger abundances of individuals

significantly more often than any other treatment for A. incidata and S. luteofuscus,

respectively (Table 3). For A. contabulatum, there was a significant trend for the natural

turf treatment to have the smallest rank across plots at the three different times, whereas

patches located at 50 and 100 cm had the largest rank, i.e. the largest mean abundances

(Anderson test, 108.55 <Q2 < 182.83, df = 16, P < 0.001; Table 3). For E. atropurpurea, in

contrast, the natural turf treatment had the largest abundances consistently in all

comparisons (Anderson test, 145.69 <Q2 < 188.55, df = 16, P < 0.001; Table 3). Thus,

the interaction resulted from variation among other treatments (procedural control, 0, 50,

and 100 cm) across plots and time (e.g. Plot 2 and Plot 3; Fig. 2d).

Adults and juveniles of P. g. gregaria, A. incidata, and S. luteofuscus showed similar

patterns, colonizing all the patches regardless of their distance from the coralline turf (i.e.

no significant effect of Stage or interactions between Stage and any other factor; Table 4).

In contrast, there was an effect of the life stage in patterns of colonization of E.

rubrilabiata and E. atropurpurea. E. rubrilabiata showed a significant effect of Stage

(Table 4). Adults of this species were more abundant than juveniles in all patches (SNK

tests, P < 0.05). E. atropurpurea showed significant differences in abundances of juveniles

or adults across patches (i.e. significant interaction Stage�Treatment; Table 4). For

example, juveniles were more abundant than adults in patches located at 100 cm (SNK

tests, P < 0.05). Abundances of juveniles or adults also varied from time to time. After 27

days, juveniles were more abundant than adults in all patches.

Table 3

Summary of the rank orders (largest and smallest) of frequencies with which treatments were given a particular

rank by SNK test in a series of multiple comparisons

NT PC D0 D50 D100 NT PC D0 D50 D100

RL RL RL RL RL RS RS RS RS RS

E. atropurpurea 68 8 4 4 0 8 8 8 24 36

P. g. gregaria 4 12 8 4 0 8 0 7 4 4

A. incidata 0 8 0 4 0 8 0 0 0 4

S. luteofuscus 0 4 4 2 0 12 0 0 0 4

A. contabulatum 12 12 4 16 32 64 4 12 4 0

O. liliputia 4 12 8 4 0 16 0 0 0 12

There were five treatments (natural turf, NT; procedural control, PC; 0 cm, D0; 50 cm, D50; 100 cm, D100) ranked

12 times for A. incidata, and S. luteofuscus, 28 times for P. g. gregaria and O. liliputia and 84 times for E.

atropurpurea and A. contabulatum). RL (largest rank), RS (smallest rank).
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3.3. Rate of colonization and patterns of abundance overtime

Colonization of artificial units, in general, was rapid (i.e. within 6 days) for most of the

species. Nevertheless, different species showed different temporal trends in patterns of

abundance.

E. rubrilabiata, P. g. gregaria, P. olivacea, andO. liliputia colonized all patches within 6

days, but patterns of abundance changed from time to time consistently among plots (i.e. no

significant interaction Time� Plot; see Table 2). E. rubrilabiata and P. g. gregaria showed

steady increase of abundance from time to time (6 < 13 < 27 days; SNK tests, P < 0.05),

whereas abundances of P. olivacea and O. liliputia were significantly larger after 27 days

(SNK tests, P < 0.05; illustrated by O. liliputia in Fig. 3a). In contrast, T. variabilis and C.

flammea colonized all patches (reaching similar abundances to those in natural turfs), but

patterns of abundance changed from time to time, inconsistently across plots. For example,

in Plot 1 and Plot 2, abundances of T. variabilis were significantly larger after 13 days, but

not in the other plots. In one plot (Plot 7), C. flammea had significantly larger abundances

after 13 days than after 6 or 27 days (illustrated for Plot 7 in Fig. 3b).

S. luteofuscus and A. incidata colonized all new patches very quickly, but patterns of

abundances in some patches were not stable through time (i.e. significant interaction

Time�Treatment). Abundances of these species in all patches rose to significantly greater

numbers than found in natural turfs after 13 and 27 days, respectively (illustrated by A.

incidata; Fig. 2c).

A. contabulatum and E. atropurpurea showed complex patterns (i.e. significant

interaction Time� Plot�Treatment; Table 2). Although both species colonized most

patches quickly (within 6 days), there were, however, some exceptions. Moreover, patterns

of abundance in some patches varied inconsistently across plots and from time to time. For

example, after 6 days, E. atropurpurea had only colonized patches in a few plots (e.g. Plot

2, Fig. 2d). Many of the patches did not attain abundances found in natural turfs (SNK

Table 4

Summary of ANOVA

Source df E. atropurpurea E. rubrilabiata P. g. gregaria A. incidata S. luteofuscus

Stage = St 1 1.16n.s. 5.06 * 3.23n.s. 0.23n.s. 0.02n.s.

Time =Ti 2 10.96** * 11.54** * 4.65 * 13.02** * 27.51** *

Plot (Stage) = Pl (St) 10 3.55** * 4.15** * 12.74** * 1.92 * 0.83n.s.

Treatment = Tr 4 14.87** * 1.33n.s. 0.92n.s. 2.56n.s. 2.84 *

St�Ti 2 7.06* * 0.57n.s. 0.64n.s. 0.44n.s. 1.15n.s.

St�Tr 4 3.28 * 1.46n.s. 0.16 n.s. 0.38 n.s. 2.05 n.s.

Ti� Pl (St) 20 0.55n.s. 0.90n.s. 1.44n.s. 0.47n.s. 0.34n.s.

Ti�Tr 8 5.48** * 1.70n.s. 2.23 * 1.27 * 1.34n.s.

Tr� Pl (St) 40 2.67** * 0.62n.s. 3.67** * 0.61n.s. 0.35n.s.

St�Ti�Tr 8 1.17n.s. 0.59n.s. 1.30n.s. 0.54n.s. 1.19n.s.

Tr�Ti� Pl (St) 80 1.04n.s. 1.04n.s. 1.22n.s. 0.52** * 0.34** *

Residual 180

F-ratios and level of significance are shown (n= 2). Life-stage (two levels: adults and juveniles), Time (three levels:

6, 13, and 27 days) and Treatment (five levels: natural turf, procedural control, 0, 50 and 100 cm) are orthogonal and

fixed factors; Plot (six levels) is a random factor nested within life-stage. *P< 0.05, * *P < 0.01, * * *P < 0.001,

n.s. P>0.05.
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tests, P < 0.05; Plot 3, Fig. 2d). In addition, some patches had significantly larger

abundances than natural turfs after 6 days, but densities dropped back levels of natural

turfs after 13 days.

3.4. Succession

Successional patterns varied among patches as predicted, but trends were not consistent.

Different patterns were observed in patches located the same distances from different plots,

i.e. natural turfs and at different distances from the same plot. Nevertheless, two species, E.

atropurpurea and A. incidata, were the first codominant colonizers in most patches with S.

luteofuscus, E. rubrilabiata, and P. g. gregaria also relatively abundant (illustrated for

patches located at 50 and 100 cm in Plot 7; Fig. 4a,b). Inconsistency in successional patterns

was due mainly to the changes in abundances of S. luteofuscus, E. rubrilabiata, and P. g.

gregaria across patches and plots. For example, S. luteofuscus peaked in the patches located

at 100 cm in Plots 2 and 4 attaining similar abundances to E. atropurpurea and A. incidata

Fig. 3. Mean number (F SE) of individuals (n= 2) through time. (a) O. liliputia averaged across treatments and

plots, (b) C. flammea averaged across treatments in Plot 7.
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(illustrated for patches located at 100 cm in Plot 2; Fig. 4c) and attained larger abundances

than these two species in the procedural control in Plot 2 (Fig. 4d).

In addition, the fluctuations in abundances of species in the artificial patches did not

match those found in the natural turfs. For example, E. atropurpurea arrived in all the

patches, but did not reach natural turf levels in most of them (except Plot 2) during the

experiment. After 27 days, E. rubrilabiata and P. g. gregaria peaked in some patches

achieving significant larger abundances than in the natural turfs.

4. Discussion

The assemblages of microgastropods found in coralline turf are certainly not static

(Olabarria and Chapman, 2002). Artificial turfs provide convenient, easily manipulated

units to demonstrate that colonization of new habitat by microgastropods was rapid (i.e.

within 6 days) for most species in most patches. The pattern (number of individuals) and

mode (adults vs. juveniles) of colonization were generally independent of the proximity to a

potential source of colonists, i.e. natural coralline turf. Most species responded differently

between plots and artificial patches causing random patterns of colonization. The patterns of

colonization were not always synchronous with, or in the same direction as, the changes in

natural turf population levels, which themselves showed no consistent spatio-temporal

pattern.

T. variabilis, C. flammea, E. rubrilabiata, P. olivacea, P. g. gregaria, and O. liliputia

colonized all patches within 6 days, but the patterns of abundances were different. Some of

Fig. 4. Mean number (F SE) of individuals (n= 2). (a) Patch located at 50 cm in Plot 7; (b) patch located at 100

cm in Plot 7; (c) patch located at 100 cm in Plot 2; (d) procedural control in Plot 2. (y) E. atropurpurea, (E) E.

rubrilabiata, (.) P. g. gregaria, (n) A. incidata, (*) S. luteofuscus.
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these species reached similar abundances to the natural turf in all patches independently of

distance from the algal turf, whereas other species did not, i.e. patterns of colonization

varied among patches located at different distances. Furthermore, patterns of abundance

varied from time to time, but this temporal variation was either consistent or inconsistent

across plots, depending on the species examined. A. incidata and S. luteofuscus also

colonized all patches within 6 days, but abundances in some patches were not stable

through time. After 13 and 27 days, abundances of these species rose to greater numbers

than found in the algal turfs. Finally, after 6 days, E. atropurpurea and A. contabulatum

only colonized some patches reaching similar abundances to those in algal turf. Other

patches were colonized after 13 or 27 days. Nevertheless, patterns of colonization for both

species were not consistent across plots and time.

Artificial patches, including procedural controls, were rapidly colonized by most species,

which often reached similar or larger abundances to those in natural turfs. These units rapidly

trapped sediment (personal observation), which was expected to accumulate/change

similarly across all treatments (no attempt was made to maintain sediment in these patches).

Artificial patches provided a good habitat-mimic to test the stated hypotheses, except

perhaps for E. atropurpurea. This species, which forms aggregations of hundreds of

individuals in patches of coralline algae (Olabarria and Chapman, 2001a), was much more

abundant in natural coralline turf (161.26F 20.68; mean across plots and times) than in

artificial patches (17.49F 1.28). E. atropurpurea appears to live on branches of coralline

algae and probably feeds on microalgae and coralline branches (as inferred from the

structure of its radulae; Beesley et al., 1998). Thus, artificial patches could have lacked a

specific cue for E. atropurpurea, whereas the other species found a suitable sedimentary

habitat within these patches. Olabarria and Chapman (2001b) showed that some of these

species found in coralline algae survived and grew better in sediment, so sediment is likely to

be an important component of coralline mats for some of them. Nevertheless, many

gastropods respond to small-scale features of their habitats and aggregate in response to

cues from the habitat and each other (Underwood and Chapman, 1992; Chapman and

Underwood, 1994). Furthermore, aggregations can occur because of the complex responses

of snails to a multitude of environmental factors, including topographic complexity, density

of cospecifics and other species (Chapman, 1998). An alternative explanation could be that

E. atropurpurea needs more time to attain similar abundances to those in natural turf because

colonization is slow.

In addition, patterns of abundances observed in this study appeared to be biologically

realistic since similar patterns of variability were observed in natural coralline turf at similar

spatio-temporal scales (Olabarria and Chapman, 2001a, 2002). These artificial units,

therefore, seem to be a reasonable surrogate for natural coralline turf and very useful for

testing hypotheses about biological and environmental processes that cause such variation.

The number of colonizers did not increase or decrease consistently with the distance from

the coralline algal turf (V 1 m) for any single species. This does not agree with the ‘‘island

biogeographic theory’’ of MacArthur and Wilson (1967), which predicts a decrease in the

number of colonizers with the distance from the potential source of colonists. Some authors

have demonstrated that distance of the patch from potentially colonizing organisms is an

important factor influencing patch colonization in marine habitats (e.g. Sousa, 1984;

Virnstein and Curran, 1986; Edgar, 1992), but this is not always the case (Menge et al.,
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1993). The patterns of colonization in this study were not often synchronous with, or in the

same direction as, the changes in abundances of the natural turfs. Although for T. variabilis,

C. flammea, E. rubrilabiata, A. incidata, S. luteofuscus, and P. olivacea, patterns of

colonization varied among patches consistently across plots of natural coralline turf, only

T. variabilis, C. flammea, E. rubrilabiata, and P. olivacea showed a close relationship

between abundances in natural algal turf and abundances in patches. For example,

abundances of A. incidata and S. luteofuscus in many patches were significantly larger

than those in natural turfs.

These results suggest that the nearest plot of coralline algal turf was not probably the

source of colonists for the patches. This evidence does not support a limited-dispersal

hypothesis (e.g. Dayton, 1973; Paine, 1988), at least over short distances. No dispersal

limitation was evident among patches, nor among plots, which were at least 6 m away from

each other.

Patterns of benthic colonization have been shown to be variable in soft-sediments

(Santos and Simon, 1980; Zajac and Whitlatch, 1982), hard substrata (Kay and Keough,

1981; Keough, 1984) and seagrasses (Virnstein and Curran, 1986; Edgar, 1992).

Variability in colonization may be explained by abiotic and biotic patterns affecting

ambient hydrodynamics and, hence, the production and supply of colonists (Zajac and

Whitlatch, 1982). For example, the location of a patch with respect to various environ-

mental gradients (tidal height, wave exposure, current velocity, degree of insolation) can

directly affect patterns and rate of colonization (see, e.g. Denley and Underwood, 1979;

Paine, 1979; Sousa, 1985; Benedetti-Cecchi and Cinelli, 1994). In addition, most of the

species in this study are thought to feed on microalgae, diatoms, and detritus (Beesley et

al., 1998), and their food resources could be affected by processes such as sedimentation,

resuspension, and transport of particulate organic matter (Zajac and Whitlatch, 1982).

Although stages in the life cycle (adults vs. juveniles) have been long recognized to

play an important role in colonization and succession in soft-bottoms (e.g. Levin, 1984;

Zajac et al., 1998) and in rocky intertidal shores (e.g. Dayton, 1975; Sousa, 1980), it does

not appear to be in this case. Adults and juveniles of most species colonized patches

independently of the distance to the natural turf (see Table 4), exhibiting similar patterns.

Juveniles and adults colonizing different patches were likely to come from a mixed of

patches of algal turf (e.g. patterns of E. atropurpurea) and dispersed over scales of meters.

Crawling may be a mechanism enabling microgastropods to colonize patches next to

the algal turf although there is no evidence of microgastropods crawling on bare rock. The

observed patterns of colonization with a strong stochastic component of spatio-temporal

variation are likely to be related to fast rates of dispersal of these microgastropods.

Previous studies on the dispersal rates of small organisms (Highsmith, 1985; Commito et

al., 1995; Cummings et al., 1995; Martel and Chia, 1991; Norkko et al., 2001) have shown

that can disperse as juveniles and adults by drifting and/or floating in the water column.

Norkko et al. (2001) showed that juvenile bivalves from soft-bottoms dispersed over scales

of meters possibly following a Brownian motion. Whether or not dispersal is passive or

active, net effects are likely to correlate with the hydrodynamic regime. Thus, wind,

waves, and bedload transport may be important factors affecting the dispersal of these

organisms (Grant et al., 1997; Turner et al., 1997). In addition, if dispersal is rapid, local

interactions, such as predation or competition are likely to be overwhelmed by immigra-
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tion and emigration (Palmer et al., 1996). Previous work has shown different rates of

growth and survival of some of these species in different types of algal sediment habitat

(Olabarria and Chapman, 2001b). These organisms might also actively select different

patches of habitat, thereby altering patterns of colonization created by physical processes

only (e.g. Hannan, 1984; Butman, 1987; Snelgrove et al., 1993). If the cues used for

immigration were themselves patchy in time and space, this would add to the unpredict-

ability of patterns of abundance.

The large differences in abundances colonizing new patches of similar quality of habitat

within the same plot could indicate that post-colonization processes (e.g. competition,

predation, disturbance, immigration/emigration, etc.) are important in determining patterns

of spatial distribution of these organisms, even over very short periods of time. Other

studies in marine systems have, however, demonstrated that community assemblages in

newly opened habitat are often highly variable and unpredictable (Hall et al., 1994). Serial

stages are rarely obvious and differences in the pattern of succession highlight the

importance of dispersal and the supply of colonists (Palmer et al., 1996).

Although most species colonized quickly (within 6 days), which is common to mat-like

habitats in rocky shores (Myers and Southgate, 1980), their abundances varied greatly

through time. The temporal differences were not usually synchronous with changes in

natural populations, but were complex, varying among both patches and plots. Such

temporal variability in colonization is common for organisms on rocky shores (Loosanoff,

1964; Menge, 1991; Hunt and Scheibling, 1998; Jeffery, 2000). Many initial colonizers

exhibit an overshoot pattern during the colonization process, i.e. a rapid initial colonization

with abundances increasing to significantly higher levels than the controls and then

declining to control levels (Martin-Smith, 1994; Beukema et al., 1999; Lu and Wu, 2000).

In this study, none of the species, however, showed this overshoot pattern. Thus, although

E. atropurpurea were early colonizers, they did not reach the densities found naturally in

turf (except in Plot 2) during the experiment. In contrast, after 27 days, abundances of A.

incidata (which were also early colonists) rose to significantly greater numbers than found

in natural turfs. Furthermore, the lack of a monotonic pattern of colonization, i.e. a steady

increase of abundance over time, for most species suggest that individuals arrived and left

patches randomly through time.

In summary, the ability of these microgastropods to colonize new habitats quickly and

over distances of meters has important implications for our understanding of the

functioning of benthic assemblage in patchy habitats. The patchy distribution of micro-

gastropods in coralline turf (Olabarria and Chapman, 2001a) is dependent on the

colonization process, which is itself variable in space. Post-colonization processes (e.g.

predation, competition, selection of habitat, disturbance, immigration/emigration, etc.)

may, however, play an important role in maintaining this mosaic pattern in coralline turf

(Olabarria and Chapman, 2001a). Determining the relative importance of different types of

colonists is essential to understanding the causes of spatial and temporal variability of

benthic assemblages, not only for the development of ecological theory (Roughgarden et

al., 1985), but also for management purposes (Kennelly and Underwood, 1992).

Furthermore, the long-term ability of a species to survive in patchy habitats depends on

its ability to disperse, thereby allowing gene flow and (re)colonization of habitat patches

(Harrison et al., 1988). Therefore, studies aimed to measure the rate and dispersal ability of
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organisms are critical to predicting recovery and how this may vary across different spatial

scales.
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