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ABSTRACT: Climatic models predict an increase in tem poral variance and intensity of extrem e 
events such as storms and rainfall for the near future. These events are likely to modify current p a t
terns of sedim ent delivery on rocky shores. We used a factorial experim ent to test the hypothesis that 
changes in intensity and tem poral variance of disturbance due to scouring of sedim ent affected the 
establishm ent of algae and invertebrates on a rocky shore in the northw est M editerranean. The 
experim ental design included replicated sequences of disturbance events w ithin the high level of 
tem poral variance, so that the effect of variance could be separated  from effects associated w ith any 
particular sequence of events. M ultivariate analyses showed a trend towards an interaction betw een 
intensity and tem poral variance of disturbance, w ith assem blages exposed to a combination of low 
intensity and high tem poral variance of disturbance being distinguished from the other assemblages. 
Similar patterns w ere displayed by filamentous and coarsely branched algae. Temporal variance 
enhanced their cover under low intensity of disturbance, whilst the opposite occurred under high 
intensity. Increasing intensity of disturbance reduced the m ean num ber of taxa in experim ental areas 
regardless of levels of tem poral variance. Sequence of disturbance was also significant for all these 
response variables. These results support the proposition that changes in intensity and tem poral vari
ance of disturbance by sedim ent may have reverberating effects on the structure and diversity of 
rocky shores assem blages, contributing to explain regim e shifts in m arine coastal habitats such as the 
replacem ent of canopy algae by turf-forming species.
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INTRODUCTION

Ecologists have long recognized the im portance of 
physical and biological disturbances in influencing 
patterns of species abundance and distribution in 
space and time (Pickett & White 1985). Almost all n a t
ural systems are exposed to recurrent processes that 
remove organism s from assem blages, releasing re 
sources such as nutrients, food and space. These 
chronic, usually localized disturbances have been  the 
subject of considerable research  into the m echanisms 
of species colonization and ecological succession (Con

nell & Slatyer 1977). There is now substantial theoreti
cal and empirical information explaining how changes 
in intensity, frequency and spatial extent of d istur
bance affect species diversity and assem blage dynam 
ics in terrestrial and aquatic systems (Collins 2000, 
M cCabe & Gotelli 2000). There are, however, 2 im por
tant aspects of disturbance that have often eluded the 
attention of empirical ecologists and may account for 
abrupt changes in composition and abundance of spe
cies in natural habitats. First, assem blages are exposed 
to multiple sources of disturbance operating simul
taneously over ecological time scales. These com-
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pounded perturbations may interact in complex ways 
jeopardizing predictions based on knowledge of eco
logical responses to individual perturbations (Paine et 
al. 1998). Second, how changes in tem poral variance of 
disturbance (as opposed to changes in m ean intensity) 
affect the structure of assem blages is rarely addressed. 
Indeed, most experim ental studies exam ining the 
effects of temporally variable patterns of disturbance 
have focused on the frequency of events, i.e. the num 
ber of disturbances over an explicit tem poral scale. 
A lthough this approach is appropriate to address spe
cific ecological issues (e.g. fire m anagem ent in forests, 
Collins 2000), frequency of disturbance confounds 
intensity and tem poral variance of events over the time 
scale of the study (Benedetti-Cecchi 2003). Climate 
models predict an increase both in m ean intensity and 
tem poral variance of events such as storms and rainfall 
over ecological time scales (Easterling et al. 2000), but 
few studies have attem pted to disentangle these d is
turbance traits or have exam ined their interactions 
(Bertocci et al. 2005, Benedetti-Cecchi et al. 2006). Ris
ing variance in environm ental variables can foretell 
im pending regim e shifts (Carpenter & Brock 2006), so 
empirical studies in which the variance of ecological 
processes is m anipulated explicitly are urgently 
needed  to assess the response of assem blages to 
increasing environm ental fluctuations.

C hanges in land use and alteration of the hydrologi
cal cycle at a global scale have increased coastal e ro 
sion and runoff at the sea-land  interface over the past 
5 decades (Vitousek et al. 1997). Propagation of these 
disturbances from land to m arine habitats is strongly 
influenced by precipitation (French 1997). Coastal e ro 
sion is expected to increase under climate change with 
possible consequences for the tem poral patterns of 
sedim ent delivery to m arine coastal environments. 
Forecasted scenarios of soil loss and runoff include 
long periods of low sedim ent deposition, in terrupted 
by short periods of heavy sedim ent loads in marine 
coastal habitats (Nearing et al. 2004).

Storms and sedim entation are major sources of distur
bance on rocky shores. Strong waves remove organisms 
from the substratum , opening gaps (Benedetti-Cecchi
2000) in w hich patterns of recovery may be affected 
by interactive effects of sedim ent and wave action 
through different m echanism s including inhibition of 
settlem ent, sm othering and abrasion of recently settled 
propagules and direct elimination of less tolerant species 
(Vadas et al. 1992). Sedim ent may also have positive ef
fects on sessile organisms, by preventing the monopoli
sation of space by competitively dom inant species 
(Airoldi 2003), increasing local levels of nutrients or 
providing protection from other sources of disturbance 
(Taylor & Littler 1982, Littler et al. 1983, M cQuaid & 
Dower 1990, Gorgula & Connell 2004, Connell 2005).

We m anipulated levels of intensity and tem poral 
variance of disturbance (i.e. variance of time intervals 
betw een consecutive events) due to scouring of sedi
m ent in factorial combinations, focusing on the effects 
of these treatm ents during recovery of midshore 
assem blages of algae and invertebrates in patches of 
bare rock resem bling those naturally created  by heavy 
storms (Benedetti-Cecchi 2000), in the northwest 
M editerranean. Thus, the study exam ined the com 
pounded effects of varying regim es of sedim ent scour
ing that w ere superim posed on the natural disturbance 
regim es operating in the habitat (Paine et al. 1998). 
Effects of sedim ent scouring on rocky shore assem 
blages have often been inferred from observations, but 
experim ental evidence is scant (but see Kendrick 1991, 
Airoldi 2003). The specific hypotheses tested  in the 
present experim ent w ere similar to those devised in 
similar studies (Bertocci et al. 2005, Benedetti-Cecchi 
et al. 2006). In particular, we predicted that the largest 
effect of disturbance on m ean values of response vari
ables would occur under a regim e of high intensity and 
high tem poral variance of events. Under these condi
tions, organism s experienced a fluctuating environ
m ent w ith strong disturbance events clustered in short 
periods of time, alternating with relatively long periods 
in w hich no experim ental disturbance was applied. 
Ecological effects would range from the extirpation of 
species during the most extrem e periods of d istur
bance, to the recovery of fast-colonizing organisms 
during mild periods. Thus, expected effects would 
range from positive to negative, depending on the 
capability of species to resist to and recover from dis
turbance. Effects of treatm ents w ere expected to 
prom pt changes in assem blage structure detectable 
using m ultivariate statistical approaches. These 
hypotheses w ere tested w ith an im plem ented version 
of the basic experim ental design (Benedetti-Cecchi 
2003), in which the level of high tem poral variance of 
disturbance was replicated in 3 randomly chosen 
sequences. This enabled  us to tease apart the effect of 
variance from effects associated w ith any of the partic
ular sequences chosen.

MATERIALS AND METHODS

Study site. The experim ent was conducted at Calafu- 
ria, a sandstone rocky coast about 2 km long, located a 
few kilometres south of Livorno, Italy (43° 30' N, 
10°20'E), in the northw est M editerranean. M idshore 
assem blages of this coast have been described else
w here (Menconi et al. 1999). Dominant organisms w ere 
the barnacle Chthamalus stellatus (Poli), cyanobacteria 
Rivularia spp., herbivores (mainly Patella spp.) and a 
variety of filamentous, encrusting and fleshy algae. The
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coast was influenced mostly by terrigenous sedim ent 
discharged by rivers or transported from the land to the 
shore during heavy rains. Sand originating from sub- 
tidal habitats m ight also have influenced m idshore as
sem blages w hen resuspended by wave action.

Experimental design. The experim ent started in 
June 2003 and was designed to assess the effects of 
intensity and tem poral variance of disturbance due to 
scouring of sedim ent on patterns of colonization of 
organism s in cleared quadrats. The experim ental 
design consisted of the following factors: (1) Intensity 
of disturbance, 2 levels (low and high), fixed; (2) Tem 
poral variance of disturbance, 2 levels (low and high), 
fixed and crossed w ith Intensity; (3) Sequence of d is
turbance, 3 levels (various distributions of disturbance 
events), random  and repeated  only w ithin the highest 
level of Temporal variance; and (4) Area, 3 levels, ran 
dom and nested  w ithin each combination of levels of 
the other factors, with 3 replicate quadrats in each 
area. A total of 27 areas (patches of substratum  of 
about 1 X 1.5 m that extended betw een 0 and 0.3 m 
above the m ean low w ater level) w ere used in the 
experim ent. Three unm anipulated areas (no sedim ent 
added) served as controls. In all areas, three 1 0 x10  cm 
quadrats w ere scraped clean w ith a chisel m ounted on 
a battery drill and used as replicate units. Experim en
tal areas w ere located randomly on the shore and both 
areas and quadrats w ere m arked at their corners with 
epoxy putty (Subcoat S, Veneziani) for subsequent 
relocation. A sandblasting gun attached to a scuba 
tank was used to generate  disturbance over each area 
w here the quadrats w ere located. The sedim ent used 
in the experim ent was a commercial building sand of 
size 0.25-0.5 mm that was chosen after prelim inary 
analyses indicated about 80% of natural sedim ent in 
the area was in this range.

Assem blages w ere disturbed 9 times over 18 mo, 
each time adding either 1000 g (low intensity) or 
2000 g (high intensity) of sedim ent to the appropriate 
experim ental areas, using the sand blaster w ith the 
nozzle held about 30 cm from the substratum. Ideally, 
sedim ent traps should have been used to characterise 
the depositional environm ent and to choose levels of 
experim ental factors. Unfortunately, strong wave 
action prevented the use of sedim ent traps in the m id
shore habitat. As an alternative, we quantified the 
am ount of sedim ent present at the study location by 
collecting 3 replicate samples in each of 4 areas 
(located close to those used for experim ental trea t
ments) over 6 dates starting in the second year of the 
experim ent (see 'Collection and analysis of data ' for 
details).

Levels of tem poral variance of disturbance w ere 
generated  either by sandblasting the areas 9 times in 
18 mo at regular intervals or by concentrating the 
events of disturbance over short time periods sepa
rated  by longer periods in which no disturbance was 
applied (Fig. 1). Bad w eather prevented  a perfectly 
regular distribution of events of disturbance over the 
entire duration of the study. The resulting levels of low 
and high tem poral variance in the time interval 
betw een disturbances w ere 0.1 and 2.85 mo, respec
tively (Fig. 1). The high level of tem poral variance of 
disturbance was close to the variance in the time in ter
val betw een natural events of heavy rain (defined as 
precipitation of >10 mm rain I r 1; World M eteorological 
Organization; www.wmo.ch), which was 2.73 mo. This 
value w as calculated based on hourly rain data  for the 
study area  collected from January  2001 to Decem ber 
2005 (courtesy of the Servizio Idrologico Regionale 
della Regione Toscana). Periods of heavy rainfall w ere 
associated w ith the transport of heavy loads of sedi-
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Fig. 1. Distribution of disturbance events (X) over the course of the experim ent for each level of tem poral variance and sequence 
of disturbance. T1-T7 are the times of sampling. The full experim ental design included 2 levels of intensity crossed w ith each 
level of tem poral variance and sequence of disturbance, w ith 3 replicate patches nested  in  each condition and 3 unm anipulated 
patches as controls. The variance of the time interval betw een successive disturbances w as 0.10 and 2.85 mo for the low and the

3 sequences of high tem poral variance of events, respectively
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m ent to the shore (authors' pers. obs.). It should be 
noted that we choose the variance in the time interval 
betw een disturbances as an easy way to differentiate 
betw een regular and variable regim es of disturbance. 
Other m ethods m ight have been  used to model the 
tem poral occurrence of events. In particular, statistical 
distributions such as the exponential and the negative 
binomial will provide useful alternative approaches to 
model the duration of intervals betw een disturbances 
in future analyses.

The time required  to sandblast the areas assigned to 
the low and high intensity regim es of disturbance was 
approxim ately 2 and 4 min, respectively. To control for 
possible artifacts associated w ith the flow of com 
pressed air, 15 additional experim ental areas w ere 
established (3 replicate areas for each of the 3 
sequences of high tem poral variance of disturbance, 3 
for the low level of tem poral variance and 3 unm anip
ulated controls). Com pressed air with no sedim ent was 
blown on each area at the same rate (sequence and 
duration) as that characterising the areas exposed to 
high intensity of disturbance. Lack of resources p re 
vented controls for artifacts associated with a regim e of 
low intensity of disturbance.

Collection and analysis of data. To quantify natural 
levels of sedim ent at the study sites, algal turfs and the 
associated sedim ent w ere collected by scraping the 
surface underneath  a m etal cylinder of 4.4 cm in diam 
eter using a paint scraper. Three replicate samples 
w ere collected in each area at each of 6 dates; the d is
tances am ong samples in each area w ere similar to 
those separating the cleared quadrats in experim ental 
areas (10s of cm). Samples w ere stored in plastic bags 
and brought to the laboratory w here they w ere treated  
with hydrogen peroxide (H20 2 130 vol) for 36 h to 
remove algae and organic m atter (Golterman et al. 
1983). Dissolved organic m atter that accum ulated at 
the surface was rem oved w ith a spoon. Pieces of 
coralline algae, resistant to the treatm ent, w ere 
rem oved using tweezers. H20 2 was then elim inated 
with a syringe and the sedim ent was w ashed with d is
tilled w ater and then put in the oven for 24 h at 100°C. 
The sedim ent was then sieved (mesh size 250 pm) and 
the 2 fractions w eighed w ith a precision balance (to the 
nearest 0.1 mg).

Biological assem blages w ere sam pled in experim en
tal quadrats 7 times betw een June 2003 and January  
2005 using a non-destructive m ethod (Fig. 1). At each 
date of sam pling the time lag betw een that date and 
the last event of disturbance necessarily differed 
among levels of tem poral variance or sequence of d is
turbance. The 7 dates w ere thus selected in such a way 
that the time betw een each event of disturbance and 
the next sam pling date was, on average, the same 
among the different tem poral regim es of disturbance

used in the experim ent. Thus, treatm ents could only be 
com pared in term s of differences in overall m eans over 
the course of the study and not at single sampling 
dates.

Organism s in cleared quadrats w ere sam pled using 
a plastic frame of 8 x 8 cm w ith sixteen 2 x 2  cm 
quadrats; estim ates of algal abundance w ere obtained 
visually by assigning to each taxon a score ranging 
from 0 to 4 in each quadrat and adding up the 16 esti
m ates (Dethier et al. 1993). Final values w ere ex 
pressed as percentage cover. W henever possible, 
organism s w ere identified in the field to genus or spe
cies; w hen this was not possible, taxa w ere lum ped 
into morphological groups (Steneck & Dethier 1994). 
Densities of limpets and other mobile animals w ere 
obtained by counting the num ber of individuals p re 
sent in the quadrats.

Effects of experim ental treatm ents w ere investigated 
on w hole assem blages as well as on individual taxa. 
M ultivariate responses w ere exam ined by comparing 
the centroids describing the average assem blage of 
each experim ental area over the course of the study. To 
obtain the centroids, data from the 3 replicate quadrats 
in each area, at each time of sampling, w ere first aver
aged and a dissimilarity matrix based on the Bray- 
Curtis index was generated  am ong the full set of 189 
observations (27 areas x 7 sam pling dates). Because 
Bray-Curtis is a semi-metric index (Legendre & A nder
son 1999), centroids cannot be obtained simply as 
arithmetic averages of these dissimilarities (Anderson
2001). Thus, we first calculated principal coordinates 
(Gower 1966) from the Bray-Curtis dissimilarity matrix. 
This places the observations into a Euclidean space 
w ithout altering the Bray-Curtis m easure; i.e. the d is
tance betw een any pair of observations based on the 
principal coordinates is equivalent to the dissimilarity 
betw een those observations obtained from the original 
variables. Centroids w ere then obtained as arithmetic 
averages of the principal coordinates over the 7 sam 
pling dates (McArdle & Anderson 2001) using the com 
puter program  PCO.exe (Anderson 2003). M ultivariate 
effects w ere assessed with perm utational multivariate 
analysis of variance (PE RM ANO VA; Anderson 2001) 
based on the matrix of Euclidean distances betw een 
each pair of centroids. Each term  in the analysis was 
tested individually over the appropriate denom inator 
(with 999 perm utations of the relevant units). M ulti
variate patterns w ere visualized w ith a metric m ulti
dim ensional scaling (MDS) plot.

Individual variables w ere analysed w ith population- 
averaged generalised estim ating equations (PA-GEEs), 
an extension of generalised linear models (GLMs) for 
correlated data (Quinn & Keough 2002, H ardin & Hilbe 
2003). This technique uses quasi-likelihood functions to 
model the m arginal response of a variable over a sub
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population of correlated observations (e.g. the abun
dance of a particular taxon m easured repeatedly  in the 
same quadrat over time), accounting for the correlation 
structure present in the data (see also Benedetti-Cecchi 
et al. 2006 for an ecological application of GEEs in a sim
ilar context). We fitted GEE models assuming a Gaussian 
distribution of the error term s and using an identity link 
for percentage cover data, w hereas a Poisson distribu
tion and a log-link w ere used for count data. A first order 
autoregressive model AR(1) was used in all the analyses 
to model temporal autocorrelation in response variables. 
It is worth noting that this technique is robust to mis- 
specification of the correlation structure, so that robust 
estim ates of variances and standard errors can be ob
tained for hypothesis testing even if the assum ed form of 
correlation structure is incorrect (Hardin & Hilbe 2003). 
For simplicity, analyses w ere done on data averaged 
across the 3 quadrats in each area and areas w ere used 
as replicates. These analyses assum ed independence 
among areas and hom ogenous variances across trea t
ments. Plots of residuals against fitted values w ere in 
spected to check for strong deviations from these as
sumptions. Analyses w ere perform ed in R2.01 (R 
Development Core Team 2003).

RESULTS

The am ount of sedim ent present on the shore at 
different times fluctuated in the range of 0-1600 g x 
1.5 n r 2, w ith the exception of a peak  of 4000 g x 1.5 n r 2 
observed in one area (Fig. 2). A lthough these data can 
not be used to assess sedim ent dynamics, they offer a 
view of baseline levels of sedim ent present at the study 
location during the course of the experim ent.

The m ultivariate analysis indicated no significant 
effects of treatm ents on assem blages (Table 1). A trend
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Fig. 2. M ean (±1 SE) dry w eight of sedim ent collected (n = 3) 
in  each of 4 areas (Y, V, • ,  O) over 6 dates

towards an interaction betw een  intensity and tem poral 
variance of disturbance was, however, present in the 
data (0.1 < p < 0.05) (Table 1). Despite considerable 
variability, assem blages exposed to different levels of 
intensity of disturbance separated  in the MDS plot 
w hen disturbances w ere applied w ith high tem poral 
variance (Fig. 3). The first 2 axes of the metric MDS 
plot explained 53.4 % of the total variation.

Experimental disturbance by sediment significantly af
fected the m ean num ber of taxa (used as a surrogate 
m easure of species diversity) establishing in the experi
m ental clearings, w ith lower values occurring in trea t
ments exposed to high than low levels of intensity of dis
turbance. Differences in m ean num ber of taxa betw een 
high and low levels of tem poral variance of disturbance 
also depended  on the specific sequence of events 
(Table 2, Fig. 4a). Interactive effects betw een intensity 
and temporal variance of disturbance were observed for 
filamentous and coarsely branched algae (Table 2, 
Fig. 4b,c). High tem poral variance of disturbance in-

Table 1. PERMANOVA exam ining effects of treatm ents on m ultivariate assem blages

Source of variation df MS Pseudo F P Perm utable units and denom inator for F

Among experim ental levels 8 772.23 0.91 0.460 27 Replicate Areas
Control vs. Treatments 1 548.27 0.64 0.715 27 Replicate Areas
Among Treatments 7 804.22 0.94 0.555 27 Replicate Areas

Temporal Variability 3 1108.29 1.30 0.194 27 Replicate Areas
Low vs. H igh Variance 1 679.83 0.43 1.000 4 Among Sequence cells8
Among Sequences 2 1366.90 1.60 0.095 27 Replicate Areas

Intensity 1 664.31 0.78 0.577 27 Replicate Areas
Intensity x Temporal Variability 3 546.79 0.64 0.902 27 Replicate Areas

Intensity x Low vs. H igh Variance 1 819.75 2.08 0.090 8 Intensity x Sequence cellsb
Intensity x Sequences 2 

Residual 18
399.64
852.79

0.47 0.979 27 Replicate Areas

aO ne low variance and 3 high variance 
calculating denom inator m ean  square

sequences used as perm utable units, bu t only h igh variance sequences used  for

Two low variance and 6 h igh intensity x sequence cells u sed  as perm utable units, bu t only intensity x sequence cells u sed  for 
calculating denom inator m ean  square
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Fig. 3. Metric MDS plot of centroids of experim ental areas 
over the 7 dates of sampling. Centroids w ere calculated using 

principal coordinates (see 'M aterials and methods')

creased the percentage cover of filamentous algae under 
low intensity of disturbance, whilst the reverse occurred 
w hen disturbance was high (Fig. 4b). The same pattern  
was observed for coarsely branched algae although the 
abundance of these algae in disturbed plots never ex 
ceeded that of the controls (Fig. 4c). The m agnitude and 
significance of these effects differed among sequences of 
disturbance, as shown by the I x S interactions in Table 2 
(see also Fig. 4b,c). Effects of experim ental disturbance 
by sediment w ere overall negative on the recruitm ent of 
the barnacle Chthamalus stellatus that was less abun
dant in treatm ent than in control plots (Fig. 4f). Although 
not statistically significant, there was a trend towards a 
larger recruitm ent of barnacles to clearings m aintained 
under a regim e of low tem poral variance of disturbance 
w hen intensity of disturbance was also low, w hereas the 
opposite pattern occurred w hen disturbance was intense 
(Table 2, Fig. 4f). No significant effects of experim ental 
treatm ents w ere observed on encrusting organisms such 
as coralline algae and cyanobacteria, nor on herbivores 
of the genus Patella (Table 2, Fig. 4d,e,g).

Procedural controls for artefacts detected  a signifi
cant increase in percentage cover of barnacles in areas 
exposed to high tem poral variance of flow of com 
pressed air (estimated coefficient = 2.34; p < 0.001) and
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Table 2. Analysis of data using population-averaged generalized estim ating equations (PA-GEEs). E: estim ated coefficient; SE:
standard  error; *p < 0.05; **p < 0.01; ***p < 0.001

Contrasts N um ber of Filamentous Coarsely b ranched Encrusting
taxa algae algae corallines

E SE E SE E SE E SE

Control vs. Treatm ents = C vs. Tr
Intercept 5.01*” 0.12 7.78*** 1.07 0.83*** 0.13 35.25*** 2.48
C vs. Tr 0.07*** 0.02 -0.14 0.43 0.04 0.03 0.77 1.14

Among Treatments
Intercept 4.63*** 0.14 7.92*** 1.13 0.79*** 0.15 34.38*** 2.51
Intensity = I -0.36* 0.14 -2.66 1.13 -0.21 0.15 0.63 2.51
High vs. Low Variance = V 0.04 0.06 0.09 0.75 -0.12 0.07 1.19 1.84

Sequence 1 = Si 0.19 0.18 0.62 1.80 -0.01 0.17 2.37 3.69
Sequence 2 = S2 0.10 0.13 0.81 0.90 -0.03 0.14 2.86 1.55
Sequence 3 = S3 -0.16* 0.08 -1.16* 0.57 -0.31*** 0.09 -1.64 1.69

Ix  V -0.03 0.06 -1.70* 0.75 -0.19** 0.07 -0.31 1.84
I x S i -0.10 0.18 -3.75* 1.80 -0.12 0.17 0.58 3.69
I x S2 -0.09 0.13 -1.67 0.90 -0.38** 0.14 -2.11 1.55
I x S3 0.08 0.08 0.30 0.57 -0.06 0.09 0.57 1.69

Correlation coefficient 0.48*** 0.09 0.40** 0.13 0.09 0.08 0.53*** 0.10
Scale param eter 1.65 125.20 7.46 517.42

Contrasts Rivularia spp. Chthamalus stellatus Patella aspera/caerulea
E SE E SE E SE

Control vs. Treatm ents = C vs. Tr
Intercept 22.64*** 1.56 4.10*** 0.84 0.82*** 0.07
C vs. Tr 0.18 0.59 0.89 0.50 0.01 0.01

Among Treatments
Intercept 22.46*** 1.63 3.18*** 0.76 0.80*** 0.08
Intensity = I -0.99 1.63 -0.90 0.76 -0.05 0.08
High vs. Low Variance = V 0.26 0.84 -0.28 0.58 -0.04 0.03

Sequence 1 = S3 -1.39 1.50 -0.70 1.36 -0.04 0.09
Sequence 2 = S2 -0.47 1.26 -0.23 0.49 0.02 0.06
Sequence 3 = S3 2.67 1.22 0.07 0.38 -0.10 0.05

Ix  V -0.48 0.84 0.61 0.58 0.01 0.03
I x S i -1.33 1.50 2.12 1.36 -0.03 0.09
I x S2 -0.02 1.26 -0.41 0.49 0.04 0.06
I x S3 -0.10 1.22 0.14 0.38 0.04 0.05

Correlation coefficient 0.41*** 0.12 0.57*** 0.14 0.35 0.11
Scale param eter 221.62 47.14 1.44

a reduction in num ber of limpets in treated  com pared 
to control areas (estimated coefficient = -0.10; p < 
0.01). No significant results w ere obtained for the other 
taxa analysed (Fig. 5).

DISCUSSION

The initial hypothesis that the largest effects of d is
turbance on m ean values of response variables would 
occur under a regim e of high intensity and high tem po
ral variance of events must be rejected on the basis of 
the experim ental evidence. Increasing intensity of d is
turbance led to a decrease in m ean num ber of taxa, but 
this effect was independent of changes in tem poral 
variance of disturbance. Intensity and tem poral vari
ance of disturbance interactively influenced the estab 

lishm ent of filamentous and coarsely branched algae, 
w ith tem poral variance increasing algal abundance 
under low intensity of disturbance and the opposite 
occurring under high intensity of disturbance. As a 
result, for both taxa, percentage cover values in the 
high in tensity-high tem poral variance treatm ent w ere 
similar to those observed in the low intensity-low  
tem poral variance treatm ent. A similar pattern  was 
observed in the m ultivariate analysis, w here assem 
blages in the high in tensity-high tem poral variance 
treatm ent tended  to separate from those in the low 
in tensity-high variance treatm ent, but w ere indistin
guishable from those in the low variance-low  intensity 
treatm ent. Intensity of disturbance had  an adverse 
effect on the abundance of barnacles under low, but 
not high, tem poral variance of events, in contrast to 
w hat was observed for filamentous and coarsely
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branched algae. However, this effect was not signifi
cant and should be interpreted  with caution due to the 
possible occurrence of artifacts.

O ther studies exam ining the effects of disturbance 
by sedim ent on turf-forming algae have reported  con
trasting results. Whilst some investigations have docu
m ented positive effects of sedim ent on turf-forming 
species (Littler et al. 1983, Irving & Connell 2002), o th 
ers have reported  negative effects due to an excess of 
sedim ent on settlem ent and recruitm ent of algae 
(Renaud et al. 1997, Eriksson & Johansson 2005, Thom 
sen & M cGlathery 2006). Although a majority of these 
studies dealt w ith effects of accum ulation and not 
scouring of sediment, our data agree w ith these find
ings, indicating that both positive and negative effects 
of sedim ent are possible depending on levels of in ten 
sity and tem poral variance of disturbance.

The capability of turf-forming algae to persist in the 
presence of sedim ent may be a consequence of the 
modes of reproduction and dispersal of these organ
isms, which are characterised mostly by vegetative 
propagation and fragm entation, respectively. Both 
traits can increase the probability of algae finding 
suitable places for colonization w hen sedim entation 
m akes most of the substratum  unsuitable for the estab 
lishment of propagules (Airoldi 1998, Eriksson & 
Johansson 2005). For instance, Airoldi (1998) found 
that turf was able to resist sedim ent scouring by v eg e
tative propagation and regrow th of survival axes.

Jenkins et al. (1999) described a situation in which sed
iment en trapped  in turf-forming algae actually b en e
fited these algae in the presence of grazing limpets. In 
our experim ent, high tem poral variance of events of 
disturbance may have influenced recruitm ent in 2 
ways: (1) at low intensity of disturbance by allowing 
higher colonization only to those species resistant to 
scour by sedim ent such as algal turfs; and (2) at high 
intensity of disturbance by exceeding critical levels, 
overcoming the threshold of physiological tolerance of 
algae and then inhibiting colonization and/or subse
quent growth.

Pulse events of disturbance by sedim ent scouring 
negatively affected the m ean num ber of taxa (a surro
gate m easure of diversity) in assem blages in experi
m ental clearings com pared to clearings w here sedi
m ent was not added. Furtherm ore, clearings exposed 
to high levels of intensity of disturbance had  reduced 
diversity com pared to clearings m aintained at low 
intensity of disturbance, regardless of the tem poral 
variance of events. These results are in agreem ent 
w ith those of Kendrick (1991) who found a lower num 
ber of species on boulders subjected to treatm ents of 
erosion and scouring by sedim ent than on unm anipu
lated ones. The m echanisms proposed to explain n eg 
ative effects on diversity include inhibition of recruit
m ent (Devinny & Volse 1978), direct scour of species 
(Kendrick 1991, Airoldi 1998) and interactions with 
other environm ental variables (e.g. light) w ith conse
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quent switches in dom inance of species (Connell 
2005).

Intensity and tem poral variance of disturbance w ere 
not the only processes driving the observed patterns in 
the data. Sequence of disturbance, either as a main 
effect or in interaction with intensity, was also signifi
cant for filamentous and coarsely branched algae and 
for m ean num ber of taxa. This likely reflected the co
incidence of disturbance w ith events of recruitm ent in 
experim ental clearings, as discussed in Bertocci et al. 
(2005). These effects could be detected  unam biguously 
in the present experim ent because 3 sequences of 
events w ere replicated w ithin the level of high tem po
ral variance of disturbance. This illustrated the im por
tance of replicating sequences of events w ithin levels 
of tem poral variance to unconfound the effects associ
ated with different sources of variability and ultimately 
to exam ine effects of variance over and above any 
effect of sequence.

Encrusting organism s w ere resistant to the different 
regim es of disturbance used in the experim ent. T reat
m ents had no significant effects on encrusting coralline 
algae and cyanobacteria Rivularia spp. These results 
are in agreem ent w ith findings of a num ber of studies 
docum enting little to no effect of sedim ent on encrust
ing coralline algae (e.g. Kendrick 1991), but contrasted 
with the results of other investigations in which n eg a 
tive effects of sedim ent w ere detected  on these taxa 
(Ayling 1981, Melville & Connell 2001). Airoldi (2003) 
discussed possible reasons accounting for differences 
among studies, including species-specific responses to 
disturbance and characteristics of the regim e of sedi
mentation. Our results showed that phylogenetically 
distant but morphologically similar taxa such as 
encrusting coralline algae and cyanobacteria could 
resist various combinations of intensity and tem poral 
variance of disturbance, suggesting that morphology 
was the key trait enabling these organism s to thrive 
under variable regim es of sedimentation.

The response of barnacles to the experim ental trea t
m ents was idiosyncratic. Although a trend  towards a 
negative effect of intensity of disturbance was evident 
in a regim e of low tem poral variance of events and not 
under high tem poral variance, effects w ere not signifi
cant (Fig. 4f). In addition, procedural control for arti
facts indicated that colonization of barnacles m ight be 
enhanced by a flow of com pressed air applied with high 
temporal variance that could get rid of natural sediment 
present in experim ental areas. Both results likely r e 
flected negative effects of sedim ent on larval settle
m ent and recruitm ent as a consequence of severe sand 
scour and burial during storms (e.g. Underwood 1998).

One of the most abrupt changes in assem blages of 
rocky shores rem iniscent of a regim e shift at the global 
scale is the replacem ent of canopy algae by turf-

forming algae (Airoldi 2003, Gorgula & Connell 2004). 
This modification likely reflects the direct and indirect 
effects of various anthropogenic disturbances in 
m arine coastal environm ents, including pollution, sed
im entation and nutrient input (Gorgula & Connell 
2004, Connell 2005, Schiel et al. 2006). Our results 
indicate that an increase in tem poral variance of d is
turbance by sedim ent scouring, concomitant w ith a 
m oderate increase of sedim ent loads above current 
am bient levels (the low intensity treatm ent), can con
tribute to this regim e shift by enhancing the cover of 
turf-forming algae (filamentous species) or preventing 
their loss under increased sedim entation (coarsely 
branched algae). The tendency of assem blages in the 
high variance-low  intensity treatm ent to separate from 
the other assem blages in the m ultivariate analysis also 
suggests that im portant ecological changes may occur 
under these conditions. The environm ental scenario 
defined by this particular combination of experim ental 
treatm ents is not unrealistic given current and 
expected climate modifications (Easterling et al. 2000, 
Alley et al. 2003). These results suggest that extrem i
ties in environm ental conditions should be defined in 
term s of specific combinations of m ean intensity and 
tem poral variance of events, rather than on the basis of 
each of these traits separately or by confounding them  
into synthetic metrics such as frequency of d istur
bance. This offers a new  perspective for interpreting 
and predicting the consequences of climate change at 
local and global scales on natural assemblages.
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