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ABSTRACT: Responses of a turf-forming, filamentous, algal assemblage to spatial variation in the 
deposition of sediments were investigated from September 1994 to September 1996 on a rocky subtidal 
reef south of Livorno (Mediterranean Sea) Large- and small-scale spatial differences in the amount 
and size of sed~ment settling on and accumulating in the turf were investigated over 1 yr in relation to 
meteorological conditions and to patterns of abundance of the turf. A multifactorial manipulat~on of the 
deposition of sediment was used to test the hypotheses that (1) different amounts and grain-sizes of 
settling material affect the cover and biomass of the filamentous algae, (2) any effects of sedimentation 
are independent of the stage of development of the turf and (3) patterns are consistent at different 
spatial scales, ranging from a few centimetres to several metres. During the investigation, the reglme 
of sed~mentation fluctuated greatly over time and among s~ tes  The distribution of the turf across dii- 
ferent sites was, however, not apparently related to large-scale variations in the deposition of sediment 
Within sites, accumulation of sediment in the turf was patchy. The results of the experiment indicated 
that patchiness may affect the local biomass of established turf-forming algae, the abundance of which 
significantly decreased in quadrats which had higher deposition of sediments. On a scale of centi- 
metres, high accumulation of sediment decreased variability of algal biomass within individual 
quadrats. The effects of sediment on biomass were also significantly influenced by the stage of devel- 
opment of the turf. No effects were observed on the cover of the filamentous algae. These results 
suggest that the responses of the turf to variations in the characteristics of the depositional environment 
may vary with changes in spatial scale and may be dependent on the concomitant action of other 
physical and biological factors. 
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INTRODUCTION 

Evidence that benthic and pelagic habitats may be 
tightly linked biologically has increased in recent 
years (Menge et al. 1997 and references therein). 
Movement and deposition of particulate material are 
among the most important factors involved in these 
links (Airoldi et al. 1996). Spatial and temporal fluctua- 
tions in the quantity and quality of settling material, for 
example, have been shown to affect the structure, dis- 
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tribution and dynamics of seabed fauna1 comnlunities 
(Moore 1972, Smetacek 1984, Graf 1987). Coupling 
between rates of sedimentation and the relative abun- 
dance of species has also been postulated for algal 
assemblages on temperate rocky shores (Littler et al. 
1983, Stewart 1983, D'Antonio 1986, Airoldi et  al. 
1995). Stewart (1983) proposed that the seasonal 
changes in the abundance of some algae and the per- 
sistence of some perennial species dominating the 
vegetation on intertidal rocky platforms in Southern 
California, USA, were related to the presence and 
cyclical movement of sediment in the habitat. Littler et 
al. (1983) and McQuaid & Dower (1990) suggested that 
spatial variability in the deposition of sediments may 
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promote diversity on rocky shores by maintaining 
patchiness. They also hypothesised that the effects of 
deposition of sediment may be different if examined 
from the perspective of shores or microhabitats. So far, 
however, few experimental s tud~es have been per- 
formed to investigate the role of sedimentation as a 
structuring factor in rocky shores (Kendrick 1991, 
Airoldi & Cinelli 1997), and scarce quantitative infor- 
mation is available concerning the responses of algal 
assemblages to spatial and temporal variations in the 
characteristics of the depositional environment. 

Macroalgal assemblages dominated by densely 
packed, turf-forming seaweeds are common in tropical 
and temperate intertidal and subtidal rocky shores 
(Dahl 1973, Lauret 1974, Hay 1981, Stewart 1982, 
Adey & Goertmiller 1987, Underwood et al. 1991). De- 
spite their abundance, turf-forming algae often are 
overlooked and the causes of their trend to monopolise 
space are still poorly known (Sousa et al. 1981, Airoldi 
in press). The prevalence of algal turfs has been attrib- 
uted, among other factors, to their ability to accumu- 
late large amounts of sediment (Sousa et al. 1981, 
Seapy & Littler 1982, Stewart 1989). The dense net- 
work of ramifications within turfs forms a cohesive sur- 
face layer that tends to entrap particles moving on the 
bottom (Neumann et al. 1970, Scoffin 1970). This sedi- 
ment is thought to interfere with the recruitment of al- 
gae that do not form turfs and with grazing by urchins 
and other herbivores, thus favouring spatial domi- 
nance by the turf (Sousa et al. 1981, D'Antonio 1986). 

Sediment is considered to be a structural constituent 
of algal turfs (Stewart 1983, Kendrick 1991, Airoldi et 
al. 1995). This would suggest that the distribution and 
dynamics of these assemblages may be influenced by 
variations in the quantity and composition of settling 
material. Observations on turfs of filamentous algae 
were consistent with this model (Adey & Goertrniller 
1987, Kendrlck 1991, Airoldi & Cinelli 1997). Predic- 
tions of the effects of sedimentation on algal abun- 
dance, however, have been variable. Rates of colonisa- 
tion of turfs in the Galapagos, for example, were 
negatively affected by high rates of sediment deposi- 
tion, but effects on percentage cover did not result in 
a significant decrease of biomass (Kendrick 1991). 
Different patterns were suggested by Ai.roldi & Cinelli 
(1996, 1997) for turfs in the Mediterranean, where low 
levels of deposition of sediment seemed to increase the 
biomass of algae but not their cover. The authors 
hypothesised that sediment deposition may differen- 
tially influence the horizontal (cover) and vertical (bio- 
mass) growth of the filamentous algae. Differences 
also seemed to occur between established turfs and 
turfs developing in patches of substratum cleared after 
a disturbance (Airoldi 1994), but patterns were not 
adequately quantified. 

In this paper, we evaluate the response of a turf- 
dominated macroalgal assemblage to spatial and tem- 
poral variations in the depositional environment. The 
study was done on a rocky subtidal reef south of 
Livorno, Italy (western Mediterranean Sea), which is 
characterised by turbid water and by an extensive 
abundance of filamentous, turf-forming algae (Airoldl 
et al. 1995, 1996). Large- (among sites) and small-scale 
(within sites) spatial differences in the amount and size 
of material settling on and accumulating in the turf 
were investigated over 1 yr in relation to meteoro- 
logical conditions and to patterns of abundance of turf- 
forming algae. These observations provided the basis 
for subsequent experimental field work. A multi- 
factorial experiment was designed to test (1) whether 
the deposition of different amounts and grain-sizes of 
sediment affects the cover and biomass of turf-forming 
algae, (2) whether any effects of sedimentation are 
independent of the stage of development of the turf 
and (3) whether patterns are consistent at different 
spatial scales, ranging from a few centimetres to sev- 
eral metres. In addition to turf-forming seaweeds, 
other species oi algae were present in the study area. 
Specific experiments on the effects of sedimentation on 
these components of the assemblage and on their 
interactions with the turf have been reported else- 
where (Airoldi & Cinelli 1997, Airoldi in press). 

MATERIALS AND METHODS 

Study site. The study was performed from Septem- 
ber 1994 to September 1996 on an  exposed rocky 
reef located approximately 10 km south of Livorno 
(43" 30' N, 10" 20' E, Ligurian Sea) which extends about 
300 m parallel to the shoreline at depths between 11 
and 16 m.  The bottom is a wide, gently sloping sand- 
stone platform that has eroded to form outcrops which 
support, on their upper surfaces, a dense filamentous 
turf consisting mostly of Polysiphonia setacea (Hollen- 
berg) (Airoldi et al. 1995). 

The area is characterised by moderately large loads 
of sediment, compared to other shallow coastal regions 
(Airoldi et al. 1996). The settling material consists pri- 
marily of terngenous particles eroded by rainfall and of 
sediments resuspended by water turbulence (Airoldi et 
al. 1996). The particles sinking over the turf are, for the 
most part, inorganic; the organic material is generally 
highly degraded detritus. Detailed descriptions of the 
biochemical composition of settling material can be 
found in Airoldi et al. (1996). 

During the first year of the study, average rainfall 
over the periods of deployment of the sediment traps 
was generally less than 2 mm d-l, with 1 exceptional 
peak in November (see Fig. 1A). Wind velocity from 
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SE to NW (which is a good indicator of turbulence of 
water in the study area; authors' pers, obs.) was more 
variable over time (see Fig. lA),  and violent storms 
occurred during the winter months. 

Depositional environment. The spatial and temporal 
variability of deposition of sediment over the algal turf 
was quantified by means of sediment traps. Two trap 
systems, each consisting of a set of 4 polypropylene 
cylindrical vessels, were placed in 2 sites, approxi- 
mately 100 m apart, located at random within the study 
area at a depth of 14 m. The vessels had an inner dia- 
meter of 51 mm and an aspect ratio of 3.9 in order to 
guarantee reliable results even in turbulent waters 
(Bloesch & Burns 1980). They were held stable in ver- 
tical orientation by means of a stainless steel frame 
cemented to the bottom. The frame carried 2 opposite 
'T' arms, each ending with 2 fixed PVC cylinders 
(60 mm in diameter, 150 mm in height). The vessels 
were placed in the cylinders and held in position by 
rubber bands, with their mouths 50 cm above the 
seafloor. The traps were deployed on 9 occasions from 
September 1994 to September 1995 for periods of, on 
average, 34 d,  except for 1 period of 62 d. Deployment 
and retrieval of the vessels were done by SCUBA div- 
ing. Vessels were closed with Parafilm and plastic 
stoppers before retrieval. 

The material collected in each vessel was separated 
into a coarse fraction (retained on preweighed 200 pm 
meshes) and a fine fraction (retained on ignited and 
preweighed GF/F glass microfiber filters). The abun- 
dance of each component was determined gravi- 
metrically. The material was rinsed with distilled 
water to remove salts and dried to constant weight 
(60°C for 24 h) before weighing on a Ohaus balance 
(mod. Galaxy TM100) to a precision of 10-4 g in the 
presence of silica gel. The average deposition of sedi- 
ment per day over the algal turf was then calculated 
as the sum of weights of the coarse and fine fractions 
per unit area divided by the number of days of expo- 
sure of the traps. 

Data were analysed using a 2-way model of analysis 
of variance (ANOVA) with time (9 levels) and site (2 
levels) as random variables. Because some vessels 
were lost on a few occasions (but never more than 1 
from each set of traps), random vessels were elimi- 
nated from the other sets to balance the number of 
replicate vessels within each location to 3 for each 
sampling period. Since vessels were attached to the 
same frame, we may not exclude the possibility that 
fluxes measured by replicate traps in each location 
were non-independent. If some positive correlation 
occurred, the outcome of the statistical tests involving 
site as a main factor or in an interaction with time 
might have been affected by increased probability of 
Type I error (Underwood 1997). 

In this and in the following experiments, before run- 
ning the analysis, the assumption of homogeneity of 
variances was examined using Cochran's C-test. Trans- 
formations of the data were done to stabilise variances 
when necessary. 

Abundance of the turf and trapped sediment. Spatial 
and temporal variations in the coverage and biomass of 
turf-forming algae and in the amount of trapped sedi- 
ment were investigated from October 1994 to Sep- 
tember 1995 at 3 permanent sites, of 30 x 20 m, ran- 
domly placed in the study area 60 to 100 m apart. 

The percentage cover of the turf was estimated on 10 
occasions in 4 replicate quadrats of 10 X 10 cm selected 
at random on each sampling date at  each site. When 
possible, sampling was done on the same day as sedi- 
ment traps and samples for biomass were collected. 
Quadrats were sampled by means of the visual estima- 
tion method (Dethier et  al. 1993, Benedetti-Cecchi et  
al. 1996). A plastic grid with 25 small quadrats was 
used, and a score from 0 to 4 % was given to the turf in 
each small quadrat. Percentage cover was analysed 
using a 2-way ANOVA, with time (10 levels) and site 
(3 levels) as random variables. 

The biomass of turf-forming algae was estimated by 
destructively sampling portions of substratum 2 X 2 cm 
in size that were totally covered by the turf. This 
allowed variations in the vertical growth of the turf to 
be separated from variations in its horizontal cover. 
Thickness was not measured directly because the turf 
is too soft, thus affecting the reliability of the measures. 
The turf was manually removed with tweezers from 4 
quadrats randomly placed in each site and preserved 
in small plastic jars. Sampling was repeated each time 
the traps were retrieved for a total of 9 sampling times. 
Each time, all 3 sites were sampled during the same 
dive. 

In the laboratory, the sediment accumulated into 
the turf was carefully washed away with distilled 
water and used for further analyses (see below). 
Coarse particles remaining in the turf were manually 
removed under a dissecting microscope. Turf-forming 
algae were decalcified in 5% HC1 to eliminate any 
calcareous residues, and their biomass was measured 
as dry weight (60°C, 48 h)  per unit area. Data were 
analysed by using a 2-way ANOVA with time (only 8 
levels because the data from the first sampling time 
were accidentally lost) and site (3 levels) as random 
factors. 

The sediment removed from the turf was used to 
quantify the amount of sediment trapped in the fila- 
mentous mat. The coarse and fine fractions of sediment 
were separated and measured as described for sedi- 
ment collected by traps. The amount of sediment was 
expressed as dry weight per unit area. The amounts of 
sediment trapped per unit biomass of the filamentous 
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algae were also calculated and expressed as non- 
dimensional ratios. Data were analysed using a 2-way 
ANOVA with tlme (9 levels for sedlment per unit area 
and 8 levels for sediment per unit biomass of the turf) 
and site (3 levels) as random factors. Pooling proce- 
dures were used to increase the power of some of the 
tests (Underwood 1997). 

Experimental study. A field experiment was started 
in May 1996 in order to test the hypothesis that differ- 
ent amounts and grain-sizes of sediment affect the 
cover and the biomass of turf-forming algae. The 
effects of sediment deposition were examined in rela- 
tion to the stage of development of the turf and over a 
range of spatial scales, varying from a few centime- 
tres (distance among subsamples within quadrats) to 
several metres (distance among areas). The experi- 
ment was done during the summer, when the deposi- 
tion and movement of sediment are generally small in 
the study area (Airoldi et al. 1996, this study, see 
'Results'). Usual calm conditions of the sea during this 
period should have guaranteed that sed~ment added 
to the plots was not removed by turbulence of water, 
but a series of anomalous storms probabiy reduced 
the effectiveness of the manipulation (see 'Discus- 
sion'). 

Fourteen areas of 2 X 3 m were established along 
each side of a 30 m long transect at a depth of about 
11 m,, and 2 areas were assigned at random to each 
treatment. Treatments were: (1) deposition of sediment 
unmanipulated; deposition of sediment enhanced by 
100 g m-2 d-' by addition of (2) fine sand, (3) medium 
sand and (4) coarse sand; deposition of sediment 
enhanced by 200 g m-2 d-' by addi- 
tion of 15) fine sand. 16) medium sand 

between 0.125 and 0.25 mm), medium sand (grain-size 
between 0.25 and 0.5 mm) and coarse sand (grain-size 
between 0.5 and 0.1 mm) (Gray 1981), and dried to 
constant weights. Known amounts of sedlment (5.6 or 
11.2 g dry wt) of different grain-sizes were applied 
once every 10 d to the experimental quadrats in 
the appropriate treatment area in order to artificially 
enhance natural average deposition of sediment by 
100 or 200 g m-2 d-l. Chronic rates of sedimentation 
greater that 100 g m-2 d-' are considered highly stress- 
ful for organisms living in coral reefs (Rogers 1990), but 
little quantitative information is available for algal 
assemblages in temperate reefs. 

The percentage cover and biomass of turf-forming 
algae were measured in scraped and undisturbed 
quadrats in September 1996, 4 mo after the begin- 
ning of the experiment. Percentage cover was esti- 
mated by sampling a surface of 6 X 6 cm in the 
middle of each quadrat, in order to avoid edge 
effects. Sampling was done using the visual estima- 
tion method. Three subsamples were then collected 
at random within each quadrat by driving a metal 
corer of 19 mm diameter through the turf and into the 
substratum, in order to quantify the biomass of turf- 
forming algae. The samples were preserved in small 
plastic jars, and the biomass was measured in the 
laboratory as above. 

The entire design for analysis of the data of per- 
centage cover included, therefore, the following fac- 
tors (Table 1): amount of sediment added (0, 100 and 
200 g m-2 d-l; fixed factor), grain-size of sediment 
(fine, medium and coarse; fixed factor), stage of 

> ,  . \ ,  

and (7) coarse sand, six experimental Table 1 Scheme of the sampling design used to investigate the effects of 
amount of sediment added (g m-2 d-l), grain-size of sediment, area (2 levels) quadrats of 7.5 7'5 cm were and stage of development of the turf (D: developing, E: established) on per- 

placed On the surfaces centage cover of turf-forming algae. Each combination of factors was repli- 
an equal number of rocky Outcrops in cated in 3 quadrats. Three subsamples were collected within each quadrat 
each area and permanently marked at for estimations of biomass 

their edges with epoxy putty. To test the 
hypothesis that the effects of sediment 
deposition are independent of the stage 
of development of the turf, at the begin- 
ning of the experiment 3 of the 6 
quadra.ts in each area were scraped 
completely clean of the resident organ- 
isms .using a hammer and chisel, allow- 
ing colonisation of a young turf. Estab- 
lished turf was left undisturbed in the 
other 3 auadrats. 

The sediment used to manipulate de- 
position of sediment was taken from a 
nearby shore, sieved through a senes of 
screens with different mesh sizes, in 
order to separate fine sand (grain-size 

Amount Grain-size Area Stage of Quadrat Subsamples 
development (only for biomass) 

0 l a n d 2  D a n d E  t , 2 a n d 3  1 . 2 a n d 3  
0 l a n d 2  D a n d E  1 , 2 a n d 3  1 . 2 a n d 3  

100 Fine 1 and 2 D and E 1, 2 and 3 1, 2 and 3 
100 Fine l a n d 2  D a n d E  1 , 2 a n d 3  1 , 2 a n d 3  
100 Medium 1 and 2 D and E 1 , 2  and 3 1. 2 and 3 
100 Medium 1 and 2 D and E 1, 2 and 3 1, 2 and 3 
100 Coarse 1 and 2 D an.d E 1, 2 and 3 1 , 2  and 3 
100 Coarse 1 and 2 D and E 1, 2 a.nd 3 1, 2 and 3 
200 Fine l a n d 2  D a n d E  1 , 2 a n d 3  l L 2 a n d 3  
200 Flne l a n d 2  D a n d E  1 , 2 a n d 3  1 . 2 a n d 3  
200 M e l u r n  1 and 2 D and E 1, 2 a n d 3  1, 2 and 3 
200 Medium 1 and 2 D and E 1, 2 and 3 1, 2 and 3 
200 Coarse 1. and 2 D and E 1 , 2  and 3 1, 2 and 3 
200 Coarse 1 and 2 D and E 1, 2 and 3 1 , 2  and 3 
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development of the turf (developing and established; 
fixed factor) and area (2 levels; random factor). Treat- 
ments with no additional sediment (controls) could not 
have different grain-sizes; therefore grain-size was 
not completely orthogonal to amount of sediment 
added and the design was asylnmetrical (Underwood 
1997). Stage of development of the turf was orthogo- 
nal to all the other factors, while area was nested in 
the 7 combinations of amount of sediment added and 
grain-size. 

Asymmetrical mixed-model ANOVA was used to 
determine differences between sediment treatments 
(amount of sediment and grain-size). The required 
sums of squares for the asymmetrical components of 
these analyses were calculated following Underwood 
(1992, 1993, 1997). Two quadrats, 1 in each of 2 differ- 
ent treatments, were lost during the experiment. The 
missing data were replaced by the mean of the remain- 
ing 2 plots in each treatment, and the degrees of free- 
dom were accordingly reduced (Underwood 1997). 

The analysis of the data of biomass included quadrat 
(3 levels; random factor) as an additional factor nested 
in area (Table 1). The effects of sediment deposition on 
variability of biomass at a scale of centimetres were 
also examined. This was done by running an asymmet- 
rical analysis using the variance of the data of biomass 
from the 3 replicated subsamples within each quadrat 
as the dependent variable. The design used for this 
analysis was the same as for cover. Student-Newman- 
Keuls (SNK) tests were used for a posteriori multiple 
comparisons of means. 

RESULTS 

Deposition of sediment 

The average amount of material collected by sedi- 
ment traps in the 2 sites varied from 2.1 to 28.2 g 
m-2 d-' and from 2.2 to 177.9 g m-' d-' respectively 
(Fig. 1B). The large spatial differences observed were 
mostly related to the coarse fraction (Fig. l C ) ,  while 
sedimentation of finer particles was less variable 
across sites (Fig. I D ) .  Sedimentation was generally 
greater during December-March, when wind velocity 
was high, which was probably related to resuspension 
of bottom sediments by wave action, rather than to 
contributions from erosion of terrestrial material due to 
rain. This is also suggested by the abundance of coarse 
material in the sediment traps. Temporal variation was 
much greater at one site than at the other, resulting in 
a significant interaction of Time x Site for all the com- 
ponents analysed (Total sediment: F,,,, = 10.56, p < 
0.001; Coarse material: = 10.44, p c 0.001; Fine 
material: F8,36 = 3.59, p c 0.01). 

Fig. 1 (A) Mean rainfall (0 )  and wind speed from SE to NW 
(m);  and mean rates of deposition (+ SE, n = 3) of (B) total sedi- 
ment, (C) coarse material p 2 0 0  pm) and (D) fine material 
(<200 pm) at 2 sites during various periods of deployment of 
sediment traps from September 1994 to September 1995. Data 
for rainfall and wind speed were taken in the nearby city of 

Livorno; wind velocities were measured at 06:OO h 

Abundance of turf-forming algae and 
trapped sediment 

The average percentage cover of the turf was gener- 
ally greater than 70% (Fig. 2). There was temporal 
variation (significant effect of Time, F,,,, = 2.55, p < 
0.05), with less cover in autumn and winter. This tem- 
poral trend was consistent at all sites (Time X Site 
interaction not significant, F18,90 = 0.86, p > 0.1), and 
no significant differences were observed among sites 
(F2, , ,  = 1.13, p > 0.05). 
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( Site 1 

Fig. 2.  Average (+ SE, n = 4) percentage cover of filamentous 
turf at 3 s ~ t e s  from October 1994 to September 1995 
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Increasing abundance during summer was more 
pronounced for biomass at all sites (Fig. 3; significant 
effect of time, = 11.57, p < 0.001), reflecting large 
variations in the thickness of the turf. Mean biomass of 
filamentous algae varied from 7.8 to 120.1 g m-'. Bio- 
mass varied greatly among quadrats within sites, as 
suggested by large standard errors (Fig. 3), but, sirmlar 
to percentage cover, no significant differences were 
observed among sites (Site: F2,14 = 2.18, p > 0.1; Time X 

Site: F14,72 = 1.70, p > 0.05). 
The average amount of total sediment per unit area 

trapped within the filamentous turf varied from 86.4 
to 923.6 g m-' (Fig. 4).  No significant temporal fluc- 
tuations were detected for any of the components 
analysed (Total sediment: F,,,, = 1.69, p > 0.1; Coarse 
material: = 1.46, p > 0.1; Fine material: Fan l6  = 2.56, 
p > 0.05). The amount of sediment trapped varied 
greatly among quadra.ts (Fig. 4) ,  and significant differ- 
ences among sites were found for all the components 
of sediment (Total sediment: F2,16 = 5.10, p < 0.05; 
Coarse material: = 5.48, p < 0.05; Fine material: 

,- 120 
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Fig. 3. Average (+ SE, n = 4) biomass of filamentous algae at 3 
sites from November 1994 to September 1995 

Fig. 4. Average (+ SE, n = 4) weights of (A) total sediment, 
(B) coarse material p 2 0 0  pm) and (C) fine material (<200 pm) 
trapped i.n the filamentous turf at 3 study sltes from November 

1994 to September 1995 

F2,16  = 3.95, p 0.05). Time X Site interactions were not 
significant (Total sediment: FI6 = 1.03, p > 0.1; 
Coarse material: FI6,,1 = 0.99, p > 0.1; Fine material: 
F16,81 = 0.7, P > 0.1). 

The amount of trapped sediment was large com- 
pared to the biomass of the filamentous algae. The 
ratios between the amounts of total, coarse and fine 
sediments and the algal biomass reached average 
values up to 25, 18 and 13 respectively (Fig. 5). These 
ratios significantly fluctuated over time (Total sedi- 
ment/algae: = 5.76, p < 0.01; Coarse material/ 
algae: = 2.86, p < 0.05; Fine material/algae: F7,,4 = 

4.79, p < 0.01), being greater during winter and spring 
at all sites. Ratios were variable among quadrats, and 
significant differences were detected among sites (Total 
sediment/algae: F2,14 = 7.02, p < 0.01; Coarse material/ 
algae: = 3.82, p i 0.05; Fine material/algae: = 
6.29, p < 0.05). Time X Site interactions were not sig- 
nificant (Total sediment/algae: = 1.03, p > 0.1; 
Coarse material/algae: FI4,12 = 1.26, p > 0.1; Fine 
material/algae: FIAv72 = 1.04, p > 0.1). Overall, there 
was a significant negative relationship between the 
amount of trapped sediment and the biomass of turf- 
forming algae (Fig. 6).  
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Fig. 5. Average (n  = 4) ratios of (A) total sediment:algae, 
(B) coarse materia1:algae and (C) fine matena1:algae at 3 sites 
from November 1994 to September 1995. SE are  not plotted 

for clarity 

Responses of the turf to variable deposition 
of sediment 

Four months after the beginning of the experiment, 
the turf had completely regained space in scraped 
quadrats, reaching coverage comparable to that in 
undisturbed quadrats (Fig. ?), while restoration of a 
thick mat was not complete (Fig. 8). Patterns of recov- 
ery of the turf were variable in space, resulting in sig- 
nificant differences among areas (Tables 2 & 3) and 
among quadrats (Table 3). 

Variations in the characteristics of the depositional 
environment did not affect the cover of the turf in 
scraped or undisturbed quadrats (Fig. 7, Table 2). 
Conversely, significant effects on the biomass of turf- 

Fig. 7. Effects of varying addition and grain-size of sediment 
on the cover of (A) established and (B)  developing turf in 
September 1996, 4 mo after the beginning of the experiment. 
Data are mean (+ SE, n - 6) percentage covers pooled across 

2 areas 

0 40 80 120 160 

Algal biomass (g m-2) 

Fig. 6.  Relationships between the ratios of (A)  total sediment: 
algae,  (B) coarse materia1:algae and (C] fine material.algae 

and the biomass of turf. Data are  from 3 sites and 8 tunes 

Fine 
D Medium 

Coarse 

0 100 200 
Sediment addition (g m-2 d-l) 
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m Fine m Fine 

Sediment addition (g m-' d-l) 

Fig. 8. Effects of varying addition and grain-s~ze of sedlment 
on the b~omass  of (A) establ~shed and (B) developing turf i n  
September 1996. 4 mo after the beginning of the experiment. 
Data are mean (+ SE, n = 6) values oi bio~llass pooled across 

2 areas 

= 0 100 200 
Sediment addition (g m-* d-l) 

Fig. 9. Effects of varying addition and grain-size of sediment 
on small-scale spatial variability of algal biomass of (A) estab- 
lished and (B) developing turf in September 1996, 4 mo after 
the beginning of the experiment. Data are mean (+ SE, n = 6) 
variances of values of biomass within each quadrat pooled 

across 2 areas 

forming algae were detected, but only in undisturbed coarse material were added, but differences among 
quadrats with an established assemblage (Fig. 8, grain-sizes were not statistically significant. 
Table 3), resulting in a significant Stage X Amount The amount and grain-size of sediment affected vari- 
interaction. In these treatments, the biomass of the fil- ability of biomass within individual quadrats, but only 
amentous algae significantly decreased in plots with in undisturbed plots with an established assemblage, 
higher rates of deposition of sediments. These effects resulting in significant Stage X Amount and Stage X 

were especially evident in plots where medium and Grain-size interactions (Fig. 9, Table 4) .  Higher levels 

Table 2. Asymmetrical analysis of effects of vanable amounts and grain-size of sedi.ment on percentage cover of the filamentous 
turf. Factors are: amount of sedim.ent added (0 vs 100 vs 200 g m-2 d-l, fixed), gram-size (flne vs medlum vs coarse; fixed), stage of 
development of the turf (developing vs established; fixed) and area (2 areas, nested in sediment treatments; random). For further 

details on the analysis see 'Material and methods' "p < 0.01 

Source of variat~on df Denominator 
MS For F-ratio 

Sediment = S  
Control vs Addition 
Among addition treatments 

Amount = A  
Grain-s~ze = G  
A x G  

Stage of development = D  
D x S  

D X Control vs Additlon 
D X Among add.i.tion treatments 

D x A  
D X G 
D x A x G  

Area (S) = Ar(S) 
D X Ar!S) 
Residual 

Ar(S) 

Ar(S) 
Ar(S) 
Ar(S) 

D X Ar(S) 

D X Ar(S) 

D Ar(S) 
D X Ar(S) 
D X Ar(S) 
Res~dual 
Residual 

Cochran's C-test: 
Transformation: 

C = 0.21 p > 0.05 
None 
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. -  - 

Table 3. Asymmetrical analysis of effects of variable amounts and grain-size of sediment on biomass of the filamentous algae. 
Factors are as  in Table 2, and quadrat (3 quadrats, nested in area; random). For further details on the analysis see 'Material and 

n~ethods'  ' p  c 0.05, "p 0.01 

Source of variat~on d f MS F Denominator 
h4S for F-ratio 

- - - -- - 

Sediment = S  6 
Control vs Addition 1 3.47 0.64 
Among addition treatments 

Amount = A  1 1.15 0.21 Ar(S) 
Grain size = G  2 3.10 0.57 Ar(S) 
A x G  2 1.27 0.23 Ar(S) 

Stage of development = D  1 9.32 9.86' D X Ar(S) 
D X S 6 

D X Control vs Addition 1 0.48 0.28 D x Ar(S) 
D X Among addition treatments 

D X A 1 7 52 7.95' D X Ar(S) 
D x G 2 2.17 2.30 D X Ar(S) 
D x A x G  2 1.15 1.22 D X Ar(S) 

Area (S) = Ar(S) 7 5 42 2.79' Q(D X Ar(S)) 

D x Ar(S) 7 0.95 0.49 Q(D X Ar(S)) 

Quadrat (D X Ar(S)) = Q(D x Ar(S)) 54 1.94 1.90" Residual 

Residual 163 1.02 

Cochran's C-test: C =  0.0881 p > 0.05 
Transformation: Logarithmic 

SNK test for D x A: Developing 100 = 200 
Established 100 > 200 

Table 4.  Asymmetrical analysis of the effects of variable amounts and grain-size of sediment on small-scale variability of bio- 
mass of the filamentous algae. Factors are as  in Table 2. For further details on the analysis see 'Material and methods' 'p c 0.05, 

"p < 0.01, "'p < 0.001 

Source of variation d f MS F Denominator 
MS for F-ratio 

- --  
Sediment = S  6 

Control vs Addition 1 2.060 0 27 A d s )  
Among addition treatments 

Amount = A  1 5 092 0.66 Ar(S1 
Grain size -G 2 2.424 0 32 Ar(S) 
A x G  2 0.230 0.03 Ar(S) 

Stage of development = D  1 43.762 34.87 "' D X Ar(S) 
D x S  6 

D X Control vs Addition 1 1.061 0.84 D X Ar(S) 
D X Among addition treatments 

D x A  1 17.296 13.78" D X Ar(S) 
D x G  2 6.700 5.34 ' D X Ar(S) 
D x A x G  2 2.020 1.61 D X Ar(S) 

Area (S) = Ar(S) 7 7.672 2 97" Residual 

D X Ar(S) 7 1 255 0.49 Residual 

Residual 54 2.585 

Cochran's C-test C = 0.1619 p > 0.05 
Transformation: Loganthmic 

SNK tests: D x A  D X G 
- -  

Developing 100 = 200 Developing fine = medium = coarse 
Established 100 > 200 Establ~shed fine = medium > coarse 
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DISCUSSION 

of sedimentation and the addition of coarse particles, scale of metres, therefore, the patchiness of the deposi- 
in fact, si.gnificantly decreased variability in the bio- tional environment might locally enhance the diversity 
mass of the established turf (Table 4). No effects were of the algal assemblage by mediating competitive 
observed on turf-forming algae developing in dis- interactions between the turf and the erect species. 
turbed quadrats, where variability of biomass within Conversely, on a scale of centimetres, large accumula- 
quadrats was generally less than in the established tion of sediment obscured differences in the biomass of 
assemblage. the turf and decreased habitat variability within ex- 

perimental quadrats. 
These results support the hypothesis that the re- 

sponses of algal assemblages to variations in the char- 
acteristics of the depositional environment may vary 

Studies on coupling between sedimentation and the with changes in spatial scale (Littler et al. 1983, McQuaid 
distribution of organisms on rocky shores have often & Dower 1990). Thus, the perception of coupling be- 
emphasised temporal or large-scale spatial patterns tween rates of sedimentation and the distribution and 
(Daly & Mathieson 1977, Seapy & Littler 1982, Stewart dynamics of algal assemblages might be influenced by 
1983, Saiz Salinas & Isasi Urdangarin 1994, Shaffer & the spatial extent of a study. This is particularly impor- 
Parks 1994). The prevalent opinion is that large loads tant because the scales of most field experiments are 
of sediment are detrimental to the overall richness usually relatively small, and it emphasises the need for 
and diversity of assemblages on rocky shore. Recent caution when trying to predict patterns at spatial scales 
studies, however, pointed out that, on a local scale bio- different from those directly investigated (Dayton & 
1.ogically relevant to individual thalli or invertebrates, Tegner 1984, Ricklefs 1987, Steel 1989, Jackson 1991, 
patterns of deposition may be highly variable, thus Levin 1992, Underwood & Petraitis 1993). 
contributing to maintenance of small-scale hetero- Previous observations on the same assemblage sug- 
geneity of habitat (Littler et al. 1983, McQuaid & gested that smothering from sediments may affect 
Dower 1990, Trowbridge 1996). At a regional scale, the biomass of filamentous species developing in dis- 
the reef of this study is characterised by rates of sedi- turbed quadrats more than that of established adult 
mentation that are large compared to other shallow turfs (Airoldi 1994). Opposite patterns were apparently 
coastal areas (Airoldi et al. 1996 and references indicated by the results of this experiment. Small-scale 
therein). The results, however, indicated that patterns variations in the quantity and size of sediment signifi- 
of deposition of sediment may vary over different spa- cantly affected the biomass of turf-forming algae, but 
tial scales. Sedimentation was greater following strong only in undisturbed quadrats with an established as- 
storms, and the regime of sedimentation significantly semblage. A possible explanation for this unexpected 
varied between nearby sites 100 m apart, suggesting outcome is that, during the experiment, some storms 
an  important role of the hydrodynamic conditions in reduced the effectiveness of increased sedimentation 
influencing transport of sediment along the coast. by removing part of the sediment added to the plots 
Superimposed on this large-scale pattern, sediment (authors' pers. obs.). Removal of sediment by wave 
was redistributed within each site. At a scale of metres, action was possibly more intense in scraped quadrats, 
accumulation of sediment in the turf was patchy, where the turf was not thick enough to bind and sta- 
probably reflecting differences in the microtopography bilise sediments. Responses of colonising turfs to depo- 
of the bottom and in profiles of flow speed at the sition could also be complicated by potential variation 
boundary layer (Carpenter & Williams 1993). in their rates of growth related to time of the year when 

The biomass of the turf was apparently not related to colonisation begins (Airoldi & Cinelli 1997, Airoldi in 
variation in the amount of sediment deposition across press). Whatever the mechanism, the responses of turf- 
different sites in the study area. At this spatial scale, forming algae to small-scale variations in the charac- 
the assemblage was strongly dominated by the algal teristics of the sedimentary environment were signifi- 
turf (Airoldi et al. 1995, Airoldi in press). At a spatial cantly influenced by their stage of development, and 
scale of metres, however, algal biomass was negatively these effects were probably modulated by the con- 
related to the amount of sediment trapped. Biomass of comitant action of other factors. Further experiments 
established algae differed significantly among experi- will be necessary to investigate if the effects of deposi- 
mental quadrats undergoing variable rates of deposi- tion of sediments on the algal assemblage are depen- 
tion of sediment. Such variability has been shown to dent on the regimes of disturbance and water move- 
potentially influence the distribution and abundance of ment of the area. 
some erect species, which in the study area oppor- Sediment may be considered to be a structural con- 
tunistically exploit gaps of substratum relatively free of stituent of this turf assemblage. The sediment trapped 
the turf (Airoldi & Cinelli 1997, Airoldi in press). At a in the algal filaments represented, on average, 96% of 
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the total mass of the turf. The amount of sediment per 
unit area remained relatively constant, despite signifi- 
cant temporal variations of rates of sedimentation. This 
suggests that the turf may trap particles and reduce 
their transport, thus stabilising sediments (Neumann 
et al. 1970, Scoffin 1970, Kendrick 1991). In turn, the 
characteristics of the depositional environment sig- 
nificantly affected the algal biomass, although the 
responses varied a t  different spatial scales and a t  
different stages of development of the turf. Average 
rates of sedimentation greater than 200 g m-2 d-' 
locally decreased the biomass of turf-forming algae in 
undisturbed plots, especially when associated with 
large grain-sizes. The vertical growth of the turf also 
seemed to be sensitive to scouring by sediments 
(Airoldi e t  al. 1995, Airoldi in press). Prostrate basal 
axes of the dominant species Polysiphonia setacea 
were, however, resistant to smothering and scouring 
(Airoldi in press), and the horizontal distribution of the 
turf in terms of cover was not affected by the charac- 
teristics of the depositional environment at any of the 
spatial scales examined in this and previous studies 
(Airoldi & Cinelli 1996, 1997, Airoldi in press). 

The interactions between algae and sediment within 
turfs are therefore complex and seem to be influenced 
by a number of factors acting at different spatial or 
temporal scales. It would appear that small-scale, 
detrimental effects on the vertical growth of the turf 
due  to local accumulation of sediments might be  com- 
pensated by indirect advantages for its horizontal dis- 
tribution on larger spatial scales, possibly through lirn- 
iting grazing by herbivores deterred by the presence of 
sediment (Robles 1982, D'Antonio 1986, McGuinness 
1987a, b) or inhibiting recruitment by algae that do  not 
form turfs (Sousa et  al. 1981, Airoldi in press). Little 
experimental evidence actually supports these hypo- 
theses, and further investigation is needed to evaluate 
the potential role of enhanced sediment loads in 
coastal areas in influencing spatial dominance by turf- 
forming algae that do not form turfs (Airoldi in press). 
To make this evaluation, it will be important to under- 
stand the particular range of scales that are relevant to 
the ecological processes being examined, including 
geographical differences in the regimes of physical 
and biological disturbance and local processes that 
influence spatial patchiness. 
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