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ABSTRACT 

At present days the biosphere is experiencing a rapid diversity decline. Disturbance and 

productivity are often cited as main factors determining patterns of species diversity. 

Connell’s intermediate disturbance hypothesis (IDH) postulates that diversity peaks at an 

intermediate level of disturbance intensity. Kondoh proposes a further model where the 

peak in the diversity-disturbance relationship is shifting to higher levels of disturbance with 

increasing productivity.  To test the validity of Connell’s concept and Kondoh’s model for 

the hard-bottom communities of the south coast of Madeira Island, Portugal, an in situ 

experimental approach was chosen. Macrobenthic sessile communities were surveyed on 

artificial settlement substrate (PVC-panels, 15x15 cm). During 6 months, a total of seven 

disturbances frequencies and three nutrient treatments were applied. A single disturbance 

event comprised biomass removal of 20% of the panel area. Species richness, Pielou’s 

evenness, Shannon index and total percent cover were recorded to measure the effects of 

productivity and disturbance treatments on diversity and community structure. Kondoh’s 

model and the IDH were not supported by this study. 

 
KEY WORDS: Intermediate disturbance hypothesis; Diversity; Disturbance; Productivity; 
Diplosoma sp. 

 

RESUMO 

Actualmente,  a biosfera está a viver um rápido declínio de biodiversidade. A 

perturbação e a produtividade são frequentemente citados como factores determinantes 

na biodiversidade. A teoria da ‘intermediate disturbance hypothesis’  (IDH) proposta por 

Connell aponta para que a diversidade atinja um maior valor quando a perturbação 

provocada tem um nível intermédio. Também Kondoh propôs um modelo onde a relação 

perturbação-diversidade atinge valores mais elevados com um aumento na produtividade. 

Para testar a validade de ambos os modelos em comunidades de substrato duro, realizou-

se  um processo experimental na costa sul da ilha da Madeira. Foram analisadas 

comunidades sésseis macrobentónicas em substrato artificial (paineis de PVC, 15x15 cm). 

Durante 6 meses, foram aplicados 7 níveis de perturbação e 3 níveis de nutrientes para 

aumentar a produtividade. Uma perturbação consistia na remoção de 20%  da biomassa 

presente no painel. Foram registadas 4 medidas de biodiversidade (nº de espécies, 

Pielou’s evenness, índice de Shannon e percentagem de cobertura) para verificar os 

efeitos de perturbação e productividade na  biodiversidade. Ambos os modelos não 

podem ser apoiados por este estudo. 
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1 INTRODUCTION 

Ecological communities do not all contain the same number of species, and one of the 

currently active areas of research in community ecology is the study of species richness or 

biodiversity. Measuring biodiversity is an important part of conservation biology, because 

an inventory of what is to be protected is needed (Krebs, 2001). 

In present days the biosphere experiences rapid extinction rates which exceed by 100 

to 1000 fold pre-human levels. If all species currently deemed “threatened” become extinct 

in the next century, then future extinction rates will be 10 times recent rates (Pimm et al., 

1995). One of the ecological tenets justifying conservation of biodiversity is that diversity 

begets stability. Therefore, the resistance of an ecosystem to perturbation and the speed 

of recovery, which is called resilience, are two important components of ecosystem 

stability (Tilman & Downing, 1994). Biodiversity can represent a form of biological 

insurance against the loss or poor performance of selected species. That is, communities 

with larger number of species should be more predictable with respect to properties such 

as local biomass. Currently most ecosystems are experiencing loss of biodiversity 

associated with the activities of human expansion (Naeem et al., 1994; Naeem & Li, 1997). 

Since many studies now suggest an important role of biodiversity in ecosystem 

performance, one of the currently active areas of research in community ecology is the 

study of diversity (Tilman & Downing, 1994; Tilman et al., 1996; McGradySteed et al., 

1997). Ecosystem goods and services provide an important portion of the total contribution 

to human welfare and for that same reason can hardly be over noted (Costanza et al., 

1997; Edwards & Abivardi, 1998). 

Biodiversity can be measured in several ways, like simply counting all species of a 

community. The resulting number of species or species richness is the first and simplest 

concept of biodiversity. A second concept of diversity is evenness. This concept considers 

the relative abundance of each species, since most communities consist of a few common 

species and many rare species (Krebs, 2001). Furthermore there are indices like the 

commonly used Shannon index (H') and Simpson index (D), that take both, species 

richness and evenness into account (Magurran, 1988). 

Species diversity varies greatly through space and time and many factors have been 

hypothesized to influence biodiversity (Mackey & Currie, 2001). There is no simple general 

answer to the question, what controls biodiversity? The answer depends on the species 

group and the scale of study (Krebs, 2001). In this context various hypotheses have been 

proposed, which fall in two general categories (Connell, 1978; Wilson, 1990). The 

hypotheses included in the first category are based on a model in which biodiversity of a 

community is in a state of equilibrium. This equilibrium model has been the classical model 
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of community organization for the past 50 years and is focused on stability (Krebs, 2001). 

If natural communities exist at equilibrium then competitive exclusion (Hardin, 1960) ought 

to be the rule, and each community should be dominated by a few species – the best 

competitors (Crawley, 1986). But since patterns of diversity observed in the field were not 

compatible with these models (Hutchinson, 1961), new hypotheses were postulated. 

These hypotheses are based on a nonequilibrium model which focus on random effects 

and species independence (Krebs, 2001). 

In most of the recent hypotheses, authors postulate that only a small number of factors 

are responsible for the majority of the variation in diversity in nature (Hacker & Gaines, 

1997; Smith & Witman, 1999). According to Krebs (2001) biodiversity is controlled by 

combinations of eight factors. These factors are the evolutionary history of a region, spatial 

heterogeneity, competition, predation, climate and its variability as well as productivity and 

disturbance. Apart from the climate and the evolutionary history one of the most important 

factors seems to be disturbance since it can operate on a local scale to maximize diversity 

by preventing competitive exclusion (Krebs, 2001).  

Presently, there are many definitions of disturbance and the study in question was 

based on the definition of Grime (1977). This author defines disturbance as a loss in 

biomass. Another more general and often cited definition is the one of White and Pickett 

(1985). According to these authors disturbance is any discrete event that disrupts 

ecosystem, community, or population structure and changes resources, substrate 

availability, or the physical environment. Therefore disturbance include abiotic factors like 

fire, draughts and floods, but also biotic processes like predation and grazing (White & 

Pickett, 1985). In benthic communities space is one of the key limiting resources and the 

most common disturbances are waves and storms (Paine, 1966; Krebs, 2001).  

During the 1970s, influential studies focussed on disturbance as a potential agent to 

offset competitive exclusion (Dayton, 1971; Grime, 1973; Horn, 1975; Connell, 1978; 

Sousa, 1979). Connell (1978) coined the term ‘intermediate disturbance hypothesis (IDH)’ 

to conceptualise the relationship between diversity and different levels of disturbance. The 

IDH states that species richness is highest at an intermediate level of disturbance with 

respect to both, disturbance frequency and intensity. Too intense or too frequent 

disturbances exclude all but the most resistant species, while too week or too rare 

disturbances fail to impair the dominant competitors. Intermediate levels of disturbance 

allow pioneer species to re-establish and to coexist with dominant forms while latter are 

suppressed in their abundances (Grime, 1973; Connell, 1978; Huston, 1979). This 

hypothesis was initially developed for tropical rain forests and coral reefs but it has also 

been used for other natural systems like communities of macroalgae (Sousa, 1979), 

plankton (Reynolds et al., 1993; Flöder & Sommer, 1999), insects (Fahrig & Jonsen, 1998) 
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and macroinvertebrates in freshwater systems (Lake & Marchant, 1989; McCabe & Gotelli, 

2000). 

Because of its attraction to community ecologists, the IDH has been the subject of 

numerous studies. Mackey and Currie (2001) reviewed 85 IDH studies published between 

1985 and 1996 and they found that diversity-disturbance relationships do not consistently 

show the peaked pattern predicted by the IDH. They concluded that disturbance is unlikely 

to account for more than small amounts of variation of diversity in nature (Mackey & 

Currie, 2000). Additionally, Kondoh (2001) proposes a model which incorporates nutrient 

levels as a second factor, although similar concepts have been postulated before (Huston, 

1994; Dial & Roughgarden, 1998; Proulx & Mazmuder, 1998). According to Kondoh’s 

model besides recruitment levels, nutrient levels, too, affect diversity-disturbance 

relationships. When productivity is high, the peak in the diversity-disturbance relationship 

is shifted to higher levels of disturbance, because high productivity favours superior 

competitors by increasing the colonisation rate. The chance of competitive exclusion of 

inferior competitors grows with increasing productivity. When productivity is low, the 

colonisation is lower, and the peak in diversity-disturbance relationship appears at lower 

levels of disturbance (Kondoh, 2001).  

The IDH and the model suggested by Kondoh (2001) are attractive hypothesis for the 

maintenance of high species diversity in communities, but they do not apply to all 

communities, and further work is needed do delimit their range of application (Hacker & 

Gaines, 1997; Krebs, 2001). Due to the increasing concern about the environmental 

consequences of biodiversity loss, clear experimental results are needed to provide 

guidance for environmental policy and resource management (Huston, 1997). 

The present study was designed to examine the interactive effects of disturbance 

frequency and productivity on species diversity and community assemblage in a sessile 

marine hard-bottom community at the south-coast of Madeira Island, Portugal. Diversity 

was observed while nutrient availability and disturbance frequency were manipulated in a 

field experiment at two different study sites. The observed macrobenthic communities 

mainly consist of primary producers and filter feeders, which are generally not directly 

connected across trophic levels. Therefore, difficulties which are related to a test of the 

IDH in multitrophic communities (Wootton, 1998) were avoided. The aim of this study was 

to examine if a) there is an effect of productivity and/or disturbance on diversity and 

community composition; b) the relationship between disturbance and diversity is unimodal 

as predicted by the IDH or c) productivity and disturbance interact as suggested by 

Kondoh (2001). 
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2 MATERIALS AND METHODS 

2.1 Study site 

The experiment was conducted in the bay of Funchal City, located at the south-coast of 

Madeira Island, Portugal (Fig. 1). The two experimental sites “Lazareto” (32º 38.7’ N, 16º 

53.2’ W) and “Cais do Carvão” (32º 37.9’ N, 16º 55.9’ W) are characterized in possessing 

mainly exposed rocky shores. Lazareto, in the following termed site L, is situated inside the 

“Garajau Nature Reserve”, a marine protected area since 1986 (Decreto Legislativo 

Regional nº 23/86/M) and was created to function as a fish nursery, and thus contribute to 

the repopulation of adjacent coastal fauna. On the other hand, Cais do Carvão (termed site 

C) is located near the main tourism area of Funchal. At both sites local tides are 

semidiurnal with mean tidal height of approximately 2 m. The substratum consists of 

basaltic boulders merging into a sandy floor at about 10 to 15 m depth (Bianchi et al., 

1998). According to Augier (1985) and Bianchi et al. (1998) the hard bottom communities 

are dominated by subsequent belts of Chthamalus stellatus, Corallina elongata and 

Cystoseira abies-marina in the midlittoral to infralittoral transition on exposed rocks. To 

about 5 m depth the dominant specie is Sargassum filipendula. Deeper infralittoral rocks, 

down to about 15-20 m depth, there are two major communities: one with a rich algal 

cover, dominated by Zonaria tournefortii and Stypopodium zonale; the other characterised 

by an almost bare substratum because of the grazing activity of sea urchins. The dominant 

sea urchin species in these depths are Diadema antillarum, while Arbacia lixula and 

Paracentrotus lividus occur at shallower waters. (Alves et al., 2001; Alves et al., 2003). 

The abundance of fish is higher on the sand bottoms particularly dominated by 

Taenioconger longissimus, Pomadasys incisus, Abudefduf luridus and Chromis chromis 

(Andrade & Albuquerque, 1995).  

At the south-coast of Madeira Island surface water temperature varies between 19 and 

25º C throughout the year and salinity ranges between 36.6 and 39.8 PSU (Caldeira et al., 

2002). In this area biological production is known to be relatively low with sea-surface 

chlorophyll concentrations of 0.07 mg l-1 (Caldeira et al., 2002), a typical value for 

oligotrophic oceanic waters (Lalli & Parsons, 1997). 
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Fig.1 – Study site at Funchal Bay, Madeira Island, Portugal 

 

2.2 Experimental design and setup 

A total of 12 moorings were installed at the beginning of the experiment at each study 

site. Moorings were intended to distance among them approximately 5 m, depending on 

tides, waves and water currents. Each mooring consisted of a ring (block) of grey 

polyvinylchloride (PVC) (60 cm diameter, 25 cm height) with the upper rim approximately 

0.5 m below water surface (Fig. 2). A canister of 30 l volume provided buoyancy and 30 kg 

of concrete served as ground weights in a water depth of approximately 6 to 8 m. PVC 

panels of 15x15 cm were used as artificial settlement substrate. Ten panels were fixed to 

the inner surface of each PVC ring with cable ties, allowing reversible detachment of 

panels. The surface of each panel facing the centre of the ring was roughened using a 

grinder. 

Dynamics of macrobenthic sessile communities were examined under different nutrient 

and disturbance regimes in a 3-factorial experiment with nutrient availability (fixed factor, 3 

levels), spatial heterogeneity nested in nutrient availability (random factor, 12 levels), and 

disturbance frequency (fixed factor, 7 levels). The latter was fully crossed with block and 

 N 

FUNCHAL 
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nutrient availability. To estimate variability within blocks, an extra replicate for each of 3 

randomly chosen disturbance treatments was added to each of the 12 blocks (Underwood, 

1997). Due to the random selection of within-ring replicates, treatment combinations were 

replicated at different rates: 8 replicates for the undisturbed controls, 6 replicates for level 6 

(disturbed every 2nd week) and 3 (disturbed every 8 weeks), and 5 replicates for all other 

levels. The total number of experimental units was 240 (Tab. 1). 

  

a) 

 

 

 

b) 

 

Fig. 2 – Set-up of a single mooring with attached PVC ring (a) Diagram (b) Underwater photograph 

 

Tab. 1 – Number of replicates in 4 rings for each disturbance treatment for 1 site.  

Disturbance level 0 indicates control panels (no disturbance); levels 1-6 correspond to 1 

disturbance every 12, 10, 8, 6, 4 and 2 weeks, respectively. 

Disturbance Treatments Number of Replicates 
0 8 
1 5 
2 5 
3 6 
4 5 
5 5 
6 6 
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The experiment was conducted between May 2004 and October 2004. Before the 

experiment was started, the panels were exposed to natural colonisation without 

manipulation (9 weeks in March – April).  At the end of this maturing phase, at both sites, 

the macrobenthic communities on two randomly chosen panels per ring were surveyed to 

obtain information about the diversity of these early-successional communities under 

natural conditions (10-18 May). Nutrient availability and disturbance treatments began after 

this first survey. Non-destructive samplings of the panels were done 8, 16, and 24 weeks 

after the start of the experiment. At the first sampling after 8 weeks, all panels that have 

been disturbed at least once (disturbance levels 3-6) and the controls (disturbance level 0) 

were surveyed, while after 16 and 24 weeks all panels were sampled.  

2.3 Disturbance treatments 

Disturbance was defined as the removal of biomass (Grime, 1977). Disturbance 

frequency was manipulated in seven levels, while spatial extension and intensity of 

disturbance were kept constant. For each disturbance manipulation, biomass was cleared 

at two non-overlapping circular spots of similar size (Fig. 3). This resulted in a loss of 

biomass on 20 % of the sampling surface area of the panel. The position of the spots was 

assigned randomly for each disturbance manipulation using a grid of 25 possible positions. 

Panels of different treatment levels were disturbed every 2, 4, 6, 8, 10 and 12 weeks 

(levels 6-1) and panels without disturbance (level 0) served as controls throughout the 6 

months of the experimental phase. Disturbance treatments were allocated randomly to all 

panels, while 3 randomly chosen treatment levels were replicated twice in each ring 

resulting in 5, 6 or 8 replicate panels of the same factor combination (see 2.2).  To conduct 

the manipulations, rings were lifted out of the water for at maximum 5 minutes per ring. 

 

a) 

 

b) 

 

Fig. 3 – (a) Example of a disturbed panel and (b) tools used for disturbance treatments 
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2.4 Nutrient treatments 

It was intended to manipulate nutrient concentrations at 3 levels: (1) ambient, (2) 50 % 

enhanced and (3) 100 % enhanced. A coated controlled-release fertilizer (Plantacote® pluss 

6M, Aglukon) was used to increase nutrient concentrations in the water column. This fertilizer 

was previously used by Worm et al., (2000). It contained nitrogen (14 %), phosphate (9 %), 

potassium (15 %) and various micronutrients. The release characteristics of the fertilizer 

were determined in a pilot study during February 2004. This study was conducted in site C, 

where 4 separate meshed bags with 50, 100, 200 and 300 g of fertilizer were hung into the 

water for 1 week. Subsequently, water samples were taken at each bag in a distance of 0, 5, 

10 and 40 cm. To determine ambient nutrient levels, further samples were taken at a 

minimum distance of 500 cm from any fertilizer source. To test for the durability of the 

fertilizer, water samples were taken near the 4 bags containing 200 g of fertilizer after 14, 21, 

28 and 35 days. The results of the pilot study suggested using an amount of 90 g of fertilizer 

per panel for nutrient level 2, and 180 g of fertilizer per panel for level 3. One nutrient 

treatment was assigned randomly to each ring (i.e., block), resulting in 4 replicate rings of the 

same treatment. The fertilizer for each ring was distributed in nylon bags with approximately 

2 mm mesh size (10 bags for level 1 and 2; 20 bags for level 3) and fixed between the panels 

with cable ties (Fig. 4). To exclude possible bias by modified hydrodynamics, control rings 

(nutrient level 1) were equipped with bags filled with inert material (gravel) (Fig. 5). All bags 

were refilled every 4 weeks to guarantee an optimal performance of the fertilizer. Before 

being brought to the field, the fertilizer was activated in containers with seawater for 3 days to 

ensure that nutrients were released from the first day of exposure. 

 

a) 

 

b) 

 

Fig. 4 - (a) PVC ring representing nutrient level 1 or 2 (10 meshed bags filled with fertilizer or gravel). (b) PVC ring 

representing nutrient level 3 (20 meshed bags filled with fertilizer). 
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Fig. 5 - Material for nutrient treatments: Plantacote® pluss 6M 

fertilizer (left), gravel and nylon bag (right). 

 

To control the performance of the fertilizer, water samples were taken every second week. 

Water was sampled near the panels of each ring with a 500 ml plastic container and 

subsequently filtered using a syringe with an attached cartridge and Whatman GF/F-filters for 

Chlorophyll a analyses. Water samples and filters were then frozen at -25º C within 6 hours 

after sampling and kept in the dark. Nitrite, nitrate, phosphate and Chlorophyll a 

concentrations were determined within 3 weeks after sampling, following the methods of 

Grasshoff et al., (1999). In addition, water temperature and salinity were recorded on every 

2nd week. 

 

2.5 Sampling 

Rings were brought to the shore and panels were cut loose for non-destructive sampling 

of the panel community. Care was taken that panels were constantly submerged and 

protected from direct sun exposure. 

During each survey percent cover of each sessile species (> 1 cm) was estimated on 

every panel by the naked eye (Meese & Tomich, 1992; Dethier et al., 1993; Benedetti-Cecchi 

et al., 1996). To reduce the risk of sampling artefacts, no data were taken from a 1 cm wide 

margin around the 15x15 cm panel, leaving 169 cm2 of substratum per panel for the analysis. 

Percent cover was estimated to round 5 % intervals. Species covering less than 1 % were 

not recorded. In case of multi-strata growth total percent cover exceeded 100 %. Wet weight 

of the communities was recorded with a scale of 1 g resolution after panels rested vertically 

for 1 min to allow water to drain. All panels of one ring were surveyed within less than 1 hour.  
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Species identification was done with the help of books and identification keys (Taylor, 

1960; Levring, 1974; Dixon & Irvine, 1977; Riedl, 1983; Flechter, 1987; Burrows, 1991; 

Maggs & Hommersand, 1993; van den Hoek et al., 1993; Weinberg, 1993; Hayward & 

Ryland, 1995; Saldanha, 1995; Weinberg, 1995; Wirtz, 1995; Gibson et al., 2001; Neto et 

al., 2001; Wirtz & Debelius, 2003) or samples were send to experts. If possible, organisms 

were identified to species level. Since not all organisms could be identified, specimens of 

all species were taken from the backside of the rings during the course of the experiment 

and stored in 5 % formol at the Marine Biology Station of Funchal, Madeira Island as a 

reference. 

 

2.6 Data analysis 

Data from the first sampling after 8 weeks (July) were used for statistical analysis. All 

analyses were performed separately per site. Due to severe grazing of the sea urchin 

Arbacia lixula during the last 3 months of the experiment (Fig. 6), the results of the second 

and third sampling are given for comparison only. For this reason disturbance treatments 

(0-6) are in the following referred to as 0-4. Disturbance level 0 indicates control panels (no 

disturbance); levels 1-4 correspond to 1 disturbance every 8, 6, 4 and 2 weeks, 

respectively. Since grazing can be classified as a disturbance (White & Pickett, 1985) and 

its effect could not be quantified, no statistical analyses were carried out for these data 

sets. 

  

Fig. 6 - Example of a community on a PVC panel (nutrient level 3) after 24 weeks experiencing severe 

grazing of the sea urchin Arbacia lixula. 

 

As the two major components of species diversity, species richness and evenness were 

calculated from the sampling data (Magurran, 1988). Species richness was defined as the 
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number of species on each panel. Pielou´s evenness (J´) was taken as a measure for 

evenness and was calculated using the following formula: 

     J´ = H´ (observed) / H´max 

where H´ is the Shannon index and H´max the maximum possible diversity which would be 

achieved if the abundance of all species was equal.  

As a further diversity measure the Shannon index (H´) was calculated using the equation:  

     H´ = -∑pi ln pi 

where pi is the proportion of individuals found in the ith species.  

Additionally, total percent cover was calculated from the sampling data and was arcsine 

transformed for linear regression analyses and ANOVA (Underwood, 1997; Quinn, 2002; 

Benedetti-Cecchi, 2004).  

Data were modelled with linear regression analysis to test for relationships between 

disturbance and species diversity (separately for each nutrient level). The within-ring 

replicates were used to calculate the residual mean squares for each response variable 

within a 3-factorial nested ANOVA to evaluate the variation among rings. With these residual 

terms a second 3-factorial nested ANOVA was carried out with nutrient availability and 

disturbance as fixed factors and ring as a random factor to investigate whether there were 

significant effects of the factors or interactions between them (Underwood, 1997; Benedetti-

Cecchi, 2004). Prior to analyses, homogeneity of the data was confirmed with Cochran's test. 

Multiple comparisons were done with the Tukey’s least honest significance difference test 

(Tukey’s HSD) for significant main effects, while planned comparisons were conducted using 

linear and quadratic contrast analyses for significant interactions. All calculations and 

graphics were performed with the "Statistica™" software package 6.0 and the “SPSS” 

software package 11.5. 

In addition, percent cover data were used for multivariate analyses of similarity (ANOSIM) 

to evaluate treatment effects on species composition (Clarke, 1993). This technique uses 

rank similarities to compare the similarity of samples within groups to that between groups. 

ANOSIM provides a measure of difference (R), which is scaled to lie between -1 and +1. 

Values of R usually fall between 0 and 1. Increasing positive values represent increasing 

differences among samples. Values less than 1 indicate the generally unusual situation of 

lower levels of similarity within treatment groups than between them. Nevertheless, they may 

be indicative of particular patterns of difference among samples and thus they may be 

informative about potential ecological processes creating differences (Chapman & 

Underwood, 1999). According to Clarke and Gorley (2001), R values can be categorised into 

3 groups:  
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- R > 0.75 indicates large differences and the groups are well separated 

- R > 0.25 indicates clear differences, but the groups are ‘overlapping’ 

- R < 0.25 indicates little/no difference and the groups are barely separable 

One-way ANOSIM was used to test for differences in species composition among panels 

that experienced different disturbance and nutrient levels. ANOSIM was based on the Bray-

Curtis similarity coefficient calculated from non-standardised, square root transformed data. If 

a significant result was obtained, pairwise comparisons were conducted to determine which 

levels differed. Subsequently, similarity percentage analyses (SIMPER) were carried out to 

quantify the relative contribution of individual species to dissimilarity between assemblages 

(Clarke, 1993). All calculations and graphics for ANOSIM were conducted using the 

"PRIMER™"(Plymouth Marine Laboratory) software package 5.2.  
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3 RESULTS 

3.1 Water samples 

At both study sites the analyses of water samples detected no effects of the different 

nutrient treatments on the concentration of nutrients in the water column. One-way ANOVA 

revealed that the measured nutrient concentrations near the PVC-rings did not differ among 

nutrient levels for any of the nutrients analysed nor at any of the sampling dates. Typical 

results of a water samples analysis are illustrated in Fig. 7. The measured nutrient 

concentrations varied on average between 0.1 and 0.4 μmol l-1 for nitrite, 2.7 and 6.6 μmol l-1 

for nitrate, and 1.0 and 3.0 μmol l-1 for phosphate between rings. Chlorophyll a 

concentrations were not determined because natural concentrations were lower than the 

detection limit (0.2 mg l-1) of the used spectrophotometric method. Since it was not possible 

to assess the exact nutrient enrichment generated by the fertilizer, the nutrients levels are in 

the following referred to as ambient, enriched+ and enriched++, respectively. Surface water 

temperature at both sites varied between 19 and 25º C with a maximum in September. 

Salinity fluctuated between 35 and 39 PSU (Fig. 8). 
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Fig. 7 - Concentration of phosphate (+), nitrite (x) and nitrate ( ) in µmol l-1 at the different nutrient treatment 

levels. Water samples were taken a) at Lazareto on 25 May and b) at Cais do Carvão on 28 May. 
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Fig. 8 – (a) Salinity and (b) temperature values from May to October in site L (Lazareto) and Site C (Cais do 

Carvão). 

 

3.2 Spatial variability 

Spatial variability can be due to e.g. shading or water currents. Spatial variability among 

rings (blocks) of identical nutrient treatments was generally high, as reflected in the ANOVA 

results (Tab. 2). At both study sites the random factor `block´ (R(N)) had a significant 

influence on 50% of the response variables on site L and 75% on site C, indicating that the 

location of the rings interfered with the applied treatments. These results suggest a high 

variability of environmental parameters within the study areas, resulting in a patchy 

distribution of communities. This is a common phenomenon in intertidal rocky shores (Menge 

& Branch, 2001).   

 

3.3 Species Richness 

After 8 weeks species richness varied for both study sites between 6 and 17 species (Fig. 

9a and 11a) and was therefore slightly higher than in May before the beginning of the 

nutrient and disturbance treatments (4-11 species). In comparison to the following sampling 

after 16 weeks (September) species richness did not change essentially (3-18 species in site 

L, 5-19 in site C), but there was a slight decrease in October (2-14 species in site L, 2-16 in 

site C).  

At site L, the species richness-disturbance relationship was non-significant for nutrient 

level ambient and enriched+ (Tab. 3), while it was significantly linear for nutrient level 

enriched++ (R2 = 0.230, p < 0.01). In this case there was a negative correlation between 

disturbance and species richness, although the proportion of variance explained by the linear 

regression was relatively low due to the high scatter of the data (Fig. 10). The results of the 

ANOVA showed no significant effect of the 5 disturbance and 3 nutrient treatments on 

species richness (Tab. 2). 
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Fig. 9 Influence of disturbance frequency at site L on (a) species richness, (b) Pielou´s evenness, (c) Shannon 

index and (d) total percent cover at the different nutrient levels after 8 weeks of experimental duration. Means (□), 

standard errors (box) and standard deviations (whisker) are indicated. Disturbance level 0 indicates control panels 

(no disturbance); levels 1-4 correspond to 1 disturbance every 8, 6, 4 and 2 weeks, respectively.  
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Fig. 10 – Relationship between disturbance and species richness after 8 weeks at site L. (Confidence bands 

0,95) 

At site C an interactive effect of nutrient availability and disturbance frequency on species 

richness was detected by ANOVA (p < 0.01) (Tab. 2 and Fig. 12) while, however subsequent 

linear and quadratic contrasts did not reveal any significant differences between factor 

combinations. This is most likely due to the large overlap in confidence intervals between 

groups (Fig. 11a). A significant effect of disturbance (p< 0.01) was not considered because in 

the presence of significant interactions the hypotheses associated with the main factors are 

no longer logically valid (Underwood, 1997; Benedetti-Cecchi, 2004). Linear regression 

analyses, on the other hand, showed no significant results for any of the nutrient levels (Tab. 

3). 
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Fig. 11 - Influence of disturbance frequency at site C on (a) species richness, (b) Pielou´s evenness, (c) Shannon 

index and (d) total percent cover at the different nutrient levels after 8 weeks of experimental duration. 

Abbreviations and disturbance levels as in Fig. 9. 
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Fig. 12 - Interaction between nutrient availability and disturbance frequency on species richness at site C. Means 

and standard deviations (whisker) for the 3 nutrient levels are indicated (ambient (− −), enriched+ (-- --) and 

enriched++ (⋅⋅⋅ ⋅⋅⋅)). Disturbance levels as in Fig. 9. 
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3.4 Pielou’s evenness 

Values for the Pielou´s evenness of all communities varied between 0.46 and 0.85 at site 

L (Fig. 9b), and 0.54 and 0.89 at site C (Fig. 11b), suggesting that species proportions in the 

communities were medium to highly equal, with a relative low dominance of single species 

(Magurran, 1988). After 16 weeks values for evenness were in the same range, but changed 

considerably after 24 weeks (0.38-0.95 for site L, 0.28-0.94 for site C). These results again 

might be influenced by the grazing of the sea urchins. In contrast to species richness, at both 

sites evenness was neither affected by the applied nutrient treatments nor disturbance 

treatments as the results of the linear regression and ANOVA analyses showed (Tab. 2 and 

3). Also no interactions between productivity and disturbance were detectable.   

 

3.5 Shannon 

The Shannon index ranges from 1.34 to 2.24 for site L (Fig. 9c) and from 1.00 to 2.55 for 

site C (Fig 11c). This range got larger over time: 0.73-2.73 after 16 weeks for site L and 0.79-

2.58 for site C and after 24 weeks 0.35-2.22 and 0.19-2.47, respectively. Since the value of 

the Shannon index is usually found to fall between 1.5 and 3.5 (Magurran, 1988), the 

diversity of the surveyed communities measured with this index is relatively low. 

Effects of treatments on the Shannon index were similar to those on species richness. 

This is in accordance to the theory, as the value of the Shannon index is related to species 

richness (Magurran, 1988). At site L the Shannon index declined monotonically with 

increasing disturbance frequency at nutrient level enriched++ (Fig 13), although with a low 

goodness-of-fit (R2 = 0.159, p < 0.05). For the other 2 nutrient levels the Shannon index-

disturbance relationships were non-significant (Tab. 3). ANOVA found a significant effect of 

nutrient availability on the Shannon index (p < 0.05) and the Tukey´s HSD revealed that the 

Shannon index was significantly lower at nutrient level ambient and enriched+ than at level 

enriched++ (Fig. 14 and Tab. 4). However, no significant effect of disturbance or any 

interaction between nutrient availability and disturbance frequency were found (Tab. 2).  

 

 

 

 

 

 

 



Results 

João Canning Clode 

22 

Site L 

0 1 2 3 4

disturbance level

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6
S

ha
nn

on
 in

de
x

 

Fig. 13 – Relationship between disturbance frequency and Shannon index after 8 weeks at site L. (Confidence 

bands 0,95) 
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Fig. 14 – Tukey's HSD multiple comparisons for site L after 8 weeks of experimental duration (variable Shannon 

index; nutrient level 1 - ambient, level 2 - enriched+, level 3 - enriched++) 
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Tab 2 - Effects of nutrient availability and disturbance frequency on diversity after 8 weeks of experimental 

duration at both study sites (3-factorial nested ANOVA). df - degrees of freedom; MS - mean square; N - nutrient 

availability, R(N) - ring nested in nutrient availability, D - disturbance, NxD - N crossed with D, DxR(N) - D crossed 

with R(N), * - p < 0.05. 

site diversity measure source df MS  F p 

  N 2 23,45 2,76 0,116 
L species richness R(N) 9 8,48 1,85 0,106 
  D 4 9,46 2,46 0,063 
  NxD 8 4,70 1,22 0,317 
  DxR(N) 36 3,86 0,84 0,687 
  Residual 26 4,58   
       
  N 2 0,02 1,62 0,252 
 Pilou´s evenness R(N) 9 0,01 3,14 0,011* 
  D 4 0,01 1,16 0,345 
  NxD 8 0,00 0,81 0,601 
  DxR(N) 36 0,00 1,31 0,241 
  Residual 26 0,00   
       
  N 2 0,31 4,52 0,044* 
 Shannon index R(N) 9 0,07 2,85 0,018* 
  D 4 0,07 1,34 0,273 
  NxD 8 0,30 0,57 0,793 
  DxR(N) 36 0,05 2,19 0,020* 
  Residual 26 0,02   
       
  N 2 0,03 1,01 0,401 
 total % cover R(N) 9 0,03 1,24 0,315 
  D 4 0,03 2,38 0,070 
  NxD 8 0,01 1,01 0,449 
  DxR(N) 36 0,01 0,54 0,956 
  Residual 26 0,03   
       
       
  N 2 0,60 0,03 0,972 

C species richness R(N) 9 20,89 4,11 0,002* 
  D 4 10,57 4,26 0,006* 
  NxD 8 8,52 3,44 0,005* 
  DxR(N) 36 2,48 0,49 0,979 
  Residual 29 5,09   
       
  N 2 0,00 0,24 0,788 
 Pilou´s evenness R(N) 9 0,00 0,84 0,585 
  D 4 0,00 0,35 0,840 
  NxD 8 0,01 2,17 0,054 
  DxR(N) 36 0,00 0,76 0,780 
  Residual 29 0,01   
       
  N 2 0,01 0,07 0,931 
 Shannon index R(N) 9 0,15 2,33 0,041* 
  D 4 0,03 1,02 0,410 
  NxD 8 0,13 3,92 0,002* 
  DxR(N) 36 0,03 0,53 0,966 
  Residual 29 0,06   
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  N 2 0,00 0,01 0,988 
 total % cover R(N) 9 0,08 3,36 0,006* 
  D 4 0,05 1,97 0,121 
  NxD 8 0,03 1,18 0,335 
  DxR(N) 36 0,02 0,95 0,564 
  Residual 29 0,03   

       
 

 

Tab 3 - Effects of disturbance on diversity after 8 weeks of experimental duration at both study sites. Results of 

the linear regression analyses are shown at each nutrient level (degrees of freedom = 89). 

 
 

 
nutrient 

 species 
richness 

 Pielou´s 
evenness 

 Shannon index  total % 
cover 

site level  R² p  R² p  R² p  R² p 
 ambient   0,013 0,550  0,006 0,696  0,001 0,873  0,000 0,971 

L enriched+  0,075 0,136  0,059 0,189  0,081 0,120  0,089 0,109 
 enriched++  0,230 0,007*  0,026 0,398  0,159 0,029*  0,086 0,116 
              
 ambient   0,009 0,628  0,075 0,142  0,056 0,207  0,000 0,935 

C enriched+  0,103 0,084  0,019 0,470  0,080 0,129  0,038 0,303 
 enriched++  0,051 0,231  0,005 0,701  0,044 0,269  0,051 0,233 
              

 

 

 

Tab 4 - Tukey's HSD multiple comparisons for site L after 8 weeks experimental duration (variable Shannon 

index) (nutrient level 1 - ambient, level 2 - enriched+, level 3 - enriched++). (MS = 0,056, df= 45) 

compared nutrient levels  1, 2 2, 3 1, 3 
 

   
 p = 0.996 p < 0.05 p < 0.05 
    

 

 

At site C the Shannon index-disturbance relationships were non-significant at all nutrient 

levels (Tab. 3), but a significant interaction between nutrient availability and disturbance on 

the Shannon index was detected (p < 0.05) (Tab. 2 and Fig. 15). Similar to the results found 

for species richness, subsequent linear and quadratic contrasts did not reveal any significant 

relationship. 
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Fig. 15 - Interaction between nutrient availability and disturbance frequency on Shannon index at site C. Means 

and standard deviations (whisker) for the 3 nutrient levels are indicated (ambient (− −), enriched+ (-- --) and 

enriched++ (⋅⋅⋅ ⋅⋅⋅)). Disturbance levels as in Fig. 9. 

 

3.6 Community composition 

After 8 weeks of experimental duration all communities at both sites were dominated 

(cover ≥ 10 %) by the red algae Lithophyllum incrustans and Polysiphonia sp. and by the 

ascidian Diplosoma sp. (Fig. 16). Other species were present, but less abundant like the red 

algae Ceramium sp. and Champia parvula and the hydrozoan Pennaria disticha (cover = 1-

10 %). Rare species (cover < 1 %) included 10 algae species and 14 macroinvertebrates. 

After 8 weeks of experimental duration, a total of 35 species were found, including 17 algae 

and 18 macroinvertebrates with a dominance of red and green algae and hydrozoans (Tab. 

5). In the following weeks until the end of the experiment more 5 species were identified 

although not taken into consideration due to the grazing activity of the sea urchin Arbacia 

lixula. Several mobile organisms were observed, in particular the sea urchin Arbacia lixula 

and the crab Planes minutus, but their abundance was not recorded (Tab. 6). At site L total 

percent cover for all communities on the panels ranged from 46 to 154 % (Fig. 9d) and at site 

C from 43 to 183 % (Fig. 11d). No significant effects of nutrient availability and disturbance 

frequency nor interactions between these factors on total percent cover were detected (Tab. 

2 and 3).   
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Fig. 16a - Mean percent cover of the predominant settlers at site L for each disturbance and nutrient level after 8 

weeks of experimental duration (each presented species accounted for ≥ 10 % of total cover on average). S - 

start communities; disturbance level 0 - control panels (no disturbance), levels 1-4 correspond to 1 disturbance 

event every 8, 6, 4 and 2 weeks, respectively.  
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Fig. 16b - Mean percent cover of the predominant settlers at site C for each disturbance and nutrient level after 8 

weeks of experimental duration. Abbreviations and disturbance levels as in Fig 16a. 
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Tab. 5 - List of species grouped by phylum. Abundance of organisms after 8 weeks of experimental duration is 

given as a range of total % cover (average values) for the two study sites. n.p. - not present, - < 1 % cover (rare), 

+ > 1-10 % cover, ++ > 10-max. 35 % cover (abundant). See pictures of several organisms in Appendix. 

 abundance 
after 8 weeks 

 

algae* site L site C 
Chlorophyta   
Bryopsis sp. - n.p. 
Chaetomorpha sp. - - 
Codium adherens C. Agardh - - 
Enteromorpha intestinalis (Linné) Nees, 1820 - - 
Ulva rigida C. Agardh, 1823 + + 
   
Heterokontophyta   
Colpomenia sinuosa (Mertens ex Roth) Derbès & Solier, 
1851 

- - 

Lobophora variegata (J.V. Lamouroux) Womersley ex E.C. 
Oliveira, 1977 

n.p. - 

Licmophora sp. - + 
Class Bacillariophyceae: species 1 + + 

   
Rhodophyta   
Ceramium sp. + + 
Champia parvula (C. Agardh) Harvey, 1853 + + 
Corallina sp. - - 
Jania sp. + + 
Laurencia sp. + - 
Lithophyllum incrustans Philippi, 1837 ++ ++ 
Polysiphonia sp. + ++ 
Order Ceramiales: species 1 - n.p. 

   
 

  

   
macroinvertebrates**   

Porifera   
Class Calcarea: species 1  - - 
Class Calcarea: species 2  - - 
   
Cnidaria   
Aglaophenia pluma (Linnaeus, 1758) + + 
Antennella sp.  - - 
Obelia geniculata (Linnaeus, 1758) - - 
Pennaria disticha (Goldfuss, 1820) + + 
Tubularia larynx Ellis & Solander, 1786 - - 
   
Annelida   
Serpula vermicularis Linnaeus, 1767 + + 
Family Serpulidae: species 1  - - 
Family Serpulidae: species 2  - n.p. 
Family Serpulidae: species 3  - - 
   
Arthropoda   
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Balanus sp.  + - 
Lepas anatifera Linnaeus, 1767 - - 
   
Bryozoa   
Schizoporella sp.  n.p. - 
Family Lichenoporidae: species 1 - - 
   
Chordata/Tunicata   
Botrylloides  leachi (Savigny, 1816) n.p. - 
Botryllus schlosseri (Pallas, 1774) - - 
Diplosoma sp.  ++ ++ 

   
* taxonomy according to van den Hoek et al. (1993)   
** taxonomy according to Hayward and Ryland (1995)   
 

Tab 6 - List of mobile species grouped by phylum. It should be noted that this list is incomplete and contains only 

the most abundant organisms. Taxonomy according to Hayward and Ryland (1995). See pictures of several 

organisms in Appendix. 

Platyhelmintes  
Pseudocerus maximus Lang, 1884 
 
Mollusca 
Columbella sp. 
Dolabrifera dolabrifera (Cuvier, 1817) 
Pleurobranchus areolatus Mörch, 1863 (first record at Madeira Island) 
Pleurobranchus garciagomezi Cervera, Cattaneo-Vietti & Edmunds, 1996 
 
Arthropoda 
Acanthonyx lunulatus (Risso, 1816) 
Cabrella sp.  
Grapsus grapsus (Linnaeus, 1758) 
Planes minutus (Linnaeus, 1758) 
Xantho incisus Leach, 1814 
Order Amphipoda: several species 

 
Echinodermata 
Antedon bifida (Pennant, 1777) 
Arbacia lixula (Linnaeus, 1758) 
 
 

At each nutrient level community composition did not differ significantly among panels that 

experienced different disturbance treatments (Tab. 7). Also no significant differences in 

species compositions were found between assemblages at different nutrient levels (averages 

over all disturbance treatments) at both sites. The same result was obtained in the 

subsequent comparison between assemblages of the two sites (averages over all factor 

combinations), indicating that both sites had similar macrobenthic communities (Tab.7) This 

result corresponds to the interpretation of Fig. 15 discussed above. Therefore, neither study 

site nor nutrient availability and disturbance influenced community composition after 8 weeks 
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and panels of all factor combinations had similar macrobenthic communities. This result 

corresponds to the interpretation of Tab. 7 discussed below.  

 

Tab. 7 - Effects of disturbance, nutrient availability, site and start community on community compostion after 8 

weeks of experimental duration. Global R and p values of 1-way ANOSIM are indicated for both sites. 

factor assessed site nutrient level R  p 
  ambient -0,039 0,755 
disturbance Lazareto enriched+ 0,023 0,356 
  enriched++ -0,006 0,534 
     
  ambient -0,071 0,889 
 Cais do Carvao enriched+ 0,022 0,348 
  enriched++ -0,016 0,551 
     
nutrient enrichment Lazareto  0,038 0,125 
     
 Cais do Carvao  0,030 0,194 
     
site both sites  0,187 0,121 
     
start community both sites  0,561 0,001 

     

 

In contrast, at the end of the maturing period (start communities), communities differed 

significantly between the two study sites (global R = 0.561, p = 0.001) and were also 

significantly different from the communities after 8 weeks (Tab. 8). At site L the pairwise 

comparisons between the start communities and the assemblages that experienced different 

disturbance levels, generally showed different but overlapping compositions at each nutrient 

level. At site C composition of the start communities was either different but overlapping or 

completely different from the communities after 8 weeks (Tab. 8). The two most abundant 

species Lithophyllum incrustans and Diplosoma sp. contributed at least 20 % to the observed 

changes in communities over time at both sites (SIMPER-analysis). Several other species 

accounted to lesser extends to the dissimilarities between groups.  
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Tab. 8 - ANOSIM pairwise comparisons between start communities (group 5) and communities after 8 weeks of 

experimental duration, that experienced different disturbance treatments (level 0 and 1-4) at each nutrient level. R 

and p values are indicated. Disturbance level 0 - control panels (no disturbance), levels 1-4 correspond to 1 

disturbance event every 8, 6, 4 and 2 weeks, respectively.  

factor assessed site nutrient compared R  p 
    level groups   

   5, 0 0,590 0,001 
start community Lazareto ambient 5, 1 0,528 0,006 
   5, 2 0,620 0,002 
   5, 3  0,635 0,004 
   5, 4 0,626 0,002 

      
   5, 0 0,784 0,001 

  enriched+ 5, 1 0,724 0,002 
   5, 2 0,616 0,004 
   5, 3  0,600 0,004 
   5, 4 0,709 0,002 
      
   5, 0 0,816 0,001 
  enriched++ 5, 1 0,733 0,002 
   5, 2 0,488 0,004 

   5, 3  0,635 0,004 
   5, 4 0,635 0,002 

      
   5, 0 0,802 0,003 
 Cais do Carvao ambient 5, 1 0,713 0,002 

   5, 2 0,715 0,002 
   5, 3  0,821 0,002 
   5, 4 0,780 0,002 
      
   5, 0 0,812 0,001 

  enriched+ 5, 1 0,816 0,002 
   5, 2 0,800 0,002 
   5, 3  0,867 0,002 
   5, 4 0,654 0,002 
      
   5, 0 0,856 0,001 
  enriched++ 5, 1 0,874 0,002 
   5, 2 0,741 0,002 
   5, 3  0,704 0,002 
   5, 4 0,883 0,002 
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4 DISCUSSION 

4.1  Summary of the results  

At the study site Cais do Carvão (site C) neither nutrient availability nor disturbance 

frequency had any significant effect on evenness, total percent cover and community 

composition after 8 weeks of experimental duration. Significant interactions between nutrient 

availability and disturbance frequency were found with regard to species richness and the 

Shannon index, while no significant linear relationships between disturbance and diversity 

were detected. Community compositions after 8 weeks were similar for all factor 

combinations, while the start communities were significantly different from the communities 

after 8 weeks indicating a different successional stage of the communities at the beginning of 

the experiment.  

At Lazareto (site L) no significant interactions between nutrient availability and disturbance 

frequency were detected, but nutrient availability had a significant effect on the Shannon 

index. The subsequent Tukey´s HSD revealed, that the Shannon index was significantly 

higher at nutrient level enriched++ than at the other two levels. At this site negative linear 

relationships between disturbance and species richness as well as the Shannon index were 

detected at nutrient level enriched++. The macrobenthic communities after 8 weeks were 

similar at both study sites. In contrast, the two start communities differed significantly 

indicating different successional stages of the start communities at both sites.  

Though the results obtained at the two study sites, which are nearly identical in 

environmental conditions, are largely similar, some differences were detectable. At site C an 

interaction between disturbance and nutrient availability was found, showing the trend for a 

unimodal disturbance-diversity relationship at ambient nutrient conditions, a decrease of 

diversity with disturbance frequency under enriched+ conditions and an icrease under 

enriched++ conditions. These effects were not found at Lazareto. 

4.2 Effects of nutrient availability and disturbance frequency on diversity 

Though significant interactions between nutrient availability and disturbance frequency 

were found at site C, no significant differences between factor combinations were detected. It 

is therefore not possible to describe any conclusive ecological pattern behind these 

interactions. At site L significant interactions were absent. Consequently, the model 

suggested by Kondoh (2001), which predicts a positive disturbance-diversity correlation 

when productivity is high, a negative correlation when productivity is low and a unimodal 

pattern when productivity is moderate cannot be supported by the results of this study.  

 

 



Discussion 

João Canning Clode 

32 

Likewise, nutrient manipulation did not have a strong single effect on the diversity of 

communities after 8 weeks of experimental duration. The only significant effect of nutrient 

availability on diversity was detected at site L, where the Shannon index was higher at 

nutrient level enriched++. This increase was probably due to higher species richness, since 

evenness was similar at all nutrient levels. Effects on the Shannon index were similar to 

those on species richness. This is in accordance with the definition of the Shannon index, as 

the value of this index is related to species richness, but is also influenced by the species 

abundance distribution (Magurran, 1988). Higher nutrient levels favoured certain species of 

algae and thus enhance species richness. Several studies suggested that under oligotrophic 

conditions the number of species increases in response to increased productivity caused by 

nutrient addition (Huston, 1997). Oligotrophic conditions at the study sites are reported by 

Caldeira et al. (2002) and within this study and thus an enhancement of diversity due to an 

increase in nutrient availability is plausible. 

 The postulated unimodal relationship between species diversity and productivity (Huston, 

1997; Proulx & Mazmuder, 1998) was not observed in this study. This might have been due 

to the fact, that the applied nutrient gradient was too narrow and covered only a part of the 

productivity gradient necessary do evoke the unimodal pattern. Additionally, 3 levels of 

nutrient treatments may be insufficient to show a unimodal relationship. Another explanation 

for the absence of a unimodal relationship presumably is the lack of a dominant competitor in 

the system. The mechanism proposed to cause a decrease in diversity is an increased 

intensity of competition at higher levels of productivity (Huston, 1979; Tilman, 1988). Without 

a superior competitor, competitive exclusion will not take place and thus diversity is not 

reduced at higher productivity levels. Nevertheless, the general lack of fertilizer effects on the 

communities is surprising, since the study sites are located in an oligotrophic region and 

especially fast growing organisms like filamentous macroalgae should be positively affected 

(Worm & Sommer, 2000). Furthermore, other in situ studies on marine hardbottom 

communities that used the same method revealed strong effects of enriched nutrient 

conditions on diversity and community composition (Worm et al., 2000; Miethe, 2005; 

Sudgen, In prep.). 

A further possible reason for the absence of nutrient effects could be that either nutrients 

have not been assimilated by the present primary producers or these organisms were not 

limited by the provided nutrients. Limiting factors other than macronutrients can be light or 

micronutrients, which are essential for photosynthesis in marine plants (Menge & Branch, 

2001). Furthermore, the released nutrients might have been diluted too fast due to the 

hydrodynamic conditions at the study sites. Enhancement of nutrient concentrations in the 

water column by artificial fertilization appear to vary strongly over time (Worm et al., 2000). 

Also, abundance and growth of primary producers might have been reduced by herbivores 

others than sea urchins, e.g. crabs, amphipods or herbivorous fish (Menge, 1992). Some 
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studies indicate that herbivory is stimulated in response to nutrient enrichment and 

herbivores may be more abundant in communities with high nutrient availability (Onuf et al., 

1977; Miller & Hay, 1996). 

The unimodal relationship between disturbance and diversity that is postulated by the IDH 

was also not observed in the present study. The only significant disturbance-diversity 

relationship found at site L showed diversity to be decreasing with increasing disturbance. 

The rareness of significant disturbance effects on species diversity is in agreement with the 

results of a number of experimental studies reviewed in Mackey & Currie (2001). 

Nevertheless, at least communities that experienced disturbances every 2 weeks should 

have exhibited an effect, since this resembles a severe disturbance regime. It is likely that 

the applied disturbance treatments did not influence the communities, because competitive 

exclusion did not take place. The relatively high evenness values for communities at both 

sites indicate that the system is not dominated by a single species. Thus, the disturbances 

applied only removed biomass and did not cause any change in the community structure due 

to the absence of superior competitors. Without the existence of competitive hierarchies, 

disturbance is unlikely to enhance or maintain species richness  (Pickett & White, 1985; 

Mackey & Currie, 2000). 

 Another explanation for the lack of disturbance effects is that during the first 8 weeks of 

the experimental period the disturbed area on the panels experienced a fast recolonisation 

typical for highly dynamic communities. Organisms can invade open space in different ways, 

either by vegetative growth of survivors from the edge of the disturbed area or by arriving 

propagules from the outside. The relative importance of the different colonization strategies 

depend, among other factors, on the patch size (Connell & Keough, 1985; Sousa, 2001). The 

occupation of discrete pieces of substratum that are surrounded by water (isolated patches) 

are strongly size-dependent, while reoccupation of nonisolated patches are independent of 

patch size (Keough, 1984). 

In case of this study, the disturbed areas were non-isolated patches and vegetative 

growth of organisms adjacent to the patches was the major source of reoccupation. Larval 

recruitment was of less importance due to fast growing organisms like the ascidians 

Diplosoma sp. and Botrylloides leachi (Connell & Keough, 1985). The colonies of these 

species were growing in from the edges of the patch, before new recruits from the water 

column were able to establish. As a result, colonial ascidians were the most common taxa. 

Grosberg (1981) also showed that the presence of superior space-competitors like the 

ascidian Botryllus schlosseri prevent settlement of the larvae of many other sessile species. 

In the study at hand, it was unlikely that a low abundance of propagules in the water column 

was the cause for low recruitment rates due to the season. However, larval supply from the 

water column was not monitored during the experiment but should be measured in similar 
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experiments in the future in order to obtain a more complete picture of the processes 

involved. A fast recolonisation of early successional communities after disturbance was 

demonstrated for intertidal algal communities (Sousa, 1980). The study showed that early 

successional communities suffered more damage from a given level of disturbance but 

recovered more quickly than either middle or late successional stages.  

Furthermore, spatial heterogeneity was high in the study area, as indicated by the ANOVA 

results. As a consequence main effects or interactions could have been masked by this 

spatial heterogeneity and this may explain the absence of significant effects. Spatial 

variability can be due to e.g. water currents, shading and grazing activities of herbivore 

organisms. The general patchiness of assemblages is also indicated by the negative R 

values given by the ANOSIM (Chapman & Underwood (1999). If very patchy assemblages 

are sampled with relatively few replicates negative values can be common in case the null 

hypothesis is true and there are no differences between groups.  

4.3 Drawbacks of the experimental approach 

After analyzing the results the following aspects has to be taken into consideration: (1) 

only data from the first sampling after 8 weeks were statistically analysed (due to the grazing 

activity of Arbacia lixula). At this point of time some panels have been disturbed only once. 

Thus, the experimental duration might have been too short to allow effects of the applied 

treatments to emerge. More results without sea urchin grazing are needed to confirm the 

observed trends and to document temporal changes in the study communities. Future 

experiments conducted in the same study area should either exclude or estimate sea urchin 

grazing since strong effects of sea urchins on abundance and distribution of algae have been 

documented in several studies (Lubchenco, 1982; Benedetti-Cecchi & Cinelli, 1995). 

Measuring the effects of sea urchin grazing as a natural disturbance in an experiment may 

be an interesting approach, since in nature only the most severe disturbances remove all 

individuals from the affected area and are relatively rare (Sousa, 2001). Thus the disturbance 

treatments applied in this study (complete removal of biomass) may not be common in the 

study area and a more general picture of relevant processes and mechanisms might come 

from future studies that examine natural disturbances.  

(2) Time intervals between the last disturbance event and the subsequent sampling were 

not equal for panels experiencing different disturbance treatments. In consequence, recovery 

time differed for communities of different treatments. Since the measured response on a 

community to a disturbance may depend on the time interval between disturbance and 

subsequent sampling, communities are sensitive to how soon after disturbance they are 

sampled (Mackey & Currie, 2001). Future studies should therefore choose equal time 

intervals between the last disturbance events and subsequent samplings to avoid sampling 

artefacts. 
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(3) Generally, hard-bottom communities consist of species with life spans encompassing 

several temporal magnitudes from days (e.g. diatoms) to years (e.g. barnacles). When 

disturbing a community as a whole, it is almost impossible to choose disturbance intervals 

related to the generation times of all organisms as required by White & Pickett (1985). Thus, 

disturbance intervals were chosen that were feasible and within the general temporal range 

of natural situations.  

(4) In general more information about the studied system on Madeira Island regarding 

nutrient availability and species richness is needed. Since the nutrient enrichment by the 

fertilizer was not detected by the water sample analyses, further in situ enrichment 

experiments should be conducted to get a more detailed picture about the dilution and 

performance of fertilizer under the present hydrodynamic conditions. Considering the 

constant water movement in and around the rings, even present during calm weather 

conditions, it is most likely that the sampling method was not appropriate to detect changes 

in nutrient concentrations. Additionally, a better knowledge about the species of hard-bottom 

communities on Madeira Island would be helpful for better species identification, since during 

this experiment not all organisms could be identified to species level. Thus, the calculated 

diversity measures were based on different taxonomic levels. However, according to 

Somerfield and Clarke (1995), aggregation of macrofauna abundances to families has no 

effects on analyses of intertidal macrofauna, while aggregation to phyla has some effect on 

subsequent analyses. They further concluded that, whichever component of the benthos is 

examined, and at whatever taxonomic level the analyses are carried out, interpretable results 

are possible.  

Although communities on marine subtidal hard substrata consist of attached plants, 

animals and mobile organisms that prey upon them (Connell & Keough, 1985), mobile 

organisms were excluded from the analysis in the present study for methodological reasons. 

For the non-destructive sampling procedure panels were taken out of the water. Mobile 

organisms like crabs and amphipods are able to escape before being captured and 

estimated. Thus, in order to include mobile organisms of the communities a different 

experimental approach has to be chosen. 

Furthermore, it should be noted, that the similarity between the communities on the 

settlement panels and assemblages on natural substrata at the same study site has not been 

shown. The dominant organisms in Madeira rocky shore communities mentioned by Augier 

(1985) and Bianchi et al. (1998) were generally not found on the PVC panels, although this 

might have been due to different successional stages of the described communities and the 

study assemblages. Several sessile organisms are known to have very specific requirements 

when they settle, like texture of the substratum and chemical cues from coexisting species 

(Menge & Branch, 2001). Hence, in how far our results apply to communities grown on 
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natural substrata has yet to be demonstrated. However, other studies (e.g. Baltic Sea) 

conducted with the same PVC settlement substrata indicated no differences between 

assemblages grown on natural or artificial substrata (Lenz, pers. com.). 

In general, the results of this study do not invalidate the IDH or the model suggested by 

Kondoh (2001) but demonstrate that these hypotheses are not valid for all times and all 

communities as already stated by Mackey and Currie (2000, 2001). Mackey and Currie 

(2000) concluded that the effects of disturbance on diversity are present, but modest, in most 

cases. In 2001 they reviewed 85 IDH studies addressing the IDH (published between 1985 

and 1996) and they found only 16 % of richness, 19 % of diversity and 11 % of evenness-

disturbance relationships to be peaked. Therefore, the role of disturbance as a mechanism to 

maintain species coexistence may be more system-specific than has been proposed in the 

past. 

The results also emphasize the fact that models like the IDH are difficult to test in the field 

due to their general predictions about diversity as a function of disturbance frequency 

(Collins & Glenn, 1997). Furthermore, several assumptions must be met for the mechanisms 

proposed by the IDH to work. Among others, species diversity has to be reduced by 

competition in the absence of disturbance, a trade-off must exist between abilities to tolerate 

disturbance and competitive abilities as well as between colonizing and competitive abilities 

(Collins & Glenn, 1997). Our results indicate that the assumption of a competitive hierarchy 

was not met in the study system. 

4.4 Global replication 

The present study was part of a global investigation on the interactive effects of 

disturbance and nutrient availability, executed within the framework of the international 

training and research program GAME (Global Approach by Modular Experiments). Ten 

identical experiments were ran simultaneously at 5 different study sites on the northern 

hemisphere between May and October 2004, while 8 modular experiments were conducted 

at 4 study sites on the southern hemisphere between November 2003 and April 2004. The 

unimodal relationship between disturbance and diversity was observed in ascidian 

dominated fouling communities at the north-central Chilean coast (Valdivia, 2004), while a 

transient effect of disturbance on diversity (H’), also resulting in a unimodal pattern, was 

observed after 12 weeks of experimental duration at a study site on the north-east coast of 

England (Sudgen, In prep.). No further confirmations for the IDH were found in the remaining 

16 experiments. Interactive effects between disturbance and productivity as suggested by 

Kondoh (2001) were only observed in Brazil.  
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4.5 Conclusions 

The results of this study show that the diversity of hard-bottom communities grown on 

artificial settlement substrata in Funchal Bay, Madeira Island does not respond differentially 

to nutrient enrichment or different frequencies of disturbance. Thus the disturbance-

productivity-diversity model proposed by Kondoh (2001) and the IDH were not supported by 

this study. The results from the two study sites on Madeira Island fit very well into the general 

picture obtained in the 18 experiments, replicated on a global scale. Furthermore, our 

observations emphasize the difficulties in testing ecological hypotheses in field experiments 

due to their often general character.  
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7 APPENDIX 

Pictures of several species found in the panels during the experiment 
 

Algae:  

 
 

Phylum Chromophyta 

Colpomenia sinuosa (~ length: 6 cm) 

 
 

Phylum Rhodophyta 

Champia parvula (~ length: 8 cm) 

 
Macroinvertebrates: 
 

 

 
 

Phylum Cnidaria 

Class Anthozoa: species 1 (~ Ø: 1 cm) 

 
 

Phylum Arthropoda 

Lepas anatifera (~ length: 3 cm) 
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Phylum Bryozoa 

Schizoporella sp. (~ Ø: 4 cm) 

 

 

Phylum Bryozoa 

Family Lichenoporidae: species 1 (~ Ø: 2 cm) 

 

Mobile Species: 

 

 

 
 

Phylum Mollusca 

Columbella sp.  (~ length: 1,5 cm) 

 
 

Phylum Mollusca 

Pleurobranchus areolatus (~ length: 5,5 cm) 

 
 

Phylum Mollusca 

Pleurobranchus garciagomezi (juvenile) 

(~ length: 2 cm) 

 
 

Phylum Mollusca 

Pleurobranchus garciagomezi (Adult) 

(~ length: 4 cm) 
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Phylum Arthropoda 

Acanthonyx lunulatus (~ length: 2 cm) 

 
 

Phylum Arthropoda 

Grapsus grapsus (~ length: 7,5 cm) 

 
 

Phylum Arthropoda 

Planes minutes (~ length: 3 cm) 

 
 

Phylum Arthropoda 

Xantho incisus (~ length: 4 cm) 

 

 

Phylum Echinodermata  

Antedon bifida (~ Ø: 6,5 cm) 

 

 

Phylum Echinodermata  

Arbacia lixula  (~ Ø: 5 cm) 

 


