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Abstract: Measures of alpha diversity are more frequently used to detect environmental 

changes and subsequent impacts on biodiversity, while measures based on variability (beta 

diversity) are said to be more appropriate for detecting those impacts. Theory predicts that 

beta diversity should increase with disturbance frequency in patchy communities. Our 

objective in this study was to experimentally determine the effect of high and low 

disturbance regimes, frequency and intensity combined, on marine benthic alpha and beta 

diversity. The experiment was conducted in a rock pool system of the St. Lawrence 

estuary, Canada. Rock pools were disturbed by (1) nutrient enrichment and (2) draining 

according to three disturbance regimes (none, low, high). Disturbance regimes had little or 

no effect on alpha diversity of benthic algae and sessile animals. However, the low regime 

of nutrient enrichment induced greater within-group beta diversity than the reference rock 

pools, while the high disturbance regime induced equal or even smaller within-group beta 

diversity compared to the reference. Draining had an opposite effect on benthic beta 

diversity, with a greater variability of the community structure under the high regime of 

disturbance. Taking into account the effect of disturbance regimes on beta diversity could 

provide a useful diagnostic for disturbed benthic communities. 

Keywords: disturbance frequency; alpha diversity; beta diversity; benthic organisms; 

intertidal; rock pool; nutrient enrichment; draining 
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1. Introduction 

Disturbances are important drivers of the structure of most communities [1]. By definition, a 

disturbance is a discrete event in time that disrupts ecosystem, community, or population structure and 

changes resources, substrate availability, or the physical environment [2]. Environmental disturbances 

could shift community assembly dynamics from stochastic to deterministic [3]. Stochastic processes, 

both demographic and environmental, influence the structure of ecological communities [4]. As 

disturbances increase in frequency and intensity, they modify physical characteristics of the 

environment and some species will be favoured. On the other hand, disturbances can also promote 

coexistence via various mechanisms such as predation-mediated coexistence [5] or interspecific 

colonization-competition trade-offs [6,7]. For instance, according to the intermediate disturbance 

hypothesis there is a unimodal relationship between disturbances and diversity where coexistence 

between competitors and colonizers at an intermediate level of disturbances will lead to the highest 

level of biodiversity [8,9]. 

Disturbances affect temporal and/or spatial variability of community structure (beta diversity) as 

much as species richness (alpha diversity). For clarity in this paper, alpha diversity is defined as the 

diversity in taxa of individual rock pools and beta diversity refers to the variation in community structure 

(quantitative taxa abundance data) among rock pools, based on definitions given by Legendre et al. [10]. 

Several authors underlined that changes in alpha diversity following disturbances received much more 

attention [11–15]. Firstly, high temporal variance of population abundance can often mask the 

occurrence of anthropogenic disturbances. Secondly, the temporal trajectories of mean population 

abundance of a species can differ from one area to another. That leads to an important interaction 

between changes in mean abundance observed at one place across time and differences in mean 

abundance from place to place. 

Variability of a community property such as beta diversity reveals as much, if not even more, 

information as the average of that property [16]. The analysis of temporal and spatial variability is also 

more appropriate for detecting environmental changes than analysis of the average or centroids [13,17,18]. 

Variability provides insight into the processes structuring ecosystems over multiple spatial scales [19,20]. 

The alteration of the variability by disturbances can also help to predict upcoming changes in 

ecosystem dynamics [18,21]. Several mechanisms could alter the variability in community structure: a 

modification of the total abundance of individuals within a location, a modification of the total number 

of species, a change in the variance to mean abundance ratio for particular species, or a change in the 

identities of species present in the assemblage [22,23]. There is a need to develop models and theories 

based on this variability to improve ecosystem management and conservation in disturbed environments. 

Caswell and Cohen [24] predicted a positive relationship between the variability of community 

structure and the disturbance frequency (i.e., the number of disturbances per unit of time). Their model 

was based on an infinite set of physically identical patches occupied by communities whose dynamics 

were modulated by interspecific interactions, dispersal, colonization and disturbances. They then 

described the relationship between disturbance frequency and (1) beta diversity and (2) variance in 

alpha diversity, for different dispersal rates. These two measures of variability were highly correlated 

and showed similar patterns. Warwick and Clarke [22] experimentally tested the theory of Caswell and 

Cohen [24] and recorded increased beta diversity in disturbed sites compared to control sites due to an 
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increase in the variability of abundances and changes in species identities. Warwick and Clarke [22] 

concluded that increased beta diversity might be used as a diagnostic tool in disturbed areas. Subsequent 

studies found mixed results; some reinforced the conclusions of Warwick and Clarke [22,25–29] while 

other studies did not find support for this theory [3,23,30–32]. Disturbances can be classified according 

to their characteristics, called disturbance regimes. A disturbance regime is quantified by its magnitude 

(intensity and severity) as well as its temporal (frequency) and spatial (size) components [1]. The study 

of Warwick and Clarke [22] passed over the potential divergent effects of disturbance regimes on the 

community structure. Such divergences have often been demonstrated in the literature [18,31,33–35]. 

Investigating the effect of disturbance regimes on a change in beta diversity could therefore bring new 

insight into how a community responds to disturbances leading to improved detection tools of 

disturbed areas. 

Our objective in this study was to determine the effect of low and high disturbance regimes on 

alpha and beta diversity of benthic rock pool communities. We wanted to improve knowledge on the 

global effect of disturbance regimes on benthic beta diversity and therefore no attempt was made to 

differentiate between the effect of the frequency and intensity of disturbance. Rock pools were 

experimentally disturbed sporadically (low), daily (high) or left undisturbed (reference). We 

hypothesized that (i) disturbances will affect both alpha and beta diversity and (ii) high and low 

disturbance regimes will have the opposite effect on beta diversity relative to reference rock pools. We 

expected that low disturbance regimes would increase beta diversity while the reference rock pools 

would remain stable throughout the experiment. Alternatively, beta diversity should decrease more 

under high disturbance regimes than in the reference rock pools through the spatial homogenization of 

damages among replicates [31]. Finally, these hypotheses were experimentally manipulated with two 

types of disturbances, draining of pools and addition of nutrients, so that we could assess the generality 

of our results and avoid the potential confounding effect of the disturbance type. They are several 

streams flowing in the St. Lawrence Estuary. The water of these streams is enriched in nutrients, 

coming from extensive agriculture activities in the area, which supports algal growth. In this 

experiment, disturbance by nutrient enrichment therefore reproduces the effect of such input in 

nutrients in rock pools along the coast. Draining has been chosen to reproduce a disturbance by 

biomass destruction, contrary to nutrient enrichment that favors algal growth. It was not possible to 

manipulate directly the biomass within the rock pools as the abundance and diversity of species found 

in the rock pools differed from each other. We chose this method to ensure similar effect of the 

disturbance (by biomass destruction) over all the rock pools. We expected (iii) the direction of the 

above predictions to be the same both following a disturbance from the draining of pools and a 

disturbance by the addition of nutrients. 

2. Experimental 

2.1. Study Site 

The manipulative experiment was conducted along 770 meters of exposed shore in a rock pool 

system of the mid-intertidal zone, located in the Lower St. Lawrence estuary, Quebec, Canada 

(48°37'49.1 N 68°11'39.6 W). Rock pools are a convenient experimental system because they have 
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well-defined boundaries, are easy to manipulate, have been well studied [36–39], and are structured by 

a complex set of physical and biological factors [40]. The study area is a gently sloping rocky platform 

where ice scouring in spring is an important source of disturbance, dislodging most of the exposed 

organisms [41]. The height above chart datum for each rock pool was measured using a transit level 

and varied between 1.07 and 1.89 m. The experiment was conducted for 17 weeks between May 26 

and September 20,
 
2008. This time frame covered the peak of the recruitment period of intertidal 

organisms found in the area of the experiment [42,43]. Overall, 25 irregularly-shaped rock pools, 

ranging between 0.9–2.3 m in length, were randomly assigned one of five experimental treatments. 

Rock pools with a mean depth less than 5 cm or more than 30 cm were excluded. The volume of the 

rock pools ranged between 8.6 and 80.4 L. 

2.2. Experimental Design 

The first six weeks of the experiment were dedicated to the monitoring of the natural benthic 

diversity and variability among rock pools and disturbances began at week seven. In separate rock 

pools, two independent types of disturbances were applied, either draining or nutrient enrichment. 

Once the pools isolated, water was removed with buckets and syringe to drain a rock pool until 

completely dry. Nutrient enrichment consisted of manually increasing the final rock pool nutrient 

concentration to 18 μM of inorganic nitrogen as NH4NO3 and 1.125 μM of inorganic phosphorus as 

H3PO4, values corresponding to the highest concentrations recorded in the study area throughout the 

year [44]. To ensure a similar final nutrient concentration in disturbed rock pools, the amount of 

nutrients added was determined from the initial water concentration and the volume of rock pools. 

Thus, once a week, 60 mL, in duplicate, was collected in six randomly chosen rock pools among the 

25 studied rock pools, just before the isolation of rock pools for the determination of initial nitrates and 

phosphates concentrations. Lab analyses of nutrient concentrations were done according to Aminot and 

Kérouel [45]. We also monitored the nutrient consumption by algae after enrichment. We observed a 

decrease in nitrites + nitrates concentration of at least 50% in the disturbed rock pools, before water 

was renewed, at the subsequent high tide. The algae nutrient use corresponded to at least 150% of the 

initial nutrient concentration (before enrichment) in those rock pools. The water in rock pools that 

received an increase in nutrient concentration were homogenized for three minutes. A low disturbance 

regime was applied six times simultaneously in five randomly chosen rock pools for each disturbance 

type for the 11 weeks that the disturbances lasted. The high disturbance regime was applied every 

diurnal low tide within the same period in five different rock pools. Each date we disturbed the five 

rock pools at low regime, both rock pools that experienced high and low disturbance regime were 

disturbed with the same intensity. In other words, they were enriched in order to increase their nutrient 

concentration to the same final concentration. When considering the whole experiment, it means that 

highly disturbed rock pools received a greater amount of nutrients since disturbance in those rock 

pools were applied at a higher frequency. Finally, five rock pools served as reference systems and did 

not receive any disturbance. 

2.3. Data Collection 

Sampling of the community structure was performed weekly in each rock pool. Three 15 × 15 cm 

quadrats per rock pool were placed randomly on each sampling date. The percentage cover of benthic 
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algae and sessile animals was estimated from 25 regularly spaced points. Taxa observed within the 

quadrat frame but not located under a point were considered as having a percentage cover of 1%. 

Canopy-forming taxa were sampled first and then gently moved to the side to sample the understory. 

As a result, total percentage cover could exceed 100%. Given the relatively small area of some rock 

pools, it is likely that sampling was not completely temporally independent and that we probably 

sampled more than once at the exact same place over the duration of the experiment. However, as we 

disposed quadrats randomly each time and that the risk was judged higher for only a minority of rock 

pools, we considered negligible the probability of high temporal correlation and did not apply any 

correction to circumvent this issue. 

2.4. Statistical Analyses 

Effects on alpha and beta diversity (Hypothesis i) were tested separately. First, the effect of 

disturbances on alpha diversity was analyzed with three indices with a four-way ANOVA. The 

experimental design corresponds to a Beyond-BACI design as described by Underwood [13], where 

the most critical factor is the Regime × Period interaction. We then analyzed changes in beta diversity 

with PERMDISP to detect alterations in multivariate dispersion of the benthic community under 

disturbance regimes. Differences were illustrated by nMDS and within-groups dissimilarity plotted 

over time (Hypothesis ii). The effects of both types of disturbances were analyzed independently 

because results were not expected to affect rock pool communities in the same way. Conclusions about 

the contrasting effect of both disturbance types on alpha and beta diversity were drawn from the 

differences observed when comparing their distinct analyses (Hypothesis iii). Twelve weeks of data 

were considered for these analyses; the six weeks prior to disturbances and the last six weeks after the 

beginning of disturbances, weeks 12–17. Weeks 7–11 were not integrated into the analyses to allow 

organisms a period of time to respond to the experimental disturbance regimes. 

2.4.1. Alpha Diversity 

Alpha diversity was quantified with three different indices (benthic taxa richness, Shannon-Wiener 

diversity and Pielou evenness) and compared among treatments with four-way partially hierarchical 

ANOVAs. Factors were; Regime with three levels (fixed effect; low, high, reference), Rock pool 

nested within Regime (random effect; five per regime), Period with two levels (fixed effect; before, 

after), Time nested within Period (random effect; six weeks per period) and their interactions. 

Shannon-Wiener diversity index and Pielou evenness index were power transformed (x
2
) to fulfill 

ANOVA assumptions (normality and homogeneity of residuals) for the nutrient enrichment 

experiment. A posteriori Tukey (HSD) tests were performed to discriminate between groups when a 

source of variation was significant. 

2.4.2. Beta Diversity 

The homogeneity of multivariate dispersions was tested to evaluate the effect of disturbance 

regimes on beta diversity of the entire assemblage. The routine PERMDISP (9999 permutations) was 

conducted using Bray-Curtis similarity index computed from the percentage cover. Dispersion was 
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calculated as the average dissimilarity from individual observation units to their group centroid in 

multivariate space [46,47]. Smaller dispersions among disturbed rock pools depicted lower beta 

diversity compared to reference rock pools. The effect of the factor Treatment on dispersion was tested 

with a one-way PERMDISP. One-way PERMDISP is currently preferred over crossed designs for 

testing multivariate dispersion. In fact, if there is a significant interaction between the two main factors 

in their locations (previously tested with PERMANOVA [47,48]), one-way PERMDISP, that 

combines all individual Regime × Period cells, avoid problems linked to the interpretation of the test 

results across the main effects [49]. If interaction in their locations were not significant then 

multivariate dispersion was examined with a one-way PERMDISP independently for the two main 

factors. Preliminary analysis performed with PERMANOVA (9999 permutations) found significant 

Regime × Period interactions in drained rock pools but not after nutrient enrichment (respectively 

Pseudo − F = 3.269; p = 0.002 and Pseudo − F = 1.384, p = 0.197). Therefore, the effect of draining on 

dispersion was tested over all individual Regime × Period cells while the effect of nutrient enrichment 

was tested separately for both Regime and Period. Multivariate a posteriori pair-wise comparisons 

were performed to elucidate significantly different groups. Results were illustrated using non-metric 

multidimensional scaling (nMDS; 999 permutations). 

Within-group and between-group dissimilarities were calculated using the SIMPER procedure 

(again using the Bray-Curtis similarity index [50]) and plotted against time for visual comparison. 

These indices provide information about the magnitude of change in beta diversity under each regime 

through time. A high within-group dissimilarity percentage indicates high beta diversity between rock 

pools for the treatment under study. A fourth root transformation of abundances was applied to the data 

before all analyses. This transformation reduces the influence of numerically dominant taxa [51]. 

3. Results and Discussion 

Overall, 23 taxa were identified within the 25 rock pools during the 17 weeks of the experiment 

(Table 1). Algae were represented by 15 taxa, dominated by the macroalgae Fucus evanescens and the 

encrusting algae Ralfsia verrucosa and Ralfsia fungiformis. Sessile animals were represented by eight 

taxa, such as the blue mussel Mytilus edulis and/or Mytilus trossulus (the two species being 

indistinguishable by simple morphological examination so thereafter considered as a complex). We 

observed these five taxa within all 25 rock pools on each sampling date. Fucus vesicolosus, Laminaria sp., 

Porphyra umbilicalis, Spirorbis spirorbis, Semibalanus balanoides and Obelia sp. were rare taxa 

according to the definition provided by Gaston [52]. 

Table 1. List of the 24 taxa identified within the rock pools. 

Phylum Class Taxa 

Bacillariophyta Bacillariophyceae Berkeleya rutilans 

 Coscinodiscophyceae Melosira sp. 

Chlorophyta Ulvophyceae Ulvaria obscura 

Phaeophyta Phaeophyceae Chordaria flagelliformis 

  Fucus evanescens 

  Fucus vesiculosus 

  Laminaria sp. 

  Petalonia fascia 
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Table 1. Cont. 

Phylum Class Taxa 

  Ralfsia fungiformis 

  Ralfsia verrucosa 

  Scytosiphon lomentaria 

Rhodophyta Florideophyceae Hildenbrandia rubra 

 Rhodophyceae Clathromorphum circumscriptum 

  Polysiphonia sp. 

  Porphyra umbilicalis 

Annelida Polychaeta  Fabricia stellaris 

  Polydora ciliata 

  Spirorbis spirorbis  

Anthropoda  Crustacea Semibalanus balanoides  

Cnidaria  Anthozoa Aulactinia stella 

  Clava multicornis 

 Hydrozoa Obelia sp. 

Mollusca Bivalvia Mytilus edulis and/or Mytilus trossulus 

3.1. Nutrient Enrichment 

3.1.1. Alpha Diversity 

We observed a significant increase of taxa richness and of the Shannon-Wiener diversity index over 

time following nutrient enrichment (Table 2). Overall, taxa richness was significantly greater in 

reference rock pools than in rock pools disturbed at low regime. Taxa richness in rock pools disturbed 

at high regime was not different from the richness recorded in reference and low disturbed rock pools. 

However, the taxa richness, the Shannon-Wiener diversity index and the Pielou evenness did not 

significantly change among the three regime levels over time (Regime × Period, p > 0.05). 

Table 2. Univariate analysis performed with a four-way partially hierarchical ANOVA for 

differences in taxa richness, Shannon-Wiener diversity index and Pielou evenness index 

among regimes, rock pools, periods and times through nutrient enrichment disturbances. 

Shannon-Wiener diversity index and Pielou evenness index were power transformed (x
2
). 

Ns > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 

Sources of 

variation 

Taxa richness Shannon-Wiener diversity index Pielou evenness index 

df MS F p MS F p MS F p 

Regime 2 13.291 4.789 * 6.009 3.201 ns 0.313 1.158 ns 

Rock pool (Re) 12 2.727 1.049 ns 1.855 6.222 ** 0.273 3.478 *  

Period 1 221.696 27.460 *** 8.633 21.347 ** 0.249 1.869 ns 

Time (P) 10 7.312 3.876 ** 0.321 1.353 ns 0.089 2.857 * 

Re × P 2 6.113 2.309 ns 0.435 1.357 ns 0.077 1.023 ns 

Re × T(P) 20 1.889 1.023 ns 0.237 1.105 ns 0.031 0.916 ns 

P × R(Re) 12 2.599 1.415 ns 0.298 1.389 ns 0.079 2.318 * 

T(P) × R(Re) 120 1.837 1.479 ** 0.215 1.087 ns 0.034 1.450 ** 

Residual 360  1.243  0.197   0.023   
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3.1.2. Beta Diversity 

A significant difference was found in multivariate dispersion among regimes (PERMDISP,  

F2;537 = 49.324, p < 0.001). Pair-wise comparisons indicated significant differences in dispersion 

between communities under low disturbance regime and the reference treatment, with greater 

dispersion at low regime. No difference was observed between the reference and high regime of 

disturbance (Figure 1a). Significant differences were found in dispersion among periods (PERMDISP, 

F1;538 = 21.693, p < 0.001), and an overall smaller dispersion was noted after the occurrence of 

disturbance. Relative differences in dispersion observed between the three regimes were the same 

before and after the beginning of nutrient enrichment. While this appears to be an absence of 

community response to the nutrient input, a look at the similarity analysis (SIMPER), compiled each 

week for the entire experiment, revealed changes in beta diversity between regimes after the beginning 

of the disturbances. SIMPER showed that within-group dissimilarity in rock pools disturbed at high 

regimes became lower than other regimes. The average percentage of dissimilarity started at 20% 

before disturbances and decreased to 13% after disturbances (Figure 2). Inversely, for the same period, 

the within-group dissimilarity percentage in rock pools disturbed at low regimes stayed greater than 

was seen with the other regimes (around 23%) and thus greater than reference rock pools (around 16% 

at the end of the experiment). 

Figure 1. Non-metric multidimensional scaling (nMDS) ordinations. nMDS were plotted 

for each regime before and after the beginning of disturbances by (a) nutrient enrichment 

and (b) draining. High = black triangle; Low = red square; Reference = green circle. 

 
  



Diversity 2014, 6 9 

 

 

Figure 2. Within-group dissimilarity in rock pools disturbed by nutrient enrichment. The 

black vertical line represents the beginning of the disturbances. High = nutrients added 

every diurnal low tide; Low = nutrients added six times during the period, Reference = no 

nutrient added. Note that high within-group dissimilarity is associated with high beta diversity. 

 

3.2. Draining 

3.2.1. Alpha Diversity 

A significant Regime × Period interaction was found on taxa richness (Table 3) indicating that the 

taxa richness in rock pools changed over time following the three disturbance regimes. Pairwise 

comparisons revealed a significant increase in taxa richness after the beginning of the disturbances at 

low disturbance regime (Figure 3). Although not a statistically significant difference, richness also 

increased in reference pools but decreased in rock pools disturbed at high regimes. Disturbances 

applied at the three regime levels did not significantly modify the Shannon-Wiener diversity index or 

Pielou evenness over time. 

Table 3. Univariate analysis performed with a four-way partially hierarchical ANOVA for 

differences in taxa richness, Shannon-Wiener diversity index and Pielou evenness 

following draining disturbances. Ns > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 

  
Taxa richness 

Shannon-Wiener 

diversity index 
Pielou evenness index 

Source of variation df MS F p MS F p MS F p 

Regime 2 65.272 11.922 *** 5.277 12.116 *** 0.363 1.731 ns 

Rock pool (Re) 12 4.316 1.015 ns 0.406 2.495 ns 0.211 3.958 * 

Period 1 69.696 5.868 * 0.238 0.710 ns 0.057 0.799 ns 

Time (P) 10 9.497 3.134 * 0.214 2.987 * 0.042 1.888 ns 

Re × P 2 35.091 6.486 ** 0.054 0.279 ns 0.125 2.388 ns 

Re × T(P) 20 3.030 1.620 ns 0.072 1.698 * 0.022 0.960 ns 

P × R(Re) 12 4.251 2.272 * 0.163 3.861 *** 0.053 2.326 ** 

T(P) × R(Re) 120 1.871 1.169 ns 0.042 0.510 ns 0.023 1.007 ns 

Residual 360 1.600 
  

0.083 
  

0.022 
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3.2.2. Beta Diversity 

PERMDISP revealed differences in multivariate dispersion among treatments (Regime and Period 

levels combined; F5;234 = 30.134, p < 0.001). Pair-wise comparisons showed that dispersion in 

communities under high and low disturbances regimes, before draining, was not significantly different 

from one other and that their dispersion was significantly greater than the dispersion in reference rock 

pools. Draining lead to a decrease in dispersion in rock pools under low regimes so that dispersion 

became significantly lower than dispersion under high regime. Dispersion in disturbed rock pools 

remained, nevertheless, greater than in reference rock pools (Figure 1b). SIMPER depicted similar 

differences among within-group dissimilarities (Figure 4). Moreover, unlike nutrient enrichment, 

disturbance by draining induced important between-group dissimilarity between high regime/reference 

rock pools and low regime/reference rock pools (Figure 5). After week 7, rock pools disturbed at high 

regime became more dissimilar to reference rock pools than rock pools disturbed at low regimes. 

Dissimilarity between high regime/reference rock pools at the beginning of the experiment was around 

20%–30% and levelled off to 25% after disturbances. Over the same period, dissimilarities between 

pools drained at low regime and reference decreased to 15%–20%. Between-group dissimilarities were 

mostly attributable to the more rare taxa (based on a pre-comparison of the between-group 

dissimilarities after a fourth-root transformation and after the analysis with no transformation applied 

on the data to down weight the influence of common taxa; results not shown). 

Figure 3. Mean taxa richness (mean ± SE) before and after the beginning of disturbances 

by draining. Before = black; After = cyan; High = nutrients added every diurnal low tide; 

Low = nutrients added six times during the period; Reference = no nutrient added. 

Different letters indicate statistically significant difference between regimes. 

 

We observed considerable natural temporal and spatial variability in community structure among 

and within rock pools, consistent with variability documented in the literature [38,53]. Stochasticity in 

community assembly dynamics is expected to generate considerably high site-to-site variation when 

the diversity in the regional pool is higher than the local richness [3]. The impact of anthropogenic 
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disturbances can consequently be difficult to dissociate from naturally occurring phenomena, due to a 

superposition of effects [54]. Despite great natural variability, our study showed that beta diversity was 

more efficient than alpha diversity to detect disturbances. Moreover, high and low disturbance regimes 

induced opposite effects on beta diversity, but the direction of those effects, an increase or decrease, 

changed following draining or nutrient enrichment. 

Contrary to our first hypothesis, disturbance through nutrient enrichment did not alter alpha 

diversity. Increases in taxa richness in the three treatments over time can easily be attributable to the 

period of seasonal growth. However, nutrient enrichment significantly affected spatial beta diversity. 

A distinction between disturbance effects on alpha and beta diversity was also noticed in a study of the 

patterns of spatial variability at various scales in epiphytes of the seagrass Posidonia oceanica 

subjected to urban and industrial sewage [55]. In this study, beta diversity indices performed better 

than alpha diversity indices in distinguishing community assembly processes [56,57]. In the present 

study, greater beta diversity was observed among rock pools disturbed at a low regime with nutrient 

enrichment relative to reference rock pools. However, equivalent or slightly decreased beta diversity 

was observed among rock pools disturbed at high regimes compared to reference rock pools. We 

therefore did not reject our second hypothesis following enrichment, as both disturbance regimes 

indeed had different and opposite effects on beta diversity. Similar results have been mentioned in the 

literature [30]. Fraschetti et al. [31] suggested a unimodal hump-shaped relationship along a gradient 

of disturbance severity at a small scale, similar to the intermediate disturbance hypothesis [8,9]. They 

argued that at lower and higher severities of disturbance, the patchiness is less important than at an 

intermediate level. A uniform distribution of damage among replicates might explain the higher 

similarity at a greater severity of disturbance on their sites, while in absence of disturbance, the natural 

homogeneity of communities allowed for a low degree of variability [31]. One index in our study not 

only showed lower beta diversity among rock pools disturbed at high regime compared to those disturbed 

at low regime, but highlighted a beta diversity even lower than the one seen among reference rock 

pools. This finding, based on visual examination of the plots as performed in Warwick and Clarke [22], 

would necessitate further investigation. However, we are confident with these results, as similar 

observations have been discussed in the literature. Disturbances add extra environmental filters and 

thus impose strong selection from the regional species pool, consequently reducing beta diversity 

considerably [3]. The high disturbance regime might have homogenized the taxa distribution while the 

low regime induced greater stochasticity. This pattern was also observed by Terlizzi et al. [58], with 

the greatest similarity being recorded close to the sewage outfall, the lowest similarity at sites located 

about 100–300 m apart that were probably less frequently disturbed, and the intermediate values being 

found at control sites. 

The addition of nutrients did not open space to potential colonizers through mortality of residents, 

nor did it negatively affect the richness or the community structure within the rock pools. In other 

words, nutrient enrichment did not impose selection on taxa as draining did. Instead, nutrient addition 

mainly provoked a change in the variance to mean ratio for particular taxa, following the four 

mechanisms mentioned by Warwick and Clarke [22] to explain change in assemblage variability. 

Nutrient enrichment would have benefited specific opportunistic taxa that could best respond to the 

additional inputs. It is known, for instance, that the diatom Berkeleya rutilans has a high demand for 

nitrogen and thus responds positively to inputs of nutrients [59]. 
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Draining and nutrient enrichment did not induce the same effects on alpha and beta diversity of 

benthic communities. Draining affected alpha diversity more strongly than nutrient enrichment did. 

After the beginning of the disturbances, rock pools not submitted to a high regime of drainage 

increased in their taxa richness, which remained slightly under their pre-disturbance state. Draining at 

high regimes thus eliminated or greatly reduced the growth of some algae taxa, such as the encrusting 

calcareous Rhodophyta Clathromorphum circumscriptum, the erected Phaeophyta Fucus distichus 

edentatus and the encrusting Phaeophyta Ralfsia fungiformis and Ralfsia verrucosa (personal 

observation). Observations in the field suggested that more taxa would have been eliminated if there 

had not been an influx of water in small crevices allowing taxa to survive. Rock pools drained at low 

regimes reacted similarly to reference rock pools. However, none of the alpha diversity indices has 

clearly identified the presence of both disturbance regimes when compared to a reference system. 

Figure 4. Within-group dissimilarity in rock pools disturbed by draining. The black 

vertical line represents the beginning of the disturbances. High = draining every diurnal 

low tide; Low = draining six times during the period, Reference = no draining. Note that 

high within-group dissimilarity is associated with high beta diversity. 

 

Draining had an opposite effect on beta diversity to nutrient enrichment. Beta diversity within the 

rock pool community remained high at high regimes of draining compared to reference rock pools, 

while it decreased at low regimes compared to reference rock pools. The persistence of non-tolerant 

taxa in crevices may partly explain the greater patchiness observed in rock pools submitted to a high 

regime of draining. Furthermore, draining modified between-group dissimilarity through changes in 

taxa richness and community structure of rock pools. The observed between-group dissimilarity was 

mainly attributable to rare taxa. It is known that many rocky shore organisms are tolerant to a wide 

range of stresses, including anthropogenic ones [60]. More rare taxa, therefore, were likely less 

adapted to the intertidal fluctuations and thus more prone to be affected by disturbances. 
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4. Conclusions 

Our results show that disturbance regimes differently influenced beta diversity of rock pool 

communities, with an increase or decrease in beta diversity depending on the type of disturbance. As 

mentioned above, disturbances could induce a shift from stochastic to deterministic community 

assembly with distinct responses to disturbance in terms of beta diversity [3]. However, the specific 

pattern of this shift differs depending on the disturbance type and consequently modulates the 

disturbance regimes-beta diversity relationship [61]. Our study also adds to the synthesis of how 

disturbances affect beta diversity by Fraterrigo and Rusak [18], who recognized their model performed 

poorly in predicting the impact of chronic events. The current experimental design did not allow the 

distinction between frequency and intensity. The elaboration of an appropriate design to test for the 

interaction between both regimes of disturbance, with an adjustment to ensure equivalent total 

intensity levels over each frequency level, would be a further step towards understanding the impact of 

disturbance on beta diversity. Moreover, the existing literature demonstrates that organisms would 

respond differently according to the extent of the spatial and/or temporal scale at which disturbances 

occur [18,26,52,62]. In summary, we emphasize the need to consider several aspects of disturbance 

regimes and their impact on both alpha and beta diversity. It seems illogical to only consider alpha 

diversity or mean values of abundance or size when attempting to quantify the impact of 

disturbances [11–13]. 

Figure 5. Between-group dissimilarity in rock pools disturbed by draining. The black 

vertical line represents the beginning of the disturbances. High = draining every diurnal 

low tide; Low = draining six times during the period; Reference = no draining. 

 

A change of beta diversity could not only be an indicator of stressed communities but could also be 

used as an early-warning signal of a critical transition of a system. Prior to a shift to an alternative 

state, symptoms can be recognized as a system approaches the tipping point of this transition [21]. 

System dynamics critically slow down at the edge of tipping point, which result in slower recovery and 

higher impact of environmental variation and disturbances. Recent work specifically testing the 
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robustness of variance as an early-signal concluded that, even if potentially useful, it is not generic as it 

increases or decreases according to the situation [63]. Our experimental design did not specifically test 

for the detection of upcoming tipping points, but the observed changes in variance in rock pools 

according to disturbance types and regimes agree with the theory of early-warning signals. We 

recommend further efforts be pursued to develop indicators based on beta diversity, as it clearly seems 

to surpass alpha diversity in detecting community changes. Gradually, it will improve our ability to 

limit disturbance impacts on ecosystem functioning and anticipate critical transitions, thereby 

contributing to the advancement of ultimate objectives of improving our assessment tool in 

conservation and ecosystem management. 
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