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Climate extremes can drive 
biological assemblages to early 
successional stages compared to 
several mild disturbances
Carlos Sanz-Lázaro†

Extreme climatic events have a major role in the structuring of biological communities, and their 
occurrence is expected to increase due to climate change. Here I use a manipulative approach to test 
the effects of extreme storm events on rocky mid-shore assemblages. This study shows that an extreme 
storm can cause more negative effects than several mild storms, primarily by bringing the biological 
assemblages towards early stages of succession. This finding contrasts with the effects of clustering of 
climatic events due to climate change, which are expected to mitigate its ecological impacts. Thus, the 
ecological consequences of climatic events that are influenced by climate change may have contrasting 
effects depending on the features that are considered. These results have relevant implications in the 
forecasting of the ecological consequences of climate change and should be considered when designing 
measures to mitigate its effects.

Predictions of the effects of climate change are a major focus of research, as they can help to assess its likely effects 
on ecosystems, and thus to develop appropriate preventive and mitigation measures1. Most research in this field 
has focused on changes in the trends of mean climate values, rather than the occurrence of extreme events2. 
Extreme events are rare climatic events with an abnormally high intensity3,4, and climate change is expected to 
increase their occurrence5–7. Extreme events can have a disproportionately-high impact on ecosystems relative to 
the short time scale at which they occur8,9. Thus, extreme events are expected to be important drivers structuring 
biological assemblages10,11, and consequently on ecosystem functioning.

Understanding the structure and variability of biological assemblages is a primary challenge in ecology12. The 
drivers of ecological change, such as extreme events, are to some extent known13,14, but more research is needed to 
understand how changes in the characteristics of these drivers can affect the structure of biological assemblages. 
Manipulative experiments are an effective tool to simulate the effects of current and future predicted extreme 
events, and to study their consequences on biological assemblages. They allow us to identify cause-effect relation-
ships, and to include appropriate controls that are not possible in field observations2.

Frequency and intensity are major factors that determine the effects of extreme events11. Studies dealing with 
the effects of disturbances on biological assemblages have manipulated frequency, both alone15 and in combina-
tion with intensity in a fully factorial design16, keeping a constant intensity per disturbance event for each level of 
intensity but a variable overall intensity. Experiments related to climate change have focused on the temporal pat-
terns of disturbances, thus keeping the same overall intensity of disturbances constant. Some modelling studies 
have tested the effects of the clustering of hurricanes17. Other studies have been manipulative and have simulated 
disturbances under factorial designs by modifying the temporal patterns of sediment loading and eutrophication 
in streams; and the temporal patterns together with the intensity of storms in rocky shores18,19 and of rainfall in 
grasslands20.

In contrast, the effects of extreme events on biological assemblages have received much less attention, despite 
their importance in structuring biological assemblages and the influence that climate change can have on them. 
New methodologies are needed to improve our understanding on extreme events, complementing currently used 
factorial designs based on the inherent parameters of extreme events. By using a combination of inverse levels 
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of intensities and frequencies, but keeping the same overall intensity, we could simulate a gradient of increasing 
severity in climatic events which would allow us to examine the trend and possible thresholds of the responses 
of the biological assemblages (sensu Smith)21. In addition, experiments should be repeated at different times of 
the year, because organisms can have different responses depending on the time of the year at which the extreme 
event occurs22. The combination of these approaches would help to increase our understanding of the ecological 
consequences of extreme events.

Marine habitats are threatened by a wide range of anthropogenic activities. In rocky shores, storms play a key 
role in structuring biological communities because they generate empty patches23, thus favouring colonization. 
Consequently, these habitats will be sensitive to increases in the severity of mechanical disturbances caused by 
increasingly extreme storms due to climate change24. Rocky shores have a number of characteristics that facilitate 
ecology studies25, such as accessibility, ease of developing controlled experiments, a simple spatial layout (they are 
essentially a two dimensional habitat), and the high population turnover of many species. Thus, rocky shores are 
an ideal system to help us study the effects of extreme events on biological assemblages.

The aim of this study is to assess the effects of climatic extremes on biological assemblages, measuring the 
effects of storms on rocky shores as a test case. I started by developing a factorial design to test the effects of fre-
quency and intensity and their possible interactions. Based on this, I produced a gradient of scenarios in which 
storm events became more extreme (i.e. increasing the intensity and decreasing the frequency), by inversely vary-
ing frequency and intensity but maintaining the overall intensity of storms as a constant. The experiment was run 
twice, beginning at different times of the year to take into account of temporal variability. My hypothesis was that 
late-colonising species would be more affected by an extreme event than early-colonising species, because late 
colonisers have a longer recovery time than early colonisers. Consequently, under extreme events the cover of late 
colonisers will be reduced, allowing the proliferation of early colonisers. This will result in assemblages at earlier 
stages of succession compared to assemblages suffering more frequent but less extreme events.

Results
A two factor ANOVA comparing the intensity and frequency of events indicated that Chthamalus stellatus cover had 
significant differences for intensity. This was also the case for Rivularia spp., but only for a certain period of the year.  
C. stellatus cover was significantly reduced under events of high intensity compared to low intensity events, while 
the growth of Rivularia spp. was favoured at intermediate intensity (Appendix 1). The range of the values of the 
response variables was not notably influenced by the time of year, except for Rivularia spp. and encrusting algae 
(Fig. 1). There were no significant differences for frequency or the interactions between factors for any of the 
biological groups studied.

In undisturbed plots, most biological groups responded similarly and were not influenced by the time of year. 
Only encrusting algae, Rivularia spp. and C. stellatus had differences in average cover depending on the time of 
the year, with values that were 2.6, 2.5 and 2.1 times higher, respectively (Fig. 2).

When comparing control plots along the gradient of increasing storm intensity, significant differences were 
found for C. stellatus. Similarly, the cover of complex algae was notably higher in the undisturbed plots than in the 
treated plots. The cover of filamentous algae and Rivularia spp. was sometimes greater in the disturbed than in the 
undisturbed plots. Encrusting algae cover tended to be high in disturbed plots, while the opposite was found for 
Mytilus galloprovincialis (Table 1; Fig. 2).

Many response variables (diversity, grazer abundance; encrusting algae and M. galloprovincialis cover) had 
significant second-order polynomial relationships along the gradient of increasing storm intensity, for certain 
time of the year, peaking at the midpoint of the gradient. At the same time of the year, filamentous and complex 
algae showed a negative trend as storms became more intense and less frequent (Table 2). In general, the values 
of the response variables had similar ranges, independent of the time of the year. In the most extreme event, the 
cover of sessile taxa was low compared to undisturbed conditions, with Rivularia spp. the only exception (Fig. 2).

The structure of the community of the control plots was not significantly different from the treated plots that 
embraced the gradient of increasing storm intensity, although in some cases differences were notable (Appendix 2).  
The plots that have suffered the most-extreme storm events were significantly different from those the plots with 
milder storms and undisturbed plots for a certain period of the year (Fig. 3; Appendix 3).

Discussion
This study demonstrates that the intensity of storms has a greater effect on the abundance of certain taxa on 
the rocky shore in comparison to frequency, particularly for the late-colonising species C. stellatus, and the 
early-colonising taxon Rivularia spp.; this corresponds with the results of similar studies26. Late colonisers  
(C. stellatus and complex algae) were usually negatively affected by storms, particularly extreme events. 
Conversely, early colonisers (filamentous algae, Rivularia spp. and encrusting algae) were neutrally or positively 
affected by storms. This indicates that the disturbance produced by storms can increase the abundance of early 
colonisers, possibly by diminishing the cover of late colonisers, providing an opportunity for establishment27. In 
contrast, the diversity of sessile taxa had positive and negative variations compared to undisturbed conditions, 
indicating no relationship between stability and diversity in this habitat, as also found by Cusson et al.28.

The strength of the biological trends over the gradient of storm intensity was influenced by the time of the 
year. In some cases, the ecological structure of the assemblage that suffered the most intense storm was sig-
nificantly different to the structure of the other treatments, but in others there was no significant difference in 
ecological structure between treatments, even though they differed visibly from the ecological structure of the 
control. For specific biological groups, there was a succession in the predominance of early colonisers along the 
gradient of increasing storm intensity, which varied slightly according to the time of the year that the experiment 
was performed.
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This temporal variation had different influences on the effects of extreme events, which could be because 
many species have seasonally-constrained periods of reproduction, recruitment and growth during the year29. 
An increase in habitat availability and the reduction of direct competition due to climatic events such as storms, 
can favour the proliferation of certain species if they occur during their reproductive or recruiting periods30. 
Additional runs of the experiment over multiple years would have given a clearer picture of inter-annual varia-
bility. However, it is expected that there is a wider variation within the year than among years, due to the known 
seasonality of these algae assemblages. Nonetheless, some taxa showed patterns that were not time dependent.

In comparison to the treatment with several mild events, the cover of late colonisers (C. stellatus and complex algae)  
was highest in the control, and lowest in the treatment with the most extreme event. Specifically, the cover of 
complex algae reached the lowest values in the plots that suffered the most extreme events, in comparison to other 
plots that suffered more climatic events but with less intensity. The cover of sessile taxa was much lower for the 
scenario of one extreme event in comparison to the scenario with several mild climatic events, for which the only 
exception was the early colonisers, (encrusting and filamentous algae and Rivularia spp.) which remained stable 

Figure 1. Changes in diversity, grazer abundance and cover of groups and individual taxa of mid-shore 
rocky assemblages according to different levels of intensity and frequency of simulated storm events 
(mean ± SE; n = 3). The values of each replicate correspond to the mean of the five samples from each 
experimental plot. The experiment was run twice, each beginning at a different time of the year.
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or increased. These taxa are characterized by very quick recovery rates, particularly for Rivularia spp. which are 
cyanobacteria. Therefore, this study demonstrates that an extreme event can have more negative impacts than 
several mild events, directing the biological assemblages towards earlier stages of succession.

Recently, there has been a notable increase in our understanding of the effects of climate change, in terms 
of the expected modifications of the temporal patterns of climatic events. The clustering of climatic events pro-
duced by climate change is expected to ameliorate the deleterious effects of these events on biological assem-
blages17,18,26,31. Scenarios with clustered climatic events are expected to keep the ecosystem in a later successional 
stage (i.e. with a higher proportion of late colonising species), for a longer time span than scenarios with climatic 

Figure 2. Changes in diversity, grazer abundance and cover of different taxa of mid-shore rocky 
assemblages along a gradient of simulated storms with the same overall intensity, ranging from several 
small storms to a single large one (i.e. storms become more extreme) (mean ± SE; n = 3). The values of each 
replicate correspond to the mean of the five samples from each experimental plot. Level 0 corresponds to the 
unmanipulated experimental plots. Curves show significant regressions along the gradient excluding level 0 
(Table 2). For a schematic representation of the experimental design see Appendix 4. The experiment was run 
twice, each beginning at a different time of the year.
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events of constant frequency17. However, the results of our study are not consistent with this hypothesis. The rea-
son for these differences may be that the aim of this study was different, focusing on the effect of climatic events 
becoming more extreme and not on the clustering of climatic events with the same intensity.

In this experiment, the most intense perturbation left completely bare rock, which can happen under heavy 
storm conditions26. The bare rock cannot be directly colonized by most macroscopic intertidal organisms without 
the prior development of a biofilm. Biofilms are composed of bacteria, algae and fungi which produce an extracel-
lular polymeric substance matrix32 that favours the attachment of propagules of sessile macroorganisms33. Thus, 
this is a form of primary succession in terrestrial ecology in which no organic matter, live plants or propagules 
remain after the disturbance. In this case, primary succession takes longer than secondary succession34. This 
could explain why the effects of an extreme event are different to the effects of several climatic events of a mild 
intensity. Consequently, extreme events of sufficient magnitude are likely to force the ecosystem towards primary 
succession, resulting in long recovery times35.

First run Second run

Coefficient (SE) P Coefficient (SE) P

Diversity − 0.03 (0.25) 0.90 − 0.01 (0.29) 0.97

Grazers 0.08 (0.24) 0.74 0.31 (0.37) 0.41

Rivularia spp. 0.09 (0.18) 0.63 0.75 (0.77) 0.35

Encrusting algae 1.70 (1.94) 0.40 0.92 (1.27) 0.48

Filamentous algae 0.40 (0.58) 0.45 0.1 (0.28) 0.73

Complex algae − 1.45 (0.96) 0.16 − 2.01 (0.98) 0.06

Chthamalus stellatus − 0.6 (0.25) 0.03 − 1.81 (0.58) <0.01

Mytilus galloprovincialis − 0.12 (− 0.12) 0.47 − 0.2 (0.15) 0.20

Table 1.  Summary of the planned orthogonal contrasts between unmanipulated plots and treated plots 
along the gradient of simulated storm intensity (see Appendix 4, part 2 of the experiment for a schematic 
representation of the experimental design) on the diversity of sessile organisms and the abundance of the 
following species groups of rocky shore assemblages in both runs of the experiment (dfnum = 1, dfden = 13). 
Significant differences are indicated in bold.

First run Second run

Coefficient (SE) P Coefficient (SE) P

Diversity Intercept 4.29 (1.82) 0.02 11.65 (2.59) <0.01

Linear component 2.72 (1.28) 0.06 − 3.22 (1.82) 0.11

Quadratic component − 0.41 (0.17) 0.04 0.44 (0.25) 0.11

Grazers Intercept − 1.56 (1.69) 0.36 3.29 (1.63) 0.05

Linear component 4.06 (1.19) <0.01 0.38 (0.46) 0.43

Quadratic component − 0.53 (0.16) <0.01 – –

Bacteria Intercept 1.94 (0.7) <0.01 7.22 (3.41) 0.04

Linear component 0.3 (0.2) 0.16 0.84 (0.97) 0.40

Quadratic component – – – –

Encrusting algae Intercept − 20.4 (13.05) 0.12 11.11 (5.87) 0.06

Linear component 30.97 (9.19) <0.01 − 1.28 (1.66) 0.46

Quadratic component − 4.57 (1.24) <0.01 – –

Filamentous algae Intercept 9.17 (2.57) <0.00 2.82 (1.25) 0.03

Linear component − 1.50 (0.73) 0.07 − 0.13 (0.35) 0.71

Complex algae Intercept 10.2 (2.59) <0.01 5.17 (1.72) <0.00

Linear component − 1.62 (0.73) 0.05 − 0.45 (0.49) 0.38

Chthamalus stellatus Intercept 4.59 (1.34) <0.00 1.94 (0.58) <0.00

Linear component − 1.92 (0.95) 0.07 − 0.68 (0.41) 0.13

Quadratic component 0.24 (0.13) 0.10 0.09 (0.06) 0.13

Mytilus galloprovincialis Intercept − 1.67 (0.76) 0.03 0.72 (0.29) 0.02

Linear component 1.91 (0.53) <0.01 0 (0.08) 0.96

Quadratic component − 0.26 (0.78) <0.01 – –

Table 2.  Summary of the trends of diversity of sessile organisms and abundance of the following species 
groups of rocky shore assemblages over a gradient of simulated storm intensity (see Appendix 4, part 2 of 
the experiment for a schematic representation of the experimental design). Significance coefficients of the 
regressions are indicated in bold. The experiment was run twice, each beginning at a different time of the year.
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The design of this experiment comprises an orthogonal design based on the two main attributes that define 
extreme events - intensity and frequency - and a gradient of climatic events ranging from several small events 
to a single large one with the same overall intensity. It has been argued that orthogonal designs of intensity and  
frequency may not be appropriate to test the effects of climate change (at least when it is related to temporal var-
iation of climatic events) because the overall intensity can differ between treatments36. However, when the focus 
of the study is extreme events, which are defined by intensity and frequency, this type of analysis is the only way 
to test for possible interactions among them. Nonetheless, this experimental design has different overall intensity 
among treatments and complementary tests should be performed, so the second part of the experimental design 
of this study has allowed us to account for this issue. This part of the experimental design is a robust tool to study 
the effects of extreme events on biological assemblages for a number of reasons. Firstly, the use of a gradient 
allows us assess the trends and thresholds of disturbances produced by climatic events as they become more 
extreme. Secondly, the use of same overall intensity for each treatment allow us to ensure that the results obtained 
are not confounded by variation in the total intensity between treatments. Thirdly, the mixed-effects model tech-
nique used in the analyses allows us to model the temporally-autocorrelated observations within experimental 
units and explore univariate succession trends. Finally, multivariate routines allow us to distinguish groups with 
different ecological structure and explore the successional trends of the whole community.

The two parts that comprise the experimental design performed in this study are complementary and help 
to develop our understanding of the ecological consequences of extreme events in biological assemblages. The 
experimental framework described in this study provides a novel tool that complements previously methods21 
and could be used in other habitats simulating this or other climatic events. The replication of this experiment 
in other habitats and with other types of extreme events would help us to find out about the generalities of the 
findings of this study.

This experiment, along with other studies of the patterns of disturbances, demonstrates that global change 
may have very different consequences depending on the parameter that is considered. All of the effects of climate 
change should be considered in combination, in order to give the most-accurate prediction of the derived out-
comes, and to develop the most suitable preventive and adaptive measures to account for climate change.

In conclusion, the intensity of climatic events (such as storms in rocky shores) is expected to have a greater 
effect than frequency, mainly by reducing the cover of late colonisers. An extreme event may have more delete-
rious effects than several mild events, because the former leads the biological assemblages towards early stages 
of succession, although the successional patterns may be temporally/seasonally dependent. This study helps to 
broaden our perspectives of the ecological consequences of changes in the occurrence of climatic events derived 
from climate change, with contrasting effects depending on the feature considered. While the clustering of cli-
matic events is expected to mitigate the ecological impacts of disturbances, the increasing occurrence of extreme 
events is expected to exacerbate these impacts. These results have implications for predictions of the ecological 
consequences of climate change, and should be considered when designing measures to mitigate its effects. The 
experimental design used in this study could be applied to other habitats and with other types of climatic events.

Methods
Study area. The experiment took place at Calafuria, a sandstone rocky shore located in the Ligurian Sea, 
Italy, NW Mediterranean (43° 30′  N, 10° 20′  E), between 0 and 0.5 m above the mean low-water level. This assem-
blage is representative of exposed mid-shore habitats of rocky shores in the north western Mediterranean. At this 
height on the shore the red alga Rissoella verruculosa (Bertoloni) J. Agardh predominates. The upper limit of the 
assemblages is dominated by the barnacles C. stellatus (Poli) and cyanobacteria (Rivularia spp.), while the bot-
tom limit of the assemblage is dominated by macroalgae, mainly Cystoseira compressa, filamentous, encrusting, 

Figure 3. Non-metric multidimensional scaling (NMDS) based on the average values of cover over 
time of sessile taxa for each sampling plot. The values of each replicate correspond to the mean of the five 
samples from each experimental plot. Treatments comprise a gradient of simulated storms with the same 
overall intensity, ranging from several small storms (level 1) to a single large one (level 6). Level 0 corresponds 
to the unmanipulated plots. For a schematic representation of the experimental design see Appendix 4. The 
experiment was run twice, each beginning at a different time of the year. Circles separate samples that are 
significantly different according to PERMANOVA (appendix 2) and post-hoc comparisons (appendix 3).
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coarsely branched, articulated corallines and foliose algae. The main grazers at this height on the shore are Patella 
ulyssiponensis, P.rustica and Porchus turbinatus37.

Experimental design. Experimental plots (50 ×  50 cm) were randomly distributed along 3 km of the shore-
line, delimited with epoxy putty (Subcoat S; Veneziani, Trieste, Italy). Disturbances were produced by eroding 
the rock by means of a chisel mounted on a battery drill (Tanaka, Aubum, Washington, USA), which causing the 
mechanical removal of sessile organisms. The levels of disturbance consisted of one, two, three and six drill passes 
along the plot, respectively. To help visualize this, one drill pass along the plot left c. 75% of the initial cover of 
sessile organisms, while six drill passes left the rock completely bare of any organisms; this occurs naturally when 
very heavy storms break rocks, creating new substrata23. This is a standardized procedure that mimics the effect 
of storms generating empty patches on rocky shores26. As regards the frequency of the disturbance, it consisted of 
four levels: one, two, three and six simulated storms during six months. The levels of frequency were chosen based 
on the records of storm surges over the previous decades in this area (0–6 storms per year)38.

The experiment consisted of two parts. Part 1 of the experiment aimed to test the effects of intensity (per 
disturbance event), frequency of the disturbance and their possible interactions in the biological assemblages. 
To do this, a fully factorial design was performed comprising the levels of the factors intensity and frequency that 
are likely to occur in nature. The factor intensity included 3 levels: one, two and three drill passes over the plot. 
The factor frequency included also 3 levels: one, two or three storms during six months (see Appendix 4; part 1 
of the experiment). The level 6 for the factors intensity and frequency could not be included in this design since 
very intense storms are only likely to occur with more than a very low frequency, while very frequent storms are 
expected to be of a very low intensity.

Part 2 of the experiment aimed to test the effect of storms becoming more extreme (i.e. increasing the intensity 
and decreasing the frequency) on the biological assemblages. To do this, a gradient of scenarios of storm events 
becoming more extreme, which are likely to occur in nature, was created by inversely varying frequency and 
intensity, while keeping the overall intensity of storms constant. The gradient comprised the treatments from part 
1 of the experiment with level two of intensity and three of frequency and, vice versa; and two more treatments, 
with level six of intensity and level one of frequency, and vice versa (see Appendix 4; part 2 of the experiment). In 
total the experiment comprised 11 treatments, each having three replicates.

To examine possible generalities of the results, the experiment was run twice, starting at a different time of 
the year, because the species cover of rocky shore assemblages is highly variable during the year29. Thus, for each 
run, a total of 33 experimental plots was deployed, in addition to three unmanipulated plots that were used as 
references of undisturbed conditions. The first run started on August 2011 and the second run started on March 
2012. In the first run of the experiment, continuous bad weather conditions prevented treatment and sampling 
in December (Appendix 5 shows the temporal distribution of sampling and simulated climatic events during the 
experiment).

Sampling. Each quadrant was sampled five times: the first sampling took place two months after the first  
disturbance, and then each following month after the last disturbance. Sampling was always carried out before apply-
ing a disturbance, so that all plots have not been disturbed for at least one month before sampling (see Appendix 5).  
To avoid possible border effects the sampling was carried out in the centre of the experimental plot in an area of 
20 ×  20 cm. The response variables measured were diversity (measured as number of sessile taxa per plot), abun-
dance of grazers and cover of algae, C. stellatus and M. galloprovincialis.

Data analyses. For part 1 of the experiment (see Appendix 4) I carried out a fully factorial ANOVA design, 
taking both intensity and frequency of events as fixed factors having all possible combinations from levels one 
to three. For this analysis I used the mean of the five samplings done on each plot. Homogeneity of variance was 
checked using a Cochran test before performing the analysis. If this assumption was violated then a suitable trans-
formation was applied (see Appendix 1 for the specific transformation used in each case) and then the Cochran 
test was run again. After running the two-way ANOVA, if significant differences were found, the post-hoc test 
Student–Newman–Keuls (SNK) was performed39.

Then, for part 2 of the experiment I created a gradient of storms that went from several small events to a 
single large one (i.e. the intensity of the storm is inversely proportional to the frequency) with the same overall 
intensity (six drills passes along the plot) to avoid confounding effects. I used a mixed-effects model to model the 
temporally-autocorrelated observations within experimental plots and to analyse this gradient, which included 
the levels: one, two, three and six, related to the increasing levels of intensity of the storm. So, for example, in 
the treatment level with the highest degree of intensity (six) I simulated only one storm that occurred at a very 
high intensity, while in the treatment level with the lowest degree of extremeness (one), I simulated a storm 
every month that occurred at a low intensity (see Appendix 4, part 2 of the experiment). First, for each response 
variable I calculated the AICc (corrected Akaike Information Criterion) for the linear and quadratic polyno-
mial regression and choose the model with the lowest AICc value. Then the chosen models were fitted with 
restricted maximum likelihood (REML) and tested whether residuals conformed to parametric assumptions 
through quantile-quantile plots and plots of residuals vs. fitted values40. Then, I refitted the models with maxi-
mum likelihood (ML) to estimate the fixed parameters. Furthermore, a planned orthogonal contrast was used to 
test whether there were significant differences in the response variables between undisturbed and disturbed plots 
from the gradient of simulated storm intensity. To do this I included the control plots and compared them with 
the rest of the plots that were used in the mixed-effects model.

In addition, I performed non-metric multidimensional scaling (NMDS) as an exploratory approach to view 
the spatial ordination of the sampling plots according to the average values of the cover of sessile taxa over time. 
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A permutational multivariate analysis of variance (PERMANOVA) was performed to test significant differences 
among treatments. First, I used the orthogonal contrast mentioned above between undisturbed and disturbed 
plots. Then, if relevant, I performed a post-hoc test to find pairwise significant differences between treatments. 
When there were not enough samples for PERMANOVA to accurately estimate the p value, it was calculated using 
the Monte Carlo test41. All the multivariate analyses were based on Bray-Curtis untransformed dissimilarities.

Univariate analyses were run in the statistical environment R (v. 2.15.0). The two-way ANOVA was car-
ried out using the statistical package GAD and the mixed-effects models using the statistical package nlme42. 
Multivariate analyses were performed with the software package Primer (v6) and its complementary package 
PERMANOVA +  (v. 1). All statistical tests were conducted with a significance level of α  =  0.05.

References
1. Lavergne, S., Mouquet, N., Thuiller, W. & Ronce, O. Biodiversity and Climate Change: Integrating Evolutionary and Ecological 

Responses of Species and Communities. Annual Review of Ecology, Evolution, and Systematics, 41, 321–350 (2010).
2. Jentsch, A., Kreyling, J. & Beierkuhnlein, C. A new generation of climate-change experiments: events, not trends. Front Ecol Environ 

5, 365–374 (2007).
3. Easterling, D. R., et al. Climate extremes: Observations, modeling, and impacts. Science 289, 2068–2074 (2000).
4. Stephenson, D. B., Diaz, H. F. & Murnane, R. J. Definition, Diagnosis, and Origin of Extreme Weather and Climate Events, 348 ed. 

(Cambridge University Press: New York, 2008).
5. Cai, W. J. et al. More extreme swings of the South Pacific convergence zone due to greenhouse warming. Nature 488, 365−+  (2012).
6. IPCC Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation, A Special Report of Working 

Groups I and II of the Intergovernmental Panel on Climate Change (Cambridge University Press, Cambridge, UK, 2012).
7. Meehl, G. A. et al. An introduction to trends in extreme weather and climate events: Observations, socioeconomic impacts, 

terrestrial ecological impacts, and model projections. Bull Am Meteorol Soc. 81, 413–416 (2000).
8. De Boeck, H. J., Dreesen, F. E., Janssens, I. A. & Nijs, I. Whole-system responses of experimental plant communities to climate 

extremes imposed in different seasons. New Phytol 189, 806–817 (2011).
9. Scheffer, M. & Carpenter, S. R. Catastrophic regime shifts in ecosystems: linking theory to observation. Trends Ecol Evol. 18, 

648–656 (2003).
10. Walther, G. R. et al. Ecological responses to recent climate change. Nature 416, 389–395 (2002).
11. Wernberg, T. et al. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. Nat Clim Chang 3, 

78–82 (2013).
12. Connell, J. H. & Slatyer, R. O. Mechanisms of Succession in Natural Communities and Their Role in Community Stability and 

Organization. Am Nat. 111, 1119–1144 (1977).
13. Dayton, P. K. Competition, Disturbance, and Community Organization - Provision and Subsequent Utilization of Space in A Rocky 

Intertidal Community. Ecol Monogr 41, 351-& (1971).
14. Sousa, W. P. Experimental Investigations of Disturbance and Ecological Succession in A Rocky Inter-Tidal Algal Community. Ecol 

Monogr 49, 227–254 (1979).
15. Collins, S. L. Disturbance frequency and community stability in native tallgrass prairie. Am Nat. 155, 311–325 (2000).
16. Mccabe, D. J. & Gotelli, N. J. Effects of disturbance frequency, intensity, and area on assemblages of stream macroinvertebrates. 

Oecologia 124, 270–279 (2000).
17. Mumby, P. J., Vitolo, R. & Stephenson, D. B. Temporal clustering of tropical cyclones and its ecosystem impacts. Proc Natl Acad Sci 

USA 108, 17626–17630 (2011).
18. Benedetti-Cecchi, L., Bertocci, I., Vaselli, S. & Maggi, E. Temporal variance reverses the impact of high mean intensity of stress in 

climate change experiments. Ecology 87, 2489–2499 (2006).
19. Bertocci, I., Vaselli, S., Maggi, E. & Benedetti-Cecchi, L. Changes in temporal variance of rocky shore organism abundances in 

response to manipulation of mean intensity and temporal variability of aerial exposure. Mar Ecol Prog Ser. 338, 11–20 (2007).
20. Fay, P. A., et al. Relative effects of precipitation variability and warming on tallgrass prairie ecosystem function. Biogeosciences 8, 

3053–3068 (2011).
21. Smith, M. D. An ecological perspective on extreme climatic events: a synthetic definition and framework to guide future research.  

J Ecol. 99, 656–663 (2011).
22. De Boeck, H. J., Dreesen, F. E., Janssens, I. A. & Nijs, I. Climatic characteristics of heat waves and their simulation in plant 

experiments. Glob Chang Biol. 16, 1992–2000 (2010).
23. Paine, R. T. & Levin, S. A. Intertidal landscapes: disturbance and the dynamics of pattern. Ecol Monogr 51, 145–178 (1981).
24. Thompson, R. C., Crowe, T. P. & Hawkins, S. J. Rocky intertidal communities: past environmental changes, present status and 

predictions for the next 25 years. Environ Conserv 29, 168–191 (2002).
25. Denny, M. Predicting Physical Disturbance - Mechanistic Approaches to the Study of Survivorship on Wave-Swept Shores. Ecol 

Monogr 65, 371–418 (1995).
26. Bertocci, I., Maggi, E., Vaselli, S. & Benedetti-Cecchi, L. Contrasting effects of mean intensity and temporal variation of disturbance 

on a rocky seashore. Ecology 86, 2061–2067 (2005).
27. Benedetti-Cecchi, L. Predicting direct and indirect interactions during succession in a mid-littoral rocky shore assemblage. Ecol 

Monogr 70, 45–72 (2000).
28. Cusson, M. et al. Relationships between biodiversity and the stability of marine ecosystems: Comparisons at a European scale using 

meta-analysis. J Sea Res. 98, 5–14 (2015).
29. Hruby, T. Seasonal-Changes in 2 Algal Populations from Coastal Waters of Washington State. J Ecol. 63, 881–889 (1975).
30. Livingston, R. J., Howell, R. L., Niu, X. F., Lewis, F. G. & Woodsum, G. C. Recovery of oyster reefs (Crassostrea virginica) in a gulf 

estuary following disturbance by two hurricanes. Bull Mar Sci 64, 465–483 (1999).
31. Molinos, J. G. & Donohue, I. Interactions among temporal patterns determine the effects of multiple stressors. Ecol Appl. 20, 

1794–1800 (2010).
32. Characklis, W. G. & Marshall, K. C. “Biofilms: A Basis for and Interdisciplinary Approach,“In edited by Characklis, W. G. & Marshall, 

K. C. (Wiley-Interscience, New York), pp. 3–16 (1990).
33. Crisp, D. J. & Ryland, J. S. Influence of Filming and of Surface Texture on the Settlement of Marine Organisms. Nature 185, 119 

(1960).
34. Clements, F. E. Plant Succession: an Analysis of the Development of Vegetation (Carnegie Institution of Washington, 1916).
35. Underwood, A. J. Grazing and disturbance: an experimental analysis of patchiness in recovery from a severe storm by the intertidal 

alga Hormosira banksii on rocky shores in New South Wales. J Exp Mar Bio Ecol. 231, 291–306 (1998).
36. Benedetti-Cecchi, L. The importance of the variance around the mean effect size of ecological processes. Ecology 84, 2335–2346 

(2003).
37. Sanz-Lázaro, C., Rindi, L., Maggi, E., Dal Bello, M., Benedetti-Cecchi, L. Effects of grazer diversity on marine microphytobenthic 

biofilm: a ‘tug of war’ between complementarity and competition. Mar Ecol Prog Ser 540, 145–155 (2015).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:30607 | DOI: 10.1038/srep30607

38. Camuffo, D., Secco, C., Brimblecombe, P. & Martin-Vide, J. Sea storms in the Adriatic Sea and the Western Mediterranean during 
the last millennium. Clim Change 46, 209–223 (2000).

39. Underwood, A. J. Experiments in Ecology: Their Logical Design and Interpretation Using Analysis of Variance (Cambridge University 
Press, Cambridge, 1997).

40. Singer, J. D. & Willet, J. B. Applied Longitudinal Data Analysis: Modeling Change and Event Occurrence (Oxford University Press,  
New York, 2003).

41. Anderson, M. J. Permutational Multivariate Analysis of Variance (Department of Statistics, University of Auckland, Auckland, 2005).
42. R Development Core Team R: A Language and Environment for Statistical Computing, Reference Index Version 2.15.0 (R Foundation 

for Statistical Computing, Vienna, Austria, 2012).

Acknowledgements
I have been financially supported by a postdoctoral grant from the Alfonso Martín Escudero Foundation and the 
University of Alicante (reference: GRE13-18), both from Spain. I would like to thank Lisandro Benedetti-Cecchi 
for his advice, help with experimental design, and logistical support, and Vincenzo Gennusa and Luca Rindi for 
their help in the field.

Author Contributions
C.S.-L. carried out the experiment, analysed the data and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sanz-Lázaro, C. Climate extremes can drive biological assemblages to early successional 
stages compared to several mild disturbances. Sci. Rep. 6, 30607; doi: 10.1038/srep30607 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Climate extremes can drive biological assemblages to early successional stages compared to several mild disturbances
	Results
	Discussion
	Methods
	Study area. 
	Experimental design. 
	Sampling. 
	Data analyses. 

	Acknowledgements
	Author Contributions
	Figure 1.  Changes in diversity, grazer abundance and cover of groups and individual taxa of mid-shore rocky assemblages according to different levels of intensity and frequency of simulated storm events (mean ± SE n = 3).
	Figure 2.  Changes in diversity, grazer abundance and cover of different taxa of mid-shore rocky assemblages along a gradient of simulated storms with the same overall intensity, ranging from several small storms to a single large one (i.
	Figure 3.  Non-metric multidimensional scaling (NMDS) based on the average values of cover over time of sessile taxa for each sampling plot.
	Table 1.   Summary of the planned orthogonal contrasts between unmanipulated plots and treated plots along the gradient of simulated storm intensity (see Appendix 4, part 2 of the experiment for a schematic representation of the experimental design) o
	Table 2.   Summary of the trends of diversity of sessile organisms and abundance of the following species groups of rocky shore assemblages over a gradient of simulated storm intensity (see Appendix 4, part 2 of the experiment for a schematic represen



 
    
       
          application/pdf
          
             
                Climate extremes can drive biological assemblages to early successional stages compared to several mild disturbances
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30607
            
         
          
             
                Carlos Sanz-Lázaro
            
         
          doi:10.1038/srep30607
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30607
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30607
            
         
      
       
          
          
          
             
                doi:10.1038/srep30607
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30607
            
         
          
          
      
       
       
          True
      
   




