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Coastal ecosystems are highly complex and driven by multiple environmental factors. To date we lack scientiﬁc evidence for
the relative contribution of natural and anthropogenic drivers for the majority of marine habitats in order to adequately
assess the role of different stressors across the European seas. Such relationship can be investigated by analysing the correlation
between environmental variables and biotic patterns in multivariate space and taking into account non-linearities. Within
the framework of the EMBOS (European Marine Biodiversity Observatory System) programme, hard bottom intertidal communities were sampled in a standardized way across European seas. Links between key natural and anthropogenic drivers
and hard bottom communities were analysed using Boosted Regression Trees modelling. The study identiﬁed strong interregional variability and showed that patterns of hard bottom macroalgal and invertebrate communities were primarily a function of tidal regime, nutrient loading and water temperature (anomalies). The strength and shape of functional form
relationships varied widely however among types of organisms (understorey algae composing mostly ﬁlamentous species,
canopy-forming algae or sessile invertebrates) and aggregated community variables (cover or richness). Tidal regime signiﬁcantly modulated the effect of nutrient load on the cover and richness of understorey algae and sessile invertebrates. In contrast, hydroclimate was more important for canopy algae and temperature anomalies and hydroclimate separately or
interactively contributed to the observed patterns. The analyses also suggested that climate-induced shifts in weather patterns
may result in the loss of algal richness and thereby in the loss of functional diversity in European hard bottom intertidal areas.
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INTRODUCTION

As the demand on terrestrial resources (energy, food and
space) has intensiﬁed (e.g. Hubbert, 1949; Hoogwijk et al.,
2003), there has been an increasing interest in utilizing
marine resources. This is because oceans and seas cover
over 70% of the Earth’s surface and host an extraordinarily
rich biodiversity. Nearshore areas in particular are among
the most important biomes with all major taxonomic groups
being represented and responsible for 90% of the world’s
marine primary production (Kaiser et al., 2011). The consequent increase and diversiﬁcation in use of coastal natural
resources has resulted in a necessity for stock-taking and possible protective measures for a variety of marine species
(Halpern et al., 2008). Obtaining information on the distribution of marine species has become an important goal; nevertheless, large-scale patterns of biodiversity and factors
causing change in biodiversity are still not well understood,
mostly due to the inconsistency of data sources and differences in methodology (e.g. Goulletquer et al., 2014).
Marine biodiversity varies over large scales whereas most
studies focus on local and partly on regional scales. As
direct mapping of large-scale patterns is extremely costly,
knowledge-based management across large spatial scales
requires alternative, low-cost sampling models as well as research strategies beyond the scope and vision of current national and institutional monitoring activities. There is also a
requirement for a standard way of measuring local community patterns over large-scale environmental gradients. The recently built network of research locations in Europe (EMBOS)
has addressed this issue by establishing a cost-effective monitoring programme for the diversity of hard bottom intertidal
communities at a European scale. The principal aim of
EMBOS is to assess broad-scale patterns in marine biodiversity in relation to natural and anthropogenic gradients. The
assumption is that non-random patterns of variability in richness and cover of species in communities probably reﬂect the
scale of underlining processes. Measuring variability at several
spatial scales therefore enables the identiﬁcation of the range
of processes likely to be behind the observed differences
among communities.
The observed patterns of each eco-region are not just
deﬁned by large-scale biogeographic processes, however (e.g.
Roy et al., 1998), but are also (and often interactively) a
product of regional (Ramos et al., 2016b) and local-scale variability in biogeochemical conditions (Dal Bello et al., 2016;
Ramos et al., 2016a). The EMBOS programme has allowed a
thorough examination of scale (see Dal Bello et al., 2016)
but is also designed to measure the key environmental gradients at multiple spatial scales. The current study design
matches with theoretical expectations that (1) local biological
assemblages are deﬁned by several interacting environmental
gradients (Whittaker, 1974); (2) local benthic diversity represents the interplay of historical evolutionary processes (i.e. the
number of species in the regional species pool) combined with
separate and interactive effects of local environmental

gradients (e.g. Ricklefs & Schluter, 1993; Holyoak et al.,
2005; Ramos et al., 2016a); and (3) these relationships are
scale dependent i.e. local communities assemble from the
macro- to the microscale and within these constraints, environmental stress plays a central role in shaping community diversity (Menge & Sutherland, 1987).
In general, three main local gradients/stresses have been
recognized in intertidal hard bottom habitats: wetness, exposure to wave action and salinity (Kaiser et al., 2011). When
moving away from the waterline toward the highest part of
the shore the environment becomes progressively drier.
However, this gradient is ampliﬁed by waves and tides.
Speciﬁcally, gently sloping areas tend to dissipate the wave
energy arriving at the shore while steeper sloping shores experience much greater physical impact. In addition the
wetness gradient is expected to be more pronounced on
macrotidal shores (North Atlantic) compared with microtidal
shores (Mediterranean and Baltic Seas). Nevertheless, features
of rocky shore zonation patterns are similar worldwide independent of biogeographic region suggesting that similar
abiotic forces (e.g. a combination of wave and tide effect) can
generate similar biotic patterns (Stephenson & Stephenson,
1972; Bird et al., 2013 but see also Underwood, 1978). The salinity gradient occurs in estuaries and/or semi-enclosed seas and
is often characterized by a signiﬁcant loss of marine taxa and/or
lowered diversity along a gradient of salinity reduction (e.g.
Bonsdorff & Pearson, 1999).
In addition to natural environmental gradients, anthropogenic impacts are becoming increasingly important. To date,
human activities have globally been linked to a diverse
range of ecological changes in marine ecosystems including
profound changes in coastal biodiversity (Goulletquer et al.,
2014). Among the most commonly reported effects, climate
change is expected to induce shifts in air and seawater temperature and affect benthic communities globally but often
these effects are very context-speciﬁc and depend on the
local environmental setting (Lima et al., 2007a, b, Kotta
et al., 2014; Thorner et al., 2014). In addition eutrophication
is considered to be a signiﬁcant concern in some regional
seas (e.g. the Baltic, North Sea) (Conley et al., 2011) but
locally also in the Atlantic Ocean and Mediterranean Sea
(Howarth et al., 1996; Karydis & Kitsiou, 2012). In order to
assess the relative ecological importance of human impacts,
it is necessary to understand how marine communities
respond to various natural and anthropogenic ecological disturbances either separately or as interacting drivers of change.
Such knowledge is of the utmost importance for understanding biodiversity patterns and assessing the consequences of
various human activities on ecosystem integrity which in
turn informs the management of natural resources.
Intertidal community structure is shaped by natural as well
as by anthropogenic variables (e.g. Zacharias & Roff, 2001;
Crowe et al., 2013), however, only a handful of studies have
been conducted that examine and compare the importance
of these variables across distant aquatic ecosystems (Rees
et al., 1999; Danovaro et al., 2009; Narayanaswamy et al.,

Downloaded from https://www.cambridge.org/core. Universidad de Sevilla, on 21 Dec 2017 at 11:43:16, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0025315416001351

patterns of european hard bottom communities

2013; Schiele et al., 2016). In the current study, we identiﬁed
the role of multiple environmental variables on the patterns
of cover and richness of intertidal hard-bottom communities
throughout Europe and established the functional form relationships between these drivers and biotic patterns. The following hypotheses were put forward: (1) interregional
differences account for a large part of the variability in hard
bottom intertidal communities; (2) higher shore levels are
characterized by reduced richness of macroalgae and invertebrates compared with lower levels; (3) elevated wave exposure
and increased tidal range will result in systematically higher
benthic richness compared with sheltered habitats; (4) elevated regional-scale loads of nutrients are expected to increase
both cover and richness of understorey algae compared with
cover and richness of canopy-forming algae; (5) temperature
anomalies (higher than regular temperatures) are expected
to reduce the growth of canopy forming algae and facilitate
the growth of alternative understorey algae.

MATERIALS AND METHODS

Study area
Europe covers an extensive range of coastal areas spanning
from subtropical to subpolar climatic regions. Such a wide climatic gradient leads to a great variety of environmental conditions impacting the diversity and stability of intertidal
benthic macrophyte and invertebrate communities (e.g.
Bulleri et al., 2012). A remarkable interregional variability
exists: for example the semi-enclosed Mediterranean Sea
with its oligotrophic conditions, high biodiversity and rates
of endemism is very different to the Baltic Sea, which is characterized by eutrophic conditions and low biodiversity.
Furthermore, the coasts of the North-East Atlantic Ocean,
Arctic Ocean, Mediterranean, North and Baltic Seas differ
greatly in terms of temperature, light availability, wave exposure and tidal regime.

Sampling and supporting environmental
variables
The large-scale network of locations established through the
implementation of EMBOS (http://embos.info/) was utilized
for the study. In each study location the representative ﬁeld
sites were chosen based on commonalities and integrity of
intertidal habitat as well as the lack of mobile sediment
impacting bedrock. The network of locations covered all
major European basins (Figure 1).
Sampling was carried out early in biological spring for each
region in 2014 (i.e. in late March/early April in the
Mediterranean, April in the temperate NE Atlantic, end of
April to mid-May in the Baltic, and about one month after
the loss of ice-cover in the Arctic). At each location two stations were sampled. Each station was 5 –15 m wide and separated by a distance of 50 –100 m. The stations were placed in
representative areas of the shore where commonly occurring
species were observed i.e. avoiding rockpools and other atypical features.
At each station (N ¼ 39), the assessment was carried out at
mid intertidal and lower intertidal levels. The mid intertidal
was deﬁned operationally as approximately 25% of the vertical

extent of the shore centred on Mean Tidal Level. The lower
intertidal was deﬁned as 25% of the vertical extent of the
shore upwards from Mean Spring Low Water. In most of
the sites, however, high intertidal and upper subtidal were
also sampled. In subtidal systems, stations were placed in
areas dominated by macro-algae, rather than in urchin
barren habitats.
During sampling the biological characterization involved
the assessment of per cent coverage of different taxa of
canopy-forming and understorey algae as well as sessile invertebrates within each of ﬁve quadrats placed haphazardly within
a site at each shore height. The understorey algae mostly consisted of ﬂeshy and ﬁlamentous species. In macrotidal shores
(e.g. NE Atlantic) the quadrat size was 0.5 × 0.5 m (0.25 m2)
and in microtidal systems (e.g. Mediterranean) this was 0.2 ×
0.2 m (0.04 m2). The size of quadrats differed between the
two regions to account for differences in tidal amplitude and
size of organisms. The studied micro-tidal habitats are often
very narrow and larger quadrats would not have allowed the
differentiation between the low-shore and mid-shore habitats
in this micro-tidal system. Smaller quadrats in the NE
Atlantic would not have been appropriate to sample usually
large-sized fucoid and kelp algae. The gathered taxonomic information was optimized for up-scaling, so that a minimum
amount of information was lost when datasets were coupled
and integrated. This improved the efﬁciency and performance
of large-scale approaches and analyses.
Geographic coordinates (as latitude and longitude) were
recorded during sampling. Tidal range was obtained from
tide tables. Regional-scale proxies for weather, eutrophication
and climate change variables were obtained from different
online databases. A mean climatology for wind, solar energy
and cloud cover was obtained from the Climatic Research
Unit at the University of East Anglia (https://daac.ornl.gov/
cgi-bin/dsviewer.pl?ds_id=1073). The climatology collection
was compiled from existing data sources and algorithms,
and was designed to satisfy the needs of modellers and investigators of the global carbon, water and energy cycle. The site
data were interpolated as a function of latitude, longitude and
elevation using thin-plate splines (Stackhouse & Gupta, 2012).
Sea ice concentration (expressed as a mean percentage of
ocean area covered by sea ice) was obtained from the
Goddard Space Flight Center, Sea Ice Concentrations from
Nimbus-7 Scanning Multichannel Microwave Radiometer
and the Defense Meteorological Satellites Program Special
Sensor Microwave/Imager passive microwave data (https://
daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=981). These original
data were re-gridded by the National Snow and Ice Data
Center from their original 25 km spatial resolution and
EASE-Grid into equal angle Earth grids with quarter degree
spatial resolutions in latitude/longitude (Armstrong &
Knowles, 2010).
Nutrient pollution, sea surface temperatures and temperature anomalies data were obtained from Halpern et al. (2008).
In their study nutrient pollution data came from Food and
Agriculture Organization (FAO) national statistics (http://
faostat.fao.org) on average annual use of fertilizers (nutrients)
for the years 1993 – 2002 and were distributed across landscapes in agricultural lands with dasymetric techniques. Sea
surface temperature (SST) data from 1985 to 2005 have
been constructed from Advanced Very High Resolution
Radiometer Pathﬁnder Version 5.0 by NOAA’s National
Oceanographic Data Center and the University of Miami’s
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Fig. 1. Map of the sampling stations in the study area. The annual average SST isotherms (8C) are also indicated.

Rosenstiel School of Marine and Atmospheric Science (http://
pathﬁnder.nodc.noaa.gov). Then it was assessed how many
times the SST anomaly exceeded the standard deviation of
SSTs for each 4 × 4 km grid cell and week of the year. By incorporating the standard deviation, this threshold-based approach accounts for natural variability at a given location,
which can vary widely from place to place. Finally, a SST
change metric (later referred to as temperature anomalies)
was developed by subtracting the number of non-zero positive
anomalies in the early period (1985 –1990) from the number
in the recent period (2000 – 2005). As the anthropogenic
driver data (nutrient load and temperature anomalies) had
extreme left-skewed distributions the data were log[X + 1]transformed and then rescaled between 0– 1, with the
highest log-transformed value set ¼ 1.

Boosted regression tree modelling
Environmental gradients are expected to affect biota interactively and when exploring potential inﬂuences on the diversity of intertidal hard bottom communities, the analytical
framework should have capabilities to quantify the functional
form of the relationships between separate environmental gradients and the biota, as well as their interactive effects.
Modelling is the most appropriate tool, and several reﬁned
statistical approaches have already been applied in the ﬁeld
(Herkül et al., 2013; Sandman et al., 2013). The main focus
of spatial modelling has often been directed towards predicting species distribution ranges (Peterson, 2003; Soberon &
Peterson, 2005) without investigating underlying mechanisms. Modelling can however improve our understanding of
the relationship between the environment and biota and
inform the theoretical understanding of biotic patterns and
their driving forces (Kotta et al., 2014).
A novel predictive modelling technique, Boosted
Regression Trees (BRT) does not use any predeﬁned data
model but instead uses an algorithm to analyse the relationship between the biota and environmental variables. BRT

copes with different non-linear relationships which are
common in ecological data but difﬁcult to analyse using
more traditional methods. The BRT also avoids overﬁtting
the data, thereby providing robust estimates. Most importantly from an ecological perspective, BRT automatically detects
and models interactive effects between predictors. Due to its
strong predictive performance, BRT is increasingly used in
ecology (Elith et al., 2008; Kotta et al., 2013).
Multicollinearity can be an issue with modelling when
explaining relationships between environment and the biota.
Thus, prior to modelling, a correlation analysis was conducted
for environmental variables. Among the studied environmental variables only water temperature, solar radiation and
cloudiness showed any correlation (r between 0.82 and 0.90,
P , 0.01). Thus, in order to avoid multicollinearity issues,
the ﬁnal models included only water temperature.
The contribution of different environmental variables to
the cover and richness of hard bottom intertidal macroalgae
and invertebrates was explored using the BRT modelling.
The BRT technique iteratively develops a large ensemble of
small regression trees constructed from random subsets of
the data. Each successive tree predicts the residuals from the
previous tree to gradually boost the predictive performance
of the overall model (Elith et al., 2008). In ﬁtting a BRT the
learning rate and the tree complexity must be speciﬁed. The
learning rate determines the contribution of each successive
tree to the ﬁnal model, as it proceeds through the iterations.
The selected value of a tree complexity determines whether
only main effects (tree complexity ¼ 1) or interactions are
also included (tree complexity .1). Ultimately, the learning
rate and tree complexity combined determine the total
number of trees in the ﬁnal model. Following the suggestions
by Elith et al. (2008) the model learning rate was kept at 0.1
and tree complexity at 5 for all models. It was also checked
that the ﬁnal models had more than 1000 trees.
Nevertheless, a selection of model parameters had only marginal impact on model performance with optimal models improving predictions less than 1%. Model performance was
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evaluated using the cross validation statistics calculated during
model ﬁtting (Hastie et al., 2009). Thus, when running
models, a random selection of 80% of the data was used for
training the model and the rest of the data i.e. 20% was
assigned for testing model accuracy. The BRT modelling
was done in the statistical software R using the gbm package
(RDC Team, 2013).

RESULTS

Outputs of the BRT models described a signiﬁcant proportion
of variability in the cover and richness of macroalgae and
invertebrates inhabiting hard bottom intertidal habitats. For
the majority of models the explained variance was higher
than 80%. The model explained 71% of overall variability
when only considering cover of canopy algae.
The results of the BRT models including region (i.e. basin)
as an explanatory variable showed that interregional variability was very important for hard bottom intertidal macrophytes
and invertebrates. There was a large difference however in the
role of regional variability among types of organisms (understorey algae, canopy-forming algae or sessile invertebrates)
and aggregated community variables (cover or richness). In
general, regional variability was a better explanation for
algal patterns rather than invertebrate patterns and total
cover rather than richness. Regional variability explained
60% of the variability in canopy algae cover and 53% of the
understorey algae cover but only 37% of the sessile invertebrate cover. In the richness models, the same values were
about one-third lower than the levels in the cover models.

Understorey algae had the highest cover in the English
Channel, the Irish Sea and the Strait of Gibraltar and
highest richness in the Bay of Biscay. Canopy algae had the
highest cover in the Irish Sea, the Mediterranean Sea, the
English Channel and the Baltic Sea and highest richness in
the Bay of Biscay, the English Channel, the Mediterranean
Sea and the Mid North Atlantic coasts. Both the cover and
richness of sessile invertebrates were highly variable with no
clear spatial patterns (Figure 2).
As our main goal was to quantify roles of different environmental gradients on intertidal algae and invertebrates and regional variability largely incorporates changes in various
natural and anthropogenic forcing, the BRT models below
did not include the variable ‘region’ among the predictors.
Such BRT models identiﬁed tidal level, tidal range, nutrient
loading and water temperature (anomalies) to be the most signiﬁcant predictors of both cover and richness of macroalgae
and invertebrates (Table 1).
The cover and richness of understorey algae was higher in
subtidal and low intertidal areas compared with medium and
high intertidal areas. Moreover, higher tidal range was associated with elevated values of cover and richness of understorey algae. Nutrient load was also among the most
important variables predicting the understorey algal patterns.
The cover of understorey algae increased with nutrient load
whereas the richness of understorey algae was lowest at intermediate loads (Figure 3).
As for the understorey algae, cover and richness of canopy
algae was higher in subtidal and low intertidal areas compared
with medium and high intertidal areas. Elevated tidal range
reduced the cover of canopy algae but increased the associated

Fig. 2. Average values of the cover and richness of understorey algae, canopy algae and sessile invertebrates in different regions. The code of tidal levels is as
follows: H – high intertidal, M – mid intertidal, L – low intertidal, S – subtidal.
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Table 1. Relative contribution of environmental predictors in the BRT models of total cover and richness of macroalgae and invertebrates.
Variable

Nutrients
Tidal level
Tidal range
Wind speed
Water temperature
Temperature anomalies
Salinity
Ice

Understorey algae

Canopy algae

Sessile invertebrates

Cover

Richness

Cover

Richness

Cover

Richness

39
25
21
4
3
3
4
1

27
28
12
5
7
12
7
2

9
20
15
2
33
3
16
2

8
22
7
4
13
22
5
19

21
30
13
5
12
5
11
3

13
29
9
5
16
16
10
2

Fig. 3. Standardized functional-form relationships showing effects of the four most important environmental variables on the cover and richness of understorey
algae in the study area, whilst all other variables are held at their means. The variables are ordered by their relative contribution in the BRT model (shown in
brackets). Upward tickmarks on x-axis show the frequency of distribution of data along this axis. The code of tidal levels is as follows: H – high intertidal,
M – mid intertidal, L – low intertidal, S – subtidal. The values of nutrient loads and temperature anomalies are log-transformed and rescaled between 0 – 1.
See the Methods section for further information on environmental variables.

taxonomic richness. Water temperature strongly contributed
to the patterns of canopy algae with cover and richness
being higher at reduced water temperatures. In contrast to
understorey algae, the effect of nutrient load for patterns of
canopy algae was moderate. Speciﬁcally, elevated nutrient
loads were associated with higher cover of canopy algae
whereas highest richness values were found at intermediate
nutrient loads (Figure 4).
The richness of canopy algae and sessile invertebrates
showed similar patterns along the tidal levels and temperature
gradient. However, no such similarities emerged for the cover
of sessile invertebrates. Instead, the cover of sessile invertebrates was higher in high and medium intertidal areas

compared with low intertidal and subtidal areas. Nutrient
loads and tidal range highly contributed to the cover of
sessile invertebrates with higher cover values expected at intermediate nutrient loads and tidal range (Figure 5).
The BRT analyses also identiﬁed a few important interactive effects. Speciﬁcally, the effect of nutrient loads on
understorey algae and sessile invertebrates varied widely
among tidal levels. Although the cover of understorey algae
increased with nutrient load across tidal levels, the effect
was stronger in subtidal and low intertidal areas compared
with medium and high intertidal areas. Similarly, the cover
and richness of sessile invertebrates increased with nutrient
loads in contrast to understorey algae where the stronger
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Fig. 4. Standardized functional-form relationships showing effects of the four most important environmental variables on the cover and richness of canopy algae
in the study area, whilst all other variables are held at their means. The variables are ordered by their relative contribution in the BRT model (shown in brackets).
Upward tickmarks on x-axis show the frequency of distribution of data along this axis. The code of tidal levels is as follows: H – high intertidal, M – mid intertidal,
L – low intertidal, S – subtidal. The values of nutrient loads and temperature anomalies are log-transformed and rescaled between 0 – 1. See the Methods section for
further information on environmental variables.

effects were found in high and medium intertidal areas compared with low intertidal and subtidal areas. The richness of
understorey algae decreased with nutrient loads with the
effect being proportionally stronger in subtidal and low intertidal areas compared with medium and high intertidal areas
(Figure 6).
Water temperature interacted with other environmental
variables in the models of canopy algae. The cover of
canopy algae decreased at elevated temperatures; however,
this effect was much stronger in subtidal and low intertidal
areas compared with medium and high intertidal areas. The
richness of canopy algae was reduced by elevated ice scour.
However, the effect disappeared in areas characterized by
higher temperature anomalies (Figure 7).

DISCUSSION

Based on the results of the analyses, initially proposed hypotheses were supported. The results conﬁrmed that interregional
variability accounted for about half of the variability in intertidal hard bottom macroalgal and invertebrate communities at
the pan-European scale. Interregional variability displayed a
systematically stronger effect on algal communities than on
invertebrate communities and had a signiﬁcantly stronger
effect on cover patterns compared with richness of species.
It was found that higher shore levels were characterized by
reduced algal and invertebrate richness although elevated

wave exposure and increased tidal range mitigated the effect.
Elevated nutrient loads increased both cover and richness of
understorey species but had a moderate effect on canopy
algae and increases in seawater temperature and associated
weather anomalies did not seem to have any effect on the
cover of canopy algae whereas a very strong negative effect
on canopy richness was observed. On the other hand, the patterns of understorey algae were essentially uncoupled with
those of elevated temperature anomalies.
There exist broad differences in how biogeographic history
affects local patterns of species cover and richness and these
differences may explain why regional variability was more important for species cover than richness. Speciﬁcally, the
number of species in the regional pool sets the maximum
limit of species in a local community. At small spatial scales,
however, local communities become quickly saturated by
species and the number of species in the species pool is
much higher than local communities can actually accommodate (Kotta & Witman, 2009). Earlier studies have found
clear evidence for saturation at the studied quadrat scale
with the saturation effect being ampliﬁed towards the coastline characterized by high environmental stress (Russell
et al., 2006). Therefore, local species richness of the hard
bottom intertidal habitats is deﬁned either by limiting environmental factors or short-term biotic mechanisms that leads
to the exclusion of some of the species from a community
rather than regional speciation processes. As observed in
this study, intertidal hard bottom habitats are often highly
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Fig. 5. Standardized functional-form relationships showing effects of the four most important environmental variables on the cover and richness of sessile
invertebrates in the study area, whilst all other variables are held at their means. The variables are ordered by their relative contribution in the BRT model
(shown in brackets). Upward tickmarks on x-axis show the frequency of distribution of data along this axis. The code of tidal levels is as follows: H – high
intertidal, M – mid intertidal, L – low intertidal, S – subtidal. The values of nutrient loads and temperature anomalies are log-transformed and rescaled
between 0– 1. See the section of methods for further information on environmental variables.

Fig. 6. Partial dependence plots of the BRT model for the cover and richness of understorey algae and sessile invertebrates at different tidal levels in the study area.
The values of nutrient loads are log-transformed and rescaled between 0– 1. See the Methods section for further information on environmental variables.
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Fig. 7. A partial dependence plot of the BRT model for the cover of canopy
algae at different tidal levels and a three-dimensional partial dependence
plot in the BRT model for the richness of canopy algae along the gradients
of water temperature anomalies and ice cover in the study area. The values
of temperature anomalies are log-transformed and rescaled between 0– 1.
See the Methods section for further information on environmental variables.

patchy, especially at the smallest spatial scales with different
microhabitats being suitable for different sets of species.
Such microhabitat heterogeneity also suggests the existence
of a strong small-scale component of variability and a weak regional pool effects in intertidal species richness.
Total cover values, in contrast to species richness, are
determined by environmental stressors such as desiccation,
wave exposure, ice scour and nutrient loads that often play
a central role in deﬁning community structure (Menge &
Sutherland, 1987; Smale et al., 2016). Such environmental
stressors do not only operate at a regional scale, but can
even introduce signiﬁcant variability within the same region
(Smale et al., 2016) and thus synchronize cover values at multiple spatial scales, particularly where they are having a direct
effect on recruitment or mortality (Dal Bello et al., 2016). For
example, stressors such as wave exposure, ice scour and desiccation at upper intertidal zones have a notable impact on the
abundance patterns of many sessile intertidal species (Dayton,
1971; Heaven & Scrosati, 2008). When the intensity or the
severity of disturbances outweighs colonization, then the

inhabited area remains smaller in size than potentially possible (Johnston et al., 2002). Regional variability in productivity and consumption may also have a fundamental inﬂuence
on patterns of species cover. It has been shown that high productivity regions are more prone to overgrazing (functional
types of grazers which cause barrens of diversity) than to nutrient loads, and low productivity regions are less affected by
grazing (no barrens) and more affected by nutrients
(Connell & Irving, 2008).
We also expected that environmental gradients are major
underlying components of the observed interregional variability. Apart from the potential effects of the regional species
pool and species biogeography not resolved in this study,
our BRT models showed that most variability in cover and
richness of hard bottom macroalgae and invertebrates across
Europe was explained by site-speciﬁc abiotic characteristics
such as tidal regime and climate variables coupled with anthropogenic eutrophication.
More speciﬁcally, we expected higher shores to be characterized by reduced richness of macroalgae and invertebrates
compared with lower shores. The BRT analyses conﬁrmed
this expectation as both cover and richness of understorey
and canopy algae increased at lower intertidal and subtidal
zones compared with mid- and high intertidal zones. Such
ﬁndings conﬁrm well-known principles of intertidal ecology
whereby higher cover and richness of algal communities is
found at lower intertidal and subtidal zones due to reduced
risk of desiccation and thermal stress (Dayton, 1975) but in
some cases probably due to reduced grazing or a combination
of both (Underwood & Jernakoff, 1981; Hawkins & Hartnoll,
1985). Species richness of sessile invertebrates also increased
in line with the previously observed zonation patterns for
algal communities which can be linked to physiological tolerances of species, foundation effects due to canopy-forming
seaweeds and broader availability of suitable habitats as
space, these being some of the most limiting factors for intertidal communities (Tomanek & Helmuth, 2002). On the other
hand, the cover of sessile invertebrates displayed the complete
opposite i.e. cover increased at high and medium intertidal
areas compared with low intertidal and subtidal areas. This
most probably relates to the fact that competition and predation pressure decreases at higher intertidal zones allowing an
increase in the cover of species that are able to effectively colonize high intertidal areas (Dayton, 1971).
Elevated wave exposure and increased tidal range were also
expected to support higher benthic richness compared with
sheltered and/or microtidal habitats. The BRT analyses
showed that tidal range accounted for a large variability of
the cover and richness patterns of benthic intertidal species.
High-energy shores were characterized by high cover and
richness of understorey algae; thus, an elevated tidal range
probably reduced the desiccation stress of small noncorticated ﬁlamentous macroalgae, otherwise common in
microtidal shores. The tide height also relates to the tidal
stream strength and wave energy reaching the shore so
lower cover of larger organisms (canopy algae and some invertebrates) is associated with higher tidal range possibly due to
mechanical disturbance related to elevated disturbance by
waves (Denny et al., 2003; Helmuth & Denny, 2003).
Elevated regional-scale loads of nutrients were expected to
increase both cover and richness of understorey algae species,
whereas relationship between nutrient loads and cover and
richness of canopy-forming species is bell-shaped. Observed
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nutrient loads displayed a signiﬁcant separate effect on the
cover and richness of the intertidal communities. It was
found that elevated nutrient loads increased both cover and
richness of understorey species but had a moderate role on
canopy algae. Such observations might relate to functional
traits of the studied organisms. For example, understorey
algae and sessile invertebrates are both characterized by a
short lifespan, thus, elevated nutrient availability might be
beneﬁcial throughout their life cycle. Beneﬁcial impacts of
nutrients on ﬁlamentous understorey algae correlates well
with previous ﬁndings suggesting shifts in ﬂoral dominance
patterns from perennial to ephemeral species in case of prolonged events of nutrient inﬂux (Gorostiaga & Diez, 1996;
Diez et al., 1999). However, the highest richness values of
understorey algae were observed when nutrient loads were
the lowest, minimum richness at intermediate loads and moderate richness at highest loads. This could potentially reﬂect
shifts in taxonomic composition along the eutrophication gradient as communities under pristine conditions differ signiﬁcantly from those under eutrophic conditions.
The increase in nutrient loads was positively correlated
with the cover of canopy algae, but the slope of the function
was not as steep when compared with understorey algae.
Canopy algae have internal nutrient reserves and might therefore be less inﬂuenced by external nutrient availability
(Pedersen & Borum, 1996). Due to relative stability in internal
nutrient reserves the canopy algae are favoured over smaller
ephemeral species at low nutrient environments. On the
other hand, the highest canopy richness was observed at intermediate nutrient levels that resulted in a bell-shaped relationship. In oligotrophic conditions an increment of nutrients
promotes richness by directly improving algal growth conditions and indirectly increasing habitat heterogeneity (Field
et al., 1998; Kotta et al., 2014) whereas nutrient overload is
detrimental for many canopy-forming algae and a steep decrease in cover and richness values can occur. The latter phenomenon might be a result of algal blooms or increased
epiphyte overgrowth that reduces light availability for macroalgae and/or induces supplemental herbivory (Valiela et al.,
1988; Orav-Kotta & Kotta, 2004; Kraufvelin et al., 2007).
Ultimately, this leads to competitive exclusion where only
the best competitors for light are favoured (Abrams, 1995).
Cover of sessile invertebrates was highest at intermediate
nutrient load. Here, several mechanisms can generate the
observed functional form relationship but the exact mechanism can only be validated experimentally. Most plausibly, ﬁlamentous understorey macroalgae outcompete invertebrates
for space in areas of high nutrient loads.
Finally, it was expected that elevated temperatures and
increased temperature anomalies would facilitate understorey
algal species but hinder the growth of canopy-forming algae.
The BRT models demonstrated that temperature described a
large proportion of the variability of intertidal communities, especially those of canopy algae. It was found that climate-induced
increases in seawater temperature and associated weather anomalies did not seem to have any effect on the cover of canopy algae
whereas a very strong negative effect on canopy richness was
observed. This suggests that the maintenance of macroalgaerelated functions of understorey assemblages in coastal environments (Britton-Simmons, 2006; Wikström & Kautsky, 2007;
Golléty et al., 2008) may be threatened by climate change as
species richness is often considered as a reliable measure to
reﬂect the state of an ecosystem (Maestre et al., 2012) and is

regularly found as a basis of management advice. It is important
to note that species richness incorporates taxonomic identity
of species in an ecosystem that is also linked to functional
traits of organisms. If the richness of canopy algae should decrease then it is highly questionable whether sustained rates of
high canopy cover could provide similar functions required by
the ecosystem as well as whether full recovery is likely. For
example, in temperate Western Australia a canopy dominated
temperate reef system switched to a turf dominated state due
to an exceptional heatwave in 2011 and the recovery to the previous state is further hindered by high grazing rates of herbivores
(Smale & Wernberg, 2013; Wernberg et al., 2013). Increased frequency of disturbance events and rising temperatures are
expected to cause species range shifts (Lima et al., 2007a) and
pose a signiﬁcant threat to the distribution of canopy-forming
algae and jeopardize the stability of algal-dominated marine
regions as well as the overall food-web stability (Wernberg
et al., 2010; Smale et al., 2013). Unexpectedly, the patterns of
understorey algae were essentially uncoupled with those of elevated temperature anomalies. One likely explanation for such
a phenomenon could be that ﬁlamentous algal species dominate
in understorey communities and rapidly replace one another
when environmental conditions become unfavourable to some
taxa. The major loss of canopy algae highlights the need to
understand whether ﬁlamentous algae could compensate for
such a loss and provide similar functions to an ecosystem as
canopy algae. For example, it has been demonstrated that ﬁlamentous algae can be more productive than canopy-forming
algae on a biomass basis whereas the annual net production
per area is two to seven times lower than for canopy-forming
algae (Copertino et al., 2005). Likewise, it has been shown that
ﬁlamentous algae may host similar invertebrate species as perennial macroalgal species (Wikström & Kautsky, 2007). However,
due to their seasonal occurrence, ephemeral species are not likely
to replace the majority of functions provided by perennial
species such as habitat formation and associated diversity
(Råberg & Kautsky, 2007; Arnold et al., 2016).
All components of the environment and biota are interlinked and depend on each other. Thus, any model that
resolves only separate effects of the environment on biota is
only a simpliﬁed representation of reality. In this study, we
assessed the importance of different environmental interactions and found that, surprisingly, only a few interactive
effects emerged as being important. For the ephemeral
species, the effect of nutrient loads varied along a gradient
of tidal level. This may be partly due to the fact that the sensitivity of habitats to eutrophication decreases with the intensity of water exchange (e.g. Tett et al., 2003) and areas higher
in the shore have lower exposure to water enriched with nutrients. Alternatively, elevated intensities of other stressors in the
higher shore levels (including elevated rates of desiccation or
ice scour, the effects of nutrient loads) are expected to be
weaker (Jutterström et al., 2014). For the canopy-forming
species, tidal level moderated the response of temperature to
species cover. The high inter-tidal level – temperature interaction had the weakest effect on the cover of canopy algae
as these algae can be highly adapted to elevated temperatures/desiccation events (Guenther & Martone, 2014).
Similarly, our study showed that elevated temperature anomalies may counterbalance the effects of ice scour on the richness of canopy algae, promoting an elevated richness of
canopy algae at high latitudes (especially in mid and highintertidal areas). This correlates with recent documentation
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of the current effects of seawater warming and ice retreat on
littoral macrophytes at high latitudes (Weslawski et al.,
2010). On the other hand, elevated temperature anomalies
reduced algal cover at low latitudes (especially in low intertidal
areas).
Correlative species distribution models are frequently
applied as a sophisticated tool to improve our understanding
of the relationship between environment and biota (Elith
et al., 2006, 2010). It is important that the analytical framework has the capacity to quantify the functional form of separate and interactive relationships in order to apply potential
reasoning for causations. The machine learning methodology
used in this study provides a robust framework to seek for the
mechanisms that determine spatial distribution patterns of
intertidal species under current environmental conditions.
The established functions between environmental gradients
and anthropogenic stressors can potentially be used to
predict the cover and diversity of intertidal hard bottom communities at the pan-European scale and seek for potential biodiversity hotspots. Such knowledge provides better starting
conditions to understand various aquatic ecosystems and contributes towards environmental policies such as marine
ecosystem-based management that seeks to manage marine
resources in accordance with ecosystem health while providing socio-economic services needed by people (Crowder &
Norse, 2008; Espinosa-Romero et al., 2011; Long et al.,
2015). However, care should be taken when interpreting
cause-effect relationships based on the results of this study
as further experimental research is required to validate the
obtained results. This is mainly because we were only able
to include one temporal replicate of sampled sites which
poses a notable limitation for interpretation of results, but is
understandable given the scale of this study. Nevertheless,
extreme weather conditions such as heavy winter storms in
the NE Atlantic Ocean or explicitly warm summers in the
Mediterranean Sea could result in atypically sparse algal canopies. Regional deviations from typical disturbance history
may therefore affect the credibility of data obtained in one
sampling season as such large-scale environmental stochasticity may override the effect of environmental variability operating at smaller spatial scales.
In this study we demonstrate how the distribution patterns
of benthic hard bottom algal and invertebrate communities at
pan-European scale are affected by various environmental
gradients and human-induced stressors. For the majority of
large-scale study initiatives the main difﬁculty is the amount
of time required in order to overcome restrictions to access
required data and/or to harmonize different databases. This
ampliﬁes the need for global science to become more uniﬁed
and opened through data sharing as data compiled in this
study is virtually based on the voluntary initiative of scientists
and good will. Projects such as EMBOS, that go beyond the
scope and vision of current national and institutional monitoring activities, promote a simple and standardized sampling
framework required in order to address complications associated with large-scale studies that examine biological
mechanisms of life on earth.
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Råberg S. and Kautsky L. (2007) A comparative biodiversity study of the
associated fauna of perennial fucoids and ﬁlamentous algae. Estuarine,
Coastal and Shelf Science 73, 249–258.

Karydis M. and Kitsiou D. (2012) Eutrophication and environmental
policy in the Mediterranean Sea: a review. Environmental
Monitoring and Assessment 184, 4931–4984.

Ramos E., Puente A., Guinda X. and Juanes J.A. (2016a) A hierarchical
classiﬁcation system along the NE Atlantic coast: focusing on the local
scale (Cantabria, N Spain). European Journal of Phycology, in press.
doi: 10.1080/09670262.2016.1221469.

Kotta J., Kutser T., Teeveer K., Vahtmäe E. and Pärnoja M. (2013)
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