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Variability in the settlement 
of non-indigenous species in benthic 
communities from an oceanic island
Léa Riera1,2* , Patrício Ramalhosa2,3, João Canning‑Clode2,4,5 and Ignacio Gestoso2,5

Abstract 

The introduction of non‑indigenous species (NIS) in new environments represents a major threat for coastal ecosys‑
tems. A good understanding of the mechanisms and magnitude of the impact of NIS colonisation on native eco‑
systems is becoming increasingly crucial to develop mitigation measures and prevent new invasions. In this present 
study, we asked if distinct coastal benthic communities from an oceanic island can have different vulnerability to NIS 
colonisation process. First, PVC settlement plates were deployed for 1 year on the rocky shore of two different loca‑
tions of Madeira Island (North versus South coast). Then, we implemented a mesocosm experiment where recruited 
plate communities were maintained under different levels of NIS propagule pressure in order to assess their vulner‑
ability to NIS colonisation process. Results showed that NIS colonisation success was not influenced by the level of 
propagule pressure, but however, final colonisation patterns varied depending on the origin of the communities. This 
variability can be attributed to major structural differences between the preponderant species of each community 
and therefore to the biotic substrate they offer to colonisers. This study highlights how biotic features can alter the NIS 
colonisation process and importantly, shows that in an urbanisation context, the nature of the resident communities 
facing invasions risks needs to be closely assessed.
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Background
The introduction and spread of non-indigenous species 
(NIS) causing biological invasions is, along with habitat 
destruction, considered as a major cause of biodiver-
sity loss worldwide [1, 2]. In fact, biological invasions 
have recently been considered the second most signifi-
cant driver of species extinctions [3] and future climate 
change is predicted to increase the spread of invasive 
species, accelerating invasions [4].

Non-indigenous species can thus modify ecosystems 
by displacing native species, altering habitat characteris-
tics and modifying nutrients, food, light and space avail-
abilities [5]. The impact of NIS on native communities and 
ecosystems have been increasingly studied for decades [6], 

making invasion biology a young and rapidly developing 
discipline with broad ecological and conservation impli-
cations [1]. Criteria used to categorise a species as inva-
sive remains somewhat controversial, but invaders can 
be characterised as NIS that undergo rapid increases in 
abundance and/or spatial occupancy with adverse effects 
on recipient ecosystems [7]. Other definitions specify that 
the introduction of these species outside of their natu-
ral dispersal potential must be caused by human action, 
whether intentionally or unintentionally [8].

Nowadays, global human activities are facilitating and 
accelerating the movement of many species [9] and the 
proportion of documented invasions has significantly 
increased in the last two decades [10]. Particularly in 
the marine system, over 1500 species have invaded loca-
tions throughout the world’s oceans, and new detections 
are found every year at a global scale [11]. Even though 
the increase in biological invasion reports is likely to be 
influenced by the associated increase in search efforts, it 
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is commonly admitted that invasions have been largely 
facilitated by the increase of worldwide marine traffic 
through the transport of fouling species on vessel hulls 
and through ballast water [12]. The surge of marine 
debris rafting through entire oceans is also able to carry 
fouling species for long distances and is now being con-
sidered as a significant vector of NIS introduction world-
wide [13, 14]. Fouling organisms are characterised by 
their ability to attach, accumulate and colonise hard 
artificial substrates [15–17]. Anthropogenic areas such 
as marinas and ports experience the most intense input 
of fouling species due to high marine traffic [18]. The 
main fouling species found around the world are usually 
macroalgae, sponges, hydroids, polychaetes, barnacles, 
molluscs and tunicates [19, 20]. The fouling process is 
complex and highly depends on the ability of the larvae 
to find a bare substrate or invade an already occupied 
substrate and obtain adequate resources [21]. Moreover, 
expanded tourism in coastal regions has undoubtedly 
led to an increasing number of anthropogenic struc-
tures that can be used by fouling organisms as a long-
term substrate [22]. Moreover, coastal urbanisation is 
also often accompanied with important changes of local 
physico-chemical conditions (i.e. lower salinity, pollutant 
concentration, currents and waves changes) which are 
all characterised as disturbances for coastal ecosystems 
[23, 24]. When such disturbed habitats are combined 
with high and frequent inputs of NIS, as it is the case in 
harbours and marinas, this combination increases the 
opportunity of invasion, and therefore the risk of coloni-
sation of adjacent established communities [25]. In this 
context, fouling communities have been used in several 
ecological studies investigating marine invasions [26–28] 
as they are easy to collect and develop rapidly.

Furthermore, various biological mechanisms influence 
marine invasion success such as negative interactions, 
positive interactions, invader traits or post-invasion 
evolution [29]. Each of these aspects requires further 
research to obtain a broader understanding of the global 
invasion process. Whether in terrestrial or marine envi-
ronments, the invasion process depends on several char-
acteristics associated with the non-indigenous organisms 
(i.e. invasiveness), the features of the recipient com-
munity (i.e. invasibility) and also on propagule pressure 
[30]. The term ‘propagule pressure’ usually involves, not 
only the abundance of individuals arriving into an area 
(propagule size), but also the frequency at which they 
arrive (propagule frequency) [31]. While several studies 
have demonstrated a positive relationship between prop-
agule pressure and establishment success [32–34] little 
is known about the nature of this relationship [35, 36]. 
However, just as some NIS are more successful invaders 
than others, some communities are more susceptible to 

invasions [26]. For example, a higher predominance of 
invasions has been reported in disturbed ecosystems and 
for communities with low species diversity [37]. Moreo-
ver, island intertidal ecosystems are usually more sensi-
tive to invasions due to the lack of competitors and are 
therefore more likely to have “open” niches and to suffer 
severe impacts from invasions [26].

The Madeira archipelago is located in the north-east-
ern Atlantic Ocean, 700 km off the Moroccan coast and 
has historically provided a major rest-stop for boats 
crossing the Atlantic between Europe, the Americas and 
Africa [38]. Today, most of Madeira’s maritime traffic 
comes from tourist cruise ships and yachts for re-fuel-
ling, and tourism [39]. The number of NIS detections in 
the archipelago has been increasing in recent years due 
to ongoing monitoring surveys and biodiversity assess-
ments around the Madeira island system [40–42]. These 
recent studies suggest that most NIS arriving in Madeira 
are likely from other European ports, particularly in the 
Mediterranean and Northern Europe, and are conveyed 
by secondary or tertiary introduction vectors [19, 43]. 
Furthermore, a recent local investigation, conducted at 
the same marina where the present study was performed, 
confirmed a positive relationship between the number of 
vessels arriving at that particular marina and the cumu-
lative number of NIS detected during the survey period 
[19]. The South coast of Madeira is particularly exposed 
to human activities (e.g. ship traffic, urbanisation, aqua-
culture and coastal development) which can cause local 
geographic expansion of several NIS through the dis-
persion of propagules from marinas to the rest of the 
island’s South coast [23]. In contrast, the North coast 
of the island, perhaps due to its abrupt coastline, is less 
subjected to anthropogenic pressures. Moreover, sig-
nificant differences in hydrodynamic and weather con-
ditions between the northern and southern coasts have 
been described [44, 45]. Nonetheless, to date no study 
has investigated whether differences between North and 
South intertidal benthic ecosystems can influence their 
vulnerability to NIS colonisation in Madeira.

In the present study, we firstly investigated the typi-
cal species composition of intertidal benthic communi-
ties from different locations along the North and South 
coasts of Madeira Island. In parallel, we employed a set-
tlement plate methodology to collect artificial commu-
nities from the North and South coasts throughout one 
year. We then used a mesocosm system to maintain these 
plate communities under different levels of NIS pres-
sure and evaluate the NIS colonisation success across 
two “biotic substrates” i.e. benthic plate communities. 
We hypothesised that communities from the North ver-
sus South coast will differ and this variability will induce 
different colonisation success depending on the benthic 
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community. Specifically, we expect Southern communi-
ties to be more susceptible to NIS colonisation due to 
higher disturbance of their environment. In addition, we 
simulated two different levels of NIS pressure in order 
to test the consistency of the responses under different 
potential invasion scenarios.

Methods
Preliminary study: comparison of benthic communities 
in the North and South coasts
We compared benthic communities at the northern and 
southern coasts of Madeira Island to investigate whether 
these communities differ in terms of species compo-
sition. This was a prerequisite that would allow us to 
consider two different community types that would be 
represented when collecting field samples both on the 
North and South coasts of the island. This study con-
sisted of comparing field quadrate photos of low inter-
tidal benthic communities in six locations (Fig.  1) from 
northern (N) and southern (S) coasts of Madeira Island, 
namely Seixal (N), Rocha do Navio (N), Porto Moniz (N), 
Reis Magos (S), Quinta do Lorde (S), and Riberia Brava 
(S). In each location, 10 photos of a 20 × 20  cm delim-
ited quadrate were recorded (Canon EOS 30D) at the low 
shore (i.e. 0.4–0.8 m above the lowest astronomical tide) 
and then analysed with the Coral Point Count software 
(CPCe 4.1) [46] to assess species composition and their 
cover-abundance for each quadrate. Each image was sub-
divided into a 3x3 grid of 9 cells, with 11 random points 

per cell resulting in 99 points analysed per image. This 
stratified random sampling method ensured that points 
were sampled in each section of the image [46].

Field collections of NIS
In June 2013, a total of 32 bricks to be colonised by foul-
ing communities were deployed in Funchal marina 
(32°38′N, 16°54′W), the marina with the highest vessel 
traffic to be colonised by fouling communities. These 
bricks were mostly assembled by NIS and to be later used 
as a proxy to simulate high NIS propagule pressure con-
ditions inside the mesocosm tanks. Bricks were randomly 
deployed in the marina, tightened to a rope and vertically 
attached to the pontoons at approximately 1  m depth. 
Almost four years later, in May 2017, the bricks were col-
lected and kept in plastic buckets filled with seawater to 
facilitate transportation. At the laboratory, a qualitative 
survey of the organisms attached to each brick was con-
ducted by the naked eye. In addition, photographs were 
taken at the six faces of each brick to complete the survey 
by image analysis. For each brick, fouling species were 
identified to the lowest taxonomic group based on exist-
ing literature or by consulting taxonomic experts. Finally, 
all sessile macroinvertebrates and macroalgae colonising 
bricks were assigned to one of three categories: native, 
NIS, or cryptogenic (i.e. unspecified or unknown origin). 
This biogeographic categorisation was based on available 
literature and databases [47–49].

Fig. 1 Map of the study area showing Madeira archipelago in the Atlantic Ocean and the sites of the preliminary study as well as the sampling sites
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Field collections of benthic communities
In addition, a total of 36 polyvinylchloride (PVC) plates 
were installed at two different locations to allow colo-
nisation by resident species. Eighteen PVC plates 
(14 × 14 × 0.3  cm) were deployed in May 2016 near 
Quinta do Lorde Hotel beach (Qdl) located in the South 
coast (32°44′30.3″N 16°42′31.9″W) and eighteen addi-
tional plates at Seixal beach (Sei) located in the North 
coast (32°49′34.2″N 17°07′07.5″W) (Fig.  1). Plates were 
individually drilled into low intertidal rocky shores 
using stainless steel screws approximately 1 m from the 
lowest tide transect, keeping the same orientation and 
height. After allowing 12 months of colonisation, settle-
ment plates were then retrieved from the field and kept 
in separate plastic bags filled with seawater to avoid deg-
radation during transport to the laboratory. Each plate 
was carefully examined by a stereo-microscope (Leica S8 
APO) and then photographed to be later analysed with 
CPCe in order to assess species composition (richness 
and abundance) of each plate by employing the method 
previously described.

Mesocosm experiment
The experiment lasted 60  days (26th May to 25th July 
2017) and was conducted at the facilities of the Marine 
and Environmental Research Centre (MARE) at the 
Quinta do Lorde Marina, located on the southeast coast 
of Madeira Island (32°44.5′N, 16°42.8′W). The mesocosm 
system used 6 independent PVC tanks, each with 350 L 
of volume, filled with 10  μm filtered-seawater directly 
sourced from the marina. A literature review has been 
carried out to verify that the propagules of the species 
found on the bricks were larger than 10 μm and ensured 
that no recruitment from outside the mesocosm was pos-
sible. A continuous water flow of 20 ml/s was kept dur-
ing the whole duration of the experiment, resulting in a 
complete turn-over of the water in each tank approxi-
mately four times a day. In addition, constant aeration 
was installed in each tank. The whole system received 
natural light under an approximate 12/12  h light/dark 
photoperiod.

The experiment consisted of a 3x3 factorial design to 
test how benthic communities from different locations 
(fixed, three levels: northern communities, southern 
communities and un-colonised control plates) react to 
different levels of propagule pressure (fixed, three levels: 
none, low, high). The three “propagule pressure” treat-
ment scenarios were simulated by suspending 0 (ambient 
pressure), 4 (low pressure) and 8 (high pressure) bricks 
completely colonised by fouling species in the tanks. 
Moreover, in the “high” treatment tanks, an additional 4 
bricks were added halfway through the experiment total 

duration (i.e. +30 days) to differentiate the frequency of 
introduction between the two treatments. These three 
levels intended to perform as a proxy for simulating the 
environmental scenarios during the development of a 
harbour facility in a coastal rocky shore. Indeed, in the 
control tanks, communities were already facing some of 
the associated environmental disturbances, such as water 
quality deterioration compared to natural conditions due 
to sourcing of the water from the marina or the absence 
of wave action and currents existing in their natural envi-
ronment [24]. These conditions intended to represent the 
environmental changes observed at the initial stage of a 
coastal urbanisation project, and the addition of bricks 
in the two propagule pressure treatments could indicate 
further development with the arrival of boats and ships 
to the area (Fig. 2).

Each treatment was replicated in two randomly-posi-
tioned tanks to prevent tank effects during the analysis 
and PVC plates (N = 54) were placed at the bottom of the 
tank. Three replicates of each plate community (North, 
South, control) were randomly assigned to each tank. 
Temperature was continuously monitored using data-
loggers (HOBO  pendant temp/light, 64  k UA-002-064; 
Onset Computer Corporation, Bourne, MA, USA) set to 
measure temperature every 30 min. Salinity,  O2 and pH 
were measured and kept constant during the experiment 
(Temperature = 20.8 ± 0.3 °C,  O2 concentration = 6.5 mg.
mL−1, pH = 7.95, salinity = 30.06 ppt). Each tank was 
cleaned once a week by siphoning the bottom sediments. 
Regarding the fouling species identified on the bricks and 
based on literature [50, 51], a microalgae diet was cho-
sen. Animals were fed every 48 h with a mixture of four 
species of phytoplankton: Nannochloropsis sp., Chlorella 
sp., Isochrysis sp. and Rhodomonas sp. at 50.106 cells/
mL. Fresh cultures were provided weekly by the Oceanic 
Observatory of Madeira and kept in bottles with air sup-
ply and light. At each feeding session, 200 ml of the mix-
ture was added to each tank with the water-flow turned 
off for three hours after feeding to allow enough feeding 
time.

At the end of the experiment, all plates were analysed 
using the same identification methods, to identify all spe-
cies settled and assess species cover in order to evaluate 
every potential change in the species composition and 
the variability in the patterns of NIS colonisation success 
across the different plate communities.

Data analyses
Preliminary study
The hypothesis tested here is that communities from the 
North and South coasts are different using the quad-
rates photos analysis. Both univariate (species diversity) 
and multivariate (percent cover of each species) analysis 
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were performed. A one-factor (Location) orthogonal 
non-parametric permutational analysis of variance (PER-
MANOVA) on square-root transformed data was used as 
well as a 2-sample t test to verify our hypothesis. Further-
more, to visualise multivariate patterns between North 
and South coast communities, a non-metric multidimen-
sional scaling (nMDS) was employed to generate a two-
dimensional ordination plot.

Mesocosm experiment: analysis of the collected communities
Prior to the mesocosm experiment, communities col-
lected on plates deployed in the field were analysed 
in terms of species composition and percent cover, to 
ensure that they represent significantly different commu-
nities and therefore reflect what has been observed dur-
ing the preliminary study. Fouling species composition 
on the bricks collected in Funchal marina was compared 
using a one-factor PERMANOVA analysis to ensure that 
there were no statistical differences of fouling species 
composition between tanks after a random brick dis-
tribution among tanks and to investigate the difference 

of species diversity collected on plates from Quinta do 
Lorde (South coast) and Seixal (North coast). A non-
metric multidimensional scaling (nMDS) was then used 
to visualise this difference. Species that mostly contrib-
uted to the dissimilarity between the two groups were 
identified using SIMPER analysis [52].

Mesocosm experiment: analysis of the final composition
Several hypotheses were tested here. First, the impact 
of the pressure treatments on the different communities 
was analysed to assess if a higher NIS pressure during the 
experiment provokes a higher final colonisation. Second, 
the results of each community among each treatment 
was examined to verify if they respond differently to NIS 
pressure. A PERMANOVA analysis on data from percent 
cover of all species found on the plates at the end of the 
experiment was carried-out. Significant effects (p < 0.05) 
were further investigated through pairwise comparisons 
between treatments. When the random factor “Tank” 
was non-significant at level p > 0.25, tanks were pooled 
[53] and PERMANOVA and ANOVA analyses were 

Fig. 2 Illustration of the experimental design: 3 NIS pressure (a control, b low, c high) to represent in the mesocosm three scenarios: a building of a 
marina and perturbation of the ecosystem; b mall marina, start of NIS introduction; c large marina, important NIS introduction)
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re-run (n = 6). To graphically visualise multivariate pat-
terns of variation among communities associated with 
treatments, nMDS was used to produce two-dimen-
sional ordination. Finally, species abundance differences 
between the start and the end of the experiment were 
also compared using ANOVA on the same model used 
for PERMANOVA and taxa that mostly contributed to 
the dissimilarity were identified using SIMPER analysis.

PERMANOVA, ANOSIM and SIMPER analyses were 
performed using the PRIMER 6 software package with 
the PERMANOVA extension [54, 55]. ANOVA was per-
formed using R and the ‘lm’ function in the base package 
[56].

Results
Preliminary study: comparison of North vs South benthic 
communities
A total of 18 species were identified in the field quad-
rate photos from the North and the South of the island 
and percent cover of all species were assessed (Table 1). 
nMDS revealed a clear segregation between the com-
munities from northern and southern stations (Fig. 3). In 
addition, the results of the PERMANOVA analysis on the 
initial composition of the plates used for the experiment 
confirmed that North and South plates were significantly 
different in community composition (p = 0.003). Plates 
from the South were covered at 48% by algae from the 
Corallinae family, characterised by calcareous  cell walls 

and  hard thallus, typically encrusting rocks and boul-
ders of the intertidal zone (i.e. crustose coralline algae, 
CCA). On the other hand, plates collected in the North, 
only 3% of the plates were covered with Corallinae algae, 
but about 40% of the surface were colonised by an undif-
ferentiated algae turf composed mainly of Gelidium sp. 
and Polysiphonia sp. This result confirmed that by work-
ing with communities from the North and South of the 
island, we were indeed comparing two different types of 
coastal benthic communities (i.e. CCA vs. turf ). Moreo-
ver, a two-sample t test (df = 119; t = − 1.71 p = 0,045) 
showed that Southern communities presented higher 
diversity (average total species (± SE) S = 5.6 ± 0.32, 
n = 18) than Northern communities (S = 4.4 ± 0.24, 
n = 18). Finally, difference in bare space present on the 
plates at the start of the experiment was not significant 
(N = 1.52% ± 0.23; S = 0.86% ± 0.19).

Recruitment of communities in bricks and plates
In total, 43 species were identified on the brick com-
munities (Table  2), mostly dominated by ascidians (10), 
polychaetes (8), bryozoans (7) and sponges (5). Based 
on available literature and databases, we categorised 
41% (18/44) of these organisms as being NIS. Bricks 
were randomly assigned to the treatment tanks and a 
PERMANOVA analysis showed no significant differ-
ences between species distribution in the tanks (Pseudo-
F3,20 = 0.719, P(perm) = 0.838). With this result, we 

Table 1 Average percentage (± SE) of the species identified on the quadrate photos from North and South sites (n = 60)

Taxa (South) % cover Taxa (North) % cover

Algae Algae

 Corallina algae 49.1 ± 3.8  Gelidium and Polysiphonia turf 45.5 ± 4.3

 Gelidium and Polysiphonia turf 12.5 ± 1.4  Codium adhaerens 21.0 ± 4.0

 Codium adhaerens 11.6 ± 3.0  Asparagopsis sp. 16.1 ± 4.1

 Corallina crust (CCA) 4.0 ± 1.9  Corallina crust (CCA) 5.9 ± 1.5

 Rivularia sp. 2.5 ± 1.0  Corallina algae 3.0 ± 1.1

 Asparagopsis sp. 1.8 ± 1.2  Chrysymenia sp. 0.2 ± 0.1

 Gracilaria sp. 1.7 ± 1.0  Gracilaria sp. 0.9 ± 0.4

 Laurencia pinnatifida 1.3 ± 0.8  Colpomenia sinuosa 0.8 ± 0.4

 Dictyota sp. 1.2 ± 0.8  Dictyopteris sp. 0.7 ± 0.4

 Dictyopteris sp. 1.0 ± 0.5  Porphyra sp. 0.4 ± 0.2

 Padina pavonica 0.2 ± 0.1  Dictyota sp. 0.3 ± 0.2

 Colpomenia sinuosa 0.1 ± 0.01  Enteromorpha sp. 0.2 ± 0.1

Crustacea  Padina pavonica 0.2 ± 0.1

 Chtamalus stellarus 0.6 ± 0.3  Rivularia sp. 0.2 ± 0.1

Mollusca Crustacea

 Patella sp. 0.1 ± 0.1  Chtamalus stellatus 0.6 ± 0.3

Inorganic (bare, silt) 12.1 ± 3.5 Mollusca

 Patella sp. 0.1 ± 0.1

Inorganic (bare, silt) 4.1 ± 2.0
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ensured that the same fouling species and NIS were 
introduced in all treatment tanks both quantitively and 
qualitatively.

Based on the species distribution of the PVC plates 
from North and South coasts of Madeira Island con-
ducted immediately after the field collection, the MDS 
analysis showed a clear dissimilarity between the two 
groups of plate communities. This result has been con-
firmed by a permutational routine showing a significant 
effect of the factor “location” (p = 0.001) whereas “treat-
ment” factor (i.e. tank distribution) (p = 0.738) as well as 
the interaction between the two factors (p = 0.199) were 
not significant. A further analysis of the most relevant 
species contributing to this dissimilarity showed that 
North plates were on average mainly covered by Poly-
siphonia sp. (Rhodomelaceae) and Gelidium sp. (Geli-
diaceae) turfs whereas South plates have been mainly 
colonised by crusting algae like Lithophyllum incrus-
tans (Corallinae) and Nemoderma tingitanum (Nemo-
dermataceae) (SIMPER analysis, Table  3). This result 
showed consistency between the natural communities 
characterised in the preliminary study and the artificial 

communities collected on the plates, validating therefore 
this approach to be used as proxy communities during 
the mesocosm experiment. 

Mesocosm experiment
The PERMANOVA and ANOVA results comparing the 
plate’s species composition and number of NIS respec-
tively at the end of the experiment showed in the first 
place that among each treatment, there was no significant 
difference between the two tanks with the same prop-
agule pressure (PERMANOVA: Pseudo-F3,37 = 0.924, 
P(perm) = 0.498; ANOVA:  F3,37 = 0.555, p = 0.585), which 
therefore allowed us to re-run the analysis without this 
factor in the model.

A total of 5 NIS have been identified on the plates 
displayed in the treatment tanks whereas no NIS were 
found in the control tanks. At the end of the experi-
ment, the analysis of the differences in composition by 
PERMANOVA showed that both propagule pressure 
treatment and the plates origin had a significant impact 
on the colonisation extent of plates by NIS, but with no 
interaction between the two factors (Table  4). Pair-wise 

Fig. 3 Non‑metric multidimensional scaling (nMDS) plot for the preliminary study, using species percentage cover of field quadrate photos of 
benthic communities found in 6 sites in the North (filled symbols) and 6 sites in the South (empty sumbols) and analysed with Coral Point Count 
(n = 60). 2 sites were considered in each location: Porto Moniz (PM), Seixal (Se), Porto da Cruz (PC), Quinta do Lorde (QdL), Reis Magos (RM) and 
Riveira Brava (RB)
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Table 2 Fouling species found colonizing bricks deployed at Funchal marina for almost four years and used in this study 
as a proxy for propagule pressure source

Taxa Status Number of bricks 
where observed

References

Mollusca

 Chiton sp. U 6

 Vermetidae U 2

Algae

 Enteromorpha sp. U 7

 Lithophyllum incrustans N 18 Canning‑Clode et al. [19]

 Polysiphonia sertulariodes N 5 Neto et al. [70]

Arthropod

 Amphipods U 32

 Balanus trigonus NIS 18 Carlton et al. [71]

 Caprella scaura NIS 32 Ramalhosa and Canning‑Clode [72]

Cnidarian

 Aiptasia diaphana NIS 16 Canning‑Clode et al. [19]

 Barentsia discreta U 3

 Ectopleura sp. U 3

 Obelia sp. U 7

 Pennaria disticha N 2 Goldfuss [73]

 Kirchenpaueria halecioides C 12 Delivering Alien Species Inventories Europe 
website (consulted 01/02/2018)

Porifera

 Haliclona sp. U 1

 Mycale (Carmia) cf. senegalensis NIS 13 Canning‑Clode et al. [19]

 Paraleucilla magna NIS 9 Canning‑Clode et al. [19]

 Prosuberites longispina U 4

 Sycon sp. U 10

Bryozoan

 Amanthia verticillata NIS 7 Wirtz and Canning‑Clode [74]

 Bugula neritina NIS 17 Ryland [75]

 Bugulina fulva NIS 4 Ramalhosa et al. [76] 

 Cradoscrupocellaria bertholletii NIS 14 Canning‑Clode et al. [19]

 Crisia denticulata N 25 Gestoso et al. [41]

 Parasmittina alba NIS 1 Canning‑Clode et al. [19]

 Schizoporella errata C 23 Ramalhosa, unpublished

Polychaete

 Branchiomma bairdi NIS 19 Ramalhosa et al. [77]

 Lepidonotus clava U 1

 Nereididae U 1

 Protula tubularia C 6

 Salmacina dysteri N 25 Gestoso et al. [78]

 Spirobranchus triqueter N 19 Gestoso et al. [78]

 Spirorbis marioni NIS 17 Knight‑Jones and Knight‑Jones [79]

Ascidian

 Aplidium glabrum NIS 5 Ramalhosa, unpublished

 Botrylloides nigrum NIS 9 Gestoso et al. [41]; Ramalhosa, unpublished

 Botryllus schlosseri NIS 8 Canning‑Clode et al. [19]

 Clavelina lepadiformis NIS 9 Wirtz [80]; Canning‑Clode et al. [19]

 Distaplia corolla NIS 4 Canning‑Clode et al. [19]
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PERMANOVA tests were performed for the two factors 
propagule pressure and plates origin, and results showed 
that NIS colonisation associated with both propagule 
pressure treatments (High and Low) were significantly 
different from the ambient pressure (control treatment) 
(Pairwise tests, Table  4), but there was no significant 
difference between High and Low propagule pressure 
treatments (Pairwise tests, Table  4). However, NIS col-
onisation of the plates from North and South coasts 

differed significantly and there was no difference between 
colonisation of South plates or control plates (Fig. 4).  

Moreover, at the end of the experiment the most com-
mon NIS found on the plates were Aiptasia diaphana 
(Cnidaria), Mycale (Carmia) senegalensis (Porifera) and 
Crisia cf. denticulata (Bryozoa). For both pressure level, 
we found that plates from South and control plates 
received higher NIS colonisation than plates from the 
North (Fig. 5). ANOVA analysis confirmed a significant 
difference between North and South plates which were 
in treatment tanks (high or low pressures)  (F1,22 = 4.45, 
p = 0.042) while South and control plates were not sig-
nificantly different  (F1,22 = 0,03, p = 0.87).

It is worth noticing that depending on the origin of the 
plates and therefore on the type of benthic community, 
different NIS and other fouling species were found at the 
end of the experiment. SIMPER analysis showed that on 
the plates from the South coast, Aiptasia diaphana (aver-
age cover percentage (± SE): 1.26 ± 0.21), Crisia cf. den-
ticulata (1.17 ± 0.38), and Mycale (Carmia) senegalensis 
(0.42 ± 0.14), were mostly found among the NIS settled, 
whereas on plates from the North coast, Polychaetes like 

Table 3 Results of  the  SIMPER analysis comparing 
main species abundance on  PVC plates and  showing 
the dissimilarities (δi) and the contribution of the different 
species (δi%)

Taxon Av.Abund δi δi/SD δi%

North South

Polysiphonia sp. 48.65 0 24.62 1.38 29.55

Lithophyllum incrustans 2.24 39.5 19.49 1.07 23.39

Nemoderma tingitanum 15.94 39.71 17.12 1.41 20.55

Gelidium sp. 25.2 3.88 12.19 0.86 14.63

Table 4 Final results of the PERMANOVA analysis of NIS cover on plates

Pressure = NIS pressure factor (high, low, ambient). Location = origin of the plate (N, S, control). Pairwise PERMANOVA for all levels of each factors. Significant results in 
italics (p < 0.05)

Source df SS MS Pseudo-F P(perm) Unique perms

Pressure 2 6078.4 3039.2 4.5666 0.003 999

Location 2 4325.4 2162.7 3.2496 0.007 998

Interaction PresxLoc 4 3562.4 890.6 1.3382 0.192 997

Pairwise test—propagule pressure

 High/Low 0.140 998

 High/Control 0.001 999

 Low/Control 0.008 999

Pairwise test—location

 South/North 0.011 998

 South/control 0.184 999

 North/control 0.007 999

Table 2 (continued)

The biogeographic status of each species (NIS: non-indigenous species, N: Native, C: Cryptogenic, U: Undetermined) as well as the frequency it has been found on the 
bricks

Taxa Status Number of bricks 
where observed

References

 Ectenascidia sp. U 4

 Phallusia mamillata N 1 Wirtz [80]; Ramalhosa, unpublished

 Styela canopus NIS 25 Canning‑Clode et al. [19]

 Symplegma brakenhielmi C 3 Gestoso et al. [41]; Ramalhosa, unpublished

 Trididemnum cereum N 4 Canning‑Clode et al. [19]
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Salmacina dysteri (2.36 ± 0.53) and Gastropods from the 
Vermetidae family (0.75 ± 0.36) were mainly found.

Finally, in addition to these colonisations, the total 
composition of the plates was compared between the 
start and the end of the experiment for all the plates of 
all treatments (i.e. ambient, low and high) using a nMDS 
analysis (Fig. 5). Results showed that the total composi-
tion of benthic communities shifted during the experi-
ment, resulting overall in more similarities between 
northern and southern communities. Significant differ-
ences were maintained between the two communities 
at the end of the experiment but in a lesser extent than 
at the start, and this homogenisation was also observed 
in the control tanks (ambient pressure). When further 
investigated by a SIMPER analysis, results showed that 
there was overall a decrease in native species abundance 
(Table  5). A two-sample paired t-test confirmed a sig-
nificant difference between original species abundance 
between the start and the end of the experiment (t = 2.27, 
df = 8, p = 0.032).

Discussion
The present study has implemented an experimental 
approach with the aim of evaluating the vulnerability 
of two benthic communities to NIS colonisation suc-
cess depending on the propagule pressure applied. To 
the best of our knowledge, this study represents a pio-
neer contribution for initiating the characterisation of 
intertidal communities of Northern and Southern coasts 

of Madeira. Moreover, in Madeira this study is the first 
to experimentally examine NIS colonisation process by 
using complex community arrangements and investigat-
ing communities’ geographical differences. Overall, our 
results demonstrated that proximity to a complex fouling 
community including NIS in the mesocosm caused set-
tlement plates to be colonized by new species, including 
NIS. Our innovative study design effectively mimicked 
the introduction of NIS to new environments. Therefore, 
we suggest this experimental design could be adopted 
and improved in future studies on propagule pressure.

Propagule pressure, represented here by the quantity 
of fouling species present in the treatment tank as well 
as the frequency of introduction of new individuals, did 
not have a significant impact on the final colonisation 
success of the plates. Indeed, no difference was observed 
between the two treatments (i.e. low vs. high), which sug-
gests that, in this case, a low introduction of NIS during 
a single event was sufficient to induce significant settle-
ment in the benthic communities and that having more 
individuals and a second introduction did not affect the 
degree of this settlement. This could indicate that inde-
pendently of the importance of the vector of introduction 
(i.e. amount of boats per marina), an urbanised environ-
ment would be equally threatened by biological inva-
sions. Similar results have been obtained in other studies 
[27, 28], showing that propagule pressure seems to have 
a limited impact on NIS settlement in polluted marine 
habitats compared to other parameters such us abiotic 

Fig. 4 Average number +SE of NIS (n = 12) found attached to the plates at the end of the experiment for both propagule pressure (no NIS found at 
ambient pressure). Letters a and b indicates values that differ significantly
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factors (pollutants) or environmental disturbance. In fact, 
previous studies demonstrated that NIS colonization may 
be facilitated by habitat disturbance irrespective of dif-
ferences in NIS supply [37, 57]. It is interesting to note 

that under natural conditions, these disturbed habitats 
and propagule pressures are often conjugated. Another 
possible interpretation for the non-significance effect of 
propagule pressure in this experiment is that the two lev-
els of propagule pressure used were not distinct enough 
in terms of number of individuals introduced and/or fre-
quency of introduction.

The two benthic communities represented in this study 
showed different responses to invasions, both quantita-
tively and qualitatively. Quantitatively, the South coast 
community mainly represented by algae from the Cor-
allinae family and presenting a higher diversity globally 
received a higher invasion rate than the North coast com-
munity characterised by “turf algae” and also by lower 
diversity. This study tends to support our initial hypoth-
esis as results show that a higher disturbance (here 
anthropogenic disturbance) could explain the observed 
difference in fouling colonization. In this context, future 
research in the island could examine whether the natural 
environments of the South and North coasts also present 

Fig. 5 Non‑metric multidimensional scaling (nMDS) plot for the benthic communities’ species percentage cover of at the start (filled symbols) and 
at the end (empty symbols) of the experiment on the PVC plates colonized by from North and South communities, all treatments

Table 5 SIMPER analysis comparing the  average 
abundance of  the  main species before  and  after 
the  experiment and  their dissimilarities (δi) for  all plates 
and all treatments (n = 36)

Start End

Species Av.Abund Av.Abund δi

Lithophyllum incrustans 22.56 21.97 16.89

Nematoderma sp. 28.28 17.12 14.3

Gelidium turf 30.73 25.14 13.6

Polysiphonia sp. 24.21 1.88 11.36

Codium adhaerens 3.39 0.05 2

Corallina crust (CCA) 3.17 0.79 1.74

Padina pavonica 1.37 0 0.8
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different quantity of NIS settlement and relate our find-
ings to a larger field observation.

This study also showed that NIS colonisation were qual-
itatively different (i.e. different species settled) depend-
ing on the origin of the plates. This could be explained 
by the type of biotic surface that each group offers. Plates 
from the South coast, with mainly CCA, offered a plane 
surface, as well as the control plates, where species like 
Aiptasia diaphana (Cnidaria) or Mycale senegalensis 
(Porifera) will likely be able to settle and spread. In con-
trast, plates from the North coast with a complex and 
diverse turf surface offered to e.g. Polychaeta and Bryo-
zoa species such as Crisia sp., by providing an adequate 
shelter they need to settle. This seems to be in accord-
ance with previous studies where Crisia species are often 
found in complex and dense environments among vari-
ous other species [58]. It is interesting to note that bare 
plates and plates from the South coast showed very simi-
lar results. Again, the plane and hard surface offered by 
CCA seemed to compensate for space saturation, which 
is usually described as a limiting factor for NIS coloni-
sation [41, 59]. The colonisation rates have been overall 
quite low and therefore, further studies should be carried 
out to further support these results. Due to this low set-
tlement, it was not relevant to use abundance as a param-
eter to compare results as it has been the case in other 
studies [5, 60]. However diversity alone is a commonly 
used indicator of NIS settlement comparison [59, 61].

In addition, our findings showed that independently 
from any propagule pressure treatment, the communities 
at ambient pressure in the control tank were subject to 
important composition changes, with a total decrease in 
diversity and abundance of species from the initial com-
munities. This suggests that the mesocosm conditions 
alone caused major reorganisation in the two benthic 
communities studied here and that, together with NIS 
pressure effects, environmental changes highly impacted 
the succession in benthic communities [24]. This can be 
attributed to changes in physical and chemical parame-
ters of the sea water used for this experiment which was 
sourced directly in a medium-sized marina. Water qual-
ity analysis showed that water within the marina slightly 
differed from nearby ocean conditions (i.e. lower salin-
ity, lower pH, absence of wave movement, and presence 
of pollutants) as it is typically observed in urbanised 
coastal areas. These results validate the importance of 
environmental disturbance in the invasion process, and 
corroborates the findings of similar studies [23, 62, 63]. 
Additionally, these studies also showed that NIS are less 
impacted by environmental disturbances than native 
species due to the rigorous, long-distance transport con-
ditions encountered by NIS to arrive into a new envi-
ronment. These extreme conditions (e.g. transoceanic 

voyages on the hulls of ships or on rafts) may have led 
to the selection of species able to tolerate unfavourable, 
disturbed and changing environments [28]. For exam-
ple, in a study published in 2002 [64], Byers refers to the 
“selection regime alteration” as a theory to explain these 
results, theory that has been endorsed by other marine 
scientist since then [23, 28, 65]. This theory states that 
NIS are “pre-adapted” to survive in recipient environ-
ments by nature. Even if propagule pressure seems to 
have a limited impact, it cannot be ignored that these dis-
turbed environments caused by anthropogenic activities 
such as urbanised coastlines, will often provide a diver-
sity of vectors causing strong NIS introductions. There-
fore, the concurrence of both environmental vulnerability 
and unmanaged NIS arrival is most likely causing a major 
threat to coastal ecosystems, threat that can only be miti-
gated by merging efforts to amplify vector management, 
by protecting sensitive ecosystems and by further devel-
oping our knowledge of complex invasion processes.

Finally, in order to better understand the dynamics 
at stake during this experiment, the biotic structure of 
benthic communities from the North and South coasts 
of Madeira Island would need to be assessed with more 
detail. The concept of biotic resistance [66] would, for 
example, be interesting to approach and several questions 
could be further investigated: are Northern or South-
ern communities facing different invasion pressure and 
developed biotic resistance? Are some species in particu-
lar involved in resistance mechanisms? As reported in 
previous studies “biotic resistance can be enhanced when 
some species reach high levels of dominance” [66, 67]. A 
similar study could investigate the responses of benthic 
communities in the absence or presence of some of these 
key species. Moreover, global environmental parameters 
of each site, such as currents, wind exposure or sediment 
load would also need to be further understood to enrich 
our interpretation of the invasion process, as well as 
other factors such as habitats complexity and space avail-
ability, as these parameters can highly impact invasion 
success [10, 68, 69].

In conclusion, it appears that only the factor “ori-
gin of the communities” had a significant impact on the 
final NIS colonisation of the plates representing coastal 
benthic species. The intensity of propagule pressure 
did not show significant results and the effect of low 
and high pressure was similar. Additional studies with 
greater propagule pressure differences should be car-
ried out in order to confirm the results obtained in this 
study. Several studies have demonstrated the fragility of 
coastal ecosystems and the various threats these are fac-
ing; urbanisation, pollution, introduction of NIS, among 
others. The present study represents an additional con-
tribution for this on-going debate by highlighting how 
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the identity of species and the overall community com-
position can be key in determining the success or failure 
of the settlement process. In this context of intense and 
unstoppable human pressure on coastal areas globally, 
this study confirms the relevance of the nature of resident 
communities facing invasions risks.
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