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A B S T R A C T   

Anthropogenic pressures such as the introduction of non-indigenous species (NIS) have impacted global biodi-
versity and ecosystems. Most marine species spreading outside their natural biogeographical limits are promoted 
and facilitated by maritime traffic through ballast water and hull biofouling. Propagule pressure plays a primary 
role in invasion success mixed with environmental conditions of the arrival port. Moreover, with the current 
ocean sprawl, new substrates are offered for potential NIS recruits. Here, differences in the fouling assemblages 
thriving inside three different ports/marinas facilities in Madeira Island were assessed for comparison. The lo-
cations showed significant differences concerning assemblage structure. Most NIS were detected in plastic 
floating pontoons. Funchal harbour receives most of the marine traffic in Madeira, acting as the main hub for 
primary NIS introductions, being recreational boating involved in NIS secondary transfers. Our results highlight 
the need for future management actions in island ecosystems, particularly monitoring and sampling of recrea-
tional boating.   

1. Introduction 

Whether inland or at sea, anthropogenic activities are altering the 
environment with impacts on global biodiversity and ecosystems 
(Albano et al., 2021; Bax et al., 2003; Cepic et al., 2022). The intro-
duction of non-indigenous species (NIS) represents one of the most 
significant threats to biodiversity loss on a global scale (Costello et al., 
2010). Although most of these introductions have negligible impacts, 
some may cause biodiversity decline (Cacabelos et al., 2022), habitat 
modification (Sadchatheeswaran et al., 2015), and have the potential to 
incur high economic costs through direct and indirect adverse impacts 
on ecosystem function and services (Pejchar and Mooney, 2009). In the 
marine realm, many ecosystems have been seriously affected by NIS, 
which can displace native organisms (i.e. predation and competition), 

modify genetic characteristics of the populations through hybridisation, 
and introduce exotic diseases (Bax et al., 2003; Ojaveer et al., 2015), 
which can result in additional economical costs (Colautti et al., 2006; 
Diagne et al., 2021; Kopf et al., 2017; Pejchar and Mooney, 2009). 

Moreover, NIS eradication can be challenging in the marine system 
once self-sustaining populations have been established, and impacts 
may be irreversible (Green and Grosholz, 2021). One dramatic example 
is the occurrence of the Indo-Pacific lionfishes Pterois volitans and Pterois 
miles into the Western Atlantic and Caribbean (Whitaker and Janosik, 
2020). In 1985, the first sightings of these fishes were in Florida, soon 
after, the species colonised a vast region and established viable pop-
ulations in the Bahamas (Côté et al., 2013; Green et al., 2012), being 
today through the Gulf of Mexico (Gulf) and the Caribbean Sea, and as 
further south as Brazil in the western South Atlantic Ocean (Campbell 
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et al., 2022). Mitigation programs were implemented (e.g. Malpica-Cruz 
et al., 2016) since these invasions impacted the native communities and 
local biodiversity and led to substantial economic loss (Green et al., 
2012). Another example is the green algae Caulerpa webbiana, first 
discovered in 2002 in a small harbour on an Azorean Island (Amat et al., 
2008). Its detection in 2002 was overlooked, and three years later, it has 
rapidly extended its colonised area, spreading through adjacent areas 
(Amat et al., 2008). Mitigation actions were initiated in 2008 when it 
was already beyond control. Despite the success of some methods in 
exterminating C. webbiana under specific conditions, operations to 
eradicate it in the Azores were unsuccessful (Cardigos et al., 2016). In 
contrast, one example of successful eradication was the case of the green 
algae Caulerpa taxifolia in a harbour in California (USA), where early 
detection, stakeholder participation, and proper funding provided 
containment, effective control treatment resulted in successful eradica-
tion of that green alga (Anderson, 2005). 

Dispersion of marine species beyond their natural biogeographical 
limits is promoted and facilitated by several human activities that can 
potentially play as introductions pathways/vectors (e.g. navigation, 
aquaculture, live bait trade, and aquarium trade) (Chainho et al., 2015; 
Harrower et al., 2018). Such species translocations are typically influ-
enced by propagule pressure (i.e. introduction effort, Blackburn and 
Duncan, 2001), which is recognise in having a pivotal role in invasion 
success (Davidson et al., 2018; Eschtruth and Battles, 2011; Ruiz and 
Carlton, 2003; Simberloff, 2009). Propagule pressure can be estimated 
using the number of NIS individuals, the number of introductions, the 
number of discrete introduction events, their frequency and duration or 
a combination of these (Ojaveer et al., 2014). High propagule pressure 
can often be achieved either through an increased number of arrival 
events (e.g. increased frequency of ship arrival) or increased intensity of 
exposure during any given event (increased abundance of organisms 
released into the recipient water body from any particular vector) 
(Johnston et al., 2009). For example, in a study exploring the effects of 
shipping traffic on biofouling invasion success, the authors verified that 
increased shipping arrivals enhanced NIS establishment success in busy 
commercial ports (Lacoursière-Roussel et al., 2016). Therefore, mari-
time traffic (shipping and recreational navigation) has been identified as 
the most relevant NIS introduction vector in the marine realm through 
ballast water and hull fouling (Bailey et al., 2020; Castro et al., 2020). 
Hull fouling on recreational vessels is mainly responsible for secondary 
introductions (Canning-Clode et al., 2013; Zabin et al., 2014), being 
considered the primary vector of NIS introductions in some areas (Wil-
liams et al., 2013; Ferrario et al., 2017). 

In addition, as a consequence of the increased global trade, transport 
and tourism, there has been an increasing need to develop maritime 
infrastructures that can accommodate such maritime traffic (Castro 
et al., 2020; Kölzsch and Blasius, 2011) to protect coastal human pop-
ulations (Aguilera, 2018; Moschella et al., 2005) and provide maritime 
recreational facilities, the so-called ocean sprawl (Firth et al., 2016). 
With these human-made structures (e.g. piers, pontoons, seawalls, and 
buoys) becoming more frequent in coastal areas globally, the new free 
available substrates are extended for potential recruits (Bulleri and 
Chapman, 2010). Some studies indicate that artificial substrates and 
habitats such as ports and marinas, combined with heavy maritime 
traffic, may result in NIS hotspots (Castro et al., 2021; Gestoso et al., 
2017). These areas could also have a double role by providing “stepping- 
stone” structures or hubs in which some species can thrive and disperse 
to nearby coastal zones and ultimately to entire regions (Afonso et al., 
2020). 

In harbours and marinas, the likelihood of a NIS establishing and 
thriving is also related to the environmental conditions at the arrival 
port (Barry et al., 2008; Keller et al., 2011) and species attributes (Castro 
et al., 2021). The environmental similarity between departing (source) 
and arrival (destination) ports can be estimated by identifying the re-
semblances of salinity and temperature between them (Keller et al., 
2011; Tzeng, 2022). This method allows ranking the risk of individual 

vessels based on their route, so that management actions can be engaged 
at vessels most likely to introduce potential invaders (Keller et al., 
2011). Thus, the identification of significant maritime traffic routes (i.e. 
“invasion corridors”) is of substantial importance when establishing 
management policies and regulations that aim to improve ecosystem 
conservation (Carlton and Ruiz, 2015). However, the vessel trip itself 
can have an influence on species survival, namely physical impact (e.g. 
waves collision), speed, the duration of the trip, and fluctuations of 
environmental conditions during the voyage (Chan et al., 2016; David-
son et al., 2018). 

Monitoring efforts have increased the detection of the occurrence, 
spread, and abundance of new introductions, particularly in port/ 
marina facilities (Ojaveer et al., 2014). A recent global study examining 
the detection of aquatic NIS over 50 years verified one new species 
observation every 8.4 days, with an average of 43 primary introductions 
per year, at local and global scales (Bailey et al., 2020). In Europe, NIS 
numbers in marine waters reached up to 824 species, representing one of 
the highest NIS hosts worldwide (Katsanevakis et al., 2013; Tsiamis 
et al., 2019). A very recent study in the Macaronesia region (comprising 
the archipelagos of the Azores, Madeira, Canary Islands and Cabo Verde, 
N.E. Atlantic) detected 144 marine NIS, demonstrating that non-native 
richness was related to anthropogenic activities and also geographical 
variables (Castro et al., 2022). Several new NIS detections have been 
documented in Madeira Island due to NIS focused studies and moni-
toring programs (e.g. (Canning-Clode et al., 2013; Ramalhosa et al., 
2016, 2019, 2021). NIS monitoring is usually performed inside recrea-
tional marinas where standard protocols have been implemented, pri-
marily relying on the deployment of settling (Canning-Clode et al., 2013; 
Castro et al., 2021; Ferrario et al., 2020) or rapid assessment protocols 
(Ashton et al., 2006; Minchin, 2012; Maric et al., 2017). Inside com-
mercial ports, due to an array of rules and regulations, monitoring is 
usually more challenging, being the majority of the work conducted 
with scrapes or inspections (e.g. Lacoursière-Roussel et al., 2016; Fer-
rario et al., 2017; López et al., 2019; Tempesti et al., 2020; Tamburini 
et al., 2021). 

In this context, the present study was designed to examine the 
fouling assemblages inside three marine facilities in Madeira, repre-
senting a propagule gradient: the island's main harbour, a cargo port, 
and a local marina. It was attempted to examine how different fouling 
assemblages thrive inside these three maritime facilities, particularly 
regarding NIS composition and how differences may be explained by 
maritime traffic intensity (quantity of vessels, i.e. propagule pressure), 
distinct origins (similar environmental conditions), and different sub-
strate presence. 

2. Materials and methods 

2.1. Study area and docking infrastructures 

The Madeira Archipelago (Portugal) is located in the North Atlantic 
Ocean, 32◦ 24′ N, between 16◦ 16′ and 17◦ 16′W (Fig. 1). The archi-
pelago comprises two populated islands, Madeira and Porto Santo, and 
two smaller uninhabited islands systems, Desertas and Selvagens, both 
Marine Protected Areas (MPA), the latter recently considered the largest 
marine reserve with the most extensive full protection in Europe and the 
North Atlantic (Alves et al., 2022). It lies within the Macaronesia region, 
with the Azores, the Canary Islands, and Cabo Verde archipelagos. 

Madeira Island includes five essential ports and harbours, two being 
the most important, Funchal harbour and Caniçal Port. Funchal harbour 
is the oldest, established in the 18th century. After 2004 the harbour was 
exclusively dedicated to cruise tourism and nautical activities, with 
maritime traffic originating from Atlantic islands (e.g. the Canary 
Islands, the Azores, and Porto Santo but also local traffic) (Castro et al., 
2020). In this context, during 2005, containers, freight, and unloading 
services were transferred to the Port of Caniçal, located in the eastern 
part of the island (around 12 nautical miles from Funchal), related to 
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shipping from mainland Portugal (Castro et al., 2020), and local fishing 
boats. In addition, Madeira includes six leisure marinas, the three larger 
(>120 berths) and more relevant: Marina da Calheta, Marina do Funchal 
(inside Funchal harbour), and Quinta do Lorde Marina. The latter is 
situated near Caniçal Port (around one nautical mile) and was estab-
lished in 2002, with recreational vessels arriving from Porto Santo, 
Funchal, the Canary Islands, and the Portuguese mainland (Canning- 
Clode et al., 2013). 

2.2. Local marine traffic analysis 

A local marine traffic analysis was conducted to test if the selected 
locations had different maritime traffic (number of entries) in terms of 
origins and vessel type, thus promoting differential propagule pressure. 
Maritime traffic data was provided by the Madeira Port Authority 
(Administração dos Portos da Região Autónoma da Madeira, S. A., 
APRAM) and Quinta do Lorde Marina. The following information was 
considered for the analyses: duration of stay (days), year of arrival 
(January 2009–December 2017), source port/location, and vessel type. 
The ‘origin ports’ were grouped into countries and/or regions (for 
example, in the case of an island or archipelago, i.e. the Canary Islands) 
to reduce the dataset's complexity. Vessels were classified into nine 
categories (Bulker, General cargo, N/A (Not available), Others (i.e. 
scientific, navy or any other vessel type), Passengers, Recreational 
vessel, Tanker, Container ship, and Ro-Ro (Castro et al., 2020). 

2.3. Sampling benthic fouling assemblages 

Scientific diving surveys were performed to assess the structure and 
composition of the benthic assemblages. Two different substrates were 

studied at each docking infrastructure: vertical walls (3 m deep) and 
floating pontoons (horizontal). In Caniçal port, only vertical walls were 
considered since there were no floating pontoons available. The study 
was conducted between October–November 2017 and March–April 
2019, divided into four sampling events every six months (0, 6, 12, and 
18 months). Each location was investigated in parallel (with a few days 
apart), although in the first and last sampling occasion due to logistic 
constrains (e.g. delay in the reply from the authorities for the legal 
permit to sample) caused a lag in the sampling between locations, of 
about one week. Each substrate was photographed (25 × 25 cm) and 
haphazardly replicated ≥5 times in each location and substrate. Voucher 
specimen samples were scraped and frozen for posterior identification. 
Each photoquadrat was analysed with the CPCe software (Coral Point 
Count with Excel extensions; Kohler and Gill, 2006) to assess taxa 
relative abundance and estimate the cover percentage by considering 99 
random points on each photoquadrat. This stratified random sampling 
method divides the photoquadrat into a 3 × 3 grid of 9 cells, with 11 
random points per cell, resulting in 99 points analysed per image, with 
points distributed equally to each image region (Kohler and Gill, 2006). 
Species biogeographic statuses were assigned (i.e. native, cryptogenic, 
NIS, or unresolved) based on the most recent listings (Castro et al., 2022; 
Ramalhosa et al., 2021). Cryptogenic status was considered in the 
absence of clear evidence that a species was native or introduced 
(Carlton et al., 2011). Unresolved species were assigned to all taxa that 
were not identified at the species level. Cryptogenic, native, and unre-
solved species were pooled in the same category for the analyses (e.g. 
Castro et al., 2021) as “native species”, following a more conservative 
approach that minimises NIS. 

Fig. 1. Location of sampling areas (A – Funchal harbour (FX), B – Caniçal port (C), and C - Quinta do Lorde Marina (QDL)) used as study sites in the Madeira 
archipelago (NE Atlantic). 

N. Castro et al.                                                                                                                                                                                                                                  



Marine Pollution Bulletin 181 (2022) 113898

4

2.4. Maritime traffic connectivity and environmental similarities 

The number of arrivals (2009 to 2017) from each source port/loca-
tion was computed to estimate the level of connectivity (i.e. association 
between origins) and traffic volume. Also, the distance (km) to the origin 
port was calculated using Google Earth Pro. Environmental distance 
between locations (Keller et al., 2011) was calculated to identify vessel 
routes likely to transport species adapted and more likely to survive in 
Madeira island selected in each docking infrastructure. Environmental 
distance uses salinity and temperature values since they are two strong 
determinants of species ranges (Afonso et al., 2020; Castro et al., 2021) 
and can be easily collected or estimated (Keller et al., 2011; Tzeng, 
2022). Salinity and temperature values used for the estimates were 
extracted from Keller et al. (2011). Average values were calculated for 
the different origins, whereas their estimates were used for all three 
study sites (since differences in temperature and salinity are very low: 
±0.05 ◦C for temperature; ±0.01 for salinity). 

2.5. Statistical analysis 

2.5.1. Local marine traffic analysis 
Two cluster analyses with the Similarity Profile (SIMPROF) routine 

with 9999 permutations were used to visualise (dis)similarity and to 
verify differences in the selected docking infrastructure based on origins 
and vessel types from 2009 to 2017 (Clarke et al., 2008). Both analyses 
were computed on untransformed data under Euclidean distance (Castro 
et al., 2020). A SIMPER routine (Similarity Percentages) was conducted 
for both analyses to verify the different levels of propagule pressures for 
the considered factors (origins and vessel type) (cut-off level 90 %; only 
origins and/vessel types with a percentage contribution ≥ 2 % were 
reported; Clarke, 1993). A combined non-metric multidimensional 
scaling (nMDS) was plotted (e.g. Somerfield et al., 2021a,b) to visualise 
the effects of origins and vessel types. Statistical analyses were imple-
mented with PRIMER v7 (Clarke and Gorley, 2015) with the 
PERMANOVA+ add-on (Anderson et al., 2008). 

2.5.2. Benthic fouling assemblages in ports infrastructure 
Assemblages' differences from the different locations were analysed 

in the whole structure (multivariate analysis on data from species per-
centage cover) and NIS composition (univariate analysis on NIS fre-
quency (the number of NIS/the number of total species) and NIS 
estimated percentage cover). The design employed for these analyses 
included three orthogonal factors: “Maritime traffic” (three levels: Full 
(Funchal harbour (FX)), commercial (Caniçal Port (C)), and recreational 
(Quinta do Lorde Marina (QDL); fixed), “Substrate” (2 levels: Vertical 
wall (VW) and floating pontoon (FP); Fixed) and “Time” 4 levels: 0 
months (1), 6 months (2), 12 months (3), and 18 months (4); random) (n 
= 5–11). For multivariate analysis, a fully crossed 3-way design ANOSIM 
(Analysis of Similarities) was conducted with the factor “Time” ordered 
(Somerfield et al., 2021b). ANOSIM handles ordered factors and pro-
vides information about the relative effect sizes (amongst other factors), 
which is the focus of multivariate analysis (Somerfield et al., 2021a,b). 
Samples were square-root transformed before calculating the 
Bray–Curtis similarities matrix. An MDS was used to visualise the 
different biotic assemblages within each factor. Bootstrap averaging was 
carried out on the nMDS ordination data matrix to present a measure of 
central tendency (group means). The bootstrap region was 95 % and 
displayed an approximate area around each group mean. The SIMPER 
routine was used to determine the contribution of individual taxa to-
wards the dissimilarity between and similarity within the groups iden-
tified by the ANOSIM analysis. A one-way ANOSIM analysis was 
performed to demonstrate differences in combined factors whenever 
necessary. 

For univariate analyses, a 3-way PERMANOVA primary test and 
pairwise tests were conducted with unrestricted permutations of the raw 
data. Univariate tests were conducted using Euclidean distance as a 

resemblance measure (Anderson et al., 2008). PERMDISP was used to 
check the heterogeneity of data dispersions, and a more rigorous p <
0.01 was used to reject the null hypothesis when homogeneity was not 
obtained even after data transformation (Underwood, 1997). 

2.6. Maritime traffic connectivity and environmental similarities 

2.6.1. Modelling 
The environmental distance and distance to the origin were used to 

predict the number of vessels arriving yearly in Madeira to model po-
tential invasion routes. A Generalised Linear Model (GLM) was consid-
ered due to the response variable being an average count (i.e., the 
annual average number of vessels arriving at Madeira). Three distribu-
tion models were deemed, Tweedie, Poisson, and Negative Binomial 
(NB). Given the number of observations (i.e., 81 locations), the simplest 
model was selected, only considering the environmental distance and 
the distance to the origin. After an exploratory examination of the 
relative merits of the three distributions, the Tweedie model was 
selected. The choice between the three models was made by comparing 
the respective Akaike Information Criterion (AIC) (Supplementary ma-
terial 1 – Table 1) from the R package “bbmle” (Bolker et al., 2021). The 
final model fit was assessed by visual inspection of residual diagnostic 
plots and the predicted values (Supplementary material 1 – Fig. 1). All 
the modelling analyses were implemented in R (R Core Team, 2021) 
using the package “mgcv” (Wood, 2021). 

2.6.2. Methodology for risk assessment of marine NIS introductions in 
docking infrastructures 

A risk methodology was developed using the following three vari-
ables: environmental distance, number of vessel entries and distance to 
the origin. For each variable, the minimum value of that feature was 
transformed into a 0, the maximum value was transformed into a 1, and 
every other value was converted into a decimal between 0 and 1. The 
percentage of the sum of the three variables gives the overall risk of NIS 
introductions. The risk methodology was developed to assume that the 
number of vessel entries is positively related to the number of NIS in-
troductions (the higher the attribute, the higher the probability of a NIS 
introduction). The values of environmental distance and the distance to 
origin are categorised negatively. Lower environmental distance 
numbers indicate more similarity between ports, and higher distance 
less probability of a NIS surviving the voyage. 

A 3D plot was executed to help visualise the NIS introduction 
ranking, and a Flow map was developed to visualise maritime traffic 
within Madeira. The plot and Map were produced in R (R Core Team, 
2021), using the packages “plot3D” (Soetaert, 2021) and “ggmap” 
(Kahle and Wickham, 2013). 

3. Results 

3.1. Preliminary analysis of local conditions 

Based on the hierarchical cluster analysis of Euclidean distance 
similarity matrix with SIMPROF routine, each analysis identified the 
same three significantly different groups based on the vessel's origins 
(Supplementary material 2 – Fig. 1) and vessel types (Supplementary 
material 2 – Fig. 2) that matched the three study sites, demonstrating 
that each docking infrastructure had differences in propagule pressure. 
Simper analysis revealed that Funchal harbour (86.6 % similarity for 
vessel types and 77.0 % for origins) had more contribution of Passengers 
and Recreational vessels (70.10 % accumulated) coming from the Ca-
nary Islands, Porto Santo, mainland Portugal, the UK, Madeira (Quinta 
do Lorde), Spain, the Azores, Spain (Mediterranean), Gibraltar, (44.94 % 
accumulated), amongst others (Supplementary materials 2 – Tables 1 
and 2 and Fig. 2). This location had the highest number of entries over 
the years, with an average of around 1100 entries per year (Supple-
mentary material 2 – Fig. 3) and an average stay of 2.5 days (±9.8) for 

N. Castro et al.                                                                                                                                                                                                                                  



Marine Pollution Bulletin 181 (2022) 113898

5

the considered period (Supplementary material 2 – Fig. 3). Caniçal port 
(87.9 % similarity for vessel types and 87.9 % for origins) with Con-
tainers, Tankers, and Bulkers (80.1 % accumulated) originated from 
mainland Portugal, the Azores, Funchal, France, the UK, and Spain 
(74.2 % accumulated) (Supplementary materials 2 – Tables 1, 2, and Fig. 
2). Caniçal was the site with fewer vessel entries and lesser residence 
time, with an average of nearly 320 vessels per year and 1.8 days 
(±18.7), respectively (Supplementary material 2 – Fig. 3). Finally, 
Quinta do Lorde marina receives only recreational vessels originating 
from Porto Santo, Funchal, other Madeira marinas, Canary Islands, 
mainland Portugal, Gibraltar, Spain, the Azores (60.8 %), and others 
(Supplementary materials 2 – Tables 1 and 2 and Fig. 2). Annually, 540 
vessels enter this marina and stay there for around 13.5 days (±38.6) on 
average (Supplementary material 2 – Fig. 3). Vessel origin and vessel 
types are displayed visually by the combined non-metric MDS plot 
illustrating the differences amongst the selected locations (Fig. 2). 

3.2. Benthic assemblages in ports infrastructures 

Seventy taxa were recorded in all processed samples (Supplementary 
materials 2 – Table 3), with 28.5 % categorised as NIS (20 species). The 
most abundant NIS were the ascidian Distaplia corolla, the “spaghetti 
bryozoan” Amathia verticillata, and the sponge Crambe crambe. Funchal 
was the location with more NIS, with 34 % of observed taxa (17 NIS out 
of 50 taxa, Supplementary materials 2 – Table 3). 

Concerning substrate, Funchal vertical walls had a higher average 
abundance of Turf algae, Crustose coralline algae (CCA), and the NIS 
Distaplia corolla (Supplementary materials 2 – Table 4). While in floating 
substrates, the most abundant species were, Turf algae, the exotic 
Amathia verticillata, and the anemone Anemonia viridis (Supplementary 
materials 2 – Table 3). More NIS were detected in floating pontoons 
(35.4 %) than in vertical walls (24.2 %) of Funchal, being both sub-
strates consistent in average NIS detections through time (Fig. 3; Sup-
plementary materials 2 – Table 3). 

Caniçal Port was the location with the lowest NIS percentage (20.6 
%), with 7 NIS in 34 different taxa observed in vertical walls (Supple-
mentary materials 2 – Table 3). The most abundant species were Turf 
algae, the sponge Batzella inops, the cup coral Caryophyllia (Caryophyllia) 
inornata, and the anemone Parazoanthus axinellae (Supplementary 

materials 2 – Table 3). The number of NIS was similar with vertical walls 
in Quinta do Lorde, with ~1 NIS on average per sampling occasion 
(Fig. 3). The triangular barnacle Balanus trigonus was the most abundant 
NIS in the vertical walls in both locations. 

Quinta do Lorde Marina was the second location with more NIS, with 
26.3 % (15 NIS out of 57 taxa, Supplementary materials 2 – Table 3). 
Overall, Turf algae and Crustose Coralline Algae (CCA) were dominant 
in both substrates (Supplementary materials 2 – Table 3). In Vertical 
walls, the algae Lobophora sp. and A. viridis were also relevant in average 
abundance, while in floating substrates, the non-indigenous ascidian D. 
corolla and the sponge B. inops were also important (Supplementary 
materials 2 – Table 3). Floating substrates in Quinta do Lorde had more 
NIS than vertical walls, with 28.5 % and 20 %, respectively, similar to 
Funchal concerning NIS presence and average (Fig. 3; Supplementary 
materials 2 – Table 3). In contrast, Quinta do Lorde vertical walls 
recorded a low average NIS, with <1 NIS (Fig. 3). 

The average R values from the 3-way design ANOSIM show that 
Location (0.632, p < 0.1 %) is the largest effect, then Substrate (0.548, p 
< 0.1 %), and finally Time (0.136, P < 0.1 %). These results show the 
relative overall magnitude of the three factors (Clarke and Gorley, 
2015), indicating that factor Time has the lowest effect size, although 
significant. The pairwise average R values for location and time show 
the differences in all the levels and the combined factors Location and 
Substrate (Supplementary materials 2 – Table 4). 

The 2-d MDS illustrates groupings of the most relevant factors 
(higher average R values), location and substrate (Fig. 4a). Concerning 
time, the least essential effect, non-metric MDS shows relative segre-
gation, with Funchal, in both substrates, presenting a higher variability, 
most evident in vertical walls in month 6 (Time 2) (Fig. 4b). 

Turf algae (34.4 %), S. triqueter (16.1 %), Cyanobacteria (6.2 %), 
C. bertholleti (6.1 %), and the non-indigenous Amathia verticillata (4.9 %) 
were the species that most contributed to Funchal plastic floating pon-
toons average similarity (28.6 %) (Supplementary materials 2 – Table 
5). Regarding dissimilarities between Funchal floating pontoons with 
other locations and substrates were a result of a high abundance of 
A. verticillata, and alterations in the abundance of Turf algae, S. triquiter, 
CCA, C. bertholleti, and Mycale (Carmia) cf. macilenta, amongst other 
contributors (Supplementary materials 2 – Table 6). Differences within 
all sampling periods were detected, with Turf algae one of the most 

Fig. 2. Ordination by combined non-metric MDS of Bray–Curtis similarities amongst samples of different vessel types and different vessel origins with square root 
transformation data. 
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relevant, except for month 12, where S. triquiter was dominant (Sup-
plementary materials 2 – Table 7 and 8). 

The organisms that contributed the most to Funchal vertical wall 
similarity (42.9 %) were turf algae (42.2 %), CCA (21.6 %), and the non- 
native tunicate Distaplia corolla (12.1 %) (Supplementary materials 2 – 
Table 5). A higher abundance of CCA, and D. corolla in Funchal vertical 
walls, amongst other differences in Turf Algae and cyanobacteria, 
contributed to the dissimilarities between other factors (Supplementary 
materials 2 – Table 6). Temporal differences were also detected (Sup-
plementary materials 2 – Table 9), being Turf algae dominant in this 
substrate. In month 6, cyanobacteria had the highest contribution per-
centage, and in month 12, CCA and D. corolla were the main contributors 
(Supplementary materials 2 – Table 7). 

In Caniçal port vertical walls (average similarity of 41.9 %), the most 
relevant organisms were Turf algae (46.2 %), Batzela inops (16.1 %), and 
Caryophyllia inornata (12.9 %) (Supplementary materials 2 – Table 5). 
Dissimilarities between other locations and substrates were due to a 
higher abundance of B. inops, C. inornata, B. trigonus and variations in 
abundance in Turf algae and other shared species (Supplementary ma-
terials 2 – Table 6). No significant differences were detected within time 
(Supplementary materials 2 – Table 10). However, SIMPER detected 
three important taxa, turf algae, C. inornata, and B. inops, with different 
temporal contributions (Supplementary materials 2 – Table 7). 

In Quinta do Lorde marina's floating pontoons, four taxa were rele-
vant, namely, Turf algae (24.5 %), Distaplia corolla (24.2 %), CCA (18.0 
%) and S. triquiter (7.2 %) (Supplementary materials 2 – Table 5). Dis-
similarities between this group and the others were caused mainly by 
differences in the abundance of Turf algae, CCA, D. corolla, B. inops, 
Exaiptasia diaphana, C. inornata, and M. senegalensis (Supplementary 
materials 2 – Table 6). Temporal differences were scarce (Supplemen-
tary materials 2 – Table 11), although three key taxa (2 NIS) contributed 
to differences across time, highlighting Turf algae, D. corolla and CCA 
(Supplementary materials 2 – Table 7). 

In Quinta do Lorde marina's vertical walls (similarity 59.6 %), Turf 
algae was the most relevant taxa (73.78 %), with only differences over 
time observed between months 12 and 18 (Supplementary materials 2 – 
Table 5 and Table 12). The dissimilarities between substrates and lo-
cations were primarily attributed to the higher abundance of Turf algae 

and differences in the abundance of Lobophora sp., cyanobacteria, and 
B. trigonus (Supplementary materials 2 – Table 6). Across the sampling 
periods, Turf algae were dominant, with a minor contribution of 
B. trigonus in month 18 (Supplementary materials 2 – Table 7). 

Univariate analysis revealed that NIS frequency was significant for 
the factor “Substrate” (Table 1). In floating pontoons, more NIS were 
present (Fig. 5) in almost all sampling times. 

The univariate analysis did not vary significantly concerning mari-
time traffic, substrate, and time regarding NIS percentage cover, 
although some interactions between these factors were verified 
(Table 2). Considering the interaction “Maritime traffic” vs “Time”, the 
only differences were detected in month 12 regarding Funchal (Fig. 6, 
Supplementary materials 2 – Table 13). Funchal was different from the 
rest of the maritime traffic locations on this sampling occasion due to 
high NIS cover in vertical walls (Fig. 6). For “Time” vs “Substrate” 
interaction, floating pontoons had significantly more NIS cover than 
vertical walls (Fig. 6, Table 2), the exception being month 12, where no 
differences were detected regarding this feature (Supplementary mate-
rials 2 – Table 14). In the triple interaction “Maritime traffic” vs “Time” 
vs “Substrate” in vertical walls at months 0 and 6, Quinta do Lorde was 
different from all the other maritime traffic locations (Supplementary 
materials 2 – Table 15) with less NIS coverage. In month 12, Funchal 
peaked in NIS coverage, revealing differences between locations. After 
six months, during the last sampling period, differences were detected 
only between Funchal (more NIS cover) and Caniçal (Supplementary 
materials 2 – Table 15). Finally, in floating pontoons, differences in NIS 
cover were only detected in the first and second sampling periods be-
tween Funchal and Quinta do Lorde (Supplementary materials 2 – Table 
15). 

3.3. Maritime traffic connectivity 

The Tweedie model showed that the environmental distance (P- 
value = 0.0101, estimate = − 5.014e-01) and the distance to the origin 
(P-value = 8.3e-13, estimate = − 6.532e-04) were negatively related to 
the number of vessels arriving at Madeira. The model estimates that 
most of the vessel's entries were from locations with more environ-
mental similarities (lower environmental distance) and lower distance 

Fig. 3. Average number of non-indigenous species (NIS) (±SE) in the fouling assemblages (% of cover) detected in in the different studied "Substrate", Floating 
Pontoon (FP) and Vertical Walls (VW). Maritime traffic refers to three different studied locations with varying pressures of propagule: Funchal (FX), Quinta do Lorde 
(QDL), and Caniçal port (C). “Time” corresponds to the sampling occasion (four occasions each six months – 0, 6, 12, and 18 months). 
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to the origin (Fig. 7b), providing high-risk invasion corridors. 
The NIS index verified that the higher each variable considered more 

the likelihood of NIS introduction. This suggests that locations with a 
higher number of entries, more similar environmental distance, and 
lesser distance to Madeira Island are more likely to provide newer NIS 
(Fig. 7B). Locations that could introduce more NIS are Madeira internal 
maritime traffic, Porto Santo, the Canary Islands, the Azores, Morocco, 
Gibraltar, and ports inside the Mediterranean (Spain and Morocco), 
amongst others of lesser importance (Fig. 7B and Supplementary ma-
terials 2 – Table 16). 

Within Madeira, Funchal is responsible for most of the traffic flow, 
evidencing high connectivity, especially in the outbound direction 
(Fig. 8), mainly to Quinta do Lorde and other locations (Fig. 8). Quinta 
do Lorde Marina and Caniçal port show lower connectivity, with more 

outbound traffic flow to Funchal (Fig. 8). 

4. Discussion 

The modern globalisation of marine trade plays a fundamental role 
in this accelerated spread of species worldwide (Bailey et al., 2020; 
Castro et al., 2020). Many invasions result from commercial oceanic 
shipping, caused by the unintentional transfer of several animal and 
plant species in ballast water and hull fouling (Ruiz et al., 2000). More 
than 3000 species are daily translocated worldwide inside ships' ballast 
water tanks (Ardura et al., 2021; Carlton and Geller, 1993). Connectivity 
between areas is provided by the large quantities of ballast water 
pumped into vessels at different locations and released in other regions 
breaking natural barriers amongst geographically separated areas 
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(David and Gollasch, 2008; Gollasch et al., 2000). On the other hand, 
species introductions related to shipping hull fouling are almost iden-
tical to ballast water stowaways, having similar overall traits of NIS 
detections (Bailey et al., 2020). Carlton (2021) studied the patterns of 
marine species introduction in the Pacific Ocean and verified that 
maritime traffic, and shellfish culture (especially oysters), were the main 
dispersal mechanisms. The author demonstrated that 14 major trans-
oceanic routes were responsible for species dispersal in the Pacific 
Ocean. 

The three studied maritime facilities were exposed to different 
propagule pressures regarding various vessels, intensities, and origins. 
The three docking infrastructures showed significant differences con-
cerning the structure of the benthic assemblages during the 18 months of 
monitoring. Most NIS were detected in locations with more marine 
traffic, particularly ones with plastic floating pontoons (Figs. 3 and 5). 
However, the highest NIS cover was observed in a vertical wall, in 
Funchal, on one sampling occasion (Fig. 6). Funchal appears to have 
high importance in NIS introduction and dispersal. GLM modelling 
predicted that environmental distance and origin affect maritime traffic 
entering Madeira. The methodology for assessing the risk of NIS 

introduction in the marine docking infrastructures suggested that close 
locations with similar temperature and salinity regimes with high 
maritime traffic are high-risk invasion corridors. Recreational boating 
and ballast waters are the pathways/vectors responsible for NIS 
dispersal to and within Madeira. These pathways/vectors and the 
presence of floating pontoons influence the fouling assemblages' struc-
ture, particularly in NIS frequency. 

In the present study, Funchal harbour was the site with the highest 
propagule pressure (number of entries from a location with similar 
environmental distance, e.g. the Canary Islands) and the highest NIS 
detections in both substrates. On the opposite side, Caniçal port with less 
propagule pressure (low number of entries from locations with different 
environmental distances, e.g. Portugal) had the most reduced NIS 
numbers. 

The physical linkage, referred to as structural connectivity, facili-
tates movement between areas (Tischendorf and Fahrig, 2000). In this 
case, maritime traffic connects locations otherwise separated by ballast 
water and hull fouling. In a recent study, Lacoursière-Roussel et al. 
(2016) verified that several ecological indexes related to community and 
population composition were related to propagule pressure due to 

Table 1 
Univariate PERMANOVA results of the non-indigenous species (NIS) frequency 
in the fouling assemblages (% of cover). Maritime traffic refers to three different 
studied locations with different propagule pressure: Funchal (FX), Caniçal (C), 
and Quinta do Lorde (QDL). “Time” corresponds to the sampling occasion (four 
occasions each six months). Finally, the studied “Substrate” includes vertical 
walls (VW) and Floating Pontoons (FP) (Significant differences are in bold: 
p<0.05).  

Source df MS Pseudo-F P(perm) Permdisp 

Maritime traffic (MT)  2 4.02E-02  1.7288  0.262  
Time (Ti)  3 2.55E-03  0.22389  0.876  
Substrate (SU)  1 0.48251  86.674  0.017 0.821 
MT × Ti  6 2.34E-02  2.0532  0.060  
MT × Su**  1 0.10066  5.1255  0.110  
Ti × Su  3 5.49E-03  0.48128  0.690  
MT × Ti × Su**  3 1.98E-02  1.7334  0.170  
Res  161 1.14E-02    
Total  180      

Fig. 5. Frequency of non-indigenous species (NIS) in the fouling assemblages (% of cover). Maritime traffic refers to three different studied locations with different 
propagule pressure: Funchal (FX), Caniçal (C), and Quinta do Lorde (QDL). “Time” corresponds to the sampling occasion (four occasions each six months – 0 (1), 6 
(2), 12(3), and 18 (4) months). Finally, the studied “Substrate” includes vertical walls (VW) and floating pontoons (FP). 

Table 2 
Univariate PERMANOVA result of the percentage of non-indigenous species 
(NIS) total cover in the fouling assemblages (% of cover). Maritime traffic refers 
to three different studied locations with different propagule pressure: Funchal 
(FX), Caniçal (C), and Quinta do Lorde (QDL). “Time” corresponds to the sam-
pling occasion (four occasions each six months). Finally, “Substrate” includes 
vertical walls (VW) and Floating Pontoons (FP) (Significant differences are in 
bold: p<0.05).  

Source df MS Pseudo-F P(perm) 

Maritime traffic (MT)  2  696.72  0.70734  0.533 
Time (Ti)  3  575.57  2.4737  0.069 
Substrate (SU)  1  6791.7  3.2984  0.179 
MT × Ti  6  994.91  4.2909  0.001 
MT × Su**  1  10,554  13.008  0.036 
Ti × Su  3  2084.8  8.9912  0.001 
MT × Ti × Su**  3  819.45  3.5341  0.016 
Res  161  231.87   
Total  180     
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shipping traffic. Moreover, these authors also demonstrated that NIS 
establishment's success was also higher with increased marine traffic 
(Lacoursière-Roussel et al., 2016). Species with limited self-dispersal 
capacity can spread via maritime traffic (Zabin et al., 2014). Most of 
these transfers are from the harbour to harbour due to maritime traffic 
and thus typically involve estuarine species with striking thermal and 
salinity adaptations (MacIsaac et al., 2002; Ruiz et al., 2000). While 
some NIS possess these adaptations, others are not, being introduced if 
the environmental conditions (e.g. salinity and temperature) are more 
prone to their establishment (Ware et al., 2014). The identification of 
“invasion corridors” (i.e. significant traffic routes) is of considerable 
relevance in supporting the implementation of regulations that aim to 
improve ecosystem conservation (Carlton and Ruiz, 2015). Having ac-
cess to marine traffic data, the Methodology for risk assessment of ma-
rine NIS introductions in docking infrastructures implemented in the 
present study is easy to replicate, which can assist in supporting man-
agement actions (i.e. developing risk assessment protocols) against new 
invaders. 

In the present study, Funchal is the location receiving more maritime 
traffic input and from origins with similar environmental distances (e.g. 
Canary Islands, Porto Santo, the Azores, Spain (Mediterranean), and 
Gibraltar), acting as the main hub for the new NIS introductions. A 
recent study observed a positive and significant association of vessel 
origins with the native range of the NIS present in Madeira (Castro et al., 
2020). Most NIS detected in Madeira are likely introduced through 
maritime traffic, transported by hull fouling and/or ballast water 
(Canning-Clode et al., 2013; Castro et al., 2020), mainly by the main 
Hub (Funchal). Recreational vessels play an essential role in NIS in-
troductions and secondary spread by hull biofouling (Clarke Murray 
et al., 2011; Ferrario et al., 2017; Marchini et al., 2015; Zabin et al., 
2014). In the present study, most NIS were present on the floating 
pontoons of Funchal (35.4 % of NIS), and Quinta do Lorde (26.3 %), 
having both more recreational vessel entries. In a study conducted in 
2013, Canning-Clode et al. (2013) performed long-term monitoring (six 
years) in Quinta do Lorde Marina. They verified that NIS detections were 
related to vessel traffic and resulted from secondary or tertiary in-
troductions. These authors further advanced that Madeira Island is likely 
to receive species introduced earlier to other European ports and is not a 

site for novel invasions in the European waters. The present findings 
indicate that this vector is undoubtedly accountable for NIS dispersion 
around Madeira harbours/marinas. This local dispersion was also 
confirmed by recently published research, where the authors verified 
that scuba diving boats could act as a vector of NIS secondary spread 
(Parretti et al., 2020). Since the recreational maritime traffic to Madeira 
is relevant, it cannot be discarded that recreational boating may act as a 
primary pathway for NIS introductions. The risk of introducing NIS by 
this vector is enhanced by the residence time, as some studies evidence 
that this feature could enhance the invasion risk (Carlton, 1985; Lim 
et al., 2017). Recent research verified that residence periods of >10 days 
result in significant biofouling accumulation, and consequently higher 
risk of species invasion (Davidson et al., 2018). In the present study, 
most NIS were detected in locations with recreational marine traffic 
with high residence time, contrary to what occurs in ports (Supple-
mentary material 2 – Fig. 3 and Castro et al., 2020). The values of 
average residence time in Funchal are explained by its double role as 
port and marina, decreasing substantially this indicator. The NIS listing 
in Funchal and Quinta do Lorde marina is almost identical (Ramalhosa 
et al., 2019, 2021), proving high connectivity and environmental simi-
larity between locations (Keller et al., 2011), as verified in the present 
study data (Supplementary materials 2 – Table 3). These findings agree 
with other research performed in different biogeographic regions. For 
example, in the coastal areas of Moorea Island (French Polynesia), 
where local boat traffic is intense, NIS frequency is higher, suggesting 
that maritime traffic is spreading NIS amongst locations with similar 
ecological conditions (Ardura et al., 2015). The present study demon-
strates that NIS introductions in Madeira are routed through Funchal 
due to the highest marine traffic intensity, and relevant residence time, 
from locations with similar salinities and temperatures flowing to other 
areas, mainly Quinta do Lorde and Caniçal, through hull fouling on 
recreational vessels. This appears to be the typical hub and spoke model, 
where Funchal acts as the main hub of introductions then secondary 
transfers of NIS into other maritime locations within the island (e.g. 
Azmi et al., 2014). 

Once introduced, many NIS prosper on the vast and extensive range 
of artificial hard substrates (e.g. floats, piers, docks, pontoons, buoys, or 
seawalls) in increasingly available maritime environments worldwide 

Fig. 6. The percentage of non-indigenous species (NIS) cover in the fouling assemblages (% of cover). Maritime traffic refers to three different studied locations with 
different propagule pressure: Funchal (FX), Caniçal (C), and Quinta do Lorde (QDL). “Time” corresponds to the sampling occasion (four occasions each six months – 
0 (1), 6 (2), 12(3), and 18 (4) months). Finally, the studied “Substrate” includes vertical walls (VW) and floating pontoons (FP). 
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Fig. 7. A) 3DPlot for the predicted yearly number of arriving vessels based on the environmental distances and distance to the origin (Km), calculated in the present 
study, of the Tweedie GLM model. B) 3D plot indicating the normalized data of the number of annual vessel entries by origin (2009–2017) for Madeira Island 
(including Funchal, Caniçal, and Quinta do Lorde). Also indicated is the inverse normalized data of the Environmental similarities and the distance (Km) to Madeira 
Island (origin). Environment similarities were based on salinity and temperature values for each origin. The methodology for assessing the risk of marine NIS in-
troductions in docking infrastructures assumes that a higher percentage is the likelihood of NIS introduction. 
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(Bulleri and Chapman, 2010; Orlando-Bonaca et al., 2021). This could 
be due to their physiological and behavioural capabilities to outcompete 
native species (Castro et al., 2021). These marine infrastructures favour 
NIS establishment over native species (Airoldi et al., 2015). For example, 
a marina with a capacity for 250 berths can have ~3600 m2 of pontoon 
and piling surfaces (Minchin et al., 2006), usually fully occupied by 
fouling assemblages (Floerl, 2002). Most of the plastic floating pontoons 
observed in the present study were fully covered by fouling species. 

Studying plastic surfaces, Pinochet et al. (2020) proved that NIS 
invertebrates were able to quickly adhere to plastic surfaces than other 
species, spending less energy contributing to a higher fitness of these 
individuals. Also, in recently published research it was verified that 
plastic surfaces have more NIS than other types of materials found in 
urbanised coastal areas (Giangrande et al., 2021). This is also corrobo-
rated by the present study, where the percentage of cover and frequency 
of NIS were higher in plastic substrates. The exception was in the Fun-
chal vertical wall on one sampling occasion due to the tunicate D. corolla 
of Caribbean origin (Canning-Clode et al., 2013). The non-native 
ascidian D. corolla was first detected in 2004 in Porto Santo by Wirtz 
(2006). In 2010 the species spread to Quinta do Lorde (Canning-Clode 
et al., 2013), being present in most recreational marinas around Madeira 
Island and adjacent areas (Castro et al., 2021; Ramalhosa et al., 2019, 
2021). This high abundance could be related to the identity of the spe-
cies, resistance, plasticity, and adaptation to be a “Winner” species 
(Castro et al., 2021). The “winner “, D. corolla, could eventually possess 
features that enhance NIS competitiveness, creating a more homogenous 
assemblage with adaptations that allow the species to thrive when the 
conditions are favourable. Another example is the non-indigenous hy-
drozoan Macrorhynchia philippina that recently spread in the Canary 
Islands, colonising many habitats due to its ecological plasticity (Espino 
et al., 2020). Also, non-native seaweeds can adapt to varying levels of 
resource availability through changes in their morphology and physi-
ology (Serebryakova, 2017). 

All three studied docking infrastructures differed in the structure and 
composition of the fouling assemblages explained by their subject's 
different propagule pressure. Nevertheless, it should be noted that NIS 
composition inside each facility could be related to several other factors, 
such as the environmental characteristics of each location. The observed 
assemblages followed literature where low flushed, highly polluted 

environments could facilitate opportunistic species (Ferrario et al., 
2017). Funchal harbour has the highest number of NIS, being the most 
restricted in water circulation and nutrient loading (Ramalhosa et al., 
2019). In contrast, Caniçal port has a large opening without any water 
movement restriction, and low nutrient loading was the location with 
fewer species, NIS and natives. Other previous studies verified that open 
maritime traffic facilities have less NIS than partially enclosed ones 
(Floerl et al., 2009; Foster et al., 2016). As enclosed and semi-enclosed 
marine traffic locations have intricate water circulation patterns, 
increasing the propagule pressure and the likelihood of settlement of NIS 
due to higher water residency and limited dispersal of planktonic larvae 
(Floerl et al., 2009). Interestingly, in Funchal, a peak of NIS in vertical 
walls was unveiled, and high NIS frequency in floating devices was 
detected due to this high propagule pressure. This also could be related 
to the potential existence of “invasion events” associated with peaks of 
high propagule pressure, e.g. ballast water discharges, by the arrival of a 
particular vessel. Funchal harbour is more exposed to more stochastic 
invasion events (Carlton, 1996). In Quinta do Lorde, where no ballast 
water introductions occurred, low numbers of NIS were detected in 
vertical walls. The propagule pressure in Quinta do Lorde and Caniçal is 
more constant/homogeneous. This leads us to question if the propagules 
from ballast waters are more susceptible to recruiting on vertical walls 
or if hull fouling organisms are more prone to colonise floating sub-
strates. These aspects need further studies. Another viewpoint is that the 
microbial films of natural or artificial substrates (e.g., floating pontoons 
or ship hulls) are significant facilitators in the settlement and subsequent 
colonisation by macrofouling organisms (Salta et al., 2013). A recent 
study verified that biofilm appeared to modulate the settlement of native 
and NIS macrofouling species influenced by local conditions, where high 
propagule pressure locations affect NIS presence (Cacabelos et al., 
2020). Also, the introduction success correlates to the number of vessel 
arrivals from close regions (Lacoursière-Roussel et al., 2016), sharing 
higher environmental similarities. These findings validate the results of 
the present study that Funchal, with heavier marine traffic (more 
propagule pressure (i.e. maritime traffic, and intermediate vessel resi-
dence time) from regions with similar conditions, is the location with the 
higher number of NIS, followed by Quinta do Lorde (moderated prop-
agule pressure (i.e. maritime traffic, and high vessel residence time) and 
Caniçal (lowest traffic intensity and vessel residence time). In addition, 

Fig. 8. Flowmap with the average annual vessel entries (2009–2017) for Funchal, Caniçal, and Quinta do Lorde.  
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the available substrate plays a relevant role, where more ancient ports (i. 
e. Funchal), with less available space/niches, have more NIS but lesser 
total diversity as detected in the present study evidencing more homo-
geneous assemblages (Scheibling and Gagnon, 2009). 

In conclusion, this work showed that maritime traffic (propagule 
pressure) and artificial structures, particularly floating structures, pre-
sent within docking facilities, influence the structure of fouling assem-
blages. Moreover, maritime traffic intensity from locations with similar 
environmental characteristics will likely contribute to NIS introductions 
in Madeira and secondary dispersal from the main hub (Funchal), with 
recreational vessels playing a significant role in NIS spreading within the 
island. Many insular systems possess high conservation status due to 
their endemism (Sax and Gaines, 2008) and vacant ecological niches 
(Lekevičius, 2009). Since humans started colonising islands, these eco-
systems have been impacted and modified (Nogué et al., 2021). More-
over, anthropogenic activities such as ocean sprawl and marine traffic 
have been proven to influence the introduction and establishment of NIS 
on islands, with consequential repercussions (Castro et al., 2022). 
Management actions should give proper attention to the importance of 
monitoring recreation boating essential in managing the spread of NIS 
(Diagne et al., 2021; Kopf et al., 2017; Minchin et al., 2006). For 
example, by stipulating rules to address the biofouling vector (e.g. 
reduce domestic spread to locations with valuable marine resources (e.g. 
MPA)) (Ashton et al., 2022) and in developing methodologies to sample 
important ports, especially in the context of an island ecosystem. The 
methodology for risk assessment of marine NIS introductions in docking 
infrastructure developed in the present study could assist in such man-
agement actions. 

CRediT authorship contribution statement 

Nuno Castro: Conceptualization, Methodology, Formal analysis, 
Investigation, Writing – original draft, Writing – review & editing, 
Visualization. Ignacio Gestoso: Methodology, Formal analysis, Inves-
tigation, Writing – review & editing, Visualization, Supervision, Funding 
acquisition. Carolina S. Marques: Formal analysis, Writing – review & 
editing, Visualization. Patrício Ramalhosa: Investigation, Writing – 
review & editing. João G. Monteiro: Investigation, Writing – review & 
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Sundelöf, A., Thompson, R.C., Hawkins, S.J., 2005. Low-crested coastal defence 
structures as artificial habitats for marine life: using ecological criteria in design. In: 
Low Crested Structures and the Environment, 52(10), pp. 1053–1071. https://doi. 
org/10.1016/j.coastaleng.2005.09.014. 
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