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Abstract: Invasive non-native marine species have significant and far-reaching impacts on
ecosystems, recreation, human health, and various industries worldwide. To mitigate this,
it is crucial to be able to predict the likelihood of the establishment of non-native species.
To that end, we reviewed twenty-two published lists of non-native species from the NE
Atlantic and Mediterranean, plus five from other seas and oceans. From 1991 to 2020, 76%
of the newly detected species in the NE Atlantic and Mediterranean, on average per region,
became established. Similar rates were found for the Baltic Sea, New Zealand, South Africa,
and Brazil, respectively: 77%, 73%, 73%, and 67%. A rate of 100% was reported for the
Black Sea, however. While percentages fluctuate across regions, they do not significantly
seem to differ over time within regions. Where available, using historical data is therefore
recommended, taking into account regional circumstances. As a preliminary indicator,
we propose the Seventies Rule for predicting the establishment success of newly detected
species in the NE Atlantic and Mediterranean. With only five datasets from other areas
in our studies, global applicability remains to be demonstrated. Policymakers, managers,
and researchers can use our findings to predict establishment and decide on actions for
invasive non-native marine species.

Keywords: non-native marine species; invasion ecology; establishment rate; species
introductions; management; Tens Rule; marine ecology; trends indicator; validated lists

1. Introduction

Non-native marine species have an impact on various systems globally, including
native biodiversity, human health, and industrial and economic activities [1-5]. Species
may be introduced to foreign regions through transportation pathways, such as shipping or
aquaculture. After introduction, some species enter a lag time phase during which individ-
uals establish themselves, often on artificial substrates [6]. The length of this lag phase and
the species’ local persistence depend on various ecological and biological variables. Even if
some specimens of a non-native species are able to settle on a floating dock, reproductive
success and subsequent proliferation are not assured. They vary per species and depend on
environmental constraints, like low winter temperatures that may kill them, and biological
limitations. If, for example, only one gender is present, reproduction may be impossible.
Furthermore, susceptibility to indigenous pathogens and predators, coupled with a paucity
of appropriate settlement habitats proximate to the initial settlement site, may constrain
their proliferation and spread. For those non-native species that do survive and establish,
these factors probably also influenced the duration of their lag lime. Considering this,
if a new species is discovered, management may, in selected cases, focus on making the
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environment less suitable for their survival, proliferation, and further spread. More broadly,
this could be conducted pre-emptively to prevent initial settlement. Actions may include
removing or cleaning suitable habitats, such as floating docks, where organisms have
settled, especially if alternative establishment habitats are unavailable nearby. Although
challenging, successfully managing marine non-native species during their lag phase is
achievable, as evidenced by, for example, the local eradication of Terebrasabella heterounci-
nata [7], Perna perna [8], and Undaria pinnatifida [9,10]. These examples show that within
the lag time, species may still be eradicated in specific cases, while eradication becomes
virtually impossible later on, when they start to establish and spread themselves more
widely in natural environments. Different definitions of establishment are in use [11] but it
is generally assumed that establishment refers to a species’ capacity to adapt, reproduce,
and survive in the midst of local abiotic fluctuations [12-14], forming a self-sustaining
population. When established, some non-native marine species can spread rapidly because
of the relatively high connectivity between marine systems and the often-high dispersal
capacities and reproduction rates of especially invasive marine species. Consequently,
managing the spread and impact of such species becomes increasingly challenging after
establishment [1,13].

When deciding to handle a newly discovered non-native species, one must weigh the
urgency of acting quickly during the invasion lag time phase against the possibility that
the species may not survive and establish itself anyway. In the latter case, doing nothing is
the more cost-effective option.

To predict the potential establishment of such a species, the Tens Rule Theory de-
veloped in the 1990s [15-18] is often cited. This popularised rule of thumb is commonly
used in management policies and assumes that 10% of introduced non-native species will
become established and, subsequently, 10% of those will turn invasive. Although this
theory was based on terrestrial plants in the United Kingdom, it is frequently used and
assumed applicable to other environments as well [18].

The general applicability of this rule for marine non-native species seems unlikely,
however, as much higher establishment rates have been reported for marine regions.
In the Mediterranean Sea, for example, around 76% of all detected non-native marine
species [14], and 70% of the non-native crustaceans [19], managed to establish themselves.
For British brackish and marine waters, it has been reported that 64% of the non-native
species established themselves [20].

These records led the present study to question whether a broader pattern or rule, akin
to the Tens Rule, can be found for predicting the establishment chances of newly detected
non-native marine species. While our focus was on studying publications with lists of
newly detected non-native marine species between 1991 and 2020 in the Northeastern
Atlantic and Mediterranean seas, we also compared datasets from other time periods and
other seas worldwide. Based on our preliminary studies, we anticipated that establishment
percentages would far exceed the expectations of the Tens Rule.

2. Materials and Methods
2.1. Data Collection

Using 27 published lists of non-native species from different marine regions across
the globe, we assessed and compared establishment percentages [11,14,21-33]. To be more
accurate, we determined the percentage of non-native marine species that were recorded in
a region or sea, which eventually managed to establish themselves. While this percentage
is commonly referred to as the rate of established introduced species, we recognize that
this is inaccurate as many introductions may remain unnoticed.
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For our calculations, we focused on datasets and publications that provided infor-
mation on species establishment inferred from evidence of a self-sustaining population.
Across datasets, it was unclear what exactly constitutes sufficient evidence of establishment
and exact definitions slightly differed. Regardless, we assumed that such evidence always
involved multiple sightings of a species over multiple years. For each of the 27 datasets,
Table S1 details why the species were considered established or not established in our
analyses. Tables S2 and S3 list, for each of the datasets, which species were considered
established and not established, respectively. Hereby, in general, we considered species
established if they were labeled as established, naturalized, or invasive, or if they were
given a similar status indicating establishment. The establishment of the non-native marine
species listed in a study conducted in the Netherlands [21] and a study in the Republic of
Ireland [22] was evaluated using the supplementary literature and datasets by searching
for any mention of species establishment. Additionally, proof of the species being observed
multiple times in the same geographic location in different years was also assumed to
indicate establishment. For the species list of the Netherlands [21], the following sup-
plementary sources were used: a report on marine non-native species inventories in the
Wadden Sea [34], a general publication on the non-native marine and estuarine species of
the Netherlands [35], the Dutch Species Register and the corresponding literature found
therein (https://www.nederlandsesoorten.nl/, accessed on 10 October 2024), and specific
species-focused articles on Barentsia ramosa [36], Polydora websteri [37], Pseudodiaptomus mar-
inus [38], and Polysiphonia morrowii [39]. For the species list of the Republic of Ireland [22],
two supplementary datasets were used to assess the establishment of non-native species,
viz., a study on non-native species and aquaculture [40] and the National Biodiversity Data
Centre (https:/ /biodiversityireland.ie/, accessed on 4 October 2024).

More in-depth analyses were carried out on 16 datasets that included species newly
detected between 1991 and 2020 in the NE Atlantic and Mediterranean. These species lists
can be found in Tables 54 and S5. If a dataset permitted the analysis of distinct seas, this
was conducted, for example, for Spain, where [24] allowed for the separate analysis of the
Bay of Biscay, Macaronesia, and the Mediterranean.

In order to maintain comparability between datasets, the Taxon Match tool from the
World Register of Marine Species [41] was used to check and revise species nomencla-
ture. Additionally, to ensure consistency and comparability, certain species groups were
excluded, in all 27 datasets, from the analyses. This was mainly based on the assessment
that these taxa were not or at least unequally represented and scored across the datasets.

Across the 27 datasets, 1959 distinct marine non-native species were included. Aiming
for dataset consistency, the categories of species described below were removed from all
27 datasets prior to calculating establishment percentages. See Tables S2 and S3 detailing,
per species, whether they were excluded and why. After removing these species, the dataset
used to compute establishment percentages still contained 1275 species. The following
categories of species were excluded:

e Non-native species that expanded their range without human assistance, also known
as range expanders. It turned out that no species needed to be excluded solely because
they were range expanders. Those that were excluded were excluded because they
were also considered cryptogenic or of unknown origin (see below);

e  Species of which no settled individuals or colonies were observed on artificial struc-
tures, like pilings or docks, or “settled” in a natural environment. Thus, organisms
that were recorded solely from hull fouling communities, in their pelagic larval stages,
or washed ashore on beaches were excluded. Of the 27 datasets, only the New Zealand
dataset contained these species. A total of 86 species were omitted as they were only
recorded from vessel hulls in that dataset;
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e  Species with an unknown origin and/or those considered to be cryptogenic. Approxi-
mately 4% of the species (86 out of 1959) across the 27 datasets were excluded;

e  Species that prefer to establish themselves in waters with salinities < 5 ppt. Approx-
imately 2% of the species (34 out of 1959) across the 27 datasets were excluded due
solely to their preference for low-salinity environments (<5 ppt). In many of the
datasets, these species (e.g., the Quagga mussel Dreissena bugensis) were already ex-
cluded. To ensure consistency, they were removed from all datasets prior to calculating
establishment percentages;

e  Microorganisms (<2 mm), including planktonic species and pathogens like bacteria,
viruses, and fungi. Approximately 10% of the species (202 out of 1959) across the
27 datasets were excluded. The inclusion of these species varied considerably across
the datasets. For example, six datasets did not contain any planktonic species while
four datasets only had one planktonic species recorded and one Mediterranean dataset
had sixty-four planktonic species included. To ensure consistency across datasets, all
these species were excluded;

e  Endo-parasites. Just 8 of the 1959 species reported across the 27 datasets were excluded
as they were endo-parasites. To maintain consistency, endo-parasites were omitted
because they were not considered for inclusion in most datasets;

e  Vascular plants. Just 9 of the 1959 species reported across the 27 datasets were excluded
as they concerned vascular plants. To maintain consistency, vascular plants were
omitted because they were not considered for inclusion in most datasets;

o  Fish. This was mainly implemented to eliminate bias in the establishment percentages
assessed for the Mediterranean Seas. The Suez Canal greatly impacts this region as an
introduction pathway that resulted in relatively higher numbers of reported non-native
fish species than any other geographical area, where much lower numbers of non-
native marine fish are introduced and establish themselves. Of the total 130 non-native
fish species that were reported as established across the 27 datasets, 110 were reported
from the Mediterranean, 15 from the Atlantic regions, and only 5 additional ones from
other seas (Table 52). Regarding the 190 fish species that were reported in at least
one of the datasets as non-established, 126 concerned records in the Mediterranean,
41 in Atlantic regions, and only 23 from elsewhere (Table S2). Because the Suez Canal
provides a unique type of introduction pathway for fish in the Mediterranean only,
unlike any pathway close by other seas included in our analyses, all 275 fish species
were excluded across the 27 datasets. Since most of these fish came through the Suez
Canal, including them would have strongly biased the calculations.

2.2. Calculations and Statistical Analyses

For all 27 datasets the establishment percentage of marine species per region was
calculated based on the total number of species that was recorded in that region and the
number that was established, i.e., Establishment % = 100% x # established species/#
recorded species. The more in-depth analyses described below were performed on the
16 datasets that met the criteria outlined in the previous paragraph.

To determine if the calculated establishment percentages exhibit a random distribution
between a minimum and a maximum percentage or a normal distribution around a mean
value, the Shapiro-Wilk test of normality was employed. When a normal distribution was
confirmed, the mean establishment rate and its standard deviation (o) were calculated.
To test to what degree such establishment rates remain similar over time within regions,
Chi-X? tests (p < 0.05) were used comparing the most recent three decades, i.e., 1991-2000,
2001-2010, and 2011-2020. This test was only conducted for datasets with relatively large
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numbers of species, i.e., in which at least 5 non-natives were expected to have established
themselves in each decade [42—44].

To determine whether establishment percentages in different seas are to a certain de-
gree connected to similarities in established non-native species, a Permutational MANOVA
(PERMANOVA) was conducted on established non-native species “communities”. This
was completed for three areas, which were subjectively chosen considering the temper-
ate to subtropical climate range from the Northeastern Atlantic to the Eastern Mediter-
ranean. These analyses, and the ones described hereafter, were all conducted in PRIMER-e
(v. 6, Albany, New Zealand) [45], using default settings based on the established species
compositions in the 16 datasets. To assess the relative similarities in these compositions
within and between the three areas, a Similarity Percentage analysis (SIMPER) was con-
ducted. After testing for significant differences between species compositions in the three
areas with the PERMANOVA analysis, a Serensen resemblance matrix analysis was con-
ducted. The results were then used for the CAP analysis (Canonical Analysis of Principal
coordinates) to assess to what degree the three areas each have their own unique established
non-native species [46]. To illustrate which species occurrences correlated with a Pearson
correlation coefficient of >0.8 with the CAP-analysis graph, the overlay vector function was
used. It shows which established non-native marine species can be seen as most typical
(and possibly unique) for each of the three areas.

2.3. Geographical Distribution of the Regions Included in the Analyses

Species lists from 16 regions from the Northeastern Atlantic to the Mediterranean
Sea were used for the more in-depth analyses (Figure 1A; Tables S4 and S5). They are
subjectively grouped in Figure 1A for further analyses into three areas based on their
temperate to subtropical climate, i.e., NE Atlantic, E Atlantic and W Mediterranean, and E
Mediterranean. An additional 11 lists, which did not match the criteria set for the in-depth
analyses, were only used for comparing establishment percentages. These included datasets
from the same areas but also five additional ones from across the world (Figure 1B).
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Figure 1. Regions from which non-native marine species lists were used in the present study, modified
from the R package ggplot2 [47]. (A) Regions used for the in-depth analyses, grouped into three areas:
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Blue, Northeastern Atlantic; Yellow, Eastern Atlantic and Western Mediterranean; Red, Eastern
Mediterranean. These regions consist of (1) the Netherlands [21]; (2) the Republic of Ireland [22];
(3) and (4) France, the Channel Coast, and the Bay of Biscay [23]; (5) and (6) Spain, the Bay of Biscay,
and Macaronesia [24]; (7) and (8) Morocco, Atlantic, and the Mediterranean [25]; (9) Spain and the
Mediterranean [24]; (10) France and the Mediterranean [23]; (11), (12), and (14) Greece, the Adriatic
and Ionian Seas, the Aegean Sea, and the Levantine Sea [26]; (13), (15), and (16) Tiirkiye, the Aegean
Sea, the Levantine Sea, and the Sea of Marmara [27]. The black circle * represents the terrestrial plants
in the UK, which were used for setting the Tens Rule Theory [15-18]. (B) Regions which did not meet
the criteria for the in-depth analyses and were only used for calculating establishment percentages.
They are numbered by decreasing establishment percentage (see Section 3.1): (17) Tiirkiye and the
Black Sea [27]; (18) Madeira [28]; (19) Portugal [28]; (20) the Mediterranean Sea [14]; (21) the Baltic
Sea [29]; (22) South Africa [11]; (23) New Zealand [30]; (24) Azores [28]; (25) Libya [31]; (26) Brazil [32];
and (27) Cyprus [33].

3. Results and Discussion

3.1. Region-Specific Establishment Rates of Non-Native Marine Species

Table S6 includes the number of species recorded and established in 27 regions world-
wide (Figure 1). This table also includes the calculated establishment percentages, which
are illustrated in Figures 2 and 3.
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Figure 2. Non-native marine species establishment percentages of 16 geographic regions in the Eastern
Atlantic and the Mediterranean. The location names, numbers, and colors of the dots correspond
to the groups in Figure 1. The average establishment percentage and standard deviation ranges
are highlighted in green. The number of non-native species recorded in each region is displayed in
brackets behind the location names. This graph is based on the data and calculations in Table Sé6.

Figure 2 highlights the 16 regions in the NE Atlantic or Mediterranean for which
datasets were found that documented all newly recorded non-native marine species over
the past three decades, i.e., from 1991 to 2020. These establishment percentages ranged
from 52.1% to 93.8%. In between these minimum and maximum values, the percentages
followed a normal distribution (Shapiro-Wilk, p = 0.928) (Figure 2). On average, 76.0%
(n = 16; 0 = 11.8%) of the species that were recorded as new in a region managed to
establish themselves. Although most establishment percentages were found to be within
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one standard deviation of this average, there were five outliers that had larger deviations
(Figure 2). Two of the most extreme outliers concern the Netherlands, with a relatively high
establishment percentage of 93.0%, and the Mediterranean coast of France, with the lowest
establishment percentage, i.e., 52.1% (Figure 2 and Table S6).
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Figure 3. Non-native marine species establishment percentages spanning 11 geographic locations
globally. They were not included in Figure 2 as they did not meet the criteria set in the present study
for the in-depth analyses. The numbers before the location names correspond to those in Figure 1.
The number of non-native species recorded is displayed in brackets behind the location names. The
average establishment percentage and standard deviation ranges, which are highlighted in green,
were copied from the in-depth analysis in Figure 2 to aid in comparisons. This graph is based on the
numbers and calculations in Table S6.

The Netherlands’ high establishment rate may partially be attributed to the abundance
of available marine habitats, which increases the likelihood of newcomers successfully
establishing themselves. These habitats can be found in various locations, including the
salinity gradients in the ports of Amsterdam and Rotterdam, the wetlands of the Dutch
Wadden Sea, and the estuaries in the Dutch Delta, where the Grevelingen, a marine
lake, is also located. The relatively high rate of establishment may also be attributed, in
some part, to the diligent monitoring efforts, which reduce the likelihood of overlooking
any establishments. In the Netherlands, the Marine Alien Species Detection Network is
dedicated to monitoring establishment hotspots seasonally, with more intensive surveys
conducted annually or once every 3—4 years [21].

In countries like France, where establishment percentages are notably lower, there
exists no ongoing comprehensive monitoring program that consistently revisits potential
areas for species to establish [23]. This may, to some degree, explain the lowest establish-
ment percentage in our study, i.e., 52.1% along the Mediterranean coast of France (Region
10 in Table 1). Additionally, this low rate can be attributed to how easily non-native species
from the temperate NE Atlantic and the subtropical Eastern Mediterranean areas can be
introduced there. This can, for example, happen up to a certain degree through natural
distribution or with the help of recreational shipping from either direction [23,33]. However,
these species coming from neighboring areas may face difficulties in adapting and thriving
in the region due to water temperatures that can be either too hot or too cold for them
to establish.
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Table 1. Establishment percentage of newly recorded non-native marine species in the three groups
between 1991 and 2020 (calculations displayed in Table S6). The minimum, average, and maximum
establishment percentages are displayed per group, together with the regions, as in Figure 1.

Minimum Average Maximum
NE Atlantic (Regions 1-5) 68.4% (Region 5) 76.1% 93.0% (Region 1)
E Atlantic and W Mediterranean (Regions 6-10) 52.1% (Region 10) 65.6% 76.5% (Region 8)
E Mediterranean (Regions 11-16) 71.6% (Region 12) 84.6% 93.8% (Region 13)

The shrimp Penaeus aztecus, for example, is typically found established in the Eastern
Mediterranean (Figure 4), where it was first reported in 2010 and has quickly become inva-
sive and abundant. So far, the species has only been recorded as far west as a French port
60 miles from Marseille, where it appears not to have established itself. This might be for
the same reason this species was not found north of Ancona in the Mediterranean [48], due
to the shallow depths and the climate, specifically the winter bottom sea temperatures as
low as 10 °C at 30 m. While the shrimp P. aztecus may find the waters of the Mediterranean
French coast too cold, the non-native bryozoan Tricellaria inopinata could find them too
warm. Unlike P. aztecus, T. inopinata is commonly and widely found in the NE Atlantic
(Figure 4) [49]. The species, while recorded multiple times in the Western Mediterranean
and along the French coast, appears not to become established there. This bryozoan species
may be experiencing mortality or reproductive issues due to warmer waters.
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Figure 4. Canonical Analysis of Principal coordinates (CAP) based on the Serensen distances between
established species assemblages found in sixteen regions, subjectively grouped into three areas, i.e.,
the NE Atlantic (blue), E Atlantic and W Mediterranean (yellow), and E Mediterranean (red). These
areas, along with the corresponding region numbers next to the dots, match those in Figure 1. The
overlaid vector function of PRIMER-e was used to illustrate correlating species occurrences with a
Pearson correlation coefficient of >0.8. The species representing the capital letters are clarified on the
right, below the area they appear to be related to. The length of the vector line reflects the strength of
the correlation, with the circle representing the maximum correlation of 1.

The inability of some non-native species coming from neighboring areas to establish
themselves, because of waters that are too warm or cold, may explain the low establishment
rates observed in regions that lie in between the temperate NE Atlantic and the sub-tropical
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E Mediterranean (Figure 2). This is also supported by the average establishment rates of
76%, 66%, and 85% in, respectively, the temperate NE Atlantic area, the “in between” E
Atlantic and W Mediterranean area, and the subtropical E Mediterranean area (Table 1). The
unsuitability of the central area’s environment, including the French Mediterranean region,
for many non-native species that have established in the nearby temperate and subtropical
areas is further supported by the low similarity in established species “compositions” with
those areas of 10.2%% and 9.5%, respectively (Table 2).

Table 2. The similarity of species assemblages within (cells with grey background) and between
groups is shown in percentages, based on SIMPER analysis in PRIMER-e (Table S7). The groups
consist of the (pre)determined grouping of regions in Figure 1.

SIMPER Analysis Results NE Atlantic E Atlantic and W Med. E. Mediterranean
Northeastern Atlantic 34.5% 10.3% 4.3%
E Atlantic and W Mediterranean 10.3% 16.6% 9.9%
Eastern Mediterranean 4.3% 9.9% 28.9%

Given the significant variations between regions in the minimum and maximum estab-
lishment percentages within each area (Table 1), it is recommendable to use region-specific
data rather than relying on data for areas with a specific climate when making predictions
about establishment probabilities, e.g., in risk assessments. Regarding regional establish-
ment probability, settling habitat, environment (e.g., salinity), and climate suitability are
probably key factors. In NE Atlantic temperate waters, for example, larvae from organisms
on the hull of a vessel coming from the Mediterranean, might settle on a floating dock
during summer. Their ability to subsequently form a self-sustaining population probably
hinges on surviving the winter temperatures and having sufficiently warm summers to
reproduce. Additionally, their establishment chances and further spread may depend on
the availability of nearby substrata that are suitable for settlement. Ports and marinas in
the Netherlands can illustrate this. They generally feature floating docks but the muddy
bottoms in these areas tend to be oxygen-deprived, making them inhospitable for most of
the species that are fouling these floating docks. Regular cleaning of the docks, coupled
with a lack of suitable settlement areas in and outside ports and marinas, could hereby
decrease the likelihood of non-native fouling species establishing themselves. Where this
is concerned, one could contemplate whether or not it is advisable to build artificial reefs
in or near these ports to improve biodiversity, as is completed, for example, in the Port of
Rotterdam (see e.g., https:/ /reefy.nl/science/, accessed on 24 December 2024). Such reefs
would probably raise the chances of non-native species establishment.

3.2. Region-Specific Establishment Rate Variation over Time

As discussed in the preceding paragraphs, it is generally recommended to rely on
regional historical data concerning establishment percentages in order to forecast the
establishment rates of newly discovered non-native marine species. When analyzing
historical data, one might raise doubts about the extent to which establishment percentages
in regions remain consistent over time, however. To assess consistency over time, Chi-
X2 tests were conducted using the datasets of six regions, two in each of the main areas
studied. They concern the French and Spanish NE Atlantic coasts, the French and Spanish
W Mediterranean coasts, and the Greek and Turkish E Mediterranean waters (Figure 1 and
Table S9). These regions were selected as a relatively high number of non-native species had
established themselves there over the last three decades. Consequently, it was predicted for
each of these regions that at least five newly detected non-native species would establish
themselves in each of the last three decades, i.e., in 1991-2000, 2001-2010, and 2011-2020.
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We hereby followed the rule of thumb that the minimum expected values should be at
least 5 before the probabilities associated with the Chi-square statistic can be considered
accurate (42-44). The exact Chi-X? test data and results are presented in Supplementary
Material Table S9. No significant differences were found between any of the decades within
the regions. This indicates that historical data on establishment percentages can be used
within regions to predict future establishment chances of newly discovered species. Here,
older datasets may sometimes be more reliable than recent ones, considering the potential
underscoring of established species in the most recent decade because of time lags in the
reporting of biological invasions [50]. The establishment of certain recently detected species
may not be reported yet. In the present study, this may be the case in the dataset of the
Spanish Atlantic coast region. The establishment rate in this dataset was noticeably lower
in the most recent decade compared to the previous two. Although this difference was not
significant according to the Chi-X? tests, it is noted that the P-value was only very slightly
above 0.05 (Table S8).

3.3. Seventies Rule for the Establishment of Non-Native Marine Species

Regardless of the differences between regions, in all 27 datasets, the establishment per-
centages were above 50% (Figures 2 and 3). It is worth mentioning that marine non-native
species in the Baltic Sea, New Zealand, South Africa, and Brazil successfully established
themselves, with percentages of 77%, 73%, 73%, and 67%, respectively (Figure 3), and that
these rates are very similar to the average of 76.0% that was found for the 16 regions in the
NE Atlantic and Mediterranean (Figure 2).

Of course, some outliers should also be considered, like the Black Sea and Madeira,
where (almost) every detected non-native species has seemingly successfully established
itself (Figure 3). The role of geographical isolation in invasion ecology and establishment
chances is well-documented [51]. Such isolated ecosystems are generally threatened more
by non-natives than open systems. In this context, it is worth considering that the Black Sea
has minimal connectivity to the Mediterranean and that Madeira encompasses a selected
number of islands that are geographically distant from the African shore.

Still keeping such outliers in mind, the multitude of regions (Figures 2 and 3) indicates
that in the absence of more specific regional data, one can rely on the Seventies Rule,
which we here propose for predicting the establishment chances of newly detected non-
native marine species in the NE Atlantic and Mediterranean. With only five datasets from
other areas in our studies, the global applicability of this rule remains to be demonstrated.
Following the Seventies Rule, one can assume with a 76% probability that newly detected
non-native marine species will establish themselves.

The Seventies Rule aligns with other studies, such as that of Zenetos et al. [14], which
reported a 76% success rate of non-native species introduced to the Mediterranean Sea over
230 years. However, it strongly contradicts the Tens Rule Theory, once based on non-native
terrestrial plants in the UK and proposing an establishment rate of approximately 10%
(5-20% range, as later defined by the authors [15-18,52]). These differences appear to be
primarily associated with the fact that invasion dynamics in marine systems follow different
patterns and principles compared to invasions in freshwater environments and invasions
on land. Regarding terrestrial invasion dynamics, the Tens Rule’s broad applicability is
already questionable, given that it is based on one geographical region (the UK) only
and focuses solely on plants. Where freshwater environments are concerned, the 63%
establishment rate recorded for non-native freshwater species in Europe [53] is already
much closer to the 76% here found for marine species.

While the Seventies Rule will be generally reliable as an indicator for predicting
establishment chances of newly detected marine non-native species in the NE Atlantic and
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Mediterranean, regional circumstances and data should be taken into account whenever
possible as they allow for local deviations.

3.4. Similarities Between Established Non-Native Marine Species Across Climate Zones

In order to better understand the Seventies Rule and the underlying biological prin-
ciples, the present study aimed to explore the potential link between specific non-native
marine species and the similarities in establishment percentages found across the seas. Ac-
cording to Table 2, there is limited evidence to suggest that specific established non-native
species “communities” as a whole play a significant role in these similarities as only 16
to 34% of the established species matched between regions within areas and similarities
between areas ranged only from 4 to 10%. These low similarity percentages were calcu-
lated within a SIMPER analysis in PRIMER-e. This was conducted based on a datafile
including species lists of the 16 studies that were selected for the more in-depth analyses.
The file included 403 established non-native marine species and the regions in which they
were recorded as new between 1991 and 2020 across the NE Atlantic and Mediterranean
(Table S7).

Conducting a Permutational MANOVA (PERMANOVA) in PRIMER-e, it could be
concluded that these three areas, chosen for their temperate to subtropical climate, differed
significantly from each other in terms of the individual non-native species that were
established there (Pseudo-F = 3.785; P(perm) = 0.001). The more detailed results of this
analysis, including the PERMANOVA design and model used, can be found in Table S9.

To assess more in detail to what degree each area included its own unique combination
of established species, a CAP was conducted in PRIMER-e (Figure 4). It is worth mentioning
that regions in close geographical proximity tend to be more similar in terms of the non-
native species that are established there and are, therefore, also clustering closer together
in the CAP graph. For example, the W Mediterranean French and Spanish species lists lie
closer together than the rest of the E Atlantic regions within the same area. This suggests
that there are patterns of species establishment both within and across areas, which may be
used to predict establishments.

The presence of these patterns is also supported by the “leave-one-out” approach
within the CAP. This is completed by repeating an analysis in which a “CAP-model” is
made based on the similarities between regions within each of the areas. Every time the
analysis is automatically repeated, one region is left out (until all regions have been left out
once). Subsequently, the program predicts to what area the region that was left out belongs
based on the model. In the present study, the CAP analyses were able to correctly assign
the area to 16 out of the 16 regions, based on the established species present.

The overlay vector function was used to determine if specific species occurrences
are correlated (for >0.8) with the CAP graph (Figure 4) in order to evaluate whether
differences between the areas can be attributed to a specific set of species that was first
recorded within the regions concerned between 1991 and 2020. Correlations of >0.8 were
found for six non-native species that apparently typically establish themselves in the NE
Atlantic, as well as fifteen non-native species typically found established in the Eastern
Mediterranean (Figure 4). There were no such species that typically establish themselves in
the “E Atlantic & W Mediterranean” area, which is situated between the NE Atlantic and
the E Mediterranean (Figure 1). The absence of established species exclusive to that area is
likely due to its central geographic location between the other two regions.

Although our similarity studies uncovered intriguing patterns, they could not confirm
the hypothesis that the resemblances in establishment percentages of non-native species
across regions are linked to specific species. The analyses show instead that non-native
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marine species establishment rates are rather consistent across regions, irrespective of the
specific non-native species present in these regions.

4. Conclusions

The widely used Tens Rule [15-18], which assumes the establishment of 10% of intro-
duced non-native species, is proven highly inaccurate for marine species in our studies
focused on 27 marine regions worldwide. Our analyses lead us to propose the Seventies
Rule instead. It states that there is a 76% chance that newly detected, non-native marine
species will successfully establish themselves. This establishment rate of 76% was based on
the average establishment of 76.0% per region of non-native species in 16 regions across
the NE Atlantic and Mediterranean in the 1991-2020 period. While applicable to the NE
Atlantic and Mediterranean, its global applicability remains to be demonstrated as only
five datasets from other waters were studied. In four of these, very similar percentages
were scored. Based on datasets from the Baltic Sea, New Zealand, South Africa, and Brazil,
establishment percentages were calculated as 77%, 73%, 73%, and 67%, respectively. A
rate of 100% was reported for the Black Sea, however. This shows that one should ex-
ercise caution regarding significant deviations from the rule within the NE Atlantic and
Mediterranean as well, with establishment rates ranging from slightly above 50% to 100%.
Geographically isolated regions, like the Black Sea and Madeira, as well as regions with
diverse marine habitats, like the Netherlands, showed higher percentages of, respectively,
100%, 95%, and 93%. Conversely, regions that lie centrally in between areas with distinct
climates, such as the temperate NE Atlantic and subtropical E Mediterranean, often had
lower establishment rates in our studies (Figure 2). Although various non-native species
may find their way from both the Atlantic and the E Mediterranean to, for example, the
French Mediterranean coast, e.g., by hull fouling, this does not lead to higher establish-
ment rates. For some species, the waters will be too cold and, for others, too warm to
establish themselves.

We expect the reasons behind regional differences in establishment rates to remain
mostly unclear as there are insufficient data for accurate hypothesis testing. In any case, it is
important to use historical regional data when predicting establishment chances, possibly
while keeping the Seventies Rule in mind. This is supported by the fact that establishment
percentages in the most recent three decades did not significantly differ from each other
within the six regions that allowed for testing this with a Chi-X? analysis. It should be
mentioned, though, that certain regions show a decrease in the percentage of established
species in the past ten years, potentially due to a delay in publishing records that validate
the establishment of relatively newly discovered non-native species.

In addition to this publication lag, research efforts can also regionally impact the
calculated establishment percentages. For instance, consistent monitoring of specific areas
within the Marine Alien Species Detection Network in the Netherlands is likely to have
increased the species establishment percentage in this region. Assuming this to be true, the
Seventies Rule could actually be an underestimation of establishment percentages in regions
with limited monitoring. Identifying such potential trends, partly based on historical
data, enhances the effectiveness of management efforts, thus aiding in the prevention of
associated impacts [54,55].

In conclusion, the Seventies Rule can be used to predict the establishment chances
of newly detected marine non-native species in the NE Atlantic and Mediterranean but
regional circumstances and historical data should always be considered.
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