* water

Article

Colonization Dynamics of Potential Stowaways Inhabiting
Marinas: Lessons from Caprellid Crustaceans

Triana Revanales 12:3:*

check for
updates

Citation: Revanales, T.;
Guerra-Garcia, ].M.; Ros, M.
Colonization Dynamics of Potential
Stowaways Inhabiting Marinas:
Lessons from Caprellid Crustaceans.
Water 2022, 14, 2659. https://
doi.org/10.3390/w14172659

Academic Editor: Adriano Sfriso

Received: 31 July 2022
Accepted: 24 August 2022
Published: 28 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, José M. Guerra-Garcia 2 and Macarena Ros 2

Departamento de Biologia, Facultad de Ciencias del Mar y Ambientales, Campus de Excelencia Internacional
del Mar (CEIMAR), Universidad de Cadiz, Avenida Reptblica Saharaui s/n, 11510 Puerto Real, Spain
Laboratorio de Biologia Marina, Departamento de Zoologia, Facultad de Biologia, Universidad de Sevilla,
Avda Reina Mercedes 6, 41012 Seville, Spain

Instituto Universitario de Investigacion Marina INMAR), Campus de Excelencia Internacional del

Mar (CEIMAR), Universidad de Cadiz, 11510 Puerto Real, Spain

Correspondence: triana.revanales@uca.es

Abstract: Despite the fact that stowaway transport is an increasingly common invasion pathway,
its key ecological aspects, such as colonization dynamics of potential invaders on human transport
vectors, are poorly understood. Considering that marinas may function as stepping-stone habitats for
the spread of marine invaders, they provide a unique opportunity for understanding the first steps in
the stowaway pathway. One of the dominant groups inhabiting marinas are caprellid crustaceans.
These small invertebrates have demonstrated a high potential for introduction and establishment far
beyond their distribution range. Here, we analyzed the colonization dynamics of caprellid species
inhabiting marinas of Cadiz Bay (Spain) on plastic collectors and discussed their implications on inva-
sion success. We found that collectors largely mirrored the resident caprellid community assemblages
after just one month of deployment, showing that caprellid species inhabiting marina structures have
a high capacity to colonize new artificial substrates. Moreover, the two non-indigenous species found,
Caprella scaura and Paracaprella pusilla, successfully established dense and well-structured populations
in the collectors (including all sex/age groups considered). We suggest a potential interplay between
colonization ability and stowaway organisms’ invasion success. Furthermore, collectors used are
supported as a useful tool in the early detection of non-indigenous species and their monitoring in
relation to resident species.

Keywords: biological invasions; unintentional introductions; colonization; hull fouling; recreational
boating; marinas; caprellids

1. Introduction

Increasing global connectivity through human transport networks is unintentionally
moving a massive number of stowaway organisms into novel biogeographical regions [1-3].
Indeed, non-indigenous species (NIS) transported as stowaways on ships are prevalent in
most marine ecosystems throughout the world [4], posing one of the greatest threats to
marine biodiversity and ecosystem functioning [5]. Understanding the ways humans carry
out this transport is needed to reduce this threat [6].

Invasion is a multi-step process that essentially include: (1) the species” uptake by a
human transport vector (e.g., ship’s hull fouling or ballast water) at the ‘donor” location;
(2) movement of the human vector to a new location, beyond the species’ distribution
range; (3) establishment of a self-sustaining population within the ‘recipient’ location;
and (4) spread of species to nearby habitats [7-9]. While later stages receive the greatest
research effort, the contingent nature of the process makes the first steps on the introduction
pathway pivotal in the likelihood of biological invasion [10]. Therefore, understanding
the interaction between potential stowaway source populations at the donor location and
human transport vectors is fundamental to shed light on this growing invasion pathway.
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In marine ecosystems, transport hubs, such as marinas and commercial ports, may
function as stepping-stones habitats in the invasion pathway. They enable many fouling
organism species that are unintentional transported as stowaways on ships (either in the
ships” hull or in ballast water) to colonize areas beyond their distribution ranges [11]. While
commercial ports are usually considered the first entry point of NIS into a new region,
marinas are critical habitats for their successful establishment and subsequent spread. This
is partly due to the larger surface available for species colonization in marinas in compar-
ison with commercial ports, but also since recreational boats remain moored more time
than commercial ships (making it easier for stowaways to colonize recreational boats) [12].
Furthermore, recreational boating is a high-risk NIS dispersal vector, lacking a proper
regulation, which could facilitate the NIS spread not only among marinas, but also into
adjacent natural habitats [13]. A crucial step at the beginning of the stowaway pathway is
the colonization of human transport vectors (or vector uptake). Reaching and colonizing
anthropogenic vectors in a transport hub (such as marinas) may be a determinantal filter to
stop stowaway transport events. However, little information exists about potential traits
that may favor this early stage in the stowaway pathway. For example, Ros et al. [14]
found that peracarid crustaceans with a documented history of anthropogenic transport
had a higher propensity for local dispersal (i.e., tendency to move about short distances) in
comparison with other peracarids that had a restricted distribution, lacking a history of
human-mediated introductions. This supports the notion that a high tendency to move
about short distances may increase the chances to reach and colonize human transport vec-
tors, the frequency of transport, and, therefore, promote success in the invasion process [15].
However, the initial dispersal of immigrating individuals from a source population is only
the first step in the colonization process and not all dispersing individuals are necessarily
good colonizers. From a metapopulation perspective, colonization can in turn be described
as the result of different processes, starting with the emigration of individuals from a source
population (i.e., local species pool) and the subsequent dispersal across a more or less
suitable habitat matrix. Then, colonizing individuals face the challenges of surviving and
reproducing in a novel empty niche. The final stage generally takes place when the viability
of a population is no longer dependent on the arrival of ‘propagules’ (i.e., colonizing indi-
viduals) [16,17]. Despite colonization abilities vary among marine organism species [18],
ecological studies generally ignore this potential variation at the beginning of the stowaway
pathway. Indeed, the capacity of potential stowaways to colonize human transport vectors
has rarely been experimentally assessed in marine ecosystems. There are few quantitative
and comparative data documenting the patterns of spatial and temporal variation on which
colonization occurs in this context. Understanding the colonization dynamics of potential
stowaways inhabiting transport hubs on human transport vectors can provide valuable
insight into the early stages of the invasion process. This in turn may improve stowaway
risk assessments.

One of the dominant groups among the fouling communities inhabiting marina struc-
tures are caprellid amphipods (e.g., [19,20]). These small peracarid crustaceans live as
epibionts on a wide variety of sessile species encrusting marina structures, including
macroalgae, bryozoans or hydrozoans (especially in those basibionts with an arborescent
and complex structure). Furthermore, they can also reach high densities in submerged
complex artificial substrates (e.g., ropes or nets) [21]. Despite their limited ability for au-
tonomous dispersion (due to its lack of larval stage and its reduced swimming appendages),
some caprellid species have demonstrated a high potential for the introduction and es-
tablishment far beyond their distribution range, causing significant impacts on receiving
communities [22]. It has been proposed that caprellids species inhabiting marina structures
can reach and colonize encrusting basibiont species on the submerged surface of human
transport vectors (e.g., boats” hull), which could serve as a refuge during anthropogenic
transport [20]. However, little is known about how these first steps in the stowaway
pathway occurs and why some caprellid species fail to spread while others do [14].
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We aim to investigate the colonization dynamics of caprellid species inhabiting trans-
port hubs (specifically marinas) on new artificial substrates (i.e., plastic collectors) and its
potential implications on invasion success (considered here as the potential to spread via
anthropogenic vectors). We hypothesized that the deployment of new artificial substrates
for one and three months would mirror the resident caprellid community by providing
empty niches for the local pool of species. Therefore, we expect that if caprellid species
inhabiting marina structures (i.e., local basibionts) are good colonizers, caprellid assem-
blages will differ only among the marinas investigated in the two periods. Additionally,
we assessed the efficacy of collectors for early detection of non-indigenous caprellid species
and their monitoring in relation to resident species.

2. Materials and Methods
2.1. Study Area

The study was carried out in three marinas of Cadiz Bay, southern Spain (Figure 1),
Sancti Petri marina (Chiclana de la Frontera), Rota marina (Rota) and Puerto América
marina (Cadiz). This region is adyacent to the Strait of Gibraltar, a major maritime route
that is influenced by intense commercial and recreational maritime traffic, which can favour
the entry and spread of NIS. Indeed, we selected this area since it is considered a hot spot
for biological invasions (e.g., [20,23]).
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Figure 1. Map of the study area showing the three sampling marinas, Puerto de Sancti Petri (SP),
Puerto de Rota (RO) and Puerto América (PA), in the Bay of Cadiz (Spain).

2.2. Experimental Design and Field Procedure

In this study, we used plastic collectors based on three-dimensionally folded PVC
meshes. Ros et al. [14,24] showed the efficacy of this substrate for collecting a high abun-
dance and diversity of peracarid species compared with other methodologies and Scribano
et al. [25] its suitability for studying their population dynamics. The structural complexity
of these collectors simulates the habitat complexity provided by the local fouling basibionts
on which epibiont organisms live. Collectors were deployed in the water column at a 1-m
depth (the same depth at which boat hulls tend to be more heavily fouled [26]) through a
rope anchored to floating pontoons. Collectors were deployed for two time periods (one
month and three months, respectively) to investigate the medium-term colonization ability
of caprellid species inhabiting marinas and explore differences in population structure.
Eighteen collectors were randomly placed at each marina in April 2017 (54 in total). At each
time considered (one month and three months after placement), nine collectors were care-
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fully retrieved from each marina and their associated macrofauna was sorted, preserved
in situ in 70% ethanol and enclosed in plastic pots following the protocol established by
Ros et al. [24]. Simultaneously with the retrieval of collectors, a complementary sampling
focused on the nearest potential source of ‘propagules” was conducted to characterize the
local pool of caprellid species associated with the marina’s fouling community. To avoid
the effect of patchiness and to adequately sample local caprellid diversity, each replicate
consisted of the collection by hand of a pool of basibionts (mainly macroalgae, bryozoans
and hydrozoans) present in the pontoon until a wet volume of 200 mL was collected (see
e.g., [27,28]). After draining, the volume of each replicate was ca. 50 mL (coinciding with
the volumes of the collectors used). Just after collection, samples were stored in plastic
bags and preserved in 70% ethanol.

2.3. Laboratory Processing and Classification of Collected Individuals

The associated macrofauna was carefully separated from their host substrate (i.e.,
local basibionts and collectors). Caprellid crustaceans were sorted and identified at the
species level under a binocular microscope. The abundance of caprellids was expressed
as the number of individuals/1000 mL of substrate for suitable comparison due to the
different structures of the substrate types. For this purpose, the volume of the basibionts
per replicate was measured as the difference between the initial and final volume when
placed into a graduated cylinder with a fixed amount of water [29,30]. The mean volume
of collectors was 50 mL. Caprellid species were classified as native (N), introduced (I), or
cryptogenic (C) for the study area (i.e., the Mediterranean and East Atlantic coast). This last
category hosted species traditionally considered native in this region (i.e., species that have
been established in the Mediterranean and the East Atlantic coast for hundreds of years)
but having unknown origin and a long history of documented anthropogenic transport [31].
To investigate the population characteristics of the introduced caprellid species, specimens
were classified as mature females (with developed oostegites), premature females (with
undeveloped oostegites), males, or juveniles according to visible signs of maturity or
prematurity. The criterion for determining the sex/age group of the specimens was based
on Ros et al. [32].

2.4. Statistical Analyses

A three-factor orthogonal and balanced analysis of variance (ANOVA) was used to
explore the effect of the type of host substrate (fixed factor with two levels: collectors and
local basibionts), time of deployment (fixed factor with two levels: one month and three
months), and locality of deployment (random factor with three levels: Sancti Petri, Rota,
and Puerto América) in the total abundance and number of caprellid species, as well as
in the abundance of each of the caprellid species found in the present study. Previously
to ANOVA, the heterogeneity of variances was tested using Cochran’s C-test. If variances
were significantly different (p < 0.05), data were transformed with the square root (x + 1) or
Ln (x + 1) transformation to achieve homogeneity of variance. Where variances remained
heterogeneous even with data transformation, untransformed data was analyzed. ANOVA
is a robust statistical test and is relatively unaffected by heterogeneity of variances, partic-
ularly in balanced experiments [33]. In such cases, the level of significance was reduced
to p < 0.01 to reduce Type I error. Normality was not tested since ANOVA analysis in
balanced experiments is robust enough even for non-parametric data [34]. Finally, where
ANOVA indicated significant differences for a given factor, the source of the difference was
identified using Student-Newman-Keuls (SNK) post-hoc tests. Differences in the caprellid
community structure among substrate types in the study periods were tested by the use of a
permutational multivariate analysis of variance (PERMANOVA). The experimental design
was the same as used for the ANOVA. Analysis was based on the Bray-Curtis similarity.
Significance p-values were obtained by computing 9999 permutations of residuals under a
reduced model [35]. Pair-wise comparisons were then used between factors to determine
where significant differences occurred within the caprellid assemblage. Univariate anal-



Water 2022, 14, 2659

50f16

yses were performed with GMAVS5 [34] and multivariate analyses were conducted using
PRIMER v.6 plus PERMANOVA package [36].

3. Results

Overall, 3340 caprellids belonging to 3 genera and 6 species were collected during
the present study. A total of six caprellid species were found in assemblages colonizing
the collectors and five species in the local basibionts. Considering both collectors and
local basibionts, we found: 2 introduced species (I), Caprella scaura Templeton, 1836 and
Paracaprella pusilla Mayer, 1890; 3 cryptogenic species (C), Phtisica marina Slabber, 1749,
Caprella equilibra Say, 1818 and Caprella dilatata Kreyer, 1843; and 1 native species, Caprella
acanthifera Leach, 1814 (Figure 2, Table S1).

N NATIVE CRYPTOGENIC

Caprella acanthifera "

INTRODUCED

Paracaprella pusilla Phtisica marina

Figure 2. Lateral view figures of the caprellid species found during the present study. Scale bars: 1 mm.

3.1. Influence of Factors on Caprellid Community Assemblages

The ANOVA analysis (Table 1) revealed significant differences in total abundance
(F = 33.82; p < 0.001) and number of species (F = 26.15; p < 0.001) for the ‘locality” factor,
indicating that both the total number of caprellids per 1000 mL and the number of species
per replicate were significantly higher in the marina of Sancti Petri, followed by Puerto
América marina and Rota (Figure 3). With regards to the factor ‘substrate’, we did not
find significant differences in the total abundance and the number of species between the
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types of host substrate (i.e., collectors and local basibionts) (Table 1). However, it should be
noted that we found a higher number of individuals and a greater number of species in the
collectors than in the local basibionts in most of the marinas surveyed in both time periods
(1I-month study period and 3-months study period) (Figure 3). There were no significant
differences in total abundance and number of species when the ‘time’ factor was considered
(Table 1).

1-month study period 3-months study period

3000 A
2500 -
2000 -
1500 -
1000 -

500 ~ ﬁ
D T T 1

Abundance (N* individuals/1000 ml)

L1 L2 L3 L1 L2 L3

B Collectors O Local basibionts

| W Collectors 0O Local basibionts

1-month study period 3-months study period
g 0]
o,
g
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&
23]
w ®
2.2
8
o)
T 14
E
£
=]

= I g
T T 1 O n T T 1
L1 L2 L3 L1 L2 L3

W Collectors O Local basibionts

B Collectors O Local basibionts

Figure 3. Total abundances of caprellids (mean individuals/1000 mL =+ standard error; n = 9) in
collectors and local basibionts in each locality surveyed (L1: Sancti Petri marina, L2: Rota ma-
rina, L3: Puerto América marina) after one and three months. Number of species per replicate
(mean = standard error; n = 9) in collectors and local basibionts in each locality surveyed after one
and three months. Significant differences (p < 0.05) were detected among the three localities (see
Table 1 for details of the Student-Newman-Keul (SNK) tests).
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Table 1. Results of three-way analysis of variance (ANOVA) for the effect of the type of host substrate (SU, CO = collectors and LB = local basibionts), time (TI,
T1 = one month, and T3 = three months) and locality (LO, L1 = Sancti Petri, L2 = Rota and L3 = Puerto América) on the total abundance and number of caprellid
species collected. MS = mean square. F = Fisher’s statistic. p = level of significance. df = degrees of freedom.

Source of Variation df MS F p Source of Variation df MS F p
Total Abundance Number of Species

Time =TI 1 23.3316 1.67 0.3258 Time = TI 1 4.0833 241 0.2608
Locality = LO 2 181.3196 33.82 0.0000 *** Locality = LO 2 17.1944 26.15 0.0000 ***
Substrate = SU 1 62.3382 5.50 0.1437 Substrate = SU 1 7.7870 9.24 0.0933
TI x LO 2 14.0017 2.61 0.0786 TI x LO 2 1.6944 2.58 0.0812
TI x SU 1 9.7162 0.76 0.4757 TI x SU 1 2.0833 1.74 0.3175
LO x SU 2 11.3397 2.12 0.1262 LO x SU 2 0.8426 1.28 0.2823
TI x LO x SU 2 12.8171 2.39 0.0970 TI x LO x SU 2 1.1944 1.82 0.1681
Residual 96 5.3607 Residual 96 0.6574

Total 107 Total 107

Cochran’s C-test C=0.2018 Cochran’s C-test C=0.1585

Transformation Ln(X+1) Transformation None

SNK LO:L1>L3>1L2 SNK LO:L1>L3>1L2

5 ) < 0.001.
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Focusing on the ANOVA analyses for each caprellid species (Table 52), when we found
significant differences, the locality was always the most important factor in determining
differences in abundance. The introduced species Paracaprella pusilla, showed a significant
interaction between the factors ‘locality’, ‘substrate’, and ‘time’ (F = 13.05; p < 0.001),
determining its dominance in the caprellid assemblages collected in Sancti Petri marina
after three months, where it was significantly more abundant in collectors than in local
basibionts (Tables 2 and S2). In connection with the cryptogenic species Phtisica marina,
its dominance in the caprellid assemblages surveyed in Sancti Petri marina for one month
was based on the significant interaction between the factors ‘locality’, ‘substrate’, and ‘time’
(F =0.0012; p < 0.01), being significantly more abundant in the collectors than in the local
basibionts (Tables 2 and S2).

Table 2. Population density (individuals/1000 mL) of caprellid species found on the local basibionts
and collectors for the two study periods (one month and three months, respectively, from the
deployment of collectors) at each marina surveyed (Sancti Petri marina (L1), Rota marina (L2) and
Puerto América marina (L3)). N: native species for the study area. I: introduced species in the study
area. C: cryptogenic species.

1 Month 3 Months
Collectors Local basibionts Collectors Local basibionts
SPECIES Status L1 L2 L3 L1 L2 I3 1 L2 L3 L1 L2 13
Caprella acanthifera N
Caprella dilatata C
Caprella equilibra C ‘ .
Caprella scaura I ‘ .
Paracaprella pusilla I .
Phtisica marina C .

Mean abundance (individuals/1000 mL)

<200 200-399 ‘ 400-599 ‘ 600-800 . > 800

The PERMANOVA analysis (Table 3) showed a significant interaction between the
factors ‘locality’, ‘substrate” and ‘time’, determining some differences in the community
structure between collectors and local basibionts. These differences where not constant
neither spatially nor temporally. Specifically, they were found in Sancti Petri and Rota
marinas for the one-month study period and remained in Sancti Petri marina in the three-
months study period.

3.2. Population Structure of the Introduced Caprellid Species

The most abundant populations of the introduced species Caprella scaura and Para-
caprella pusilla were recorded in Puerto América marina and Sancti Petri marina, respectively,
being these population structures analyzed.

C. scaura was the dominant caprellid species in the collectors deployed in Puerto
América marina for both study periods (one and three months), showing the highest
densities after one month (Tables 2 and S1). The abundance of C. scaura was higher in
the collectors than in the local basibionts for both study periods, which also revealed a
greater representation of all of the demographic categories, as well as a better population
structure in the collectors than in the local basibionts (Figure 4). The population structure of
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C. scaura showed that premature classes (juveniles and premature females) predominated
throughout the whole study period, followed by males and mature females in the collectors.
This pattern was consistent in the population associated with the local basibionts after one
month. After three months, however, no juveniles were found, and premature females
were scarcely represented in the population inhabiting local basibionts. Despite population
declining in local basibionts after three months, the abundance in collectors were high
together with a good population structure (Figure 4).

Table 3. Results of PERMANOVA examining the abundance of caprellid community assemblages
found in each substrata type (SU, CO = experimental collectors and LB = local basibionts), time of
deployment (TI, T1 = one month, and T3 = three months) and each locality (LO, L1 = Sancti Petri,
L2 = Rota and L3 = Puerto América). MS = mean square; df = degrees of freedom; P(MC) = Monte
Carlo p values.

Source of Variation df MS Pseudo-F P(perm) P(MC)
Abundance (Non-Transformed)
Substrata = SU 1 11,273 1.3592 0.2146 0.1639
Time =TI 1 17,597 1.8889 0.0488 0.0225 *
Locality = LO 2 18,252 4.5744 0.0001 0.0001 ***
SU x TI 1 9403.5 1.5467 0.112 0.0856
SU x LO 2 8293.7 2.0786 0.0001 0.0003 ***
TI x LO 2 9315.8 2.3347 0.0001 0.0001 ***
SU x TI x LO 2 6079.5 1.5237 0.0069 0.0141 *
Residual 96 3990.1
Total 107
SU x TI x LO
Pair-Wise tests T1 x L1, L2: CO # LB; T1 x L3: CO = LB.
T3 x L1: CO #LB; T3 x L2,1L3: CO =LB.
*p <0.05; ** p < 0.001. * Monte Carlo p values were used in pair-wise tests due to low number of unique
permutations [36].
1200 ~ 1200 -
— 1000 A — 1000 |
B =]
2 g
= 800 S 800 -
T 600 - 2 600 A
E E
S 400 & 400 A
200 i 200 A
Uiﬁﬂﬁﬁ'ﬁ - ngl—‘—llir—'—xli .
Males Mature Premature  Juveniles Male Mature Premature Tuvenil
females females female female
’ W Collectors 0 Local basibionts | B Collectors O Local basibionts |

(a) (b)

Figure 4. Population structure of Caprella scaura colonizing collectors versus inhabiting local basi-
bionts in Puerto América marina in: (a) the one-month study period (b) and the three-months study
period.
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In the case of P. pusilla, this introduced caprellid species was detected in the marina
of Sancti Petri after one month, representing the first record of the species in the locality.
After its first reported occurrence, the species became the most abundant among the caprel-
lids found in the Sancti Petri marina after three months (Tables 2 and S1). Regarding the
population structure of P. pusilla, all of the sex/age groups considered were far better repre-
sented in the collectors than in the local basibionts (Figure 5), determining the dominance
of juveniles followed by males, mature females, and premature females in populations
colonizing collectors.

800 1

600 +

400 A

N2 Individuals/1000 ml

Males Mature Premature  Juveniles Males Mature Premature  Juveniles
females females females females
| W Collectors O Local basibionts ‘ B Collectors 0O Local basibionts

(a) (b)

Figure 5. Population structure of Paracaprella pusilla colonizing collectors versus inhabiting local
basibionts in Sancti Petri marina in (a) the one-month study period (b) and the three-months study
period.

4. Discussion

We found that caprellid species inhabiting marina structures have, in general, a high
ability to colonize new artificial substrates. Thus, collectors reflected the caprellid com-
munity assemblages inhabiting marina structures after just one month of deployment.
Moreover, the two NIS found, Caprella scaura and Paracaprella pusilla, successfully estab-
lished abundant and well-structured populations in the collectors. Therefore, our results
suggest that the hull of a boat which is moored to the marina structures for at least one
month may be colonized by the resident caprellid community and inadvertently transport
them outside the marina.

4.1. Factors Affecting the Colonization Patterns of Caprellid Community Assemblages

Locality was the most important factor in determining the abundance and the number
of species in caprellid community assemblages. We found that both the total abundance,
as well as the number of species were significantly different among marinas, with Sancti
Petri marina being the one characterized by the highest abundance and number of species,
followed by Puerto Ameérica and Rota marina. This may be due to the fact that the Sancti
Petri marina, being located in a tidal channel, receives a greater amount of sediment rich
in organic matter. Considering that caprellids are mainly detritivorous species [37], this
could have affected the density of individuals in the locality. Regarding the substrate factor,
no significant differences were found between the abundance and number of species in
the local basibionts and the collectors. At specific level, we found that some caprellid
species inhabiting marina structures showed a high propensity to disperse from their
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source population (i.e., the local basibionts) and colonize the collectors, where reached
higher densities (e.g., Paracaprella pusilla, Caprella scaura or Phtisica marina). These caprellid
species with a high affinity for colonizing collectors were probably responsible for the
differences in the community structure between assemblages inhabiting local basibionts
and collectors. The absence of some caprellid species in the local basibionts that were
nevertheless found in the collectors could be an artifact due to the impossibility of sampling
all possible basibionts [14]. This potential capacity of caprellids to colonize new artificial
substrates in human transport hubs, such as marinas, may play a fundamental role at
the beginning of the stowaway pathway. Therefore, considering that all caprellid species
found in the collectors (except to the native species Caprella acanthifera) are characterized by
having invasive potential (based on the presence of documented history of anthropogenic
transport), we discuss below the potential interplay between colonization capacity and
invasive potential in this group of crustaceans. In the case of C. acanthifera, although it
was a good colonizer of collectors, its densities were noticeably lower than the rest of
caprellid species, being absent in several marinas surveyed. This suggests that the native C.
acanthifera can disperse and colonize new artificial substrates (such as the hull of a boat).
However, it seems that C. acanthifera fail to spread at later stages of the stowaway pathway
(e.g., the post-establishment dispersal or during the anthropogenic transport) considering
its restricted distribution [38].

Our results support our hypothesis that the new artificial substrates may largely
mirror the resident caprellid community after just one month of deployment; and in turn
that caprellid species inhabiting marina structures are good colonizers of new artificial
substrates. Thus, the hull of a boat which is moored to the marina structures for at least one
month may be colonized by the resident caprellid community and inadvertently transport
them outside the marina. This probably also occurs in other groups of mobile epibionts
inhabiting transport hubs. However, little information exists about the role that coloniza-
tion ability plays at the beginning of the stowaway pathway, especially in small marine
invertebrates with direct development. Interestingly, unlike sessile fouling communities,
which generally need deployment periods of at least three months of PVC settlement panels
(e.g., [39,40]), the collectors deployed for one month were efficient for early detection of
non-indigenous species of mobile epibionts (specifically caprellid crustaceans) and their
monitoring in relation to the resident community.

4.2. Colonization Abilities of Potential Stowaways Inhabiting Marinas

Using the colonization patterns of collectors as a quantitative proxy for colonization
capacity, we found that the caprellid species inhabiting marina structures have, in general,
a high ability to colonize new artificial substrates. However, we also found that some
caprellid species showed a greater colonization capacity than others.

In the case of Sancti Petri marina, caprellid community assemblages were character-
ized by the presence of cryptogenic species after one month, being NIS virtually absent.
As we mentioned before, the Sancti Petri marina is situated in a tidal channel, with high
hydrodynamic conditions, which could have affected the colonization rates and, there-
fore, the settlement of new NIS [41,42]. The long-established species C. equilibra, Caprella
dilatata, and Phtisica marina have been traditionally considered native to the region; how-
ever, they are widely distributed and have a long history of documented anthropogenic
transport [20]. Thus, we considered here as cryptogenic species. For example, P. marina
has been established in the Mediterranean and the East Atlantic coast for hundreds of
years [43]. However, this caprellid species has a cosmopolitan distribution [44] and has
been reported from fouling communities including floating plastic debris, aquaculture
facilities and numerous harbors around the globe [45-48], being clearly associated with
human activities (e.g., anthropogenic transport). Focusing on the collectors, P. marina was
the dominant species, showing a high ability to colonize new artificial substrates.

After three months, however, we found that the introduced species Paracaprella pusilla
was the most abundant species in the collectors deployed in Sancti Petri marina. It is worth



Water 2022, 14, 2659

12 of 16

noting that P. pusilla was detected in collectors after one month, representing its first record
in the locality. It is most likely that P. pusilla was introduced via hull fouling of recreational
boats travelling from San Fernando marina (Cadiz), where an established population was
recently detected [49]. This, combined with suitable environmental conditions may have
favored their establishment success. Once an exotic species is introduced into a marina,
there is a high spreading probability via recreational boating [50-52]. Regarding the local
basibionts, P. pusilla exhibited similar abundances than other resident caprellid species,
such as the cryptogenic C. dilatata, which suggest a greater colonization ability.

Lastly, it should be noted that, the cryptogenic C. equilibra was the dominant species
in the local basibionts surveyed in Puerto América marina after one month. However,
it was scarcely represented in the collectors, where the introduced C. scaura dominated
in both study periods. The cosmopolitan species C. equilibra was one of the most found
caprellid species in southern Spain [53], reaching high densities associated with fouling
communities in marinas [54] and harbour areas [55]. However, after the detection of its
congener C. scaura in marinas of southern Spain, a decline in C. equilibra populations was
observed when the introduced species was present. The high abundance of C. equilibra
noticed in collectors deployed in another nearby marina (Sancti Petri), where C. scaura was
absent, supports that C. equilibra and C. scaura compete for the occupation of substrate. It
also supports the notion that C. scaura is capable of displacing their ecologically similar
congener [22,32,56].

Therefore, we found that the introduced species C. scaura and P. pusilla, and the
cryptogenic species P. marina showed a higher ability to colonize new artificial substrates
than the rest of resident caprellid species. This potential variation in colonization abilities
of marine organisms may increase the chances of human vector uptake (or human vector
colonization), the frequency of transport and, in turn, invasion success. Considering that
these species are characterized by having a high invasive potential (considered here as
the ability for successful anthropogenic transportation), our results suggest a potential
relationship between the colonization ability and the invasive potential in this group of
crustaceans.

4.3. The Colonization Dynamics of the Introduced Species

The introduced species Caprella scaura, originally described from Mauritius by Temple-
ton (1836), is considered one of the most widespread invaders in the last 10 years [57] with
records in all oceans of the world except for the Arctic [52]. In the northern hemisphere,
there is sound evidence of its successful spread as stowaway on human transport vectors
(i.e., via hull fouling and ballast water) [52,58-60]. According to these studies, most of their
populations in European Seas have an Indo-Pacific origin via the Suez Canal, most likely
with Mediterranean populations acting as stepping-stone events. In the Iberian Peninsula
C. scaura was first recorded by Martinez and Adarraga [61] on the northeastern coast of
Spain (Roses Bay, Girona) in 2005. A short time later, an important post-introduction range
expansion of C. scaura was reported along marinas in the Mediterranean Sea and the South
Atlantic coast of the Iberian Peninsula [59], showing its high potential for invasion via
recreational boating.

C. scaura was the dominant species in the collectors deployed in Puerto América marina
during the whole study period. The population structure was consistent for both study
periods, with all of the demographic categories (i.e., males, mature females, premature
females, and juveniles) represented in the collectors. Premature classes (i.e., juveniles
and premature females) dominated in collectors followed by males and mature females.
This pattern was consistent with the assemblages inhabiting the local basibionts after one
month. Nevertheless, the introduced species exhibited a better structure and a greater
representation of demographic classes in the collectors than in the local basibionts for both
study periods, showing a high tendency to colonize new empty niches. This suggests that
C. scaura can efficiently colonize new artificial substrates (i.e., the collectors) in less than
a month, with reproductive success and survival of its offspring. Thus, this high ability
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to colonize new substrates could increase the chances of human-vector colonization (or
human-vector uptake) and, in turn, promote success in the early stages of the invasion
process (i.e., leading to unintentional introductions), as well as in the subsequent stages
(i.e., establishment of self-sustaining populations, and spread) [14].

The introduced species Paracaprella pusilla, first described by Mayer (1890) from Brazil,
is thought to originate in the Atlantic coast of Central and South America. Since its original
description, P. pusilla has been widely reported in both tropical and subtropical areas
around the world, mainly on fouling communities colonizing human-made infrastructures
(i.e., marinas, harbors, or desalination plants) ([49,51,62,63] and references therein).

In European Seas, its first recorded occurrence was in the marina of Puerto América
(Cadiz) by Ros and Guerra-Garcia [51], one of the marinas surveyed in the present study.
Soon afterwards, this tropical caprellid species was reported in several locations of the
Mediterranean Sea (the Balearic Islands, Tunisia, and Israel) [63—-66]. Cabezas et al. [49]
suggested the Strait of Gibraltar as its main introduction pathway in temperate European
waters with native populations of the East Atlantic coast acting as potential source [38,51,65].
Thus, P. pusilla could have spread from Puerto America marina to San Fernando marina [49],
and from there to Sancti Petri marina, where the species was detected for the first time
in the present study. Therefore, P. pusilla has demonstrated a high potential to spread as
stowaway on human transport vectors (i.e., recreational boating).

Regarding its population characteristics, the flourishing population found in collec-
tors deployed in Sancti Petri after three months, showed the predominance of juveniles
followed by males, mature females, and premature females. This suggests that P. pusilla
can efficiently colonize novel empty niches (i.e., the collectors) with reproduction success
and survival of its offspring, as well as their potential adaptation to novel habitat condi-
tions. Furthermore, the assemblages colonizing collectors exhibited a better structure and a
greater representation of demographic classes compared to the local basibionts. This high
tendency to successfully colonize new empty substrates could increase the likelihood of
human-vector uptake (or human-vector colonization), the frequency of transport and, in
turn, the invasion success [14]. Considering each successive establishment of self-sustaining
populations may increase the variety of locations connected by vectors in the invasion
pathway [6], further research is needed to determine the status of P. pusilla populations in
southwest Spain.

5. Conclusions

We found that caprellid species inhabiting marinas structures typically have, despite
their direct development, a high capacity to colonize novel artificial substrates. This
high colonization ability could increase the likelihood of human vector uptake (or human
vector colonization), as well as their subsequent establishment in the recipient location.
We suggest a potential interplay between colonization ability and invasion success of
stowaway organisms in this group of crustaceans. Further research is needed to understand
the potential variation in colonization abilities between marine invertebrate species with
direct development and fully integrate into research on managing the risk of the stowaway
pathway. Additionally, the collectors were efficient in detecting changes in the population
dynamics of colonizing species and, therefore, they are suggested as a useful tool in the
early detection of NIS and their monitoring in relation to resident species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14172659/s1. Table S1: Mean abundance + standard error
(individuals /1000 mL) of caprellids species collected in the local basibionts and the collectors for
the two study periods at each marina surveyed; Table S2: Results of three-way analysis of variance
(ANOVA) for the effects of substrate type, time, and locality of deployment on the abundance of
caprellid species collected.
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