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Abstract
The local extent of populations of invasive species is dependent on coupled dispersal–
recruitment dynamics and subsequent interactions with the recipient community
and the local environment. In this study several field experiments were conducted
in order to investigate the main factors controlling larval supply (settlement and
recruitment time-series), substrate selection (7 different treatments) and post-recruitment
mortality (predation exclusion experiment) of the invasive mussel Xenostrobus securis
and the coexisting, commercially important native mussel Mytilus galloprovincialis.
The study aimed to evaluate differences between the two species in spatio-temporal
patterns of recruitment along an estuarine gradient in the Ría de Vigo (NW Spain).
Settlement and recruitment of X. securis were coupled to the distribution of the
adult populations and were mainly restricted to the innermost part of the ria, in
direct contrast to the patterns displayed by the native M. galloprovincialis. The
recruitment period of the invader in the study area lasted 5 months, partly overlapping
with that of M. galloprovincialis. Xenostrobus securis larvae did not display a substrate
preference, whereas M. galloprovincialis larvae preferred substrates with the presence
of conspecifics. Although predation pressure was greater on M. galloprovincialis
than on the invader, size-dependent predation pressure was observed in both species,
suggesting that smaller individuals are more vulnerable to predators. Density-dependent
processes may also account for recruitment density, especially under low predatory
pressure. Despite having life-history traits characteristic of a successful invader,
X. securis populations have remained stable since 2012 and are mainly restricted to
the inner part of the Ría de Vigo. This observation suggests that the species spread
may be controlled by seasonal dispersal barriers associated with topographic features.
Key words: larval supply, substrate selection, post-recruitment predation, dispersal
barriers, recruitment patterns

Introduction
Recruitment of benthic invertebrates in coastal areas is spatially and
temporally variable, with large differences (by orders of magnitude) in
cohorts of diverse species on intertidal rocky shores (Roughgarden et al.
1985; Scrosati and Ellrich 2016) and on artificial substrates (Smith 2010).
This variability strongly influences population dynamics and community
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structure through changes in abundance, richness and diversity (Connell
1985). In addition, the spread and impact of invasive species, an ecologically
and economically important phenomenon, depends on recruitment
(Grosholz 1996). This is a serious problem because, once established,
invasive species are often impossible to eradicate (Vitousek et al. 1996).
Recruitment is determined by larval supply, settlement and postsettlement mortality (Karlson and Hurd 1999), which depend on the
influence of several abiotic and biotic factors. Most benthic invertebrates
have a pelagic larval stage, which contributes to the uncertainty of
recruitment. Mortality rates during the planktonic stage of invertebrates
can be up to 0.14 loss day-1 or ≥ 1.5% survival during a 30-day larval period
(White et al. 2014). However, post-recruitment mortality may be even
higher (Gosselin and Qian 1997) often leading to benthic-pelagic decoupling
(Hunt and Scheibling 1997) and changes in the size of populations, with
further implications for community structure and functioning (Connell
1985; Pineda et al. 2010).
Settlement depends on factors such as larval survival and supply as well
as the availability and selection of optimum substrata, all of which are
modulated by behavioural and hydrodynamic processes (Nielsen and
Franz 1995; Rodríguez et al. 1993; Queiroga and Blanton 2005; Pineda et al.
2010). Regarding larval survival and supply, large-scale oceanographic
processes such as wind-driven upwelling and downwelling events are
important in regulating the settlement of invertebrates in coastal areas
because they influence food availability as well as along- and cross-shore
larval transport (Queiroga et al. 2007). In general, larvae are carried far
from the shore during upwelling events, thus hindering their return to
settle on available substrates and resulting in high rates of larval wastage.
The reverse occurs during downwelling events, resulting in high rates of
larval settlement. Nonetheless, many species have developed different
behavioural strategies to prevent displacement far from suitable habitats,
so that relationship between upwelling and settlement magnitude is not
consistent in many species (Shanks and Brink 2005; Shanks and Shearman
2009). Small-scale hydrodynamic processes and wave exposure can also
regulate larval supply and larval advection (McKindsey and Bourget 2000),
but they are usually related to the substrate selection capacity of larvae (Pernet
et al. 2003) and to post-settlement mortality (Denny and Wethey 2001).
Temperature, salinity, quantity and quality of food supply and predation
are also important factors affecting recruitment rates via the survival of
marine larvae and settlers (e.g. Young and Chia 1987; Rodríguez et al.
1993; Leonard et al. 1999; Vázquez and Young 2000). These factors can
interact with the settlement substrate to determine the survival rate, and
substrate selection is therefore a key evolutionary process influenced by
several physical and/or chemical cues. Substrate selection is influenced by
physical cues such as the complexity of substrata, roughness and thermal
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capacity of surfaces, elemental and organic composition of substrata, the
orientation of the settlement surface and light incidence (Vázquez and
Young 1998; Palomo et al. 2007; Carl et al. 2012). In the case of mussels,
larvae initially attach as pediveligers and actively explore the substratum
being capable of discriminating between different substrata and showing
preferences on textured and complex surfaces (Carl et al. 2012 and
references therein). In addition, chemical cues associated with specific prey
and predators, biofilms, macroalgae or conspecific individuals (either
waterborne or absorbed on surfaces) also play an important role in driving
larval settlement (Tamburri et al. 2008; Gribben et al. 2009; Whalan et al.
2012; Morello and Yund 2016). For example, in the case of mussel beds,
larval responses to chemical cues released by adults of the same species
often lead to dense aggregations of conspecifics (Chiba and Noda 2000;
Morello and Yund 2016), whose presence enhances post-metamorphic
survival and/or mating success (Tamburri et al. 2008).
Mechanisms explaining the high level of short-term variability observed
in the early phase of benthic life are poorly understood, because of the
complexity of factors involved. In addition to the factors determining
larval supply and substrate selection, post-settlement processes such as
physical and/or biological disturbance, competition and predation strongly
influence the survival and growth rates of settlers (Menge 1991; Hunt and
Scheibling 1997; Leonard et al. 1999; McQuaid and Lindsay 2005).
Intra- and inter- specific interactions are often disregarded, although
they strongly determine population dynamics of some species. Negative
interactions such as predation and competition for food/space are
important drivers influencing recruitment success. For example, predation
is one of the main factors, together with salinity, that determines the
recruitment of the invasive mussel Musculista senhousia (Benson, 1842)
(Cheng and Hovel 2010). Nevertheless, positive interactions and facilitative
processes are also important for post-settlement stages (Cáceres-Martínez
et al. 1994; Leonard et al. 1999). For example, survival of barnacle recruits
is enhanced when the larvae settle within adult clumps because they are
buffered from thermal stress (Leonard et al. 1999).
In north-western Spain, the invasive “black-pygmy mussel” Xenostrobus
securis (Lamarck, 1819), which is originally from brackish waters of Australia
and New Zealand (Wilson 1968; Colgan and da Costa 2013), first became
established in the Galician Rías Baixas in 1995 (Garci et al. 2007; Gestoso et
al. 2012; Montes et al. 2018). The more generally accepted hypothesis to
explain the arrival of this species into Galician waters is that larvae might
have been transported onto shells of other bivalves destined to aquaculture
(Gestoso et al. 2012). This species coexists with the commercially important
native mussel Mytilus galloprovincialis Lamarck, 1819 forming mixed
aggregations of different densities on intertidal rocky shores (Gestoso et al.
2012). The tolerance of X. securis to a wide range of environmental conditions,
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together with an almost continuous breeding season, during which
planktotrophic larvae are present in the water column for almost 10 months,
suggests that this species has the ability to spread to different habitats along
estuarine gradients (Wilson 1969; Montes et al. 2018, 2020), although the
distribution of adults is almost entirely restricted to the inner part of the
rias (Gestoso et al. 2012; Montes et al. 2018).
Studies on this invader outside its native range suggest that predation may
play an important role in regulating juvenile and adult populations, especially
at salinity levels higher than 30 (Gestoso et al. 2014), although competitive
and facilitative interactions with the closely related M. galloprovincialis
may also play an important role (Babarro and Abad 2013; Gestoso et al.
2014). Factors affecting larval supply and survival, substrate selection for
settlement and post-settlement mortality are poorly understood, although
they may be critical in determining the distribution and dynamics of adult
populations of this invasive species, which can negatively impact native
brackish water ecosystems (Iwasaki and Yamamoto 2014).
The aim of the present study was to elucidate the main factors determining
X. securis larval supply, substrate selection and post-settlement mortality in
order to explain the spatial and temporal variation in recruitment of the
invader and the coexisting mussel species M. galloprovincialis across an
estuarine gradient. To achieve this goal, high frequency settlement timeseries (every other day) were examined during the peak period of the
reproductive season of X. securis (Montes et al. 2020) in order to evaluate
the possible influence of upwelling on larval supply. The temporal and
spatial variability in settlement and recruitment was evaluated as monthly
settlement on plates over one year. The influence of temperature and
salinity on these patterns was also examined. In addition, the effect of
predation on post-settlement mortality was evaluated in an exclusion
experiment. Finally, the influence of physical structure and/or biological
cues on larval substrate selection and post-settlement survival of the invader
was assessed by comparing recruitment on a range of different substrates.

Materials and methods
Study area
The experiments were carried out on rocky intertidal shores in the Ría de
Vigo (NW Iberian Peninsula, Figure 1). The Ría de Vigo, which occupies
an area of 176 km2, is V-shaped, with its central axis lying in a southwest–
northeast direction and with a marked strait in the middle (Rande Strait).
The water is generally less than 50 m deep and is particularly shallow after
the Rande Strait, where the ria widens to form a well-differentiated, very
shallow basin, the Ensenada de San Simón (Nombela et al. 1995), which is
strongly influenced by fluvial discharges (Perez-Arlucea et al. 2005). The
ria is influenced by upwelling (Alvarez et al. 2008), which mainly occurs
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Figure 1. Sampling locations in the Ría de Vigo (Galicia, NW Spain). (A) Map of Spain situating Galicia. (B) Map of Ría de Vigo
showing San Simón basin and Toralla (H3). (C) Map of San Simón basin showing the sampling locations. All locations indicated
by black circles (H1–L1: Pontesampaio, L2: Punta Cabalo, L3: Cesantes, H2–L4: Rande, H3: Toralla). San Simón basin and Rande
Strait are indicated by black arrows. Table shows coordinates, range of salinity fluctuations and density of the two mussel species
at the different sampling locations.

during spring and summer under favourable wind conditions (northerly
winds) along the coast. This seasonal wind pattern is, however, intermittently
altered by winds that favour downwelling, i.e. south – southwesterly winds
(Alvarez et al. 2003).
Several experiments were established at different locations along the Ría
de Vigo: high-frequency settlement time-series were collected at 3 locations
along the length of the ria (H1, H2 and H3), while low-frequency timeseries were concentrated in the San Simón basin (L1, L2, L3 and L4, Figure 1).
These locations are characterized by a salinity gradient and by a high
though variable density of the invader except for L4.

Environmental variables
Seawater temperature and salinity were recorded daily, every 30 minutes,
between March 2014 and March 2015 by using mini data storage tags
(DST, Star Oddi) placed in the lower intertidal zone at each location of the
inner part of the ria (H1–L1, L2, L3, and H2–L4). The weekly average,
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minimum and maximum temperature and salinity levels were calculated
from these data. Weekly temperature and salinity values are displayed in
Supplementary material Figure S1. The data recorded during the lowfrequency settlement time series were used to analyse the influence of
environmental variables on recruitment.
The daily upwelling index (UI; m3 s-1 km-1) was calculated for the Ría de
Vigo from 6-hourly data collected in the period between 20 June and 20 July
2015 (Instituto Español de Oceanografía; www.indicedeafloramiento.ieo.es).
This index was calculated for the Iberian Peninsula according to Lavín et al.
(1991), by using sea level pressure from the Meteogalicia WRF atmospheric
model (www.meteogalicia.es/modelos). Average UI values for the two days
prior to the collection of the high-frequency time series samples were
calculated in order to analyse the influence of UI on larval supply at each
location for X. securis and M. galloprovincialis.

Field sampling
High-frequency settlement time-series: larval supply along the estuarine
gradient and influence of upwelling
To study the larval supply along the estuarine gradient and the influence of
upwelling on settlement, artificial collectors made of green nylon scourers
(8 × 10 cm; n = 5) were attached to rocks in the mid intertidal zone at
locations H1–L1, H2–L4 and H3, during the peak period of the X. securis
reproductive season (June–August; Montes et al. 2018), i.e. for one month
between 20 June and 20 July 2015 (Figure S2). The collectors were placed at
random locations on the shore, at the same height, separated by a distance
of ~ 1 m, and were replaced every other day. The removed collectors were
transported in individual plastic bags to the laboratory, where they were frozen
until required. Prior to analysis, the scourers were gently scraped with a palette
knife and rinsed with water through a 500 µm sieve. Mytilus galloprovincialis
and X. securis larvae were separated, identified, counted and measured
(antero-posterior shell length) under a stereomicroscope. The scourers
were also examined under the stereomicroscope to verify that all recruits
had been removed.
Low-frequency settlement time-series: spatial and temporal variability of
recruitment and the effect of predation
Artificial collectors made of PVC plates (15 × 15 × 0.5 cm) covered with
green nylon scourers (9 × 14 cm) were used to estimate the variability in
recruitment (survival 1 month after settlement) and the effects of predation
at locations H1–L1, L2, L3 and H2–L4. The collectors were randomly
distributed at 1 m intervals and attached to rocks with stainless steel screws
in the mid intertidal zone of the four locations, between March 2014 and
March 2015. The experimental design consisted of three “treatments” (n = 4):
a) control (C), PVC plate covered with scourer; b) predator exclusion (WP),
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PVC plate with scourer protected from predation with a plastic exclusion
cage (14.5 × 11.5 × 8.5 cm; mesh size: 0.5 cm); and, c) procedural control
(PC) for the cage, consisting of a PVC plate with scourer with a plastic
exclusion cage with three holes (on the top and lateral sides of the cage) to
allow free access to predators (Figure S2). The collectors were replaced
monthly, and the removed collectors were transported to the laboratory.
Sample processing was as described above.
Substrate selection and the effect on post-settlement mortality: role of
physical structure and biological cues
To identify possible cues related to the presence of conspecifics (X. securis)
or the potential competitor/facilitator (M. galloprovincialis) on recruitment
success of the invader, a substrate selection experiment was established in
two locations (H1–L1 and L3). Artificial collectors to which adults of X. securis
or M. galloprovincialis were previously attached were used. To distinguish
physical and biological cues, which could determine post-settlement mortality
or substrate selection, plates with “dead” (i.e. shells only) M. galloprovincialis
and X. securis were also included. Finally, three additional experimental
“treatments”, consisting of plates with Velcro® previously submerged for at
least 48 h in a mixture of seawater and crushed adults (10 gL-1) of X. securis
or M. galloprovincialis, and plates with only Velcro® were established
(Figure S2). Artificial dead or live mussel aggregations each comprising 12
individuals of similar size (X. securis: 3 ± 0.3 cm; M. galloprovincialis: 4 ±
0.2 cm, mean ± S.D.) were constructed on previously sanded PVC plates
(15 × 15 × 0.5 cm). In the treatments with live mussels, biofouling was
cleaned from the shells and byssal threads were removed from the ventral
margin; the mussels were then placed on the PVC plates and held in the
laboratory in running seawater for 2–3 days to enable attachment, before
being transported to the field. We assumed that handling, caging and the
biodegradable mesh used for attachment did not significantly affect mussel
survival (Gestoso et al. 2014). For the treatments with shells, the individuals
were previously frozen, and the flesh was then removed and the shells were
cleaned. Finally, both valves were filled and glued to the PVC plate with
neutral silicone forming an aggregation of 12 individuals, as in treatments
with live mussels. Plastic cages (14 × 12 × 8 cm) were used to exclude
predators in all treatments and to isolate predation from the postsettlement mortality associated with the substrate. Once assembled, the
experimental plates were located in Pontesampaio (H1–L1) and Cesantes
(L3) (n = 5) and randomly screwed to rocks on the low intertidal zone, where
the density of X. securis was maximal. The plates were left in the field for
three months, between June and August 2015, when larvae of X. securis are
most abundant in the water column (Montes et al. 2018). The collected
plates were frozen in the laboratory until further analysis, following the
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previously described protocol. Again, all bivalves were separated and
M. galloprovincialis and X. securis recruits were identified, counted and
measured.

Statistical analysis
High-frequency settlement time-series: larval supply along the estuarine
gradient and influence of upwelling
Cross-correlations were determined in order to evaluate settlement synchrony
between locations and species (M. galloprovincialis and X. securis) at the
peak of the reproductive season of the invader (June–July 2015), as well as
to evaluate the impact of UI along the estuarine gradient for each species.
Low-frequency settlement time-series: spatial and temporal variability in
recruitment and the effect of predation
Changes in abundance of X. securis and M. galloprovincialis recruits were
established separately for each species by applying linear models to logtransformed data. As recruitment was very low outside the peak season
(≤ 3 individuals), only the temporal windows between July and September
and between May and August were formally analysed for X. securis and
M. galloprovincialis, respectively. In addition, due to the low number of
recruits of X. securis and M. galloprovincialis at some locations, recruitment
was only formally analysed and represented graphically for two locations
(H1–L1 and L2) for X. securis and for three locations (H1–L1, L2, H2–L4)
for M. galloprovincialis.
The model for X. securis included three fixed orthogonal factors:
Location (2 levels: H1–L1 and L2), Treatment (3 levels: control [C], exclusion
[WP] and procedural control [PC]) and Time (3 levels: July, August,
September, i.e. the months when recruitment was the highest, see results).
For M. galloprovincialis, the Location factor included 3 levels (H1–L1, L2
and H2–L4), the Time factor included 4 levels (May, June, July, August),
and the Treatment factor included the same 3 levels as for X. securis.
Changes in size of X. securis and M. galloprovincialis were modelled by
fitting linear models to log-transformed data, where only X. securis and
M. galloprovincialis individuals from respectively H1–L1 and H2–L4 were
analysed. The model included two fixed orthogonal factors: Treatment
(3 levels: control [C], exclusion [WP] and procedural control [PC]) and
Size class (2 levels: early recruits smaller than 1 mm and late recruits ranging
between 1 and 3 mm) as fixed factors in the case of X. securis and only the
Treatment factor in the case of M. galloprovincialis (due to the low number
of recruits found in the artificial collectors during the peak recruitment
period for X. securis). Recruitment of M. galloprovincialis in the Ría de Vigo
is known to be maximal in May (Cáceres-Martínez et al. 1993). Monthly
data over the peak recruitment period were pooled for these analyses.
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In addition, cross correlations were used to evaluate the effects of
temperature and salinity, i.e. mean, minimum and maximum values, on
the total monthly recruitment of X. securis and M. galloprovincialis at each
location. The total monthly number of recruits at each location was
calculated by pooling all recruits across C, WP and PC treatments over the
whole recruitment period.
Substrate selection and its effect on post-settlement mortality: role of
physical structure and biological cues in recruitment
Changes in abundance of X. securis and M. galloprovincialis recruits were
modelled separately by fitting linear models to log-transformed data. The
model of abundance included two orthogonal fixed factors: Location (2 levels:
H1–L1 and L3) and Treatment (7 levels: plates with live X. securis, plates
with dead X. securis, plates with Velcro® previously embedded in a liquid
composed of water and crushed X. securis residues, plates with live
M. galloprovincialis, plates with dead M. galloprovincialis, plates with Velcro®
previously embedded in a liquid composed of water and crushed
M. galloprovincialis residues, and plates with Velcro® only).
Prior to all analyses, the normality and homogeneity of variances were
checked by visual inspection of Q–Q and residual plots. A posteriori
pairwise tests were used to compare levels of significant factors or interactions
(P < 0.05) on the response variables and Bonferroni correction was used
when multiple comparisons were done. All analyses were performed with
the open-source RStudio software, version 6.3.1 (R Core Team 2014). LMs
and cross correlations were calculated using the lm, glm and ccf functions
of the stats package.

Results
Environmental variables
The highest fluctuations in sea surface temperatures (SST) were recorded
at L2 (largest standard deviations), followed by H1–L1, L3, H2–L4, and
then H3, where SST was more stable. Mean surface temperature followed a
seasonal cycle, peaking between August and September 2014, when
temperature ranged between 19.8 and 21 °C, and decreasing to minimum
values between January and February 2015 (range 10.3–11.9 °C) (Figure S1).
However, at H3, the minimum temperature was delayed until March 2015
(range 9.15–10.96 °C).
The strongest fluctuations in salinity were recorded at H1–L1, due to the
influence of the Verdugo river (larger standard deviations), followed by L2,
L3, H2–L4 and H3. Salinity peaked between June–July and September
2014, with average values of 25.29, 30.22, 30.54, 33.67, and 34.56 at H1–L1,
L2, L3, H2–L4 and H3, respectively (Figure S1). In July, a decrease in
average salinity was observed at L3 and, in August, an important decrease
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Figure 2. A) Daily upwelling index (UI; m3 s-1 km-1) for the Ría de Vigo, and mean (± SE)
abundance of X. securis and M. galloprovincialis settlers per collector (n = 5). B) X. securis and
M. galloprovincialis settlers at H1–L1. C) X. securis and M. galloprovincialis settlers at H2–L4.
D) X. securis and M. galloprovincialis settlers at H3.

was observed at H1–L1 (with values close to 11 recorded) and to a lesser
extent at L2. However at H3, salinity reached minimum values ~ 25 in
March 2014.
Two important peaks in the upwelling index (Figure 2A) were recorded:
one in the first week of July, and (after a short period of relaxation) another
of the same intensity, but which lasted longer, in the second week of July.
During the period considered (22 June to 20 July), no downwelling event
was recorded.
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Figure 3. Cross correlations between different locations (H1–L1, H2–L4 and H3) for settlers of
the two different species under study (A) X. securis and (B) M. galloprovincialis. In addition,
cross correlations between different locations (H1–L1, H2–L4 and H3) and the upwelling index
(UI), calculated separately for X. securis and M. galloprovincialis, are shown. C) H1–L1 vs UI
for X. securis. D) H2–L4 vs UI for M. galloprovincialis. E) H3 vs UI for X. securis. F) H3 vs
UI for M. galloprovincialis. The horizontal dashed lines represent the 95% confidence intervals
of the correlation values. The values outside the two horizontal (unbroken, dashed) lines indicate
significant correlations. Time lag, 2 days.

High-frequency settlement time-series: larval supply along the estuarine
gradient and influence of upwelling
A clear settlement gradient was observed along the estuary for both species,
but with opposite patterns (Figure 2). Thus, while X. securis settlement was
concentrated in the inner part of the ria (H1–L1) (Figure 2B), with no or
low settlement recorded at H2–L4 and H3 (Figure 2C, D), settlement of
M. galloprovincialis was highest at the outermost location (H3) (Figure 2D)
and was much lower in the middle location (H2–L4) (Figure 2C), with no
record of settlers at the innermost location (H1–L1) (Figure 2B).
Although not significant, CCF analysis between sampling sites for each
species revealed some differences between X. securis and M. galloprovincialis
on their spatio-temporal settlement patterns (Figure 3A, B). Settlement of
X. securis was fairly synchronous in the outermost and the innermost
locations (r = 0.490 for lag 0, Figure 3A), while in the middle part of the ria
(H2–L4) settlement of M. galloprovincialis tended to be delayed by ~ 4 days
relative to that in the outermost location (H3) (r = 0.519 for lag 2, Figure 3B).
Montes et al. (2021), Aquatic Invasions 16(3): 391–414, https://doi.org/10.3391/ai.2021.16.3.02

401

Processes affecting recruitment of the invasive black-pygmy mussel

Concerning the effect of UI on settlement, no significant relationship
was observed at any location for either mussel species (Figure 3C–F).
Nonetheless, settlement of X. securis at the innermost location (H1–L1)
was negatively correlated with UI, suggesting an increase in settlement at
this location with periods of relaxation of upwelling (Figure 3C). By contrast,
settlement of M. galloprovincialis at the outermost location was positively
correlated with UI, but with a delay of ~ 6 days (lag 3, r = 0.505; Figure 3F).

Low-frequency settlement time-series: spatial and temporal variability in
recruitment and the effect of predation
Recruitment of X. securis and M. galloprovincialis varied widely between
locations (Figure 4). Recruitment of X. securis was concentrated during
summer-early autumn, specifically between June and October and mainly
occurred at two locations, H1–L1 and L2 (Figure 4A, C). Recruitment of
the invasive species was much higher at the innermost location (H1–L1)
(Table 1; Figure 4A, C) during the whole recruitment season (pairwise tests;
P < 0.001), whereas it was almost anecdotal at locations L3 and H2–L4
(total number of recruits: 5 for L3 and 3 for H2–L4 between July and October).
In general, recruitment of M. galloprovincialis was low (Figure 4B, D, E)
and peaked at H2–L4 (the outermost location) in July (Figure 4E), while at
the other locations, recruitment was irrelevant (a total of 5 recruits at L2
and 16 at H1–L1) (Figure 4D, E). Recruitment of M. galloprovincialis mainly
occurred between late spring and summer (between May and August).
The recruitment of X. securis and M. galloprovincialis was very variable
at small spatial scales, i.e. between replicates at the same location. For
instance, the largest and the smallest number of X. securis recruits recorded
at L1 in July were respectively 1150 and 28 (± 310.75, SD) (Figure 4A). The
location-time interaction reflects the displacement of the peak period of
X. securis recruitment between H1–L1 and L2 (Table 1). While the peak of
recruitment for X. securis occurred during July and August in the
innermost location (H1–L1), the maximum number of recruits was
recorded at L2 in August and September (Table 1; Figure 4C).
With regard to the effect of predation on recruitment, no significant
effect of treatment was observed on the density of X. securis recruits,
whereas in M. galloprovincialis, recruitment varied significantly between
treatments, although it was dependent on space and time (i.e. significant
Location × Time × Treatment interaction; P = 0.015, Table 1). Nonetheless,
post-hoc tests only detected a significantly higher density of recruits in the
exclusion treatment relative to the control in Rande Strait in July (pairwise
tests, P < 0.001). The high variability between replicates precluded detection
of more significant differences between predator exclusion, procedural
control or control (Figure 4A, C).
The effect of treatment on the mean size of X. securis varied depending
on the size class considered (Table 2; Figure 5A). Early recruits followed a
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Figure 4. Mean (+SE) abundance of X. securis and M. galloprovincialis recruits (individuals/plate;
n = 4). A) X. securis recruits at H1–L1. B) M. galloprovincialis recruits at H1–L1. C) X. securis
recruits at L2. D) M. galloprovincialis recruits at L2. E) M. galloprovincialis recruits at H2–L4.
Treatments: Control (C): PVC plate covered with a scourer with no manipulation; exclusion
(WP): a PVC plate covered with a scourer protected from predation with a plastic exclusion
cage; procedural control (PC) PVC plate covered with a scourer with a plastic exclusion cage
with three holes to allow free access to predators. Recruitment at locations L3 for both species
and at H2–L4 for X. securis is not shown because it was almost anecdotal. Only the data
collected between July and September 2014, for X. securis, and between May and August 2014,
for M. galloprovincialis, were analysed.

similar pattern to that of Mytilus (Table 2; Figure 5B), with significantly
smaller sizes for the exclusion treatment than for the control treatment, but
similar to that of the procedural control (pairwise tests, P < 0.001). Late
recruits showed the opposite pattern, with larger mean sizes for the
procedural control and exclusion treatments (pairwise tests, P < 0.001).
CCF analysis revealed that the increase in minimum temperature tended
to favour X. securis recruitment at H1–L1 and L2 (lag 0, r = 0.841 at H1–L1,
P > 0.05 and r = 0.988 at L2, P < 0.05). Although not significant, the increase
in minimum salinity seemed to enhance the recruitment at H1–L1 (lag 0;
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Table 1. Summary of results of LM testing the effect of Location, Treatment and Time on the
abundance of X. securis and M. galloprovincialis recruits, separately (individuals/plate; n = 4).
The model for X. securis the factor Location included 2 levels (H1–L1 and L2), Treatment
(3 levels: control [C], exclusion [WP] and procedural control [PC]) and Time (3 levels: July,
August and September). For M. galloprovincialis, the factor Location included 3 levels (H1–L1,
L2 and H2–L4) and the factor Time included 4 levels (May, June, July and August).
Abundance of X. securis
Location
Treatment
Time
Location x Treatment
Location x Time
Treatment x Time
Location x Treatment x Time
Residuals
Abundance of M. galloprovincialis
Location
Treatment
Time
Location x Treatment
Location x Time
Treatment x Time
Location x Treatment x Time
Residuals

df

F

P

1
2
2
2
2
4
17
54

200.74
0.32
13.92
0.124
46
0.51
0.98

< 0.001
0.724
< 0.001
0.868
< 0.001
0.771
0.425

2
2
3
4
6
6
12
108

10.96
3.42
1.73
2.95
1.06
2.88
2.21

< 0.001
0.036
0.164
0.023
0.389
0.012
0.015

Table 2. Summary of results of LM testing the effect of Treatment (3 levels: control [C],
exclusion [WP] and procedural control [PC]; plates n = 4) and Size class (2 levels: recruits
smaller than 1 mm and larger than 1 mm) on the size of X. securis and M. galloprovincialis
recruits (separately) from H1–L1 and H2–L4, respectively.
Size of X. securis
Treatment
Class size
Treatment x Class size
Residuals
Size of M. galloprovincialis
Treatment
Residuals

df

F

P

2
1
2
2076

4.25
3803.61
11.22

0.014
<0.001
<0.001

2
70

6.91

<0.001

r = 0.792, P > 0.05) while at L2 the correlation was not as clear. Likewise,
an increase in maximum salinity seemed to favour M. galloprovincialis
recruitment at H2–L4 (lag 0, r = 0.948, P < 0.05).

Substrate selection and the effect of substrate on post-settlement
mortality: role of physical structure and biological cues on recruitment
Recruitment of X. securis was only significantly affected by location, but
not by the type of treatment, as opposed to M. galloprovincialis (Table 3;
Figure 6A, B). As expected, more X. securis recruits were found at H1–L1
than at L3, where the rate of recruitment was very low. The number of
recruits was also very variable within treatments, as indicated by high
values of standard deviation (e.g. H1–L1, X. securis: maximum SD: 18.08),
revealing the patchy nature of recruitment (Figure 6A). Mytilus galloprovincialis
recruits were mainly observed in the presence of conspecific individuals
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Figure 5. Mean (+SE) size of recruits (individuals/plate; n = 4) for (A) X. securis at H1–L1 between
July and September 2014 and (B) M. galloprovincialis at H2–L4 between May and August
2014. Recruits of X. securis were grouped into two size classes: larger than 1 mm and smaller
than 1 mm. Experimental treatments: Control (C): PVC plate covered with a scourer with no
manipulation; exclusion (WP): a PVC plate covered with a scourer protected from predation
with a plastic exclusion cage; procedural control (PC) PVC plate covered with a scourer with a
plastic exclusion cage with three holes that allowed free access to predators. Plates were
collected monthly and recruits per experimental treatment were pooled..

(pairwise tests, P < 0.01; Figure 6B), which appeared to avoid the presence
of live X. securis at both locations.

Discussion
The results of the settlement and recruitment time-series revealed inverse
distribution patterns for X. securis and M. galloprovincialis in the Ría de
Vigo, which were closely linked to the distributions of adult populations
(Gestoso et al. 2012; Montes et al. 2018). Although X. securis populations
were almost entirely restricted to the San Simón basin in the inner part of
the Ría de Vigo, and populations of M. galloprovincialis were mainly found
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Table 3. Summary of results of LM testing the effects of Location (2 levels: H1–L1 and L3)
and Treatment on the abundance of the two species (X. securis and M. galloprovincialis),
separately (individuals/plate; n = 5). Location included two levels (H1–L1 and L3), Treatment
included 7 levels: plates with live X. securis; plates with dead X. securis; plates with Velcro®
previously embedded in a liquid composed of water and crushed X. securis residues; plates with
live M. galloprovincialis; plates with dead M. galloprovincialis; plates with Velcro® previously
embedded in a liquid composed of water and crushed M. galloprovincialis residues; and plates
with Velcro® only.
Abundance of X. securis
Location
Treatment
Location x Treatment
Residuals
Abundance of M. galloprovincialis
Location
Treatment
Location x Treatment
Residuals

df

F

P

1
6
6
56

83.732
1.085
57.963

< 0.001
0.382
0.555

1
6
6
56

0.936
3.622
2.002

0.337
0.004
0.080

in the middle and outer parts of the ria, the recruitment pattern along the
estuary did not match the expected gradient corresponding to a linear
longitudinal dispersion model (Bilton et al. 2002). Recruitment of X. securis
was mainly concentrated in the innermost location (L1), with much lower
recruitment at any other location landward of the Rande Strait and only
anecdotal records seaward of that point. A similar, but inverse pattern of
recruitment was observed for M. galloprovincialis. Such drastic changes in
recruitment patterns may be only possible if caused by some type of
hydrographic discontinuity, which could create a refuge for dispersion and
limits larval exchange (Roegner 2000; Banas and Hickey 2005). Dispersion
along the main axis of an estuary is largely impacted by lateral processes
generated by shoreline irregularities, such as bends in the main channel,
inlets, marshes and straits (MacVean and Stacey 2011; Giddings et al.
2012). These barriers to dispersal are particularly evident during periods of
low river discharge (Giddings et al. 2012) and are thus usually associated
with convergent fronts (i.e. tidal traps, straits, flow curvatures). They may
also be seasonal and cause alterations in longitudinal dispersion (Okubo
1973; MacVean and Stacey 2011; Giddings et al. 2012). In the Ría de Vigo,
the Rande Strait is a topographical feature that modifies along-channel
flow and can also act as a barrier to dispersal (Gómez-Gesteira et al. 1999).
The Rande Strait also encloses the very shallow San Simón basin, where
X. securis settlement is concentrated and where Gómez-Gesteira et al. (1999)
estimated a high probability of particle retention (~ 80%) during the summer,
even 28 days after release. The estimated retention period within the San
Simón basin may enable the complete development of X. securis larvae (i.e.
one month: Wilson 1968), preventing flushing to unsuitable habitats. The
formation of a seasonal dispersal barrier during summer in the Rande
Strait may explain why, despite an almost continuous breeding season with
planktotrophic larvae potentially present in the water column during almost
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Figure 6. Mean (+SE) abundance of recruits (individuals/plate; n = 5) between June and August
2015. (A) X. securis and (B) M. galloprovincialis on different treatments at H1–L1 and L3.
Treatments:) plates with live X. securis; plates with dead X. securis; (V.E.) plates with Velcro®
previously embedded in a liquid composed of water and crushed X. securis residues; plates with
live M. galloprovincialis; plates with dead M. galloprovincialis; (V.E.): plates with Velcro®
previously embedded in a liquid composed of water and crushed M. galloprovincialis residues;
plates with Velcro®.

10 months (Montes et al. 2020), the X. securis recruitment period occurred
between July and September. By contrast, in its native range the recruitment
period lasted longer, i.e. 7 months, almost matching the breeding season,
which lasts 7–8 months (Wilson 1969). Gametogenesis of X. securis may be
adapted to retention patterns in their native region, but successful
settlement in the invaded regions may be limited to the period during
which retention on suitable habitats is possible. These results are reinforced
by the positive correlation between X. securis recruitment and temperature,
which is also related to increased retention of water within the ria (Barton
et al. 2015).
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Wind forcing may also play a role in X. securis recruitment, as suggested
by the negative correlation with UI observed at the innermost location H1–L1
(Figure 3C). Although not significant, this negative relationship might reflect
the increment of settlement during downwelling events. Downwelling events
act counter to the estuarine circulation by trapping water masses in the ria
and increasing the residence time to 9.5 days, while upwelling events
enhance estuarine circulation accelerating the flushing of the Ría de Vigo
and decreasing the residence time to 4.5 days (Torres López et al. 2001;
Barton et al. 2015). Relaxation of downwelling or upwelling events could
therefore potentially contribute to greater larval retention and recruitment
of X. securis, while upwelling events could allow larval flushing beyond the
distribution of adults (Montes et al. 2018), which would explain the sporadic
settlement episodes at the outermost location of Ría de Vigo (H3; Figure 2D)
and even invasion in adjacent estuaries (i.e. Ría de Pontevedra; Gestoso et
al. 2012).
Recruitment of M. galloprovincialis was enhanced by upwelling, as
shown by the positive correlation observed at the outermost location between
settlement and UI (Figure 3F). This positive relationship, although not
significant, might reflect the delivery of larvae during upwelling episodes,
which allows oceanic water charged with larvae from the outer coast to
enter the ria. This relationship may also explain the positive correlation
between M. galloprovincialis recruitment and salinity, as the intrusion of
upwelling water is characterized by higher salinity and lower temperature
(Barton et al. 2015), with a time lag of 2 to 4 days from wind forcing in the
middle part of the ria (Montero et al. 1999; Barton et al. 2015). This delay
may also explain the delayed settlement of M. galloprovincialis in the
middle of the San Simón basin (H2–L4) relative to settlement in the
outermost location sampled (H3).
Low-frequency time-series also enabled identification of spatio-temporal
variability in both M. galloprovincialis and X. securis recruits, even between
very close locations. For both species, recruitment was higher and first
occurred at the location with the largest adult population (Gestoso et al. 2012;
Montes et al. 2018), which was the outermost location for M. galloprovincialis
(H2–L4) and the innermost location for X. securis (H1–L1), indicating
coupled abundance between recruits and adults. Nonetheless, there was
also a high level of variation in recruitment at the lowest spatial scale
examined, with recruitment varying greatly between experimental plates
separated by 1 m intervals. The variability on rocky shores at small, withinhabitat scales is consistently observed in recruitment studies of benthic
invertebrates (Underwood and Chapman 1996; O’Leary and Potts 2011;
Smale 2013). Patchiness reflects the large number of factors influencing
recruitment, including larval production, survival and transport to suitable
habitats and also selection of optimum substrates to enhance postsettlement survival. The high heterogeneity and complexity of the substrate
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may account for patchiness in recruitment of mussels and other
invertebrates (Palomo et al. 2007). Substrate selection by larvae in response
to biological cues of conspecifics or heterospecifics, or to cues associated
with biofilms can be an important driver of variation (Chiba and Noda
2000; Tamburri et al. 2008; Gribben et al. 2009; Whalan et al. 2012; Morello
and Yund 2016). Mytilus galloprovincialis recruits were indeed more abundant
on plates with live conspecifics, as observed for other mussel species (Chiba
and Noda 2000; Morello and Yund 2016). By contrast, the treatment did
not significantly affect recruitment of X. securis, indicating that synthetic
surfaces (plates covered with Velcro®), with less structurally complex habitats,
were not less attractive as settlement surfaces than the shells of live or dead
mussels. Diverse invasive invertebrates show a high capacity to settle and
grow on a wide range of natural and artificial substrates, which appears to
be a common life-history trait of invasive species (e.g. Dafforn et al. 2009;
Pinochet et al. 2020). Further experiments in the laboratory are necessary to
elucidate the role of physical and biological cues on recruitment of both species.
Biotic interactions such as predation, competition and facilitation are
important drivers of post-settlement mortality, especially in mussel beds
(McQuaid and Lindsay 2005; Rius and McQuaid 2009). The predation
exclusion experiment did not detect any significant effect of predation on
the recruitment density of X. securis (Table 1; Figure 4). Conversely, Gestoso
et al. (2014) detected a significant effect of predation on X. securis in the
Ría de Vigo, although only in one location where predators were particularly
abundant, mainly the crab Carcinus maenas (Linnaeus, 1758) and the
gastropod Nucella lapillus (Linnaeus, 1758). As predation abundance also
depends on many factors, we suggest that predator pressure on X. securis is
limited to some outbreaks. On the other hand, M. galloprovincialis showed
a consistent increment in recruitment success in the exclusion treatment
(Table 1; Figure 4), suggesting greater predation pressure on this species, as
previously reported (Veiga et al. 2011). In addition, the predation pressure
on M. galloprovincialis was spatio-temporally very variable, which is possibly
related to the seasonal dynamics of different predators. These findings may
also reflect the greater adaptation of local predators to local prey, reducing
the predator pressure on the invader.
Predation affected the size of mussels. Thus, larger individuals of both
M. galloprovincialis and X. securis were found in the control treatment
than in the exclusion treatment, suggesting that smaller mussels were more
vulnerable to predation in the control treatments. A size-dependent effect
of predation on mussels is a common characteristic of predator-prey
interactions (Paine 1976; Bertolini et al. 2018). The fact that smaller
mussels were found in the exclusion treatment (Table 2; Figure 5), even
when there were no differences in density between treatments (Table 1;
Figure 4), also suggests that self-thinning processes may play a major role
in post-settlement mortality for X. securis (see Alunno-Bruscia et al. 2000).
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Post-settlement mortality associated with intra-specific competition for
food or space may have been enhanced in the exclusion treatment because
of the greater survival of small individuals. Our findings suggest that
density-dependent mortality self-regulates population size when predation
pressure is low, as in the case of X. securis (Tables 1, 2; Figure 5A), while
predation may play a more important role in regulating the population size
in M. galloprovincialis (Tables 1, 2; Figure 5B).
Although environmental restrictions may play a role in regulating the
abundance of X. securis, the wide tolerance of adults and juveniles to
environmental conditions such as temperature and salinity (Wilson 1969;
Garci et al. 2007; Gestoso et al. 2012; Iwasaki and Yamamoto 2014),
together with the lack of a large predation pressure, suggests that the main
limiting factor for the spread of the invasive mussel is the mismatch
between the larval dispersal strategy and the oceanographic conditions in
the study area.
The reproductive characteristics of X. securis are typical of successful
invaders: high reproductive flexibility (Wilson 1968, 1969; Montes et al. 2020),
precocious sexual maturity (15.6 mm), rapid gametogenesis, accumulation
of mature gametes and an extended spawning period of 10 months with no
resting period (Montes et al. 2020). Xenostrobus securis has been recorded
as an invading species that usually lives in high-density populations in
different coastal areas from the Mediterranean, including Italian and French
lagoons, southern Korea, China, Japan or Atlantic coasts of Spain (Barbieri
et al. 2011; Gestoso et al. 2012; Iwasaki and Yamamoto 2014, and references
therein). Although in certain areas its rate of expansion can be of up to
23.9 km year-1 (Iwasaki et al. 2004), the distribution of adults and juveniles
in the study area has remained unchanged since 2012 (Montes et al. 2018).
Spread of the invasive mussel is limited to the Rande Strait in the Ría de
Vigo (~ 6 km from the location initially invaded in the first 5 years after its
first record; Gestoso et al. 2012), which supports the hypothesis that a seasonal
dispersal barrier associated with topographic features limits larval dispersal.
It is possible that the large dispersal potential of the species could lead to
invasion of adjacent estuaries under sporadic favourable hydrodynamic
conditions. For example, episodes of continued upwelling might allow larval
flushing outside of the ria, and under favourable oceanographic conditions,
to the posterior invasion of adjacent estuaries. Such a mechanism could
explain the spread of X. securis to the adjacent Ría de Pontevedra (Gestoso
et al. 2012) and emphasizes the need for a better understanding of dispersal
patterns of invasive species for effective expansion control. However, we
cannot ignore the fact that human activities via recreational and commercial
shipping or aquaculture activities may interfere with natural dispersal
mechanisms and, subsequently, favour secondary spread (Ruiz et al. 2006;
Acosta and Forrest 2009). This is relevant in the study area where inshore
fisheries (including aquaculture vessels) account for most of the recreational
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boating and, therefore, should be considered as a putative important
pathway for secondary spread. Our study findings also highlight the need
for dynamic risk-assessment tools to enable evaluation of the invasion risk
associated with temporal and spatial variability in the biological characteristics
of invasive species and in local hydrodynamics.
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