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ABSTRACT: Knowledge of connectivity pathways in the marine environment is crucial for understanding the spatial structure of populations and for developing appropriate monitoring and management strategies. Here, we used the mussel Mytilus galloprovincialis as a model species to investigate connectivity patterns within the Berlengas and Arrábida Marine Protected Areas (MPAs)
along the central Portuguese west coast. We generated an atlas of location-specific environmental
markers based on the microchemistry of bivalve larval shells (using laser ablation inductively coupled plasma mass spectrometry). This atlas was then employed to trace the natal origins of newly
settled mussels and generate connectivity matrices among populations. Our results reflected 3 distinctive chemical signatures in larval shells, corresponding to 3 regions: Estremadura, Cascais and
Arrábida. Linear discriminant analyses allowed for a high reclassification success (average of
79.5% of jackknifed cross-validated cases correctly assigned) based on 8 of the 16 trace elements
analyzed (B, P, Co, Cu, Zn, Ce, Pb and U). The population connectivity matrix identified different
dispersal pathways for mussel larvae, in particular a predominantly northward dispersion pattern
in July 2013. This pattern was consistent with simultaneous environmental physical data, which
confirmed an extended period of wind reversal and upwelling relaxation. The Arrábida MPA was
an important source population for the other 2 regions and showed high rates of self-recruitment
but limited connectivity to the Berlengas MPA. These direct measures of demographic connectivity
can be a powerful tool to inform policymakers on the conservation and management of ecologically
coherent networks of protected areas in coastal marine ecosystems.
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Measuring the spatial extent over which marine
subpopulations are connected by larval dispersal is a
fundamental issue in marine metapopulation studies
(Pineda et al. 2007) and in defining the relevant spatial scales for area-based conservation measures
(Gaines et al. 2010). Evidence from various fields

such as physical oceanography, biophysical modelling, molecular genetics and the geochemistry of sitespecific natural tags has been used to quantify connectivity at different spatial and temporal scales.
Indeed, natural tags, such as the geochemical composition of calcified structures of marine organisms,
are increasingly being employed as a strategic tool in
marine research. These naturally induced marks
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have frequently been used in paleo-environmental
research in coral skeletons (Mitsuguchi et al. 1996),
foraminiferal shells (Keul et al. 2013) and ostracod
shells (Börner et al. 2013). More recently, they have
been applied to determine natal signatures and dispersal patterns, using crustacean embryos and larvae
(DiBacco & Levin 2000, Carson 2010), fish otoliths
(e.g. Swearer et al. 1999), larval mollusk statoliths
(Zacherl 2005) and shells (e.g. (Becker et al. 2007,
Carson 2010). This method requires not only the existence of location-specific chemical signatures at the
site of origin but also the maintenance of these ‘natal
tags’ after settlement (Thorrold et al. 2007). Both
physical and biological properties of the marine environment can influence the incorporation of such
chemical signatures in biogenic carbonates at spatial
scales over which they allow discrimination among
natal sites (Campana 1999). Yet, the lack of a clear
relationship between seawater chemistry and elemental composition of calcified structures (Campana
& Thorrold 2001, Warner et al. 2005) might also
reflect genetic (Chittaro et al. 2006) and/or maternal
(Lloyd et al. 2008) effects on elemental signatures.
Assembling regional chemical reference maps of
natal origins based on geographical differences in
biogenic carbonate chemistry can be used as a tracking method (Becker et al. 2007). However, to successfully set up a suitable natal site atlas, it is crucial to
consider not only the larval life history and potential
dispersal scales, but also the local geology, anthropogenic pressures and oceanography of the study region (Miller et al. 2013). This approach has already
led to important progress in our understanding of
metapopulation connectivity in coral reef ecosystems
(Swearer et al. 1999, Chittaro & Hogan 2013), estuarine areas (Swearer et al. 2003, Carson et al. 2010) and
open coast environments (Warner et al. 2005, Becker
et al. 2007, Cook et al. 2014). Although the dispersal
of planktonic larvae of benthic invertebrates has
been studied systematically, the specific link between
small-scale coastal geography and larval supply is
less well resolved (Adams et al. 2014). In the eastern
boundary of upwelling systems, sinuous coastlines
and topographic features, such as the presence of
capes and associated bays, can influence the degree
of population connectivity, through interactions between regional upwelling/downwelling processes
and local-scale topography (Siegel et al. 2008). Elemental fingerprinting is increasingly being applied to
understand connectivity patterns in complex environments because of its potential to detect not only
bay−open coast dispersal patterns (Becker et al. 2007,
Sorte et al. 2013, Carson 2010) but also along-shore

interchanges between populations in upwelling systems (López-Duarte et al. 2012). Coastal upwelling
systems around the world have been extensively
studied because of their high productivity and the
physical mechanisms involved in along- and crossshore larval transport (Roughgarden et al. 1988, Wing
et al. 1995, Shanks & Brink 2005, Narváez et al. 2006,
Morgan et al. 2009). In the western Iberia upwelling
ecosystem, several studies have highlighted the importance of variability in the frequency and intensity
of upwelling episodes to larval dispersal and recruitment of a diversity of invertebrate species (Queiroga
et al. 2007, Peteiro et al. 2011, Nolasco et al. 2013a).
However, large-scale studies on invertebrate larval
dispersal pathways remain in the dominion of simulation modelling (Domingues et al. 2012, Nolasco et al.
2013a), and might not reflect local-scale connectivity
patterns. Small-scale topographic features can influence the degree of population connectivity by generating different hydrodynamic stress amongst open
coasts and protected embayments (Nicastro et al.
2008, Carson 2010).
Present theoretical frameworks and binding agendas at international (Convention on Biological Diversity) and European (OSPAR Commission, Marine
Strategy Framework Directive) levels are advocating
for the establishment of ecologically coherent MPA
networks by 2020. Population connectivity is one of
the 4 assessment criteria proposed to evaluate the
degree of ecological coherence of systems of protected areas (Ardron 2008), with important implications for the persistence and resilience of metapopulations (White et al. 2010). In Portugal, however, an
estimate of population connectivity among MPAs is
yet to be accomplished. Therefore, regional-specific
scientific input on ecological patterns of connectivity,
operating at a suitable temporal and spatial scale, is
crucial if we are to deliver effective outcomes to
established conservation policy targets.
Here we focus on the central west coast of Portugal, which encompasses 2 MPAs included in the
European ecological network of protected areas
Natura 2000. Although both MPAs in this study were
initially established in a broad biodiversity conservation and fishery management context, single-species
quantitative measurements of connectivity are important to identify the best range of reserve spacing
that can maximize benefits for marine larvae with
potential large-scale dispersal among habitat patches.
Mytilus galloprovincialis has been largely employed
as a model species to study connectivity patterns
between subpopulations because of its broad distribution and its function as an ecosystem engineer
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(Becker et al. 2007, Fodrie et al. 2011, López-Duarte
et al. 2012). Our objective was to determine the
spatial resolution of geochemical signatures in M.
galloprovincialis larval shells to reveal connectivity
patterns between MPAs and adjacent areas. The
complex topography of the coastline, characterized
by prominent capes, bays and estuaries, represents
an interesting setting for microchemistry-based
investigations. Natural tags were investigated in a
snapshot manner in summer 2013, using a largescale and short-term static atlas of elemental variability in mytilid larval shells. This reference map
was employed to reconstruct the natal origin of
newly settled mussels, under complex circulation
patterns during the typical spring−summer upwelling
season when northerly winds off Western Iberia usually prevail and cause upwelling of cold and nutrientrich waters (Relvas et al. 2007). We further integrate
and compare the results with simultaneous environmental physical data, to assess whether the patterns
we observed (geochemical fingerprints and dispersal
pathways) were consistent with trace elemental composition, oceanography and hydrographic conditions
of the area. Our results confirm the feasibility of the
technique to accurately quantify self-recruitment
and connectivity among MPAs, at ecologically relevant scales, within the complex coastal topography
and bathymetry of the central Portuguese west coast.

MATERIALS AND METHODS
Species description
In Europe, the Mediterranean mussel (Mytilus galloprovincialis Lamarck, 1819) is distributed throughout the Mediterranean and along the Atlantic coast
as far north as northwestern Ireland (Gardner 1992).
It was chosen as a model species as it is widely distributed in temperate marine rocky shores, making it
particularly suitable to assess environmentally related
signatures. Also, as an important structural component of rocky intertidal ecosystems, mussels play a
key role as ecosystem engineers, increasing microhabitat complexity, environmental heterogeneity and
benthic species richness with significant influence at
the ecosystem level (Borthagaray & Carranza 2007).
Along the central coast of Portugal, mussels are subjected to an informal traditional fishery, depending
largely on site accessibility, to supplement diet or for
commerce or bait (Rius & Cabral 2004).
As M. galloprovincialis are broadcast-spawning
invertebrates, fertilization occurs in the water col-
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umn, leading to a series of free-swimming planktotrophic larval stages (Bayne 1976). Shell mineralization starts approximately 20 h after fertilization,
forming prodissoconch I, which enlarges until the
trochophore is completely enfolded, forming the Dveliger (24−48 h after fertilization; Ruiz et al. 2008).
Primary settlement sets the beginning of the juvenile
form, and occurs when pediveliger larvae metamorphose and selectively anchor onto benthic surfaces
by secreting byssal threads. The final step of settlement in bivalves is manifested after metamorphosis
by a change in shell morphology and composition,
with a differentiation of the prodissoconch (larval
shell) and the dissoconch (benthic shell). Although
planktonic larval development and duration (PLD)
are strongly dependent on temperature and food
availability, M. galloprovincialis larvae stay in the
plankton for ~2−4 wk (Ruiz et al. 2008), with the possibility to delay metamorphosis if suitable settlement
substrates are not available (Chicharo & Chicharo
2000). Philippart et al. (2012) investigated the presence of mytilid larvae in European coastal waters as
a proxy for time of reproduction and reported a seasonal pattern for the Iberian coast with 1 major peak
in spring and a less significant peak during the fall.

Area description
The study was carried out on rocky shores along the
Portuguese central continental coast, an area delimited in the north and south by long sandy shores. This
region incorporates major 3-dimensional variations in
coastline orientation and bathymetry (capes, bays and
large estuaries) and its oceanography is complex,
with recurrent wind stress variation and strong upwelling/downwelling seasonality (Relvas et al. 2007).
Initially, and based on the coastal topography and
oceanography, we considered 4 main regions along
the central west Portuguese coast. We distinguished
between the northern and southern Estremadura
branches, divided by the Peniche peninsula (Cabo
Carvoeiro) and delimited in the south by Cabo Roca
(Fig. 1). In Cabo Carvoeiro, there are strong and recurrent wind stress variations, filament formation and
separated coastal jets, suggesting the presence of recirculation cells downstream of the capes (Oliveira et
al. 2009). Cascais Bay and Arrábida Bay represent important discontinuities along the central Iberian west
coast as they are more sheltered from upwelling prevalent winds and under direct influence from 2 major
estuaries (the Tagus and the Sado), whose basins
drain heavily industrialized areas of Portugal.
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and stocked dry at 4°C. Spawning was
induced the following day by exposing
the mussels to cyclic thermal stimulation (20 min in 25°C heated artificial
seawater, followed by 20 min in 4°C)
and spawning individuals were confined to separate glass jars to collect
the gametes independently. Eggs and
sperm were filtered through a 125 µm
sieve and transferred separately to
250 ml glass cylinders for a quality
check under a microscope. A small volume of the sperm solution (<10 ml) was
added to the egg suspension and carefully stirred to allow fertilization. After
15 min, the mixture was filtered using
a 40 µm sieve to remove excess sperm.
Egg concentrations ranged from 350
to 1000 ml–1. All tools, containers and
pipettes were non-metallic and subjected to acid leaching (50% v/v MΩ
HCl 37%, HCl fuming 37% Emsure
grade, Merck) for 24 h, rinsed 3 times
in Milli-Q water (Milli-Q 18 MΩ) and
dried in a laminar flow chamber.
We followed the Becker et al. (2007)
protocol for in situ larval incubation
and used 25 cm PVC pipe (500 ml inner
volume) as larval incubators, with
41 µm Nitex mesh caps on each end.
These incubators were washed in advance with Extran MA 03 5% phosFig. 1. Larval incubation stations, juvenile sampling sites and location of Marine
phate-free detergent for 1 d, leached in
Protected Areas (MPAs). Estremadura North: Berlengas, Peniche and Foz do
Arelho; Estremadura South: Porto Novo, Samarra and Maças; Cascais: Cabo
reverse osmosis water for 3 wk (changRaso and Bafureira; and Arrábida: Cabo Espichel, Cova da Mijona and Alpering the water every 1−3 d) and acidtuche. The final regions used to discriminate among natal regions were Esleached. Approximately 18 000−20 000
tremadura (all moorings located north of Cabo Roca), Cascais and Arrábida. For
larvae (no shell, multi-celled embryos
better visualization purposes, moorings are displayed further offshore here than
was actually the case (all moorings deployed at a depth of approx. 15−20 m)
with less than 12 h development) were
placed in each incubator and transThe study area encompasses 2 MPAs included in
ported inside large buckets filled with artificial seathe Natura 2000 network. In Estremadura, the Berwater to the incubation sites. All incubators were delengas Marine reserve is a coastal archipelago comployed in the water less than 12 h after fertilization.
prising 3 major islands, small islets and reefs. ArráSimultaneously, and to test for incubator effects on
bida Marine Park stretches along 38 km of coastline,
larval shell chemical signatures, we also reared
from just north of Cabo Espichel to the mouth of the
larvae in the laboratory: 2 cultures loose in buckets
Sado Estuary (Fig. 1).
(i.e. no incubators) and 2 cultures inside incubators.
The cultures were fed Isochrysis sp. every 2 d and allowed to grow for 7 d.
Mussel spawning and in situ larvae incubation
Eleven sites were selected in the central part of the
Western Portuguese margin, offshore of a known
Wild M. galloprovincialis adults were collected
source of adult mytilid mussel populations. Along the
from the Costa Nova Naval Club pier (Aveiro, Portuvery exposed coast, 3 sites (Foz do Arelho, Peniche
gal) in early June 2013, and were thoroughly cleaned
and Berlengas) were located north, and 3 sites (Porto
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Novo, Samarra and Maças) south of the town of
Peniche. Two sites were situated in Cascais (Cabo
Raso and Bafureira), and 3 along the Arrábida (Cabo
Espichel, Cova da Mijona and Alpertuche) (Fig. 1).
On 4 and 5 June 2013, 2 to 3 larval incubators were
deployed at each site, at a depth of approximately 3
to 5 m, attached to a polypropylene cable that connected a signalling buoy to a concrete anchor block.
Moorings were placed in 15−20 m of water and the
buoys were kept submersed (~1.5 m) to minimize
theft and conflict with local fishers. One mooring, at
Maças, was lost. The incubators were retrieved after
6 d in the water and were immediately filtered using
local seawater, stored in acid-washed 120 ml containers and frozen at −20°C. This period allowed for
larval shell development under exposure to local
physical and chemical environmental conditions.
Early settlers of M. galloprovincialis were collected
between 23 and 25 July 2013, approximately 43 d
after the in situ incubation experiment to match the
same planktonic development period as the incubated larvae. Three replicates of turf-forming algae
were collected at 13 sites (Fig. 1) along the intertidal
zone, inshore of the incubator deployment sites. Individuals less than 1.5 mm in length were sorted in
acid-washed glass Petri dishes under illuminated
magnifying lenses, using Milli-Q water and Tefloncoated extra fine forceps. Samples were frozen (−20°C)
in acid-washed Eppendorf vials.

Mytilid larval and juvenile shell extraction
and cleaning
All shells prepared for geochemical analysis were
processed using non-metallic acid-washed equipment, ultrapure reagents and Milli-Q water (reagents
of certified trace metal purity 30% H2O2, 99% NaOH
and 60% HNO3 of Suprapur grade, and HCl fuming
37% Emsure grade, Merck). Larval shells were handled under a dissecting microscope, using the tip of a
thin paintbrush. Complete shells were selected, separated and carefully placed in Milli-Q water drops.
Shells were then transferred into cleaning solution
droplets (15% H2O2 buffered with 0.1 N NaOH) for
10 min, to remove all organic material, and rinsed 3
times in Milli-Q water, gently swiping the paintbrush
in clean Milli-Q water in between relocations. Larval
shells were transferred onto a gridded microscope
slide that had been pre-coated with a thin layer of
resin (Buehler’s Epo-Thin™) and were embedded in
a small amount of resin, using a fibre paintbrush bristle, to spread it over and around the larval shells, so
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that they lay flat on the slide. Juvenile shells were
prepared using the same methodology, but the valves
were manually opened and split using the paintbrush after 15 min in the cleaning solution (heated in
60°C hot water bath). Shell length (larval and juvenile) was measured before embedding the samples
onto resin (Buehler’s Epo-Thin™)-coated gridded
microscope slides. Juvenile shells were positioned
with the umbo facing upward.

LA-ICPMS analysis
Concentrations of trace elements in mytilid shells
were determined using an Agilent 7700 Inductively
Coupled Plasma-Mass Spectrometer (ICP-MS) coupled to a HelEx (Laurin Technic and the Australian
National University) laser ablation (LA) system with a
193 nm Compex 110 (Lambda Physik) excimer laser.
Random blocks of 18 samples each were run to avoid
possible bias due to short-term instrument drift. Each
block of samples was bracketed by runs of calibration
standards spiked with trace elements (National Institute of Standards and Technology NIST 610 and 612)
and a matrix-matched consistency standard MACS-3
USGS (US Geological Survey MACS-3) for estimating
external analytical precision (% relative standard deviation, RSD) (Table 1). Prior to each standard and
Table 1. Detection limits (DL), percentages of samples above
DL and precision estimates (% relative standard deviation,
RSD) for the LA-ICPMS analysis of Mytilus galloprovincialis
larvae and juvenile shells. DL are based on blank analyses
(18 per block of samples) and are expressed in molar ratios
relative to mean Ca concentration in a sample. External precision estimates are based on %RSD using standards that
most closely approximated the concentration of each element in a sample (MACS-3 used for all elements except for
K and U, for which NIST 612 was used)
Element

DL (mol−1 Ca)

Li
B
Mg
P
S
K
Mn
Co
Cu
Zn
Sr
Cd
Ba
Ce
Pb
U

10.49227 (×10−6)
0.08156 (×10−3)
0.00702 (×10−3)
0.17119 (×10−3)
0.96897 (×10−3)
0.09088 (×10−3)
2.24422 (×10−6)
0.55398 (×10−6)
1.5772 (×10−6)
0.00317 (×10−6)
0.00412 (×10−3)
0.07271 (×10−6)
0.00044 (×10−6)
0
0
0.00003 (×10−6)

% above DL

%RSD

27
71
100
92
82
93
59
17
85
100
100
41
100
100
100
100

5.1503
13.4084
3.1578
7.452
7.5643
12.4534
2.5061
6.8978
7.006
7.8005
4.3558
5.6593
3.6053
4.5512
7.0967
2.6832
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sample analysis, a 30 s blank was acquired to correct
for background noise to estimate the limits of detection of the method (Table 1). Both larval and juvenile
shell microchemical composition were analysed individually using single-spot laser ablation (single crater;
laser beam diameter = 32 µm, laser energy = 60 mJ,
laser repetition rate = 5 Hz). Newly recruited juvenile
shells were ablated in the umbo region of the early
prodissoconch (larval shell). The elements acquired
were: 7Li, 11B, 24Mg, 31P, 34S, 39K, 43Ca 55Mn, 59Co,
63
Cu, 66Zn, 88Sr, 111Cd, 140Ce, 208Pb and 238U. For the
larval samples, we only considered the readings that
had at least 60 000 counts of Ca, since many elements
were below the detection limit of the method for samples with lower yields. For juvenile samples, and
given the small size and orientation of the prodissoconch in the horizontal position of the shell, we restricted the data integration to include only the scans
for the first 2 s of sample ablation. This was done to
minimize contamination of the natal habitat signature
as the laser burned through the early larval shell and
into the underlying late-stage larval and juvenile shell
(Strasser et al. 2007). This could be a potential
problem with larvae that may spend only a short time
at their natal location, influenced by strong currents
or upwelling events, as is the case for our study area.
Data were post-processed to remove any spikes (single scan values greater than 2 times the median of 3
adjacent scans) and smoothed (using a running average of 3 scans) to reduce the noise due to analytical
imprecision. Standards and samples were blank subtracted and the abundance of trace elements was
standardized to molar ratios relative to calcium, to
account for differences in the amount of ablated
material.

Environmental data
A daily upwelling index (UI; m3 s−1 km−1) at Cabo de
Roca was calculated from the 6-hourly data available
(from 1 June to 31 July 2013) by the Spanish Institute
of Oceanography (Instituto Español de Oceanografía
www.indicedeafloramiento.ieo.es). This index is calculated according to Lavín et al. (1991) for the Iberian
Peninsula and using sea level pressure of the Meteogalicia WRF atmospheric model (www.meteogalicia.
es/modelos). Daily sea surface temperature (SST; °C)
was averaged for each region (Estremadura, Cascais
and Arrábida) from data provided by the HYCOM
model (www.hycom.org) using the same configuration as Nolasco et al. (2013b) with a 3 km resolution.
HYCOM is a community ocean model that utilizes

generalized vertical coordinates (Bleck 2002). Daily
chlorophyll a (chl a) concentration for each region
was averaged from chl a (mg m−3) maps derived from
MODIS data obtained from the Goddard Space
Flight Centre’s ocean colour data archive (www.
nasa.gov/goddard).

Statistical analysis
We started by analyzing for any incubator effects
on trace element concentrations in the larval shells
raised at the laboratory using 1-way ANOVA. Data
were transformed (log+ 0.01 for all element ratios
except 31P:43Ca, which was 4th-root transformed) in
order to meet assumptions of normality and homoscedasticity. Because a significant increase in concentration was found for 10 trace elements in larval
shells reared inside incubators, we proportionally
subtracted that effect from the signatures of the larvae cultured in the field. We then performed a linear
discriminant function analysis (DFA) on the resulting
element ratios (X:43Ca) to test the discrimination
capability of multi-elemental fingerprints in larval
shells among regions (Estremadura North, Estremadura South, Cascais and Arrábida). An analysis on
geochemical differences among sites was not possible due to the small sample size at the site level. A
forward stepwise analysis was employed to select
the elements to build the discriminant functions (F
to enter = 1.5) and prior probabilities were computed
taking into account group sizes. Reclassification success was evaluated using a jack-knifed classification
matrix. A randomization method (White & Ruttenberg 2007) was used to assign p-values to jack-knifed
reclassification success estimates, and standardized
canonical discriminant function coefficients were
evaluated to assess the relative contribution of each
trace element in calculating group assignment. Oneway ANOVAs followed by post hoc Tukey’s tests
were performed to test the effect of region on the
concentration of the element ratios introduced in the
LDA functions. To determine whether our sampling
effort was sufficient to capture variability within the
3 regions, based on Simmonds et al. (2014), we
carried out linear DFA using Monte Carlo crossvalidation over different subsets of the data set (100,
90, 80, 70 and 50% of the data) as implemented in the
mlr library (Bischl et al. 2016) of R 3.2.5 (R Core Team
2016, www.r-project.org). For each fraction of the
original data set, we performed 1000 iterations where
data were randomly selected and misclassification
error calculated. The larval shell DFA was then used

Gomes et al.: Connectivity among Marine Protected Areas

165

Fig. 2. Canonical score plots of the linear discriminant function analyses (DFA) for incubated larval shells of Mytilus galloprovincialis (4−11 June 2013), by regions. Each data point represents 1 shell; regions are represented by a separate symbol
and shade. In (A), we used our predefined regions based on local topography and oceanography. Data shown in (B) represent
linear DFA using 3 regions

as a training set to assign recruits to natal origin.
When assigning recruits to a natal source, DFA
assumes all individuals to have originated from one
of the 3 regions provided in the training dataset. As
we did not sample all potential source populations,
we assumed a conservative approach such that any
recruit assigned to a specific natal region with a
probability of group membership < 0.90 had an
‘unknown’ origin. Finally, we calculated dispersal
distance and direction for each successfully assigned
individual (dispersal distance ranges were calculated
from the collection site to the nearest and furthest
point inside the natal region). We considered selfrecruits to be all individuals estimated to have settled
into the same region in which spawning took place.

RESULTS
Larval incubation and creation
of an atlas of natal signatures
In situ mussel larval incubations yielded larval shells formed
entirely at known locations, but
survival rates inside the incubators were very low (<1%). The
small size and fragility of the
shells resulted in additional sample loss during shell extraction
and cleaning. Sample numbers
and mean (±1 SEM) shell length
were: Estremadura North n = 21,
115.6 ± 3.8 µm; Estremadura

South n = 11, 92.8 ± 3.3 µm; Cascais n = 15, 116.9 ±
5.7 µm; and Arrábida n = 16, 97.8 ± 5.8 µm. The
larval shells of M. galloprovincialis showed differences in geochemistry that allowed us to separate
them using linear DFA. Grouping the incubated
larval shells by site resulted in low accuracy of
assignment (average of 43.7% of cross-validated
cases correctly classified). The assignment accuracy
increased at the regional level (Estremadura North,
Estremadura South, Cascais and Arrábida regions),
with an average of 68.3% of cross-validated cases
correctly classified (Fig. 2A, Table 2). However,
Estremadura North and Estremadura South regionalspecific geochemical signatures showed linear discriminant scatterplots with overlapping group cen-

Table 2. Jack-knife classification success of discriminant function analysis of incubated Mytilus galloprovincialis larval shells, with sampling sites grouped into 4
and 3 regions. Correct classifications are in bold (average of 68.3% and 79.5% of
cross-validated cases correctly classified, when considering 4 and 3 regions,
respectively; n = number of individuals)
Region

Arrábida (n = 16)
Cascais (n = 15)
Estremadura North (n = 22)
Estremadura South (n = 10)

Predicted group membership (%)
Arrábida Cascais Estremadura Estremadura
North
South
75.0
20.0
4.5
0.0

12.5
60.0
4.5
20.0

Arrábida Cascais
Arrábida (n = 16)
Cascais (n = 15)
Estremadura (n = 32)

75.0
20.0
0.0

12.5
60.0
9.4

12.5
20.0
81.8
40.0

0.0
0.0
9.1
40.0

Estremadura
12.5
20.0
90.6
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troids (Fig. 2A, functions 1 and 2 of group centroids
= −1.5, 0.4 and −1.4 and 0.4, respectively) with low
(40%) cross-validated classification success in the
Estremadura South region (Table 2). Therefore we
decided to combine both locations into one single
open coast region (Estremadura) and rerun the linear DFA (Fig. 2B). The resulting cross-validated
classification success increased to 79.5% (Table 2),
significantly higher than the 33.0% expected by
chance alone (p = 0.0002; White & Ruttenberg
2007). All the subsequent analyses were performed
using 3 natal source regions: Estremadura, Cascais
and Arrábida.
Classification accuracy was highest for larvae incubated in the Estremadura region (90.6%) and lowest
for Cascais (60.0%; Table 2). Eight trace elements
entered the model (B, P, Co, Cu, Zn, Ce, Pb and U)
and the first canonical function explained 73% of
total variance, with Pb, Zn, B and P with positive
loadings and Cu, Co, Ce and U with negative loadings (Table 3). The second canonical function explained the remaining 27% of total variance, with Zn
and Co loading negatively. Arrábida and Estremadura were separated mostly by the first function,
with positive values for Arrábida and negative values
for Estremadura, indicating higher concentrations of
Pb and P in Arrábida. The second function separated
Cascais from the other 2 regions, with higher values
of Zn in this region. Univariate ANOVA comparing
ratios to calcium for the 8 elements used to discriminate larval shells among regions resulted in significant differences in 4 elements (Pb:Ca, F = 24.463, p =
0.00001; Zn:Ca, F = 11.501, p = 0.000059; U:Ca, F =
0.961, p = 0.000086; Ce:Ca, F = 3.878, p = 0.026065;
Table 4). Larval shells incubated in Cascais had significantly higher concentrations of Zn and lower concentrations of Ce compared with the other 2 regions;
for Pb concentrations, Arrábida>Cascais>Estremadura, and for U concentrations, Estremadura=Arrábida>Cascais (Fig. 3). Mean misclassification error to
the region level (3 regions: Arrábida, Cascais and
Estremadura) derived from the full model and from
the cross-validation with 10, 20, 30 and 50% of the
data withheld were then compared using an ANOVA
(F = 19.71, p < 0.001). Tukey’s HSD post hoc tests confirmed no significant differences in misclassification
error between the full model and those subsets that
included at least 80% of the data. The consistency
detected on classification success among those subsets confirmed our capability to detect distinctive signatures for each region and that we had sufficient
sampling effort to account for variability within each
region.

Table 3. Standardized canonical discriminant function coefficients corresponding to the canonical score plot shown in
Fig. 2B. Percentages of variance and canonical correlation
coefficients for each function are also shown
Molar ratio

Function

11

B:43Ca
P:43Ca
59
Co:43Ca
63
Cu:43Ca
66
Zn:43Ca
140
Ce:43Ca
208
Pb:43Ca
238
U:43Ca
% variance
Canonical correlation coefficient
31

1

2

0.484
0.708
−0.558
−0.735
0.209
−0.246
1.271
−0.644
73
0.868

0.353
0.486
−0.323
0.088
−1.024
0.254
0.268
0.342
27
0.729

Table 4. Results from univariate ANOVAs of the effect of
region (Estremadura, Cascais and Arrábida) on trace element concentrations in larval shells of Mytilus galloprovincialis. Only trace elements that entered the linear discriminant function model were included in this analysis. Bold
values indicate significant effects at the 5% significance
level. Post hoc pairwise com-parisons using Tukey’s tests
are shown in Fig. 3
Source of
variation
208
Pb:43Ca
Region
Error
Total
66
Zn:43Ca
Region
Error
Total
238
U:43Ca
Region
Error
Total
140
Ce:43Ca
Region
Error
Total
11 43
B: Ca
Region
Error
Total
31 43
P: Ca
Region
Error
Total
59
Co:43Ca
Region
Error
Total
63
Cu:43Ca
Region
Error
Total

df

SS

MS

Fs

p

2
60
62

5.513
6.250
11.763

2.756
0.104

24.463

0.00001

2
60
62

4.319
11.267
15.586

2.160
0.188

11.501 0.000059

2
60
62

1.922
5.252
7.175

10.980
0.104

0.961

0.000086

2
60
62

1.244
9.622
10.866

0.622
0.160

3.878

0.026065

2
60
62

0.161
2.056
2.216

0.080
0.034

2.343

0.105

2
60
62

0.241
4.612
4.883

0.136
0.077

1.766

0.180

2
60
62

0.216
6.096
6.312

0.108
0.102

1.062

0.352

2
60
62

0.380
10.732
11.111

0.190
0.179

1.062

0.352

Gomes et al.: Connectivity among Marine Protected Areas

167

Fig. 3. Ratios to calcium for the 8 elements used to discriminate larval shells of M. galloprovincialis from the regions
Estremadura, Cascais and Arrábida. Bars represent regional means ±1 SE. Different letters above bars indicate significant
(p < 0.05) differences according to Tukey’s post hoc tests
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Establishment of natal origin
of juveniles
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Predicted natal origin of mussels (%)

A total of 128 recent settlers of M. galloprovincialis were collected in the Estremadura region at 8 sites (mean ± 1 SEM
length, 462.7 ± 31.18 µm), 30 in Cascais at
2 sites (833.3 ± 172.35 µm), and 43 individuals in Arrábida at 3 sites (549.57 ±
30.37 µm). The collection occurred approximately 42 d after the incubation
period. The small size of the individuals
assembled (534.23 ± 49.01 µm) indicates
that settlement had occurred in the preceding 2−3 wk. With a larval duration of
approximately 3−4 wk for this species, at
the temperatures recorded during the
study, the larval incubation period matches
the early stages of planktonic larval devel- Fig. 4. Canonical score plot of the individual recruits according to the disopment for these recruits. Out of 201 juve- criminant analysis based on larval shell elemental signature. Symbols indicate sampling regions for recruits. Lines represent average larval scores
nile mussels, 81 (40.3%) were classified as (centroid) and extent (maximum and minimum values) for each region,
of unknown origin (probability of group following the shade code: light grey, dark grey and black for Arrábida, Casmembership < 0.90), most of them col- cais and Estremadura, respectively. Recruits that fell under the 90%
confidence interval for assignment are not shown
lected from Estremadura (72.8%). When
‘relaxing’ our criteria for successful recruit
100
assignment based on the posterior probabilities in
Estremadura
Cascais
the DFA, the overall percentage of individuals from
Arrábida
Unknown
‘unknown origin’ drops from 40.3% (< 0.90) to 24.4%
(< 0.75) and to 5% (< 0.5). In all 3 scenarios, however,
80
the general pattern in larval dispersal distance and
direction remains the same. For this reason, and
because we want to account for the inherent uncer60
tainty in the atlas of natal signatures, we have presented the most conservative approach in larval
assignment and discuss the likely origins of unknown
40
individuals based on local oceanographic and topographic characteristics. Within a region, the natal
origin of the recruits collected was variable, with
20
recruits in the Estremadura region showing the
greatest diversity in terms of natal sources (Fig. 4),
suggesting high heterogeneity in the local hydrodynamics. Recruits collected in the bays of Cascais and
0
Arrábida primarily fall under the domain of Arrábida
natal signature, accentuating the high self-recruitment within this bay, high larval export from Arrábida and no self-recruitment within Cascais Bay for
Estremadura
Cascais
Arrábida
this period.
Juvenile
collection
site
We found evidence for mussels in Estremadura to
Fig. 5. Predicted natal origins of juvenile mussels. The x-axis
have originated from Arrábida, with recruits collected
represents collection sites of juvenile mussels (early setas far north as Baleal and Berlengas estimated to have
tlers), grouped by main regions, and the shading of the bars
dispersed more than 100 km north (Fig. 5). Some resymbolize predicted natal origins determined using regional
cruits collected in Estremadura originated from Caslarval shell DFA functions as a training set. Sites are organized from north (left) to south (right). See Fig. 1 for a site map
cais (9%), but self-recruitment was also detected
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within the region (19% of juveniles collected in the
Estremadura region originated in that region) (Fig. 6).
Cascais showed no self-recruitment and appeared to
be the region that contributed the least in terms of larval export to other regions. Interestingly, 70% of all
recruits collected in Cascais came from Arrábida Bay
(which is an MPA). The Arrábida MPA showed the
greatest contribution as a source population, and high
levels of self-recruitment (58%), with only few recruits originating from Cascais (5%) and none from
the most northern region, Estremadura (Fig. 6). Natal
origins of recruits in the Berlengas MPA were the most
diverse, with little connectivity to the Arrábida MPA.
In terms of dispersal direction, 55.4% of the reassigned recruits originated from southern natal sources,
and only 4.1% were supplied from northern locations,
which clearly indicates a northward dispersion pattern
(Fig. 7). Regarding distances, most of the recruits analyzed here were estimated to have dispersed less than
50 km away from their natal source, with maximum
dispersal ranges of about 120 km.
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Fig. 7. Predicted dispersal direction and distance from natal
source (Estremadura, Cascais, Arrábida; km) of successfully
assigned Mytilus galloprovincialis recruits (n = 121), from
mid-June to mid-July 2013. N, number of recruits. Selfrecruits are individuals estimated to have settled into the
same region where spawning took place

Environmental data
The daily UI series (Fig. 8) from June and July 2013
at Cabo da Roca showed a strong upwelling event
from 15 June until 3 July, followed by an extensive
relaxation period which lasted until 24 July. This long
relaxation period (3 wk) is unusual for this season,
which is typically characterized by prevailing northerly
winds (Relvas et al. 2007). An abrupt SST warming
took place immediately after the upwelling maximum on 23 June, rising from average values oscillating around 14.5°C on 21 June to average values of
18.8°C on 11 July, and stayed high until the end of
July. Daily chl-a concentrations increased from
around 2 mg m−3 before the upwelling event to between 6 and 8 mg m−3 immediately after the upwelling maximum, stayed high during the event and
decreased again to around 2 mg m−3 during the relaxation event. These temporal patterns are consistent with a northward advection of a warm water
mass starting around 25 June, approximately 15 d
after the larval incubation trial, which continued until
the sampling of the recruits from 23 to 25 July.

DISCUSSION
Fig. 6. Predicted dispersal pathways of Mytilus galloprovincialis larvae among the 3 regions along the central west
coast of Portugal, from mid-June to mid-July 2013. Color
and width of arrows represent the natal origin and percentage, respectively of recruits that originated from the region
at the base of the arrow. White arrows indicate unknown origin. Bar graphs 1, 2 and 3 correspond to the number of juveniles collected (N, by region) and predicted natal origins (by
region), for Estremadura, Cascais and Arrábida, respectively

Larval shell geochemical signatures
In this study, we provide further evidence that the
geochemical composition of Mytilus galloprovincialis
larval shells can provide valuable information in the
form of environmental and natal markers which are
crucial in tracking larval dispersal pathways. M. gal-
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loprovincialis larvae reared at different sites
along the central Portuguese west coast showed
distinctive trace elemental signatures at the
regional level, discriminating between the open
coast and 2 large embayments exposed to industrialized estuaries. Distinctive elemental signatures in the biogenic carbonate from invertebrate larvae between open coast and bay
habitats have been described previously
(Becker et al. 2005, Carson 2010, Fodrie et al.
2011). Trace element incorporation in biominerals can be influenced by a variety of factors,
such as elemental concentrations in local seawater, and seawater temperature, salinity and pH
(Campana 1999, Chittaro et al. 2006, Levin
2006). During the incubation experiment, however, SSTs and salinities from all sites were very
similar across the studied area (temperature
ranged from 14.75 to 15.81°C, and salinity varied between 35.93 and 36.09). Although the
incorporation mechanisms involved in the sitespecific trace elemental composition in larval
calcified structures are still uncertain for most
elements, this knowledge is not required to successfully apply the technique for tracking natal
origins (Gillanders 2002, Zacherl 2005, Becker
et al. 2007, Carson 2010, Cook et al. 2014). In our
study, zinc (Zn), lead (Pb) and uranium (U) concentrations on mytilid larval shells were the
main variables responsible for discriminating regional signatures. These elements are amongst
the group of useful elements (Mg, Cr, Mn, Co,
Cu, Zn, Sr, Cs, Ba, Pb and U) reviewed by Carson et al. (2013) in southern California in which
the variation in the environment is usually
reflected in teleost fish otoliths, bivalve shells
and crustacean larvae. Both estuaries in our
study area (the Tagus and the Sado) have been
extensively documented as having increased
anthropogenic trace metal concentrations (from
urban wastewater, agricultural runoff and industrial effluents) in adjacent waters, suspended
particulate matter, surface sediments and sediment cores (Caeiro et al. 2005, Costa et al. 2011,
Santos-Echeandía et al. 2012). Our results

Fig. 8. Daily time series of (A) the upwelling index (UI)
estimated for Cabo de Roca, (B) sea surface temperature
(SST; °C) and (C) chlorophyll a concentration averaged
separately for each region, during June and July 2013.
In (A), negative values indicate downwelling. Larval incubation and recruit sampling periods are indicated by
vertical dashed and solid lines, respectively

Gomes et al.: Connectivity among Marine Protected Areas

showed that larvae reared inside Cascais Bay had
higher concentrations of Zn in the shell. This is consistent with high trace metal concentrations in the
surface waters and sediments in the Tagus Estuary
due to the effluents from chemical, steelwork and
shipbuilding industries (Cotté-Krief et al. 2000).
Arrábida Bay larval shells contained the highest concentrations of Pb. Richter et al. (2009) also found
anthropogenic Pb stable isotope signatures in sediment cores of the Setúbal-Lisbon canyons system,
consistent with fly ash inputs from waste incinerators, and an efficient transfer from the river discharge
to the adjacent shelf. Pb has been reported as an
effective marker in mussel shells in relation to polluted bays (San Diego Bay; Becker et al. 2005). Pb
incorporation in the shell is frequently well correlated with water Pb concentration (Carson et al. 2010,
Fodrie et al. 2011), and it is one of the elements
showing less temporal variability in the open coast
(Fodrie et al. 2011).
Along the exposed coast of Estremadura, larval
shells showed significantly higher concentrations of
U. Recently, the incorporation of U in biogenically
precipitated carbonates has received some attention
as a potential acidification geochemical proxy in
foraminifera, corals and mollusk larval shells (reviewed in Levin et al. 2015). To probe for a geochemical proxy that reflects pH exposure in mussel larval
shells, Frieder et al. (2014) cultured M. galloprovincialis in the laboratory across a range in pH and temperature, and confirmed that U/Ca incorporation
reflected mean pH conditions in the water, following
a strong negative correlation, regardless of larval
shell size, oxygen concentration or temperature.
Additionally, the authors successfully applied that
proxy to larvae reared along a spatial gradient in
upwelling in southern California, detecting higher
U/Ca ratios in larval shells reared in colder, low
pH waters. Similarly, in the exposed Estremadura
region, CO2-enriched and low-pH upwelled waters
might explain the higher U/Ca when compared with
the contiguous and more protected bays of Cascais
and Arrábida. However, we were unable to find pH
values for this region and period to test for this
hypothesis.
Although we found spatially distinct multi-elemental
signatures, we do not know whether the signatures
are temporally stable. However, studies have suggested that trace element compositions within newly
recruited bivalve shells (Becker et al. 2005) and larval shells (Cathey et al. 2014) can be relatively stable
over weekly to monthly time scales. Even when signatures are temporally variable, spatial discrimination
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using bivalve shell chemistry is still often possible
(Fodrie et al. 2011, Carson et al. 2013). The elements
responsible for regional discrimination in this study
are likely associated with consistent environmental
differences among locations (i.e. strong upwelling
exposed coasts versus bays influenced by urbanized
estuaries). Nonetheless, the complexity of the shoreline, variable ocean circulation and dynamic nature
of atmospheric and hydrologic pollution inputs
actively influence and modify seawater geochemistry
in coastal and estuarine systems (Swearer et al. 2003,
Thorrold et al. 2007, Miller et al. 2013). Also, more
studies are needed to fully understand how the material and environment inside artificial incubators can
indeed interfere with the element uptake into the
larval shell carbonate matrix. The potentially different elemental signature of incubator versus wild
shells could hinder the recruit’s assignment to natal
origins. Further work should consider the use of
diverse incubators, of different sizes and materials,
and different larval densities and parenting pools, in
order to improve in situ rearing settings and to
advance our understanding of the formation of geochemical signatures under ‘caging conditions’. Nevertheless, we are confident that our results from the
larval housing units were able to record regional
variation in source signatures between the open
coast and 2 urbanized bays, where the environmental factors have prevailed over any regional maternal
effects, and any effect due to leaching of elements
from the incubators. This work represents a momentary and potentially transitory atlas of chemical fingerprints; a ‘snapshot’ of the local physical, chemical
and oceanographic characteristics between June and
July 2013.

Dispersal pathways versus local oceanography
When we assigned early mussel settlers to source
populations across 120 km of coastline along the central west coast of Portugal, we were able to quantify
natal origin and dispersal trajectory for 59.7% of the
collected settlers. Within a region, the natal origin of
the recruits collected was variable, mainly for the
northern Estremadura region, where the number of
‘unknown origins’ was also greater, which might
suggest high heterogeneity in the local hydrodynamics in this open coastal setting. There were, however,
2 major sources of uncertainty included in the model:
recruits that originated from outside of our study
region (even though our sampling was delimited by
long, sandy shorelines, an unsuitable habitat for
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mussels) and recruits that originated from within our
study region, but where the signature from the
source location was less consistent. For these reasons, we followed a conservative approach and only
assumed successful recruit assignment when the
probability (posterior probabilities in DFA) was > 0.9.
Bivalves have been described as potentially longdistance dispersers, with estimated dispersal distances reaching to hundreds of kilometers (Bayne
1976). McQuaid & Phillips (2000) calculated that the
majority of recruits of M. galloprovincialis in South
Africa settled < 5 km from the parent population. Previous studies using genetics (Kinlan & Gaines 2003),
genetics and physical oceanography (Gilg & Hilbish
2003), trace elemental fingerprinting (Becker et al.
2007) and spatial geostatistical analysis (Smith et al.
2009) have also documented moderate dispersal distances (20−40 km) among open coast mussel populations. López-Duarte et al. (2012) also reported alongshore dispersal distances of approximately 35 km for
Mytilus californianus and 37 km for M. galloprovincialis between generalized regions of origin and
destination, in southern California. Accordingly, and
even though the present study revealed larval exchange among regions separated by more than 100 km,
for most of the recruits analyzed the dispersal distance was estimated to be less than 50 km away from
the natal source. However, the dispersal range analysis was constrained by the regional resolution of the
natal signatures because geographical distances
within and amongst natal regions diverge. Nevertheless, this illustrates how far larvae can disperse under
the local upwelling/relaxation events.
In terms of dispersal direction, we observed an
overall northward dispersal. The Estremadura region,
which is much larger than the other 2 regions and
has the most adult mussel habitat, contributed only
1.5% to other regions. This northward overall dispersal direction was unexpected because spring and
summer periods are characterized by upwelling favorable winds, resulting in southward ocean surface circulation over most of the shelf (as reviewed by Relvas
et al. 2007). However, wind-stress reversals and upwelling relaxation events are common along the west
Iberian coast at short temporal scales (days), affecting nearshore circulation (Relvas & Barton 2005,
Oliveira et al. 2009). Upwelling relaxation events are
well described along the eastern boundary of upwelling systems. These events, where the wind forces
relax after a coastal upwelling event, have been
associated with an increase in nearshore along-shelf
poleward flow reversals in California (Melton et al.
2009, Send & Nam 2012) and Chile (Narváez et al.

2006). The UI, recorded in the region during June−
July 2013, revealed the presence of an upwelling
event followed by an extended upwelling relaxation
period, with a sharp increase in SST and a decrease
in chl-a concentration. Thus, it is possible that the
newly formed mussel larvae were initially pulled
southward (as a results of the upwelling event), but
were then transported northward along the coast in
July. Based on a multi-year observational study,
Sordo et al. (2001) reported that, upon cessation of
upwelling events, a northward flow progressed
inshore along the Western Iberian northern margin,
causing a narrow band of warm water against the
coast. Also, Oliveira et al. (2009), using satellite
images and numerical simulations of SST and chl-a,
reported a rapid onset of coastal counter currents
along the inshore zone during upwelling relaxation,
with northward flow of oligotrophic waters from
Arrábida Bay and occupying part of Cascais Bay.
Accordingly, 70% of the recruits we collected in Cascais were supplied by the Arrábida MPA. We found
no evidence for self-recruitment in Cascais Bay. The
hydrodynamics in this bay are strongly influenced by
the Tagus Estuary, one of the largest in Europe,
whose plume can be advected offshore during upwelling favorable winds, and pushed back northward along the Estremadura coast during relaxation
periods (Vaz et al. 2009).

Implications for management and future directions
Quantifying connectivity among coastal populations and identifying critical habitats to the replenishment of adult populations is crucial for assessing
current spatial management approaches and setting
the scale for future integrated management plans.
Different methods to derive connectivity estimates
differ in their specific objectives and/or temporal resolution, varying from integrative to snapshot assessments. Long-term modeling studies have shown that
larval connectivity is inherently a stochastic process
varying as a function of different biological and physical processes (Siegel et al. 2008). Although the present study derived connectivity estimates from a snapshot approach, such empirically derived metrics are
crucial to validate the predictions of coastal connectivity and resource dynamics from larger-scale modeling efforts (Werner et al. 2007).
The Arrábida MPA management plan approved in
2005 imposed prohibition of trawling, dredging and
bivalve harvesting, to preserve its role as a nursery
for many marine species contributing to the sustain-
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ability of the local fishing resources (Cunha et al.
2014). Our results showed that this MPA was the
main source population supplying larvae to the other
2 regions, even though connectivity with Berlengas
MPA was very limited. The Arrábida MPA also contributed 70% of the recruits collected in Cascais and
revealed 58% of self-recruitment within its bay, suggesting that it may be a retention zone for locally
spawned larvae. Other studies in the Arrábida MPA
have also shown that fish larvae (namely reef-associated species belonging to the families Gobiidae,
Tripterygiidae, Labridae and Sparidae) can complete
their entire planktonic phase in the vicinity of the
adult habitats (Borges et al. 2007). Interestingly, a
study of the gene flow of Perna perna in South Africa
(Nicastro et al. 2008) showed that coastal topography
strongly affected larval dispersal and population
genetic structure, with bays acting as source populations. However, different reproductive seasons (spring
and fall) along with changes in upwelling intensity
might result in different dispersal trajectories for
mytilid species (Carson et al. 2010).
Self-recruitment and connectivity via larval dispersal have been documented by several authors in the
assessment of MPAs: using hydrodynamic (Roberts
1997), biophysical (Cowen et al. 2006) and spatial
metapopulation models (White et al. 2010), genetics
(Palumbi 2004), dispersal distances (Shanks et al.
2003), parental analysis (Planes et al. 2009) and,
more recently, elemental fingerprinting (Di Franco et
al. 2012, Cook et al. 2014). Here, we provide evidence for high self-recruitment within the Arrábida
MPA for mytilid larvae but limited connectivity with
the Berlengas MPA during an upwelling relaxation
event. Our results give further emphasis on the need
to incorporate dispersal pathways and variability in
the local oceanographic setting when developing
management plans regarding MPA placement and
size.
Recently, Burgess et al. (2014) underlined the significance of local retention (the fraction of offspring
produced by a population that also recruits into
that population) rather than self-recruitment for the
dynamics and persistence of spatially structured populations within MPA networks. In this sense, larval
dispersal patterns require knowledge of larval production rates to more accurately evaluate population
dynamics and metapopulation persistence. Our next
goal is to integrate and combine our results with
numerical models of ocean circulation and population dynamic models, in order to have a more complete picture of what drives mytilid population
dynamics and persistence in and around a network of
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MPAs, over larger temporal and spatial scales. Such
direct measures of demographic connectivity can be
a powerful tool for field practitioners and policy makers in refining monitoring programs and reassessing
the configuration of current reserves to deal with the
contemporary issue of MPA network ecological coherence along complex topographic and oceanographic coastlines.
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