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Marine larval dispersal is a complex biophysical process that depends on the effects of species biology
and oceanography, leading to logistical difficulties in estimating connectivity among populations

of marine animals with biphasic life cycles. To address this challenge, the application of multiple
methodological approaches has been advocated, in order to increase confidence in estimates of
population connectivity. However, studies seldom account for sources of uncertainty associated with
each method, which undermines a direct comparative approach. In the present study we explicitly
account for the statistical uncertainty in observed connectivity matrices derived from elemental
chemistry of larval mussel shells, and compare these to predictions from a biophysical model of
dispersal. To do this we manipulate the observed connectivity matrix by applying different confidence
levels to the assignment of recruits to source populations, while concurrently modelling the intrinsic
misclassification rate of larvae to known sources. We demonstrate that the correlation between

the observed and modelled matrices increases as the number of observed recruits classified as
unknowns approximates the observed larval misclassification rate. Using this approach, we show that
unprecedented levels of concordance in connectivity estimates (r=0.96) can be achieved, and at spatial
scales (20-40 km) that are ecologically relevant.

The majority of marine macroinvertebrates and fishes have a biphasic life cycle comprised of relatively seden-
tary benthic adults and potentially dispersive pelagic larvae. Benthic populations of these species exhibit some
degree of connectedness, with the consequence that local recruitment may be decoupled from local larval pro-
duction. This creates challenges for identifying the drivers of population replenishment and persistence, which
are fundamental to our understanding of gene flow, adaptation and evolution in the sea', and for proper fisheries
management and biodiversity conservation*®. Additionally, variability in ocean circulation on the time frame of
larval life* and the lack of knowledge on biological parameters that interact with the circulation and other charac-
teristics of the physical-chemical environment mean that predictions on the extent and direction of marine larval
dispersal cannot be derived from first principles. Because of this limitation, available reviews and syntheses®-1°
advocate the use of multiple methods in order to increase confidence in empirical estimates of larval dispersal
and population connectivity.

A variety of approaches have been applied to identify the origins and the destinations of pelagic marine lar-
vae (ref.>®%11-14 and literature therein), which fall into four main groups: visual tracking of marine larvae, arti-
ficial tags, natural tags, and numerical biophysical modelling. Visual tracking of individual larvae is the only
direct method available, but can only be applied to large larvae with short Pelagic Larval Durations (PLDs) and
thus has limited applicability. The remaining techniques have been extensively used, although many lack general
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applicability because they are dependent on particular life-history traits, physiology or anatomy of the target
taxon or species. All techniques have intrinsic uncertainties that depend on type of markers, analytical procedures
and statistical methodology. A matter of concern is how these internal uncertainties affect the comparison among
dispersal estimates when multiple methods are used.

A literature review based on 507 research articles published since 1990 (see additional information in
Supplementary Information 1-Literature review for definitions, a classification of methodologies and references)
indicates that 41 studies'>~>> have used at least two methodologies to estimate marine larval dispersal and connec-
tivity matrices. The two most common approaches have been to use genetic markers and a numerical biophys-
ical model, or the micro-chemistry of hard parts and a numerical biophysical model, but genetic markers and
micro-chemistry, and combinations of genetic markers or micro-chemistry with current measurements, have
also been employed. The review indicates that the degree of convergence between the different methods is widely
taken as a measure of the trust that is put on the final solution: the more convergent the different methods, the
higher the confidence on the description of the dispersal process. The majority of these assessments were qualita-
tive, expressed as verbal descriptions of the patterns of dispersal that were obtained, with particular emphasis on
the spatial coincidence of observed or predicted barriers to dispersal. A variety of methods were employed to pro-
duce semi-quantitative assessments (different approaches tested separately for significance, followed by numerical
comparison of the test statistics) and quantitative assessments (a test statistics of the fit between the dispersal
estimated by the different approaches was calculated and assessed), depending on the type of dispersal metrics
that was employed: assessments of proportional variability explained by separate observed and predicted genetic
isolation-by-distance® or by separate isolation-by-geographic distance and isolation-by-oceanographic distance
regressions’»*>*¢, Mantel tests between observed and/or predicted distance matrices'3**44854 ]og Bayes factors
analysis that the predicted genetic structure fits the observed genetic structure”, sums of squared differences
between predicted and observed allele frequencies®, multiple regression of genetic distance on oceanographic
distance and environmental variables?®, MANOVA of elemental ratios of individuals assigned to groups based on
parentage?*, and correlation between connectivity matrices®.

An important consideration on the use of empirical methods or models to infer dispersal and population con-
nectivity is the confidence on the assignment to the population of origin. The empirical methods used by previous
studies assign larvae or recruits to putative parental populations on a probabilistic fashion (based on assumptions
of probability distributions of alleles or elements, number and size of populations, and other demographic pro-
cesses), and have intrinsic uncertainties®’. Three studies that did estimate a connectivity matrix based on genetics
or elemental fingerprinting did explicitly incorporate this uncertainty into the decision of allocating larvae or
recruits to parental populations, by specifying a posterior probability threshold for correct assignment (from
0.70 to 0.95°*70), while five studies simply allocated larvae or recruits to a given population when the posterior
probability of pertaining to this population was higher than that of pertaining to any other population!>1%30:4452,
Numerical biophysical models also have intrinsic uncertainties associated with different biological and ocean-
ographic causes'>!*. Typically, the studies reviewed here provided some kind of temporal integration or used
multiple runs with different environmental forcings, in order to smooth seasonal and inter-annual variability in
currents. None of the studies provided information on sensitivity of the model to parameterization of sub-grid
processes, nesting or resolution, although several of the studies were based on oceanographic models that have
been extensively tested elsewhere (e. g.1”2631:343539) Most studies assumed fixed values for biological parameters,
based on literature data, although a few used different biological scenarios in separate runs of the model.

Advancements on the merging of independent approaches to describe dispersal patterns have been to use con-
nectivity matrices derived from biophysical models into population genetic models, in order to predict genetic
structure. If the predicted genetic structure matches the observed structure, a case is made that migration medi-
ated by oceanographic patterns of propagule transport influences gene flow. These studies used a derivation of the
Bodmer & Cavalli-Sforza®® matrix model of migration to predict equilibrium allele frequencies after a variable
number of generations?®*14054%, or used modelled pairwise migration probabilities to inform a population model
predicting allele frequencies at equilibrium!7>>,

Most studies reviewed above used numerical biophysical models to obtain independent estimates of dispersal
that could either be compared to empirical estimates, or that could feed population genetic models. None of the
studies presented the models in a framework of model validation against observations, nor were they concerned
with the uncertainty inherent to the empirical measurements of connectivity when comparing predictions of the
models to empirical observations®”. Only three studies explicitly accounted for uncertainty into the decision of
allocating larvae or recruits to parental populations®***”*, and only*? attempted a formal quantitative comparison
between model predictions and observations. This uncertainty can be very large and probably depends on the
number of populations. In*?, which included 13 populations, 68% (262 in 382) individuals were discarded by
applying a threshold level for correct assignment of 80%. In*’, which considered only two populations, slightly
less than 20% of the individuals were classified as unknowns, for a 0.95 probability of correct allocation.

Our review of the literature indicates that many of the studies did not use stringent rules to assign dispersers
to their natal populations based on their probabilities of correct assignment, and when they did they did not
investigate why these probabilities might vary, nor how the confidence level used would affect comparison among
estimates. Thus, there is a clear need to explicitly address the challenges of comparing dispersal estimates across
methods while addressing the issue of uncertainty in order to i) reduce this uncertainty wherever possible and ii)
demonstrate that the convergent solution provides a robust estimate of the connectivity matrix.

In the present paper we addressed this issue in the Mediterranean mussel, Mytilus galloprovincialis Lamarck,
using elemental fingerprinting and a numerical biophysical model. Our geographical domain is the west coast
of the Iberian Peninsula. To do so we manipulated the observed (empirically-derived) connectivity matrix by
applying different confidence levels to the assignment of recruits to the source populations. Recruits that failed
to pass the prescribed confidence level were assigned to an unknown category. We manipulated the modelled
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Figure 1. Map of larval incubation stations and juvenile sampling sites. Estremadura North: Berlengas, Peniche

and Foz do Arelho. Estremadura South: Porto Novo, Samarra and Praia das Magas. Cascais Bay: Cabo Raso and
Bafureira. Arrabida Bay: Cabo Espichel, Cova da Mijona and Alpertuche. For better visualization purposes, moorings
in the map are illustrated more offshore than in the field (deployed at a depth of 15 to 20 m). Adapted from®".

connectivity matrix by using different population and larval biology scenarios. Moreover, we simulated the intrin-
sic variability of the geochemical signal by classifying modelled recruits as unknowns in a proportion equivalent
to the misclassification rate of the larvae to their own sources, which is a measure of the inherent variability of the
elemental profile. A second source of uncertainty was addressed by also classifying as unknowns the modelled
recruits that originated outside the region for which elemental data was available. We demonstrate that the degree
of convergence between the observed and modelled matrices increased as the proportion of recruits classified as
unknowns approached the modelled proportion of unknowns, and that the increase in convergence is signifi-
cantly different from that obtained with a random classification of recruits into an unknown origin.

Methods

Elemental fingerprinting and the generation of observed connectivity matrices. The methodol-
ogy used to obtain an atlas of geochemical natal signatures and for establishing the natal origin of the recruits is
described in®". In brief, this methodology consisted of growing early laboratory-produced mussel embryos for 6
days inside incubators deployed in the field until a larval shell had clearly developed (70 to 140 um shell length).
Incubators were deployed at approximately 20 km intervals along the central coast of Portugal (Fig. 1), which is
characterized by extensive rocky shores and is delimited by long stretches of almost continuous sandy shores to
the north (150km) and south (50 km). Six weeks after the start of the incubations, mussel juveniles were collected
from rocky shores adjacent to each incubation site. Given the expected larval and juvenile growth rates at the tem-
perature recorded during the study period (June-July of 2013), the time window of larval incubation should coin-
cide with the period when the sampled recruits were produced. Larval shells and the larval portion of the recruits’
shells were then subjected to LA-ICPMS analysis using standard protocols (see®! for detailed methodology).

A jack-knifed linear Discriminant Function Analysis (DFA) of element-to-calcium ratios applied to the larval
data produced a relatively low reclassification success at the site level (43.7% of cross-validated cases correctly
classified), but a better discrimination at the region level (79.5%) when considering three regions: Estremadura
(sites Berlengas, Peniche and Foz do Arelho, Porto Novo, Samarra and Praia das Magas), Cascais Bay (sites
Cabo Raso, Bafureira) and Arrabida Bay (sites Cabo Espichel, Cova da Mijona, Alpertuche). An intermediate
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reclassification success (68.3%) was obtained when considering four regions, by splitting the large Estremadura
region into two: Estremadura North (Berlengas, Peniche and Foz do Arelho) and Estremadura South (Porto
Novo, Samarra and praia das Magis). A Monte-Carlo cross-validation technique®? indicated that randomly dis-
carding up to 80% of the larvae did not have significant effects on the misclassification error relative to the full
data set, confirming the capability to detect distinctive signatures for each region and sufficient sampling effort to
account for variability within each region®.

The discriminant functions trained with the larval data were then used to assign recruits to natal origins, at
the regional level, and to generate a series of observed connectivity matrices that differed depending on the con-
fidence level applied during the assignment procedure. DFA assigns objects to previously defined groups based
on the multivariate probability distribution of the dependent variables across objects within each group®’. DFA
calculates the posterior probabilities of each object belonging to each group and assigns an object to a specific
group if the probability of pertaining to that group is higher than the probability of pertaining to the remaining
groups, independently of the magnitude of probability differences. In the present case this introduces a source
of uncertainty associated with the inter-individual variability of the elemental profile, which may result in incor-
rectly assigned recruits (Type 2 recruits; see below). Additionally, when assigning objects to groups DFA assumes
that all objects belong to one of the a priori defined groups, and to none other. Our data set presumably violates
this assumption because there is the possibility that recruits could have originated from outside the sampled
region (Type 3 recruits; see below), although this should be minimized by the isolation of the sampled region by
long stretches of coastline devoid of mussels. In order to account for these inherent types of uncertainty we used
different confidence levels during the assignment procedure (Assignment Probability Thresholds, APT), based
on the posterior probability thresholds of originating from the different populations: better-than-the-rest (none
of the recruits classified as of unknown origin; recruits assigned to the population to which they have the better
probability of belonging), 0.50, 0.75, 0.90, 0.95 and 0.99 (Table 1). These APT cover the range of confidence levels
used in most practical applications and allowed us to test the sensitivity of the compliance between observed and
modelled connectivity matrices to the confidence level used for generating the observed connectivity matrix.

Biophysical numerical model and the generation of modelled connectivity matrices. The bio-
physical numerical model included two components: a nested oceanographic model based on the Regional Ocean
Modelling System (ROMS), which produced velocity and temperature fields at 1h intervals; and a biological
model, implemented through a Lagrangian offline model that simulated the spatial and temporal distribution
of mussel spawning, larval vertical migration behaviour, temperature-dependent planktonic larval duration and
larval trajectories, based on the stored ROMS velocity and temperature fields interpolated at 300 s intervals. The
nested model included a large domain extending from 12.5°W to 5.5°W and 34.4°N to 45.5°N (resolution of
1/27°; 60 vertical levels), which was used to provide boundary conditions to a medium domain corresponding
to the West Iberian Margin (WIM; Cape St Vincent at 37°N to Cape Finisterre at 43°N, and from 11.5°W to the
WIM coast at 8.5°W; resolution 1/60°; 45 levels). The medium domain was the target domain used for the dis-
persal simulations and was connected by two-way nesting to a small domain (from Figueira da Foz at 40.2°N to
Sines at 37.8°N, extending to 10.5°W; resolution 1/180°, 45 levels), which encompassed the main region where
natal and recruit signatures were collected (Fig. 1). A number of larvae proportional to the mussel biomass at
each segment of the coast® and to seasonal spawning activity®® was released adjacent to each rocky shore cell of
the model and allowed to grow at a rate dependent on the thermal history predicted by ROMS, until a competent
phase was reached®®®’. If a larva found a rocky shore cell during the competent phase it was allowed to recruit;
otherwise it would die. Because numerical models poorly resolve the coastal boundary layer where non-linear
processes predominate®, a coastal buffer strip of 3 cells along the rocky shore was used as a settlement habitat.
A more complete account of the biophysical model, environmental forcing and validation information based
on30L65-67.69-92 cap be found in the Supplementary Information 2-Biophysical model.

Accounting for uncertainty: recruit origin and the construction of observed and modelled con-
nectivity matrices. The Observed connectivity matrix refers to the geographical area for which natal and
recruit elemental fingerprints were collected. The biophysical model covers a wider region, with additional origin
and destination populations. Therefore, the Modelled connectivity matrix is larger than the Observed connectiv-
ity matrix. In the following description, whenever we refer to the core connectivity matrix(ces) we are referring to
the area from where elemental fingerprints were sampled.

When constructing the Observed connectivity matrix, the decision on the assignment of each recruit to a
particular population of origin depends on the confidence level we wish to put in the assignment, i. e., depends
on the selected posterior probability threshold of pertaining to that specific origin. With a higher confidence
level we increase the number of unassigned recruits. In each particular case the unassigned individual has one
of two possible origins: it may have originated within the core region but the elemental fingerprint of the origin
is not distinct enough to warrant a positive assignment to the source population (Type 2 recruits in Fig. 2); or it
may have originated from a population outside the core region (Type 3 recruits in Fig. 2). Type 2 recruits should
be part of the connectivity core matrix but have to be assigned to an unknown origin. Type 3 recruits are not
part of the core connectivity matrix because they originated outside the core region. They are also assigned to an
unknown origin, because the natal signature of the population of origin is unknown. Type 1 recruits are those that
are positively assigned to a specific origin population in the core matrix (see Fig. 2).

The Modelled, connectivity matrix is not affected by these sources of uncertainty because all recruits, irre-
spective of their origin and destination, can be “tracked back” by the model to their original populations (actually
they are tracked forward from origin to destination or death). We simulated the uncertainty in the observations
caused by the fact that the natal elemental signature is not distinctive enough to allow a positive assignment in
all cases. To do this we assigned an unknown origin to a number of recruits into the core region that originated
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Types of recruits or Scenarios Code
Types of recruits

Recruits originating within the core region that are positively assigned to a specific origin. Type 1
Recruits originaFe_d within the core region but of uncertain origin because of a natal signature not distinct enough Type 2
to warrant a positive assignment to a specific origin.

Recruits originated outside the core region and of unknown origin because of an unknown natal signature. Type 3
Spawning regimes

Continuous larval emission during each high tide until July 12. S1
Continuous larval emission_duri_ng each‘high tide until June 30; from that day on, discontinuous larval emission, s
skipping one of every two high tides until July 12.

anti.nuous larval emission d'urin.g each hi'gh tide until June 30; from that day on, discontinuous larval emission, 3
skipping two of every three high tides, until July 12.

Continuous larval emission during each high tide until July 1; from that day on, no more larvae were released. S4
Larval behaviours

Passive larvae. Pa
Ontogenetic migration from a depth around 5m until the pediveliger stage, followed by a migration to a depth Oom
around 12.5m.

Larvae dwelling in the bottom layer in shallow water and from 30 to 50 m in deeper water. Bl

Spatial arrangements

Origins: Estremadura, Cascais Bay and Arrébida Bay. Destinations: Estremadura, Cascais Bay and Arrdbida Bay. |3 x3

Origins: Estremadura, Cascais Bay and Arrabida Bay. Destinations: Estremadura North, Estremadura South,

Cascais Bay and Arrabida Bay. 3x4

Origins: Estremadura North, Estremadura South, Cascais Bay and Arrabida Bay. Destinations: Estremadura
North, Estremadura South, Cascais Bay and Arrabida Bay.

Assignment Probability Thresholds

4x4

None of the recruits classified as of unknown origin; recruits assigned to the population to which they have the

better probability of belonging. Better-than-the-rest

Recruits classified as of unknown origin if the highest posterior probability of assignment was lower than the

indicated value; otherwise, assigned to the population to which they have the better probability of belonging. 0.50,0.75,0.90,0.99

Table 1. Definitions and codes of types of recruits, spawning regimes, larval behaviours, matrix spatial
arrangements and assignment probability thresholds.

inside the core region, proportionally to the misclassification rate of the larvae. This forced some of the modelled
recruits into Type 2 (see Fig. 2). All modelled recruits originating outside the core region but recruiting here are
Type 3 recruits and not part of the connectivity matrix by definition (see Fig. 2). We also assigned these indi-
viduals to an unknown origin in order to simulate the lack of knowledge about their natal signature. Based on
the observed elemental fingerprints a few of them would falsely be assigned to an origin within the core region
because of an unclear natal fingerprint. This uncertainty cannot be simulated. We could predict the proportion
of the modelled recruits that should falsely be classified into the core region based on the misclassification rate
of the larvae (by assuming an average value of this rate for the whole area), but there is no way of predicting to
which population of the core region these recruits should be assigned to. We assume this source of uncertainty is
negligible because: i) the further away from the core area the likelier that the natal signatures differ from those of
the core area, reducing the probability of falsely assigning these recruits to an origin inside the core area; and ii)
there are long stretches of sandy shores to the north and south of the core area, effectively reducing the number
of Type 3 recruits.

Given the above, we generated a series of Observed connectivity matrices that differed (see below) in the
number of the partitions of the core region (3 different arrangements) and confidence level (6 levels). We also
generated a series of Modelled connectivity matrices that differed (see below) in spawning regime (4 regimes),
larval behaviour (3 behaviours) and partitioning of the core region (3 different arrangements). We corrected the
core Modelled matrix for Type 2 recruits by subtracting from the predicted recruits in each cell a number propor-
tional to the misclassification rate of the corresponding origin. Each row of the Modelled core matrix was there-
fore corrected by a different proportion. Modelled Type 2 and Type 3 recruits were included in an unknown row.
Observed recruits that failed to pass the confidence level threshold were also included in an unknown row. In the
above comparisons, Observed and Modelled matrices were standardized by dividing the number of recruits into
each destination by the total number of recruits that settled into that destination, i. ., by the sum of the respective
column. The rationale for this standardization is that the sampling of recruited individuals was constrained to an
approximately constant number of individuals in each location, and did not reflect the distribution of settlement
intensity among the sites. In contrast, the number of recruits predicted by the biophysical model did reflect the
distribution of settlement intensity, because it incorporates not only the pattern of connectivity, but also the total
number of larvae “hatched” in the model. That standardization allowed us to compare relative numbers of recruits
into each destination originating from the different origins in both matrices.

Accounting for uncertainty: mussel biology scenarios. In order to bracket the uncertainty regard-
ing larval production and behaviour, we considered 4 scenarios of spawning regime and 3 scenarios of larval
behaviour, and ran the biophysical model for all 12 combinations. The spawning regime scenarios attempted to
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Figure 2. Observed (A) and Modelled (B) connectivity matrices for the 3 by 3 subdivision of the core region.
The arrows illustrate the assignment of recruits into the populations of origin. Type 1 recruits (1): individuals
recruited into the core region that originate within the core region and are assigned to origins within the core
region. Type 2 recruits (2): individuals recruited into the core region that originate within the core region;
assignment in the Observed matrix is not possible because of a poorly defined natal fingerprint and they are
classified as unknowns; in the Modelled matrix they are classified as unknowns based on the probability of
incorrect self-assignment of the larvae. Type 3 recruits (3): individuals recruited into the core regions that
originate outside the core region; assignment in the Observed matrix is not possible because of an unregistered
natal fingerprint and they are also classified as unknowns; in the Modelled matrix they are classified as
unknowns to simulate the lack of knowledge about their natal signature.

simulate the reproductive exhaustion of individuals subsequent to the peak of gamete emission in spring/early
summer described for the Iberian Peninsula, as described by®>?. Thus, the different regimes (Table 1) included
constant larval spawning during high tide (mussels spawn only when submersed) along the entire rocky shore
coast proportionally to population density during spring and early summer, followed by a progressive decline in
larval emission towards the end of July, according to the following criteria: (S1) continuous larval emission during
each high tide until July 12; (S2) continuous larval emission during each high tide until June 30; from that day on,
discontinuous larval emission, skipping one of every two high tides until July 12; (S3) continuous larval emission
during each high tide until June 30; from that day on, discontinuous larval emission, skipping two of every three
high tides, until July 12; and (S4) Continuous larval emission during each high tide until July 1; from that day on,
no more larvae were released. The larval behaviour scenarios (Table 1) included: (Pa) completely passive larvae,
as implied by®!; (Om) an ontogenetic migration from a depth around 5 m until the pediveliger stage, followed by
a migration to a depth around 12.5m, according to studies suggesting larvae tend to migrate deeper in the water
column during development’”#% and (BI) larvae dwelling in the bottom layer in shallow water and from 30 to
50 m in deeper water; this unrealistic scenario was intended to provide a contrast to the other two scenarios.

Arrangement of the core matrix. We used 3 arrangements of the core connectivity matrix (Table 1) that
were derived from a priori considerations about the oceanography and geometry of the region (which includes
open coasts, capes, bays and coastal mountains), which can influence the probability of imprinting distinctive
natal signatures®®. The first was a 3 X 3 arrangement, with sampling sites for both origin and destination grouped
into Estremadura, Cascais Bay and Arrébida Bay. This arrangement is based on the expectation of a distinct sig-
nature in the bays, caused by the influence of the Tagus and Sado rivers, and of a homogeneous signature along
the more exposed Estremadura coast. In the second (3 x 4) and third (4 x 4) scenarios we kept the Cascais and
the Arrabida bay regions, but made a distinction between the Estremadura North and South sections, separated
by Cape Carvoeiro. This major cape induces strong and recurrent filament activities in response to upwelling
events, which affect local oceanography and decouple to some degree both sections of the coast®***. In the second
scenario we expect a common natal signature for the whole Estremadura coast, but distinct settlement zones
(Estremadura North and South) due to a two-cell circulation caused by the topographic influence of the cape.
The third scenario considers the Estremadura North and South partition for both emission and settlement zones,
based on the expectation of distinct natal signatures and circulation cells.
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Figure 3. Posterior probabilities of assignment of mussel recruits into three putative origins, based on linear
discriminant functions trained with larval shell elemental profiles.

Data availability. The original data consist of velocity, temperature and salinity fields predicted by the
numerical model, occupying a total of ~340 GB of data. A version of these data fields with lower temporal (1 day)
and spatial (~1/27°) resolution is publicly available through a THREDDS server at http://gmo.web.ua.pt/thredds/
catalog/LD/2013/catalog.html.

Results

Generation of observed and modelled connectivity matrices. The distributions of posterior proba-
bilities of mussel recruits pertaining to each of the putative origins differed markedly among regions, for both the
3-region (Fig. 3) and 4-region (Fig. 4) connectivity matrices. In both cases Arrdbida Bay was the most important
source, with either 62 (APT - 0.99) or 82 (APT - 0.90) recruits originating from this region, when considering 3
regions, and either 61 (APT - 0.99) or 83 (APT - 0.90) recruits originating from this region, when considering 4
regions. In contrast, the number of recruits with assignment probabilities <0.90 was very similar among regions
in the case of 3 regions (26, 26 and 25 for Arrabida, Cascais and Estremadura), but considerably more variable in
the case of 4 regions (28, 20, 5 and 46 for Arrabida, Cascais, Estremadura North and Estremadura South). Thus,
largely regardless of the method applied, Arrabida Bay was the main source of recruits to the different regions
during the period of the study (see also®!).

To compare connectivity matrices estimated by the two methods (geochemical fingerprint vs biophysi-
cal model), we based our analysis first on the Observed and Modelled connectivity matrices uncorrected for
unknowns, and then on matrices corrected for both Type 2 and Type 3 recruits (Table 2). We did this because the
elemental fingerprinting technique and the DFA cannot distinguish between the two sources of uncertainty, and
therefore comparisons based on each correction separately are uninformative. However, we provide the full set of
comparisons in the Supplementary Information 3-Matrix correlations.

From the set of comparisons without correcting for unknowns, the best correlations correspond to the 3 x 3
spatial grids, reaching correlation coeflicients over 0.90 for several scenarios of spawning and larval behaviour
(Table 2). However, when larvae were forced to dwell in the bottom layer (Bl) the correlations decreased dramati-
cally (to an average of 0.44 correlation). The 3 X 3 spatial grid scenarios that incorporated passive (Pa) or ontoge-
netic behaviours (Om), and simulated reproductive exhaustion (progressive decline in larval emission towards
the end of the study period, S3 and S4), produced high correlation coeflicients between the two matrices. This
was particularly true (average 0.93 correlation) when no larvae were released from July onwards (S4). Using spa-
tial grids with higher spatial resolution (3 x 4 and 4 x 4 matrixes) caused the correlations to drop progressively,
although they were still elevated (r > 0.70) in some scenarios. This reduction is related to a decrease in accuracy
of recruit assignment based on shell geochemistry, as the signatures are not distinct at this spatial resolution
(DFA reclassification success for the larvae in®!). In both 3 X 3 and 4 x 4 arrangements, recruits predicted by the
biophysical model to settle in the Estremadura (north and south) region showed the worst fit to the observations,
but the model was well fitted to describe natal origins for recruits which settle in the Arrabida Bay, and to a
lesser degree in the Cascais Bay (Supplementary Information 4-Matrix adjustment). When we changed the APT
(Table 2), we obtained a similar pattern for most combinations, where best model fits correspond to thresholds
around 0.75-0.95. The less restrictive scenario (APT better-than-the-rest and 0.50) showed the lowest correlation
between Observed and Modelled matrices, with the exception of the 4 X 4 core matrices scenarios. For APTs of
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Figure 4. Posterior probabilities of assignment of mussel recruits into four putative origins, based on linear
discriminant functions trained with larval shell elemental profiles.

0.75 to 0.99, correlations were quite similar for most of the scenarios, and maxima often fell around 0.90. That
seems to indicate that the model reproduces the observed data when we maintain a moderate to high threshold,
except for the 4 x 4 scenarios where the uncertainty of the geochemical data is higher.

If we now take into consideration the recruits of unknown origin (Type 2 and Type 3, i.e., all the ones that
failed to be successfully classified to one of the possible origins; Table 2) a different picture emerges. The con-
trasts between larval behaviours and spawning regimes still followed the same patterns as in the preceding case,
but now the effect of increasing spatial resolution differs. When we corrected for Type 2 and Type 3 (Table 2)
the correlations increased considerably in the higher spatial resolution scenarios. This effect is related to the
increase in the number of unknowns in the geochemical classification with increasing spatial resolution, resulting
in an improved fit between the observed and predicted recruits in the 4 x 4 grid, especially in the Estremadura
region (Supplementary Information 4-Matrix adjustment). It is interesting to note that the biophysical model
very accurately described natal origins for the Arrdbida recruits as well, followed by those that recruited into
Cascais. Again, we observed the same pattern as before, with higher correlations with APTs between 0.75 and
0.95 (Table 2).

Assessing the causes of convergence between observed and modelled connectivity matrices.
Independently of whether we consider only the core connectivity matrices, or the connectivity matrices with an
unknown row (origin), increasing the APTs increased matrix correlations up to a point between 0.75 and 0.95,
after which matrix correlations decreased again (Table 2). Given this pattern, we make two predictions. The first
prediction is that this effect is different from a random deletion of recruits from the Observed matrix. Increasing
the confidence level from the “better-than-the-rest” case is akin to removing outliers from the Observed matrix,
so we should expect that removing recruits at random would not result in an increased correlation. On the other
hand, by being too strict in the assignment of recruits we could be removing individuals from the Observed
matrix that are correctly classified, resulting in a decreased correlation. The second prediction is that the number
of excluded recruits that provides the best correlation should logically match the number of those with a poorly
defined elemental signature, plus those that originate from outside the core region. The first case reflects the
compounded effect of assigning recruits to an unknown origin based on the misclassification rate of the larvae
into their source population (i.e., the proportion of larvae incorrectly self-assigned in each region), which is a
measure of the inherent variability of the elemental signature. That number is the number of Type 2 recruits that
are assigned to the unknown row in the Modelled connectivity matrix. The second case is the number of Type 3
recruits.

We tested both predictions only for the core connectivity matrices, and for the connectivity matrices with an
unknown row composed of Type 2 and Type 3 recruits, for the combination of continuous larval emission during
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Partitioning of
the core region/
Confidence
level
combinations

Partitioning of
the core region/
Confidence
level
combinations

3x3%99 0.64 0.72 0.77 0.87 0.58 0.67 0.75 0.82 0.28 0.31 0.34 0.38
3%x3%95 0.77 0.84 0.88 0.94 0.71 0.79 0.86 0.90 0.41 0.44 0.47 0.51
3x3%90 0.77 0.84 0.88 0.94 0.72 0.80 0.86 091 0.41 0.44 0.47 0.50
3x3%75 0.80 0.86 0.90 0.96 0.74 0.82 0.88 0.92 0.45 0.49 0.52 0.55
3% 3% 50 0.79 0.85 0.89 0.94 0.72 0.80 0.87 0.91 0.41 0.44 0.47 0.51
3 x 3 Better 0.77 0.83 0.88 0.93 0.70 0.78 0.85 0.89 0.38 0.42 0.45 0.49
3 X 4% 99 0.41 0.48 0.53 0.63 0.40 0.49 0.56 0.61 0.15 0.17 0.19 0.22
3 x4% 95 0.61 0.67 0.71 0.79 0.59 0.67 0.73 0.78 0.33 0.36 0.38 0.41
3 x4% 90 0.62 0.69 0.72 0.80 0.60 0.68 0.75 0.79 0.34 0.37 0.39 0.41
3x4%75 0.62 0.68 0.72 0.79 0.61 0.69 0.74 0.77 0.37 0.39 0.42 0.44
3 x4% 50 0.59 0.65 0.69 0.75 0.58 0.66 0.72 0.74 0.32 0.35 0.37 0.40
3 X 4 Better 0.56 0.62 0.66 0.72 0.55 0.63 0.69 0.71 0.29 0.31 0.34 0.36
4x4%99 0.40 0.47 0.50 0.60 0.38 0.46 0.52 0.56 0.13 0.15 0.17 0.19
4 x 4% 95 0.42 0.49 0.53 0.61 0.41 0.49 0.55 0.58 0.16 0.18 0.20 0.22
4 X 4% 90 0.52 0.58 0.61 0.68 0.51 0.57 0.62 0.63 0.25 0.26 0.29 0.29
4x4%75 0.63 0.68 0.71 0.76 0.61 0.66 0.70 0.68 0.35 0.36 0.38 0.37
4 x 4% 50 0.66 0.71 0.73 0.78 0.64 0.69 0.73 0.70 0.38 0.38 0.41 0.40
4 x 4 Better 0.65 0.70 0.72 0.76 0.64 0.69 0.72 0.69 0.37 0.38 0.40 0.38
3x3%99 0.47 0.55 0.61 0.76 0.51 0.58 0.62 0.71 0.07 0.09 0.11 0.14
3X3%95 0.63 0.71 0.77 0.88 0.65 0.72 0.76 0.83 0.20 0.23 0.25 0.28
3x3% 90 0.69 0.77 0.83 0.93 0.71 0.78 0.83 0.88 0.26 0.29 0.32 0.35
3x3%75 0.70 0.77 0.82 0.88 0.70 0.77 0.82 0.83 0.36 0.39 0.42 0.45
3 X 3% 50 0.57 0.63 0.66 0.66 0.55 0.61 0.65 0.63 0.35 0.37 0.39 0.41
3 x 3 Better 0.53 0.58 0.62 0.61 0.50 0.56 0.60 0.57 0.33 0.35 0.38 0.40
3 x 4% 99 0.55 0.60 0.63 0.73 0.52 0.57 0.61 0.67 —0.06 —0.04 —-0.03 | —0.02
3 x4% 95 0.63 0.70 0.74 0.83 0.60 0.66 0.71 0.76 0.08 0.10 0.11 0.13
3 x 4% 90 0.63 0.70 0.74 0.83 0.59 0.66 0.72 0.78 0.16 0.18 0.20 0.22
3x4%75 0.56 0.63 0.67 0.73 0.54 0.61 0.67 0.70 0.28 0.30 0.31 0.33
3 X 4% 50 0.32 0.37 0.39 0.42 0.31 0.36 0.41 0.42 0.30 0.31 0.33 0.34
3 X 4 Better 0.25 0.30 0.32 0.35 0.24 0.30 0.34 0.35 0.28 0.29 0.31 0.32
4x4%99 0.89 0.90 0.90 0.92 0.84 0.85 0.86 0.86 0.47 0.46 0.48 0.43
4x4% 95 0.89 0.92 0.93 0.96 0.86 0.88 0.90 0.92 0.48 0.47 0.49 0.45
4x 4% 90 0.86 0.90 0.91 0.95 0.83 0.86 0.89 0.91 0.47 0.46 0.49 0.45
4x4%75 0.75 0.79 0.82 0.86 0.73 0.78 0.81 0.83 0.45 0.44 0.47 0.43
4 X 4% 50 0.33 0.38 0.41 0.46 0.32 0.38 0.43 0.45 0.22 0.23 0.25 0.25
4 x 4 Better 0.21 0.26 0.29 0.34 0.21 0.27 0.32 0.34 0.14 0.15 0.17 0.17

Table 2. Pearson correlation coefficients between Observed and Modelled connectivity matrices for different
combinations of larval behaviour, spawning regime, partitioning of the core region, and confidence level

of the assignment of recruits into source populations. The top section refers to the core matrices without
correction for unknowns; the bottom section refers to the core matrices plus unknown’s row, where the
modelled matrix was corrected for Type 2 and Type 3 recruits simultaneously. Bold values indicate the
highest correlation in each section. Pa = passive larvae. Om = larvae migrating ontogenetically. Bl =larvae
dwelling in the bottom layer. S1 = continuous larval emission during each high tide until July 12.

$2 = continuous larval emission during each high tide until June 30, then larval emission skipping one of
every two high tides until July 12. S3 = continuous larval emission during each high tide until June 30, then
larval emission skipping two of every three high tides until July 12. S4 = Continuous larval emission during
each high tide until July 1, no more larvae released afterwards. 3 x 3, 3 x 4 and 4 x 4 = spatial organization
of the core region into 3 or 4 origin x destination cells. Better = recruits assigned into an origin when the
probability of pertaining to that origin is better that that of pertaining to any other origin. %99, %95, %90,
%75, %50 = recruits assigned into an origin when the probability of pertaining to that origin is larger that the
level indicated.
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each high tide until July 1 (S4) and passive larvae (Pa), which were the best biological scenarios overall, and for
all spatial arrangements of the core matrix (3 x 3, 3 X 4 and 4 x 4). We used a bootstrap approach in order to
test the first prediction. For each APT (0.50, 0.75, 0.90, 0.95 and 0.99) we generated 1000 Observed connectivity
matrices by randomly discarding, from the better-than-the-rest matrix, a number of recruits equal to the sum of
the worst classified recruits into every source. Each of the 1000 randomly adjusted Observed matrices for a given
confidence level was then correlated with the corresponding Modelled matrix, and the frequency distribution
of the correlation coefficients was generated. The correlation coefficient obtained from the comparison between
the Observed matrix correctly adjusted for the confidence level and the Modelled matrix was then compared to
that frequency distribution. To test the second prediction we calculated the difference between the proportion of
recruits classified as unknowns in the Observed matrix for each confidence level and the proportion of modelled
unknowns, and plotted the correlation coeflicient against this quantity.

In 19 cases out of 30 comparisons, the improvement of the matrix correlation obtained by increasing the
APT was significantly different from that obtained by a random deletion of recruits from the Observed matrix
(Supplementary Information 5-Prediction 1). The cases where the improvement was most significant cor-
responded to the 4 X 4 spatial arrangement (Fig. 5, p < 0.0001 for the 0.75, 0.90, 0.95 and 0.99 APTs), which
included also the highest correlation coefficient obtained across all scenarios (r =0.96, Table 2, passive larvae
(Pa), cessation of spawning after July (S4), 0.95 APT, 4 x 4 spatial arrangement). In the case of the 3 x 3 and
3 X 4 spatial arrangements the matrix correlation peaked when the difference between observed and modelled
unknown recruits approached zero (at an APT of 0.90), and at a slightly positive value in the case of the 4 x 4
arrangement (at an APT of 0.95; Fig. 6).

Visual inspection of Observed and Modelled connectivity matrices for the 0.95 APT (Table 3; other thresholds
not shown, but very similar results were obtained for 0.90; see also Supplementary Information 6-Prediction
2 for Type 2 and Type 3 recruits) indicates that the poorest performance of the model relative to the observa-
tions occurred in the Estremadura region. This is especially evident in the case of the 4 x 4 arrangement, where
observations indicate supply to Estremadura S and Estremadura N from the southern regions, while the model
indicates higher retention or supply from the north, especially in Estremadura N. Both observations and model
results concur in identifying the Arrédbida Bay as a region of high retention but also as a major supplier to Cascais
and Estremadura S.

Discussion

Comparison between observed and modelled connectivity matrices. In the present study we
manipulated an Observed connectivity matrix, derived from geochemical information of mussel larval and
recruit shells, by applying different assignment probability thresholds (APTs) to the classification of recruits
into the source populations based on the posterior probabilities of assignment. Recruits that failed to pass the
prescribed APT were assigned to an unknown category. We also manipulated a Modelled connectivity matrix
derived from a biophysical model by using different population and larval biology scenarios. Moreover, we sim-
ulated the intrinsic variability of the geochemical signal by classifying modelled recruits as unknowns in a pro-
portion equivalent to the misclassification rate of the larvae to their own sources, which is a measure of the
inherent variability of the elemental profile. A second source of uncertainty was addressed by also classifying as
unknowns the modelled recruits that originated outside the region for which elemental data were available. We
obtained a very good convergence between the two methods at the lowest spatial resolution when no correction
for unknowns was applied, with correlation coefficients r up to 0.96, but a worse fit at the highest spatial reso-
lution with r < 0.76. When we corrected for unknowns the convergence between the two methods at the higher
spatial resolution increased substantially to values of r > 0.80 and up to 0.93 and 0.96, for APTs between 0.90 and
0.95, passive or ontogenetically migrating larvae, and realistic spawning scenarios. As far as we know, there is no
precedent for this level of convergence between two independent estimates of larval dispersal and connectivity at
spatial scales below 40 km.

The interpretation of the fit between the two approaches requires a phenomenological interpretation of the
dispersal process captured during this event®'. The geochemical signatures indicated an overall northward dis-
persal of larvae, with those originating in the Arrabida Bay contributing disproportionally to the Cascais Bay
and the Estremadura regions. This northward dispersal event runs contrary to the average circulation along the
Portuguese coast during spring and summer, associated with upwelling circulation®®, but is consistent with con-
current wind data that shows a 3-week long upwelling relaxation episode that took place just prior to the sam-
pling of the recruits®!. The relaxation episode was accompanied by a distinct temperature increase caused by
the northward advection of warm waters, which was well captured by the biophysical model (Supplementary
Information 2-Biophysical model). The high correlation coefficients obtained with a 3 x 3 spatial arrangement
of the core zone, with passive and ontogenetic larval behaviour scenarios, are a consequence of the small spatial
resolution overall (about 20, 30 and 70 km in the Cascais, Arrdbida and Estremadura regions, respectively). As
we increased spatial resolution by subdividing the Estremadura region we decreased the ability to assign recruits
to their source populations based on the natal signatures, as the spatial resolution fails to be adequate to achieve
good geospatial distinct chemical signals. However, when we incorporated the unknowns into a virtual box, both
in the Observed and in the Modelled matrices, there still was a high correlation coefficient (r > 0.80) for a large
range of biological scenarios and APTs, reaching a maximum of 0.96. That is, by explicitly modelling the uncer-
tainty sources of the elemental fingerprinting technique, we were able to simultaneously increase the overall spa-
tial resolution of the analysis (20, 30, 40, 30 km, for the Cascais, Arrédbida, Estremadura south and Estremadura
north regions, respectively) and the fit of the model to the observations.

Assessing the causes of convergence between observed and modelled connectivity matrices.
The numerical changes in the correlation coefficient with the shifting APTs were not due to random effects,
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Figure 5. Effect on the matrix correlation coeflicient of randomly excluding from the observed matrix a
number of individuals equal to the number of observed individuals correctly classified as unknowns for each
confidence level (columns are Assignment Probability Thresholds (APTs) of 0.50, 0.75, 0.90, 0.95 and 0.99),
based on 1000 trials for each threshold. In each graph, the dashed line indicates the correlation coefficient

that was obtained by removing those recruits that correctly failed to pass the APT. First row: distribution of
correlation coefficients by trial number; the number of removed individuals is indicated above each graph.
Second row: the same, but correlation coefficients ranked by value; the number of trials with a correlation
coeflicient above that obtained by removing those recruits that correctly failed to pass the posterior probability
threshold is indicated above each graph. Third row: frequency distribution of the correlation coefficients.
Removing the recruits that correctly failed to pass the APT resulted in a correlation coefficient significantly
higher than that obtained by a random deletion of recruits at p < 0.0001 (****). “corr” = correlation coefficient.
The figure only shows results for the 4 X 4 arrangement, passive larvae and the S4 spawning scenario (see
Supplementary Information 5-Prediction 1 for other scenarios).
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Figure 6. Relationship between the matrix correlation coefficient and the difference between the numbers of
observed and modelled recruits classified as unknowns, for three different arrangements of the connectivity
matrices. The number of observed recruits classified as unknowns changes with the threshold level (from

left to right, APTs better-than-the-rest, then above 0.50, 0.75, 0.90, 0.95 and 0.99). The number of modelled
recruits classified as unknowns depends on the misclassification rate of the larvae into their source population
(proportion of larvae incorrectly self-assigned in each region; Type 2 recruits) and on those that originate from
outside the core region (Type 3 recruits). The figure only shows results for passive larvae and the S4 spawning
scenario (see Supplementary Information 6-Prediction 2 for other scenarios).
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Estremadura 34 17 9 Estremadura 58 9 0

Cascais 24 7 16 Cascais 5 13 1

Arrébida 41 77 74 Arrébida 37 78 99

Destination Estremadura N EstremaduraS | Cascais Arrabida | Destination Estremadura N EstremaduraS | Cascais Arréabida
Origin Origin

Estremadura 33 35 17 7 Estremadura 100 52 9 0

Cascais 43 7 7 19 Cascais 0 6 13

Arrabida 23 57 77 74 Arrabida 0 42 78 99
Destination Estremadura N EstremaduraS | Cascais Arrabida | Destination Estremadura N EstremaduraS | Cascais Arréabida
Origin Origin

Estremadura N 7 1 0 0 Estremadura N 67 4 0

Estremadura S 37 35 17 14 Estremadura S 33 48 9

Cascais 33 4 3 9 Cascais 0 6 13 1
Arrébida 23 59 80 77 Arrabida 0 42 78 99

Estremadura 14 7 0 Estremadura 39

Cascais 6 0 2 Cascais 2

Arrabida 23 63 49 Arrébida 21 59 61

Unknown 57 30 49 Unknown 38 25 39

Destination Estremadura N Estremadura S | Cascais Arrabida | Destination Estremadura N EstremaduraS | Cascais Arréabida
Origin Origin

Estremadura 17 12 7 0 Estremadura 22 47

Cascais 13 0 0 2 Cascais 0 4

Arrabida 5 38 63 49 Arrabida 0 31 59 61
Unknown 65 50 30 49 Unknown 78 18 25 39
Destination Estremadura N Estremadura S | Cascais Arrabida | Destination Estremadura N EstremaduraS | Cascais Arrabida
Origin Origin

Estremadura N 0 0 0 Estremadura N 13 4

Estremadura S 0 0 Estremadura S 3 19 4

Cascais 8 0 0 Cascais 0 4

Arrébida 7 43 67 51 Arrabida 0 31 59 61
Unknown 85 54 33 49 Unknown 84 42 30 39

Table 3. Observed and Modelled connectivity matrices obtained for the scenarios of passive larvae and
cessation of spawning after July, for the 3 x 3, 3 x 4 and 4 X 4 spatial arrangements. The top six panels refer

to the core matrices without correction for unknowns and the better-than-the-rest assignment probability
threshold; the bottom six panels refer to the core matrices plus unknown’s row for a 0.95 assignment probability
threshold, where the Modelled matrix was corrected for Type 2 and Type 3 recruits simultaneously.

with maximum correlations occurring when number of observed unknowns approached modelled unknowns,
or slightly exceeded them in the case of the 4 x 4 spatial scenario. This last result suggests that the model under-
estimates the contribution of Type 3 recruits, or that the correction for Type 2 recruits has been overestimated,
which could result from a small sample of the posterior probabilities as spatial resolution was increased. Other
discrepancies between the observations and the model were the poor match in the Estremadura region. These
discrepancies may arise from limitations of the elemental fingerprinting technique and of the model. Elemental
fingerprinting requires that sufficient chemical variability of the water be present over space, but also that the
chemistry of the calcified structures in some way reflects the physicochemical properties of the water. Controlled
laboratory experiments indicate linear relationships between the concentrations of several elements in seawa-
ter and in calcified structures (mollusc larval shells and statoliths?®®’, but also interactive effects of temperature
and salinity (fish otoliths®; mollusc larval shells Andreia Carvalho & Laura Peteiro, unpublished data) that will
influence the multivariate distribution of elements in the target structure and may complicate the probabilistic
assignment of individuals and the interpretation of the patterns. The biophysical model on the other hand is
constrained by its internal variability and may not be resolving appropriately all details of the oceanography and
biology. For instance, although the model configuration is designed to solve the continental shelf circulation at
the scale of the Western Iberian Margin, the inner continental shelf circulation is influenced by local cross-shelf
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winds and surface gravity waves (not solved), and is characterized by a logarithmic shoreward decrease in current
velocity at scales of 1-2 km®, which likely affect the estimates of along-shore transport. Additionally, although
we have obtained consistent estimates of dispersal across a range of spawning and of larval behaviour scenarios
(except in the case of unrealistic bottom-dwelling larvae’”%!), we used growth and mortality rates derived from
the literature®®®” without a formal assessment of the model sensitivity to their variability.

Future directions. In the present study we obtained high correlations (r = 0.96) between Observed and
Modeleld connectivity matrices obtained by both approaches at a high spatial resolution (20-40km), after dis-
carding all recruits that failed to pass a stringent assignment probability threshold (APT =0.95), in spite of other
internal sources of error inherent to either methodology. Most of these recruits originated from the Arrabida Bay,
which is distinguished from the other sources by a well-defined elemental signature. An argument can be drawn
that, if the model describes these larvae with high certainty, it should also be well fitted to predict mussel larvae
dispersal and trajectories in the remaining central Portuguese west coast. We propose that targeting dispersing
individuals for which we have of high certainty of assignment to a natal population is an effective way of vali-
dating biophysical models of larval dispersal, allowing stronger inferences on population connectivity relevant
for the management of marine populations. Presently, the demonstration of the biophysical model accuracy at
smaller spatial scales seems to be limited by the resolution of the geochemical fingerprinting technique. The
approach taken here also highlights the potential in using these two techniques in an integrated manner, in order
to compensate for, and explore, different spatial resolutions and sources of uncertainty” '3, and opens the door
to effectively combine the two techniques to investigate the ability of biophysical models per se to describe a wider
range of biological models, geographical settings and temporal scales.

References

1. Warner, R. R. Evolutionary ecology: how to reconcile pelagic dispersal with local adaptation. Coral Reefs 16, S115-S120 (1997).

2. Warner, R. R. & Cowen, R. K. Local retention of production in marine populations: Evidence, mechanisms, and consequences. B.
Mar. Sci. 70, 245-249 (2002).

3. Sale, P. E. & Kritzer, J. P. Determining the extent and spatial scale of population connectivity: decapods and coral reef fishes
compared. Fish. Res. 65, 153-172 (2003).

4. Siegel, D. et al. The stochastic nature of larval connectivity among nearshore marine populations. P. Natl. Acad. Sci. USA 105, 8974
(2008).

5. Thorrold, S. R. et al. Quantifying larval retention and connectivity in marine populations with artificial and natural markers. B. Mar.
Sci. 70, 291-308 (2002).

6. Thorrold, S. R., Zacherl, D. C. & Levin, L. A. Population connectivity and larval dispersal using geochemical signatures in calcified
structures. Oceanography 20, 80-89 (2007).

7. Mora, C. & Sale, P. Are populations of coral reef fish open or closed? Trends Ecol. Evol. 17, 422-428 (2002).

8. Levin, L. A. Recent progress in understanding larval dispersal: new directions and digressions. Integr. Comp. Biol. 46, 282-297
(2006).

9. Cowen, R. K. & Sponaugle, S. Larval dispersal and marine population connectivity. Annu. Rev. Marine. Sci. 1, 443-466 (2009).

10. Burgess, S. C. et al. Beyond connectivity: how empirical methods can quantify population persistence to improve marine protected-
area design. Ecol. Appl. 24,257-270 (2014).

11. Hellberg, M., Burton, R., Neigel, J. & Palumbi, S. Genetic assessment of connectivity among marine populations. B. Mar. Sci. 70,
273-290 (2002).

12. Hedgecock, D., Barber, P. H. & Edmands, S. Genetic approaches to measuring connectivity. Oceanography 20, 70-79 (2007).

13. Werner, E, Cowen, R. & Paris, C. Coupled biological and physical models: present capabilities and necessary developments for
future studies of population connectivity. Oceanography 20, 54-69 (2007).

14. Metaxas, A. & Saunders, M. Quantifying the ‘bio-’ components in biophysical models of larval transport in marine benthic
invertebrates: advances and pitfalls. Biol. Bull. 216, 257-272 (2009).

15. Miller, J. A., Banks, M. A., Gomez-Uchida, D. & Shanks, A. L. A comparison of population structure in black rockfish (Sebastes
melanops) as determined with otolith microchemistry and microsatellite DNA. Can. J. Fish. Aquat. Sci. 62,2189-2198 (2005).

16. Baums, L. B., Paris, C. B. & Cherubin, L. M. A bio-oceanographic filter to larval dispersal in a reef-building coral. Limnol. Oceanogr.
51, 1969-1981 (2006).

17. Galindo, H. M., Olson, D. B. & Palumbi, S. R. Seascape genetics: a coupled oceanographic-genetic model predicts population
structure of Caribbean corals. Curr. Biol. 16, 1622-1626 (2006).

18. Dupont, L., Ellien, C. & Viard, E. Limits to gene flow in the slipper limpet Crepidula fornicata as revealed by microsatellite data and
alarval dispersal model. Mar. Ecol. Prog. Ser. 349, 125-138 (2007).

19. Bradbury, I. R., Campana, S. E. & Bentzen, P. Estimating contemporary early life-history dispersal in an estuarine fish: integrating
molecular and otolith elemental approaches. Mol. Ecol. 17, 1438-1450 (2008).

20. Piggott, M. P, Banks, S. C., Tung, P. & Beheregaray, L. B. Genetic evidence for different scales of connectivity in a marine mollusc.
Mar. Ecol. Prog. Ser. 365, 127-136 (2008).

21. Chiswell, S. M. Colonisation and connectivity by intertidal limpets among New Zealand, Chatham and Sub-Antarctic Islands. II.
Oceanographic connections. Mar. Ecol. Prog. Ser. 388, 121-135 (2009).

22. Jolly, M. T. et al. Population genetics and hydrodynamic modeling of larval dispersal dissociate contemporary patterns of
connectivity from historical expansion into European shelf seas in the polychaete Pectinaria koreni. Limnol. Oceanogr. 54, 2089-2106
(2009).

23. Salas, E., Molina-Urefia, H., Walter, R. P. & Heath, D. D. Local and regional genetic connectivity in a Caribbean coral reef fish. Mar.
Biol. 157, 437-445 (2009).

24. Berumen, M. L. et al. Otolith geochemistry does not reflect dispersal history of clownfish larvae. Coral Reefs 29, 883-891 (2010).

25. Galindo, H. M. et al. Seascape genetics along a steep cline: using genetic patterns to test predictions of marine larval dispersal. Mol.
Ecol. 19, 3692-3707 (2010).

26. Kool, J. T, Paris, C. B., Andréfouét, S. & Cowen, R. K. Complex migration and the development of genetic structure in subdivided
populations: an example from Caribbean coral reef ecosystems. Ecography 33, 597-606 (2010).

27. Liu, S.-Y. V., Wang, C.-H., Shiao, J.-C. & Dai, C.-F. Population connectivity of neon damsel, Pomacentrus coelestis, inferred from
otolith microchemistry and mtDNA. Mar. Freshwater Res. 61, 1416-9 (2010).

28. Selkoe, K. A. et al. Taking the chaos out of genetic patchiness: seascape genetics reveals ecological and oceanographic drivers of
genetic patterns in three temperate reef species. Mol. Ecol. 19, 3708-3726 (2010).

29. White, C. et al. Ocean currents help explain population genetic structure. Proc. R. Soc. B 277, 1685-1694 (2010).

SCIENTIFICREPORTS| (2018) 8:2641 | DOI:10.1038/s41598-018-19833-w 13



www.nature.com/scientificreports/

30.
31.
32.
33.
. Berry, O, England, P, Fairclough, D., Jackson, G. & Greenwood, ]. Microsatellite DNA analysis and hydrodynamic modelling reveal
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.

55.
56.
57.
58.
. Hannah, C. G. Future directions in modelling physical-biological interactions. Mar. Ecol. Prog. Ser. 347, 301-306 (2007).
60.
61.
62.

63.
64.

65.
66.
67.
68.
69.
70.

71.

Alberto, E et al. Isolation by oceanographic distance explains genetic structure for Macrocystis pyrifera in the Santa Barbara Channel.
Mol. Ecol. 20, 2543-2554 (2011).

Kool, J. T, Paris, C. B., Barber, P. H. & Cowen, R. K. Connectivity and the development of population genetic structure in Indo-West
Pacific coral reef communities. Global Ecol. Biogeogr. 20, 695-706 (2011).

Schunter, C. et al. Matching genetics with oceanography: directional gene flow in a Mediterranean fish species. Mol. Ecol. 20,
5167-5181 (2011).

Ben-Tzvi, O. et al. Evidence for Cohesive Dispersal in the Sea. PLoS ONE 7, e42672 (2012).

the extent of larval transport and gene flow between management zones in an exploited marine fish (Glaucosoma hebraicum). Fish.
Oceanogr. 21, 243-254 (2012).

Berry, O., England, P,, Marriott, R. J., Burridge, C. P. & Newman, S. J. Understanding age-specific dispersal in fishes through
hydrodynamic modelling, genetic simulations and microsatellite DNA analysis. Mol. Ecol. 21, 2145-2159 (2012).

Correia, A. T. et al. Population structure and connectivity of the European conger eel (Conger conger) across the north-eastern
Atlantic and western Mediterranean: integrating molecular and otolith elemental approaches. Mar. Biol. 159, 1509-1525 (2012).
Crandall, E. D, Treml, E. A. & Barber, P. H. Coalescent and biophysical models of stepping-stone gene flow in neritid snails. Mol.
Ecol. 21, 5579-5598 (2012).

Di Franco, A. et al. Assessing dispersal patterns of fish propagules from an effective Mediterranean marine protected area. PLoS ONE
7,e52108-14 (2012).

Domingues, C. P.,, Nolasco, R., Dubert, J. & Queiroga, H. Model-derived dispersal pathways from multiple source populations
explain variability of invertebrate larval supply. PLoS ONE 7, 35794 (2012).

Foster, N. L. et al. Connectivity of Caribbean coral populations: complementary insights from empirical and modelled gene flow.
Mol. Ecol. 21, 1143-1157 (2012).

Soria, G. et al. Linking bio-oceanography and population genetics to assess larval connectivity. Mar. Ecol. Prog. Ser. 463, 159-175
(2012).

Coscia, I, Robins, P. E., Porter, J. S., Malham, S. K. & Ironside, J. E. Modelled larval dispersal and measured gene flow: seascape
genetics of the common cockle Cerastoderma edule in the southern Irish Sea. Conserv. Genet. 14, 451-466 (2012).

Jolly, M. T., Thiébaut, E., Guyard, P., Gentil, F. & Jollivet, D. Meso-scale hydrodynamic and reproductive asynchrony affects the
source-sink metapopulation structure of the coastal polychaete Pectinaria koreni. Mar. Biol. 161, 367-382 (2013).

Thomas, L. & Bell, J. J. Testing the consistency of connectivity patterns for a widely dispersing marine species. Heredity 111, 345-354
(2013).

Cook, G. S., Parnell, P. E. & Levin, L. A. Population connectivity shifts at high frequency within an open-coast marine protected area
network. PLoS ONE 9, e103654-18 (2014).

Schiavina, M., Marino, I. A. M., Zane, L. & Melia, P. Matching oceanography and genetics at the basin scale: seascape connectivity
of the Mediterranean shore crab in the Adriatic Sea. Mol. Ecol. 23, 5496-5507 (2014).

Simpson, S. D., Harrison, H. B., Claereboudt, M. R. & Planes, S. Long-distance dispersal via ocean currents connects Omani
clownfish populations throughout entire species range. PLoS ONE 9, e107610-7 (2014).

Sunday, J. M., Popovic, L, Palen, W. ], Foreman, M. G. G. & Hart, M. W. Ocean circulation model predicts high genetic structure
observed in a long-lived pelagic developer. Mol. Ecol. 23, 5036-5047 (2014).

Davies, S. W, Treml, E. A., Kenkel, C. D. & Matz, M. V. Exploring the role of Micronesian islands in the maintenance of coral genetic
diversity in the Pacific Ocean. Mol. Ecol. 24, 70-82 (2014).

Fraker, M. E. et al. Particle backtracking improves breeding subpopulation discrimination and natal-source identification in mixed
populations. PLoS ONE 10, €0120752-24 (2015).

Gormley, K. et al. Connectivity and dispersal patterns of protected biogenic reefs: implications for the conservation of Modiolus
modiolus (L.) in the Irish Sea. PLoS ONE 10, e0143337-18 (2015).

Nanninga, G. B., Saenz-Agudelo, P, Zhan, P, Hoteit, I. & Berumen, M. L. Not finding Nemo: limited reef-scale retention in a coral
reef fish. Coral Reefs 34, 383-392 (2015).

Thomas, L. et al. Isolation by resistance across a complex coral reef seascape. Proc. R. Soc. B 282,20151217-10 (2015).

Young, E. F. et al. Oceanography and life history predict contrasting genetic population structure in two Antarctic fish species. Evol.
Appl. 8, 486-509 (2015).

Moksnes, P.-O., Corell, H., Tryman, K., Hordoir, R. & Jonsson, P. R. Larval behavior and dispersal mechanisms in shore crab larvae
(Carcinus maenas): Local adaptations to different tidal environments? Limnol. Oceanogr. 59, 588-602 (2014).

White, J. W., Botsford, L. W. & Moffitt, E. A. Decision analysis for designing marine protected areas for multiple species with
uncertain fishery status. Ecol. Appl. 20, 1523-1541 (2010).

Kaplan, D. M., Cuif, M. & Fauvelot, C. Uncertainty in empirical estimates of marine larval connectivity, ICES J. Mar. Sci. https://doi.
org/10.1093/icesjms/fsw182 (2016).

Bodmer, W. E. & Cavalli-Sforza, L. L. A migration matrix model for the study of random genetic drift. Genetics 59, 565-592 (1968).

Bellocchi, G., Rivington, M., Donatelli, M. & Matthews, K. Validation of biophysical models: issues and methodologies. A review.
Agron. Sustain. Dev. 30, 109-130 (2010).

Gomes, L. et al. Wandering mussels: using natural tags to identify connectivity patterns among marine protected areas. Mar. Ecol.
Prog. Ser. 552, 159-176 (2016).

Simmonds, S. E. et al. Geospatial statistics strengthen the ability of natural geochemical tags to estimate range-wide population
connectivity in marine species. Mar. Ecol. Prog. Ser. 508, 33-51 (2014).

Quinn, G. P. & Keough, M. J. Experimental design and data analysis for biologists. (Cambridge University Press, 2002).

Siregar, H. Assessment of fertility of mussel Mytilus galloprovincialis along the Portuguese coast. M Sc thesis, University of Ghent,
1-30 (2014).

Philippart, C.J. M. et al. Spatial synchronies in the seasonal occurrence of larvae of oysters (Crassostrea gigas) and mussels (Mytilus
edulis/galloprovincialis) in European coastal waters. Estuar. Coast. Shelf Sci. 108, 52-63 (2012).

Ruiz, M., Tarifefo, E., Llanos-Rivera, A., Padget, C. & Campos, B. Efecto de la temperatura en el desarrollo embrionario y larval del
mejillon, Mytilus galloprovincialis (Lamarck, 1819). Rev. Biol. Mar. Oceanogr 43, 51-61 (2008).

Pettersen, A. K., Turchini, G. M., Jahangard, S., Ingram, B. A. & Sherman, C. D. H. Effects of different dietary microalgae on survival,
growth, settlement and fatty acid composition of blue mussel (Mytilus galloprovincialis) larvae. Aquaculture 309, 115-124 (2010).
Nickols, K. J., Gaylord, B. & Largier, J. L. The coastal boundary layer: predictable current structure decreases alongshore transport
and alters scales of dispersal. Mar. Ecol. Prog. Ser. 464, 17-35 (2012).

Villalba, A. Gametogenic cycle of cultured mussel, Mytilus galloprovincialis, in the Bays of Galicia (Nw Spain). Aquaculture 130,
269-277 (1995).

Caceres-Martinez, J. & Figueras, A. Distribution and abundance of mussel (Mytilus galloprovincialis Lmk) larvae and post-larvae in
the Ria de Vigo (Nw Spain). J. Exp. Mar. Biol. Ecol. 229, 277-287 (1998).

Lutz, R. A. & Kennish, M. J. Ecology and morphology of larval and early postlarval mussels. In The Mussel Mytilus: Ecology,
Physiology, Genetics and Culture 53-85 (1992).

SCIENTIFICREPORTS| (2018) 8:2641 | DOI:10.1038/s41598-018-19833-w 14


http://dx.doi.org/10.1093/icesjms/fsw182
http://dx.doi.org/10.1093/icesjms/fsw182

www.nature.com/scientificreports/

72. Phillips, N. E. Effects of nutrition-mediated larval condition on juvenile performance in a marine mussel. Ecology 83, 2562-2574
(2002).

73. Chia, E-S., Buckland-Nicks, J. & Young, C. M. Locomotion of marine invertebrate larvae: a review. Can. J. Zool. 62, 1205-1222
(1984).

74. Shanks, A. L. & Brink, L. Upwelling, downwelling, and cross-shelf transport of bivalve larvae: test of a hypothesis. Mar. Ecol. Prog.
Ser. 302, 1-12 (2005).

75. Metaxas, A. Behavior in flow: perspectives on the distribution and dispersion of meroplanktonic larvae in the water column. Can. J.
Fish. Aquat. Sci. 58, 86-98 (2001).

76. Bayne, B. L. The responses of the larvae of Mytilus edulis L. to light and to gravity. Oikos 15, 162 (1964).

77. Fuchs, H. L. & DiBacco, C. Mussel larval responses to turbulence are unaltered by larval age or light conditions. Limnol. Oceanogr.
Fluids Environ. 1, 120-134 (2011).

78. Sameoto, J. A. & Metaxas, A. Interactive effects of haloclines and food patches on the vertical distribution of 3 species of temperate
invertebrate larvae. J. Exp. Mar. Biol. Ecol. 367, 131-141 (2008).

79. Daigle, R. M. & Metaxas, A. Vertical distribution of marine invertebrate larvae in response to thermal stratification in the laboratory.
J. Exp. Mar. Biol. Ecol. 409, 89-98 (2011).

80. Pernet, E, Tremblay, R. & Bourget, E. Settlement success, spatial pattern and behavior of mussel larvae Mytilus spp. in experimental
‘downwelling’ systems of varying velocity and turbulence. Mar. Ecol. Prog. Ser. 260, 125-140 (2003).

81. Mcquaid, C. D. & Phillips, T. E. Limited wind-driven dispersal of intertidal mussel larvae: in situ evidence from the plankton and the
spread of the invasive species Mytilus galloprovincialis in South Africa. Mar. Ecol. Prog. Ser. 201, 211-220 (2000).

82. Rilov, G. et al. The surf zone: a semi-permeable barrier to onshore recruitment of invertebrate larvae? J. Exp. Mar. Biol. Ecol. 361,
59-74 (2008).

83. Qiu, J. W, Tremblay, R. & Bourget, E. Ontogenetic changes in hyposaline tolerance in the mussels Mytilus edulis and M. trossulus:
implications for distribution. Mar. Ecol. Prog. Ser. 228, 143-152 (2002).

84. Sanchez-Lazo, C. & Martinez-Pita, I. Effect of temperature on survival, growth and development of Mytilus galloprovincialis larvae.
Aquacult. Res. 43,1127-1133 (2012).

85. Shchepetkin, A. & McWilliams, J. C. The Regional Oceanic Modeling System: a split-explicit, free-surface, topography-following-
coordinate ocean model. Ocean Model. 9, 347-404 (2005).

86. Oliveira, P. B., Nolasco, R., Dubert, J., Moita, M. T. & Peliz, A. Surface temperature, chlorophyll and advection patterns during a
summer upwelling event off central Portugal. Cont. Shelf Res. 29, 759-774 (2009).

87. Peliz, A. et al. A study of crab larvae dispersal on the Western Iberian Shelf: physical processes. J. Mar. Syst. 68, 215-236 (2007).

88. Nolasco, R., Dubert, J., Domingues, C. P, Cordeiro Pires, A. & Queiroga, H. Model-derived connectivity patterns along the western
Iberian Peninsula: asymmetrical larval flow and source-sink cell. Mar. Ecol. Prog. Ser. 485, 123-142 (2013).

89. Nolasco, R, Pires, A. C., Cordeiro, N., Le Cann, B. & Dubert, J. A high-resolution modeling study of the Western Iberian Margin
mean and seasonal upper ocean circulation. Ocean Dynam. 63, 1041-1062 (2013).

90. Egbert, G. D. & Erofeeva, S. Y. Efficient inverse modeling of barotropic ocean tides. J. Atmos. Ocean. Technol. 19, 183-204 (2002).

91. Skamarock, W. C. et al. A description of the advanced research WRF Version 3, NCAR/TN- 475+ STR. Mesoscale and microscale
meteorology division. National Centre for Atmospheric Research, Boulder, USA.

92. Carr, S., Capet, X., McWilliams, J., Pennington, J. & Chavez, E. The influence of diel vertical migration on zooplankton transport and
recruitment in an upwelling region: estimates from a coupled behavioral-physical model. Fish. Oceanogr. 17, 1-15 (2008).

93. Sudrez, M. P, Alvarez, C., Molist, P. & Juan, E S. Particular aspects of gonadal cycle and seasonal distribution of gametogenic stages
of Mytilus galloprovincialis cultured in the estuary of Vigo. J. Shellfish Res. 24, 531-540 (2005).

94. Cordeiro, N. G. E, Nolasco, R., Cordeiro-Pires, A., Barton, E. D. & Dubert, ]. Filaments on the Western IberianMargin: a modeling
study. ] Geophys. Res.-Oceans 120, 5400-5416 (2015).

95. Relvas, P. et al. Physical oceanography of the western Iberia ecosystem: Latest views and challenges. Prog. Oceanogr. 74, 149-173
(2007).

96. Milton, D. A. & Chenery, S. R. Sources and uptake of trace metals in otoliths of juvenile barramundi (Lates calcarifer). J. Exp. Mar.
Biol. Ecol. 264, 4765 (2001).

97. Zacherl, D. C., Paradis, G. & Lea, D. W. Barium and strontium uptake into larval protoconchs and statoliths of the marine
neogastropod Kelletia kelletii. Geochim. Cosmochim. Acta 67, 4091-4099 (2003).

98. Martin, G. B. & Thorrold, S. R. Temperature and salinity effects on magnesium, manganese, and barium incorporation in otoliths of
larval and early juvenile spot Leiostomus xanthurus. Mar. Ecol. Prog. Ser. 293, 223-232 (2005).

Acknowledgements

This study is part of the LarvalSources - Assessing the ecological performance of marine protected area networks’
research project, funded by Fundagao para a Ciéncia e Tecnologia - FCT (PTDC/BIA-BIC/120483/2010).
Financial support was allocated by FCT under the COMPETE Programme, which includes components from
the European Regional Development Fund and from the Ministério da Ciéncia, Tecnologia e Ensino Superior.
IG was supported by a MARES Ph. D. fellowship. MARES is an Erasmus Mundus Joint Doctorate programme
coordinated by Ghent University. LGP was supported by fellowships POS-A/2012/189 and POS-B/2016/032 from
Xunta de Galicia. RA was supported by a research assistant grant through the LarvalSources project and by a Ph.
D. scholarship funded by FCT (SFRH/BD/ 84263/2012). RN was supported by a Pos-Doctoral grant also through
the LarvalSources project. Thanks are due for additional funding from CESAM (UID/AMB/50017 - POCI-
01-0145-FEDER-007638), FCT/MCTES through national funds (PIDDAC), and FEDER within the PT2020
Partnership Agreement and Compete 2020. We are also thankful to Alfredo Rocha, group of Meteorology and
Climatology of University the Aveiro University, for facilitating the setup and running of the WRF configuration
used in this study.

Author Contributions

R.N. developed the code to generate and analyze the modelling results with assistance from J.D. and T.L. L.G,,
L.P. and R.A. contributed to the analysis of the results. SES planned the study and analyzed the results. H.Q.
planned the study, analyzed the results and wrote the manuscript. All authors read and contributed to writing the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19833-w.

Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS| (2018) 8:2641 | DOI:10.1038/s41598-018-19833-w 15


http://dx.doi.org/10.1038/s41598-018-19833-w

www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:2641 | DOI:10.1038/s41598-018-19833-w 16


http://creativecommons.org/licenses/by/4.0/

	Bookmark 26
	Independent estimates of marine population connectivity are more concordant when accounting for uncertainties in larval ori ...
	Methods

	Elemental fingerprinting and the generation of observed connectivity matrices. 
	Biophysical numerical model and the generation of modelled connectivity matrices. 
	Accounting for uncertainty: recruit origin and the construction of observed and modelled connectivity matrices. 
	Accounting for uncertainty: mussel biology scenarios. 
	Arrangement of the core matrix. 
	Data availability. 

	Results

	Generation of observed and modelled connectivity matrices. 
	Assessing the causes of convergence between observed and modelled connectivity matrices. 

	Discussion

	Comparison between observed and modelled connectivity matrices. 
	Assessing the causes of convergence between observed and modelled connectivity matrices. 
	Future directions. 

	Acknowledgements

	Figure 1 Map of larval incubation stations and juvenile sampling sites.
	Figure 2 Observed (A) and Modelled (B) connectivity matrices for the 3 by 3 subdivision of the core region.
	Figure 3 Posterior probabilities of assignment of mussel recruits into three putative origins, based on linear discriminant functions trained with larval shell elemental profiles.
	Figure 4 Posterior probabilities of assignment of mussel recruits into four putative origins, based on linear discriminant functions trained with larval shell elemental profiles.
	Figure 5 Effect on the matrix correlation coefficient of randomly excluding from the observed matrix a number of individuals equal to the number of observed individuals correctly classified as unknowns for each confidence level (columns are Assignment Pro
	Figure 6 Relationship between the matrix correlation coefficient and the difference between the numbers of observed and modelled recruits classified as unknowns, for three different arrangements of the connectivity matrices.
	Table 1 Definitions and codes of types of recruits, spawning regimes, larval behaviours, matrix spatial arrangements and assignment probability thresholds.
	Table 2 Pearson correlation coefficients between Observed and Modelled connectivity matrices for different combinations of larval behaviour, spawning regime, partitioning of the core region, and confidence level of the assignment of recruits into source p
	﻿Table 3 Observed and Modelled connectivity matrices obtained for the scenarios of passive larvae and cessation of spawning after July, for the 3 × 3, 3 × 4 and 4 × 4 spatial arrangements.




