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ABSTRACT

Increasing efforts to restore Ostrea edulis across Europe have intensified the need for robust understanding of larval dispersal and population connectivity. Although
numerous local modelling studies have emerged, a consolidated synthesis of their methodological approaches, assumptions and management relevance has been
lacking. This review critically evaluates hydrodynamic and biophysical models applied to O. edulis, examining model structure, behavioral representation, settlement
treatment, validation practice and environmental context.

The synthesis reveals substantial heterogeneity in modelling frameworks and limited formal validation, constraining cross-system comparability and management
interpretation. Nonetheless, consistent patterns emerge: larval behavior significantly modifies dispersal trajectories relative to passive transport, connectivity out-
comes are highly sensitive to hydrodynamic setting and release timing, and semi-enclosed systems generally promote stronger local retention than open, advective
environments.

By distinguishing potential dispersal from realized connectivity and highlighting persistent methodological gaps, particularly in empirical validation and un-
certainty quantification, this review provides a structured framework for interpreting connectivity models in restoration planning. Strengthening transparency,
integrating demographic processes and explicitly addressing environmental variability will be essential for translating modelling advances into effective, evidence-

based restoration strategies for Europe's native oyster.

1. Introduction

The European flat oyster (Ostrea edulis) has experienced a severe
decline in abundance and distribution across its native range, leading to
its classification as “threatened and declining” under several conserva-
tion frameworks, including the OSPAR Convention (Pogoda, 2019). The
decline of Ostrea edulis populations has been a growing concern due to
several interrelated factors: coastal development, pollution and habitat
loss. Without clean, undisturbed environments, oysters struggle to
establish and thrive (Pogoda, 2019). Pollution, especially from agri-
cultural runoff, industrial waste, and sewage, has caused the deterio-
ration of water quality in many coastal regions; affecting oysters’ health
by impairing their feeding, growth, and reproduction, which contributes
to population decline (Thurstan et al., 2013). The spread of diseases such
as Bonamia ostreae, B. exitiosa and others, has caused significant mor-
tality in Ostrea edulis populations (Narcisi et al., 2010; Oraic¢ et al.,
2021). The introduction of the Pacific oyster (Crassostrea/Magallana
gigas) has intensified competition for space and resources
(Rodriguez-Perez, 2019). Overfishing, disease outbreaks, and

environmental stressors have led to a significant reduction in wild oyster
stocks, impacting both the ecosystem services they provide as well as the
availability of oysters for commercial harvest, and consequently local
fisheries and the seafood industry (Beck et al., 2011; Ezgeta-Bali¢ et al.,
2021; Laing et al., 2006).

Oysters play a fundamental role in marine and coastal ecosystems by
supporting their health and resilience, underscoring the importance of
oyster conservation and restoration efforts (Beck et al., 2011; Coen and
Luckenbach, 2000; Grabowski et al., 2012; zu Ermgassen et al., 2025).
Given the ongoing decline of oyster populations worldwide, prioritizing
the protection and re-establishment of oyster beds is essential for safe-
guarding these critical ecosystem services. Oyster reefs function as
natural coastal barriers, reducing wave impact and limiting shoreline
erosion. By absorbing wave energy and stabilizing sediments, oyster
beds help protect vulnerable coastal habitats and human infrastructure
from storms and flooding (Piazza et al., 2005; Scyphers et al., 2011).
This protective function is particularly relevant in the context of climate
change, where sea level rise and increased storm frequency pose a sig-
nificant threat to coastal communities. Oyster reefs can also provide
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critical habitat for a diverse array of marine species, acting as natural
structures that offer shelter, breeding grounds, and feeding areas
(Grabowski and Peterson, 2007; Lenihan et al., 2001). The complex
three-dimensional structure of oyster beds fosters biodiversity by sup-
porting both mobile species, such as fish and crabs, and sessile organ-
isms, like barnacles and sponges (Lenihan et al., 2001; Peterson et al.,
2003). These reefs create a stable substrate for epibenthic fauna and
promote species richness, thereby supporting ecosystem stability and
functioning (Grabowski and Peterson, 2007). Oysters are also efficient
filter feeders and ecosystem engineers that contribute to nutrient cycling
and water quality improvement by removing plankton, bacteria, and
suspended particles from the water column (Coen et al., 2007; Dame,
2016; Kent et al., 2017; Newell et al., 2007; Piehler and Smyth, 2011).
This filtration process has several beneficial outcomes like nitrogen
removal (Newell et al., 2007; Piehler and Smyth, 2011), turbidity
reduction (Kent et al., 2017) and bacterial biomass removal. By signif-
icantly reshaping the physical structure of the seabed, oyster-bed for-
mation creates complex microhabitats that enhance biodiversity,
promote diverse species interactions, stabilize ecosystem processes, and
lead to the development of distinct benthic communities, thereby
strengthening overall ecosystem functioning and resilience (Grabowski
et al., 2005).

Oyster reefs also contribute significantly to nutrient regeneration
and biogeochemical cycling. Through biodeposition and benthic-pelagic
coupling, oyster beds enhance the recycling of nitrogen and phosphorus,
thereby supporting primary productivity and ecosystem functioning
(Dame, 2016). In addition to removing particulate matter from the
water column, oysters transfer organic material to the benthos, stimu-
lating microbial processes and nutrient turnover. These mechanisms can
influence local nutrient dynamics and improve ecosystem productivity,
further reinforcing the ecological importance of oyster reefs as
ecosystem engineers (Dame, 2016).

In addition to their ecological functions, oysters have long been
harvested as a valuable seafood resource. The consumption of Ostrea
edulis dates back to ancient civilizations, including the Romans, who
valued oysters for their nutritional and culinary qualities (Lotze, 2007;
Thurstan et al., 2013). Today, oysters remain an important component
of local economies, particularly in Europe, where they are cultivated in
aquaculture farms (Airoldi and Beck, 2007). Oyster farming provides a
sustainable food source that supports coastal communities and con-
tributes to cultural heritage (Grabowski and Peterson, 2007).

As outlined, O. edulis is a keystone species of ecological, economic,
and cultural significance across coastal ecosystems. Once a dominant
reef-forming species in many European estuaries, its populations and
geographic distribution have markedly declined, reducing its contribu-
tion to habitat formation and ecosystem processes and prompting
extensive conservation and restoration efforts across multiple countries
(zu Ermgassen et al., 2025). Restoration strategies, particularly those
involving active reef construction or seeding, rely fundamentally on a
deep understanding of larval dispersion and population connectivity
(Puckett et al., 2018). Collectively, these restoration efforts have
become a priority for enhancing biodiversity, recovering ecosystem
services, and promoting sustainable aquaculture practices (Beck et al.,
2011; Pogoda, 2019; Pogoda et al., 2019; Rodriguez-Perez, 2019;
Rodriguez-Perez et al., 2019).

As O. edulis is sessile during its adult stage, the dispersal of pelagic
larvae represents the principal mechanism through which populations
are maintained, expanded, or recolonized (Rodriguez-Perez et al.,
2020). Consequently, an appropriate consideration of the ability of
larvae to disperse over ecologically meaningful distances, coupled with
their requirements for suitable settlement habitats, is crucial for
addressing these knowledge gaps and supporting evidence-based con-
servation and management strategies. Among these are the design and
placement of restoration projects, the optimization of aquaculture
practices, and the design of marine protected areas (MPAs) or larval
source reserves (Lowe and Allendorf, 2010). Accurate characterization
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of larval dispersal also underpins predictions of population dynamics,
gene flow, and resilience to local extinctions (Cowen and Sponaugle,
2009), and the capacity of restored reefs to sustain themselves and
support adjacent habitats (Rodriguez-Perez, 2019). Patterns of larval
dispersal and connectivity are widely recognized as critical to the
persistence of metapopulations in marine ecosystems (Hastings et al.,
2006; Lipcius et al., 2008; Puckett et al., 2018). However, modelling
larval dispersal and connectivity remains highly challenging due to the
complex interplay between oceanographic processes and biological
traits.

Dispersal is influenced by a combination of hydrodynamic forcings
(e.g. currents, tides) and larval behaviors (e.g. swimming ability, verti-
cal migration, and settlement timing) (Treml et al., 2008). These factors
are non-linear and often site-specific, necessitating the use of biophys-
ical models that couple ocean circulation with simulated larval trajec-
tories (North et al., 2010). Furthermore, as climate change continues to
alter region's hydrodynamic conditions, predictive models are essential
for anticipating its effects on larval transport and ensuring the resilience
of O. edulis populations (Bertolini and Pastres, 2023; Dekshenieks et al.,
2000; North et al., 2010).

This review addresses two main questions: (1) to what extent hy-
drodynamic and biophysical models improve our understanding of
larval dispersal and connectivity of Ostrea edulis, and (2) how reliable
their outputs are for supporting restoration planning and the design of
self-sustaining restoration networks.

To answer these questions, we conduct a critical synthesis of
modelling studies that simulate larval transport, retention, export, and
settlement of O. edulis across European coastal and shelf systems, with
particular attention to behaviorally informed and biophysical ap-
proaches. Rather than providing a general overview of modelling tools,
this review evaluates how different modelling choices (resolution,
behavioral parameterization, competency windows, and validation
strategies) influence connectivity outcomes and their interpretation in a
restoration context. By systematically comparing approaches and as-
sumptions, we identify consistent ecological patterns, methodological
gaps, and key uncertainties that affect the use of connectivity models as
decision-support tools for oyster restoration.

2. Species distribution and oyster beds in a connectivity
perspective

The European flat oyster (Ostrea edulis) is native to the northeastern
Atlantic, occurring from Norway to Morocco and including the British
Isles and the western Mediterranean (Airoldi and Beck, 2007; Bertolini
and Pastres, 2023; Bromley et al., 2016). The species has also been
introduced to other regions, such as parts of the eastern Mediterranean,
the Black Sea, North America and New Zealand, largely through aqua-
culture activities (Bromley et al., 2016). Historically, O. edulis formed
extensive biogenic reef structures, or “oyster beds”, that represented
dominant habitat-forming elements in many coastal ecosystems (Coen
et al., 2007; Rodriguez-Perez, 2019). Widespread historical declines
driven by overexploitation, habitat loss and disease have, however,
resulted in fragmented and spatially discontinuous populations, with
direct implications for larval dispersal, retention and connectivity
among remaining beds.

2.1. Distribution in the Mediterranean and Adriatic: regional contexts for
connectivity

In the Mediterranean Sea, Ostrea edulis currently persists in frag-
mented populations distributed across coastal lagoons, estuaries and
semi-enclosed bays (Fig. 1) (Bertolini and Pastres, 2023; Bromley et al.,
2016; Thurstan et al., 2024a,b). This spatial fragmentation, resulting
from historical overexploitation, habitat degradation and disease out-
breaks (Narcisi et al., 2010; Oraic et al., 2021), has direct implications
for larval connectivity: remaining populations increasingly function as
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Fig. 1. Locations of historical Ostrea edulis reef records mapped from historical sources. Data from Thurstan et al., 2024a Figshare dataset (CC BY 4.0). Confidence
classes indicate combined certainty of reef habitat existence (first letter) and spatial accuracy (second letter), where H = high and L = low.

isolated patches whose persistence may depend on limited local reten-
tion rather than sustained regional exchange. From a modelling
perspective, this spatial configuration highlights the importance of
fine-scale hydrodynamics, local retention, and stepping-stone connec-
tivity when evaluating restoration potential (Rodriguez-Perez, 2019).

The Adriatic Sea represents a particularly relevant system for
connectivity-oriented modelling due to the combination of historical
habitat loss and strong spatial structuring of remaining populations
(Bertolini and Pastres, 2023; Thurstan et al., 2024a,b). Oyster beds were
historically widespread along both the Italian and eastern Adriatic
coasts, forming extensive reef complexes that likely supported strong
demographic connectivity. Their progressive contraction has resulted in
a mosaic of remnant and restored sites embedded within a hydrody-
namically structured basin, where circulation patterns and freshwater
inputs (e.g. Po River plume) influence dispersal pathways and retention
zones (Fig. 1) (Bertolini and Pastres, 2023). These characteristics make
the Adriatic Sea an illustrative example of how hydrodynamic forcing
and habitat fragmentation interact to shape connectivity networks,
directly informing restoration planning.

From a modelling and restoration perspective, oyster beds should
therefore be conceptualized not only as habitats but as functional nodes
within spatial networks of larval exchange. Current restoration strate-
gies increasingly aim to rebuild such networks through the strategic
placement of cultch, protected areas and stepping-stone sites to enhance
self-recruitment and metapopulation connectivity (Pogoda et al., 2019;
Rodriguez-Perez, 2019). This network-based view provides a direct
conceptual bridge between spatial ecology, biophysical modelling and

the design of effective restoration interventions.

2.2. Larval connectivity and the role of oyster beds within ecological
restoration networks

Oyster beds, whether natural or restored, consist of dense aggrega-
tions of oysters forming biogenic reef structures on hard substrate
(Rodriguez-Perez, 2019). Within a connectivity framework, these beds
function as discrete nodes in larval dispersal networks, linking spatially
separated populations through the exchange of pelagic larvae (Cowen
et al., 2007; Treml et al., 2008). Their spatial arrangement, size, and
environmental setting determine their contribution to population
persistence and recovery across fragmented coastal landscapes.

Depending on local hydrodynamic conditions and biological traits,
individual beds may act as larval sources, exporting propagules to sur-
rounding areas; sinks, receiving larvae but contributing little to onward
dispersal; or self-recruiting units sustained primarily through local
retention (Hastings et al., 2006; Lipcius et al., 2008; Cowen and
Sponaugle, 2009). In highly fragmented systems, reduced connectivity
can isolate remnant populations, increasing extinction risk and limiting
natural recolonization, whereas even weak or intermittent larval ex-
change may enhance metapopulation resilience by maintaining de-
mographic and genetic linkages among sites (Cowen et al., 2006; Lowe
and Allendorf, 2010).

Connectivity among oyster beds emerges from the interaction be-
tween physical drivers - such as circulation patterns, tidal regimes, and
hydrodynamic retention features - and biological processes including
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larval swimming behavior, settlement timing, and substrate preference
(Cragg and Gruffydd, 1975; Jonsson et al., 1991; Potet et al., 2021).
These coupled processes underpin the spatial patterns predicted by
dispersal and connectivity models and strongly influence whether
restored beds contribute primarily to local persistence or to regional
recovery.

From a restoration perspective, this implies that the ecological role of
an oyster bed cannot be evaluated solely at the site scale. Instead, beds
must be considered in relation to their position within broader dispersal
networks, where their function as sources, sinks, or stepping-stone
habitats shapes metapopulation connectivity and long-term restoration
outcomes (Pogoda et al.,, 2019; Rodriguez-Perez, 2019; Theuerkauf
et al., 2021). Connectivity-oriented modelling provides a quantitative
framework to explore these dynamics and to support the design of
restoration strategies that reinforce functional linkages among remnant
and restored populations in the Mediterranean and Adriatic seas.

3. Methods
3.1. Review scope and analytical framework

The aim of this review is to evaluate how hydrodynamic and bio-
physical models have been used to investigate larval dispersal and
connectivity of Ostrea edulis, and to assess the relevance and reliability of
their outputs for restoration planning. Each retained modelling study
was therefore examined according to five predefined categories: (i)
model type and spatial-temporal resolution, (ii) representation of larval
biology and behavior, (iii) treatment of settlement and habitat filtering,
(iv) validation and uncertainty assessment, and (v) implications for
restoration and management. These categories directly structure the
synthesis presented in Sections 7 - 10.

3.2. Literature search strategy and study selection

A structured literature search was performed in Scopus, Web of
Science, and Google Scholar, with the last search conducted in
November 2025. To reduce publication bias and to capture under-
represented regions and non-indexed outputs, grey literature (tech-
nical reports, theses, and project deliverables) was screened during the
exploratory phase to identify additional studies and citation networks;
however, only peer-reviewed studies meeting the inclusion criteria were
retained in the final comparative synthesis.Google Scholar was used to
identify additional grey literature and citation networks but was not
included in quantitative record counts due to limited reproducibility.
Search strings combined three keyword groups related to (i) the species,
(ii) dispersal/connectivity processes, and (iii) modelling approaches,
using Boolean operators. The core query was adapted to each database
syntax and included combinations of the following terms.

@ species: “Ostrea edulis”, “European flat oyster™;

@ process: “larval dispersal”, “larval transport”, “connectivity”, “self-
recruitment”;

@ method: “hydrodynamic model”, “particle tracking”, “Lagrangian”,

“biophysical model”.

An example of the core string was: (“Ostrea edulis” OR “European flat
oyster”) AND (“larval dispersal” OR “larval transport” OR “connectivity”
OR “self-recruitment”) AND (“hydrodynamic model” OR “particle
tracking” OR “Lagrangian” OR “biophysical”).

Records were screened first by title and abstract and then by full text.
Studies were included when they: (i) modelled larval dispersal or con-
nectivity of O. edulis (or explicitly used a closely related proxy to
parameterize O. edulis behavior), (ii) coupled hydrodynamic circulation
with Lagrangian particle tracking and/or behavioral routines, (iii) re-
ported spatial or quantitative outputs relevant to retention, export,
settlement or connectivity, (iv) focused on European coastal or shelf-sea
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systems, and (v) provided sufficient methodological detail to assess
model configuration (e.g., grid resolution, Pelagic Larval Duration,
behavioral rules, and validation). Studies were excluded if they were
purely conceptual, laboratory-only without dispersal modelling, focused
on non-Ostrea species without explicit behavioral transfer, or lacked
sufficient methodological description.

Database searching identified 717 records across Scopus and Web of
Science. After duplicate removal, 524 unique records were screened by
title and abstract. A total of 34 studies were retained for full-text
assessment. Following eligibility screening, 7 modelling studies were
included as the core evidence base for the comparative synthesis
(Table 1). Most exclusions at full-text stage were due to absence of
dispersal modelling, focus on non-target species, or insufficient meth-
odological detail. The final number reflects the limited availability of
species-specific dispersal modelling studies.

3.3. Data extraction and comparative synthesis

For each retained study, information was extracted into a compara-
tive matrix aligned with the five analytical categories. Extracted vari-
ables included model domain and spatial resolution, hydrodynamic
forcing, spawning timing and Pelagic Larval Duration (PLD), represen-
tation of larval behavior (e.g., vertical migration or settlement delay),
treatment of settlement and habitat suitability, and validation approach.
When available, quantitative outputs such as self-recruitment estimates,
connectivity between sites, dispersal distances, and temporal variability
were also recorded. The extracted data were then compared to identify
common dispersal and connectivity patterns, evaluate the influence of
modelling choices on predicted outcomes, and highlight methodological
gaps relevant to O. edulis restoration planning.

4. Larval traits of Ostrea edulis shaping dispersal and
connectivity

The reproductive biology and larval ecology of Ostrea edulis are
central to understanding the species’ dispersal capacity and the mech-
anisms underpinning population connectivity. The species is a protan-
dric hermaphrodite, initially maturing as male and subsequently as
female, with fertilization occurring internally and embryos being
brooded within the mantle cavity for approximately 8-10 days
(Korringa, 1940). Following this brooding phase, veliger larvae are
released into the water column, where they enter a pelagic phase that
typically lasts between 6 and 30 days, depending on temperature, food
availability and other environmental drivers (Colsoul et al., 2020;
Colsoul et al., 2021; Davis and Calabrese, 1969; Korringa, 1940; Robert
et al.,, 2017; Rodriguez-Perez et al., 2021). During this planktonic
period, larvae develop from the D-shaped veliger to the pediveliger
stage, at which point they reach settlement competency
(Rodriguez-Perez et al., 2021).

Historically, O. edulis larvae were treated as passive drifters, fully
subjected to hydrodynamic transport. However, accumulating evidence
demonstrates that they are capable of active vertical swimming, diel
vertical migration and selective settlement in response to chemical and
physical cues (Cragg and Gruffydd, 1975; Rodriguez-Perez et al., 2020).
Such behavioral plasticity enables larvae to modulate their vertical po-
sition within the water column, thereby influencing horizontal
displacement through interactions with vertically stratified currents
(Metaxas and Saunders, 2009). These traits indicate that dispersal
pathways emerge from the interplay between physical circulation and
behavior, rather than from hydrodynamics alone.

Pelagic larval duration (PLD) is strongly temperature-dependent,
with warmer conditions accelerating growth and reducing the time
required to reach settlement capable pediveliger stage, resulting in PLDs
as short as one week during peak summer periods (Robert et al., 1988).
Conversely, cooler spring and autumn temperatures may extend the
pelagic phase to nearly one month (Robert et al., 2017). Temperature
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Table 1
Overview of modelling studies included in the literature analysis.
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The table summarizes the main physical and biological components of the modelling frameworks, the spatial configuration of the study systems, and the key
connectivity-related outputs analyzed. Reported horizontal resolutions refer to typical values stated in the original studies; unstructured models employ spatially

variable mesh refinement. PTM means Particle Tracking Model.

Dispersal model type Behavior Settlement/ Main variables
represented habitat analyzed
filtering

Study Region/system Spatial scale Hydrodynamic model
(type; horizontal
resolution)

Holbrook (2021) Solent (UK), Multiple Hydrodynamic trajectory

semi-enclosed restoration model of the Solent

embayment sites
specified)

ROMS (nested structured
grid; ~100-500 m in
inner lochs)
Depth-integrated

Scottish sea
lochs

Rodriguez-Perez
et al. (2019,2020)

Multiple lochs

Smyth et al. (2016) Enclosed sea Single system

lough hydrodynamic model
(MIKE 21-type; structured
grid)
Corrochano-Fraile Scottish coastal Multiple FVCOM (unstructured
et al. (2022) systems systems grid; ~100 m-1 km,
spatially variable)
Stechele et al. (2023) North Sea Multiple COHERENS (structured
(offshore reefs) potential grid; ~5 km)
offshore sites
Bertolini and Pastres Northern Lagoon to TELEMAC-3D
(2023) Adriatic coastal scale (unstructured grid; ~10-
lagoon/coastal 100 m)
system
Clavel-Henry et al. Galway Bay Bay-scale ROMS (structured grid;

(2023),% bay-scale resolution)

(model type not explicitly

Lagrangian PTM Diel vertical Not included Retention, export,

driven by external migration, timing of dispersal
hydrodynamic vertical

outputs positioning

Behavior-informed Stage-dependent Not included Self-recruitment,
PTM swimming, local retention

competency delay

Transport-only PTM None (larvae Not included Dispersal

treated as passive) pathways,
retention

PTM with simplified Variable among Not included Connectivity

biological scenarios patterns among

assumptions sites

PTM coupled to DEB- Not explicitly Habitat Self-recruitment

based IBM (larvae included suitability potential and

passive) included habitat suitability

Behavior-informed Near-bed Not included Retention,

PTM positioning at seasonal
competency variability

PTM with simplified Simplified Not included Potential source-

biological behavior behavioral rules sink patterns

# Study focuses on Magallana gigas and is included for methodological comparison.

also constrains larval performance and behavior. Metabolic processes
are highly temperature-sensitive, with optimal growth and swimming
efficiency generally observed between 15 and 25 °C; outside this range,
energetic costs increase and the ability to sustain vertical migration
declines (Korringa, 1940; Rodriguez-Perez, 2019). Higher temperatures
may enhance swimming speed (Rodriguez-Perez et al., 2020), although
larvae must avoid overheating in shallow, warm surface layers
(Rodriguez-Perez, 2019). Overall, temperatures between ~17.5 and
30 °C support growth and survival, whereas values below 10 °C or above
30 °C markedly reduce both (Davis and Calabrese, 1969). While some
early studies suggested limited thermal influence on vertical migration
except under strong gradients (Korringa, 1940), later work shows that
features such as thermoclines can act as barriers to vertical movement
(Daigle and Metaxas, 2011).

Salinity exerts an additional physiological constraint: values below
~20 ppt are associated with reduced survival and delayed meta-
morphosis (Colsoul et al., 2021; Davis and Calabrese, 1969), thereby
limiting the range of environments that can contribute to effective
connectivity. Larvae are also capable of delaying metamorphosis when
suitable settlement substrates are absent, prolonging the planktonic
phase for up to ~14 days and potentially increasing dispersal distance,
although at the cost of higher exposure to predation and environmental
stress (Cole and Jones, 1939; Rodriguez-Perez et al., 2021). Settlement
probability, however, increases markedly in the presence of conspe-
cifics, biofilms or appropriate substrate, emphasizing the functional role
of existing oyster beds as facilitators of recruitment (Cole and Jones,
1939).

Selective settlement represents a critical mechanism influencing
realized connectivity. Competent larvae actively respond to biological
and physicochemical cues, including the presence of conspecifics, shell
substrate, microbial biofilms and local hydrodynamic conditions, rather
than settling randomly (Cole and Jones, 1939; Rodriguez-Perez et al.,
2021). This behavior increases the probability of recruitment success
and reinforces the role of existing oyster beds as facilitators of popula-
tion persistence and reef recovery. Furthermore, larvae may delay
metamorphosis when suitable settlement cues are absent, extending

their pelagic duration and potentially altering dispersal trajectories and
connectivity patterns (Cole and Jones, 1939; Rodriguez-Perez et al.,
2021). As a consequence, realized recruitment depends not only on
transport processes but also on habitat availability and settlement suc-
cess, highlighting the importance of incorporating settlement behavior
into dispersal and connectivity models.

Beyond physical and physiological controls, ecological processes
such as food availability further influence larval behavior and survival.
Larvae actively track productive water layers, remaining within food-
rich strata to maximize energy intake, and may shift upwards in the
water column under food-limited conditions, reflecting active foraging
strategies (Rodriguez-Perez et al., 2020). Spawning and larval release
commonly coincide with phytoplankton blooms in late spring and late
summer, consistent with this trophic coupling (Rodriguez-Perez, 2019).
Within this framework, larval survival constitutes a major demographic
bottleneck: mortality rates frequently exceed 90% in marine inverte-
brate larvae, highlighting the combined influence of stochastic and
deterministic processes on dispersal and realized connectivity (Rumrill,
1990).

These traits highlight the active role of larval physiology and
behavior in shaping dispersal and connectivity.

5. Results of the literature analysis

Seven modelling studies addressing larval dispersal and connectivity
of Ostrea edulis in European coastal systems were identified. These
studies span six distinct geographic settings, including semi-enclosed
embayments, fjord-like systems, shallow lagoons, and open shelf envi-
ronments, encompassing a broad range of hydrodynamic regimes and
spatial scales.

Across the reviewed studies, modelling objectives focused on quan-
tifying larval retention and export, assessing the influence of larval
behavior on dispersal pathways, identifying source-sink relationships
among sites, and evaluating restoration potential under present or
projected environmental conditions. Hydrodynamic frameworks ranged
from high-resolution unstructured-grid coastal models to regional shelf-
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sea configurations.

All studies employed Lagrangian particle-tracking approaches as the
core method for simulating larval transport. However, the level of bio-
logical complexity varied markedly. One study represented larvae as
passive tracers, whereas six explicitly incorporated biological processes
such as vertical migration, delayed settlement, or time-dependent set-
tlement readiness during larval development. The treatment of settle-
ment also differed among studies, ranging from simple arrival-based
metrics to explicit habitat filtering and, in one case, coupling with de-
mographic and energetic post-settlement models.

Key characteristics of the modelling frameworks, spatial coverage,
biological representation, and connectivity-related outputs are summa-
rized in Table 1.

6. Emerging patterns in dispersal and connectivity modelling for
Ostrea edulis

Larval dispersal and connectivity are key processes shaping the
persistence and recovery of Ostrea edulis populations. In many modelling
studies, connectivity is treated not only as physical transport but as an
outcome mediated by retention, settlement success and spatial habitat
configuration, particularly in a restoration context, while other contri-
butions focus primarily on patterns of physical retention and export
(Holbrook, 2021; Rodriguez-Perez et al., 2021; Smyth et al., 2016;
Bertolini and Pastres, 2023; Stechele et al., 2023). Distinguishing be-
tween potential dispersal and realized connectivity consistently reveals
the importance of self-recruitment and local exchange relative to
long-distance export.

A recurrent pattern across case studies is the dominant role of local
retention in semi-enclosed systems such as sea lochs, lagoons and em-
bayments. Models applied in the Solent, Scottish sea lochs and Adriatic
lagoon environments consistently predict high levels of self-recruitment
and limited export under realistic circulation scenarios (Holbrook, 2021;
Rodriguez-Perez et al., 2019; Bertolini and Pastres, 2023). In contrast,
studies conducted in more open systems, including shelf environments
and semi-open bays, report more variable source-sink dynamics and a
stronger influence of hydrodynamic forcing on dispersal pathways
(Clavel-Henry et al., 2023; Stechele et al., 2023). These differences
suggest that restoration success in open systems is more likely to depend
on coordinated, network-based strategies rather than isolated site
interventions.

The reviewed studies further reveal substantial heterogeneity in the
biological realism of connectivity models. While most frameworks
employ Lagrangian particle tracking coupled to hydrodynamic circula-
tion models, only a subset explicitly incorporates as well as key bio-
logical traits such as larval active swimming behavior, delayed
competency (postponement of settlement after larvae become compe-
tent, allowing them to remain in the water column until suitable habitat
is encountered) or habitat-dependent settlement processes
(Rodriguez-Perez et al., 2020; Rodriguez-Perez et al., 2021; Stechele
et al., 2023). Where behavioral components are included, simulations
consistently predict reduced dispersal distances and enhanced
self-recruitment compared with passive-particle scenarios, indicating
that model structure strongly influences inferred connectivity patterns
(Rodriguez-Perez et al., 2020; North et al., 2008).

Although this synthesis focuses specifically on modelling studies
targeting O. edulis, several methodological approaches adopted in the
reviewed literature are informed by broader advances in marine bio-
physical modelling. Recent applications demonstrate the increasing
relevance of multi-scale hydrodynamic coupling, advanced particle-
tracking schemes and integration with habitat suitability or
individual-based frameworks, which offer promising directions for
improving ecological realism and restoration relevance of future
O. edulis connectivity models (Laurent et al., 2020; Melaku Canu et al.,
2020; Stechele et al., 2023).
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7. Hydrodynamic models in Ostrea edulis dispersal studies:
emerging patterns

Across the reviewed literature, hydrodynamic modelling consistently
represents the physical backbone of dispersal simulations for Ostrea
edulis, providing the circulation fields on which connectivity estimates
are built. All retained studies rely on hydrodynamic circulation outputs
to drive Lagrangian particle tracking; however, the dimensionality (2D
vs 3D) and the degree of online/offline coupling vary across studies.
These studies confirm the central role of hydrodynamic circulation in
shaping predicted transport, retention and export patterns (Smyth et al.,
2016; Corrochano-Fraile et al., 2022; Bertolini and Pastres, 2023).

A clear pattern emerging from the analysis is that most applications
focus on semi-enclosed or topographically complex systems. Studies
conducted in these environments (e.g. Solent, Scottish sea lochs, Adri-
atic lagoons) report circulation regimes characterized by relatively long
water residence times and structured retention zones, which favor high
levels of self-recruitment in model outputs (Smyth et al., 2016;
Holbrook, 2021; Bertolini and Pastres, 2023).

In contrast, studies that extend modelling to more open or advective
environments report greater sensitivity of dispersal outcomes to
boundary conditions, atmospheric forcing and interannual variability,
leading to less stable connectivity patterns and higher uncertainty in
predicted source-sink relationships (Corrochano-Fraile et al., 2022;
Stechele et al., 2023). This highlights that hydrodynamic context itself
constitutes a major driver of variability in connectivity outcomes across
systems.

The review also reveals that explicit quantitative validation of hy-
drodynamic performance remains limited. Most studies rely on quali-
tative or indirect validation approaches, such as consistency with known
circulation patterns, comparisons with available current measurements,
or agreement with observed retention tendencies (North et al., 2008;
Smyth et al., 2016). This methodological limitation represents a recur-
rent source of uncertainty that constrains confidence in dispersal pre-
dictions, particularly when models are used to support spatial planning
decisions.

In addition, predicted connectivity patterns are highly sensitive to
the timing of larval release within the circulation field. Differences in
spawning windows, tidal phase, wind forcing, and seasonal stratification
can substantially alter dispersal pathways and retention outcomes
(North et al., 2008; Treml et al., 2008; Werner et al., 2007), and have
been shown to influence connectivity estimates in European oyster
systems (Rodriguez-Perez et al., 2020; Bertolini and Pastres, 2023;
Clavel-Henry et al., 2023). Such variability is often explored through
scenario-based simulations but rarely validated independently.

Finally, a consistent finding across studies is that hydrodynamic
simulations alone tend to produce broader dispersal kernels than models
incorporating biological processes. This reinforces the conclusion that
hydrodynamics provide necessary but insufficient information for con-
nectivity assessment, and that coupling with biological parameteriza-
tion is essential to avoid systematic overestimation of dispersal and
underestimation of local retention (Metaxas and Saunders, 2009;
Rodriguez-Perez et al., 2020).

8. Biophysical and behavioral modelling of Ostrea edulis larval
dispersal

8.1. Conceptual framework: biophysical coupling

Biophysical coupling integrates hydrodynamic circulation models
with biological representations of larval behavior and development.
These models explicitly account for the capacity of larvae to interact
with their physical environment through swimming, vertical posi-
tioning, development and settlement processes (Cowen and Sponaugle,
2009; Metaxas and Saunders, 2009).

In the case of Ostrea edulis, biophysical frameworks combine
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simulated flow fields with modules describing larval transport, devel-
opment, vertical movement and settlement-related processes, allowing
evaluation not only of potential dispersal pathways but also of how
biological traits modulate realized connectivity (Smyth et al., 2016;
Rodriguez-Perez et al., 2021). This shift from passive to biophysical
modelling has been driven by growing evidence that models neglecting
larval behavior tend to overestimate dispersal distance and connectivity
while underestimating local retention and self-recruitment (Fiksen et al.,
2007; North et al., 2008; Cowen and Sponaugle, 2009) (Fig. 2).

By incorporating time-varying biological traits such as settlement
competence periods, mortality, stage-dependent vertical movement and
behavioral responses to environmental conditions, biophysical models
generate probabilistic dispersal patterns that more closely match field
observations (Coolen et al., 2020; Stechele et al., 2023). These proba-
bilistic representations of larval exchange are central to understanding
metapopulation dynamics and to informing spatially explicit restoration
design.

8.2. Behavioral representation in larval dispersal models

Experimental and modelling studies demonstrate that O. edulis larvae
are not passive particles but exhibit behaviors such as diel vertical
migration, buoyancy regulation and selective positioning within the
water column, all of which influence dispersal trajectories and settle-
ment outcomes (Cragg and Gruffydd, 1975; Rodriguez-Perez et al.,
2020; Stechele et al., 2023). Accordingly, behavioral representation
has become a key differentiating element among larval dispersal models
applied to this species.

To enable systematic comparison across modelling approaches and
environmental contexts, we synthesized the main characteristics of a
management-oriented subset of the reviewed O. edulis dispersal and
connectivity studies in a comparative framework (Table 2). The table
contrasts system type, hydrodynamic configuration, level of behavioral
representation, treatment of settlement and habitat filtering, and vali-
dation strategies. This synthesis allows evaluation of how methodolog-
ical choices shape predicted connectivity patterns and highlights
recurring sources of uncertainty with direct relevance for restoration
planning.
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Patterns emerging from Table 2 indicate that behavioral represen-
tation and hydrodynamic context jointly determine predicted connec-
tivity outcomes. Behavior-explicit models implemented in retentive
systems such as fjords, sea lochs and lagoons consistently predict higher
levels of self-recruitment and local retention, whereas behavior-free or
simplified approaches applied in advective shelf environments tend to
emphasize export and episodic exchange. The extent to which settle-
ment processes and habitat filtering are incorporated further distin-
guishes models that simulate potential dispersal from those
approximating realized recruitment.

Behavioral particle-tracking experiments provide clear examples of
these effects. In the Firth of Lorn, Scotland, behaviorally informed
simulations showed that vertical migration substantially reduced net
dispersal and enhanced self-recruitment compared with passive tracers,
particularly in tidally energetic environments (Rodriguez-Perez et al.,
2020). More recent implementations incorporate the ability of larvae
to delay settlement until suitable substrate is encountered, extending
dispersal duration and reshaping spatial settlement patterns, with direct
implications for restoration site selection (Rodriguez-Perez et al., 2021).

8.3. Increasing complexity: stochasticity, physiology and habitat filtering

Beyond deterministic behavioral rules, several modelling frame-
works have begun to incorporate stochasticity and inter-individual
variability in larval responses to environmental conditions, producing
more realistic and heterogeneous dispersal outcomes (Paris et al., 2013;
Wood et al., 2021). However, parameterizing larval behavior remains a
major source of uncertainty. Behavioral traits are difficult to measure in
situ and are often inferred from laboratory experiments or derived from
related species, limiting transferability across regions and environ-
mental contexts (Geertsma et al., 2023).

Recent advances have extended biophysical models beyond dispersal
alone by explicitly incorporating post-settlement processes and habitat
suitability. For example Stechele et al., 2023, coupled a larval transport
model with a Dynamic Energy Budget-based Individual-Based Model
(DEB-IBM) and spatial habitat mapping to evaluate restoration potential
for O. edulis in the North Sea. This approach integrates larval dispersal
with post-settlement growth, survival and physiological performance,

Coupled Physical — Biological Dispersal Framework

HYDRODYNAMIC MODEL
ROMS | FVCOM | TELEMAC
HYCOM | MITgem

Biological Sub — model
Larval behavior

Temp-food availability survival
Stochasticity

————— Coupled Forcing = = -~ _

\)
»

DISPERSAL MODEL

(Lagrangian particle tracking framework)

Integrated Outputs

POST-SETTLEMENT VIABILITY

Fig. 2. Conceptual framework of a coupled biophysical modelling approach for Ostrea edulis larval connectivity. Hydrodynamic circulation models provide flow
fields that drive a Lagrangian particle-tracking dispersal model, coupled with biological sub-models representing larval behavior, temperature- and salinity-
dependent survival, and stochasticity. Model outputs are filtered by habitat suitability and extended to post-settlement viability, thereby supporting restoration

planning, site prioritization, and adaptive spatial management.
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Table 2
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Comparative overview of modelling studies on larval dispersal and connectivity of Ostrea edulis. The comparison follows the five analytical categories defined in
Section 2.1 and synthesizes how modelling framework structure, representation of larval biology, validation approach, and environmental context influence inferred
connectivity patterns and their relevance for restoration planning. Only studies that explicitly frame larval dispersal in terms of connectivity outcomes or management-
oriented implications are included. Studies primarily focused on physical transport or large-scale dispersal patterns without an explicit connectivity synthesis (e.g.
purely transport-driven or regional dispersal studies) are therefore not considered in this comparative table.

Study/Region System type Modelling Representation of ~ PLD/ Settlement/ Validation Main Implications
framework larval behavior competency habitat approach connectivity for restoration
filtering outcome
Holbrook (2021) - Semi-enclosed Lagrangian Diel vertical Literature- Not Qualitative, Predominant Potential for
Solent (UK) embayment particle tracking migration and based PLD included pattern-based local retention site-scale, self-
driven by external  vertical with delayed comparison with episodic sustaining
hydrodynamic positioning competency export restoration
model outputs
Rodriguez-Perez Fjord-like basins ~ Nested ROMS with  Stage-dependent Variable; Not Comparison with Strong local Retentive
et al. (2019, behavior-informed  swimming and explicit included empirical retention systems
2020) - Scottish particle tracking competency competency biological identified as
sea lochs delay window constraints priority
candidates
Stechele et al. Open shelf Particle tracking Not explicitly Fixed pelagic Explicit Hindcast Potential Support for
(2023) = North coupled to DEB- included larval habitat comparison with stepping-stone network-based
Sea based IBM and duration filtering historical oyster connectivity restoration
habitat suitability bed distribution planning
layers
Bertolini and Shallow TELEMAC-3D Near-bed Seasonally Not Not reported Predominant Potential for
Pastres (2023) — lagoon-coastal coupled with positioning at variable, included intra-lagoon localized
Adriatic lagoon system particle tracking competency literature- retention restoration
based PLD actions
Clavel-Henry et al. Semi-open bay ROMS-based PTM Simplified Species- Not Partial validation Potential Implications
(2023) - Galway with simplified behavioral specific, included against source-sink for adaptive
Bay biological representation literature- hydrodynamic patterns restoration
behavior based PLD and dispersal planning
patterns

representing an important step toward linking connectivity predictions
with population viability and restoration success.

Climate variability operates across multiple temporal scales within
biophysical modelling frameworks. Short-term meteorological vari-
ability (e.g. wind forcing, river discharge and seasonal stratification) can
substantially modify dispersal pathways and retention patterns between
spawning events, while longer-term climate projections alter baseline
circulation regimes and thermal conditions (Stechele et al., 2023; Alves
Monteiro et al., 2025). In addition, connectivity estimates are highly
sensitive to initial condition inputs, including the timing of larval release
relative to tidal phase and seasonal circulation state. Scenario-based
simulations that explore combinations of meteorological variability,
climate forcing and release timing therefore provide a more robust
assessment of connectivity uncertainty and are particularly relevant for
designing adaptive and climate-resilient restoration networks.

8.4. Model validation and remaining uncertainties

Despite considerable advances in biophysical and behavioral
modelling, validation remains the most critical and unevenly addressed
component of the modelling chain. Many O. edulis studies report qual-
itative agreement with observed circulation patterns or settlement
trends but rarely provide quantitative accuracy metrics or formal un-
certainty estimates (Cowen et al., 2006; North et al., 2008). Moreover,
interactions between interannual variability in wind forcing, river
discharge and spawning phenology and model performance are seldom
evaluated explicitly (Werner et al., 2007).

Empirical validation is constrained by the difficulty of obtaining
larval dispersal data across appropriate spatial and temporal scales.
Among available approaches, genetic parentage analysis and population
genetic structure assessments provide one of the few direct means of
evaluating realized connectivity and gene flow, thereby offering a crit-
ical benchmark for model-based predictions (Coolen et al., 2020;
Mackenzie et al.,, 2022). However, such studies are logistically

demanding and often spatially limited, while plankton sampling and
settlement monitoring typically capture only short-term or local pro-
cesses. As a result, caution is required when interpreting connectivity
predictions, particularly when models are used to inform restoration
planning.

Overall, biophysical and behavioral modelling represents a trans-
formative advance in understanding O. edulis larval connectivity. By
explicitly linking physical circulation with larval behavior, development
and settlement processes, these models provide a mechanistic basis for
evaluating connectivity, identifying retentive systems and informing
spatially coherent restoration strategies. At the same time, improving
behavioral parameterization, validation practices and uncertainty
quantification remains essential to strengthen the robustness and
applicability of model-based connectivity assessments.

9. Case studies across Europe: key findings and patterns

Empirical and modelling-based case studies across Europe provide
valuable insights into the spatial dynamics of Ostrea edulis larval
dispersal and connectivity. Collectively, these studies highlight the
ecological heterogeneity of oyster habitats and demonstrate how region-
specific hydrodynamic and biological conditions critically influence
restoration outcomes. Fig. 3 provides a graphical overview of the study
areas.

A first group of studies relies primarily on hydrodynamic models to
explore physical transport pathways. For example, hydrodynamic
modelling in the Venice Lagoon has been used to evaluate the reintro-
duction potential of O. edulis and overall habitat suitability, highlighting
strong local retention within lagoonal circulation patterns (Bertolini and
Pastres, 2023).

A second group of studies incorporates larval behavior into bio-
physical particle-tracking frameworks. In the Solent (UK), particle-
tracking simulations driven by external hydrodynamic outputs indi-
cate high self-recruitment potential with episodic export toward the
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Ostrea edulis case-study regions: highlighted areas (rectangles)
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Fig. 3. Geographic distribution of European case-study regions included in the review of Ostrea edulis larval dispersal and connectivity modelling. Colored rectangles

indicate the approximate spatial extent of the modelling domains for each study.

English Channel, supporting temporally targeted restoration strategies
(Holbrook, 2021). Similarly, in Scottish sea lochs, behavior-informed
models show that vertical migration and local circulation promote
strong retention and limited dispersal beyond individual basins
(Rodriguez-Perez et al., 2019). At broader regional scales along the
Scottish west coast, FVCOM-based particle tracking highlights the
sensitivity of dispersal to wind forcing and large-scale circulation vari-
ability (Corrochano-Fraile et al., 2022).

More recent approaches combine hydrodynamics, larval dispersal,
and additional ecological components. In the Wadden Sea and German
Bight (Stechele et al., 2023), employed coupled population—distribution
modelling and habitat suitability analyses to assess larval connectivity
among offshore restoration reefs. Their results indicate moderate con-
nectivity, particularly when restoration sites function as
stepping-stones, i.e., intermediate habitats that facilitate larval ex-
change between otherwise weakly connected areas.

Comparative modelling in semi-open systems further illustrates the
context dependency of connectivity. In Galway Bay (Ireland), a ROMS-
coupled biophysical model applied to the Pacific oyster (Magallana
gigas) suggests that the system can alternate between acting as a larval
source or sink depending on hydrodynamic conditions, emphasizing the
strong role of temporal variability (Clavel-Henry et al., 2023).

Across European systems, several consistent patterns emerge. Strong
local retention characterizes semi-enclosed environments such as the
Solent, Adriatic lagoons, and Scottish sea lochs (Corrochano-Fraile et al.,
2022; Holbrook, 2021; Rodriguez-Perez, 2019; Smyth et al., 2016).
Export is generally constrained by local hydrodynamic features such as
eddies, stratification, and wind-driven circulation, although moderate
connectivity can occur in more open systems when suitable habitat
patches facilitate multi-step dispersal (Stechele et al., 2023). Larval
behavior, particularly diel vertical migration and delayed settlement,
consistently modifies dispersal trajectories relative to passive transport
(Broekhuizen et al., 2011; North et al., 2008; Rodriguez-Perez, 2019).
Connectivity patterns also exhibit strong interannual variability driven
by changes in stratification, freshwater inflow, and atmospheric forcing
(Clavel-Henry et al., 2023). Finally, habitat suitability acts as a critical
filter: successful recruitment depends not only on dispersal but also on
substrate quality and local physicochemical conditions (Colsoul et al.,
2021; Puckett et al., 2018; Theuerkauf et al., 2021).

Despite growing evidence, substantial geographic gaps remain. The

Baltic Sea, large portions of the Mediterranean, and the Iberian-North
African margin are still poorly represented in connectivity studies.
These regions are characterized by contrasting oceanographic regimes.
Low salinity in the Baltic, persistent stratification in the Mediterranean,
and strong upwelling along Atlantic margins can directly influence
larval survival, development, and vertical behavior. Expanding empir-
ical observations and modelling efforts into these regions will be
essential to determine whether patterns observed elsewhere can be
generalized.

Collectively, these case studies illustrate how hydrodynamic setting,
biological parameterization and habitat configuration interact to shape
connectivity patterns across European systems. The comparative
perspective underscores the importance of context-specific modelling
when interpreting dispersal outcomes and translating them into resto-
ration strategies.

10. Modelling limitations and uncertainties

Despite notable advancements in modelling the dispersal and con-
nectivity of Ostrea edulis larvae, significant limitations and sources of
uncertainty persist. These constraints affect the ecological realism, ac-
curacy, and interpretability of model predictions-issues that must be
acknowledged by both researchers and restoration practitioners (Cowen
and Sponaugle, 2009; North et al., 2008).

A primary limitation lies in the incomplete understanding of larval
behavior. Although recent studies have improved knowledge of swim-
ming activity, vertical migration, and settlement cues, many biophysical
models still rely on parameter values derived from other bivalves or
assume uniform behavior across individuals (Bertolini and Pastres,
2023; Rodriguez-Perez, 2019). Key behavioral traits such as behav-
ioral changes during development, movement in response to environ-
mental conditions, and inter-individual variability are rarely
incorporated, leading to oversimplified assumptions that can distort
dispersal pathways (Corrochano-Fraile et al.,, 2022; Metaxas and
Saunders, 2009; Willis et al., 2019).

Validation of model outputs remains challenging due to the scarcity
of empirical data suitable for direct comparison with model predictions.
Direct larval sampling is difficult because of the brief planktonic stage
and small larval size, while genetic parentage analysis is resource-
intensive and often spatially limited (Stechele et al., 2023). As a
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result, many models depend on unvalidated behavioral assumptions and
broad environmental parameterizations (Clavel-Henry et al., 2023).

Emerging validation tools are improving this landscape. Environ-
mental DNA (eDNA) sampling offers high-resolution, non-invasive
detection of larval presence without direct collection (Deiner et al.,
2017). Traditional larval traps and plankton tows provide direct
counts and developmental-stage data, while settlement tiles or artificial
collectors measure successful recruitment in restoration zones-albeit
with potential bias from habitat preferences. Genetic parentage and
population assignment studies using molecular markers such as RAD-seq
(Restriction-site Associated DNA sequencing, a genome-wide genotyp-
ing approach) or microsatellites (short, highly variable DNA repeat re-
gions) remain invaluable for quantifying realized connectivity (the
effective exchange of individuals or genes among populations); but are
logistically demanding. Integrating these methods within complemen-
tary validation frameworks is increasingly considered best practice
(Werner et al., 2007) (Table 3).

Hydrodynamic resolution represents another major constraint.
Coarse spatial grids may fail to resolve retention-driving features such as
estuarine fronts, eddies or tidal creeks, while low temporal resolution
can miss tidal and diel signals critical for larval positioning (Shchepetkin
and McWilliams, 2005). Uncertainty in boundary conditions and forcing
(e.g. wind, freshwater inflow, sea level) further propagates into dispersal
predictions (Corrochano-Fraile et al., 2022; Holbrook, 2021).

Biological simplifications add additional uncertainty. Many models
assume fixed or neutral buoyancy despite evidence of environmentally
mediated behavioral plasticity (Colsoul et al., 2021; Rodriguez-Perez,
2019). Moreover, arrival-based metrics often neglect post-settlement
mortality, predation and habitat quality, potentially overestimating
functional recruitment. Integration with habitat-suitability and de-
mographic frameworks is therefore essential (Stechele et al., 2023;
Wood et al., 2021).

Integration with habitat-suitability and demographic frameworks is
thus essential (Wood et al., 2021). Recent modelling advances increas-
ingly incorporate post-settlement dynamics through Dynamic Energy
Budget (DEB) models, which describe how organisms acquire and allo-
cate energy to maintenance, growth and reproduction, and
Individual-Based Models (IBMs), which simulate the fate of individual
organisms and their interactions with the environment. For example
Stechele et al., 2023, coupled a Lagrangian larval dispersal model with a
DEB-based IBM to represent not only larval transport but also the
physiological performance of settled Ostrea edulis under North Sea
conditions. When combined with Habitat Suitability Indices (HSIs),
these approaches allow models to move beyond potential dispersal to-
ward estimates of functional recruitment, thereby linking connectivity

Table 3

Overview of empirical methods used to validate larval dispersal and connec-
tivity models, summarizing their main advantages, limitations, and typical ap-
plications in marine connectivity studies.

Validation Advantages Limitations Best Use Case

Method

eDNA Non-invasive; May not distinguish Broad spatial
sampling high resolution; larval stages; mapping of larval

species-specific degradation affects
accuracy

Labor-intensive;

presence

Larval traps/ Direct larval Quantifying larval

plankton counts; stage spatially constrained  abundance in
tows identification specific locations
Settlement Measures actual May miss mobile or Verifying
tiles recruitment selective settlers; settlement success
influenced by in restoration sites
habitat context
Genetic High-resolution Expensive; requires Testing realized
parentage/ connectivity high-quality connectivity over
assignment inference reference samples known spatial

scales
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with post-settlement survival and performance, an essential step for
ecologically realistic restoration planning.

Scenario-based simulations under future climate projections provide
valuable insight into how connectivity patterns may change, but they
also introduce additional uncertainty when extrapolating beyond vali-
dated conditions. Such uncertainty arises both from the physical
domain, including altered circulation, stratification and forcing fields,
and from the biological domain, particularly limited knowledge of how
larval behavior, physiological tolerance and adaptive capacity of
O. edulis may respond to changing environmental regimes
(Corrochano-Fraile et al., 2022).

Finally, transparency and reproducibility remain uneven across
studies. Standardized reporting of model parameters, biological as-
sumptions, codes, and validation metrics would enhance comparability
and enable meta-analyses of connectivity (Bertolini and Pastres, 2023;
Paris et al., 2013).

In summary, larval dispersal modelling for O. edulis has advanced
substantially but remains limited by behavioral uncertainty, sparse
empirical validation, model resolution constraints, and inconsistent
reporting.

11. Applications to restoration ecology

The modelling of larval dispersal and connectivity in Ostrea edulis has
evolved from theoretical frameworks into operational tools that inform
restoration planning and spatial management across Europe. As resto-
ration initiatives scale wup, insights from coupled hydro-
dynamic-biological models increasingly support site prioritization,
network design and adaptive management (Stechele et al., 2023).

Connectivity simulations help identify broodstock reserves and sites
that maximize larval retention while maintaining strategic export. In the
Solent (UK), particle-tracking analyses indicate strong self-recruitment
with episodic export toward the English Channel, supporting tempo-
rally targeted restoration strategies (Holbrook, 2021).

Beyond single-site optimization, connectivity matrices can be used to
delineate management subareas and evaluate functional linkages among
spawning, nursery and harvesting grounds. This approach has been
successfully applied in the Adriatic Sea for Nephrops norvegicus, where
multiannual biophysical modelling integrated hydrodynamics, larval
behavior and habitat suitability to define spatially coherent manage-
ment units and essential fish habitats (Melaku Canu et al., 2020). The
study demonstrated how ensemble simulations capturing interannual
variability can reveal subpopulation structure and inform area-based
fisheries management. Similar ecosystem-based spatial planning
frameworks have been proposed for the northern Adriatic to integrate
hydrodynamic connectivity with habitat and conservation priorities
(Bandelj et al., 2020).

For oyster restoration, such approaches are directly transferable.
Connectivity modelling enables the identification of larval corridors,
retention hotspots and stepping-stone sites, supporting network-based
restoration strategies rather than isolated reef construction (Treml
et al., 2008). Scenario simulations incorporating interannual shifts in
circulation, temperature and spawning timing further allow practi-
tioners to test resilience under climate variability (Andrello et al., 2015;
Smyth et al., 2016).

Importantly, model outputs allow population-level assessment of
whether restored reefs are demographically linked to broader meta-
populations rather than functioning as isolated patches (Lowe and
Allendorf, 2010; Rodriguez-Perez et al., 2021). By identifying larval
sources and sinks, biophysical models provide a quantitative basis for
aligning oyster restoration with marine protected area (MPA) design and
regional ecosystem management objectives.

Connectivity-informed planning also improves resource allocation
by targeting areas with strong natural larval supply and reduced
reseeding requirements (Bertolini and Pastres, 2023; Colsoul et al.,
2021).
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Together, these developments indicate that larval connectivity
modelling now provides a robust decision-support framework for scaling
oyster restoration in ecologically coherent and cost-effective ways.

12. Future directions

As Ostrea edulis restoration efforts expand across Europe, enhancing
the accuracy and applicability of larval dispersal and connectivity
models is essential for evidence-based and adaptive management.
Future developments should focus on increasing biological realism,
improving empirical validation, integrating biophysical models into
ecosystem and socio-economic frameworks, and adopting open-science
practices that facilitate reproducibility and collaboration.

Most existing models still simplify larval behavior due to limited
empirical data. Yet O. edulis larvae display complex dynamics, including
vertical migration, environmentally cued swimming, and variable
competency windows (Rodriguez-Perez, 2019). Controlled laboratory
experiments, flume-tank assays, and in situ observations are required to
parameterize these behaviors accurately. Enhanced behavioral param-
eterization will reduce reliance on surrogate species and strengthen
model transferability across environmental contexts.

Quantitative validation remains a critical bottleneck in larval
dispersal modelling. Combining genetic parentage analysis, otolith
microchemistry, and intensive larval sampling can generate indepen-
dent datasets for model testing. Longitudinal studies encompassing
multiple spawning seasons are necessary to capture interannual vari-
ability in larval transport and settlement. Genetic validation studies in
coral reef fishes have demonstrated the feasibility of this approach (Bode
et al., 2019), underscoring its potential for O. edulis. Emerging methods
such as environmental DNA (eDNA) sampling offer non-invasive,
high-resolution detection of larval presence and can be integrated into
citizen-science programs, for example by enabling trained volunteers to
collect water samples across multiple locations and time periods,
thereby extending spatio-temporal monitoring coverage (Deiner et al.,
2017).

Coupling hydrodynamic particle-tracking and associated biological
models with post-settlement demographic and ecosystem models rep-
resents a major step toward ecological realism. Such integrated frame-
works can incorporate post-settlement processes including growth,
mortality, and competition, thus forecasting not only settlement loca-
tions but also local population viability and metapopulation persistence
(Stechele et al., 2023). These models are critical for designing spatially
coherent restoration networks and for aligning oyster reef restoration
with marine protected area (MPA) connectivity goals.

Projected changes in sea level, stratification, and circulation will
alter larval transport pathways, while warming and acidification may
affect larval behavior and survival. Ensemble-based, scenario simula-
tions can be used to identify potential climate refugia and dispersal
corridors under future oceanographic conditions (Espinel-Velasco et al.,
2018). Such foresight is vital for climate-resilient restoration and
adaptive policy design.

Advances in cloud computing, automated workflows, and open-
source Lagrangian tools (e.g., Parcels, Ichthyop) now enable near-real-
time forecasting of larval transport (Delandmeter and Van Sebille,
2019; Lett et al., 2008). Integrating these pipelines with GIS-based
planning layers can support dynamic decision-making by visualizing
predicted recruitment hotspots and connectivity corridors.

Opyster restoration operates within coupled human-natural systems
that involve fisheries, tourism, regulation, and conservation priorities.
Consequently, future modelling efforts should incorporate stakeholder
participation, socio-economic valuation, and governance scenarios to
ensure feasible and equitable outcomes.

Harmonizing model protocols-behavioral modules, input parame-
ters, and validation methods, will enable cross-system comparability.
The Native Oyster Restoration Alliance (NORA) plays a central role in
coordinating transnational initiatives and establishing shared guidelines
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for monitoring and modelling (Pogoda et al., 2019). The adoption of the
FAIR data principles and the use of open-source modelling platforms can
substantially improve transparency, reproducibility, and cross-system
comparability of connectivity studies (Wilkinson et al.,, 2016;
Delandmeter and Van Sebille, 2019; Lett et al., 2008). At the same time,
strengthening interdisciplinary collaboration across oceanography,
ecology, genetics, socio-economics, and management, and expanding
access to training and user-friendly modelling tools, will be essential to
ensure broad participation and to translate modelling outputs into
effective, evidence-based restoration strategies.

13. Conclusion

This review provides a critical synthesis of how hydrodynamic and
biophysical modelling has been applied to investigate larval dispersal
and connectivity of Ostrea edulis across European coastal systems. The
comparative analysis reveals substantial heterogeneity in model struc-
ture, biological parameterization and validation practice, limiting direct
comparability among regions and constraining management-oriented
interpretation. Quantitative performance metrics and formal uncer-
tainty assessment remain scarce, highlighting a persistent methodolog-
ical gap (Cowen and Sponaugle, 2009; Werner et al., 2007).

Despite these limitations, several robust patterns emerge. Behavioral
representation consistently alters predicted dispersal trajectories rela-
tive to passive transport, generally increasing local retention and spatial
structuring of connectivity. However, model outcomes are not governed
by behavior alone. Hydrodynamic setting, spawning timing, and inter-
annual variability in forcing conditions strongly influence predicted
connectivity, underscoring the sensitivity of model results to environ-
mental context and initial conditions.

Semi-enclosed systems such as lagoons and fjord-like basins tend to
promote retention and self-recruitment, whereas open and advective
environments exhibit more episodic and spatially variable connectivity.
These differences indicate that restoration strategies cannot rely on
generalized assumptions but must be grounded in system-specific
modelling and explicit evaluation of connectivity networks.

Key limitations remain. Behavioral parameters are often poorly
constrained, empirical validation, particularly through genetic inference
of realized connectivity, is limited, and post-settlement processes are
frequently excluded. As a result, many existing models estimate poten-
tial dispersal rather than functional recruitment. Integrating de-
mographic processes, habitat filtering and multi-scenario forcing into
connectivity frameworks represents a necessary step toward more
ecologically realistic and decision-relevant modelling.

Ultimately, larval connectivity modelling has matured into a prac-
tical decision-support tool for oyster restoration. Its future development
will depend less on increasing structural complexity and more on
improving transparency, uncertainty quantification and empirical
grounding. By aligning modelling outputs with ecological processes and
management objectives, connectivity-based approaches can support
coherent, adaptive and spatially informed strategies for the long-term
recovery of Ostrea edulis ecosystems across Europe.
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