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Connectivity, the exchange of individuals and genes among geographically

separated marine populations, plays a key role in coral reef biodiversity and

resilience. The Red Sea is a semi-enclosed basin with dynamic circulation and

abundant coral reefs, making it a natural laboratory for coral reef connectivity

research. Previous studies broadly investigated Red Sea connectivity, but were

spatially restricted to regional or sparsely-distributed reef sites. Here, using

hydrodynamic and particle tracking models, a high-resolution circulation-

driven physical connectivity atlas covering every Red Sea coral reef, including

seasonality, was simulated and further validated against available in-situ genetic

datasets. The simulation was conducted without incorporating larval traits to

isolate and quantify the connectivity contributed by circulation. Our validation

experiment suggests the importance of circulation in shaping the genetic

structure of Red Sea reef species, supporting the Isolation By Circulation

(IBC) theory in the Red Sea seascape genetics. The simulated atlas reveals

that reefs in the northern Red Sea are better sources and destinations than

those in the southern basin, regardless of season. The east-west connections

between the southern reefs are identified to be weak. Complex circulation

dynamics drive a regional-specific seasonality, e.g., the Farasan Islands reefs are

better sources during summer while the nearby Bab-Al-Mandeb strait reefs are

better sources during winter. The west-coast reefs are generally winter-

intensified sources whereas the east-coast reefs are generally summer-

intensified sources. The revealed seasonality of physical connectivity is

important for larval dispersal processes as reef species may spawn in

different seasons. This physical connectivity atlas provides a reference for

designing marine conservation strategies from a circulation perspective and

easy-to-access physical connectivity datasets for the future Red Sea seascape

genetic studies.
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Introduction

Coral reefs, known as therainforests of the sea, are essential

habitats for nearly one third of known marine species (Reaka,

2005) and represent valuable economic assets through the

provision of tourism and fisheries (Moberg and Folke, 1999).

Connectivity, the exchange of individuals and genes among

geographically separated marine populations (Cowen and

Sponaugle, 2009), is important for the resilience of coral reef

ecosystems and for the design of marine protected areas (MPAs)

(Almany et al., 2009; Jones et al., 2009). As the exchange of genes

is crucial in determining the spatial genetic structure (i.e., the

genetic differentiation among subpopulations) of marine species,

genetic approaches that infer gene flow based on the genetic

structure have been employed to investigate connectivity

(Hedgecock et al., 2007). The exchange of individuals between

populations inhabiting distant coral reefs can occur through

dispersal processes, primarily during the pelagic larval stage

(Cowen and Sponaugle, 2009). Though influenced by larval

traits such as pelagic larval duration (PLD), the dispersal

processes substantially depend on local oceanographic

circulation, especially for planktonic larvae with limited

swimming ability (Cowen and Sponaugle, 2009; see

Appendix 1 for a discussion of the factors that impact

dispersal processes). Thus, both biophysical connectivity

approaches which simulate larval dispersal processes of

concerned species based on larval traits and circulation, and

physical connectivity approaches which simulate dispersal

processes of non-specific species based on only circulation

without incorporating larval traits, have recently become

popular for investigating connectivity and for seascape genetic

studies (Treml et al., 2008; White et al., 2010). In particular,

physical connectivity illustrates the ability of circulation in
Frontiers in Marine Science 02
transporting larvae, meanwhile excluding the potential impacts

introduced by the features of larvae species in order to isolate

and quantify the contribution of circulation to connectivity

(Append ix 2 prov ides fur ther in format ion about

physical connectivity).

Landscape genetics combines landscape ecology and population

genetics to understand how landscape features — such as

geographical and environmental features — influence gene flow

and shape the spatial genetic structure of terrestrial species (Manel

et al., 2003). Similarly, seascape genetics (derived from landscape

genetics) aim to elucidate how seascape features — including

geographic distance, oceanographic features (such as circulation)

and environmental features (such as temperature) — shape the

spatial genetic structure of marine species (Selkoe et al., 2008; Selkoe

et al., 2010; Riginos and Liggins, 2013). In landscape genetics, the

classic Isolation By Distance (IBD) model, which hypothesizes that

genetic differentiation between separated populations increases with

their geographic distance, has been successfully used to explain the

spatial genetic structure of some terrestrial species (Manel et al.,

2003). However, the classic IBD model may be inadequate for

seascape genetic studies of marine species, as the dispersal of marine

larvae is strongly dependent on physical circulation. Thus, an

Isolation By Circulation (IBC) model has been included to

examine the role of circulation in shaping the spatial genetic

structure of marine species (White et al., 2010; Alberto et al.,

2011). Through investigation of physical connectivity, circulation

distance (i.e., a metric of how extensively local circulation favours

the connections between populations) can be derived to examine

the IBC theory.

The Red Sea is a narrow, elongated and semi-enclosed basin

located between ~13°N and ~30°N (Figure 1), with a length

of ~2000 km and a maximum width of ~355 km (Hoteit et al.,

2021). The basin includes the Gulf of Suez and Gulf of Aqaba at
A B C

FIGURE 1

(A) Geographic distribution of the Red Sea coral reefs (grey points) and the sampling sites for the four genetic datasets of the reef sponge S.
carteri and the reef fish A. bicinctusa, A. bicinctusb and D. marginatus. Note that the datasets for Amphiprion bicinctus were obtained from two
studies with different sampling sites, and are denoted a and b, respectively. (B) Winter surface currents averaged over the 14 years from 2002 to
2015 (indicated by the arrows) and winter surface eddy kinetic energy (indicated by the colours) which reflects the intensity of eddy activities
(Zhan et al., 2016). (C) is the same as (B) but showing summer features instead. January and July were chosen to represent the winter and
summer seasons, respectively,to maintain consistency with Figure 4.
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the northern end, and connects with the Gulf of Aden through

the narrow (~25 km wide) Bab-Al-Mandeb (BAM) strait at the

southern end (Carvalho et al., 2019). Despite its semi-enclosed

nature and limited water exchange with nearby oceans, the Red

Sea exhibits a dynamic circulation with marked seasonality

driven by the prevailing winds and strong air-sea buoyancy

fluxes (Yao et al., 2014b; Yao et al., 2014a; Zhan et al., 2014;

Sofianos and Johns, 2015). Even though it represents less than

0.02% of the world’s ocean volume (Charette and Smith, 2010;

Edwards, 1987), the Red Sea accommodates ~3.8% of the world’s

coral reefs (Rasul et al., 2015). Almost the entire coastline of the

Red Sea is occupied by coral reefs (Figure 1A), and those of the

northern Red Sea, including the Gulf of Aqaba, have been

recognized as an important refuge under severe global coral

bleaching (Fine et al., 2013; Osman et al., 2018; Kleinhaus et al.,

2020). The semi-enclosed nature of the basin, with dynamic

circulation and abundant coral reefs (Yao et al., 2014b; Yao et al.,

2014a; Zhan et al., 2014; Rasul et al., 2015; Sofianos and Johns,

2015; Zhan et al., 2016), make the Red Sea an ideal natural

laboratory for coral reef physical connectivity studies.

Understanding circulation features is important when

investigating physical connectivity. The main water exchange

between the global ocean and the Red Sea occurs through the

BAM strait and the nearby Gulf of Aden, which consists of

annual average inflow in the upper layer and outflow in the

lower layer (Patzert, 1974). Under the regime of the Indian

monsoon, this water exchange exhibits a monsoon-related

seasonal reversal pattern (Yao et al., 2014b; Yao et al., 2014a).

During winter, the water exchange is characterized by surface

intrusion of relatively fresh Gulf of Aden surface water in the

upper ~90 m and deep outflow of highly saline Red Sea water in

the lower layer (Yao et al., 2014a; Sofianos and Johns, 2015).

During summer, the water exchange reverses into a more

complex three-layer pattern, with fresh intrusion of Gulf of

Aden intermediate water in the intermediate layer sandwiched

between saline outflows of Red Sea water in the surface and deep

layers (Yao et al., 2014b; Sofianos and Johns, 2015). Previous

studies revealed that the influx of the nutrient-rich Gulf of Aden

water mass plays an important ecological role in the productivity

of the southern Red Sea, such as regulating phytoplankton

blooms and providing nutrients to local coral reefs (Raitsos

et al., 2013; Churchill et al., 2014; Triantafyllou et al., 2014;

Raitsos et al., 2015; Dreano et al., 2016).

Within the basin, the annual average general circulation of

the Red Sea is characterized by two vertical overturning cells in

the upper and lower basins, respectively (Sofianos and Johns,

2015; Yao and Hoteit, 2018). The vast majority of coral reefs live

within the upper cell (above ~150−250 m), which consists of

annual average northward flow at the surface and southward

flow at intermediate depths (Yao et al., 2014b; Yao et al., 2014a;

Sofianos and Johns, 2015). The upper cell is also characterized by

distinct seasonality and strong mesoscale eddy activities (Zhan

et al., 2014; Zhan et al., 2016; Zhan et al., 2018; Zhan et al., 2019),
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which drive complex local circulation patterns and substantially

impact physical connectivity (Raitsos et al., 2017; Wang et al.,

2019). Based on circulation features, the Red Sea basin

(excluding the two gulfs at the northern end) can be broadly

divided into the southern Red Sea (SRS, north of the BAM strait

up to approximately 18°N), the central Red Sea (CRS,

approximately 18°N-24°N) and the northern Red Sea (NRS,

approximately 24°N-28°N; Figure 1A). During winter

(Figure 1B), surface intrusion from the Gulf of Aden

intensifies along the western boundary at the southern end of

the SRS and shifts toward the centre of the SRS as it propagates

northward (Yao et al., 2014a). This surface northward flow then

transits toward the eastern side due to the meandering currents

and vigorous eddies in the CRS and changes into an eastern

boundary current in the NRS, forming a cyclonic gyre north of

24°N and centred between 26°N and 27°N (Sofianos and Johns,

2003; Yao et al., 2014a; Zhai et al., 2015). In the intermediate

layer of the Red Sea, there is a southward flow consisting of the

high-salinity water formed during the sinking process in the

NRS (Yao et al., 2014a; Papadopoulos et al., 2015; Yao and

Hoteit, 2018). Meanwhile, eddies across the entire Red Sea basin

intensify during winter, particularly in the CRS (Zhan et al.,

2014; Zhan et al., 2016). During summer (Figure 1C), the

intermediate intrusion from the Gulf of Aden propagates

northward up to ~19°N-22°N (Sofianos and Johns, 2007;

Churchill et al., 2014; Yao et al., 2014b). At the surface, the

cyclonic gyre in the NRS weakens during summer (Yao et al.,

2014b). A southward eastern boundary current driven by north-

westerly winds flows from the CRS to the SRS, splits at the

southern end of the basin and partly returns as a northward

western boundary current (Sofianos and Johns, 2003; Sofianos

and Johns, 2007; Yao et al., 2014b). The general eddy activity in

the Red Sea is also weaker during summer (Zhan et al., 2016); yet

an intense semi-permanent anti-cyclonic eddy centred at ~18.5°

N spins up during summer in response to the lateral Tokar wind

jets (Zhai and Bower, 2013; Zhan et al., 2018).

Previous connectivity studies in the Red Sea have widely

employed genetic approaches (Berumen et al., 2013). Genetic

homogeneity was identified in the northern Red Sea in various

reef species, such as fishes, bivalves and sponges; in contrast, the

southern Red Sea exhibits a distinct genetic structure in

comparison with the northern basin, suggesting a genetic

break at latitudes around 20°N (Shefer et al., 2004; Froukh and

Kochzius, 2007; Nanninga et al., 2014; Giles et al., 2015; Robitzch

et al., 2015; Saenz-Agudelo et al., 2015). The sampling sites of

these genetic studies were relatively restricted in spatial coverage,

and were mostly located along the east coast of the Red Sea

(Figure 1A). A few studies have also employed biophysical and

physical connectivity approaches in the Red Sea (Nanninga et al.,

2015; Raitsos et al., 2017; Wang et al., 2019). Nanninga et al.

(2015) successfully simulated a reef-scale (c. 0.7 km2) larval

dispersal process and suggested limited local retention for a reef

fish species. Raitsos et al. (2017) investigated physical
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connectivity based on 60 sparsely-distributed sites along the

entire Red Sea coast, which expanded the spatial domain to the

west coast and revealed that the southern Red Sea is not

physically well-connected with the northern basin. Wang et al.

(2019) further revealed that the southern Red Sea is physically

more connected with the Indian Ocean than with the northern

basin. Overall, studies using both genetic and physical

connectivity approaches have broadly investigated the

connectivity of the Red Sea coral reefs. However, these studies

were based on either regional or sparsely-distributed reef sites,

and did not consider the spatial distribution of coral reef

complexes throughout the entire Red Sea. In addition, even

though the Red Sea circulation is characterized by distinct

seasonality, the seasonality of physical connectivity remains

poorly documented (except Wang et al., 2019 which mainly

focused on the southern basin).

Previous seascape genetic studies in the Red Sea have

investigated the IBD theory for several marine species (e.g.,

Shefer et al., 2004; Froukh and Kochzius, 2007; Robitzch et al.,

2015). The Red Sea exhibits remarkable south–north

environmental gradients for parameters such as temperature

and chlorophyll (Berumen et al., 2019c). Thus, in addition to the

IBD model, an Isolation By Environment (IBE, i.e.,

environmental difference impacts genetic structure) model has

also been included to further explain the genetic structure of

some Red Sea species (e.g., Nanninga et al., 2014; Giles et al.,

2015; Saenz-Agudelo et al., 2015). Due to the difficulties of

acquiring physical connectivity datasets that provide circulation

information, seascape genetic studies in the Red Sea are mostly

restricted to the IBD and IBE theories. More recently, Raitsos

et al. (2017) revealed that circulation formulates pathways for

gene flow and shapes the genetic structure of a reef fish species

(Raitsos et al., 2017), suggesting the necessity of including IBC

theory in assessments of Red Sea seascape genetics. Despite this,

a physical connectivity atlas based on all the Red Sea coral reefs

that provides circulation information to investigate the IBC

theory is yet to be reported.

This study aims to provide a comprehensive, high-resolution

physical connectivity atlas, including its seasonality, covering all

Red Sea coral reefs. Specifically, based on the validated outputs of

a long-term, high-resolution, 3D regional hydrodynamic model

simulation, a particle tracking model was utilized to investigate

physical connectivity throughout the Red Sea coral reefs and

assess its seasonal variability. Targeting a non-species-specific

physical connectivity atlas, larval traits were not incorporated in

the simulations in order to identify and assess the role of ocean

circulation in larval dispersal processes. Additionally, in order to

examine the influence of circulation on shaping the genetic

structure of different marine species, a statistical analysis was

performed based on the physical connectivity and genetic

datasets (available from published literature) to obtain a

deeper understanding of Red Sea seascape genetics. The

comprehensive physical connectivity atlas of the Red Sea coral
Frontiers in Marine Science 04
reefs enables the identification of potential connectivity hotspots

for marine conservation from the ocean circulation perspective

and provides easy-to-access physical connectivity datasets for

future Red Sea seascape genetic research.
Methods

Section 1: Modelling physical
connectivity

To describe the physical connectivity of the Red Sea coral

reefs, a Lagrangian particle tracking model was implemented to

simulate the dispersal process of passive particles released from

the coral reefs over the entire Red Sea based on the outputs of a

3D hydrodynamic model. A long-term (13 years, 2002-2014),

high-resolution (0.01°/~1 km) physical connectivity atlas of the

Red Sea coral reefs was then generated.

The hydrodynamics of the Red Sea, including the Gulf of

Suez, the Gulf of Aqaba in the north and part of the Gulf of

Aden, were simulated using the Massachusetts Institute of

Technology general circulation model (MITgcm) (Marshall

et al., 1997) configured in the domain between 30°E-50°E and

10°N-30°N (Krokos et al., 2021), with a horizontal resolution of

0.01° (~1 km) and 50 vertical layers with thicknesses varying

between 4 m at the surface and 300 m near the bottom. The

model was forced by a downscaled regional atmospheric

reanalysis covering the Red Sea and the neighbouring regions

with spatial resolution of ~5 km (Viswanadhapalli et al., 2017;

Sanikommu et al., 2020; Hoteit et al., 2021). The open boundary

conditions were obtained from the monthly global GLORYS2V4

reanalysis product provided by the Copernicus Marine

Environment Monitoring Service (CMEMS; http://marine.

copernicus.eu). The model successfully reproduced the Red

Sea circulation dynamics from the basin-scale overturning

circulation to mesoscale eddy activities, as well as the seasonal

variability of the volumes and 3D structure of water exchange at

the BAM strait (Yao et al., 2014b; Yao et al., 2014a; Zhan et al.,

2014; Zhan et al., 2015; Xie et al., 2019). The model outputs have

been extensively validated (Yao et al., 2014b; Yao et al., 2014a;

Hoteit et al., 2021; Krokos et al., 2021) and used in many studies

to force a 3D ecosystem model (Triantafyllou et al., 2014), a

larval dispersal model (Nanninga et al., 2015), a physical

connectivity model (Wang et al., 2019) and lagoon-scale

studies (Doshi et al., 2019; Zhan et al., 2021). In this study, the

daily averaged outputs of 3D horizontal and vertical velocities

between 2002 and 2015 were used to allow 360-day particle

tracking simulations over the period 2002-2014.

The coral reef distribution dataset for the Red Sea was

acquired from the UNEP World Conservation Monitoring

Centre (UNEP-WCMC; http://data.unep-wcmc.org/datasets/1).

The dataset was provided as records of coral reef geographic

locations, therefore the data were further gridded into a 0.01°
frontiersin.org
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mesh (to match the hydrodynamic model), generating ~15,000

coral reef sites in the Red Sea (Figure S1A). Specifically, each

oceanic grid on the high-resolution hydrodynamic model mesh

was defined as a coral reef site if any documented coral reef

geographic location in the UNEP-WCMC dataset was situated

within the same grid (Figure S1A).

Lagrangian particle tracking was performed using the

Connectivity Modelling System (CMS), developed by Paris

et al. (2013). Particles were released from the centre of all Red

Sea coral reef sites at a depth of 2 m (i.e., central depth of the

hydrodynamic model surface layer). During the 13-year study

period (2002-2014), particles were released on a daily basis and

integrated for 30 days (for the physical connectivity atlas) and

360 days (for the circulation distance), with the location of each

particle recorded daily. Over 5×106 particles were released

annually, yielding a total of ~7×107 particles over the whole

experimental period. The particles were treated as neutrally

buoyant and passively drifted with local currents without

autonomous movement such as vertical migration or

horizontal swimming. Appendix 1 provides further details.
Section 2: Measuring physical
connectivity

A connectivity matrix is a distance matrix whose elements

contain information on the level of connectivity between two

coral reef sites (Mitarai et al., 2009). It is the standard approach

to investigate connectivity between marine subpopulations

(Mitarai et al., 2009). Specifically, a coefficient Cij in the

connectivity matrix is the probability of a particle released

from the source site i reaching the destination site j within the

simulation time t (e.g., Figure S1B). However, given the high-

resolution simulation and the large number of ~15,000 coral reef

sites, it is difficult to extract meaningful information from such a

complex matrix (Figure S1B). Thus, additional metrics were

introduced to depict the physical connectivity in a simpler way.

Hence, source (destination) strength and influencing (influenced)

strength were utilized as metrics to evaluate the physical

connectivity of each coral reef site in the Red Sea, which

quantify the ability of each reef site to be a good source (sink)

of Lagrangian particles. Then, a hierarchical clustering method

(Johnson, 1967) was applied to identify the coral reefs that are

relatively highly physically connected with each other. These

connectivity metrics and the clustering method enabled us to

comprehensively quantify and depict the physical connectivity

features of the Red Sea coral reefs. More details are as follows.

The source strength of a certain reef site i is defined as an

array of size equal to the total number, N, of coral reef sites in the

Red Sea (here, N = ~15,000), where site i is the source site from

which particles are released from. An element SSj in the source

strength array of site i is calculated as the possibility of particles

released from site i reaching site j within the simulation time t
Frontiers in Marine Science 05
(here, t = 30 days and j = 1,2,3,…,N can be any coral reef site in

the Red Sea). In contrast, the destination strength of a reef site j is

also defined as an array of size equal to N, whereas site j is the

destination site the particles will reach. An element DSi in the

destination strength array of site j is calculated as the possibility

of particles released from site i reaching site j within the

simulation time t (here, i=1,2,3,…,N can be any coral reef site

in the Red Sea). Essentially, the source strength of site i is the

column i extracted from the connect iv i ty matr ix ;

correspondingly, the destination strength of site j is the row j

extracted from the connectivity matrix (refer to Figure S1B for

the connectivity matrix). The mapped source strength or

destination strength of a certain reef region outlines the Red

Sea reefs connected with that specific reef region, with the values

indicating the level of connectivity.

Unlike the source (destination) strength, which depicts the

physical connectivity of a specific reef region in a site-to-site

manner, the metric influencing (influenced) strength is a

numerical quantity (instead of an array) that directly evaluates

the physical connectivity of a certain reef site. The influencing

strength of a reef site i is defined as the number of coral reef sites

that particles released from site i will ever reach during the

simulation time t, expressed as a percentage of the total number

of coral reef sites in the Red Sea (see relevant discussion in

Supplementary Material). The climatology of influencing

strength was obtained by averaging the values over the 13

experimental years. In contrast, the influenced strength of a

reef site j is defined as the number of coral reef sites whose

particles will ever reach site j during the simulation time t,

expressed as a percentage of the total number of coral reef sites

in the Red Sea. The climatology of influenced strength was also

obtained by averaging the values over the 13 experimental years.

Essentially, the influencing strength of site i is the percentage of

non-zero values in column i from the connectivity matrix;

correspondingly, the influenced strength of site j is the

percentage of non-zero values in row j from the connectivity

matrix (refer to Figure S1B for the connectivity matrix; zero

values indicate no connections). The mapped influencing

strength or influenced strength reveals the ability of each reef

site to impact or be impacted by other coral reefs in the entire

Red Sea.

In order to capture the basin-scale physical connectivity

features, a sensing diameter of 25 km was applied as the criterion

to decide whether a particle reaches the coral reef site or not. The

choice of 25 km was a compromise in order to overcome the

simulation limitations in transporting particles towards reef sites

with shallow bathymetry. In addition, the influencing/influenced

strengths for each reef site were averaged over the nearby sites

within a 25 km diameter to obtain a smooth influencing/influenced

strengths atlas (see Appendix 3 for more information about the

application of sensing and smoothing diameters).

Agglomerative hierarchical clustering was performed based

on the connectivity matrix of all coral reef sites in the Red Sea
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with a 30-day simulation time. Agglomerative hierarchical

clustering is abottom up clustering approach, in which each

object starts as its own cluster and moves up the hierarchy by

merging pairs of clusters (Sasirekha and Baby, 2013).

Specifically, each reef site was considered as one cluster in the

initial stage. Next, the clusters were merged step-by-step using

UPGMA (unweighted pair group method with arithmetic mean)

to eventually form one cluster containing all reef sites. In

addition, since higher Cij values in the connectivity matrix

(ranging from 0 to 1) indicate a higher level of connectivity,

the elements in the connectivity matrix were replaced with (1-

Cij) to obtain a dissimilarity matrix, which is ultimately used

for clustering.
Section 3: Validating physical
connectivity

For seascape genetics, in addition to the IBD model, an IBC

model has been included to account for the role of circulation in

shaping the genetic structure of marine species (e.g., White et al.,

2010; Alberto et al., 2011; Raitsos et al., 2017). Consistency

between the genetic structure and circulation feature would

support the IBC theory for Red Sea reef species, and validate

the physical connectivity atlas of the Red Sea coral reefs.

Published genetic population datasets were utilized for the

reef sponge Stylissa carteri (Giles et al., 2015), the anemonefish

Amphiprion bicinctus a and b (respectively from Nanninga et al.,

2014 and Saenz-Agudelo et al., 2015), and the damselfish

Dascyllus marginatus (Robitzch, 2017). Since the genetic

datasets for the anemonefish were based on the same species

at different sampling sites (Figure 1A), these datasets were

denoted as A. bicinctusa and A. bicinctusb, respectively. The

four studies used Wright’s Fst (i.e., standardized variance in

allele frequencies among populations; Wright, 1931; Manel et al.,

2003; Hedgecock et al., 2007) to measure genetic differentiation

and describe the spatial genetic structure of the respective

species. Linearized Fst (i.e., Fst/[1-Fst]) between sampling sites

was calculated in this study as the genetic distance (Rousset,

1997) to test the IBD and IBC theories.

The corresponding circulation distance between two genetic

sampling sites was calculated as the Mean Connection Time

(MCT), defined as the average time required for a particle

released from one sampling site to reach another sampling site

and vice versa. Specifically, the MCTij and MCTji between the

genetic sampling sites i and j were averaged to acquire a single

MCT value. In contrast to the probabilities used in the

connectivity matrix, which are negatively related with the

genetic distances, MCTs correlate positively with genetic

distances and have been commonly used as a circulation

distance in previous studies (Alberto et al., 2011; Watson et al.,

2011; Raitsos et al., 2017). A simulation time of 360 days

provides a meaningful circulation distance under the large
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spatial scale of the Red Sea (see Appendix 1 – PLD for more

information). The nearest 70 gridded reef sites were selected as

representative of each genetic sampling site to avoid any

misconnection between two sampling sites and to obtain

viable circulation distances (see Figure S2 for more information).

To investigate the IBD and IBC theories, Generalized

Additive Models (GAMs) were applied to examine the

relationship between genetic distance, geographic distance, and

circulation distance. Essentially, GAMs find the best fit composed

of weighted additive basis functions such as x, x2, x3 (Hastie and

Tibshirani, 1987). All three input variables in GAMs measure the

distance between the genetic sampling sites: the genetic distance is

the linearized Fst; the geographic distance is spatial Euclidian

distance; the circulation distance is the MCT. The corresponding

distance matrices of all three variables based on the four groups of

genetic datasets are provided in Figure S3.
Results

Section 1: Isolation by circulation for the
Red Sea coral reef species

To validate the physical connectivity atlas, we examined the

IBD and IBC theories and revealed that the atlas-derived

circulation distance is an important factor in structuring the

population genetics of Red Sea coral reef species (Figure 2).

Specifically, the IBC model exhibits an overall better fit (i.e.,

higher R-value) than the IBD model in most cases (expect for A.

bicinctusb; Figures 2A, B, D), indicating that the circulation

distance is potentially a more important predictor of genetic

distance than the geographic distance. A combination of IBD

and IBC further improved the fit compared with the single

models in most cases (except for D. marginatus, whose small

sample size could be insufficient for bi-variate analysis; Figure 2).

In particular, a considerable increase in the R-value from 0.24

(IBD; p<0.001) to 0.34 (IBC; p<0.001) was observed for the reef

sponge S. carteri, with a further notable increase to 0.61

(p<0.001) in the combined model (Figure 2).

Overall, our investigation of IBD and IBC theories suggested

that circulation distance is potentially a relevant factor to explain

the genetic structure of the Red Sea reef species. Thus, a physical

connectivity atlas that provides circulation distance information

may provide a robust dataset to investigate seascape genetics and

a reference for the design of marine conservation strategies in the

Red Sea.
Section 2: Annual physical connectivity
atlas of the Red Sea coral reefs

To depict the overall physical connectivity structure of the

Red Sea coral reefs, we first present the influencing strength
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(Figure 3A) and influenced strength (Figure 3D) based on

particles released daily throughout the year from coral reef

sites throughout the Red Sea with a 30-day simulation time.

Briefly, a higher value of influencing strength indicates the reef

site is a better source for the entire Red Sea reefs (Figure 3A),

while a higher value of influenced strength indicates the reef site

is a better destination (Figure 3D). In general, both influencing

strength and influenced strength suggest south-to-north

increasing patterns, except for the two gulfs at the northern

end (Figures 3A, D). The highest values are located in the

vicinity of 24°N for influencing strength (Figure 3A) and the

vicinity of 25.5°N for influenced strength (Figure 3D). In the

southern Red Sea, minor increases in influencing strength are

observed on the west coast of the BAM strait and some offshore

reef sites located in the centre of the SRS (Figure 3A). The

convex-shape coastline areas (e.g., the Yanbu region in

Figure 3A) in the CRS and NRS generally exhibit higher values

for both metrics than nearby concave-shape coastline areas.

To further investigate the differences between the strong-

influencing areas and weak-influencing areas revealed by the

influencing strength atlas (i.e., Figure 3A), we present the source

strength of Yanbu (strong-influencing area; located in the NRS)
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and the Dahlak Archipelago (weak-influencing area; located in

the SRS) as case studies in Figures 3B, C, respectively. Source

strength characterizes all the reef sites that are connected with

the selected area (marked in yellow), with higher values

indicating that the selected area is a better source. Yanbu

exhibits connections with all of the reefs in the central and

northern parts of the basin, and in particular some substantial

connections with reefs across the basin on the west coast (within

the 30-day simulation period; Figure 3B). Compared with

Yanbu, the Dahlak Archipelago exhibits relatively weaker

connectivity, with the majority of connections occurring with

nearby reefs, and a lack of connections with the cross-basin east-

coast reefs (Figure 3C). These differences eventually make Yanbu

a better source than the Dahlak Archipelago (Figure 3A).

Similarly, to further investigate the differences between the

strongly- and weakly-influenced areas revealed in the influenced

strength atlas (i.e., Figure 3D), the destination strength of Wadi

(strongly-influenced area; located in the NRS) and Al Lith

(weakly-influenced area; located in the SRS) are presented as

case studies in Figures 3E, F, respectively. In contrast to source

strength, a higher value of destination strength indicates the

selected area (marked in yellow) is a better destination. Wadi
frontiersin.org
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FIGURE 2

Statistical analysis using the Generalized Additive Model (GAM) for the (A) IBD theory, (B) IBC theory and (C) combined IBD with IBC. Legends
for (A–C) are listed in Table (D) Genetic Data Information and R-value. The table provides information on the R values (R^2 is the coefficient of
determination) for the four datasets of the reef sponge S. carteri and the reef fish A. bicinctusa, A. bicinctusb and D. marginatus. Data were
standardized to a mean of zero and a standard deviation of one. Note that the black line in (C) is y = x.
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exhibits a large spatial coverage of connected reefs and strong

east-west connections (Figure 3E). Compared withWadi, Al Lith

not only has weak connections with the cross-basin west-coast

reefs, but is also weakly connected with reefs on the east coast

(Figure 3F), eventually makingWadi a better destination than Al

Lith (Figure 3D).

Overall, the south-to-north increasing patterns of both

influencing strength and influenced strength underline a more

dynamic physical connectivity in the northern and central parts

of the basin compared with the southern Red Sea. The northern

and central coral reefs exhibit more frequent east-west

exchanges and are connected with larger numbers of reef sites,

and thus have the potential to be better sources and destinations

for all Red Sea coral reefs.
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Section 3: Seasonal physical connectivity
atlas of the Red Sea coral reefs

As the circulation in the Red Sea exhibits strong seasonality,

the seasonal patterns in the physical connectivity of the Red Sea

coral reefs were further investigated (Figure 4). The winter and

summer influencing (influenced) strength are presented in

Figures 4A, B (Figures 4D, E), respectively. For both metrics,

the general south-to-north increasing patterns observed in the

annual results persists regardless of the seasons (Figures 4A, B,

D, E), except for an obvious increase in influenced strength near

the BAM strait during summer (Figure 4E).

To highlight the areas with intense seasonality, the

differences between winter and summer are also presented,
A B

D E F

C

FIGURE 3

The annual physical connectivity atlas of the Red Sea coral reefs. Both (A) annual influencing strength and (D) annual influenced strength are
calculated based on the 30-day simulation time and averaged over 13 simulation years. Colours indicate the percentage of connected coral
reefs, where a higher value implies that the reef site is a better source (in A) or destination (in D) for all Red Sea reefs. We highlighted a high-
value area and a low-value area in both (A, D) as four case studies shown in (B, C, E, F). (B) Annual source strength of the high-influencing-
strength-value area Yanbu. (C) Annual source strength of the low-influencing-strength-value area Dahlak. Colours indicate the level of
connection, where higher values imply that particles released from Yanbu/Dahlak (marked in yellow) are more likely to reach the reef sites
within the 30-day simulation time (blank sites indicate no connections). (E) Annual destination strength of the high-influenced-strength-value
area Wadi. (F) Annual destination strength of the low-influenced-strength-value area Al Lith. In contrast, colours also indicate the level of
connection, yet higher values imply that particles released from the reef sites are more likely to reach Wadi/Al Lith (marked in yellow). Note the
logarithmic scale of the colorbar.
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where a positive value indicates the reef site is a better source/

destination during winter than summer (Figures 4C, F). Both

metrics suggest regional-specific patterns, characterized by

patchy positive-value and negative-value regions all over the

basin (Figures 4C, F). For influencing strength, the predominant

pattern of positive values on the west coast and negative values

on the east coast indicates that the reefs on the west coast tend to

become better sources during winter than summer and, in

contrast, reefs on the east coast tend to become better sources

during summer (Figure 4C). However, for influenced strength,

the pattern of seasonality appears to be more random

(Figure 4F). In addition, two regions for each metric (Figures

4C, F) were selected and are presented as case studies in the

following two subsections.
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Subsection 1: Case studies of the seasonality of
influencing strength

To further examine the seasonality of influencing strength,

the seasonal source strength of the reefs in the Farasan Islands

(located on the east coast of the SRS; Figures 5A, B) and the

coastline between Halayeb and Port Sudan (located on the west

coast of the CRS; Figures 5C, D) are presented as case studies.

Reefs in the Farasan Islands are revealed to be better sources

during summer than winter (Figure 4C). Here, the Farasan

Islands exhibit a larger spatial coverage of connected reefs and

higher source strength values with nearby reefs during summer

(Figures 5A, B). During winter, particles released from the

Farasan Islands tend to remain within the nearby regions, with

a small migration towards the north, barely reaching the Dahlak
A B

D E F

C

FIGURE 4

The seasonal physical connectivity atlas of the Red Sea coral reefs. (A) Winter influencing strength is calculated based on simulations conducted
during winter with particles being released in January and tracked for 30 days. Similar to the annual analysis, the value is the average over 13
Januarys during the 13 simulation years. (B) Same as (A), except for particles being released in July to represent summer. Colours indicate the
percentage of connected coral reefs, where a higher value implies that the reef site is a better source (in A and B) or destination (in D and E) for
the all Red Sea reefs. (C) Differences between winter and summer of influencing strength, with a positive value indicating a higher influencing
strength during winter. Panel (D–F) are the same as panel (A–C), but showing influenced strength instead. January and July were chosen to
represent the winter and summer seasons, respectively, as the maximum differences were observed during these months (see Figure S6 for the
monthly influencing strength and influenced strength from January to December).
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Archipelago. This limited northward migration in winter further

is further reduced during summer, despite substantial

enhancement in the southward transport. In addition, particles

released from the Farasan Islands in summer reach most reefs in

the Dahlak Archipelago and further propagate northward

towards the west-coast reefs.

In contrast to the reefs in the Farasan Islands, the reefs along

the coastline between Halayeb and Port Sudan are better sources

during winter (Figure 4C). Here, the coastline between Halayeb

and Port Sudan exhibits approximately equivalent source

strength values with nearby reefs during both seasons, but
Frontiers in Marine Science 10
considerably larger spatial coverage of connected reefs during

winter (Figures 5C, D). Particles released from the coastline

between Halayeb and Port Sudan in both seasons can travel

meridionally and zonally across the basin. However, only

particles released in winter can reach the far end of the

northern Red Sea, with some even reaching the Gulf of Aqaba

within the 30-day simulation period. On the other hand,

particles released during summer exhibit a slightly stronger

ability to travel southward, but such southward expansion

does not compensate for the northward contraction

during summer.
A B

DC

FIGURE 5

Case studies of influencing strength seasonality. (A) Winter source strength of Farasan Island. Values are calculated based on simulations
conducted during winter with particles being released in January and tracked for 30 days. (B) Summer source strength of Farasan Island with
particles being released during summer (in July). Panel (C, D) are the same as Panel (A, B), but for the coastline between Halayeb and Port
Sudan instead. Note the logarithmic scale of the colorbar.
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Subsection 2: Case studies of the seasonality
of influenced strength

Similarly, to further examine the seasonality of influenced

strength, the seasonal destination strength of the reefs in the BAM

strait (located at the southern end of the SRS; Figures 6A, B) and

the coastline between Quseer and Marsa Alam (located along the

west coast of the NRS; Figures 6C, D) are presented as case studies.

Reefs in the BAM strait are revealed to be better destinations

during summer (Figure 4F). Here, the BAM strait exhibits a

larger spatial coverage of connected reefs and higher destination
Frontiers in Marine Science 11
strength values with the nearby reefs during summer

(Figures 6A, B). During winter, only particles released from

Djibouti, the southern Farasan Islands, and the southern Dahlak

Archipelago reach the strait. However, during summer, particles

released from as far as the central Red Sea can be transported to

the strait; in addition, a considerable proportion of particles

released from the southern Farasan Islands reach the strait area.

It is worth noting that the destination strength value for the

Djibouti area (located at the west end of the Gulf of Aden)

decreases during summer.
A B

DC

FIGURE 6

Case studies of influenced strength seasonality. (A) Winter destination strength of the BAM strait. Values are calculated based on simulations
conducted during winter with particles being released in January and tracked for 30 days. (B) Summer destination strength of the BAM strait
with particles being released during summer (in July). Panel (C, D) are the same as panel (A, B), but for the coastline between Quseer and Marsa
Alam instead. Note the logarithmic scale of the colorbar.
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Reefs along the coastline between Quseer and Marsa Alam

are also revealed to be better destinations during summer

(Figure 4F). Here, the coastline between Quseer and Marsa

Alam exhibits a smaller spatial coverage of connected reefs,

but evidently higher source strength values with the nearby reefs

and the reefs located on the east coast of the NRS during

summer. During winter, particles from a larger number of reef

sites in the CRS can be transported to the Quseer-Marsa Alam

coastline. However, during summer, particles released from the

east coast of the NRS and northern end of the basin exhibit a

significantly higher tendency to travel toward the Quseer-Marsa

Alam coastline.

Overall, the physical connectivity of the Red Sea coral reefs

exhibits seasonal variations with regional-specific patterns. Even

though the general south-to-north increasing patterns observed

for both annual influencing strength and annual influenced

strength persist during both winter and summer, some

irregularly distributed regions show notable seasonality

(Figure 4). The Red Sea influencing strength is characterized by

a predominant pattern of a winter-intensified west coast and a

summer-intensified east coast (Figure 4C). However, the

influenced strength exhibits a more random pattern in the

basin (Figure 4F). The four case studies (Figures 5 and 6)

further explained the patterns revealed in Figure 4, with each

case characterized by its unique features.
Section 4: Clustering based on
physical connectivity

To identify the reef sites that are closely connected with each

other, we applied a hierarchical clustering algorithm and selected

the clustering number K = 4 as the most representative to depict the
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general basin-scale patterns of closely linked Red Sea reefs

(Figure 7). Briefly, reefs indicated in the same colours are closely

connected, whereas reefs of different colours are relatively less

connected. The dendrograms display the clustering levels and

describe the process of how Red Sea coral reefs were divided into

four clusters according to their physical connectivity features. The

height of each U-shaped line in the dendrograms indicates the

physical connectivity distance (i.e., the dissimilarity) between two

clusters, with a higher line indicating a less-connected relationship.

The annual clustering results suggest that the basin can be

divided into the northern basin, central basin, western southern

Red Sea, and eastern southern Red Sea (Figure 7A). The

corresponding dendrogram shows first-level separation

between the southern Red Sea (yellow and purple) and the

northern and central parts of the basin (orange and blue),

second-level separation between the west (yellow) and east

(purple) coasts of the southern Red Sea, and third-level

separation between the northern basin (orange) and the

central basin (blue). These results suggest that the coral reefs

in the southern Red Sea (yellow and purple) and the coral reefs

in the northern and central parts of the basin (orange and blue)

are the least connected; the connectivity between the reefs on the

west (yellow) and east (purple) coasts of the southern Red Sea is

weaker than the connectivity between the reefs in the northern

(orange) and central (blue) parts of the basin. The latter implies

a weaker east-west connection in the southern Red Sea, in

contrast to the central and northern parts of the basin where

the west and east coasts are well connected.

The seasonal clustering results exhibited similar patterns to

the annual results (Figure 7). Compared with summer, the

central basin cluster (blue) on the east coast extends towards

both the north and south during winter (Figures 7B, C). The

decreased height of all U-shaped lines (i.e., decreased
A B C

FIGURE 7

Clustering results for Red Sea coral reefs based on the connectivity matrix of simulations conducted during (A) the entire year, (B) winter and
(C) summer. Each cluster is marked with a single colour. The representative clustering number K = 4 is selected as the cut-off threshold to
depict the general basin-scale patterns. The dendrograms demonstrate the hierarchical clustering: the height of each U-shaped line that
connects the data points indicates the dissimilarity between the two clusters, with a higher line indicating a less connected relationship.
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dissimilarity) in summer revealed that the meridional exchange

along the basin becomes more frequent and the weak connection

between the east and west coasts of the southern Red Sea is

enhanced during this season (Figures 7B, C).

Overall, the clustering results revealed a noticeable south-

north separation in the Red Sea coral reefs, followed by a weaker

east-west separation between the southern reefs. The results also

unravelled a marked seasonality, characterized by a spatial

extension of the central-basin cluster, a less frequent

meridional exchange along the basin, and a stronger east-west

separation between the southern reefs during winter.
Discussion

This study provides a comprehensive, high-resolution

physical connectivity atlas of the Red Sea coral reefs, which

highlights three major aspects. Firstly, there is a persistent

pattern of south-to-north increasing physical connectivity: the

central and northern parts of the basin consistently exhibit

stronger influencing/influenced strengths than the southern Red

Sea regardless of the season, indicating that the central and

northern coral reefs are both better sources and destinations

throughout the year. Secondly, there is a regional-specific

pattern of seasonality in physical connectivity, with some

regional reefs exhibiting pronounced seasonality irregularly

distributed throughout the basin. For example, the summer-

intensified influencing strength of the Farasan Islands indicates

local reefs are a better source during summer than winter.

Generally, the Red Sea influencing strength is characterized by

a predominant pattern of a winter-intensified west coast and a

summer-intensified east coast; however, the influenced strength

exhibits a more random pattern in the basin. Thirdly, the Red

Sea coral reefs exhibit a noticeable south-north separation

followed by a relatively weaker east-west separation between

the southern reefs. As the physical connectivity is driven by

circulation, a comprehensive understanding of the Red Sea

general circulation is key to explain the identified physical

connectivity features.

The identified south-to-north increasing pattern of physical

connectivity (Figure 3) could be related to the pronounced

mesoscale eddy activity in the central and northern Red Sea

and a less dynamic circulation in the southern basin. The Red

Sea upper overturning cell is important for the meridional

transport revealed by our results, with particles released from

all over the Red Sea carried both northward and southward

along the basin. However, for the SRS reefs where bathymetry is

shallow, such as the Farasan Islands and the Dahlak Archipelago,

the local circulation is relatively weak and particles released from

these reefs exhibit limited meridional transport (e.g., Figure S4-

1) compared with those released from the northern and central

reefs (e.g., Figure S4-2), contributing to the south-to-north

increasing pattern of physical connectivity. Moreover, the
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strong mesoscale eddy activity in the central-northern basin

results in a more rapid east-west eddy-induced transport (e.g.,

Figure S4-1 and S4-2) and eventually contributes to the south-

to-north increasing pattern. In particular, some convex-shape

coastline areas (e.g., the Yanbu region in Figure 3A) are more

likely to be exposed to local eddies, thus transport of the particles

released at these sites is facilitated by the eddies (Figure S4-2) in

comparison with concave-shape areas such as the Ar Rayis

(Figure S4-3), making the former areas better sources.

Previous research has revealed an isolation of the southern

basin and homogeneity in the central and northern Red Sea (e.g.

Nanninga et al., 2014; Giles et al., 2015; Saenz-Agudelo et al., 2015;

Roberts et al., 2016; Raitsos et al., 2017; Wang et al., 2019). Our

clustering results have also identified a noticeable basin-scale south-

north separation in the whole Red Sea, followed by a relatively

weaker east-west separation between the southern reefs (Figure 7A).

Even though the upper overturning cell facilitates the meridional

transport along the basin, particles released in the southern reefs still

cannot reach the northern end within the 30-day simulation period

and vice versa, resulting in the noticeable south-north separation of

the Red Sea coral reefs. Meanwhile, in the southern Red Sea, the

relatively weaker eddy activity compared with the central and

northern parts of the basin results in a limited water exchange

between the west and east coasts, eventually leading to the east-west

separation between the southern reefs.

As the Red Sea circulation is characterized by a significant

seasonality, this study further examined and revealed a regional-

specific seasonality in the Red Sea physical connectivity

(Figure 4). The circulation mechanisms behind the features

demonstrated in our four case studies differ and are discussed

here in a sequence from south to north.
1) Reefs in the BAM strait are better destinations during

summer (Figures 6A, B). During winter, the surface

circulation in the SRS experiences a northward

intrusion from the Gulf of Aden (Yao et al., 2014a;

Sofianos and Johns, 2015), which seems to carry slightly

more particles from Djibouti through the BAM strait in

winter. This intruded water considerably restrains the

southward transport of particles from the SRS reefs,

such as the Farasan Islands and the Dahlak Archipelago.

During summer, the surface circulation in the SRS

reverses into a southward outflow that is intensified

along the eastern boundary before exiting through the

BAM strait (Sofianos and Johns, 2003; Sofianos and

Johns, 2007; Yao et al., 2014b). This substantially

increases the transport of particles from the Farasan

Islands southward to the strait, making the strait area a

better destination during summer.

2) Reefs in the Farasan Islands are better sources during

summer (Figures 5A, B). During winter, the surface

northward intrusion intensifies along the western
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boundary at the southern end of the basin and then

shifts toward the centre of the SRS (Yao et al.,

2014a). The circulation in the SRS east coast is

generally weak, especially around the shallow

Farasan Islands, which restricts the spread of

particles released in this area (e.g., Figure S4-4). In

contrast, during summer, the surface southward

outflow intensifies along the eastern boundary,

substantially increasing the transport of particles

from the Farasan Islands into the BAM strait. This

southward outflow splits at the southern end of the

basin and partly returns as a northward western

boundary current (Sofianos and Johns, 2003;

Sofianos and Johns, 2007; Yao et al. , 2014b),

further connecting the Farasan Islands with the

Dahlak Archipelago and making the Farasan

Islands better sources during summer.

3) Reefs along the central coastline between Halayeb and

Port Sudan are better sources during winter (Figures 5C,

D). During winter, particles released from this area are

influenced by marked local eddy activity (Zhan et al.,

2014; Zhan et al., 2016), with some particles travelling

up to the northern end of the basin following the intense

cyclonic gyre north of 24°N (Sofianos and Johns, 2003;

Yao et al., 2014a; Zhai et al., 2015; e.g., Figure S4-5).

During summer, the surface outflow slightly facilitates

the southward transport of particles from this coastline

area. Meanwhile, eddy activity weakens (Zhan et al.,

2014), which significantly limits the northward

transport of the particles, making this area a better

destination during winter.

4) Reefs along the northern coastline between Quseer and

Marsa Alam are better destinations during summer

(Figures 6C, D). During winter, deep water formation

occurs with significant sinking processes in the NRS

(Yao et al., 2014a; Papadopoulos et al., 2015; Yao and

Hoteit, 2018). Therefore, only a small portion of the

particles released along the east coast of the northern

basin remains on the surface and eventually reaches the

west coast following the cyclonic gyre north of 24°N

(e.g., Figure S4-6). During summer, with the cessation of

the sinking process, this cyclonic gyre — even though

weaker — steadily transports water masses from east to

west (e.g., Figure S4-7), making this area a better

destination during summer.
The clustering results also exhibit a circulation-driven

seasonality, characterized by a winter extension of the central-

basin cluster (blue) and a summer mitigation of the east-west

separation between the southern reefs (Figures 7B, C). During

winter, the extension of the central-basin cluster is potentially

associated with the winter-intensified eddy activity, which could

facilitate the spreading of particles released from the central Red
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Sea reefs. This pattern could also be interpreted as a summer

extension of the western-SRS cluster (yellow). Indeed, during

summer, the northward western boundary current in the SRS

(i.e., the return flow) transports particles from the Dahlak

Archipelago to the north, potentially leading to the summer

northward extension of the western-SRS cluster. In addition,

even though the Red Sea eddies are generally weaker during

summer, an intense anti-cyclonic eddy centred at ~18.5°N

develops in response to the Tokar wind jets (Zhai and Bower,

2013; Zhan et al., 2018), which enhances the water exchange

between the east and west coasts. This eventually mitigates the

east-west separation between the southern reefs, as indicated by

the smaller U-shape line height between the western-SRS cluster

and the eastern-SRS cluster (purple) during summer.

The generated physical connectivity atlas of the Red Sea

coral reefs provides a reference for identifying potential

connectivity hotspots from the circulation perspective and,

therefore, essential supporting information for designing

MPAs (Kleinhaus et al., 2020; Gajdzik et al., 2021). Reefs with

a high influencing strength are potentially important sources and

could be considered as effective conservation areas; reefs with a

high influenced strength are potentially important sinks and

could be considered as prospective refuges. For example, the

reefs in Yanbu area (located on the east coast of the NRS) are

potentially important sources for the whole central and northern

parts of the basin, especially for the nearby reefs and those across

the basin on the west coast. The seasonality of the physical

connectivity atlas also provides insights for establishing species-

specific conservation efforts, as the spawning season of reef

organisms differs among species. For instance, winter physical

connectivity features could be more informative for reef fish

species Amphiprion bicinctus, which was reported to spawn

during January (Nanninga et al., 2015); meanwhile, for

scleractinian coral (i.e., reef-building coral) species Montipora

efflorescens, which was reported to spawn during June and July

(Bouwmeester et al., 2015), a physical connectivity atlas for the

summer season could be more useful. On the other hand, the

clustering results will help to identify the coral reefs that are

highly connected with specific regions, which is especially useful

when establishing conservation strategies for reefs of concern.

For instance, reefs in the Dahlak Archipelago (located on the

west coast of the SRS) are relatively highly connected with the

nearby reefs on the west coast of the southern basin, rather than

with the reefs on the east coast, implying a priority of west-coast

reefs when establishing conservation strategies for reefs in the

Dahlak Archipelago. For the concerned regions (such as the

Dahlak Archipelago), increasing cluster number K can further

refine the spatial scales of the clusters.

The physical connectivity atlas also provides easy-to-access

datasets for future seascape genetic research in the Red Sea. As

larval dispersal processes are strongly dependent on physical

circulation, the IBC theory should be an important aspect of

seascape genetics. However, due to the difficulties of acquiring
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physical connectivity datasets that provide circulation information

needed for IBC analysis, previous seascape genetic studies in the

Red Sea were mainly restricted to the IBD and IBE theories. Here,

based on four published genetic datasets, our study examined the

IBC theory in the Red Sea and found physical circulation to be an

important factor in shaping the genetic structure of Red Sea reef

species. We aim to provide a physical connectivity dataset (upon

request) based on the corals reefs of the entire Red Sea to assist the

future investigation of Red Sea seascape genetics.
Conclusion

A comprehensive physical connectivity atlas exclusively

examining the impacts of circulation on larval dispersal

processes is essential for Red Sea connectivity research. This

study analysed hydrodynamic and particle tracking simulations

to generate a high-resolution physical connectivity atlas of the Red

Sea coral reefs. Statistical analysis based on published genetic

datasets and physical connectivity suggested that circulation is

important in shaping the genetic structure of Red Sea reef species.

Overall, the physical connectivity atlas identified a south-to-north

increasing pattern of physical connectivity in the Red Sea coral

reefs, which could be a result of weak circulation (including weak

mesoscale eddy activity) in the shallow southern basin coral reefs.

A noticeable south-north separation was also identified in the Red

Sea, which is consistent with the previous researches that revealed

isolation of the southern basin and homogeneity in the central and

northern parts of the basin (e.g., Nanninga et al., 2014; Giles et al.,

2015; Saenz-Agudelo et al., 2015; Roberts et al., 2016; Raitsos et al.,

2017; Wang et al., 2019). In addition to this basin-scale south-

north separation, the results also revealed a relatively weaker east-

west separation between the southern Red Sea coral reefs,

potentially related to the limited east-west exchange due to the

weaker local eddy activity compared with the northern and central

parts of the basin. We further inspected and revealed evident

regional-specific seasonality in physical connectivity associated

with the remarkable seasonality of the Red Sea circulation, with

the seasonal connectivity of each region determined by the local

complex seasonal circulation features. As the Red Sea reef species

spawn during different seasons, their genetic structure and larval

dispersal might be affected by the revealed physical connectivity

seasonality. This physical connectivity atlas based on the coral

reefs throughout the Red Sea could provide a reference for

designing marine conservation strategies from the circulation

perspective and easy-to-access physical connectivity datasets for

future Red Sea seascape genetic studies.
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Appendices:

Appendix 1 Factors that impact dispersal

Connectivity, the exchange of individuals, primarily occurs

through the dispersal processes of marine organisms (Cowen

and Sponaugle, 2009). Such processes may happen during the

juvenile and adult stages — when the individuals could exhibit

remarkable oriented swimming abilities; but mostly during the

pelagic larval stage — when larvae exhibit limited swimming

ability and drift with the local currents (Cowen and Sponaugle,

2009; Planes et al., 2009). Thus, this study considers larval

dispersal, i.e., the spread of larvae from natal reef sites to

settlement reef sites, as an important factor in the individual

exchange between distant coral reefs to establish connectivity,

and neglects the dispersal of active juveniles or adults.

The larval dispersal processes substantially depend on

physical circulation, as planktonic larvae — especially during

the early larval stage — drift passively with the local currents

(Cowen and Sponaugle, 2009; Villarino et al., 2018). In addition,

the larval dispersal processes are also impacted by biological

larval traits, such as the spawning period, pelagic larval duration

(PLD), mortality and autonomous larval movement (Paris et al.,

2007; Cowen and Sponaugle, 2009; Frys et al., 2020). These

biological larval traits differ significantly among marine species.

In summary:
Fron
a. Spawning period: the onset and duration of larvae

production (Cowen and Sponaugle, 2009). Some

species are all-year-round spawners and spawn

throughout the year; other species are seasonal

spawners and only spawn during a few months of the

year (Tsikliras et al., 2010). As the oceanographic

circulation usually exhibits various levels of seasonal

variability, the timing of the spawning period will affect

the final larval dispersal due to the seasonal variation in

the ambient currents. As a non-species-specific study,

virtual particles were released throughout the year to

cover all potential spawning period scenarios.

b. PLD: the length of time that larvae remain in the ocean

before settlement (Cowen and Sponaugle, 2009). PLD

varies from minutes to months (Shanks, 2009), with

extremes of over one year (Cowen et al., 2007; Bradford

et al., 2015). Through the control of the time that larvae

spend on drifting, PLD will influence the dispersal

distance (Shanks, 2009) and the spatial scale of

connectivity (Cowen et al., 2006; Treml et al., 2012).

Since most coral reef species have a PLD shorter than 30

days, the 30-day simulation time was chosen as a

reasonable representative period to investigate physical

connectivity and better reflect the information needed to

design MPAs (Cowen et al., 2006). However, as the
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genetic structure of marine populations does not form

from a single larval dispersal of one generation, but is

the long-term result after multiple generations, a longer

simulation time of 360 days was more suitable for

extracting the circulation distance used in the seascape

genetic study. In addition, since two geographically

distant coral reef sites in the Red Sea will not exhibit

any connection within the short simulation time of 30

days, a long simulation time of 360 days enabled us to

obtain robust and meaningful circulation distances

between distant genetic sampling reef sites. Moreover,

the simulation period of 360 days also covers the PLDs

of most reef species (Gennip et al., 2017), thus extending

our physical connectivity coverage to a larger range of

marine species.

c. Mortality: loss of larvae due to starvation, predation, etc.

(May, 1974). Mortality rates differ widely between

species (McGurk, 1986; Morgan Steven, 1995), with a

typical value of 18% per day (Cowen et al., 2000).

Mortality also influences (usually reduces) the spatial

scale of connectivity by reducing the number of larvae

that survive the larval stage. Thus, implementation of

mortality is important for species-specific biophysical

connectivity modelling (Cowen et al., 2000; Leis, 2007).

The mortality rate also varies during the larval stage

(e.g., mortality rates increase with larval age) and in a

species-dependent manner (Graham et al., 2008), which

hampers the realization of mortality in species-specific

connectivity modelling. In order to investigate physical

connectivity, mortality was not accounted for in our

simulations to obtain the maximum amount of

information available from each virtual particle.

d. Autonomous larval movement: also termed larval

behaviours, is the capacity of larvae to move

spontaneously. The autonomous larval movement of

marine species exhibits evident disparities: the larvae

of some species have limited autonomous moving

abilities during their whole PLD, such as some hard

corals (Wolanski and Kingsford, 2014); the larvae of

some other species develop remarkable swimming

ability at a later larval stage, such as some reef fishes

(Fisher et al., 2000; Staaterman et al., 2012; Berenshtein

et al., 2018; Faillettaz et al., 2018). The most dominant

larval behaviours that impact the dispersal processes are

vertical migration and horizontal swimming (Leis,

2007). Vertical migration alters the circulation regime

surrounding the larvae and eventually influence the

dispersal trajectories, as oceanographic circulation

varies rapidly with depth (Fisher et al., 2000; Fisher

et al., 2005). Horizontal swimming allows larvae to swim

in an oriented way (e.g., some fish larvae in the open

ocean will navigate toward settlement reefs using their
frontiersin.org

https://doi.org/10.3389/fmars.2022.925491
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.925491

Fron
sensory capabilities; Staaterman et al., 2012), sometimes

even against the ambient current, and eventually change

the dispersal paths (Fisher et al., 2000; Fisher et al., 2005;

Leis, 2007). Thus, autonomous larval movement should

be considered in species-specific biophysical modelling

to accurately simulate the dispersal process (Staaterman

et al., 2012; Berenshtein et al., 2018; Faillettaz et al.,

2018). Here, to investigate circulation-driven physical

connectivity, particles were defined as neutrally buoyant

(except for the design of releasing particles at the surface

depth to imitate the positive buoyancy feature at the

larvae spawning stage; Szmant and Meadows, 2006) and

passive without autonomous moving ability (except for

the coast-avoiding function that will re-insert particles

stranded on land back into the ocean to ensure the

continuation of the simulation and obtain maximum

information from each particle). It is worth noting that a

sensing diameter of 25 km was utilized as the criterion

for particles to be regarded as reaching a certain reef site,

which could be considered as a simulation of oriented

swimming towards potential settlement reefs. The

spatial scale of the orientation ranges largely from

centimetres to tens of kilometres (Kingsford et al.,

2002; Staaterman et al., 2012), and our choice of 25

km as the sensing diameter represents a broad spatial

scale of orientation.
Overall, as the aforementioned biological larval traits

considerably influence the dispersal processes through different

mechanisms, they should be applied carefully in the species-

specific biophysical connectivity modelling. However, since our

study only focuses on the physical connectivity, we either followed

a reasonable choice (such as for spawning period and PLD) or left

the larval traits unaccounted for (such as for mortality and

autonomous movement) in our simulation settings.

Biophysical connectivity modelling incorporating larval

traits of important reef species is the natural next step for

investigating Red Sea model-based connectivity. However,

identifying the important reef species and the corresponding

larval traits could be challenging. Coral genera such as Porites,

Pocillopora and Acropora were reported to be the common

scleractinian corals in the Red Sea, yet, their abundances may

differ from south to north, and from inshore to offshore

(Berumen et al., 2019a). In addition, larval traits of only a few

coral species in the Red Sea have been reported and they also

differ from each other - even for those belonging to the same

genus (e.g., Bouwmeester et al., 2015 reported different spawning

periods for species in the same genus) - which could hamper the

simulations of these larval traits. Similarly, for the reef fish

residing in the Red Sea coral reefs, the larval traits are also not

clear for most of the species (Berumen et al., 2019b). In

particular, scleractinian coral Porites lutea (though its larval

traits are still not clear in the Red Sea) was reported to be the
tiers in Marine Science 20
most abundant coral along the Saudi Arabian coastline and thus

is a reasonable choice to investigate first (Bruckner and

Dempsey, 2015).
Appendix 2 Defining physical
connectivity

The termphysical connectivity refers to the exchange of

individuals among marine populations that is only driven by the

oceanographic circulation. Thus, physical connectivity only

concerns the process of larvae that spawned at a certain source

(coral reef) site passively drifting with the local currents and settling

at a certain destination site. In general, connectivity is not solely

determined by larval dispersal, but is also impacted by the processes

of post-settlement survival and the reproduction of settled new

migrants (Hedgecock et al., 2007; Cowen and Sponaugle, 2009).

Here, physical connectivity only focuses on the process of larval

dispersal, without considering post-settlement survival or

reproduction; the larvae were also defined as passively drifting

with currents without exhibiting swimming abilities during the

entire dispersal process (see section Appendix 1 for a discussion on

the factors that impact dispersal) to investigate the connectivity

driven only by the circulation dynamics.
Appendix 3 Application of sensing
diameter and smoothing diameter

In order to capture the basin-scale physical connectivity

features, a sensing diameter of 25 km was implemented. Due to

the shallow bathymetry of most coral reef sites in the Red Sea,

particles with active trajectories may be retained at deeper

depths without actually reaching the coral reef site grid, even

though they come very close to the reef site. Thus, with a short

sensing diameter such as 1 km (i.e., length of a reef site grid), the

results will be dominated by the inner-connectivity between

reefs that are spatially close to each other, instead of the larger

basin-scale outward-connectivity that this study principally

aimed to investigate. For instance, reefs in the Dahlak

Archipelago would be identified as hotspots if 1 km sensing

diameter was used, because the proximity and closed nature of

the local reef complexes result in strong inner-connections;

however, this study is concerned with the outward-

connections between the Dahlak Archipelago and regions such

as CRS, which would not be successfully captured with 1 km

sensing diameter due to the noise of inner-connections. By

choosing a sensing diameter of 25 km, we aimed to eliminate

the noise of inner-connectivity while focusing on the targeted

question of a broad basin-scale physical connectivity atlas.

In addition, a smoothing diameter of 25 km was also applied

to our influencing/influenced strengths atlas. Since some particles

released from the inshore reef sites may be trapped within the
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shallow water due to weak local circulation (e.g., Figure S5

indicates trapped particles with short travel distance released

from the inshore sites along the northern Red Sea east coast), the

influencing/influenced strengths atlas will be characterized by a

gradient along the shelf (i.e., lower values at inshore and higher
Frontiers in Marine Science 21
values at offshore). As such an along-shelf (i.e., inshore-offshore)

gradient is not within the scope of this study, a smoothing

diameter of 25 km is applied to the influencing/influenced

strengths atlas to eliminate the noise of along-shelf variation

and focus on the basin-scale features.
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