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higher chlorophyll concentration signals have not been verified due to the lack of in-water measurements. We 
integrated our satellite-derived observations with ship-borne measurements of chlorophyll concentrations taken 
along transects from coastal to offshore waters in the central Red Sea (Fig. 2). These concurrent in situ measure-
ments corresponded markedly with our remotely-sensed observations, showing a steep gradient of decreasing 
chlorophyll concentrations with increasing distance from coastal coral reefs at approximately 39°E.

Our findings indicate consistency between altimeter-derived geostrophic currents and the surface circulation 
patterns from ocean colour in the Red Sea. In addition, several studies have evaluated the remotely-sensed sea 
surface height with different independent in situ observations, suggesting it adequately captures surface current 
and circulation patterns in the Red Sea (Supplementary Text 2). Overall, we found that surface currents appear 
to transfer productive water masses, connecting fringing coral reefs across and along the Red Sea basin. These 
results motivated an investigation into physical connectivity using altimeter-derived geostrophic currents.

Surface circulation forms avenues of gene flow.  To investigate the role of surface circulation in 
forming avenues of population connectivity in the Red Sea, we ran a passive particle dispersal model forced by 
altimeter-derived surface circulation over a 20 year period (1992–2012)26. We released a total of twelve million 
particles from 19 locations spanning approximately 1500 km of the eastern Red Sea coast (Fig. 3a). Particle tra-
jectories indicated that the central Red Sea is connected with nearly every region of the basin, followed to a lesser 
degree by the near-central provinces. The southern Red Sea appears to be the least connected region (Fig. 3a; 
Supplementary Fig. S2). To assess source-sink dynamics across the east coast of the Red Sea, we further calculated 
histograms of origin and destination strengths27 for each of the release sites (Fig. 3b). Again, results indicated that 
the central Red Sea is an important source area for the rest of the basin, while the southern province holds the 
lowest source and destination strengths (an indication that this area is less well connected). All other sampling 
sites showed high destination strengths, implying generally strong connectivity between reefs along the eastern 
Red Sea coast.

To evaluate the potential effect of oceanographic forcing on pathways of gene flow in the Red Sea, we com-
pared results from our passive dispersal model with an existing genetic dataset generated from A. bicinctus along 
the east coast of the Red Sea15. Based on these particle tracking simulations, we calculated a distance matrix 
of Mean Connection Time (MCT in days) between release locations27. Briefly, MCT is defined as the average 
time for a passive particle released at site (i) to reach site (j), with low MCT values indicating high connectiv-
ity, and vice-versa (see methods). Results showed that mean patterns of genetic distance (pairwise FST) among 
sampling sites paralleled the overall MCTs among release sites, indicating that genetic differentiation between 
populations are linked to physical oceanographic pathways (Fig. 3c). To further quantify these relationships, 
we used the MCT matrix to assess linkages between geographic, genetic and oceanographic distance using 
models of isolation-by-distance (IBD) and isolation-by-circulation (IBC), fitted with a Generalised Additive 
Model (GAM)28. We found highly significant relationships for both the IBC (r = 0.65, p < 0.001) and IBD model 
(r = 0.78, p < 0.001) (Fig. 4a,b). A combined model of both predictors (circulation and geographic distance) fur-
ther improved the fit significantly (r = 0.82, p < 0.001) (Fig. 4c). The choice of the final model was based on 
Akaike information criterion (AIC), which compared the significance and the performance of every model (e.g. 
each predictor separately or combined) to assess the best model fit in explaining genetic structure. The latter 
results suggest that dynamic circulation features (eddies and surface currents) may formulate physical pathways 
for gene flow in the Red Sea.

It has to be acknowledged that the estimated network metrics (MCT and source/destination strength) were 
based on the 19 genetic-sampling regions only. Regardless of how well the pre-selected sites spread along the east 
side, they do not necessarily represent basin-scale patterns of coral reef networks. To address this issue, as well 
as to gain further confidence in the aforementioned outcomes, we repeated the experiment by releasing parti-
cles at 60 sites (spread at equal latitudinal distances), covering the majority of the Red Sea coral reef complexes 

Figure 2.  Concurrent ship-borne and remotely-sensed chlorophyll concentrations (mg/m3) in the central 
Red Sea. In situ concentrations (white circles) were superimposed, using the same colour scale, onto the cloud-
free satellite-derived chlorophyll image acquired during the time of the cruise (mid-March 2010). (A–D) 
Chlorophyll concentrations (including standard error) along the transects from coastal to offshore waters. (Plots 
created using IDL 7.1, http://www.harrisgeospatial.com/docs/using_idl_home.html).
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(Fig. 5). Overall source-sink dynamics and MCT were then calculated for each province. The analysis over the 
whole basin confirmed our previous findings: the central provinces (central/north-central) displayed the highest 
source strength, while the southern province exhibited the weakest source-sink dynamics in the Red Sea (Fig. 5a). 
Similarly, the central province required the least amount of time (MCT) to connect to the rest of the provinces, 
while the north and south ends required the longest connection times (Fig. 5b). In conclusion, the results confirm 
that the central Red Sea is an important source region, while the southern end is relatively isolated in relation to 
the rest of the basin.

Discussion
Unequivocally, a deeper understanding of the key ecological processes of marine larval dispersal and recruitment 
requires a better comprehension of the physical pathways of connectivity4, 19, 29. Biophysical dispersal models can 
simulate patterns of connectivity in coral reef ecosystems; yet, in many tropical regions uncertainties arise due 
to inadequate oceanographic knowledge and data. Our analysis highlights the successful use of satellite-derived 
surface currents in dispersal models. The geostrophic currents effectively predicted patterns of spatial genetic 
variation in a species with pelagic larval dispersal. Our results reveal that the surface water circulation of the Red 
Sea is a key factor in regulating patterns of gene flow among distant coral reef communities.

Large coral reef complexes occupy nearly the entire coastal zone (>5000 km) of the Red Sea. Previous studies 
have demonstrated a surprisingly homogeneous community structure24 as well as marked genetic homogeneity 
across a range of coral reef taxa (including a species of fish15, coral23 and sponge21) along most of the east Red Sea 
coast (>1500 km), excluding the southern end. Overall, our analysis showed that the dynamic surface circulation 
may play a key role in these genetic population patterns. Geographic distance was also a significant explanatory 
variable of genetic structure. We acknowledge that the genetic data used here were irregularly distributed along 
the Arabian coastline (i.e., the central Red Sea comprising a substantially higher number of sampling locations 

Figure 3.  Particle dispersion trajectories (simulated using >20 yrs. of satellite-derived geostrophic velocities), 
forming pathways of connectivity in the Red Sea. (a) Particle releases at different sample locations along the 
east coast of the Red Sea. The different colours denote each of the five different provinces, derived by cluster 
analysis on pairwise Mean Connection Time –MCT (days) (Supplementary Fig. S1). (b) Source and destination 
strength for each sample site. Strength is indicated by both colour scale and histogram size. (c) MCT versus 
mean genetic distance patterns of a common reef fish (Amphiprion bicinctus). The particle release sites were 
based on the genetic sampling locations, and the exact position can be found in Supplementary Table S1. The 
A. bicinctus image was taken by Dionysios Raitsos in the Red Sea. (Plots created using IDL 7.1 software, http://
www.harrisgeospatial.com/docs/using_idl_home.html).
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could improve the design of marine reserve networks in vulnerable biodiversity hot-spots. Sensors onboard sat-
ellite platforms continuously sample the Earth at synoptic scales, providing long-term global observations of the 
oceanic surface, thereby providing a cost-effective tool to detect and model coral reef connectivity. By sensing 
major avenues of connectivity from space, we provide a baseline towards effective management of a fragile ecosys-
tem, the Red Sea. Our approach could be applied to any region where shortages of detailed oceanographic infor-
mation are hampering coastal management. Present day precautionary conservation measures and management 
practices may have a profound influence on the future functioning of coral reef ecosystems, and consequently for 
society.

Methods
Datasets.  Satellite Remote Sensing and other datasets.  Remotely-sensed Geostrophic currents: Geostrophic 
velocities were used in the numerical simulation of particle dispersion (see below) to calculate connectivity 
between the coral reefs. To compute the geostrophic velocities, the Absolute Dynamic Topography (ADT) data, 
the latest version of the SSALTO/DUACS products distributed by AVISO based on multi-mission satellite altime-
ter observations, were acquired from ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/. Daily data were 
mapped with a Cartesian 1/4 degree grid and geostrophic velocities were computed from ADT. A detailed meth-
odological approach on satellite-derived geostrophic currents and its application in the Red Sea can be found in 
Zhan et al.26.

To plot the bathymetry in the Red Sea (Fig. 1), we obtained ETOPO5 sea-floor elevation data on a 5-minute 
latitude/longitude grid from the National Oceanographic and Atmospheric Administration (NOAA) at: http://
www.ngdc.noaa.gov/mgg/global/ etopo5.HTML.

Figure 5.  Average source-sink dynamics and Mean Connection Time (MCT) based on 60 sites along the 
east and west coasts of the Red Sea. (a) Source and destination strength averaged for each of the five different 
provinces (derived by cluster analysis, Fig. S1). Histograms depict the strength of the dynamics (source strength 
in green colour and destination in gray). (b) Mean Connection Time (days) averaged for each province. The 
different colours denote the average time taken for particles from one province to reach the rest provinces. The 
central Red Sea province requires the minimum amount of time (MCT) to connect to the rest of the provinces. 
(Plots created using IDL 7.1 software, http://www.harrisgeospatial.com/docs/using_idl_home.html).
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