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Connectivity between coral reefs is critical to ensure their resilience and persistence

against disturbances. It is driven by ocean currents, which often have very complex

patterns within reef systems. Only biophysical models that simulate both the fine-scale

details of ocean currents and the life-history traits of larvae transported by these

currents can help to estimate connectivity in large reef systems. Here we use the

unstructured-mesh coastal ocean model SLIM that locally achieves a spatial resolution

of ∼100 m, 10 times finer than existing models, over the entire Florida Reef Tract (FRT).

It allows us to simulate larval dispersal between the ∼1,000 reefs composing the FRT.

By using different connectivity measures and clustering methods, we have identified two

major connectivity pathways, one originating on the westernmost end of the outer shelf

and the other originating on the inner shelf, North of the Lower Keys. We introduce new

connectivity indicators, based on the PageRank algorithm, to show that protection efforts

should be focused on the most upstream reefs of each pathway, while reefs best suited

for restoration are more evenly spread between the Lower and Upper Keys. We identify

one particular reef, North of Vaca Key, that is a major stepping stone in the connectivity

network. Our results are the first reef-scale connectivity estimates for the entire FRT.

Such fine-scale information can provide knowledge-based decision support to allocate

conservation and restoration resources optimally.

Keywords: Florida reef tract, coral connectivity, biophysical modeling, PageRank, community detection, reef

management

1. INTRODUCTION

Coral reefs are one of the most important and biologically diverse ecosystems on Earth.
Scleractinian corals, also known as stony corals, build the reefs by excreting calcium carbonate
skeletons. Their skeletons provide habitat, shelter, nursery areas, and food for over 9 million
species of animals and plants (Knowlton, 2001). Reefs provide essential ecosystem services, such
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as protection of coastlines from strong wave action, and are a
very important source of food and income (fisheries, tourism) for
coastal communities (Moberg and Folke, 1999).

Over the past few decades, coral reefs have experienced a
system-wide decline (Hoegh-Guldberg et al., 2017) with the
percent cover of live coral decreasing globally (Gardner et al.,
2003; Pandolfi et al., 2003; Bruno and Selig, 2007). It is estimated
that 30% of the reefs have already been severely degraded and
60% will be lost by 2030 (Hughes et al., 2003). This decline is
due to global anthropogenic stressors, such as ocean warming
which causes recurrent and more intense bleaching events and
disease outbreaks (Connell et al., 1997; Bruno et al., 2003; De’ath
et al., 2012; Bruno and Valdivia, 2016; Hughes et al., 2018),
and local anthropogenic stressors, such as pollution (Brown,
1987), physical destruction of reefs for coastal development
(Erftemeijer et al., 2012), increased sedimentation (Jordan et al.,
2010), nutrient run-off (Hughes et al., 2003; Sheppard et al.,
2009), and overharvesting (particularly of herbivorous species
which control algae growth, Jackson et al., 2001; Bellwood et al.,
2004). As a result, many coral-dominated reefs have undergone
regime shifts to become macroalgae-dominated (Mumby et al.,
2006; Cheal et al., 2010; Graham et al., 2015). Regime shifts result
in profound changes to the structure of reefs, impacting all reef
associated species and thus compromising the socio-economic
revenues of fishing and tourism industries for local communities.

The recovery of corals requires the inversion of mortality of
adult colonies, maintenance (or increase) of existent genotypic
diversity and promotion of effective sexual recruitment, i.e.,
establishment of larval-derived recruits and their survival to
sexual maturity (Ritson-Williams et al., 2009). These are highly
dependent on curtailing global carbon emissions, but local
actions can facilitate recovery. The local actions necessary to
allow coral populations to naturally recover can be divided in
two approaches: passive (reduction of local stressors) and active
(human intervention to increase reproductive potential). The
passive approach includes prohibiting or limiting the collection
of wild specimens, establishing marine protected areas, and
regulating boat anchoring, scuba, and the discharge of pollutants,
nutrients, and sediment. These actions tend to be effective in
the long term (Selig and Bruno, 2010; Harrison et al., 2012),
but are highly dependent on levels of protection and respective
compliance (Arias et al., 2015). The active approach, i.e.,
restoration, consists of increasing local coral cover by growing
corals on land or in offshore nurseries and then outplanting the
coral fragments on the reef. This approach is more expensive,
requires more man-power, and thus is only feasible in a relatively
smaller spatial scale; however, it can achieve positive results faster
(Miller et al., 2016). The recovery of most reefs will require a
thoughtful combination of both approaches.

The impact of both protection and restoration approaches
is further increased by trying to maximize their effect on the
entire system. Areas that should be prioritized for protection
include reefs that act as important larval sources, i.e., which
disperse larvae and repopulate a significantly large number of
reefs and thus contribute the most to the resilience of the system,
as well as reefs that are more susceptible to disturbance, i.e.,
which are isolated. Similarly, for reef restoration, corals should

be strategically outplanted in areas where the currents facilitate
the dispersal of embryos/larvae produced in the outplant site to
a greater number of surrounding reefs, and therefore contribute
to the replenishment of the ecosystem beyond that site. To date,
outplant sites are solely selected based on their local conditions,
such as suitable light and depth, presence of wild colonies,
absence of predators, and/or low abundance of macroalgae.
A site’s potential to serve as a larval source and therefore
contribute to increase the resilience of the entire system is
still overlooked during the site selection process because the
larval dispersal and connectivity patterns in most reefs is
unknown or poorly understood at a spatial scale relevant to
management interventions.

Estimating larval dispersal and demographic connectivity
cannot be done empirically. Moreover, measuring genetic
similarity is not sufficient as this only infers the flow of genes
between populations, whichmight be very different from the flow
of individuals required to maintain a population (Cowen and
Sponaugle, 2009). Experimentally-calibrated numerical models
that simulate both the ocean currents and larval biology can
provide a realistic picture of larval dispersal and connectivity,
but accurately modeling water circulation at the spatial scales
that affect larval dispersal remains a key challenge. For instance,
small-scale flow features such as recirculation eddies around reefs
and islands strongly influence larval dispersal as they increase
local retention and hence reduce connectivity (Wolanski, 1994;
Burgess et al., 2007; Figueiredo et al., 2013). This requires an
ocean model that can explicitly simulate flow features down to
the scale of individual reefs and reef passages, which is of the
order of 100–1,000 m in dense reef systems. Today, very few
regional ocean models achieve such a spatial resolution, because
of the computational resources required and the difficulty to
approximate the complex topography of coral reef systems
with traditional numerical methods. Unstructured-mesh ocean
models offer a potential solution to the latter problems by
locally increasing the model resolution close to reefs and islands
(Lambrechts et al., 2008; Thomas et al., 2014, 2015). This
approach focuses the computational resources where they are
most needed. High resolution bio-physical dispersal models can
guide passive and active conservation plans by helping to identify
priority protection areas, i.e., areas either more vulnerable to
disturbance because of their isolation, or with a greater capacity
to recolonize other reefs through sexual recruitment to boost the
overall connectivity and maximize resilience.

The Florida Reef Tract (FRT) spans over 580 km from the Dry
Tortugas National Park west of the Florida Keys to the St. Lucie
Inlet in Martin County, constituting the third largest barrier
reef in the world (Finkl and Andrews, 2008). These reefs have a
fauna and species richness typical of Caribbean reefs, including
more than 40 species of stony corals (Banks et al., 2008). The
bouldering Montastraea cavernosa is the dominant reef builder
(Banks et al., 2008; Jackson et al., 2014). The northern half-
section of the FRT is a relict, early Holocene reef framework and
indurated sand ridges which are no longer accreting, while the
southern half-section is composed of chain of limestone islands
(Keys), fossilized (lithified) remnants of ancient coral reefs and
sand bars (Hoffmeister and Multer, 1968; Shinn, 1988; Lidz and
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Shinn, 1991). This is the only area in the continental U.S. where
active carbonate deposition is occurring on a large scale (Enos,
1977; Shinn et al., 1989).

The FRT is located along the northern side of the Straits
of Florida that connect the Gulf of Mexico and the North
Atlantic Ocean. The large-scale ocean circulation of that region
is dominated by the Florida Current (FC), which is an intense
western boundary current that continues the Loop Current inside
the Gulf of Mexico and, downstream, forms the Gulf Stream.
The FC is characterized by spatial variability and meandering,
which are associated with the presence of cyclonic eddies between
the core of the current and the FRT (Lee et al., 1995; Fratantoni
et al., 1998; Kourafalou and Kang, 2012). The typical periods for
thesemeandering and cyclonic eddies are about 30–70 days in the
Lower Keys near the entrance of the Straits of Florida (Lee et al.,
1995), and shorter (2–21 days) in the Upper Keys (Lee andMayer,
1977). These eddies provide connectivity pathways along the FRT
(Limouzy-Paris et al., 1997; Sponaugle et al., 2005; D’Alessandro
et al., 2007), while they also promote productivity and larval
survival (Shulzitski et al., 2015, 2016). On the northernmost
section of the FRT, these meanders and eddies cause cold-water
upwelling that limits the northern range of tropical species
(Walker and Gilliam, 2013). On the upper part of the shelf
along the FRT, the circulation, and thus the larval transport, is
largely influenced by winds (Lee et al., 2001; D’Alessandro et al.,
2007), with typical periods of a 2–14 days associated with weather
variations (Lee and Smith, 2002). The dynamics on the upper part
of the shelf is also influenced by diurnal and semi-diurnal tidal
processes (Lee et al., 2001; Lee and Smith, 2002; D’Alessandro
et al., 2007).

Over the past four decades, the FRT has suffered a severe
decline, with significant shifts in the coral community and
decreases in abundance due to increased frequency of bleaching
events caused by warming (Kuffner et al., 2015), higher levels
of pollution (including sewage, sedimentation, eutrophication,
and heavy metals), and increased prevalence of disease outbreaks
(Williams and Miller, 2012). For example, the once dominant
Acropora species have suffered a >97% decline in the abundance
throughout their ranges in the 1970s and 1980s (Southeast
Regional Office, 2015). The coral cover in the FRT has dropped
from 40 to 60% in 1975 to <7% in the Florida Keys (Jackson
et al., 2014) and<3% in the northern section (Walton et al., 2018)
homogenizing the FRT coral communities (Burman et al., 2012).
The recovery of these reefs requires curtailing local and global
stressors. To conserve these coral reefs and speed up recovery,
it is urgent to protect and/or restore the areas which (could)
contribute the most with larvae to the rest of reef. To do so, the
larval dispersal and connectivity patterns along the FRT need to
be known. The existing hydrodynamic models for this region do
not accurately represent the small scale circulation in shallower
areas, and have a sub-reef-scale resolution. The best resolution
currently available, to our knowledge, is∼900mwith the FKEYS-
HYCOM model that has been developed for the Florida Keys
region (Kourafalou and Kang, 2012; Sponaugle et al., 2012; Vaz
et al., 2016).

The objective of this study is to estimate larval dispersal
and connectivity of M. cavernosa in the FRT by developing

an experimentally-calibrated bio-physical dispersal model. With
a resolution of about 100m, this model can represent cross-
shore transport more realistically than has been done before,
in particular the high-frequency wind-driven and tide-related
dynamical processes on the upper shelf along the FRT, and hence
provide better estimates of larval exchanges between the inner
and outer shelves. We can thus identify connectivity pathways
that would be ignored by coarser models. By taking the 2010
spawning event as a test case, we show how areas of greater
interest to protect or to restore, and areas most vulnerable
to disturbance, can be identified. Ultimately, our model
could provide policy makers and managers with quantitative
information on themost effective management actions that could
be undertaken to increase coral recruitment success.

2. METHODS

2.1. Larval Dispersal and Connectivity
Modeling
Marine connectivity can be estimated in many different ways.
These include empirical approaches based on genetic analysis
or micro-chemical fingerprinting, and physical approaches based
on numerical models. Only the latter can be used to estimate
demographic connectivity throughout the entire FRT system.

The first step to model larval dispersal and connectivity is
to be able to simulate ocean currents. An ocean model should
provide a realistic large-scale circulation while also resolving
small-scale flow features down to the scale of individual reefs.
In this study, we use the unstructured-mesh depth-integrated
coastal ocean model SLIM1 to simulate ocean currents over an
area that includes the FRT but also the Florida Strait and part of
the Gulf of Mexico (Figure 1). By using an unstructured mesh,
we can increase the model resolution only over the FRT and
hence concentrate computational resources where they are most
needed. SLIM, being a depth-averaged model, is well-suited to
shallow-water flows. On the shelf break and in deeper areas, it
might however not be able to model more complex processes
such as mesoscale eddies that are observed along the southern
flank of the FRT and the thermally-driven FC. This issue has
been partly circumvented by relaxing SLIM’s velocity toward the
depth-averaged velocity obtained with the HYbrid Coordinate
Ocean Model (HYCOM, Chassignet et al., 2007) implemented
over the Gulf of Mexico, when the water depth exceeds a certain
threshold. Details of the model formulation and validation are
provided in the Appendix.

The mesh resolution depends only on the distance to the
coast but we distinguish between the coastlines along the FRT
where we impose a maximum resolution of 100 m and the
other coastlines along which the maximum resolution is 900
m. The mesh has been generated with the open-source mesh
generator GMSH (Geuzaine and Remacle, 2009) and is shown
in Figure 1. It has about 106 elements. The coarsest elements,
far away from the FRT, have a size of about 15 km. An
illustration of ocean currents simulated on that mesh are shown
in Figure 1. It shows how a 100 m spatial resolution allows us

1https://www.slim-ocean.be
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FIGURE 1 | (Top) Model computational domain with the bathymetry and location of the Lower, Middle, and Upper Keys (left), and the unstructured mesh (right). The

mesh contains about 106 elements and the resolution varies between about 100 m and 15 km. Close-up views of the mesh (Middle) and snapshots of the currents

on September, 27 2010 at 22:00 (Bottom), for the Marquesas Keys (left) and the Lower Keys (right). This illustrates the benefits of unstructured meshes to represent

the fine-scale details of the topography and hence simulate currents down to the scale of individual reefs (shown in gray) and islands (shown in black).
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to simulate fine-scale details of the flow, such as recirculation
eddies and currents within the dense reef system in the Lower
Keys that consist of many individual reefs with narrow passages
in between.

The simulated currents can then be used to model coral larval
dispersal throughout the FRT. In this study, we only consider
one coral species, M. cavernosa, which is widely distributed
through most reef environments in the FRT. During 2005–
2010, it was among the 5 most abundant species in terms of
number of colonies (Lirman et al., 2011). However, colonies
being big, the life tissue area of M. cavernosa is significantly
larger than other coral species (Walton et al., 2018). In the
northern third of the FRT, it was one of the most abundant
reef building corals that has recently declined because of the on-
going Stony Coral Tissue Loss disease (Walton et al., 2018) and
is now the focus of future restoration efforts (Page et al., 2018).
In the Southern portion of the FRT, it is responsible for most
of the abundance, although it also recently declined because of
whole colonymortality associated with the on-going coral disease
outbreak. Walton et al. (2018) report a 45% colony loss between
2015 and 2016. Spawning for this species occurs just after the full
moon of August.

We study larval dispersal only for the year 2010. During that
year, HYCOM has been heavily used and validated following
the Deepwater Horizon oil spill (Mezić et al., 2010; Le Hénaff
et al., 2012; Valentine et al., 2012). The SLIM simulation begins
on August 24, 2010 at 00:00, the day of the full moon. All
larvae are released at this moment, which is in agreement with
field observations (Jordan, 2018). While spawning occurs over
a couple of hours during the night, the model results are not
very sensitive to the precise timing of spawning and its duration,
as larvae spend a few hours over the reefs before being flushed
away. This is due to rather weak currents on the reef flat.
We then simulate larval dispersal until September 29, 2010 at
00:00. To simulate the physical processes driving larval dispersal,
we use a depth-averaged Lagrangian particle tracker (Dimou
and Adams, 1993; Spagnol et al., 2002). The deterministic
advection term is modeled with a 4th-order Runge-Kutta and the
stochastic diffusion term is modeled as a Wiener process whose
diffusivity is calculated using Okubo (1971)’s formula. A number
of connectivity and dispersal studies have already been performed
by coupling SLIM with this Lagrangian model (Thomas et al.,
2014, 2015; Critchell and Lambrechts, 2016; Grech et al., 2016,
2018).

Biological processes representing the larvae life history traits
are then included in the particle tracker. These include mortality,
competence and settlement. Mortality is represented as a fixed
probability of dying each day, which has been extracted from the
survival proportion curve of Kuba (2016). It yields a mortality
rate of 0.067 day−1, which means that larvae have a life
expectancy of about 15 days. Competence represents the ability
of a larva to settle onto a reef. After 3.8 days,M. cavernosa larvae
start acquiring competence at a rate of 6.4% day−1 (Kuba, 2016).
Finally, we assume that once a larva is competent, it settles on the
first reef it travels over. This is of course a simplification of reality
but the lack of empirical data does not enable us to formulate a
more elaborate description.

After setting up the model, the next step is to seed virtual
larvae on all the reefs composing the FRT. To do so, a map of
the location of the different reefs of Florida has been used. We
use the layer giving the areas where coral reefs and hardbottom
are found from the Unified Florida Reef Tract Map (FWRI,
2016). This generates 990 reefs in total. Some assumptions have
been made for the release of larvae. First of all, it is assumed
that the areas corresponding to coral reefs and hardbottom are
entirely covered with corals. However, sometimes corals cover
only a small fraction of the area and the quantity of larvae
released is therefore overestimated. Likewise, some of the areas
identified as coral reefs can be covered by seagrass or algae hence
limiting the amount of larvae that can settle. Moreover, we have
assumed that M. cavernosa always covers the entire area of each
reef. This is surely far from reality. However, to remove these
assumptions, we would need for each structure, the proportion of
the area covered by corals and, more specifically, the proportion
covered by M. cavernosa. Because of the lack of information,
we have chosen to keep these assumptions. Our model therefore
provides potential connections between reefs as would happen
if each reef had the same coral density and enough room to
accommodate all settlers. As a second step, realized (or actual)
connectivity could be estimated by using coral cover and/or
habitat quality to modulate potential connectivity according to
the state of the source and destinations reefs, however ongoing
disease and other impacts will likely confound this approach.
For the spawning of larvae, we have released on every reef a
concentration of particles of 1,600 larvae/km2 and a minimum
number of particles on a single habitat reef of 400. This is well
above the particle density threshold suggested by Monroy et al.
(2017) to achieve connectivity results insensitive to the number of
particles released.With these parameters, about 7.1×106 particles
are released over the entire domain at initial time.

2.2. Potential Connectivity Measures
The output of the Lagrangian particle tracker is a potential
connectivity matrix whose entries are denoted Cij. The matrix
rows correspond to the source reefs and the columns correspond
to the destination reefs. Hence Cij represents the number of
virtual larvae originating from reef i that have settled on reef
j. The ∼ 103 reefs in the FRT yield a connectivity matrix with
∼ 106 entries. While the majority of these entries are zero, it
remains challenging to extract useful information from such a
large matrix. The connectivity matrix can be more easily handled
by interpreting it as a large graph. Graph nodes will be all the
reefs of the FRT. Node i will be connected to node j if the
corresponding entry in the connectivity matrix (Cij) is non-zero.
The strength of a connection corresponds to the number of larvae
traveling from one node to the other. It is important to note that
connections are directional, which means that a connection from
node i to node j does not imply that there is a connection from
node j to node i. This simply reflects the fact that the connectivity
matrix is not symmetric.

Many different measures can be derived from the connectivity
graph by means of graph-theory algorithms (see for instance
Minor and Urban, 2007; Rayfield et al., 2011; Kool et al.,
2013; Dubois et al., 2016). Table 1 summarizes the connectivity
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TABLE 1 | Indicators used to quantify the connectivity patterns in the FRT.

Indicators Description What it shows

Local

retention

Ratio between the locally produced

settlers and the total of locally released

larvae (Botsford et al., 2009).

Self-replenishment

potential

Self

recruitment

Ratio between locally produced settlers

and settlers from elsewhere

(Botsford et al., 2009).

Reef isolation

Proportion

settled

Proportion of larvae released over a reef

which settle on any other reef.

Reef’s potential to

export larvae

Weighted

connectivity

length

Average dispersal distance from origin to

destination reef for all larvae released

over a reef.

Average distance at

which a reef can send

larvae

PageRank Page et al. (1999)’s algorithm for both

incoming and outgoing connections. The

score of a reef is not only influenced by

direct incoming/outgoing connections

but by all the graph nodes downstream/

upstream.

Sink/source potential by

taking into account the

full topology of the

graph.

Betweenness Measure indicating how often a node

serves to connect other nodes in the

network. It is computed with Brandes

(2001) algorithm and the edge weight

proposed by Costa et al. (2017).

Intergenerational

connectivity hubs.

measures that we will use in this study to highlight the most
important nodes and the connectivity pathways. These measures
are useful to identify which reefs are the most self-persistent, the
most isolated, the best importers, the best exporters, or the main
stepping stones in the graph. However, from a management and
conservation perspective, it is also interesting to have indicators
directly showing which reefs are the most in need of protection
and which reefs would be best suited for restoration projects.
This of course requires defining the need of protection of a reef
and its suitability for restoration projects. Daigle et al. (2020)
and Kininmonth et al. (2019) have shown that the best strategy
for achieving metapopulation persistence was to protect sites
based on their outgoing PageRank index. Here we go one step
further and argue that among stronger exporters, we should focus
protection efforts on those that are the most fragile (i.e., the weak
importers). These would be the reefs that significantly increase
the resilience of the system but are not very resilient themselves.
In terms of restoration practices, we suggest that the best suited
reefs are the ones that both receive and supply many larvae. This
way, outplanted reefs would be good sources and, at the same
time, be sufficiently resilient to persist. This is in agreement with
the conclusions of Hastings and Botsford (2006) who noted that
only patches that truly both receive and contribute larvae to the
entire system play a role in the sustainability of the system.

By using the incoming and outgoing PageRank measures
(denoted π in and πout , resp.), we can define protection and
restoration indices as follows:

• The PageRank protection index is the difference between πout

and π in normalized by their sum:

π
out−in

=
πout

− π in

πout + π in
.

The protection index ranges between−1 and+1. Values close
to +1 correspond to good sources that are not well supplied
while values close to−1 correspond to reefs that receive many
larvae but do not provide many. Therefore, reefs having values
close to+1 should be protected in priority.

• The PageRank restoration index πout×in is the multiplication
of πout and π in:

π
out×in

= π
out

× π
in.

Reefs with the highest restoration index values are both good
sources and good sinks. They are thus the most suitable sites
for outplanted corals.

Beyond “single reef” measures, we also identify reef clusters.
Clustering can help us simplify the graph by highlighting groups
of reefs strongly connected to each other and weakly connected
to reefs outside their group. From an ecological perspective,
strongly connected reefs are likely to be home of similar species.
In this study, we consider two different clustering methods
: the strongly connected components (SCC) method and the
modularity optimization (MO) method.

The SCC method does not focus on the strength of the
connections but simply on the presence of bi-directional
connections (Tarjan, 1972). Two nodes belong to the same
SCC (in other words to the same cluster) if there is a path
connecting them in each direction. It can potentially be satisfied
through multistep connections. SCCs will therefore group reefs
that interact bi-directionally and thus have a higher genetic
mixing among them. Hastings and Botsford (2006) have shown
that population persistence depended on the existence of multi-
generational connectivity pathways that eventually form a closed
loop. The SCC method hence identifies clusters of reefs that
belong to such a persistence loop. Since the life-history traits
of M. cavernosa are similar to a number of other coral species
(such as Orbicella faveolata and Orbicella franksi that are also
important reef builders, and also potentiallyDiploria strigosa and
Dendrogyra cylindrus), we can expect similar species living on
these reefs.

The MO method does not require bidirectional paths
between nodes belonging to the same community. Here we
consider a particular MO algorithm that compares the strength
of connections within the communities to a user-defined
connection strength parameter ζ . The communities are then
derived such that (1) the average connection strength between
the reefs within the community is greater than ζ and (2) the
average connection strength between any two reefs in different
communities is less than ζ . This approach allows us to detect
reef communities at different spatial scales. If we use a low value
of ζ , the connectivity between any two communities will be
small (i.e., we have nearly impermeable community boundaries),
but the internal connectivity may also be low and the size of
the communities will tend to be large. If instead we use a
higher value of ζ , the connectivity between any two communities
may be higher, but the internal connectivity will also be higher
and communities will tend to be smaller and boundaries more
permeable. The ζ parameter is therefore an indicator of how
much inter- and intra-community connectivity there is.
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The advantage of this method is that it requires only
directional connections and there is no need of a closed loop.
This is particularly useful for studying marine connectivity
since the ocean currents often induce a strong directionality
in the connectivity patterns. Furthermore, it explicitly takes
the strength of the connections into account. However, the
value of the parameter ζ is arbitrary. Different values of ζ

will yield different community structures. As ζ increases, the
algorithm produces more communities containing fewer reefs.
However, for some ranges of values of ζ , the community
structure can be stable. Large plateaux therefore correspond to
pertinent partitions. The optimization procedure that yields the
community structure is carried out using a modified Louvain
community detection algorithm (Blondel et al., 2008) following
the approach described in Traag et al. (2011). More details on the
application of this method to marine connectivity can be found
in Thomas et al. (2014).

3. RESULTS

The graph corresponding to the connectivity matrix derived for
M. cavernosa following the 2010 spawning event shows that larval
transport is directed north-eastward (Figure 2). While the most
intense transport seems to occur along the outer shelf, larvae
can also be transported from the inner shelf to the outer shelf,
either directly through the dense reef system in the Lower Keys
or through the Middle Keys where some reefs appear to be
major intergenerational stepping-stones. The graph also shows
that large-distance connectivity, from the Marquesas and Lower
Keys up to the northernmost reefs in the FRT, is possible.

Self recruitment can reach 100% for the most upstream reefs,
which are located either at the westernmost end of the FRT or
North of the Lower Keys (Figure 3A). In 2010, this is for instance
the case for the reefs in the Dry Tortugas, which receive very
little larvae from other reefs and also hardly keep the larvae they
produce. Some reefs inside the Lower Keys reef system and in
the inner-shelf part of the Upper Keys are also quite isolated
by topographical barriers that restrict larval transport. These
reefs are most at risk as they could hardly recover following a
disturbance that would strongly reduce their coral cover. Local
retention can exceed 25% inside the Lower Keys reef system
(Figure 3B). In such areas where reefs are closely aggregated,
the self-seeding potential is high because the reef system directs
the mean circulation around it and hence traps larvae inside.
This phenomenon is sometimes called the “sticky water effect”
(Wolanski, 1994). Both local retention and self recruitment are
very small along the outer shelf region since the FC tends to
transport larvae faraway.

Areas with a high reef density have a high proportion of larvae
that settle but these larvae tend to settle close to the source reefs
(Figure 4). This is particularly the case for reefs located on the
inner shelf for which larvae will settle <20 km from the source
reef. On the outer shelf, the reef system is less dense and currents
are stronger. Larvae can then be transported further away, and
can travel over distances of the order of 100 km before they settle.
The proportion of larvae that can eventually settle on a reef is

then also smaller. The model highlights clear differences between
inner- and outer-shelf reefs. The outer shelf area in the Upper
Keys is characterized by a much smaller connectivity length. This
appears to be due to stronger tidal currents in that area that keep
larvae closer to the source reefs. The Dry Tortugas again appear
to be isolated from the rest of the FRT as only a small amount
of larvae that were released there eventually settles. This is due
to a wind-driven northward current in the model simulation that
transports larvae away from the source reefs.

Reefs with the largest incoming PageRank are all located on
the outer shelf, in the northern part of the reef tract (Figure 5).
These are the reefs with the best larval supply as they receive
many larvae from reefs that are also well supplied. Most larvae
eventually end up in the outer shelf area, where the FC acts
as a conveyor belt that transports larvae northeastward. On
the other hand, the reefs with the largest outgoing PageRank
are located upstream of the two major connectivity pathways:
one starts on the westernmost end of the outer shelf; the other
starts on the inner shelf, North of the Lower Keys. These two
groups of reefs have the most important impact on the rest of
the FRT. They provide a large number of larvae to many reefs,
which in turn also provide larvae to many other reefs. They
are thus the most useful reefs. Figures illustrating the subgraphs
associated with a sink and a source hotspot are provided online as
Supplementary Material. The incoming/outgoing connections
reveal the upstream/downstream footprints of a reef and hence
highlight the group of reefs on which it depends and which
it supports.

The top 1% protection hotspots are located in the same
areas as the source hotspots (Figure 6). However, it is not
exactly the same reefs within these areas that have the largest
values for both indices. The protection index also takes into
account the supply of larvae. It highlights the reefs that
are at the same time useful (high output) and fragile (low
input). Since it is based on the PageRank, it is a non-local
measure that takes the entire graph topology into account.
The restoration index highlights the reefs that are both good
sources and good sinks. These reefs are shared between the
inner shelf area of the Lower and Middle Keys and the outer
shelf area in the Upper Keys. Figures illustrating the subgraphs
associated with a protection and a restoration hotspot are
provided online as Supplementary Material. Protection hotspots
are characterized by a large downstream and a small upstream
footprint. Restoration hotspots combine large downstream and
upstream footprints.

Betweenness measures the degree to which a reef serves as a
stepping stone to multigenerational connectivity. Larvae released
on the most upstream reefs will eventually arrive to downstream
reefs preferably through those hubs. We can clearly distinguish
two regions where the betweenness hotspots are located: the
Lower Keys and the Upper Keys (Figure 7A). In the former, the
dense reefs system yields a large amount of mixing and hence
have a densely-connected sub-graph. The latter acts as a transit
zone between the Lower Keys and reefs North of Biscayne Bay.
Between those two regions, there is a reef located North from
Vaca Key (that we will call Vaca reef), which has by far the
largest betweenness value of all reefs in the FRT. It receives many
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FIGURE 2 | The connectivity graph highlights the exchange of coral larvae between all the reefs of the FRT. The color code, from blue to red, indicates the strength of

connections (i.e., the number of larvae exchanged). The graph suggests that connectivity can occur over the entire length of the FRT as reefs around Key West and

the Marquesas Keys are connected to reefs offshore of St. Lucy Inlet. The Dry Tortugas however appear to be isolated from the rest of the FRT.

FIGURE 3 | (A) Self recruitment and (B) local retention on the whole FRT. Low self recruitment (and hence high isolation) are observed for the most upstream reefs

and inside areas where topographical barriers can prevent larval transport. High local retention is observed inside the Lower Keys where small-scale flow features

keep larvae near their source reef.
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FIGURE 4 | (A) The proportion of larvae that settle and (B) the weighted connectivity length (WCL, in km) show that larvae originating from the outer shelf are

transported further away but are also less likely to settle than larvae from the inner shelf. Inside dense reef matrices, larvae are more likely to settle and tend to reach

reefs close to their source reef.

FIGURE 5 | Top 1% source and sink reefs obtained with the PageRank algorithm. The top sink reefs are all located downstream, on the outer shelf. These reefs have

the most robust supply of larvae and should be among the most resilient reefs. The top source reefs are located upstream of the two main connectivity pathways.

These are the reefs that are most useful to the rest of the system.
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FIGURE 6 | Top 1% reefs most in need of protection and best suited to restoration projects. Reefs that need protection are located on the same areas as the best

source reefs. Reefs best suited to restoration are more spread in the FRT as both inner- and outer-shelf reefs can be suitable.

FIGURE 7 | (A) The top 1% reefs with the largest betweenness value. Among these hotspots, the reef with the largest betweenness value is the Vaca reef. (B)

Close-up view on the subgraph associated with the Vaca reef. This subgraph highlights the importance of the Vaca reef as a major hub in the connectivity graph.

About 2/3 of all the reefs in the FRT are connected to the Vaca reef.
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FIGURE 8 | (A) When taking only demographically significant connections into account, the SCC clustering method keeps two main groups of reefs in the Lower and

Upper Keys. (B) The community partitioning obtained with the MO method for a resolution parameter ζ = 2× 10−5 shows one major community that encompasses

almost all the FRT. The existence of such a large community shows that the FC acts as a conveyor belts that connects almost all the reefs in Keys to the reefs along

the outer shelf.

FIGURE 9 | Illustration of the two main connectivity pathways identified by our

model. The outershelf pathway (red arrows) acts as a conveyor belt driven by

the FC that connects most of the reefs from the South to the North. The Lower

Keys pathway (blue arrows) connects the inner shelf reefs to the outer shelf by

passing through the Lower and Middle Keys.

larvae from the upstream reefs but it also provides many larvae to
downstream reefs (Figure 7B). It appears to be a central stepping
stone within the connectivity graph as a very large number of
connections and larvae arrive to that node and leave from it.
Among the 990 reefs composing the FRT, about 660 reefs are

connected to the Vaca reef. Hence two thirds of all the reefs in
the FRT either provide or receive larvae to/from the Vaca reef.

When considering only connections that are demographically
significant, i.e., with weights larger than 0.1% of the total amount
of larvae released over the source reef, we can identify two major
SCCs (Figure 8A). The first one regroups themajority of the reefs
in the Lower Keys, where the dense reef system favors small-
distance bidirectional connectivity. The other SCC is located in
the Upper Keys. It is interesting to note that this cluster contains
reefs that are both on the outer and inner shelves. They are
connected together thanks to the model fine mesh resolution
that allows us to explicitly represent the narrow passages through
the topographical barrier that separates both areas. The MO
algorithm requires only one-directional connections within a
community. When using a resolution parameter ζ = 2 × 10−5,
we obtain a stable community structure that includes most of
the reefs in the FRT (Figure 8B). The Dry Tortugas are not
part of that large community. The Lower Keys appear to be
well connected to the outer-shelf region and directly/indirectly
provide larvae to the most upstream reefs. The outer shelf area
can be seen as a conveyor belt that transports larvae all the way
from the Lower Keys to northernmost reefs in the FRT.

4. DISCUSSION AND CONCLUSIONS

By using a high-resolution ocean model, we have been able
to model the fine-scale details of coral connectivity pathways
throughout the FRT. Our results for the 2010 spawning
event suggest that there are two major connectivity pathways
originating from the Lower Keys area (Figure 9). One pathway
starts on the outer shelf, South of the Marquesas Keys, and is
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driven by the FC that acts as a major conveyor belt. The other
pathway originates North of the Lower Keys and connects to
the outer shelf either by passing through the dense reef system
composing the Lower Keys, or through the Middle Keys. The
areas from where these two pathways originate contain the reefs
that should be protected in priority. Restoration hotspots are
more evenly spread between the Lower and Upper Keys. Along
the connectivity pathways, the Vaca reef appears to be a major
stepping stone between the Lower Keys and the northern part of
the FRT.

The model shows that larval transport is very different in
the inner and outer shelf areas. The former is characterized by
a higher local retention, a smaller weighted connectivity length
and a higher proportion of larvae that settle locally because
of the higher sticky water effect. By using a high resolution
ocean model, we can explicitly represent recirculation eddies
near reefs and islands that will further retain larvae. Hence, by
increasing the model resolution, local retention is increased and
long-distance connectivity is reduced. As discussed by Briton
et al. (2018), high local retention is directly associated with the
self-persistence of the local population. These reefs are therefore
expected to sustain themselves and be quite resilient. This may
partly explain why the reefs in the Keys historically are the most
diverse and have the best coral coverage (Burman et al., 2012) as
opposed to the north of the reef tract. However, other factors like
proximity to population centers and the latitudinal shift into a
more temperate climate regime are also major factors (Walker,
2012; Walker and Gilliam, 2013).

While most larvae from the Lower Keys stay in that area,
a fraction can reach the outer shelf. Reefs on the outer shelf
are under the influence of stronger currents. Local retention is
hence lower, whilst weighted connectivity length and proportion
lost are higher. Larvae released there will indeed be quickly
taken away by the FC and transported over longer distances,
although the mesoscale circulation is able to retain larvae and
thus temper this long-distance export (Sponaugle et al., 2005,
2012; D’Alessandro et al., 2007; Vaz et al., 2016). If we look at the
FRT as a road network, the outer shelf area would be the main
highway and the inner shelf would be composed of many smaller
roads that eventually connect to this highway. While sometimes
overlooked, the inner shelf is thus an important component of the
FRT. It further appears to have higher coral diversity, which leads
to greater reef complexity and thus habitat for fish and lobsters,
both important recreational fisheries.

The community structure obtained with the modularity
optimization algorithm supports that the FC acts like a major
conveyor belt that connects almost all the reefs in the FRT in
one direction. Most of the reefs in the Lower Keys belong to
this large community and form the initial pool of larvae that
will feed the rest of the system. Such a community structure is
quite different from the one obtained by Thomas et al. (2014) for
the Great Barrier Reef, where several large and mostly isolated
communities could be identified. The SCC analysis further
supports that the Lower Keys form a well-mixed area where
a high genetic homogeneity is expected. This is supported by
the genetic connectivity measures of Serrano et al. (2014) who
show a high level of mixing for M. cavernosa in the Keys. It

also shows the existence of a large community of reefs including
most reefs of the Upper Keys. This SCC exists thanks to the tidal
currents that move larvae back and forth, and hence produce a
bidirectional connectivity pattern. Without such an important
tidal flow, the residual FC would transport larvae to the North
and that community would vanish. Both community structures
suggest the vulnerability of the Dry Tortugas reefs since they were
isolated from the rest of the system for the 2010 spawning event.
The few reefs in this region must be able to provide themselves in
larvae to survive but local retention is low in that area. However,
it should be noted that we do not consider the potential transport
of larvae from areas outside of the FRT. Holstein et al. (2014)
have indeed shown that larvae can be transported from Yucatan
and Cuba to the Lower Keys.

From a conservation perspective, our results for the 2010
spawning event suggest that protection effort should be focused
on the reefs located upstream of the two connectivity pathways
identified above. These reefs have a long-ranging influence. They
not only directly provide larvae to neighboring reefs, but they
are the starting point of connectivity pathways that extend up
the northern end of the FRT. Being the most upstream reefs
they are particularly fragile as they do not receive many larvae.
These reefs are all located in the Florida Keys National Marine
Sanctuary, which was established in 1990 and protects more than
2,900 square nautical miles of Florida Keys coastal and ocean
waters. Within this marine sanctuary, the conservation hotspot
reefs are either included in or very close to the Key West and
GreatWhite Heron NationalWildlife Refuges. However, the level
of protection in those areas is probably not sufficient for reefs to
recover (Toth et al., 2014). The protections for no anchoring and
no fishing are not countering all the other aspects that are not
controlled (water temperature, disease, turbidity, nutrients).

According to our simulations, reefs best suited to restoration
projects are more evenly spread between the Lower and Upper
Keys. The model shows these reefs are both good sources
and good sinks of larvae, which is supported by their high
betweenness value. Since most of the reefs in the Lower and
Upper Keys are included in a SCC, we can expect that outplanting
corals on the reefs identified in those areas will have a strong
effect on the local environment. One reef that stands out both for
the restoration and betweenness measures is the Vaca Reef. This
reef is very well-located between the Lower and Upper Key. We
could assume that its great restoration value is due to its large size
but normalizing the connectivity matrix by the number of larvae
seeded does not change the results. However, it should be noted
that the database used to generate the reef map indicates that only
a fraction of the Vaca reef (from 0 to 10%) is effectively covered by
corals. The amount of larvae released on this reef might therefore
be overestimated. An improvement of themodel would be to take
into account the fraction of coral cover in the release and settling
processes. This information is however still very incomplete in
the database and we have thus chosen not to take it into account.
We have therefore focused this study on potential connectivity.

As with any modeling study, it is important to understand the
assumptions on which the model is based. Here, we have used
a 2D barotropic ocean model, which is well suited to shallow
regions but does not include all the physical processes that
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are driving the larger scale ocean circulation. It has therefore
been coupled with the 3D HYCOM model as soon as the
water depth is >50 m. This allows us to indirectly represent
baroclinic phenomena, such as mesoscale eddies. However, the
coupling might not be strong enough to correctly represent
these eddies along the outer shelf, where they can influence
larval transport (Limouzy-Paris et al., 1997; Sponaugle et al.,
2005; D’Alessandro et al., 2007). Mesoscale eddies are known
to increase local retention and, by misrepresenting them, SLIM
might overestimate the WCL. On the other hand, the coupling
uses the depth-averaged barotropic currents from HYCOM,
which will be smaller than the near-surface currents that
transport most of the larvae. As a result, SLIM might also
underestimate the WCL along the shelf break.

Another limitation of our approach is that we only simulate
larval dispersal for one spawning season and for one particular
species. The interannual and interspecific variability is thus
ignored. Considering other years and other species is currently
being investigated with this model configuration. Properly taking
into account the interannual connectivity variations requires to
run dispersal simulations over multiple years. Recent studies in
the Coral Triangle (Thompson et al., 2018) and in the north-west
Mediterranean Sea (Hidalgo et al., 2019) suggest that at least 20
spawning events should be simulated to achieve robust estimates.
This is not yet possible here considering the heavy computation
cost of the SLIM set-up over the Florida Keys. Finally, the lack of
sufficiently accurate coral cover and habitat quality information
led us to compute only potential connectivity, which is obtained
by assuming spatially-homogeneous larval production and post-
settlement mortality rates.

Despite these assumptions, we believe that ourmodel provides
unprecedented perspectives on the role and impact of the
small-scale circulation on the connectivity over the entire FRT.
With a resolution 10 times higher than existing models, it
can explicitly resolve complex topographical features such as
inlets, channels and small islands. The resulting currents have
much richer dynamics that yields better estimates of larval
dispersal. That allowed us to identify connectivity pathways that
are ignored by coarser models. In particular, we highlighted
the importance of larval cross-shore transport, from the inner
shelf to the outer shelf. By measuring a site’s potential as a
larval source and sink, our model can provide new insight to

conservation and restoration strategies that are currently mostly
based on empirical data. After checking for anthropogenic stress,
it could help reef managers to distinguish between sites that
locally appear equally good and hence provide much-needed
quantitative decision support.
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