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Abstract

Aim

Connectivity is a key determinant of coral reef resilience. However, connectivity models rarely account for deep
or submerged reefs, despite their widespread occurrence in many coral reef provinces. Here, we model coral
larval connectivity among submerged and near-sea-surface (NSS) reefs, investigate differences in dispersal
potential for coral larvae from these differing reef morphologies, and estimate the potential for deeper reef

habitats (> 10m) to provide a source of larvae to shallower reef habitats (< 10m).

Location

Great Barrier Reef, Australia

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 2 of 44

Methods

We used two newly developed, high-resolution models to identify the location and spatial extent of submerged
and NSS reefs and to simulate oceanographic currents (‘SLIM’) affecting larval dispersal. Dispersal patterns for
five depth-generalist coral species with differing life histories and dispersal potential were modelled using an

Individual-Based Model (IBM).

Results

NSS reefs were the largest source of larvae successfully settling, but submerged reefs exported a greater
proportion of larvae per unit area to other reefs. Larvae originating from submerged reefs also dispersed
greater distances. Recruits on shallow-water reef habitats primarily originated from other shallow areas, but
two-way connectivity did occur between deep and shallow habitats. Empirical data indicate that long-term coral
cover has declined most steeply on the shallow habitats predicted by our model to be highly dependent on

other shallow habitats for recruits.

Main Conclusions

Submerged reefs may contribute significantly to larval production, and should therefore be considered in
connectivity analyses. The hydrodynamic environment on submerged reefs results in larvae dispersing greater
distances, potentially increasing their importance as source reefs following disturbances. Deep reef habitats are
generally less exposed to disturbances and could therefore constitute an important larval source to some
shallow habitats following disturbances. Given the importance of connectivity to coral reef resilience, greater

attention should be afforded to identifying and protecting submerged reefs and other deeper habitats.
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1 (A) Introduction
2
3
4
5 Reef-building corals are the key ecosystem engineers of tropical coral reefs, the most diverse marine
6
7 ecosystems on Earth. Increasing disturbance frequency is causing declines in the abundance and shifts in the
8
9 composition of coral assemblages (Loya et al., 2001; Hughes et al., 2003; Wakeford et al., 2007). Altered coral
10
11 assemblages can affect many other taxa dependent on structurally complex reefs (e.g. reef-associated fishes),
12
13 leading to altered ecosystem processes and impacting the provision of ecosystem services (Hughes et al., 2010;
14

Graham & Nash, 2013; Pratchett et al., 2014). Consequently, the ability of reefs to recover from disturbance and
15 q Y, y
16
17 maintain a coral-dominated state (termed ‘resilience’) is a key objective of coral reef management (Mumby &
18
19 Hastings, 2008; Mumby & Steneck, 2008; Hughes et al., 2010).
20
21
gg Like many marine invertebrates, adult corals are sessile and rely on larval transport for dispersal and population
gg persistence (Shanks et al., 2003; Burgess et al., 2014). Consequently, the recovery of coral populations following
g? disturbance is often dependent on recruitment of larvae from elsewhere (Connell et al., 1997; Hughes & Tanner,
gg 2000). Understanding the potential for larval dispersal between reefs is important for predicting reef resilience.
32 Well-connected reefs will receive a greater number of larvae from many sources, and may be more resilient to
gé disturbances (Hughes et al., 2005; Cowen et al., 2006), but may also be more vulnerable to biological invasions
gg (Johnston & Purkis, 2011; Hock et al., 2014). Identifying reefs that can potentially export larvae to many other
g? reefs within the region of interest is therefore a key consideration when designing marine protected areas
gg (MPAs) (Roberts, 1997; Palumbi, 2003; Almany et al., 2009). In addition, MPA networks can be made more
22 resilient by ensuring that protected reefs are also well connected with each other (Christie et al., 2010;
42 .
43 Kininmonth et al., 2011).
44
45
jg Despite the implied importance of pelagic larval dispersal, a growing body of research on marine benthic
jg organisms suggests that a large proportion of larvae are retained locally, even in species with the potential for
22 long distance dispersal (Swearer et al. 2002; Cowen & Sponaugle, 2009; Shanks, 2009). For example, mark—
gg recapture and parentage analysis of reef fishes indicate remarkably high levels (5-72%) of recruitment back to
gg the natal population (Jones et al., 2009a). Corals also tend to exhibit high levels of local retention (fraction of
g? offspring produced by a population that recruits back into that population), and therefore rely heavily on local
gg sources of larvae for population replenishment (Gilmour et al., 2009; Figueiredo et al., 2013). Rising sea
60
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temperatures result in higher mortality and more rapid development of coral larvae, therefore climate change is
predicted to further reduce dispersal capacity and reef connectivity (Figueiredo et al., 2014). Consequently,
accurate knowledge of connectivity patterns are essential for effective implementation of marine reserve

networks (Almany et al., 2009).

Despite widespread acknowledgement of its importance (McCook et al. 2010; Harrison et al. 2012), connectivity
patterns remain poorly understood at regional scales relevant to management (Drew & Barber, 2012). For most
marine species it is practically impossible to empirically track a significant number of larvae during the dispersal
stage. Measures of genetic similarity are often used to infer connectivity between different populations
(Palumbi, 2003; Hedgecock et al., 2007; Burton, 2009). However, these tools can only infer genetic connectivity
(the flow of genes between between populations), and not demographic connectivity, which concerns the flow
of individuals in sufficient numbers to influence population growth and persistence (Lowe & Allendorf, 2010;

Leis et al., 2011).

In light of these limitations, numerical modelling has become an important tool for estimating patterns of larval
dispersal and connectivity (Werner et al., 2007). For example, Individual-Based Models (IBMs) coupled with
hydrodynamic models have successfully been used to explicitly model larval dispersal (North et al., 2009).
However, accurately modelling water circulation at the spatial scales that affect larval dispersal remains a key
challenge. For example, small-scale circulation features close to reefs and islands increases local retention of
larvae on their natal reef (Burgess et al., 2007; Figueiredo et al., 2013), and can also influence large-scale
circulation patterns in reef-dense regions (Wolanski & Spagnol, 2000; Andutta et al., 2012). Consequently,
hydrodynamic models must resolve circulation down to the scale of reefs and reef passages, typically in the
order of 100 — 1000 m in regions with complex topography. To date, very few regional-scale models exist at this
resolution, due to both the paucity of data at this level of detail and the large computational resources
required. Recent advances in hydrodynamic models using unstructured meshes offer a potential solution to the
latter problem by allowing for spatially variable model resolution (Pietrzak et al., 2005; Bernard et al., 2007;
Hanert et al., 2009). Unstructured meshes allow the model resolution to be increased close to reefs and
coastlines whilst keeping computational costs manageable, making them particularly useful in areas of complex
topography such as Australia’s Great Barrier Reef (GBR), where grid nesting is impractical (Lambrechts et al.,

2008). A further challenge lies in obtaining accurate, high-resolution data to force such models, such as high-
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resolution bathymetry of topographically complex reef ecosystems, or sufficient hydrodynamic time-series data
to calibrate model paramaterisations. Even relatively small inaccuracies in forcings or parameters can lead to
considerable inaccuracies in model predictions, potentially nullifying the gains in precision, for both the

hydrodynamic model (e.g. see Camacho et al., 2014) and the coupled IBM (e.g. see Hrycik et al., 2013).

Technological advances in recent years (e.g. multibeam sonar, autonomous imaging systems and mixed-gas
diving) have facilitated research in remote and/or deeper habitats that were previously inaccessible or
prohibitively expensive (Kahng et al., 2014). Submerged banks, defined as isolated elevations of the sea floor
over which the depth of water is relatively shallow but sufficient for safe surface navigation (IHO 2008), are
common features of continental shelves, oceanic islands and seamounts worldwide (Abbey & Webster, 2011).
Many submerged banks provide habitat for reef-building corals, but their location and spatial extent is poorly
known in many parts of the world (Heyward et al. 1997; Harris et al. 2013). Submerged banks composed of reef
carbonates (hereafter ‘submerged reefs’) are common on the continental shelf of the GBR (Harris et al. 2013),
and are known to support diverse coral assemblages (Bridge et al. 2011; Roberts et al., 2015). Despite many
submerged reefs rising to within 10 m of the surface at their shallowest points, the location of most submerged
reefs in the GBR has been delineated only recently with the use of new remote sensing technology (Bridge et al.
2012; Harris et al. 2013). In this study, we define reefs as being either ‘submerged’ if they are at least 10 m deep
at their shallowest point, or ‘near-sea-surface’ (NSS) if they are shallower than 10 m at their shallowest point
(and potentially subaerially exposed at low tide). It is important to note that NSS reefs may also support

substantial areas of coral habitat in deeper waters on their lower slopes.

Deeper reefs have been proposed as potential refuges for coral reef taxa from environmental stress (Riegl &
Piller, 2003; Bongaerts et al., 2010a; Bridge et al., 2013) because disturbance impacts are often most severe in
shallow waters (Sheppard & Obura, 2005; Bridge et al., 2014; Smith et al., 2014). Recent observations have
confirmed that deep populations can mitigate local extinction following severe disturbance (Sinniger et al.,
2012; Smith et al., 2014). Many corals can occur over a depth range of at least 30m (Bridge et al., 2013),
indicating potential for movement of propagules between deep and shallow coral populations (defined here as
occurring deeper or shallower than 10m). However, connectivity among deep and shallow populations appears
variable both geographically and among species (van Oppen et al. 2011; Serrano et al., 2014), and the true

extent of demographic connectivity between deep- and shallow-water coral populations remains unclear.
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Here, we use a newly-developed high-resolution model to estimate larval dispersal and potential connectivity
patterns among deep and shallow coral populations on two reef types (submerged and near-sea-surface) in the
central Great Barrier Reef, Australia. Our model identifies the relative contribution of submerged reefs to larval
supply in the central GBR, allowing us to estimate their capacity to act as a source of larval recruits. Specifically,
we will 1) compare patterns of connectivity between reefs of differing morphologies (submerged and NSS); 2)
investigate the potential for connectivity between areas of reefs at different depths (shallower than 10m and
deeper than 10m); and 3) identify regions in the central GBR most vulnerable to depth-dependent disturbances
(e.g. storms or bleaching events) based on their potential connectivity to other deep reef habitats, and identify

the morphology and depth of the source reefs that potentially contribute recruits to the most vulnerable areas.

(A) Methods

(B) Study Site

The Great Barrier Reef Marine Park (GBRMP) is located off north-eastern Australia, and covers an area of 344
000 km?. Until recently, coral reefs were thought to occupy ~20,000 km?* within the GBRMP; however, recent
studies have shown that submerged reefs may provide an additional ~20,000 km? of coral habitat (Harris et al.,
2013). Consequently, previous studies examining connectivity patterns and source-sink dynamics among reefs
in the GBR (e.g. Caley et al., 1996; Bode et al., 2006; Thomas et al., 2014) have not accounted for submerged

and deep reefs.

Over the 14° of latitudinal extent of the GBR, there are substantial changes in the geomorphic and
environmental characteristics of the continental shelf which strongly affect the development and morphology
of reefs (Hopley, 2006; Hopley et al., 2007). To account for potential confounding effects of this variability, our
study focused on a subset of the GBRMP (central GBR, 16.3 - 20.4° S, Fig S1) where the shelf morphology is
relatively uniform, reefs are well-mapped and water circulation patterns are relatively well-known. NSS reefs
are well-spaced and set back from the shelf-edge, while submerged reefs occur on the shelf-edge approximately
70km from the coast (Hopley, 2006). Additional submerged reefs occur on the mid-shelf throughout the lagoon
(Harris et al., 2013). Few reefs occur within ~30 km of the coast, primarily because of turbidity from several

large rivers in the region. The study area contained a total of 1023 reefs, 607 of which were NSS reefs.
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(B) Distribution of reefs

The locations of submerged and NSS reefs in the central GBR were delineated using a newly-developed feature
layer for the Great Barrier Reef, which represents an updated version of the GBR Reef Features GIS Database
(GBRMPA 2013). The incorporation of satellite-derived bathymetry allowed delineation of many submerged
reefs shallower than depths of 20-30 m that had not been identified in previous versions of GBR features, which
missed many reefs greater than 5-10m in depth at their shallowest points. Although extensive reef habitat also
occurs in mesophotic depths >30 m (Bridge et al., 2011; 2012), this study considered only habitat shallower
than ~30 m likely to support the common shallow-water coral species used in our model. Field surveys of coral
assemblages occupying submerged reef in the central GBR (Beaman et al., 2011; Roberts et al., 2015) confirmed

the accuracy of the new feature layer for delineating previously unidentified submerged coral reef habitat.

(B) Larval dispersal model

Larval dispersal patterns were simulated for five coral species: Platygyra daedalea, Acropora humilis, Acropora
valida, Seriotopora hystrix and Stylophora pistillata. These species were chosen because 1) they are common in
the study region (Done, 1982; DeVantier et al., 2006); 2) they exhibit relatively broad depth distributions (at
least 20 m; Bridge et al., 2013; Roberts et al., 2015); and 3) they represent different reproductive modes (Baird
et al., 2009). Most importantly, empirical larval competence and mortality data are available for these species
(see below), enabling greater accuracy in predictions of demographic connectivity, since even small differences
in competence and/or mortality rates can have large effects on estimates of larval dispersal (Connolly & Baird,

2010).

Larval dispersal was modelled using the biophysical model of Thomas et al. (2014), which couples the
unstructured-mesh, depth-integrated hydrodynamic model SLIM"* with an Individual-Based Model to simulate
particle transport and behaviour. SLIM's multi-scale capabilities make it ideally suited to modelling water
circulation in complex environments such as the GBR (e.g. see Lambrechts et al., 2008; Andutta et al., 2011;
Wolanski et al., 2013). The model mesh covered the entire GBR shelf and the size of the mesh elements was

kept proportional to their distance from the nearest reef or coastline and inversely proportional to water depth

1 SLIM is the Second-generation Louvain-la-Neuve Ice-ocean Model; for more information see www.climate.be/SLIM
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(see Legrand et al., 2006). The model resolution ranged from 200m close to reefs to 5km in open-sea areas, and
therefore captured small-scale features such as reef wake eddies which can strongly affect particle dispersal.
Additional details and validation of the hydrodynamic model are provided in Appendix S1 in the Supporting

Information.

We simulated water circulation in the GBR for the 35 days following coral spawning in four years for which
hydrodynamic data were available to calibrate and validate the model (2007, 2008, 2010 and 2012). Analysis of
wind and tide data over several years indicated that these years exhibited typical flow patterns in the central
GBR during the spawning season. Dispersal and settlement of larvae through the region was then modelled
with the IBM presented in Thomas et al. (2014). “Virtual larvae” were gradually released over all reefs in the
domain over 48 hours following the observed initiation of spawning. Coral larvae are poor swimmers, and were
assumed to disperse passively in the model. We also assumed that corals were equally abundant among reefs
throughout the domain, therefore the number of larvae released over each reef was proportional to the reef's

surface area.

Larval mortality and competence acquisition was modelled using the parameters reported in Figueiredo et al.
(2013). Larvae were considered to acquire competence at a fixed rate following an initial delay after spawning
(tc), and to die off at a constant mortality rate. Mortality rates and competence acquisition delay times were
different for each species, meaning that the mean time-to-competence (mtc) was species-specific (the observed
values of mtc for the species studied are given in Table S5 in the Supplementary Information). Larvae that died
or strayed outside the model domain were removed from the remainder of the simulation. Larvae were
assumed to settle on the first reef they travelled over after acquiring competence and were subsequently
removed from the simulation. At the end of each simulation a connectivity matrix was produced, with each
element recording the number of larvae released over the source reef identified by the row index which had
settled onto the destination reef identified by the column index, over the course of the simulation. All larvae
settling on reefs which were inside a 30km “buffer zone” from the northern and southern domain boundaries
were disregarded from the connectivity analysis, to account for the fact that upstream sources north or south of
the domain can contribute larvae inside the domain. Larval dispersal statistics such as self-recruitment and
mean dispersal distance were calculated separately for each year’s simulation and then averaged over the 4

years, to obtain a single value for each species.
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(B) Connectivity among reef morphologies and depths

Connectivity matrices were used to examine the extent of the connectivity between reefs of different
morphologies (submerged versus NSS) and depths (‘shallow’: <10 m; and ‘deep’: >10 m). Ten metres was
considered as a suitable cut-off between ‘deep’ and ‘shallow’ reefs, since reefs deeper than 10 m are often less
affected by depth-dependent disturbances such as warm-water coral bleaching (Bridge et al. 2014; Smith et al.
2014). Although disturbances can clearly extend into deeper waters, reefs on the GBR deeper than 10 m likely
experience less frequent disturbances than those in shallower waters (e.g. Marshall & Baird 2000; Roberts et al.
2015). Using this cut-off value meant that all submerged reefs in the domain were entirely classed as ‘deep’
areas (since, by their definition, their shallowest points were deeper than 10m), whereas NSS reefs could have
both deep and shallow areas. We identified the proportion of larvae settling at <10 m depth on each reef
originating from i) < 10 m depth on the same reef; ii) > 10 m depth on the same reef; iii) < 10 m depth on
another reef; and iv) > 10 m depth on another reef. This allowed examination of both the potential for deep to

shallow connectivity, and also the importance of self-recruitment in the recovery of shallow and deep habitats.

(B) Identification of vulnerable shallow-water reef habitats

Larval dispersal models can provide insight into the vulnerability or resilience of reefs to disturbance based on
the extent of connectivity to potential larval sources. Reefs that can potentially receive many larvae from other
reefs, and therefore do not rely only on locally retained larvae for persistence, are likely to recover more rapidly
from localised disturbances by having a more stable supply of recruits (Mumby & Hastings 2008, Jones et al.
2009b, Burgess et al. 2014). Furthermore, reefs which rely heavily only on other shallow reef habitats for larval
recruits would be expected to be more vulnerable to coral decline associated with depth-dependent
disturbances, whereas reefs receiving a demographically significant quantity of larvae from deeper populations
(where demographically significant means enough to contribute significantly to the size and persistence of the

population) could be expected to show greater resilience.

We assessed the predicted vulnerability of shallow-water reef habitats in 16 subregions in the central GBR by
qualitatively categorizing the subregions as either ‘low’, ‘medium’ or ‘high’ vulnerability, depending on the

proportion of shallow water reefs dependent on other shallow reef habitats for larval replenishment.
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Vulnerability was estimated by qualitatively assessing the number of reefs within a subregion that rely heavily
on recruitment from habitats shallower than 10 m. Subregions were derived from the Australian Institute of
Marine Science’s Long-term Monitoring Program (LTMP) (Sweatman et al., 2011), which assesses coral cover
trends on ~200 shallow reefs (6-9 m depth) in 29 subregions of the GBR. Each subregion was defined by its
position across and along the GBR shelf (11 sectors comprising approximately equal bands of latitude, and
three cross-shelf zones: inner-, mid- and outer-shelf). Sixteen of the 29 subregions examined by the LTMP occur
within the domain covered by our model. We compared vulnerability within each subregion predicted by our

model to the observed linear trend (in % coral cover yr-1) for the period 1986-2004 (Sweatman et al., 2011).

(A) Results

The model revealed clear cross-shelf differences in connectivity, with inshore reefs consistently having higher
rates of self-recruitment (Fig. 1) and exporting fewer larvae (Fig. 2a) than mid- and outer-shelf reefs. Mid- and
outer-shelf reefs in the southern part of the domain also exported greater numbers of larvae than reefs in the

north.

Connectivity variables, such as self-recruitment and dispersal distances, also varied considerably between
species due to differences in mean time-to-competence and mortality rates. As expected, the three broadcast-
spawning species (P. daedalea, A. humilis and A. valida) dispersed further and were less reliant on self-
recruitment than the two brooding species (S. hystrix and S. pistillata) (Table 1), due to their much lower mtc
(Table S5). Among the three broadcasters, the species with lower mtc showed higher rates of self-recruitment
and smaller mean dispersal distances. Despite these differences, all three broadcast spawners had similar
geographical dispersal patterns. Therefore, below we present data for A. humilis only (except where explicitly
indicated), which has an intermediate mtc and is considered representative of broadcast spawning species. Both

brooding species also exhibited almost identical dispersal patterns.

(B) Connectivity between submerged and near-sea surface reefs

Significant differences in connectivity patterns were found between larvae released from NSS and submerged
reefs (Table 1). For broadcast spawners, self-recruitment rates were three to five times higher for NSS reefs than

for submerged reefs, and larvae released over submerged reefs dispersed 40% to 83% further.
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The number of larvae produced on each reef was assumed to be proportional to its size, so larger reefs
exported greater numbers of larvae to other reefs, in absolute terms, than smaller reefs (Fig. 2b). The largest
reefs were all NSS reefs, so NSS reefs contributed most to the total larval production. However, submerged reefs
exported a greater number of larvae per unit area than NSS reefs (Fig. 2b). The connectivity matrix (Fig. 3)
shows that connections occurred, in both directions, between both reef types, although NSS-to-NSS
connections were most common. For broadcast spawning coral, 79% of larvae released on NSS reefs which
settled somewhere settled on other NSS reefs, with the remaining 21% settling on submerged reefs. Of the
larvae released from submerged reefs however, only 52% of those that settled somewhere settled on
submerged reefs, with the remaining 48% instead settling on NSS reefs As more larvae were released over NSS
reefs than submerged reefs (due to the greater extent of NSS reefs in the domain), NSS reefs provided 90% and
70% of settlers to NSS and submerged reefs, respectively. Brooders showed lower connectivity between
submerged and NSS reefs: 91% of brooder larvae released from NSS reefs settled on NSS reefs, and 73% from

submerged reefs also settled on submerged reefs.

(B) Connectivity among deep and shallow reef habitats

Horizontal connectivity (dispersal of larvae among habitats of the same depth) was more common than vertical
connectivity (dispersal from deep to shallow, or vice-versa; note that vertical connectivity requires horizontal
movement of larvae between habitats of different depths) (Fig. 4). Only 24% of reef habitat in the domain was
shallower than 10m, but 52% of larvae recruiting to shallow habitats originated from other shallow habitats. Of
this 52%, the majority (75%) originated from the same reef. However, deeper reef habitats still provided 48% of
all recruits to shallow-water habitats, suggesting potential for demographically-significant connectivity from
deep to shallow habitats. A higher proportion of recruits to deep reef habitats originated from deep water,
regardless of whether these habitats are on NSS (82%) or submerged (86%) reefs. Deep habitats on NSS reefs
had higher self-recruitment than those on submerged reefs (28% against 2%), a reflection of the greater spatial

extent of NSS reefs, and the different current regimes present around them, as described in the Discussion.

(B) Predicted versus observed vulnerability of shallow-water reef habitats

Our model indicated that the most vulnerable subregions occur inshore and in the north of the domain (Fig. 5).

Diversity and Distributions
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In contrast, shallow reef habitats on the mid- and outer-shelf in the southern half of the domain can receive
larvae from a large number of sources, including a substantial proportion of larvae from adjacent deep habitats.
Comparing our predicted vulnerability for shallow-water coral habitats to observed trends in coral cover from
1986-2004, we found that subregions with high predicted vulnerability corresponded to those that exhibited
the steepest rate of coral cover decline (Fig. 6). In contrast, subregions with low predicted vulnerability showed
no negative trend in coral cover trajectories. In total, 43% of subregions predicted to have high vulnerability
based on their reliance on shallow-water habitats for recruits showed substantial linear changes in coral cover

over 18 years (Sweatman et al., 2011), compared to no subregions where vulnerability was predicted to be low.

(A) Discussion

(B) Variability among submerged and NSS reefs

NSS reefs were the largest sources of larvae due to their greater spatial extent; however, larvae from
submerged reefs dispersed further and were more likely to settle onto NSS reefs than vice-versa. If corals are
equally abundant on all reefs in the domain, as assumed in the model, then larger reefs supporting more corals
would export a greater number of larvae. In this case, our results support the hypothesis that reef size is a key
indicator of the importance of a reef as a larval source (James et al., 2002). However, our model also indicated
that submerged reefs also represent important larval source reefs, exporting a greater number of larvae per
unit area due to differences in water circulation patterns over submerged and NSS reefs. A submerged reef
presents less of an obstacle to water flow compared with an NSS reef, so the turbulent features formed in the
reef's wake will tend to be less pronounced than for an NSS reef. Reef wake eddies can be responsible for
trapping significant numbers of larvae close to the reef, resulting in high self-recruitment rates on NSS reefs
(Wolanski et al., 1989; Burgess et al., 2007; Figueiredo et al., 2013). Submerged reefs also tend to be found in
slightly deeper water, where net water flow is stronger due to the smaller overall influence of friction with the
rough reef surface, increasing the likelihood that larvae will be rapidly flushed from the reef. In addition to
exporting a greater proportion of their larvae, our model indicated that submerged reefs are less reliant on
other submerged reefs for their recruits. Most recruits on submerged reefs were predicted to originate from

NSS reefs.
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(B) Influence of coral reproductive mode

As expected, larvae of broadcast spawning species dispersed greater distances than larvae of brooding species
due to the significantly shorter mtc in brooders. Nonetheless, this finding highlights the importance of
considering reproductive biology in connectivity models, and emphasizes the challenges posed by incorporating
larval connectivity in planning MPA networks. Our results demonstrate the influence of life history traits on
potential connectivity, a finding broadly applicable to any species with a pelagic larval dispersal stage. Managers
must account for corals (and other taxa) with vastly different reproductive biology inhabiting the same reef.
Accounting for additional factors that may influence dispersal potential (e.g. larval buoyancy and behaviour)
could further accentuate the estimated differences in dispersal potential between broadcast spawners and

brooders, and would provide additional information on intraspecific differences in dispersal potential.

(B) Connectivity between deep and shallow habitats

Our results indicate that vertical connectivity is less common than horizontal connectivity. The majority (52%) of
recruits on shallow reef habitats originate from other shallow habitats, despite deeper habitats accounting for
76% of the total available coral reef habitat. This finding supports empirical studies of genetic connectivity in
corals (Bongaerts et al., 2010b; Serrano et al., 2014), and suggests that dispersal limitation may play a role in
population partitioning among reef habitats. However, the model also indicated that demographically
significant two-way connectivity between deep and shallow habitats could constitute an important source of
larvae to shallow habitats. The extent of connectivity between deep and shallow habitats was geographically
variable (Fig. 5): inner-shelf reefs were highly dependent on recruits from shallow water, and reefs in the north
of the domain were also more reliant on larvae from shallow water than those further south. This is primarily
due to spatial differences in current strength: inner-shelf reefs are mainly found in shallow water and
experience weaker currents than offshore reefs, reducing larval dispersal. Meanwhile in the southern half of the
domain, the wider continental shelf amplifies the tidal currents (Andrews & Bode, 1988) leading to greater

dispersal distances and more connections between reefs, enhancing deep-to-shallow connectivity.

Ascertaining the true extent of vertical connectivity requires empirical testing, but our model suggests that the

horizontal currents present no obvious barrier to connectivity between deep and shallow reef habitats in the
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region, assuming the water column is well mixed. Spatial variability in the extent of vertical connectivity has
been previously reported using genetic techniques (van Oppen et al. 2011; Serrano et al., 2014), and our results
support the hypothesis that oceanography may provide a mechanism to explain this variation. If connectivity
between deep and shallow habitats promotes resilience in shallow-water reef habitats, then determining the
spatial location, extent, and biodiversity of deep reefs should be afforded greater importance by marine

resource managers

Reef habitats in deeper waters are not immune from disturbance, but many disturbances are less frequent
and/or severe at greater depths (Woodley et al., 1981; Marshall & Baird, 2000; Riegl & Piller, 2003).
Consequently, deeper reefs often exhibit greater long-term stability than adjacent shallow habitats (Bak &
Niewland, 1995; Lesser et al., 2009). Our results indicate that most recruits on deep reef habitats originate from
other deep habitats, therefore depth-dependent disturbances would have little influence on larval supply to
deep habitats. Lower self-recruitment rates also suggest that deeper habitat may have greater capacity to
recover than shallows if they are affected by a reef-scale disturbance. However, these factors may also result in

slower recovery of deeper reefs if coral declines in deeper waters were widespread.

(B) Assessing vulnerability of shallow-water habitats

Subregions where shallow-water reef habitats are predicted to source a greater proportion of recruits from
deeper habitats showed no significant trends in coral cover from 1986-2004 (Fig. 6). In contrast, subregions
heavily reliant on shallow-water reef habitats for larval recruitment have shown much steeper declines in coral
cover. However, the response of vulnerable subregions was also highly variable. We propose two potential
causes of variability, which are not mutually exclusive. Firstly, coral decline requires a cause, and it is possible
that some highly vulnerable habitats may have escaped disturbance over the study period. However, the
frequency and spatial scale of disturbance events in the central GBR over the study period (Sweatman et al.,
2011; De’ath et al., 2012) would indicate that this pattern cannot be attributed entirely to differences in
exposure to disturbance. Alternatively, it is possible that some reefs with low connectivity are actually relatively
resilient to disturbances if: 1) the disturbance is not too severe and some breeding adults survive; and 2) local
retention of larvae is high (e.g. Botsford et al., 2009). Whatever the cause of variability in coral cover

trajectories on vulnerable reefs, it is clear that shallow habitats with high predicted vulnerability have, on
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average, showed much steeper declines in coral cover than the shallow habitats with low predicted
vulnerability. This finding supports the hypothesis that reefs receiving larvae from deeper sources may be more

resilient than those reliant entirely on shallow sources.

The capacity for reefs to maintain coral-dominated states or return to coral-dominated states following
disturbances is influenced by the types of stressors to which the reef is exposed. Chronic ‘press’ type stressors
(e.g. pollution, overfishing) reduce overall capacity to recover, whereas reefs can recover from acute ‘pulse’
disturbances (e.g. storms and bleaching events) if reef resilience is maintained (Anthony et al. 2015). For corals,
connectivity is most beneficial against ‘pulse’ disturbances, where deeper areas that have avoided significant
coral loss can provide propagules to repopulate shallower areas. It is important to consider that our model
shows only potential connections between reefs based on hydrodynamics, larval survival and competence
dynamics, and does not account for important factors such as adaptive divergence among habitat types or post-
settlement processes affecting recruitment success (Mundy & Babcock, 2000; Bongaerts et al., 2011). Some
coral species are habitat specialists, restricted to either very shallow or very deep habitats, and such species will
not colonise new habitats even if physically connected by larval dispersal. Nevertheless, our model suggests
that deep habitats may constitute a source of larvae for depth-generalist species. Our predictions support
empirical findings that whilst genetic connectivity between deep and shallow populations is not as common as
horizontal connectivity (Serrano et al., 2014), demographically significant connectivity can occur between deep
and shallow habitats. The concordance between our predicted vulnerability and observed trends in coral cover
suggests that deep-to-shallow connectivity may be important for post-disturbance recovery in coral
communities. This reinforces the need to consider deeper reef habitats when assessing the impacts of

disturbances, trajectories of coral communities, and planning conservation measures.

Acknowledgements

The contributions of C.J.T.,, E.D. and E.H. were supported by ARC grant 10/15-028 of the Fédération Wallonie-
Bruxelles, “Taking up the challenges of multi-scale marine modelling”. J.F. was supported by the Australian
Research Council (DP110101168), and a Smart Futures Fellowship from the Queensland Government. E.D. is an
honorary research associate with the Belgian Fund for Scientific Research (F.R.S.-FNRS). Computational

resources were provided by the supercomputing facilities of the Université catholique de Louvain

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 16 of 44

(UCLouvain/CISM) and the Consortium des Equipements de Calcul Intensif en Fédération Wallonie-Bruxelles
(CECI). We thank R. Beaman and the Great Barrier Reef Marine Park Authority for providing feature layers on

reef location.

References

Abbey, E., & Webster, J. M. (2011) Submerged reefs. Encyclopedia of Modern Coral Reefs (ed. by D. Hopley), pp.

1058-1062. Springer, Netherlands

Almany, G. R., Connolly, S. R., Heath, D. D., Hogan, J. D., Jones, G. P., McCook, L. J., Mills, M., Pressey, R. L. &
Williamson, D.H. (2009) Connectivity, biodiversity conservation and the design of marine reserve networks for

coral reefs. Coral Reefs, 28(2), 339-351.

Andrews, J. C. & Bode, L. (1988) The tides of the central Great Barrier Reef. Continental Shelf Research, 8(9),

1057-1085.

Andutta, F. P, Ridd, P. V. & Wolanski, E. (2011) Dynamics of hypersaline coastal waters in the Great Barrier Reef.

Estuarine, Coastal and Shelf Science, 94, 299-305.

Andutta, F. P., Kingsford, M. J. & Wolanski, E. (2012) ‘Sticky water’ enables the retention of larvae in a reef

mosaic. Estuarine, Coastal and Shelf Science, 54, 655—668.

Anthony, K. R. N., Marshall, P. A., Abdulla, A., Beeden, R., Bergh, C., Black, R., Eakin, C.M., Game, E. T., Gooch,
M., Graham, N. A. J,, Green, A., Heron, S. F., van Hooidonk, R., Knowland, C., Mangubhai, S., Marshall, N.,
Maynard, J.A., McGinnity, P., McLeod, E., Mumby, P. J., Nystrém, M., Obura, D., Oliver, J., Possingham, H. P.,
Pressey, R. L., Rowlands, G. P., Tamelander, J., Wachenfeld, D. & Wear, S. (2015) Operationalizing resilience for

adaptive coral reef management under global environmental change. Global Change Biology, 21, 48-61

Ayre, D. J. & Hughes, T. P. (2000) Genotypic diversity and gene flow in brooding and spawning corals along the

Great Barrier Reef, Australia. Evolution, 54(5), 1590-1605.

Diversity and Distributions



Page 17 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

Ayre, D. J. & Hughes, T. P. (2004). Climate change, genotypic diversity and gene flow in reef-building corals.

Ecology Letters, 7(4), 273-278.

Baird, A. H., Guest, J. R. & Willis, B. L. (2009) Systematic and biogeographical patterns in the reproductive

biology of scleractinian corals. Annual Review of Ecology and Systematics, 40, 531-571.

Bak, R. P. M. & Nieuwland, G. (1995) Long-term change in coral communities along depth gradients over

leeward reefs in the Netherlands Antilles. Bulletin of Marine Science, 56(2), 609-619.

Beaman, R. J., Bridge, T., Done, T., Webster, J. M., Williams, S. & Pizarro, O. (2011) Habitats and benthos at
Hydrographers Passage, Great Barrier Reef, Australia. Seafloor Geomorphology as Benthic Habitat: GeoHab
Atlas of Seafloor Geomorphic Features and Benthic Habitats (ed. by Harris, P. T. and Baker, E. K.) pp. 425-434.

Elsevier.

Bernard, P-E., Chevaugeon, N., Legat. V., Deleersnijder, E. & Remacle, J.-F. (2007) High-order h-adaptive

discontinuous Galerkin methods for ocean modelling. Ocean Dynamics, 57(2), 109-121.

Bode, M., Bode, L. & Armsworth, P. R. (2006). Larval dispersal reveals regional sources and sinks in the Great

Barrier Reef. Marine Ecology Progress Series, 308, 17-25.

Bongaerts, P., Ridgway, T., Sampayo, E. M. & Hoegh-Guldberg, O. (2010a) Assessing the 'deep reef refugia’

hypothesis: focus on Caribbean reefs. Coral Reefs, 29, 309-327.

Bongaerts P., Riginos, C., Ridgway, T., Sampayo, E. M., van Oppen, M. J. H., Englebert, N., Vermeulen, F. &
Hoegh-Guldberg, O. (2010b) Genetic divergence across habitats in the widespread coral Seriatopora hystrix and

its associated Symbiodinium. PLoS One, 5(5), e10871.

Bongaerts, P., Riginos, C., Hay, K. B., van Oppen, M. J., Hoegh-Guldberg, O., & Dove, S. (2011). Adaptive
divergence in a scleractinian coral: physiological adaptation of Seriatopora hystrix to shallow and deep reef

habitats. BMC evolutionary biology, 11(1), 303.

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 18 of 44

Botsford, L. W., White, J. W., Coffroth, M. A., Paris, C. B., Planes, S., Shearer, T. L., Thorrold, S. R. & Jones, G. P.
(2009) Connectivity and resilience of coral reef metapopulations in marine protected areas: matching empirical

efforts to predictive needs. Coral Reefs, 28(2), 327-337.

Bridge, T., Done, T., Friedman, A., Beaman, R., Williams, S., Pizarro, O. & Webster, J. (2011)
Variability in mesophotic coral reef communities along the Great Barrier Reef, Australia.

Marine Ecology Progress Series, 428, 63-75

Bridge, T., Beaman, R., Done, T. & Webster, J. (2012) Predicting the location and spatial extent of submerged

coral reef habitat in the Great Barrier Reef World Heritage Area, Australia. PLOS ONE, 7(10) e48203

Bridge, T. C., Hughes, T. P., Guinotte, J. M. & Bongaerts, P. (2013). Call to protect all coral reefs. Nature Climate

Change, 3(6), 528-530.

Bridge, T. C. L., Hoey, A. S., Campbell, S. J., Muttagqin, E., Rudi, E., Fadli, N. & Baird, A. H. (2014) Depth-
dependent mortality of reef corals following a severe bleaching event: implications for thermal refuges and

population recovery. F1000Research, 2(187).

Burgess, C. S., Kingsford, M. J. & Black, K. P. (2007) Influence of tidal eddies and wind on the distribution of pre-

settlement fishes around One Tree Island, Great Barrier Reef. Marine Ecology Progress Series, 341, 233-242.

Burgess, C. S., Nickols, K. J., Griesemer, C. D., Barnett, L. A. K., Dedrick, A. J., Satterthwaite, E. V., Yamane, L.,
Morgan, S. G., White, W. & Botsford, L. W. (2014) Beyond connectivity: how empirical methods can quantify

population persistence to improve marine protected-area design. Ecological Applications, 24(2), 257-270.

Burton, R. S. (2009) Molecular Markers, Natural History, and Conservation of Marine Animals. Bioscience. 59,

831-840.

Caley, M. J., Carr, M. H., Hixon, M. A,, Hughes, T. P,, Jones, G. P. & Menge, B. A. (1996) Recruitment and the local

dynamics of open marine populations. Annual Review of Ecology and Systematics, 27, 477-500.

Diversity and Distributions



Page 19 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

Camacho, R. A,, Martin, J. L., Diaz-Ramirez, J., McAnally, W., Rodriguez, H., Suscy, P. & Zhang, S. (2014)
Uncertainty analysis of estuarine hydrodynamic models: an evaluation of input data uncertainty in the Weeks

Bay estuary, Alabama. Applied Ocean Research, 47, 138-153.

Christie, M. R., Tissot, B. N., Albins, M. A,, Beets, J. P, Jia, Y., Ortiz, D. M., Thompson, S. E. & Hixon, M. A. (2010)

Larval Connectivity in an Effective Network of Marine Protected Areas. PLoS ONE, e15715

Connell, J. H., Hughes, T. P. & Wallace, C. C. (1997) A 30-year study of coral abundance, recruitment, and

disturbance at several scales in space and time. Ecological Monographs, 67(4), 461-488.

Connolly, S. R. & Baird, A. H. (2010) Estimating dispersal potential for marine larvae: dynamic models applied to

scleractinian corals. Ecology, 91(12), 3572-3583.

Cowen, R. K., Paris, C. B. & Srinivasan, A. (2006) Scaling of connectivity in marine populations. Science,

311(5760), 522-527.

Cowen, R. K. & Sponaugle, S. (2009) Larval Dispersal and Marine Population Connectivity. Annual Review of

Marine Science, 1, 443-466.

De’ath, G., Fabricius, K. E., Sweatman, H. & Puotinen, M. (2012) The 27—-year decline of coral cover on the Great

Barrier Reef and its causes. Proceedings of the National Academy of Sciences, 109(44), 17995-17999.

DeVantier, L. M., De’ath, G., Turak, E., Done, T. J. & Fabricius, K. E. (2006) Species richness and community

structure of reef-building corals on the nearshore Great Barrier Reef. Coral Reefs, 25(3), 329-340.

Done, T. J. (1982) Patterns in the distribution of coral communities across the central Great Barrier Reef. Coral

Reefs, 1(2), 95-107.

Drew, J. A. & Barber, P. H. (2012) Comparative Phylogeography in Fijian Coral Reef Fishes: A Multi-Taxa

Approach towards Marine Reserve Design. PloS ONE, 7(10).

Figueiredo, J., Baird, A. H. & Connolly, S. R. (2013) Synthesizing larval competence dynamics and reef-scale

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 20 of 44

retention reveals a high potential for self-recruitment in corals. Ecology, 94(3), 650—659.

Figueiredo, J., Baird, A. H., Harii, S. & Connolly, S. R. (2014). Increased local retention of reef coral larvae as a

result of ocean warming. Nature Climate Change, 4, 498-502.

Gaines, S. D., White, C., Carr, M. H. & Palumbi, S. R. (2010) Designing marine reserve networks for both
conservation and fisheries management. Proceedings of the National Academy of Sciences, 107(43), 18286-

18293.

GBRMPA (2013) Great Barrier Reef (GBR) Features (Reef boundaries, QLD Mainland, Islands, Cays and Rocks).
Great Barrier Reef Marine Park Authority (GBRMPA). Available from http://e-atlas.org.au/data/uuid/ac8e8e4f-

fcOe-4a01-9c3d-f27eda8fac3c

Gilmour, J. P, Smith, L. D. & Brinkman, R.M. (2009) Biannual spawning, rapid larval development and evidence

of self-seeding for scleractinian corals at an isolated system of reefs. Marine Biology, 156, 1297-1309.

Graham, N. A. J. & Nash, K. L. (2013) The importance of structural complexity in coral reef ecosystems. Coral

Reefs, 32(2), 315-326.

Hanert, E., Ham, D., Pietrzak, J., Schroeter, J. & Pain, C. C. (2009) The sixth international Workshop on
Unstructured Mesh Numerical Modelling of Coastal, Shelf and Ocean Flows (Imperial College, London,

September 19-21, 2007), in: Ocean Modelling (special issue), 28, 1-192.

Harris, P. T., Bridge, T. C., Beaman, R. J., Webster, J. M., Nichol, S. L. & Brooke, B. P. (2013) Submerged banks in
the Great Barrier Reef, Australia, greatly increase available coral reef habitat. ICES Journal of Marine Science:

Journal du Conseil, 70(2), 284-293.

Harrison, H.B., Williamson, D.H., Evans, R.D., Almany, G.R., Thorrold, S.R., Russ, G.R., Feldheim, K.A., van
Herwerden, L., Planes, S., Srinivasan, M., Berumen, M.L. & Jones, G.P. (2012) Larval export from marine reserves

and the recruitment benefit for fish and fisheries. Current Biology, 22, 1023-1028.

Diversity and Distributions



Page 21 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

Hedgecock, D., Barber, P. H. & Edmands S. (2007) Genetic Aproaches to Measuring Connectivity Oceanography,

20(3), 70-79.

Heyward, A. A., Pinceratto, E. E., & Smith, L. L. (1997) Big Bank Shoals of the Timor Sea: an environmental

resource atlas. Australian Institute of Marine Science & BHP Petroleum.

Hock, K., Wolff, N. H., Condie, S. A., Anthony, K. & Mumby, P. J. (2014) Connectivity networks reveal the risks of

crown-of-thorns starfish outbreaks on the Great Barrier Reef. Journal of Applied Ecology, 51(5), 1188-1196.

Hopley, D. (2006) Coral reef growth on the shelf margin of the Great Barrier Reef with special reference to the

Pompey Complex. Journal of Coastal Research, 22, 150-158.

Hopley, D., Smithers, S. G. & Parnell, K. E. (2007) The Geomorphology of the Great Barrier Reef: Development,

Diversity, and Change, pp. 532. Cambridge University Press, Cambridge (UK).

Hrycik, J. M., Chassé, J., Ruddick, B. R. & Taggart, C. T. (2013) Dispersal kernel estimation: A comparison of
empirical and modelled particle dispersion in a coastal marine system. Estuarine, Coastal and Shelf Science, 133,

11-22.

Hughes, T. P., Baird, A. H., Dinsdale, E. A., Moltschaniwskyj, N. A., Pratchett, M. S., Tanner, J. E. & Willis, B. L.

(1999) Patterns of recruitment and abundance of corals along the Great Barrier Reef. Nature, 397(6714), 59-63.

Hughes, T. P, Baird, A. H., Dinsdale, E. A., Moltschaniwskyj, N. A., Pratchett, M. S., Tanner, J. E. & Willis, B. L.
(2000) Supply-side ecology works both ways: the link between benthic adults, fecundity, and larval recruits.

Ecology, 81(8), 2241-2249.

Hughes, T. P. & Tanner, J. E. (2000) Recruitment failure, life histories, and long-term decline of Caribbean corals.

Ecology, 81(8), 2250-2263.

Hughes, T. P., Baird, A. H., Bellwood, D. R., Card, M., Connolly, S. R., Folke, C., Grosberg, R., Hoegh-Guldberg, O.,

Jackson, J. B. C,, Kleypas, J., Lough, J. M., Marshall, P., Nystrém, M., Palumbi, S. R., Pandolfi, J. M., Rosen, B., &

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 22 of 44

Roughgarden, J. (2003) Climate change, human impacts, and the resilience of coral reefs. Science, 301(5635),

929-933.

Hughes, T. P, Bellwood, D. R., Folke, C., Steneck, R. S. & Wilson, J., (2005) New paradigms for supporting the

resilience of marine ecosystems. Trends in Ecology and Evolution, 20(7), 380—-386.

Hughes, T. P.,, Graham, N. A., Jackson, J. B., Mumby, P. J. & Steneck, R. S. (2010) Rising to the challenge of

sustaining coral reef resilience. Trends in Ecology & Evolution, 25(11), 633-642.

IHO (2008) Standardization of undersea feature names: Guidelines proposal from terminology, 4th Ed.
International Hydrographic Organisation and Intergovernmental Oceanographic Commission, Monaco, available

at http://www.iho.int_pubs/bathy/B-6_e4 EF_Nov08.pdf

James, M. K., Armsworth, P. R., Mason, L. B. & Bode L. (2002) The structure of reef fish metapopulations:

modelling larval dispersal and retention patterns. Proceedings of the Royal Society B, 269, 2079—2086.

Johnson, C. R. (1992) Settlement and recruitment of Acanthaster planci on the Great Barrier Reef: Questions of

process and scale. Australian Journal of Marine Freshwater Research, 43, 611-627.

Johnston, M\W. & Purkis, S.J. (2011) Spatial analysis of the invasion of lionfish in the western Atlantic and

Caribbean. Marine Pollution Bulletin, 62, 1218-1226.

Jones, G. P, Almany, G. R, Russ, G. R,, Sale, P. F,, Steneck, R. S., Van Oppen, M. J. H. & Willis, B. L. (2009a) Larval
retention and connectivity among populations of corals and reef fishes: history, advances and challenges. Coral

Reefs, 28(2), 307-325.

Jones, G.P,, Russ, G.R., Sale, P.F. & Steneck, R.S. (2009b) Theme section on “Larval connectivity, resilience and

the future of coral reefs”. Coral Reefs, 28, 303-305.

Kahng, S. E., Copus, J. M. & Wagner, D. (2014) Recent advances in the ecology of mesophotic coral ecosystems

(MCEs). Current Opinion in Environmental Sustainability, 7, 72-81.

Diversity and Distributions



Page 23 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

Kininmonth, S. J., Beger, M., Bode, M., Peterson, E., Adams, M., Dorfman, D., Brumbaugh, D. R. & Possingham,
H. (2011) Dispersal connectivity and reserve selection for marine conservation. Ecological Modelling, 222, 1272-

1282.

Lambrechts, J., Hanert, E., Deleersnijder, E., Bernard, P. -E., Legat, V., Remacle, J. -F. & Wolanski, E. (2008) A
multi-scale model of the hydrodynamics of the whole Great Barrier Reef. Estuarine, Coastal and Shelf Science,

79, 143-151.

Legrand, S., Deleersnijder, E., Hanert, E., Legat, V. & Wolanski, E. (2006) High-resolution unstructured meshes

for hydrodynamic models of the Great Barrier Reef, Australia. Estuarine, Coastal and Shelf Science, 68, 36—46.

Leis, J. M., Van Herwerden, L. & Patterson, H. M. (2011) Estimating connectivity in marine fish populations:

what works best? Oceanography and Marine Biology: An Annual Review, 49, 193—-234.

Lesser, M. P,, Slattery, M. & Leichter, J. J. (2009) Ecology of mesophotic coral reefs. Journal of Experimental

Marine Biology and Ecology, 375(1), 1-8.

Lowe W. H. & Allendorf F. W. (2010) What can genetics tell us about population connectivity? Molecular

Ecology, 19, 3038-3051.

Loya, Y., Sakai, K., Yamazato, K., Nakano, Y., Sambali, H. & van Woesik, R. (2001) Coral bleaching: the winners

and the losers. Ecology Letters, 4, 122—-131.

Marshall, P. A. & Baird, A. H. (2000) Bleaching of corals on the Great Barrier Reef: differential susceptibilities

among taxa. Coral reefs, 19(2), 155-163.

McCook, L.J., Ayling, T., Cappo, M., Choat, J.H., Evans, R.D., De Freitas, D.M., Heupel, M., Hughes, T.P., Jones,
G.P.,, Mapstone, B., Marsh, H., Mills, M., Molloy, F. J., Pitcher, C.R., Pressey, R.L., Russ, G.R., Sutton, S.,
Sweatman, H.P.A., Tobin, R., Wachenfeld, D. & Williamson, D.H. (2010) Adaptive management of the Great

Barrier Reef: a globally significant demonstration of the benefits of networks of marine reserves. Proceedings of

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 24 of 44

the National Academy of Sciences of the United States of America, 107, 18278-18285

Mumby, P. J. & Hastings, A. (2008) The impact of ecosystem connectivity on coral reef resilience. Journal of

Applied Ecology, 45(3), 854-862.

Mumby, P. J. & Steneck, R. S. (2008) Coral reef management and conservation in light of rapidly evolving

ecological paradigms. Trends in Ecology & Evolution, 23(10), 555-563.

Mundy, C. & Babcock, R. (2000) Are vertical distribution patterns of scleractinian corals maintained by pre-or
post-settlement processes? A case study of three contrasting species. Marine Ecology Progress Series, 198, 109-

119.

North, E. W., Gallego, A. & Petitgas, P. (2009) Manual of recommended practices for modelling physical —

biological interactions during fish early life. ICES Cooperative Research Report, 295, 1-111.

Nystrom, M. & Folke, C. (2001) Spatial resilience of coral reefs. Ecosystems, 4(5), 406-417.

Palumbi, S. R. (2003). Population genetics, demographic connectivity, and the design of marine reserves.

Ecological applications, 13, 146-158.

Pietrzak, J., Deleersnijder, E. & Schroeter, J. (2005) The Second International Workshop on Unstructured Mesh
Numerical Modelling of Coastal, Shelf and Ocean Flows (Delft, The Netherlands, September 23-25, 2003), in:

Ocean Modelling (special issue), 10, 1-252.

Pratchett, M. S., Hoey, A. S. & Wilson, S. K. (2014) Reef degradation and the loss of critical ecosystem goods and

services provided by coral reef fishes. Current Opinion in Environmental Sustainability, 7, 37-43.

Riegl, B. & Piller, W. E. (2003) Possible refugia for reefs in times of environmental stress. International Journal of

Earth Sciences, 92(4), 520-531.

Roberts, C. M. (1997) Connectivity and management of Caribbean coral reefs. Science, 278(5342), 1454-1457.

Diversity and Distributions



Page 25 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

Roberts, T. E. R., Moloney, J. M., Sweatman, H. P. A. & Bridge, T. C. L. (2015) Benthic community composition on

submerged reefs in the central Great Barrier Reef. Coral Reefs, DOI: 10.1007/s00338-015-1261-7

Serrano, X., Baums, I. B., O'Reilly, K., Smith, T. B., Jones, R. J., Shearer, T. L., Nunes, F. L. D. & Baker, A. C. (2014)
Geographic differences in vertical connectivity in the Caribbean coral Montastraea cavernosa despite high levels

of horizontal connectivity at shallow depths. Molecular ecology, 23(17), 4226-4240.

Shanks, A. L. (2009) Pelagic larval duration and dispersal distance revisited. The Biological Bulletin, 216, 373—

385.

Shanks, A. L., Grantham, B. A. & Carr, M. H. (2003) Propagule dispersal distance and the size and spacing of

marine reserves. Ecological applications, 13(sp1), 159-169.

Sheppard, C. & Obura, D. (2005) Corals and reefs of Cosmoledo and Aldabra atolls: extent of damage,
assemblage shifts and recovery following the severe mortality of 1998. Journal of Natural History, 39(2), 103-

121.

Sinniger, F., Morita, M. & Harii, S. (2013) “Locally extinct” coral species Seriatopora hystrix found at upper

mesophotic depths in Okinawa. Coral Reefs, 32, 153.

Smith, T. B., Glynn, P. W., Maté, J. L., Toth, L. T. & Gyory, J. (2014) A depth refugium from catastrophic coral

bleaching prevents regional extinction. Ecology, 95(6), 1663-1673.

Swearer, S. E., Shima, J. S., Hellberg, M. E., Thorrold, S. R., Jones, G. P., Robertson, D. R., Morgan, S. G., Selkoe, K.
A., Ruiz, G. M. & Warner, R. R. (2002) Evidence of self-recruitment in demersal marine populations. Bulletin of

Marine Science, 70(Supplement 1), 251-271.

Sweatman, H., Delean, S. & Syms, C. (2011) Assessing loss of coral cover on Australia’s Great Barrier Reef over

two decades, with implications for longer-term trends. Coral Reefs, 30(2), 521-531.

Thomas, C. J., Lambrechts, J., Wolanski, E., Traag, V. A., Blondel, V. D., Deleersnijder, E. & Hanert, E. (2014)

Diversity and Distributions



©CoO~NOUTA,WNPE

Diversity and Distributions Page 26 of 44

Numerical modelling and graph theory tools to study ecological connectivity in the Great Barrier Reef.

Ecological Modelling, 272, 160-174.

van Oppen, M. J. H., Bongaerts, P., Underwood, J. N., Peplow L. M. & Cooper, T. F. (2011) The role of deep reefs
in shallow reef recovery: an assessment of vertical connectivity in a brooding coral from west and east Australia.

Molecular ecology, 20(8), 1647-1660.

Veron, J. E. N. (2000) Corals of the world. Australian Institute of Marine Science, Townsville.

Wakeford, M., Done, T. J. & Johnson, C. R. (2007) Decadal trends in a coral community and evidence of changed

disturbance regime. Coral Reefs, 27(1), 1-13.

Werner, F. E., Cowen, R. K. & Paris C. B. (2007) Coupled Biophysical and Physical Models. Oceanography, 20(3),

54-69.

Wolanski, E., Burrage, D. & King, B. (1989) Trapping and dispersion of coral eggs around Bowden Reef, Great

Barrier Reef, following mass coral spawning. Continental Shelf Research, 9(5), 479-496.

Wolanski, E. & Spagnol, S. (2000) Sticky Waters in the Great Barrier Reef. Estuarine, Coastal and Shelf Science,

50, 27—32.

Wolanski, E., Lambrechts, J., Thomas, C. & Deleersnijder, E. (2013) The net water circulation through Torres

strait. Continental Shelf Research, 64, 66—74.

Woodley, J. D., Chornesky, E. A., Cliffo, P. A., Jackson, J. B. C., Kaufman, L. S., Knowlton, N., Lang, J. C., Pearson,
M. P., Porter, J. W., Rooney, M. C., Rylaarsdam, K. W., Tunnicliffe, V. J., Wahle, C. M., Wulff, J. L., Curtis, A. S. G,,
Dallmeyer, M. D., Jupp, B. P, Koehl, M. A. R., Neigel, J. & Sides, E. M. (1981) Hurricane Allen's Impact on

Jamaican Coral Reefs. Science, 214(4522), 749—755.

Biosketch

Christopher J. Thomas is interested in biophysical modelling of larval dispersal in coastal oceans and studying

Diversity and Distributions



Page 27 of 44 Diversity and Distributions

©CoO~NOUTA,WNPE

their connectivity patterns.
Tom C. L. Bridge is interested in biodiversity of mesophotic coral reef ecosystems, the ecological relationship
between deep and shallow-water reefs, and their potential to act as refugia for corals and associated species

from stressors associated with climate change and other human impacts.

Author contributions: T.C.L.B and C.J.T. conceived the ideas with input from J.F.; C.J.T, developed and carried out
numerical hydrodynamic and IBM simulations with input from E.H. and E.D.; C.J.T., T.C.L.B. and J.F. analysed the

data; C.J.T and T.C.L.B. co-wrote the manuscript, with contributions from all authors.

Supporting information

Figure S1: Bathymetric map of the study region

[Figure S1 goes here]

Caption: Map showing the bathymetry of the study area in the central GBR, down to the 200m isobath. The
grey dots show the positions of the GBROOS mooring sites in the domain; PPS: Palm Passage, YON: Yongala,
MYR: Myrmidon Reef. Data from the first two sites were used for model validation, whilst data from the latter

site were used for model calibration.

Additional Supporting Information may be found in the online version of this article:

Appendix S1 Setup and validation of the hydrodynamic model
Tables S$1-54 Validation of the hydrodynamic model
Table S5 Mean times to competence (mtc) for the 5 species modelled. Data reproduced from Figueiredo et al.

(2013).
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Tables

Table 1
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Caption: Table showing larval dispersal statistics averaged over 4 spawning seasons as predicted by the SLIM

model. The statistics describe all larvae released over the reef type specified in the first column and settling on

any reef. Self-Rec. is the proportion of larvae which self-recruited and Av. Dispersal Distance is the mean

distance from their natal reef at which larvae settled (including zero-distance connections), given with its

standard deviation.

Coral Species Reef type

Platygyra daedalea NSS

Submerged
Acropora humilis NSS

Submerged
Acropora valida NSS

Submerged

Seriatopora hystrix NSS
Submerged
Stylophora pistillata NSS

Submerged

Self-Rec.

21.8%

3.9%

30.9%

5.8%

42.8%

11.6%

70.2%

34.7%

71.9%

34.5%

Av. Dispersal Distance
26.2+5.8 km
36.7+11.8 km

16.2 £ 2.9 km
28.1+7.8km

11.0+ 1.1 km

20.7 3.8 km
3.3+0.3km
8.9+13km

3.1+£0.3 km

9.2+1.3km
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Figure Captions

Figure 1

Caption: Map of self-recruitment in the central GBR predicted by the SLIM model. Coloured dots represent NSS
(red scale) and submerged (blue scale) reefs, with the colour scale showing the self-recruitment rate on each
reef, from white (0%) to dark red or blue (100%), for Acropora humilis. Reef size is also scaled by self-

recruitment rate, so larger reefs have the highest self-recruitment.

Figure 2

Caption: (a) Map showing the number of larvae exported by each reef in the central GBR as predicted by the
SLIM model. Dots represent NSS (red scale) and submerged (blue scale) reefs, with size and colour scale
indicating the number of larvae exported, from white (0) to red or blue (highest), for Acropora humilis. (b) Inset
scatter graph shows the relationship between the number of larvae exported (normalised by the total number

of recruited larvae) and reef surface area.

Figure 3

Caption: Connectivity matrix for Acropora humilis, averaged over 4 spawning seasons, as predicted by the SLIM
model. Each matrix element represents an exchange of larvae from the source reef (row) to the sink reef
(column). The strength of the larval exchange ranges from white (no larvae exchanged) to dark red (highest
number of larvae). The matrix is rectangular as there are more sources than sinks, since reefs located in the
30km buffer zones at the northern and southern domain boundaries are not included as sinks, as described in

the main text.

Figure 4

Caption: Bar charts showing the provenance of larvae settling on the shallowest parts (where depth < 10m) and
deeper parts (where depth > 10m) of NSS and submerged reefs as predicted by the SLIM model. The labels
‘shallow' and “deep’ in the figure refer to larvae seeded in areas shallower and deeper than 10m, respectively.
‘Same reef' refers to larvae that settle on the same reef they are seeded over; “other reef' refers to larvae that
settle outside their natal reef. Note that most NSS reefs in the domain straddle the shallow/deep threshold,

with their upper reaches in “shallow' water and their lower banks in “deep' water, whilst submerged reefs, by
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their definition, are all entirely located in "deep' water.

Figure 5

Caption: Map showing shallow reef areas in the domain (where depth < 10m), with reef size and colour
showing the proportion of recruits which come from other shallow reef areas, as predicted by the model. Only
reefs with at least part of their surface area in water shallower than 10m are shown. Black lines delineate sector
boundaries used by Sweatman et al. (2011), and red boxes identify the subregions classed as most vulnerable

by our numerical model.

Figure 6

Caption: Vulnerability of shallow-water reefs predicted by our model versus the 19-year linear trend (in % coral
cover yr-1). Each point used in the analysis represents a value for one of 16 subregions reported in the
Australian Institute of Marine Science Long-Term Monitoring Program (Sweatman et al., 2011). Seven

subregions were classified as high predicted vulnerability, three ‘medium’ and six ‘low’.
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Appendix S1: Setup and validation of the hydrodynamic model

Tidal forcing was applied at the boundaries using the OSU TOPEX/Poseidon Global Inverse Solution dataset
(Egbert and Erofeeva, 2002), and 6-hourly wind data from the NCEP Climate Forecast System Reanalysis (CFSR)
(Saha et al., 2011) dataset were used to force the model by applying a wind stress over the whole domain, and
adding an additional current at the boundaries calculated as a fraction of the local wind to account for wind-
driven currents entering or leaving the domain. The constant of proportionality used was 2%, which was found
by comparing the CFSR wind field with currents from mooring sites close to the boundaries, which were found
to be highly correlated. A constant residual circulation at the boundaries was also applied to account for
exchanges with the neighbouring Coral Sea, using the method described in Thomas et al. (2014) following the
approach of Brinkman et al. (2001). The size and position of this constant in/outflow was calibrated using
publicly available current meter data from an IMOS GBR Ocean Observing System (GBROOS) (IMOS, 2013) long-
term mooring site located close to the domain boundary (Myrmidon Reef mooring). The bathymetry used was
the GBR100 dataset (Beaman, 2010). For further details of the model parameterisations and validation, the

reader is referred to Section 2 of Thomas et al. (2014).

The relatively shallow and well-mixed nature of GBR waters (Wolanski, 1983; Middleton & Cunningham, 1984)
means that depth-integrated models have often been successfully used to simulate water circulation on the
shelf, and horizontal currents predicted by these models have been shown to agree well with both observations
and other 3D models (e.g. Black et al., 1991; Luick et al., 2007), including eddies around islands and headlands
(Falconer et al., 1986; Lambrechts et al., 2008). Our model calibration also indicated that the predicted currents
were significantly affected by its resolution at low resolution, with this effect becoming marginal at resolutions
at or above the reef scale (100m-1km); we therefore argue that it is above all crucial to achieve reef scale

resolution in the horizontal plane to capture as many scales of motion as possible.

Previous studies have demonstrated the ability of the SLIM model to accurately reproduce small-scale
circulation features in the GBR (Lambrechts et al., 2008), tidal elevation (Lambrechts et al., 2008; Thomas et al.,
2014), salinity concentration (Andutta et al., 2011), suspended sediment concentration (Lambrechts et al.,
2010) and large scale flow through different regions of the GBR (Andutta et al., 2011; 2012; Wolanski et al.,
2013; Thomas et al., 2014). In this study the hydrodynamic model was additionally validated by comparing the
currents at a number of points in or near the central GBR with the observed depth-averaged currents from the
GBROOS moorings for the same time periods simulated. As the model was run for periods of 35 days in 4

separate years, the model was calibrated and the currents subsequently validated for each of these years
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separately, to ensure that it was simulating accurate large scale flow in each spawning period. The results of this

validation are shown in Tables S1-54.

Of the 4 mooring sites used, 2 were located inside the region where particles were released (Palm Passage and
Yongala), whilst the other 2 were located outside this region (Capricorn Channel and Lizard Island Shelf), where
the hydrodynamic mesh was coarser. They were nonetheless included in the validation of the hydrodynamic
model as both sites were located in areas of relatively uniform flow, where very high model resolution was not
seen as imperative, and both were judged to be suitably placed to validate the accuracy of the large-scale
circulation simulated by the model: the Capricorn Channel mooring is located in the main shipping channel
crossing the central and southern GBR, through which the flow is highly correlated, whilst the Lizard Island Shelf
mooring is located not far from the northern boundary of the area studied, and is also strongly affected by the
same inflow boundary condition applied at the shelf break which affects flow through the study area. The
results show that the model was able to reproduce realistic flow patterns through the region, with predicted
mean speeds and standard deviations being close to the observed values. At the Palm Passage site, which is
located in close proximity to mid-shelf reefs, the mean currents varied slightly more from the observed values
than at the other sites, probably due to the influence of the more complex topography, however the standard
deviation was always close to the observed values (the highest relative error out of the 4 years was 13%),
indicating that the model was capable of reproducing the correct variability in currents in an inter-reef area. In
less topographically complex areas such as at the Yongala and Capricorn Channel moorings, the mean predicted
currents can be seen to give a better fit with the observed currents. The validation indicated that the model was

able to realistically reproduce water circulation patterns through the region for the periods simulated.

Mooring site Co-ordinates u_obs (m/s) std_obs u_pred (m/s) std_pred

Lizard Island 145.641°E, n/a n/a 0.23 0.11

Shelf 14.702°S

Palm Passage 147.151°E, 0.28 0.11 0.21 0.10
18.131°S

Capricorn 151.805°E, 0.25 0.12 0.26 0.15

Channel 23.383°S

Yongala 147.620°E, n/a n/a 0.24 0.11
19.306°S

Table S1 — Validation data for the 2007 simulation. Average observed depth-averaged current speed and
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standard deviation at different mooring sites from the GBROOS dataset are labelled u_obs and std_obs

respectively, and as predicted by the SLIM model labelled u_pred and std_pred respectively. n/a indicates

that data were not available.
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Mooring site Co-ordinates u_obs (m/s) std_obs u_pred (m/s) std_pred

Lizard Island 145.641°E, n/a n/a 0.22 0.10

Shelf 14.702°S

Palm Passage 147.151°E, 0.20 0.10 0.18 0.09
18.131°S

Capricorn 151.805°E, 0.27 0.12 0.25 0.15

Channel 23.383°S

Yongala 147.620°E, n/a n/a 0.21 0.12
19.306°S

Table S2 - Validation data for the 2008 simulation.

Mooring site Co-ordinates u_obs (m/s) std_obs u_pred (m/s) std_pred

Lizard Island 145.641°E, 0.20 0.14 0.22 0.11

Shelf 14.702°S

Palm Passage 147.151°E, 0.21 0.08 0.20 0.09
18.131°S

Capricorn 151.805°E, 0.25 0.10 0.24 0.14

Channel 23.383°S

Yongala 147.620°E, n/a n/a 0.22 0.11
19.306°S

Table S3 - Validation data for the 2010 simulation.

Mooring site Co-ordinates u_obs (m/s) std_obs u_pred (m/s) std_pred

Lizard Island 145.641°E, 0.25 0.13 0.22 0.12

Shelf 14.702°S

Palm Passage 147.151°E, n/a n/a 0.17 0.08
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12 Table S4 — Validation data for the 2012 simulation.
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Caption: Table of the mean times to competence (mtc) of the 5 species modelled in this study. Data reproduced

from Figueiredo et al. (2013).

Coral Species
Platygyra daedalea
Acropora humilis
Acropora valida
Seriatopora hystrix

Stylophora pistillata

mtc (days)

5.33

4.71

3.07

0.69

0.58
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