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Abstract Whether mesophotic reefs will behave as
refugia for corals threatened by global climate change and
coastal development depends on vertical exchange of lar-
vae between diverse habitats. Here we use a biophysical
model of larval dispersal to estimate vertical connectivity
of a broadcasting (Orbicella faveolata) and a brooding
(Porites astreoides) species of coral in the US Virgin
Islands. Modeling predicts subsidy to shallow areas by
mesophotic larvae of both species based on local hydrol-
ogy, adult reproductive characteristics, larval traits, and a
wide range of scenarios developed to test depth-sensitive
factors, such as fertilization rates and post-settlement sur-
vivorship. In extreme model scenarios of reduced fertil-
ization and post-settlement survivorship of mesophotic
larvae, 1-10 % local mesophotic subsidy to shallow
recruitment is predicted for both species, which are
demographically significant. Although direct vertical con-
nectivity is higher for the broadcaster, the brooder
demonstrates higher local multigenerational vertical
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connectivity, which suggests that local P. astreoides pop-
ulations are more resilient than those of O. faveolata, and
corroborates field studies. As shallow habitat degrades,
mesophotic—shallow subsidy is predicted to increase for
both species. This study is the first of its kind to simulate
larval dispersal and settlement between habitats of different
depths, and these findings have local, regional, and global
implications for predicting and managing coral reef per-
sistence in a changing climate.

Keywords Mesophotic coral ecosystems - Ecological
modeling - Population connectivity - Refugia - Coral reef
resilience

Introduction

Coral reefs face a daunting set of local and global chal-
lenges to their continued persistence in shallow tropical
waters (Gardner et al. 2003; Hughes et al. 2007; Pandolfi
et al. 2011). Further, the effects of habitat fragmentation on
coral metapopulation connectivity are poorly understood
and potentially severe (Tilman et al. 1994; Collingham and
Huntley 2000; Hanski and Ovaskainen 2000). Although the
environmental conditions that determine the abundance
and distribution of coral reefs may be restricted, the extent
and degree to which local and global coral reef stressors
may disturb coral reefs are not uniform in space. Areas that
provide natural resilience to local coral populations by
reducing exposure to stress may have the potential to
behave as refugia and be particularly important to coral
reef persistence and recovery.

The “deep reef refugia hypothesis” (DRRH) developed
out of observations that depth reduces thermal and light
stress on coral organisms (Glynn 1996; Riegl and Piller
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2003; West and Salm 2003). Depth has also been shown to
mitigate the impacts of coastal sedimentation and pollution
(Smith et al. 2008) and storm damage (Goldberg 1983).
Deeper coral habitats could behave as refugia for corals
and associated organisms, and as larval sources to shal-
lower habitats during or after periods of adverse conditions.
In particular, recent attention has been paid to the refugia
potential of mesophotic coral ecosystems (MCEs) (Bon-
gaerts et al. 2010a), defined as phototrophic coral ecosys-
tems found below 30 m. Caribbean MCEs have been found
to be in impressive condition compared to shallow Car-
ibbean reefs (Bak et al. 2005; Menza et al. 2008; Smith
et al. 2008).

Larval exchange between deep and shallow habitat is
integral to the DRRH (Lesser et al. 2009). Despite this,
very little evidence exists that supports or refutes that coral
larval exchange actively occurs between deep and shallow
habitats. Historical evidence of larval exchange, as shown
by studies of coral population genetics, suggests that
immigration between deep and shallow habitats is species
and location specific. Bongaerts et al. (2010b) and van
Oppen et al. (2011) found strong genetic divergence of
Seriatopora hystrix, a brooding coral, across depth in
northeastern Australia, but van Oppen et al. (2011) found
evidence of vertical connectivity of the same species in
northwestern Australia. In the Caribbean, spawning corals
such as Eunicea flexuosa and Montastraea cavernosa
demonstrate geographic variation in genetic divergence or
connectivity with depth, with the latter showing consider-
able mixing in the US Virgin Islands (USVI) (Prada and
Hellberg 2013; Serrano et al. 2014).

Understanding habitat quality and productivity is cru-
cial in developing realistic population models of coral reef
systems (Paris et al. 2005; Underwood et al. 2007; Bots-
ford et al. 2009; Mumby et al. 2011). For some depth-
generalist coral species, it appears larval production in
MCEs may rival or exceed shallow larval production
(Holstein et al. 2015), which potentially results in meso-
photic subsidy to shallow settlement. Evidence of this
subsidy in the form of genetic mixing can be difficult and
expensive to obtain due to the spatial scales and stochastic
nature of coral connectivity, and may not provide infor-
mation on mechanisms that promote or limit subsidy. The
goal of this study was to utilize a four-dimensional bio-
physical model (three spatial dimensions and time) of
coral larval dispersal, parameterized with three-dimen-
sional settlement habitat and species-specific coral
reproductive and larval traits, to gauge the potential for
mesophotic—shallow larval subsidy (MSS) in the northern
USVI. Although three-dimensional flow velocities are
often used to model particle dispersal in the ocean (Paris
et al. 2007, 2012; Kool and Nichol 2015), this is the first
model of its kind to explicitly model larval connectivity
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between habitats of different depths. The effects of depth
on coral gamete productivity, fertilization, and the post-
settlement survivorship of coral larvae are largely
unknown, but these are likely to be controlling mecha-
nisms in vertical connectivity. The sensitivity of vertical
larval connectivity to these factors was examined in order
to estimate ranges that promote or limit MSS. Results of
this study will inform local management and the study of
genetic connectivity of coral reef metapopulations. The
study also has implications for the validity of the DRRH
and is an example of the utility of biophysical modeling in
the prediction of coral reef persistence.

Materials and methods

To investigate vertical coral connectivity in the northern
USVI, a multi-scale biophysical model, the Connectivity
Modeling System ((CMS); Paris et al. 2013), was used to
simulate larval transport of two depth-generalist coral
species, Orbicella faveolata and Porites astreoides. O.
faveolata is a threatened broadcast spawning species
(NOAA 2014) and a principle reef-building coral in the
Caribbean. P. astreoides is a brooding coral predicted to
have different dispersal dynamics from O. faveolata and
other broadcast spawning species, due to rapid larval
competence. Throughout the methods and results, discus-
sion of coral larvae and larval exchanges refers to simu-
lated particles and modeled dispersal, unless explicitly
noted. For a glossary of terms, see Table 1.

Hydrodynamic module

The CMS couples offline ocean current, GIS-based
habitat, and biological submodels. To maximize accuracy
in larval dispersion calculations, a hierarchy of oceano-
graphic models was used, nested through the CMS
Lagrangian scheme. The two larger oceanographic mod-
els were HYbrid Coordinate Ocean Model models
(HYCOM, http://hycom.org) and included the HYCOM-
Global 1/12 degree horizontal resolution (ca. 7-km grid)
model and the Gulf of Mexico GoM-HYCOM 1/25
degree horizontal resolution (ca. 4-km grid) model. The
smallest model was based on the Regional Ocean
Modeling System framework (ROMS, Shchepetkin and
McWilliams 2005), had 300-m horizontal resolution, and
was centered over the northern USVI (Cherubin et al.
2011; Fig. 1). All models included horizontal and vertical
flow velocities, temperature, and salinity. The first ten
vertical layers (0-100 m) were extracted from HYCOM
models. The ROMS model utilized 18 unequal vertical
layers from O to 150 m in order to maximize resolution of
shallow hydrology.
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Table 1 Definitions of terms used, including terms relating to larval ecology and terms related to graph theoretical analysis of connectivity

networks

Glossary of terms

Migration
Recruit
Recruitment

Settler
Settlement

Larval subsidy

Local retention

Mesophotic—shallow
subsidy

Network or connectivity
network

Node

Edge

Shortest path
Average shortest path

Betweenness centrality

The movement of a larva from one habitat, or node, to another
A larva that has settled and survived any post-settlement mortality

The act of a larva recruiting, or generally refers to the accumulation of recruits, or the degree or magnitude of that
accumulation

A larva that has encountered settlement habitat and completed its pelagic larval phase
The act of a larva settling, or may refer to the number or magnitude of settlers in a specific habitat

The supply of settlers from exogenous sources. In this case, mesophotic larval subsidy to shallow reefs is the supply
of settlers from mesophotic reefs to shallow areas

The percent or proportion of larvae produced within the model domain that also settle within the model domain

A proportion describing the settlement in shallow areas (0-30 m) that is due to mesophotic (314 m) larval input
(subsidy) as compared to shallow larval retention

An arrangement of habitats that are intersected by larval exchange

A point or vertex that describes the location of reef habitat. A node is assigned a depth between 0 and 50 m
A connection between two habitats that represents larval exchange in a specific direction
The minimum number of steps through connected habitats, or generations, required to connect two habitats

The mean minimum number of steps, or generations, required to connect every node in a network to every other
node

A measure of the importance of a habitat or node to the integrity of a network. Highly central habitats are likely to

behave as corridors for multigenerational connectivity

Habitat module

Coral reef habitat was parameterized spatially explicitly
in three dimensions. 1 km? gridded polygons were over-
laid on several coral habitat basemaps: (1) shallow
(1-30 m) coral habitat maps developed by the National
Oceanic and Atmospheric Administration’s National
Centers for Coastal Ocean Science (NOAA NCCOS;
Kendall et al. 2001), (2) a high-resolution MCE map of
the Marine Conservation District (Rivera et al. 2006), and
(3) estimates of hardbottom habitat extent from multi-
beam and side-scan soundings (NOAA NCCOS). Poly-
gons intersecting coral habitat were retained. Reef poly-
gons were limited geographically to the spatial extent of
the highest resolution oceanographic model. Each reef
polygon was assigned a depth of 0-10, 11-20, 21-30,
31-40, or 41-50 m. If a reef polygon intersected with
habitat in multiple depth strata, a polygon for each strata
was retained. From this, 518 reef polygons were generated
(Fig. 1). The centroid of each reef polygon was the release
location for virtual larvae, and the extent of each reef
polygon was settlement habitat.

Particle tracking module

The CMS tracked virtual larvae and recorded their posi-
tions over 2 yr (2007-2008) of hydrographic forcing. If a

competent larva crossed over suitable settlement habitat, it
settled to that location. Habitat was suitable only if within
the same depth strata as the larva. This settlement condition
allowed for fine-scale modeling of vertical connectivity.
Reef habitat and larvae produced deeper than 30 m were
classified “mesophotic”, and shallower were classified
“shallow.”

Biological module

Virtual larvae-specific gravity changed realistically over
time to simulate growth and bottom-seeking behaviors.
Buoyancy characteristics were species specific and
parameterized from the literature (O. faveolata: Szmant
and Meadows 2006, Vermeij et al. 2006, Tay et al. 2011; P.
astreoides: Gleason et al. 2005, 2009) and laboratory
observations (Holstein 2013; Electronic Supplementary
Material, ESM, Table 1).

Larvae were released from each habitat node according
to species-specific reproductive seasons. Actual O. faveo-
lata populations experience one to two mass spawning
events per year in late summer, 6-9 d after the full moon
(Szmant 1986; Szmant et al. 1997). To account for vari-
ability in spawning months, simulated larvae were released
over 4 d, at 6-9 d after the full moon, at 2100 hrs, in
August, September, and October of 2007 and 2008 (12
release times per year). All 518 nodes released 200 larvae
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Fig. 1 Spatial extent of the study (and ROMS model) in the northern
USVI. Shallow benthic habitats (red) and habitats in the Marine
Conservation District (purple) are well classified. Hardbottom

simultaneously at each release time, resulting in 2,486,400
simulated O. faveolata larvae.

In situ, P. astreoides colonies brood larvae internally
and release nearly competent larvae in a loosely synchro-
nized fashion focused around new moons from March
through August (Szmant 1986; Chornesky and Peters
1987). Because P. astreoides are only found in low den-
sities below 40 m, 50-m habitat was removed when mod-
eling this species, leaving 377 reef polygons as larval
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projections (blue) are un-verified predictions of mesophotic coral
ecosystems. White squares represent 1 km? habitat polygons used in
dispersal modeling

production and settlement habitat. Simulated larvae were
released over 5 d, focused around the new moon, at
2100 hrs, in March through August of 2007 and 2008. All
nodes released 200 larvae simultaneously at each of 30
release times, resulting in 4,524,000 simulated P.
astreoides larvae.

See ESM Tables 1 and 2 for species-specific larval
traits, including time to competency and pelagic larval
mortality.
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Model output and analysis

Connectivity output from the CMS records source (i) and
settlement (j) habitats of individual settling larvae, the
amount of time larvae were in the ocean (age), and arrival
depth. From this information, raw migration matrices (i,
J) were compiled, which quantify cumulative settlement at
node j of virtual larvae originating from node i over release
period, T.

Raw migrations were scaled by pelagic mortality,
expressed as a half-life in seconds (%), and each larva’s
mortality was calculated individually as an exponential
decay. Thus, each raw migration (m;) was scaled by a
probability of pelagic survival (s,;) from 0 to 1 based on
the larva’s age (in seconds) at the time of settlement.

1
2agemij /h

Sm;,- = (l)

Our focus was to estimate local retention of locally
produced larvae. Thus, it was assumed all local habitat was
known, and proportional (nonnormalized) migration
matrices were used for analysis. Migration matrices were
further scaled according to depth-specific productivity by a
productivity coefficient, K;, which ranged from O to 1 at
each production node. Thus, scaled migrations are repre-
sented by the probability:

plj = K,‘ X Sm’j (2)

And the mean probability of migration from i to j, p;, is
calculated as follows:
M;
Zm,-"]:l K; x Smy;

U

o (3)

ﬁij =
where Mj; is the total number of simulated larvae migrating
from i to j. A new matrix, Py, contains the number of
probable migrations within the model scenario over time 7,
from any node to any other:

PT,-j :ﬁz] XM,'j (4)

Mesophotic-shallow subsidy

MSS was estimated by transforming Pr into vertical
matrix, Vr, which summed all probable migrations
between depth strata, monthly. MSS was then defined as
the proportion of settling virtual larvae in shallow habitat
(0-30 m) that originated from MCEs (31-50 m).

MSS was calculated assuming literature estimates for
larval half-life (Edmunds et al. 2001; Vermeij et al. 2006;
ESM Table 3) and larval productivity (Holstein 2013;
Holstein et al. 2015; Table 2). Larval productivity was
expressed as a function of adult colony density and adult

Table 2 Depth-specific habitat productivity based on empirical
reproductive study of Orbicella faveolata and Porites astreoides

Depth (m) 0. faveolata P. astreoides
10 0.31 1

20 0.38 0.31

30 0.92 0.54

40 1 0.38

50 0.08 -

Productivity is a product of adult coral cover and fecundity per area.
Values are scaled to the maximum value (taken from Holstein 2013;
Holstein et al. 2015)

fecundity per area, and each habitat polygon was assigned
a productivity based on how these factors change with
depth. Orbicella faveolata maximum productivity was at
40 m, and maximum productivity for P. astreoides was at
10 m. The sensitivity of the model to this differential
productivity was unknown, and sensitivity analyses were
performed by estimating MSS in 100 discrete scenarios
chosen to represent a gradient of linear relationships of
depth and productivity (Fig. 2).

Depth-specific rates of fertilization and post-settlement
survivorship are critical for estimating levels of mesopho-
tic—shallow connectivity. However, how depth affects coral
fertilization is poorly understood, and fertilization in
broadcasting species, which generally occurs at the air—sea
boundary, may be depressed with depth due to distance
from the benthos to the sea surface (Levitan et al. 2004).
Additionally, coral larvae produced in deeper habitats may
be more sensitive to ultraviolet radiation and may have
reduced survivorship in shallower habitats (Gleason and
Wellington 1995; Wellington and Fitt 2003; Gleason et al.
2005). In order to test the effects of depth-specific fertil-
ization and post-settlement survivorship on vertical con-
nectivity, 10,000 discrete scenarios of fertilization and
post-settlement survival were investigated. In these sce-
narios, depth-specific fertilization ranged in comparison
with a maximum rate, set at 10 m. Depth-specific fertil-
ization was expressed by scaling migrations according to
their depth of origin. Fertilization varied with each
increasing 10 m depth strata by a power law (Babcock
et al. 1994) applied to a differential (dy) that ranged from 0O
to 1. Fertilization at each depth strata was calculated based
on the number of 10-m steps that strata were away from the
10-m isobath (steps) (Fig. 3a; ESM Table 3):

Fertilizationy, = d;teps (5)

Similarly, post-settlement survivorship of each settled
larvae was modeled according to the vertical distance
between source and settlement habitat using a power law
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Fig. 2 a Productivity scenarios representing 100 potential linear relationships of depth and productivity. Each linear relationship was used to
model mesophotic—shallow larval subsidy (MSS). b Sensitivity of MSS to productivity scenarios in each species (mean and SE)

applied to a differential of 0-1 (d;), again in 10-m vertical
steps (Fig. 3b; ESM Table 3):

. . steps;;
Survivorship; = d; " (6)

Survivorship was only affected when a larva migrated
into shallower habitat. If a larva migrated to habitat at the
same depth as its source, post-settlement survivorship was
maximum (d?). If a larva migrated to a habitat at one depth
strata shallower than the depth of its source (steps = 1),
post-settlement survivorship was scaled by d! (migrating
two depth strata resulted in scaling by d2, etc.). If a larva
migrated into deeper habitat, post-settlement survivorship
was not affected and modeled as d°.

To estimate the number of generations necessary for
local populations to be connected through larval exchange,
Johnson’s algorithm was used to find the shortest path
(node-to-node steps) between all pairs of habitat polygons
(Johnson 1977). “Average shortest paths” describes the
minimum number of steps, or generations, that are required
for all network habitats to be connected through larval
dispersal. Coral generations are difficult to define because
colonial coral organisms can be long-lived, but here it is
defined as a larval recruit developing into a reproductive
adult. Average shortest paths can identify how extensively
networks are connected, and can also be used to show the
relative “ease” of connectivity in different directions, such
as from mesophotic to shallow or vice versa. Additionally,
the importance, or centrality, of each habitat polygon was
estimated by calculating betweenness centrality (Freeman
1977), with and without edge weights (connection
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magnitude). This measure of centrality is based on the
number of shortest paths that pass through any specific
node, with more central nodes facilitating larval flux across
a network. Additionally, betweenness centrality can be
used to identify multigenerational corridors for larval
connectivity (Treml et al. 2008; Holstein et al. 2014).

Results
Local retention

Model results focused on locally retained larval exchan-
ges. Despite considerable larval advection out of the
northern USVI model domain, monthly local retention of
O. faveolata larvae ranged from 4.25 to 18.33 %
(Fig. 4a). Monthly local retention of P. astreoides larvae
was significantly higher (two-sample ¢ test, p < 0.0001)
and ranged from 26.21 to 58.35 % (Fig. 4b). Orbicella
faveolata peak retention occurred in September in both
years, and retention was generally higher in 2007 as
opposed to 2008. In 2007, peaks in P. astreoides reten-
tion occurred in March and in late summer, and in 2008,
peak retention occurred in May. Note that a single-habitat
polygon experienced anomalously high recruitment in all
simulations, caused by convergence in the oceanographic
model’s flow velocities close to the model boundary. This
outlier was scaled to the third quartile of total recruitment
experienced at each habitat, plus three times the
interquartile range.
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a

Fig. 3 a Design of 100 depth-specific fertilization scenarios for
sensitivity analysis of mesophotic—shallow larval subsidy. Every
10 m that gametes must travel to reach the sea surface decreases
fertilization by a factor of dfl (Eq. 5). b Design of 100 post-settlement
survivorship scenarios based on the vertical distance between
production and settlement habitat. Every 10 m that a larva migrates
upward post-settlement survivorship is scaled by a factor of d!
(Eq. 6). Survivorship of larvae is not affected when migrating into
deeper habitat

Mesophotic-shallow subsidy

Average monthly scaled vertical migrations, Vr, for both
species can be seen in Fig. 5. Assuming literature and
empirical parameterization of pelagic mortality and larval
production, and no depth effects on fertilization or post-
settlement survivorship, mean (£SEM) monthly MSS for
O. faveolata was estimated as 0.251 (£0.042) (25.1 %) and

30%
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--@--2008

25%

20% -

15%

Local retention

10%

5%

0%

70%

60%

50%

40%

30%
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0% T T T T T T
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Cc
0.5
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® O. faveolata

B P astreoides
0.3 1

0.2 1

m
01 4 g\c\/j\n

0.0

Mesophotic-shallow subsidy

Jan Mar May Jul Sep Nov

Spawning/planulation month

Fig. 4 Local larval retention of (a) Orbicella faveolata and
(b) Porites astreoides in all modeled months in 2007 and 2008.
¢ Mesophotic—shallow larval subsidy for both species trends with
local retention

ranged from 0.179 to 0.45. MSS was significantly less in P.
astreoides (independent two-sample ¢ test with unequal
variance, p = 0.024), averaged 0.119 (£0.009) and ranged
from 0.054 to 0.181.
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b 2007
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migrations
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Sink depth (m)

Fig. 5 Mean monthly probable vertical migrations in both modeled years, in 10 m depth strata, for (a) Orbicella faveolata and (b) Porites

astreoides

Sensitivity analyses
Depth-specific productivity

For both species, MSS was 15-20 % when productivity
was near equal at all depths (Fig. 2b). MSS was sensitive to
depth-specific productivity and increased exponentially as
mesophotic productivity increased relative to shallow
productivity. The most extreme productivity scenarios
tested resulted in a range of mean MSS from 0 % to over
50 %. Sensitivity of MSS to differential productivity sce-
narios appeared similar for both species.

@ Springer

Depth-specific fertilization and post-settlement
survivorship

The empirically parameterized model’s predictions of MSS
were also sensitive to depth-specific rates of fertilization and
post-settlement survivorship (Fig. 6). MSS was more sen-
sitive to reduced fertilization at depth than to differential
survivorship in shallow habitat, but the two factors have the
potential to interact and reduce subsidy nonlinearly. Con-
servatively, the model predicted >1 % subsidy for O. fave-
olataif d, and d;remained above 0.3 and 0.5, respectively. In
this scenario, relative survivorship of 40-m larvae at 10 m
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Fig. 6 Sensitivity of mesophotic—shallow larval subsidy (MSS) to
depth-specific fertilization rates and post-settlement survivorship for
(a) Orbicella faveolata and (b) Porites astreoides. See Fig. 3 and
ESM Table 3 for more information regarding figure axes. MSS is
more sensitive to changes in mesophotic fertilization than to changes

was ~3 %, while the relative fertilization success at 40 m
compared to the rate at 10 m was ~12.5 %. When fertil-
ization rate and post-settlement survival of mesophotic lar-
vae were both reduced by ~50 %, MSS of greater than 10 %
was predicted. The sensitivity of P. astreoides MSS was
similar to that of O. faveolata; however, mesophotic subsi-
dies were lower for this species. Fertilization rate differen-
tials were not considered important for P. astreoides
mesophotic—shallow connectivity, and >1 % vertical sub-
sidy could be maintained so long as d, remained above ~ 0.1
(~0.1 % post-settlement survivorship of 40-m larvae at
10 m relative to shallow larval survivorship).

Multigenerational connectivity and habitat
centrality

Average shortest paths were significantly different between
species despite overlapping standard deviations due to very
large n (Table 3). The P. astreoides network had a signifi-
cantly smaller average shortest path than that of O. faveolata
(Welch two-sample ¢ test, p < 0.001), which implies higher
local connectivity. Despite the statistical significance, average
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in mesophotic larval post-settlement survivorship in shallow habitat.
Because it is a brooding species, P. astreoides fertilization potential is
not expected to be reduced by depth (hatching). Solid curves represent
mean values indicated; dashed curves represent standard error

shortest paths were between 1 and 2 for both species, which
suggests, on average, all habitats in the northern USVI are
connected within two generations for both species.
Comparisons of average shortest paths in different verti-
cal directions were made by averaging shortest paths
between and among mesophotic and shallow habitats
(Table 3). All averages were less than two and significantly
different between species and directions (Welch two-sample
t tests, all p <0.001, n = ~43,000 to ~95,300, depending
on comparison). Orbicella faveolata shallow—shallow con-
nections had the shortest average shortest path, followed by
shallow—mesophotic  connections, mesophotic—shallow
connections, and finally mesophotic—mesophotic connec-
tions (Table 3). The P. astreoides network displayed dif-
ferent vertical shortest path dynamics, where mesophotic—
mesophotic connections had the smallest average shortest
path, followed by shallow—shallow connections, shallow—
mesophotic, and mesophotic—shallow connections.
Without edge weights, O. faveolata shallow habitat had
higher betweenness centralities than MCEs. When edge
weights were applied, maximum centrality occurred at
30 m, and 50-m habitat had low centrality. When edge

Table 3 Total average shortest

path (£SD) from the adjacency Total M-M M-S S-M S-S
matrix for each species, as well 400114 faveolata 1.68 (0.49) 1.79 (0.44) 1.74 (0.45) 1.62 (0.49) 1.42 (0.50)
as vertical shortest paths ) )

Porites astreoides 1.40 (0.50) 1.23 (0.43) 1.54 (0.50) 1.41 (0.49) 1.39 (0.50)

Smaller numbers indicate a tighter, more connected network

M-M mesophotic to mesophotic shortest paths, M—S mesophotic to shallow, S—M shallow to mesophotic, S—

S shallow to shallow
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Fig. 7 Estimates of habitat betweenness centrality calculated using unweighted adjacency matrices and edge weights extracted from Pr
(connection magnitude) for (a) Orbicella faveolata and (b) Porites astreoides. With edge weights, highly productive habitats are most central

weights were used, shallow habitat (10 m) showed the
highest centrality for P. astreoides (Fig. 7).

Discussion

The model predicted demographically significant meso-
photic contributions to shallow settlement for both a
spawning and a brooding coral in the USVI, even under
extreme scenarios of mesophotic larval post-settlement
mortality and reduced fertilization. Productivity, or habitat
quality, appears to have dramatic implications for model
predictions of vertical connectivity.

The fates of advected simulated larvae and the input of
larvae from upstream reefs are not addressed in the cur-
rent model, and thus, vertical migration may occur on
spatial scales larger than described here. MCEs are often
peripheral to shallow habitat (Locker et al. 2010), which
could suggest dispersing larvae receive cues and settle in
this habitat before reaching shallow reefs. Indeed,
recruitment to MCEs may be a pervasive aspect of coral
reef population connectivity. The fates of advected
mesophotic larvae thus have important implications for
conservation and management; northern USVI MCEs may

@ Springer

be important both as local and as remote recruitment
sources.

Annual variability

Hydrographic conditions can vary considerably inter-an-
nually. The USVI falls within a region with high hurricane
frequency (Foster et al. 2013); in 2007 four tropical sys-
tems passed over or near the USVI during late summer, and
in 2008 there were two, including Hurricane Omar which
became a major hurricane in October. For this reason, it is
ideal to simulate larval dispersal over multiple years of
hydrography in order to capture inter-annual variability in
prevailing currents. Two years of high-resolution hydro-
graphic data were available for use in this study, and inter-
annual variability in patterns of simulated settlement was
observed in both species. Orbicella faveolata-simulated
larval retention was consistently higher in 2007 than in
2008. During late summer in 2007, simulated larvae
became entrained in a persistent sub-mesoscale eddy that
returned larvae that may otherwise have been advected
away. High O. faveolata-simulated larval retention in
September of 2007 highlights that recruitment events for
this species may be stochastic (Miller et al. 2000; Edmunds
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and Elahi 2007) and that modeling dispersal using many
years of hydrography may be necessary to predict realistic
estimates of local larval retention. However, the pattern of
simulated larval retention appears similar for O. faveolata
between years, with peak retention following September
spawning. Orbicella faveolata spawning has been observed
in September in the USVI (Holstein et al. 2015), which
may indicate an adaptive response to consistently enhanced
local retention of larvae in this month.

Patterns of P. astreoides-simulated larval retention were
nearly opposite between years. This again highlights the
need to model dispersal using multiple years of hydrogra-
phy (Kough and Paris 2015); however, total simulated
larval retention for this species appears similar between
years. For both species, patterns of MSS tracked those of
local retention (Fig. 4c), suggesting vertical connectivity is
a consistent feature of local retention in this modeled
system.

Mesophotic—shallow subsidy

The model predicted considerable flux of larvae between
mesophotic and shallow habitat in the northern USVI for
both species. In fact, O. faveolata-simulated larval migra-
tion from 40 to 10 m surpassed retention at 10 m in
September in both modeled years (ESM Appendix 1.1).
Simulated MSS was higher for O. faveolata than for P.
astreoides, despite the fact that most simulated O. faveo-
lata larvae were advected from the system. Early compe-
tency and short dispersal distances in P. astreoides
increased the proportion of simulated larvae settling close
to natal habitats, effectively reducing MSS. If the majority
of actual coral recruitment in the northern USVI is
expected to come from locally retained larvae, modeled
subsidy estimates are almost certainly demographic in
nature. Alternatively, if most local recruitment is of
exogenous shallow-produced larvae, the model may over-
estimate mesophotic subsidies to local recruitment.

Simulated mesophotic larval retention was consistently
as high as or higher than simulated shallow larval retention
for both species, suggesting recruitment in USVI MCEs
may substantially consist of locally produced mesophotic
larvae. This has implications for the resilience of these
habitats and for adaptation and speciation.

Depth-specific productivity

Using species- and depth-specific parameters should
increase model efficacy in describing vertical connectivity.
Modeled estimates of vertical connectivity were highly
sensitive to scenarios of depth-specific productivity, sug-
gesting accuracy in estimation of habitat extent, adult
density, and adult fecundity is essential to developing

realistic models of dispersal (Hughes and Tanner 2000;
Botsford et al. 2009) and thus, the accurate prediction of
MSS in the USVIL

The sensitivity analysis performed on differential pro-
ductivity could be used to predict changes in MSS after
differential habitat fragmentation. Specifically, should
shallow habitat degrade more quickly than MCEs, as it
appears is the case (Smith et al. 2008), MSS should
increase, and potentially exponentially.

Post-settlement survivorship and fertilization

The potential for elevated post-settlement mortality on
larvae of deeper origin is one of the greatest caveats to the
DRRH, as it implies it might be difficult for mesophotic
larvae to replenish shallow corals, and that many coral
populations may be speciating by depth. Deep corals may
produce lower concentrations of mycosporine-like amino
acids (MMAs), which protect coral tissues from ultraviolet
radiation. This can result in lower concentrations of these
proteins in eggs and larvae produced by deeper-living
colonies, which may reduce reproductive success of
mesophotic corals, particularly when mesophotic larvae
enter shallow waters (Gleason and Wellington 1995;
Wellington and Fitt 2003). Adult reciprocal transplantation
experiments have suggested that commonly deeper-living
color morphs of P. astreoides perform poorly when moved
into shallow environments (Gleason 1993) and other coral
species have shown similar differential mortality after
transplantation (Bongaerts et al. 2011). Indeed, several
studies have shown genetic structure in coral populations
and their symbionts across depth gradients (Bongaerts et al.
2010b, 2013, 2015; Slattery et al. 2011; Serrano et al.
2014), which may support the assertion that deep-adapted
corals have reduced recruitment success on shallow reefs.
Without further study, it is difficult to determine to what
degree genetic structure found in these studies is due to
local habitat arrangement, hydrologic forcing, post-settle-
ment survivorship, competitive effects, and/or larval traits.

To date, empirical estimates of any depth-related dif-
ferences in post-settlement survivorship for O. faveolata or
P. astreoides are sparse. Mid-depth (24 m) larvae of
Agaricia agaricites experience higher mortality at 3 m than
conspecific larvae brooded at 3 m (Gleason and Wellington
1995); however, the effect was not observed in settlers at
10 m. In a similar study, larvae of O. annularis and O.
franksi from different depths (4-14 m) experienced simi-
lar, and low, survivorship under UVA and UVB treatments
(Wellington and Fitt 2003). Both studies suggest sur-
vivorship in areas shallower than 10 m is likely to be low
for larvae from all depths for these species. It is difficult to
extract “likely” scenarios of differential post-settlement
survivorship; however, Agaricia agaricites larvae brooded
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at 24 m experienced about half the survivorship of shal-
lower conspecifics at 3 m (Gleason and Wellington 1995).
If this relationship is used as a benchmark (50 % reduced
survivorship of 40 m larvae at 10 m, d; ~ 0.8), the current
model’s predictions of MSS for O. faveolata become
heavily dependent on fertilization rate.

Consequently, reproductive success of corals may also
be limited by fertilization (Lasker et al. 1996). Distance
and sperm-dilution can reduce fertilization in benthic
invertebrates (Oliver and Babcock 1992; Babcock et al.
1994), and thus fertilization in mesophotic broadcast
spawning corals may be limited by gamete dilution if those
gametes must be near the sea surface to fertilize. Empirical
comparisons of fertilization rates at different depths are
particularly difficult to perform in situ, and to date no
studies are available with which to compare the sensitivity
analyses performed in this study. Thus, the sensitivity
analyses provide ranges in depth-specific fertilization rates
that would still allow for demographically significant MSS
in this system. For example, in order to maintain 1 % MSS
in O. faveolata, assuming d; ~ 0.8, fertilization rate at
40 m could be as low 1/100th of that at 10 m. The
assumption that fertilization may be reduced with depth
may not apply in P. astreoides because sperm are neutrally
buoyant and fertilization occurs within the coral tissues, not
at the sea surface. Therefore, differential fertilization was
ignored for this species, and modeled mesophotic subsidy
could be as high as 10 % assuming d, of 0.8. So long as d;
remains above 0.1 (0.1 % survivorship of mesophotic lar-
vae at 10 m relative to shallow—shallow survivorship), the
model predicts P. astreoides mesophotic subsidy to remain
demographic, and above 1 %.

Based on model predictions, vertical larval connectivity
in the USVI appears possible based on local hydrology,
active larval behavior, and a wide range of productivity
scenarios—and appears robust to depressed fertilization
and post-settlement survivorship of mesophotic larvae.
Orbicella faveolata MSS is more sensitive to depressed
mesophotic fertilization than to depressed post-settlement
survivorship of mesophotic—shallow migrants.

A 1 % subsidy may be difficult to detect in genetic
study; however, a 10 % subsidy should be detected if
populations from different depths are sufficiently geneti-
cally differentiated. Recruitment of O. annularis corals in
the Caribbean is stochastic and low, and estimates range
from 0 to 0.78 colonies m ™2 (Edmunds et al. 2011, and
citations within). In the USVI, a majority of recruiting
corals are poritids (Green and Edmunds 2011), and
recruitment of this family is much more consistent. Thus,
low-level MSS may be difficult to detect in O. faveolata,
but easier to detect in P. astreoides. Because recruitment is
stochastic and inconsistent across the region (Edmunds
et al. 2011; Green and Edmunds 2011), it is currently best
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to consider modeled subsidy estimates as relative to
uncertain shallow recruitment rates. Further study of the
effects of depth on fertilization of broadcast spawning
corals and post-settlement survivorship of mesophotic lar-
vae is necessary in order to fully understand vertical con-
nectivity in this system.

Although not discussed here, sensitivity to pelagic
mortality was also tested. For both species, MSS was
robust to population-level changes in larval half-life. Only
when mortality was very high, with larval half-lifes <2-3
d, was MSS affected negatively.

Multigenerational connectivity

The DRRH does not require mesophotic and shallow
habitats to be connected directly through larval exchange,
but rather that MCEs contribute to coral reef demography
in general, and shallow reefs in particular. Differential
post-settlement survivorship is a hurdle to vertical con-
nectivity that could potentially be overcome through
multigenerational vertical migrations, effectively connect-
ing deep and shallow populations using mid-depth step-
ping-stones and avoiding mortality due to extreme
environmental changes. It is possible that multigenerational
larval pathways connect mesophotic and shallow reefs
even where direct larval pathways between the two habitats
are missing or rare. Within the current USVI model,
investigation of multigenerational connectivity through
shortest path analysis suggests that O. faveolata and P.
astreoides networks are highly connected. In O. faveolata,
migrating from any shallow habitat to any other shallow
habitat requires, on average, the fewest steps. Connecting
all MCEs requires the most steps, and connecting shallow
and mesophotic habitats has less cost when it occurs
shallow to deep. Despite the fact that simulated O. faveo-
lata MSS is likely higher than that of P. astreoides, the
local network of P. astreoides is significantly smaller than
that of O. faveolata, suggesting fewer habitats are isolated
from larval exchange, and potentially a higher degree of
genetic connectivity. Mesophotic and shallow P. astreoides
populations may be more connected than O. faveolata
populations in the northern USVI over multiple
generations.

Betweenness centrality can identify multigenerational
corridors and habitats essential to the structure of a net-
work. When betweenness centrality is calculated using
edge weights (connection magnitude) highly productive
habitats become more central. In this model, O. faveolata
habitats with high betweenness centrality occur in the 30-m
depth strata, suggesting these deeper habitats may behave
as corridors of connectivity across the network, likely due
to high productivity. In the simulated network of P.
astreoides, shallow habitat appears more central than
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deeper habitat due to greater productivity and larval
exchange among habitats above 10 m. Thus, these two
species seem to have distinct local management require-
ments, and local habitat fragmentation is likely to affect
populations of these species differently. Average shortest
paths results may help to explain field observations that
brooding species like P. astreoides outperform larger
spawning species in degraded shallow areas (Green et al.
2008), because their shallow-water larval exchange net-
works may be more connected and thus resilient.

Implications

The degree to which mesophotic and shallow coral popu-
lations are connected is a knowledge gap currently limiting
the usefulness of the DRRH to coral reef management. To
date, this knowledge gap has primarily been addressed
using population genetics (Bongaerts et al. 2010b, 2013;
van Oppen et al. 2011; Prada and Hellberg 2013; Serrano
et al. 2014). Although this analytical tool is powerful, it has
some limitations, including: (1) the spatial extent of sam-
pling can alter conclusions, as larval exchange may occur
at scales or in areas not addressed by genetic study; (2) a
lack of genetic structure does not necessitate connectivity,
but may be indicative of methodological shortcomings; (3)
the longevity of coral genets can complicate conclusions,
as potentially centuries-old colonies may or may not con-
tinuously contribute alleles to new cohorts; (4) the methods
do not inherently reveal mechanisms that influence con-
nectivity or isolation; and (5) genetic connectivity is a
record of historical—potentially stochastic—connectivity
and may not be predictive of future demographics. For
these reasons, a biophysical modeling approach was
employed here to complement ongoing coral population
genetic studies (sensu Baums et al. 2006; Foster et al.
2012) and to investigate explanatory mechanisms that
promote or limit connectivity. The model results predict a
high potential for local MSS, but at levels (<10 %) that
may be difficult to detect using traditional population
genetic sampling.

We cannot make specific predictions regarding whether
MCE:s serve as sources of recovery for shallow populations
without fully understanding how depth affects the fertil-
ization and successful recruitment of mesophotic larvae.
The sensitivity analyses described here provide bench-
marks for future research addressing these aspects of ver-
tical connectivity. Vertical coral connectivity in different
geographic locations, at different spatial scales, and of
different species will be dependent on local hydrologic
forcing and species-specific adult and larval traits, which
imply that the DRRH will not be equally applicable in
space and time. As climate change and coastal develop-
ment continue to fragment coral habitats, the competitive

dynamics for settling coral larvae may be difficult to pre-
dict, and a wide range of novel tools will be necessary to
properly predict and manage coral reef persistence.
Although projections of coral reef futures may be uncer-
tain, the exchange of larvae between diverse habitats is
likely fundamental to coral metapopulation persistence.
Modeling has proven to be a useful tool for investigating
the role of vertical larval connections in coral reef resi-
lience and advancing our understanding of vertical larval
pathways.

Acknowledgments Research was supported by the National Sci-
ence Foundation (NSF OCE-0928423 to CBP), Natural Environment
Research Council (Exeter University partially supported DMH, under
subcontract to CBP) and NOAA (NOAA-Pulley Ridge to CBP sup-
ported ACV).

References

Babcock R, Mundy C, Whitehead D (1994) Sperm diffusion models
and in situ confirmation of long-distance fertilization in the free-
spawning asteroid Acanthaster planci. Biol Bull 186:17-28

Bak R, Nieuwland G, Meesters E (2005) Coral reef crisis in deep and
shallow reefs: 30 years of constancy and change in reefs of
Curacao and Bonaire. Coral Reefs 24:475-479

Baums IB, Paris CB, Cherubin LM, Che LM (2006) A bio-
oceanographic filter to larval dispersal in a reef-building coral.
Limnol Oceanogr 51:1969-1981

Bongaerts P, Ridgway T, Sampayo EM, 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 EM, van Oppen
MJH, 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:¢10871

Bongaerts P, Riginos C, Hay KB, van Oppen MJ, Hoegh-Guldberg O,
Dove S (2011) Adaptive divergence in a scleractinian coral:
physiological adaptation of Seriatopora hystrix to shallow and
deep reef habitats. BMC Evol Biol 11:303

Bongaerts P, Frade PR, Ogier JJ, Hay KB, van Bleijswijk J, Englebert
N, Vermeij MJ, Bak RP, Visser PM, Hoegh-Guldberg O (2013)
Sharing the slope: depth partitioning of agariciid corals and
associated Symbiodinium across shallow and mesophotic habi-
tats (2-60 m) on a Caribbean reef. BMC Evol Biol 13:205

Bongaerts P, Frade PR, Hay KB, Englebert N, Latijnhouwers KRW,
Bak RPM, Vermeij MJ, Hoegh-Guldberg O (2015) Deep down
on a Caribbean reef: lower mesophotic depths harbor a
specialized coral-endosymbiont community. Sci Rep 5:7652

Botsford LW, White JW, Coffroth MA, Paris CB, Planes S, Shearer
TL, Thorrold SR, Jones GP (2009) Connectivity and resilience of
coral reef metapopulations in marine protected areas: matching
empirical efforts to predictive needs. Coral Reefs 28:327-337

Cherubin LM, Nemeth RS, Idrisi N (2011) Flow and transport
characteristics at an Epinephelus guttatus (red hind grouper)
spawning aggregation site in St. Thomas (US Virgin Islands).
Ecol Modell 222:3132-3148

Chornesky E, Peters E (1987) Sexual reproduction and colony growth
in the scleractinian coral Porites astreoides. Biol Bull
172:161-177

@ Springer



36

Coral Reefs (2016) 35:23-37

Collingham Y, Huntley B (2000) Impacts of habitat fragmentation
and patch size upon migration rates. Ecol Appl 10:131-144
Edmunds PJ, Elahi R (2007) The demographics of a 15-year decline
in cover of the Caribbean reef coral Montastraea annularis. Ecol
Monogr 77:3-18

Edmunds PJ, Gates RD, Gleason DF (2001) The biology of larvae
from the reef coral Porites astreoides, and their response to
temperature disturbances. Mar Biol 139:981-989

Edmunds PJ, Ross CLM, Didden C (2011) High, but localized
recruitment of Montastraea annularis complex in St. John,
United States Virgin Islands. Coral Reefs 30:123-130

Foster NL, Baums IB, Sanchez JA, Paris CB, Chollett I, Agudelo CL,
Vermeij MJA, Mumby PJ (2013) Hurricane-Driven Patterns of
Clonality in an Ecosystem Engineer: The Caribbean Coral
Montastraea annularis. PLoS One 8:¢53283

Foster NL, Paris CB, Kool JT, Baums IB, Stevens JR, Sanchez JA,
Bastidas C, Agudelo C, Bush P, Day O, Ferrari R, Gonzalez P,
Gore S, Guppy R, McCartney MA, McCoy C, Mendes J,
Srinivasan A, Steiner S, Vermeij MJA, Weil E, Mumby PJ
(2012) Connectivity of Caribbean coral populations: comple-
mentary insights from empirical and modelled gene flow. Mol
Ecol 21:1143-1157

Freeman LC (1977) A set of measures of centrality based on
betweenness. Sociometry 40:35-41

Gardner T, Coté IM, Gill J, Grant A, Watkinson AR (2003) Long-
term region-wide declines in Caribbean corals. Science
301:958-960

Gleason DF (1993) Differential effects of ultraviolet radiation on
green and brown morphs of the Caribbean coral Porites
astreoides. Limnol Oceanogr 38:1452-1463

Gleason DF, Wellington GM (1995) Variation in UVB sensitivity of
planula larvae of the coral Agaricia agaricites along a depth
gradient. Mar Biol 123:693-703

Gleason DF, Edmunds PJ, Gates RD (2005) Ultraviolet radiation
effects on the behavior and recruitment of larvae from the reef
coral Porites astreoides. Mar Biol 148:503-512

Gleason DF, Danilowicz BS, Nolan CJ (2009) Reef waters stimulate
substratum exploration in planulae from brooding Caribbean
corals. Coral Reefs 28:549-554

Glynn PW (1996) Coral reef bleaching: facts, hypotheses and
implications. Glob Chang Biol 1:177-509

Goldberg W (1983) Cay Sal Bank: a biologically impoverished
physically controlled environment. Atoll Res Bull 271:1-36

Green DH, Edmunds PJ (2011) Spatio-temporal variability of coral
recruitment on shallow reefs in St. John, US Virgin Islands.
J Exp Mar Bio Ecol 397:220-229

Green D, Edmunds P, Carpenter R (2008) Increasing relative
abundance of Porites astreoides on Caribbean reefs mediated
by an overall decline in coral cover. Mar Ecol Prog Ser 359:1-10

Hanski I, Ovaskainen O (2000) The metapopulation capacity of a
fragmented landscape. Nature 404:755-758

Holstein DM (2013) Vertical connectivity in mesophotic coral
ecosystems. Ph.D. thesis, University of Miami, FL, USA

Holstein DM, Paris CB, Mumby PJ (2014) Consistency and
inconsistency in multispecies population network dynamics of
coral reef ecosystems. Mar Ecol Prog Ser 499:1-18

Holstein DM, Smith TB, Gyory J, Paris CB (2015) Fertile fathoms:
deep reproductive refugia for threatened shallow corals. Sci Rep
5:12407

Hughes TP, Tanner JE (2000) Recruitment failure, life histories, and
long-term decline of Caribbean corals. Ecology 81:2250-2263

Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-
Guldberg O, McCook L, Moltschaniwskyj N, Pratchett MS,
Steneck RS, Willis B (2007) Phase shifts, herbivory, and the
resilience of coral reefs to climate change. Curr Biol
17:360-365

@ Springer

Johnson DB (1977) Efficient algorithms for shortest paths in sparse
networks. Journal of the Association for Computing Machinery
24:1-13

Kendall MS, Monaco ME, Buja KR, Christensen JD, Kruer CR,
Finkbeiner M, Warner RA (2001) Methods used to map the
benthic habitats of Puerto Rico and the U.S. Virgin Islands. U.S.
National Oceanic and Atmospheric Administration. National
Ocean Service, National Centers for Coastal Ocean Science
Biogeography Program, Silver Spring, MD. 46 pp

Kool JT, Nichol SL (2015) Four-dimensional connectivity modelling
with application to Australia’s north and northwest marine
environments. Environ Model Softw 65:67-78

Kough AS, Paris CB (2015) The influence of spawning periodicity on
population connectivity. Coral Reefs. doi:10.1007/s00338-015-
1311-1

Lasker HRH, Brazeau D, Calderon J, Coffroth MA, Coma R, Kim K
(1996) In situ rates of fertilization among broadcast spawning
gorgonian corals. Biol Bull 190:45-55

Lesser MP, Slattery M, Leichter JJ (2009) Ecology of mesophotic
coral reefs. J Exp Mar Bio Ecol 375:1-8

Levitan D, Fukami H, Jara J, Kline D, McGovern T (2004)
Mechanisms of reproductive isolation among sympatric broad-
cast-spawning corals of the Montastraea annularis species
complex. Evolution (N Y) 58:308-323

Locker SD, Armstrong R, Battista T, Rooney JJ, Sherman C, Zawada
DG (2010) Geomorphology of mesophotic coral ecosystems:
current perspectives on morphology, distribution, and mapping
strategies. Coral Reefs 29:329-345

Menza C, Kendall M, Hile S (2008) The deeper we go the less we
know. Rev Biol Trop 56:11-24

Miller MW, Weil E, Szmant AM (2000) Coral recruitment and
juvenile mortality as structuring factors for reef benthic
communities in Biscayne National Park, USA. Coral Reefs
19:115-123

Mumby PJ, Elliott IA, Eakin CM, Skirving W, Paris CB, Edwards HJ,
Enriquez S, Iglesias-Prieto R, Cherubin LM, Stevens JR (2011)
Reserve design for uncertain responses of coral reefs to climate
change. Ecol Lett 14:132-140

NOAA (2014) Endangered and threatened wildlife and plants: final
listing determinations on proposal to list 66 reef-building coral
species and to reclassify elkhorn and staghorn corals: Federal
Register 79(175). National Oceanic and Atmospheric Adminis-
tration. Office of the Federal Register, National Archives and
Records Administration

Oliver J, Babcock R (1992) Aspects of the fertilization ecology of
broadcast spawning corals: sperm dilution effects and in situ
measurements of fertilization. Biol Bull 183:409-417

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL (2011) Projecting
coral reef futures under global warming and ocean acidification.
Science 333:418-422

Paris C, Chérubin L, Cowen R (2007) Surfing, spinning, or diving
from reef to reef: effects on population connectivity. Mar Ecol
Prog Ser 347:285-300

Paris CB, Cowen RK, Claro R, Lindeman KC (2005) Larval transport
pathways from Cuban snapper (Lutjanidae) spawning aggrega-
tions based on biophysical modeling. Mar Ecol Prog Ser
296:93-106

Paris CB, Helgers J, van Sebille E, Srinivasan A (2013) Connectivity
Modeling System: A probabilistic modeling tool for the multi-
scale tracking of biotic and abiotic variability in the ocean.
Environ Model Softw 42:47-54

Paris CB, Le Hénaff M, Aman ZM, Subramaniam A, Helgers J, Wang
D-P, Kourafalou VH, Srinivasan A (2012) Evolution of the
Macondo well blowout: simulating the effects of the circulation
and synthetic dispersants on the subsea oil transport. Environ Sci
Technol 46:13293-13302


http://dx.doi.org/10.1007/s00338-015-1311-1
http://dx.doi.org/10.1007/s00338-015-1311-1

Coral Reefs (2016) 35:23-37

37

Prada C, Hellberg ME (2013) Long prereproductive selection and
divergence by depth in a Caribbean candelabrum coral. Proc Natl
Acad Sci USA 110:3961-3966

Riegl B, Piller WE (2003) Possible refugia for reefs in times of
environmental stress. Int J Earth Sci 92:520-531

Rivera JA, Prada MC, Arsenault JL, Moody G, Benoit N (2006)
Detecting fish aggregations from reef habitats mapped with high
resolution side scan sonar imagery. Professional Paper NMFS
88-104

Serrano X, Baums IB, O’Reilly K, Smith TB, Jones RJ, Shearer TL,
Nunes FLD, Baker AC (2014) Geographic differences in vertical
connectivity in the Caribbean coral Montastraea cavernosa
despite high levels of horizontal connectivity at shallow depths.
Mol Ecol 23:4226-4240

Shchepetkin AF, McWilliams JC (2005) The regional oceanic mod-
eling system (ROMS): a split-explicit, free-surface, topography-
following-coordinate oceanic model. Ocean Modelling 9:347-404

Slattery M, Lesser MP, Brazeau D, Stokes MD, Leichter JJ (2011)
Connectivity and stability of mesophotic coral reefs. ] Exp Mar
Bio Ecol 408:32-41

Smith TB, Nemeth RS, Blondeau J, Calnan JM, Kadison E, Herzlieb
S (2008) Assessing coral reef health across onshore to offshore
stress gradients in the US Virgin Islands. Mar Pollut Bull
56:1983-1991

Szmant A (1986) Reproductive ecology of Caribbean reef corals.
Coral Reefs 5:43-54

Szmant AM, Meadows MG (2006) Developmental changes in coral
larval buoyancy and vertical swimming behavior: Implications
for dispersal and connectivity. Proc 10th Int Coral Reef Symp
1:431-437

Szmant AM, Weil E, Miller MW, Colon DE (1997) Hybridization
within the species complex of the scleractinian coral Montas-
traea annularis. Mar Biol 129:561-572

Tay YC, Guest JR, Chou LM, Todd P (2011) Vertical distribution and
settlement competencies in broadcast spawning coral larvae:
Implications for dispersal models. J Exp Mar Bio Ecol
409:324-330

Tilman D, May RM, Lehman CL, Nowak MA (1994) Habitat
destruction and the extinction debt. Nature 371:65-66

Treml EA, Halpin PN, Urban DL, Pratson LF (2008) Modeling
population connectivity by ocean currents, a graph-theoretic
approach for marine conservation. Landsc Ecol 23:19-36

Underwood JN, Smith LD, Van Oppen MJH, Gilmour JP (2007)
Multiple scales of genetic connectivity in a brooding coral on
isolated reefs following catastrophic bleaching. Mol Ecol
16:771-784

Van Oppen MJH, Bongaerts P, Underwood JN, Peplow LM, Cooper
TF (2011) The role of deep reefs in shallow reef recovery: an
assessment of vertical connectivity in a brooding coral from west
and east Australia. Mol Ecol 20:1647-1660

Vermeij MJA, Fogarty ND, Miller MW (2006) Pelagic conditions
affect larval behavior, survival, and settlement patterns in the
Caribbean coral Montastraea faveolata. Mar Ecol Prog Ser
310:119-128

Wellington GM, Fitt WK (2003) Influence of UV radiation on the
survival of larvae from broadcast-spawning reef corals. Mar Biol
143:1185-1192

West JM, Salm RV (2003) Resistance and resilience to coral
bleaching: implications for coral reef conservation and manage-
ment. Conserv Biol 17:956-967

@ Springer



	Modeling vertical coral connectivity and mesophotic refugia
	Abstract
	Introduction
	Materials and methods
	Hydrodynamic module
	Habitat module
	Particle tracking module
	Biological module
	Model output and analysis
	Mesophotic--shallow subsidy

	Results
	Local retention
	Mesophotic--shallow subsidy
	Sensitivity analyses
	Depth-specific productivity
	Depth-specific fertilization and post-settlement survivorship

	Multigenerational connectivity and habitat centrality

	Discussion
	Annual variability
	Mesophotic--shallow subsidy
	Depth-specific productivity
	Post-settlement survivorship and fertilization
	Multigenerational connectivity
	Implications

	Acknowledgments
	References




