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E C O L O G I C A L  C O N S T R A I N T S  O F  T H E  
S PA W N I N G  H A B I TAT

• What constraints the choice of the spawning habitat is 
what constraints the success of early life development. 

• Evolutionary process toward finding the most suitable 
environment for the larval development. 

• What’s the most suitable environment?  

Ocean triads hypothesis (Bakun, 2009)
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R E T E N T I O N  A N D  D E L I V E R Y
G O O D  R E P R O D U C T I V E  A R E A S



Therefore the spatial and temporal occurrence of all 
three significantly constrains the availability of 

spawning habitat 

Because of spawning site fidelity, strategies for life 
cycle closures must be robust against interannual 

environmental variability

E C O L O G I C A L  C O N S T R A I N T S  O F  T H E  
S PA W N I N G  H A B I TAT

the spatial and temporal occurrence of all
three

must be robust against interannual
environmental variability

Ciannelli et al., 2014



T H R E E  C O M M O N  S T R AT E G I E S
E C O L O G I C A L  C O N S T R A I N T S  O F  T H E  S PA W N I N G  H A B I TAT

Ciannelli et al., 2014
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Figure 4. Simulations of larval dispersal from Glover’s Reef spawning capes: 100 particles (virtual larvae) are 
released at 30 m from the northern and souther spawning aggregation sites of the atoll and are tracked for 42 days 
(PLD of the Nassau grouper Epinephelus striatus) A) during spawning time for the Nassau grouper (winter months), 
and B) non-spawning times (spring-summer months). The large magenta circle in each subplot indicates the source 
(spawning location), small red circles indicate end point of trajectories in the open waters (non-sucessful recruitment), 
green dots indicate  the end point of trajecotreis that are near suitable coral reef habitat (or potential settlement).  
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Fig 1.  The Mesoamerican Reef encompasses the Caribbean coastal waters of Belize, Guatemala, 
Mexico and Honduras.
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M E S O -
A M E R I C A N  R E E F

• Multi-species spawning 
sites 

• Mostly capes and 
promontories 

• Mostly to the south of 19˚N
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Fig. 2.   (a) Gladden Spit, showing the location of the multi-species spawning aggregations in 
relation to the shelf break and the bend in the reef (from Heyman et al., 2006) (b). The locations 
of 7 documented multi-species spawning aggregation sites in Belize. 
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M E S O - A M E R I C A N  
C I R C U L AT I O N

• Caribbean Current 
impingement zone: 
17˚-19˚N 

• Cyclonic eddy near the 
MBRS increase the flow 
southward near the 
spawning sites 

• southward flow can be 
sustained for several 
months

In addition, we expected that the vertical distribution
of reef-associated species would influence their dis-
persal. This would be apparent through shallower-liv-
ing larvae showing wider spatial distributions, and
increased northward entrainment into the Caribbean
Current.

METHODS

From 18 March to 1 April 2006 and from 14 January
to 30 January 2007, scientists from the National Oce-
anic and Atmospheric Administration (NOAA), the
University of Miami (UM) and El Colegio de la Fron-
tera Sur (ECOSUR) Unidad Chetumal conducted
large-scale physical and biological oceanographic sur-
veys in coastal and offshore areas from the Yucatan
channel south along the MBRS, aboard the NOAA
Ship Gordon Gunter (Fig. 1).

Environmental and oceanographic data

Regional oceanographic patterns were inferred from
current vector outputs from the HYCOM 1/12° global
analysis (HYbrid Coordinate Ocean Model:
hycom.org), averaged across the cruise period for each

year. Concurrent in situ environmental data utilized for
this study included continuous water velocity profiles
of the upper ocean water column recorded with an RD
Instruments 75 kHz Ocean Surveyor hull-mounted
(shipboard) acoustic Doppler current profiler (SAD-
CP), and surface drifter trajectories resulting from satel-
lite-tracked drifting buoy deployments conducted
during each cruise.

SADCP data were collected with a vertical reso-
lution (bin size) of 16 m, and were processed using
the University of Hawaii’s Common Ocean Data
Access System (CODAS, West O’ahu, HI, USA)
software suite to remove ship motion and to correct
for instrument heading misalignment. Processed 5-
min velocity data were interpolated onto a
0.1° 9 0.1° spatial grid. Data from two primary
depths were examined in our analysis: 35 m data
(bin 27–43 m), the shallowest depth available, were
utilized for a representation of the surface/near-sur-
face currents relevant to larval fish in the upper two
MOCNESS depth strata, and 105 m (bin 97–113 m)
data were utilized for a representation of the condi-
tions relevant to the deepest-living larvae sampled
by the MOCNESS.

Figure 1. Mean surface current velocity during the 2006 cruise (top) and 2007 cruise (bottom), from the HYCOM 1/12° global
analysis (HYbrid Coordinate Ocean Model), with sampled stations also shown. Three areas of interest around Cozumel (1),
Banco Chinchorro (2) and the Gulf of Honduras (3) used in later analysis are shown at right.

© 2013 John Wiley & Sons Ltd, Fish. Oceanogr., 22:5, 409–428.

Larval fish assemblages Mesoamerican Reef 411

Mulhing et al., 2013
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Fig. 2. Monthly composites of CDOM distribution maps estimated from SeaWiFS Version 4 data. Overlaid on the images are the
concurrent float locations. Note that the last group of images includes data from two partial years, namely 1997 and 2002.

C. Hu et al. / Deep-Sea Research II 51 (2004) 1151–11711156

A M A Z O N  A N D  
O R I N O C O  P L U M E  
T R A N S P O R T

• Riverine water seasonal 
forcing: July-December 

• Northwestward 
propagation of the river 
plume 

Hu et al., 2004

ARTICLE IN PRESS

Fig. 12b. ROMS simulation snapshots of potential vorticity in m/s. From top to bottom and left to right August–December. The PVA is
calculated as the PV difference between July and the other months.

L.M. Chérubin, P.L. Richardson / Deep-Sea Research I 54 (2007) 1451–1473 1469

Cherubin and Richardson, 2007
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word ‘‘cape’’ is used to describe such features [11–12]. To help
avoid confusion, we use term ‘‘submerged cape’’ from here on to
describe these distinct features, and avoid the misleading term
‘‘promontory.’’

Much speculation has been put forth in regards to why
spawning occurs along these submerged capes and other offshore
areas, but few testable hypotheses have been offered. Johannes
[13] hypothesized that predation risk was the most influential factor
that caused spawning to occur in areas where eggs would be swept
offshore from high predation areas. Barlow [14] argued that
dispersal of gametes was the adaptive significance of offshore
spawning, while Doherty et al. [15] modified this hypothesis and
explained how wide dispersal can be advantageous in a patchy
marine environment where only a percent of the larvae will come
upon suitable food resources. These views have been condensed to
form the ‘‘off-reef transport hypothesis’’ where the evolutionary
advantage is thought to be in transporting eggs rapidly off reefs,
reducing predation, facilitating dispersal, and placing larvae into
suitable current regimes [16]. More recently, a growing body of
literature has suggested that fish larvae recruit more closely to their
source populations than previously thought. Studies based on
genetic analyses [17], tagging [18], larval sampling [19], modeling
[20], and natal homing behavior [21] suggest that certain
mechanisms allow larvae to recruit in environments close to their

source populations. However, these studies were based on resident
spawners, rather than transient spawners, and species specific
studies pertaining to the latter group are lacking.

The specific mechanisms behind cape spawning, and the evolu-
tionary advantages associated with such FSA sites, remain un-
known and debated. It has been suggested that these geomorpho-
logical features act as cues for ‘‘meeting’’ locations [22], or that fish
are attracted to highly variable currents around the edges of these
formations [8]. Other authors have noted that larvae tend to be
retained near such features, and suggest that mesoscale processes
may be at work [23–25]. However, hypotheses regarding the signi-
ficance of the locations of reef fish aggregations near capes have
remained untested to date. In this study, we approach this problem
by modeling differences in current regimes around capes where
spawning is known to occur, and capes with nearly identical geo-
morphologies where spawning has not been documented to occur.
A hydrodynamic model is used to simulate the interaction of
dominant current flow with a submerged cape, and separate
simulations are run for each site. We also use Lagrangian particle
tracking to study the effects of these current flow regimes on the
dispersal patterns of passive particles. Attributes not shared by
spawning and non-spawning capes (hereafter referred to as
‘‘control’’ sites) can then indicate evolutionary advantages of
spawning sites.

Figure 1. Left: Bathymetry in the Mesoamerican Barrier Reef region with study sites indicated. Upper right: View of Control #2 site from
N to S. Lower right: View of Rocky Point site from N to S.
doi:10.1371/journal.pone.0022067.g001

Significance of FSAs at Capes

PLoS ONE | www.plosone.org 2 July 2011 | Volume 6 | Issue 7 | e22067

M E S O -
A M E R I C A N  R E E F

• ROMS simulation 

400m/32 levels 

• Difference between 
spawning and non 
spawning cape:  

Ref=Hc/CDD 

Bu=(Rd/D)2

Karnauskas et al., 2011



R O M S  S I M U L AT I O N : 1 K M / 2 5  L E V E L S

Caribbean Island wake effect

Cherubin and Garavelli, 2015



Nassau grouper may also potentially be spawning in specific
locations so that suitability of larval feeding habitat is maximized.

Concentration
Concentration of both nutrients and larvae can occur from both

vertical and horizontal movements within eddies. Potential vorti-
city acts as a tracer; i.e., passive particles would be expected to
become concentrated in areas of positive potential vorticity. In our
simulations, passive particles such as nutrients and eggs indeed
tend to be concentrated within positive vorticity filaments formed
along the edges of anticyclonic eddies (Fig. 6). Particularly as the
eddy strengthens, bands of upwelling and sinking occur on scales
of ,1 km (Fig. 7d). A noteworthy feature of the eddies in our study
is that their axes are not vertical; rather, they are shifted so that the

bottom points downstream. This asymmetry can also be seen in
the isopycnals; the top of the eddy is further upstream than at the
bottom (Fig. 7a). PVA gradients are also asymmetrical and are
stronger on the upstream edge of the eddy. The upstream edges of
the eddies in particular appear to concentrate eggs and nutrients
and may be of particular importance for the survival of larvae
hatching within.

Indeed, our simulations reveal a greater degree of aggregation
of passive particles at spawning sites as compared to control sites,
particularly in the upstream edges of eddies (Fig. 6). Particles
released at spawning sites tend to stay concentrated in smaller
areas near positive vorticity filaments, whereas particles released at
control sites tend to be dispersed more patchily. Mechanical
activity of eddies, which serves to concentrate passive particles

Figure 7. Snapshot of Gladden Spit model output showing important physical features and processes of eddy formation. Pink
dotted lines are added for ease of visualizing behavior at eddy edge vs. eddy centers. Cape (not shown) is to the left of the extent. A) Isopycnals
(density anomalies in km m23) plotted in an alongshore cross section at y = 20 (black dashed line in B). B) Plot of potential vorticity values (in m21 s21)
in the surface layer to view the presence of eddies. Red indicates positive vorticity; blue indicates negative vorticity. C) Contours of isopycnals;
concentrated lines denote frontal zones. D) Plot of absolute vertical velocities (m s21) * density anomalies (kg m23) in the surface layer. Red indicates
vertical movements.
doi:10.1371/journal.pone.0022067.g007

Significance of FSAs at Capes

PLoS ONE | www.plosone.org 9 July 2011 | Volume 6 | Issue 7 | e22067
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PA R T I C L E S  R E T E N T I O N  D I F F E R E N C E
M E S O - A M E R I C A N  R E E F

more clumped and were retained closer to shore in comparison to
particles released at control sites.

We first discuss the mechanics of eddies formed in our study,
and detail how and where submesoscale nutrient upwelling
occurs. We then describe the specific aspects of eddies that pertain
to the survival and retention of passive particles such as eggs and
nutrients. Finally, we conclude with a discussion of how our
findings are important to management of spawning aggregation
sites.

Leeward eddy formation is a result of alongshore current
separation which occurs in the presence of obstacles [12]. When
an alongshore current encounters a submerged cape, the water
mass is forced to pass through a smaller area, and flow accelerates
as it reaches the tip of the cape. On the leeward side of the cape, a
pressure gradient is set up, with high pressure produced at the

upstream face of the cape (Fig. 2, location A) and lower pressure in
the shadow of the cape (Fig. 2, location B). Due to this pressure
gradient, eddies can be formed, in cases where the inertial force of
the incoming current is greater than the frictional drag between
current and topography. For our case, where a southward current
is intersecting a cape located on a western shelf, stable anticyclones
will occur. Cyclonic eddies can also occur as a result of shear along
the edges of anticyclones [26].

Submesoscale nutrient upwelling occurs as a result of 1) lifting
isopycnals and 2) frontogenesis where density gradients are sharp
[42]. In the northern hemisphere, Coriolis force points to the right
of a geostrophic current, or towards the center of an anticyclone.
Coriolis force in an anticyclone is balanced by centrifugal and
pressure forces pointing outwards from the anticyclone. The
balance of these forces creates a sea surface high in the surface

Figure 5. Differences in attributes of passive particles released at spawning versus control sites for 1 – 10 days post release. A) index
of particle aggregation. B) average distance of particles from release site (km). C) percentage of particles retained within 20 km of release site. D)
average distance of particles from shore (km). *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0022067.g005

Significance of FSAs at Capes

PLoS ONE | www.plosone.org 7 July 2011 | Volume 6 | Issue 7 | e22067
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variation (CV) of the various eddy attributes. Because variance
decreases with increasing sample size, but the number of eddies
observed at each site ranged from 5 to 7, we used a subsampling
method to calculate CVs for each site. We randomly subsampled 3
eddies from each site and calculated the CV of the subsample for
each eddy attribute. This process was repeated 500 times and CVs
were averaged across 500 subsamples to form a single measure of
within-site variability that was not influenced by sample size. CVs
were then compared using t-tests. Secondly, we carried out two-
way analysis of variance (ANOVA) to compare the eddy attributes,
using individual site and spawning vs. control as factors. Finally,
we explored in further detail the mechanics of individual eddies to
highlight submesoscale processes that may be important to fish
larvae.

Analyses of Lagrangian transport
Neutrally buoyant particles were released from estimated

spawning sites. Spawning of Epinepheline groupers in Belize have
been documented to occur at the tip of submerged capes at
approximately the 30 m isobaths, in 20 to 30 m of water [38].
Particles were released at the location defined by the intersection
of the tip of the cape and the 30 m isobaths, and were released in
20, 25, and 30 m of water during periods of eddy formation. Their
trajectories were calculated using the online Lagrangian transport
module of ROMS. The code uses a fourth-order accurate Adams-
Bashford-Moulton predictor-corrector scheme to integrate dx/
dt = u(x,t) (x is the particle coordinate and u its velocity vector)
over time given the initial release location and the three-
dimensional ROMS velocity fields. The right-hand side is
estimated through linear interpolation in time and space of the
discrete Eulerian fields, and a random displacement was added to
resolve sub-grid scale diffusivity based on Okubo’s diffusion
diagram [39] using a 300 m diffusion scale equivalent to a
dispersion coefficient of 0.05 m2 s21. We ran sensitivity analyses
and determined that patterns in particle dispersion were only
minimally influenced by the depth of release, but were highly
influenced by the timing of release due to the state of formation of
eddies, which introduces variability in the flow. Due to constraints
on computing power, we therefore limited our analyses to releases
at a single depth (30 m) at multiple points in time. For each
simulation, 200 hundred particles were released daily during all
periods of eddy activity. The eddy activity is defined as 2 days
before full eddy formation to 1 day after maximum eddy
formation. Particle releases were limited to periods of eddy activity
since there is evidence of such timing in FSAs [40].

For each spawning site and each daily release, we analyzed the
daily locations of the particles for the period of 1 to 10 days post-
release. For each day, we calculated: 1) an index for the patchiness
of particle distributions, 2) the average distance of particles from
the release site, 3) the percentage of particles retained within a
20 km radius of the release site, and 4) the average distance of
particles from shore (defined as the location of the particle on the
y-axis). To measure particle patchiness, we used the Index of
Aggregation, a measure which is not sensitive to relative particle
densities and is robust against zero counts in the domain [41]. This
index is defined as

Ia~
Sizi2

S ! Sizið Þ2

where z is the density of particles in each 2-km grid cell i , and S is
the sample area [41]. The grid cell size of 2-km was arbitrarily
chosen for the purpose of reporting results, as it was determined

that results were not influenced by the size of the grid cell. A lower
value of Ia indicates a greater degree of patchiness (i.e., particles
are less aggregated). Again, we compared attributes of spawning
versus control sites using two-way analysis of variance (ANOVA)
using individual site and spawning vs. control as factors.

Results

Various dimensions of the capes were compared to ensure that
control and spawning sites were comparable in terms of expected
behavior of the model. The average across-shore extents of the
capes ranged from 3 km to 8 km (Table 1). Spawning capes and
control capes had average extents of 6 km and 4 km respectively,
but the differences in these means were not significant (p = 0.33).
The equivalent Reynolds number, Ref, was similar for all 6
spawning and control capes, with values ranging from 20 to 56
(Table 1). Average Ref for spawning capes was 33.4 and 33.3 for
control capes, and Bu ranged from 4.6 to 32.6 (Table 1). Based on
Magaldi et al. [26], capes with such Ref and Bu can be expected to
produce moderate to strong eddy shedding regimes. Rossby
numbers of ,1 (ranging from 0.3 to 0.8) indicate that Coriolis
cannot be neglected in this system.

We tested differences in the CVs of eddy attributes, as low
variability in eddy formation should be advantageous for spawning
sites to reduce variability in larval recruitment success. The CV for
all eddy attributes was lower for spawning capes, and t-tests
showed significant differences between the variation in diameter
(p = 0.03) and longevity (p = 0.04) of spawning eddies. In other
words, eddies spun up at spawning sites were more predictable in
terms of their size and duration, while eddies at control sites were
more variable in these characteristics (Fig. 4). Differences in CVs
were not significant for linear velocity (p = 0.20), maximum PVA
gradient (p = 0.36), or frequency of eddy formation (p = 0.22). Due
to the nature of our study our sample sizes were low (N = 3), and
the lack of significance in the differences in predictability in these
latter attributes is not necessarily meaningful. We also tested
differences in eddy attributes across sites and for spawning versus
control sites using a two-way ANOVA. Eddies at spawning sites
had significantly higher PVA gradients than those at control sites
(p = 0.002). No significant differences were found between
spawning and control sites for other eddy attributes (diameter,
longevity, linear velocity, frequency; Table 2).

We tested differences in the dispersion patterns of passive
particles released from spawning sites in regards to patchiness,
dispersion, and distance from shore. Particles released from

Table 1. Dimensions and calculated parameters for study
sites.

Site
max depth
(m)

mean width
(m) Ref Ro

Rd

(km) Bu

Rocky Point FSA 500 3,000 55.6 0.8 17.1 32.6

Caye Glory FSA 500 7,000 23.8 0.4 17.1 6.0

Gladden Spit FSA 500 8,000 20.8 0.3 17.1 4.6

Control 1 500 3,750 44.4 0.7 17.1 20.9

Control 2 450 4,500 33.3 0.6 17.1 14.5

Control 3 250 3,750 22.2 0.7 17.1 20.9

FSA = fish spawning aggregation; controls are sites where spawning
aggregations do not occur. Mean width is cape dimension perpendicular to the
coastline. Ref = equivalent Reynolds number, Ro = Rossby number, Rd =
baroclinic radius of deformation, Bu = Burger number.
doi:10.1371/journal.pone.0022067.t001
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M O S T  S I G N I F I C A N T  C A P E  PA R A M E T E R  
D I F F E R E N C E

M E S O - A M E R I C A N  R E E F

spawning sites were significantly more aggregated than particles at
control sites during the entire study period, with the exception of
days 1 and 6 post-release (Fig. 5a). After day 6, differences became
increasingly apparent; by day 10 post-release, differences in
patchiness were maximized. At this time, the index of aggregation
at control sites was 0.07+/2 0.01 km22, while the index of
aggregation at spawning sites was 0.25+/2 0.06 km22, indicating
much more aggregated distributions at spawning sites (p,0.001).
Particles at both control and spawning sites tended to be
concentrated in areas of high potential vorticity (Fig. 6).

Particles were initially dispersed on average farther from the
spawning site than those from control sites; however, these
differences disappeared after 7 days post-release (Fig. 5b, c). At one
day post-release, particles released at spawning sites were dispersed
significantly further from the release site than particles at control
sites (p,0.001). These differences increased and were maximized
at day 6, when particles at spawning sites had dispersed an average
of 42.8 km from the release site, while particles at control sites had
dispersed an average of 32.2 km. These differences decreased at
day 7 and were non-significant at day 8. By day 9, dispersal at
control sites was greater than spawning sites, though these
differences were not significant (p = 0.170). From days 4 to 8
post-release, the percentage of particles retained within 20 km
from the release location was significantly greater at control sites
(p,0.05), but these differences disappeared by day 9 post-release
(p = 0.36, Fig. 5c).

There were no significant differences in nearshore retention
between control and spawning sites for the first 7 days post-
release (Fig. 5d). By day 8, however, particles released at
spawning sites were retained significantly closer to shore
(p = 0.03). This pattern continued through days 9 and 10. At
day 10, particles released at control sites were at 7.5+/2 0.6 km
from the shore, while those released at spawning sites were at
5.7+/2 0.5 km from shore.

Discussion

Our major finding is that eddies formed at spawning capes
consistently favored processes of nearshore retention and concen-
tration in comparison to eddies formed at similar capes where
spawning does not occur. Eddies formed at spawning capes were
significantly less variable with respect to diameter and longevity as
compared to non spawning sites. Predictability of currents should
be a desirable attribute for spawning sites, as it would be
advantageous for individuals to release eggs in a location where
survival of some larvae would be ensured. We also found that
eddies formed at spawning capes have significantly greater
potential vorticity anomaly (PVA) gradients. These strong PVA
gradients are associated with increased rates of upwelling and
accumulation of passive particles. Furthermore, these eddy
attributes had demonstrable effects on passive particles released
upstream. Particles released at spawning capes were significantly

Figure 4. Snapshots of potential vorticity (in m21 s21) of surface layer for (A) Gladden Spit and (B) Control #3.
doi:10.1371/journal.pone.0022067.g004

Table 2. Results of 2-way analysis of variance for differences in eddy attributes between sites and for control vs. spawning sites.

eddy attribute mean value FSA sites mean value control sites
site effect
Pr(.F)

control vs. spawning site
Pr(.F)

diameter (km) 18.5 15.3 0.45 0.20

longevity (days) 5.9 6.3 0.46 0.61

linear velocity (km/d) 13.3 13.2 0.55 0.95

D potential vorticity (m21 s21) 5e-04 3e-04 *0.03 **0.002

frequency (d. between formation) 4.2 5.4 0.50 0.46

doi:10.1371/journal.pone.0022067.t002

Significance of FSAs at Capes

PLoS ONE | www.plosone.org 6 July 2011 | Volume 6 | Issue 7 | e22067

Most significant difference between capes: eddy 
potential vorticity anomaly 
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C R I T I C A L  R O L E  O F  T O P O G R A P H Y

• Meso-American Reef 

•  Is the form drag the significant factor that controls 
the flow regimes at the spawning capes? (Magaldi et 
al., 2008) 

•  Could larger form drag produce larger vorticity in 
shedding eddies? 



Is dilution of extreme vorticity values by mixing leads to 
coherent anticyclonic vortex? (Molemaker et al., 2015)

C A R I B B E A N  I S L A N D  W A K E  R E G I M E S



R E D U C E D  L O C A L  R E T E N T I O N
C A R I B B E A N  I S L A N D  W A K E :  I N C R E A S E D  F O R M  D R A G  E F F E C T



C R I T I C A L  R O L E  O F  T O P O G R A P H Y

• Caribbean island wake 

•  Angle of incidence of the large scale flow controls 
the wake type, hence the retention and 
concentration effects 

• Main control: form drag on the flow



C O N C L U S I O N S



E C O L O G I C A L  C O N S T R A I N T S  O F  T H E  
S PA W N I N G  H A B I TAT
• Marine  organisms have evolved toward the same 

reproduction goal but have adapted to their local 
environment in order to maximize their survival although they 
rely on the same topographic control which seems to be the 
main constraint.  

• This study shows the subtle role of topographic effects on 
flow perturbations: form drag of spawning sites 

• Increases eddy strength and coherency => Controls the 
Lagrangian properties of the flow hence the strength of 
the Ocean Triad interplay 



E C O L O G I C A L  C O N S T R A I N T S  O F  T H E  
S PA W N I N G  H A B I TAT

• This type of spawning habitats further warrants: 

• consistent seasonal variability because of consistent 
large scale flow seasonality 

• spawning habitat system resiliency because of 
topographic effects consistency, hence survival 

• Do these spawning habitats have enough resiliency in 
the face global change to remain spawning habitats?
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T O P O G R A P H Y  
D R I V E N  I S L A N D  
W A K E

• Angle of incident flow 
controls the wake type and 
eddy strength 

• At the island scale lower 
form drag enhances local 
retention 

• Promotes concentration 
and enrichment



C Y C L O N I C  W A K E
T O P O G R A P H Y  E F F E C T



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Time series of sea surface height anomalies from satellite altimeter data averaged over the 
western (red line) and mid (blue line) GOH. The mean seasonal cycle averaged over the 13-year 
record is indicated by the heavy line. The fact that the two sub-regions are out of phase with each 
other is due to the propagation of eddies from one region to another. 
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C O N S I S T E N C Y  O F  
S O U T H W A R D  F L O W  
D U R I N G  S PA W N I N G  
S E A S O N  
O R  
S PA W N I N G  S E A S O N  W A S  
S E L E C T E D  AT  T H I S  T I M E  
B E C A U S E  O F  T H E  
C U R R E N T  C O N S I S T E N C Y

S PA W N I N G  H A B I TA T

Heyman et al., 2007



R O M S  -  4 0 0 M / 3 2  L E V E L S

Experiment set-up

Methods

Site selection
The study area is the Mesoamerican Barrier Reef in Belize,

where spawning sites have been relatively well surveyed [6,8].
Known spawning aggregation sites [6,8] were overlaid on World
Resources Institute (WRI) 500-m resolution bathymetry (integrat-
ed at WRI from Coral Reef Millennium Mapping and UNEP-
WCMC). Bathymetry was plotted in ArcGIS [ESRI, Redlands
CA] and converted into 3 dimensions using the Triangular
Irregular Network function, which uses the Delauney triangulation
algorithm. Examination of the 3D bathymetry in ArcScene
revealed that three known spawning locations along the main
barrier reef were located on sinusoidal submerged capes of
comparable dimensions (Fig. 1). The existence of these sites as
submerged capes has also been confirmed by other studies using
alternate sources of bathymetry data [8]. An additional three capes
of similar dimensions but where spawning does not occur were
identified, and these were chosen as control sites for the study
(Fig. 1).

Leeward eddy dynamics
To ensure that spawning sites and control sites were comparable

in terms of expected current regime, we first calculated the
equivalent Reynolds number Ref associated with each cape, as this
has been shown to be indicator of current regime on the leeward
side of capes [26]. Ref is analogous to the Reynolds number, a non-
dimensional value which quantifies the relative importance of
advective forces to frictional drag forces. Specifically, the Ref

quantifies the relative importance of lateral advection to bottom
friction for a flow around a cape [12,26]. Ref is given by

Ref ~HC=CDD

where HC is the depth of the submerged cape, D is its across-shore
diameter, and CD is the bottom drag coefficient (a constant value
of 3*1023). At low Ref frictional forces are dominant, and laminar
flows are observed where the flow does not separate from the
bathymetry. As Ref increases, advective forces become relatively
more dominant and the flow begins to separate at the tip of the
cape, forming a single eddy approximating the width of the cape

(Fig. 2). At higher Ref, eddy shedding regimes may be present,
whereby the eddy formed near the tip of the submerged cape sheds
off and propagates downstream, and is replaced by another eddy
[12].

The presence of a coastline adds friction, and therefore Ref

values for the case of a submerged cape are higher than typical
Reynolds numbers for the simple case of flow past a vertical
cylinder [26]. In addition to frictional forces, observed current
regimes will also be affected by incoming velocity [27],
stratification [28], and Rossby number [29]. In this idealized
study, we keep the incoming velocity and density profiles constant,
focusing only on regime changes due to cape dimensions and
slope. However, the Rossby number (U/(fD), where f is the
Coriolis parameter) and Burger number (Rd/D)2, where Rd is the
baroclinic deformation radius) are both dependent on cape
diameter D, and therefore vary even when incoming velocity is
kept constant. The Rossby number, Ro, is a dimensionless number
indicating the relative importance of inertial forces to rotational
forces. When Ro ..1, inertial forces dominate cyclogenesis and
planetary motions can be neglected, but for Ro ,1 the effects of
rotation are important. Rotation inhibits eddy shedding, and
therefore shedding should decrease with decreases in Ro [30]. The
Burger number, Bu, quantifies the importance of stratification in
the process of current separation in a rotating fluid [28].
Increasing stratification suppresses vertical motion, so that eddy
shedding can occur at smaller values of Ref when Bu is high [30].

Model set up
We implemented the Regional Oceanic Modeling System

(ROMS – UCLA version), [31] to the study of the hydrodynamics
at FSA sites. ROMS is a primitive equation, hydrostatic, free
surface regional ocean circulation model [31]. It uses a sigma
(terrain following) vertical coordinate, which provides higher
vertical resolution in shallow areas. ROMS is used to simulate the
flow around submerged capes based on actual cape dimensions
and incoming modeled flow. Dimensions of the capes were
measured in ArcGIS by taking length measurements of the
alongshore and across-shore extents at both the 20 m isobath and
the seafloor. Vertical slopes at the cape tip and at the adjacent wall
were also calculated. These attributes were replicated in the model
domain using a sinusoidal cape with increasing amplitude towards

Figure 2. Schematic plot of anticyclone formed by interactions of alongshore current with a submerged cape. Relative vorticity is
plotted on cape bathymetry.
doi:10.1371/journal.pone.0022067.g002
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