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Abstract The localized scale of most fisheries manage-
ment does not account for potential regional connectiv-
ity, particularly for fish species with prolonged plank-
tonic larval durations (PLD). Although bonefish (Albula
vulpes) inhabits shallow coastal habitats from juvenile
through adult life stages, it is a strong candidate for
population connectivity via larval dispersal with a
PLD of 41–71 days. To address this knowledge gap,
surface trajectories of particles (Bvirtual larvae^) re-
leased from 26 known and predicted spawning sites of
bonefish around the Caribbean Sea, Florida, and Baha-
mas were simulated for 2009–2015 using a realistic
ocean circulation hindcast model coupled with an online
particle tracking simulator to study larval transport var-
iations. At each site, 100 surface particles were released
twice per month (at full and new moons) from October
to April in each year and tracked for 53 days. We then
estimated the likelihood that management regions

would rely upon larval retention versus larval dispersal
from other management zones. Overall, separately man-
aged areas are likely to be connected via larval dispersal
rather than entirely self-recruiting. Significant temporal
differences in particle dispersal found for new and full
moon phases, and between winter and spring, highlight
that it is vital to resolve multiscale temporal and spatial
variability in circulation transport when studying larval
transport and connectivity. Results underscore the need
to include the likelihood of population connectivity in
fisheries management and conservation strategies, and
to ensure that the ontogenetic habitat requirements of
bonefish are properly managed at a regional scale.
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Introduction

The majority of marine species have a dispersive
pelagic larval stage, whereby larvae with limited
swimming abilities are transported by ocean currents
(Roberts 1997; Kim et al. 2007). Some of these
larvae are carried tens of thousands of kilometers
during just a few months, whereas others are retained
relatively close to their source (McCain and Hardy
2010). During the planktonic stage, some larvae may
also go through complex vertical migrations (e.g.,
Kudo 2001). Depending on location and correspond-
ing hydrodynamic environment, local marine popu-
lation composition may be determined by processes
occurring locally, at distant locations, or a combina-
tion of local and distant locations (Roberts 1997).
Despite improved methods to estimate connectivity,
most fisheries management remains local, whereby
stocks are managed as isolated units and the connec-
tivity to other stocks is not incorporated (Kerr et al.
2017). Whereas for many fisheries data on connec-
tivity are not yet available, even for fisheries with
sufficient data these data are not incorporated into
management (Kough et al. 2013). Given that a major
challenge in marine resource management is to un-
derstand connections between locations and popula-
tions, methods that illuminate potential larval dis-
persal trajectories can be helpful for marine ecosys-
tem management (Kough et al. 2016). Because of the
difficulty in deriving potential larval dispersal path-
ways through sampling larvae due to the large poten-
tial geographical dispersal range, multi-scale ocean
modeling techniques provide a powerful tool to ad-
dress this problem (Kough et al. 2013).

This study focuses on bonefish, Albula vulpes, which
is an economically important tropical and subtropical
species that inhabits shallow habitats throughout the
Caribbean Sea and northwest Atlantic (Colton and
Alevizon 1983a, 1983b; Fig. 1). Bonefish supports eco-
nomically important, catch-and-release, recreational
fisheries throughout its range. For example, the annual
economic impact of the recreational bonefish fishery
exceeds $141 million in the Bahamas (Fedler 2010).
Bonefish are part of the recreational flats fishery with
an annual economic impact exceeding $465 million in
the Florida Keys (Fedler 2013) and $55 million in
Belize (Fedler 2014). The economic value of the recre-
ational fishery has influenced regulators to impose strict
regulations to protect the fishery; bonefish are regulated

as catch and release only in Florida and Belize, for
example. Conservation efforts are increasingly focusing
on protecting essential habitats for adults and juveniles
and for spawning (Adams 2016; Adams et al. this issue;
Boucek et al. this issue), such as recent national park
designations in the Bahamas to protect important bone-
fish habitats. Despite increasing knowledge of bonefish
benthic habitats and the need for protection, little is
known about the connectivity among bonefish popula-
tion centers that results from their planktonic larval
period. This makes prioritization of habitat protection
locations difficult, and furthers the status quo of local-
ized management that is unlikely to be sufficient for a
species with a prolonged planktonic larval duration.

There is limited but growing information on bonefish
biology. Tag–recapture and acoustic telemetry research
suggests that adult bonefish occupy relatively small
home ranges (e.g., Boucek et al. this issue) and undergo
long-distance migrations to spawning locations (Haley
2009; Danylchuk et al. 2011; Boucek et al. this issue).
Only recently have pre-spawning sites been identified
and associated behaviors documented: spawning occurs
offshore, at the edge of the continental shelf, near full
and new moons between October and April (Danylchuk
et al. 2011). Planktonic larval duration ranges from 41 to
71 d (Mojica et al. 1995). Bonefish have leptocephalus
larvae for which behaviors and swimming abilities are
unknown. Settlement and early juvenile habitats are
protected, shallow, open bottoms of sand or sandy
mud in bays adjacent to deeper water channels that
provide larval access (Haak et al. this issue). In addition,
there have been no reported metapopulation genetic
studies on bonefish to understand genetic stock structure
if any differentiation has occurred. Studying the likely
dispersal patters of the leptocephali is expected to yield
fundamental information related to regional
management.

Planktonic larval dispersal models in conjunction
with ocean circulation simulation have become a pow-
erful tool to simulate marine organism (e.g., larvae)
transport and illustrate long-distance migration patterns.
In the pioneer study by Roberts (1997), Caribbean sea
surface current patterns were used to map dispersal
routes of pelagic larvae from 18 coral reef sites within
one and two months, which showed that larvae could be
imported from upstream and exported to downstream
areas. Subsequently, numerous particle tracking models
were developed, which can be categorized as online or
offline. Online particle tracking models generally
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simulate particle trajectories by embedding advection-
diffusion schemes (e.g., fourth-order Runge–Kutta) into
circulation models with Brandom walk^ schemes added
for subgrid scale dynamics. Particle position is calculat-
ed every model time step. For example, Cowen et al.
(2006) applied a biophysical model for the Caribbean
region to calculate the scaling of connectivity of a vari-
ety of reef fish species. Xue et al. (2008) embedded a
particle tracking subroutine into a circulation model to
study the connectivity of lobster populations in the
coastal Gulf ofMaine.Moon et al. (2010) used a particle
tracking module to explore jellyfish behaviors in the
East China Sea and Japan Sea. Qian et al. (2014) ex-
plored the connectivity in the Intra-American Seas using
similar tools.

Alternately, instead of embedding a subroutine into a
circulation model, offline particle tracking models typ-
ically use existing circulation model results to calculate
particle position. For example, North et al. (2008) quan-
tified the vertical swimming behavior influence on oys-
ter larval dispersal in Chesapeake Bay using the larval
transport model (LTRANS) and ocean circulation model
results. Young et al. (2012) described deep-sea larval
dispersal in the Intra-American Seas based on LTRANS
and ocean simulations. Li et al. (2014) explored coastal

connectivity in the Gulf of Maine in spring and summer
of 2004–2009. In addition to LTRANS, another offline
particle trackingmodel, the ConnectivityModeling Sys-
tem (CMS) was developed by Paris et al. (2013). This
probabilistic modeling tool for multi-scale tracking of
biotic and abiotic variability in the ocean is based on
different circulation models with different spatial
resolutions. Kough et al. (2013) predicted the
Caribbean-wide pattern of larval connectivity for the
Caribbean spiny lobster using the CMS. Kough et al.
(2016) also using the CMS, analyzed the decadal larval
connectivity of Cuban snapper spawning aggregations
based on Hybrid Coordinate Ocean Model (HYCOM)
circulation model results. Using similar HYCOMmodel
results, Putman et al. (2013) predicted the distribution of
oceanic-stage Kemp’s ridley sea turtles with
ichthyoplankton particle-tracking software (Lett et al.
2008).

Although many recent studies take advantage of
existing circulation model results (e.g., HYCOM), the
models’ outputs have been averaged to a coarse time
resolution (e.g., weekly or monthly) to simulate marine
organism movement (Putman and He 2013). By com-
paring simulated particle trajectories with in situ near-
surface drifter trajectories, Putman and He (2013)

Fig. 1 Long-term (2009–2015)
mean surface velocity (vectors)
and temperature (color shading).
Velocity is in m/s, and
temperature is in oC. Cyan
squares with numbers indicate the
location of 26 sites for particle
releasing. Management regions:
Bahamas – sites 1–5; Cuba – sites
6, 7, 12–15; Florida Keys – sites
8–11; Mexico – sites 16, 18;
Belize – sites 17, 19; Puerto Rico
– sites 20, 21; British Virgin
Islands – site 22; U.S. Virgin
Islands – site 23; Los Roques,
Venezuela – sites – 24 – 26
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pointed out that the Bover averaging^ models yield
predictions inconsistent with observations and that the
simulated trajectories heavily depend on the resolution
of model outputs.

In this study, we developed a northwest Atlantic
online particle tracking system to simulate larval trans-
port trajectories in the northwest Atlantic Ocean and
Caribbean Sea, to eliminate the time resolution prob-
lems of offline particle tracking methods and produce
more realistic particle trajectories. We address several
questions relevant to management strategy for bonefish,
with applications to other species with long planktonic
larval durations, and thus high potential population con-
nectivity: 1)What are the potential larval dispersal paths
for different sites of origin? 2) How far can the larvae be
carried within a defined pelagic larval duration? 3)What
is the temporal variation in larval dispersal distance? and
4) Which management zones are most likely to be
connected by larval dispersal, and which are more likely
to be self-recruiting?

Materials and methods

Circulation model setting

We used the Regional Ocean Modeling System
(ROMS) to simulate hydrodynamics in the study region
from 2009 to 2015. ROMS is a terrain-following coor-
dinate, primitive equation model developed specifically
for regional applications (Haidvogel et al. 2008). Its
computational kernel uses high-order time stepping
and advection schemes, and a carefully designed tem-
poral averaging filter to guarantee exact conservation for
tracers and momentum (Shchepetkin and McWilliams
2005; Zhang et al. 2009).

The model domain shown in Fig. 1 spans the north-
west Atlantic with ~7 km horizontal grid spacing and 36
vertical layers. The bathymetry was generated using 1-
min gridded GEBCO data and smoothed with a linear
programming procedure (Sikirić et al. 2009) to remove
overly large gradients that may lead to unwanted nu-
merical pressure gradient errors for the model. The
model uses fourth-order centered advection with the
generic length scale vertical mixing scheme (Warner
et al. 2005) using k-kl mixing coefficients (correspond-
ing to Mellor-Yamada Level 2.5).

At its only open boundary to the east, the model is
configured to conserve volume with a free-surface

Chapman condition (Chapman 1985), a Flather con-
dition for 2D momentum (Flather 1976), and the
Orlanski-type radiation condition (Orlanski 1976)
for 3D momentum and tracers (Marchesiello et al.
2001; Zeng et al. 2015a). Boundary values of ocean
states are derived from the daily global HYCOM
product (https://hycom.org).

Surface forcing used in the ROMS simulation is
derived from the European Center for Medium Range
Weather Forecast (ECMWF) reanalysis product
(http://apps.ecmwf.int/datasets/data/interim-full-daily)
with 0.125-degree grid spacing every three hours. Air
temperature, surface pressure, humidity, wind speed and
direction, short- and long-wave radiation, and precipita-
tion from ECMWF are used to compute the ROMS
surface momentum and buoyancy forcing with the bulk
flux formulation of Fairall et al. (1996).

The model was initialized with daily HYCOMoutput
and ran from October 1, 2008 to December 31, 2015.
The results from 2009 to 2015 were used for further
analysis. Similar model settings were used to study Gulf
Stream meanders in the South Atlantic Bight (Zeng and
He 2016).

Particle tracking model setting

The benthic (i.e., non-larval) portion of the bonefish life
cycle is confined to shallow benthic habitats, with the
exception of spawning. Bonefish migrate from their
home ranges to pre-spawning sites that are typically
shallow bays near deep water (Danylchuk et al. 2011).
Bonefish make these migrations near full and new
moons between October and April each year
(Danylchuk et al. 2011; Adams et al. this issue). At
dusk, schools of bonefish ready to spawn migrate off-
shore off the shelf edge (water depth exceeds 1000 m),
where they descend to depths exceeding 40 m for hours
before rushing toward the surface; it is assumed that
bonefish release eggs and sperm during this ascent as
part of broadcast spawning (Danylchuk et al. 2011;
Adams et al. this issue). This activity was accounted
for in the model particle release times used in the nu-
merical particle tracking analysis detailed below.

For the particle release site selection, because the focus
of this study was to determine the extent that local man-
agement is a valid strategy for bonefish, we first defined
management regions based on national boundaries. Thus,
each country was defined as a unique management region,
which is the manner that bonefish are being managed
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presently. To emphasize the focus on incorporating con-
nectivity into management, we included only countries in
which there are active recreational bonefish fisheries: Flor-
ida Keys (USA), Bahamas, Cuba, Mexico (Caribbean
Yucatan Peninsula), Belize, Puerto Rico, U.S. Virgin
Islands, British Virgin Islands, Los Roques (Venezuela).
These are all the regions with bonefish populations large
enough to support recreational fisheries. We recognize that
many of these locations also support subsistence and
commercial bonefish fisheries. For Cuba, we followed
Paris et al. (2005) and Kough et al. (2016) and identified
four zones (ecoregions) based on shelf width and
associated habitats. Since the benthic portion of the
bonefish life cycle depends upon shallow habitats,
portions of Cuba without such habitats were considered
barriers to benthic connectivity, similar to the justification
for ecoregions by Paris et al. (2005) and Kough et al.
(2016). Countries with suitable habitat but with insufficient
habitat coverage for a bonefish population large enough to
support a recreational fishery (e.g., Cayman Islands) or
where bonefish were overfished to the point of local
extirpation (e.g., Jamaica, Dominican Republic) were not
considered in this study. Based on these considerations, 26
locations were selected as spawning sites in this study (Fig.
1). Sites 01, 02, 03, 04, 05, 07, 12, and 17 are known sites
based on observations (site 03, Danylchuk et al. 2011; site
04, Haley 2009; all others, Adams unpubl. data). Based on
the topographical characteristics of the known sites, addi-
tional spawning sites were selected for areas with known
bonefish populations and fisheries.

To study bonefish larval transport, 2600 virtual surface
particles (100 particles per site) were released within the
model twice a month (at new and full moons) from Octo-
ber 2009 to May 2015 (Table 1; 218,400 particles total).
The particles were designed to stay at a constant water

depth (0.5 m) without vertical migration. This setting is
based on the fact that during the pelagic stage most larvae
have limited swimming ability relative to ocean currents
(Roberts 1997), and because bonefish larval behavior is
undocumented. The pelagic larval duration of bonefish
ranges from 41 to 71 days (Mojica et al. 1995), and for
this study we used a PLD of 53 days.

Circulation model validation

General circulation patterns in the study domain can be
well illustrated by the mean circulation fields generated
by the temporal averages (over 2009–2015) of circula-
tion hindcast output. The most pronounced circulation
feature is the North Atlantic Ocean’s western boundary
current (WBC), which originates from the equatorial
north Atlantic, and moves through our study domain
(Fig. 1). Its Caribbean Current-Loop Current- Florida
Current- Gulf Stream flow system is a powerful conduit
that transports larvae and other material properties in the
regional ocean.

To assess the model’s skill, numerous model-data
comparisons were performed. We first applied AVISO
gridded, quarter degree resolution, daily Absolute Dy-
namic Topography data, which are measured by satellite
altimetry and have been widely used to study ocean
circulation variation (e.g., Yin et al. 2014; Zeng et al.
2015b, 2015c; Zeng andHe 2016).Model-simulated sea
surface height (SSH) resembles AVISO observations
well, capturing all major circulations features in the
study domain. Simulated and satellite-observed mean
SSH and eddy kinetic energy (EKE) from 2009 to 2015
had spatial correlation coefficients of 0.95 and 0.77,
respectively (Fig. 2).

Table 1 Dates of particle release (new and full moons) from October 2009 to May 2015

2009
New

2009
Full

2010
New

2010
Full

2011
New

2011
Full

2012
New

2012
Full

2013
New

2013
Full

2014
New

2014
Full

2015
New

2015
Full

JAN 15 30 4 19 23 Feb 7 11 28 1 15 20 Feb 3

FEB 13 28 3 18 21 Mar 8 10 25 Jan 30 14 18 Mar 5

MAR 15 29 4 19 22 Apr 6 11 27 1 16 20 Apr 4

APR 14 28 3 17 21 May 5 10 25 Mar 30 15 18 May 3

OCT 18 Nov 2 7 22 26 Nov 10 15 29 4 18 23 Nov 6

NOV 16 Dec 2 6 21 25 Dec 10 13 28 3 17 22 Dec 6

DEC 16 31 5 21 24 Jan 9 13 28 2 17 21 Jan 4
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Eight sea level stations were used to compare daily
observed and simulated sea level variation along the
U.S. east and south coasts from January 1, 2009 to
December 31, 2015 (Fig. 3). The sea level observation
is extracted from the Research Quality dataset archived
by the NOAA National Centers for Environmental In-
formation (Caldwell et al. 2015). Because of the differ-
ent sea level reference values between observation and
simulation, both were normalized (subtract mean then
divide by standard deviation) before the comparison.
Simulated sea level (red) generally followed the obser-
vations (blue), and the correlation coefficients are most-
ly greater than 0.6 at 5% significance level, suggesting

the model is capable of capturing coastal sea level and
circulation variation during the study period.

Estimates of connectivity

We used three approaches to examine potential connec-
tivity between spawning locations and larval settlement
locations. First, we combined data across years to esti-
mate overall levels of connectivity among management
regions. We used the combined data to examine Particle
Dispersal Trajectory by charting transport paths of vir-
tual larvae from 0 to 53 d, and location of virtual larvae
at 53d. We also used the combined data to estimate

Fig. 2 Simulated and observed mean sea surface height (SSH)
and eddy kinetic energy (EKE) from 2009 to 2015. (a) Model
mean SSH; (b) AVISO (observed) mean SSH; (c) model mean
EKE; (d) AVISO mean EKE. SSH is in meters, and EKE is in m2/
s2. The spatial correlation coefficients between simulated and

observed SSH and EKE are 0.95 and 0.77, respectively. To ac-
count for the different reference level between AVISO and model
results, the spatial mean AVISO SSH is deducted in (b). Pink
triangles represent sea level stations for model validation
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Particle Occurrence Distribution by quantifying the
number of occurrences of particles for each representa-
tive site by dividing the model domain into a 0.1 × 0.1
degree grid, and noted the presence or absence of a
particle in each grid cell at 53 d. This approach created
probability maps (also referred as Bheat maps^) showing
where virtual larvae are located at 53 d.

To provide a quantitative metric of whether a
spawning site is more dispersive or retentive, we calcu-
lated Particle Dispersal Distance for all sites, with two

distances defined as: D1, the entire distance the larvae
travels with ocean currents from spawning site to loca-
tion at 53d; and D2, the straight-line distance between
the release location and location at 53 d. D1 is typical
larger than D2, but a significant disparity between the
two is indicative of a high likelihood that larvae are
entrained in a retentive local ocean current system, and
remain close to the point of origin (i.e., within the
management region). We also examined D1 and D2 to
estimate temporal variability of larval dispersal using a

Fig. 3 Simulated (red) and observed (blue) sea level comparisons
(2009–2014) at eight stations. Station locations are indicated as
pink triangles in Fig. 2a. Sea level is normalized to account for the

different reference level between observation and model. Correla-
tion coefficients (r) are shown at the bottom left corner of each
figure
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paired t-test for lunar phase (full vs. new moon) and
season (winter –November-January; spring – February-
April), and an ANOVA for year.

Results

Particle dispersal trajectory

The model estimated high larval retention within the
Bahamas management region (sites 1–5), with likely
connectivity to the northern Cuba zones as well
(Fig. 4a). In addition, substantial portions of larvae were
lost to the Gulf Stream and open ocean – a Bgraveyard^
for most larvae (Kough et al. 2016). In general, the more
southeast the location, the greater the likelihood of
connectivity to north Cuba. In fact, a small chance of
connectivity to the southeast Cuba region is possible.
The northern Cuba sites (6 and 7) showed similar pat-
terns -high likelihood of retention, with connectivity to
the Bahamas. (For sites not shown in Fig. 4, see
Appendix.)

Within the Florida Keys, there was a wide disparity
between sites as the results show very little estimated
local retention (site 8, Fig. 4b), moderate retention (site
9), and high likely larval retention (sites 10, 11). How-
ever, even sites with some retention also exhibited a
high estimated level of loss to the Gulf Stream and open
ocean, as well as to latitudes north of present day suit-
able environmental conditions for bonefish (bonefish
are limited to the Florida Keys, south of Key Biscayne
in the continental US). (For sites not shown in Fig. 4b,
see Appendix).

Larvae from the spawning sites in Cuba’s southern
regions (sites 12–15) had a high likelihood of retention.
The westernmost site (12) (Fig. 4c), however, exhibits
moderate connectivity to the Florida Keys and loss of
larvae to the open ocean. (For sites not shown in Fig. 4c,
see Appendix).

The spawning sites in Belize (17, 19) and the Mex-
ican Yucatan (16, 18) exhibit a similar mix of dispersal
to the Florida Keys and retention locally (Fig. 4d). Site
16, the farthest north, exhibits almost full dispersal, with
highest likelihoods of larvae ending the 53 d period in
the Florida Keys region or the open ocean. Sites 17 and
18, each near the border between Belize and Mexico,
show high estimated retention within both management
regions (but especially in Mexico), as well as the likeli-
hood of contributing larvae to the Florida Keys. Site 19,

in southern Belize exhibits almost entirely local reten-
tion. (For sites not shown in Fig. 4d, see Appendix).

Most larvae originating from the spawning sites in
the northeastern Caribbean (Puerto Rico, site 20 –
Culebra, site 21 – Vieques; site 22 – Anegada, British
Virgin Islands; site 23 – St. Croix, U.S. Virgin Islands)
were lost northward to the open ocean, though there was
estimated retention in each management zone and in the
northeastern Caribbean area (i.e., in adjacent manage-
ment zones) (Fig. 4e). (For sites not shown in Fig. 4e,
see Appendix).

For the three sites in Los Roques, Venezuela (sites
24–26), there appears to be little local retention with
broad-scale dispersal to the Caribbean, with larvae end-
ing the 53 day period in the open sea as well as in other
management zones in the central and western Caribbean
including the Florida Keys (Fig. 4f). (For sites not
shown in Fig. 4f, see Appendix). (Figs. 5 and 6)

Particle dispersal distance

For many sites, particle dispersal distances (D1 and D2)
differed by lunar phase (Table 2), season (Table 3), and
year (Supplemental Table 1), highlighting the variability
inherent in oceanographic currents affecting larval dis-
persal. The largest difference between D1 and D2 can
reach ~1000 km (site 17), because parcels are moving
with retentive eddies and meander associated with the
Loop Current and Gulf Stream, making the difference
between D1 and D2 even larger.

Both D1 and D2 showed interesting differences be-
tween new and full moon releases for most sites
(Table 2), suggesting underlying circulation and trans-
port conditions are transient in nature, and that resolving
temporal variability is vitally important for quantifying
particle dispersal. However, which moon phase had
longer dispersal distance varied by site, suggesting pos-
sible location-specific factors. For example, total parti-
cle dispersal distances (D1) for 15 stations were greater
during full moons, while D1 for 11 stations were greater
during new moons. However, the magnitude of these
differences were generally small – 11 stations have a
difference between the two values of <5%, and only one
has a value of >15%, thus the implications are unclear.
There is a similar lack of a consistent pattern between
D2 full and new values.

Dispersal distances for many sites also differed sea-
sonally (Table 3). Estimated D2 distances in spring were
longer for four of the five Bahamas sites (sites 2–5), but
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Fig. 4 Overall (2009–2015) particle dispersal trajectory (red) and location at day 53 (blue). Cyan squares with numbers indicate the site
location. Trajectories (red lines) are simulation results from day 0 to 53 for all releasing dates in Table 1 from 2009 to 2015
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only between 17 and 91 km (Table 3). In contrast, spring
D2 distances were greater for the northern Cuba sites by
>200 km. The Florida Keys also exhibited a mix, with
spring D2 greater for three of the four sites. The two
sites on the central Yucatan Peninsula, near the Mexico-
Belize border, had much greater D2 distances in spring.
The sites in the northeastern Caribbean showed little
seasonal change in D2 distances. D2 distances were
shorter for all Los Roques sites.

The seasonal variation in dispersal distance was
mainly due to the difference in mean wind forcing and
circulation between winter and spring. Mean surface
wind is stronger and more southwestward in winter than

in spring. This results in strong surface currents and
Ekman transport. Further, the Loop Current in winter
is in retraction stage after eddy shedding, while in spring
it extends further north into the Gulf. The surface veloc-
ity field is more spatially uniform in spring than in
winter for the region between Cuba and the Bahamas,
resulting in a longer spring dispersal distance. In con-
trast, surface velocity along Cuba’s south coast is stron-
ger and more uniform in winter. This northwest winter
flow can carry the Cuba south coast particles farther
than the spring circulation. Similarly, surface velocity
around the major dispersal trajectories of the Puerto
Rico and Venezuela clusters is also stronger in winter

Fig. 5 Surface wind stress distribution for winter (November to January) and spring (February to April) from October 2009 to May 2015

Fig. 6 Mean surface velocity (vectors) and temperature (color shading) for winter (November to January) and spring (February to April)
from October 2009 to May 2015. Velocity is in m/s, and temperature is in oC
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than in spring. Particle dispersal distance (both D1 and
D2) differed by year for all sites (Supplemental Table 1),
exemplified by site 8 (Fig. 7).

Particle occurrence distribution

The estimates of larval retention and dispersal for the
Particle Occurrence Distribution maps are similar to
those for the Particle Dispersal Trajectory approach,
but have the advantage of showing the relative proba-
bility of settlement areas. This may make it easier to
share with resource managers who are incorporating

connectivity into management plans. Particle Occur-
rence Distribution maps estimate high retention with
the Bahamas and the north coast of Cuba, but with a
strong likelihood of dispersal between these manage-
ment zones, as exemplified in site 1 (Fig. 8a). The
Particle Occurrence Distribution map for Site 8 in the
Florida Keys (Fig. 8b), shows a greater likelihood of
larval retention than does the Particle Dispersal Trajec-
tory approach (Fig. 4b), but both approaches estimate
that most larvae are lost to the open ocean and northern
latitudes. The likelihood of larval retention increases as
sites are located farther south and west (higher retention

Table 2 Results of a paired t-test to examine differences in overall particle dispersal distance (D1 and D2, in km) after 53 days by moon
phase

Site Full Moon New Moon p value

D1 D2 D1 D2 D1 D2

01 634.37 (337.15) 166.64 (211.00) 618.67 (354.53) 171.58 (224.66) * *

02 736.46 (326.85) 230.11 (157.08) 788.67 (320.01) 248.46 (168.43) *** ***

03 815.69 (397.18) 245.16 (163.85) 858.6 2(364.88) 256.72 (162.38) *** ***

04 738.40 (471.41) 189.70 (217.02) 703.9 1(372.11) 164.21 (166.48) *** ***

05 1019.70 (552.17) 341.84 (375.85) 1071.40 (579.02) 361.33 (364.79) *** **

06 768.47 (580.31) 265.23 (317.84) 843.45 (612.69) 332.67 (367.78) *** ***

07 502.59 (459.69) 169.79 (243.86) 546.06 (560.37) 195.86 (306.91) *** ***

08 2375.90 (1033.30) 1584.10 (815.00) 2351.70 (1111. 80) 1526.20 (859.59) * ***

09 1955.70 (1146.00) 1299.70 (914.38) 1874.60 (1217.70) 1255.30 (942.54) *** **

10 1473.30 (1063.00) 811.68 (883.69) 1655.50 (1155.50) 970.63 (928.86) *** ***

11 1830.50 (1099.80) 1072.20 (988.70) 1655.40 (1128.90) 926.79 (918.98) *** ***

12 867.81 (804.16) 252.41 (323.66) 759.87 (747.31) 208.74 (242.77) *** ***

13 588.63 (476.81) 215.51 (125.71) 622.33 (480.74) 216.61 (149.98) *** NS

14 282.86 (256.80) 132.44 (120.89) 351.02 (342.82) 163.05 (113.22) *** ***

15 833.42 (582.85) 406.44 (224.95) 712.63 (431.86) 338.79 (204.07) *** ***

16 3123.30 (1144.80) 1654.90 (1005.20) 2680.50 (1100.30) 1233.70 (818.41) *** ***

17 2377.40 (1501.10) 1253.90 (968.60) 2121.80 (1627.30) 1209.20 (1074.50) *** **

18 2475.60 (1465.80) 1261.00 (981.81) 2466.10 (1607.00) 1392.40 (1115.00) NS ***

19 371.08 (427.94) 174.20 (233.69) 341.10 (459.29) 163.11 (275.99) *** **

20 1082.10 (200.44) 605.80 (174.63) 1055.70 (204.59) 526.37 (197.19) *** ***

21 1015.10 (240.65) 599.78 (186.37) 1055.50 (242.03) 556.03 (206.92) *** ***

22 1029.10 (245.32) 525.80 (184.58) 1060.90 (223.53) 545.63 (190.02) *** ***

23 948.3 8(292.40) 589.79 (215.47) 965.67 (317.58) 565.72 (255.13) *** ***

24 2045.10 (673.58) 1452.30 (494.29) 1986.20 (534.23) 1467.40 (426.41) *** **

25 2062.00 (592.76) 1473.60 (478.50) 1879.20 (446.61) 1421.80 (407.16) *** ***

26 2003.70 (481.48) 1476.70 (475.27) 1914.00 (472.26) 1412.10 (414.82) *** ***

Data were pooled across season and year (p values symbols are * = p < 0.05, ** = p < 0.01, *** = p < 0.001, NS =Not Significant). D1 is the
particle trajectory distance, and D2 is the straight-line distance between locations at day 53 and 0. Data are shown as mean (standard
deviation). Bold italics indicates the representative sites shown in the figures

Environ Biol Fish (2019) 102:233–252 243



for site 11 and 10 than size 9), similar to the Particle
Dispersal Trajectory approach. Estimates of larval re-
tention are high for sites on the south coast of Cuba
(sites 12–15), with potential for dispersal to the Florida
Keys from site 12 (Fig. 8c). Along the Yucatan Penin-
sula (sites 16–19), the likelihood of larval retention
increases as latitude decreases, with site 17 showing
moderate larval retention and high dispersal (Fig. 8d).
Larvae from sites in the northeastern Caribbean (sites
20–23), tend to be dispersed into the open ocean, with
low retention within each management zone and even
among management zones in this area of the Caribbean

(e.g., site 20, Fig. 8e). The location of Los Roques
adjacent to the WBC results in dispersal of larvae to
the central and western Caribbean (Fig. 8f). (For sites
not shown in Fig. 8, see Appendix). (Fig. 9)

Discussion

Despite recognition that many spatially separate fish
stocks are connected by planktonic larval dispersal,
most management policies do not account for this con-
nectivity (Kough et al. 2013). Not incorporating

Table 3 Results of a paired t-test to examine difference in particle dispersal distance (D! and D@, in km) after 53 days by season (p values
symbols are * = p < 0.05, ** = p < 0.01, *** = p < 0.001, NS =Not Significant)

Site Winter Spring p-value

D1 D2 D1 D2 D1 D2

01 581.33 (306.18) 172.22 (192.02) 658.34 (351.83) 156.15 (215.65) *** ***

02 662.66 (262.08) 225.84 (165.55) 864.07 (340.40) 242.98 (169.10) *** ***

03 752.85 (353.46) 236.51 (150.81) 927.05 (395.20) 265.57 (168.07) *** ***

04 604.36 (274.50) 153.61 (103.55) 955.78 (468.11) 235.51 (259.99) *** ***

05 885.34 (499.11) 288.99 (337.20) 1189.40 (571.77) 379.88 (370.39) *** ***

06 503.09 (347.82) 172.85 (154.43) 1114.50 (610.77) 412.90 (415.58) *** ***

07 288.72 (326.44) 79.62 (105.74) 794.24 (581.94) 293.49 (361.89) *** ***

08 2346.60 (1091.40) 1567.20 (850.12) 2662.00 (850.42) 1764.90 (695.17) *** ***

09 1865.60 (1144.40) 1263.90 (928.50) 2132.10 (1200.60) 1461.20 (901.75) *** ***

10 1576.40 (1066.00) 863.65 (905.33) 1697.10 (1233.50) 1052.00 (968.49) *** ***

11 2003.30 (1141.70) 1227.10 (983.40) 1641.90 (1113.30) 918.88 (937.17) *** ***

12 1022.60 (935.74) 311.13 (377.28) 561.75 (463.41) 146.43 (141.71) *** ***

13 649.33 (504.85) 230.80 (172.62) 552.46 (448.94) 190.94 (91.21) *** ***

14 364.76 (269.85) 168.65 (117.73) 221.04 (201.69) 101.50 (90.69) *** ***

15 866.55 (540.53) 402.77 (241.90) 651.03 (252.27) 316.12 (127.96) *** ***

16 2879.40 (1233.20) 1572.70 (1002.70) 3070.90 (1037.70) 1451.50 (938.62) *** ***

17 2047.50 (1447.60) 1173.40 (973.77) 2822.60 (1548.50) 1479.00 (1052.70) *** ***

18 2221.80 (1398.80) 1196.40 (982.85) 3035.30 (1512.60) 1610.40 (1091.10) *** ***

19 470.36 (579.07) 223.18 (357.69) 245.18 (287.73) 126.04 (134.78) *** ***

20 1082.60 (231.78) 555.66 (208.56) 1046.40 (164.59) 560.06 (170.65) *** *

21 1060.40 (232.39) 573.30 (205.62) 1014.60 (243.36) 570.33 (196.37) *** *

22 1095.80 (202.99) 536.26 (197.18) 976.36 (259.37) 529.92 (188.78) *** *

23 979.77 (296.81) 593.50 (250.39) 902.10 (301.13) 536.34 (212.11) *** ***

24 2065.70 (492.92) 1531.80 (435.90) 1987.50 (541.79) 1451.40 (439.48) *** ***

25 2065.60 (447.47) 1521.10 (443.91) 1897.10 (524.03) 1431.70 (414.19) *** ***

26 2088.50 (415.45) 1564.40 (400.13) 1877.70 (486.89) 1378.60 (418.30) *** ***

Data are pooled across years (2009–2015). D1 is the particle trajectory distance, and D2 is the straight-line distance between locations at day
53 and 0. Winter is from November to January, and spring is from February to April. Data are shown as mean (standard deviation). Bold
italics indicates the representative sites shown in the figures
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connectivity into management increases risk of fishery
declines (Kerr et al. 2017). This is especially true for
species with long planktonic larval durations (PLD) that
are managed exclusively as local stocks, such as bone-
fish. This study is the first to estimate bonefish larval
trajectories from spawning sites in the Caribbean Sea
and western Atlantic Ocean, and is especially powerful
because it used high-resolution realistic ocean circula-
tion hindcast and particle tracking simulations that
accounted for temporal variability of ocean circulation
for the study period (2009–2015), and estimated the
level of connectivity among known management
regions.

This study follows several others that have empha-
sized the importance of particle release location (i.e.,
spawning location), scaling (Cowen et al. 2006), and
larval traits on patterns of dispersal predicted from bio-
physical models (Kough et al. 2016). A plankton larval
dispersal model derived from a validated regional phys-
ical model was used. It should be noted that nothing is
known about the bonefish larval stage other than the
range of planktonic larval duration. It is recognized that
incorporating larval behavior swimming traits is impor-
tant in modeling their transport (e.g., Kudo 2001; Paris
et al. 2005, 2013; Kim et al. 2007; Kough et al. 2013,
2016; McVeigh et al. 2017). However, rather than at-
tempt to assign behavior without field or laboratory
observations (i.e., no biologically realistic information
is available for bonefish) we used a surface-based model
as it represents a first order approximation of the drift

characteristics in the surface mixed layer where these
larvae occur. This reported analysis is the first-ever
study on possible bonefish larval transport. It is intended
to be a foundational study for bonefish, i.e., to present
these general findings, upon which future research can
be built. When larval behavior information becomes
known for bonefish, future iterations of the model ex-
periment will be adjusted to incorporate changing PLD
and vertical migratory behaviors of the leptocephali.
Importantly, this study provides new information rele-
vant to management of bonefish, a data-poor species
that supports economically important fisheries in need
of information to guide management strategies. Further,
the use of these refined models will be valuable to
predicting distribution of juveniles and adults in the
future when climate change changes the suitability of
various thermal habitats over the Caribbean and south-
east coast of the United States.

While the dispersal distances predicted by oceano-
graphic models are often different than distances ob-
served using genetic techniques (D'Aloia et al. 2015;
Williamson et al. 2016; Debreu et al. 2012; Truelove
et al. 2017). This study finds that the status quo of
bonefish management, whereby each country manages
the fishery as an independent stock, does not match the
biology of the species. Many of these management
regions appear connected via larval dispersal. The levels
of connectivity differ based on the interaction between
ocean currents and the spatial orientation of manage-
ment regions, but the results show that nearly all of the

Fig. 7 Distribution of annual (2010–2014) along-trajectory parti-
cle dispersal distances (D1 and D2) of site 08. The central mark
(red line) in each box is the median and the edges of the box are the
25th (Q1) and 75th (Q3) percentiles. The whiskers extend to the
most extreme data points that are not considered outliers. The

extremes correspond to Q2–1.57(Q3 – Q1)/
ffiffiffi

n
p

and Q2 +
1.57(Q3 – Q1)/

ffiffiffi

n
p

, where Q2 is the median (50th percentile),
Q1 and Q3 are the 25th and 75th percentiles, respectively, and n
is the number of observations. Red plus symbols are outliers
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Fig. 8 Settlement distribution map (heat map) showing the particle positions on Day 53 after released from site 1 (a), site 8(b), site 12 (c),
site 17 (d), site 20 (e) and site 24 (f)
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existing management regions rely on a mixture of local
and distant larval supply. None of the countries where
bonefish occur appear to have a separate unit stock
where a unit stock is defined as a self-contained, isolated
population, for which fishing has no effect upon the
individuals of other stocks (Holden and Raitt 1974).
Future genetic research may provide further details on
population connectivity. Thus, bonefish conservation
must incorporate a regional component into existing
management strategies.

Different marine species and their larvae have differ-
ent characteristics that affect their dispersal and add
complexity to the management of species assemblages
(Castonguay and McCleave 1987; Holstein et al. 2014).
However, most marine larvae have no or very weak
swimming ability and therefore can be considered pas-
sive particles at their early stages (e.g., Kough et al.
2013; Brown et al. 2005). Moreover, for most species,
including bonefish, larval behavior is completely un-
known. Our models used larvae as passive particles,
and showed extensive connectivity among management
regions in the western Atlantic, including both the Ca-
ribbean Sea and Gulf of Mexico which is important
information considering the present management re-
gimes. Considering the wide variance in the distance
that the larvae traveled, adding swimming behavior or
different times for settlement, while outside the scope of
this foundational work, would not likely add important
information that would dispute that the present manage-
ment regime needs changing to properly manage this

species. Indeed, adding larval behavior to future models
will likely providemore detail to a regionalmanagement
strategy.

The level of connectivity between management
zones depends on the interaction between ocean cur-
rents and spatial orientation of management zones. For
example, the currents in the Bahamas and the north
coast of Cuba, which are separate management regions,
suggest high levels of retention. However, the proximity
of these management regions also results in moderate to
high levels of inter-region connectivity for bonefish.
Managers must be cautious, however, to resist the temp-
tation to apply results across species. For example,
many of the 26 sites in our study are near spawning
aggregation sites for over 30 species of fish, including
snappers and groupers, which are important commercial
and recreational fishing resources (e.g., Claro and
Lindeman 2003; Kobara and Heyman 2010; Kobara
et al. 2013). However, the level of connectivity between
the north coast of Cuba and the Bahamas management
zones differs from findings for snapper larvae originat-
ing from spawning sites on Cuba’s north coast (Kough
et al. 2016). Kough et al. (2016) models found high rates
of larval retention on the north coast of Cuba, and
minimal levels of dispersal. In this study we found high
levels of retention as well as moderate to high levels of
inter-region connectivity. These differences are likely
due to spawning locations, moon phase and PLD. Snap-
pers spawn on reef edges (Kough et al. 2016), whereas
bonefish spawn in the upper 50 m of the water column

Fig. 9 Particle dispersal distance
(km) at 53 days by year and site
for D1 (particle trajectory
distance) and D2 (straight-line
distance between locations at day
53 and 0). See Supplemental
Table 1 for values and statistical
analysis results
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in offshore waters with total depth exceeding 1000 m
(Danylchuk et al. 2011). Using drifters to estimate par-
ticle trajectories, Hidalgo et al. (2002) found that starting
position influenced the pathways of the drifters. More-
over, the PLD for snapper larvae used by Kough et al.
(2016) was 25–40 d, whereas in this study we used 53 d
for bonefish (PLD range 41–71 d). The combination of
offshore spawning locations and longer PLD in the
mostly strong currents related to the Gulf Stream and
Antilles Current contributed to estimates of higher con-
nectivity for bonefish compared with snappers.

Management zones that are separated by long
stretches of open ocean may also be connected due to
their proximity to the Western Boundary Current. This
appears to be the case for some spawning sites on the
Yucatan Peninsula and southwest Cuba, where there is
retention of some larvae, but which also provide larvae
to the Florida Keys. For example, the model estimates
that a large portion of larvae spawned at site 16, in the
northeastern Yucatan Peninsula, and sites 17 and 18,
near theMexico-Belize border, are dispersed to the open
ocean and Florida Keys. And though local retention is
dominant for south Cuba sites, the furthest western site
(site 12) appears to exhibit connectivity to the northwest
Caribbean and Florida Keys.

The Florida Keys management zone is unique among
the regions examined in this study in that it is the recipient
of unidirectional transport of larvae from multiple up-
stream sources. The Florida Keys geographic location is
not adjacent to other management regions. Thus, there is
no multi-directional larval exchange, such as between the
Bahamas and northern Cuba management regions. The
Florida Keys is also the last downstream location (north-
ernmost latitude) adjacent to the WBC of climatic condi-
tions and sufficient habitat suitable to support a large
bonefish population. A large portion of the larvae emanat-
ing from Florida Keys predicted spawning sites are
entrained in the WBC and lost, either to the open ocean
or to latitudes north of bonefish geographic range. This is
unlike the sites at Los Roques, which also lose most larvae
to downstream transport, but these larvae remain within
the bonefish geographic range so likely contribute to other
management regions. Thus, the Florida Keys bonefish
population likely relies upon larvae from upstream sources
and local retention of larvae from the western-most
spawning sites in the Florida Keys, which are retained by
local currents rather than dispersed by the WBC.

The scenario of high levels of larval supply to the
Flor ida Keys from external sources is not

unprecedented. The management of the commercial
and recreational fisheries for Caribbean spiny lobster
(Panulirus argus) in the Florida Keys is similarly based
on region-wide connectivity via a long PLD phase
(Kough et al. 2013). Indeed, lobster management pre-
sents a special challenge in the Caribbean because of
high levels of connectivity in a mosaic of independently
managed fisheries that should really bemanaged under a
regional framework (Kough et al. 2016). It appears that
bonefish fishery management may face a similar
challenge.

The Yucatan Peninsula management regions of Be-
lize and Mexico also present a unique challenge. On the
one hand, the model estimates that three of the four sites
have equal or higher rates of larval dispersal than reten-
tion: site 16 appears to lose nearly all of its larvae to
dispersal, sites 17 and 18 lose a large portion of larvae to
dispersal but also have notable rates of retention. Site
19, in southern Belize, shows the highest rates of reten-
tion, but this site is on an offshore atoll with a limited
bonefish population, so might not have sufficient repro-
ductive capacity to act as a source for the region. And
unlike the Florida Keys, despite being adjacent to the
WBC, there are no identifiable, consistent, external
sources of larvae from locations of known high bonefish
abundance.

Regions such as the Florida Keys and Yucatan Pen-
insula may be more susceptible to the temporal variabil-
ity of ocean current dynamics in delivering larvae, so
they may experience more variation in population size.
Populations that receive variable, if infrequent, peaks in
larval supply can be maintained via the storage effect
(Warner and Chesson 1985). In this scenario, years with
low larval influx would be reflected in year-classes with
low abundance, the overall bonefish population would
be maintained by individuals from years of high larval
supply, and the population would be dominated by these
high-recruitment year classes. We assume that the great-
er number of larvae reaching an area will result in
greater recruitment over long time periods. Prolonged
gaps in larval supply, however, may cause population
declines. Anecdotal information from recreational fish-
ermen and fishing guides, and more recent analysis of
catch data (Kroloff et al. this issue; Rehage et al. this
issue; Santos et al. 2017, this issue), suggest a long-term
decline in bonefish abundance (1990s to present). Dur-
ing informal interviews over the last several years, many
fishing guides in the Florida Keys reported that they had
not seen juvenile and subadult bonefish in many years.
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In some cases, they had not seen juvenile bonefish in
>15 yr. (A. Adams unpubl. data), suggesting that a lack
of larval recruitment was the cause. Indeed, Klarenberg
et al. (this issue) found that both recruitment failures and
adult mortality were likely causes of the decline. More
recently in the Florida Keys, bonefish abundance ap-
pears to be increasing rapidly, dominated by size classes
(300–400 mm FL, one to two years old; size/age from
Crabtree et al. 1996) which suggest recent recruitment
events. This may reflect the rescue effect (Gotelli 1991),
whereby the Florida Keys bonefish population receive
larvae from external sources that prevents local extinc-
tion and helps to maintain population size. The chal-
lenge in devising a strong management strategy for the
Florida Keys is determining the extent that the bonefish
population is dependent upon local and distant sources,
and incorporating local and regional factors accordingly.

Temporal variability in ocean currents can affect larval
transport, so it is important to include multiple year esti-
mates of connectivity via larval dispersal. Indeed, Kough
et al. (2016), relying on 10 years of data, found that more
years of model simulation reduced the variance of the
predictions for larval destinations. Realizing that 10 years
of data is difficult to obtain for many species and locations,
they surmised that five years is a sufficient compromise
between estimating trends and overweighting rare
dispersal events. Inclusion of temporal variability is
especially important for bonefish and other species with
prolonged spawning seasons and will likely be considered
in our future research. Indeed,Wallace and Tringali (2016)
found two distinct genetic clusters throughout the regional
bonefish population in the Caribbean Sea and western
north Atlantic Ocean, and posited that these clusters might
represent temporally separate spawning groups. For exam-
ple, there may be different groups that spawn in winter and
spring, such as for Atlantic cod (Kovach et al. 2010).
Given seasonal differences in dispersal distance observed
in this study, this possibility is worthy of additional
examination.

Given the high level of connectivity among manage-
ment regions due to larval dispersal, threats to bonefish
spawning locations should be of special concern. In
Cuba, for example a reported 20 tons of bonefish per
year are harvested from a pre-spawning aggregation site
(Jorge Angulo, University of Florida, pers. comm.), nets
are set to intercept bonefish migrating to a pre-spawning
aggregation site in Quintana Roo, Mexico (Addiel
Perez, ECOSUR, pers. comm.), and spawning migra-
tions are targeted for harvest in some locations in the

Bahamas (A. Adams pers. obs.). In addition, the char-
acteristics of bonefish spawning locations (proximity of
deep water to a protected shoreline) makes them vulner-
able to development (Adams et al. this issue). Combin-
ing our knowledge of the effects of spawning aggrega-
tion declines on other species (e.g., Sadovy De
Mitcheson et al. 2008), and dispersal of bonefish larvae
among management regions, suggests that loss of
spawning output will have both intra- and inter-
regional consequences for bonefish.

The influence of climate change on geographic range
of bonefish is also an important consideration. The
larvae that are transported to northern of latitudes that
are presently unsuitable for bonefish inhabitation, for
example, may eventually be within the temperature
range of bonefish physiological tolerances, and thus
may provide suitable habitats when considering climate
change (Liu et al. 2015; Muhling et al. 2015).

Summary

This study is the first to estimate bonefish larval dispers-
al from spawning sites for this economically important
species in the Caribbean. The analyses utilized a high-
resolution realistic ocean circulation hindcast and online
particle tracking simulations that accounted for 1) tem-
poral variability of ocean circulation in 2009–2015 (in-
stead of using the mean circulation as many earlier
studies did) and 2) the spawning patterns of bonefish
with relation to moon phases, seasons, and years. This
study will guide future use of more advanced larval
transport and hydrodynamics models that can be used
to refine results. Specifically, certain larval behaviors
can be incorporated into the circulation model with finer
resolution for regions with high larval concentrations.
This study will also guide research aimed at prioritizing
habitat protections for bonefish throughout the Caribbe-
an. Given that bonefish are increasingly seen as a useful
conservation tool because their economic and cultural
value make them useful as an umbrella species (Adams
and Murchie 2015), the implications of this study apply
more broadly to other marine species.
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