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ABSTRACT Early models and evidence from genetics suggested that |ong distance dispersal of larvaeislikely
acommon event leading to considerable popul ation connectivity among distant popul ations. However, recent
evidence strongly suggests that local retention is more the rule, and that long distance transport is likely
insufficient to sustain marine populations over demographic timescales. We build on earlier model results to
examine the probability of larval dispersal to downstream islands within different regions of the Caribbean at
varying distances from source populations. Through repeated runs of an ocean circulation model (MICOM),
coupled with arandom flight model estimating larval sub-grid turbulent motion, we estimate the likelihood of
particular circulation eventstransporting largenumbersof larvaetowithin 9km radii of downstream popul ations,
as well as account for total accumulations of larvae over each year. Further, we incorporate realistic larval
behavior and mortality estimates and production variability into our models. Our results are consistent with the
hypothesisthat marine populations must rely on mechani sms enhancing self-recruitment rather than depend on

distant ‘ source’ populations.

INTRODUCTION

Marine reserve design and placement is predicated,
in part, on the intended function of the protection goal
(e.g., habitat preservation, source of spillover of tar-
geted species, increased production of larvae for dis-
persal to distant, non-protected regions; Bohnsack 1993,
Carr and Reed 1993, Rowley 1994, Allison et al. 1998,
Murray et al. 1999). Yet, for successful achievement of
any function of a marine reserve, certain assumptions
must be met. In the case of marine reserves as a source
of larvae for dispersal, one assumption is that dispersal
is likely to be extensive owing to strong dispersive
characteristics of the ocean’s currents (Roberts 1997).
Recent evidence (Jones et al. 1999, Swearer et al. 1999)
and modeling efforts (Cowen et al. 2000), however,
suggest that larval dispersal may be more limited than
previously thought, leading to the need to re-evaluate
the spatial scaling of marine reserves.

It is the goal of this study to assess the basic
assumptions about larval dispersal within the confines
of the greater Caribbean region. Specifically, we exam-
ine the potential distance over which demographically
meaningful quantities of larvae might be expected to
disperse. We use acombination of ocean circulation and
Lagrangian modeling techniques, coupled with model-
ing scenarios intended to replicate the role of larval
behavior, to evaluate: 1) spatial and temporal variabil-
ity in dispersal outcomes; 2) differences between pas-
sive and active dispersal scenarios; and 3) dispersal
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distances as a measure of connectivity among several
source locations with their respective downstream sites.

MATERIAL AND METHODS

To simulate larval dispersal trajectories within a
realistic ocean flow field, we utilized the Miami |sopy-
cnic Coordinate Ocean Model (MICOM). MICOM is
basin-scale numerical simulation of the ocean flow,
configured with realistic topography and stratification,
aKraus-Turner mixed layer parameterization, andforced
by monthly climatol ogy from the Comprehensive Ocean-
Atmosphere data Set (COADS) and by radiative and
freshwater fluxes (Bleck et al. 1992). The very high
horizontal grid resolution (1/12°, 6 km mean grid spac-
ing) and Evaporation-Precipitation flux boundary con-
ditions of themost recent MICOM simulationsimproves
the model’s behavior by reproducing eddy activity,
especialy in the Gulf Stream separation and North
Brazil Current (NBC) retroflexion regions (Paiva and
Chassignet, 2001). Consistent with observations
(Fratantoni and Glickson, 2002), eddy activity in the
model is present in the eastern Caribbean (Garraffo et
al., inreview) and modulates the westward advection of
surface waters in the vicinity of the Lesser Antilles
(Cowen et al., in review).

To track trajectories of larval fish launched in the
upper most layer of themodel (mixedlayer) aL agrangian
integration is performed on the velocity field combined
to aturbulent field to simulate diffusion (Okubo, 1994).
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The turbulent field is produced through a random-flight
scheme predicting diffusion (Thompson, 1986):

x=(U+u)édt

where dx is the horizontal displacement of a particlein
the x-axis, U is the meridional component of the deter-
ministic velocity, u is the meridional component of the
turbulent velocity, and ot isthe integration time step. At
constant time steps the turbulent component of the
velocity moves the particle an extra (+) displacement
from the deterministic displacement (MICOM veloci-
ties). The evolution of thisturbulent velocity isassumed
to be a Markov process such that each time the particle
moves through the flow field, it looses a fraction of its
momentum to the surrounding fluid and in turn receives
arandom impulse from a Gaussian random (G,) number
generator (-1< G, <+1; Dutkiewicz et al. 1993). The
diffusion coefficient (K =2 x 10*cm? s?), resulting from
the imposed stochastic movement, is modeled to match
the horizontal eddy diffusivity characteristic of the
spatial scales prescribed in the deterministic velocity
field (Okubo, 1971). Qualitative validation of thistrans-
port model was performed by comparing in situ near-
surfacedrifter data—fromthelntra-AmericasSeaY OTO
drifter program (www.lASlinks.org)—with the trajec-
tories of particlesreleased at the same time-space scales
(Paris et al., in press).

To evaluate the scope of temporal and spatial vari-
ability of potential larval dispersal within the Carib-
bean, we examined larval trajectories originating from
six sites located around the Caribbean and released
throughout the year (Figure 1). Specifically, larval
patches of 5000 individuals were released from each
site every other day for an entire year (total releases per
site = 182). Tracking trajectories of 5000 successful
larvae is equivalent to releasing ca. 2 x 10° larvae and
applying an instantaneous mortality coefficient of 0.2 d
for 30 days. This natural mortality rate was estimated
from in situ tracking of larval cohorts in the vicinity of
Barbados (Paris, Cowen and Sponaugle, unpubl. data)
and also corresponded to the modal value of various
larval mortality rate estimates of coastal, non-reef spe-
cies (Morse et al., 1989).

Assimilating the above models (MICOM,
Lagrangian/random-flight particle tracking, and mor-
tality), larval fish transport in the Caribbean was then
simulated in two modes, passive and retention. In the
passive dispersion scenario, larvae are directly ad-
vected from their sourceinto the background flow field.
Virtual larvae from each rel ease date that were within 9-
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km of any coral reef habitat (as derived from satellite
imagery - Reefs at Risk) at the end of their 30-d larval
period were considered successfully recruited; those
outside this buffer zone were not. Recruited larvae were
then counted at the source-island (local retention) and
downstream islands (dispersed). In the retention sce-
nario, a fraction (25%) of larvae are retained around
their reef of origin during the first four days of their
planktonic duration, prior to the advection scheme;
thereafter, any larvae that passes within 9 km of reef
habitat (whether around the source island or down-
stream) isretained for the duration of their larval period
(i.e., they are recruited). This biophysical retention
model is based on in situ synoptic sampling of the flow
field and larval densities throughout the larval duration
of the bicolor damselfish (Stegastes partitus) in the
vicinity of Barbados. Briefly, during the spring of two
consecutive years, ontogenetic vertical behavior com-
bined with local flow structure represented a retention
mechanism for locally spawned larvae. On average,
25% of all larvaewerestill present (retained) around the
island, after the first 4 days; thereafter, due to vertical
movements of postflexion larvae in vertically stratified
currents, nearly 100% of larvae within 9 km of shore
were retained around the island for the duration of their
larval period (day 5-30; Paris and Cowen, unpubl.
data). As with the passive advection scenario, all re-
cruited larvae are counted at the source and downstream
islands at the end of the larval period for each separate
release date (bi-daily basisrel eases throughout an entire
year period).

Finally, for the comparison of dispersal distances
among release locations, we standardized recruitment
success relative to Barbados self-recruitment rates. Our
reason for thisisthat we had extensive time series data
(18 months) of daily production and recruitment rates
for the bicolor damselfish (Dorsey and Cowen, unpubl.
data) with which to compare the modeled results. Dueto
its upstream location, Barbados is predominantly a self-
recruited site (Cowen and Castro 1994, Cowen et al.
2000), yet it supports a well-developed coral reef fish
popul ation comparabl e to many other locations through-
out the Caribbean. Thus, observed recruitment rates at
Barbados may serve as a proxy of ‘typical’ recruitment
rates required to maintain similar population levels at
other locations (whether due to self-recruitment, long-
distance recruitment or a combination). This assumes
that post-settlement survival rates do not vary signifi-
cantly among locations; such variation could obviously
alter this simplified scenario.
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Figurel. Coral reef fish habitat with associated 9 km-r etention zonesin the Caribbean, derived from satelliteimagery (Reef

at Risk); starsindicatereleaselocationsfor thisstudy.
REsuLTs

Passive Mode

Spatial variability of dispersal . The spatial extent
of larval dispersal varies depending on where the larvae
originate. After 30 d, the spatial extent of larval dis-
persal released on the same date ranges from relatively
small, coherent patches (ca. 2 x 10° km?) in the vicinity
of St. Croix to broadly dispersed larvae (ca. 10° km?)
spread throughout much of the Caribbean (Figure 2).
Further, at somelocations, the larvae were spread some-
what linearly in a jetstream (e.g., western Caribbean
boundary current), whereas in others, advection was
limited and the spread was more evenly distributed
around the source.

Temporal variability in spatial context. Similar
scales of spatial variability are observed at individual
sites when observed over time reflecting the spatial and
temporal variability in ocean currents. For example,
whereas larvae are dispersed from Barbados westward
into the Caribbean following a July 1 release, the larvae
spread north and east of the Lesser Antilles when
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released on October 1 (Figure 3). The direction and
spatial extent of larval spread is also highly variable at
other sites such as St. Croix where larvae at one time
may be spread toward Puerto Rico to the west, while at
other times they may spread out of the Caribbean to the
northeast. When viewed over thewhole year, it becomes
apparent that certain times of year are potentially more
favorablefor retention of larvae near the source, and for
dispersal to nearby locations at other times (Figure 4).
However, there is no apparent trend in dispersal among
islands; high retention does not necessarily predict low
dispersal to a downstream location, nor does high dis-
persal to one location predict high dispersal to another,
even if close by.

Temporal variability coupled with production
variability . The above results concerning temporal
variability involve a constant supply of larvae (i.e.,
constant egg production). However, for most, if not all,
species, reproduction istemporally variable. When tem-
poral variability in reproduction isincorporated into the
model, the overall scenario, here viewed just in terms of
retention around Barbados, changes substantially (Fig-
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Figure?2. Distribution at day 30 of 5000 lar vaereleased on July 1 from variouslocationsaround the Caribbean asindicated
by the asterisks.
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Figure3. Distribution at day 30 of 5000 lar vaer eleased duringthreedifferent timesof theyear (April 1, July 1, and October
1) from Barbados (a) and St Croix (b); asterisksindicate release location.

ure 5). Periods, which were highly favorable for reten-
tion of larvae, may be unimportant (e.g., December and
January for the common reef fish S. partitus), if no
reproduction is occurring.

Retention Mode

Comparison between passive/active scenarios.
The above spatial and temporal variability involved
simple passive dispersal schemes. When compared with
the model scenario that invokestherole of larval behav-
ior, it becomes apparent that simple passive dispersal
under-estimates retention, and may exaggerate the ex-
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tent of downstream, long-distance dispersal (Figure 6).
Under the active scenario, larvae are potentially re-
tained near the source location by up to an order of
magnitude more than with passive dispersal, with a
mean trend of a ca. 4-fold increase. The passive sce-
nario does not predict longer dispersal distance, but
lower survival since fewer larvae are retained at any
location. Consequently, the number of larvae success-
fully recruited to downstream sites rapidly diminishes
with distance.

Validation. To place these model runsinto context,
we compared predicted recruitment rates (utilizing both
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Figure4.Monthly distribution of 30-d recruitstoBarbados
(local recruitment) and downstream locations (virtual lar-
vaewer er eleased constantly on abi-daily basisfrom Bar ba-
dos); this shows temporal variability in retention and
unpredictability of disper sal downstream based on r ecr uit-
ment at the source or at any other nearby location.

passive and active model scenarios) with observed re-
cruitment rates around Barbados, after standardizing
production rates and incorporating larval mortality rates
(estimated at z=0.2d%; Paris, Cowen and Sponaugle,
unpubl. data). Based on mean observed production rates
and settlement rates per m? around Barbados (Dorsey
and Cowen, unpubl. data) we calculated self-recruit-
ment as a ratio of the two (recruitment/production).
Mean model outputs were similarly compared by cal cu-
lating the same ratio, but utilizing total production
(number released prior to mortality at the source) and
total recruitment at the source. (Table 1). Circularity in
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reasoning is avoided here because no duplicate use of
variables occurs. Of the two model scenarios, that
incorporating larval behavior closely approximates the
observed recruitment rates, while the passive scenario
underestimates local recruitment five-fold (i.e., it over-
estimates export away from the source). These results
also validate the estimated larval mortality rate.

Discussion

This model exercise serves to identify possible
limits on the scope for extensive dispersal of larval fish
within the Caribbean. By allowing for the potential role
of active larval behavior, versus relying on simple
passive drift models, we find that larval dispersal is
greatly reduced, apparently in favor of retention. While
such limits to dispersal have both evolutionary as well
as management implications, we will focus our discus-
sion on the management issue.

The primary finding of this study is that the abun-
dance of potential larval recruits decreases very rapidly
with distance from the source population, even after
dispersal times of 30 d. Even though the model evalu-
ated dispersal from a variety of sources positioned in
very different ocean circulation environments, all dis-
persal outcomes converged on a similarly shaped curve
(i.e. exponential decline). The critical values of the
number of larvae (recruits) required to be demographi-
cally important have not been determined. However, if
the assumption that observed recruitment rates and
population size of fish populations at Barbados are
typical of other Caribbean locations is valid, we can
utilize the modeled results to examine realistic sce-
narios (Figure 7). For example, if some downstream
location were receiving heavy fishing pressure (e.g.,
40% of the population isbeing removed each year), then
in order to sustain such fishing pressure, recruitment to
the local population must be subsidized from upstream
sources to the tune of about 40% of the total required,
pre-fishery recruitment rates. Under this scenario, re-
ceipt of sufficient numbers of recruits would occur only
if the sourcelocation were lessthan ca. 60 km away (see
Figure 7); recruits coming from reefs located beyond
this critical distance likely would not be sufficient to
replenish the fishery.

Clearly, in many locations, more than one source
location is possible, but the further away such source
populations are located, their potential importance as
recruit sources quickly declines. While specific local
flow conditions will potentially modify these results,
the general trend was consistent over afairly diverse set
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Figure5. Monthly distribution of self-recruitment (r etention) at Bar badosresulting from constant reproduction and mean
seasonal reproduction derived from obser ved daily egg production for thebicolor damselfish Stegastespartitusat Bar bados

(Dorsey and Cowen, unpubl. data).

of flow environments. Thus, these results suggest that
effective dispersal distances, over demographically
meaningful time scales, and therefore, the critical man-
agement unit scale, is on the order of 10's of km rather
than >100's km. Within such topographically diverse
regions as the Caribbean, this can still lead to interna-
tional management issues, but many island nations,
particularly some of the larger ones (e.g., Cuba, Ja-
maica), may, in fact, be the primary source of their own
reef resources. Thus, management strategies, especially

0.018

those utilizing no-take marine reserves, may need to
rely more on within-island networks, rather than among-
island networks.

The spatial and temporal variability observed in
these model runs suggest care is warranted when utiliz-
ing model scenarios for design and placement of re-
serves. Notably, it is imperative that decisions not be
made on the production of only afew model runs, since
the full range of possible outcomes will be missed.
Choice of thewrong time frame, for example, could lead

0.016

0.014+

0.012+

0.010 1

0.008

0.006 1

Percent total production

0.004 1

0.002 1

0.000

T

Observed (Cowen et al. 2000)

Retention Model

Passive Model

Figure 6. Comparison of simple passive dispersal scheme (passive model) with the model scenario that invokestherole of
larval behavior (retention model) and with observed recruitment at Barbados.
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TABLE 1

Self-Recruitment - Mean observed production rates and settlement rates per m2 around Barbados (Cowen et
al., 2000; Dorsey and Cowen, unpubl. data) serve to calculate self-recruitment as a ratio of the two
(recruitment/production). Thisvalueiscompared to self-recr uitment estimated from model outputsof passive
and retention modes. Mean self-recruitment for all release sites corresponds to the percent of annual
production (total number of virtual larvaereleased bi-daily prior to mortality, identical for each site) retained

at the source (mean annual recruitment).

Observed Retention M odel Passive M odel
Production (No. m?2 day?) 43.6
Annual Production (No.) 3.63E+08 3.63E+08
Recruitment (No. m2 day) 0.00646
Mean Annua Recruitment (No.) 49792 10274
Self Recruitment = R/ P (%) 0.0148% 0.0137% 0.0028%
Standard Error 0.0019% 0.0017%
Release Sites (n) 6 6

to complete failure of a no-take marine reserve to
achieve a goal of seeding towards a particular location,
even if appropriate spatial scaling is utilized. Similar
cautions can be made when utilizing drifter experiments
to predict dispersal pathways. As seen in this analysis,
drifter tracks from only one or a few deployments, will
not likely provide the full range of possible dispersal
outcomes, leading to the potential for mistaken place-

tioned. Another related caution is that dispersal poten-
tial be evaluated (whether via models or field, i.e.,
drifter, efforts) at times and locations when spawning
actually occur. Reliance on descriptions of flow fields
from one season, regardless of how well resolved, may
not be relevant when spawning is actually occurring.
Limitations of the model. The retention scenario
model proved to be a reasonable predictor of recruit-

ment of marine reserves, no matter how well inten- ment intensity, at least in the single case of Barbados.

1.0
0.91 Y =0.8646 * exp(-0.0112*x)
0.8
071\
0.61
0.51

0.41

Recruitment (%)

0.31

0.2

0.11

§'I S o o o o _a o
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Distance from source (km)

0.0

Figure 7. Retention distances from the sour ce: Recruitment to available reef habitat is estimated from constant bi-daily
virtual larval (of 30-d pelagic duration) releasesat 6 locationsaround the Caribbean. Number of larvaerecruitingin each
50-km bin from the sour ceis standar dized by therecruitment value at Barbados (i.e., recruitment = 1 at Barbados), since
itslocal population isassumed to be self-seeded; the larval transport model includeslarval behavior (retention mode).
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The success of the model to estimate apparent retention
of larvae around theisland, of course, relieson avariety
of model assumptions, many of which require direct
measurements prior to accepting that these model pre-
misesare correct. Further, the observed rates and mecha-
nismsof larval retention around Barbadosare not verified
for other regions of the Caribbean, though the bio-
physical processesinvolved are likely common in many
coastal waters (Cowen 2002, Sponaugle et al. 2002). In
general, the results of such models serve well to help
estimate potential limits, particularly in the design of
no-take marine reserve networks (sensu Botsford et al.
in press). However, the results ultimately require vali-
dation prior to broad application to specific locales. The
best use of such model resultsisto constrain (in a more
conservative direction) what potential positive impacts
might be derived from reserves, and to plan accordingly
to maximize the likelihood of achieving the desired
results.
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