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Abstract
Four ichthyoplankton cruises and backward tracking experiments were conducted to study the connectivity

of coastal and neritic fish larvae over the continental slope and to the oceanic deep-water region of the western
Gulf of Mexico. Distribution patterns of larval abundance at oceanic stations showed higher abundance and the
presence of larvae at oceanic stations during two cruises. Larval transport was simulated using outputs of a data
assimilation model that represented the flow conditions during each cruise. Higher abundances of larvae of
coastal and neritic species at oceanic stations agreed with offshore transport inferred from numerical experi-
ments seeding particles over different spatial scales (stations vs. transects). Satellite images of surface chlorophyll
were consistent with the circulation patterns indicated by the model, indicating filaments of shelf waters were
transported toward the transects with higher larval abundances. Particle tracking experiments indicated that the
northwestern shelf provinces of Perdido, Tamaulipas, and Texas were the main source of propagules to the oce-
anic region, while shelf provinces of northern Veracruz, Campeche, Yucatan, Louisiana, and Mississippi-Ala-
bama contributed much less. The length and intensity of the shelf front limited ichthyoplankton cross-shelf
exchange during some cruises, and mesoscale anticyclonic and cyclonic eddies advected larvae to the deep-
water region during others. The agreement between the spatial distribution of fish larvae and the simulated lar-
val transport confirm that circulation models are a valuable tool for examining potential dispersal pathways of
neritic species, as long as similar spatial and temporal scales as the ones used in this study are considered.

Connectivity studies are key to comprehending the popula-
tion dynamics, genetic structure, and biogeography of conti-
nental shelf fish populations with pelagic larval stages (Cowen
et al. 2006), since larval retention and exchange are two of the
main determinants of community structure. They are also
important for inferring the resilience potential of communi-
ties to acute disturbances such as oil spills (Paris et al. 2020) or
natural phenomena such as hurricanes, which are common in
the Gulf of Mexico (GoM) (National Oceanic and Atmospheric
Administration (NOAA) 2020).

In the nearshore environment, pelagic larval fish transport
and dispersion are mainly influenced by the combined effects
of tidal, wind and buoyancy driven-currents and bathymetric
constraints (Paris et al. 2002). However, in regions with nar-
row continental shelves and steep slopes, as is the case for
western GoM, dispersal distances and transport pathways will
also be highly influenced by the interaction between shelf and
slope circulation with the mesoscale hydrodynamic processes
of deeper waters (Paris et al. 2007).

Vertical larval behavior and larval stage duration (Largier
2003; Leis 2006) will also affect dispersal trajectories and
recruitment success. As they develop, larvae increasingly con-
trol their buoyancy and position in the water column by swim
bladder inflation-deflation (Fuiman 2002). These vertical
migratory movements may favor retention in nearshore habi-
tats (Paris and Cowen 2004) that provide suitable habitat as
nurseries and for recruitment.

The simulation of Lagrangian trajectories obtained from
ocean circulation models allows for the characterization of dis-
persal pathways of planktonic organisms, as well as for gener-
ating estimates of the timing between spawning and
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recruitment (Cowen et al. 2006; Werner et al. 2007;
Sanvicente-Añorve et al. 2014). Although open-ocean circula-
tion models have been used to characterize the dispersal path-
ways of planktonic organisms, their reliability is usually not
verified. The comparison of modeled dispersal pathways with
species distribution patterns can yield insight into whether
these models can be used to examine population connectivity,
including multiple spatial and temporal scales, which is typi-
cally not feasible with ichthyoplankton cruises.

The aim of the present study was to test if differences in
distribution and abundance of neritic fish larvae sampled in
the deep waters of the northwestern Gulf of Mexico
(NWGoM) can be explained by the oceanic structures present
during the cruises. We hypothesized that abundance and spa-
tial distribution of fish larvae of coastal and neritic species in
Perdido’s deep-water region will be strongly affected by surface
currents. We address our goal through the joint analysis of
(1) the spatial distribution of fish larvae of coastal and neritic
species caught in oceanic waters of the Perdido region, and
(2) backward-tracking experiments to simulate the Lagrangian
trajectories of passive particles to infer the geographical origin
of the larvae. The level of consistency between the results of
the biological sampling and the modeling will provide a direct
means for evaluating the reliability of larval dispersion path-
ways that are inferred from circulation models of similar spa-
tial and temporal resolution as the one used in this study.

The focus in the deep northwestern gulf, commonly
known as the Perdido region, is due to an increase in hydro-
carbon exploration and drilling given the reserves found in
the geological formation known as the Perdido Fold Belt
(CNH 2019). The impact of an oil spill will depend in part on
the level of connectivity and the potential for recolonization,
which in bony fish rely on egg drift and larval transport (Paris
et al. 2020), and hence regional transport processes underlying
population connectivity must be understood. Since numerical
models are generally used to infer larval dispersion pathways,
it is important to assess whether they provide reliable results
by comparing them to actual biological data.

Material and methods
Field sampling

Cruises were conducted along two parallel transects (hereaf-
ter referred to as the north and south transects) located in the
Perdido region (northern Tamaulipas) of the NWGoM (24�N
to 26�N and 94�W to 97�W) (Fig. 1, upper panel). Transects
were covered during the Deep-Water Experiment cruises
(DWDE), and ran from the edge of the continental shelf
(200 m depth), across the slope and toward stations in the
gulf’s deep-water region. Four cruises were carried out in June
(DWDE-1) and October (DWDE-2) 2016, and April (DWDE-3)
and November (DWDE-4) 2017. The first cruise included
10 sampling stations (five per transect), while four extra sta-
tions were added to the rest of the cruises (14 stations total or

7 per transect). Due to poor weather conditions, one of the
stations was not covered in DWDE-3.

Ichthyoplankton samples were collected with a paired
bongo net (60 cm diameter and a 335 μm filtering mesh)
towed with oblique hauls (45� wire angle) from the surface to
200 m or � 5 m above the bottom over the shelf. Tows
included a 1 min settling time at the bottom. Nets were towed
for an average of 23 (± 6; SD) min at a mean velocity of 2.0
(± 0.4) knots. A flowmeter placed in the mouth of each net
was used to estimate the volume filtered during each tow.
Each sample was fixed immediately in 7% formalin buffered
with sodium borate and transported to the laboratory for
identification.

A total of 5810 fish larvae belonging to 295 taxa were
recorded and identified the lowest possible taxonomic level
based on the descriptions of Richards (2005) and Fahay (2007).
Larval abundance was standardized to 1000 m−3. Larval devel-
opment stages were classified as preflexion, flexion, post-
flexion, and metamorphosis into early juveniles. To identify
the taxa that could serve as tracers of offshore transport, bio-
logical and life history information (including the depth dis-
tribution of adults, spawning periods and regions, and early
life history patterns such as larval behavior and pelagic larval
duration [PLD]) were obtained from Richards (2005), Felder
and Camp (2009), and Froese and Pauly (2019). Detailed infor-
mation is provided in Supporting Information Table S1. We
selected taxa for which spawning grounds are constrained to
bottom depths lesser than 200 m, and here they were classi-
fied as coastal-neritic taxa.

Given that our objective is to investigate the connectivity
between the continental shelf and open ocean based on the
presence of fish larvae of neritic communities (including coral
reef-associated taxa) in the deep-water region, stations were
assigned into three depth categories: neritic (those located
over the continental shelf, depths < 200 m), transitional
(located over the upper slope), and oceanic (located in deep
waters, at depths > 1000 m) (Fig. 1, lower panel). Since the
adults inhabit coastal regions or the continental shelf, the
presence of their larvae in oceanic stations is indicative of off-
shore transport. A nonparametric Kruskal–Wallis test was per-
formed to test for differences between the abundance of
coastal and neritic fish larvae caught at oceanic stations for
each transect by cruise.

Model experiment
The numerical simulations come from the HYCOM

+ NCODA Gulf of Mexico 1/25� Analysis: the HYbrid Coordi-
nate Ocean Model Model (HYCOM) is run with the Navy
Coupled Ocean Data Assimilation (NCODA) scheme, and
forced by the NAVy Global Environmental Model (NAVGEM;
see details at the HYCOM Consortium webpage https://www.
hycom.org/data/goml0pt04/expt-32pt5). The simulations pro-
vide the horizontal components of velocity, u and v (eastward
and northward, respectively).
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The reproductive strategy of fishes is species-specific and
can range from a single event to repeated spawning over a
prolonged period of time in batch spawners (Pepin 2002).
Larvae collected at each sampling station varied in develop-
mental stage, and could reflect different spawning dates and
dispersal histories. Hence, in order to infer the possible origin
of the neritic larvae collected during the cruises, particles were
seeded at sampling stations on the dates at which the samples
were taken on each cruise, and then advected backward in
time using the modeled velocity outputs.

A total of 1500 passive particles were released at each of the
17 uppermost layers of the model output (encompassing the

surface to 200 m) at the location and time each station was
visited. Particles were distributed randomly over a 5 km radius
around each station. The particles were advected backward in
time from the date on which each station was covered
(t = 0 d) until t = −28 d. The values of velocities were obtained
from the smallest spatial and temporal resolution available
(1/25� horizontal, and 1-h temporal resolution), and advection
was calculated using horizontal velocities at each vertical layer
with a fourth-order Runge-Kutta algorithm.

Several studies pointed out the necessity to add “motion”
to particles to simulate larval swimming behavior to obtain
more realistic dispersal pathways, and hence more accurate

Fig. 1. Map of the Gulf of Mexico with the 12 neritic provinces delimited. Isobaths of 500 (smooth), 1000, and 3000 m are shown. YC, Yucat�an; CP,
Campeche; TB, Tabasco; s-VZ, southern Veracruz; n-VZ, northern Veracruz; TM, Tamaulipas; TX, Texas; LA, Louisiana; MS-AL, Mississippi-Alabama; n-FL,
northern Florida; s-FL, southern Florida. The black box points out the Perdido region where DWDE cruises were carried out. DWDE-1: 21–24 June 2016,
DWDE-2: 15–19 October 2016, DWDE-3: 25–28 April 2017, DWDE-4: 07–11 November 2017. Triangles, squares, and stars indicate neritic (< 200 m
depth), transitional (depths 200–1000 m), and oceanic (> 1000 m) stations, respectively. Details of sampling stations for each cruise are shown in Fig. 3.
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evaluations of population connectivity (Cowen et al. 2006;
Paris et al. 2007; Werner et al. 2007) since behavior is a poten-
tially important factor that can influence outcomes of the
models (Irisson et al. 2009). However, many reports of larval
behaviors and swimming speeds are observed in laboratory
swimming channels (Fisher et al. 2000; Majoris et al. 2019) and
may not be representative of the behavior in the sea (Leis 2006
and references therein). Incorporation of other biological
parameters (e.g., egg type, spawning period, mortality, vertical
migratory movements, PLD) into particle tracking experiments
without consideration of specific early-life-history traits can
introduce “noise”‘around a relatively simplistic model defined
by the oceanographic flow fields and the length of time larvae
spend in the plankton (Siegel et al. 2003). Thus, given the
uncertainty on traits of most fish larvae species, and due to we
conduct our experiment over an ensemble of fish larvae, we
decided not to include biological factors, which would likely be
biasing our results if incorporated on a species-specific basis.
Nevertheless, to address the potential effects of vertical migra-
tion, dispersal pathways were tracked using the 17 upper-layers,
which encompass from 0 to 200 m water depth. This layer
encompasses the depths through which fish larvae usually
move to feed on zooplankton (Auditore et al. 1994) and to
avoid predation (Jellyman and Tsukamoto 2005).

Since population connectivity increases with a longer PLD
(Sponaugle et al. 2002), its choice will have a strong impact
on modeling results. For coastal and neritic species, PLD typi-
cally varies from a few days or weeks to � 3 months (Sale 1991
and references therein; Macpherson and Raventos 2006;
Beldade et al. 2007; Puebla et al. 2012). The maximum num-
ber of days (28) used in this study was selected based on a typ-
ical PLD for fish larvae of some of the coastal and neritic
species documented in the GoM (Zapata and Herr�on 2002;
Rooker et al. 2004). Given that species with very different
PLDs have broadly overlapping dispersal ranges (Jones 2015),
the use of a common PLD for several taxa may not necessarily
imply inaccurate estimates of dispersal pathways.

Since ocean currents are inherently chaotic, this leads to uncer-
tainty in the larval pathways inferred from the velocity fields of
circulation models (Christensen et al. 2007). The reliability of
backward particle trajectories was evaluated by tracking them
from their final position in the backward in time simulation for-
ward in time, and evaluating the percentage of particles returning
to the source region. We also compared the results of this analysis
using the velocity fields with hourly and daily resolutions. A
higher mean percentage (± SD) of particles advected backward in
time and then forward again over 28 d returned within 5 km of
their original release site with the hourly horizontal velocities
(hourly: 90.6 ± 16.6; daily: 25.1 ± 26.4). The results of backward-
forward hourly simulations seem to reduce errors, supporting the
use of hourly velocity fields on our modeling experiments.

Due to the chaotic nature of ocean currents (Johnson et al.
2013), a large number of particles is required for robust statis-
tics in connectivity scenarios (Hamilton et al. 2016). Two

sampling units of different spatial scales were used to analyze
the particles’ trajectories: (1) whole transects and (2) pooling
data from adjacent stations located over the lower slope (Sta. 3
and 3.5), the abyssal plain (Sta. 2 and 2.5) and the most oce-
anic and deepest station (Sta. 1; Fig. 1, lower panel).

Thus, for each cruise and sampling unit, the total number of
particles at any given time (t), sampled hourly between
T = −28 d and t = 0 d is N, where N = 1500 particles × 17 vertical
layers × S number of stations comprising the sampling unit.
From the coastline to the upper continental slope, we defined
12 provinces around the GoM as possible sources of coastal and
neritic larvae; provinces were delimited using the smoothed
10 and 500 m isobaths as internal and external limits (Fig. 1,
upper panel). This division was chosen because oceanic fronts
in the western GoM that can isolate shelves from the deep-
water region are typically steered by the well-defined shelf break
and the steep upper continental slope (Belkin et al. 2009). In
addition, provinces were designed to contain known circulation
patterns, such as seasonal convergences in the NW and south-
ern shelves (e.g., Martínez-L�opez and Zavala-Hidalgo 2009), the
influence of the BoC cyclonic gyre circulation on the western
slope and shelf (e.g., Pérez-Brunius et al. 2013; Lara-Hern�andez
et al. 2019), the western boundary current (Sturges 1993), the
isolated west Florida shelf (Olascoaga et al. 2006), and the
Mississippi river delta. Last, the large area covered by the prov-
inces yield a sufficient number of particles (hundreds) so as to
establish a robust statistical analysis.

For each cruise and sampling unit, the number of particles
present in the water column (0–200 m) in a given province
j at a given time t were counted (mj (t), with j = {1, 2, … 12}),
where t is a step function counted backward hourly until time
t = T (i.e., t = {−28: 1/24: 0} d). The proportion of particles in
each coastal and neritic province of the entire gulf was calcu-
lated with respect to the total number particles released as:

P tð Þ=M tð Þ=N,whereM tð Þ=
X12

j=1
mj tð Þ ð1Þ

where M(t) is the total number of particles that had a neritic ori-

gin, and N is the total number of particles released in the 17 upper-

most layers as described above. Hence, P(t) is an estimate of the

likelihood that neritic-larvae of age t could be found on a given

transect of a particular cruise. P(t) reflects the proportion of parti-

cles that were located in the sampling unit at time t = 0 that can

be traced to any of the neritic provinces of the GoM t days before

the cruise. If all particles released in the sampling unit were traced

back to the neritic region t days earlier, P(t) = 1, if all particles

released in the sampling unit were traced back to deep waters, P

(t) = 0. This proportion changes with the time used to backtrack

the position to when the simulated larvae “were spawned.”
Although we recorded the larvae’s development stages, under natu-

ral conditions stage duration is very variable because growth rates

are strongly influenced by environmental factors (Houde 1989).

Since the exact age of each larva was unknown, we assume it
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ranged between 0 and 28 d (Fig. 2), and used the time average of

this proportion over the entire period (T = 28 d) as a metric:

<P tð Þ> =
1
T

ðT
0
P tð Þdt≈ 1

T

XT
t = 1

P tð ÞΔt,withΔt =1h ð2Þ

Rewriting time in terms of t = k Δt, with k = {1, 2, 3, … K},
and K = T

Δt =672

P= <P tð Þ>≈1
K

XK
k=1

P kð Þ ð3Þ

In other words, we calculated the average of the hourly pro-
portions calculated over a 28 d period, with the maximum
“age” of the larvae (T) corresponding to a 28 d PLD.

The temporal evolution and the time-averaged proportion
of particles coming from the neritic region with respect to all
particles released at each whole transect and cruise (P) is pres-
ented in Fig. 2. Consistent results were obtained for both sam-
pling units, as discussed later, so the analysis will focus at the
transect level. The reader can consult the results for the
smaller-scale spatial units (lower slope, abyssal plain, and oce-
anic station) in Supporting Information Fig. S1.

Fig. 2. Percentage of particles coming from the coastal and neritic regions with respect to all particles released (P) as a function of backward time (larval
“age”). The results for the north transect (solid line) and south transect (dashed line) for each cruise are depicted: (a) DWDE-1 (June 2016), (b) DWDE-4
(November 2017), (c) DWDE-2 (October 2016), and (d) DWDE-3 (April 2017). Horizontal solid and dashed lines depict the time-averaged (P) proportion
of particles for the north and south transect, respectively, that were calculated for each cruise.
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The metric P indicates the cruise and transect in which a
greater proportion of coastal and neritic larvae are expected to
be found, but does not provide the provinces of origin. An
analogous analysis can be made to obtain the spatial distribu-
tion of the M(t) particles of neritic origin among the 12 prov-
inces, by examining the proportion of particles at time
t (larval “age”) found in a given province j, j = {1, 2, … 12}:

Pj tð Þ=mj tð Þ=M tð Þ, ð4Þ

and the temporal average of that proportion is then:

Pj = <Pj tð Þ> 1
K

XK
k=1

Pj kð Þ ð5Þ

This metric is an estimate of the likelihood that province
j is the source of the neritic particles with “age” t that are
found on a given transect and cruise.

The proportion of particles originating from neritic provinces
for each cruise and sampling unit was correlated with the relative
abundance of coastal and neritic larvae to test for consistency
between biological data and the numerical circulation modeling.
Pearson’s correlation coefficient was used to examine the strength
of the relationship between the richness of coral reef fish larvae
captured in each transect and cruise, and the number of prov-
inces that harbor coral reef habitat and/or oil and gas platforms
(provinces of Veracruz, Campeche, Yucatan, Texas, Louisiana),
which could act as their possible source of propagules.

In addition, surface velocity fields from the model outputs
were used to characterize the flow patterns that give raise to

Fig. 3. Distribution of the standardized abundance (individuals per 1000 m−3) of coastal and neritic fish larvae (circles) caught in oceanic stations (stars,
depths > 1000 m) for different cruises: (a) DWDE-1 (June 2016), (b) DWDE-4 (November 2017), (c) DWDE-2 (October 2016), and (d) DWDE-3 (April
2017). Isobaths of 500 (smooth), 1000, and 3000 m are shown.
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the spatial distribution of the origin of modeled larvae for
each cruise and transect. The relative vorticity was used to
identify oceanic fronts and eddies, and was calculated as:

ω=
∂v
∂x

−
∂u
∂y

ð6Þ

where u and v are the surface velocity components along the east–

west and north–south directions.

Chlorophyll surface
Offshore transport in the NWGoM can be traced by remote

sensing of shelf water plumes with high chlorophyll concentra-
tion that are entrained seaward (Biggs and Müller-Karger 1994).
The level-4 (gap-free gridded data after validation process) surface
daily chlorophyll a (Chl a) concentration (product identifier:

oceancolour_glo_chl_l4_rep_observations_009_082) provided
by Copernicus Marine Environment Monitoring Service
(CMEMS) was used in this study.

Results
Larval fish identification

Larvae of 42 taxa belonging to 27 families with a coastal
and neritic adult stage were caught at the oceanic stations
(Table 1, Supporting Information Table S1). Generally,
the most abundant and better-represented families were
Bothidae, Bregmacerotidae, Engraulidae, Gobiidae, and
Paralichthyidae. Preflexion and flexion larvae were dominant
in all cruises. On average, 35.1% of fish larvae were in the pre-
flexion, 54.5% in flexion, 10.0% in postflexion, and 0.4% in
metamorphosis.

Table 1. Standardized abundance (ind 1000 m−3) of coastal and neritic fish larval families caught at oceanic (depths > 1000 m) sta-
tions in the north and south transects for each cruise.

Family

North South

DWDE-1 DWDE-2 DWDE-3 DWDE-4 DWDE-1 DWDE-2 DWDE-3 DWDE-4

Balistidae 2.0 3.8

Bothidae 21.2 10.8 6.6 7.6 48.6 3.2 37.2

Bregmacerotidae 430.7 3.2 231.9 12.6 47.8

Bythitidae 3.0

Callionymidae 7.6 9.2

Carangidae 5.2

Cynoglossidae 4.1 18.9

Eleotridae 3.2

Engraulidae 61.3 47.9 7.5 4.2 10.9

Gerreidae 25.3

Gobiesocidae 7.4

Gobiidae 186.0 27.7 7.0 925.3 9.0 51.1 3.8 262.0

Kyphosidae 5.3

Labridae 6.8 26.4 11.8

Megalopidae 6.6

Microdesmidae 67.7 7.1 14.4 3.0 7.9

Moringuidae 7.5 14.9

Ophidiidae 7.5

Paralichthyidae 118.3 140.2 9.0 7.1 8.0

Pomacentridae 2.6

Scaridae 11.6 3.3 3.8 66.9 18.7

Sciaenidae 33.9

Serranidae 7.5

Sphyraenidae 7.7

Synaphobranchidae 2.0

Synodontidae 3.2

Tetraodontidae 5.2 11.3 3.9 2.7

Percent of neritic taxa relative

to total larval abundance

23.8 6.8 0.8 48.7 1.7 4.6 1.8 30.1
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At a lower identification level, Bothus spp., Engraulis
eurystole, Ctenogobius spp., and Gobionellus spp. were identified
during the four cruises (Supporting Information Table S1), and
could be used as tracers of offshore transport year round. On
the other hand, although the distribution and abundance of
taxa belonging to reef-associated species (e.g., Ctenogobius
spp., Sparisoma spp., Bodianus rufus, Sphoeroides spp., Call-
ionymus bairdi) varied between transects, they were more
abundant during the second and fourth cruises (Supporting
Information Table S1). There was a positive linear correlation
between the richness (total number of coral reef families, gen-
era, or species; Supporting Information Table S1) in each tran-
sect and cruise and the number of provinces that have coral
reef habitat and/or oil and gas rigs, which could act as sources
of propagules (r = 0.812, p = 0.014).

Fish larvae abundances and simulated larval transport
The average standardized abundances of fish larvae classi-

fied as coastal and neritic caught at oceanic stations varied sig-
nificantly between transects during DWDE-1 (Kruskal–Wallis
test, n = 6, df = 1, H = 3.857, p = 0.049) and DWDE-4 (Kruskal–
Wallis test, n = 10, df = 1, H = 4.811, p = 0.028) and were
higher in the northern transect during both cruises (Fig. 3a,b).
In contrast, the abundances were much lower during the
other two cruises (Fig. 3c,d), and there were no differences
between transects (DWDE-2, Kruskal–Wallis test, n = 10,
df = 1, H = 0.273, p = 0.601; DWDE-3, Kruskal–Wallis test,
n = 9, df = 1, H = 0.015, p = 0.902).

Analogous results were found for the time-average propor-
tion of particles originating from neritic provinces for each
cruise and transect. That means that average P values were
higher for the first and fourth cruises (Fig. 2). There was also
agreement in that a higher P value was found for the north
transect for the cruises that exhibited significant differences in

fish larvae abundance between transects. The smaller spatial
sampling units also show a higher proportion of particles for
the first two cruises and for the northern transect (Supporting
Information Fig. S1). The smaller-scale unit indicated that the
higher larval abundance found in the most oceanic station
(S1) of the southern transect during DWDE-4 is also associated
with a higher proportion of particles with neritic origin
(Fig. 3b and Supporting Information Fig. S1b). For both sam-
pling units, there was a significant positive linear relationship
between larval fish abundance and numerical experiment
results (p < 0.001; Fig. 4 and Supporting Information Fig. S2).

Figure 2 presents the percentage of particles coming from
the coastal and neritic regions with respect to all particles
released as a function of larval “age” (P(t)) for the north and
south transect for each cruise, and can be used to examine
how varying larval stages and/or PLD would modify the esti-
mate of the average likelihood of particles coming from neritic
regions. Similar significant correlations (p < 0.005) between
the biological outcomes and numerical experiment results
were found using shorter averaging periods (T = 7, 14, and
21 d in Eq. 2; results not shown), which represent different
larval stages or PLDs shorter than 28 d.

Backward particle tracking results
The temporal evolution of P, as in the case of their average

values mentioned above, varied both between sampling units
and among cruises. The DWDE-1 and DWDE-4 cruises showed
a broad range of modeled larval “ages” wherein particles could
come from neritic provinces, while in DWDE-2 and DWDE-3
the range of larval “ages” coming from neritic provinces were
shorter (Fig. 2 and Supporting Information Fig. S1). Note that
the proportions of larvae originating in coastal and neritic
provinces were generally much higher during the DWDE-1
and DWDE-4 cruises compared to the other two cruises,
regardless of larval “age.” The higher average proportion
(> 20%) were found in the northern transect for both cruises
(Fig. 2). This was particularly noticeable in N3 during
DWDE-1 and N3 + 3.5 during DWDE-4, where highest propor-
tions were observed starting in day 2 (Supporting Information
Fig. S1). The distribution of the particles of neritic origin
among the 12 provinces, that is, the time-averaged proportion
of neritic particles for each province (Pj), is shown in Fig. 5.

During the first cruise, the likelihood of arriving from the
neritic zone was higher in the northern transect (Figs. 2a, 5a
left), in agreement with the larval fish spatial distribution
(Fig. 3a). For the north transect, the time-averaged proportion
of released particles originating from neritic provinces was
28.4% (Figs. 2a, 5a left), while for southern stations it was just
10.4%. (Figs. 2a, 5a right). The main source of particles was
the Perdido neritic province (north: 53.7% of all released parti-
cles, south: 48.1%) followed by southern Tamaulipas (north:
21.3%, south: 47.8%), northern Veracruz (north: 17.9%,
south: 3.5%), and the Texas shelf (north: 7.1%, south: 0.6%).
Likewise, the results of the particle tracking experiment for

Fig. 4. Relationship between the average percentage of particles origi-
nating in neritic provinces relative to all particles released and the average
abundance of fish larvae caught at oceanic stations at each of two tran-
sects covered during four cruises in the NWGoM.
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DWDE-4 (Fig. 5b) coincided with the distribution of fish lar-
vae (Fig. 3b); the likelihood of finding larvae of neritic origin
was greater for the north (20.2%) than the south transect
(8.1%). The major sources of virtual larvae were Perdido,
Texas, and Tamaulipas, whereas a scant quantity of particles
came from the provinces of Louisiana (Fig. 5b left), as well as
northern Veracruz and Campeche (Fig. 5b right).

For the second cruise (DWDE-2), the likelihood of originat-
ing from neritic provinces was substantially lower than for
DWDE-1 and DWDE-4; the time-averaged proportion of parti-
cles originating from neritic provinces was low for the north
(4.3%) and south (1.9%) transects (Fig. 5c left and right,
respectively). This agrees with the lower larval fish abundance

of neritic taxa caught at oceanic stations during this cruise
(Fig. 3c). Although both transects displayed a similar pattern
regarding the origin of the particles for all stations, with the
Perdido and Tamaulipas provinces as the main sources, there
were differences in the potential origin of dispersed particles
to the deeper oceanic stations. The farthest station from the
shelf in the south transect had Campeche, Yucatan and Loui-
siana provinces as the main sources of particles, whereas
Tamaulipas and Mississippi-Alabama were the primary source
for stations in the north transect. In the case of the third
cruise (Fig. 5d), few particles originated in neritic provinces for
both transects (north: 2.6%, south: 0.5%), which agrees with
the limited presence of neritic larvae sampled (Fig. 3d). The

Fig. 5. Results of the particle tracking experiments. Stars indicate the positions of stations in each transect at which particles were released from the sur-
face to 200 m (north: left panels, south: right panels) for cruises: (a) DWDE-1 (June 2016), (b) DWDE-4 (November 2017), (c) DWDE-2 (October 2016),
and (d) DWDE-3 (April 2017). Gray dots show the trajectories of particles during the 28 d of simulation. The time-averaged proportion of neritic particles
for each province (Pj) is shown according to color scale. The time-averaged proportion of particles coming from all neritic regions (P) is shown in the
header. Smoothed isobaths correspond to 500, 1000, and 3000 m.
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few particles that arrived at the oceanic stations came from
the Perdido and Tamaulipas shelf provinces.

Fish larvae distribution and observed circulation patterns
Dispersal pathways from the different shelf provinces of

the GoM to the oceanic Perdido stations were different for
each cruise, since the sources of virtual larvae will depend on
the circulation patterns present 28 d before and until the time
at which each cruise took place. Snapshots of the relative vor-
ticity and surface velocity fields are shown in Fig. 6 for each
cruise.

In the first cruise, virtual particle trajectories suggest a
greater quantity of propagules coming from neritic provinces
in the north transect (Fig. 2a and Supporting Information

Fig. S1a), in agreement with fish larval abundance (Fig. 3a).
The influence of an anticyclonic eddy, located approximately
at 23�N (Fig. 6a) and which persisted during the cruise, is
likely the most relevant mesoscale oceanographic structure
driving the dispersal pathways from the continental slope and
neritic provinces of Perdido and southern Tamaulipas prov-
inces. The front that ran roughly parallel and between the
north and south transects 1 month before and during the
cruise (Fig. 6a) could be responsible for the great difference in
fish abundance between the northern and southern stations
(Fig. 3a). Similarly, during the last cruise (DWDE-4), there was
a higher abundance of coastal and neritic taxa in the northern
stations (Fig. 3b), which agrees with the high percentage of
particles from neritic provinces obtained from particle

Fig. 5 (Continued)
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backtracking (Figs. 2b, 5b, and Supporting Information
Fig. S1b). The greatest mean abundances observed in the
northern transect stations during this cruise is probably linked
to the presence of an eastward jet across the shelf 2 weeks
before the start of the cruise. This was generated by the pres-
ence of an anticyclonic structure toward the south and a
cyclonic structure toward the north that converged within the
sampling region (Fig. 6b). The jet acts as a mechanism for lar-
val export from the western shelf to the open ocean. Offshore
transport across the shelf break due to these cyclone/anticy-
clone eddy pairs is confirmed by the chlorophyll filaments
observed in the region (Fig. 7). Specifically, a greater presence
of shelf waters flowing into the Perdido oceanic region can be

seen in the first (Fig. 7a) and last (Fig. 7b) cruises, notably for
the northern transect.

The biological and physical results are also in agreement
for the second and third cruises. In both cases, there was a
much lower larvae abundance and time-averaged proportion
of passive particles coming from the neritic provinces
(DWDE-2: Figs. 2c, 3c, 5c, Supporting Information Fig. S1c;
DWDE-3: Figs. 2d, 3d, 5d, Supporting Information Fig. S1d).
In fact, the proportion of particles for any given time between
0 and 28 d is low compared to the other two cruises (Fig. 2
and Supporting Information Fig. S1). For DWDE-2, this may
be related to the high intensity of the east–west front north of
the Perdido region, which would confine the transport of

Fig. 6. Snapshots of the relative vorticity (s−1, upper panels) and surface velocity fields from the model outputs (m s−1, lower panels) 28 d before each
cruise (left panels) and at the time of the cruise (right panels): (a) DWDE-1 (June 2016), (b) DWDE-4 (November 2017), (c) DWDE-2 (October 2016),
and (d) DWDE-3 (April 2017). Black parallel lines indicate the north and south transect positions (the specific location of each station is shown in Fig. 3).
The isobath of 200 m is depicted with a black line.
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coastal and neritic larvae to a location north of the sampling
stations (DWDE-2: Fig. 6c). The higher abundance of fish lar-
vae found in the southern transect (Fig. 3c) could be attributed
to the presence of a weak shelf front during the month prior
to the cruise, allowing for more cross-shelf transport to occur.
In addition, during the cruise toward the south of the sam-
pling region there was an anticyclone close to the slope,
which could transport fish larvae from the shelf edge of the
western neritic provinces of Perdido and southern Tamaulipas
toward the deep-water region. The lowest fish abundances
found during DWDE-3 (Fig. 3d), seems to be related to the
long-lived shelf front at around 26�N (Fig. 6d), which would
act as a barrier to dispersal between the western neritic prov-
inces (Perdido, Tamaulipas, Veracruz, and Texas shelves) and
Perdido oceanic waters. The highest offshore transport

detected from chlorophyll filaments in the second (Fig. 7c)
and third (Fig. 7d) cruises were further to the north of the sur-
vey region, suggesting no shelf waters were transported to the
oceanic stations in neither of these two cruises. The slightly
higher abundance found in the Sta. S3 during DWDE-2
(Fig. 3c) could be attributed to a weak chlorophyll filament
that reached the site (Fig. 7c).

Discussion
Circulation patterns and fish larval distribution

While reproductive cycle seasonality is the first prerequisite
determining the presence of larvae of coastal and neritic taxa,
our results indicate that the dominant mechanisms control-
ling ichthyoplankton transport were the length and intensity
of the shelf front that limited cross-shelf exchange, and the

Fig. 6 (Continued)
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presence of mesoscale anticyclonic and cyclonic eddies that
advected larvae from the shelf to the deep-water region.

The interaction of anticyclonic and cyclonic eddies leading
to an eastward transport (as observed during the cruise
DWDE-4 both in fish larvae abundance as well as by the chlo-
rophyll filaments) in the NWGoM has been described previ-
ously (e.g., Biggs and Müller-Karger 1994; Martínez-L�opez and
Zavala-Hidalgo 2009). On the other hand, the presence of
along-shelf fronts in the western GoM (as observed during
DWDE-3) has been previously described (Zavala-Hidalgo
et al. 2003; Gough et al. 2019), which likely constrains the
exchange of larvae between the shelf and the deep-water
region.

Understanding the connectivity level of fish communities
among different subregions within the same domain is key to
study the resilience potential of continental shelf fish species

(Paris et al. 2020). The interaction of eddies with the slope could
enhance the larval dispersion to deep waters, while a strong
shelf-break front could encourage retention of larvae within the
neritic region, thereby contribution to local population replen-
ishment and/or favoring the connectivity between the shelf
provinces of Veracruz, Tamaulipas, Perdido, and Texas.

Origin of coral reef-associated fish larvae
Different shelf provinces of the GoM harbor both coral reef

habitat (Veracruz, Campeche, Yucatan: Liddell 2007, and
Texas–Louisiana: Nash et al. 2013) and oil and gas platforms
(Bay of Campeche: CNH 2019, and Texas–Louisiana:
Sammarco 2014), which could provide suitable habitat for the
settlement by reef fish (Barker and Cowan 2018). The high
correlation between coral reef taxa species richness and the
particle backtracking results is remarkable and provides further

Fig. 6 (Continued)
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support for the use of the model to infer their dispersal
pathways.

During the first cruise, reef-associated fish larvae (Balistes
capriscus, Coryphopterus spp., Ctenogobius spp., Chromis multi-
lineata, Canthigaster spp., and Sphoeroides spp.) were mainly
found at the northern transect, whereas only Coryphopterus
spp. was caught in the southern transect (see Supporting
Information Table S1). This finding agrees well with the par-
ticle backtracking simulation, since the likelihood of larvae
originating from the Texas and northern Veracruz continen-
tal shelves was higher in the northern transect. The path-
ways followed by propagules coming from the Texas inner
shelf southward, crossing the Perdido shelf and then trans-
ported offshore agrees with a recent 28 d numerical simula-
tion study performed with passive tracers also in the

NWGoM (Gough et al. 2019). The slightly higher abundance
of coral reef-associated fish larvae in the northern transect
during the last cruise (DWDE-4, Supporting Information
Table S1) was also in agreement with its corresponding parti-
cle backtracking simulation, since the likelihood of coming
from the Texas and Louisiana in the case of the north tran-
sect (Fig. 5b, left) was higher than the likelihood of coming
from Texas and northern Veracruz for the south transect
(Fig. 5b, right).

The likelihood of reef larvae originating in provinces with
reefs in the second particle backtracking simulation was
higher for the southern stations (Fig. 5c), which agrees with
the higher number of taxa of reef-associated fish larvae identi-
fied in the southern stations (DWDE-2, Supporting Informa-
tion Table S1). The propagules could originate in reefs located

Fig. 6 (Continued)
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in northern Veracruz, as well as the Yucatan platform and
Louisiana. Although the Campeche and Yucatan shelves are
located relatively far from the deep-water region of Perdido, as
compared to that off Texas and northern Veracruz, the poten-
tial for connectivity between these sites has been suggested
previously by Zavala-Hidalgo et al. (2003).

The lack of connectivity between the Perdido oceanic sta-
tions and provinces with reefs in the third simulation experi-
ment (Fig. 5d) is not in complete agreement with the
biological outcome. Although the third cruise showed the low-
est contribution of reef-associated taxa, a few fish larvae of
these taxa were identified in both transects (DWDE-3,
Supporting Information Table S1). These larvae may have been

subject to dispersal for longer than 28 d. Bothus spp., for
example, can extend its PLD and metamorphose when suit-
able nursery habitat is available (Evseenko 2008). Future stud-
ies that include age determination based on otolith daily
increment counts would be very useful in defining the appro-
priate PLD for a given taxa (Zapata and Herr�on 2002; Schlaefer
et al. 2018). The analysis of otolith geochemistry and stable
isotope markers can also be helpful to track the origin of fish
larvae (Campana et al. 2000; Fodrie and Herzka 2013).

Limitations to this approach
A limitation of this study is that larval behavior was not

incorporated in examining dispersal pathways. However, we

Fig. 7. Surface Chl a concentration (mg m−3) obtained from remote sensing data on the date that Chl a filaments showed the highest flow into deep
waters of the 28 d period preceding each cruise (left), and at the beginning for each them (right): (a) DWDE-1 (June 2016), (b) DWDE-4 (November
2017), (c) DWDE-2 (October 2016), and (d) DWDE-3 (April 2017). Black parallel lines indicate the north and south transect positions (the specific loca-
tion of each station is shown in Fig. 3). The isobath of 200 m is depicted with black line.
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do account for transport over the top 0–200 m, and therefore
the unresolved consequences of ignoring vertical migration
have been addressed to some extent by modeling the depths
over which diel vertical migration mainly occurs.

We also chose to examine a single PLD (28 d). Endurance
swimming abilities are very limited until after notochord flex-
ion is complete (Clark et al. 2005). Since 89.6% of the fish lar-
vae collected were in the preflexion and flexion stages,
spawning grounds should not be very far from our sampling
regions (Hitchman et al. 2012). Although it is worth consider-
ing whether using shorter PLDs would alter our results. Using
shorter PLDs (T = 7, 14, or 21 d) to calculate the time-averaged
proportions of larvae from coastal and neritic regions resulted
in the same general trend: a higher proportion of coastal and
neritic larvae was found for DWDE-1 and DWDE-4 than for

DWDE-2 and DWDE-3 (Fig. 2). Therefore, the dynamical struc-
tures present during the month prior to the cruises were largely
responsible of the different larval abundances found offshore.

Last, although fish larvae are moving throughout the
upper-layer ocean, larvae from different fish species will have
different behaviors. Despite the consistency between biologi-
cal and numerical results we found, future studies to deter-
mine the connectivity of specific species (instead of an
ensemble) should contemplate particular traits like vertical
migration, mortality, PLD, among others.

Conclusions
Although one must consider that (1) the hourly model out-

put does not resolve fine-scale physical processes that drive

Fig. 7 (Continued)
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dispersion and hence impact connectivity, and (2) our larval
transport model did not include particle behavior, the spatial
and temporal resolution of the HYCOM + NCODA version
used provided consistent results with the abundances of
neritic larvae collected in the in deep-water region of Perdido
over 4 weeks. This suggests model simulations with similar res-
olution can be a useful tool for deriving two-dimensional
velocity fields to infer dispersion pathways of planktonic
organisms, and can be used for obtaining statistically robust
results based on the simulation of a sufficiently large number
of Lagrangian particles. Such backtracking experiments will
contribute to the understanding of the connectivity levels of
continental shelf fish communities with pelagic larvae stages,
and are also helpful for identifying the most likely origin of
observed propagules, as has been suggested by prior studies
(Batchelder 2006; Brickman et al. 2009; Thygesen 2011). This
information about larval fluxes will be helpful to interpret the
effects of the environment on growth and population dynam-
ics of ichthyoplankton (Batchelder 2006), to predict hatching
areas (Christensen et al. 2007), to design marine protected
areas (Paris et al. 2009), and to assess the recovery potential to
oil spills (Paris et al. 2020).
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