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ABSTRACT

Information on early life history of economical important fisheries stocks are required to accurately estimate
their population status. This study investigated blackfin tuna (Thunnus atlanticus) larvae distribution over six
summers (2007-2011, 2015) in the northern Gulf of Mexico. Blackfin tuna were commonly observed and widely
distributed in surface waters with frequency of occurrence ranging from 48% (2008) to 92% (2011). Inter-
annual variability in density was observed with highest mean density recorded in 2009 (17.2 larvae 1000 m ~3)
and lowest mean density in 2015 (2.2 larvae 1000 m ~3). Density also varied between months with higher overall
mean density observed in July (9.2 larvae 1000 m %) compared to June (4.3 larvae 1000 m ~3). Generalized
additive models (GAMs) based on presence/absence and density of blackfin tuna larvae determined that this
species was present in areas of intermediate salinity (31-36) and higher sea surface temperature (SST > 29 °C).
Blackfin tuna larvae were also strongly associated with convergent zones near the Loop Current and anticyclonic
eddies. Environmental conditions deemed to be favorable from GAMs (salinity, SST and sea surface height) were
combined with environmental data in 2011 and 2015 to predict the suitable habitat of blackfin tuna larvae from
the outer continental shelf into oceanic waters (areas =100 m isobath). The amount of highly suitable habitat
( > 10 larvae 1000m~3) in 2011 and 2015 varied between months (June 6%, July 51%); however, blackfin
tuna larvae were predicted to occur at similar locations in surface waters along the continental slope and at the
margin of the Loop Current. Overall, the results highlighted the importance of mesoscale features and ocea-
nographic conditions on the distribution and abundance of blackfin tuna larvae.

1. Introduction

Understanding the population dynamics of blackfin and other tunas
relies on accurate catch or abundance data as well as basic life history

The Gulf of Mexico (GoM) supports highly productive commercial
and recreational fisheries for tunas (Chesney et al., 2000). Due to
overfishing, populations of yellowfin tuna (Thunnus albacares), bigeye
tuna (Thunnus obesus) and Atlantic bluefin tuna (Thunnus thynnus) in
this region are decreasing in abundance and are considered to be de-
pleted or fully exploited (Majkowski, 2007; Juan-Jorda et al., 2011).
Apart from these taxa, blackfin tuna (Thunnus atlanticus) is also an
important component of the offshore tuna fishery in the GoM (NOAA,
2016), and despite the numerical dominance of blackfin tuna relative to
other tunas, this species has received considerably less attention by the
scientific community. Because directed commercial fisheries for tunas
in the GoM and western Atlantic Ocean generally target bigeye, bluefin,
and yellowfin tuna, the decline of these populations is expected to lead
to an increase in fishing pressure on blackfin tuna, which is troubling
because no stock assessment or management plan currently exists for
this species (ICCAT, 2016).
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information (Fromentin and Fonteneau, 2001; Fromentin and Powers,
2005; Young et al., 2006). Stock abundance of tunas is often predicted
using catch rates from a variety of sources (e.g., survey data, reported
landings); however, using catch data to estimate key population para-
meters (e.g., spawning stock biomass) of tunas is problematic because
these data are not necessarily reflective of population size, as they re-
present relative abundance of specific size in particular regions
(Maunder et al., 2006). Because most of stock assessments of tunas are
based on catch data, environmental and biological factors that affect
the population dynamic are typically not integrated in assessment
models, which can lead to inaccurately estimated trends in population
size (Rouyer et al., 2008; Taylor et al., 2011). New analytical tools have
been developed based on fishery-independent measure of abundance
taking into account spatial and temporal distribution patterns of
exploited species (Lehodey et al., 2003, Lamkin et al., 2015). In parti-
cular, larval abundance indices are often used as a proxy or indirect
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means of predicting spawning stock biomass of tunas and other pelagic
fishes (Scott et al., 1993; Hsieh et al., 2006; Ingram et al., 2017).
Therefore, determining the influence of environmental conditions —
both biotic and abiotic — on the spatial dynamics of blackfin tuna larvae
is fundamental to assessing their population status.

Blackfin tuna stock status is uncertain in the GoM, as basic in-
formation on the spawning and early life habitat of blackfin tuna is
limited for this region. Therefore, abundance estimates of blackfin tuna
larvae in the GoM can provide critical information that can be used to
assess stock status but also determine the timing and location of
spawning in this region. It has been observed that potential environ-
mental changes can impact the spatial and temporal dynamics of
spawning areas, which influence the distribution and abundance of
tuna larvae (Lindo-Atichati et al., 2012; Reglero et al., 2014). The
northern GoM has been described as an essential spawning and nursery
habitat of blackfin tuna (Rooker et al., 2013; Cornic et al., 2018), and
the distribution and abundance of tuna larvae has been related to
seasonal variations in the geographic position of the Loop Current and
physicochemical conditions associated with this feature (Lindo-Atichati
et al., 2012; Muhling et al., 2013). Due to the fact that physicochemical
conditions of a nursery habitat are known to influence the growth and
survival of tuna larvae (Garcia et al., 2013; Kim et al., 2015), it can be
expected that oceanographic features associated with early life habitats
of blackfin tuna will affect their growth, survival, and recruitment.
Therefore, defining environmental factors associated with early life
habitats and the location of putative production zones for blackfin tuna
is essential to understanding the influential drivers of recruitment
success for this species in the GoM.

The objective of this study was to characterize the spatiotemporal
patterns in distribution and abundance of blackfin tuna larvae in sur-
face waters of the northern GoM. Because the distribution and abun-
dance of tuna larvae depend on environmental factors of their habitat,
generalized additive models (GAMs) based on presence-absence (P/A)
and density were developed to determine the most influential en-
vironmental parameters affecting blackfin tuna larvae. Explanatory
variables from GAMs were used to predict the distribution of blackfin
tuna larvae based on environmental conditions in 2011 and 2015, and
the estimated probabilities were then used to characterize the spatial
extent and areal coverage of suitable habitats of blackfin tuna larvae in
each year.

2. Materials and methods
2.1. Sampling protocol

The Gulf of Mexico (GoM) is semi enclosed sea, and oceanographic
conditions off its continental shelf are generally oligotrophic and in-
fluenced by the Loop Current, a warm surface waters moving from the
Caribbean Sea to the Atlantic Ocean through the GoM and the Florida
Strait (Fig. 1). The Loop Current expansion in the GoM is highly vari-
able and generates anticyclonic and cyclonic eddies that can affect the
sea surface temperature and productivity of its region (Muller-Karger
et al., 2015). Apart from the Loop Current, the northern GoM is influ-
enced by seasonal riverine discharges from the Mississippi River that
can modify the physicochemical characteristics (i.e salinity, turbidity)
and productivity on the continental shelf and slope (Dagg et al., 2004).

Ichthyoplankton surveys were performed in June and July from
2007 to 2011 and 2015 in the northern GoM (Fig. 1). Blackfin tuna
were collected in surface waters using neuston nets (1 m X 2m frame)
with 80% of the mouth of the net below the water. Therefore, larval
densities were calculated under the assumption that neuston nets
sampled at an average depth of 0.8m. From 2007-2010 two neuston
nets with different mesh sizes (500 and 1200 pm) were used, while only
one neuston net (1200 um) was deployed in 2011 and 2015. Nets were
deployed during the day for a duration of 10 min at an approximate
speed of 1 ms ™!, with deployments being made every 15 km in order to
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Fig. 1. Sampling area (dashed rectangle) of the June and July ichthyoplankton cruises
performed from 2007 to 2011 and 2015 in the northern Gulf of Mexico. General ocea-
nography of the Gulf of Mexico is represented by the Loop Current (red line), anticyclonic
eddy (red circle), and cyclonic eddies (blue circle). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

sample diverse oceanographic features. Each net was equipped at its
center with a General Oceanic flowmeter (Model 2030R, Miami, FL) to
estimate the volume of water sampled. All fish larvae were fixed on
board in 95% ethanol and later preserved in 70% ethanol.

2.2. Environmental data

Sea surface temperature (SST, °C) and salinity were recorded at each
sampling station (n = 325) from the research vessel using a Sonde 6920
Environmental Monitoring System (YSI Inc.). Also, Sargassum biomass
(wet weight in kg) collected in neuston nets was recorded at each sta-
tion. Additional environmental data at each station were extracted from
open access resources using the Marine Geospatial Ecology Toolbox in
ArcGIS (Roberts et al., 2010). Sea surface height anomaly (SSHA, cm)
data were determined from remotely sensed data that matched our
sampling dates and station locations. Sea surface height anomaly data
were generated every 7 days (d) from combined satellite altimetry
measurements using Jason-1 and 2, ENVISAT/ERS- 1 and 2, Geosat
Follow-On and Topex/Poseidon inter- laced (AVISO). Sea surface
chlorophyll a concentrations (mgm~>) were accessed from NASA
Ocean Color Group’s Moderate Resolution Imaging Spectroradiometer
(MODIS) on the Aqua satellite. Chlorophyll a concentration data con-
sisted of 8 d averaged time periods with a 1/24° resolution. Water depth
(m) at sampling stations was obtained from NOAA’s NGDC U.S. Coastal
Relief Model. To generate predicted suitable habitat of blackfin tuna
larvae in June and July 2011 and 2015, environmental data (SSHA,
SST, salinity) were extracted from remotely sensed observations using a
grid of 0.0833°. SSHA were estimated from AVISO, while SST and
salinity were extracted from the Gulf of Mexico Hybrid Coordinate
Ocean Model (GoM-HYCOM) and added to U.S. Navy Coupled Ocean
Data Assimilation (NCODA) system.

2.3. Larval identification

At the laboratory, Thunnus larvae were visually sorted using mor-
phological characteristics and pigmentation (Richards, 2006). Because
Thunnus larvae were abundant (n = 16986) in our samples, only posi-
tive stations (Thunnus present) containing more than 10 larvae were
genetically identified. A subset of 6974 Thunnus larvae from 61% of the
overall positive stations (n = 530) were selected across the main areas
of our sampling corridor (27-28°N transect) and/or oceanographic
features for each survey. Then, each larva was genetically identified to
the species level using high-resolution melting analysis (HRMA), fol-
lowing the protocol described by Cornic et al. (2018). At stations with
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less than 100 Thunnus larvae collected during a cruise, all individuals
were genetically identified; otherwise, 100 randomly selected in-
dividuals were genetically identified and the number of blackfin tuna
larvae was extrapolated to the total number of Thunnus larvae collected
at the particular station. Standard length (SL) measurements to the
nearest 0.01 mm were taken for blackfin tuna larvae genetically iden-
tified from 2007 to 2010 (> 80%) using image analysis software
(Image Pro Plus 7).

2.4. Data analysis

Because sampling gear type can affect catch of Thunnus larvae
(Habtes et al., 2014), linear regression analyses were performed to in-
vestigate the potential influence of different sampling gears on blackfin
tuna larvae catchability. Linear regression analysis showed that den-
sities of blackfin tuna larvae were significantly different between
neuston nets with 500 and 1200pum mesh sizes (log + 1(net
500) = 0.35 + 0.84*log + 1(net 1200); p < 0.01) for all paired sta-
tions sampled from 2007 to 2010. Densities of blackfin tuna larvae were
higher in the neuston net with 500 um mesh size (10.0 + 1.0 larvae
1000 m ) than the 1200 um (2.6 + 0.3 larvae 1000 m ~3) (Fig. S1, A).
However, a significant positive relationship in density (p < 0.01) was
observed between nets, indicating that spatial variation in the dis-
tribution and abundance of blackfin tuna larvae across our sampling
stations was similar between the nets with different mesh sizes. It is also
important to note that Thunnus larvae are commonly present below
surface waters (Habtes et al., 2014). Consequently, we compared den-
sities of larvae found in the upper meter of the water column (neuston
net, 1200 pm mesh size) to oblique, bongo tows (paired nets, mesh size
333 and 500 um) from the surface to 100 m depth (Fig. S1 A, B) from
2011 to 2015. Density of blackfin tuna larvae was statistically similar
between gears that sampled the surface (neuston tows: 3.7 + 0.6 larvae
1000m~3) and the water column to 100m (oblique bongo tows:
3.5 + 0.3 larvae 1000 m ™) (paired t-test, p = 0.4). A significant po-
sitive correlation (p < 0.01) between the density of blackfin tuna
larvae in surface waters and at depth for each station was observed,
indicating that surveys conducted in surface waters appear to serve as a
useful proxy for characterizing the relative abundance of blackfin tuna
larvae found in the water column or at depth.

Percent frequency of occurrence was calculated for each survey as
the total number of stations containing blackfin tuna larvae divided by
the total number of stations with Thunnus larvae identified with HRMA
plus stations without any Thunnus larvae present. Because only a subset
of stations could be analyzed with HRMA, other stations with positive
catches of Thunnus larvae but not assayed with HRMA were not in-
cluded in the total number of stations sampled.

Because density data violated the assumptions of normality and
homogeneity of variances, non-parametric tests were carried out with R
(R Development Core Team, 2015). The aligned rank transform (ART)
for nonparametric factorial ANOVAs test was performed to compare
densities among years and between months using the package ARTool
(Wobbrock et al., 2011). Differences in factor levels of main effects
were examined by using the post-hoc interaction analysis using the
package phia (De Rosario-Martinez, 2015).

Spatio-temporal distribution of blackfin tuna larvae in the northern
GoM was visualized using kernel density based on the densities ob-
served at each positive station from 2007 to 2010. Because kernel
density estimation can be influenced by a skewed statistical distribution
of data (Carpentier and Flachaire, 2015), a log(x + 1) transformation
was applied to larval density prior to calculation. Then, kernel density
was estimated with a cell size of 0.01 and search radius of 0.8 in ArcGIS
Spatial Analyst tool.

Generalized additive models (GAMs) were developed in R (R
Development Core Team, 2015) to examine the influence of environ-
mental conditions on the occurrence and density of blackfin tuna
larvae. Generalized additive models as allow parametric fixed effects to
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be modeled non-parametrically using additive smoothing functions,
and relax the assumptions of normality and linearity inherent in linear
regression (Hastie and Tibshirani, 1990; Guisan et al., 2002). Models
included a suite of environmental parameters (SST, salinity, SSH, depth,
surface chlorophyll a, and Sargassum biomass standardized by kilogram
per kilometer towed), spatial parameters (longitude, latitude), and
temporal parameters (hour after the sunrise, year, month). Two dif-
ferent models with cubic regression spline and logarithm link function
were built; presence/absence (P/A) model using binomial distribution
and density model using a negative binomial distribution. Degree of
freedom of regression splines was penalized with a maximum degree of
freedom of 4 to avoid overfitting while estimating the model para-
meters. The goodness-of-fit of each model was examined using Akaike
information criterion (AIC). Collinearity among variables was examined
using Spearman’s test and variance inflation factor (VIF). If variables
were highly correlated (p > 0.60 and VIF > 5), separate GAMs were
run with each collinear variable to determine their influence on P/A
and density of blackfin tuna larvae. The variable included in the GAM
that resulted in the lowest AIC value was kept in the initial model. For
both P/A and density models, depth and latitude were collinear,
therefore latitude was removed from the initial model. For each model,
a backwards stepwise procedure based on minimizing AIC was used to
select explanatory variables influencing the P/A and density of blackfin
tuna larvae. Non-significant smoothed variables (p > 0.05) were re-
moved one by one from the initial model unless their removal involved
an increase of AIC value. Final models were selected based on lowest
AIC values. To determine the importance of each variable in the final
model, variables were removed one by one from the final model and the
variation in percent deviance explained (ADE) and AIC (AAIC) between
the two models was calculated (Rooker et al., 2012).

Distribution maps of predicted densities were developed to de-
termine the location of suitable habitat of blackfin tuna larvae in the
GoM for 2011 and 2015. Because habitat quality of tuna larvae is in-
fluenced primarily by the oceanographic conditions (Muhling et al.,
2013; Rooker et al., 2013; Reglero et al., 2014; Cornic, 2017), only the
most influential physicochemical parameters (e.g., salinity, SST, SSHA)
detected in the density based GAMs developed from 2007 to 2010 were
used. Moreover, during the summer 2010 the northern GoM was af-
fected by the Deepwater Horizon oil spill (Crone and Tolstoy, 2010)
that potentially affected habitat conditions and the survival of blackfin
tuna larvae (Rooker et al., 2013; Incardona et al., 2014). As a result,
this year was removed from the analysis and blackfin tuna larvae
densities were predicted in June and July 2011 and 2015 based on the
three most influential explanatory variables from 2007 to 2009 (GAMs;
Table S1; Fig. S2) using pred.gam function in the mgcv package in R
(Wood, 2015). Then, predicted densities were smoothed using a bi-
linear interpolation and plotted in ArcGIS to visualize the distribution
of blackfin tuna larvae from the 100-m isobath (depth contour) to the
oceanic waters of the northern GoM (Rooker et al., 2013), and the
percent coverage of highly suitable habitat ( > 10 larvae 1000 m~>)
was estimated.

Although P/A and density GAMs for blackfin tuna larvae were in-
fluenced by similar environmental parameters (SST, SSHA, salinity), the
density based model represented a better fit of our data (AIC = 1840.4;
DE = 36.6%), and was used to predict the habitat suitability of blackfin
tuna larvae in 2011 and 2015 from the 100-m isobath into oceanic
waters (Table S1; Fig. S2).

3. Results
3.1. Catch summary

An overall of 5687 blackfin tuna larvae were identified among six-
sampling years. Standard length (SL) of 71% of the blackfin tuna larvae

identified was recorded, and nearly all (99%) of the blackfin tuna larvae
collected were less than 6 mm SL (mean = 4.6 mm SL) (Fig. 2). Blackfin
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Fig. 3. Density (larvae 1000 m %) of blackfin tuna and other Thunnus larvae (bluefin
tuna, yellowfin tuna, and bigeye tuna) in the northern GoM from 2007 to 2011 and 2015.
Error bar represent one standard error of the mean.

tuna larvae were the most common true tuna in our samples, ac-
counting for 82% of the Thunnus larvae collected (n = 6947) in the
ichthyoplankton surveys of surface waters in the northern GoM. Mean
density of blackfin tuna larvae (6.7 larvae 1000 m %) was high relative
to all other Thunnus spp. collected (mean density 1.2 larvae 1000 m~>)
(Fig. 3). Percent frequency of occurrence for blackfin tuna larvae
ranged from a low of 48% (2008) to a high of 92% (2011) (Table 1).
Densities of blackfin tuna larvae varied significantly among years (ART
test; p < 0.01), with mean values ranging from 2.5 larvae 1000 m™
(2015) to 17.6 larvae per 1000 m ™2 (2009) (Table 1; Fig. 3). A month
effect was also observed with overall mean densities lower in June
cruises (4.3 larvae 1000 m~3) than July cruises (9.2 larvae 1000 m %)
(ART test; p < 0.01). However, a year X month interaction effect was
also detected (ART test; p < 0.05) with significantly higher blackfin
tuna larval densities observed in June for 2008 and 2011, indicating
that intra-annual differences were not consistent across all sampling
years.

Blackfin tuna larvae were widely distributed throughout the

Standard Length (mm)

Table 1

Summary of blackfin tuna larvae catches from 2007 to 2011 and 2015. n corresponds to
the number of stations genetically analyzed, count is the number of blackfin tuna larvae
identified, and% of blackfin tuna represents the percent of blackfin tuna larvae identified
in the Thunnus larvae collection. Densities (larvae 1000m~%) and standard error of the
mean (SE) are also indicated.

Year Cruises n Count % blackfin Frequency of Densities (SE)
tuna occurrence
2007 June 22 420 79 79 5.8 (1.8)
July 22 659 89 92 13.5 (1.6)
2008 June 25 472 66 52 4.8 (1.7)
July 24 531 88 43 4.6 (0.6)
2009 June 32 623 84 76 6.0 (1.1)
July 34 1193 82 81 29.2 (5.7)
2010 June 28 316 63 62 3.7(1.7)
July 33 464 87 75 6.3 (0.6)
2011 June 23 407 85 87 4.1 (0.6)
July 34 166 98 66 1.4 (0.2)
2015 June 25 167 72 50 1.8 (2.9)
July 23 269 88 48 3.3(1.49

sampling area in the northern GoM (Fig. 4); nevertheless, densities of
blackfin tuna larvae were typically higher on the outer shelf and upper
slope (depth ca. 200-2000m) relative to more oceanic waters
(> 2000 m depth). Moreover, different oceanographic features (antic-
yclonic eddy and the Loop Current) were present in our sampling cor-
ridor from 2007 to 2010, and a high number of blackfin tuna larvae
( > 70%) were observed at the margin of the eddy (2007) and the Loop
Current (2008 and 2009), suggesting that oceanographic features in-
fluence the distribution of blackfin tuna larvae.

3.2. Habitat relationships

The final P/A based GAM included 5 variables: hour after the sun-
rise, SSHA, SST, salinity, and Sargassum biomass (Fig. 5). The final
model AIC and deviance explained were 389.5 and 15.1%. Occurrence
of blackfin tuna larvae in the northern GoM were significantly affected
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Table 2
Variables retained in the final occurrence and density models, Akaike Information
Criterion (AIC), deviance explained (DE).

Model Variables A AIC A DE
Occurrence Hour after sunrise 22.1 7.3%
Final AIC: 389.5 SSHA 8.1 3.5%
Final DE: 15.1% SST 3.0 1.6%
Salinity’ 9.4 5.1%
Sargassum biomass 13.2 5%
Model Variables A AIC A DE
Density Year 55 6.6%
Final AIC: 1840.4 Hour after sunrise 33.3 4.3%
Final DE: 36.6% SSHA 32.0 4%
SST 36.2 4.7%
Salinity 15.1 2.3%
Sargassum biomass 9.8 1.3%
*p < 0.05.
** p = 0.001.
**% p < 0.001.

(p < 0.05) by hour after the sunrise (AAIC = 22.1, ADE = 7.3%),
SSHA (AAIC =8.1, ADE = 3.5%), and Sargassum biomass
(AAIC = 13.2, ADE = 5%) (Table 2), and response plots from final P/A
based GAM showed that blackfin tuna larvae presence increased with
both negative and positive SSHA (—10 to 20 cm), and at time per-
iods > 10h after the sunrise. In contrast, the larvae were negatively
correlated with Sargassum biomass.

Results of the density based GAM were similar with 5 of the 6
variables also present in the P/A model (Fig. 6). Variables in the final
density based GAM included: hour after the sunrise, SSHA, SST, sali-
nity, Sargassum biomass, and year. Deviance explained (36.6%) was
considerably higher than the P/A model and this model also resulted in
a lower AIC (1840.4). Moreover, all the variables retained in the final
density based model were significant (p < 0.01), with the most influ-
ential variables being year (AAIC =55, ADE = 6.6%) and SST
(AAIC = 36.6, ADE = 4.7%) (Table 2; Fig. 6). Densities were positively

Fisheries Research 201 (2018) 1-10

associated with negative and positive SSHA (—10 to 20cm)
(AAIC = 32, ADE = 4%), high SSTs ( > 30°C), intermediate to high
salinity (> 30) (AAIC = 15.1, ADE = 2.3%) and period of the day >
10h after the sunrise (AAIC = 33.3, ADE = 4.3%), while negatively
correlated with Sargassum biomass (AAIC = 9.8, ADE = 1.3%).

3.3. Habitat suitability forecasting

Although P/A and density GAMs for blackfin tuna larvae were in-
fluenced by similar environmental parameters (SST, SSHA, salinity), the
density based model represented a better fit of our data (AIC = 1840.4;
DE = 36.6%), and was used to predict the habitat suitability of blackfin
tuna larvae in 2011 and 2015 from the 100-m isobaths into oceanic
waters. The resulting GAM was then related to the environmental data
(SSHA, SST, and salinity) recorded in 2011 and 2015. Distribution maps
of predicted densities indicated that blackfin tuna larvae were widely
distributed in the northern GoM in 2011 and 2015, with higher den-
sities observed on the edge of the predicted range along the 100m
(Fig. 7). Moreover, predicted densities of blackfin tuna larvae were
highest (> 6 larvae 1000 m~3) at the margin of Loop Current or as-
sociated warm core eddies as well as in areas of confluence between
eddies. Areas with the lowest predicted densities occurred inside the
Loop Current (0-0.2 larvae 1000 m~ ). Finally, distribution revealed
that the availability of highly suitable habitat of blackfin tuna larvae
(defined as predicted density of > 10 larvae 1000 m ~3) varied among
month, with reduced spatial coverage in June (2% and 10%) relative to
July (48% and 54%) (Table 3). Similar result was observed in the
sampling corridor with no suitable habitat detected in June while 48%
to 98% was detected in July 2011 and 2015, respectively.

4. Discussion

In the present study, both frequency of occurrence and density of
blackfin tuna larvae in the surface waters of the northern GoM were
high (82% and 6.7 larvae 1000 ~3) relative to other Thunnus species
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Fig. 6. Response plots from final generalized additive models (GAMs) showing the influence of environmental variables on density of blackfin tuna (larvae 1000 m ~2) from 2007 to 2010
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Table 3
Predicted area (km?) and percent of highly suitable habitat (< 10 larvae 1000 m~3) in
the overall northern GoM and sampling corridor (black rectangle in Fig. 1).

Year Month Overall Overall Sampling Sampling
highly percent of corridor highly  corridor percent
suitable highly suitable habitat  of highly
habitat suitable (km?) suitable habitat
(km?) habitat

2011  June 6378 2 0 0

July 200536 48 15730 42

2015 June 44054 10 0 0

July 227125 54 36695 98

(17-43% and 2.2 larvae 1000 ~3), indicating that blackfin tuna larvae
were the most common and abundant true tuna larvae in this region.
Although growth rates for blackfin tuna larvae have not been estab-
lished, the majority of blackfin larvae collected were relatively small
( < 6mm), and based on growth rates of other Thunnus larvae (Lang
et al., 1994; Wexler et al., 2007) it appears that nearly all (ca. 99%) of
the blackfin tuna larvae collected were within 10 days of hatching. This
high abundance of small blackfin tuna larvae in June and July surveys
indicates that spawning events likely occurred during both late spring
and summer in the northern GoM. These results are consistent with
other studies on early life ecology of tunas (Richardson et al., 2010;
Rooker et al., 2013), supporting the premise that the GoM is an im-
portant spawning and nursery habitat for blackfin tuna.

Inter-annual variability in abundance is common for tuna larvae in
the GoM as mesoscale features and oceanographic conditions are spa-
tially and temporally dynamic (Muhling et al., 2010; Richardson et al.,
2010; Rooker et al., 2013). While year was not retained in the P/A
model, inter-annual variability in abundance was observed with mean
densities ranging from 2.4 larvae 1000 m~> to 17.6 larvae 1000 m >
over six-sampling years. The spatial dynamics of the Loop Current are
thought to be an important determinant of the temporal variability in
abundance of tuna larvae (Lindo-Atichati et al., 2012; Cornic, 2017), as
it alters environmental conditions in the northern GoM. Therefore, the

penetration and spatial extent of the Loop Current likely affects the
suitability of this region as nursery habitat for tuna larvae (Lindo-
Atichati et al., 2012; Domingues et al., 2016). In 2009, high northward
penetration of the Loop Current was linked to high densities of blackfin
tuna larvae, which were observed at the margin of this mesoscale fea-
ture. In contrast, years of low Loop Current penetration (2008 and
2010) (Lindo-Atichati et al., 2013) corresponded to a decrease in den-
sities for this species. Moreover, in 2010 the Deepwater Horizon event
discharged large quantities of oil in the northern GoM, impacting large
areas of potentially important early life habitat of tunas and other pe-
lagic fishes (Crone and Tolstoy, 2010; Rooker et al., 2013). Because
variability in larval abundance is often influenced by spatial and tem-
poral differences in habitat quality (Lindo-Atichati et al., 2012), the
degradation of spawning and nursery habitat of blackfin tuna in this
region could have led the adults to spawn in other locations or led to an
increase in larval mortality (Rooker et al., 2013; Incardona et al., 2014),
which may be partly responsible for the reduced abundance of blackfin
tuna larvae in 2010.

Spatial distribution patterns of tuna larvae have been related to the
variability in physico-chemical conditions in the GoM (Muhling et al.,
2013; Rooker et al., 2013; Cornic et al., 2018). Salinity was an im-
portant predictor of both distribution and abundance of blackfin tuna
larvae, indicating that variation in salinity might affect the occurrence
and survival of blackfin tuna larvae. In spring, freshwater discharge
from the Mississippi River creates a salinity gradient from the Mis-
sissippi delta to the continental shelf in the northern GoM (Dagg et al.,
2004). Blackfin tuna larvae were detected in a wide range of salinities;
however, higher probability of occurrence and abundance were asso-
ciated with intermediate salinities (30-34 psu), suggesting that marine
areas impacted by freshwater inflow are potentially suitable habitat for
blackfin tuna larvae. Furthermore, Thunnus larvae have a high meta-
bolic demand for fast growth and increase prey availability often results
in higher larval survival (Margulies, 1993; Tanaka et al., 2006). The
increase of nutrients from riverine inputs influences primary and sec-
ondary production, increasing feeding opportunities for larval fish on
the continental shelf of the northern GoM (Lohrenz et al., 1997).
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Therefore, late spring and/or early summer spawning during riverine
discharges may maximize the growth and survival of blackfin tuna
larvae in this region.

Distribution and abundance of fish larvae in the GoM are heavily
influenced by the location of mesoscale features such as Loop Current
and associated eddies (Lindo-Atichati et al., 2012; Rooker et al., 2012).
These features seasonally induce spatial variability in SST, with anti-
cyclonic circulation features (warm-core eddies) characterized by nu-
trient-poor warm waters while cyclonic circulation features (cold-core
eddies) are characterized by nutrient-rich colder waters. GAMs in-
dicated that blackfin tuna larvae were well distributed across diverse
water masses associated with different circulation features
(=10 < SSHA < 20cm), suggesting that this species has a high tol-
erance for varying environmental conditions. However, distribution
and abundance of blackfin tuna larvae were positively associated with
high SST ( > 29°C) and SSHA (> 10cm), suggesting that the Loop
Current and warm-core eddies might be more suitable habitat for this
species compared to cold-core eddies. Tuna larvae are sensitive to
temperature which can affect their growth and their ability to forage
and avoid predators (Margulies, 1993; Wexler et al., 2011), and several
studies have shown that warmer temperatures within anti-cyclonic
features are favorable to blackfin tuna larvae (Richardson et al., 2010;
Lindo-Atichati et al., 2012; Rooker et al., 2013). Moreover, frontal
zones at the margin of the Loop Current and associated eddies can lead
to the creation of convergent zones (Bakun, 2006), and our highest
densities of blackfin tuna larvae were observed at or near convergence
zones (0cm < SSHA < 10cm). While physical forcing probably de-
termines the distribution of blackfin tuna larvae within convergent
zones (Bakun, 2006), it is also likely that increased feeding opportu-
nities encountered in these zones will support growth and improve the
survival of tuna larvae (Lamkin, 1997; Bakun, 2006; Govoni et al.,
2010). Therefore, surface waters at the margin of the Loop Current and
warm-core eddies may represent favorable habitat with optimal
thermal conditions and prey resources for blackfin tuna larvae survival.

The spatial distribution of blackfin tuna is influenced by mesoscale
features circulation that aggregate larvae and other external forcing
factors (food availability, optimal sea surface temperature) (Richardson
et al., 2010; Lindo-Atichati et al., 2012; Rooker et al., 2013). Suitable
habitat for blackfin tuna larvae in our study was broadly dispersed
along the continental slope (depth = 200-2000 m) in the north-central
and eastern GoM, with the highest densities occurring near the margin
of the Loop Current and areas of confluence between mesoscale fea-
tures. Therefore, the presence of the Loop Current and other mesoscale
features in northern GoM appears to influence the position and extent
of highly suitable habitat available for blackfin tuna larvae. The geo-
graphical position of the Loop Current varied among years and seasons
investigated. During 2011 and 2015 the northward penetration of this
feature was higher in July and this may have contributed to the greater
areal extent of highly suitable habitat observed for blackfin tuna in July
than June. Consequently, the temporal variability in geographical lo-
cation and shape of the Loop Current and associated features may affect
the extent of suitable habitat for blackfin tuna which in turn, may in-
fluence the quality of their nursery habitat and their survival during the
early life period. Also, it is important to note that high densities of
blackfin tuna larvae were observed at the edge of our prediction range
(100 m isobath), suggesting that the distribution of blackfin tuna larvae
extends on the continental shelf or waters outside the prediction area.

Although differences in predicted and observed densities were de-
tected for both years, the extent of the highly suitable habitat ( > 10
larvae 1000m %) and the highest densities observed in our sampling
corridor were similar, indicating that blackfin tuna larvae distribution
based on predicted densities was valid to estimate their distribution and
abundance in the northern GoM. The disparity between predicted and
observed densities of blackfin tuna larvae was likely due to the fact that
models were based on catch numbers from combined 500 and 1200 pm
neuston net tows, while in 2011 and 2015, observed densities were
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calculated from a single 1200 um mesh neuston net. Small larvae
(< 4mm SL) passing through the larger 1200 um mesh size would
result in lower overall density relative to estimates based on catches
present in both 500 and 1200 pm mesh nets. In addition, it is also
possible that shift in blackfin tuna larvae may be caused by environ-
mental changes due to factors not included in our three-variable model
that affected their distribution and abundance.

While this study focuses on a large spatial scale, small-scale vertical
distribution can also affect the distribution and abundance of tuna
larvae. Both distribution and abundance of blackfin tuna larvae varied
during the day, with an increase in abundance at crepuscular periods
prior to sunset and just after dawn. These results suggest that blackfin
tuna larvae move to shallower depths in the water column at night.
Vertical migrations are common in fish larvae and have been correlated
to different factors such as light intensity, turbulence, predator avoid-
ance, and prey concentration (Fortier and Harris, 1989; Job and
Bellwood, 2000; Werner et al., 2001; Hoffle et al., 2013). Vertical mi-
grations of zooplankton are typically characterized by downward mi-
grations during day and upward migrations at night to avoid predators
(Dagg et al., 1989; Loose and Dawidowicz, 1994; Spinelli et al., 2015).
Tuna larvae feed primarily on zooplankton (appendicularians, cope-
pods and cladocerans) and other fish larvae (Llopiz et al., 2010), and by
synchronizing their vertical migrations with those of their prey,
blackfin tuna larvae may increase feeding opportunities. It is also im-
portant to note that the decrease of light intensity from sunset to sunrise
may have also decreased the ability of larvae to avoid our towed nets. It
has been observed that tuna catch can fluctuate between day/night and
size of the larvae (Fortier and Harris, 1989; Davis et al., 1990; Boehlert
and Mundy, 1994; Satoh et al., 2013; Habtes et al., 2014), which could
have led to greater numbers of larvae caught at the end of the day. Diel
differences in catch rates of blackfin tuna larvae in our study suggest
that the vertical position of larvae or association with surface waters
changes over time, which will have implications for their ecology as
feeding, predation, and larval transport vary with depth (Boehlert and
Mundy, 1994; Cowen and Sponaugle, 2009; Llopiz et al., 2010). Be-
cause our sampling was designed to sample larvae primarily associated
with the upper 1 m of the water column (e.g, billfishes), future models
that integrate the distribution of blackfin tuna at different depths within
the water column as well as vertical profiles of key environmental
parameters (e.g., sea surface temperature, prey biomass) will lead to
improved predictive capabilities.

Spatial distribution and abundance of blackfin tuna larvae in surface
waters of the northern GoM suggest that this region is an important
spawning and nursery area for this species. Habitat associations of
blackfin tuna larvae were influenced by specific physico-chemical
conditions and the location of the Loop Current, suggesting that the
margin of the Loop Current and convergence zones between mesoscale
features are critical habitat for this species during early life. Results
demonstrate the value of combined statistical models and GIS to predict
the distribution of blackfin tuna larvae across large-scale features;
however, further investigations on the influence of environmental
conditions changes (e.g., water column depth, food availability) on this
species would help to improve our understanding of habitat associa-
tions and population dynamics. Still, spatial and temporal patterns in
habitat associations, distribution, and abundance presented here re-
present important baseline information, and these data can be used to
develop accurate larval abundance indices to improve our under-
standing of the environmental conditions necessary for defining es-
sential habitat as well as the timing of spawning for blackfin tuna in this
region. Given the recent declines of true tunas in the Atlantic Ocean and
associated basins such as the GoM, this information is essential to assess
the population status of blackfin tunas as exploitation of this species
may increase over the next decade.
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