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The influence of environmental conditions on the relative abundance of Thunnus albacares (yellowfin tuna) and
Thunnus obesus (bigeye tuna) were investigated to determine the extent of the early life stage suitable habitat of
these species in the Gulf of Mexico (GoM). Thunnus albacares and T. obesus larvae were commonly found (31-50%
frequency of occurrence per year) in the northern GoM (26-28°N, 91-96°W), and a significant intra- and inter-
annual variability in abundance of T. albacares and T. obesus was observed with higher abundance recorded in
July surveys (1.3 larvae 1000 m 2 for both species) and during the Summer 2009 (1.9 and 1.7 larvae 1000 m 3,
respectively). Generalized additive models (GAMs) indicated that larvae of T. albacares and T. obesus were more
common and at higher abundance in water masses with moderate to high salinity (28-36), high temperature
(29 °Q), positive sea surface height. Species-specific environmental preferences determined with GAMs were then
combined with summer environmental data over eight years (2007 to 2015) to predict the spatial coverage of
suitable habitat of both species in regions beyond the 100-m isobath. Habitat suitability predictions indicated
that the location and extent of highly suitable habitat of T. albacares and T. obesus larvae varied across years with
the highest areal coverage in 2015 (70%) and 2010 (73%), respectively. Both T. albacares and T. obesus larvae
were more commonly observed and at higher abundance off the continental slope and at margins of the Loop
Current and associated warm-core eddies in the northern GoM. Because changes in environmental conditions
influenced the spatio-temporal distribution of T. albacares and T. obesus larvae, habitat suitability models are
valuable tools for identifying critical areas of the GoM inhabited by tuna larvae and this information can also be
used to assess potential impacts of natural and anthropogenic disturbances on the recruitment and population
dynamics of tunas.

1. Introduction the location of key production (spawning) and nursery zones of several

taxa of pelagic fishes (Reglero et al., 2014; Mourato et al., 2014; Alvarez-

The quality of spawning and nursery habitats of pelagic fishes (e.g.
billfishes, tunas) is known to influence their population dynamics
(Lehodey et al., 2006; Hare, 2014), and changes in environmental
conditions can affect both early life survival and recruitment (Pepin,
1991; Lehodey et al., 2003; Kimura et al., 2010). Therefore, it is essential
to determine habitat associations of pelagic fishes during early life as
well as identify oceanographic conditions that define suitable nursery
areas. Habitat-modeling approaches have been used in recent years to
link the spatiotemporal distribution of pelagic fish larvae with envi-
ronmental conditions to assess fish-habitat relationships and evaluate
the potential impacts of habitat changes (Muhling et al., 2011; Rooker
et al., 2013). These modeling approaches also have been used to identify
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Berastegui et al., 2016).

True tunas (genus Thunnus) represent a significant source of food
worldwide and support important commercial fisheries due to their high
economical value. Despite management plans to ensure the long-term
sustainability of tuna stocks in the Atlantic Ocean, including the Gulf
of Mexico (GoM), several species or stocks are considered to be overf-
ished (ICCAT, 2019). In the GoM, T. thynnus (Atlantic bluefin tuna),
T. albacares (yellowfin tuna), and T. obesus (bigeye tuna) represent
important components of commercial fisheries, and management plans
for these species are based primarily on fisheries-dependent catch data
from commercial operations (ICCAT, 2019). While fisheries-dependent
data provide wide spatial coverage, preferential sampling due to
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commercial constraints (specific species, size, and areas) can bias pre-
dicted distributions and population estimates (Fromentin and Powers,
2005; Maunder and Piner, 2014). Moreover, the relationship between
recruit and spawner biomass is often used to predict the productivity of
fish stock. This spawner-recruit relationship is generally uncertain
because environmental factors affecting spawner biomass and the
development of early life stages until recruitment are largely ignored in
fisheries management (Skern-Mauritzen et al., 2016). Environmental
conditions of the spawning and nursery grounds experienced by the
early life stages of tunas may impact their growth and survival (Lang
et al., 1994; Garcia et al., 2013; Reglero et al., 2014), and in turn, the
recruitment success of tuna stocks. Because recruitment success may
explain the dynamics of tuna populations and ultimately influence the
status of the stock (Alvarez-Berastegui et al., 2018), a better under-
standing of critical early life stages of tuna is needed in the GoM.

Fisheries-independent indices of larval abundance have proven
useful for assessing the population dynamics of T. thynnus in the GoM
(Ingram et al., 2010; Muhling et al., 2010, 2011; Domingues et al.,
2016). Comparable indices for other true tunas are rare even though this
region is known to be an important spawning area for congeners,
including T. albacares and T. obesus. Both of these tropical tunas are
assumed to spawn into the GoM, but the location and coverage of
spawning and/or larval nursery areas for these species is uncertain
(Reglero et al., 2014). To date, information on distribution and abun-
dance of T. albacares and T. obesus larvae in the GoM is incomplete, and
the distribution of both species during early life is assumed to be highly
variable due to dynamic nature of mesoscale oceanographic features
(Loop Current and eddies) and riverine discharges from the Mississippi-
Atchafalaya River System (MARS) (Lang et al., 1994; Lindo-Atichati
et al., 2012). These factors likely influence the quality of nursery habi-
tats experienced by T. albacares and T. obesus larvae, which in turn will
affect their survival and population dynamics.

Here, we evaluated how the natural and induced disturbances (i.e.
oceanographic conditions, oil spill) affect the spatial and temporal dis-
tribution of T. albacares and T. obesus larvae in the northern GoM.
Because misidentification of Thunnus larvae can compromise efforts to
characterize spatial distributions of these species (Puncher et al., 2015),
a genetic approach was applied to identify species within the Genus
Thunnus to develop species-specific habitat suitability models.

2. Method
2.1. Sampling and data collection

Pelagic fishes including true tunas are known to spawn in the GoM
during the summer. Surveys were conducted in June and July 2007 to
2009 to coincided with summer spawning in areas of the outer shelf and
slope where true tuna larvae are widely distributed (Lindo-Atichati
etal., 2012; Reglero et al., 2014). We collected T. albacares and T. obesus
from surface waters using two neuston nets each with a 1 m x 2 m
rectangular opening and two different mesh sizes (500-ym and 1200-
pm). General Oceanic flowmeters were mounted in the center of the
mouth of each net to measure the volume of water filtered. Nets were
towed at an average depth of 0.8 m during daytime for 10 min to an
approximate speed of 2.5 knots. Stations were spaced every 15 km to
sample various oceanographic features, and all fish larvae were pre-
served on board in 95% ethanol.

2.2. Larval identification

In the laboratory, each Thunnus larva was visually identified to genus
level using morphological and pigmentation characters (Richards, 2006)
and preserved in 70% ethanol. Small Thunnus larvae are difficult to
visually identify to the species level due to similar pigmentation.
Consequently, Thunnus larvae were genetically identified using a highly
sensitive genotyping method, high-resolution melting analysis (HRMA)
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using an unlabeled probe, following the protocol described in Cornic
et al. (2018). During the three sampling years, a high number of Thunnus
larvae (N = 15,573) were collected. In response, a subset of 163 positive
stations (nearly 50% of stations containing Thunnus larvae) was selected
for further analysis. Because Thunnus larvae at several positive stations
were present in high numbers (>100), we randomly selected 100 in-
dividuals at these stations for HRMA. The percent composition of
T. albacares and T. obesus from the 100 larvae was used to assign species
identification to the remainder of the Thunnus larvae in the sample. At
stations with less than 100 individuals, all the larvae were identified
with HRMA to the species level. Moreover, each larva genetically
identified was measured to the nearest 0.1 mm from the tip of the snout
to the tip of the notochord using the software Image-Pro Plus 7.0.

2.3. Environmental data

Sea surface temperature and salinity were recorded on board at each
station from 2007 to 2009 using a YSI Sonde 6920 Environmental
Monitoring System (YSI. Inc). For each survey, supplementary envi-
ronmental data (chlorophyll a concentration, sea surface height) were
downloaded and extracted from remotely sensed observations using
station coordinates and date of sampling. All other environmental data
used to predict habitat suitability from 2007 to 2015 were extracted
from remotely sensed observations (Table 1). For habitat models, tem-
perature and salinity were determined using Gulf of Mexico Hybrid
Coordinate Ocean Model (GoM-HYCOM 31.0) added to U.S. Navy
Coupled Ocean Data Assimilation (NCODA) system. Because in situ
measurements were used to develop habitat models and remotely sensed
observations were used for predictions of habitat suitability in subse-
quent years to 2015, correlation between both sources of data was
calculated to determine if GoM-HYCOM observations reflect the values
collected during ichthyoplankton surveys (2007-2009). Sea surface
temperatures from both data sources were highly correlated (r = 0.8),
while salinity had a lower rate of correlation (r = 0.2). This lack of
correlation between in situ and GoM-HYCOM observations, it is most
likely due to the difference of temporal and spatial scales between
measurements. Riverine inputs rapidly alter the salinity seascape in the
GoM, and HYCOM models may not accurately capture these changes at
spatial and temporal fine-scales. However, HYCOM is well defined to
detect changes in salinity over a longer period of time (Cummings and
Smedstad, 2014). Therefore, changes in salinity (low, intermediate,
high) will be reflected in the predictions and GoM-HYCOM values are
still a good proxy to determine the influence of salinity changes on
T. albacares and T. obesus larvae distribution. All remotely sensed
environmental data were extracted using the marine geospatial ecology
toolbox in ArcGIS 10.2 (Roberts et al., 2010).

2.4. Data analysis

Ichthyoplankton surveys conducted before the Deepwater Horizon
oil spill (2007-2009) were considered as baseline surveys and used to
develop habitat models. Because Thunnus larvae are often distributed

Table 1

Source and spatial resolution of remotely data sensed extracted to predict suit-
able habitat of Thunnus albacares larvae (yellowfin tuna) and Thunnus obesus
larvae (bigeye tuna).

Variables Source Link Spatial Temporal
resolution resolution
Sea surface GoM- WWW. 0.04° 1 month
temperature HYCOM+NCODA hycom.org
(9]
Salinity (psu)
Sea surface AVISO WWW. 0.25° 1 month
height (m) aviso.oce
anobs.com
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throughout the epipelagic zone (0-200 m), it was important to investi-
gate if the surface sampling performed with neuston nets impacted
T. albacares and T. obesus collections. Abundance of T. albacares and
T. obesus from neuston net tows (1200-pum mesh size) in the upper meter
of the water column were compared to abundance from oblique bongo
tows (paired nets: 333-pm and 500-pm mesh size) in the water column to
100 m in 2011, 2012, and 2015 surveys (Fig. 1). Neuston net and bongo
net tows were performed simultaneously during the daytime, and mean
abundance of T. albacares and T. obesus were typically higher in bongo
net than neuston net, although a significant difference in abundance was
only detected for T. albacares (paired t-test, p < 0.05). T. albacares was
detected in higher abundance in the 500-pm mesh size neuston net, this
mesh size was not used in 2011, 2012 and 2015, which might explain
that the abundance between the bongo and neuston nets were signifi-
cantly different for this species. Nevertheless, matching bongo and
neuston tows (either both nets with or both nets without tuna larvae)
occurred at 85% of the stations for T. albacares and 74% of the stations
for T. obesus, suggesting that our characterizations of distribution and
abundance from surface sampling effectively captured spatial variation
in the occurrence and abundance of T. albacares and T. obesus in the
epipelagic zone.

The spatial distribution of T. albacares and T. obesus from 2007 to
2009 was examined by visualizing the abundance of each species in our
sampling corridor using ArcGIS 10.2. Variation in larval abundance
among years and between months was investigated using the aligned
rank transform (ART) for non-parametric factorial ANOVA test using the
package ARTool in R (Wobbrock et al., 2011; R Development Core
Team, 2017). Interaction analysis in package phia (De Rosario-Martinez,
2015) was used to evaluate the statistical significance of differences
observed between months and among years.

Baseline ichthyoplankton cruises (2007-2009) were used to inves-
tigate the potential distribution of T. albacares and T. obesus from 2007
to 2015. Two-stage generalized additive models or GAMs were devel-
oped to explore the influence of environmental conditions on the dis-
tribution and abundance of T. albacares and T. obesus (Barry and Welsh,
2002; Griiss et al., 2014). Use of two-stage GAMs involves independently
developing an occurrence-based GAMs (presence-absence) and an
abundance-based GAMs (presence only). The first stage of the analysis is
to model the occurrence of T. albacares and T. obesus using binomial
distribution and a logit link function. In the second stage, abundance-
based GAMs were developed using a quasipoisson distribution and a
log link function. The total number of individuals collected for each
species was pooled between both neuston nets (500-pm, 1200-pm) for
calculation of occurrence (presence = 1 and absence = 0) and
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standardized abundance (larvae 1000 m>). Net (mesh size) was also
included as factor in the model to take into account the potential in-
fluence of 500-pm and 1200-pm mesh size neuston net on Thunnus
larvae collection (Fig. 2). Explanatory variables used to develop GAMs
were salinity, sea surface temperature, sea surface height, chlorophyll a,
distance to the Loop Current, Mississippi river discharge and depth. To
reduce the instability of the model the multicollinearity between
explanatory variables was investigated using variance inflation factor
(VIF) and Spearman’s correlation test. Explanatory variables with VIF >
5 and/or a Spearman’s correlation >0.6 were considered as highly
collinear. Multicollinearity tests indicated that chlorophyll a concen-
tration and salinity, Mississippi River discharge and SST, depth and
distance to the Loop Current were collinear. To determine the most
influential variable for occurrence and abundance-based GAMs, each
variable was tested in separate models and the variable that resulted in
the lowest Akaike information criterion (AIC) or quasi Akaike infor-
mation criterion (QAIC) value was included in the initial model.
Consequently, chlorophyll a concentration, Mississippi River discharge
and distance to the Loop Current were removed from our models. All
models were built with cubic regression splines restricted to 4 degrees of
freedom to avoid over-parametrization using the mgcv package (Wood,
2015) in R 3.4.0 (R Development Core Team, 2017). To select the
explanatory variables influencing the occurrence and abundance of
T. albacares and T. obesus larvae, a dredge function was used to generate
all possible models and model selection was made by comparing AIC,
Akaike weight, and logLik. Models with AAIC less than 2 were consid-
ered as good models (Richards, 2005). If the competitive models were
similar and the likelihood was not improving when a more complex
model was built, the simple model was kept as best model (Leroux,
2018). The weight of each explanatory variable in the final model was
determined by removing each explanatory variable from the final model
and calculating the change in percent deviance explained (ADE) and AIC
or QAIC (AAIC, AQAIC) between each model (Rooker et al., 2012).
Final GAMs and environmental conditions in 2007 to 2015 were used
to predict T. albacares and T. obesus larvae distribution in the northern
GoM. The grid points (cell size = 0.0833°) used to extract the envi-
ronmental data in 2007 to 2015 were linked to a prediction grid using
predict.gam function in the mgcv package in R (Wood, 2015). Then, the
predicted occurrence and abundance were combined (combined model)
for each location sampled (Barry and Welsh, 2002). Combined pre-
dictions of occurrence and abundance of T. albacares and T. obesus larvae
from 2007 to 2015 were smoothed using bilinear interpolation to visu-
alize their suitable habitats. Predicted values of zero were assumed to
represent unsuitable habitat and maximum values an optimal habitat
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Fig. 1. Comparison in larval abundance for A) Thunnus albacares (yellowfin tuna) and B) Thunnus obesus (bigeye tuna) between neuston net (1200-pm) and bongo
nets (333-ym and 500-pm) in the northern Gulf of Mexico. Error bars represent the standard error of the mean.
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Fig. 2. Comparison in larval abundance for Thunnus albacares (yellowfin tuna) and Thunnus obesus (bigeye tuna) between 1200-pm mesh size and 500-pm mesh size
neuston net in the northern Gulf of Mexico. Error bars represent the standard error of the mean.

corresponding to areas with favorable oceanographic conditions to
support the survival of larvae in this region. Given that the mean
abundance of T. albacares and T. obesus from 2007 to 2009 was 1 larva
1000 m~3, highly suitable habitat of both species in this study was
defined as predicted values greater than 1 larva 1000 m 2. Subsequently
from 2007 to 2015 when these habitats were detected, the areal
coverage of highly suitable habitat was estimated using ArcGis 10.2.
Further analysis was performed in 2010 to investigate the impact of the
Deepwater Horizon (DWH) oil spill on distribution of T. albacares and
T. obesus. The maximum DWH oil spill coverage was estimated by
cumulating the oil spill area from June to July 2010. Then, the area of
highly suitable habitat impacted by the oil spill was calculated by
overlapping the maximum DWH oil spill coverage on distribution maps
of T. albacares and T. obesus.

The predictive capability of the occurrence and combined models
(2007-2009) was evaluated by applying a range of evaluation statistics
(discrimination power, correlation and calibration statistics). To assess
the performance of the baseline models, 80% of the dataset was
randomly selected to build the models (number stations =174) and
predict the remaining 20%. Then, discrimination power analysis on
occurrence models were performed to assess the ability of the models to
discriminate the presence and absence of species (Pearce and Ferrier,
2000). Discrimination was tested using a receiver operating character-
istic (ROC) curves and the area under the curve (AUC) (package pROC;
Robin et al., 2011). AUC value lower than 0.5 indicates that the pre-
dictions are not better than random and an AUC value of 1 represents a
perfect discrimination between presence and absence. An AUC value
between 0.7 and 0.9 is considered as a reasonable discrimination and
values higher than 0.9 are excellent discrimination (Pearce and Ferrier,
2000).

The level of agreement between predictions and observations in the
combined models were also investigated (Potts and Elith, 2006). Simi-
larity in magnitude and order of the predictions in relation to observa-
tions were tested using the Spearman’s rank correlation coefficient (p).
Spearman’s rank correlation represents the similarity between the ranks
of the predicted and observed values. The calibration model was
assessed by a linear regression (observed = m(predicted) + b) and pro-
vides information for the bias and consistency of the predictions. In the
equation, m represents an indication of the spread of predictions
compare to the spread of the observations of model prediction and b
represents an indication of the bias of the model. Finally, we examined

the predictive ability of the model using forecasting accuracy measures:
root mean square error (RMSE) and mean error (ME).

3. Results
3.1. Catch summary

A total of 341 T. albacares and 378 T. obesus larvae were genetically
identified, and these larvae represented 7% and 8% of all Thunnus larvae
identified at the 163 positive stations (N = 4901); T. atlanticus (blackfin
tuna) were numerically dominant in our samples, accounting for 83% of
the Thunnus larvae in our collections. T. albacares and T. obesus larvae
ranged in size from 2.0 to 8.2 mm in total length (Fig. 3). A higher
proportion of smaller T. albacares was observed relative to T. obesus;
however, larvae of both species were of similar size in June and July
with a majority of T. albacares ranging from 2.0 to 5.0 mm (88%) and a
majority of T. obesus ranging from 5.0 to 7.0 mm (79%). T. albacares and
T. obesus were common in our sampling corridor with a percent fre-
quency of occurrence ranging among years from 15 to 41% and 33 to
65%, respectively. Intra- and inter-annual variability in abundance was
observed for T. albacares and T. obesus (Fig. 3), with mean abundance
lower in June than July for T. albacares (0.51 + 0.21 and 1.33 + 0.36
larvae 1000 m’3) and T. obesus (0.50 + 0.17 and 1.35 + 0.31 larvae
1000 m~3). A difference in mean abundance among years was also
detected with a maximum abundance of both T. albacares and T. obesus
observed in 2009 (1.91 + 0.54 and 1.71 + 0.23 larvae 1000 m’3,
respectively) and the lowest mean abundance for each detected in 2008
(0.31 £+ 0.54 and 0.46 + 0.17 larvae 1000 m’3, respectively).

Both T. albacares and T. obesus were mostly distributed on the con-
tinental slope (depth = 200 to 2000 m) (Fig. 4); however, T. albacares
was also common in areas of the northern GoM influenced by the
freshwater inputs from the Mississippi River. T. albacares and T. obesus
densities were typically higher on the margin of the Loop Current and
associated eddies, and maximum abundance recorded during our survey
occurred at stations close to the edge of these mesoscale features. Sta-
tions far removed from the Loop Current or the absence of mesoscale
features within a survey (i.e., limited northward penetration of the Loop
Current) generally resulted in lower abundance for both species (Fig. 4).
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Fig. 3. Size frequency (A), percent frequency of occurrence (B), and larval abundance with error bars representing the standard error of the mean (C) of Thunnus

albacares (yellowfin tuna) and Thunnus obesus (bigeye tuna) from 2007 to 2009.

3.2. Habitat models

Occurrence-based (AIC = 377.8, DE = 16.8%) and abundance-based
(QAIC = 74.1, DE = 44.7%) GAMs for T. albacares included sea surface
height, salinity, and sea surface temperature (Table 2). Based on AAIC
and ADE (%), salinity was the most influential environmental variables
retained in the final occurrence-based GAM (5.6, 1.0%) and abundance-
based GAM (4.3, 8.4%). Responses plots for occurrence- and abundance-
based GAMs indicated (Fig. 5) that the presence and abundance of
T. albacares larvae were higher at intermediate to high salinity (30-36),
at negative and positive sea surface heights (—10 to 10 cm), and at
higher sea surface temperatures (>29 °C).

Occurrence-based (AIC = 538.5, DE = 10.2%) and abundance-based
GAM (QAIC = 160.2, DE = 58.4%) GAMs for T. obesus included three
similar variables: salinity, sea surface height, and sea surface tempera-
ture (Table 3). Based on AAIC and ADE (%), salinity was the most
influential variable retained in occurrence-based GAM (10.2, 3.1%) and
sea surface temperature in the abundance-based GAM (55.0, 23.0%).
Response plots for occurrence- and abundance-based GAMs (Fig. 6)
showed that T. obesus larvae were most likely observed at intermediate
to high salinity (31-36), at negative and positive sea surface heights
(—20 to 20 cm), and at higher sea surface temperatures (> 30 °C).

3.3. Suitable habitat predictions

Proportion of suitable habitat of T. albacares and T. obesus larvae was
estimated from 2007 to 2015 in the northern GoM using the combined
model predictions (Table 4; Figs. 7, 8), and areas deemed to be suitable
for T. albacares were more constrained (mean 174,329 km?) than
T. obesus (mean 205,958 kmz). Distributions of suitable habitat for
T. albacares larvae (>100 m isobath) from 2007 to 2015 were mostly
confined to the outer continental shelf (depth < 200 m) but extended
across the entire northern GoM in most years. In contrast, suitable
habitat of T. obesus was predicted to occur primarily in the eastern and
the central regions of the northern GoM in 2007 to 2008, while from
2009 to 2015 suitable habitat occurred primarily in continental shelf
and slope waters (depth < 2000 m) with additional suitable areas in the

western GoM. The areal coverage of highly suitable habitat (defined as
>1 larva 1000 m~) of both species was highly variable among the years
examined ranging from 5% (2007) to 70% (2015) for T. albacares and
11% (2007) to 73% (2010) for T. obesus. Moreover, highly suitable
habitat of T. albacares and T. obesus affected by the Deepwater Horizon
oil spill in 2010 was relatively modest with 17% and 18% of the high
value habitat exposed to surface oil, respectively.

Habitat suitability maps generated for T. albacares and T. obesus were
related to observed abundance from ichthyoplankton surveys performed
in 2007 to 2009 (Figs. 7, 8). For both species, highly suitable habitat
determined by the models corresponded to areas where the highest
abundance were observed, indicating that T. albacares and T. obesus
were distributed at the margin of the Loop Current and areas potentially
impacted by the riverine inputs (28°N, 89°W). Moreover, year with
highest mean densities (2009) corresponded to the highest percent of
highly suitable habitat observed (31 and 72%), while years of lower
mean densities (2007-2008) the percent of highly suitable habitat was
variable with 5 to 22% for T. albacares and 11 to 48% for T. obesus.

3.4. Model validation

Discrimination power of occurrence models were evaluated using
ROC curves to assess model fit (Table 4). The AUC values show that the
predictions performed better for T. albacares (AUC > 0.70; r = 0.34) than
T. obesus (AUC > 0.65; r = 0.22). This is reflected in the greater percent
of correct prediction for absence and presence for T. albacares (72%)
than T. obesus (64%).

Calibration statistics were performed on the combined models
(Table 5); therefore, predicted abundance was the product of predicted
probability of presence and predicted abundance. Combined models for
T. albacares and T. obesus explained 30% and 27% of the variation in
abundance. The rank correlation between observed and predicted values
was slightly dissimilar (p = 0.40-0.32; p < 0.01) and predictive per-
formance of the combined model for T. obesus was more accurate than
T. albacares with a lower error around predictions, a lower bias. Also, the
spread of the predicted values was similar to the spread of the observed
values (Table 5). Still, bias and range of prediction compared to the
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line). Grey lines are 100 m, 1000 m, 3000 m isobaths. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

observations were small for T. albacares indicating that predictive per-
formance of combined models for both species were reliable to predict
abundance.

4. Discussion

The presence of T. albacares and T. obesus larvae throughout our
sampling corridor (31% and 50% frequency of occurrence; 0.98 and
1.05 larvae 1000 m’3) indicates that the northern GoM is likely a
spawning habitat of both species, and possibly an important larval
nursery habitat. Previously, the GoM was defined as a key spawning area
for T. thynnus (Muhling et al., 2010, 2012; Reglero et al., 2014) and it
has been demonstrated that mean abundance during daytime of
T. thynnus ranged from 0.005 larvae 1000 m~> (neuston net) to 0.05
larvae 1000 m 3 (10-20 m, MOCNESS net) in this region (Habtes et al.,
2014). Despite the potential bias associated with comparisons of
different types of sampling methods between Habtes et al. (2014) and
the present study, mean larval abundance of T. albacares and T. obesus
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Table 2

Akaike information criterion (AIC), Quasi Akaike information criterion (QAIC),
deviance explained (DE) and variables retained in the final occurrence- and
abundance-based generalized additive models for Thunnus albacares larvae
(yellowfin tuna). Variation in AIC (A AIC), QAIC (A QAIC), DE (A DE), and p
values (***p < 0.001, **p < 0.01, and *p < 0.05) are also presented to evaluate
the importance of each variable.

Variable DE AIC/ ADE  AAIC/
QAIC AQAIC

Occurrence Salinity* 158 3834 1.0 5.6
DE =16.8%  Sea surface height* 15,5 3823 1.3 4.5
AIC=377.8  Sea surface 16.1 379.5 0.7 1.7

temperature*

Net*** 8.2 412.9 8.6 35.1
Abundance Salinity* 36.3 784 8.4 4.3
DE =44.7%  Sea surface height 433 723 1.4 -1.8
AIC =74.1 Sea surface 36.5 78.0 8.2 3.9

temperature*

Net* 392 772 5.5 3.1

were much higher (0.98 + 0.21 and 1.05 + 0.17 larvae 1000 m~3) than
T. thynnus supporting the notion that the northern GoM is a valuable
spawning area for both T. albacares and T. obesus. Oceanographic con-
ditions in the GoM are influenced by the seasonal penetration of the
Loop Current and its associated eddies, and this likely affects the dis-
tribution of Thunnus larvae, and possibly the delivery of larvae from the
southern GoM (via Yucatan Channel) into the northern GoM (Quian
et al., 2015). However, the presence of numerous recently hatched
larvae in our samples (<3 mm or < 4 days old; age approximated from
Lang et al., 1994) suggest that most of these individuals were likely from
spawning events in the northern GoM. Although high abundance of
Thunnus larvae in our samples supports the presumed value of the GoM
as spawning habitat, this region might not provide suitable conditions
for larval growth and survival. Previous study comparing the growth of
Thunnus larvae in the GoM with others spawning grounds in the Straits
of Florida and Mediterranean Sea demonstrated that the growth of
Thunnus larvae was faster in the GoM (Malca et al., 2017). Because a
large body size can positively affect the survival of Thunnus larvae
(Satoh et al., 2013), the faster development of Thunnus larvae in the
GoM indicates that this region likely represents a favorable early life
habitat for T. albacares and T. obesus. While spawning events of
T. albacares were previously reported in the GoM (Lang et al., 1994;
Richardson et al., 2010), this region has not been yet described as a
potential spawning area for T. obesus because larvae are not often
observed in this area (Richards et al., 1990; Richardson et al., 2010). Our
results lend further support to the premise that the northern GoM rep-
resents a potentially overlooked and important spawning area for both
T. albacares and T. obesus.

The distribution and abundance of Thunnus larvae in the northern
GoM are not fixed in space or time, and vary both within and across
years (Lindo-Atichati et al., 2012; Cornic et al., 2018). Intra- and inter-
annual variation in the occurrence of larvae observed in our study may
be explained by changes in the geographic position of mesoscale features
in this region, including the Loop Current (Richardson et al., 2010;
Rooker et al., 2012; Lindo-Atichati et al., 2012; Kitchens and Rooker,
2014; Randall et al., 2015). Observed variation in abundance of both
T. albacares and T. obesus was related to the proximity of the station to
the margin of the Loop Current or associated eddies, and mean abun-
dance for both T. albacares and T. obesus larvae was highest in 2009 and
2007 (1.91 + 0.54 and 1.71 £ 0.23 larvae 1000 1‘n73), years of signifi-
cant northward penetration of the Loop Current or when strongly
defined warm-core eddies were present in our sampling corridor. In
contrast, during the year with the lowest northward penetration of the
Loop Current (2008), abundance of T. albacares and T. obesus were lower
(0.31 £+ 0.15 and 0.46 + 0.19 larvae 1000 rn’3). Therefore, the
geographic position of this mesoscale feature most likely influences the
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Table 3

Akaike information criterion (AIC), Quasi Akaike information criterion (QAIC),
deviance explained (DE) and variables retained in the final occurrence- and
abundance-based generalized additive models for Thunnus obesus larvae (bigeye
tuna). Variation in AIC (A AIC), QAIC (A QAIC), DE (A DE), and p values (***p <
0.001, **p < 0.01, and *p < 0.05) are also presented to evaluate the importance
of each variable.

Variable DE QAIC ADE AAIC/
AQAIC
Occurrence Salinity* 7.1 548.7 3.1 10.2
DE = 10.2% Sea surface height 8.7 543.2 1.5 5.3
QAIC = Sea surface temperature* 8.9 541.8 1.3 3.3
538.5

Net*** 4.6 568.6 5.6 30.0
Abundance Salinity*** 469 1850 11.5 2438
DE = 58.4% Sea surface height* 53.3 1684 5.1 8.2
AIC = 160.2 Sea surface 354 2152 23.0 55.0

temperature***

Net** 554 166.3 3.0 6.1

distribution and abundance of both T. albacares and T. obesus larvae. Our
findings are consistent with results of previous studies showing that the
abundance of pelagic fish larvae often increases near anticyclonic or
warm-core oceanographic features (Richardson et al., 2010; Reglero
et al., 2014; Domingues et al., 2016).

Variability in the spatiotemporal distribution patterns of T. albacares
and T. obesus larvae also can be linked to the hydrodynamic processes
and biological production associated with oceanographic features. In the
GoM, hydrodynamic processes at the margin of mesoscale features
generate convergent zones that aggregate planktonic organisms and
increase productivity (Govoni and Grimes, 1992; Bakun, 2006; Greer

et al., 2020). Our models showed that occurrence and abundance of
T. albacares and T. obesus increased at sampling stations proximal to
mesoscale feature, suggesting that hydrodynamic processes affect the
distribution and abundance of these species. Alternatively, the concen-
tration of zooplankton in convergent zones can produce high spatial
overlap between fish larvae and their prey (Schmid et al., 2020).
Because mechanisms that concentrate prey of fish larvae (e.g., cladoc-
erans, copepods) play a role in feeding success of Thunnus larvae (Llopiz
and Hobday, 2015), increased availability of prey in the convergent
zones might result in faster growth and survival of T. albacares and
T. obesus. Since the GoM is an oligotrophic environment, convergent
zones at the margin of the mesoscale features may offer a favorable
habitat for T. albacares and T. obesus larvae by retaining and transporting
Thunnus larvae along with productive water masses.

Physicochemical conditions such as temperature and sea surface
height are known to affect habitat associations of pelagic fishes during
early life (Wexler et al., 2011; Reglero et al., 2014; Kim et al., 2015;
Dell’Apa et al., 2018) and both were also influential in explaining the
distribution and abundance of Thunnus larvae in the present study. The
Loop Current and its associated cold- and warm-core eddies influence
sea surface temperatures in the GoM. T. albacares and T. obesus larvae
were detected over a wide range of sea surface temperature (26-33 °C)
and different mesoscale features (negative and positive SSH). Although
our models predicted high occurrence and abundance of T. albacares and
T. obesus larvae in areas with higher sea surface temperatures (>29 °C),
no clear relationship was observed between larval distribution and SSH.
Both species were frequently encountered at stations with both negative
and positive SSH; however, high abundances were predominantly
detected at stations within positive SSH. Thunnus larvae are often
observed in warm waters which most likely coincides to the temperature
requirement for their development and survival (Wexler et al., 2011;
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Table 4

Model validation for occurrence models of Thunnus albacares larvae (yellowfin
tuna) and Thunnus obesus larvae (bigeye tuna). Area under the curve (AUC), the
Spearman’s coefficient (p) and percentage of correct predicted presence and
absence are presented.

AUC P % Correct presence % Correct absence
T. albacares 0.75 0.38 0.66 0.78
T. obesus 0.65 0.18 0.65 0.64

Dell’Apa et al., 2018; Reglero et al., 2018). While studies on T. obesus
larvae are scarce, it has been demonstrated that growth of T. albacares
larvae is positively linked to temperature with higher growth rates at
elevated temperature between 28 and 31 °C (Lang et al., 1994; Wexler
et al,, 2011). Therefore, warm-core features might represent more
suitable habitat for faster growth and possibly higher survival of
T. albacares and T. obesus, which can influence the abundance of both
species. Similar results worldwide were observed indicating that the
distribution of several tuna species, including T. albacares and T. obesus
larvae, was correlated to mesoscale activities and higher temperatures
(Reglero et al., 2014; Domingues et al., 2016; Hernandez et al., 2019).
These results support that warm-core features and open-ocean regions of
the GoM may represent a more suitable habitat than cold-core eddies,
further emphasizing the importance of oceanographic features on the
spatial extent of suitable habitat of these species.

Another important physicochemical factor that affected the distri-
bution and abundance of Thunnus larvae was salinity, which is influ-
enced by spatial and temporal dynamics of the Mississippi-Atchafalaya
River System (MARS) in the northern GoM (Lang et al., 1994; Muhling
et al., 2010; Lindo-Atichati et al.,, 2012). The amount of riverine

discharge can affect the spatial distribution of low salinity waters and
primary productivity in the northern GoM, with MARS inflow occa-
sionally reaching the outer continental shelf (Amon and Benner, 1998;
Androulidakis et al., 2019). T. albacares and T. obesus were found in a
wide range of salinities (28-36), indicating that these species may be
tolerant of conditions observed throughout the northern GoM. Still,
peaks in presence and abundance of T. albacares and T. obesus were
observed at intermediate salinities (32-34), which corresponds to areas
impacted by MARS discharges (Androulidakis et al., 2019). Because the
growth and survival of Thunnus larvae are dependent on food avail-
ability (Llopiz et al., 2010; Llopiz and Hobday, 2015), areas of higher
productivity and lower salinity might correspond to the optimal condi-
tions for T. albacares and T. obesus larvae. This hypothesis is further
supported by a previous study showing that T. albacares larvae were
influenced by MARS discharges in this region, with higher larval
abundance and growth rates near the river plume (Lang et al., 1994). In
the present study, high abundance of T. albacares and T. obesus were
observed in 2009, which was a year of increased MARS discharges
(780,802 ft> sec™) compared to 2007 and 2008 (460,431 and 612,214
£t sec’l) (USACE, www.mvn.usace.army.mil). Therefore, the magni-
tude of riverine discharges appears to influence the distribution and
abundance of both species by modifying the physicochemical conditions
of the northern GoM.

Habitat models predicted that T. albacares and T. obesus larvae were
associated with the Loop Current and warm-core eddies with higher
abundance at the margin of these features. The geographical location of
the Loop Current in this region vary seasonally and annually which may
explain the dynamic nature of the highly suitable habitat for both spe-
cies predicted over the eight years. However, they are many factors that
have a potential to affect the highly suitable habitat of each species (i.e.
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Fig. 7. Predictive maps of Thunnus albacares larvae (yellowfin tuna) distribution based on environmental data of each year from 2007 to 2015, and species-specific
environmental preferences from generalized additive models (2007-2009). Black circles represent abundance observed (larvae 1000 m~3) during ichthyo-

plankton cruises.

growth rates, prey concentration). High abundance of tuna larvae can
potentially increase predation and competition and in turn, affect the
growth and survival of Thunnus larvae (Bakun, 2006; Reglero et al.,
2011; Satoh et al., 2013). Because convergence zones might aggregate
Thunnus larvae in high abundance patches, these zones might not be
always suitable for T. albacares and T. obesus larvae. While including
more biological factors would help to better define the extent of highly
suitable habitat of T. albacares and T. obesus larvae, oceanographic
features have been shown as major predictors influencing the distribu-
tion of Thunnus larvae. This suggests that oceanographic conditions are
robust predictors to detect shift in distribution of T. albacares and
T. obesus larvae in the northern GoM. Moreover, suitable habitat of
Thunnus larvae can be affected by pollution (Hazen et al., 2016; Gove
etal., 2019). In 2010 the Deepwater Horizon (DWH) incident discharged
the largest oil spill observed in pelagic environment (>4 million bar-
rels), impacting the spawning ground of tunas and other pelagic fishes in
the northern GoM (Muhling et al., 2012; Rooker et al., 2013). It has been
observed that abundance of Thunnus larvae in the northern GoM
decreased the summer following the DWH oil spill (Cornic et al., 2018),
which is not unexpected given that crude oil has been shown to reduce
the survival of tuna larvae (Incardona et al., 2014; Brette et al., 2014). In
this study, predictions of highly suitable habitats for T. albacares and

T. obesus indicated that larvae were distributed close to, or within, the
surface oil slick associated with the DWH event. Nevertheless, a large
fraction of the predicted highly suitable habitat of T. albacares and
T. obesus in 2010 was observed to occur in eastern and western regions
of the northern GoM in areas apparently unaffected by the oil spill,
which might explain the relatively low percent of suitable habitat
exposed to surface oil (17 and 18%). While exposure to surface oil may
have affected larval survival following the DWH event and may possibly
explain lower observed abundance for both species in 2010, the esti-
mated percent coverage of suitable habitat of T. albacares and T. obesus
larvae affected by the oil spill was relatively modest. Our results are
consistent with other studies investigating the impact of the DWH event
on tuna spawning and larval nursery habitat (Muhling et al., 2012;
Rooker et al., 2013; Hazen et al., 2016). While DWH event might have a
direct impact and explain the decline in abundance in 2010, the impact
of DWH event may have been mitigated to some degree by the large
amount of suitable habitat still available in the northern GoM, sug-
gesting that observed differences in the distribution and abundance of
T. albacares and T. obesus in 2010 may be due to other factors such the
more limited northward penetration of the of the Loop Current (Rooker
et al., 2013).

Given that the quality of spawning and larval nursery habitat is
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Fig. 8. Predictive maps of Thunnus obesus larvae (bigeye tuna) distribution based on environmental data of each year from 2007 to 2015, and species-specific
environmental preferences from generalized additive models (2007-2009). Black circles represent abundance observed (larvae 1000 m~3) during ichthyo-

plankton cruises.

Table 5

Model performance statistics for combined models of Thunnus albacares larvae
(yellowfin tuna) and Thunnus obesus larvae (bigeye tuna). p is the Spearman’s
rank coefficient, calibration: observed = m(predicted) + b, RMSE is the root
mean square error, ME is the mean of error.

Correlation Calibration Error indices
Spearman’s Intercept Slope R? RMSE ME
()] m) ®)
T. albacares  0.40 0.64 0.14 0.27 245 1.09
T. obesus 0.32 0.93 0.05 0.30 1.62 0.97

critical for the survival and recruitment of Thunnus in the GoM (Lehodey
et al., 2003; Muhling et al., 2010; Rooker et al., 2013; Dell’Apa et al.,
2018), it is important to determine the potential effect of habitat
degradation on larval abundance. Habitat quality of T. albacares and
T. obesus was predicted by our models with areas characterized as

10

suitable for both species (e.g., margin of the Loop Current, convergent
zones) corresponding to highest densities observed in our sampling
corridor from 2007 to 2009. It is also important to note that elevated
occurrence and abundance of larvae were predicted to occur at the edge
of the projected area (~100-m isobath along the shelf edge), suggesting
that the distribution of T. albacares and T. obesus might be broader and
extend onto the continental shelf. Therefore, it is essential to estimate
the occurrence and the abundance of T. albacares and T. obesus larvae in
regions outside the sampling area of this study to predict more precisely
their suitable habitat in the northern GoM.

5. Conclusion

Summer ichthyoplankton surveys combined with genetic identifi-
cation (HRMA) revealed that T. albacares and T. obesus were commonly
found in the northern Gulf of Mexico (GoM), suggesting that this region
may represent valuable spawning and/or larval nursery habitat for these
species. Our findings indicated that several physicochemical conditions
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were influential in the spatial distribution of T. albacares and T. obesus.
Highly suitable habitats of both species were characterized by moderate
to high salinity (28-36), sea surface temperatures above (29 °C) and
close proximity to fronts associated with mesoscale oceanographic fea-
tures Loop Current and warm-core eddies and the MARS discharges.
Although suitable habitats of T. albacares and T. obesus larvae were
affected by the DWH oil spill, the impact of this event remains unclear
due to the dynamic nature of physicochemical and oceanographic con-
ditions that govern the location and extent of highly suitable habitats of
both species. Because abundance of larvae may influence the recruit-
ment success of tunas, our results provide essential information to better
understand recruitment variability in space and time, and its relative
contribution to tuna population changes. This information is essential to
improve the predictability in population dynamics which may reduce
the uncertainty in stock assessment and management advice.
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