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We describe an assembled marine bacterial consortium designed for bioremediation of oil-contaminated seawater, based on a statistical method using a Plackett-Burman (PB) experimental approach. The final consortium consists of four bacteria isolated from the Gulf of Mexico, from four genera: Pseudomonas, Halopseudomonas, Paenarthrobacter, and Alcanivorax. Individually, bacterial oil removal by these microorganisms was evaluated by gravimetry, reaching 39% at maximum after 75 days, whereas in consortium it was ~62%. We also measured biodegradation levels by Gas Chromatography/Mass Spectrometry (GC-MS) observing 12 polyaromatic hydrocarbons (PAHs) degradation analyzed and n-alkanes degradation with a preference for specific chain length. Consortium population analysis using the V3-V4 region of 16S rRNA showed a stable community, suggesting that the metabolic load was distributed among bacteria and that stable dynamic interactions were achieved. In this work, we show that the use of a factorial method for synthetic consortium design offers the possibility of improving oil degradation efficiency with stable bacterial populations.




Keywords: marine bacteria consortium, hydrocarbon-degrading bacteria, Gulf of Mexico, Plackett-Burman, oil-contaminated seawater, marine bioremediation



1 Introduction

Oil contamination in the ocean represents a risk to the environment, given its complex chemical nature and its ability to have different toxicity levels (Patowary et al., 2016). Currently, physicochemical methods are available for cleanup, but they can only remedy a small fraction of the total oil spilled. During the Deepwater Horizon (DWH) oil spill in 2010, it was estimated that despite having employed a wide range of remediation technologies, only 7-10% of petroleum was recovered and an estimated 10% was chemically dispersed (Committee on the Effects of the Deepwater Horizon Mississippi Canyon-252 Oil Spill on Ecosystem Services et al., 2013). Meanwhile, bioremediation technologies remain as one of the most promising options for oil spill cleanup, where microorganisms that use oil as a source of carbon are used to degrade it. Bioremediation based on aerobic bacterial metabolism is the most rapid way to remediate oil polluted sites (Brzeszcz and Kaszycki, 2018).

It has been demonstrated that oil present in the ocean stimulates the growth of native bacterial communities capable of degrading hydrocarbons (HCs) (Cappello et al., 2007; Hazen et al., 2010), suggesting that their use is convenient for bioremediation in marine environments (Dash et al., 2013). Two major bioremediation approaches are typically referenced, namely biostimulation (addition of nutrients to stimulate the growth of oil-degrading bacteria) and bioaugmentation (addition of microorganisms with oil-degrading capacity). The bioaugmentation strategy uses bacterial consortia or communities, leading to a more efficient process that breaks down a greater range of pollutants (Ebadi et al., 2017). Among the marine bacteria isolated from areas containing petroleum oil, well-known HCs degraders include strains from the genera Alcanivorax, Pseudomonas, Marinobacter, Rhodococcus, Halomonas, and Arthrobacter, among others (Brzeszcz and Kaszycki, 2018).

Bacterial consortium design can be performed using a metabolic analysis approach if there is available knowledge regarding the metabolic capabilities of the individual species, so that interactions among them may be taken into account (Grosskopf and Soyer, 2014; Kong et al., 2018; Karkaria et al., 2021). In the absence of such knowledge, and given the practical impossibility of evaluating all possible combinations of bacterial species in a consortium (Kong et al., 2018), a combinatorial approach based on statistical methods can be used (Lv et al., 2014; Mazzucotelli et al., 2014). One of these methods is the Plackett-Burman (PB) design, which enables the identification of dominant factors in a system through the analysis of their orthogonal arrangements (Box et al., 2005; Lv et al., 2014). Applications of the PB method include the optimization of bacterial culture growth parameters (Jiang et al., 2013), design of microbial culture media (Prajapati et al., 2014; Ghanem and Al-Zahrani, 2016), and setting of parameters that influence metal removal by bacteria (Migahed et al., 2017). In the design of bacterial consortia, PB has been used to improve a synthetic bacterial consortium to treat dairy industry wastewater (Mazzucotelli et al., 2014). In this case, 32,000 possible bacterial strain combinations were narrowed down to carry out just 16 experiments, resulting in a designed consortium of 4 bacterial isolates with increased pollutant degradation levels.

Previously, our research determined the bacterial population baseline in the southwestern Gulf of Mexico (GoM). The taxonomic and metabolic information from different genera found in the GoM, showed a bioremediation potential to develop a strategy that can be used during a possible oil spill event. From marine sediment samples collected in an area of 200,000 km2, and using high throughput sequencing, we have identified at least 450 genera belonging to the bacterial baseline (Godoy-Lozano et al., 2018; Raggi et al., 2020). In addition to this effort, we have isolated some bacterial strains from the GoM (Muriel-Millán et al., 2019; Muriel-Millán et al., 2021; Rodríguez-Salazar et al., 2021; Rosas-Díaz et al., 2021; Rojas-Vargas et al., 2022) and from the Northwest region of the Mexican Pacific Ocean (MPO) (Silva-Jiménez et al., 2018). These strains were isolated from water column and sediment samples collected at locations where crude oil was reported to be present; as such, we expect to find HC degraders among them, which could potentially be used to design a promising bacterial consortium for HC bioremediation in seawater.

In the present study, we describe a strategy based on the PB statistical and predictive approach, involving an experimental design using nineteen native marine bacterial strains from our aforementioned collection, and leading to the final selection of the most significant bacterial strains for light crude oil degradation in seawater. The resulting consortium, consisting of four bacterial strains, showed improved removal and biodegradation levels, suggesting synergic interactions among the isolates. An in silico prediction of such bacterial interactions is also reported.



2 Material and methods


2.1 Reagents

Unless otherwise specified, all reagents used in this study were analytical grade, and commercially available. The dichloromethane (DCM) used for HC extractions and as the mobile phase for column chromatography were HPLC grade, purchased from VWR Chemicals BDH (Radnor, PA, United States).



2.2 Sampling and bacterial strain isolation

Nineteen marine oil-degrading bacteria isolates were selected for this study. Out of these nineteen strains, sixteen strains were obtained from sediment and seawater samples collected from different locations of the GoM (Table 1). Sediment samples were added to mineral medium (MM) composed of (g·L-1): Na2SO4 0.183; CaCl2 0.073; NH4Cl 0,267; MgCl2·6H2O 0.16; NaMoO4·2H2O 0.0002; FeSO4 0.005; NaCl 11.68; K2HPO4 0.8; KH2PO4 0.2; and supplemented with HCs such as kerosene, phenanthrene or oil petroleum as the sole carbon and energy source. Bacterial isolates were plated in LB agar (Bertani, 2004) or EDM agar (Rosas-Díaz et al., 2021). Three additional strains were isolated from sediment samples collected in the coastal area of Rosarito Port, Baja California, in the MPO (Silva-Jiménez et al., 2018) (Table 1). These strains were isolated using Bushnell Haas (BH) broth supplemented with 25 mg·L-1 pyrene or phenanthrene. Glycerol stocks of these bacteria were stored at -80°C.


Table 1 | Source and phylogenetic identification of the 19 isolated bacterial strains.





2.3 Bacterial genotyping by 16S rRNA analysis

A glycerol stock inoculum of each strain was streaked on an LB agar plate and incubated overnight at 30°C. Isolated colonies of each strain were cultured overnight in 25 mL of LB medium in a 125 mL flask, at 30°C and 180 RPM. Cells were harvested by centrifugation for 15 min, at 6,000 RPM and 4°C. Bacterial DNA was extracted using the Quick-DNA™ Miniprep Kit from Zymo Research (Irvine, CA, United States). A polymerase chain reaction (PCR) was carried out with Taq DNA polymerase (NZYTech, Lisboa, Portugal) using degenerate primers SD-Bact-0008-dS-20 (F27, 5′-AGAGTTTGATCMTGGCTCAG-3′) and SD-Bact-1492-aA-22 (R1492, 5′-TACGGYTACCTTGTTACGACTT-3′) to amplify the bacterial 16S rRNA gene (Lane, 1991; Monciardini et al., 2002). The PCR products were purified with DNA Clean & Concentrator-25 from Zymo Research and subsequently sequenced using the Sanger method at the DNA Synthesis and Sequencing Unit of the Institute of Biotechnology (IBt), UNAM, Mexico. Sequences were cleaned using Chromas v.2.6.6 (http://technelysium.com.au/wp/chromas/), assembled by CAP in BioEdit v7.1 (Hall and Others, 1999), and annotated based on a Blastn search of the NCBI database 16S ribosomal RNA sequences for Bacteria and Archaea (McGinnis and Madden, 2004).



2.4 Plackett-Burman experimental design

The nineteen isolated strains were used as assessed factors (A, B, C, …T) to feed into the PB fractional factorial experimental design; PB codes were randomly assigned and are indicated in Table 1. These factors were sorted in a PB orthogonal matrix (Table 2), which is composed of values ​​of 1 (strain present, at an initial concentration of 1x108 CFU·mL-1) and -1 (strain absent), for a total of 20 runs (19 consortia of 10 isolates each, plus the abiotic control). The PB orthogonal matrix was obtained by arranging a pre-designed PB generating vector as the first column and off-setting by one vector element for each new column (Antony, 2014). The type of isolates in the given runs were assigned in accordance with the matrix.


Table 2 | Orthogonal Plackett-Burman matrixa.



Bacteria were separately grown by inoculating 100 mL of MM supplemented with peptone and yeast extract (PY) 0.3% w/v, and incubating at 30°C, 180 RPM, 20 h. Cells were recovered and washed three times with sterile MgSO4 10 mM, and were used to assemble each consortium with an initial concentration of 1x108 CFU·mL-1 of each strain. Marine medium was prepared by filtered-sterilizing seawater with a 0.22 μm membrane (Merck Millipore, Darmstadt, DEU), and after autoclaving, 0.5 g·L-1 of sterile API 35 crude oil from GoM was added as the sole carbon source, along with nitrogen (NH4Cl) and phosphorus (KH2PO4 and K2HPO4) in a 100:10:1 C:N:P ratio. Glass flasks containing 20 mL of marine medium were inoculated with each consortium and incubated for 75 days at 30°C, 180 RPM. An additional flask containing only marine medium was also incubated as abiotic control. Every run was performed in triplicate.



2.5 HC extraction and total crude oil removal measurements

Liquid-liquid extraction of total HCs was performed by adding to each 20-mL culture (in marine medium containing API 35 crude oil as the sole carbon source, as described above) 15 mL of HPLC-grade dichloromethane (DCM) (CH2Cl2, Sigma-Aldrich Inc., MO, USA). The total volume was collected in glassware previously washed with DCM, and combined with three more washes of each culture flask, 5 mL of DCM each. After allowing to stand 12–14 h at room temperature for phase separation, the organic phases were separated by manual pipetting and concentrated to ~1 mL using the Rotavapor R-300 (Buchi, Flawil, Suiza), then run through a self-packed glass column containing anhydrous sodium sulfate (built in a 9-inch Pasteur pipette with a fiberglass plug) to remove any possible water residue. The volume was harvested in a 1.5-mL Wheaton glass vial and allowed to stand in a fume hood until all DCM was evaporated. Total crude oil removal was determined by the gravimetric method (Richter, 1997).



2.6 Plackett-Burman statistical analysis

Total crude oil removal results from the 20-run PB experimental design were analyzed using the Pareto chart and the analysis of variances (ANOVA) using the Design-Expert software v7.0.0 (Stat-Ease Inc., MN, USA). The model significance was evaluated with the F-test and the standardized effects of each factor (Vatsal et al., 2016). The oil-removal contributions of the 19 isolates were calculated, identifying those that had the greatest contribution to the standard deviation and with a p-value less than 0.05, for the formulation of the final bacterial consortium.



2.7 Biodegradation kinetics of selected isolates

Each of the most significant isolates, determined by PB analysis, was grown individually, and in consortium, under the same culture conditions described in section 2.4 with an initial concentration of 1x108 CFU·mL-1 for each strain. For each sample, five culture sets were grown in triplicate to be used for total crude oil removal determination at days 7, 15, 30, 50, and 75. To monitor bacterial growth, one additional set of cultures was grown both with and without (negative control) crude oil; their protein content was measured with the Lowry method (Lowry et al., 1951) by taking 300-μL aliquots from each culture at the same five time points, plus a day 0 sample.



2.8 Gas chromatography-mass spectrometry

The 12 Environmental Protection Agency (EPA) priority polyaromatic hydrocarbons (PAHs) along with all C8-C38 n-alkanes were analyzed using gas chromatography-mass spectrometry (GC-MS). HC extracts were reconstituted with 1 mL HPLC grade DCM, then diluted with the same grade DCM in a 1:23 ratio, followed by addition of internal standards. These solutions were injected into an Agilent 6890N Gas Chromatograph (Santa Clara, CA, USA) with a 30-m HP-5ms column, carried with Helium gas. Once each sample was separated based on column selectivity and temperature ranges, it was driven into the coupled mass spectrometer. Mass spectra were defined using the built-in Mass Hunter software. The GC-MS results were used to determine crude oil biodegradation levels. n-Alkanes were divided into 5 different groups based on chain lengths. In the present study, they were classified as follows: C8-C12 (short-chain alkanes), C13-C17 (medium-short-chain alkanes), C18-C22 (medium-chain alkanes), C23-C27 (medium-long chain alkanes), C28-C32 (long-chain alkanes), C33-C38 (very long-chain alkanes).



2.9 Sequencing and bioinformatic analysis

Additional sets of cultures of the final consortium, just as those used for bacterial growth kinetics with crude oil, were grown and cells were harvested at 0, 7, 15, 30, 50 and 75 days by centrifuging for 15 min at 6,000 RPM, 4°C for a time-series experiment. Total DNA extraction was performed with the ZymoBIOMICS DNA Miniprep Kit from Zymo Research (Irvine, CA, United States). The extracted DNA was used to amplify the V3-V4 regions from the 16S rRNA gene. These 16S rRNA V3-V4 amplicons were obtained using Taq DNA polymerase (NZYTech, Lisboa, Portugal) and primers SD-Bact-0341-bS-17 (Bakt_341F, 5’-CCTACGGGNGGCWGCAG-3’) and SD-Bact-0785-aA-21 (Bakt_805R, 5′-GACTACHVGGGTATCTAATCC-3’) (Herlemann et al., 2011). PCR products were purified with the DNA Clean & Concentrator-25 from Zymo Research, quantified in NanoDrop One (Thermo Fisher Scientific Inc. Waltham, MA USA) and Qubit (Invitrogen, Waltham, MA USA), and subsequently used to prepare the library for sequencing using the Illumina MiSeq platform using a 600 cycles sequencing kit with a paired-end configuration to generate a 300 bp read length.

To obtain the relative abundances of the four bacterial strains in the final consortium, raw reads were concatenated by Flash v1.2.11 (Magoč and Salzberg, 2011), and the extended fragments were pooled in 99% similarity to CD-HIT (Li and Godzik, 2006). Subsequently, the taxonomic annotation was performed using Megablast (Chen et al., 2015) with an e-value of 1x10-10 against the NCBI 16S ribosomal database (02-2021). The taxonomic profile was corrected by dividing by the 16S copy number for each organism (Stoddard et al., 2015).



2.10 Bacterial community interactions

We used the time-series Lotka-Volterra-based network inference approach, included in the MetaMIS software v1.02 (Shaw et al., 2016), to infer the underlying interactions of the consortium during crude oil biodegradation. In a nutshell, the software allows the time series data analysis of microbial community profiles. It systematically examines interaction patterns (such as mutualism or competition) and refines the biotic role within microbes, using default parameters.




3 Results


3.1 Taxonomic identification of bacteria used for consortium assembly

To design our bacterial consortium, we used nineteen cultivable bacterial strains isolated from different GoM and MPO samples, twelve from marine sediments and seven from seawater (Table 1). A web map of the sites with latitude/longitude coordinates and depths of the nineteen bacteria described in Table 1 is available in https://www.easymapmaker.com/map/9a9669b0ef586e4e446c1e34bcec22e7. These bacterial isolates could grow in seawater supplemented with light crude oil. Taxonomic identification of two of these strains had been previously performed by genomic analysis. One of them was identified as Paenarthrobacter sp. GOM3 and was found to be a monoaromatic degrader (Rosas-Díaz et al., 2021). The second one, isolated from asphalt marine sediments, was Halopseudomonas aestusnigri GOM5 (Rojas-Vargas et al., 2022). In this study, taxonomic identification of all nineteen strains was done through 16S rRNA sequencing (Table 1), showing seven Pseudomonas isolates. Two of the probable species identified among these were P. aeruginosa and P. stutzeri, both of which have been reported as capable of degrading a wide variety of HCs (Prince et al., 2010). Among other genera identified, we also found Alcanivorax, recognized as a hydrocarbonoclastic genus present in oil spill events (Head et al., 2006), and Rhodococcus, described as a PAHs degrader (Guevara et al., 2019). All genera have been associated with HCs degradation.



3.2 Selection of oil-degrading consortium strains through PB experimental design

Based on the PB design using the 19 bacterial isolates as factors (randomly coded A-T) (Table 1), 20 experiment runs were performed, consisting of 19 consortia of 10 isolates each, plus the abiotic control (Table 2). The crude oil removal percentages for each run are shown in Figure 1A. The response values ​​displayed high variability, with the highest removal obtained for run 5 (60.02 ± 16.65%) and the lowest for run 14 (11.38 ± 4.11%). This last value was similar to the one obtained for the abiotic control (run 20), which was 13.11 ± 3.37%. Additional runs that did not promote HC removal were 9, 10, 11, and 13.




Figure 1 | Results of PB experiment for light crude oil removal. (A) Percentage of crude oil removal for each bacterial culture run described in Table 2, measured by gravimetry after a 75-day incubation period. Error bars represent +/-1 standard deviation from the mean, n = 3. Run 20 corresponds to the abiotic control. (B) Standardized effects of PB design factors. (C) Pareto chart for PB design factors. Significant strains are in bold font. Rank (x-axis) corresponds to the factors, arranged in descending order according to the t-value of the absolute value of the effect.



Since the ratio between the maximum and the minimum response was 6.1 (Figure 1A), the ANOVA analysis did not require any transformation and a linear model was used:

	

Where Y is the measured response (crude oil removal percentage), β0 the intercept, βi the linear coefficients, and Xi the independent factor.

Subsequently, the standardized effect of each factor was determined. The magnitude of the effect indicates the significance of a factor on the response (Hassan et al., 2016). Figure 1B shows these effects, differentiating the positive from the negative ones. By taking the magnitudes of the effects onto a Pareto chart (Figure 1C), we identified which factors were statistically significant in terms of crude oil removal. Any effect found between the two reference limit lines, which were the Bonferroni and t-value, ​​was significant. In this first analysis, we determined that isolates S (Paenarthrobacter sp. GOM3), P (H. aestusnigri GOM5), A (Pseudomonas sp.), and T (Alcanivorax sp.) were significant, with positive effects on the response.

After selecting the significant factors, the best model for the measured response was as follows:

	

Where [A], [P], [S] and [T] are the 4 significant factors (isolates). The F-value obtained from the ANOVA of this model was 7.00, implying that there was only a 0.18% probability that the estimated model was due to noise. The values ​​obtained for the coefficient of determination were R2 = 0.7143 with adj-R2 = 0.6123. Table 3 summarizes the ANOVA of the model, indicating the p-value by individual factor. A p-value < 0.05 suggested that the factor was significant, while one greater than 0.05 was not significant. Analyzing the best model, the four selected strains had p-value < 0.05 and were selected as part of the final consortium.


Table 3 | ANOVA of Plackett-Burman model.





3.3 HC removal and biodegradation kinetics of selected strains

To study the HC biodegradation capacity and preferences of the four selected strains, they were cultured individually and in consortium in marine medium using API 35 crude oil as the sole carbon and energy source. Their growth over the course of 75 days was monitored by protein quantification (negative controls without crude oil were used as baseline for calculations), HC removal was measured by gravimetry, and HC biodegradation was determined by GC-MS (the abiotic control was used as baseline for calculation purposes).


3.3.1 Bacterial growth and HC removal

All four isolates were able to grow individually using API 35 crude oil as their sole carbon and energy source, as measured by an increase in protein concentration (Figure 2). The protein concentration curves displayed an asymptotic behavior, with overall values from highest to lowest being as follows: Alcanivorax sp., H. aestusnigri GOM5, Pseudomonas sp., and Paenarthrobacter sp. GOM3. A similar growth pattern was observed for the four strains in the consortium. A linear relationship between protein concentration and CFU/mL was previously validated for the four isolates, with R2 values of 0.96 for Alcanivorax sp., 0.91 for H. aestusnigri GOM5 (0.91), 0.85 for Pseudomonas sp., and 0.98 for Paenarthrobacter sp. GOM3.




Figure 2 | Bacterial growth and HC removal of selected bacterial strains cultured individually and in consortium with light crude oil as the sole carbon and energy source. (A) Bacterial growth was monitored by measuring protein concentration using the Lowry method. The initial concentration of each strain was 1x108 CFU·mL-1. Negative controls without crude oil were used as baseline for protein content calculations. (B) Light crude oil removal by the cultures shown in A, determined by gravimetry. Error bars represent +/-1 standard deviation from the mean, n = 3.



Figure 2 also shows the HC removal percentages for the bacterial isolates individually and in consortium. Pseudomonas sp., Alcanivorax sp. and H. aestusnigri GOM5 reached ~39% HC removal each by day 75. Paenarthrobacter sp. GOM3 had the lowest HC removal values, reaching ~25% by the end of the incubation period. The consortium reached ~62% by day 75. The abiotic control values were not subtracted in the calculation of these HC removal percentages to compare them with those obtained in the PB experiment.



3.3.2 Biodegradation of n-alkanes

The C8-C38 n-alkane biodegradation curves are shown in Figure 3A. When grown individually, the highest biodegradation percentages were reached at 30 days of incubation for all strains, with mean values of 57% for Pseudomonas sp., 53% for Alcanivorax sp., 40% for H. aestusnigri GOM5, and 29% for Paenarthrobacter sp. GOM3. At day 75, the final values were ~48% for Pseudomonas sp., ~40% for Alcanivorax sp. and H. aestusnigri GOM5, and ~13% for Paenarthrobacter sp. GOM3. The consortium reached its maximum of ~60% at day 30 and decreased down to ~45% at day 75. The apparent drop in biodegradation levels observed at longer incubation times was due to the spontaneous degradation of shorter chain n-alkanes (Supplementary Figure S1) (Nicodem et al., 1997; Li et al., 2007).




Figure 3 | HC biodegradation kinetics by selected bacterial strains cultured individually and in consortium with light crude oil as the sole carbon and energy source. The initial concentration of each strain was 1x108 CFU·mL-1. (A) C8-C38 n-alkanes. (B) PAHs. (C) Other HCs. Data points in (A, B) correspond to the sum of those obtained for the HCs analyzed individually, shown in Figures S2 and S3, respectively. Statistically significant differences (p < 0.05) between each experimental point and the corresponding abiotic control are indicated with color-coordinated asterisks. Error bars are +/-1 standard deviation from the mean, n = 3.



The biodegradation levels of the six n-alkane subgroups described in Materials and Methods are shown in Supplementary Figure S2. The C8-C12 fraction exhibited the lowest biodegradation levels, reaching a maximum of ~13% at day 15 for all strains grown individually and in consortium (Supplementary Figure S2A). However, the volatile nature of this fraction makes it less bioavailable over time (Mapelli et al., 2017) as shown in Supplementary Figure S1F, where the remaining content of this fraction in the abiotic control was ~15% by day 15. The C13-17 fraction also exhibited volatility and natural degradation (Supplementary Figure S1F), reaching by day 30 ~70% of biodegradation for Alcanivorax sp. and Pseudomonas sp., and ~55% and ~40% for H. aestusnigri GOM5 and Paenarthrobacter sp. GOM3, respectively, then dropping drastically by day 50 to ~38% for Pseudomonas sp., ~33% for Alcanivorax sp. and H. aestusnigri GOM5, and ~0% for Paenarthrobacter sp. GOM3 (Supplementary Figure S2B). The remaining content of this fraction in the abiotic control was ~81% by day 30, and ~41% by day 50 (Supplementary Figure S1F).

The highest biodegradation levels were obtained with the C18-C22 fraction, reaching a maximum of ~90% for Pseudomonas sp., ~84% for Alcanivorax sp., ~61% for H. aestusnigri GOM5 and ~32% for Paenarthrobacter sp. GOM3 by day 50 (Supplementary Figure S2C). For the C23-C27 fraction the highest biodegradation levels were reached at day 50, with ~64% for Pseudomonas sp., ~49% for Alcanivorax sp., ~52% for H. aestusnigri GOM5 and ~31% for Paenarthrobacter sp. GOM3 (Figure S2D). The C28-C32 fraction exhibited maximum biodegradation levels at day 50 by Pseudomonas sp., H. aestusnigri GOM5, and Paenarthrobacter sp. GOM3, with values of ~44%, 22%, and ~18%, respectively. In the case of Alcanivorax sp., the maximum of ~35% was reached at day 75 (Figure S2E). The C33-C38 fraction reached maxima of ~59% for Pseudomonas sp., ~45% for Alcanivorax sp., ~44% for H. aestusnigri GOM5 and ~26% for Paenarthrobacter sp. GOM3 by day 50 (Supplementary Figure S2F).

The consortium exhibited its lowest n-alkane biodegradation levels for the C8-C12 fraction, reaching a maximum of ~12% by day 15 (Supplementary Figure S2A). The C13-C17 fraction reached a maximum of ~77% by day 30, then dropped drastically by day 50 to ~35% (Supplementary Figure S2B). Just as the individual strains, the consortium also displayed an optimal biodegradation of the C18-C22 fraction, reaching ~92% by day 50 (Supplementary Figure S2C). Maximal biodegradation by the consortium of the C23-C27, C28-C32, and C33-C38 fractions was observed at day 50, reaching values of ~62% (Figure S2D), ~53% (Figure S2E) and ~62%, (Supplementary Figure S2F), respectively.

These results indicate that both individually and in consortium, the four selected strains could use n-alkanes as their carbon source, showing a preference for specific chain lengths.



3.3.3 Biodegradation of PAHs and other HCs

Individually, the strains exhibited similar PAH biodegradation kinetics (reaching a maximum of ~10-14% on day 75), except for Pseudomonas sp., which peaked to ~11% on day 15, and decreased subsequently down to a negligible value at the end point (Figure 3B). The consortium exhibited a kinetic curve similar to that of Alcanivorax sp., Paenarthrobacter sp. GOM3 and H. aestusnigri GOM5, reaching a maximum of ~16% on day 75. Among the 12 PAHs analyzed, the most susceptible to biodegradation individually and in consortium were both 3-ring PAHs (fluorene, 1-methyl-9H-fluorene), dibenzothiophene (DBT), 2,3,6-trimethylnaphthalene, both methylated phenanthrenes (1-methyl- and 2-methyl-), and pyrene (Figure S3). The other PAHs analyzed were hardly biodegraded.

A mass balance was carried out to determine the biodegradation of all other HCs that were not analyzed by GC-MS (branched and cyclic alkanes, alkenes, monoaromatics, resins, etc.). The biodegradation profile of these HCs, referred to as “other’’, revealed a maximum of around ~20% for H. aestusnigri GOM5, Alcanivorax sp. and Pseudomonas sp., and ~11% for the Paenarthrobacter sp. GOM3, at day 50 (Figure 3C). The consortium reached a maximum of ~46% at day 75 (Figure 3C).




3.4 Population dynamics and inferred microbial interactions

Amplicon analyses were used to study the population dynamics of the selected strains during HC biodegradation in consortium. Amplicon reads obtained with MiSeq Illumina were of good quality for bioinformatic analysis, ~70% of sequences were with ≥Q20 (Table 4). The relative abundances at the genus level are shown in Figure 4A. While the initial inoculum was the same for all four strains in terms of CFUs (1x108 CFU·mL-1 each), their relative abundances at time 0 differed (30% Alcanivorax sp., 32% H. aestusnigri GOM5, 20% Pseudomonas sp., 18% Paenarthrobacter sp. GOM3). This may be since the number of CFUs is not always directly proportional to the actual number of individual cells (Tortora et al., 2007). By day 7, Alcanivorax sp. had largely displaced the Pseudomonas sp. and Paenarthrobacter sp. GOM3 populations, and from then on, the relative abundances of all four strains were basically stable. The relative abundance of H. aestusnigri GOM5 essentially remained unchanged.


Table 4 | Sequencing statistics of 16S rRNA V3-V4 amplicons.






Figure 4 | Population dynamics and inferred microbial interactions within the bacterial consortium when cultured with light crude oil as the sole carbon and energy source. The initial concentration of each strain was 1x108 CFU·mL-1. (A) Normalized relative abundance of the four bacterial isolates in the consortium, measured through amplicon analysis of the 16S rRNA V3-V4 regions. (B) Microbial interactions predicted by the MetaMIS software. Green lines indicate positive interactions, and blue lines indicate negative ones. Line thickness indicates the weight of each interaction, and the arrows indicate the direction of influence.



The population dynamics were subsequently analyzed using the MetaMIS tool to infer a network of interactions with a consensus direction (Figure 4B). According to this simulation, there were eight positive and four negative interactions among strains, indicating that the relationships were more cooperative than competitive overall. The strongest interaction was a positive one, from Paenarthrobacter sp. GOM3 to Pseudomonas sp. Pseudomonas sp. had a negative influence on all other consortium members; the remaining negative interaction was from Alcanivorax sp. to Paenarthrobacter sp. GOM3.




4 Discussion

Biodegradation has emerged as an eco-friendly strategy to remove HCs from the environment. It is preferred over any physical or chemical processes because it directly degrades contaminants, rather than just transforming them (Ravindra et al., 2019). Therefore, any effort that contributes to new knowledge in this field is valuable. All aerobic organisms seem to have some ability to metabolize HCs, but some use them as their major source of carbon for growth (Prince et al., 2010). While some HC-degraders are limited to certain HCs, others can be more versatile (Brzeszcz and Kaszycki, 2018).

Existing research on the bacterial degradation of HCs includes various approaches, such as focusing on the capacity of a single species to consume one or more HCs as the sole carbon source, or the use of mixed cultures consisting of 1, 2 or more species (Jia et al., 2016). The first approach may provide information about the metabolic pathways and the gene machinery involved. Notably, crude oil is a mixture of over 20,000 chemical compounds (Prince et al., 2010), and these studies demonstrate that one single bacterial species cannot degrade all of them. The second approach explores possible cooperative interactions among species. For instance, metabolic complementarity was observed during alkane degradation by a synthetic consortium consisting of Pseudomonas and Acinetobacter (Chen et al., 2014). Other studies have individually selected bacterial strains to assemble a consortium with improved degradation capacity, demonstrating that a synthetic bacterial community may be more efficient for bioremediation than a single species, especially in the case of complex pollutant mixtures (Malik, 2012; Ebadi et al., 2017). There are many additional reports where natural microbial communities have been tested for oil degradation, validating their potential use in bioremediation (Marietou et al., 2018; Xu et al., 2018). While some of these studies resulted in the development of patents employing bacterial consortia, patents targeting oil-contaminated seawater are currently very limited, despite the high daily risks of oil spills worldwide (Villela et al., 2019).

Bacterial communities can offer a greater variety of genes involved in HC biodegradation: while some bacteria may secrete HC-degrading enzymes and growth factors, others may produce biosurfactants that improve the solubility of HCs for better community access (Patowary et al., 2016). Nevertheless, not every combination of microorganisms can improve HC biodegradation, and selecting the bacteria to assemble a synergic consortium may be challenging. Indeed, our PB factorial design results (Figure 1A) showed that some combinations of bacteria reached a light oil removal of up to ~60%, while others had values close to that of the abiotic control. These results indicate that HC removal was favored in some consortia, but also suggested that competitive interactions may be occurring with certain species combinations as have been reported in other studies (Freilich et al., 2011). Of the 19 bacterial combinations tested, run 5 was the one with the highest HC removal. This consortium consisted of seven of the ten original genera, most of them being strains of the genus Pseudomonas, which is well-known for its ability to degrade a wide range of HCs (Prince et al., 2010).

According to our PB statistical analysis, the four strains with the highest positive effects on HC removal (Figure 1B) were also the most statistically significant in terms of light crude oil removal, and thus were selected to assemble our final consortium. This consortium achieved an HC removal of ~62%, a result comparable to the one obtained with the best PB combination consisting of ten bacterial strains (run 5). Such reduction in the number of combinations tested and of strains selected based on a PB design, represents a biotechnological advantage, as it reduces the amount of time and resources invested on consortium development.

The isolates selected for our consortium, belonging to the genera Pseudomonas, Halopseudomonas, Paenarthrobacter and Alcanivorax, removed light crude oil individually, reaching 25-39% of removal by gravimetry after 75 days (Figure 2B). As one species lacks the entire gene machinery to degrade alone the diverse array of hydrocarbons present in crude oil, we believe that any bacteria with crude oil biodegradation ability represents a potential resource to be used in bioremediation strategies. This is confirmed by numerous reports of individual bacteria with total crude oil removal percentages of 12-34% (Sugiura et al., 1997), 44% (Hara et al., 2003), 10-60% (Bilen Ozyurek and Seyis Bilkay, 2017), and 35-41% (Titah et al., 2021), among others.

In consortium, the selected isolates presumably removed light crude oil through metabolic complementarity and/or cooperative interactions. Pseudomonas, related to Halopseudomonas (Rudra and Gupta, 2021) and Arthrobacter, closely related to Paenarthrobacter (Busse, 2016) are two of the genera most frequently employed in patented bioremediation strategies, as they are versatile bacteria, capable of degrading recalcitrant compounds and different types of HCs (Villela et al., 2019). There are many reports describing HC degradation by the ubiquitous Pseudomonas. Our biodegradation kinetics study of the individually cultured strains, helpful to identify the hydrocarbon preferences of each isolate, showed that Pseudomonas sp. is capable of degrading a wide range of n-alkanes, with a preference for the C13-C17, the C18-C22 and the C33-C38 fractions (Supplementary Figure S2), and some PAHs (Supplementary Figures S3, S4), albeit having lower aromatic biodegradation levels than those of the other strains (Figure 3B).

Rosas-Díaz et al. (2021) reported the monoaromatic degradation capacity of the Paenarthrobacter sp. GOM3 strain and suggested its potential use in a bacterial consortium for oil removal. Our results show that Paenarthrobacter sp. GOM3 degrades some n-alkanes (preferring the C13-C17 and the C18-C22 fractions, Supplementary Figure S2) and PAHs (Supplementary Figures S3, S4). On the other hand, high efficiencies of HC degradation had been reported with the Alcanivorax genus (Santisi et al., 2015; Liu et al., 2019). This hydrocarbonoclastic taxon can use alkanes as a source of carbon, and some strains can even degrade PAHs (Brito et al., 2006), just as observed with our strain (Supplementary Figures S2, S3). Our literature search found no reports describing HC degradation by H. aestusnigri, even though we are aware of at least two strains of this species having been recovered from oil contaminated sources (Sánchez et al., 2014; Rojas-Vargas et al., 2022). Our H. aestusnigri GOM5 was recovered from an asphalt marine sediment (Rojas-Vargas et al., 2022), degrades some n-alkanes (preferring the C18-C22 fraction, Supplementary Figure S2) and PAHs (Supplementary Figures S3, S4).

The diverse HC compounds analyzed by GC-MS presented individual biodegradation patterns among the isolates, although some curves can be comparable (Supplementary Figures S2 and S3). We consider this was helpful to predict the role of each isolate. We hypothesize that our Pseudomonas sp. and Alcanivorax sp. isolates had a key role in alkane degradation by the consortium, given that they exhibited a biodegradation curve pattern similar to that of the consortium (Figure 3B). Presumably in consortium, Pseudomonas sp. consumes faster the C23-C27, C28-C32 and C33-C38 fractions within the first seven days, and both strains consume the C13-C17 and C18-C22 fractions faster than Paenarthrobacter sp. GOM3 and H. aestusnigri GOM5 (Supplementary Figure S2). Thus, explaining their competitive relationships (negative interactions) as predicted by MetaMIS simulation. Many reports have described the genes and the pathways involved in oil biodegradation by different species of these two genera (Xu et al., 2018; Moreno and Rojo, 2019). They are known to have the basic membrane alkane monooxygenase system (alkB, rubB, rdxR) and other complementary genes that encode for a flavin-binding monooxygenase (almA) or a cytochrome P450. The drop in the relative abundance of Pseudomonas sp. after day 7 (Figure 4A) could be due to the depletion of some hydrocarbons that stimulated its rapid growth (Supplementary Figure S1), and to its poor aromatic degradation performance compared to the other isolates (Figure 4B). This observation leads us to infer that, in the 7-day initial period of adaptation of the populations, the isolates might be defining their roles in degradation, precisely when the highest concentration drop of HCs occurred, as evidenced by gravimetry (Figure 3) and by GC-MS analysis (Supplementary Figures S1, S4). On the other hand, the relative abundance of Alcanivorax sp. almost doubled by day 7 and remained constant thereafter, perhaps due to its good performance in degrading aromatics (Figure 3B) and other HCs (Figure 3C). The relative abundance of H. aestusnigri GOM5 was stable during the entire incubation period, indicating a good adaptation within the consortium. This is consistent with the fact that the MetaMIS simulation showed positive interactions from this strain to all others in the consortium (Figure 4B).

While our biodegradation analysis did not include monoaromatic compounds, it is likely that these were present in the light crude oil used, and we thus infer that Paenarthrobacter sp. GOM3 degraded some of them, in turn improving the bioavailability of other HCs and/or producing some metabolites during their degradation. These events could conceivably benefit the Pseudomonas isolate and could explain the strong interaction from Paenarthrobacter sp. GOM3 to Pseudomonas sp. inferred by the MetaMIS simulation (Figure 4B). These kinds of relationships have been reported in many natural and artificial bacterial communities (Freilich et al., 2011). Besides, Paenarthrobacter sp. GOM3 had the highest positive effect in PBD among the 19 isolates (Figure 1B) and was statistically significant for light crude oil removal (Table 3). By this analysis, its presence in the consortium is important. Also, it’s been reported that rare populations in a community may play a key role for the equilibrium of it (Jain et al., 2014).

H. aestusnigri GOM5 had positive interactions with the rest of the strains, indicating it promoted their growth. Upon examination of its genome (GenBank accession number GCA_021184005.1), we found genes that encode for the synthesis of biosurfactants, namely 1-acylglycerol-3-phosphate O-acyltransferase gene (plsC), phosphatidate cytidylyltransferase gene (cdsA), CDP-diacylglycerol glycerol-3-phosphate 3-phosphatidyltransferase gene (pgsA), glycerol-3-phosphate acyltransferase gene (plsY). Biosurfactants provide for a less toxic HC-containing environment because they emulsify and solubilize them, readily promoting their bioavailability and biodegradation (Abe et al., 1995).

The inferred interaction network predicted positive relationships from Alcanivorax sp. to H. aestusnigri GOM5 and Pseudomonas sp., but negative to Paenarthrobacter sp. GOM3, which may be associated with a competitive relationship (Figure 4B). Alcanivorax sp. and Paenarthrobacter sp. GOM3 exhibited similar biodegradation patterns for some PAHs like 1-methyl-9H-fluorene, fluorene and 2,6-dimethylnaphthalene, during the first 15 days (Supplementary Figure S3), and for the C23-C27 and the C33-C38 alkane fractions during the first seven days (Supplementary Figure S2). The other three negative interactions were from Pseudomonas sp. to all other genera. This genus exhibited the highest biodegradation levels of n-alkanes individually, suggesting probable competitive interactions for the same resources.

Another relevant phenomenon to consider in our study is the possible occurrence of cometabolism events during light crude oil biodegradation. These take place when non-growth-substrates are consumed together with growth-promoting-substrates, and they may be expected when there is more than one carbon source. Cometabolism has been reported for fluorene, pyrene, phenanthrene, chlorinated compounds and many other HCs (Nzila, 2013). The Paenarthrobacter sp. GOM3 strain was isolated with phenanthrene as the sole carbon source but exhibited higher growth rates with monoaromatics. This strain was reported as a monoaromatic degrader (Rosas-Díaz et al., 2021), but it can degrade other complex PAHs present in light crude oil (Supplementary Figure S3). This is consistent with the presence of cytochrome P450 monooxygenase (PF00067) in its genome (GenBank accession number GCA_018215265.1), which has been related to the degradation of alkanes and of pyrene and phenanthrene compounds (Zhou et al., 2020).

The potential advantages of using bacterial consortia include improved biodegradation levels, distribution of the metabolic load among bacterial species, and achieving stable dynamic interactions (Jia et al., 2016). Limitations include the extended time required for biodegradation, compared to physicochemical methods, as well as the difficulty of achieving comparable results during in situ applications, where countless and uncontrollable biotic and abiotic factors are at play (Ravindra et al., 2019). Further genomic analyses and gene expression studies of the consortium will be needed to gain a better understanding of its HCs biodegradation dynamics.



5 Conclusion

The PB experimental design was useful in the identification of four significant bacterial strains for the removal of light crude oil in seawater. When these strains were grown in consortium, they achieved a HC removal level comparable to that of the best PB consortium made up of 10 strains. Such reduction in the number of consortium members represents a biotechnological advantage for potential implementation as a bioremediation strategy. The observed stable population dynamics during the degradation kinetics demonstrate presumably synergistic interactions among isolates. Additionally, the inferred interaction network for the consortium, derived from the 16S amplicon analysis, showed eight out of 12 (67%) positive relationships among the isolates. This is consistent with the observed persistence of the four bacterial strains throughout the entire study period (75 days), suggesting possible cooperative relationships among them.
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Selected water masses and sediment samples from the Southern Gulf of Mexico, were studied by bacterial sequencing the 16S rRNA to establish their community structure and discuss the results in relation to those reported by other authors using deep water masses or sediment samples. Forty-five water and 21 sediment samples were collected at selected sampling localities. Proteobacteria was the most abundant phylum of the bacterial community in both environments as well as the class Gammaproteobacteria and the order Alteromonadales. Concerning the family taxonomic category, Alteromonadaceae was the most abundant in the water masses, showing an increase in the deepest water masses. Woeseiaceae and Kiloniellaceae were the most abundant families in the sediments. The statistical pairwise comparison among the water masses showed significant differences between the maximum fluorescence (maxF), the minimum oxygen (minO), the Antarctic Intermediate Water (AAIW), and the North Atlantic Deep Water (NADW) water masses. Also, significant differences were observed between the maxF, minO, AAIW, NADW water masses, and the sediment environment. It was concluded that the maxF water mass showed significant differences in the deepest water masses and that the sediment environment presented a different structure of families from the water environment.
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1 Introduction


Water mass characteristics in the Gulf of Mexico (GoMex), have been recorded by Nowlin and McLellan since 1967 (Nowlin and McLellan 1967. Rivas et al. (2005), indicated that the water masses registered in the GoMex mainly entered through the Yucatan Channel. They describe the subsurface water, which always shows a maximum fluorescence water mass (maxF; 50 to 100 m), and the Tropical Atlantic Central Water (TACW; 400-600 m) is characterized by a minimum of dissolved oxygen water mass (minO). The next described water mass is the Antarctic Intermediate Water (AAIW; 600 -900 m), which is identified by its minimum salinity, and finally, there is the North Atlantic Deep water (NADW; 1000 m to maximum registered depth), presenting low temperatures (4°C), a salinity lower than surface waters (~35%o), and high dissolved oxygen (>5 mL/L). These water masses have been detected with CTD equipment onboard an oceanographic vessel (Figure 1). Therefore, water samples can be assessed with high accuracy at those specific water masses.




Figure 1 | CTD data of temperature in °C, salinity in PSU, dissolved oxygen in mL/L and fluorescence, registered at sampling localities from the northern region of the SGoMex. Color dots correspond to color lines.



Different studies have identified specific bacterial communities in water masses and sediments. Agogué et al. (2011) studied the bacterial communities in the North Atlantic Ocean transect, concluding that deep water masses hosted specific bacterial communities. In addition, their results indicated sharp differences in the bacterial communities’ composition, between water and sediment environments. Walsh et al. (2015) also indicated notorious differences in bacterial communities between the water samples and surface sediments (0-10 cm), at the Equatorial Pacific Ocean and the North Pacific gyre.

Therefore, the objective of this study was to characterize the bacterial communities by sequencing the 16S rRNA from four water masses and sediment samples located in the Southern GoMex (SGoMex) collected during three oceanographic cruises, running between 2015 to 2017, to corroborate differences or similarities between bacterial communities structure among water masses, that present different physicochemical characteristics, but also among water masses and sediments, as have been reported by other authors using deep water masses or sediment samples (Agogué et al., 2011; Walsh et al., 2015).



2 Material and methods


2.1 Sample collection

Samples were collected at defined geographic localities (Figure 2) during three oceanographic cruises (XIXIMI’s; XIX) onboard the research vessel Justo Sierra (Universidad Nacional Autónoma de México, UNAM), XIX-4 in September 2015, XIX-5 in June 2016 and XIX-6 in August-September 2017. Forty-five water samples were taken from the sampling localities (Figure 2) at each of the selected water masses: maximum fluorescence (maxF), minimum oxygen (minO), Antarctic Intermediate Water (AAIW), and North Atlantic Deep Water (NADW). A 60L sample was collected using three 20-L Niskin bottles fixed in on oceanographic rosette system, which were closed remotely at select depths according to data from the Seabird™ CTD, recording the conductivity, depth, temperature, fluorescence, and dissolved oxygen onboard. The select depths were related to the water masses that have been reported for the GoMex (Rivas et al., 2005). The subsurface water was where the maxF water mass (50-100 m) was located, the Tropical Atlantic Central Water (TACW) was where the minO water mass was recorded (~ 400 m), the next sampling depth correspond to the AAIW (~1000m), and finally, the deepest water mass corresponded to the NADW (1200 – maximum sampling deep), a water mass that originates in the North Atlantic Ocean.




Figure 2 | Water and sediment sampling localities in the SGoMex, for the XIX-4, XIX-5 and XIX-6 oceanographic cruises. Black dots indicate the locaties were only water was collected and red dots where water and/or sediment were collected.



As a sampling strategy, the 20 L Niskin bottles were always the same for each depth at the sampling localities. Sampling was performed during the recovery of the rosette and a 5 min stabilization time elapsed at each sampling depth before the bottles were closed. According to Bernáldez-Sarabia et al. (2021), the use of specific bottles for each depth, the 20L Niskin bottles, as well as the sampling procedure, reduce the risk of bacterial contamination.

Sixty liters of each water layer were passed through a 0.22-μm Sterivex™ filter (EMD Millipore, Burlington, MA, USA) after collection. The filters were transported in a liquid nitrogen container at 4°C to the CICESE laboratory (Ensenada BC, Mexico) and were stored at -20°C until DNA extraction.

A total of 21 sediment samples distributed in the SGoMex were collected at select 16 localities during the XIX-4 and XIX-5 cruises (Figure 2) using a Reineck box corer. A subsample from the surface sediment layer (~10 cm depth) was taken using a sterile 10 cc cut-off syringe. The samples were immediately frozen in liquid nitrogen and transported at 4°C to CICESE, Ensenada BC, Mexico, where they were stored at -20°C until DNA extraction.



2.2 16S ribosomal RNA extraction, amplification, and sequencing

DNA from the water samples was extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). For the sediment samples, DNA was extracted using the MoBio DNA Power Soil kit (MoBio, Carlsbad, CA). The DNA was extracted according to the manufacturer’s instructions and was kept at -20°C until use. The quality and quantity of the obtained DNA were estimated using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The amplified target was the hypervariable region from V2 to V4 and V6 to V9 of the 16S rRNA gene. The product was sequenced with an Ion Personal Genome Machine (PGM) system (Thermo Fisher Scientific). Library construction and sequencing were carried out according to the Ion 16S Metagenomics Kit protocol (A26216; manual MAN0010799, Thermo Fisher Scientific).



2.3 Data processing

Raw reads were trimmed with the fastx tools V0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/; accessed September 2021), and then the sequences were filtered at 200 to 400 bp and quality ≥27 (QC). The obtained sequences were used in the analyses. Chimeric sequences were removed with Vsearch V2.15.2 (Rognes et al., 2016), using the Gold database (http://drive5.com/uchime/uchime_download.html). The chimeric free sequences were classified into operational taxonomic units (OTU), implemented with QIIME V1.9 (Caporaso et al., 2010) using the close reference model implemented at 97% similarity with the Silva database release 132 (Quast et al., 2013).



2.4 Community structure analysis

The community structure analysis was performed by processing the OTUs table with Phyloseq V1.30 (McMurdie and Holmes, 2013) and Vegan V2.5.6 (Oksanen et al., 2017) packages in R V3.6.3 using RStudio. The OTUs table was evaluated to eliminate Eukaryotic sequences and singletons. The relative abundance was analyzed with the 25 most abundant families. The Shannon index was used to calculate diversity and was implemented using the Microbiome V1.8 package (Lahti and Shetty, 2017; https://github.com/microbiome/microbiome). Differences among Shannon diversity index were evaluated by two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison of means (p<0.05), among the water masses (maxF, minO, AAIW, and NADW) and sediment samples collected during the XIX-4, XIX-5, and XIX-6 cruises. Registered values are show in Figure 3 and Table 1.




Figure 3 | Violin representation of the Shannon diversity Index for water and sediment environments. The results are presented according to water masses: maxF, minO, AAIW, NADW and sediments. The upper lines show the differences between water masses and sediment, based on two-way ANOVA followed by Tukey’s multiple comparison of means (p <0.05).




Table 1 | Shannon diversity index among water masses and sediment were evaluated by two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison of means (p<0.05).



The community structure was explored with the registered OUTs with non-metric multidimensional scaling (NMDS) ordination based on Bray-Curtis distance (999 permutations) implemented in Phyloseq. The differences in the community structure and samples from the different water masses and sediments were evaluated with the Permutational Multivariate Analysis of Variance (PERMANOVA), accomplish with ADONIS (vegdist, 999 permutes, Bray-Curtis distance) using pairwiseAdonis V0.4 (Martinez Arbizu, 2017).

Raw reads of 16S rRNA genes sequences analyzed for this study were deposited in the NCBI’s Sequence Read Archive (SRA) database under the BioProject (PRJNA831849) and accession numbers SRR18919396 to SRR18919461.




3 Results

Figure 1 shows the representative physical-chemical data registered in the water column during the XIXIMI cruises, which is indicative of the historically reported water masses in the GoMex. Differences between those water masses were defined by the CTD recorded parameters. Figure 1 also shows the homogeneity of the CTD data at the different sampling localities in the northern region of the SGoMex. The water masses presented similar profiles for the southern region of the SGoMex (data not shown). In the localities, A10 and B18 were registered until 1200 m, with different profiles for temperature, salinity, and dissolved oxygen, since they are located within the loop current, in precedence from the Caribbean Sea.


3.1 Microbial community composition among the water and sediment samples

The microbial community compositions were characterized based on the hypervariable region V2 to V4 and V6 to V9 from the 16S rRNA sequencing obtained from 66 water and sediment samples. From the obtained reads (8,416,840), a low percentage (~6.4%) were chimeric sequences. The OTUs clustering and taxonomy assignments were implemented with 7,873,068 (~257 bp) chimeric-free sequences and clustered into 13,784 OTUs. From those, the OTUs assigned to Eukaryota (~2.9%) and singletons (~22.5%) were eliminated. Therefore, the analyses were implemented with 10,269 OTUs. Most of them were assigned to bacteria (99.25%), and a small percentage were assigned to archaea (~0.75%).

The Shannon diversity index was 5.33 on average for both environments. The index for maxF was 4.86, minO was 5.09, AAIW was 5.02, NADW was 5.18, and sediments was 5.97. The statistical analysis accomplished with the Shannon diversity index among the studied environments showed significant differences between sediments and water masses (Figure 3), based on two-way ANOVA followed by Tukey’s multiple comparison of means



3.2 SGoMex bacterial community and relative abundance


3.2.1 Phylum and classes relative abundance in water and sediment environments

Proteobacteria were the most abundant phylum of the bacteria community in both environments, representing ~61.99% of the detected bacteria. The other phyla were Marinimicrobia (SAR406 clade) ~7.82%, Actinobacteria ~6.59, Acidobacteria ~5.31%, and Bacteroidetes ~4.80%. Forty-three phyla were detected with <3% relative abundance.

For the water environment, the most abundant phylum was Proteobacteria (63.39%), followed by Marinimicrobia (SAR406 clade, 11.46%), Actinobacteria (7.48%), Bacteroidetes (6.07%), Planctomycetes (2.22%), Cyanobacteria (1.72%), Verrucomicrobia (1.33%), Euryarchaeota (1.25%), Gemmatimonadetes (1.24%), and Acidobacteria (1.01%). The remaining phyla detected presented <1% relative abundance. In sediment, the most abundant phyla were Proteobacteria (59.0%), Acidobacteria (14.52%), Gemmatimonadetes (5.23%), Actinobacteria (4.68%), Planctomycetes (3.82%), Rokubacteria (2.32%), Nitrospirae (2.21%), Bacteroidetes (2.07%), Chloroflexi (1.41%). Other phyla presented <1% of relative abundance.

At the class taxonomic category, the most abundant classes in both environments were Gammaproteobacteria (38.72%), Alphaproteobacteria (16.98%), Deltaproteobacteria (12.28%), Acidimicrobiia (6.0%), and Bacteroidia (4.74%). The remaining classes (122) represented <2% of the relative abundance.

For the water environment, the most abundant classes were Gammaproteobacteria (42.55%), Alphaproteobacteria (18.31%), Deltaproteobacteria (11.16%), Acidimicrobiia (7.20%), Bacteroidia (6.41%), Oxyphotobacteria (1.80%), and Verrucomicrobiae (1.53%). The other classes identified represented <1.5% of the relative abundance. In the sediment environment, the most abundant classes were Gammaproteobacteria (30.53%), Deltaproteobacteria (14.67%), Alphaproteobacteria (14.12%), Acidimicrobiia (3.43%), and Thermoanaerobaculia (2.48%). The other classes identified represented <2.4% of the relative abundance.



3.2.2 Bacterial orders structure in water and sediment environments of the SGoMex

At the order taxonomic category, the most abundant orders in the water and sediment environments were Alteromonadales (8.71%), SAR86 clade (8.18%), SAR324 clade (Marine group B, 5.81%), NB1-j (5.39%), Rhodospirillales (5.17%), Actinomarinales (4.77%), and Flavobacteriales (3.8188). The remaining identified (339) represented <3.5% of the relative abundance.

For the water environment, the most abundant orders were the SAR86 clade (12.0%), Alteromonadales (11.36%), SAR324 clade (Marine group B, 8.18%), and Rhodospirillales (7.07%), The other orders identified represented <5.5% of the relative abundance. In the sediment, the most abundant orders were NB1-j (14.70%), Steroidobacterales (7.35%), Rhodovibrionales (6.81%), AT-s2-59 (5.87%), MBMPE27 (5.02%), and Actinomarinales (4.03%). The others identified represented <3.3% of the relative abundance.



3.2.3 Relative abundance among families in water and sediment environments

Concerning the family taxonomic category (Table 2), a total of 566 families were detected in the water and sediment samples. The most abundant families in both environments, were Alteromonadaceae (9.52%), AEGEAN-169 marine group (5.38%), Thioglobaceae (5.36%), Actinomarinaceae (4.82%), Woeseiaceae (4.47%), Kiloniellaceae (3.85%), Flavobacteriaceae (3.66%), and Rhodobacteraceae (3.23%), The other 558 families represented <2.2% of the relative abundance.

Concerning the water masses, the most abundant families (Table 2) in the maxF layer were Actinomarinaceae (22.64%), Flavobacteriaceae (11.40%) Cyanobiaceae (7.38%), AEGEAN-169 marine group (6.71%) and Rhodobacteraceae (6.70%). At the minO layer, the most abundant were Thioglobaceae (14.38%), Alteromonadaceae (11.68%), AEGEAN-169 marine group (9.59%), Rhodobacteraceae (5.30%), SS1-B-06-26 (5.22%), and Flavobacteriaceae (4.55%). At the AAIW layer, the most abundant were Alteromonadaceae (18.10%), Thioglobaceae (13.66%), AEGEAN-169 marine group (10.06%), Alcanivoracaceae (5.85%), and Magnetospiraceae (3.38%). At the deepest water layer (NADW), the most abundant were Alteromonadaceae (26.28%), AEGEAN-169 marine group (5.31%), Methylomonaceae (4.82%), and Magnetospiraceae (4.55%). In the sediments, the most abundant families were Woeseiaceae (13.08%), Kiloniellaceae (12.04%), Methylomirabilaceae (5.24%), Nitrospiraceae (4.97%), and Colwelliaceae (4.90%).


Table 2 | Relative abundance (%) of the 25 most abundant families registered in the water masses (maxF, minO, AAIW, and NADW) and sediment.



Figure 4 shows bacterial community differences in relative abundance between the studied environments. The four water masses present a different family structure, especially the maxF with the other three. Actinomarinaceae was the most abundant family at the maxF layer, in contrast to the Alteromonadaceae family, which showed a progressive increase from the minO level to the deepest waters.




Figure 4 | Taxonomic composition and relative abundance of the 25 most abundant families, based on the16S rRNA analysis. Labels on the bottom indicate cruise, sample, and water mass (ex: XIX-4.A5.maxF).






3.3. Bacterial community structure

Comparative analyses of the microbial communities based on non-metric multidimensional scaling (NMDS) ordination are shown in Figure 5 (axes A, B, and C), where is clear the separation among bacterial communities into three clusters. In the water column, the maxF samples were grouped in one cluster and separated from the other water masses (minO, AAIW, and NADW). The sediment samples were grouped in a cluster that was separate from the four water samples. In the three axes, the microbial communities of deep water masses are grouped in one cluster separated from the maxF and sediment.




Figure 5 | Comparative analyses of microbial communities based on non-metric multidimensional scaling (NMDS) ordination axis: (A) 1 vs 2, (B) 1 vs 3, and (C) 2 vs 3). The sediment samples are represented by a triangle (▴) and water samples by a circle (•) according to water masses (maxF, minO, AAIW, NADW).





3.4. Comparison between water and sediment samples from the SGoMex

Based on the statistical differences from PERMANOVA (p<0.05) test, the pairwise comparison among the OTUs identified in the water masses (Table 3), showed significant differences (p=0.001), between the maxF layer with the minO, AAIW, and NADW water masses, and sediments, also between the minO layer and the NADW. Non-significant differences were identified between the AAIW with minO and AAIW with NADW. Significant differences were registered among the maxF, minO, AAIW, NADW water masses, and the sediment environment.


Table 3 | Pairwise comparisons among water masses and sediment environments.






4. Discussion

The water masses of the GoMex have been extensively described by their physical/chemical characteristics, but limited information exists about their bacterial communities. Metagenomics 16S rRNA has opened the possibility to such characterization, as well as the opportunity to make comparisons with other water masses from different geographic areas, due to the standardization of bacterial sequencing analyses. The water masses described in the GoMex present an stratification according to their origin that can be detected using the dissolved oxygen content, salinity, or temperature onboard an oceanographic vessel. Therefore, bacteriological sampling was accomplished accurately at selected water depths.

Water masses show differences between the sub-surface water mass (photic zone) and the deepest ones. In the photic zone, there is major phytoplankton and zooplankton productivity in marine waters, through a complex cycle of dissolved organic matter, where bacteria play an important role in the so-called microbial loop (Azam, 1998). Therefore, is not surprising to find the existence of a particular bacterial community, where fluorescence is registered at its maximum level, far different from deep water bacteria, where they depend, mainly, on the organic matter produced at the photic zone. Nevertheless, statistical analysis show in Table 1, indicate significant differences in bacterial diversity between water masses and the sediment, as has been reported by Walsh et al. (2015). In addition, the diversity of the water column community, did not display statistically differences among the studied water masses, indicating that bacterial diversity presented similar characteristics in the water column.

Most of the studied OTUs, in both environments, were assigned to bacteria (99.25%), and a small percentage to archaea (~0.75%). Similar results were reported for oil impacted sediment samples from the Northern GoMex (Kimes et al., 2013), where the bacteria domain represented 95 to 97% and archaea 2.2 to 4.2% of the microbial community. Those results indicate that the Bacteria domain is predominant in different marine environments, even at oil impacted areas.

The results indicated that Proteobacteria was the dominant phylum in water and sediment environments in the SGoMex, as has been reported in different metagenomic studies in the oceans worldwide. The classes Gammaproteobacteria and Alphaproteobacterial were dominant, as is also frequently reported in other studies (Agogué et al., 2011; Biddle et al., 2011; Rakowski et al., 2015; Walsh et al., 2015, among others). Particular to the present study, it was found that the family Alteromonadaceae, was the most abundant in the water masses, showing an increase in the deepest waters.

Walsh et al. (2015) reported differences in compositional bacterial communities (based on Bray-Curtis similarity) between the photic zone (at the deep chlorophyll maximum; DCM), the sub-photic (below the DCM), and the superficial sediment (0-10 cm) at the Equatorial Pacific Ocean and the North Pacific gyre. They found that Cyanobacteria, Flavobacteria, and Alphaproteabacteria were dominant in the photic-zone samples, instead of in the aphotic zone, where Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and Deferribacteres were dominant. For the superficial sediments (1-10 cm), Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Nitrospira, and Pnactomycetes were dominant within the bacterial community. In the present study, the sediment environment displayed a very different structure of families from the water samples, with a clear dominance of the families Woeseiaceae and Kiloniellaceae.

According to Rodríguez-Salazar et al. (2021), significant differences between deep sediments (2800 to 3700 m) and shallow sediments (20 to 600 m) from the SGoMex were observed. In this region, taxonomic diversity in the sediments was found for members of the classes Deltaproteobacteria (12– 35%), Gammaproteobacteria (2–24%), Alphaproteobacteria (1– 20%), and Dehalococcoidia (0.3–17%). In water samples, these authors reported Alteromonas as the most abundant genus at the maxF level. In the present study, it was found that the family Alteromonadaceae have been detected at the maxF, increasing in abundance towards deepest waters.

Differences among the water masses and sediments are shown in Table 3, where it is indicated that the maxF samples registered significant differences for the deepest water masses and between those water masses with the sediment environment. These differences are also shown in Figure 5, where all the maxF samples are grouped in a separate cluster from the deepest waters and all the sediment samples are grouped in a cluster separate from the water samples.



5 Conclusions

This study revealed that water masses and sediments from the SGoMex show a dominance of the phylum Proteobacteria, which has been reported in other metagenomic studies from the GoMex and from the Pacific and Atlantic oceans. The Class Gammaproteobacteria is also frequently reported as dominant, as reported in this study. The reported data worldwide indicate that the predominance of the phylum Proteobacteria, is a common trend in different marine environments. Furthermore, data generated by other authors seems to indicate that phylum Proteobacteria and the classes Gammaproteobacteria and Alphaproteobacteria are predominant in open ocean marine environments.

In the present study, the maxF layer presented a dominance of Actinomarinaceae family, compared to the deep water communities, which showed a dominance of the family Alteromonadaceae (Class Gammaproteobacteria) that increased progressively to the deepest waters, from the minO until the NADW. These results confirm that the photic zone where is registered the maxF water mass, harbor a particular bacterial community that could be related to the carbon cycle that take place at surface waters.

Concerning the bacterial community in the water masses, the maxF water mass and the deepest water masses were significantly different. In contrast, no significant differences were found between the minO and the AAIW and with this water mass and the NADW, suggesting a mix of bacterial communities within the SGoMex, unlike to results reported by Agogué et al. (2011). These authors have reported a cluster for maxF, a second cluster for the AAIW and a third cluster for the NADW, indicating that separation of those clusters are best defined at the North of the Atlantic than in the South, reflecting the importance of the water masses origin, concerning the deep water bacterial community. According to Rivas et al. (2005), a renewal of deep water (NADW) take place in the Caribbean Sea, in a complex process they called “ventilation”; they pointed out that a similar process could take place in the Gulf of Mexico, which could explain the mix of bacterial communities among minO, AAIW and NADW water masses, reported in this study. Based on PERMANOVA (Table 3) and the NMDS (Figure 5) analyzes, this study registered a separate cluster for maxF water mass, as was also reported by Agogué et al. (2011).

The sediment environment revealed a vastly different bacterial community structure from the water samples, confirming results reported by other authors (Agogué et al., 2011; Walsh et al., 2015), probably as result of the higher concentration and complexity of the organic carbon present in marine sediments, as a consequence of the marine snow event, as has been reported by other authors.
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Marine turtles are of the highest ecological concern in terms of conservation and restoration programs and marine territorial ordering. Marine resource-extracting industries have severe negative impacts on their populations and their habitats. Thus, private industries and decision makers require the best and most robust spatially explicit scientific knowledge for a sustainable and responsible operation and government administration. Therefore, the identification of marine turtle hotspots is a strategic milestone for ecosystem management and an integral ecological knowledge about any region. We identified and delimited marine turtle hotspots in the Gulf of Mexico and Mesoamerican Reef. We analyzed satellite-tracked data of 178 individuals belonging to four marine turtle species. We used Brownian bridge movement models to estimate space use surfaces and map algebra to weight and merge layers of multiple species, life stages, and movement phases. The Yucatan Peninsula and central Veracruz in Mexico, along with the Florida Keys and Louisiana coast in the US, harbor the primary hotspots where marine turtles aggregate. We defined four primary hotspots used for migration in the western Gulf of Mexico, around the Yucatan Peninsula, a northern route following the Loop Current, and a southern one towards Gorda Bank, Central America. This study is the largest assessment of marine turtle hotspots in Mexico and Cuba and supports strategies for reinforcing regional management actions for their conservation, as well as a stronger response and preparedness for tackling anthropic threats to these species. This milestone contributes to extending the knowledge frontiers about these species to a new level.




Keywords: Migratory corridors, Spatial ecology, Satellite tracking, Conservation management, Eretmochelys imbricata, Chelonia mydas, caretta caretta, lepidochelys kempii



Introduction

Marine turtles are a relevant ecological group owing to their vulnerability to several natural and anthropogenic threats. They occupy different marine and coastal ecosystems in their lifetimes configuring conditions that bolster their ecological role as a sentinel, umbrella, and key species for maintaining ecological integrity in marine ecosystems (Caro and O’Doherty, 1999; Wabnitz et al., 2010; Gradzens et al., 2014; Hunter et al., 2016; Kalinkat et al., 2017; Hazen et al., 2019; Liceaga-Correa et al., 2022).

Marine turtles have strong philopatry for their critical habitats, which include areas for nesting, mating, migration, feeding, development, and residency (FitzSimmons et al., 1997; Shaver et al., 2016; Gaos et al., 2017). Therefore, the identification and mapping of their habitats is crucial for conserving and recovering their populations, as national and multinational policymaking agencies require robust spatially explicit information for adapting and improving their actions.

Key marine ecological habitats have been identified from different approaches. Areas that have a high biodiversity value and are frequently associated with threatened species or particular ecological processes have been mostly reported to date (Worm et al., 2003; Bass et al., 2011; Edgar and Brooks, 2011; Hazen et al., 2013; Bax et al., 2015). Several efforts have been taken to define marine mega fauna hotspots using distinct approaches, most of which consider the spatial distribution, density, and conservation status of focal species (Lascelles et al., 2016). Using mostly satellite-tracking data of marine turtles, hotspots have been reported for loggerhead populations in the northwestern Atlantic (Ceriani et al., 2017) and the Mediterranean (Schofield et al., 2009, Schofield et al., 2013), green turtles in the Mediterranean (Stokes et al., 2015), hawksbills in the Arabian region (Pilcher et al., 2014), leatherbacks in southern Africa (Robinson et al., 2016), and Kemp’s ridleys in the Gulf of Mexico (GoM) (Gradzens and Shaver, 2020).

Several studies have reported aggregation and migratory corridors of marine turtles in the Gulf of Mexico (Shaver et al., 2013; Shaver et al., 2016; Gradzens and Shaver, 2020; Iverson et al., 2020; Hart et al., 2020; Uribe-Martínez et al., 2021). However, doing a multispecies and multi-life stage study is challenging because of the geographic scope of their life-stages and the difficult access to their spatial distribution data to delineate their populations’ hotspots. Lamont et al. (2015) combined satellite records and distribution models for different loggerhead life-stages in the Gulf of Mexico and delimited their overlapping. But considerable knowledge gaps remain, and the present study aims to address some of them.

Marine turtles contribute to essential ecosystem functions in the ocean linked to environmental services that benefit human societies, such as the modulation influence on blue carbon storage by seagrasses when marine turtles forage on them, and the community balance at healthy coral reefs, that support tourism and fishing industries when they feed on algae and sponges (Bjorndal and Jackson, 2003; Goatley et al., 2012; Hammerschlag et al., 2019; Johnson et al., 2020). These species interact with distinct anthropic activities that may disrupt their long-term viability and jeopardize their biological processes (Cuevas et al., 2018; Hart et al., 2018a; Cuevas et al., 2019). Therefore, spatially explicit information about their hotspots is a much-needed milestone for environmental risk assessments and policies that support effective management, conservation, mitigation, and restoration strategies using the sentinel and umbrella roles of these charismatic species.

This socioenvironmental context demands humanistic, technological, and scientific information of our oceans to implement public policies that prevent, reduce, and control the negative impacts of anthropogenic activities on marine ecosystems. The aim is to achieve a balance between responsible exploitation of natural goods and services, and conservation of the ecosystems that provide them. Thus, the identification of marine turtle distribution and biodiversity hotspots in the Gulf of Mexico is a milestone that can expand the frontier of knowledge on this intensively exploited ecosystem.

The objective of the present study was to identify multispecies and multi-life stage distribution and diversity hotspots of marine turtles in the Gulf of Mexico and Mesoamerican Reef. The results are expected to expand the ecological knowledge on endangered species in this region and strengthen and improve policy-making processes, which in turn can ameliorate the compliance of national preparedness and response capabilities with multinational agreements and commitments for the conservation of endangered marine species and ecosystems.



Materials and methods


Study Area

Our study area was delineated by the movement behavior of satellite-tracked marine turtles from 54 nesting beaches located in Tamaulipas, Veracruz, Campeche, Yucatan, and Quintana Roo, Mexico, the southern Gulf of Mexico and northwestern Caribbean Sea, and the southeastern Cuban littoral (Table S1). These nesting beaches were selected based on their relevance in terms of the number of nests for each species and taking into account the number of previously satellite-tracked individuals from each of the nesting beaches (Moncada-Gavilán, 2005; Moncada-Gavilán et al, 2012; Uribe-Martínez et al., 2021; Liceaga-Correa et al., 2022).



Satellite telemetry

A total of 178 individuals from four species—Caretta caretta (loggerheads), Chelonia mydas (greens), Eretmochelys imbricata (hawksbills), and Lepidochelys kempii (Kemp’s ridleys)—were satellite tracked from 1996 to 2019. These individuals included 5 adult male hawksbills, 167 breeding females (14 loggerheads, 64 greens, 65 hawksbills, and 24 Kemp’s ridleys), and 6 immature individuals (3 loggerheads and 2 greens). The males were captured in-water, and a few were tagged after rehabilitation (Cuevas et al., 2020). The females were mostly randomly selected and captured from their nesting beaches after laying eggs (Uribe-Martínez et al., 2021); only 2 were captured in-water (using a free-weight net). The selection of nesting beaches for tagging females aimed to have all rookeries from the study area represented (Cuevas et al., 2019; Uribe-Martínez et al., 2021). To contend with bias effects by unbalanced sampled individuals per life-stage, we weighted them, as described in further paragraphs, and independently analyzed the distribution data of each of them, then rescaled the outputs, standardize, and mixed them with the others. On the other hand, the immature individuals were bycatch in artisanal fishery (mostly by four-inch monofilament gillnets used by artisanal fleets operating nearshore) and tagged before release.

The transmitter deployment slightly differed among projects, as different techniques and materials were available during the 23 years of this study. Briefly, the individuals were held in a safe place, and after securing them for tagging, the scutes in which the transmitter was to be deployed were cleaned using sandpaper, fresh water, and alcohol. Most of the tags were attached using fast cure epoxy glue and clay (e.g., Devco 5 min© and Loctite Magic Steel©), but a few were attached using fiber glass and polyester epoxy (Moncada-Gavilán, 2005; Cuevas et al., 2008; Moncada-Gavilán et al, 2012; Uribe-Martínez et al., 2021). Finally, marine antifouling paint was applied after the glue and clay cured, and the individuals were released at the same or nearest point where they were captured.

Tracks from this study dataset were acquired by several multi-institution research efforts in Mexico and Cuba, diverse satellite transmitters were used for over two decades (Table S1). However, all satellite transmitters used the ARGOS system, making them comparable in terms of the acquisition system and general data characteristics. All ARGOS location classes (LC) (e.g., 3, 2, 1, 0, A, and B) were used for these analyses, as the latter LCs (A and B) can also be accurate (Lopez et al., 2013; Boyd and Brightsmith, 2013; Uribe-Martínez et al, 2021). The location records were filtered to remove errors using the algorithm described by McConnell et al. (1992) implemented in the vmask function in the R argosfilter package (Freitas et al., 2012). Finally, we performed supervised data validation to eliminate records that the filters did not detect, as they were considered unrealistic given their distance, time, or location regarding the rest of its track. For further details, see Uribe-Martínez et al. (2021).

Finally, to consider the phase that we recorded for each location of the tracked individuals, all the location records were classified as migration, internesting, or foraging and residency (Cuevas et al., 2019; Hart et al., 2020).



Space use surface processing

We used Brownian bridges models (Horne et al., 2007) with the BBMM package in R (Nielson et al., 2014) to build the space use surface for each tracked individual. This numerical method uses the difference between the acquisition times of each pair of consecutive location records in any track to estimate the probability of an individual using any portion of the space between these locations for transit. It has been widely applied for studying the spatial and movement ecology of marine and terrestrial animals. The advantage of the Brownian bridge analysis is that it minimizes individual variations and movement errors, performs well even under poor data availability. Thus, it has been used to delimit home ranges, migration corridors, and animal movements (Papastamatiou et al., 2013; Liu et al., 2015; Silva et al., 2020). Like Uribe-Martínez et al. (2021) we used a fixed error location of 300 m and a maximum time lag of 5000 min (3.47 days). Finally, we delineated the individual moving ranges by defining a 70% isoline of the created space use probability surface, which was considered the most probable used area by the tracked turtle.



Hotspot identification

As important geographic areas are defined by aggregations of multiple individuals of the same or multiple species at a given site (Uribe-Martínez et al., 2021), we adopted a methodological approach that considered the number of individuals in the same geographic area and weighed each movement phase, life-stage, and species (Bolten et al., 2011; Cuevas et al., 2018; Cuevas et al., 2019). For each of these categories we merged the individual movement ranges (70%) to build a layer containing the number of individuals occurring at any site of a space use surface. This layer was rescaled to values from 0 to 1 to make all layers comparable, which were then multiplied by their corresponding weighting values.

Those values of the movement phases were adopted from (Cuevas et al., 2018; Cuevas et al., 2019). and defined as follows: internesting (0.2857), migrating (0.1429), and feeding/residency (0.5714). For life-stage, we adapted the values proposed by Bolten et al. (2011): hatchlings (0.25), immatures (0.33), and adults (0.45). Although we did not analyze hatchlings, for mathematical purposes, we estimated their weight, so that the sum of the three values was 1.

The weights for each species were defined using the analytic hierarchy process (Saaty, 2008) approach. We interviewed 48 marine turtle specialists in Mexico, considering the four criteria established by the Mexican Extinction Risk Assessment Method for Wildlife (Sánchez-Salas et al., 2013), which is the official method to define the species enlisted for protection under the Mexican law (NOM-059-SEMARNAT-2010). The criteria to evaluate a species are (1) its distribution amplitude, (2) the natural condition of its habitat with respect to its life history, (3) its intrinsic vulnerability, and (4) the impact of anthropogenic activities on the species. We obtained the following values: C. mydas (0.1026), C. caretta (0.2564), L. kempii (0.3077), and E. imbricata (0.333).

The merged layers grouping the individual ranges were then multiplied by their corresponding values of movement phase, life-stage, and species, and finally rescaled from 0 to 1, where 1 was the highest intensity of the hotspot value. For smoothing and visual improvement purposes, the final expression of the layer values was performed using a hexagonal lattice (10 km width/hexagon) and statistically categorized, maximizing the variability among categories and minimizing it in the interior (North, 2009), as movement/aggregation range, secondary hotspots, and primary hotspots.




Results

We defined multispecies and multi-life stage hotspots for four marine turtle species in the GoM and Western Caribbean (WC). This is the first study in the GoM and WC including the Mesoamerican Reef region (MR) that integrates an articulated regional panorama of how marine turtles use their marine space at different stages of their life. The only zones that were not occupied were the deep basins (>1,000 m) of these regions, although some of them were frequently crossed by the turtles during their migrations (Figure 1).




Figure 1 | Aggregation hotspots for breeding female marine turtles, integrated with the internesting and feeding/residency movement phases. We present three hotspot categories for C. caretta (A, n=10), C. mydas (B, n=65), E. imbricata (C, n=79), and L. kempii (D, n=24). Continuous thin gray line depicts the 200 m isobath, and the dashed thin line depicts the 500 m isobath (https://www.gebco.net/). Black dots represent the releasing sites of the satellite-tracked individuals.



The four studied species extensively used the GoM during different life stages (immature and reproductive) and for distinct life history movements. Post-nesting loggerheads established their primary and secondary aggregation hotspots on the Campeche Bay continental slope and the Yucatan shelf, as well as on the Florida shelf, Cay Sal in the Lucayan Archipelago (Bahamas), and the northern Gorda Bank on the border between Honduras and Nicaragua (Figure 1A). The Mexican Caribbean was used during internesting movements, and a few individuals established in the Mexican waters of central MR (Figure S1A). Loggerheads also used the Mexican Caribbean to migrate north and southwards from the WC basin to the southern MR and finally Nicaragua (Figure S2A). Others moved northward, crossed the Loop Current, and established in southwestern Florida (Figure 2). A primary aggregation hotspot was detected for immature loggerheads in central-southern Veracruz (Figure S3).




Figure 2 | Migratory corridor hotspots used by the breeding females of the four marine turtle species satellite tracked from Mexico and Cuba. Continuous thin gray line depicts the 200 m isobath, and the dashed thin line represents the 500 m isobath (https://www.gebco.net/). Black dots represent the releasing sites of the satellite-tracked individuals.



With more spatially restricted aggregation habitats, green breeding females established their primary and secondary aggregation hotspots in coastal zones, mainly in the northwestern and northeastern Yucatan Peninsula (YP) in Mexico and the Florida Keys (Figure 1B). Interestingly, all tracked individuals breeding at isolated cays in the Campeche Bank ultimately established at continental residency hotspots around the YP (Figure 1A). This species had the smallest internesting and feeding/residency hotspots among the four species (Figures 1B, S1B). These hotspots received individuals from all Mexican GoM-MR states, as well as Cuba. These populations used a migratory corridor in the Campeche Bay in Mexico to reach their aggregation hotspots (Figure S2). The four species also used the major primary migratory hotspot in southern GoM in the northern YP, Mexico (Figure 2). This corridor is used by turtles to move from western GoM to the hotspots in Campeche Bank, northern MR, WC (Gorda Bank), and Florida Keys. A single dispersion route was demonstrated by an immature individual moving from central Mexican Caribbean to Cuba (Guanahacabibes Peninsula), but the other tracked individual stayed locally and established at Laguna de Terminos, Campeche (Figure S3A).

For the critically endangered hawksbills, the studied breeding female populations had well-defined neritic aggregation primary and secondary hotspots (Figure 1C). The western and northeastern coasts of the YP, along with central-southern Veracruz and the southern littoral of Cuba, harbored the main internesting hotspots (Figure S1A). The western and northeastern coasts of the YP are key feeding and residency hotspots for this species (Figure S1B), along with the Florida Keys and northern Gorda Bank, where some individuals migrated to establish (Figure 1C). Breeding males had aggregation hotspots adjacent or overlaying those of females both in Mexico and Cuba. Two individuals showed migratory movements from northern MR to Belize and Guatemala, and one male moved from southwestern Cuba towards Jamaica and the Lesser Antilles (Figure S3). These populations primarily moved through four migratory hotspots, including the main primary migratory corridor around the YP, which connected the western and eastern breeding populations with their feeding and residency hotspots at the Yucatan shelf and the Mexican Caribbean (Figure S2C). This major corridor was also used by individuals to move from Mexican beaches towards MR and WC (Figure 2), some traveling northward and crossing the Loop Current to reach the Florida Keys and Cuba, and some others moving from GoM to southern MR (Belize) and WC (Gorda Bank). Individuals from Cuba connected to the southward route to reach the MR region (northern Honduras) and Gorda Bank (Figure S2C), and one of them reaching Colombia, out of our study area. There was no record of any hawksbill individuals moving from southern to northern GoM.

Adult Kemp’s ridley breeding females stayed inside the GoM (Figure 1D), moving from their primary nesting beaches, Rancho Nuevo and central Veracruz, Mexico, to northern (Louisiana), northeastern (southern Florida shelf), and southeastern (Caribbean corner of the Yucatan Peninsula) GoM, where they foraged and established to reside after their reproductive season (Figure S1B). They used the western GoM as a primary migratory corridor to move towards their residency hotspots in north and south gulf (Figure S2D). Moreover, we did not obtain evidence of any individual moving out of this basin. They migrated remarkably close to the shore along the Mexican and US littorals, also using the main migratory hotspot around the YP to reach their foraging and residency hotspots in the Yucatan shelf and northern MR (Figure 2).

The final weighted integration of all species and life stages revealed four multispecies hotspots. From north to south, the coast of Louisiana is an important marine turtle hotspot, mainly because of the presence of L. kempii (Figure 3). The waters in southwestern Florida harbor primary and secondary hotspots for C. mydas, E. imbricata, and L. kempii. The Veracruz Reef System marine protected area and its adjacent waters in southwestern GoM are primary hotspots for C. caretta and E. imbricata, including resident immature individuals of C. caretta. The YP coast harbors important feeding primary hotspots and is also the corridor for the individuals of the four species coming from western, southern, and eastern GoM and Cuba (Figure 3). These waters were defined as a primary hotspot for marine turtles in the GoM and WC, as they harbor major residency and migratory hotspots, representing the main corridor in the south GoM for at least four species of endangered marine turtles.




Figure 3 | Multispecies and multi-life stage hotspots in the Gulf of Mexico and Mesoamerican Reef. Continuous thin gray line depicts the 200 m isobath, and the dashed thin line depicts the 500 m isobath (https://www.gebco.net/). Black dots represent the releasing sites of the satellite-tracked individuals.





Discussion

While numerous studies have satellite tracked marine turtle populations in major Mexican and Cuban rookeries, this is the first integral study that combined dispersed spatial distribution knowledge of four marine turtle species into advanced outputs that delimited the hotspots of these species. This study represents the actual frontier of knowledge for the GoM and WC. Important next steps for this work will be integrating analyses between northern and southern GoM marine turtle satellite tracking studies.

For greens and hawksbills given the number of tracked individuals, these outputs allow us to infer ecological knowledge at a population level (Schofield et al., 2013; Sequeira et al., 2019), highlighting the contribution to scientific knowledge about this imperiled species. Our results also validated some previously reported migratory corridors (e.g., for Kemp’s ridleys, Shaver et al., 2016; Gradzens and Shaver, 2020) and complement aggregation regions for the four marine turtle species (Hart et al., 2012; Hart et al., 2020; Iverson et al., 2020; Uribe-Martínez et al., 2021). The results also complement known migratory trajectories such as the loggerheads moving from north to south GoM (Girard et al., 2009; Hart et al., 2012; Tucker et al., 2014; Hart et al., 2018b). The use of deep oceanic zones in the GoM and WC by adult leatherbacks (Dermochelys coriacea) and younger life-stages of the other species during their oceanic dispersal, complements the intense and extended use of the study area (Putman and Mansfield, 2015; Aleksa et al., 2018; Putman et al., 2020; Evans et al., 2021; Sasso et al., 2021).

However, we also detected new multispecies and multi-life stage hotspots that expand our understanding of the spatial ecology of marine turtles in the GoM and WC. This new contribution highlights the need for prioritizing the identification of information gaps for specific rookeries and life stages, such as males and immature individuals during their ‘lost years’ (Cuevas et al., 2020; Mansfield et al., 2021), as well as the study of local scale movement ecology associated with the habitats they occupy.

The novel contributions of this study include the first report of a primary aggregation hotspot for immature loggerheads in southern Veracruz, where they reside and develop, despite the fact that major nesting beaches are far away. Further research on the origin and ontogeny of these individuals is needed. Moreover, the delineation of migratory hotspots, which may be considered as soft mesoscale structures, strengthens the research on biogeographical processes in terms of the genetic diversity and plasticity of these species (Harrison et al., 2018). These hotspots facilitate the interchange of rookeries between inner GoM and WC, with a key role of ocean currents, which has been suggested to be an evolutionary strategy to sustain population diversity and provide viability for restoring their populations regionally (Roberts et al., 2004; Stiebens et al., 2013; González-Garza et al., 2015; Carreras et al., 2018; Clusa et al., 2018; Labastida-Estrada et al., 2018; van der Zee et al., 2021).

The extended use of the GoM, MR, and WC by marine turtles exposes them to several negative interactions with natural and anthropogenic threats (Hart et al., 2018a; Cuevas et al., 2019). In particular, the fishing and energy (hydrocarbons and wind) industries are two of the highest threats of concern because of their severity of impacts on marine turtle populations and their habitats, as well as for its extensive occurrence in the GoM and WC (Wallace et al., 2010; Wallace et al., 2017; Scales et al., 2018; Wallace et al., 2020). Outlining marine turtle hotspots is a milestone for a strong national preparedness system, including multiple governmental and private sectors that use such spatially explicit knowledge, as they are required to provide information for decision support on extractive and non-extractive anthropic activities that threaten marine turtle integrity.

In particular, financing assessment processes for the oil industry operation, and soon for the leasing fields for wind energy projected for northern1 and southern GoM2, acknowledge the hotspots of endangered species and their habitats to evaluate and specify mitigation and compensation actions that must be accomplished according to international standards (International Finance Corporation, 2019). Such risk assessments always demand the most updated scientific information and expertise knowledge to accomplish robust and responsible biodiversity management and investment plans. Thus, our results provide the knowledge for making these decisions.

In addition, harmful industrial and fishing practices (e.g., not using turtle excluder devices, TEDs) affect marine turtle species and have serious socioeconomic and political consequences. In 2010 and 2021, the U.S. government withdrew Mexican shrimp importation certification because Mexico’s TED program did not meet the standards established under Section 609 of United States Public Law 101-162 (Platt, 2010; U. S. Department of State, 2021). Although these embargos were temporary, they prevented an income of approximately 90-300 million dollars per year and affected approximately 8,600 jobs. The strategic spatially explicit information presented in this study is key for potential interaction assessments between marine turtles and fishing, and it contributes sustaining more robust plans fostering responsible fishing.

This contextual knowledge configures the foundation scaffold to balance the exploitation and conservation of marine territories while respecting the essential biological and ecological attributes that sustain the resilience capabilities of marine ecosystems. Thus, expeditious and effective management actions must be implemented to secure ocean health. Our results support local and regional decision making, as well as national and international politics, as they extend the frontiers of knowledge on spatial ecology of marine turtles in the GoM and WC, keeping at front the premise of fostering interdisciplinary, intersectoral, and multinational work to properly cope with the scale of the biological process that sustains the long-term viability of these species and their key ecosystem functions. Finally, this paper supports several research lines on marine turtles at multiple temporal and spatial scales and emphasizes the need to continue the path for translating this scientific knowledge into public politics in the form of decrees, policies, management regionalization, and conservation plans for the ecosystems in the large Gulf of Mexico and Mesoamerican Reef System.
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Diversity of free-living marine nematode assemblages in the Southwestern Gulf of Mexico (SW GoM) is scarcely studied. Here, we aimed (1) to analyze the influence of a water depth gradient on the species richness, feeding type and taxonomic composition of assemblages; and (2) to document the regional diversity of free-living nematodes in the SW GoM. We sampled 63 sites along a water depth gradient from 186 to 3774 m during four oceanographic cruises. We found clear variations along the depth gradient of bottom water (temperature, salinity, and dissolved oxygen) and sediment variables (grain size and organic content). We identified 1881 nematodes belonging to 108 genera, 33 families, ten orders, and two classes. The abundance and species richness decreased with water depth. However, the expected number of species for a same level of abundance did not change along the depth gradient likely because the scarcity of food was compensated by reduced environmental stress (e.g., higher oxygen content and physical stability). Microbial sucker was the most abundant feeding type indicating the important role of sediment bacteria in the nematode’s diet. Species composition varied along the depth gradient with dominance in the upper slope sites of species of Comesomatidae tolerant to reduced sediments (e.g., Dorylaimopsis sp., Sabatieria spp., and Setosabatieria hilarula). Many congeneric species typical of deep sea were restricted to the deepest sites such as Acantholaimus spp., Ledovitia spp., Desmoscolex spp., and Halalaimus spp. The nematode regional diversity of SW GoM was 154 species, but the Chao 1 estimator indicated a richness of about 194 species and a highest limit of 246 species. The accumulation curves of richness were non-asymptotic suggesting a substantial fraction of undiscovered richness. Our study increased the free-living nematode fauna of GoM in 144 species (76%) respect to Hope’s list (2009). The large diversity of nematodes stands out the necessity of further studies to unravel the environmental drivers of α- and β-diversities and highlights the potential of this taxon for monitoring the deep sea of the Gulf of Mexico.
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Introduction

Nematoda is the 5th most diverse phylum of Animalia (Zhang, 2011) with about 28 537 described species (Hodda, 2022a). There is a large uncertainty about the total number of nematode species on the Earth, although Appeltans et al. (2012) estimated that only 19% of the total is known. Nematodes occur in all the habitats on the Earth, from the deep sea to the ice caps, and can be parasitic or free-living. The free-living nematodes are usually the most abundant metazoans in soils and sediments.

In the deep sea, free-living nematodes are particularly important in terms of abundance and diversity (Zeppilli et al., 2018). Nematodes have a body size in the order of 1 mm and therefore are part formally of the meiofauna, which is operationally defined as metazoans passing through 500 µm sieve and retained in 45/38 µm sieves. However, nematodes also occur in the macrofauna, i.e., the metazoans retained in 500 µm sieves. Many studies have been published on the ecology and diversity of deep-sea nematodes in the last 20 years resulting in an enormous body of knowledge. From an ecological point of view, four factors are mainly responsible of the meiofauna community structure in the deep sea (Rosli et al., 2018a): food availability, substrate structure, physico-chemical characteristics, and physical disturbance. These factors and associated processes are also main determinants of the nematode assemblage structure.

The studies on diversity of deep-sea nematode assemblages pose significant taxonomic challenges because usually each genus/species is represented by few individuals (Danovaro and Gambi, 2022). In addition, collections contain many undescribed species particularly of important families such as Xyalidae and Oxystominidae (Miljutin et al., 2010). Therefore, the identification and naming at species level is not always possible, although discrimination of congeneric species is usually possible.

The species richness of deep-sea nematodes is usually high at local scale (i.e., α-diversity). However, the magnitude of regional richness (i.e., γ-diversity) and its causes are still debatable. Lambshead and Boucher (2004) concluded that regional richness is rather modest because similar patches in a similar habitat are repeated for considerable distances. However, more recent evidence suggests that nematode genus/species turnover is very high in the deep sea and depends on processes acting at different scales (Pusceddu et al., 2009; Danovaro et al., 2013; Rosli et al., 2018b). In addition, water depth constitutes an important driver of nematode abundance (Trebukhova et al., 2013; dos Santos et al., 2020) and it is related fundamentally to trophic conditions and sediment properties (Udalov et al., 2005). These features explain the high rareness and endemism at regional scale reported by Danovaro and Gambi (2022) in a recent study over 246 sites of the deep sea.

The free-living nematodes in the deep waters of the Gulf of Mexico (GoM) have been the subject of few ecological/diversity studies. In a pioneer study, Sharma et al. (2011) detected a decreasing body size of macrobenthic nematodes along depth in the northern GoM. Sharma et al. (2012) studied 16 sites along two transects in the north-central GoM reporting that organic loads from Mississippi River drove the nematode assemblages. Jones et al. (2016) studied the nematode assemblages in 16 sites in the shelf and slope of northern GoM and concluded that west-east gradient in sediment characteristics and habitat type were the main drivers of assemblage structure. Soto et al. (2017) reported significant changes in the large-sized nematode assemblage structure in the northwestern GoM that they suggest could be due to the Deepwater Horizon oil spill. In the most recent study, Cisterna-Céliz et al. (2019) sampled 27 deep-sea sites over the southern GoM, and identified nematodes from seven sites, reporting that assemblage structure fitted into a “species-sorting” model that included environmental characteristics, niche differentiation, and limited dispersal. All these studies identified nematodes at genus level.

Studies of deep-sea nematodes at species level in GoM have been mostly devoted to taxonomy and the last revision on the diversity of the group was made by Hope (2009) about 12 years ago. He reported 190 species of nematodes, of which 126 (66%) were endemic and 64 (34%) were not (Hope, 2009).

Two massive accidents have occurred in the GoM related with oil industry. In 1979, a blowout in the exploratory oil well Ixtoc I in the Bay of Campeche released ca. 3.4 × 106 barrels of crude oil into the tropical waters of Campeche Sound during nine months (Soto et al., 2014). In 2010, a blowout of the well Macondo in the northcentral GoM released ca. 4.9 × 106 barrels of oil during 87 days (Lubchenco et al., 2012). In this scenario, our study was carried within the Gulf of Mexico Research Consortium (CIGoM) advocated to develop a baseline of environmental variables for evaluating potential large oil spill impact in the deep waters of GoM. A huge body of knowledge was generated during five years in this project, which was summarized in a set of synoptic atlases (https://atlascigom.cicese.mx) . The data gathered by this initiative go beyond the atlases and can give insights about patterns and processes in the deep waters of GoM. We gathered thousands of observations and hundreds of water and sediment samples derived from four oceanographic cruises (SOGOM 1–4) in a broad region of the southwestern GoM.

In this contribution, we analyzed the diversity patterns of nematode assemblages in the southwestern GoM with two objectives: (1) to assess the effects of a depth gradient on the species richness, taxonomic composition, and feeding type composition; and (2) to document the regional diversity of free-living nematodes.



Materials and methods


Study region and sampling

We studied the seabed in the southwestern GoM from the upper continental slope to the abyssal plain. The oceanographic conditions in the southwestern GoM are typical of an oligotrophic regime and are influenced by the loop current. The sediments in the southwestern part of GoM are a mixture of siliciclastic and carbonate sediments that varies from west to east (Brooks et al., 2020). According to Brooks et al. (2020), the sediments in the westernmost part have a higher fraction of terrigenous origin related with the Grijalva-Usumacinta River System. Meanwhile in the easternmost part, sediments are mostly of carbonate nature due to pelagic deposition and downslope transport from the extensive shelf of Campeche Bank. The southwestern GoM is characterized by the presence of numerous oil seeps distributed along the continental shelf and deep waters (Godoy-Lozano et al., 2018). Also, there are many oil fields in the continental shelf of the SW GoM that largely support Mexican oil production (Gracia, 2010).

We designed a grid of 63 sampling sites encompassing a depth range from 186 to 3749 m and covering most of the southwestern GoM (Figure 1 and Table 1). We made four oceanographic cruises (SOGOM 1 to 4) onboard of the R/V Justo Sierra of the Universidad Nacional Autónoma de México during successive years: 2015 (June, 3–27), 2016 (August, 31-September, 20), 2017 (April, 21-May, 15), and 2018 (August, 29-September, 20), so each site was sampled four times.




Figure 1 | Map of the 63 study sites in the Southwestern Gulf of Mexico.




Table 1 | Sampling sites in the Southwestern Gulf of Mexico.



We measured three bottom water variables (average 217 m over the seabed) in situ with a CTD probe Seabird SBE 9 plus: temperature (°C), salinity (PSU), and dissolved oxygen (mg L-1). The water depth (m) was measured with the vessel’s echosounder.

We collected seabed sediments with a Reineck-type box corer of 0.16 m2 of area. We made a single deployment of the box corer per cruise and site. For the study of meiofauna, we retrieved two smaller cores of each box core inserting a plastic syringe (12 cm2 of area) 10 cm into the sediment. We washed the sediments with filtered seawater on sieves of 500 and 45 µm of mesh aperture. We stored the sediment retained in the 45 µm sieve in a jar, added 10% formalin for preservation, and added also 5–10 drops of Bengal Rose for staining the organisms.

We collected 1000 cm3 of sediment from the box corer for determinations of organic matter content and grain size of sediments. We preserved these samples frozen until analysis in the laboratory.



Sample processing

We measured the organic matter content in sediment by oxidation with K2Cr2O7 (Jackson, 1958). Namely, 1 g of dried sediment reacted with 10 mL of K2Cr2O7, 10 mL of H2SO4, 10 mL of H3PO4, and 100 mL of distilled H2O. One milliliter of diphenylamine was added, and then organic matter was estimated by titration with 0.5 N of FeSO4. Sediment granulometry was measured with a Beckman Coulter LS230 laser diffraction analyzer and the particle size distribution expressed as percentage of sand, silt, and clay.

We observed the sediment meiofauna samples under a stereomicroscope Carl Zeiss Stemi 508 (maximum magnification 50×). We picked up all the nematodes in the samples with a handling needle and stored them in vials with 70% ethanol. The nematode processing followed the protocol described in Vincx (1996) with some modifications. Briefly, we transferred the nematodes in the vials into a staining cavity block, added 10 mL of pure glycerol and left the cavity for 24 hours at 35°C in an oven. This allowed for a slow evaporation of the ethanol and penetration of the glycerol that make the nematodes transparent. After, we placed 5–8 nematodes in a glycerol drop rounded by a paraffin ring on a glass microscope slide. We put a cover slide on top and the whole mounting slowly heated over a heating plate until the melting of paraffin ring and the nematodes were sealed inside the glycerol.

We observed the montages under a Carl Zeiss Primo Star microscope (maximum magnification 1000×) and identified the nematodes at the lowest taxonomic level, usually species level. We named many species as “sp.” because they did not match with any described species, being likely new. We used “species affinis” (aff.) for those species that resembles to known species, but differ slightly in some morphological characters (e.g., number of precloacal supplements, body size range). We used the book by Schmidt-Rhaesa (2014) and taxonomic articles for the identification. For systematics and nomenclature, we combined the revision by Hodda (2022a) and the World Register of Marine Species (https://marinespecies.org). We also classified each species into a feeding type using the recent scheme proposed by Hodda (2022b): microbial feeder (five subgroups: sucker, processor, piercer, crusher, and scraper) and predator (two subgroups: chewer and piercer).



Data analysis

We used the whole dataset of abiotic variables (bottom water and sediments) to describe changes along the depth gradient. We averaged the values of the four cruises (years) over the sites to obtain robust spatial trends. We represented the trends of abiotic factors in scatterplots along the depth gradient and added the best fit curves using LOESS method.

For the analysis of diversity along the water depth gradient, first we used the Spearman rank coefficient of correlation (rS) to calculate the association between pair of variables, namely abundance, number of species, and depth. After, we applied rarefaction for a fair comparison between sites using the expected number of species for n number of individuals (ES(n)) with the software EstimateS 9.0 (Colwell, 2013). Rarefaction to a same value of abundance reduces the positive influence of abundance on species richness (Gotelli and Colwell, 2011). We analyzed the species composition using a non-metric multidimensional scaling (NMDS) numerical ordination with the Sorensen index as measure of resemblance. We selected this presence/absence index to reduce the influence of abundance on the ordination. We used the software PRIMER 7.0.21 for the multivariate analyses (Clarke et al., 2014).

For the analysis of regional diversity, we built a matrix of species × samples for the analysis of the richness. We calculated accumulation curves of species versus individuals to analyze the completeness of the sampling and the maximum values of regional richness. We used two metrics of richness with 0.95 confidence intervals (CI) generated by permutations: the observed richness (SR) and the non-parametric estimator Chao 1, this last provides a minimum bound of diversity that included the unseen species in the assemblage (Gotelli and Colwell, 2011).




Results


Abiotic variables

Bottom water and sediment variables had clear variation along the depth gradient. Temperature dropped in the shallow sites (< 1000 m depth) from 18.3 to 7.8°C, and in the deeper sites (> 1000 m) was very stable around 4.3°C (Figure 2A). Salinity had a similar pattern, with > 36 PSU in the four shallowest sites, a sharp decline of salinity in intermediate depths (300–600 m), and a very stable value around 35 PSU in all sites deeper than 600 m (Figure 2B). Dissolved oxygen showed an opposite pattern, the shallow sites (< 1000 m) had the lowest values around 2.4 mg L-1, increased in intermediate depths (1000–1500 m) around 4 mg L-1, and thereafter was stable for most of the sites deeper than 1500 m (Figure 2C). The silt/clay ratio increased from 180 to 1500 m depth indicating some relative increase of silt over clay fraction; and deeper than 1500 m occurred a steady increase of the relative content of clay in the sediments (Figure 2D). The organic matter content decreased steadily along the depth gradient from the shallow to deep sites. The nine sites shallower than 1000 m had large variability of organic content ranging from 1.7% to 3.0%; meanwhile, sites deeper than 1000 m had a clear decreasing trend from about 2% to 1% (Figure 2E).




Figure 2 | Abiotic variables in water column and sediments along a water depth gradient in 63 sites in the Southwestern Gulf of Mexico. (A) Temperature. (B) Salinity. (C) Dissolved oxygen. (D) Silt/clay ratio. (E) Organic matter content. Points represent averages over the four cruises. The best fit curves in blue were calculated by LOESS method.





Nematode diversity along a depth gradient

As expected, water depth was negatively correlated with the nematode abundance (rS = -0.75, p < 0.001, n = 63); in turn, abundance was positively correlated with species richness (rS = 0.98, p < 0.001, n = 63). Therefore, we applied the technique of rarefaction for a value of 25 individuals. This number was a compromise between the number of sites to be removed (i.e., those with < 25 individuals) and the minimum number of individuals necessary for a comparison of richness along depth. We removed 44 sites with less than 25 individuals of abundance; so, we had a matrix of 143 species × 19 sites distributed along a depth gradient from 186 to 3049 m (average depth: 1118 m). The matrix of nematodes occurrence during the four cruises × 63 sites is given in the Supplementary Material S1.

The ES(25) did not change significantly along the depth gradient as indicated by a Spearman rank correlation (rs = 0.21, p = 0.39, n = 19). A scatterplot of ES(25) versus depth supported this lack of relationship, as indicated by the best-fit line almost horizontal (Figure 3A).




Figure 3 | Species richness and feeding types of nematodes along a water depth gradient in 19 sites in the Southwestern Gulf of Mexico. (A) Expected number of nematode species [ES(25)]. Shaded area indicated 0.95 confidence intervals generated by permutations. The best fit curve in blue was calculated by LOESS method. (B) Relative abundance of the feeding types. Sites were ordered by depth (shallowest to the left). Mic, microbial feeders; Pred, predators; Ingest, ingester.



We calculated the relative abundance of the feeding types for each site. Crusher and Processor microbial feeders were less important (< 6% at any site), therefore we summed them and represented as “other” microbial feeder. The relative abundance of feeding types did not show any trend along the depth gradient (Figure 3B). Microbial sucker feeders were the most abundant nematodes (mean ± standard deviation: 62% ± 10%), followed by microbial scraper feeders (22% ± 9%) and predator ingester feeders (14% ± 6%).

The configuration of the sites in the NMDS plot suggested a gradual change of species composition related to water depth (Figure 4). Shallow sites (e.g., 1, 2, 4, 5, 14, 27) had more similar species composition than deeper sites (e.g., 13, 18, 20, 22, 24). Vectors of abiotic variables superimposed on the ordination, indicated the overarching effect of depth on the composition, but also on the other abiotic variables. Depth was positively correlated with dissolved oxygen and silt/clay ratio; meanwhile depth was negatively correlated with temperature, salinity, and organic matter content.




Figure 4 | Nematode assemblage structure represented by a NMDS numerical ordination of 19 sites in the Southwestern Gulf of Mexico based on the presence/absence of species. Bubble size is proportional to the water depth at each site. Vectors represent the Pearson correlation between abiotic variables and the ordination axes.



We selected a subset of 17 species that contributed at least 8% to the total abundance in any site. Further, we represented the relative abundance of those species across the 19 sites ordered by depth in a heat map (Figure 5). There were species broadly distributed along the depth gradient such as Sabatieria aff. stekhoveni, S. aff. ancudiana, and S. conicauda. Other species were restricted to the shallower sites such as Cervonema sp. 2, Setosabatieria hilarula, Dorylaimopsis sp., and S. ornata. And another group of species was typical of deeper sites such as Acantholaimus spp., Ledovitia sp. 1, Viscosia aff. longissima, and Anguinoides stylosum.




Figure 5 | Relative abundance (%) heat map of nematode assemblage composition of the 17 most abundant species along a water depth gradient of 19 sites in the Southwestern Gulf of Mexico.





Regional diversity

For the analysis of the regional diversity, we used the data from the 63 sampled sites. We identified 1881 nematodes belonging to 154 species, 108 genera, 33 families, ten orders, and two classes (Supplementary Material S2). The accumulation curves of observed richness and Chao 1 did not reach an asymptote (Figure 6). The observed richness had 0.95 CI between 142 and 166 species. Meanwhile, Chao 1 estimator suggested a mean value of richness of 194 species and a 0.95 CI between 171 and 246 species.




Figure 6 | Accumulation curves of nematode species richness versus individuals of 63 sites in the Southwestern Gulf of Mexico. Two metrics of richness were given: Observed and non-parametric estimator Chao 1. Shaded areas indicated 0.95 confidence intervals generated by permutations.



The species composition indicated a moderate dominance with 15 species accounting for the 50% of the total abundance. The most abundant species (in parenthesis the % of abundance) were Sabatieria conicauda (6%), S. aff. stekhoveni (5%), Setosabatieria hilarula (4%), Desmoscolex sp. 1 (4%), S. aff. ancudiana (4%), Tricoma sp. 2 (4%), Cervonema sp. 1 (4%), and Acantholaimus sp. 1 (4%). The rareness of species was notable, as 27% (35 species) were represented by single individual and 9% (14 species) were represented by two individuals. These rare species were mostly restricted to the deepest sites such as Desmoscolex sp., Enchonema spp., Ledovitia spp., and Halalaimus spp.




Discussion

The integration of our data provides a synoptic description of the abiotic environment and nematode assemblage structure in the southwestern Gulf of Mexico. For this region, this is the first time that deep-sea nematode assemblages are studied at species level. Unfortunately, our dataset underestimates the true nematode abundance due to methodological drawbacks during the processing of samples. Therefore, we are not able to make quantitative assessment of abundance, neither calculate abundance-based indexes such as trophic diversity or maturity index.

As expected, there were clear oceanographic gradients from the upper continental slope to the abyssal plane relative to bottom water (temperature, salinity, and dissolved oxygen) and sediment variables (granulometry and organic matter content). At sites shallower than 1000 m, temperature and salinity had larger variability according to the mix of water masses from North Atlantic and the Caribbean Sea (Cervantes-Díaz et al., 2022). At these sites, low oxygen in bottom waters (< 3 mg L-1) and high organic matter in sediments (> 2%) likely reflected a larger input of organic carbon derived of primary productivity in surface and influence of coastal river discharge. At sites deeper than 1000 m, temperature, salinity and dissolved oxygen were very stable and reflected the influence of the North Atlantic Deep Water mass (NADW) (Hamilton et al., 2018; Portela et al., 2018).

In general, the finest fraction of sediment (i.e., clay) became more important with increasing water depth, suggesting less hydrodynamic activity at higher depths. The detected variability in the silt/clay ratio in our study likely indicated the influence of topographic features such as canyons, knolls, and valleys which are commons in the seabed of southern GoM (Sahling et al., 2016). The steady decline of the sedimentary organic content along the depth gradient reflected the progressive remineralization of the organic particles sinking in the water column causing less carbon to reach the seabed (Stukel et al., 2022).

Nematode abundance in our study decreased significantly with water depth likely indicating a gradient in food availability, which is a common process in deep-sea sediments (e.g., Danovaro et al., 2008; Trebukhova et al., 2013; Gambi et al., 2014; dos Santos et al., 2020). Food availability in sediment has been related to water depth and nematode body size as well (Udalov et al., 2005). As abundance is closely related with species richness (Gotelli and Colwell, 2011), it is not surprising that species richness in our study decreased with increasing water depth. However, when rarefied to a same level of abundance, the richness did not change substantially along a water depth gradient (185–3049 m). The relationship between water depth and standardized richness of nematodes (for instance, expected species, ES) is not universal. According to some studies, ES increased with depth (dos Santos et al., 2020) and after other studies, ES decreased with depth (Danovaro et al., 2008; Trebukhova et al., 2013). Some other studies show that ES does not change with increasing depth (our study, Lambshead et al., 2000). The regional features of the seabed (e.g., canyons, oil seeps, surface primary productivity) seem decisive to yield a particular pattern.

In the Southwestern Gulf of Mexico, we hypothesize that a balance between food availability and environmental disturbance may explain the similar species richness along depth gradient. The Dynamic Equilibrium Model (DEM, Huston, 1994) proposes that resources availability and physical disturbance acting on the regional species pool determine the species richness. Moens et al. (2013) proposed this model as an explanation specifically for nematode diversity patterns. Also, DEM successfully explained the nematode richness patterns across nine habitat types that included deep-sea sediments (Armenteros et al., 2019). In the current study, the sites in the upper slope had higher food availability but also oxygen stress for nematodes. Sites from the lower slope to the abyssal plain showed lower food availability related to depth, but this could be counteracted by higher oxygen content and physical stability (indicated by higher content of clay in sediments). This hypothesis should be further tested with a larger sample size (i.e., more individuals) along a depth gradient that includes more sites deeper than 2000 m.

The dominance of microbial feeders (84% total abundance) and less contribution of predators (14%) broadly agrees with other studies (e.g., Ingels et al., 2010). In particular, microbial sucker feeders were the most abundant group indicating the important role of sediment bacteria in the nematodes’ diet (Mordukhovich et al., 2018). Microbial feeder nematodes were mostly represented by comesomatids belonging to six species: Sabatieria conicauda, S. aff. stekhoveni, Setosabatieria hilarula, S. aff. ancudiana, Cervonema sp. 1, and Dorylaimopsis sp.

There was a change in the nematode species composition along depth gradient. Sites in the upper slope were dominated by genera of the family Comesomatidae (Sabatieria, Dorylaimopsis, and Setosabatieria); which are recognized as tolerant to reduced conditions in sediments (Muthumbi et al., 2004; Soto et al., 2017). We hypothesize that the broad distribution of other Sabatieria spp. (S. conicauda, S. aff. ancudiana, and S. aff. stekhoveni) in the Southern GoM can be related to reduced sediments associated to chemosynthetic communities. Such communities are fueled by natural hydrocarbons seeps which are a common feature of the Southern GoM (Sahling et al., 2016, and references therein). However, further research of nematode assemblage composition in well-identified hydrocarbon seeps is needed for testing this hypothesis.

In the abyssal sites, occurred several genera typical of deep waters such as Acantholaimus, Desmoscolex, Ledovitia, and Halalaimus (Tietjen, 1989; Netto et al., 2005; Macheriotou et al., 2021). These genera were represented by very few individuals (typically one or two), but in a first taxonomic approach seems to contain different congeneric species. Unfortunately, the number of nematodes retrieved per site was low and we could not make a local-scale analysis of α- and β-diversities.

The γ-diversity of free-living nematodes was underestimated as indicated by the non-asymptotic shape of the accumulation curves. The Chao 1 estimator of richness indicated 194 species, which is the lower bound of diversity that could be expected considering the number of unseen species (Gotelli and Colwell, 2011). Table 2 shows a comparison of estimates of α- and γ-diversities, at genus level, among several areas of the GoM. The compilation suggest that α-diversity moves around 20 genera, but can be as high as 71 genera. Meanwhile γ-diversity is about 100 genera, ranging between 70 and 128 genera depending of the number of samples and area covered by the study. It is necessary to identify more specimens in order to improve the estimates of regional diversity for the southern Gulf of Mexico.


Table 2 | Studies (in chronological order) of free-living nematode diversity in continental and deep waters of the Gulf of Mexico (GoM).



On the other hand, most of the species we found in our study did not match with described species and in consequence were named as “sp.”. We think that they are potentially new species, and they should be formally described. For many species identified in our study, organisms had slight morphological differences (e.g., body size, number of precloacal supplements) when compared with type specimens. Further taxonomic analyses using molecular markers and/or detailed morphometry are needed to unravel if the causes of these subtle differences between organisms are due to the environment (e.g., food availability) or to lineage sorting.

Hope (2009) compiled 112 genera and 190 species of free-living nematodes in the Gulf of Mexico. Here we report 70 genera and 144 species not previously registered by Hope’s compilation which means an increase of 76% of the number of species for the GoM. Only six species were shared by Hope’s and our list. These results suggest that the deep ocean could be a huge reservoir of endemic nematode species (Danovaro and Gambi, 2022).

Our study makes a significant contribution to the knowledge of the free-living nematode diversity in the deep-sea waters of the Gulf of Mexico. In particular, the substantial diversity of free-living nematodes suggests the necessity of further studies to unravel the environmental drivers of α- and β-diversities and highlights the potential of this taxon for monitoring the deep sea of the Gulf of Mexico.



Conclusions

This is the first study on nematode communities developed in the Southwestern GoM. We identified 108 genera and 154 species of free-living nematodes, which increases in a 76% the number of species reported for the Gulf of Mexico. Nonetheless, the non-asymptotic accumulation richness curves suggest that there could be a substantial number of species to be discovered. We found that the diversity of nematode assemblages was notably influenced by a depth gradient causing in turn changes in water (temperature, salinity, and dissolved oxygen) and sediment variables (grain size and organic content). The abundance and species richness decreased with water depth. Also, we identified that microbial sucker was the most abundant feeding type which indicates the important role of sediment bacteria in the nematodes’ diet.



Data availability statement

The raw data supporting the conclusions of this article are given in the Supplementary Material.



Author contributions

AG and MA conceived and designed the study. AG coordinated the oceanographic cruises, the quantification of abiotic variables and acquired the funding. OQ-R collected the samples in the field. OQ-R and MA processed the samples. MA identified the nematodes and made the analyses of data. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Mexican National Council for Science and Technology - Mexican Ministry of Energy - Hydrocarbon Fund, project 201441 as part of the Gulf of Mexico Research Consortium (CIGoM) due to PEMEX’s specific request to the Hydrocarbon Fund to address the environmental effects of oil spills in the Gulf of Mexico.



Acknowledgments
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The diversity and distribution of macrofaunal communities in the deep-sea bottoms of Gulf of Mexico (GoM) Mexican waters are poorly known compared to the northern GoM. This study was designed to contribute to the knowledge of macrofauna communities through (i) evaluate the taxonomic composition of macrofauna communities at major taxa level, and (ii) analyze the spatial distribution patterns in the deep sea of the southwestern GoM. Benthic macrofauna composition was analyzed in a large geographical area (92.67°–96.70° W 18.74°–23.04° N) and bathymetric gradient (185-3740 m depth). Samples were collected on board the R/V Justo Sierra (Universidad Nacional Autónoma de México) with a Reineck-type box corer during the oceanographic cruises SOGOM-3 and SOGOM-4 carried out on April 21–May 15, 2017, and on August 29–September 20, 2018, respectively. Thirteen environmental parameters were measured (among them, depth, salinity, temperature, O2, sediment grain size, hydrocarbons, and organic matter). Twenty-five taxa were registered in SOGOM 3 (2315 individuals) all of which were observed in SOGOM 4 (1721 individuals) with exception of the mollusk Class Solenogastres. The average abundance (ind. m-2) registered was 517 (range: 150-1388 ind. m-2), and 347 (range: 38-1088 ind. m-2) for SOGOM 3, and SOGOM 4, respectively. In SOGOM 3 Polychaeta, Nematoda, Amphipoda, Tanaidacea, and Bivalvia contributed with 75% of the total abundance, which were also the most abundant in SOGOM 4 representing 82% of total macrofauna abundance. Highest abundance was registered to the south of the study area near the coast, and the lowest one was found in deeper areas. Macrofauna abundance decreased with depth in both cruises. High diversity values were registered at intermediate depths in the south and west zones of the study area. Both cruises separated in a nMDS analysis. During SOGOM 3 dissolved oxygen, aromatic hydrocarbons, and organic matter (%) were the environmental variables related to macrofauna whereas, in SOGOM 4, depth was the most important one. This study fills a gap in the knowledge of diversity and distribution of macrofaunal communities of the deep-sea bottoms of a large area covering the whole bathymetric range of southern Gulf of Mexico and provides a baseline useful to compare with polluted areas and for assessing the impact of chronic pollution and/or potential oil spill accidents.
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1 Introduction

The deep sea greater than 200 m depth (Gage and Tyler, 1991; Fiege et al., 2010) represents 90% of the planet oceans. This ecosystem has unique characteristics like high hydrostatic pressure, low temperature conditions, and scarce and intermittent food availability (Gage and Tyler, 1991; Ramirez-Llodra et al., 2010; Danovaro et al., 2014). The substrate of this ecosystem is mostly composed of soft sediments (Gray, 2002). Consequently, the soft deep sea bottoms benthic macrofauna communities constitute one of the largest faunal assemblages on the planet in terms of area covered (Snelgrove, 1998). These communities are integrated of metazoans with a length of less than 1.5 cm which are retained on a mesh size sieve between 250 and 500 μm (Hessler and Jumars, 1974; Rex, 1981; Gage, 2001; Rex et al., 2006). Typically, a dozen phyla are the most frequent (Grasle, 1991). Polychaetes, peracarid crustaceans, and mollusks stand out for their importance in terms of abundance and diversity (Grassle and Maciolek, 1992; Brandt et al., 2018). They participate in the secondary production, bioturbation, and bio-irrigation sediment processes (Snelgrove, 1998; Zhang et al., 2010), contributing to the transport, burial, and pollutant absorption (Snelgrove, 1998; Banta and Andersen, 2003). Once the pollutants are ingested by organisms, they can be bioaccumulated and hence could affect entire food chains (Somero, 1992). Also, they take part in the organic matter (OM) sink process and oxygen transport to subsurface layers (Crawshaw et al., 2019) promoting bacterial activity (Parkes et al., 1994). Moreover, they affect sediment transport through the increase of system’s susceptibility to erosion (Grant et al., 1982), and can also modify fine sediment by feeding and transforming it into larger defecated pellets, thereby increasing the porosity of soft bottoms. Thus, the contribution of this communities in biogeochemical cycles through nutrients recycling, ecological interactions, and environment transformation is fundamental for sustaining the deep sea, and the global oceanic ecosystem.

According to Qu et al. (2016), the distribution of benthic communities in the deep sea of the Gulf of Mexico (GoM) are quite well known and it is possible to predict the abundance, species composition, and biodiversity depending on the locality, and depth. Several studies have been carried out in the northern gulf (Rowe et al., 1974; Pequegnat et al., 1990; Baguley et al., 2006a; Baguley et al., 2006b; Baguley et al., 2008; Wei et al., 2010a; Wei et al., 2010b; Sharma et al., 2011; Wei et al., 2012b; Wei et al., 2012a; Carvalho et al., 2013). The macrofauna abundance tends to decrease with increasing depth. This has been reported in other seas (Baldrighi et al., 2014), in the northern Gulf of Mexico (Wei et al., 2012a) and within the study area (Escobar-Briones et al., 1999). On the other hand, diversity frequently exhibits a bathymetric pattern with lowest values in the upper bathyal and abyssal regions and highest ones at intermediate depths (Rex, 1981; Ramirez-Llodra et al., 2010; Wei and Rowe, 2019). Despite of these general patterns, other trends have been reported, frequently in studies based on the analysis of transects (Pérez-Mendoza et al., 2003). These changes usually were associated with horizontal variations of some abiotic factors such as sedimentation rate or organic matter content. However, there are only a few studies on deep-sea macrofauna communities in the Exclusive Economic Zone of Mexico (but see, Escobar-Briones et al., 2008; Escobar-Briones et al., 1999; Salcedo et al., 2017, Hernández-Ávila et al., 2021). So, the diversity and distribution of macrofaunal communities in the deep-sea bottoms of GoM Mexican waters are poorly known compared to the northern GoM. Recently there is a renewed interest to study the GoM and have a comprehensive knowledge of the whole Large Ecosystem and its responses to different stressors. Among them, oil spills like the two mega oil spills occurred in the GoM (Ixtoc 1, 1979-1980 and DHW, 2010). Events of this magnitude could be repeated and are of great concern due to the impacts on deep-water ecosystem (Murawski et al., 2020; Pulster et al., 2020; Reuscher et al., 2020; Schwing et al., 2020). This study was designed to contribute to the knowledge of macrofauna communities through (i) evaluate the taxonomic composition of macrofauna communities at major taxa level, and (ii) analyze the spatial distribution patterns in the deep sea of the southwestern GoM. Data obtained of the large bathymetric and geographic range covered in the southern GoM will contribute substantially to the knowledge of macrofaunal communities in this poor studied area supplying unique information for understanding the GoM as a whole ecosystem. Besides it will provide a baseline data that could be useful to evaluate the impact of man driven activities such as accidental oil spills and/or long-term ecosystem changes.



2 Materials and methods


2.1 Study area

The Gulf of Mexico is one of the most productive and diverse Large Marine Ecosystems of the world (Kumpf et al., 1999) bordered by three nations (US, Cuba, and Mexico). It has an area of about 1,540,000 km2 (Ward and Tunnell, 2017) and a maximum depth near to 4000 m in the central area and the Sigsbee Canyon (Darnell, 2015). Most of the GoM (65%) are deep waters of which 42% corresponds to continental slope (200-3000 m) and 24% to abyssal plains (> 3000m) (Ward and Tunnell, 2017). More than a half of its surface area (55%) is Mexican Economic Exclusive Zone. Deep Gulf bottoms are mainly composed by mud from terrigenous and biogenic origin. The Loop Current coming from the Caribbean Sea determines the Gulf circulation pattern. This current enters through the Yucatán Channel, leaves trough the Florida Straits and produces several cyclonic-anticyclonic gyres of different scales depending on the wind and pressure effects (Monreal-Gómez and Salas-de-León, 1997). A general net current flows in a West-North-East direction around the Gulf from Campeche Bank to Florida (Monreal-Gómez et al., 2004). Although there is a large number of field and numerical studies carried out over decades in the Gulf of Mexico, the behavior of the Loop Current and the conditions that generate the detachment of the eddies traveling towards the east of the Gulf still lack studies to be predicted with accurate precision. Three important gaps have been pointed out: 1) the non-existence of measurements of the physical oceanographic characteristics (e.g. currents and temperature) in the entire area, in the long term and in the entire water column including atmospheric data of the air-sea interface, 2) the lack of comprehensive measurements of inflows, outflows, counterflow, and underflow and 3) the interaction of the loop current system with west shallow water when it enters to the east and begins to exit the Gulf (NAS, 2018). Freshwater is discharged by several rivers around the Gulf among which the Mississippi River in the North and the Grijalva-Usumacinta River System in the South contribute with the highest load.



2.2 Sampling and sample processing

Sediment samples were collected on board of the R/V Justo Sierra of the Universidad Nacional Autónoma de México (UNAM) in the southwestern GoM during the oceanographic cruises SOGOM-3 and SOGOM-4 carried out on April 21–May 15, 2017 and on August 29–September 20, 2018, respectively. The sampling sites were located within a geographical range of 92.67°–96.70° west longitude and 18.74°–23.04° north latitude, in a depth range from 185 to 3740 m (
Figure 1
). Sampling design considered 63 locations in each cruise; however, due to logistical reasons only 56 and 62 were successfully sampled in SOGOM 3 and SOGOM 4, respectively. Due to the large area sampled, bathymetric range covered, cast sampling time and ship time cost we limited operating the sampling to one core per site. Original site numbering was kept for cruise comparisons.




Figure 1 | 
Location of the 63 sites sampled during the oceanographic cruises SOGOM 3 and SOGOM 4.




The sediment was collected with a Reineck-type box corer of 0.16 m2 effective area. A sediment sample of 0.08 m2 surface and 13 cm depth was collected for faunal analysis in each core. Approximately 1000 cm3 of sediment were collected for abiotic parameters measurement. Faunal samples were sieved on board with filtered seawater through a mesh size of 500 µm and subsequent fixation was made with a mix of seawater and 8% formaldehyde. The 500 µm mesh size retained most of the macrofauna adult organisms and are directly comparable to other studies (e.g. Hernández-Ávila et al., 2021) using this mesh size.

Thirteen environmental variables were measured. Four were registered in situ. Depth (m) was determined with the ship’s echo sounder. Salinity (PSU), temperature (°C), and dissolved oxygen (ml l-1) of bottom water were measured with a CTD underwater unit (Model Sea-Bird SBE 9 plus). For safety reasons the CTD was placed on average at 282 m (range: 5–780 m) and 159 m (range: 5–552 m) from the bottom, depending on the depth site in SOGOM 3 and SOGOM 4, respectively. At low depths the CTD was closer to the bottom (~5m), so parameters of water were adequately reflected. Registers at deep sites are also reliable of the water mass near the bottom as variations are relatively lower. The geographic location (latitude and longitude) was recorded at the time the corer reached the seabed.

The content of carbonate was estimated by back titration. Excess hydrochloric acid was used to drive off the carbon dioxide produced in the reaction by boiling and the remaining unreacted acid was titrated with a sodium hydroxide solution, in the presence of the phenolphthalein indicator. Organic matter was estimated through the reaction on one dry gram of sediment with 10 ml of potassium dichromate, 10 ml of sulfuric acid, 100 ml of distilled water and 10 ml of phosphoric acid. One ml of diphenylamine was added, and then organic matter and carbon were estimated based on a titration with a 0.5 N ferrous sulfate (Jackson, 1958). Sediment granulometry was measured using a Beckman Coulter model LS 230 laser diffraction analyzer (Small Volume Modulo Plus), and the particle size distribution was expressed as percentage of sand, silt, and clay.

After drying and grinding sediment samples, hydrocarbons were extracted using an ASE 350 accelerated solvent extractor with dichloromethane. The samples were purified and concentrated in a chromatographic column packed with sulfite, silica, alumina, and copper. Concentrated extracts were analyzed with a GC-MS system (Agilent 6809N/5973MS) with Hp-5MS column of 30 m to determine aliphatic, and aromatic hydrocarbon concentration (µg kg-1). Isotopic Carbon was extracted following the standard procedures of combustion. The CO2 was purified with liquid nitrogen –190°C and analyzed with a mass spectrometer to determine the isotopic carbon (13C/12C).

In the laboratory, the sediment was examined using an AVEN Mighty Vue Pro 5D ESD magnifying lamp (2.25X magnification). The specimens were picked up with fine point tweezers and preserved in vials with ethanol 70%. Macrofauna organisms were observed under a stereomicroscope Zeiss Stemi 508 (maximum magnification 50X) and Zeiss Primo Star microscope and identified at the major taxa level using the general taxonomic literature (e. g. Brusca and Brusca, 2003). Only the identified fauna was included in the analysis. Colonial organisms belonging to the phyla Cnidaria, Porifera and Bryozoa were counted as one specimen because we did not know for sure if there could be more than one colony. The taxon names of the organisms were cross-checked with the World Register of Marine Species (WoRMS, www.marinespecies.org).



2.3 Data analysis

The sites of each cruise were organized in three depth categories (DCs): upper bathyal zone (UBZ) (185–1500 m), lower bathyal zone (LBZ) (1501–3000 m), and abyssal zone (AZ) (3001–3740 m). The limit between bathyal and abyssal regions at 3000 m was based on the literature (e.g., Harris, 2020; Watling et al., 2013) and bathymetry of the GoM.

We constructed a grouped line chart for each abiotic factor to assess depth related and between cruises variations. Abundance was standardized to individuals per square meter for each site in both cruises. Based on these, we elaborated a box plot, and pie chart, to evaluate possible macrofauna abundance variations between cruises. Boxplots were notched to show significant differences between DCs or between cruises. The overlap of the notches indicates that the differences are not significant and the non-overlap indicates the opposite (Mcgill et al., 1978; Kampstra, 2008). Besides, we constructed basic, and percent stacked bar plot to analyze registered macrofauna abundance, and relative abundance (percentage contribution of each taxon to the total macrofauna abundance at each site) bathymetric changes within each cruise, and between them with STATISTICA 7 software. The correlation between each abiotic factor, general abundance and polychaete relative abundance values with depth for each cruise was evaluated using Spearman’s correlation including the hypothesis test (H0: rs = 0 (there is no relationship); H1: rs ≠ 0 (there is a relationship) to assess whether or not the correlation was significant. Values less than 0.4 were defined as weak correlation, between 0.41 and 0.69 intermediate correlation, and values greater than 0.69 as strong correlation. Kruskal-Wallis tests were carried out to determine the significance of the possible abundance and diversity metrics differences observed across cruises and/or depth zones.

For each cruise, the standardized abundance data matrix was square-root transformed to reduce the bias of outliers. Subsequently, we generated a matrix of pairwise similarity between sites based on the Bray-Curtis index (Clarke et al., 2014), and posteriorly a non-metric multidimensional scaling (nMDS). A hierarchical cluster analysis (group average) was performed based on the similarity matrix including the SIMPROF test (1000 permutations for average profile, 999 simulation permutations and 5% level of significance). The cluster analysis was plotted on the nMDS ordination. The nMDS of both oceanographic cruise sites was done from a matrix including both samplings, each one labeled with the respective cruise number (3 or 4) and DCs. Also, an ANOSIM analysis was carried out to test differences among cruises and DCs. Draftsman plot and correlation matrix for environmental parameters were calculated to analyze covariance between them. Values of the correlation coefficient greater than 0.7 were considered strong correlations. The Spearman rank correlations (SR) between matrices of biotic and abiotic similarities were calculated using the BEST routine (Clarke et al., 2008). The abiotic similarity matrix was generated with Euclidean distance from the normalized matrix of environmental variables. Multivariate analyses were carried out with PRIMER v6 (Clarke and Gorley, 2006). Abundance rank curves of each cruise were based on the standardized abundance matrix ordering taxa in each depth category (DC) according to their contribution to the recorded abundance.

Based on the abundance data matrix we calculated diversity estimates (Hill numbers) of order q = 0, 1, and 2 with the iNEXT package (Chao et al., 2014) in R. Hill numbers include the three most widely used diversity metrics: species richness (q = 0), Shannon diversity (q = 1) and Simpson diversity (q = 2). Diversity variations among DCs in each cruise were evaluated with rarefaction and extrapolation sampling curves for three Hill numbers. The criterion used for determining the significance between the estimated values of taxonomic richness (0.995 sample coverage) among DCs within each cruise and between cruises was the overlapping confidence interval (no overlapping = significant difference and partial/total overlapping = no significant differences) (Zar, 2010).The geographic distribution abundance map was elaborated with the standardized abundance, whereas the diversity geographic distribution map was done with the estimated taxonomic richness values (q = 0) at 0.8 sample coverage. The resolution of the isobaths for all maps were: 10 m in the 0 to 50 m depth range, 50 m in the 50 to 100 m, 100 m in the 100 to 500 m and 500 m in the 500 to 3500 m intervals. The geographic distribution maps of sample sites, abundance and taxonomic richness were made with the QGIS 3.12 software (QGIS.org, 2021). In the case of the abundance and taxonomic richness maps, the data class aggrupation was carried out with the natural rupture methodology (Jenks) (Smith et al., 2015). All images were edited with Adobe Photoshop CS6 (13.0) software.




3 Results


3.1 Abiotic factors

The abiotic factors measured in the bottom water showed no variation in depths greater than 1000 m. We registered a temperature range between 17.8-5.17°C at 185-1143 m, and 18.69-5.14°C at 189-1225 m in SOGOM 3, and SOGOM 4, respectively. Beyond these depths, temperature always was near to 4°C in both cruises. Temperature and depth correlation was negative and strong in SOGOM 3 and was not significant in SOGOM 4 (rs3 = -0.71, p < 0.001 and rs4 = -0.17, p = 0.19) (rs3 = Spearman’s correlation coefficient during SOGOM 3; rs4 = Spearman’s correlation coefficient during SOGOM 4). Salinity values were in a 36.54-35.24 PSU range between 185 to 672 m depth, and 36.45-35.1 PSU from 189 to 614 m in SOGOM 3, and SOGOM 4, respectively. Salinity values were always near to 35 PSU in higher depths for both cruises. Salinity and depth correlation was not significant in both cruises (rs3 = -0.19, p = 0.16 and rs4 = -0.02, p = 0.90). Dissolved oxygen concentrations registered in SOGOM 3 were found in a 2.48-3.56 ml l-1 range at depths of 185 to 1275 m. In deeper locations, dissolved oxygen values showed a 4.0-4.7 ml l-1 range, except in the sites 8, and 10 where they registered 3.6 and 5.4 ml l-1, respectively. The dissolved oxygen concentration in SOGOM 4 showed values between a 2.5 and 3.8 ml l-1 range in a 285-1225 m depth range. Beyond these depths, dissolved oxygen values varied in a 4.3 to 4.7 ml l-1 range. Correlation of DO with depth was positive and intermediate in both samplings (rs3 = 0.58, p < 0.001 and rs4 = 0.45, p < 0.001) (
Figure 2
).




Figure 2 | 
Depth related pattern of environmental factors (sites are ordered from low to highest depth, left to right). SOG3 = SOGOM 3, SOG4 = SOGOM 4, AH = Aliphatic hydrocarbons, PAHs = Polycyclic Aromatic Hydrocarbons, rs3 = Spearman’s correlation coefficient during SOGOM 3, rs4 = Spearman’s correlation coefficient during SOGOM 4.




Sand content was excluded from the sediment analysis because it was extremely low in both cruises (≤ 0.09% and 0.27% in SOGOM 3 and SOGOM 4, respectively). Content (%)organic matter and silt showed a decreasing pattern related to depth, whereas carbonate and clay values (%) presented an opposite trend, increasing with depth. The OM values presented a range of 1.15% to 2.89% in SOGOM 3, and 1.12% to 3.27% in SOGOM 4. OM and depth correlation was negative and strong in both samplings (rs3 = 0.71, p < 0.001 and rs4 = 0.74, p < 0.001). Silt value range in SOGOM 3 was 41.11%-81.82%, and clay was 18.12%-56.89%. Meanwhile, in SOGOM 4 the silt range was 42.90%-82.86% and clay 16.87% - 57.10%. Silt and depth correlation was negative and intermediate (rs3 = -0.49, p < 0.001 and rs4 = -0.68, p < 0.001) while, clay and depth correlation was positive and intermediate in both cruises (rs3 = 0.49, p < 0.001 and rs4 = 0.68, p < 0.001) Content (%) carbonate showed an interval from 8.7 to 23.5 in SOGOM 3, and 9.0 to 23.8 in SOGOM 4. Carbonate and depth correlation was positive and strong in both cruises (rs3 = 0.80, p < 0.001 and rs4 = 0.78, p < 0.001). In general, the aromatic and aliphatic hydrocarbons recorded values that decreased with depth increase, except in SOGOM 4 where a slight increase of aliphatic hydrocarbons was registered in sites deeper than 3000 m. Aromatic hydrocarbons ranges were 56-125 µg kg-1 and 59-158 µg kg-1 for SOGOM 3 and SOGOM 4, respectively. Correlation of aromatic hydrocarbons and depth was negative and intermediate in SOGOM 3 and weak in SOGOM 4 (rs3 = -0.66, p < 0.001 and rs4 = -0.29, p = 0.02). Aliphatic hydrocarbons were found in a 2316- 6364 µg kg-1 and 1601 to 4927 µg kg-1 ranges for SOGOM 3, and SOGOM 4, respectively. Aliphatic and depth correlation was negative and intermediate in SOGOM 3 and no significance was found in SOGOM 4 (rs3 = -0.40, p < 0.001and rs4 = 0.07, p = 0.57). We registered delta C 13 (d13C) values between -33 to -27 CVPDB‰, and -33 to -27 CVPDB‰ in SOGOM 3 and SOGOM 4, respectively. In SOGOM 3 delta C 13 showed a slight decrease related to depth increase, whereas this trend was not observed in SOGOM 4. Delta C 13 and depth correlation was not significant in both samplings (rs3 = -0.13, p = 0.33 and rs4 = -0.22, p = 0.08) (
Figure 2
).



3.2 Fauna description

We registered 25 taxa in SOGOM 3 cruise, all of which were also observed in SOGOM 4 cruise with exception of the mollusk class Solenogastres. During the SOGOM 3 cruise we collected 2186 specimens (range: 9 to 111 per site) in 56 sites, while in the SOGOM 4 cruise we obtained 1689 specimens in 62 sites sampled (range: 3 to 87 per site) (
Table 1
). Locations grouped by DC showed 866, 924 and 396 individuals, and 22, 25, and 14 taxa for UBZ, LBZ, and AZ, respectively in SOGOM 3, and 763, 692 and 234 individuals, and 21, 21, and 15 taxa for UBZ, LBZ, and AZ in SOGOM 4, respectively (
Table 2
).


Table 1 | 
Number of sites, specimens, and taxa. Average abundance and depth for each cruise.





Table 2 | 
Number of sites, specimens, and taxa. Average abundance, and depth for each depth category of each cruise.




The macrofauna standardized abundance average was higher in SOGOM 3 (488 ind. m-2, range: 113-1388) than in SOGOM 4 (341 ind. m-2, range: 38-1088) and significantly different (p = 0.002) (
Figure 3
). Abundance difference between cruises was consistent in the three DCs but it was only significant in the deeper ones (
Figure 3
). Within each sampling, only significant differences were observed between UBZ and AZ in SOGOM 3 while in SOGOM 4 all DCs showed significant differences in recorded abundance (notches in the box plots and p values) (
Figure 3
). The five most abundant macrofauna taxa were the same in both cruises. Polychaeta, Nematoda, Amphipoda, Tanaidacea, and Bivalvia represented 79% and 84% of the total abundance in SOGOM 3 and SOGOM 4, respectively. The composition of the following five most abundant taxa showed a difference between cruises. Isopoda and Nemertea were found in both cruises, while Bryozoa, Cnidaria and Harpacticoida were recorded in SOGOM 3 and Sipuncula, Porifera and Oligochaeta in SOGOM 4 (
Figure 4
). Macrofauna abundance presented a decreasing trend related to depth increase in both cruises (rs = -0.48 and -0.70 (p ≤0.001) in SOGOM3 and SOGOM 4, respectively). Polychaetes, and nematodes were the most abundant taxa in all sites, with exception of sites 26, 58, 59, and 46 in SOGOM 3. Although average abundance was higher in SOGOM3, only two sites (7 and 27) were superior to the highest abundance values registered in SOGOM 4. However, three locations of SOGOM 4 showed lower abundance values that the lower one of SOGOM 3 (
Figure 5
).




Figure 3 | 
Box plots of macrofauna abundance (ind. m-2) registered in SOGOM 3 (light blue) and SOGOM 4 (navy blue), and in each depth category. Upper bathyal zone (UBZ), lower bathyal zone (LBZ) and abyssal zone (AZ).







Figure 4 | 
Relative abundance of the ten most abundant macrofauna taxa of SOGOM 3 (A), and SOGOM 4 (B).







Figure 5 | 
Abundance of the ten most abundant macrofauna taxa related to depth in SOGOM 3 and SOGOM 4, rs = Spearman’s correlation coefficient.




The polychaetes were found in all locations except in site 59 of SOGOM 3. The polychaetes relative abundance decreased with increasing depth in both cruises, but only during SOGOM 3 the correlation between depth and relative abundance was significant (rs = -0.417, p = 0.001 and rs = -0.185, p = 0.151 in SOGOM 3 and SOGOM 4 respectively). Nematodes were registered in 96%, and 94% of total sites in SOGOM 3 and SOGOM 4, respectively. This taxon showed a consistent abundance pattern in both cruises with lowest values in the seven shallowest sites, and a relatively higher and uniform abundance in the remaining sites. The Bivalvia mollusk class was registered in 79% of SOGOM 3 sites and in 68% of SOGOM 4 locations. Although absent in some sampling sites, this taxon was recorded in practically the entire bathymetric range with low relative abundance variation. Bivalvia relative abundance mainly varied in a 1%-17% range in both cruises, except sites 46 and 26 of SOGOM 3 and site 62 of SOGOM 4 that showed high relative values of 25%, 35% and 33%, respectively. Tanaidacea (Peracarida, Arthropoda) relative abundance showed a similar pattern in both cruises with slight higher values in SOGOM 4 (1% to 40%) compared to SOGOM 3 (1% to 18%). Amphipoda (Peracarida, Arthropoda) presented differences in the relative abundance between both cruises. In SOGOM 3 this taxon was present in 80% of the sites mainly in a relative abundance range of 1%-25%, except for sites 59, 46, and 58 which presented high values of 33%, 38%, and 44%, respectively. In SOGOM 4 this taxon was collected in 57% of the sites. Only the site 44 registered a high relative abundance of 33%, while the remaining sites showed a low relative abundance range of 1% to 13% (
Figure 6
).




Figure 6 | 
Relative abundance of the ten most abundant macrofauna taxa related to depth in SOGOM 3 and SOGOM 4.




In general, the geographic abundance pattern was similar in both cruises. The highest abundance values were recorded in the south of the study area and locations near to the coastline and the lowest ones were registered in the northern sites. During SOGOM 3 the highest abundance values were recorded at four sites near the coast in the southern region. Intermediate values were associated with locations near the coastline in the southern and northwestern regions, besides sites located in the saline domes zone in the Campeche Bay and the Campeche and Coatzacoalcos Canyon. Low abundance values were recorded in all regions of the study area, particularly in the northern region at the abyssal plain. In SOGOM 4, the highest and intermediate abundance values were again recorded at sites near the coast in the southern region, as well as in most of the localities of the Campeche Bay saline domes zone. Low abundance values were found in the northern zone, except of four sites with intermediate values in the northwestern region (
Figures 7
, 
8
).




Figure 7 | 
Geographic distribution of macrofauna abundance values for SOGOM 3.







Figure 8 | 
Geographic distribution of macrofauna abundance values for SOGOM 4.






3.3 Multivariate analysis

The SOGOM 3 nMDS analysis showed an overlapping of sampling sites corresponding to the three DCs. The SIMPROF groups plotted on the nMDS allowed to distinguish four groups. Groups I and II were mainly composed of sites near the coast of the southern region and of the UBZ DC. Remarkably, group I sites were characterized by high abundance values. Group III was dominated by AZ sites and some LBZ locations. Group IV included most of sampling sites of the three DCs (
Figure 9A
). The nMDS analysis of SOGOM 4 showed a general clearer pattern ordered in a bathymetric gradient (from the upper bathyal zone to the abyssal region) from left to right of the graph. The SIMPROF test of the cluster analysis allowed us to distinguish three main groups: group I composed by sites of the UBZ region and two sites of the LBZ. Group II was dominated by sites of the LBZ region, one site (59) of the abyssal region and five (6, 10, 19, 20 and 29) of the UBZ. Group III showed two sites (9 and 42) of the UBZ and sites of the LBZ and AZ, each one with 13 sampling sites (
Figure 9B
). The nMDS analysis of both cruises did not show a clear separation between them, although sampling sites of each cruise were ordered at opposite ends (
Figure 10
). The ANOSIM showed a slight, but significant difference (R = 0.206 p = 0.001) in the composition and structure of the macrofauna communities between cruises. These variations occur fundamentally in the deepest DCs. When comparing UBZ between cruises, no significant differences were found (R = 0.002 p = 0.393), however they were observed comparing LBZ (R = 0.24 p = 0.001) and AZ (R = 0.43 p = 0.001) between SOGOM 3 and 4. When we compared within each cruise, the ANOSIM showed the macrofauna communities changes across the bathymetric gradient. The greatest differences were registered when comparing UBZ with AZ (R: 0.231 p = 0.002; R: 0.458 p = 0.001 in SOGOM 3 and 4 respectively), while the smallest ones were recorded between adjoining DCs, particularly between LBZ and AZ (R: 0.046 p = 0.222; R: 0.125 p = 0.012 in SOGOM and 4, respectively).




Figure 9 | 
Non-metric multidimensional scaling of macrofauna communities of SOGOM 3 (A) and SOGOM 4 (B) with a classification analysis plotted (green line) based on Bray Curtis similarities. Upper bathyal zone (UBZ-blue triangles), lower bathyal zone (LBZ-red inverted triangles), and abyssal zone (AZ-green square).







Figure 10 | 
Non-metric multidimensional scaling of SOGOM 3 and SOGOM 4 macrofauna communities based on Bray Curtis similarities. Upper bathyal zone (UBZ), lower bathyal zone (LBZ), abyssal zone (AZ). UBZ in SOGOM 3 (green triangle), LBZ in SOGOM 3 (blue inverted triangle), AZ in SOGOM 3 (light blue square), UBZ in SOGOM 4 (red diamond), LBZ in SOGOM 4 (pink circle), AZ in SOGOM 4 (gray cross).




Abundance rank curves showed bathymetric variations in the composition and structure of the macrofaunal community. In SOGOM 3, the taxa that mainly contributed to abundance were essentially the same (Polychaeta, Nematoda and Amphipoda) in the three DCs. Bivalvia was the fifth taxon in ranking abundance in the three DCs. Sipuncula abundance decreased with increasing depth while Harpacticoida showed the reverse pattern. Porifera and Tanaidacea showed a parabolic shape pattern with the highest contribution to abundance in LBZ and the lowest in UBZ and AZ. In general, during SOGOM 4 Polychaeta, Nematoda and Tanaidacea were the taxa that most contributed to abundance in the three DCs. Amphipoda was ranked fifth in the UBZ and LBZ and sixth in AZ. Bivalvia was sixth in ranking abundance in UBZ and fourth in LBZ and AZ. Sipuncula showed the same pattern as in SOGOM 3 decreasing its contribution to total abundance with increasing depth. Porifera and Harpacticoida again showed an inverse pattern to that of Sipuncula, their contribution to abundance being more important with increasing depth (supplementary data).

The BIOENV analysis included nine abiotic factors (longitude W, depth (m), temperature (°C), dissolved oxygen (ml l-1), polycyclic aromatic hydrocarbons (µg kg-1), aliphatic hydrocarbons (µg kg-1), d13CVPDB‰, organic matter (%) and clay (%)). Four environmental variables were then excluded due to their strong correlation with other abiotic factors. In SOGOM 3, salinity was highly correlated with bottom water dissolved oxygen concentration, and carbonate content with sediment organic matter content. While, in SOGOM 4 the highest correlation was between salinity and temperature, and carbonate with depth. In addition, latitude and sediment silt content were also excluded from the analysis, as they were strong correlated with depth and sediment clay content in both oceanographic cruises, respectively. The environmental parameter combination (up to 4 factors) that showed the best match with biotic similarity matrices using the Spearman rank correlation were temperature, dissolved oxygen, aromatic hydrocarbons, and organic matter in SOGOM 3 with a 0.358 correlation (p = 0.001) with none permuted statistic greater than Rho. Meanwhile, in SOGOM 4 depth was the environmental parameter that showed better correlation (0.337) with biotic similarity matrices (p = 0.001).



3.4 Biodiversity estimates

In the analysis of diversity we registered a sample coverage higher than 0.996 for all DCs in both cruises, except AZ in SOGOM 4 that registered 0.988 SC. The sampling curves analysis showed that LBZ registered the highest diversity values in both cruises based on the three Hill numbers analyzed (q = 0, 1, 2), also sharing higher values with AZ during SOGOM 3 with q = 2. However, a close comparison (0.995 sample coverage) showed that there were no significant differences of taxonomic richness among DCs during SOGOM 4 and during SOGOM 3 LBZ was more diverse than AZ and did not present significant differences with UBZ. In the case of the Shannon and Simpson diversity, in both cruises, LBZ was more diverse than UBZ and did not present significant differences with AZ. (
Figures 11
, 
12
 and 
Supplementary data
).




Figure 11 | 
SOGOM 3, and SOGOM 4 coverage-based R/E (rarefaction and extrapolation) sampling curves for three Hill numbers (q = 0, 1, and 2). Upper bathyal zone (UBZ); lower bathyal zone (LBZ) and abyssal zone (AZ).







Figure 12 | 
Punctual comparison (0.995 sample coverage) of taxonomic richness (q = 0) (A), Shannon diversity (q = 1) (B) and Simpson diversity (q = 2) (C) during SOGOM 3 (red) and SOGOM 4 (green). Upper bathyal zone (UBZ), lower bathyal zone (LBZ), abyssal zone (AZ).




The diversity profiles of SOGOM 3 based on Hill numbers 0 to 2 showed a range from 20.3 to 4.2 in average Alpha diversity, from 1.2 to 1.0 in Beta diversity, and from 25 to 4.4 in Gamma diversity. The Alpha diversity profile revealed that AZ had more evenness than LBZ, and UBZ (
Supplementary data
). In SOGOM 4 we registered values between 19.0 and 3.6 in average Alpha diversity, between 1.3 and 1.0 in Beta diversity, and between 24 and 3.7 in Gamma diversity using Hill numbers 0 to 2. The Alpha diversity profile showed that LBZ, and AZ had relative more evenness than UBZ (
Supplementary data
).

Diversity values (taxonomic richness q = 0) according to geographic distribution in SOGOM 3 showed that low diversity occurred in all regions of the study area. The intermediate values were found in the central region including the Coatzacoalcos Canyon, part of the Campeche Bay saline domes zone, two sites in the Campeche Canyon and five more in the northwestern region. The highest diversity values were associated with localities in the bathyal region in the south and northwest of the study area, besides, one site in the abyssal plain (
Figure 13
). In SOGOM 4 locations with low diversity records were also spread out along the study area. The highest values were again recorded in the bathyal zone of the northwestern region, two sites in the southwestern region and two more in the abyssal zone. Whereas, in the northern region of the study area, and in the Campeche Bay salt domes zone and in the Campeche Canyon, we registered intermediate diversity values (
Figure 14
).




Figure 13 | 
Geographic distribution of macrofauna diversity values for SOGOM 3.







Figure 14 | 
Geographic distribution of macrofauna diversity values for SOGOM 4.







4 Discussion


4.1 Abiotic factors

The bottom water environmental variables showed a same pattern in both cruises. Dissolved oxygen, and temperature values registered relative high variation ranges in the 185-1200 m depth interval (range: 2 to 3.5 ml l-1, and 19 to 5° C, respectively) compared to higher depths where variation was minimal (4.0-4.7 ml l-1 and temperature close to 4° C, respectively). Also, salinity values stabilized at 35 PSU near 650 m depth in both cruises. These values agree with the North Atlantic Deep Water (NADW) characteristics registered under 1000 m depth with temperature close to 4° C, 35 PSU salinity and dissolved oxygen concentration higher than the overlying layer (Rivas et al., 2005).

Sediment composition varied with depth in both cruises; such pattern consisted in a clay increase, and a silt concentration decrease with increasing depth and with sand values below 0.3%. This pattern was previously documented in the southwestern GoM (Díaz-Asencio et al., 2019) where terrigenous sediments predominate (Balsam and Beeson, 2003; Díaz-Asencio et al., 2019) with an important component of carbonated biogenic sediments that increase their concentration with depth and distance from the coastline (Balsam and Beeson, 2003). Although we did not record clear variations in sand concentration between cruises, we consistently recorded high silt and low clay concentrations in SOGOM 3 compared to SOGOM 4 in the two deepest DCs. The sediment carbonate concentration also presented a depth-related pattern with the highest values found in the deepest zone of the study area. This pattern agrees to that reported by Balsam and Beeson (2003) who recorded values of up to 50% in the abyssal zone and 75% near the Yucatan shelf.

OM content (%) varied with depth in both cruises; such pattern consisted in highest values in shallower sites close to the coast and lower ones in deeper sites. The δ13C analysis did not give clear results about marine and terrigenous sediment ratios. The values were consistently higher in SOGOM 3. We registered a range of -27.19‰ to -33.06‰ with a -28.63‰ ± 0.8‰ average in SOGOM 3 and a -27.45‰ to -33.01‰ range, and an average -30.63‰ ± 1.1‰ in SOGOM 4. These values could be due to the presence of carbon fixed by chemosynthetic communities (Paull et al., 1985; Brooks et al., 1987; Demopoulos et al., 2010) typical of hydrocarbon infiltration zones which have been recorded in the study area (Sahling et al., 2016). Our results contrast with some records reported by González-Ocampo et al. (2007) (–25.39‰ to –20.95‰, average of –22.9‰ ± 0.9‰) in the region. However, they fit well with data registered by Gracia (2010) in a large area and wide bathymetric range in the southern GoM along ten years whose average varied between-26.62‰ a -31.17‰ in a general range of -24.82‰ a -36.09‰.

Sediment hydrocarbon concentrations varied between cruises. Average aliphatic hydrocarbon value in SOGOM 3 was higher than SOGOM 4 (3347 µg kg-1 ± 867 µg kg-1 vs. 2739 µg kg-1 ± 673 µg kg-1), whereas average aromatic hydrocarbon value was relatively lower in SOGOM 3 compared to SOGOM 4 (72 µg kg-1 ± 14 µg kg-1 vs. 88 µg kg-1 ± 18 µg kg-1). However, a general pattern of higher sediment hydrocarbon concentration in sites located in the southern region near the coast was apparent. This pattern was more consistent in PAHs sediment concentration for both cruises, as high aliphatic hydrocarbons values were recorded in the abyssal zone during SOGOM 4. The high PAH concentrations in the UBZ of the southern area can be explained by the presence of numerous oil seeps found in this area, oil platform activities and the influence of several rivers that introduce pollutants to the marine environment (Gracia et al., 2014). The PAH concentration range (56-125 µg kg-1, and 59-158 µg kg-1 for SOGOM 3 and SOGOM 4, respectively) is within the range reported for the Southern Gulf of México and, (albeit within the lowest values) within the interval recorded in the adjacent oil platform area (16–953 µg kg-1) located in the continental shelf (Gracia et al., 2016a; Gracia et al., 2016b), and similar to values (84 µg kg-1- 158 µg kg-1) registered in sediments of the deep zone of the north of the GoM (Adhikari et al., 2016). Although PAHs represented a minimal fraction of the total hydrocarbons recorded (3% in SOGOM 3 and 4% in SOGOM 4), they are a fraction of biological importance due to their high toxicity by their mutagenic effects. (Hatami et al., 2021; Billah et al., 2022). In addition, they were among the set of environmental factors most related to the fauna distribution during SOGOM 3. The presence of these pollutants could be influencing the composition of the communities, favoring the presence of taxa capable of resisting their effects to some extent. In the study area, Capitellidae, a taxon documented as tolerant to the presence of some PAHs (Bach et al., 2005), has been recorded as one of the dominant families within the polychaetes (Quintanar-Retama et al., 2022)(also the dominant taxon in this study). In the region, the dominance of deposit feeders has also been documented (Quintanar-Retama et al., 2022), which, due to their bioturbating activity, promote the burial of pollutants, reduce their bioavailability (Timmermann et al., 2008; Konovalov et al., 2010), and favor the establishment of macrofaunal communities.

The UBZ can be characterized as a region that presents important DO concentrations, salinity and temperature variations, high OM and silt concentrations, low carbonate and clay in sediments and high aromatic hydrocarbons values. Whereas the LBZ and AZ regions were described by a high DO, salinity and temperature stability, low OM and silt values, high carbonate and clay values and relatively lower aromatic hydrocarbons in sediments. All these environmental factors have been related to the deep sea benthic communities distribution. Temperature and hydrostatic pressure have been documented as promoters of faunal zonation because they establish a physiological bottleneck that prevents the broad bathymetric distribution of species from shallow areas (Allen, 2008; Brown and Thatje, 2014). Adaptations such as increased mitochondrial concentration and adoption of enzymes more efficiently at low temperatures have been documented (Clarke, 1998). The importance of temperature as a structurer of benthic communities in the deep sea can be seen in the distribution pattern observed in regions such as Antarctica where the bathymetric gradient does not imply a significant temperature gradient and it is very common to record eurybathic species (Brey et al., 1996; Brandt et al., 2007) in such a way that the typical zonation of temperate or tropical regions is not usually recorded. Also, oxygen (Levin and Sibuet, 2012) and the organic matter availability (Cosson et al., 1997; Mamouridis et al., 2011; Bernardino et al., 2016; Brandt et al., 2018; Guggolz et al., 2018) has also been shown to be important factors for the distribution of deep-sea benthic communities.



4.2 Fauna description

The most abundant taxa (Polychaeta, Nematoda, Amphipoda, Tanaidacea and Bivalvia) with polychaete dominance in the macrofauna communities that we registered (43% in SOGOM 3 and 46% in SOGOM4) agrees with those reported in other studies of deep sea macrofauna. (Hessler and Sanders, 1967; Hessler and Jumars, 1974; Alongi, 1992; Brandt and Schnack, 1999; Paterson et al., 2009; Bernardino et al., 2016; Brandt et al., 2018; Brandt et al., 2019, Hernández-Ávila et al., 2021). It is interesting to note that Isopoda was not recorded within the five most abundant taxa even that it usually is a dominant taxon in the macrofauna (e.g. Brandt et al., 2019). Specially the very diverse and widely deep sea distributed Asellota suborder (Wilson, 2008) which can represent up to 97% of the isopods collected in this environment (Brandt et al., 2007). We recorded a relative isopods abundance lower than tanaidaceans and amphipods (4% in SOGOM 3 and 3% in SOGOM 4). Nonetheless, the isopods were among the six taxa with the highest number of records in both cruises.

The bathymetric pattern of the relative abundance of macrofauna taxa was similar in both cruises. In general, Polychaeta abundance decreased with increasing depth. This trend within the benthic macrofauna communities has already been documented in other seas (Brandt et al., 2018) and in the study area (Quintanar-Retama et al., 2022) and is partly due to the dominance of other groups like crustaceans in the low bathyal, and abyssal regions (Brandt et al., 2018). The polychaetes relative abundance decreasing pattern was more evident up to 2300 m depth. In deeper sites, the polychaete abundance did not show a clear pattern in both cruises, although average values recorded were important (35% in SOGOM 3 and 44% in SOGOM 4). Nematodes showed a same bathymetric pattern in both cruises, characterized by low abundance up to 600 m and by relative high values, in deeper sites. This group is an important component of deep-sea infauna communities (Sharma et al., 2011; Baldrighi et al., 2014) but often it is not considered in macrofauna studies because it is a typical taxon of meiofauna communities (Higgins and Thiel, 1988; Giere, 2008). Even though the genera present in the macrofauna retained in sieves larger than 300 microns are usually different from those retained between 45 and 300 microns, besides, they present lower densities than those reported for typical meiofauna genera (Baldrighi et al., 2014), and carry out important ecological functions within benthic macrofauna communities (Sharma et al., 2011). Tanaidacea is a well-represented taxon in the deep sea (Larsen, 2005) and considered a eurytopic taxon (Blazewicz-Paszkowycz et al., 2012) due to its wide distribution in the marine environment and its presence in freshwater habitats (Bamber, 2008). This taxon presented low relative abundance values up to 800 m, but its contribution to the general abundance increased in deeper sites. Amphipods and harpacticoid copepods, that are well represented in the deep sea (Baguley et al., 2006a; Blankenship et al., 2006) also recorded high values of relative abundance in LBZ and AZ, respectively. According to Brandt et al. (2018), the macrofaunal composition of abyssal regions is frequently dominated by crustaceans. We observed a similar pattern with an increase of the relative abundance of Amphipoda, Tanaidacea and Harpacticoida related to increasing depth, but polychaetes were dominant in the three DCs.

Sponges and sipunculids were among the taxa that showed notable changes in abundance across depth categories. Sponges of the class Hexactinellida are a well-represented and wide distributed taxon in the deep sea (Dohrmann et al., 2008). In this study, Porifera registered a low representation in UBZ, high in LBZ and an intermediate in AZ in both cruises (ratio between records and number of sites were 0.06, 0.67, 0.47 in UBZ, LBZ and AZ during SOGOM 3, and 0.13, 0.71, 0.33 during SOGOM 4, respectively). The sipunculid bathymetric distribution registered a decreasing pattern with high abundance in relative shallow waters, mainly in SOGOM 4, which agrees with the abundance pattern reported in the literature (Baldrighi et al., 2014).

In general, our standardized abundance values were lower compared to available data in other deepwater regions like the South Atlantic (Bernardino et al., 2016), in a wide latitude range of the Atlantic (Sibuet et al., 1989), the Mediterranean Sea (Baldrighi et al., 2014). In the north of the GoM reported abundance values were also higher in the UBZ (Demopoulos et al., 2014), UBZ-AZ (Wei et al., 2012a) and LBZ-UBZ (Washburn et al., 2017) regions compared to our data. In the southern Gulf of Mexico some data reported for the UBZ-AZ area (794-2713 ind. m-2, Escobar-Briones et al., 1999), are within our abundance range but other recorded in the Campeche Canyon (1,550 to 6,925 ind. m-2, Escobar-Briones et al., 2008) and in the northwest region (400-128,000 ind. m-2, Salcedo et al., 2017) are higher. However, these results are not directly comparable because these authors used a mesh sieve of 250 or 300 microns while we used a sieve of 500 microns which could explain the relatively low abundance values we recorded in both cruises. Besides, some of these studies included typical taxa of meiofauna (nematods, copepods and ostracods) or considered all the organisms recovered of the sieved sample such as foraminiferans (Escobar-Briones et al., 2008). A sound comparison should require considering sampling device type, the mesh size used for sieving, the sampling depth and the groups included in the analysis.

The nMDS and ANOSIM analyses showed slight, but significant differences between cruises (R: 0.211) (p = 0.001). Since the communities composition and structure were similar in both cruises, the differences shown by the multivariate analysis could be largely due to the difference in general abundance. The high abundance recorded during SOGOM 3 could reflect a seasonal effect, which is a wide documented phenomenon in the deep sea (Galéron et al., 2009; Billett et al., 2010; Cordes et al., 2010; Glover et al., 2010). The environmental factor analysis revealed high silt and low clay average values in the SOGOM 3 deepest DCs, where the macrofauna abundance variation was more evident between cruises (
Figure 5
). The granulometric sediment composition was proposed a as driver of macrofauna abundance variations (Baldrighi et al., 2014). Sedimentological composition variations in this study could be related to seasonal changes of continental sediment supply associated to seasonal river discharge.

In both cruises we observed that the macrofauna abundance decreased with increasing depth and decreasing OM. This pattern was widely documented in the deep sea (Hessler and Sanders, 1967; Gage and Tyler, 1991; Wei et al., 2010a; Wei et al., 2012a; Baldrighi et al., 2014; Bernardino et al., 2016) and also related to OM availability with depth (Morse and Beazley, 2008) and distance from the coast (Escobar-Briones and García-Villalobos, 2009) Some authors (Pérez-Mendoza et al., 2003; Hughes and Gage, 2004) have reported inconsistencies to this widespread bathymetric pattern related with local environmental variables that promoted infaunal abundance. We recorded sites that deviated from the abundance general depth-related pattern located in areas with high sedimentation rates (continental rise, Coatzacoalcos Canyon) that promotes the OM accumulation, favouring high abundance (Vetter and Dayton, 1998; Escobar-Briones et al., 2008).

The pattern of abundance geographic distribution was similar in both cruises with the highest values recorded close to the coastline in the southern region, and the lowest ones in the abyssal plain located in the northeastern region of the study area. The Campeche Bay salt domes zone registered intermediate abundance values in SOGOM 3 and intermediate and high in SOGOM 4. In this area the presence of a quasi-permanent cyclonic gyre (Díaz-Flores et al., 2017) promotes nutrient upwellings that enhance primary productivity and a posterior OM exportation to deep sea floor. Also, this area is under the influence of continental OM contribution of the Grijalva Usumacinta river system, the second most important one contributing with water and sediments to the GoM after the Mississippi River. The presence of numerous oil seeps in this area is another factor that may help to understand the abundance pattern. Oil natural flows may allow the establishment of communities based on chemoautotrophic endosymbiotic bacteria, that do not depend on the export of organic matter produced in surface waters or of the continental region (Levin and Michener, 2002; Levin, 2005; Bourque et al., 2017). According to MacDonald et al. (1989) important infaunal abundance values are usually recorded in sites close to this type of environment. In the northwestern region of the study area intermediate abundance values of both cruises could be mainly related to the OM contribution of river discharge on the Veracruz and Tamaulipas coasts (e.g., the Soto la Marina, Pánuco, Tuxpan and Cazones rivers).



4.3 Multivariate analysis

The multivariate analysis showed depth-related differences in the macrofauna community composition and structure in both cruises. These kind of differences were extensively recognized in other deep sea regions (e. g. Levin et al., 2001; Bernardino et al., 2016; Woolley et al., 2016) and in the Gulf of Mexico (e.g. Hernández-Ávila et al., 2021). The separation along the depth gradient was more evident in SOGOM 4. The groups generated by the classification analysis with the SIMPROF test plotted on the ordering obtained for each of the samplings, confirmed this depth pattern. It must be noted that, even though the specimens were identified at a high taxon level, this pattern was detected. According to Brandt et al. (2019) this taxonomic resolution degree may not be useful to show the differences between basins, but it is usually enough to show the differences between different depth zones. Differences were similar between cruises. Polychaeta, Nematoda, Amphipoda, Isopoda and Bivalvia were classified at practically the same contribution level in the three DCs. Thus, the main community structure differences related to depth were due to the higher contribution of Sipuncula, and Ostracoda in the UBZ compared to LBZ and AZ. Whereas, Harpacticoida showed a high contribution at the low bathyal, and abyssal stations and, the low one in UBZ. On the other hand, Tanaidacea, Porifera and Nemertea recorded a parabolic pattern. In LBZ the first two taxa recorded the highest contribution, while the latter registered the lowest one. Gastropoda, Cumacea, Scaphopoda and Pycnogonida were collected only in UBZ and LBZ sites while Brachiopoda only in AZ. Differences of these communities in a depth interval have been attributed to several factors. Among them, sediment grain size variations, oxygen availability (Etter and Grassle, 1992; Levin et al., 2001), organic carbon flux (Hernández-Ávila et al., 2021), and proximity to slope habitats (Woolley et al., 2016). In our analysis, the environmental factors related to faunal distribution were temperature, dissolved oxygen, PAHs, organic matter in SOGOM 3 and depth in SOGOM 4. All of them have been recorded as benthic community drivers in the deep sea (Cosson et al., 1997; Allen, 2008; Levin and Sibuet, 2012; Brown and Thatje, 2014; Bernardino et al., 2016; Brandt et al., 2018). The macrofauna communities difference between cruises observed in the multivariate analysis was mainly due to abundance variations as composition and structure were similar in both samplings.



4.4 Biodiversity estimates

The general alpha diversity depth-related pattern registered was similar in both cruises and according to the common pattern observed in the deep sea. Usually, the highest diversity values are registered in medium depths (2000-3000 m) and the lowest ones in the upper bathyal and abyssal regions (Rex, 1981; Ramirez-Llodra et al., 2010; Bernardino et al., 2016; Wei and Rowe, 2019). Some authors mention that high diversity in the LBZ may be due to UBZ and LBZ overlapping fauna (Levin et al., 2001; Snelgrove and Smith, 2002). The same trend has been recorded in the deep sea of the northern GoM region (Wei and Rowe, 2019). This could indicate that the processes that controling diversity in the benthic macrofauna could be similar throughout the Gulf. In our study, this pattern was consistent on the three estimated Hill numbers. Even though if a low taxonomic resolution was used, this bathymetric diversity macrofauna pattern of diversity was observed.

The diversity geographic pattern analysis showed that highest taxonomic diversity values of both cruises were located at medium depths in the southern and northwest regions of the study area. We also registered some sites with medium and high diversity values in the abyssal plain in both cruises. This region was usually characterized with low abundance but high diversity macrofauna. Dominance is not frequent, and it is very common to register a single specimen of each species (Sanders, 1968; Rex, 1981; Ramirez-Llodra et al., 2010). Organic matter accumulation is usually mentioned as one of the factors that could support high diversity and may be one of the reasons to explain high diversity values recorded in the Campeche and Coatzacoalcos Canyons. Finally, although the relationship between diversity and latitude is a phenomenon frequently recorded (Poore and Wilson, 1993; Rex et al., 1993; Gage, 2004; Rex et al., 2005), we did not observe a trend of geographic distribution diversity related to latitude in the southwestern Gulf of Mexico.




5 Conclusions

This study contributes with unique knowledge of macrofaunal communities in a large area and bathymetric range of the scarce studied area of southern GoM. UBZ presented different environmental conditions compared with LBZ and AZ. The UBZ was characterized by important DO concentrations, salinity, temperature variations, and high OM, silt, hydrocarbon values as well as low carbonate and clay sediment concentrations. On the other hand, LBZ and AZ presented high DO, salinity and temperature stability, low OM, hydrocarbons and silt values, high carbonate, and clay values in sediment. The high taxa registered are typical of deep sea macrofauna communities. The macrofauna abundance showed a depth related pattern. Highest abundance was registered in the south area at relatively low deep locations near the coast, whereas the lowest ones were found in the abyssal zone. The highest diversity was found in the south and northwest of the study area at medium depths. Even though the low taxonomic resolution level used, a community structure and diversity depth related pattern were recognized. Furthermore, there were differences between cruises in community abundance that can be related to seasonal abundance effect. Depth, water temperature, dissolved oxygen, OM and PAH in sediments were identified as the main drivers of macrofauna community structure. Data provided would be very important for understanding the GoM as whole and for assessing the impact of man driven activities such as accidental oil spills and/or long-term ecosystem changes.
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Turbidity is a good indicator to determine the quality of the water; it is a measure of the number of particles in suspension in the water. Using ocean color data, we analyzed the seasonal variability of turbidity in front of the Campeche Bank and part of the confluence zone of the coastal currents coming from the Tamaulipas-Veracruz and Campeche platforms [94°W-87.6°W and 18°N-24°N]. The extended platform has several river discharges that are strongly influenced by winds and the loop current coming from the Strait of Yucatan. 2003-2020 was analyzed using satellite images (reflectance, Chlorophyll, sea surface temperature, and altimetry), reanalyzed winds and discharges from the grijalva-usumacinta river system. We used seasonal climatologies, Hovmoller diagrams, and Orthogonal and Complex Empirical Functions to describe the data. In addition, through the “Coastal and Regional Ocean Community model-CROCO) the surface fields of Salinity and velocity were incorporated into the analysis. The results indicated that the seasonal turbidity and its intensification in autumn and winter on the western side of the Campeche platform are due mainly to the contribution of intense flows from the Grijalva-Usumacinta which is further dynamically mix in autumn by the southwest winds, the cyclonic gyres, and the return currents. In spring-summer, the same forcing persists; however, the turbidity decreases due to the ineffectiveness of the intense zonal winds to produce Ekman transport.




Keywords: Grijalva-Usumacinta river system, remote sensing reflectance, suspended particles, turbidity, wind stress



Introduction

The fluvial discharge of the Grijalva-Usumacinta river system (GURS) on the Yucatan continental shelf located in the southeastern part of the Gulf of Mexico is the second largest fluvial contribution to the gulf (Toledo, 2003; Hudson et al., 2005; Yáñez-Arancibia et al., 2009; Sánchez et al., 2015). The rainy season, from June to September, brings a supply of fresh water to the bay through the GURS, reducing salinity and modifying the seawater temperature creating a coastal front (Monreal-Gómez et al., 1992; Saldías and Lara, 2020). In addition, GURS is the main source of sediment in the coastal zone (Carranza-Edwards et al., 1993).

The discharge of brackish water to the coastal ocean has important implications, not only physical due to the high difference in salinity/density with the coastal ocean, but also due to biogeochemical repercussions due to the high content of sedimentary material, concentration of nutrients of terrestrial origin, and contaminants brought by river discharges (Michael et al., 2006; Goñi et al., 2013; Vargas et al., 2013).

Turbidity generated by sediment runoff is a key indicator of water quality and has biotic effects due to low light penetration into water such as reduced photosynthesis (Schofield et al., 2004; Klemas, 2012; Fabricius et al., 2016; Romero-Rodríguez et al., 2020). The remote sensing reflectance (R_rs) is a tool widely used in recent years to measure and analyze the optical properties of environments that are highly influenced by sediment runoff. (Schofield et al., 2004; Nezlin and DiGiacomo, 2005; Zhang et al., 2014; Ali et al., 2016; Gangloff et al., 2017; Wattelez et al., 2017; Saldías et al., 2018; Romero-Rodríguez et al., 2020).

Globally, rivers are the most significant contributors of suspended particles in the ocean (Syvitski et al., 2005). The rivers that produce the highest flow discharges on average for the Gulf of Mexico are the Mississippi and GURS (Toledo, 2003; Yáñez-Arancibia et al., 2009; Sánchez et al., 2015). Suspended particles are initially propelled by inertia into the open ocean and subsequently change direction to be incorporated into coastal currents parallel to the shoreline due to the rotation of the Earth (Horner-Devine et al., 2006; McCabe et al., 2009). A key concern in understanding water turbidity is to describe the factors that modulate it. Important factors are, for example, high summer and fall rainfall (Douglas et al., 1993) and strong winds in spring that induce upwelling and stimulate phytoplankton growth, which in turn also changes the turbidity of the water (Mendes et al., 2017).

The circulation on the shelf is produced by the wind that blows most commonly towards the west throughout the year, forcing the ocean to produce a persistent circulation towards the west (Martínez-López and Pares-Sierra, 1998; Zavala-Hidalgo et al., 2003). Zavala-Hidalgo and Fernández-Eguiarte (2007) show that the currents on the continental shelf are seasonally dominated by the winds’ circulation and run parallel to the coast. In the autumn-winter season, the winds blow towards the west, generating currents with an average southward direction toward the Yucatan and Campeche; both currents converge in the southern zone of the Bay of Campeche, generating a return current perpendicular to the coast in front of Campeche. The opposite occurs in summer when the dominant currents are towards the north in the Tamaulipas and Veracruz region. Upwelling events have been widely studied in the literature (Belousov et al., 1966; Cochrane, 1966; Bogodanov et al., 1968; Cochrane, 1968; Cochrane, 1969; Bessonov et al., 1971; Bulanienkov and Garcia, 1973; Ruiz-Renteria, 1979; Furnas and Smayda, 1987; Merino, 1997; Reyes-Mendoza et al., 2016; Ruíz-Castillo et al., 2016; Jouanno et al., 2018). Kurczyn et al. (2021) state that the prevailing winds at the coast are not strong enough to drive the upwelling. The most convincing hypothesis suggests that the Yucatán upwelling is driven by the interaction of the Yucatán Current and the Yucatán Shelf (Furnas and Smayda, 1987; Merino, 1997; Jouanno et al., 2018). Likewise, Kurczyn et al. (2021), studying the impact of the upwelling on the western platform on the Campeche side, found the presence of Caribbean Subtropical Underwater. They found that this later water is brought by advection from the northeast platform, more than 500 km away from the study area.

The coastal environment of the southeastern part of the Yucatan continental shelf is exciting to study because it is subject to complex ocean-atmosphere dynamics and interacts with the strong seasonal GURS discharges. Analyzing turbidity at the coastline requires non-traditional approaches. Therefore, this study aimed to identify the spatial and temporal variability of the turbidity of coastal waters, determining the main factors that modulate it. Due to the optical complexity of some bodies of water, several different strategies have been used to analyze turbidity. Romero-Rodríguez et al. (2020) use the reflectance band to explain the turbidity adjacent to the Nayarit shelf; however, Kulshreshtha and Shanmugam (2016) propose a simple algorithm based on the use of two bands (and) to estimate the turbidity of coastal water from the Bay of Bengal. In this work, spatial and temporal variability analyzes were performed using fully normalized remote sensing reflectance centered at 555 nm (Rrs 555) and integrating continental and oceanic information to explain turbidity dynamics on the zonal side of the Yucatan Shelf and the western side of the Campeche Shelf.



Materials and methods


Study area

The study area (Figure 1A) comprises between 94°W-87.6°W and 18°N-24°N. It includes the mouth of the Grijalva-Usumacinta river system (GURS, Figure 1G) and part of the Campeche continental shelf. One of the most outstanding morphological characteristics of the Gulf of Mexico is an extensive continental shelf less than 200 meters deep that borders its margins and goes from Florida, United States, to the Yucatan Peninsula, Mexico (Banco de Campeche). The widest continental shelf in the southern Gulf of Mexico starts from the Tuxtlas region to the Yucatan Peninsula, ranging from 130 km off Isla del Carmen, 150 km in the Sonda de Campeche (southwestern region of the Bank of Campeche), and in the northern part of the Yucatan Peninsula with 260 km. In this study, the zonal side of the Yucatan shelf and the western side of the Campeche shelf are analyzed separately, following the regionalization based on knowledge of physical processes Zavala-Hidalgo and Fernández-Eguiarte (2007). The figure shows the regionalization proposed by Zavala-Hidalgo and Fernández-Eguiarte (2007), Figure 1B. It shows the domains of the loop current (8) and the coastal currents of Tamaulipas-Veracruz and Campeche, which are framed with blue (2), and red (3) contours, respectively. The dominant winds in the study region are shown through the 18-year seasonal climatology of ERA5-Wind (Figures 1C–F).




Figure 1 | (A) The study area comprises between 94°W-87.6°W and 18°N-24°N. It includes the mouth of the Grijalva-Usumacinta river system (blue line) and the continental shelf up to the 200m isobath. (B) Confluence zone of the coastal currents coming from the Tamaulipas-Veracruz (2) and the Campeche (3) platforms, and the loop current (8). Seasonal winds composed of 18 years of ERA5- Wind for (C) Spring, (D) Spring, (E) Summer, (F) Fall, and (G) Grijalva-Usumacinta river system.



On the other hand, the Usumacinta river basin has an extension of 73,945 km2; it constitutes a basin shared between Guatemala (58% of its surface) and Mexico (42%). It starts in Guatemala at the Sierra de los Cuchumatanes and in Mexico in the mountains of Los Altos in Chiapas, it runs uninterruptedly for about 1,000 km, to finally join the Grijalva River and flow into the Gulf of Mexico, with an average discharge of 4,402 m3s-1 (Toledo, 2003; Yáñez-Arancibia et al., 2009; Sánchez et al., 2015) on average. The Grijalva and Usumacinta River System (SGU) has a humid tropical climate, with an annual rainfall of 1,200 to 4,300 mm (Saavedra-Guerrero et al., 2015). There is strong seasonality with a rainy season in summer (June-December) and another relatively dry winter (January-May). It ranks second in discharge to the Gulf of Mexico after the Mississippi River (Hudson et al., 2005).


Satellite-derived turbidity and Chlo

Measurements of Rrs(555) are used as an indicator of the turbidity since its magnitude is related to the optical properties of water (Morel & Bélanger, 2006), and the normalized water levin Radiance (nLw) could be expressed through Rrs after applying corrections (Gordon & Voss, 2004). In addition, ocean color data in the nLw(555) band have been widely used to monitor coastal river plumes due to their high resolution (~1 km) and their ability to delineate river plume boundaries and shape (e.g., Nezlin and DiGiacomo, 2005; Thomas & Weatherbee, 2006; Saldías et al., 2012; Mendes et al., 2014; Fernández-Novoa et al., 2015; Saldías et al., 2016; Romero-Rodríguez et al., 2020).

Daily data for CHLO (mg m3) and Rsr(555) (mW cm-2µm-1sr-1) at L2 level with 1 km pixel resolution were downloaded from the Ocean Biology Processing Group website (https://oceancolor.gsfc.nasa.gov/). Measurements from MODIS-AQUA/TERRA sensors were used from January 1, 2003, to December 31, 2020. The L2 products are organized into partial daily scenes of the Earth’s surface to generate a complete daily matrix of the Gulf of Mexico., first, a mosaic had to be generated by combining the partial scenes corresponding to the sensor step for each day. The products for CHLO and Rrs(555) from the MODIS-AQUA and MODIS-TERRA sensors were spatially averaged to form a single matrix which was used for Generate monthly averages.




GHRSST

The SST database was built with the daily L4 level product generated by the Group for High-Resolution Sea Surface Temperature (GHRSST). These data are free of cloud gaps and have a spatial resolution of 1 km (Chao et al., 2009, JPL OurOcean Project. 2010). The L4 GHRSST product is made up of the following sensors: the Advanced Very High-Resolution Radiometer (AVHRR), the Advanced Along Track Scanning Radiometer (AATSR), the Spinning Enhanced Visible and Infrared Imager (SEVIRI), the Advanced Microwave Scanning Radiometer-EOS (AMSRE), the Tropical Rainfall Measuring Mission Microwave Imager (TMI), the Moderate Resolution Imaging Spectroradiometer (MODIS), the Geostationary Operational Environmental Satellite (GOES) Imager, the Multi-Functional Transport Satellite 1R (MTSAT-1R) radiometer, and in situ data from drifting and moored buoys. In addition, we clipped the global daily data to the coordinates of our study area and generated the monthly mean averages from January 2003 to December 2019.



Winds ERA-5

The ERA5 reanalysis (spanning 1979 onwards) of the European Center for Medium-Range Weather Forecast (ECMWF) embodies a detailed record of the global atmosphere, land surface, and ocean waves. The new reanalysis ERA5 replaces the ERA-Interim reanalysis. ERA5 has a significantly enhanced horizontal resolution of 31 km, compared to 80 km for ERA-Interim. In addition, ERA5 has hourly outputs (Hersbach et al., 2020). The dataset is publicly available (Copernicus Climate Change Service [C3S], 2017, https://cds.climate.copernicus.eu/).



Wind stress

To obtain zonal and meridional wind stresses, the criteria used in Domínguez-Hernández et al. (2020) and Romero-Rodríguez et al. (2020), applied in the ERA-5 products.


Ekman velocities

Displacement in the surface layer begins with the action of the wind near the ocean surface. Then, each layer of the water column is affected by the movement of the upper or lower layer in the case of lower boundary layer friction. Ekman dynamics establish a balance between the earth’s rotation (Coriolis effect) and the friction force between the vertical direction:

	

This equation is solved using the boundary conditions at the surface (z=0) where the variation of speed with depth is given by the wind stress   and at he bottom where the effect of the wind stress is null  .

Therefore the Ekman velocities

	

	

With   y

AV: turbulent viscosity

  Wind Stress (ERA-5)

ρ: Density of seawater.

We used a constant turbulent viscosity within the range suggested by Pond and Pickard (1978) for the calculations of this work. Ocean density was obtained from the CSIRO Climatological Atlas of Regional Seas (CARS) (Ridgway et al., 2001; Dunn and Ridgway, 2002). The density fields were gridded according to the resolution of the ERA-5 winds.




Altimetry

We used data from altimetry sensors distributed by The Copernicus Climate Change Service (https://cds.climate.copernicus.eu/) to analyze the behavior of the surface circulation system. Level L4 products from the measurements of multiple altimetry sensors were used to generate daily global maps with a 25x25 km pixel grid. These data include sea surface height (SSH), Absolutely Dynamic Topography (ADT), and geostrophic velocity of the zonal (U) and meridional (V) components.



Monthly river discharge data

The SGU flow data was extracted from GEO Global Water Sustainability (GEOGloWS, 2017). The GEOGloWS ECMWF Streamflow Service is a worldwide application of global runoff forecasts from the European Center for Medium-Range Weather Forecasts (ECMWF) that transforms runoff into river discharge forecasts for all the world’s rivers. The hydrological data service consists of the same 40-year historical simulations from ECMWF’s ERA5-Land reanalysis and 15-day ensemble forecasts produced daily for the Copernicus Emergency Management Service’s Global Flood Awareness System (GloFAS). https://tethys-staging.byu.edu/apps/geoglows-hydroviewer/).



CROCO hydrodynamic model

The area between 14°N-31.5°N and 77.5°W-98.5°W was simulated for the year 2003 using the “Coastal and Regional Ocean Community model (CROCO; http://www.croco-ocean.org)”. CROCO is a new model built from ROMS-Agrif (Debreu et al., 2012; Penven et al., 2006). CROCO can solve the primitive equations based on the Hydrostatic and Boussinesq approximations coupled with advection-diffusion schemes for potential temperature and salinity, as well as a non-linear equation of state for density. Said advection scheme is of the third order, which allows an increase in the time step, thus improving its resolution (Shchepetkin and McWilliams, 1998). For boundary forcing, we used data from GLORYS12V1 product wish, which includes 1/12° horizontal resolution and 50 vertical levels. In time the reanalysis coves 1993 onward (https://doi.org/10.48670/moi-00021). Data from a global atmospheric reanalysis “ERA-Interim” were used as atmospheric forcing; this system has a spatial resolution of approximately 80 km (T255 spectral) on 60 levels in the vertical from the surface up to 0.1 hPa (For detailed documentation of the ERA-Interim Archive see Berrisford et al., 2011). We used Bathymetry data from the ETOPO2 database (Smith and Sandwell, 1997). Additionally, the simulation considered the presence of a variable monthly flow of fresh water from the Grijalva-Usumacinta river. The model was stabilized for three years using the fourth year for the analyses; the time step used was ~7.3min with files in daily averages for these analyses. The spatial resolution of the model was 7.5 km with 40 vertical sigma levels. The flow of freshwater is from climatology (Figure 2B). The salinity and temperatures assigned to said flow are constant throughout the year, with 0 (psu) in salinity and 25°C in temperature.




Figure 2 | Flow of the Grijalva-Usumacinta River System (m3s -1 ). (A) 2003-2020 time series and (B) Monthly climatology and its standard deviation (blue line).





Analysis of oceanographic and atmospheric time series

Based on the monthly oceanographic (Rrs555, SST and Altimetry) and atmospheric (Wind Effort) images, the annual signal will be characterized through climatologies and space-time Hovmuller diagrams. The Hovmuller Diagrams were obtained by averaging the area coverage from the coast to the 200 m isobath. Cross-correlation analysis was used to determine the peak time lag between Rrs555, and the variables of Chlorophyll, wind stress, Ekma transport, geostrophic velocity and sea surface temperature. In addition, we used orthogonal empirical functions (OEFs) to extract the spatial structure and the temporal variability in all the variables (Barnett and Patzert, 1980; Kelly, 1985). The FEOs allow quantifying the total variance of the oceanographic and atmospheric time series in orthogonal or independent modes. In this way, we obtain modes or structures with the highest percentage of the variance, which probably represents the dominant signals in the study region, leaving the contributions associated with other types of processes or scales in the lower modes. We used regular FEOSs for analyzing the scalar variables (Rrs555 and SST) and complex FEOs for variables composed of a zonal and a meridional component (geostrophic speed, Ekman speed, and wind effort) (Romero-Rodríguez et al., 2020).




Results

Seasonal climatology The time series of GURS flows (Figure 2A) shows a seasonal behavior with the maximum amplitudes in the autumn period and the minimum in early spring. For example, the climatological flow (Figure 2B) shows that the maximum flow is reached in August (~5,500 m3s-1) with maximum variability (m3s-1), although a high flow persists around the summer-autumn seasons. On the other hand, the minimum flows occur in spring, specifically in April (~750 m3s-1) with the least variability ( ± 150 m3s-1).


Turbidity patterns adjacent to the Yucatan platform

Seasonal climatology (Figures 3A–D) and standard deviation (Figures 3E–H) showed spatial patterns of Rrs555 turbidity adjacent to the Yucatan shelf. Around the mouth of the GURS and on the western side of the Campeche shelf (~93°W – 90.5°W), an intense band of Rrs555 is observed in winter and autumn (Figures 3A, D), which fluctuates in a range of 5-20·10-3 rs-1, on the other hand, in spring (Figure 3B) this band begins to weaken, reaching its minimum (~5 at 10·10-3 rs-1) in summer (Figure 3C). Likewise, on the zonal side of the Yucatan platform (~90.5°W and 87.1°W), the Rrs555 band reaches its maximum (~5 to 10·10-3 rs-1) in winter-autumn (Figures 3A, D), decreasing (~5·10-3 rs-1) and narrowing significantly in spring (Figure 3B) until almost disappearing in summer (Figure 3C). On the other hand, the standard deviation shows that the most significant variability (0.2 to 0.610-3 rs-1) occurs in autumn (Figure 3H) and decreases significantly (0.2 to 0.6·10-3 rs-1) in winter (Figure 3E) until reaching its minimum (~0.2·10-3 rs-1) in summer (Figure 3G).




Figure 3 | Seasonal climatology of reflectivity [Rrs · 10−3 sr−1 ] on the western side of the Campeche shelf and zonal edge of the Yucatan shelf and their respective standard deviation. (A, E) winter, (B, F) spring, (C, G) summer, and (D, H) autumn. The blue outline corresponds to GURS.





Seasonal patterns of wind stress

The seasonal analysis of the wind stress (WS) shows the predominance of very intense winds (> 20·10-3 Nm-2) coming from the East (Figures 4A–D), and they decay significantly towards the western side of the Campeche platform. The WS shows very defined patterns in both regions, in winter-autumn (Figures 4A, D), the wind blows towards the southwest; on the other hand, in spring-summer (Figures 4B, C), it blows zonally. The intensity of the WS in autumn-winter is approximately similar; however, the other seasons differ in magnitude, maximum spring (> 30·10-3 Nm-2) and minimum in summer. On the zonal side of the Yucatan platform, the greatest variability (> 6·10-3 Nm-2) associated with the standard deviation (Figure 4E–H) is found in the vicinity of the 200 m isobath and decays towards the region coastal. Similar behavior is observed on the western side of the Campeche platform (Figures 4E, F, H), except for the summer season (Figure 4G).




Figure 4 | Seasonal climatology of wind stress [τxy · 10−3 Nm−2 ] on the western side of the Campeche shelf and the zonal side of the Yucatán shelf and their respective standard deviation. (A, E) winter, (B, F) spring, (C, G) summer, and (D, H) autumn. The blue outline corresponds to GURS.



The geostrophic velocity climatology shows very marked seasonal differences (Figure 5). On the zonal side of the Yucatan shelf, a robust westward flow (> 8·10-2ms-1, Figure 5B) is observed during spring and intensifies in summer (> 10·10-2ms-1, Figure 5C). Subsequently, the flow forks towards the western side of the Campeche platform, slowing down but maintaining its direction towards the southwest. During winter and autumn (Figures 5A, D), the geostrophic velocity decreases significantly (< 8·10-2ms-1), circulating in the form of meanders and cyclonic gyres off Yucatan; likewise, on the coast of Campeche, the flow rotates in a cyclonic manner, generating a countercurrent in the area of ​​the curvature. A decrease in magnitude stands out in the region of the curvature of Campeche, generating cyclonic circulation. This trend is observed in all four seasons, although it is more defined in autumn and winter. On the other hand, the variability of the geostrophic circulation (Figures 5E–H) during the year remains approximately 4·10-2ms-1 and 8·10-2ms-1, respectively.




Figure 5 | Seasonal climatology of the geostrophic velocity [νg · 10−2 ms−1 ] off the coast of Campeche and the zonal border of Yucatán and its respective standard deviation. (A, E) winter, (B, F) spring, (C, G) summer, and (D, H) autumn. The blue outline corresponds to the GrijalvaUsumacinta river system.





Temporary variability

Figure 6 shows the seasonal Hovmöller diagrams of the oceanographic and atmospheric variables along the coast. The spatial distribution of seasonal turbidity shows a band in front of the mouth of the GURS (Figure 1) that extends to the east along the western side of the Campeche shelf, while to the west, the turbidity is not present. Likewise, turbidity to the east is present throughout the year up to the curvature off Mérida (~90°W), although it weakens in summer. On the zonal side of the Yucatan shelf (90°W-87.6°W), turbidity only intensifies in the winter-autumn period and tends to decrease (<5·10-3rs-1) in spring-summer. On the other hand, the Hovmoller diagram of chlorophyll concentrations (Figure 6B) shows in summer, an intense band (>0.5mgm-3) that covers the entire coast and declines in winter-spring. However, chlorophyll concentrations decline more markedly on the zonal border of Yucatan.




Figure 6 | Hovmöller diagram of (A) Turbidity, (B) Chlorophyll, (C) Wind Effort, (D) Meridional Ekman Transport, (E) Geostrophic Velocity, (F) Sea Surface Temperature and (G) Modeled Salinity.



Figure 6C shows that the circulation of the winds is mainly towards the west and its magnitude is subject to seasonal and topographical variations. Intense winds (>25·10-3NM-2) predominate only on the zonal side of the Yucatan platform; on the other hand, on the western side of the Campeche platform, the magnitudes of the wind force decrease (<20·10-3NM-2). It stands out that in the summer period, the magnitudes of WS decrease drastically off the coast of Campeche with a slight increase of the mouth of the GURS. From September to June, atmospheric cold fronts from North America (Kurczyn et al., 2020) drastically change the regional wind flow and interrupt upwelling processes from the northeast (Merino, 1997).

On the other hand, the Ekman transport (Figure 6D) is preferentially northward. The transport in front of the zonal border of Yucatán intensifies during the winter, spring, and autumn seasons (>400 102m2s-1), weakening slightly during the summer. On the western side of the Campeche shelf, except in the summer, it intensifies significantly in front of the mouth of the GURS; it stands out that transport decreases significantly in the area of the curved coast of Campeche (<300·102m2s-1).

The superficial geostrophic velocity (Figure 6E) shows a preferential direction towards the west with the maximum magnitudes in front of the zonal side of Yucatán in spring-summer (>70·102m2s-1), on the other hand, in autumn-winter, the magnitudes decrease drastically (<50·102m2s-1). The circulation off the western side of Campeche varies seasonally, with a cyclonic flow in winter, westward in spring-summer, and eastward in autumn. In the zone of the curvature of Campeche, the circulation is oscillating.

On the other hand, the SST (Figure 6F) shows a marked difference between the Yucatan zonal platform and the western side of Campeche. The low temperatures on the zonal side of Yucatán seem to be modulated by the intense winter, spring, and autumn winds (Figures 4A, B, D), except for the summer season when the WS decreases (Figure 4C). Likewise, on the western side of the Campeche platform, the increase in SST stands out from May to October due to the lower ventilation of WS and possible local effects, such as the contribution of warm waters from GURS.

The maximum inflows from the GURS are in October (Figure 2B), which significantly modify the modeled salinity (Figure 6G) on the western side of Campeche (< 36.2 psu) during autumn, winter, and part of spring. As a result, a core of high salinity stands out (>36.6 psu) in front of the Mérida curvature in autumn and extends to the west in spring-summer. On the other hand, in the zonal border of the Yucatán platform, the salinity fields tend to remain approximately constant, around ~36.4 psu.



Cross-correlation analysis

The cross correlation between Chlorophyll and Rrs555 along the coast (Figure 7A) showed that both series are not correlated (correlation coefficient<0.3), except in a small region of the zonal edge of the coast. Yucatan Peninsula around ~89°W.




Figure 7 | Hovmöller Diagram of the Cross-Correlation Coefficient (CC) between: (A) Chlorophyll and Turbidity (Rrs555), (B) Wind Effort and Turbidity (Rrs555), (C) Southern Ekman Transport and Turbidity (Rrs555 ), (D) Geostrophic Velocity and Turbidity (Rrs555), (E) Sea Surface Temperature and Turbidity (Rrs555) and (F) Modeled Salinity and Turbidity (Rrs555).



On the other hand, the cross-correlation between the WS and Rrs555 (Figure 7B) shows, compared to the mouth of the GURS, a core correlation coefficient >0.6 in-phase (lag 0) and significant at the confidence interval (p< 0.005), however, on the curved side of Campeche, no significant correlation (<0.2) between both variables is observed. On the contrary, on the zonal side of the Yucatan platform, the cross-correlation is significant (confidence interval (p< 0.005) and with both series in phase (Lag 0) and a lag of 2 to 4 months with the nuclei of maximum correlation (>0.8).

The cross-correlation between WS transport and Rrs555 (Figure 7C) showed the zonal side of the Yucatan shelf that the highest positive correlation (>0.8) was identified with a lag of 1 to 5 months. This indicates that transport increased months after the maximum recorded turbidity (typical case of upwelling). In front of the GURS plume, a nucleus in phase (Lag 0) was found, however, in front of the curvature of the Campeche platform side, no significant correlation coefficient was observed (<0.2), indicating that the transport does not explain the turbidity in that region.

The coefficients of maximum negative correlation (~-0.8) and in phase (Lag 0) between the magnitude of the geostrophic velocity and Rrs555 (Figure 7D) in front of the zonal edge of the Yucatan Peninsula indicate that given the increase in the geostrophic velocity drastically decreases the turbidity. On the contrary, on the western side of the Campeche platform, there is no correlation between both series (<0.3).

The cross-correlation between SST and Rrs555 along the coast (Figure 7E) is in the opposite phase (Lag 0). Compared to the zonal side of Yucatán and western Campeche, the correlation coefficients are >0.8 and<0.3, respectively. According to this result, according to the confidence interval (p< 0.005), only the correlation coefficient for the Yucatan Peninsula is significant, indicating that turbidity increases at lower temperatures or vice versa.

Finally, the cross-correlation between modeled salinity and Rrs555 (Figure 7F) shows a high negative correlation on the western side of Campeche. The cross-correlation showed significant correlation coefficients with respect to the confidence interval (p< 0.005) and with both series in phase (Lag 0) and a lag from 0 to 2 with the maximum correlation nuclei (>-0.6). On the other hand, on the zonal side of Yucatán, it was shown that both series are not correlated due to the low correlation coefficient (<0.3). This result shows that the low salinity values represent a good tracer of the boundaries of the GURS plume on the western side of Campeche.



Empirical orthogonal functions

The spatial structure of the first EOF of Rrs555 (Figure 8A) explained 83.7% of the total variance (Table 1) and showed an extensive band of maximum amplitudes starting from the GURS and bordering the western coast of Campeche, instead Towards the zonal edge of Yucatan this band narrows drastically. Furthermore, the first EOF showed a dominant signal corresponding to a seasonal variation (Figure 8G, black line) and reaching its maximum in autumn-winter and minimum in summer (Figure 8M, black line).




Figure 8 | Spatial structure of the first mode of the Empirical Orthogonal and Complex Functions of (A) Turbidity (Rrs555), (B) Chlorophyll, (C) Wind Effort, (D) Meridional Ekman Transport, (E) Velocity Geostrophic and (F) SST. Temporal structures and climatology of (G, M) Turbidity (Rrs555) in black line, (H, N) Chlorophyll in green line, (I, O) Wind effort in brown line, (J, P) Meridional Ekman transport in light blue line, (K, Q) Velocity Geostrophic on blue line, (L, R) SST on the red line. Climatology of temporary structures.




Table 1 | Distribution of the total variation contained in the monthly data series.



Chlorophyll shows the presence of a dominant signal (Figure 8B), represented by the first mode, which corresponds to seasonal variation (Figures 8H, N, green line) and contains most of the variance, explaining 77.8% of its variability (Table 1). The spatial structure of the first mode (Figure 8B), shows a band of maximum amplitudes similar to that observed in Turbidity (Figure 8A), although it starts from 74°W and its variability (Figure 8N, green line) is in phase opposite to seasonal climatology of Rrs555 (Figure 8M, black line). This result shows that turbidity is not associated with chlorophyll.

The first CEOF of the WS explained 97.2% of the variability (Figure 8C). The spatial pattern showed the most significant amplitude in front of Campeche and decreased towards the zonal side of Yucatán. In addition, in WS it was predominant towards the southwest, which was favorable to upwelling. The temporal pattern of the WS (Figures 8I, O, red line) was modulated by seasonal variability and is in phase with the temporal chlorophyll climatology (Figure 8N, green line) and in opposite phase with turbidity (Figure 8M, black line). Likewise, the CEOF of the first mode of Ekman transport robustly explains 97.4% of the variance (Table 1), and the spatial structure (Figure 8D) reaches the maximum amplitudes in spring (Figure 8J, P, light blue line).

The spatial structure of the first CEOF mode (Figure 8E) shows, on the zonal side of the Yucatan shelf, a flow preferentially westward, composed of gyres and meanders that branch off towards the curved coast of Campeche. This mode shows the presence of a dominant signal, which corresponds to seasonal variation (Figure 8K, blue line) and contains most of the variance, explaining 46.6% of its variability (Table 1) and reaches its maximum in spring-summer and its minimum in autumn (Figure 8Q, blue line).

Finally, the EOF of the SST explains 59% (Table 1) of the variance and the spatial structure (Figure 8F) dominated by the seasonal signal (Figure 8l, red line) shows minimum amplitudes compared to the zonal boundary of the Yucatan shelf possibly related to upwelling, however, the maximum SST amplitudes off the western side of Campeche is due to the influence of the GURS flow. Both processes are important in the spring period (Figure 8L, R, red).



Hydrodynamic model

The seasonal surface salinity fields (Figures 9A–D) inside the platform showed in autumn (Figure 9D) a salt wedge in front of the zonal side of the Yucatan platform that spreads towards the west and is caught off the curved coast of the western side of Campeche during the winter, spring, and summer seasons. In the autumn season, a wedge of low salinity stands out that appears in front of the Campeche side, coinciding with the maximum discharges of seasonal flows of the GURS (see, Figure 2).




Figure 9 | Seasonal surface maps of Salinity (A–D) and Circulation (E–H) in the eastern platform of Yucatan from the CROCO hydrodynamic model.



On the other hand, the modeled seasonal current (Figures 9E–H) shows, in the eastern platform, a flow in the form of meanders towards the west that, upon entering the western coast of Campeche bifurcates forming counter-clock gyres that favor the formation of a countercurrent that runs along the curved coast to the northeast in winter (Figure 9E) and that intensifies in autumn (Figure 9H). The circulation on the western side of the Campeche shelf is made up of cyclonic gyres that favor the entry of subsurface water throughout the year, coupled with the countercurrent that couples with the GURS plume.




Discussion


Annual cycle of turbidity in the continental shelf of the Yucatan Peninsula

Recent literature has established various turbidity thresholds used to define the contour of river plumes, explicitly considering the turbidity of their waters. Some of them (Shi and Wang, 2007; Saldías et al., 2012; Romero-Rodríguez et al., 2020) have used the normalized radiance threshold value nLw (555 and 645 nm) in terms of reflectance is 0.008sr-1. Likewise, the article by Petus et al. (2014) used a threshold of 0.009sr-1. For its part, what is reported in the work of Fernández-Novoa et al. (2017) establishes a threshold of 0.001 sr-1. These authors indicate that, in any case, although some turbidity can be detected below this value, the material and fresh water are diluted enough to follow a similar dynamic to ocean water; in the context of this work, it was delimited the GURS plume in the range of 0.005-0.02 sr-1. In general, turbidity is present throughout the year, but it is more intense in autumn and winter (Figures 3A, D) and falls in spring-summer (Figures 3B, C).

The GURS plume turns eastward due to the effect of the Earth’s rotation (Horner-Devine et al., 2006; McCabe et al., 2009), forming a current parallel to the western coast of Campeche. River discharges bring a large sediment load to the ocean (Syvitski et al., 2005), which could later be reflected in turbidity. Therefore, the turbidity of the Campeche area is more sensitive to the discharge of the river, which would explain that the maximum turbidity occurs in autumn, coinciding with the maximum discharges of the GURS (Figure 2B). On the other hand, the maximum turbidity in winter was not expected because the flow is minimal. Furthermore, the sediments contributed in autumn are resuspended in winter due to the effect of hydrodynamic processes (Shi and Wand, 2010; Romero-Rodríguez et al., 2020).

Continental shelves play an essential role in oceanographic dynamics (Huyer, 1990; De Wright, 1995; Zamudio et al., 2007; Romero-Rodríguez et al., 2020), which cannot be fully understood in isolation from the processes that take place in oceanic waters. (Csanady, 1977). The western shelf of Campeche showed marked differences in its spatial and temporal distribution parameters in contrast to the zonal Yucatan (Figure 6). Off the western coast of Campeche, the oceanographic parameters seasonally intensified while the dynamics mostly decreased. However, on the zonal coast of Yucatan, the seasonal processes were reversed.Chlorophyll concentration has been used to indicate phytoplankton biomass (Cowles and Desiderio, 1993; Lambert et al., 1999), showing a low correlation coefficient with turbidity (Figure 7A). In addition, the Yucatan and Campeche zone has been described as an oligotrophic region devoid of nutrients in the surface layer (Müller-Karger et al., 1991; Signoret et al., 1998; Okolodkov, 2003). However, significant nuclei of chlorophyll (~1.1 mg m-3) are observed in summer-autumn (Figure 6B), a period that coincides with what has be en reported by various authors (Müller-Karger et al., 1991; Signoret et al., 1998; Aguilar-Maldonado et al, 2018). Also, the seasonal climatologies of the first EOFs mode of turbidity and chlorophyll (Figures 8M, N) confirm the null relationship between them and that both variables are linked to independent dynamic processes.

The turbidity in the study area is maximum in autumn-winter (Figures 3A, D), coinciding with the highest STGU discharge and with the WS in a southwesterly direction (Figures 3E, H), on the other hand, the turbidity is minimum (Figure 3B, C) in spring-summer with lower GURS discharges and intense winds in a completely zonal direction (Figures 4B, C). The effectiveness of WS in producing upwelling on the zonal side of the Yucatan shelf is widely discussed in the literature, indicating first that the most significant upwelling occurs in summer (Pica-Granados and Pineda-López, 1991; Merino, 1997; Perez et al., 1999; Zavala-Hidalgo et al., 2006), and minimum in summer as reflected by the minimum ventilation of the SST (Figure 6F).In this same context, the WS to the southwest is more effective in producing upwelling compared to the lower effectiveness of zonal winds. Multiple mechanisms have been proposed to drive upwelling (Cochrane, 1966; Ruiz-Renteria, 1979; Furnas and Smayda, 1987; Merino, 1997; Reyes-Mendoza et al., 2016; Ruíz-Castillo et al., 2016; Jouanno et al., 2018); however, the issue is still under investigation. Although the prevailing winds are parallel to the coast in spring-summer, their strength is not enough to drive the typical upwelling. The spatial structure of the first CEOF mode of the WS with 97.5% of the variance (Figure 8C) corroborates the southwest direction of the winds and their temporal variability (Figure 8O, green line) in the phase opposite to the turbidity (Figure 8M, black line). Likewise, the cross-correlation between the WS and the turbidity (Figure 7B) showed the region where the wind was more effective standing out the mouth of the GURS and the zonal coast of Yucatan. Likewise, the cross correlation between the WS and the turbidity (Figure 7B) showed the region where the wind was more effective, standing out the mouth of the GURS and the zonal coast of Yucatan. In contrast, in the Campeche curvature region, the WS correlation is minimal, indicating that the wind and the Ekman transport (Figure 8C) have no effect in that region and are associated with other hydrodynamic processes (Shi and Wand, 2010; Romero-Rodríguez et al., 2020).The seasonal circulation over the shelf (Zavala-Hidalgo and Fernández-Eguiarte, 2007) is produced by the wind blowing preferentially to the west throughout the year, forcing the ocean to produce a persistent circulation to the west (Martínez-López and Pares-Sierra, 1998; Zavala-Hidalgo et al., 2003). In spring and summer, the zonal WS (Figure 4B, C) in front of the Yucatan zonal platform coincides with the intensification of the geostrophic velocity (Figures 5B, C). Later, this flow forks towards the western side of the Campeche shelf generating a series of cyclonic gyres. In front of the Yucatán zonal shelf during autumn-winter, the attenuation of the WS blowing to the southwest (Figures 4A, D) generates a decrease in currents in the form of meanders and gyres. In addition, the fork of the current towards the western side of Campeche is transformed into a series of cyclonic gyres that generate a return current to the east (Figures 5A, D). The seasonal behavior of geostrophic velocities (Figure 5) is replicated by the spatial and temporal structure of the first CEOF mode (Figures 8E, Q).

Similarly, the modeled velocities (Figure 9) replicate with greater precision (due to the higher spatial resolution) the seasonal circulation of the geostrophic velocities (Figure 5), allowing us to see the role played by the continental shelves and their interaction with the oceanic zone (Csanady, 1977; Huyer, 1990; De Wright, 1995; Zamudio et al., 2007; Romero-Rodríguez et al., 2020). Likewise, the modeled circulation (Figures 9E–H) more clearly showed the coastal circulation off the western coast of Campeche, with the formation of cyclonic gyres and the return current to the east in winter and autumn (Figures 9E, H). On the other hand, in autumn, the modeled salinity wedge comes from the zonal coast of Yucatan (Figure 9D); it advects towards the western side of Campeche during the winter, spring, and summer seasons (Figures 9A–C). Kurczyn et al. (2021), using a combination of observations and models, showed evidence that the origin of upwelling water (Caribbean Subtropical Underwater) off Campeche was brought from the northeast shelf, more than 500 km away from the study area, by advection. Likewise, the low concentrations of modeled salt during autumn, winter, and part of spring (Figure 6G) in the western side of Campeche turned out to be the best tracer of the GURS plume.




Conclusions

The seasonality of the turbidity and its intensification in autumn and winter on the western side of the Campeche platform is due in part to the contribution of the intense flows of the Grijalva-Usumacinta River Systems in autumn (Figure 2) and which are mixed dynamically by the southwest WS, by cyclonic gyres that increase turbidity through Ekman pumping and return currents. In spring-summer, the same forcing persists; however, the turbidity decreases due to the intense zonal winds’ ineffectiveness in producing Ekman transport.

On the zonal side of the Yucatan platform, the influence of waters from the Grijalva-Usumacinta River System plume is ruled out, and the widening of the turbidity strip in autumn and winter would be mainly due to the effectiveness of the effort of the southwest wind in producing upwelling; likewise, the weakening of the turbidity fringe is explained by the ineffectiveness of the zonal WS in producing upwelling.
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The Gulf of Mexico (GoM) is one of the most dynamic marginal seas in the world owing to the intrusion of the Loop Current and the shedding of anticyclonic eddies (LCE) that travel westward across the Gulf. However, the impacts of these mesoscale dynamics on the supply and removal of bioessential trace metals in surface waters remain unclear. We study the impact of mesoscale eddies on the distribution of dissolved nickel (Ni), a biologically active element scarcely studied in the region. The vertical distribution of Ni was determined in the deep-water region of the GoM during summer of 2017, when two anticyclonic LCE (Quantum and Poseidon) were present. Nutrient-like profiles of Ni in the GoM resemble those from the Atlantic Ocean, but they showed high spatial variability within the first 1000 m, which was associated with the impact of mesoscale eddies. Similarly to subtropical gyres, macronutrients were almost depleted in surface waters, while Ni never fell below 1.51 nmol kg-1, suggesting low Ni lability or alternatively, slow biological uptake compared to that of macronutrients. In particular, lowest levels of Ni and macronutrients (PO4 and NO3) were recorded in surface waters of the anticyclonic eddies and the Loop Current area. Anticyclonic LCEs deepened these Ni-poor waters pushing the Ni-rich core of Tropical Atlantic Central Water up to 600 m, whereas its shallowest position (up to 200 m) was recorded under cyclonic conditions in Campeche Bay. This eddy-induced vertical displacement of water masses also affected the integrated Ni and macronutrient concentrations in the upper 350 m but without modifying their stoichiometries. We suggest that a significant decrease in surface inventories of Ni and macronutrient in areas impacted by LCEs is a consequence of the trapping of the water within eddies, the biological uptake of Ni and macronutrients combined with their limited replenishment from below, which likely affects autotrophic groups. In conclusion, the mesoscale dynamic permanently present in the GoM play an important role in modifying the vertical distribution of Ni and macronutrients as well as their availability in the upper water column of this marginal sea.
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1 Introduction

Nickel is an essential micronutrient for marine phytoplankton given that it plays a fundamental role in the transformation of urea to ammonium and consequently in the assimilation of alternate nitrogen sources for primary production (Price and Morel, 1991; Egleston and Morel, 2008; Dupont et al., 2010; Twining et al., 2012). Additionally, it is essential for the proper functioning of nitrogen-fixing enzymes and protects cyanobacteria and other marine microbes from reactive radicals produced by their own metabolisms (Ho, 2013; Glass and Dupont, 2017). Owing to its involvement in the biogeochemical cycle of organic matter, the vertical distribution of dissolved Ni in the ocean follows that of a nutrient, with minimum concentrations in the euphotic zone due to consumption by primary producers and a gradual increase in concentration with increasing depth due to the remineralization of sinking organic matter (Sclater et al., 1976; Bruland, 1980; Saager et al., 1997; Lemaitre et al., 2022). Thus, the vertical distribution of Ni in the ocean presents a positive, nearly linear relationship with the corresponding distributions of macronutrients (e.g., PO4 and SiO4) and bio-essential metals (e.g., Cd, Fe, and Zn; Bruland, 1980; Yeats and Campbell, 1983; Danielsson et al., 1985; Cloete et al., 2019; Middag et al., 2020).

The vertical distributions of Ni in the Atlantic and Pacific oceans have a similar shape; however, Ni concentrations are higher in deep Pacific waters relative to deep Atlantic waters due to accumulation of remineralized Ni along the path of deep-water circulation (Boyle et al., 1981; Bruland and Franks, 1983; Glass and Dupont, 2017). In contrast, the surface Ni concentrations in both oceans rarely fall below 1.5 nmol kg-1, and remain at values close to 2 nmol kg-1 (Yeats and Campbell, 1983; Kremling, 1985; Yeats et al., 1995; Saager et al., 1997; Bowie et al., 2002; Middag et al., 2020; Lemaitre et al., 2022), which is contrary to other bioactive elements that are almost depleted in surface waters (e.g., Fe; Conway et al., 2018; Sedwick et al., 2020). Some authors have suggested that this excess concentration represents a pool of Ni apparently “non-accessible” for the phytoplankton that depends on urea or other alternate sources of nitrogen in oligotrophic environments (Sunda, 1989; Mackey et al., 2002). This argument has been supported by the fact that Ni is bound by organic multidentate chelators (Wen et al., 2006; Boiteau et al., 2016), which limits its bioavailability and, consequently, affects the phytoplankton growth (Dupont et al., 2010; Morel et al., 2014; Archer et al., 2020; Middag et al., 2020). However, as an alternative explanation for the low lability of Ni in surface waters, a recent study experimentally demonstrated that most of the dissolved Ni is chemically and biologically available (John et al., 2022). The authors tested the Ni bioavailability by culturing phytoplankton in an oligotrophic seawater media collected in the North Pacific Subtropical Gyre and amended with macronutrients and Fe. Their results suggest that the slow biological uptake of Ni becomes limited by the availability of the quickly consumed macronutrients, explaining the surface ~2 nM Ni left over present in oligotrophic gyres.

Nickel in Atlantic surface waters is supplied through atmospheric deposition (Jickells et al., 2016) and, to a lesser extent, fluvial inputs from the Amazon and African rivers (Tovar-Sanchez et al., 2006; Tovar-Sanchez and Sañudo-Wilhelmy, 2011). Besides, the vertical distributions of Ni (and other bioactive trace metals) in marginal seas surrounding the Atlantic often contrast with those in recorded in the open ocean. For example, the maximum Ni concentrations in the surface waters of the Mediterranean Sea are high (up to ~ 4 nmol kg-1) due to both atmospheric and fluvial inputs (Saager et al., 1993; Morley et al., 1997; Zeri and Voutsinou-Taliadouri, 2003; Middag et al., 2022). Ni enrichment relative to the Ni levels in adjacent open ocean waters have also been observed in other marginal seas of the world, as the Gulf of California (Domínguez-Rosas, 2008), the Baltic Sea (Kremling, 1983), the Black Sea (Lewis and Landing, 1992) and the Yellow Sea (Zhang et al., 2022). However, even in Ni-rich systems such as these, Ni addition has been found to stimulate phytoplankton growth (e.g., Dupont et al., 2010), which reveals the complexity of the interactions between Ni and biological activity, and thus highlights the necessity to study the spatial distribution of this element and the factors that affect its availability to primary producers.

The Gulf of Mexico (GoM) is considered one of the most dynamic marginal seas in the world. The physical dynamics that determine the distributions and mixing of the water masses within the Gulf are associated with the Loop Current System (LC; Kuznetsov et al., 2002; Oey et al., 2005). Upon entering the Gulf, the LC generates large anticyclonic mesoscale eddies with diameters measuring hundreds of kilometers and lifetimes spanning up to 17 months (Oey et al., 2005, and references therein; Meunier et al., 2018). These eddies can travel across the Gulf from east to west over the course of a few months and influence the vertical distributions of most water masses present in the GoM (Meunier et al., 2018; Sosa-Gutiérrez et al., 2020; Valencia-Gasti et al., 2022). The biogeochemical characteristics of macro and micronutrient concentrations (e.g., Ni) of the water masses within the GoM differ, with Caribbean Surface Water (CSW) generally considered to be the poorest (Pinedo-Gonzalez et al., 2015) and the deep-water masses of polar and subpolar origins generally considered to be the richest (Bowie et al., 2002; Middag et al., 2020). During summer, the mixed layer of the Gulf is shallow, and strong water-column stratification limits vertical mixing (Portela et al., 2018). Under these conditions, mesoscale eddies are the main factors controlling the vertical displacement of the water masses and its chemical composition. While cyclonic eddies produce an upward flux of nutrient-rich subsurface waters to the euphotic zone, anticyclonic eddies produce the downwelling of nutrient-poor waters to deeper layers (McGillicuddy, 2016). Hence, these mesoscale eddies are able to control the flux and availability of bioessential elements for primary producers that inhabit the surface waters of the GoM. In fact, it has recently been demonstrated that mesoscale eddies can modulate the inorganic nitrogen stock in the first 200 m under conditions of high stratification, which provides compelling evidence of the impacts of mesoscale dynamics on the euphotic zone of the GoM (Lee-Sánchez et al., 2022; Velásquez-Aristizábal et al., 2022). Thus, given their capabilities to generate mixing and vertical fluxes, mesoscale eddies should potentially have a strong control over the supply of Ni (and other elements with nutrient-like distributions) to surface waters and, consequently, on its availability to primary producers in the GoM.

In addition to the eddy-driven supply of Ni, the GoM is also influenced by fluvial inputs from the Mississippi-Atchafalaya system (Wen et al., 2011; Joung et al., 2019) and Mexican rivers (Martínez-López and Zavala-Hidalgo, 2009; González-Ramírez and Parés-Sierra, 2019), as well as the atmospheric dust supply from the Sahara Desert (Lenes et al., 2012; Hayes et al., 2022). These pathways could represent important sources of Ni to the Gulf. Besides, during the warm, stratified, and oligotrophic conditions of summertime, the phytoplankton biomass of surface waters is dominated by Prochlorococcus sp. (Linacre et al., 2019), a photosynthetic cyanobacteria that stands out for its high physiological demand for Ni (Price and Morel, 1991; Palenik et al., 2003). Likewise, a high abundance of nitrogen-fixing cyanobacteria (e.g., Trichodesmium spp.) could also be expected in offshore surface waters during summer conditions (Hernández-Sánchez et al., 2022), as has been reported for shelf waters of the northern Gulf (e.g., Mulholland et al., 2006; Holl et al., 2007). Thus, the predominance of Prochlorococcus sp. coupled with an increase in the presence of diazotrophic groups characterized by their high rates of Ni consumption (Ho, 2013), could increase the demand for this element in the Gulf. All these characteristics make the GoM a unique site to study the biogeochemical behavior of dissolved Ni and other bioessential elements that could limit primary production. However, to the best of our knowledge, information on the spatiotemporal variation of dissolved Ni in the deep-water region of this marginal sea is still scarce (Boyle et al., 1984; Joung and Shiller, 2013; Hayes et al., 2019, and references therein; Mellett and Buck, 2020).

Therefore, the objectives of this study were to: 1) study the spatial distribution of Ni in the deep-water region of the Mexican portion of the GoM (≤ 25° N) during summer, 2) compare the vertical distribution of Ni with that of the western Atlantic Ocean, 3) assess the influence of mesoscale physical dynamics on the spatial distribution of Ni, 4) examine the Ni relationship with macronutrients, and 5) evaluate the impact of mesoscale eddies on the stock of Ni in the surface layer of the GoM and its biogeochemical implications. We found that the vertical distribution of Ni in the GoM shows oceanographic consistency with the typical distribution of this element in the Atlantic Ocean, although it exhibits great spatial variability due to the influence of mesoscale eddies in the Gulf. We show that mesoscale eddy dynamics are able to decrease the Ni and macronutrient inventories in the surface waters of the GoM, which likely impacts the activity of primary producers.



2 Materials and methods


2.1 Study area

The GoM is one of the most dynamic marginal seas on the planet and the second largest marginal sea in the tropical-subtropical portion of the Atlantic Ocean. The Gulf has a total area of ~ 1.5 x 106 km2, an average depth of 1615 m and is shaped like the letter G (Figure 1A; Turner and Rabalais, 2019). The GoM is considered an evaporative basin, as evaporation exceeds precipitation by more than 1 m yr-1, which results in net heat gain (Tomczak and Godfrey, 2003). This marginal sea is occupied by water masses of tropical-subtropical origin at the surface and by water masses of polar-subpolar origin at greater depths (Portela et al., 2018; Valencia-Gasti et al., 2022). Before entering the GoM, these water masses pass through the Caribbean Sea, a deep marginal sea that communicates with the Atlantic Ocean through three narrow and deep passages (~ 1500 m). After crossing the Caribbean Sea, the Atlantic and Caribbean water masses enter the GoM through the Yucatan Channel (~ 196 km wide and 2000 m deep). The net flow of water from the Caribbean Sea into the GoM ranges from 23.0 to 27.6 Sv (1 Sv = 106 m3 s-1; Badan et al., 2005; Candela et al., 2019). In the first 1000 m, water flow is driven by the LC (Figures 1A, B; Kuznetsov et al., 2002; Oey et al., 2005), while the physical dynamics of the Gulf in deeper waters are dominated by currents produced by Rossby waves that follow the topography and by the eddies that emerge from these currents (Furey et al., 2018).




Figure 1 | (A) Map of the Gulf of Mexico and sampling stations during the XIXIMI-6 cruise carried out in the summer of 2017 (August 19 to September 8). (B) Mean satellite-derived geostrophic velocity field during the cruise period. Mapping of the integrated concentration of (C) dissolved Ni, (D) phosphate (PO4) and (E) nitrate plus nitrite (NO3) in the first 350 m of the water column during the XIXIMI-6 cruise. The big gray arrow shown in panel (A) indicates the typical pathway and transport direction of the loop current eddies (LCE). The location of hydrographic sampling stations where the CTD casts were made are indicated by yellow and red circles in panels (A, B), respectively. Water samples for dissolved Ni and macronutrient analysis were also collected at stations with crossed yellow circles. This figure was made using Ocean Data View (Schlitzer, 2021).



The LC reaches maximum speeds of 2.5 m s-1 (Athié et al., 2012) and can extend northward into the GoM up to ~ 25° N, after which the LC exits the system through the Florida Strait (Figures 1A, B; Kuznetsov et al., 2002; Oey et al., 2005). This current is responsible for the shedding of anticyclonic eddies, which are large mesoscale structures 200–350 km in diameter with life spans between 3 and 17 months (Elliott, 1982; Biggs et al., 1996; Oey et al., 2005). Once detached from the LC, these anticyclonic eddies travel westward (see gray arrow in Figure 1A) and their vertical influence can extend up to 1000 m depth (Meunier et al., 2018). In general, these mesoscale structures are responsible for much of the physical dynamics at the surface inside the Gulf, while diurnal tidal forcing plays a much smaller role (tidal amplitudes are low and range from 11–17 cm; Kantha, 2005). It should be noted that LC anticyclonic eddies strongly impact the chemical and biological characteristics of the surface waters of the GoM given that they introduce warm and nutrient-depleted Caribbean waters and consequently affect primary productivity (e.g., Biggs, 1992; Linacre et al., 2015; Lee-Sánchez et al., 2022). On the contrary, cyclonic eddies, which develop as counterparts to the anticyclonic eddies (Oey et al., 2005), can overcome the thermal barrier created by highly stratified surface waters during the warm months of summer (Portela et al., 2018). Consequently, cyclonic eddies promote the flux of subsurface water to the euphotic zone, which provides essential elements for primary producers (Durán-Campos et al., 2017). In addition, all the rivers that flow into the Mexican portion of the GoM, including the Grijalva-Usumacinta, Pánuco, and Río Grande, also bring metals and nutrients into the Gulf (Figure 1A). Finally, atmospheric dust from the Sahara Desert that travels high across the Atlantic and eventually settles in the GoM, could also be a source of nutrients and metals to the surface waters (e.g., Lenes et al., 2012; Hayes et al., 2022).



2.2 Cleaning procedures

All materials used for sample collection at sea and in laboratory analysis were cleaned following the rigorous ultra-clean protocols designed for collecting and measuring trace metals in sea water (Bruland et al., 1979; Delgadillo-Hinojosa et al., 2006; Delgadillo-Hinojosa et al., 2015; Cutter et al., 2017; Hernández-Candelario et al., 2019; Félix-Bermúdez et al., 2020). Briefly, the plastic (e.g., low density polyethylene bottles and pipette tips) and Teflon (e.g., tubing, extraction funnels, and bottles) materials were washed with a phosphate-free alkaline detergent (3%; Micro-90®), rinsed with plenty of distilled water (≥10.0 MΩ cm), and submerged for one week in the Micro-90® solution. Then, the materials were rinsed with deionized water (DIW, 18.2 MΩ cm) until there were no traces of detergent. After which, the materials were kept for a month in a 3 M HCl solution (reagent grade, J.T. Baker®). Over time, the materials were removed from the acid solution, rinsed 4x with DIW and then soaked for a week in a 1 M HNO3 solution (Omnitrace grade) to eliminate any traces of persistent contamination. Finally, the materials were rinsed 5x with DIW and dried inside a laminar flow hood installed in a Class-100 clean laboratory. The low-density polyethylene bottles (LDPE) used for the collection of seawater samples were previously filled with a 0.01 M HNO3 Ultrex® solution (J.T. Baker®), double-bagged, and transported in closed plastic buckets to the field. In the case of LDPE bottles for macronutrient analysis, the steps of using HNO3 were omitted. The Niskin-X bottles (General Oceanic Inc., Miami, FL, USA) used for seawater sampling were washed using the Micro-90® solution and distilled water. The bottles remained filled with the Micro-90® solution for one day. Subsequently, the bottles were abundantly rinsed with DIW and filled with a 3 M HCl solution (analytical grade, J.T. Baker®) for one day. Finally, the acid solution was discarded through the drain valve, and the bottles were abundantly rinsed with DIW, closed, and stored in double plastic bags until use during the cruise.



2.3 Sample collection

Seawater samples were collected during the XIXIMI-6 campaign (August 19 to September 8, 2017) on board the R/V Justo Sierra. In all, 43 hydrographic stations in the deep-water region of the GoM were sampled (Figure 1A). At each hydrographic station, vertical profiles of temperature, salinity and dissolved oxygen were recorded using a SeaBird CTD (SeaBird Scientific, Bellevue, WA, USA). Temperature and salinity data were converted to conservative temperature (T) and absolute salinity (SA) following TEOS-10 equations (IOC et al., 2010). The CTD data had a spatial resolution of 1 m, and each cast covered a depth range of 2 to 3730 m depending on the bathymetry of each station. A total of 22 oceanographic stations and up to 12 depth levels per station were selected to collect samples for macronutrients and dissolved Ni analysis (total of 160 water samples). Water samples were collected using acid-cleaned 20-L Teflon coated Niskin-X bottles installed in an epoxy painted oceanographic rosette. Seawater for Ni analysis was pumped from the Niskin-X bottles into a shipboard Class-100 clean room using a peristaltic pump while being filtered through an acid-cleaned 0.2 μm Supor AcroPak 200 filter (Pall Corporation, New York, NY, USA) and C-Flex hose that had been previously washed with acid and DIW. Filtered seawater was recovered in acid-cleaned LDPE bottles and acidified to pH < 2 with 1 mL of HNO3 Ultrex® (J.T. Baker®). The LDPE bottles were stored in two Ziplok plastic bags, placed inside buckets with airtight lids, and transported to an ultra-clean laboratory on land for analysis (Delgadillo-Hinojosa et al., 2006; Segovia-Zavala et al., 2010; Hernández-Candelario et al., 2019; Félix-Bermúdez et al., 2020). Samples for inorganic phosphate (PO4) and nitrate plus nitrite (NO3+NO2; hereafter NO3) analysis were collected directly from the Niskin-X bottles, filtered through pre-combusted Whatman GF/F filters (only for samples in the upper 250 m) and stored in LDPE bottles at −20°C until chemical analysis.



2.4 Analysis of macronutrients (PO4 and NO3)

Concentrations of PO4 and NO3 in water samples were determined using wet chemical colorimetry (Armstrong et al., 1967; Gordon et al., 1993; Lee-Sánchez et al., 2022) with an AA3-HR segmented flow autoanalyzer (Seal Analytical, Fareham, UK). Analytical precision and accuracy were obtained by repeated measurements of the SCOR-JAMSTEC certified reference material (Lots CD and CC; Kanso Co. Ltd., Osaka, Japan). Detection limits for PO4 and NO3 were 0.02 μmol kg-1 and 0.02 μmol kg-1, respectively.



2.5 Analysis of dissolved Ni

To minimize the risk of contamination, handling and processing of seawater samples were carried out in an ultra-clean laboratory (Class-100) on land. Nickel in the filtered seawater samples was pre-concentrated using the classic organic extraction method (Bruland et al., 1979; Segovia-Zavala et al., 2010; Tovar-Sánchez, 2012) with an additional back-extraction step (Komjarova and Blust, 2006; Félix-Bermúdez et al., 2020). In general, this method is based on the chelation of dissolved metals with a mix of ammonium 1-pyrrolidinedithiocarbamate (APDC; 99% purity) and diethylammonium diethyldithiocarbamate (DDDC; 97% purity), a double extraction in chloroform (HPLC grade, washed with DIW) of the organic complex, and a back-extraction in a diluted solution of HNO3 Ultrex® (J.T. Baker®). Briefly, the sample of acidified seawater was weighed (~ 250 g) and placed in a 500-mL Teflon separatory funnel. Then, the samples were buffered at pH 4.5 by the addition of ammonium acetate (1 M), and 1 mL of the APDC/DDDC mixture (ratio of 1.1%) was added. Subsequently, a double extraction was performed by adding 8 and 6 mL of chloroform during the first and second extractions, respectively. After each extraction, chloroform was recovered in a 100-mL Teflon separatory funnel. The back-extraction was conducted by adding 100 µL of HNO3 (Ultrex®) and 3 mL of DIW to the chloroform recovered in the separatory funnel. The mixture was allowed to stand for 5 min to separate the phases, after which the chloroform phase was discarded. The supernatant was recovered in acid-cleaned 8-mL LDPE bottles and stored at room temperature until analysis. The Ni concentration was quantified by inductively coupled plasma mass spectrometry (ICP-MS; ICAP-Q; Thermo-Fisher Scientific, Waltham, MA, USA) using external standards and rhodium as the internal standard. Procedural blanks were prepared using DIW (18.2 MΩ cm) and treated like the samples during pre-concentration and analysis. The analytical quality control included analysis of procedural blanks and certified reference material NASS‐7 (National Research Council of Canada). Ni levels in procedural blanks (0.040 ± 0.002 nmol kg-1) were always below the detection limit of the method (0.15 ± 0.09 nmol kg-1; calculated as three times the standard deviation of the blanks). The measured Ni concentrations in NASS-7 (4.06 ± 0.01 nmol kg-1) compared well with the certified value (4.14 ± 0.31 nmol kg-1) with an average recovery of 98.0 ± 1.7% (n = 5).



2.6 Satellite data

Images of absolute dynamic topography (ADT) and geostrophic velocity were obtained from the altimetry estimates available for download on the AVISO website (https://las.aviso.altimetry.fr). Daily MODIS/Aqua images (Standard mapped and 4 km resolution) of sea surface temperature (SST) and chlorophyll-a (Chl-a) were downloaded from the Ocean Color website of the National Aeronautics and Space Administration (NASA; https://oceancolor.gsfc.nasa.gov/). Satellite-based net primary production (NPP) images were retrieved from the Oregon State University website (http://science.oregonstate.edu/ocean.productivity); the carbon-based primary productivity model (CbPM) at a resolution of 9 km was selected. Image processing was carried out using SeaDAS v. 7.5.1. (NASA).



2.7 Statistical analysis

The normality of the data distribution was evaluated with the Shapiro-Wilk test. Analyses of differences between two groups were conducted with student t-tests or Mann-Whitney rank sum tests for parametric and non-parametric distributions, respectively. Pearson correlation analyses were used to evaluate relationships between pairs of variables. Results were considered significant at α = 0.05, and all analyses were conducted with Statistica v. 10 (StatSoft, Tulsa, OK, USA).




3 Results


3.1 Satellite-derived absolute dynamic topography and geostrophic velocities

The XIXIMI-6 campaign (summer 2017) took place four months after the large LC eddy (hereafter LCE) Poseidon dissipated in the northwestern portion of the GoM and two months before eddy Quantum separated from the LC in the northeastern GoM (http://www.horizonmarine.com). This oceanographic context resulted in contrasting ADT and geostrophic velocity conditions in the Gulf (Figures 1B, 2A) and allowed for three regions to be identified: 1) a highly dynamic region in the northeastern GoM (ADT > 0.78 m and geostrophic velocity > 1 m s-1); 2) a region of moderate mesoscale dynamics in the northwestern GoM (0.55 m < ADT < 0.78 m; 0.5 m s-1 < geostrophic velocity < 1 m s-1); and 3) the weak mesoscale dynamic region in the southern GoM (ADT < 0.55 m; geostrophic velocity < 0.5 m s-1).




Figure 2 | Satellite-derived images of (A) absolute dynamic topography (ADT; color scale) and geostrophic velocity (arrows), (B) sea surface temperature (SST), (C) chlorophyll a (Chl-a), and (D) net primary production (NPP) during the XIXIMI-6 cruise. Each panel represents a 21-day composite image that spans from August 19 to September 8, 2017. The locations of anticyclonic Loop Current eddies (LCE) are indicated in (A).



In the high mesoscale dynamics region, the intrusion of the LC through the Yucatan Channel was the most notable surface circulation feature (Figure 1B). The LC was limited to the eastern portion of the GoM (85–88° W: stations Y2–Y9 and A10), and its influence to the north extended to 27° N. The northernmost extension of the LC was associated with the anticyclonic LCE Quantum (diameter of ~ 300 km), whose core was located in the vicinity of station A10 (Figure 2A). In the case of the moderate dynamics region, an U-shaped mesoscale structure was detected in the northwestern GoM (Figure 1B), which was formed by two elongated anticyclonic eddies separated by a circular cyclonic eddy (Figure 2A). These anticyclonic eddies were remnants of the LCE Poseidon and had the greatest influence over stations A1, A2, and B11–B13. The geostrophic velocities and ADT values in this region were ~ 50% lower than those estimated in the region influenced by the LC and its eddy. Finally, in stark contrast to the other two regions, the lowest geostrophic velocities (< 0.15 m s-1; Figure 1B) and ADT values (< 0.3 m; Figure 2A) were observed in Campeche Bay within the domain of a semi-permanent cyclonic eddy, which were indicative of less energetic mesoscale dynamics present in that area during the XIXIMI-6 campaign.



3.2 Satellite-derived temperature, chlorophyll-a, and net primary productivity

The three regions exhibited distinct SST, Chl-a, and NPP values (Figures 2B–D). For example, the LC in the Yucatan Channel and eddy Quantum in the northeastern GoM were characterized by warm waters, low phytoplankton biomass (~ 0.05 mg m-3) and low NPP (~ 0.29 g C m-2 d-1; Figures 2B–D). Similarly, the remnants of the anticyclonic LCE Poseidon were also distinguishable by warm and oligotrophic waters with Chl-a values of ~ 0.08 mg m-3 and NPP values of ~ 0.32 g C m-2 d-1 (Figures 2B–D). In contrast to the other two regions, Campeche Bay exhibited slightly colder waters and higher Chl-a (maximum of 0.6 mg m-3) and NPP (maximum of 0.69 g C m-2 d-1) values (Figures 2B–D).



3.3 Spatial distributions of water masses

According to the hydrographic classification for the central and western portions of the GoM (Portela et al., 2018), six water masses were detected during the XIXIMI-6 campaign (Table 1; Figure 3). The sectional distribution of absolute salinity (SA) also shows that above 200 m depth, the remnant of Caribbean Surface Water (CSWr) and North Atlantic Subtropical Underwater (NASUW) dominated the region influenced by the LC and LCE Quantum (stations Y9 and A10), whereas CSWr and Gulf Common Water (GCW) dominated stations in the northwestern (A1–A2) and southwestern (G40) portions of the GoM (Figure 3A). Below 200 m depth, Tropical Atlantic Central Water (TACW) formed a layer ~ 400 m thick (Figures 3A, B). The influence of mesoscale eddies on the vertical position of each water mass was evident in the first 600 m of the water column, with a clear deepening of the isohalines in areas under the influence of anticyclonic eddies (LCE Quantum and the remnants of the LCE Poseidon) and an elevation of the isohalines in the region influenced by the semi-permanent cyclonic eddy of Campeche Bay (Figure 3A).


Table 1 | Average concentration of dissolved Ni (± standard deviation) in the water masses detected in three contrasting regions of the Gulf of Mexico in terms of mesoscale dynamics during the XIXIMI-6 cruise.






Figure 3 | Sectional distribution of absolute salinity (SA) during the XIXIMI-6 cruise along a transect that begins in the Caribbean Sea and ends in the Gulf of Mexico in the Campeche Bay area: (A) from 0 to 600 m depth and (B) from 0 to 3500 m depth. The locations of the sampling stations marked in panel (A) are shown in the map above. The big white arrow shown on the map indicates the direction and extent of the transect. To improve the visual identification of water masses, the range of SA values represented by the color scale is different for (A, B). The black solid contours indicate the isohaline boundaries of water masses based on the classification proposed by Portela et al. (2018). ADT, absolute dynamic topography; LCE, Loop Current eddy; CSWr, Caribbean Surface Water remnant; GCW, Gulf Common Water; NASUW, North Atlantic Subtropical Underwater; TACWc, Tropical Atlantic Central Water core; AAIW, Antarctic Intermediate Water; and NADW, North Atlantic Deep Water.



On the other hand, the deep waters of the GoM were composed by Antarctic Intermediate Water (AAIW) and North Atlantic Deep Water (NADW; Figure 3B). AAIW exhibited a well-defined distribution throughout the three regions of the GoM and maintained a layer ~ 500 m thick that was found within the depth range of 600–1100 m (Figure 3B). Finally, NADW was the dominant water mass at depths > 1000 m (Figure 3B). The influence of mesoscale eddies on the vertical positions of deep water masses in the GoM was much less evident than with shallower water masses (Figure 3B).



3.4 Spatial distribution of dissolved Ni

The vertical distribution of Ni in the GoM was oceanographically consistent with a nutrient-type profile in the global ocean; with low surface values (10 m: 1.95 ± 0.15 nmol kg-1) that gradually increased to maxima located between 600 (4.28 ± 0.31 nmol kg-1) and 1000 m depth (4.25 ± 0.28 nmol kg-1), to finally show a slight decrement and to stabilize in deep water (2500 m: 4.08 ± 0.44 nmol kg-1; Figures 4A–C). However, the distribution of Ni exhibited high vertical and horizontal variability throughout the GoM (Figures 4A, B), which was associated with changes in the spatial distributions of the water masses inside the Gulf (Figures 3A, B).




Figure 4 | Sectional distribution of dissolved Ni along a transect that begins in the Caribbean Sea and ends in the Gulf of Mexico in the Campeche Bay area during the XIXIMI-6 cruise: (A) from 0 to 600 m depth and (B) from 0 to 3500 m depth. (C) Average vertical profile (± standard error) and (D) coefficient of variation (CV) of dissolved Ni for depths 10, 50, 150, 250, 450, 500, 1000, 1200, 2000, and 2500 m. The average profile was constructed using the dissolved Ni concentrations measured in the 22 stations sampled during the XIXIXMI-6 cruise. The locations of the sampling stations marked in (A) are shown on the map. The big white arrow shown on the map indicates the direction and extent of the transect. To highlight the spatial differences in the Ni concentration in both shallow and deep waters, the range of Ni concentrations represented by the color scale is different for (A, B). The black solid contours in (A, B) indicate the isohaline boundaries of water masses based on the classification proposed by Portela et al. (2018). LCE, Loop Current eddy; ADT, absolute dynamic topography; CV, coefficient of variation; CSWr, Caribbean Surface Water remnant; GCW, Gulf Common Water; NASUW, North Atlantic Subtropical Underwater; TACWc, Tropical Atlantic Central Water core; AAIW, Antarctic Intermediate Water; and NADW, North Atlantic Deep Water.



Table 1 shows the concentration of Ni for each water mass in each of the three hydrographic regions identified during the XIXIMI-6 campaign. In the first 100 m of the water column, which was dominated by CSWr, the average Ni concentration in the LC area (1.71 ± 0.11 nmol kg-1) was significantly lower (p < 0.05) than that of the region of the remnants of LCE Poseidon (2.03 ± 0.21 nmol kg-1) and the region of the semi-permanent cyclonic eddy in Campeche Bay (2.04 ± 0.11 nmol kg-1; Table 1 and Figure 4A). The Ni-depleted portion of CSWr was detected up to 91° W, from station Y9 outside the Yucatan Channel to station C25 (~ 1050 km; Figure 4A). This spatial variation reflects a slight Ni enrichment in the CSWr inside the GoM (ΔNi = 0.33 nmol kg-1), which was not observed in any other water mass (Table 1). Below this water mass, NASUW exhibited the second lowest average concentration of Ni (1.96 ± 0.03 nmol kg-1) during the XIXIMI-6 campaign (Table 1).

Inside the Gulf, and particularly in the regions influenced by remnants of the anticyclonic LCE Poseidon and semi-permanent cyclonic eddy of Campeche Bay, a slight recovery of Ni levels was observed in GCW when compared to those observed in CSWr (Table 1; Figure 4A). However, below 200 m and up to 600 m depth, TACW showed a remarkable recovery in Ni levels (Figure 4A), with average concentrations ranging from 3.25 ± 0.52 nmol kg-1 to 3.61 ± 0.64 nmol kg-1 (Table 1). If we consider this result and the existence of intense vertical pumping conditions, TACW is the subsurface water mass with the greatest potential to act as a source of Ni to the euphotic zone in the GoM. In fact, Figure 4A shows a gradual ascent of TACW waters (and its high content of Ni) from the Caribbean (Y9) to the Campeche Bay (G40). Below 600 m, AAIW and NADW were found to have average Ni concentrations ranging from 3.80 ± 0.16 to 4.20 ± 0.43 nmol kg-1 (Figure 4B; Table 1). AAIW showed some of the highest Ni values; however, they were not significantly different from those of NADW (p > 0.050; Figure 4B).



3.5 Spatial distribution of PO4 and NO3

During the XIXIMI-6 campaign, the spatial distribution of macronutrients (PO4 and NO3) was very close to that of Ni in the first 600 m (Figures 5A–C), with low concentrations in the surface layer (100 m) and then increased gradually with depth. An important difference between Ni and macronutrients in the surface waters was that NO3 (0.056 ± 0.050 µmol kg-1) and PO4 (0.023 ± 0.006 µmol kg-1) reached levels close to the detection limit (0.02 µmol kg-1 for both nutrients), while the Ni concentration never fell below 1.51 nmol kg-1. Similarly to Ni, the lowest values of macronutrients were detected in surface waters of the LC and the anticyclonic LCEs region and, associated with TACW, there was an uprising of high nutrient concentration isolines from the Caribbean Sea to the Campeche Bay area. As a result, CSWr in Campeche Bay had ~13-fold more NO3 and ~2.5-fold more PO4 than in LC. Lastly, TACW was the water mass in the upper 600 m with highest potential to be the main source of PO4 (1.37 ± 0.36 µmol kg-1) and NO3 (22.4 ± 4.8 µmol kg-1) to the euphotic zone of the GoM (Figures 5B, C).




Figure 5 | Sectional distribution of (A) dissolved Ni, (B) phosphate (PO4) and (C) nitrate plus nitrite (NO3) in the upper 600 m of the water column, along a transect that begins in the Caribbean Sea and ends in the Gulf of Mexico in the Campeche Bay area during the XIXIMI-6 cruise. Dissolved Ni concentration versus (D) PO4 and (E) NO3 in the upper 600 m of the water column in the Gulf of Mexico (green dots) compared with those from the North Atlantic (blue symbols) along the GEOTRACES GA02 transect (Schlitzer et al., 2018; Middag et al., 2020). The locations of the sampling stations marked in panel (A) are shown on the map in Figure 4. LCE, Loop Current eddy; CSWr, Caribbean Surface Water remnant; GCW, Gulf Common Water; NASUW, North Atlantic Subtropical Underwater; TACWc, Tropical Atlantic Central Water core; AAIW, Antarctic Intermediate Water; and NADW, North Atlantic Deep Water.






4 Discussion

The vertical distribution of Ni in the GoM was nutrient-like (Figure 4), which agrees well with what has been previously documented in the northeastern GoM (Boyle et al., 1984) and in the Atlantic Ocean (Yeats and Campbell, 1983; Bowie et al., 2002; Middag et al., 2020; Lemaitre et al., 2022). However, the high horizontal variability exhibited by the Ni profiles during the XIXIMI-6 cruise distinguishes the deep-water region of the Gulf from other regions (Figures 4A-C). The horizontal variability of the Ni concentration was assessed by calculating the coefficient of variation (CV = standard deviation * 100/average) for each depth horizon in the GoM. Figure 4D shows that the Ni levels in the first 600 m of the water column were significantly (p < 0.05) more variable (CV < 17%) than those of deeper water (CV < 10%), which indicates that the greatest amount of horizontal variability was concentrated in the upper portion of the water column that is usually affected by mesoscale eddies (Meunier et al., 2018; Sosa-Gutiérrez et al., 2020; Valencia-Gasti et al., 2022). In the following sections, we will discuss: 1) the behavior of Ni in the GoM compared to that of the Atlantic Ocean; 2) the influence of mesoscale eddies on the vertical distribution of Ni in the Gulf; 3) the Ni relationship with macronutrients; and 4) the impact of mesoscale eddies on the stock of Ni in the surface layer of the GoM and its biogeochemical implications.


4.1 Distribution of dissolved nickel: Gulf of Mexico vs northwestern Atlantic Ocean


4.1.1 The 0 - 100 m depth layer

Notable differences in the average Ni concentrations were observed in the upper 100 m layer from the LC and Campeche Bay (Figure 4A; Table 1). On the one hand, the lowest average Ni concentrations in the GoM (1.71 ± 0.11 nmol kg-1) were recorded in the LC region and were similar to those of the surface waters of the Caribbean Sea (1.65 ± 0.29 nmol kg-1; Pinedo-Gonzalez et al., 2015). In contrast, the average surface levels of Ni (2.04 ± 0.11 nmol kg-1) in Campeche Bay were the highest measured in this study and are similar to those detected in the Sargasso Sea (2.04 ± 0.02 nmol kg-1; Table 1), which is an area impacted by Saharan dust deposition (Jickells et al., 1998; Shelley et al., 2012) and mesoscale eddies (Shelley et al., 2012; Conway et al., 2018; Sedwick et al., 2020).


4.1.1.1 The region of the LC and anticyclone Quantum

In the region influenced by the LC and LCE Quantum, CSWr presented a slight impoverishment of Ni (~ 16%) relative to the levels measured in the Sargasso Sea and the same water mass in Campeche Bay (Figure 4A; Table 1). In particular, the lowest Ni concentrations were detected even deeper than 100 m in the area of the anticyclone Quantum (station A10) and the small anticyclone located in the Caribbean waters (station Y9; Figure 4A). These low Ni values could be explained by the combined effect of biologically mediated processes and mesoscale dynamics. Firstly, the trapping of upper water masses inside anticyclonic eddies (e.g., McGillicuddy, 2016) is a condition allowing the autotrophic community inhabiting the euphotic zone to consume and eventually decrease the reserves of Ni and macronutrients (Figures 1B, 2A; Linacre et al., 2019). Secondly, anticyclonic eddies deepen Ni- and nutrient-impoverished waters while avoiding their replenishment from beneath (Figures 1C-E, 5A-C; Lee-Sánchez et al., 2022; Velásquez-Aristizábal et al., 2022). Thirdly, Ni consumption (slower than that for macronutrients; John et al., 2022) will occur until the concentrations of NO3 and PO4 become limiting, creating over the time marine deserts characterized by very low Chl-a and NPP, such as those detected during XIXIMI-6 campaign (Figures 2C, D). The region of the LC and the adjacent Caribbean Sea is an oceanographic province whose hydrographic characteristics of warm temperatures and very low nutrients concentrations are maintained and, as a consequence, oligotrophic conditions are prevalent here. Thus, we believe that the scenario we found during the XIXIMI-6, with low values of Ni and macronutrients (and possibly other elements with nutrient-like distributions), is more common and almost permanent in this area. However, this hypothesis requires more data and remains to be proven.



4.1.1.2 The region of Campeche Bay: Potential Ni inputs

Despite being more productive than the LC area (Figure 2C, D), in the euphotic zone of Campeche Bay were recorded slightly higher Ni concentrations, possibly due to an apparent balance between Ni consumption and replenishment (Figure 4A). In particular, the CSWr in Campeche Bay showed a clear Ni enrichment (ΔNi = 0.33 nmol kg-1) when compared with Ni concentrations measured at stations located in the LC region (Figure 4A; Table 1). This Ni enrichment could be the result of a) atmospheric deposition (e.g., Herut et al., 2016), b) fluvial contributions (e.g., Boyle et al., 1984), c) benthic fluxes from the shelf (e.g., Lenstra et al., 2022), d) organic matter remineralization (e.g., Middag et al., 2020), and/or e) mesoscale dynamics (e.g., Conway et al., 2018; Sedwick et al., 2020). In the case of eolian deposition, the Sahara Desert is potentially the most important source of dust to the GoM (Lenes et al., 2012; Hayes et al., 2022). However, considering the Ni concentration of Saharan dust (0.46 µmol g-1; Herut et al., 2016) and its solubility in seawater (60%; Fishwick et al., 2018), a constant deposition rate (12.2 mg m-2 d-1; Lenes et al., 2012) during a period of three months (i.e., travel time for LCEs across the GoM; Oey et al., 2005) could increase the Ni concentration in the upper 100 m of the water column by only 2.96 pmol kg-1. On the other hand, the impact of the fluvial contribution of Ni to the GoM can be distinguished by changes in salinity in surface waters, with low salinities usually being associated with high Ni concentrations (e.g., Boyle et al., 1984; Wen et al., 2011). Nevertheless, during the XIXIMI-6 campaign, no low-salinity features were detected (Figure 3A), which may indicate that the fluvial contributions of Ni was limited to the coastal zone. Likewise, the continental shelf sediments could be a source of metals to nearshore stations. For example, Lenstra et al. (2022) reported a benthic flux of Ni of 1.7 µmol m−2 d−1 for one nearshore station (16 m depth) on the continental shelf of Louisiana. This flux could increase the Ni concentration by 1.5 nmol kg-1 in the upper 100 m of the GoM during a period of 3 months and without Ni consumption. Clearly, this Ni addition would be higher compared with the Ni enrichment observed in Campeche Bay. However, during the XIXIMI-6 campaign, Ni concentrations in the upper 100 m were never > 2.4 nmol kg-1 and there were no high values evidencing that Ni-rich plumes had been advected from the continental shelf in Campeche Bay (Figure 1C), probably because the shelf in this area is narrower than in the northern Gulf (Figure 1A). Thus, as it has been reported for other marginal seas (e.g., Middag et al., 2022; Seo et al., 2022) and productive nearshore waters (Liu et al., 2022), the shelf sediments appear to be a limited Ni source to the upper water column of the deep-water region of the GoM. Additionally, the remineralization of organic matter might contribute dissolved Ni to the water column as waters travel from the Caribbean into the interior of the Gulf. To explore this idea, we chose the upper section of TACW (σt = 26 – 26.5 kg m-3) to perform an isopycnal analysis of the relationship between dissolved Ni (and PO4) and apparent oxygen utilization (AOU) in LC and Campeche Bay (see Supplementary Table S2). At first sight, higher values of AOU, Ni and PO4 recorded in Campeche Bay would suggest that remineralization might be taking place along the density anomaly layer during its transit from the LC area to Campeche Bay in the inner side of the Gulf. However, we found that this isopycnal layer was warmer (ΔT = 1.54 ± 0.17°C) and saltier (ΔSA = 0.302 ± 0.099 g kg-1) in the LC area, suggesting the presence of an important fraction of water from the surface; whereas Campeche Bay had a higher proportion of water from below, which is colder and fresher. We took advantage of the fact that all these variables had a strong linear relationship with temperature (r2 > 0.85) to provide evidence of this vertical transport of water. Table S2 shows that the expected values of Ni (also for AOU and PO4) are very similar to those predicted using the temperature measured in the layer (Supplementary Table S2). These findings reveal that the differences in Ni and AOU between these two areas can be explained by mixing and the vertical displacement of the water masses and not by remineralization. This interpretation is consistent with a recent study indicating that Ni regeneration of organic matter from the GoM was slow and resulted in very low Ni increases after 6 months of incubation when compared to the baseline amount of this element (Hollister et al., 2020). Similarly, Middag et al. (2020) reported that the influence of remineralization on the Ni distribution in the Atlantic is relatively limited (13%) while the slow regeneration of Ni plays an important role in explaining the global distribution of this element (John et al., 2022).

In this context, one alternative explanation for the Ni enrichment of CSWr observed in Campeche Bay, is the eddy-Ekman pumping of Ni-rich subsurface waters to the euphotic zone promoted by the semi-permanent cyclonic eddy of this region (Pérez-Brunius et al., 2013; Linacre et al., 2015). Thus, considering the Ni concentration of the water mass underneath CSWr (GCW: 2.16 nmol kg-1; Table 1), we estimated that vertical velocities on the order of 0.17 m d-1 would increase the levels of Ni in the upper 100 m layer by 0.33 nmol kg-1 in a period of 3 months. This increase corresponds to the enrichment of Ni in the CSWr within Campeche Bay. Our calculation is reasonable given that it is within the range of values of eddy-induced Ekman pumping estimated for mesoscale eddies in the North Atlantic (0.1–1.0 m d-1; Martin and Richards, 2001) and in other regions of the world (e.g., ~ 0.1 m d-1 in the South Indian Ocean; Gaube et al., 2013). This eddy-driven circulation associated with the wind stress curl is the mechanism that maintains the cyclonic circulation in the Campeche Bay (Vázquez de la Cerda et al., 2005). In terms of the vertical flux of Ni, the eddy-Ekman pumping generated by the semi-permanent cyclone of Campeche Bay would be responsible for a Ni flux of 0.37 µmol m-2 d-1 (110 times higher compared with the atmospheric flux of soluble Ni of 3.37x10-3 µmol m-2 d-1), which supports the hypothesis that mesoscale dynamics may explain the spatial differences in Ni concentrations observed in the first 100 m of the GoM.




4.1.2 Below the 100 m layer

In general, our Ni profiles in the 100 – 1000 m depth layer were similar to one of the few Ni deep profiles available in the literature for the GoM (Boyle et al., 1984; star symbols in Figure 6A). However, Ni profiles in the Caribbean (Y9) and LCE Quantum (A10) stations, showed lower concentrations than those of the regions influenced by the remnants of the LCE Poseidon (A1, A2), Campeche Bay (G40, G42), and the Boyle et al’s Ni profile. The wide range of horizontal variation shown by the distribution of Ni in the GoM (Figure 6A; Table 1) was delimited by the values of Ni profiles from the tropical Atlantic and the Sargasso Sea reported by GEOTRACES (GA02 cruise; Schlitzer et al., 2018; Middag et al., 2020), which demonstrates the notable presence of the Atlantic water masses within the GoM. Similarly, Ni profiles from the northwestern Atlantic Ocean (pink and gray lines in Figure 6A) also show a marked horizontal variability and, as in the GoM, the differences between the Sargasso Sea and the tropical Atlantic are accentuated within the 100 - 1000 m layer. The variability shown by Ni profiles in the tropical Atlantic could be related to the impact of mesoscale eddies released from the North Brazil Current (Fratantoni and Richardson, 2006). Additionally, between 10° N and 20° N there is a progressive deepening and erosion of the Ni-rich AAIW as latitude increases in the transect GA02 (Figures 6A, C; Middag et al., 2020), increasing the Ni variability in the western tropical Atlantic. In the case of the Sargasso Sea, mesoscale eddies have been found to modify the vertical distributions of water masses with different amounts of dissolved Fe and consequently control the availability of this element in the euphotic zone (e.g., Shelley et al., 2012; Conway et al., 2018; Sedwick et al., 2020). Likewise, eddy-driven dynamics associated with the intrusion of the LC into the GoM and the shedding of mesoscale LCEs, could explain the wide range of horizontal variation showed by Ni profiles in the deep-water region of the Gulf, as discussed in the following section. On the other hand, in marked contrast to what was observed in surface and intermediate waters, the deep waters of the GoM (> 1000 m) exhibited Ni concentrations that were less variable and with magnitudes similar to those reported by GEOTRACES (GA02 cruise; Schlitzer et al., 2018; Middag et al., 2020) for the deep waters of the tropical Atlantic and the Sargasso Sea (Figure 6A; Table 1).




Figure 6 | Vertical profiles of (A) dissolved Ni and (B) absolute salinity (SA) during the XIXIMI-6 cruise. For comparison, the vertical profiles of dissolved Ni reported for the eastern GoM (Boyle et al., 1984; star symbols), as well as the dissolved Ni and SA in the North Atlantic (Sargasso Sea and Tropical North Atlantic) from the GEOTRACES GA02 transect (Schlitzer et al., 2018; Middag et al., 2020) are included in (A, B), respectively. The locations of the sampling stations are shown on the map (C). Note that profiles of dissolved Ni (A) and SA (B) in the upper 600 m are enlarged to improve visualization.






4.2 Influence of mesoscale dynamics on the distribution of dissolved Ni in the Gulf of Mexico

The high variability shown by Ni profiles in the first 1000 m of the GoM could be closely related to the physical mesoscale dynamics that characterize the Gulf (Elliott, 1982; Biggs et al., 1996; Meunier et al., 2018) as has been reported for other physical (Valencia-Gasti et al., 2022), chemical (Hernández-Candelario et al., 2019; Lee-Sánchez et al., 2022; Velásquez-Aristizábal et al., 2022), and biological (e.g., Salas-de-León et al., 2004; Linacre et al., 2015; Durán-Campos et al., 2017) properties. Particularly, mesoscale eddies can sink or raise water masses depending on their spin direction: cyclonic eddies produce an upward flux of subsurface waters towards the euphotic zone, while anticyclonic eddies do the opposite (McGillicuddy, 2016). The sectional distribution of Ni during XIXIMI-6 reveals that the locations of anticyclonic and cyclonic eddies are associated with the vertical displacement of water masses with different levels of this element in the first 600 m (Figure 4A), which provides a clue to explain the high variability shown by Ni profiles (Figure 6A).

Except for the CSWr, the average Ni concentrations of the water masses in the first 600 m did not show significant differences (p>0.05) among the three regions identified during the cruise (Table 1). This means that mesoscale dynamics, rather than biogeochemical processes likely constitute an important factor controlling the high spatial variability of dissolved Ni in the GoM. If this is the case, the vertical distributions of conservative variables, such as SA, could help to explain this relationship with mesoscale dynamics. Figure 6B shows that the SA profiles of the GoM were highly variable with marked differences between LC stations and those in the interior of the GoM. The range of variation in SA profiles in the surface and intermediate waters of the Gulf was delimited by the values of the less salty waters of the tropical Atlantic and those of the Sargasso Sea, which had greater salinity (Figure 6B; Schlitzer et al., 2018; Middag et al., 2020). It is important to note that the SA profiles in the northwestern Atlantic Ocean (pink and gray lines in Figure 6B) also showed high horizontal variability associated with the influence of the mesoscale eddies in that region. In contrast, the deep waters (> 1000 m) of the GoM exhibited salinities that were very close to those reported for the deep waters of the Atlantic Ocean (Figure 6B; Schlitzer et al., 2018; Middag et al., 2020). Given that the vertical distribution of SA exhibited horizontal variability that was very similar to that of the Ni profiles, mesoscale eddies appear to constitute the main controlling factor that determines the distribution of Ni in the GoM. Considering that mesoscale eddies have the ability to sink or raise isopycnals (McGillicuddy, 2016), one way to subtract the effect of mesoscale dynamics is to compare the SA and Ni levels against the potential density anomaly (e.g., Hernández-Candelario et al., 2019). Figure 7 shows that the high spatial variability shown by Ni and SA in the surface and intermediate waters of the GoM (Figure 6) decreases substantially when both variables are plotted against potential density anomalies. This can also be seen in terms of the coefficient of variation, with lesser variability of Ni along each potential density anomaly horizon (CV: 4-11%) compared to higher variability of Ni values in each depth horizon (CV: 7-17%; Figure 4D), implying that mesoscale eddies play an important role in controlling the vertical distribution of Ni in the GoM.




Figure 7 | (A) Dissolved Ni and (B) absolute salinity (SA) plotted against the potential density anomaly (σθ) during the XIXIMI-6 cruise. For comparison, the relationship between σθ and dissolved Ni and SA recorded in the Sargasso Sea and Tropical North Atlantic during the GEOTRACES GA02 transect (Schlitzer et al., 2018; Middag et al., 2020) are included in (A, B), respectively. The locations of the sampling stations visited during the XIXIMI-6 cruise and the GEOTRACES GA02 transect are shown on the map (C).



Similarly, ADT can be used as an indicator of the type of mesoscale circulation that characterizes the surface waters of the GoM. High ADT values are associated with anticyclonic eddies or their remnants, whereas low ADT values are associated with cyclonic eddies (Oey et al., 2005; McGillicuddy, 2016; Figure 2A). To quantitatively assess the effects of mesoscale eddies on the Ni distribution in the GoM, a correlation analysis between ADT and the depth of the TACW core was conducted. The TACW core, identified by the potential density anomaly of 27 kg m-3 (Portela et al., 2018), was selected for this analysis because it meets the following criteria: 1) it was present in all three regions identified during the XIXIMI-6 campaign; 2) TACW has high Ni concentrations (Table 1) and its impact on surface waters will depend on its position (depth) within the water column; 3) it is located below the euphotic zone and therefore Ni removal by primary producers can be neglected; 4) considering the low adsorption/scavenging of Ni by particles (Archer et al., 2020; Middag et al., 2020), mixing with other water masses with lower Ni concentrations is the only process potentially capable of decreasing the Ni concentration in TACW; and 5) this water mass is far removed from the influence of important sources of Ni located either at depth (e.g., benthic inputs) or at the surface (e.g., atmospheric deposition, fluvial inputs, and anthropogenic inputs; Morley et al., 1997; Herut et al., 2016). Our analysis indicates that the relationship between ADT and the depth of the TACW core during our study period was highly significant (p < 0.001; Figure 8A). In the area of the LC and the anticyclonic LCE Quantum, elevated ADT values were associated with a deepening of the TACW core of ~ 400 m relative to its position in Campeche Bay, where low ADT values were associated with the presence of the semi-permanent cyclonic eddy (Durán-Campos et al., 2017). In addition, correlation analyses were performed between the Ni concentration at 350 m and ADT (Figure 8B) and between the concentration of Ni integrated in the first 350 m of the water column and ADT (Figure 8C). As can be seen in Figures 8B, C, elevated ADT values were associated with Ni-impoverished stations, and conversely low ADT values were linked to stations with higher Ni concentrations (r = -0.92; p < 0.001). Interestingly, the anticyclonic LCE Quantum was able to decrease the Ni stock by ~ 65% compared to that observed in Campeche Bay (Figures 1C, 8C). These results are highly relevant given that they quantitatively demonstrate the influence of mesoscale eddies on the Ni inventory in the surface waters of the GoM and provide a starting point to predict both the depth of the TACW core and the concentration of Ni integrated in the first 350 m of the water column by means of ADT satellite images. In addition, it is worth noting that mesoscale eddies also affect the macronutrient inventories in the upper 350 m of the GoM (Figures 1D, E), in agreement with previous studies that have reported the impact of eddies on the distribution of NO3 in offshore waters of the Gulf (Lee-Sánchez et al., 2022; Velásquez-Aristizábal et al., 2022). Thus, during the XIXIMI-6 cruise, elevated ADT values were associated with PO4-depleted stations in the first 350 m (Figure 8D), and conversely low ADT values were linked to stations with higher PO4 concentrations (r = 0.89; p < 0.001).




Figure 8 | Relationship between the (A) absolute dynamic topography (ADT) and depth of the Tropical Atlantic Central Water core (TACWc), defined by the potential density anomaly of 27 kg m-3 (ZσΘ). (B) ADT vs dissolved Ni concentration at the 350 m depth horizon (Ni350m). (C) ADT vs the integrated concentration of dissolved Ni and (D) ADT vs the integrated concentration of PO4 in the upper 350 m of the water column. The symbols in each panel are colored to identify the sampling stations within the three contrasting regions observed during the XIXIMI-6 cruise: semi-permanent cyclone (SPC) in Campeche Bay (blue); remnants of Loop Current eddy (LCE) Poseidon (yellow); and Loop Current (LC) + LCE Quantum (red). Dashed lines represent the linear fit between each pair of variables.





4.3 The nickel: Macronutrient relationships

During the XIXIMI-6 cruise, the nutrient-type distribution of Ni was similar to those of macronutrients, showing significant correlations (p < 0.001) with PO4 and NO3 in the first 600 m of the GoM (Figures 5D, E). This reflects that Ni is associated with the production of organic matter in the euphotic zone and its destruction at depth (Bruland, 1980; Bruland and Franks, 1983; Boyle et al., 1984). Comparatively, the Ni : PO4 (1.20 ± 0.12 nmol µmol-1) and Ni : NO3 (0.074 ± 0.008 nmol µmol-1) slopes in the GoM were very similar to the Ni : PO4 (1.33 ± 0.19 nmol µmol-1) and Ni : NO3 (0.080± 0.012 nmol µmol-1) slopes in the upper 600 m of the tropical Atlantic and the Sargasso Sea (Figures 5D, E; Schlitzer et al., 2018; Middag et al., 2020). All these figures are within the range of values reported in the literature. For instance, the Ni : PO4 slopes for the GA02 Atlantic meridional section varied from 0.6 nmol µmol-1 in the northern subpolar gyre to 2.7 nmol µmol-1 in Antarctic origin waters (Middag et al., 2020), whereas Ni : PO4 data from marginal seas (e.g., Japan Sea; Seo et al., 2022) and productive upwelling margins (Benguela Current), range from 0.5 to 2.3 nmol µmol-1 (Liu et al., 2022). An equivalent variation has been reported for the Ni : NO3 slope (from 0.03 nmol µmol-1 to 0.10 nmol µmol-1) in the Atlantic Ocean (Lemaitre et al., 2022). In general, changes in Ni:macronutrient stoichiometries in the water column reflect external inputs (e.g., shelf fluxes, atmospheric deposition), preferential consumption by primary producers, seasonal change of productivity conditions, preferential remineralization and the mixing of water masses (Cloete et al., 2019; Middag et al., 2020; Seo et al., 2022; Lemaitre et al., 2022; Liu et al., 2022). In the case of the GoM, the Ni:macronutrient slopes showed no indication of external Ni inputs (Figures 5D, E). The gentler slopes in the GoM relative to the Atlantic could be interpreted as an inefficient biological uptake of Ni relative to PO4 and NO3 (Seo et al., 2022). However, given that both regression lines increase their difference to deeper water and not at the surface (Figures 5D, E), these small deviations can be better explained by the advection and mixing of water masses to the GoM and/or a slower regeneration rate of Ni compared to that of macronutrients in deeper waters (John et al., 2022). For example, the Ni : SA slopes showed a decreasing trend from the tropical Atlantic to the Sargasso Sea and the GoM, whereas the PO4 : SA slopes did not (Supplementary Figure S1), indicating that as AAIW becomes saltier owing to its mixing with TACW, a decrease of the Ni:macronutrient slopes takes place (Figures 5D, E). This south to north decrease in the Ni : PO4 (and Ni : NO3) slopes in the Atlantic can be explained by the progressive latitudinal decline of AAIW (Ni- and macronutrients-enriched) and the greater presence of central and northern subpolar waters with lower concentrations of these elements (Middag et al., 2020; Liu et al., 2022; Lemaitre et al., 2022). Furthermore, an analysis on the content of macronutrients and Ni in the TACW core shows that, in the GoM, this water mass has significantly more phosphate (ΔPO4 = 0.18 μmol kg-1) and nitrate (ΔNO3 = 2.3 μmol kg-1) than the core of the same water mass in the Sargasso Sea and the tropical Atlantic (Supplementary Figure S2). In contrast, Ni concentrations were not statistically different among these three areas and, consequently, lower Ni : PO4 ratios were recorded in the Gulf. These findings suggest that, although it seems that remineralization of organic matter is taking place (ΔNO3/ΔPO4 = 12.8) along the pathway of TACW towards the GoM, the corresponding increase in Ni was not observed in our study. One possible reason is that the process of regeneration of Ni from the organic debris is very slow as has been previously demonstrated in incubation experiments (Hollister et al., 2020) or inferred from field studies (Middag et al., 2020: John et al., 2022). Even so, further studies are required to distinguish quantitatively the relative importance of the physical and biogeochemical processes to explain the difference in the Ni:macronutrient slopes between the Atlantic Ocean and the GoM.



4.4 Biogeochemical implications

Anticyclonic eddies detached from the LC in the GoM, often push oligotrophic Caribbean waters to depths that are light-limited, whereas cyclonic eddies fertilize surface waters and consequently increase phytoplankton biomass in the interior of the Gulf (Salas-de-León et al., 2004; Linacre et al., 2015; Durán-Campos et al., 2017; Brokaw et al., 2020; Lee-Sánchez et al., 2022). In this study, we found that mesoscale eddies affected the integrated concentration of Ni and macronutrients within the first 350 m of the GoM, whereas the integrated Ni:macronutrient relationships were not modified (Supplementary Figure S3). In particular, waters under the influence of LCEs showed a significant decrease of the Ni and macronutrient inventories compared to those of Campeche Bay (Figures 1C-E, 8C, D). Thus, primary producers living in waters under the influence of LCEs could be expected to be affected by this Ni and macronutrient decline. Therefore, a question arises as to whether an association between ADT (Figure 2A) and Chl-a (Figure 2C) during the XIXIMI-6 campaign might be observed using satellite images.

Figure 9A shows a negative and statistically significant correlation (p < 0.001) between ADT and Chl-a, which suggests a possible association between both variables. One explanation for this association is that the eddy-influenced availability of Ni and macronutrients in the surface waters of the GoM is an important factor that in part controls the biomass of primary producers during summer. However, considering the constant biogeochemical evolution of the LCEs, this interpretation depends on what moment the cruise was carried out. The reduced surface inventory of Ni and macronutrients within LCEs during the cruise, might be the consequence of a previous event of consumption of these elements by phytoplankton and their limited replenishment from beneath (Figures 1C-E). The high temperatures and the stratification of the surface-layer during summer maintain a nitrate-limited environment (N:P ratios < 5), condition necessary for the proliferation of primary producers that require alternative sources of nitrogen (urea or N2) to grow (Linacre et al., 2019; Hernández-Sánchez et al., 2022). Thus, considering the fundamental role that Ni plays in the transformation of urea to ammonium (Price and Morel, 1991; Egleston and Morel, 2008; Dupont et al., 2010; Twining et al., 2012) and N2 fixation (Ho, 2013; Lemaitre et al., 2022), a high demand of Ni could explain the low Ni inventories found in the first 350 m of the water column in the LCEs area (Figures 1C, 8C). This Ni drawdown possibly affect the development of phytoplankton blooms as suggested by the statistically significant correlation found between Chl-a and integrated Ni during the cruise (Figure 9B). It should be kept in mind that even though Ni concentrations never fell below 1.51 nmol kg-1 within the GoM, it has been proposed that much of the dissolved Ni inventory that appears to be non-limiting at the surface is actually inaccessible to marine microbes (Mackey et al., 2002; Dupont et al., 2010; Morel et al., 2014; Archer et al., 2020; Middag et al., 2020). This intriguing Ni left over has been partially explained by the formation of Ni complexes with organic ligands, which are apparently unavailable to phytoplankton (Wen et al., 2006; Dupont et al., 2010; Boiteau et al., 2016; Archer et al., 2020) and, recently, by a slower biological uptake of Ni compared to that of macronutrients (John et al., 2022). Although our experimental design did not consider studying specifically this fraction of Ni, an indication of low Ni availability for marine organisms during the campaign in the Gulf could be the high integrated Ni : PO4 ratios (>4 mmol mol-1; Figure 9C; Mackey et al., 2002) recorded in the LCEs region, an environment where nitrogen-limited conditions (Figures 1E, 5C) and very low Chl-a prevailed. Besides, it has recently been proposed that co-limitation by Ni and nitrogen might be present in large oceanic regions at low latitudes (Lemaitre et al., 2022), which may be the case in the surface waters of the GoM that are influenced by the LC and its anticyclonic eddies. Thus, once anticyclonic eddies are detached from the LC, transport Ni- and macronutrient-impoverished waters generating a significant effect on primary productivity, nitrogen fixation, and carbon cycling during their travel to the west in the Gulf. However, more research is needed to disentangle the complex interactions among Ni, the macronutrients and the biological activity in the GoM.




Figure 9 | Relationship between satellite-derived chlorophyll a (Chl-a) and the variables of (A) absolute dynamic topography (ADT), (B) the integrated concentration of dissolved Ni in the first 350 m of the water column and (C) the ratio of the integrated Ni and PO4 concentrations for the upper 350 m of the water column (∫Ni/∫P). The Chl-a values were extracted from the 21-days composite image obtained for the XIXIMI-6 cruise (Figure 2C). The number of stations in panel (B) and (C) is < 22 due to limitations in the availability of satellite-derived Chl-a data (Figure 2C). The symbols in each panel are colored to identify the sampling stations within the three contrasting regions observed during the XIXIMI-6 cruise: semi-permanent cyclone (SPC) in Campeche Bay (blue); remnants of Loop Current eddy (LCE) Poseidon (yellow); and Loop Current (LC) + LCE Quantum (red). Dashed lines represent the linear fit between each pair of variables.






5 Conclusions

The XIXIMI-6 campaign was conducted in the deep-water region of the GoM during summer, in an oceanographic context that allowed to characterize three distinct regions in terms of physical dynamics (ADT and geostrophic velocity) and biological conditions (Chl-a and NPP). The region encompassing the eastern portion of the GoM had the highest physical dynamics due to the strong influence of the LC and the anticyclonic LCE Quantum. The surface waters located in the core of the anticyclonic LCE Quantum were characterized by being the warmest while exhibiting the lowest Chl-a concentrations in the Gulf. On the other hand, the northwestern GoM was characterized by moderate physical dynamics that were related to the remnants of the anticyclonic LCE Poseidon and showed an incipient recovery of Chl-a and NPP levels. Finally, Campeche Bay was characterized by relatively weaker physical dynamics coupled with relatively higher biomass and primary productivity. The mesoscale eddies exerted a strong influence over the vertical distribution of the water masses in the first 1000 m of the water column. The first 600 m were dominated by warm Caribbean waters (CSWr), salty subtropical waters (NASUW), native Gulf waters (GCW), and tropical Atlantic waters (TACW). The vertical distributions of these water masses varied among the three regions of the GoM with a tendency to become shallower from the Yucatan Channel to Campeche Bay. This vertical rise was less evident with deeper water masses (> 1000 m).

In this context, the vertical distribution of Ni during the campaign was oceanographically consistent with a nutrient-like distribution in the global ocean, with low but never depleted values at the surface that gradually increased with depth until they reach a maximum between 600 and 1000 m depth. However, in the upper 600 m water column, Ni profiles showed high spatial variability, which was interpreted as a signal of the influence of mesoscale eddies. In the northeastern GoM, the anticyclonic LCE Quantum deepened Ni-poor Caribbean waters down to depths beyond the euphotic zone. In contrast, the semi-permanent cyclonic eddy of Campeche Bay raised isopycnals associated with deeper water masses (e.g., TACWc), pumping subsurface Ni-rich waters towards the euphotic zone. The low Ni concentrations in the LC and LCE eddies region were explained by the trapping of surface waters within anticyclonic eddies, the biological consumption of bioessential elements and their low replenishment from below due to the anticyclonic circulation. However, even under the influence of LCEs, surface Ni concentrations never fell below 1.51 nmol kg-1, which suggest the low lability of this element or alternatively, that its biological consumption becomes limited by the availability of the quickly consumed macronutrients. On the contrary, in Campeche Bay, the biological consumption of Ni was apparently overwhelmed by their replenishment promoted by the semi-permanent cyclonic circulation present there. Likewise, the spatial distribution of macronutrients (PO4 and NO3) was very close to that of Ni, with Ni:macronutrient stoichiometries parallel to those reported for the Sargasso Sea and the tropical Atlantic. Mesoscale eddies similarly affected the Ni and macronutrient concentrations but without modifying their stoichiometries. In addition, the eddy-induced vertical displacement of water masses resulted in a significant decrease of the Ni and macronutrients inventories in surface waters influenced by the LCE Quantum when compared to those of Campeche Bay. A decrease of such magnitude is very likely to affect the primary producers thriving in the northeastern portion of the GoM. In fact, a significant positive correlation between the integrated Ni concentration and satellite Chl-a suggests that Ni availability (along with other elements such as nitrogen and phosphorous) could have an effect on primary producers that inhabit the warm and oligotrophic waters of the GoM during summer. Future work to better assess the effect of Ni availability on primary producers in the GoM could help to unravel the complex interactions between this element, the macronutrients and biological activity in the marine environment.
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A synoptic gulf-wide isoscape of carbon (δ13C) and nitrogen (δ15N) in the Gulf of Mexico based on mesozooplankton (335-1000 um) was used as a proxy for the isotopic baseline and for calculating regional contributions of dissolved inorganic nitrogen sources. Mesozooplankton were sampled at 0-200 m (depth permitting) during the XIXIMI-06 and GOMECC-3 cruises held during the summer of 2017. A striking latitudinal gradient was found in δ15N values of zooplankton, with the highest values (10.4 ± 1.2‰) found over the northern shelf, and lowest values in the central, oligotrophic gulf (1.9 ± 0.5‰). To estimate the fractional contribution of potential nitrogen sources, the gulf was divided into six regions based on the spatial distribution of surface Chl-a, SST from remote sensing products and likely region-specific source contributions. A literature survey of (δ13C and δ15N values of particulate organic matter was used to characterize region-specific endpoint isotope ratios for use in a Bayesian isotope mixing model. Regional differences in δ15N values and the results of mixing models indicated nitrogen fixation is most likely an important source (45-74% contribution) of new nitrogen in the oceanic regions of the Gulf, the Loop Current and the Yucatan Shelf. In the oligotrophic gulf, the potential input of relatively light nitrate that reflects remineralization of surface layer POM or the excretion of light nitrogen by heterotrophs was insufficient to explain the low δ15N values found in the central Gulf, although it could account for about 40% of the N supporting secondary production. The high nitrogen isotope ratios found in the northern shelf were attributed to denitrified N (60%) and the inflow of heavy nitrogen from the Mississippi-Atchafalaya river system. Our results support the potential importance of fixed nitrogen in the deep waters of the Gulf of Mexico during the summer, characteristic for its highly stratified surface waters.
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Introduction

Stable isotope analysis (SIA) of carbon (δ13C) and nitrogen (δ15N) in organic matter, including organisms, is an ecological and biogeochemical tool that provides information on food web trophic structure, sources of primary production and nutrient inputs (Post, 2002; Layman et al., 2012; Sigman and Fripiat, 2019). δ13C values can be used to track carbon sources in the ocean, allowing for discrimination between phytoplankton, macroalgae and terrestrial C3 and C4 plants due to differences in photosynthetic pathways and the isotopic composition of the inorganic carbon pool, as well as growth rates (Fry and Sherr, 1989; Yamamuro et al., 1995; Ohkouchi et al., 2015 and references therein).

Variations in the isotopic composition of dissolved inorganic nitrogen (DIN) result from differences in the extent of isotope discrimination that takes place during assimilation, nitrification, denitrification, N2 fixation and remineralization (Sigman and Fripiat, 2019), and can also vary due to the mixing of water masses (Marconi et al., 2015). In turn, the isotopic composition of DIN is reflected in the composition of primary producers. Nitrate (NO3-) from subsurface waters, or new nitrogen, has a global mean isotopic composition (δ15N-NO3) of ca. 5‰ (Sigman and Casciotti, 2001), and is enriched in 15N compared with fixed N2 (-2 to 0‰; Carpenter et al., 1999; Montoya et al., 2002). Riverine DIN discharged in coastal areas has δ15N values around 5‰ due to terrestrial denitrification and inputs of waste waters and manure, but can occasionally be higher (Wissel and Fry, 2003; Bryantmason et al., 2013). Denitrification, which predominates in waters with low oxygen concentrations, has high isotope discrimination (~15-25‰) that leads to residual nitrate enriched in 15N compared with subsurface NO3- (Kritee et al., 2012). The assimilation of NO3- by primary producers has an isotope discrimination of ~5‰ when only part of the NO3- pool is assimilated, and the residual nitrate is therefore enriched in 15N. However, when all of the NO3- is assimilated, as is frequently the case in the euphotic layer of oligotrophic systems (Somes et al., 2010), the water column behaves like a closed system and the isotopic composition of primary producers will reflect that of the DIN pool. Remineralization of organic matter leads to lower δ15N-NO3 values than the isotopic composition of particulate organic matter (δ15N-POM), with isotope discrimination of around 3‰ (Sigman and Fripiat, 2019). Also, zooplankton excrete ammonium with lower δ15N values compared with the isotopic composition of zooplankton ~2-3‰ (Checkley Jr. and Miller, 1989; Vanderklift and Ponsard, 2003).

In marine systems, δ15N-POM has been used to infer sources and geochemical processes underlying the nutrient pool supporting primary and secondary production and is considered a proxy for δ15N-phytoplankton (Waite et al., 2007; Kolasinski et al., 2012). However, the isotopic composition of POM varies over small spatial and temporal scales due to changes in phytoplankton community composition, the rapid assimilation of pulsed nutrient inputs and rapid isotope turnover rates of small organisms, with isotope integration times of the order of days (Kürten et al., 2013; Lorrain et al., 2015). This implies intensive sampling is necessary for its adequate characterization of carbon and nitrogen sources at the base of the food web and can complicate the interpretation of the sources of variation.

In comparison, mesozooplankton integrate the isotopic composition of their food sources through time, smoothing the variation in POM (Hou et al., 2013). Zooplankton consume phytoplankton and microzooplankton and hence feed at the base of the food web (Turner, 2015). The δ13C and δ15N values of mesozooplankton can therefore serve as a proxy for the isotopic baseline since they integrate the isotopic composition over longer periods (weeks) than POM (Gorokhova and Hansson, 1999; Schmidt et al., 2004). The δ13C and δ15N values of zooplankton have been successfully used to infer nitrogen sources and estimate their fractional contribution to secondary production using mixing models (Landrum et al., 2011; Chen et al., 2018; Hernández-Sanchez et al., 2022). They have also been used to establish regional and latitudinal patterns in the biogeochemical processes that dominate nitrogen cycling (Mompeán et al., 2013; McMahon et al., 2013 and references therein), examine seasonal changes in N sources (El-Sabaawi et al., 2013; Kurle and McWhorter, 2017; Troina et al., 2020) and evaluating the importance of N derived from N2 fixation vs. subsurface nitrogen (Landrum et al., 2011). For example, copepods have higher δ13C values onshore compared with offshore, which has been linked to differences in the community composition of phytoplankton (Perry et al., 1999). In the Red Sea, high δ13C and low δ15N values of zooplankton in the northern region are associated with the presence of the nitrogen-fixing Trichodesmium, whereas lower δ13C and higher δ15N values toward the south are associated with N fluxes of subsurface water (Kürten et al., 2016). Differences in zooplankton δ15N values have been found between anticyclonic and cyclonic eddies, which have been attributed to whether subsurface DIN reaches the euphotic layer and differences in the contribution of N2 fixation (Waite et al., 2007; Henschke et al., 2015; Hernández-Sánchez et al., 2022).

Estimating source contributions based on zooplankton SIA and isotope mixing models requires estimates of the trophic discrimination factor (TDF), which is an empirically derived quantitative estimate of the isotope discrimination between consumers and their food sources. TDFs are consistently small (~1‰) in the case of δ13C values; carbon sources can thus be tracked through the food web (Post, 2002). On the other hand, δ15N values can be used to track N sources as well as for estimating trophic level, with given TDFs of around 2-4‰ (Post, 2002; McCutchan et al., 2003; Vanderklift and Ponsard, 2003). The trophic enrichment in the heavy isotope observed in consumer tissues implies that the nitrogen excreted by heterotrophs is lighter (Vanderklift and Ponsard, 2003).

The Gulf of Mexico (GM) is a marginal ocean basin surrounded by Mexico, the United States, and Cuba. The circulation and hydrography of the central gulf’s upper waters (0-1000 m) are strongly influenced by the Loop Current (LC), which forms from the Yucatan Current and transports water from the Caribbean Sea through the Yucatan Straight and which exits the gulf through the Straits of Florida (Hamilton et al., 2018). The LC detaches anticyclonic mesoscale eddies periodically, and these Loop Current eddies (LCEs) transport water masses into the central and western GM that mix with gulf waters during their transit and when they dissipate near the western slope (Oey et al., 2005, Sosa-Gutiérrez et al., 2020, Cervantes-Díaz et al., 2022). During the summer, high SST and weaker winds lead to stratification and a shallow mixed layer, limiting vertical fluxes of subsurface the NO3- in the central GM (Müller-Karger et al., 2015; Pasqueron De Fommervault et al., 2017). Within the Bay of Campeche in the southern gulf, there is a semi-permanent cyclonic eddy that pumps subsurface water toward the euphotic layer due to a shallowing of the pycnocline (Klein and Lapeyre, 2009; Pérez-Brunius et al., 2013; Durán-Campos et al., 2017).

Some studies indicate N2 fixation may be the most important source of new N supporting secondary production in the oceanic GM, particularly during the summer months or during blooms of diazotrophs such as Trichodesmium (Mulholland et al., 2006; Holl et al., 2007; Landrum et al., 2011; Hunt et al., 2016). Over the Yucatan shelf, positive anomalies of chl a have been reported for the inner shelf during the summer months (Zavala-Hidalgo et al., 2006) when upwelled water resulting from the interaction between the Loop Current and slope is then transported westward across the shelf (Merino, 1997; Jouanno et al., 2018). Along the shelves, nutrient inputs from rivers, in particular, the Mississippi-Atchafalaya River System (MARS) in the north and the Grijalva-Usumacinta in the south, can lead to high inputs of terrestrial carbon and inorganic nitrogen from various sources that include manure, wastewater treatment, and fertilizers (Alexander et al., 2008). In MARS, high nutrient inputs have led to phytoplankton blooms and high water column respiration, which coupled with water column stratification leads to decreases dissolved oxygen concentrations in the subsurface and in sediments that favor denitrification (DiMarco et al., 2000; Rabalais et al., 2002).

Specifically, low δ15N values of zooplankton (1.8‰ to 4‰) have been associated with high N2 fixation rates measured in the GM during the summer (Holl et al., 2007), and Dorado et al. (2012) reported low δ15N values of zooplankton in the northern oceanic GM (2.8 ± 1.4‰) suggesting that N2 fixation by Trichodesmium is an important N source in the LC and in LCE. In contrast, Knapp et al. (2021) and Kelly et al. (2021), based on indirect estimates, reported low N2 fixation rates in the GM as a whole, suggesting that N2 fixation is too small to be considered as a relevant N source; these authors also suggested that the low δ15N values of POM were due to remineralization of primary producers supported by subsurface nitrate (Knapp et al., 2021; Kelly et al., 2021). On the other hand, cyclonic eddies with divergent conditions at their core lead to a shallower nitracline and pumping of subsurface NO3- to the euphotic zone (Lee-Sánchez et al., 2022), while transport of NO3- toward the surface can also occur due to a deepening of the mixed layer in winter (Müller-Karger et al., 2015; Damien et al., 2018). Important inputs of N into the gulf also occur through the discharge of the Mississippi-Atchafalaya river system, which is the major source of terrestrial organic matter and nutrients to the northern GM shelf. Low δ13C values of POM associated with the contribution of terrestrial C3 plants have been reported compared with those for the open ocean of the northern shelf GM (Bianchi et al., 2007; Dorado et al., 2012; Cai et al., 2015; Wells et al., 2017). In the northern GM shelf, a shift from terrestrial to marine sources has been reported with lower δ13C values of POC close to the shore and higher δ13C values of POC with increased salinity (Cai et al., 2012). On the other hand, the higher δ15N values from the Mississippi-Atchafalaya River have been associated with different sources including manure and wastewater in the upper Mississippi River and tributaries, and denitrification in the lower basin (Chang et al., 2002; Bryantmason et al., 2013). Hypoxic conditions have been reported in the Texas and Louisiana coasts during the spring and summer (Rabalais et al., 2002; Rabalais et al., 2001; Bianchi et al., 2010), which favors denitrification in the shelf sediments and increases the δ15N values of the remnant NO3- pool (Heaton, 1986). In the Mississippi Sound, δ15N values of between 8.2‰ and 11.1‰ have been reported for phytoplankton and POM (Chanton and Lewis, 1999; Moncreiff and Sullivan, 2001). On the western Florida Shelf, a latitudinal pattern in δ15N values of POM has been documented, with higher values on the northernmost samples (~6-7‰) compared with those from the south (~3-5‰) and δ13C values with a nearshore-offshore pattern with higher values (~-26‰) in the coastal samples compared with oceanic samples (~-24‰; Radabaugh et al., 2013). In the southern GM, the Grijalva-Usumacinta River system represents the most important source of land-derived freshwater and nutrients and a mean δ15N value of POM = 4.6 ± 0.5‰ in the lower river region has been reported (Sepúlveda-Lozada et al., 2015).

Isoscapes, or maps that reflect the spatial distribution of isotope ratios, can reveal biogeochemical gradients that allow for inferences regarding nutrient cycling, migration patterns of large organisms and the detection of isotopic baseline shifts due to changes in nutrient sources (Hobson et al., 2010; McMahon et al., 2013; Radabaugh, et al., 2013). For example, zooplankton sampled in the Southern Ocean showed a latitudinal gradient, with low δ15N values in the north that reflected a productivity gradient due to iron limitation (Brault et al., 2018). McMahon et al. (2013) generated isoscapes for the Atlantic Ocean basin based on the δ13C and δ15N values of zooplankton and found low (~0-2‰) δ15N values in the subtropical western Atlantic and the Caribbean Sea that were attributed to previously documented inputs of fixed nitrogen (Montoya et al., 2002; Capone et al., 2005). Recently, Le-Alvarado et al. (2021) used basin-wide isoscapes for the GM based on δ13C and δ15N values of zooplankton collected during the summer of 2017 to infer the foraging habitat and trophic position of migratory yellowfin tuna caught in the southern GM. They found a pronounced latitudinal gradient in the δ15N values of zooplankton, with the highest δ15N values in the northern gulf and lower values in the central oligotrophic gulf, but did not examine source contributions. More generally, studies in the GM have focused on the region of influence of the Loop Current (Howe et al., 2020; Knapp et al., 2021), the northwestern gulf (Holl et al., 2007), the west Florida Shelf (Mullholand et al., 2006; Mullholand et al., 2014), and the central, oligotrophic region (Hernández-Sánchez et al., 2022).

We estimated the fractional contribution of different N sources throughout the GM based on the δ13C and δ15N values of zooplankton reported by Le-Alvarado et al. (2021) for the summer of 2017. The GM was divided into regions based on likely N sources, known predominant circulation patterns, and previous regionalization’s of the gulf based on the distribution of surface chl a concentrations. The relative importance of each N source was estimated using Bayesian isotope mixing models in which isotopic endpoints were obtained from literature-derived regional POM isotope ratios. Given that subsurface δ15N-NO3 is lower in the western gulf compared with the eastern gulf and western Atlantic Ocean (Holl et al., 2007; Marconi et al., 2015; Howe et al., 2020), we evaluated how these differences impact regional source contributions. We hypothesized that in the northern shelf of the GM denitrification is the most important source, while in the central GM and the region of influence of the Loop Current, N2 fixation is the most important source. In contrast, in the Bay of Campeche NO3- should be the predominant source due to regional upwelling, cross-shelf transport of river inputs and the semi-permanent cyclonic eddy. Lastly, we examine whether isotope ratios of zooplankton reflect those of POM and nitrate integrated based on samples collected at the same stations in which zooplankton were sampled. Our study provides the first gulf-wide assessment of the relative importance of nitrogen sources in the GM and provides a baseline against which to compare future regional changes in nutrient loads and increased stratification due to near-surface warming linked to climate change.



Methods


Oceanographic surveys

Two oceanographic cruises, XIXIMI-06 and GOMECC-3, were conducted concurrently during August and September 2017. A total of 93 mesozooplankton samples were collected throughout GM with oblique tows using a 60 cm diameter bongo equipped with 335 µm mesh nets (Figure 1, see also Supplementary Figure 1S for sea surface height anomalies during the cruises). Tows were deployed to a depth of 200 m except for shallower shelf stations, where tows reached about 20 m off the bottom. Once on board, 20% by volume was subsampled with a Hempel-Stempel pipette and frozen in Whirl-Pak bags at -20°C. The second sample for the bongo net was fixed in ethanol and subsequently used to estimate zooplankton biovolume (ml 100 m-3).




Figure 1 | Zooplankton sampling stations in the Gulf of Mexico during the XIXIMI-06 (X6) and GOMECC-03 (G3) cruises were held during the summer of 2017. The six regions for which fractional nitrogen source contributions o were calculated are depicted.



Water samples for the measurement of the isotopic composition of suspended POM were collected during XIXIMI-06 (covering the central and southern GM’s deep water region; Figures 1; Supplementary Figure 1S) as a proxy for phytoplankton. Water was obtained at each of three depths (10, 20 and 50 m or 10, 50 and the depth of maximum of fluorescence depending on the station) with Niskin bottles mounted on a SeaBird rosette. Samples from each depth were pooled (7-29 L total) and filtered onto pre-combusted (500° C for 4 h) GF/F filters and frozen at -20°C. Water samples for measurements of nitrate concentrations were collected and processed as described in Camacho-Ibar et al. (2021).

Zooplankton samples were prepared for SIA as described in Le-Alvarado et al. (2021). Briefly, zooplankton were defrosted and rinsed in distilled water to remove dissolved inorganic carbon. Mesozooplankton <1000 µm were separated using nitex mesh sieves cleaned with ethanol, dried, ground and placed in tin capsules and sent to the Stable Isotope Facility at the University of California, Davis. The upper size of the zooplankton analyzed was limited to 1000 µm to minimize the contribution of higher trophic level organisms. Samples were processed with a PDZ Europa ANCA-GSL elemental analyzer interfaced with a PDZ Europa 20-20 isotope ratio mass spectrometer. The standard deviation of internal standards (glutamic acid, bovine liver, enriched alanine, and nylon) was between 0.04‰ and 0.07‰ for δ13C, and 0.05‰, 0.08‰, for δ15N, respectively. For suspended POM samples, filters were lyophilized and one half was treated with acid by fuming (1 M HCl treatment) to eliminate carbonates and analyzed for δ13C, while the other half was analyzed untreated for δ15N values. Isotope ratios of suspended POM were analyzed with an elemental analyzer interfaced with a DELTA V isotope ratio mass spectrometer at CICESE. The standard deviation of the internal standard (glutamic acid and calcium carbonate) was 0.05‰ for δ13C and 0.06‰ for δ15N, respectively.

Isotope ratios are reported in delta (δ) notation calculated relative to Vienna Pee Dee Belemnite for δ13C and atmospheric nitrogen for δ15N, using the following equation:

	

where X is 13C or 15N, and Rsample and Rstandard are the relative abundance of heavy to light isotope ratio (13C/12C or 15N/14N) for the sample and the standard, respectively. δ13C and δ15N values are reported in parts per thousand (‰).



Isoscapes

We used the δ13C and δ15N values of zooplankton to create isoscapes that allowed for a spatially explicit visualization of the isotopic baseline. Zooplankton isoscapes were generated using ArcMap version 10.1 using an ordinary point kriging interpolation and a tetraspherical semivariogram model (Supplementary Table 1). The δ13C and δ15N values of suspended POM were also used to create an isoscape. These isoscapes were generated with QGIS version 3.16.6 using IWD interpolation rather than ordinary point kriging because the semivariogram indicated a poor fit.



Regionalization of the Gulf of Mexico

The GM has been regionalized based on the spatial distribution of surface chlorophyll-a and SST from remote sensing products. Most studies coincide in differentiating the shelf of the northern and southern GM from the oligotrophic central and southern (Bay of Campeche) oceanic regions (Salmerón-García and Zavala-Hidalgo, 2011; Callejas-Jiménez et al., 2012; Damien et al., 2018). The deep water region of the central GM is generally considered oligotrophic because NO3- concentrations are near or below the detection limit in the upper euphotic layer and chl-a concentrations are relatively low, with values of around 0.1-0.7 mg m-3 at the deep chlorophyll maximum that is 50-80 m deep (Biggs, 1992; Salas-de-León et al., 2004; Pasqueron De Fommervault et al., 2017).

The GM was divided into 6 regions based on likely region-specific source contributions and considering similarities in the spatial distribution of zooplankton isotope ratios (Figure 1). This regionalization is based on the premise that while nitrate and fixed N2 may support primary and secondary production throughout the gulf, other sources have a more limited regional contribution. Inputs from the Mississippi-Atchafalaya river system, rivers that drain onto the western Florida shelf, N from denitrification in the hypoxic region of the northern shelf, and the Grijalva-Usumacinta River were considered as regional sources with limited spatial extent. Although studies indicate that river inputs can reach the central GM under certain conditions, such as when LCE’s interact with the gulf’s northern slope (Otis et al., 2019) and during the fall in the Bay of Campeche due to the convergence of currents over the continental shelf (Martínez-López and Zavala-Hidalgo, 2009), our approach considers these inputs to be limited on a regional scale.

The regional source contributions were calculated based on published literature on values of the isotopic composition of suspended POM. The northern GM (north of 26° N) was divided into the coastal (NGMc) and oceanic northern Gulf of Mexico (NGMo; Table 1). The likely N sources in these two regions are the Mississippi-Atchafalaya river system, river inputs to the western Florida shelf, denitrified N from the hypoxic region and the two Gulf-wide sources (fixed N2 and subsurface nitrate). For the southern GM (SGM), the Grijalva-Usumacinta river system (GUS) and the two gulf-wide sources were included in the model. Finally, for the central GM (CGM), the Yucatan Shelf (YS) and the region of influence of the Loop Current (LC), only the Gulf-wide sources were included (Table 1).


Table 1 | Mean ± SD carbon and nitrogen isotope ratios of source POM used as endpoints in isotope mixing models.



The mean δ13C and δ15N values of suspended POM for each region were obtained from a literature review (see Tables 1; 2S and references therein). Data were available for Mississippi-Atchafalaya river system inputs (Macko et al., 1984; Wissel and Fry, 2005; Bianchi et al., 2007; Dorado et al., 2012), regions with high inputs of denitrified N (Chanton and Lewis, 1999; Moncreiff and Sullivan, 2001), the West Florida shelf (Gu et al., 2001; Radabaugh et al., 2013), the Grijalva-Usumacitna river system (Sepulveda-Lozada et al., 2015), POM that reflects subsurface NO3- (Dorado et al., 2012), and POM linked to N2 fixation (Holl et al., 2007; Wells and Rooker, 2009; Dorado et al., 2012). Isotope ratios presented in the figures were extracted using Plot Digitizer software.



Data analysis

To test for differences in δ13C and δ15N values of zooplankton between regions, Shapiro and Levene’s tests were performed to assess the normality and homoscedasticity of the data, respectively. Since the data did not meet the assumptions required for parametric analysis, a Kruskall-Wallis test was used. A Wilcoxon post-hoc test was applied to evaluate differences between regions. Sampling stations in the Florida Strait and east Florida shelf from the GOMECC-3 cruise were not included in statistical analyses as they lie outside the six regions considered. The relationships between δ15N values of zooplankton v.s suspended POM and integrated NO3- concentrations (0-200 m) was examined For the XIXIMI region with a correlation analysis. In addition, we examined the correlation between δ15N values of zooplankton, surface chl a concentrations obtained from Marine Copernicus Service (https://marine.copernicus.eu/), and %C and % N and C: ratios of zooplankton for the entire Gulf.



Application of Bayesian mixing models

Bayesian mixing models were applied to estimate the contribution of different N sources to zooplankton using the SIMMR package in R (Parnell et al., 2010). Bayesian mixing models incorporate estimates of the variability in the isotope composition of the sources and trophic discrimination factors. The model inputs were (1) the δ15N and δ13C values of zooplankton, (2) the isotope ratios of suspended POM (mean and SD values, see Table 1) of the potential N sources for each region, and (3) the trophic discrimination factor for crustacean zooplankton of δ13C = 1.0 ± 0.6‰, δ15N= 2.0 ± 0.5‰ (Davenport and Bax, 2002; Vanderklift and Ponsard, 2003; Henschke et al., 2015); crustacean zooplankton are typically the dominant component of the community in the GM (Hopkins, 1982; Martinez et al., 2021). The model was applied to the zooplankton isotope ratios for all stations within each region. Model inputs for SIMMR did not include concentration dependence and they were run with 100,000 iterations and 10,000 burnins (Phillips et al., 2014). Subsequently, maps with the fractional contribution for each source and station within a region were generated using the IDW (Inverse Distance Weighting) interpolation method in QGIS version 3.16.6 for visualization purposes. Interpolations are meant to depict general patterns and may not add to 100% if all source contributions are considered. The mean ± standard deviation (SD) of the estimated contribution for each station was also calculated for each region.



Effect of the variation of the nitrate isotope composition on source contributions estimates

To evaluate the potential effect of variations in the isotopic composition of nitrate reaching the euphotic layer, the Bayesian mixing model was applied using δ15N-NO3 values of subsurface nitrate considering three scenarios: scenario 1 with a value of 4.0 ± 0.3 ‰ based on POM isotope ratios for the deep waters of the GM (see above), and which is within the range of subsurface δ15N-NO3 values between 400 to 600 m reported for the western Atlantic Ocean (Knapp et al., 2008); scenario 2 with a value of 3.5 ± 1.1 ‰ corresponding to nitrate of water samples collected in the northern GM at 26° N and ~91-92° W at depths of 100-200 m (Howe et al., 2020); and scenario 3 with a value of 1.9 ± 0.8 ‰ reported for nitrate in the western GM (26-27° N and 95-96° W) for samples collected at ~200 m depth (Holl et al., 2007).




Results


Zooplankton and particulate organic matter isotope ratios and isoscapes

Average carbon isotope ratios of zooplankton exhibited a limited variability spanning 2.1‰ and were mostly consistent with phytoplankton-derived primary production (Figure 2A). Mean δ13C values were lowest (-21.7 ‰) in the NGMc, followed by NGMo with a mean of -20.9‰. Relatively low values (-21.3‰) were also observed in the SGM, especially at stations close to Grijalva-Usumacinta river. Higher δ13C values (-17.3 to -18.4‰) were found at some stations in the CGM (northwest of the Yucatan Peninsula), which could be due to the contribution of remineralization of C from seagrass or macroalgae from the Yucatan shelf or Trichodesmium that has high δ13C values compared with phytoplankton (Carpenter et al., 1997).




Figure 2 | δ13C (A) and δ15N (B) isoscapes of zooplankton < 1000 um sampled in the Gulf of Mexico during the summer of 2017. Dots indicate sampling stations. Maps adapted from Le-Alvarado et al. (2021). (A) represent the d13C-POM values and B represent te d15N-POM values.



Mean δ13C values of zooplankton varied significantly among regions (KW, X2 = 23.887, df = 5, p-value < 0.001). However, post-hoc pairwise comparisons indicated that only stations from the LC region had δ13C values that were significantly higher than those from the NGMo and SGM (1.3 and 0.8‰, respectively); all other comparisons did not differ statistically (Table 2).

Zooplankton δ15N values showed a strong latitudinal gradient and differed significantly among regions (X2 = 42.723, df = 5, p = <0.001, Table 2). The highest mean δ15N values were observed in the NGMc and NGMo (10.4 ± 1.2‰ and 5.0 ± 2.2‰, respectively; Figure 2 and Table 3) suggesting the assimilation of N from MARS runoff and denitrification. In contrast, the lowest values were for CGM and LC (1.9 ± 0.5‰ and 2.3 ± 0.6‰, respectively), which indicates the contribution of N2 fixation. The SGM and YS had significantly higher values (3.1 ± 0.8‰ and 3.8 ± 0.9‰) than the central gulf. The significant differences in zooplankton isotope ratios among regions support the need of considering regional N sources to estimate contributions.


Table 3 | Mean ± SD carbon and nitrogen stable isotope ratios of zooplankton collected in six regions of the Gulf of Mexico during the summer of 2017.




Table 2 | Wilcoxon signed-rank post-hoc pairwise comparisons test of the isotopic composition of zooplankton collected in different regions of the Gulf of Mexico.



The δ13C suspended POM values during the XIXIMI-06 cruise ranged from -25.3 to -21.3‰, but a spatial pattern was not evident (Figure 3A; Table 3S). Mean δ13C suspended POM values did not show statistical differences among CGM, SGM and LC (F= 0.584, p=0.563). In contrast, the δ15N suspended POM values ranged from -1.9 to 3.2‰ (Figure 3B), with lower values in the western GM, in stations with influence by the remnants of an LC anticyclonic eddy (Poseidon; Figure 1S). In the SGM the values were higher compared with the western GM, especially for stations close to the shelf that could reflect cross-shelf transport of DIN from Grijalva-Usumacinta River or subsurface nitrate supply induced by cyclonic circulation.




Figure 3 | δ13C (A) and δ15N (B) isoscapes of suspended POM sampled in the euphotic layer of the Gulf of Mexico during the summer of 2017. Dots indicate sampling stations. Color gradient is consistent with Figure 2.



There was a significant and positive correlation (r = 0.62, p=0.0065) between δ15N values of suspended POM and those of zooplankton in the deep water region sampled during the XIXIMI-06 cruise (Figure 4A). There was also a positive correlation (r = 0.63, p=0.0065) between the isotopic composition of suspended POM and integrated NO3- concentrations (Figure 4B), which suggests fluxes of NO3- from the subsurface led to higher δ15N values of suspended POM. Also, there was a positive and highly significant correlation (r=0.53, p=0.00035) between δ15N values of zooplankton and surface chl a for samples from the deep water region collected during XiXIMI-06 (Figure 4C). The correlation between surface chla and zooplankton δ15N values that included the deep waters, slope and shelf samples was also positive and significant (Figure 2S). Lastly, there was a weaker correlation between zooplankton δ15N values and biovolumes (r=0.41, p = 0.0071; Figure 3S), and the relationships with %C, %N and C:N were not significant (Figures 4S–6S).




Figure 4 | Least-squares correlation analysis between δ15N of suspended POM from pooled water samples and zooplankton, F= 9.797, df= 16, (A), nitrate concentration integrated between 0-200 m at XIXIMI-06 stations, F = 9.967, df=15 for (B) and Log (Chlorophyll a) and δ15N values of zooplankton, F=15.25 df=40. Gray areas indicate 95% confidence intervals. Least-squares correlation analysis between logarithm of chlorophyll a and δ15N values of zooplankton (C), F=15.25 df=40.





Bayesian mixing model

For simplicity, we present region-specific source contributions from north to south. In the NGMc the largest contribution was attributed to N from denitrification, with a mean value for all stations within the region of 60 ± 23% (Figures 5, 6A); in the most coastal stations (E12 and E20) denitrification contributes ~ 80% of the N (Figure 5D). Nitrogen from MARS contributed with a mean of 17.8 ± 11.7% (Figures 5C, 6A). In the NGMo, the highest contribution was from N2 fixation, with 45 ± 21.3% (Figure 5), although at some stations (E08, E09 and E10) fixation contributed up to ~ 60%. The contribution of nitrate supporting secondary production in the NGMo was estimated at 20 ± 8.4%, (Figure 5B); MARS, denitrification and WFS N contributed less than 15% (Figures 5D, E). In the CGM and LC, N2 fixation was the most important N source supporting zooplankton production, with a mean contribution of 73 ± 4.8% (Figures 5A, 6A), and contributions as high as 80% were estimated for two stations (B14 and C21; Figure 5A). Nitrate was the most important N source in the YS with an estimated mean contribution of 45.5 ± 11.4% (Figure 5).




Figure 5 | Percent contribution of (A) N2 fixation, (B) nitrate, (C) Mississippi-Atchafalaya River System ‘‘MARS’’, (D) denitrification, (E) Western Florida shelf ‘‘WFS’’ and (F) Grijalva-Usumacinta System ‘‘GUS’’ for different regions of in the Gulf of Mexico. Black dotted lines represent the isolines of fractional contributions and numbers show the percent contribution. White areas indicate a particular source was not considered important in the region and was therefore not included in isotope mixing models. Source contributions may not sum to 100% in interpolated areas. See Table 4S for source contribution estimates for each station.






Figure 6 | Percent contribution of N sources calculated by varying the isotopic composition of nitrate. (A) Scenario 1: δ15N-NO3 = 4.0 ± 0.3‰ of subsurface waters for the western Atlantic, (B) Scenario 2: δ15N-NO3 = 3.5± 1.1‰ from Howe et al. (2020), (C) Scenario 3: δ15N-NO3 = 1.9± 0.8‰ from Holl et al. (2007). NGMc, Coastal Northern Gulf of Mexico; NGMo, Oceanic Northern Gulf of Mexico; CGM, Central Gulf of Mexico; SGM, Southern Gulf of Mexico, LC, Loop Current region; YS, Yucatan Shelf.



For the SGM, N2 fixation was the most important source, with a mean of 56.6 ± 11.8% (Figures 5A, 6A), in contrast, the contribution of nitrate was about half of fixed N2, with a mean of 25 ± 7.8%. On the other hand, the N associated with the GUS discharge had a contribution of 18.5 ± 5.8% (Figure 5), although the contribution at some stations of the inner shelf was as high as ~ 30%.



Effect of variations in δ15N-NO3 in N source contribution calculations

A difference of 0.5‰ in the δ15N-NO3 values applied for source contribution estimates in scenario 2 (δ15N-NO =3.5 ± 1.1 ‰ corresponding to subsurface nitrate in the northeastern GM) and scenario 1 (δ15N-NO3 = 4.0 ± 0.3 ‰ corresponding to subsurface nitrate in the western Atlantic) was too small to substantially change source contributions. The mean gulf-wide contribution of N2 fixation decreased from 58.1% in scenario 2 to 52.1% in scenario 1, and the mean gulf-wide contribution of subsurface nitrate increased from 25.2% to 31.0%. For the other N sources, the changes were limited to <1% (Figure 6B).

The largest changes in source contributions (up to 22%) were found between scenario 1 and scenario 3 (δ15N-NO3 = 1.9 ± 0.8 ‰ corresponding to subsurface nitrate from the western Gulf) and were greater for the CGM, SGM, YS and LC. Under scenario 3 (Figure 6), the mean gulf-wide contribution of fixed N2 decreased from 58.1 to 42.1%, and the mean gulf-wide contribution of nitrate increased from 25.2 to 40.3%. The regions with the highest decrease in the contribution of N2 fixation were the LC (72.2 to 50.0%), CGM (74.0 to 53.5%), SGM (56.6 to 39.1%), and YS (54.5 to 40.6%). In contrast, the estimated contribution of subsurface nitrate increased for all of these regions but decreased slightly in the NGMc (from 9.1 to 7.0%; Figure 6).




Discussion


Regional patterns in zooplankton isoscapes

We found a broad range of δ15N values for mesozooplankton sampled throughout the GM (0.9 to 11.6‰), which indicates that differences in regional DIN source contributions strongly control the isotopic baseline. In turn, the isotopic composition of DIN reflects the biological, biogeochemical and physical processes that characterize the basin.

The isotopic composition of mesozooplankton showed a strong latitudinal gradient, with the highest δ15N values (8.9 to 11.6‰) at stations of the coastal northern GM. This is the region of influence of MARS, and where the so-called “dead zone” is, where suboxic and anoxic conditions caused by high nutrient inputs and stratification are prevalent (Rabalais et al., 2001; Bianchi et al., 2010). The northern shelf is known for isotopically heavy N inputs, with δ15N-NO3 values of 7.3 ± 0.3‰ (Bryantmason et al., 2013), as well as regional denitrification that leads to enrichment in residual nitrate pools (Heaton, 1986; Ledford et al., 2020). In contrast, the lowest values were found in the central gulf and in the region of influence of the LC (0.9 to 3.6‰), which have well-described oligotrophic conditions (Biggs et al., 1992; Müller-Karger et al., 2015; Pasqueron De Fommervault et al., 2017). These lower nitrogen isotope ratios are consistent with inputs of N2 fixation (see below).

A basin-wide isoscape for the Atlantic Ocean based on a meta-analysis of δ15N values of zooplankton showed a marked regional pattern (McMahon et al., 2013), with low δ15N values (0 to 2‰) in the subtropical western region that has been attributed to N2 fixation by diazotrophic organisms (Montoya et al., 2002; Landrum et al., 2011), compared with higher values (6 to 8‰) for the temperate and Arctic regions, where NO3- is the major source of DIN for phytoplankton. The δ15N values for the central and LC regions in this study are consistent with those reported by McMahon et al. (2013) for the subtropical western Atlantic Ocean. However, very limited data for the GM were included in their isoscape and their interpolation was based on a few stations of the northwestern GM and the Yucatan Channel and Strait of Florida, with δ15N values of zooplankton 5-7‰ and 2-4‰, respectively. Hence, the isoscape did not capture the lower zooplankton and suspended POM isotope ratios reported here for the central and southern gulf. Our results, therefore, complement their basin-wide zooplankton-based isoscape for the Atlantic Ocean by providing higher spatial resolution values for one of its two marginal seas. Similar to what we found, a zooplankton-based isoscape for the subtropical southwestern Atlantic Ocean by Troina et al. (2020) reported a strong latitudinal pattern in δ15N values. They found a north-to-south gradient, with lower δ15N values (2.9 ± 1.0‰) in the more oligotrophic northern region that was attributed to the influence of N fixed by Trichodesmium, compared with higher δ15N values (4.0 ± 1.5‰) in the southern region where there are higher fluxes of subsurface NO3- and inputs from continental runoff. All of these studies highlight the importance of sampling zooplankton at an adequate spatial resolution to capture the isotopic fingerprint of regional biogeochemical processes and source contributions.

In contrast to what was observed for the isotopic composition of nitrogen, in this study, the carbon isotope ratios of zooplankton did not show a clear spatial pattern. The range of values for the GM (-22 to -17‰) is generally consistent with those of marine phytoplankton (-25 to -18‰, Fry and Sherr, 1984). However, at shelf stations close to the discharge of rivers, there was a gradient toward lower values inshore. Carbon isotope ratios in the coastal northern GM (-21.7‰) and the Grijalva-Usumacinta river plumes (-21.3‰) were ca. 1‰ lower than for the deep water region (-20.4‰). This likely reflects the input of C3 terrestrial organic matter (-27 to 30‰) that is typical of freshwater systems and river runoff, as well as low DIC δ13C values due to remineralization of terrestrial organic matter (Druffel et al., 2005; Cai et al., 2015; Sepúlveda-Lozada et al., 2015). Troina et al. (2020) also reported an inshore-offshore gradient, with low δ13C values (ca. 21.8‰) for the shelf-break region compared with offshore stations (ca. -20.5‰), which they attributed to inputs of terrestrial organic matter, riverine water and upwelling of subsurface DIC depleted in 13C. Hence, the δ13C values of zooplankton collected throughout the GM largely reflect phytoplankton production, although limited but detectable inputs of C3 terrestrial carbon or DIC in coastal areas close to river plumes were evident.



Regional source contributions

The Bayesian isotope mixing model indicated that, excluding the coastal northern Gulf of Mexico region, nitrogen fixation was the most important source supporting secondary production during the summer, with an estimated mean regional contribution between 45 and 74 (see also source contributions for each station in Table 4S). The lowest nitrogen isotope ratios were found in the CGM, LC and SGM, with mean values of 1.9 ± 0.5‰, 2.3 ± 0.6‰ and 3.1 ± 0.9‰, respectively. These values led to high estimates of the contribution of fixed N2 (mean 56-74%, Figures 5A, 6A). Low δ15N values have been associated with inputs of fixed N in the tropical and subtropical Atlantic (Montoya et al., 2002; Holl et al., 2007; Landrum et al., 2011; Kürten et al., 2016), as well as in temperate oceans (Loick-Wilde et al., 2019). For example, for the western tropical and subtropical Atlantic Ocean, a contribution of diazotrophs to suspended POM and zooplankton as high as 65% has been estimated for the mixed layer (Landrum et al., 2011), and high rates of nitrogen fixation (150 to 850 μmol N m-2 d-1) have been reported (Capone et al., 2005; Montoya et al., 2007; Table 4). Also, Holl et al. (2007) measured increasing N2 fixation rates (from 47 to 119 μmol N m-2 d-1) along a transect running from the continental shelf to the deep water region in the northwestern GM and used an isotope mixing model to estimate that 60% of the C and N supporting zooplankton production during the summer in the deep water region was from Trichodesmium. Hernández-Sánchez et al. (2022) also reported low δ15N values of copepods (3.7 ± 1.0‰) and mesozooplankton (<1000 μm; 2.8 ± 0.8‰) for the CGM and SGM sampled during 4 cruises held between 2010 and 2016, and estimated a 50-63% contribution of fixed N2 during the summer, consistent with estimates for the same regions based on this study’s more extensive sampling in 2017. Low δ15N values (ca. 1.8 to 2.8‰) of zooplankton have also been reported within the northern GM in anticyclonic eddies and the Loop Current and attributed to the presence of fixed N by Trichodesmium during the summer (Dorado et al., 2012; Wells et al., 2017). Landry and Swalethorp (2022) sampled the northeastern oceanic GM in the region of influence of the Loop Current. They found slightly lower isotope ratios for their small size fraction (0.2-0.5 mm ~3.4‰) compared with the larger fraction (0.5-1.0 mm, with ~4‰). A difference of 0.5‰ corresponds to about a fourth of a trophic level (assuming a TDF of 2‰ for crustacean zooplankton). Importantly, the isotope ratios they report for their small size fractions were higher (δ15N = ca. 3.0‰) than what we report for the GoM’s deep water region’s zooplankton in the 335-1000 µm size range. Given that larger size fractions of zooplankton typically reflect higher trophic levels, the fact that we found lower values is also indicative of the contribution of nitrogen fixation. The authors also calculated that the percentage of carnivores in the two fractions was only about ~15%, which implies that the skew in our isotope data would be minimized due to the presence of carnivores if our samples contain a similar proportion of higher-level consumers. Hence, as has been documented for the oligotrophic Atlantic, fixed nitrogen plays a significant role in supporting secondary production in oligotrophic regions of the GM.


Table 4 | Dinitrogen fixation rates in oligotrophic waters and Gulf of Mexico.



Subsurface NO3- was the second most important N source, with mean contributions between 25-27% in the deep water regions of the Gulf (CGM, LC and SGM). The moderate contribution of nitrate during the summer is likely due to the strong stratification and shallowing of the mixed layer (<30 m), which limits the vertical flux of subsurface NO3- to the euphotic zone (Müller-Karger et al., 2015; Damien et al., 2018). Anticyclonic eddies and the Loop Current show a deepening of the nitracline (Lee-Sánchez et al., 2022), which limits the transport of subsurface nitrate toward the euphotic layer. However, the transport of nitrate toward the euphotic layer occurs in cyclonic eddies, due to a shallowing of the nitracline, resulting in higher NO3- available for assimilation by primary producers (Biggs and Müller-Karger, 1994; Seki et al., 2001). In addition, the semipermanent cyclonic eddy found in the SGM (Pérez-Brunius et al., 2013) should enhance nitrate availability in the upper layer (see Figure 1S).

For the central and southern deep water region of the Gulf, we found positive correlations between the integrated nitrate concentrations and δ15N values of POM, and between δ15N values of POM and those of zooplankton (Figures 4A and 4B). Given that the isotopic composition of POM serves as a proxy for that of phytoplankton in oceanic systems, this indicates that nitrate assimilation by primary producers is propagated to zooplankton. This has been reported for oligotrophic regions in which nitrogen isotope ratios tend to be low due to N2 fixation (Montoya et al., 2002) compared with regions with higher nitrate concentrations and availability, which show higher δ15N values for POM and zooplankton (Lorrain et al., 2015; Kürten et al., 2016). In addition, the strong relationship between surface chl a and the δ15N values of zooplankton suggest that higher nitrate availability is reflected in higher primary producer biomass, at least near the surface (Figures 4C), as well as in zooplankton biomass (Figure 2S).

Over the shelves, various mechanisms can lead to inputs of nitrate. In the southern Bay of Campeche, convergent currents during the peak of the rainy season (July through November), cause cross-shelf transport of river waters that likely leads to increases in [NO3-] near the surface, which is reflected in surface chlorophyll plumes (Martínez-López and Zavala-Hidalgo, 2009). Coastal upwelling in the Tamaulipas-Veracruz shelf in the western GM during the summer and cross-shelf transport in the southwestern Louisiana-Texas (LATEX) shelf during May would increase the transport of subsurface nitrate to the euphotic zone in the western gulf close to the slope (Martínez-López and Zavala-Hidalgo, 2009; Mateos-Jasso et al., 2012; Zavala-Hidalgo et al., 2014). For the Yucatan Shelf, the isotope mixing model indicated that on average 50% of the N was from subsurface nitrate, although values as high as 60% were calculated for some stations. This higher contribution is likely due to the upwelling of water from depths of 200-250 m that occurs in the eastern Yucatan shelf and upper slope due to the interaction of the intense western boundary Yucatan Current with the Yucatan Channel, as well as the westward winds that can contribute to upwelling of water with high NO3- concentrations (8 to 14 μmol; Merino, 1997; Reyes-Mendoza et al., 2016; Jouanno et al., 2018). This regional upwelling produces positive anomalies in surface chl-a concentrations, which has been reported along the inner YS during the summer months due to the transport by the westward current over the shelf (Zavala-Hidalgo et al., 2006). Indeed, higher nitrogen isotope ratios and nitrate contributions can in fact be observed at some of the stations over the shelves and near the shelves of LATEX, the Bay of Campeche and the Yucatan Shelf (Figures 2, 5).

Although nitrate was estimated to have a moderate contribution (~25%) to zooplankton nitrogen in the deep water region of the gulf during the summer, its contribution is higher during the winter. Hernández-Sánchez et al. (2022) reported higher δ15N values (4.3 ± 0.6‰) of copepods sampled during the winter in the CGM and SGM compared to summer (3.7 ± 1.0‰), and estimated a 56 ± 2% contribution of subsurface NO3-, which they attributed to wind-driven mixing of cooler waters and the consequent deepening of the mixed layer. Indeed, a deepening of the mixed layer during the winter has been shown to increase the nitrate supply to the euphotic layer, leading to higher depth-integrated production (Müller-Karger et al., 2015; Damien et al., 2018). Hence, there is a seasonal pattern of the relative contribution of subsurface nitrate to secondary production in the Gulf’s deep waters that are not considered in our synoptic summer survey and that should be examined in greater detail.

The residual N resulting from denitrification was the most important N source in the coastal northern GM, contributing 60% of the nitrogen supporting zooplankton (Figure 6A). Hypoxic conditions have been reported downstream of the flow of MARS during the spring and summer (Rabalais et al., 2001; Rabalais et al., 2002; Bianchi et al., 2010), where high nutrient and organic matter loads lead to phytoplankton blooms and high water column and sediment respiration. Coupled with the strong stratification of the water column during the summer months, it exacerbates the hypoxia close to the bottom along the coast and shelves off Louisiana and Texas (Bianchi et al., 2010; McCarthy et al., 2015). Under these conditions, denitrification leads to remnant NO3- enriched in 15N, since it discriminates against 15N with fractionation values as high as ~30-35‰ (Heaton, 1986; Kritee et al., 2012). A high contribution of enriched N resulting from denitrification was estimated for the NGMc stations, particularly for the innermost stations (E12 and E20), which showed the highest δ15N values of zooplankton measured in this study (11.6 ± 0.1‰) and the highest source contributions (81-85%). Likewise, high δ15N values of zooplankton have been reported for the northern GM shelf (8.9 ± 0.9‰; Macko et al., 1984) and values between 8.2‰ and 9.9‰ have also been reported for phytoplankton and suspended POM in the Mississippi Sound (Chanton and Lewis, 1999; Moncreiff and Sullivan, 2001). Taken together, these measurements indicate that residual N from denitrification is the most important source of N for zooplankton in the coastal stations of the northern GM, particularly in the region of influence of MARS.

Our results indicate that the nitrogen inputs of the Mississippi and Atchafalaya river systems have a moderate contribution (mean 17%) in the northern shelf compared with denitrification, although their discharge is the major source of terrestrial organic matter and nutrient inputs to the GM. MARS contributions were > 15% only in the outer shelf stations of NGMc and inner stations of NGMo (26-34%; Figure 5C), and more limited in the deep water stations of the oceanic northern gulf (5-15%; see Figure 5C).

Relatively high δ15N-NO3 values (~7.0‰) and δ15N suspended POM values (6.5-7.2‰) from MARS have been associated with different N sources, including manure, treated wastewater in the upper Mississippi River and its tributaries and denitrification (Chang et al., 2002; Bryantmason et al., 2013). If NO3- with these higher δ15N values was the main N source supporting the food web in the NGM, the δ15N values of zooplankton would be ~8-9‰ (considering a TDF ~2‰). However, at two of the inner stations of the NGMc (E12 and E20), the δ15N values were 11.6‰, which is almost 3‰ higher than what would be expected if MARS were the sole N source. The low contribution of MARS N to the deep water stations may also reflect the timing of our sampling; discharge is mostly transported toward the LATEX shelf during the autumn, winter and early spring, while eastward transport can occur during the late spring and summer months (Schiller et al., 2011). Offshore transport of low salinity water from MARS due to interactions with mesoscale eddies can occur (Schiller et al., 2011), but this occurs as filaments and it is not a region-wide phenomenon. In addition, the highest discharge of MARS occurs during the spring and early summer, and decreases in the late summer and autumn (Walker et al., 2005), and our zooplankton samples were collected during late summer.

The inputs of the Grijalva-Usumacinta River system only had moderate contributions at the stations closest to the river mouths, accounting for ~30% of zooplankton N. In the coastal southern GM, these rivers are the most important in terms of freshwater inflow and nutrient inputs, and mean δ15N values of suspended POM 4.6 ± 0.5‰ have been reported for their lower reaches (Sepúlveda-Lozada et al., 2015). The maximum discharge from Grijalva-Usumacinta rivers is during the summer (August-October; Muñoz-Salinas and Castillo, 2015), and chl a produced by this discharge may be transported toward the SGM by cross-shelf transport (Martínez-López and Zavala-Hidalgo, 2009). Zavala-García et al. (2016) evaluated the relationship between zooplankton biomass on the shelf and deep water region of the southern Bay of Campeche and discharge from rivers in the states of Veracruz, Tabasco and Campeche during the annual cycle. They found a positive relationship between zooplankton biomass and the river discharge and attributed the high zooplankton biomass to increased productivity due to high river discharge in summer. This is consistent with the contributions estimated with the Bayesian isotope mixing model, which indicated that suspended POM from the Grijalva-Usumacinta River has moderate contributions only at the stations closest to the coast of Campeche.

The gradients in zooplankton stable isotope ratios over the WFS and the results of the regional mixing model indicate that multiple nitrogen sources and processes are involved in supporting secondary production. The N source from WFS rivers had a relatively low N contribution to the northeastern gulf (with an average of ~5% and up to 16% contribution at the northern shelf stations). Zooplankton N isotope ratios showed a latitudinal pattern within the WFS, with higher values at northern stations associated with a higher contribution of heavy N likely resulting from denitrification and intermediate values in the central WFS that were associated with increased contributions of N2 fixation, respectively. Radabaugh et al. (2013) evaluated the isotopic composition of suspended POM, primary producers and fish along a gradient from eutrophic to oligotrophic waters on the WFS, and also reported a latitudinal pattern in δ15N suspended POM values that was reflected at higher trophic levels, with higher values at the northernmost stations (~6-7‰) compared with the southern shelf (~3-5‰). Del Castillo et al. (2001) evaluated river runoff, dissolved and particulate organic matter and chl a concentrations using multispectral fluorescence and satellite sensing in the eastern GM, and found that high chl a was associated with relatively low salinities in the inner WFS. Lower surface chl a concentrations in the central shelf was attributed to the limited influence of river runoff. This is consistent with our results, which suggest the river contribution of N to the WFS was relatively low (8-15%). Del Castillo et al. (2001) also reported high surface chl a concentrations that were transported eastward from MARS toward the outer WFS by LC anticyclonic eddies when the LC presented a high intrusion into the GM, and during the cruise, an anticyclonic eddy was observed close to the shelf of the Northern Eastern GM (Figure 1S) that could transport the runoff with suspended POM with higher isotopic values from MARS and which in our data are reflected in an estimated 15-25% contribution of MARS N.

On the other hand, we estimate a relatively high contribution of fixed N in the central region of the WFS (45-68%) resulting from relatively low δ15N values of zooplankton (2.4 to 4.8‰). N2 fixation rates (1.32 to 8.2 μmol N m-2 d-1) associated with Trichodesmium have been reported for the central region of the western Florida shelf and may be linked to blooms of the toxic dinoflagellate Karenia brevis (Mulholland et al., 2006).



Variation in δ15N-NO3

The estimates of the subsurface nitrate contribution increased with decreasing δ15N-NO3 values. This pattern was more marked in the central and western GM where nitrogen fixation estimates were highest. When using the lowest δ15N-NO3 value reported by Holl et al. (2007) under scenario 3 (1.9 ± 0.8‰), the contribution of N2 fixation decreased in all regions relative to scenario 1 (δ15N-NO3 = 4.0 ± 0.3‰), and its fractional contribution was similar to that of nitrate (ca. 42%; Figure 6C). In the YS region, the major N source changed from N2 fixation to subsurface NO3-. However, using a δ15N-NO3 value of 1.9 ± 0.8‰ is not realistic for the Yucatan Strait and the eastern gulf, since the measurement corresponds to the western gulf and for waters that have been within the gulf for months or years. Although the fractional contribution of nitrate did increase under scenarios 2 (δ15N-NO3 = 3.5 ± 1.1‰) and 3, the contribution of N2 fixation remained substantial for all regions (mean = 37 to 53%), except for NGMc (7%) under scenario 3.



Potential sources of light DIN within the GM

The subsurface nitrate isotope ratios measured to date within the GM decrease westward, indicating the contribution of a relatively light source of DIN. Three possible explanations are not mutually exclusive: (1) the remineralization of organic matter with low nitrogen isotope ratios that reflects the uptake of fixed N by primary producers, (2) the remineralization of nitrate-based organic matter that contributes dissolved inorganic nitrogen depleted in 15N, and (3) the contribution of light N excreted by heterotrophs.

First, remineralization of diazotroph-derived organic matter would contribute light DIN to the subsurface nutrient pool, lowering δ15N-NO3 values. Remineralization has an estimated N isotope discrimination of ~3‰ (Sigman and Fripiat, 2019). Based on the mean δ15N values of suspended POM measured in this study for the gulf’s deep waters (0.3 ± 1.4‰), the remineralization of this organic matter would result in dissolved inorganic nitrogen with an isotopic composition of about -3‰. The contribution of remineralized DIN from diazotroph-derived organic matter hinges on the magnitude of nitrogen fixation within the gulf.

During our study, we did not measure nitrogen fixation rates or the abundance of diazotrophs. However, Trichodesmium has been reported for the western and eastern GM at abundances of 10 to 1 x 104 trichomes L-1 (Holl et al., 2007) and 300 to ~106 trichomes L-1 (Lenes and Heil, 2010) during the summer months. Assuming that a colony of Trichodesmium has 200 trichomes (Carpenter, 1983; Lenes and Heil, 2010), a conservative amount of 2 colonies L-1 for the western GM during the summer and using an average fixation rate of 8.8 nmol N col-1 d-1 reported by Mulholland et al. (2014), we estimate 176 µmol N m-2 d-1 of fixed N for the first 10 m depth in the GM, which is the range of N2 fixation rates for the western Atlantic Ocean (Capone et al., 2005, see Table 4), where relatively low δ15N values of zooplankton have also been documented (Montoya et al., 2002; Lamdrum et al., 2011). Hence, fixation appears to be an important N source supporting secondary production in the deep water region of the GM. We nevertheless recognize that data on Trichodesmium abundance and distribution throughout the GoM are scarce and that additional sampling to quantify the abundance of colonies and in situ measurements of fixation rates would be of great value. Second, the remineralization of organic matter supported by subsurface NO3- would contribute to isotopically light DIN. Given that the euphotic layer behaves as a closed system in stratified oligotrophic waters, the complete assimilation of subsurface nitrate as a single N source with δ15N values of 4.0 ‰ (under scenario 1) or 3.5 ‰ (under scenario 2) would lead to phytoplankton with similar isotope ratios, and herbivorous zooplankton with values of 5.5-6.0‰, which is substantially higher than measured in this study and by Hernández-Sánchez et al. (2022). The values reported here for the central GM and LC regions are at least 3‰ lower, which implies that subsurface nitrate could not have been the sole N source supporting secondary production. Importantly, the highest δ15N values of zooplankton caught in the deep water region of the GM were at stations in which integrated nitrate concentration was highest (Figure 4). This indicates that zooplankton isotope ratios do reflect that of nitrate when it is available.

In addition, the suspended POM measured in the central and southern deep waters of the GM had a range of -1.9 to 3.2‰ (0.2 ± 1.4‰ mean± SD); most values were lower than 1‰ (Figure 4). These low δ15N suspended POM values cannot be explained solely by the remineralization of organic matter supported by subsurface NO3-. DIN produced in the euphotic zone by the remineralization of phytoplankton supported solely by subsurface nitrate would have an isotope ratio of about 0.5-1‰. An additional source of low δ15N, such as N2 fixation is required (-2 to 0‰; Carpenter et al., 1997). Given the high level of stratification that characterizes the gulf’s deep waters during the summer, and the low δ15N values of zooplankton and suspended POM, the contributions of subsurface nitrate are likely limited.

Third, heterotroph excretion could contribute to the low values of suspended POM. Checkley Jr. and Miller (1989) reported a discrimination factor of 3‰ between zooplankton bodies and excreted ammonium and found this to be consistent across the eutrophic sub-boreal to oligotrophic subtropical regions. The lowest mean δ15N values of zooplankton we sampled were for the CGM (1.9‰). Assuming a discrimination factor of 3‰, the δ15N value of excreted ammonium would be -1.1‰. Applying the Bayesian mixing model including excreted ammonium as an additional source (-1.1‰) under scenario 1 for the deepwater regions of the GM, the excreted ammonium could contribute ~45% of the N, while N2 fixation would decrease to 23-27% (a 60% decrease), and the contribution of NO3- would remain similar (Table 4S).



Nitrate vs. fixed N supporting upper water column production in the deep waters of the GM

While we do not discount subsurface nitrate inputs to the euphotic layer of the deep water region of the GM, zooplankton δ15N values in our study suggest that nitrate cannot be the sole N source supporting primary and secondary production, contrary to what has been suggested by Knapp et al. (2021) and Kelly et al. (2021) for the northeastern gulf in the region of influence of the Loop Current. Knapp et al. (2021) used sediment traps drifting below the euphotic layer in the north-central GM for 2-4 days during late spring to sample sinking particles, and measured their isotopic composition as well as that of subsurface nitrate. They used a box model approach and an δ15N budget to evaluate the relative importance of N2 fixation and subsurface NO3- to export production. They specifically targeted the region of influence of the LC, an area well-known for providing suitable habitat for several species of tuna (Thunnus spp.) larvae. Highest larval densities are often found at the edges of the LC or in frontal zones where eddies converge, leading to shear and upwelling (Lindo-Atichati et al., 2012; Rooker et al., 2012; Cornic et al., 2018). High zooplankton biomass has also been reported for the region (Wormuth et al., 2000; Biggs and Ressler, 2001).

Knapp et al. (2021) reported δ15N values in suspended POM of 1.0 to 2.5‰ for the upper 100 m (excluding their station C5, which was influenced by coastal inputs) which were higher compared to our average of 0.2‰; these values were similar or higher than those of δ15N-NO3 measured in their water samples collected below the euphotic layer in their offshore traps. They attributed their δ15N suspended POM values to nitrate-based production (subsurface NO3- had values between 2.0 to 3.8‰), remineralization of DON and zooplankton excretion. For one trap, however, they reported δ15N-POM-sink values that were lower than δ15N-NO3 values and estimated fixation rates of 90 ± 40 μmol m-2 d-1, which represented a contribution of only 10-18% of the exported N. Hence, they concluded that subsurface NO3- was the dominant N source supporting exported production in the GM. Although they estimated the contribution of N2 fixation indirectly based on δ15N-NO3 and δ15N values of POM-sink and considered it negligible in most cases, they did not measure in situ fixation rates.

A complementary study by Kelly et al. (2021) used data from the same sediment traps to develop a C and N budget using a biogeochemical model, remote-sensing observations and in situ measurements of Trichodesmium abundance to estimate fixation rates, lateral N transport and the contribution of upwelled NO3- to POM exported out of the euphotic layer. They attributed the low N2 fixation rates (<0.4-2.8 μmol N m-2 d-1) to a low abundance of Trichodesmium (range 0-19 trichomes L-1; Selph et al., 2022). In addition, they estimated that between 90-100% of the exported particulate N was supported by lateral transport of organic matter based on nitrate, and concluded that N2 fixation and subsurface NO3- fluxes do not play an important role. While lateral transport of subsurface nitrate is likely important in the context of Loop Current eddies that transport large volumes of water into the Gulf, our data indicate that it is not the only source of nitrogen throughout the extensive deep water region of the GoM. Strong stratification during the summer, when we sampled, also limits the availability of nitrate in the euphotic layer. In addition, their fixation rates were lower than estimates for the northwestern GM (49 to 119 μmol N m-2 d-1; Holl et al., 2007) and close to estimates for the Loop Current (<20 μmol N m-2 d-1; Knapp et al., 2021).

The large differences in the contribution of fixed nitrogen between the studies of Knapp et al. (2021) and Kelly et al. (2021) and this study are likely attributed to differences in methodological approaches, sampling season and spatial coverage. Their studies estimated the flux and isotopic composition of POM that sank from the euphotic zone, while we inferred nitrogen sources based on zooplankton isotope ratios that integrated that of phytoplankton and microzooplankton prey. The organic matter that sinks tends to have higher δ15N values than suspended POM because remineralization favors the discrimination against 15N (Sigman and Fripiat, 2019). Additionally, Fawcett et al. (2014) reported that in the Sargasso Sea region, small eukaryotic phytoplankton (<35 μm) show higher δ15N values than the prokaryotic phytoplankton (Prochlorococcus and Synechococcus), as they strongly rely on nitrate as a source of N while prokaryotes likely rely on recycled N (Fawcett et al., 2011). These authors also suggested that eukaryotic phytoplankton significantly contributes to new production and carbon export in this oligotrophic region, thus Knapp et al. (2021) sediment trap data may be reflecting a higher contribution of eukaryotes to sinking particles. This evidence suggests the N2 fixation contribution is potentially underestimated based on measurements of sinking POM alone.

In addition, Knapp et al. (2021) and Kelly et al. (2021) sampled during late spring (April and May) and reported very low Trichodesmium abundance (< trichomes L-1). Much higher Trichodesmium abundances (mean ± SD of 360 ± 157 trichomes L-1) were reported by Holl et al. (2007) for the summer, and they estimated an average fixation rate of 85 ± 17 μmol N m-2 d-1 with up to 119 μmol N m-2 d-1 at the most oceanic station. According to the authors, these estimates accounted for 60% of secondary production. Direct fixation rate measurements for the GM reported by Holl et al. (2007) are consistent with those reporteds by Jickells et al. (2017) based on a global biogeochemical model, ranging 82-137 μmol N m-2 d-1 through most of the central and southern gulf and up to 274 μmol N m-2 d-1 toward the north. Furthermore, much higher abundances of Trichodesmium have been reported for the WFS for both the summer (~106 trichomes L-1) and winter (~103 trichomes L-1) (Lenes and Heil, 2010). For the WFS, Mulholland et al. (2014) reported very high N2 fixation rates for Trichodesmium compared to those reported by Knapp et al. (2021) based on the sinking particulate N export in their 60 m traps (0.59-1.53 mmol N m-2 d-1). By considering an average fixation value per colony of 8.8 nmol N d-1, an average abundance of 20 colonies L-1 during summer (June to September) and a 20 m integration depth (Mulholland et al., 2014), an integrated N2 fixation value of 3.5 mmol m-2 d-1 is obtained. Mulholland et al. (2014) also reported an average fixation for other planktonic diazotrophs of 6 nmol L-1 d-1, which integrated to 20 m results in 120 μmol N m-2 d-1. While direct N2 fixation measurements are clearly needed for the central and southern GM, fixation rates previously reported for the summer months strongly suggest that this process is an important source of new N, likely representing a significant source of N for primary and secondary producers.




Conclusions

Based on the Bayesian isotope mixing model, regional sources strongly control the isotopic baseline and therefore mesozooplankton isotope nitrogen values during the summer in the GM. The Bayesian mixing model showed that N2 fixation supported up to 68% of the mesozooplankton production in the upper euphotic layer (~50 m) in the deep water region of GM where the nitrate is limited due to the high stratification during the summer. Also, the isotopic composition of zooplankton suggests that there is some feeding in the lower euphotic layer, where nitrate is more available, which is consistent with the vertical migration of some zooplankton taxa. Nitrogen sources from river runoff were limited to shelf stations. This was particularly notable in the case of the Mississippi-Atchafalaya Rivers, where residual N resulting from denitrification also provides an important source of nitrogen along the shelf. If the runoff from Mississippi-Atchafalaya Rivers and the residual N form denitrification are taken together as representative of the contribution of MARS, the contribution rises up to 50% to the secondary production for the NGMc and NGMo. This study provides the first gulf-wide assessment of nitrogen source contributions to secondary production that includes the open waters of the GM as well as coastal regions, and which may serve as baseline against which to assess the impact of anthropogenic disturbances such as changes in nutrient inputs and increased stratification due to global warming.
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Oil extraction and transport activities in the Gulf of Mexico (GoM), along with major marine oil spills and riverine inputs, are exerting environmental pressure on this system by increasing the concentration of oil-related pollutants such as polycyclic aromatic hydrocarbons (PAHs). To fully identify these changes related to oil activities, current PAH levels should be established. Here, we present the PAH concentration and the low molecular weight/high molecular weight (LMW/HMW) ratios obtained in the Perdido Fold Belt area in surface and bottom water at four cruises from May 2016 to September 2017. The Perdido 1 (P1) cruise was conducted in May 2016, the Perdido 2 (P2) cruise in September–October 2016, the Perdido 3 (P3) cruise in June 2017, and the Perdido 4 (P4) cruise in September 2017. Samples were taken during each cruise at up to 3,500-m depth, the deepest ever recorded for the GoM. Results show that the highest concentrations of PAH, LMW PAHs, and HMW PAHs were found in the P4 cruise (1.15, 1.05, and 0.10 µg/L, respectively), well below the 300 µg/L guideline for acute exposure. LMW/HMW ratios show that only the P1 cruise indicates pyrogenic hydrocarbons, while P2, P3, and P4 were petrogenic. The spatial distribution of total PAH, LMW, and HMW showed higher values in the southern and northeastern areas, except for P4, which showed high values related to riverine inputs. The complex hydrodynamic in the region was found to have a significant effect on PAH seasonal changes, river contributions, eddy circulation, and fronts to promote their dispersion.
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Introduction

The Gulf of Mexico (GoM) is one of the largest marine ecosystems in the world (Yáñez-Arancibia and Day 2004a; Toledo Ocampo, 2005), supporting important ecosystems as well as economic activities such as tourism, fisheries, and the extraction of hydrocarbons. Specifically, in the Western GoM, the Perdido Fold Belt (PFB) is located in the deep waters of the exclusive economic zones of the USA and Mexico, which has the structural capacity to contain oil and gas reservoirs (Patiño Ruiz et al., 2003). Population increase creates further stress on the environment, particularly on the coast of the Gulf of Mexico. The two closest Mexican states to our study zone are Tamaulipas, with a population in 2020 of 3,527,735 inhabitants, and Veracruz, with a 2020 population of 8,062,579 inhabitants (Instituto Nacional de Estadistica e Informatica [INEGI], 2020).

The presence of oil in the southern GoM is common since there are natural oil seeps (locally known in Mexico as “chapopoteras”), mainly located in the southwestern part of the GoM, where also lies the main Mexican oil extraction industry (Miranda et al., 2004; Murawski et al., 2018). Mitchel et al. (1999); National Research Council Committee on Oil int the Sea (2003), and MacDonald et al. (2015) mentioned that the natural oil input to the GoM ranges between 250,000 and 1.4 million barrels per year. Also, large-scale exploration, transport (Wankhede, 2019), and refining of hydrocarbons are present in its coasts and deep waters (Yáñez-Arancibia and Day 2004a and Yáñez-Arancibia and Day 2004b), since the Burgos basin is the main oil province producing non-associated gas in Mexico (PEMEX, 2013). In addition, extractive activities, transport activities, and also pollutant input by rivers significantly contribute to hydrocarbon concentrations in the GoM (Gracia et al., 2014; Gracia et al., 2016a; Gracia et al., 2016b). Also, two of the main marine oil spills have occurred in the GoM: Ixtoc 1 in 1979–1980 and the Deepwater Horizon in 2010 (Gracia et al., 2016a). Interest in oil pollution in the GoM increased after the Deepwater Horizon accident in 2010, leading to the creation of the Gulf of Mexico Research Initiative (GoMRI), which channeled $300 million to research the spill. The Mexican federal government also funded three series of oceanographic cruises, covering all the GoM once per year in 2010, 2011, and 2012.

Extraction activities exert significant pressure on marine and coastal areas in addition to being a source of different pollutants, whose impact on the natural environment (Salcedo et al., 2017; Soto et al., 2017) is evidenced by the decline of coastal and marine water quality (Botello et al., 2015). Specifically, regarding crude oil, the most toxic compounds that constitute it are the polycyclic aromatic hydrocarbons (PAHs), which are present in 3% to 7% of the crude oil, but they are recognized as carcinogenic and toxic to the environment (ATSDR (Agency for Toxic Substances and Disease Registry), 2005). These PAHs, once released to the water column, could be transported (dispersed or accumulated); in the area, there is a tendency to dispersion related to a constant and rapid forcing of surface water and eddy circulation (Luo et al., 2016; Enríquez et al., 2017; Meza-Padilla et al., 2019). Therefore, transportation to and from the coastal zone is expected, but there is also the presence of eddies and fronts caused by vertical mixing, seasonal changes, and river input. Therefore, the present research aimed to determine the presence and space and time changes of dissolved/dispersed PAHs in the Perdido Fold Belt area in two consecutive years and seasons to evaluate the current pollution status and the processes related to it. In particular, concentrations of dissolved/dispersed PAHs are reported for the first time in the deep areas (over 1,000-m depth) of the GoM.



Materials and methods

The PFB area occupies approximately 27,230 km2 in the Western GoM. It is located within the Deep Gulf of Mexico Oil Province (PEMEX, 2013; CNH, 2015) and is home to numerous active systems that produce oil and gas emissions (CNH, 2015).

Water samples were collected in four oceanographic cruises: Perdido 1 (P1), Perdido 2 (P2), Perdido 3 (P3), and Perdido 4 (P4), onboard the B/O Justo Sierra along the Western Gulf of Mexico. Water samples at the surface (5 m) and the bottom were collected at 27 sampling stations during cruise P1 in May 2016, P2 September–October 2016, P3 in June 2017, and P4 in September 2017 (Table 1). Cruises in May or June are considered to be in the dry season, and those in September or October are considered to be in the rainy season.


Table 1 | Sampling stations for all four cruises.



Water samples from the surface (between 1 and 10 m) and bottom (see Figure 1 for depth reference) were collected in 2-L glass bottles previously cleaned with gas chromatography (GC)-grade hexane (Omnisolv, Sigma-Aldrich Corp., St. Louis, MO, USA), extracted on board (see Herzka et al., 2017 for complete methods), and the extracts were taken to the Marine Geochemistry laboratory (Cinvestav, Merida) for further analysis following the method of Zhendi et al. (1994) (for full methods, please refer to Herguera et al., 2017). Briefly, extracts were separated into fractions in an activated silica gel column. The aromatic fraction was eluted with a 50/50 (vol/vol) mixture of GC-grade dichloromethane and hexane (Omnisolv). Analysis was performed in a Perkin Elmer Clarus 500 GC–mass spectrometry (GC-MS) in selected ion monitoring (SIM) mode. Helium was used as a carrier (1.0 ml/min), injector temperature was 290°C with an initial ramp of 25°C to 160°C and a second ramp of 8°C/min to 290°C with a final time of 15 min. A DB% (30 m × 0.25 mm ID, 0.25 µm film) was used. The PAH standards were from Ultra Scientific (North Kingstown, RI, USA). Internal and surrogate standards (terphenyl-d14, acenaphthene-d10, phenanthrene-d10, chrysene-d12, perylene-d12, and pyrene-d10) as well as external standards were obtained from Ultra Scientific. The limits of detection were between 0.003 and 0.0027 µg/L for individual compounds. Recoveries of surrogate compounds were between 60% and 120%.




Figure 1 | Map of the study zone showing the sampling stations (black dots) and isobaths.



Distribution maps were performed with “Ocean Data View” version 5.3 (Schlitzer, 2020). Effect sizes were calculated using the package “sjstats” version 0.18.0 (Lüdecke, 2020) in R version 4.0.2 (R Core Team, 2020).



Results and discussion

The highest mean PAH, LMW PAH, and HMW PAH concentrations were found in the Perdido 4 cruise, whereas the lowest mean concentrations for the three fractions were found in the second cruise (Table 2). The highest concentrations of PAH, LMW PAHs, and HMW PAHs were found in the Perdido 4 cruise (1.15, 1.05, and 0.10 µg/L, respectively). The lowest concentrations of PAH, LMW, and HMW were below the detection limit on cruises Perdido 2 to Perdido 4.


Table 2 | Mean total PAH, low molecular weight (LMW), and high molecular weight (HMW) PAH concentrations (in µg/L) ( ± standard error of the mean) of each cruise.



To test for the effect sizes of the two categorical variables (“cruise” and “depth”), F-tests produced low values (lower than 1) for the factor “depth” and the interaction term in a two-way ANOVA, suggesting that temporal differences were more important than depth differences, and thus the focus here is on the F-tests for factor “cruise” only. The ω2 effect size was chosen because ω2 effect sizes indicate the proportion of variance explained by the independent variables and is a less biased effect size measure than η2 (Nakagawa and Cuthill, 2007; Lakens, 2013; Calin-Jageman and Cumming, 2019). Percent variance explained by the factor “cruise” for PAH, LMW PAHs, and HMW PAHs is low in all cases, with 22% for HMW being the highest (Table 3). The 95% confidence interval is also higher for the HMW PAH fraction, which indicates a higher dispersion of values. The 95% confidence interval for ω2 does not include zero for any of the three fractions, which means a “significant” difference in the usual hypothesis testing framework.


Table 3 | F-test, effect size (ω2), minimum, maximum, and 95% confidence interval for the “cruise” factor in a two-way ANOVA for the three PAH fractions.



Based on differences in their physical characteristics and environmental behavior, some PAH indices could suggest their origin. One such index is the ratio of low-molecular-weight (LMW PAHs with 2 or 3 benzene rings) to high-molecular-weight compounds (HMW, four or more benzene rings). A ratio higher than 1 indicates a petrogenic origin (PAH originates from petroleum), and a ratio lower than 1 indicates a pyrogenic origin (from incomplete combustion of organic matter) (Soclo et al., 2000; Magi et al., 2002; Freitas da Silva et al., 2007). LMW/HMW ratios were below 1 for the P1 cruise (Table 4), and the ratio was higher than 1 for the other three cruises, indicating that these compounds are from petroleum inputs.


Table 4 | LMW/HMW ratios for all four Perdido cruises.



Percent variance explained by the factor “cruise” for the LMW/HMW ratio, as indicated by ω2, is low at 8% (Table 5). The 95% confidence interval for ω2 does not include zero for any of the three fractions, which means a “significant” difference in the usual hypothesis testing framework.


Table 5 | F-test, effect size (ω2), minimum, maximum, and 95% confidence interval for the “cruise” factor in a one-way ANOVA for the LMW/HMW ratio.



The spatial distribution of total PAH, LMW, and HMW (Figure 2) shows a consistent spatial trend for the surface and bottom samples, with higher values in the southern and northeastern parts of the study zone, except for the P4 cruise, which shows high values in front of the Mexican Laguna Madre. There is no obvious oceanographic feature to explain this (Figure 3), although Luo et al. (2016); Enríquez et al. (2017); Meza-Padilla et al. (2019), and Arcega-Cabrera et al. (2021) mentioned that the transport to and from the coastal zone is expected to be related to river input, vertical mixing, and seasonal changes. There is a secondary maximum for the P1 cruise across the Mexican Laguna Madre for total and low-molecular-weight PAH, which coincides with lower salinity values (Figure 3), suggesting a terrestrial input. This agrees with the mean LMW/HMW ratio for this cruise (0.313, Table 3), which indicates a pyrogenic origin for PAH in this cruise. This same pattern was shown by Arcega-Cabrera and Dótor-Almazán (2021), using the fluoranthene/fluoranthene+pyrene index, finding that for surface and near the bottom water, PAHs from oil source (petrogenic) and from wood, plants, and mineral carbon (pyrogenic) were corroborated, agreeing with our results.




Figure 2 | Spatial distribution of total polycyclic aromatic hydrocarbons (PAHs), LMW (low molecular weight), and HMW (high molecular weight) for the Perdido 1, 2, 3, and 4 cruises. First = surface sample (ca. 1–10 m); Last = bottom sample (please refer to Figure 1 for approximated depth).






Figure 3 | Spatial temperature and salinity variations for the Perdido 1, 2, 3, and 4 cruises. First = surface sample (ca. 1–10 m); Last = bottom sample (please refer to Figure 1 for approximated depth).



The dissolved/dispersed PAH concentrations obtained in this study are higher than those reported by Botello et al. (2015) for the coast of Tamaulipas on two cruises made in 2010 and 2011, right after the Deepwater Horizon spill. Botello et al. (2015) reported that all water samples they collected had total PAH concentrations below their detection limit (around 0.03 µg/L), while in this study, they were in an approximate range from undetected to 1.15 µg/L. For the Northern Gulf of Mexico, Wade et al. (2016) analyzed the results of more than 20,000 water samples collected before and after the Macondo well spill. They reported that 84% of the samples analyzed had results lower than 1 µg/L and consider this to be the “natural” or “background” concentration for the Gulf of Mexico. Wade et al. (2016) also reported that 79% of the samples analyzed had concentrations of less than 0.056 µg/L, while in this study, they were in an approximate range from undetected to 1.15 µg/L. To assess possible risk to marine organisms, the concentrations found in this study for total, LMW, and HMW PAHs were compared to the guidelines suggested in the Screening Quick Reference Tables (Buchman, 2008). Only the acute exposure level is reported for marine waters, and it is the same for all three fractions, 300 µg/L. This value is higher than the maximum concentrations reported here, and thus, the risk to aquatic organisms is very low.

Differences for the previous and actual concentrations of hydrocarbons, and in particular PAH, can be caused by several factors, from differences in analytical methods (although analytical quality controls assure the quality of results diminishing the significance of this factor) or sampling times up to real regional differences for the concentrations of these compounds. Hydrocarbon analyses in any of its fractions in the GoM are complicated by the presence of many natural seeps, known in Mexico as “chapopoteras”. MacDonald et al. (2015) reported the presence of 914 natural seeps in the Gulf of Mexico, which in total discharge to the surface 2.5 to 9.4 × 104 m3 year−1, while they calculated that the Macondo spill in 2010 discharged 22.6 × 103 m3 to the surface. The high input of hydrocarbons from natural sources to the Gulf of Mexico produces a high background concentration, which makes it more difficult to assess human impacts.

Also, in the Perdido Fold Belt area, there are contributions of agricultural and industrial activities, as well as wastewater inputs through local river systems (Arcega-Cabrera et al., 2021), and according to Reilly et al. (1991); Le Blanc (1994), and Murawski et al. (2020), there are significant hydrocarbon and metal inputs from the discharge of 140 × 10 6 m3 of production wastewater from approximately 3,000 platforms in the GoM. Also, Vidal-Martinez (2021) showed that some of the sampled fish in the area had a medium-to-high metabolite concentration related to exposure and probable damage from PAH that could be stressful for the organisms.

In addition to this, an intriguing possibility is that spatial and temporal differences observed in hydrocarbons and other pollutant concentrations in the Western Gulf of Mexico may be due, at least in part, to east-to-west transport by eddies that promote a rapid and constant forcing of surface water (Luo et al., 2016; Enríquez et al., 2017 and Meza-Padilla et al., 2019; Guerrero et al., 2020). Therefore, transport to and from the coastal zone is common in this area caused by the vertical mixing and seasonal changes in contributions from river discharges as reported by Arcega-Cabrera et al. (2021) for metals. In addition, a continental water influence, including contributions from the continental shelf and southern part of the GoM, has also been reported by Enríquez et al. (2017) and Meza-Padilla et al. (2019).

Transport in the deep gulf by eddies has been inferred from modeling studies and observational campaigns (Morey et al., 2020). During the time of the Perdido cruises, there were two active eddies in the Western Gulf of Mexico, the Olympus (active from June 2015 to June 2016) and Poseidon (active from April 2016 to April 2017) eddies (Woods Hole Group, 2020).

All of the abovementioned factors could be promoting the PAH observed seasonal changes, causing dispersion of the PAH by being forced from river contributions and also eddy circulation and fronts.



Conclusions

PAH concentration showed significant differences between cruises (seasons), and some of the samples showed a higher concentration than the ones previously reported. These seasonal changes could be related to the presence of natural seeps, riverine input, and oil extraction and transport activities. Therefore, these factors could be promoting changes in the system that could turn out to be stressful for the system at the GoM.

The source of polycyclic aromatic hydrocarbons was mainly petrogenic with exception of the first cruise, suggesting that inputs are mainly from the oil industry in the area, although riverine input is also present and varies according to hydrological season.

The complex hydrodynamic and diverse sources inputs in the Perdido area are directing the seasonal changes of PAH. Transport from and to the coast, eddies, and fronts are working together to disperse the PAH from riverine input and oil extraction and transport activities.

The results of this research constitute an invaluable reference for PAH behavior at the GoM given the spatial, time, and economic effort made with the extensive sampling; this allows us to achieve a set of robust data, although further research should be performed to better understand the processes affecting the concentration and transport of hydrocarbons in the complex and environmentally relevant system of the GoM.
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Larval genetic information influences populations’ genetic pools, causing genetic homogenization or structuration. So, knowing about adult and larval genetic information is essential to understand processes such as connectivity. The aims are to evaluate Twospot flounder (Bothus robinsi, a fish with a high dispersal potential) larval pools’ genetic diversity, test if the larvae tend to mix or display collective dispersal, compare genetic information between larvae and adults and evaluate its connectivity. We used ddRADSEQ to genotype 1,034 single nucleotide polymorphic sites from B. robinsi larvae sampled in waters from the Bay of Campeche and the eastern Gulf of Mexico (GOM) and adults sampled on Florida’s continental shelf. Larvae were identified morphologically and by DNA barcoding. We estimated Fst-paired comparations, Principal Components Analysis (PCA), Discriminant Analyses of Principal Components (DAPC), and a Structure analysis to understand genetic trends. With the software COLONY, we made a sibship evaluation. We observed no significant heterogeneity among regions (Fst p-values>0.05). PCA, DAPC, and the Structure Analysis showed one genetic cluster, indicating genetic homogeneity. We did not detect full-sibs or half-sibs. We linked the results with the high dispersal potential of B. robinsi due to a long pelagic larval duration and the potential of ocean dynamics to transport and mix larvae from all GOM shelf areas. These findings suggest that the dispersal potential of B. robinsi is large enough to produce genetic connectivity in all GOM subpopulations and that time spent by its larvae in dispersal pathways is enough to mix larvae from different GOM subpopulations, indicating a panmictic population.




Keywords: larval dispersal, collective dispersal, flatfish, bothidae, XIXIMI, GOMECC, larval pool, genetic homogeneity



1 Introduction

Demographic connectivity links local populations via the dispersal of individuals in their larval, juvenile, or adult phases (Cowen and Sponaugle, 2009; Kendrick et al., 2017). In marine fish, the spatial scale of larval dispersal is generally orders of magnitude larger than in the juvenile or adult phases. Thus the transport of larvae via ocean currents is the main driver of the biological connectivity of many marine fishes (Green et al., 2015). Most studies of genetic connectivity in fish focus on sampling adult individuals, typically representing multiple cohorts and generations of larval and adult dispersal and after the effects of survival during settlement and growth, integrating all these processes into a snapshot of genetic structure and connectivity (Hedgecock et al., 2007; Gagnaire, 2020). Population genetic studies of larvae in transit are relatively rare. Still, they can shed light on an important yet complex stage in the life history of marine fish that eventually influences the population’s genetic process (Ottmann et al., 2016; Shima and Swearer, 2016; Riquet et al., 2017). Three distinct, non-mutually exclusive processes are in play to define the role of a site within a fish metapopulation, including the export of individuals towards other sites, the import of individuals from other regions, and the amount of self-recruitment (individuals that remain at their natal site at the end of their larval stage). The balance of these processes defines a site as a net source (export of individuals exceeds imports) or net sink (import of individuals exceeds exports), while the levels of exchange of individuals with other sites define if a population is considered open (high exchange) or closed (little or zero exchange) (Cowen and Sponaugle, 2009).

The availability of genetic information from larval pools is logistically challenging. The composition and fate of the larval pool itself depend on different physical and biological factors in the environment (Pineda et al., 2007; Otwoma et al., 2018). The environmental unpredictability is thought to cause a large proportion of larvae to die or eventually fail to settle and survive, with only a small subset of larvae surviving and eventually reproducing as adults (Shima and Swearer, 2016). This phenomenon is dubbed sweepstakes reproductive success and effectively reduces the effective population size and enhances genetic drift and the differences in allele frequencies among subpopulations (Ottmann et al., 2016). However, some studies have contradicted the sweepstakes hypothesis by showing genetic homogeneity among multiple larval events (Domingues et al., 2011).

The mixing process in the dispersal stage is essential for larval pools to maintain high genetic diversity (Yearsley et al., 2013). However, it has been reported that in some species, larvae can avoid the mixing process and display a collective dispersal. This implies that the movement of larvae is not entirely independent of one another (Yearsley et al., 2013). In the scenario of collective dispersal, larvae of the same spawning event tend to travel together, either driven by larval behavior or physical oceanographic processes. Collective dispersal allows relatives to stick together during the dispersal phase, increasing measures of endogamy in larval pools (Riquet et al., 2017).

The Twospot flounder (Bothus robinsi) is a small fish (max. length 30-40 cm) that inhabits the continental and insular shelf between depths of 0-100 m. In the Gulf of Mexico (GOM), B. robinsi is found from Florida to the Quintana Roo continental shelf (Munroe, 2003; Evseenko, 2008; McEachran, 2009; Blanqueto-Manzanero and Vega-Cendejas, 2018)1.

Due to its small size, this flounder does not have a targeted commercial fishery. However, it has ecological significance because it contributes to the nutrient flux, acting as predator and prey (in all their developmental stages). They feed on small fishes, crustaceans such as crabs, shrimps, amphipods, polychaetes, among others organism. Bothus robinsi eggs and larvae are consumed by jellyfish, ctenophores, worms, shrimps, and fish during their time in the plankton. Young flounders are preyed by crabs, shrimps, and many predatory fishes (cod, sculpin, and moray eels, among other fishes) (Wakida-Kusunoki et al., 2013)2,3. Furthermore, B. robinsi larvae have the potential to be a connectivity bioindicator because of their high abundance and distribution in neritic and oceanic waters and their occurrence in all seasons (Houde et al., 1979; Sanvicente-Añorve et al., 2000; Flores-Coto et al., 2009).

Its principal dispersal strategy depends on the presence of pelagic eggs and larvae. Bothus robinsi has a high dispersal potential due to its capability of spawning throughout the year and its long pelagic larval duration (PLD) (Houde et al., 1979; Evseenko, 2008). Like other flounders, species from the Bothus genus can extend their larval developmental stage. A study of B. podas indicates that its larvae could settle after three months, depending on the environmental characteristics (Morato et al., 2007). For B. robinsi, there is a record suggesting the possibility for PLD as long as 5-12 months (Evseenko, 2008). Flatfishes from the Order Pleuronectiformes are characterized by long PLD, for example, 70 days for the Bay whiff (Citharichthys spilopterus; Gunther, 1862) (Joyeux et al., 1995), and 4-7 months for the Atlantic halibut (Hippoglossus hippoglossus; Linnaeus, 1758) (Sadorus et al., 2021).

Bothus robinsi dispersal potential does not end after finishing their larval stage. Their juvenile stage can live sometime in the pelagic environment until settlement because they use the reserve of nutrients in their massive liver to avoid starvation. In addition, they keep a transparent and slightly visible coloration that allows them to blend in the pelagic environment and avoid predators, increasing their probability of survival and settling (Evseenko, 2008). Bothus robinsi dispersal capabilities translate into a high potential for population connectivity in the GOM.

The GOM is a semi-closed sea with a 1.6 million km2 area. This gulf is a dynamic system due to the presence of heterogeneous currents that fragment the pelagic environment into provinces characterized by some degree of isolation (Figure 1) (Miron et al., 2017). The provinces were determined using lagrangian analysis based on the dynamical system that is governed by the motion of fluid particles, which are described by satellite-tracked drifters on the ocean surface (Miron et al., 2017). Starting the analysis, the tracers spend more time moving and eventually temporarily accumulating in regions within them than dispersing across their boundaries (Figure 1). These retention effects, which constrain connectivity between distant places in the GOM and keep planktonic organisms inside the provinces, are the result of oceanic dynamic systems such as cyclonic and anticyclonic eddies, and circulation (Figures 1, 2) (Díaz-Flores et al., 2017; Miron et al., 2017).




Figure 1 | Scheme of oceanographic provinces in the Gulf of Mexico based on Miron et al. (2017).






Figure 2 | Map of the Gulf of Mexico showing the surface circulation (0-200 m) in spring, summer, autumn, and winter seasons, based on; Zavala-Hidalgo et al. (2003); Hamilton et al. (2018); Lara-Hernández et al. (2019); Turner and Rabalais (2019); Romero-Centeno et al. (2021).



The principal oceanographic feature in the GOM is the Loop Current and its related eddies. This current enters into the GOM through the Yucatan Channel, turns anticyclonically to the east, and leaves the GOM through the Straits of Florida (Figure 2) (Díaz-Flores et al., 2017; Lara-Hernández et al., 2019). Anticyclonic eddies can shred any month of the year from the main Loop Current as a result of multiple seasonal and stochastic processes. These eddies drift toward the west or northwest (Figure 2) until their arrival on the continental shelf between the north of Veracruz and the south of Texas, after 2-4 months, and dissipate (Muller-Karger et al., 2015; Díaz-Flores et al., 2017; Romero-Centeno et al., 2021). These large anticyclonic eddies (200-300 km) interact with the continental shelf, enhancing coastal upwelling throughout the region. The interaction of cyclonic and anticyclonic eddies allows the transport of water and particles among different provinces (Muller-Karger et al., 2015; Lara-Hernández et al., 2019; Romero-Centeno et al., 2021).

Although there is an overall anticyclonic circulation in the GOM, there are zones with cyclonic circulation, including the continental shelf between Texas and Louisiana, the shelf off western Florida and the cyclonic eddy in the Bay of Campeche (Figure 2). Over the western continental platform (i.e.,Tamaulipas and Veracruz), seasonal winds drive the direction of the currents northward during May-August and southward or south-eastward during September-March (Figure 2) (Lara-Hernández et al., 2019; Romero-Centeno et al., 2021).

Several studies in the GOM have modeled Langranian trajectories of particles (virtual larvae of propagules) driven by ocean currents using the Hybrid Coordinate Ocean Model (HYCOM) (Johnson et al., 2013; Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019). Typically, passive particles are tracked during a period based on the species’ PLD to estimate the number of particles that settle in distinct regions and the patterns of potential connectivity (Johnson et al., 2013; Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019). According, to simulations of larval transport (Johnson et al., 2013; Salas-Monreal et al., 2018; Lara-Hernández et al., 2019), the PLD influences the probability of larvae escaping their natal oceanographic province. The Campeche province is inside the Bay of Campeche, a southern bight surrounded on three sides by the Mexican states of Campeche, Tabasco, and Veracruz. This province has a tendency to retain plankton as a result of the seasonal neritic dynamics, the cyclonic eddy, and the influence of an anticyclonic eddy located to the north over deep waters (Figure 2) (Sanvicente-Añorve et al., 2014; Villegas-Sánchez et al., 2014; Díaz-Flores et al., 2017; Lara-Hernández et al., 2019).

Studies modeling larval transport in the GOM suggest that fish with short PLD (16 days) have a high degree of connectivity among nearby subpopulations separated by ~56 km inside the Bay of Campeche. However, subpopulations located in the shelf of Veracruz and Campeche that are separated by ~460 Km exhibit lower connectivity (Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019). Species with longer PLD (31 days) display potential connectivity between subpopulations from distinct provinces, including Campeche and Southwest Florida Shelf (SWFS), separated by 1280 Km (Johnson et al., 2013; Lara-Hernández et al., 2019). Organisms with a PLD 4-7 months like the lobster (Panulirus argus) show connectivity between distant subpopulations from different provinces separated by 1,680 km (Northern Veracruz and Southern Florida) (Lara-Hernández et al., 2019).

In this study, we contrasted allele frequencies between larval pools from multiple locations around the GOM and adult fishes of B. robinsi from the northern GOM. We also evaluated the genetic diversity in the larval pool of B. robinsi and tested if the larvae tended to mix or if they displayed evidence of collective dispersal. Finally, we evaluated the genetic connectivity using B. robinsi larvae and adults across the GOM.



2 Material and methods


2.1 Sampling of fish larvae and adult tissues

Fish larvae (126) were obtained from zooplankton samples collected during two oceanographic surveys: XIXIMI-04 and GOMECC-3. The XIXIMI-04 survey was conducted in the oceanic-waters from the GOM in the summer of 2015 (Supplementary Figure 1), while GOMECC-3 covered the central region, continental shelf, and the Atlantic coast of Florida during the summer of 2017 (Supplementary Figure 2).

Sampling was carried out using double oblique hauls (200 m to surface) with bongo nets fitted with 335 μm Nitex mesh nets and General Oceanic flowmeters (Smith and Richardson, 1977). Zooplankton samples from one net were preserved in ice-cold 96% ethanol changed after 48 h, and samples were stored at four °C until analyzed. Fish larvae were sorted out from the zooplankton samples for morphological taxonomic identification.

Sixteen adult tissues (muscle and fin rays), fixed in 96% ethanol and molecularly identified using COI sequences, were donated by Florida Fish and Wildlife Research Institute and by the Guy Harvery Research Institute. All tissues were from adults sampled off the western Florida coast in different years: 2008, 2012, 2013, 2014, and 2017 (Supplementary Figure 3).



2.2 Molecular identification of fish larvae

To corroborate the taxonomic identification of larvae initially identified as Bothus based on morphological characteristics, the genomic DNA was extracted from eye or muscle tissue with the Dneasy Blood and Tissue Kit (Qiagen, Hilden, DE). DNA quality, purity, and quantity were determined using 2% agarose gel and Nanodrop 2000 (Thermo Fisher Scientific, Inc., USA). The cytochrome oxidase subunit I (COI) region (~650 bp) of the mtDNA was amplified using primers: FishF1: 5’-TCA ACC AAC CAC AAA GAC ATT GGC AC-3’, FishF2: 5’-TCG ACT AAT CAT AAA GAT ATC GGC AC-3’ (Ward et al., 2005). The amplification reaction was carried out in 20 μl with 0.025 units of GoTaq polymerase (Promega, USA), 1X enzyme buffer (5X Green GoTaq Flexi Buffer, Promega, USA), 1.5 μM MgCl2 (Promega, USA), 0.2 Mm dNTP’s (Promega, USA), 0.2 μM for each primer, and 5.9-40.7 ng of DNA. DNA amplifications were performed in a polymerase chain reaction (PCR) thermal cycler C1000 Touch (Bio-Rad Laboratories, USA) with the following parameters: 2 min at 95°C, 35 cycles of 30 sec at 94°C, 30 sec at 54°C, 1 min at 72°C, and a final extension of 10 min at 72°C. The PCR products were sequenced in both directions on a Sanger sequencer ABI Prism 3130xl Genetic Analyzer (SEQXCEL INC., San Diego, CA, USA).

The quality of COI sequences was examined using the Geneious software package Version 4.8.4 (Kearse et al., 2012). All nucleotide sequences were aligned using the ClustalW algorithm, and the sequences were trimmed by eliminating primer sequences and mismatches edited in MEGA X.10.8 (Kumar et al., 2018). Cleaned sequences were queried against the GenBank database from the National Center for Biotechnology Information (NCBI4) and Barcode of Life Data (BOLD) System (Ratnasingham and Hebert, 2007) using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990).



2.3 Genomic library for SNP discovery and genotyping

Genomic DNA was extracted using the Dneasy Blood and Tissue Kit from adult tissue (fins or muscle) and complete larvae that were molecularly identified as B. robinsi, DNA concentrations were quantified using an Invitrogen Qubit High Sensitivity assay (ThermoFisher SCIENTIFIC, USA), and DNA quality was evaluated via agarose gel electrophoresis. To construct the genetic library, samples between 100 ng and 800 ng were selected. DNA samples were purified using 1.6X AMPure XP magnetic beads (Beckman Coulter, USA) to eliminate low molecular weight molecules corresponding to degraded DNA and were homogenized to a volume of 80 µl. A reduced representation ddRADSEQ library was constructed based on Peterson et al. (2012). Digestion was done with 43-245 ng and using the EcoRI (5’ GAATTC) and Mspl (5’ CCGG) restriction enzymes. A barcode adapter was ligated to EcoRI restriction sites, while a common adapter was ligated to Mspl restriction sites, using equimolar quantities of each digested sample. Samples were pooled by index sequence: two pools of 48 samples and two pools of 13 samples. Each pool was size-selected based on a double purification protocol using AMPure beads. In selecting DNA fragments larger than 300 bp, we made a purification with a concentration of 0.8X beads, following the AMPure instructions and steps (Binding, Separation, Ethanol Wash, Elution Buffer, Transfer). The second purification was done with a concentration of 0.64 X beads to select DNA fragments smaller than 400 bp, followed by a third purification step with a concentration of 1.6X beads. The final library ranged in size between 300-400 bp.

Illumina flow-cell adapter sequences and index-specific sequences were added to each index pool via PCR with the following parameters: 2 min at 94°C, 18 cycles for 30 sec at 94°C, 30 sec at 60°C, 20 sec at 60°C. The four index pools were combined into one library sequenced as a paired-end (150 bp) run on one Illumina HiSeq X DNA Lane (Novogene Corporation Inc., Sacramento, CA, USA).



2.4 De novo analysis: In silico identification of loci and genotyping

Paired-end raw reads were analyzed and filtered using the software Stacks (Catchen et al., 2013). Quality filtering and demultiplexing were performed with the “process_radtags” function with a “Phred score” of 30 and trimming the last ten bases of the end of the read. Putative orthologous tags (stacks) per individual were assembled with “ustacks” scripts. Different combinations of parameters were explored and the combination with a higher number of stacks was selected: minimum depth of coverage required to create a stack (m) of five and a maximum nucleotide mismatch (M) allowed between stacks of four. RAD loci catalogs were constructed in “cstacks” with a parameter of mismatches allowed between sample tags (n) of six. Rad loci and SNPs were selected with the “population” scripts using the parameters: SNPs found in at least 90% (-r), SNPs with a minimum allele frequency (min_maf) larger than 0.05, and number of populations (-p) of one (all the individuals were considered as one population). Finally, filtered RAD loci and SNPs information was exported as a vcf file.

The population vcf file was loaded in the VCFtools software to do a quality filter based on the pipeline obtained from dDocent5. The parameters in the quality filtering steps were: –max-missing: Excluded loci based on the proportion of missing data, defined between 0 and 0.5, where 0 allows sites that are completely missing and 1 indicates no missing data allowed; –mac: Excluded loci with a minor allele count lower than 3 (mac); –min DP: Included loci with a mean depth value ≥ 40 (overall included individuals); maf: excluded loci with alleles with a minimum allele frequency < 0.056.

Deviations from Hardy-Weinberg equilibrium (HWE) were evaluated with the package “pegas” using the function “hw-test” in R7, and the significance values were adjusted with the False Discovery Rate (FDR). Linkage equilibrium was evaluated with Tassel 5.0.


2.4.1 Outlier loci

Loci potentially influenced by selection were identified and filtered out to build a dataset of neutral loci that was used to infer population structure and connectivity. Two tests were applied to minimize the number of false positive loci assumed to be under selection. An FST approach was done using Arlequin 3.5.2.2 (Excoffier and Lischer, 2010) and a Bayesian method performed by Bayescan v2.1 (Foll and Gaggiotti, 2008). The Bayesian method was run with default settings (5,000 iterations, 10 thinning intervals, 20 pilot runs – 5,000 iterations each, 10 prior odds).




2.5 Population genetic analyses

The B. robinsi individuals retained after the bioinformatic quality filters were grouped into three regions for analysis of genetic diversity and structure (central, southern, and northern), based on the GOM province delimitation (Figure 1) following Miron et al. (2017).


2.5.1 Statistical power of the basin-specific datasets

To estimate the statistical power of the final loci to detect true levels of genetic differentiation, we used the simulation method implemented in POWSIM 4.1.; executable Powsim_b (Ryman and Palm, 2006). Simulations of 1034 loci from 66 B. robinsi individuals were run using default parameter values for dememorizations = 1000, batches = 100, and iterations per batch = 1000 for a scenario involving three subpopulations, using an effective population size (Ne) of 2000 and a generation drift of t=4, t=10, and t=20. Using a Chi2 test (1000 replicates), we determined if the loci dataset give enough information to detect minimal Fst values: Fst = 0.001, Fst = 0.0025, and Fst = 0.005.



2.5.2 Genetic diversity and genetic structure

General descriptors of genetic diversity for each region, including the mean number of alleles, observed heterozygosity (Ho), expected heterozygosity (He), and fixation index Fis were calculated using GenAlEx 6.5 (Peakall and Smouse, 2012). Pairwise Fst distances based on allele frequencies between regions were calculated with Arlequin 3.5.2.2.

To estimate the number of distinct genetic clusters we performed a principal component analysis (PCA), a discriminant analysis of principal components (DAPC), and a Bayesian clustering analysis. The principal component analysis (PCA) was performed using the “adegenet” package from the R software, the missing genotypes were imputed according to the mean allele frequencies using the function “scaleGen”, package from the R software. Discriminant analyses of principal components (DAPC) were performed utilizing the “adegenet” package in R. We used a k-value= three (number of regions to which the samples were assigned).

The software Structure V2.01 (Pritchard et al., 2000) was used to conduct a Bayesian clustering analysis to estimate the number of genetic clusters (K). The run was performed with K from 1 to 11 with five independent replicates (to evaluate if there were a possibility of the existence of several clusters between 2 to 10), 200,000 Markov chain Monte Carlo (MCMC) per replicate, and 100,000 MCMC burn-in period. The analysis was run with the admixture model and the option “LOCPRIOR”. Independent runs for each K value were averaged using the Clumpak server (Kopelman et al., 2015). The ad hoc statistic ΔK determined the most likely K value in the software structure harvester 0.6.948.



2.5.3 Full sibling`s determination

From the 66 samples from B. robinsi (larvae and adults), the presence of full siblings was screened through replicate sibship analyses with multilocus genotypes (1034 SNPs) excluding individuals with missing data. Analyses were run with the software COLONY (Jones and Wang, 2010), using the parameters: mating system-1 polygamy for males and females; mating system-2 without endogamy, dioic and diploid species, number of offspring in the sample=66, number of runs=5, length of run= Long, allele frequency= unknow.





3 Results

A total of 105 larvae were molecularly identified as B. robinsi (Table 1 and Supplementary Table 2) and 21 larvae were molecularly identified as B. ocellatus. Overall, most identified samples were at the preflexion stage (41%), followed by larvae at the flexion (31%) and postflexion stages (28%, Table 1). Most B. robinsi larvae (99) were identified at 16 out of 52 surveyed stations from the XIXIMI-04 research cruise on oceanic water, while only 6 larvae were found at 3 out of 26 surveyed stations from the GOMECC cruise near the continental shelf (Supplementary Table 1).


Table 1 | Number of Bothus robinsi larvae sampled in two oceanographic cruises classified by developmental stages and standard length.



From the 121 samples from B. robinsi (105 larvae in different developmental stages and 16 adult tissues), 76 individuals and 11,912 loci passed the Stacks filters. After the VCFtools filters 1,140 loci and 66 individuals passed the filters. All of the scored loci were neutral (no outliers), while 97 significantly deviated from HWE and were eliminated, nine loci pairs showed significant linkage disequilibrium, and one locus of each pair was discarded. A total of 1,034 loci from 66 individuals passed ddRAD filters and were used for bioinformatic analyses: XIXIMI-04 = 55 larvae, GOMECC-3 = 3 larvae, and donated tissues = 8 adults (Table 1 and Supplementary Table 1). These individuals were divided into three regions (Figure 3): southern = 39, central =18, and northern= 9. The regions were based on the Miron et al. (2017) division of oceanographic provinces (Figure 1). There were missing data in the final data set. In the southern region data, there were 12% missing data in 18 loci; in the central region data, there were 10% missing data in 31 loci; in the northern region data, there were 12% missing data in 282 loci, 25% missing data in 25 loci and 37% missing data in three loci. In the individuals, we registered a mean value of missing data of 1.91% (minimum = 0.19%; maximum 15.86%).




Figure 3 | Distribution of Bothus robinsi larvae and adults, included in the final library, separated in three regions: central, southern, and northern.




3.1 Genetic analyses

The simulations performed in POWSIM indicated that the dataset has enough statistical power to detect FST values of 0.0025 (Chi2 = 0.907; power 92.70%), 0.0050 (Chi2 = 1; power 100%), and 0.0099 (Chi2 = 1; power 100%).



3.2 Genetic diversity

The genetic diversity (He) was similar in the three sampled regions and ranged from 0.238 to 0.255 (Table 2); likewise, the number of effective alleles was similar among the three regions and varied between 1.38-1.39. Central and Northern regions showed slightly higher values of Ho compared to He and negative Fis values (Table 2). In the northern region, 97.78% of the loci were in HWE (p-value=0.07-1), 97.1% in the central (p-value=0.06-1), and 98.36% in the southern region in HWE (p-value=0.06-1). The Fis values were close to zero (range -0.07 to 0.003).


Table 2 | Mean values and standard deviations of general descriptors of genetic diversity of 66 Bothus robinsi larvae and adults.



The paired FST statistics calculated were 0.028 between southern vs central (p-value= 0.197), 0.049 southern vs north (p-value= 0.108), and 0.068 between central vs northern (p-value= 0.067). None of the Fst comparisons were statistically significant (p > 0.05), indicating a lack of genetic structure.

The PCA and DPCA gave similar results that were congruent with the Fst analyses. The PCA first and second axis (PC1, 49.67% of the variance; PC2, 48.62% of the variance) showed that all organisms belong to one genetic cluster (Figure 4). The DAPC was generated based on 20 PC. The two retained PC (PC1, 77.53%; PC2, 22.46%; proportion of conserved variance 0.426) showed the existence of one genetic cluster (Figure 4).




Figure 4 | PCA and DAPC. Graphs obtained from 1,034 neutral SNPs. PCA graph points represent Bothus robinsi individuals (66) from the three regions sampled in the Gulf of Mexico; DAPC graph points represent different Bothus robinsi individuals (66), color pattern different sampling regions (blue=northern, green central, and red=southern).



The Bayesian clustering carried out with the Structure software showed similar results to PCA and DAPC. Although the optimal number of genetic cluster (K) determined was nine (K=9) according to the ad hoc statistic ΔK, the Log-likelihood for K (LK) was not consistent with the ΔK, and showed no resolution to estimate a clear optimum K value (Supplementary Figure 4).

All the organisms in the Structure plot showed homogeneity in the assignment probabilities to K= 2, K= 3, and K= 9 (Figure 5 and Supplementary Figure 5).




Figure 5 | Structure barplot obtained from 1,304 SNPs loci in 66 individuals. Posterior probabilities of individual assignment are shown for two K values (K=2, and K=3) for comparison.





3.3 Full siblings’ determination

A sibship evaluation was carried out with a full-likelihood method implemented in COLONY. Three possible half-sib pairs were estimated, but the probability values were very low (0.021, 0.001, and 0.001), indicating the lack of any full-sib or half-sib pairs among the individuals sampled.




4 Discussion

The genetic diversity descriptors obtained were very similar in the three sampled regions. Observed and expected heterozygosities showed similar values, indicating that the sampled organisms have the expected heterozygosity for a population with random mating. Also, Fis values near zero suggest that lack of endogamy in the individuals sampled within each region.

The three sampled regions showed similar allele frequencies based on non-significant Fst values. These values were consistent with the evidence of one genetic cluster observed in the PCA and DAPC graphs. These results are similar to the Fst values observed in the Western Atlantic lionfish (Pterois volitans; PLD ~25-35 days) among subpopulations located in the Northern GOM (Louisiana, Mississippi, Alabama, and Florida) (Fst = -0.040 to 0.013, p-values>0.05) suggesting the existence of one genetically homogeneous population (Pérez-Portela et al., 2018).

We did not find evidence for collective dispersal. We determined that all sampled larvae were genetically unrelated, even in stations where we sampled multiple larvae from the same developmental stage. The lack of first- and second-degree relatives and the absence of signs of inbreeding within each region where the larvae were sampled along with the existence of genetic homogeneity among all sampled regions support the lack of collective dispersal behavior. In a study of the slipper limpet (Crepidula fornicata), Riquet et al. (2017) observed a possible scenario of collective dispersal. They reported related larvae (full-sibs and half-sibs) sampled simultaneously and the presence of genetic differentiation between distinct larval groups, indicating a reduced effective population size or sweepstake reproductive success. Because we sampled unrelated larvae in different developmental stages at the same sampling stations, we inferred that these larval groups represent a mixture of larvae from different cohorts and sites, resulting from the high dispersal potential of B. robinsi consistent with a long PLD. A PLD of 4-6 months allows high rates of mixing over hundreds of kilometers, reducing the effects of sweepstakes’ reproductive success (Ottmann et al., 2016).

As consistently reflected in the results showing a lack of genetic structure (Fst, PCA, DAPC, Structure Bayesian clustering), the larvae sampled showed genetic homogeneity, indicating an open population with high degree of genetic connectivity in the GOM. Bothus robinsi larvae occurred jointly in the upper 100-meter water layer (Evseenko, 2008; Garbini et al., 2014), so their dispersal is influenced by the superficial currents (Figure 2). We did not find support for the presence of high self-recruitment driven by the retention mechanisms reported for the Bay of Campeche (Sanvicente-Añorve et al., 2014; Díaz-Flores et al., 2017; Lara-Hernández et al., 2019). However, our results agree with larval dispersal simulations where the Bay of Campeche is considered a zone with high potential connectivity among nearby subpopulations (Veracruz, Tabasco, and Campeche; subpopulations located in the Campeche province and Bay of Campeche) for organisms with a PLD between 4-7 months (Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019). These results highlight the complex dynamics of metapopulation processes within a region like the Bay of Campeche, which could be explained if export/import and self-recruitment vary along the year resulting in distinct metapopulations scenarios for different species that display different configurations of spawning times and PLDs.

The high potential connectivity results from the combination of the currents caused by the cyclonic gyre in the Bay of Campeche and the current’s back-and-forth behavior in the narrow western shelf in Veracruz and Tamaulipas (Figure 2) (Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019). The west neritic surface circulation over the narrow shelf display seasonal variations driven by the dynamics of winds, causing currents to shift towards the northwest in Spring and Summer (March to August) or southeast in Autumn and Winter (September to February) (Sanvicente-Añorve et al., 2014). This circulation keeps the larvae inside the narrow western shelf and transports larvae to the southeast (Campeche Banks) or the northwest (Flower Garden Banks). Additionally, larvae can be transported to oceanic waters towards the north through a confluence area of neritic and oceanic waters over the western edge of the Campeche Bank influenced by the cyclonic gyre of the Bay of Campeche. The gyre keeps larvae in the Bay of Campeche until their incorporation into the Campeche shelf or their possible ejection to other GOM provinces (Sanvicente-Añorve et al., 2014; Lara-Hernández et al., 2019).

For larvae with long PLD as the lobster Panulirus argus (4-7 months), the dynamic of currents in the Campeche Bay generates high values of potential connectivity. The highest connectivity values between GOM subpopulations were observed within the Campeche Bay: Campeche-Central Veracruz and Campeche-Southern Veracruz, followed by Central Veracruz-Southern Veracruz, Northern Veracruz-Central Veracruz, and Northern Veracruz-Campeche (Lara-Hernández et al., 2019). The dynamics of the Bay of Campeche, in combination with the high potential of dispersal and the multiple spawning events of B. robinsi, enhance the possibility of mixing cohorts in the dispersal, homogenizing allele frequencies within groups of larvae. Furthermore, its long PLD makes it possible for groups of larvae trapped inside the cyclonic gyre to have more possibilities to settle in the continental platform inside or outside of the Bay of Campeche (Lara-Hernández et al., 2019). The P. argus larval dispersal simulation also showed that the Bay of Campeche registered the highest values of self-recruitment (Northern Veracruz 0.711%; Central Veracruz 1.736%; Southern Veracruz 1.179%; Campeche 4.451%) (Lara-Hernández et al., 2019).

The results from studies that conducted larval dispersal simulations for P. argus (PLD=4-7 months) and the Red snapper (Lutjanus campechanus; PLD=31 days) suggest that bidirectional connectivity could be present between Florida and the Bay of Campeche for B. robinsi (PLD= approx. 5-12 months) (Evseenko, 2008; Johnson et al., 2013). In P. argus and L. campechanus larval dispersal simulations, potential connectivity is observed between all the sites located in the Bay of Campeche (Northern Veracruz, Southern Veracruz, Central Veracruz) and all the sites in Florida (Northern, Central Florida, and Southern Florida) (Lara-Hernández et al., 2019). The B. robinsi biological characteristics (subpopulation locations and PLD) are enough to have similar dispersal pathways.

We must emphasize that the direct connectivity between the Bay of Campeche and Florida is not the only way to exchange genes. The indirect exchange of genes between all provinces and subpopulations is possible under a scenario where GOM subpopulations are connected with other neighboring sites creating connectivity over multiple generations and enhancing the gene exchange via a stepping-stone model (Maruyama, 1970; Sanvicente-Añorve et al., 2014; Díaz-Flores et al., 2017; Lara-Hernández et al., 2019; Compaire et al., 2021)The dispersal pathway where the Bay of Campeche is a larval source suggests that the larvae can settle in almost any other locations within the GOM.

Another scenario that can explain genetic homogeneity is the existence of one single larval pool for the GOM. Larval dispersal simulations, along with B. robinsi long PLD and its distribution around the GOM continental shelf are consistent with the idea that B. robinsi larvae spend enough time in oceanic waters to enhance the mixing process. Distinct larval cohorts originating in the continental shelf of the Bay of Campeche, Florida, Quintana Roo, Texas, and Flower Garden Banks can contribute to the larval pools found in the central and southern regions. This mix of larvae from different areas could explain the genetic homogeneity found among our samples. We suggest that this mix of larvae is happening in all the GOM, generating the existence of one larval pool and the genetic homogenization in the GOM.

These results indicate that B. robinsi has the biological characteristic of avoiding the dynamics of retention zones. Additionally, our study confirmed the genetic homogeneity between B. robinsi larvae from the Bay of Campeche, oceanic waters from the central region of the GOM, and adults from Florida, suggesting high genetic connectivity and the existence of a single B. robinsi panmictic population.
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Marine mammals are highly vulnerable to oil spills, although the effects at both individual and population levels are not fully understood. A first approximation to evaluate the possible consequences of oil spills on marine life is using ecological risk assessments, which are analytical tools used to assess the likelihood of adverse environmental effects due to exposure to stressors derived from human activities. We developed a semi-quantitative framework to evaluate the risk of oil spill exposure on marine mammals that combines the likelihood of exposure based on species-specific biological and ecological traits, and the feasibility of encounter, which considers not only the overlap between the distribution of the species and the total affected area by a spill but also considers the distribution of spilled oil within this area, thus reducing the uncertainty in the estimate. We applied our framework to assess the risk of exposure of eight cetaceans to scenarios of large heavy oil (API gravity<22) spills originating from three hypothetical deep-water wells in the western Gulf of Mexico. High habitat suitability areas obtained using the maximum entropy (MaxEnt) modeling approach were used as a proxy for the geographic regions where each species is likely to be distributed, and oil spill scenarios were generated using numerical models incorporating transport, dispersion, and oil degradation. The analysis allowed identifying those species for which there is a significant risk of exposure in each spill scenario. However, our results suggest that the risk does not appear to be high for any species under any scenario. The information generated by our risk assessment is key to developing management plans in those areas of the Gulf of Mexico where deep-water activities of the hydrocarbon industry are currently being developed or planned.
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Introduction

The exploration, extraction, and transport of hydrocarbons threat biodiversity in different ways, from local effects (e.g., habitat degradation and noise pollution) to oil spills that can have severe long-term impacts that could affect wide areas of the marine environment (Kingston, 2002; Butt et al., 2013). Risk assessments are valuable tools for identifying those species or populations that could be of most concern during an oil spill, allowing decision-makers to prioritize management initiatives and recovery actions. Analytical approaches can be qualitative, semi-quantitative, or quantitative (Hobday et al., 2011; Holsman et al., 2017). Qualitative methods are fast and usually inexpensive evaluations based on qualitative data (e.g., expert opinion, workshops). Semi-quantitative approaches combine qualitative and quantitative data, and the values obtained are assigned qualitative scales (i.e., low, medium, or high) to describe the magnitude of the risk. Finally, quantitative approaches are based on models that explicitly describe error and probability profiles.

Marine mammals are a key group for assessing the health of aquatic ecosystems because changes in their populations reflect ecological variations at large spatial and temporal scales (Moore, 2008). This group is exposed to several anthropogenic disturbances that could negatively affect their populations, such as those related to the hydrocarbon industry (Davidson et al., 2012). They are highly vulnerable to oil, although the effects of spills, both at the individual and population levels, are not fully understood (Helm et al., 2015). Nevertheless, adverse impacts are undeniable. For example, the 2010 Deepwater Horizon oil spill, which occurred 70 km southeast of the Mississippi River delta in the northern Gulf of Mexico (GM), severely impacted coastal populations of bottlenose dolphin (Tursiops truncatus; Venn-Watson et al., 2015a) and presumably contributed to the death of hundreds of animals of other cetacean species (Williams et al., 2011; Litz et al., 2014). According to the Deepwater Horizon Natural Resource Damage Assessment Trustees (DHNRDAT, 2016), the impact on marine mammal populations included high rates of mortality, failed reproduction, and disease (e.g., kidney and lung damage). The bottlenose dolphin population of Barataria Bay, Louisiana, was perhaps the most affected, causing a 35% increase in deaths, a 46% increase in failed reproduction, and a 37% increase in illness compared to a healthy population. In addition, it is estimated that exposure to oil resulted in a 7% decline in the northern GM sperm whale (Physeter macrocephalus) population, and a 22% decline in the endemic northeastern GM population of Rice's whale (Balaenoptera ricei).

During a spill at sea, part of the oil rises to the surface, and the volatile components evaporate at a rate that depends both on the type of oil (light: API gravity > 38, medium: API gravity 22–38, or heavy: API gravity< 22; EIA, 2022) and the oceanographic and atmospheric conditions at the time of the incident (Lee et al., 2016). The greatest risk of oil exposure for marine mammals occurs near the surface, either through contact, inhalation, and/or ingestion (Harris et al., 2011; Jarvela Rosenberger et al., 2017). Methods have been designed to assess the likelihood of exposure of marine mammals to oil spills using their biological and ecological traits (e.g., Jarvela Rosenberger et al., 2017). However, the risk of exposure during a spill is also strongly influenced by the feasibility of the encounters between the animals and the oil, which is determined by the spatial and temporal distribution of the species and the evolution of the oil spilled (Fox et al., 2016).

The best way to evaluate the feasibility of encounter of any species is to use spatially explicit maps of its distribution. However, because marine mammals have a high displacement capacity, monitoring them can be expensive and logistically problematic; therefore, this information is not always available. An alternative is to characterize areas of high suitability as a proxy for the regions where the species of interest are likely to be found (Franklin, 2010). On the other hand, since each oil spill is unique, it is impossible to extrapolate the evolution and the impact from one spill to another, even when they occur in the same area and under the same initial blowout conditions (Abascal et al., 2010; Fingas, 2017). A practical way to determine the potential area affected by spills is to use numerical models to simulate the evolution under different environmental conditions (Pérez-Brunius et al., 2020; Romo-Curiel et al., 2022).

Here, we present a semi-quantitative framework for assessing the risk of exposure to oil spills of marine mammals that combines the evaluation of the likelihood of exposure and the feasibility of encounter. The first component is estimated using biological and ecological traits of a given species as an indicator of the likelihood of oil exposure for individuals. The second component is based on the overlap between the area potentially affected by the spill and the distribution of the species in the region of interest. The overall goal of this risk assessment is to generate a priori information regarding the species (or populations) that are likely to be impacted by oil spills in a given area that can be subsequently used for the early development of management plans. We used the western GM as a case study due to its diversity of marine mammals and the intense activity of the oil industry.



Materials and methods


Framework overview

The first step of our framework is to evaluate the likelihood of exposure of individuals (L), for which we used the exposure pathways proposed by Jarvela Rosenberger et al. (2017). This approach determines how likely it is for animals to encounter the oil, for which five exposure pathways are evaluated: 1) contact, 2) inhalation, 3) adhesion, 4) direct ingestion, and 5) indirect ingestion (Table 1; Supplementary Material S1). The scores assigned to each exposure pathway varied between 1 and 3, and the value of L is calculated as the arithmetic mean of the five pathway scores.


Table 1 | Exposure pathways based on biological and ecological traits of marine mammals used to estimate the likelihood of exposure (L) to oil.



The second step is to calculate the feasibility of encounter between the species of interest and the spilled oil, for which we used an approach adapted from the method described by Fox et al. (2016). In a geographic grid, the spatial co-occurrence (S) is mapped between the cells where the species is distributed (D) and the cells with spilled oil (P); that is S = D ∩ P. The cells’ dimensions can be selected based on the ecosystem of interest and/or the spatial resolution of the species distribution maps.

The overlap (T) is obtained as



and it has values ranging from zero (no overlap, S = 0) to 1 (complete overlap, S = D). However, during a spill the oil is not evenly distributed but the amount of oil on the sea surface, O, varies between Omin and Omax, which are the minimum and maximum amount of oil observed, respectively. Therefore, each cell can be categorized using the 25th and 75th percentiles of O. Thus, Pl contains those cells with O values below the first quantile, Pm the cells with values in the interquartile range, and Ph the cells with values greater than the third quartile. Subsequently, the number of cells of Pl, Pm, and Ph that are contained in S are counted. That is:



but:



The feasibility of encounter (F) is quantified as:



This procedure gives more weight to those cells with a higher amount of oil. Note that if S = 0, then T = 0 and the feasibility of encounter is zero, but if T = 1 and SPh = S, then F = 3.00, which represents the highest feasibility of encounter.

Finally, the risk of exposure (R) is calculated by multiplying L by F, such that the values of R range from 0 (if S = 0) to 9 (if L = 3 and F = 3). The risk of exposure is classified in one of four categories: low (R< 2.25), moderate (2.25 ≤ R< 4.5), high (4.50 ≤ R< 6.75), and very high (R ≥ 6.75).

For example, suppose we want to assess the risk of exposure to Species 1 during a particular spill in a certain area. The hypothetical exposure pathway scores for Species 1 are: contact = 3, inhalation = 3, adhesion = 3, direct ingestion = 2, and indirect ingestion = 2; then L1 = 2.60, which suggests that Species 1 is highly susceptible to exposure. If the number of cells where Species 1 is distributed within the area of interest is equal to 190, and the number of cells where the distribution of Species 1 overlaps with the cells of the spill is 157, then D1 = 190, S1 = 157, and T1 = 0.83. Suppose also that the number of cells where the distribution of Species 1 overlapped with cells with a low amount of oil is 114, with a medium amount of oil is 25, and with a high amount of oil is 18. Then:



Since R=2.60×1.15=2.98 , then the risk of oil exposure during this particular spill is moderate for Species 1.



Study area and species assessed

The GM is a semi-enclosed marginal sea where the Exclusive Economic Zones (EEZs) of the United States, Mexico, and Cuba converge (Figure 1). Offshore oil production represents 17% of the total crude oil production of the United States (EIA, 2019), and 82% of the total production of Mexico (CNH, 2019), which places the GM as one of the most important regions for energy resources in North America as well as an area of high risk of oil incidents (Botello et al., 1997).




Figure 1 | Gulf of Mexico and location of the three hypothetical deep-water wells used in our oil exposure risk assessment. Solid line indicates the delimitation of the Exclusive Economic Zones of Mexico, United States and Cuba.



The hydrocarbon extraction in the Mexican EEZ has been focused on the shallow (< 500 m depth) waters of the southwestern GM (CNH, 2019), but it is expanding into deep waters (Murawski et al., 2020). Recently, the Gulf of Mexico Research Consortium (CIGoM) generated oil spill scenarios for six hypothetical wells located in current or future drilling areas by PEMEX (the Mexican State-owned oil company) of the western GM using numerical models incorporating transport, dispersion, and oil degradation to identify the marine regions that could be affected by large-scale oil incidents (Pérez-Brunius et al., 2020; Supplemental Material S2). Given the high natural variability of both oceanic and atmospheric conditions, the fate of the oil during (and after) a spill will depend on the hydrodynamic conditions in which the incident occurs, which are unknown a priori. Thus, a spill scenario is defined as a statistical and probabilistic ensemble of a large number of simulations of individual spills under different oceanographic and atmospheric conditions in order to include as many outcomes as possible (Pérez-Brunius et al., 2020; Romo-Curiel et al., 2022).

The spill scenarios generated by CIGoM for these hypothetical wells were constructed using 20 years (1993-2012) of simulation of oceanographic and atmospheric conditions in the GM. All the individual spills started under the same initial conditions of the blowout on the seabed, and since each simulation began on the first day of each month, each scenario was built from 240 individual spills (Supplemental Material S2 for details). Initial conditions of the blowout were: oil flow of 40 kg/s, outlet diameter of 0.15 m, outlet temperature of 35°C, vertical release angle, and duration of 15 days. The simulations show the evolution of the oil up to two months after the start of the incident in the upper 20 m of the water column, since according to the modeling, most of the spilled oil accumulated in the surface layer of the sea. The scenarios are presented on maps that show the areas of possible affectation in the event of an accident, as well as the amount of oil expected within these areas; that is, each scenario generated for each well encloses the geographic area where oil is expected to be found from any individual spill occurring at any time of the year.

In our assessment, we used heavy oil spill scenarios from three of those wells (Figure 1; Table 2). The Perdido well is in the Perdido Foldbelt region in the northwestern GM, the Tamaulipas well is off the coast of the Mexican state of Tamaulipas, and the Campeche well is in the Bay of Campeche, in southwestern GM. As the scenarios indicate that the potential extent of the affected regions by large-scale spills can reach beyond the Mexican EZZ and into U.S. waters (see below), our study area covered the entire western GM, from the coastline to 90°W. Moreover, given that the metric used in the scenarios was the maximum average mass fraction Pmax (see Supplemental Material S2 for details), the cells within the affected area were categorized using the 25th and 75th percentiles; thus, Pl (low amounts of oil) includes cells with Pmax values< 1.54E-03, Pm (medium amounts of oil) cells with values in the interval [1.54E-03, 3.96E-03], and Ph (high amounts of oil) for cells with values > 3.96E-03.


Table 2 | Location and depth of the three hypothetical wells in the western Gulf of Mexico.



The western GM marine mammal community includes at least 15 species of cetaceans (Ramírez-León et al., 2020) and the Antillean manatee (Trichechus manatus manatus; Morales-Vela, 2010) (Table 3). The Antillean manatee inhabits coastal areas along the Mexican states of Tamaulipas and Veracruz, the Bay of Campeche, and the Yucatán Peninsula (Morales-Vela, 2010). Unfortunately, we could not include this species in the assessment because its ecological information in the GM is too limited. We assessed eight odontocetes (i.e., toothed cetaceans), which are the most sighted species in the western and northern GM’s US and Mexican waters (Waring et al., 2016; Ramírez-León et al., 2020): the sperm whale, short-finned pilot whale (Globicephala macrorhynchus), rough toothed dolphin (Steno bredanensis), Risso’s dolphin (Grampus griseus), Clymene dolphin (Stenella clymene), pantropical spotted dolphin (Stenella attenuata), Atlantic spotted dolphin (Stenella frontalis), and bottlenose dolphin. Since there are no detailed distribution maps for any of these species in our study area, we used habitat suitability maps generated throughout the maximum entropy (MaxEnt; Phillips et al., 2006) modeling approach (Ramírez-León et al., 2021; Supplemental Material S3) for our oil exposure risk assessment.


Table 3 | Marine mammals of the western Gulf of Mexico.



The rationale of the modeling is to estimate the ecological niche of the species from occurrence records (presence-only data), which are discontinuous in nature, and contrast with environmental predictors to generate spatially continuous maps to predict the suitable habitat area (Peterson et al., 2011). MaxEnt assumes that the species are distributed uniformly (i.e., the maximum entropy distribution) on the modeling area, and the environmental values constrain this distribution at the presence of records locations (Phillips et al., 2006; Phillips et al., 2017). Thus, high suitability areas are defined as those sites where favorable environmental conditions are present for the long-term subsistence of the species of interest and, therefore, where it is expected to be distributed (Peterson and Soberón, 2012). Habitat suitability models of the eight odontocetes were built using sightings recorded during the last four decades, oceanographic data (sea surface temperature and chlorophyll-a concentration), and bathymetric variables (depth and slope of the seabed, and distance from the sightings to the 200 m isobath). Applying the precautionary principle, high suitability areas were defined as those cells of the geographic grid with suitability values > 0.56. For more details on the modeling process and the data used see Supplementary Material S3.




Results

The likelihood of oil exposure for all species was 2.00, except for the Clymene dolphin, which had an L value of 1.80 (Table 3). The eight species shared several biological and ecological traits, which is to be expected since they are all odontocetes. However, the scores that were assigned to the exposure pathways varied mainly due to differences in diving behavior and the type of prey (Table 4).


Table 4 | Scores of the five exposure pathways and estimated likelihood of oil exposure (L) of eight odontocetes included in the study.



The contact exposure of the sperm whale, short-finned pilot whale, and Risso’s dolphin were scored as moderate because of their deep-diving behavior. In contrast, the remaining species perform short and shallow dives, increasing the likelihood of exposure through this pathway. Exposure by adhesion was low for most because odontocetes have smooth skin, except for the sperm whale, whose skin is slightly rough, and it was scored as moderate (Table 3). All species had a high score for inhalation exposure due to their tendency to remain on the surface for long periods, except for the sperm whale, which was classified as moderate because of its diving behavior. Exposure by direct ingestion was considered low for all species because the ingestion of contaminated water is expected to be minimal given their feeding mechanism. Exposure by indirect ingestion had the most variable scores between species because of the diversity of their preferred prey. The exposure was considered low for the Clymene dolphin since they feed mainly on fish, while it was scored as high for the sperm whale, short-finned pilot whale, and Risso’s dolphin due to their predation on squid; for the rest of the species, it was moderate because they feed both fish and invertebrates (i.e., cephalopods, decapods, or crustaceans).

High suitability areas for the eight species are shown in Figures 2, 3. The sperm whale, rough-toothed dolphin, Risso’s dolphin, and Clymene dolphin models (Figure 2) show high suitability along the northwestern continental slope, although for the first three, these areas also extend along the upper south-central slopes. The number of cells of high suitability in the study area (i.e., D) for these species was 230, 335, 242, and 219, respectively. The areas of high suitability for the pantropical dolphin were the most widespread (D = 495), covering the entire continental slope, and including the outer continental shelf (Figure 3A). Suitability areas for the short-finned pilot whale (D = 153) were located along the inner continental slope (Figure 3B). Finally, high suitability areas were located from the continental shelf to the upper slope for the Atlantic spotted dolphin (D = 240; Figure 3C), and for the bottlenose dolphin on shallow waters of the continental shelf, mainly north of 22°N (D = 234; Figure 3D).




Figure 2 | High suitability areas (in blue) in the western Gulf of Mexico for the sperm whale (A), rough-toothed dolphin (B), Risso’s dolphin (C), and Clymene dolphin (D). Based on Ramírez-León et al. (2021).






Figure 3 | High suitability areas (in blue) in the western Gulf of Mexico for the pantropical spotted dolphin (A), short-finned pilot whale (B), Atlantic spotted dolphin (C), and bottlenose dolphin (D). Based on Ramírez-León et al. (2021).



The Perdido well spill scenario shows that the coast of Texas, U.S., could be affected and that the offshore region that could be impacted encompasses the entire northwestern GM, extending south to 23–24°N and west to ~91°W (Figure 4A). The number of cells with spilled oil (i.e., P) equals 451, where Pl = 129, Pm = 231, and Ph = 91. The values of F for each species under this scenario, as well as the parameters used in its calculation, are shown in Table 5. The greatest risk of exposure to oil occurs for the species whose habitat suitability areas are found mainly along the northwestern slope: the sperm whale, rough-toothed dolphin, Risso’s dolphin, and Clymene dolphin, although for all of them the risk was moderate (R range: 2.40–2.98; Figure 4B). The risk was low for the remaining species, ranging from 1.54 (short-finned pilot whale) to 2.04 (bottlenose dolphin).




Figure 4 | (A) Spill scenario for the Perdido well (black asterisk), northwestern Gulf of Mexico. The amount of oil is ranked as low, medium, and high using quantile breaks of the maximum average mass fraction (Pmax). Based on Pérez-Brunius et al. (2020). (B) Risk of oil exposure of eight species of cetaceans.




Table 5 | Values of the parameters to estimate the feasibility of exposure to oil (F) of eight odontocetes from the Gulf of Mexico under three oil spill scenarios.



The Tamaulipas well spill scenario indicates that the coasts of Texas and Tamaulipas would be the most impacted; however, the northern coast off the state of Veracruz could also be impacted. The affected offshore region does not extend as far east as was the case for the Perdido scenario but did spread further south to 22°N (Figure 5A). For this scenario, P = 464, where Pl = 121, Pm = 220, and Ph = 123. F values varied between 0.87 (pantropical spotted dolphin) and 1.32 (bottlenose dolphin; Table 5). The risk of exposure to oil from spills in this well was moderate for the sperm whale, rough-toothed dolphin, Risso’s dolphin, Atlantic spotted dolphin, and bottlenose dolphin (R range: 2.38–2.63; Figure 5B). The risk was low for the remaining three species, ranging from 1.72 for the Clymene dolphin to 2.24 for the short-finned pilot whale.




Figure 5 | (A) Spill scenario for the Tamaulipas well (black asterisk), center-west of the Gulf of Mexico. The amount of oil is ranked as low, medium, and high using quantile breaks of the maximum average mass fraction (Pmax). Based on Pérez-Brunius et al. (2020). (B) Risk of oil exposure of eight species of cetaceans.



The Campeche well spill scenario shows that both the coasts of Veracruz and Tamaulipas could be affected, although the impact could also encompass the Texas coast. The offshore region that could be affected includes most of the Bay of Campeche and extends northward along the central-western slope and reaching the northwestern GM (Figure 6A). For this scenario, P = 480, where Pl = 99, Pm = 246, and Ph = 135. F values ranged from 0.32 (Clymene dolphin) to 1.29 (short-finned pilot whale; Table 5). Despite the large area that could be affected by spills from this well, the risk of exposure to oil was scored low for all species (ranging from 0.57 for the Clymene dolphin to 2.13 for the bottlenose dolphin), except for the short-finned pilot whale, for which it was moderate, R = 2.59 (Figure 6B).




Figure 6 | (A) Spill scenario for the Campeche well (black asterisk), southwestern Gulf of Mexico. The amount of oil is ranked as low, medium, and high using quantile breaks of the maximum average mass fraction (Pmax). Based on Pérez-Brunius et al. (2020). (B) Risk of oil exposure of eight species of cetaceans. places.





Discussion

The degree of exposure to oil spills of marine animals is strongly influenced by their morphology, feeding, diving behavior, and distribution, as well as the origin and evolution of the spill. Our framework developed to assess the risk of exposure of marine mammals to oil spills takes into account all of these factors using a semi-quantitative approach. The evaluation of the exposure pathways described by Jarvela Rosenberger et al. (2017) makes it possible to determine quickly and reliably how susceptible each species is to exposure to spilled oil. All the species evaluated in our study were odontocetes, so they share several biological, behavioral, and ecological traits, hence the likelihood of exposure was similar, although certain species may be more predisposed to exposure due to their diving behavior or type of prey. For example, deep-diving species that dive for long periods (e.g., the sperm whale; Whitehead, 2018) could reduce their likelihood of exposure via inhalation. In contrast, some small odontocetes (e.g., Clymene dolphins, rough-toothed dolphins, or bottlenose dolphins) perform shallow and short dives (Klatsky et al., 2007; Wells et al., 2008; Jefferson et al., 2015), spending a lot of time on the surface, which increases the likelihood of exposure. Likewise, diet influences exposure to oil. Those species that feed primarily on invertebrates (e.g., sperm whales and pilot whales) are more likely to be exposed than those that only feed on fish (e.g., the Clymene dolphin) because the detoxifying capacity of invertebrates is limited, and therefore, they bio-concentrate hydrocarbons, while vertebrates can metabolize the petroleum compounds more efficiently (Hylland, 2006).

The novelty of our method is in the estimation of the feasibility of the encounter, which not only considers the overlap between the distribution of the species and the total area affected but also considers the distribution and amount of spilled oil within this area. By incorporating this information, the uncertainty in estimating the feasibility of encounter is reduced, and, consequently, the exposure risk assessment yields more robust and reliable results. The main contribution and novelty of this work is the development of a new framework that can be used to assess the risk to any marine mammal species (i.e., cetaceans, pinnipeds, sea otters, and sirenians) in any habitat, but to apply it is essential to know a priori the distribution of the species (or at least the high suitability areas) and the most likely dispersion patterns of the spilled oil within the area of interest, which can be generated using numerical models.

We identified the odontocetes that might be most exposed under three large-scale heavy oil spill scenarios in the western GM, including the Bay of Campeche, where most of the Mexican offshore oil activity takes place. In all three scenarios, the overlap between the suitable areas for the odontocetes and the spilled oil was about 50% (range: 37-61%) since the slick was located along the western continental shelf and slope, which is where the evaluated species inhabit. The exception was the Clymene dolphin, whose values varied between 17 (Campeche well scenario) and 76% (Perdido well scenario). Although this species also inhabits neritic waters, its distribution seems to be limited exclusively to the northern slope (Ramírez-León et al., 2021). However, due that only a fraction of the predicted affected areas in the spill scenarios had a large amount of oil (range: 20-28%), the feasibility of encounter was not high for any species under any scenario (all F values were< 1.70), and our results indicate that the risk of exposure for the eight species ranged from low to moderate and, as expected, the species with the highest risk changed depending on well location.

In our case study, there were two possible sources of uncertainty in the estimation of the feasibility of encounter. First, we used spill scenario maps generated using the CIC-OIL three-dimensional model. Since the spill scenarios are statistical ensembles of hundreds of individual spills, what is evaluated is the mass of each individual spill that falls within the contour defined for the scenario (see Supplementary Material S2 for details). For the scenarios used in our study, it is true that more than 80% of the individual spills have more than 70% of the mass within the contour. This is a measure of error on the metrics used for the statistical scenarios, encompassing the variability in the possible evolution of a spill due to the large variability in the hydrodynamical conditions in the gulf (e.g., currents, wind, eddies; Pérez-Brunius et al., 2020). In other words, in the event of a spill in any of these wells, it is possible (although unlikely) that the oil slick (or a portion of it) would fall outside the area predicted by the scenario. Nevertheless, it is important to bear in mind that modeling oil spills is a complex endeavor which has several sources of uncertainties, discussed further in the Supplementary Material S2. Second, we used habitat suitability maps generated using the MaxEnt modeling approach as a proxy for the distribution of species. The performance of the models was good, which guarantees reliable results (see Supplementary Material S3). Nevertheless, it must be remembered that the maps do not represent either the abundance of a species or the probability of its presence (Peterson et al., 2011), but rather indicate the areas where favorable environmental conditions exist for its long-term subsistence (Peterson and Soberón, 2012). However, given the limited knowledge of the distribution of odontocetes in the study area, it is likely that due to omission errors (false absences) some sites used by the species have been classified as “unsuitable” (e.g., Beresford et al., 2011). Therefore, there is a possibility that the areas potentially occupied by these species could be slightly underestimated.

There have been two large-scale oil spills at GM: the Ixtoc-1 spill occurred in 1979 in the southwest, and the Deepwater Horizon spill in 2010 in the north (NOAA, 2022). The magnitude of the ecological impact of the Ixtoc-1 spill is unknown (Soto et al., 2014), but the damage caused by the Deepwater Horizon spill has been widely documented. For odontocetes, the data indicates that this spill caused severe adverse effects on the health of the populations, mainly impacting bottlenose dolphins in the north-central coastal areas and the northern stock of sperm whales (Ackleh et al., 2012; DHNRDAT, 2016). According to our findings, it is possible that the northwestern population of these two species could be affected by spills in the Perdido and Tamaulipas wells. It should be noted that the sperm whale is the only specie of the GM listed as at risk in the IUCN Red List of Threatened Species (Taylor et al., 2019). Moreover, because it is listed as endangered in the Endangered Species Act (ESA, 2019) of the U.S., the GM stock is considered strategic in the Marine Mammal Protection Act (Hayes et al., 2021). Northwestern populations of rough-toothed dolphin, Risso’s dolphin, Clymene dolphin, and Atlantic spotted dolphin could also be affected by spills in one of these wells. The only species that presented a significant risk of exposure to spills in the Campeche well was the short-finned pilot whale. However, these results should be examined considering that the estimation of the feasibility of encounter did not consider seasonal variability in the distribution of some species, such as the Atlantic spotted dolphin (Waring et al., 2016) and Risso’s dolphin (Mullin and Hoggard, 2000). Unfortunately, we were unable to incorporate this variability in our study due to a lack of enough sightings to model suitable areas by season. Nevertheless, it is expected that the risk of exposure varied throughout the year due to the seasonal movements of these species.

Oil spills threaten all marine species because exposure to hydrocarbons affects health, with immediate or long-term consequences on survival and/or reproduction (Venn-Watson et al., 2015a; Kellar et al., 2017; Smith et al., 2017). Even though the risk of exposure may not be high for a species or group of species in a specific area, as in our case study, the potential impact of large-scale oil spills on marine mammals should not be underestimated. Crude oil is a mixture of trace elements and organic compounds, some of them highly toxic, such as polycyclic aromatic hydrocarbons (PAHs; Neff, 1990). The routes of exposure of marine mammals to oil include contact both at the surface and within the water column, and ingestion of contaminated seawater and/or contaminated prey, but perhaps the greatest threat is the inhalation of volatile PAHs at the water-air interface (Ruberg et al., 2021). When these compounds enter the circulatory system, they can cause neurological disorders, such as disorientation and sleep-like behaviors (Wilkin et al., 2017), but also other physiological damage, such as brain and hematological injuries (Peterson, 2001), lung diseases (Venn-Watson et al., 2015b), liver damage (Geraci and St. Aubin, 1990), and impacts on the endocrine system, with the consequent effects on reproductive success (Lane et al., 2015). During an oil spill, a large number of animals can experience these deleterious effects, so the mortality rate may increase and the birth rate decrease. If the impact on these rates is significant, marine mammal populations may take decades to recover given their life-history features (e.g., longevity, late age of first reproduction, the prolonged interval between births; Wallace et al., 2017; Esler et al., 2018), as observed in populations of killer whales (Orcinus orca; Matkin et al., 2008) and sea otters (Enhydra lutris; Bodkin et al., 2002) in Alaskan waters after the Exxon Valdez oil spill in 1989.

The ability to assess and categorize risk is a critical part of oilfield incident response planning. Our risk assessment of marine mammal oil exposure generated key information for decision-makers to use in planning management actions in those areas of the western GM where activities of the hydrocarbon industry are currently being developed or planned. However, much remains to be done. The Deepwater Horizon accident highlighted the immediate and long-term impact of large-scale spills on marine mammals in the northern GM. The quantification of the damage and the subsequent planning of restoration measures was made possible due to the information on the status of the local populations before and after the spill. Unfortunately, ecological data for marine mammals in the western GM are virtually nonexistent, making robust vulnerability assessments currently impossible, and in the event of an oil incident, it would not be possible to reliably determine the level of damage. Therefore, it is necessary to focus research efforts to generate basic ecological information on the populations of this region of the GM, since only then can efficient contingency plans be developed. In the meantime, and as a precautionary measurement, is strongly recommended the application of preventive actions proposed by Frasier (2020) to reduce the sources of chronic stress of anthropogenic origin that could compromise the resilience of marine mammal populations, such as exposure to pollutants and noise, collisions with boats, and incidental by-catch in fishing gear.
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The Gulf of Mexico is an important crude oil reserve worldwide, and the oyster Crassostrea virginica is an excellent candidate to study the oil spill impacts on marine invertebrates. In this work, the concentrations of polycyclic aromatic hydrocarbons (PAHs) and aliphatic hydrocarbons (AHs) from eight productive oyster areas in the Gulf of Mexico were measured on sediment, water, and tissues from C. virginica. In water, the highest AHs concentration was detected in Tamiahua (0.50 ng/mL), while for PAHs, the highest concentration was > 0.10 ng/mL in Tampamachoco. In sediment, Tamiahua and Tampamachoco lagoons had the highest AHs concentrations with values near 2.5 μg/g dry weight. Considering the PAHs, Tamiahua, Carmen, and Tampamachoco lagoons registered the highest levels, with values > 60 ng/g dry weight. In tissues from C. virginica, La Pesca, Cármen and Mecoacán presented the highest PAHs concentrations with values between 0.20 and 0.25 μg/g dry weight. Furthermore, from the molecular analysis of genes related with different phases of the xenobiotic detoxification process such as hypoxia inducible factor (hif-1a), cytochrome P450 10 (cyp10), flavin mono-oxygenase (fmo), glutathione S-transferase (gstΩ1), multidrug resistant protein (mdrd1), catalase (cat), among others, the differences between lagoons were significant (P< 0.05) and generally with Las Enramadas showing the highest expression levels. From genes evaluated in this study, hif-1a, cyp10, fmo, mdrd1 and cat presented the highest expression differentials between lagoons. The above allowed us to validate the utility of molecular markers in the assessment of the hydrocarbons effect on oyster under the conditions from the Southern Gulf of Mexico.
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Introduction

The study of oil pollution in the global oceans and coastal areas confronts two opposing aspects of human activities: first, the alteration of marine and coastal ecosystems caused by the operations of extraction, refining, transport, storage, and the use of oil as the primary source of energy; and second, the undeniable need to preserve and protect marine resources for our current benefits and future generations (Suprenand et al., 2020; Da Silva et al., 2022). In this sense, the impacts of human activities on coastal ecosystems have been poorly understood and underestimated, with the widespread acceptance of the finite capacity of coastal waters to buffer the pressures of man and his activities. Furthermore, recognizing the complexity of the impact caused by them, so that all living resources or not present in the coastal zone, they cannot be considered available for indiscriminate use (Ponce-Vélez and Botello, 2005; Magris and Giarrizzo, 2020).

In the case of crude oil, it is composed of a mixture of aliphatic hydrocarbons (AHs) and mono- and polycyclic aromatic hydrocarbons (MAHs and PAHs), with differences in density, chemical structure, and molecular weight (Hayakawa, 2018a). From these, the most toxic components are represented by PAHs because of their mutagenic and carcinogenic effects, such as benzo[a]pyrene, and they are included in most environmental monitoring programs (Fernandes et al., 2021; Wnorowski et al., 2022). In coastal areas, the oil comes mainly from runoff, sewage, oil spills, and industry. Other significant oil inputs include urban runoff in rivers and estuaries discharged into the ocean, wastewater effluents, oil spills from cargo ships, and operational discharges from commercial and recreational vessels (Fingas, 2013; Blackburn et al., 2014). Biogenic and pyrogenic ways represent other sources of AHs and PAHs components. For instance, the waxes of terrestrial plants generate AHs, and it also has been reported that alkanes and alkenes (C15 to C19) are produced by photosynthesis in the ocean (Li et al., 2010; Coates et al., 2014; White et al., 2019). For PAHs, they also produced by the incomplete production of wood (Lim et al., 2022). In the specific case of the water column and sediment (benthos), oil and gas production and extraction processes contribute significantly to the pollution around production facilities (Hayakawa, 2018b; Carpenter, 2019).

Currently, the increased energy demands of anthropogenic activities have elevated the concentrations of AHs and PAHs in the marine environment, with undesirable effects on different marine ecosystem components (El Nemr et al., 2016). The different sources of n-alkanes (AHs), including the isoprenoids pristane (Pr) and phytane (Ph), and PAHs, made challenging their characterization and identification. Furthermore, hydrocarbon components undergo various biological, chemical and physical weathering processes, adding more variables and affecting the correct hydrocarbon traceability (Leider et al., 2013). However, current methods to identify property sources of AHs and PAHs include multivariate analysis, stable isotope measurement, and diagnostic ratio assessment. In the case of diagnostic ratio, it is based on the relative abundance of the individual or specific groups of AHs or PAHs and is applied to identify hydrocarbon sources in the marine environment (Dashtbozorg et al., 2019; Wu et al., 2021). Unlike exposure tests in the laboratory where the origin of hydrocarbons is known, in the environment, the origin of hydrocarbons in the different matrixes (water, soil and tissue) is an incognita, so the application of diagnostic ratios is usual as a frame of reference (Montuori et al., 2022).

Marine invertebrates, such as oysters, often receive little attention after oil spills unless high mortality of this species or other commercial species is observed. Reports of wildlife impacts are usually limited to the most visible “charismatic megafauna,” including seabirds, sea turtles, and mammals. However, oil has multiple adverse effects on marine invertebrates due to habitat degradation, accumulation of petroleum derivatives externally and suffocation of individuals, toxicity, as well as disruption of the food web (Fingas, 2013; Arnberg et al., 2018; Keesing et al., 2018; Hook et al., 2022). In this regard, different groups of marine invertebrates are exposed and respond to oil differently depending on their habitat, feeding mode, and ability to process ingested pollutants (Albers, 2003; Asif et al., 2022) and spills that are not immediately lethal may have short- or long-term impacts on behavior, reproduction, growth and development, immune response, and respiration (Takeshita et al., 2021; Wang et al., 2022). On the other hand, the extent and duration of damage caused by oil spills are further affected by the type of oil spilled and its rate of release; prevailing meteorological and oceanographic conditions; the life stage of the exposed fauna and its mobility within the habitat; substrate characteristics; spill mitigation and response activities (Hook, 2020). Our understanding of the effects of oil pollution on the structure and function of marine communities and ecosystems remains limited because they are complex, variable and infrequently studied, and can be complicated by the presence of other pollutants, such as heavy metals whose synergistic capabilities are unknown (Soares et al., 2022; Zerebecki et al., 2022).

C. virginica is a sentinel specie for the study of the pollutant’s effect on aquatic invertebrates. Also, it is a conspicuous member of the invertebrates from the Gulf of Mexico. Its ecological important is based on the fact that they provide habitat for many fish and shellfish species, especially in otherwise soft-bottom environments. Their biogenic reefs supply a hard substrate for sessile invertebrates to settle on, provide refugia from predation within their complex structures, enrich the benthos with biodeposits, and provide structure and forage species for predatory fishes, many of which have value to recreational or commercial fisheries (Kennedy, 1996; Ozbay et al., 2017). Also, oysters, like all filter-feeders, may increase photosynthetically active radiation penetration by filtering phytoplankton and other particles from the water to the point where submerged aquatic vegetation can become reestablished and may help to remove excess nutrients in anthropogenically eutrophied estuaries and bays (Newell, 2004). In addition to its ecological significance, it is also an economically important species in whole the Gulf of Mexico. In the United States, the oyster’s production from the coastal regions generated an income of $74 million in 2012 (Vignier et al., 2019). In Mexico, according to CONAPESCA (2014), its fishery production was of 84.5% of the total oyster production in the country (45 392 tm), and is mainly contributed by the states of Veracruz (21 719 tm), Tabasco (20 936 tm) and Tamaulipas (2 737 tm). However, the production levels of this species could be affected in the medium and long term because there are currently a large number of anthropogenic impacts that threaten the health of most ecosystems (Bravo, 2007). Within this context, and based on its physical and chemical characteristics, petroleum is a compound that could negatively affect oyster beds in the Gulf of Mexico.

The Gulf of Mexico is an ocean basin with a significant extension (~ 1.5 million km2) and represents an extensive oil exploitation and transport area where oil spills may occur incidentally, impacting the marine ecosystem (Hernández-Guzmán et al., 2021). In previous studies with Crassostrea virginica, individuals from the south of Laguna Madre (La Pesca, Tamaulipas, Mexico) were exposed under laboratory conditions to a mixture of super-light and light oil dissolved in a solvent organic (López-Landavery et al., 2019), and to light oil only dissolved in seawater to get the Water-Accommodated Fraction (López-Landavery et al., 2022). The maximum oil concentration evaluated was 200 µg/L with 14 and 21 days of exposure, respectively. Both studies focused on the modulation of biological processes through differential gene expression and functional enrichment, integrated with histology and bioaccumulation analyses. Some genes and metabolic pathways differentially expressed were associated with the different categories of the xenobiotic detoxification processes and the defense strategies against such contaminants, as was proposed by Sheehan et al. (1995) and Amiard-Triquet & Amiard (2013). As a consequence of crude oil exposure, we identified differentially expressed genes (DEGs) associated with the master regulation of the stress response, such as the hypoxia-inducible factor (hif-1a), hydrocarbon receptor (ahr) and AHR nuclear translocator (arnt). Other groups of DEGs were the cyp450 family proteins, flavin-containing monooxygenase protein (fmo), glutathione S-transferases (gstΩ1), multidrug-resistant protein (mdrd1) involved in the biotransformation and excretion of xenobiotics; while catalase (cat), glutathione hydrolase (ggt1) and thioredoxin reductase are involved in response to oxidative and environmental stress, respectively. Also, the crude oil exposure modulated important metabolic pathways involved in energy generation with the down-regulation of cytochrome c oxidase and the increase of metabolic rate at 200 µg/L. Specifically, in a previous study of the hydrocarbon exposure in C. virginica under laboratory conditions (López-Landavery et al., 2019), 200 µg/L had a negative impact on oyster’s response. For this reason, in this study, we decided to include individuals exposed at 200 µg/L for comparison purposes to have an idea of how other factors in the environment not measured here (heavy metals, plankton, pathogens, currents) modify the oyster’s response to hydrocarbons presence from different sources. On the other hand, the assembly of the oyster transcriptome from the digestive gland allows us to identify and choose candidate housekeeping genes (HKGs) to execute the stability analysis necessary for the relative expression with qPCR. Based on the above context, the present work aims to evaluate, through the gene expression, the oyster’s response from different lagoons of the Gulf of Mexico to the presence of hydrocarbons, using specific potential markers selected from the previous oil exposure under laboratory conditions in individuals of Crassostrea virginica. In this sense, our working hypothesis was that because hydrocarbons harm the physiological response of the oyster, higher concentrations in its soft tissue will mainly induce a greater expression of the biomarkers.



Materials and methods


Locations of study

The study locations (Figure 1) were selected from scientific literature reporting the presence of hydrocarbons in water, sediment, or soft tissue of the organisms in the Gulf of Mexico (Botello et al., 2014; Hernández-Martínez and Ferrari, 2017). For a reliable result of the evaluation of potential marker genes in response to hydrocarbon exposure, at least 30 individuals of Crassostrea virginica were selected per sampled lagoon and 15 from a sample of individuals exposed to light hydrocarbon under laboratory conditions at the facilities of the Universidad Tecnológica del Mar de Tamaulipas Bicentenario (La Pesca, Soto La Marina, Tamaulipas).




Figure 1 | The geographical location (circles) of the lagoons from the Gulf of Mexico from where the individuals of Crassostrea virginica were obtained to evaluate the presence of hydrocarbons in water, sediment, and organisms; and gene expression of the potential marker genes in the digestive gland of C. virginica.





Assessment of aliphatic hydrocarbons (AHs) and polycyclic aromatic hydrocarbons (PAHs)

The procedures used to get the hydrocarbon extracts in soft tissue from individuals of C. virginica sampled in the different lagoons of the Gulf of Mexico, as well as from water and sediment, were based on Murphy et al. (2012) and Glaser et al. (1981). In the case of tissue samples, each lagoon consisted of three independent pools (n = 3), with each pool consisting of 15 organisms. In the case of sediment, three replicates (n = 3) were used, and three volumes (n = 3) of 1.8 L in the case of water. All samples were stored in precleaned amber glass jugs. Water samples were saturated with a mercuric chloride solution and refrigerated at 4°C until analysis. López-Landavery et al. (2019) reported more details about the processing of the samples. Organisms from all lagoons were included in the assessment of hydrocarbons, except those from Las Enramadas, which were used only in the expression analysis.



Diagnostic ratios of n-alkanes (AHs) and PAHs

Diagnostic ratios were calculated to identify possible sources of hydrocarbons in the different matrices (water, sediment, and soft tissue) collected from the Gulf of Mexico’s coastal lagoons. Carbon preference index (CPI), the terrigenous/aquatic ratio (TAR), the ratio between lower-molecular weight and higher-molecular weight compounds (LMW/HMW), and the natural n-alkane ratio (NAR)) were calculated to n-alkanes. LMW indicates the sum of n-alkanes from n-C9 to n-C32, while HMW indicates the sum of n-alkanes from n-C24 to n-C36. Equations described to continuation were reported previously by Hernández-Guzmán et al. (2021).

	

	

	

In the case of PAHs, the most used diagnostic ratios are phenanthrene/anthracene (Phe/Ant), fluoranthene/pyrene (Fla/Pyr), and the ratio between lower-molecular weight and high-molecular weight compounds (LMW/HMW) (Nassar et al., 2011; He et al., 2014). LMW/HMW indicates the concentration ratio of 2-3 ring PAHs to 4-6 ring PAHs.




Gene expression analysis


Total RNA extraction and cDNA synthesis

About 30 mg of the digestive gland from the collected organisms were used for RNA extraction. All samples were fixed with RNAlater (Ambion, Austin, TX, USA) and stored at -80C until RNA purification. Following the manufacturer’s recommendations, the total RNA was extracted with the RNeasy Mini Plus® kit (Qiagen, Valencia, CA, USA). The total RNA was eluted with 50 μL of DNase-free water and quantified by absorbance using a Nanodrop ND-2000 spectrophotometer (Thermo Scientific, USA). The RNA integrity was confirmed by electrophoresis using a 2% agarose gel.

RNA samples were treated with DNase (DNase I, RNA Free, Qiagen) to remove the residual genomic DNA and thus prevent it from interfering with the evaluation of the expression of potential marker genes. After DNA elimination, the total RNA was quantified with a Qubit fluorometer® 3.0 using a Qubit™ RNA Broad Range assay (Life Technologies, USA), and its integrity was assessed through electrophoresis. Effective DNase treatment was confirmed by verifying no-amplification after PCR when using the housekeeping gene rpl19 (Ribosomal Protein subunit Large 19) (Table 1).


Table 1 | Housekeeping genes (1) and genes of interest (2), primers sequences, efficiency (E) and R2 values from RT-qPCR assays.



For cDNA synthesis, we proceeded to synthesize 1 µg of total RNA treated with DNase from each sample. For this, the Impron-II Reverse Transcriptase (Promega) Kit was used. cDNA synthesis was confirmed through PCR using the housekeeping gene rpl19. The correct amplification of the rpl19 gene showed a single amplification band when it was analyzed in 2% agarose electrophoresis.



Real-time PCR analysis (qPCR) for validation of potential marker genes


Selection of housekeeping genes (HKGs), genes of interest (GOIs) and efficiency assessment

HKGs are necessary for essential functions in the organism. They should not vary significantly regardless of the conditions to which the organism is exposed. The HKGs and GOIs (Table 1) used in this study were selected from RNA-Seq data of C. virginica exposed to a mixture of light and super-light oil and light oil only under laboratory conditions (López-Landavery et al., 2019; López-Landavery et al., 2022). For the initial standardization of the selected genes, endpoint PCR was used. After determining the optimum annealing temperature (TA) of each HKG and GOI primers, we calculated their efficiency through the standard curve using the equation E= (-1 + 10 (-1/slope)). For this, a sample containing the cDNA of all individuals of C. virginica from the different lagoons of the Gulf of Mexico was prepared and used as a template for qPCR reactions. The qPCR was conducted by triplicate on a CFX96 Real-Time PCR Detection System (Bio-Rad). Each qPCR contained 2.5 mM MgCl2, 1× reaction buffer, 0.2 mM dNTP Mix (Promega, WI, USA), 1×EvaGreen fluorescent dye (Biotium, CA, USA), 0.2µM of each forward and reverse primers, 5 U/µL of Accustart Taq DNA Polymerase (Quanta Biosciences), and 3 μl of a cDNA dilution 1:5 in a final volume of 10 μl. Amplification conditions were: denaturation at 95°C for 2 min, followed by 40 cycles for 30 s at 95°C, 30 s at 60 °C, 20 s at 72°C acquiring the fluorescence at this step. In the end, a dissociation ramp from 65°C to 95°C (steps of 0.5°C/s; acquiring the fluorescence at the end of each step) was performed to ensure the absence of artifacts and primer dimers, verifying the specificity of the PCR product.



Stability analysis of HKGs

Once the reaction efficiency of the HKGs was determined, the next step was to select the most stable genes for the conditions of the C. virginica individuals sampled in the Gulf of Mexico. For this, between 3 and 6 biological replicates per lagoon were analyzed individually (Table 2) using the same amplification conditions established in the standard curve. The goal of this analysis was to ensure the less variability possible, in terms of expression, between the individuals sampled from the different lagoons. The average Cq values of the technical replicates were analyzed with the geNorm (Vandesompele et al., 2002) and NormFinder (Andersen et al., 2004) programs to determine the most stable genes between the lagoons’ conditions.


Table 2 | Number of biological replicates used for the stability analysis of housekeeping genes and relative expression analysis in organisms of Crassostrea virginica from different lagoons of the Gulf of Mexico.





Relative expression of GOIs

The relative expression of the potential marker genes was carried out using the most stable HKGs obtained with geNorm and NormFinder and cDNA from the biological replicates of the Crassostrea virginica individuals sampled in the lagoons indicated above. The relative expression values for each of the genes evaluated in this study were performed with the qBase plus® program (Biogazelle, Belgium), using the geometric mean method (Hellemans et al., 2007).




Statistical analysis

The assumptions of normality and homoscedasticity were evaluated with the Shapiro-Wilk and Levene tests, respectively. A one-way ANOVA was used to determine statistical differences in the presence of hydrocarbons between the lagoons for each matrix (water, sediment, and soft tissue). Also, a one-way ANOVA was used to detect significant differences in the relative expression values between lagoons, with a significance value of 0.05. For both cases (bioaccumulation and gene expression analyses), when there were significant differences between lagoons, a Tukey’s honestly significant differences (HSD) test was applied with P< 0.05. The analysis was carried out in R version 3.6.3 (R Core Team, 2019).




Results


Hydrocarbons content in water and sediment from lagoons in the Gulf of Mexico

The chromatography analysis confirmed the presence of aliphatic hydrocarbons (AHs) and aromatic hydrocarbons (PAHs) in the water and sediment of the different lagoons of the Gulf of Mexico. For water, the highest concentrations of AHs (F = 70.14, P*** =8.14e-11) were found in Tamiahua and Laguna de Términos with 0.50 and 0.43 ng/mL, respectively (Supplementary material (SM), Figure S1A). The lagoons with the lowest levels of AHs in water were Cármen, La Pesca, and Mecoacán, with values below 0.05 ng/mL. In the PAHs case (F = 64.97, P*** = 2.86e-08), the highest concentrations were registered in Tampamachoco and Laguna de Términos, with values greater than 0.06 ng/mL (Figure 2A). La Pesca and Mecoacán registered the PAHs’ lowest levels with 0.002 and 0.009 ng/mL, respectively. The most abundant PAH components in water were phenanthrene > pyrene > fluoranthene.




Figure 2 | PAHs levels on a volume and dry weight basis detected in water (A), sediment (B) and soft tissues (C) of Crassostrea virginica collected from different lagoons of the Gulf of Mexico. Values represent mean ± standard deviation. Equal letters indicate no statistical difference between locations based on ANOVA one-way (P< 0.05). ND, Non-detected or under limit of detection.



For sediment, the Tamiahua and Tampamachoco lagoons presented the highest concentrations of AHs (F = 31.9, P*** = 2.17e-07) with values close to 2.5 μg/g dry weight (SM, Figure S1B). On the other hand, the lagoons with the lowest levels (< 0.5 μg/g dry weight) were La Pesca and Mecoacán, with 0.44 and 0.68 μg/g dry weight, respectively. In the PAHs case (F = 37.47, P*** = 9.30e-09), the analysis showed that Tamiahua, Cármen, and Tampamachoco had the highest values (66.57 – 75.61 ng/g dry weight), while in Pajonal was registered the lowest concentration with 2.35 ng/g dry weight (Figure 2B). In sediment, perylene > indene(1,2,3)pyrene > benzo(a)pyrene represented the most abundant PAH components.



AHs and PAHs in soft tissues of C. virginica from lagoons in the Gulf of Mexico

The levels of AHs (F = 15.34, P*** = 5.23e-06) in the soft tissue of C. virginica were higher in the organisms of the natural environment than those exposed to hydrocarbons under laboratory conditions (data not shown). Within the sampled lagoons, Pajonal, Tampamachoco, and Alvarado had the highest concentrations with values above 10 μg/g dry weight (SM, Figure S1C). In comparison, La Pesca recorded the lowest value with 3.62 μg/g dry weight, although it did not present significant differences with Tamiahua, Laguna de Términos, Cármen, and Mecoacán (P > 0.05). In the case of PAHs (F = 7.45, P*** = 4.56e-04), the highest concentrations were obtained for La Pesca, Cármen, and Mecoacán, with values between 200 and 250 ng/g dry weight. A previous study reported a concentration of PAHs of 230 ng/g dry weight in the soft tissue of organisms collected in La Pesca (López-Landavery et al., 2019). On the other hand, the lagoon with the lowest PAH concentration was Alvarado in the state of Veracruz, with a value of 65 ng/g dry weight (Figure 2C). The most abundant PAH component detected in the soft tissue of individuals from the Gulf of Mexico was perylene, except for Alvarado. Other abundant PAH components were phenanthrene and naphthalene.



Diagnostic ratios of n-alkanes (AHs) and PAHs

For n-alkanes (Table 3), the CPI values were higher than one (1.06 - 7.01), except for samples water in Tampamachoco (0.63) and Pajonal (0.71); and in soft tissues of individuals from Laguna de Términos (0.46). In the case of TAR, sediments from different lagoons predominantly had values higher than one (1.36 - 15.30), while NAR had values lower than one in all matrices collected along the Gulf of Mexico. Considering the lower- and higher-molecular weight compounds, water and sediment had values predominantly lowers than one, while soft tissues had values higher than one (1.56 - 217.98), except for Tampamachoco (0.48).


Table 3 | Concentrations of n-alkanes, PAHs and calculated diagnostic ratios for water, sediment and soft tissues collected of different coastal lagoons from the Gulf of Mexico.



Based on diagnostic ratios for PAHs (Table 3), Phe/Ant had values higher than one for all matrices (1.39 – 27.16), except for water at Pajonal (0.01). In contrast, the Fla/Pyr ratio values were lower than one in water and soft tissue, except for Tamiahua (matrix = soft tissue, value = 1.77). Interestingly, PAHs of 2-3 rings predominated on PAHs of 4-6 rings in water. However, that relationship was inverse in sediment and soft tissues, with a predominance of PAHs of 4-6 rings, probably due to the sediment’s chemical characteristics and the physiology of oysters presenting a low rate of elimination of PAHs.



Validation of HKGs


Selection of HKGs and efficiency

The optimum Tm of the HKGs was generally around 60°C. Also, based on the standard curves (SM, Figure S2), the efficiency values fluctuated between 85 and 100.7% (Table 1). The dissociation curve analysis confirmed the specificity of the primers. From HKGs evaluated (Table 1), N-acetyltransferase domain 1 had (natd1) the lowest efficiency. In contrast, the highest value was obtained with the ribosomal protein S24 (rps24).



Stability analysis of HKGs

The stability values (M) reported by geNorm, indicated that the most stable genes under experimental conditions were tubα, rpe, and ef1a (M< 0.5), while the least stable were rps24, natd1, and ks6a1 (Figure 3A). In the case of NormFinder, the most stable genes were natd1, ef1α, and rpe with M< 0.017 (Figure 3B). On the other hand, the paired variation analysis indicated that the optimal number of HKGs for correct expression analysis is a minimum of 3 (M< 0.15). However, M = 0.20 has been reported as the maximum threshold (Figure 3C).




Figure 3 | Stability values obtained for housekeeping genes with the geNorm (A) and NormFinder (C) programs. (B) It shows the number of genes suggested for proper expression analysis with potential marker genes.






Amplification of GOIs and efficiency

Like HKGs, potential GOIs had an optimal melting temperature of around 60°C. Also, the dissociation curve confirmed the specificity of each primer, and the standard curves (SM, Figure S3) indicated efficiency values between 82.0 (Metalloproteinase inhibitor) and 104.8% (Flavin monooxygenase) (Table 1).



Relative expression analysis through qPCR

The relative expression analysis of the GOIs was carried out using the previously selected HKGs (tubα, rpe, and ef1α) and the biological replicates of the Crassostrea virginica individuals sampled in the Gulf of Mexico lagoons (Table 2). In this section, results are described considering three gene categories: master regulators of the stress response (hif-1α, ahr, and arnt), biotransformation and excretion of xenobiotics (cyp302a1, cyp10, gstΩ1, fmo, sult4a1, and mdrd1), and response to oxidative stress and redox process (cat, ggt1, ttr3, and meti4).



Master regulators of the stress response

For this group of genes (Figure 4), hypoxia-inducible factor (hif-1α), hydrocarbon receptor (ahr), and AHR nuclear translocator (arnt) showed significant differences between lagoons (hif-1α: P***< 0.0001, ahr: P* = 0.037, arnt: P* = 0.038). The lowest levels of hif-1α occurred in La Pesca. In this context, all the evaluated lagoons presented significant differences concerning La Pesca, while the highest levels of expression were shown in Las Enramadas and Mecoacán. For organisms exposed to hydrocarbons under laboratory conditions (200 µg/L during 21 days), differences in expression were detected after 21 days of exposure (T3). In the case of ahr, the lowest level of expression occurred in organisms exposed to hydrocarbons at 14 days (T2), while Las Enramadas presented the highest levels of expression. For arnt, Cármen was the lagoon with the lowest expression level, while Las Enramadas again showed the highest expression levels.




Figure 4 | Relative expression of genes related with the master regulation of the stress. Values represent mean ± standard deviation. Equal letters indicate no statistical difference between locations based on ANOVA one-way (P< 0.05).





Biotransformation and excretion of xenobiotics

The process of biotransformation and excretion of xenobiotics is divided into three phases. During phase I, the cytochrome P450 (CYP) family has been reported to participate in this response. In this study, the expression levels for two CYP members (Figure 5) were significant between lagoons (cyp302a1: P***< 0.0001, cyp10: P** = 0.0002). The lowest expression values for cyp302a1 were obtained in Laguna de Términos, Mecoacán, Tampamachoco, and Cármen, significantly different from those of La Pesca (P*< 0.05). In the case of organisms exposed under laboratory conditions, the differences concerning La Pesca occurred at 14 days of exposure (P*< 0.05). For cyp10, the highest levels of expression occurred in organisms exposed under laboratory conditions, and the values were significantly different from those found in Laguna de Términos (P*< 0.05).




Figure 5 | Relative expression of genes involved in the phase I (Up) and phase II (low) of the xenobiotic’s detoxification processes. Values represent mean ± standard deviation. Equal letters indicate no statistical difference between locations based on ANOVA one-way (P< 0.05).



In phase II, the enzymes involved are glutathione S-transferases (GST), monooxygenases (FMO), and sulfotransferases (SULT4A1). Of the genes that code for these enzymes, only gstΩ1 (P***< 0.0001) and fmo (P***< 0.0001) had significant differences in expression levels when comparing lagoons. In the case of gstΩ1, the highest levels of expression occurred in organisms exposed to hydrocarbons for 21 days and in Las Enramadas, whose values were significantly different from those of La Pesca (Figure 5). Likewise, the lowest expression values were presented in Mecoacán, La Pesca and organisms exposed to hydrocarbons for 14 days. An interesting behavior of expression levels was observed for fmo (Figure 5), where the lowest values were presented in Las Enramadas and La Pesca. In contrast, the highest values were obtained in Tampamachoco, Cármen, and Mecoacán. The values found in Tampamachoco, Cármen, and Mecoacán were significantly different from those of La Pesca, Las Enramadas, and Laguna de Términos (P*< 0.05). The expression values for sult4a1 not shown significant differences (P = 0.806, data not shown).

During phase III, multidrug resistance proteins are associated with detoxification processes. In the case of mdrd1 (P***< 0.0001), the highest levels of expression occurred in the population of Las Enramadas and organisms exposed to hydrocarbons for 14 days (T2_200). The expression values of Las Enramadas and T2_200 were significantly different from those found in Laguna de Términos, Mecoacán, Tampamachoco, and Cármen (P*< 0.05, Figure 6). So far, it can be seen that most of the genes evaluated are down-regulated concerning the population of Las Enramadas, which could indicate a chronic condition due to the presence of contaminants.




Figure 6 | Relative expression of genes involved in the phase III of the xenobiotic’s detoxification processes (mdrd1), oxidative stress (cat and ggt1), and environmental stress. Values represent mean ± standard deviation. Equal letters indicate no statistical difference between locations based on ANOVA one-way (P< 0.05).





Response to oxidative stress and redox processes

Among the genes associated with oxidative stress, we have catalase (cat) and glutathione hydrolase (ggt1). For both genes, the expression values between lagoons shown significant differences (cat: P***< 0.0001, ggt1: P***< 0.0001). In the case of cat, the highest levels of expression occurred in Tampamachoco, Cármen, and Las Enramadas, being, in turn, significantly different concerning La Pesca (P*< 0.05). Of all the lagoons, La Pesca presented the lowest level of expression. For ggt1, Las Enramadas and Tampamachoco again showed the highest expression levels, significantly different from those found in Mecoacán and Laguna de Términos (P*< 0.05). In La Pesca, it only presented significant differences with Las Enramadas (P*< 0.05). For the trr3 gene (P***< 0.0001), which is involved in regulating redox processes and is essential for correct signaling, the highest levels of expression occurred in organisms exposed to hydrocarbons for 21 days (T3_200) and in Las Enramadas. The expression levels of these lagoons were significantly different from the values found in La Pesca, Mecoacán, and Tampamachoco (P*< 0.05). In general, La Pesca presented the lowest level of expression for trr3. Expression levels for meti4, associated with response to environmental stress, did not shown significant differences (P = 0.057, data not shown)




Discussion


Hydrocarbons bioaccumulation in coastal lagoons of the Gulf of Mexico

The coastal lagoons used in the present work were selected from previous studies that have reported the presence of hydrocarbons in water, sediment, or oyster tissue of the Gulf of Mexico, from Tamaulipas in the north to Campeche in the southeast (Botello, 2005; Montaño-Vera et al., 2017; Botello et al., 2019). In water, aliphatic hydrocarbons (AHs) and aromatic hydrocarbons (PAHs) were found in all the lagoons included in the present study; with the highest levels found in Tamiahua-Laguna de Términos and Tampamachoco-Laguna de Términos, respectively. Celis et al. (1985), in a review of different studies on the concentration of hydrocarbons in water from various bodies of water in the Gulf of Mexico, found that Laguna de Términos and the Tuxpan river presented the highest concentrations (20-48 μg/L). Laguna de Términos, located in the state of Campeche, is a lagoon complex situated in the area of marine oil platforms and receives discharges of particulate and dissolved organic matter from the Grijalva-Usumacinta river system (Paez-Osuna et al., 1987; Botello, 2005). In the case of the Tamiahua and Tampamachoco lagoons, in addition to being in an area of high oil exploitation and having influence from the Tuxpan river and, to a lesser extent, the Panuco river, they have a high annual maritime traffic (Botello and Calva, 1998). The factors mentioned above could explain comparatively the concentrations of hydrocarbons found in water in Laguna de Términos, Tamiahua, and Tampamachoco concerning other coastal lagoons of the Gulf of Mexico.

Sediments serve as depositories of several sources of organic matter and hydrocarbons, and they can be used to assess the historical impact on the environment (Romero et al., 2015). Likewise, the type of organic matter and hydrocarbon that accumulates will depend on the primary productivity of the area, physical and chemical factors, and the nature of the sediment (Waterson and Canuel, 2008). In this study, Tamiahua, Tampamachoco, and Laguna de Términos had the highest levels of AHs, while Tamiahua, Cármen, and Tampamachoco had the highest concentrations of PAHs. In the case of Tamiahua, Tampamachoco, and Laguna de Términos, which also had the highest levels of hydrocarbons in water, the levels of hydrocarbons found in the sediment would reflect the effect of the oil activity carried out over many years in this area of the country and the fluvial influence mentioned above. In addition, in front of the Laguna de Términos (~80 km) are the PEMEX oil exploitation platforms that correspond to the Sonda de Campeche, whose contributions could reach the coast by the action of currents and winds (Botello, 2005). From a quantitative approach, Gogou et al. (2000) reported that areas with low concentrations of AHs had values between 562 and 5,607 ng/g, while, for PAHs, the range fluctuated between 14.6 and 158.5 ng/g. Based on the above ranges and the values found in the present study for both AHs and PAHs, it could be suggested that the coastal lagoons of the Gulf of Mexico have low concentrations of hydrocarbons in the sediments.

The degree of accumulation of pollutants, such as oil, in a marine organism will depend on the biological availability of its different fractions, the time of exposure to which the organism is subjected, and the ability of the organism to metabolize it (Van der Oost et al., 2003). In the present study, the organisms that presented a higher level of bioaccumulation of AHs corresponded to Tampamachoco, Pajonal, and Alvarado. In the case of PAHs, the organisms of La Pesca, Cármen, and Mecoacán had the highest concentrations. Pajonal is part of the Cármen-Pajonal-Machona lagoon complex located in an area of exploration, drilling, and transport of hydrocarbons (Gold-Bouchot et al., 1997), so it would reflect the concentrations of AHs found in this lagoon. The Alvarado lagoon, in addition to being located in an area of oil exploitation, has the influence of the Coatzacoalcos river, which would be an additive factor in the origin of the AHs. In the specific case of La Pesca, which presented low levels of AHs and PAHs in water and sediment, the values of PAHs in the organisms suggest the idea of the presence of higher concentrations concerning organisms from other lagoons with higher levels of AHs and PAHs found in both water and sediment. The above would seem like a discrepancy since organisms living in areas with higher levels of hydrocarbons would be expected to have higher levels of bioaccumulation in their tissues. However, Gobas et al. (1999) indicated that invertebrates have less ability to metabolize xenobiotics than vertebrates, and it could result in relatively high tissue bioaccumulation even when the contaminant has disappeared from the environment. The scenario described above is one of the main causes of why invertebrates are frequently used as indicators of contamination by organic components (Coates and Söderhäll, 2021). In the case of Mecoacán, the levels of PAHs found could be due to its proximity to the Dos Bocas oil terminal, cataloged within the top three either by traffic of oil vessels or by volume of crude oil shipped (INEGI, 2010).



Diagnostic ratios of n-alkanes and PAHs

In general, diagnostic ratios were used to identify the possible sources of n-alkanes and PAHs in the different matrices (water, sediment, and soft tissue) from the lagoons of the Gulf of Mexico. The CPI values indicate the possible predominance of odd n-alkanes, even n-alkanes, or not predominance. CPI values near one suggest no preference among odd and even n-alkanes and are associated with petrogenic inputs or anthropogenic sources (Sainakum et al., 2021). In the present study, CPI values from water (0.63-1.72) and soft tissues (0.46-1.92, except Mecoacán) suggest a predominant petrogenic contribution for n-alkanes. In individuals from Carmen, the CPI value (1.92) suggests a contribution from mixed sources, with the predominance of biogenic sources, probably phytoplankton (El Nemr et al., 2016; Sainakum et al., 2021). In contrast, for individuals from Mecoacán, the high CPI value (3.21) suggests the presence of n-alkanes from terrigenous sources (Leider et al., 2013), typically from C3 plants, important in the deposition of organic matter in estuaries (Lu et al., 2022).

In petroleum hydrocarbons, the NAR ratio is close to zero and close to one for marine or higher terrestrial plants (El Nemr et al., 2016). In this study, except for La Pesca, the NAR ratio was close to zero in water and soft tissues, ranging from 0.02 to 0.23 in absolute value. The above values should indicate a substantial contribution of petrogenic sources in water and soft tissues collected from the Gulf of Mexico lagoons. In contrast, the NAR value in La Pesca (-1.00) suggests a strong contribution of hydrocarbons from higher terrestrial plants or marine plants. In sediment, NAR ranged from 0.31 to 0.67, indicating a moderate contribution of petrogenic sources or even a mixture of hydrocarbons from high vascular marine or terrestrial plants (Hernández-Guzmán et al., 2021). On the other hand, the TAR ratio helps to differentiate the terrestrial contribution from aquatic sources of n-alkanes based on long- and short-chain of odd compounds (Rielley et al., 1991; Jaffé et al., 2001). In this study, TAR values from sediment were greater than one (1.36-15.30), suggesting a predominant contribution of n-alkanes from the debris of higher terrestrial plants (Bourbonniere and Meyers, 1996). In contrast, the tendency of TAR values from water and soft tissues was lower than one, suggesting that the main contribution of n-alkanes was from aquatic sources (Keshavarzifard et al., 2020).

LMW/HMW values lower than one usually indicates n-alkanes produced from sources such as higher plants, marine animals, and sedimentary bacteria (Wang et al., 2006). Also, values close to one and greater than two suggest n-alkanes produced from petroleum and plankton and the presence of fresh oil input, respectively (Commendatore et al., 2000; Vaezzadeh et al., 2015). In this study, the LMW/HMW values in soft tissue (1.56-217.98, except for Tampamachoco) suggest that the predominant sources of n-alkanes are petroleum and fresh oil input. In contrast, LMW/HMW values in sediment were lower than one (0.08-0.46), reflecting the n-alkanes sources from higher plants, marine animals, and sedimentary bacteria. On the other hand, isoprenoids such as pristane (Pr) and phytane (Ph) are derived from the diagenetic processes of phytol, and they are not primary components in the terrestrial biota (Peters et al., 2005; Babcock-Adams et al., 2017). Furthermore, diagnostic ratios based on Pr and Ph have been used as markers of biodegradation for oil spills (Hernández-Guzmán et al., 2021). In this study, Pr/Ph values in soft tissues (data not shown) were close to one or slightly greater than one (0.90-1.67), except for Tamiahua (0.42). These values suggest that the predominant source of Ph is crude oil and corroborate the Ph nature because it is not commonly produced by biogenic sources (Caro-Gonzalez et al., 2020).

Diagnostic ratios were also used to assess the sources of PAHs. PAHs are persistent organic pollutants with pyrogenic, petrogenic, and biogenic sources (Liu et al., 2009; Kao et al., 2015; Vaezzadeh et al., 2015). Petroleum often contains PAHs that are thermodynamically more stable than others. For instance, Phenanthrene (Phe) is more stable than Anthracene (Ant), and the Phe/Ant ratio is high. Phe/Ant values from water in this study were greater than ten (12.13-27.16), except for Pajonal (0.01). The above suggests that PAHs source from the water in most of the coastal lagoons of the Gulf of Mexico is mainly petrogenic (Soclo et al., 2000). In contrast, sediment from all lagoons sampled in this study had Phe/Ant values lower than ten (1.39-6.51), suggesting a pyrogenic source for PAHs. Phe/Ant values for soft tissues in this study focused on bivalves, suggesting petrogenic and pyrogenic sources for PAHs. Oysters from Alvarado, Pajonal, and Mecoacán would be exposed to petroleum hydrocarbons, while oysters from La Pesca, Tamiahua, Tampamachoco, and Cármen would be impacted by combustion residues (Ünlü and Alpar, 2006). Another ratio for PAHs source identification is Fluoranthene/Pyrene (Fla/Pyr). Fla and Pyr are usually the most abundant PAHs in pyrolytic sources, with ratios greater than 1 indicating pyrolytic origin and ratios lower than one associated with petrogenic sources (Magi et al., 2002). In this study, Fla/Pyr values of water (0.24-0.97) and soft tissues (0.35-0.95, except for Tamiahua) suggest a petrogenic source for PAHs. More specifically, Fla/(Fla+Pyr) values (data not shown) suggest that the origin of PAHs from water in Mecoacán and PAHs of individuals from La Pesca, Pajonal, and Laguna de Términos is from petroleum combustion, while for other lagoons the PAHs source is petroleum (El Nemr et al., 2016). In sediment from Tamiahua and Cármen and individuals from Tamiahua, the Fla/Pyr values were higher than one and suggested a pyrolytic origin of PAHs, probably from coal combustion and wood (Yunker et al., 2002). LMW/HMW, defined as 2-3/4-6 ring PAHs, also indicates sources of PAHs from petrogenic and pyrogenic origins (Lu et al., 2022). PAHs from a petrogenic origin consist mainly of LMW (2-3 rings), while HMW (4-6) are predominant in PAHs with pyrogenic origin (Dashtbozorg et al., 2019). In this study, LMW/HMW values from the water of all lagoons sampled and individuals from Alvarado and Pajonal were greater than one and suggested that the origin of PAHs is petrogenic. Furthermore, in the sediment of all lagoons and individuals of La Pesca, Tamiahua, Tampamachoco, Carmen Mecoacán, and Laguna de Términos, LMW/HMW were lower than one, and it indicates a pyrogenic origin of PAHs.



Hydrocarbons expression profile of potential marker genes


Master regulators of the stress response

Three components of the family of master stress regulators were evaluated as possible markers in the response of oysters under the presence of hydrocarbons in the natural environment: HIF-1α, AHR, and ARNT. Although HIF-1α plays an essential role in molecular adaptation to hypoxia (Majmundar et al., 2010), functioning as a transcription factor, it has also been linked to the development of cancer by regulating the expression of oxygen-dependent genes (Fraga et al., 2009). The molecular expression levels of hif-1α found in the present work indicated that Las Enramadas and Mecoacán presented the highest expression levels. In the case of Las Enramadas, initially proposed as a second negative control, it turned out to be a lagoon where several genes had high expression levels. Las Enramadas is a small fishing community located north of La Pesca in the state of Tamaulipas and front of the Cinturón Plegado de Perdido area. Although there are not many studies carried out in this area of the state of Tamaulipas, it is suggested that, as this area is rich in natural gas, extraction through gas pipelines could be impacting the biota present in this part of the Laguna Madre lagoon system. In the case of Mecoacán, as mentioned above and as has been reported in other studies (Botello, 2005), the presence of the Dos Bocas oil terminal has had an impact on the presence of hydrocarbons in water, sediment, and benthic organisms such as C. virginica.

AHR belongs to the family of PAS transcription factors responsible for sensing alterations in the environment related to circadian rhythm, oxygen gradients, or the presence of xenobiotics (Gu et al., 2000), and together with ARNT, are part of the AHR metabolic pathway. In the specific case of bivalves, most studies have been focused on describing the structure of AHR and ARNT (Liu et al., 2010), so there are few expression studies. In the present work, the organisms with the highest expression levels for both genes were those from Las Enramadas, Mecoacán, and direct exposure to light hydrocarbon for 21 days at 200 μg/L. The strong direct correlation between ahr and arnt expression levels (r = 0.5, P-value = 6.52E-05) in these lagoons corresponds to their mode of action within the AHR pathway. ARNT is needed to assemble the active heterodimeric complex that is translocated in the nucleus to promote the expression of genes related to cytochromes P450 or CYP (Mandal, 2005). Furthermore, our results agree with the differences found in the expression of ARNT in the digestive gland of individuals of Crassostrea virginica collected in Fort Morgan (USA), from the beginning of the incident of the Deep Water Horizont and for one year (Jenny et al., 2016); and with the data reported by Châtel et al. (2014) who reported that the expression of AHR was higher in individuals of the zebra mussel Dreissena polymorpha collected from areas impacted by the presence of hydrocarbons. On the other hand, and contrastingly, the results of the present study differ from those recently reported by Wang et al. (2020). They reported inhibition of ahr expression levels in the digestive gland of Ruditapes philippinarum exposed for five days to Benzo[a]pyrene under laboratory conditions. These differences could be associated with the type of compound used (individual vs. mixture), management of organisms (laboratory vs. natural environment), and the type of response assessed (acute vs. chronic).



Biotransformation and excretion of xenobiotics

Cytochromes P450 or CYP are the enzymes involved in the initial process of detoxification of hydrocarbons and xenobiotics in general (Amiard-Triquet et al., 2011). PAHs are metabolized by the CYP family of enzymes generating two types of PAHs, phenolic and diolic, depending on the chemical groups that adhere during this process. If these PAHs do not follow their metabolization process correctly, they can act as endocrine disruptors, increase the production of reactive oxygen species, or have carcinogenic or mutagenic properties (Motoyama et al., 2009; Tsay et al., 2013). The present study evaluated the expression of cyp302a1 and cyp10. La Pesca presented the highest levels of cyp302a1, while lagoons impacted by the presence of hydrocarbons such as Tampamachoco, Cármen, Mecoacán, and Laguna de Términos had low levels of expression. Although CYP302A1 has been related to a lesser degree to detoxification processes, it has other functions, such as the development of the central nervous system, hormone metabolism, and participation in steroid activity (Petryk et al., 2003). This variety of functions, especially that related to the action of steroid hormones, would explain the expression levels of cyp302a1 found in La Pesca. In previous exposure results with La Pesca organisms and under laboratory conditions, we found that the presence of hydrocarbons decreased the production of steroid hormones related to reproduction compared with organisms from the same lagoon but without exposure to hydrocarbons (Tapia-Morales et al., 2019). Within the members of the superfamily of CYPs, those corresponding to groups 1 and 2 have been recognized for having a central role in the detoxification of hydrocarbons (Schlezinger et al., 2006; Zhang et al., 2012). In the case of cyp10, a cyp1-like, the highest expression levels were obtained in organisms exposed to 200 μg/L for 14 and 21 days, respectively. Although the differences were significant only with Laguna de Términos, mainly due to the variance as a result of the low number of samples, our results agree not only with the primary function of CYP1 in the detoxification of hydrocarbons but also corroborate the results reported in Crassostrea brasiliana and C. virginica that showed high expression levels of cyp1 and cyp1-like in organisms exposed to PAHs or from areas impacted by hydrocarbons (Lüchmann et al., 2015; Jenny et al., 2016). The above suggests that cyp10 would be a good candidate as a molecular marker to evaluate the presence of hydrocarbons in the different coastal lagoons of the Gulf of Mexico.

In phase II, PAH derivatives are conjugated with enzymes such as glutathione S-transferases (GST) and monooxygenases (FMO). Conjugation not only makes the derivatives more polar but facilitates their detoxification in bivalves through pathways such as sulfotransferases (SULT) and UDP-glucuronosyltransferases (UGT) (Wu et al., 2013; Vidal-Liñán et al., 2014). In the case of gstΩ1, the organisms collected towards the end of the hydrocarbon exposure period and those from Las Enramadas presented the highest expression levels. In exposed organisms, there was a positive correlation with cyp10 expression. Studies reporting the same expression pattern in bivalves collected from hydrocarbon-influenced areas or exposed under laboratory conditions include Perna perna and R. philippinarum (De Luca-Abbott et al., 2005), C. virginica (Jenny et al., 2016), Venerupis philippinarum (Xu et al., 2010) and C. brasiliana (Lüchmann et al., 2011). In the case of fmo, the organisms that presented a more significant induction were those of Tampamachoco, Cármen, and Mecoacán. FMO belongs to a family of monooxygenases involved in the oxidation of sulfur-containing compounds. Previously, we have described that areas such as Tampamachoco, Cármen, and Mecoacán are influenced by oil activity or have a synergistic influence on river bodies whose effect is reflected in any of the three components of coastal lagoons such as water, sediment, or organism. Although few studies had reported the expression of fmo in bivalves exposed to hydrocarbons, those carried out in the digestive gland of Crassostrea gigas (Schlenk and Buhler, 1989; Boutet et al., 2004) had found higher expression levels of fmo, not only confirming the expression pattern found in the present study but suggesting its usefulness as a good marker to assess the presence of hydrocarbons present in water bodies.

Phase III of the xenobiotic detoxification process releases metabolites generated from PAHs through urine and substances such as bile or its equivalents (Bekki, 2018). Within this phase, multidrug resistance proteins play an essential role as transporters, and MRP1 or P-glycoprotein has been partially characterized in C. virginica (Ivanina and Sokolova, 2008). Of the organisms collected in the different coastal lagoons of the Gulf of Mexico, those from Las Enramadas and the exposure test under laboratory conditions (14 days at 200 g/L) presented the highest expression levels for mdrd1. In Las Enramadas, and as mentioned above, it is very likely that gas reserves and their exploitation through gas pipelines are having an impact on organisms, so this area needs to be studied more frequently to determine the actual impact not only on organisms but also on the water column and sediments. In organisms exposed under laboratory conditions, previous studies have found that the highest expression levels for GOIs in detoxification processes and oxidative stress occur more consistently at 14 and 21 days of exposure (Tapia-Morales et al., 2018; López-Landavery et al., 2019). Similar results associated with the up-regulation of a multidrug resistance protein (mrp3) were reported in the digestive gland of C. virginica collected from Fort Morgan and Orange Beach three months after the incident in the Deep Water Horizon (Jenny et al., 2016).



Response to oxidative and environmental stress

The reactive oxygen species (ROS) are compounds generated as part of detoxifying PAHs. When antioxidant defenses do not neutralize ROS, they could induce different types of damage at the cellular level, such as lipid and protein oxidation (Lushchak, 2011). In aquatic organisms, ROS exposition makes DNA susceptible to oxidative damage, and such damage can be measured as micronuclei, DNA breaks, and others using the comet assay test (Abele et al., 2011). Among the antioxidant defense system components, the most studied in marine organisms include catalase (CAT) and superoxide dismutase (SOD). Catalase is an enzyme that metabolizes hydrogen peroxide to molecular oxygen and water (Van der Oost et al., 2005). Considering the lagoons where cat was evaluated, Tampamachoco, Cármen, and Las Enramadas had a higher expression level. Studies reporting the up-regulation of cat in organisms exposed to hydrocarbons in the wild or under laboratory conditions include the polychaeta Perinereis aibuhitensis (Zhao et al., 2017) and Mus musculus (Wang et al., 2009). In general, the results reported in previous studies and the present work suggest the usefulness of cat as an environmental bioindicator.

As mentioned above, one of the results of the detoxification process of xenobiotics and PAHs is the generation of ROS and, therefore, oxidative stress conditions at the cellular level. Within this context, compounds such as thioredoxin reductase (TRR), glutathione reductase (GR), and glutathione peroxidase (GPx) are the primary antioxidant enzymes of the thioredoxin and glutathione systems found in plants, animals, and organisms (Meister and Anderson, 1983), so their fluctuation has been used as indicators of oxidative stress and cell damage in mussels (Gonzalez-Rey and Bebianno, 2013). In the case of thioredoxins, they are involved in different biological functions such as the elimination of reactive oxygen species, regeneration of proteins with oxidative damage, and control of apoptosis through the regulation of the transcription factor NF-kB (Fernando et al., 1992; Saitoh et al., 1998; Das and Das, 2000). In the present study, thioredoxin 3 (trr3) expression analysis showed that organisms exposed to hydrocarbons (21 days) and those from Las Enramadas showed the highest expression levels. In exposed organisms, direct and acute exposure compared to those from the natural environment would reflect the organism’s rapid response to the pollutant’s presence. On the other hand, it has been described that the presence of PAHs with a greater number of benzene rings is more difficult to eliminate and tends to produce stronger oxidative stress in the body (Motoyama et al., 2009). The above supports the results found working with C. virginica under laboratory conditions, where soft tissue bioaccumulation analyses indicated a higher proportion of PAHs of 4 to 6 benzene rings compared with those of 2 to 3 rings.

Genes from different function categories had been used as potential markers to assess the effect of hydrocarbon components on marine organisms (Albarano et al., 2021; Varea et al., 2021). In this sense, the most frequently selected genes as potential markers correspond to a member of the CYP family proteins, specially CYP1 and CYP2 (Ertl et al., 2016; Zacchi et al., 2019). In zebrafish, the increase of retene concentrations, from 0.205 to 50 µM, not only increased the number of differentially expressed genes but also increased the log2FC (FC = Fold-change) of cyp1a, proposing it as a marker of the negative effect of hydrocarbons on de development of zebrafish (Wilson et al., 2022). In the case of invertebrates, up-regulation of cyp members in response to the presence of PAHs had been reported in Ruditapes philippinarum (Liu et al., 2014), Crassostrea virginica (López-Landavery et al., 2019; polychaeta Perinereis aibuhitensis (Zhao et al., 2022), Crassostrea gigas and Mytilus coruscus exposed to 1 and 5 µg/L during 15 days (Li et al., 2021). Based on the bioaccumulation results of this study and the organisms exposed to hydrocarbons at 200 μg/L under laboratory conditions (López-Landavery et al., 2019), our working hypothesis is supported in most of the selected genes, except for cat, fmo, and ggt1, where organisms from Tampamachoco had the highest levels of expression. Organisms exposed to 200 μg/L of hydrocarbons had levels of PAHs in soft tissues > 5 μg/g dry weight, and Tampamachoco had the highest level of PAHs in water and was among the top three of the lagoons with high content of PAHs in sediment. In the present study, genes such as cyp10, fmo, mdrd1, cat, and trr3 showed a high induction. From these, cyp10 or fmo gene expression, or a combination of both, would provide a complementary effective tool as biomarkers to study the effect of PAHs in marine invertebrates from the Gulf of Mexico.




CIGOM and other similar monitoring programs

This work is part of the Consorcio de Investigación del Golfo de México (CIGOM), the first multidisciplinary research group focused in to study the physical, chemical, and biological characteristics of this important oceanic basin on the Mexican side. CIGOM was founded in 2015 and it specializes in multidisciplinary projects related to possible environmental impacts of the oil and gas industry on the marine ecosystems of the Gulf of Mexico (https://cigom.org). The biological component, includes the study of the effects of hydrocarbons, mainly PAHs, on invertebrates, fish, turtles, and plankton and recently incorporated the problem of sargassum macroalgae (Sargassum spp.). Considering invertebrate monitoring as indicators of pollution in the coastal lagoons of the Gulf of Mexico, a similar and older initiative was established initially by the US Environmental Protection Agency, continued by the National Oceanic and Atmospheric Administration (NOAA), called “The Mussel Watch Program (MWP)” (Kimbrough et al., 2008; Bricker et al., 2014), and then it extended as a model around the world (Ramu et al., 2007; Thebault and Rodriguez y Baena, 2007; Cossa and Tabard, 2020). CIGOM and MWP reflect the need to assess the impact of anthropogenic activities on marine and estuarine ecosystems. In comparative terms and considering only the monitoring of contaminants, the MWP has a broader scope and intensive sampling than CIGOM. MWP monitors nearly 300 sites from the Atlantic, Pacific, and Great Lakes coasts, and measures more than 140 chemical contaminants (Beiras, 2018). In contrast, and on the same base, CIGOM includes more species such as oysters (Crassostrea virginica), benthic and pelagic teleost, Chondrichthyes, cetaceans, turtles, and plankton (https://escenarios.cigom.org/en/). In a complete scope, although CIGOM includes more components than MWP such as oil circulation modeling, biological connectivity, and sceneries of vulnerability, among others, it has the challenge of staying for many years just like MWP.




Conclusion

The present study is one of the first where the AHs and PAHs levels present in organisms of different coastal lagoons of the Southern Gulf of Mexico, from Tamaulipas to Campeche, are evaluated together. It also integrated bioaccumulation data with molecular data to validate potential biomarker genes to assess the presence and impact of hydrocarbons in the different coastal lagoons on the east side of the Southern Gulf of Mexico, which is where the country’s oil activity is concentrated. The first thing to highlight here is the perspective to continue studying the area of Las Enramadas, due to the expression patterns shown during the present study. Although bioaccumulation data have not been integrated with those from the water, sediment, and soft tissue of organisms from Las Enramadas, it suggests that the exploitation of gas and the proximity of gas pipelines could impact the southern region of the Laguna Madre lagoon complex due to its proximity to the hydrocarbon-producing basins of Burgos and Tampico-Misantla. The above generates the need to continue studying this zone to support the results found here. In the case of the presence of hydrocarbons, lagoons related to the existence of oil terminals with high maritime traffic or with fluvial influence, such as Tampamachoco, Mecoacán, Laguna de Términos, and Cármen, presented the highest levels of hydrocarbons in any of the components evaluated, which confirms the partial impact of the presence of hydrocarbons on oyster response due to that others contaminants not evaluated here such as heavy metals influence the oyster response. Finally, and based on expression, although different biomarkers have been proposed using different species in other parts of the world, our results suggest using cyp10 or fmo as biomarkers for future assessment studies in coastal lagoons in the Gulf of Mexico.
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Supplementary Figure 1 | AHs levels on a volume and dry weight basis detected in water (A), sediment (B) and soft tissues (C) of Crassostrea virginica collected from different lagoons of the Gulf of Mexico. Values represent mean ± standard deviation. Equal letters indicate no statistical difference between locations based on ANOVA one-way (P< 0.05). ND, Non-detected or under limit of detection.

Supplementary Figure 2 | Calculation of the amplification efficiency of HKGs in Crassostrea virginica. Left side: Dissociation curve showing the amplification peak for some HKGs. Right side: Standard curve construction based on successive dilutions of cDNA.

Supplementary Figure 3 | Calculation of the amplification efficiency of GOIs in Crassostrea virginica. Left side: Dissociation curve showing the amplification peak for some GOIs. Right side: Standard curve construction based on successive dilutions of cDNA.
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Ocean eddies play a major role in lateral and vertical mixing processes of particulate organic carbon (POC), as well as in the transport of heat, salinity, and biogeochemical tracers. In the open waters of the Gulf of Mexico (GoM), however, there are limited observations to characterize how these mesoscale structures affect the spatial distribution of POC in the upper water column, which is important for organic matter cycling and export. We present the distribution patterns of POC relative to mesoscale features throughout the water column in the deep-water region of the GoM during three oceanographic cruises held during the summer months of 2015, 2016, and 2017. Samples were collected under well-stratified upper ocean conditions, which allowed us to assess the spatial and temporal distribution of POC as a function of non-steric sea surface height, density, apparent oxygen utilization, and chlorophyll fluorescence. We further explored the variability of integrated surface layer POC concentrations at stations located within the cores and the edges of cyclonic and anticyclonic eddies, and those collected outside these structures. Although our results indicate mesoscale eddies modulate several important physical and biogeochemical variables and POC concentrations in the upper ocean, these features do not fully explain the spatial distribution of POC concentrations throughout the deep-water region of the GoM. Relatively lower POC concentrations were observed in the border of the cyclonic and the center of the anticyclonic eddies, in contrast to the relatively higher POC concentrations at the center of the cyclonic and the border of anticyclonic eddies. We observed high variability in POC concentration variability outside mesoscale structures, which may be attributed to other processes such as upwelling over the shelves, and the contribution by rivers during the summer especially in the northern and southern GoM.
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1 Introduction

The reservoir of particulate organic carbon (POC) in the ocean, while considerably smaller than the dissolved organic carbon (DOC) pool (with an approximate POC : DOC ratio of 1:38, Denman et al., 2007), is an essential constituent of sequestered carbon, in addition to the dissolved and particulate inorganic carbon pools (Sarmiento and Gruber, 2006). POC sinks through the water column across isopycnals, scavenging other particles and transporting carbon and associated elements to deep waters, where some of them are remineralized or resuspended, and a minor fraction is eventually sequestered in the sediments (Eppley and Peterson, 1979; Stramska, 2009).

The POC in oceanic regions consists mainly of living organisms and marine snow, which is an aggregate of phytoplankton and small zooplankton fragments, fecal pellets, and other particles also known as organic aggregates, which includes non-living material and uncharacterized components from biological, mineral, and anthropogenic sources (Riley, 1963; Knauer et al., 1979; Dunbar and Berger, 1981; Hedges et al., 2000; Lutz et al., 2002; Stramski et al., 2008; Kharbush et al., 2020). Near active natural oil seeps or oil spills, POC can incorporate “dead carbon” or hydrocarbon-derived carbon, in a process that has been described as Marine Oil Snow Sedimentation and Flocculent Accumulation. This process has been shown to be an important pathway for the distribution and destination of spilled oil, which in the Gulf of Mexico accounts for up to 14% of the total oil released as a result of the Deepwater Horizon oil spill in 2010 (Daly et al., 2016).

Particulate organic carbon concentration in the euphotic layer is thought to reflect primary production, a process during which photosynthesis fuels the formation of organic carbon from dissolved inorganic carbon and nutrients, thereby decreasing the partial pressure of carbon dioxide in surface waters (Stramska, 2009). Many of these processes are sensitive to fluctuations in temperature, light availability, ocean circulation, vertical mixing, and nutrient inputs into the surface ocean’s euphotic layer (Dawson et al., 2018; Frenger et al., 2018; Dobashi et al., 2022).

In oligotrophic regions, the mixed layer is generally considered as a quasi-homogeneous with little to no variability in density and is usually depleted in nutrients due to uptake by primary producers (Falkowski et al., 1992; Velásquez-Aristizábal et al., 2022). The deepening of this layer allows for subsurface mixing of nutrients toward the surface, fueling biological productivity and consequently increasing POC concentrations (Gardner et al., 1999). These changes can be further driven by vertical mixing from the isopycnal displacement by anticyclonic and cyclonic eddies, especially under strongly stratified upper ocean conditions during summer (Gaube et al., 2014; Gaube et al., 2019).

Mesoscale processes are responsible for the mixing and transport of heat, salt, and biogeochemical tracers across the global oceans and may act as a moderating factor in global climate change (Faghmous et al., 2015). Thus, understanding ocean eddy dynamics and their role in influencing various oceanographic and biological phenomena is of keen scientific interest (Falkowski, 1998; Faghmous et al., 2015). The productivity enhancing effects of eddies is particularly important in low-nutrient environments, where mesoscale processes can regulate the net upward flux of limiting nutrients as a result of the undulation of nutrient isosurfaces: where the shoaling of isopycnal surfaces tends to bring nutrients into the euphotic zone thereby enhancing productivity, whereas their deepening leads to a lack of change or even a decrease in primary productivity (Gruber et al., 2011).

Remotely sensed sea surface heights (SSH) yield important information on the spatial distribution and intensity of ocean eddies and is strongly related to circulation patterns in the ocean, lending insight into nutrient transport crucial to the understanding of the spatial variability of biological production (Gruber et al., 2011). The measurements performed with various in situ and remote sensing platforms provide an effective tool for studying biogeochemical constituents of oceanic waters like chlorophyll-a, particulate inorganic carbon, and particulate organic carbon (Stramski et al., 2008; Ocean Biology Processing Group, G. M, 2022).

The GoM is a semi-enclosed sea linked to the Atlantic Ocean through the Florida Straits and to the Caribbean Sea through the Yucatan Channel (Oey et al., 2005). The deep-water region of the GoM is characteristic for its oligotrophic and nutrient-limited surface waters, which are relatively isolated from coastal eutrophic waters (Martínez-López and Zavala-Hidalgo, 2009; Pasqueron de Fommervault et al., 2017). The Loop Current (LC) brings warm water into the GoM, which leads to high stratification in its area of influence, especially during the summer. Higher intrusion of the LC into the GoM is observed more frequently during the summer, which along with the upper ocean warming, influences the circulation in the interior of the gulf (Sturges and Leben, 2000). In the GoM, positive SSH anomalies are indicative of anticyclonic eddies that are characterized by a deep, warm water layer (Müller-Karger et al., 2015; Dobashi et al., 2022).

The LC and detached LC eddies transport Caribbean Subtropical Underwater into the GoM, which is clearly distinguishable from the GoM common water (Vidal et al., 1992). This common water is formed by vertical convective mixing during the winter season, or by the mixing induced by the collision of detached LC eddies against the western GoM boundary (Schmitz et al., 2005). These mesoscale features drive hydrodynamic processes throughout the central GoM that fuel mixing processes and affect biological productivity patterns (Pérez-Brunius et al., 2012; Müller-Karger et al., 2015; Cervantes-Díaz et al., 2022).

The most energetic mesoscale events are the detachment of large anticyclonic eddies from the LC that drift to the west (Sturges and Leben, 2000), which are dynamically linked with cyclonic and anticyclonic eddies in the Gulf’s interior (Jouanno et al., 2016). The periods between detachments are highly variable (ranging between 0.5 and 18.5 months), implying that there are some years with no eddy detachments from the LC, while during other years these can happen up to three times per year (Sturges and Leben, 2000; Leben, 2005; Vukovich, 2007; Vukovich, 2012; Delgado et al., 2019).

In addition to the quasi periodic shedding of LC eddies, other processes and structures influence the productivity in the southern Bay of Campeche, like the semi-permanent cyclonic eddy in the southern Gulf (Pérez-Brunius et al., 2012), the confluence of seasonal along-shelf currents (Martínez-López and Zavala-Hidalgo, 2009), and upwelling processes along the eastern margin of the Bay of Campeche and off the northeast shelf of the Yucatan Peninsula (Zavala-Hidalgo et al., 2006).

The mixed layer depth’s (MLD) seasonal cycle is driven by the surface ocean cooling during winter months, fueled by northern winds that lead to the erosion of the stratification of its surface waters and a deepening of the mixed layer (Müller-Karger et al., 1991). This wintertime convection of the MLD due to strong winter winds or “nortes” ends during the late spring, when the warming cycle of the surface waters begins; the MLD becomes shallower throughout the summer into the early fall, when the stratification of the upper layers is strongest (Müller-Karger et al., 1991; Martínez-López and Zavala-Hidalgo, 2009). These cycles of winter mixing and summer stratification are thought to be the main controlling factors of the surface chlorophyll-a concentration in GoM (Müller-Karger et al., 2015).

Modeling efforts suggest the higher integrated content of chlorophyll-a (Chl-a) over 350 m occurs in winter whereas lower ocean concentrations happen in summer, while April-May and October-November are transitional periods (Damien et al., 2018). In addition, float data show that mesoscale activity is most likely the main source of variability for the Chl-a concentration in the deep-water region of the GoM, with higher concentrations observed in cyclones compared to anticyclones (Pasqueron de Fommervault et al., 2017; Linacre et al., 2019).

Additionally, cyclonic and anticyclonic eddies drive vertical mixing through the modulation of nutrient transport to the euphotic zone, thereby exerting influence on Chl-a concentrations in the euphotic layer (McGillicuddy, 2016; Honda et al., 2018) as well as POC concentrations (McGillicuddy, 2016). Still, there are limited field observations available to characterize how mesoscale physical processes may affect the POC of the deep-water region of the GoM (Müller-Karger et al., 2015).

POC in the GoM has been mostly studied over the continental shelf, particularly in the north and northeast. The transport of freshwater plumes and filaments from the Mississippi and the Atchafalaya Rivers advect higher nutrient concentration waters to the northern shelf region, especially to the continental shelves of Louisiana and Texas (Biggs, 1992; Trefry et al., 1994; Goñi et al., 1997; Bianchi et al., 1997; Wang et al., 2004). However, the role of mesoscale structures on POC concentrations in the GOM’s deep-water region, especially in the southern gulf and the Bay of Campeche, known for its relatively higher productivity within the gulf (Martínez-Lopez and Zavala-Hidalgo, 2009; Linacre et al., 2015), has yet to be examined. Hence, our study aims to understand the role of mesoscale eddies on POC concentrations in the upper layer of the southern GoM´s deep-water region.



2 Material and Methods


2.1 Sampling

For the sampling, 319 discrete seawater samples were collected during three cruises covering the deep-water region of the southern GoM on board the R/V Justo Sierra using Niskin bottles mounted on a rosette (Table 1). At each station, continuous profiles of temperature, pressure, conductivity, and chlorophyll fluorescence were measured with a Sea-Bird® 9 plus CTD and sensors. In Figure 1, we present a map of the stations and the bathymetry of the deep-water region of GoM. All stations were > 1000 m depth; casts at some stations were done to 1000 m regardless of depth (hereafter referred to as shallow cast stations), and some to about 40 m off the bottom (deep cast stations).


Table 1 | Oceanographic cruise sampling dates for particulate organic carbon (POC) in the oceanic Gulf of Mexico.






Figure 1 | Sampling stations covered in the 2015, 2016, and 2017 XIXIMI cruises. Red circles represent stations sampled during 2015, yellow circles stations sampled in 2016 and purple circles the stations sampled in 2017. The blue line represents the 200m isobath, and the red line the Grijalva-Usumacinta River System.





2.2 Sampling processing and chemical analysis

Given the low concentration of POC in the oligotrophic waters of the GoM, it was necessary to pool water samples collected at different depths of the water column for analysis (Supplementary Table 1 and Supplementary Figure 1). At the shallow cast stations (<1000 m), the samples comprised depth filtrations of seawater from three discrete depths ranging from 10-50, 75-250, and 300-1000 m (i.e., samples were pooled, and data were obtained for these three broad layers). For the deep cast stations, samples were pooled from 10 m to the depth of maximum fluorescence, between 150-800 m, and from 1000 m to a few meters above the seafloor, the sampling strategy was agreed among all the different participating groups from the beginning of the CIGoM’s project. The basic rationale behind the pooling of several depths was the need to filter large volumes of water to obtain the necessary amount of carbon for the analysis. Discrete sampling depths were generally consistent, except for the targeted sampling during each cast of the chlorophyll maximum and oxygen minimum (identified based on the CTD profiles). For visualization purposes, POC values are plotted at the average depth of all the discrete samples collected within any given layer.

POC sampling and processing followed the Joint Global Ocean Flux Study methodology of Knap et al. (1996) with some modifications. Specifically, the seawater was filtered through a pre-combusted (500°C for 4 hours) Whatman® glass microfiber filter (GF/F) with a diameter of 45 mm and 0.7 µm pore size. Typically, between 7.5 L and 60 L of water was filtered to get a minimum weight per determination of 100 μg for POC. Filtered samples were placed in aluminum foil cleaned with ethanol and Kimwipes®, stored frozen during the cruise and transported to the laboratory for processing. In the laboratory, the samples were freeze-dried and then treated by vaporization with chlorohydric acid (1M) in a desiccator bell to remove the particulate inorganic carbon. Filters were then scraped with an X-Acto® knife to obtain the POC sample, while minimizing the glass fiber from the filters, and encapsulated in tin capsules.

The concentrations were determined on a Costech® CHN analyzer at the Stable Isotope Laboratory at CICESE and are reported as µmol/L. The international references used for POC were USGS 40 and IAEA-CH-6. POC concentrations were corrected for blanks (unused filters that had the same treatment as the rest) and calibrated using different weighted samples of sulfanilamide, the detection limit of this method is 4.16 µmolC (50 μgC); during the measurement period the standard deviation of the references was below 0.06 µgC.



2.3 Data analysis


2.3.1 Satellite data

POC data were not generated for surface layer during our cruises because water samples were used for other analyses. Hence, we used the satellite-derived surface concentrations to complement the POC stations profiles(https://oceancolor.gsfc.nasa.gov/data/aqua/). We obtained daily estimates of POC concentration (mg m-3) and Chl-a surface concentrations (mg m-3) from the Moderate-Resolution Imaging Spectroradiometer (MODIS-Aqua Satellite) Level 3 mapped product with a spatial resolution of 0.04° (~ 4.4 Km) for 2015, 2016 and 2017 (NASA Goddard Space Flight Center, et al., 2018). Because of the lack of data at some stations locations due to clouds, sun glint, low light levels, etc., we filled the gaps using the average value of the nearest data points by considering radial increments of 0.04° around the location, up to a fourth iteration when needed (for a maximum radius of 0.16° around a station). If surface POC concentrations were unavailable within maximum, the station was eliminated from further analysis.

The surface POC concentration is based on an empirical relationship between in situ measurements of POC and blue-to-green band ratios of remote sensing reflectance. The algorithms have yielded good performance over vast areas of the oceans, including different hyper oligotrophic and oligotrophic provinces with a determination coefficient between 0.7 to 0.9 (Stramski et al., 2008).

Daily SSH data were obtained from AVISO (https://www.aviso.altimetry.fr/en/home.html) using a gridded mesh with a spatial resolution of 0.25° (~ 27.8 Km) for 2015, 2016 and 2017. The non-steric SSH (SSHns) were calculated by subtracting the average SSH value for the GoM data (Domínguez-Guadarrama and Pérez-Brunius, 2017).



2.3.2 Hydrographic and data and biogeochemical proxies

The in situ density profiles were calculated from conservative temperature, absolute salinity and pressure profiles using GSW Oceanographic Toolbox from The International Thermodynamic Equation of Seawater (TEOS-10) (McDougall and Barker, 2011).

Apparent oxygen utilization (AOU) profiles were calculated as the difference between oxygen gas solubility and the measured oxygen concentration in water using TEOS-10 (McDougall and Barker, 2011).

In the absence of direct turbulent dissipation measurements, the MLD is commonly derived from oceanic profile data using threshold, integral, least squares regression, or other proxies (Thomson and Fine, 2003). In our case the MLD was defined as the depth of the maximum Brunt- Väisälä Frequency, calculated from absolute salinity, conservative temperature, pressure, and latitude using TEOS-10 (McDougall and Barker, 2011).

The maximum fluorescence depth (MFD) was defined as the highest fluorescence value obtained from the vertical profile of each station.



2.3.3 POC data

Quantitative estimates of integrated POC in the surface layer vary depending on the choice of the depth to which the integration is made (Stramska, 2009). We used three different depths to estimate integrated POC: (1) to a constant depth of 100 m (POC100), (2) within the mixed layer at each station, with a boundary defined by the Brunt Väisällä frequency since it provides a link between the physical structure of the water column and the depth of mixing, and (3) to the depth of the fluorescence maximum, as indicative of the depth with the highest chlorophyll fluorescence (Supplementary Material- POC data). This was done to evaluate which criteria better explained the spatial patterns of POC in terms of the physical and biological variables used in this study. To examine the main controls on the POC concentration in the upper layer of the GoM, POC data for each station were interpolated with a Piecewise Cubic Hermite Interpolating Polynomial method with a 1 m resolution (Supplementary Figure 2), which preserves the shape of the data and respects monotonicity (Fritsch and Carlson, 1980).



2.3.4 SSHns data

To find out how the SSHns may influence the concentrations of POC in the water column, we correlated the surface POC concentrations against the SSHns.

We generated two data sets of SSHns:

	Daily sea surface height, which corresponds to SSHns for the day when the samples were taken.

	Monthly sea surface height, which corresponds to the average of the SSHns during the period of the cruise.



Kelly et al. (2021) examined the contributions and mechanisms of the carbon budgets in the GoM and concluded that lateral transport of organic matter is substantial in oligotrophic ocean regions of the northeastern Gulf in the vicinity of the Loop Current and may be crucial to multiple trophic levels in the GoM. To explore the possibility of a lateral transport between the production and formation of POC, we also correlated POC concentrations with SSHns considered a radius of 0.25 degrees around the stations (daily and monthly SSH (0.25°)).

We also correlated the surface POC concentration of each cruise vs. the surface Chl-a concentrations, MFD, and MLD, to evaluate whether there was a spatial relationship.



2.3.5 Identification and classification of mesoscale structures

Mesoscale structures are mainly generated by ocean large-scale circulation instabilities due to wind or topographic obstacles, creating variability around the ocean´s mean state, and it helps us to understand the role of mesoscale structures on ocean dynamics (including POC production and export) and to discriminate the effect of eddies from other processes (Mason et al., 2014; Pegliasco et al., 2022).

To understand the relationship between mesoscale features and POC concentrations we used “The altimetric Mesoscale Eddy Trajectories Atlas (META3.2 DT allsat) products, processed by CNES/CLS in the DUACS system and distributed by AVISO+ (https://aviso.altimetry.fr)”. The algorithm used for these products is derived from Mason et al. (2014) and further described in Pegliasco et al. (2022).

This method follows four steps: filtering, detection, estimation of eddy characteristics, and tracking. For further description about the algorithm check the manual ¨Mesoscale Eddy Trajectory Atlas Product Handboook¨ (Aviso+ Altimetry, 2022).

After we downloaded the altimetric mesoscale eddy trajectories dataset, we filtered it by date, longitude, and latitude. We used this to identify daily mesoscale structures within the GoM during the three cruises, obtaining a map for each day of the cruise, in total 21, 15, and 25 maps were obtained for 2015, 2016 and 2017 respectively (Table 1). Figure 2 presents an example of the approach followed in our selection of centers and borders in cyclones and anticyclones. To aid in the understanding of the results obtained from eddy identification, we also examined geostrophic flows (downloaded from https://cds.climate.copernicus.eu/#!/home).




Figure 2 | Absolute dynamic topography anomaly map depicting cyclonic and anticyclonic mesoscale structures observed on June 24, 2016. The blue/red line and dot represents the cyclone/anticyclone contour and center; data extracted from the altimetric Mesoscale Eddy Trajectories Atlas at AVISO+. The areas delimited by the dotted lines represent the border and center classification zone for the sampling stations that were in mesoscale structures.



We classified eddies based on their rotational direction in the Northern Hemisphere, as either cyclonic (counterclockwise) or anticyclonic (clockwise). The results from the Mesoscale Eddy Trajectories Atlas allow us to visually determine whether our sampling stations were located near the center of a structure or near the border (within a radius less than ~0.08° from the contour). We classified stations based on whether they were located near the center of a cyclonic eddy (CCE), near the border of a cyclonic eddy (BCE), near the center of an anticyclonic eddy (CAE), or near the border of an anticyclonic eddy (BAE). Stations that fell outside these features were classified as no eddy (NE). We grouped the stations according to their categories and made composite vertical profiles of fluorescence, density, AOU and POC using pooled data for the three cruises.



2.3.6 Statistical analysis

A two-sided Wilcoxon rank sum test (equivalent to a Mann-Whitney U-test) was used to compare the medians of MLD and MFD between years. A Kruskal-Wallis analysis was used to test for differences in the MLD and MFD between cruises and in surface POC concentrations and integrated POC100 in each category of mesoscale feature (α =0.05).

Principal component analysis (PCA) was applied to examine associations between the oceanographic variables and the POC concentrations among the station’s classifications. When two variables were highly correlated (Pearson’s correlation r>0.7), one was removed prior to PCA. The analysis included density at 10 m depth, MLD, MFD, SSHns, surface Chl-a, the fluorescence maximum, the depth at which the slope of the AOU changes towards positive values, surface salinity, sea surface temperature, the average temperature in the first 100 m and integrated POC100 concentration.





3 Results


3.1 Oceanographic conditions and POC concentrations

Figure 3 presents maps of non-steric SSH, sampled stations and the geostrophic velocities mapped from the average of time span of each cruise (Table 1). During 2015 and 2016, there were stronger mesoscale circulation features in the central GoM than during 2017. During the 2015 cruise, two large anticyclones were observed between 24° and 28°N; Olympus (1), recently released from the LC, and the remnant of Nautilus (2) formed in May 2015 (www.horizonmarine.com; Figure 3). During this cruise we further observed the lowest SSHns values in the Bay of Campeche region. In 2016, a large anticyclone called Poseidon (3) had been recently detached from the LC, and the rest of the GoM presented higher SSHns values than during the 2015 cruise. In 2017, the LC showed a high level of intrusion into the GoM, but there were no large anticyclones within the gulf, and the SSHns were generally higher than during the 2016 cruise but lower than in 2015.




Figure 3 | Mean non-steric sea surface height (SSHns) for the GoM during 2015, 2016, and 2017 cruises. Arrows represents geostrophic velocities. 1: Olympus. 2: Nautilus remnants. 3: Poseidon. Circles represent stations sampled during each cruise.



A Kruskal-Wallis test indicated that the median MLD differed between years (p<<0.001). The MLD maps presented in Figure 4 indicate that during 2015 the MLD was deeper in the northwestern part of the study area (~58 m), while the shallowest depths (~20 m) were in the east. MLDs were markedly shallower during the 2016 cruise (Figure 4-middle panel) with an overall mean of 27 m. During that cruise, the Bay of Campeche showed the shallowest MLD, around ~15 m. During 2017, the MLD was deeper than in 2016 (Figure 4-right panel) with a mean of 35 ± 9 m and with the deepest values toward the center of the GoM.




Figure 4 | Mixed layer depth (MLD - A, top panels) and maximum fluorescence depth (MFD - B, bottom panels) in the GoM during 2015, 2016, and 2017 cruises.



The median MFD differed significantly between years, as indicated by the Kruskal-Wallis test (p = 0.012). The MFD maps in Figure 4B (cruise´s average is in Table 2) show that the highest values were consistently located over the central gulf (abyssal region) during the three cruises, with a mean depth during 2015 of 73 ± 24 m, of 88 ± 15 m during 2016, and 86 ± 21 m during 2017.


Table 2 | Mixed layer depth and maximum fluorescence depth during three cruises covering the southern Gulf of Mexico’s deep-water region.





3.2 Characterization of POC profiles and the integrated POC100

In Figure 5, POC profiles show a pattern consistent with the well-known exponential decay with depth in the water column (Suess, 1980), with higher concentrations at the surface (between 2 to 7 µmol L-1) and decreasing with depth to values less than 1 µmol L-1 below 700m. The sinking velocity of POC aggregates is mainly determined by their size, internal microstructure (porosity and heterogeneous composition), density and the amounts of biogenic calcium carbonate and opal structures that act as ballast minerals (Iversen and Ploug, 2010; Armstrong et al., 2002; De La Rocha and Passow, 2007). In addition, POC’s sinking velocity and flux is hypothesized to be modulated by microbial remineralization and by zooplankton grazing (Guidi et al., 2009).




Figure 5 | Surface and subsurface particulate organic carbon (POC) concentrations at different depths in the GoM for 2015, 2016, and 2017 cruises. POC concentrations at depths below the surface reflect the mean of the three discrete water sampling depths from which water samples were pooled.



To understand the control of the surface ocean conditions on POC concentrations in the GoM, we considered different integrated depths sampled during the 2015, 2016, and 2017 cruises; the maps are shown in Figure 6 and Supplementary Figure 3, and the average, standard deviations and coefficients of variation are in Table 3 and Supplementary Table 2.




Figure 6 | Integrated particulate organic carbon concentrations for the first 100 m (POC100).




Table 3 | Integrated POC100 during three cruises covering the southern Gulf of Mexico’s deep-water region.



In Figure 6, integrated POC100 showed mean values of 276 mmol m-2 during 2015 and 2016, and lower mean values during 2017 (207 mmol m-2). The Kruskal-Wallis test indicated the medians in the integrated POC100, between 2015, 2016 and 2017 were significantly different (p = 0.003). The integrated POC100 during 2015 showed a spread of values between 125 – 200 mmol m-2 throughout the GoM, with highest values (300 mmol m-2) at two stations located in the western region, and the lowest between 21°–22° N. During 2016, the spatial distribution of POC100 showed similar spatial patterns to 2015, with values between 150 - 250 mmol m-2, and lowest values in the Bay of Campeche. In contrast, during 2017 all integrated measures of POC were mostly lower than during the previous two years. POC100 showed values between 60 and 150 mmol m-2 in the central GoM stations.



3.3 Influence of mesoscale structures on POC concentrations

The interpolated POC, density, fluorescence, and AOU profiles for the stations in each category (CCE, CAE, BCE, BAE, and NE) were pooled across years to examine the influence of mesoscale structures; means and standard deviations were calculated to provide a visual representation of the variability (Figure 7, and Supplementary Table 3).




Figure 7 | Mean and standard deviation profiles of density, fluorescence, apparent oxygen utilization and particulate organic carbon for stations that fell near the center of a cyclonic eddy (CCE - yellow, A, top panel), near the border of a cyclonic eddy (BCE - purple, A, top panel), near the center of an anticyclonic eddy (CAE - blue, B, middle panel), near the border of an anticyclonic eddy (BAE - B, orange, middle panel) and the stations free of eddy influence (NE - black, C, bottom panel) during the 2015, 2016 and 2017 GoM cruises.



The CCE (yellow) density profile presented the shallowest MLD, with a shallow pycnocline at ~20 m (Figure 7A - top panel). The MFD was located close to 75 m, with increasing AOU’s values below ~50 m. POC showed mean concentration of ~3.6 µmol L-1 near the surface, decreasing to 0.7 µmol L-1 at 250 m depth. Profiles from BCE stations (purple) showed well-stratified waters, with a relatively deeper mixed layer depth ~35 m, and deeper MFD than stations near the center of cyclonic eddies (~75 m depth with a secondary peak at about 100m). The AOU profiles were similar at CCE and BCE stations, showing negative or close to 0 values from the surface to ~60 m. Below this depth, consumption and recycling of organic carbon was more important than production by primary productivity, as indicated by increasingly positive AOU values.

Mean POC concentrations were higher at stations near the center of cyclonic eddies (CCE) than near their borders (BCE). CCE stations showed the shallowest of the density profiles, which is consistent with the shallowest pycnocline near the core of cyclonic eddies. Regarding the fluorescence profiles (CCE and BCE), showed a similar maximum fluorescence depth (~75m), however, consistently higher fluorescence values were observed at all depths at stations near the CCE than in the BCE, suggesting higher chlorophyll concentrations throughout the water column. As for AOU, profiles from the CCE showed changes in the slope to positive values at shallower depths than stations in BCE (Figure 7A - top panel).

The stations located near the core of anticyclones (CAE, blue) showed a weak pycnocline and a MFD between 80 m to 125 m. The AOU profiles showed changes towards positive values at ~100 m. In contrast, for BAE stations (orange), the pycnocline was located at ~25 m, while the MFD was found at ~80 m; the AOU profile showed a balance between consumption and production values for the first 50 m. The average POC average on the surface was ~2.8 µmol L-1(Figure 7B - middle panel).

Near-surface POC concentrations at CAE stations were slightly lower (between ~1.9 and ~2.3 µmol L-1) than stations near BAE (between ~2.1 and ~3 µmol L-1) up to ~40 m depth (among ~0.8 and ~2.1 µmol L-1); below that depth POC values were very similar (with values ranging between ~0.1 and ~1.7 µmol L-1). Comparison of CAE and BAE density profiles indicated a higher density at a given depth below ~30 m, indicative of a deepening of the isopycnals at the core of the anticyclonic eddies. CAE had lower fluorescence values down to 100 m, and a deeper fluorescence maximum than BAE stations. The AOU profiles for CAE show the change in slope to positive values almost 25 m deeper than BAE (Figure 7B - middle panel).

The mean profiles of density, fluorescence, AOU and POC for NE stations are in Figure 7C. The pycnocline is observed in the first upper ~25 m implying a relatively shallow mixed layer, and a relatively deep fluorescence maximum at ~80 m. The AOU profile indicates a close balance between production and consumption for the first 50 m, below which respiration begins to dominate as AOU increases. The POC concentrations show an overall average value of ~3.7 µmol L-1, although showing a high variability (Figure 7C - bottom panel).

A Kruskal-Wallis test was applied to the median integrated POC100 (Supplementary Table 4) between the four different structures (CCE, BCE, CAE, and BAE), and there was no difference (p=0.131). Another Kruskal-Wallis test was applied for the medians of surface POC (5m) between the four different structures (CCE, BCE, CAE, and BAE) and results show that the means in the surface POC were different (p=0.023).



3.4 Correlations between POC and oceanographic variables

There were weak negative and non-significant Pearson correlation coefficients between integrated POC concentrations and SSHns (r= -0.10 to -0.22), even when SSH was estimated over a broader area around each station (daily SSH and daily SSH (0.25°) as well as monthly SSH and monthly SSH (0.25°)) in Supplementary Tables 5, 6.

The correlation between integrated POC and the MLD, MFD and Chl-a are shown in Table 4 (Supplementary Table 7). Only for the 2015 cruise showed significant correlations between the POC100 and MLD, MFD and Chl-a. The statistically significant negative correlations most likely result from higher (lower) POC integrated values associated with shallower (deeper) mixed layer depths and a shoaling (deepening) of the maximum fluorescence depth.


Table 4 | Correlation analysis between POC100 vs. mixed layer depth, maximum fluorescence depth, and surface Chl-a concentrations.



The correlations between SSHns and MLD, MFD and Chl-a are shown in Table 5. Satellite-derived SSHns and MLD show statistically significant positive correlations during 2015 and 2017. There were also significant positive correlations between SSHns and. MFD for 2015 and 2016; when SSHns was negative (positive), the maximum fluorescence depth was found at a shallower (deeper) depth. Negative SSHns values are associated with divergence in cyclonic structures, which leads to a shallower MLD and MFD, while positive SSHns values are associated to convergence and anticyclonic structures with the opposite pattern in the MLD and MFD.


Table 5 | Correlations between non-steric sea surface heights, maximum fluorescence depth, mixed layer depth and surface Chl-a concentrations.



Surface Chl-a vs. MFD and MLD consistently showed negative and statistically significant correlations for the three cruises. The negative correlation coefficients imply a deeper (shallower) maximum fluorescence depth associated with lower (higher) concentrations of a Chl-a (Table 5).

The PCA indicated that components 1 and 2 explained 52.1% of the variability (Component 1 = 33.2% and Component 2 = 18.9%; Figure 8). The eigenvector results are presented in Supplementary Table 8.




Figure 8 | Principal component analysis of oceanographic variables and integrated POC100 estimates. The color indicates the classification of the mesoscale structures; stations near the center of cyclonic eddies are in yellow, near the border of cyclonic eddies in purple, near the center of anticyclonic eddies in blue, and near the border of anticyclonic eddies in orange. Colorless symbols indicate stations outside of eddies. The stations sampled in 2015 are indicated in circles, 2016 in triangles and 2017 in squares.



The PCA results grouped stations based on their locations at the centers and edges of mesoscale structures, showing the largest separation between stations at the CCE and CAE, and an overlap between BCE and BAE. The CCE stations (yellow) were positively correlated with Chl-a, Fluorescence, salinity and POC100, and negatively correlated with the average temperature at 100m, MLD, MFD, SSHns and to a lesser extent the density. CAE stations (blue) were negatively correlated with Sal, Fluor, Chl-a and POC100, and positively correlated with average temperature at 100m, MLD, MFD, SSHns and density.

Chl-a, fluorescence, integrated POC100 and salinity cluster in the positive region of component 1 while MFD, average temperature at 100m, SSHns density and MLD are grouped in the negative region. Most of the stations sampled during 2015 (circles) were correlated with sea surface temperature, MLD, salinity, and fluorescence. In contrast, during 2016 (triangles) the stations were correlated with the average temperature at 100m, density and the depth where the AOU changes towards positive values. The stations sampled in 2017 (squares) fell all over the multivariate space.




4 Discussion

The mechanisms that control POC concentrations in the ocean differ depending on the region and the season (Dobashi et al., 2022). Sources of organic carbon in the GoM can include terrestrial and marine sources (Bianchi et al., 1997). The contribution of terrestrial organic carbon from terrestrial sources, including estuaries, is particularly important in coastal and shelf waters and constitutes an important component of global organic carbon (Hedges, 1992). Specifically, river inputs play a significant role in the distribution of POC (Meybeck, 1982). The Mississippi-Atchafalaya River and the Grijalva-Usumacinta River Systems are the largest sources of freshwater inflow to the northern and southern GoM, respectively (Kemp et al., 2016). The Mississippi- Atchafalaya River System has been shown to influence the distribution of POC and plays an important role in the organic carbon transport to the shelf and northern oceanic region (Trefry et al., 1994; Rosenheim et al., 2013), while in the southern Gulf the Usumacinta-Grijalva River System is the main source of POC (Cuevas-Lara et al., 2021). In addition, POC fluxes are further influenced by mineral ballast, such as calcium carbonate, the concentrations of which are closely related to POC concentrations (Klaas and Archer, 2002).

The concentration profiles in the GoM’s deep-water region showed values that range between 2 and 7µM in the upper layer during the summer season. These concentrations are comparable with the values (4.48 ± 5.22 µM) previously reported for samples obtained under oligotrophic conditions in South and North Pacific Gyres in 2004 and 2012 (Stramski et al., 2022; Table 6). Also, POC concentrations in the Equatorial Pacific Ocean collected between 30°N-15°S and 180-160°W in 2012 range between 0.75 and 8.8 µM; the smallest values were from oligotrophic regions, and the highest for the high-nutrient Equatorial Pacific region (Graff et al., 2015).


Table 6 | Particulate organic carbon concentrations from different study areas.



Stramski et al. (2022) sampled different oceanographic conditions ranging from oligotrophic environments like the South Atlantic Gyre to higher productivity regions of the Atlantic Ocean. They report concentrations of 4.77 ± 1.68 µM along north-to-south transects covered in 2005 and 2010. In another study, POC concentrations ranging between 1.67 and 6.33 µM were reported from samples collected in the North Atlantic Drift, North Atlantic Subtropical Gyre, North Atlantic Tropical Gyre, Western Tropical Atlantic, the South Atlantic Gyre, and the South Subtropical Convergence during 2014 (Strubinger-Sandoval et al., 2022).

Reports from comparable oligotrophic regions like the Sargasso Sea showed POC concentrations between 1.18 and 2.96 µM from 1988 to 2004 (Duforêt-Gaurier et al., 2010; Table 6), while the Hawaii Ocean time-series showed a range between 2 and 5 µM (Świrgoń and Stramska, 2015). In the southern deep-water region of the GoM, we found POC concentrations that are comparable with those reported for the northern open waters of GoM by Liu and Xue (2020), who measured concentrations of 3 ± 1 µM in May between 2010 and 2013 along the coast of Louisiana in the north GoM. However, they also reported much higher concentrations in the surface waters influenced by the plumes near the Mississippi River Delta (values around 14 ± 6 µM). These high concentrations were attributed to the discharge of the Mississippi and Atchafalaya Rivers.

Hence, POC concentrations in the southern deep-water region of the GoM fall within the range observed in oligotrophic regions like the Sargasso Sea, and the subtropical gyres in the Atlantic and Pacific oceans during the summer season. An analysis of the global distribution of integrated POC100 from 1995 to 2012 showed a range of values from ~20 to ~900 mmol m-2 (Balch et al., 2018). The comparison of global estimates with our results is consistent with the oligotrophic nature of the southern deep-water region of GoM during the summer season.

POC concentrations in the water column showed the consistent well-known exponential decay with depth, with relatively high variability in the euphotic layer and decreasing concentrations below 700 m (<1 µM). To understand the mechanisms that could control this upper layer variability in the southern region of GoM, POC concentrations were integrated over different depths (100 m, MLD, MFD) and correlated with different variables. Integrated POC within the mixed layer depth and the fluorescence maximum depth did not show significant correlations with any of the oceanographic variables for any of the 3 years (Supplementary Table 7).

However, when integrating over the euphotic layer (with depths of ~100m; Linacre et al., 2019; Kelly et al., 2021; Stukel et al., 2021; Stukel et al., 2022) our results showed a negative correlation with the MFD and the MLD and a positive one with the surface Chl-a concentration for the 2015 cruise. The POC100 showed similar average integrated concentrations of ~276 mmol m-2 for 2015 and 2016, although the variability was much higher in 2015 than in 2016. In contrast, during the 2017 cruise, POC100 was lower, with a mean value of 207 mmol m-2. Differences in POC100 between years were significant due to the high variability between stations. These data suggest that MFD and MLD may occasionally play a role in modulating POC concentrations in the upper water column although it is not a consistent control over time and that there may be other mechanisms contributing to this intermittent relationship.

It is important to mention that although the three cruises took place during the summer season (Table 1), the level of mesoscale activity differed (Figure 3). During 2015 and 2016 mesoscale activity was higher in the central GoM than in 2017. The observed significant correlations between POC100 and the MLD, MFD and surface Chl-a concentrations for the 2015 cruise may be related to the two large anticyclones that were present in the central deep-water region; these were the remnants of Nautilus eddy and the recently released Olympus eddy (Figure 3). Thus, the higher variability in integrated POC concentrations found for 2015 (Table 3), may be attributed to an intensification of mixing processes associated with the edges of the anticyclonic eddies and consequently with the vertical transport of nutrients fueling the POC production in the euphotic layer. According to the results from the algorithm of AVISO, the average number of anticyclones during the cruise in 2015 was 6.7, in 2016 it was 5.4 and in 2017 was 4.7. Hence, the number of mesoscale structures may be another contributing control to the variability of integrated POC100, especially during the summer season characteristic for strongly stratified upper ocean conditions.

Large and highly energetic mesoscale eddies exert a strong influence on the biogeochemical variables of the upper water column (Gaube et al., 2019). Eddies are associated with vertical mixing, which affects nutrient transport and the Chl-a concentration in the euphotic layer (McGillicuddy, 2016), and our results in Figure 7 show that the POC upper layer concentrations may be modulated by their location within cyclonic and anticyclonic eddies. However, although we observed significant differences in the medians considering the first 5 m of the water column, we did not find significant differences in the integrated POC100 medians.

Higher POC concentrations, associated with the shoaling of density profiles and the deep fluorescence maximum are consistently observed at stations near the CCE than at stations near the BCE. These features are consistent with a shallowing (deepening) of the pycnocline near the core (border) of cyclonic eddies. Cyclonic eddies show an anti-clockwise flow of currents with negative SSHns at its center and counterclockwise geostrophic velocities, a shallower thermocline and a conspicuous shoaling of isopycnals bringing colder, nutrient-rich subsurface waters closer to the euphotic zone at its center (Biggs et al., 1988; Seki et al., 2001), all of them enhancing phytoplankton productivity, higher chlorophyll and POC concentrations in the euphotic layer (Bidigare et al., 2003; McGillicuddy et al., 2003; Bakun, 2006).

The BCE shows consistently lower POC concentrations than stations in the CCE, with close to ~0.5 µmol L-1 difference in their mean values (Figure 7). The Chl-a concentrations at the center of a cyclonic eddy are consistently higher than at the borders, most likely as a result of the shoaling of the pycnocline allowing nutrients to reach the euphotic layer and thus fuel the phytoplankton productivity at depth (Gaube et al., 2014; McGillicuddy, 2016). Honda et al. (2018) have shown how cyclonic eddies may affect the POC flux in the oligotrophic region of the subtropical North Pacific Ocean through the shoaling of the pycnocline driven by the passage of cyclonic eddies over the observation area, resulting in increased Chl-a in the subsurface layer and enhanced POC flux to the deep-sea region. This flux is positively related to the concentration of POC in the water column (Roca- Martí et al., 2021).

In contrast, anticyclonic eddies with clockwise geostrophic velocities (arrows) are convergence zones favoring the piling up of relatively warmer and lower density water masses at their core (Supplementary Figure 4), producing positive SSHns as seen in Figure 3. Anticyclonic eddies are generally considered nutrient-depleted relative to cyclonic eddies (Biggs et al., 1988; Seki et al., 2001). However, the POC fluxes observed in anticyclones in the eastern tropical North Atlantic show the opposite behavior, with larger fluxes comparable to those observed in mesotrophic or eutrophic regions (Fiedler et al., 2016; Fischer et al., 2016). Here, stations at the CAE mostly showed lower POC average concentrations by ~0.4 µmol L-1 (Figure 7) than at those in the BAE. In addition, near the core of the anticyclones there was lower density gradient with depth, lower fluorescence and a deeper MFD. A characteristic transect through an anticyclonic eddy shows a deepening (shallowing) of the pycnocline and MFD near the core (border) of these mesoscale features.

Previous work reported differences in cyclonic and anticyclonic eddies within the GoM. Lee-Sánchez et al. (2022) analyzed vertical nutrient profiles for two cruises, one in the winter (February-March) of 2013 and the other in the beginning of summer (June) of 2016. Their results showed that mesoscale eddies play a strong modulating role in the vertical distribution of nitrate and nitrite, particularly in the first 250 m. In the cores of recently detached Loop Current eddies, the nitracline reached maximum depths, and there were lower nutrient concentrations in the euphotic layer. Data from ARGO measurements in the GoM showed that the depth and the magnitude of the DFM or deep chlorophyll maximum are also strongly controlled by the mesoscale variability, showing consistently lower chlorophyll concentration in anticyclones (Pasqueron de Fommervault et al., 2017 and Damien et al., 2021). Based on a biogeochemical model, primary productivity in the Loop Current Eddies is higher than the average rates in the surrounding open waters of the GoM. This anomalous behavior is explained by the mixed layer response during winter convective mixing, which reaches deeper into nutrient-rich waters due to the very low-density gradient with depth in the the anticyclonic eddy. Although we didn’t observe this process, since our data was always collected in the summer season, we coincide with their observation of the strong influence exerted by the mesoscale activity in the surface ocean chlorophyll concentration and more specifically within Loop Current Eddies (Damien et al., 2021).

All these observations show how mesoscale structures do exert some influence in the concentrations of POC in the upper layer. However, correlations of POC concentrations versus SSHns, which in principle is related to the mesoscale structures, didn’t show a significant relationship. To explore this apparent lack of correlation we calculated the Pearson correlation coefficient between satellite POC concentrations and SSHns in every coordinate of the data mesh of the GoM, considering the average of 8 days for the three summer months of 2015, 2016 and 2017. The relationship is presented in Figure 9, and a clear negative relationship between the POC concentrations in the surface ocean and SSHns was observed over a broad region in the central abyssal region, especially during 2015 and 2016. This is most likely related to the east-west trajectories of large, detached eddies from the LC. These negative correlations show lower POC concentrations associated with higher SSHns, implying the importance of these mesoscale structures in controlling POC concentrations in the euphotic layer of the deep-water region of the GoM.




Figure 9 | Spatial correlation maps for the summers of 2015, 2016, and 2017 between surface POC and SSHns, both derived from satellite data. Pearson’s correlation coefficients are shown in colors, with hot colors indicating positive correlation and cold colors negative correlation. The black contours represent a confidence level of 95%.



Although our observations show how the POC concentrations may be modulated by mesoscale dynamics in the southern deep-water region of the GoM, it is important to mention that other processes deserve further studies to explain the observed variability. For instance, primary production is associated with seasonal high freshwater inputs, including those from the Tamaulipas shelf in the west, the Mississippi-Atchafalaya River System in the north, and the outflows of the Grijalva-Usumacinta River System in the south (Figure 1). In addition, further studies should be focused on the possible effects of increasing the stability of the upper water column due to rising sea surface temperatures in the interior of the GoM, and how this warming affects mixing in mesoscale features, and consequently primary production and upper layer POC concentrations to better understand the biological carbon pump in the GoM.
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This study analyzed the spatiotemporal dynamics of surficial benthic microbial communities in a bathymetric gradient (44 - 3573 m) across four oceanographic campaigns at the Perdido Fold Belt (PFB) in the northwestern Gulf of Mexico (nwGoM). Bioinformatic analysis of 16S rRNA gene amplicons grouped the 27 samples into three clusters according to a longitudinal bathymetric gradient. Differences in community structure among clusters, based on PERMANOVA analysis, were partially explained by cruise, water depth, temperature, salinity, nitrate plus nitrite, silicate, redox potential, Ni, Cd, Pb, and Al, as well by aliphatic and aromatic hydrocarbon concentrations. Into microbial community composition, Gemmatimonadaceae, Planctomycetaceae, and the JTB255 were detected at all depths across the four campaigns. Members of Anaerolinaceae and specific sulfate-reducing bacteria were more abundant in sites located between 43 and 1200 m, and Rhodospirillaceae, wb1-A12, OM1 clade, Desulfurellaceae, Gemmatimonadetes, Nitrospinaceae, and Clostridiaceae 1 were better represented in deeper sites. Alpha diversity was similar between the three groups and remained stable; however, 10 samples presented changes in the community structure across the four campaigns. Finally, a multivariable association analysis revealed 25 bacterial genera positively related with physicochemical parameters that characterized the environment from shallow to deep sea sites. Taken together, these results yield insights into the temporal stability of 17 of 27 sites in the PFB and revealed signature taxa with putatively ecological relevance in sedimentary environments.
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  1 Introduction

Marine sediments are highly variable environments in space through time. Their physical and chemical settings are affected by human activities and natural processes such as fluvial inflows and oceanographic phenomena (e.g., vertical eddies, currents, horizontal vortices) so climate and seasons are other important factors for their variation (Hernández-Molina et al., 2016; Ward, 2017). The ocean food web depends on the circulation of nutrients and organic matter between surface waters and sediments (Zinger et al., 2011; Orsi, 2018). In marine sediments prokaryotes are the major biological catalysts that largely control organic carbon and nutrients cycling and are involved in the climate change regulation and the degradation of multiple pollutants (Newton et al., 2013; Orsi, 2018; Cavicchioli et al., 2019; Li et al., 2020; Walker et al., 2021). Microbial studies have evidenced temporal and spatial patterns in community structure in response to environmental and biotic factors (Ortmann and Ortell, 2014; Torres-Beltrán et al., 2016; Zorz et al., 2019). Given their essential roles in regulating ecological services, understanding the factors that shape microbial community structure on spatial and temporal scales is crucial to yield insights to anticipate the responses of marine ecosystems to environmental changes afforded (Zinger et al., 2011). Under this idea, deciphering the influence of environmental variables on the community structure of native prokaryotes became an area of great research interest in the Mexican GoM, such as the PFB in the northwestern Gulf of Mexico (nwGoM), which is within the third most important hydrocarbon fields in the basin (Celis-Hernandez et al., 2018).

To date, few studies have assessed microbial communities in the PFB that combined molecular analysis with physicochemical data at a single time point, and none have compared the structure of benthic microbial communities over time. Although the way to analyze, interpret, and present microbial diversity data in these studies are difficult to compare, some interesting trends can be observed. In the first place, the analysis of the beta-diversity of pelagic and benthic communities showed a tendency to cluster the samples by water column depth (Sánchez-Soto Jiménez et al., 2018; Raggi et al., 2020; Ramírez et al., 2020; Sánchez-Soto et al., 2021). Sánchez-Soto Jiménez et al. (2018; 2021) and Ramírez et al. (2020) reported the co-occurrence of aerobic and anaerobic metabolisms in the studied sites; however, anaerobes (e.g., sulfate-reducers) showed higher abundances in shallow environments where anoxic conditions predominated. Changes in the community structure in such studies were mostly related to differences in water depth and temperature, that were common factors in determining the beta-diversity of benthic communities. Taxonomic and metabolic analysis have revealed indigenous microorganisms to participate in biogeochemical cycling and the presence of putative hydrocarbon degrading bacteria was also a common result in all these studies, suggesting that the PFB could be an area affected by the presence of hydrocarbons in the environment (Ramírez et al., 2020; Sánchez-Soto Jiménez et al., 2018; Raggi et al., 2020; Loza et al., 2022). The study of Sánchez-Soto et al. (2021), based on sequence analysis of the dsrB gene encoding for the beta subunit of the dissimilatory sulfite reductase involved in sulfate-reduction, showed that differences in the community structure of sulfate-reducing microorganisms (SRMs) were related to the sediment concentrations of Ni and Cd.

Diversity measurement is fundamental for understanding community structure and dynamics, but it is particularly challenging for microbes (Lozupone and Knight, 2008). Alpha diversity is often estimated as the number of species in a community (species richness), and beta diversity is usually based on the number of shared species (Lozupone and Knight, 2008). Despite recent progress in assessing community composition and spatial distribution of benthic prokaryotes in the nwGoM, the study of alpha and beta diversity and the factors that shape microbial assemblages continues to be an area of acute research. Analysis of benthic prokaryotes in a bathymetric gradient in the PFB has shown the response of microbial communities to specific parameters variation, including water depth, temperature, OM, salinity, sediment particles, nutrients, and contaminants (Sánchez-Soto Jiménez et al., 2018; Raggi et al., 2020; Ramírez et al., 2020; Sánchez-Soto et al., 2021; Loza et al., 2022). However, how consistently microbial communities respond to such variables over different climatic seasons and in a wider spatial area is still to be investigated. Thus, the objectives of the present study were to 1) analyze beta-diversity, 2) determine the composition and distribution of benthic prokaryotes, 3) characterize the environmental variables of the region identifying their statistical association with changes in the structure of microbial communities across time and space.


 2 Materials and methods

 2.1 Sampling

Four oceanographic campaigns were conducted in the Mexican region of the Perdido Fold Belt (PFB) polygon located in the nwGoM ( Figure 1 ): Perdido 1 (P-01, May 2016), Perdido 2 (P-02, September-October 2016), Perdido 3 (P-03, June 2017), and Perdido 4 (P-04, September 2017). During each campaign, 27 soft bottom sediment samples were collected using a Hessler-Sandia box corer from four perpendicular transects (B, C, D and F) to the Tamaulipas coastline extended in a bathymetric gradient (~44-3573 m) ( Figure 1 ). Salinity (PSU), temperature (°C), and dissolved oxygen (DO mL L-1) were determined in situ from the bottom water using a CTD Seabird 9 plus®. Bottom water samples were collected using Niskin bottles and kept frozen until their analysis in the laboratory for nutrient determinations such as nitrate plus nitrite ( +  μM L−1), orthophosphate ( μM L−1), and silicate minerals ( μM L−1) which were determined from the bottom water by colorimetric methods following standard protocols using a spectrophotometer UV-VIS (Agilent Technologies Cary 60) (Herguera-García et al., 2021). Following the box corer recovery, pH and redox potential were measured directly in the sediment with specific sensors (Extech pH 100 probe and an Extech RE300 probe, respectively) (MA, USA). The first 10 cm of each sediment sample were removed using sterile syringes with cut-off tips and preserved at −20°C for subsequent DNA extraction. A sediment subsample of 400 g was taken and preserved at -4°C in plastic bags for later organic matter (OM%) and grain size determinations (%). Another two subsamples of 100 g of sediment were taken and stored at -4°C for heavy metals and hydrocarbons content determinations. The subsamples for heavy metal analysis were stored in plastic bags previously washed with a solution of HNO3 1N (pure grade from Sigma-Aldrich) and deionized water, and the subsamples to analyze the hydrocarbon content were stored in glass bottles previously washed with hexane and acetone separately (both of chromatographic grade from Sigma-Aldrich).

 

Figure 1 | Sampling sites in the Gulf of Mexico. Region of study, located from 25.74° to 24° North latitude and from -97.53° to -95.18° West longitude, with the 27 sampling sites distributed in four perpendicular transects (B, C, D, and F) to the Tamaulipas coast that were settled along a bathymetric gradient (43-3573 m). Black crosses indicate the intersection between coordinates. Gray lines indicate isobaths. 




 2.2 Physicochemical characterization of Perdido sediments

Organic matter (OM%) was determined by oxidation with potassium dichromate and sand structure (as medium sands, MS%, fine sands, FS%, and very fine sands, VFS%) was analyzed weighing the particles retained in distinct mesh sizes (Hernández-Ávila et al., 2021). Heavy metal concentration (vanadium, V µg/g, nickel, Ni µg/g, cadmium, Cd µg/g, lead, Pb µg/g, and aluminum, Al µg/g) were quantified using ICP-MS (iCAP Q, Thermo Scientific), and hydrocarbons (total aliphatics µg/g and total aromatics, PAHs µg/g) were identified and quantified using a Clarus 500 PerkinElmer gas chromatography coupled to a mass spectrometer detector according to established protocols (Hernández-Ávila et al., 2021; Arcega-Cabrera et al., 2022).

Spatial and temporal differences (ANOVA, P<0.05) of environmental variables were tested using Zone and Campaign as grouping factors, respectively ( Supplementary Tables 1 ,  2 ). Campaign corresponded to cruises P-01, P-02, P-03, and P-04, and Zone corresponded to shallow (≤200 m), intermediate (201-1200 m) and deep (1201-3573 m) categories that were defined along a longitudinal gradient according to the total water depth of each sampling site ( Supplementary Material 1 ). Environmental variability was further explored with a principal component analysis using all the environmental parameters ( Figure 2 ). Analyses of environmental variables were performed with the InfoStat program (version 2020). Figures were generated using InfoStat and Ocean Data View (version 2022) available in https://odv.awi.de.

 

Figure 2 | Principal component analysis of environmental variables through campaigns and sampling zones. Labels P-01, P-02, P-03, and P-04 indicate the campaign, followed by the sampling zone: shallow (SH) in red, intermediate (I) in green, and deep (D) in blue. Sampling zone categories were defined according to the total water depth of each sampling site. SH sites: ≤200 m, I sites: 201-1200 m, and D sites: 1201-3573 m. 




 2.3 DNA extraction and 16S rRNA amplicon sequencing

Sediment subsamples were thawed and centrifuged for 1 min at 10,000×g to extract the genomic DNA from the settled cells after discharging the remaining water. Genomic DNA was extracted from 1 g of each sediment sample with the DNeasyPowerSoil Kit (QIAGEN, Gilden, Germany) following the manufacturer’s instructions and stored at -20°C until needed. The integrity of the extracted DNA was verified by 1% agarose gels.

From the extracted DNA, 16S rRNA amplicons were prepared with the adapters for sequencing by Illumina MiSeq system following the two-step PCR protocol. In the first PCR the primer pair S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 (Klindworth et al., 2013) was used to generate approximately 550 bp paired-end reads, covering the V3-V4 16S rRNA region, in a Veriti thermal cycler (Applied Biosystems Veriti ABI Inc., Foster City, CA, USA). The PCR program was as follows: initial denaturation at 95°C for 3 min, 25 cycles including denaturation for 30 s at 95°C, alignment for 30 s at 55°C, and elongation for 30 s at 72°C, with a final extension at 72°C for 5 min. Each PCR reaction mixture (20 µL) included 1 µL of each primer (0.5 mM), 10 µL of 2x phusion High-Fidelity MasterMix (Thermo Scientific, USA) and 2 µL of DNA (~ 10 ng/μL). PCR products were then purified with AMPure XP beads technology. For the second PCR round, eight cycles were included to attach the Nextera indexes with the XT Index Kit reagents. The size of the amplicons was verified on a QIAxcel Advanced system (QIAGEN, Hilden, Germany) and the concentration was quantified by fluorometry on a Qubit 3.0 kit (Life Technology, Shah Alam Selangor, Malaysia). Indexed amplicons were purified with AMPure XP beads and individually diluted in 10 mM Tris (pH 8.5) and combined to an equimolar concentration of 9 pM. The final libraries were loaded on a V3 MiSeq Reagent Kit V3 flow cell (600 cycles) and sequenced on 2x300 Illumina-Miseq platform (Illumina, San Diego, CA, USA) at CINVESTAV Merida.


 2.4 Bioinformatic analyses

Sequences were processed with the QIIME2 pipeline (Bolyen et al., 2019). The amplicon sequence variants were resolved with the DADA2 plugin (Callahan et al., 2016). Due to low quality detected in the last 150bp of some R1 sequences, merging with R2 was not possible and only R1 reads were used for this study. Trimming and truncating of R1 reads were made on positions 30 (end 3’) and 150 (end 5’), removing chimeric sequences with the “consensus” parameter. The representative sequences of ASVs were classified with the “classify-consensus-vsearch” plugin (Rognes et al., 2016), using the SILVA database (v.128) as a taxonomic reference. A phylogeny of the representative sequences of ASVs was calculated with the “align-to-tree-mafft-fasttree” plugin (Katoh and Toh, 2008; Price et al., 2010). The feature table and phylogeny were exported to the R environment.

The data were processed in R with the phyloseq package (McMurdie and Holmes, 2013). The alpha diversity was evaluated using the number of ASVs and the Shannon diversity index. The bar plots of taxonomic abundance were performed and prettified with the ggplot2 packages (Wickham, 2010). A PCoA was calculated based on the weighted UniFrac distance. The gap statistic to determine the optimal number of sample clusters in the PCoA was performed with the cluster package (Maechler et al., 2014) using the partition around medoids (pam1) method and 1000 bootstraps. To determine variables that influence changes on microbial community structure among sites a PERMANOVA (Permutational Multivariate Analysis of Variance) with the adonis function analysis was used. LEfSe analysis was used to identify the features most likely to explain differences between clusters of samples based on statistical different abundances (Segata et al., 2011). The Maaslin2 package (Mallick et al., 2021) was used to associate the genera with the environmental variables using the parameters as default (method:LM, transformation: log2, normalization:TSS). The threshold P-value to consider a result significant was set up to<0.05.



 3 Results

 3.1 Environmental variables

All the environmental data obtained from this study are presented in  Supplementary Material 1 . Spatial differences of environmental variables (ANOVA, P<0.05) were observed between the bathymetric zones ( Supplementary Table 1 ). Over the four campaigns, the shallow zone (≤200 m of the water column) was characterized by the lower redox values (mean ± standard deviation, -136.8 ± 228.7 mV), the highest temperature (20.7 ± 6.1°C), salinity (39.2 ± 0.4), and the concentrations of Pb (26.1 ± 6 µg/g), Al (15193.6 ± 8009.2 µg/g), and PAHs (0.08 ± 0.04 µg/g), while it presented the lowest concentrations of  +  (4.3 ± 5.8 μM/L),  (0.2 ± 0.2 μM/L),  (7.2 ± 5.2 μM/L), Ni (22.3 ± 4.9 µg/g), and Cd (0.2 ± 0.1 µg/g) ( Figure 2 ). The deep zone (>1200 m of the water column) presented the higher redox values (188 ± 329.9 mV), and the highest concentrations of  +  (20.4 ± 6.4 μM/L),  (27.5 ± 7.6 μM/L), Ni (32.6 ± 6.1 µg/g), and Cd (0.23 ± 0.1 µg/g), while presented the lowest temperature (6.2 ± 5.2°C), salinity (35 ± 0.01), and the concentrations of Pb (20.4 ± 4.6 µg/g), Al (8343.1 ± 6432.2 µg/g), and PAHs (0.04 ± 0.03 µg/g) ( Figure 2 ). The intermediate zone (201-1200 m of the water column) showed the highest  concentration (2.3 ± 3.3 μM/L), it was similar to the shallow zone in terms of redox, Pb, and Al, and similar to the deep zone in terms of temperature, salinity,  +  , and Cd (ANOVA, P>0.05). The content of OM (0.9 ± 0.5%) and aliphatic hydrocarbons (1.2 ± 0.6 µg/g) did not show significant differences between zones (ANOVA, P>0.05). Overall, salinity, water depth, temperature,  +  , and  were among the five variables that contributed most to the spatial env ironmental variability ( Supplementary Table 1 ).

Temporal changes (ANOVA, P>0.05) were also observed in the environmental parameters ( Supplementary Table 2 ;  Figure 2 ). Water temperature significantly increased during P-01 and P-02 in the intermediate and deep zones, respectively, while it decreased in the shallow zone in P-02 ( Figure 2 ). In P-02, salinity decreased only for the shallow zone, while the redox state decreased in all the region (mean ± standard deviation, shallow zone = -511.2 ± 77.2 mV, intermediate zone = -443.4 ± 104.8 mV and deep zone = -304 ± 327.1 mV). Differences in the OM% were detected only in the zones intermediate and deep, with the highest content in cruises P-01 and P02 compared to cruises P-03 and P-04 ( Supplementary Table 1 ). The highest concentrations of  +  and  corresponded to intermediate and deep zones; however,  +  concentration decreased in P-02 in both zones, while  decreased in P-01 and P-02 in the deep sites ( Figure 2 ). An increased content of Pb, Al, Ni, and Cd was recorded in P-02, while they decreased in P-01 ( Figure 2 ). V content showed temporal differences with the highest content in P-01, and the lowest in P-03. The highest concentration of PAHs was recorded in P-02, followed by P-01. The lowest concentration of PAHs was detected in P-03 and P-04. Aliphatic hydrocarbons showed statistical differences among cruises in the shallow and deep zones, the lowest concentrations were quantified in P-02 ( Supplementary Table 2 ;  Supplementary Figure 1 ).

Medium (MS%), fine (FS%) and very fine sands (VFS%) presented a similar spatial distribution during the four cruises ( Supplementary Table 1 ). However, they changed in time ( Supplementary Table 2 ). The highest percentage of MS was obtained in P-01 and P-04 (mean ± standard deviation, 53.4 ± 14.4%), and the lowest proportion was obtained in P-02 (9 ± 14%). Meanwhile, P-02 presented the highest percentage of FS (68.4 ± 10.7%) and P-01 the lowest proportion (34 ± 13.1%) ( Figure 2 ). The highest VFS percentage (20.8 ± 8.6%) was observed in cruise P-02, while the lowest proportion (4.9 ± 2.3%) corresponded to P-04 ( Figure 2 ). pH values ranged from 5.01 to 9.25 showing the highest values in P-01 and the lower ones in P-02 ( Supplementary Figure 1 ). Overall, MS, FS, Cd, redox, and Al contributed most to the environmental variability between cruises according to the ANOVA results ( Supplementary Table 2 ).


 3.2 Microbial diversity and PERMANOVA

Community structure analysis grouped the samples into three clusters ( Figure 3A ) differing in terms of the water depth (R2 = 0.56, F2,102 = 64.48, P<0.0001) at which the analyzed sediments were collected. In P-01 the samples were clustered following a clear bathymetric gradient; cluster I included the samples collected from 44 to 107 m of the water column, cluster II the sediments collected from 372.5 to 826 m of water, and cluster III the samples collected from 1000 to 3548 m of water ( Supplementary Figure 2 ). Based on the community structure analysis, 17 of 27 samples showed temporal stability, since they were in the same cluster campaign after campaign ( Figure 4 ;  Supplementary Figure 2 ). The remaining 10 samples showed community structure shifts, and thus, they were grouped in different clusters in some campaigns. Most of these 10 samples were in transect D, which showed larger differences than the others, especially in P-02 and P-03 compared with P-01 ( Supplementary Figure 2 ). Cruises, water depth, temperature, salinity,  +  ,  , redox potential, the concentration of Ni, Cd, Pb, and Al, and the content of aliphatic and aromatic hydrocarbons were related to community structure changes. Nonetheless these parameters explained only a small proportion of these changes ( Figure 3B ).

 

Figure 3 | Community structure analysis. (A) PCoA ordination of the community structure dissimilarity based on weighted UniFrac distance. (B) Results of the permutational multivariate analysis of variance. Environmental variables significantly (P<0.05) related to microbial community structure changes. 



 

Figure 4 | Differential abundances analysis. Labels in y axis indicate the sample ID followed by the sampling campaign. Clusters I, II, and III, based on beta diversity analysis, are indicated on top. 



Shannon diversity index (H’) varied in the range from 5.4 to 7.5 (mean ± standard deviation, 6.7 ± 0.4) and was similar (P>0.05) between clusters across the four campaigns according to the ANOVA test ( Supplementary Table 3 ). The species richness (S) based on the number of ASVs varied in the range from 402 to 2581 (1247 ± 391). P-01, P-03, and P-04 showed similar species richness between the three clusters. However, cluster II showed a significant increase (P<0.05) in the number of species during P-02 ( Supplementary Table 3 ). Both alpha diversity metrics showed differences only in P-02 between transects with the highest values observed in transect D (H’ = 1344 ± 128, S = 6.9 ± 0.06) (data not shown).


 3.3 Community composition

 Proteobacteria was the dominant phyla in all the sites among cruises. At this taxonomic level Acidobacteria, Chloroflexi, Planctomycetes, Nitrospirae (Nitrospirota), Gemmatimonadetes, Actinobacteria, Bacteroidetes, and Bathyarchaeota were detected in high abundances in the studied region ( Supplementary Figure 4 ). The most abundant microbial classes were represented by Deltaproteobacteria, Gammaproteobacteria, Alphaproteobacteria, Nitrospira, and Dehalococcoidia; although SAR202, Phycisphaere, Anaerolineae, and Gemmatimonadetes showed high relative abundances in microbial communities ( Supplementary Figure 5 ). At the family taxonomic level Syntrophobacteraceae, Rhodospirillaceae, Nitrospiraceae, OM1 clade, JTB255 marine benthic group (abbreviated JTB255 MBG), Desulfobacteraceae, Desulfobulbaceae, Anaerolinaceae, and Desulfurellaceae were among the most abundant groups detected across campaigns ( Supplementary Figure 6 ).


 3.4 Differential abundances in microbial communities

LEfSe analysis identified ASVs with consistent differences between clusters. The ASVs with differential abundances between clusters were related to 57 microbial families ( Figure 4 ). The most differentially abundant bacterial members in clusters I and II belonged to Nitrospiraceae, Anaerolinaceae, and potential sulfate-reducing bacteria affiliated to Syntrophobacteraceae, Desulfobacteraceae, Desulfarculaceae, and Desulfobulbaceae. However, Nitrospiraceae and Desulfobulbaceae were specially enriched in cluster I and Syntrophobacteraceae was the most abundant phylogenetic unit in cluster II with percentages higher than 10% in some samples ( Figure 4 ). Although clusters I and II had some families in common, LEfSe analysis indicated differences between their population structure. wb1-A12 and OM1 clade were detected as differentially abundant groups in clusters II and III. However, they were consistently more abundant in cluster III. Also of note was the relevant representation of sulfate-reducing bacteria from the Desulfurellaceae family in cluster III, as well as the abundance of Rhodospirillaceae with percentages higher than 10% in some samples. A similar distribution was found for Gemmatimonadaceae and Nitrospinaceae in cluster III samples. The group JTB255 MBG was relatively abundant at all depths, and therefore it was determined by LEfSe to be characteristic of all sites ( Figure 4 ).


 3.5 Bacterial genera and environmental variables

Analysis of multivariable association of microbial features revealed 25 genera correlated with specific environmental parameters ( Figure 5 ). The correlation of environmental variables with specific taxa was done at genus level because this kind of analysis must be performed at the lower taxonomic level to secure correspondence between metabolisms related with the environmental parameters. ASVs affiliated to Desulfatiglans and Sva008, as well as ASVs affiliated to uncultured bacteria from Syntrophobacteraceae, Latescibacteria, Anaerolineaceae, Nitrospiraceae, and an unassigned Dehalococcoidia genus were positively related with temperature, salinity, and the content of Pb, Al, and PAHs ( Figure 5 ). ASVs affiliated to wb1-A12, Rhodospirillaceae, Chloroflexi classes SAR202 and S085, NB1-j and SAR324 clade marine group B from Deltaproteobacteria, Acidobacteria class Subgroup22, Gemmatimonadaceae, Actinobacteria clade OM1, and the Desulfurellaceae genus H16 were positively related with water depth,  +  ,  , redox, Cd, and Ni ( Figure 5 ).

 

Figure 5 | Analysis of multivariable associations of microbial genera with environmental variables related with the community structure changes in PFB sediments. These genera were present in 25% of the total samples. 





 4 Discussion

Two years of sampling at two different seasons allowed to evaluate the spatiotemporal dynamics of surficial benthic microbial communities along a bathymetric gradient (44 - 3573 m). Alpha diversity analysis based on Shannon’s diversity index showed spatiotemporal stability although the number of ASVs suggested that an increase in the species richness may reflect a larger environment variation. Beta diversity analysis revealed three clusters of samples and indicated that community structure changes were associated with sampling time, water depth, temperature, salinity, redox, and the concentration of nutrients (silicates and nitrate+nitrite), metals (Pb, Al, Ni, and Cd), and PAHs. Based on beta diversity analysis, 17 out of 27 samples showed temporal stability in the community structure and composition during the four sampling campaigns. However, 10 samples showed temporal variation in the community structure and composition suggesting underlying processes that influence microbial assemblages in the studied region. Moreover, microbial community analyses allowed the detection of genera with putative ecological relevance that correlated with specific environmental parameters. These aspects are discussed below.

 4.1 Alpha diversity stability

Previous studies in the PFB estimating alpha diversity, have reported differences in microbial communities between shallow and deep sites based on relatively small data sets at a single time point (Sánchez-Soto Jiménez et al., 2018; Ramírez et al., 2020). In the present study despite the environmental changes observed Shannon diversity index was similar between the bathymetric zones and remained relatively stable in the four sampling moments ( Supplementary Table 3 ). The lack of spatial variability in the Shannon diversity between the bathymetric zones contrasts with a previous study in which higher microbial diversity was observed in shelf sediments (Sánchez-Soto et al., 2018). A strong physical mixing and seasonality were suggested to explain higher diversity in the shelf sediments (Sánchez-Soto et al., 2018). In the present study environmental differences were found between the bathymetric zones and the four campaigns, even between P-01 and P-03 conducted at the end of the dry season and between P-02 and P-04 conducted at the end of the rainy season ( Figure 2 ;  Supplementary Tables 1 ,  2 ). This result suggests that microbial communities might develop independently of environmental changes as reported in other studies (King et al., 2013). It is possible that a stable diversity indicates a stable state of the ecosystem, since diversity is considered crucial in maintaining ecosystem functions (e.g., organic matter decomposition, nutrient cycling, and resistance and resilience to perturbations) (Loreau et al., 2001; Lozupone and Knight, 2008; Deng, 2012).

Temporal and spatial differences observed in the number of ASVs (species richness) indicated that species richness increased in cluster II during P-02 ( Supplementary Table 3 ), and in transect D in this campaign (data not shown). The correspondence of a greater number of species with significant changes in environmental conditions observed in P-02 ( Figure 2 ), suggests that changes in the species richness may reflect larger environmental variability (Walsh et al., 2016). Perhaps the increase in the number of species allows maintaining the stability of the system since, there seems to be a positive relationship between species richness and ecosystem temporal stability (Xu et al., 2021). The temporal environmental variation that influences microbial richness could be related to the latitudinal location of the transects, which has been found to explain sedimentary differences resulting from the prevailing hydrographic conditions throughout the year (Salcedo et al., 2017). The set of samples analyzed at the end of the dry season (P-01 and P-03) and at the end of the rainy season (P-02 and P-04) for two years, along with the relatively larger ocean area into the nwGoM, provided higher spatial and temporal resolution than previous works (e.g., Ramírez et al., 2020). However, further long-term studies are prompt to explore microbial benthic communities using water depth as an explanatory variable. This may allow to recognize whether the alpha-diversity metrics such as species richness can be used as sensitive indicators of environmental changes from shelf to the deep-ocean over time in the PFB.


 4.2 Beta diversity in the bathymetric gradient

As documented previously, beta-diversity analysis at local and regional scales in the GoM has shown that benthic microbial communities living under comparable environmental conditions (e.g., water depth, temperature, nutrients, electron acceptors, etc.) may have greater similarity among them (Devereux et al., 2015; Sánchez-Soto Jiménez et al., 2018; Overholt et al., 2019). In the present study, PCoA clustered the samples in three groups ( Figure 3A ). The environment variation between the shelf, slope, and deep sea ( Figure 2 ) may result in the community structure differences between these zones as indicated by the beta diversity analysis ( Figure 3A ). As water depth, temperature, salinity, redox, and the concentration of nutrients (silicates and nitrate+nitrite), metals (Pb, Al, Ni, and Cd), and PAHs changed along the bathymetric zones, the abundance of prokaryotic species better adapted to different conditions may increase, while the abundance of less adapted species may decrease ( Figure 5 ). Weighted UniFrac distances suggested that benthic prokaryotes that changed in abundance between shelf, slope, and deep zones were distantly related ( Figure 3A ). The low relatedness of benthic prokaryotes that changed in abundance between these zones may reflect alternative community assemblages conformed by species with different metabolic and functional requirements, and thus, with different functions in the ecosystem (Ortmann and Ortell, 2014).

Shelf and slope sites (43-1200 m) presented lower redox conditions and higher Al, Pb, and PAH concentrations, especially in P-02 ( Figure 2 ). Higher metal and hydrocarbon concentrations in continental margin sediments are generally attributed to riverine inputs, that also affect the deposition of fine grain sediments (Trefry and Presley, 1976; Celis-Hernandez et al., 2018), which limit pore water exchange, and thus, favoring a lower redox state in these sites (Huettel et al., 2003; Burdige, 2007). Desulfarculaceae, Desulfobacteraceae, Syntrophobacteraceae, Nitrospiraceae, Anaerolinaceae, and Dehalococcoidia were significantly more abundant in these sites ( Figure 5 ), and are recognized as anaerobes (Matturro et al., 2017; Hoshino et al., 2020; Walker et al., 2021). Desulfarculaceae, Desulfobacteraceae, and Syntrophobacteraceae are involved in the sulfur cycle through sulfate reduction, the dominant process in the anaerobic decomposition of OM in margin sediments (Parkes and Sass, 2007; Jørgensen et al., 2019). They may play a relevant role in PAHs degradation and metal precipitation (Geets et al., 2005; Shin et al., 2019) in the shelf and slope sediments. Nitrospiraceae members are nitrite-oxidizing bacteria and recently have been found to perform complete nitrification, oxidizing ammonia to nitrate (Daims et al., 2015). Anaerolinaceae has been related to higher OM loadings (Walker et al., 2021), although OM% was similar along the bathymetric zones in the present study ( Supplementary Table 1 ), the lower redox state in shelf and slope ( Figure 2 ) would indicate a higher activity of the oxidation processes (Alewell et al., 2008). Metabolic predictions from Dehalococcoidia cells have indicated their capacity to oxidize aromatic compounds, to be resistant to metals, and to use multiple electron acceptors that enable these bacteria to develop in low redox conditions (Wasmund et al., 2016). These taxa comprised the assemblage in most sites in the shelf and slope during the period of observation ( Supplementary Figure 6 ;  Figure 4 ). Their putative metabolisms seemed to correspond to the environmental conditions.

Deep sediments (>1200 m) presented higher redox conditions and nitrate+nitrite, silicate, Ni, and Cd concentrations ( Figure 2 ). Higher redox values suggested oxic environmental conditions as reported previously for these sites (Sánchez-Soto Jiménez et al., 2018). Under oxic conditions, nitrite usually accumulates because microorganisms may perform nitrification coupled to ammonia oxidation (Orsi, 2018). Silicate is associated with biological production (Sarmiento et al., 2004), and potential toxic Ni and Cd are a growing concern in the GoM owing to anthropogenic discharges (Ruiz-Fernández et al., 2019; Arcega-Cabrera et al., 2022). The abundant (resident) taxa in this zone were represented by Rhodospirillaceae, that has been related to an increase of inorganic nutrients (Shi et al., 2017), Gemmatimonadaceae, with aerobic bacteria capable to remove phosphorus (Zhang et al., 2003), Clostridiaceae that includes bacteria related to respiration of sulfur species (Muyzer and Stams, 2008), and OM1 clade, related to nitrogen fixation to produce ammonia (Dworking et al., 2006). In addition, a high abundance of wb1-A12 was detected which is capable of nitrite oxidation under oxic and anoxic environmental conditions (Orsi, 2018), and Desulfurella, related to sulfate-reducers that has been detected in high abundances in the deep biosphere (Orsi et al., 2016). Except for Desulfurellaceae, these taxa have been detected in high abundances in the study region (Sánchez-Soto et al., 2018; Ramírez et al., 2020; Sánchez-Soto et al., 2021). For Desulfurella this is the first report in the GoM, but sulfate-reducers seem to have an important role in oxic and metal rich deep sediments in the PFB (Sánchez-Soto et al., 2021). These abundant microbes found in most of the deep sites throughout the observation period, may perform relevant microbial functions under the prevailing environmental conditions, as posed for microbial communities in other marine ecosystems (Gobet et al., 2012). Thus, the detection of these abundant taxa with putative ecological relevance at most sites in the deep zone in each campaign suggested a relative temporal stability in the deep microbial assemblages in the PFB.


 4.3 Temporal environment variation and beta diversity

No seasonal patterns were observed when comparing sampling cruises conducted at the end of the dry season (P-01 and P-03) and at the end of the rainy season (P-02 and P-04) ( Figure 2 ). Nonetheless ANOVA test showed environmental differences between campaigns ( Supplementary Table 2 ). These results were unexpected as it is well known that during the rainy season local rivers dominate the shelf and upper slope (Zavala-Hidalgo et al., 2003), while in the dry period Mississippi, Atchafalaya, and Texas rivers affect the shelf (Salmerón-García et al., 2011). Deep sea is dominated by the Mississippi, Colorado and Río Grande rivers (Balsam and Beeson, 2003). The fluctuation in oceanographic processes that affect the circulation and distribution of the physicochemical properties may explain the apparent lack of seasonality in the sedimentary environments analyzed during this study as it has been reported elsewhere (Jochens and DiMarco, 2008).

Most sites (17 of 27) showed temporal stability in microbial assemblages since they were in the same cluster across campaigns. However, 10 sites showed changes in the community structure in different campaigns, mainly the transect D sites during P-02 and P-03 ( Supplementary Figures 2 ,  3 ). The multivariable association analysis revealed positive and negative relations between the abundances of bacterial genera and specific environmental parameters that did exhibit temporal variation ( Figures 5 ,  2 ;  Supplementary Table 2 ). The complexity lies in that the parameters involved in structuring microbial communities (i.e., temperature, redox, salinity, nutrients, metals, hydrocarbons) changed differently between the bathymetric zones in each campaign ( Figure 2 ;  Supplementary Figure 1 ). This may be related to the fact that the sedimentary physicochemical properties that drove the changes in benthic prokaryote communities are closely linked with the hydrological and oceanographic dynamics of the study site according to its latitudinal and longitudinal location (Jochens and DiMarco, 2008; Hernández-Molina et al., 2016; Salcedo et al., 2017). Likely, the biochemical properties in surface sediments can show spatial and temporal variability ranging from millimeters to decimeters and seconds to seasons (Huettel et al., 2003). The combination of changes in community-structuring variables may partially explain a deep microbial assemblage being present on the shelf and a shelf microbial assemblage being present in the deep zone, as we observed in this study at 10 specific locations ( Figure 2B ;  Supplementary Figure 2 ). In this regard, community assembly can be interpreted under contrasting perspectives such as deterministic niche paradigm and stochastic or neutral community models which are not necessarily exclusive (Pholchan et al., 2013). An understanding of the temporal and spatial scales over which these community changes occur might indicate underlying processes of microbial assemblages, and whether changes in microbial communities affect the functioning of the system or whether it is a mechanism to maintain ecosystem functions and services.

Environmental changes over time and space may provide an array of niches occupied by metabolically diverse microorganisms (Anderson et al., 2015; Yu et al., 2016). For instance, niche separation of ammonia-oxidizing ecotypes has been proposed by finding a dominant ecotype under oxygen- and ammonia-rich conditions, and a dominant ecotype in oxygen- and ammonium-poor conditions (Muck et al., 2019). In the present study the presence of Thaumarchaeota, Nitrospinae, Planctomycetaceae, Nitrospira, and Nitrosomonadaceae ( Figure 4 ;  Supplementary Figures 4 ,  6 ), provided evidence of nitrification and denitrification processes in the studied sites according to literature (Yu et al., 2016; Muck et al., 2019; Overholt et al., 2019). However, putative ammonia oxidizers related to Nitrospirota genera were associated to different physicochemical variables ( Figure 5 ) revealing a preference distribution, likely due to a niche differentiation. A genus related to the wb-A12 family (Nitrospira) was positively associated with depth, nitrite+nitrate, silicate, Cd, and Ni, suggesting a higher abundance toward slope and deep sites. wb-A12 has been related to nitrite oxidation (Orsi, 2018). Under oxic environmental conditions, such as the deep sites, nitrogen oxides commonly accumulate because microorganisms may perform ammonia oxidation to nitrite. Ammonia in oxic sediments is usually low because it can be used as an energy source when OM is scarce (Orsi, 2018), however, ammonium was not measured in this study. On the contrary, a genus from Nitrospiraceae was positively associated with temperature, salinity, lead, aluminum, and PAHs, suggesting its higher abundance in the shelf microbial assemblages ( Figure 5 ). Lower nitrite+nitrate concentration in these sites may be attributed to denitrification processes (Braker et al., 2012). These results propose the existence of different microorganisms likely being keystones in ecosystem functions under different conditions.

The positive correlation between bacterial relative abundance and the concentration of silicate, nitrate plus nitrite, Ni, and Cd represented a feature in the deep zone ( Figure 5 ). It has been found that Ni and Cd may affect microbial growth (Cabrera et al., 2006). However, it has been proposed that in environments poor in organic matter (<2%), as the analyzed sediments ( Supplementary Figure 1 ), microorganisms can take advantage of the precipitation of minerals and metals that are necessary for microbial growth and metabolism. For instance, H2 production by nickel-containing hydrogenases may be influenced by metal ions in the environment (Martins and Pereira, 2013). There seems to be a mutual influence between the precipitation of silica minerals/metals and microbial community composition which is influenced by environmental geochemistry (Sauro et al., 2018). The increase in metal concentration and inorganic cations has been found parallel to the silica minerals increase as in the present study ( Figure 2 ). Precipitation of silica minerals and metals is influenced by alkalinization and the production of extracellular polymeric substances (EPS) that may result from microbial processes such as sulfate reduction, inorganic nitrogen transformation, and MO degradation (Braissant et al., 2007; Sauro et al., 2018). In this respect, sediments in the deep zone showed an abundance of microorganisms able to perform nitrogen fixation to produce ammonia such as OM1 clade, nitrite oxidation such as wb1-A12, sulfate reduction such as Desulfurellaceae, and organic carbon degradation such as heterotrophic bacteria related to SAR324 (Dworking et al., 2006; Sheik, Jain, and Dick, 2014; Orsi et al., 2016; Orsi, 2018). Thus, it is possible that temporal changes in microbial community composition may affect the dynamic of silica minerals and metals in these environments.

Temperature, salinity, and PAHs can induce changes in microbial communities (Roussel et al., 2015; Chen et al., 2017; Chen et al., 2018; Shin et al., 2019) as was observed in the current study ( Figure 3B ). Temperature changes may affect microbial activity, growth rates, and survival (Degerman et al., 2013; Orsi, 2018), higher salinity has been found to stimulate carbon metabolism and microbial processes such as sulfate reduction (Sivakumar et al., 2019), and PAHs can be degraded by aerobic and anaerobic bacteria or also inhibit microbial growth (Haritash and Kaushik, 2009). In marine sediments anaerobic degradation of PAHs by sulfate reducers has been demonstrated (Hamdan et al., 2017; Shin et al., 2019). This allows proposing that bacteria positively related with PAHs such as Desulfatiglans, Sva-0081, and Syntrophobacteraceae genera ( Figure 5 ), detected in high abundance in the shelf and slope may represent a biological mechanism to control the concentration of PAHs in the environment, that showed higher concentrations in this study (0.002 to 0.2 µg g-1) than reported (0.01-0.07 µg g-1) (Botello et al., 2015). Otherwise, PAHs could be toxic compounds (Haritash and Kaushik, 2009). In this regard, PAH concentrations seemed to affect the abundance of other microorganisms such as SAR324 genus which seemed to be better represented in deep sites ( Figure 5 ). SAR324 members have been linked to sulfur oxidation, nitrite reduction and alkane degradation, thus, these bacteria could control the concentration of simple hydrocarbons in the environment over time. In future works it would be interesting to address the effect of hydrocarbons in structuring benthic microbial communities under different environmental conditions and to explore the ecological relevance of benthic prokaryotes to control the concentration of different hydrocarbons in the PFB.



 5 Conclusion

A two-year study at the end of the dry (P-01 and P-03) and the end of the rainy (P-02 and P-04) seasons was undertaken to compare the diversity, structure, and composition of benthic microbial communities to determine whether changes in benthic microbial assemblages are associated with spatial and temporal environment variation. The alpha diversity based on the Shannon index was similar in the bathymetric gradient over time. However, differences in the number of ASVs, suggested that higher species richness may reflect larger environmental changes. Species richness increase could be crucial to maintain ecosystem stability and ecosystem functions. Beta diversity analysis revealed that samples were grouped in three different clusters according to the depth gradient. The differences in the community structure between these clusters were related to the campaign, and changes in the water depth, temperature, salinity, redox, nitrate plus nitrite, silicate, Ni, Cd, Pb, Al, and aliphatic and aromatic hydrocarbons. Shelf and slope microbial assemblages showed high abundances of anaerobes related to sulfate-reduction, nitrate respiration, anaerobic degradation of OM, and the oxidation of PAHs. Deep sea microbial assemblages were integrated by members related to sulfur respiration, nitrogen fixation, and nitrite oxidation among other processes. Microbial composition in the shelf, slope, and deep sea showed relative temporal stability in most sites. However, environmental heterogeneity over time was complex and could provide different niches for ecotypes better adapted to specific environmental conditions, which could explain community structure changes in 10 out of 27 sites. Changes in benthic microbial communities may reflect the temporal fluctuation in the physicochemical properties of sedimentary environments, which may result from the prevailing oceanographic conditions according to the latitudinal and longitudinal location of the study site. Taken together, these results yield insights into the spatiotemporal dynamic of benthic bacterial communities in the PFB, nwGoM. However, long-term studies are needed to explore benthic microbial communities using water depth as an explanatory variable. This could allow the identification of sensitive bioindicators of environmental changes. Also, it is necessary to address in more detail the diversity of functional groups (including abundant and rare taxa) and their ecological relevance concerning biogeochemical cycles, nutrient supply, and metals and hydrocarbon transformations. An important issue is to understand whether changes in microbial communities affect system functioning or whether this is a mechanism for maintaining ecosystem functions and services under environmental variability.
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The Transition Path Theory (TPT) of complex systems has proven to be a robust means to statistically characterize the ensemble of trajectories that connect any two preset flow regions, say 𝒜 and ℬ, directly. More specifically, transition paths are such that they start in 𝒜 and then go to ℬ without detouring back to 𝒜 or ℬ. This way, they make an effective contribution to the transport from 𝒜 to ℬ. Here, we explore its use for building a scheme that enables predicting the evolution of an oil spill in the ocean. This involves appropriately adapting TPT such that it includes a reservoir that pumps oil into a typically open domain. Additionally, we lift up the restriction of the oil not to return to the spill site en route to a region that is targeted to be protected. TPT is applied on oil trajectories available up to the present, e.g., as integrated using velocities produced by a data assimilative system or as inferred from high-frequency radars, to make a prediction of transition oil paths beyond, without relying on forecasted oil trajectories. As a proof of concept, we consider a hypothetical oil spill in the Trion oil field, under development within the Perdido Foldbelt in the northwestern Gulf of Mexico, and the Deepwater Horizon oil spill. This is done using trajectories integrated from climatological and hindcast surface velocity and winds as well as produced by satellite-tracked surface drifting buoys, in each case discretized into a Markov chain that provides a framework for the TPT-based prediction.




Keywords: Transition Path Theory, Markov chain, open dynamical system, nirvana and reservoir states, oil spill prediction



1 Introduction

The physical and chemical characteristics of oil accidentally spilled in the ocean, as this evolves under the action of the currents and winds, interact with the environment undergoing a number of physical and biogeochemical transformations collectively referred to as “weathering” (Spaulding, 2017). An example of a popular modeling framework that fully accounts for these effects (e.g (Pérez Brunius et al., 2021; Romo-Curiel et al., 2022) is the oil spill module of the OpenDrift software package (Dagestad et al., 2018). The input for this and similar oil spill models, such as GNOME (General NOAA Oil Modeling Environment) (Beegle-Krause, 2001), is given by the three-dimensional currents produced by some ocean general circulation numerical model and the near-surface winds produced by a numerical model of the same type, but for the atmosphere. The current is recommended to include, to attain a great deal of realism, a representation of the wave-induced drift varying with depth (Röhrs et al., 2015), which contributes to the mixing of an oil slick below the surface, whereas the wind drag does it mainly while the slick is on the surface (Drivdal et al., 2014). Weathering is represented through a series of sophisticated parametrizations accounting for evaporation, dissolution, dispersion, emulsification, biodegradation, oxidation, and sedimentation (Röhrs et al., 2018).

The output from the above oil spill models is a multitude of oil parcel trajectories that emerge from the spill site, whether directly located at the ocean surface (e.g., when a disabled vessel discharges oil in the ocean) or at the ocean floor (e.g., due to the blowout of a rig). If there is interest to predict the location where these trajectories will hit, for instance, a near coastal area, the oil spill models above and similar ones will invariably rely on forecasted currents plus wave-induced drift and winds.

Clearly, in the first place, the success of such a prediction will depend on the reliability of the forecasts. Second, arguably it is the oil paths that contribute the most to the bulk transport from the spill site into the coastline that one wants to frame as this can help direct cleanup efforts most effectively and efficiently than on generally convoluted individual oil parcel trajectories.

Our goal here is twofold. First, we propose an oil spill modeling framework specifically designed to isolate such trajectories that make the bulk oil mass transport. Second, we propose a specific application thereof that can help improve the reliability of the forecasts.

The modeling framework is rooted in the Transition Path Theory (E and Vanden-Eijnden, 2006; W and Vanden-Eijnden, 2010) of complex systems. Widely known as TPT, it provides rigorous statistical means for highlighting the dominant pathways connecting a source and a target in the phase space of a dynamical system. That is, instead of studying the individual complicated paths connecting them, TPT concerns their average behavior and shows their dominant transition channels. TPT produces a much cleaner picture, and hence is much easier to interpret, allowing one to frame the relative contribution of a myriad of competing paths in the presence of stochasticity.

The oil spill evolution problem is a quite natural quarry for TPT, with a well-defined source—the oil spill site—and target—a nearby coastline or marine ecosystem (e.g., a coral reef barrier) that is targeted to be protected—in a generally turbulent flow environment.

TPT was originally conceived to study molecular systems (Metzner et al., 2009; Noé et al., 2009; Meng et al., 2016; Liu et al., 2019; Thiede et al., 2019; Strahan et al., 2021). Such applications involve reactions, which, to develop fully, must overcome barriers in the energy landscape. However, TPT applications have now grown way beyond those that motivated its conception. Indeed, TPT has been recently used to investigate tipping atmospheric phenomena such as sudden stratospheric warmings (Finkel et al., 2020; Finkel et al., 2021). However, departing from the rare event framing setting is possible and motivated by the fact that in other types of applications, particularly fluid mechanics as the focus here, there is a basic interest of understanding how two regions (of the flow domain) are most effectively connected. With this idea in mind, TPT has been used in oceanography to bring additional insight into pollution (Miron et al., 2021) and macroalgae pathways in the ocean (Beron-Vera et al., 2022a), as well as paths of the upper (Drouin et al., 2022) and lower (Beron-Vera et al., 2022b; Miron et al., 2022) limbs of the meridional overturning circulation in the Atlantic Ocean.

The insight provided by the TPT applications, particularly those pertaining to oceanography, cannot be overemphasized. Indeed, TPT was able to frame pollution sources along coastlines as well as pathways into the great garbage patches in the centers of the subtropical gyres (Miron et al., 2021). This has implications for activities such as ocean cleanup as the revealed transition pollution routes provide targets, alternative to the great garbage patches themselves, to aim those efforts. In addition, TPT has shown that heterogeneous sampling may be behind the impossibility of revealing a deep boundary current around the subpolar North Atlantic for overflow water (Beron-Vera et al., 2022b; Miron et al., 2022). Moreover, TPT was able to reveal an alternative pathway of Sargassum from the west coast of Africa into the Intra-Americas Seas to the one that satellite imagery is able to capture (Beron-Vera et al., 2022a).

These encouraging results give us enough confidence to apply TPT to the oil evolution problem. We more specifically explore the use of TPT in building an oil spill prediction scheme that relies on surfaced oil parcel trajectory information up to the time of the prediction. This aims to improve the forecasts. That is, the scheme assumes that time-resolved validated model velocities are available up to the present time when the prediction is made. No assumption is made on the availability of forecasted velocities from numerical models. The basic assumption is that environmental conditions, namely, near-surface ocean currents and winds, prior to the prediction instant prevail for some time past this instant. The scheme, however, enables updating the predictions over time as new velocity information becomes available, which may include velocity data as inferred from high-frequency radars (Graber et al., 1997; Shay et al., 2006; Röhrs et al., 2015). This idea was put forth in (Olascoaga and Haller, 2012) to predict sudden changes in the shape of the oil slick from the Deepwater Horizon spill, yet using an approach different from the one proposed here based on TPT. The setup for TPT is a Markov chain on boxes resulting from discretizing of the oil parcel motion. Such a setup has been used in (Pérez Brunius et al., 2021), but to describe general oil spill scenarios based on climatological velocities. Because TPT is applied on trajectories, forecasting might be improved even further by incorporating the information provided by satellite-tracked trajectories of surface drifting buoys deployed in the region occupied by the oil, as advocated by Coelho et al. (2015), but directly, without being assimilated into an ocean circulation model.

The rest of the paper is organized as follows. In Section 2.1, we review the formulas of TPT for autonomous, i.e., time-homogeneous, discrete-time Markov chains. Section 2.2 presents the proposed extension of the standard TPT setup for the case of oil spills. The TPT-based prediction scheme is presented in Section 2.3. In Section 3, we test the scheme assuming a hypothetical spill in the northwestern Gulf of Mexico (Section 3.1) and by considering the Deepwater Horizon oil spill (Section 3.2). Finally, in Section 4, we present a summary of the paper along with several ideas as to how to improve the proposed prediction scheme.



2 Methods


2.1 Transition path theory for Markov chains

Let Xn denote the position of a random walker at discrete time nT, n∈ℤ, T>0 , in a closed two-dimensional domain 𝒟 covered by N disjoint boxes {B1,…,BN} . [For simplicity, we will avoid using a different notation for the covering of 𝒟 . Also, Xn∈Bi and i:Bi∈𝒟 (or similar) will be simplified to Xn=i and i∈𝒟 , respectively.] Then,  , where



which describes the proportion of probability mass in Bi that flows to Bj during T , called a transition time step. The row-stochastic matrix P=(Pij)i,j∈𝒟 is called the transition matrix of the (two-sided) autonomous, discrete-time Markov chain {Xn}n∈ℤ. We assume that the process is ergodic and mixing with respect to the stationary distribution π=(πi)i∈𝒟. Namely, a componentwise positive vector on 𝒟 , seen as an N -dimensional state (vector) space, is invariant and limiting. Normalized to a probability vector, i.e., such that  , π satisfies π=πP=vP∞ for any probability vector v (on 𝒟 ). For details, cf (Norris, 1998).

TPT provides a rigorous characterization of the ensemble of trajectory pieces, flowing out last from a region 𝒜⊂𝒟, followed by going to a region ℬ⊂𝒟,  disconnected from A . Such trajectory pieces are called reactive trajectories. This terminology (E and Vanden-Eijnden, 2006; W and Vanden-Eijnden, 2010) originates in chemistry, where 𝒜 (ℬ ) is identified with the reactant (product) of a chemical transformation. The fluidic interpretation of reactive trajectories is of trajectories of diffusive tracers that contribute to the bulk transport between 𝒜 and ℬ , which can be thought as a source and a sink or target, respectively.

REMARK 1. For a diffusive tracer to fit the above interpretation, its evolution must be described by a stationary stochastic process, i.e., an advection–diffusion equation with a steady velocity. This can be seen by discretizing its Lagrangian motion using, for instance, Ulam’s method (e.g Kovács and Tél, 1989; Koltai, 2010), which consists in projecting the probability density of finding a tracer on a given spatial location at a discrete time instant onto a finite-dimensional vector space spanned by indicator functions on boxes, which, covering the flow domain, are normalized by their area (Miron et al., 2019a). The boxes represent the states of the autonomous, discrete-time Markov chain that the diffusive tracer parcels wander about.

The main objects of TPT are the forward,  , and backward,  , committor probabilities. These give the probability of a trajectory initially in box Bi to first enter ℬ and last exit 𝒜 , respectively. The committors are fully determined by P and π by solving two linear algebraic systems with appropriate boundary conditions.

Specifically,



is the (random) first entrance time of a set S⊂𝒟. The forward committor is

 

Note that   and  . For i ∈ 𝒟 \ (𝒜 ∪ ℬ),

 

In turn,



which is a stopping time, but for the reversed chain  , i.e., the one that traverses the original Markov chain backward in time, i.e.,  . The reversed chain’s transition matrix,  , where



since Pr (Xn=i)=πi , the chain is in stationarity. The time-reversed transition matrix P− is ergodic and mixing and has the same stationary distribution π as P . The backward committor,

 

In this case,

 

for i ∈ D \ (A ∪ ℬ), subject to   and  .

Four main statistics of the ensemble of reactive trajectories are expressed using the committor probabilities:

1. The reactive probability distribution,  , where   is defined as the joint probability that a trajectory is in box Bi while transitioning from 𝒜 to ℬ . This is computed as (Metzner et al., 2009; Helfmann et al., 2020)

 

2. The reactive probability flux,  , where   gives the net flux of trajectories going through Bi and Bj in one time step on their direct way from 𝒜 to ℬ , indicates the dominant transition channels from 𝒜 to ℬ . According to Noé et al. (2009) and Helfmann et al. (2020), this is computed as:



3. The reactive rate of trajectories leaving 𝒜 or entering ℬ , defined as the probability per time step of a reactive trajectory to leave A or enter ℬ , is computed as (Metzner et al., 2009; Helfmann et al., 2020)



Divided by the transition time step T , kAℬ is interpreted as the frequency of transition paths leaving 𝒜 or entering ℬ (Miron et al., 2021).

4. Finally, the reaction duration, tAℬ , of a transition from 𝒜 to ℬ is obtained by dividing the probability of being reactive by the reactive rate, interpreted as a frequency (Helfmann et al., 2020):

 



2.2 Adapting transition path theory to the oil spill problem

Let x(t) represent a very long oil parcel trajectory visiting every box of the covering of 𝒟 . Assume that this not different from any other trajectory, namely, it represents a realization of a stationary random process. Then, x(t) and x(t+T) at any t>0 provide observations for Xn and Xn+1 , respectively. Under these conditions, we can approximate Pij via counting transitions between covering boxes, viz.,



In general, the domain 𝒟 potentially affected by an oil spill will represent some portion of the ocean. This makes 𝒟 an open flow domain. In such a case, P cannot be row-stochastic, which requires an adaptation of TPT. To achieve the required adaptation, we first replace P by a row-stochastic transition matrix   defined by



on the extended (N+2) -dimensional state space

 

Here, ω denotes a virtual state, called a two-way nirvana state, which absorbs probability mass imbalance in D and sends it back to the chain. More precisely, in Eq. 14,

 

gives the outflow from 𝒟 , while pD←ω gives the inflow, which can be constructed, as we do below, using reentry information available from trajectory data outside 𝒟 . In turn, ℛ is another virtual state, called an oil reservoir state, from which the chain drains probability mass through the oil spill site 𝒪⊂𝒟 . That is,

 

so that  . [The notation 1S is used to mean a vector on (the N -dimensional space given by the covering of) 𝒟 with ones in the entries corresponding to (subcovering) 𝒮⊂𝒟 and zeros elsewhere]. Below, we will expand on how to set pℛ→ℛ. As in the standard TPT setup presented in Section 3.1, the stochastic process described by   in Eq. 14 is assumed to be in stationarity. The stationary distribution on   is denoted  . (Herein, a tilde is used to emphasize that the quantity in question is computed using the extended Markov chain on  .) A caveat to note is that the Markov process on   cannot be strictly ergodic because ℛ is never visited by a trajectory unless it starts there. Yet, this does not rule out the existence of a well-defined   (unless pℛ→ℛ=0, in which case  , and hence   will not be strictly componentwise positive).

Now, arguably, it is the oil that reaches the coastline or any region one may want to protect what really matters, irrespective whether oil trajectories visit the spill site many times in between. Call this region 𝒫 ⊂ 𝒟. The former cannot be achieved by simply setting 𝒜=𝒪 and ℬ = 𝒫.

PROPOSITION 1. To achieve the desired effect, which requires a slight deviation from the standard TPT setting, one must set 𝒜 =ℛ ∪ ω and ℬ = 𝒫 for the computation of   for extended chain on  , while 𝒜=ℛ and ℬ=𝒫∪ω for the computation of  (on  ).

Indeed, placing the source in ℛ enables oil paths visiting 𝒪 , and including ω as indicated prevents trajectories from escaping the flow domain, thereby highlighting the portion that flows into through 𝒟 (Figure 1). The TPT formulas in Section 2.1 remain the same with the above choices of   and  , and, of course, the use of   and   in place of P and π , respectively, in them.




Figure 1 | The framework for the TPT-based prediction scheme is an autonomous, discrete-time Markov chain on a state space given by the box covering of a two-dimensional, open ocean domain, 𝒟, augmented by two virtual boxes or states. One state, called a two-way nirvana state and denoted by ω , compensates for probability mass imbalances due to the openness of 𝒟. The other state, called an oil reservoir state and denoted by ℛ, injects probability mass into the chain through the spill site, 𝒪⊂𝒟. Highlighted in red is the restriction to 𝒟 of a reactive trajectory connecting ℛ with 𝒫 ⊂ 𝒟, a region that is targeted to be protected, chosen to be the shoreline in the cartoon. Such a trajectory flows last from ℛ and next goes to 𝒫, while being constrained to stay in 𝒟, once it enters 𝒟. So defined, a reactive trajectory of oil may return back many times to the spill site before reaching the protected area. TPT provides a statistical characterization of the ensemble of reactive trajectories, highlighting the dominant paths of oil into 𝒫. The reentry into 𝒟 from ω uses information available from trajectory data outside 𝒟. There are many reentry doors; we depict, for illustrative purposes, the trajectory through one such doors.



Inclusion of a two-way nirvana state is not new, as it was first applied by Miron et al. (2021) to treat transition paths of marine debris into the subtropical oceans’ great garbage patches. Additional TPT applications involving this type of closure include those detailed in Refs (Beron-Vera et al., 2022a; Beron-Vera et al., 2022b; Drouin et al., 2022; Miron et al., 2022). The use of an oil reservoir state is novel in TPT.



2.3 A proposal for using transition path theory to predict oil paths and arrival

We propose to apply TPT such that it makes use of available oil trajectories up to the present, to make a prediction beyond, so it does not rely on forecasted oil trajectories. This follows precedent work (Olascoaga and Haller, 2012), which was able to predict sudden changes in the shape of the oil slick during the Deepwater Horizon spill. The expectation is that such a type of prediction should be superior than that based on forecasted velocities, which are not validated by data as is the case of hindcast velocities from an analysis system. Moreover, when available, the scheme enables the use of velocities inferred from high-frequency radar measurements and even trajectories of appropriate satellite-tracked surface drifting buoys.

The proposed prediction scheme more specifically consists in applying TPT using trajectories over a few time steps prior to the prediction time, say t0=n0T . That is, we propose to compute the closed transition matrix   for the augmented Markov chain on  , as given by Eq. 14, and the various TPT statistics from it according to Proposition 1, by making use of all trajectories available over t∈{(n0−m)T,…,(n0−1)T,n0T} for some m≤n0 . This way, a prediction for the spilled oil distribution on t=(n0+1)T , in direct transition into the region to be protected, P, is obtained. The skeleton thereof will be provided by the two-dimensional vector field taking values at discrete positions xi , where xi is the center of box Bi∈𝒟 , given by

 

where e(i,j) is the (two-dimensional) unit vector pointing from xi to xj, the center of box Bj∈𝒟 . The above is a visualization means of reactive probability flux, proposed in (Helfmann et al., 2020). We will refer to Eq. 18 as the reactive current at position xi . The prediction can be updated, as we will do in the examples we provide below, by computing TPT using trajectories within time windows sliding over the prediction time t0 (or n0).

In the present exploratory work, the oil evolution in every case will be obtained by pushing forward a probability vector on   with support in ℛ at time t=0 , namely,

 

under right multiplication by a nonautonomous version of the augmented chain transition matrix   in Eq. 14. Denoted by   to make explicit its dependence on t=nT , this will be constructed by accounting for the start time t in the estimation of P in Eq. 13. To add a bit of extra realism, we will set pℛ→ℛ in Eq. 14 to

 

representing an oil reservoir that is drying over the time interval t∈{0,T,2T,…,NT} . Indeed, when n=N , pℛ→ℛ=1 , meaning that the probability mass flux into the ocean domain 𝒟 through the oil spill site 𝒪 is nil. That is, the reservoir ℛ has completely dried out by t=NT. This assumption may be adapted based on any information available about how quickly the oil reservoir may be expected to empty or a spilling oil well may be capped. The total accumulated oil, which flows out from ℛ into D through O in an uninterruptedly but decaying in time manner, at discrete time t=nT will be given by   , where



Note that  , and hence o(n), does not need to be a probability vector, and the units in which o(n) is measured are determined by the units assigned to  .

To incorporate the effects of a drying oil reservoir in the TPT prediction step, the autonomous transition matrix   used in that step will have to be constructed using pℛ→ℛ in Eq. 14 as the average value of over the corresponding time interval.

The idea of using trajectory information up to the present prevents us from using the extension of TPT for time-inhomogeneous Markov chains proposed in (Helfmann et al., 2020), as it might be thought to be more suitable for a prediction scheme in a naturally time-varying environment. The reason is that, as formulated, nonautonomous TPT requires unavailable trajectory information and knowledge of when P will be hit by transition paths.

A final comment is reserved to the oil trajectories themselves. If u(x,t) denotes the surface ocean velocity, as output from an ocean circulation model, and u10(x,t) is the wind velocity at 10 m above the sea surface, as produced by some atmospheric circulation model, the oil trajectories will here be obtained by integrating



for many initial conditions over a domain including the ocean domain D of interest; thus, reentry information, namely, that required to evaluate pO←ω in Eq. 14, is available. Equation 22 is a minimal law for oil parcel motion (Abascal et al., 2009; Abascal et al., 2012). It exclusively accounts for the wind action on oil parcels, neglecting weathering effects. Typically employed values of α range from 2% to 4% (ASCE, 1996).




3 Results


3.1 Hypothetical oil spill in the Trion field

We begin by applying our proposed TPT-based prediction scheme to a hypothetical oil spill in the Trion field, located within the Perdido Foldbelt, a geological formation in the northeastern Gulf of Mexico with an important oil reservoir for ultradeepwater drilling under development (Offshore Technology, 2020). This will be done by considering two different velocity representations.

In the first representation, u in Eq. 22 is chosen to be given by a daily climatology of surface velocity constructed from velocities over 18 years (1995–2012) produced by a free-running regional configuration for the Gulf of Mexico at 1/36∘ horizontal resolution (Jouanno et al., 2016) of the ocean component of the Nucleus for European Modelling of the Ocean (NEMO) system (Madec and the NEMO team, 2016). This dataset was used in (Gough et al., 2019) to investigate persistent passive tracer transport patterns using so-called climatological Lagrangian coherent structures (cLCSs) (Duran et al., 2018). A main finding was the presence of a mesoscale hook-like cLCS providing a barrier for cross-shelf transport nearly year-round. Consistent with the motion of historical satellite-tracked drifting buoys, with the majority of them including a drogue, albeit shallow (cf (Miron et al., 2017) for details), synthetic drifters originating beyond the shelf were found to be initially attracted to this cLCS as they spread anticyclonically and eventually over the deep ocean. In (Gough et al., 2019), it is noted that this should have implications for the mitigation of contaminant accidents such as oil spills. This picture, however, may be altered for oil, as this is expected to be influenced by the wind action, which, in (Gough et al., 2019), was not accounted for when winds are strong. To evaluate their effect, we need a representation for u10 in Eq. 22, which is chosen to be provided by daily climatological wind velocity at 10 m height from the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis ERA-Interim (Dee et al., 2011).

In Figure 2, we present our first set of results. These are based on the use of trajectories obtained by numerically integrating Eq. 22 with the daily climatological NEMO + ECMW velocity data above, using a fourth-order Runge–Kutta scheme with cubic interpolation in space and time. The integrations, reinitialized every day along the month of February, span T=1 day. We consider initial conditions distributed uniformly over an ocean domain larger (by 1∘ to the east and south) than that one (𝒟) contained inside [98∘ W, 93∘ W] × [24 ∘ N, 30 ∘ N], shown in Figure 2. To evaluate the transition matrix on 𝒟, using Eq. 13, we cover 𝒟 with boxes of about 1/6∘ side, including roughly 100 test points per box when trajectories initialized once are only considered. The transition time step T=1 day guarantees sufficient loss of memory into the past for the Markovian assumption to hold; indeed, the typical decorrelation timescale on ocean surface is not longer than 1 day as estimated from drogue drifting buoys (LaCasce, 2008) and is likely to be even shorter when the wind action is accounted for. Stationarity of the Markov chain on the extended domain   is checked numerically. That is, we check that the largest eigenvalue of the transition matrix   has multiplicity 1, and is equal to 1, to numerical precision. However, in the computation of P, namely, the transition matrix on the open domain 𝒟, we make sure to allow as much communication as possible along the corresponding Markov chain by applying Tarjan’s (Tarjan, 1972) algorithm on the associated directed graph, as we have done in earlier work [e.g (Miron et al., 2017; Miron et al., 2019a; Miron et al., 2019b; Beron-Vera et al., 2020]. This can result in some boxes of the covering of the ocean domain to be excluded, particularly when dealing with observed (satellite-tracked) trajectories, as we consider in Section 3.2 below.




Figure 2 | (Top panels) Based on the daily climatological NEMO + ECMW oil velocity model, predictions on time t=t0 of (normalized) reactive rates of arrival of transition paths, through the open northwestern Gulf of Mexico domain 𝒟 and into the coastline (𝒫), of oil emerging from a hypothetical open well in the Trion field (𝒪), located within the Perdido Foldbelt, since t=0, corresponding to February 1. The transition time step, T=1 day. (Bottom panels) Relative distribution of accumulated oil on t=t0+T, overlaid with predicted (on t=t0 ) reactive currents, indicating transition oil paths into 𝒫.



With 𝒪, the oil spill site, taken to be a box of the covering of 𝒟 closest to the Trion field and 𝒫, the region to be protected, taken to be the coastal boxes, the top row of Figure 2 shows the predicted reactive rate of (oil) trajectories entering each box of 𝒫 for selected times since since 1 February when the oil spill is hypothetically initiated. Specifically, we show this normalized to a probability vector on 𝒟, viz.,



where the TPT computation follows Proposition 1. More precisely, in the TPT calculation, we apply Proposition 1 for each i ∈ 𝒫, i.e., with P replaced by i ∈ 𝒫. The transition matrix of the augmented chain in  , given by Eq. 14, is computed using trajectories over t∈{t0−2T,t0−T,t0} for every t0 in Figure 2. The coastal boxes that are predicted to be most affected by the oil spill correspond to those where components of k in Eq. 23 take the largest values. Note, in this case, that the predicted coastal boxes that will be most affected change over time, moving from the boxes corresponding to the Mexican state of Tamaulipas north toward the international border with the United States. This is consistent with the updated reactive current predictions and, most importantly, with the portion of the simulated spilled oil distribution directed into the coastline. This is depicted in the bottom row of Figure 2. More specifically, the heatmap in each panel is of  , with   given in Eq. 21, but normalized to a probability vector, giving the relative distribution of oil that has accumulated on 𝒟 at time t=t0+T=(n0+1)T. Overlaid on each heatmap are the predicted reactive currents (Eq. 18) on each t0. These are seen to anticipate, T=1 day in advance, the motion of the oil directed into the coastline quite well. An important observation is that the main factor responsible for this motion is the wind action on the oil, which makes it bypass the cross-shelf transport barrier for passive tracers shown (Gough et al., 2019) to be supported nearly year-round by the climatological NEMO surface ocean velocity field. Indeed, the winter season is dominated by “nortes” (Gómez Ramírez and Reséndiz Espinosa, 2002). These are strong, predominantly northerly winds suddenly produced after the passage of a cold front, which, imprinted in the daily climatology, promote the accumulation of the oil toward the coastline.

In addition to predicting the transition paths of oil into the coastline, TPT can give a prediction for the arrival time of the oil. Using the reaction duration formula (Eq. 12), but on the extended Markov chain on   and for each i ∈ 𝒫, as done to compute the reaction rate (Eq. 23), we compute on t0=2 days, the first time a prediction can be made, that



early prediction turns out be somewhat longer than the actual arrival time to the coast, which happens approximately 11 days after the (simulated) oil started. This assessment is rough, based on when oil probability mass is found for the first time in a coastal box, independent of how much. With this in mind, early prediction (Eq. 24) is not that off at all, but one may wonder if it could be updated with time, i.e., as newer data become available. This is hopeless using Eq. 12, as it computes the duration of the whole reaction from source to target, which are fixed in space. However, the desired update of the arrival time prediction may indeed be accomplished. We discuss how in the last section.

The second representation for u in Eq. 22 that we consider is provided by hourly surface ocean velocity output from the HYCOM (HYbrid-Coordinate Ocean Model) + NCODA (Navy Coupled Ocean Data Assimilation) Gulf of Mexico 1/25∘ Analysis (GOMu0.04/expt_90.1m000) (Chassignet et al., 2007). For u10 in Eq. 22, we use three-hourly wind velocity, 10 m above the sea surface, from the National Centers for Environmental Prediction (NCEP) operational Global Forecast System (GFS) analysis and forecast at 1/4∘ horizontal resolution (National Centers for Environmental Prediction et al., 2015). In neither case did we consider forecasted velocities; instead, we considered a record, from 22 July 2022 through 8 August 2022, of hindcast velocities, i.e., as produced by the systems while they assimilated observations “on the fly” to make the forecasts. The TPT setup for the HYCOM + NCEP oil velocity is similar to that for the climatological NEMO + ECMWF oil velocity. For instance, trajectory integrations are reinitialized daily and span T=1 day, and the number of boxes of the domain partition is similar to a comparable number of test points per box. Unlike the climatological case, the time origin (t=0 ) of the oil spill simulation corresponds to a specific day of the current year, chosen to be 22 July 2022. The simulation extends out to 8 August 2022. Covering a summer time period, it is not affected by “nortes” wind events, which prevail in winter. The results are shown in Figure 3. As can be expected, an important difference with those shown in Figure 2 is a stronger influence of the cross-shelf transport barrier for passive tracers on the distribution of the simulated oil, which, while eventually reaching the coastline, starts to develop a hook-like shape pointing into the open ocean by t=16 days, similar to that described in (Gough et al., 2019). This happens after part of the oil is trapped in an anticyclonic circulation. The predicted arrival location on t0=2 days falls quite close to the arrival location, which takes place between the southern Texas cities of Corpus Christi and Galveston on t≈9 days. The early prediction (on t0=2 days) of arrival time is t≈6 days, which is shorter than the arrival time, calling for an update.




Figure 3 | As in Figure 2, but based on the HYCOM + NCEP oil velocity model and t=0 corresponding to 22 July 2022.



Overall, the above results provide support to our proposed TPT-based oil spill prediction scheme, based on the assumption that the motion prior to the prediction time is representative of motion beyond it, for some time, which we test against observations in the section that follows.



3.2 The Deepwater Horizon oil spill

The basic assumption on which the TPT-based oil prediction scheme builds on, namely, that environmental conditions prior to the prediction time can be prolonged beyond it, for some time, is here tested using oil arrival time estimates for the Deepwater Horizon spill (Crone and Tolstoy, 2010). Shown in the heatmap in the center panel of Figure 4, the arrival time estimates are inferred using available satellite images of the oil slick, as produced by the National Oceanic and Atmospheric Administration (NOAA) National Environmental Satellite Data and Information Service (NESDIS) Marine Pollution Surveillance Program (Streett, 2011). The time origin is 22 April 2010, when the Macondo well started to spill oil due to the sinking of the mobile offshore rig after an explosion caused by a blowout 2 days before (Crone and Tolstoy, 2010). The value assigned to each colored pixel corresponds to the first time (in days) the oil visited that pixel.




Figure 4 | Estimated from satellite images of the Deepwater Horizon oil slick, time to first find oil on the surface of the ocean since 22 April 2010, when the spill started to spill from the Macondo well (center panel), along with the reaction duration of transition paths into each box of the subset 𝒮 of the domain covering 𝒟 that most closely intersects the region visited by the surfaced oil according to trajectories integrated from surface NCOM velocities (top left panel) and the latter with the addition of 3% NOAA/NCEI windage (top right panel) over a period of 7 days prior to the first time oil was found on the ocean surface on 29 April 2010, and trajectories produced by historical satellite-tracked surface drifters with drogue present (bottom left panel) and absent (bottom right panel).



Four TPT-based estimates, based on four different Markov chains, of the arrival time are shown in Figure 4, two in the top panels and two in bottom panels. More specifically, these are reaction durations (Eq. 12) into each box (Bi) of the set S of the domain covering (𝒟) that most closely intersects the region in the center panel of Figure 4 where the oil was observed to be occupied in the satellite imagery. More specifically, we show

 

computed using Proposition 1 with P replaced by i∈S. The Markov chains are constructed as follows.

For the top panels of Figure 4, we use T= 1 -day-long trajectories integrated from Eq. 22 in the interval 22 April 2010 through 29 April 2010, the day when the satellite images record reveal oil on the surface for the first time (since the spill started, on 22 April 2010). For both panels, we use u in Eq. 22 represented by daily surface ocean velocities produced by the experimental real-time Intra-Americas Sea Nowcast/Forecast System (IASNF) at 1/25∘ horizontal resolution, which is based on the U.S. Naval Coast Ocean Model (NCOM) (Ko et al., 2003). In turn, the wind (u10) velocity representation is obtained from daily 1/4∘ horizontal resolution winds at 10 m from the NOAA/National Centers for Environmental Information (NCEI) Blended Sea Winds product (Zhang et al., 2006). The difference between the top left and right panels is that in the former, the oil model velocity uses α=0 , i.e., the wind effect is shut off, and in the latter, α=0.03, as we have set above. The size of each box of the covering is 1/25∘×1/25∘, and the number of test points per box is (roughly) 100.

For the bottom panels of Figure 4, we consider pieces of length T=1 day of historical, i.e., available since 1992 to date, satellite-tracked trajectories of surface drifting buoys from the NOAA Global Drifter Program (GDP) (Lumpkin and Pazos, 2007) with the following distinction: in the left panel, we consider drifters that have their (15-m-long) drogues (sea anchors) attached at all times, while in the right panel, only those that do not have a drogue attached during the extent of the record (because this has been lost at the beginning of the record, after deployment, as assessed by the drogue presence algorithm of (Lumpkin et al., 2012), or because the drifter was intentionally deployed undrogued). The size of each box of the covering is. for the drogued and the undrogued drifters. The number of test points per box is small compared to that of the simulated oil trajectories, with only about test points per box.

Comparison of the top right panel of Figure 4 with the center panel reveals that our assumption that simulated trajectories up to the prediction time can be used to indeed make reliable predictions (beyond) holds quite well, at least for environmental conditions prevalent during the Deepwater Horizon spill, and during the timespan covered by the satellite imagery of the oil slick. In this case, windage in the minimal oil parcel trajectory model (Eq. 22) does not dramatically impact the TPT-based computation, as can be seen from the comparison of the top right panel with the top left panel. Recall that these use trajectories integrated over 7 days prior to the first time oil is observed on the ocean surface and that the satellite oil images record extends for 30 days. Moreover, even TPT results based on historical drifter trajectories are reasonable, irrespective of whether the drifters are drogued or undrogued, as it follows from the inspection of the bottom panels of Figure 4. These results might not come as a big surprise, as an analysis of daily climatological model velocities was successful in reproducing the “tiger tail” shape produced by the Deepwater Horizon oil slick (Duran et al., 2018). Similarly, the analysis of altimetry-derived surface ocean velocities was capable of reproducing a similar shape into which drifting buoys from the Grand Lagrangian Deployment (GLAD) organized along (Olascoaga et al., 2013).

Clearly, the above results for the Deepwater Horizon oil spill, the largest and best documented oil spill, may not be made extensible to other oil spills in other regions of the ocean and in seasons with more variable environmental conditions. Yet, they are an encouraging sign of the validity of the assumption on which our TPT-based oil prediction scheme builds on. In such more variable environments, a more sophisticated model than Eq. 22 may be needed and there is also ample space to improving the TPT setup. We highlight possible or required improvements below.




4 Summary and concluding remarks

In this paper, we have given the first steps toward building an oil spill prediction scheme based on the use of TPT for autonomous, discrete-time Markov chains on boxes, which cover a typically open flow domain, a result under an appropriate discretization of the oil motion, assumed to be described by a stationary stochastic process, namely, to obey an advection–diffusion with a steady velocity. Transition paths highlight the main conduits of communication between a source and a target in the phase of a dynamical system under noise, and thus, they can be used to unveil the main routes of oil from an accidental spill in the ocean into a region that needs protection.

The basic premise of the TPT-based oil prediction scheme is that trajectory information up to the prediction time can be used to infer oil motion beyond it. The TPT setup deviates from the standard TPT setup in that one needs to cope with the openness of ocean flow domain where a spill takes place, which is accounted for by the addition of a virtual box (state) that compensates for probability mass imbalances, and also with a way to represent the injection of oil in to the open flow domain, which is done via the addition of another virtual state representing an oil reservoir. The scheme was tested by considering a hypothetical oil spill in the Trion field, located within the Perdido Foldbelt in the northwestern Gulf of Mexico, and the Deepwater Horizon oil spill, giving good signs of its validity.

Several improvements to the proposed scheme are possible or required. These should help increase the quality of the predictions, particularly under environmental conditions that are more variable than those of the situations considered here.

	• In the examples considered, the prediction time increment, say Δt0 , was chosen to be equal to the transition time step (T). For the Markovianity assumption to be fulfilled, T should not be taken shorter than 1 day, the typical Lagrangian decorrelation time in the surface ocean. However, there is no restriction on the choice of Δt0 , and the frequency of prediction updates may be higher than daily.

	• In a similar manner to the prediction of transition paths of oil into the region one desires to protect being updated over time, the duration of the paths should also be updated, as it is not just where oil will end that needs to be known, but when it will arrive at the protected area. This will require one to compute the reaction duration into the target region from any place in between it and the source. Mathematically, this is given by the expectation of the random time to first enter the target conditioned on starting on any box (state) of the chain while the trajectory is reactive. A collection of such boxes can be chosen to be those where the updated reaction distribution (Eq. 9), which tells one where the reactive flux bottlenecks are, acquires the largest values. There is currently no TPT formula that accounts for this in the case of the Markov chain setting of this paper. For diffusion processes, a related statistic is derived in (Finkel et al., 2021).

	• Another aspect that we have not accounted for is oil beaching. This is an additional source of openness of the flow domain. Beaching has been incorporated in a physically consistent manner in the problem of plastic pollution (Miron et al., 2021). Such a solution does not seem appropriate for the oil problem, and beaching may necessarily result in a nonstationary Markov chain. The nonautonomous extension of TPT in (Helfmann et al., 2020) does not require the Markov chain to be stationary, which may provide a resolution to this aspect. However, nonautonomous TPT requires trajectory information past the prediction time, and thus, a different strategy to cope with beaching will need to be designed.

	• Last but not least is the oil parcel trajectory model. We have considered the minimal possible model, which only accounts for windage in a bulk manner. The typically used windage accounts for the effects of wave-induced Stokes drift, which may be explicitly added to the ocean surface velocity with the corresponding reduction of the windage. The Stokes drift may be obtained from a wave model. The full ocean surface plus wave-induced drift is measured, partially at least (Graber et al., 1997; Röhrs et al., 2015), by high-frequency radars, which, when available, may be easily incorporated. Additional improvements may be provided by the Maxey–Riley theory for floating material on the ocean surface (Beron-Vera et al., 2019; Olascoaga et al., 2020), which includes a law for windage depending on buoyancy in closed form, or consideration of the output from an oil spill trajectory model like OpenDrift, which accounts for weathering effects, as noted in the Introduction. The trajectories produced by the minimal model or improvements thereof may be combined with trajectories of satellite-tracked appropriate drifting buoys, if these are deployed in the area where the oil spill takes place.
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In Mexico, 16 rivers directly discharge into the Gulf of Mexico. The Mexican rivers and those coming from the United States generate large regions in which phytoplanktonic primary production possesses a seasonal component that is linked to these nutrient-rich freshwater inputs. In the present study, new simulated flow and daily nutrient data were obtained for the largest Mexican rivers. These data were integrated as forcings in a configuration of the hydrodynamic Coastal and Regional Ocean COmmunity model coupled to an N2PZD2 biogeochemical model. We present a 21 year simulation using two different configurations. The first included river forcing, and the second did not consider their influence. The results were validated with satellite images of the surface chlorophyll concentration and discussed with data presented in previous studies. The model was able to realistically reproduce the seasonal dynamics of primary production in the Gulf of Mexico based on the concentration and distribution of chlorophyll, both at the surface and in the water column. We found significant differences in the response of chlorophyll to the input of nitrate from the rivers between both model configurations. The largest and most evident in the northern region of the continental shelf followed by the Bay of Campeche and Tamaulipas-Veracruz shelves. Finally, using the configuration with the river forcing, the physical processes that influence the dynamics of chlorophyll concentration in the deep region and continental shelf of the gulf were determined. In the deep region, primary production was driven by vertical mixing induced by the passage of cold fronts during winter and mesoscale structures. On the continental shelf, such dynamics were driven by coastal upwelling and fluvial nutrient contributions.
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1 Introduction

The Gulf of Mexico (GoM or gulf hereafter) is a semi-enclosed sea that covers an area of ∼ 1.5 × 106 km2. It is located between 18–30° N and 82–98° W (Figure 1) and connects with the Atlantic Ocean through the Yucatan Channel and the Straits of Florida. The general circulation of the GoM is driven by the Loop Current, which enters the gulf through the Yucatan Channel. The Loop Current, as its name suggests, forms an anticyclonic semi-closed loop after it enters the gulf before exiting through the Straits of Florida. Anticyclonic mesoscale eddies detach from the Loop Current and propagate westward with speeds of ∼2 km per day (Elliott, 1982). Vázquez De La Cerda et al. (2005) established that a semi-permanent cyclonic' eddy forced by Ekman pumping associated with wind stress curl is present in the Bay of Campeche (BOC), which is located in the southern region of the GoM.




Figure 1 | Gulf of Mexico bathymetry (m) and model domain. The yellow dots represent the rivers used in the model configuration. The red line represents the 200 m isobath that divides the gulf into three major regions: the deep region (I), southern coastal region (II), and northern coastal region (III). The areas within gray boxes represent the Tamaulipas-Veracruz (TAVE; (A), Bay of Campeche (BOC; (B) and Louisiana-Texas (LATEX; (C) shelves, respectively. TAVE and BOC areas were used to calculate daily chlorophyll, wind, and nitrate flux means.



The advection of low salinity water and coastal upwelling are among the relevant processes associated with wind seasonality. Coastal upwelling due to Ekman transport occurs in summer and winter in the southern and northern regions of the gulf, respectively (Zavala-Hidalgo et al., 2003; Zavala-Hidalgo et al., 2006). During the fall and winter, low salinity waters arrive from the Mississippi and Atchafalaya rivers and the Louisiana-Texas (LATEX) platform to the Tamaulipas-Veracruz (TAVE) platform. During the summer, water is advected over the continental shelf from the TAVE to LATEX region. Of the 16 rivers that flow into the GoM from Mexican territory, the Grijalva, Usumacinta, Coatzacoalcos, Papaloapan, and Panuco rivers provide the majority of the freshwater to the gulf, with a combined flow of ∼ 2.2 × 106 m3 per year (Figure 2). This value constitutes ∼ 90% of the total runoff from Mexican territory into the GoM (CONAGUA, 2014). Together with contributions from the United States, this fluvial runoff promotes the formation of large regions in which the primary productivity has a seasonal component that is strongly linked to nitrogen-rich freshwater inputs (Lohrenz et al., 1997; Fennel et al., 2011; Nababan et al., 2011). The information available on the nutrient content and flow of these large continental fluvial inputs is either scarce or intermittent. More importantly, measurements have often been taken in the regions of the continental basins and not in the river mouths where information on net flow is needed to calculate the discharge and total nitrate flowing from the basins to the ocean.




Figure 2 | Observed (Mississippi and Atchafalaya) and simulated (Grijalva-Usumacinta, Coatzacoalcos, Tonala, Panuco and Papaloapan) major river discharges used in the model. Seven out of 24 of the implemented rivers are shown.



In the present study, we used a hydrodynamic model coupled to a biogeochemical model to simulate the main physical and biogeochemical features of the GoM emphasizing the influence of wind and rivers on the chlorophyll dynamics over the continental shelf. We used as river forcing the simulated data reported by González-Ramírez and Parés-Sierra (2019). In such study, the authors concluded that the flow and nutrient ´ data of rivers that flow towards the GoM have been underestimated in some of the Mexican rivers, the main and most evident being the Grijalva-Usumacinta system.

We compare surface chlorophyll time series to river discharge and wind records to evaluate the main drivers of chlorophyll variability in the TAVE and BOC regions. Then, using a spectral and Empirical Orthogonal Functions (EOFs) analysis, we describe the principal modes of surface chlorophyll variability in model results and satellite observations.




2 Model configuration



2.1 Physical model

For this study, we used the Coastal and Regional Ocean COmmunity model (CROCO) v. 1.0 (Debreu et al., 2012) to simulate the physical processes of the GoM for the 21 year period between 1993 and 2013. The model domain included the entire GoM from 79.30–98.00° W and from 18.10–30.70° N. The model was configured with a 1/20° horizontal resolution, 40 terrain-following vertical levels, and 3 min time steps. The model employed a third-order upstream-rotated advection scheme, third-order upstream advection of momentum, and the non-local K-profile (Large et al., 1994) closure scheme for vertical turbulent mixing. The temperature and salinity initial conditions used by the model came from the GLORYS (Global Ocean Reanalysis) Project (Lellouche et al., 2013). Our model was forced with monthly momentum means obtained from the GLORYS Project (Lellouche et al., 2013), monthly climatologies of heat and salt fluxes from the Comprehensive Ocean Atmosphere Data Set (Woodruff et al., 1987), and 6 h wind stress derived from the National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR; Saha et al. (2010)) for 1998–2010 and the NCEP Climate Forecast System v. 2 [CFSv2; Saha et al. (2014)] for 2011–2013.




2.2 Biogeochemical model

The physical model was coupled with a biogeochemical model (Gruber et al., 2006), which solves the nitrogen cycle using seven state variables [i.e., nitrate (NO3); ammonium (NH4); phytoplankton (Phy); chlorophyll (Chl); zooplankton (Zoo); and two groups of detritus, namely large (LDet) and small particles (SDet)]. In the biogeochemical model, a biological boundary condition was implemented in the bottom that was similar to the one proposed by Fennel et al. (2006). The boundary condition resolves the transformation process of organic matter that reaches the bottom, which was composed of detritus and phytoplankton in this case. This organic matter is instantly remineralized into ammonium. The mathematical expression that defines this process is shown in equation 1:



where   is the thickness of the bottom layer, 4/16 is a stoichiometric ratio where 4 moles of NH4 are produced from every 16 moles of nitrogen in the bottom, as organic matter is assumed to follow the Redfield ratio.  ,   and   are the amounts of phytoplankton, small detritus, and large detritus in the bottom layer and its corresponding sinking velocities:  ,   and  .

In order to evaluate the biogeochemical response to the contribution of nitrate from the rivers, we implemented two model configurations, namely rivers on (Rv) and rivers off (NRv). In the Rv model configuration, 24 major rivers (13 in Mexico and 11 in the United States), including their discharge, water temperature, and nitrate and ammonia concentrations (Figures 2, 3) were implemented as daily freshwater inputs. For the Usumacinta, Grijalva, Tonala, Papaloapan, Coatzacoalcos, and Panuco rivers in Mexico we used the data simulated by González-Ramírez and Parés-Sierra (2019). For the Mississippi and Atchafalaya rivers we used data measured by the US Army Corps of Engineers at Tabert Landing and Simmesport, respectively. For the remaining rivers in both Mexico and the United States, daily climatologies were calculated from the available periods. These data were retrieved from the BANDAS data base and the United States Geological Survey (USGS) respectively. For the initial biological boundary conditions, NO3 and NH4 data from the World Ocean Atlas (Boyer et al., 2013) were used. All Biological parameters used to conduct this study are shown in Table 1.




Figure 3 | Simulated nitrate concentrations in the Grijalva-Usumacinta river system (blue line) from González-Ramírez and Parés-Sierra (2019) used in the model configuration. Red dots and green circles represent nitrate concentration observations in two different locations: Estacíon 16 y 42: Río Usumacinta and Estacion 3 y 4: Río Grijalva. Data obtained from SERNAPAM, Tabasco.




Table 1 | Biogeochemical model parametrization used in this study.







3 Analysis

After conducting the 21 year simulation of the physical-biogeochemical model, we proceeded to validate the model outputs. For the biological component of the model we used the chlorophyll concentration as validation and analysis variable. As observed data, in the present study we used the monthly surface chlorophyll concentration for the period between 2003 to 2013 produced by the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor with a 4 km horizontal resolution.

For the purposes of comparing observed and simulated concentrations of chlorophyll at the surface (see Figure 4), the gulf was divided into three large regions delimited by the 200 m isobath: the deep region (I) which is, the southern coastal region (II), and the northern coastal region (III) (Figure 1). Both region II and III divided at the mouth of the Rio Grande and delimited by the 200 m isobath covering all the GoM continental shelf.




Figure 4 | Monthly mean surface chlorophyll concentration. The lines represent the observed data (black) and simulated from both configurations: rivers on (red) and rivers off (green) for the deep (I), southern (II) and northern (III) regions (Figure 1). Root mean square errors and correlations factors between observed and simulated data are shown in each panel.



Regarding the vertical distribution of chlorophyll, daily sampling from 0–250 m depth was carried out at point P1 (Figure 1) during the 21 year simulation. The latter, in order to evaluate the performance of the model to correctly reproduce the chlorophyll distribution and concentration in the water column.

In order to perform a more detailed analysis in the areas (TAVE and BOC, Figure 1) in which the new data from Mexican rivers were implemented as forcings, we calculated daily averages of the upwelling-favorable wind component (Figures 5A, B), surface chlorophyll concentration from both model configurations (Figures 5C, D), and nitrate fluxes ( ) (Figures 5E, F).




Figure 5 | (A, B) - CFSR 8-day, low-pass filtered W-E(N-S) wind component for the BOC(TAVE) region. Negative(Positive) values indicate upwelling-favorable winds. (C, D) - Average daily surface chlorophyll concentrations for the BOC(TAVE) region from both model configurations Rv and NRv. (E, F) - Nitrate flux entering the BOC(TAVE) region.



Moreover, to better understand the time scales in which the different processes occur in the TAVE and BOC regions and the mechanisms associated with them, we conducted a Squared Spectral Coherence (coherence) analysis using the following equation:

 

where   and   are the power spectral density functions of   and  , respectively, and   is the cross-spectral density function between   and  . The coherence express the degree of association between the phases and amplitudes of two time series and will always satisfy  . The peaks in the coherence spectrum indicate frequencies at which the studied processes are more correlated and will be zero when the two signals are independent ofeach other (Wang and Tang, 2004; Biltoft and Pardyjak, 2009). First, we calculated the coherence between the simulated surface chlorophyll concentration ( ) and the upwelling-favorable wind component ( ) (Figures 6A, B). Additionally, the coherence between the nitrate flux ( ) entering each region and the difference of surface chlorophyll from both model configurations ( ) (Figures 6C, D) was also calculated.




Figure 6 | (A, B) - Coherence between the daily surface chlorophyll concentration from the Rv model configuration and the upwelling favorable winds in the BOC(TAVE) region. (C, D) - Coherence between the difference of daily surface chlorophyll concentration from both model configurations ( ) and the nitrate flux ( ) from rivers for the BOC(TAVE) region.



Furthermore, from the daily data of surface chlorophyll concentration obtained from the Rv model configuration, we calculated monthly averages for the TAVE and BOC regions (Figures 1A, B). Subsequently, chlorophyll concentration anomalies were used to calculate the EOFs and their corresponding principal components (PC). The first three modes of the EOFs were calculated for the period of 1998–2013. To compare the results of the model with the available observations, the same procedure was followed with the monthly satellite images from MODIS for the period of 2003–2013. In order to identify and associate the variability peaks in the PC with atmospheric and hydrological processes, in TAVE we calculated the anomalies of the monthly N-S wind component and the Mississippi River discharge. In BOC the same was done for the W-E wind component and the Grijalva-Usumacinta river system. Then, we compare the PC from the model and observations in each region with the monthly averaged   and the aforementioned anomalies.




4 Results and discussion

Both configurations of our model were capable of representing the main physical (Figure 7) and biogeochemical (Figure 8) processes in the GoM:

	• An average transport of   29 Sv entering the gulf through the Yucatan Channel with the highest current velocities in the western end of the channel with values up to   1.4 m s   at a 10 m depth.

	• A permanent upwelling in the Yucatan Peninsula which provides nutrient rich water to the continental shelf with average temperatures that range from 20 to 24°C.

	• Inversion of the coastal current over the western shelf of the GoM, allowing the formation of two confluence areas: one over the US-Mexico border and another between the Mexican states of Veracruz and Tabasco.

	• A Loop Current penetration at 27°N.

	• The coherent release of anticyclonic eddies from the Loop Current.

	• Cyclonic circulation in the BOC region.






Figure 7 | Seasonal climatologies of sea surface height (SSH) and surface circulation for winter (A), spring (B), summer (C) and autumn (D).






Figure 8 | Observed (top row) and simulated (middle and bottom) seasonal climatologies of surface chlorophyll concentration for winter (A, E, I), spring (B, F, J), summer (C, G, K) and autumn (D, H, L). Obs, Observed; Rv, Model configuration with rivers implemented; NRv, Model configuration with no rivers.



Regarding the biogeochemical component of the model, it was possible to acceptably reproduce the general processes involved in the dynamics of chlorophyll as a measure of primary production in the GoM:

	• An annual cycle driven by the wind.

	• High chlorophyll concentrations in the coastal regions and in cyclonic eddies (primarily in the eddy of the BOC region).

	• Low chlorophyll concentrations in the Loop Current and anticyclonic eddies.





4.1 Surface chlorophyll concentration

First we show the simulated surface chlorophyll concentration from both configurations (Rv and NRv) and compare them with satellite images in order to illustrate typical interannual and seasonal patterns. For the 21 years of simulation, in region I and II we observed relatively strong correlations with r=0.60 for both regions, between the monthly averages of the model and those obtained from satellite images (Figure 4). In contrast, a relatively low correlation was observed in region III for these variables (Figure 4). The simulated concentrations were similar to those reported by Xue et al. (2013); Damien et al. (2018); Gomez et al. (2018). The values obtained from the simulations are consistent with those from previous studies on physical-biogeochemical models (i.e., Fennel et al. (2011); Xue et al. (2013); Damien et al. (2018); Gomez et al. (2018)) and with the observational data of Hidalgo-González and Alvarez-Borrego (2008) and Pasqueron de Fommervault et al. (2017). We observed average values of 0.02–0.5 mg m−3 in the deep region (Figure 4I) along with a high concentration of chlorophyll (> 5 mg m−3) in the Mississippi River delta, which the model was able to mostly reproduce for the spring months (Figure 8F).

Regarding the annual cycle of chlorophyll concentration in the surface, it appears to be stable and consistent with the model data that has been reported by Fennel et al. (2011); Xue et al. (2013); Damien et al. (2018); Gomez et al. (2018), cruise data analyzed by Hidalgo-González and Alvarez-Borrego (2008), and profiler data analyzed by Pasqueron de Fommervault et al. (2017) for both the surface and water column. In the model, this cycle responds mainly to intense vertical mixing caused by winds associated with cold fronts that occur during October–March, mesoscale processes that are mainly associated with the Loop Current, and the eddies that emerge from the Loop Current and eject filaments of chlorophyll-rich water to the central region of the gulf as demonstrated by Toner et al. (2003).

In winter, the model simulated the response of chlorophyll to the supply of nutrients that reach the euphotic zone exported from the upper portion of the nutrient layer due to intense vertical mixing related to atmospheric forcing (e.g., cold fronts from the pole entering the gulf) as shown in panels of Figure 8A, E, I. Such response was evident in the deep region for the satellite images and both model configurations. Nevertheless, it was not the case for the continental shelf where important differences in the chlorophyll concentration can be observed between the Rv and NRv configurations (Figures 8E, I). The most evident was the LATEX region, where the Mississippi and Atchafalaya rivers contribute with the greatest amount of nutrients reaching the continental shelf, dominating the response of the chlorophyll concentration.

In spring it is possible to highlight two processes: a decrease in the surface chlorophyll concentration over the deep region associated with a reduction in wind intensity and increase in chlorophyll concentration over the different regions of the continental shelf (i.e., LATEX, TAVE, and BOC) (Figures 8B, F, J). The increase in chlorophyll over these regions was mainly associated with two factors: the change in the direction of the upwelling-favorable wind component, which can be observed in the response of chlorophyll to the magnitude and direction of the wind patterns in TAVE and BOC (Figures 5A–D), and an accumulation of terrestrial nutrients transported by rivers (Figures 5E, F), which was primarily observed over the LATEX platform in the observations (Figure 8B) and the Rv configuration (Figure 8F). In this region, nutrient inputs, which are mostly supplied by the Mississippi and Atchafalaya rivers, occur during late winter and early spring (Walsh et al., 1989; Turner and Rabalais, 1999). This process continues during the summer, and a minimum concentration of chlorophyll is observed at the surface due to water-column stratification in the deep region.

In contrast, it is during the summer where the greatest difference between model configurations (Rv and NRv) could be observed on the Mexican shelf (Figures 8G, K), principally over the BOC region. This difference was associated with the volume that entered through the Grijalva and Usumacinta rivers, which presented the highest flows in the southern region of the gulf. The average flow of the GrijalvaUsumacinta system was ∼ 3600 m3 s −1 with maximum values up to 10000 m3 s −1, suggesting that the nitrate contribution of the Grijalva-Usumacinta system has a fundamental role in the chlorophyll response as demonstrated by the EOF and coherence analysis. Nevertheless, as we described below, the EOF and coherence analysis also showed that the prevailing upwelling-favorable trade winds have an important effect on the surface chlorophyll concentration most of the year, intensifying this effect during the summer

During autumn, the chlorophyll concentration in the deep region gradually increases until the aforementioned winter conditions are once again observed. During the same period, we observed the minimum surface chlorophyll concentration in the Mexican shelf (Figures 8H, L).

Additionally, in the TAVE region it was possible to observe the annual cycle of chlorophyll response in both model configurations, in which low concentrations were present in the coastal zone during the cold months (October–March) and higher concentrations were present during warm months (April–September). However, compared to BOC, the chlorophyll concentration in the TAVE region showed a response associated mainly with the N-S component of the prevailing winds, with higher surface chlorophyll concentrations during the summer when the N-S wind component is upwelling-favorable. In this region, the rivers have a minor impact on the chlorophyll dynamics since the nitrate that flows into the gulf through these is much less than in the BOC and LATEX regions (Figures 5E, F), with mean values of 1.8758 ×107 mol N yr−1, which contrasts with the mean of 1.445 ×108 mol N yr−1 for BOC and what Fennel et al. (2011) reported for the LATEX region: 4.5-5.7 × 1010 mol N yr−1 for the 1990-2004 period.

The most significant difference between the observed and simulated surface chlorophyll occurred in the LATEX region and in the northern zone of the Yucatan shelf with differences ranging from ∼3 mg m−3 to ∼5 mg m−3 in LATEX and from ∼1 mg m−3 to ∼3 mg m-3 in the Yucatan shelf, for the Observed and Rv climatologies (Figures 8A–H). Such a difference could be related to the fact that in coastal areas the optical properties of the water are influenced by other constituents of continental origin, such as colored dissolved organic matter (CDOM) and other particles (O’Reilly et al., 1998; Gregg and Casey, 2004). This is important because the algorithms used to measure surface chlorophyll concentration using satellite images were developed for oceanic waters where the optical properties depend only on the chlorophyll concentration of the phytoplankton (Morel and Maritorena, 2001). The chlorophyll concentration discrepancy in the Yucatan shelf could be the product of the high nitrate concentration in the databases used to force the model and to the temperature driven productivity curve proposed by Eppley (1972) used by this model. Other factors that could be influencing this difference are: the morphological characteristics of the Yucatan shelf and the prevailing easterly wind, which is upwelling favorable throughout the year.




4.2 Vertical chlorophyll distribution

The model was able to coherently reproduce the chlorophyll concentration, depth, and migration period of the subsurface maximum at the analyzed point in the water column. We compare values and depths of the simulated chlorophyll in the water column sampled in point P1 (Figure 1) for the 21 years of simulation of the Rv configuration with the reported by Pasqueron de Fommervault et al. (2017) and Damien et al. (2018) and were found to be consistent, reflecting the stable behavior of the primary production processes at work in this region of the gulf. In our simulations, we were able to identify three major processes, which we describe below. First, in winter a uniform vertical distribution of chlorophyll was observed from the surface to the depth of the mixed layer, which was defined as the depth at which the difference in density with regard to the reference depth (in this case 10 m) was 0.03 kg m−3. Second, in summer the subsurface maximum was located between 40–90 m on average, and a maximum concentration of ∼ 0.5 mg m−3 was observed (Figure 9). Both results are consistent with the data of Pasqueron de Fommervault et al. (2017) derived from APEX profilers, and data simulated by Damien et al. (2018) using a physical-biogeochemical model configuration that was different to the one used in the present study. Then, in the vertical profile of the chlorophyll concentration, it was possible to locate qualitatively the passage of anticyclonic eddies released from the Loop Current which can be observed as periods in which there is no significant concentration of chlorophyll in the water column as shown in Figure 9. The most evident were those that occurred during 1995–1999, 2000–2002, 2004–2008, 2010, and 2013.




Figure 9 | Daily chlorophyll concentration from surface to 250 m sampled in P1. The mixed layer depth (MLD) is represented by the red line.






4.3 Coherence

Regarding the coherence between the mean surface chlorophyll concentration of the Rv configuration and upwelling favorable wind component  . We found that the annual signal dominated in both the BOC and TAVE regions with values of   =0.90 (Figure 6A) and   =0.95 (Figure 6B). A second important peak of   =0.85 and   =0.85 was observed in the 180 day and 60 day period, in both the BOC and TAVE regions, respectively (Figures 6A, B). The dominance of the annual wind cycle in the dynamics of the analyzed regions was identified from the coherence calculation. Such a cycle, in TAVE is associated with the annual upwelling-favorable southerly winds during summer (Figure 5B) and in BOC with the dominant easterly direction of the trade winds (Figure 5A). This contrasts with what was observed in the deep region (Figures 8A, E, I), in which the annual cycle of the response of surface chlorophyll was associated with intense vertical mixing mainly due to cold fronts in the winter months as previously established in several studies (Jolliff et al., 2008; Salmerón-García et al., 2011; Muller-Karger et al., 2015). We associated the 180 day correlation peak observed in TAVE with extraordinary southerly winds during the cold months (October–March). Such winds stimulate a response in the concentration of surface chlorophyll by favoring upwelling due to Ekman transport.

With the purpose of emphasizing the influence of rivers in the TAVE and BOC shelves and considering the fact that the only difference between the Rv and NRv configurations is the river forcing. We propose that, the difference of surface chlorophyll concentration between the two model configurations ( ) contains the full effect of rivers. Therefore, we present the coherence results (Figures 6C, D) between the nitrate flux ( ) reaching each region and the corresponding surface chlorophyll difference between the Rv and NRv configurations ( ). In the same way that the   coherence, the   coherence [ ] is dominated by an annual signal which is linked to the hydrological cycle of rivers. This effect is more evident in the BOC region with a   =0.83 (Figure 6C) compared to the   =0.67 (Figure 6D) present in the TAVE region. Furthermore, in the BOC region the lower frequencies showed higher coherence values,   =0.85 for the 66 day period and   =0.90 for the 50 day period (Figure 6C). This suggest that the peak of the 60 day period with   =0.83 (Figure 6A) is associated to the river effect and not the wind, since the complete Rv signal was used to calculate this value. Conversely, it is not the case for the TAVE region where lower frequency coherence loses relevance, suggesting that the wind effect dominates the chlorophyll response and the effect of the rivers only becomes relevant in the annual period.




4.4 Empirical orthogonal funcions

We examine the EOF for the TAVE region (Figure 10); the first mode yielded 51% and 73% of the variance for the observed and simulated data, respectively. This mode is mainly associated with two factors: the effect of rivers (local and remote) and variations in the chlorophyll concentration associated with atmospheric events. The latter is related to multiple processes such as cold fronts (which induce vertical mixing) and extraordinary winds from the south (upwelling favorable winds).




Figure 10 | First mode of the surface chlorophyll EOF calculated in the Tamaulipas-Veracruz (TAVE) region. Panel (A) - Spatial structure from monthly satellite imagery products. Panel (B) - Spatial structure from the model outputs. Panel (C) - Principal component corresponding to mode 1 for the model outputs (black line) and observed data (red line), the blue dots represent the surface chlorophyll difference ( ) between model configurations (i.e. Rv and NRv) for the TAVE region. Panel (D) - Monthly averaged N-S wind component anomaly in the TAVE shelf. Panel (E) - Discharge anomaly from the Mississippi River.



In TAVE, the peaks in extraordinary variability observed in the years 1998, 1999 and 2000, are associated with the strong upwelling-favorable wind (Figure 10D) and the associated Mississippi and Atchafalaya waters advected from LATEX to TAVE. The latter, since it is known that water from these rivers is advected onto TAVE during autumn and winter months Zavala-Hidalgo et al. (2003). This was particularly noticeable in the years 1998 and 1999 (Figure 10E). Moreover, the variability peaks associated with extraordinary flow from the local rivers can be observed in 2004, 2006 and the period between 2009 and 2011 (Figure 10C) appears to be happening only in the model PC, except for 2010 where a response in the observed PC is also present. It is important to note that in the years 2006 and 2011 an increase in the intensity of favorable winds for upwelling was also observed (Figure 10D), which could have led to greater variability in the response of chlorophyll.

For the BOC region (Figure 11), a response to the annual flow cycle of the relevant rivers of the Grijalva-Usumacinta system in the region was observed with a correlation coefficient of 0.60 between the PC of the first mode and the monthly averaged   (Figure 11C). Such response of surface chlorophyll due to the effect of rivers represented the 54% and 66% of the variance for the observed and simulated data, respectively. Since the intensity and variability of the wind is small in this area (Figure 11D), most of the years that present relevant variability peaks in the PC (e.g. 1998-2001, 2005, 2007, 2008, 2010 and 2011) are related to the contribution of nutrients associated with extraordinary flow events from the rivers, mainly the Grijalva-Usumacinta system which has the highest discharge rates compared to other rivers in the region.




Figure 11 | First mode of the surface chlorophyll EOF calculated in the Bay of Campeche (BOC) region. (A) spatial structure from monthly satellite imagery products. (B) spatial structure from the model outputs. (C) Principal component corresponding to mode 1 for the model outputs (black line) and observed data (red line), the blue dots represent the surface chlorophyll difference ( ) between model configurations (i.e. Rv and NRv) for the BOC region. (D) Monthly averaged W-E wind component anomaly in the BOC shelf.







5 Conclusions

On the whole, we can conclude that using realistic discharge and nutrient data in river forcing improves the way in which primary production processes in coastal areas are represented by coupled physical-biogeochemical models. Moreover, by using this data, in some cases we were able to observe a response in chlorophyll concentration to extraordinary events related to hydrological and anthropogenic processes.

We found that in the deep region of the gulf, the concentration and distribution (both superficial and in the water column) of chlorophyll was mainly driven by the annual wind cycle, which was associated with the formation of cold fronts. In BOC, the variation in the chlorophyll concentration was driven by two main factors. The first was the nitrate concentration, provided mainly by the Grijalva-Usumacinta river system, which is directly correlated to the hydrological annual cycle but also to lower frequency events that could be related to variations in nitrate concentration associated to anthropogenic activities. The second was the prevailing wind in the region which is upwelling-favorable throughout the year. In TAVE, three determining factors were found for the chlorophyll response. The main factor was the annual wind cycle which is driven by the N-S wind component and it is upwelling-favorable in the summer and downwelling-favorable in winter. The second factor was the nutrients provided by local rivers which, in specific years, provided sufficient nitrate to trigger a chlorophyll response. The third factor was the contribution from the Mississippi and Atchafalaya rivers, which advect their waters into the TAVE shelf in the autumn and winter months.

Altogether, due to the fact that there is no continuous data of in situ chlorophyll concentration in the studied regions and to the limitations that satellite products have to measure this variable in coastal areas, the use of physical-biogeochemical models is fundamental to study and describe the mechanics of the biological response to the continental and oceanic contribution of nutrients.
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The tragic accident of the Macondo platform operated by British Petroleum (BP) unleashed in 2010 one of the largest oil spills in history, lasting over three months, spilling nearly 500 million liters of oil in one of the most biodiverse ocean regions. This accident revealed the technological deficiencies for the control of a spill in deep waters of the hydrocarbon industry. Simultaneously it showed important gaps in knowledge to predict the propagation and fate of the large volumes of hydrocarbons at depth and on the surface ocean and, more importantly, on their impact on the great ecosystem of the Gulf of Mexico. The necessity to understand and predict the transport, fate and ecosystem-level impacts of large oil spills in the southern Gulf of Mexico, a key region for oil exploration and extraction, led policymakers, scientists, and industry representatives from PEMEX (the Mexican oil company) to jointly launch an ocean observation project (2015-22) aimed to provide a multi-layered environmental baseline, develop a modern monitoring and computational modeling capacity and promote scientific understanding of the marine environment throughout the Mexican Exclusive Economic Zone (EEZ). The initiative, led by the Research Consortium for the Gulf of Mexico (CIGoM), brought together more than 300 multidisciplinary researchers from more than a two dozen institutions in Mexico and abroad, including the Centre for Scientific Research and Higher Education of Ensenada (CICESE) as the leading institution, the National Autonomous University of Mexico (UNAM), the Centre for Research and Advanced Studies of the National Polytechnic Institute (CINVESTAV) in Mérida, the Autonomous University of Baja California (UABC), and the Centre for Engineering and Industrial Development (CIDESI). Financial support was provided by the National Council for Science and Technology and the Ministry of Energy Hydrocarbon Fund.




Keywords: ocean observations, environmental baseline, ocean and atmospheric modeling, Gulf of Mexico, multidisciplinary project




1 Introduction

During the last 6 years the project led by CIGoM assembled a multiplatform observation system of high-frequency radars, drifters, drones, gliders, met-ocean buoys and moorings, and satellite imagery to shed light on ocean and meteorological conditions, generating data that are fed to a web-based visualization platform. These activities were complemented by cruises that covered the deep-water region of the southern Gulf of Mexico, the Yucatan shelf, and the seagrass habitats of the Yucatan and Campeche coasts, in which regional communities were sampled and water and sediment samples were collected for integrating a wide range of physical, biogeochemical, and ecological parameters in space and time over at least 5 years. In addition, a group of modelers developed atmospheric and coupled ocean-biogeochemical models to generate oil spill scenarios for different locations in the Gulf and under different climate forcings. These oil spill scenarios were then further used in a multidisciplinary exercise to assess the vulnerability of ecosystems and key species groups in the Gulf, including large pelagic fishes, cetaceans, and marine turtles. Microbiologists used cutting-edge molecular tools to characterize microbial communities in the water column and sediments to evaluate their plastic and hydrocarbon-degrading capacities. The design of our observation platforms and monitoring efforts were initially focused on the needs of the hydrocarbon industry, such as the detection, monitoring and forecasting of dispersion and the arrival of oil following a spill, as well as their potential impact on ecosystems. However, these multiplatform observations are providing us with the necessary information to understand processes operating at timescales ranging from seasonal to interannual and from the mesoscale to large scale. All of them can help us to understand how the ocean is shifting in response to ocean warming in real time, and how they affect ecosystem structure and function. They will also provide key information on how climate warming is altering the ocean environment and its ecology and, help to assess the potential impacts on coastal communities and economic activities such as fisheries and tourism.




2 Achievements of the project



2.1 Ocean observation platforms

In the past 6 years we have implemented a system of oceanographic observations and satellite image analysis to continuously observe the surface ocean circulation, currents, marine meteorology, waves and some of the ocean essential variables like temperature, salinity, oxygen content, and chlorophyll, as well as the chemical conditions of the GoM using field measurement instruments, to establish an early warning system for hydrocarbon spill events. The system consists of a network of coastal oceanographic buoys (BOC) and open ocean oceanographic and marine meteorology buoys (BOMM), partially developed and designed at CICESE (Martínez-Osuna et al., 2021); a fleet of underwater gliders; a network of radio scatterometer stations on the coast (the only one in Latin America), and a multibeam underwater mapping system complemented on the surface by different types of satellite images ranging from passive (ocean color) to active (synthetic aperture radars). The operation of the BOC and BOMM buoy network allows for a real time transmission and continuous hydrographic, oceanographic and meteorological observations in coastal and oceanic regions of the GoM. BOCs are designed to operate in shallow waters on the continental shelf, while BOMMs are used to measure ocean and meteorological parameters in deep waters (Martínez-Osuna et al., 2021) (Figure 1).




Figure 1 | Map of the deployed observation platforms by CIGOM in the Gulf of México. Colored circles mark the buoys locations during different years (solid blue circles); location of the 19 coastal high frequency radar (HFR) stations (solid red squares) the hachured region marks the open ocean coverage of the HFR stations; yellow lines mark the trajectories of glider missions; transparent polygons mark the satellite imagery coverage.



The gliders are observation platforms designed for continuous and autonomous sampling of the water column up to 1,000 meters deep, recording various oceanographic parameters with very high spatial resolution that are sent via satellites back to the operations center where they are further processed. The basic instrument configuration includes sensors to measure six variables, but other instruments can be added, such as the acoustic current meters implemented in some of the CIGoM gliders. Results from these glider missions have shown the nature of intrathermocline eddies embedded within an anticyclonic eddy (Meunier et al., 2018a), to characterize the vertical structure of a large Loop Current eddy (Meunier et al., 2018b), the heat content anomaly and decay of warm core rings in the Gulf (Meunier et al., 2020). Data from different observations in the Gulf have allowed to characterize the enduring Lagrangian coherence of a Loop current ring (Beron-Vera et al, 2018b) and to elaborate a Lagrangian geography in the deep water region of Gulf of Mexico (Miron et al., 2019)

Some of these results have been used to partition the open waters of the Gulf of Mexico based on the seasonal and interannual variability of chlorophyll concentrations (Damien et al., 2018); to show how maximum concentrations of chlorophyl in winter is triggered by the deepening of the mixed layer during this season further suggesting that these maxima most likely result from a vertical redistribution of subsurface chlorophyll and/or photo-acclimation processes, rather than a net increase of biomass (Pasqueron de Fommervault et al., 2017). Observations from ocean drifters and deep sea dispersion experiments have characterized surface and deep ocean circulation patterns in the GoM (Zavala-Sansón et al, 2017; Duran et al, 2018; Zavala-Sansón et al, 2018; Ohlmann et al, 2019; Romero et al., 2019; Lilly and Pérez-Brunius, 2021; Meunier et al, 2022). A network of deep-sea moorings deployed on the Yucatan and the Florida Straits have made important contributions to the understanding of the flow from the Caribbean through the Gulf of Mexico and into the North Atlantic Ocean (Candela et al., 2019).

The network of radio-scatterometers or high frequency radars (HFR) is made up of a series of high-frequency Doppler radars installed around the southern GoM coast, between Tampico to the Yucatan Peninsula, providing continuous measurements of the surface currents up to 170 km offshore over the entire Exclusive Economic Zone (EEZ) (Figure 1, Map of the HFR radars cover) (Roarty et al., 2019).

The high-resolution mapping of the seabed in the Perdido region (western GoM), from the shelf brake to the abyssal plain, was made possible through multibeam system installed in the oceanographic vessel BP/Justo Sierra of UNAM. This upgraded system capable of simultaneous emission of acoustic beams and the reception of the equivalent echo, offers different capabilities ranging from high-resolution bathymetry of the seabed as well as capturing acoustic cones in the water column, that can be used to detect gas seeps at depth.

These observational systems are complemented with the analysis of active and passive satellite imagery of sea surface temperatures, and chlorophyll-a concentrations, as well as those acquired from active sensors i.e. synthetic aperture radar (SAR) images characterizing the sea surface roughness with information on waves. The CIGoM oceanographic observation system generates data to characterize ocean circulation, waves and biogeochemical processes of surface and deep waters, essential to understand the dynamics of the ecosystem, which can be further used as an indispensable tool to track the propagation and fate of oil during a spill. Additionally, the information obtained through these platforms can constitute an early warning system in case of environmental contingencies of anthropogenic origin (e.g., detection and drift of hydrocarbons) or natural (e.g., tropical cyclones), for which it is an essential component. All of them are essential tools for the establishment of national contingency plans and mitigation of impacts due to extreme events.




2.2 Atmospheric and ocean modeling

CIGoM modeling groups achieved important strides in the Mexican scientific community on the complex problems related to the prediction of the dispersion and probable fate of oil during large-scale hydrocarbon spills in the GoM, through the development of an integrated numerical modeling system. The coordinated effort of dozens of researchers from various academic institutions (CICESE and UNAM), without precedent in the country’s scientific community, generated its own innovative modeling system for weather and air quality forecasts, ocean circulation including waves, with the addition of biogeochemical processes, and the dispersion and fate of oil spills.

A multi-model strategy was used to simulate and reproduce the main characteristics of the GoM ocean circulation and its variability, through the implementation of eight state-of-the-art models. The advantage of this strategy consists in the robustness of the results when several model outputs coincide in their results, and when they do not coincide it can shed some light into how the differences between models are projected into the results (e.g., structures subject to greater uncertainty due to the different approaches and assumptions on which each of the models have been built models and simulations used by CIGOM can be found in the following link). https://modelacion.cigom.org/ (Jouanno et al., 2018; Gómez-Valdivia and Pares-Sierra, 2020; Maslo et al, 2020; Moreles et al., 2020).

The wave-current coupled system we developed for the GoM, consists of two models: a spectral one for waves and a hydrodynamic one for currents. The coupling allows the synchronized transfer of information between both models, so that more realistic estimates of the advection of matter (e.g. oil) can be obtained for the surface ocean Furthermore, it can be used to validate the parameterizations of the effect of waves, wind and surface ocean flow in oil spill models.

The coupling of biogeochemical modeling with the physical modeling was another achievement reached when all models used were able to successfully reproduce the distribution and concentration of chlorophyll in the water column, thus providing plausible results on the spatial and temporal characteristics of primary productivity in the GoM (Estrada-Allis et al., 2020; Guerrero et al., 2020).

A novel weather forecasting system was developed for the GoM consisting of two components. The first is used to estimate air quality and the second to calculate the evolution of polluting plumes associated with the volatilization and burning of hydrocarbons on the sea surface resulting from a large-scale spill. It should be noted that this is the only forecasting system developed in the project that can be used to reliably predict the evolution and impact of a large oil spill event on the atmosphere. https://pronosticos.atmosfera.unam.mx/atlasmeteorologico.gom/

We implemented three oil spill models of different complexity: OilSpill, PetroTrans (both 2D), and CIC-OIL (3D). These models, although based on other preexisting ones, have implemented different and innovative new routines, modifications and couplings, and stochastic theories or parameterizations that allow for the generation of new knowledge on the hydrocarbon weathering processes. In particular, the CIC-OIL model is highly sophisticated, since it couples a model to simulate the plume produced by the explosion of a well and its subsequent evolution by including several parameters, especially the nature and droplet size of the hydrocarbons which lead to very different dispersion trajectories (Anguiano-García et al, 2019; Duteil et al., 2019; Meza-Padilla et al, 2021).

The numerical models developed by CIGoM modeling groups reproduce the main oceanographic characteristics of the GoM and its variability, providing new knowledge about the circulation and biogeochemistry of the ecosystem (Beron-Vera et al., 2018a; Beron-Vera et al., 2018b; Jouanno et al., 2018; Parés-Sierra et al, 2018; Gough et al., 2019). The meteorological forecast system, in addition to provide typical information on atmospheric circulation, essential in planning daily activities at sea (e.g., fishing, marine operations, etc.) and for the prevention, attention and mitigation of impacts and an important reanalysis effort of the last 40 years (Díaz-García et al, 2020; Allende-Arandía et al, 2022; Rodríguez-Vera et al., 2022), provides additional information on the quality of the air and the effects of gas emissions associated with hydrocarbon spills, both of great relevance for public health issues. These oil spill models provide useful results for decision makers during oil contingencies since, by providing them with information from real-time observations of marine conditions and combining them with oceanic and atmospheric forecast models. These model outputs allow for a real time forecast of the fate of a spill, as well as to generate different scenarios affecting either the different marine ecosystems as well as the health of the communities and urban population that live on the shores of the GoM, which can be used in the necessary mitigation procedures after a major oil spill.




2.3 Baseline studies and environmental variability

Generating the baseline of the GoM Large Marine Ecosystem is one of the major achievements of the project. This major milestone provides the necessary knowledge to robustly assess the impacts generated by oil spills or other natural or anthropogenic events on the Mexican EEZ waters. These baseline studies include the description of the current state and its variability of the meteorological, hydrographic, biogeochemical, biological and ecological conditions at the surface and deep waters of the GoM (Figure 2). Generating this information required an enormous multidisciplinary and inter-institutional effort that resulted in the most extensive, complete and coherent oceanographic, geochemical and ecological characterization developed in Mexico to date. Given the diversity and complexity of the ecosystem and the topics addressed, we used a wide range of scientific disciplines and applied various methodological approaches ranging from data collection (Herzka et al., 2017), analysis in the different laboratories as well as statistical and analytical procedures (HergueraDocumento en gdocs, 2017).




Figure 2 | Map of the cruises accomplished by CIGOM in the Gulf of México. Station visited during XIXIMI cruises in the deep water region of the GoM (filled purple squares); location of the stations visited during CINVESTAV-Mérida cruises on the Yucatán Platform (filled light green circles); location of the stations visited during the CINVESTAV-Mérida cruises in the Perdido region (filled red circles); location of the stations visited during ICML-UNAM cruises in the southern GoM (filled yellow triangles).



This baseline study was based on samples and data collected during 21 oceanographic cruises performed by five sampling programs executed by the different institutions associated with CIGoM (Table 1). One major challenge was the comparability of the results on the same variables by the different participating laboratories. One of the first actions was to standardize the procedures and protocols for on board sampling and processing of water and sediment samples, living organisms, as well as for the instrumentation and recording of oceanographic and biogeochemical variables. This standardization procedures with the participating institutions facilitated the reliability, reproducibility, validation and intercomparison of data, all of them essentially important for the development of the project (HergueraDocumento en gdocs, 2017), and especially for the future long-term monitoring of oceanographic variables and parameters of the GoM Large Marine Ecosystem.


Table 1 | Oceanographic cruises in the Gulf of México by CIGoM (2015-2019).



Samples collected during these cruises and their analysis in CIGoM laboratories enabled us to establish the spatial and temporal patterns of the physical and geochemical variables (Damien et al., 2018; Portela et al., 2018; Medina-Gómez et al., 2020; Ochoa et al., 2021; Cervantes-Díaz et al., 2022; Hernández-Sánchez et al, 2022; Lee-Sánchez et al., 2022; Valencia-Gasti et al, 2022; Velásquez-Aristizábal et al., 2022; Romero-Arteaga et al., 2022a; Romero-Arteaga et al., 2022b) related to the carbon cycle (as well as hydrocarbons (García-Bautista et al., 2022) metals and pollutants concentrations in the water column (Arenas-Islas et al., 2019; Hernández-Candelario et al., 2019; Árcega-Cabrera et al., 2021; Dótor-Almazán et al., 2021a; Dótor-Almazán et al., 2021b; Dótor-Almazán et al., 2021b; Árcega-Cabrera F. et al, 2022; Dótor-Almazán et al., 2022a; Dótor-Almazán et al., 2022b), sediments, as well as in tissues of selected organisms.

The development of a biological catalogue required the implementation of a wide variety of sampling and analysis techniques. Taxonomic and statistical analysis of samples collected during these oceanographic cruises allowed us to characterize the distribution and abundance patterns of phytoplankton (Linacre et al., 2019; Medina-Gómez et al., 2019; Medina-Gómez et al., 2020; Linacre et al., 2021; Amé́ndola-Pimenta et al., 2021) fungi (Amend et al., 2019; Vargas-Gastélum et al., 2019), zooplankton (Hereu et al., 2021); ictyoplankton (Daudén-Bengoa et al., 2019; Daudén-Bengoa et al., 2020; Aguilar-Medrano et al., 2021; Compaire et al., 2021; Santana-Cisneros et al., 2021a; Santana-Cisneros et al., 2021b), demersal fish communities in the water column (Vega Cendejas et al, 2017; Vega-Cendejas and De Santillana, 2019; Aguilar-Medrano and Vega-Cendejas, 2019a; Aguilar-Medrano and Vega-Cendejas, 2019b; Aguilar-Medrano and Vega-Cendejas, 2020b; Aguilar-Medrano and Vega-Cendejas, 2020a), benthic infauna, and invertebrates in the sediments (Hernández-Avila et al., 2018; Rubio et al., 2018; Aguilar-Medrano and Vega-Cendejas, 2020b; Torruco et al., 2018; Cisterna-Céliz et al., 2019; Paz-Ríos and Pech, 2019; Hernández-Ávila et al, 2020; Martínez-Aquino et al., 2020; Paz-Ríos et al., 2020; Soler-Jimenez et al., 2021; Paz-Ríos et al., 2021; Suárez-Mozo et al., 2021; Chí-Espínola and Vega-Cendejas, 2022; Quintanar-Retama et al., 2022). Methods for taxonomic identification ranged from the use of morphological techniques to massive sequencing of DNA molecules (metagenomics) and bioinformatic data analysis (Martínez-Aquino et al, 2017; Puch-Hau et al., 2018a; Escobar-Zepeda et al., 2018; Batta-Lona et al., 2019; Tapia-Morales et al, 2019; Vargas-Gastélum et al., 2019; Sánchez-Soto et al., 2021; Aguilar- MedranoVega-Cendejas, 2021; Cicala et al., 2021; Martínez et al, 2021; Martínez et al., 2021; Santana-Cisneros et al., 2021b; Torres-Beltrán et al, 2021). Patterns of sediment composition, distribution, and sedimentation rates (Díaz-Asencio et al, 2019; Brooks et al., 2020; Diaz Asencio et al., 2020). Tissue damage and parasites distribution patterns in benthic demersal fishes (Escobedo-Hinojosa and Pardo-López, 2017; Vidal-Martínez and Wundedemersal fish communities in therlich, 2017; Puch-Hau et al., 2018b; Quintanilla-Mena et al., 2018; Vidal-Martínez et al, 2019; Quintanar-Retama et al, 2022; Cerqueda-García et al., 2020; González-Penagos et al, 2020; Rodríguez-González et al, 2020; Becerra-Amezcua et al, 2020; Cañizares-Martínez et al, 2021; Martinez et al., 2021; Ocaña et al., 2021; Vidal-Martínez et al., 2021; Zamora-Briseño et al, 2021; Ek-Huchim et al, 2022)

Satellite telemetry data on selected species generated during the project and through the implementation of ecological models using public databases and georeferenced sighting data from various sources (samples from boats and aerials, satellite telemetry) allowed us to identify critical habitats for conservation of marine vertebrates (turtles and cetaceans) and organisms of economic importance (large pelagic fishes) (Gallegos-Fernández  et al., 2018; Sanvicente-Añorve et al., 2018; Cuevas et al, 2019; Cuevas et al., 2019; Lara-Hernández et al., 2019; Ocaña et al., 2019; Ramírez-León et al, 2020; García-Aguilar et al., 2021; Ramírez-León et al, 2021; Uribe-Martínez et al, 2021).

The studies developed to generate the GoM baseline, in addition to their invaluable contribution to the knowledge on the state of the GoM LME, are key elements based on scientific data that will help understand how natural resources and the economic activities that depend on them (e.g., commercial and recreational fishing, tourism, maritime traffic) could be affected by large-scale oil spills, but also by extreme events (e.g. tropical cyclones) and global warming. All this information generated is of great relevance to strengthen public policy and decision-making processes, not only within the context of the hydrocarbon industry, but also to support interventions for the conservation and responsible management of natural resources. Results from these studies are compiled in a 11 volume work that can be accessed through www.atlascigom.cicese.mx (Herzka et al., 2021).




2.4 Natural degradation of hydrocarbons

Another of the great achievements of CIGoM was the implementation and use of cutting-edge methodologies of metagenomics to characterize the hydrocarbon-degrading microbiota. The results show the extensive knowledge gathered on the diversity and abundance of bacteria in the Mexican EEZ of the GoM, from Tamaulipas to Yucatan including water and sediment collected between 550 and 3,200 meters deep, that includes bacterial consortia with metabolic capacity to degrade a variety of hydrocarbons (García-Cruz et al, 2018; Sánchez-Soto Jiménez et al, 2018; Rodríguez-Salazar et al., 2021) (Figure 3).




Figure 3 | Bar plot of the relative abundances of the 16S rRNA amplicon taxonomic annotations at the Class level. Depth levels of collected samples in the water column in the central western margin (Perdido Region) and the southern GoM, maximum flurescence depth (MAX), relative oxygen minimum (MIN), Antarctic Intermediate Water mass (AAIW), waters below 1500 m depth (DEEP), sediment samples (SEDIMENT). Notice diversity changes with depth through the water column and in the sediments.



Samples were collected from the water column during several cruises at selected depths, i.e. maximum fluorescence, oxygen minimum, the Antarctic Intermediate Water, bottom waters and from the sediments to characterize the distribution patterns and diversity of bacterial genomes based on massive sequencing technologies such as the 16S ribosomal and shotgun. Subsequent analysis revealed the first baseline comprehensive distribution study of the bacteria that inhabit the southern Gulf of Mexico, as well as the presence of genes that code for hydrocarbon-degrading enzymes in both the Perdido region and in the Bay of Campeche, indicating an adaptation of the microbiota ecosystem to hydrocarbon environments, either from oil seeps or from oil extraction activities in the southern GoM (Gamboa-Muñoz et al, 2017; Escobar-Zepeda et al., 2018; Godoy-Lozano et al., 2018; Raggi et al., 2020).

Among the enzymes of marine origin identified and isolated are mainly hydrolases and oxidoreductases, which catalyze hydrolysis reactions of chemical bonds and oxidation-reduction reactions (Muriel-Millán et al., 2019; Moreno-Ulloa et al, 2020; Rodríguez-Salazar et al., 2020; Loza et al, 2022). In marine environments, these enzymes participate in the degradation of organic compounds, that is, they contribute to different degradation pathways of the metabolism of marine microorganisms as well as in the degradation of other toxic compounds, such as oil and plastic pollutants (Muriel-Millán et al., 2021). These enzymes are further used to process food, drugs, paper, starch, textiles and manufacture detergents by the industry.

From the perspective of the oil industry, the information can be used in an oil spill contingency to determine the presence of hydrocarbon-degrading bacteria in the affected sites and their potential for bioremediation purposes as well as biosurfactants producers. Of great interest to the hydrocarbon industry is the isolation and characterization of bacteria and bacterial consortia, as in the case of enzymes and biosurfactants discovered during the development of this research, due to their potential use in the biodegradation of contaminants (Rosas-Galván et al, 2018; Muriel-Millán et al., 2019; Curiel-Maciel et al., 2021; Morales-Guzmán et al, 2021; Rosas-Díaz et al., 2021; Rojas-Vargas et al., 2022). In addition the information on the microbiota in these environments generated can be used as indicators of the health of the oceans and can serve to guide public policy in terms of management and conservation of ecosystems. https://cruceros.cicese.mx/catalogo/




2.5 Ecological vulnerability

Quantifying and assessing the impact of an oil spill on GoM selected key species, habitats and ecoregions was another important achievement of CIGoM. This multidisciplinary work by physical oceanographers, biologists and ecologists generated large-scale oil spill scenarios in different regions, depths and climatic conditions and combined them with ecological vulnerability models and biological connectivity assessments. To achieve these results, they used a wide variety of methodological approaches at different spatial, temporal and ecological organization scales at the crossroads of different scientific disciplines https://escenarios.cigom.org/.

Results on large oil spill scenarios derived from the hydrocarbon degrading models of OilSpill, PetroTrans and CIC-OIL and atmospheric models, implemented by CIGoM, were used to determine the areas of probable impacts and the estimated times of arrival of the hydrocarbon plumes. Oceanic hydrocarbon spill models simulate the processes of transport, dispersion and weathering of oil in the sea, and atmospheric models simulate burning of oil (common practice as a measure mitigation). The procedure consisted of running hundreds of simulations of spills under similar conditions and performing a statistical ensemble of these simulations for each of the scenarios (Pérez Brunius et al., 2020b).

The identification of species and regions potentially vulnerable to oil spills was approximated through three approaches. The first consisted of evaluating the comprehensive vulnerability of sea turtles and communities of submerged aquatic vegetation, considering the multiple stressors that currently act on them. The second approach was to quantify the convergence between critical habitats of marine vertebrates (turtles, cetaceans and larger pelagic fish) and oil spill scenarios. The third one was used to determine the vulnerability of the ecosystem to oil spill scenarios considering all types of habitats that comprise up to a 100 species from different taxonomic groups (invertebrates, fish, turtles, birds and mammals) (Aguirre-Macedo et al, 2020; Liceaga-Correa et al., 2022; Romo-Curiel et al, 2022). On the other hand, the diagnosis of biological connectivity allowed the discussion on the resilience of marine populations to oil spills, with particular emphasis on the possible effects of spills in the Perdido region (Lara-Hernández et al, 2019; Sanvicente-Añorve et al., 2018; Pérez Brunius et al, 2020a; Compaire et al, 2021).

In addition to these evaluations, several experimental mesocosm protocols were implemented to determine changes in the vulnerability of phytoplankton and bacterial communities to different concentrations of oil and exposure time. These experiments were complemented with bioassays to identify indicators to evaluate vulnerability based on cellular, histological and immunological responses in two species of coastal fishes (Cañizares Martı́nez et al., 2018; Garcia-Cruz et al, 2019; Uribe-Flores et al, 2019; Valencia-Agami et al., 2019; Améndola-Pimenta et al, 2020; Couoh-Puga et al, 2020; González-Penagos et al, 2020; Quintanilla-Mena et al., 2020; Rodríguez-Salazar et al, 2020; Uribe-Flores et al., 2021; Zamora-Briseño et al, 2021).

Through a joint effort between researchers and decision makers, CIGOM led the planning for the attention of turtles and their habitats during an oil spill contingency http://geoportal.mda.cinvestav.mx/geoportal.html. The document produced is a national reference and guide to develop this type of planning for other protected species or species of ecological and environmental value.

All of this information generated lays the scientific foundations for strategic planning focused on the prevention, care and mitigation of oil spill incidents, while providing elements to strengthen public policies aimed at regulating the activities of the oil industry, not only in favor of the conservation of species and regions of high ecological and/or economic value, but also in favor of preserving human health in the air quality of urban areas and communities in the country.




2.6 Technological developments

Several technological advances were accomplished during the project generating observational tools to understand the complexity of processes that are triggered by a large-scale spill of hydrocarbons in the ocean.

These technological developments of the CIGoM can be divided into three large groups (Table 2):


Table 2 | Description of the observational platforms developed by the project, technical characteristics and uses.



	(1) Oceanographic observation platforms. Development of five new prototypes for real-time observations of oceanographic variables and a virtual simulator. These developments were carried out by researchers from CIDESI and the UABC Institute of Oceanographic Research (IIO).

	(2) Databases and visualization platforms. Development of a cyberinfrastructure with the capacity to store large databases for viewing, downloading and analysis. This cyberinfrastructure consists of six digital platforms that bring together the data, analytical approaches and model outputs carried out by researchers from all the CIGoM institutions.

	(3) Bacteria consortia capable of hydrocarbon degradation. Integration of a physical reservoir and an online catalog of samples containing bacterial consortia and the metabolic pathways involved in hydrocarbon degradation. This technological development is the result of the coordinated work of researchers from IBT-UNAM, CINVESTAV Mérida-Unit, CICESE and UAEM.







3 Final remarks

The GoM is a large and complex ecosystem that harbors and supports a great biodiversity, while being one of the most important regions in North America in terms of energy resources. The development of this industry and its expansion into even deeper regions considerably increase the potential for oil accidents thereby increasing the risk for large-scale hydrocarbon spills, such as those occurred in 1979 and 2010 after the explosions on the platforms of the Ixtoc-I and Macondo wells, respectively.

The work developed by CIGoM responds to the need to have solid scientific information for the establishment of prevention and mitigation measures in the event of large-scale spills in the GoM, so that the country is now better prepared not only to react to an incident of this nature, but to address the challenges and needs associated with offshore hydrocarbon exploration and extraction.

The project proposed the generation of a comprehensive system of observations and numerical models to generate spill scenarios and evaluate their consequences and impacts in Mexico’s EEZ of the great GoM ecosystem. The results obtained far exceeded this objective. The financing of the SENER CONACYT Hydrocarbons Fund for the development of the project allowed us to characterize the current state of the physical, chemical and biotic environment of the GoM based on real-time and continuous observations from different oceanographic observation platforms, has deepen our knowledge of ocean and atmospheric circulation, the biogeochemical and ecological processes in the water column and in the sediments, the characterization of the hydrocarbon-degrading microbiota, and the elaboration of vulnerability scenarios for key ecosystems and species. In addition, the capacity of hundreds of researchers, technicians, postdoctoral students and students was strengthened, as well as the scientific and technological infrastructure of national academic institutions, which gave rise to the generation of the largest existing scientific heritage in the Mexican EEZ waters of the GoM.

Achieving these goals in the past seven years was possible thanks to the commitment of the participating researchers, students’ postdocs and technicians, as well as the professional monitoring and management team of the project that allowed for inter-institutional liaison, linkage and communication, constant evaluation of the progress, identified and anticipated the risks and made it possible to reach the objectives and committed to results.

The multi-institutional and interdisciplinary work financed by the SENER-CONACYT Hydrocarbons Fund brought together the work of more than 300 researchers from 17 national and international institutions in a coordinated manner and with a common goal, to generate the necessary information to support decision-making, informed and rational planning and mitigation strategies in the event of a large-scale oil spill with potentially devastating effects on human communities in the coastal zone, fishery production and ecosystem health. Additionally, the knowledge and skills developed strengthen public policies oriented towards the conservation and sustainable management of the GoM’s natural resources and the ecosystem services it provides.

CIGoM achievements to address research and management issues related to the hydrocarbon industry are unprecedented in Mexico. However, given the dynamic nature of the great ecosystem of the GoM, the trends induced by global climate warming, and the continuous development and expansion of oil exploration and extraction activities towards deep waters, it is essential to continue growing and nurturing the human and infrastructure capacities generated during the project to meet the future needs of industry and society.




4 Nomenclature



4.1 Resource identification initiative

To take part in the Resource Identification Initiative, please use the corresponding catalog number and RRID in your current manuscript. For more information about the project and for steps on how to search for an RRID, please click here.




4.2 Life Science identifiers

Life Science Identifiers (LSIDs) for ZOOBANK registered names or nomenclatural acts should be listed in the manuscript before the keywords with the following format:

urn:lsid:<Authority>:<Namespace>:<ObjectID>[:<Version>]

For more information on LSIDs please see Inclusion of Zoological Nomenclature section of the guidelines.




4.3 Additional requirements

For additional requirements for specific article types and further information please refer to Author Guidelines.
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1 87.5 77.8 97.5 97.4 46.6 59.0

2 05.7 03.5 01.8 02.0 13.6 247
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Water mass Dissolved Ni (hmol kg'1) [Water depth (m)]

Gulf of Mexico Atlantic Ocean

LCRr-Poseidon LC+LCE-Quantum = Sargasso Sea  Tropical Atlantic

CSWr 36.35-36.70 22.0-28.0 2.04 £ 0.11 2.03 +£0.21 171 £0.11 2.04 £0.02 1.97 £ 0.04
[64 £ 19] (107 £ 37] (89 28] [19+7] [72 + 23]
GCW 36.55-36.80 20.0-22.5 2.16 £ 0.21 220+0.28 - 2.03 -
[80 + 14] [151] — [27 +5] —
NASUW 36.80-37.20 20.0-25.0 - - 1.96 = 0.03 2.05 £ 0.08 2.16 £0.05
— - [189 + 49] [97 + 50] [175 + 26]

TACW 35.10-36.60 8.0-20.0 325+ 052 3.61 +0.64 347 £0.61 3.15 £ 0.70 3.38 £0.54

[298 + 138] [468 + 114] [486 + 142] [669 + 140] [434 + 139]
TACWc 35.25-35.90 9.0-13.0 3.68 £ 0.36 3.67 £ 0.50 3.52 £ 0.46 3.95+0.14 3.85£0.33

[409 + 25] [458 + 41] [559 + 105] [755 + 65] [484 = 111]
AATW <35.3 5.0-6.5 4.20 + 0.43 4.35 +0.29 [1002 + 2] 3.84 £ 0.20 [977 + 32] 4.19 £0.25 5.11 £0.17

[10001 + 1] [1097 + 72] [891 + 115]
NADW 35.13-35.16 <45 420 £ 025 4.08 £ 0.39 3.80 £0.16 404 £0.22 3.95 +0.05

[1925 + 538 [2125 + 249 [2399 + 483] [2035 + 288] [2014 + 175)

1) Semi-permanent cyclone in Campeche Bay (SPC-CB: stations E32-E35, G40, G42-G44), 2) remnants of Loop Current eddy Poseidon (LCRr-Poseidon: stations A1, A2, C20-C23) and
3) Loop Current (LC) + Loop Current eddy Quantum (LCR-Quantum: stations Y2, Y3, Y6, Y7, Y9, A10). For comparison, the average concentrations of Ni in the North Atlantic,
specifically in the Sargasso Sea (GA02: E21-E25) and Tropical North Atlantic (GA02: E30-E34) from the GEOTRACES GA02 transect, are included (Schlitzer et al,, 2018; Middag et al.,
2020). The definition of water masses was based on the classification proposed by Portela et al. (2018) and the ranges of conservative temperature (T) and absolute salinity (Sx)
correspond to those measured during XIXMI-6. The average depth where each water mass was detected is shown in square brackets. Abbreviations for water masses: CSWr, Caribbean
Surface Water remnant; GCW, Gulf Common Water; NASUW, North Atlantic Subtropical Underwater; TACW¢, Tropical Atlantic Central Water core; AAIW, Antarctic Intermediate
Water; and NADW, North Atlantic Deep Water.






OPS/images/fmars.2022.1036331/fmars-09-1036331-g006.jpg
Ni (nmol kg") Ni (nmol kg*)
0 1 2 3 4 5 6 01 2345€6
0 -
0 E
100 —;
200 3
500 ]
300 —;
400 3
1000 ]
£ 500 3
£ 600
o 1500
[7)
(=]
2000
(Boyle et al. 1984) )
2500 Sargasso
Sea (cA02)
Tropical
3000 Atlantic (ca02)
B el r
Sa (gkg’) Sa(gkg")
345 355 36.5 37.5
34.5 35.5 36.5 0 Tk o
) P A T— 3
100
200
500
300
1000
E
< 1500
Qo
[7)
(=]
2000
G42
2500 Sargasso
Sea (GA02)
Tropical
Atlantic (cao2)

3000






OPS/images/fmars.2022.1036331/fmars-09-1036331-g007.jpg
G, (kg m7)

22

23

24

25

26

27

28

Ni (nmol kg™)

2

3 4 5

A10

Y9

A1

A2

G40

G42
Sargasso
Sea
Tropical
Atlantic

&
AL R
g

pG40-G42

Sa (g kg”)

34.5 35.5 36.5

A10
Y9
A1
A2
G40
G42

Sea
Tropical
Atlantic

Sargasso

O A-wlgl

. Atlantic

100°W 90°W

80°W

GlJW

50°W

37.5





OPS/images/fmars.2022.1036331/fmars-09-1036331-g008.jpg
Zo2r (m)

Ni,g,,,, (nmol kg™)

Cyclonic-eddy

Anticyclonic-eddy

0
y =-400.6x + 166.2
r=-0.97
n=44
200 p <0.001
Yucatan
400 3Stran‘
LCE Poseidon
(remnants) p Q7 S~
600 Canbbeanvs ~ o
LCE Quantum 4
0.0 0.2 0.4 0.6 0.8 1.0 1.2
3.2
~. SPC
3.0 ] \Qampeche Bay
2.8 4 40
1 C20
2.6 1 G4 24
24 ] sl
A %@é‘ ~\wYucatan
2.2 c23 , ~, Strait
1 LCE Poseidon
201 (remnants) Y7 N o
1.8 1 y=-1.40x+3.13 Caribbean™ N G
9 ~
16 =092 e
14 {4 n=22 LCE Quantum
{ p<0.001
1.2
0.0 0.2 0.4 0.6 0.8 1.0 1.2
ADT (m)

Integrated Nis,,,

Integrated PO, 35,

(mmol m?)

(mol m?

1.2

S5
o

o
®

o
o

0.4

o
w

©
N

I3
s

0.0

Cyclonic-eddy
—— g

SPC

Campeche Bay
\ E34
\E G40

Anticyclonic-eddy

20

>, \24
SY2 A1

c210, ~ysYucatan
T C225q A2 . ~_ Strait
LCE Poseidon Ye ~o
(remnants) \Q“
y =-0.50x +1.12 Caribbean\~\."1°
| ~

~

4 E3

r=-0.92
1 n=22
p <0.001

LCE Quantum

0.8 1.0 1.2
N y =-0.36x + 0.38
r=-0.89

n=22

p <0.001

Y3

Yucatan
\ Stralt

LCE Poseidon \}
il (remnantskzz. .
c230 ‘z.y

1 Y9

N
Caribbean \.

s
/

Nl
Quagtum
I e L L |

0.0 0.2 0.4 0.6 0.8 1.0 1.2
ADT (m)






OPS/images/fmars.2022.1036331/fmars-09-1036331-g009.jpg
Chl-a (mg m?) Chl-a (mg m?)

Chl-a (mg m?)

y =-0.087x + 0.129 =-0.54 p<20.001

0.20
SPC
Campeche Bay
0.15 . ‘45 ......... _anstal stations
J49 .
~ L
e D28 E32m4 ........ ) \.{'3
0.10 D30 20 ye Yucatan
¥ =~ @ Strait
p2r@l 13 Ons \QY -
D29 ot ) A -
0.05 4 h 3
LCE Poseidong11 B12 a ~ A10
(remnants) Caribbean @ -
LCE Quantum
0.00 .
0.0 0.2 04 0.6 0.8 1.0 12

ADT (m)
y=0.15x-0.04 r=0.55 p=0.034

0.20
0.15 il
. Coastal statlons_......z,.‘ Campeche Bay
3, ________ ’.532 " : P
0.10 Yucatany c2 6
Stralt ® /}‘ €20

Canbbean/‘ czz.i(m cz4

0.05 ALCE Poseidon
_-- A10. (remnants)
“LCE Quantum
0.00
0.4 0.6 0.8 1.0 1.2

Integrated Ni,,  (mmol m?)

y =-0.0067x + 0.1289 r=-0.68 p =0.005

0.20
SPC
0.15 {4 Campeche
Bay . Coastal stations
Gm"Yz"
~ .. @3
RN Y

0.10 by 20 Yucatan

c® S .Ys Strait
cz“cn ‘22 'Q Caribbean

et
0.05 LCE Poseidon ‘*~\\ 10
(remnants) SR
LCE Sso
Quantum

0.00

Integrated [Ni/P],,,,
(mmol: mol)





OPS/images/fmars.2022.1036331/fmars-09-1036331-g002.jpg
Y | - [ ST
30°N LCE Poseidon § 1.00

| 0.78
25° N
0.55

0.33

i o -
DI R R S S
'

. e . 0-01

32.0

30.8
25° N
29.5

i Ak o :

I L L ¥ : ! ; i

i ! . & ¥ x

i . 1 ) B

i : . | 5 ' R s s : e
(0] i 1 Qaty 1 R Ca . o

"""""""""" Bl = bt st e QR = o e e et (P B % = S P . - A -

i % iy i i i : | ¥ r »

i T - T . ! . o T i L]

) - T 2 k ’
: st o g o ' - o . T 1
¢ il

27.0

vis ki
]

100° W 050 \WV o0° W 85° W 80° W

|
100° W

O5° \W

5.00

1.06

0.22

0.05

0.01

1.00

0.78

0.55

0.33

0.01





OPS/images/fmars.2022.1036331/fmars-09-1036331-g003.jpg
Depth (m)

Campeche Bay LCE Poseidon

semi-permanent
cyclone

(remnants)

LCE Quantum

0
37.0
200 36.5
36.0

400 N
> 35.5

§
600 | S 35.0

[¢]

2000 1500 1000 500 0

S kg’

0 a9 kg) 35.4
35.3

1000 - |
35.2

2000 &
S 1351

Yucatan §

Channel g
3000 ' o 35.0

2000
Campeche Bay

1500

1000
Section Distance [km]

500

0

Caribbean Sea





OPS/images/fmars.2022.1036331/fmars-09-1036331-g004.jpg
Depth (m)

Depth (m)

Campeche Bay LCE Poseidon LCE Quantum
semi-permanent (remnants)

200

400

1000

cyclone

S &
' Ni (nmol kg”)

G , IC2 SN 1 O s

275

2.5
2.25

1.75

Ocean Data View

. —— — — ——— ; T — T ; ! 1.5
2000 1800 1600 1400 1200 1000 800 600 400 200 0

Yucatan
Channel

Ocean Data View
N

3000 ’ . : ‘ : - 1.5
2000 1800 1600 1400 1200 1000 800 600 400 200 0
Campeche Bay Section Distance [km] Caribbean Sea
Ni (nmol kg™) CV (%)
01 2 3 4 5 6 0 5 10 15 20
s 0! . 4t N
0.78 i E
500
0.55 | H_
= 1000 1
s & 9 ]
p 1
0.01 ‘5_1500_- _:J
a ] ]
2000 E
2500 ]
] ~O—Average ]
30007 @ Sample 1 D






OPS/images/fmars.2022.1036331/fmars-09-1036331-g005.jpg
Depth (m) Depth (m) >

O

Depth (m)

Campeche Bay LCE Poseidon LCE Quantum
semi-permanent (remnants)

& g Ni (nmol kg')
A 2l ﬂ 0 E .

cyclone

B @

2000 1800 1600 1400 1200 1000 800 600 400 200 0

PO, (umol kg
, (1 g’) -

200 +

400

600

Ocean Data View
S
o

2000 1800 1600 1400 1200 1000 800 600 400 200 0

NO, (umol kg')

400

600
2000 1800 1600 1400 1200 1000 800 600 400 200 0

Section Distance [km]

Campeche Bay Caribbean Sea

Ni (nmol kg")

Ni (nmol kg")

A Sargasso Sea (GA02)
M Tropical Atlantic (GA02)
O Gulf of Mexico (XIXIMI-6)

~

w

Ni= 1.33*PQ, + 1.95
r= 098

Ni =1.20*PO, + 1.84
r=0.97

T T T
00 05 10 15 20

PO, (umol kg”)

w
1

Ni= 0.08 *NO, + 1.93

r=0.97 \

Ni= 0.074 *NO, + 1.84
r=0.96

T T T 1
0 5 10 15 20 25 30
NO, (umol kg’)






OPS/images/fmars.2022.1036331/fmars-09-1036331-g001.jpg
30°N I’

25°N

20°N

________
\_\ —

é&s
o

\ D26 p27 D28 str
) ol 0 o . D

QE3R2 E3s ®534
y o . 37 OF38 OF¢9
. G\w® G2y G4 gGM

L&, © o”“?\of*"9
‘\\ J49

25°N I

20°N

100°W

Y oSN 4 /A\\

D
——= 1(ms")
©] Station

95°W

A

B16
(0]

0]

A
avs

CTD station
LCE Quantum

: LCE Poseidon (remmnants)
~___ |~ =1000 m

® Trace metal + CTD station |

347 =
o}

——————

N

<
—

s

\‘AV/

AN\ S S S eSS S

——Y

P

i

== =
.

1—.\‘-—//

85°'W

~ ==

- 10.40

0.20

.?)cean Data View / DIVA

8o0°Ww

30°N

25°N

20°N

30°N

25°N

20°N

25°N

20°N

100°W

Integrated Ni,, (mmol m'2 N

10.8

0.7

S
o

S
(3]

Ocean Data View

S
N

0.20

0.15
0.10

0.05

Ocean Data View

0.00

5.0

4.0

3.0

0 2.0

Ocean Data View

o
()

85°W

95w 9I0°w 8o0°w





OPS/images/fmars.2022.1041005/im20.jpg





OPS/images/fmars.2023.1091372/fmars-10-1091372-g001.jpg
-92°30'

Earthstar Geographics

Red de radares

. Radares

[// /| Cobertura de radares

Gliders

Misiones gliders

Imagenes RAS

| Cobertura RAS

Limites
Cl Zona Econdmica Exclusiva de México

UNIVERSIDAD AUTONOMA DEL
ESTADO DE MORILOS

UNIVERSIDAD
‘ AUTONOMA
Gasa ablerta al sempa | METROPOLITANA
Unidad Iztapalapa

e

ATMOSFERA

¥ CAMBIO CLIMATICO Instituto de Biotecnologia

Bec
SEOFISICA

1:6,500,000

Kilémetros
150 300
IS I I T I T Y |
Coordenadas: geograficas
Elipsoide: WGS84
Datum: WGS84






OPS/images/fmars.2022.1041005/im2.jpg





OPS/images/fmars.2023.1091372/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.1041005/im19.jpg





OPS/images/fmars.2023.1034638/table1.jpg
Value

Un

ki 0.04 ° Light attenuation due to sea water m™
kew 0.024 ¢ Light attenuation by chlorophyll m ~'(mg Chl-oom )
ap 1.0° Initial slope of the P-I curve mg C(mg Chla-oW m ~2d) ™'
Opmax 0.0535 “ Maximum chlorophyll to carbon ratio mg Chla-oi(mg C) ™
Kynos 05°% Half-saturation for NO3 uptake mMol N m ~
it 0.5 % Half-saturation for NH4 uptake mMol N m =
i 0.05 Nitrification rate 4t
mt 0.15°% Phytoplankton mortality to small detritus rate 4!
Zmax 0.6 Maximum zooplankton grazing rate d!
B 0754 Zooplankton assimilation efficiency -
Kpiy 20°% Zooplankton half-saturation for phytoplankton ingestion d-!
Mo 01 Zooplankton excretion rate d!
m' 0.025 " Zooplankton mortality to detritus (mMol Nm %) ~1d -
mi 0.03 % Remineralization rate of SDet 4!
mins 0.01 % Remineralization rate of LDet 47!
gy a.605 % Particle aggregation rate (mMol Nom ) 1d !
Wphy 01’ Sinking velocity of phytoplankton md™"
Wepet 01t Sinking velocity of small detritus wa
Wipet 10° Sinking velocity of large detritus e

“parameters from Gruber et al. (2006) and *parameters from Fennel et al. (2006).
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Reg N Ne Ho u Ei
Central Media 18.659 1.973 1.391 0250 0249 0256 -0.008
SD 0017 0.005 0.009 0.005 0.005 0.005 0.007
Northern Media 7.670 1.833 1.380 0255 0238 0255 -0.070
SD 0017 0.012 0.010 0.007 0.005 0.005 0010
Southern Media 38385 1.998 1.396 ‘ 0253 0255 0258 0.003
SD 0023 0.001 0.009 0.005 0.004 0.004 0.005

N, Number of individuals; Na, Number of different alleles; Ne, Number of effective alleles; Ho, Observed heterozygosity; He, expected heterozygosity; uHe, Unbiased expected heterozygositys Fis
Fixation index.
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Developmental XIXIMI-  GOMECC- Standard length
stage 04 03 (mm)
Preflexion 40 3 1.47-5.26
Flexion 32 1 247-9.35
Postflexion 27 2 5.6-14.35
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‘Unmanned aerial vehicle (UAV)

Marine micro drifters with control
card PCB-DORIS

Sampling module, includes robotic
arm and removable storage tray
for the ROV Lynx 1117

Virtual glider simulator

Prototype glider

Buoy DORIS

Autonomy: 1 hour

Range: 40 km

Cruise speed: 80 km/h
Maximum speed: 120 km/h
Software included

(Gémez Roa et al, 2020; Orozco-
Muiz et al, 2020)

Equipped with GPS, sea surface
temperature sensors, satellite
communication and memory card
Autonomy: 1 year

The design allows for the coupling of
different telemetry modules and up to
16 sensors

Design and integration of a robotic
arm and one core sampling system on
an observation class ROV

Captures and recreates and simulates
the hydrodynamics of different gliders
like Slocum and Seaglider

Weigh: 96 kg

Low consumption orientation system
Pitch and Roll (< 14 W)

In-house designed rechargeable
batteries

Additional ports for more sensors.
Labview operational controls and
satellite communications

Compact lightweight, autonomous free
floating microbuoy

Satellite transmission

Several months autonomy

ty

Specifically designed to liberate the microdrifters at pre designed sites
The joint use of UAV y los micro drifters are a fast and cheap means of monitoring an

oil spill. Especially useful during oil spills for their tracking capability of surface currents.

This system allows for the collection of samples and cores on the sea floor transforming
an observational class ROV into an active sampling one

This simulator can be used to train glider pilots for the planning of missions (trajectories
and navigation strategies under different hydrodynamic conditions) and for modeling the
mechanical and hydrodynamic properties of new gliders.

Shallow water design (< 200 m).
First glider development in Mexico with a high potential on continental platform
processes research

These microbuoys can be deployed from drones or adapted AUV, very useful to track
surface water masses and surface oil spill tracks
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Species Perdido well Tamaulipas well Campeche well

S, T S

Sperm whale 125 0.54 22 50 53 122 125 0.54 15 69 51 120 100 0.43 20 54 26 0.90
Short-finned pilot whale 57 0.37 14 25 18 0.77 75 0.49 13 28 34 I L12 89 0.58 8 53 28 129
Risso’s dolphin 148 0.61 29 64 55 1.33 134 0.55 23 65 46 120 95 0.39 14 62 19 0.81

Pantropical spotted dolphin 221 045 45 95 81 0.97 203 0.41 34 109 60 0.87 235 0.47 46 107 82 1.02

Clymene dolphin 166 0.76 33 69 64 1.66 108 0.49 22 71 15 0.95 38 0.17 14 17 7 0.32
Atlantic spotted dolphin 17 0.49 32 73 12 0.89 124 0.52 17 53 54 L19 128 0.53 15 105 8 1.04
Rough-toothed dolphin 204 061 35 88 91 136 192 | 057 | 32 97 63 124 150 045 30 93 27 0.89
Bottlenose dolphin 140 0.60 49 83 8 1.02 131 0.56 15 55 61 132 129 0.55 17 104 8 ' 1.06

§ = number of cells where co-occur the areas of high suitability (D) and the spilled oil (P), T = overlap between the suitable areas and the spilled oil, Sp, = number of cells where D overlaps with cells
with a low amount of oil (P, Sp, = number of cells where D overlaps with cells with a medium amount of oil (P,,), Sp, = number of cells where D overlaps with cells with a high amount of ol (Py).
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Exposure pathways

Species Contact Adhesion Inhalation Direct Indirect ingestion
ingestion
Sperm whale 22 22 big 1 334 2.00
Long and deep dives Rough skin  Long and deep dives; blowhole | Presence of Primarily squid
teeth
Short-finned pilot 24 i 3 7 a? 2.00
whale Deep feeding Smooth Long time near the surface; Presence of Primarily squid
skin blowhole teeth
Risso’s dolphin 2! g 370 i 3! 2.00
Deep feeding Smooth Long time near the surface; Presence of Mainly squid and
skin blowhole teeth crustaceans
Pantropical spotted 3" 1" 318 17 2? 2.00
dolphin Long periods near the surface; shallow and  Smooth Long periods near the surface; Presence of Fishes and
short dives skin blowhole teeth invertebrates
Clymene dolphin 374 it 3 e i 180
Mesopelagic prey; long periods near the Smooth Long periods near the surface; | Presence of Mainly small fishes
surface skin blowhole teeth
Atlantic spotted 31 e glsae 1 2'¢ 2,00
dolphin Long periods near the surface; shallow and | Smooth Long time near the surface; Presence of Fishes and
short dives skin blowhole teeth invertebrates
| Rough-toothed 3% T gie 1 2!s 2.00
dolphin Long periods near the surface; shallow and |~ Smooth Long periods near the surface; | Presence of Mainly fish and squid
short dives skin blowhole teeth
Bottlenose dolphin 3" = 3720 I 2% 2.00
Long periods near the surface; shallow and | Smooth Long periods near the surface;  Presence of Fishes and
short dives skin blowhole teeth invertebrates

References: 'Watwood et al. (2006), *Whitehead (2018), *Smith and Whitehead (2000), *Evans and Hindell (2004), *Mintzer et al. (2008), *Olson (2018), 7Jefferson et al. (2015), ®Alves et al. (2013),
*Wells et al. (2013), *Wells et al. (2009), "Blanco et al. (2006), '?Scott and Chivers (2009), '*Perrin (2018), *Jefferson and Curry (2003), "*Davis et al. (1996), "Herzing and Perrin (2018),

7 Wells et al. (2008), "*West et al. (2011), **Klatsky et al. (2007), *Wells and Scott (2018).

References in superscript are listed below the table.
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Common name

Scientific name

Conservation

status
Antillean manatee Trichechus manatus A%
manatus
Sperm whale Physeter macrocephalus* vU
Pygmy sperm whale Kogia breviceps LC
Dwarf sperm whale Kogia sima LC
Pygmy killer whale Feresa attenuata LC
Short-finned pilot whale Globicephala LC
macrorhynchus*

Risso’s dolphin Grampus griseus™ LC
Melon-headed whale Peponocephala electra LG
False killer whale Pseudorca crassidens NT
Pantropical spotted Stenella attenuata* LC
dolphin

Striped dolphin Stenella coeruleoalba LC
Clymene dolphin Stenella clymene* LC
Atlantic spotted dolphin Stenella frontalis* LC
Spinner dolphin Stenella longirostris LC
Rough-toothed dolphin Steno bredanensis* LC
Bottlenose dolphin Tursiops truncatus* LC

Species assessed in this study are marked with *Information on conservation status was taken
from the IUCN Red List of Threatened Species (2022). Risk categories: DD, Data Deficient; LC,
Least Concern; NT, Near Threatened; VU, Vulnerable; EN, Endangered and CR, Critically
Endangered.
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rdido well Tamaulipas well Campeche well

Location 25°58'16"N and 94°52’16"W 23°30’44”N and 96°49'31"W 20°02°26”N and 94°46'3"W

Depth 2,800 m 1,600 m 2,700 m
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Contact

Adhesion

Inhalation

Direct
ingestion

Indirect
ingestion

Criteria

Time spent at the surface using as a proxy the
feeding ecology AND/OR diving behavior
Time spent hauled out on shore

Skin texture

Time spent breathing at the surface air/water
interface
Breathing and grooming behavior

Feeding mechanism related to the ingestion of
seawater

Ingestion through contaminated prey based
on the physiological ability of prey to
metabolize oil products

Taken from Jarvela Rosenberger et al. (2017).

Not assigned as all marine
mammals must breathe air at
the surface

Smooth

Not assigned as all marine
mammals must breathe air at
the surface

Teeth

Fish and other vertebrates

Score

Moderate (2)

Feed on benthic preys
OR long and deep diving

Rough skin OR short fur

No blowhole OR do not
spend a lot of time on
the surface

Baleen plates OR benthic
feeding

Fish and invertebrates

Surface feeders OR feed on epi- or mesopelagic
prey OR exhibit surface behaviors AND/OR
haul out on shore

True fur

Blowhole AND/OR spend a lot of time on the
surface OR present grooming behavior

Baleen plates AND benthic feeding OR
grooming behavior

Invertebrates





OPS/images/fmars.2022.1041005/im9.jpg
P~ = (Py)iep





OPS/images/fmars.2023.1034647/M5.jpg
©





OPS/images/fmars.2022.1041005/im8.jpg





OPS/images/fmars.2022.1041005/im7.jpg





OPS/images/fmars.2023.1034647/M4.jpg
ey
2oy

P Jtors 20

@





OPS/images/fmars.2023.1034647/M3.jpg
Sp; * Spyy + 5, = 5





OPS/images/fmars.2022.1041005/im6.jpg
Gi=p





OPS/images/fmars.2023.1034647/M2.jpg
Pi+ Py + Py






OPS/images/fmars.2022.1041005/im5.jpg
Gica





OPS/images/fmars.2023.1034647/M1.jpg
[0





OPS/images/fmars.2022.1041005/im48.jpg





OPS/images/fmars.2023.1034647/fmars-10-1034647-g006.jpg
27°N

24°N

21°N

Risk of Exposure

75

96°W

150 300

Well Location

93°W

Kilometers

450

Amount of oil

Low Medium High

Species






OPS/images/fmars.2022.1041005/im47.jpg
o(n)





OPS/images/fmars.2023.1034647/fmars-10-1034647-g005.jpg
24°N 2/°N

21°N

Risk of Exposure

75

Medium

150

96°W

93°W

Kilometers

300 450

Well Location ¢

Amount of oil

Low Medium High

Low

Species






OPS/images/fmars.2022.1041005/im46.jpg
o(ng + 1]






OPS/images/fmars.2023.1034647/fmars-10-1034647-g004.jpg
90°W

93°W

96°W

N..¢C

N.¥¢

N.l¢

)
S
Qo
@
1S
=
2

300 450

Well Location

150

75

Amount of oil

Low Medium High

Low

<

5 5
I S
(0]
=

ainsodx3 jJo ysiy

Species





OPS/images/fmars.2022.1041005/im45.jpg





OPS/images/fmars.2023.1034647/fmars-10-1034647-g003.jpg
Tamaulipas
Tamaulipas

Tamaulipas
Tamaulipas

;-

‘\!\

High Suitability Area






OPS/images/fmars.2022.1041005/im44.jpg





OPS/images/fmars.2023.1034647/fmars-10-1034647-g002.jpg
Tamaulipas

Tamaulipas

24°N

Tamaulipas

Tamaulipas

k‘; " I - k /
Veracruz Veracruz
*\_ﬂ || e @ Campeche . amn k// g Campeche
T /CI D : k\ d‘ﬁ?‘l/ /Cl .
Kilometers
0 75 150 300 50

High Suitability Area
]






OPS/images/fmars.2022.1041005/im43.jpg





OPS/images/fmars.2023.1034647/fmars-10-1034647-g001.jpg
30°N

27°N1

24°N+

21°N

18°N 1

United States

i

Florida Straits

300km 4 .
95°W 90°W 85°W 80°W
Depth (m)

\ 0-500 | | 1000-1500 2000-2500 [ 3000-3500 [ 4000-4500
500-1000 1500-2000 2500-3000 B 3500-4000 W 4500-5000





OPS/images/fmars.2022.1041005/im42.jpg





OPS/images/fmars.2022.1041005/im41.jpg
o(0)





OPS/images/fmars.2022.1020136/fmars-09-1020136-g005.jpg
NMDS2

NMDS3

0
NMDS1

NMDS3

NMDS2

Water mass: @ maxF @ minO @ AAIW @ NADW A Sediment






OPS/images/fmars.2022.1020136/table1.jpg
groupl

maxF
maxF
maxF
maxF
minO
minO
minO
AATW
AATW
NADW

group2

minO
AATW
NADW
Sediment
AATW
NADW
Sediment
NADW
Sediment

Sediment

null.value

© © © ©o © © © © © ©

estimate

0.225
0.155
0.322
1.104
-0.070
0.097
0.879
0.167
0.949
0.782

cont.low

-0.218
-0.310
-0.131
0.712
-0.535
-0.356
0.486
-0.307
0.532
0.378

The (*), indicates significant statistical differences and the (ns) indicates no significant statistical differences.

cont.high

0.668
0.620
0.775
1497
0.395
0.550
1272
0.642
1.367
1.186

P

0.613
0.881
0.279
6.66E-10
0.993
0.974
3.71E-07
0.859
2.44E-07
9.60E-06

p sig.

ns
ns

ns

ns

ns

ns





OPS/images/fmars.2022.1020136/table2.jpg
Family

Alteromonadaceae
Thioglobaceae
AEGEAN-169 marine group
Actinomarinaceae
Flavobacteriaceae
Rhodobacteraceae
Woeseiaceae
Kiloniellaceae
Magnetospiraceae
Microtrichaceae
Alcanivoracaceae
Cyanobiaceae

Clade I
Methylomonaceae
§S1-B-06-26
P30B-42

Bacillaceae

NS9 marine group
§25-593
Hyphomonadaceae
Cyclobacteriaceae
Colwelliaceae
uncultured marine archaeon
Methylomirabilaceae

Nitrospiraceae

maxF

1.421
0.2229
6.7197

22.6433
11.4013
6.7035
0.7802

8.00E-04
0.3268
4.6284
0.7436

7.382
1.6084

0.617
0.0979
0.3138
0.2578
1.9863
1.4792
0.5199
1.3979
0.0187

1.00E-04

0.001

6.00E-04

minO

11.6875
14.3822
9.5967
2.6474
4.5544
5.3012
0.7153
0.0174
1.2744
3.3483
1.3421
0.851
1.9555
0.6377
5.2295
0.6704
2.1915
1.6926
0.9416
1.1929
1.2362
0.0534
1.1748
8.00E-04
0.1294

AAIW

18.1003
13.6636
10.0657
0.959
1.8228
1.0583
0.1607
0.0302
3.3897
1.8513
5.8565
0.524
3.0111
2.1623
0.0821
2.2961
2.8552
1.6041
1.4892
1.8869
0.8459
0.0786
3.2883
0.0042
0.0229

NADW

26.2866
3.788
53171
0.4731
1.8034
2775
0.0996
0.0616
4.5548
0.8638
1.6312
0.3834
2.0065
4.8284
1.3362
3.2062
1.1305
0.6432
1.8431
2.1198
0.7621
0.5647
1.1491
0.0036
0.0298

Sediment

0.0418
0.0106
0.0134
0.0029
0.594
1.3582
13.0846
12.049
1.8459
0.4338
0.0397
0.0038
0.0041
0.0073
0.0026
0.152
0.0679
0.1178
0.0019
0.0035
1.441
4.9032
0.0016
52453
49718





OPS/images/fmars.2022.1020136/fmars-09-1020136-g001.jpg
~
Ke)
2,
N
T
]
3
=
S 1000
qQ
g
3
7]
8
= 2
& 2000 § E
3000 § §
4000 : s
0 5 10 15 20 25 35 35.5 36 365 37
Temperature [ITS-90, deg C] Salinity, Practical [PSU]
0 0
2
S
H
§ g
- )
N
4
]
ey
S 1000 1000
qQ
g
3
7]
8
= [}
& 2000 H 3 2000
= £
3 g
3000 3 H 3000
4000 s SL= 4000
25 3 3.5 4 45 5 01 02 03 04 05 06

Oxygen, SBE 43 [ml/] Fluorescence, Seapoint





OPS/images/fmars.2022.1020136/fmars-09-1020136-g002.jpg
26°N

24°N

22°N

20°N

18°N

e e & et e e T I
Al A3 AS A7 A8 A10 I
<] © © o©

B11 B12 Bl4  BIS B18

@ @
c22 I

Ocean Data View

96°W 94°W 92°W 90°W 88°W 86°W





OPS/images/fmars.2022.1020136/fmars-09-1020136-g003.jpg
Shannon index

(=)}

w

p=9.6¢-06

p=2.44¢-07

p=3.71e-07

p=6.66¢-10

¢+

maxF

minO

AAIW NADW

Sediment






OPS/images/fmars.2022.1020136/fmars-09-1020136-g004.jpg
maxF minO AAIW NADW Sediment

| I . I
l | ]
. | |

TS iiooii:

= =

Xix6.Ga4.min0 1 | B

) o o Q9 ) Q Q 22222222 822%2 =z z =z Zzz 2 =z TTETT B3 33 3 BE2TTTT DD 3
ERE 25 & EE ZEE BEESEEHEEBEEER ZERBARRREABARAA 238vw T EEEEEEEEEE,
EEEEZ £ £ EE E E = < = <3<3 A3 3dIR2<=<232 R I e R I : I
- E El E - IS 33IISIITS3 2= 222 < < - £ x SIS T Y =g o
< S < w = < v ST WV = gw o o b e e z Z Z Z 7z ZZ Z Z < n = DR << C
f3IIT I 3 PRI A S i A R IS IN-LSxsI 555 “S %S faeanuSn : : o
4909z 7 ] B e R I B o I 2233 2 Z 83 MEISIg -8 S ST TS n 9 P
SIS, < S S IR LY TR S <35 - @ s <ogQ L S<m< O xR R 4 ©
XK X % a] X X X > X 7 = Y 3 MECESEN T R 3 =~ SRS~ =
ER=-R-N- ®EE = sgzz BEEE HEXXEREZEXEX i
el MRS R E KK KRR KR KK
Sample
Actinomarinaceac [ Bacillaccac [l Cyanobiaccac [l Gemmatimonadaceac [} Magnetospiraceac [ Microtrichaceae [l Nitrospiraceac Rhodobacteraceae | Woesciaceac
Family AEGEAN-169 marine group | Clade | I Cyclobacteriaceac [l Halicaceae | Methylomirabilaceae | Nitrosococcaceac [ll NS9 marine group Thermoanaerobaculaceae

B Colwelliaceac ] Flavobacte: " Methylomonac I Nitrospinaceac || Phycisphacraccac [JJ] Thioglobaceae

Kiloniella A

Alteromonada






OPS/images/fmars.2022.962071/table3.jpg
Source Sum of squares dt Mean square F Value p-value

Model 2368.79 5 473.76 7.00 0.0018
A 438.94 1 438.94 6.49 0.0233
P 598.90 1 598.90 8.85 0.0100
R 201.70 1 201.70 298 0.1063
S 766.69 1 766.69 11.33 0.0046
T 362.55 1 362.55 5.36 0.0363





OPS/images/fmars.2022.962071/table4.jpg
Sample

concat_LP_C0_S7_R1_001.fastq
concat_LP_C7_S8_R1_001.fastq
concat_LP_C15_S9_R1_001.fastq
concat_LP_C30_S10_R1_001.fastq
concat_LP_C50_S11_R1_001.fastq
concat_LP_C75_S12_R1_001.fastq

Total reads

303,380
229,860
265,636
290,106
240,888
314,176

Sequence length

G+C (%)

55.25
54.82
54.65
54.73
54.57
54.30

Median quality Reads Ns (%)

22.16
21.99
22.18
22.52
22.40
2211

1.36
1.58
1.53
1.35
1.40
1.40

Q20 (%)

72.79
71.00
71.84
75.13
73.41
69.98

Q30. (%)

173
1.60
2.29
2.48
2,51
2.50





OPS/images/fmars.2022.1020136/crossmark.jpg
©

2

i

|





OPS/images/fmars.2023.1095212/table1.jpg
Ocea Months Seasol Stations sampled for POC
XIXIMI 4 2015 August 27-September 16 Summer 46
XIXIMI 5 2016 June 10-June 25 Early Summer a2

XIXIMI 6 2017 August 15-September 8 Summer 30






OPS/images/fmars.2023.1095212/fmars-10-1095212-g009.jpg
30°

27° K

24° R

21° S

-08°

-05°

-020°

JUSIDIS0D UOIB|8II00 uosiead

30°
27° K
24° |

21° |

-08°

-Q5°

020

Summer 2016

-89¢°

-86°

-83°

0.5

JUSIOIB0D UOIB|S4I00 Uosiesd

30°

-08°

-0fFo°

020

-899°

-86°

-83°

0.5

JUSIDILS0D UOIJB|S1I0D UOSIead





OPS/images/fmars.2023.1034638/fmars-10-1034638-g001.jpg





OPS/images/fmars.2023.1095212/fmars-10-1095212-g008.jpg
Component 2

0.6

047

0.2}

SST
Temp100
O
MLD
n o . Sal
@ o
B O Fluor
0 %% o, %_
¥ Og Chl-a ©
OP
"o /n ..ééo QE%)O
ALK
A LA A A
/A
&4,
ensity (p) OUmin
-04 -0.2 0 0.2 04 0.6

Component 1






OPS/images/fmars.2023.1034638/crossmark.jpg
©

2

i

|





OPS/images/fmars.2023.1095212/fmars-10-1095212-g007.jpg
Apparent Particulate

. Oxygen Organic
A ODensltm Fluorescence Utilization Carbon
50
E100 " CCE
2 - Cl
aQ BCE
8150 _
200
CAE
- BAE
c ©
50
E100
%_ NEMean
8150
200

250
1022 1026 0 0.5 1 0 100 O 2 4

3 Relative 4
fluorescence  pmol Kg

pmol L’
units

Kgm®





OPS/images/fmars.2022.1041005/M9.jpg
= gmql . )





OPS/images/fmars.2023.1095212/fmars-10-1095212-g006.jpg
-2
UAUAUAOOAsszgo_:D )
o o o o
N N = b o

300
5
0
5
0
0

2017
-80°  .86°  -83°

-02°

-0fF°

2016
-80°  .8p°  -83°

-02°

-0fF°

2015
-89°  .8p°  -83°

-02°

-0fF°

-08¢°





OPS/images/fmars.2022.1041005/M8.jpg
®





OPS/images/fmars.2023.1095212/fmars-10-1095212-g005.jpg
POC (umolL™





OPS/images/fmars.2022.1041005/M7.jpg
(W)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Novel insights into the circulation, biogeochemistry, and ecosystem function of the Gulf of Mexico: A perspective from Mexican waters in support of oil spill preparedness



		Oil-degrading bacterial consortium from Gulf of Mexico designed by a factorial method, reveals stable population dynamics



		1 Introduction



		2 Material and methods



		2.1 Reagents



		2.2 Sampling and bacterial strain isolation



		2.3 Bacterial genotyping by 16S rRNA analysis



		2.4 Plackett-Burman experimental design



		2.5 HC extraction and total crude oil removal measurements



		2.6 Plackett-Burman statistical analysis



		2.7 Biodegradation kinetics of selected isolates



		2.8 Gas chromatography-mass spectrometry



		2.9 Sequencing and bioinformatic analysis



		2.10 Bacterial community interactions









		3 Results



		3.1 Taxonomic identification of bacteria used for consortium assembly



		3.2 Selection of oil-degrading consortium strains through PB experimental design



		3.3 HC removal and biodegradation kinetics of selected strains



		3.3.1 Bacterial growth and HC removal



		3.3.2 Biodegradation of n-alkanes



		3.3.3 Biodegradation of PAHs and other HCs









		3.4 Population dynamics and inferred microbial interactions









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Metagenomic analysis among water masses and sediments from the Southern Gulf of Mexico



		1 Introduction



		2 Material and methods



		2.1 Sample collection



		2.2 16S ribosomal RNA extraction, amplification, and sequencing



		2.3 Data processing



		2.4 Community structure analysis









		3 Results



		3.1 Microbial community composition among the water and sediment samples



		3.2 SGoMex bacterial community and relative abundance



		3.2.1 Phylum and classes relative abundance in water and sediment environments



		3.2.2 Bacterial orders structure in water and sediment environments of the SGoMex



		3.2.3 Relative abundance among families in water and sediment environments









		3.3. Bacterial community structure



		3.4. Comparison between water and sediment samples from the SGoMex









		4. Discussion



		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Marine turtle hotspots in the Gulf of Mexico and Mesoamerican Reef: Strengthening management and preparedness



		Introduction



		Materials and methods



		Study Area



		Satellite telemetry



		Space use surface processing



		Hotspot identification









		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		Footnotes



		References









		Depth-related patterns and regional diversity of free-living nematodes in the deep-sea Southwestern Gulf of Mexico



		Introduction



		Materials and methods



		Study region and sampling



		Sample processing



		Data analysis









		Results



		Abiotic variables



		Nematode diversity along a depth gradient



		Regional diversity









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Macrofauna abundance and diversity patterns of deep sea southwestern Gulf of Mexico



		1 Introduction



		2 Materials and methods



		2.1 Study area



		2.2 Sampling and sample processing



		2.3 Data analysis









		3 Results



		3.1 Abiotic factors



		3.2 Fauna description



		3.3 Multivariate analysis



		3.4 Biodiversity estimates









		4 Discussion



		4.1 Abiotic factors



		4.2 Fauna description



		4.3 Multivariate analysis



		4.4 Biodiversity estimates









		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Effect of the Grijalva-Usumacinta system on the circulation adjacent to the eastern shelf of Yucatan



		Introduction



		Materials and methods



		Study area



		Satellite-derived turbidity and Chlo









		GHRSST



		Winds ERA-5



		Wind stress



		Ekman velocities









		Altimetry



		Monthly river discharge data



		CROCO hydrodynamic model



		Analysis of oceanographic and atmospheric time series









		Results



		Turbidity patterns adjacent to the Yucatan platform



		Seasonal patterns of wind stress



		Temporary variability



		Cross-correlation analysis



		Empirical orthogonal functions



		Hydrodynamic model









		Discussion



		Annual cycle of turbidity in the continental shelf of the Yucatan Peninsula









		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Spatial variability of dissolved nickel is enhanced by mesoscale dynamics in the Gulf of Mexico



		1 Introduction



		2 Materials and methods



		2.1 Study area



		2.2 Cleaning procedures



		2.3 Sample collection



		2.4 Analysis of macronutrients (PO4 and NO3)



		2.5 Analysis of dissolved Ni



		2.6 Satellite data



		2.7 Statistical analysis









		3 Results



		3.1 Satellite-derived absolute dynamic topography and geostrophic velocities



		3.2 Satellite-derived temperature, chlorophyll-a, and net primary productivity



		3.3 Spatial distributions of water masses



		3.4 Spatial distribution of dissolved Ni



		3.5 Spatial distribution of PO4 and NO3









		4 Discussion



		4.1 Distribution of dissolved nickel: Gulf of Mexico vs northwestern Atlantic Ocean



		4.1.1 The 0 - 100 m depth layer



		4.1.1.1 The region of the LC and anticyclone Quantum



		4.1.1.2 The region of Campeche Bay: Potential Ni inputs









		4.1.2 Below the 100 m layer









		4.2 Influence of mesoscale dynamics on the distribution of dissolved Ni in the Gulf of Mexico



		4.3 The nickel: Macronutrient relationships



		4.4 Biogeochemical implications









		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		A gulf-wide synoptic isoscape of zooplankton isotope ratios reveals the importance of nitrogen fixation in supporting secondary production in the central Gulf of Mexico



		Introduction



		Methods



		Oceanographic surveys



		Isoscapes



		Regionalization of the Gulf of Mexico



		Data analysis



		Application of Bayesian mixing models



		Effect of the variation of the nitrate isotope composition on source contributions estimates









		Results



		Zooplankton and particulate organic matter isotope ratios and isoscapes



		Bayesian mixing model



		Effect of variations in δ15N-NO3 in N source contribution calculations









		Discussion



		Regional patterns in zooplankton isoscapes



		Regional source contributions



		Variation in δ15N-NO3



		Potential sources of light DIN within the GM



		Nitrate vs. fixed N supporting upper water column production in the deep waters of the GM









		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Dissolved/dispersed polycyclic aromatic hydrocarbon spatial and temporal changes in the Western Gulf of Mexico



		Introduction



		Materials and methods



		Results and discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Genetic connectivity in Twospot flounder (Bothus robinsi) across the Gulf of Mexico, inferred with single nucleotide polymorphisms from larvae and adults



		1 Introduction



		2 Material and methods



		2.1 Sampling of fish larvae and adult tissues



		2.2 Molecular identification of fish larvae



		2.3 Genomic library for SNP discovery and genotyping



		2.4 De novo analysis: In silico identification of loci and genotyping



		2.4.1 Outlier loci









		2.5 Population genetic analyses



		2.5.1 Statistical power of the basin-specific datasets



		2.5.2 Genetic diversity and genetic structure



		2.5.3 Full sibling`s determination















		3 Results



		3.1 Genetic analyses



		3.2 Genetic diversity



		3.3 Full siblings’ determination









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		Footnotes



		References









		Semi-quantitative risk assessment of marine mammal oil exposure: A case study in the western Gulf of Mexico



		Introduction



		Materials and methods



		Framework overview



		Study area and species assessed









		Results



		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Hydrocarbons occurrence and transcriptomic response of oyster Crassostrea virginica from lagoons of the Southern Gulf of Mexico



		Introduction



		Materials and methods



		Locations of study



		Assessment of aliphatic hydrocarbons (AHs) and polycyclic aromatic hydrocarbons (PAHs)



		Diagnostic ratios of n-alkanes (AHs) and PAHs









		Gene expression analysis



		Total RNA extraction and cDNA synthesis



		Real-time PCR analysis (qPCR) for validation of potential marker genes



		Selection of housekeeping genes (HKGs), genes of interest (GOIs) and efficiency assessment



		Stability analysis of HKGs



		Relative expression of GOIs









		Statistical analysis









		Results



		Hydrocarbons content in water and sediment from lagoons in the Gulf of Mexico



		AHs and PAHs in soft tissues of C. virginica from lagoons in the Gulf of Mexico



		Diagnostic ratios of n-alkanes (AHs) and PAHs



		Validation of HKGs



		Selection of HKGs and efficiency



		Stability analysis of HKGs









		Amplification of GOIs and efficiency



		Relative expression analysis through qPCR



		Master regulators of the stress response



		Biotransformation and excretion of xenobiotics



		Response to oxidative stress and redox processes









		Discussion



		Hydrocarbons bioaccumulation in coastal lagoons of the Gulf of Mexico



		Diagnostic ratios of n-alkanes and PAHs



		Hydrocarbons expression profile of potential marker genes



		Master regulators of the stress response



		Biotransformation and excretion of xenobiotics



		Response to oxidative and environmental stress









		CIGOM and other similar monitoring programs









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Particulate organic carbon in the deep-water region of the Gulf of Mexico



		1 Introduction



		2 Material and Methods



		2.1 Sampling



		2.2 Sampling processing and chemical analysis



		2.3 Data analysis



		2.3.1 Satellite data



		2.3.2 Hydrographic and data and biogeochemical proxies



		2.3.3 POC data



		2.3.4 SSHns data



		2.3.5 Identification and classification of mesoscale structures



		2.3.6 Statistical analysis















		3 Results



		3.1 Oceanographic conditions and POC concentrations



		3.2 Characterization of POC profiles and the integrated POC100



		3.3 Influence of mesoscale structures on POC concentrations



		3.4 Correlations between POC and oceanographic variables









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		Abbreviations



		References









		Spatiotemporal dynamics of benthic bacterial communities in the Perdido Fold Belt, Northwestern Gulf of Mexico



		1 Introduction



		2 Materials and methods



		2.1 Sampling



		2.2 Physicochemical characterization of Perdido sediments



		2.3 DNA extraction and 16S rRNA amplicon sequencing



		2.4 Bioinformatic analyses









		3 Results



		3.1 Environmental variables



		3.2 Microbial diversity and PERMANOVA



		3.3 Community composition



		3.4 Differential abundances in microbial communities



		3.5 Bacterial genera and environmental variables









		4 Discussion



		4.1 Alpha diversity stability



		4.2 Beta diversity in the bathymetric gradient



		4.3 Temporal environment variation and beta diversity









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Exploring the use of Transition Path Theory in building an oil spill prediction scheme



		1 Introduction



		2 Methods



		2.1 Transition path theory for Markov chains



		2.2 Adapting transition path theory to the oil spill problem



		2.3 A proposal for using transition path theory to predict oil paths and arrival









		3 Results



		3.1 Hypothetical oil spill in the Trion field



		3.2 The Deepwater Horizon oil spill









		4 Summary and concluding remarks



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Chlorophyll response to wind and terrestrial nitrate in the western and southern continental shelves of the Gulf of Mexico



		1 Introduction



		2 Model configuration



		2.1 Physical model



		2.2 Biogeochemical model









		3 Analysis



		4 Results and discussion



		4.1 Surface chlorophyll concentration



		4.2 Vertical chlorophyll distribution



		4.3 Coherence



		4.4 Empirical orthogonal funcions









		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Ocean monitoring, observation network and modelling of the Gulf of Mexico by CIGOM



		1 Introduction



		2 Achievements of the project



		2.1 Ocean observation platforms



		2.2 Atmospheric and ocean modeling



		2.3 Baseline studies and environmental variability



		2.4 Natural degradation of hydrocarbons



		2.5 Ecological vulnerability



		2.6 Technological developments









		3 Final remarks



		4 Nomenclature



		4.1 Resource identification initiative



		4.2 Life Science identifiers



		4.3 Additional requirements









		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References























OPS/images/fmars.2023.1095212/fmars-10-1095212-g004.jpg
Mixed Layer Depth (m)

Q =3 =3 Q o =)
1

\,

-83°

-86°

-95°  -g2¢  -89°

-98°

= o
~ =

Mixed Layer Depth (m)

[=3 =3 =3 Q o =)
© ) 5 ® I = o

\,

2016
-92°  -89°  -86° -83°

-95°

-98°

-92°  -89°  -86°  -83°

-95°

-98°

Maximum Fluorescence Depth (m)

-95°  .92°  .89°  .86°  -83°

-98°

-95°  .92° .89°  -86°  -83°

-98°

-95° .92° .89°  .86°  -83°

-98°





OPS/images/fmars.2022.1041005/M6.jpg
Pr (Xon = )X =

=Pr (X, =j{Xp = ©






OPS/images/fmars.2023.1095212/fmars-10-1095212-g003.jpg
30°

-05°

020

-80°

-86°

-83°

30°

27°

24° p¢

-08°

-0fF°

-020°

-89°

-86°

-83°

30°
27°

24°§

-08°

-0fFo°

-020°

-89°

-86°

-83°

HSS





OPS/images/fmars.2022.1041005/M5.jpg
p {nT <0:X, €S}, inf @ (5)






OPS/images/fmars.2023.1095212/fmars-10-1095212-g002.jpg
Latitude

2016-06-24 ADT anomaly (m)

- e o 0.5
27° 0.4
0.3

26°

40.2

40.1
25°

-0

- -0.1
24°

4-0.2
23°
22°

-90° -89° -88° -87° -86° -85°
Longitude





OPS/images/fmars.2022.1041005/M4.jpg
o= ,Z,,P""; @





OPS/images/fmars.2023.1095212/fmars-10-1095212-g001.jpg
30°

200 m.Isobath

27°

24° &

continental
shelf

Tamaulipas 298 »

21° R
" c® ©® ©

Grijalva-Usumacinta 3
River N
e el

4000

2000

-2000

-4000

-6000





OPS/images/fmars.2022.1041005/M3.jpg





OPS/images/fmars.2022.1041005/M25.jpg
23)






OPS/images/fmars.2022.962071/fmars-09-962071-g003.jpg
A C8-C38 n-Alkane
100 r ¥ ¥
: § .
c * - :
S 804
2
©
T
g
o
@
T
<}
o
2
o
2

Other HCs

w & o
© © o

% of biodegradation
N
o

Time (d)

B PAHs

% of biodegradation
n w » o o
o o o o o

-
=)

Time (d)

-® Alcanivorax sp.

-m- Paenarthrobacter sp. GOM3
4 Pseudomonas sp.

-v- H. aestusnigri GOM5

-+ Consortium





OPS/images/fmars.2022.962071/fmars-09-962071-g004.jpg
Relative abundance

100

80

20

Population dynamics

7 15 30 50 75
Time (d)

W Alcanivorax sp. M Paenarthrobacter sp. GOM3
M H. aestusnigriGOM5 W Pseudomonas sp.

Alcanivorax sp.

Paenarthrobacter

Pseudomonas sp. sp. GOM3

Halopseudomonas sp. GOMS





OPS/images/fmars.2022.962071/fmars-09-962071-g001.jpg
XeJoAuBd|Y - |
19)0BqOIY)IBUSES - S

8 eizjolg - o
o snjjioeg - O
ot seuowopnsesdojeH - 4
o snjjioeg - O
o seuowiopnesd - N
: winL8joBqoOIdIN - W
o $N20000pOYY - ]
M” pmn SBuoWIopnasd - X
6 seuowiopnesd -
8 seuowopnaesd - H
L seuowopnesd - 5
9 seuowopnasd - 4
S seuowoeH - 3
v snjioeg - @
¢ wnie}0eqoasAiyd - O
¢ wnusoeqoasAiy) - g
g seuowiopnesd -y
=

< (o,) abejuasiad jeAoway

3.6

o
2
a
—Nw
o
E
£
s
S
bl
-
2
€
S
o

t-Value Limit: 2.1315

Lirt «
~N -

[10943] Jo0 anjep-y

0.9

0.0

N O T 0O N~

Rank





OPS/images/fmars.2022.962071/fmars-09-962071-g002.jpg
Protein concentration

(ng - mL")

Crude oil removal (%)

180

-
o
o

120

o ©
o o

0 10 20 30 40 50 60 70 80
Time (d)
-e- Alcanivorax sp. -+ H. aestusnigri GOM5

-= Paenarthrobacter sp. GOM3 -+ Consortium
-+ Pseudomonas sp. -=- Abiotic control





OPS/images/fmars.2022.962071/table1.jpg
Source

GOM
seawater

GOM
sediments

MPO
sediments

No.

IR

© ® N o u

11
12

13
14

15
16

17

18
19

Sampling

Marine coordinates
(latitude, longitude)

24.00, -86.79
24.00, -86.79
24.00, -86.79
24.00, -86.79

24.00, -86.79
24.00, -86.79
18.87, -93.66
19.50, -96.00
19.03, -95.50
18.74, -94.5

19.30, -96.00
19.30, -96.00

18.76, -94.26
18.76, -94.26

18.87, -93.66
19.30, -96.00

32.32, -117.07

32.35, -117.08
32.33, -117.08

Depth
(m)

1188
1188
1188
1188

1188
1188
330
307
308
275

187
187

350
350

346
187

15

20
15

Organism best
match

Pseudomonas balearica
Pseudomonas khazarica
Pseudomonas khazarica

Pseudomonas
aeruginosa

Pseudomonas balearica
Bacillus subtilis

Bacillus aerius
Alcanivorax dieselolei
Halomonas denitrificans

Paenarthrobacter
nitroguajacolicus

Bacillus megaterium

Chryseobacterium
gambrini

Pseudomonas stutzeri

Halopseudomonas
aestusnigri

Dietzia psychralcaliphila

Chryseobacterium
gambrini

Microbacterium
esteraromaticum

Pseudomonas balearica

Rhodococcus ruber

16S rRNA analysis

Query  Evalue
cover (%)
100 0.0
100 0.0
100 0.0
99 0.0
100 0.0
100 0.0
100 0.0
91 00
99 00
98 0.0
100 0.0
99 0.0
100 00
99 0.0
100 0.0
99 00
99 0.0
99 0.0
100 0.0

Percent.
Ident (%)

99.71
99.93
100.00
99.86

99.71
99.93
99.79
87.49
96.74
95.07

99.79
99.93

99.49
99.86

99.06
99.93

98.95

99.78
99.93

Accession
No.

NR_025972.1
NR_169334.1
NR_169334.1
NR_117678.1

NR_025972.1
NR_027552.1
NR_118439.1
NR_074734.1
NR_042491.1
NR_027199.1

NR_112636.1
NR_042505.1

NR_118798.1
NR_126210.1

NR_112224.1
NR_042505.1

NR_026468.1

NR_025972.1
NR_026185.1

code

» Wm0 0 > Z = m

o





OPS/images/fmars.2022.962071/table2.jpg
Run

A B (o} D E F
1 1 -1 1 1 -1 -1
2 1 1 -1 1 1 -1
3 -1 1 1 -1 1 1
4 -1 -1 1 1 -1 1
5 1 -1 -1 1 1 -1
6 1 1 -1 -1 1 1
7 1 1 1 -1 -1 1
8 1 1 1 1 -1 -1
9 -1 1 1 1 1 -1
10 1 -1 1 1 1 1
11 -1 1 -1 1 1 1
12 1 -1 1 1 1 1
13 -1 1 -1 1 -1 1
14 -1 -1 1 -1 1 -1
15 -1 -1 -1 1 -1 1
16 -1 -1 -1 -1 1 -1
17 1 -1 -1 -1 -1 1
18 1 1 -1 -1 -1 -1
19 -1 1 1 -1 -1 -1
20 -1 -1 -1 -1 -1 -1

Bacterial isolates (factors)

L

M

-1

"A value of [1] means that the bacterial isolate is present (initial concentration of 1x10° CFU-mL™"), and [-1] means that the bacterial isolate is absent. The PB codes (A-T) for the bacterial

isolates (factors) are presented in Table 1 (PB code column).





OPS/images/fmars.2022.962071/M1.jpg





OPS/images/fmars.2022.962071/M2.jpg
Crude oil removal %

0,012 + 4.635(A] + 5.472 [P] +6.192 5] + 4.258 [T]





OPS/images/fmars.2022.962071/crossmark.jpg
©

2

i

|





OPS/images/fmars.2023.1095212/crossmark.jpg
©

2

i

|





OPS/images/fmars.2023.1085858/table3.jpg
Tamaulipas

Veracruz

Tabasco

Campeche

Tamaulipas

Veracruz

Tabasco

Campeche

Tamaulipas

Veracruz

Tabasco

Campeche

Matrix

La Pesca Water (ng/L)

Tamiahua

Tampamachoco

Alvarado

Pajonal

Carmen

Mecoacan

Terminos

La Pesca Sediment (ug/g
dw)

Tamiahua

Tampamachoco

Alvarado

Pajonal

Carmen

Mecoacan

Terminos

La Pesca Sof tissue(lg/g

dw)
Tamiahua

Tampamachoco
Alvarado
Pajonal
Carmen
Mecoachn

Teérminos

Total Diagnostic Matrix
n- ratios (n-alkanes)
alkanes
TAR LMW/
HMW

0.04 <100 | Water
(ng/L)

0.51 131 031 100 0.13

0.27 063 | 115 0.69 024

0.15 172 0.04

0.23 071 2.02 -0.02

0.03

0.05 118 0.27 0.08

0.47 110 037 053 007

0.44 701 | 136 035 065 Sediment
(ng/g dw)

2,46 301 | 1530 0.08 045

244 318 | 501 021 045

0.99 306 | 202 0.30 044

143 262 | 771 0.6 034

0.69 238 | 143 046 031

145 604 | 963 021 067

3.62 217.98 -0.03 Soft tissue
(ng/g dw)

571 139 040 168 0,09

1277 L15 | 166 048 0.06

1128 106 | 045 156 -0.02

13.10 100 | 016 326 -0.06

6.73 1.92 12.03 0.06

7.28 321 | 034 327 023

5.57 046 323 0.13

Diagnostic ratios

(PAHSs)
Phe/ Fla/ LMW/
HMW

0.001

0.050 18.59 057 2.55
0.113 12.23 0.24 1.85
0.041 0.01 0.64 1.62
0.009 14.83 0.97 1.53
0.074 27.16 043 2.69
28.81 233 0.74
75.61 3.76 116 0.18
66.57 139 0.14
22.36 6.51 0.49
235 5.78

71.81 1.62 1.83 0.17
31.55 5.08 0.89
28.90 1.70 0.19
230.00 1.52 0.95 0.84
133.66 9.53 177 0.31
178.31 332 0.53 0.96
75.21 11.74 0.63 133
176.65 18.84 0.86 1.30
203.70 2.00 0.35 0.86
205.00 15.19 0.60 0.77
162.63 095 0.92





OPS/images/fmars.2022.1041005/M24.jpg
-
7} i dys @





OPS/images/fmars.2023.1085858/table2.jpg
Las Enramadas 24°15'18” N 97°44'40” W Tamaulipas 6 5

La Pesca 23°44'54” N 97°47'11” W Tamaulipas 3 5
La Pesca (T2_200) 23°4504" N 97°45'20" W Tamaulipas 3 5
La Pesca (T3_200) 23°44'56" N 97°45'40” W Tamaulipas 3 5
Tamiahua 21729'13” N 97°30’36” W Veracruz 6 5
‘Tampamachoco 20°59'14” N 921I7" W Veracruz 6 5
Mecoacan 18°2501” N 93°09°02” W Tabasco 6 5
Carmen 18°16'47” N 93°50°'13” W Tabasco 6 5
Laguna de Términos 18°38'02” N 91°4213” W Campeche 6 5

2200 and T3_200 correspond to organisms exposed under laboratory conditions to 200 ug/L of light crude oil for 14 and 21 days (T2 and T3).
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Site Latitude (N) Longitude (W) Depth (m) Nematodes identified Species richness

1 18.991 93.500 452 82 33
2 19.010 94.011 665 108 51
3 18.741 94.500 235 39 17
4 18.829 95.000 186 195 58
5 19.030 95.500 211 102 38
6 19.140 95.490 1035 55 27
7 19.151 94.991 1723 50 26
8 19.252 94.252 1333 43 24
9 19.500 93.501 720 18 14
10 19.501 94.016 1181 102 44
11 19.510 94.498 1508 41 24
12 19.500 94.989 2346 21 16
13 19.500 95.501 1917 38 24
14 19.503 96.000 186 101 43
15 20.000 96.001 1757 23 13
16 20.001 95.502 2383 16 12
17 20.000 95.002 2730 10 7
18 20.001 94.498 2077 30 23
19 20.011 94.013 1466 34 19
20 20.011 93.002 1269 32 21
21 20.500 92.501 2399 22 17
22 20.501 93.497 1785 36 22
23 20.501 94.500 2870 21 15
24 20.498 95.000 3049 25 18
25 20.499 95.501 2542 14 12
26 20.500 96.001 1828 14 14
27 20.397 96.503 378 102 47
28 20.501 96.500 583 146 39
29 21.002 96.501 1420 22 18
30 20.999 96.002 2197 12 9
31 21.000 95.500 2710 1 1
32 21.001 95.001 3139 14 9
33 20.997 94.492 3259 12 10
34 21.007 94.006 2574 12 11
35 21.000 93.001 2621 5 5
36 21.501 92.504 3013 6 6
37 21.495 93.488 2763 7 6
38 21.506 94.489 3436 17 13
39 21.500 94.999 3269 7 7
40 21.504 95.503 2760 9 9
41 21.501 96.003 2294 5 5
42 21.502 96.501 1611 21 18
43 21.999 96.502 2179 6 5
44 21.999 96.005 2617 7 7
45 22.000 95.502 2904 10 7
46 21.995 94.990 3356 13 10
47 22.005 94.489 3564 8 8
48 21.997 94.006 3564 16 13
49 22,003 92.999 3329 9 7
50 22.505 93.503 3703 8 8
51 22.505 94.006 3702 9 9
52 22.504 94.491 3669 9 9
53 22.503 94.963 3473 7 7
54 22.503 95.502 3018 9 7
55 22.503 96.002 2550 18 10
56 22.502 96.501 2250 21 16
57 23.002 96.702 1796 7 6
58 23.002 96.007 2545 16 11
59 23.001 95.502 3077 7 7
60 23.000 94.998 3548 15 10
61 23.002 94.502 3727 4 3
62 23.009 94.005 3740 8 %
63 23.001 93.000 3749 4 4
2285* 1881** 154%*

*Average over the 63 sites.
**Sum of all samples along the 63 sites.
Depth refers to the average over the four cruises SOGOM. Identified nematodes and observed species richness are the sum of the samples of the four cruises.
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