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The Gulf of Cádiz (GoC) connects the Mediterranean Sea with the Atlantic Ocean through the Strait of Gibraltar. Particular hydrographic processes take place in the GoC, such as riverine discharges and surface circulation marked by wind-induced seasonal upwelling. Although physical processes have been widely studied, little is known about the biogeochemical processes that occur in the basin, especially those involving organic matter. Therefore, vertical and seasonal dynamics of dissolved organic carbon (DOC) and optical properties of dissolved organic matter (DOM, absorbance and fluorescence) were measured in 766 samples collected between 5 and 800 m depth during four oceanographic cruises to obtain quantitative and qualitative information about DOM in the GoC. We performed parallel factor analysis (PARAFAC) to identify the main fluorophores present in the GoC, and an optimum multiparameter water mass analysis to differentiate the effect of water mass mixing from the biogeochemical processes in deep waters. PARAFAC analysis validated six fluorescent components; three humic-like, two protein-like, and a possible mixture of polycyclic aromatic hydrocarbon-like with protein-like material. DOC average concentration was 77.0 ± 12.7 μM, with higher values in surface and coastal waters during summer, mainly related to primary production. Linear relationships between DOC and apparent oxygen utilization indicate differences in oxygen consumption within the deep waters, which could be related to upwelling zones. Seasonal and spatial differences were also observed in the distribution of fluorescent DOM. Protein-like components were the most abundant fraction, with an average contribution of 64.75% ± 7.85%, being higher in summer and surface waters, associated with an increase in biological activity. Our results indicate that water mass mixing is the main driver of the major humic-like components, while biogeochemical processes at a local scale explain DOC and protein-like components distribution. Our findings suggest that modeling DOM dynamics in the GoC is complicated due to its complex hydrography and the presence of multiple sources and sinks of DOM.
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INTRODUCTION

The GoC is the only connection between the Mediterranean Sea and the Atlantic Ocean through the Strait of Gibraltar. Consequently, it plays an important role in the North Atlantic circulation and climate in general (Price and O’Neil Baringer, 1994; Mauritzen et al., 2001). The GoC is also involved in the carbon cycle of the Eastern North Atlantic Ocean (Parrilla, 1998) and the Mediterranean Sea (Dafner et al., 2001). Physical processes in the GoC have been widely studied (Criado-Aldeanueva et al., 2006; Bellanco and Sánchez-Leal, 2016) as well as biogeochemical processes mainly focused on the inorganic carbon dynamics (Dafner et al., 2001; Ribas-Ribas et al., 2011a). However, less is known about the processes involving the organic carbon pool. A gap of knowledge that should be filled to better understand the role of the GoC in the carbon cycle of both Atlantic and Mediterranean waters.

Marine DOM is one of the largest and most dynamic reservoirs of reduced carbon on the Earth (Hedges, 2002), with an estimated stock of 662 Pg (Hansell et al., 2009). The main source of oceanic DOM is primary production, while terrestrial inputs only account for 2–3% of the total pool, although they can dominate in coastal zones (Opsahl and Benner, 1997). The DOM fraction absorbing light at both ultraviolet (UV) and visible wavelengths is referred to as CDOM (Coble, 2007). It is one of the major absorption components in the ocean, and a tracer for biogeochemical processes and oceanic circulation (Nelson and Siegel, 2013). The sub-fraction of CDOM that fluoresces is called FDOM (Coble, 2007) and can represent between 20 and 70% of the DOC, depending on the aquatic system, being higher in coastal areas (Coble, 2007). Optical properties (absorption and fluorescence) can yield qualitative information about the origin and chemical quality of the DOM pool, such as DOM’s molecular weight and aromaticity (Weishaar et al., 2003; Helms et al., 2008).

Chemical characterization of DOM has been inferred from its optical properties in both the Mediterranean (Galletti et al., 2019; Martínez-Pérez et al., 2019) and North Atlantic waters (Jørgensen et al., 2011; Álvarez-Salgado et al., 2013). However, little is known in the confluence of these two basins, the GoC. González-Ortegón et al. (2018) measured FDOM using an EXO FDOM sensor, but the measurements were limited to humic-like substances (Ex 365/Em 480) and samples shallower than 150 m depth. Another study determined CDOM and FDOM but only at three stations in the Bay of Cádiz, located in the northeast zone of the GoC (Catalá et al., 2013).

This work aims to understand the DOM dynamics in the whole GoC, from the surface to the bottom, and its seasonal changes. During one year, we have studied the DOC and DOM optical properties (both absorption and fluorescence) along the entire basin to understand the physical and biogeochemical drivers of their distribution. DOM dynamics were expected to be highly variable due to the biogeochemical complexity of the study region. We hypothesized that FDOM distribution depended on the source of the organic matter (terrestrial vs. marine). We also hypothesized that FDOM followed a marked seasonal pattern driven by biological and photochemical transformations.



MATERIALS AND METHODS


Study Area

This study was carried out in the GoC, located in the Southwestern Iberian Peninsula. The GoC is a semi-enclosed basin where oceanographic dynamics and water mass circulation patterns are driven by the interaction between Atlantic and Mediterranean waters masses and influenced by the coastal system (Bellanco and Sánchez-Leal, 2016).

Three main water masses circulate in the GoC (Criado-Aldeanueva et al., 2006; Bellanco and Sánchez-Leal, 2016; Supplementary Figure S1). The Surface Atlantic Water extends from the surface to the seasonal thermocline and has an Atlantic origin modified by atmospheric interaction. The NACW flows below 100 m depth in two different varieties (Pérez et al., 2001): a warmer one of subtropical origin (NACWT) and a colder one of subpolar origin (NACWS). Lastly, the denser and saltier modified MOW flows between 300 and 400 m depth and the seafloor. Density differences between NACW and MOW result in a bi-layer exchange: an inflow of Atlantic water at the surface toward the Mediterranean basin, and a deeper outflow of Mediterranean water to the Atlantic Ocean (Baringer and Price, 1999).

Three upwelling areas have been identified in the GoC: Cape St. Vincent and Cape Sta. María, where the NACW upwells favored by winds, and Cape of Trafalgar, where the tidal–topographical interaction has been identified as the main process responsible for the vertical transport of deep waters to the surface layers (Vargas-Yáñez et al., 2002; Sala et al., 2018). Furthermore, between Cape of Sta. María and Cape of Trafalgar, three major estuaries, Guadalquivir, Guadiana, and Tinto-Odiel systems (Figure 1), discharge freshwater into the GoC. Riverine inflows to these estuaries are located in a semiarid environment and are regulated by dams. The Tinto-Odiel estuary is an industrial port with a low flow rate of freshwater and an average salinity of 37.2 ± 0.7. Guadalquivir and Guadiana show a salinity gradient (0.3–36.6) with a mean flow rate of 29.5 m3 s–1 (2016) and 5.04 m3 s–1 (1984–2015), respectively1,2. The high demand for freshwater for crop irrigation, along with frequent drought events, usually leads to long water residence times in the two rivers (de la Paz et al., 2007; Vasconcelos et al., 2007). In general, the GoC is characterized by oligotrophic conditions (Navarro et al., 2012) except for the coastal zone, where Chl a and nutrient concentrations are high due to continental runoff (Sala et al., 2018). As a result of these spatial and temporal variable processes, the GoC is mainly characterized by long-term seasonal physicochemical variability (Criado-Aldeanueva et al., 2009; González-García et al., 2018).
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FIGURE 1. Sampling stations in the Gulf of Cádiz: Guadiana (GU), Tinto-Odiel (TO), Guadalquivir (GD), Sancti Petri (SP), Trafalgar (TF) and external stations (GS1, ST1, and ST2).




Sampling Strategy and Analytical Methods

Four cruises were conducted on board of B/O Angeles Alvariño and B/O Ramón Margalef vessels at the beginning of each season (March, June, September, and December 2016). Samples were collected at different depths, from 5 m to the bottom, and perpendicular to the coastline on five different transects designated as GU, TO, GD, SP and TF. Additionally, three off-shore stations were sampled (GS1, ST1, and ST2; Figure 1).

Seawater samples were collected using Niskin bottles (10 L) mounted on a rosette-sampler coupled to a Seabird CTD 911+, which measured S, T, DO and Chl a. For the calibration of the Chl a fluorescence, discrete samples were mesured using the fluorimetric method (González-García et al., 2018). AOU was calculated as the difference between DO at saturation and measured DO concentrations, where DO saturation was calculated from salinity and temperature following Benson and Krause (1984). Nitrate analyses were performed in a segmented flow autoanalyzer (Skalar, San Plus) based on classic spectrophotometric methods (Grasshoff, 1983) with an accuracy of ±0.10 μM. Complementary variables such as cumulative rainfall and monthly UV solar radiation were obtained from http://www.chguadalquivir.es and http://www.soda-pro.com, respectively. Wind speed data (Sensor 2740 situated at 10m height) were sourced from the Aanderaa Automatic Weather Station.



Determination of DOC, CDOM, and FDOM

Samples for DOC, CDOM, and FDOM analyses were collected in 0.25 L acid-cleaned amber glass bottles. Seawater was filtered through combusted Whatman GF/F filters (450°C, 4 h) with an acid-cleaned glass filtration system, previously rinsed with the sample. Samples for DOC were taken in duplicate and kept in the dark at −20°C until analysis. DOC concentration was determined by high-temperature catalytic oxidation using a Multi N/C 3100 Analytik Jena analyzer, calibrated daily using potassium hydrogen phthalate (Panreac, 99.1%). Deep seawater and low carbon reference waters (Hansell CRM Program, 42–45 μM) were measured to assess instrument variability (n = 5, 43 ± 1.8 μM).

UV-visible absorption spectra of CDOM (250–800 nm) was measured on board at a 1 nm interval using a JASCO-V750 spectrometer connected to a programmable temperature control system set at 20°C. A 10 cm path length quartz cuvette was used. Samples were blank corrected by subtracting the absorbance of daily Milli-Q water from the spectra, and a baseline correction was applied by subtracting the average absorbance between 600 and 800 nm to the measured absorption spectrum (Green and Blough, 1994). The corrected absorbance was converted into Napierian absorption coefficients (aλ, m–1) by multiplying by 2.303 and dividing by the cuvette path length (0.1 m) (Blough and Del Vecchio, 2002). In this study, we focused on the a254, since a strong relationship with the absorption coefficient at 350 nm was observed (R2 = 0.74, p < 0.05). a254 is proportional to the abundance of conjugated carbon double bonds and proposed as a proxy of DOC concentration (Lønborg and Álvarez-Salgado, 2014; Catalá et al., 2018). The SUVA254 is strongly correlated with aromaticity percentage and was calculated by dividing the decadic absorption coefficient at 254 (m–1) by the concentration of DOC (mg C L–1) (Weishaar et al., 2003). The S275–295, related to DOM molecular weight, was determined according to Helms et al. (2008).

Fluorescence was measured on board in a 1 cm quartz cuvette, using a spectrofluorometer (JASCO FP-8300) connected to a Peltier Thermostatted Cell Holder with Stirrer accessory (EHC-813) for temperature control (20°C). Excitation-Emission matrices (EEMs) were obtained for emission wavelengths from 300 to 560 nm (1 nm steps) and excitation wavelengths from 240 to 450 nm (5 nm steps) with a bandwidth of 5 nm and an integration time of 0.2 s. Raman peak at 350 nm, using Milli-Q water, was measured daily for sample blank correction together with a standard of quinine sulfate monohydrate (Sigma Aldrich, 98%) in H2SO4 to check system performance.

The drEEM 0.2.0 toolbox was used to standardize the EEMs (Murphy et al., 2013). Spectra were improved by the instrument correction factors obtained from the manufacturer’s protocol using Rhodamine A. Inner filter effect was addressed by correcting EEMs using the absorbance-based approach (Kothawala et al., 2013), data was standardized and normalized to Raman Units (RU) based on measurements of Raman peak at 350 nm (Lawaetz and Stedmon, 2009).



PARAFAC Modeling

Multivariate PARAFAC was employed to identify the different fluorescent components (fluorophores) that comprise the EEMs. PARAFAC was performed using the drEEM toolbox (version 0.2.0; Murphy et al., 2013) for Matlab (R2015b). Briefly, Raman and Rayleigh scatter bands (first and second order) were trimmed in each EEM. Corrected EEMs were normalized by their intensities, along with using non-negative constraint. Six independent components were identified (Supplementary Figure S2) using split-half validation with a convergence criterion of 10–8, random-initialization analysis, and thorough examination of outliers and model’s residuals (Stedmon and Bro, 2008). The online repository OpenFluor database (Murphy et al., 2014), along with published literature, were used for the identification of the PARAFAC components.

Given the major variation between allochthonous and autochthonous DOM in water samples, a misleading artifact may arise when modeling all samples together, hindering the accurate identification of biogeochemical facts regarding fluorescent components and their respective mechanisms (Mostofa et al., 2019). We performed individual seasonal models (n = 185–191) to assess whether PARAFAC modeling using all water samples together leads to information loss, such as masking seasonal variation of FDOM sources and therefore missing the underlying biogeochemical process. Nevertheless, we found that the components in the global model (n = 766) encompassed all components in individual seasonal models. In spring and winter, the same three-component models were obtained with one humic and two protein-like components (Supplementary Figure S3). In autumn and summer, PARAFAC validated a six-component model with the same components identified in the global model, except for C5 that showed slightly different Ex/Em peaks in the summer model (Supplementary Figure S3). Therefore, for simplicity and a better understanding of FDOM distribution in the GoC, only components of the global model will be described.



Optimum Multiparameter Water Mass Analysis

The variability of DOC, CDOM, and FDOM depends on water mass mixing and biogeochemical processes. To remove the variability caused by physical processes, we performed an optimum multiparameter water mass analysis (OMP, Poole and Tomczak, 1999). We obtained the mixing proportion of the different water masses found in the GoC for each water sample. Temperature and salinity, previously described in Flecha et al. (2012), were used as parameters to define the SWT. The analysis was carried out following Álvarez et al. (2014) using samples below 100 m depth (n = 256) since the influence of atmospheric interaction on T and S was observed in data above that depth. Once the water mass proportions were obtained for each sample, predicted variables (T, S, AOU, NO3, DOC, CDOM, and FDOM) were back-calculated through the linear regression between the SWT matrix and the observed variable. The high determination coefficients (R2 = 0.99) between the measured and predicted variables for T and S, as well as the low standard deviation of the corresponding residuals (<10–6), show that OMP results were reliable.



Statistical Analysis

Permutational analysis of variance (PERMANOVA) was performed to assess seasonal, vertical, and spatial differences between physicochemical variables (T, S, AOU, and Chl a).

To determine seasonal, vertical and spatial significant differences for DOC, CDOM, and PARAFAC components, and given the data structure, Kruskal Wallis non-parametric analysis of variance and post hoc pairwise Wilcoxon test (using Bonferroni to adjust p-value) were performed. A significance level of 0.05 was selected.

Linear regression models were developed to assess the effect of environmental conditions on the variability of DOC, CDOM, and PARAFAC fluorescent components in the surface water of the GoC, and were considered statistically significant when p < 0.01. T and S were used as explanatory variables to assess the influence of physical conditions. All analyses were performed in R 3.5 software (R Core Team, 2018) using “stats” and “vegan” packages.



RESULTS


Fluorescent DOM Components in the Gulf of Cádiz

Six fluorescent components were statistically obtained from the global PARAFAC model (Murphy et al., 2013; Supplementary Figure S2 and Supplementary Table S2). Components 1 (C1) and 3 (C3) have been classified as humic-like (Coble, 1996), described in almost all aquatic environments. C1 presented similar spectral characteristics to Coble’s marine peak-M (Coble, 1996). However, it has been reported to have ubiquitous, allochthonous, and autochthonous origins and described for non-marine environments. C3 seems a mixture of the traditional peaks A and C (Coble, 1996). Component 4 (C4) has also been described as a common terrestrially derived component or produced after DOM exposure to UV radiation. Component 2, 5, and 6 (C2, C5, and C6) have been classified as fluorescent protein-like compounds, with narrow excitation bands and emission maxima below 400 nm, containing a fraction of autochthonous DOM. Components similar to C2 and C6 have been associated with Coble’s peak-T and peak-B, respectively (Coble, 1996), while C5 shows emission and excitation maxima similar to peak-N (Coble et al., 2014). However, C5 had the lowest Tucker congruence in the Openfluor database, and the peculiar spectra of this component could be related to the presence of PAH which fluoresces in the same region as protein-like groups (Coble et al., 2014). Nevertheless, it could also be a mixture of PAH and protein-like compounds, as it has been previously suggested for similar components.



Physicochemical Characteristics

Temperature in 2016 ranged from 11.4 to 22.9°C, with the lowest values in March and the highest ones in September. S showed low variability, with an average value of 36.27 ± 0.34. T and S revealed a marked stratification of the water column during autumn and summer with an average thermocline depth of 39.4 ± 15.6 m (Supplementary Table S1). During spring and winter, a strong mixing was observed with an average thermocline depth of 71.4 ± 34.5 m (Supplementary Table S1). Chl a showed an average value of 0.31 ± 0.39 μg L–1 with maxima around 3.5 μg L–1 in spring and summer in the coastal zone. This was probably due to the influence of the upwelling off Cape St. Vincent and, to a lesser extent, to the riverine nutrients input. AOU was also highly variable, with values >100 μM, characteristic of MOW, and minimum values <−80 μM corresponding to Chl a maxima in coastal stations.

PERMANOVA analyses showed that physicochemical variables (T, S, AOU, and Chl a) were statistically different (p < 0.001) and dependent on the season (p < 0.001) when comparing data from above and below the thermocline. Therefore, the dataset was split into data above SurfW and below the thermocline DeepW (Table 1). Supplementary Figure S4 shows T, S, AOU, Chl a, and DOC profiles in GD transect during the mixed and stratified period as an example of vertical distribution.


TABLE 1. Average ± standard deviation values of temperature (T,°C), salinity (S), apparent oxygen utilization (AOU, μM), chlorophyll a (Chl a, μg L−1), dissolved organic carbon (DOC, μM), CDOM absorption coefficient at 254 (a254, m–1), SUVA254 index (L mg–1 m–1) and the spectral slope S275–295 (nm–1) from surface (SurfW) and deep water (DeepW).

[image: Table 1]In spring and winter, westerly winds with high average speed were predominant, while in summer and autumn, easterly winds with lower speed prevailed (Supplementary Table S1). During spring, strong west winds favored the occurrence of the “Huelva Front” (Figures 2A,E). This was characterized by upwelled NACW extending cold water onto the coastal zone up to SP (Stevenson, 1977) and the warmer water carried by the Azores current toward the east, in the oceanic zone. During summer, the upwelling extension eastward from Cape St. Vincent lost intensity due to the easterly winds, still with a signature of cold, less salty waters, and relatively high Chl a (Figures 2B,F,N). The semipermanent upwelling off Cape Trafalgar was clearly observed during autumn (Figure 2C). In summer and winter, water with lower salinity was observed along the entire coastline (p < 0.05), probably due to the influence of accumulated rainfalls before the sampling dates (Supplementary Table S1). Coastal stations showed higher Chl a values than off-shore stations for all the seasons (p < 0.05), and no differences were observed in AOU (p > 0.05). Here we define coastal stations as the stations with a maximum depth of 60 m (Bellanco and Sánchez-Leal, 2016; Figure 1, stations 1 and 2), and off-shore stations as those with a bottom depth >60 m (Figure 1, stations 3 to 7 and external stations).
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FIGURE 2. Surface water distribution of temperature (T,°C), salinity (S), apparent oxygen utilization (AOU, μM), dissolved organic carbon (DOC, μM) and chlorophyll a (Chl a, μg L–1) during spring, summer, autumn and winter 2016 in the Gulf of Cádiz.




Distribution of DOC, CDOM, and FDOM in the Gulf of Cádiz

Dissolved organic carbon ranged from 67.0 to 175.7 μM, which falls within the range of previously reported values for the area (Ribas-Ribas et al., 2011b). Lower average values were observed in spring and winter and higher during autumn and summer (p < 0.05). a254 ranged between 0.76 and 3.73 m–1, excluding maximum values found in SurfW during spring in TF (4.01–5.68 m–1, n = 5) that matched elevated DOC values (>150 μM, Figure 2Q). SUVA254 index ranged between 0.29 and 1.36 L mg–1 m–1, while S275–295 ranged between 0.014 and 0.059 nm–1. Summer showed the highest values of SUVA254 (p < 0.05) and the lowest of S275–295 (p < 0.05).

Unexpectedly, high values for protein-like C2 were observed in summer samples from SP6 and SP7 between 150 and 650 m depth and TF6 between 75 and 90 m depth. These values (n = 9) were three orders of magnitude higher than the average (>0.90 RU) and therefore excluded from the analyses. Other sources of the anomaly are discussed in section “DOM Distribution in Deep Water.” The two major humic-like components, C1 and C3, were highly correlated with each other (n = 753, R2 = 0.75, p < 0.001) and displayed the same distribution pattern, thus, for simplicity we will report only C1.

Humic-like C1 ranged from 0.003 to 0.024 RU (Figure 3A), while C4 ranged between 0 and 0.21 RU, with the highest values during summer and autumn (p < 0.05, Figure 3B). Protein-like C2 displayed the highest seasonal variability among all components ranging from 0.00048 to 0.69 RU (Figures 3C,D). In summer, C2 mean values were ten times higher than in the rest of the seasons. C5 varied between 0 and 0.086 RU and C6 between 0 and 0.097 RU (Figures 3E,F).
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FIGURE 3. Average intensities of PARAFAC components- (A): C1, (B): C4, (C,D): C2, (E): C5 and (F): C6- for each season at surface water (SurfW) and deep water (DeepW) in the Gulf of Cádiz.


We observed variability in the vertical distribution of DOC with higher values occurring in SurfW than in DeepW, especially during the stratified period (summer and autumn, p < 0.05, Table 1). Similar to DOC concentrations, average measurements of a254, SUVA254, and S275–295 were higher in SurfW than in DeepW for all seasons (p < 0.05, Table 1). Vertical profiles of FDOM during the mixed and stratified period in the GD transect are presented as an example of vertical distribution (Supplementary Figure S5). Humic-like C1 increased with depth and presented seasonal variability in SurfW, with lower values during the mixed period (spring and winter). Instead, in DeepW, C1 remained constant during the four sampling periods. C2 and C4 showed similar values between layers along seasons (p > 0.05), while C5 and C6 showed higher intensities at the surface during the stratified period (p < 0.05).

We also observed spatial variability in DOC, CDOM, and FDOM distribution. Coastal stations showed higher values of DOC, a254, and SUVA254 and lower of S275–295 than off-shore stations (p < 0.05, Table 2). They also showed higher values of C1, C5, and C6 than off-shore stations (p < 0.05, Figures 4A–D,M–P,Q–T, respectively). Conversely, C2 and C4 showed no spatial differences (p > 0.05, Figures 4E–H and Figures 4I–L, respectively).


TABLE 2. Average ± standard deviation values of dissolved organic carbon (DOC, μM), CDOM absorption coefficient at 254 (a254, m–1), SUVA254 index (L mg–1 m–1), the spectral slope S275–295 (nm–1), and fluorescent components (C1-C6, RU) from surface coastal and off-shore stations.
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FIGURE 4. Surface water distribution of fluorescent components for each season: (A–D): C1, (E–H): C2, (I–L): C4, (M–P): C5, (Q–T): C6. Units are in RU. Note that C2 shows different scales in summer and autumn.


The relative contribution (%) of each fluorophore was determined to assess the dominant fraction of FDOM (Tanaka et al., 2016). Protein-like C6 was the dominant fraction in spring, autumn and winter, contributing with 37.43% ± 7.43% to the total FDOM. In summer, protein-like C2 was the most abundant, accounting for 56.94% ± 26.28% and decreasing to 6.22% ± 3.83% in other seasons. Thus, the sum of protein-like components (C2 + C5 + C6) dominated the FDOM pool during the study period (64.75% ± 7.85%).


DOC, CDOM, and FDOM Drivers in the Surface Layer

Multiple linear regressions with T and S were applied to determine the contribution of water mass mixing to DOM surface distribution (Supplementary Table S3). DOC and a254 showed weak but significant relationships with T and S, with highest and lowest explained variation occurring in autumn (R2 = 0.36, p < 0.001) and spring (R2 = 0.09, p < 0.001), respectively.

Among fluorescent components, the highest relationship with T and S was found for humic-like C1, with the highest explained variation in summer and winter (R2 = 0.69 and 0.79, respectively, p < 0.001) and the lowest in spring and autumn (R2 = 0.50 and 0.59, respectively, p < 0.001). Protein-like fluorescent components showed lower relationship with T and S than humic-like components (R2 < 0.36; p < 0.001). Terrestrial photoproduct C4 showed a significant correlation with T and S only in spring (R2 = 0.27, p < 0.01).



DOM Drivers in Deep Waters: OMP Analysis

A strong relationship was observed between calculated and observed values for AOU and nitrate (R2 = 0.82 and 0.87, respectively, p < 0.001, n = 256), with typical values coinciding with previous reports in the GoC (Table 3; Flecha et al., 2012). DOC and a254 were weakly correlated with water mass mixing (R2 = 0.27 and 0.18, respectively, p < 0.01, n = 254). Unlike protein-like components, humic-like C1 and C4 presented a strong linear relationship with water mass mixing proportions (R2 = 0.68 and 0.66, respectively, p < 0.001).


TABLE 3. Biogeochemical and fluorescence typical values of selected water mass in OMP analyses in deep water.
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DISCUSSION


PARAFAC Model: Fluorescent Components in the GoC

All the six fluorescent components found in the GoC have been previously described in other marine and freshwater systems (Supplementary Table S2). Among the humic-like components, C1 has been associated with microbial activity mixed with old humic material in coastal waters (Coble et al., 2014). It has been reported as ubiquitous, found in almost all environments, and derived from both autochthonous and allochthonous sources. C4 follows the same trend as UV radiation, increasing in summer and autumn and decreasing in winter and spring (Supplementary Figure S6, R2 = 0.98, p < 0.001), supporting previous suggestions that it is produced during the exposure of DOM to UV radiation (Supplementary Table S2). Protein-like C2 and C6 resemble the amino acids tryptophan and tyrosine, respectively. Finally, C5 is less common than other components and can be a combination of fluorophores containing both protein fluorescent structures and PAH substances. Abundant UV-A signals (Em < 400 nm, “protein-like”), as in our case, could be challenging for PARAFAC since spectra are shorter and steeper and affected by Raman and Rayleigh scatter (Murphy et al., 2018). Gonnelli et al. (2016) found a mixture of PAH and protein-like components with similar fluorescent characteristics as our C5 in surface water affected by oil spills. Their samples showed single fluorescence spectra with excitation at 255 nm and characteristic emission peaks of main oil components: fluorene (316 nm) and pyrene (372 nm). Both peaks were also observed in our C5. The GoC is located in one of the most important maritime crossroads in the world. More than 10% of international maritime traffic crosses the Strait of Gibraltar (145–192 ships per day), a percentage that rises in the case of oil tankers, as it is a key connection point with the greatest oil producers3. Oil contaminated ballast water and bunkering (refueling) represent an important source of marine pollution in the GoC4. Thereby, in this work, C5 could be a yet unresolved fluorescent group consisting of a mixture of protein-like material and oil-derived compounds. However, further analysis will be necessary to confirm such origin.



DOM Distribution in Surface Water

Dissolved organic carbon and CDOM concentrations in the GoC fall within the range previously described for coastal and marine systems (Romera-Castillo et al., 2011a; Nelson and Siegel, 2013). Nevertheless, the average annual mean concentration of surface DOC and CDOM are slightly lower than those observed in other oligotrophic coastal systems (Romera-Castillo et al., 2013). DOC has shown to be negatively correlated with salinity in the coastal zone (Cauwet, 2002), however, in this work, a strong relationship was not observed, in agreement with previous studies in this area (Ribas-Ribas et al., 2011b). In our study, water samples were collected between 7 and 16 km of the river mouth, and thus were likely too far from the river to observe a strong influence of terrestrial inputs. This is consistent with the low salinity range found here (35.8–36.6), and could also be the reason for water mass mixing explaining less than 36% of DOC and CDOM surface distribution (Supplementary Table S3). Another explanation for the low relationship between DOC and salinity could be the complexity of this transitional coastal-ocean system, where DOM is a mixture of allochthonous and autochthonous components.

Chromophoric dissolved organic matter is a reliable proxy for DOC in several aquatic systems (Lønborg and Álvarez-Salgado, 2014; Rochelle-Newall et al., 2014; Catalá et al., 2018). However, this relationship can be weak in coastal regions not strongly influenced by riverine inputs (Del Castillo et al., 2000; Ferrari, 2000). Again, the long distance between the coast and the first stations sampled here could explain the low relationship between DOC and CDOM in SurfW (R2 = 0.48, p < 0.001, n = 460). Another possibility is that the inner shelf coastal counter-current that transports water westward during most of the year (Garel et al., 2016), removes continental inputs, resulting in a weak terrestrial DOM signal. Additionally, that relationship can also be altered by the photodegradation of the CDOM (Blough and Del Vecchio, 2002) and microbial processing (Helms et al., 2008) during its transport along the estuaries.

In the open ocean, a strong relationship between CDOM and DOC concentrations is not usually observed (Nelson and Siegel, 2013). In the GoC, the relationship between CDOM and DOC was lower than in other open-ocean systems (R2 = 0.46, p < 0.001, n = 751) such as the Northeast Atlantic Ocean (R2 = 0.80, n = 233, Lønborg and Álvarez-Salgado, 2014), and the Mediterranean Sea (R2 = 0.87, n = 273, Catalá et al., 2018). In our study, the intercept of this relationship indicates that 33.8 μM of DOC vary independently of a254. This value is higher than the 10 μM found in the Northeast Atlantic Ocean and Mediterranean Sea (Lønborg and Álvarez-Salgado, 2014; Catalá et al., 2018). This shows that equations for DOC predictions using a254 had to be site-specific (Catalá et al., 2018) and that this method should not be used in ecosystems with highly variable DOC and CDOM sources (Rochelle-Newall et al., 2014).

The great variability observed in S275–295 (0.014–0.059 nm–1) covers values frequently observed in rivers (0.013–0.017 nm–1, Shen et al., 2012) and oligotrophic seawaters (0.04 nm–1, Aurin and Mannino, 2012). This result suggests that the DOM pool in the GoC comprises a wide range of molecules with different molecular weights. On the other hand, according to SUVA254 values identified by Weishaar et al. (2003), DOM in the GoC is more similar to DOM found in the ocean than in freshwater environments. Noteworthy, the average value found in our work (0.8 ± 0.1 L mg C–1 m–1) was lower than the one found by Massicotte et al., 2017 for the open ocean (1.7 ± 0.2 L mg C–1 m–1). In summer and winter, high molecular weight and aromatic compounds dominated the DOM pool, indicated by high SUVA254 and low S275–295 values, respectively (Weishaar et al., 2003; Helms et al., 2008).

Average seasonal deep DOC maximum and deep fluorescence maximum (DFM) from CTD showed the same pattern, increasing from autumn to spring (Figure 5). That, together with the strong linear relationship observed between them (R2 = 0.95, p < 0.05), suggests that phytoplankton release may be the most important source of DOC, as it has been previously suggested for this area (Huertas et al., 2005; Ribas-Ribas et al., 2011b). Huertas et al. (2005) found the DOC maxima matching the highest Chl a concentrations indicating that seasonal distribution of DOC in the GoC is related to phytoplankton biomass variation. However, we found a low correlation between DOC and CDOM with Chl a. In the GoC, pico and nanophytoplankton are the dominant fraction of phytoplankton and have been associated with the DFM (González-García et al., 2018). A lack of direct relationship between Chl a and picoplankton biomass was attributed to a low Chl a/cell ratio, distinctive of oligotrophic systems (Echevarría et al., 2009).


[image: image]

FIGURE 5. Deep DOC maximum, thermocline and deep fluorescence maximum (DFM) averages for each season.


Fluorescent dissolved organic matter variation in the GoC showed a humic-like C1 distribution mostly explained by water mass mixing, especially in winter (80%) and summer (70%) when higher monthly accumulated precipitation took place (Supplementary Table S1). Coastal stations showed higher fluorescence of C1 during these seasons, probably due to the supply of terrestrial DOM, which plays a major role in the distribution of humic-like material in the ocean (Jørgensen et al., 2011). González-Ortegón et al. (2018) found that the GoC is receiving large amounts of humic FDOM through riverine inputs with salinity as the main factor explaining FDOM variability within the Guadalquivir and Guadiana rivers and in the inner shelf of the GoC. Although in our work a strong influence of terrestrial inputs along the year was not observed, the signature of humic-like C1 during winter was evident across the coastal stations (Figure 4D). That could be associated to the combination of continental inputs and a lower degree of photodegradation during this season. Moreover, C1 was lower in SurfW than DeepW (Figure 3A) in agreement with other works suggesting that photochemical degradation is the major removal mechanism of humic-like components at surface in aquatic systems (Nieto-Cid et al., 2006; Jørgensen et al., 2011). Finally, in spring, 50% of the distribution of C1 was also explained by water mass mixing, however, it could be associated with the upwelling characterized by the “Huelva Front” (Figures 2A,E) favored by intense west winds during this season (Supplementary Table S1). On the other hand, the strong relationship observed between average C1 maxima depth and DFM in off-shore SurfW stations (R2 = 0.70, p < 0.05) supports the hypothesis that phytoplankton is the main producer of humic-like FDOM in the outer shelf of the GoC, as proposed by González-Ortegón et al. (2018). Finally, C4 seems to have a relatively constant vertical and spatial distribution along the upper column with no changes during the stratified period (Figure 3D). Its variability would be better linked to seasonality due to changes in UV radiation (Supplementary Figure S6).

Distribution patterns were different between protein-like C2 and C6 and the relationship between them was low (R2 = 0.2, p < 0.001, n = 460). This suggests that the sources and sinks for both components were not the same. On the other hand, C5 follows a pattern more similar to tyrosine-like C6 than to tryptophan-like C2 (R2 = 0.50 and 0.02, respectively, p < 0.001, n = 460). In general, water mass mixing explained less than 36% of the protein-like surface distribution. In coastal environments, a major source of protein-like components is autochthonous production by phytoplankton (Coble, 2007). C6 was higher at surface in agreement with the observed decrease of this component with depth in the ocean (Catalá et al., 2015). That is the same general pattern observed for DOC and Chl a (coastal and surface) linked to primary production in the surface layer. On the other hand, tryptophan fluorescence has been related to heterotrophic bacteria (Determann et al., 1998; Amaral et al., 2016) and associated with phytoplankton blooms in coastal environments (Para et al., 2010), which could explain the higher fraction of C2 found in summer after the spring bloom. However, no clear spatial distribution pattern was observed for this component. Maie et al. (2007) found that a large portion of peak-T was associated with non-proteinaceous material, and they proposed that such fluorescence could be attributed to tannin-associated phenols. They suggested that the tryptophan-like component is composed of a mixture of proteinaceous and presumably phenolic materials in humic-like substances with different chemical structures and ecological roles. Furthermore, polyphenolic compounds are also produced by brown algae (Geiselman and McConnell, 1981), which have massively expanded over the GoC in recent years (García-Gómez et al., 2018). The diverse sources of the protein-like C2 may explain the lack of a clear pattern on its spatial distribution in this work.



DOM Distribution in Deep Water

Dissolved organic carbon concentration in the DeepW of the GoC was not dependent on the water mass mixing since it only explained 27% of DOC distribution. This result contrasts with the Mediterranean Sea, where water mass mixing explains 83% of DOC variation (Catalá et al., 2018). This could be due to the multiple DOC sources found in the GoC, as it has been proposed for other coastal-ocean transitional systems (Liu et al., 2010). The intercept of the linear regression between the observed and calculated values from the OMP analysis showed that 54.3 (μM of DOC vary independently of water mass mixing. CDOM was not dependent on the water mass mixing either, showing a non-conservative behavior. Therefore, DOC and CDOM variability are associated with biogeochemical processes occurring in the water masses from their origin to the sampling site at a local scale. Conversely, around 70% of humic-like compounds variability was dependent on the water mass mixing, in agreement with other studies (Álvarez-Salgado et al., 2013; Catalá et al., 2015; Martínez-Pérez et al., 2019).

The relative importance of microbial respiration on DOC and CDOM distribution can be obtained through a linear relationship between the residuals of those variables and AOU residuals (Romera-Castillo et al., 2011b). The AOU reflects the net ecosystem metabolism, i.e., the net production of DO due to primary producers minus the net consumption by respiration (Smith and Hollibaugh, 1997). The difference between the observed and the OMP analyses back-calculated variables yielded the residuals of such variables, which variation is due to biogeochemical processes (Romera-Castillo et al., 2019). Although the relationship between AOUres and DOCres in the whole dataset was low and not significant (n = 256), when the dataset was sorted by upwelling affected stations, we found different relationships between these variables. Specifically, AOUres and DOCres showed a negative linear relationship in the stations less affected by the upwelling (TO, GD, SP and external stations, R2 = 0.17, β = −0.47, p < 0.001, n = 168). This result indicates that DOC supports 17% of heterotrophic metabolism. This value is within the range found by Arístegui et al. (2002) of 10–20% in the mesopelagic ocean (200–1000 m). On the contrary, in the stations affected by the upwelling (TF and GU), a positive linear relationship was observed between AOUres and DOCres (R2 = 0.28, β = 0.59, p < 0.001, n = 74). This result indicates that 28% of DOC production may be linked to microbial oxidation of particulate organic carbon to DOC (Dileep Kumar et al., 1990). This has also been proposed for the Tyrrhenian Deep Water and Western Mediterranean Deep Water (Santinelli et al., 2002). There is evidence that Mediterranean Water carries high loads of suspended particles to the North Atlantic Ocean, with higher abundance in the continental slope than off-shore (Freitas and Abrantes, 2002). The authors found higher values of suspended particle materials in Gibraltar and the western GoC near Cape of St. Vincent, while in the eastern GoC, mixing of MOW with NACW resulted in a decrease of particle abundance. Cape of Trafalgar and Cape of Sta. María (TF and GU) are influenced by a nutrient-rich upwelling, which enhances primary production in the SurfW and increases particle sinking. We hypothesized that the influence of the upwelling together with the higher load of particle material in this zone might be responsible for the spatial differences in oxygen consumption in the Deep GoC waters. Moreover, recent work found contrasting behaviors of net removal/accumulation of DOC in the deep Atlantic Ocean when increasing the spatial resolution (Romera-Castillo et al., 2019). Thus, our results highlight the importance of local conditions in DOC dynamics.

Although not a strong relationship was observed between residuals of FDOM components with AOUres (R2 < 0.1, p > 0.05), the positive slope between humic-like C1 and AOUres (1.5 ± 0.9 × 10–5 RU μmol O2–1 Kg) obtained in this work was quite similar to that observed in the West Mediterranean Sea (1.6 ± 0.4 × 10–5 RU μmol O2–1 Kg, Martínez-Pérez et al., 2019). This result indicates the release of humic-like FDOM as a byproduct of organic matter mineralization (Nieto-Cid et al., 2006; Jørgensen et al., 2011). Furthermore, higher typical values of C1 were found in NACWS and MOW, matching the highest AOU values (Table 3). On the contrary, the slope between residuals of protein-like C2 and AOUres was negative with the same slope value as the West Mediterranean Sea (−2.7 ± 1.3 × 10–5 RU μmol O2–1 Kg), suggesting a decay of C2 fluorescence in parallel with water mass aging (Martínez-Pérez et al., 2019). The lack of correlation between tryptophan-like components and AOU has been previously reported in the global dark ocean (Catalá et al., 2015). The authors suggested that this is caused by the low fluorescence of the relatively young central water found in their study with AOU values lower than 75 μM. Our results are in agreement with this hypothesis since the typical value of AOU for NACWT was 8.71 ± 4.48 μM (Table 3) with a typical fluorescence of 0.0010 ± 0.0002 RU, even lower than those observed in Catalá et al. (2015).

Finally, it is worth mentioning the presence of distinct absorption spectra with a shoulder at ∼ 300 nm during summer in off-shore stations (SP6 and SP7) between 300 and 650 m depth (Supplementary Figure S7). Those samples also present unusual values of protein-like C2 that increase with depth (1.8–5.8 RU, data excluded). One explanation is that these signals could be related to the secondary absorption nitrate peak centered at 302 nm (Catalá et al., 2016). The authors found that when the a302: nitrate ratio is >70 μM, the impact of this peak is significant in CDOM absorption. However, in our samples, it was not the case. Another possibility is the production of CDOM by plankton, as it has been previously documented (e.g., Steinberg et al., 2004; Romera-Castillo et al., 2011b). Furthermore, Steinberg et al. (2004) found that the different major groups of plankton (including zooplankton and protozoans) have distinctive absorption spectra. The absorption spectra from CDOM exuded by gelatinous zooplankton with vertical migration (pelagic tunicates) and colonial radiolarians showed a large peak at ∼297 and 300 nm, respectively, similar to those found in this work (Supplementary Figure S7). These plankton groups are ubiquitous, and most of the pelagic tunicates are benthic (Gershwin et al., 2014), thus explaining the increase of C2 with depth. However, further work—including molecular characterization of DOM—is needed to establish the possible source of this FDOM.



CONCLUSION

Parallel factor analysis modeling identified six fluorescent components in the GoC. Two were humic-like and two protein-like components widely distributed in coastal and marine waters. The other two have been less observed; a terrestrial derived DOM photoproduct and a possible mixture of PAH and protein-like compounds. The GoC showed a complicated hydrographic situation where different water masses are affected by continental inputs from riverine discharges, coastal upwelling, and currents comprised in the Strait of Gibraltar. Therefore, mesoscale processes from water mass circulation patterns were not suitable to explain DOM, except for the major humic-like components. The biogeochemical processes at a local scale explained DOC, CDOM, and protein-like components. Lower values of DOC and protein-like components were observed during spring and winter when the lowest temperatures were observed, and the water column was strongly mixed. While for CDOM, the lowest values occurred in autumn, when the water column was highly stratified, indicating the importance of photodegradation as a sink of CDOM. Humic-like C1 showed more constant average fluorescence along seasons, while the terrestrially derived photoproduct C4 and protein-like components exhibited marked seasonal changes. The 10-fold higher intensity of protein-like C2 during summer that accounts for the 56.94% ± 26.28% of the total pool of FDOM seems to be linked to biological activity. In deep water, the relationship between AOUres with DOCres showed spatial differences. Near the upwelling zones (TF and GU), DOC is produced in parallel with water mass aging due to microbial oxidation of particulate organic carbon to DOC. However, in the rest of the GoC, microbial DOC mineralization predominates. Finally, the relationship between FDOM residuals and AOUres suggested the production of humic-like C1 (positive slope) and consumption of protein-like C2 (negative slope) in the deep waters of the GoC. Overall, our results highlight the importance of local hydrographic and biogeochemical features in DOM dynamics in coastal ocean systems.
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ABBREVIATIONS

a254, absorption coefficient at 254 nm (m–1); AOU, apparent oxygen utilization (μ M); AOUres, AOU residuals; CDOM, chromophoric dissolved organic matter; Chl a, in vivo chlorophyll a fluorescence (μ g L–1); DeepW, deep water; DO, dissolved oxygen (μ M); DOC, dissolved organic carbon (μ M); DOCres, DOC residuals; DOM, dissolved organic matter; EEMs, Excitation-Emission matrixes; FDOM, fluorescent dissolved organic matter; GD, Guadalquivir; GoC, Gulf of Cádiz; GU, Guadiana; MOW, Mediterranean Outflow Water; NACW, North Atlantic Central Water; OMP, Optimum multiparametric water mass analysis; PAH, polycyclic aromatic hydrocarbon; PARAFAC, parallel factor analysis; S, salinity; S275–295, spectral slope between 275 and 295 nm (nm–1); SP, Sancti Petri; SurfW, surface water; SUVA254, specific ultraviolet absorbance at 254 nm (L mg–1 m–1); SWT, source water types; T, temperature (° C); TF, Trafalgar; TO, Tinto-Odiel.

FOOTNOTES

1
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2
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3
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4
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