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Regional relationships to estimate the main Phytoplankton Functional Types (PFTs) and Size Classes (PSCs) from satellite data are presented. Following the abundance-based approach and selecting the Total Chlorophyll a (TChla) as descriptor of the trophic status of the environment, empirical relations between the TChla concentration and seven accessory pigments, marker for the main algal groups, have been developed for the Mediterranean Sea. Using only in-situ data acquired in this basin, firstly a previous regional diagnostic pigment analysis has been conducted to evaluate the specific pigment ratios featuring the phytoplankton assemblage that occurs in the Mediterranean Sea. Secondly, the new regional PFT and PSC algorithms have been calibrated and validated on the in-situ dataset. The statistical analysis showed a very good predictive power for all the new regional models. A quantitative comparison with global abundance-based models applied to our validation dataset showed that the regionalization improves the uncertainty and the spread of about one order of magnitude for all the classes (e.g., in the nano class, where the mean bias error improves from −0.056 to 0.001 mg m−3). These results highlighted that a regionalization for the PSC and PFT estimates are required, to take into account the peculiar bio-optical properties of the Mediterranean Sea. Finally, the new regional equations have been applied to the Mediterranean TChla satellite (1998–2015) time series to estimate annual and monthly PFT and PSC climatology. The analysis of the climatological maps, relative to the phytoplankton assemblage distribution patterns, reveals that all the three size classes reach their maxima in the higher nutrient areas, with absolute values >3 mg m−3 of TChla for micro-, and about 1.6 and 0.4 mg m−3 for nano- and pico-phytoplankton, respectively. Moreover, the nano component shows intermediate percentage values in the whole basin, ranging from 30 to 40% of the TChla in the western basin, up to 45% in the more productive areas. In terms of chlorophyll concentration, in the coastal areas we find the predominance of the Diatoms and Haptophytes, while in the ultra-oligotrophic waters Prokaryotes predominates on the other groups, constituting the principal component of the pico-phytoplankton.
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INTRODUCTION

Phytoplankton have a key role in the biogeochemistry of the Earth, with a predominant position in several ecological processes as climate regulation, food webs, fossil fuel formation, and correlated economic human activities (Falkowski et al., 2003). The biogeochemical functions performed by the phytoplankton assemblage are closely linked to its composition. Key groups of organisms with their specific biogeochemical metabolism mediate the elemental fluxes in the biosphere (Falkowski et al., 2003; Le Quéré et al., 2005). The composition and succession of various phytoplankton taxa in the community are also a mirror of the ecological status of the marine environment (Devlin et al., 2007). Within this context, in the recent years the scientific interest in the comprehension of the phytoplankton assemblage structure is surging. The methods for the identification of these organisms have strongly evolved, moving from single cell counting and taxonomic identification based on the traditional microscopic techniques to most recent approach based on remote sensing investigation (IOCCG, 2014).

Proper identification of Linnaean taxonomic species that compose a natural phytoplankton assemblage requires the use of multiple combined techniques. By using the classical optical microscopy only, which remains one of the best approaches for the identification of the largest phytoplankton cells, it has been ignored for years the smallest fraction of the phytoplankton, instead detectable through specific techniques such as flow-cytometry, chemotaxonomy, epifluorescence microscopy, size-fractionation, and determination of chlorophyll a content with High Performance Liquid Chromatography, HPLC (Siokou-Frangou et al., 2010). A species-specific identification also requires great time demanding and needs of deep experience in the taxonomy knowledge (Reynolds, 2006). Nowadays, the systematic classification of phytoplankton at the level of phyla and of certain classes is well-established, with the agreement of microscopists and biochemicals (Reynolds, 2006). For several years, one of the most useful techniques for the algal classification at these taxonomic levels has been the HPLC. The liquid chromatography allows the separation, with resulting identification and quantification, of the main algal pigments, some of them considered markers for specific phytoplankton groups (see Table 1). The number of phytoplankton species is by far smaller than the terrestrial plants, but with a greater phylogenetic diversity, strictly related with the principal ecological functions (Falkowski and Raven, 1997; Falkowski et al., 2003). Phylogenetic studies on the oxygenic phytoplankton evolution suggested three main recognizable lineages. The first, in the prokaryotic empire, consists of all the Cyanobacteria. The other two, within the eukaryotic algae, are divided in “green lineage,” characterized by chlorophyll b as secondary pigment and by a small quantity of several carotenoids (Phyla Chlorophyta and Euglenophyta) and in “red-lineage” including Rhodophyta, pigmented with phycobiliproteins and a number of other algal groups characterized by chlorophyll c and a wide variety of carotenoids. These groups involve Cryptophyta, Heterokontophyta, Haptophyta, and probably those Dinophyta pigmented with peridinin (Delwiche, 1999; Falkowski et al., 2003; Reynolds, 2006).


Table 1. Diagnostic Pigments (DP) and their taxonomic meaning in microalgal divisions or classes (Jeffrey and Vesk, 1997; Prezelin et al., 2000; Vidussi et al., 2001; Wright and Jeffrey, 2006; Ras et al., 2008; Brunet and Mangoni, 2010).
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In order to better understand the ecological systems and monitor the ecological status of marine environment, the main target is to identify the structures and processes that can explain ecosystem dynamics, linking descriptors of state to descriptors of change. Recent trends in the comprehension of the community structure and functioning are aimed to the research of those “functional traits” species-independent able to act as non-taxonomic “descriptors of community.” Two of the most relevant taxonomic-free descriptors are the body size class and the functional group (Basset et al., 2004; Mouillot et al., 2006).

The definition of “functional group” is open to different interpretations, clustering phytoplankton on the base of various ecological roles and specialized requirements. This term groups species with similar “morphological and physiological traits and ecologies” (Reynolds et al., 2002): a functional group is composed by different species that, starting from the same resource or ecological component, perform a common ecological function (Blondel, 2003). On the basis of their biogeochemical metabolism or, farther, on the “resource” shared by the organisms, main taxonomic phytoplankton groups can be assembled in four specific “functional groups” (Blondel, 2003; Falkowski et al., 2003; Litchman et al., 2007; IOCCG, 2014): nitrogen fixers (this ability is unique to the Prokaryotes), calcifiers (including the taxonomical class of Haptophyceae, generally known as coccolithophores), silicifers (represented by the class of Bacillariophyceae, tipically known as diatoms, followed by some chrysophytes, silicoflagellates, and xanthophytes, which are not very widespread in the Mediterranean Sea), and Dimethylsulfoniopropionate (DMSP) producers (referred to some marine phytoplankton organisms belonging primarily to the group of Dinoflagellates, followed by Haptophytes).

The other important “taxonomic-free” descriptor is the “size.” A great number of single organism and community characteristics depend, in a known manner, on individual dimension. The “metabolic theory” of Brown et al. (2004), closely links the performance of “individuals” in terms of metabolism and energy transfer efficiency to the ecology of “population, community, and ecosystems.” There is a flow of energy and matter between the various ecological systems at different hierarchical scales, depending on environmental and individual characteristics that regulate the metabolism of the single organism and consequently, the features of each hierarchical level. According to this theory, body size, together with temperature and stoichiometry, is one of three key factors that affect individual metabolism and, consequently, the community ecology.

Although, also size measurements may be affected by uncertainties, especially at ecological “individual” level, morphometric, or “body size” descriptors offer however important advantages with respect to the taxonomic ones: cell size is simpler to measure in quantitative and reproducible way and overcomes the long times and great experience required for taxonomic identification (Basset et al., 2004; Mouillot et al., 2006). In the aquatic ecosystems, the role of the individual dimension as phytoplankton community descriptor is based on the relationship between size and pigmentary content, different taxa, or stages of growth in the same taxon, photosynthetic efficiency, bio-optical phytoplankton properties, and water column dynamic (Chisholm, 1992; Raven, 1998; Organelli et al., 2007). Raven (1998), in his important work “The twelfth Tansley Lecture. Small is beautiful: the picophytoplankton”, summarizes the influences of the phytoplankton cell size on its photosynthetic activity and its role in biogeochemical cycling and biodiversity. Size affects, above all, maximum specific growth rate, photon acquisition, nutrient solute, and water fluxes across the plasmalemma and loss of cells in the euphotic layer (Chisholm, 1992; Raven, 1998). On the base of the different ecological hierarchical levels of investigation, it is possible to identify several specific morphometric descriptors. For individual levels, we have bio-volume, surface area, or surface-volume ratio. Instead, for population and guild, we can consider body size-abundance distribution, body size-spectra, or biomass size fractions (Vadrucci et al., 2007). In the present work we take into account the biomass fractions of three Phytoplankton Size Classes (PSCs) related to the Sieburth et al. (1978) classification, micro- (>20 μm), nano- (2–20 μm), and pico- (<2 μm) phytoplankton and the main Phytoplankton Functional Types (PFTs).

In the recent years, several physical, biological, and ecological models have been proposed to estimate PSCs and PFTs from remote sensing data. Satellite technologies provide a great tool for a synoptic observation of the ecological state of the marine ecosystem at daily and global scale.

The most important current approaches used to detect dominant phytoplankton groups are designed for global application and are based on Brewin (2011) and IOCCG (2014): spectral-response, taking into account the specific optical signature of the different algal groups and deriving from both Apparent (AOPs) and Inherent (IOPs) Optical Properties (e.g., Ciotti et al., 2002; Sathyendranath et al., 2004; Alvain et al., 2005, 2008; Ciotti and Bricaud, 2006; Kostadinov et al., 2009; Pan et al., 2010, 2011; Roy et al., 2013; Navarro et al., 2014); phytoplankton abundance, based on the well-known inter-current relation between phytoplankton types and cell size and trophic status of environment (Chisholm, 1992; e.g., Devred et al., 2006; Uitz et al., 2006; Hirata et al., 2008, 2011; Brewin et al., 2010, 2011); ecological approach, in which additional ecological and physical information supports the ocean color data (e.g., Raitsos et al., 2008).

The applications of these approaches to the optical characteristics of Mediterranean Sea, featured by unique optical properties in the water column, with “oligotrophic waters less blue (30%) and greener (15%) than the global ocean” (Volpe et al., 2007), are very few. The great interest in the Mediterranean Sea rises from its peculiarities of quasi enclosed sea with dimension, morphology, dynamics, and external forcing that make it a “miniature model” for a better comprehension of the global ocean complex processes, from mesoscale to basin scale (Lacombe et al., 1981; Robinson and Golnaraghi, 1995; Siokou-Frangou et al., 2010). Only recently, Navarro et al. (2014) exploited the PHYSAT method of Alvain et al. (2005), based on an empirical correlation between normalized water leaving (nLw) radiances (AOPs) and diagnostic pigments of an HPLC global dataset, performing its regionalization for the Mediterranean Sea. The new PHYSAT-Med has been validated mainly for nanoeukaryotes, Prochlorococcus, Synechococcus, and diatoms and provides the dominant phytoplankton group for each satellite pixel. Furthermore, Sammartino et al. (2015) exploited the capability of a global empirical model, Brewin et al. (2011), solely based on chlorophyll a data, to describe the phytoplankton size biomass distribution in the Mediterranean Sea.

In this work, with the intent to investigate the composition of phytoplankton assemblage and its variability, we first analyze the relationship between chlorophyll a content and diagnostic pigment composition of phytoplankton assemblage in the Mediterranean Sea. Afterwards, following the global abundance-based approach and selecting the Total Chlorophyll a (TChla) as descriptor of the trophic status of the environment, we identified Mediterranean empirical relations between the concentration of TChla and seven accessory pigments considered diagnostic for the main algal groups (Table 1). This allows us to develop new regional algorithms for satellite biomass estimates of PFTs and size classes and assess their accuracy respect to global models. Finally, we applied these new regional algorithms to the 1998–2015 TChla satellite time series to compute Mediterranean PFT and PFC climatologies.

The paper is organized as follows: second section presents the in-situ and remote “data and methods” selected for this work, also describing the diagnostic pigment analysis performed on the Mediterranean pigment dataset; in Section “Results,” we present and validate new Mediterranean regional algorithms for the identification of PFTs and PSCs and compared them with the results obtained by applying two global models; at last, Section “Discussion and Conclusions” are exposed in fourth section.

DATA AND METHODS

In-situ Pigment Data and Quality Assurance

Diagnostic pigment data for the determination of the in-situ PFTs and PSCs come from a Mediterranean subset of the SeaWiFS Bio-optical Archive and Storage System (SeaBASS) HPLC pigment in-situ dataset (Werdell and Bailey, 2005). Data were collected during different cruises and periodical activities of fixed mooring monitoring. More in details, this subset consists of data from Prosope cruise (1999, September–October), Boussole mooring data (with sampling activities nearly every month from 2001 to 2006 and only in July for the 2008) and Boum cruise (2008, July). It consists of 1,454 sets of pigments, including stations sampled in case 1 waters and in various trophic conditions. Figure 1 shows the location of the whole SeaBASS Mediterranean in-situ measurements. We used all the in-situ data acquired in the first 50 m of the water column. Since these field samples were collected by several teams and were analyzed in different laboratories using a variety of HPLC instruments and protocols, we performed a quality assurance analysis to build up coherent combination of the data sets. At first, pigment data were visually checked in order to identify and remove suspected low quality values (for instrumental or clear stochastic errors). Then, we applied the Aiken et al. (2009) method to remove the outliers, according to Trees et al. (2000), which identified a strong log-linearity between TChla and accessory pigments. The data outside of the 95% confidence interval were eliminated. Following Hirata et al. (2011) and Brewin et al. (2010) we performed a 5-point moving average to the raw data, sorted according to increasing values of TChla, to maximize the signal to noise ratio and underline the main trend of the data. The quality control reduces the useful measurements to 1,379, with values ranging from 0.02 to more than 5 mg m−3 (well-representative of the Mediterranean chlorophyll a variability). Even if the in-situ dataset is predominantly collected in the western and central Mediterranean Sea while the eastern Mediterranean is less sampled, it includes a significant part of samples (38% of the total) that fall in the oligotrophic chlorophyll a range typical of the eastern basin, therefore our dataset can be considered representative of the entire Mediterranean trophic regimes.
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FIGURE 1. Spatial distribution of the phytoplankton pigments in the SeaBASS Mediterranean HPLC subset (Werdell and Bailey, 2005) used for this work.



Determination of PFTs and PSCs from Pigment Composition: Diagnostic Pigment Analysis (DPA)

Information about the composition of phytoplankton assemblage in terms of “types” and “size classes” has been obtained from the analysis of cell's pigmentary content of in-situ samples, exploiting the diagnostic properties of some marker pigments.

Following Vidussi et al. (2001), according to previous works on chemotaxonomy (Wright and Jeffrey, 1987; Gieskes et al., 1988; Everitt et al., 1990; Williams and Claustre, 1991; Claustre, 1994; Jeffrey and Vesk, 1997), we take into account seven diagnostic pigments (DPs), able to detect the main phytoplankton types and to outline the size structure of the whole assemblage in the Mediterranean Sea. Some of these pigments are unambiguous markers, others typify a principal group (with a minor contribution of some other classes, see Table 1). In Vidussi et al. (2001) the identification of the PSCs is founded on the relation between taxonomic groups and their most common dimensions in the Mediterranean Sea. Although, the phytoplankton grouping method based on the auxiliary pigments does not exactly reflect the phytoplankton size such as the one based on the size fractionated chlorophyll (lacking for the Mediterranean Sea), nevertheless several investigations about the typical off shore composition of phytoplankton Mediterranean community have proven the validity of this approach (Vidussi et al., 2001; Siokou-Frangou et al., 2010). Therefore, it must be taken into account that, on the basis of Sieburth et al. (1978) size classification, “micro” consists of Diatoms and Dinoflagellates in general, nano includes Cryptophytes, Haptophytes, and some classes of Heterokontophytes, and pico-phytoplankton is referred to Cyanobacteria, green flagellates, and Prochlorophytes (Table 1). In this work we also applied the linear adjustment of Brewin et al. (2010) for the assignment of 19′ hexanoyloxyfucoxanthin (primarily marker of the Haptophytes), more traceable to pico size class rather than to nano-phytoplankton in the ultra-oligotrophic waters (Hirata et al., 2008; Ras et al., 2008).

For the quantification of each type, a now well-established method is to estimate the contribution of different phytoplankton groups to the TChla of the whole assemblage on the basis of the pigment ratio of each marker to the TChla (Gieskes and Kraay, 1983; Gieskes et al., 1988; Barlow et al., 1993). Following this approach, Uitz et al. (2006), carried out a multiple regression analysis between the concentrations of TChla and the seven diagnostic pigments suggested by Vidussi et al. (2001), providing the best estimates of the “Total Chlorophyll a–Diagnostic Pigments” ratios (TChla/DPs) for a global data set. Applying this method, recently Di Cicco (2014) found a regional TChla–DPs relationship, based on Mediterranean data only, to evaluate the different pigment ratios of the phytoplankton assemblage that occur in this basin (Sammartino et al., 2015).

In this work, we revised this regional relationship defining new coefficients according to the new quality assurance applied to the SeaBASS data. The analysis is carried out on the 1,379 individual samples where TChla and all the seven selected biomarker pigments were available at the same time. It is important to underline that in accordance with Hooker et al. (2012) we defined TChla as the sum of Chlorophyll a with its allomers and epimers, Divinyl-Chlorophyll a, and Clorophyllide a (see Table 1).

Table 2 presents the best estimates resulting from the multiple regression analysis for the determination of the seven Mediterranean TChla/DPs ratios. The coefficients for each DP with their standard deviation and significance level are shown. The regression is highly significant, with a determination coefficient (r2) between the SeaBASS in-situ TChla and TChla estimated (TChla*, Table 3) equal to 0.99, and a p < 0.001 (based on the t-test).


Table 2. Best estimates (new coefficients) of the “TChla to DP” ratios for the Mediterranean SeaBASS subset with their standard deviation and significance value (p-value).
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Table 3. PSCs and PFTs used in this work with their in-situ estimation formulas (fraction of TChla*, ranging from 0 to 1) resulted from the Diagnostic Pigment Analysis.
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The final estimation formulas used for the in-situ quantification of each PFT and PSC fractions are schematically presented in Table 3 (each group is expressed as fraction of TChla*).

PSC and PFT Model Development

The in-situ dataset of PSC and PFT fractions resulted from the DPA has been randomly divided in two independent subsets, the first used for the model calibration (70% of the total data) and the remaining 30% for their validation. The existing co-variability founded between the accessory pigments linked to each fraction and the TChla allows the use of the latter as an index of the phytoplankton assemblage structure (Chisholm, 1992; Hirata et al., 2011). For each PFT and PSC group the relative in-situ fractions were regressed against the corresponding log10-transformed in-situ TChla concentrations (Figure 2), considering the log-normal distribution of this pigment (Campbell, 1995). We used the ordinary least square fit to define the functional forms that were better appropriate to represent the Mediterranean data distribution. Different functional forms were tested against our calibration dataset, starting from linear equation to more complex polynomial or exponential function, obviously also including the functions adopted by global PFT and PFC models. This allowed us to select the most appropriate functional forms, corresponding to those that better minimize the residual between the estimates and the observations. This results in six empirical relationships obtained by the regression technique, while the other three are derived as difference to maintain the mass balance. To obtain the TChla concentration related to each PFT and PSC group is sufficient to just multiply the fraction for the in-situ TChla.
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FIGURE 2. Regional relationships between in-situ TChla and the fraction (f) of each PSC and PFT: calibration (Cal) results. The blue dots refer to the in-situ PSC/PFT fraction obtained from equations in Table 3 (966 data) and the red line indicates the best fitting curve obtained from the calibration (see equations in Table 4). (A) Micro-Cal, (B) Nano-Cal, (C) Pico-Cal, (D) Diatoms-Cal, (E) Cryptophytes-Cal, (F) Green algae & Prochlorophytes-Cal, (G) Dinophytes-Cal, (H) Haptophytes-Cal, and (I) Prokaryotes-Cal.



Satellite Data and Processing

For the PSC and PFT determination from remote sensing we used the TChla Mediterranean reprocessed product available from Copernicus Marine Environment Monitoring Service (CMEMS, see OCEANCOLOUR_MED_CHL_L3_REP_OBSERVATIONS_009_073 product). These data were produced by the CMEMS Ocean Color Thematic Assembling Centre (OCTAC) using the ESA OC-CCI (European Space Agency—Ocean Color Climate Change Initiative) processor. MERIS, MODIS-Aqua, and SeaWiFS observations were merged into a single data by applying a series of state-of-the-art algorithms, from the atmospheric correction to the band shift correction schemes (for a comprehensive overview of the ESA-CCI products see http://www.esa-cci.org). Remote Sensing Reflectance (Rrs) spectrum is used as input to compute surface TChla (nominal resolution of 1 Km) via regional ocean color algorithm. The specific product used in this work, specialized for the Mediterranean Sea, is a merged Case 1—Case 2 product that takes into account the different optical properties of the offshore and inshore waters. Two different regional algorithms were applied on the reflectance: the MedOC4 algorithm (Volpe et al., 2007) for the case 1 waters, developed by the Group for Satellite Oceanography (GOS-ISAC) of the Italian National Research Council (CNR), and the AD4 (D'Alimonte and Zibordi, 2003), specialized for the case 2 ones. The exact identification of the two water types is performed by taking into account the whole light spectrum from blue to NIR bands for both two water types from in-situ data (D'Alimonte et al., 2003). For the waters with intermediate features, a weighted average of the two former algorithms was applied, based on the distance between the actual reflectance spectrum and the two reference reflectance spectra for case 1 and 2 waters, respectively.

For more details on the processing adopted by the data producers and the quality product assessment see Volpe et al. (2012) and http://marine.copernicus.eu/documents/QUID/CMEMS-OC-QUID-009-038to045-071-073-078-079-095-096.pdf.

In this work, we used 18 years (from 1998 to 2015) of daily TChla to compute Mediterranean daily PFT and PSC maps using the new regional algorithms described in Section Empirical Algorithms for the Identification of the PFTs and PSCs: Calibration and Validation. Daily fields were then used to build-up Mediterranean PFT and PSC climatology. Taking into account the applicability range of our models (0.02–5.52 mg m−3), in our processing we considered “good values” only the satellite TChla data falling in this range, masking the outsider.

RESULTS

Empirical Algorithms for the Identification of the PFTs and PSCs: Calibration and Validation

The new regional algorithms with their mathematical equations and the resulting regression coefficients are showed in Table 4. Most of the considered phyto-groups are well outlined by simple polynomial functions (cubic for micro, Diatoms, Cryptophytes, and Prokaryotes and quadratic for nano), except for the class of “Green algae & Prochlorophytes,” better represented by a different equation following the approach of Hirata et al. (2011, see Table 4). These functions, shown in Table 4, are applicable over a TChla range from 0.02 to 5.52 mg m−3.


Table 4. Regional algorithms developed to estimate the PSCs and PFTs in the Mediterranean Sea (as fraction of TChla, ranging from 0 to 1). For each dimensional and functional group, the equation and its relative coefficients are given.
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Figure 2 shows the results of the algorithm calibration. Micro-phytoplankton function (Figure 2A) increases monotonically with the increase of the TChla, ranging from the 8% to the 63% of the TChla concentration. Pico equation (Figure 2C), instead, shows an opposite behavior, with minimum and maximum values for maximum and minimum TChla concentrations, respectively, ranging between 5 and 81% of TChla. The nano function (Figure 2B) presents an intermediate trend, ranging from 12 to 48% of TChla, with a maximum in correspondence of about 0.57 mg m−3 of TChla. The micro component consists almost entirely of the Diatom group contribution, represented by a cubic function (Figure 2D) similar to the micro one, increasing monotonically with the TChla too. The contribution of the Dinophytes (Figure 2G) to the micro component and to the TChla concentration is very low, with a small range of variation between 1 and 6% of TChla, indicating that diatoms are the major constituent of the micro-phytoplankton in the Mediterranean Sea. Prokaryotes curve (Figure 2I) decreases monotonically from 55 to 3%, co-varying with the TChla increase. At lower chlorophyll concentrations Prokaryotes represents the main component of the pico group (with the contribution of small Haptophytes in the ultra-oligotrophic water). Increasing the chlorophyll value, the non-monotonic signal of the “Green algae & Prochlorophytes” (Figure 2F) grows up to the maximum value (about 13%) in correspondence of the TChla concentration of about 0.5 mg m−3. For higher value of TChla the function decreases with a weaker slope, concurring to the pico group more than to the Prokaryotes. Also the Cryptophytes (Figure 2E) co-vary with the TChla, growing up with the increment of this pigment from a minimum of 1% to a maximum of 22% at higher TChla values. At last but not least in terms of relative contribution to the TChla, the Coccolithophores curve (Figure 2H) presents a small range of variation (35–40%) for almost the entire range of chlorophyll, decreasing up to a minimum value about 10% at maxima TChla concentrations (about 5 mg m−3).

The results of the application of the Mediterranean algorithms (Table 4) on the validation dataset are shown in Figures 3, 4 (right panels), for the PSCs and the PFTs, respectively. The scatter plots of the TChla, estimated for each class applying the algorithms against the observed TChla fractions, clearly show the goodness of the fits for all the considered groups. The data points are uniformly distributed around the 1:1 line with a very narrow scatter.


[image: image]

FIGURE 3. Comparison between the validation (in-situ vs. estimated PSC TChla concentrations) of the new PSC regional algorithms (Val, right panel: B,D,F) vs. the global PSCs model of Brewin et al. (2011) (Brewin, left panel: A,C,E). For the statistics, see Table 7.
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FIGURE 4. Comparison between the validation of the new PFT regional algorithms (Val, right panel: B,D,F,H,L,N) vs. the global PFT model of Hirata et al. (2011) (Hirata, left panel: A,C,E,G,I,M): in-situ (x axis) vs. estimated (y-axis) PFT TChla concentrations. (A) Diatoms-Hirata, (B) Diatoms-Val, (C) Dinophytes-Hirata, (D) Dinophytes-Val, (E) Cryptophytes-Hirata, (F) Cryptophytes-Val, (G) Haptophytes-Hirata, (H) Haptophytes-Val, (I) Green algae & Prochlorophytes-Hirata, (L) Green algae & Prochlorophytes - Val, (M) Prokaryotes - Hirata, (N) Prokaryotes - Val. For the statistics, see Table 7.



A more quantitative evaluation of the proposed algorithm performances comes from the computation of the mean absolute error (root mean squared error, RMSE) and other statistical parameters (see Table 5 for the relative reference equations) with respect to the original PSC and PFT in-situ data (Table 6, calibration; Table 7, validation). A hindcast evaluation of the algorithm performances was also carried out (i.e., the same calibration data were used for fitting and testing). Furthermore, the error relative to the new regional algorithms is compared to the error associated with global abundance-based models applying them to the same validation dataset (Table 7). In particular, we used the empirical global relationships of Hirata et al. (2011), the only ones based on the abundance which are focused also on the PFTs, and the Brewin et al. (2010) models, applying the coefficients recalibrated in Brewin et al. (2011), developed only for the PSCs.


Table 5. Mathematical equations used to compute the statistic parameters.
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Table 6. Statistical results of the new regional algorithms (Med) applied to the calibration dataset (70% of the entire subset = 966 data).
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Table 7. Statistical results of the new regional algorithms (Med) validation compared with the statistics resulting by applying the global models (Brewin et al., 2011; Hirata et al., 2011) on the same validation dataset (30% of the entire subset = 413 data).
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The new regional algorithms show good performances for most of the groups taken into account (Table 6, calibration; Table 7, validation). The results obtained applying the algorithms to the validation dataset are consistent with the hindcast evaluation. Pearson correlation coefficient, which gives an estimate of the covariance between the models and the in-situ validation data, shows high correlation, with values ranging from 0.75 to 0.99 both for PSCs and PFTs, excluding the group of the Dinophytes (r = 0.60), probably also because of this group is derived as difference. All groups show very low values of mean bias error (MBE), ranging from −0.002 to 0.003 mg m−3 for the validation dataset. The RMSE, which gives a measure of the spread of the estimated values around the in-situ observed ones, goes from 0.018 mg m−3 for the “Green algae & Prochlorophytes” to 0.068 mg m−3 for the Diatoms in the PFT group and from 0.042 mg m−3 for the pico- to 0.070 mg m−3 for the micro-phytoplankton in the PSCs.

The comparison of the scatter plot obtained by the application of the PSC regional models with respect to the global models (Figure 3) shows that the Mediterranean algorithms perform better than the global ones for all the three groups. This evidence is confirmed by the statistical analysis (Tables 6, 7). Although, the Brewin et al. (2011) models applied to the Mediterranean data show high values of the correlation coefficient (0.9 for micro- and nano-phytoplankton), the statistical results highlighted that the regionalization improves the uncertainty (MBE) and the spread (RMSE) of about one order of magnitude for all the size classes. For example, for the micro-phytoplankton the MBE decreases from 0.068 to 0 when the regional algorithm is applied. In particular, the Brewin's algorithm slightly overestimates the micro component (Figure 3A) in the entire dynamical range of concentration. The behavior of this global model is exactly the opposite for the nano class, always underestimating the observed values (Figure 3C) resulting into a MBE of −0.056. As consequence, the main trend is the overestimation of the pico-phytoplankton component for concentrations lower than 0.1 mg m−3, and the underestimation at greater values (Figure 3E).

Figure 4 shows that applying the global models of Hirata et al. (2011) to the Mediterranean data Prokaryotes (Figure 4M), Haptophytes (Figure 4G), and Diatoms (Figure 4A) would be underestimated. This underestimation results into a mean relative percentage difference, RPD, of −20, −19, and −29%, respectively. The “Green algae & Prochlorophytes” (Figure 4I), instead, are overestimated (RDP = 116%). The predictive power for the Dinophytes (Figure 4C) is negligible, as in the global validation of the model (see (Hirata et al., 2011) for more details), with an r = 0.26 (Table 7). It must be taken into account that, unlike to this work, the development of the models of Diatoms and Haptophytes in Hirata et al. (2011) is based on in-situ Fuco and Hex-fuco data at which a background correction was applied. The Fuco signal in oligotrophic waters (<0.25 mg m−3) is assumed to be due to smaller Haptophytes rather than Diatoms. This correction is significant only at lower TChla concentrations. It means that, applying this global model in this TChla range, the estimates of Diatoms could be slightly improved for the Mediterranean Sea but, at the same time, the estimates of the Haptophytes would get worse. As for the PSCs, also for the PFTs (Figure 4) the regionalization reduces the bias of about one order of magnitude for all the types (Tables 6, 7). The preliminary analysis of r, MBE, and RMSE has showed a very good predictive power for all the new regional models. The best performances seem to be associated with the algorithms of Cryptophytes and “Green algae & Prochlorophytes” for the PFTs, followed by Haptophytes and Diatoms, and with the nano model for the PSC group. The study of the RPD and the mean absolute percentage difference, APD, has integrated this statistic information, taking also into account the different dynamical range of the TChla concentration represented by each class. Weighing the uncertainty on the dynamical range of the observed concentration values, statistical data confirmed the goodness of the fits for all the phytoplankton groups (Table 7) and showed the best predicted power for the algorithms which estimate the nano (RDP = 3% and ADP = 12%) and Haptophytes (RDP = 4% and ADP = 13%) components, for PSCs and PFTs, respectively. These considerations are also confirmed by the validation results represented in Figures 3, 4.

Application of the New Regional Algorithms to the Daily Mediterranean Reprocessed TChla CASE1–2 Time Series: PSC and PFT Climatology (1998–2015)

The new regional algorithms (Table 4) are applied on an 18 years' time series of TChla satellite estimates (see Section Data and Methods) to compute PSCs and PFTs. Figures 5, 6 show annual PSC and PFT (1998–2015) climatology, respectively. In the left panel, each map shows the fractions of the TChla represented by each phytoplankton component. For each pixel the percentage maps give fraction values relative to the chlorophyll concentration (Figure 5, top panel), whose distribution is typically characterized by a West–East decreasing gradient in the Mediterranean Sea (Siokou-Frangou et al., 2010; Estrada and Vaqué, 2014). In the right panel, instead, the maps show the relevance of each class in terms of TChla estimates (mg m−3).
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FIGURE 5. Annual climatological maps (1998–2015) of the TChla (top panel) and the PSCs: for each pixel, fractions are expressed in % with respect to the TChla (left panel: A,C,E) and the contribution of each PSC group to the TChla concentration in mg m−3 (right panel: B,D,F). PSCs are retrieved applying the new regional algorithms (see Table 4) on the daily TChla times series (Mediterranean reprocessed product produced by the CMEMS-OCTAC). (A,B) Micro-phytoplankton, (C,D) Nano-phytoplankton, (E,F) Pico-phytoplankton.
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FIGURE 6. Annual climatological maps (1998–2015) of the PFTs: for each pixel, fractions are expressed in % with respect to the TChla (left panel: A,C,E,G,I,M) and the contribution of each PFT group to the TChla concentration in mg m−3 (right panel: B,D,F,H,L,N). PFTs are retrieved applying the new regional algorithms (see Table 4) on the daily TChla time series (Mediterranean reprocessed product produced by the CMEMS-OCTAC). Since the wide range of TChla variability related to each PFT, note that the color scales could be different. (A,B) Diatoms, (C,D) Dinophytes, (E,F) Cryptophytes, (G,H) Haptophytes, (I,L) Green algae & Prochlorophytes, (M,N) Prokaryotes.



All the three size classes reach their maxima absolute values, >3 mg m−3 of TChla for micro (Figure 5B), and about 1.6 and 0.4 mg m−3 for nano (Figure 5D) and pico (Figure 5F), respectively, in the more productive zones of the basin (see Figure 5, top panel). In the eastern basin these areas are: the North Adriatic Sea and in general the whole Adriatic coast (due to the great nutrient supply from the Po river); the south-eastern area of the Levantine basin influenced by the outflow of the Nile river; the Northern Aegean Sea and the Gulf of Gabès (probably only an area of very shallow water). Otherwise, in the western basin, these more productive regions are the Gulf of Lion, the eastern cost of Spain, and the Tyrrhenian Sea coast. Very high values (greatest for the nano class) are also evident in the North–western Alborán Sea and along the Algerian and Tunisian coasts up to the Sicily channel, in the Liguro-Provençal and part of the Catalan Basin and in the cyclonic area of the North Tyrrhenian Sea. As expected, the existing co-variability between the accessory pigments linked to each fraction and the TChla is highlighted by the percentage maps (Figure 5, left panel). In the more oligotrophic eastern Mediterranean Sea, where TChla climatology shows the lower absolute concentrations (Figure 5, top panel), the relative dominant component is the pico class (Figure 5E). Here, the TChla concentration of the pico-phytoplankton (Figure 5F) is about five times micro (Figure 5B) and two times the nano one (Figure 5D). On the contrary, in the regions where the TChla reaches higher values, the percentage contribution of the nano and micro components increase (Figures 5A,C, respectively). Generally, in the whole basin the nano component shows intermediate values, in particular ranging from 30 to 40% of the TChla in the western basin, growing up to 45% in highly productive areas (Figure 5C).

Moving to the PFTs, the abundance of each class in terms of TChla concentration (Figure 6, right panel) reflects, as occurred in the size classes, the gradient of this pigment (Figure 5, top panel), showing for all groups higher values in the western basin and in the already mentioned high productive zones of the entire basin. This is true for all groups. In the climatological analysis, Prokaryotes constitute the principal component of the pico-phytoplankton in almost all areas, both in terms of percentage (Figure 6M) and concentration (Figure 6N). They are the absolute dominant group in the oligotrophic and ultra-oligotrophic waters of the eastern basin, but also for the western basin in the southern Tyrrhenian Sea and in some areas of the Algero-Provençal basin (Figure 6M). In the Levantine basin the second group in terms of TChla concentration is the Haptophytes (Figure 6H). They represent the dominant class within the nano-phytoplankton in the whole Mediterranean Sea and constitute the main group featuring the case 1 water of the western basin (Figure 6G). Diatoms (Figures 6A,B) dominate in the micro-phytoplankton and can be considered the third group in terms of TChla concentration in the open sea, followed by the Green algae (Figure 6L), Cryptophytes (Figure 6F) and, finally, Dinoflagellates (Figure 6D). Otherwise, in coastal areas Diatoms dominate, reaching values about of 3 mg m−3. This is well-evident in the North Adriatic Sea and in general in the entire Adriatic coast, in the southeastern area of the Levantine basin influenced by the outflow of the Nile River and in the Gulf of Gabès (Figure 6B). In general, in terms of chlorophyll concentration, in the coastal areas we find the predominance of the Diatoms and Haptophytes, followed by the remaining classes (Figure 6, right panel).

At last but not least in terms of biological importance, the phytoplankton distribution in the Alborán Sea and along the Algerian-Tunisian coasts is characterized by the dominance of the Haptophytes, followed by Diatoms, and then Prokaryotes, Green algae, Cryptophytes, and at last Dinoflagellates.

In addition, in Figure 7 we show the results of the monthly climatology of each group, averaged over the whole Mediterranean Sea. On basin scale, the component mostly representative of the TChla seems to be the nano-phytoplankton for the PSCs (top panel), especially in the bloom periods typical of the midlatituds. Nano is followed by pico and the component with the lower contribution to the TChla is the micro one. Only in summer, pico-phytoplankton dominates on the TChla concentration, exceeding the other two classes. In the same season, the micro component reaches its minimum values. The monthly mean PFT climatology (Figure 7, bottom panel) confirms the predominance of the Haptophytes within the nano-phytoplankton in the whole Mediterranean Sea as highlighted in the previous PFT map analysis (Figure 6H). This is also the predominant group all over the year. The Haptophytes are followed by Diatoms and Prokaryotes representing the main component for the micro- and the pico-phytoplankton, respectively. More in detail, the contribute of the Diatoms to the TChla concentration is greater than the Prokaryotes only in the early spring. The two classes show similar concentrations in late autumn and winter season while, in the remaining part of the year, Prokaryotes dominate. Cryptophytes and “Green algae & Prochlorophytes” always reveal a same contribution, even if the concentration of the latter is slightly greater in late winter—early spring. These two functional groups represent the smallest fractions within the nano- and pico- size classes, respectively. At last, Dinophytes constitute the class with the lowest TChla concentration all over the year.
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FIGURE 7. Mean monthly climatology (1998–2015) of the PSCs (A) and the PFTs (B) over the Mediterranean Sea in terms of their contribution to the TChla (mg m−3). The PSCs and PFTs are retrieved applying the new regional algorithms (see Table 4) on the daily Total Chlorophyll a time series (Mediterranean reprocessed product produced by the CMEMS-OCTAC).



DISCUSSION AND CONCLUSIONS

The Mediterranean Sea is typically characterized by peculiar optical properties that make its color different from the global ocean (Volpe et al., 2007). In addition to an abundant aerosol dominated by continental anthropogenic pollution (Moulin et al., 1997) and the presence of Saharan dust in the water column (Claustre et al., 2002), one of the main reasons that justifies its color seems to be a different phytoplankton assemblage structure typical of this basin (Volpe et al., 2007). This is also confirmed by the presence of pigment ratios different with respect to those of the global ocean (Sammartino et al., 2015). This implies the need of regional algorithms that take into account all these peculiar characteristics. In the last year, several specialized algorithms have been proposed for the detection of the chlorophyll a concentration (e.g., Volpe et al., 2007; Santoleri et al., 2008). Instead, PFT and PSC regional algorithms do not exist, except for the recent work of Navarro et al. (2014). They adapted the previous version of the PHYSAT method of Alvain et al. (2005, 2008), providing regional estimates of dominant PFT groups. In our work, for the first time, new regional algorithms have been advanced to identify, together, the contribution of each PSC and PFT group to the satellite estimates of TChla concentration. This different approach, based on the close link existing between the abundance of each group and the trophic status of the environment (Margalef, 1967, 1978; Brewin, 2011), provides new kind of information, complementary to the results of the PHYSAT-Med.

Our assessment of the uncertainty associated to the new developed regional algorithms and the most used global models based on the same approach, highlight and confirm that a regionalization for the PSC and PFT satellite algorithms is required. As shown by our validation results (Section Empirical Algorithms for the Identification of the PFTs and PSCs: Calibration and Validation), the use of Mediterranean PSC and PFT algorithms allowed to eliminate the bias between observations and estimates and to reduce the RMSE of an order of magnitude respect the global models.

Even if the uneven distribution of the in-situ observations between western-central Mediterranean Sea and the eastern basin could imply that the new formulations are more appropriate for the western basin, we are confident that the derived parameterizations can be applied also in the eastern Mediterranean Sea without introducing a significant bias on satellite estimates. In fact, the in-situ dataset used for the algorithm calibration includes the typical values of chlorophyll a observed in the oligotrophic waters of eastern Mediterranean Sea (ranging from 0.02 to 0.14 mg m−3). The number of the samples that fall in this chlorophyll range represent the 38% of the total number of the calibration data, 18% of which are acquired in the eastern Mediterranean Sea. This implies that the oligotrophic condition is well represented in our dataset. For a further assessment, we made a preliminary evaluation of the new parameterizations limited to the eastern Mediterranean Sea using all available in-situ observation in our dataset. This results into a bias (from −0.001 to 0.001 depending on the PFT/PCS parameterization) and RMS (from 0.002 to 0.004 depending on the PFT/PCS parameterization), values comparable with the bias obtained in western Mediterranean for the same TChla range and with the values resulting from the algorithm validation (see Table 7). Even if this result cannot be considered conclusive since has been obtained with a limited number of in-situ observations, the statistical results seem to indicate that our parameterization should not introduce any significant bias to satellite derived estimates.

The analysis of the phytoplankton assemblage distribution patterns resulted from the application of our new algorithms to the Mediterranean multi-sensor reprocessed dataset (1998–2015) is consistent with the main previous knowledge, both in terms of distribution and phytoplankton ecology (Siokou-Frangou et al., 2010; Uitz et al., 2012; Estrada and Vaqué, 2014; Navarro et al., 2014). Pico-phytoplankton, with Prokaryotes as the main component, is widespread throughout the whole basin and always dominant in oligotrophic and stratified waters (see Section Results) in agreement with the observation of Siokou-Frangou et al. (2010), according to which the pico component constitutes more than 50% of the total biomass in these conditions (Estrada and Vaqué, 2014). Furthermore, our results show that pico class reaches its maximum value (about 0.4 mg m−3) in the more productive areas. These considerations are also in consonance with ecological behavior and strategy of this group. Size affects nutrient solute and water fluxes across the plasmalemma, favoring the smaller sized cells in the oligotrophic water. This is due to the larger surface to volume ratio of small cells with respect to the larger ones, which make the former efficient nutrient absorber in very low nutrient conditions. Moreover, in stratified environments the probability of sinking out from the euphotic zone is greater in the micro-sized cells than in the smaller ones, undergoing a lower loss of organisms (Chisholm, 1992; Raven, 1998). However, this does not imply that Prokaryotes and pico-phytoplankton in general reach the maxima values in terms of chlorophyll concentration in the oligotrophic conditions. In fact, Chisholm (1992) suggested that they usually achieve their “maximum potential biomass” (of about 0.5 mg m−3) in high nutrient conditions, in accordance with our estimates. We showed that, in the more productive region of the basin, the chlorophyll concentrations of the pico and Prokaryotes classes correspond to relative small percentage of TChla (Chisholm, 1992). Indeed, our climatological maps shows the dominance, in these conditions, of the micro component with values that exceeds up to the 50% of the TChla, followed by nano- and, at last, by a minor contribute of the pico-phytoplankton (about 10–15%).

Within the micro group, the major contribute is clearly due to the Diatoms in the higher nutrient areas. This is justified by the ecological strategy of this functional group, physiologically better adapted to high dynamic conditions and more efficient in the nutrient absorption. Moreover, they are also able to subtract nutrients from the surrounding environment and to store them in their large vacuoles, depriving other groups and supporting their growth at the same time (Margalef, 1978; Falkowski et al., 2003; Litchman et al., 2007; Estrada and Vaqué, 2014). About the Dinoflagellates, their contribution to the micro-phytoplankton is very low with respect to the Diatoms one. This is probably due to their different ecological strategy, well-adapted to high dynamical environment but with a higher affinity for low nutrient conditions. Moreover, Estrada and Vaqué (2014) suggested that the use of peridinin as biomarker pigment for the Dinoflagellates identification could cause an underestimation of their abundance because it could be not present in some organisms of this class (Jeffrey and Vesk, 1997).

An important result of this study is the information on the Nanoflagellate distribution, mainly represented by the Haptophytes in our dataset. This can represent a precious novelty, considering the lack of knowledge on the Nanoflagellate spatial distribution, improved only in the last years thanks to the more diffused usage of chemotaxonomic and molecular techniques (Latasa et al., 2010). The widespread distribution of the nano component and its high contribution to the TChla in the whole basin confirms the Uitz et al. (2012) results, according to which the primary production in the Mediterranean Sea is mainly due to the nano-phytoplankton component.

The lack of data on the phytoplankton biogeography at different spatio-temporal scales in the whole Mediterranean Sea and the well-known difficulties in the long-term acquisition of in-situ data at basin scale make essential the use of the remote sensing technique for a synoptic observation of the phytoplankton assemblage composition and its diversity. Our analysis revealed the importance of providing regional algorithms strictly required to suit the peculiar bio-optical properties featuring this basin. The statistical results demonstrated the goodness of the performance and the applicability of our models for the abundance estimations of PSCs and PFTs together.

Nowadays, in the context of international Climate Change Initiatives and cooperation, a synergic effort of the Space Agencies in collaboration with remote sensing scientist is conducted to identify the major gaps (both instrumental and scientific) that should be filled to improve the accuracy of satellite estimates of the phytoplankton groups and their variability (Bracher et al., 2017). In this framework, the following actions summarize our future perspectives to improve remote observations on the Mediterranean Sea: (a) to extend the validation and calibration of the PFT new regional algorithms including new in-situ dataset of HPLC Total Chlorophyll a and diagnostic pigments acquired, in recent years, by the Mediterranean scientific community; (b) to improve the accuracy of the PSC algorithms with a new calibration and validation only based on TChla size-fractions; (c) to carry on the in-situ bio-optical measurements to cover all the un-sampled Mediterranean regions, also with the intent to exploit different approaches (e.g., spectral response-based); (d) to extend this regionalization activity to new generation sensors (e.g., OLCI for Sentinel-3) to obtain higher resolution information also for phytoplankton dynamical studies at mesoscale; (e) to analyse the Mediterranean PFT and PSC trends, thanks to the availability of consistent long term satellite observation time series.

On time scales larger than the period we considered, climate or human induced changes in environmental conditions can produce modifications of phytoplankton pigment composition and thus the pigment ratios to the Total chlorophyll a. This implies that the simple empirical relations used to compute the PFTs and PFCs from the chlorophyll observations need to be re-evaluated and or a more sophisticated approach which links the pigment ratios, the PFT, and PSC composition and the major environmental forcing should be developed.
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