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In-situ fluorescence is a widely used method to estimate the chlorophyll-a (Chla) concentration, a proxy of the phytoplankton biomass. With the emergence of autonomous platforms such as BioGeoChemical-Argo (BGC-Argo) profiling floats, its use has expanded to global scale observations. However, the relationship between in-situ fluorescence and Chla may vary significantly, leading to major discrepancies between oceanic regions. This study aims to investigate the main sources of the natural variability in the in-situ fluorescence signal in the global open ocean, specifically the influence of the phytoplankton community composition. In this view, we analyzed a combination of three datasets comprising concomitant measurements of in-situ fluorescence, pigment concentrations and phytoplankton absorption spectra. Two datasets cover several contrasted bioregions of the global ocean whereas the third one consists of a regional time series in the northwestern Mediterranean Sea, which allows to examine the effect of phytoplankton community composition on the fluorescence signal on the global, seasonal and vertical scales. We studied the variability of the two major drivers of the natural variability of the fluorescence process, i.e. the light absorption and the fluorescence quantum yield of phytoplankton, in regards of the variability of the pigment composition of the communities. The community composition correlates substantially with the Chla-to-fluorescence ratio, with high fluorescence values associated with phytoplankton communities dominated by large cells. This trend may be explained by the combined effects of the community composition on the phytoplankton absorption coefficient and the fluorescence quantum yield, and is consistently observed globally, seasonally and vertically. Non-photosynthetic pigments also appear to play a critical role in oligotrophic surface waters, leading to a reduction of the quantum yield of fluorescence. The results indicate that the phytoplankton community composition plays a key role in the relationship between the in-situ fluorescence signal and Chla concentration. Therefore, we suggest that taking into account the composition of phytoplankton communities in the retrieval of the Chla concentration from current in-situ fluorometers, those mounted on BGC-Argo floats in particular, would lead to a better estimation of the phytoplankton biomass on a wide range of spatial and temporal scales.
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1 Introduction

The ongoing global changes result in significant changes of oceanic biogeochemical cycles (Bindoff et al., 2019). The drivers of these modifications have to be better characterized and understood, a prerequisite for the predictive modeling of the evolution of the ocean biogeochemistry and its feedback to climate. As phytoplankton play a critical role in oceanic biogeochemical cycles (Falkowski, 1994), mapping their biomass at appropriate spatial and temporal scales appears essential. However, the wide spatial distribution and variable cell sizes (Chisholm, 1992; Roy et al., 2013) of phytoplankton communities make a global assessment of their biomass challenging. Several techniques are used that cover distinct ranges of the size spectrum of phytoplankton organisms, from flow cytometry analysis (Dubelaar and Jonker, 2000) to microscopic observation (Booth, 1993; Karlson et al., 2010), or High Performance Liquid Chromatography (HPLC) pigment analysis (Jeffrey et al., 1997). Nevertheless, these techniques rely on discrete sampling, which restricts the spatial and temporal coverages of the observations. Satellite-based methods permit to estimate phytoplankton biomass on a global scale but are limited to the ocean surface layer (i.e. the light first penetration depth) and hence do not encompass the vertical distribution of phytoplankton within the whole water column.

Initially introduced to oceanography in 1966 (Lorenzen, 1966), in-situ fluorescence relies on the fluorescence property of the chlorophyll-a (Chla) molecule. A fluorometer emits blue light exciting the chlorophyll-a (Chla) molecule and detects the red shifted light that is subsequently reemitted in the environment; the increase in the fluorescence signal is then interpreted as an increase in Chla concentration. Thanks to the possibility to equip with fluorometers autonomous in-situ platforms (profiling floats, gliders), in-situ fluorescence has become the most widely used technique to assess the phytoplankton biomass at large space and time scales with a fine vertical resolution. In particular, the BioGeoChemical-Argo (BGC-Argo) program aims to monitor and understand key biogeochemical processes on the global scale by developing a network of profiling Argo floats equipped with a suite of biogeochemical sensors (Roemmich et al., 2019; Claustre et al., 2020). BGC-Argo floats are all equipped with an ECO-series Chla fluorometer (SeaBird Electronics), providing time series of vertical profiles of Chla concentration for a broad range of oceanic regimes, resulting in a powerful dataset for investigating the distribution and dynamics of the phytoplankton biomass. Nevertheless, a recent study by Roesler et al. (2017) pointed to the large regional (natural) variability in the relationship between fluorescence and reference Chla concentration measurements, in addition to a global overestimation bias of the Chla concentration by fluorometers of the ECO-series. These results stress out the necessity to better understand the sources of variability in the fluorescence-to-Chla concentration relationship, with an aim to improve the calibration of fluorescence into Chla equivalent for all types of in-situ platforms, BGC-Argo profiling floats in particular.

The variability in the ratio between the fluorescence signal and the Chla concentration has been shown to depend not only on the physiological state of phytoplankton cells (Behrenfeld et al., 2009; Escoffier et al., 2015; Schuback et al., 2021; Gorbunov and Falkowski, 2022), but also on the accessory pigment composition that varies with the phytoplankton taxonomic composition (Johnsen and Sakshaug, 2007; Proctor and Roesler, 2010; Roy et al., 2011). Two main factors influence the fluorescence process; the amount of (blue) light absorbed by cells which depends on both the intensity of the light emitted by the sensor and the absorption capacity of the cells (Bricaud et al., 1995; Bricaud et al., 2004; Roy et al., 2013), and the efficiency of the cells in reemitting part of the absorbed blue light as red light, an efficiency known as the fluorescence quantum yield (Alpine and Cloern, 1985; Olaizola and Yamamoto, 1994; Falkowski and Kolber, 1995).

Despite a significant variability in phytoplankton communities and environmental conditions encountered by the BGC-Argo floats and their attached fluorometers, an identical standard calibration equation is used to convert the electric signal associated to red light emission into Chla concentration (Bittig et al., 2019).

While phytoplankton communities and, hence, pigment composition (e.g. Claustre, 1994; Mackey et al., 1996; Jeffrey et al., 1997; Zapata et al., 2004; Ras et al., 2008) vary tremendously at the global scale, the effect of such variations on the estimation of Chla concentration based on in-situ fluorescence measurements is still poorly understood and quantified. This knowledge is however crucial to better assess phytoplankton biomass in the world ocean and, thus, to improve our understanding of biogeochemical cycles.

In this study, we examine the role of phytoplankton community structure in driving the fluorescence signal through its effects on the phytoplankton absorption coefficient and fluorescence quantum yield. To this end, we analyze data of BGC-Argo in-situ chlorophyll fluorescence, HPLC pigment concentrations, and phytoplankton absorption spectra, from various regions of the global open ocean. To investigate further the effect of seasonal succession and vertical distribution of phytoplankton communities on the fluorescence signal, we also consider a time series of in-situ fluorescence, HPLC pigments and phytoplankton absorption spectra acquired in the North Western Mediterranean (Ligurian) Sea. This region is characterized by a strong seasonality and contrasted oceanographic and biogeochemical conditions (Marty et al., 2002; Lavigne et al., 2015; Mayot et al., 2017) which will possibly permit to generalize the regional results to other temperate areas. Ultimately, we discuss possibilities to improve the calibration of the in-situ fluorescence signal to Chla concentrations by taking into account information on the phytoplankton community composition.



2 Data and methods


2.1 Fluorescence principle

The determination of the Chla concentration, [Chla] (mg m-3); using an in-situ fluorometer is based on the fluorescence principle expressed as follows:



where the fluorescence signal, F (mol quanta), depends on the spectral Chla-specific absorption coefficient of phytoplankton at a wavelength λ, a*(λ) (m2 (mg Chla)-1); the quantum yield of fluorescence, Φ (relative unit); and the light energy emitted by the fluorometer at the considered wavelength, E(λ) (mol quanta m-2) (Cosgrove and Borowitzka, 2010). While F is defined as a quantity of energy (i.e. mol quanta), the output of the fluorometer is expressed in digital counts or in relative fluorescence units (RFU).

BGC-Argo floats are equipped with a Seabird Electronics SBE (previously WET Labs) ECO-series fluorometer. This sensor emits exciting energy on a range of wavelength going from 454 to 480 nm with a peak at 470 nm (Schmechtig et al., 2014). We note that this wavelength does not coincide with the in vivo Chla absorption peak in the blue region of the spectrum (Bricaud et al., 2004), but rather excites accessory pigments that transfer the energy to the reaction centers (RC) of the photosynthetic apparatus. The energy reemitted by phytoplankton cells is measured at a nominal wavelength of 690 nm and expressed as counts that correspond to F. This signal is then converted into Chla concentration ([Chla]fluo) following Equation (2):



with “Dark signal” the number of fluorescence relative units in the dark and “Calibration slope” the factory determined coefficient that permits to convert the number of counts into [Chla]fluo (mg m-3 count-1). The Calibration slope is derived from a calibration performed by the manufacturer, based on a series of measurements of [Chla]fluo for a range of concentrations of a monospecific culture of the diatom Contricriba weissfglogii (also known as Thalassiosira weissflogii)in controlled conditions (SBE ECO Chlorophyll Fluorometer Characterization sheet).

The bias in the estimate of [Chla]fluo is quantified in reference to [Chla] determined from HPLC analysis ([Chla]HPLC), assuming that [Chla]HPLC is equal to [Chla] in Equation (1). As in Roesler et al. (2017), the bias introduced in the conversion of F into [Chla]fluo is assessed through the coefficient of a linear regression between concurrent measurements of [Chla]fluo and [Chla]HPLC, and is referred to as the “slope factor”. Combining and rearranging Equations (1) and (2), the slope factor (dimensionless) can be defined as follows:



with two constant values, E and Calibration slope, and two variable quantities, a*(λ) and Φ. The only two parameters that can explain the variability of the slope factor are therefore a*(λ) and Φ.

In order to grasp the variability of these important quantities, we analyzed different datasets that are presented in the next sections. The combination of this different datasets allows to investigate their spatial variability on the global scale as well as their seasonality and depth variability.



2.2 Global scale databases

In order to examine the sources of spatial variability of the fluorescence signal on the global scale, we analyze the “Glo-Argo” database. This database comprises concurrent measurements of [Chla]fluo, [Chla]HPLC, and concentrations of accessory pigments, along with indirect determinations of the a*(470), which is the phytoplankton absorption coefficient at 470 nm, the excitation wavelength of the ECO fluorometers mounted on the BGC-Argo floats. The [Chla]fluo data arise from BGC-Argo float fluorescence measurements, and the HPLC-determined [Chla]HPLC and accessory pigments concentrations from discrete seawater samples collected simultaneously to the BGC-Argo float deployments. The phytoplankton absorption coefficient was generally not measured at float deployment and was thus derived from [Chla]HPLC using the empirical relationship of Bricaud et al. (1995). This relationship is based on a global scale database of contrasted environments and has proven robust for application to large scale dataset and does not show substantial regional variability – see Figure 1 in Bricaud et al. (1995).




Figure 1 | (A) Geographic location of the sampling stations in the Glo-Argo database and (B) mean value of the slope factor, defined as the coefficient of the regression between [Chla]Fluo and [Chla]HPLC, for each bioregion of the Glo-Argo database (ANTA, Antarctic Province; ARCH, Archipelagic Deep Basin Province; ARCT, Atlantic arctic Province; BPLR, Boreal Polar Province; EMED, Eastern Mediterranean Sea; SANT, Subantarctic Province; SPSG, South Pacific Subtropical Gyre Province; WMED, Western Mediterranean Sea). The error bars indicate 95% confidence limits.



Overall, the Glo-Argo dataset includes in-situ measurements associated with 46 BGC-Argo floats deployed in 8 oceanic provinces defined by Longhurst (2006), also called “bioregions”. We will further refer to these bioregions by the following abbreviations (codes): ANTA, Antarctic Province; ARCH, Archipelagic Deep Basin Province; ARCT, Atlantic arctic Province; BPLR, Boreal Polar Province; EMED, Eastern Mediterranean Sea; SANT, Subantarctic Province; SPSG, South Pacific Subtropical Gyre Province; and WMED, Western Mediterranean Sea. They range from polar to subtropical biomes and are thus representative of most of the environmental conditions observed in the global ocean (Table 1). From the entire BGC-Argo fleet, we selected the floats that have been deployed with concomitant high-resolution vertical sampling for HPLC analysis. The float data were extracted from the official Coriolis database (ftp://ftp.ifremer.fr/ifremer/argo). The first measurement profile of each float has been matched with its associated HPLC profile at deployment. A maximum delay of 24h between the float fluorescence profile and the seawater sampling was set as a condition for the final matchups have a time lag of 9 h ± 6 h (mean ± standard deviation).


Table 1 | Summary of the three different datasets used in the present study, the name of the sampled bioregions with the correspond abbreviations, the available measurements and the number of samples in each dataset.



All of the BGC-Argo floats are equipped with identical SBE ECO Puck Triplet fluorometers, to which the same standard calibration procedure is applied (Schmechtig et al., 2014). Thisensures that the observed variability in the fluorescence signal can be attributed to natural variability rather than to inter-sensor variability. The [Chla]fluo is calculated from F, expressed as counts, a relative unit, following the manufacturer calibration coefficient (cf. Equation 2). The data are corrected for non-photochemical quenching (NPQ) following the method of Xing et al. (2012) In Brief, this method extrapolates the deep fluorescence value toward surface. It has been validated using data from contrasted conditions in the Southern Ocean and Mediterranean Sea and successfully used in various open oceans (Barbieux et al., 2018; Mignot et al., 2018; Taillandier et al., 2018). The [Chla]fluo values greater than 4 times the Cook distance of the regression between [Chla]fluo and [Chla]HPLC in each bioregion are identified as outliers and removed. Roesler et al. (2017) recommends a factor of 2 to be applied to the BGC-Argo [Chla]fluo data so as to account for the mean overestimation of [Chla] by the ECO-series fluorometers on the global scale. Nevertheless, the correction factor of 2 is not applied here as our goal is to compare regional values of the slope factor computed for the Glo-Argo database with those of Roesler et al. (2017). Finally, the euphotic depth (Zeu) was calculated from the [Chla]fluo vertical profile adjusted with [CHLA]HPLC following Morel and Maritorena (2001), which allows to compute Zeu for all vertical profiles, including the 13 night profiles; the data below Zeu were discarded. The final dataset comprises 335 samples distributed over 46 different profiles in 8 oceanic bioregions (Table 1).

Our global-scale investigation is completed by the analysis of the “Glo-aphy” dataset, which comprises concurrent HPLC pigment determinations and on-filter measurements of the phytoplankton absorption spectrum for seawater samples collected over 13 cruises from 1990 to 2016, most of them being part of the databases presented in Bricaud et al., 1995; Bricaud et al., 2004; Bricaud et al., 2010). This dataset includes 3340 in-situ data spanning 14 different bioregions that cover contrasted ocean environments from polar to subtropical biomes and, thus, may be considered as representative of the global open ocean. As for the Glo-Argo dataset, Zeu was computed following Morel and Maritorena (2001) and the data located below Zeu were discarded.



2.3 North Western Mediterranean Sea fluorescence database

In order to understand the seasonal and vertical variability of the fluorescence signal, we completed our analysis using the “Med-Bouss” database, a time series acquired at the long-term fixed station BOUSSOLE (BOUée pour l’acquiSition d’une Série Optique à Long termE) located in the Ligurian (Northwestern Mediterranean) Sea at 7°54′E, 43°22′N (Antoine et al., 2008). Seawater sampling was carried out at the BOUSSOLE station every month from 2013 to 2015, at seven discrete depths (5, 10, 20, 30, 40, 50 and 60 m) using a CTD-rosette system equipped with 12-L Niskin bottles (Golbol et al., 2020). A Chelsea Aquatracka III fluorometer was mounted on a CTD-rosette device and acquired fluorescence profiles concomitantly with seawater sampling. The Aquatracka fluorometer has an excitation waveband ranging from 378 to 483 nm with a peak at 430 nm, and an emission waveband ranging from 670 to 700 centered on 685 nm. The fluorometer calibration did not change over the whole time series. The fluorescence output is expressed as RFU. The total dataset comprises 843 samples for which are available concurrent data of [Chla]fluo, [Chla]HPLC, HPLC-determined accessory pigments, and on-filter phytoplankton absorption spectra.



2.4 Phytoplankton absorption

For both the Glo-aphy and Med-Bouss databases, the spectral phytoplankton absorption coefficient, aph(λ) (m-1), was measured following the same analytical protocol and using the same filters as those used afterwards for HPLC analyses (Bricaud et al., 1995; Bricaud et al., 2004; Bricaud et al., 2010). In brief, absorption measurements were performed with a Perkin Elmer 850 spectrophotometer, equipped with a 150 mm diameter integrating sphere, using a blank filter as reference. Spectra were shifted to zero in the near infrared by subtracting the average optical density between 750 and 800 nm (Röttgers and Gehnke, 2012). Optical densities were then corrected for the amplification effect (Bricaud and Stramski, 1990) and converted into particulate absorption (in m-1) (Allali et al., 1997). The contribution of phytoplankton to the particulate absorption was then determined following the numerical decomposition of Bricaud et al. (2010). In this study we focus on the specific absorption wavelength of 470 nm, which corresponds to the excitation wavelength of the SBE ECO-series fluorometer mounted on the BGC-Argo floats. We recall that phytoplankton absorption was not systematically available for the Glo-Argo dataset and that aph was derived from [Chla]HPLC following the general relationship of Bricaud et al. (1995) regardless of the bioregion.



2.5 Phytoplankton pigments and community composition

For the global (Glo-Argo and Glo-aphy) and Mediterranean (Med-Bouss) datasets, the Chla concentration and the composition of phytoplankton communities are estimated using HPLC pigment measurements. In brief, seawater from discrete sampling is filtered onto glass fiber filters (GF/F Whatman 25 mm), that are stored in liquid nitrogen during cruises then transferred at −80°C in the laboratory until further analysis at the SAPIGH HPLC analytical facility at the Institut de la Mer de Villefranche (IMEV). Phytoplankton pigments are extracted from the cells by sonication in 100% methanol, clarified by filtration (GF/F Whatman 0.7 µm), and finally separated and quantified by HPLC. More details about the HPLC analytical protocol may be found in Ras et al. (2008). The concentration of total chlorophyll-a (TChla) is defined as the sum of Chla, divinyl-chlorophyll-a and chlorophyllid-a concentrations. In this paper, we will refer to [Tchla] as [Chla]. We specifically investigate the distribution of seven diagnostic pigments (DP) identified, among the full suite of accessory pigments, as biomarkers of major phytoplankton taxa, further grouped into three size classes (Claustre, 1994; Vidussi et al., 2001). The seven DP are presented in Table 2 along with their abbreviations which, for the sake of simplicity, will be used hereafter.


Table 2 | Major biomarker pigments used in this study with their abbreviation, taxonomic significance and associated size class (Vidussi et al., 2001).



The DP-based method allows the estimation of the relative contribution to the [Chla] of three phytoplankton size classes: micro- (>20 μm), nano- (2-20 μm) and pico-phytoplankton (<2 μm) following equations given in Uitz et al. (2006). We note that, because it relies on biomarker pigment concentrations, this approach yields an average, synthetic estimate of both the taxonomic and size composition of the phytoplankton communities. Although we recognize that it has limits because some phytoplankton taxa may occasionally span several size classes and some DP may be found in several taxa, this approach has been shown to provide reliable, quantitative information for use on large spatial and temporal scales (e.g. Bricaud et al., 2004; Uitz et al., 2006; Brewin et al., 2014).



2.6 Data analysis

We determined the three variables of interest, i.e. slope factor, Chla-specific absorption at 470 nm (a*(470)) and quantum yield of fluorescence (Ф), using a type I linear regression model applied at the regional scale for the Glo-Argo and Glo-aphy datasets and at the seasonal and vertical scale for the Med-Bouss dataset.

The slope factor is computed as a regression of type I between [Chla]fluo and [Chla]HPLC. A type I regression is selected in regard of the robustness of the HPLC estimation of [Chla], considered as the reference (Claustre et al., 2004). The intercept is set to 0 because, after subtraction of the dark signal, an absence of Chla in the environment should be associated with a null fluorescence signal. Thus, the intercept corresponds the dark calibration, which improves the robustness of the statistics.

The Chla specific absorption coefficient of phytoplankton at 470 nm, a*(470), is calculated as the coefficient of the regression between the phytoplanktonic absorption at 470 nm, aph(470) (m-1), and [Chla]HPLC (mg m-3). The retrieved a*(470) coefficient is then expressed in m-2 mg Chla-1.

The fluorescence quantum yield, Ф, is calculated as the coefficient of the regression between F and aph(λ) (m-1), λ being the wavelength of the excitation peak of the considered fluorometer. For the Glo-Argo dataset, F is expressed as counts and λ equals 470 nm; and for Med-Bouss dataset, F is expressed as RFU and λ equals 430 nm. The obtained Ф is then expressed either as counts m-1 or RFU m-1 for the Glo-Argo or Med-Bouss dataset, respectively. It represents the raw output value of the fluorometer subsequently to light absorption by phytoplankton cells.

Each regression is performed on the bioregional scale for the Glo-Argo and Glo-aphy dataset. For the Med-Bouss dataset, we merged the data acquired during the three consecutive years in order to optimize the number of data per regression and thus the robustness of the statistics. Statistics from the regressions are provided in the supplementary material.

A principal component analysis (PCA), performed with the FactoMineR package version 2.4 (Lê et al., 2008), is used to investigate the succession of phytoplankton communities at the Mediterranean Sea site (Med-Bouss dataset). All analyses were performed with the R software, version 4.1.2.




3 Results


3.1 Global variability of the slope factor

In order to investigate the influence of phytoplankton community composition on the estimation of [Chla]fluo, concomitant measurements of [Chla]fluo from BGC-Argo floats and [Chla]HPLC are merged into a global-scale dataset (Glo-Argo). This dataset covers contrasted bioregions from high to low latitudes (Figure 1A; Table 1). Thus, the variability of the slope factor in this dataset may be considered as representative of its variability on the global scale. The mean value of the slope factor is 2.2, which indicates that the SBE ECO fluorometer overestimates [Chla] on the global scale by a factor 2.2. Additionally, the slope factor shows different values depending on the bioregions (Figure 1B). There is a large variability between high and low latitude environments, with a maximum value of 2.8 observed in the Boreal Polar Province (BPLR) in the North Atlantic Ocean, and a minimum value of 1.1 in the Archipelagic Deep Basin Province (ARCH) in the subtropical Pacific Ocean. In the Mediterranean Sea, the slope factor ranges from 1.7 to 1.9 in the eastern (EMED) and western (WMED) basins, respectively. Our results are consistent with those of Roesler et al. (2017), who reported a mean global value of 2, and a regional variability characterized by higher values in polar regions and lower values in subtropical regions.

We now consider the distribution of the slope factor on a ternary diagram representing the pigment-based composition of phytoplankton communities in the Glo-Argo dataset (Figure 2). The data follow a gradient from microphytoplankton-dominated communities typical of polar and sub-polar regions, to picophytoplankton-dominated communities in the subtropical regions. In between, there are mixed and nanophytoplankton-dominated communities associated with the temperate waters of the Mediterranean Sea. The regression between the values of the slope factor and the Chla relative contribution of the three phytoplankton size classes is displayed as the background of the ternary diagram. It shows a clear pattern where the communities dominated by larger phytoplankton groups are associated with high values of the slope factor. Thus, our analysis indicates that the observed regional patterns of the slope factor (Figure 1 and Roesler et al., 2017) are consistent with the patterns associated with the composition of the phytoplankton communities (Figure 2). This suggests that the regional variability in the slope factor may in fact be influenced by phytoplankton community composition.




Figure 2 | Ternary diagram of the pigment-based relative contribution to the Chla concentration of three phytoplankton size classes (micro-, nano-, and picophytoplankton) in the global Glo-Argo dataset. The color of the background indicates the value of the [Chla]fluo/[Chla]HPLC ratio extrapolated with a linear regression model. The color of the datapoints indicates the corresponding bioregions (ANTA, Antarctic Province; ARCH, Archipelagic Deep Basin Province; ARCT, Atlantic arctic Province; BPLR, Boreal Polar Province; EMED, Eastern Mediterranean Sea; SANT, Subantarctic Province; SPSG, South Pacific Subtropical Gyre Province; WMED, Western Mediterranean Sea).



In order to understand the mechanisms underpinning the correlation between the slope factor and phytoplankton community composition, we examine the variability of the two main photophysiological properties influencing the fluorescence signal, i.e. the Chla-specific absorption coefficient and the fluorescence quantum yield.



3.2 Variability of the phytoplankton absorption coefficient

The influence of the phytoplankton community composition on the phytoplankton Chla-specific absorption coefficient is first investigated using the Glo-aphy dataset. Similarly to the Glo-Argo database, Glo-aphy encompasses a wide variety of oceanic regimes, including polar, temperate and subtropical bioregions (Figure 3A; Table 1). The value of a*(470) follows a regional distribution (Figure 3B) and ranges from 0.024 to 0.071 m2 (mg Chla)-1, with a magnitude of variation of 2.95. On the one hand, the North Atlantic Subtropical gyre (NASE) and North Atlantic Drift (NADR) bioregions display the highest a*(470) coefficient of the dataset with values of ~0.07 m² (mg Chla)-1. These bioregions are characterized by oligotrophic waters, dominated by picophytoplankton with large concentrations of zeaxanthin. On the other hand, polar bioregions like SANT and ANTA, dominated by larger cells, show the lowest a*(470) values of ~0.02 m2 (mg Chla)-1.




Figure 3 | (A) Geographic location of the sampling stations in the Glo-Aphy database (B) Distribution of the Chla-specific absorption coefficient at 470 nm, a*(470) (m2(mg Chla)-1), calculated from a linear regression between aph(470) and the Chla concentration for each bioregion of the global Glo-aphy dataset (see Table 1 for code significance). The error bars indicate the 95% confidence limits.



In addition to the global-scale analysis, the vertical and seasonal variability of a*(470) induced by changes in the phytoplankton communities is investigated using the Mediterranean (Med-Bouss) dataset. This dataset covers three successive annual cycles and seven different depths, and presents contrasted environmental conditions due to the pronounced seasonality of this bioregion (Marty et al., 2002; Durrieu de Madron et al., 2011) with [Chla]HPLC values ranging from ~0.03 to 2.50 mg m-3. In the next paragraphs, we first describe the seasonal and vertical distribution of phytoplankton communities based on a Principle Component Analysis (PCA) and then present the distribution of the a*(470) coefficient.

A PCA projection of the pigment data from the Med-Bouss dataset is performed to visualize the distribution of the different phytoplankton communities over the seasonal cycle and the vertical dimension (Figure 4). On the first principal component (PC1), we observe a discrimination of the different sampling depths, indicating that PC1 represents the vertical distribution of the phytoplankton communities. On the second principal component (PC2), we observe a seasonal discrimination, spring and winter in the lower part of the axis and summer and fall in the upper part. Indeed, summer is characterized by stratified waters with a shallow mixed layer, whereas other seasons are characterized by a deeper mixed layer. In spring, the increase of sun light associated with nutrient-replenished upper layer resulting from a deep winter mixed layer depth (MLD) leads to the emergence of a seasonal bloom, progressively consuming the surface nutrients and eventually leading to the formation of a deep chlorophyll maximum (DCM) (Lavigne et al., 2015; Barbieux et al., 2019). In summer and fall, surface waters are typically dominated by zeaxanthin, indicative of the presence of pico-prokaryotes (Sammartino et al., 2015; Trombetta et al., 2020) whereas the concentration of 19’-BF and 19’-HF increase in deeper waters, indicating an enhanced contribution of nanophytoplankton cells such as prymnesiophytes and chrysophytes (Bustillos-Guzmán et al., 1995) to the phytoplankton assemblage at depth. In winter, we observe an increased concentration of fucoxanthin, mostly indicative of the presence of diatoms (generally microphytoplankton). Those observations are consistent with the phytoplankton succession described by Marty et al. (2002), which gives us good confidence that the PCA representation efficiently grasps the vertical as well as seasonal variations of phytoplankton communities.




Figure 4 | Orthogonal projection of the two first principal components of the PCA analysis of the concentrations of the seven diagnostic pigments in the Northwestern Mediterranean Med-Bouss database, between 5 and 60 m depth over 3 years (2013–2015). The color of each point represents the sampling depth as indicated. The relative contribution to the Chla concentration of each of the three phytoplankton size classes and the seasons are superimposed as supplementary variables onto the PCA projection space.



In the Med-Bouss dataset, the a*(470) coefficient ranges from 0.017 to 0.068 m2 (mg Chla)-1 (Figure 5), which is coherent with observations on the global scale in comparable regimes (Figure 3). It shows a relatively low vertical variability in winter and fall, when the water column is mixed (e.g. D’Ortenzio et al., 2005), with values comprised between 0.03 and 0.04 m2 (mg Chla)-1 in winter, and 0.04 to 0.05 m2 (mg Chla)-1 in fall (Figure 5). The a*(470) coefficient reaches a maximum of 0.07 m2 (mg Chla)-1 in summer at surface, in picophytoplankton dominated communities, and slowly decreases from fall to winter when phytoplankton communities are dominated by larger cells. Lower values are observed in winter and below 20 m in spring and summer where it decreases to less than 0.04 m2 (mg Chla)-1. This is consistent with our observations in the global-scale (Glo-aphy) database where higher values of a*(470) are encountered in picophytoplankton-dominated communities.




Figure 5 | Orthogonal projection of the two first principal components of the PCA analysis of the concentrations of the seven diagnostic pigments in Northwestern Mediterranean Med-Bouss dataset, between 5 and 60 m depth over 3 years (2013–2015). The color of each point represents the Chla-specific absorption coefficient at 470 nm, a*(470), which did not serve in the construction of the projection. The relative contribution to Chla of each of the three phytoplankton size classes and the seasons are superimposed as supplementary variables onto the PCA projection space.



In order to determine the influence of phytoplankton pigments and, thereby, community composition on phytoplankton absorption, we consider the distribution of a*(470) in the orthogonal projection of PC1 and PC2 of the pigment based PCA (Figure 5). We observe, in particular, that the increase in a*(470) in the surface layer during the summer season coincides with the occurrence of picophytoplankton-dominated communities, with high concentrations of zeaxanthin. The highest values of a*(470) (>0.04 m2 (mg Chla)-1) are exclusively observed in such communities, while moderate to low values of a*(470) are distributed amongst nano- and micro-phytoplankton-dominated communities with no clear pattern in terms of pigments composition.

Our results indicate a significant variability of the a*(470) coefficient, not only on the global scale among the considered bioregions (Figure 3B), but also within a given bioregion, vertically within the water column as well as seasonally (Figures 5, 6). Importantly, the global-scale variability in the a*(470) coefficient (Figure 3) does not follow the same trend as the slope factor (Figure 1), which shows higher values in high latitude regions and lower values in low latitude regions. Therefore, the a*(470) coefficient is unlikely to be the only driver of the variability of the ratio between F and [Chla], i.e. the slope factor. This led us to examine the scales of variability of the fluorescence quantum yield.




Figure 6 | Vertical distribution of the phytoplankton chlorophyll-specific absorption coefficient at 470 nm, a*(470) in m2 (mg Chla)-1, for each season and sampling depth of the Med-Bouss dataset.





3.3 Variability of the fluorescence quantum yield

We investigate the role of the second potential driver of the slope factor, the quantum yield of fluorescence, using the Med-Bouss and Glo-Argo datasets. In the Mediterranean dataset, the fluorescence quantum yield appears to vary between 5 and 12 RFU m-1 depending on the season and depth (Figure 7). The maximum values are observed near the DCM in spring (12 RFU m-1) and at depth in winter (10 RFU m-1), whereas the minimum values are observed below 20 m in summer (~5 RFU m-1). The summer season is characterized by a relatively low vertical variability. In contrast, a strong vertical pattern is found in spring, when the fluorescence quantum yield shows significantly higher values at 30-40 m than at surface (5 m). We also note that the fluorescence quantum yield shows larger values in spring than in summer. In fall, the standard deviation at most depths is larger than the vertical and seasonal variability.




Figure 7 | Vertical distribution of the quantum yield of fluorescence, Φ (RFU m-1), for the Med-Bouss dataset for each season and each sampling depth.



On a global scale, the regional variations determined from the Glo-Argo dataset for the fluorescence quantum yield are presented in Figure 8. The fluorescence quantum yield varies between 6800 counts.m-1 and 13900 counts.m-1 for the subtropical ARCH and polar BPLR bioregions, respectively. The maximum values are found in high latitude regions in contrast to subtropical regions characterized by lower values of the fluorescence quantum yield. Temperate regions have a similar value of Φ as subtropical regions with around 1000 counts m-1.




Figure 8 | (A) Distribution of the slope factor, defined as the coefficient of the regression between [Chla]Fluo and [Chla]HPLC, (B) Chla-specific absorption coefficient at 470 nm, a*(470) (m2(mg Chla)-1), and (C) fluorescence quantum yield, Φ (counts m-1), for the eight bioregions of the Glo-Argo dataset (ANTA, Antarctic Province; ARCH, Archipelagic Deep Basin Province; ARCT, Atlantic arctic Province; BPLR, Boreal Polar Province; EMED, Eastern Mediterranean Sea; SANT, Subantarctic Province; SPSG, South Pacific Subtropical Gyre Province; WMED, Western Mediterranean Sea). The error bars indicate 95% confidence limits.



For comparison purposes, we present a summary of the regional distribution of slope factor (Figure 8A, same as Figure 1B), the Chla-specific absorption coefficient (Figure 8B) and fluorescence quantum yield (Figure 8C) based on the analysis of the Glo-Argo database. On the one hand, some regions located in the subtropical biome (SPSG and ARCH) show a high value of the a*(470) coefficient, yet a relatively low value of Ф. This suggests that, in such systems, the absorbed light energy is not dissipated as fluorescence, which would result in a decrease of the F-to-[Chla] ratio and, thus, of the slope factor (close to 1 in the case of ARCH). On the other hand, high-latitude regions (SANT and ARCT) show moderate to low and moderate to high values of a*(470) and Ф, respectively, suggesting that the little energy that is received by phytoplankton cells is mostly reemitted as fluorescence, which leads to an increase in the F-to-[Chla] ratio and high values of the slope factor (~3).




4 Discussion

The estimation of [Chla] based on in-situ fluorometers relies on the correlation between F and [Chla]. This correlation has been shown to be significantly variable at the global scale between different regions of the open ocean (Roesler et al., 2017). We studied here the role of the composition of phytoplankton communities on this variability through its influence on the Chla-specific absorption coefficient and fluorescence quantum yield.

As expected from numerous previous studies (e.g. Bricaud et al., 2004; Brewin et al., 2011; Uitz et al., 2015), we observe maximum values of a*(470) in surface oligotrophic waters, i.e. in seasonally or permanently stratified open ocean conditions where picophytoplankton generally dominate the phytoplankton communities (Figure 2). The shape of the phytoplankton absorption spectrum is known to be mainly influenced by the package effect occurring in phytoplankton cells and the accessory pigment composition (Greg Mitchell and Kiefer, 1988; Bricaud et al., 1995; Cleveland, 1995; Bricaud et al., 1999). Picophytoplankton-dominated communities are characterized by a limited package effect because of a small average cell size, and large concentrations of non-photosynthetic carotenoids such as zeaxanthin, both of which lead to enhanced values of a*(λ) in the blue spectral region (Allali et al., 1997; Ciotti et al., 2002; Bricaud et al., 2004; Uitz et al., 2008). In such systems, the effect of photoacclimation combines with that of community composition and influences the vertical distribution of the a*(470) coefficient (e.g. Bricaud et al., 2004; Uitz et al., 2008; Uitz et al., 2015). First, acclimation to low light levels leads to lower a* values at depth due to an increase in the degree of pigment packaging associated with enhanced intracellular Chla content. Second, the zeaxanthin-to-Chla ratio is known to increase in high light regime (Six et al., 2004; Dubinsky and Stambler, 2009), resulting in larger a* values at surface.

Moreover, zeaxanthin is thought to be involved in photoprotection mechanisms (Demmig-Adams, 1990). This pigment enhances the energy dissipation through heat, hence diminishing the photosynthetic quantum yield (Bidigare et al., 1989; Olaizola and Yamamoto, 1994) and the fluorescence quantum yield (Kiefer and Reynolds, 1992). This is consistent with our observation that bioregions with high concentrations of zeaxanthin, such as SPSG and ARCH, are also associated with relatively low values of the fluorescence quantum yield (Figure 8). The effect of the decrease in the fluorescence quantum yield due to zeaxanthin appears to be greater than that of the increase in a*(470), resulting in a lower slope factor in picophytoplankton-dominated communities.

In the Mediterranean Sea in summer, the surface waters show high values of the Chla-specific absorption coefficient associated with a dominant contribution of picophytoplankton to the algal community and large concentrations of zeaxanthin. Yet they do not present a significantly lower fluorescence quantum yield (Figure 7), compared to the other depths and seasons, as could be expected from our results based on the global dataset (Figure 8). This result may be explained by the optical specifications of the Chelsea Aquatracka III fluorometer used during the BOUSSOLE cruises. Indeed, this fluorometer has an excitation wavelength of 430 nm that does not coincide with the absorption peak of zeaxanthin, unlike the ECO fluorometers mounted on the BGC-Argo floats that have an excitation wavelength of 470 nm. The Chelsea Aquatracka III fluorometer excites a region of the phytoplankton absorption spectrum closer to the absorption peak of Chla in solution compared to the spectral region targeted by the ECO-series fluorometer. Thus, the influence of zeaxanthin on the fluorescence response is diminished. Our results, therefore, suggest that using a fluorometer with an excitation wavelength of 430 nm may reduce the effect of zeaxanthin on the fluorescence quantum yield and, thereby, the influence of the phytoplankton community composition on the slope factor and subsequent [Chla] retrieval.

The fluorescence quantum yield has been reported to be dependent on the physiological state of phytoplankton cells (Falkowski and Kolber, 1995; Behrenfeld et al., 2009). In this study, we found a significant influence of phytoplankton community composition. Consistent trends are observed between the datasets from the Northwestern Mediterranean Sea and global ocean. In particular, higher values of Ф are found in communities characterized by a dominance of large phytoplankton cells and high [Chla], as is the case in the Northwestern Mediterranean Sea in spring or in high latitude bioregions. In contrast, lower Ф values are found in oligotrophic regions, which we attribute to the presence of photoprotective pigments, specifically zeaxanthin.

Explaining the high values of Ф in the high latitude regions remains a challenge. In the Southern Ocean, iron limitation plays an important role in the modulation of the fluorescence signal (Schallenberg, 2022). Southern Ocean phytoplankton communities often cope with iron and light colimitation (e.g. Boyd et al., 2000). In such conditions, they adapt their photosynthetic apparatus by increasing the size of the light-harvesting antenna in the photosynthetic unit, rather than by increasing the number of reaction centers, which would be iron-consuming (Strzepek et al., 2012; Strzepek et al., 2019; Schallenberg et al., 2020). An increase in the size of the antenna leads to a modification of the light transfer efficiency of the photosynthetic unit (Strzepek et al., 2012; Schallenberg et al., 2020), with a probable influence on the F-to-[Chla] ratio. Nevertheless, in this study, we observe high values of Ф in three different polar regions (SANT, ARCT, BPLR; Figure 8), not only in the Southern Ocean but also in the Arctic Ocean. This suggests that the large Ф values do not necessarily solely result from regional environmental conditions, such as iron depletion that is more specific to the Southern Ocean and may lead to atypical photophysiological properties (Behrenfeld et al., 2009). The large Ф values may also result from a common factor in these polar regions, such as a predominance of large phytoplankton cells (Figure 2). Due to the relatively small size of the Glo-Argo dataset, we could not investigate the temporal dynamics of the F-to-[Chla] ratio in relation to iron depletion or input events, which would help to disentangle the likely combined effects of iron and community composition on the fluorescence quantum yield.

In addition, the limited size of the Glo-Argo dataset hinders our ability to account for the seasonal and/or vertical variability of a*(470) and Ф in each bioregion that may lead to discrepancies between bioregions from the same biome. For instance, the SPSG bioregion presents a relatively high Ф despite belonging to the subtropical biome. The SPSG bioregion is characterized by a relatively large diversity of phytoplankton community size structure, being dominated by picophytoplankton or nanophytoplankton (Figure 2). This diversity may lead to unexpectedly high values of Ф, compared to the other subtropical region. This result is consistent with our conclusion that, beyond the physiological state of phytoplankton cells, the fluorescence quantum yield may be largely influenced by the composition of phytoplankton communities.

The present study establishes a correlation between the phytoplankton community composition and the two major drivers of the in-vivo fluorescence process, a*(λ) and Ф. The effects of those two parameters are integrated in the slope factor index, which reflects the variability of the F-to-[Chla] ratio. Thus, the [Chla]fluo estimation shows spatial, seasonal and vertical variability that reflects changes in phytoplankton community composition. Therefore, we suggest that integrating indicators of the phytoplankton community composition into the conversion of F into [Chla]fluo would contribute to improving the estimation of [Chla]fluo.



5 Conclusion and perspectives

In-situ fluorescence used in combination with autonomous platforms, such as BGC-Argo profiling floats, provides a powerful means for obtaining a global assessment of the Chla concentration, a major proxy of the phytoplankton biomass (e.g. Lombard et al., 2019; Claustre et al., 2020). However, the natural variability in the phytoplankton fluorescence response may considerably impede the estimation of the Chla concentration and, hence, needs to be apprehended (e.g. Proctor and Roesler, 2010; Roesler et al., 2017). The present study aims to better understand the influence of phytoplankton community composition on the natural variability of the in-situ fluorescence signal. In this end, we analyzed concurrent measurements of fluorescence, pigment concentrations determined by HPLC, and phytoplankton absorption spectra from various open ocean regions, and addressed the global variability in addition to the seasonal and vertical variability within a given region. Our results suggest a significant influence of phytoplankton community composition on the fluorescence signal, resulting from different photophysiological properties, i.e. the absorption coefficient and the fluorescence quantum yield, between phytoplankton groups.

Our results indicate that accounting for the composition of phytoplankton communities may help to better constrain the estimation of the Chla concentration based on in-situ fluorescence measurements. Hence, we suggest that incorporating an index of phytoplankton community composition into the conversion of F into [Chla]fluo may be a relatively simple, effective way to improve the quantification of the Chla concentration based on BGC-Argo float observations. Different methods have been introduced to derive information on the taxonomic or size structure of phytoplankton communities from BGC-Argo float measurements. In particular, Briggs et al. (2013) proposed a method to infer the mean size of the particle pool from high frequency time series of the particulate backscattering coefficient. Sauzède et al. (2015) developed a neural network-based approach to retrieve the Chla concentration attributed to three distinct phytoplankton size classes from the shape of the fluorescence profile. More recently, Rembauville et al. (2017) introduced a method that retrieves the relative contribution to the stock of particulate organic carbon of three phytoplankton size classes. While the methods of Sauzède et al. (2015) or Rembauville et al. (2017) provide comprehensive information on the community size structure from machine learning, some methods rely on the particulate backscattering-to-Chla ratio and can be used to estimate a simple optical index of the phytoplankton community composition (Cetinić et al., 2015; Lacour et al., 2017). Therefore, the global scale analysis of the covariance between such optical index of the community composition, a*(470) and Ф could allow to optimize the conversion of F into [Chla]fluo for application to BGC-Argo float fluorometers. Today, the challenge is to collect and merge the appropriate dataset. It should be large enough to cover different contrasted oceanic systems encompassing a continuum of phytoplankton community taxonomic and size structure and generate statistically robust results. The resulting relationship could allow the emergence of a real time correction of the [Chla]Fluo. Ultimately, the correction factor would reflect phytoplankton community composition variability and thus, would vary on the regional and seasonal scale. Thus, we strongly support Bittig et al. (2019) recommendation to collect seawater samples to perform phytoplankton HPLC pigments and spectral absorption analyses at BGC-Argo float deployment.

Our study shows that non-photosynthetic pigments may play an important role in the reduction of the ratio between fluorescence and Chla concentration in the surface layer of stratified oligotrophic waters. The current 470 nm excitation wavelength of the ECO-series fluorometer equipping BGC-Argo floats does not coincide with the spectral band of the Chla absorption maximum. The use of a fluorometer with an excitation closer to 430 nm would ensure to target the Chla in vivo absorption peak and, hence, likely reduce the influence of accessory pigments on the fluorescence signal (Bricaud et al., 2004; Proctor and Roesler, 2010). We recommend to investigate such possibility in the future, by deploying in the field a fluorometer with two excitation channels, one at 470 nm and one closer to 430 nm. This should be done in association with HPLC pigment measurements in order to compare the variability of the slope factors obtained from the two different excitation channels.

Eventually, taking into account the composition of phytoplankton communities for the retrieval of the Chla concentration from current in-situ fluorometers, or using new multi-channel sensors implemented on observation platforms, BGC-Argo floats in particular, will lead to substantially more robust estimates of the phytoplankton biomass on a broad range of spatial and temporal scales. Such quantitative information is critical to understand and model biogeochemical cycles in the global ocean. In a context of climate change, there is an urgent need to improve biogeochemical models whose initialization and validation will, in the future, rely more and more on BGC-Argo float observations, as this global observation system develops (Cossarini et al., 2019; Claustre et al., 2020).



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: https://github.com/Flavi1P/fluorescence.



Author contributions

FP, JU, HC initiated the study, designed the work, and drafted the manuscript. FP gathered the different datasets, performed the data analysis and created the plots. VV and MG planned and performed seawater sampling at the BOUSSOLE site. JR and CD performed the HPLC pigment analyses. CS handled BGC-Argo data archiving and distribution, and merged the global BGC-Argo and HPLC dataset. AP prepared and tested the BGC-Argo floats prior to deployment and set up the raw data stream. All authors contributed to and approved the manuscript.



Funding

This paper represents a contribution to the following projects: OBOO funded by CNRS INSU via the LEFE-CYBER program; remOcean funded by ERC (grant 246777); NAOS funded by ANR EquipEx (grant J11R107-F); SOCLIM funded by the Fondation BNP Paribas; and BOUSSOLE funded by CNES and ESA (contract N° 4000119096/17/I-BG) with support of the French Oceanographic Fleet. FP is funded by a PhD grant from Sorbonne Université (Ecole Doctorale 129).
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