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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 >3mg m=3 of
TChla for micro-, and about 1.6 and 0.4mg 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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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,l,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.

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

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).

PSCs and PFTs Med (Calibration)

MBE RMSE r RDP(%) ADP(%)

Micro 0.001 0.054 0.988 1 28
Nano —0.002 0.040 0.990 2 11
Pico 0.001 0.033 0.907 5 18
Diatoms 0 0.053 0.987 16 35
Dinophytes 0.001 0.023 0.646 47 71
Cryptophytes —0.001 0.027 0.983 41 67
Green algae & 0 0.015 0.958 13 36
Prochlorophytes

Prokaryotes 0 0.021 0.781 9 25
Haptophytes —0.001 0.038 0.971 2 12

The statistic is computed on TChla concentration values (mg m~2). MBE and RMSE are
expressed in mg m~3, while r, RPD (%), and APD (%) are dimensionless.

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.
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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).

PSCs Brewin et al. (2011) Med (Validation)
MBE RMSE r RDP (%) ADP (%) MBE RMSE r RDP (%)  ADP (%)

Micro 0.068 0.219 0.989 36 45 0 0.070 0.985 11 29
Nano —0.056 0.168 0.907 -23 24 0.001 0.045 0.989 3 12
Pico -0.012 0.062 0.780 10 27 —0.001 0.042 0.875 4 19
PFTs Hirata et al. (2011) Med (Validation)

Diatoms 0.089 0.164 0.980 -29 61 —0.001 0.068 0.983 19 38
Dinophytes 0.007 0.099 0.263 30 89 0 0.028 0.599 46 72
Cryptophytes - - - - - —0.002 0.027 0.990 M 66
Green algae & Prochlorophytes 0.022 0.035 0.909 116 117 0 0.018 0.946 13 35
Prokaryotes —0.020 0.083 0.722 -20 29 —0.001 0.024 0.752 8 26
Haptophytes —0.058 0.126 0.805 -19 24 0.003 0.048 0.956 4 13

The statistic is computed on TChla concentration values (mg m*a). MBE and RMSE are expressed in mg m=3, while r, RPD (%) and APD (%) are dimensionless.

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).

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 0.4mg m~> for nano (Figure5D) 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 Gabes
(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 Alboran Sea and along the Algerian and
Tunisian coasts up to the Sicily channel, in the Liguro-Provengal
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 (Figure5D). 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-Provencal 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~>. 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 Gabes (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 Albordn Sea and along the
Algerian-Tunisian coasts is characterized by the dominance of
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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.

Frontiers in Marine Science | www.frontiersin.org 13 May 2017 | Volume 4 | Article 126


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Di Cicco et al.

Mediterranean Algorithms for Phytoplankton Satellite Retrieval

(A) PSC Monthly climatology
T T T T

: RN e e e
| - VIO i |
0.10 |- —iptbierionl .
- it N Micro-phytoplankton ]
€ c e 3
S 0.08 g A -
E C 1 2
S 006
>
F |
8— |-
5 0.04 —
£Q s
(&} ks
0.02
0.00 Coo il 0 4| i . ol
1 2 3 4 5 6 7 8 9 10 1 1

Months

(B) PFT Monthly climatology

AT L L e e TS

C [ Diatoms ]
[ Dinophytes

. 0.08 — B Cryptophytes -]

LY B N Haptophytes =1

%’ [ Green algae & Prochlorophytes 1
C W Prokaryotes —

£ 006 ‘

©

z

a 0.04

o

i)

=

© o002

6 7
Months

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*S). 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).

the Haptophytes, followed by Diatoms, and then Prokaryotes,
Green algae, Cryptophytes, and at last Dinoflagellates.

In addition, in Figure7 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.

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
etal., 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 0.14mg m~>). 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
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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~?) 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 0.5mg 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
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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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