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Phytoplankton diversity emerging from chromatic adaptation and 
competition for light 
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A B S T R A C T   

The phytoplankton absorption cross-section is a fundamental quantity in biogeochemical ocean models that alters the underwater spectral light field and the 
photosynthetic response of phytoplankton. Phytoplankton taxa are characterized by absorption spectra with defined absorption bands in the visible region of the light 
spectrum that govern the capability of different taxa of phytoplankton to exploit light as a resource for growth. The interplay between the spatial and temporal 
gradients of underwater spectral light and the light absorption characteristics of different phytoplankton types contribute to the interactions and selection among 
groups and hence can be a determinant in shaping phytoplankton diversity and biogeography. In this work, we used a biogeochemical model of the Mediterranean 
Sea to simulate nine optically different phytoplankton functional types (PFTs) and coupled it to a radiative transfer model to simulate the spectral underwater light 
field where the PFTs interact. We investigated the competitive advantage provided by the different absorption spectra and the possibilities of coexistence emerging 
from the availability of different light habitats. By considering non-spectrally resolved optical differences among PFTs, our model results led to the dominance of 
Synechococcus sp. within picophytoplankton, coccolithophores within nanophytoplankton and dinoflagellates within microphytoplankton. By including the spectral 
dependency of photosynthesis, we observed how the availability of different spectral light habitats led to the coexistence of picophytoplankton groups in clear waters, 
whereas for nano- and microphytoplankton PFTs, the extent of coexistence permitted by light fluctuations was minimal. By combining optical and functional dif
ferences in the PFT description, we obtained PFT distributions that were in relative agreement with observed phytoplankton distributions in the Mediterranean Sea 
estimated from satellite and in situ high-performance liquid chromatography sampling. This result suggests that combining spectrally resolved optical traits with 
functional traits in the description of the autotrophic community can be a valuable tool to improve simulations of the diversity and biogeography of primary 
producers in the ocean.   

1. Introduction 

Phytoplankton are a key compartment in the biochemistry of the 
ocean. They assimilate inorganic nutrients and fix carbon by photo
synthesis, and thus, they are important in the coupling between nutri
ents and the carbon cycle (Buesseler, 1998). Phytoplankton community 
composition is an emerging property resulting from the interaction, 
competition and selection of phytoplankton taxa. The relative fitness of 
different phytoplankton types is determined by several traits, including 
their growth dependence on resource availability as well as their sus
ceptibility to predation and other causes of mortality. Differences in 
traits among phytoplankton types may contribute to their interactions 
and selection in the physical, chemical and predatory environments and 
hence to their spatial and temporal distributions. 

One fundamental trait affecting phytoplankton growth is the light 
absorption cross-section of the cells. Photochemical reactions are pow
ered by light, and the absorbed amount depends on the available irra
diance and on the amount of light absorbed by the phytoplankton cells. 
The phytoplankton absorption cross-section is a fundamental quantity in 

physical and biogeochemical ocean models that alters the underwater 
spectral light transmission and the photosynthetic response of phyto
plankton to available light. Algal pigments have defined absorption 
bands in the visible region of the electromagnetic spectrum (Bidigare 
et al., 1990; Bricaud et al., 2004), and different phytoplankton groups 
are characterized by different pigment suites (Sathyendranath et al., 
1987). Thus, light absorption coefficients are wavelength-dependent (i. 
e., colour-dependent) and allow the species to exploit environmental 
variation in spectral light by employing different photosynthetic pig
ments that absorb different colours of light. 

Therefore, underwater light is not a single resource for phyto
plankton; rather, it offers a spectrum of resources. Underwater irradi
ance spectra are generated by the wavelength-dependent absorption and 
scattering of light by water, dissolved material and particulate material. 
Hence, the spectrum of photosynthetically available radiation varies 
seasonally, latitudinally and as it penetrates the water column. 
Competition theory started treating light as a single resource (Huisman 
and Weissing, 1995, 1994) and predicted that the best competitor for 
light would outcompete other phytoplankton types (Huisman et al., 
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1999). When competition models were extended by incorporating the 
full spectrum of light, it was observed that groups with very similar 
absorption spectra faced stronger competition for light, and species that 
absorbed different parts of the light spectrum were able to coexist 
(Burson et al., 2019; Stomp et al., 2007, 2004). This result indicated that 
the spectral light absorption characteristics of different phytoplankton 
types used to exploit light resources are important in determining spe
cies selection in the spectral light gradient. Hence, changes in water 
colour may shift the competitive interactions between phytoplankton 
species that differ in pigment composition and considerably affect their 
spatial and temporal distributions. 

Biogeochemical models that include the spectral aspect of light (e.g., 
Baird et al., 2016; Dutkiewicz et al., 2015; Gregg and Rousseaux, 2017; 
Xiu and Chai, 2014) are valuable tools that can be used to explore the 
dynamics of competition for light in the ocean. These models simulate a 
variety of light habitats in relation to the fluctuations in space and time 
of the magnitude and spectral composition of light. By describing the 
variability of light-harvesting traits in phytoplankton, such models show 
the role of the spectral composition of in situ irradiance and light ab
sorption coefficients in shaping habitats for small phytoplankton in 
oligotrophic waters (Hickman et al., 2010) and in the global ocean 
(Holtrop et al., 2021). What has not been addressed in previous works, 
to the best of our knowledge, is the capability of spectral light absorption 
traits to discriminate the distribution of the whole phytoplankton 
community in any particular area of the ocean. Previous studies focused 
only on picoplankton taxa (Burson et al., 2019; Stomp et al., 2007, 
2004), considering the influence of light harvesting traits combined with 
temperature and nutrient uptake traits on shaping habitats for small 
phytoplankton (Hickman et al., 2010). Holtrop et al. (2021) did not 
consider differences in growth among picophytoplankton types. 
Throughout this work, we explored the role of the underwater light 
spectrum as a major selective factor in the natural phytoplankton 
community of the Mediterranean Sea. With this aim, we considered a 
comprehensive description of the light absorption traits of the phyto
plankton found in the area and assessed differences in growth among 
phytoplankton types resulting from variability in spectral light absorp
tion traits. 

The Mediterranean Sea is a mid-latitude sea almost completely 
enclosed by land. It is an optically complex basin that exhibits a variety 
of light conditions, from clear to turbid waters (D’Alimonte et al., 2003). 
Several reasons have been reported to explain its particular optical 
properties, including a high contribution of coloured dissolved organic 
matter (CDOM) (Organelli et al., 2014), particular pigment ratios in the 
phytoplankton community (Organelli et al., 2011), the abundance of 
small coccolithophores (Gitelson et al., 1996) and the influence of 
Saharan dust (Claustre et al., 2002). Although primary production 
annual budgets are overall low and the dominance of picophytoplankton 
seems generalized (Siokou-Frangou et al., 2010), observations indicate a 
longitudinal gradient in productivity, with the eastern Mediterranean 
being more oligotrophic than the western Mediterranean (Bosc et al., 
2004; Turley et al., 2000). In areas of higher nutrient availability, cya
nobacteria and picoeukaryotes often coexist or alternate with diatoms, 
dinoflagellates and other flagellates. Phytoplankton populations domi
nated by different functional groups and species alternate during the 
seasonal cycle and populate the deep chlorophyll maximum. Generally, 
basins have been intensively studied to delineate the biogeographic 
distribution of phytoplankton functional types (PFTs). Regional-specific 
satellite products that resolve several phytoplankton groups and size 
classes are available (DiCicco et al., 2017; Volpe et al., 2019), as are field 
observations of phytoplankton pigment concentrations by high- 
performance liquid chromatography (HPLC). Altogether, the Mediter
ranean Sea constitutes a suitable laboratory to explore the influence of 
chromatic adaptation of the whole phytoplankton community as a result 
of the competition for light. 

The biogeochemical flux model (BFM) resolves the biogeochemistry 
of the Mediterranean Sea (Vichi et al., 2007) and has been used in a 

variety of applications (e.g., Lazzari et al., 2012; Salon et al., 2019). To 
use this modelling framework to explore competition for spectral light, 
three elements were combined in this work: i) the inclusion of a radia
tive transfer model to simulate realistic underwater spectral light 
observed in the area of study; ii) the definition of a light-harvesting trait 
that gives the competitive advantage and its variability on the phyto
plankton taxa found in the area; and iii) the control on other phyto
plankton traits and phytoplankton mortality that permitted us to 
observe the result of competition for light. The first two elements were 
solved by employing a radiative transfer model that was coupled to BFM 
(Lazzari et al., 2021a; Terzić et al., 2021) and described the propagation 
of light through water being absorbed and scattered by optically active 
constituents, namely, water, CDOM, detritus and phytoplankton. The 
phytoplankton community was described by several PFTs intended to 
cover the whole autotrophic community of the basin and to capture most 
of their variability in optical properties. Hence, the selected PFTs are 
somehow relevant in the Mediterranean Sea phytoplankton community 
(Siokou-Frangou et al., 2010), and their distributions can be compared 
to independent field observations. 

The result of competition for a particular resource among phyto
plankton groups, e.g., light in this case, and how it affects PFT relative 
density will inevitably be dependent on the trophic interactions of such 
groups. Given that the PFTs described in the model share common 
predators, simulated phytoplankton community structure, diversity and 
dynamics will be affected by the zooplankton community response and 
the grazing formulation (Anderson et al., 2010; Prowe et al., 2012). Two 
species are in competition whenever the presence of either species leads 
to a reduced population density for the other species at equilibrium. This 
interaction can be direct if the two species compete directly; they are 
indirectly linked through the food web or indirectly linked when they 
share predators. Such indirect interactions are known as apparent 
competition resulting from shared predation (Holt, 1977). Predator- 
mediated apparent competition may place constraints on the kind and 
number of prey species that can coexist in the system. Instead of just 
removing zooplankton from the system, which would make model 
simulations not comparable to field observations, we used different 
grazing formulations as a tool to induce different levels of competition 
among phytoplankton (Holt, 1977; Vallina et al., 2014). 

Multiple prey functional responses are classified according to 
whether the preferences of a given grazer for their prey are constant or 
density-dependent (i.e., no-switching vs. switching) (Anderson et al., 
2010; Gentleman et al., 2003). Active-switching formulations make the 
grazer feed comparatively more on the more abundant prey, and grazing 
pressure decreases as prey becomes scarcer, which stabilizes the system 
and promotes the coexistence of different prey types. Regarding 
competition for light, this means that even if one PFT is a better 
competitor in terms of absorbing different light colours of the spectrum, 
all the other PFTs can coexist. Hence, an active-switching grazing 
formulation maximizes the variability of optical properties found in the 
phytoplankton community. Alternatively, no-switching formulations 
make the predator graze a constant proportion of each prey, destabi
lizing the system and leading to competitive exclusion. Regarding 
competition for light, this means that under light limitation, the most 
competitive PFT will be the one with the highest absorbed irradiance 
that reflects the better match of its absorbing traits to the incoming 
spectral light. With a no-switching grazing formulation, a single PFT 
would dominate the community under each particular light habitat, and 
opportunities for coexistence would arise from the variability in the 
spectral composition of light. 

This is the first time a 3D biogeochemical model with a radiative 
transfer component and with such complexity in terms of PFTs has been 
proposed for the Mediterranean Sea. By including the novel components 
of the BFM model (i.e., bio-optical coupling and optically different PFTs) 
and the presence of zooplankton, this modelling framework provides a 
reasonable level of complexity to be used as a virtual laboratory to 
investigate light competition in a pelagic ecosystem. Particularly, we 
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will focus on investigating which phytoplankton groups succeed in 
terms of competition for light under the relatively ample and variable 
range of light conditions of the basin, to what extent the availability of 
different spectral light habitats permit the coexistence of phytoplankton 
types, and eventually, determine whether the complexity of our 
approach is adequate to simulate the spectral light conditions under 
which all PFTs observed in the area of study can succeed. 

The structure of the rest of this paper is as follows. In section 2, we 
analyse the optical properties of the phytoplankton community found in 
the Mediterranean Sea, describe the radiative transfer and biogeo
chemical models, and collect observations about PFT distribution in the 
Mediterranean Sea. In section 3, model outcomes are used to analyse 
competition for light among PFTs and evaluate light niche distribution. 
We explored the effect of increased physiological differentiation among 
the PFTs and observed the simulated PFT distributions in the Mediter
ranean Sea compared to field observations in the basin. Finally, in sec
tion 4, we discuss the relevance of including spectral light-dependent 
physiology in the lower trophic levels of biogeochemical models. We 
also foresee some potential future directions to integrate spectral optical 
properties with other physiological and ecological characteristics. 

2. Materials and methods 

2.1. Phytoplankton optical properties 

To assess how many and which types of optically different phyto
plankton groups can represent most of the variability in optical prop
erties observed in nature, we performed a review of the literature 

reporting the optical properties of different phytoplankton taxa (Ahn 
et al., 1992; Bricaud et al., 1988; Clementson and Wojtasiewicz, 2019; 
Dubinsky et al., 1986; Dupouy et al., 2008; Fujiki and Taguchi, 2002; 
Johnsen and Sakshaug, 2007; Kishino et al., 1985; Lorenzo et al., 2019; 
Lutz et al., 2001; Mao et al., 2010; Metsamaa et al., 2006; Mitchell and 
Kiefer, 1988; Moore et al., 1995; Moore and Chisholm, 1999; Morel 
et al., 1993; Morel and Bricaud, 1981; Nair, 2007; Proctor and Roesler, 
2010; Staehr et al., 2002; Stramski and Morel, 1990; Subramaniam 
et al., 1999; Suggett et al., 2007; Whitmire et al., 2010; Wojtasiewicz 
and Stoń-Egiert, 2016; Zhou et al., 2012). All references provided 
chlorophyll-specific absorption and scatter coefficients and backscatter 
to scatter ratios for phytoplankton growing in culture under different 
conditions of light, nutrient supply and temperature. All curves were 
digitized in R 4.0.0 (R Core Team, 2020) using the package digitize 
version 0.0.4 (Poisot, 2011). The complete dataset is provided as sup
plementary data and is fully described in Appendix A. 

A total of 177 chlorophyll-specific absorption spectra (a*
PH(λ)) were 

used to discriminate optically different phytoplankton groups. Different 
growth conditions provoke significant changes in cellular pigment 
concentrations and thus in the light absorption features, but the spectral 
absorption signature of a given phytoplankton species tends to be 
recognizable despite intraspecific variability (Organelli et al., 2017). To 
minimize the effect of different growth conditions, we averaged spectra 
belonging to the same phytoplankton taxa. This resulted in 26 a*

PH(λ)
spectra that were normalized by the mean between 400 and 700 nm 
(Fig. 1a). This normalization step ensured that any difference between 
spectra would be related to their spectral distribution and not to their 
absolute magnitude. 

Fig. 1. Phytoplankton chlorophyll-specific absorption spectra (a) digitized from the literature in 6.5-nm intervals and normalized by the mean between 400 and 700 
nm. Each line represents an averaged spectrum belonging to the same phytoplankton genus (indicated by the genus name) or higher taxonomic rank (in capitals); (b) 
dendrogram after hierarchical cluster analysis on the 26 a*

PH(λ) spectra; spectra for each of the 9 PFTs proposed in terms of (c) a*
PH(λ), (d) a*

PS(λ) and (e) b*
PH(λ). Grey 

vertical lines indicate the extremes of the wavebands, and the points indicate the averaged coefficients for each waveband used in the model. The values inserted in 
panel d show the value of a*

PS for each PFT. 
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The resultant 26 spectra were classified by applying agglomerative 
hierarchical clustering through the agnes function from the R package 
cluster version 2.1.0 (Maechler et al., 2019). The dendrogram was ob
tained using the complete linkage method, and the Euclidean distance 
was chosen as the criterion for evaluating the similarity level. According 
to the similarity level of the clustering, we separated groups for Pro
chlorococcus sp.; two groups of green algae; Synechococcus sp.; small 
eukaryotes that included Crypto-, Pelago- and Chrysophyceae; and 
brown algae (Fig. 1b). While the clustering analysis classified brown 
algae as an optical homogeneous group, it included functionally diverse 
groups. Thus, we decided to split brown algae into Haptophyta, both 
calcifying (coccolithophores) and noncalcifying, and micro
phytoplankton, both silicifying (diatoms) and non-silicifying (di
noflagellates). One group that included diazotrophs and the genera 
Synechocystis sp. and Anacystis sp. was also separated according to the 
clustering analysis, but these species are negligible in the Mediterranean 
Sea. Therefore, a total of nine optically different phytoplankton groups 
(Table 1) were proposed to be included in the ecosystem model as nine 
phytoplankton functional types (PFTs): P(1) (diatoms), P(2) (non-calci
fying Haptophyta or Prymnesiophyceae), P(3) (small eukaryotes), P(4) 

(dinoflagellates), P(5) (calcifying Haptophyta or coccolithophores), P(6) 

(Prochlorococcus sp.) P(7) (Eugleno- and Prasinophyceae), P(8) (Chlor
ophyceae) and P(9) (Synechococcus sp.) (Fig. 1c). 

Absorption spectra for photosynthetic pigments (a*
PS(λ)) were 

computed following the spectral reconstruction technique (Babin et al., 
1996; Bidigare et al., 1990; Hickman et al., 2010). This technique ad
justs the total absorption spectrum by the wavelength-dependent ratio 
of light absorption by non-photosynthetic pigments to total pigments. To 
obtain the relative pigment concentrations for the reconstructions, we 
first assigned one set of four pigment types to each PFT. All PFTs shared 
chlorophyll a (Chl-a), photosynthetic carotenoids (PSC) and non- 
photosynthetic carotenoids (PPC); the fourth was phycoerythrin (PEB) 
for Synechococcus sp., chlorophyll b (Chl-b) for green algae and Pro
chlorococcus sp., and chlorophyll c (Chl-c) for the rest. We scaled the 
weight-specific absorption spectra for the pigment types (Bidigare et al., 
1990) to yield the lowest sum of residuals between the reconstructed 
a*

PH(λ) spectrum and the measured a*
PH(λ) spectrum (Hickman et al., 

2010). a*
PS(λ) was reconstructed with the weight-specific absorption 

spectra and the relative pigment concentrations of photosynthetic pig
ments (Fig. 1d). The average a*

PS(λ) from 387.5 to 712.5 nm constitutes 
the average absorption cross-section for photochemistry (a*

PS, m2 mg 
Chl− 1). The value of a*

PS for each PFT is shown in Fig. 1d. 
Finally, 36 chlorophyll-specific scatter spectra (b*

PH(λ)) were aver
aged for the 9 PFTs (Fig. 1e), and from 35 backscatter to total scatter 
ratio spectra (brPH(λ)), mean non-spectral backscatter ratios were 
computed for each PFT (Table 2). 

2.2. Modelling framework 

The biogeochemical flux model (BFM) resolves the cycling of carbon, 
nitrogen, phosphorus and silica in the ocean through inorganic, dis
solved and particulate organic components, as described in Vichi et al. 
(2007). The living components are phytoplankton (P), heterotrophic 
bacteria (B) and grazers (Z); the non-living organic components are 
dissolved and particulate organic matter (R); and the inorganic com
ponents are nutrients (N) and dissolved gases (O) (Fig. 2a). A superscript 
appended to the component name indicates different types of the same 
component; thus, PFTs are labelled consecutively from P(1) to P(9), 
grazers from Z(3) to Z(6), bacteria as B(1), dissolved organic matter as R(1) 

to R(3) and non-algal particulate organic carbon as R(6). The subscript 
appended to each component type indicates the elemental constituents 
among carbon (C), nitrogen (N), phosphorus (P) and chlorophyll (Chl) 
for phytoplankton, silica (Si) for diatoms and coloured fraction (l) for 
dissolved organic matter. For example, P(1)

C represents the carbon con
tent of PFT number 1, and R(2)

l represents the coloured carbon content of 
the semi-labile dissolved organic matter. For rates, the subscript in
dicates the component (P, Z and B), and the superscript indicates the 
specific type. Therefore, as an example, the photosynthetic rate of di
atoms (P(1)) is denoted as photosynthesis(1)P , and the exudation rate of 
microzooplankton (Z(3)) is denoted as exudation(3)

Z . For parameters, the 
notation is the same as for rates, with the exception that the subscript 
indicates the component they apply among all phytoplankton pigments 
(PH), photosynthetic pigments (PS), zooplankton (Z), bacteria (B), non- 
algal particles (NAP), coloured dissolved carbon (CDOM) and water (W). 

In this section, we first describe the radiative transfer model that 
resolves the penetration of spectral irradiance in the water column and 
its interaction with optically active constituents (Section 2.2.1); next, we 
describe the novel BFM configuration with 9 PFTs, CDOM and NAP as 
optically active components and the dynamical equations governing 
their changes in mass (Section 2.2.2). Finally, we describe the set of 
model simulations performed to assess the prevalence and distribution 
of optically different PFTs in the spectral light habitats available (Sec
tion 2.2.3). 

2.2.1. Bio-optical model 
A radiative transfer model has been coupled to the BFM (Terzić et al., 

2021) to resolve the penetration of spectral irradiance, as it is absorbed 
and scattered within the water column by the components that are 
optically active (blue shadowed in Fig. 2a). The radiative transfer model 
coupled to the BFM allows us to simulate a virtual environment where 
the spectral underwater light field is affected by the optical properties of 
9 PFTs, CDOM and non-algal particles (NAPs). Spectral irradiance at the 
ocean surface is derived from the Ocean Atmosphere Spectral Irradiance 
Model (OASIM) (Gregg and Casey, 2009) coupled to the European 
Centre for Medium-Range Weather Forecasts (ECMWF) model (Lazzari 
et al., 2021b). It provides direct and diffuse components of incoming 

Table 1 
Proposed optically different phytoplankton functional types (PFTs), size classes to which they are assigned (PSCs), operational descriptions, comparable groups 
determined from diagnostic pigments 1(DiCicco et al., 2017) and relevance of equivalent PFTs in the Mediterranean Sea 2(Siokou-Frangou et al., 2010).  

Name in BFM PFT PSC Definition Comparable group by DP1 Relevance2 

P(9) Synechococcus sp. pico red cyanobacteria Prokar 2–75.7 % 
P(6) Prochlorococcus sp. pico green cyanobacteria Prokar & Green 
P(3) small eukaryotes pico Cryptophyceae, Pelagophyceae & Chrysophyceae Crypto Cryptophyceae 5.2–11.7 % 

Pelagophyceae 4–33.8 % 
P(7) green algae 1 nano Chlorophyceae Green 5.3–21 % 
P(8) green algae 2 nano Prasinophyceae & Euglenophyceae Green 
P(2) Prymnesiophyceae nano non-calcifiying Haptophyta Hapto 31.8–51 % (includes Chrysophyceae) 
P(5) coccolithophores nano calcifiying Haptophyta Hapto 
P(1) Bacillariophyceae micro silifiers Diatoms 3.4 – 76 % 
P(4) dinoflagellates micro large phyto non-silifiers Dinophytes 4 – 43.8 % 
– diazotrophs – N2-fixers – negligible 
– Syn/Anacystis sp. – chroococcales cyanobacteria – negligible  
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light at the ocean surface in 33 wavebands between 187.5 and 4000 nm. 
The penetration of light in the ocean is resolved in the full set of 
wavebands, but for the purpose of this work, we will focus on the 19 
wavebands covering the range from 187.5 to 800 nm (the widths of the 
wavebands are indicated as vertical lines in Fig. 1c-e and b-d). 
Parameter values concerning the radiative transfer component are pre
sented in Table 2. 

The vertical change in irradiance is described with three state vari
ables, all in W m− 2: downwelling direct (Ed(λ)) and diffuse (Es(λ)) 
components and an upward diffuse component (Eu(λ)), and solving this 
system of differential equations (Aas, 1987; Ackleson et al., 1994; Gregg, 
2002): 

dEd(λ)/dz = −
a(λ) + b(λ)

υd
×Ed(λ) (1)  

dEs(λ)/dz = −
a(λ) + rs × bb(λ)

υs
× Es(λ)+

ru × bb(λ)
υu

× Eu(λ)+
b(λ) − rd × bb(λ)

υd
× Ed(λ) (2)  

− dEu(λ)/dz = −
a(λ) + ru × bb(λ)

υu
× Eu(λ)+

rs × bb(λ)
υs

× Es(λ)+
rd × bb(λ)

υd
× Ed(λ) (3)  

where a(λ) is the total absorption, b(λ) is the total scatter, and bb(λ) is the 
backward scatter, all in m− 1. rs, ru and rd are the effective scattering 
coefficients, and υd, υs and υu are the average cosines of the three 
streams, which are constant for diffuse radiance but vary with solar 
zenith angle for direct radiance. For details on the derivation of the 
solution see Terzić et al. (2021). 

Total a(λ), b(λ) and bb(λ) depend on the additive contribution of 
seawater and the biogeochemical constituents along the water column 
(asterisk indicates mass specific quantities). Total a(λ) is calculated from 
the attenuation by water (aW(λ), m− 1, Pope and Fry (1997), Fig. 2b), 
CDOM (aCDOM(λ), m− 1), NAP (aNAP(λ), m− 1) and phytoplankton (aPH(λ), 
m− 1). 

a(λ) = aW(λ)+ aNAP(λ)+ aCDOM(λ)+ aPH(λ) (4) 

For CDOM, aCDOM(λ) is the product of total CDOM biomass (R(1)
l , R(2)

l 

and R(3)
l , mgC m− 3) and the mass-specific absorption coefficients 

(a*
CDOM(λ), m

2 mgC-1). a*
CDOM(λ) is an exponential function of wavelength 

with a spectral slope (SCDOM) of 0.017 nm− 1 and a mass-specific 

Table 2 
Parameters of the bio-optical component.  

Parameter Description Value Units Source 

rd Ed-specific scattering coefficient 1.0 – (Aas, 1987) 
rs Es-specific scattering coefficient 1.5 – (Aas, 1987) 
ru Eu-specific scattering coefficient 3.0 – (Aas, 1987) 
υs average cosine Es stream 0.83 – (Aas, 1987) 
υu average cosine Eu stream 0.4 – (Aas, 1987) 
aW(λ) absorption coefficients of seawater in Fig. 2b m− 1 (Pope and Fry, 1997) 
bW(λ) scatter coefficients of seawater in Fig. 2b m− 1 (Smith and Baker, 1981) 
brW backscatter to total scatter ratio of seawater 0.5 – (Morel, 1974) 
cCDOM (450) CDOM mass-specific absorption coefficient at 450 nm 0.015 m2 mgC-1 (Dutkiewicz et al., 2015) 
SCDOM CDOM absorption spectral slope 0.017 nm− 1 (Kitidis et al., 2006) 
a*

CDOM(λ) mass-specific absorption coefficients of CDOM in Fig. 2c m2 mgC-1  

cNAP (440) NAPs mass-specific absorption coefficient at 440 nm 1.33e-3 m2 mgC-1 (Dutkiewicz et al., 2015) 
SNAP NAPs absorption spectral slope 0.013 nm− 1 (Gallegos et al., 2011) 
a*

NAP(λ) mass-specific absorption coefficients of NAPs in Fig. 2d m2 mgC-1  

dNAP (550) NAPs mass-specific scatter coefficient at 550 nm 0.029 m2 mgC-1 (Dutkiewicz et al., 2015) 
eNAP NAPs exponent for scatter 0.5 – (Gallegos et al., 2011) 
b*

NAP(λ) mass-specific scatter coefficients of NAPs in Fig. 2d m2 mgC-1  

brNAP backscatter to total scatter ratio of NAPs 0.005 – (Gallegos et al., 2011) 
a*

PH(λ) chl-specific absorption coefficients of total pigments in Fig. 1c m2 mgChl− 1 

Appendix A 

a*
PS(λ) chl-specific absorption coefficients of photosynthetic pigments in Fig. 1d m2 mgChl− 1 

Appendix A 

b*
PH(λ) chl-specific scatter coefficients of phytoplankton in Fig. 1e m2 mgChl− 1 

Appendix A 

br(1)PH 
backscatter to total scatter ratio of P(1) 0.088 – 

Appendix A 

br(2)PH 
backscatter to total scatter ratio of P(2) 0.038 – 

Appendix A 

br(3)PH 
backscatter to total scatter ratio of P(3) 0.061 – 

Appendix A 

br(4)PH 
backscatter to total scatter ratio of P(4) 0.043 – 

Appendix A 

br(5)PH 
backscatter to total scatter ratio of P(5) 0.076 – 

Appendix A 

br(6)PH 
backscatter to total scatter ratio of P(16) 0.118 – 

Appendix A 

br(7)PH 
backscatter to total scatter ratio of P(7) 0.103 – 

Appendix A 

br(8)PH 
backscatter to total scatter ratio of P(8) 0.118 – 

Appendix A 

br(9)PH 
backscatter to total scatter ratio of P(9) 0.118 – 

Appendix A 
fCDOM fraction of CDOM in the exuded DOM 0.02 – (Dutkiewicz et al., 2015) 
lCDOM maximum photobleaching rate of CDOM 0.167 d-1 (Dutkiewicz et al., 2015) 
ICDOM threshold for maximum photobleaching rate of CDOM 5.2e6 μmol quanta m− 2 d-1 (Dutkiewicz et al., 2015) 
QC

10 Q10 value for CDOM remineralization 2.95 –  
dCDOM remineralization rate of recalcitrant CDOM at 10 ◦C 3e-5 d-1   
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absorption (cCDOM) of 0.015 m2 mgC-1 at 450 nm (Fig. 2c). 

aCDOM(λ) = a*
CDOM(λ) ×

(
R(1)

l +R(2)
l +R(3)

l

)

= cCDOM(450) × exp[ − SCDOM × (λ − 450) ] ×
(

R(1)
l +R(2)

l +R(3)
l

)

(5) 

Similarly, for NAP, aNAP(λ) is the product of the biomass of non-algal 
particles (R(6)

C , mgC m− 3) and the mass-specific absorption coefficients 
(a*

NAP(λ), m
2 mgC-1), which are an exponential function of wavelength 

with a spectral slope (SNAP) of 0.013 and a reference absorption (cNAP) of 
1.33e-3 m2 mgC-1 at 440 nm (Gallegos et al., 2011) (Fig. 2d). 

aNAP(λ) = a*
NAP(λ) × R(6)

C = cNAP(440) × exp[ − SNAP × (λ − 440) ] × R(6)
C

(6) 

For phytoplankton, aPH(λ) is the sum of the contribution of all PFTs, 
each contributing with its chlorophyll (P(i)

Chl, mgChla m− 3) times the 
chlorophyll-specific absorption coefficients of all phytoplankton pig
ments (a*

PH(λ), m
2 mgChla-1, Fig. 1c): 

aPH(λ) =
∑9

i=1
a*(i)

PH(λ) × P(i)
Chl (7) 

Total b(λ) is calculated from the scatter of water (bW(λ), m− 1, Smith 

Fig. 2. (a) Bio-optical module (in blue) coupled to the BFM (greyscale); blue shadowed boxes highlight the optically active constituents. Absorption (dark blue, left 
axis) and scatter (light blue, right axis) spectra of (b) water, (c) CDOM and (d) non-algal particles. Grey vertical lines indicate the extremes of the wavebands, and the 
dots indicate the values used in the model, which are averaged integrals over the wavebands. 
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and Baker (1981), Fig. 2b), NAP (bNAP(λ), m− 1) and phytoplankton 
(bPH(λ), m− 1). 

b(λ) = bW(λ)+ bNAP(λ)+ bPH(λ) (8) 

NAPs scatter light proportionally to their biomass and their mass- 
specific coefficients (b*

NAP(λ), m
2 mgC-1), which are a power law func

tion of wavelength with an exponent (eNAP) of 0.5 and a reference scatter 
(dNAP) of 0.029 m2 mgC-1 at 550 nm (Gallegos et al., 2011) (Fig. 2d). 

bNAP(λ) = b*
NAP(λ) × R(6)

C = dNAP(550) × (550/λ)eNAP
× R(6)

C (9) 

For phytoplankton, bPH(λ) is the sum over all PFTs, each contributing 
with its chlorophyll concentration multiplied by its chlorophyll-specific 
scattering coefficients (b*

PH(λ), m
2 mgChla-1, Fig. 1e). 

bPH(λ) =
∑9

i=1
b*(i)

PH(λ) × P(i)
Chl (10) 

We have not considered any wavelength dependency on the total 
scatter to backward scatter ratio for any of the constituents; hence, total 
backscatter (bb(λ)) is computed in all cases as the total scatter multiplied 
by a constant backscattering to total scattering ratio, that is, 0.5 for 
water (Morel, 1974) and 0.05 for NAP (Gallegos et al., 2011), and it 
ranges between 0.038 and 0.118 for phytoplankton (br(i)PH) (Table 2). 

bb(λ) = bW(λ) × brW + bNAP(λ) × brNAP +
∑9

i=1
b*(i)

PH(λ) × P(i)
Chl × br(i)PH (11) 

Once the system is solved for each depth layer (z), the total scalar 
irradiance at each layer is computed by scaling those three streams by 
their inverse average cosines. E0(λ) is the total scalar irradiance per day 
converted to quanta (µmol quanta m− 2 d-1) and represents the available 
light for biogeochemical processes in the water column, e.g., phyto
plankton growth and consequently photoacclimation. The integral value 
of E0(λ) from 387.5 to 800 nm is considered the total light that degrades 
CDOM. 

E0(λ) = [Ed(λ)/υd +Es(λ)/υs +Eu(λ)/υu ] ×
(
λ × 8.36•10− 3)× 86400

(12)  

PAR =

∫ 800

387.5
E0(λ)dλ (13)  

2.2.2. Biogeochemical model 
The modular structure of the BFM allows an increase in the number 

of living functional types starting from the standard BFM configuration 
(Vichi et al., 2015). Most applications of the BFM use four PFTs based on 
a size subdivision in three size classes (micro, nano and picophyto
plankton) and a functional description that distinguishes dinoflagellates 
and diatoms within the microphytoplankton (Vichi et al., 2015; Lazzari 
et al., 2012). 

To cover the observed variability in phytoplankton optical proper
ties, we propose a novel configuration of BFM with nine PFTs. The nine 
PFTs are conventionally subdivided into three size class groups (PSCs, 
Table 1). As the reference configuration for the present work, the PFTs 
are clones considering their functional and optical characteristics and 
their trophic interactions within a given PSC, and the standard BFM 
configurations of each PSC are used (Vichi et al., 2015). Thus, three PFTs 
share the same physiological characteristics as the former picophyto
plankton: Prochlorococcus sp., Synechococcus sp. and small eukaryotes; 
four of them share the characteristics of the former nanophytoplankton: 
two green algae groups (Chlorophyceae and Eugleno-Prasinophyceae) 
and two Haptophyta groups (non-calcifying and calcifying or coccoli
thophores); and diatoms and dinoflagellates share the same physiolog
ical characteristics of the former dinoflagellates and hence constitute 
together the microphytoplankton size class. The optical properties 
(a*

PH(λ), a*
PS(λ), b*

PH(λ) and brPH) for the PFTs in the picoplankton size 

class were the average of the respective spectra for P(3), P(6) and P(9); the 
spectrum for the PFTs in the nanoplankton size class was the average for 
P(2), P(5), P(7) and P(8); and the spectrum for the PFTs in the micro
plankton size class was the average for P(1) and P(4). 

Given that PFTs in the same size class share common physiological 
traits and are consumed by predators with the same preference, this 
reference configuration of BFM recreates a situation where the PFTs in a 
given PSC are ecologically equivalent, as they use resources identically 
and are eaten by the same predators. The assumption of the reference 
configuration is relaxed in the list of experiments when PFT differenti
ations are introduced (Section 2.2.3). When deviating from this refer
ence configuration by including physiological differences among PFTs, 
the observable result of competition, that is, the number of prey types in 
the same PSC that can coexist under given environmental conditions, 
depends on the grazing formulation. Adopting the standard BFM 
description, PFT mortality due to zooplankton grazing is larger for the 
most abundant ones, so predation will influence, but not limit, the 
number of coexisting PFTs. The grazing formulation was adjusted to 
limit the number of prey species that can coexist under given environ
mental conditions within each PSC. Therefore, the BFM recreates a sit
uation where the PFTs in a given PSC face stronger competition, as they 
use resources differently but are eaten by the same predators with 
identical preference, which limits to just one the number of coexisting 
PFTs. 

The full list of BFM equations can be found elsewhere (Vichi et al., 
2015). The next subsections report those equations connected to optical 
and biogeochemical coupling, namely, the growth of PFTs, photosyn
thesis and photoacclimation, the production of CDOM and NAP and the 
details about the modifications incorporated in the grazing formulation. 

2.2.2.1. Phytoplankton growth. Every PFT in the model is composed of 
several common constituents, and only carbon (PC) and chlorophyll 
(PChl) are related to optical-biogeochemical coupling. Their dynamic 
equations are composed of source and loss terms, which include 
photosynthesis, respiration, exudation, biochemical synthesis and 
grazing. The nine PFTs share the same form of primitive equations but 
are differentiated in terms of the values of the physiological parameters 
that depend on the phytoplankton size class they are subdivided from 
(Lazzari et al., 2012; Vichi et al., 2015), and the values are listed in 
Table B1 of Appendix B. 

Carbon 
The change in carbon content for each PFT is the result of the specific 

growth rate minus the specific loss terms of respiration and exudation 
(all in d-1) and the losses due to predation (mg C m− 3 d-1): 

dP(i)
C

/

dt =
(

photosynthesis(i)P − respiration(i)
P − exudation(i)

P

)
× P(i)

C

− grazing(i)
Z ; i

= 1 to 9 

The specific growth rate of each phytoplankton species (photo
synthesisP, d-1) is computed as the maximal productivity rate (r0P d-1) 
regulated by temperature (etP, dimensionless), nutrients (fgP, dimen
sionless) and light through an increasing, saturating function of the 
number of photons it has absorbed. Such a function is known as the 
photosynthesis-irradiance (PI) curve, and the BFM uses the exponential 
representation presented in Webb et al. (1974). The initial slope of the 
curve is the product of the average chlorophyll-specific absorption cross- 
section (a*

PS, m
2 mgChla-1), the photochemical efficiency or quantum 

yield (ϕ, mgC µE-1) and the PChl to PC quotum (θ, mgChl mgC-1), and 
hence accounts for how much light is absorbed by phytoplankton cells 
and with which efficiency this light is used to fix carbon. 
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photosynthesis(i)P = r0(i)
P × et(i)P × fg(i)

P

×

(

1 − exp

(
− ϕ(i) × a*(i)

PS × θ(i) × PAR
r0(i)

P

))

(15) 

When the spectral composition of light is considered, the number of 
absorbed photons available for photosynthesis by a PFT at a given depth 
depends on its photosynthetic action spectrum (a*

PS(λ), Fig. 1d) and on 
the light spectrum at this depth,E0(λ). Total absorbed irradiance is the 
integral of a*

PS(λ) times E0(λ) between 387.5 and 800 nm (μmol quanta 
mg Chla-1 d-1). For an equal PAR and an equal a*

PS, the total absorbed 
irradiance is higher when the spectral shapes of a*

PS(λ) and E0(λ) are 
more similar.  

In both cases, the value for ϕ was set to 4.8e-4 mgC µmol quanta-1 for 
all PFTs; hence, the larger the total absorbed irradiance was, the higher 
the photosynthetic rate under sub-saturating light was. 

Chlorophyll 
The chlorophyll equation is composed of a term for net chlorophyll 

synthesis (mg Chl m− 3 d-1) and a term representing the losses due to 
grazing: 

dP(i)
Chl

/

dt = net synthesis(i)P −
(

grazing(i)
Z × θ(i)

)
; i = 1 to 9 

Net chlorophyll synthesis (net synthesisP) includes the process of 
photoacclimation in the content of photosynthetic pigments, nutrient 
availability and a turnover rate. The acclimation part is taken from 
Geider et al. (1997) and regulates the amount of chlorophyll in the cell 
(ρChl) according to the nondimensional ratio between the realized 
photosynthetic rate and the maximum potential photosynthesis, multi
plied by the maximum PChl to PC ratio (θmaxP). The denominator in ρChl 
now considers the spectral composition of E0(λ) and the action spectrum 
a*

PS(λ), the same as photosynthesis did before (Eq. (16)). The combined 
nutrient regulating factor (fnpP, dimensionless) implies that Chl syn
thesis is reduced in regions limited by P, such as the Mediterranean Sea 
(Lazzari et al. 2012). The losses are represented by a nutrient-regulated 
turnover rate (dChlP, d-1) and a relaxation term to θmaxP. 

netproduction(i)
P =

(
photosynthesis(i)P − respiration(i)

P − exudation(i)
P

)
× P(i)

C

(18)  

ρChl(i) = θmax(i)P ×
photosynthesis(i)P

ϕ(i) × θ(i) × et(i)P ×
∫ 800

387.5 a*(i)
PS (λ) × E0(λ)dλ

(19)   

The formulations for the temperature (etP) and nutrient regulations 
(fgP and fnpP) and for respiration and exudation are detailed in Appendix 
B. 

2.2.2.2. CDOM and non-algal particles. CDOM 
CDOM is produced by some of the processes that produce dissolved 

organic carbon (DOM), namely, the exudation of phytoplankton and the 
mortality of phytoplankton and bacteria (both in mgC m− 3 d-1). Hence, 
labile CDOM (R(1)

l ) is explicitly resolved as a 2% fraction (fCDOM) of the 

labile pool of DOM excreted by nano- and microzooplankton (R(1)
C ), and 

semi-labile CDOM (R(2)
l ) is resolved as a 2% fraction of the semi-labile 

pool of DOM exuded by phytoplankton (R(2)
C ). Similar to DOM, both 

CDOM types are consumed by bacteria, but unlike DOM, they are pho
tobleached at a rate that is maximized (lCDOM, d-1) when the PAR is 
above ICDOM (µmol quanta m− 2 d− 1) and decreases linearly at lower PAR 
values (Table 2). The formulations for zooplankton excretion, phyto

plankton exudation and bacterial uptake rates are detailed in Appendix 
B. Semi-refractory CDOM (R(3)

l ) is also included, but in our setup, this 
type is not produced by any living component and is only photobleached 
and remineralized at a very slow temperature-regulated (etC) rate 
(dCDOM, d-1), which in practice means that this pool is negligible in the 
illuminated part of the water column and remains close to the initiali
zation values for the rest, with the objective of representing the vertical 
distribution of CDOM absorption observed in the deep Mediterranean 
Sea (Catalá et al., 2018). 

dR(1)
l /dt =

(
∑6

j=5
excretion(j)

Z ×
(
1 − εc(j)z

)
)

× fCDOM − uptakeR1l − lCDOM

× min(PAR/ICDOM , 1) × R(1)
l

(21)  

dR(2)
l /dt =

(
∑9

i=1
activityexudation(i)

P × P(i)
C

)

× fCDOM − uptakeR2l − lCDOM

× min(PAR/ICDOM , 1) × R(2)
l

(22)  

dR(3)
l /dt = ( − lCDOM × min(PAR/ICDOM , 1) − (etC × dCDOM) ) × R(3)

l (23) 

NAP 
The carbon fraction of non-algal particles (R(6)

C ) is produced by 
zooplankton by egestion/excretion (mgC m− 3 d-1). All excretions by 
mesozooplankton are assumed to be particulate. In nano- and micro
zooplankton, a constant 60% (εcZ) of the released carbon is considered 
particulate. R(6)

C is consumed by bacteria. The formulations for excretion 
and consumption rates are detailed in Appendix B. 

dR(6)
C /dt =

(
∑6

j=3
excretion(j)

Z × εc(j)z

)

− uptakeR6c (24) 

photosynthesis(i)P = r0(i)
P × et(i)P × fg(i)

P ×

(

1 − exp

(
− ϕ(i) × θ(i) ×

∫ 800
387.5 a*(i)

PS (λ) × E0(λ)dλ
r0(i)

P

))

(16)   

netsynthesis(i)P =
fnp(i)

P × ρChl(i) × netproduction(i)
P

− dChl(i)P ×
(

1 − fnp(i)
P

)
× P(i)

Chl − netproduction(i)
P ×

(
P(i)

Chl − θmax(i)P × P(i)
C

) (20)   
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There is an additional source of non-algal particles as a result of 
zooplankton and bacteria adjusting their internal quota to their optimal 
values that we have not detailed here but whose details can be found in 
Vichi et al. (2015, 2007). 

2.2.2.3. Grazing. Phytoplankton are grazed by four types of predators: 
nanoheterotrophs (Z(6)), microzooplankton (Z(5)), omnivorous meso
zooplankton (Z(4)) and carnivorous mesozooplankton (Z(3)). The 
multiple-prey functional response describes the way the ingestion rate of 
zooplankton type j (I(j)Z , mgC m− 3 d-1) varies with the biomass of the 
predator (Z(j)

C , mgC m− 3) and the total prey density available to that 
predator (F(j)

Z , mgC m− 3). In the BFM, it is described by a Michaelis- 
Menten function, as follows: 

I(j)Z = gmax(j)Z × et(j)Z ×
F(j)

Z

F(j)
Z + h(j)

Z

× Z(j)
C ; j = 3 to 6  

where gmaxZ is the maximum uptake capacity (d-1), etZ is the metabolic 
temperature response (dimensionless), and hZ is a predation efficiency 
constant limiting the chances of encountering prey (Table B2 in Ap
pendix B). The formulation for the temperature regulation (etZ) is 
detailed in Appendix B. 

The total amount of food available to a given predator is computed 
considering the biomasses of all possible prey among bacteria, phyto
plankton and zooplankton (X ∈

{
B(1),P(1− 9), Z(3− 6)}, mgC m− 3), 

weighted by the relative preference of the predator for each prey type. 

F(j)
Z =

∑14

i=1
p(i)

j × X(i)
C (26) 

For each prey, the grazing rate by all its predators (grazingP, mg C 
m− 3 d-1) can be expressed as the sum of the total ingestion of each 
predator I(j)Z , weighted by the relative preferences of the predator for that 
particular prey type and normalized by the relative proportion of the 
biomass of that prey in the total food available. 

grazing(i)
Z =

∑6

j=3
I(j)Z × p(i)

j ×
X(i)

C

F(j)
Z

(27) 

The preference p(i)
j represents the dimensionless weight of each prey i 

in the predator j diet, which corresponds to the relative proportion that 
this prey occurs in the diet of this predator vs. the relative proportion of 
this prey type in the environment (Gentleman et al., 2003). There are 
many definitions of preferences in the literature. Multiple prey 

functional responses are classified according to whether these prefer
ences are constant or density-dependent (i.e., no-switching vs. switch
ing) and whether these preferences are derived from inherent 
differences among prey (i.e., passive selection) vs. active behavioural 
changes by the predator (i.e., active selection) (Gentleman et al., 2003). 

Active-switching grazing formulation 
Preference formulation in the BFM is described according to Baretta- 

Bekker et al. (1998) and includes density-dependent preferences 
(switching) and a mathematical characterization of active behavioural 
changes (active) (Eq. 38 in Vichi et al. 2007). Hence, the preference of a 
grazer for a given prey combines two elements, the availability of prey i 
to predator j (δ(i)j ), which is constant, encapsulates the size constraints of 
the predator–prey relationship and is set in a diet matrix (Table B2), and 
the capture efficiency of prey i by predator j. 

p(i)
j = δ(i)j

X(i)
C

X(i)
C + f (j)min

(28) 

Capture efficiency is a density-dependent term in a Michaelis- 
Menten form and hence characterizes how predators may preferen
tially select the most abundant prey, reflecting an increase in efficiency 
at capturing or handling a given prey type as its biomass increases 
relative to the others. The purpose of this formulation is to include 
subscale effects of pooling prey in the relatively large volume repre
sented by a model grid cell. Preys of different types can be assumed to be 
distributed in separate patches, and individual prey patches below a 
certain size are less likely to be grazed upon compared to the larger 
patches, which is expressed by the fmin parameter (Butenschön et al., 
2016). To ensure that the total prey biomass available to a given pred
ator (F(j)

Z ) does not vary as total prey biomass is subdivided into more 
prey types and to keep predation consistent, the value of fmin needs to be 
adjusted (further details are in Appendix C). 

Limited-switching grazing formulation 
The total prey biomass available to a given predator remains con

stant independent of the number of PFTs subdivided within a given PSC 
if the capture efficiency is a function of the PSC biomass itself. We 
modified Eq. (28) to make the capture efficiency of a given PFT not 
dependent on the biomass of the PFT (Xi) but rather on the total biomass 
of the PSC from which the PFT was subdivided (Table 1): 

p(i)
j = δ(i)j

PSC(i)
C

PSC(i)
C + f (j)min

(29)  

where for picophytoplankton: PSC(3,6,9)
C = P(3)

C + P(6)
C + P(9)

C ; for nano

Fig. 3. Behaviour of two grazing formulations, active-switching and limited-switching functional response: (a) total amount of food available to microzooplankton 
(F(5)

Z ) as a function of the number of PFTs, and (b) isoclines of total ingestion of microzooplankton (I(5)Z ) as a function of the biomass of two prey of the same size class. 
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phytoplankton: PSC(2,5,7,8)
C = P(2)

C + P(5)
C + P(7)

C + P(8)
C ; and for micro

phytoplankton: PSC(1,4)
C = P(1)

C + P(4)
C . With this change, within a given 

PSC, all prey would become perfectly substitutable from the point of 
view of the predator. Given that their constant availabilities (δ(i)j ) are 
equal, they would experience the same grazing pressure (grazingP). A 
way to visualize this behaviour is by noting that the size of the prey 
patch that the predator can detect and eat now applies to the total food 
in a PSC instead of to each individual prey. Since this is not a complete 
no-switching formulation because the no-switching behaviour occurs 
only within the PSC, we call it limited-switching. 

Outcome of apparent competition 
The relative fitness of different PFTs is determined by their photo

synthetic growth rate and hence by the efficiency with which they use 
resources and by their mortality rate (e.g., two PFTs compete for a 
common pool of resources, and they interact via the apparent compe
tition that occurs through the shared common predator). Hence, the 
outcome of competition depends on the grazing formulation. With the 
limited-switching formulation, F(j)

Z was constant, independent of how 
many PFTs there were in a particular size class (Fig. 3a, blue). With the 
active-switching formulation, F(j)

Z decreased as the phytoplankton 
compartment was subdivided into more PFTs (Fig. 3a, red). With the 
adjustment in the value of the parameter f (i)min (further details in Ap
pendix C), both grazing formulations were comparable in terms of F(j)

Z 
with a phytoplankton compartment represented by 9 PFTs. Therefore, 
both grazing formulations were comparable in terms of F(j)

Z , which 
means that grazers obtained the same amount of food but the prey they 
preferentially chose was different between the two formulations, which 
is illustrated by the different I(j)Z isoclines (Fig. 3b, blue vs. red curves). 

With the original BFM active-switching formulation, the constant- 
ingestion line of one predator considering two prey types of the same 
size class was nonlinear (Fig. 3b, blue), which indicates that when the 

density of prey 2 decreases, the predator feeds comparatively more on 
prey 1 (Holt, 1983). PFTs with a competitive advantage that permits 
them to have higher growth rates were grazed comparatively more than 
other PFTs with lower growth rates. This creates predation refuges for 
low-density prey (Gentleman et al., 2003; Holt, 1983) that permit them 
to escape predation; thus, all PFTs tended to coexist. With the limited- 
switching formulation, on the other hand, all PFTs within a given size 
class shared the same grazing pressure independently of how they were 
labelled. The constant-ingestion line considering two prey types of the 
same size class was linear (Fig. 3b, red), which indicated that both preys 
were always in the diet of the predator and were completely inter
changeable (Holt, 1983). PFTs with a competitive advantage that per
mits them to have higher growth rates were grazed equally to other PFTs 
in their same size class; thus, the former dominated the community, and 
the latter were eventually excluded. 

2.2.3. Model simulations 
Three-dimensional (3D) simulations were used to investigate the 

interaction of optically different PFTs with the underwater spectral light 
field in a complex real system. In the 3D configuration for the Medi
terranean Sea, the BFM was coupled with the OGSTM transport model. 
Details of the OGSTM and its coupling with the BFM can be found 
elsewhere (Lazzari et al., 2010, Salon et al., 2019). The horizontal res
olution was 1/16th of degree with 70 layers in the vertical from 0 to 
4848 m, ranging from 3 m deep at the surface and gradually increasing 
in thickness with depth thereafter, reaching 10 m at 100 m and 20 m at 
250 m. State variables initialization, physical forcing, riverine runoff 
and boundary conditions at the Strait of Gibraltar were those reported in 
Lazzari et al. (2016, 2012). The only difference was that the 3D 
initialization fields for the elemental components of phytoplankton (C, 
N, P, Si and Chl) were set to keep the total biomass equal to the original 4 
phytoplankton groups used in previous applications of the BFM in the 
Mediterranean Sea (Lazzari et al., 2012). The simulations run from 2011 
to 2015, saving output on a monthly basis, and we presented results for 
2015. 

To explore how the inclusion of optical and functional differences 
among PFTs affects their distribution, we performed a sequence of ex
periments including PFT differentiations with respect to the reference 
configuration (section 2.2.2). Each experiment consisted of two runs, 
one using the active-switching formulation and the other using the 
limited-switching grazing formulation. Specific parameter values of the 
experiments are summarized in Table 3, and the list includes the 
following:  

- EXP-C: a reference experiment that used the reference 9 PFT 
configuration as described in section 2.2.2 (i.e., functional and op
tical properties, and trophic interactions of PFTs within a given size 
class were identical).  

- EXP-0: included non-spectral optical differences among all the PFTs. 
Each of the 9 PFTs uses its own average chlorophyll-specific ab
sorption cross-section (a*

PS). Photosynthesis was computed as 
described in Eq. (15), and a*

PS values are those indicated in the insert 
in Fig. 1d.  

- EXP-1: included spectral optical differences among all the PFTs. 
Each of the 9 PFTs used its own light action spectra (a*

PS(λ)). 
Photosynthesis was computed as described in Eq. (16), and a*

PS(λ)
values are those represented in Fig. 1d.  

- EXP-2: included some functional differentiation among PFTs in the 
same PSC. Within microphytoplankton, diatoms (P(1)) obtained their 
parameter values used in previous applications of the BFM, which 
means that relative to dinoflagellates (P(4)), they are limited by silica, 
have higher productivity rates, excrete a smaller fraction of primary 
production, sink faster and are grazed upon more by micro
zooplankton (Z(5)) than by carnivorous zooplankton (Z(3)). Within 

Table 3 
Characteristics of the model experiments performed in terms of their differences 
from the reference configuration (EXP-C).   

EXP- 
C 

EXP- 
0 

EXP- 
1 

EXP-2 EXP-3 

Number of optically 
different phytoplankton 
groups 

3 9 9 9 9 

Absorption cross-sections 
considered 

a*
PS a*

PS 
a*

PS(λ) a*
PS(λ) a*

PS(λ)

Maximal productivity of 
P(1) (r0(1)

P ) 
1.5 1.5 1.5 2.5 2.5 

Excreted fraction of 
primary production of 
P(1) (β(1)

P ) 

0.15 0.15 0.15 0.05 0.05 

Maximum sinking velocity 
for P(1) (ωsink(1)) 

2.5 2.5 2.5 5.0 5.0 

Nutrient stress threshold 
for sinking of P(1) 

(lsink(1)) 

0.75 0.75 0.75 0.7 0.7 

Silica limitation for P(1) no no no yes 
(internal) 

yes 
(internal) 

Minimum quotum Si:C for 
P(1) (Qmin(1)

Si ) 
0 0 0 0.007 0.007 

Reference quotum Si:C for 
P(1) (Qopt(1)Si ) 

0 0 0 0.01 0.01 

Availability of P(1) (δ(1)P ) to 
Z(5) 

0.1 0.1 0.1 0.7 0.7 

Availability of P(1) (δ(1)P ) to 
Z(3) 

1.0 1.0 1.0 0 0 

Reference PIC:POC ratio of 
P(5) (PIC:POC(5)) 

0.3 0.3 0.3 1 1 

Quantum yield of P(1) 

(ϕ(1)) 
4.8e- 
4 

4.8e- 
4 

4.8e- 
4 

4.8e-4 1.5e-3  
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nanophytoplankton, the PIC:POC production ratio changed to 1 for 
coccolithophores and 0 for the rest (Krumhardt et al., 2017).  

- EXP-3: equal to EXP-2, but it increased the quantum yield (ϕ) of 
diatoms (P(1)) to 1.5e-3 mgC µmol quanta-1, so the product of their 
a*

PS times ϕ equals the value used in previous applications of the BFM 
in the Mediterranean Sea (Lazzari et al., 2012). 

Both types of grazing formulations, active-switching (EXP-n active- 
switching) and limited-switching grazing formulation (EXP-n limited- 
switching), were tested for each experiment. 

2.3. Observations 

Model output was compared against a comprehensive set of obser
vational data of PFT concentrations, both from field sampling and from 
satellite products. 

2.3.1. Compilation of HPLC pigments 
Pigment data were obtained from published HPLC datasets that 

contained observations in the Mediterranean Sea: the MAREDAT dataset 
(Peloquin et al., 2013) available in PANGAEA, as well as the TARA 
expedition (Boss and Claustre, 2014, 2012), Boum08 cruise (Behrenfeld 
and Dall’Olmo, 2020) and Boussole monitoring site (Antoine, 2012) 
datasets, which are all available in SeaBASS. These datasets were quality 
controlled following (Aiken et al., 2009). In all the datasets, TChla (mg 
m− 3) encompassed all the reported Chla derivatives, monovinyl Chla, 
divinyl Chla and chlorophyllide a. Total accessory pigment concentra
tion (AP, mg m− 3) was calculated as the summed concentration of all 
carotenoids and chlorophyll b and c. Total pigment concentration (TP, 
mg m− 3) was calculated as the summed concentration of AP and TChla. 
Samples were excluded if i) TChla was zero or less and ii) the difference 
in TChla and AP was more than 30% of the TP. Complete cruises were 
excluded if i) the regression between TChla and AP for the entire cruise 

had a slope outside the range of 0.7–1.4 or explained less than 90% of 
the total variance and ii) less than 85% of the samples of that particular 
cruise passed the previous criteria. 

2.3.2. Determination of PFTs in situ from diagnostic pigments 
For the taxonomic identification of PFTs, we employed the diag

nostic pigments (DP) method, which is based on the use of pigments as 
markers for the main algal groups (Vidussi et al., 2001). This method 
considers only the pigments that are more closely linked to a single PFT, 
and for these pigments, their occurrence in other groups is neglected 
(Uitz et al., 2006). We used the Mediterranean-specific algorithms 
proposed by DiCicco et al. (2017) that use seven DPs to compute the 
fraction of diatoms (DIATO), dinoflagellates (DINO), haptophytes 
(HAPTO), Cryptophyceae (CRYPTO), prokaryotes (PROKAR) and Chl b- 
containing algae (GREEN) relative to TChla. For the in situ HPLC 
compilation, we limited the analysis to the samples that contained the 
measurement of the seven DPs, which reduced our PFT Chla concen
tration dataset to 8199 samples, i.e., 94% of the initial HPLC quality- 
controlled data. 

2.3.3. CMEMS satellite product 
The regional DP algorithm for the Mediterranean Sea was also used 

to derive the Chl concentrations of the same six PFTs from remotely 
sensed TChla. The method follows a global approach (Hirata et al., 
2011) based on the existing covariability between the in situ chlorophyll 
fraction of PFTs and the corresponding TChla concentration (Chisholm, 
1992; Hirata et al., 2011; Uitz et al., 2006). The empirical relationships 
between in situ TChla and the fraction of each PFT, which was estimated 
with the DP method described above, were used to estimate the 
contribution of each PFT to the Mediterranean Sea assemblage in terms 
of chlorophyll concentration. The final in situ PFT estimation formulas 
and the regional satellite algorithms, with their references, are fully 
described in DiCicco et al. (2017). 

Fig. 4. EXP-C results: seasonal evolution of the median chlorophyll concentration (P(i)
Chl) in the zeu of the 9 PFTs in four major areas of the Mediterranean Sea. 

Coloured areas show the interquartile range of values for the basin. Only EXP-C with active-switching is shown, as the results for EXP-C with limited-switching 
are identical. 
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Fig. 5. EXP-0 and EXP-1 results: seasonal cycle of the median chlorophyll concentration (P(i)
Chl) in the zeu of the 9 PFTs in the (a) western Mediterranean basin and (b) 

Tyrrhenian basin. Solid lines indicate results from EXP-0, and dashed lines indicate results from EXP-1. In red, the respective experiment runs with an active- 
switching formulation, and in blue, the respective experiment runs with a limited-switching grazing formulation. Coloured areas show the interquartile range of 
Chl values in the basin for each month. 
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The PFT algorithms were applied to the L4 chlorophyll a product of 
2015 available from the Copernicus Marine Environment Monitoring 
Service (CMEMS). The CMEMS chlorophyll product (E.U. Copernicus 
Marine Service Information, 2020) features optical properties of inshore 
(AD4 algorithm, D’Alimonte and Zibordi (2003)) and offshore (MedOC4 

algorithm, Volpe et al. (2007)) waters, and it was released as a merged 
Case I–Case II product (D’Alimonte et al., 2003; Volpe et al., 2019). 

Fig. 6. The same as Fig. 5 for the (a) Ionian and (b) Levantine basins.  
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3. Results 

3.1. Reference experiment: Same physiology and shared predation 

Results of EXP-C (i.e., PFTs within each PSC were clones) showed 
how the phytoplankton community composition and distribution in 
EXP-C with active-switching were equivalent to those in EXP-C with 
limited-switching. The seasonal evolution of the median chlorophyll 
concentration in the euphotic zone (zeu) of all PFTs in EXP-C with active- 
switching is shown in Fig. 4. Given that the three picophytoplankton 
PFTs, the four nanophytoplankton PFTs and the two micro
phytoplankton PFTs were functionally and optically identical, the two 
grazing formulations produced the same result, and the chlorophyll in 
each size class was divided homogeneously among the PFTs that inte
grated the size class. The only difference was how they were labelled. 
Note that whereas pico- and nanoplanktonic PFTs were present in the 
four basins (second and third rows in Fig. 4, respectively), the presence 
of microplanktonic PFTs in the easternmost basins was negligible (first 
row in Fig. 4). 

The same behaviour of EXP-C with the two grazing formulations and 
the even partition of chlorophyll among PFTs in the same PSC is because 
PFTs in the same PSC use resources identically and are eaten by the same 
predators (i.e., they are clones). In the following, we used this virtual 
environment to start including physiological differences among PFTs. 
From EXP-0 to EXP-3, we sequentially differentiated traits regarding 
absorption cross-sections, without (EXP-0) and with spectral differen
tiation (EXP-1), and functional characteristics (EXP-2 and EXP-3); we 
tested them both with active and limited-switching formulations. Before 
presenting the results, it is worth noting that whereas the active- 
switching formulation tends to hide the effect of the physiological dif
ferences by the biomass homogenization promoted by grazing, the 
limited-switching formulation permits to depict situations where PFTs in 

a given size class face a stronger possible competition. This latter 
formulation allows us to see the effect of a physiological difference in 
giving place to the dominance of a given PFT under given environmental 
conditions. 

3.2. Competitive advantage: Differences in optical properties (spectral vs. 
Non spectral) 

The result of competition among PFTs depended on which charac
teristic differentiated PFTs within each size class. In EXP-0, the 
competitive advantage was simply a higher a*

PS that allowed the ab
sorption of more light under any light regime. In EXP-1, the competitive 
advantage was provided by a a*

PS(λ) that, under a given E0(λ), allowed 
the PFT to absorb more light and to have higher growth rates. The PFT 
with a better match of its absorption coefficients to the incoming spec
tral E0(λ) would have a competitive advantage with respect to the 
others. In both cases, (i.e., non-spectral in EXP-0 and spectral in EXP-1), 
the success or coexistence of the PFTs that had a competitive advantage 
with the others depended on the grazing formulation that maximized 
competition (limited-switching) or promoted coexistence (active- 
switching). 

3.2.1. Results under promoted coexistence: active-switching 
The active-switching formulation promoted the coexistence of PFTs, 

minimizing the competitive advantage that higher absorption co
efficients represented, independently if they were averaged or spectrally 
resolved. PFTs whose a*

PS permitted them to absorb more light and have 
higher growth rates were grazed comparatively more than other PFTs 
with lower growth rates. Within pico- and nanoplankton, although the 
PFTs within a particular size class did not share exactly equal amounts of 
chlorophyll, as when they were identical in EXP-C, they were close to 
this allocation (Figs. 5 and 6, red lines). In contrast, in micro
phytoplankton, dinoflagellates (P(4)) were more concentrated than di
atoms (P(1)) throughout the year in all basins, although the latter were 
not completely excluded. In any case, this formulation tended to maxi
mize the variability of optical properties found in the phytoplankton 
community, but it was limited when trying to see which was the best 
competitor. 

3.2.2. Results under maximal competition: limited-switching 
The limited-switching formulation, however, maximized competi

tion; that is, under constant environmental conditions, the group that 
retained the competitive advantage succeeded, and the rest were grazed 
until extinction. In EXP-0, the PFTs whose a*

PS permitted them to absorb 
more light and have higher growth rates were grazed equally as other 
PFTs, and the latter were eventually eliminated. This led to the domi
nance of Synechococcus sp. (P(9)) within picophytoplankton, 

Fig. 7. Annual mean of the depth of the euphotic zone (zeu) computed as the 
depth where the PAR reaches 1% of the PAR at the surface. (a) and (b) indicate 
the positions of the two example locations used in Fig. 8. 

Fig. 8. Light habitats simulated in the Mediterranean Sea in EXP-0 and EXP-1: spectral shape of E0(λ) in consecutive layers of the model, from 1.5 to 150 m (i.e., the 
sequence of black lines) in two example locations in the (a) eastern and (b) western Mediterranean Sea, the E0-weighted λ value for each depth is indicated with 
crosses (it is read in the x-axis); and (c) range of light habitats simulated for the Mediterranean Sea based on E0-weighted λ and zeu. 
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coccolithophores (P(5)) within nanophytoplankton and dinoflagellates 
(P(4)) within microphytoplankton throughout the year (Figs. 5 and 6, 
solid blue lines). The main difference between EXP-0 and EXP-1 under 

the limited-switching formulation was that, in the latter, coexistence 
emerged only with changes in E0(λ) (Figs. 5 and 6, dashed blue lines). 
Changes in the spectral composition of available light, either in time or 

Fig. 9. Proportion of total chlorophyll (TChla) by each PFT as a function of the E0-weighted λ in (a) EXP-0 with active-switching, (b) EXP-1 with active-switching, (c) 
EXP-0 with limited-switching and (d) EXP-1 with active-switching. 

Fig. 10. Preferred water type for each PFT: colour intensity represents the proportion of chlorophyll that each PFT represents within its size class as a function of the 
E0-weighted λ and zeu. (a) % of P(1)

Chl and P(4)
Chl in the microphytoplankton chlorophyll and (b) % of P(2)

Chl, P
(5)
Chl, P

(7)
Chl and P(8)

Chl in the nanophytoplankton chlorophyll, both 

in EXP-1 with active-switching, and c) % of P(3)
Chl, P

(6)
Chl and P(9)

Chl in the picophytoplankton chlorophyll in EXP-1 with limited-switching. 
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in space, could reverse the outcome of competition and allow different 
PFTs to dominate their size class. Indeed, the picophytoplankton size 
classes P(3) and P(6) were not completely excluded in the easternmost 
basins, the Ionian basin and the Levantine basin under EXP-1 with 
limited-switching (Fig. 6). However, a time and/or space variable E0(λ)
was not sufficient to generate coexistence in nano- and micro
phytoplankton in either EXP-0 or EXP-1 (Figs. 5 and 6). 

3.3. Light habitats: Coexistence through niche differentiation 

If fluctuations in the spectral composition of E0(λ) can reverse the 
competitive outcome, what does this tell us about the preferred light 
habitats of each PFT? To explore which PFTs were able to coexist under 
different light conditions, we categorized light habitats considering two 
elements: the depth of the euphotic zone (zeu) (Fig. 7) and the E0- 
weighted wavelength, which represents the spectral quality of light with 

Fig. 11. Temporal evolution of the average chlorophyll concentration at the ocean surface in four major sea basins, the western Mediterranean (wm), Tyrrhenian 
(tyr), Ionian (ion) and Levantine (lev): (a) micro-, (b) nano- and (c) picophytoplankton size fractions of Chla, observed from satellites (grey area shows the inter
quartile range of values in the basin) and simulated in all experiments. For each experiment, the solid line shows the run that uses the limited-switching grazing 
formulation, and the dashed line shows the run that uses the active-switching grazing formulation. 

Fig. 12. Seasonal mean maps for the year 2015 of total chlorophyll (TChla) from the satellite product (first column), and from EXP-1 (second column), EXP-2 (third 
column) and EXP-3 (fourth column), all with the limited-switching grazing formulation. The inserts report the root mean square error (RMSE) and average error 
(Bias) comparing model simulations to the satellite product for each season. 
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a single value that indicates the dominant component of underwater 
E0(λ). Fig. 8 shows examples of how the shape of E0(λ) changed as it 
penetrated through the water in two locations of the east (Fig. 8a) and 
west Mediterranean Sea (Fig. 8b) in June and December. Given the 
strong absorption of water in the red portion of the spectrum, the un
derwater light spectrum narrowed to shorter wavelengths as depth 
increased. With increasing turbidity, however, the underwater light 
spectrum shifted towards red. The crosses in Fig. 8a and b indicate the 
E0-weighted average λ at each depth layer of the model. When 
combining the E0-weighted λ down to a 200 m depth with zeu, we can 
define a space of potential light niches ranging from clear water blue 
light-dominant and a deep zeu to turbid water red light-dominant with a 
shallow zeu (Fig. 8c). By comparing the water types identified with the 
contribution of each PFT to TChla and to the chlorophyll of their 
respective size classes, we explored which PFT succeeded under each 
particular light habitat. 

Given that the E0-weighted λ covariates with depth and deeper wa
ters were bluer but also richer in nutrients than superficial waters, the 
match of one PSC to a preferred E0-weighted λ does not mean that the 
underwater light spectrum was driven the distribution of that PSC. The 
proportion of chlorophyll of each PFT as a function of the E0-weighted λ 
showed a substitution of nanophytoplankton groups in blue-dominated 
waters to picophytoplankton with some hints of microphytoplankton in 
red-dominated waters. However, this reflects only the distribution in 
depth of the PSCs, with picoplankton dominating more superficial wa
ters than nanoplankton (all panels in Fig. 9). For PFTs within a given 
PSC, however, opportunities for coexistence arising from light niche 
differentiation were observed. 

Within picophytoplankton, with active-switching, the three PFTs 

tended to coexist. Whereas in the non-spectral EXP-0, Synechococcus sp. 
(P(9)) was more concentrated than the others in clearer waters, in 
spectral EXP-1, all three were equivalent (Fig. 9a vs. 9b). Regarding 
limited-switching, for the non-spectral EXP-0, only Synechococcus sp. 
(P(9)) survived; however, in the spectral EXP-1, Prochlorococcus sp. (P(6)) 
and small eukaryotes (P(3)) contributed a small proportion of chloro
phyll but coexisted with Synechococcus sp. (P(9)) (Fig. 9c vs. 9d). This 
result can be seen in more detail in Fig. 10c, where it is shown how 
Prochlorococcus sp. (P(6)) preferred clearer bluer waters, and small eu
karyotes (P(3)) were present in more turbid waters. 

Within nanophytoplankton, coccolithophores (P(5)) contributed 
more to total chlorophyll than did other groups in bluer waters in both 
EXP-0 and EXP-1 with the active-switching grazing formulation (Fig. 9a 
and b). In intermediate and turbid waters, the PFTs of nanoplankton 
coexisted more evenly (Fig. 10b). In EXP-0 with limited-switching, 
coccolithophores (P(5)) were the only survivors of the nanoplankters, 
and not even spectral EXP-1 allowed coexistence within this size class 
(Fig. 9c and d). 

Within microphytoplankton, dinoflagellates (P(4)) outcompeted di
atoms in any case (P(1)), and only a small proportion survived in the 
active-switching simulations (Fig. 9a and b), predominantly in waters 
dominated by the red component (Fig. 10a). The spectral resolution of 
EXP-1 did not allow for coexistence within this size class (Fig. 9d), which 
made sense given the small difference in terms of the a*

PS(λ) of these two 
types. 

3.4. Optical and functional differences among PFTs 

In nature, PFTs of a particular size differ not only in their a*
PS(λ) but 

Fig. 13. Annual mean maps for the year 2015 of PFTs chlorophyll from HPLC field data (first column), the satellite product (second column), and from EXP-1 (third 
column), EXP-2 (fourth column) and EXP-3 (fifth column), all with the limited-switching grazing formulation. Root mean square error (RMSE) and average error 
(Bias) comparing model simulations to the satellite product for the west and east subbasins are inserted in the left and right parts of the panels, respectively. 
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also in other traits related to nutrient and light utilization, temperature 
regulation, sinking behaviour or susceptibility to predation. All PFTs 
considered as ‘brown algae’ were relatively similar in their absorption 
capabilities and were not separated clearly by clustering analysis 
(Fig. 1). Therefore, in EXP-2 and EXP-3, we introduced some differences 
in their functional characteristics (Table 3). The outcome of the 
competition among PFTs in EXP-2 and EXP-3 was the result of their 
increased functional diversity, diminishing the effect of any potential 
difference in light-harvesting traits. In any case, the success or coexis
tence of the group that had a competitive advantage with the others 
depended on the grazing formulation that maximized competition 
(limited-switching) or promoted coexistence (active-switching). 

In Fig. 11, we summarize all experiments performed in terms of the 
seasonal evolution of surface chlorophyll in the three PSCs considered. 
The difference between the use of grazing formulations (solid vs. dashed 

lines in Fig. 11) was small because the effect occurred within PSCs. 
Between EXP-1 and EXP-2, there were no differences in the outcome for 
nanophytoplankton and very few differences in the outcome for 
microphytoplankton; dinoflagellates were still the dominant group in 
this size class (see the surface plots in Fig. 13 and the depth profiles in 
Fig. 14). The large reversal in the competition appeared in EXP-3, where 
diatoms became far more abundant (see also Fig. 13 and Fig. 14). The 
increase in photochemical efficiency exacerbated the competitive 
advantage conferred to otherwise optically similar PFTs. In EXP-3, the 
chlorophyll of dinoflagellates was minimal, and diatoms were the PFT of 
large phytoplankton that contributed more to the seasonal evolution of 
microphytoplankton chlorophyll. Indeed, EXP-3 appeared to be in better 
agreement with the satellite estimates (Fig. 11a). For nano- (Fig. 11b) 
and picophytoplankton (Fig. 11c), even if they were not significantly 
modified in EXP-3 with respect to previous experiments, their total 

Fig. 14. Annual mean depth profiles (2015) of PFTs chlorophyll from HPLC field data (first column) and from EXP-1 (second column), EXP-2 (third column) and 
EXP-3 (fourth column), all with the limited-switching grazing formulation. The solid white line shows the euphotic depth (zeu) defined as the depth with 1% of the 
PAR at the surface. 

Fig. 15. Most frequently dominant PFT: profiles in depth from (a) HPLC field data and from EXP-1 with (b) active-switching and (c) limited-switching grazing 
formulation and (d) EXP-3 with limited-switching grazing formulation. The solid black line in b-d shows the isoline of 0.5 mg m− 3 of TChla to follow the position of 
the upper and lower depths of the subsurface chlorophyll maximum layer. For the same model experiments, lower panels (e, f, g) show the most frequently dominant 
PFTs at the depth of the subsurface chlorophyll maximum value (DCM). 
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contribution to the community was reduced after the increase in 
microphytoplankton. 

3.5. How optical diversity affects PFTs distribution: Comparison to 
observations. 

In the next section, we explore how our model results compare with 
real-world observations regarding the spatial heterogeneity of the 
phytoplankton community in the Mediterranean Sea. Model simulated 
concentrations of TChla at surface (Fig. 12) that, although tended to be 
smaller than those retrieved by satellite (bias ranged from − 0.04 mg 
m− 3 in Summer to − 0.014 mg m− 3 in Winter), reproduced dominant 
seasonal patterns in TChla. No substantial differences are shown by the 
different optical configurations within a given grazing formulation, 
highlighting how the light niche description improves the phyto
plankton community representation leaving almost unchanged the total 
chlorophyll. PFTs determined from diagnostic pigments (both for HPLC 
and for satellite observations) were not fully directly comparable to the 
modelled PFTs (Table 1). To allow for comparison, we assumed that the 
DIATO group was comparable to P(1), the DINO group was comparable 
to P(4), the GREEN group was comparable to the sum of P(6), P(7) and P(8), 
the HAPTO group was comparable to the sum of P(2) and P(5), the 
PROKAR group was comparable to the sum of P(6) and P(9), and the 
CRYPTO group was comparable to P(3) (Table 1). Note that Pro
chlorococcus sp. (P(6)) participated in both GREEN and PROKAR; and 
that P(3) accounted for small eukaryotes, however, in the Mediterranean 
Sea, Cryptophyceae was the main component of small eukaryotes 
(DiCicco et al., 2017), which made P(3) and CRYPTO relatively 
comparable. 

Model results compared very well with the observed distributions of 
phytoplankton from field sampling and satellite with the dominance of 
PROKAR and HAPTO in most of the Mediterranean Sea, and DIATO 
reached higher annual averaged chlorophyll than did DINO (Fig. 13). In 
EXP-1 model simulations, the HAPTO group was formed entirely by 
coccolithophores (P(5)), with negligible contributions of non-calcifying 
Haptophyta (P(2)). Green algae (P(7) and P(8)) and small eukaryotes 
(P(3)) were virtually absent, and their concentration in the westernmost 
part was promoted by the prescribed boundary conditions and the high 
level of nutrient concentrations in the Alboran subbasin. Within 
microphytoplankton, dinoflagellates (P(4)) were restricted to the west
ern part of the basin and to some spots in the Adriatic and Aegean Seas, 
whereas diatoms (P(1)) were also virtually absent. Within picoplankton, 
however, other groups were not completely excluded, and there was a 
general spatial overlap of phytoplankton groups. The PROKAR group in 

the model simulation was formed mostly by Synechococcus sp. (P(9)), 
with contributions of Prochlorococcus sp. (P(6)). Prochlorococcus sp. was 
particularly concentrated in the eastern part of the basin, as observed in 
the GREEN group. Accordingly, there was a west-east gradient of Syn
echococcus sp. chlorophyll as Prochlorococcus sp. became progressively 
more concentrated in the east. The same type of distribution was 
observed in the latitudinally averaged depth profiles (Fig. 14). As seen 
before, the inclusion of functional differences between diatoms and di
noflagellates in EXP-2 did not noticeably change the distributions, but 
diatoms increased their chlorophyll, and their general distribution was 
in better agreement with the observations in EXP-3 (Figs. 13 and 14). 

To determine the dominant PFTs in the observations and in the 3D 
simulations, for each point in space and time, we first computed the PFT 
that most contributed to TChla and then identified which was the most 
abundant during more months of the year. Fig. 15 shows the most 
frequently dominant PFT in the depth and horizontal sections. Even 
though the dominant PFTs based on observations were affected by the 
poor temporal coverage of the sampling, PROKAR appeared as the 
dominant group in superficial waters, HAPTO was dominant in deeper 
waters and DIATO was dominant in western areas (Fig. 15a). In the 
surface of the EXP-1 simulations, a single PFT dominated throughout the 
year, and the dominant groups were always small eukaryotes (P(3)) in 
the active-switching simulation and Synechococcus sp. (P(9)) in the 
limited-switching simulation. In the water column, instead, the gradi
ents in the spectral composition of light led to different groups in 
different parts of the water column. EXP-1 with active-switching simu
lation permitted that all picoplankton PFTs were dominant in separate 
areas of the water column, since the dominant group enlightened its 
slight competitive advantage under the specific prevailing light condi
tions. Indeed, small eukaryotes (P(3)) dominated at the surface of the 
Mediterranean Sea, showing their preference for less blue waters. Below 
they were substituted by Synechococcus sp. (P(9)), with some spots of 
Prochlorococcus sp. (P(9)) in the eastern part (Fig. 15b). Within nano
plankton, in contrast, coccolithophores (P(5)) were the dominant nano
flagellates in all cases. Microphytoplankton were represented by 
dinoflagellates (P(4)) that were located preferentially at the depth of the 
subsurface chlorophyll maximum value (DCM) of the western part of the 
Sea (Fig. 15e). In EXP-1 with limited-switching, Synechococcus sp. (P(9)) 
was always the dominant group within picoplankton, and coccolitho
phores (P(5)) were dominant within nanoplankton. In this configuration, 
their distribution simply represented the dominance of picoplankton 
above the 50 to 80 m depth, extending deeper eastward, and the 
dominance of nanophytoplankton below that depth (Fig. 15c). The 
depth of exchange between both groups was within the subsurface 

Table B1 
Phytoplankton parameters.  

Parameter Description Units P(1) P(4) P(2) P(5) P(7) P(8) P(3) P(6) P(9) 

Micro Nano Pico 

QP
10 temperature Q10 coefficient – 2 2 2 

ctP cut-off threshold for temperature factor – 0 0 0.75 
QminN minimum quotum N:C mmolN mgC-1 6.87e-3 6.87e-3 6.87e-3 
QoptN reference quotum N:C mmolN mgC-1 1.26e-2 1.26e-2 1.26e-2 
QminP minimum quotum P:C mmolP mgC-1 4.288e-4 4.288e-4 4.288e-4 
QoptP reference quotum P:C mmolP mgC-1 7.86e-4 7.86e-4 7.86e-4 
QminSi minimum quotum Si:C mmolSi mgC-1 0 0 0 
QoptSi reference quotum Si:C mmolSi mgC-1 0 0 0 
r0P maximal productivity at 10̊C and nutrient-replete conditions d-1 1.5 3 3.5 
bP respiration rate at 10̊C d-1 0.1 0.05 0.1 
γP activity respiration fraction – 0.1 0.1 0.2 
βP excreted fraction of primary production – 0.15 0.1 0.1 
θmaxP reference quotum Chla:C mgChl mgC-1 0.02 0.02 0.02 
dChlP turnover rate for Chla d-1 0.2 0.2 0.2 
ϕ quantum yield mgC-1 μmol quanta-1 4.8e-4 4.8e-4 4.8e-4 
PIC:POC reference PIC:POC ratio mg:mg 0 0.3 0 
ωsink maximum sinking velocity m d-1 2.5 0 0 
lsink nutrient stress threshold for sinking – 0.75 – –  
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chlorophyll maximum layer (layer identified by the upper and lower 
isosurface of 0.5 mg Chl m− 3) in the west, so the DCM was represented 
by both groups. In the east, exchange occurred above the upper limit of 
the subsurface chlorophyll maximum layer; hence, the DCM was 
dominated by nanoplankton (Fig. 15f). In EXP-3 with limited-switching, 
the distributions of Synechococcus sp. (P(9)) and coccolithophores (P(5)) 

were similar to those in EXP-1, with the difference that diatoms (P(1)) 
became dominant in the westernmost part of the Sea, substituting di
noflagellates (P(4)) (Fig. 15d) and representing the dominant group in 
the DCM of that part of the basin (Fig. 15g). 

4. Discussion 

The light absorption traits of the PFTs present in the Mediterranean 
Sea and their adaptation to the prevailing light conditions seem to be 
important factors shaping the spatial heterogeneity and seasonal dy
namics of the phytoplankton community in the basin. This finding was 
revealed by a modelling experiment in which we simulated the under
water spectral light field of the basin and forced optically distinct PFTs 
to compete in such a virtual environment. While leaving the total 
chlorophyll substantially not modified (Fig. 12), by considering non- 
spectrally resolved optical differences among PFTs (EXP-0), our model 
results led to the dominance of Synechococcus sp. (P(9)) within pico
phytoplankton, coccolithophores (P(5)) within nanophytoplankton and 
dinoflagellates (P(4)) within microphytoplankton throughout the year. 
Although the inclusion of the spectral dependency of photosynthesis 
(EXP-1) allowed the coexistence of picoplanktonic groups, it did not 
allow the coexistence of nano- and microphytoplanktonic groups. By 
considering differences in other functional traits (EXP-3), we obtained 
PFT distributions that were in relative agreement with the observed 
phytoplankton distributions in the Mediterranean Sea. This result sug
gests that whereas optical and functional traits are both important in 
organizing the nano- and microphytoplanktonic communities, spectral 
light gradients can play a predominant role in organizing the picophy
toplanktonic community and shaping their spatial heterogeneity and 
seasonal dynamics. 

Regarding picophytoplankton, our results resembled the biogeo
graphical distributions of picoplankton in the Mediterranean Sea 
observed from field sampling and retrieved by satellite (DiCicco et al., 
2017). Prochlorococcus sp. and Synechococcus sp. coexisted in many re
gions, but their distributions did not completely overlap; additionally, 
Prochlorococcus sp. was more abundant in the eastern part, while Syn
echococcus sp. was more dominant in the western part. Prochlorococcus 
sp. gradually increased with water clarity, which agreed with previous 
model results that predicted the dominance of this genus in the 
competition for light in the clearest oceans (Stomp et al., 2007) and field 
observations in the Mediterranean Sea that showed this genus was 
distributed in deeper layers (Yacobi et al., 1995) and with different 
ecotypes in different parts of the water column (Brunet et al., 2007; 
Moore et al., 1995). 

Our results for the nanophytoplankton showed the dominance of 
coccolithophores, which agreed with observations about the prevalence 
of such group in Mediterranean waters (Siokou-Frangou et al., 2010) 
where they show high diversity (Cros and Fortuño, 2002). However, in 
the results shown here, it was not possible to differentiate whether the 
HAPTO group determined by the diagnostic pigments method was 
formed by coccolithophores or by other Haptophyta. In our model re
sults, even with a grazing formulation that maximized the coexistence of 
PFTs, coccolithophores were the prevailing nanoflagellates in clearer 
waters, regardless of the inclusion of the spectral dependency of 
photosynthesis, which indicated that their high absorption cross-section 
(a*

PS) gives them some advantage. a*
PS considered for coccolithophores in 

this work was in the range of values reported for Emiliania huxleyi 
(Suggett et al., 2007). Our results suggest that light harvesting traits, 
along with parameters related to nutrients, temperature, salinity 
(Ignatiades et al., 2009) and to the seawater carbonate system (Oviedo 
et al., 2015), may be necessary to simulate the coccolithophore distri
bution in the Mediterranean Sea. 

Microphytoplankton were distributed mostly in the western part, 
making an important proportion of the total phytoplankton chlorophyll 
in the DCM, and in coastal spots of the Adriatic, Aegean and Levantine 

Table B2 
Zooplankton parameters.  

Parameter Description Units Z(6) Z(5) Z(4) Z(3) 

QZ
10 Q10 value for 

physiological rates 
– 2 2 2 2 

r0Z potential specific 
growth rate at 10 ◦C 

d-1 5 2 2 2 

hZ half-saturation food 
concentration for Type 
II 

mgC m− 3 100 30 100 250 

f(1,4)min 
half-saturation food 
concentration for 
capturing 
microphytoplankton 

mgC m− 3 50 50 0 0 

f(2,5,7,8)min 
half-saturation food 
concentration for 
capturing 
nanophytoplankton 

mgC m− 3 12.5 12.5 0 0 

f(3,6,9)min 
half-saturation food 
concentration for 
capturing 
picophytoplankton 

mgC m− 3 16.6 16.6 0 0 

δB availability of bacteria – 1 0.1 – – 
δ(1)P 

availability of diatoms – 0 0.7 1 0 

δ(2,5,7,8)P 
availability of 
nanophytoplankton 

– 0.2 1 0.75 0 

δ(3,6,9)P 
availability of 
picophytoplankton 

– 1 0.1 0 0 

δ(4)P 
availability of 
dinoflagellates 

– 0 0.1 1 1 

δ(6)Z 
availability of 
nanoheterotrophs 

– 0.2 1 0 0 

δ(5)Z 
availability of 
microzooplankton 

– 0 1 1 0 

δ(4)Z 
availability of 
omnivorous 
mesozooplankton 

– 0 0 1 1 

δ(3)Z 
availability of 
carnivorous 
mesozooplankton 

– 0 0 0 1 

dZ specific mortality rate d-1 0 0 0.02 0.02 
dOZ oxygen-dependent 

mortality rate 
d-1 0.05 0.05 0.01 0.01 

ηZ assimilation efficiency – 0.3 0.5 0.6 0.6 
βZ excreted fraction of 

uptake 
– 0.5 0.5 0.35 0.3 

hOZ half saturation oxygen 
for mortality 

mmolO2 

m− 3 
8 8 30 30 

γZ exponent for density- 
dependent mortality 

– – – 2 2 

εcZ particulate fraction of 
excretion 

– 0.6 0.6 1 1  

Table B3 
Bacteria parameters.  

Parameter Description Units B 

QB
10 Q10 value for physiological rates –  2.95 

r0B potential specific growth rate at 10 ◦C d-1  8.38 
νR1

B specific potential uptake for labile DOC d-1  0.5 
νR2

B specific potential uptake for semi-labile 
DOC 

d-1  0.25 

νR6
B specific potential uptake for POC d-1  0.1 

QoptN optimal N to C quontum mmolN mgC- 

1  
0.017 

QoptP optimal P to C quontum mmolP mgC- 

1  
0.0085  
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subbasins. However, in the EXP-0, EXP-1 and EXP-2 results, diatoms 
were basically outcompeted by dinoflagellates, which indicated that 
their small optical differences gave a competitive advantage to di
noflagellates and did not allow for the coexistence of the two PFTs. 
Differentiating dinoflagellates and diatoms just by their light harvesting 
traits may be challenging because they exhibit similar spectral absorp
tion and large intraspecific variability (Catlett and Siegel, 2018; 
Organelli et al., 2017). Observations showed that diatoms were the main 
contributors to microphytoplankton and formed most of the seasonal 
blooms in the Mediterranean Sea. This result suggests that their poor 
performance in terms of light absorption due to the size constraints to 
pigment packaging (Agustí, 1991) shared with dinoflagellates may be 
compensated with other competitive traits for light harvesting or light 
use, such as higher photochemical efficiency (Moore et al., 2005) or 
higher resistance to photoinhibitory damage (Key et al., 2010). Indeed, 
when we considered a higher photochemical efficiency for diatoms 
(EXP-3), they became the most abundant group between these two PFTs, 
and the model results performed very well with respect to satellite and 
HPLC observations (Figs. 12 and 13). 

The novel configuration of the BFM that was presented in this paper 
was based on the introduction of a light-harvesting trait in the PFT 
definition and allowed to simulate 9 different PFTs. The light absorption 
spectrum result of chromatic adaptation is different among phyto
plankton types (Sathyendranath et al., 1987), relatively conservative 
within types (Organelli et al., 2017) and available from experiments in a 
relatively large number of phytoplankton taxa (see Appendix A). These 
characteristics permitted the assignment of a representative spectrum to 
each PFT using clustering techniques based on the similarities in the 
light absorption spectra. Such techniques have been demonstrated to be 
useful for the classification of algal assemblages (Torrecilla et al., 2011; 
Uitz et al., 2015), the taxonomic discrimination of water samples (e.g., 
Moberg et al., 2002; Organelli et al., 2017) and the grouping of spectral 
phytoplankton types in optical models (Xi et al., 2017, 2015). However, 
the absorption coefficients assigned to a particular PFT were not con
stant since they comprised several pigment types that have branched out 
over a wide range of aquatic ecosystems. Light absorption is influenced 
by pigment content altered by processes of photoacclimation (Pérez 
et al., 2021) and adaptation (Brunet et al., 2007) that result in phyto
plankton groups or ecotypes with variable competitive abilities over 
time and space. The variability in absorption coefficients can alter the 
correspondence between light niches and phytoplankton types, and 
hence, further work is needed to represent such variability in bio-optical 
models. This raises interesting perspectives to improve the descriptive 
capacity of spectral light harvesting traits by including their variability 

in terms of photoacclimation and/or speciation. 
By considering PFTs within each size-class equivalent competitors in 

all functional traits except light absorption, our results showed a sig
nificant impact of optical variability on the distribution and dominance 
of PFTs within picophytoplankton and a smaller impact on the PFTs 
within nano- and microphytoplankton. Nonetheless, variability in other 
functional traits, such as those related to resistance to photoinhibition 
(Six et al., 2007) or those related to nutrient acquisition and use 
(Mouriño-Carballido et al., 2016), can incorporate another layer of 
complexity. Species that are defined as strong competitors in one niche 
dimension can display stable species coexistence if their competitive 
traits are differentiated across another niche dimension. In this sense, 
although our analysis is not comprehensive in terms of traits chosen, it 
does indicate clear model calibration directions fostering and hastening 
model improvements. Regarding light use, (Luimstra et al., 2020) pro
posed a competition model where resource acquisition (light absorp
tion) and resource use efficiency (photosynthetic efficiency) of different 
light colours varied independently. In this case, even when a given 
species was the stronger competitor absorbing different light colours, 
coexistence with another species was possible if the latter was more 
efficient using the absorbed light. Indeed, our EXP-3 showed how di
atoms with a higher photochemical efficiency improved the BFM 
description of the microphytoplankton PFTs. Further work can be done 
to include other functional variability in the description of PFTs and 
ultimately increase the model ability to represent the distribution and 
seasonal dynamics of the phytoplankton community in the Mediterra
nean Sea. 

Despite potential further improvements of the model configuration, 
the goal of this work was to put optically different groups of phyto
plankton in a virtual environment that simulated a realistic range of 
incoming spectral light. By observing the extent of competition for light 
under these simulated conditions, our approach and results enlighten 
potential factors shaping the taxonomic composition of natural phyto
plankton communities in marine ecosystems, particularly in the Medi
terranean Sea. Bio-optical models that describe the optical properties of 
the water constituents in detail allow us to simulate the heterogeneity of 
the spectral underwater light field. This turns the model into a useful 
laboratory to explore the influence of chromatic adaptation in the 
competition for light. With this objective, we needed to shape three el
ements in our modelling framework, each with its own uncertainties 
when extrapolating modelling results to the real world: i) provide a 
variety of light niches, ii) define which is the light-use trait that gives the 
competitive advantage and its variability among groups, and iii) ensure 
that other phytoplankton traits and mortality (we selected grazing 

Fig. C1. Behaviour of active-switching functional response for grazing formulation: (a) total amount of food available to microzooplankton (F(5)
Z ) as a function of the 

number of PFTs in the phytoplankton compartment, (b) isoclines of total ingestion of microzooplankton (I(5)Z , mg C m− 3 d-1) as a function of the biomass of two prey 
of the same size class (red) and when the same prey are split into four clones each (blue). 
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formulation) allow us to see the result of competition. We have defined 
niche variability with the underwater light spectrum and the euphotic 
depth (for a similar niche definition with turbidity and mixed layer 
depth, see Stomp et al. (2007)). With this definition, superficial red- 
dominant waters tended to be dominated by Synechococcus sp. almost 
exclusively, whereas deeper and blue-dominant waters tended to offer 
more opportunities for the coexistence of optically different PFTs. Under 
clearer light habitats, coccolithophores were particularly abundant 
throughout the basin, with contributions of Prochlorococcus sp. in the 
less productive eastern part and microphytoplankton in the DCM of the 
more productive western part. Hence, these results showed different 
coexistence patterns under different water types or niches, stressing the 
role of the underwater light spectrum in shaping the distribution of the 
autotrophic community. 

The light spectrum is not only variable depending on the PFTs pre
sent in the water but also depends on dissolved organic matter and non- 
algal and inorganic particles. CDOM and detrital absorption, charac
terized by a wavelength-dependent exponentially decreasing spectrum, 
can greatly influence the underwater light spectrum simulated by the 
model. In our model setup, CDOM is produced mainly as a fraction of 
phytoplankton exudation and mortality, and hence, its concentration 
covariates with phytoplankton (not shown). This could not always be 
the case, especially in the Mediterranean Sea, whose peculiar optical 
properties are often attributed to the contribution of CDOM (Volpe et al., 
2007) and different parameterizations of the CDOM cycle impact the 
inherent and apparent optical properties simulated for the basin (Lazzari 
et al., 2021a). The lack of covariance between bio-optical components 
and the strong absorption of CDOM in the blue part of the spectrum are 
confounding elements (Sauer et al., 2012) that can shift the light spec
trum to longer wavelengths, more than our simulations showed. Thus, 
the still unclear changes in dissolved material caused by changes in 
anthropogenic activities and climate change (Wagner et al., 2020) may 
influence the phytoplankton community structure as a result of 
competition for light. Moreover, we have not considered the influence of 
other particles, such as bacteria (Stramski and Kiefer, 1998) or 
zooplankton (Davies et al., 2021). 

Caveats in the simulation of the variability of light habitats could 
explain some discrepancies in model results when compared to obser
vations. Within picophytoplankton, our model simulations predicted a 
negligible contribution of cryptophytes, but observations showed that 
they contributed more to the phytoplankton community in the Medi
terranean Sea. The pigmentation of cryptophytes is well suited for 
photosynthesis in superficial and/or turbid waters, as they can exploit 
the green and orange-red part of the light spectrum (Cunningham et al., 
2019; Luimstra et al., 2020). The competitive exclusion of cryptophytes 
in our model simulations can be caused by an underestimation of CDOM 
in our simulations that, if present, would shift the light spectrum to red, 
creating appropriate niches for the coexistence of this group. 

Altogether, the results presented support the idea that changes in 
community composition can be driven, to a significant extent, by 
changes in the available light niches. Hence, radiative transfer models 
that simulate spectral light habitats seem to be valuable tools that can be 
used to improve simulations of the biogeography of primary producers 
(Holtrop et al., 2021). This result is relevant in the ocean surface, where 
our integrated optical-biogeochemical approach could help to provide 
insights into how changes in phytoplankton composition influence the 
optical properties of the ocean that are retrieved by satellites. However, 
given the strong vertical variability of the light spectrum, this approach 

would be particularly powerful to simulate accurate phytoplankton 
distributions in depth. The vertical structure of phytoplankton com
munity composition can be very relevant when evaluating carbon fluxes, 
such as primary production or carbon export. In the Mediterranean Sea, 
whereas picophytoplankton dominate most of the superficial open ocean 
waters, the full water-column fluxes would be very influenced by the 
nano- and microphytoplankton PFTs inhabiting the deeper parts. 

5. Conclusions 

Mediterranean waters are optically complex and offer a variety of 
light niches for phytoplankton. PFTs occupy niches based, among others, 
on their light-harvesting and light-utilization traits. By including 
competitive differences in absorption cross-sections, our ecosystem 
model was shown to be able to shape the phytoplankton community 
composition of the Mediterranean Sea while total chlorophyll remain 
unchanged and was in good agreement with observations. Changes in 
picoplanktonic community composition seemed to be driven, to a sig
nificant extent, by changes in the available light niches. Within nano- 
and microplanktonic communities, the opportunities for coexistence 
provided by different spectral light habitats were lower, and other 
functional traits should also be considered. Our 9-optical PFT model 
including diatoms with higher light utilization efficiency reproduced the 
zonal and vertical gradients of dominant phytoplankton groups in the 
Mediterranean Sea. Bio-optical models that simulate the spectral 
component of underwater light fields can be valuable tools used to 
improve simulations of the diversity and biogeography of primary pro
ducers in the ocean. 
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Appendix A:. Supplementary data 

We performed a literature review to collect chlorophyll-specific absorption, scatter, and backscatter to total scatter ratio spectra of phytoplankton. 
For each spectrum, we collected information regarding the species, genera or phytoplankton class from where the spectrum was measured. When 
available, the code for the strain, the culture collection where the strain was maintained, and the place of isolation were included. Additionally, 
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information regarding irradiance conditions and mean size of the cells in culture was included when available, although it was not used in the present 
work. The reference, number of the figure or table from which the spectrum was digitized and the page where the figure or table was located were also 
recorded. 

A total of 214 chlorophyll-specific absorption spectra (a*
PH(λ)) were digitized and linearly interpolated to 81 wavelengths between 300 and 800 nm. 

A total of 72 chlorophyll-specific scatter spectra (b*
PH(λ)) were digitized and linearly interpolated to 35 wavelengths between 412 and 715 nm. Fifty- 

seven backscatter-to-scatter ratio spectra (brPH(λ)) were digitized and linearly interpolated to 9 wavelengths between 412 and 715 nm. These three 
collections of spectra are available in the supplementary files: absorption_spectra.csv, scatter_spectra.csv and backscatter_ratio_spectra.csv. 

Although included in the datasets, we flagged and did not use for further analysis spectra when i) a freshwater species was used and ii) when the 
chlorophyll-specific spectrum was obtained by dividing aPH(λ) by the sum of total chlorophyll and phaeopigments instead of only by total chlorophyll 
(Bricaud et al., 1983; Bricaud and Morel, 1986; Ciotti et al., 2002; Morel, 1987; Sathyendranath et al., 1987; Suggett et al., 2004), which left us with 
177 a*

PH(λ), 36 b*
PH(λ) and 35 brPH(λ) spectra for the analysis described in the main text. 

Appendix B:. Ecosystem model 

The full description of the BFM equations can be found in the BFM manual (Vichi et al., 2015). Here, we report equations related to the source and 
loss terms of optically active biogeochemical products that complete the differential equations reported in the main text. 

Temperature regulation 

The effect of temperature regulating physiological processes is parameterized in a nondimensional form (etP for phytoplankton, etZ for 
zooplankton, etB for bacteria and etC for CDOM). The Q10 coefficient is different for processes related to phytoplankton (QP

10, Table B1), zooplankton 
(QZ

10, Table B2), bacteria (QB
10, Table B3) and CDOM (QC

10, Table 2). 

et = Q10
(T − 10/10) (B1) 

In phytoplankton, a cut-off value (ctP) applied to the temperature regulating factor controls the growth of picophytoplankton at high latitudes. 

et(i)P = max
(

0, et − ct(i)P

)
; i = 1 to 9 (B2)  

Nutrient limitations 

All nutrient limitations are dependent on the internal quota of nutrients with respect to C (QN, QP and QSi). The minimum allowed quota (QminN, 
QminP and QminSi) represents the adaptation of each plankton type to the prevailing nutrient concentrations and the optimal quota (QoptN, QoptP and 
QoptSi) indicates the cellular requirement for optimal growth. Multi-nutrient limitations are computed using Liebig’s law of the minimum. 

Phytoplankton growth is limited only by non-storable nutrients (fgP), hence the internal quota of Si when a Si dependency is prescribed. Chlo
rophyll synthesis is limited by the most limiting term between N and P (fnpP) and phytoplankton sinking is regulated by the most limiting among the 
three nutrients (ftP). The minimum and optimal quotas for phytoplankton are reported in Table B1. 

fg(i)
P = min

(

1,max
(

0,
QSi − QminSi

QoptSi − QminSi

))

(B3)  

fnp(i)
P = min

(
QN − QminN

QoptN − QminN
,

QP − QminP

QoptP − QminP

)

(B4)  

ft(i)P = min
(

fg(i)
P , fnp(i)

P

)
(B5) 

Bacterial uptake of dissolved and particulate substrates is limited by their internal quota of P and N (fnpB) and by the quality of the labile dissolved 
substrate (fnpR1) and the particulate substrate (fnpR6). The optimal quotas for bacteria are reported in Table B3. 

fnpB = min
(

1,
BP/BC

QoptP
,
BN/BC

QoptN

)

(B6)  

fnpR1 = min

(

1,
R(1)

P /R(1)
C

QoptP
,
R(1)

N /R(1)
C

QoptN

)

(B7)  

fnpR6 = min

(

1,
R(6)

P /R(6)
C

QoptP
,
R(6)

N /R(6)
C

QoptN

)

(B8)  

B1. Phytoplankton 

Exudation 
Total exudation by phytoplankton (d-1) accounts for the fraction of photosynthesized carbon that cannot be assimilated into biomass and is 

released in the form of semi-labile dissolved carbohydrates (R2
C). It is the sum of an activity exudation linked to the gross primary production and a 
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balance term that accounts for which fraction of fixed C cannot be used for growth given the internal storage of N and P and is excreted. 

exudation(i)
P = activityexudation(i)

P + nutrientstressexudation(i)
P ; i = 1to9 (B9) 

Nutrient-stress exudation contributes to the semi-labile DOC pool with no CDOM considered in it, which implies assuming that those carbohydrates 
excreted under N and/or P shortages are transparent. Details about the formulation of the nutrient-stress exudation can be found elsewhere (Lazzari 
et al., 2012; Vichi et al., 2015, 2004). 

Activity excretion (d-1), on the other hand, is a fraction (βP) of photosynthesis and contributes 2% of CDOM, as indicated in the main text: 

activityexudation(i)
P = β(i)

P × photosynthesis(i)P ; i = 1 to 9 (B10)  

Respiration 
Respiration (d-1) is computed as the sum of the activity respiration computed as a fraction (γP) of the photosynthesis minus activity exudation and 

the basal respiration rate (bP), temperature dependent and independent of the production rate. 

respiration(i)
P = γ(i)P × (photosynthesis(i)P − activityexudation(i)

P )+ b(i)
P × et(i)P ; i = 1 to 9 (B11)  

Calcification 
The production of PIC by phytoplankton is controlled by the PIC:POC ratio, which is regulated by nutrients, temperature and density. However, we 

have not described any particular optical properties for the PIC, and in our setup, only alkalinity was impacted. The PIC:POC production ratio is 0.3 for 
all nanophytoplankton. 

B2. Zooplankton 

Microzooplankton: excretion of CDOM and POC 
The excretion by zooplankton (mgC m− 3 d-1) is the sum of the activity excretion and the mortality. Activity excretion is proportional to total 

ingestion (I(j)Z ) multiplied by the assimilation efficiency (ηZ) and the fraction of uptake that is excreted (βZ). Mortality is parameterized as senescence 
with a first-order rate based on a constant mortality rate (dZ) and an oxygen-regulated component (dOZ). 

excretion(j)
Z = I(j)Z × η(j)

Z × β(j)
Z +

(

1 −
O2

O2 + hO(j)
Z

)

× dO(j)
Z × Z(j)

C + d(j)
Z × Z(j)

C ; j = 5, 6 (B12) 

Total excretion is partitioned to DOC (R(1)
C ) and to POC (R(6)

C ) by the parameter εcZ as indicated in the main text. 

Mesozooplankton: excretion of POC 
In addition to the first-order rate of mortality and the oxygen-regulated component, mesozooplankton have a grazing closure by higher trophic 

levels not resolved in the model, which is a power function of density. 

excretion(j)
Z = I(j)Z × β(j)

Z +

(

1 −
O2

O2 + hO(j)
Z

)

× et(j)Z × dO(j)
Z × Z(j)

C + d(j)
Z × Z(j)

C
γ(j)Z
; j = 3, 4 (B13) 

Total excretion by mesozooplankton (mgC m− 3 d-1) only contributes to POC (R(6)
C ). 

B3. Bacteria 

Consumption of CDOM and POC 
The main source of carbon for bacterioplankton is the organic matter pool, which is composed of particulate detritu (R(6)) and dissolved organic 

matter (R(1) and R(2)). The carbon component of the latter now includes chromophoric (R(1)
l and R(2)

l ) and non-chromophoric compounds (R(1)
C and 

R(2)
C ). The total uptake rate of dissolved and particulate substrates by bacteria (IB, mg C m− 3 d-1) is computed as the minimum between the potential 

uptake and the realized uptake, the latter is dependent on the type of substrates available and their quality. 

potential uptake = fnpB × etB × r0B × BC (B14)  

realized uptake = νR1
B × fnpR1 ×

(
R(1)

C +R(1)
l

)
+ νR2

B ×
(

R(2)
C +R(2)

l

)
+ νR6

B × fnpR6 × R(6)
C (B15)  

IB = min(potential uptake, realized uptake) (B16) 

The uptake rate (mgC m− 3 d-1) of each particular substrate is then proportional to the contribution of that substrate to the total available food. Here 
we specify the uptake rates of CDOM (uptakeR1l and uptakeR2l) and NAP (uptakeR6c), but the expressions for all other substrates are equivalent. 

uptakeR1l = IB ×
νR1

B × fnpR1 × R(1)
l

realizeduptake
(B17)  
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uptakeR2l = IB ×
νR2

B × R(2)
l

realizeduptake
(B18)  

uptakeR6c = IB ×
νR6

B × fnpR6 × R(6)
C

realizeduptake
(B19)  

B4. Sinking 

Both detritus and phytoplankton sink with a constant background sinking rate (5 m s− 1 for non-algal particles and phytoplankton below 150 m). 
Additionally, phytoplankton sink at a dynamic sinking velocity that is dependent on nutrient stress. The dynamic sinking velocity reaches its 
maximum (ωsink) as ftP (nutrient regulation factor) decreases below a threshold (lsink) (Table B1). 

sinking(i)
P = ωsink(i) × max

(
0, lsink(i) − ft(i)P

)
; i = 1, 4 (B20) 

For a complete description of the processes not described here and a comprehensive list of parameter values, see the supplementary material of 
Lazzari et al. (2012). 

Appendix C:. Subdivision of phytoplankton groups 

The choice of the grazing response has already been shown to drastically change the simulated distributions of phytoplankton biogeography 
(Anderson et al., 2010) and diversity (Prowe et al., 2012). Active-switching functional responses present some inconsistencies when dealing with 
variable numbers of prey (Anderson et al., 2010; Vallina et al., 2014). The formulation of active-switching used in the BFM results in suboptimal 
feeding, a phenomenon where total ingestion decreases even though total prey biomass stays constant (Fig. 3A, red) when more nutritious resources 
become relatively rarer (Gentleman et al., 2003) as a result of food classes being subdivided (Visser and Fiksen, 2013). In the BFM, this happens 
because the total available food for a given predator (F(j)

Z , Eq. (26)) decreases even though total prey biomass stays constant, as the phytoplankton 
compartment is subdivided into more PFTs (Fig. C1a, red). 

To avoid this behaviour and with the aim of keeping F(j)
Z independently if the total prey biomass was divided into 4 PFTs as former applications of 

the BFM do or in 9 PFTs as this work does, we adjusted the value of f (i)min (Fig. C1a, blue). In practice, this means that the minimum size of the prey 
patches detectable and grazed by the predator is proportionally smaller as the biomass of a particular size class is split into decreasingly abundant 
PFTs. Picophytoplankton was divided into three PFTs, and f (3,6,9)min was decreased from 50 to 16.6 mg m− 3. Nanophytoplankton was divided into four 
PFTs, and f (2,5,7,8)min was decreased from 50 to 12.5 mg m− 3. For microphytoplankton, since P(1) and P(4) were already separated in previous applications 
of BFM, f (1,4)min was kept at 50 mg m− 3 (Table B2 in Appendix B). With this parameter value update, the model behaviour was consistent with 4 or 9 PFTs 
in terms of F(j)

Z (Fig. C1a, red vs. blue square) and I(j)Z (Fig. C1.b, red vs. blue curves), respectively. 
Note here that this is not presented as a general solution to overcome inconsistencies in the active-switching formulations dealing with variable 

numbers of PFTs but as a parameter value adjustment to maintain model behaviour when changing a state-of-the-art BFM configuration with 4 PFTs to 
one configuration with 9 PFTs. Other formulations that combine active-switching with maximum feeding, such as that in Vallina et al. (2014), could 
allow the intercomparability of model simulations with a variable number of PFTs and the building of clone-consistent models (Ansmann and Bol
lenbach, 2021). 

Appendix C. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.pocean.2022.102789. 
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Oviedo, A., Ziveri, P., Álvarez, M., Tanhua, T., 2015. Is coccolithophore distribution in 
the Mediterranean Sea related to seawater carbonate chemistry? Ocean Sci. 11, 
13–32. https://doi.org/10.5194/os-11-13-2015. 

Peloquin, J., Swan, C., Gruber, N., Vogt, M., Claustre, H., Ras, J., Uitz, J., Barlow, R., 
Behrenfeld, M., Bidigare, R., Dierssen, H., Ditullio, G., Fernandez, E., Gallienne, C., 
Gibb, S., Goericke, R., Harding, L., Head, E., Holligan, P., Hooker, S., Karl, D., 
Landry, M., Letelier, R., Llewellyn, C.A., Lomas, M., Lucas, M., Mannino, A., 
Marty, J.-C., Mitchell, B.G., Muller-Karger, F., Nelson, N., O’Brien, C., Prezelin, B., 
Repeta, D., Jr. Smith, W.O., Smythe-Wright, D., Stumpf, R., Subramaniam, A., 
Suzuki, K., Trees, C., Vernet, M., Wasmund, N., Wright, S., 2013. The MAREDAT 
global database of high performance liquid chromatography marine pigment 
measurements. Earth Syst. Sci. Data 5 (1), 109–123. https://doi.org/10.5194/essd- 
5-109-2013. 
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