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A B S T R A C T

We investigate the role of mixing, through its eﬀect on nutrient and light availability, as a driver of phytoplankton community composition in the context of
Margalef’s mandala. Data on microstructure turbulence, irradiance, new nitrogen supply and phytoplankton composition were collected at 102 stations in three
contrasting marine environments: the Galician coastal upwelling system of the northwest Iberian Peninsula, the northwestern Mediterranean, and the tropical and
subtropical Atlantic, Paciﬁc and Indian oceans. Photosynthetic pigments concentration and microscopic analysis allowed us to investigate the contribution of
diatoms, dinoﬂagellates, pico- and nanoeukaryotes, and cyanobacteria to the phytoplankton community. Simple linear regression was used to assess the role of
environmental factors on community composition, and environmental overlap among diﬀerent phytoplankton groups was computed using nonparametric kernel
density functions. Mixing and new nitrogen supply played an important role in controlling the phytoplankton community structure. At lower values of mixing and
new nitrogen supply cyanobacteria dominated, pico- and nanoeukaryotes were dominant across a wide range of environmental conditions, and ﬁnally enhanced new
nitrogen supply was favourable for diatoms and dinoﬂagellates. Dinoﬂagellates were prevalent at intermediate mixing levels, whereas diatoms spread across a wider
range of mixing conditions. Occasional instances of enhanced diatom biomass were found under low mixing, associated with the high abundance of Hemiaulus hauckii
co-occurring with high N2 ﬁxation in subtropical regions, and with the formation of thin layers in the Galician coastal upwelling. Our results verify the Margalef’s
mandala for the whole phytoplankton community, emphasizing the need to consider nutrient supply, rather than nutrient concentration, as an indicator of nutrient
availability.

1. Introduction
Marine phytoplankton are responsible for nearly half of Earth’s
primary production (Field et al., 1998), constitute the base of most
marine food webs, and contribute to regulate the ocean–atmosphere
CO2 exchange (Falkowski, 2012; Falkowski et al., 1998). Because of
their key role in the functioning of aquatic ecosystems and global climate, it is important to understand the factors that control phytoplankton communities. Phytoplankton growth is limited by the availability of light and nutrients, but these variables have opposite vertical
distributions in the water column. Thus, photosynthesis in aquatic
systems is constrained to where light and nutrients coexist. Since turbulence is the principal physical process involved in dispersing solutes
and small particles in the ocean (Thorpe, 2007), it indirectly aﬀects
phytoplanktonic organisms by controlling the availability of light and
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nutrients in the upper layer. For this reason, model formulations aiming
to explain the behaviour of individual phytoplankton cells, or collective
functional groups, frequently include turbulence as a control factor.
Margalef’s mandala (Margalef, 1978) was one of the ﬁrst approaches to describe the role of turbulence in the selection of diﬀerent
“life-forms” of phytoplankton in a conceptual model. In the original
diagram, diﬀerent phytoplankton groups were placed in an ecological
space deﬁned by mixing levels and nutrient concentration. Because the
supply of nutrients into the euphotic zone is frequently determined by
mixing, species adapted to high nutrient concentrations tend to be
adapted, as well, to high mixing levels, and vice versa. The conceptual
diagram was broadly divided into four domains, deﬁned by high and
low turbulence levels and high and low nutrient concentration (I–IV in
Fig. 1). The main sequence of phytoplankton follows a diagonal from
upper right (high turbulence-high nutrient) to lower left (low
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One of the main diﬃculties in verifying these conceptual models in
the ﬁeld is to quantify the variables involved (Estrada and Berdalet,
1996). Due to methodological limitations, turbulence has been historically diﬃcult to measure in the ﬁeld. A commonly used approach is
to conduct laboratory experiments, (Estrada et al., 1988; Guadayol
et al., 2009; Peters and Marrasé, 2000; Peters and Redondo, 1997), with
the limitation that phytoplankton communities might be exposed to
unrealistic levels of turbulence. Another approach is to use diﬀerent
proxies for quantifying turbulence and nutrient supply in the ﬁeld
(Bowman et al., 1981; Cermeño et al., 2008; Irwin et al., 2012; Pearman
et al., 2017). Currently, instruments designed to measure the dissipation rate of turbulent kinetic energy and/or thermal variance (Prandke
and Stips, 1998; Stevens et al., 1999; Wolk et al., 2002) allow the study
of mixing (Machado et al. 2014) and nutrient supply (Fernández-Castro
et al., 2015; Mouriño-Carballido et al., 2016; Sharples et al., 2007;
Villamaña et al., 2017) as drivers of phytoplankton community structure in the ﬁeld. Moreover, the original Margalef’s mandala was constrained by the sampling procedures of its era (Wyatt, 2014). At the
time it was conceived, open ocean observations and time series were
rudimentary and not very frequent, and sampling was primarily constrained to the surface (Kemp and Villareal, 2018). The mandala was
conceived before it was widely appreciated that autotrophic and heterotrophic picoplankton, mainly supported by regenerated nutrients
(the microbial loop), dominate the oligotrophic ocean (Cullen et al.,
2002), and considered only microphytoplankton groups. Other processes and features whose importance was still comparatively unappreciated at the time of the mandala’s conception include biological
nitrogen (N2) ﬁxation and the role of diatom-diazotroph symbiosis,
phytoplankton thin layers, the eﬀect of iron (Fe) on planktonic productivity and mixotrophy.
Here we investigate the role of mixing, through its eﬀect on the
availability of nitrate and light, in the control of phytoplankton community composition. We combine a large data set of microstructure
turbulence, irradiance, nitrate concentration and phytoplankton community composition, derived from microscopy and pigment analysis,
collected in contrasting marine environments. Our goal is to present an
evaluation of Margalef’s mandala in the ﬁeld that considers the whole
phytoplankton assemblage, including pico- and nanoeukaryotes and
cyanobacteria, and is based on direct measurements, rather than
proxies, of new nitrogen supply into the euphotic layer.

Fig. 1. Adaptation of the Margalef’s mandala showing phytoplankton life-forms
in an ecological space deﬁned by turbulence and nutrient concentration. I–IV
indicates the four domains deﬁned by high and low turbulence levels and nutrient concentration.

turbulence-low nutrient). Diatoms are dominant in turbulent water rich
in nutrients (domain I), whereas dinoﬂagellates dominate in stratiﬁed
waters where nutrients are scarce (domain III). The anomalous combination of high nutrient concentration with low turbulence (domain II)
leads to an alternative route, the red tide sequence, characterized by
rounded dinoﬂagellate swimming species which form harmful algal
blooms (e.g., Gonyaulax, Alexandrium). Domain IV is associated with
low-nutrient, high-turbulence conditions and was considered void or
empty in the original mandala. By considering the average value of the
turbulent diﬀusion coeﬃcient in the top layers of the oceans (0.4 cm2
s−1) as the transition limit, derived from indirect estimates at the time,
Margalef estimated that diatoms dominate over the range
2–100 cm2 s−1 and dinoﬂagellates over 0.02–1 cm2 s−1. Although not
represented in the original diagram, other environmental factors such
as grazing or light availability were also discussed by Margalef (1978).
Several conceptual models have revisited Margalef’s mandala.
Reynolds’s Intaglio (Reynolds, 1987) allows the selection of phytoplankton species along a gradient of energy (a combination of mixing
depth and irradiance) and nutrient availability. Smayda and Reynolds
(2001) found that the Intaglio was better than the mandala in predicting harmful algal blooms (HAB) in coastal waters, because of its
ability to distinguish nine diﬀerent harmful dinoﬂagellate types and
their associated mixing-nutrient habitats (Cullen and MacIntyre, 1998).
The most recent conceptual model proposed by Glibert (2016) incorporated twelve dimensions, including nutritional physiology.

2. Material and methods
Data were collected at 102 stations located in the tropical and
subtropical Atlantic, Paciﬁc and Indian Oceans (T), the northwestern
Mediterranean Sea (M), and the Galician coastal upwelling ecosystem
(G), between March 2009 and August 2013 (see Table 1 and Fig. 2).
One expedition (Malaspina, Dec 2010–Jul 2011) sampled 59 stations,
which were mainly located in the tropical and subtropical Atlantic,
Indian and Paciﬁc oceans. Three other cruises carried out in the Mediterranean Sea (FAMOSO1 Mar 2009, FAMOSO2 Apr-May 2009, and

Table 1
Details of the data included in this study. Domains considered are tropical and subtropical (T), northwestern Mediterranean (M) and Galician upwelling region (G).
The number of stations sampled on each cruise for microstructure turbulence and nitrate concentration (N1), microphytoplankton cell counts (N2), photosynthetic
pigments (N3) and light availability (N4) is indicated.
Domain

Region

N1

N2

N3

N4

Cruise

R/V

Date

T

Atlantic, Paciﬁc and Indian Oceans

59

59

59

52

MALASPINA

Hespérides

16/12/10–10/07/11

M
M
M

Liguro-Provençal Basin
Liguro-Provençal Basin
Liguro-Provençal Basin

4
9
3

4
9
3

4
9
3

4
7
3

FAMOSO I
FAMOSO II
FAMOSO III

Sarmiento de Gamboa
Sarmiento de Gamboa
Sarmiento de Gamboa

14/03/09–22/03/09
30/04/09–13/05/09
16/09/09–20/09/09

G
G
G

Ría de Vigo
Rías de Vigo and Pontevedra
Ría de Vigo

10
13
4

10
9
4

–
6
3

8
13
4

DISTRAL-REIMAGE
ASIMUTH
CHAOS

Mytilus
Ramón Margalef
Mytilus

14/02/12–24/01/13
17/06/13–21/06/13
20/08/13–27/08/13
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Fig. 2. Map showing the stations sampled in the tropical and subtropical Atlantic, Indian and Paciﬁc oceans (T, red), the northwestern Mediterranean (M, green) and
the Galician upwelling region (G, blue). Other regions (O, orange) refer to stations sampled during the Malaspina-2010 expedition outside tropical and subtropical
regions (Benguela Current Coastal, East Africa Coastal and East Australia Coastal). Stations sampled for microscopy analysis, pigment concentration or both are
indicated. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

number of vertical proﬁles of dissipation rates of turbulent kinetic energy (ε) obtained at each station was 3 ± 1 in tropical and subtropical
regions (37 ± 18 min), 7 ± 0 in the NW Mediterranean
(76 ± 22 min), and 32 ± 55 in the Galician coastal upwelling
(79 ± 285 min). Turbulence can induce episodic inputs of nutrient
supply, which can be easily missed when a low number of proﬁles are
deployed. In the Galician coastal upwelling our dataset included two
25 h high-frequency samplings carried out in the Ría de Vigo (Galician
upwelling region). Turbulence at the interface between upwelled and
surface waters was enhanced by 2 orders of magnitude during the ebbs,
as the result of the interplay of the bidirectional upwelling circulation
and the tidal current shear (Fernández-Castro et al., 2018).
The proﬁler, which was balanced to have negative buoyancy and a
sinking velocity of ~0.4–0.7 m s−1, was cast down to a maximum depth
of 30–300 m. The frequency of data sampling was 1024 Hz. The sensitivity of the shear sensors was checked after each use. Due to signiﬁcant
turbulence generation close to the ship, only data obtained below a
certain depth (5 m for DISTRAL-REIMAGE, ASIMUTH, and CHAOS; and
10 m for FAMOSO1, FAMOSO2, FAMOSO3 and Malaspina) were considered reliable. Data processing and calculation of dissipation rates of ε
was carried out following the procedure described in Fernández-Castro
et al. (2014). The squared Brunt Väisälä frequency (N2) was computed
from the CTD proﬁles according to the equation:

FAMOSO3 Sep 2009) sampled 16 stations during three contrasting
hydrographic conditions, covering from winter mixing to summer
stratiﬁcation. Finally, 27 stations were visited in the Galician coastal
upwelling region (DISTRAL-REIMAGE Feb 2012–Jan 2013; ASIMUTH
Jun 2013; and CHAOS Aug 2013). Measurements of microstructure
turbulence were carried out in parallel to sampling for the determination of nitrate concentration (102 stations), microphytoplankton community composition (98 stations), photosynthetic pigments concentration (84 stations), and N2 ﬁxation (38 stations). Additional information
on the sampling design of these cruises is included in: Estrada et al.
(2016, Malaspina); Fernández-Castro et al. (2014, Malaspina); Estrada
et al. (2014, FAMOSO); Mouriño-Carballido et al. (2016, FAMOSO);
Cermeño et al. (2016, DISTRAL-REIMAGE); Villamaña et al. (2017,
CHAOS); Díaz et al., (2019, ASIMUTH).
2.1. Microstructure turbulence
Hydrographic properties and turbulent mixing were derived from a
microstructure turbulent proﬁler (Prandke and Stips, 1998) equipped
with two microstructure shear sensors (type PNS06), a high-precision
Conductivity-Temperature-Depth (CTD) probe, including a ﬂuorescence
sensor, and a sensor to measure the horizontal acceleration of the
proﬁler. Microstructure turbulence proﬁles used for computing nitrate
ﬂuxes at each station were always deployed successively. The average
3
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where QZ is the vertical advective ﬂux calculated as the product of the
upwelling index (IW, m3 s−1 km−1) and the length of the mouth of the
Ría (ca. 10 km for Rías de Vigo and Pontevedra). IW was calculated
from wind data recorded at the Silleiro buoy (http://www.
indicedeaﬂoramiento.ieo.es) and it was averaged over the 3-day
period before each cruise. Abasin is the surface area of the Ría (ca. Ría de
Vigo 174 km2; Ría de Pontevedra 121 km2) and [NO3−]bottom is the
average nitrate concentration at the deepest sampling depth, corresponding to upwelled North Atlantic Central Water (NACW) (ÁlvarezSalgado et al., 1993).
In summary, in this study we considered new nitrogen supply into
the euphotic zone by nitrate diﬀusive ﬂux driven by mechanical turbulence (all regions); nitrate salt-ﬁngers mixing and biological N2
ﬁxation (tropical and subtropical domains); and nitrate supply through
vertical advection due to upwelling (Galician coastal upwelling). It is
important to note that other nitrogen forms such as NH4+ and organic
nitrogen, which can be an important component of nitrogen supply,
were not taken into account since this information is not available for
all the cruises.

g
∂ρ
N 2 = −⎜⎛ ⎟⎞ ⎛ ⎞ (s−2)
ρ
⎝
⎝ w ⎠ ∂z ⎠
where g is the acceleration due to gravity (9.8 m s−2), ρw is a reference
seawater density (1025 kg m−3), and ∂ρ/∂z is the vertical potential
density gradient. Vertical diﬀusivity (Kz) was estimated as:

Kz = Γ

ε
(m2 s−1)
N2

where Γ is the mixing eﬃciency, here considered as 0.2 (Osborn, 1980).
For the stations located in tropical and subtropical regions, vertical
diﬀusivity including mechanical turbulence and the eﬀect of salt ﬁngers
was calculated according to St. Laurent and Schmitt (1999) (see details
in Fernández-Castro et al. 2015). The K-proﬁle parameterization (KPP)
described by Large et al. (1994) was used to compute vertical diﬀusivity
at 14 stations carried out in the Indian Ocean during Malaspina, where
measurements of microstructure turbulence were not acquired (see
Fernández-Castro et al. (2014)).
2.2. New nitrogen supply

2.3. Light availability

Samples for the determination of nitrate (NO3−) (or nitrate + nitrite in the case of Malaspina cruises) were collected from Niskin bottles
at 3–12 depths in rinsed polyethylene tubes. Samples were immediately
analyzed on board (Malaspina) or frozen and stored at −20 °C until
later analysis on land (the other cruises), in all cases using the methods
described by Grasshoﬀ et al. (2007). Nitrate concentration data included in the World Ocean Atlas 2009 (WOA09) database were used in
4 stations sampled during the Malaspina expedition where nitrate
concentrations were not available (see Fernández-Castro et al. 2015).
Vertical diﬀusive ﬂuxes of nitrate were calculated, following Fick’s
law, as:

A proxy for light availability in the mixed layer (LA) was computed
from the solar radiation dose used by Vallina and Simó (2007):

LA =

where I0, k, and MLD are, respectively, surface photosynthetically active radiation (surface PAR, I0), light attenuation coeﬃcient (k) and
mixed layer depth (MLD).
Surface photosynthetic active radiation (sPAR) for each sampling
station was considered as the 5-day averaged daily data obtained from
satellites (http://globcolour.info). Vertical proﬁles of PAR were obtained with a Licor PAR sensor (Malaspina, FAMOSO, DISTRALREIMAGE) at 91 stations. In those cruises where the Licor PAR sensor
was not available (CHAOS, ASIMUTH), PAR proﬁles were obtained
from the weekly sampling of Instituto Tecnolóxico para o Control do
Medio Mariño de Galicia (INTECMAR, http://www.intecmar.gal). k
was calculated from PAR proﬁles using the Lambert-Beer equation
(Kirk, 1994).
A Lagrangian approach based on the one-dimensional random-walk
algorithm proposed by Ross and Sharples (2004) was used to characterize the vertical displacements of plankton cells induced by turbulence. In practice, these random-walk simulations provided a dynamically-based estimate of the mixed-layer depth. Random-walk
simulations, forced with the station-mean turbulent diﬀusivity proﬁle
derived from microstructure measurements, were performed at each
sampling station. In those simulations, 100 particles were released at
the surface at time zero and allowed to passively diﬀuse in the background diﬀusivity proﬁle during 24 h. The mixed layer depth was deﬁned as the depth above which 99% of the particles were found at the
end of the simulation. This method of calculating the mixed layer depth
has the advantage, over more classical calculations based on the vertical density distribution, that it explicitly takes into account the diffusive movement of passive particles for a given level of turbulent kinetic energy and background stratiﬁcation. Conversely, it relies on
several assumptions: (1) the diapycnal diﬀusivity proﬁle is static during
the 24 h of simulation, (2) plankton cells do not actively move through
the water column or swim, (3) no signiﬁcant plankton net growth or
decay occurs over the simulation time, and (4) the Osborn scaling for
turbulent diﬀusion in stratiﬁed turbulence holds for the weakly stratiﬁed mixed layer. The last assumption could be particularly sensitive in
open ocean regions with deep mixed layers and very weak background
stratiﬁcation, but it is less important in the coastal areas where either
haline or thermal background stratiﬁcation in the upper layers was
always present.

NO3− diffusive flux = K¯z ΔNO3−
where ΔNO3− is the nitrate vertical gradient obtained by linear ﬁtting of
nitrate concentrations in the nitracline, determined as a region of approximately maximum and constant gradient, and K¯z is the averaged
vertical diﬀusivity in the same depth interval. In the Galician coastal
upwelling, nitrate diﬀusive ﬂuxes were estimated between 10 and 40 m
depth using the same procedure.
In tropical and subtropical regions sampled during Malaspina, nitrate diﬀusive ﬂuxes were calculated from vertical diﬀusivity taking
into account both mechanical turbulence and salt ﬁngers (FernándezCastro et al., 2015). These features could have important implications
for the transport of nutrients and phytoplankton growth, as they mix
dissolved substances more eﬃciently than mechanical turbulence
(McDougall and Ruddick, 1992). Since biological ﬁxation of atmospheric N2 by microbial diazotrophs could equal or even exceed nitrate
diﬀusion as a mechanism for new nitrogen supply in tropical and subtropical regions (Capone et al., 2005; Mouriño-Carballido et al., 2011),
N2 ﬁxation rates measured with the 15N2 uptake technique (Montoya
et al. 1996) were also considered to compute new nitrogen supply in the
Malaspina stations (see details in Fernández-Castro et al. 2015).
The Galician Rías are four semienclosed and elongated bays located
in the northern limit of the Iberia-Canary Current upwelling domain
(Arístegui et al., 2009). The hydrographic and circulation patterns
consist of a succession of upwelling and downwelling events driven by
the dominant shelf winds (Álvarez-Salgado et al., 2003, 2002). Thus,
nutrient input into the Rías occurs mainly by coastal upwelling, while
continental runoﬀ and precipitation represent minor inputs (Fernández
et al., 2016). New nitrogen supply in the Galician Rias was therefore
computed as the sum of nitrate diﬀusive ﬂux and nitrate supply through
vertical advection due to upwelling. The latter was calculated as:

NO3− advective flux =

I0
(1 − e−k·MLD )
k ·MLD

QZ
[NO3−]bottom
Abasin
4
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2.4. Phytoplankton biomass

NO Ki, j, t = 1 −

Samples for the determination of nano- and microphytoplankton
community composition were collected with Niskin bottles from 2 to 6
depths and ﬁxed with formalin–hexamine solution (Malaspina,
FAMOSO) or with Lugol’s iodine acidic solution (DISTRAL-REIMAGE,
ASIMUTH, CHAOS). Cell counts for diatoms and dinoﬂagellates were
carried out under an inverted microscope following the Utermöhl’s
(1958) method, and classiﬁcation was done at the species level when
possible. Coccolithophores are not considered in the present study since
they were not analyzed in the Galician Rías stations. Coccolithophore
abundance is generally very small in inner-shelf waters of the NW
Iberian upwelling system (Ausín et al., 2018), so samples are usually
not preserved to account them by microscopy. Heterotrophic species of
dinoﬂagellates were diﬀerentiated based on literature and not included
in the analysis. Cell biovolumes were determined by approximation to
the nearest geometric shape (Hillebrand et al., 1999) (Malaspina, DISTRAL-REIMAGE), estimated from data in the literature (Harrison et al.,
2015; Margalef, 1994; Sal et al., 2013) (FAMOSO), or estimated (ASIMUTH, CHAOS) from previously determined biovolumes in the region
(DISTRAL-REIMAGE). Biovolumes were converted to carbon biomass
using empirically-derived carbon to volume conversion factors for
diatoms and dinoﬂagellates (Menden-Deuer and Lessard, 2000). Finally, diatom and dinoﬂagellate biomass was integrated vertically
down to the depth of the deep chlorophyll maximum (DCM) (Malaspina, FAMOSO) or 20 m (DISTRAL-REIMAGE, ASIMUTH, CHAOS),
which can be considered approximately as the depth of the euphotic
layer in the Galician upwelling region.
Diatom and dinoﬂagellate community composition was summarized
by means of a Principal Coordinates analysis (PCoA). The analysis was
based on the Bray-Curtis dissimilarity matrix among log-transformed
biomass data [log (x + 1)] of 289 taxa present in 98 samples. Given that
a large portion of specimens was not identiﬁable to species level, individuals were grouped into categories such as ‘unidentiﬁed diatoms’ or
‘unidentiﬁed dinoﬂagellates’. All calculations were performed using the
Fathom Toolbox for Matlab (Jones, 2015).

1
2

∫ |fit (x ) − f jt (x )| dx

where fit and fjt are the kernel density functions for the factor t and
phytoplankton groups i and j, respectively.
The four phytoplankton groups were considered based on the estimation of their Chl-a from HPLC-pigments. The factors (predictors of
the environmental regime occupied by each group) considered for the
analyses were surface nitrate concentration, vertical mixing, new nitrogen supply and light availability. When the contribution of depthintegrated Chl-a for each phytoplankton group exceeded the value expected by chance (1/4), predictors for each station were selected. A
kernel density estimate is derived from the sum of symmetric probability density functions (kernels). These kernels are centered on each
data point and integrate to 1.0, so that each area is 1/n (being n the
number of data from a sample) and the area under the population
density function is 1.0 (Mouillot et al., 2005). The overlap between two
phytoplankton groups is the overlapped area of the distribution for each
group, ranging from 0% (no overlap) to 100% (complete overlap).
Statistically, diﬀerentiation between the environmental regimes occupied by each phytoplankton group was ascertained by using null models
to verify whether overlaps were signiﬁcantly lower than 100%. Pseudovalues of the test statistic were calculated through randomly permuting
groups labels in the corresponding data set over 10,000 runs (Geange
et al., 2011). These calculations were carried out in R (R Development
Core Team, 2018) using the source code provided as supporting information by Geange et al. (2011).
3. Results
3.1. Environmental variables and phytoplankton community structure
Our data set covers a wide range of oceanographic conditions from
oligotrophic (tropical and subtropical Atlantic, Paciﬁc and Indian
oceans, T), to mesotrophic (northwestern Mediterranean, M), and eutrophic (Galician coastal upwelling, G) environments. Stations sampled
in tropical and subtropical regions were characterized by warm surface
waters (26 ± 3 °C), relatively weak new nitrogen supply into the euphotic zone (0.3 ± 0.6 mmol m−2 d−1), and low surface Chl-a concentration (0.2 ± 0.1 mg m−3) (Table 2 and Fig. 3). In the Mediterranean, surface waters were cooler (16 ± 4 °C) and characterized by
intermediate values of new nitrogen supply (4 ± 6 mmol m−2 d−1)
and surface Chl-a (0.8 ± 0.9 mg m−3). Finally, the Galician upwelling
region was also characterized by relatively cold surface waters
(16 ± 2 °C), elevated new nitrogen supply (30 ± 29 mmol m−2 d−1)
and enhanced surface Chl-a concentration (4 ± 4 mg m−3). The proxy
for light availability, computed considered surface PAR and mixing
conditions (see Methods), took signiﬁcantly higher values in tropical
and subtropical regions (27 ± 11 E m−2 d−1) than in the Galician
upwelling (16 ± 7 E m−2 d−1).
Biomass estimations derived from cell volume measurements obtained with microscopy and Chl-a estimations derived from HPLC-pigments concentration were both used independently to characterize the
composition of the phytoplankton community. With microscopy is not
possible to obtain a good discrimination of pico- and nanoplankton cells
because, due to their small size, they are usually unidentiﬁed or even
overlooked. Thus, while microscopy provides only reliable information
on large cells, with HPLC-pigments is possible to study the whole
phytoplankton community. The use of both techniques separately
provides a comprehensive description of the structure of the phytoplankton community. Both microscopy and HPLC-pigments data were
available in all the stations collected during the Malaspina expedition
(mainly of tropical and subtropical regions), and in the NW
Mediterranean and other regions. However, in the Galician upwelling
region, data from both techniques were only available at few stations
(Fig. 2). As shown in Table 2, in the Galician upwelling, diatoms had

2.5. Photosynthetic pigments
Samples for the determination of photosynthetic pigments were
collected at 2–7 depths from Niskin bottles and ﬁltered through GF/F
ﬁlters (Whatman, 25 mm). Filters were preserved in liquid nitrogen
until later determination on land by High Performance Liquid
Chromatography (HPLC), following the methods described in Zapata
et al. (2000) and Latasa (2007). HPLC-determined pigment concentrations were integrated vertically down to depth of the deep chlorophyll
maximum (DCM) (Malaspina, FAMOSO) or 20 m (ASIMUTH, CHAOS).
Samples for the determination of photosynthetic pigments were not
collected in DISTRAL-REIMAGE cruise.
An estimation of the chlorophyll-a (Chl-a) of four phytoplankton
groups was calculated using HPLC-determined pigment concentrations
and the algorithms given in Letelier et al. (1993) for diatoms, dinoﬂagellates, prymnesiophytes, chrysophytes, cyanobacteria (Synechococcus spp. and Trichodesmium spp.) and Prochlorococcus spp. The sum
of prymnesiophytes and chrysophytes was considered as the single
group of pico- and nanoeukaryotes and the sum of Synechococcus spp.,
Trichodesmium spp and Prochlorococcus spp. as cyanobacteria.

2.6. Overlap between groups along environmental ranges
Estimations of environmental overlap between diatoms, dinoﬂagellates, pico- and nanoeukaryotes and cyanobacteria were calculated based on non-parametric kernel density functions (Stine and
Heyse, 2001):
5
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Table 2
Mean ± standard deviation of Sea Surface Temperature (SST), surface nitrate concentration (sNO3−), vertical diﬀusivity (Kz), nitrate gradient (NO3− gradient),
nitrate diﬀusive ﬂux (NO3− diﬀ ﬂux), nitrate advective ﬂux (NO3− adv ﬂux), N2 ﬁxation rate (N2 ﬁxation), total new nitrogen supply (Total N supply), surface
Photosynthetically Active Radiation (sPAR), mixed layer depth (MLD) calculated from 1-D random-walk simulations (see methods), light attenuation coeﬃcient (k),
light availability (LA), surface chlorophyll (sChl-a), photic layer depth-integrated chlorophyll-a (intChl-a), diatom (diat) and dinoﬂagellate (dino) biomass (B),
diatom, dinoﬂagellate, pico- and nanoeukaryote (pico-& nanoeuk) and cyanobacteria (cyano) chlorophyll-a (Chl-a) and contribution to total Chl-a computed for the
tropical and subtropical Atlantic, Paciﬁc and Indian oceans (T), the northwestern Mediterranean (M) and the Galician coastal upwelling region (G). A nonparametric
1-way ANOVA (Kruskal-Wallis) was performed to test the null hypothesis that independent groups come from distributions with equal medians. The Bonferroni
multiple comparison test was applied a posteriori to analyze the diﬀerences between every pair of groups. *p < 0.05; **p < 0.01; ***p < 0.001. n/a, data not
available.

SST (°C)
sNO3− (mmol m−3)
Kz ×10−4 (m2 s−1)
NO3− gradient (mmol m−4)
NO3− diﬀ ﬂux (mmol m−2 d−1)
NO3− adv ﬂux (mmol m−2 d−1)
N2 ﬁxation (mmol m−2 d−1)
Total N supply (mmol m−2 d−1)
sPAR (E m−2 d−1)
MLD (m)
k (m−1)
LA (E m−2 d−1)
sChl-a (mg C m−3)
intChl-a (mg C m−2)
Diatom Chl-a (mg m−2)
Dinoﬂagellate Chl-a (mg m−2)
Pico- & nanoeuk Chl-a (mg m−2)
Cyano Chl-a (mg m−2)
Diatom Chl-a (%)
Dinoﬂagellate Chl-a (%)
Pico- & nanoeuk Chl-a (%)
Cyano Chl-a (%)
Diatom B (mg Cm−2)
Dinoﬂagellate B (mg C m−2)
Total B (mg C m−2)

T

M

G

KW
p-value

Post hoc Bonferroni

26 ± 3
0.4 ± 0.7
0.4 ± 1.0
0.12 ± 0.11
0.28 ± 0.55
n/a
0.01 ± 0.01
0.29 ± 0.55
47 ± 10
32 ± 17
0.05 ± 0.01
27 ± 11
0.2 ± 0.1
29 ± 9
0.13 ± 0.15
0.3 ± 0.2
6±3
12 ± 5
0.7 ± 0.6
2±1
31 ± 8
67 ± 9
36 ± 92
124 ± 60
161 ± 114

16 ± 4
2.2 ± 1.6
2±3
0.10 ± 0.04
4±6
n/a
n/a
4±6
43 ± 9
26 ± 9
0.08 ± 0.02
19 ± 8
0.8 ± 0.9
64 ± 105
1.5 ± 2.1
0.58 ± 0.59
6±7
5±3
9±9
4±3
38 ± 20
50 ± 28
58 ± 85
675 ± 992
734 ± 1051

16 ± 2
1.6 ± 2.0
4±5
0.17 ± 0.10
5 ± 10
25 ± 25
n/a
30 ± 29
38 ± 13
14 ± 5
0.17 ± 0.03
16 ± 7
4±4
134 ± 115
34 ± 14
10.4 ± 9.7
1.9 ± 1.7
1.3 ± 0.8
63 ± 23
25 ± 16
7±8
4±2
1370 ± 1922
398 ± 589
1768 ± 2433

< 0.001***
< 0.001***
< 0.001***
< 0.05*

T
T
T
T

< 0.001***
< 0.01**
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001**
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.001***
< 0.01**
< 0.001***

T<M<
T>G
T,M > G
T<M<
T>G
T<M<
T,M < G
T < M,G
T,M < G
T,M > G
T > M,G
T < M,G
T<M<
T, M > G
T, M > G
T,M < G
T,G < M
T < G,M

>
<
<
<

M,G
G<M
M,G
G

G

G
G

G

3.2. Mixing and resource availability as drivers of community structure

the highest contribution to total Chl-a derived from HPLC-pigments
(63 ± 23%), followed by dinoﬂagellates (25 ± 16%), pico- and nanoeukaryotes (7 ± 8%) and cyanobacteria (4 ± 2%). Tropical and
subtropical regions and the Mediterranean exhibited a higher contribution of cyanobacteria (67 ± 9 and 50 ± 28%, respectively), followed by pico- and nanoeukaryotes (31 ± 8% and 38 ± 20%, respectively) and dinoﬂagellates (2 ± 1% and 4 ± 3%, respectively).
However, the contribution of diatoms was higher in the Mediterranean
(9 ± 9%), compared to the oligotrophic tropical and subtropical regions (0.7 ± 0.6%).
Depth-integrated biomass of diatoms derived from microscopy was
highest in the Galician upwelling system (1370 ± 1922 mg C m−2),
where it represented, on average, 77% of the sum of diatom and dinoﬂagellate biomass. Dinoﬂagellate biomass was higher in the
Mediterranean (675 ± 992 mg C m−2), where it contributed ca. 92%
of the combined diatom and dinoﬂagellate biomass. In the tropical and
subtropical regions the relatively low dinoﬂagellate biomass
(124 ± 60 mg C m−2) contributed ca. 77% of the combined diatom
and dinoﬂagellate biomass. The species composition of diatoms and
dinoﬂagellates derived from microscopy in the three regions was investigated by Principal Coordinates Analysis (PCoA) (Fig. 4), in order to
summarize the biomass data of the 289 taxa determined in 98 stations.
The analyses revealed that the ﬁrst two axes (PCO1 and PCO2) explained ca. 37% of the total variance, and that the ﬁrst axis clearly
separated the samples from the three regions. Superimposing vectors
indicate that species of diatoms (Chaetoceros spp., Pseudo-nitzschia spp.,
Guinardia delicatula, Leptocylindrus danicus, Rhizosolenia shrubsolei, Detonula pumila) dominated the biomass in the Galician upwelling region.
However, unidentiﬁed dinoﬂagellates clearly dominated over diatoms
in tropical and subtropical regions.

HPLC-derived Chl-a estimates for the diﬀerent groups allowed us to
analyze the role of environmental factors as drivers of variability in
phytoplankton community structure (Fig. 5). Simple linear relationships were computed between surface nitrate concentration, vertical
mixing, new nitrogen supply, light availability and biomass estimates
for the four phytoplankton groups. Only diatom Chl-a was positively
correlated with surface nitrate concentration (R2 = 0.14, p < 0.01).
Signiﬁcant relationships were found between vertical mixing and the
Chl-a of all phytoplankton groups, except in the case of pico- and nanoeukaryotes. These relationships were positive for diatoms
(R2 = 0.24, p < 0.01) and dinoﬂagellates (R2 = 0.08, p < 0.01), and
negative for cyanobacteria (R2 = 0.29, p < 0.01). All phytoplankton
groups were signiﬁcantly correlated with new nitrogen supply. Diatom
and dinoﬂagellate Chl-a increase with new nitrogen supply (R2 = 0.52,
p < 0.01 and R2 = 0.23, p < 0.01, respectively), whereas for picoand nanoeukaryotes and cyanobacteria, the relationship was negative
(R2 = 0.13, p < 0.01 and R2 = 0.39, p < 0.01, respectively). Light
availability showed a negative relationship with diatom Chl-a
(R2 = 0.20, p < 0.01) and a positive but weaker relationship with
cyanobacteria (R2 = 0.09, p < 0.01).
The role of mixing and new nitrogen supply in structuring the
composition of the phytoplankton community was also highlighted by
using non-parametric kernel density functions to characterize the degree of overlapping between the environmental regimes occupied by
the four phytoplankton groups (Fig. 6). Vertical mixing, new nitrogen
supply and light availability allowed a statistically signiﬁcant distinction between the distribution of some of the groups (Table 3). The
distinction between diatoms and dinoﬂagellates (large cells) and picoand nanoeukaryotes and cyanobacteria (small cells) was better deﬁned
6
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Fig. 3. Box-and-whiskers plots of sea surface temperature (SST), light availability (LA), new nitrogen supply (N supply), surface Chl-a concentration (sChl-a),
contribution of diatoms (diat) and dinoﬂagellates (dino) biomass to the sum of the two groups, and contribution to total chlorophyll-a of diatoms, dinoﬂagellates,
pico- and nanoeukaryotes (pico&nano) and cyanobacteria (cyano) for tropical and subtropical Atlantic, Paciﬁc and Indian oceans (T, red), the northwestern
Mediterranean (M, green) and the Galician upwelling region (G, blue). On each box, the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using the '+' symbol. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

(R2 = 0.34, p < 0.01), dinoﬂagellates was positively correlated only
with surface nitrate concentration (R2 = 0.07, p < 0.01). The diatom
contribution to the sum of diatom and dinoﬂagellate biomass only
presented statistically signiﬁcant relationships with vertical mixing
(R2 = 0.31, p < 0.01) and new nitrogen supply (R2 = 0.48,
p < 0.01). Finally, no signiﬁcant relationship was found between light
availability and the absolute or relative biomass of either phytoplankton group.
To summarize these results in the framework of the model proposed
by Margalef, a novel evaluation of the original mandala was generated,
redeﬁning its y-axis as new nitrogen supply and including the mixing
domains indicated by Margalef for diatoms and dinoﬂagellates. Chl-a
and biomass estimations derived from HPLC-pigments and microscopy
approaches, respectively, were used to place the phytoplankton in the
mandala. The group representing the largest contribution to Chl-a and
the diatom contribution to the total biomass of diatoms and dinoﬂagellates are indicated by diﬀerent colors and circle sizes, respectively, in Fig. 8.
Cyanobacteria dominance was constrained to low values of mixing

by new nitrogen supply and vertical mixing than by light availability.
The overlapping in terms of new nitrogen supply between diatoms and
cyanobacteria was only 5% (p < 0.001), and between diatoms and
pico- and nanoeukaryotes was 13% (p < 0.001). For dinoﬂagellates,
the overlapping with cyanobacteria was 3% (p < 0.001) and with
pico- and nanoeukaryotes 10% (p < 0.001). Regarding vertical
mixing, the overlapping between diatoms and pico- and nanoeukaryotes and cyanobacteria was 51% (p < 0.05) and 45% (p < 0.01),
respectively. The overlapping along the range of vertical mixing between dinoﬂagellates and pico- and nanoeukaryotes and cyanobacteria
was 17% and 16%, respectively (p < 0.01). Finally, light availability
yielded statistically signiﬁcant diﬀerences only between diatoms and
pico- and nanoeukaryotes (57%, p < 0.05) and between diatoms and
cyanobacteria (52%, p < 0.01).
The relationship between environmental factors and the biomass of
diatoms and dinoﬂagellates determined by microscopy is examined in
Fig. 7. While diatom biomass showed statistically signiﬁcant positive
relationships with surface nitrate concentration (R2 = 0.10, p < 0.01),
vertical mixing (R2 = 0.30, p < 0.01) and new nitrogen supply
7
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4. Discussion
4.1. Factors controlling phytoplankton community structure
Our analysis of vertical mixing, nitrate concentration, new nitrogen
supply, light availability and phytoplankton community data collected
in contrasting marine environments showed that mixing and nitrate
supply play an important role on determining the phytoplankton
community structure. At lower values of mixing and new nitrogen
supply cyanobacteria dominated; pico- and nanoeukaryotes were
dominant across a wide range of both environmental variables, and
ﬁnally enhanced new nitrogen supply was favourable for diatoms and
dinoﬂagellates. However, while dinoﬂagellates were prevalent at intermediate mixing levels, diatoms spread across a wider range of
mixing conditions. These results are consistent with the few studies that
had previously investigated the role of these environmental factors on
phytoplankton, including observations of microstructure turbulence
collected in the ﬁeld, or indirect estimates. By using partially the same
set of stations used in this study data, Otero-Ferrer et al. (2018) extended the analysis described in Mouriño-Carballido et al. (2016) and
concluded that nitrate supply was the only factor that allowed the
distinction between the ecological niches of the autotrophic and heterotrophic picoplankton subgroups. Barton et al. (2015) analyzed
diatom and dinoﬂagellate abundance and biomass data from the Continuous Plankton Recorder in connection with environmental variability in the North Atlantic over a 50-year period. They found that
seasonal changes in phytoplankton are controlled by the availability of
light and nutrients.
Our results are, in general, consistent with the widely accepted idea
that small phytoplankton cells dominate in oligotrophic regions and, in
contrast, larger phytoplankton dominates in eutrophic environments
(temperate shelf seas or upwelling zones) (Chisholm, 1992; Kiørboe,
1993; Marañón, 2015). Nitrogen is the most frequently limiting nutrient in marine environments and the diﬀerent functional groups are
able to use diﬀerent nitrogen forms. NH4+ has been traditionally considered the preferred form of nitrogen for phytoplankton due to its
lower energetic costs of uptake and assimilation, and it can even produce repression of NO3− uptake and assimilation (Glibert et al., 2016
and references therein). However, large cells such as diatoms tend to
show a stronger preference for NO3−, compared with small cells, and
they are able to use and store NO3− even when NH4+ is available in
excess (Lomas and Glibert, 1999a). Uptake of NO3− and NH4+ are
associated with new and regenerated production, respectively (Dugdale
and Goering, 1987). New production is dominated by large phytoplankton, such as diatoms, whereas regenerated production, based on
NH4+ and urea, is dominated by mixotrophic dinoﬂagellates, small
eukaryotic algae, cyanobacteria and bacteria (Dugdale and Goering,
1987; Legendre and Rassoulzadegan, 1995). Unfortunately, our dataset
only allows to evaluate the role of new nitrogen supply (nitrate and
biological nitrogen ﬁxation) instead of total nitrogen supply (new and
regenerated forms) on phytoplankton community composition.
These results pointed to a diﬀerential response of the phytoplankton
groups to turbulence and nutrient supply depending on their functional
traits. Under calm conditions, small and motile cells are better competitors for limiting nutrients due to their large surface to volume ratio
and the increased nutrient supply to cells through swimming, respectively, whereas enhancement of nutrient uptake in turbulent environments is greatest for larger cells (Falkowski and Oliver, 2007; Peters
et al., 2006; Prairie et al., 2012). Moreover, low mixing conditions also
select for small cells as large and non-motile phytoplankton tend to sink
rapidly in the water column if there is not enough turbulence to
maintain them suspended. On the other hand, strong turbulence can
cause physical and physiological damage and modiﬁcations in the behavior of dinoﬂagellates, as shown in laboratory experiments (Berdalet
et al., 2007). There is also abundant ﬁeld and laboratory evidence that
large diatoms are able to regulate their buoyancy to obtain nutrients

Fig. 4. Principal Coordinates Analysis (PCoA) ordination diagram of diatom
and dinoﬂagellate biomass for tropical and subtropical Atlantic, Paciﬁc and
Indian oceans (T, red), the Mediterranean (M, green), the Galician upwelling
region (G, blue) and other regions (O, orange). Vectors correspond to the eight
taxa with highest correlations with PCoA axis 1 and 2. The length and direction
of each vector indicates the strength and sign, respectively, of the correlation.
Percentage of variance explained by PCoA axis 1 and 2 is also indicated. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

levels and new nitrogen supply, pico- and nanoeukaryotes dominated in
a wide range of both factors, and ﬁnally diatoms and dinoﬂagellates
were dominant at higher new nitrogen supply (Fig. 8A). However,
whereas dinoﬂagellates were restricted to intermediate mixing levels,
diatoms covered a wider spectrum of mixing, exceeding the range
proposed by Margalef for their dominance (2–100 cm2 s−1, grey area)
towards lower values. In the mixing range originally proposed for dinoﬂagellates (0.02–1 cm2 s−1), cyanobacteria mainly dominated the
community. Accordingly, the results from microscopy data showed
that, in general, the diatom contribution to the sum of diatom and dinoﬂagellate biomass increased with mixing and new nitrogen supply
(Fig. 8C).
However, some exceptions to the general trend were observed, revealing some processes that were not included in the original mandala.
Two points sampled in the Galician upwelling region in spring showed
diatom dominance (Fig. 8A) and > 75% of diatom contribution
(Fig. 8C) at low mixing and high new nitrogen supply (indicated by
markers with a thick line width). In these stations phytoplankton thin
layers were observed in the ﬂuorescence vertical proﬁles, coinciding
with the region of the water column where mixing values were lower
(Fig. 9). Three stations sampled in the northwestern Mediterranean in
winter (FAMOSO I) showed pico- and nanoeukaryote dominance at
high mixing and new nitrogen supply values (Fig. 8A). Finally, two
points of > 75% of diatom contribution (Fig. 8C) are distinguished in
the dinoﬂagellates mixing region at low new nitrogen supply. These
stations were sampled in the South Atlantic and the Indian Subtropical
Gyres during Malaspina (stations 29 and 56, respectively; see supplementary material of Fernández-Castro et al., 2015), coinciding with a
high abundance of a diatom that has a nitrogen-ﬁxing cyanobacteria as
an endosymbiont. These exceptions are discussed in more detail in
Section 4.2.
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Fig. 5. HPLC-derived chlorophyll-a contribution of four phytoplankton groups (diatoms, dinoﬂagellates, pico- and nanoeukaryotes and cyanobacteria) against
surface nitrate concentration (surface NO3−), vertical mixing (Kz), new nitrogen supply (N supply) and light availability (LA) in the tropical and subtropical Atlantic
and Paciﬁc oceans (T, red), the Mediterranean (M, green), the Galician upwelling region (G, blue), and other regions (O, orange). Black lines indicate statistically
signiﬁcant relationships. Variables that did not follow normal distributions were log-transformed. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

(2016) included the physiological adaptation to high or low light in her
twelve-dimensions mandala. Irwin et al. (2012) considered the mean
irradiance over the mixed layer, which was calculated using temperature and density criteria, when studying diatom and dinoﬂagellate niches in the North Atlantic. In our study, a proxy for light availability in
the mixed layer was calculated using diﬀusivity estimates derived from
microturbulence observations to calculate the mixed layer depth. In
general, the groups associated with conditions of low new nitrogen
supply tend to be more abundant when light availability is high (picoand nanoeukaryotes and cyanobacteria) and vice versa (diatoms and
dinoﬂagellates). This distinction separates signiﬁcantly the diatoms
from pico- and nanoeukaryotes and cyanobacteria. Similarly, Brun et al.
(2015), using the MAREDAT database, found that diatom niches are
centered around high nutrient and low light availability, whereas the
opposite was true for coccolithophores. However, we observed that the
overlapping between groups along the range of light availability was
substantially higher than for new nitrogen supply. In this regard, OteroFerrer et al. (2018) concluded that surface radiation was less important
than nitrate supply in predicting the biomass of most autotrophic and
heterotrophic picoplankton subgroups, except for Prochlorococcus and
low-nucleic-acid prokaryotes, for which irradiance also played a signiﬁcant role. Diatoms have low half-saturation constants for irradiancedependent growth (Richardson et al., 1983) which provides an additional physiological basis for the commonly observed dominance of this

from depth and then migrate to higher light levels (Villareal et al.,
2014). Our results, showing that the environmental regime occupied by
diatoms is not restricted to high values of mixing, support the idea that
some diatoms present adaptations that allow them to reach relatively
high abundances also in stratiﬁed waters (Kemp and Villareal, 2018).
The diﬀerent functional groups present contrasting nutrient uptake
and utilization strategies. Diatoms possess high maximum nutrient
uptake and growth rates, which allow them to exploit intermittent
nutrient pulses (Litchman, 2007; Sommer, 1984). They are also storage
specialists, utilizing nutrient pulses for luxury consumption by storing
nutrients in vacuoles until the next pulse (Cermeño et al., 2011). Dinoﬂagellates have lower maximum uptake and growth rates than diatoms, but mixotrophy and motility makes them better adapted to grow
under low nutrient conditions (Smayda, 1997) allowing them to proliferate in a diversity of habitats. Picophytoplankton cells are adapted to
low nutrient conditions thanks to their large surface to volume ratio
and also because they invest heavily in resource-acquisition machinery,
which allows them to maintain growth when resources are low, in what
is known as the “gleaners” or “survivalist” strategy (Arrigo, 2005).
Other environment factors that potentially control phytoplankton
growth, such as light availability, were also discussed in Margalef’s
original work. Later, the Reynolds Intaglio (Reynolds, 1987) considered
irradiance (in a combination with mixing depth) as one of the principal
factors that structure phytoplankton communities. Recently, Glibert
9
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Fig. 6. Kernel density estimates of the HPLC-derived chlorophyll-a of four phytoplankton groups (diat = diatoms, dino = dinoﬂagellates, pico&nano = pico- and
nanoeukaryotes, and cyano = cyanobacteria) as a function of surface nitrate concentration (surface NO3−), vertical mixing (Kz), new nitrogen supply (N supply) and
light availability (LA).

eﬀects of temperature on phytoplankton size-structure. Other studies
suggest indirect eﬀects, like a temperature regulation of nitrate uptake
which provides a competitive advantage to diatoms in cold temperatures (Lomas and Glibert, 1999b). However, given that nutrient availability often covaries with temperature in the ocean (Kamykowski and
Zentara, 1986), it is diﬃcult to separate the role of these two factors in
the ﬁeld (Agawin et al., 2000), unless large datasets including contrasting conditions are considered. When observations of all combinations of temperature and resource (light and nutrients) supply are
considered, the latter factor has been demonstrated to drive the variability in phytoplankton size structure (Marañón, 2015; Sommer et al.,
2017). In order to investigate the role of temperature as an environmental control factor in our dataset, environmental overlapping analysis was also conducted using sea surface temperature data (not
shown). This analysis revealed a statistically signiﬁcant distinction
between diatoms and dinoﬂagellates (cold waters) and pico- and nanoeukaryotes and cyanobacteria (warm waters), with an overlapping
lower than 12% (p < 0.001) in all cases. This result was very similar to
that found when considering nitrate supply. Thus, the direct eﬀect of
temperature on phytoplankton community structure should be studied
through observations in regions where temperature and nutrients dissociate; e.g., cold regions with nutrient limitation (iron-limited regions
of the Southern Ocean), or warm regions with abundant nutrients
(tropical coastal areas aﬀected by continental runoﬀ). In this regard,
some studies have demonstrated that resource availability seems to
override temperature as a controlling factor of community structure in
terms of broad group composition. Iron addition experiments in highnutrient, low-chlorophyll waters (HNLC) of low-, mid- and high-latitude
regions consistently showed a dominance by diatoms after iron fertilization, irrespective of temperature (Boyd et al., 2007). A biomass
dominance of the community by picocyanobacteria or small nanophytoplankton has been consistently observed when light or nutrients are

Table 3
Environmental overlap (%) between phytoplankton groups (diat = diatoms,
dino = dinoﬂagellates, pico&nano = pico- and nanoeukaryotes, cyano = cyanobacteria) for surface nitrate concentration (sNO3−), vertical diﬀusivity (Kz),
new nitrogen supply (N supply) and light availability (LA). Pairs occupying
signiﬁcantly diﬀerent environmental ranges are indicated as *p < 0.05;
**p < 0.01; ***p < 0.001.

sNO3−

Kz

N supply

LA

diat

dino

pico&nano

cyano

diat
dino
pico&nano
cyano

100
35
81
77

100
39
39

100
95

95
100

diat
dino
pico&nano
cyano

100
27*
51*
45**

100
16**
17**

100
92

92
100

diat
dino
pico&nano
cyano

100
65
13***
5***

100
10***
3***

100
91

100

diat
dino
pico&nano
cyano

100
87
57*
52**

100
67
63

100
92

100

group in waters with high levels of mixing. Since many of the hydrodynamic processes that alter nutrient regimes also cause light ﬂuctuations for phytoplankton (Litchman, 2007), it is diﬃcult to distinguish
the independent eﬀect of each variable in the ﬁeld.
Temperature is another factor to consider in the study of the environmental controls on phytoplankton communities (Reynolds, 1999).
Some studies suggest direct (Hilligsøe et al., 2011; Morán et al., 2010)
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Fig. 7. Microscopy based diatom and dinoﬂagellate biomass and diatom contribution to the sum of diatom and dinoﬂagellate biomass against surface nitrate
concentration (surface NO3−), vertical mixing (Kz), new nitrogen supply (N supply) and light availability (LA) in the tropical and subtropical Atlantic and Paciﬁc
oceans (T, red), the Mediterranean (M, green), the Galician upwelling region (G, blue) and other regions (O, orange). Black lines indicate statistically signiﬁcant
relationships. Variables that did not follow normal distributions were log-transformed. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

considered to evaluate the eﬀect of inorganic nutrients on phytoplankton. But nutrient concentration does not necessarily inform about
nutrient availability, since low concentrations can be the result of
phytoplankton consumption. This process can be signiﬁcant in tropical
and subtropical regions, where nutrient supply into the euphotic zone is
low and phytoplankton uptake maintains nutrient concentration close
to the detection limit. For this reason, nitrate concentrations and nitrate
supply into the euphotic zone in oligotrophic regions are often disconnected (Mouriño-Carballido et al., 2016, Otero-Ferrer et al., 2018).
Our study indicated that new nitrogen supply was more important than
nitrate concentration as a factor deﬁning the environmental overlap of
the diﬀerent investigated phytoplankton groups. For this reason, in our
veriﬁcation of the mandala, new nitrogen supply substitutes nutrient
concentration in the y-axis, whereas vertical diﬀusivity derived from
observations of microturbulence was placed in the x-axis.
The original Margalef’s was conceived before it was widely appreciated that the microbial loop dominate the oligotrophic ocean (Cullen
et al., 2002). Moreover, some important additional features and processes revealed in our dataset were not considered. For example, two
points of diatom dominance in Chl-a (Fig. 8A) and > 75% of diatom
contribution (Fig. 8C) that were found at low mixing and intermediatehigh new nitrogen supply conditions (dinoﬂagellates region) correspond to stations sampled in the Galician upwelling region in spring.
Special aggregations of phytoplankton, known as thin layers, were detected in these stations at depths of the water column where mixing was
low (Fig. 9). The criteria for the detection of thin layers proposed by
Sullivan et al. (2010) was met in more than 75% of the chlorophyll-a
vertical proﬁles sampled on both stations. Several physical and biological mechanisms have been proposed to explain the formation and
persistence of phytoplankton thin layers (Durham and Stocker, 2012),
but the depths at which they occur are frequently correlated with strong

limiting, in warm (Marañón et al., 2012), temperate (Irigoien et al.,
2005) and cold (Clarke et al., 2008) waters.
4.2. Veriﬁcation of Margalef’s mandala
Our analysis allows us to verify the Margalef’s mandala for the
whole phytoplankton community using ﬁeld microstructure turbulence
data. Our results show that diatoms predominate in a wider range of
mixing than proposed by Margalef (2–100 cm2 s−1). In the range considered for dinoﬂagellates (0.02–1 cm2 s−1), this group presented
higher biomass than diatoms based on microscopy results, whereas
pigment results showed that cyanobacteria dominated the community.
Margalef chose nutrient concentration and turbulence as principal
factors for the selection of phytoplankton “life-forms” because they are
related to the supply of external energy (Margalef, 1978). Due to the
methodological limitations for quantifying microstructure turbulence in
the ﬁeld, indirect estimates have been traditionally used as a proxy for
mixing and nutrient supply. Stratiﬁcation has been frequently used as
equivalent for mixing when investigating the role of environmental
factors on phytoplankton communities (Bouman et al., 2011; Jones and
Gowen, 1990). However, stratiﬁcation and mixing are not the same
from a physical perspective neither in their eﬀects on phytoplankton
communities. Increases in mixing and nutrient supply can occur in
stratiﬁed water columns due to, for example, internal wave activity
(Sharples et al., 2009, 2007; Villamaña et al., 2017). The depth of the
mixed layer (Irwin et al., 2012) or the nutricline (Cermeño et al., 2008)
have also been used as proxies for the mixing intensity. However, the
mixed layer depth derived from temperature or density gradients is a
poor indicator of the depth or intensity of active turbulence, which is
highly variable over temporal and spatial scales (Franks, 2014). Nutrient concentration, rather than nutrient supply, is commonly
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Fig. 8. (A) Dominance (i.e. the group representing the largest contribution to
total chlorophyll-a derived from HPLC-pigments) of diatoms (green), dinoﬂagellates (red), pico- and nano eukaryotes (blue) and cyanobacteria (yellow)
in Galician upwelling region (stars), the Mediterranean (diamonds), tropical
and subtropical regions (circles) and other regions (triangles) versus vertical
mixing (Kz, x-axis) and new nitrogen supply (N supply, y-axis). (B) Median and
error bars of vertical mixing (Kz, x-axis) and new nitrogen supply (N supply, yaxis) for diatoms (green), dinoﬂagellates (red), pico- and nano eukaryotes
(blue) and cyanobacteria (yellow) based on their dominance derived from
HPLC-pigments. (C) Contribution of diatoms to the sum of diatom and dinoﬂagellate biomass (derived from microscopy) versus vertical mixing (Kz, x-axis)
and new nitrogen supply (N supply, y-axis). Regions in grey color indicate the
domains deﬁned by the original Margalefś model (Margalef, 1978) for diatoms
and dinoﬂagellates based on the magnitude of mixing. Symbols delineated by a
thick line indicate exceptions to the general trend: diatom dominance when
forming thin layers at low mixing conditions (panels A and C); pico- and nanoeukaryotes dominance under high mixing and light limitation conditions (A);
and high diatom contribution coinciding with the occurrence of diatoms in
symbiotic association with N2-ﬁxing cyanobacteria (C). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

column, reaching dark zones where they may not receive enough light
(Sverdrup, 1953). Under light-limited conditions, phytoplankton generally increase their intracellular chlorophyll-a concentration (Finkel
et al., 2004). Large cells suﬀer more strongly from ‘the package eﬀect’
(self-shading between pigments within the cell; Raven, 1998) than
smaller cells, and this eﬀect is accentuated when intracellular chlorophyll levels are high (Cermeño et al., 2005; Marañón, 2015). This
could explain the dominance of pico- and nanoeukaryotes in the Mediterranean in winter, under high mixing and high new nitrogen supply
conditions, since larger cells would be disfavored because of the light
limitation.
Finally in Fig. 8C two points of high diatom contribution are remarkable at conditions of low mixing and low new nitrogen supply
(dinoﬂagellates region). These stations were sampled in the South
Atlantic and the Indian Subtropical Gyres during the Malaspina expedition and showed high abundance of the diatom Hemiaulus hauckii
and substantial N2 ﬁxation activity. Diatoms of the genera Hemiaulus
and Rhizosolenia typically form symbiotic associations with Richelia
intracellularis, a diazotrophic cyanobacterium. Thus, these regions can
gain nutrients, at least nitrogen, even if turbulent mixing is low. These
stations were not characterized as diatom dominance in pigment-based
Chl-a estimations (Fig. 8A) because, although diatoms presented higher
biomass over dinoﬂagellates, they did not dominate the community.
Both the symbiosis with nitrogen-ﬁxing cyanobacteria and the formation of thin layers allow diatoms to grow under low mixing conditions,
such as those characterizing the subtropical gyres or density interfaces
in coastal regions (Kemp and Villareal, 2018). In fact, in the original
model, Margalef (1967, 1978) already considered the ecological plasticity across diatoms and placed the genera Rhizosolenia in an intermediate part of his mandala. However, as recently emphasized by Kemp
and Villareal (2018), most ocean biogeochemical models have simpliﬁed the original mandala and consider diatoms as a single functional
type that thrives in high turbulence and high nutrients waters. It is
therefore important to consider the ability of certain diatom species to
grow in stratiﬁed waters in order to predict the response of phytoplankton communities to future scenarios of increased ocean stratiﬁcation.
gradients in density (stratiﬁcation) and vertical shear (Johnston and
Rudnick, 2009).
Fig. 8A indicates that three points of pico- and nanoeukaryote
dominance were observed at high mixing and high new nitrogen supply
levels (diatoms region). These stations were sampled at the northwestern Mediterranean in winter, when intense and deep mixing of the
water column was observed (Mouriño-Carballido et al., 2016). In this
situation, the phytoplankton cells move rapidly through the water

5. Conclusions
The development of commercial microstructure turbulence proﬁlers
allowed to quantify dissipation rates of turbulent kinetic energy in the
ﬁeld, which are essential to investigate the role of light and nutrient
availability for phytoplankton cells. This progress improved signiﬁcantly our understanding of the factors that control phytoplankton
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Fig. 9. Averaged vertical distribution of chlorophyll-a (Chl-a), vertical mixing (Kz) and sigma-t
(σT) in two stations sampled in the shelf
(ASIMUTH, 42.149°N–8.921°W, left, n = 5) and
the inner part (DISTRAL, 42.236°N–8.788°W,
right, n = 75) of Ría de Vigo on 18/06/2013 and
14/05/2012, respectively. Black dots indicate the
sample depths for HPLC-pigments (ASIMUTH) and
microscopy (DISTRAL). n is the number of vertical
proﬁles carried out with the microstructure turbulence proﬁler at each station.

the receipt of a FPU fellowship (FPU014/05385) from the Spanish
Ministry of Education, Culture and Sports.

community structure, and opened the possibility to revisit classical
models of phytoplankton ecology. The present study expands Margalef’s
mandala to encompass the whole phytoplankton community in the ﬁeld
and uses direct measurements of microstructure turbulence to quantify
nitrate supply and light availability. Our results reveal that mixing and
new nitrogen supply are the main factors controlling the phytoplankton
community structure and highlight the need to consider nutrient
supply, instead of nutrient concentration, as an indicator of nutrient
availability for phytoplankton cells. We found that at lower values of
mixing and new nitrogen supply cyanobacteria dominated, pico- and
nanoeukaryotes were dominant across a wide range of these environmental conditions, and enhanced new nitrogen supply was favorable for
diatoms and dinoﬂagellates. However, whereas dinoﬂagellates were
prevalent at intermediate mixing levels, diatoms spread across a wider
range of mixing conditions. Moreover, some features revealed by our
dataset, such as the role of N2 ﬁxation and thin phytoplankton layers
extend the applicability of the mandala beyond its original formulation.
Future global change scenarios predict an increase in ocean stratiﬁcation, so it is important to consider the ability of diatoms to reach elevated abundances also in stratiﬁed waters. Understanding the role of
mixing as a driver of phytoplankton community structure and composition is essential in order to predict the future functioning of aquatic
ecosystems.
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