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Summary: Ecological traits of phytoplankton are being incorporated into models to better understand the dynamics of ma-
rine ecosystems and to predict their response to global change. We have compared the distribution of major phytoplankton
groups in two different systems: in surface waters of the NW Mediterranean during key ecological periods, and in the DCM
(deep chlorophyll maximum) formed in summer in the temperate NE Atlantic. This comparison disentangled the influence
of light and nutrients on the relative position of diatoms, dinoflagellates, prymnesiophytes, pelagophytes, chlorophytes,
Synechococcus and Prochlorococcus in these environments. Three clusters formed according to their affinity for nutrients:
diatoms, chlorophytes and dinoflagellates as the most eutrophic groups; Synechococcus, pelagophytes and prymnesiophytes
as mesotrophic groups; and Prochlorococcus as an oligotrophic group. In terms of irradiance, the phytoplankton groups did
not cluster clearly. Comparing the nutrient and light preferences of the groups with their distribution in the DCM, dinoflagel-
lates and chlorophytes appear as the most stressed, i.e. their position was most distant from their optimal light and nutrient
conditions. Diatoms stayed in deeper than optimal irradiance layers, probably to meet their high nutrient requirements. On
the opposite side, low nutrient requirements allowed Prochlorococcus to remain in the uppermost part of the DCM layer.
The slight sub-optimal position of Synechococcus and prymnesiophytes with regard to their nutrient requirements suggests
that their need for high irradiance plays a significant role in their location within the DCM. Finally, pelagophytes remained
in deep layers without an apparent need for the high nutrient concentrations at those depths.
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Influencia de la luz y los nutrientes en la distribucion vertical de grupos de fitoplancton marino en el maximo pro-
fundo de clorofila

Resumen: Las caracteristicas ecoldgicas del fitoplancton se estan incorporando en modelos con el fin de comprender mejor
la dindmica de los ecosistemas marinos y para predecir su respuesta al cambio global. En este trabajo, hemos comparado la
distribucién de los principales grupos del fitoplancton en dos sistemas diferentes: en las aguas superficiales del Mediterra-
neo noroccidental durante periodos ecoldgicos clave, y en el Maximo Profundo de Clorofila (MPC) que se forma en verano
en el Atlantico NE templado. Esta comparacion permitié diferenciar la influencia de la luz y los nutrientes en la posicion
relativa de diatomeas, dinoflagelados, primnesiofitas, pelagofitas, clorofitas, Synechococcus y Prochlorococcus en estos
ambientes. Se pudieron diferenciar tres agrupaciones de acuerdo con su afinidad por los nutrientes: diatomeas, clorofitas y
dinoflagelados como los grupos mas eutréficos; Synechococcus, pelagofitas y primnesiofitas como grupos mesotroficos; y
Prochlorococcus como el grupo mas oligotréfico. En términos de irradiancia los grupos de fitoplancton no se agruparon de
una manera clara. La comparacién de las preferencias por nutrientes y luz con su distribucién en el MPC permite distinguir
que dinoflagelados y clorofitas aparecen como los mas estresados en su posicion en el MPC, es decir, su posicion era la mas
distante de sus condiciones optimas de irradiancia y nutrientes. Las diatomeas permanecieron por debajo de su irradiancia
optima probablemente para satisfacer sus altos requisitos de nutrientes, que se encuentran en las capas mas profundas. En el
lado opuesto, los bajos requerimientos de nutrientes de Prochlorococcus les permitieron permanecer en la parte mds superior
de la capa del MPC. La ligera posicion subéptima de Synechococcus y primnesiofitas con respecto a sus requerimientos de
nutrientes sugiere que su necesidad de condiciones relativamente altas de irradiancia juega un papel significativo en su ubi-
cacién dentro del MPC. Por tltimo, las pelagofitas permanecieron en capas profundas sin que aparentemente necesitaran las
altas concentraciones de nutrientes que se encuentran en esas profundidades.
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INTRODUCTION

There is a general consensus that the structure of
marine planktonic communities regulates important
biogeochemical cycles involved in climate regula-
tion. Models have taken up the challenge of including
plankton and specifically phytoplankton functional
groups to resolve the functioning of those cycles (Le
Quéré et al. 2005, Litchman et al. 2006, Follows et
al. 2007). In some cases, the biogeochemical role of
phytoplankton groups is related to their phylogeny,
indicating some sort of evolutionary trait (Quigg et
al. 2003, Falkowski and Oliver 2007, Sal et al. 2015).
Litchman and Klausmeier (2008) reviewed in depth the
trait-based approach “to increase our ability to explain
the organization of ecological communities and predict
their reorganizations under global change”. The semi-
nal work by Margalef (1978) elaborated on the effect of
the environment as an evolutionary force by selecting
phytoplankton life forms, while biological interactions
and organism behaviour also play a role (Cullen et al.
2002, Worden et al. 2015). Among the environmental
factors, Margalef (1978) attributed the main role to
advection and turbulence but, admittedly, both factors
are closely associated with physiologically related pa-
rameters such as nutrients and irradiance. Cullen et al.
(2002) suggested that the classification might improve
if temperature and irradiance were considered and
Reynolds (1997) used nutrients, irradiance and turbu-
lence as the main environmental variables to classify
freshwater phytoplankton. In his mandala, Margalef
distinguished diatoms, coccolithophores and diverse
forms of dinoflagellates as representative life forms
of the main phytoplankton domains. Among those
of other scientists, the studies by Marta Estrada have
explored the distribution of diatoms, dinoflagellates,
coccolithophores and other phytoplankton groups and
species in relation to physical structures such as fronts
(Estrada and Salat 1989, Estrada 1991, Estrada et al.
1999), upwelling mesoscale heterogeneities (Estrada
1978) and the deep chlorophyll maximum (DCM)
layer (Estrada 1985). In a very rough summary of those
extensive works, Estrada and collaborators showed
that diatoms dominated high biomass situations and
occasional high chlorophyll patches in the DCM layer
(Estrada 1991), whereas dinoflagellates, including
heterotrophic forms because of the methodological
limitation of light microscopy, showed a preference for
the upper euphotic layers (Estrada 1985, 1991, Estrada
et al. 2016), and coccolithophores were abundant oc-
casionally in areas of relative fertility (Estrada 1985,
Estrada and Salat 1989, Estrada et al. 1999). Cullen et
al. (2002) included picoplankton (small cells which are
part of the microbial loop) and Mourifio-Carballido et
al. (2016) distinguished the position of Prochlorococ-
cus, Synechococcus and photosynthetic picoeukaryotes
in a plane of nutrient concentrations and mixing similar

to Margalef’s mandala. Thus, it appears that phyto-
plankton groups retain some ecological traits in spite
of a considerable intra-group variability.

Irradiance, nutrients and temperature are the main
drivers of phytoplankton physiology and, as such,
should be reflected in phytoplankton evolutionary and
ecological traits. A main challenge is to distinguish the
effect of each one in the natural environment because
of their strong co-variance (Marafién et al. 2012, 2015,
Loépez-Urrutia and Mordn 2015). In a recent study,
Cabello (2015) described the vertical alignment of
phytoplankton groups in the DCM and narrowed the
most likely explanation to bottom-up mechanisms. The
objective of the present work is to quantify the influ-
ence of irradiance and nutrients for such distribution.
We resorted to the work of Latasa et al. (2010), who
distinguished the preferences of phytoplankton groups
for nutrient conditions without the effect of irradiance
by studying their distribution in key ecological situ-
ations of the surface water layer (bloom, post-bloom
and stratification conditions) in the open NW Medi-
terranean. That approximation showed that diatoms,
chlorophytes (mainly represented by prasinophytes),
dinoflagellates and cryptophytes, in this order, showed
a preference for nutrient-rich conditions and were clas-
sified as eutrophic groups (their Fig. 6); Synechococ-
cus, pelagophytes and prymnesiophytes appeared as
mesotrophic groups, and Prochlorococcus as the most
oligotrophic group. Cabello (2015), on the other hand,
described the vertical alignment of phytoplankton
groups within the DCM layer, where nutrients and ir-
radiance are correlated negatively. They estimated the
mean depth distribution, weighted by the cell concen-
tration, of each phytoplankton group during summer
stratification conditions in the NE Atlantic. Prochlo-
rococcus preferred the uppermost layers, next were
dinoflagellates, Synechococcus, prymnesiophytes and
chlorophytes, and diatoms and pelagophytes dominat-
ed the deepest layers of the DCM. The comparison of
the two studies, which is the basis of the present work,
confirmed known ecological traits of some groups,
exposed the preferences of other groups and revealed
the influence of light and nutrients in their distribution
within the DCM layer.

MATERIALS AND METHODS

We compiled data from the two databases used
by Latasa et al. (2010) and Cabello (2015). Latasa et
al. (2010) proposed a phytoplankton group-specific
Trophic Preference Index (TPI). TPI is basically a
PON-weighted mean. It was estimated as the mean
particulate organic nitrogen (PON) concentration, an
indicator of water trophic status, weighted by the chlo-
rophyll a concentration of each phytoplankton group
as TPIGroupA = X(PON; x Group A;) x (XGroup A;)"!,
where PON is PON concentration, Group A is the chlo-
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Table 1. — Normalized means (non-normalized values in brackets for PON and depth) weighted by the different phytoplankton groups (see

text in the M&M section for details). For irradiance the value in brackets is the difference between normalized PON and Depth; this differ-

ence (irradiance) is then normalized to the O to 1 range (no brackets). Weighted means of particulate organic nitrogen (PON, umol L) from
Latasa et al. (2010). Weighted means of depth distribution along the upper part of the DCM layer (m) from Cabello (2015).

PON Depth Irradiance
Diatoms 1.00 (2.51) 1.00 (1.01) 0.192 (0.00)
Chlorophytes ! 0.977 (2.46) 0.504 (-0.531) 0.763 (0.473)
Dinoflagellates 0.926 (2.35) 0.257 (-1.30) 1.00 (0.670)
Synechococcus 0.586 (1.61) 0.273 (-1.25) 0.570 (0.313)
Pelagophytes 0.526 (1.48) 0.685 (0.029) 0.000 (-0.159)
Prymnesiophytes 0.460 (1.34) 0.461 (-0.663) 0.190 (-0.002)
Prochlorococcus 0.000 (0.346) 0.000 (-2.093) 0.192 (0.000)

! Prasinophytes and chlorophytes are considered equal in this study (see text).

rophyll a concentration of phytoplankton group A (as-
signed by CHEMTAX), and i represents each sample.
Thus, each group showed a specific mean value of PON
concentration. This is the assigned PON concentration
used in the present study (Table 1, values in brackets).

From the second database (Cabello 2015) we only
used the samples from the upper part of the DCM layer,
i.e. the depth interval from the DCM peak to the upper
part of the DCM layer, where the nutricline begins. We
did so because irradiance levels become severely limit-
ing for phytoplankton growth below the DCM peak,
which might make it difficult to discern the reasons
for the active positioning of the groups in this envi-
ronment. Here, Cabello (2015) estimated the weighted
mean depth of each phytoplankton group in a similar
way as described above for PON. Thus, the weighted
mean depth of Group A = Z(Depth; x Group A;) x
(ZGroup A;)"!, where Group A, is the cell concentra-
tion of phytoplankton Group A at Depth;. Because the
depth of the DCM layer was different at the different
stations, the weighted mean depth of the chlorophyll
was used as a reference to make the weighted mean
depth of the groups comparable among stations, result-
ing in: weighted mean depth of Group A = Z(Depth; x
Group A;) x (XGroup A;)"! — Z(Depth; x chlorophyll;)
X (Xchlorophyll;)~!. Each phytoplankton group shows a
weighted mean depth value, which is positive or nega-
tive if the group is positioned deeper or shallower than
the weighted mean depth of chlorophyll, respectively.
These values are presented in brackets in Table 1.

In this work we have used PON concentration as
a proxy for nutrient utilization under the restrictive
conditions described above; thus, when referring to
nutrients it should be interpreted as nutrient utiliza-
tion, which is derived from PON concentrations. We
assume that PON concentration follows the same dy-
namics as phytoplankton biomass. The upper part of
the DCM layer is therefore the place where increasing
PON concentrations are accompanied by increasingly
limiting irradiance for phytoplankton growth. We hy-
pothesize that by subtracting the effect of PON from
the combined effect of irradiance and PON (depth), the
influence of irradiance alone will be exposed. To make
a sensible subtraction, the data should be made com-
parable. We normalized the weighted means of PON
and depth (depth being the combined PON + irradiance
effects), represented in brackets in Table 1, between 0
and 1 in the following way: X; nom = (Xi = Xmin) Kmax —
Xmin) !, Where x; is the weighted mean of PON or depth

of each phytoplankton group, X, and X, are the
maximum and minimum values of the weighted means
of PON or depth for all the groups, and X; o, 1S the
normalized weighted mean of PON or depth for each
phytoplankton group. Then, PON;_,,.., was subtracted
from Depth,_,,.,, to obtain a proxy for irradiance effect,
whose values (in brackets in Table 1) were normalized
between 0 and 1 (Irradiance;_,,, no brackets, Table 1).
The sign of the subtraction is changed because of the
negative relation between depth and irradiance.

In most studies where groups of chlorophytes are
distinguished, prasinophytes dominate chlorophytes as-
semblages (Not et al. 2004, Coupel et al. 2015). Since
Cabello (2015) did not distinguish prasinophytes within
the chlorophytes assemblage, we assume that nutrient
traits of chlorophytes were driven by those of prasino-
phytes. Thus, prasinophytes from Latasa et al. (2010) are
compared with chlorophytes from Cabello (2015).

RESULTS AND DISCUSION

In Figure 1 we plotted PON;_,,,;m, Vs. Irradiance; ,om,
where the DCM environmental conditions go from the
upper left corner (shallower layer) to the lower right
corner (DCM peak). The plot is not intended to reflect
the absolute preferences of the groups for those condi-
tions. Instead, the relevant point is the comparison of
the theoretical preference of each group with its actual
position in the DCM, revealing the degree of accom-
modation of each group to its light and nutrient environ-
ment. The preferences of the groups for nutrients were
discussed in Latasa et al. (2010). These authors distin-
guished a cluster of eutrophic groups (diatoms, prasino-
phytes, dinoflagellates and cryptophytes), another one
of mesotrophic groups (Synechococcus, pelagophytes
and prymnesiophytes), and Prochlorococcus as the
most oligotrophic group. The groups, however, did not
assemble as clearly according to irradiance (Fig. 1).
Dinoflagellates and chlorophytes appear in the upper
part of the irradiance axis, Synechococcus in the mid-
dle and prymnesiophytes, Prochlorococcus, diatoms
and pelagophytes in the lower part. It should be stated
that these comparisons present a position for each group
relative to the rest of the groups and should be inter-
preted as the relative, but not absolute, preference of
the groups for light and nutrients. Barber and Hiscock
(2006) noticed that all phytoplankton groups responded
positively to bloom-favourable conditions, indicating
that theoretically non-blooming groups also preferred
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Fig. 1. — Relative preferences of phytoplankton groups for irradi-

ance (Irradiance,,,,) and eutrophic (particulate organic nitrogen,
PON, ) conditions. The axes correspond to the weighted means
normalized between 0 and 1 (Table 1, see text for details). The di-
agonal from the upper left corner to the lower right corner represents
the conditions of the upper part of the deep chlorophyll maximum
(DCM) layer, where the x-axis values correspond to the normalized
weighted mean depth of each group from Table 1; the y-axis values
correspond to 1- normalized weighted mean depth of each group.

blooming conditions, although to a different extent
than typical blooming groups like diatoms. Indeed, it
is in the comparison of their relative responses to the
environmental conditions that the traits of the groups
are best distinguished. Also, the light-classification
presented in Figure 1 is limited to the gradient of irradi-
ances from the upper part of the DCM layer (far from
light saturating levels) down to the DCM peak (with
even lower irradiances), leaving the high irradiance
traits of the groups untested. Thus, what we describe
as a preference is likely the capacity of certain groups
to cope better than others with the strong gradients of
irradiance and nutrients characteristic of the DCM.

The results presented here do not always agree with
the literature. The trait-based approach has been im-
plemented earlier in freshwater environments (Reyn-
olds 1997, Reynolds et al. 2002, see Wyatt 2014, for
a review), and some differences can be attributed to
the marine versus freshwater habitat. The shallow po-
sition of marine cyanobacteria strongly contrasts with
the light traits described for freshwater cyanobacteria,
which are attributed to prefer eutrophic lakes with high
nutrients and low light (Litchman and Klausmeier
2008, Schwaderer et al. 2011). Phytoplankton popula-
tions within a group are often different in the DCM
and in the mixed layer (Venrick 1990). Venrick (1999)
reported two assemblages of coccolithophores and dia-
toms in deep waters of the North Pacific, with one of
them appearing very deep (below 90 m), in agreement
with the results presented here.

The existence of exceptions to our classification
should not be seen as a deterring point. Referring to
Margalef’s mandala, Wyatt (2014) pointed out that

“Like all useful models, the mandala excludes most of
the detailed knowledge we possess about phytoplankton
ecology”. We consider conceptual models as scaffolds
to structure our knowledge, with exceptions as chal-
lenges to existing ideas and opportunities for new dis-
coveries. A challenging trait for models is physiologi-
cal plasticity, a necessity for phytoplankton to survive
sub-optimal conditions. The plasticity of Emiliania
huxleyi, the most abundant coccolithophore, has been
shown to be extraordinarily large in terms of physiolo-
gy (Paasche 2002) and genetics (Iglesias-Rodriguez et
al. 2006, Cook et al. 2013, Read et al. 2013). Similarly,
dinoflagellates are the dominant microphytoplankton
in eutrophic red tides and also under oligotrophic
conditions (Smayda and Reynolds 2003, Estrada et al.
2016). Another example of physiological traits appar-
ently not closely linked to phylogeny is described by
Alves-de-Souza et al. (2008), who classified diatoms in
three different functional strategies (colonist-invasive,
stress-tolerant or ruderal) according to their surface-to-
volume ratios. Physiological plasticity is a feature that
exposes the limitations of a group trait-based approach
and challenges the suitability of generalizations neces-
sary for comprehensive modelling.

A comparison of the theoretical irradiance and
nutrient preferences (two-dimensional plane in Fig. 1)
with the vertical alignment found in the DCM (Table
1, diagonal axis in Fig. 1) could give an idea of the
influence of irradiance or nutrients on the position of
the different groups in the DCM. Unfortunately for
phytoplankton, the conditions of the DCM are not opti-
mal for growth as irradiance decreases when nutrients
increase. Therefore, their positioning must be a trade-
off between those two requirements. When comparing
the relative position and the theoretical preferences for
a group, we could estimate a negative or positive bal-
ance for each of the two axes.

Pelagophytes show positive balances for both ir-
radiance and nutrients and they could move up in the
DCM axis, improving the irradiance levels until they
reach their neutral nutrient level (x-axis). Diatoms
show a small negative difference in the irradiance
axis, indicating that this extraordinarily deep group is
not under excessive light stress, a likely adaptation to
stay in high nutrient environments (Berges and Fal-
kowski 1998).

Prochlorococcus deviated considerably from
the theoretical conditions. The relative position of
Prochlorococcus in the DCM layer agrees with their
nutrient preferences but the positive value in the ir-
radiance axis indicates that Prochlorococcus could
stand lower irradiances, which are less favourable
for growth. Thus, the low nutrient requirements of
Prochlorococcus and not a hypothetical need for high
irradiances seem to be responsible for the upmost
position of this group in the DCM layer. Prymnesio-
phytes and Synechococcus show a positive balance
for irradiance, while the latter shows a slightly nega-
tive one for nutrients. In theory, Synechococcus light
traits should allow this group to go deeper in the DCM
layer to optimize its nutrient requirements. It seems
that Synechococcus can sacrifice nutrient needs to
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improve the light field and optimize growth. Finally,
dinoflagellates and chlorophytes show strong nega-
tive balances for irradiance and nutrients, indicating
a high level of environmental stress. It appears as if
these groups could cope with nutrient-poor conditions
better than others for the trade-off of reaching more
illuminated waters. Mixotrophy and the capacity of
vertical migration are present in many dinoflagellates
and could help meet nutrient demands for this group.
Only a high plasticity for nutrients can explain the
shallow position of chlorophytes, which are favoured
in high nutrient environments (Latasa et al. 2010).
This work is an attempt to disentangle the light and
nutrient traits of phytoplankton groups by comparing
a situation with constant irradiance and variable nu-
trients (surface waters under different trophic condi-
tions, Latasa et al. 2010) versus a situation of variable
irradiance and variable nutrients (the DCM layer,
Cabello 2015). It should be noted that the approach
proposed here to position the groups along irradiance
and nutrient gradients is a relative approximation.
Because we compared two different databases, a pair-
wise comparison could not be made. We resorted to
comparing two conceptual models. We have used the
strong negative relationship between irradiance and
nutrients in the DCM to our advantage. However, the
plain subtraction of the normalized location of the
phytoplankton groups in a gradient of nutrients from
the normalized location of the phytoplankton groups
in a gradient of depth (nutrients and irradiance, Table
1) is unlikely to provide an exact location of the phy-
toplankton groups in the irradiance gradient because
of the non-linear relationship between nutrients and
irradiance, although their relative ordination should
be correct. We would therefore like to remark that
the results presented here are intended to establish
the general traits of phytoplankton groups in relation
to irradiance and nutrients. Another methodological
limitation is the reduced database used to establish
those traits. The studies on which this work is based
correspond to the most representative seasonal periods
of the NW Mediterranean (Latasa et al. 2010), a small
but representative area for temperate oceans with
deep winter mixing and a typical spring bloom (D’Or-
tenzio and Ribera d’Alcala 2009), and to the summer
conditions in the NE Atlantic (Cabello 2015), where
a typical temperate DCM corresponding to a deep
biomass maximum occurs. Models incorporating the
traits of phytoplankton groups are usually based on
laboratory studies of individual species (Gregg et al.
2003, Litchman et al. 2006, Schwaderer et al. 2011,
Edwards et al. 2015). Here we have used a procedure
different from what is habitually assumed as a trait-
based approach. Instead of going from traits based on
laboratory studies with a limited number of species to
infer the ecological niche of entire groups represented
by those species, we have inferred irradiance and
nutrient traits from the distribution of phytoplankton
groups according to those environmental variables.
There are other traits not considered here that might
have played a role in those distributions. However,
nutrients and light are key environmental drivers of
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phytoplankton physiology, determining their ecologi-
cal niche. The two-dimensional plane of irradiance
and nutrients of Figure 1 could be filled in the future
with more data and more dimensions representing
other important drivers of phytoplankton ecology
such as temperature, grazing, turbulence, sinking and
so forth (Litchman and Klausmeier 2008). These data
are necessary as a trait-based approach is emerging as
a novel framework for understanding the complexity
of marine ecosystems.
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