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Mixotrophy, understood as food ingestion and photosynthesis occurring in the same
organism, is a nutrition mode relatively common in marine protists. Among these,
pigmented nanoflagellates 2–20 µm in size (PNF) are now known to be responsible for
a significant part of consumption of bacteria in the open ocean. However, knowledge
about the importance of the mixotrophic nutrition of these organisms in coastal
upwelling systems, where autotrophy prevails, is very limited. Here we compile the
limited available information about mixotrophy of PNF in coastal upwelling systems,
focusing on the NW Iberian upwelling, to show that this type of nutrition is relevant
in these productive systems and to urge for further studies. Several indirect approaches
allow inferring that mixotrophy is significant for PNF in the NW Iberian upwelling,
with heterotrophy supplying approximately seventy-five percent of the total carbon
requirements in this plankton group. This new insight has major implications for our
view of marine food webs in coastal upwelling regions, and must be taken into account
to improve biogeochemical models of the transfer of matter and energy in these
marine areas.

Keywords: pigmented nanoflagellates, fluorescence, growth and turnover rates, mixotrophy, coastal upwelling
systems, NW Iberia

INTRODUCTION

The traditional and rather simple view of marine microbial food webs based on the autotrophic-
heterotrophic dichotomy is nowadays outdated (Flynn et al., 2013). Currently, it is known that
several nutrition modes coexist in the marine microbial realm (Worden et al., 2015). Mixotrophy,
defined as the ability of a single cell to photosynthesize and to ingest organic particles, stands out
because it confers to cells the capability of exploiting all environments in a eutrophic-oligotrophic
continuum. Thus, it could be thought that mixotrophs could rely on heterotrophy only under
scarcity of inorganic nutrients or light limitation (Arenovski et al., 1995; Unrein et al., 2007;
Zubkov and Tarran, 2008; Stukel et al., 2011; Hartmann et al., 2012). Nevertheless, it is well
known that some mixotrophs can also obtain part of their carbon requirements from food even
when inorganic nutrients are abundant and photosynthesis is light saturated (Sanders et al., 1990;
Skovgaard et al., 2000). Moreover, mixotrophs are not only limited to oligotrophic waters, being also
found in eutrophic coastal zones (Cloern and Dufford, 2005; Burkholder et al., 2008; Farnelid et al.,
2016). All this information indicates that mixotrophy is widespread and offers to marine protists
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an important advantage even in productive regions, allowing
them to persist under the variable conditions of light, nutrients
and food of these environments. However, generalizations about
mixotrophy are difficult to perform due to the high functional
diversity among mixotrophs. Within this group, we can find
organisms originally classified as phytoplankton that eat or
zooplankton that photosynthesizes harboring prey chloroplasts
or endosymbionts. Mixotrophs also include organisms that
have specific prey preferences and ones more generalists in
their grazing (Jones, 1997; Stoecker, 1999; Mitra et al., 2016;
Stoecker et al., 2017).

Quantifying mixotrophy in marine ecosystems is a challenging
task. It is difficult to identify a mixotrophic species in the sea, but
it is still more problematic to establish if this species is acting
mixotrophically (Stoecker et al., 2017). Virtually all knowledge
about the importance of mixotrophy in marine ecosystems
comes from laboratory studies done with cultures and/or from
incubations on board where the heterotrophy of pigmented
species was determined using labeled bacteria (e.g., Havskum
and Riemann, 1996; Sanders et al., 2000; Smalley et al., 2003; Park
et al., 2006; Unrein et al., 2007; Kim et al., 2008; Riisgaard and
Hansen, 2009; Stukel et al., 2011; Tsai et al., 2011). This means
that estimates obtained for heterotrophic activity of pigmented
cells are probably minimum estimates because mixotrophs in
the field would consume preys additional to those supplied
in the experiments. However, these studies have informed
us that mixotrophy is relatively common within pigmented
dinoflagellates, especially within those that form harmful blooms
(Stoecker et al., 2006; Burkholder et al., 2008) and in pigmented
flagellates 2–20 µm in size (pigmented nanoflagellates, PNF)
(Unrein et al., 2007; Zubkov and Tarran, 2008). In this way, it has
been established that mixotrophic microplankton (dinoflagellates
and ciliates) and mixotrophic nanoplankton are important in
the microbial community of eutrophic coastal zones, while
in most oligotrophic zones mixotrophic nanoplankton,
mostly haptophytes, predominates (Liu et al., 2009;
Unrein et al., 2014).

Coastal upwelling systems, due to the occurrence of
diatoms and also because primary production generally exceeds
respiration in the water column (e.g., Daneri et al., 2000; Arbones
et al., 2008), are commonly viewed as autotrophic environments
(Chavez et al., 1991). Mixotrophy in these eutrophic zones is
considered as subsidiary (Stoecker et al., 2017), taking place
in large dinoflagellates (Ceratium spp., Dinophysis spp., etc.)
and ciliates (Mesodinium rubrum) during specific periods of
low levels of inorganic nutrients (e.g., Smalley et al., 2003).
However, recent studies in some coastal upwelling systems have
demonstrated that the group of pigmented flagellates 2–20 µm
in size (PNF) is an important component of the microbial
planktonic community, with its biomass exceeding that of
diatoms when upwelling relaxes (e.g., Iriarte et al., 2000; Lorenzo
et al., 2005; Böttjer and Morales, 2007). As mixotrophy in this
plankton group has been described on only one occasion for
coastal upwelling systems (Vargas et al., 2012), there is an urgent
need to know the occurrence and magnitude of this type of
nutrition in PNF to better understand the flows of matter and
energy in these productive coastal waters.

Here we compile published results to show the importance
of mixotrophy in PNF in the coastal upwelling system of the
NW Iberian Peninsula. Specifically we review the spatial and
temporal scales of mixotrophy in PNF based on two previous
samplings (Crespo et al., 2011; Figueiras et al., 2014). One of them
corresponds to a spring upwelling along the coastline of the NW
Iberian Peninsula. The other covers weekly observations over an
entire seasonal cycle at a continental shelf position.

PIGMENTED NANOFLAGELLATES AND
MIXOTROPHIC NUTRITION IN THE NW
IBERIAN UPWELLING IN SPRING

The first indication of the importance of PNF in the NW Iberian
upwelling was obtained during a research cruise conducted in the
spring 1991 along several sections perpendicular to the coastline
during a relaxation event following strong upwelling (Crespo
et al., 2011). High values of autotrophic biomass were mainly
observed at the most oceanic stations (Figure 1A), basically
composed of PNF (Figure 1B). Diatoms were also present
but confined to the coastal stations where their biomass was
appreciably lower than PNF biomass (Figure 1C). According
to this distribution of autotrophs, the region was divided into
two domains: a coastal domain with presence of diatoms and an
oceanic domain with absence of diatoms. PNF were present in
both domains (Figure 1B). In fact, PNF accounted for 89 ± 6% of
total autotrophic biomass integrated over the water column in the
oceanic domain, and accounted for 62 ± 16% of total autotrophic
biomass in the coastal domain, where diatoms only represented
27 ± 17% of total autotrophic biomass.

The phytoplankton carbon to chlorophyll a (Cph:Chl a) ratio
was completely different in these two domains (Figure 2A),
despite the photic layer being similar in both environments
(34 ± 12 m and 36 ± 8 m in coastal and oceanic domain,
respectively; P = 0.59, t-test for two samples). Therefore, the high
ratio found at the oceanic domain should be due to variations
in Cph since the small differences in light within similar photic
layers should not affect the Chl a content. Moreover, Cph is
expected to rise where nutrients are low because photosynthesis
leads to production of reserve material. Consequently, the low
ratio in the coastal domain, where nutrients were abundant
(Crespo et al., 2011), suggests that phytoplankton were growing
without limitation, while the high ratio found at the oceanic
domain with low sea surface nutrient concentrations (Crespo
et al., 2011) points to nutrient limitation of PNF (Buck et al.,
1996; Geider et al., 1998; Marañón, 2005). The same conclusion
was obtained by consideration of mean growth rates in the
photic layer determined from photosynthetic carbon fixation and
phytoplankton carbon biomass. The high growth rates measured
in the coastal domain indicate that phytoplankton were growing
at about one doubling per day without any type of limitation,
whereas low growth rates at the oceanic domain suggest nutrient
limitation in an environment where carbon fixation was still high
(>3 g C m−2 d−1; Crespo et al., 2011).

Nevertheless, a different conclusion was achieved examining
fluorescence measurements, specifically the Fv/Fm ratio
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FIGURE 1 | Vertical distributions of (A) total autotrophic biomass (AB), (B)
biomass of pigmented nanoflagellates (PNF), (C) biomass of diatoms, and (D)
variable fluorescence to maximum in vivo fluorescence ratio (Fv/Fm,
dimensionless) at 1 selected transect sampled during the spring 1991 in the
NW Iberian upwelling. The vertical dashed line separates coastal and oceanic
domains. Redrawn from Crespo et al. (2011).

(Figure 1D). This is a ratio that provides an estimate of nutrient
limitation of photosynthesis (Kolber et al., 1990; Falkowski
et al., 1991; Geider et al., 1993), with values around 0.6 under
sufficient nutrient conditions and values dropping to 0.3 when
nutrients become limiting. According to this, the relatively high
Fv/Fm values recorded during this spring cruise indicated that
nutrient limitation of PNF at the oceanic domain did not occur
(Figure 1D), even though sea surface nitrate levels were very low
(Crespo et al., 2011).

This apparent contradiction can be resolved by postulating
mixotrophic nutrition of PNF, which would allow PNF to
obtain part of their carbon requirements from photosynthesis
and the remaining part from heterotrophy. A rough estimation
of carbon assimilated by heterotrophy was attained following
Skovgaard et al. (2000), who reported Cph:Chl a ratios ∼40
for Fragilidium subglobosum cells growing exclusively with
photosynthesis and Cph:Chl a ratios ∼150 for fed cells. Decreases
in chlorophyll content have also been described (e.g., Wilken
et al., 2013) for other mixotrophs (Ochromonas sp.) under
heterotrophic nutrition.

Based on the low Cph:Chl a ratio at the coastal domain
(38 ± 3; Figure 2A) it was considered that nearshore PNF
nutritional mode was mainly phototrophic and also assumed that
the increase in Cph:Chl a ratio at the oceanic domain was largely
due to heterotrophy (Cph:Chl a = 157 ± 8; Figure 2A). From
here, it was estimated that about 76 ± 11% [(157-38)/157 = 0.76]
of PNF carbon requirements at the oceanic domain came through
heterotrophy, and this estimate varied between 65% [(149-
41)/165] and 87% [(165-35)/149] within the standard deviations
of the two Cph:Chl a ratios. In spite of being a rough estimate,
this provides indirect evidence for heterotrophy of PNF in a
coastal upwelling system and delivers a value for carbon fraction

FIGURE 2 | (A) Phytoplankton carbon to chlorophyll a relationships (Cph:Chl
a) at the oceanic and costal domains identified in Figure 1. (B) Relationship
between gross primary production estimated from 14C uptake (PP) and gross
primary production predicted following the metabolic theory of ecology
(GPP) without considering mixotrophy (blue triangles) and considering
mixotrophy (brown circles) in nanophytoplankton at the station sampled on the
continental shelf of NW Iberia from May 2001 to April 2002. Without correction
for mixotrophy (blue dashed line) the relationship is: Y = (17.6 ± 22.6) +
(2.83 ± 0.27)X; r2 = 0.71; n = 46; P < 0.001. Considering 76% of mixotrophy
in nanophytoplankton (continuous brown line) the relationship is:
Y = (–20.0 ± 14.1) + (1.78 ± 0.17)X; r2 = 0.71; n = 46; P < 0.001.
(A) Adapted from Crespo et al. (2011) and (B) from Figueiras et al. (2014).

acquired by heterotrophy similar to values reported in laboratory
experiments (Sanders et al., 1990; Skovgaard et al., 2000). This
estimated range of heterotrophy is also similar to levels provided
by Vargas et al. (2012) for an upwelling area off central Chile.

IS MIXOTROPHY OF PIGMENTED
NANOFLAGELLATES IMPORTANT
THROUGHOUT THE YEAR IN THE NW
IBERIAN UPWELLING?

Dominance of PNF within the phytoplankton community was
also recorded during a sampling conducted on the western
continental shelf in a variety of environmental conditions over
an entire year (Figueiras et al., 2014).

Despite the seasonal variability observed in phytoplankton
biomass, pigmented nanoplankton (essentially PNF, Espinoza-
González et al., 2012), with mean biomass of 2.5 ± 1.4 g C
m−2 in the photic layer, clearly dominated the phytoplankton
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community, accounting for 73 ± 16% of total autotrophic
biomass. Microphytoplankton (mostly diatoms) with a mean
biomass of 0.7 ± 1.2 g C m−2 accounted only for 14 ± 19%
of total autotrophic biomass and showed high short-term
variability. The contribution (12 ± 8%) and average biomass
(0.4 ± 0.4 g C m−2) of picophytoplankton were similar to
those of microphytoplankton but with lower variability. Both
pigmented nanoplankton and diatoms shared importance in the
community during summer upwelling and the spring bloom
(Figueiras et al., 2014).

Size-fractionated primary production showed high short-term
variability in the microphytoplankton fraction (0.35 ± 0.36 g C
m−2 d−1) that, however, was not so evident in the other two
fractions; 0.22 ± 0.16 g C m−2 d−1 by nanophytoplankton and
0.19 ± 0.13 g C m−2 d−1 by picophytoplankton. Nevertheless, the
mean contribution of each fraction to total primary production
was similar; 36 ± 28% by microphytoplankton, 35 ± 18
by nanophytoplankton and 26 ± 14 by picophytoplankton,
which strongly contrasted with differences in biomass
and in contributions of each fraction to total biomass.
Consequently, the average turnover rates (PP/B, d−1) of
microphytoplankton (1.3 ± 1.3 d−1) and picophytoplankton
(0.71 ± 0.66 d−1) indicated that phytoplankton belonging to
these two fractions were growing well at more than 1 doubling
per day. In contrast, the low turnover rate of nanophytoplankton
(0.09 ± 0.05 d−1) suggests that this phytoplankton fraction,
which accounted for the highest phytoplankton biomass,
obtained part of their carbon requirements from sources
other than photosynthesis, mixotrophy being the best
candidate (Unrein et al., 2007, 2014; Zubkov and Tarran, 2008;
Hartmann et al., 2012).

The existence of mixotrophy in pigmented
nanophytoplankton was indirectly proven by comparing
gross primary production in oxygen units with gross primary
production in carbon units. While primary production in carbon
units (PP) was experimentally determined by 14C short-term
incubations (Figueiras et al., 2014) corresponding to the sum
of primary production of the three fractions, gross primary
production in oxygen units (GPP) was estimated following
the metabolic theory of ecology (López-Urrutia et al., 2006;
Espinoza-González et al., 2012; Figueiras et al., 2014).

The gross primary production estimated in this way (GPP)
compared fairly well with primary production (PP) determined
from 14C incubations (Figure 2B) but delivered an unrealistic
photosynthetic quotient (PQ = 2.83 ± 0.27 mol O2 mol
C−1). However, this GPP was estimated considering that all
nanophytoplankton biomass was performing photosynthesis,
whereas from the spring cruise it was inferred that only
24% of PNF carbon comes from photosynthesis and the
remaining carbon from heterotrophy. Therefore, GPP
was re-estimated considering that 24% of the biomass of
nanophytoplankton was obtained by photosynthesis and,
consequently, producing oxygen. The new relationship brought a
lower PQ = 1.78 ± 0.17 mol O2 mol C−1 that is not significantly
different (P = 0.76, t-test for paired samples) to PQ = 1.4 mol
O2 mol C−1 given by Laws (1991) as maximum value for
phytoplankton growing with enough nutrients and hence

predominantly synthesizing proteins. Even more, a PQ = 1.78 is
nearly identical to PQ = 1.73 experimentally determined in the
region using both oxygen and 14C incubations simultaneously
(Arbones et al., 2008).

DISCUSSION

Mixotrophy of PNF has been well described for oligotrophic
zones of the North Atlantic (Zubkov and Tarran, 2008; Hartmann
et al., 2012), where bacterivory by this plankton group can
represent up to 95% of all bacterivory. Likewise, it is important
in oligotrophic coastal zones (Havskum and Riemann, 1996;
Unrein et al., 2007; Tsai et al., 2011), accounting for between
35 and 86% of all bacterivory. In all these cases, it is assumed
that heterotrophy confers to mixotrophic PNF the ability to
acquire nutrients from their prey when nutrients are scarce in
the environment.

However, mixotrophy of PNF has also been described in
areas where nutrients are abundant. Thus, PNF can account
for 50% of all bacterivory in High Nutrient-Low Chlorophyll
(HNLC) areas of the equatorial Pacific (Stukel et al., 2011), where
limitation by Fe has been suggested to trigger heterotrophy.
Mixotrophic PNF can represent between 8 and 42% of all
bacterivorous nanoflagellates in the Ross Sea, south of the
Polar Front (Moorthi et al., 2009), with rates of bacteria
ingestion sometimes higher than those rates shown by strict
heterotrophs (McKie-Krisberg et al., 2015). In the same
way, Czypionka et al. (2011) has described that mixotrophic
cryptophytes in a Chilean fjord (Aysén Fjord) can get 20–
60% of their carbon through heterotrophy induced by light
limitation in winter.

Although mixotrophy in all these studies has been estimated
from the ingestion of bacteria, there are other studies (Frias-
Lopez et al., 2009) indicating that mixotrophic PNF can ingest
autotrophic picoplankton (Synechococcus and Prochlorococcus),
which would expand the recognized role of this plankton
group in the functioning of microbial food webs and in
biogeochemical cycles.

The presence and at times dominance of PNF in the
phytoplankton community of the NW Iberian upwelling seems
to be a characteristic feature of the system, being observed not
only in the study cases detailed in this work, but also in other
occasions. At the end of the upwelling season (Crespo et al.,
2012), PNF accounted for 53 ± 9% of the total autotrophic
biomass, when the water column was strongly stratified, nutrient
levels in the surface layer were extremely low and the Cph:Chl a
ratio was 170 ± 6; conditions that also point to the occurrence
of mixotrophy. Under strong upwelling and high nutrient levels,
PNF were also significant components of the phytoplankton
community (Figueiras et al., 2002; Crespo et al., 2007; Froján
et al., 2014). In addition, PNF have been also reported as
important components of the phytoplankton community in other
coastal upwelling systems (Iriarte and González, 2004; Böttjer
and Morales, 2007; Baltar et al., 2009) which reinforces the idea
that PNF are always present in the water column, from winter to
summer and from downwelling to upwelling.
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As PNF are habitual and important components of the
phytoplankton community in coastal upwelling systems and
after viewing that mixotrophy could be a common nutrition
mode within this group, it is essential to consider mixotrophy
when building carbon budgets or developing biogeochemical
models in coastal upwelling systems. The next research step
should be to quantify irrefutably this type of nutrition,
not only within PNF as a group but also within the
different components of PNF. It would be expected to find
changes in species composition within the PNF group, similar
to those observed within microplankton, in response to
environmental variability. Therefore, determining this biological
variability is essential to understanding PNF diversity in coastal
upwelling systems. Classical and new omics approaches (Collado-
Fabbri et al., 2011; Hernández-Ruiz et al., 2018) would help
understand the dynamics and role of these organisms in
relation to the highly variable oceanographic conditions that
usually prevail in these marine ecosystems. Indirect approaches
similar to the ones reported here could also be applied
analyzing older databases, providing further evaluations of this
type of nutrition even if resources are limited for further
experimental work.
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