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Abstract

Different hypotheses have been proposed explaining plankton community assembly and how
changes in biodiversity can impact ecosystem function. Mixoplankton (photo-phago-trophs)
are important members of the plankton, but science lacks a clear understanding of their role
in plankton succession. Here, we used a modelling approach to test the hypotheses that: i)
differences in the physiology of mixoplankton functional types (MFTs) explain their
seasonalities and ii) functional differences affect their roles in key carbon fluxes. Functional
differences were modelled based on cell size and whether mixoplankton possess their own, or
acquire, photosystems. Ecosystem simulations incorporated realistic environmental
variability and were validated against a 9yr long-term time series of nutrients, chlorophyll-a,
and plankton data from a coastal temperate sea. Simulations, consistent with empirical data,
show that mixoplankton of different sizes are present throughout the water column and over
time, with seasonal population dynamics differing among the different MFTs. Importantly,
the partitioning of production among different size-classes depends on how mixoplankton
functional diversity is described in the model, and that merging mixoplankton into one
functional type can mask their diverse ecological roles in carbon cycling. Mixoplankton thus
play an important role in structuring the plankton community and its dynamics in the
simulations.
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1. Introduction

How changes in biological communities affect ecosystem functioning is a central
question in ecology (Chapin et al., 1997). In order to assess this question, it is critical to
understand how biological communities interact with their environment (Weithoff and
Beisner, 2019). Microbial assemblages display diverse lifestyles which are challenging the
way we understand the cycle of carbon in the oceans (Litchman et al., 2007; Mitra et al.,
2014; Worden et al., 2015). Mixotrophy — a fusion of autotrophic and heterotrophic nutrition
— is a widespread strategy the importance of which has been overlooked across different
ecological systems (Selosse et al., 2017). Heterotrophy in microbial protist mixotrophs may
be facilitated by osmotrophy and/or phagotrophy. Since all microbes have potential for
osmotrophy, here we reserve “phytoplankton” for organisms incapable of phagotrophy,
“protozooplankton” for those incapable of phototrophy, and “mixoplankton” for those
capable of both photo- and phago- trophy (see also Table 1 of Flynn et al., 2019).

Traditionally, protist plankton were viewed as ‘producers’ or ‘consumers’. In reality,
many aquatic protists are mixoplankton, combining both phototrophy and phagotrophy in a
single cell (Flynn et al., 2013; Flynn et al., 2019). While the importance of mixotrophy is
commonly associated to nutrient-limited environments (Stoecker et al., 1987; Tittel et al.,
2003; Zubkov and Tarran, 2008), global analyses revealed the ubiquity of mixoplankton
across different spatio-temporal scales in the oceans (Leles et al., 2017; Edwards, 2019; Faure
etal., 2019; Leles et al., 2019), suggesting that they can occupy different ecological niches
(Leles et al., 2018; Anschiitz and Flynn, 2020). The challenge now is to better understand the
mechanisms that allow mixoplankton to thrive in contrasting ecosystems (Hansson et al.,
2019).

At the eco-physiological level, functional differences could explain the success of
mixoplankton under a range of environmental conditions (Stoecker et al., 2017). While
mixoplankton differ according to cell size, critically they also differ with respect to the means
by which they acquire energy and nutrients (Flynn and Mitra, 2009; Mitra et al., 2016; Flynn
et al., 2019). In the late 1980s, field observations revealed that mixoplankton might or not
possess their own photosystems (Bird and Kalf, 1986; Stoecker et al., 1987). More recently,
their functional classification has been revisited and different mixoplankton functional types
(MFTs) have been proposed (Mitra et al., 2016). Functional types, often formed by organisms
of quite different taxonomic relationships, are grouped together according to their perceived
role in ecology (Blondel, 2003). A combination of cell size and the fundamental difference
between innate (constitutive) and acquired (non-constitutive) phototrophy are clear
candidates upon which to base functional type descriptions of mixoplankton in models. Here,
we model different MFTs to investigate their role in plankton succession and in key carbon
fluxes.

A basic distinction can be made between mixoplankton that possess their own
photosystems, i.e., constitutive mixoplankton (CMs), and those that need to acquire
phototrophic capacity from their photosynthetic prey, i.e., non-constitutive mixoplankton
(NCMs) (Mitra et al., 2016). Constitutive forms do not necessarily need to engage on both
phototrophy and phagotrophy to grow and/or to survive (Caron et al., 1993; Adolf et al.,
2006; Wilken et al., 2013) and can obtain both limiting nutrients or carbon through
mixotrophy (Zubkov and Tarran, 2008; Czypionka et al., 2011). In contrast, non-constitutive
forms rely on the prey from which they acquire phototrophic ability to survive and the
specificity of the prey may affect their success in the environment (Leles et al., 2018). While
generalist NCMs rely on diverse prey types, they have lower control over phototrophy and
shorter plastid retention times when compared to specialist NCMs (McManus et al., 2012;
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Moeller et al., 2016). One can then consider (functional) diversity among mixoplankton
functional types, particularly in modelling studies (Leles et al., 2018; Anschiitz and Flynn,
2020).

Temperate seas are ideal systems to study plankton succession due to the wide
variations in light and temperature gradients resulting in the seasonal stratification of the
water column (Sommer et al., 2012). While traditionally envisaged as a result of physical
factors, grazing, and nutrient/food limitation (Margalef, 1978; Sterner, 1989; Calbet, 2001),
plankton succession is also influenced by other ecological interactions, including mixotrophy
(Sommer et al., 2012; Stoecker et al., 2017; Atkinson et al., 2018). Methodological
limitations have hindered empirical investigations that account for mixoplanktonic activity
when evaluating the seasonal succession of protists and these tend to consider only specific
groups of mixoplankton, such as dinoflagellates (Barton et al., 2013; Gran-Stadniczefiko et
al., 2019). On the other hand, numerical models can shed light into protist succession
allowing for the description of mixotrophy (Troost et al., 2005; Bruggeman, 2009; Mitra &
Flynn 2010; Mitra et al., 2014; Berge et al., 2017; Ghyoot et al., 2017). Nevertheless,
ecosystem modelling studies that represent the diversity of functional forms observed among
mixoplankton whilst incorporating realistic environmental variability (i.e., temperature, light,
and mixing) have not yet been applied to explain time series field data.

Here, we tested the hypotheses that differences in physiology explain seasonality in
MFTs and that these functional differences affect their roles in key carbon fluxes. The
mechanisms driving the seasonal succession of protist trophic strategies (i.e., between
phytoplankton, protozooplankton and mixoplankton, defined as per Flynn et al., 2019) were
explored using a plankton ecosystem model applied in a coastal stratified temperate sea, the
Western English Channel at station L4. The plankton food web was based on plankton
functional types and coupled to a 1D model of the water column. Based on previous
modelling results that showed different mixoplankton dominating under different light and
nutrient regimes (Leles et al., 2018; Anschiitz and Flynn, 2020), different mixoplankton
functional types were included in the model. The physical model is key to addressing this
question since it explicitly represents depth and incorporates realistic environmental
variability. We then investigated the ecological roles of mixoplankton within carbon cycling
in temperate seas.

2. Material and Methods
2.1 The ecosystem model

The ecosystem model was built by incorporating a flexible sub-model description of
different protist nutrition modes, including mixotrophy (Flynn and Mitra, 2009; Mitra et al.,
2016), into the European Regional Seas Ecosystem Model — ERSEM (Blackford et al., 2004;
Butenschon et al., 2016), as previously described in Leles et al., (2018). The ecosystem
model considers the major elements in the ocean, i.e., carbon, nitrogen, phosphorus, and
silicate, both in organic and inorganic forms, accounting for variable stoichiometry among
plankton groups (except for mesozooplankton where C:N:P was held constant in the model).
Here, the ecosystem model was coupled to a 1D physical model of the water column through
the General Ocean Turbulence Model (GOTM; Burchard et al., 1999).

The model includes inorganic nutrients (nitrate, ammonium, phosphate, silicate,
dissolved inorganic carbon), dissolved organic matter (DOM), and detrital particulate organic
matter (POM). DOM is divided between labile and semi-labile assuming that the former is
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rapidly consumed by bacteria and that the latter is more resistant to microbial degradation
(Hansell, 2013), while detrital POM is divided in three size-classes. Plankton functional types
include two phytoplankton (picophytoplankton and diatoms), three mixoplankton (including
constitutive and non-constitutive forms), three zooplankton (nano- and micro-
protozooplankton, and mesozooplankton), and one decomposer representing heterotrophic
bacteria (see Fig. S1 in Supporting Information). Plankton growth dynamics result from the
balance of gains through uptake of nutrients and assimilation into organic compounds and
losses through respiration, excretion (non-assimilated material) and/or release of excess of
nutrients (linked to stoichiometric regulation), predation, and non-predatory mortality (see
Supporting Text). The model does not describe osmotrophy, and thus we do not consider
mixotrophy expressed by phytoplankton such as diatoms using DON. For avoidance of doubt,
we reserve “mixotrophy” solely for generalised comments, using “mixoplanktonic activity”
otherwise. Model equations can be found in full in Leles et al. (2018).

2.2 Functional diversity: mixoplankton functional types

The representation of mixoplankton within food webs increases the number of trophic
interactions as well as the complexity of the competitive interactions between organisms
(Stoecker et al., 2017). However, mixoplankton are not all equal and incorporating functional
differences shows how these interactions can change. Furthermore, they can adjust their
balance between phototrophic and phagotrophic nutrition according to environmental
conditions and organism’s nutritional requirements (e.g., Caron et al., 1993; Schoener and
McManus, 2017). Thus, different functional types of mixoplankton exhibit different
acclimation responses (Flynn and Mitra, 2009); this is most apparent between CM and NCM
forms (Mitra et al., 2016; Flynn et al., 2019), where the latter depends on acquisition of
phototrophy from their phototrophic (phytoplanktonic or mixoplanktonic) prey.

In the model, constitutive (CM) forms are assumed to i) take up external inorganic
nutrients, ii) rely on phototrophy for a critical proportion of growth, iii) photoacclimate
through the synthesis of chlorophyll, and iv) down-regulate the digestion of prey if enough
carbon is obtained through phototrophy. Non-constitutive (NCM) forms are assumed to i) not
take up external inorganic nutrients, though they can recycle internally regenerated nutrient;
if) rely mainly on phagotrophy for growth (but are obligate mixotrophs, i.e., relying on both
food and light to achieve positive growth); iii) obtain phototrophic capacity from their prey
and do not photoacclimate and iv) digest prey independently of photosynthesis and egest
kleptochloroplasts over time (McManus et al., 2012; Schoener and McManus, 2017). The
non-constitutive mixoplankton (NCMs) modelled here are generalists and represent species
such as those within the genus Strombidium, which have lower control over the acquired
phototrophic machinery compared to other NCMs, e.g., Mesodinium (Johnson et al., 2013;
Moeller et al., 2016). Although both specialist and generalist NCMs were included in the
model in our preliminary simulations (since both functional types are found at L4 station), the
former could not persist in the model (i.e., were driven to extinction) and, therefore, were not
included in our final model.

2.3 The plankton food web

It was assumed that nano-protozooplankton feed on pico- and nano- sized prey, micro-
protozooplankton feed on pico-, nano-, and micro- sized prey, and mesozooplankton feed on
nano- and micro- sized prey (Fig. S1). Different mixoplankton functional types were
considered in the model (Fig. S1). Phototrophic nanoflagellates and microflagellates are
constitutive mixotrophs (CMs) because they possess their own photosystems (Mitra et al.,
2016) and will be referred herein as nano-CMs and micro-CMs, respectively. As supported by
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evidence from the literature, they were allowed to feed on the same prey as their heterotrophic
counterparts of same size, i.e., the nano-protozooplankton and the micro-protozooplankton,
respectively (e.g., Zubkov and Tarran, 2008; Hansen, 2011; Unrein et al., 2007).

In turn, the functional group traditionally ascribed to “microzooplankton” group was
divided into strict heterotrophic species (referred herein as protozooplankton) and non-
constitutive mixoplankton (Mitra et al., 2016) based on previous estimates suggesting that a
large proportion of total microzooplankton are mixoplankton thus acquiring phototrophic
potential from their prey (Leles et al., 2017). In the model, NCMs were assumed to obtain
phototrophic potential from nano-CMs. Micro-sized protozooplankton and NCMs share the
same prey items and were assumed not to feed on each other (Fig. S1). While the latter may
not always hold true for real systems, this assumption was necessary to allow their persistence
in the model, as revealed by initial numerical experiments. Finally, intraguild predation was
allowed among all predators due to its importance in plankton trophodynamics (e.g., Hansen,
2011). Details on how the different plankton groups interacted with the nutrient pools can be
found in in the online Supporting Text (Figs. S1 and S2).

2.4 Model set-up and skill assessment

The ecosystem model was embedded within the water column model GOTM,
configured to represent the L4 station. The L4 station is located 13 km SSW of Plymouth, in
the Western English Channel, UK (50° 15°N, 4° 13°W; Fig. S3), with a mean water depth of
50 m (Smyth et al., 2010). GOTM was set to resolve 100 vertical layers with increasing
resolution towards surface waters and assuming a water column of 50 m depth. The
biogeochemical model was run over a period of 9 years (2006-2014; coinciding with the
period of the observational data) after a 2-year spin-up period and model output was recorded
daily. The model was initialised with in situ measurements of temperature, salinity, and
inorganic nutrient concentrations observed during winter at L4 (e.g., nitrate =9 uM,
phosphate = 0.5 uM, silicate = 4.5 uM, ammonium = 0.1 uM; Smyth et al., 2010) and
implemented using the ERSEM benthic coupling, following Butenschén et al. (2016).

The L4 observational data used here includes temperature, salinity, inorganic
nutrients, chlorophyll-a, and carbon biomass of all plankton functional types included in the
food web model (Smyth et al., 2010; Widdicombe et al., 2010; Atkinson et al., 2015; Tarran
and Bruun, 2015). Plankton data were obtained (quasi) weekly at 10 m depth and used to
validate simulations from January 2006 to December 2014. Mixoplankton taxa were assigned
to different functional types based on species name (Table S1) according to previous reviews
(Flynn et al., 2013; Leles et al., 2017, Faure et a., 2019; Leles et al., 2019). Further details of
the model set-up (configurations applied to GOTM and the ecosystem model, including
model coupling and accessibility), observational data (characterization of L4 station, data
collection and data analysis), and model parameterization (calibration experiments and
parameter values) are given in the Supporting Text (Tables S2-S5).

Model validation was initiated by comparing simulations with observational data over
the whole studied period (i.e., 9 years). Then model output was averaged by month of every
year and then averaged again over the years so that climatological means could be obtained.
By doing that, we were able to test our hypothesis that differences in physiology explain
seasonality in MFTs. To assess model skill, the correlation coefficient, the root mean squared
error (RMSE), and the average error (AE) were computed and interpreted through target
diagrams. The metrics provided in the target diagrams were the normalised average error
(AE*) in the abscissa and the normalised and unbiased RMSE (RMSE?*) in the ordinate
(Jolliff et al., 2009). The model was also compared against standard ERSEM simulations to
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evaluate how well our model can predict observational data compared to an established
ecosystem model which has been previously tested in different oceanographic regimes
(Blackford et al., 2004). ERSEM parameter values conform to the configuration presented in
Butenschdn et al. (2016).

To test our second hypothesis, that MFT’s affect carbon fluxes, we performed a series
of extra modelling experiments. Specifically, we compared carbon fluxes obtained from our
simulation against model runs that accounted for two, one, or none of the three MFTs
included in the reference model. The Supporting Text provides further details on model skill
assessment and analysis of the seasonal succession of protist trophic strategies.

3. Results
3.1 Model validation

The model reliably reproduced the observed seasonal evolution of inorganic nutrients,
chlorophyll-a, and total plankton biomass at L4 (Figs. 1 and S4). The model performed at
least as well as ERSEM and, contrary to the latter, captured the biomass of nano-CMs during
summer (Figs. S4 and S5 and Table S6). Our results revealed that seasonal dynamics differ
among the different mixoplankton functional types, with nano-CMs being the most abundant,
micro-CMs being important at occasions, and NCMs being present at low biomass levels
throughout the year at L4 (Fig. 1b). Overall, correlations were higher than 0.7 (except for
phytoplankton and micro-CMs), simulations do not show significant bias, and the standard
deviation of the model was larger (RMSE* > 0) than the reference field’s standard deviation
(Fig. 1a). Simulations were also able to quantitatively represent the biomass of
phytoplankton, mixoplankton, and protozooplankton (Fig. 1b). The model successfully
captured the seasonal distribution of nano-CMs and NCMs, but the simulated biomass peak
of micro-CMs was earlier than predicted by observations (Fig. 1b).

Model and data revealed the presence of mixoplankton across the seasonal cycle and
over depth (Figs. 1b and 2a). Overall, the model agrees with expectations within temperate
seas: phytoplankton dominate biomass during the spring bloom and protozooplankton during
early winter (Fig. 2a). Mixoplankton dominate once the water column is stratified, but the
protist community also shifts from being dominated by protozooplankton to mixoplankton
from early to late winter (Fig. 2a); this is also supported by data, although to a lesser extent
(Fig. 1b). However, the model overestimates the phytoplankton biomass (notably diatoms)
during the spring bloom (Figs. 1b and S4); the standard (non-mixoplankton) variant of
ERSEM shows an equal if not greater anomaly in this respect. Below the mixed layer, light
attenuation (Fig. S6) decreases the relative importance of phytoplankton (Fig. 2a). It is
noteworthy that biomass at deeper levels might not be viable in the model (due to negative
net growth) and is more likely to have been brought by turbulent mixing.

3.2 On the succession of mixoplankton functional types

Bottom-up and top-down controls (i.e., simulated growth and predation rates) were
evaluated within the mixed layer to understand shifts in plankton community composition in
the model (Fig. 2b). At stratification onset, protist growth rates tend to be higher than losses
due to predation and, under these conditions, mixing, light, and inorganic nutrients
availability favours diatom growth (Figs. 2b). Micro-CMs compete with diatoms for light and
inorganic nutrients, but simultaneously predate on diatoms; accordingly, suppression of the
diatom bloom due to silicate limitation is followed by the suppression of micro-CMs (Fig.
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S7). During summer, the water column is stratified (Fig. S6) and inorganic nutrients and prey
are more limiting; much of the spring production has been exported to deeper waters (~ 45%
of the total nitrogen within the first 25 meters) and nutrient-nitrogen levels do not increase
until autumn due to the presence of the thermocline (Figs. 2a and S6). Such conditions favour
picophytoplankton and various mixoplankton (nano-CMs and NCMs; Figs. 2 and S7), with a
tight coupling between growth and predation rates being observed (Fig. 2b). During the
autumnal breakdown of stratification, diatoms return but do not attain concentrations
observed during spring; micro-CMs concentrations remain low, being outcompeted by
protozooplankton and NCMs (Fig. S7). Nano-CMs could maintain biomass values similar to
those observed during summer (Fig. S7). After the autumn bloom, the water column becomes
fully mixed (Fig. S6) and protozooplankton attain their highest contribution to total protist
biomass (Fig. 2a). Intense mixing and light limitation result in slow growing populations
subjected to high predation pressure (Fig. 2b). Late in winter, phototrophs achieved higher
growth rates, predation is relaxed and nano-CMs dominate the mixoplanktonic community
(Fig. 2b).

The balance between phototrophic and phagotrophic nutrition differs among the
diverse mixoplankton functional types over the simulated seasonal cycle (Fig. 3).
Phagotrophy was important to nano-CMs during summer but even more important during
winter (Fig. 3). In turn, the relevance of phagotrophy among micro-CMs was significantly
related to the availability of suitable prey, i.e., diatoms, which bloom during spring in the
model (Fig. 3). A distinction can be seen between CMs and NCMs since the former are
primarily phototrophic and the latter are primarily phagotrophic (Fig. 3). Among NCMs, the
importance of phototrophy was highest during summer followed by the stratification onset

(Fig. 3).
3.3 On the roles of mixoplankton in carbon fluxes

We compared model runs that accounted for only one or two MFTSs, against
observational data at L4 (Figs. S8 and S9). When compared against our reference model
(nano-CMs + micro-CMs + NCMs; Fig. 1a), these models performed similarly for nutrients
and total chlorophyll but not for protist biomass (Figs. S8 and S9), in which the reference
model performed better. Indeed, simulated carbon fluxes in the reference model differed
substantially from model runs in which none, one or two MFTs were considered (Figs. 4 and
5). Carbon fluxes were considerably different in the absence of nano-CMs. Specifically, a
higher proportion of gross primary production was assigned to smaller size fractions when
photo-phago-trophy was not represented among phototrophic nanoflagellates (Fig. 4).
Consequently, the simulated mixoplankton community played a minor role in the
consumption of heterotrophic bacteria and picophytoplankton (Fig. 5). When all MFTs were
removed, only diatoms and picophytoplankton contributed to phytoplankton biomass, with
phototrophic nano- and micro- flagellates not persisting in the model.

The impact of herbivory on picophytoplankton is also decreased in the absence of
micro-CMs (Fig. 5) because nano-CMs outcompeted the smallest primary producers in the
model. Even though diatoms were consumed by micro-CMs and NCMs (but not nano-CMs)
in the model, the impact of grazing by mixoplankton on diatoms also decreased if nano-CM
activity was not considered (Fig. 5) due to the accumulation of biomass within
picophytoplankton. A considerable decrease in the production of labile DOC and in the
trophic transfer of carbon to higher trophic levels was observed in the absence of nano-CMs
and, consequently, in the vertical export of particles which, in the model, is controlled by
sinking of material egested and excreted by mesozooplankton (Fig. 5). Interestingly,
contrasting results were found when only nano-CMs and NCMs, and not micro-CMs, were
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simulated. Under this scenario, the high biomass achieved by diatoms promoted an increase
in the trophic transfer to mesozooplankton and vertical export of carbon (Fig. 5). The
contribution of NCMs to key carbon fluxes was not as significant as that of the other groups
due to their low biomass observed at L4 (Fig. 5). Mixoplankton thus play an important role in
structuring the plankton community and its dynamics in the simulations.

4. Discussion

Our model show, consistent with empirical evidence, that mixoplankton of different
types are present over time and across depth within temperate seas (Fig. 1). In the model,
functional differences help explain how the balance between phototrophic and phagotrophic
nutrition varies according to environmental conditions through the representation of
constitutive and non-constitutive mixoplankton and their different trophic interactions (Figs.
2 and 3). Furthermore, seasonal population dynamics differ among different mixoplankton
functional types (MFTs; Fig. 1). Not considering these different groups gives a poorer
simulation with consequential impacts on carbon fluxes.

Despite being commonly pictured as a strategy to cope with stress under limited
inorganic nutrient availability, empirical evidence has shown that mixoplankton can have
different ecological niches, comprising a significant fraction of plankton biomass under
contrasting environmental conditions (Czypionka et al., 2011; Vargas et al., 2012).
Nevertheless, understanding their ubiquity in the oceans has proved to be challenging (Leles
etal., 2017; Edwards 2019; Faure et al., 2019; Leles et al., 2019). This has been largely due
to the absence of suitable models of MFTs placed within a suitable physical description.
Here, we show that accounting for the functional differences among mixoplankton (through
the description of different MFTSs) is key to better understand their dynamics. In the absence
of different MFTs, a different view of the partitioning of primary production among size-
classes is given (Fig. 4). Major differences were observed if mixoplanktonic activity was
omitted among phototrophic nanoflagellates; it resulted in the underestimation of the
contribution of larger size classes to total production (Fig. 4) and masked the potential
ecological roles of mixoplanktonic assemblages in carbon cycling (Fig. 5).
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4.1 MFTs have different seasonalities and trophic linkages in temperate seas

The modelling framework used here invokes realistic environmental variability and
different MFTs in a plankton food web to investigate both competitive outcomes and top
down controls in the seasonal succession of protist trophic strategies. Doing so, the model
successfully predicts the successional sequence of diverse trophic strategies within temperate
seas as well as realistic growth and grazing rates (Table S7).

In the beginning of the production cycle, simulations revealed low predation rates
(Fig. 2b). Changes in mixing conditions, affecting light and nutrient availability, may disrupt
prey-predator relationships and allow populations to bloom during spring (Irigoien et al., 2005).
This can be triggered by the poor nutritional status of the prey which alleviates grazing pressure
(Mitra & Flynn 2006; Polimene et al., 2015); in the model, however, the overall nutritional
status (as indicated by elemental ratios) of the prey was high. This reflects the importance of
mixotrophy in the mixoplankton, and the tight coupling of nutrient regeneration and primary
production. The simulated spring bloom was dominated by diatoms, due to their ability to reach
high growth rates (Litchman et al., 2007), and grazing by protozooplankton was higher than by
mesozooplankton, as previously observed at L4 (Fileman et al., 2010). Micro-CMs followed
the diatom bloom in the model, as previously observed for dinoflagellates within the North
Atlantic (Barton et al., 2013); simulations showed that phagotrophy was key for the rise of
micro-CMs (Fig. 3). Experimental studies have shown that the net growth of dinoflagellates
can be higher when they are growing as mixotrophs as opposed to solely autotrophic nutrition,
though this is highly variable among species (Hansen, 2011).

Predation pressure was high under stratified conditions (Fig. 2b), as previously
observed in the Western English Channel (Fileman et al., 2002; Fileman et al., 2010), and
mixoplankton dominated the protist assemblage (Figs. 2a and 3). Mixoplanktonic
nanoflagellates (nano-CMs) can obtain nutrients feeding on bacteria which are enriched in N
and P relative to C (Unrein et al., 2007; Mitra et al., 2014). Mixoplankton displaying acquired
phototrophy (NCMs) peaked later in spring and persisted as stratification developed in the
model (Fig. 1b). Certain species of NCMs (the specialists) are largely dependent on
phototrophy, can photoacclimate, and thrive in turbulent waters, such as Mesodinium rubrum
(Johnson et al., 2013; Moeller et al., 2016), while others (the generalist oligotrich ciliates) rely
more on phagotrophy and therefore benefit from C gained from phototrophy during periods of
low prey availability (Stoecker et al., 2017). These features match well with the observational
data at L4, with specialist forms (mainly M. rubrum) peaking during spring and generalist
forms (i.e., oligotrich ciliates) during summer (Fig. S10).

In the simulations, as stratification breaks down at the end of summer, predation
pressure increased on nano-CMs (Fig. 2b). Selective grazing by ciliates and dinoflagellates can
be an important factor shaping the diversity of nano-CMs during autumn (Johnson et al., 2018).
Once the water column is fully mixed, simulations revealed protist populations largely
controlled by predation, and phagotrophs dominated the protist assemblage (Fig. 2). Predation
pressure decreased throughout the winter, as supported by previous empirical studies close to
L4 station (Fileman, personal communication). Nano-CMs found a window of opportunity
during this period through the acquisition of carbon through phagotrophy (Fig. 3); therefore,
our model captures also the scenario in which mixoplanktonic activity functions as a source of
carbon under light-limited conditions (Czypionka et al., 2011; Vargas et al., 2012).
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4.2 Mixoplankton functional differences explain carbon fluxes

Understanding the ecological roles of mixoplankton is of particular importance to
biogeochemical cycling in the oceans (Mitra et al., 2014; Worden et al., 2015). Previous
modelling studies have indicated that mixoplanktonic activity can significantly increase the
production of dissolved organic carbon (DOC), nutrient cycling, as well as the trophic
transfer and vertical export of carbon (Stickney et al., 2000; Mitra et al., 2014; Ward &
Follows 2016). However, few studies have explored the role of different MFTs (Hammer &
Pitchford 2005; Ghyoot et al., 2017; Leles et al., 2018).

Here, we show that the simulation of many carbon fluxes is strongly dependent on
how and which MFTs are described in the model (Figs. 4 and 5). In a coastal temperate sea, a
shift towards smaller primary producers in the absence of nano-CMs (Fig. 4) was responsible
for the major changes observed in carbon fluxes (Fig. 5). Consequently, the model
underestimates the recognised importance of mixoplankton as consumers of bacterial
populations in oligotrophic and eutrophic conditions (Unrein et al., 2007; Zubkov and Tarran,
2008; Czypionka et al., 2011; Vargas et al., 2012). While the trophic transfer of carbon
decreased substantially in the absence of nano-CMs, the contrary was observed when micro-
CMs were not included in the model because diatoms biomass increased. Although not
addressed in our study, micro-CMs might disrupt food webs in coastal eutrophic systems
through the formation of harmful algal blooms (Gentien et al., 2007; Johnson et al., 2013).
NCMs had low impact in carbon fluxes in our modelling experiments (Fig. 5). The
contribution of NCMs to primary production was probably underestimated in our model since
we simulated only generalist forms (Mitra et al., 2016). Specialist NCMs, particularly
Rhizarians, can contribute substantially to primary production by harbouring symbiotic algae,
with the potential to increase trophic transfer in the oligotrophic open oceans due to their
large cell sizes (Stoecker et al., 2017). Mesodinium, another important common specialist
NCM, was also not simulated. Therefore, our results strongly suggest that the impact of
mixoplankton in carbon cycling is dependent on the composition of the mixoplanktonic
community, and different types may be expected to play major roles in contrasting
ecosystems (Stoecker et al., 2017).

While our results support the hypothesis that mixoplankton impact community size
structure (Ward and Follows 2016), more importantly we show that the MFTs included in the
model matter; these inclusions have profound consequences for how carbon is transferred
between trophic levels. Thus, we show that despite having the same cell size, micro-CMs and
NCMs have very different roles in carbon cycling (Fig. 5). The relative contribution of
phototrophy and phagotrophy to mixoplankton growth is not simply correlated with cell size,
but depends mainly on their ability (or not) to possess/maintain their own photosystems
(Fig. 3; Adolf et al., 2006; Schoener and McManus, 2017). Allometric models that represent
a continuum of size classes and different MFTs could provide further insights into the roles
of mixoplankton in community dynamics and carbon cycling. What is clear is that
mixoplanktonic activity provides a critical lynchpin in system dynamics in the model, a
situation that is most likely mirrored in other locations, consistent with the biogeographic
dominance of MFTs (Leles et al., 2017, 2019).

4.3 Putting mixoplankton on the spotlight: challenges and future directions

Our study suggests that recognizing functional differences through the representation
of different MFTs help explain why mixoplankton can fill a great diversity of ecological
niches. While mixoplanktonic activity is commonly perceived as being of greater importance
during the temperate summer (Bruggeman, 2009; Berge et al., 2017; Chakraborty et al.,
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2017), our results show that mixoplankton are active throughout the year. This was
demonstrated here by a plankton ecosystem model validated against a 9yr time-series dataset
for a coastal temperate sea. Overall, simulations agreed with observational data, performing
better or at least as well as the ERSEM model upon which our model was based, and which
does not describe mixoplankton (Figs. S4 and S5). In particular, mixoplankton could correct
for the overestimated picophytoplankton biomass simulated by ERSEM at L4 (Fig. S4).

Our model does not account for lateral fluxes of nutrients and biota, which are known
to play a role at the L4 station; for instance, signatures of riverine water are sometimes found
(Smyth et al., 2010). This can help to explain why micro-CMs peaked earlier than expected at
L4. It would also affect the simulation of mesozooplankton and thence of spring-diatom
growth, which was overestimated by the model, driving the micro-CM peak (see also
Supporting Text). Also, mesozooplankton appear first than their diatom-prey in the beginning
of the production cycle at L4 (Atkinson et al., 2018) and this is not reproduced by our model
(nor by ERSEM; Fig. S4). Other factors, such as diel vertical migration associated to shear-
rate-modulated mortality can also influence micro-CMs dynamics and were not considered in
the model (Gentien et al., 2007). This behaviour has been observed for Karenia mikimotoi,
which is a dominant species at L4 (Widdicombe et al., 2010).

Although we used an exceptional dataset to evaluate our simulations, we acknowledge
that one of the biggest challenges on modelling mixoplankton is the availability of data to
evaluate their balance between phototrophic and phagotrophic nutrition as this is a function
of both species identity and environmental conditions. So far, few empirical studies have
estimated this balance to the carbon budgets of mixoplankton (Table S8). Our simulated
values are within the range of values observed in the literature; however, these studies are
species-specific and are based upon experimental conditions which differ among studies (e.g.,
temperature, light, nutrient, and prey conditions). Considering the diverse mixotrophic
strategies adopted by protists, including within functional types (Table S8), further studies are
necessary to estimate not only carbon but also nitrogen and phosphorus budgets (Carvalho
and Granéli, 2010; Lin et al., 2018). These studies will require plankton ecologists to develop
new methodologies, which will potentially involve the combination of different techniques,
to quantify mixoplanktonic activity both under controlled conditions in the laboratory and
within natural assemblages in the field (Worden et al., 2015; Beisner et al., 2019; Flynn et al.,
2019).

Another important comment on modelling functional diversity is that incorporating
diverse mixoplankton within ecosystem models is challenging due to competitive exclusion
(Leles et al., 2018). Future studies focusing on the competitive abilities between, for example,
nano-CMs and heterotrophic nanoflagellates can improve our understanding of their
ecological niches (Edwards, 2019; Anschiitz and Flynn, 2020). Similarly, we could not
explore the different niches occupied by specialist versus generalist non-constitutive forms,
as suggested by previous modelling studies (Moeller et al., 2016; Leles et al., 2018), because
these did not coexist in our model. This is particularly relevant to test the hypothesis that the
biogeography of acquired phototrophs vary according to their control over acquired
phototrophy (Leles et al., 2017; Faure et al., 2019), but likely also relates to differences in
prey preferences. These, combined with datasets that target mixoplankton, will allow us to
advance our understanding of the role of these organisms in community assembly and
ecosystem functioning in the oceans.
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5. Conclusions

Our study show how mixoplankton of different forms are present over time and across
depth in temperate seas. We achieved this by assigning their functional differences through the
description of constitutive and non-constitutive forms, of different size classes, and how their
phototrophy to phagotrophy ratios respond to environmental variability. We showed that
seasonal population dynamics differ among the different functional types of mixoplankton.
Our model captures the importance of photo-phago-trophy as a nutritional route not only during
stratified conditions but also as a carbon source during light limitation. Moreover, our findings
suggest that functional differences help us understand the diverse roles of mixoplanktonic
assemblages in carbon cycling. While our study focused on temperate seas, further studies are
needed in other marine ecosystems where mixoplanktonic assemblages are expected to differ
(e.g., harmful algal blooms vs upwelling events vs stratified open oceans). Ultimately,
incorporating functional diversity within 3D models will help to better elucidate the role of
mixoplankton in biogeochemical cycling in the global oceans.
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Figure 1 Model validation against climatological data at L4 station (at 10 m depth) showing
(a) target diagrams with the normalised average error (AE*, abscissa), the normalised and
unbiased root mean squared error (RMSE*, ordinate), and the correlation coefficient (colour
code) for inorganic nutrients, total chlorophyll, and plankton biomass and (b) seasonal

evolution of protist biomass; phytoplankton, mixoplankton, and protozooplankton are given

in the upper panels and different mixoplankton functional types (nano-CMs, micro-CMs, and
NCMs) are given in the lower panels (lines — simulations; dots — observations). Mean (£SD)

values correspond to the period 2006-2014. Nano-CMs — constitutive mixoplankton within

the nanoplankton size spectrum; Micro-CMs — constitutive mixoplankton within the
microplankton size spectrum; NCMs — non-constitutive mixoplankton within the

microplankton size spectrum.
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relative contribution of phytoplankton (green), mixoplankton (yellow), and protozooplankton

(blue) to total protist biomass and (b) growth (black) and predation (grey) rates at 10 m for
each functional type as a measure of population fitness. Data are given for selected time
periods and depth. Mean (£SD) values correspond to the period 2006-2014. PicoP —
picophytoplankton. Nano-CMs — constitutive mixoplankton (nanoplankton size spectrum);
Diat — diatoms; micro-CMs — constitutive mixoplankton (microplankton size spectrum);
NCMs — non-constitutive mixoplankton (microplankton size spectrum); NanoZ — nano-
protozooplankton; MicroZ —

micro-protozooplankton.
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Figure 3 The ratio between carbon fixation (phototrophy) and the total carbon uptake
(phototrophy + phagotrophy) rates among different mixoplankton functional types over the
seasonal cycle at L4 (at 10 m depth). Mean values correspond to the period 2006-2014; phot
— phototrophy; phag — phagotrophy; dl — dimensionless. Nano-CMs — constitutive
mixoplankton (nanoplankton size spectrum); Micro-CMs — constitutive mixoplankton
(microplankton size spectrum); NCMs — non-constitutive mixoplankton (microplankton size

spectrum).
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Figure 4 Partitioning of gross primary production (GPP) among different size-classes
(picoplankton, nanoplankton, microplankton). The model used in the present study,
accounting for nano-CMs, micro-CMs and NCMs (Mixo), is compared against simulations
which accounted for none (No Mixo), one, or two mixoplankton functional types. GPP values
were averaged over the year and integrated over the water column. Nano-CMs — constitutive
mixoplankton (nanoplankton size spectrum); Micro-CMs — constitutive mixoplankton
(microplankton size spectrum); NCMs — non-constitutive mixoplankton (microplankton size

spectrum).
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Figure 5 Ecological roles of mixoplanktonic communities in the carbon cycling within
temperate seas showing: carbon fluxes (mg C m= day™) estimated once nano-CMs, micro-
CMs and NCMs are modelled (central schematic) and the % of flux change once simulations
accounted for none, one, or two mixoplankton functional types (see colour-legend). Values

were averaged over the year and integrated over the water column. DOC — dissolved organic
carbon; pico — picophytoplankton; Nano-CMs — constitutive mixoplankton (nanoplankton
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size spectrum); Micro-CMs — constitutive mixoplankton (microplankton size spectrum);
NCMs — non-constitutive mixoplankton (microplankton size spectrum).
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