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Dataset link: https://github.com/Kenhasteande Here we review, synthesize, and analyse the size-based approach to model unicellular plankton cells and
rsen/FirstPrinciplesPlankton communities. We first review how cell size influences processes of the individual the cell: uptake of dissolved
Keywords: nutrients and dissolved organic carbon, phototrophy, phagotrophy, and metabolism. We parameterize processes
Cell size primarily from first principles, using a synthesis of existing data only when needed, and show how these
Traits processes determine minimum and maximum cell size and limiting resource concentrations. The cell level
Plankton processes scale directly up to the structure and function of the entire unicellular plankton ecosystem, from
DOC heterotrophic bacteria to zooplankton. Community structure is described by the size spectrum and by the
Sheldon emergent trophic strategies. We develop an analytical approximate solution of the size spectrum and show
Mixotrophy how the trophic strategies of osmotrophy, light- and nutrient-limited phototrophy, mixotrophy, and pure
phagotrophy depend on the resource environment. We further develop expressions to quantify the functions of
the plankton community: production, respiration, and carbon available to production of higher trophic levels,
and show how the plankton community responds to changes in temperature and grazing from higher trophic
levels. We finally discuss strengths and limitations of size-based representations of plankton communities and

which additional trait axes will improve the description of plankton functional diversity.
1. Introduction kinetics and topology of life’s fundamental molecules, the physical
limitations of functions of the cells, the circulatory systems, and the
The pace of global change spurs the imperative for predictive, geometry of the body plan. One aspect of life where first principle
global scale models of marine ecosystems. Key questions that confront constraints are most evident is in relations to the size of individual
us are how the diversity and functioning of marine ecosystems will organisms (Haldane, 1926; Andersen et al., 2016). Here we attempt
change, how these changes will impact key ecosystem services such to scale from individual organism to ecosystem structure and function.
as primary and secondary production, ocean oxygen concentration and We use unicellular planktonic life as an example where first principles
carbon sequestration, and whether these services are subject to tipping constraints on the individual cell have a particularly strong effect on

processes. Traditional models, that have been lovingly calibrated and
validated to current-day situations, and through which we have learned
so much of marine ecosystem dynamics, are challenged with this task.
The world is moving rapidly out of the calibration envelopes for which
they were calibrated, and the validation of model predictions with
observed ecosystems can no longer be the sole gold-standard measure
of model success. In an ideal world predictive, global scale models
should be rooted in “first principles”: the rules of the natural world
whose validity are considered fundamental and unchanging. In this
context, mass and energy conservation, chemical reaction kinetics and
evolution by natural selection can be considered examples of first > . ) B
principles. Models of ecosystems do not have recourse to such first main carbon flux from the photic zone, and the turn-over of inorganic
principles per se. Nevertheless, individual organisms are constrained by and organic matter in the world’s oceans and lakes. All metazoans
first principles that are manifested at all scales of life, from the reaction - multicellular plankton, jellies, fish, benthic organisms, and marine

the ecosystem structure and function (Kigrboe, 1993).

Unicellular plankton is an incredibly diverse group of organisms.
Taxonomically they represent four domains of life: archaea, bacteria,
algae and protozoa. In terms of cell size, plankton spans 8 orders
of magnitude in mass, the same range as between a beetle and an
elephant. Functionally, unicellular planktonic ecosystems show the
entire range of trophic strategies of primary producers (phytoplankton),
grazers and predators (zooplankton), and detritivores (bacteria). The
unicellular planktonic food web drives the fast turnover of inorganic
dissolved matter in the oceans, half the global primary production, the
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mammals - rely on surplus production from unicellular plankton food
webs (Ryther, 1969; Stock et al., 2017). Without the unicellular food
web, macroscopic life in the oceans would be extremely impoverished.

The difficulty of observing and experimenting with unicellular
plankton food webs have put models in a central position, not just
for predictions of responses to changes, but also for understanding the
structure and function of the ecosystems. Any ecosystem model faces
a choice of how to represent the diversity of organisms. The classic
food web approach, which is often applied to higher trophic levels,
attempts to resolve all populations and their interactions with other
populations. This approach only works for smaller isolated ecosystems
and is clearly unsuited to unicellular plankton where we rarely have a
clear overview of the full taxonomic diversity. Plankton models instead
describe diversity by lumping species into distinct functional groups.
The simplest grouping is between phytoplankton (P) and zooplankton
(), with phytoplankton representing all phototrophic organisms and
zooplankton their grazers (Franks, 2002). This grouping together with
nutrients (N) lead to “NPZ” models, which have been remarkably suc-
cessfully in capturing the main features of seasonal succession (Evans
and Parslow, 1985; Fasham et al., 1990; Anderson et al., 2015) and
global patterns of production (e.g. Palmer and Totterdell, 2001). How-
ever, their success is contingent on model parameters being tuned to
the observations themselves. In this way, parameters of each group
are adjusted to represent the physiology and ecology of the dominant
species in the group within the geographic region that is modelled.
When conditions change though, other species with different param-
eters may become dominant and the model no longer represents the
new ecosystem (Franks, 2009). This parameter tuning therefore reduces
our confidence in the model’s ability to reproduce ecosystem dynamics
when conditions change outside the model’s tuning envelope.

A further elaboration of plankton diversity is achieved by break-
ing the phytoplankton and zooplankton groups into additional func-
tional groups (Anderson, 2005; Le Quere et al.,, 2005; Hood et al.,
2006). The functional groups are often aligned with dominant taxo-
nomic groups including coccolithophores, dinoflagellates, ciliates, and
diatoms, or more general groups, e.g., silicifiers, calcifiers etc.. While
the functional-group approach introduces additional flexibility and
accuracy it does so at the price of increased complexity and additional
parameters. Despite the introduction of additional complexity, each
group still represents a huge diversity of organisms — for example, the
size range of diatoms spans from a few tens to 10’ cubic micrometers
- and parameters for each group are still tuned to represent the domi-
nant species in the modelled region. While the introduction of further
realism improves the models fit to observations it does not solve the
fundamental problem of parameter tuning. Further, the addition of new
functional groups leads into a complexity trap with a proliferation of
state variables and parameters.

Size-based models break free of the complexity trap of functional
groups by representing the plankton community with size groups that
each represent all cells in a given size range regardless of their tax-
onomic affiliation. Technically, each size group is modelled largely
in the same way as a functional groups. The main difference is that
the parameters are not independently determined for each size group.
Instead, parameters follow from a smaller set of scaling coefficients and
exponents that apply to all sizes. In this manner size models are flexible
with respect to the number of state variable while retaining a small
set of parameters that is, at least in theory, generally valid. Breaking
free of the complexity trap comes at the cost of a poor representation
of taxonomic diversity. However, the size-based model provides a
framework where functional diversity is an emergent property of the
model rather than a consequence of its structure.

There are other reasons for using cell size as the governing axis
of diversity. It is now well documented that within plankton many
of the fundamental rates and processes scale with cell size (Fenchel,
1987; Kigrboe, 1993; Finkel et al., 2010; Marafién, 2015): affinities for
nutrients (Edwards et al., 2012) or light (Taguchi, 1976; Edwards et al.,
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2015b), maximum bio-synthesis rates and respiration rates (Kigrboe
and Hirst, 2014), clearance rates (Kigrboe and Hirst, 2014), predator—
prey mass ratios (Hansen et al., 1994) and predation risk from larger
organisms (Hirst and Kigrboe, 2002). Importantly, many of these scal-
ing relations emerge from fundamental physical limitations due to ge-
ometry (light affinity), diffusion (affinity for dissolved organic matter),
and fluid mechanics (e.g. Stokes’ law or feeding mechanics (Nielsen
et al.,, 2017)). In other words: the parameters are constrained by first
principles from geometry or classical physics. A further advantage of
size-based models is the conceptual simplicity that comes from being
based on a general description of a single cell. The simplicity extends to
the implementation, which only needs a small parameter set and have
simpler code. These advantages make size-based descriptions appealing
to add diversity within a functional group (Terseleer et al., 2014; Stock
et al., 2014) or for the full model structure. Existing size-based models
mostly rely on empirical relationships between size and parameters
such as half-saturation coefficients, maximum growth rates etc.. This
approach facilitates a good fit with observations. Here, we instead
try to establish the fundamental mechanisms and strive to determine
parameters from fundamental principles by reviewing the literature on
the theory of size-based relations with cell size.

Size-based models of plankton have a long history (Armstrong,
1994; Moloney and Field, 1989; Baird and Suthers, 2007; Stock et al.,
2008; Banas, 2011; Negrete-Garcia et al., 2022). Size-based concepts
are now increasingly used in biogeochemical models to increase the
diversity within functional groups according to size (Terseleer et al.,
2014; Dutkiewicz et al., 2020; Stock et al., 2014). Most size-based
models retain the distinction of functional trophic groups by operating
with separate phyto- and zooplankton size distributions (Poulin and
Franks, 2010; Ward et al., 2018). A recent strand is purely size-based
models where the only difference between cells are their size and no
a priori distinction between trophic strategy is imposed (Ward and
Follows, 2016; Ho et al., 2020; Chakraborty et al., 2020). Such models
completely forgo taxonomic-oriented assumptions about the function of
the modelled groups (Andersen et al., 2015). All functional differences
between size groups and of the community are emergent properties of
the model.

Reviews on the empirical relationships between cell size and various
processes (Kigrboe, 1993; Hansen et al., 1994; Finkel et al., 2010; Ed-
wards et al., 2012; Kigrboe and Hirst, 2014; Maranén, 2015; Hillebrand
et al., 2021) tend to focus on phytoplankton and upon describing size-
relations as a single power-law function. However, in many cases there
is more than one underlying physical process at play. This means that
there are transitions between two power-law relations, e.g., between
nutrient diffusion and surface uptake (Armstrong, 2008) or between
maximum synthesis rates and nutrient uptake (Ward et al., 2017). Such
transitions at characteristic sizes often lead to important transition in
the ecosystem structure (Andersen et al., 2016), for example between
phototrophs, mixotrophs, and heterotrophs (Andersen et al., 2015).
Identifying characteristic sizes where there is a cross-over between
two power-law relations is perhaps even more important for ecosystem
structure and function than the power-law relations themselves.

Here we review existing knowledge of size-based relationships for
unicellular plankton, from bacteria to zooplankton, and attempt a
synthesis that demonstrates the importance of size-based relations for
emergent ecosystem structure and function. Our ambition is to identify
the first principles responsible for the size-based relations, thereby tying
parameters to physical and chemical processes and geometry. Our syn-
thesis show how size-based relationships determine community-level
patterns of biodiversity and ecosystem function: the viable size-range,
competition, biomass size structure, ecosystem primary and secondary
production, and trophic efficiencies. By focusing on the processes re-
lated to cell size, we demonstrate the power of these relations for
determining community-level patterns and ecosystem functions. The
work is organized in five parts. After an initial discussion of the concept
of “size” of a cell, we review the relations governing resource uptake,
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losses, and biosynthesis of a cell, including the theory that links these
processes to first principles. Second, we exploit the simple form of the
size-based relations to derive analytical solutions for the smallest and
largest cell sizes, and for the limiting resources. Third, we scale from
the cell-level process to the community size distribution and explore
emergent trophic strategies. We derive a scaling solution of the biomass
size distribution and explore the trophic strategies and compare with
simulations of the size-based model in a chemostat. From the emergent
size spectrum and trophic strategies we derive ecosystems functions,
including production, and show how the plankton community responds
to predation by higher trophic levels or changes in temperature. Our
aim is to make a minimal size-based model framework where we pri-
oritize simple conceptual implementation and analytical analysis over
capturing complete and accurate biogeochemistry. Despite the simplic-
ity, we show that the model gives reasonable predictions of biomass
and production. Overall, our synthesis highlights the importance of
fundamental first principles for constraining the unicellular plankton
communities and their related functions. We finish by discussing the
limitations of the size-based approach and prioritize which additional
traits will best improve the representation of functional diversity.

2. Measures of cell size

The size of a cell can be measured in two ways: by its physical size
- radius or volume - or by its mass, e.g., mass or moles of carbon or
nitrogen. There is no universally optimal measure; for some processes
physical size is most relevant, for some it is the mass, and for others
both measures of size matter. For example, the settling velocity due to
Stokes’ law is determined by both the physical size and the mass of
the cell. In general, physical size is mostly used to describe limitations
due to geometry, e.g., surface limitation, while mass is used to describe
metabolism and mass budget of the cell.

Unicellular plankton display an astonishing diversity in cell shape
(Ryabov et al., 2021). The functional role of cell shape is largely
unknown, though it is conjectured to be related to defence from pre-
dation (Smetacek, 2001). For simplicity we ignore the diversity of
shapes (except for its relation to the minimum size in Section 4.1), and
consider cells to be spherical with physical size characterized by radius
r. Conversion between physical size (equivalent spherical radius r) and
mass of substance X, my is then:

3mye '3
4xpc:xp >
where p is the carbon density (carbon mass per volume) and pc.y is
the elemental mass ratio between carbon and X.

In the following, mass is considered as carbon mass and the sub-
script C is suppressed m = mc. For the theoretical calculations we
use a density of p = 04 - 107% pgC/um’® and Redfield elemental
ratios. Conversion between physical size and mass needs to account
for differences in density. In particular diatoms are special due to their
vacuole which lowers their density. Here we use the comprehensive
compilation of Menden-Deuer and Lessard (2000) that explicitly dis-
tinguishes between diatoms and other protists to convert observations
of cell size to cell mass.

Not all of the cell’s mass m is available for functions of biosynthesis
(ribosomes), light harvesting (chloroplast) etc. Some part of the cell
is devoted to the cell membranes, DNA and RNA, (Kempes et al.,
2016). The cell membrane and cell wall takes up a fraction of the cell
mass (Raven, 1994; Maranén, 2015). For a spherical cell the fraction
of the cell used by the membrane and wall is approximately:

(€Y

4 3
mx = peixpz AT S 1=

for r> 6 2

vz3é,
P

where § ~ 50 nm is the thickness of the cell wall and membrane
(adjusted a bit down from 70-—80 nm as given by Raven (1987) to
correct for the approximation used in Eq. (2)). The effective functional
mass is therefore m(1 — v). As the cell wall fraction scales as 1/r, small
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cells will be severely limited in the functions due to the material cost of
cell membrane and wall. Kempes et al. (2016) further considered the
limitation of DNA and RNA, however, showed that the most limiting
factor was the cell wall and membrane.

3. Effects of cell size on fundamental rates: resource uptake,
losses, and biosynthesis

Ecosystem dynamics are driven by individual cells acquiring and
processing resources, eventually leading to cell division. This section
reviews how cell size determines the uptakes of resources: dissolved
nutrients, inorganic carbon through photoharvesting, dissolved organic
carbon, and feeding on other, typically smaller, organisms, and how
these uptakes are determined by first principles. Some of the acquired
resources are lost through passive exudation or used for respiration.
The remaining resources are used for biosynthesis (Fig. 1).

3.1. Resource uptake

Cells take up resources through three mechanisms: diffusive uptake
of dissolved organic carbon (DOC) and inorganic matter (N), photo-
harvesting of light (L), and phagotrophic uptake of particulate matter
(F). The potential uptake of resource X is proportional to the resource
concentration:

Jx =ax(mXpc.x, X € {DOC, N, L, or F} 3)

where jy is the mass specific flux (in units of g./gc/time), ay is the
mass specific affinity (volume/day/gc), X is the resource in units of
X per volume, and pc.xy = pc.n is the C:N ratio for diffusive uptake
of nutrients. By multiplying N uptake with the fixed C:N ratio all
the fluxes are measured in the same units and are therefore directly
comparable (uptakes of food and light are measured in units of carbon
as pc:p = pcL = 1)

Note that we characterize a cell’s resource uptake ability by the
affinity ay, following Aksnes and Cao (2011), Fiksen et al. (2013),
Flynn et al. (2018). This choice contrasts the commonly used Monod/
Michaelis-Menten formulation of the functional response, where up-
take is described with a half-saturation coefficient and a maximum
uptake rate. In a mechanistic context, the Monod formulation of the
uptake rate is problematic because the half-saturation coefficient can-
not be associated with a physical or physiological characteristic of the
cell — it acts purely as a convenient fitting parameter. Mathematically,
the affinity follows from the Monod formulation as the product of
the half-saturation coefficient and the maximum synthesis rate, which
we use to relation to calculate affinities from literature sources of
half saturation coefficients. The Monod formulation also includes the
process of saturation, which we return to later. Separating the pro-
cesses of encounter and biosynthesis (saturation) explicitly with two
different parameters (affinity and maximum synthesis rate) avoids the
pitfalls of considering the half-saturation constant as a physiological
trait (Kigrboe and Andersen, 2019).

The affinity ay measures the cell’s ability to encounter and as-
similate resource X. The affinity is determined partly by encounter
with the resource and partly by the cell’s investment in capacity to
take up and assimilate the resource (Shuter, 1979; Bruggeman and
Kooijman, 2007; Chakraborty et al., 2017). The encounter results from
the physical processes of diffusion, self-shading, and fluid dynamics.
The limitation due to uptake capacity is relevant when the cell en-
counters abundant amounts of the resource but is unable to process
it all by its uptake machinery, e.g., porters for diffusive uptake, light
harvesting machinery, or phagotrophic assimilation. For all resource
uptakes, the mass-specific affinity is constant or decreases with size, as
we will show below. Uptake limitation is most prominent for small cells
that have high affinities, leading to a higher encounter with resources
that they can process. If investments in uptake capacity scales with
the mass of the cell, the uptake limitation of mass-specific affinity
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Fig. 1. Sketch of the fluxes of nutrients (blue) and carbon (green) in and out of a cell. The grey insets sketches the size-dependency of each mass-specific rate (units of 1/time).
Uptakes of nutrients jy, food ji, photoharvesting j;, and dissolved organic carbon jpoc are subjected to losses from respiration jr and passive exudation jy,. before they are

synthesized with a maximum rate j, . The end result is the growth (division) rate g.

1
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Fig. 2. Specific nutrient affinity (ay) as a function of radius. Triangles: ammonium uptakes; circles: nitrate uptake; diamonds: phosphorous uptake. The dotted lines are the
theoretical maximum affinity due to diffusion limitation and porter limitation. The horizontal line is a fit-by-eye of the radius where porter limitation becomes important, around
r’;) = 0.75pm. Data from Edwards et al. (2015a). Conversions between volume and mass are done using the relations in Menden-Deuer and Lessard (2000).

is independent of size. Small cells therefore have limited ability to
increase their uptake capacity, and their affinity will be limited by
uptake capacity. The affinity therefore has two size-scaling regimes:
for small sizes the affinity is independent of size (uptake limitation),
and for larger sizes it is constant or declining with size (encounter
limitation) (e.g. Armstrong, 2008).

The processes that determine encounter and uptake capacity, and
how they scale with cell size, depend on the type of resource.

3.1.1. Encounter and uptake of dissolved matter

The theory behind uptake of dissolved matter is well developed, as
reviewed by Fiksen et al. (2013). Nutrient uptake is limited by three
processes: the rate at which molecules diffuse towards the cell, the rate

at which nutrients are transported across the cell membrane by porters,
and the capacity of the cell to utilize nutrients in biosynthesis.

The flux of molecules towards a sphere was shown by Pasciak
and Gavis (1974) to be proportional to the sphere’s radius and the
difference between the concentration far away and at the surface of
the sphere. Assuming that the sphere absorbs all encountered molecules
the concentration at the surface is zero and the mass-specific affinity
becomes:

3D _ _
=—r2=aDr 2,

4

ap

where D is the diffusivity of the dissolved molecules, p is the cell carbon
density, and r is the cell radius. However, if the cell is embedded in
an external flow, such as turbulence or when the cell is sinking, then
the boundary layer around the cell will be smaller and the flux of
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molecules increased. The increase in flux due to such advective flows
is characterized by the Sherwood number, which is the dimensionless
ratio between transport by advection and diffusion (Kigrboe, 1993).
A Sherwood number > 1 means that the transport is enhanced by
advection. However, Kigrboe (1993) found that for most cases the
Sherwood number is very close to 1, such that Eq. (4) does not have to
be corrected for advective effects.

The simple scaling in of affinity in Eq. (4) has initiated of an
extensive theoretical discussion of additional effects cell size on the
affinity (reviewed by Fiksen et al., 2013). We provide a full mathemati-
cal derivation in Box I and proceed with qualitative arguments here. At
small cell radius, where the mass specific affinity is very high, uptake
might become limited by either the number and capacity of porters,
or by the cells’ ability to process incoming nutrients. Berg and Purcell
(1977) accounted for such uptake limitation by introducing an extra
term in Eq. (4) (see Box I for complete derivation and discussion):

1

2
- 5
1 +(r/r]"‘))—2 )

ap(m) = apr~
where r{ is the cell size at the cross-over between uptake (porter/
processing) limitation and diffusion limitation. Small cells r < r}; are
porter/processing limited with affinity a, = 47D/ r’l‘)2 while larger cells,
r>> r; are diffusion limited with ap, = 4z Dr~? (Fig. 2).

Precisely what controls the cross-over size rf) is uncertain. Geomet-
ric consideration based on the size and density of porter site on the
cell have been explored (Casey and Follows, 2020; Armstrong, 2008)
as have the kinetics of porter handling times and energy costs (Aksnes
and Egge, 1991) (Box I) but remain unresolved. As a practical solution
to determine the cross-over size between diffusive encounter limitation
and uptake limitation, we turn to observations. The available data
are, however, very scattered (Fig. 2; see Table 1 for a summary of
all parameters). The data do confirm the theoretical prediction of an
upper limit to encounter by diffusion limitation. The data also indicate
that the affinity of smaller cells (smaller than around rl*) = 0.75 pm)
is limited by another process than diffusion limitation, which could be
porter or uptake limitation. It should be noted, though, that the date
do not lend much support to the value of ry, only that it should not be
greater than 1 pm.

There is a large scatter in the data with some species having a factor
1000 smaller affinity for phosphorous. Our interpretation of this scatter
is that species adapted to high nutrient loads, like the fresh-water green
algae, are not diffusion or porter limited. They therefore invest less
in nutrient uptake with the result that the affinity is smaller than it
could potentially be. In the following we use the diffusion limitation to
define nutrient affinity as it well represents the affinity in communities
with strong nutrient competition. In other communities, e.g. during a
spring bloom where nutrients are plentiful, it does not matter that this
formalism predicts a too high affinity as growth will be limited by the
ability to perform biosynthesis and not by nutrient uptake. In conclu-
sion, we have a fully developed theoretical apparatus to understand
the maximum affinity of cells to dissolved organic matter, however,
we need a better understanding of the specific processes related to
molecule capture to fully relate the limitation at small cell sizes to
fundamental processes.

3.1.2. Light harvesting theory and data

Photosynthesis is fundamentally powered by the capture of photons
by light harvesting complexes. The number of photons captured by a
cell depends on both the number of photons incident on the cell, as
well as the number of light harvesting complexes within the cell. In
terms of scaling it can be reasoned then that the former depends on
the cross sectional area of the cell, while the latter on some proportion
of the cell’s functional carbon mass. However, light harvesting com-
plexes shade one another and in larger cells not all complexes will be
equally effective for light harvesting (Kirk, 1975; Morel and Bricaud,
1981). The affinity for light harvesting therefore transitions from being
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The diffusive flux of a substance N to a partial absorbing sphere
of radius r has a well known solution:

Q =4xrD(N — Ny) (6)

where D molecular diffusivity, and N and N, the nutrient con-
centration at distance and on the cell surface respectively. For
a perfectly absorbing sphere N, = 0 and the flux becomes O =
4zrDN. A real cell however is not perfectly absorbing but is cov-
ered by a finite number of uptake sites in an otherwise impervious
cell membrane. A classic result (Berg and Purcell, 1977) considers
the cell surface is covered by n porter sites each of radius s.
If sites are small (specifically s <« r), sparsely distributed, and
perfectly absorbing, then the diffusive flux towards each site is
Q, = 4sDN,,. For n such sites then

Q =4xrD(N — Ny) = 4nsDN, = Ny= N——— )
zr + ns

which leads to:

ns

Q =4nrDN .
zr+ ns

(3

A correction accounts for potential interference of diffusive fluxes
when porter sites are tightly packed (Zwanzig, 1990). Specifi-
cally, expressing the surface fraction of porters as p = ns?/(4r?)

zr(l —p)
zr(l — p) + ns

ns

=> Q =4zrDN ———M8M.
0 " zr(l — p)+ ns

N, 0= (9)
As p — 1 (i.e. the entire cell surface becomes covered with
perfectly absorbing porter sites) N, — 0 and Q — 4arDN.
While theoretically sound and widely built upon, these results
are actually not particularly germane to the question of nutrient
uptake in plankton. In the first instance, for typical cell sizes
and porter sizes, the correction (Eq. (9)) saturates extremely
rapidly so a very low porter density is sufficient to achieve near
maximum uptake flux (Jumars et al., 1993). This implies that
limitation of the number of porter sites due to surface crowding
is unlikely to be an issue. Secondly, it is not realistic that uptake
sites are perfectly absorbing discs. While diffusion towards the
sites is a fair representation, uptake requires active transport
across the cell wall (Aksnes and Egge, 1991; Armstrong, 2008),
a process that (1) occupies the uptake site for a finite amount
of time and (2) is energetically costly, requiring about 1 mole of
ATP per mole of nutrient transported.

Box I. Derivation of nutrient affinity.

independent of size for small cells to being proportional to the surface
area for large cells (see Box II):

a, = ”:—L(1—e-"/'i)(1—v). 13)

This formulation of affinity has asymptotic scalings of a;, — a /r] for
intermediate cells, a;, — o /r for r > r{ and goes to zero for small cells
(the factor 1 —v).

Previous analyses of light affinity has focused on fitting just one
power law and has consistently found a scaling close to the predicted
surface law « r~! (Taguchi, 1976; Finkel et al., 2010; Edwards et al.,
2015b). Our reanalysis of the available data indicates a transition from
mass to surface scaling with a transition size around r{ ~ 7.5 +3 pm
(Fig. 3) in accordance with the first-principles argument in Box II. The
divergence to zero due to the cell wall limitation 1 — v for smaller cells
is consistent with a lower limit of one chloroplast at cell volume of ~ 1
um? or r ~ 0.5 pm (Okie et al., 2016).

As with the nutrient affinity there is a large scatter in the data of one
order of magnitude around the first-principle prediction. Here, though,
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Fig. 3. Light affinities of protists as a function of carbon mass compared to the first-principles formulae (Eq. (13); thick black line and (Eq. (12); green line). The three limiting
factors: cells mass, cell surface, and cell membrane are shown with dotted lines. The black line is the total affinity. Data from Edwards et al. (2015a), corrected for day length.

the prediction does not reflect the upper limit of light affinity but rather
an average estimate. The data indicate that some plankton can invest
more in light harvesting to increase their affinity. In developing the
prediction we assumed that plankton invest at most half of their cell

Table 1

Parameters for the cell-level processes (Section 3) and the size-based model (Section 4.5). “d” is the unit
of time (days).

Parameter

Value

Cell size and density
Carbon density
Membrane thickness
C:N mass ratio

Cell rate parameters
Diffusive aff. coef.
Diffusive aff. cross-over
Light aff. coef.

Light aff. cross-over size
Light uptake efficiency
Clearance rate

Max. phagotrophy coef.
Assimilation efficiency
Passive loss coef.

Max. synthesis coef.
Basal metabolism coef.

Prey encounter
Predator-prey mass ratio
Predator-prey width

Community model parameters
DOC remin. of feeding
DOC remin. of lysis
Lysis mortality coef.
Size of HTL mort.

HTL mortality coef.

Chemostat parameters
Mixing rate
Deep nutrient conc.
Productive layer

p=04-10"° pg./pm?
6 =50 nm
Pein = 5-68 8c/8x

ap, = 0.972 1-pm?/d/pgc

r, =04 pm

o =0.3 (d-pmol m~2s71)Tum
rf =75 pm

e =08

ap = 0018 1/d/pge
¢ =30 pm/d

g =08

Cpassive = 0.03

U = 1.5 d71

ag =0.1

£ =500

c=13

7g =0.1

7, =05

Hyo = 0.004/log(m* /m™)
my =8.9-107 pge
Hpgo = 0.1 d71

d =0.0001...1 d-!
Ny =50 pgy/1
M=2m

Reference
(@)

®

Fig. 2, Box I
Fig. 2, Box I
Fig. 3, Box II
Fig. 3, Box II

Fig. 4, Box III
Fig. 5

Section 3.2
Fig. 5

)
(b)

(e)
(e)
©
@
Section 5.2

Section 4.5
Section 4.5

(a) Rough average of data on protists excl. diatoms in Menden-Deuer and Lessard (2000). (b) Rough average
from Fig. 6.6 in Kigrboe (2008). (c¢) Inversely proportional to the log width of the computational size bins,
log(m*/m~). Adjusted to be smaller than the predation mortality. (d) A factor ' smaller than the largest
size in the simulations (1 pgc). (e) Tuned to give reasonable ranges in Fig. 13. (f) Reduced from the value
of 70-80 nm from Raven (1987).

mass to light harvesting. Cells might invest more if they are fully dedi-
cated to light harvesting in low light environments to achieve a higher
affinity. Further, the quantum yield is uncertain and a higher value is
within the observed range. However, the absolute value of the affinity
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The net absorption of light by a cell depends on the density
and distribution of individual chromophores within the cell’s
cytoplasm. For a spherical cell with uniformly distributed chro-
mophores throughout the cell volume (number density ¢ (pm=3)
and optical cross section a (um?)), the rate at which photons are
absorbed is:

oW, A = % [(1+24r) exp(-24r) + (2477 - 1)] , (10)

where A = ac (um~!) is the light absorption coefficient within
the cytoplasm, and L (pmol m~2s~') is the light flux (Duyens,
1956; Kirk, 1975). This relationship, while exact for a sphere,
is somewhat clumsy. A more accessible formulation, developed
by Hansen and Visser (2019), assumes a cylindrical cell with the
same volume and cross-sectional area as the sphere. Under this
geometry, the optical path through the cell is 4r/3 and:

O(r, ) = zLr? (1 — exp(—44r/3)) . 11

Given that these formulae give very nearly identical results, and
that cell shape is always a confounding factor, we opt for the
simpler. From the form of Eq. (11) it is clear that for large
cells with a high investment in chromophores (Ar > 1), photon
absorption is proportional to the cell’s cross-sectional area Q =
zr? L whereas for small cells with low chromophores investment
(Ar < 1), photon absorption is proportional to cell volume Q ~
4/37xr3 AL.
The mechanisms relating photon absorption to carbon fixation
are complex and dependent on a variety of factors including
photon energy, type of pigments and details of the photosystem
used. While some of these aspects are accessible to modelling,
we use the commonly used quantum yield y (gC/(mol photon))
as a simplification (Emerson, 1958). The specific light affinity
then becomes a;, = y(Q/L)/m. We can also write 1 = k¢
relating the cell’s absorption coefficient to ¢, , the fraction of its
carbon mass invested in light harvesting where «; the constant of
proportionality. Observations indicate that A = 0.1 um~'(Raven,
1984, 1997) when about half of the cell’s mass is devoted to light
harvesting, suggesting that x;, = 0.2 pm~!. It follows then that
a,= 2L (1 exp(-4x.01r/3) a2
pr
which is identical to Eq. (13) with parameters (a; , rl’i) correspond-
ing to (3y/(4p),3/(4ky 1)) respectively. Quantum yield estimates
ranges from 0.12 to 0.6 g-/(mol photon) (Kishino et al., 1986).
Using y = 0.16 gC/(mol photon) suggests o, = 0.30 (dpmol
m~2s~1)~'ym and rf =7.5 pm.
Fig. 3 shows that there are cells with almost a factor 10 higher
affinity that predicted by Eq. (12). The source of this variation is
likely due to uncertainty in the quantum yield y, which depends
on the type of pigment and the wavelength of the light (Kishino
et al., 1986).

Box II. Derivation of light affinity.

is less important for the plankton community than how affinity scales
with cell size. In a water column the production maximum adjusts
itself vertically to the point where light limitation matches nutrient
limitation (Ryabov et al., 2010). Therefore, a higher light affinity leads
to a deeper production maximum and vice versa. The overall value of
the affinity is therefore less important for the general production of the
plankton community because production will be limited by nutrients,
unless the light is so low that production can only occur in the surface.
What is important, though, for the structure of the trophic strategies

The specific clearance rate ap (volume/time/cell mass) can be
estimated from the work required to displace the fluid that a
cell moves through or filters. We assume that the work is ap-
proximately the same as pushing a sphere through the fluid, i.e.,
given by Stokes’ law: W = 12zuu’r, where u is the velocity, r the
cell radius, and p the dynamic viscosity of water. The metabolic
power that the cell has available to filter water scales with the
cell’s mass cmp,, where ¢ is the fraction of the cell’s mass that
can be used for swimming and p, is the energy density of the
cell. Equating the work needed and the power available gives the
velocity as:

1 ¢pe
U=4/——m.
127 pr

Assuming that the cell clears an area corresponding to its own
cross section we get the specific clearance rate as the clearance
area nr> multiplied by the velocity and divided by the mass:

cpe
Nl 14
ag T 14)

using Eq. (1) to convert between radius and mass. The spe-
cific clearance rate is constant (independent of cell size). With
a dynamic viscosity of 4 = 1 g/(m s), energy density p, =
40 - 103m2gs‘2gc‘1 (Boudreau and Dickie, 1992), and that the
fraction of body mass used for driving the flow is 0.1 day~! gives
ap = 0.0073 l/day/pgc, very close to the geometric average of
0.018 from the data in Fig. 4.

Box III. Derivation of clearance rate.

with cell size is that the specific affinity decreases with cell size overall,
and that decline is well borne out by the data.

3.1.3. Phagotrophy

Phagotrophy is the ingestion of food particles, typically smaller
cells. Prey cells are encountered either by the predator moving through
the fluid or when the predator creates a feeding current that brings
prey towards it (Kigrboe, 2011). The affinity is the clearance rate,
i.e., the volume of fluid cleared of potential prey per time. Hansen
et al. (1997) showed that the ratio between the half saturation constant
and the maximum consumption rate was roughly constant among
unicellular plankton, which corresponds to a constant mass specific
clearance rate. Kigrboe (2011) expanded the analysis and showed
that the clearance rate was approximately 10° cell volumes per day,
though variations exist among feeding modes (passive, active, cruising
or feeding current). It appears evident that the scaling of clearance
rate with cell size should emerge from fluid mechanic constraints.
Despite arguments having been made for fish, they have not been
made for unicellular plankton. We develop an argument in Box III that
reproduces the observed constant specific clearance rates and also gets
the average value reasonably correct (Fig. 4).

For the actual food consumption, we also need to consider the
limitation imposed by assimilation over the food vacuole membrane.
The surface area of the vacuole scales « > and the specific maximum
assimilation therefore scales with »~!. We can then described the up-
take with a classic functional response with affinity e and maximum
assimilation rate cpr!:

agF

LS 15
apF + cgp/r (15)

Jp = epepr™!
where ¢ is the assimilation efficiency. This formulation has the limit
Jjp — epagpF for smaller cells and jp — epcg/r for larger cells with the
cross-over size between the two regimes being food-dependent: rj, =
cg/(apF). We do not have any direct measurements of the assimilation
limitation, however, we will use the measurements of maximum growth
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Fig. 4. Specific clearance rate (az) as a function of carbon mass. Data of nanoflagellates, dinoflagellates, and ciliates from Kigrboe and Hirst (2014).
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Fig. 5. Maximum growth rates of plankton. Phototrophs from Edwards et al. (2015a), mixotrophs (nano- and dinoflagellates and ciliates from Kigrboe and Hirst (2014) and
“bacterivores” from Rose and Caron (2007)), heterotrophs (“herbivores” from Rose and Caron (2007)) and of bacteria (Kirchman, 2010). Rates are converted to 10 degrees with a

Q,, = 1.5 for phototrophs and Q,, = 2.8 for mixo- and heterotrophs. The solid line is Eq. (17) with «

= 1.5 day~!. The red line is the maximum assimilated phagotrophic uptake

‘max

epcp/r. The diameter-axis on the top of the panel is not accurate for diatoms because of their vacuole which gives them a smaller density than other cells.

rate of larger cells to estimate this process as ¢ ~ 30 pm/day. It can be
argued that the reduction in functional mass of small cells (the factor
v) should lead to a reduction in phagotrophy for small cell, similar to
the reduction in phototrophy. However, phagotrophy is not relevant for
the smallest cells because they have no suitable food, so including the
effect of cell membrane for phagotrophy is irrelevant.

3.2. Passive losses across the membrane
It is well recognized that cells leak smaller molecules across their

membrane, however, the exact processes behind this loss are not well
understood. Bjgrnsen (1988) distinguished between losses as “income

taxes” and “property taxes”. Income taxes are the losses incurred
during uptake. These losses are represented with a less than 100%
efficiency of the uptakes. Property taxes are the losses that occur
regardless of the uptakes, which we here consider as passive exuda-
tion. The passive exudation can be assumed to scale with the surface
area (Kigrboe, 2013) and, assuming a negligible external concentration,
becomes:

= CPassiver_lv (16)

where ¢, = 3P where P is the permeability of a phytoplankton
membrane. Values of the membrane permeability varies wildly: Braak-
man et al. (2017) argues for a very high membrane permeability in

J passive



K.H. Andersen and A.W. Visser

excess of ~ 10° pm/day. This high permeability would imply that the
cell spends significant amounts of energy continuously re-uptaking lost
nutrients. Bjgrnsen (1988) considers that P ~ 1 pm/day. Even this
value is very high. However, considering than only about 10% of the
compounds are of sufficiently low molecular weight to escape through
the membrane, ¢,y should be reduced by a factor 10. Further, the
smallest cells, which are those which are most affected by passive
exudation losses, are bacteria with a different cell membrane than the
phytoplankton considered by Bjgrnsen (1988). We therefore propose to
further reduce the permeability further and use ¢y, &~ 0.03 pm/day.

3.3. Biosynthesis and basal metabolism

The maximum rate of biosynthesis is limited by the cell’s investment
in synthesis machinery, i.e., ribosomes. If we consider the number
of ribosomes to be proportional to the functional cell mass then the
synthesis rate, the biomass synthesized per time and per cell mass,
becomes independent of functional cell mass, i.e., o< 1 —v:

Jmax = Umax(1 = V). a7

We have no first-principle arguments to set the level of maximum
synthesis rate «,,, (but it may be possible to develop an argument
based on the size and capacity of a ribosome). A more detailed ar-
gument that dynamically predicts the maximum synthesis rate as a
trade-off between investment in ribosomes and chloroplast has been
developed (Shuter, 1979; Serra-Pompei et al., 2019, e.g. ), however,
even then the crucial parameters are not constrained by first principles
arguments. The available data show a large scatter with maximum
synthesis rates varying between almost zero and 3 day~! (Fig. 5).
The data also indicates that maximum synthesis rates are lower for
small and large cells than for intermediate-sized cells. The reduction
in max synthesis rate of large cells can be explained by the limitation
due to phagotrophic assimilation (Eq. (15)) as larger cells are purely
phagotrophic. We have, rather arbitrarily, chosen a value of a,, =
1.5 day~!. This value does not represent the upper limit and it will
therefore somewhat limit the community’s ability to create a strong
bloom in a seasonal environment.

The division rate is further limited by the basal metabolism. The
basal metabolism supports the functions needed to keep the cell alive
but not the respiration associated with resource assimilation and
biosynthesis. In this simple model we do not distinguish between basal
metabolism and other respiration (but see Chakraborty et al. (2017,
2020)) and consider simply that all respiratory costs are a fraction of
cell mass, and therefore that ji is constant. For simplicity we write it
proportional to the maximum synthesis capacity:

JR = OR @ 18

with ag ~ 0.1.
3.4. Temperature effects

A cell’s temperature response is commonly modelled by multiplying
the maximum growth rate with a Q,, or Arrhenius factor. For het-
erotrophic plankton a Q,, ~ 2 well represents the temperature response
of cell metabolism, whereas a lower factor is used for phytoplankton. It
is therefore common for models to use different Q,, factors for phyto-
and zooplankton (e.g. Archibald et al., 2022). However, the tempera-
ture response of phototrophic plankton is more complex, and recent
experimental work has shown a strong dependence on the resource
environment (Schaum et al., 2017; Thomas et al., 2017; Maranén
et al., 2018). Shuter (1979) showed how temperature effects in phy-
toplankton should emerge as a result of the Q,,’s of each metabolic or
resource uptake process in the cell. Serra-Pompei et al. (2019) took this
idea further and applied it to mixotrophic plankton. They found that
temperature responses of the cell’s growth rate varied between almost
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no temperature response in environments with low nutrients and high
light, to around Q,, = 2 in high food environments.

Following Serra-Pompei et al. (2019) temperature effects are intro-
duced by multiplying rates with a Q,, function: Q(lg_T”")/ 1% which gives
the fractional increase in the rate when the temperature is increased
10 degrees from a reference temperature of T, = 10 degrees. The O,
factors are: Q;, = 1.5 for diffusive uptakes, no temperature correction
for light capture and a standard “metabolic” correction of Q;, = 2 on
respiration, maximum phagotrophy, and maximum synthesis capacity.
For feeding one could follow Eq. (14) and use the temperature scaling
of viscosity (Q,, ~ 1.5). However, prey also have escape maneuvers
which will become equally faster so we assume that the two effect
cancel one another and use Q;, = 1 for feeding.

4. Size structure of the plankton community

The previous section was devoted to describe the processes of the
single cell as a function of its size and tie these processes down to first
principles as far as possible. We now analyse the structure of the plank-
ton community and how it emerges from the first principles constraints
on the cell processes. What actually defines the “size structure” of a
community? It is how the community varies with cell size: which types
of cell dominate a given size group and how big is their biomass.

The section is split into two parts: first we analyse the cell’s resource
uptake and metabolism as a function of size to identify the maximum
and minimum size of cells, the competitive abilities of different sized
cells, and their dominant trophic strategies. In the second part we
scale from the cell-level processes up to the biomass distribution of the
plankton community, with a simple theoretic argument and with a full
dynamic model.

4.1. Smallest and largest cells

Raven (1994) argued that the cell membrane sets a lower limit of
the size of the smallest cell. The absolute smallest size is when the cell
membrane uses the entire mass, i.e., when the cell membrane fraction
v=1 (Eq. (2)):

Pmin = 6 & 50 nm = 0.03 pg. (19)

This is an extreme lower limit for a cell with plenty of resources and
no losses. Considering losses to respiration and passive losses (Eq. (16))
cannot exceed the maximum synthesis rate (Eq. (17)): jmax > Jr+Jpassives
gives a larger minimum size of:

_ Cpassive

Fmin =

%m0 um 016 g, (20)
Amax — JR

The largest unicellular plankton are heterotrophs (Andersen et al.,
2016). They are limited by two processes: the rate at which oxygen
diffuses into the cell (Fenchel, 1987; Payne et al., 2011) and the rate at
which they can assimilate food through their feeding vacuoles (red line
in Fig. 5). Considering the limiting effects of food uptake, the maximum
size rp,x is when the maximum rate of assimilated consumption, epcy/r
(Eq. (15)) equals the metabolic costs jy:

Finax = ﬁ ~ 160 pm ~ 10 pg. 21)
JR

Fenchel (Chap. 1 1987) considered that the upper size limit is imposed

by the diffusion of oxygen into the heterotrophic cell. He finds that the

largest radius where O, diffusion can satisfy the metabolic demand is:

_ 6Xo,D ~ 800 N
Foax = 1] —2— =~ pm = 800 g, (22)
JRPPO2

where X, is the external oxygen concentration, D the diffusivity of
oxygen, and p,, the oxygen:carbon mass ratio. Payne et al. (2011)
did a similar evaluation and found an upper limit around 1 mm under
present day oxygen concentrations. The upper limit imposed by oxygen
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Fig. 6. Distribution of cell shapes of phytoplankton as a function of cell mass. Data
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Fig. 7. Minimum resource concentrations for survival (R*). Shown with mortality y =0
(solid lines) and u = 0.4 day~! (dotted lines). Carbon sources (light and DOC) assume
plenty of nutrients; N* assume plenty of carbon; F* is for a pure phagotroph. The grey
area indicates the minimum viable size of a cell (Eq. (20)).

is rather large compared to the upper limit imposed by assimilation
(Eq. (21)) and it is tempting to disregard oxygen as a constraint on
maximum cell size. However, it is instructive to look also on the size
distribution on cell shape, as analysed by Ryabov et al. (2021) (Fig. 6).
The smallest cells are spherical, which is the shape that minimizes
the cell membrane per mass. Cells larger than about 0.05 pg. are
dominated by cylindrical cells. Being cylindrical minimizes the distance
of oxygen diffusion from the cell surface to the center. That larger cells
are cylindrical therefore indicates the importance of oxygen for the
upper limit of cell size. It is possible that not only the diffusion limits
the cell size, but also the permeability of the cell wall; a complication
that is ignored in the argument by Fenchel (1987).

To overcome the upper limitation of size, organisms will have to
become multicellular. The smallest adult copepods are on the order
of 0.01 pg, which corresponds to the size where the feeding vacuole
becomes limiting for growth (Fig. 5).

4.2. Limiting resources, R*

The growth of plankton is limited by their ability to acquire and
assimilate resources of nutrients, DOC, food from predation, and light.
As dissolved resources are subject to competition by all cells, nutrients
and DOC are exhausted to the lowest level that the most competitive
groups can just survive on. This level is commonly referred to as the
“R*” value, sensu Tilman (1982). Ward et al. (2014) calculated the

10
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Table 2
Limiting resource levels.
N*(r) = (Cpussive HHOI+1D)
ray,
. (Cpassive F Ur + N> +17)
Xpoc() = rap
L) = 1 Cpassive T Ur + 11
l—e/n a
P = cr(Cpagsive + Ur + wr)
cpep — apr(Cpagsive + Ur + r=)
Table 3

Approximate expressions for the sizes where strate-
gies transition from osmotrophy to phototrophy, from
light- to nutrient-limited phototrophy, and from pho-
totrophy to mixotrophy. The expressions are derived
by using Eq. (4) for diffusive affinity and by ignoring
the correction term in the parentheses of Eq. (13).

ap Xpoc

Osmo- to phototrophy +36
a L
i i imitati ap pe:nN
Light to nutrient limitation — ———+35
a L
a NN
photo- to mixotrophy o font
a F

limiting nutrient resource N* as a function of cell size and found that
limiting resource increases with cell size — confirming the classic result
that the smallest cells are the most competitive for nutrients (Munk and
Riley, 1952). Here we extend the R* concept to the concentration of
DOC, food, and light. Food is different than the dissolved resources be-
cause not all size groups compete for all sizes of food due to size-based
selection. Nevertheless, F* indicates the minimum level of biomass of
their prey. Finally, we can calculate the minimum level of light L*
where purely phototrophic plankton can survive. Plankton does not
compete for light (except in extreme cases of biomass as seen in some
fresh water environments; (Klausmeier and Litchman, 2001)), but the
L* indicates the minimum light level — and thus the maximum depth —
where photosynthesis alone can support plankton growth.

We can find the limiting resources by calculating the resource
level that just balances losses to exudation, respiration, and mortality,
e.g., for light: j; (L*) = Jpassive T JR T H> where y is mortality losses
(see Table 2). N* is calculated from the assumption that carbon is
abundant so we can ignore respiration. Similarly, the calculation of L*
and DOC* assumes abundant nutrients but no alternative carbon source
(from DOC, light or food). F* also assumes no other carbon source (no
phototrophy or DOC).

The actual values of the limiting resources cannot be compared
directly between one another because they are in different units, how-
ever, the interesting aspect is also mainly which size can survive on
the lowest resource levels. All limiting resources have a minimum at
a specific size (Fig. 7). The minimum emerges as the result of two
opposing effects: the passive losses which decreases with cell size
(due to decreasing surface to volume ratio; Eq. (16)), and the affinity
which also decreases (or is constant) with size. The most pronounced
minimum is for diffusive uptake of dissolved carbon and nutrients. In
contrast to the results by Ward et al. (2014) the N* for the very smallest
sizes again increases, however, this increase is likely not relevant as the
smallest cell are limited by the cell membrane (the grey area in Fig. 7).
Regarding light, a very wide range of sizes can survive on the lowest
light levels. Phototrophy therefore selects weakly for cell size, and the
selection only enters because the cells also need nutrients, which select
for small cells. The minimal food requirement F* is almost independent
of size and is around 1 pgc/1. Environments with less food therefore
cannot support a longer food chain with purely heterotrophic plankton.

4.3. Trophic strategies

The other dimension of community structure is the trophic strate-
gies, i.e., how cells acquire resources: by osmotrophy (diffusive uptake
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and DOC (brown). The dominant trophic strategy is shown by shading: heterotrophy,
when surplus nutrients are leaked (red); mixotrophy when the carbon gain from
phagotrophy and DOC surpass the potential gain from phototrophy and the nutrient
gain from feeding surpass that of diffusive nutrient uptake (light red); nutrient limited
phototrophy when the potential gain from phototrophy and DOC surpass the nutrient
uptake (blue); light limited phototrophy when nutrient uptake surpass carbon uptake
(green); osmotrophy when carbon from DOC surpass carbon from light harvesting
(brown). (b-e) Variations in the dominant trophic strategy with changes in nutrients,
light, biomass and DOC. The conditions in panel (a) are indicated with a dotted line
in each panel.

of DOC), phototrophy, or by phagotrophy. The dominant strategy
is determined by which of the three fluxes jpgc, Jji and Jg is the
largest (Andersen et al., 2016). Fig. 8a shows the fluxes of DOC, carbon
from phototrophy, nutrients, and food in an environment specified by
concentrations of DOC, N and food (specified by the level of the size
spectrum «), and by light. Typically, very small cells are osmotrophs,
somewhat larger cells are light-limited phototrophs, medium-sized cells
are nutrient limited and larger cells are mixotrophs or heterotrophs.
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However, the transitions between the dominant strategies occur at dif-
ferent sizes: less nutrients or more available food favours mixotrophic
and heterotrophic strategies, while more DOC favours osmotrophy. An-
dersen et al. (2016) provided analytical expressions for the sizes where
the dominant strategies switch from one strategy to the other. This
was possible because they used simple power-low relationships for
the affinities. Here, however, the relationships are more complex and
exact analytical expressions are not possible. However, approximations
can be made, which show how the transition sizes depend upon the
resource concentrations and the affinities (Table 3).

The perspective of trophic strategy being set by the most favourable
strategy adds more detail to the argument developed above about the
structure being determined by the most competitive size. Generally,
the two perspective agree: small cells are dominated by osmotrophs
because they are the most competitive for dissolved resources. The per-
spective of the dominant strategy adds more detail, though, by showing
how the smallest phototrophs are light limited while larger phototrophs
are nutrient limited, and showing the size ranges of mixotrophs and
pure heterotrophs.

4.4. Theoretical size spectrum

The size spectrum was first introduced by Sheldon and Parsons
(1967) who plotted the biomass as a histogram in log-spaced size
groups and showed that the biomass was roughly independent of cell
size. Since that pioneering work the regularity of the log-histogram
spectrum has been demonstrated over and over again, as reviewed
by Sprules and Barth (2016). The histogram representation is, however,
inconvenient, because the height of the histogram depends on the width
of the size bin that are used. This led Platt and Denman (1977) to
introduce the “normalized size spectrum” as the biomass distribution as
a function of cell size b(m). Being a distribution means that the spectrum
has dimensions of biomass per cell mass, and that the integral of the
spectrum is the total biomass. It is convenient to introduce the “Sheldon
spectrum” as b(m)m because it has the same property as the log-binned
histogram that it is approximately flat (Box V).

The flat Sheldon spectrum is commonly understood as emerging
from predator—prey interactions. First, Sheldon et al. (1972) showed
how the biomass in successive trophic levels scaled as erf®%® ~ 0.9,
where ey ~ 0.2 is the trophic efficiency and g ~ is the predator prey
mass ratio. This results was later re-derived as part of the metabolic
theory of ecology (Brown et al., 2004). The result relies on the trophic
efficiency, which is a quantity that is hard to estimate, and which even-
tually is an emergent property of the community structure (Borgmann,
1987). An alternative argument by Andersen and Beyer (2006) derived
the size spectrum purely based on individual-level properties. As all
of these arguments only rely upon predator—prey interactions, it is
not clear how well they apply to the lower trophic levels of the
ocean where many cells mainly subsist on photosynthesis and recycled
production from dissolved organic matter and less on predation on
smaller particles. Poulin and Franks (2010) refined the argument by
considering phytoplankton and zooplankton spectra separately to show
a flat phytoplankton spectrum and a declining zooplankton spectrum.
Here we will explain the scaling of the community size spectrum only
from considerations of predator—prey interactions by an extension of
the Andersen and Beyer (2006) argument, and later show that the
predictions fit surprisingly well with dynamical simulations.

Predator-prey interactions are described by bigger cells predating
on smaller cells (Hansen et al., 1997). The size preference for predation
can be described by a log-normal size selection function:
1n2<m/<ﬂmprey)>]

(30)

P, Mprey) = exp [_ 262

where m,., is prey size, § the preferred predator:prey mass ratio and
o the width of the preference function. The available food is found by
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If the cell is not limited by uptake over the feeding vacuole (i.e.,
that apF < cpr in Eq. (15)) then the effective encounter rate
is jr = epapF (Eq. (15)). The encountered food F is found by
inserting the ansatz b(m) = xm’~! in Eq. (31) to give F(m) =
xm’a, where a = \/2zof*e* /2 is a factor that depends on the
parameters of the size preference function (Eq. (30)). Following
Andersen and Beyer (2006) we now assume that the encounter
rate of food ji is proportional to the metabolic needs j; and
independent of size. Then we can equate encountered food with
metabolic needs:

(23)

eFaFKm’la & JR-

This relation is only true if the dependency on m disappears,
i.e., if A = 0. When A = 0 the abundance distribution is b(m) o
m~!, corresponding to the Sheldon spectrum B (Eq. (29)) being
constant (independent of cell size).

The level of the spectrum, «, can be estimated by assuming that
the entire flux of new nutrients dN,, into the photic zone is
taken up and used. This assumption is reasonable as nutrient
concentrations in the surface are much less than deep nutrient
concentrations in the productive season. The flux of potential new
production is d N, which can support a new primary production
of dNypc.n (gc/day/liter). There are three sources of losses:
higher trophic level predation, diffusion losses, and respiration.
The losses to higher trophic levels are found by integrating over
the range where the higher trophic level mortality acts, i.e., a

factor g:
/ﬂmhll
M

K Uy In(B).

JHTLloss Km™" ppg dm (24

(25)

Diffusion and respiration losses are found by integrating over the
entire size range:
Mmax
Jioss = / km™N(d + jg)dm = k(d + jg)o, (26)
Mmin

where the ranges of the integration are given by Egs. (20) and
(21), and w = In(my,, /my;,) = 25. Equating the new production
with losses, and accounting for a fraction e, of the higher trophic
level losses being remineralized in the photic zone, gives:

dNypc-
o= N @7)
(1 = epDtpg In g+ (d + jr)o
Box IV. Theoretical derivation of the size spectrum.
integrating across all size groups:
F(m) = / B, Mo Yo (Mgey) Ay @B

where b(m) is the biomass size spectrum. From this description we can
derive the size spectrum as (Box IV):

dNypc:N
(1 = eyppg I+ (d + jr)o

The spectrum scales with mass as m~!, which means that the Sheldon
spectrum o« b(m)m is constant. The height of the spectrum (the coef-
ficient k) is a novel result. The height depends on the mixing rate d,
the concentration of nutrients being mixed up from the deep N, the
mortality imposed by higher trophic levels u,,, and the length of the
size spectrum @ = In(my,,/my;,). The main controlling parameter is
the mixing rate. The height of the spectrum increases with mixing but
saturates at high mixing rates (d > uy,Inp/w). At very high mixing
rates the production will be limited by the synthesis capacity of the

b(m) = km™~', with «x= (32)
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The structure of the plankton community is represented by the
biomasses in the size groups B,. This representation has the
disadvantage that the level of the biomasses depend on the size-
range of each group: broader (fewer) size-groups leads to higher
average biomass level and vice versa. To avoid this dependency
size distributions are often shown as “normalized size spectra"
(Sprules and Barth, 2016), by dividing the biomass with the size
range of the group: b(m;) = B,~/(m,.+ —m), where m,.+ and m; are the
upper and lower sizes in the size group. If we assume a scaling
biomass spectrum, h(m) = xm*~! then the relation between the
normalized biomass spectrum and the binned size groups is:

B =/ " b(m)dm = K log(m¥ /m7) (28)

if A = 0. If size groups are evenly distributed on a log scale then
m:r /m; is constant (independent of mass) and the biomasses in
each groups are roughly the same. To avoid that results depends
on the binning of the size groups we here define the “Sheldon"
spectrum as:

B(m) = B,/ log(m;r /m;). (29)

Box V. Definition of the Sheldon size spectrum.

cell, which is not accounted for here, however, that is probably a rare
occurrence in nature.

4.5. Dynamic size-based model

Further insight into the size structure requires numerical simula-
tions. Here we simulate the entire unicellular plankton community by
embedding the model of cell resource uptake and metabolism in a
simple ecosystem model. Cells are divided into size group with each
group i representing the biomass B; within a range of cells with the
geometric mean mass m;. For simplicity we have assumed that cells
have constant C:N mass ratio pc.y = 5.68, but the model can be
extended to dynamic stoichiometry (Ho et al., 2020; Ward et al., 2018).
The rate of change (the growth rate) of biomass in a size group is:

1 dB;

— — = g(m;) — u(m;),

33
B, dt 33)

where g(m) is the division rate and u(m) is the total morality. The
division rate is determined by resource encounter and synthesis (Ta-
ble 4, eq. M4). The food for phagotrophy is calculated from Eq. 31 but
accounting for the discrete size groups (see Appendix).

Mortality has three origins: predation by unicellular plankton u,
through the process of big cells eating smaller cells (M7), viral lysis u,
(M8), and predation by higher trophic levels u;,,; (M9). Viral mortality
is assuming to be proportional to biomass. Mortality by higher trophic
levels acts on the largest size groups. We use a size selection function
consisting of combination of the logarithmic size selection function in
Eq. (30) and a constant level.

Nutrients and DOC are updated with the uptakes and losses from
the cell-level processes:

dN 1 . ) .
d_ = —JNi T Jpassive.i + max{O, JNnet.i — gi}
t Pc:N T —_— ——
Uptake  Exudation Surplus
I —ep
+ Jri + HywB; | B; (34)

€F
Lysis
Feeding losses
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Fig. 9. Results of simulations under eutrophic conditions with high mixing. (a) Sheldon size spectrum (Box V). The background colours indicate the trophic strategy (see Fig. 8).
(b) Rates of uptakes and losses in biomass specific units (day~!). The dotted lines show maximum possible uptakes or growth rates. The thick black lines are the total division
and loss rates (note that in this case they are not equal as the simulation is not in a steady state; the variation is indicated in panel a with the grey area around the mean).
Parameters: Light L =40 pE/m?/s, mixing rate d = 0.1 m/day, and higher trophic level mortality s, = 0.1 day~'.

dDOC . X l—e¢ .
@ Z = Jpoc.i T Jpassive.i T oL
i N—— L
Uptake  Exudation ”
Photoharvesting
l—ep
+7F Jri+ vvHyoBi | Bi. (35

€F
Lysis
Feeding losses
Generation of N happens through assimilation losses, passive exuda-
tion and remineralized viral lysis. Generation of labile DOC happens
through passive exudation, assimilation losses from light harvesting
and phagotrophy, and from remineralized viral lysis. We assume that
all nutrient losses from viral lysis are made available over short time
scales (Carlson, 2002), but only a fraction y, of carbon losses are
labile. All the losses to higher trophic levels are eventually converted
to particulate organic matter (which is not explicitly resolved here) so
there is no remineralization of those losses.

Simulations of the model is insensitive to the number of size classes,
as long as there are more than about 10 classes. The simulations shown
here use 25 size classes.

Five parameters control the chemostat: mixing rate d, deep nutrient
concentration N, light L, temperature T and the mortality imposed by
higher trophic levels y,y, however, only three are important. The mix-
ing rate and the deep nutrient concentration mainly enter as a product
so we can focus on only one of them - the mixing rate is commonly
chosen. In a water column the productive layer will adjust itself to the
depth where cells are co-limited by light and nutrients (Ryabov et al.,
2010; Beckmann and Hense, 2007; Klausmeier and Litchman, 2001).
The light level is therefore also of minor importance, as long as it is
sufficiently high to not be limiting. We first concentrate on the mixing
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Table 4
Processes and equations to calculate the division rate g of a cell (note that the
population growth rate also requires the subtraction of losses). All rates are in units of
8c/8c per day.

Encounter and synthesis:

Available carbon Jenet = Jpoc L+ Jr — Jr ~ Jpassive (M1)

Available nutrients INanet = N JF ~ Jpassive M2)

Leibig’s law Jnet = MIn{jc nets Inet } (M3).

Synthesis 8= Jimax ; ’+; . 4

Down-regulation of uptakes )

Feeding Je = max{0, jg — (o — )} (M5)

Photoharvesting Jp = Jr. — max{0, min{(jc e — Up — Jp) — &) jr}} (M6)

DOC uptake Jooc =8~ Jr —JL M7)

Mortalities:

Predation: Hp(m) = 3, & % B, M7)
€ i

Viral lysis: Hyi = HyB; (mM8)

fi

Higher trophic levels: g (m) = { Mo ®(m,m) - for m < my, M9)

Hio  for m 2 myy

All fluxes are calculated according to the relations in Section 3. Available food is
F; = ¥, ®;;B; where the effective preference between size groups @; is found by
integration across the width of the size groups ( Appendix). The tildes above the
uptakes of light and food indicates down-regulation in eqs. (M5-6). (M1-2): Uptakes
are given by Eq. (3) combined with affinities for nutrients and DOC (Eq. (5)),
light (Eq. (13)) and food (Egs. (15) and (31)). (M3): a standard functional type II
response aka. “Monod” function. (M7): The predation mortality exerted by unicellular
plankton can be calculated as the ratio between the amount of food eaten by all
predators from size group j and biomass at size group j. The amount eaten is:
E; = ¥,(ri/ex)B;¢(m;, m;)B;/F,. Moving B; outside the sum to calculate predation
mortality as u,; = E;/B; gives M7.

rate d and discuss the importance of higher trophic level mortality and
temperature in the follow section.

Chemostat simulations in eutrophic situations with a high mixing
rate show an extended flat Sheldon spectrum occupying the full size
range (Fig. 9). The level of the size spectrum fits with the theoretical
prediction (Eq. (27)). Phototrophic cells span a wide size range and due
to the high influx of nutrients they are light limited and not nutrient
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Fig. 10. Results of simulations for an oligotrophic situation with low diffusivity of nutrients; see Fig. 9 for explanation (note different y-axis on panel b). Mixing rate d = 0.001

1/day.

limited. Microplankton and partly nanoplankton have a significant
influx of carbon and nutrients from phagotrophy. Only the largest cells
are fully heterotrophic in the sense that they leak surplus nutrients from
phagotrophic uptakes.

Under oligotrophic situations with a low mixing rate the spectrum
is still flat, but the realized size range is smaller in both ends of the
spectrum. Therefore the “height” of the spectrum (k) is also higher than
predicted, because the prediction was only valid for a full range spec-
trum. Under oligotrophic situations the phototrophs are fully nutrient
limited.

Simulating across mixing rates shows generally flat Sheldon size
spectra (Fig. 11). The spectrum exponent (panel e) is roughly zero and
the size spectrum level (k) follows the prediction from Eq. (27) (panel
d). At small mixing rates small picoplankton dominates. As mixing rate
increase, the upper size range extends. The extension of the upper size
increases the length of the food chain. This result was demonstrated in
a simple size-based by Armstrong (1994) and confirmed by alternative
derivations by Poulin and Franks (2010) and Ward et al. (2014). At
very high mixing rates the spectrum again becomes truncated. The
truncation at high mixing rates is a result of plankton being mixed out
of the productive layer faster than the maximum growth rate. Overall
it is clear that the overall size spectrum exponent is unaffected by
the environmental conditions, only the height and the extent of the
spectrum are affected.

5. Ecosystem functions

The size distribution combined with the cell-level characteristics
allows the calculation of ecosystem functions. Ecosystem functions can
be divided into biomasses, production, and efficiencies. Because size-
based models consider cells with multiple trophic strategies, calculating
the functions are somewhat different than for ordinary functional group
type of models (see Table 5). In the chemostat model the integration
over the water column comes about simply by multiplying with the
thickness of the productive layer that we arbitrarily set to M ~ 20 m.
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Table 5
Ecosystem biomass and functions. M is the thickness of the mixed layer, here set to
20 m.

Function Formula Value

Olig.  Eut.
Biomasses
Biomass Boyu=MY, B 0.38 38 gc/m?
Chlorophyl? Boy=MY, jB/L 0.085 1.5 pogen/1
Production
Gross PP Pyos =M Y, ji B /e 20 360 gc/m?/yr
Net PP Py = M Y, max{0, ji; — jr;}B; 0 150 gc/m?/yr
Net bact. prod. P, = M Y, max{0, jpoc; — jr;}B; 0.12 66 gc/m?/yr
New prod. Py = Md(Ny— N)pc.y 2.1 210 gc/m?/yr
Prod. of HTLs P,y =M ¥, py.B; 2.5 60 gc/m?/yr
Efficiencies
Eff. of PP €pp = Pt/ Pagoss 0.0 0.43
Eff. of bact. €pact = Poact/ Prct - 0.42
Eff. of HTL e = P/ Poct - 0.43

aMass of Chl per carbon mass is approximately proportional to the down-regulated
mass-specific light affinity j; ,/L (Edwards et al., 2015b).

Gross primary production is the total amount of carbon fixed :

Pgross =M z jL.iBi/eL- (36)
1
The net production is the carbon available for biomass production,
i.e., the gross primary production minus the exudation losses and res-
piration. That definition, however, only works for purely phototrophic
plankton. Here, plankton are mixotrophs and some larger mixotrophs
may contribute negatively to primary production because they fix less
carbon than that used for respiration. To compensate, we consider only
the groups where net fixation (fixation minus respiration) is positive.
This procedure assumes that carbon from photosynthesis is prioritized
for respiration over other carbon sources (DOC or feeding). Bacterial
production is net production based on DOC uptake. It faces a similar
problem as the net primary production, and again we only consider
positive net contributions. New production is the amount of nutrient
that diffuses up into the photic zone to fuel primary production. Finally,
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we can calculate the production to higher trophic levels as the losses
to higher trophic level mortality.

Efficiencies are the ratios between a production and the net primary
production. They are typically in the range O to 1.

The total biomass is roughly proportional to the mixing rate d
(Eq. (27)) until it becomes limited by light, around 4 = 0.02 day‘1 in
low light conditions (Fig. 12 a+f). The total Chl-concentration varies
between 0.01 to 1 pgChl/1 (panels b+g), which is in line with outputs
of global circulation model simulations (Van Oostende et al., 2018).
When production becomes light limited the nutrient level increases
because plankton production cannot fix all the available nutrients (at
mixing rates of 0.01 and 0.1 day~! in low and high light respectively).
The increases in biomass is reflected in the productions, which also
increase roughly proportional to the biomass (panels c+h). However,
the relative magnitude of the different productions changes with mix-
ing rate, as reflected in the efficiencies (panels d+i). The production
efficiency generally increases with the mixing rate. Surprisingly, the
higher trophic level production can become larger than net primary
production resulting in ¢, > 1. This occurs in oligotrophic situations
where a high gross primary production fuels a high DOC production
from exudation. That DOC also fuels plankton production, which even-
tually manifests itself in high net production to higher trophic levels.
The gross efficiency of higher trophic level production (Pyy/ Pyross Will
always be < 1.

15

5.1. DOC and bacteria production

A difficult aspect of the ecosystem model is to parameterize the
production and uptake of dissolved organic matter (DOC). Part of the
difficulty stems from our incomplete knowledge of DOC: how much
is labile and how much is not? And further: what are the sources of
DOC: how much DOC is produced by incomplete assimilation and how
much by passive exudation — or between “income” and “property”
taxes (Bjornsen, 1988)? In the ecosystem model DOC represents the
labile DOC that can be immediately taken up and used. Labile DOC
is produced by incomplete assimilation of photoharvesting (¢;), from
passive exudation (jp,give)> from assimilation losses due to feeding (ep),
and from viral lysis (j,).

Pelagic ecosystem models typically describe DOC release as a con-
stant fraction of primary production (Thornton, 2014), though some
include size-based passive exudation (Kriest and Oschlies, 2007) us-
ing Bjgrnsen (1988)’s model, or a more complex division between
labile and non-labile pools (Anderson and Williams, 1998; Flynn et al.,
2008). The size-based model represents all processes: passive size-based
exudation, exudation due to uptake, incomplete feeding, and viral lysis,
but does not distinguish between labile and refractory DOC.

All the incompletely assimilated carbon from photoharvesting is
assumed to be available as DOC. The assimilation fraction is commonly
set between 2%-10%; following Anderson and Williams (1998) we use
20% (¢;, = 0.8) to have sufficient DOC available.

Passive losses are discussed in Section 3.2; we assume that all
passive losses are labile. Feeding losses from phagotrophy are set to
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20% (e = 0.8). However, not all feeding losses may be available, as
mostly non-digestible material will be exuded; Anderson and Williams
(1998) send only 10% of feeding losses back to DOC so we set the
available fraction at yp = 0.1. There is disagreement about the fraction
of lysed cells that is available as labile DOC. Carlson (2002) find that
the majority of the dissolved organic matter released from bacterial
lysis is available, while (Anderson and Williams, 1998) only assume
that 3.4% is available as labile DOC. We assume that half is available;
Yy 0.5. Feeding by higher trophic levels could also lead to DOC
production. We assume that most sloppy feeding by higher trophic
levels lead to particulate organic matter, which is not represented here,
SO ¥pq = 0.

The model gives total DOC losses around 30% (Fig. 13c+d), which
is within the expected range. Overall we expect the average losses to
DOC from passive exudation and assimilation losses from feeding to be
10%-30% of their production (growth rate) (Kigrboe, 1993; Carlson,
2002). This is within the range simulated by the model Fig. 13a+b.
Smaller cells have much higher passive losses, which is essentially the
process that determines the lower cell size.

The fraction of primary production becoming labile DOC should
vary between 2%-40%; highest in oligotrophic waters (Teira et al.,
2001). In productive regions DOC originates mainly from passive ex-
udation while assimilation losses from feeding supply DOC in olig-
otrophic regions (Teira et al., 2001). The observed fraction of primary
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production exuded is 2%-40% (Teira et al., 2001; Lopez-Sandoval
et al., 2013); highest in oligotrophic regions. The model have a total
losses in the same range (Fig. 13c+d legend). An important DOC source
in eutrophic waters is viral lysis while in oligotrophic waters the main
source is photoharvesting.

Regarding the size-scaling of DOC losses the evidence is conflicted.
Kigrboe et al. (1990) sees strong evidence of size-scaling of passive exu-
dation, Teira et al. (2001) sees some indirect evidence, while Maran6n
et al. (2004) did not see any evidence (but notes that nutrient limitation
may be a confounding factor). The diverging evidence reflects the
difficulty in distinguishing between different sources of DOC and that
studies focus on different size-ranges of cells. For example, Lopez-
Sandoval et al. (2013) notes that there is no overall size-scaling of
DOC exudation among the plankton, which may be due to different
processes dominating among small cells (passive exudation) and large
cells (assimilation losses). The modelled total amount of DOC losses is
roughly independent of size (Fig. 13b+c), though with higher passive
losses for small cells. Among smaller cells the main source of losses are
a combination of passive exudation, photosynthesis losses, and viral
lysis. Among larger cells feeding assimilation losses are a potential
important term, which is, however, limited by the assumption that only
a small fraction of feeding losses are labile (yz = 0.1).

The only quantitative evidence on the size-relation between bac-
terial production and cell size is that the bacterial generation time is



K.H. Andersen and A.W. Visser

Oligotrophic
a\J
£ o
% of
o
(@] L
ks
c <
O of
©
o
st
o
Diameter (um)
107 1 10 100
1084 b Fraction of PP:
= 10°h Photo losses 0.20
S 10%i —— Passive 0.17
=< 103k —— Feeding 0.00
S 102} Virulysis 0.00
2 40} —— Total 0.38
T 100f
= 107 ¢
2107
1072}
107 e

Carbon mass (ugC)

T TR T T T

Progress in Oceanography 213 (2023) 102995

Eutrophic

Diameter (um)

1 10 100
' d Fraction of PP:
! Photo losses 0.20
E —— Passive 0.25
— Feeding 0.01
i Virulysis 0.03
—— Total 0.49

10780710 %000 %0407 "10°
Carbon mass (ugC)

Fig. 13. Losses to DOC as a function of cell size for oligotrophic conditions (Fig. 10) and eutrophic conditions (Fig. 9). Top row: losses as fraction of cell growth rate. Bottom

row: total losses with fractions of gross primary production given in the legend.
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Fig. 14. Bacterial generation time as a function of the total surface area of plankton
in the size range ESD = 5 to 60 pm. The bacterial productivity is calculated as
the flux of DOC uptake (jpoc) minus losses to passive exudation and respiration:
max{0, jpoc —Jpassive—Jr }- The generation time is 1 divided by the average of all bacterial
productivities larger than 0. The lines shows a fit to a power law with fixed exponent
—0.82. The mixing rate ranges between 0.001 and 0.1 d-! and light is from 10 to 60
HE/m?/s.

inversely correlated with the total surface area of plankton cells with
a power-law exponent —0.82 (Kigrboe et al., 1990). The model gives
a similar relation (Fig. 14), though with slower generation times. This
may have to do with how the average generation time is calculated. In
the model the generation time also includes cells with very slow DOC
uptake rates, which increased the average generation time.

The modelled concentrations of labile DOC are very low (around
1 uM; Fig. 12b+g). This is because all DOC is considered labile and
it is therefore immediately taken up and drawn down towards limiting
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concentrations which are around 0.1 M (Fig. 7). Including also refrac-
tory DOC would allow for higher DOC concentrations.

5.2. Effect of higher trophic level mortality

The model results depend upon the mortality exerted by the larger
multicellular organisms as represented by the higher trophic level
mortality up,;. The importance of the HTL mortality is not unique to
size-based models; results of all plankton model are sensitive to this
closure term. However, the important effects of this closure term is
rarely acknowledged (but see Steele and Henderson, 1992). Varying
the HTL mortality affects the size structure and the functions of the
plankton ecosystem (Fig. 15). The main effect of increasing higher
trophic level mortality is to truncate the size-spectrum. The trunca-
tion releases the smaller plankton from predation and they respond
by becoming more abundant. Due to this trophic cascade the total
biomass and the net primary production are only weakly affected by
the HTL mortality (Fig. 15b). The main effect is on the production
towards the higher trophic levels, which has a uni-modal shape with a
maximum at intermediate mortalities. This behaviour is similar to how
fisheries models responds to fishing where the maximum is termed the
“maximum sustainable yield”. In lower productive system the effect of
HTL mortality is stronger and the peak in HTL mortality is reached at
lower mortalities (not shown).

Since the HTL mortality is an extrinsic parameter, we would like to
know a reasonable value. That is difficult because the level of mortality
depends on the predators: higher productivity of the larger plankton
will lead to a higher HTL mortality. This effect is also seen inside the
spectrum on the level of the predation mortality in Figs. 9b and 10b: in
the oligotrophic system the level of mortality on the smallest plankton
is around 0.1 day~!rising to around 0.25 day~!in the eutrophic system.
HTL mortality should therefore not be higher than 0.25 day~!. Here we
have used 0.1 day~!.
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5.3. Effects of temperature

Water temperature directly affects affinities and metabolism and,
through this, a host of processes from the division rate of cells, to
ecosystem structure and functions (see Section 3.4; Fig. 16). Higher
temperature increases the division rates of all cell sizes up to a point
where division rates begin to decrease (panels a+d). The increase is rel-
atively modest, though, and much less than indicated by a “metabolic”
Qo = 2, even for large heterotrophic cells. It is also less than the
Q) values often used in plankton simulation models (e.g. Archibald
et al.,, 2022). The reason for the relatively slow increase in division
rates is that the cells are generally limited by encounter with resources
(nutrients, light, and prey), which has a small Q,,. The decrease at
higher temperature occurs when respiration losses, with a high Q,,
begins to dominate over the resource uptakes with smaller Q,,’s. The
increasing division rates have a modest effect on ecosystem functions
and structure (panel b-e), but they do increase net primary production
and increases the maximum size in the size spectrum. The tempera-
ture response is, however, very dependent upon the conditions. Under
oligotrophic conditions the temperature response is almost absent. The
oligotrophic situation is dominated by carbon input from phototrophy
(Fig. 9), which is independent of temperature (Q;, = 1). Furthermore,
light is available in excess (dotted green line in Fig. 9b) and can easily
support the basal metabolism. Clearly, the response to temperature
depend on the mixing rate and light in complicated ways (Serra-Pompei
et al., 2019) making it hard to make generalizations.

6. Discussion

We have reviewed how cell-level processes can be related to cell size
and first principles, and how they ultimately determine major aspects
of plankton community structure and function. The approach builds
upon the central role of cell size for resource uptake and metabolism of
unicellular plankton. By cultivating a view of each cell as a “generalist”
that perform all types of resource uptakes — essentially being a combi-
nation of a bacteria, a phytoplankton, and a zooplankton — the trophic
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strategies become an emergent property. The fundamental processes
at the cell level is based upon existing theory and knowledge with a
few novel elements: a fluid-mechanical argument for the clearance rate,
the upper limit of phagotrophic assimilation, and the identification of
two scaling regimes for light affinity. The synthesis of all processes in
a dynamic “minimal” size-based, along the lines of Ward and Follows
(2016) and Andersen et al. (2015), leads to a complete ecosystem model
that resolves the community size spectrum as well as the dominant
trophic roles of plankton of different sizes. Novelties in the minimal
model is the inclusion of dissolved organic carbon to represent carbon
reuse and the microbial loop, and the development of closed-form
analytical solutions for the scaling and level of the size-spectrum.
Throughout we have maintained a focus on simplicity of all processes
to bring forth a clear understanding of how each process contributes to
the community structure. Despite that operational plankton models —
even those only based on cell size — are more complex and complete
than the minimal framework analysed here, the effects of nutrient
enrichment, higher trophic level mortality, temperature, and light upon
the structure and function of the community are likely to be universally
present in all size-based models.

The model generally reproduce levels of biomass, chlorophyll, and
productivity as observed in natural systems. The structure of the ecosys-
tem is determined by a combination of the bottom-up processes from
nutrient availability and light, by the internal process of predation,
and by the top-down process of higher trophic level predation. As
also shown by Poulin and Franks (2010) the availability of nutrients
determine the potential length of the food chain (the maximum size).
This result is similar to the classic insight in theoretical ecology about
resource productivity determining food chain length (Oksanen et al.,
1981). However, the top-down effect of higher trophic level mortality
plays a key role in the structure and function of the community (Steele
and Henderson, 1992). From a modelling perspective, this is problem-
atic, as it to some degree ruins the universal nature of the model:
in a given situation the level of the higher trophic level mortality
needs to be determined. In global simulations the higher trophic level
mortality will vary depending upon the predation pressure from the
multicellular plankton community, which is not the same throughout
the global ocean. One solution is to use a higher trophic level mortality
that varies linearly with plankton biomass (a “quadratic” loss term); a
more complex solution is to include a representation of multicellular
plankton (Serra-Pompei et al., 2020). In terms of size spectrum slope,
the model generally reproduce the commonly observed flat Sheldon
spectrum (Sprules and Barth, 2016; Kenitz et al., 2019). The model
therefore reproduces the conclusion by Poulin and Franks (2010) that
the spectrum slope in itself is not informative of the plankton structure.

In the following we discuss how first principles constrain the cell’s
function and which processes needs empirical or heuristic arguments
for the parameter values. Second, we discuss the limitations of the size-
based approach to modelling plankton communities and how it relates
to trait-based and functional-group based plankton models.

6.1. Parameters from first principles or empirical meta analyses

“First principles” are relations rooted in physics, chemistry, evo-
lution, or geometry. Tying descriptions of processes and parameters
to first principles has succeeded to varying degrees. We distinguish
between four levels of success: (i) The process is known and the parame-
ter(s) can be calculated from first principles; (ii) scaling exponents with
cells size (mass, volume, or diameter) are known from first principles
but the coefficients have to be calibrated with laboratory measurements
or from meta-analyses; (iii) The governing process is known but the
theoretical argument has not been developed and parameters rely
solely on empirical knowledge; (iv) The empirical evidence is lacking
and parameters are only constrained indirectly via loose arguments or
tuning of the outcome with observations of the community structure.
For unicellular plankton all four levels are encountered.
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The most complete level (i) description is how diffusion limits
uptake of dissolved nutrient or DOC uptake and phototrophy, including
the temperature scaling. For phototrophy there are clear theoretical
arguments for all coefficients and scaling exponents — including the
novel argument for the transition between two scaling regimes — simply
from geometric arguments. However, a better understanding of the
quantum yield is needed to fully describe the observed variation in
light affinity. The other well known effect is how the cell membrane
limits the lower size of a cell, though the thickness of the cell wall is
not (yet) constrained by first principle arguments. Another example of
the role of geometry, which is not explored here, is the importance of
a vacuole, a principle characteristic of diatoms, to modify the diffusion
uptake (Hansen and Visser, 2019; Cadier et al., 2020). The other level
(i) description is the novel argument of how clearance rate of prey en-
counter is derived from fluid mechanics, though it must be recognized
that the amount of energy available to the cell is a guesstimate. As the
fraction of energy only enters as a square root in Box III this value is
not crucial. Comparing the theoretical result with data (Fig. 4) shows
a scatter of + 1 order of magnitude. It is known how the variation in
clearance rate across the mean is due to the hydrodynamics of different
flagella arrangements that also results in different predation risk (lower
clearance leads to smaller predation risk; Nielsen and Kigrboe (2021))
— we return to this in the next section.

Most processes belong to the second level where scaling exponents
are well described but empirical knowledge is needed to determine
exact parameter values. To this category belong the processes related
to the “secondary” scalings of nutrient and light uptake, i.e., that the
scaling is flat for small sizes. We can confidently argue that the scaling
should be flat, but cannot determine the value of the parameters (1}
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and ri). From the simulations we see that these flat scalings do not
have a strong impact on the resulting ecosystem, so one could even
omit them without a great loss of accuracy. Other level two processes
are the passive exudation, metabolism, and the temperature scaling of
metabolism. The temperature dependence of metabolism is a compli-
cated mixture of many different processes and a simple first-principles
argument does not exist.

Finally, some of the parameters associated to DOC losses are largely
guesswork (level iv). The poor state of knowledge is partly due to our
limited understanding of the enormous diversity of DOC compounds
and their lability, which makes the lumping of DOC into one group
crude. We note that this problem is recently receiving attention (Za-
kem et al., 2021) and hope that a better understanding of DOC is
forthcoming.

Overall, while it is clear that first principles constrain cellular
processes there is still room for improving the theoretical and empirical
basis for estimation of some parameters. How the values of the uncer-
tain parameters influence community structure is partly addressed by
the analytical analyses in Section 4: the upper and lower cell sizes, the
limiting levels of resources and the sizes which are most competitive for
resources, and the overall biomass of the community. For example, the
levels of DOC and nutrients depend inversely on the diffusive affinity
ap but increase with the coefficient of passive losses c,iye- Likewise,
the minimum size increase with respiratory losses while the maxi-
mum size decreases. Finally, the sizes where the dominant strategies
change depend upon the affinities (Table 3). For example, increasing
the light affinity coefficient «; will decrease the sizes where there
is a switch from osmotrophy to light-limited phototrophy and from
light- to nutrient-limited phototrophy; increasing the clearance rate
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for phagotrophy ap will decrease the size where mixotrophy becomes
dominant.

6.2. Size-, trait-, and functional-group based plankton modelling

The central role of cell size for all vital processes makes it an obvious
choice as the structuring variable for plankton community modelling.
The community structure is then described as the “size spectrum”
which generally follows the flat Sheldon spectrum. The minimal size-
based model takes this approach further as also the structure of the
trophic strategies with cell size — on the continuum of osmo-, photo-
, and heterotrophy (Andersen et al., 2015) — emerges as a second
dimension of community structure. This idea was previously based
upon simple scaling arguments with only a single scaling exponent for
each process (Andersen et al., 2016; Ward and Follows, 2016). Here we
show that the same results holds even with the more complex scaling
two-regime scaling laws for nutrient and light uptake. However, the
transitions between the dominant resource uptake power laws are still
responsible for the structure of the trophic strategies in the full dynamic
model (Figs. 10b and 9b). The advantage of the minimal size-based
description is that the entire community, from the smallest bacteria to
the largest heterotrophic cells, are captured with one set of parameters
that is universal across geography and time. The universal properties
makes the model well suited for global simulations (Ward and Follows,
2016) under global change. The obvious disadvantage is of course that
biodiversity is only described by cell size and the dominant trophic
strategy.

Additional diversity can be introduced by adding other traits in
addition to cell size. The size-based approach is closely related to a
trait-based description of plankton (Kigrboe et al., 2018) (also referred
to as the approach of “infinite diversity” (Bruggeman and Kooijman,
2007)). Size-based models are essentially the simplest form of trait-
based plankton models where the only trait is cell size. The trait-based
approach represents plankton by a select few traits that together best
represent the functional diversity of plankton. Traits are often re-
lated to investment in two competing resource uptakes or metabolic
functions (Andersen et al., 2015): light harvesting vs. maximum syn-
thesis rate (Shuter, 1979; Serra-Pompei et al., 2019), light harvesting
vs. nutrient uptake (Bruggeman and Kooijman, 2007), adaptation be-
tween osmo-heterotropy and phototrophy (Bruggeman, 2009; Ward
et al., 2011), between nutrient uptake, light harvesting, and phagotro-
phy (Berge et al., 2017). The trait-distribution of these traits are often
Gaussian (normal distributed) and can be well represented simply by
their optimal trait value (Shuter, 1979; Chakraborty et al., 2020), or
by their moments (Wirtz and Eckhardt, 1996; Norberg et al., 2001;
Bruggeman and Kooijman, 2007). Considering resource uptake traits
in isolation represents a limited aspect of plankton diversity because
the big variation in resource uptake parameters related to size is
not represented. A full representation can be obtained by combining
resource uptake traits with cell size (Terseleer et al., 2014; Chakraborty
et al., 2017; Serra-Pompei et al., 2019; Chakraborty et al., 2020). The
size spectrum itself, however, is continuous as shown in the analytical
derivation of the Sheldon size spectrum. Descriptions where the size
spectrum is only reduced to its moment or the optimal size (e.g.
Acevedo-Trejos et al., 2018) may represent the changes of one group
of plankton, but they are insufficient to resolve the entire community.
Trait-size models therefore need to combine a full resolution of the size-
spectrum (as done here) but can use optimization or moment-close to
reduce the number of state variables for other traits.

Plankton diversity is traditionally represented by dividing phyto-
and zooplankton into functional groups, including picoplankton, di-
atoms, flagellates, ciliates, etc. Fasham et al. (1990). Parameters in
each group can be calibrated to represent the dominant group in a
given study area to achieve good fits with observations of the different
taxonomic groups. Their power comes at the expense of introduc-
ing additional parameters and by requiring re-calibration if there are
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changes in the dominant species groups due to environmental change.
A good example of a minimal functional-type model is the plankton
model of bacteria, auto- and heterotrophic flagellates, diatom, and
copepods (Thingstad et al., 2007). With the same complexity in terms
of parameters as the minimal size-based model, the Thingstad model
provides an explicit taxonomic resolution that is lacking in size-based
models, though, of course, without the resolution of cell size. Size-based
models are not replacements of functional-group type models, but the
two types of models should be considered as complementary descrip-
tions of the same system. Therefore global plankton models increasingly
adopt descriptions that combine size and functional groups (Stock et al.,
2014; Dutkiewicz et al., 2020, e.g.) to provide generality to functional-
group type of models for global applications without inflating the
parameter space, much like the combination of size- and trait-based
models discussed above.

6.3. Additional traits related to cell size

Besides the resource harvesting traits discussed above there are
other traits which relate to cell size. Here we first discuss the role of
organisms that increase their physical size without increasing carbon
mass (diatoms and gelatinous zooplankton), alternative forms of nutri-
ent uptakes (diazotrophs), organisms with extreme predator—prey mass
ratios (ciliates and larvaceans), the difference between bacteria and
eukaryotes, and then present a suggestion for additional trait axes to
represent that diversity.

Diatoms and gelatinous plankton increase their physical size by a
large inert vacuole or a gelatinous body. In this way they gain the
advantages of large physical size: higher nutrient uptake, higher pho-
toharvesting rates, higher clearance rates, and lower average predation
risk, without paying the cost of building and maintaining a large carbon
mass. In a sense their success hinges on lowering their effective body
density. The advantages of a lower body density follow directly from
the size based relations developed here (Hansen and Visser, 2019),
however, variable density is not explicitly represented in the model
developed herein. Representing these life forms requires an additional
trait, e.g. vacuole size (Terseleer et al., 2014; Cadier et al., 2020) or
body density.

Diazotrophy is a dominant trophic strategy that is not represented
in the minimal size-based model. Diazotrophs fix dissolved nitrogen
gas and thereby break away from the diffusion limitation on uptake
of bio-available nitrogen. However, they are also limited by diffusive
uptakes of dissolved phosphorous and iron. Diazotrophy requires an
oxygen-free environment, which forces the cell to limit the diffusion
of oxygen into the cell. As the diffusion of oxygen into the cell follows
the same size scaling as diffusive uptakes small cells will have a high
influx of oxygen. It is therefore challenging for small cells to develop
diazotrophy. While the limitations of cell size on diazotrophy have
not been described in the literature the fundamental understanding of
diazotrophy and the role of oxygen is available (e.g. Inomura et al.,
2017). With such a description, diazotrophy could be added directly
as an additional process into the minimal size-based model, without
even adding a new trait dimension, and make diazotrophy an additional
emergent trophic strategy.

The minimal model assumes that all cells have the same preferred
predator-prey mass. Some organisms, however, may have very low
predator—prey mass ratios, notably dinoflagellates (Kigrboe, 2008),
while others have high ratios, notably larvaceans. The variation in
preferred predator—prey mass ratios is accommodated to some degree
by using a prey size preference with a wide size range ¢ > 1. How-
ever, that solution poorly resolves the importance of organisms with
large predator—prey masses in oligotrophic situations where they act
to transfer carbon from the dominant picoplankton towards larger
body sizes with a re accessible to higher trophic levels. Not resolving
higher predator-prey masses will underestimate the trophic efficiency
in oligotrophic situations.
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Finally, the insistence on just one governing set of parameters
for all sizes ignores the difference between bacteria and eukaryotes.
Bacteria have a different cell wall structure which most likely limits
their functional cell mass (the v factor) less than in the description
developed here (Kempes et al., 2016).

Some of the limitations of the pure size-based approach can be
addressed by including additional traits as other axes of diversity. We
consider two additional axes to be prime candidates: vacuoles and a
fast-slow life history axis. The vacuoles represent organisms with a
lower density (diatoms) and the methodology has been successfully
developed previously (Terseleer et al., 2014; Cadier et al., 2020).
Technically, vacuoles are introduced as an additional size-spectrum
with either a fixed vacuole size or a vacuole size which is optimized
dynamically. The other trait axis would be a representation of a slow-
fast life history continuum. This axis would represent how some species
invest in high clearance rates and high maximum synthesis rates to
achieve a fast dominance in high resource environments, while other
invest in high competitive ability — low limiting resource and low respi-
ration — and/or defence to lower the predation risk. These investments
comes with trade-offs. The trade-offs between investments in resource
harvesting and synthesis is somewhat understood (Andersen et al.,
2015) (but see Kigrboe and Thomas, 2020), however, the investments
in defence are more subtle. Recent developments in understanding the
trade-offs between clearance rates and predation risk of flagellates from
direct fluid mechanical simulations provides a first-principle avenue
to parameterize this crucial trade-off (Nielsen and Kigrboe, 2021).
Incorporating the fast-slow life history axis would also address some of
the scatter in the purely size-based data of clearance rate and maximum
synthesis rate (Figs. 4 and 5).

6.4. Conclusion

Despite the primitive representation of plankton diversity, the min-
imal size-based model forms a backbone on which to add other com-
plications. Its strength is conceptual simplicity and a small set of
universal parameters tied to first principles. The main effects observed
in the minimal model will also be manifest in more complex size-
based models, and as such the model is a useful tool to understand the
mechanics of more complex size-based models. The importance of the
additional complications — vacuoles, diazotrophy, high predator-prey
mass ratios, or other functional groups — can be assessed with reference
to the minimal size-based model. While the model is not intended as
an operational biogeochemical model, the computational simplicity of
the minimal model makes it useful as a basis for further theoretical
ecological insights.
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Code

R code to generate all figures on github: https://github.com/Ken
hasteandersen/FirstPrinciplesPlankton. The code also includes a web-
based simulator, which can be found on: http://oceanlife.dtuaqua.dk/
Plankton/R.
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Appendix. Calculation of effective prey preference for discrete
size groups

The effective prey preferences function between size groups of
predators i and prey j is calculated by integrating over the prey size
preference (Eq. (30)). The encountered prey in size group j by all
predators in group i is:
Wl+ Wl+

E, =/7 apm/ij d(m, w)B(w)dw Bm)/mdm. (a1
m m
i J

Here, B(m) represents the normalized biomass spectrum. We assume

a Sheldon distribution, i.e., B(m) « m~!. With the discrete prey and
predator groups we write the encountered food as:

E;; = agm;®;; B; N; (A.2)
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Where B; is the total biomass in group j, B; = [ B(w)dw and N; is
the total abundance of predators N; = [ B(m)/mdm. Equating the two
terms and isolating @;; gives:

\Va

Py = W) log@

1 toe? ()

log(B) — log(4z)

\/E

log(z) — log(p4)

NG

1 Az
5\/7_:\/5 log (7> erf

+log (E) erf
Z
o2 (5)
log <_) exf| —2/
B Vs

where s = 262 and z = m;/m; and A = m*/m™~ (see Fig. A.1) .

(A.3)

References

Acevedo-Trejos, E., Maraiién, E., Merico, A., 2018. Phytoplankton size diversity and
ecosystem function relationships across oceanic regions. Proc. R. Soc. Lond. [Biol]
285 (1879), 20180621.

Aksnes, D., Cao, F., 2011. Inherent and apparent traits in microbial nutrient uptake.
Mar. Ecol. Prog. Ser. 440, 41-51.

Aksnes, D.L., Egge, J.K., 1991. A theoretical model for nutrient uptake in
phytoplankton. Mar. Ecol. Progr. Ser. Oldendorf 70 (1), 65-72.

Andersen, K.H., Aksnes, D.L., Berge, T., Fiksen, O., Visser, A., 2015. Modelling emergent
trophic strategies in plankton. J. Plankton Res. 37 (5), 862-868.

Andersen, K.H., Berge, T., Gongcalves, R.J., Hartvig, M., Heuschele, J., Hylander, S., Ja-
cobsen, N.S., Lindemann, C., Martens, E.A., Neuheimer, A.B., Olsson, K., Palacz, A.,
Prowe, F., Sainmont, J., Traving, S.J., Visser, A W., Wadhwa, N., Kigrboe, T., 2016.
Characteristic sizes of life in the oceans, from bacteria to whales. Annu. Rev. Mar.
Sci. 8, 217-241.

Andersen, K.H., Beyer, J.E., 2006. Asymptotic size determines species abundance in the
marine size spectrum. Amer. Nat. 168 (1), 54-61.

Anderson, T.R., 2005. Plankton functional type modelling: running before we can
walk? J. Plankton Res. 27 (11), 1073-1081, ISBN: 1464-3774.

Anderson, T.R., Gentleman, W.C., Yool, A., 2015. EMPOWER-1.0: an efficient model of
planktonic ecosystems written in R. Geosci. Model Dev. 8 (7), 2231-2262, ISBN:
1991-9603.

Anderson, T.R., Williams, P.1.B., 1998. Modelling the seasonal cycle of dissolved organic
carbon at station elin the english channel. Estuar. Coast. Shelf Sci. 46 (1), 93-109.

Archibald, K., Dutkiewicz, S., Laufkotter, C., Moeller, H.V., 2022. Thermal responses
in global marine planktonic food webs are mediated by temperature effects on
metabolism. J. Geophys. Res.: Oceans 127, e2022JC018932.

Armstrong, R.A., 1994. Grazing limitation and nutrient limitation in marine ecosystems:
steady state solutions of an ecosystem model with multiple food chains. Limnol.
Oceanogr. 39 (3), 597-608, ISBN: 0024-3590.

Armstrong, R.A., 2008. Nutrient uptake rate as a function of cell size and surface trans-
porter density: a Michaelis-like approximation to the model of Pasciak and Gavis.
Deep Sea Res. I: Oceanogr. Res. Papers 55 (10), 1311-1317, ISBN: 0967-0637.

Baird, M.E., Suthers, I.M., 2007. A size-resolved pelagic ecosystem model. Ecol. Model.
203 (3-4), 185-203.

Banas, N.S., 2011. Adding complex trophic interactions to a size-spectral plankton
model: Emergent diversity patterns and limits on predictability. Ecol. Model. 222
(15), 2663-2675.

Beckmann, A., Hense, 1., 2007. Beneath the surface: Characteristics of oceanic ecosys-
tems under weak mixing conditions—a theoretical investigation. Prog. Oceanogr. 75
(4), 771-796.

Berg, H.C., Purcell, E.M., 1977. Physics of chemoreception. Biophys. J. 20, 193-219.

Berge, T., Chakraborty, S., Hansen, P.J., Andersen, K.H., 2017. Modelling succession
of key resource harvesting traits of mixotrophic plankton populations. ISME J. 11,
212-223.

Bjgrnsen, P.K., 1988. Phytoplankton exudation of organic matter: Why do healthy cells
do it? Limnol. Oceanogr. 33 (1), 151-154.

Borgmann, U., 1987. Models on the slope of, and biomass flow up, the biomass size
spectrum. Can. J. Fish. Aquat. Sci. 44, 136-140.

Boudreau, P.R., Dickie, L.M., 1992. Biomass spectra of aquatic ecosystems in relation
to fisheries yield. Can. J. Fish. Aquat. Sci. 49 (8), 1528-1538.

22

Progress in Oceanography 213 (2023) 102995

Braakman, R., Follows, M.J., Chisholm, S.W., 2017. Metabolic evolution and the
self-organization of ecosystems. Proc. Natl. Acad. Sci. 114 (15), E3091-E3100.
Brown, J.H., Gillooly, J.F., Allen, A.P., Savage, V.M., West, G.B., 2004. Toward a

metabolic theory of ecology. Ecology 85 (7), 1771-1789.

Bruggeman, J., 2009. An adapting ecosystem manoeuvring between autotrophy and het-
erotrophy. In: Succession in Plankton Communities. Vrije Universiteit Amsterdam,
The Netherlands, pp. 71-99.

Bruggeman, J., Kooijman, S.A.L.M., 2007. A biodiversity-inspired approach to aquatic
ecosystem modeling. Limnol. Oceanogr. 52 (4), 1533-1544.

Cadier, M., Hansen, A.N., Andersen, K.H., Visser, A.W., 2020. Competition between
vacuolated and mixotrophic unicellular plankton. J. Plankton Res. 42 (4), 425-439,
ISBN: 0142-7873.

Carlson, C., 2002. Production and removal processes. In: Biogeochemistry of Marine
Dissolved Organic Matter. pp. 91-151.

Casey, J.R., Follows, M.J., 2020. A steady-state model of microbial acclimation to
substrate limitation. PLoS Comput. Biol. 16 (8), e1008140.

Chakraborty, S., Cadier, M., Visser, A.W., Bruggeman, J., Andersen, K.H., 2020.
Latitudinal variation in plankton traits and ecosystem function. Glob. Biogeochem.
Cycles 1-25, €2020GB006564.

Chakraborty, S., Nielsen, L., Andersen, K.H., 2017. Trophic strategies of unicellular
plankton. Am. Nat. 189 (4), E77-E90.

Dutkiewicz, S., Cermeno, P., Jahn, O., Follows, M.J., Hickman, A.E., Taniguchi, D.A.,
Ward, B.A., 2020. Dimensions of marine phytoplankton diversity. Biogeosciences
17 (3), 609-634.

Duyens, L.N.M., 1956. The flattening of the absorption spectrum of suspensions, as
compared to that of solutions. Biochim. Biophys. Acta 19, 1-12..

Edwards, K.F., Klausmeier, C.A., Litchman, E., 2015a. Nutrient utilization traits
of phytoplankton: ecological archives E096-202. Ecology 96 (8), 2311, ISBN:
1939-9170.

Edwards, K.F., Thomas, M.K., Klausmeier, C.A., Litchman, E., 2012. Allometric scaling
and taxonomic variation in nutrient utilization traits and maximum growth rate of
phytoplankton. Limnol. Oceanogr. 57 (2), 554-566.

Edwards, K.F., Thomas, M.K., Klausmeier, C.A., Litchman, E., 2015b. Light and growth
in marine phytoplankton: allometric, taxonomic, and environmental variation.
Limnol. Oceanogr. 60 (2), 540-552, ISBN: 0024-3590.

Emerson, R., 1958. The quantum yield of photosynthesis. Annu. Rev. Plant Physiol. 9
(1), 1-24.

Evans, G.T., Parslow, J.S., 1985. A model of annual plankton cycles. Biol. Oceanogr. 3
(3), 327-347.

Fasham, M.J.R., Ducklow, H.W., McKelvie, S.M., 1990. A nitrogen-based model of
plankton dynamics in the oceanic mixed layer. J. Mar. Res. 48 (3), 591-639.
Fenchel, T., 1987. Ecology of Protozoa: the Biology of Free-Living Phagotropic Protists.

Springer-Verlag.

Fiksen, O., Follows, M.J., Aksnes, D.L., 2013. Trait-based models of nutrient uptake
in microbes extend the Michaelis-Menten framework. Limnol. Oceanogr. 58 (1),
193-202.

Finkel, Z.V., Beardall, J., Flynn, K.J., Quigg, A., Rees, T.A.V., Raven, J.a.,, 2010.
Phytoplankton in a changing world: Cell size and elemental stoichiometry. J.
Plankton Res. 32 (1), 119-137.

Flynn, K.J., Clark, D.R., Xue, Y., 2008. Modeling the release of dissolved organic matter
by phytoplankton 1. J. Phycol. 44 (5), 1171-1187.

Flynn, K.J., Skibinski, D.O., Lindemann, C., 2018. Effects of growth rate, cell size,
motion, and elemental stoichiometry on nutrient transport kinetics. PLoS Comput.
Biol. 14 (4), e1006118.

Franks, P.J., 2002. NPZ models of plankton dynamics: their construction, coupling to
physics, and application. J. Oceanogr. 58 (2), 379-387, ISBN: 0916-8370.

Franks, P.J.S., 2009. Planktonic ecosystem models: perplexing parameterizations and a
failure to fail. J. Plankton Res. 31 (11), 1299-1306.

Haldane, J.B., 1926. On being the right size. Harper’s Mag. 152, 424-427.

Hansen, B., Bjgrnsen, P.K., Hansen, P.J., 1994. The size ratio between planktonic
predators and their prey. Limnol. Oceanogr. 39 (2), 395-403.

Hansen, P.J., Bjernsen, P.K., Hansen, B.W., 1997. Zooplankton grazing and growth:
Scaling within the 2-2,000-um body size range. Limnol. Oceanogr. 42 (4), 687-704.

Hansen, A.N., Visser, A.W., 2019. The seasonal succession of optimal diatom traits.
Limnol. Oceanogr. 64 (4), 1442-1457.

Hillebrand, H., Acevedo-Trejos, E., Moorthi, S.D., Ryabov, A., Striebel, M., Thomas, P.,
Schneider, M.-L., 2021. Cell size as driver and sentinel of phytoplankton community
structure and functioning. Funct. Ecol. 00, 1-18.

Hirst, A.G., Kigrboe, T., 2002. Mortality of marine planktonic copepods: global rates
and patterns. Mar. Ecol. Prog. Ser. 230, 195-209.

Ho, P.-C., Chang, C.-W., Shiah, F.-K., Wang, P.-L., Hsieh, C.-h., Andersen, K.H., 2020.
Body size, light intensity, and nutrient supply determine plankton stoichiometry in
mixotrophic plankton food webs. Amer. Nat. 195 (4), E1I00-E111, ISBN: 0003-0147.

Hood, R.R., Laws, E.A., Armstrong, R.A., Bates, N.R., Brown, C.W., Carlson, C.A.,
Chai, F., Doney, S.C., Falkowski, P.G., Feely, R.A., 2006. Pelagic functional group
modeling: Progress, challenges and prospects. Deep Sea Res. Part II: Top. Stud.
Oceanogr. 53 (5-7), 459-512.

Inomura, K., Bragg, J., Follows, M.J., 2017. A quantitative analysis of the direct and
indirect costs of nitrogen fixation: a model based on Azotobacter vinelandii. ISME
J. 11 (1), 166.


http://refhub.elsevier.com/S0079-6611(23)00038-1/sb1
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb1
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb1
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb1
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb1
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb2
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb2
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb2
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb3
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb3
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb3
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb4
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb4
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb4
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb5
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb6
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb6
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb6
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb7
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb7
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb7
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb8
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb8
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb8
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb8
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb8
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb9
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb9
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb9
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb10
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb10
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb10
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb10
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb10
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb11
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb11
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb11
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb11
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb11
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb12
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb12
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb12
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb12
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb12
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb13
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb13
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb13
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb14
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb14
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb14
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb14
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb14
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb15
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb15
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb15
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb15
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb15
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb16
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb17
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb17
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb17
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb17
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb17
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb18
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb18
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb18
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb19
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb19
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb19
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb20
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb20
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb20
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb21
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb21
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb21
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb22
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb22
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb22
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb23
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb23
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb23
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb23
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb23
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb24
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb24
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb24
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb25
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb25
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb25
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb25
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb25
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb26
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb26
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb26
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb27
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb27
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb27
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb28
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb28
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb28
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb28
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb28
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb29
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb29
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb29
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb30
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb30
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb30
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb30
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb30
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb31
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb31
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb31
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb32
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb32
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb32
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb32
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb32
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb33
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb33
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb33
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb33
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb33
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb34
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb34
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb34
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb34
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb34
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb35
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb35
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb35
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb36
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb36
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb36
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb37
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb37
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb37
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb38
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb38
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb38
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb39
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb39
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb39
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb39
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb39
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb40
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb40
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb40
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb40
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb40
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb41
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb41
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb41
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb42
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb42
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb42
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb42
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb42
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb43
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb43
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb43
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb44
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb44
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb44
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb45
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb46
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb46
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb46
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb47
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb47
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb47
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb48
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb48
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb48
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb49
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb49
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb49
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb49
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb49
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb50
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb50
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb50
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb51
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb51
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb51
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb51
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb51
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb52
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb53
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb53
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb53
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb53
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb53

K.H. Andersen and A.W. Visser

Jumars, P.A., Deming, J.W., Hill, P.S., Karp-Boss, L., Yager, P.L., Dade, W.B., 1993.
Physical constraints on marine osmotrophy in an optimal foraging context. Aquat.
Microb. Ecol. 7 (2), 121-159.

Kempes, C.P., Wang, L., Amend, J.P., Doyle, J., Hoehler, T., 2016. Evolutionary
tradeoffs in cellular composition across diverse bacteria. ISME J. 10 (9), 2145.
Kenitz, K.M., Visser, AW., Ohman, M.D., Landry, M.R., Andersen, K.H., 2019.
Community trait distribution across environmental gradients. Ecosystems 22 (5),

968-980.

Kigrboe, T., 1993. Turbulence, phytoplankton cell size, and the structure of pelagic
food webs. Adv. Mar. Biol. 29, 1-72.

Kigrboe, T., 2008. A Mechanistic Approach to Plankton Ecology. Princeton University
Press, ISBN: 0-691-13422-7.

Kigrboe, T., 2011. How zooplankton feed: mechanisms, traits and trade-offs. Biol. Rev.
Cambridge Philos. Soc. 86 (2), 311-339.

Kigrboe, T., 2013. Attack or attacked: The sensory and fluid mechanical constraints of
copepods’ predator-prey interactions. Integr. Comp. Biol. 53 (5), 821-831.

Kigrboe, T., Andersen, K.H., 2019. Nutrient affinity, half-saturation constants and the
cost of toxin production in dinoflagellates. Ecol. Lett. 22 (3), 558-560.

Kigrboe, T., Hirst, A.G., 2014. Shifts in mass scaling of respiration, feeding, and growth
rates across life-form transitions in marine pelagic organisms.. Amer. Nat. 183 (4),
E118-30.

Kigrboe, T., Kaas, H., Kruse, B., Mghlenberg, F., Tiselius, P., Zrtebjerg, G., 1990. The
structure of the pelagic food web in relation to water column structure in the
Skagerrak. Mar. Ecol. Prog. Ser. 59, 19-32.

Kigrboe, T., Thomas, M.K., 2020. Heterotrophic eukaryotes show a slow-fast continuum,
not a gleaner—exploiter trade-off. Proc. Natl. Acad. Sci. 117 (40), 24893-24899.

Kigrboe, T., Visser, A., Andersen, K.H., 2018. A trait-based approach to ocean ecology.
ICES J. Mar. Sci. 75 (6), 1849-1863.

Kirchman, D.L., 2010. Microbial Ecology of the Oceans. Vol. 36, John Wiley & Sons,
ISBN: 0-470-43862-2.

Kirk, J.T.O., 1975. A theoretical analysis of the contribution of algal cells to the
attenuation of light within natural waters II. spherical cells. New Phytol. 75 (1),
21-36.

Kishino, M., Okami, N., Takahashi, M., Ichimura, S.-e., 1986. Light utilization efficiency
and quantum yield of phytoplankton in a thermally stratified sea 1. Limnol.
Oceanogr. 31 (3), 557-566.

Klausmeier, C.A., Litchman, E., 2001. Algal games: The vertical distribution of
phytoplankton in poorly mixed water columns. Limnol. Oceanogr. 46 (8),
1998-2007.

Kriest, L., Oschlies, A., 2007. Modelling the effect of cell-size-dependent nutrient uptake
and exudation on phytoplankton size spectra. Deep Sea Res. I: Oceanogr. Res. Pap.
54 (9), 1593-1618.

Le Quere, C., Harrison, S.P., Colin Prentice, I., Buitenhuis, E.T., Aumont, O., Bopp, L.,
Claustre, H., Cotrim Da Cunha, L., Geider, R., Giraud, X., 2005. Ecosystem dynamics
based on plankton functional types for global ocean biogeochemistry models. Global
Change Biol. 11 (11), 2016-2040.

Lopez-Sandoval, D.C., Rodriguez-Ramos, T., Cermefio, P., Maraiién, E., 2013. Exudation
of organic carbon by marine phytoplankton: dependence on taxon and cell size.
Mar. Ecol. Prog. Ser. 477, 53-60.

Maraiién, E., 2015. Cell size as a key determinant of phytoplankton metabolism and
community structure. Annu. Rev. Mar. Sci. 7, 241-264.

Maranén, E., Cermeno, P., Fernandez, E., Rodriguez, J., Zabala, L., 2004. Significance
and mechanisms of photosynthetic production of dissolved organic carbon in
a coastal eutrophic ecosystem. Limnol. Oceanogr. 49 (5), 1652-1666, ISBN:
0024-3590.

Maraifién, E., Lorenzo, M.P., Cermeifio, P., Mourino-Carballido, B., 2018. Nutrient
limitation suppresses the temperature dependence of phytoplankton metabolic
rates. ISME J. 12 (7), 1836-1845.

Menden-Deuer, S., Lessard, E.J., 2000. Carbon to volume relationships for dinoflag-
ellates, diatoms, and other protist plankton. Limnol. Oceanogr. 45 (3), 569-579,
ISBN: 0024-3590.

Moloney, C.L., Field, J.G., 1989. General allometric equations for rates of nutrient
uptake, ingestion, and respiration in plankton organisms. Limnol. Oceanogr. 34
(7), 1290-1299.

Morel, A., Bricaud, A., 1981. Theoretical results concerning light absorption in a
discrete medium, and application to specific absorption of phytoplankton. Deep
Sea Res. 28 (11), 1375-1393.

Munk, W., Riley, G., 1952. Absorption of nutrients by aquatic plants. J. Mar. Res. 11,
215-240.

Negrete-Garcia, G., Luo, J.Y., Long, M.C,, Lindsay, K., Levy, M., Barton, A.D., 2022.
Plankton energy flows using a global size-structured and trait-based model. Bioarxiv
1-70.

Nielsen, L.T., Asadzadeh, S.S., Dolger, J., Walther, J.H., Kigrboe, T., Andersen, A.,
2017. Hydrodynamics of microbial filter feeding. Proc. Natl. Acad. Sci. 114 (35),
9373-9378.

Nielsen, L.T., Kigrboe, T., 2021. Foraging trade-offs, flagellar arrangements, and flow
architecture of planktonic protists. Proc. Natl. Acad. Sci. 118 (3), 1-6.

Norberg, J., Swaney, D.P., Dushoff, J., Lin, J., Casagrandi, R., Levin, S.A., 2001.
Phenotypic diversity and ecosystem functioning in changing environments: A
theoretical framework. Proc. Natl. Acad. Sci. USA 98 (20), 11376-11381.

23

Progress in Oceanography 213 (2023) 102995

Okie, J.G., Smith, V.H., Martin-Cereceda, M., 2016. Major evolutionary transitions of
life, metabolic scaling and the number and size of mitochondria and chloroplasts.
Proc. R. Soc. Lond. [Biol] 283 (1831), 20160611.

Oksanen, L., Fretwell, S.D., Arruda, J., Niemela, P., 1981. Exploitation ecosystems in
gradients of primary productivity. Amer. Nat. 118 (2), 240.

Palmer, J.R., Totterdell, I.J., 2001. Production and export in a global ocean ecosystem
model. Deep Sea Res. I: Oceanogr. Res. Pap. 48 (5), 1169-1198.

Pasciak, W.J., Gavis, J., 1974. Transport limitation of nutrient uptake in phytoplankton
1. Limnol. Oceanogr. 19 (6), 881-888, ISBN: 0024-3590.

Payne, J.L., McClain, C.R., Boyer, A.G., Brown, J.H., Finnegan, S., Kowalewski, M.,
Krause, R.A., Lyons, S.K., McShea, D.W., Novack-Gottshall, P.M., 2011. The
evolutionary consequences of oxygenic photosynthesis: a body size perspective.
Photosynth. Res. 107 (1), 37-57.

Platt, T., Denman, K., 1977. Organisation in the pelagic ecosystem. Helgolander
Wissenschaftliche Meeresuntersuchungen 30 (1-4), 575-581.

Poulin, F.J., Franks, P.J., 2010. Size-structured planktonic ecosystems: constraints,
controls and assembly instructions. J. Plankton Res. 32 (8), 1121-1130.

Raven, J.A., 1984. A cost-benefit analysis of photon absorption by photosynthetic
unicells. New Phytol. 98 (4), 593-625.

Raven, J.A., 1987. The role of vacuoles. New Phytol. 357-422.

Raven, J.A., 1994. Why are there no picoplanktonic 0$_2$ evolvers with volumes less
than $10"-{19}$ m$"3$? J. Plankton Res. 16, 565-580.

Raven, J.A., 1997. The vacuole: a cost-benefit analysis. In: Advances in Botanical
Research. Vol. 25, Elsevier, pp. 59-86.

Rose, J.M., Caron, D.A., 2007. Does low temperature constrain the growth rates of
heterotrophic protists? Evidence and implications for algal blooms in cold waters.
Limnol. Oceanogr. 52 (2), 886-895.

Ryabov, A., Kerimoglu, O., Litchman, E., Olenina, I., Roselli, L., Basset, A., Stanca, E.,
Blasius, B., 2021. Shape matters: the relationship between cell geometry and
diversity in phytoplankton. Ecol. Lett. 24 (4), 847-861.

Ryabov, A.B., Rudolf, L., Blasius, B., 2010. Vertical distribution and composition of
phytoplankton under the influence of an upper mixed layer. J. Theoret. Biol. 263
(1), 120-133.

Ryther, J.H., 1969. Photosynthesis and fish production in the sea. Science 166 (3901),
72-76.

Schaum, C., Barton, S., Bestion, E., Buckling, A., Garcia-Carreras, B., Lopez, P., Lowe, C.,
Pawar, S., Smirnoff, N., Trimmer, M., 2017. Adaptation of phytoplankton to a
decade of experimental warming linked to increased photosynthesis. Nat. Ecol. Evol.
1@4),1-7.

Serra-Pompei, C., Hagstrom, G.I., Visser, A.W., Andersen, K.H., 2019. Resource limita-
tion determines temperature response of unicellular plankton communities. Limnol.
Oceanogr. 64 (4), 1627-1640.

Serra-Pompei, C., Soudijn, F., Visser, A.W., Kigrboe, T., Andersen, K.H., 2020. A general
size- and trait-based model of plankton communities. Prog. Oceanogr. 189, 102473.

Sheldon, R., Parsons, T., 1967. A continuous size spectrum for particulate matter in
the sea. J. Fish. Board Canada 24 (5), 909-915.

Sheldon, R.W., Prakash, A., Sutcliffe Jr., W., 1972. The size distribution of particles in
the ocean. Limnol. Oceanogr. 17 (3), 327-340.

Shuter, B., 1979. A model of physiological adaptation in unicellular algae. J. Theoret.
Biol. 78, 519-552.

Smetacek, V., 2001. A watery arms race. Nature 411 (6839), 745.

Sprules, W., Barth, L., 2016. Surfing the biomass size spectrum: some remarks on
history, theory, and application. Can. J. Fish. Aquat. Sci. 73 (4), 477-495.

Steele, J.H., Henderson, EW., 1992. The role of predation in plankton models. J.
Plankton Res. 14 (1), 157-172.

Stock, C.A., Dunne, J.P., John, J.G., 2014. Global-scale carbon and energy flows through
the marine planktonic food web: An analysis with a coupled physical-biological
model. Prog. Oceanogr. 120, 1-28.

Stock, C.A., John, J.G., Rykaczewski, R.R., Asch, R.G., Cheung, W.W., Dunne, J.P.,
Friedland, K.D., Lam, V.W., Sarmiento, J.L., Watson, R.A., 2017. Reconciling
fisheries catch and ocean productivity. Proc. Natl. Acad. Sci. 114 (8), E1441-E1449.

Stock, C.A., Powell, T.M., Levin, S.A., 2008. Bottom-up and top—-down forcing in a
simple size-structured plankton dynamics model. J. Mar. Syst. 74 (1-2), 134-152.

Taguchi, S., 1976. Relationship between photosynthesis and cell size of marine diatoms.
J. Phycol. 12 (2), 185-189.

Teira, E., José Pazd, M., Serret, P., Fernandez, E., 2001. Dissolved organic carbon
production by microbial populations in the Atlantic Ocean. Limnol. Oceanogr. 46
(6), 1370-1377.

Terseleer, N., Bruggeman, J., Lancelot, C., Gypens, N., 2014. Trait-based representation
of diatom functional diversity in a plankton functional type model of the eutrophied
southern North Sea. Limnol. Oceanogr. 59 (6), 1958-1972.

Thingstad, T.F., Havskum, H., Zweifel, U.L., Berdalet, E., Sala, M.M., Peters, F.,
Alcaraz, M., Scharek, R., Perez, M., Jacquet, S., 2007. Ability of a “minimum”
microbial food web model to reproduce response patterns observed in mesocosms
manipulated with N and P, glucose, and Si. J. Mar. Syst. 64 (1-4), 15-34.

Thomas, M.K., Aranguren-Gassis, M., Kremer, C.T., Gould, M.R., Anderson, K., Klaus-
meier, C.A., Litchman, E., 2017. Temperature-nutrient interactions exacerbate
sensitivity to warming in phytoplankton. Global Change Biol. 23 (8), 3269-3280.

Thornton, D.C., 2014. Dissolved organic matter (DOM) release by phytoplankton in the
contemporary and future ocean. Eur. J. Phycol. 49 (1), 20-46.


http://refhub.elsevier.com/S0079-6611(23)00038-1/sb54
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb54
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb54
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb54
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb54
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb55
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb55
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb55
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb56
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb56
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb56
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb56
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb56
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb57
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb57
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb57
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb58
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb58
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb58
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb59
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb59
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb59
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb60
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb60
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb60
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb61
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb61
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb61
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb62
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb62
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb62
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb62
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb62
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb63
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb63
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb63
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb63
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb63
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb64
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb64
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb64
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb65
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb65
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb65
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb66
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb66
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb66
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb67
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb67
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb67
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb67
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb67
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb68
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb68
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb68
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb68
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb68
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb69
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb69
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb69
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb69
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb69
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb70
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb70
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb70
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb70
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb70
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb71
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb72
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb72
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb72
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb72
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb72
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb73
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb73
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb73
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb74
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb75
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb75
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb75
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb75
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb75
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb76
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb76
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb76
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb76
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb76
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb77
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb77
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb77
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb77
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb77
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb78
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb78
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb78
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb78
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb78
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb79
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb79
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb79
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb80
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb80
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb80
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb80
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb80
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb81
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb81
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb81
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb81
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb81
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb82
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb82
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb82
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb83
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb83
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb83
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb83
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb83
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb84
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb84
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb84
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb84
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb84
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb85
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb85
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb85
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb86
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb86
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb86
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb87
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb87
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb87
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb88
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb89
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb89
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb89
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb90
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb90
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb90
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb91
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb91
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb91
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb92
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb93
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb93
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb93
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb94
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb94
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb94
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb95
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb95
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb95
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb95
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb95
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb96
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb96
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb96
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb96
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb96
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb97
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb97
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb97
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb97
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb97
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb98
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb98
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb98
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb99
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb100
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb100
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb100
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb100
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb100
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb101
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb101
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb101
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb102
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb102
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb102
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb103
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb103
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb103
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb104
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb104
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb104
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb105
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb106
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb106
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb106
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb107
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb107
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb107
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb108
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb108
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb108
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb108
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb108
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb109
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb109
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb109
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb109
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb109
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb110
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb110
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb110
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb111
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb111
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb111
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb112
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb112
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb112
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb112
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb112
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb113
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb113
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb113
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb113
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb113
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb114
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb115
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb115
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb115
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb115
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb115
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb116
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb116
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb116

K.H. Andersen and A.W. Visser

Tilman, D., 1982. Resource competition and community structure. Monogr. Popul. Biol.
17, 1-296.

Van Oostende, N., Dussin, R., Stock, C.A., Barton, A.D., Curchitser, E., Dunne, J.P.,
Ward, B.B., 2018. Simulating the ocean’s chlorophyll dynamic range from coastal
upwelling to oligotrophy. Prog. Oceanogr. 168, 232-247.

Ward, B.A., Dutkiewicz, S., Barton, A.D., Follows, M.J., 2011. Biophysical aspects of
resource acquisition and competition in algal mixotrophs. Amer. Nat. 178 (1),
98-112.

Ward, B.A., Dutkiewicz, S., Follows, M.J., 2014. Modelling spatial and temporal patterns
in size-structured marine plankton communities: top-down and bottom-up controls.
J. Plankton Res. 36 (1), 31-47.

Ward, B., Follows, M.J., 2016. Marine mixotrophy increases trophic transfer efficiency,
mean organism size, and vertical carbon flux. Proc. Natl. Acad. Sci. 113 (11),
201517118.

Ward, B.A., Marafién, E., Sauterey, B., Rault, J., Claessen, D., 2017. The size depen-
dence of phytoplankton growth rates: A trade-off between nutrient uptake and
metabolism. Amer. Nat. 189 (2), 170-177.

24

Progress in Oceanography 213 (2023) 102995

Ward, B.A., Wilson, J.D., Death, R.M., Monteiro, F.M., Yool, A., Ridgwell, A., 2018.
EcoGEnIE 1.0: plankton ecology in the cGEnIE Earth system model. Geosci. Model
Dev. 11 (10), 4241-4267, ISBN: 1991-9603.

Wirtz, K.-W., Eckhardt, B., 1996. Effective variables in ecosystem models with an
application to phytoplankton succession. Ecol. Model. 92 (1), 33-53.

Zakem, E.J., Cael, B.B., Levine, N.M., 2021. A unified theory for organic matter
accumulation. Proc. Natl. Acad. Sci. 118 (6), e2016896118.

Zwanzig, R., 1990. Diffusion-controlled ligand binding to spheres partially covered
by receptors: an effective medium treatment. Proc. Natl. Acad. Sci. 87 (15),
5856-5857.

Further reading

Fiksen, O., Jorgensen, C., 2011. Model of optimal behaviour in fish larvae predicts that
food availability determines survival, but not growth. Mar. Ecol. Prog. Ser. 432,
207-219, ISBN: 0171-8630.


http://refhub.elsevier.com/S0079-6611(23)00038-1/sb117
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb117
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb117
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb118
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb118
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb118
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb118
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb118
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb119
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb119
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb119
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb119
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb119
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb120
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb120
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb120
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb120
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb120
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb121
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb121
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb121
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb121
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb121
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb122
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb122
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb122
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb122
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb122
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb123
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb123
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb123
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb123
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb123
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb124
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb124
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb124
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb125
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb125
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb125
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb126
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb126
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb126
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb126
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb126
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb127
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb127
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb127
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb127
http://refhub.elsevier.com/S0079-6611(23)00038-1/sb127

	From cell size and first principles to structure and function of unicellular plankton communities
	Introduction
	Measures of cell size
	Effects of cell size on fundamental rates: resource uptake, losses, and biosynthesis
	Resource uptake
	Encounter and uptake of dissolved matter
	Light harvesting; theory and data
	Phagotrophy

	Passive losses across the membrane
	Biosynthesis and basal metabolism
	Temperature effects

	Size structure of the plankton community
	Smallest and largest cells
	Limiting resources, R*
	Trophic strategies
	Theoretical size spectrum
	Dynamic size-based model

	Ecosystem functions
	DOC and bacteria production
	Effect of higher trophic level mortality
	Effects of temperature

	Discussion
	Parameters from first principles or empirical meta analyses
	Size-, trait-, and functional-group based plankton modelling
	Additional traits related to cell size
	Conclusion

	Code
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix. Calculation of effective prey preference for discrete size groups
	References
	Further Reading


