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ABSTRACT: Models of community assembly have been used to illus-
trate how the many functionally diverse species that compose plank-
ton food webs can coexist. However, the evolutionary processes lead-
ing to the emergence of plankton food webs and their interplay with
migratory processes and spatial heterogeneity are yet to be explored.
We study the eco-evolutionary dynamics of a modeled plankton
community structured in both size and space and physiologically
constrained by empirical data. We demonstrate that a complex yet
ecologically and evolutionarily stable size-structured food web can
emerge from an initial set of two monomorphic phytoplankton
and zooplankton populations. We also show that the coupling of
spatial heterogeneity and migration results in the emergence of spe-
cific biogeographic patterns: (i) the emergence of a source-sink struc-
ture of the plankton metacommunities, (i) changes in size diversity
dependent on migratory intensity and on the scale at which diver-
sity is considered (local vs. global), and (iii) the emergence of eco-
evolutionary provinces (i.e., a spatial unit characterized by some level
of abiotic heterogeneity but of homogenous size composition due
to horizontal movements) at spatial scales that increase with the
strength of the migratory processes.

Keywords: plankton biogeography, adaptive dynamics, predator-prey
coevolution, evolutionary branching, food webs, metacommunities.

Introduction

Ocean phytoplankton populations are key components of
Earth’s biogeochemical cycles. They perform about half
of the planetary primary production and sequester large
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amounts of carbon away from the atmosphere as they sink
into the ocean interior (Falkowski and Woodhead 1992;
Field et al. 1998; Falkowski et al. 2003). These processes
are affected by the composition of plankton communities,
with many locally interacting phyto- and zooplankton spe-
cies associated with a range of different ecological and bio-
geochemical functions (Le Quere et al. 2005; Guidi et al.
2016). This functional diversity has been shaped by the
environmental conditions throughout Earth’s history (Katz
et al. 2004) and will continue to be so in the future. Al-
though our understanding of how contemporary plankton
communities respond to environmental drivers has im-
proved vastly in recent years, key challenges remain when
it comes to predicting how evolution may modify these re-
sponses in the face of continuing global change. Here we
present a step forward in this direction, focusing on the evo-
lution of organism size within an idealized plankton com-
munity model. We use this model to study the emergence
of (size) diversity as a result of ecological and evolutionary
processes in a metacommunity context.

Size, a Key Functional Trait

Plankton size is distributed over an enormous range, from
photosynthetic prokaryotes on the order of 0.1 um’ to the
largest diatoms as big as 10° um’, and it is strongly corre-
lated with a wide range of eco-physiological traits, such
that organism size can be used as a proxy for a wide range
of important functional characteristics (Cushing 1989;
Chisholm 1992; Hansen et al. 1997; Litchman et al. 2007;
Andersen et al. 2015). Physiologically, small phytoplank-
ton are excellent competitors for scarce nutrients (Edwards
et al. 2012), while some larger plankton benefit from higher
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maximal uptake rates and an increased ability to store ex-
cess nutrients (Litchman et al. 2009; Marafidn et al. 2013).
Ecologically, size regulates zooplankton-phytoplankton tro-
phic interactions, with biomass-specific rates of ingestion
by zooplankton generally decreasing with size (Hansen
et al. 1997). Smaller zooplankton are also typically associ-
ated with predation on smaller prey (Hansen et al. 1994,
1997; Kiorboe 2008), such that smaller phytoplankton are
thought to be subject to more intense grazing pressure. Se-
lection pressure on size therefore involves both the abiotic
conditions that characterize the local ecosystem (e.g., nutri-
ent supply in interaction with light and temperature) and
the ecological dynamics of the plankton community (e.g.,
predator-prey eco-evolutionary dynamics). Hence, by fo-
cusing on size selection, one can capture many aspects of
the functional evolution of plankton communities.

Community Assembly

The species composition and functional role of plankton
communities are locally driven in nature by two key
mechanisms: (i) species sorting, or the selection of the best
competitors among interacting species (Litchman et al.
2012), and (ii) adaptive processes, or the modification of
species’ traits through time through successive mutation/
selection events (Thomas et al. 2012; Sauterey et al. 2014).

In many plankton models, species sorting as a result of
both competitive and predatory interactions is considered
the sole driver of community assembly (i.e., without evolu-
tion, such that the traits of the competing species are con-
sidered fixed; see, e.g., Bruggeman and Kooijman 2007;
Follows et al. 2007). Inspired by a general theoretical frame-
work (Hairston et al. 1960; Power 1992), such studies have,
for example, shown that both size-dependent physiology
and top-down control by grazers appear to contribute to
size diversity (Armstrong 1994; Baird and Suthers 2007;
Banas 2011; Ward et al. 2014). Resource competition the-
ory (Tilman 1982) defines species competitive ability in
term of the minimum resource concentration (R*) re-
quired for their persistence. In the absence of grazing, the
best phytoplankton competitor will draw down nutrient
concentration to its R, excluding any other species requir-
ing higher nutrient availability to persist. When present,
targeted grazing prevents that best phytoplankton compet-
itor to monopolize nutrients by controlling its biomass.
Phytoplankton species otherwise excluded due to a higher
R’ can thus invade, persist, and in turn be subject to top-
down control. The nutrient availability is progressively
drawn down by those successive invasions until it eventually
becomes lower than the R” of any new potential phytoplank-
ton invader (Grover 1994). Within this framework, top-
down control restricts the amount of biomass of each spe-
cies, while the nutrient supply sets the number of coexisting

species and total biomass (Armstrong 1994; Price et al.
1994).

On the other hand, a mutation/selection process associ-
ated with grazing specificity drives predator-prey coevolu-
tion. Typically, the prey adapts to escape the niche of the
grazer while the grazer adapts so its niche fits the pheno-
type of the prey. The selective pressure resulting from that
predator-prey coevolution is often disruptive for the prey
(e.g., when a grazer optimally grazes prey of a specific size,
it is advantageous for the prey to be either larger or
smaller than that specific size). Disruptive selection may
then promote evolutionary branching events or events of
speciation in sympatry, first of the prey and then of the
grazer. Models have shown that such events could theoret-
ically allow the evolutionary emergence of complex food
webs from just a couple of species (Van Der Laan and
Hogeweg 1995; Doebeli and Dieckmann 2000; Loeuille
and Loreau 2005; Ito and Ikegami 2006; Brannstrom et al.
2010).

During the emergence of such communities, ecological
and evolutionary processes are clearly intertwined. Eco-
logical dynamics select for the best competitors in the
community, while evolutionary adaptation, by introducing
new traits, modifies the respective ability of species to com-
pete with each other. This feedback loop is usually referred
to as an eco-evolutionary feedback. The timescales of the
two processes are typically assumed to be quite separate.
However, because of their extremely short generation
times and vast populations size, marine plankton exhibit
rapid rates of genetic diversification (Bowler et al. 2008)
and phenotypical adaptation (Yoshida et al. 2003; Koch
et al. 2014). Evolutionary and ecological timescales are thus
likely to overlap (at least partially) in plankton communi-
ties, increasing the importance of the eco-evolutionary
feedback loop for relatively short-term dynamics of marine
microbial communities (Yoshida et al. 2003).

The Metacommunity Context

The eco-evolutionary feedback loop acts locally on a com-
munity but may nonetheless be affected by (and affect)
other spatially distinct communities connected through
spatial dynamics. Such a set of interacting ecosystems, or
patches, is known as a metacommunity. As is the case for
local community assembly, the metacommunity context
appears to act through both abiotic and ecological path-
ways (D’Ovidio et al. 2010; Barton et al. 2010).

First, the abiotic pathway involves ocean circulation and
diffusive processes. These processes, by generating hori-
zontal and vertical movements of water and/or particles,
modify the local abiotic environmental conditions (such
as temperature or nutrient concentration). This modifica-
tion of the abiotic environment then affects the fitness of
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the locally competing plankton species. For example, ver-
tical mixing driven by wind increases the local nutrient
supply, which in turn positively correlates with phyto-
plankton biomass and specific diversity (Cermeifio et al.
2008). The intensity of vertical mixing—and, hence, of its
effect on local abiotic conditions—typically varies in space.
In the North Atlantic Ocean, two large regions correspond-
ing to the equator and to the high latitudes are typically
characterized by high vertical mixing and, hence, by high
nutrient supply, high planktonic biomass, and high diver-
sity. Those two regions at high and low latitudes are sepa-
rated by the subtropical gyre, a stratified, nutrient-depleted
“oceanic desert” characterized by low biomass and low di-
versity.

Second, horizontal advection and diffusion also bring
new competitors/predators into local systems (or export
locally adapted species to other places), which modifies
the local outcomes of the competitive and adaptive pro-
cesses. The flux of individuals is more likely to go from
the richest biomass patches (sources) to the poorest ones
(sinks; Clayton et al. 2013), thus modifying their trait
compositions. Because it relies on a biomass differential,
this mechanism is usually referred to as “mass effect” in
the literature (Holyoak et al. 2005; Urban 2006; Urban
et al. 2008). Although diffusive processes typically act on
small spatial scales, it has been shown in models of ocean
circulation (Barton et al. 2010; Hellweger et al. 2014) and
from observations (D’Ovidio et al. 2010) that horizontal
transport by advection can connect/isolate water columns
separated by anything from a few kilometers to up to
thousands of kilometers away from each other. The role
played by migration in local communities might be seen
as dual (Urban et al. 2008). First, it increases the pheno-
typical scope on which species sorting applies by locally
introducing new traits (often on shorter timescales than
that of the mutational process), hence increasing the adap-
tive potential of the local community. Second, communi-
ties that are highly homogenized by water movements
might exhibit commonalities in their trait structure and
specific composition regardless of their respective abiotic
characteristics because the mass effect brings about shared
eco-evolutionary history, forming consistent biogeograph-
ical units. We use the term “eco-evolutionary province” to
refer to such biogeographical units (Martiny et al. 2006).

In this study, we use a community modeling approach,
broadly inspired by the conceptual framework of adaptive
dynamics (Metz et al. 1992; Geritz et al. 1997), to study the
combined effect of ecological (species sorting), mutational,
and dispersal processes on the emergence of plankton bio-
geography. This approach allows us to address three over-
arching questions related to the emergence of plankton
communities: (i) How do ecological interactions, plankton
trait evolution, and abiotic conditions interact locally to
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shape complex food webs? (ii) By reproducing spatial het-
erogeneity in abiotic forcing, can we reproduce the eco-
evolutionary emergence of the geographical patterns of
biomass and diversity observed in the oceans (Cermefio
et al. 2008)? (iii) Can we simulate the effect of spatial dy-
namics on those patterns as well as the process of emer-
gence of eco-evolutionary provinces, and what do they im-
ply regarding the adaptive properties of oceanic plankton
systems?

Model and Methods
Model

Our model represents a marine plankton ecosystem by re-
solving nutrient (N), phytoplankton (P), and zooplankton
(2) dynamics. Plankton populations are characterized by
their size, x, and x, such that their eco-physiological
properties can be determined from size-dependent rela-
tionships. The biomass distribution in size of P and Z
are respectively denoted by p and z. The sizes x, and x,
range, respectively, from 0.7 x 107" to 1.3 x 10* pm®
and from 0.7 x 10' to 1.3 x 10° um® (in computations,
xp and x; are actually defined as the log,, of an individual’s
volume). We then refer to these ranges as D and D, which
correspond to the region of the size-dependent parameters
in which phytoplankton and zooplankton populations are
viable (deduced from preliminary test simulations).
Organisms and nutrients are considered along a single
spatial dimension, S. A location on this domain is denoted
s. The eco-evolutionary dynamics are computationally re-
solved according to a set of simplifying assumptions: (i) in-
dividuals do not change in size during their life, (ii) repro-
duction is clonal, (iii) advection and diffusion of plankton
individuals and nutrients can be described by a diffusion
process (these mechanisms are then referred to altogether
as horizontal mixing), (iv) the phenotypic effect of muta-
tions is small and can therefore also be approximated by
a diffusion process, and (v) the rates of mutation and hor-
izontal mixing are equivalent for all of the individuals
(phytoplankton and zooplankton, of any size). These are
standard assumptions in an adaptive dynamics conceptual
framework and are mostly made for mathematical con-
venience. They do, however, imply some level of simplifi-
cation of plankton biology. Note, for example, that sexual
reproduction tends to mitigate the effect of selective pres-
sure on trait variation by producing intermediate pheno-
types. Assuming that reproduction is clonal only might
then overestimate the effect of selective pressure on phe-
notypical evolution (Dieckmann and Doebeli 1999) even
though a very significant proportion of reproduction in
plankton communities is attributable to clonal reproduc-
tion (e.g., bacterioplankton). The importance of these as-
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sumptions is addressed in “Discussion.” According to
these assumptions, the dynamics of the size distributions
p and z can be described by a reaction-diffusion process
(Van Der Laan and Hogeweg 1995; Leimar et al. 2008;
Perthame and Gauduchon 2009). The dynamics of N, p,
and z at location s follows

oN(t,s) ’N(t,5)
= + 1
at rN(N(ta S)) gos aSz > ( )
2
PUSD 1,5 x)p(t 50 + 9, L)
ot 0s? 2)
azp(ta S5 xP)
+ bl
¢ 0xp?
a t, y Ay 82 t) > N7
M = rZ(tasaxZ)Z(tisaxZ) + (PsM
ot 0s? 3)
N 2’z(t,s, x,)
¢ ox?t

The first term of equation (1) is the local change in nutri-
ent concentration through time. Similarly, the first terms of
equations (2) and (3), rp(t,s,xp) and r,(t, s, x;), are the lo-
cal biomass-controlled (i.e., biomass-specific) net growth
rates of phytoplankton and zooplankton populations of
size xp and x,. These terms denote the local fitness of plank-
ton individuals. The next terms on the right in equations (1),
(2), and (3) are the net fluxes of nutrients and biomass cor-
responding to individuals of size x, and x, that arrive and
depart from location s as a result of spatial dynamics. The
local intensity of spatial dynamics depends on the local geo-
graphical gradient of nutrient/biomass and on the rate of
horizontal mixing ¢.. Similarly, the last term on the right
in equations (2) and (3) is the local net flux in biomass
of individuals with phenotypes x, and x, resulting from
the local mutational process, which depends on the local
trait distribution and on the mutation rate ¢,.

The rate of change of the local nutrient concentrations
ry(N(t,s)) from equation (1) results from the balance be-
tween nutrient supply and nutrient consumption by the lo-
cal phytoplankton guild:

m(N(t5)) = I(No = N(1,9))

N(t, s)
N(t,s) + Kp(xp)

(4)

- JD pp(xp) p(t, s, xp) dxp.

Nutrient supply is described by the term I(N, — N(t,s)),
with I being the supply rate and N, the supply point (ie.,
the asymptotic nutrient concentration when N is not con-
sumed). N consumption is performed according to a
Michaelis-Menten function, with up(x,) being the size-
dependent maximum phytoplankton growth rate and Kx(x»)

the size-dependent half-saturation constant. On one hand,
based on observations (Maraiién et al. 2013) u, is maxi-
mized for intermediary sizes (~107* pm’; fig. 1A), likely
due to antagonistic physiological size dependences (Mara-
fnén et al. 2013; Ward et al. 2017). On the other hand, K, in-
creases with size (Verdy et al. 2009; fig. 1B). Competition
for nutrients selects for high p, (high maximum growth
rate) and low K, (high competitive ability when nutrients
are scarce; Healey 1980). There is therefore a trade-off be-
tween those two parameters maximized somewhere in be-
tween small and intermediary sizes. Total N consumption
by phytoplankton is obtained by integrating the effect of
each size class over D,. Phytoplankton growth can then
be described as follows:

ro(ty 5, Xp) = Mm%

—J eGmn Pulinpltis)) )

x z(t,s,x,) dx, — mp,

where p(t,s,.) is the whole size distribution of the phyto-
plankton community, with the dot referring to the size di-
mension. The first part of the equation reflects phytoplank-
ton growth through nutrient consumption, the second term
describes the biomass loss due to grazing from the zoo-
plankton guild, and the third term () relates to the phyto-
plankton basal mortality rate. The strength of the predation
interaction between phytoplankton and zooplankton size
classes is given by the grazing function g. This function de-
pends on the zooplankton predation window ¢, alognormal
function of the zooplankton-to-phytoplankton size ratio
p. The size specificity of grazing then relates to o, the width
of ¢ in log space (see app. A and fig. 1C; Andersen and
Beyer 2006; Banas 2011; Ward et al. 2014; apps. A, B are
available online). The total availability in prey for a specific
zooplankton size class P, (x,,p(t,s,.)) is then obtained
by weighting ¢ by the phytoplankton size distribution
p(t,s,.). Note that we assume that prey are phytoplank-
ton only (i.e., zooplankton do not eat other zooplankton).
The function g also depends on the maximum ingestion
rate p.(x.), which from observations (Hansen et al. 1997)
negatively links to x, (fig. 1D) and saturates for high
P, (x,,p(t,s,.)). Details on the calculation of g can be found
in appendix A. The total effect of the zooplankton guild on
one specific phytoplankton size class is obtained by inte-
grating ¢ weighted by the zooplankton size distribution
over D,. Zooplankton grazing can be integrated, this time
over Dy, to obtain zooplankton growth as follows:

J(t,5,%,) =J (3672 P i P 5,.)
r,(t,s,x , S0 Xz, p(t, s (6)

x p(t,s,xp) dxp — my,
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Figure 1: Relationships between the eco-physiological characteristics and size of phytoplankton x, and zooplankton x,. A shows the relation
between phytoplankton size x, and maximum growth rate u,. B shows the positive link between phytoplankton size x, and the half-saturation
constant for nutrients Kp. C shows the predation window ¢ depending on the zooplankton-to-phytoplankton biovolume ratio p and on its
width ¢. D shows the maximum ingestion rate of a zooplankton p, as a decreasing function of its size x,.

with m, being the zooplankton basal mortality rate. Note
that the mortality terms m, and m, include a density-
dependent component such that populations of low abun-
dance experience increased mortality (i.e., an Allee effect;
Allee et al. 1949). Mutation and horizontal mixing when
modeled by diffusion as in our model generate many pop-
ulations of extremely low abundances, potentially charac-
terized by traits very different from those that dominate
the system. These populations (and therefore their traits)
can unrealistically emerge in the system if the environmen-
tal conditions become favorable to them, generating “evo-
lutionary jumps.” We implement an Allee effect following
Perthame and Gauduchon (2009) to prevent such events.
This Allee effect consists of imposing a high per capita mor-
tality rate to scarce populations so they cannot establish
without input from mutational or migratory processes (for
the relevant equations, see app. A).

All of the size dependences in the model are derived from
empirical measurement (Hansen et al. 1997; Litchman et al.
2009; Verdy et al. 2009; Edwards et al. 2012; Maraiién et al.
2013). They can be found in table Al, available online,
alongside the size-independent parameters of the model.

Simulation Scenarios and Analysis

Numerical results are obtained by discretizing the size axis
into 200 size classes (app. B). The eco-evolutionary pro-
cess of community assembly driven by the competition
for resources (nutrients or prey) typically results in the
emergence of at least one peak in the size distribution of
each guild. We consider those peaks as species, character-
ized by the modal size value of their bell-shaped distri-
bution. The spread in distribution away from that modal
value stems from the mutational process, which continuously
inserts new (size) diversity into the system. We proceed in
three steps to address the questions we are interested in.
First, we investigate the predator-prey coevolutionary
dynamics in isolation (i.e., in a single patch, with no spa-
tial dynamics). We initiate the simulations with one phy-
toplankton and one zooplankton size class with initial
sizes at the midpoint of the two logarithmic size ranges
(approximately 30 and 3,000 um’, respectively). The single
patch is characterized by an initial nutrient concentration
N = N,. We test the effect of two purely biological pa-
rameters on the eco-evolutionary dynamics of the food
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web: (i) o, the width of the predation niche, which deter-
mines the size specificity of the trophic interaction; and
(ii) ¢., the mutation rate.

Second, we test the effect of the abiotic conditions on
the coevolutionary dynamics by varying the supply point
Nq, which corresponds implicitly to variation in the inten-
sity of vertical mixing.

Finally, we introduce horizontal movements resulting
from ocean physics by adding the horizontal mixing term.
We explicitly simulate the geographical dimension S along
which N, varies, allowing movement of nutrients and bio-
mass between patches. The parameter S is discretized into
40 patches (app. B). Hereafter, we use the term “meta-
community” to designate the ensemble of the patches.
We test two scenarios (see fig. 2). One consists of a linear
gradient in N, along S. In the second, we include a nutrient
supply gap. This scenario is designed to reflect an idealized
ocean basin with two productive regions supported by up-
welling and vertical mixing of nutrients into the surface
layer (equatorial and high latitudes) interrupted by a sub-
tropical ocean desert, where a downward circulation sup-
presses the nutrient supply from the nutrient-rich deep
waters. These two scenarios allow an evaluation of the ef-
fect of the structure of the spatial heterogeneity itself on
the emergence of the metacommunity size composition.
For the distance in the model to match those of an actual
ocean basin, S covers a range of approximately 4,000 km.
The initial conditions in each local patch are defined as be-
fore (i.e., with two monomorphic guilds and N = N,).

To quantify the effect of spatial structure and horizontal
mixing on diversity patterns, we use species richness (i.e.,
the number of peaks of local size distributions) as an indi-

cator of intrapatch diversity, interpatch diversity, and
global diversity («, 3, and vy diversity, respectively; Whit-
taker 1972) in the metacommunity. The intrapatch « di-
versity is the average number of species per patch. The
global v diversity is the number of unique species in the
whole metacommunity. The interpatch § diversity is equal
to (y diversity)/(o diversity), thus reflecting the disparity
in size composition between the different patches. We
use (B diversity) ' as an indicator of the similarity between
patches or regions. Finally, to quantify the difference be-
tween the size distribution of a local system and its local
eco-evolutionary attractor, we compute the sum of the ab-
solute differences in biomass for each size class between
the local size distribution and the asymptotic size distribu-
tion when migratory processes are absent from the model
(a time average over the last quarter of the simulations, to
account for oscillations).

Results
Local Coevolution

In this section, we characterize and describe the purely
local eco-evolutionary dynamics of the plankton commu-
nity, as illustrated in figure 3A. First, the initial phyto-
plankton species increases its competitive ability for scarce
nutrient (low K;) by adapting toward smaller sizes (fig. 34,
middle panel). Nutrient concentration hence goes down
(fig. 3A, bottom panel). The initial zooplankton species
also adapts toward small size (with a slight delay) as a re-
sponse to the change in size of its prey (fig. 34, top panel).
As the zooplankton catch up with their prey, the phyto-
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(middle panel) guilds and of the nutrient concentration N (bottom panel) for one simulation for the default set of parameter values: a mu-
tation rate ¢, = 3.7 x 1077 day ', a nutrient supply N, = 0.5 mmol N.m’, and a predation window width ¢ = 0.5. The two vertical black
lines denote the two first phytoplankton branching events, and the two gray lines represents those of the zooplankton. Those lines can also be
found in the bottom panel to illustrate the effect of the branching on the nutrient concentration N. B, Time series of the evolution in size of the
phytoplankton guild for ¢ = 1 and 2, with all other parameters being equal to their default value. C, Final size distribution of the phytoplank-
ton community for N, ranging from 0.01 to 2 mmol N.m >, with all other parameters being equal to their default values. D, Snapshot of the size
distribution of the phytoplankton community in the final eco-evolutionary attractor for ¢, ranging from 3.7 x 1077 to 3.7 x 10°° day ', with
all other parameters being equal to their default value. The zooplankton guild is not shown in B-D because it mostly mirrors the phytoplankton
guild.

each evolving away from the size optimally grazed by

plankton are subject to additional mortality induced by the
the zooplankton population (fig. 3A, middle panel, thick

size-specific grazing. As phytoplankton mortality increases,

nutrient consumption diminishes and nutrient concentra-
tion increases (fig. 3A, bottom panel). Finally, the disrup-
tive potential of the grazing pressure results in the phyto-
plankton population splitting into two daughter species,

black line). The grazing pressure being temporary re-
leased, the nutrient consumption goes up again (and,
hence, nutrient concentration goes down) until the zoo-
plankton species in turn branches into two species adapted
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to the two new populations of prey (fig. 3A, top panel,
thick gray line). This double evolutionary branching event
then repeats itself, resulting in a progressive size diversifi-
cation of the food web while the nutrient concentration is
progressively drawn down as phytoplankton species are
added to the system. The process described here is im-
pacted by three parameters.

First, the cascade of double evolutionary branching events
depends on the disruptive potential of the zooplankton-
phytoplankton interaction. Figure 3B shows that for
higher widths of predation window o—hence, when the
size specificity of grazing is weak—the number of branch-
ing events is small (for ¢ = 1) or even null (for ¢ = 2).
Note that we show only phytoplankton dynamics because
the zooplankton dynamics mostly reflects the dynamics
of their prey. In the latter scenario (¢ = 2), the unique
phytoplankton species evolves toward a smaller size that
optimizes the trade-off between competitive ability for
scarce nutrient maximized for small size (low K,) and max-
imum growth rate p, maximized for an intermediary size
of 10> um’ (see fig. 1A, 1B). The behavior of the system
is then qualitatively similar to simulations without grazers,
although the size selected is here slightly larger (as the
stronger grazing pressure increases mortality and selects
for a larger size with a slightly higher maximum growth
rate).

Second, the final number of coexisting species is deter-
mined by the nutrient supply N, (fig. 3C). The process of
double evolutionary branching described above progres-
sively draws down nutrient concentration (fig. 34, bottom
panel). At some point, the nutrient availability becomes
lower than the R" of any potential phytoplankton invader,
preventing further invasions (Grover 1994). Higher N,, by
increasing nutrient influx, allows more species of larger size
(i.e., farther away from the optimal size described above)
and of higher R" to invade before the nutrient availability
becomes too low for any further invasion.

Finally, the number of emerging species and their size
also depend on mutation rate ¢, (fig. 3D). First, the value
of ¢, relates to the width of the size distributions of both
phytoplankton and zooplankton species: a lower mutation
rate produces narrower size distributions. Zooplankton
size affects their resource use (i.e., the phytoplankton size
they preferentially graze). Narrower size distributions of
zooplankton species therefore result in a narrower con-
sumption niche and, thus, in a release of limiting similar-
ity, which in turn promotes the coexistence of both phyto-
plankton and zooplankton. Consequently, ¢, negatively
links to the number of species that can coexist in the sys-
tem, as shown in figure 3D (10 for ¢, = 3.7 x 107 day ™/,
8 for 9, = 3.7 x 1077 day!). Furthermore, when ¢, is suf-
ficiently low, the quantity of mutants produced by the
sole species remains below the survival threshold of the

mortality-induced Allee effect (not shown). Therefore, trait
evolution does not occur at all.

Linear Nutrient Supply Gradient Scenario

We now investigate the impact of horizontal mixing by ex-
plicitly introducing spatial structure and movement, both
resulting from ocean physics. Again, local and spatial zoo-
plankton dynamics mirror those of phytoplankton. The
variation in the characteristics of the local systems along
the linear gradient of N, (depicted in fig. 2) is similar to
that described in the previous section: low N, results in
low species richness, smaller sizes (fig. 44, top two panels),
and low biomass (fig. 4B). However, horizontal mixing
has clear additional effects on the structure of the meta-
community (i.e., the ensemble of the 40 patches). First,
horizontal mixing homogenizes the size distribution of
the metacommunity, that is, it increases the number of
shared species between the patches. For an intermediate
value of horizontal mixing (¢, = 6.25 x 107° day '), spe-
cies in the local patches tend to converge to a limited num-
ber of size values, shared over the metacommunity (fig. 44,
top vs. middle panel). The 3 and +y diversities of the meta-
community (i.e., averaged over the 40 patches) conse-
quently negatively link to the rate of horizontal mixing
(fig. 4C). Ultimately, for the highest rate of horizontal
mixing (¢, = 6.25 x 107* day™!), local patches are forced
toward a globally uniform distribution with the same 11 spe-
cies (fig. 44, bottom panel; fig. 4B, bottom panel) far away
from their local eco-evolutionary attractor (fig. 4D). Those
11 species are therefore locally suboptimal species main-
tained by horizontal mixing only. Second, for low to inter-
mediate values of ¢, the migrants increase the species
richness of the poorest patches and, consequently, the «
diversity of the metacommunity (fig. 4C). Third, above a
threshold value (¢, > 6.25 x 107 day™'), the spatial flux
from the richest to the poorest patches leads to a significant
loss in both nutrient and biomass from the richest patches
(fig. 4B). In that scenario, although the number of species
in the sinks is still increased, it is decreased in the sources
(fig. 4A, 4B, bottom panels). This reflects the exclusion of
the less competitive species (i.e., larger phytoplankton
and zooplankton) from the source patches and, hence,
from the metacommunity, whose « diversity then de-
creases (fig. 4C). Note that the same patterns are observed
when the horizontal mixing of nutrient is not accounted
for (i.e., the term of spatial diffusion is not applied to the
spatial distribution of nutrients in eq. [1]), suggesting that
the key factor is a mass effect. Finally, figure 4D shows that
when ¢, = 6.25 x 107 day ', the divergence of biomass
distribution between the metacommunity and its eco-
evolutionary attractor without horizontal mixing converges
to a value of about 45 mmol N.m™ after approximately
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7,000 days. By contrast, for the lowest value of horizontal
mixing intensity (¢, = 6.25 x 107° day ') this divergence
converges to a lower value of less than 20 mmol N.m™* af-
ter more than 40,000 days. There is therefore an emergent
trade-off between the speed of trait selection and the opti-
mality of the trait selected: migration increases the range of
traits on which competitive sorting applies, hence making
local trait selection faster while maintaining locally subop-
timal traits.

Nutrient Supply Gap Scenario

We now use the nutrient supply gap scenario (fig. 2) to in-
vestigate the combined effect of spatial structure (here the
existence of a geographical barrier) and spatial dynamics
on the emergence of plankton biogeography in the oceans.
We measure the level of similarity (as [3 diversity] ') in-
side and between the two productive regions (equator and
high latitudes; fig. 2). We first measure the basal level of
those two indicators (i.e., without horizontal mixing).
Then we look at the effect of the value of the rate of hor-
izontal mixing. Figure 5 shows the results rescaled be-
tween 0 (for their respective basal level) and 1 (for 100%
of similarity) to help comparison. Intraregion similarity
increases gradually with horizontal mixing intensity as
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Figure 5: A, Average of the intraregion similarities (calculated as [
diversity] ') of the equatorial and high-latitude regions for a rate of
horizontal mixing ¢, ranging from 6.25 x 107" to 6.25 x 107*
day~'. B, Interregion similarity for the same values of ¢.. Each point
in A and B is the average through time of the indicator for the last
24,000 days of a simulation of 120,000 days. The vertical bars repre-
sent the standard deviation from this average during that period of
time. Sigmoid fits have been superimposed to the points to help visu-
alize the trends.

migrants homogenize the size distribution inside each re-
gion (fig. 5A). By contrast, the change in interregion sim-
ilarity with horizontal mixing intensity is much more bi-
modal. For ¢, <6.25 x 107° day ™', the migrants cannot
overcome the Allee effect while crossing the geographical
barrier, and homogenization is not observed (fig. 5B).
After that threshold value, the increase in the interregion
similarity is sharp (compared with that of the intraregion
similarity). Hence, for the same spatial structure in nutri-
ent supply, the metacommunity can exhibit independent
patches for low levels of horizontal mixing, can be divided
into two eco-evolutionary provinces that are isolated from
one another by the geographical barrier but that exhibit
high-level internal similarity despite their abiotic hetero-
geneities for intermediate levels of horizontal mixing, or
can be fully homogenized in a unique eco-evolutionary prov-
ince despite the geographical barrier for high levels of hor-
izontal mixing.

Discussion
Local Emergence of Plankton Communities

The predictions of our model illustrate that size-specific
grazing, in addition to stabilizing size diversity in plankton
communities, can also drive the eco-evolutionary emer-
gence of diversity in local planktonic communities (fig. 3A).
As raised in the introduction, Hairston et al. (1960), Power
(1992), Grover (1994), and Armstrong (1994) have hypoth-
esized that trait-specific grazing regulates the maximum
population size of individual species (top down), while
the total biomass—and, hence, the overall diversity—re-
mains controlled by bottom-up processes (the supply of
basal nutrients to the system). Size-specific grazing has
been used in models of different levels of complexity to ex-
plain and reproduce the observed ecological stability of size
diversity in plankton communities (Armstrong 1994; Baird
and Suthers 2007; Banas 2011; Ward et al. 2014). The nov-
elty of our work is that we illustrate how plankton diversity
might emerge from local eco-evolutionary processes in an
idealized isolated ecosystem (fig. 3) inspired by the existing
literature on predator-prey coevolution (Van Der Laan and
Hogeweg 1995; Doebeli and Dieckmann 2000; Loeuille and
Loreau 2005; Ito and Ikegami 2006; Brannstrom et al. 2010)
and using a model based on empirical data (Litchman et al.
2009; Edwards et al. 2012; Marafidn et al. 2013), which al-
lows us to relate our results to known biological aspects
of such systems.

First, the size specificity of the grazing pressure, which is
inversely related to the width of the grazing niche o, results
in the disruptive potential of zooplankton-phytoplankton
coevolution. Interestingly, this parameter also relates to the
limiting similarity between zooplankton (MacArthur and
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Levins 1967): a high o corresponds to a higher similarity in
the resources (i.e., phytoplankton) consumed by zooplank-
ton of different sizes and therefore prevents coexistence
(fig. 3A, lower panel). A low o has thus a dual enhancing ef-
fect on size diversity, on the phytoplankton guild (high dis-
ruptive potential of grazing), and on the zooplankton guild
(low limiting similarity).

The value of the mutation rate ¢, modifies the final size
distribution or, if sufficiently small, impedes any evolu-
tionary dynamics. The first effect results from mutations
generating the bell shape of the biomass distribution of
each species: peaks are narrower for low mutation rates
(i.e., species are less phenotypically diverse; fig. 3C). Nar-
rower phytoplankton size distributions tighten the zoo-
plankton size distributions, relaxing limiting similarity be-
tween zooplankton species and allowing more species to
coexist. The effect is, however, subtle: a variation of two
orders of magnitude in the mutation rate ¢, leads to an in-
crease in the species number from 8 to 10. The second ef-
fect is that below a threshold value of ¢, the production of
mutants becomes too low to counteract the Allee effect
(density-dependent mortality) that characterizes popula-
tion dynamics in the model. This illustrates the intuitive
idea that in an evolutionary context a community can
adapt only if the mutational process produces a sufficient
amount of diversity for natural selection to act on (Claessen
et al. 2007). The motivation for exploring the large range of
values of mutation rate in the present study stems from the
lack of a clear evaluation of the speed of plankton pheno-
typical changes. Although the scarcity of empirical data
explains part of that deficit, the absence of a proper identi-
fication of the underlying mechanisms (e.g., mutation, plas-
ticity, epigenetics) and of their relative importance (espe-
cially from one species to another) is another difficulty.
To further resolve the adaptive properties of plankton com-
munities, it is therefore essential to quantify and under-
stand the evolution of key functional traits (like size) in
various phytoplankton species (see, e.g., Lohbeck et al.
2012).

In an idealized isolated ecosystem, a plankton commu-
nity is therefore characterized by an eco-evolutionary “di-
versification potential” depending on the grazing specific-
ity (negatively linked to o) and on the mutation rate ¢, of
its plankton individuals. The bottom-up limitation by N,
of the local emergence of diversity (fig. 3B) illustrates the
importance of abiotic factors (here vertical mixing) in con-
trolling the realization of that diversification potential.

Note that these results are obtained by making assump-
tions that strongly simplify plankton ecology: (i) no individ-
ual growth/development, (ii) clonal reproduction, (iii) hor-
izontal mixing as a diffusive process, (iv) mutational
process as a diffusive process, and (v) constant mutation
and migration rates among size and trophic layers. Their

Eco-Evolutionary Plankton Communities 000

potential effects on the predictions of the model should,
however, be investigated. As stated previously, sexual re-
production could, for example, mitigate the disruptive
and directional selection resulting from predator-prey co-
evolution, unless mating is assortative (Dieckmann and
Doebeli 1999). Moreover, releasing the assumption of con-
stant mutation rate over size and trophic levels might affect
the predictions of our model (e.g., small organisms tend in
nature to evolve faster and exhibit higher trait diversity due
to larger population sizes and shorter generation times;
Gillooly 2000; Gillooly et al. 2005). The current work also
neglects plankton ontogeny, although it has been docu-
mented as an important modifier of phyto- and zooplank-
ton resource use through allometric scaling of their con-
sumption rate (Hansen and Ockelmann 1991; Jewson
1992) or through ontogenic niche shift (Poulet 1977) and
therefore likely modifies population dynamics in a context
of predator-prey interactions (Persson et al. 1998; Claessen
and Dieckmann 2002). We argue that these assumptions,
common in both models of plankton community and
models of trait evolution, must be investigated in situ, in
vitro, and in silico to evaluate how much they diverge from
the reality of planktonic systems and how much these
divergences actually affect our current understanding of
planktonic systems.

Taking the Metacommunity Context into Account

We use a simplistic representation of ocean physics to
mimic its effect on plankton communities: vertical mixing
and upwelling are represented through heterogeneity in
nutrient supply, while both nutrients and individuals are
dispersed as a result of horizontal mixing. Our results high-
light the importance of taking into account the interaction
between the local eco-evolutionary process and spatial dy-
namics to understand the adaptive properties of marine mi-
crobial communities.

First, this representation allows us to re-create the pos-
itive correlation between diversity and nutrient supply
resulting from vertical mixing observed in the ocean (Li
2002; Cermeno et al. 2008) and reproduced in other
plankton community models (Vallina et al. 2014; Ward
et al. 2014; fig. 44, 4B). Note, however, that this positive
relationship can be reversed for systems exhibiting sea-
sonal blooms, which cannot be reproduced in the model
because of our assumption of steady nutrient supply. In
such systems, phytoplankton biomass increases by bursts,
and top-down control cannot act as efficiently as a diver-
sity maintenance mechanism because the increase in zoo-
plankton biomass is not immediate (Irigoien et al. 2004;
Vallina et al. 2014). Second, by considering horizontal mix-
ing, our model reproduces a metacommunity context in
which nutrient supply heterogeneity and migration result in
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a source-sink structure of biomass and diversity (fig. 4B).
Phenotypically richer communities in the nutrient-richest
patches provide the poorer parts of the metacommunity
with migrants through the mass effect and therefore modify
their local trait compositions. The mass effect, depending on
its intensity, either (i) increases diversity through import
of individuals into the poorest patches (fig. 4C, top panel),
(ii) decreases it through homogenization (a classical effect
of migration; see Mouquet and Loreau 2003; Holyoak et al.
2005; Urban et al. 2008; fig. 4C, middle and bottom panels),
or (iil) decreases it by causing a sufficient loss of biomass in
the richest patches for the rarest phenotypes (larger plankton)
to become extinct (fig. 44, bottom panel; fig. 4B; fig. 4C, top
panel).

Interestingly, the intensity of the mass effect also affects
the speed at which the metacommunity assembles. When
horizontal mixing is absent or weak, local patches will
adapt slowly toward their local eco-evolutionary equilib-
rium following the sole mutation/selection process. When
horizontal mixing is stronger, communities adapt faster
toward a final trait distribution that might, however, be
very different from the local eco-evolutionary attractor
(fig. 4D). This is attributable to the introduction of new
phenotypes resulting in the persistence of maladapted spe-
cies. Our work thus highlights the existence of a trade-off
between speed and optimality of the adaptive process, as
hypothesized in previous studies (Urban 2006; Urban et al.
2008), and, in general, the importance of the interaction be-
tween migration and local adaptive processes for the adap-
tive responses of metacommunities (Brockhurst et al. 2003;
Forde et al. 2004). This question might be crucial in instances
where perturbations of different frequencies and ampli-
tudes are considered. Typically, fast-adapting metacom-
munities are likely to be more suited to systems that are
frequently but mildly disturbed, while optimally adapting
metacommunities would respond more efficiently to more
continuous, stronger perturbations. Furthermore, Smith et al.
(2016) show in a modeling study that the same trade-oft
also emerges as a result of the mutational process, which
illustrates that the trade-off relates to the generation of di-
versity in general and not to one process of diversity gen-
eration specifically.

We also reproduce the spatial structure of the North At-
lantic transect (Cermeno et al. 2008): an equatorial and a
high-latitude region characterized by relatively high nutri-
ent supply exhibiting high total biomass and biodiversity,
separated by a subtropical oceanic desert (fig. 2). Depend-
ing on the level of horizontal mixing, migration may or
may not homogenize the size composition inside each re-
gion (fig. 5A) and may or may not bridge the geographical
barrier that is the subtropical gyre (fig. 5B). Depending on
the rate of horizontal mixing, the transect may end up
with a very different number of distinct eco-evolutionary

provinces. There could be a unique province for each spa-
tial location when horizontal mixing is very low, or there
could be just one eco-evolutionary province covering the
whole transect when horizontal mixing is sufficient to
bridge the subtropical gyre. In between, for intermediate
values of horizontal mixing, we might see two distinct
eco-evolutionary provinces at the equator and at high
latitudes (themselves homogenized by an internal mass ef-
fect). When the transect exhibits two provinces, each of
them has a distinct eco-evolutionary history ultimately
resulting in two distinct trait compositions. This might
be key to understanding the way functional traits (size
but also temperature-related traits, nutrient-acquisition
strategies, and so on) spread in the ocean: the fact that a
trait provides a competitive advantage in certain environ-
mental conditions is not sufficient for it to invade the en-
tire ocean because this new trait must also have the possi-
bility of reaching the areas where these environmental
conditions are encountered. This idea may explain the ex-
istence in the ocean of so many functionally similar but
phylogenetically distinct phytoplankton species (Hellweger
et al. 2014): for a specific trait to appear in two completely
isolated but similar regions, two independent evolutionary
processes of variation and selection have to occur.

This view of the way plankton communities assemble
contradicts the idea that “everything is everywhere but
the environment selects” (Baas Becking 1934), which dom-
inates the conceptual landscape in current ocean microbial
ecology (Follows et al. 2007; O’Malley 2007). This alterna-
tive view relies not only on the geographical distribution
of abiotic conditions and its effect on competitive sorting
but also on the interplay between local eco-evolutionary
adaptation and migration. Once coupled to a realistic rep-
resentation of ocean physics, as provided by general circu-
lation models, an eco-evolutionary model of plankton com-
munities might help to identify actual eco-evolutionary
provinces and therefore characterize the typical timescales
of adaptive responses of plankton communities to future
environmental changes. An intriguing opportunity to ex-
plore this dimension of phytoplankton diversity would be
to compare results obtained in general circulation models
that include an eco-evolutionary model of plankton com-
munity with data obtained from sampling cruises, such as
the Tara Oceans expeditions (Bork et al. 2015; Pesant et al.
2015).
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Satellite image from the visible Infrared Imaging Radiometer Suite (VIIRS) on the Suomi NPP NASA satellite illustrating a phytoplankton
bloom in the North Atlantic. The ocean is artificially “colored” by plankton communities, detected using remote sensing of water reflectance.
This image shows nicely the interaction between ocean biology and physics. Photo credit: Norman Kuring, NASA.
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