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Abstract

We present a stochastic evolutionary phosphorus—algae—zooplankton model with
phosphorus recycling and originally investigate the patterns and outcomes of adaptive
changes in algal cell size, under the influence of environmental fluctuations. The thresh-
old that determines whether the stochastic model will ecologically persist or not is first
obtained. We then introduce fitness functions with stochastic fluctuations and obtain
the evolutionary conditions for continuously stable strategy (CSS) and evolutionary
branching, confirmed by numerical simulation. Our results predict that environmen-
tal fluctuation could drive algal evolution toward smaller cell size. Algal cell size
varies significantly with phosphorus input in the presence of zooplankton, but has no
response to the changing phosphorus inflow without zooplankton, and evolutionary
branching will never occur without zooplankton. With the existence of zooplankton
that has a fixed trait, evolutionary branching occurs with small environmental fluctua-
tion and moderate phosphorus inflow, and the existence of environmental fluctuation
could narrow the cell size difference between the newly emerging algal species, while
large fluctuation or extreme phosphorus inflow will result in CSS. Moreover, environ-
mental fluctuation potentially benefits algal biodiversity in eutrophic environments,
and oligotrophication inhibits algal diversity. For the coevolution of algae and zoo-
plankton, evolutionary cycling could appear, i.e., algal cell size and zooplankton body
size can coevolve to a stable limit cycle (the Red Queen dynamics) in an eutrophic
environment. In oligotrophic or moderate phosphorus environments, the influence of
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environmental fluctuation on algal evolution in the coevolution process is similar to
the scenario that algae evolves only.

Keywords Stochastic EPAZ model - Adaptive dynamics - Evolutionary branching -
Continuously stable strategy - Evolutionary cycling

Mathematics Subject Classification 37H99

1 Introduction

Algal size structure determines its own metabolic rates and biomass (Tang and
Peters 1995; Peters 1983); meanwhile, as the primary productivity and the basis of
aquatic food webs, algal size structure also significantly affects community struc-
ture and global carbon cycle through size-dependent species interactions and sinking
(Falkowski et al. 1998; Jiang et al. 2005; Cohen et al. 2003). With no doubt, it is one of
the most important indicators for an aquatic ecosystem. The sizes of single-celled algae
span several orders of magnitude, ranging from ~ 0.6 um to > 1 mm equivalent spheri-
cal diameter (Sheldon et al. 1972). Litchman et al. (2009, 2010) suggested that the cell
size diversity is aresult of diverse selective pressures, such as different patterns of nutri-
ent limitation, physical mixing and grazing pressure, and under certain environmental
conditions, only certain algal species could exist, i.e., there is no universal best size for
algae. Many observed phenomena also support this viewpoint (Moczydtowska 2010;
Servais et al. 2010; Finkel et al. 2005; Mclaughlin 1977; Butterfield 1997; Falkowski
et al. 2004; Murphy and Hart 1945). For example, the mean area of marine diatom
frustules has decreased by more than twofold in response to the changes in upwelling
zones over the last half of the Cenozoic (Finkel et al. 2005). The increased nutrient
abundance due to orogenic and volcanic activity may have led to the dramatic increase
of the biodiversity of marine plankton (phytoplankton and zooplankton) during the
Cambrian and the Ordovician (Servais et al. 2010). Moreover, the changes of diver-
sity and abundance between phytoplankton and its consumers in the Cambrian were
synchronous in time and tightly coupled (Moczydiowska 2010). All the above obser-
vations suggest that environmental factors, such as nutrient abundance, mixing and
grazing pressure, can directly or indirectly cause evolutionary changes in algal species.

Much progress has been made in understanding the mechanisms that drive algae to
evolve and maintaining species diversity (Falkowski et al. 2004; Pu et al. 2017; Litch-
man et al. 2009; Stomp et al. 2004; Jiang et al. 2005), and the development of adaptive
dynamics (Dieckmann et al. 1995; Geritz et al. 1998) has no doubt significantly con-
tributed to this. Stomp et al. (2004) proposed one of the first adaptive planktonic
systems and studied the adaptive dynamics of the pigment composition in Tolypothrix,
revealing that the divergence in pigment composition favors species coexistence and
contributes to algal diversity as a result. Litchman et al. (2009) utilized a periodi-
cally forced system to model the growth and competition of algae, by taking log;,
cell volume as the trait and using techniques from evolutionary game theory (Geritz
et al. 1998). They derived the evolutionarily stable cell sizes of marine and freshwater
diatoms under different scenarios of nutrient limitation. Jiang et al. (2005) presented
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and investigated an evolutionary nutrient—phytoplankton—-zooplankton model, predict-
ing that phytoplankton have a tendency to evolve to small cell size and increasing
nutrient flux tends to increase phytoplankton cell size. Recently, Pu et al. (2017) ana-
lyzed the relations between species richness and environmental productivity, by using
the evolutionary nutrient—phytoplankton—zooplankton model, and their results showed
that the coevolution of plankton can lead to the unimodal and positive relationships of
productivity—richness.

Marine populations are inevitably disturbed by a variety of unpredictable factors,
such as light, water temperature, acidity, wind and many other physical factors (Yu
et al. 2018), and these factors also play important roles in the evolution of phenotypic
traits by affecting the natural selection process (Dieckmann and Law 1996). Hence, the
influence of environmental stochasticity in marine ecosystem cannot be ignored, and
instead of the deterministic models with constant environment, stochastic models are
more realistic in describing the population dynamics as well as the adaptive dynamics
of a marine ecosystem. Many stochastic models have been built to reveal the signifi-
cance of environmental stochasticity (Zhao et al. 2016; Melbourne and Hastings 2008;
White et al. 2014; Zhao et al. 2017; Bandyopadhyay et al. 2008; Zhao et al. 2020;
Ripa and Dieckmann 2013; Carpenter et al. 2011). For example, Bandyopadhyay et al.
(2008) considered a two-dimensional phytoplankton competitive model, where one
of the phytoplankton species is toxic and the other species is nontoxic, revealing that
environmental fluctuation controls the phytoplankton dynamics in competition. Zhao
et al. (2020) proposed a stochastic nutrient—phytoplankton—zooplankton model with
phytoplankton cell size and investigated the interactions between the internal mech-
anism of population and the external environmental factors, suggesting that white
noises and phytoplankton cell sizes could determine the plankton survival and the
model stability. Ripa and Dieckmann (2013) extended the previous classic canoni-
cal adaptive dynamics equation, predicting the change rate of evolutionary heritable
trait on long evolutionary time scales, by calculating the invasion probability of a
beneficial, mutant allele in a monomorphic, large population under the influence of
environmental fluctuations. To achieve a deeper understanding for the population and
adaptive dynamics of plankton species, it is meaningful to further incorporate the
environmental stochasticity into the marine ecosystems.

To sum up, nutrient abundance, grazing and environmental stochasticity could all
significantly affect algal evolution process. Moreover, phosphorus is often a limit-
ing nutrient for algal production in lakes (Wang et al. 2007). Motivated by these
considerations, we devote to investigating whether and how environmental fluctua-
tions, grazing and phosphorus inflow affect algal cell size and species diversity. The
rest of the paper is organized as follows: In Sect. 2, we model a stoichiometry of
phosphorus—algae—zooplankton (PAZ) interactions with environmental fluctuations
and phosphorus recycling in the epilimnion, obtain the threshold that determines
whether the stochastic model will ecologically persist as well as the explicit esti-
mation of the long-term mean persistent level. When only algal species evolve, we
investigate the evolutionary conditions for CSS and evolutionary branching in the pres-
ence/absence of zooplankton in Sects. 3 and 4. In Sect. 5, the adaptive dynamics of
algae—zooplankton coevolution are investigated. Finally, a brief discussion in Sect. 6
concludes the paper.
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Fig. 1 The stratified lake ecosystem for our mathematical modelling. Adapted from Wang et al. (2007)

2 The Stochastic EPAZ Model and Some Fundamental Results

2.1 Model Formulation

Our theoretical model in terms of limiting dissolved mineral phosphorus concentration
P (mgP/m?), algal carbon density A (mgC/m?) and zooplankton carbon density Z
(mgC/m?) in temperate lakes, which are seasonally separated by a thermocline into
two zones, namely epilimnion (the upper well mixed warmer layer) and hypolimnion
(the bottom quiescent colder layer), respectively, see Fig. 1.

We assume that phosphorus in all dead organisms, including algae and zooplankton,
could be recycled immediately and zooplankton could return the excess phosphorus
taken from algae to the nutrient pool. In addition, plankton sinking and water exchange
take place at the interface between epilimnion and hypolimnion. The interactions
between dissolved mineral phosphorus, algae and zooplankton can be described as
follows:

dP(t)
= ePn—P) + 4 Q()A + (Q() = 8g(»)ex. y)AZ
dr ——— ———
P input and exchange P recycling from algal natural loss  p recycling from zooplankton wastes
+ drq(y)Z —pn&x) f(P)AQ(x),
—— — — ——
P recycling from zooplankton natural loss P consumption by algae
dA(z)
=pOf(PA=  c(,NAZ  —sWA-  dA M
dr —_——— ——— —— ——
algal growth grazing by zooplankton sinking mortality and respiration
—_—
nature loss
dZ(t)
= dc(x, AZ — s2(Z — drZ
dr [ —; —— ——
zooplankton growth  sinking loss ~ mortality and respiration

The text below each term of the model explains its biological meaning, and a more
intuitive schematic diagram can be seen in Fig. 2. Parameters with biologically mean-
ingful values/ranges and units are provided in Table 1.
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Fig.2 Schematic diagram for the dissolved mineral phosphorus—algae—zooplankton interactions. The solid
lines represent direct interactions and the dashed lines represent indirect interactions

Despite the fact that the above model takes similar form as the model in Jiang
et al. (2005), the modeling principle of these two models is different. Jiang et al.
(2005) utilized the energy flow principle (Loladze et al. 2000), focusing on the energy
flow through trophic levels. We aim to track the amount of two essential elements,
carbon (C) and phosphorus (P), in each trophic level, based on the element cycling
principle (Loladze et al. 2000). Due to the second law of thermodynamics, the energy
recycled back to the nutrient pool must be dissipated during the heterotrophic bacterial
decomposition process, while chemical elements are conserved. This explains why
only a fraction of nutrient in dead organisms (algae and zooplankton) and zooplankton
wastes could be recycled in Jiang et al. (2005)’s model, while in our model phosphorus
from these two components can be completely recycled. Moreover, Jiang et al. (2005)
assumed a calm, relatively stratified system without considering the physical processes
in water column. We further take the wind-temperature-caused water mixing (over-
night mixing and eddy flow) across the interface between epilimnion and hypolimnion
into account; as a result, the exchange of phosphorus and the sinking of zooplankton
are further incorporated in our model. In the rest of this paper, we will perform a
complete analysis on plankton adaptive evolution processes under the influence of
environmental stochasticity, including how environmental stochasticity affects the
evolutionary trends and outcomes of plankton traits (algal cell size and zooplankton
body size), and the analysis on the stable coexistence of two algal species plus one
zooplankton species and the possibilities of further evolutionary branching.

The wind-temperature-caused water mixing could strongly influence the water
flow exchange rate. Theoretically, we set up this environmental stochasticity as
—e > —e+01B1(1), =s1(x) = —s1(x) +02(x, p1) B2(1), —52(y) = —s2(y, p2) +
a3(y, p2) B3(t), we then obtain the stochastic PAZ model, corresponding to the deter-
ministic model (1):
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dP (1) =[e(Pin — P) + d1 Q(x)A + (Q(x) — 8q(y))c(x, V)AZ + drq(y)Z
—ap(x)PAQ(x)]dr + o1 PdB (1),

dA(1) :[a,u(x)PA —c(x,y)AZ —s51(x)A — dlA]dt + o2(x, p1)AdB; (1),

dZ(1) =[8c(x, y)AZ — 52(y)Z — d2 Z]dt + 03(y, p2) ZdB3(1),

2

where Bi(t), Ba(t), B3(t) are independent standard Brownian motions defined in
a complete probability space (£2, {-Z;};>0, P) with a filtration {.%#,} satisfying the
usual normal conditions, which is right continuous and increasing, while .%( con-
tains all P-null sets. The quantities o1, o2(x, p1), 03(y, p2) denote the intensities of
environmental noise. Taking into account some biological factors, we assume that the
stochastic fluctuations o2 (x, p1) and o3(y, p2) for algae and herbivores, respectively,
depending on both plankton traits x, y and the intensity parameters p;, i = 1,2,
should satisfy the following properties:

1. The environmental fluctuation experienced by algae o»(x, p1) is a continuous,
monotone increasing function with respect to x, due to the fact that algae with a
smaller cell have lower sinking rate and are better able to acquire and effectively
use limiting resources than a larger cell (Raven 1998);

2. The environmental fluctuation experienced by zooplankton o3(y, p2) is a con-
tinuous, monotone decreasing function with respect to y, due to the fact that
zooplankton with a larger body size are more competitive in a resource limiting
environment and could take a more extensive range of algal species, in the absence
of predation from higher trophic levels (Hanazato 1998; Mitchell 1975).

3. o2(x, p1) and o3(y, p2) are monotone increasing functions with respect to their
respective intensity parameters o1 and pp (Zhang et al. 2020). This indicates that
larger intensity parameters result in greater environmental fluctuations, and con-
sequently, in the absence of environmental fluctuations experienced by algae and
zooplankton, we have o3 (x, 0) = 0, 03(y, 0) = 0, respectively.

Based on the above assumptions, we choose the functions o2 (x, p1) and o3 (y, p2) as:

k3 p1
o2(x, p1) = mxz, 03(y, p2) =

502
ke + p2

exp(—k7y), 3)

where k3, ks, ks, ke, c1, k7 are positive constants. Other parameters have the same
meanings as in the corresponding deterministic model (1). Throughout this paper, we
always choose the following parameters for numerical simulation: a; = 0.042; ay =
0.055; az = 0.121; k; = 0.1085; d; = 0.054; b = 0.0038; B; = 0.03; B =
0.00256; k3 = 0.88; kg4 = 15; ko = 0.03815; B3 =11; v=0.92; 6 =0.4; ks =
6; ke = 1; k7 =0.5.

2.2 Fundamental Results on Population Dynamics
In this subsection, we provide notations, definitions and basic properties about model

(2), including the global existence, uniqueness, boundedness of positive solutions, the
extinction and persistence as well as the existence of a unique stationary distribution.
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For the convenience of discussion, we introduce the following notations and defi-
nitions:

¢ = min{p(x1), p(x2)}), ¢ = max{¢(x1), P (x2)}.

For any integrable function f (),
(f) = lim % f(s)yds, (f) 1m sup / f(s)ds, = llm 1nf / f(s)ds,
ot Jo

If in addition f is parametrized by x or x1, x, respectively, we let

LG NNV L UAGITE. ) S IPY
dx ' dxi

(f()) =

Moreover, we denote

en(x, pr)  s1(x0) Q) (y, p2)
o (x) dc(x,y)

A(x,y) =ePip — ; “)

where

o2 (x, p1) a3 (y, p2)

n(x, pl)—sl(x)+d1+ > s Ky, ) =850 +da+ > ©)

are the loss functions of algae and zooplankton, respectively, characterizing their total
loss caused by sinking, mortality and respiration as well as environmental fluctuations.
We now present our main results about the asymptotic dynamics of the stochastic model
(2), and the detailed proofs are presented in appendices.

Theorem 1 Forany given initial value (P(0), A(0), Z(0)) € R3, the stochastic model
(2) has a unique positive solution (P (t), A(t), Z(t)) for all t > 0 almost surely (a.s.).
Moreover, (P(t), A(t), Z(t)) satisfies

limsup[P(t) + Q(x)A(t) + q(y)Z(t)] < o0, a.s.

—00

Theorem 1 can be regarded a corollary from Theorem 7, and the detailed proof of
Theorem 7 can be seen in “Appendix D”. Based on Theorem 1, we have the following
lemma.

Lemma 1 For any given positive initial value (P(0), A(0), Z(0)) € R3, the solution
of model (2) has the properties that

. In P(t) . In A(7) . In Z(t)
lim sup <0, limsup <0, limsup——— <0, as. (6)
t—00 t =00 t t—>00 t
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We then perform the analysis on the persistence and extinction as well as the existence
of a unique ergodic stationary distribution for model (2), which will be used in the
following analysis for adaptive dynamics.

Theorem 2 Assume @ (t) = (P(t), A(t), Z(t)) is the solution of model (2) with any
given initial value @ (0) € Ri. Then, the following conclusions hold.

(1) If P < %, then both algal and zooplankton populations (measured in carbon

content) will go to extinction, a.s. Furthermore, (P) = Pj, a.s.
(2) If % < Py < ”;Z’(ﬁ 1)) + S‘(x)e%f,)(‘)g'(y()y’p 2 then zooplankton population will go
to extinction a.s., the population of algae and the concentration of phosphorus will

be stable in mean a.s., and

n(x, p1)

(P(x)) = i)’

(Ax)) =

P _M> as. ()

1
S100() (e T ()

(3) If P > 'g:i’(fc')) + Sl(x)ggg”y()y 2 then model (2) will be persistent in mean a.s.,
namely

(P(x,y)) >0, (A(x,y)) >0, (Z(x,y)) >0, a.s.

The proof of Theorem 2 can be found in “Appendix A”. From Theorem 2, ade-
quate phosphorus in the environment could support the survival of both algal and
zooplankton populations. Less abundant phosphorus may only allow the algal popu-
lation to survive and the extreme lack of phosphorus would wipe out both algal and
zooplankton populations. Note that the condition in Theorem 2 (1) can be converted
into M > au(x) P — s1(x) — d. This indicates that large noises are devastat-
ing to both algal and zooplankton populations; in other words, the ability for either
algal or zooplankton population to adapt to the external environmental fluctuations is
limited. Theorems 2 (2) and (3) introduce the situations when the noises are not too
large. Also, the condition in Theorem 2 (3) can be converted into A(x, y) > 0. Then,
A(x, y) is the threshold that determines the persistence and extinction of zooplankton:
when A(x, y) > 0, the zooplankton population will be persistent in mean, while when
A(x,y) < 0, zooplankton population will eventually die out.

Theorem 2 is verified in Fig. 3. Let p; = 75, by calculation Py, — % =
—0.0023 < 0, then both algae and zooplankton go extinct a.s., see Fig. 3b. When
p1 = 0.5, p» = 12, by calculation we have 0.217 = L&P0 — p = (.74 < 20 4

o (x) ap(x)
%}?Kygym = 0.7697, then as shown in Fig. 3¢ the zooplankton population goes

extinct a.s., the algae population and the phosphorus concentration are stable in mean
a.s. Moreover, we choose p; = 0.1, po = 0.002, then A(x, y) = 0.0262 > 0. In
this situation, the stochastic model (2) will be persistent in mean, see Fig. 3d. Fixing
the value of p; and py in Fig. 3d, respectively, and increasing the other intensity
parameter to 0.3 and 8, it is easy to check out that for these two cases, A(x, y) > 0
always holds. Also, it is clear to see that for both i € {1, 2}, the increasing of p; will
lead to a smaller persistent level for zooplankton and phosphorus, while the persistent
level of algal population will increase, see Fig. 3e, f. Biologically, these observations
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Fig.3 a Time series for the deterministic model (1); b time series for the corresponding stochastic model
(2) when p1 = 75, pp = 0.002; ¢ time series for the stochastic model (2) when p; = 0.5, pp = 12;d
time series for the stochastic model (2) when p; = 0.1, pp = 0.002; e the persistent level for the stochastic
model (2) when p; = 8, po = 0.002; f the persistent level for the stochastic model (2) when p; = 0.1,
p2 = 0.3. Here (P(0), A(0), Z(0)) = (0.5,0.4,0.8), 01 = 0.01, x = 1.197, y = 2.5, Pj, = 0.74 in all
panels. Other parameter values can be found in Table 1

suggest that the presence of environmental fluctuations is adverse to the persistence of
zooplankton, and as a result, algal population could benefit from the decrease of grazing
pressure from zooplankton; meanwhile, the growth of algae population requires more
consumption of dissolved phosphorus.

Theorem 2 gives the sufficient and necessary criteria for the persistence of model
(2), but this could not guarantee that model (2) is stable in mean. To address this issue,
we obtain the following theorem.
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Fig. 4 a Histogram of probability density function for dissolved phosphorus; b histogram of probability
density function for algae; ¢ Histogram of probability density function for zooplankton. Parameters are
same as in Fig. 3d

Theorem 3 Assume that model (2) is persistent in mean a.s., and then, it admits a
unique ergodic stationary distribution w (-), provided that

1
5 max {0 o (x. p1). 03(y, p2)} < minfe, 51(x). 5201} ®)

Moreover, its solution @(t) has the following property:

c(x, Y){Z(x,y)) +n(x, p1)

’ ey

(P(x,y)) = fR3 ¢1m(dgr. dg2, dp3) =
+

apu(x)
(A, ) =/ o (dr, depa, dp) = 2L FD ©
K 5c(x, )
Alx,y)

52(0q() + ecx, ) jap@)

(Z(x,y) = f 37 (de1, dgo, d3) =
5
The proof of Theorem 3 can be found in “Appendix B”, and the predicted dynamics
are verified in Fig. 4.

Remark 1 In our analysis for the stochastic asymptotic behaviors of model (2), the
traits of plankton are considered as a set of certain parameters. This is reasonable
based on the basic assumptions of adaptive dynamics (Geritz et al. 1998).

Remark 2 Theorem 3 shows that model (2) is stable in mean almost surely. Moreover,
the long-term mean persistent level of model (2) estimated in (9) could be approx-
imately treated as the positive stable “stochastic ecological equilibrium” of model

).

We then investigate how environmental fluctuations, the concentration of dissolved
phosphorus and zooplankton grazing affect algal evolution, and whether one algal
species with an ancestral trait can gradually evolve to two species with different traits
(Meng et al. 2015; Pu et al. 2017), by deriving and analyzing the invasion fitness of a
rare mutant algal species. We start our investigation with a special case in the absence
of zooplankton grazing.
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3 Adaptive Dynamics in Stochastic EPA Model

In the absence of zooplankton grazing, the stochastic phosphorus—algae interaction
dynamics can be described as follows:

dP (1) =[e(Pin — P) + d1 Q(x)A — ap(x) PAQ(x)]dt + o1 PdB1 (1),

dA(1) =[apn(x)PA — s1(x)A — diA]dt + o2(x, p1)AdB (1), (19)
where the parameters have the same meanings as in model (2). From the analysis of
Theorems 2 and 3, when P, > ";Z’(’; ')) and inequality (8) holds, model (10) is stable
in mean, and the value of the stochastic ecological equilibrium is given in (7).

We assume that the mutation is of small effect, such that when mutant algal species
Amut appear in the resident stochastic model (10), their trait xmy is ecologically close
to the resident trait x, and the per capita growth rate of mutant algae is also similar to
that of residents (Ripa and Dieckmann 2013). That is

dAmu (1) = [aﬂ(xmut)PAmut — 51 (Xmut) Amut — dlAmut]dt + 02 (*mut, £1) Amud B2 (7).
(1D

In order to investigate the evolution of algal cell size, we first define the fitness function.
Throughout this paper, we choose the fitness to be the long-term mean fitness, i.e.,
the long-term mean exponential growth rate of the mutant. Applying the 1t6 formula
(Mao 2006) to (11), integrating from O to ¢ and dividing by ¢ on both sides leads to

1 1 Amut(l) ( )1 /t ( ) ( ) 1 /[ ( ) ( )
N —==0o0ux — Psds—nx , P + - o02(X , P dBs(s).
: t(O) mut P mut, 1 P 2 Xmut, O1 2

We also assume the mutants appear at a low density, such that it does not perturb the
concentration of phosphorus at the stochastic ecological equilibrium. Then, by using
the strong law of large numbers for martingales (Mao et al. 2002), the invasion fitness
of the mutant algae can be described as follows:
. InApy(?)
Fi(x, ) 1= lim =522 = o (o) (P () = 1 1), (12)

(0.¢]

where Fj(x,x) = 0, (P(x)) is the stochastic ecological equilibrium concentration
of dissolved phosphorus, which is given in (7). Note that the value of Fj(x, xmut) is
determined by the maximum production rate of mutants, the mean persistent level of
the phosphorus concentration in model (10), as well as the total loss rate of mutants.
The sign of Fi(x, xmy) determines the fate of mutant algae: if Fj(x, xmu) > 0, then
the population density of the mutants will initially increase, i.e., mutant algae can
invade; otherwise, they cannot invade and are doomed to go extinct. When successive
invasions and replacements can occur, algae evolve to larger cell sizes if the fitness
gradient

dF1(x, Xmu , ,
Dy () = 2ELE: ) = ap/ () (P () — 1/ (x. p1) (13)

0Xmut Xmut=x
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dn(Xmut, p1)

dxmut

is positive, where n'(x, p1) = . On the contrary, when D1 (x) is

negative, algae will evolve to smaller cell siz:acrsn.ul !

Particularly, according to Dieckmann and Law’s work in (Dieckmann and Law
1996), if mutations are rare and sufficiently small, then the step-by-step evolution can
be approximately described by the canonical equation as follows:

d 1
= SUEHAM) DI (), (14)

where time t spans the longer evolutionary timescale. The parameter v, is the proba-
bility of individual mutation, which is born in resident algal population and & f is the
variance of mutation distribution of phenotypic effect of mutations, both of which are
assumed to be trait-irrespective. The quantity (A (x)) is the algal population density at
the stochastic ecological equilibrium. The quantity %vxéf(A(x)) is the evolutionary
rate of the population and % means that half of the population are disadvantageous
and are doomed to extinction (Dieckmann et al. 1995). Model (10) together with (14)
is called the stochastic evolutionary—phosphorus—algae (EPA) model.

Repeated invasions and substitutions result in directional evolution until the pop-
ulation reaches an evolutionary singularity x*, where directional evolution vanishes,
ie.,

Di(x™) = ap/(x)(P(x™)) —n'(x*, p1) = 0. 15)

There are two evolutionary possibilities at x*: the population of resident algae can
allow for evolutionary branching or the evolution would come to a halt. Whether the
resident algae can undergo an evolutionary branching depends on its convergence
stability and evolutionary stability at x*. Before the analysis of these two stabilities,
we first determine the range of x*. Combining Eqgs. (15) and (7) leads to

(P(x*)) = n(x*,,zl) _n (x/*,,il). 16)
o (x*) o/ (x*)

Moreover, from the expression of (P (x)) in (7) we have

oy O(P(x)) wx)n' (x*, p1) — ' (x*)nx*, pr)
(PO = 9x L ap?(x*) -

X=X

0. (17)

According to the expression of n(x, p1) in (5), o2(x, p1) in (3), as well as s1(x) in

2
Table 1, n(x, p1) is polynomial in x with n’(x, p1) > Oand n”(x, p1) = (ind(x+¢71) > 0,

which together with (16) leads to u'(x*) > 0. Then, by the expression of (x) in
Table 1, we can compute that x* € (0, v/az/a1).

The evolutionary stability can be estimated by calculating the second partial deriva-
tive of the invasion fitness with respect to mutant trait xp,,; and evaluating at x*, and the
convergence stability can be determined by the first derivative of the fitness gradient at
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x* (Geritz et al. 1998; Rossa et al. 2015; Dercole et al. 2016). Since x* € (0, \/a3z/ay),
then by simple calculation u” (x*) < 0 and the following inequality holds,

8> Fi (x, Xmut) dD1 (x) .
T = = W) EEY = 0", o) < 0.
a')lelt Xmut=x"* dx x=x*

(18)

This implies that once the evolutionary singularity x* exists, it is both convergence
stable and evolutionary stable, i.e., x* is a CSS (Christiansen 1991; Eshel 1983), and
the evolution would cease there. According to (15), (17) and (18), we can conclude
that, in the absence of zooplankton, algae always evolve toward their fitness maximum,
and the long-time mean persistent level of phosphorus concentration approaches its
minimum as algal cell size approaches x*. Furthermore, since x* < /a3 /a; (where
w'(x*) > 0), this raises an interesting question why algal evolution does not cease
at the optimal size /a3/a; (where i/ (y/az/a;) = 0), but instead decreases further,
under the influence of environmental fluctuations. One reasonable explanation is that
the fitness advantage brought by a high growth rate and a small noise intensity is not
enough to offset the fitness disadvantage afforded by a relatively high sinking rate at
the optimal size. The deterministic model also shows a similar phenomenon (Jiang
et al. 2005).

We then prove the evolutionary singular strategy x* is unique. From the above
analysis, we only need to prove (P(x))’ = 0 has only one solution in (0, \/a3/aj).
From (7),

;o pOn' (o) = W Onx, p)  fax)
ey = PIES TR

(19)

where fi(x) = pn()n'(x, p1) — W' (nx, p) and fi(x) = p)n"(x, p1) —
w(x)n(x, p). Since n”(x, p1) > 0 and when x < /az/a;, W' (x) < 0, then
fi(x) > 0. It has at most one x* € (0,+/as/ar) such that f3(x*) = 0, ie.,
(P(x*))" = 0. Thus, once the evolutionary singularity x* exists, it is unique.

We then investigate the effect of environmental fluctuation on algal cell size. Con-
sidering x* as a function of p1, by the implicit function theorem, we have

3D (x*
dx* o
dor  _ oD
dp; _317
By (18), —aDalx—(f*) > (. Therefore, the sign of gi; is completely determined by the

sign of aDa'—/ff*). By simple calculation,

aD (x*) 123 ( az — ax? B 2) 0 ( o1 )2
dp1 3 2(a1x*2 4 arx* + a3) dp1 \ ks + p1

2 %3 as _a]x*2 kapi
= k3x — 2
2(a1x*2 + axx* + az) (ks + p1)3
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Fig.5 aPairwise invasibility plots (PIP) when P, = 0.74, p1 = 0.01; b bifurcation diagrams for stochastic
fluctuation experienced by algae when Pj, = 0.74; ¢ Bifurcation diagrams for dissolved phosphorus input
when p = 0.01. In a, the fitness of the mutant is negative in the white regions, while in the blue shaded
regions, the fitness of the mutant is positive. Point C7 is a CSS. In b and ¢, the black solid lines indicate
the CSS, the arrows indicate directions of the evolutionary changes of algal cell size, the orange shaded
area represents the DensityPlot of algal carbon density in the feasible region, where the stochastic model
(10) is persistent in mean for different algal sizes, and the lighter the area, the higher the algal density. Here
o1 = 0.01 in all panels. Other parameter values are listed in Table 1 (Colour figure online)

Then, % < 0. Moreover, from (13), it is obvious that the phosphorus input rate

P;, does not influence the value of Dj(x), i.e., 31;;(;*) = (, then (‘li"T* =0.As a
summary, we have the following theorem.

Theorem 4 Once the evolutionary singularity x* exists, it is unique and must be a
CSS. Moreover, x* € (0, /az/ay) and the value of x* always decreases with respect
to p1, but has no response to the changing phosphorus input Py,

Theorem 4 is illustrated in Fig. 5. Figure 5a is the ‘pairwise invasibility plot’ (PIP),
which is a graph of the sign of the fitness F(x, xpyt). The fitness of mutant is positive
in the blue regions marked by ‘+’, and negative in the white regions. In Fig. 5a, the
vertical line through the singularity x* lies completely in the region in which the
fitness of mutant is negative; this implies that point C; is an ESS (evolutionary stable
strategy). There is a ‘+” above the diagonal on the left, and below the diagonal on the
right of point C1, then point C; is also convergence stable. Hence, point C is a CSS.
Figure 5b, ¢ are bifurcation diagrams for stochastic fluctuation and nutrient input in
model (10). Fixing Py, = 0.74, it is obvious that there is a decreasing trend of x* with
the increase of pj, see Fig. 5b. Fixing p; = 0.01, the increasing nutrient input has no
influence on algal cell size in the absent of zooplankton, see Fig. 5c. Moreover, all
lines in Fig. 5b, c are black, which implies that all evolutionary singularities are CSSs,
i.e., evolutionary branching will never occur when zooplankton are absent, no matter
how large the noise intensity and phosphorus input are. This confirms the competitive
exclusion principle (Hardin and G. 1960) in both deterministic (p; = 0) and stochastic
models, from the perspective of adaptive dynamics.

From the above analysis, we observe that without zooplankton, when mutate algal
population is small, they either cannot invade and go extinct, or out-compete the
resident algae and become the new residents after successful invasion (Geritz 2005;
Diekmann et al. 2005; Dercole and Rinaldi 2008; Dercole and Geritz 2015). There must
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be a winner and a loser in this repeated competitive game between the resident and the
mutant algal species, i.e., the coexistence of two algal species with different cell sizes
would be impossible, though environmental fluctuations will lead to different values
of fitness and drive algal evolution toward smaller cell sizes. In other words, without
the existence of zooplankton, environmental stochasticity may not have significant
influence on the outcomes of algal evolution.

4 Adaptive Dynamics of the Stochastic EPAZ Model with Fixed
Zooplankton Body Size

From the analysis in Sect. 3, we know that, in the absence of zooplankton, environ-
mental stochasticity will drive algal evolution toward smaller cell, but it does not have
significant influence on the outcomes of algal evolution. In this section, we investigate
whether environmental stochasticity can cause different evolutionary trends and con-
sequences in algal cell size, in the presence of zooplankton. Assume that zooplankton
have a fixed body size h and h < #, where 6 and v are the parameters in the function
of zooplankton ingestion rate in Table 1, and 6 is a constant that defines zooplankton
selectivity, v is a constant depicting how rapidly the ingestion rate deviates from its
preferred algal size 6/ (Pu et al. 2017). Then, the stochastic PAZ model (2) becomes

dP(t) =[e(Pin — P) + d1 Q(x)A + (Q(x) — 8q(h))c(x, h)AZ + drg(h) Z
—apn(x)PAQ(x)]dt + o1 PdB (1),

dA(t) =[apn(x)PA — c(x, h)AZ — s1(x)A — d1 A]dt + 02 (x, p1) Ad By (1),

dZ(t) =[8c(x, h)AZ — s2(h)Z — d»r Z]dt + 03(h, p2) ZdB3(2).

(20)

According to Theorem 3, model (20) has a positive stable stochastic ecological equi-
librium, provided that inequality (8) holds and A(x, &) > 0. Moreover, the population
densities of plankton and the concentration of phosphorus at the equilibrium are:

c(x, h)(Z(x, h)) +n(x, p1)

(P(x, ) = IS ,
kh )

(A = S22, @1)

(Z(x, b)) = M, k)

s2(h)q(h) + ec(x, h) fop(x)”

We next explore the evolution of algal cell size by applying the adaptive dynamics
theory.

4.1 Monomorphic Evolutionary Dynamics
Similar to the derivation of (12), when rare mutant algal A, with a slightly different

trait xmy; appears in the resident model (20) at a low density, the invasion fitness can
be described as:
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F2(x, Xmut) = ot (Xmue) (P (x, 7)) — ¢(Xmue, R)(Z(x, h)) — n(Xmut, p1), - (22)

where F>(x, x) = 0, the value of (P(x, h)) and (Z(x, h)) can be seen in (21). Intu-
itively, the effects of environmental stochasticity on mutant fitness are related to the
sensitivity of zooplankton population and phosphorus concentration to environmental
fluctuations as well as the noise caused algal loss rate.

The sign of F,(x, xmy) determines the fate of mutant algae, and the direction of
evolution is determined by the sign of fitness gradient D;(x), by simple calculation,

Dy(x) = 2Bt | — o () (P(x, b)) — €', I)(Z(x, ) = 1'%, o).

(23)

Since mutations are rare and sufficiently small, then similar to (14), the step-by-step
evolution is approximately described as follows:

& DA ) D), (24)
T 2

where parameters in (24) have the same meaning as in (14). Model (20) together with
(24) is called the stochastic evolutionary—phosphorus—algae—zooplankton (EPAZ)

model.
If there exists a trait x* satisfying

Dy(x*) = ap' () (P(x*, h)) — ' (", W(Z(x™, ) —n'(x*, p1) =0, (25)

then x* is called the evolutionary singular strategy and directional selection will cease
there. Whether the directional evolution could approach x* depends on the convergence
stability of x*, that is, attractor or repellor. If x* is convergence stable, then whether
the evolution will come to a halt or continue with branching is determined by the
evolutionary stability of x*. We next explore these two properties of x* and define
hi(x) = Cc/((;;}:)) (;)) Lho(x) = };((’;”};1))))// g(& ’;l)», ; then, we obtain the main results
in the following theorem and the proof can be found in “Appendix C”.

Theorem 5 If hy(x*) < ho(x™), then the evolutionary singularity x* of model (24) is
a repellor. Otherwise, x* is either a CSS when hy(x*) < min{h(x™), 2h|(x™)}, or an
evolutionary branching point when 0 > h{(x*) > hy(x*) > 2h(x™). In this situation,
x* is convergence stable but lacks evolutionary stability, and the algal population will
evolve to two species with different cell sizes.

More details about Theorem 5 are listed in Table 2.

The evolution of a monomorphic algal population can also be analyzed graphically
by means of PIPs, see Fig. 6.

When p; = 0, there only exists one evolutionary singularity and x* =~ 1.195,
see Fig. 6a. By calculation, h1(x*) ~ —0.5658 and hy(x*) ~ —0.8285, satisfying
hi(x™) > ho(x™) > 2h1(x™); this implies that B is an evolutionary branching point.
Similarly, when p; = 0.47, points B, B3 in Fig. 6b, and when p; = 0.68, point By
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Table 2 Evolutionary properties of x*

hy(x*) = 0 [ha (x*)| < |1 (x™)] [h1 ()] < [ho ()| > 2[h1 (™))
(hp(x*) < 0) lho (x¥)| < (ha(x*) < 0)
2y ()]
(h2 (x*) < 0)
hi(x*) >0 CSS orRepellor CSS CSS CSS
h1(x*) <0 Repellor Repellor Branching point  CSS

@ | ~ (b)

Xmut
Xmut

116 117 118 119 120 121 122

Xmut

0.82

0.80L; . . . . . h s
0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94

X X

Fig.6 a Pairwise invasibility plots when p; = 0; b pairwise invasibility plots when p; = 0.47; ¢ pairwise
invasibility plots when p; = 0.68; d pairwise invasibility plots when p; = 0.9. Here P;; = 0.74 and
h = 2.5 in all panels. In the white regions, the fitness of the mutant is negative, while in the blue shaded
regions, the fitness of the mutants is positive. Points K7, C3 are CSSs, points Ry, Ry are repellors, points
B1, By, B3 are evolutionary branching points. Other parameter values are listed in Table 1 (Colour figure
online)
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Fig.7 a Bifurcation diagrams for stochastic fluctuation experienced by algae when P, = 0.7, 0.74, 0.813,
respectively; b bifurcation diagrams for phosphorus input level when p1 = 0, 2, 3.5, 5.9, respectively. Here
red solid lines indicate the evolutionary branching point, dashed red lines indicate the repellor, black solid
lines indicate the CSS (Colour figure online)

in Fig. 6c is all evolutionary branching points. At these points, the algal population
will evolve to two species with different cell sizes. Moreover, we can show that when
p1 = 0.9, point K7 in Fig. 6¢ and point C3 in Fig. 6d are both CSSs. In this situation,
algal cell size will evolve to this evolutionary singularity and cease there, that is, they
are the endpoints of the evolution process. Point R; in Fig. 6b and point R in Fig. 6¢
are repellors.

We then investigate the effects of environmental fluctuation and phosphorus input
level on algal cell size, in the presence of zooplankton. We obtain the theorem below.

Theorem 6 The value of evolutionary singularity x* at CSS or evolutionary branching
point decreases with respect to py, i.e., environmental fluctuations drive algal evolution
toward smaller cell sizes. Moreover, the value of x* at CSS or evolutionary branching
point increases with respect to the phosphorus input rate Pi, providedthat h1(x*) < 0.
While x* is decreasing in Pi, as long as hy(x*) > 0.

The proof of Theorem 6 can be found in “Appendix C”.

The dynamics of algal evolution as predicted by Theorem 6 are verified in Fig. 7. In
panel (a), algal cell size shows an obvious decreasing trend with the increase of p; in
different phosphorus levels. In panel (b), when x* € (0.5, 1.6), h1(x*) < 0, and algal
cell size increases significantly with the increase of Py, under the influence of different
environmental noise intensities. In what follows, we will provide a more detailed
illustration about the effects of phosphorus input level as well as the environmental
fluctuation on algal evolution. We elaborate our results mainly from the following
aspects: the number of evolutionary singularities, the evolutionary trend, as well as
the evolutionary outcomes of algal cell size.

For the effects of phosphorus inflows, we have the following conclusions:
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ey

(@)

3)

The increasing phosphorus inflow would drive algal evolution toward larger cell
sizes with or without environmental fluctuation experienced by algae, provided
that 21 (x*) < 0, see Fig. 7b.

In the absence of environmental fluctuation experienced by algae, a moderate
phosphorus inflow, namely P, € [0.734,0.812], allows for the occurrence of
evolutionary branching, i.e., the emergence of new algal species. We called the
values of the endpoints of the interval as two phosphorus thresholds (left and
right) at which the evolutionary stability of x* will be altered. Oligotrophication
(Pin < 0.734) or eutrophication (P, > 0.812) will induce CSS, see /1 in Fig. 7b.
The increasing of environmental fluctuation experienced by algae will increase
both the left and right phosphorus thresholds; meanwhile, the range of phosphorus
inflow that allows for evolutionary branching narrows, see /> and /3 in Fig. 7b.
This implies that under the influence of environmental stochasticity (p; < 5.9),
the emergence of new algal species requires the support of more phosphorus and
is less likely to occur. If the environmental noise is extremely large (o1 > 5.9),
evolutionary branching will never occur, see /4 in Fig. 7b.

For the environmental fluctuation experienced by algae, we have the following

conclusions:

(1

2

3)

Environmental fluctuation could drive algal evolution toward smaller cell sizes,
and with a moderate phosphorus inflow, the decreasing trend is more significant,
see Fig. 7a.

From Fig. 7b we can see that, for a fixed Pj, in the eutrophication environment, x*
is always a CSS in the absence of environmental fluctuation. While the existence of
environmental fluctuation (p; < 5.9) could lead to the emergence of evolutionary
branching, which is illustrated by the curve /3 in Fig. 7a. Then, we conclude
that small environmental fluctuation is conducive to the formation of new algal
species in the eutrophication environment. Small environmental fluctuation also
allows for the occurrence of evolutionary branching in a moderate phosphorus
environment, see /, in Fig. 7a. From I, evolutionary branching will occur when
p1 < pi ~ 0.726, and the evolutionary stability of x* will be altered due to CSS,
once environmental noise intensity goes beyond pf, which is verified in Fig. 6.
In an oligotrophic environment, evolutionary branching never occurs, see /1 in
Fig. 7a.

From Fig. 6, we observe that, for a fixed moderate phosphorus inflow, a moderate
environmental fluctuation could lead to multiple evolutionary singularities, which
can be clearly seen from the curve /> in Fig. 7a. From I, when p; € (0.4, pf),
there will be three evolutionary singularities, namely two evolutionary branching
points and one repellor when p; € (0.4, 0.5), one evolutionary branching point,
one repellor and one CSS when p; € (0.5, p). When the noise intensity is large
(p1 > pik), extremely small (p; < 0.4) or zero, x* is unique. Moreover, in an
oligotrophic environment, x* is always unique, see /; in Fig. 7a.

As a summary, both the environmental fluctuation and the phosphorus input could

significantly affect the adaptive dynamics of model (20). The existence of envi-
ronmental fluctuation may increase the biodiversity of algae in relatively eutrophic
environments and decrease it in relatively oligotrophic environments. Moreover, small
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environmental fluctuation and moderate phosphorus inflow are beneficial to algal pop-
ulation diversity and consequently the sustainable development of lake ecosystem,
while large noise and extreme phosphorus inflow have adverse effects.

Remark 3 Comparing the adaptive analysis of model (10) and model (20), we know
that only in the presence of zooplankton population can environmental fluctuations and
phosphorus input levels significantly affect the trends and outcomes of algal evolution.
This implies that grazing pressure from zooplankton enhances algal biodiversity.

4.2 Dimorphic Evolutionary Analysis

By the analysis in Sect. 4.1, we can see that proper stochastic fluctuations and phos-
phorus inflow could lead to an evolutionary branching, which induces a dimorphic
algal species with two different cell sizes, namely x| and x;, respectively, from the
initially monomorphic algal species with trait x. The stochastic PAZ model with two
different algal species and fixed zooplankton body size can be described as follows:

2 2
dP(1) ={€(Pin —P)+ Y diQ0)A; + Y (Qxi) = 8q()c(xi, WA Z + dag(h)Z

i=1 i=1

2
— Y au(i)PA; Q(xi)]df +01PdBI (1),
i=l (26)
dA1 (1) =[ap(x1)PA| — c(x1, D ALZ — s1(x1) A1 — d1A1]dr 4+ 02(x1, p1) A1dBa (1),
dAx(1) =[apu(x2) PAy — c(x2, ) A2 Z — s1(x2) Az — d1 A2 ]dr 4 02(x2, p1) A2d B3 (1),
2
dZ() = |:Z Sc(xi, h)AiZ — s2(h)Z — dZZi| dt + 03(h, p2) ZdB4(t).

i=1

For model (26), we provide the following assumptions and theorems.
Assumption1 A(x;,h) > 0,i = 1,2.

Assumption 2 %max{af, 53,07} < min{e, §1, 52},

Assumption 3 min{x, x2} < x < max{xy, xa}.
Here, the notations " and ~ stand for the minimum and maximum value, respectively,
and the detailed expressions can be seen from Page 7.

Theorem 7 For any given initial value (P (0), A1(0), A2(0), Z(0)) € R, model (26)
has a unique positive solution ¥ (t) = (P(t), A1(t), Ax(t), Z(¢)) forall t > 0 almost
surely. Moreover, the solution satisfies

2
lim sup |:P(t) + Y 0GDAIM) + q(h)Z(t):| < 0, a.s.

—00 .
i=1

Theorem 8 For any given initial value ¥ (0) € R%, model (26) is stable in mean a.s.,
provided that Assumptions 1-3 hold. Moreover, the unique mean persistent level can
be estimated in (D.82).
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Fig. 8 a Time series for the stochastic model (26) when p; = 0; b time series for the stochastic model
(26) when p; = 0.1; here x; = 1.54, xo = 0.788, A1(0) = 0.4, A>(0) = 0.02 in all panels, and other
parameter values are same as in Fig. 3d

The proofs of Theorems 7 and 8 can be found in “Appendix D”. Theorem 8 is verified
by numerical simulations in Fig. 8.

Remark 4 From the proof of Theorem 8, we know that Assumptions 1-2 guarantee
that at least one algal species could persist in model (26). If one of the algal species
dies out, model (26) will ultimately degenerate to model (20). Assumption 3 ensures
the stable coexistence of the two algal species. It reveals that if two algal species
could coexist in model (26), the cell size x; of one algal species must larger than the
original algal size x in model (20), while the other algal cell size is smaller than x.
This implies that after the original algal species splits into two species at trait x, one
of the new emerging algal species evolves in the direction of cell enlargement, while
the other species evolves in the opposite direction. This can also be seen intuitively in
the following simulated evolutionary tree, see Fig. 9 (c1)—(c3).

Next, we consider the existence of secondary branching on a much longer evolu-
tionary time scale, i.e., whether evolution could lead to further evolutionary branching
of an evolutionary tree or evolutionary stable coexistence for these two algal popula-
tions (Hui et al. 2018). We further assume the mutant either arises from algal species
A or from algal species Aj, but not both at a time. Similar to the above analysis,
when rare mutant algae Ay with trait xmy, which is slightly different from x; and
X7, appears in the resident stochastic model (26) at a low density, the invasion fitness
is given by

F3(x1, X2, Xmut) = @ Xmu) (P (X1, x2)) — ¢(mue, M)(Z(x1, x2)) — 1(Xmut> 1),
(27)

where (P (x1, x2)) and (Z(x1, x2)) are given in (D.82), which are, respectively, the
phosphorus concentration and zooplankton population density at the stochastic eco-
logical equilibrium of model (26). Obviously, F3(x1, x2,x;) = 0, i = 1,2. The
directions of evolution are governed by the fitness gradients, which are given by:
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9 F3(x1, X2, Xmut)
D31 (x1,x2) = B —— = o (x){P(x1, x2)) — ' (x1, W){Z(x1, x2))
Xmut Xmut=X1
’
—n (x1, p1),
! (28)
dF3(x1, X2, Xmut) ’
D33 (x1, x2) = e = ap (x2)(P(x1, x2))
Xmut Xmut =X2

— ' (x2, W){(Z(x1, x2)) — ' (x2, p1).

Since the mutations are rare and small, then based on the results in (Dieckmann
and Law 1996), the step-by-step coevolutionary dynamics of traits x; and x2 can be
approximately described as follows:

dx1 1

T = VnEL (A1 00, x2) D3 (x1, x2) =i (e, 62) D3 (x1, x2),

dxfz 1 (29)
T = 5 Vefn (A, 1)) Da(x, x2) = ma(x1, 1) Da(x1, X),

where vy, and v,, are, respectively, the probabilities of individual mutation, which is
born in resident algal species A; and Aj. & 31 and & 32 are, respectively, the variance
of mutation distribution of phenotypic effect of algal species Aj and As. (A1(x1, x2))
and (A>(x1, x2)) are, respectively, the population densities of algae species A| and Aj
at the stochastic ecological equilibrium, and the estimated values are given in (D.82).
D31 (x1, x2) and D3y (x1, x2) are fitness gradients described as in (28). If there exists
a pair of traits (x}, x3) at which fitness gradients vanish, i.e.,

{ ap (AP O, x3)) — ¢ (xf, (Z(x], x3)) —n'(x], p1) = 0, (30)

ap () (P (T, x3)) — (x5, (Z(x], x3)) —n'(x3, p1) = 0,

then (x, xJ) is called an “evolutionary singular dimorphism”. By investigating the
convergence stability and the evolutionary stability of (x{', x7), we have the following
theorem with the detailed proof presented in “Appendix E”.

Theorem 9 The two algal species with different cell sizes will reach an evolutionary
stable coexistence after first evolutionary branching, i.e., the evolutionary singular
dimorphism (x}, x3) is a CSS, provided that hy; (xT, x3) > 0 hold for both i € {1, 2}.
While (x{, x5) is arepellor if there exists at least one i € {1, 2}, such that hy; (x{, x3) <
0. Here, hi(x1, x2) = apu(x;) (P (x1, x2))y, — c(xi, (Z(x1, x2))5,, i = 1,2.
Remark 5 From the proof Theorem 9, we know that with the existence of zooplank-
ton, after the first evolutionary branching, once there exists an evolutionary singular
dimorphism (x}, x3) which is convergence stable, it must also be evolutionarily sta-
ble, i.e., CSS. This suggests a final endpoint of the evolution, and two algal species
with different cell sizes will reach an evolutionary stable coexistence under proper
environmental fluctuations.

The expected courses of evolution in Theorem 9 are illustrated in Fig. 9. Figure 9
characterizes the coevolution process of two algal species with moderate phosphorus
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Fig. 9 al-a4 The trait coevolution of two algal species when p = 0, 0.47, 0.68, 0.9, respectively; b1-b4
are fitness landscapes when p = 0,0.47,0.68, 0.9, respectively; cl1-c4 are the long-term evolutionary
dynamics from x(0) = 0.8 and x(0) = 1.3 when p = 0, 0.47, 0.68, 0.9, respectively. Other parameters
are same as in Fig. 6. In al-a4, the shaded areas indicate protected dimorphism, which are separated
by stable (black) and unstable (red) isoclines at which selection gradient vanishes in either x{-direction
(solid) or x;-direction (dashed). Arrows on the main diagonal show the evolutionary directions of x in a
monomorphic environment. The vector fields denote the directions of evolutionary change of traits x; and
x7 in a dimorphic environment. Points By, B1a, By, B2, B4y, B4y denote evolutionary stable singular
coalitions from the initial branching points B, B> (B3) and By, respectively, which are shown in Fig. 6.
Repellors Ry, Ry, CSSs K7, C3 can also be seen in Fig. 6 (Colour figure online)
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inflow (P, = 0.74), following the evolution process of a single algal population
illustrated in Fig. 6.

ey

2

3)

“4)

And the illustration is divided into four cases.

When p; = 0, according to Fig. 6a, the evolutionary singularity x* ~ 1.195
is a unique evolutionary branching point (B1). In this situation, algal population
with any initial cell size will first evolve to this point and evolutionary branching
will occur here. Consequently, the original algal population becomes two algal
species with different cell sizes, and then, the evolution continues to proceed
towards xf‘ ~ (.7881, x; ~ 1.544, respectively, see Fig. 9al. By calculation,
hoy (xf, x3) ~ 0.1972 > 0, ha(x], x3) ~ 0.1627 > 0, according to Theorem 9,
the evolutionary singular dimorphism (x{, x7) is a CSS, which implies that no
further evolutionary branching will occur and a final evolutionary endpoint has
been reached. Visually from Fig. 9al, both By; and Bj; are convergence stable
and are the intersection points of black solid line and the black dashed line. This is
verified in Fig. 9b1, which plots the fitness landscape and the red dashed straight
line represents F3(xy, X2, Xmue) = 0. From Fig. 9bl, mutant traits near both x7
and xJ are below the red line, which implies that any mutant xy,, near xj or x3
always satisfies F3(x1, x2, Xmut) < 0, so they cannot invade successfully. They
are both CSSs. The above evolution process can be clearly seen by the simulative
evolutionary tree in Fig. 9cl. From Fig. 9c1, a monomorphic algal species with
trait 1.3 or 0.8 will first converge to x* ~ 1.195 where it undergoes evolutionary
branching, and the monomorphic algal population then splits into two different
species. The two algal species continue to evolve until their cell sizes reach xj,
x5, respectively, and then, the two algal populations will stably coexist in a much
longer evolutionary timescale.

When p; = 0.47, from Fig. 6b we can see that there are three evolutionary singu-
larities, two evolutionary branching points B, , B3 and one repellor R at which
the trait is approximately 0.974. Then, the initial algal population with a trait that
is larger than 0.974 will first converge to x* &~ 1.171 (By); otherwise, it will con-
verge to x* &~ 0.912 (B3). After the occurrence of evolutionary branching at B, or
B3, the monomorphic algal population then splits into two different species. The
two species continue to evolve until they reach the evolutionary stable coalition
with x}" 2 0.7899, x5 &~ 1.535, see Fig. 9a2—c2.

When p; = 0.68, there also exists three evolutionary singularities, see Fig. 6c.
Unlike the second case, the three evolutionary singularities are, respectively, one
evolutionary branching point B4, one CSS K7 and one repellor R, at which the trait
is approximately 1.045. Then, the initial algal population with a trait that is smaller
than 1.045 will converge to x* &~ 0.8887 (K7), and the evolution will cease there.
Otherwise it first converges to x* ~ 1.126 (By), at which the monomorphic algal
population will split into two different species. The two species continue to evolve
until they reach the evolutionary stable coalition with x?‘ ~ (0.7916, xi‘ ~ 1.527,
see Fig. 9a3—c3.

When p; = 0.9, as illustrated in Fig. 6d, there only exists a unique CSS. At this
situation, algal population with any initial cell size will all converge to x* ~ 0.8667
(C3) and the evolution will come to a halt, see Fig. 9a4—c4.
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Moreover, noticing from Fig. 9, when evolutionary branching could occur for the
algal population with initial cell size 1.3, the difference between the cell sizes of the
two emerging algal species (the branching width, i.e., the value of |x} —x{|) shrinks as
p1 increases, and the branching will disappear once the noise intensity goes beyond the
threshold p]k. From the above analysis, we know that environmental fluctuation could
not only drive algal evolution toward smaller cell sizes, but also determine the eventual
outcomes of algal evolution. With a moderate phosphorus inflow, small environmental
fluctuations tend to increase the diversity of algal species and meanwhile reduce the
difference between different algal species, while large environmental fluctuations have
an adverse effect on algal diversity.

5 Coevolution of Algae and Zooplankton
5.1 Coevolutionary Dynamics

We then investigate the coevolutionary dynamics of model (2). In model (2), algae
and zooplankton can both evolve with their phenotypic traits, namely algal cell size
and zooplankton body size, respectively. We assume there is either a mutant algae or
a mutant zooplankton, but not both simultaneously. Then, when a mutant algae with
a slightly different trait xpy,; enters into the resident community at a low density, the
invasion fitness is given by:

Fa(x, y, Xmut) = @t (Xmu) (P (X, ¥)) — ¢(Xmut, Y{(Z(x, ¥)) — n(Xmut, 1), (31)

where (P (x, y)) and (Z(x, y)) are the concentration of phosphorus and the population
of zooplankton species at the stochastic ecological equilibrium, which are estimated
in equalities (9). It is obvious that if F4(x, y, xpmut) > 0, then the population density
of mutant algae will initially increase, that is to say, the mutant algae can invade.
Similarly, the invasion fitness for a mutant zooplankton with trait ymy is given by:

F5(x,y, ymud) = 8c(x, ymu) (A(x, ¥)) = k (Ymut, £2). (32)

where (A(x, y)) is the stochastic ecological equilibrium population density of algal
species estimated in (9). If F5(x,y, ymut) > O, then the mutant zooplankton can
invade.

Through continuing invasion and substitution, algae and zooplankton will keep
evolving. The directions of their coevolution are determined by the fitness gradients
Dy(x, y) and Ds(x, y), which are given by:

O F4(x, ¥, Xmut)

Dy(x,y) == 5 =ap/ (X)(P(x,y)) — & (x, Y(Z(x, »)) —n'(x, p1),
Xmut Xmut=2X (33)
3Fs5(X, V) Yo ) )
Ds(x,y) = % — 8¢, (x. (A, ) = € (3, p2).
mul Ymut=y
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where ¢ (x,y) = W, chx,y) = %"V’”, K'(y, p2) = %ym) Because the

mutations are rare and small, the step-by-step coevolution dynamics of algal cell size
x and zooplankton body size y can be approximated as Dieckmann and Law (1996):

1
" zvxs)?m(x,y»m(x,y) i= m3(x, y)Da(x, y),
(34)

1
5 = FVE (Z D5 (x, y) = max, y)Ds(x, y),

where vy is the probability of individual mutation which is born in resident zooplankton
population, and & y2 is the variance of phenotypic effect of zooplankton mutations. The
quantities (A(x, y)) and (Z(x, y)) are, respectively, the population densities of algae
and zooplankton at the stochastic ecological equilibrium. The quantities D4(x, y)
and Ds(x, y) are, respectively, fitness gradients as shown in expressions (33). Other
parameters are same as in model (14). Model (34) together with (2) is called the
coevolutionary phosphorus—algae—zooplankton (CEPAZ) model.

If there exists a pair of traits (x*, y*) at which the directional coevolution ceases,
ie.,

Da(x*, y*) = ap/ (xX*)(P(x*, y")) — e, (*, Y WZ(x™, y5) — ' (", p1) = 0,(35)

Ds(x*, y*) = 8¢/, (x™, y)(AW™, y)) — ' (", p2) =0,
then (x*, y*) is called the “coevolutionary singular coalition”. Whether (x*, y*) is con-

vergence stable or not is determined by the Jacobian matrix of evolutionary dynamics
(34) at this point. And the Jacobian matrix J of (34) at (x*, y*) is given by

aD4(x,y) 0D4(x,y)
m3(X*,y*)T m3(x*,y*)Ty
J = . (36)
dDs(x, 0Ds(x,
ma(e®, y) 225D 0 2D50 )
ox 8y x=x*y=y*

The coevolutionary singular coalition is locally convergence stable, provided that the
Jacobian matrix satisfies det(.7) > 0 and tr(J) < 0. Moreover, (x*, y*) is evolution-
ary stable, provided that the following two conditions both hold:

2
TR S| () PG ) - Ly 26 y)

3x2 .. =y
Xmut=X=X
—n"(x* p1) <0, (37
92 Fs(x, ¥, ymut) ,
% .= 56;()6*, YA, y9) — & (7%, pa) < 0. (38)
mut ,me;y=y*

If (x*, y*) is evolutionary stable, then it cannot be invaded by nearby traits. If (x*, y*)
is both evolutionary stable and convergence stable, then it is a CSS. At this situation,
both algae and zooplankton can stably coexist on a long-term timescale of evolution.
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Furthermore, if (x*, y*) is convergence stable, but at least one trait lacks evolutionary
stability and allows for mutual invasibility nearby, then evolutionary branching in the
corresponding species could occur. From (38), we know that whether evolutionary
branching will occur in zooplankton species depends on the shape and relative inten-
sity of the asymmetric capture rate and zooplankton total loss rate; this is consistent
with the analysis in Landi et al. (2013). The stochastic ecological equilibrium popu-
lation density of algae also plays an important role in the occurrence of evolutionary
branching. There are three scenarios at (x*, y*) that allow the occurrence of evolution-
ary branching in zooplankton species. Scenario one is that the capture rate is concave
with respect to y, and the total loss rate of zooplankton is convex or a first-order linear
function. Scenario two is that the capture rate is strongly concave, and the total loss
rate of zooplankton is relatively weakly concave. Scenario three is that the capture rate
is weakly convex and the total loss rate of zooplankton is relatively strongly convex.
Correspondingly, there are also three scenarios at (x*, y*) that evolutionary branch-
ing will not occur in zooplankton species. By analyzing the convergence stability and
evolutionary stability of (x*, y*), we have the following theorem.

Theorem 10 Under the conditions of det([J) > 0 and tr(J) < O, then at the evolu-
tionary singular coalition (x*, y*) of model (34), the following conclusions hold. If
inequalities (37) and (38) are also satisfied, then (x*, y*) is a CSS; otherwise, evolu-
tionary branching in algal species will occur if (37) is not satisfied, and evolutionary
branching in zooplankton species will occur if (38) is not satisfied.

Remark 6 From (38), we can see that the shapes of sinking rate and environmental
fluctuation of zooplankton could determine the diversity of zooplankton. By calcula-
tion, we can prove that the functions we choose in Table 1 are satisfying the scenarios
that y* is always an ESS, more details can be found in “Appendix F”.

Remark 7 The effects of environmental stochasticity on the coevolution process are
mainly reflected in the sensitivity of plankton populations and phosphorus concentra-
tion to environmental fluctuations as well as the plankton loss caused by environmental
fluctuations.

Remark 8 From Theorem 10, evolutionary branching in the algal or zooplankton
species may occur if one of the traits lacks evolutionary stability. If both x* and y* lack
evolutionary stability and they evolve with different speeds, then which species can
undergo evolutionary branching depend on their speed of evolution: the faster one can
undergo branching. Since evolutionary branching in one species generally changes the
frequency-dependent fitness function, the slower evolving trait may no longer be near
a branching point, i.e., they may have missed the opportunity for branching. Also, the
speed of evolution of a species is limited by the trait values and the number of mutants,
which is proportional to the number of residents (Kisdi 1999).

5.2 Evolutionary Stable Coexistence of One Zooplankton and Two Algal Species

From the above analysis, we know that under suitable conditions algal population will
split into two species with different cell sizes x1 and x, respectively. In the following,

@ Springer



Journal of Nonlinear Science (2022) 32:36 Page 29 of 61 36

we will investigate whether the dimorphic algal species can evolutionary stably coexist
with a monomorphic zooplankton species. The population dynamics of two algal and
one zooplankton species is given by:

2 2
dP (1) =[€(Pin = P)+ Y diQCi)A; + Y Q) — 8¢(»)e(xi, A Z
i=1 i=1
2
+drg(NZ =) apu(xi) PA; Q(Xi)]dt +01PdB (1),

i=l 39)
dA; (1) =[ap(x1)PA; — c(x1, ) A1 Z — s1(x1) A1 — di A1 ]dr + o2 (x1, p1)A1dBa(0),

dAx(1) =[ap(x2) PAy — c(x2, y) A2 Z — s1(x2) Ay — dy A2 |d1 + 02 (x2, p1) A2d B3 (1),
2

dz(@) = [Z Se(xi, MAIZ —2(0NZ — dzz} dr +03(y, p2) ZdB4 ().
i=1

From the proof in “Appendix D”, we know that, when i(x,-, y) >0, i =1, 2, model
(39) has a stable stochastic ecological equilibrium ((P(x1, x2, ¥)), (A1(x1, X2, ¥)),
(Aa(x1, x2, ¥)), (Z(x1, X2, ¥))), which is estimated in (D.83).

When rare mutant algae Ay with trait xm,¢, which is slightly different from x; and
X7, appears in the resident stochastic model (39) at a low density, the invasion fitness
is given by:

F6(X1, X2,Y, xmut) = Ofﬂ(xmut)(P(xlv X2, }’)> - C(xmuta y)(Z(x17 X2, )’)) - n(xmuta 101)
(40)

Similarly, when rare mutant algae Z,,; with trait yp,, which is slightly different from
y, appears in the resident stochastic model (39) at a low density, the invasion fitness
is given by:

2

F7(X1, X2, Y, xmut) = Z 5C(xi9 )’mut)(Ai(xlv X2, )’)> - K()’mutv 102) (41)
i=1

By calculation, the fitness gradients Dgj(x1, X2, ¥), De2(x1, x2, y) and D7(x1, x2, )
are given by

0F6(x1, X2, ¥, Xmut)

=au' (x))(P(x1, x2,y))
0Xmut

Xmut=X1

De1(x1,x2,y) :=

— ¢ (e, Y Z (e, x2, 9)) — ' (x1, p1)s
0Fe(x1, X2, Y, Xmut)

= ap/(x2)(P(x1, x2, y))
0Xmut

Kmut=Xx2 (42)
— ¢, (1 YZ(x1, X2, ) — 0 (x2, p1),
2

Z ¢, (xi, ) {Ai(x1, x2, ¥))

Ymut=Yy i=1

—«'(v. p2).

D (x1, x2, ) =

0 Ymut

D7(x1,x2,y) ==
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Because the mutations are rare and small, the step-by-step coevolution dynamics of
traits x1, xo and y can be approximated as Dieckmann and Law (1996):

dx; 1

e vaﬁfl(m(m,m, ) De1(x1, x2, y) := m31(x1, x2, y) De1(x1, X2, ¥),

dxo 1 2

Fi *VXZ‘SXQ(AZ(XD x2, V) De2(x1, X2, ¥) := m3(x1, X2, ) Dea(x1, x2, ), (43)
d

% *vvé (Z(x1,x2,¥))D7(x1, x2, y) := ma(x1, X2, y) D7(x1, X2, ¥).

The evolutionary singularity X* = (x}, x3, y*) of model (43) can be achieved by
letting the right side of (42) to 0. X* is evolutionary stable, provided that the following
three conditions all hold:

3% Fo(x1, X2, ¥, Xmut)

axmut

y=y* = Ot/i//(x]kﬂp(xik,x;,y*))

X2=x3

Xmut=X] :xT
= O YNZ G, x5, ) = 0" (xf, p1) <0,
(44)
3% Fo(x1. X2, ¥, Xmut)

8xmut

yoyr = ap (PG, x5, )
xp=x{
Xmut=X2=X3

— L3, YNZ G, x5, y9)) = n"(x5, p1) <0,
45

8]

32F7(X1 , X2, Y, Ymut)
3yfznut

s=x} Z O YA, x5, y)) — K (v, p2) < 0.

X2=x3 i=1
Ymut=y=y"*

(46)

For the convergence stability of X*, we analyze it by numerical simulation in the next
subsection. The simulations suggest the following Theorem holds.

Theorem 11 The one zooplankton and two algal species with different cell sizes will
reach an evolutionary stable coexistence after first evolutionary branching, i.e., X* is
a CSS, provided that X* is convergence stable and (44), (45) and (46) are all satisfied.

Remark 9 1f X* is a CSS, it represents an eventual outcome of the process of algal—
zooplankton coevolution, and one zooplankton and two algal species could stably
coexist on a much longer evolutionary timescale. While if X* is convergence stable
but one of the algal species lacks evolutionary stability, then a further evolutionary
branching in the algal species might occur, we could use the same methods to investi-
gate the possibilities of high levels of polymorphism in algal species and find out the
eventual outcome of the algal-zooplankton coevolutionary process, but a full explo-
ration is beyond the scope of this paper, and the readers can refer to Landi et al.
(2013).
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Fig. 10 a Coevolution of traits in oligotrophication; b PIP for fixed zooplankton trait y = y* = 2.355; ¢
PIP for fixed algal trait x = x* = 0.9626; d Fitness landscape plots when (x*, y*) = (0.9626, 2.355); e
Simulated evolutionary tree in oligotrophication. Here P, = 0.6, p = 0.1 in all panels. Other parameters
are same as in Fig. 6. In a, the grey region is the feasible region for plankton sizes, in which model (2) is
persistent in mean, the arrows indicate directions of co-evolution of algal and zooplankton traits, and the
black and red curves indicate, respectively, isoclines of x and y. The solid curves indicate, evolutionary,
singularities which are evolutionary stable and the solid yellow curve represents the projected orbit on the
(x, y)-plane, starting from the initial traits (1.3, 2). In b or ¢, the blue shaded regions indicate that the fitness
of the mutant algae or zooplankton is positive. In e, the black and red curves represent algal cell size and
zooplankton body size, respectively (Colour figure online)

5.3 Numerical Simulation

We perform some numerical simulations with three different phosphorus input levels,
namely oligotrophication (P, < 0.643 ), moderate (0.643 < P, < 0.765) and
eutrophication (P, > 0.765), respectively, aiming to investigate the influence of
environmental fluctuations on the coevolution process of plankton. For convenience,
we always choose p; = pp = p for numerical simulations in this section. In an
oligotrophic environment (P, = 0.6), we find that once the evolutionary singular
coalition (x*, y*) is convergence stable, it would be a CSS, no matter how strong the
intensities of environmental noise are, see Fig. 10.

In Fig. 10a, point E; = (x*, y*) =~ (0.9626, 2.355) is both convergence stable
and evolutionary stable; therefore, the evolutionary singular coalition (the intersection
of the black curve and the red curve) represents an eventual outcome of the coevo-
lutionary process, algae and zooplankton will evolve towards E; and cease there.
In an oligotrophic environment, the finally evolutionary outcome always contains a
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monomorphic algal and a monomorphic zooplankton species, independent of the noise
intensities, see Fig. 10b—e. This implies that when phosphorus is extremely scarce,
environmental fluctuations have no significant influence on the outcomes of plankton
evolution, i.e., oligotrophication inhibits plankton diversity.

With a moderate phosphorus inflow (P, = 0.74), when p = 0, the evolutionary
singular coalition E; = (x*, y*) ~ (1.025, 2.508) is convergence stable, and it is
the intersection of the black dashed curve and the red solid curve, which implies that
at point E3, zooplankton species is also evolutionary stable, but algal species is not;
then, the algal species admits an evolutionary branching at this point, see Fig. 11al.

The monomorphic algal population then splits into two different species; then, two
algal and one zooplankton species continue to evolve on a much longer evolutionary
time scale until their traits reach (x7, xi‘, y*) &~ (1.492,0.8161, 2.471). Moreover,
for the fixed y = y* ~ 2.471, x| and xj are both CSSs (the intersection of the
black dashed curve and the black solid curve), see Fig. 11a2. This implies that the
two algal species with diverging traits and one zooplankton could stably coexist after
the first evolutionary branching of algal species, and the finally evolutionary outcome
contains a dimorphic algal and a monomorphic zooplankton species, see Fig. 11a3. As
the increasing of noise intensities, the evolutionary singular coalition moves roughly to
the left along the black curve, and the range of algal cell size that allows for evolutionary
branching will shrink, see the black dashed curve in Fig. 11b1. From Fig. 11b1, when
p = 1.7, plankton traits will first converge to E3 = (x*, y*) &~ (1.004, 2.46), at which
evolutionary branching occurs in algal species, and then, two algal and one zooplankton
species continue to evolve until their traits reach (x7, x3, y*) &~ (1.339, 0.886, 2.447)
and stably coexist, see Fig. 11b2, b3. As the increase of p continues, the evolutionary
singular coalition becomes a CSS and the coevolution will cease there, once it goes
beyond the threshold value p;;, ~ 2.17, see Fig. 11c1. In this situation, no evolutionary
branching will occur in both algal and zooplankton populations, see Fig. 11c2—c3.
Moreover, we observe from Fig. 11a3—c3 that the difference between the cell sizes of
two new emerging algal species decreases significantly as p increases, and there would
be no new algal species at all once the noise intensity goes beyond p;; . As a summary,
in a moderate phosphorus environment, small noises facilitate algal biodiversity, and
the existence of environmental fluctuations minimizes the cell size differences between
the new emerging algal species. Large noises decrease algal biodiversity due to CSS.

In an eutrophic environment (P, = 0.93), the Red Queen dynamics could occur,
corresponding to the phenomenon that algal cell size and zooplankton body size
infinitely coevolve to a stable limit cycle, see Fig. 12a—d.

When p = 0, the evolutionary singular coalition E5 lacks convergence stabil-
ity, i.e., it is a repellor, and model (34) admits a Hopf bifurcation, see Fig. 12a. In
this situation, the directional coevolution cannot approach Es, instead the traits of
algae and zooplankton will evolve to a stable limit cycle, which is also illustrated
in Fig. 12b. The limit cycle shrinks dramatically when p increases to 2.2, see Fig.
12¢, d. When p approaches the critical value p}, & 2.75, the limit cycle will ulti-
mately disappear. For example, when p = 3, the evolutionary singular coalition
E7 ~ (1.037, 2.542) becomes convergence stable. Meanwhile, zooplankton species
is evolutionary stable, but algal species is not in this case. Then, E7 is a branching
point and algal population will split into two different species. Moreover, the traits
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Fig. 11 al-cl Coevolution of traits with moderate phosphorus inflow when p = 0, 1.7, 2.17, respectively;
a2—¢2: trait coevolution of two algal species for fixed zooplankton trait y = 3* with moderate phosphorus
inflow when p = 0, 1.7, 2.17, respectively; a3—c3 simulated evolutionary tree with moderate nutrient input
when p =0, 1.7, 2.17, respectively; here Pj, = 0.74 in all panels, other parameters are same as in Fig. 10.
In al—cl, the dashed curves indicate evolutionary singularities which are not evolutionary stable; other
curves, arrows and grey regions have the same meaning as in Fig. 10a. In a2—¢2, the curves, arrows, shaded
areas and points have the same meaning as in Fig. 9. In a3—¢3, the black and red curves represent algal cell
size and zooplankton body size, respectively (Colour figure online)

of two algal and one zooplankton species will continue to evolve until they reach
(x}, x5, 3% ~ (1.395,0.8173,2.523) and stably coexist in there, see Fig. 12e, f.
When p = p}, ~ 4.12, Eg ~ (1.01,2.473) becomes a CSS and no evolutionary
branching will occur, the coevolution will cease there, see Fig. 12g, h.

As a summary, the algal-zooplankton coevolution could have different evolutionary
outcomes due to the varieties of phosphorus inflow and noise intensities. In what
follows, we will numerically investigate how phosphorus inflow and environmental
fluctuations affect the trends of such a coevolution process. For a fixed phosphorus
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respectively; the second column is simulated evolutionary trees with moderate phosphorus inflow when
pringer

p=0,2.2,3,4.12. Here P;; = 0.93 in all panels. In the first column, the curves, arrows and grey regions

have the same meaning as in Fig. 11al. In the right line, the black and red curves represent algal cell size

Fig.12 The first column represents coevolution of traits in eutrophic environment when p = 0, 2.2, 3, 4.12,
x and zooplankton body size y, respectively
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Fig. 13 a The top view of the three-dimensional bifurcation diagram for x versus p; b the front view of the
three-dimensional bifurcation diagram for y versus p. Here P, = 0.74 in all panels. The orange and green
surfaces indicate zero fitness gradients for algae and zooplankton, and the red solid curve is the intersection
of these two surfaces, illustrating how the value of evolutionary singular coalition changes with respect to
the noise intensity (Colour figure online)
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Fig. 14 a The top view of the three-dimensional bifurcation diagram for x versus Pj,; b the front view of
the three-dimensional bifurcation diagram for y versus Pj,. Here p = 0.1 in all panels. The two surfaces
have the same meaning as in Fig. 13, and the red solid curves are illustrating how the value of evolutionary
singular coalition changes with respect to phosphorus inflow (Colour figure online)

inflow level, the increase of noise intensities could drive both algal and zooplankton
evolution toward smaller traits, see Fig. 13. Fixing the noise intensities, we also find
that the both algal cell size and zooplankton body size will increase with the phosphorus
inflow level, see Fig. 14.

According to remark 6 and the above numerical simulations, when we choose zoo-
plankton sinking rate as in Table 1, no evolutionary branching will occur in zooplankton
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X

Fig. 15 The coevolution of algal cell size and zooplankton body size. Here s2(y) = % Iny, P, = 0.6,
cm = 0.68, p = 0.01, other parameters are same as in Fig. 11. The curves, arrows and grey regions have
the same meaning as in Fig. 11al

species. We then give another example to illustrate the possibility of zooplankton
species undergoing evolutionary branching, see Fig. 15.

From Fig. 15, the evolutionary singular coalition Eg = (x*, y*) ~ (1.225, 1.875)
is convergence stable, and it is also the intersection of black solid and red dashed lines;
then, x* is evolutionary stable but y* is not. At this situation, plankton traits will first
converge to Eo; then, the monomorphic zooplankton population will split into two
different species at this point, and for the further coevolution of one algal and two
zooplankton species on a much longer evolutionary time scale, the readers can refer to
Landi et al. (2013). As a summary, zooplankton sinking rate with different forms could
lead to different evolutionary outcomes of zooplankton species. Moreover, from the
proofin “Appendix F”, we can see that without zooplankton sinking and environmental
fluctuation experienced by zooplankton, y* is always an ESS, and this conclusion is
consistent with the studies in Jiang et al. (2005), Landi et al. (2013)).

6 Discussion

In this paper, we constructed a stochastic EPAZ model by incorporating adaptive
changes of algal cell size, zooplankton body size and environmental fluctuations into
a deterministic nonevolutionary PAZ model. For the stochastic model, we analyzed the
asymptotic behaviors of plankton dynamics. Moreover, we obtain several important
predictions about the evolutionary patterns and outcomes of algal cell size under the
influence of environmental stochasticity.
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Our major findings can be summarized as follows. First, we obtain the threshold
A(x, y) that determines the persistence and extinction of zooplankton population in
model (2). Model (2) could achieve a positive stable stochastic ecological equilibrium,
provided that environmental fluctuations are weak enough such that A(x, y) > 0. Oth-
erwise, zooplankton population will go to extinction. It is worth mentioning that when
there exist two algal species, the conditions that ensure the persistence of the four-
dimensional model (39) become harder to derive. In addition to the traditional methods
in analyzing the asymptotic behaviors of stochastic model, the relations between the
traits of new emerging algal species and the original species also need to be considered.
Second, environmental fluctuations could drive algal evolution toward smaller size, in
the scenarios with or without zooplankton, algae evolves only or plankton coevolve
(Jiang et al. 2005). This result is also consistent with the secular changes in algal
size structure on geological time scales (Finkel et al. 2005). When only algal evolves,
zooplankton could amplify the impact of environmental fluctuations on the declining
trend of algal cell size with a moderate phosphorus input level. In the coevolutionary
dynamics, environmental fluctuations could also lead to smaller zooplankton. More
interestingly, in an eutrophic environment, weak fluctuations can keep plankton traits
evolving infinitely to a stable limit cycle, which could explain the cyclic changes in
the size of Foraminifera that feed on diatoms during the Cenozoic Era (Schmidt et al.
2004). Third, better phosphorus level could lead to larger zooplankton and larger algal
cell size in the scenarios algae evolves only (k1 (x*) < 0) and plankton coevolve. This
is in accordance with the general ecological phenomenon that small phytoplankton
species tend to settle in an oligotrophication environment, such as the oceanic gyres,
and larger phytoplankton species are more likely to dominate in nutrient abundant
areas, such as continental margins and upwelling zones (Agawin and Duarte 2000;
Irigoien et al. 2004; Li 2002), while algal cell size will not respond to the changing
phosphorus inflow in the absence of zooplankton. Fourth, no evolutionary branching
will occur without zooplankton, which verifies the competitive exclusion principle
(Hardin and G. 1960) from the perspective of adaptive dynamics. With the existence
of zooplankton, environmental stochasticity could lead to multiple evolutionary singu-
larities and different evolutionary outcomes. In a moderate phosphorus environment,
small environmental fluctuations could cause the emergence of evolutionary branching
and consequently algal diversity will increase, and the existence of environmental fluc-
tuation could narrow the cell size difference between the new emerging algal species,
while large fluctuations will lead to CSS. The existence of environmental fluctua-
tions could benefit algal diversity in an eutrophic environment and have an adverse
effect in an oligotrophic environment. Moreover, the diversity of zooplankton could
be increased by choosing a suitable function for zooplankton sinking and environmen-
tal fluctuation experienced by zooplankton, which differs with the scenario without
zooplankton sinking and environmental stochasticity (Jiang et al. 2005).

As a summary, environmental stochasticity as well as phosphorus inflow could sig-
nificantly affect plankton traits as well as their biological diversity in the presence of
zooplankton, and the developed methodologies could potentially be used to investigate
the adaptive dynamics of any ecological model in a fluctuate environment. However,
there are still some questions remain unsolved. In the coevolutionary dynamics, evo-
lutionary branching in zooplankton species could occur with suitable zooplankton
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sinking rate and environmental fluctuations; then, zooplankton will split into two dif-
ferent species. Whether the one algal and two zooplankton species could continue to
coexist on a much longer timescale of evolution or evolutionary suicide phenomenon
(Parvinen 2005) would occur is beyond the scope of this paper. The possibilities for the
occurrence of secondary or further evolutionary branching of an evolutionary tree on
plankton species, and whether the branching in algal species can induce the branching
in zooplankton species (Jian et al. 2016) also deserve to be analyzed. Moreover, the
consideration of predation pressure on zooplankton (e.g., planktivorous fish prefer to
feed upon zooplankton in larger body sizes) is necessary in some situations, and this
selective predation pressure may lead to the increase in algal cell size (Brooks and
Dodson 1965). Furthermore, there are other types of environmental perturbations in
nature such as the recently happened flooding in Henan, China, the severe heat in
the USA, Canada, earthquake, tsunami and so on, which cannot be described by the
white noises introduced in our stochastic models. These natural disasters could also
significantly affect the aquatic ecosystem; therefore, it is necessary to further consider
the influence of other noise types, for example, Lévy noise (Bao and Yuan 2012). Fur-
thermore, instead of a single phenotypic trait, considering the coevolution of multiple
traits, such as the ability of nutrient composition and light absorption of algae, is an
intriguing but challenging direction.
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Appendix A: Proof of Theorem 2

Proof Applying the Itd’s formula to the second and third equations of A and Z in
model (2), integrating both sides from O to ¢ and then dividing ¢ on both sides yield

1. A

?1 A((:))) m(x)— / P(s)ds —c(x, y)— / Z(s)ds — n(x, p1) + o2(x, p1) z(t)
(A47)

1 Z(t t

;1 Z((O)) = dc(x, y) / A(S)dS — K(y 0) + O’%(y 02) 3( ) (A48)

where M; (1) = [y dB;(t),i = 1,2,3.Let Vi = P + Q(x)A + q(y)Z, then
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dVi =[ePin —eP —51(x) Q(x)A — 52(y)q(y) Z]dt + 01 PdB, (1)
+ 0a(x, p1) Q(X)AdBa(?) + 03(y, p2)q(y) Zd B3 (1) (A.49)
<(ePin — h1V1)dt + 01 PAB (1) + 02(x, p1) Q(x)Ad By (1) + 03(y, p2)q (y) Zd B3 (1),

where 71 = min{e, s1(x), s2(y)}. Integrating both sides of Eq. (A.49) from O to ¢ and
dividing ¢ on both sides lead to

¥
t

1 ! 1 ! 1 ¢

— ¢Py— o / P(s)ds — 1(x)Q(x)~ / As)ds — 52(0)q ()~ / Z(s)ds.
t Jo t Jo t Jo

(A.50)

where (1) = Vi(1) = V1(0) —o1 N1 (t) —02(x, p1) Q(x) N2(1) —03(y, p2)q (y)N3(2),

N;j(t) = fot ®;(s)dBj(t), j = 1,2, 3. According to Theorem 1 and the strong law of
large numbers for local martingales (Mao 2006), we have

M; (¢ Ni(t t

lim MO o g MO gy 0O

t—>oo t—>oo t t—oo t

0, i,j=1,2.3, as.
(A51)

We next are going to prove Theorem 2 step by step based on Egs. (A.47)—(A.51).

(1) We first prove the first conclusion of Theorem 3. From (A.50),
1 [ Y1
— | P(s)ds < Pin — —, (A.52)
t Jo et

Substituting (A.52) into (A.47) yields

1. A®) apn(x) Y M (1)
;ln A0) Sau(x)Pm—n(x,m)——T + o2(x, p1) o
then when P, < %Z’(’; ‘)) , together with (A.51) we have lim sup,_, o, m < 0,

that is
lim A(t) =0, a.s.
—00

Consequently from (A.48),lim,_, o Z(¢) = 0, a.s. Moreover, according to (A.50)
and (A.51), (P) = Py,. The first conclusion of Theorem 2 is proved.
(2) We now proceed to the proof of the second conclusion. From (A.50),

t
L[ peas = by - OO [y pay
I Jo tJo

e

t
_2(0)q90) % / Zsyds — 21 (A.53)
0

e et
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Substituting (A.53) into (A.47) yields

1. A 1 [t M
;m% = (1) Pin — 0(x, p1) — w;fo A(s)ds + 02(x, p1) zt(’)
t
Cap(x) Y1 (au(X)Sz(y)q(y) +c(x,y)> 1/ Z(s)ds. (A.54)
e t e t Jo
Obviously,
I A@) ap(x)si(x) Q) 1 1
0 gy S @R P = e p) = %;/O As)ds
M (t
AT T0)
e t t
When P, > ”ofl’i ’(‘)’C 1)), it then follows from Lemma 4 in Liu and Bai (2016) that
— Py — , 1 ,
AGY) < (@p(x) Pin = n(x, p1))e _ (ePin— en(x m))’ s
au(x)si(x)Q0(x) 51(x) Q(x) ap(x)

(A.55)

Substituting (A.55) into (A.48) leads to

) <se(x, WIAG D) — kv, p2)

lim sup
—00

de(x, y)

=" A s s
Y

thus when A (x, y) < 0, limsup, = f(t) < 0,1i.e.,lim;_ o0 Z(¢) = 0, a.s. Thus,
for any 1 > 0, there exists 771 > 0 and a set §2;, with P(§2¢,) > 1 — &y, such that
forany t > T} and w € £2,,, (M + c(x, y)) %f(; Z(s)ds < &1 holds.

It then follows from (A.54) that

1 A@) aM(X)Sl(X)Q(X)l/’A(S)dS
t Jo

;lnmZO[M(X)Pin_n(x’pl)_gl_ e

L@ M)

t

Again, according to Lemma 4 in Liu and Bai (2016) and the arbitrariness of ¢,

- e’?(hm)) 0

o (er (A.56)
s1(x)Q(x) ap(x)

(Ax, y)) =

Combining (A.56) with (A.55), we have (A()) = b (ePin — eg(lj(’f;)) ,

a.s. Consequently, it is easy to obtain from (A.50) that (P (x)) = ”;Z ’(fc ‘)), a.s. The
second conclusion is thus proved.
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(3) We now are going to prove the last conclusion of Theorem 2. From (A.48) and
together with Lemma 1,

AG )y < <ep) o (A57)

= Se(x,y)’

Moreover, according to (A.54) we have

<au(x)si(y)q(y) e, y)) 2
> ap(x) P — n(x, p1) — ﬂﬁﬂﬂ@¥5ﬁ<< ). (AS8)

Together with (A.57), we can conclude that when A(x, y) > 0,

(Z(x, y)) > A, y) >0, as.

~ 2(0g(y) +ec(x, y)/au(x)

Then, we have lim sup,_, w = 0, a.s., otherwise, lim;_, o, A(t) = 0, and

consequently lim;_, o, Z(#) = 0, a.s. According to (A.47),

1
;1 %_au(x) /P(s)ds—c(x y)— fZ(s)ds—i—oz(x 01) Z(I)
consequently,

(P, y) > EDTE T =0, as.

— aplx)

Applying the same method to (A.48), we have (A(x, y)) > 0, a.s. The proof is
thus completed.

Appendix B: Proof of Theorem 3

Before the proof of Theorem 3, we need the following lemma from Khasmin-
skii (2012). Suppose that X (¢) is a homogeneous Markov process in n-dimension
Euclidean space R", satisfying the following stochastic differential equation:

k
dX(1) = b(X)dr + Y 0, (X)dB, (1), (B.59)

r=1

where 0,(X) = (01(X), 02(X) ..., o (X)T, B(X) = (a;;(X))nxn is the diffusion
matrix of X (r) with a;;(X) = Y*_, o/ (X)o/ (X).
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Lemma 2 (Khasminskii 2012). If there exists a bounded open domain U C R"™ with
regular boundary, satisfying the following properties:

(H1) The diffusion matrix B(x) is strictly positive definite for all x € U;

(H2) There exists a nonnegative C2-function V (X) such that £V (X) is negative on
X e R"\U.

Then, the Markov process X (t) of the stochastic model (B.59) admits a unique station-

ary distribution 7 (-), and for any integrable function f(-) with regard to the measure
7, the following equation holds,

P(lim 1/lf(X(z))dr :/ f(x)n(dx)) =1.
=00t Jo R"

In what follows, we are going to apply Lemma 2 to prove the existence of a unique
ergodic stationary distribution for model (2).

Proof Define a nonnegative C>—Lyapunov function
Vo = MaVay + Vap + Vaz — Vi,
V5 is the minimum value of V2(P, A, Z) and

1
Vor=—m3InZ —mqgIn A +msZ — Vi, szzmvf‘”, Voz=—InP,
1

where my = LDy = s ms = (mac(x, ) + 2()0g(0)/(52(9) + ),

0 < 61 < 1 is a constant which is small enough such that

0+ 1

hi(x, y) := minfe, 51 (x), 52(3)} — max{of, o3 (x, p1), 03 (v, 2)} > 0,
and the positive constant M, satisfying

—Mar(x,y) + fi' = =2,

where " = sup,¢ (9.~ f(#) and the function f; will be determined later.
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By using the Itd formula, we have

LV
= —s51(x) Q(x)A +m3k(y, p2) —eP +myc(x, y)Z + man(x, p1)
+mséc(x, y)AZ —ms(s2(y) +d2)Z — ePin +eP + 51(x) Q(x)A + 52(y)qg(¥) Z
= m3k(y, p2) +man(x, p1)
+ msdc(x, y)AZ — ePj,
= —A(x,y) +msdc(x, y)AZ.
LV
= ePu(P + 0(0A +49(»2)"""
—(P+0WA+g02)" (P +51() QWA + 2()q(1)2)

o ;r ! (P+ QWA +q(»Z)" (a2 P>

+ 07 (x, p1) Q> () A% + 03 (v, p2)g* (1) Z?)
< ePu(P+ 0A +q(»2)""!
— min{e, 51(x), 525N} (P + Q) A + () Z)"

N (0 + Dymax{o?, o7 (x, p1), 02(y, p2)}
2

(P+ QA +q(z)" "
=—hi(x,)(P+O0x)A+q(»)Z
+ePu(P+ QA +q(n2)" .
ZLVa3

ePin diQ(X)A + (Q(x) —8q(y)c(x, Y)AZ + dag(y)Z
— + e —
P 2
of
2

+

)0| +2

+opx)Qx)A +
2

e P oi
<- +oux)0(x)A +e+ —.
P 2
Then,
LV,

< —Mah(x, y) + Mamsde(x, y)AZ — hi(x, y)(P + Q(x)A + q(y) 2)"

+ePu(P+Q)A+q(»)Z)"™!
2

ePy oi
P +oapu(x)Q(x)A+e+ >

ePy,

P

= —MoA(x, y) + Mamsdc(x, y)AZ — + fi(P, A, Z),
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where

f(P.AZ) = —hi(x, )(P + QWA +q(0)Z)"
2
+ePu(P+ QWA +9(0NZ)" +an)0)A +e+ 071

Denote

eP,

T(N, i’, Z) = —MZ)&()“ y) + M2m58c(x’ y)AZ _ I)in + fl(P’ A’ Z)’
then

T(Ov A’ Z) — —0Q, as P N O+’

T(OO, 13, Z) — —0Q, as P — 00,

_ u . N

T(P,A Z) < Moh(x, y) + fi = =1, as A — 0T,

T(P, oo, Z) — —00, as A — 00,

_MZ)\(X,}’)'Fflu < -1, as Z—>O+,

T(P9 Aa OO) — —0Q, as Z — 00.

Thus, we can take 0 < &> < 1 sufficiently small such that
ZVa(t, P, A, Z) < —1, forany (P, A, Z) e RS\ Uy,

where U = [g2, ;—2] X [&2, é] X (&2, ;—2]. Moreover, there exists a positive constant
M3 = min{o? P?, 07 (x, p1)A%, 03(y, p2)Z?}, such that

02 P2} + o} (x, p1) A%} 4 03 (y, p) 223 = Mi||C )2,

forall (P,A,Z) e Uy, ¢ = (1,80,8) € R3. Then, based on Lemma 2, model )
has a unique ergodic stationary distribution 7 (.). Moreover, according to the ergodic
property, the solution of model (2) @(¢) = (P(t), A(t), Z(t)) satisfying

P {(q)i(x, )= ng ¢im(dey, d¢2,d¢3)} =1, i=123. (B.60)
i

We then show that lim,_, w = 0, from (A.47), (B.60) and the strong law of

large numbers for martingales, the limits of % In A(¢) exist. If lim, _, o w # 0, then
together with Lemma 1, lim sup,_, o, m < 0, consequently, lim;_,oc A(t) = 0,
which contradicts with (B.60). Similarly, we have lim;_, w = 0. Then, according

to the Itd formula we have
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0=141 RAO A0 o) (PG 1) — . N 1) = nx. 1)
+orte, o) fim M2
0=l w = dc(x, (AW, ) =k (y, p2) +03(y, p2) lim M0 - (B.61)
0= lim w = ePy — e(P(x, ) — 51(0) Q){(A®, ) — 2()gI(Z(x. y)
Tl @ + o2 Q) lim, @ +03(y. p2)q(y) lim Ns@®)

t

By using and the strong law of large numbers for martingales, lim,_, o M"t(l)

lim; s o le(t) =0,i =2,3,j = 1,2, 3, then obviously (B.61) has a unique positive

solution, provided that A(x, y) > 0, and

W Z(x, + .
(Pr, y) = S8 (ipilﬁ neey,
Kk(y, p2)
A= 5oty (B.62)
A’ 9
(Z(x,y)) = S y)ec(x y)©
s2:(Na () + Ty
This completes the proof of Theorem 3. .

Appendix C: Proofs of Theorems 5 and 6
Proof of Theorem 5

Our main aim in this part is to derive the conditions under which x* is evolutionary
stable and convergence stable. To achieve that, we first need the following results.
From the first equation of (B.61), when y = & is a constant we have

ap(x)(P(x, h)) = c(x)(Z(x, h)) = n(x, p1). (C.63)
Taking the partial derivative of both sides of (C.63) with respect to x leads to

ap (V)P (x, h) +ap)(Px, b)) — ¢ (x, Z(x, h)) — c(x, h)(Z(x, b)) = n'(x, p).
(C.64)

Combining with Eq. (25), we have
c(x*, W(Z(x*, h)Y —ap*){(Px*, h)) =0. (C.65)
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We know that x* is an ESS, i.e., the fitness will achieve its maximum at x*, provided
that

32 Fa(x, Xmut)

2
Xy Xmu=x=x*

= ap " () (PE™ ) — " D(Z(x*, h)) =" (x*, p1) < 0.

(C.66)
Taking the second partial derivative of both sides of (C.63) with respect to x leads to

ap ()P (x*, h)) — " (", h(Z(x*, ) — " (x*, p1)
= 2" (x*, W(Z(x*, b)) — 20 (x*) (P (x*, h)) + c(x, W)(Z(x*, b))’
—au(x){(P(x* h))". (C.67)

Substituting (C.65) into (C.67), we have

32 F2(x, Xmut)

a')CI%’lut Xmut=X=x*
_ X v o (TR W () ¥ ¥ v
= 2c(x*, h)(Z(x*, h)) (c(x*’h) - M(x*)) — et MZOEE Y (o
<<P(x*,h)>” ~ <Z<x*,h>>”>
(PG ) (Z@&* h))
= c(x*, I)(Z(x*, 1)) Qhy () — ha(x¥)),
where
k) () (PG ) (Z(x, b))
() = — 2 . ha(x) = - . (C.69
O="n  am PO Beny T zany €

Obviously, if (Z(x*, h)) 2h1(x*) — ha(x*)) < 0 holds, then x* is an ESS. Once
x* is an ESS, there is no possibility of further evolution changes by small mutation.
Moreover, the singular strategy x* is convergence stable, provided that

9D (x)
0X  [y—yx
= ap" ()P, ) — " (¥, h)(Z(x*, b))
— 1" (%, p1) o NP (1)) = (xF (Z (b)) (C.70)

= (Z@E R) — ap ()P (x*, ) 4 e(x*, B(Z ™, b)) — () (P(x*, b))
= c(x*, h)(Z(x*, b)) (h1(x*) — ha(x™))
< 0.

We then determine the sign of (Z(x*, h))’. From the third equation of (B.61) and
the second equation of (B.62),

s1(x) Q ()« (h, p2)

ePin — e(P(x, ) = s2()g (W) (Z(x, b)) = ==~

’
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then taking the partial derivative of both sides with respect to x, we have

k(h, p2)
B

—e(P(x, h)) — s2(h)q(h)(Z(x, h)) = g'(x),

/ 2
where g(x) = 285 0 (x). Since (8} = ZeWEID (42— yphy 41) > 0

and Q'(x) > 0, then g’(x) > 0. This together with (C.65) we can conclude that
(Z(x*,h)) < 0and (P(x*, h)) < 0. Then, from (C.68) and (C.70) we know that
when h1(x*) < ha(x™), x* is a repellor. When A1 (x*) > hp(x*), x* is convergence
stable; meanwhile, it is an ESS as long as 2h;(x*) > hy(x*) or an evolutionary
branching point if 2/ (x*) < ho(x™). Theorem 5 is thus proved.

We then give some analysis about Table 2. Combining with Egs. (C.63), (25) and
(B.60) leads to

(u’(X*) ~ c/(x*,m) (n/(x*,m) - M/(x*)> o
p(x*)  cx* h) ) \n(x*, p1)  pu(x) '

(u/(x*) N C’(x*,h)> <n’(X*,p1) N c/(x*,h)> -0
pnx*) cx* h) S\ n(x*, o) et h) ’

and

which implies that
n'&x* e W& (L h) dx* h)y W) n'(x*, 1)
> or > >
nx* p1)  px*)  c(x* h) c(x*, h) m(x*) n(x*, p1)

> 0.
(C.71)

It easy to see that A1 (x™) # 0, x* € (0 min {Gh }) orx* € (0h, o0).

et )
Ik c(x*.h) n(x*)
When CL((;* :)) > ’;((;C*)) > 0, h1(x*) > 0, satisfying 2A1(x*) > hi(x*). Then once
x* is convergence stable, i.e., 11 (x™) > hy(x*), the inequality 21 (x*) > ho(x™) is
also holds, i.e., x* is also an ESS. At this situation, x* is either a CSS or a repellor,

and x* e (0, min{fh, \/a3/ai}). When £ (x*)) > CC/((;C‘:”:)), h1(x*) < 0, and when
hy(x*) > 0, h1(x*) < hp(x™) always holds thus x* is a repellor. When /1, (x*) < 0,
it can be divided into three scenarios: (1) 21 (x*™) < hp(x™) < 0, at this situation,
x* is a repellor; (2) hp(x*) < 2h1(x*) < 0, at this point, x* is a CSS; (3) A1 (x™) >
hy(x*) > 2h(x*), then x* is an evolutionary branching point, which implies the algal
population will split up into two species with different cell size. This confirms Table 2.

From (C.69), the sign of &; (x*) is only determined by the sign of

Proof of Theorem 6

In this part, we mainly investigate how environmental fluctuation and phosphorus
content affect the trend of algal evolution in the presence of zooplankton. According
to (25),
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9Dy (x*)
ap1

* * 2
=a;/(x*)a<P(x ) —c/(x*,h)a(z(x h) 97n(x, p1)

dp1 dp1 dxdp1

W) (PR R) ) B(Z( k) 9%n(x, p1)
=« w(x™®) - c(x*, h) -

n(x*) ap1 c(x*, h) ap1 dx0p;

(C.72)

5

x=x*

From (21),

@z, h) _  awm® pr) 2oLl

ec(x,h)
@p1 s2(h)q(h) + 5,05

<0,

and

@(P(x, h)) 02(XP)M< Ll ) ) 0
> .

@ = ec(x.h)
o apu(x) s2(q(h) + 75y

Moreover, from the first equation of (B.61),

apn(xX)(P(x, h)) —c(x, )(Z(x, h)) = n(x, p1),

then

w (X)B(P(x,h)) Cex h)3<Z(x,h)) _an(x, p1)
. dp1 ’ o1 pr

It then follows from (C.72), when £ (x*)) > ‘C/((;:}i‘)),

dDy(x*)  p'(x*) [ o WP, ) o o 0(Z(x7, h))] 9*n(x, p1)

< ap(x*)—— —c(x™, h) -
ap1 p(x*) 901 ap1 dx3p1

_H@H anat, ) 97, o)
O 9x0p1 | oy
_ a3 — a1x*2 x*4k§k4p1 4x*3k§k4p1
(@2 + ax* +ay)x* (ke +p1)? (ke + p1)3

. —5a1x*2 — darx* — 3a3 x*3k§k4p1

N < a1x*2 + a)x* + as > (kg + p1)3

x=x*

<0.
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d*h W)

4
T CEN T )

Otherwise > 0, since v < 7 then

IDy(x*) _'(x* h) dn@x*, p1)  3%n(x, pr)

i et oo 0x9p1 |y
(h x*)x*4k§k4p1 _ AxPkkap
(ks + p1)* (ks + p1)?
*3k2k
- (—2vx*2 +208hx* — 4) R LA
(ka + p1)-

<0.

Since our concern is the CSS or evolutionary branching point, then — SDT(f*) > 0. By
the implicit function theorem, we have

3D (x*
dx* —32,)(;)
apy = i <O
T ox*
(Px,h)) _ clx,h) (Z(x,h)) HZ(x,h) _
Moreov::r, from Eq. (21), we have =5 = Z;OC) T and =5 Pt =
520q () Fecth) Japn () — 0. Then,
0D, (x* (P(x*, h NZ(x*, h
2(x™) — o (x) (P(x*, h)) — (L) (Z(x*, h))
0P 0P, 0P,
v ZOX* ) (W (x*) I (x* k)
=c(x™, h) —
0 Pip u(x*)  c(x*, h)
NZ(x* h
= —c(x*, h)hl(x*)w.
d P,
Then if h;(x™) < 0,
o B
dPy 2026 -
x*

otherwise iy (x*) > 0, and % < 0. This completes the proof.

Appendix D: Proofs of Theorems 7 and 8
Proof of Theorem 7
Proof Since the coefficients of model (26) are locally Lipschitz in Ri, then there

exists a unique local solution (P (), A1(t), A2(t), Z(t)) of model (26) on the interval
(0, 7.), where 7, denotes the explosion time. In order to prove 7, = oo, we only need to
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construct a nonnegative C>-function Vj satisfying £LV3 < M3, where M3 is a positive
constant (Mao et al. 2002). Define the nonnegativity function V3 : Ri — Ry by

V3 =meV31 — V3 — VS,

where V31 = P+ Y 2, Q(x)Ai +qZ, Vo =m7In P+ Y 2 InA; + In Z, Vi is

the minimum value point of V3(P, A1, A2, Z) and me = 2 ,m7 = af}EQ

52q°
using the It6 formula, we have

2
LV3 < mge Py + Z n(xi, p1) +mye + ik (h, p2) := Ms.
i=1

Arguing similarly as in Mao et al. (2002), we can obtain the first part of Theorem 7.
Moreover, by using the It6 formula to model (26) again, we have

dVs;

2
= [ePin —eP =Y s1(x) Qi) A; — Sz(h)q(h)Z] dr

i=1
+01PdB;(t) + 03(h, p2)g(h) ZdB4(t)

2
+ Y oa(xi, p1) Q(xi) AidBiy (1)
i=1
< (ePin — h2V31)dr + o1 PdB (1)

2
+ Yoo, p1) Qi) AidBiy (1) + 03 (h, p2)q(h) ZdBa (1),
i=1

where hy = min{e, §1, s2(h)}. Considering the following model
dY = (ePin — haV31)dt + 01 PABi (1) + Zaz(x,, P Q(xi)A;idBiy1 (1)
(D.73)
+o3(h, pz)CI(h)ZdB4(t)
Y(0) = V31(0).

Then, the solution of Eq. (D.73) has the following form

Y(t) =

eP; eP;
= — (=) exp(—hat) + M (1),
ho ho

where

' 2
M(z) =61/0 exp[—ha(t — s)]P(s)dBi(s) + Zaz(xzw p1) Q(x;)

i=1
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t
fo exp[—ha(t — 5)]Ai(s)dB;11(s)

t
+ o3(h, ,02)61(’1)/0 exp[—ha(t — $)1Z(s)dBa(s)

is a local martingale satisfying M (0) = 0, a.s. The stochastic comparison theorem
implies V31(t) < Y (¢), a.s.

Define Y(t) = Y() + B(t) — U(t) + M(t), where B(t) = %[1 -
exp(—hat)], U(t) = Y(0)[1 — exp(—h2t)], B(0) = U(0) = 0. Obviously, B(¢)
and U (¢) are continuous adapted increasing processes. With the aid of the nonnega-
tive semimartingale convergence theorem (Mao 2006), we have lim,_, », Y () < oo,
a.s. Thus, lim,_, o V31(f) < 00, a.s. This completes the proof. O

Proof of Theorem 8

Let
2
A=Y 0@)A;,
i=1

then model (26) becomes a three-dimensional model. We first prove that when
):(xi, h) > 0,i = 1,2, the new three-dimensional model admits a unique station-
ary distribution. The proof is similar to the proof of Theorem 3 in “Appendix B”.
Define a nonnegative C>—Lyapunov function

Va = M3Va + Var + Vaz — V',
Vv, is the minimum value of V4 (P, A, Z) and
Vit =msZ —molnZ —miglnA — (P + A + q(h)Z),

1 -
Vo= s (P A+qU 2" Vis=—InP,

where mg = (mioé(xi, h) + 52(g () /(s2() + o), mog = 52L mig = &
0 < 6 < 1 is a constant which is small enough such that

) R 0+ 1 .
h3(x1, x2) := minf{e, 51, 2} — ZT max{o%, 022, 0'32} > 0,
and the positive constant M3 satisfying

—M3i(xi, h) + fi < =2,
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where fo = —h3(x1, x2)(P+A+q)Z)" 7 +ePu(P+A+qm)2)" ™ oA+

2
e+ 071 By using the It6 formula, we can compute that

. 5E(xi, h) -
LV4 < — M; [)»(xi, h) — MAZ]

— h3(x1, ) (P + A+ g 2)" 7 + P (P + A + q(h) 2)" ™
ePy, ™ 0‘12
—— 4 opP +e+ >

P
5 8¢(xi, h) ~ P,
=—M;s [k(xi,h)——mg C(Ax’ )A2:| _ &

+ fo(P, A, Z).

Then following the same logic as the proof in “Appendix B”, we can obtain that, when
i(xi, h) > 0,i = 1,2, the new three-dimensional model has a unique stationary
distribution v(.) and it is ergodic. According to the ergodic property, the solution of
the new three-dimensional model ¥ (¢) = (P (¢), A(t), Z(t)) satisfying

P {(%(mwz)) = /R3 Iﬁjv(dlﬁl,dllfz,d%)} =1 j=1223 (D.74)
+

This suggests that the new three-dimensional model could achieve a relative stable
state, i.e., the long-time mean persistent level of the concentration of dissolved inor-
ganic phosphorus, the amount of organophosphorus in the entire algal species and the
zooplankton carbon density remain unchanged a.s., no matter how many algal species
exists in the model. If one of the algal species goes to extinction, then the dimorphic
model (26) will ultimately degenerate to the original monomorphic model (20), and
the following equations hold,

(P(x1,x2)) = (P(x,h)), (A(x1,x2)) = Q)(A(x,h)), (Z(x1,x2)) =(Z(x,h)), as.
(D.75)

We next prove that when min{x;, x2} < x < max{xj, x>} holds, model (26) is stable in
mean. To achieve that, we only need to prove (A (xy, x2)) > 0 and (A2(x1, x2)) > O.
It is easy to compute that

d(P+A+q(h)Z)
= [ePn—eP —s2(W)q(h)Z — 51(x1) Q(x1) A1 — 51(x2) Q(x2) A2 ]dt + 01 Nd By (1)
+ 02(x1, p1) Q(x1) P1d B (1) + 02(x2, p1) Q(x2) P3d B (1) + 03(h, p2)q(h) ZdB4(1).

Integrating the above equation from O to ¢ and dividing by ¢ on both sides lead to

e s:(Wah) [ 2 51(0) Q@) (! R0
eP'"_?/o P(s)ds—f/o Z(s)ds—zf/o Ai(s)ds = ==,

i=1

(D.76)
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where (1) = R()—RO)—H (1), H(t) = o1 [y N(s)dB1(s)+3 ;—; 02(xi, p) Q(x:)

Jo Pi($)dB14i()+03(h, p2)gq(h) [y Z(s)dBa(s), R(t) = PO+ 71, QG Ai(D+
q(h)Z(t). According to Theorem 1 and the strong law of large numbers for local mar-
tingales (Mao 2006):

lim 220 _
im =

t—oo ft

0,

then together with (D.75), (B.62) and the third equation of (B.61), we have

s1(x) Q(x)k (h, p2)

Sc(x, h)
=ePpn —e(P(x, h)) —s2g(W){(Z(x, h)) = ePin — e(P(x1, x2)) — s2(h)q(h)(Z(x1, x2))
2 ¢
- lim Zw /O A (s)ds. (D.77)

i=l

Moreover, from (D.75) and (B.62),

i (h, p2) Q(x)
Sc(x, h)

. t
Qi) / Ai(s)ds.  (D.78)
0

2
= Q)(A(x. 1)) = lim 3~ p

i=1
Noticing the fact that, for any f(¢), g(t) < oo,

Hm inf[ £ () + g()] < liminf £ (1) + lim sup (1) < lim sup[ £ (1) + g ()],
— 00 — 0 t—00 t—00

and if lim;, o[ f(¢) + g(¢)] exists, liminf, o f(¢) + limsup,_, ,, g(¢) = lim,_, &
[f(¢) + g(®)]. Then, together with (D.78) and (D.77),

Q1) (A1 (x1, X)) + Q(x2)(Aa(x1, xp)) = 220,
(A1Gar. x2)) ’ 51(x) Q(x)k (h, p2) (D.79)
s1(x1) Q(x1) (A1 (x1, x2)) + 51(x2) Q(x2) (A2 (x1, X2)) = 555775702,

and

O(x1)(A1(x1, 12)) + Q(x2) {Ar (x1, X2)) = <L ED, D.50)
$1(1) Q1) (A1 (x1, X)) + 51 (x2) Q(12) (A2 (x1, x2)) = LEIZhp) T

When min{xy, x2} < x < max{xy, x2}, by solving (D.79) and (D.80) we can obtain
that:

— _ k(h, p2)Q(x) s(x2) — s(x)
(Al(x17x2)> - (Al(xlv -x2)> - (SC(X,h)Q(x]) S(xz) —S(.x])’
— h’ -

T Gor, 1)) = (Aa(x, 1)) = <P QW) 5(x1) = 5(x)

T Sc(x, ) Q(x2) s(x1) — s(x2)
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According to the description of x-functions in Table 1, s'(x) > 0, then min{s(x;),
s(x2)} < s(x) < max{s(x1), s(x2)}. Consequently, we can conclude that (A (x1, x2))
> 0 and (Az(x1, x2)) > 0.

Our next step is to explicitly express the persistence level of model (26) in terms of
x1 and x; only. Following similar methods as in the derivation of (B.62), the solution
of model (26) satisfying lim;_, mf‘tﬁ =0, lim;_ o lnf& = 0,7 = 1, 2. Together
with (D.77) leads to:

ap(x){P(x1, x2)) — c(x1, W){Z(x1, x2)) = n(x1, p1),

ap(x2)(P(x1, x2)) — c(x2, h)(Z(x1, x2)) = n(x2, p1),

Sc(xr, ) (A1 (x1, x2)) + 8c(x2, h)(Az(x1, x2)) = Kk (h, p2), (D.81)
e(P(x1,x2)) +s1(x1) Q(x1){A1(x1, x2)) + 51(x2) Q(x2){A2(x1, x2))+
$2(0)g(V)(Z(x1, x2)) = ePin.

Through simple calculation, (D.81) has a unique positive solution as follows:

c(x2, h)n(xy, p1) — c(x1, W)n(x2, p1)
ac(xy, h)u(xy) —ac(xy, h)u(xz)
B 51(x2) Q(x2)k (h, p2) — 8c(x2, h) f3
(A1(x1,x2)) = ,
dc(xy, h)s1(x2) Q(x2) — Sc(xz, h)s1(x1) Q(x1)
B dc(x1, h) f3 — s1(x1) Q(xk (h, p2)
(A2(x1,x2)) = ,
dc(xy, h)s1(x2) Q(x2) — dc(x2, h)s1(x1) Q(x1)
_ px2)n(xy, pr) — p(x)n(x, p1)
(Z(x1,x2)) =
c(x)u(x1) — c(xp)p(x2)

(P(x1,x2)) =

(D.82)

where f3 = ePy — e(P(x1, x2)) — s2(h)q(h){Z(x1, x2)). The proof is completed.

Remark 10 Note that when zooplankton species also evolves, Theorem 7 and 8 also
hold, and the long-time mean persistent level becomes:

c(x2, Y)n(x1, p1) — c(x1, y)n(x2, p1)
ac(xy, y)u(x) —ac(xy, y)u(xz)
. $51(x2) Q(x2)k (y, p2) — Sc(x2, y) fa
(A1(x1,x2,y)) = ,
Sc(xy, y)s1(x2) Q(x2) — Sc(xa, y)si(x1) Q(x1)
_ Sc(xr, y) fa — s1(x1) Q(x)k (y, p2)
(Ax(x1,x2,y)) = ,
Sc(xr, y)s1(x2) Q(x2) — dc(xa, y)s1(x1) Q(x1)
(Z(x1. 22, y)) = n(x2)n(x1, p1) — u(x)n(x2, p1)
T c(x2, Yu(xy) — clxp, yp(xa)

(P(x1,x2,y)) =

(D.83)

where fi = ePin — e(P(x1, x2, y)) — 2(0)q (Y)(Z(x1, x2, ).
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Appendix E: Proof of Theorem 9

In this part, we mainly investigate the convergence stability and the evolutionary
stability of (x}, x7). Taking the partial derivatives of the first and second equations of
(D.81), with respect to x1, x2, respectively, leads to

(P (x1,
() (P (x1. x2)) + ap (e L 122

3)61
0{Z(x1, x2)
—c'(x1, W(Z(x1, x2)) — c(x1, h)% =n'(x1, p1),
/ d{P(x , X
! () (P (x1, x2)) + g () L L)
3)62
, (Z(x1, x ,
I Z e x)) — (g, iy 2 .
0x2
Together with (30) leads to
0{Z (P
C(x;k’h)M :a,u/(xl*)M s [ = 1’2. (E'84)
8xi xi:xfk Bxl- x,':xfk

Also from the first and second equations of (D.81), we can compute that

Wz ) P s

c(xi, h) o
J

ij

Combining Eq. (E.85) with (E.84) leads to,

cuﬁm<““p_cu?m>8@uhm»
l w(x)  c(xr, h) 3x;

=0, (E.86)

ey ¥
Xj=Xx;

where i, j = 1,2 and i # j. Moreover, from the expression of (Z(x1, x2)) in (D.82),
we know that

[e(xi, P)(xj) — c(xj, Hux)ln(xj, pOu(x;) — n(x;, pu(x;)] > 0,

otherwise, it will contradict with (D.74). Then, from (E.86), we have

Z(x1, d(P(x1,
(Z(x1, x2)) _ (P(x1,x2)) _0. i=1.2 (E.87)
a)Ci xi:xi* 8Xi xizxf
Let
{Z(xq, (P (x1,
hyi(x1, x2) =c(x;, h)w — au’(xi)M,
Xi 3)6,'
I*(P(x1,x2)) 3%(Z(x1, x2))

hoi(x1, x2) =apu(x;) —c(x;, h)

Bx? 8x3
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Obviously, hy;(x1,x2) = 0, i = 1,2. The evolutionary singular dimorphism
(x}, x3) is evolutionary stable if for both i € {1, 2}, the following inequality holds,

M =ap” ()P (Y, x3)) — " O h(Z (e, x3) — BZLZP‘)

0xmut y=x=x} dxi xi=x}
=2h1; (x], x3) — hoi (x{, x3) (E.88)
= — hai (x], x3)
<0.

Furthermore, the local convergence stability at the evolutionary singular dimorphism
(x7, x3) is determined by the Jacobian matrix of evolutionary dynamics (29) at this
point. The Jacobian matrix J of (29) at (x], x3) is given by:

B 0D31(x1, x2) 0D31(x1, x2)
my(xy, x3)————  my(x], x)) ————
J = dx1 x>
D3 (x], x5 0D32(x1, x2)
mo(xf, x3) —— 20 s (xf, )
L 0x] 9x2 xXp=xj, X2=x3
i 0 D31 (x1, x2)
ml(xi",x;)T i 0
1 L (E.89)
_ Xp=x3
- 0D33(x1, x2)
0 mo(x¥F, ¥ —=—— "=
2 ! 2) 0x2 xp=xjy
L Xp=x3
| mmi G xR (67 x3) 0
B 0 —maGf xDhnGt x|’

then if the Jacobian matrix satisfies det(7) > 0 and tr(J) < 0, i.e., hp; (x{, x3) > 0
hold for both i € {1, 2}, the evolutionary singular dimorphism is locally convergence
stable. From the above analysis, it is obvious that once the evolutionary singular
dimorphism (xik, x}‘) is convergence stable, it must also be evolutionary stable, i.e., it
is a CSS. Otherwise, i.e., there at least exists one i € {1, 2}, such that 2; (x{, x3) < 0,
the evolutionary singular dimorphism is a repellor. This completes the proof.

Appendix F: Proof of Remark 6

Proof When s3(y) = ﬂ_13 exp(k2y), in order to prove y™* is always an ESS, we only
need to prove that inequality (38) is always holds. Combing the second equation of
(35) and the expression of (A(x, y)) in (9) leads to

(A", y9), =0, (E90)
and
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'O ) kO )
Scl,(x*, y¥)  Se(x*, y¥)

(A, y5), (F91)
where

1 m
c(x,y) = cmexp(—v(x — 0y)%), «(y) = 5 exp(kay) +da + = exp(=2k7y),

. < ksp2 )2
m = .
ke + p2

By calculation,

c/y(x*, ¥¥) = 2embu(x* — 0y*) exp(—v(x* — 6y*)?), (F.92)
c(x*, y*) = 200%cm (20(x* — 0y*)* — 1) exp(—v(x* — 0y*)%), (E.93)
s ko * ~ %
K'Y = B exp(kay™) — mk7 exp(—2k7y™), (F.94)
k2
K" (y*) = 5_2 exp(kay™) + 2ik exp(—2k7y*) > 0. (E.95)
3

If0 < 2u(x* —0y*)? < 1, c’y’(x*, y*) < 0, then according to (38) and (F.95), we
have,

32 Fs(x, ¥, Ymut)

<0
3 .
8ymut

x=x*

We then prove if 2v(x* — 0y*)% > 1, 82F5(x—2yy"““) < 0 also holds.

Ymut

x=x*

When 2v(x* — 0y*)? > 1, substituting (F.91)-(F.95) into (38) leads to

a2FS()C, Ys Ymut)

2 Lk
9Yimu P

= 8e (%, yIAWT, y5) — k" (v, p2)
K e)

o Mpax ok *
=c,(x7,y )—C,y(x*’y*) k(YT p2) (F.96)
ko * ~ *

B ) 7 exp(kay®) — mk7 exp(=2k7y*)
=60(2v(x* —0y")" —1)  —By" —&"(y*, p2)

k2 oy Y _ o> _ *

plkay™) — mky exp(—2k7y™)
< 20v(x* —0y*)2 £ — k"%, p2).
x* —0y*

We then divide our proof into two cases.
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(1). x* > 6y*, then % exp(kay*) — k7 exp(—2k7y*) > 0 and from (F91),

% exp(kay™) — mky exp(—2k7y*) . i
ko > - — =20v(x* —0y") > 0. (F97)
75 Xp(kay*) + da + 5 exp(=2k7y*)

Substitute (F.97) into (F.96), we have

32 Fs(x, y, k k2
5(-x 2)’ Ymut) . < 291)()6* o ey*)_z CXp(kzy*) _ _2 exp(k2y*)
aymut X=X ,33 ,33
Ymut=y=y
k3 k2 (F.98)
< Zexplkay*) — = exp(kay®)
B3 B3

=0.

(2). x* < 6y*, then /’;—2 exp(kay*) — mky exp(—k7y*) < 0 and from (E91),

3

mky exp(—2k7y*) — % exp(kay™)

2k7 > =20v(@y* —x*) > 0. (F99)

5= exp(kay®) + da + § exp(=2k7y*)
then

9*Fs(x, y, ~ N
7500y, ) < 200(0y* — x*)mky exp(—2k7y™) — 2mk% exp(—2k7y™)

ay2 =
Ymue Sy (F.100)
< 2k exp(—2k7y*) — 2ik3 exp(—2k7y™)
=0.
2 Vs .
Then, w . < Oalways holds. The proof is thus completed. i
mut X=X
Ymu=y=y*
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