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Abstract

Mycoloop is an important aquatic food web composed of phytoplankton, chytrids
(one dominant group of parasites in aquatic ecosystems), and zooplankton. Chytrids
infect phytoplankton and fragment them for easy consumption by zooplankton.
The free-living chytrid zoospores are also a food resource for zooplankton. A
dynamic reaction-diffusion-advection mycoloop model is proposed to describe the
Phytoplankton-chytrid-zooplankton interactions in a poorly mixed aquatic environ-
ment. We analyze the dynamics of the mycoloop model to obtain dissipativity, steady
state solutions, and persistence. We rigorously derive several critical thresholds for
phytoplankton or zooplankton invasion and chytrid transmission among phytoplank-
ton. Numerical diagrams show that varying ecological factors affect the formation and
breakup of the mycoloop, and zooplankton can inhibit chytrid transmission among
phytoplankton. Furthermore, this study suggests that mycoloop may either control or
cause phytoplankton blooms.
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1 Introduction

Phytoplankton and zooplankton are two important aquatic organisms and essential
components of aquatic food webs. Phytoplankton are the most important primary
producers in aquatic ecosystems and the foundation of the whole trophic level (Chen
et al. 2015; Huisman et al. 2006; Klausmeier and Litchman 2001; Wang et al. 2007,
Zhang et al. 2021a). Zooplankton generally refer to the group of animals that live
planktonically in the water. They have an important effect on population structure of
biological communities. Zooplankton have weak swimming ability and cannot move
long distances (Huber et al. 2011; Noss and Lorke 2012). Phytoplankton are one of
the important food sources of zooplankton, and together with zooplankton influence
the structure and biodiversity of aquatic communities (Loladze et al. 2000; Lv et al.
2016; Ruan 1993; Tao et al. 2021; Zhao et al. 2022).

Chytrid fungal parasites, abbreviated as chytrids, are an important group of aquatic
parasites, and widely distributed in various aquatic environments (Frenken et al.
2020a,b). There are over 700 species of chytrids that can infect aquatic organisms
(Kagami et al. 2014). This covers most zooplankton and phytoplankton. Chytrids
move randomly with turbulence as free-living zoospores in the water. These free-
living chytrid zoospores actively search for and infect host cells (Chen et al. 2024;
Gerla et al. 2013; Kagami et al. 2014; Miki et al. 2011). Once the infection is suc-
cessful, chytrids absorb nutrients from host cells to develop sporangia. Zoospores are
produced in the sporangia and are released into the water to infect new hosts when the
sporangia mature (Chen et al. 2024; Gerla et al. 2013; Kagami et al. 2014; Miki et al.
2011).

In this study, we only consider chytrids that infect phytoplankton. Phytoplankton
infected by chytrid zoospores exhibit two characteristics. One is that infected phyto-
plankton cannot reproduce since chytrids consume all organic matter in phytoplankton
cells for the development of sporangia (Frenken et al. 2020a; Gerla et al. 2013). When
the sporangia mature, they release new free-living zoospores and cause the death of
phytoplankton. The other is that chytrid infections can lead to fragmentation of inedi-
ble phytoplankton, which become more edible to zooplankton (Frenken et al. 2020a, b;
Kagami et al. 2014). A noteworthy phenomenon is that free-living chytrid zoospores
in the water have high nutritional quality and zooplankton can also survive by con-
suming chytrid zoospores (Frenken et al. 2020a, b; Kagami et al. 2014). This forms a
chytrid-induced aquatic food web structure containing multiple predatory processes
and one chytrid transmission (see Fig. 1). This chytrid-induced trophic link is known
as “mycoloop". The mycoloop has been shown to be widespread in aquatic ecosys-
tems (Frenken et al. 2020a; Kagami et al. 2014). To our knowledge, few mathematical
models are formulated to explore the mycoloop between phytoplankton, chytrids and
zooplankton. Therefore, one of our research objectives is to derive a dynamic model
to describe the mycoloop.

The spatial distribution of plankton is uneven, and this heterogeneity favors plankton
ecology and evolution. It is well-recognized that phytoplankton and zooplankton can
exhibit strong spatial heterogeneity in the vertical direction when the water column is
deep. The reason for phytoplankton heterogeneity is that the uneven spatial distribution
of resources, the variation of turbulent intensity in the water, and their own directional
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Fig. 1 Diagram of the mycoloop: the interactions between phytoplankton, chytrids and zooplankton

transportation (Grover 2017; Huisman et al. 2006; Klausmeier and Litchman 2001;
Zhangetal. 2021a,b). The vertical movement of zooplankton is driven by many factors
such as avoiding predation (Gliwicz 1986), turbulence in the water and self-swimming
(Huber et al. 2011; Noss and Lorke 2012). These result in an extremely uneven vertical
spatial distribution of zooplankton. This suggests that it is essential to contain spatial
heterogeneity in the phytoplankton-chytrid-zooplankton interactions.

Motivated by the above considerations, we propose and analyze a dynamic
mycoloop model. It characterizes the interactions between phytoplankton, chytrids and
zooplankton. The model is comprised of two reaction-diffusion-advection equations
and two reaction-diffusion equations. Its contribution is to characterize the mycoloop
model with spatial heterogeneity. The structure of the model is relatively complex
including multiple predation terms and one chytrid transmission process. This greatly
increases the difficulty of mathematical analysis. By exploring dynamical properties
of the model, several critical thresholds are rigorously derived. For example, the basic
ecological reproductive indices for phytoplankton or zooplankton invasion, the basic
reproduction numbers for chytrid transmission.

The mycoloop closely connects phytoplankton, chytrids and zooplankton. The com-
plex structure of the mycoloop plays an important role in aquatic ecosystems (Frenken
et al. 2020a,b; Kagami et al. 2014). It is noted that existing studies have shown that
ecological factors can influence plankton biomass and community structure (Chen
etal.2015; Ryabov et al. 2010; Yoshiyama et al. 2009; Zhang et al. 2023). This means
that it is essential to explore the implications of ecological factors on the mycoloop
based on the dynamic model proposed above. We will show the evolution trend in
the biomass of phytoplankton, chytrids and zooplankton for varying ecological fac-
tors, and elucidate some mechanisms of the mycoloop formation and destruction. In
this process, we will reveal the roles of the mycoloop in chytrid transmission and
phytoplankton blooms.
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This paper is organized as follows. We propose a dynamic reaction-diffusion-
advection model to describe the mycoloop in Sect.2. The dynamic analysis of the
model is given in Sect.3. We rigorously derive several critical thresholds for phy-
toplankton or zooplankton invasion as well as chytrid transmission. In Sect.4, we
investigate the effects of ecological factors on the mycoloop and explore chytrid trans-
mission and phytoplankton blooms in the mycoloop. In the last section, we summarize
the main findings and present future research questions.

2 Model

A deep aquatic environment is poorly mixed along the water column. The movements
of phytoplankton and free-living chytrid zoospores are affected by the turbulence in
the vertical direction (Huisman et al. 2006; Klausmeier and Litchman 2001; Zhang
et al. 2021a). Zooplankton mainly exhibit vertical migration (Gliwicz 1986; Huber
et al. 2011; Noss and Lorke 2012). Therefore, we only consider the vertical diffusion
with water depth. Let the time scale be 7 and the water depth coordinate be x with
the water column bottom x = xj; and the water surface x = 0. The variables and
parameters used in the modeling process can be found in Table 1.

This model is constituted by two reaction-diffusion-advection equations and two
reaction-diffusion equations. Phytoplankton are classified as susceptible phytoplank-
ton and infected phytoplankton. S(x, ¢) and /(x, t) denote the biomass density of
susceptible and infected phytoplankton respectively. C(x, ¢) describes the density of
free-living chytrid zoospores in the water. The zoospores move randomly with turbu-
lence and infect phytoplankton cells. The biomass density of zooplankton is denoted as
Z(x,t). Zooplankton survive and reproduce by consuming phytoplankton and chytrid
zoospores. This trophic level in aquatic food webs induced by chytrids constitutes a
mycoloop (Frenken et al. 2020a, b; Kagami et al. 2014).

The dynamics of susceptible and infected phytoplankton are expressed as two
reaction-diffusion-advection equations:

S; =diffusion — sinking (buoyant) + growth — natural death

— intraspecific competition — infection — predation

2.1
=dpScy —VSx +1pS—mpS —nSS+1)—05C —aSZ, @1
dpSx(0,1) —vS(0,1) =dpSc(xp, 1) —vS(xp, t) =0,
and
I; =diffusion — sinking (buoyant) + infection
— natural death — bursting death — predation 22)

=dyly — vl +0SC —m,l —wl —BIZ,
dp (0, 1) — vI(0, 1) = dpL, (ep, 1) — vI (xp, 1) = 0.

Here there are two types of movement in phytoplankton: one type is diffusion in the
vertical direction induced by the turbulence (Huisman et al. 2006; Klausmeier and
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Litchman 2001; Zhang et al. 2021a), and the other type is sinking (v > 0) or buoy-
ant (v < 0) caused by gravity or the search for the optimal growth position (Grover
2017; Jager et al. 2010; Ryabov et al. 2010). Based on the research work in Frenken
et al. (2020a); Gerla et al. (2013), we assume that both susceptible and infected phy-
toplankton consume resources, resulting in intraspecific competition with nS(S + 7).
However, only susceptible phytoplankton can reproduce with r,S, while the organic
matter produced by infected phytoplankton is consumed by chytrids to develop sporan-
gia. The infection between susceptible phytoplankton and free-living chytrid zoospores
is based on the law of mass action with 6 SC. The reductions of phytoplankton biomass
include natural death (m S and m , I'), bursting mortality induced by sporangia matu-
ration (w1 ), and zooplankton predation (oS Z and 1 Z). Phytoplankton fragmentation
becomes more edible to zooplankton as a result of chytrid infection, leading to the
assumption that « < B (Frenken et al. 2020b). We also assume that no phytoplankton
crosses the upper and lower boundaries of the water column. This means that it is
no-flux boundary conditions for phytoplankton (Huisman et al. 2006; Klausmeier and
Litchman 2001; Zhang et al. 2021a).

The dynamics of free-living chytrid zoospores and zooplankton are described as
two reaction-diffusion equations:

C; = diffusion + release of mature sporangia — death — infection — predation
=d.Cyx +qwl —m.C —-0SC —yCZ, (2.3)
C(0,1) = Cy(xp,1) =0,

and

Z, = diffusion + reproduction — loss
=d.Zyx + (ep@S+BI) +eyC)Z—m.Z, 2.4)
Zx(0,1) = Zx(xp, 1) = 0.

Here the transport of free-living chytrid zoospores is driven by the turbulence with a
diffusion rate d.. Chytrid zoospores in the water column originate from the release
of mature chytrid sporangia within infected phytoplankton cells with gw! (Frenken
etal. 2020a,b). The loss of chytrid zoospores contains three components: death (m.C),
infection (9 SC) and predation by zooplankton (y C Z). Zooplankton move vertically
in the water column with a diffusion rate d, (Tao et al. 2021). Zooplankton reproduc-
tion is owing to predation on phytoplankton and free-living chytrid zoospores with
(e p@S+BI) +eyC ) Z. The loss in zooplankton biomass is attributed to mortality
and predation. Neumann boundary conditions imply that the water column is closed
to chytrid zoospores and zooplankton.
Coupling the equations (2.1)-(2.4), we derive the mycoloop model for phytoplankton-

chytrid-zooplankton interactions:

St =dpSxx — Sy +7pS —mpS —nSS+1)—-60SC —aSZ, x € (0,x3), t >0,
I =dplixy — vl +0SC —mpl —wl —BIZ, x € (0,x3), t >0,
C; =d.Cyx +qwl —m.C —0SC —yCZ, x € (0, xp), t >0,
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Zy=d:Zsx + (ep@S+BI) +eyC)Z—m.Z, x € (0,x), t >0 (2.5)
with the boundary conditions

dpSc(0,1) — vS(0, 1) = dp Sy (xp, 1) — vS(xp, 1) =0, 1 > 0,
dpl(0,1) —vI(0,1) = dpL(xp, 1) — vl (xp, 1) =0, 1 > 0, (2.6)
Ci(0,8) = Cx(xp, 1) =0, Zx(0,1) = Zy(x,1) =01 >0

and the initial values

S(x,0) = So(x) =# 0, I(x,0) = Ip(x) =# 0, 27
C(x,0) = Co(x) =# 0, Z(x,0) = Zo(x) =# 0, x € [0, xp]. '
The model parameters are all positive constants except v € R. Model (2.5) is a
complicated model with the mycoloop structure. Its dynamic analysis is more difficult
due to the inclusion of multiple predation terms and one chytrid transmission. To
clarify the mycoloop in aquatic food webs, we will investigate dynamic properties of
model (2.5). Several critical thresholds for phytoplankton or zooplankton invasion and
chytrid transmission will be obtained by analyzing the dissipativity and steady state
solutions.

3 Dynamical analysis

We investigate the dynamics of model (2.5) in this section. The global existence,
uniqueness and dissipative properties of solutions are given in Subsect. 3.1. Nonnega-
tive steady state solutions are explored in Subsect. 3.2. Numerical simulation graphics
are provided to complement the above theoretical results. The parameter values in the
following figures are derived from Table 1 except for some special comments.

3.1 Global existence, uniqueness and dissipativity

We explore the global existence, uniqueness and dissipativity of solutions in model
(2.5).

Theorem 3.1 Model (2.5)-(2.7) has a unique global solution (S(x,t), I (x, 1), C(x, 1),
Z(x,1)) satisfying S(x,t) > 0,1(x,t) > 0,C(x,t) > 0, Z(x,t) > 0on [0, x;] X
(0, 00), and it is dissipative.

Proof Following the standard arguments in Martin and Smith (1990), it is easy to
show that model (2.5)-(2.7) admits a unique local nonnegative solution (S, I, C, Z).
From the maximum principle, S(x,t) > 0, I(x,?) > 0,C(x,t) > 0, Z(x,t) > 0. To
obtain the global existence of the solutions, we only need to show that the solutions
are dissipative.
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Let S = Se~(/4p)¥ By the S equation in (2.5), we obtain

13

< dpS'xx + oS, + rpS' — 82X x € (0, xp), t >0, a1
0.1) = S:(xn, 1) =0, 1 > 0. :

<

?

~

X

Then

rpe(|U|/dp)xh

w/dp)x < on[0,x,]. (3.2

lim sup S(x, t) = lim sup S‘(x, te
11— 00 11— o0

For any ¢ > 0, there is a 71 > 0 satisfying S(x, ) < r,,e“”Vdp)xh/n + ¢ on [0, x;,] for
allt > Ty. Let I = Ie~(®/40)* By adding the S equation and the I equation, we get

- - - . .. rpe(lv\/dp)xh y
S+ D <dp(S+ Dxx +v( S+ Dy +71p T +g ) e Wdp)x

—mp(S+1), x € (0, xp),
(S+D:0,0) =S+ Dy(xp. 1) =0

for t > Tj. Applying the parabolic comparison theorem gives

limsup I (x, 1) < limsup(S + I)(x, t) = limsup(S + I)e /4~
t—>00 —00 t—00
(3.3)

2 2(101/dp)xn
<L on[0,x].
nmp

For the above ¢ > 0, we can find 7> > T satisfying

r262(|v|/d1))xh
I(x,t) < Lt e, x €[0,x], t = T
nmp

From the C equation in (2.5), we have

r2e2(vl/dp)xn
+e)—m.C, x € (0,xp), t > T,

C <d.Cyy +qo
nmp

Cx(0,1) = Cx(xp, 1) =0, 1 > Ts.

Thus,

gor2e2(vl/dp)xn
limsup C(x, 1) < on [0, xp]. 3.4

t—00 nmpnic
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Next we claim that Z is ultimately bounded. According to (3.2)-(3.4), there are
positive constants wu;, i = 1, 2, 3 depending on the initial value (2.7) such that

0< 8@, 1) <pu1, 0<I(x,1)<pz, 0<C(x,1) <u3, x€l[0,x,], 1 =0.
Let N(1) = [3" (ep(S + 1) + ecC + Z) dx. A direct calculation yields

dN *h
7 < (eprpS—i—qua)I)dx—min {mp,mc,mZ}N
0

< (eprpmi + ecqopz) xp — min {mp, me, m:} N,

and then

N(t) < N(0)e~minbmp.memslt 4 (epr{ﬂ“ +ec‘1w“2) Xh (1 _e—min{m,,,m(;,mz}t>.
min {mp,mc,mz}
(3.5)
Let U(t) = maxye[0,x,],s¢€[0,7] Z(x, ). If Z is not ultimately bounded, then
U(t) — ooast — oo since U (¢) is increasing for ¢. Then there is a strictly monotone

increasing sequence {#;}7° | with#; > 1 satisfying U (#;) = max,¢[o,x,] Z(x, ;) — 00
asi — oo. Let

ui(x,t) =Z(x,t + 4 — DH/U®W),
vitx,t) =epa@Sx,t+t; — D+ BIx,t+1; — 1)) +eyClx,t +t; — 1) —mg,.

Hence

(Wwi)y = d;(uj)xx +vi(x, Hu;, x € (0,x), t >0,
(i)x(0,1) = (u;)x(xp, 1) =0, £ >0,
0<u;j(x,0) <1, x €0, xp].

For all x € [0, x;] and any ¢ > 0, we obtain
[vi(x, )] < eplapr + Bua) + ecy us + m;. (3.6)
Then
0<ui(x,1) < e(ep(aul+ﬂuz)+€c)/u3+mz)f’ x €[0,x,], t > 0.
This means that {u;} is bounded in C't®® ([0, x;] x [1/4, 4]) for any & € (0, 1) by
using the standard parabolic regularity. Then we can assume u; — u* in C1-0([0, x] x
[1/4,4])asi — oo.Itfollows from (3.6) that v; — v* Weaklyian([O,xh]x[1/4, 4])

as i — 00, and then |v*| < e, (ap1 + Bu2) + ecy 3 + m;. Hence u™ satisfies

(") =d (") xx + 0 (x, Hu*, x € (0,x3), t € [1/4,4],
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)20, 1) = W )x(xp, 1) =0, t € [1/4,4],

0 < u*(x,1) < elr@uthbua)tecymstmat =y [0, x,], 1 € [1/4, 4].

From max,e[o, 5, #i(x, 1) = 1, we have max,¢[o v,j u*(x, 1) = 1 and u™ >=£ 0.
Then u*(x, 1) > wy > 0 on [0, x;] for some positive constant wg by using the strong
maximum principle. Hence, u; (x, 1) > wg/2 > 0 on [0, x,] if i is sufficiently large. It
follows that Z(x, #;) = u;(x, DU(#;) > (wo/2)U(t;) on [0, x;] for sufficiently large
i. Hence,

Xp
N(t) = / Z(x. t;)dx > %U(q) — c0asi — 00,
0
It is a contradiction to (3.5), and then the claim holds. This completes the proof. O
Remark 3.2 Let
X :={($.1,C,Z) € C(10, x,], R") : §() = 0, 1() = 0,C(-) = 0, Z(-) > 0}.

In symbol, X = C([0, x;], Ri). By Theorem 3.1, the system (2.5) generates a semi-
flow W(r) : X — X by

W(t)(vo)(x)=(S(x,t,vp), [(x,t,v9), C(x,t,Vv9), Z(x,t,Vv9)), x€[0,x,], t >0,
3.7

for each vy = (S0, o, Co, Zo) € X, and it is point dissipative.

3.2 Steady state solutions

Model (2.5) has five types of nonnegative steady state solutions:
Extinction steady state Eg = (0, 0, 0, 0).
Phytoplankton-only steady state E1 = (S1(x), 0, 0, 0), where S (x) satisfies

dyS" —vS + (rp —mp)S —nS* =0, x € (0, x1),
dpS'(0) — vS(0) = dpS'(xp) — vS(xp) = 0.

Phytoplankton-zooplankton-only steady state E» = (S2(x), 0,0, Z>(x)), where
S2(x), Z>(x) satisfy

dyS" —vS' + (rp —mp)S — nS? —aSZ =0, x € (0, xp),
d,2" +e,aSZ —m;Z =0, x € (0, xp),

dpS'(0) — vS(0) = d), S (xp) — vS(x) = 0,

Z'(0) = Z'(xp) = 0.
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Endemic steady state without zooplankton E3 = (S3(x), I3(x), C3(x), 0), where
S3(x), I3(x), C3(x) satisfy

dpS" — S+ (rp — mp)S —nS(S + 1) —SC =0, x € (0, xp),
dyl" —vI' +6SC — (mp+ )] =0, x € (0, ),

d.C" +qwl —m.C —0SC =0, x € (0, x3),

d,S'(0) — vS(0) = d,S'(x) — vS(x) =0,

dpI'(0) — vI(0) = dpI"(xp) — vl (xp) =0,

C'(0) =C'(x) =0.

(3.8)

Endemic steady state with zooplankton E4 = (S4(x), I4(x), C4(x), Z4(x)), where
Sa(x), I4(x), C4(x), Z4(x) satisfy

d,S" —vS' + (rp —mp)S —nS(S+ 1) —OSC —aSZ =0, x € (0, x3).
dpl" —vl'+0SC — (mp + w)l — BIZ =0, x € (0, xp),

d.C" + qwl —m.C —0SC —yCZ =0, x € (0, x),

d.Z" + (ep(aS+ BI) + e.yC)Z —m;Z =0, x € (0, xp), (3.9)
d,S'(0) — vS(0) = d, S (xp) — vS(xp) =0,

d,1'(0) — vI(0) = d,I' (x) — vI(xp) =0,

C'(0)=C'(xp) =0, Z'0) = Z'(x) = 0.

To explore the above steady state solutions, we denote A (I(x), d, v) as the principal
eigenvalue of

dp"(x) —vp'(x) +1(x)p = ip, x € (0,xp), dp'(0) —vp(0) = dp'(x) — vp(xp) =0
(3.10)

for I € L°°([0, x;]). From Proposition 3.1 in Wang et al. (2019), A1(I(x),d, v)
uniquely exists and is increasing with respect to [. If v = 0, then A1(I(x), d, 0) is
denoted as A1 (I(x), d).

Theorem 3.3 Eq always uniquely exists and it is globally asymptotically stable if
Ry=r,/m, < 1.

Proof 1t is obvious that Eg uniquely exists. Consider the eigenvalue problem at Eg

Ao =dpo" —vd + (rp —mp)e, x € (0, xp), (3.11a)
o =dpe" —vg' — (m, + w)e, x € (0,xp), (3.11b)
M =doy" + qop —mepr, x € (0, xp), (3.11¢)
A =dE" —mzE, x € (0, xp), (3.11d)
dp¢' (0) — v¢(0) = dp¢'(xp) — v (xn) =0, (3.11e)
dp@'(0) — vp(0) = dpe' (xp) — vp(xp) =0, (3.111)
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v'(0) = y'(xp) =0, (3.11g)
£'(0) =& (xp) = 0. (3.11h)

It is clear that A is an eigenvalue of (3.11) if and only if X is an eigenvalue of one of
the following four operators

d? d d? d d? d>
V—+rp—mp, d v— — (m) + w), dcﬁ—mc, dzﬁ—

Pdx2 Tdx Pax2  Cdx e

with the boundary conditions (3.11e)-(3.11h). All eigenvalues of the operators
2 2

dcd—2 —m, and d; T2 m; with the Neumann boundary condition are less than 0.
X X

2
By (3.10), all eigenvalues of the operator d v— + 71, —mp with (3.11e) are

Pdx2  dx
2

d
less than 0 if R, < 1 and all eigenvalues of dp—— —v——(mp + w) with (3.11f)

also are less than 0. The means that Ey is locally asymptotically stable if R, < 1.
We next need to show Ej is globally attractive. We let § = Se~(*/4»)* and have

Sy < dpSex + 0S8y +1,S —m,S, x € (0,x), t >0,
S:(0,1) =8, (xp, 1) =0, 1 > 0.

Then

lim sup S(x, £) = limsup S(x, £)e®/4P* = 0 on [0, x;]

—00 —00

if R, < 1. Let I = Ie=W/4)% From S and I equations in model (2.5), for any & > 0,
we have

S+ <dp(S+ Dy + S+ Dy +rpe —mp(S+1), x € (0, xp),
(S+1D)x(0,1) = (S + Dy (xn, t)(xp, 1) =0

for sufficiently large r. Thus limsup,_ . I(x,#) = 0 on [0, x;,]. Similarly,
limsup,_, o, C(x, ) =0, limsup,_, o, Z(x,1) = 0on [0, x;]. O

Remark 3.4 Theorem 3.3 explains that the extinction of plankton is inevitable if R, <
1. This indicates that phytoplankton are the foundation of the entire aquatic food webs.

Once phytoplankton become extinct, aquatic ecosystems will collapse.

From Proposition 3.2 in Wang et al. (2019), the system

St =dpSey — vSy + (rp —mp)S —nS%, x € (0, x1), t >0,

(3.12)
dpSe(0,1) — vS(0, 1) = dpSy (xp, 1) — vS(xXp, 1), £ >0

@ Springer



15 Page 14 0f35 J.Zhang et al.

has a unique positive steady state Sy(x) if R, > 1 and it is globally asymptotically
stable. This indicates that £ uniquely exists if R, > 1. To explore the stability of £y,
we linearize (2.5) at £ and let [ = Ie=®/dp)¥ Then

I =dphy 4+ vl + 6 V9¥S,C — (m), + ), x € (0,x1), 1 >0,
C; = deCyx + que® [ — (m. +651)C, x € (0,xp), 1 > 0,
L0, 1) = Ly (xp, 1) = C(0,1) = Cx(xp, 1) = 0, £ > 0.

Consider the linear parabolic system

I, = dpfxx + vl + e~ WdX] C — (m +w)l, x €(0,xp), t >0,
C; = d.Cyyx + que® [ — (m. 4+ 61,)C, x € (0, x3), t > 0,
[(0,8) = Le(xp, 1) = Cx(0, 1) = Cx(xp, 1) = 0, £ > 0

for 1,1, € C([0, x;], Ry). Denote I12(¢) : C([0, x;], R?) — C([0, x5], R?) as the
solution semigroup generated by

I =dplix +viy — (mp + o), x € (0,x3), t >0,
C; = deCxx + que® X[ — (m. 4+ 01,)C, x € (0,x3), t >0,  (3.13)
100, 1) = L (xp, 1) = C(0,1) = Co (1) = 0, 1 > 0.

IAt follows that the solution distribution at time 7 is [12 (1) (&1 (x), &r(x)), where
I(x,0) =¢1(x), C(x,0) = & (x). Define

Flix) = (8 96“”(/) dp”‘h) .

One can derive the next generation operator H!1:2) as

(3.14)

HR) (0, 0)(x) :/0 Freon2(6) (g1 (x), o2(x))dt,

which describes the distribution of total new infected phytoplankton when zooplankton
are absent. Thus, the basic reproduction number associated with (I, [>) is denoted as

Rotr. 1) = r (H")

where r(H (11’12)) is the spectral radius. If /1 = l» = S, then the basic reproduction
number for chytrid transmission without zooplankton is expressed as

Ro := Ro(S1, 81).
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Consider the eigenvalue problem

o =dpe” + v’ + Ge~ W)Xy — (mp+ w)p, x € (0, xp),
M =dey" + g g — (me +0L)Y, x € (0, x), (3.15)
¢'(0) = ¢ (xn) = ¢¥'(0) = ¢¥/'(xn) = 0.
Itis clear that (3.15) is a cooperation system. Following Krein-Rutman theorem, there
exists a unique principal eigenvalue A1 (l1, I) with a strongly positive eigenfunction

(9, I/A/) satisfying (3.15). According to Theorem 3.1 (i) in Wang and Zhao (2012), the
following conclusion holds.

Lemma 3.5 A(ly,») and Ro(l1, l2) — 1 have the same sign.

Theorem 3.6 E| uniquely exists if R, > 1, and it is locally asymptotically stable if

r(d;, epaSt)
— <

mz

Ry<1, R. = 1. (3.16)

Furthermore, together with Ry(S1, 0) < 1, then E1 is globally asymptotically stable.

Proof Consider the eigenvalue problem at E|

rp=dpd" —vd' + (rp —mp)p —20S1¢ — 1S19 — OS1Y —aSiE, x € (0, xp),

(3.17a)
rp =dyg" — v +0S1Y — (m, + w)g, x € (0,xp), (3.17b)
M =dep" (x) + gqop — mey — 081, x € (0, xp), (3.17¢)
A =dE" + (epaSi —mE, x € (0, xp), (3.17d)
dp¢'(0) — v (0) = dp’ (x1,) — v (x3) =0, (3.17¢)
dp@'(0) — vp(0) = dpe' (xp) — v(xp) =0, (3.171)
¥'(0) = ¥'(xp) =0, (3.17g)
£(0) =&(x;) =0. (3.17h)

Let Amax be the eigenvalue of the largest real part of (3.17). If ¢ #= O or ¢ # 0 or
& # 0, from (3.17b)-(3.17d) and the boundary conditions (3.17f)-(3.17h), we have
Amax = max{Ai(S1, S1), A1(d;, epaSy) — m;} < 01if (3.16) holds. If ¢ = 0, ¢y =0
and £ = 0, by (3.17a) and its boundary condition (3.17¢), we obtain

Amax = A1 (d[,, V,Fp —mp —27151) <M (dp, V,rp —mp — 77S1) =0.

The above analysis implies that E is locally asymptotically stable if (3.16) holds.
To obtain the global stability, it only needs to prove that E; is globally attractive.
From (3.12), limsup,_, o, S(x,#) < S1(x) on [0, x] since R, > 1. For any ¢ > 0,
we can find a #; > O satisfying S(x,7) < Si;(x) + ¢ on [0, x;] for all # > #;. Let
l1 = S1 + &1 = 0in (3.15). It follows that there is a unique principal eigenvalue
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Ai(S1 +¢€,0) < 0if Ro(S1,0) < 1, and it has a strongly positive eigenfunction
@%, ). By I and C equations in (2.5), letting I = Ie~/4»)* we have

I < dpl + vy +0e=VY(S) 4+ 6)C — (my + ), x € (0, x3), t > 11,
C; =d.Cyx + qwe(v/dp)xi —mC, x € (0,xp), t > 1,
[0, 1) = Iy (o, 1) = Cx(0, 1) = Cx(xp, 1) = 0, 1 > 11.

There exists a sufficiently large positive constant Lg such that (f (x,11),C(x, 1)) <
Lo(¢%, ¥®). It is noted that Loe*! (S1+&00=1) (58 44€) is a solution of

I =dpley +viy + 0™ VXS +6)C — (mp + o), x €0, x1), 1 > 11,
C; =d.Cyy —l—qa)e(”/dp)xf— m.C, x € (0, x), t > 11,
L0, 1) = Ly (xp, 1) = Cx (0, 1) = Cx(xp, 1) = 0, 1 > 1.

From the comparison theorem, we get
(I(x 1), C(x, t)) < Lot 5148006 ’1)( VA ) x €10, x3], 1 > 11.

This shows that limsup, . I(x,7) = limsup, . I(x,1)e®)* = 0 and
limsup,_, ., C(x,t) = 0on [0, x;] from A;(S; + €, 0) < 0. For the above ¢ > 0, we
can find a r, > #; satisfying I(x,t) < ¢ and C(x,?) < ¢ on [0, x;] for any ¢t > 15.
From R; < 1, R} = A1(d;, ep(a(S1 +¢) + Be) +ecye)/m, < 1. By the Z equation
in model (2.5), we get

Zy <d;Zyx + (ep ((S1 + &)+ Be) +ecye _mz) Z, x € (0,xp), t > 12,
Z,(0,1) = Zy(xp, 1) =0, t > 1.

Then limsup, , ., Z(x,?) = 0 on [0, x,] from R{ < 1. Applying Theorem 1.8 in
Mischaikow et al. (1995) or Theorem 4.1 in Thleme (1992), the S equation in model
(2.5) reduces to (3.12). Then lim sup,_, o, S(x, t) = S1(x) on [0, x3], and then Ej is
globally attractive. The proof is complete. O

Remark 3.7 R, is the basic ecological reproductive index for phytoplankton invasion.
It evaluates the viability of phytoplankton. R, < 1 means phytoplankton are extinct,
while R, > 1 indicates phytoplankton can survive in aquatic ecosystems. We only
give that E is globally asymptotically stable when R((S1,0) < 1, and indeed this
conclusion is also true if Ry < 1 from numerical simulations.
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To investigate the existence of E», we consider the phytoplankton-zooplankton
interaction model

St =dpSex — Sy + 7,8 —m,S —nS* —aSZ, x € (0,xy), t >0,
Z; =d;Zyx +epaSZ —m;Z, x € (0,xp), t >0,

dpSy(0,1) —vS(0, 1) = dpSy(xp, 1) —vS(xp, 1) =0, t >0,
Z:0,t) = Zy(xp,t) =0, t > 0.

(3.18)

Let (S(x, t, (So, Zo)), Z(x,t, (So, Zp))) satisty (3.18) with (So, Zg) € C ([0, xz], Rﬁ).
Denote the solution semiflow X(¢) : C([0, xj], ]R%_) — C([0, xp], Ri) by

() (S0, Zo)(x) = (S(x, t, (S0, Z0)), Z(x,1, (S0, Zo))), x € [0, x], t > 0.
Let
Ho :={(S.2) € C([0,x,], R3) : S() £ 0, Z(-) 0}, dHy = C([0,x], R) \ Ho.

The following result is derived from Theorem 3.9 in Wang and Nie (2022) and Theorem
2.1 in Nie et al. (2023).

Lemma3.8 IfR, > land R, > 1, model (3.18) is uniformly persistent for (Hy, 0 Hp).
Furthermore, model (3.18) has a global attractor A1 C Int Hy satisfying (t)(A1) =
A1, and a unique positive steady state (Sa2, Z>).

The conclusion about the existence of E, comes directly from Lemma 3.8.

Theorem 3.9 Model (2.5) has a unique phytoplankton-zooplankton-only steady state
E>if R, > 1and R; > 1.

Remark 3.10 1. R; is the basic ecological reproductive index for zooplankton inva-
sion without chytrid infection. Theorem 3.9 indicates that R; = 1 is the critical
threshold for zooplankton survival. R, > 1 means successful zooplankton inva-
sion, conversely, R, < 1 means failed invasion. It is difficult to obtain the stability
of E5 because of the complex structure of model (2.5). When the intraspecific
competition coefficient 1 decreases, numerical analysis shows that E> loses its
stability in the (S, Z) plane. It results in a spatially inhomogeneous boundary
periodic solution (see Fig.2). This implies that the paradox of nutrient enrichment
can happen.

2. From Lemma 2.2 in Nie et al. (2020) or Lemma 3.1 in Nie et al. (2023), R,
is strictly decreasing for d, > 0 with limdzﬁ(yr R; = epamax,e[o,x,) S1(x)/m;
(see Fig. 3b). This means that the reduction in the random diffusion of zooplankton
favors its invasion. From Fig. 3a and c, one can observe that R, is non-monotonic
withrespect to d,, and v, and there may be multiple critical thresholds for zooplank-
ton survival/extinction. The method used here to calculate the principal eigenvalues
is taken from the appendix in Zhou and Huang (2022).
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Fig.2 The spatially inhomogeneous boundary periodic solution for the phytoplankton-zooplankton coex-
istence. Here n = 1078, mz; =0.1

(a) (b) (c)

1.004]

1.002]

0.996)

0.904)

Fig. 3 Dependence of R; on the spatial factors dp, d;, v. Here m; = 0.36,ad; = 0.5bd, = 0.1 ¢
dp=0.1,d; =0.7

To obtain the existence of E3, we consider the phytoplankton-chytrid interaction
model:

St =dpSxx —vSx +1pS —mpS —nSS+1)—08SC, x € (0,xp), t >0,
I =dpliyy — vl +0SC — (mp +w)l, x € (0,xp), t >0,

Ci =d.Cyx +qwl —m.C —0SC, x € (0,xp), t >0,

dpSc(0,1) —vS0,1) =dpSy(xp, ) —vS(xp, 1) =0, t >0,

dpl(0,1) —vI(0,1) =dplc(xp, t) —vi(xp, 1) =0, t >0,

Ci(0,1) =Cy(xp,t) =0, t > 0.

(3.19)
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Let (S(x,t, (So, lo, Co)), I(x,t, (So, Lo, Co)), C(x,t, (So, lo, Cp))) satisfy (3.19)
with (8o, Ip, Co) € C([0, xp], Ri). Denote the solution semiflow A(z) : C([0, xp],
R}) — C([0, x;], RY) by

A(t)(So, To, Co)(x) = (S(x, 1, (So, Lo, Co)), I(x, 1, (So, Io, Co)), C(x, 1, (So, Ip, Co))),
for x € [0, x,] and ¢ > 0. Define

Yo:={(S.1,C) € C([O,xh],Ri) :8()#0,1(¢) #0,C() #0},
Yo = C([0, x5], R3) \ Yo.

The following Lemma shows that Ry = 1 is a critical threshold for chytrid trans-
mission when there are no zooplankton. The proof is given in Appendix.

Lemma3.11 IfR, > land Ry > 1, model (3.19) is uniformly persistent for (Yo, 3Yp).
Furthermore, model (3.19) has a global attractor Ay C Int Yy satisfying A(¢)(A2) =
Ao, and at least one positive steady state (S3, I3, C3).

The following result on E4 is derived directly from Lemma 3.11.

Theorem 3.12 Model (2.5) has at least one endemic steady state without zooplankton
E3if Ry > 1 and Ry > 1.

Remark 3.13 1. From Theorem 3.12, chytrids cannot spread between phytoplankton
if Rp < 1 and can be prevalent if Ry > 1. We do not obtain the results for the
uniqueness and stability of E3. It is a question that deserves further exploration. It
can be seen from numerical simulations that a spatially inhomogeneous periodic
solution in the (S, 7, C) quadrant is generated if E3 is unstable (see Fig.4).

2. Note that the movements of both phytoplankton and free-living chytrid zoospores
are driven by the turbulence. It is very reasonable to assume that d, = d.. By
Fig.5a and b, Ry is increasing and then decreasing for the spatial factors d), (d.)
and v. This shows that lower or higher turbulence intensities (sinking velocity)
are both beneficial to controlling chytrid infection of phytoplankton. Ry is strictly
monotonically increasing for 6 and g (see Fig.5c and d). Hence the increase in 6
and ¢ is conducive to chytrid transmission among phytoplankton.

We next explore the endemic steady state with zooplankton E4. We introduce
projections Q; : C([0, x3], Ri) — C([0, x],Ry), i =1,2as

018,2) =S8, 02(8,2)=2Z
and P; : C([0, x;,],R3) — C([0, x4], Ry), j = 1,2,3 by
Pi(S,1,C)=3S, P,(S,1,C)=1, P:(5,1,C)=C.
Let

O; = Qi(An), i =12, I; = Pj(Ay), j=1,2,3.
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Fig.4 The spatially inhomogeneous boundary periodic solution for the phytoplankton-chytrid coexistence.
Heredp =dc =d; =02,v=02,m; =0.6

Denote

Sy(x) = mf S(x), $*(x) = sup S(x), Z*(x) = sup Z(x) on [0, x;]
Se® Ze®y

and

S=inf Sx), I = 1nf I(x), C = 1nf C(x) on [0, x].
Selly

It follows from Lemmas 3.8 and 3.11 that
0 < Si(x) < 8%(x), 0 < Z*(x), 0 < S(x), L(x), C(x) on [0, xp].
We consider the linear parabolic system

Iy =dplex + vl +0e V95 C — (mp 4+ 0+ B3I, x € (0, x1), 1> 0,
C; = deCyyx + qe® [ — (m. + 0l + y13)C, x € (0, xp), t > 0,
L0, 1) = L (xp, 1) = C(0,1) = Cx(x, 1) =0, £ > 0
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Fig. 5 Dependence of R on the spatial factors dp, d¢, v and infection-related factors ¢, g. Here a 6 =
7.5x107%bdy =de =050 =7x10%¢cdp =d. =0.5ddp =dc =0.5,6 =7.5 x 107°

forl; € C([0, x3], Ry),i = 1,2, 3.Replacingm ,+w, me+0l by m,+w+pl3, me+
0l 4+ yl3 in (3.13) and (3.15) respectively, we let 153 (r) : C([0, x,], R?) —
C ([0, xp1, Rz) be the solution semigroup of (3.13) and let A1 (I, I2, [3) be principal
eigenvalue of (3.15). Define the basic reproduction number associated with (/1, /2, [3)
by

Ro(l1, I, I3) = r(H"20),

Here r(H ?12:13)) is the spectral radius and
o0
HU B (g 6)(x) = / Fron®@B @) (), (x0))dt,
0

where F'I can been found in (3.14). Applying Theorem 3.1 (i) in Wang and Zhao
(2012) again, A1 (I1, [2, I3) and Ro(l1, I3, [3) — 1 have the same sign.
Let

Xo:={(S,I,C,Z) e X :S()£0,1(-) £0,C(-) £0, Z(-) £ 0}, 3Xo = X \ Xo.
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It follows that W (¢) : Xo — X for all ¢+ > 0, where W can been found in (3.7). From
Theorem 3.1 and Remark 3.2, W(¢) is compact for any ¢ > 0 and has a global compact
attractor in X. Assume that

Q1 :=1(5,0,0,2) € X : (S, 2) € A1}, Q0 :={(S,1,C,0) e X:(S,1,C) € As}.

It will be shown that Eg, E1, 21, €2, are uniform weak repellers for X, that is, there
existoj, i = 1,2, 3, 4 satisfying

lim sup dist(W (#)ug, Eg) > o1, limsupdist(¥(¢)ug, E1) > o2,

t—00 =00
lim sup dist(W (*)ug, 21) > o3, limsupdist(P(#)ug, 22) > o4
—>00 11— 00

for all ug = (So, lo, Co, Zop) € Xo. This proof of the following lemma is provided in
Appendix.

Lemma 3.14 (i) Eq is a uniform weak repeller for Xo if R, > 1, and E\ is a uni-
form weak repeller for Xo if R, > 1; (ii) 21 is a uniform weak repeller for X if
Ro(Sx, S*, Z*) > 1, and Q23 is a uniform weak repeller for X if

Md, eplaS+ Bl +eyC)

mz

R.(S.1,0) = 1.

The uniform persistence of (2.5) and the existence of E4 are stated in the following
conclusion.

Theorem3.15 If R, > 1, R; > 1, Ro(S«,S*.Z*) > 1, R.(S,1,C) > 1, then
model (2.5) is uniformly persistent for (Xo, dXo). Furthermore, model (2.5) has at
least one endemic steady state with zooplankton Ey.

Proof Let T’ := {up € 9Xo : W(t)ug € 0Xg forany ¢+ > 0} and the orbit o(ug) :=
{W(@)ug : ug € I', t > 0}. It will prove that the omega limit set w (ug) C Eg U E; U
Q1 U Q) of o(ug). For any uy € I', from the definition of I, we have S(-, ¢, ug) =0
orI(-,t,up) =0,C(,t,ug) =0o0r Z(-, t,up) = 0 forall t > 0. Similar to the proof
of Lemma 3.11, if S(-,#,ug) =0or I(-,t,ug) =0,C(-,t,ug) =0, Z(-, t, ug) =0,
then w(ug) C Eg U E. If I(-,t,ug) = 0,C(-, t,ug) = 0, then (2.5) simplifies to
(3.18). It follows from Lemma 3.8 that w(ug) C 2. If Z(-, t, up) = 0, then (2.5)
reduces to (3.19), and w(ug) C 23 from Lemma 3.11.

It follows from Lemma 3.14 that Ey, E1, 21, 2, are uniform weak repellers for
Xo. To obtain our conclusion, we denote G : X — [0, oo) satisfying

G(ug) = min{ min So(x), min /Iy(x), min
Xe 0 x€[0,

Co(x), min
[0,x1] x€[0,xp] xn] x€[0,xp

| Zo(x)} .

From W(r)(Xo) € Xo, G~1(0,00) € X and G(¥(r)up) > O for any t > 0 if

G(up) > 0 orug € Xo with G(ug) = 0. It follows that G is a generalized distance
function for W.
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In the light of the above analysis, w (1) C EqU E1U Q1 UQ; forany ug € I'. This
shows that W (1) (ig) — Egor W (t)(ug) — EjorW(t)(ug) — QorW¥(t)(ug) — 2
for ugp € 9Xg as t — oo, and then no subset of {Eq, E1, 21, 27} forms a cycle in
0Xo. Eg, E1, 21, Q2 are all isolated in X and Wl.s NG 10,00) =0,i =1,2,3,4
since Eg, E1, 1, 27 are uniform weak repellers for X, where WZ:Y, i =1,2,3,4
are the stable sets of Eg, E, 21, Q2> respectively. By Theorem 3 in Smith and Zhao
(2001), minyeeuy) G(u) > @ for any ug € Xo and some & > 0. This shows that the
uniform persistence is valid.

Following Theorem 3.7 and Remark 3.10 in Magal and Zhao (2005), ¥ (¢) admits a
global attractor in X(. Applying Theorem 4.7 in Magal and Zhao (2005), model (2.5)
has one endemic steady state with zooplankton E4 € X¢. From (3.9), we have

—dpSy +vSy+ (N(Sa+ 1s) +0Ca+aZs)Ss = (rp, —mp)Ss > 0, x € (0, x3),
— dplé/ + vléi +mp+w+ BZs)ly =0854,C4 >0, x € (0, xp),

—deCy + (me + 0S4 +yZs)Cs = quwls > 0, x € (0, xp),

—d.Z} +m.Z4 = (ep(aSs+ Bls) + ecyCa) Zs, x € (0, x3),

dpS4(0) — v84(0) = dpSy(xp) — vS4(xp) =0,

dpli(()) —vly(0) = dplz/‘(xh) —vly(xp) =0,

C4(0) = Ci(xp) = Z4(0) = Z(xp) = 0.

This means that S4(x) > 0, I1(x) > 0, C4(x) > 0, Z4(x) > O on [0, x;] by applying
the strong maximum principle and the Hopf boundary lemma. O

Remark 3.16 1. From Lemmas 3.8 and 3.11, Ro(Sy, S*, Z*) = Ro(S2, S», Z») if
Ay = (82, Zy)and R (S, I, C) = R (83, I3, C3) if Ay = (83, I3, C3). It is very
difficult to compare the values of Ro and Ro(Sx, $*, Z*)or R;and R (S, I, C). This
means that in the mycoloop, it is not possible to distinguish whether zooplankton
are more likely to invade aquatic ecosystems or chytrids are more prone to spread
between phytoplankton.

2. It follows from uniform persistence that phytoplankton, chytrids and zooplankton
can coexist in a poorly mixed aquatic environment. There are two forms of coex-
istence. One is a steady state solution from Theorem 3.15. The other is a positive
spatially inhomogeneous periodic solution from numerical analysis (see Fig. 6).

4 Mycoloop

The mycoloop contains multiple predation terms and one chytrid transmission. This
complex structure has important implications for aquatic ecosystems (Frenken et al.
2020a,b; Kagami et al. 2014). We will explore the effects of some ecological factors
on the mycoloop based on model (2.5). In this process, it also will reveal the roles
of the mycoloop on phytoplankton blooms and chytrid transmission. The numerical
algorithm in the figures below is performed in Matlab by discretizing model (2.5) via
the finite difference method (see Appendix B in Zhang et al. (2021a)). The parameter

@ Springer



15  Page24of35 J.Zhang et al.

Susceptible phytoplankton Infected phytoplankton
0 0
] 8000 4000
2 7000 3500
3 6000 3000
= 4 5000 = 2500
Q o
g 5 3
4000
& & 2000
6
3000 1500
7
8 2000 1000
9 1000 500
I .o I I N B
900 920 940 960 980 1000 900 920 940 960 980 1000
Time t Time t
Chycrid zoospores Zooplankton
0 0
4 10000 1 7000
9000
2 2
8000 6000
3 3
7000
5000
x 4 x 4
g s 6000 g s
% 5000 (% 4000
6 6
4000 3000
7 3000 7
8 2000 8 2000
9 1000 9 1000
10 10
900 920 940 960 980 1000 900 920 940 960 980 1000
Time t Time t

Fig.6 The positive spatially inhomogeneous periodic solution for the Phytoplankton-chytrid-zooplankton
coexistence. Here dp = de = d; = 0.2

values here come from Table 1. The initial values of the solutions are Sp(x) = 40 +
Ssinx, Ip(x) =20+ Scosx, Cop(x) = 30+ 10cosx and Zp(x) = 20 + 10sinx on
[0, xp].

We consider the parameters in model (2.5) associated with ecological factors. These
parameters involve spatial factors dp, d., d;, v, infection-related factor 6, zooplank-
ton invasion-related factor m,. The numerical bifurcation diagrams below exhibit
the evolution trend of steady state solutions (E;, i = 0, 1,2, 3, 4) or spatially inho-
mogeneous periodic solutions with different parameter values. The points on the
bifurcation curves represent the total biomass densities in space of susceptible phy-
toplankton ( f(f " §(x)dx), infected phytoplankton ( f(f " I(x)dx), free-living chytrid
zoospores ([ C(x)dx) and zooplankton ( ;" Z(x)dx) when the solutions of model
(2.5) converge to different steady state solutions or spatially inhomogeneous peri-
odic solutions. Time series diagrams show changes in the density of phytoplankton
(Jo" (S+1)(x, t)dx), chytrids ( f," C (x, t)dx) and zooplankton ( ;" Z(x, t)dx) over
time.

The spatial distribution of plankton is mainly influenced by the turbulence in the
water. This is because plankton either lack swimming ability or have very weak swim-
ming ability (Huber et al. 2011; Huisman et al. 2006; Klausmeier and Litchman 2001;
Tao et al. 2021). For simplicity, it can be assumed that D = d,, = d. = d,. Figure7
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Fig. 7 Bifurcation diagrams for the vertical turbulent diffusion coefficient D € [0.1,2] (D =d p=dc =
dy). Here it describes the effects of D on the mycoloop, and v = 0, 2
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Fig.8 Bifurcation diagrams for the sinking or buoyant velocity v € [—0.2, 0.6]. Here it describes the effects
of v on the mycoloop

displays the effects of D on the mycoloop. All populations in the mycoloop coexist at
the steady state solution E4 as the value of D approaches 0.1. With the increase of D,
positive spatially inhomogeneous periodic solutions through a Hopf bifurcation are
generated, and the variation of their amplitudes is non-monotonic with respect to D.
When D is relatively large, the biomass of zooplankton decreases dramatically and
becomes extinct. At this point the mycoloop disappears and only phytoplankton and
chytrids coexist. This occurs because the movement of plankton is controlled by the
turbulence, then the faster diffusion rate is unfavorable for zooplankton to capture prey.
These studies indicate that changes in the turbulence intensity cause more complex
dynamics within the mycoloop and even disrupt the mycoloop structure.

The directional movement of phytoplankton consists of sinking (v > 0) and rising
(v < 0) (Grover 2017; Zhang et al. 2021a). From Fig. 8, it can be seen that there are
three different scenarios for varying values of v. The first is phytoplankton, chytrids
and zooplankton coexist at periodic oscillations for v € (—0.2, —0.03) U (0.03, 0.48).
The second is all populations coexist at E4 for v € (0.48,0.6). The third is the
extinction of zooplankton and the destruction of the mycoloop for v € (—0.03, 0.03).
This implies that if phytoplankton have no directional movement or the directional
movement rate is low, it is not conducive to the mycoloop formation.

We next explore the parameter 6 related to chytrid transmission. By Fig.9, one
can observe that there are three distinct stages with the increase of 6. For 6 €
(1074, 1.5 x 10™%), E, is globally attractive. This means that only phytoplankton and
zooplankton coexist and chytrids cannot spread among phytoplankton if the infection
rate is relatively low. For @ € (1.5 x 1074, 5.5 x 10™%), chytrids spread among phyto-
plankton and the mycoloop induced by chytrids appears. All populations coexist at E4
or a positive periodic solution. The spatially inhomogeneous periodic solutions bifur-
cate from E4 at@ = 3.6 x 10~* via a Hopf bifurcation. For6 € (5.5 x 1074, 8x 10’4),
zooplankton tend to extinction, and the mycoloop is destroyed. The reason for this phe-
nomenon is that high infection rate reduces the number of free-living chytrid zoospores
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(@) Suscepible phytoplankion 1w (b) Infected phytoplankion o (¢) Froe-iving chytid zoospores ' (@) Zooplankion

Fig. 9 Bifurcation diagrams for the infection rate 6 € [10~%, 8 x 10~4]. Here it describes the effects of 6
on the mycoloop

(2) Suscopible phytoplankion (&) Inected phytoplankion o (c) Free-living chylid zoospores o (@) Zooplankion

Fig. 10 Bifurcation diagrams for the loss rate m, € [0.2, 1.8]. Here it describes the effects of m; on the
mycoloop, and § =5 x 1073

in the water, resulting in the inability of the zooplankton to survive. The above dis-
cussion shows that a low infection rate reduces the probability of chytrid transmission
among phytoplankton, and a high infection rate prevents zooplankton invasion.

Zooplankton are the only consumer within the mycoloop. Figure 10 shows the
effects of changes in zooplankton biomass on the mycoloop. When zooplankton go
extinct (m; > 1.56), the steady state solution E3 is globally attractive and chytrids
are prevalent among phytoplankton. Zooplankton successfully invade aquatic ecosys-
tems at m, = 1.56. With further reductions in zooplankton mortality, the biomass of
both infected phytoplankton and free-living chytrid zoospores declines. Chytrids are
unable to spread among phytoplankton and E is globally attractive if the zooplankton
biomass is high (m, < 0.28). These findings suggest that zooplankton can effectively
control chytrid transmission among phytoplankton by consuming free-living chytrid
Z0OSpores.

Phytoplankton blooms are becoming more frequent and seriously threatening
aquatic ecosystems (Chen et al. 2015; Ho et al. 2019). It describes an ecological
phenomenon in which phytoplankton biomass increases dramatically. Zooplankton
and chytrids can control phytoplankton biomass through predation or infection respec-
tively (see Figs. 11a and 12a). Due to the complex relationship between phytoplankton,
chytrids and zooplankton in the mycoloop, the phytoplankton biomass exhibits two
opposite situations. One situation is that the phytoplankton biomass declines in the
mycoloop (see Fig. 11b). This happens because phytoplankton infected with chytrids
have a significant increase in mortality and become more easy to predation by zoo-
plankton after fragmentation. In this way the spread of chytrids in the mycoloop
together with zooplankton effectively suppresses the phytoplankton biomass. Another
situation is that the phytoplankton biomass increases in the mycoloop. The reason
for this situation is that the presence of zooplankton in the mycoloop consumes a
large number of free-living chytrid zoospores, thereby reducing chytrid transmission
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Fig. 11 Time series of densities of phytoplankton, chytrids and zooplankton. Comparing a and b, the
phytoplankton biomass declines in the mycoloop
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Fig. 12 Time series of densities of phytoplankton, chytrids and zooplankton. Comparing a and b, the
phytoplankton biomass increases in the mycoloop

among phytoplankton. Therefore, mycoloop can either control or induce phytoplank-
ton blooms in different scenarios.

5 Discussion

Zooplankton consume both phytoplankton and free-living chytrid zoospores. Chytrids
infect phytoplankton and fragment them for easy predation by zooplankton. The
mycoloop describes the interactions of phytoplankton, chytrids and zooplankton
(Frenken et al. 2020a,b; Miki et al. 2011). It enhances the sustainability and bio-
diversity of aquatic food webs (Kagami et al. 2014). There exist few mathematical
models to consider the mycoloop. In order to better understand the mycoloop, it is rea-
sonable to develop dynamic models to characterize the complex relationship between
phytoplankton, chytrids and zooplankton.

The mycoloop model (2.5) in this study is proposed to characterize phytoplankton-
chytrid-zooplankton interactions. The plankton habitat in a deep water column is
poorly mixed vertically. Model (2.5) has two important features: one is to consider the

@ Springer



15 Page280f35 J.Zhang et al.

mycoloop induced by chytrids, and the other is to contain spatial heterogeneity in the
vertical direction. Theoretical and numerical outcomes show that the mycoloop model
(2.5) with spatial heterogeneity has complicated dynamics and important ecological
implications.

According to theorems in Sect. 3 and corresponding remarks, some critical thresh-
olds for phytoplankton or zooplankton invasion and chytrid transmission among
phytoplankton are rigorously derived. R, R;, R (S, I, C) are the basic ecological
reproductive indices for phytoplankton or zooplankton invasion (see Theorems 3.6,
3.9and 3.15). Ry, Ro(Sx, S*, Z*) are the basic reproduction numbers for chytrid trans-
mission among phytoplankton (see Theorems 3.12 and 3.15). Based on model (2.5)
and numerical simulations, the effects of some ecological factors on the mycoloop are
investigated. The numerical bifurcation diagrams (Figs.7, 8, 9 and 10) show that spa-
tial factors dj, d,, d,, v, infection-related factor 6, and zooplankton invasion-related
factor m; induce more complex dynamics within the mycoloop and influence the for-
mation and breakup of the mycoloop. The studies also indicate that the presence of
zooplankton in the mycoloop can inhibit chytrid transmission among phytoplankton.
Time series diagrams (Figs. 11 and 12) suggest that the mycoloop may either control
or cause phytoplankton blooms.

Light is one of the essential resources for phytoplankton growth (Heggerud et al.
2023; Hsu and Lou 2010; Huisman and Weissing 1994; Peng and Zhao 2016). It
should be noted that light has a significant effect on chytrid transmission among
phytoplankton (Bruning 1991). In model (2.5), we do not consider the contribution of
light. Itis intriguing to incorporate light into the mycoloop. The paradox of the plankton
refers to the contradiction between phytoplankton biodiversity in the same ecological
niche and the limited availability of abiotic resources (Hutchinson 1961). Chytrids
and zooplankton can infect and consume a variety of phytoplankton, respectively.
Hence it is necessary to include two or more phytoplankton in the mycoloop and to
attempt to explain the plankton paradox. Additionally, it may be helpful to investigate
the influences of lake stratification and fish. We have made a preliminary discussion
on dynamics of model (2.5), but there are still some remaining open problems to be
explored, for instance, the existence of spatially inhomogeneous periodic solutions,
the uniqueness and stability of E3, E4.

Appendix
Proof of Lemma 3.11 This proof mainly applies the abstract persistence theory in Li

and Zhao (2021); Magal and Zhao (2005); Smith and Zhao (2001); Zhao (2017). It
follows from the Hopf boundary lemma and the strong maximum principle that

S(x,t,ug) >0, I(x,t,ug) >0, C(x,t,ug) >0 (A1)

on [0, x;] for all + > O and any initial value uy = (So, lo, Cp) € Yo, and then
A)Yyg C Ypforallr > 0.Let Y := {ug € 0Yp : A(t)ug € dYp for all + > 0} and the
orbit o(ug) := {A(t)ug : ug € Y, t > 0}.
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We claim that the omega limit set w(ug) = {(0, 0, 0), (S1, 0, 0)} of o(up). For
any ug € Y, we have A(t)up € Y, t > 0. This means that S(-,7,up) = 0 or
I(-,t,up) =0,C(,t,ug) =0.If S(-, £, ug) = 0, then (3.19) reduces to

Iy =dplix — vy — (mp +w)l, x € (0,x3), t >0,

C; =d.Cyx +quwl —m.C, x € (0,x3), t >0,

dpl(0,1) —vI(0,1) =dpl(xp,t) —vI(xp, 1) =0, t >0,
C(0,8) = Cy(xp,t) =0, t > 0.

It follows that lim;_, oo I (-, t,uug) = 0, lim;_ 5o C(-, t,ug) = 0. If I(-,1,ug) = 0
and C(-,t,ug) = 0, then (3.19) is transformed into (3.12), which implies that
lim; o0 S(x, t, ug) = S1(x) on [0, x;]. Hence the claim is true.

We next prove that (0, 0, 0), (51, 0, 0) are uniform weak repellers for Yy, that is,
there exist §; > 0,7 = 0, 1 satisfying

lim sup [[A(1)uo — (0,0, 0)]| = do (A2)
t—00

lim sup [[A(1)ug — (51,0, 0)[| = &1 (A.3)
—0o0

for all ug € Yy. If (A.2) does not hold, then for any ¢y > 0, there exist ug € Yy and
to > 0 satisfying

ISC, 2, u0)ll < €0, II1C, 1, u0)ll < €0, [ICC, 1, up)ll < &oforz = 19.
From the S equation in (3.19), we have

Sy > dpSyx —vSx + (rp —mp —2ngg — 0g9)S, x € (0,x3), t > 1,
dpSc(0,1) —vS(0,1) =dpSy(xp, 1) —vS(xp, 1) =0, t > 1.

Following the maximum principle, we obtain S(-, fy, ug) > 0 forug € Yy. Letr, —
mp—2neo—06eg be the principal eigenvalue of (3.10) with [ (x) = rp—m ,—2neo—0eg
and d = d,, and let ¢ be the corresponding positive eigenfunction. For the above
sufficiently small eg, r), —m, — 2neg — Oeg > O since R, > 1. We canfindaag > 0
satisfying S(-, tg, ug) > ap¢*°. By the comparison theorem of parabolic system, we
have

S(x, 1) = age"r TR0 G0 () x € [0, x5, 1 = 1o
Here age"r—"p=21€0=020)(t=10) 20 (x) is a solution of

St =dpSxx — VS + (rp —mp — 2ngg — 0e9)S, x € (0,x3), t > 1y,
dpSx(0,1) —vS(0,1) =dpSy(xp, 1) —vS(xs,1) =0, t > 19,
S(x, 10) = app™ (x), x € [0, xp].
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This implies that lim; o S(-, t, ug) = oo since r, —m, — 2neg — Ogg > 0. It is
in contradiction with ||S(-, ¢, ug)|| < &g for t > ty. Therefore, (0, 0, 0) is a uniform
weak repeller and it is isolated in C ([0, x;], Ri).

Assume that (A.3) is not true. Then for any ¢; > 0, there exist ug; € Yp and t; > 0
satisfying

ISC, 2 ug) = St < &5, MGt ug)ll < &, 1CC 1, ug)ll < & fore > 1.
(A4)

By the I and C equations in (3.19), we let I = Ie=®/p)% and obtain

I > dplyy + vl +0e=VW¥(S) — £)C — (mp + ), x € (0, x3), t > 15,
Cr > deCoy + qoe/ [ — (m +60(S1 +£5))C, x € (0,x1), 1 > 15,
[(0,1) = Iy (e, 1) = Co(0,1) = Cx(xp, 1) =0, 1 > £

From the maximum principle, we get f(-, ty,ug) > 0and C(-, 1y, uy) > Oforu® € Y.
Denote 11(S1 — &5, S1 + &5) be the principal eigenvalue of (3.15) with [ = S| — &
and I, = S| + &5, and (¢®, ¥®) be the corresponding positive eigenfunction. For
the sufficiently small 5, A1(S1 — &5, S1 + &) > 0 since Ry > 1. Thereisaa; > 0
such that (1, #s, uy), C(-, ts, Us)) > aj (9%, ). Applying the comparison theorem
again, we obtain

(F(x, 1, us), C(x, 1, ug)) > ager! 17851+ =1 (s sy for all x € [0, xp], t > 1.

A1 (S1—éy,S1+e5) (1 —1g

Here age ) (¢®s, %) is a solution of

Iy =dplx + vl +0e™ V¥ (S —)C — (m) + @), x € (0, xp), 1 > 1,
C; =d.Cyy + que”/ [ — (m. 4+ 6(S| + &))C, x € (0, xp), 1 > Iy,

100, 1) = I (xp, 1) = Cx(0,1) = Cy(xpp, 1) =0, t > 1,

(I (x, tg, ug), C(x, ty, us)) = as(¢°, ¥*), x € [0, xp].

Then IA(', t,uy), C(-, t, uy) areunbounded since A1 (S1—¢&s, S1+¢&5) > 0.Itcontradicts
(A.4). This indicates that (S, 0, 0) is a uniform weak repeller and it is isolated in
C (10, xx]. R3).

To complete the proof, we denote F : C ([0, x3], Ri) — [0, 00) satisfying

F(ug) := min{ min Sp(x), min Ip(x), min Co(x)}
x€[0,x, x€[0,xp] x€[0,xp]

nl

for any ug = (So, Ip, Co) € C([0, x1], ]Ri). It follows from (A.1) that F~1(0, o) €
Yo and F(A(t)up) > 0 for any + > 0 if F(up) > 0 or up € Yy with
F(uo) = 0. Hence, F is a generalized distance function for A(#). From The-
orem 3.1 and Remark 3.2, it is easy to see that A(¢) is compact for all + >
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0 and has a global compact attractor in C([O, xh],Ri). From U, ey (up) =
{(0,0,0), (51,0,0)}, we have (S(-,t,ug), I(-,1,up), C(-, t,up)) — (0,0,0) or
(SC,t,ug), (-, t,up), C(-, t,up)) — (51, 0,0) as t — oo. This implies that there is
no cycle in Yy for A(¢) from {(0,0,0)} U {(S1,0,0)} to {(0,0,0)} U {(S51, 0, 0)}.
Denote W*({(0,0,0)}) and W*({(S1,0,0)}) as the stable sets of {(0,0,0)} and
{(S1, 0, 0)} respectively. Note that (0, 0, 0) and (S7, 0, 0) are uniform weak repellers.
Thus, (0, 0,0) and (S;, 0, 0) are isolated in C([O,xh],Ri) and W*({(0,0,0)H N
F~10, 00) = @, WS ({(S1,0,0)}) N F~1(0, 00) = @. From Theorem 3 in Smith and
Zhao (2001), mins, 1, cyew(ug) F ((S, I, C)) > v for any ug € Yy and some v > 0. It
follows that the uniform persistence holds.

It follows from Theorem 3.7 and Remark 3.10 in Magal and Zhao (2005) that
A(t) : Yo — Yy admits a global attractor Ay C Yy satisfying A()(A2) = As.
Moreover, Ay C Int Yy since (A.1) holds. By Theorem 4.7 in Magal and Zhao (2005),
model (2.5) has a steady state (S3, I3, C3) € Y. By (3.8), we have

—dpSy +vSy+n(S3+ 13)S3 = (r, —mp)S3 > 0, x € (0, xp),
— dp]é/ + ol + (mp +w)l3 =085C3 >0, x € (0, xp),
—d.Cy + (mc +053)C3 = gl > 0, x € (0, xp),

dpS5(0) — v83(0) = dpS3(xp) — vS3(xp) =0,

dpI3(0) — v13(0) = dpI3(xp) — v13(xp) =0,

Cé(O) = Cé(xh) =0.

Therefore, S3(x) > 0, I3(x) > 0 and C3(x) > 0 on [0, x,] by applying the strong
maximum principle and the Hopf boundary lemma. O

Proof of Lemma 3.14 (i) Similar to the one in Lemma 3.11, Eq is a uniform weak
repeller for X by replacing r), /(m, +2neo +0g9) withrp, /(m , +2neo + e +aep).

If E; is not a uniform weak repeller, then for any ¢; > 0, there exist u; € X( and
f1 > 0 satisfying

ISC,t,u) = SION < e, ICotoun)ll < er, ICC,t,u)ll < er, 1ZCot,upll < e
(A.5)

for any r > f;. By the Z equation in (2.5), we get

Z: > d; Zyx + (epOl(Sl —e1)—my)Z, x € (0,xp), t > 1,
Z:(0,1) = Zy(xp, 1) =0, t > 1.

Note that Z(-, 1, u;) > 0 for ug € Yy. Hence we can find a a; > 0 such that
Z(-,t1,u1) = a1, where &°' is the positive eigenfunction for Aq(d;, e, (S —
€1) — mz). Hence we have

Z(x,1) > ajet @eerdS1=eN=mIU=ge1 () ¥ € [0,x3], 1 > 1.
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Here a; et (@z-epa(Si—e)=—m2)(—1D) g1 (x) is a solution of

Zt = dZZ)CX + (epa(S] - 81) - mZ)Z7 X € (O7xh)a > ;]9

Z)C(Ov t) = Zx(xh’ t) = Oa > ;17

Z(x,t1,u1) = a1, x € [0, xp].
For the above sufficiently small €1, we have A1(d;, epa (S — €1) — m;) > 0 since
R, > 1.1t follows that lim;_, » Z(-, t, u1) = 00, which contradicts (A.5). This shows
that (i) holds.

(i1) Assume that €21 is not a uniform weak repeller for Xg. For any &, > 0, there
exist up € X and 1, > 0 satisfying

dist(S(-, t,u2), ©1) < &2, [ 1(-, 1, u2)|| < &2, [|C(, t, u2)|l < &2, dist(Z(-, ¢, u2), ©2) < &2
(A.6)

for any t > f,. Note that ®;, i = 1, 2 are compact. There are S'e® and Z' € O,
such that

||S(5 t’ MZ) - St()” < &2, ”Z(’ t’ 142) - 2t()|| <& fort 2 ZT2-
It follows that

Se()—e2 < 8'() —e < SC. 1 uz) < 8'() + &2 < S*() + €2,
Z(tyuy) < Z'() 462 < Z¥() + &2

for any ¢ > . From the I and C equations in (2.5), we set I = Ie= /)% and have

Iy = dplyy + vl + 067 VXS, —£)C — (my + 0 + BZ* + eI, x € (0,x), 1 > B,
Cr 2 deCryx + qe® ™ [ — (me +0(S* + £2) + y(Z* +£2))C, x € (0, x3), t > B,
[(0.0) = L (xp, 1) = Co(0, 1) = Co(xp. 1) = 0, 1 > Dy
Note that 7(-, 7>, us) > 0 and C(-, >, u3) > 0 for ur € Yo. We can find a a, > 0
such that (I(-, o, u2), C(-, tz, u3)) > az(¢®?, ¥2), where (¢°2, %) is the positive

eigenfunction for A1 (Sx — &2, S* 4+ &2, Z* + &7). For the sufficiently small 5, 11 (S, —
&2, S* + &2, Z* + &) > 0since Ry(Sx, S*, Z*) > 1. It follows that

(Fert ), Cx 1 u2)) = apeh (oS4 240 (0) (g2 42 forall x € [0, %], 1 = B
Here ayel! (Sx—€2.5"+e2.Z"+e2)(1=12) (p#2 2) ig a solution of

I = dplex + vl + 0™V, — £2)C — (my + 0+ B(Z* +e2)) I, x € (0, %), t > o,
Cr =deCox + qoe® " T — (me +60(S* + 2) + y(Z* +2)) C, x € (0, x3), 1 > By,
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L0, 1) = Iy (xp, 1) = Cx(0,1) = Cy(xp, 1) = 0, 1 > 1,
(I (x, B2, u2), C(x, B, u2)) = a2 (9, ¥*2), x € [0, x4].

This indicates that IA(', t,u3), C(-, t, up) areunbounded since A1 (Syx—&2, S*+&o, Z*+
&2) > 0. This contradicts (A.6).

If 2, is not a uniform weak repeller for X, then for any 3 > 0, there exist uz € Xo
and 73 > 0 satisfying

dist(S(-, t, u3), ) < e3, dist(I(-,t,u3), I1p) < &3,

. (A7)
dlSt(C('a t, M3), H3) < €3, ”Z(v z, l/l3)|| < €3

for any 1 > 13. Since T, j = 1,2, 3 are compact, there are St eIy, I' € T, and
C! e I3 such that

”S(’ z, M3) - St()” < €3, ”I(a t, u3) - I_t()” < €3, ||C(7 z, M3) - ét()” < &3
for all + > t3. Hence,

S—e3 < 8()—e3 < SC,t,u3),
I—e3<I'()—e3 <I(,t u3),
C—e3<C'()—e3 <C(,t,u3)

for any ¢ > 3. Then

Zy > d Zex + (ep(@(S —e3) + BU —€3)) +ecy(C —e3) —m)Z, x € (0, xp), t > 13,
Z:(0,1) = Ze(xp, 1) =0, t > B3.

For the above sufficiently small &3 > 0, 11 (dz, e, ((S — €3) + B(L — 3)) + ey (C —
g3) —mz) > Osince R (S, I, C) > 1. Carrying out similar arguments as those in (i),
we have lim;_,~, Z(+, t, u3) = oc. It is contradicted by (A.7). Therefore, (ii) holds. O

Data availability This manuscript does not include any direct data although most parameter values and
units were obtained from the literature.
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