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Abstract. In this paper, we investigate the spatiotemporal dynamics of a diffusive nutrient-
phytoplankton model with delayed nutrient recycling. We first study the stability of positive
equilibrium and Turing instability induced by diffusion. We then investigate the effect of delay, and
it turns out that the value of the rate of recycling k plays an important role in the Hopf bifurcation
induced by delay. The delay will and will not induce Hopf bifurcation with low and high level of
k, respectively. To reveal the spatiotemporal dynamics, Turing—Hopf bifurcation is carried out, and
normal form is derived. Many spatiotemporal dynamics are found, including the coexistence of two
stable spatially inhomogeneous periodic solutions or two stable spatially inhomogeneous steady-
state solutions.

Keywords: plankton, diffusion, nutrient recycling delay, Turing—Hopf bifurcation, spatiotemporal
dynamics.

1 Introduction

Plankton form the base of all food chains in the ocean and lakes, and phytoplankton are in
the first trophic level. Moreover, phytoplankton produce oxygen for human life and other
living animals and absorb almost half of the carbon dioxide, which may be contributing to
global warming [2, 10]. However, a rapid increase or decrease of phytoplankton popula-
tions, which is known as “bloom”, has adverse effects on aquatic population, ecosystem,
and human health [2,3,17].

It has been widely recognized that one of the factors that contributes to algal blooming
is eutrophication, which refers to the enrichment of waters by inorganic plant nutrients.
Since the pioneering work of Riley et al. [20], the interaction of nutrient and plankton
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has been extensively investigated through mathematical models [5,14]. Many experimen-
tal observations show that toxin producing phytoplankton (TPP) also play a role in the
outbreak of phytoplankton blooms [8, 18,24,31,34].

In nature, the portion of dead phytoplankton regenerates to the nutrient concentration
due to bacterial decomposition. The effect of nutrient recycling on the stability of ecolog-
ical systems has been widely studied [6,19]. Chakraborty et al. [6] proposed the following
nutrient-phytoplankton model:

%:a—bNP—eN—i-kP,
dP 6P?

& Np_ap-
a ¢ pu? + P2’

where NV and P are the concentration of nutrient and the abundance of phytoplankton,
respectively; a is the rate of constant external nutrient input into the system; b is the
maximal nutrient uptake rate of phytoplankton, and c is the maximal conversion rate of
nutrient into phytoplankton, where ¢ < b; d is the per capita-mortality rate of phytoplank-
ton, k is the portion of the phytoplankton recycled back to the nutrient concentration,
where k < d; e is the per capital-loss rate of nutrient. f represents the rate of release of
toxic chemicals by the toxin-producing phytoplankton (TPP) population, and o denotes
the half-saturation constant. In [6], numerical simulations show the existence of the limit
cycle, which indicates recurring blooms.

In lakes or oceans, current or turbulent lateral diffusion can lead to the movement
of plankton population [7, 32]. Therefore, it is more realistic to take spatial diffusion
into account when we model the nutrient and phytoplankton interaction. In fact, nutrient
recycling after the death of plankton is not instantaneous, but it takes time to transform
dead plankton to nutrient via bacterial decomposition [4, 13, 15,23, 30]. Delayed nutrient
recycling was first modeled by Beretta et al. [4] with a distributed delay. He and Ruan [13]
used a distributed delay to describe nutrient recycling and a discrete delay to model the
planktonic growth response to nutrient uptake, and they obtain some sufficient conditions
for the global attractivity of the positive equilibrium. Motivated by [6] and the previous
work, we consider a diffusive nutrient-phytoplankton model with delayed nutrient recy-
cling

N
W = diAN(z,t) + a — bN(z,t)P(z,t) — eN(z, 1)
+ kP(z,t —7), x€(0,lm), t>0,
OP(x,t) OP(z,t)?
x € (0,Im), t > 0, M
ON(z,t) _ OP(z,t) _0, 2=0 Int>0,
on on
N(z,t) = No(z,t) 20, z€(0,lr), —7<t<0,
P(z,t) = Py(x,t) 20, € (0,im), —7 <t <0,
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where d; and ds are the diffusion coefficients of nutrient and phytoplankton, respectively,
and 7 is the nutrient recycling delay. Zhuang et al. [35] investigated Hopf bifurcation
induced by nutrient recycling delay.

There have been many papers published on nutrient-phytoplankton models incorpo-
rating diffusion. Chakraborty et al. [7] investigated the spatial dynamics of a nutrient-
phytoplankton system with toxic effect on phytoplankton. They obtained the condition for
Turing instability and found that the distribution of nutrient and phytoplankton becomes
inhomogeneous in space and results in different patterns, like stripes, spots, and the
mixture of them depending on the toxicity level. Ruan [23] proposed a reaction-diffusion
nutrient-plankton model with delayed growth response and delayed nutrient recycling
and proved that there is a family of travelling wave solutions. Dai et al. [9] studied
a nutrient-phytoplankton model described by a couple of reaction-diffusion equations
with delay, and they found that the delay cannot only induce instability of a positive
equilibrium, but also promote the formation of patchiness (an irregular pattern) via Hopf
bifurcation. In addition, the numerical analysis indicated that eutrophic conditions may be
a significant reason inducing phytoplankton blooms. Sigh el al. [25] discussed a model for
interacting nutrient phytoplankton systems with the effect of toxic chemicals released by
phytoplankton and time delay in toxin liberation. They observed that increasing values of
toxin release results in the system dynamics show stable and oscillatory behavior without
diffusion, and the time delay in toxin distribution term stabilizes and destabilizes the sys-
tem dynamics. Tian and Zhang [29] explored the impact of time delay on spatiotemporal
patterns in a plankton system, and they found that time delay can trigger the emergence
of irregular spatial patterns via a Hopf bifurcation.

The aim of this paper is to investigate the joint effects of spatial diffusion and time
delay on the spatiotemporal dynamics of the nutrient-phytoplankton system from the view
of bifurcation analysis. First, we analyze diffusion-driven instability of the nondelayed
system and give the conditions for the stability and Turing instability using diffusion
coefficient as bifurcation parameter. Then we investigate the effect of nutrient recycling
delay. Combining with numerical and analytical analysis, we find that the level of k plays
an important role in Hopf bifurcation induced by 7. When the value of % is large, the delay
7 does not induce instability to the positive equilibrium E*, and Hopf bifurcation does not
occur. When the value of k is small, 7 may change the stability of £* and induce Hopf bi-
furcation. Finally, to reveal the spatiotemporal dynamics induced by diffusion and delay,
Turing—Hopf bifurcation analysis is carried out. We derive the normal form of Turing—
Hopf bifurcation from which we can obtain the dynamical classification near Turing—
Hopf bifurcation. Numerical simulations show complex dynamics, such as stable spatially
homogeneous and inhomogeneous periodic solutions and nonconstant steady states.

The rest of this paper is organized as follows. In Section 2, we investigate the existence
and stability of the equilibria and derive the conditions for Hopf bifurcation, Turing
instability, and Turing—Hopf bifurcation. In Section 3, we derive the normal form of
Turing—Hopf bifurcation. In Section 4, some numerical simulations are presented to verify
the theoretical results, and the existence of stable spatially homogeneous and inhomoge-
neous periodic solutions as well as spatially inhomogeneous steady-state solutions are
demonstrated. Finally, a brief conclusion is given in Section 5.

Nonlinear Anal. Model. Control, 29(2):305-329, 2024
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2 Local stability and bifurcation

In this section, we investigate the stability of equilibria and derive the conditions for
bifurcations, including Turing bifurcation induced by diffusion, Hopf bifurcation induced
by delay, and Turing—Hopf bifurcation.

2.1 Equilibria and local stability

In this subsection, we investigate the existence and stability of spatially homogeneous
equilibria. Recall that we have assumed that k£ < d and ¢ < b, and therefore the following
holds:

(H1) bd — ck > 0.

Firstly, we discuss the existence of equilibria. It is straightforward to see that model (1)
always has an equilibrium Ey = (a/e, 0). Denote the positive equilibrium by E*(N*, P*),
where N* = (a + kP*)/(e + bP*), and P* is a positive root of the equation

h(P) := P> + v P> + 3P +v3 =0
with
b0 — (ac — de) _ be+ (bd — ck)p? —(ac — de)u?

Y B bd—ck 0 BT bd—ck

2

Since we only consider spatially homogeneous equilibria, which are independed on space,
thus we can discuss the existence of interior equilibria using the similar method in [6, 16].
We have the following results.

Lemma 1. Suppose that (H1) holds, and v+, vo and vs are defined in (2).

(1) If ac — de < 0, system (1) has no positive equilibria.

(i) If0 < ac — de < bo, then system (1) has a unique positive equilibrium.

(iii) Suppose that ac—de > bf. If v? —3vy < 0, then system (1) has a unique positive
equilibrium. If v} — 3vy > 0, system (1) has a unique positive equilibrium,
provided h(P_)h(Py) > 0; system (1) has two positive equilibria, provided
h(P_)h(Py) = 0, and three positive equilibria, provided h(P_)h(P;) < 0,

where P_ = —v1 /3 — \/v} — 3va/3 and Py = —v1 /3 + \/v? — 3v/3.

Now we consider the stability of the equilibrium Ej. The linearization of system (1)
at Fy is
0 (N(z,t)\ _ N(z,t) N(z,t—7)
g (ren) =02+ (p) 12 (3 20) ©

_(di O (e -2 (0 Kk
(o) no (0 et ()
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From [33] we know that the eigenvalue problem
—Af =08, x€(0lr),  £(0)=¢(Im)=0

has eigenvalues o,, = n?/I1%, n € Ny, with corresponding normalized eigenfunctions

1
cos 2y s n =0,
bn( )_ l —

~ lcos ]| Zcostz, n>1.

The characteristic equation for linearized system (3) is

’I’L2

det (AIQ + D l2 - L]_ - Lze_>ﬂ'> = 0,

where 5 is the 2 x 2 identity matrix. It is equivalent to

2 2
Atdie +e)(Ados — L+ d) =0,
12 12 e

n2 TL2 ac
172—€<0, )\Q’n:—dzﬁ+;—d.

If ac—de < 0, we have Ay, < 0, and Ej is locally asymptotically stable. If ac —de > 0,
we have A3 o > 0, which implies that Ej is unstable.

and thus

)\1,77, = _dl

Lemma 2. The equilibrium Ey of system (1) is locally asymptotically stable if
ac — de < 0, and it is unstable if ac — de > 0.

In the rest of this paper, we only consider the case when system (1) has a unique
positive equilibrium. Suppose

(i) 0 < ac— de < b0,
(i) ac — de > bl, v? — vy < 0;
(iii) ac — de > bf, v} — 3vy > 0, h(P_)h(Py) > 0.

Assume that
(H2) (i) or (ii) or (iii) holds.

Suppose that (H1) holds according to Lemma 1. We can get that system (1) has
a unique positive equilibrium if (H2) holds.
The linearization of system (1) at E* is

51 (Pla) =@+ 50 (20) + 2 (500 -7)

r_(lin hoe (0 K
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with {17 = —bP* —e < 0,113 = —bN* < 0,131 = cP* > 0, l95 = 9]3*(13*2 — ,uz)/
(4% + P*2)2. The corresponding characteristic equation is given by

AN 4+ A N+ B, + Ce ™ =0, (5)

where An = d1n2/l2+d2n2/l2—l11—122, Bn = (d1n2/12—l11)(d2n2/l2—lgg)—llglgl,
C= —k‘lgl < 0.

2.2 Turing instability for the nondelayed system

When 7 = 0, the characteristic equation (5) is transformed into the following equation:
N+ A N+ B, +C =0, neN. (6)

Clearly, if A,, > 0, B,, + C > 0 for n € Ny, all roots of Eq. (6) have negative real roots.
When n = 0, it corresponds to the case of temporal model without diffusion, which
requires

(H3) AO = *(111 + 122) > 0, Bo +C = 111122 — (112 + k)lgl >0

holding for the stability of £* without delay and diffusion.

Turing instability occurs when there is an n € N such that 4,, < O or B, + C < 0
[22,27]. Obviously, A, > Ag > 0 for all n € N. So the condition that guaranteeing
Turing instability can only be

n4 ?12
B,+C = d1d2l7 — (l22d1 + llldQ)l*Q + By + C < 0.

If l25 < 0, we can deduce that B,, + C' > 0. In the following, we consider the case for
loo > 0. We will derive the condition for Turing instability choosing dy as bifurcation
parameter. For convenience, denote

_ 12 l22d1n2 — (BO + C)ZQ

2
dZ(n ) n2(d1n2 — 11112)

Since I3, < 0, we have dyn? —111? > 0, thus, B,, +C < 0 is equivalent to dy < do(n?).
We need to find the critical N7 such that do(n?) reaches its maximum when n = Nr.

Lemma 3. Assume that (H1)—(H3) hold.

(1) Iflae <0, then B, +C > 0, and all the roots of Eq. (6) have negative real parts.
(ii) If laa > O, there exists a positive integer Np € N such that d; 2 do(NZ) =
max, ey do(n?). Equation (6) has at least one zero eigenvalue when dy = dj.
Moreover; if dy > d3, then By, + C > 0 for n € Ny, and all the roots of Eq. (6)
have negative real parts; if do < d3, there exists at least an integer n € N such
that By, + C < 0, and Eq. (6) has at least one eigenvalue with positive real part.

https://www.journals.vu.lt/nonlinear-analysis
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Proof. The proof of (i) is obvious. Now we consider the case for lo3 > 0. Let ¢ =
n?, then da(q) = [2(laad1q — (Bo + O)1%)/(q(d1q — 1111%)). Since I3 < 0, we have
d1q — 1111% > 0. We can deduce that dy(q) > 0 if and only if ¢ > (I*(Bo + C))/(la2dy).
Taking the derivative of dy(g) with respective to ¢ yields

12
dg)= -
2(4) ¢*(drq — 11112)?

>0, 0<qg<q,
<0, ¢>q",

[—la2d3q® +2d11%(Boy + C)q — l11(Bo + C)1*]

where ¢* = (l2[Bo +C+ \/(BQ+C)(Bo—l—C—llllgg)])/(ngdl). Clearly, dg(q) reaches
its maximum at ¢ = ¢*. Define
Ny — {L\/é*J if da([Va* %) > da(([ V™| +1)%),
W] + 1 ifda([Va]?) < do((lVa] +1)%),

where |-] is the floor function. We have dz(N2) = max,cy d2(n?). Hence, when da >
d2(N%), By, +C > 0 forn € Ng. When 0 < dy < da(N2), there exists N and Na such
that
B, 1 C >0 forn < Niorn > N,
<0 for Ny <n < Ny,

where N1 = |ny | and Ns is defined by

N o if no is an integer,
2 = . . .
|na] + 1 if no is not an integer

with n; and ny being positive roots of B,, + C' = 0, namely,

lao li1 1
=/ ==+ — logdy +111d2)2 — 4d,d2(By + C
ny 2d2+2d1+2d1d2\/(22 1+ liids) 1d2(Bo + C), -
l l 1
Ng = Z ﬁ + 1 — 7\/(l22d1 =+ llldg)z — 4d1d2(Bo =+ C)

2dy ' 2dy  2dyds
Theorem 1. Suppose that (H1)-(H3) hold. For system (1) with T = 0, we have the
following conclusions:

(1) Iflae < O, the positive equilibrium E* is asymptotically stable;
(ii) Iflaa > 0, E* is asymptotically stable when dy > d3, and E* is unstable when
0 < do < d5. Moreover, E* undergoes a Turing instability when ds = d5.

Fix parameters:

a=03, b=05 ¢=05  d=02  e=002,

7
=026 =018, k=015 d; =01, 1=3. @

Nonlinear Anal. Model. Control, 29(2):305-329, 2024
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Figure 1. The diagram of d2(n?) on the n, d2-plane.

We can verify that (H1) and (H2) hold, and system (1) has a unique equilibrium
E*(N*, P*) = (1.1061,0.6894). We can also verify that (H3) holds, which means that
E*(N*, P*) is stable for the system without diffusion and delay. In addition, we can get
that I3 = 0.3080 > 0. When n = 5.1, d2(n?) reaches its maximum. Thus, N7 = 5,
di = da(N2) = 0.0330.

If we decrease 6 to 0 and keep the other parameters the same as in (7), system (1)
has a unique equilibrium E*(N*, P*) = (d/c, (ac — de)/(bd — ck)) = (0.4,5.84). Itis
easy to see that [oo = 0, thus 4,, > 0 and B,, + C > 0 under assumption of (H1)—~(H3),
which means that Turing instability will not occur.

2.3 Hopf bifurcation

From Theorem 1, under assumption of (H1)—-(H3), if [ < 0 or l2a > 0 and dy > d3, we
can conclude that A,, > 0 and B,, + C > 0, and E* is asymptotically stable when 7 = 0.
Suppose that

(H4) 195 < 0;
(H5) Iy > 0 and dy > d;

In the following, taking 7 as the bifurcation parameter, we seek the critical values of
7 such that Eq. (5) has a pair of simple purely imaginary eigenvalues. Let +iw,, (w, > 0)
be a pair of purely imaginary roots of Eq. (5), then we have

wi — B, = Ccosw,T, A, w, = Csinw,T.
Let p,, = w2, we can get that

where

(2, 2 ”74 B ﬁ 2 2
= (dl + dg) 7 2(l11d1 + l22d2) 2 + lll + l22 + 2115191,

D,=B:-C?=(B,+C)(B,-0).

n

https://www.journals.vu.lt/nonlinear-analysis
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Since B,, + C >0and C < 0, B,, — C > B,, + C > 0, then we have D,, > 0. Denote
F, = Tg — 4D,,. Since the signs of T}, and F), are uncertain, we need to discuss in
different cases, and we have the following lemma.

Lemma 4. Suppose that (H1)—(H3) hold, and (H4) or (HS) holds.

() Ifforalln € No, F,, <0orF, =0,T,, >200r F, >0, T, >0, then (8) has no
positive roots, and Eq. (5) has no purely imaginary roots.

(ii) If there exists n € Ny such that F,, > 0, T,, < 0, then (8) has two positive roots
ot = (=T, £ VF,)/2, and Eq. (5) has two pairs of purely imaginary roots
+iwt = +iv/pi.

Remark 1. In fact, when F}, = 0, T,, < 0, (8) has a positive double root, consequently,

(5) has a pair of purely imaginary double roots. It may arise resonant double Hopf bifur-
cation. In this paper, we do not consider this case.

Denote D = {n € Ny: F,, > 0, T, < 0}. When (8) has two positive roots pf, we
can get that Eq. (5) has two pairs of purely imaginary roots +iw® = +iy/ pi. Recall that
C < 0and A, > 0, then sinw, 7 = A,w,/C < 0, and we have

1 w? B

:l: n n . .
ij:ﬁ(Qw—arccosC—i—Qﬂr), j=0,1,2.... )
Lemma 5. Suppose that (H1)-(H3) hold, and (H4) or (HS) holds. If F,, > 0, then
ReN(7,7) >0, Re X (7, ;) < 0forj € No.

Proof. Taking the derivative of both sides of Eq. (5) with respect to 7, we get

AT @A+ 40 7
dr N CA A
Then
-1 : .
2jwE A, T . +
Re dA — Re (2iwE + )(cos'wiT—Hblnwn T)
dr| _ + Cliw;
2wE coswET + Ay sinwir 2wE® — By) + A2
N Cuwyr N C?
+VF,
= T,
Therefore, Re X' (7,1 ;) > 0, Re N'(7,, ;) < 0 for F;, > 0. O

Lemma 5 tells that transversality condition holds and the Hopf bifurcation occurs at
T = Tij withn € D and j € Ny. From (9) we have that TTJ[,O < T, foralln € D. We
can define the smallest 7 so that the stability will change,

T = T+070 = min{TnfO, ne D}.

n

Then we have the following result.

Nonlinear Anal. Model. Control, 29(2):305-329, 2024
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Theorem 2. Assume that (H1)—-(H3) hold, and (H4) or (H5) holds.

O IfF, <QorF, =0T, 20, 0rF, >0, T, >0 forall n € Ny, then
the positive equilibrium E* of system (1) is locally asymptotically stable for any
72> 0.

(i) If there exists n € Ng such that F, > 0, T, < 0. System (1) undergoes
a Hopf bifurcation at E* when T = 7‘0] (r = 715, for j € No, and the
bifurcating periodic solutions are spatlally homogeneous. System (1) undergoes
a Hopf bifurcation at E* T = 7' j (=71, forj € Ngandn € D, and the
bifurcating periodic solutions are spatlally mhomogeneous.

(iii) If there exists n € Ny such that F,, > 0, T,, < 0, then E* of system (1) is locally
asymptotically stable when 0 < 7 < 7%, and E* is unstable for 7 € (7%, 7" + ¢)
with some € > (.

Proof. (i) Let (H1)—(H3) hold, and (H4) or (HS) holds. From Lemma 3 all the roots of
Eq. (5) have negative real parts when 7 = 0. From Corollary 2.4 in [21] the sum of the
multiplicities of the roots of Eq. (5) in the open right half-plane changes only if a root
appears on or crosses the imaginary axis. Recalling that B,, +C > 0, it is easy to see that
A = 0 is not the root of Eq. (5). From Lemma 4(i) Eq. (5) has no purely imaginary roots
under the assumption. Therefore, the sum of the multiplicities of the roots of Eq. (5) in
the open right half-plane does not change, and all the roots of Eq. (5) have negative real
parts, thus the positive equilibrium E* of system (1) is locally asymptotically stable for
any 7 > 0.

(11) From Lemma 4 Eq. (5) has a pair of purely imaginary roots +iw; (+iw; ) when
T = T ST =7, forn € D and j € Ny. Hence, from the transversahty condition in
Lemma 5 and Corollary 2.4 in [21] we can obtain the conclusion.

(iii) From the previous discussion 7* is the smallest 7 so that the stability will change,
and Re X'(7,]y) > 0, thus we can obtain the conclusion. O

Remark 2. From Lemma 5 we have Re N'(7,7;) > 0, Re N'(7,, ;) < 0 for j € Ny,
thus stability switch may occur. If the order for the critical values of Hopf bifurcation for
delay can be verified, then the stable intervals and unstable 1ntervals of 7 can be obtained.
However, for system (1), it is not easy to verify the order of 7, J, therefore, the stable
intervals and unstable intervals of 7 for E* cannot be obtained.

Combining Theorems 1 and 2, we have the following results.

Theorem 3. Assume that (H1)—(H3) hold, 22 > 0 and Fy > 0, Ty < 0.

() If do > d5 and 0 < 7 < 7%, E* is asymptotically stable. If do > d5 and
T € (7%, 7" + €) with some € > 0, E* is unstable.
(i) Assume that T* = 76’:0. E* is unstable for 0 < dy < dj and 7 € [0, 7* + ¢€).

Proof. (i) From Theorem 2(iii), if (HS) holds, then £E* of system (1) is locally asymp-
totically stable when 0 < 7 < 7%, and E* is unstable for 7 € (0, 7* + ¢) with some
e > 0.

https://www.journals.vu.lt/nonlinear-analysis
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(i) From Lemma 3(ii) Eq. (5) has at least one eigenvalue with positive real part if
0 < dg < d5 when 7 = 0. Since (H3) holds, we have By + C > 0. Combining with
C < 0,wehave By — C > By + C > 0, then we get Dy > 0. If F; > 0, Ty < 0,
Eq. (5) has a pair of purely imaginary roots +iwg (iwg ) when 7 = 77y (15). It is
easy to verify that 7 = 757y < 7. Similar as Lemma 5, we can get Re X' (75) > 0. If
T = Ta: o» from Corollary 2.4 in [21] Eq. (5) has at least one eigenvalue with positive real
part when 0 < d < d% and 7 € (0, 7*], and it has at least three eigenvalues with positive
real parts when 0 < dy < d} and 7 € (7%, 7* + €). This completes the proof. O

Remark 3. Suppose that (H1)-(H3) hold, and lo5 > 0. If 7 = 7* and d2 = d3, then the
characteristic equation (5) has a pair of purely imaginary roots +iw, and a simple zero
eigenvalue for n = N, all other eigenvalues have strictly negative real parts. System (1)
undergoes a Turing—Hopf bifurcation at E* when (7, d2) = (7%, d3).

3 Normal form of Turing—Hopf bifurcation

In this section, we shall study the spatiotemporal dynamics of system (1) by using the
center manifold reduction and normal form theory. The amplitude equations are finally
obtained to describe dynamics near the critical Turing—Hopf singularity.

Define the real-valued Sobolev space

. T 9 ou ov
X = {(u,v) s u,v € H(0,1m), &T(O’t) pe —(m,t)=0

and the corresponding complexification space X¢ := X ®iX = {U1 +iUsy, Uy, Uz € X}
with the general complex-valued L? inner product (Uy, Us) fo Uyug + U1v2) da for
Uy = (u1,v1)T, Uy = (ug,v2)T € Xe. Let C := C([—1,0], X¢) denotes the phase
space with the supremum norm. We write U(t) = (u(m,t),v(m, t))T and U; € C for
Ug(0)=U(t+6),-1<6<0.

Leta(xz,t) = N(x,7t)—N*, 9(x,t) = P(x, 7t)—P*, and drop the hats for simplicity
of notation, then system (1) can be transformed to

Oy B — (B + ) — BN+ k(e — 1) 4 fi o, 0],
% =7 d2Av+cP*u+Wv+f2(uwt) : "
where for ¢1, 2 € C := C([-1,0], Xc),
fi(é1, ¢2) = —be1(0)¢2(0),
o(61,02) = en0)6a(0) - U5 0 o

49P*M2(,U2 _ P*Q)
(H2 +P*2)4

¢3(0).
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In order to study the dynamics near the Turing—Hopf bifurcation point, we introduce

BC = {1/1 : [-1,0] = X¢ | ¢ is continuous on [—1, 0),
and there exists lim (0) € Xc}.
0—0-
Denote m = (7,ds), m* = (7*,d}), me = (7,dac), and m = m™ 4+ m,. Then

system (10) undergoes a Turing—Hopf bifurcation at the equilibrium (0, 0) when m. =
(0,0), and we can rewrite system (10) in the space BC' as

du(t)

T = AUt + Xof(mg, Ut)7 (12)
where
0, 0¢€[-1,0),
Xo(0) =
o{f) {L 6=0,

and A is an operator from C§ := {p € C: ¢ € C, ¢(0) € dom(A)} to BC defined by
Ap =+ X [T*DOAw(O) + 7 Lo(p) — cb(O)].

Here Dy = D(m*) = diag(dy, d3), Lo : C' — Xc is a linear operator given by L (p) =
L(m*)(p) with
L(m)(¢) = L1¢(0) + Lap(—1)
with L} and L5 defined in (4), and .% : R? x C' — X is a nonlinear operator defined by
F(me, ¢) = [dgET* diag{0,1} + TED()] Ap(0)
+1L(m)(p) + (77 + 7o) F(me, ¢)
with
X T
F(me, ) = (7% + 1) (f1(p1, 02), a1, 92))

where f1 and f5 are defined in (11).
Let C* := C([0,1], X¢) be the conjugate space of C. Define (-,-); as the adjoint
bilinear form on C* x C:

0 6

(c, B = a(0)(0) — / / o€~ ) dn(0,0)8(6) dé, k=1,2,

Z1¢=0

and g, € BV ([—1,0], C*>*?) are given by

0

TL2

=K Dup(0) + Lo(e) = [ m(0.0)00), pEC k=12
-1
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Denote A* as the adjoint operator of A on C* := C([0,1], X¢), and let {¢1(0)by,,
$2(0)by, } and {11 (8)by,,¥a2(s)by, } be the eigenfunctions of A and A* relative to A =
{iweT*, 0} such that ¢1, po € C, 11,15 € C*, and

(Y1, 01)1 =1, (11,01)1 =0, (2, P2)2 = 1.

By a straightforward calculation we have

¢1(9) _ q(O)eiwm—*a7 1/}1(8) _ Mlq*(O)e_ion*s,
$2(0) = p(0), Pa(s) = Map™(0),
where ¢(0) = (1,1)", ¢*(0) = (1,42), p(0) = (1,p1)", p*(0) = (1, p2), and
2 2
_ ~dwg — 11y A —ln A~
q1 in — 1227 q2 l21 5 P1 l12 + L 3 D2 l21 5
1 1
M, My

= 1 + q1q2 + qlk,r*efjwoq—* ? == 1 +p1p2 +plk7—* .

Denote @1 = (¢1,¢31), 471 = ( ’1I"1)ZIT)T’ and @2 = ¢52, ’;p2 = wg. From the
discussion above the phase space BC' can be decomposed as

BC = P& Kerm,

where P is center subspace spanned by the basis eigenfunctions of the linear operator A
associated with the eigenvalues {+iwg7*, 0}, and Ker 7 is the complementary space of P
with 7 : BC' — P being the projection defined by

2

Y = Zék (Epkv <90()7 bnk>)kbnk7

k=1

where ) = (bn,,0)7, <p£i_) = (0,b,,)7T, and (-, b, ) = <-,<p£11k) + @%i)>
Then U; € C} can be decomposed as

[ V)

2

U(0) = ®i(0) (Pn, (Ur, by )) by +5(0) =D Pu(0)Zk(£)bn,, + y(0)
k=1 k=1

with Z; = (21,%1), 22 = 22, and y € Q! := C} N Kern. Then system (12) on BC is
equivalent to the following system:

s <9(m6, 22:1 ¢k2k<t)bnk + y)abn1>
=B+ ¥(0) <<£f<ms, S G5 (t)b, +y>,bm>> ’

2
d ~
3V =Aey - (I -m)XeF <m€, ; D12 (t)bn,, + y) :
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where z = (21, 21, 22), B = diag(iwoT*, —iwe7*,0), ¥ = diag(P1, P2), and A is the
restriction of A as an operator from Q! to Ker 7.

From Theorem 3.2 in [1, 26] the normal forms of system (1) up to third order near
a Turing—Hopf singularity m = m™ are obtained:

1 1 1
~f)fanzy + gg;}ozle + ggiégzlzg +h.o.t,,

. . 1
21 = 1w07'*Z1 + §f1111a1Z1 + B

. . 1 _ 1 _ 1 _ 1 _
71 = —ilweT¥z1 + ifllfozlzl + §f2112(12Z1 + 6g%502%21 + 6g%3221zg + h.o.t., (13)
1 1 .. 1 - B 1
iy = ifllg’alzg + §f21§oz222 + 69%?1212122 + 6938323 +hot.
with (Oél, 012) = (7—57 d25)’ %271 = 71nln’ gmnk: - gmnk’ and

fit = 2¢1(0)[L1¢1(0) + Lagpi (—1)], fai =
2
13 = 205(0) [—%DO%(O) + Ly ¢2(0) + L2¢2<1)] :
2
5 = 2¢(0) [—757* diag{0, 1}@(@)} :
3
9310 = 21110+2M - ( Fiofa00 + fliofite + fozo 200>

+ 21/)1 (0) [Syzl (<h110(9)bn1 ) bn1 >) + Syil (<h200(9)bn1 ) bn1 >):| )

3
give = floa + 5—— ( 2 fo02200 + focaSito + 2£502 101)

2iwT*
+ 201(0) [syzl (002 (0)bis bu,)) + 5y (<h101(9)bn2, b))
g =fih+s—— % ( S fiio + fon 110) + ¢2( )[ yZ1(<h011(9)bn1abn2>)
+ Syil (<h101(9)bn1a >> + Syzz (<h110<9)bn2 ) b’l’Lz >)] )
9(1)33 (}5)3 + o 2w ( f002 1631 + f002 011) + 7/’2( )[ Yyz2 (<h002(0)bn2vbn2>)}a

where f12 = fﬁ}nk and

:nlnlc \/—1/)1( ) mnk> 71ngnlc \/>'(/}2( ) mnk  Whenm +n + k= 2,
mnk: 71#1( ) mnk mnk 71#2( ) mnk whenm +n+k = 37
e2iwor*9 ) . . - 1
<h200 (9)bn1 s bn1> = In [21(&)07' - T LO (e . Id):l F200
1

T e i Fa001(0) + fzoo¢1( )|
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<h110( ns b >: _*[T LO(Id)] F110+ foor \/»[ Ho¢1(0) — fiTod(0 )]7
<h110( ’nza > <h110 nlabn1>7

1w07' *0 2 . . -1
(h101(0)bpy, b, ) = [IWOT + 5 12 Do — 7L (407 ’Id)] Fio1

0),
1Ld07' \/* 101 ( )

e—lwm’ *0

_ |:—1WQT + =
I

1
+
iwor* V1T fond

(hoo2(0)bn, , bn, ) = *% [7*Lo(14)] ™" Fooz + T [fo021(0) = fo5ad1(6)],

lwoT*

2

“1
(ho11(0)bn, , by ) = 12 7" Do — 7" Lo (e 707 'Id):| Fo11

2(0),

1 [(2n2)* . -
(ho02(0)bry, by ) = a2 T Do —7*Lo(1a)|  Fooz + (hoo2(0)bn,, bn, ),

and Sy., (i = 1,2), Syz, are linear operators from ()1 to X¢ given by
Syzl(gp) = (EJ1(0)2i7 Fyz(o)zq‘,)w(o) + (‘Fy1(—1)2i7 F’y2(—1)z7:)§0<_1)7
Sy21 (50) = (Fyl(O)zl 3 Fy2(0)21 )50(0) + (Fyl(—l)zl ) Fyz(—l)zl)(p(*l)'

We leave the specific expressions of formulas F, ()., and F}y,y in Appendix.
Through the cylindrical coordinate transformation

~ 10 > ~ —i0 ~
Z1=pe, Zr=pe -, 22 =1

and variable substitution

| Re(g310)| ~ 960! ~ : -
%pv n= [g)S 77’ €= SlgH(Re(géio)), t= g7

Eq. (13) can be written as

d
d*? = p(e1(me) + p* + bon®),
g (14)
d—;z = ’7(52(7715) +cop® + d772)u
where
€
e1(me) = 5 [Re( 1111)75 + Re( 2111)d2€]a g2(me) = [f1276 + f d2s]
11 13 A
by = M’ co = 5911111 ’ d= €903 — 41
|9003 | Re(g210)| |9003

From [12] there are 12 distinct types of unfoldings according to the signs of coeffi-
cients by, cg, d, and d — bycg.
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4 Numerical simulations

In this section, we carry out some simulations to illustrate the results. Fix parameters:
a=0.3, b=0.5, c=0.5, d=0.2, e =0.02, (15)
0 =0.26, n=0.18, d; =0.1, l=3.

4.1 Hopf bifurcation

In this section, we consider the effect of delay on the dynamics of system (1). Fix dy =
0.04.

It turns out that the strength of k£ plays an important role in the occurrence of Hopf
bifurcation. Choose k£ = 0.19 such that the value of k is high. We can verify that l55 > 0,
and (H1)-(H3) hold. We can get that dy > d5 = d2(9?) = 0.003, which means that
(H4) holds. Moreover, we have F,, > 0, T,, > 0. From Theorem 2 E* is asymptotically
stable for 7 > 0, and Hopf bifurcation does not occur. When the value is decreased
to k = 0.15, similarly, we can verify loo > 0, and (H1)—(H3) hold. We can get that
dy > dj = do(5%) = 0.033, which means that (H4) holds. Furthermore, F,, > 0, T}, < 0
forn = 0,1,2. According to Lemma 4, we know that Eq. (5) has two pairs of purely
imaginary roots +iw? at 7'7:: ;and Re \' (7'7;|r ;) >0,ReXN(7, ;) <0. Through calculation,
we can get

+ + + + - + + -
To,0 < T1,0 <Tog <Tp,1 <To0 <Ty1 <To1 <Tip
- + + + -
< 70,0 < To,2 < Ti,2 < Ta2 < To1 <L e

Thus, 7% = min{Tf:j} = 74y = 9.9788. From Theorem 3 positive equilibrium E£*(1.1061,
0.6894) is locally asymptotically stable when T € [0, TJ: o) (see Fig. 2), and the bifurcating

periodic solutions exist for 7 > Tgf o (see Fig. 3).

If we decrease 6 to 0 and keep the other parameters the same as in (15), we can verify
that F,, > 0 and 7;, > 0 when k = 0.19 or £ = 0.15, which means that all the roots of
Eq. (5) have negative parts, and Hopf bifurcation will not occur.

800

" 600 12

3.14

6.28 Time t
Distance x 942 0 Distance x 942 0

Figure 2. Numerical simulations of system (1) for (15) and 7 = 5 < 7* = 9.9788. The positive

equilibrium E*(1.1061,0.6894) of (1) is locally asymptotically stable with the initial condition No(z,t) =
1 —0.01 cos(2x) and Py(x,t) = 0.5+ 0.01 cos(2z).
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Figure 3. When 7 = 10 > 7%, the positive equilibrium E*(1.1061,0.6894) of (1) is unstable, and there
are bifurcating periodic solutions, where the initial condition No(z,t) = 1 — 0.01 cos(2z) and Py(z,t) =
0.5 + 0.01 cos(2x).

4.2 Complex dynamics near Turing—Hopf bifurcation

In the following, we demonstrate complex phenomena of system (1) near Turing—Hopf
bifurcation point. Fix the parameters as in (15) and £ = 0.15, choose dy and 7 as
bifurcation parameters. We can draw Turing bifurcation curves and Hopf curves on ds, 7-
plane (see Fig. 4). The dashed lines are Turing bifurcation curves with n = 3,4, 5 from
left to right, while the solid lines are Hopf bifurcation curves T;; o Withn = 0,1,2 from
bottom to top, respectively, and the dot marked with * is the Turing—Hopf intersection
(di, 7*) =~ (0.0330,9.9788), where dj = do(5%), 7* = Tgfo. From Theorem 3, when
dg > d5 and 7 < 7* (the pocket of dark blue), E* is stable. According to the normal form
procedure with ny = 5, the key parameters are obtained.

g1 = —0.123227., &5 ~ 18.90161ds., &= —1,
d=1, by = 2.764626,  co = —0.015448, d — boco = 1.042708.
System (14) can be written as
p = —p(—0.123227. + p* + 2.7646267°),

16)
i = —n(18.90161do. — 0.015448p° + 1%). (

d

2

Figure 4. The stable region and bifurcation curves in d2, T-plane.
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Figure 5. The bifurcation set on the 7, da.-plane. Figure 6. The dynamical classifications in regions
D1—Dsg.

Note that p > 0 and 7 is an arbitrary real number. By some simple calculations we find
that system (16) admits the following equilibria:

Ao = (0,0), Ay = (v/0.123227.,0) for 7. > 0,
AF = (0,41/—18.90161dy.) for dy. < 0,

AF = (\/50.1155dy. + 0.118177, +1/0.0018267, — 18.1274ds. )
for 50.1155d2. + 0.118177. > 0 and 0.0018267. — 18.1274d. > 0.

Moreover, the critical bifurcation lines for system (16) are

Li: 7.=0;  Ty: dye = —0.002367. (7= > 0);
Lyt doe=0; Ty doe = 0.000107. (7. > 0).

From [12, Sect. 7.5] boundary equilibria A; and /12i of (16) are bifurcated from the
origin Ay on the critical lines L; and Lo through pitchfork bifurcation, respectively. The
pair of equilibria A§ are bifurcated from the boundary equilibria A; and AQi on the
critical lines T5 and 77 through pitchfork bifurcation, respectively.

Notice that the zero equilibrium Ag of (16) corresponds to the positive equilibrium
E* of the original system (1). A; of (16) corresponds to the spatially homogeneous
periodic solution of the original system (1). The equilibria A;t in (16) correspond to the
nonconstant steady state solutions of the original system (1). A? corresponds to spatially
inhomogeneous periodic solutions.

The four straight lines divide the 7., da.-plane into six regions denoted by D;—Dg
(see Fig. 5) with the corresponding phase portraits shown in Fig. 6.

In region D1, system (16) has only one equilibrium Ay, which is stable. It means that
the positive equilibrium E*(N*, P*) of system (1) is asymptotically stable (see Fig. 7).

When the parameters pass through the line L, from D; to D5, A; is bifurcated from
Ap on the pitchfork bifurcation line L;. In region D5, system (16) has two equilibria
Ap and Ay. Ag is unstable, and A; is stable. It means that the positive equilibrium
E*(N*, P*) of system (1) is unstable, and the spatially homogeneous periodic solution
is stable (see Fig. 8).
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Figure 7. E* is locally asymptotically stable for (7¢, d2) = (—0.9788,0.027) € D;.

P(x,t)

—

0 g
\ 04
31414 -/ e 3.1414\\
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Distance x 94242 0 Distance x 94242 0

Figure 8. The positive equilibrium E*(1.1061,0.6894) of (1) is unstable, and there exists stable spatially
homogeneous periodic solutions for (7¢, d2c) = (2.0212,0.022) € D>.

When the parameters pass through the line 75 from D5 to Dg, A;{ and A3 are bifur-
cated from the boundary equilibria A; on the critical line T5. In region D3, system (16)
has four equilibria Ag, A1, and A:,jf. Ag, A are unstable, and Agt are stable. It means that
the positive equilibrium of system (1) is unstable, the spatially homogeneous periodic so-
lution is unstable, while there are two stable spatially inhomogeneous periodic solutions.

As the parameters pass through the line Ly from D3 to Dy, A;t are bifurcated from
the boundary equilibria A, on the critical line Ls. In region Dy, there are six equilibria:
Ag, Ay, Agi, and AT, where AgF are stable and the rest equilibria are unstable. It means
that two unstable spatially inhomogeneous steady-state solutions of system (1) appear,
and the rest is the same as in Dg. When (7., d2.) = (0.0212, —0.001) lies in region Dy,
Fig. 9 shows the existence of two stable spatially inhomogeneous periodic solutions for
the initial values No(z,t) = 1.2 F 0.01 cos(5z/3) and Py(x,t) = 0.6 & 0.01 cos(5z/3).

As the parameters pass through the line 7 from Dy to Ds, A3ﬂE disappear on the
critical line T} through pitchfork bifurcation. In region Dj, there are four equilibria: Ag,
Ay, and AT, where AQi are stable, and the rest equilibria are unstable. It means that the
positive equilibrium and the spatially homogeneous periodic solution of system (1) are
unstable, while two spatially inhomogeneous steady-state solutions are stable.

When the parameters (7., ds.) finally enter region Dg from region D5, Ay disap-
pears on the critical line L; through pitchfork bifurcation. In region Dg, there are three
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Figure 9. Two stable spatially inhomogeneous periodic solution for (7¢, d2:) = (0.0212, —0.001) € Da.
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Figure 10. Two stable spatially inhomogeneous steady-state solutions appear for (7.,d2.) = (—1.9788,
—0.008) € Ds.
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equilibria: Ag and AT, where A;t are stable, and Ay is unstable. It means that the spatially
homogeneous periodic solution disappear, while the positive equilibrium of system (1)
is unstable and two spatially inhomogeneous steady-state solutions are still stable. For
(Te,doe) = (—1.9788,—0.008) € Dg, Fig. 10 shows the existence of two stable spa-
tially inhomogeneous steady-state solutions with the initial values Ny(x,t) = 1.2 F
0.01 cos(5z/3) and Py(x,t) = 0.6 £ 0.01 cos(bx/3).

5 Conclusion

In this paper, we investigate the spatiotemporal dynamics of a diffusive nutrient-phyto-
plankton model with the effect of toxic chemicals released by phytoplankton and delayed
nutrient recycling. Firstly, we analyze the stability of positive equilibrium and diffusion-
driven instability of the nondelayed system, and we give the conditions for the stability
and Turing instability. We also reveal the effect of nutrient recycling delay on our model.
When the strength of & is high, the delay will not destabilize the positive equilibrium, and
Hopf bifurcation will not occur. When the strength of k£ is low, Hopf bifurcation induced
by delay can be observed. We find that the strength of k£ plays an important role in Hopf
bifurcation. The results can help to understand the periodic outbreak of algae bloom. If
we decrease 6 to 0 and keep the other parameters the same, it turns out that neither Turing
instability nor Hopf bifurcation will occur. It tells that in the absence of toxic effects,
the distribution of phytoplankton remains homogeneous in spite of spatial movements of
nutrient and phytoplankton. However, the presence of toxic effect makes phytoplankton
distribution inhomogeneous in space induced by Turing instability and phytoplankton
oscillation in time caused by delay-induced Hopf bifurcation.

To reveal the spatiotemporal dynamics induced by spatial diffusion and time delay,
Turing—Hopf bifurcation analysis is carried out. We derive the normal form of Turing—
Hopf bifurcation and obtain the dynamics classification near Turing—Hopf bifurcation.
The parameter plane near Turing—Hopf bifurcation point can be de divided into six re-
gions, and for each region, the dynamics are obtained clearly. When the parameters
(7, da¢) is in region D1, the positive equilibrium is asymptotically stable. In D-, there
is a stable spatially homogeneous periodic solution. In Ds, two stable spatially inho-
mogeneous periodic solutions appear. When the parameters (7., ds.) is in region Dy
and Ds, the stability of two spatially inhomogeneous steady-state solutions changes from
unstable to stable. When (7., da. ) enter D, the spatially homogeneous periodic solution
disappears.

Although there have been many literature on models for interacting nutrient phyto-
plankton systems with toxic effects or nutrient recycling, the model we considered in
this paper are different from the previous models. Chakraborty et al. [7] investigated
a nutrient-phytoplankton system with toxic effect on phytoplankton, but they did not
consider the effect of nutrient recycling. They focus on the effect of toxicity level on
the spatial distribution. Singh et al. [25] took B-D-type response function to express
the biomass conversion of nutrient, and they considered time delay not in nutrient re-
cycling but in toxin liberation. They considered Turing and Hopf bifurcation, and they
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demonstrated spatiotemporal dynamics by numerical simulation. Chakraborty et al. [6]
considered such a model without diffusion and delay. They mainly discussed the dy-
namical behaviours by varying the toxin liberation rate and displayed phenomena from
simple cyclical blooms to irregular chaotic blooms. In the previous work, Turing or Hopf
bifurcation was investigated. Spatiotemporal dynamics in nutrient phytoplankton systems
were obtained mainly by numerical simulations [7,25], but not through Turing—Hopf
bifurcation analysis. Different from the previous work, we focus on the joint effect of
spatial diffusion and nutrient recycling delay through Turing—Hopf bifurcation analysis.
Using Turing—Hopf bifurcation analysis, we can easily qualitatively classify dynamical
behaviours on a two-parameter plane and understand the combined effects of diffusion
and delay on nutrient and phytoplankton interactions.

In this paper, we incorporate a discrete delay to model the nutrient recycling. In fact,
the dead plankton move during the recycling process, and they have not been at the same
point in space at previous times. Thus, incorporating a nonlocal delay to model the process
is more reasonable. There have been some studies on predator-prey or population systems
incorporating nonlocal delays on a infinite or finite domain [11, 28]. We leave this for
future investigation.

Acknowledgment. The authors wish to express their gratitude to the editors and the
reviewers for the helpful comments.

Appendix

The coefficient vectors F)y, (g).,, Fmnk presented in normal form (13) can be obtained by
using the following calculation formulas:

Fyl(o)zl = 2(Fuu + ‘hFuv)’ Fyl(—1)21 =0,
Fyl(O)Z2 = Q(Fuu +p1Fuv): Fy1(71)z2 =0,

Fyy0)21 = 2F 0, Fyy—1)2, =0,

Fyy0)z0 = 2Fuw, Fy(-1)z =0,
Fa00 = ¢; Fow + 21 F oo, Fooz = piFuy + 2p1 Fo,
Fiio =2[¢; Fo + Fuu(q1 + @], Fozo = Faoo,
Fio1 = 2[p1i Fow + Fuo(p1 + 1)), Fou1 = Fiot,
Fro = 3Fu0 @i, Fi11 = 6Fyeq1qap1,
Fioz = 3Fupuq1p, Fooz = Fopup?,

where

—b 0
Fup = ( e ) y Fyy = 729;1,2(;427313*2) ’
(2 +P*2)3
0
Fypo = 240P* 1 (p>—pP*2%) | -
(u2+ P*2)a
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