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outbreaks to occur is a long-standing issue in conventional studies of plant-herbivore inter-
actions. These studies are largely concerned with the relative importance of intrinsic bio-
logical factors and extrinsic environmental variations in determining the degree of
herbivore outbreaks. In this paper, we illustrated that how the time delay associated with

ﬁ?; m‘\),rj:;_plant plant defense responses to herbivore attacks and the spatial diffusion of herbivore jointly
Time delay promote outbreaks of herbivore population. Using a reaction-diffusion model, we showed
Spatial diffusion that there exists a threshold of time delay in plant-herbivore interactions; when time delay
Outbreak is below the threshold value, there is no herbivore outbreak. However, when time delay is
Synchrony above the threshold value, periodic outbreak of herbivore emerges. Furthermore, the

results confirm that during the outbreak period, plants display much lower density than
its normal level but higher in the inter-outbreak periods. Our results are supported by
empirical findings.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Herbivory is an important feeding process. By feeding on different plant parts or materials, herbivores can affect plant
growth, transfers of nutrients to the soil surface, and habitat and resource conditions for other organisms (see the review
of [58] and references therein). These effects are mostly viewed as beneficial outcomes of plant-herbivore interactions as
it exerts positive effects for the maintenance and conservation of plant population structure and composition during non-
outbreak periods. However, periodic outbreaks of herbivores can denude or kill plants over many square kilometers and
led to changes in plant community structure and composition. This capacity to alter community structure allows herbivores
to act as biotic agents of disturbance [69]. Unlike abiotic disturbances, herbivore outbreaks have continuous impact on plant
population and hold selectivity for the feeder plant species. As a result, a core issue of herbivory is that a threshold at which it
shifts from a normally acting process to a disturbance in terms of intensity, scale and frequency similar to those of fire, storm,
drought or flood. In temperate forest, for example, at a normal level of herbivory, defoliating insects consume 5-15 percents
of foliage production but it may reach to 100 percents during outbreak periods [50,39,9].
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Although many herbivore populations exhibit outbreak behavior, the main causes of these phenomena remain unclear
[2]. Thus, determining which factors regulate or induce outbreak in herbivore populations continues to be an important issue
in the filed of both ecological and agricultural research [66,8]. The previous work revealed that herbivore outbreak was
caused by interactions with enemies [62,30,41,40,13], inducible defences or physiological stress [14,6,37,65,71,32,67], the
case that herbivore population’s parents and grandparents experienced in preceding generations [17], environmental forcing
[3,15,26] and resource-limited [1,2]. The aim of this paper is to give another mechanism for the outbreak of the herbivore.

While plant-herbivore interactions exhibit cyclic population dynamics, the spatiotemporal outbreak patterns of herbivore
population are often explained by those underlying causes of population synchrony in which peak phases of herbivore pop-
ulation cycle are inversely correlated with that of crash phases of plant population cycle. A suite of studies have attempted to
link these periodic outbreak patterns with that of the large-scale processes such as climatic variation [46,48]. The other ap-
proaches focused on the analysis of the rate of spread of herbivores, seeking traveling wave solutions in the model of plant-
herbivore interactions. In this case that rate of spread often depends on distributions and dispersal ranges of both popula-
tions [60,32]. Consequently, both spatial and temporal aspects play very important roles in the plant-herbivore population
dynamics, which can not be ignored.

On the other hand, biological systems with time delays have been of considerable interest. It means the time between
immature and mature [ 18], the time of pregnancy of the mother [31] and so on [16,49,38]. The interaction of plant and her-
bivore share some common features with prey-predator model. So delay widely exists in the dynamics of plant-herbivore
interaction [10,51]. For example, the delay may arise between herbivore damage and deployment of inducible defenses.
Moreover, theoretical analysis pointed out that time lags in reproduction influencing population dynamics [5,57,53,68].

Underwood et al. firstly demonstrated that time delays in inducible defenses and non-linear dispersal can lead to spatial
instabilities [67]. However, it was a simple simulation study and thus, studies of the population consequences of time delay
and the spatial spread of populations have remained largely unconnected. As a result, in the present paper, our aim is to build
a better understanding of how time delay affects the dynamic behavior of herbivores in both space and time, including spa-
tial pattern and herbivore fluctuation. We will analysis a reaction-diffusion model by addressing the following questions: (1)
How do time delay influence herbivore cycles; (2) How do time delay and nonlinear diffusion term have effect on the spatial
spread of the herbivore?

The paper is organized as follows. In Section 2, we use a reaction-diffusion model with delay to describe the interaction of
plant and herbivore. In Section 3, by using both mathematical analysis and numerical simulation, we show that herbivore
outbreak can be induced by time delay. Moreover, we show the relationship between wavelength and time delay. Finally,
conclusions and discussions are presented in Section 4.

2. The model

Since that long time series of the density of both plant and herbivore is needed, it is difficult to identify the causes of the
fluctuations empirically [35,1]. Thus, it may provide useful information by constructing mathematical models to explain the
phenomenon observation in the real world.

Here, we introduce a simple reaction-diffusion model to analyze the effect of time delays in the induction of plant de-
fenses on the outbreak and spatial distribution of herbivores in a closed, one-dimensional landscape. We model the level that
inducible defenses have reached in each location at each time, which is dependent on herbivore density and the level of al-
ready induced defenses. We do not explicitly model changes in plant biomass since such changes are potentially uncorre-
lated with the effects of induction in empirical plant-herbivore systems [29]. Induced defenses increase in response to
herbivore densities according to a saturating function such that there is a maximum amount & by which induction can
change between t and t + At; the shape of the saturation curve is set by 6. Induction also exhibits self-limitation, tuned
by 8, which reduces the potential for increased induction in response to new damage. To reflect delays in the deployment
of inducible defenses, we set induction changes at time t dependent on herbivore densities at t — T time steps previously.
Induction decays at a constant rate J, reflecting the breakdown of inducible defenses and plant repair [68]. We assume that
the herbivore population grows logistically in the absence of induced defenses and suffers a linear increase in mortality
when defenses are activated. Furthermore, we assume that herbivores move away from areas of high induced defenses
according to Fokker-Planck nonlinear diffusion, which is dependent on the density of both induction levels and herbivores.

On the basis of the above assumptions, we arrive at the following equations:

oxty H@xt-1
ot (OC ﬁI(X, t)) bn N H()(X, f_ T) (SI(Xv t)7 (18)
N2
o Hx 0 {1 - %} — I OH(X,0) + 5 (Do + 71(x, H)H(x,0), (1.b)

where I(x,t) and H(x, t) represent induced defense and herbivore density in both space and time. The biological meanings of
the parameters are given in Table 1.



G.-Q. Sun et al./Commun Nonlinear Sci Numer Simulat 19 (2014) 1507-1518 1509

Table 1
Parameter used in model (1).

Symbol Comments

o maximum induction rate per herbivore
B per-unit reduction of induction rate by self-limitation

) per-unit induction decay rate

b half-maximum for herbivore effectiveness of damage

0 herbivore damage effectiveness shape tuning parameter
r intrinsic rate of herbivore population growth

K herbivore carry-capacity in the absence of inducible defenses

m mortality rate by induction

Do baseline diffusion rate

V4 sensitivity of diffusion rate to induction

T time delay between herbivore damage and deployment of inducible defenses
200000

150000 4

Q(s) 100000

50000 1

0

200

Fig. 1. Plot of Q(s) as a function of s, and the expression of Q(s) is in Eq. (2). Note that there are two pure imaginary solutions of Q(s), which have no
biological meanings.

3. Main results

In this section, we set that o« = 200, =1, =0.75,b=5,0=3,r=1,K = 10,m = 0.01,Dp = 0.1, y = 0.1, and to see what
will occur as the time delay increases. The first step in analyzing the model is to determine the stationary point of the non-
spatial model obtained by setting space derivatives equal to zero. It is, naturally, the dynamics in the biologically meaningful
region I > 0,H > 0 that are of interest. By considering the nullclines F(I,H) = 0, G(I,H) = 0 (see from Appendix A), and the
intersection of these curves in phase space, we have a stationary point (0, 0) which is a saddle,' and (I', H"). Additionally, I is
the solution of

Q(s) = 0.00175s* — 0.725s% + 112.5s? — 7843.75s + 200000 2)

and H* = 10 — 0.1I". It can be see from Fig. 1 that there are positive stationary point. One is (60, 4), which is locally stable, and
the other one does not exist by reason of the negative of H*. Thus, from the biological point of view, we are interested to
study the stability behavior of the interior equilibrium point (60, 4).

From the stability analysis in Appendix B and direct calculations, we know that when 7 > 7, = 2.54980875, Hopf bifur-
cation of the no-spatial model emerges. On the other hand, the positive equilibrium (60, 4) is stable when t < 7. This is illus-
trated by the numerical simulation in Fig. 2 (with initial data (70, 2)). Further, when delay passes through the critical value
7, the positive equilibrium (60, 4) loses its stability and the system goes into oscillations, see Fig. 3.

Now, we want to see the effect of time delay when spatial terms are added. In Fig. 4, the dispersal relation,? which can be
obtained from Eq. (B.9) in Appendix B, is given when there is no time delay. It is easy to find that, when there is no time delay,
there is no spatial pattern.

! The local stability of the stationary point can be checked by Eq. (A.3) in Appendix A. N
2 The dispersion relation can determine how time oscillations e are linked to spatial oscillations e/ " (here, T = x (y) or T = (x,y). The dispersion relation
can be described by the characteristic value-/4, with respect to wave number x.
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Fig. 2. When 7=1 <1, the positive equilibrium (60,4) is stable. Parameter values are used as: o=200,=1,6=0.75b=5,0=3,r=1,
K =10,m =0.01,Dy = 0 and y = 0. (A) Time series of the induced defense and herbivore; (B) Phase diagram of induced defense and herbivore.
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Fig. 3. When 7 = 4 > 1., Hopf bifurcation occurs and leads periodic solution. Parameter values are used as: oo =200, =1, =0.75,b=5,0=3,r =1,
K =10,m=0.01,Dy =0 and y = 0. (A) Time series of the induced defense and herbivore; (B) Phase diagram of induced defense and herbivore.
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Fig. 4. Dispersal relation of the model (1) without time delay. Parameter values are used as: « =200,=1,5=0.75,b=5,0=3,r=1,K=10,m = 0.01,
Do =0.1,7 = 0.1 and 7 = 0. Note that the characteristic value is less than zero, which means there is no pattern.

3.1. Spatial pattern

In the following part, numerical solutions for the system (1) with both time delay and spatial terms in the one-dimen-
sional space will be presented. In practice, the reaction-diffusion system is solved in a discrete domain. The space between
the lattice points is defined by the lattice constant Ax. In the discrete system the Laplacian describing diffusion is calculated
by using finite differences, i.e., the derivatives are approximated by differences over Ax. For Ax — 0, the differences approach
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Density of Herbivore

Fig. 5. Model solutions with o =200,4=1, §=0.75,b=5,0=3,r=1,K=10,m=0.01, Do = 0.1,y = 0.1, and t=1. The initial condition is that
I(x,0) = 60, and H(x,0) = 4 + 107 (x — 300).

Time e ol
00

i,

Fig. 6. Model solutions with o =200, =1,6=0.75,b=5,0=3,r =1,K = 10,m = 0.01, Dy = 0.1, y = 0.1, and T = 4. The initial condition is the same as in
Fig. 5.

the derivatives. The time evolution is also discrete, i.e., the time goes in steps of At. The time evolution can be solved by using
the Euler method, which means approximating the value of the concentration at the next time step on the basis of the change
rate of the concentration at the previous time step. In our calculations, the parameters values were taken to be Ax =1,
At = 0.01 and the space was discretized to 1 x 600 lattices on the one-dimensional space. The periodic boundary condition
was used in the simulation. We also find that when we vary the number of mesh points such as 1 x 1000 and 1 x 300, the
results of system (1) have the same dynamical behaviors. At the same time, it was checked that a further decrease of the step
values did not lead to any significant modification of the results.

In Fig. 5, we show the solution with respect to the space and time with 7 < 7.. One can see that the solutions are stable
and converge to constant. However, as time delay increases as the case 7 > 7., the model (1) has period solutions which is
shown in Fig. 6. As the time delay further increases, the amplitude of the oscillations becomes larger, see in Fig. 7. In a word,
time delay plays a constructive role in the pattern formation of the herbivore, i.e., induce periodic pattern.

3.2. Synchronization and outbreak

Synchronization is a fundamental phenomenon arising in many biological and physical contexts for which there are two
or more coupled oscillating systems. In the classical sense, and dating back at least to Huygens in the 17th century [27], syn-
chronization has been understood as the mutual adjustment of periodic oscillators and the frequency locking that results
because of their (often weakly) coupled interaction [63]. Synchrony has also been observed among populations of sympatric
species that are not directly linked through trophic interactions, such as herbivorous forest insects [42,25,45,55,33] and allo-
patric large herbivores [54].
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Fig. 7. Model solutions with & = 200,4=1,56=0.75,b=5,0 =3,r=1,K = 10,m = 0.01, Dy = 0.1, ¥ = 0.1, and 7 = 10. The initial condition is the same as
in Fig. 5.
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Fig. 8. Synchrony of the induced defense and the herbivore with T = 2.5. Parameter values are used as: & = 200, 8 =1,6 =0.75,b=5,0=3,r=1,K = 10,
m=0.01,Dp =0.1 and 7 =0.1.

In Figs. 8-10, we show the time series of the induced defense and herbivore as time delay increases. One can see from
these three figures, the induced defense and the herbivore are anti-phase synchrony. When the time delay is smaller than
but very close to the critical value, both the two population exhibit fluctuation behavior. When it is becoming larger than the
critical value, periodic solutions with fixed period emerge, see Figs. 9 and 10.

To well explain the cause of herbivore outbreak, we plot the time series of the two population when 7 is less than 7. in
Fig. 11. When 7 is small, the density of induced defense and herbivore converge to a constant for a long time. In other words,
there is no outbreak for small 7. As seen from Fig. 8, when 7 is larger than the critical values, fluctuation of herbivore is
shown. As the time delay further increases, the oscillation aptitude and period becomes larger by comparing with Fig. 9
and 10. We can conclude that herbivore outbreak is induced by time delay. Moreover, Figs. 8-10 show that the density of
induced defense is very low in the outbreak period, but high in the inter-outbreak period, which confirm the previous argu-

ment [34].

3.3. Wavelength

Investigating the relationship between spatial patterns in population densities and environmental heterogeneity is cru-
cial to the understanding of population dynamics and for the management of species in communities. Consequently, deter-
mining the wavelength for the spatial pattern is a key issue in the field of spatial ecology [61,70]. In other words, we can see
the distribution of the population in the spatial space directly by calculating the wavelength.

In order to see the effect of time delay, we set T as a parameter, and show the corresponding wavelength as it varies in
Fig. 12. It can be found that the time delay increase the wavelength of the spatial pattern, and wavelength reaches the max-
imum values when 7 =~ 3.5. However, when 1 further increases, the wavelength is a decreasing function of it. From the
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Fig. 9. Synchrony of the induced defense and the herbivore, and the parameters are the same as in Fig. 6.
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Fig. 10. Synchrony of the induced defense and the herbivore and the parameters are the same as in Fig. 7.
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Fig. 11. Time series of the induced defense and the herbivore with 7 = 1. Parameter values are used as: & = 200, § =1,6 =0.75,b=5,0=3,r=1,K = 10,
m=0.01,Dp =0.1 and 7 =0.1.

biological point of view, the increase of time delay can largely affect the distance between one peak distribution and the
adjacent one.

4. Discussion and conclusion

In this paper, we present a reaction-diffusion model described by interaction of plant and herbivore with delay. The re-
sults showed that the time delay can induce the herbivore outbreak (cf. Figs. 8-10). Moreover, herbivore outbreak in our
model is characterized by high density of induced defense during the inter-outbreak period, which is consistent with the
experimental data [34,36,56,59]. In addition to that, we show that time delay may have great effect on the wavelength of
the spatial pattern (cf. Fig. 12). We can see from the figure that there exist a threshold value on time delay that the
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wavelength reaches its maximum value. In summary, our results identify some biological features of plant-herbivore
dynamics that determines whether the outbreak occurs or not and suggest the further investigation should take into account
the effects of both time delay and spatial diffusion.

These above-noted model results are consistent with the empirical findings in birch forest regions, where defoliating in-
sect outbreaks are one of the most common disturbances. Along the Scandinavian mountain chain, some birch forest areas
are usually experienced with periodic, synchronous peaks of Geometrid defoliators Epirrita (Oporinia) autumnata and Oper-
ophetera spp. [64]. Their outbreak cycles are characterized by large amplitude with 1000 to 100,000 fold differences between
population lows and peaks [24,28,7], which is clearly larger than in the well known vole cycles with 25-250 fold differences
[21]. It has been observed that although the period of the cycle is remarkably stable, the peak densities show large variation
even within a single site (see Neuvonen et al., 2001 and references therein). Detailed investigation of these patterns revealed
that the time delay associated with inducible plant defenses, which refers to decreasing foliage quality in the years following
insect attacks, is one of the major factors behind such cyclic outbreak patterns [24,22,23,47].

An interesting question of interest is whether nonlinear diffusion terms have effect on the herbivore outbreak. To address
this issue, we performed extensive computer simulations for different parameter values of D and ¥ (in total, more than 50
parameter sets were examined). We found that the results nonlinear diffusion just influence the density not the outbreak
(for the sake of brevity, we do not provide separated figures).

The present paper provides some new insights into the spatial ecology of interaction of plant and herbivore, but it also
leaves many questions open for the future investigations. We would like to emphasize two relevant topics where may be
the main subjects of the further research. Firstly, in the model (1), we consider the case that only herbivores diffuse in
the space. However, for some plants their weeds also can move in the space caused by purely environmental factors such
as wind. In that situation, the model we employ may be changed as

olx,t) H'xt-1) >
TE (o — Bl(x, t))ibﬂ +H”(x,t— . ol(x,t) + Dy e I(x,t), (3.a)
2
%—I;I =rH(x,t) {1 - H(;é’ t)} —mI(x,t)H(x,t) + % (Do + yI(x,t))H(x,t)], (3.b)

where D is the diffusion coefficient of the plant. Secondly, we found that periodic wave solution in the model (1) (cf. Figs. 6
and 7). However, previous work revealed that traveling wave of herbivore may exist by modeling the interaction of plant and
herbivore [44]. Thus, we need to check whether model (1) have traveling wave solution, especially how time delay influence
such solution.

It also should be noted that, in our model simulations, we have considered all the parameters as constants. However, her-
bivore populations are sometimes considered to be strongly influenced by abiotic factors such as weather and climatic con-
ditions [3,43,11,12,19]. As a result, all the parameters can show temporal and spatial variations: indeed, some can be both
stochastic and show significant seasonal variations [20,52,4]. We hope that our efforts will provide a new starting point for
the analysis of more detailed models to understand the outbreak in plant-herbivore dynamics.
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Appendix A. Linear stability of the no-spatial model

For sake of simplicity, we rewrite the system (1) as following:

ol

oH P

E:GU’HH_W' (A.1b)
Denote the constant equilibrium solution as (I',H"), i.e.,

F(I'yH")=0, G(I',H")=0. (A2)

We are aim to look for the conditions so that (I, H") is stable for the no-spatial version of (1) and is unstable for the spatial
version of (1). We always assume that (I", H") is linearly stable with respect to perturbation of I and H, then the eigenvalues of
the Jacobian

J= P a <011 alZ)
% % Gz Ay
at (I',H") must have negative real parts, which is equivalent to

tr(J) = an +a <0, Det(]) =102 — a12021 > 0. (A3)
Appendix B. Dispersal relation
The main goal is to study the instability for the system (1) with the nonlinear diffusion. To deal with the nonlinear terms,

we use the method of transformation variable. Define the new variables as P = P(I,H). Then we have the following system
with three equations:

O~ F(1.H), (B.1a)
OH *P

¢ = GUH) + 5. (B.1b)
P = P(IH). (B.1¢)

It is easy to see that the instability of (I',H") in the system (1) is equivalent to that of (I",H*,P") in the system (B.1) where
P"=P(I"',H").Letu=1-TI"h=H - H" and p = P — P" be a spatial perturbation at the equilibrium (I, H*, P*), then linearizing
the reaction-diffusion system (B.1) at (I"', H", P") yields

% = anu(x,t) + apph(x, t — 1), (B.2a)
oh >
¢ = Q%0 + azh(x 1) + 8—;2’, (B.2b)
p(x,t) = asu(x,t) + asxh(x,t), (B.2¢c)
where
oP(ILH oP(I,H
R T 3)

In order to examine the linear stability of (I, H", P") of system (B.1), we linearize the dynamic model (B.2) around the spa-
tially homogeneous fixed point (0, 0,0) for small space- and time-dependent fluctuations and expand them in Fourier space:

(u,h,p)" = (A1, Ay, As) €4, (B.4)
which yields

Al ;Lei.wikr — (A1 an +Azalze—}.‘c)e/itJriKr7 (B.Sa)
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(Az)u + A3K2)ei_t+ikr _ (Al Gy + Azazz)e/ﬁtﬂ'h‘r7

A3 e/‘vtﬂ'lcr _ (Al as + A2Cl32)€;'t+mr.

Since e*+i*r5£Q, (B.5) is equivalent to the following linear algebraic equations

A—dn —alze’” 0 A] 0
—a A — 0y K2 Az = 0
—das3q —das3y 1 A3 0

Nontrivial solutions to the above equations (B.6) exist if

A—dn *ﬂ]zeﬁlf 0
Det —day1 A—ay K? = O,
—asz —as; 1

which equals that

A— ar *(112@7/"1
Det( 5 , | = 0
—0y1 +031K° A —0ap + apk

Note that (B.8) can be solved, yielding the characteristic polynomial of the original problem:

, » »
22— (11 + Aoy — Gk + a11Gyy — Q1aay1€”" — a11a3K? + A1p031877 K% = 0.

Appendix C. Critical value of time delay

(B.5b)

(B.5¢)

(B.6)

(B.7)

(B3)

(B.9)

We firstly pay attention to the model without spatial terms. Thus, the corresponding characteristic equation is that:

2 — (a1 + axn)A+a11ay; — appay e’ =0.

We know that iw(w > 0) is a root of Eq. (C.1) if and only if w satisfies the following equation:
—W? — (@11 4 G22)iW + A1102; — A12021(COSWT — isinwt) = 0.

Separating the real and imaginary parts, one can have

(a11 + ax)W = 1207 SINWT,

—W? + aq1027 = G101 COS WT.
By squaring and adding the two parts of Eq. (C.3), it follows that
wh + (i, + a5)W +a}, a5, — a3,05, = 0.

Suppose that a;;a; > a2az, then (C.4) have the solution:

w

2
, gk ek /(e + ) - 4 e, - add) o
_ ‘ 2y

If we define

1 —n+ana
1, = —— |arccos 1~ 411422
012021

+2ﬂ7':auzn,m
i jr|,

then Eq. (C.1) with 7 = 7; has a pair of purely imaginary roots +iw, and it is easy to see that 7o < 7; < ---

It can be found that (C.1) that
<d/1>71 O + 0 — 2/ T

a a12021 Ae—4T s
and thus
-1
Re <@> leer, = Oy 20
de) "0 a3, 03,

< Tn.

(C.1)

(€2)

(C.3a)

(C.3b)

(c4)

(C5)

(C6)

(C.7)

(C.8)

In other words, for the model (1) without spatial terms, the Hopf bifurcation will occur at T = 7;, and period solution will

emerge when 7 > T;.
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