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ABsTRACT: The dynamical behavior of time delay herbivore-plant-pollinator ecosystem is studied. The time
delay arises from the fact that it takes time for a pollinated flower to develop into a new plant. A dynamical
analysis is used to show that a stable steady state undergoes a Hopf bifurcation to a limit cycle behavior as the
delay time crosses a critical value. This prediction is verified by numerically solving the set of first order
differential equations. One finds that the trajectory which is spiraling into the steady state point when T <t
becomes a trajectory into a limit cycle about the state when > 1.
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INTRODUCTION

Very recently, Bandyopadhyay, Bhattacharyya and
Mukopadhyay (BBM)!, studied the dynamics of an
autotroph-herbivore ecosystem with nutrient
recycling. They considered both the case where there
isno time delay and the case where there isa delay. For
the former case, they found that when the rate of
increase of the nutrients attained a certain threshold
value, the system became stable. The autotroph and
herbivore populations would oscillate about an interior
steady state point. Below the threshold value, the
system became unstable. Note that in the absence of
nutrient replenishing, the nutrients would eventually
disappear from the soil and the autotrophic state would
go to zero. For the latter case, BBM found that a
sufficiently large delay in the time needed to convert
dead organic matter into the nutrients, would cause
the stable state to become unstable. Using Hopf
Bifurcation analysis?, they established the conditions
for the switching of the stability.

Jang®hasstudied the dynamics of a herbivore-plant-
pollinator ecosystem. Jangs model is somewhat
different from that of BBM. He looked at the roles of
the energetic rewards of the interactions between the
plant and the pollinator and of the specificity of the
pollinator to the plant. Jangwas particularly interested
in how the reduction of the visitation rate of the bee to
the plant caused by the action of the herbivore affected

the ecosystem. A Hopf Bifurcation analysis was again
used to determine the stability of the steady states.
Jang did not include any time delay*° into his model.

The purpose of the present paper is to determine
the effects of a time delay in Jang’s model. Unlike the
BBM model, where the time delay should be inserted is
obvious, it is not in Jang’s model. We believe that it
should be inserted into the term describing the birth
rate of the plant;
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where X and Y are the bee and plant populations,
respectively; k , number of ovules fertilized per visit of
the bee; G, the probability of an encounter between the
flower and the bee; @, reciprocal of the time it takes the
bee toextract thenectar (or pollen);and W, the energetic
reward to the bee when it encounters the flower. This
gives the number of flowers fertilized at time t. It then
takes time for the fertilized ovules to develop into
seedsand fall to the ground. The number of new plants
that will begin to flower at time t will depend on the
number of ovules that were fertilized at time t-T, where
Tisthe time delay. InSection 11, we introduce the Jang
modeland present some of his results. We put the time
delayinto the modelin Section III, and carry outa Hopf
Bifurcation analysis. In Section 1V, we present our
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numerical solution. In Section V, we present an
extension of our model and discuss how it can be used
to provide quantitative predictions for the farmers.

II. Jang’s Model.
The herbivore-plant-pollinator ecosystem

considered by Jang consists of three first order
differential equations;
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where Z denotes the herbivore population; g(z)
represents the loss in attractiveness of the flower to the
bee due to the damage caused by the herbivore;
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is the visitation rate of the herbivore to the plant; m and
m,, the maximal ingestion rate and the leafhopper
maximal growthrate with 0 <m, < m,, respectively; ‘@,
the half - saturation constant; §,, the maximum per
capita birth rate of the bees; A and 8, the death rate of
the bees and herbivore, respectively, ‘b, the density
dependent regulation constant of bee, and K is the
measure of the diversity of bee to the plant (K=(5 -1)/
b). Inthe present model, the flower on the plant becomes
pollinated and afterawhile, the plant dies. Thelife cycle
begins again when the seed developed from the
pollinated flower falls off the plant and germinates in
the soil. All of the population classes must be positive
at all times, 1.e.,
X)), Y(®),Z()320.

Setting the RHS of eqns. (2a) - (2¢) to zero, we obtained
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at one of the steady states (X,y,Z) . To determine when

the state is stable ornot, we first diagonalize the Jacobian
ofeqns. (2a) to (2¢) at the steady state. We then check
to see if all the eigenvalues have negative real parts.
When this happens, the state is stable. Diagonalizing
the Jacobian, we obtain the following characteristic
equation

A+, —sPOA +(p, —5,)A +(p; —s,) =0 (5)
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where
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Equation (5) has negative real roots if and only if
(Theorem 1, Appendix)

P1-5,> 0, P5-S;> 0 and (P,-S)(P,-5)-(P;-S)>0. (7)

When the above conditions are satisfied (x5,Z), the
steady state will be stable.

I1.Effect of Time Delay. _

Illa. The Stability of E =(X,¥,Z) with Time
Delay.

A time delay in the herbivore-plant-pollinator
system arises because a new flower only arrives after
the pollinated flower develops into a seed, falls off the
plant, germinatesinto anew plantand then grows into
the flowering stage of the new plant. To include the

effects of the time delay, we need to replace eqn. (2b)
by

~ kpogl - 1)x - Dyt - 1) m,yz ,
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The Jacobian matrix for eqns. (2a), (2b’) and 2¢)

evaluated at the steady state point E = (X,7,2)is
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Diagonalizing the above matrix, we obtain the following
characteristic equation’

o’ +p0’ +p,0+p, =e (50" +s,0+s,)  (9)

Wenow suppose that two of the eigenvalues ofeqn. (9)
are a pair of complex conjugates

i.e., w.=u(t) £iv(1). Substituting ®. into eqn. (9) and
separating the real and imaginary parts, we get

u3 —3uv2 +p u2 —plv2 +Py ut+psy
— {sluzcos(vr) - slvzcos (VT) + szucos(vr) + s3cos(vc)}

(10)

=€
+2s uvsin(vr)+s, vsin(vr)
and
3u'v =V +2puv+p,v
=e " {2s;uv cos(v) +s,v cos(vr) —s,u’ sin(vr)

+5,v* sin(vr)—s,usin(vr)—s, sin(vr)} (11)
where tis chosen to be the Hop{ bifurcation parameter.

For a Hopf bifurcation to occur, three conditions
must bemet at the critical value (r.);(Dulz)=0,(2) v(t)
#0and (3) w(r ) >0 (Theorem 2, Appendix). To seeif
the eigenvalues of the Jacobian evaluated at the steady
state point E = (%,y,2) satisfy these conditions, we first
assume that the critical value defined by u(t ) = 0 exist.
However, we do not use this condition to find 7, Instead
wesubstitute the condition into eqns. (10)and (11) and
see whetheranon-zero value of v(t ) exist.® To do this,
we set u(t_) = u*= 0 into the two equations to get

PV 7+ ps = (5375;vH)cos(v 1) + 5,v"sin (v’ 1) (12)
V24 pvi=svicos(vi Ty - (s5-5,v Dsin(v’ 1) (13)

Squaring the two equations and adding the squares
together, we obtain

) “ #2
v +(p% -2py —s%)v +(p% -2p;p3 —s% +25)53v +(p% —s%) =0
(14)

Letting v*, 77 eqn. (14) becomes the following cubic
equation

S =7 +d 7’ +d,p +d=0 (15)
where i 5 , )
1=P) ~2P; =5 (16a)
2 2
dy =Py =2pp3 =3 +2555  (16h)
d. = 2 2
3 =P375; (16¢)

Forv(t )toexist, theroots ofeqn. (15) must be real and
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positive. This can be determined by using the results
of the lemma stated in the Appendix. We now assume
that a set of values for the parameters can be found
which satisfies the conditions of Lemma 1.
Next we need to show that for the present u(1), the
following is true '
du
— >0
dr =T,

This is done by differentiatingeqns. (10) and (11) with
respect to Tand then set T =1 . Doing this, we get

(17

L IS i =D (18)
dr =T, dr =Ty
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where
B= [—3V(2) + Py = $5¢05(v T ) — 251V sin(v g ) + 53 Tgc0s(vgTg)
—slv(z)‘rocos(vo‘ro ) +5yvgTgsin(vyTy )]
C= |:—2p1v0 +251veos(v Ty ) + 59Tpsin(vyTh) — slv%tosin(vo‘ro
—s, sin(v,y1y) — 8,V cos(v, T, )]

D= (51"8 —53vq )sin(vo‘to) + szvécos(voto)
and

E= (Slvg =537, )cos(vo‘co) - szvésin(voto) (19)
Solving for “| , we get
dr T=T0
d BD -EC
b IR 0)
dr B"+C

where

21,4 2,2 2 2 2
BD-EC = vj[3vg + 2v(py —2py —s7 ) +(p3 - 2pypy — 55 +25754)]

Qn
Therefore, we have
du v2
— = Ezicr [3vg + ZVé(p% -2py ~ s%) + (p% ~2p)py - s% +2s153))
*
le=rq (22)

Noting that

ds
a= 3112 + 2(pf —2py - sf m+ (p% —2p|p3 - s% +25y55)
(23)
where Sis defined by eqn. (15), eqn. (22) can be written as
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3 s @

=1, B2 +c? dn

du

dt

2
M=V

The condition A< 0 in part A of Lemma I requires the
two turning points of S(n) not be a positive real root of
S(m), otherwise A would be equal to zero. The two
turning points of S(n),g, and &, (eqn. A2), are the zeros

ofeqn. (23). Since v ! €, the following must be true

—dd—s =0 (25)
n n=V%
Thus
du ) V% (_ié
dr =1, e dn ‘1=V% 26)

and condition 3 of the Hopf bifurcation theory is
satisfied. Therefore the system undergoes a Hopf
bifurcation.

IIIb.Critical Time Delay.
The critical delay time can be found by using the

method introduced by Tam.® We rewrite eqns (12) and
(13) as

Mcos(v * 1) + Nsin(v *1 J=P 27a)
Ncos(v * 1) - Msin(v *1 ) = Q (27b)
where
M= §,-S5,V* ) (28a)
N= S,V (28b)
P=-PV?+P, (28¢)
and
Q=-V’+P,V (28d)
Eqns. (27a) and (27b) leads to
M2+N2=P2+QZ=G2,whereG>O. 29
M and N can be rewritten as
M=Gcos 8
N=Gsin 8 30)

This allows usto determinea® € |0. 27) uniquely. With
this value of 8, eqns. (27a) and (28b) become

Geos(t,v *)cosB+ Gsin(t, v)sinf= P (€29}
Geos(t,v *)sind- Gsin(t,v *)cos#=Q  (32)
or
Geos(t,v *- 0) =P (33a)
Gsin(t,v *- 8)=Q (33b)
From this we get as the critical value
T = Al*—{tanhl(g )+ 6} 34
v P
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IV. Numerical Solution.

IVa. Numerical Parameters.

The numerical values of the parameters in the
herbivore-plant-pollinator ecosystem for a given plant
are scarce. One has to guess at them since many of
them will depend on which plant we are interested in,
whatisthe locality (or country) or what time of the year
itis. To gainideas of the range of values the parameters
can take, we look at the Mango tree, even though the
present model is not an appropriate model for this
plant. The model is developed for a flowering plant
which after becoming pollinated, dies. Most Mango
trees exhibit biannual flowering, once between May
and June and again in December-January. This flowering
is repeated every year for many years. Nevertheless,
we have used the data available for the Mango trees to
be typical of most plants,

Jamjanya’ has looked at the increase in leafhopper
population in two varieties of mango trees, On-sorn
and Na thub. He found that leafhopper infestation on
the Na-thub mango tree increased by 270% in a day,
while theleafhoppers infestation on the On-sorn mango
tree increased 63% in a day. This implies that m, can
vary between 0.63 - 2.7 day depending on the type of
Mango tree. Boongird® has measured the probability
thata bee will visita Nam dok maimango tree in Thailand.
He found o to be 79.55%. In Trinidad, the probability
that a bee will visit the mango is about 21%.° We take
o, the probability of encounter to be in the range 0.21
- 1.0. The extraction rate of the nectar by the bee range
between 0.3 pl/sec in grove and 2.0 pl/sec in pool. g,
which is reciprocally related to the speed of nectar
extraction, is set to be in the range 1.93 x 10 - 3.86 x
107 (ul/day)*. Other studies find that a bee will visit 8 -
10 flowers per visit.!! Since only about 5-75 % of the
flowers are perfect, the number of ovules fertilized per
visit, k , will bein the range of 0.4 - 7.5 flowers per visit.

Thenormal death rate of the bees has been changing.
The French National Bee Surveillance Unit!? has stated
that the death of the bees during the winter months was
one out of ten in previous years. Now, the death rate
issix out of ten. This means that Aisin the range 0.001
- 0.006. For the birth rate of the bees, 8, we assume
that the queen bee lays about 1200 - 2000 eggs/day.
For a typical small hive containing perhaps 20,000
bees,”" the birth rate of the bees would be in the range,
0.06-0.1day™". Theestimated values of the parameters
are listed in Table L.

IVb. Numerical Solutions.

For the purpose of getting an idea of what might
occur, we have set the values of the parameters at:
a =500,b = 1/8, A = 0.0035, k, =3.95, k,=0.00005,
m =7.5m,=1.6,0=0.0000386,6=0.25,y=0.0111,
p=23and5=0.05. Substituting the above valuesinto
eqns. (4a)-(4c), we get the steady state
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Table 1. Parameter values

Parameters Units parameter range
a no. of flower 500
b 1/(bee day) 1/8
K no. of bee ——8le
k, mango/(bee visit) 04-75
" microliter/visit 22.72-63.63
[0} (microliter/day)~ 1.93x10% - 3.86x10°
c - 021-10
8, day! 0.06 - 0.1
A day! 0.001 - 0.006
k, microliter-! >1.48%10¢
Y day™ 0.0111
m, mango/day 10.93-910.75
m, day! 0.63-27
) day! 0.01-0.05

E(0.637873,16.129, 29.4689) . (35)
Substituting the values of (X7,z) given by eqns.
(42)-(4c) and the values of the parametersinto eqn. (7,
we find that the Routh-Hurwitz conditions are met and
the steady state is stable. Substituting the same values
in eqn. (34), we find that the critical value is

T, =1.13 days (36)

As T crosses this value, the steady state should become
unstable. To see if this happens, we have solved eqns.
(2a),(2b%) and (2¢) (for a delay time of 1 day) using the
values of the parameters given above. In Figure 1, we
see the trajectory of the solution spiral into the
equilibrium state, eqn. (35). This would be expected
since 1<t . We then changed the value of the time delay
to be 1.13 days. The trajectory is now a limit cycle
(See Figure 2). Aswe have pointed out, the conditions
for the system to undergo a Hopf bifurcation to a limit
cycle are met with the values of the parameters used.
Finally, we pick © = 10 days. In Figure 3, we see
the trajectory spiraling away from the steady state
E(0.637873,16.129,29.4689). The trajectory initially
starts at the left face of the cube, heads towards the
steady state and then spirals away from the steady
stater. This implies that the steady state has become
unstable.

To understand why this happens, let us look at the
biology. A nonzero steady state with 7= 0 would be
possible if a new plant would begin to flower while
some of the original flowers are still present. This
would require thata flower, pollinated at the beginning
of the flowering season, would quickly develop into a
seed. Theseed must then fall to the ground and germinate
intoaplant that develops new flowers before the original
flowers dry up and die. This does not usually happen
in nature. Each step in the developmental stage of the
plant takes time. Since the new plants do not usually
arrive until the next year, the delay time appearing in
eqn. (2b’) would be one year. Between the period the
time the last flowers of the season die and the new ones
arrive, there would be no flowering plants present.
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leathopper

0.645

mango

155 0.63

bee

Fig 1.Numerical solution of equations (2a), 2b") and (2¢) for
atime delay of t = 1 (t<t ). The graph shows the trajec-
tory in the 3-D phase plane. The motion spirals toward

-the steady state solution F0.637873, 16.129,29.4689).
The parameters used are: a=500, b=1/8, d,=0.08,
1=0.0035, k1=3.9‘5, k2=0.00005, m=7.5, m,=1.6,
j=0.0000386,5=0.25,g=0.0111, m=23,d=0.05

leathopper

0.645

o
mang 1556 0.63

bee

Fig 2.Numerical solution of equations (2a), (2b") and (2¢) at
the critical time delay t;= 1.13 days. The parameters
used are: the same as used for Figures 1. The trajectory
projected on 3- dimensional phase plane. The motion is
a limit cycle.

leafhopper

12063

Fig 3.Numerical solution of equations (2a), (2b”) and (2¢) for
a time delay of t=10 (>t ) days. The graph shows the
trajectory in the 3-D phase plane. The trajectory moves
away from the steady state solution. The parame-ters
used are the same as those used to obtain Figs. 1 and 2.
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This would happen if the time delays are greater than
the lifetime of the flower, which we have taken to be
nine days.

IVc. Real Applications.

To see how the present model might be of use to
the farmers, we have modified the model to more
accurately describe the production of mangos. We
have inserted into eqn. (2b"), theadded term D3(t-t )to
represent the appearance of non pollinated flowers on
the tree at time t . ® is the number of flowers that
appear ondayt . We have assumed that the time delay
is six months which is greater than the critical delay
time. Therefore there will be no contribution from the
term givenbyeqn. (1) ineqn. 2b"). Wenow look to see
what would happen if the farmer has more bees on his
farm. To see this, we have solved eqns. (2a), 2b") and
(2¢) using K values of 1000, 1,500 and 2000. The
values of the other parameters are given on the figure
captions. In Figure 4, we plot the number of flowers
on a single tree that get pollinated each day after day
to, the day the flowers began to bloom. The initial
conditions for the starting day of the computer
simulation, are Y(0) = 0, and X(0) and Y(0) are arbitrary.
Asthe time passes, the number of bees beginsto increase
untilit reaches the saturation value K. Onthe 100%, the
flowers bloom. The figure shows that only for a short
period do pollinated flowers get produced. The reason
for this is that only during these nine days are the non
pollinated flowers present. After this period, the flowers
dried up and died. Thisl€ads toy = 0. We also see that
the number of flowers that get pollinated increases as
the number of bee increases. The three plots provide
a quantitative measure of how much more mangoes
can be obtained by increasing the number of bees
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/o K=1000

.

Number of fertilized flower

o
o
T

o L ' L L Mo ) ) L
6 7 8 g 10 1
Time (day)
Fig 4. Number of flowers pollinated per day per tree for K
equal to 1,000, 1,500 and 2,000. The number of flow-
ersappearing onday t is F=10,500,000. The values of
the other parameters are the same as used to obtain figs.
1,2 and 3.
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available.

Another practice that can be carried out by the
farmer is to decrease the number of leafhoppers.
Sprayinginsecticides orintroducing biological pests of
the leafhoppers to kill them would accomplish this.
The first method would however also decrease the
number of bees unless the insecticide is of a type that
only affects the leathoppers and not the bees. We
simulate the effects of employing an insecticide of this
type or using the second method by increasing the
value of the leafhoppers death rate. We have solved
eqns. (2a), (2b") and (2¢) for three values of the death
rate § (0.05, 0.07 and 0.09). In Figure 5, we see that
more flowers would be pollinated if the life time
(inversely proportional to the death rate) of the
leathopper were shorten. The time axis is changed so
thatitstarts at day 100. We see that the flowers are only
pollinated overanine day period (i.e., during the period

x 10
B T T T T T T T T Y
- 5= 008
— §=0.07
5k - §=008 |

Number of fertilized flower
o3

e P

103 104 106 108 107
Time (day)

S0 o2 18110
Fig 5.A graph shows the number of fertilized flower per day
per tree for the death rate of leathopper, d, equal to 0.05,
0.07 and 0.09. The number of flowers
appearing on day t is F = 10,500,000. The values of the
parameters are: a=500, d ;=0.08, 1=0.0035, k=395,
k,=0.00005, m =7.5, m,=1.6, {=0.0000386, s=0.25,
g=0.0111, m=23,b=d,-1, K=1000

the flowers are present on the tree).

Another way for the number of pollinated flowers
to beincreased is to increase the number of flowers on
the tree. This could be done by having the rain arrive
at the right time and or having a new variety of mango
plants that have more flowers. These are however
beyond the control of the farmer.
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APPENDIX

Lemma 1. Conditions for the Existence of Positive
Real Roots of a Cubic Equation.
Consider the following cubic equation

Sm=7n +d 7 +d,p +d=0  (AD

A. lfeither (1) d <0,d,> 0and d,*>3d,, or (ii) d,
<0:and A <0 ,theneqn. (Al) haspositive simple roots.
where

43 1202 2 43 2
=S5 =——d] - - - _
A = 5(g)S(e;y) 5792~ 574142 S ddads + 7 d1d3 +d3
(A2)
withg, and &, beingthe two turning points of S(n) given by

2 2
~d) —ydf -3d, . ~d, +df - 3d,

3 2 5 (A3)

g =

B.1fd;>0, the necessary condition foreqn. (A1) to
have no positive
real roots are either

2
@ d1 <3d2
2
(i) dp =3d;
(iii) d% ~3dy >0 and A> 0, or

(iv) df~3d2 >0 and A< 0, d; >0andd, >0
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Proof of this lemma s found in Khan and Greenhalgh [4].
Theorem 1. (Routh-Hurwitz Criteria). Let x* be an
equilibrium point of eqn. (A4), and J be the Jacobian
evaluated at the equilibrium point. Suppose the
diagonalization of ] yields the following characteristic
equation

M+ AN +BL+C=0. (A6)

The equilibriumstate x* will be local asymptotically
stable if the coefficients A,B and C satisfy the following
conditions:

A>0,
C>0

and

AB>C (A7)

Theorem II. (Hopf Bifurcation). Suppose the functions
F ({x}) depends on parameter T € R. The Jacobian will
now depend on the parameter 1, i.e.,

0
J(r)=DXF(X*,r)= F™ (x*,1) i, j=12,..n ,

J

IfJ(1) hasa pair of complex eigenvalues, A(ta) = u(t) £ iv(t)
such that

i u(t)=0,

il. V(‘tn) =v*>0
and du

iii. —(t,)#0 (A8)

da

where 1_is called a critical value of the bifurcation
parameter ‘t’, and no other eigenvalues with zero real
part exist, the system will undergo atransition toalimit
cycle about the point (x* ).

Proofs of this theorem can be found in various
textbooks.?





