Mathematics in Applied Sciences and Engineering https://ojs.lib.uwo.ca/mase
Volume 1, Number 4, December 2020, pp.333-354 https://doi.org/10.5206 /mase/10842

A PREDATOR-PREY MODEL IN THE CHEMOSTAT WITH
HOLLING TYPE II RESPONSE FUNCTION

TEDRA BOLGER, BRYDON EASTMAN, MADELEINE HILL, AND GAIL S. K. WOLKOWICZ

ABSTRACT. A model of predator-prey interaction in a chemostat with Holling Type II predator func-
tional response of the Monod or Michaelis-Menten form, is considered. It is proved that local as-
ymptotic stability of the coexistence equilibrium implies that it is globally asymptotically stable. It
is also shown that when the coexistence equilibrium exists, but is unstable, solutions converge to a
unique, orbitally asymptotically stable periodic orbit. Thus the range of the dynamics of the chemostat
predator-prey model is the same as for the analogous classical Rosenzweig-MacArthur predator-prey
model with Holling Type II functional response. An extension that applies to other functional re-
sponses is also given.

1. INTRODUCTION

In this paper, we analyze a predator-prey model in the chemostat with Holling Type II predator
response function of Monod form and prey response function of mass action form. The chemostat is a
widely-used apparatus used in the study of microbial biology. It is helpful for the study of microbial
growth and interactions under nutrient limitation in a controlled environment. Chemostats can be used
as a guide for identifying the dynamical nature of population interactions that may be present in a
more complex system such as a lake. There are many articles related to the study of the chemostat,
both from the experimental and the modelling point of views (see for example [6], [15], [29] and [37]).
Here, we look at a model of a basic chemostat setup in which a single, essential, non-reproducing
nutrient is supplied to a growth chamber from a nutrient reservoir at a constant rate. A population
of microorganisms, designated as the prey, lives in the growth chamber and it feeds on the nutrient
and a predator population predates on the prey population. The growth chamber is assumed to be
well-stirred. It is assumed that the inflow rate of nutrient is the same as the outflow rate from the
growth chamber to the waste reservoir so that the volume of the growth chamber remains constant and
all of the contents of the growth chamber are removed in proportion to their amount in the growth
chamber. How the amounts of the nutrient, prey population, and predator populations change as time
changes are all modelled.

The more familiar predator-prey models, introduced in Rosenzweig and MacArthur [34], involve
models of predator-prey interactions in which the prey population reproduces and involves only two
equations, one for the prey and one for the predator. In [34], models for which the prey nullcline
can have at most a single local extremum, a local maximum, were considered. Such a model is often
referred to as the Rosenzweig-MacArthur model, and it has been well studied (see, for example, [26]
and [33]). The case where the prey nullcline has both a local maximum and a local minimum is
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possible and has also been considered as a generalized version of the Rosenzweig-MacArthur model
(see for example, [1], [13], |14], [36] and [38]). Collectively, the Rosenzweig-MacArthur model and its
generalizations are known as the classical predator-prey models.

The mathematical expressions needed for the response functions in these models are not usually
known in practice. Biologists typically collect sets of data that can be fitted by many functions.
Following the work of Holling [20], modellers have used three main forms to describe response functions
in predator-prey models. Holling Type I refers to a mass-action response function, that is linearly
increasing. Holling Type II responses are increasing and concave down. Holling Type III are sigmoidal.
The dynamics of predator-prey models are directly influenced by the types of response functions chosen.
Recently, in Fussmann and Blasius [14], it was shown that the range of possible dynamics can be different
for classical predator-prey models modelled by different forms of Holling Type II response functions.

Here, we determine the global dynamics of a predator-prey model in the chemostat with predator
response function of Holling Type IT (Monod form) and prey response function of mass action form. We
then compare the dynamics of this predator-prey model in the chemostat with that of the analogous
classical predator-prey model.

Harrison [16] considered a wide class of classical predator-prey models and obtains sufficient (but not
necessary) conditions for the global stability of the coexistence equilibrium. He also proved that when
the coexistence equilibrium is unstable, at least one periodic orbit exists. In the special case that the
prey grow logistically in the absence of predators and the predator response function is of Holling Type
I form, Hsu [21] proved that the coexistence equilibrium is globally asymptotically stable whenever it
exists. He also proves that when the predator response function is of Monod form, then the coexistence
equilibrium is globally asymptotically stable whenever it is locally asymptotically stable, and Liou and
Cheng [28] and Kuang and Freedman [27] proved that when the coexistence equilibrium exists and is
unstable, it is surrounded by a unique periodic orbit.

In this paper, we focus on the analogous model of predator-prey interaction in a chemostat. In
Wolkowicz [39], a food web in a chemostat was considered. In the special case that the model studied
in [39] is a food chain that includes one resource, and only a single prey, and a single predator population,
the model is of the basic form studied here. A Lyapunov function was used to prove that the coexistence
equilibrium is globally asymptotically stable whenever it exists, under the assumption that the predator
response function is Holling Type I and the prey response function is either Holling Type I or Holling
Type II (of Monod form).

In the model considered in this paper, we assume instead that the prey response function is Holling
Type I and the predator response function is Holling Type IT (of Monod form). In this case, we prove that
the dynamics are more complicated. In particular, we prove that whenever the coexistence equilibrium
is locally asymptotically stable, it is globally asymptotically stable, and that whenever the coexistence
equilibrium is unstable, there is a unique orbitally asymptotically stable periodic orbit. We also prove
that the change in stability occurs by means of a Hopf bifurcation that is always supercritical. We
thus show the similarity between the dynamics of the classical predator-prey model in which the prey
is assumed to grow logistically in the absence of the predator population and its analogous chemostat
predator-prey counterpart model. The chemostat model is of one dimension higher, since the resource
that the prey population consumes in order to grow is also modelled and the growth of the prey in the
absence of the predator population depends instead on the abundance of the resource.

This paper is organized in the following manner. The predator-prey model in a chemostat is de-
scribed in Section 2] where three equivalent lower dimensional limiting systems are also derived. The
limiting system that most resembles the classical predator-prey model is then chosen to be the focal
system. Properties of the prey nullcline of this system are derived in Section [3] Preliminary analytic
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results appear in Section |4} where it is also determined that the system undergoes a supercritical Hopf
bifurcation. In Section [5 we prove that the coexistence equilibrium is globally asymptotically stable
whenever it is locally asymptotically stable, and also that when the coexistence equilibrium is unstable,
there is a unique, orbitally asymptotically stable periodic orbit. Finally, a discussion of the similarities
between chemostat models and their analogous, classical predator-prey models is given in Section [7}
Appendices provide a modification of a theorem due to Huang [22], an extension of a theorem due to
Hsu [21], and the Hopf bifurcation analysis. The bifurcation diagrams were done using XPPAUT [12]
and the simulations were done using Matlab [32].

2. THE MODEL

Let S(t) denote the concentration of the nutrient in the growth chamber at time ¢, and let x(¢) and
y(t) denote the density of prey (that feeds off this nutrient) and predator populations, respectively. We
consider the following system of autonomous ordinary differential equations as a model of predator-prey
interaction in a well-stirred chemostat:

S'(t) = (8° = S)D — ap(S)
() z(—=D + cp(S)) — yq(x)
( D + yq(x ) (2.1)

where SY denotes the concentration of the nutrient in the nutrient reservoir, and ¢ and ~ are yield
constants (respectively, to the prey’s consumption of the nutrient and the predator’s consumption of
prey). To ensure that the volume of this vessel remains constant, D denotes both the rate of inflow from
the nutrient reservoir to the growth chamber, as well as the rate of outflow from the growth chamber.
We assume the species specific death rates are insignificant with respect to the flow rates and they
are ignored. It is also assumed that the functions p and ¢ are continuously differentiable (additional
smoothness assumptions are given below) and that S°, D, ¢, and v are all positive constants.

The rate of conversion of nutrient to biomass is given by the function p(S), and is assumed to satisfy

p(0) =0, p(S)>0for S >0 and p'(S)>0for S>0. (2.2)

A function of the form p(S) = mS where m is a positive constant, satisfies all of the above properties.
For the remaining of this paper, we consider p to be of this form.

The function g(x) denotes the predator response function. It is assumed that g(x) has properties
similar to p(S). In particular,

q(0) =0, ¢(x)>0forz>0 and ¢"(z) <0 forz > 0. (2.3)

The Monod functional response g(z) = 7, satisfies these properties and will be the focus in the

remainder of this paper. Note that the following inequality holds for that form:
q(x) — zq'(x) > 0 for all z > 0. (2.4)

To simplify (2.1]), the yield constants ¢ and -y can be scaled out by performing a change of variables.
Let S =08, & =¢x, §=nyand £ = 7t. Then,taukingc:%,fy:%,SOZU&D:g,m:ﬂ a=2%
and b = &b, and removing hats to simplify notation, reduces system lb to:
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S'(t) = (S° — S)D — mSx

2'(t) = z(—D +mS) — yb(fx
y'(t) Zy(—D+ b(fx) (2.5)

5(0) >0, =(0)>0, y(0)>0.

Remark 2.1. Since the system has four variables (S, z, y and t), we are able to scale out two more
parameters for a total of four. However, this is not needed to complete our analysis.

Lemma 2.1. The solutions of S(t), z(t) and y(t) of are non-negative and bounded.

Proof. Tt is important to first note that since the vector field is C!, existence and uniqueness of solutions
hold. S(t) is positive for all ¢ > 0 since S(7) = 0 for any 7 > 0 implies that S’'(7) > 0. Furthermore,
x(t) > 0 and y(t) > 0 for all ¢ > 0 since the (5,0, y)-plane and (S, z,0)-plane are invariant with respect
to solutions of . Hence, by the uniqueness of solutions, they cannot be reached in finite time by
trajectories for which (0) > 0 or y(0) > 0, respectively.

Next consider the sum of our differential equations:

S+’ +y =S +z+y) =D(S°—(S+2+y)) (2.6)

is a first order ODE that has the solution
S +a(t) + y(t) = e~ ((S(0) + (0) + y(0)) - S°) + 5°. (2.7)
Thus S(t) + x(t) + y(t) < max{S(0) + z(0) + y(0),S°}. Since all three components are non-negative,
this implies each component is bounded above. O

Nonetheless, is still a 3D system of equations, and so is harder to analyze than the classical
predator-prey model. From the above proof, we can see that the sum of solutions S(t) + z(t) + y(t)
converges to S° exponentially as t tends to infinity. This tells us that for any point (S,x,y) in the
omega limit set,

w= {(S’,x,y) € Ri :3{tn}ory s tn — 00 as n — 00, (S(tn)7x(tn),y(tn)) — (S,z,y) as n — oo},

it follows that S(t,) + z(tn) + y(tn) — S+ 2z +y = S° Hence, w is restricted to the simplex

{(S, r,y):S+r+y= SO}, a two dimensional set. We can then obtain three equivalent limiting sys-

tems by eliminating one variable in our system using the fact that S(t) + x(t) +y(t) = S°. In this case,

it is most useful to eliminate S, as this yields a 2D predator-prey system with nullclines that resemble

those of the classical predator-prey model. In doing so, if we define

Flr) = —Dx + mx(S° — )
m + 4(2)

)

we obtain the limiting system,

' (t)=z(—D+m(S° —z—y)) _ybcf;z: £ (ma:+ bf:z:) (F(z) —y)

y'(t) =y <D + b(fx) (2.8)
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Since closely resembles the classical predator-prey model, it will be the main system we analyze
throughout this paper. That it has the same dynamics as the 3D systems and therefore , is
justified in Section [6}

The predator nullcline is the vertical line z = ¢=(D) = ab_DD and is in the first quadrant if and only
if a > D. We will assume, unless otherwise stated, that a > D so that the coexistence equilibrium
point exists in the interior of the first quadrant. The prey nullcline, F(z), is studied in detail in the

next section.

3. THE PREY NULLCLINE

0
The prey nullcline is given by the continuously differentiable function F(x) = _m”njﬁr—”f;{((i)_””). The
properties of this function play a key role in our analysis. In this section, we determine the properties

of F(x) when the predator response function is of Monod form, g(x) = ;%=

= btz
Define (" )
i mS® — D)b
FO) = lm Fl) == (31)
We will assume that mS°® > D, so that F(0) > 0. The slope of the prey nullcline is given by
—(b+z)?m?—a(b+2z—S0)m—aD
Fle)= —0 e m —albt2e—50)m—aD (3.2)
(m(b+ ) +a)
Define K such that F(K) =0, namely K = W > 0. Then,
S%m +bm — D
F(K)=— <0 3.3
(K) SOm+bm+a—D (3:3)
and - o
—b —abm —aD
F/(0) = m* 4+ S%am — abm — a ’ (3.4)

(bm + a)?
with the sign determined by the sign of the numerator. For z > 0, the second derivative of the prey
nullcline is:

2ma(S°m + bm +a — D)

FI/ —
(z) (bm + ma + a)3

<0, (3.5)

and the third derivative is:
_ 6m*a(S%m +bm +a— D)

F///
(@) (bm + mz + a)*

> 0. (3.6)

Though not discussed any further, it is clear that the higher order derivatives will alternate in sign.
Since F is concave down for x > 0, it has at most one hump on [0, K]. Define M such that F(M) =

max_F(z).
z€[0,K]

Remark 3.1. Tt follows immediately that

(a) if F'(0) <0, then M =0, and

(b) if F'(0) > 0, then 0 < M < K and F'(M) = 0. It is useful to know where M lies in this case.
Lemma 3.1. Assume mS® > D. Then, M < %,
Proof. If we assume that M = 0, the result follows, since then, mSan_D > (0 under our assumptions.
Next assume that M > 0. Then, F'(M) = 0. By 1) the derivative of I’ at % is

F,(mSO—D) (%) (m_‘_q/(ms;ime))

T mS°%—D mS9—D 2 <0
( 2 Jrq( 2m ))

2m
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F(x) F(x) F(x)

M=0 K M=0 K 0 M K
X X X

(a) F'(0) <0 (b) F'(0) =0 (c) F'(0) >0

Fig. 1. Permissible configurations of the prey nullcline. In plots (a) and (b) F(z) is strictly
decreasing for all x € [0, K], whereas in plot (¢) F(z) has a single local extremum, a local
mazimum, at M € (0, K).

since ¢'(x) > 0 for « > 0. Thus, since F' is concave down on [0, K] and F'(M) = 0, then M <

mS’QO—D' O
m

Lemma [3.3] tells us that M is always less than half the distance to K. Furthermore, with a Monod
response function, one can actually find an explicit expression for M, namely:

—mb — a + /S%m + abm + a2 — aD
- .
Fig 1| illustrates how the shape of the graph of F' depends on the sign of F’(0).
In Section [4] we select SO as the bifurcation parameter and investigate how changes in S affect the
shape of the graph of F. Since,

M= (3.7)

0 _ m(b+ux)

F is an increasing function of S° for each fixed x. F’ is also an increasing function of S for each fixed

x > 0 since
0 ma

a50l @) = et (3.9)

Remark 3.2. By equations (3.8)) and (3.9)), as S° increases, the local maximum of F moves up and to
the right.

It also is important to note that since F’(z) increases with S°, one can find a fixed S° value so that
F'(z) =0, namely:
b+ 1)’ m?+a(b+2 D
SOéSO(:E):( +a)m talb+2r)mta , (3.10)

am

for any fixed z > 0. If we take z = z* in S°(z), we get:

(abm + aD — D?)(bm + a — D)

0 4 QO0f,.x)
Scrit_S (Z‘ )_ m(a—D)2

(3.11)

Then, taking S° = S°

0. forces F'(z*) = 0. Taking SY = S, will prove especially useful in our analysis.



PREDATOR-PREY CHEMOSTAT MODEL: HOLLING TYPE II RESPONSE 339

4. LocAL ANALYSIS

In this section, we consider some of the properties of the different invariant sets associated with
. It is first important to note that non-negativity and boundedness of solutions for system
follows immediately from the non-negativity and boundedness of solutions of the 3D system . Non-
negativity and boundedness of solutions is a prerequisite of any reasonable model of the chemostat.

There are three possible critical points of . The first two, (0,0) and (K, 0), always exist. Define
z* = ¢ (D) = allDD > 0 since we are assuming that a > D, and let y* = F(z*) > 0. Then the
interior equilibrium, (z*,y*), exists only if z* < K. If * = K, then (2*, y*) coalesces with (K, 0). The
following is the stability analysis for these critical points.

The Jacobian matrix of is

ey — (F'@)(a@) +mz) + (¢ (@) +m) (F(z) —y)  —(mz+q(x))
J(w)( v (2) D+q@)>. (4.1)
Evaluating it at the zero equilibrium, we obtain:

Since ¢(x) is an increasing function and F(0) > 0, the diagonal entries have opposite signs. Hence,
(0,0) is always a saddle. Similarly for (X, 0),

_ (FI(K)(¢(K)+mK) —(mK +q(K))
J(K,O)—( 0 LD+ q(K) > (4.3)
One can see that if 2* > K, then ¢(K) — D = ¢(K) — ¢(z*) < 0 and hence, (K,0) would be a global
attractor since F’(K) < 0 as well. However, there is no coexistence equilibrium in this case. Therefore
we assume that z* < K, which means the diagonal entries of have opposite signs, and hence,
(K,0) is also a saddle. Finally, we consider the coexistence equilibrium point. Note once again, the
coexistence equilibrium exists if and only if £ < K. In this case the Jacobian is given by

F'(z*)(D 4+ mz*) —(mz* + D))
AL J*y") = ( , 4.4
(@",9") e . (14)
which has characteristic equation:
N = AF'(2*)(D 4+ maz*) + y* ¢ (z*) (D + ma*) = 0. (4.5)

Since D + mx* > 0, the constant term is positive and the roots of have negative real part if and
only if F'(z*) < 0. Thus, (z*,y*) is locally asymptotically stable when F’(z*) < 0 and unstable when
F’(xz*) > 0. Note that unless z* = K or F'(z*) = 0 all critical points are hyperbolic. When z* = K,
we determine that the equilibrium point is asymptotically stable using standard phase plane analysis.

Proposition 4.1. System (@ has a supercritical Hopf bifurcation occurring when F'(z*) = 0.

Proof. Since system is planar, any periodic orbit must surround an equilibrium point by the
Poincaré-Bendixson Theorem [3]. By the non-negativity of this system, the only equilibrium a periodic
orbit can surround is (z*,y*). From phase plane analysis, any periodic orbit would lie in the set
{(z,y) : 0 <z < K and y > 0}. The eigenvalues of the variational matrix about (z*,y*) are

)\(SO) _ F’(z*)(D + mx*) + \/(F’($*)(D2—|— mx*))2 o 4y*q’(l‘*)(D + mx*)

When the coexistence equilibrium exists, these eigenvalues are ply imaginary if and only if F’(z*) = 0.
The condition F’(z*) = 0 can be achieved by fixing S° = SO from (3.11)). Also, the imaginary part of

(4.6)
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Fig. 2. Bifurcation diagram of system @ with parameters a = 2, b = 0.5, m = 2, and
D = 1.3788. Solid lines correspond to stable equilibria, dashed lines correspond to unstable
equilibria, filled circles correspond to stable periodic orbits and empty circles correspond to
unstable periodic orbits. As S° increases there is a transfer of stability from (0,0) to (K, 0) to
(z*,y") by means of transcritical bifurcations, and finally a transfer of stability from (z*,y")
to a stable periodic orbit by means of a Hopf bifurcation.

the eigenvalues is non-zero. Furthermore, the transversality condition holds, since the derivative with
respect to S of the real part of the eigenvalue at the Hopf bifurcation is positive by . Thus, the
eigenvalues are complex in a neighbourhood of S?., and cross the imaginary axis at S° = S%. |
that a Hopf bifurcation occurs there. The direction and stability of the bifurcating periodic orbit is

determined by the sign of the following quantity, called the vague attractor condition:

implying

4am<(b +2%)3(b+ $2*)m? +2(a — 1D)(b+ 2*)?m + a((a + D)b + Da:*)) (b4 S"Ym+a— D)

w=— ,

(b4 z*)m + a)4(b + x*)2

(4.7)
which was determined using the algorithm in Marsden and McCracken [31] as outlined in Appendix
Under our assumptions on the parameters, w < 0, hence, the Hopf bifurcation is always supercritical.
|

The bifurcation diagram in Fig [2] summarizes each of these local stability results.

5. GLOBAL ANALYSIS

To establish the global dynamics of system ({2.8]), first examine periodic orbits. The following lemma
together with the Poincaré criterion will be used to show that when periodic orbits exist, they must
surround the local maximum, (M JF(M ))

Lemma 5.1. Let I' be any periodic orbit of (2.8). Then

= édiv(m’,y’) dt = é (mzx + q(x)) F'(z) dt.
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zg(x z)+zg’ (z zg(z)(m+q' (z)
Proof. Let g(z) = —D+m(S°—z). Then F(z) = mxi(q()w), and thus, F'(z) = g(m)w:f(x() )_ g(mw(+q(z))2 )

This means that

C = ¢ div(z',y') dt

I
S T8~ 56~ 5o 5o

(2/(2) + g(2) — y(m+q'@)) ) + (= D+ q(a))] at

/

(xg’(x) +g(x) + (w) (m+ q’(x))) + y—} dt

mz + q(z) Y
0 . (mt+d@)y Y
= _(mx +q(z))F'(z) + = (m> + g} dt
= f [+ @) F'0) + 510 (o -+ 4(0) + 5 10o)]

= 75 (ma + q(z))F'(z) dt.

Proposition 5.2. Any periodic orbit of (@ must surround the local mazimum of F(x).

Proof. Assume F’(z) > 0 for the entire portion of F inside of I'. Then C' > 0 by Lemma implying
that I is an unstable periodic orbit by the Poincaré criterion [9]. Since any periodic orbit must surround
(x*,y*), it follows that F'(z*) > 0 and so (z*,y*) would also be unstable, which is impossible. Using
a similar argument, it also follows that F’(x) < 0 for the entire portion of F inside of T is impossible.
Thus, the slope of the portion of the prey nullcline inside any periodic orbit cannot be entirely of the

same sign, i.e., it must change sign, and therefore any periodic orbit must surround the local maximum
of F(z), (M,F(M)). O

Global stability of the coexistence equilibrium point for the classical predator-prey model was studied
by Harrison [16]. If one denotes the coexistence equilibrium point as (z*,y*), he proved that this
equilibrium is globally asymptotically stable, if it is locally asymptotically stable, i.e., in phase space
it lies on prey nullcline, F(z), where its slope is negative (F’(z*) < 0), and as well, it lies below the
vertical line y = F(0), i.e., y* < F(0). Hence, he only obtained a sufficient condition for the global
stability.

Hsu [21] theorized more generally that if the prey nullcline is concave down, then wherever the
interior equilibrium is locally stable, it is also globally stable. Although this is not true for all systems
(some counterexamples were found in [19]), we prove for , that local asymptotic stability implies
global stability by using the Dulac criterion and the Poincaré-Bendixson theorem, that the equilibrium
destabilizes via a supercritical Hopf bifurcation, and that if a periodic orbit exists it is unique.

Let (z*,y*) be locally asymptotically stable, i.e. z* € [M, K]. Since the Hopf bifurcation at * = M
is supercritical, (z*,y*) is also locally asymptotically stable there. We start using a similar argument
to the proof given for Theorem 3.3 in Hsu [21]. However, it was pointed out in [8], that the proof in
Hsu [21] is “not rigorously correct” and so we make modifications. Choose h(z,y) = (mz+q(z)) 71y5 -1

as the auxiliary function to use with the Dulac criterion, where the value § > 0 will be determined.
/

Here, the function h(x,y) is defined in the interior of the first quadrant. Let f = (a:/) Then,
Y

B-1H (
Aév-(hf):m (5.1)
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where

H(x) = (mx—|—q(x))F’(x)—|—5(—D—|—q(x)). (5.2)
In the interior of the first quadrant, y®~! > 0 and ma + ¢(z) > 0, hence, A changes sign if and only
if H(z) changes sign. As opposed to the argument in [21], it is important to note that F'(z) > 0 and
—D + ¢g(z) < 0 for z € [0, M], while F'(x) < 0 and —D + ¢(z) > 0 for = € [z*, K]. Therefore, the
choice of 3 is critical in order to ensure that H(z) does not change sign. As a consequence, we have the
following proposition.

Proposition 5.3. Let 3(z) = —%ﬁizf)m. If there exits 8 > 0 such that H[loz%ﬂ( ) < B <
xEe

min ],B( x), then H(z) <0, for all z € [0, K].

Remark 5.1. Any positive 8 would work for xz € [M, z*], since both F'(z) < 0 and —D + ¢(z) < 0.

First consider when z* € (M, K|. For system with a Monod functional response, the function
B(x) is given by:
g0y _ (b4 z)?>m*+a(b+ 2z — S®)m +aD) x
B S = = Dy — oD m(b + 2) + )
Note that 8(z) is parameterized by S°. We next look to see how changes in SV affect 3(x). Since,

0
g5 0 8°) =

B(z) is increasing With respect to SU if x < * (and hence, if z < M) and decreasing with respect to S°,
if x > *. Using (3 , we can find the value of S° that forces z* = M, namely S°, from (3.11] - Since
x* > M with the orlgmal S0, 89 crit > SO by Remark. Thus, B(x;S%;,) > B(x; S°) when z < M and
B(z;82,) < B(x; SY) when z > z*. The function S(z;S2;,) is given by:
B 80.) = ma(2abm + amx — Dbm — Dmax + 2a® — 2aD)

crit (bm + mz + a)(a — D)? '
Note that the function 3(z; S2,,) in is a continuously differentiable function. Let B be the value
of B(z) with S = S ., so that x = z* = M, namely:

(5.3)

“(a—D)(z —a*)(bm + mz +a)’

(5.4)

(5.5)

2Dbm
_ 0 _
Berit = B(™; SCrlt) m > 0. (5.6)
Lemma 5.4. If * > M, then max [(z;S5%) < Beris < min B(x; S°).
z€[0,M] z€[z*, K]

Proof. Consider the derivative with respect to = of 8(x; S2,,):
2a — D)b*m3 + 2(a — D)bm3z + (a — D)m3z?
ﬂ(.’lf S((:)nt)_( ) ( ) 5 ( )
(bm + a)(a — D)
abm?(4a — 3D) + 2am?z(a — D) + 2a*m(a — D)
(bm + a)(a — D)?

(5.7)

> 0 for x > 0,

hence, 8(x;SY;,) is an increasing function on [0, K]. This, together with (5.4) and Remark tells us
that Berie > B(x;8%;,) > B(x;S0) for # < M, and Beny < B(z;82,,) < B(x; %) for x > z*. Finally at

crit
the boundaries,

ﬁ(Ma SO) =0< 5crit7
and
lim S(x; SO) 00 > Berit-

r—x*t



PREDATOR-PREY CHEMOSTAT MODEL: HOLLING TYPE II RESPONSE 343

X X

Fig. 3. Graphs of B(x;S°) (solid), B(x; S%) (dashed), Berit (dash-dotted) and the vertical
asymptote © = x* (dotted) with parameters a = 2, b = 0.5, m = 2, and D = 1.3788.
Plot (a) illustrates when S0 < 89, d.e., x* > M, and hence, the coexistence equilibrium
is locally asymptotically stable, the function B(x;S®) can be used to show that if B = Berit,
that the function H(z) defined in is of one sign (see Proposition , Remark and
Lemma ), and hence, can be used to prove global stability of the coexistence equilibrium
using the Dulac criterion. Plot (b) illustrates that when S° > S°.,, and hence, the coezistence
equilibrium is unstable, as expected, the function H(x) changes sign for any choice of (.

Thus, altogether, max B(z;S%) < Bais < min x;89). ]
gether, s §(i5°) < fon < _min_ 3z 5°)
Finally, we consider the case when z* = M. Then B(x;S°) is precisely 8(z;S%,,), an increasing
function with respect to x, and thus, max B(x;S%) = Beiy = min  B(x; S).
x€[0,M] z€[z* K|

Fig [3| demonstrates that the function 8(z;S°) can be used to determine when the Dulac criterion
can be used to obtain global stability of the coexistence equilibrium using the function H(x) defined
in . In particular, a value . can be chosen so that the Dulac criterion can be used to prove
global stability of the coexistence equilibrium if S© < S, i.e., z* < M, which is precisely when the

coexistence equilibrium is locally asymptotically stable, but when S° > S%.  ie., x. < M, and the

coexistence equilibrium is unstable, no value B.; can be chosen.

Theorem 5.5. Consider system (@ If (x*,y*) is locally asymptotically stable, then it is globally
asymptotically stable. If (z*,y*) is unstable, then there exists a unique, stable periodic orbit that sur-
rounds the point (M, F(M)).

Proof. Since (i satisfies Proposition H(z) < 0and consequently A < 0 for 0 < x < K. Therefore,
since A does not change sign, by the Dulac criterion it follows that system has no nontrivial closed
orbits lying entirely in the first quadrant. Thus, since we have proved that all orbits are bounded (see
Lemma 7 by the Poincaré-Bendixson theorem, (x*,y*) is globally asymptotically stable.

To determine uniqueness of the periodic orbit when x* < M, apply a modified version of Huang’s
theorem from [22], stated as Theorem[A.1]in Appendix[A|by taking ¢(z) = mz+q(z), ¢ (z) = q(z) — D,
m(y) = y and p(y) = y. Then conditions (i)-(iii) of Theorem are satisfied. For condition (iv) of
Theorem[A.T] notice that the function H(z) is identical to 8(z) from (5.3). We had #'(z) > 0 from (5.7),
(5.4), and Remark so we also have H'(z) > 0. Thus, condition (iv) of Theorem A.1 is satisfied,
and so when z* < M, there is a unique periodic orbit and it is orbitally asymptotically stable. O
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(b) z* + 2 < 8% < S0,

(C) SO > S(c)rit

Fig. 4. Sample trajectories of @ with parameters a =2, b=0.5, m =2, and D = 1.3788.
Plot (a) depicts globally asymptotically stable convergence to (K,0), when z* > K. Plot (b)
depicts convergence to the globally asymptotically stable interior equilibrium, when it is to the
right of the local mazimum. Plot (c) depicts an orbitally asymptotically stable periodic orbit
surrounding the unstable interior equilibrium, when it is to the left of the local maximum.

Fig || illustrates convergence to the globally asymptotically stable equilibrium (K, 0) when the coex-
istence equilibrium does not exist and the existence of the two types of dynamics that are possible when
a coexistence equilibrium point does exist: convergence to a globally asymptotically stable coexistence
equilibrium point or convergence to an orbitally asymptotically stable periodic orbit that attracts all
solutions with positive initial conditions except the unstable coexistence equilibrium point.

In Appendix B, we extend Theorem to a more general class of predator-prey models, and give
examples of systems that satisfy the hypotheses so that a [ can be found in order to prove global
stability of the coexistence equilibrium.

6. DYNAMICS OF THE 3D SYSTEM

The dynamics of the 2D system have been analyzed in great detail. We next justify why
studying this system is equivalent to studying the 3D system , and hence, the original system
&1).

Any point (z,%) in the 2D system (2.8) corresponds to a point (S° — 2 — y, x,y) in the 3D system
, and so solutions of the 2D system correspond to solutions of the 3D system that lie on the 2D
simplex & = {(S,z,y) € R®: S,x,y > 0,S + o +y = S°}. Thus, the two systems share some of
the same properties. The equilibrium points (0,0), (K,0) and (z*,y*) of the 2D system correspond to
(5°,0,0), (S° — K, K,0) and (S° — a* — y*, 2%, y*), respectively, for the 3D system. In terms of local
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stability, the additional eigenvalue of the Jacobian matrix is negative, since solutions of the 3D system
converge exponentially to §. Thus, the local stability of the 3D equilibrium points is the same as for
the corresponding 2D equilibrium point. Since all periodic orbits of the 3D system must lie on S, the
existence and number of periodic orbits of the two systems is the same.

From Theorem and standard methods for asymptotically autonomous systems (see Smith and
Waltman [37], or using the Butler-McGehee Lemma [5] directly), we obtain the following theorem.

Theorem 6.1. Consider system L f (2, y*) is locally stable for the 2D system (@, then it is
globally stable, and (S — x* — y*, x*,y*) is globally asymptotically stable for the 3D system . If
(x*,y*) is unstable in 2D system @, then there is a unique periodic orbit that lies on the S+z+y = S°
simplex and it is orbitally asymptotically stable.

Corollary 6.2. Consider the original system . If the coexistence equilibrium exists and is stable,
then it is globally asymptotically stable, and if it is unstable, then there is a unique periodic orbit that lies
on the {(S,z,y) € R®: 08, éx,ny > 0,08 + Ex +ny = 050} simplex, and it is orbitally asymptotically
stable.

7. DISCUSSION

A system of ODEs modeling predator-prey interactions in a chemostat was analyzed assuming a
predator response function of Monod form. It was shown that whenever the coexistence equilibrium
is locally asymptotically stable, it is also globally asymptotically stable, and whenever the coexistence
equilibrium is unstable, there is a unique, orbitally asymptotically stable periodic orbit.

These results are consistent with the dynamics of the analogous classical predator-prey model with
Monod predator response function, in whichthe resource and how the prey grows based on the amount of
resource available is not modelled, but instead the prey is assumed to grow logistically in the absence of
the predator population. This classical model has been studied extensively. See for example, [81/27]/2836]
the resource is not modelled, but instead the prey is assumed to grow logistically in the absence of
the predator. These authors found, just as for the predator-prey model in the chemostat studied in
this paper, that whenever the coexistence equilibrium is locally asymptotically stable, it is globally
asymptotically stable. It was also shown in Cheng [7] that when a periodic orbit exists around an
unstable coexistence equilibrium in the classical predator-prey model with a Monod functional response,
it is unique, and hence any nontrivial periodic orbit is asymptotically stable. However, there was a gap
in the proof, that was later corrected by Liou and Cheng [28]. Another proof of the uniqueness of the
limit cycle for the classical model in the case of the Monod functional response was also given in Kuang
and Freedman [27].

That the range of dynamics of the model studied here, and of the analogous classical predator-prey
model is basically the same, is not entirely surprising. For example, after Hastings and Powell [17]
showed that a three-species food chain with Monod response functions in which the population at
the lowest tropic level grows logistically in the absence of a predator population could have chaotic
dynamics, Daoussis [10] showed this was also the case for the analogous chemostat food-chain model.

Classical predator-prey models have been shown to be sensitive to the mathematical form used
to model the predator response function, even when the forms have the same qualitative shape by
Fussmann and Blasius [14]. They considered three mathematical forms: the Monod form, the Ivlev
form [23], and the Hyperbolic tangent form [24], all of which are monotone increasing and concave
down and are nearly indistinguishable when appropriate parameters are chosen (see Fig|5)). Fussmann
and Blasius provided a similar figure and demonstrated that the qualitative and quantitative dynamics
predicted by models with these response functions can be quite different. The model with the three
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Fig. 5. Graphs of the three mathematical forms considered in [14]: the Monod form fa(x) =

b;’”j_m (dashed), the Ivlev form fr(z) = ar(1 — e~%1®) (solid) and Hyperbolic tangent form

fr(z) = artanh(brz) (dotted). Parameters were chosen by nonlinear least-squares fits to

Ivlev’s response functions with ay =1 and by = 2 (i.e. ap = 1.14, by = 0.37, ar = 0.99 and
br = 1.48). Functions with such a shape are said to be of Holling Type II form [20)].

different response function forms was studied in more detail using a bifurcation theory approach in Seo
and Wolkowicz [36].

In the case of the classical model with the Hyperbolic tangent response function, Seo and Wolkowicz
[36] proved that the Hopf bifurcation is always supercritical when it occurs at the local maximum of
the prey nullcline, but can be either super or subcritical when it occurs at the local minimum. They
also studied the dynamics in more detail for all three forms of the response functions using a one and
two parameter bifurcation approach, and found that in the Hyperbolic tangent case, two limit cycles
surrounding a stable coexistence equilibrium can arise through a saddle-node bifurcation of limit cycles
when the Hopf bifurcation at the local minimum is subcritical. Seo and Wolkowicz [35] also considered
the classical predatory-prey model, with a functional response of arctan form and proved that when the
coexistence equilibrium is locally asymptotically stable, more than one limit cycle is possible, providing
a counterexample to a result in Attili and Mallak [2]. The classical predator-prey model with Ivlev
response functions was analyzed by Kooij and Zegeling [25]. They proved that model has a similar
range of dynamics as the model with Monod response function. The analogous chemostat models in
the cases of the hyperbolic tangent and the arctan as the response function was studied in Eastman [11]
and the analogous model with the Ivlev response function was studied in Bolger [4]. It was also shown
that in these cases the analogous chemostat models have a similar range of dynamics when compared
with their analogous classical predator-prey models.

Acknowledgement: This research is based on collaboration with T.B, M.H., and B.E. during their
graduate studies at McMaster University under the supervision of G.S.K.W.

APPENDIX APPENDIX A MODIFIED HUANG’S THEOREM

We use a slightly adapted version of Huang’s theorem that better applies to system ([2.8)) by account-
ing for invariance of the first quadrant.

Theorem A.1 (Huang, 1988). Consider a system of the form:

dx
5 = @) (Fz) —(y)), (A1)
W _ p(y)(z).

dt
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If
(i) 3 K > z* such that F(K) =0 and (x — K)F(x) < 0 for x # K, 30 < 2* < K such that
Y(x*) =0, i.e. there is a positive equilibrium point (z*,y*),
(ii) all functions in are C in the interior of R%, and F'(z) is continuous in the interior of
R3,
(ii)) 6(0) = 7(0) = p(0) =0,
¢'(z) > 0 and ' (x) > 0 for x >0,
P’ (y) >0 and ©'(y) > 0 fory >0, and
(iv) H(z) = —F'(z)¢(z)/¢(x) is non-decreasing for 0 < x < z* and 2* < z < K.
Then, system has at most one limit cycle in the first quadrant, and, if it exists it is stable.

APPENDIX APPENDIX B EXTENSION OF HSU’S THEOREM

Consider the following predator-prey system:
2'(t) = §(2) (F(z) — 1(y))

y'(t) = n(y)(— D +qlx)) (B.1)

x>0, y>0.

is a generalized version of the system that Hsu studied in [21]. Here, the prey nullcline is given by
the function y~—! (F(x)), and the interior equilibrium is the unique point (z*,y*) satisfying ¢(z*) = D
and vy(y*) = F(z*). Hsu |21, Theorem 3.3] conjectured that if (z*,y*) is stable and the prey nullcline
is concave down, then (x*,y*) is globally stable. Since this conjecture is not true, as demonstrated by
the counter example given by Hofbauer and So [19], we state the following theorem that was shown to
be satisfied in Seo and Wolkowicz [36] for the classical predator-prey model with a Hyperbolic tangent
response function. The following theorem can also be shown to be satisfied if, for example, £(z) = g(x),

YY) = n(y) =y, F(z) = “0—F) and q(x) = a tanh(bx).
Theorem B.1. Assume there exists an equilibrium (x*, y*) with positive components satisfying q(x*) =
D and n(y*) = F(z*), and that the following assumptions hold:
(i) 3K > 0 such that F(K) =0, F(z) >0 for0 <z < K, F(z) < 0 forz > K, and F(x) €
¢ ([0, K1)

ii)
(iii) n(y) € CY(Ry), n(0) =0 and n'(y ) >0 fory > 0.
(iv) 7(y) € C(R+), 7(0) = 0 and +'(y) > 0 for y > 0.
(v) &(z) € CHRy), £(0) =0 and &'(z) > 0 for x > 0.
(vi) q(x) € CY(Ry), q(0) =0, and ¢'(x) > 0 for > 0.
(vii) F'(z7) <0
Then (x*,y*) is globally stable provided there exists a f > 0 such that:
§(x)F' (x) : §(x)F' ()
— — . B.
830 (= D+ @) mE ) =7 e (= D+ o) sup () .
= y>

Remark B.1. If M = 0 then the Lyapunov function in Harrison [16] can be used to show global stability.

Proof. To show that (z*,y*) is globally stable, we will use a similar argument as Hsu. That is, we will
show that there are no closed orbits in the first quadrant using the Dulac Criterion. Define the auxiliary
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function to be h(z,y) = &(x)~n(y)?~!, where B > 0. The resulting divergence is then

_ n(y)’ " H(x)

AEV-0D ="

(B.3)

/

where f = (Zj,) and H(z) is given by:

H(x) = &(2)F'(z) + (= D+ q(2))n' (y)- (B.4)
In the first quadrant, n(y)?~! > 0 and &(x) > 0 by assumptions (iii) and (v), hence, A will only change
sign if H(x) changes sign. In Hsu’s proof, he tried to show that H(x) < 0 by choosing an appropriate
8 >0.
Observe that

%’y*l(F(x)) =" (B.5)

Since the denominator is positive by assumption (iv), F'(z) has the same sign as Ly~!(F(z)). The
problem with the 8 Hsu chose is that it neglects the fact that F’(z) > 0 for x € [0, M] by assumption
(vii). By assumptions (ii) and (vii), we can conclude that * > M. Despite that —D + ¢(z) < 0
in [0, M] by assumption (vi), if § is too small (as the one he chose), H(z) > 0. To guarantee that
H(z) <0Vz € [0, M], it is then required that

B> max — f@)F () (B.6)

~aelo,M] (=D +q(x)) ;f;% n'(y)

However, 8 can not be too large either. Since z* > M, —D + g(z) > 0 and F'(z) < 0 for z € [z*, K],

then ()P ()
. X T
= c€loK] (=D +q(x)) sup ' (y) (B-7)
y=

must also hold to guarantee that H(z) < 0 Vz € [2*, K]. We do not need to worry about the region
[M, x*] since both F'(x) <0 and —D + ¢g(x) < 0 there, so any positive 5 would work.

Thus, if there exists 8 > 0 that satisfies both and , then H(xz) < 0. Since H does not
change sign, A does not change sign. Hence, by the Dulac criterion, it follows that system has no
nontrivial orbits lying entirely in the first quadrant. Thus by the Poincaré-Bendixson theorem, (x*,y*)
is globally stable. |

We next include another example of a system where such a (8 is obtainable under the above assump-
tions. Consider the classical predator-prey model with a Monod response function. In this notation,
z(1-%)

this would be equivalent to letting {(x) = q(z), v(y) = n(y) =y, F(x) = s and q(z) to be of
Monod form.

Note that since v(y) = y, v~ *(F(x)) = F(z) and hence, that the interior equilibrium is given by
(x*, F (a:*)) We can then equivalently transform the parameters of the Monod response function by
a — Dm and b — z*(m —1), where m > 1. Then ¢(z) = r*(fj’jn%' We first show that these functions
satisfy the assumptions of Theorem

The prey nullcline is given by the function:

(1-%)(a*(m—1)+x)

F(z) = o= (B.8)

which has the second derivative
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Since F'(z) is concave down for all z € [0, K], it has at most one local extremum, a local maximum, in
this region and thus, satisfies assumption (ii). We find the maximum to occur at:

M= (K -az*(m—-1)). (B.10)

1
2
It is also clear that F'(z) > 0 forall z € [0, K], F(K) =0, and F'(z) < 0 2 > K, satisfying assumption

(i). Furthermore, &'(z) = ¢'(z) = % > 0 for z > 0, and £(0) = ¢(0) = 0. Thus both (v)
z*(m—1)+z

and (vi) are also satisfied. Finally, v(0) = n(0) = 0, and 7'(y) = #'(y) = 1 > 0 for y > 0, satisfying
assumptions (iii) and (iv).

It is important to note that under assumption (i), the interior equilibrium (z*, y*) lies in the positive
quadrant. Moreover since 7(0) = 0 and £(0) = 0, the point (0,0) is also an equilibrium point. Thus,

~—

the x and y axes are both nullclines.
To satisfy assumption (vii), we require * € [M, K|. First assume z* € (M, K]. Since all hypotheses
of Theorem are met, we proceed to the find the 5 as described by (B.2). Let

§(x)F'(x)

(=D +aq(@)n'(y)
(K =2z — 2% (m—1))
DK(m —1)(x — z*)

2x(M — x)

T DK(m-1)(z—a%) (B-11)

Blx) = -

We can then determine where the maximum and minimum of 8(x) occur, by finding its critical values.
Taking the first derivative, we get:

2(x? — 2zx* + Mz*)

! = . B.12
B @) = DRm D@22 (B.12)

Note that the sign of 4/(x) depends on the numerator. The roots of 2% — 2xz* + Ma* = 0 are
ry =2 £\ z*(zr — M), (B.13)

and are both positive. The following two lemmas will be useful in determining which of these values
is the local maximum of 8 (the other being the local minimum), and whether these values lie in our
desired regions [0, M] and [z*, K].

Lemma B.2. Let f_ = g(z_) > 0. Then n[l(?)J\(/I] B(x) = B_. Furthermore, B'(x) <0 forz* <x < x,.
xzel0,

Proof. First consider x_. We proceed using proof by contradiction to show that z_ € [0, M]. Suppose
that x_ > M. Then

x* =z (xr — M) > M
—Var(zr —M)>M—z" >0,
which is and x_ € [0, M], we can conclude that S_ is a local maximum, and hence, that

xg[l(%]ﬂ(x) =p-. (B.14)

Now consider z. Clearly z > z*. Moreover, 8'(x) has a removable singularity at z = z* and since

sign(xlirgl* B'(z*)) =z*(M —z*) <0, (B.15)

B(z) is decreasing between z* and x . O
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Lemma B.3. Let 5+ = f(ry) > 0 and fx = B(K) > 0. Ifz* < %, then r[ninK]B(x) = fy.
TE[T*,

Otherwise, if x* > then min fB(z) = Bk.

2K M z€z*, K]

Proof. First assume that z* < Since B(x) is decreasing between z* and zy, if we can show

SR
that B(K) > 0, then a local minimum occurs in [z*, K]. Furthermore, since z_ is not in this region, it

would mean that this local minimum must be (x4 ), and hence, ;1 < K. Indeed,
B(K) =2K?* - 2Kz* + Mx*
=2K?% 4 () —m(z*)? — 3Kz*

( )+ (= Kz + (2")*(1 - m))

(K — %) + 2 (1= m)a® — K)
=2K(K —2*)* +2*(— (K —2M) - K)

( )+ 22" (M — K)
=2[K(K —z*)+2"(M — 2" + 2" — K)]
=2[(K —a")* + 2" (M — 27)]

This means that in this case,

min  f(z) = B4. (B.16)

z€x*, K]

Now assume that z* > % Then, S(K) < 0, and hence, x4 > K. Furthermore, since 3(z) is

decreasing between z* and x, it sly is decreasing on [z*, K]. Thus the minimum value it attains on
that region is at K, namely

Ier[ril*nK]B( z) = Bk (B.17)
O
Lemma B.4. For our positive quantities B, B4+ and Pk,
(a) By > pB_ when M <xy <K
(b) Br > 8- when zy > K.
Proof. (a)
x*(x* — M
By —p = — Sl M) >0 (B.18)
DK(m —1)\/x*(x* — M)
(b)
2(a* — K)? + Nz (@ — M) + 4a* f M
b — p = AT 2B+ era” = M) (e - )@= M) (B.19)
DK( — 1)K —z*) x*(x* —M)
In any case, there exists a positive 5 between the two quantities when z* € (M, K]. |
Finally consider when z* = M. Then f'(z) = ng—l—% > 0 for z # z* and furthermore
Tlggcl B'(x) = #ﬁkl) > 0, hence, B(x) is increasing on [0, K]. Define
. 2z(x — x*) 2z*
N =1 =1 = . B.2
at) = lim Ble) = I o =2 ~ DR =1) (B-20)

Th =f(z*) = mi :
us, wg{l%[]ﬁ(m) B(z*) wer[r;r}mﬁ(w)
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Remark B.2. Our above examples were both the case that n(y) = y. It is conceivable that other
increasing functions will work, for instance n(y) = oy + 5 + , where «, § and ~ are all positive. Then

Sl;[(; n(y) =0+ % and ;I;% 7' (y) = 4, both positive, finite values that would not blow up l}
y7 -

APPENDIX APPENDIX C ANALYSIS OF THE HOPF BIFURCATION

Computation of was done using the computer algebra system Maple [30], as provided in the
supplementary material [18]. The following is a summary of the algorithm used, highlighting the main
results.

The formula in Marsden and McCracken [31] is localized to where the Hopf bifurcation occurs, and

thus, we assume that we are near the critical value of our bifurcating parameter, S°.,. To use this

formula, we first need matrix (| in real Jordan canonical form. That is, we need to find an invertible

matrix P so that
J=P AP = ( “ 5)
-8 «a

where o 4 i3 are the eigenvalues of A.
Lemma C.1. Let the eigenvector for a+ i3 be Pre + iPry,. Then P = (PRE ij),

Proof. We have:
P 'P=P ' (Pge Ppy)= (P 'Pge P7'Pp,).

By the identity P~'P = I, this means that P~ Pg, = (é) and P~1Py,, = <2> Since Pgre + iPry, is

the eigenvector for a+i3, we know A(Pre+iPrm) = (a+i8)(Pre+iPrm), hence, APr. = aPge—BPim

and APy, = 8Pgre + aPr,,. Thus,
J=P 'AP = (P7'APr. P 'AP,)

= (P~Y(aPge — BPrm) P (BPre + aPry))

(gé(f O )

a f
s o)

O
Near S .., the eigenvalues of (4.4]) are:
z (ma* + D)F'(a*) £ iy/ — ((ma* + D)F'(x*))” + 4¢'(a*)y* (ma* + D) o
+,— = . .

2

Thus by Lemma we can construct the transformation matrix P by taking the real and imaginary
parts of the eigenvector corresponding to [, namely

F'(¢*)(maz* +D) \/(ma:*JrD) (7F”(z*)Z(mz*+D)+4y*q’(z*))
P = 2y*q'(z*) 2y*q' (z*) : (C.2)
1 0
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With this P, we can rewrite system (2.8)) so that the linear part is in real Jordan canonical form as

follows:
!
(‘”) = (x) +H.O.Ts
y y
i
p1 (”“"> —plA <”3> + PLHOT s
y y
1 (T I -1 -1 (7 -1
P — P lAPP + P 'HO.T.s
y y
!
p! (‘”) = jp-! (f”) + P HOTs
y y
and thus, by letting Cf) =p! (5), we transform system 1) to:
!
(Z) =J (“) + HO.Ts 2 (%Z;’;) (C.3)
In our case,
- D
(' s u(-D+a@) flay)
P ( ,> — | 20" ") (a@) +ma) (F@)—y) —F'(@*) (ma* + D)y (~D+a@)) | = ( : > , (C.4)
y 9(z,y)

\/(mx*+D) (7F’(a:*)2mz*7F’(x*)2D+4y*q’(x*))

where z(u, v), and y(u,v). One can find 2 and y in terms of u and v by inverting the change of variables,

<I) P (U> F/(m*)(mw*+D)u+\/(mm*+D)(—F’(w*)gmw*—F’(m*)2D+4y*q’(w*))v
= B =

57 (@) . (C.5)
y u

Thus, we finally compute the vague attractor condition (4.7) using the chain rule:

3

W/// .’ﬂ*, *7537‘2' = Al

fuuu + fuvv + guuv Jr g’U’L)'U)

4|3;-|2 ( - fuv(fuu + fvv) + guv(guu + gvv) + fuuguu — fvvgvv)

(mm* —|—D)(2F”(m*)q'(m*)2 —|—2F”(:c*)q’(x*)m—|—F'”($*)q'(m*)D)
y*q/(x*)2
(mx* —l—D)(q”(az*)F”(:r*)mx* —F’”(J:*)q'(x*)mx* —|—q”(x*)F”(x*)D)
y*q’(m*)Q !

+

(C.6)

ma*+D
y*q’ (z*)’

Since only the sign of W' matters, one can factor the positive constant obtaining

q'(z*)
which is consistent with the expression found in Wolkowicz 38| for, in their notation, p(x) = mz +¢q(x).
At last, substituting the Monod response function yields (4.7)).

w = (ma* + D)F" (z*) — +(2¢'(z*) + 2m)F" (z"), (C.7)
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