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ABSTRACT. A basic food web of 4 species is considered, of which there is a
bottom prey X, two predators Y,Z on X, and a top predator W only on
Y. The study concerns with how one type of chaotic coexistence arises. It is
shown that under the situation that without the top-predator W, competitor
Z goes to extinction, without Z the XY W locks in a periodic cycle, yet with all
species, the noncompetitive Z can derive the dynamics from periodic orbits to
chaos. The dynamics can be captured analytically by 1-dimensional unimodal
and multimodal maps and symbolic shift maps.
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1. Introduction. Competition, predation, and proliferation are fundamental
forces that drive ecological systems. Understanding how these forces come to shape
basic food webs that contain some minimal numbers of species is no doubt a nec-
essary step to unravel ecocomplexity.

It is well-known in theory that 1 prey/resource cannot support 2 competing
predators/consumers at a stable equilibrium state ([12]). This is commonly refereed
to as the Competitive Exclusion Principle (CEP). Like any simplistic generality
from an overwhelmingly complex field, it has attracted a huge amount of attentions
amongst experimental and theoretical ecologists and applied mathematicians. As
with all general statements about ecological systems, field studies for CEP are
inconclusive. Advances in the theory continued nevertheless. It was found in [1]
and proved recently in [13] that such a system can have coexisting stable limit
cycles. If one modifies the classical predator-prey systems for which CEP is based
by tracking two essential elements, carbon and nitrogen, which are cycling through
the species, then stable equilibrium coexisting states are indeed possible ([14]).
Numerical evidence suggests that chaotic coexisting states are also possible for
such stoichiometry mediated models ([15]). Coexistence also possible for chemostat
population dynamics ([24]).

In this paper we will demonstrate that chaotic coexistence exists in the classical
2-to-1 predator-prey system when a top-predator is introduced to one of the com-
peting predator. We will use a geometric method of singular perturbations which
have proved to be extremely effective for ecological models, see [6, 7, 8, 13]. The
idea is to recast the dimensional system so that the resulting dimensionless sys-
tem is a singular perturbed one under the prolific diversification hypothesis ([6])
and that one-dimensional return maps can be constructed from the singular flows.
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Chaos then follows when the one-dimensional return maps become unimodal or
multimodal under appropriate conditions for the rescaled system.

The paper is organized as follows. In section 2 the basic model is introduced
and scaled properly. Section 3 gives a brief review on singular perturbations and
singular orbits, as well as some notation convention that will be used throughout
the paper. In particular, we will review the technique of Pontryagin’s delay of loss
of stability in singular perturbations. In section 4 hypotheses and the main result
are given, followed by a proof of the result in section 5. A few technical results are
given the appendixes.

2. The Basic Model. To keep track of the 4 species interactions, let the popula-
tion densities be X for the prey, Y, Z for the competing predators for the common
prey X, and W for the top-predator on Y. We will assume that X is governed by
Verhulst’s logistic growth principle ([22, 16, 23]) in the absence of the predators,
and all predators governed by Holling’s Type II predation functional forms ([11]).
These are 2 of the most fundamental modelling principles for ecological systems.
Under the assumption that there are no other forms of competition between Y, Z,
the dimensional model is as follows
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Here r is the intrinsic growth rate and K is the carrying capacity for the prey.
Parameter p; is the maximal predation rate per predator Y and H; is the semi-
saturation density for which when X = H; the Y’s predation rate is half of its
maximum, p;/2. Parameter by is predator Y’s birth-to-consumption ratio and d
is its per-capita death rate. The remaining parameters have parallel and analogous
meanings.

As a necessary first step for mathematical analysis, we non-dimensionalize Eq.(1)
so that the scaled system contains a minimal number of parameters. It also has the
advantage for uncovering equivalent dynamical behaviors with changes in different
dimensional parameters. Using the same scaling ideas of [6] and the following
specific substitutions for variables and parameters
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Eq.(1) is changed to this dimensionless form:

dr Y z o
CE—iE(l T ﬁg—i-x) =xf(z,y,2)
dy ( ¢ w ) = gy, 0)

3 dt =Y ﬁl"‘ﬂf 63+y 1 =yg\r,y,
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The choice of these parameters can be explained as follows. The prey density X
is scaled against its carrying capacity K, leaving = a dimensionless scalar. The
predator is scaled against Yy, which can be viewed as the predation capacity of
the predator. The choice of Yy is motivated by the relation p1Yy = rK, i.e., the
maximal rate of capture by Yy many Y's, p1Yy, is equal to the capacity growth of
the prey, r K. The scaling, y = /Y thus gives y a scalar dimension. The scaling of
the competitor Z is done similarly. The top-predator is scaled against it’s predation
capacity, Wy, at which psWy = b1p1Yy with b1p; the maximal growth rate and Yj
the Y-predation capacity.

The remaining parameters need to be explained a bit more as well. Parameters
01, B2, and (3 are the ratios between the semi-saturation constants of the respective
predators versus the carrying capacity of the respective preys. They are dimension-
less semi-saturation constants in the scaled system (3). Parameters d1, d2, and d3
are relative death rates, each is the ratio of a predator’s death rate to its maximal
birth rate. As a necessary condition for species survival, the predator’s death rate
must be smaller than its maximal reproductive rate. Therefore we make a default
assumption that 0 < §; < 1 for nontriviality.

The remaining parameters, 1/, €1, €2, are the maximal growth rates of X, Z, W
relative to Y, i.e., refereed to as the XY -prolificacy, ZY -prolificacy, and the WY -
prolificacy respectively. By the theory of allometry ([3, 4]), these ratios correlate
reciprocally well with the 4th roots of the ratios of X, Z, W’s body masses to that
of Y’s. Thus they may be of order 1 when predator’s and prey’s body masses are
comparable or of smaller order if, as in plankton-zooplankton-fish, and most plant-
herbivore-carnivore chains, the body masses are progressively becoming heavier in
magnitude so that ( and e, are small parameters. In any case, a given web will
find its corresponding prolificacy characteristics in parameters (, ¢; which are now
isolated in plain view in Eq.(3). The dimensional time ¢ is recast to be bypit. In
the new dimensionless time scale, 1(= b1p;t) unit equals ¢ = 1/(byp1) units in the
original time scale, the average time interval between new births of Y.

3. Notation and Singular Perturbation Method. Consider the ry-subsystem
of (3) in the absence of the competitor z (z = 0) and the top-predator w (w = 0):

dr Y dy r
a G =a(1-a-5) Yeu(gs-a)

It is singularly perturbed if 0 < ( < 1. Variable y is the slow variable and the
equation with ¢ = 0, 0 = af(z,y,0) together with dy/dt = yg(z,y,0), is the
slow subsystem. It is a 1-dimensional equation on the slow manifold x = 0 and
0 = f(z,9,0), refereed to as the trivial and nontrivial z-nullcline respectively.
Variable x is the fast variable and its equation with y frozen is the fast subsystem.
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FIGURE 1. (a) Typical singular orbits in the case of stable zy-
equilibrium state for which xxg < Zyn1 < 1. See text for the
derivation of yypq for the phenomenon of Pontryagin’s delay of
loss of stability at which a population boom in x occurs although
the recovery in x starts at y’s crossing a greater y’s density on
the dashed threshold for the parabolic z-nullcline near yy,. (b)
A typical singular orbit in limit cycle and its relaxed cycle for
0 < ¢ < 1in the case 0 < Tyn < Tysq-

More specifically, the fast subsystem is obtained by first rescaling the time ¢t/¢ — ¢
to cast the system as ¢ = zf(x,y,0), ¥ = Cyg(z,y,0) and then setting ( = 0
to get & = xf(x,y,0),y = 0 for which y is frozen as a parameter. Fig.1(a,b)
illustrate some of the singular orbits: horizontal phase lines are fast orbits and
oriented curves on the z-capacity parabola and the extinction branch x = 0 are
slow orbits. The directions of these orbits are determined by their corresponding
directional fields. Typical fast orbits converge either to the predator-adjusted x-
capacity on the parabola f(z,y,0) = 0, right of its fold point (zxfq,¥yxta) with
fu(z,y,0) < 0 for attracting equilibrium points for the fast subsystem, or to the
extinction branch x = 0 with y > yxt,. Typical slow orbits always move down
on the depleted resource branch z = 0 and down or up on the capacity branch
f(z,y,0) = 0 depending on whether the resource amount z is smaller or larger
than xyni, as in the y-nullcline = zyy,1, which is a required minimum to sustain
the growth of the predator. The singular limit cycle in Fig.1(b) is the concatenation
of fast and slow orbits with congruent orientation. We point out that the singular
cycles and the equilibrium points will all persist for small 0 < ¢ < 1 since their
hyperbolicity can be verified and therefore the persistence results of [10, 2] can be
applied. See [20, 19, 9, 21, 17, 5, 6, 13] for additional expositions on geometric
methods of singular perturbations.

A few concepts will be used throughout the paper. Predator y is said to be
predatory efficient if it can make the predator-induced prey capacity equilibrium
f(z,y,0) = 0 to develop a crash fold point zxqq = (1 — f1)/2 > 0, namely 0 <
H,/K = 1 < 1. This means that the predator is able to reach half of its maximal
predation rate at a prey density H; smaller than the prey’s carrying capacity.
Predator y is said to be efficient if it is predatory efficient and can actually crash the
prey, that is, at the crash fold state (zxsq, yxta) the predator can grow in per-capita:



CHAOTIC COEXISTENCE 5

g(@xtd, Yxia, 0) > 0, which is solved as zxq = (1 — $1)/2 > £1d1/(1 — 61) = Tyu.
It is easy to see that the relative mortality rate d; should be small as part of
the requirement for the predator to be efficient besides being predatory efficient.
Predator y is said to be weak if it is not efficient.

A notation convention will be adopted throughout the paper. Presented by
example, zysq means the z-coordinate of the fold point on the z-nullcline, and yy¢q
is the y-coordinate of the same point. Thus zy, is the z-coordinate for the y-
nullcline. Also, yxpq is the y-coordinate of Pontryagin’s delay of loss of stability
point on the trivial z-nullcline, which we review below for the main analysis later.
The exposition closely follows that of [20, 21].

Pontryagin’s Delay of Loss of Stability: It deals with phenomena in which fast
singular orbits jump away from the unstable trivial branch of the prey nullclines, in
the asymptotic sense explained in the following paragraph. In practical terms, the
predator declines in a dire situation of depleted prey x = 0, followed by a surge in
the prey’s recovery after the predator reaches a sufficient low density yxpq to allow
it to happen. The mathematical question is how the threshold ¥y,q is determined.

Let z = a with 0 < ¢ < min{zyn, Zxq} be any line sufficiently near the y-
axis. Let (a,y1) be any initial point that is on the line and above the parabola.
Let (x¢(t),yc(t)) be the corresponding solution of the perturbed system (4) with
0 < ¢ < 1 and with the initial point. The solution must move down because with
z = a less than the y-recovery minimum zyy, ¥ < 0. It moves leftwards above
the unstable part of the parabola z-nullcline (where f,(x,y,0) > 0) until it crosses
the parabola at a point (z,,¥,),0 < z, < a, 51 = Yxer < Yp at which the solution
curve is vertical. It is near the transcritical point (0,yxt,) = (0, 51) at which two
branches of the z-nullcline, z = 0 and f(z,y,0) = 0, intersect and the two branches
exchange stabilities. The orbit then moves down but rightwards since now the x
is in the recovery mode & > 0. A finite time T¢ > 0 later it intersects the cross
section line x = a at a point denoted by (a,y2(¢)). In general the second intercept
y2(C) depends on ¢. Now integrating along the solution curve we have

Te s y2(0) 5
o:glnx|g=/ ﬂdt:/ C—xfdyc
0 L¢ Y1 L¢Y¢

:/yz(c) f(xc’yc) dy
y

L Yea(me,ye)

Taking limit ¢ — 0 on both sides of the equation above, using the facts that z, —
0,2, — 0,yp — Yxtr = [1 and the notations that y1 = y,y2(¢) — Yxpd,Yc — s, we
obtain the integral equation

Y
/ J0.50 0
vepa $9(0,8,0)

for variables y and yxpqa. In practical terms, y approximates the value followed by
a collapse in x starting at the initial (a,y) and yxpa approximates the value that
immediately precedes an outbreak in z. Because the integrant f(0,s,0)/sg(0,s,0)
has opposite signs for s > yy¢, and for s < yytr, we immediately conclude the fol-
lowing qualitative property: the greater concentration y at the onset of x’s collapse
the lower concentration yypq it reaches before the x-outbreak can take place. We
also have its quantification: yypq is the value so that the two areas bounded by the
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Y f(0,s,0) ds — /yx“. . f(0,5,0)
e 59(0,5,0) _— 59(0,s,0)
the branch {x =0,y < yxt, } is effectively unstable for the fast a-subsystem.

The above phenomenon that singular orbits develop beyond a transcritical point,
continue along the unstable part of a nullcline before jumping away is called Pon-
tryagin’s delay of loss of stability. The case illustrated is for the type of transcritical
points at which the fast variable goes through a phase of crash-recovery-outbreak.
In other cases of generalization, they may be responsible for a reversal phase for
the fast variable. However, all the known PDLS cases of our XY ZW-model are
of the crash-recovery-outbreak type described above. We often call them outbreak
PDLS points.

integrant graph are equal: ds. Notice that

4. Conditions and The Main Result. We now set up the parameter regions
for which the type of chaotic dynamics that we consider for this paper arises. We
will do so by listing a series of conditions for which the equations are assumed to
satisfied.

Condition 1. The chain prolific diversification condition: the mazimal per-capita
growth rates decrease from the bottom to the top along a food chain, and the differ-
ences between the rates are drastic:

. 1
0 < byps K bip1 < 1, equivalently, 0 < 65 < 1 K Z
We note that this condition was referred to as ‘the trophic time diversification
hypothesis’ in [18, 6]. For the ZY-prolificacy parameter €1, it is not obvious that
the prolificacy hypothesis should or should not apply since Y, Z are competitors
rather than chain predators. It may range from very small to very large. We will
assume

Condition 2. Predator Z reproduces faster than W but slower than Y :

(5) 0 < b3p3 K baps K bipy K 1, equivalently, 0 < ea € €1 € 1 K %
One definitive mathematical advantage stemming from these assumptions is obvi-
ous: it allows us to treat the system as a singular perturbed system for which a
whole array of tools are available both geometrical and analytical.

Next we introduce 2 more conditions which are related to the zyz competing
predators and prey system with w = 0:

dx dy

E = xf(x,y,z), E = yg(x7y70)a

and the exclusion of stable xyz-equilibrium point.
Since both predators’ nontrivial nullclines are parallel planes: g(x,y,0) = 0, h(z) =
0 giving rise to

(6) T =Tyy = (101/(1 = 01), o= aum = P202/(1—02),

respectively, we conclude right away that there does not exist coexisting xyz-
equilibrium state if @y, # @,u which is typically expected. We will limit our
attention to the case where in the absence of y the xz-equilibrium point is sta-
ble, and similarly in the absence of z the zy-equilibrium point is stable. The first
condition we want requires a further restriction below.

d
d_i = e1zh(x),
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FIGURE 2. (a) A 3-d view of the nullcline surfaces is shown.
The stable branches of the z-nullcline are outlined in solid bold
and unstable branches by dashed bold. Vertical phase lines are -
fast flows. The parallel planes are the nontrivial y-nullcline and z-
nullcline surfaces both of which lie above the z-fold curve since y, z
are jointly weak. (b) A reduced 2-d phase portrait view. A case of
non-competitive z is shown. Solid vector field and solution curves
are for a perturbed case €; > 0 and dotted curves are singular
orbits at the singular limit e; = 0. Both lead to the z-extinction
scenario.

For the singularly perturbed xyz-system, the attracting, nontrivial, slow man-
ifold is part of the z-nullcline surface f(z,y,z) = 0 for which f,(x,y,2) < 0. Tt
consists of yz-adjusted carrying capacity for the prey. Points on the surface must
have the property that the z value must decrease with any increase in either y
or z or both. We denote this surface S and its projection onto the yz-plane D
for later usage. Similar to the 1-dimensional crash fold point (zyfd,yxtd), a joint
crash fold point developed at a given pair of (y, z) if at (y, z) there is an adjusted
capacity  which disappears upon any small increase either in y or z. The set of
these crash fold points is a curve whose y-coordinate and z-coordinate are recipro-
cal in relation: increasing the z-predation pressure only requires a smaller amount
of predator y to crash the prey, and vice versa. Denote the fold crash points sim-
ilarly by (Zxtd, Yxtd, 2xtd)- It is part of the boundary of the capacity surface S and
determined analytically by f(z,y,z2) =0, fz(z,y,2) = 0.

Condition 3. The joint yz-weak condition: The y-nullcline plane x = xyy lies
above the crash fold curve (Txd,Yxtd, 2xta) and analogously the z-nullcline plane
T = X,y lies above the crash fold curve as well.

Recall that y is weak if zyn|(.—0y > Zxta|{z=0} and z is weak if @ n|(y—0} >
Txfd|{y=0y. Thus the joint yz-weak condition implies individual weakness but the
converse is not necessarily true.

Joint weakness implies that everywhere along the crash fold curve, none of the
predators can grow. In other words, once a (-slow singular orbit starts on the
predator-adjusted carrying capacity S, the orbit will stay on the surface because
along the crash fold, a boundary of S, the vector fields point into the capacity
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surface. Moreover if a singular orbit is not on S, it will eventually be attracted
to and stay on S. This is because if it is attracted to the only other alternative
trivial z-nullcline = 0, then the dynamics will force y, z to decrease and even-
tually cross the x rebound/outbreak transcritical line (see Fig.2) and jump onto
the x-capacity branch, guaranteed by the principle of Pontryagin’s delay of loss of
stability. Therefore we can conclude the following:

Proposition 1. Under the joint yz-weak condition the predator-adjusted prey ca-
pacity manifold S : f(x,y,z) = 0, fu(x,y,2) < 0 attracts all singular orbits and it
is invariant for the yz-slow subsystem.

The joint yz-weakness condition can be expressed explicitly as follows

. . B 1—p
(M win{egan e} = i {7775} > wa{ == = max{eal=o, o= -

The derivation is given in Appendix A.

The next condition is about the relative competitive edge between y, z. Because
of its invariance, the (-slow subdynamics on S is only 2-dimensional and we can
take the advantage by conducting our analysis on the surface or equivalently on
the projected yz-plane region D, as shown in Fig.2. It is easier to make sense
of the vector field plot by keeping in mind that if y,z are closer to the origin
then the prey supply z is closer to its capacity 1 because they are confined to the
capacity manifold S. Therefore on the project vector field in the yz-plane, both y, z
increase near the origin. More precisely, if y is below its nullcline, its food supply is
relatively abundant and y increases. For y above its nullcline, it decreases. Similar
conclusions apply to z.

Condition 4. Species z is not competitive against species y, that is the xy-equilibrium
point is attracting in the z-direction, i.e. h(xyn) < 0 which solves as:

Bade _ B _
1—6y  1-9,

In practical terms, y can manage to increase its population in the interim prey
supply Zyn1 < = < Z,n which on the other hand is not enough to support z’s
rebound since predator’s nullcline value represents the minimal threshold amount
in prey supply to sustain that predator’s population growth. In terms of the (-slow
dynamics on the capacity surface S and equivalently in the projected region D, the
y-nullcline and z-nullcline do not intersect, and the less competitive species nullcline
is closer to the origin than the competitive ones. A straightforward phase plane
analysis leads to the conclusion that the noncompetitive species goes to extinction.
To summarize, we have

LTznl =

Proposition 2. Under the joint yz-weak condition and the condition that z is
noncompetitive against y, all singular orbits converge to the xy-fixed point with
z=0.
The last condition we impose concerns the xyw food chain with z = 0:
dx dy dw
Cdt If(fE, Y, )7 dt yg(xaya ’LU), dt 2w (y)a
and the exclusion of stable xyw-equilibrium points.

Condition 5. Species W is efficient.
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FIGURE 3. (a) A sample of computer generated x,y, w nullclines
in the zyw-space. (b) An zyw-slow cycle as y is weak and w is
efficient. Parameters values: ( = 0.1,¢; = 0.1,e5 = 0.1,0; =

0.3, 35 = 0.57, B3 = 0.2,6; = 0.6, 55 = 0.54, 53 = 0.5, and z = 0.

This means that the (-slow, yw-dynamics on the z-slow manifold S N {z = 0} is a
2-species predator-prey system for which the y-nullcline develops a crash fold point
at which the predator w is able to crash it. Qualitatively speaking this requires
both 33, d3 to be relatively small. This description can be made in more analytical
details below.

The nontrivial z-slow manifold is a parabola cylinder parallel to the w-axis:
y=1—-2)(f1+x), for 0 <z <1

It is the same z-nullcline as for the xy-system extended in the positive w-axis
direction. All the properties about the xz-nullcline can be directly borrowed from
preceding analyses. Its fold line is (2,y) = (2xtd, Yxta) = ((1—051)/2, (1451)?/4) and
the attracting branches of the -slow manifold are SN{z = 0}, which is the parabola
between zysq < x < 1, and the trivial manifold z = 0 above the transcritical line
Yy > Yxtr = PS1. The constraint y-nullcline on SN {z = 0} consists of the w-adjusted
xy capacity/equilibrium state. Denote it by v = {g = 0} N {f(z,y,0) = 0}.
Qualitatively, this w-adjusted xy-capacity must decrease in y with increase in w,
further moving away from the x crash fold on the z-capacity surface. Since y is
weak, the capacity curve v lies below the fold density yy,tq when w = 0 and hence lies
below it entirely. Therefore the a-capacity surface SN{z = 0} is globally attracting
and invariant with respect to the (-slow yw-dynamics. The reduced dynamics is
again singularly perturbed by €3, and as a consequence the same analysis for the
predator-prey zy-system applies, with only some minor modifications to be made
for y, w on the surface S N {z = 0}.

As with the planar case, the singular ¢-slow dynamics on & N {z = 0} is deter-
mined by the configurations of the y-nullcline v and the w-nullcline, y = ywn =
B303/(1—03) with k(ywn) = 0. Recall that the top-predator w is predatory efficient
if it can cause the zy-capacity /equilibrium curve 7 to develop a crash fold point.
As a special case of Proposition 5 with z = 0 from Appendix B, it occurs under the
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following condition

(Bi+1)73 [ 1
) < B3 (50

and the crash fold point is unique. Notice that the y-crash fold develops only when
(3 is relatively small, the predatory efficiency requirement on the part of w. Like the
planar xy-subsystem case, it separates « into two parts: the top part contains the
w-adjusted zy-capacity equilibria, which is y-stable, and the bottom part, which
is y-unstable. The intersection with the trivial branch {y = 0,2z = 1} at y =
0, wysr = (1) is the only y-rebound/outbreak transcritical point at which PDLS
phenomenon also occurs. Unlike the planar case, the fold point (2ytd, Yytd, Wytd)
cannot be explicitly expressed. Nevertheless, it is well-defined that w is efficient
iff Yy < Yyia, Where y = yyn defines the w-nullcline k(ywm) = 0. That is, w
increases at the fold k(yyta) > 0 and therefore it will crash its prey. As a result
from the same arguments as in the planar case there exits a singular limit cycle on
the x-capacity surface S N {z = 0}, see Fig.3.
The last condition is about the w-induced z-competitiveness.

Condition 6. Species Z is competitive in the XY ZW -web, which means the xyw-
cycle is repelling in the z-direction, that is the per-capita growth rate for z averaged
along the cycle is positive:

Te
J :/ h(z.(s))ds > 0,
0
where (e, Ye,0,w.)(t) denotes the cycle and T, the period.

Now we are ready to state the main result of this paper.

Theorem 1. The dynamics of Eq.3 can be chaotic in the sense of having a subdy-
namics equivalent to shift dynamics on 2 symbols if conditions 1, 2, 3, 4, 5, and 6
are satisfied.

To summarize the conditions of the theorem analytically, we have

B101

Tl =T

1-0i
ln:ulué{T} = maX{l‘de|{y:0}, $xfd|{z:0}}

which is the combination of Condition 3, equivalently (7), and Condition 4; the w
predatory efficient condition (8) and the w-efficient condition yyn = G3d3/(1—03) <
Yyt With yyeq defined from Proposition 5; and the prolificacy conditions (5). As
an example, a set of parameter values from these regions is found to give rise to
the type of chaotic attractors stated in the theorem. See Fig.4. The remainder
exposition is to demonstrate how such structures emerge and why shift maps or
1-dimensional unimodal or multimodal maps capture their dynamics.

5. Proof of The Main Result. We now consider the full zyzw-web equations (3).
We will mostly use holistic and geometrical arguments and leave some nonessential
technicalities to Appendix C.

Dimension Reduction. The nontrivial z-nullcline f(z,y,z) = 0, its crash-fold,
stable, and unstable branches are the same for the full system as for its xyz-
subsystem because w does not directly interact with . We use the same notation
S as in the previous sections for the stable branch of the nontrivial z-nullcline. It
is the same as before except that it is a 3-dimensional solid in the zyzw-space.
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FiGure 4.  With parameter values ( = 0.1,¢; = 0.1,e2 =
0.004, 3, = 0.3,82 = 0.57, 83 = 0.2,6; = 0.6,9, = 0.54,65 = 0.3,
the dynamics is a rather wild chaotic attractor, showing both in
(a) the yzw-projected view and in (b) the time series. Without
the z-species (z = 0), the dynamics is an zyw limit cycle as shown
in (c) because w is efficient.

As demonstrated earlier, because of the joint yz-weak assumption, both y, z are
in a decline mode near the z-fold state, hence preventing = from crashing, which in
turn implies that the surface SN {w = 0} is invariant for the (-slow yz-subsystem.
With the presence of w predation, y must be in a steeper decline near the z-fold
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than without, and for the same reason crashing in x is impossible and more so.
Hence the solid S is invariant for the full (-slow yzw-system.

Any point (z,y, z,w) from the solid S can be expressed as a function of y, z,
x = q(y, z). It means for each level of y, z predation, there is a unique yz-adjusted
carrying capacity of the prey, which by definition defines the stable nontrivial branch
of the x-nullclline. Also, the function ¢ is decreasing in both y and z because any
elevated predatory pressure depresses the adjusted prey steady state further.

On the trivial z-slow manifold = 0, the transcritical points for the full web
remain the same as for the xyz-web. All (-singular orbits must cross it and jump
to the solid § at some x-outbreak PDLS points for the reason that x and w do
not directly interact with each other. Therefore, all nontrivial (-singular orbits
eventually settle down into the invariant solid S. And we only need to consider the
3-dimensional yzw-slow system in S. A dimension reduction is now obtained.

Mathematically, S is defined by f(z,y,2) = 0, fz(z,y,2) < 0. Because of the
hyperbolicity f.(x,y,z) < 0, variable x can be solved by the Implicity Function
Theorem as a function ¢(y, z) from f(z,y,z) = 0 with (y, z) from the same set D
that is bounded by the y, z axis and the z-fold boundary of S projected onto the yz-
plane. Also ¢ is a decreasing function in both y and z: ¢, (y,2) < 0,¢.(y, 2) < 0 (see
Appendix C). The (-slow yzw-system in S is then expressed explicitly as follows:

dy _ aly,2) w ) A v w
(Cilt B <ﬁ1 +q((y,z)) Bs+y 51) =y9(q(y, 2),y,w)
z q\y, z _ -
9) a - €12 452 +q(y, 2) 52) = zh(q(y,2))
dw B Y B
= €aW Ry — (53) = wk(y)

Qualitative Properties of Nullcline Surfaces. We begin our singular orbit
analysis in S by first describing the vy, z, w nullclines holistically and geometrically.
The technicalities are left to Appendixes B,C.

The nontrivial w nullcline for the reduced system (9) is the simplest: k(y) =
0 = y = ywn = F303/(1 — d3), a plane parallel to the zw-plane in S. On this
plane either recovery or decline in w takes place depending on whether or not its
prey v is in creasing or decreasing mode. To the side y < ywn1, w decreases because
of insufficient food supply. Otherwise, w increases if y > ywni-

The nontrivial z nullcline is slightly more complicated: h(gq(y,z)) = 0 =
q(y,2) = @y = P202/(1 — d2) because of (6). It is a surface parallel to the w-
axis, through a curve ¢(y, z) = 2,1 on the yz-plane. It is the same z-nullcline when
the conditions of joint yz-weakness and z-noncompetitiveness were introduced. It
defines the y competition-adjusted xz equilibrium state. When setting y in a dy-
namical motion, it is also the state where z either rebounds from a decline or
declines from a growth depending on whether or not the competition strength from
y weakens (y < 0) or intensifies (y > 0). We already know the function ¢ decreases
in both y and 2. Hence to maintain a constant level ¢(y, z) = 1, ¥ and z must
behave in opposite manners on the curve: increasing y must be counter-balanced
by decreasing z. Therefore, the curve has negative slopes everywhere in S.
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FIGURE 5. (a) A sketch based on the qualitative descriptions on
the nullcline surfaces inside the z-nullcline solid §. The stable
branch of the trivial y-nullcline is shaded. The unstable branch
of the nontrivial y-nullcline surface w = ¢(y, z) lies between the y
crash-fold (yytd, zytd, Wyta) and the transcritical curve (0, zytr, Wytr ).
Vertical planes are the nontrivial w and z nullcline surfaces respec-
tively. Their intersections with the stable nontrivial y-nullcline sur-
face w = q(y, z) are the solid and dashed curves respectively. (b)
Numerically generated nullcline surfaces. The solid S is bounded
by the z-fold plane parallel to the w-axis. (c¢) The same surfaces
of (b) in the yz-projected view. Left to the y-fold curve, the y-
nullcline surface is unstable, and to its right, it is stable. The
y-nullcline surface is bounded by the coordinate axes and the dot-
ted y-boundary curve.

The most complex nullcline is the y-nullcline surface: ¢g(¢(z,y),y, w) = 0, which,
by solving for w, is expressed as
(10) wimpl2) = (5220 (),

B +aly, 2)
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As with other nullclines, this surface is the w-predation and z-competition adjusted
capacity or threshold states for . In a dynamical motion, they defines the states at
which the predator y either recovers from a fall or declines from a rise depending on
the strength of z-competition and w-predation. If z-competition is strong (2 > 0)
or the w-predation is repressive (w > 0), then y falls from growing to decline at the
state. Otherwise it turns from decline to recovery.

Two special cases are already known: the case with w = 0 from the analysis of
the zyz-web and the case with z = 0 from the analysis of the xyw-chain. In what
follows we continue on a practical description of the surface and more importantly
its intersections with the other two nullcline surfaces.

The range in y, z over which the surface w = p(y, z) is positive is precisely the
delta shaped region bounded by the y, z axes and the y-nullcline curve g(q(y, 2),y,0) =
0, i.e. q(y,2) = xyn from (6). From the expression of (10) for w = p(y, z) above,
we see that p(y,z) > 0 if and only if ¢(y, 2)/(81 + ¢(y, z)) — 61 > 0 which in turn
solves as q(y, z) > (101/(1 — 01) = @yn1. Since we already know ¢ is decreasing in
both y and z, so for this inequality to hold, y and z must be smaller yet than they
would be at the equality ¢(y, z) = zyn. Hence the domain is given as

A := { the first quadrant left of the y-nullcline curve ¢(y, z) = zyn on w =0}

Alternatively, for a fixed competition intensity of z, and an elevated predatory
pressure w > 0, the adjusted equilibrium y level must be lower than what would
be if the top-predation is absent, w = 0. Either way, we know the surface in S lies
above the delta-shaped region A.

The topography of the surface can be understood holistically as well. From the
expression w = p(y,z) = (q(y,2)/(B1 + q(y,2)) — 01)(B5 + y) we can readily see
from a domino effect that if y is fixed, increasing z decreases the steady x supply
x = q(y,z) in S, which in turn decreases the quantity q(y, z)/(81 + q(y, 2)), which
represents the per-capita catch x/(8; + x) by y, and hence decreases the p-value.
In practical terms, if y is fixed and the z competition level is increased, then it only
requires a smaller w amount of predatory pressure to separate the waxing phase
y > 0 from the waning phase y < 0 of y. Looking at it either ways, the y-section
curves on the surface are all decreasing in z, all the way down to w = 0 on the
boundary of A.

It is slightly more complex to visualize the z-section curves on the surface. Begin
with the special case z = 0, we know that the y-nullcline can have a y-crash-fold
from the analysis of efficient w condition. It separates the y-nullcline into the w-
adjusted capacity state and the y-threshold state. The former is stable and the
latter is unstable for the y-dynamics. The stable branch is a monotone decreasing
function of w: fixed at a greater w depletes the steady supply y. The unstable,
threshold branch is a monotone increasing function of w: fixed at a greater w
requires a greater threshold amount of y for y to increase. The two branches
coalesce at the crash fold.

Now fix z at an increased value z > 0, the competition makes fewer resource avail-
able for y, and makes y more vulnerable. Hence it takes a smaller w amount to crash
y. In other words, intensified z competition drives down y in capacity, therefore in-
creases the relative semi-saturation density (= [Semisaturation]/[Y Capacity]) for
w which in turn amounts to making w weaker as a predator. Since the w-nullcline,
Y = Ywnl = (303/(1 — J3), contains parameter o3 which is independent of the pa-
rameters that defines the y nullcine surface, we can use it to sweep the surface
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FIGURE 6. (a) A y-slow cycle born through Hopf bifurcation at
E. (b) It grows into a large singular cycle showing the case of
w-nullcline going through the y-fold. In the case of (a) and as
€2/€1 — 0, the cycle grows but will never surpass the level w =
Wynl, at which the zyw-equilibrium point shown is not stable.

to determine the structure of the crash-fold. Now if y = ywn is exactly at the
crash-fold yysq for a given z and a chosen d3, then for a larger z, the correspond-
ing yw-dynamics should be weaker in w. Since the w-nullcine y = yyn remains
the same, then for w to be weak the y-crash point must drop lower than yyn so
that w cannot dynamically crash it. What about the crash density wytq? Since
increasing z decreases w along the surface, the corresponding crash density wyq is
smaller than the w value for the original z at the smaller crash density yytq. Since
the crash density wyq at the original z is the largest w value along the z-section,
the crash density wygq for the larger z must be smaller than that for the original
smaller z. Hence, we can conclude that the y-crash-fold decreases not only in the
w-coordinate wygq but also in the y-coordinate yy¢q when z is increased.

Finally, it is left to describe the intersections of these nullcline surfaces. The
intersection of the w-nullcline surface y = yyn with the y-nulleline x = p(y, 2) is a
monotone decreasing curve of w in z as we have already derived this property for
all y-section curves on the surface w = p(y, z). The intersection of the z-nullcline
x = q(y,2) = x,m with the y-nullcline surface is w = p(y, 2) = (x,m/(B1 + Tyn1) —
01)(Bs + y) which is, obviously, a monotone increasing line in y. In practical terms,
increasing y decreases z on the fixed supply level x = x,, of x. This improves
the status of predator y. As a result, it would take a greater amount of the top-
predator w to flip a growing y mold ¢ > 0 to a declining mold y < 0. With the
constant supply & = ¢(y, z) = @1, increasing z decreases y, which in turn decreases
w = p(y, 2) = (Tzn1/(B1+22m1) —01)(B3+¥y). So the intersection curve is a decreasing
function of w as z increases.

All the descriptions above are incorporated into the illustration of Fig.5. The
analytical justification is given in Appendix C.

Singular Cycle. We start the analysis by constructing a cycle as a precursor to
the chaotic attractor. The cycle has smaller variation in w than y and z. First
we describe the key conditions that will allow us to trap such an orbit. Start at
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the y-fold point (yyfa,0,wyta) on z = 0, c.f. Fig.6(b). Following the y-fast flow,
the singular orbit (orbit 1) lands on the trivial y-nullcline surface y = 0 with the
other coordinates unchanged. Then the z-fast dynamics takes over, sending the
orbit (orbit 2) horizontally to the attracting z-nullcline y = 0,z = 2,1, landing
on it with the same w-coordinate wygg. See both Figs.6(b),7(a). Once on the line
y =0,z = 21, the w-dynamics takes over, and the slow w-orbit (orbit 3) develops
downwards. It first crosses the y-transcritical point (y, z,w) = (0, Zm1, Wyt ), and
must then jump to the nontrivial y-slow manifold w = p(y, z) at a y-PDLS point
(0, Zzm1, Wypa) due to Pontryagin’s delay of loss of stability with respect to the fast
y-flow (orbit 4). The value of wg := wypd|z=2,,,} is determined as follows.

First we need to be more specific about the time scales of the reduced yzw-system
in the solid S. Rescale the time ¢ — et to obtain the reduced system as

ey’ = yg(a(y, 2),y,w), €z’ = zh(q(y, 2)), w' = wk(y)

with €9 = e2/€1 < 1 as an independent singular parameter from es. Thus, under
the condition that 0 < €5 < €7 < 1, y is the fastest of the three at a rate of order
O(1/e2), z is the second fastest at a rate of order O(1/¢p) = O(e1/€e2) < O(1/e€2).

Take any plane y = yo > 0 sufficient near y = 0. Then a perturbed orbit starting
from (yo, 20, wyta) for zg > 0 is first attracted to the trivial y-nullcline y = 0 (similar
to orbit 1), only to emerge somewhere below the y-slow manifold w = p(y, z) and
move toward the manifold (similar to orbit 4). In doing so it will hit the plane
Yy = yo again in direction opposite to its initial direction. Hence following the orbit,
the integral identity below holds

Since we can choose 0 < yy < Ywnl, the w-component of this portion of the orbit
always decreasing in w. Thus, we can make the following substitution of variable

from y to w
Yo 1 Wypd 1 d
= / —dy = / — %Y .
yo €2Y Wy ga €2y dw

Simplify the integral to obtain

Wypd
0:/ 9y, 2),y,0) ,

Wy fd wk(y)
Taking the limit e — 0 first, we have y = 0 on the equation above since dw = 0
on orbit 1 and orbit 4. Taking the limit ¢y — 0 next for the reduced zw-system, we
have z = z,, for z of the integrant since dw = 0 on orbit 2. Therefore at the limit
lim¢, 0 lim¢,_.o, the integral equation above becomes

= /wypd 9(q(0, 2,m1), 0, w) dw,
wk(0)
defining the wypq value on z = 2, as shown in Fig.6(b) as well as 7(a). Because
9(q(0, 2zn1),0,w) < 0 for w > wyg and ¢g(g(0, 2zn1),0,w) > 0 for 0 < w < wyyy, and
the fact that the indefinite integral
/u g(Q(O» Zznl)a 07 U)) dw
u wk(0)

is 0 at u = wyt, and +oo at u = 0, the integral equation above for the y-PDLS
point wypq has a unique solution between 0 and wyy,-.

Wytd

Uytr
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Once it is on the y-slow manifold w = p(y, z), the z2-dynamics takes over, sending
the singular orbit (orbit 5) to the trivial z-nullcline on w = p(y,0) with w =
Wo = Wypd|{z=2,,}- The slow w-dynamics takes over subsequently, moving the
orbit upward (orbit 6). Notice that the nontrivial z-nullcline is in A because of
conditions (3, 4). If we assume for the moment that it also lies about the y-fold
curve as depicted in Fig.5(c), then the nontrivial z-nullcline strikes through the
y-slow manifold w = p(y,z) from y = 0 to z = 0. As a result it intersects on
w = p(y,0) at a z-PDLS point between w = 0 and w = wyq as shown in Fig.6(b)
labelled with w,y,. Also between w = 0 and the y-fold point there is no xyzw-
equilibrium point because of the effecient predator assumption on w (condition
(5)). We can conclude now that after its passing the z-transcritical point w,, on
z = 0,w = p(y,0), the 2-dynamics becomes unstable. Pontryagin’s delay of loss
of stability takes place for orbit 6 so that sooner or later it will develop in the
increasing direction of z (orbit 7).

We note that in Fig.6(b), the y-fast orbits (1 and 4) are perpendicular to the
drawing and hence they are hidden from the view.

To be more precise on how the singular orbit turns around in variable z, we
again use the PDLS argument. Let wo = wypd|{y—0,z==,.,} as above. Let zo > 0
be sufficiently near z = 0. A perturbed orbit starting from the plane z = zy at
point (yo, 20, wo) with yo defined by wy = p(yo, 20) will eventually emerge away
from z = 0 and strikes the plane z = zy in opposition direction. Let w,,q denote
the w-coordinate of the point of return. Then, the identity 0 = fzzoo eodz/z holds.
Suppose the orbit does not pass the w-nullcline y = ywn1, then one substitution
from variable z to w is sufficient to change the integral equation to

(1) 0= / folz _ /wzpd L /wzpd hay.2)) 4,
0 2 z dw wo wk(y)
Taking the double limit lim,, .o lim,, o, the equation above becomes
0 /w“d ha(y,0) ,  _ /“’“’d hg(p~ (w),0)
wo  Wk(y) wo  Whk(pTH(w))

with y = p~!(w) uniquely defined by the invertible function w = p(y, 0).

wo

Proposition 3. If the z-PDLS point w,,q defined by the equation above lies below
the y-fold point wyia, then there exists a singular yz-fast cycle.

Proof. Take the interval I = [wypd, Wyr] on 2 = 0, w = p(y, 0) as shown in Fig.6(b).
A return map following the singular orbits of the interval can be defined. Under
the assumption that w,,q never surpasses the y-fold point wyq, the lower end point
wo = Wypq returns to the interval /. Because the z-nullcline decreases in w with
increase in z, we see clearly from Fig.6(b) that the upper end point wyi, must
also returns to I as well. The continuity of this return map is obvious. Also it is
strictly increasing because of the way all PDLS points are defined by their respective
integral equations whose solutions are unique. Hence there must be a unique fixed
point of the return map, and the fixed point indeed corresponds to a yz-fast cycle.
This completes the proof. ([

The condition of this result must hold if the w is weak, and z is xyzw-competitive,
as illustrated in Fig.6(a), i.e. the xyw-equilibrium point is unstable in the direction
of z. As a result the z-PDLS point defined in the proposition will never pass the
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(b)

FIGURE 7. (a) The 2-PDLS point corresponding to wy of ¥ is at
W = Wypd, lying on y = z = 0 after pushing over the y-fold point
wyq. (b) Due to the y-fold point wytq the return map 7 devel-
ops a local minimum at the pre-PDLS point w;y of w,pq. (¢) The
bifurcation of the local minimum through wy = w;. (d) Possible
multiple extrema for small wg. (e) Combination PDLS jumps on
singular orbits with e; = 0.

unstable xyw-equilibrium point. In fact, the integral equation defining w,,q above
can be separated into two parts as

with y = p~!(w). The first integral is negative and finite. The second integral is
h(g(y,0) _ hia(p”*(w),0))
wk(y) = wk(p~'(w))
diverges as w increases to wyny at which k(p~!(w)) = 0. Hence the integral equa-
tion above must have a solution for w,pq < wytq as required by Proposition 3’s
assumption.

Singular Chaotic Attractor and Return Map. Under the conditions of the
main theorem that w is efficient, z is zyzw-competitive, fast y, slow z, and slower
w, the zyw-equilibrium point is xyw-unstable, the zyw-cycle is zyzw-unstable. We
start from the integral equation (11), 0 = f,:oo €odz/z, that defines the z-PDLS point
Wypd starting at wg. Recall that the assumption that the perturbed orbit from wyg

positive. The denominator of the integrant of the latter
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on w = p(y, z) never crosses the w-nulllcline plane y = yyn gives rise to the integral
equation (11). Now suppose instead that the orbit crosses the w-nullcline only once
with w-coordinate at the crossing as w*. Then the orbit is increasing in w from wg
to w* and decreasing from w* to w,pq. Then two separate substitutions from z to
w are needed to bring the equation 0 = fZZOO €odz/z into

w* d Wypd d
0:/ e_o_zdw/ ©0dz g,

we 7 dw we 2 dw
" gy, 2)) / W h(q(y, 2))
- RSN DR .
/wg wk(y) w* wk(y)

Although the two integrals look the same in form, the limiting behaviors with
€2 — 0 are different. In the first integral all points lie on the nontrivial y-slow
manifold w = p(y, z) as €2 — 0. In the second all points lie on the trivial y-slow
manifold y = 0 instead. Moreover, the y-fast dynamics forces w* — wyq. Follow
it up by taking €9 — 0, then z = 0 in both integrals. Therefore, with the double
limit lim¢, 0 lim., .o, the integral equation becomes

0= /wy“ h(q(y,O))dw+/“’zpd h(9(0,0)) ,

wo  wk(y) wya  WE(0)
[ 0D
(13) _~/'w0 wh(y) ¢
ey, 0) o [ 1(e(0,0)
Vet +/w wh(0) d]
=11 + Iy,

breaking the integral from wy to wyg the same way as in (12) and having y =
p~1(w) defined from w = p(y,0) as before. Here we have regrouped the integrals

so that I; = f;"o""l %dw and Iy equal the two integrals in the bracket. See
Figs.6(b), 7(a). Notice that I; is negative which can diverge to —oo if wy — 0.
Whereas I, is positive, bounded above. This analysis implies that the condition of
Proposition 3 must bifurcates into such a situation prescribed by equation (13) as
Wo = Wypd|{y=0,2=2,,,} drops lower.

If we let ¥ be a w-interval on w = p(y, z) as shown in Fig.7(a) whose w-end
points are the same as the interval I = [wypa, Wyt,] from the proof of Proposition
3. For simpler notation let ws = wyt:|{y—0,2=-,,3 and let w; be the pre-PDLS

wyta h(q(y,0) 4
w1 wk(y)
2-PDLS point corresponding to wq is pushed over the y-fold and lie on the w-axis

as shown in Fig.7(a). Then the same singular orbit induced return map used in the
proof Proposition 3 is no longer monotone increasing. Let 7 denote the return map.
Then w; is a critical point in 3 = [wp, ws]. It increases in [wy,ws] and decreases
in [wo,w;] as depicted in Fig.7(b). Fig.7(c) shows the case at bifurcation when
Wy = Wq.

If wp is just slightly perturbed below the bifurcation point wy = w;, then the
2-PDLS point w,pq is perturbed slightly below wygq, and the image m(wp) of the
return map lies a little bit above wy. Further decreasing wg will result in significant
increase in 7(wp), which may give rise to chaotic dynamics of the return map .
Decreasing wq further can make the return map more complex by creating more

point of the y-fold wyq, i.e. w = 0. It exists because we assume the
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critical points as shown in Fig.7(d). In fact, decreasing wy makes the negative
integral I of (13) more negative. To counter balance I1, w,pq must further move
downward on the w-axis and come to meet the y-PDLS point wypq. At this point
the y-fast dynamics must take over to switch the singular orbit to the stable y-
slow manifold w = p(y, z). Further decreasing wy moves the w,,q upwards on the
nontrivial stable y-nullcline w = p(y, 0), splitting the integral Iy further into three
parts

0 o [ [ [

Under this situation, another critical point emerges between wy and w; to become a
local maximum for the return map 7. Now it is clear to see that further decreasing
wo will make the 2-PDLS point w,pq to move up on w = p(y,0) and down on
y = z = 0, creating more local extrema. Fig.7(d) shows such a possible situation.

Depending on the location of wq, the singular orbit may cycle around the zyw-
cycle several times before hitting its z-PDLS point. This conclusion is based on the
property that the z-competitive condition and the calculation of the z-PDLS point
are essentially the same type of integrals as above. To be precise, let (y.(t),0,w.(t))
denote the perturbed cycle for e¢; > 0, and T be the period. Then z is zyw-
competitive if J = fOT h(q(yc(t),0))dt > 0. Let t = 0 correspond to the w-minimum
value w, on the w-nullcline on z = 0 and let ¢ = T correspond to the w-maximum
point with w*. Then w is increasing from w, to w* over [0,7;] and decreasing
from w* to w, over [T1,T]. Split the integral over [0,71] and [T1,7] and use the
substitution dt = dw/wk(y.(t)) to get

_ [ hlae0) g [ hlae,0)
J_/w* wh(ye) +/w* why) "

with the integrants tracing along the two half of the cycle. In limit e — 0, limw* =
wygg and limw, = wypq, and y. = p~*(w) for the first integral and y. = 0 for the
second integral, and

Jo—Tim J— [ de+/Wypd h(q(0,0))

d
a0 = ) Tk (w)) G

Wy fd
the same type of integrals as for the z-PDLS integral in (14) above. In particular,
the integral equation (12) for the z-PDLS point can be broken down to the sum of
an integral from wy to wypq, an integer multiple of Jy, and a remainder part from
Wypd to wypa. The first and the last integrals together is precisely the same form of
the z-PDLS integral equation (13) described above, except to break (13) differently
at wypq instead of at wyeq. Because Jy > 0, singular solutions always jump away
from the cycle no mater where they start at wy > 0.

One sufficient condition for chaotic dynamics is to have three adjacent critical
points that straddle the diagonal m = w in the sense that the value of the middle
point under the return map is on one side of the diagonal # = w and those of the
other two are on the opposite side of the diagonal. More precisely we have the
following partial result. Also, multiple bumps must occur on the graph of 7 if wq is
sufficiently small and the singular orbit cycles around the xyw-cycle several times
before jumping away in the z-direction.
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Proposition 4. If there exist three adjacent critical points of m that straddle the
diagonal, then there is a subset of X on which 7 is equivalent to the shift dynamics
on two symbols.

Proof. A proof for such a continuous map is given in [8]. O

Numerical simulations indeed suggest such a scenario of Proposition 4, e.g. Fig.4,
as well as chaos due to the existence of a single critical point for a quadratic-like
map 7.

Finally we conclude this subsection by explaining a special case of Pontryagin’s
delay of loss of stability when the slow flow is 2-dimensional. The es-fast dynamics
is that of y, and the es-slow dynamics is that of z,w. Start a point on the y-fold
as shown in Fig.7(e). The singular ep-fast dynamics sends it down on y = 0 (orbit
1). The eg-slow zw-dynamics takes over (orbit 2). It moves down in w, crosses the
y-transcritical curve, and jumps back to w = p(y, z) at some y-PDLS point wy,q as
shown (orbit 3), and zigzags its way toward y = 0,z = 2z, afterward (orbit 4 and
5 when 4 lies above the z-nullcline (Yun1, Zzn1, Wan1)). Since we always pick nonzero
singular values 0 < €5 < €; < 1 for numerical simulations, such zigzag orbits are
bound to occur as shown in Fig.4 which is the case when the wypq values lie below
the corresponding wyy, on the y-nullcline w = p(y, 2).

Acknowledgement: The authors would like to thank the reviewer for his/her
invaluable comments and suggestions.
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Appendix A: Analytical Equivalence of Y Z-Weakness: Analytically, we can
parametrically represent the manifold,

Yy z
Yy =1-xz— - = 07

which is linear both in y and z, as

y=al-z)(b+z), z=1-a)l-z)(f+2)

(15) for0<z<land 0<a<l,

with the introduction of parameter a. The z-fold curve is where the manifold
f(z,y,z) = 0 comes in tangent to the horizontal z-fast flow lines. It necessarily
satisfies these two equations f(z,y, z) = 0, fz(z,y, z) = 0 simultaneously as we have
already pointed out earlier Using the parametrization (15) again together with the
additional equation

Y x
Giror B

we obtain after eliminating the parameter « the z-fold curve:

(22 — 1+ B2) (B + x)?

fl’(x7yaz) =-1+

B2 =
(16) e 1;161)5(52 ok
forw<z<w7 B2 # Bu;
and if 3) = (2, then
:1—2&’ yﬂzw.

(Note also that the special cases for the xy-fold point and the zz-fold point are,
respectively, © = (1 — (1)/2,y = (1 + 1)?/4,2 = O and = = (1 — 32)/2,y =
0,2 = (14 32)%/4 as expected.) Because the z-fold ranges in = only in the interval
(1—max{f,2})/2 < x < (1 —min{B1, F2})/2 by (16) and recall that zyq[{.—0} =
(1=51)/2, Ttd|{y—0}y = (1—[2)/2, the condition that the predators nullcline planes,
T = Tynl = 151‘;11 , T = Tyn) = 163((552’ lie above the crash fold holds iff both zyn1, sn1
are greater than both the xytq values. This gives the analytical yz-weak condition
stated in (7).

Appendix B: Existence of Y-Fold:
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Proposition 5. Under conditions:
ﬁz 7 (ﬂl + 1)3 < 1 )
max <m and 5 < -6
(57 < min{{ 20} and o < P (D

there is a unique y-fold curve py(y, z) =01 A fromz=0toy=0, and p,(0,0) >
07 py(ya Z) <0 fO?” q(ya Z) = Zynl-

Proof. The idea is to show that along any radius line y = s,z = ms in the first
quadrant m > 0,s > 0 from the origin (0,0),s = 0 to the A boundary ¢(s,ms) =
Zyn1, there is a unique zero for the function w, = py(s, ms).

With z = q(y, 2) € [Zyn1, 1] below, the y-partial derivative of w is

G ﬁ )qu(ﬁ3+y) <ﬂlix —51)

:rﬁlx)g ( ;y> (B +1) + (ﬂfm —51>

(fy(ﬁ};w)) [(Bi syl + (fy(ﬁ{:w)) <ﬁlix5l>}
1

e

b1 . .
[m(ﬁ:s +y)+ fo (m — 51)} (since f, = 7ﬁ)

Since f, = -1+ (BI;HJ)Q + (BS_T_QJ)Q =—-latx =1y =2 =0,s =0, we have
immediately

wy| _ | BB L
y{z=1,y=2=0} — (61 T 1)3 ﬁl T1 1

- S (-0

by the assumption on fs. Also, at = (s, ms) = Tyu = $101/(1 — 61),

1 B
Wyl (e=zym) = <E> m(% +y) <0

because f; < 0 in S by definition. Therefore there must a zero of w, = p(s, ms)
between s = 0 and ¢(s, ms) = xyn1. So it is only left to show that the zero is unique.

To this end, we make a simple change of variable x = ¢(s,ms) so that x runs
from 1 to xyy with increasing s from s = 0. Since x5 = gy +mg. < 0 because both
qy,q- < 0 and m > 0, this is a valid substitution. Moreover, the inverse s = s(x) is
well defined, and is monotone decreasing: s, < 0. Denote

wy:%[(ﬂfg i)+, (ﬁ%—a)} ~ Q)

Then we know Q(1) < 0,Q(zyn1) > 0, and we only need to show Q'(z) < 0 for
x € [Tyn1, 1]. Writing @ out

B s(x) ms(x) x
o = G + (14 0 + ) (55 )

we see that Q'(z) < 0. In fact, the first term is obviously decreasing in z. The
second term is the product of two factors: a(z)b(z) := f.(5%; — d1). By product
rule, we have a'(z)b(x) + a(z)b'(z). Since a = f, is negative, decreasing, and b

py(yv )
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is positive, increasing, we see clearly that it is decreasing for the product. This
completes the proof. O

Appendix C: Nullclines of XY ZW-Web: The attracting branch of the non-
trivial z-nullcline satisfies f,(x,y,z) < 0 by definition. Therefore it can be solved
from f(z,y,2)=1—2— % 2— = 0 by Implicity Function Theorem in terms

Btz Batw
of x as a function = = ¢(y, z) of y, z. Because it is independent of w, the manifold is

a solid or hyper-surface in the xyzw-space, parallel to the w-axis, which we denote
by S : x = q(y, z) for points (y, z) interior to the fold surface (16). Since f, < 0
on S, and f, < 0, f. <0, we have that ¢, = —f,/f: <0and ¢. = —f./f, <O.
Hence, ¢ decreases in both y and z variables, with ¢(0,0) = 1. When projected
to the yzw-space, S is a cylindrical solid in the first yzw-octant, bounded by the
coordinate planes and the fold cylindrical surface (16). In other words, it is the
domain of definition in the positive yzw-octant for the function q. We will use the
same notation S for its yzw-projection solid.

Eq.(9) is again singularly perturbed by parameters 0 < ¢; < 1. The zw-plane
(y = 0) is always the trivial y-nullcline. The intersection of the nontrivial y-nullcline
within S is determined by the system of equations f(z,y,2) = 0,¢9(x,y,w) = 0,
which is expressed as

B _ aly.2)
w = p(y,z) = <4ﬁ1 T q.2) 51) (B3 +y),

with (y,z) constraint to the region A := {#&22) -6 > 0,y > 0,z > 0},
equivalently A = {q(y,2) > £161/(1 — 1) = zyn1,y > 0,z > 0}. It is a surface
in the z-slow manifold solid §. Since ¢ is decreasing in y, z, and the boundary
curve = ¢(y,2) = Zyn1 is a line, obvious from the defining equation f(z,y,z) =
(1—2—y/(f1 +x)—z/(B2 + x) = 0, therefore the domain of definition A for the
y-nullcline w = p(y,z) in S is a triangle bounded by the axises y = 0,z = 0 and
the line ¢(y, z) = @y, see Fig.5.

The y-transcritical curve is given by w = p(0, 2) = (7%= —01) 03 with z = ¢(0, 2)

Btz
which satisfies z = (1 — z)(f2 + ), with z between 0 and z = (1 — zyn1) (B2 + Tyn1)-
It is monotone decreasing in z. In fact, w, = p,(0,2) = %‘u whose sign is the

same as 1/x, = z, = 2(%
by the y-weak assumption.

As we mentioned earlier in Sec.5 that the xyw-system with z = 0 has a unique
y-nullcline fold point on the stable z-manifold f = 0, and it is a special case of
Proposition 5. More specifically, a fold turning point for the y-flow in the solid S
is determined by gy(q(y, 2),y,w) = 0,9(q(y, 2),y,w) = 0. In terms of w = p(y, z)
for the y-nullcline in S: ¢(q(y, 2),y,w) = 0, the condition g¢,(q(y, 2),y,w) = 0 is
equivalent to wy, = py(y,2) = —g,(¢(y, 2),y,w)/gw(q(y, 2),y, w) = 0. Also, the
stable branch of the y-nullcline is determined by g,(q(y, 2),y, w) < 0, which is
equivalent to w, = py(y, z) < 0 because g,, < 0 always.

Proposition 5 proves that the y-nullcline surface w = p(y, 2) in S indeed has a
unique y-fold curve w, = p,(y,2) = 0 on w = p(y, z) running from A’s boundary
z = 0, which is the above special case, to another boundary y = 0. Denote this
fold curve by (y, 2, w)yta. This curve divides the y-nullcline into the stable branch
and the unstable branch. The unstable part contains the y-transcritical point, in

—x) < 0 because x > Tyn > Tyd|{y—oy = (1 — B2)/2
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particular x = 1,y = z = 0,w = ¢(0,0), and the stable part contains the boundary
q(y, z) = xyn1, see Proposition 5.

The nontrivial z-nullcline h(z) = 0 in the z-slow manifold solid f(z,y,z) =0 is
given by © = a1, f(z,y,2) =1 —2 —y/(f1 +2) — z/(B2 + ) = 0. It is a line in
the yz-plane and a plane parallel to the w-axis in the solid §. Important properties
about it include the following:

(1) If z is competitive (Eyy = Zynl — Zzn1 > 0), then the z-nullcline x = x,
does not intersect the y-slow manifold w = p(y,2) = (555 — 01)(Bs +y)
since w < 0 with x = x,,. On the yz-plane in S, the line x = x,, lies
between the z-fold curve and the boundary line = = ¢(y, z) = zyn for for
the y-slow manifold w = p(y, z). See Fig.5.

(2) If z is not competitive (E;y = Tyni — Tzn1 < 0), then the z-nullcline z = x,1

X

intersects the y-slow manifold w = p(y, z) = (5,57 — 1) (B3 +y) in the solid

S: flz,y,2) =1—ax—y/(B1 +2)— 2/(B2 + ) =0 along a line

w=pr) = (55 —0) o), 2= Geo) (10— L)

parameterized by y € [0, (1 — z)(81 + z)], with = z,, above. Along it
w increases while z decreases with increase in y. We denote this line by
(y7 Z, w)znl-

(3) The z-transcritical line is given by the intersection of the trivial z-nullcline
z=0and £ = 2,y in the solid S : f(z,y,2) =1—x—y/(f1+x)—z/(B2+
x) = 0, which is the line Y, = (1 — Zzn1) (81 + Zan1). Point (Yutr, 0, wyer) =
(Yatr, 0, D(Yutr, 0)) is the z-transcritical point on the y-slow manifold w =
p(y, z). See Fig.5.

Finally, the nontrivial w-nullcline (k(y) = 0) is given by the hyper-plane

303

1-65"

It intersects the y-slow manifold w = p(y, z) in S along a curve w = p(Ywn1, 2) with
z from 0 to zwnl = (1 — Zyn1 — Ywn1/(B1 + Tyn1)) (B2 + @yn1), which is the intersection
of ¥ = ywn1 with the boundary w = 0, ¢(y, 2) = @yn1. This w-nullcline will intersect
the y-fold curve if w is efficient as defined in Sec.6, or may not if w is weak as
shown in Fig.5. The point (Ywnl, 2wnl, w) is the w-transcritical point on the y-slow
manifold w = p(y, z).

Y = Ywnl =

DEPARTMENT OF MATHEMATICS, STATE UNIVERSITY OF WEST GEORGIA CARROLLTON GA,
30118

DEPARTMENT OF MATHEMATICS & STATISTICS, UNIVERSITY OF NEBRASKA-LINCOLN, LINCOLN,
NE68588-0323. CONTACT bdeng@math.unl.edu FOR CORRESPONDENCE.

DEPARTMENT OF MATHEMATICS & STATISTICS, UNIVERSITY OF NEBRASKA-LINCOLN, LINCOLN,
NEG68588-0323

DEPARTMENT OF MATHEMATICS & STATISTICS, UNIVERSITY OF NEBRASKA-LINCOLN, LINCOLN,
NE68588-0323

DEPARTMENT OF MATHEMATICS, CALIFORNIA STATE UNIVERSITY AT FULLERTON/IOWA STATE
UNIVERSITY, AMES, IA 50011

DEPARTMENT OF MATHEMATICS, KENT STATE UNIVERSITY, KENT, OH 44240



