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Periodic environments may either enhance or suppress a population via resonant or attenuant cycles.
We derive signature functions for predicting the responses of two competing populations to 2-periodic
oscillations in six model parameters. Two of these parameters provide a non-trivial equilibrium and two
provide the carrying capacities of each species in the absence of the other, but the remaining two are
arbitrary and could be intrinsic growth rates. Each signature function is the sign of a weighted sum of the
relative strengths of the oscillations of the perturbed parameters. Periodic environments are favourable for
populations when the signature function is positive and are deleterious if the signature function is negative.
We compute the signature functions of four classical, discrete-time two-species populations and determine
regions in parameter space which are either favourable or detrimental to the populations. The six-parameter
models include the Logistic, Ricker, Beverton—Holt, and Hassell models.

Keywords: attenuance; competition; periodic forcing; resonance; signature function
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1. Introduction

Populations live naturally in changing environments in which variations caused by food
availability, migrations, tidal patterns, and mating habits may be assumed to be cyclic or
periodic. As a result, fluctuating environments are of particular interest to population biologists
[2,3,6,10,15,16,22]. For example, in the 1980 controlled laboratory experiments of flour beetles
(Tribolium), Jillson observed that a periodic food supply generated cyclic oscillations within the
beetle population. The alternating habitat in fact supported a larger beetle population, more than
twice that of a constant environment even though the average flour volume remained the same
[17,18]. It has since been demonstrated that under certain conditions, periodic environments may
be advantageous to a population and yet deleterious under others [5,9,11]. In other words, the aver-
age of the resulting population oscillations in a periodic environment may either be greater or be
less than, respectively, the average of the carrying capacities in an otherwise constant environment.
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In constant environments, many discrete-time two-species models are extensions of
single-species models that contain at least two parameters, usually the carrying capacity and
a demographic characteristic [3-5]. Examples of such single-species models include the Logistic,
Ricker, Beverton—Holt, and Hassell models. In recent papers, Franke and Yakubu [11,12] have
investigated the responses of classical, single-species, discrete-time models to periodic oscil-
lations in two and three parameters. In this paper, we extend their investigations to study the
responses of a two-dimensional system to periodic fluctuations in six model parameters and com-
pare them against those elicited by a constant environment. More specifically, we analyse the
effects that a 2-periodic forcing of six parameters has on a discretely reproducing two-species
population model of a competitive type and investigate a 2-cycle population that bifurcates from
the perturbed interior fixed point, which we refer to as the carrying capacity fixed point. We take
a special interest in the case where the two species are very similar as might happen when a
mutation occurs in a species.

Section 2 introduces a general framework for studying the impact of environmental fluctuations
on a discrete-time two-species population model with six oscillating parameters. Here, we provide
conditions sufficient for our unforced model to have a stable fixed point. In Sections 3 and 4, we
impose 2-periodic forcing on the model and prove that small 2-periodic perturbations support
2-cycle populations. We study the 2-cycle that must, for small forcing, be close to the carrying
capacity fixed point defined in Section 2.

In Section 5, we derive a signature function, R,, for determining whether the average total
biomass is suppressed via attenuant stable 2-cycles or augmented via resonant stable 2-cycles.
As in [11,12], R, is the sign of a weighted sum of the relative strengths of the oscillations of
the carrying capacities and the remaining parameters. When these oscillations are small and the
environment is 2-periodic, we prove that the average total biomass of the two-species system
diminishes if R, is negative and is enhanced when R, is positive. Also in Section 5, we derive
similar signature functions, S, and 7, for each individual species and determine the response that
species makes to the periodic environment. We then obtain conditions on the relative strengths of
the oscillations sufficient for obtaining positive or negative signature functions.

Furthermore, we establish that the relative strengths of the oscillations of this carrying capacity
fixed point and the remaining four model parameters are critical factors in predicting how a two-
species population responds to a periodic environment. We observe that changes in the relative
strengths of the parameter fluctuations are capable of shifting population dynamics from resonant
to attenuant 2-cycles or vice versa. It is known that this dramatic shift is not possible in single-
species models with a single oscillating parameter [11,14,15]. We illustrate these concepts in
Section 6 by computing the signature functions of four discrete-time, competitive, two-species
models and provide parameter regimes for the occurrence of stable attenuant and resonant 2-cycles
that bifurcate from the carrying capacity fixed point. Finally, the implications of our results are
discussed in Section 7, and the derivations of the signature functions are included in Appendix 1.

2. Two-species population models of six parameters

Most single-species ecological models contain two or more model parameters and so, by extension,
many two-species ecological models contain at least four parameters [5,23]. To study the combined
effects of 2-periodic forcing on models with six parameters, we consider two-species population
models of the general form

x(t+1)=x®g,(B,C,S,T,L,M,x(1),y(t)),

ey
ye+1) =y®)gB,C,S,T,L,M,x(1), y(1)),
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where x(¢) and y(¢) are the populations of each species at generation ¢. The per capita growth rates
g1.82 € C'(RY x R, RY),

where R} = [0, c0) and ]f&_ = (0, 00). The parameters L and M play the role of carrying capacities
for the system in that we assume that (L, M) is an interior fixed point of Model (1); that is,
g1B,C,S, T, L. M,L,M) =g,(B,C,S,T,L,M,L,M) = 1, while S and T represent the boundary
equilibrium points in that they are the carrying capacities of each species in the absence of the
other; that is, g, (B,C,S,T,L,M,S,0) = g(B,C,S,T,L,M,0,T) = 1. Finally, B and C are left
as arbitrary model parameters, which are intrinsic growth rates in several of the example models
given in Section 6. When the rate of change of the growth rate of one species with respect to
that of the other species is negative, Model (1) is competitive [3,4,6]. We assume that dg;/dy and
0g»/0dx are both negative at (B, C,S,T,L,M, L, M) and thus say that our system is competitive at
(x,y) = (L, M), the carrying capacity of the system.

To simplify the notation, welet P(x,y) = (B,C,S,T,L, M, x,y) for a pre-selected set of positive
parameters (B, C,S, T, L, M). We can then define the function

G:RI — R
by
G(P(x.y)) = (g1(P(x,)). &2(P(x.y))).

Many of our results involve evaluating the Jacobian determinant of G at some population (x, y).
Our notation is JG(P(x,y)), where
0g1 08> 08108

JG(P(x,y)) = det(DG(x, y)) = (Ea_y _ ¥¥>

P(x.y)
We frequently refer to the total biomass and the carrying capacity fixed point throughout our
discussion. These are defined below.

DEFINITION 2.1  The total biomass of the system defined by Model (1) refers to the sum of the x
and y populations at the same generation: x(t) + y(t).

The interior fixed point, (L, M), of Model (1) is often globally attracting in our examples [23].
This fixed point thus captures the idea of carrying capacity and we make the following definition.

DEFINITION 2.2 The carrying capacity fixed point is the fixed point population, (L,M), of
Model (1).

For each set of six positive constants (B, C, S, T, L, M), we define

Sinesras-Pncsron : RE — Ry
by
Siocsriw@:y) = x81(P(x,y))
and
Ponesrin () = yg2(P(x, ).
We use these as the component functions for F : Ri — Ri, where

FPP,) = Frpcsrim ) Sopcsrin 5 3))
= (xg1(P(x,¥)), y&2(P(x, ). 2

The set of iterates of F is equivalent to the density sequences generated by Model (1).
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Table 1. Examples of multiparameter population models.

Model number Model, F(P(x,y)) = References

L+yS
x<1+B<1 y bl ))
M+ yL
y<1+C<1 —r +y T ))
L
xexp(B(l —Y +yS))
I M+ L +xT
vew (e (1= =)

Logistic model [20]

Ricker [21]

" MS
| (B—HMS +LXTM —YL+)S Beverton-Holt (B, C > 1) [1]
YO eI —am + YL+ T
L Ma+9”
v M +(zlg —_i-}TL))—"’: ¥S)B Hassell [13]

YL =M +yL +xT)C

One way to generate models of the type we are studying is to start with a one-species model:
fla,k,x) = xg(a, k,x),
where « is the intrinsic growth rate and k is the carrying capacity. Since k is the carrying capacity,
gla,k, k) =1.

Taking as growth rates

XM — yL 4+ yS
g1(B.C.S.T.L,M.x.y) =g <B, S, +> ,
3)
—xM + yL + xT
82(B,C»S,T,L,M,x,y) :g C’T’f

induces a two-species system with six parameters that admits the interior point (L, M) as a carrying
capacity fixed point. In this model, (S,0) and (0, T') are also equilibria where it is assumed that
S > Land T > M in keeping with a competitive model. This method is used to generate Table 1,
which lists four specific classical examples of Model (1) from the literature.

The following result provides necessary and sufficient stability conditions whereby the carrying
capacity fixed point is locally attracting for Model (1).

THEOREM 2.3  The carrying capacity fixed point is a hyperbolic attracting fixed point of Model (1)
if and only if
g1 982

-4 <L—+M—<0
8x+ ay

and

JGP@.M) > max ] =2 (128 1282 1 0) 0
LM dx ay

where all the partial derivatives are evaluated at P(L,M).
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Proof The derivative matrix of F(P(x,y)) evaluated at the carrying capacity fixed point,
P(x,y) = P(L,M), is given by

d 0
1+ L% L%
DF(P(L,M)) = ; x y3 @
Mﬁ 1 Mﬁ
dx 9y / lpawm
and its two eigenvalues are found to be
== | 24108 f 82y (198 p 082 apm 081082 | )
2 0x dy dx dy dy ox

where the partial derivatives are all evaluated at the carrying capacity fixed point. Because
Model (1) is competitive at P(L,M), dg;/dy < 0 and dg,/dx < 0, and there are no complex
eigenvalues.

If the carrying capacity fixed point is both hyperbolic and locally attracting, then the eigenvalues
of Equation (4) lie entirely inside the unit circle, in which case

1 3 3 3 3g2\’ g1 0
ez 24228y m 2824 (128 - P82 pam P88
2 dx ay ax ay ay ox
or, equivalently,
3 3 3 3g2\> g1 d
4 <18 82 (8 282 L2882 6)
ax ay ox ay ay dx

From this, we immediately obtain —4 < L(dg;/dx) + M(0g,/dy) < 0, which is the first objective
of the theorem. For the second objective, using the two inequalities in Equation (6) with —4 yields
the two inequalities

3 3 3 922\ > g1 0 3 3
8 %82 g (L2 Mm% parmO8LOE2 08 P82y
ax ay dy 0x dax ay

Therefore,

9 32\ ° g1 0 3 3
L2 82 a8 082 1 08t 082 g
dx ay ay ox dx ay

After squaring both sides and subtracting, we have

-2 0 0 d0g; 0 dgy 0
< Lﬁ—i—Mﬁ—i—z - 81082 81082
LM dax ay

dx dy dy ox

which is JG(P(L, M)). On the other hand, Equation (6) also gives

3 9g2\ 2 g1 d 3 3
L9808\ 08108 B8 ds
0x ay ay 0x 0x ay

from which we obtain JG(P(L,M)) > 0 by squaring and subtracting.
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For the reverse direction, first use JG(P(L,M)) > 0 to obtain

3 3g2\2 3 32>\ > dg1 d
(Lﬁwﬁ) =<Lﬁ_Mﬁ> +arp 28198

dax dy dx ay dx dy
d g2\’ d
o (128 _ 082\ 4081082
dx ay ay ox
and thus

9 9 9 9g2\’ dg1 0
Loa e (s 98\, 081 080

dax dy ox ay ay ox

However, since L(dg;/dx)+ M(dg>/dy) <0, |L(0g1/dx)+ M(0g>/dy)| = —(L(dg/dx) +
M(dg>/0dy)) and so

1 3 3 3 32\ °
Sl [ . L . S - L V.0 BT
2 0x ay dax ay

981 98
ay ox

Similarly, use JG(P(L,M)) > (—2/LM)(L(dg;/dx) + M (dg>/dy) + 2) to obtain

3 3 2 3 3g:\’ g1 0 3 3
L8 82y L8 m 282 ) pam 28082 g (LS8 282 416
ox ay ax ay dx dy ax dy

08, g2

3 ()
aV ax

2
M—== 4LM
x ay ) +

and therefore

3 3 3 3g2\’ ag1 0
L280  m %82 g s (8 p 82 2882
0x ay dax ay dy ox

This time use L(dgi/0x)+ M(3g2/dy) > —4 to obtain |[L(dg;/dx) + M(0g>/dy) +4| =
L(dg1/0x) + M(9g>/9y) + 4, and we have

1 3 3 3 3z \’ 3g1 0
242 M2 (128 882 pam 22 L . )
2 0x ay ax ay dy 0x

From Equations (7) and (8), we can see that the eigenvalues, A, are inside the unit circle and
(L, M) is indeed locally attracting. |

A direct application of the inequalities in Theorem 2.3 to the four models in Table 1 yields the
necessary and sufficient conditions for (L, M) to be a hyperbolic attracting fixed point presented
in Table 2.

3. 2-Periodic forcing

We introduce 2-periodic forcing into our model by having each parameter oscillate about its
original value by fractional amounts. Let a, b, ¢, d, e, and f be the maximal fractional oscillations
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Table 2. Stability conditions for the six-parameter two-species models given in Table 1.

Parameters giving stable carrying capacity, note B, C, S, T,L,M > 0 with

Model number B, C > 1 in Model III

1 4ST > BLT + CMS, LT + MS > ST, (4 — BC)ST > (2 — C)BLT + (2 — B)CMS

I 4ST > BLT + CMS, LT + MS > ST, (4 — BC)ST > (2 — C)BLT + (2 — B)CMS

1 4BCST > CLT + BMS, LT + MS > ST, (4BC — 1)ST > 2C — 1)LT + 2B — 1)MS

v 41+ 8)(1+T)>BL(1+T)+CM(1+S), LT +MS > ST, 4 —BC)ST+4(1+S+T) >

(2—-C)BLT + (2 — B)CMS + 2(BL + CM)

of L,M,S, T, B, and C, respectively. Model (1) becomes

x(t+1) =x(0g1 (B +e(=1"), CA+f(=1",S(1 + c(=1)), T +d(=1)",
L(1 +a(=1)", M1+ b(=1)",x(®),y(1),

Y+ 1 =y®)gB +e(=1)), C(L+f(=D),SA +c(=D),T(1 +d(-1)),
L(1 +a(=1)"), M1+ b(=1)"),x(®),y®)).

€))

To study the changing behaviour of our system as the fractional oscillations of B, C,S,T,L,
and M vary from zero to their maximal amounts, we introduce three bifurcation parameters:
o, B,y € (—1,1). We are particularly interested in the case where the two species differ only
slightly, as might happen after a mutation has occurred within one species. It is thus reasonable
to assume that each term in the pairs (L, M), (S, T), and (B, C) behaves similarly to fluctuations
in the environment, and the parameters «, 8, and y are taken to be the fraction of the maximal
oscillations of these pairs, respectively. This extends Equation (9) to our general, periodically
forced model for this paper, Model (10),

x(t+1) =x()g1(B,C,S,T, L, M, x(1),y(t)),

10
y(t+1) =y0g20B,C, S, T, L, M, x(1), y(1)), (o
where B = B(1 + ey (=1)),C = C(1 +fy(=1)), S = S(L + cB(=1)), T = T(1 + dB(~1)"),
L =L+ ax(—1)"),and M = M1 + ba(—1)").
In Section 6, we study the four 2-periodically forced versions of the models listed in Table 1
to illustrate specific examples of Model (10).
When

<x1> _ (XOgl(B(l +ey),CA+fy),SA+cp), T(1 +dB),L(1 + aa), M(1 + ba),xo,y0)>
yi)  \3og2(B(1 +ey),C(1 +fy), S +ch), T(1 4 dp), L(1 + aa), M(1 + bar), X0, o)

and

(xo> _ (xlgl (B(1 —ey),C(1 —fy),S(1 —cB),T(1 —dB),L(1 — aa), M(1 — ba>,x1,y1))
yo) — \0ig (B —ey),C(A —fy), S —cp), T(1 —dB),L(1 — aa), M(1 — ba),x1,y1) ) °

then {(xo, yo0), (x1,y1)} is a 2-cycle population for Model (10). Depending on the choice of param-
eters, 2-periodic dynamical systems may support attracting 2-cycles [7]. In the next section, we
obtain conditions for the asymptotic stability of the 2-cycle of Model (10) under the assumption
that the 2-cycle must, for small forcing, be close to the carrying capacity fixed point.

Similar to Franke and Yakubu [7,8,11,12], if the carrying capacity fixed point, (L, M), is the
source of a 2-cycle, we use the following definition to compare the average of the 2-cycle with
the unforced total biomass.
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DEFINITION 3.1 A 2-cycle, {(xo,y0), (x1,y1)}, of Model (10) is attenuant (resonant) if its average
total biomass,
Xo + Yo +x1 + )1
2 9
is less (greater) than the unforced total biomass M + L of the system [5,11].

A two-species population cycle of Model (10) is thus attenuant (resonant) if its average total
biomass decreases (increases) in the advent of periodic forcing. If {(xo, yo), (x1, y1)} is a 2-cycle for
Model (10), then {x, x;} and {yo, y;} are each 2-cycles for the individual x-species and y-species.
Analogous definitions of attenuance and resonance for a single-species 2-cycle of Model (10) are
provided below.

DEFINITION 3.2 A 2-cycle, {xo,x1} or {yo,y1}, of a single species of Model (10) is attenuant
(resonant) if its average value is less (greater) than L or M, respectively, the corresponding
component of the carrying capacity of the system [5,11].

Attenuant and resonant cycles thus refer to a decrease and an increase, respectively, in average
total population sizes.

4. 2-cycle population oscillations from unforced carrying capacity

Henson demonstrated that small perturbations of the food supply of a single species can generate
2-periodic population cycles of period two [14]. Later, Franke and Yakubu [11] showed that
small, 2-periodic perturbations of the carrying capacity and the demographic characteristic of
discrete-time, single-species population models produce 2-cycle populations. In this section, we
demonstrate that small, 2-periodic fluctuations of the six parameters in Model (1) can produce
2-cycle populations, {(xo, o), (x1,¥1)}, with xo and x; near L and yy and y; near M. That is,
(xo +x1 +Yyo +y1)/2 is near L + M. In a constant environment, this 2-cycle population reduces
to the carrying capacity fixed point.
We simplify the notation again and let

P(“?'x’y) = (a’ﬂ’ ‘}/’B’ C’S’ T7L9M’x’y)’
P(0,x,y) =(0,0,0,B,C,S,T,L, M, x,y),
in which case we can write P(0,x,y) = P(x,y). For a given set of perturbation values, & =

(o, B,y), maximal fractional oscillations, (a,b,c,d,e,f), and parameters, (B,C,S,T,L,M),
we define

— . 2 2
F,F":R; — R}
by

F~(P(a,x,y))
— Gh?(ley),C(]fylS(l('ﬂ)‘T(ldﬂ),L(lan)‘M(lhn() (x’ y))

2B(1-ey),C(—f1).S(1—cB),T(1—dB),L(1—aa). M(1—ba) (x, y)
_ <xgl(B(1 —ey),C(l —fy), S0 —cB), T(1 —dp),L(1 — ac), M(1 — bot),x,y)>
yg2(B(1 —ey),C(1 —=fy),S(1 —cp), T(1 —dp),L(1 — ac), M(1 — ba), x,y)
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and

F*(P(a,x,y))
— (;llﬂ1+zy)~C(l+fy),S(l+Cﬂ),T(1+dﬁ)~L(lm),M(|+ha) ('x’ y)>

28(]+cy),C(l+fV).S(1+Lﬂ).T(l+dﬂ),L(lau)‘M(l+hn) (x’ y)

_ (¥ B +ey), CA+fy),SU +cp), T(1 +dp), L(1 + ac), M(1 + ba), x, y)
T eBU +ey), C(+£fy),S(1+cp), T(1 +dB),L(1 + acr), M(1 + ba), x,y)

The orbit of an initial population, (xy, yo), governed by the 2-periodic model (10) is thus given by
(x0,¥0) —> F*(P(a,x0,¥0)) = (x1,y1) —> F~(P(et, x1,1))
= (X2,y2) — FT(P(et,x2,¥2)) = (x3,y3) —> - -+
In the absence of periodic forcing, F~(P(0,x,y)) = Ft(P(0,x,y)) = F(P(x,y)), which is
Equation (2). As a result, Model (10) reverts to the unperturbed system governed by Model (1)
and the carrying capacity fixed point of Model (1) remains a fixed point of Model (10), provided
that o, 8, and y are all zero.

The following theorem provides conditions sufficient for Model (10) to produce a 2-cycle that
is perturbed from the carrying capacity fixed point.

THEOREM 4.1 Suppose
JG(PO,L,M)) #0

and

L—==4+2
8x+8+

where all the partial derivatives are evaluated at P(L, M). Then, for all sufficiently small |«|, | B],
and |y |, Model (10) has a 2-cycle population,

JG(P(O,L,M));A%(MB& 082 )

{(xo = x0(e, B, ), y0 = yola, B, ¥)), (1 = x1(e, B, y), y1 = yi(e, B, y))}-

Furthermore,
lim xo(la, B,y) = lim xi(a,B,y) =L
(a,8,7)—(0,0,0) 'B v (a,8,7)—(0,0,0) ‘B v
ol )= lim 1@, B,y) =M
(Otﬂy)—>(000)y IB v (ot.B,y)— (OOO)y 'B v

and xo(at, B, ), x1(@, B, ¥), yo(et, B, v), and yi (a, B, y) are C* with respect to a, B, and y . If the
carrying capacity fixed point, (L, M), is asymptotically stable, then the 2-cycle is asymptotically
stable.

Proof Let
F(P(a,x,y)) = (F~ o FY)(P(a, x,y)).

To prove this result, we must determine the fixed points of the composition map

AAAAAAAAAAAAAAAA
AAAAA

FP,x, ) =|  a aaap a0 JOTVT U T U A

AAAAA

ygz(BCSTLMxy))

where B=B(1+ey), C=C(1+fy).S=S1+cp), T =T +dp).L=L(1+aa), M =
M1 +ba), B=B(1—ey),C=C1—fy),8§=S1—-cp). T=T(1—cp), L =L - aa),
and M = M(1 — ba).
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Note that F(P(0,L,M)) = (L,M). We must establish that when P(e,x,y) = P(0,L, M), the
eigenvalues of [DF (P(a,x,y)) — I»] are non-zero where I is the 2 x 2 identity matrix. Since
Model (10) reduces to the unperturbed system of Model (1),

DF(P(0,L,M)) = (DF(P(L,M)))?

by the chain rule. In the proof of Theorem 2.3, the two eigenvalues of DF (P(L,M)) are found
to be

1 9 9 ) 922\ > dg) 9
Ao = = 2+Lﬁ+Mﬁ:|: Lﬁ_Mﬁ +4LMﬁﬁ ,
’ 2 ax dy dax ay ay ox

where all the partial derivatives are evaluated at the carrying capacity fixed point. Because
Model (1) is competitive, the product (dg;/dy)(dg>/dx) is positive and the system does not
admit complex eigenvalues.
If JG(P(0, L, M)) is non-zero, then
981 082 981 082 981 082

2IM —— —= #£ 2IM — —= 4+ 4IM — —=
dx dy a dx dy + dy dx

and hence

9 95\ > 9 922\ > dg; 0
L2880 3282 o (128 _ 282 g 28082
ax dy ax dy dy ox

From here, we obtain

1 3 3 3 3g>\* g1 9
o428 282y (280 P82 4281082 4
2 ax ay 0x ay dy ox

On the other hand, if JG(P(0,L,M)) # (—2/LM)(L(dg;/dx) + M(dg2/dy) + 2), where all the
partial derivatives are evaluated at P(L, M), then

dgp d ad ad dgy 0
LM 882 oy P81 4 oy P82 | g s g 281082
ax dy dx ay dy ox

This leads to

and it is straightforward to check

1 9 9 9 922\ > dg; 0
Z 2+Lﬁ+Mﬁ:i: Lﬁ_Mﬁ +4LMﬁﬁ £ —1.
2 ax ay 0x ay dy ox

Therefore, all of the eigenvalues of DF (P(L, M)) lie off the unit circle and the theorem follows
from a direct application of the implicit function theorem [19]. ]

Since the carrying capacity fixed point is a hyperbolic fixed point of F(P(x,y)) when the
eigenvalues of its derivative matrix lie off the unit circle, the following consequence of Theorem 4.1
is immediate.
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COROLLARY 4.2 If the carrying capacity fixed point of Model (1) is hyperbolic, then for all
sufficiently small |«|, |8, and |y |, Model (10) has a 2-cycle population,

{(xo = x0(e, B, ), y0 = yola, B, ¥)), (1 = x1(e, B, y). y1 = yi(e, B, y))}-

where
lim  xo(a,B,y) = lim  xi(a,B,y) =L,
(er.8.y)—(0,0,0) v (@.B,7)—(0,0,0) 4
lim o, B,y) = lim o,B,7y) =M,
(aﬁ,yb(o’()’o)yo( B,v) (a,ﬁ’y)%(o’o’o)ﬂ( B.v)

and xo(a, B, y), x1(a, B, ¥),yo(a, B, y), and y\(, B, y) are C° with respect to a, B, and y. If the
carrying capacity fixed point, (L, M), is asymptotically stable, then the 2-cycle is asymptotically
stable.

By Corollary 4.2, Table 2 also describes parameter regions for the occurrence of an asymp-
totically stable 2-cycle in the four population models given in Table 1 under small period-two
perturbations of the parameters near the carrying capacity fixed point. In Section 5, we derive an
equation for the average total biomass of these 2-cycles.

5. Resonance versus attenuance: 2-cycle bifurcation from unforced carrying capacity

In single-species population models, small perturbations of a single parameter usually generate
either attenuant or resonant cycles but not both, whereas small perturbations in single-species pop-
ulation models of two parameters can generate both attenuant and resonant 2-cycles that depend
on the relative strengths of the fluctuations [11,14]. We demonstrate that small perturbations of the
six parameters in Model (1) generate both attenuant and resonant 2-cycles depending on the rela-
tive strengths of the fluctuations. As in the previous sections, we assume that the 2-cycle must, for
small forcing, be close to the carrying capacity fixed point and that the model is competitive. For
this 2-cycle, we derive a signature function, R4, for determining whether the average total biomass
is enhanced via resonance or suppressed via attenuance. We also define signature functions, Sy
and 7y, to determine how each individual species responds to the alternating environment.

When the carrying capacity fixed point, (L, M), of Equation (2) is hyperbolic, Corollary 4.2
guarantees that the 2-cycle solution of Model (10) may be expanded in terms of «, 8, and y as
follows:

<xo(05,,3, )/)) _ <L + %o(a, B, ¥) + xo13ay + X027 + x023BY + X0337> + Ro(, B, )/))
yo(e, B,¥) M+ So(e, B, ¥) + yoisay + y022 8% + yoa3sBY + yos3y? + So(e, B,y) )’
(11)

where

Ro(a, B, ¥) = Xo10t + X028 + X037 + Xona® + Xo120f,

Fo(e, B.¥) = yorot + Y02 B + yo3¥ + yor1e” + yoreB,

and

X015 X025 X035 X011, X0125 X013 X022 X023 X033,

Y01, Y025 Y03, Y011, Y0125 Y0135 Y0225 Y023 Y033
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are the expansion coefficients and Ry(«, B, y) and Sy(«, B, y) are the remainder terms. Since x,
and yg are C 3 with respect to «, B, and y,

li RO(a’ﬁ’ )’) . SO(O[,IB,]/)
m —_— = lim _ =
@By =000 a4+ B2+ 2 @By)—000) a? + B2 + y2

The expansion of the second point in the 2-cycle with respect to «, 8, and y is similar:

<x1 (a, B, )/)) _ (L + %1(e, B, y) + xiay + x128% + X138y + x13372 +R1(Ol,,3,)/)>

yile, B,y) M +31(a, B.y) + yi3ey + yimB” + y123BY + yizay? + Si(a, B, ) "
where 2
X, B.y) = xno + x2f +x137 + xine’ + xipep,
Si(e. B y) =y +yB +yizy + yine’ + yinap,
and

X115 X125 X135, X111, X112, X1135 X122, X123, X133,

Y115 Y125 Y135 Y1115 Y1125 Y1135 Y1225 Y1235 Y133
are the expansion coefficients and

. Ri(a,B,7) . Si(a, B,y)
m _ = lim _—_—
@p)—000) a2+ B2+ y2  @py)—000) a? + B2 + y2

The next two lemmas eliminate several of the coefficients in Equations (11) and (12) and
establish the following expression for the average total biomass of the 2-cycle:

xo(ot, B,y) +yolet, B,y) +x1(a, B,y) +yi (e, B,¥)

2
LM+ (xo11 + x111) -; (on +)’111)a2 n (xo12 + X112) ;— (vo12 +Y112)a’3
(013 + x113) + Go13 + y113) Ro(a, B,y) + So(a, B,y)  Ri(a,B,y) + Si(a, B,7)
+ > ay + 3 + > .

Similarly, the average biomasses of the individual populations of the x-species and y-species,
respectively, are given by

xo(a, B,y) +x1(a, B,y) _ 4 o + X111 5, . Xo12 +x112a,3 EUE + X113
2 2 2 2
Ro(e, B,y) + Ri(a, B,y)
_l’_
2
and
yola, B,y) ‘;YI(W,,B,V) — M Yoi1 -;ymaz n Yo12 ‘;}’1120[’3 n Yo13 ;)’11300/

S()(Ol, :37 ]/) + S](Ol, ﬂ’ ]/)
+ > .
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LEMMA 5.1 In Equations (11) and (12),

X02 = X12 = X03 = X13 = X022 = X122 = X023 = X123 = X033 = X133 = 0,

Yo2 = Y12 = Y03 = Y13 = Y022 = Y122 = Y023 = Y123 = Y033 = Y133 = 0.
Proof Whena =0,

<X0(0,l3, V)) _ <L + x02B8 + X03Y + X0228% + X023BY + 0337 + Ro(0, B, V))

¥0(0,8,7)) — \M + yo2B + yo3y + Y0228 + Y0238y + Yos3v? + So(0, B, ¥)

and

x10,8,y)\ _ (L+x12B +x13y + x12B8% + x13By + X113y + Ri(0, B, %)
v1(0,8,y) M +ynf +yi3y + yi2B* + yiBy + yi3y? + 510, 8,7) )

However, since « is the fraction of the maximal oscillation of the carrying capacities, the
ﬁxed pOIHtS Offlﬂ(lj:ey),C(H»j:/'y).S(li('ﬁ).T(lidﬂ),L\M andeB(lj:ﬂy),C(1+ifV),S(li(‘ﬂ),T(lidﬂ)\L,M are bOth (L’ M)' Thus’ fOI'

a=(0,8,y), we have F(P(a,L,M)) = (L, M), and hence

()CQ(O,ﬂ, V)) — (xl (0’ :3’ )/)) — (L)
Y0(0, 8,¥) 1(0,8,7) M)
This forces

Xop = X12 = X3 = X|3 = Xo22 = X122 = X023 = X123 = X033 = X133 = 0,
Y02 = Y12 = Y03 = Y13 = Y022 = Y122 = Y023 = Y123 = Y033 = Y133 = 0. u

By this result, the coefficients of the relative strengths of 8, y, 82, By, and y? in Equations (11)
and (12) are zero. The next result establishes that the sum of the coefficients of the relative strengths
of « in Equations (11) and (12) is also zero.

Lemma 5.2 IfJG(P(0,L,M)) # O, then
Xor + x11 = yo1 +y1 = 0.
Proof We have

_ fls(1+gy).C(1+fy),S(1+eﬂ),r(1+dﬁ).L(1+aa>,M(1+ba) (xo(a, B,¥),yola, B,¥))

() |
yl (a7 ﬁ’ )/) 23(]+gy)'c(1+fy)‘5(]+L»/3)‘T(1+45)'L(1+“Q)TM(1+},&) (xO (C(, ﬁ’ V), y0 (a? ﬁ’ V))
_ (xo(a,ﬂ,y)gl(é, C,S, T,i,M,xo(a,ﬂ,y),yo(a,ﬁ,y)))

AAAAA A

o, B,¥)2B, C, 8, T, L, M, xo(at, B, V), yo(at, B, 7))

where B =B(1+ey),C=C(+fy),8=S(1+cp)., T=T1+dp), L=L(l +aa), and
M = M(1 + be). Similarly,

(xo (a, B, V)) _ (J?B“W“w(,K.ﬁmlWUMM(,M) (xo(et, B, ¥), y1(a, B, V)))
yo(a, B,v) 2B(1—ey).C1~f).S(1—cB).T(1—dB).L(1—aa) M(1—ba) (xo(e, B,¥), y1(a, B, ¥))

_ (xl(ot,ﬂ,y)&(B,C,S, T,L,M,m(ot,ﬂ,V),yl(a,ﬂ,)/))>

yi(a, B,7)82(B,C,S, T, L,M,x;(a, B, 7). y1(et, B,¥))
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where B=B(1 —ey), C=C(1 —fy), $=S(1—cp), T =T —dp), L = L(I — aa),
M = M (1 — ba). Therefore,
_ dxo(e, B.y)g1 (B, C,8, T, L, M, xo(ct, B, ), yo(et, B, ¥))]
1=
dor P(oe,x,y)=P(0,L.M)
and
_ Olxi(e. B.y)g1(B.C.8, T, L, M, xi (e, B, 7). y1 (e, B, ¥))]
01 - 8“ k)
P(oe,x,y)=P(0,L.M)
and we obtain
0 ) 0 0
Xy =xo |1+ 288 +yolL 2L t+ar? 28 +bim 8L ,
X P Y lpam P(LM) OM | p )
0 0 0 0
X01 = X11 1+Lﬁ +y11Lﬁ —LILZﬁ —bL]Wﬁ .
X pm Y lpam OL |pr ) M |p )
Adding produces
g g
(o1 +x)L == + Qo + iDL — =0.
dx P(LM) dy P(LM)
Likewise,
= yo(er. B.¥)82(B. C. 8. T, L. M, xo(a. B.y). yo(et, B.¥))]
1=
Jor P(a,x,y)=P(0,LM)
and
dlyi(a. B, y)g2(B,C,5.T,L,M), x(a, B, y), 1 (e, B.¥))]
Yo1 = Ja
P(a,x,y)=P(0,L.M)
imply that
0 0 K] 0
yi =y (1+Mm 222 +xoM 222 +aLm 282 +om? 282
Y lpam 0X pm P(LM) M | pr )
0 0 0 0
Yor = Y11 1+m 222 +x11Mﬁ —aLm 282 _pm? 282
dy P(LM) ox P(LM) oL P(LM) oM P(LM)
Adding produces
d 2 0 2
(Yo -i-yll)Mi +(3€01+1611)Mi =0.
Y lpwm X | pzy
Solving Equations (13) and (14), we find
0g10g2 0g20g
(o1 +y11) <—————1 =0.
dx dy ax dy PLM)

795

and

13)

>

(14)
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Since ((9g1/9x)(982/3y) — (382/9x)(3g1/9y))|pw.my # 0, we have

Yo1 +yu =0.
A similar calculation yields xo; + x;; = 0. |
Let
sign((wy + v + w2 +v)B + (ws +v3)y)  ifa >0,
Ra=10 ifa =0,
—sign((w; +vi)a + w2 +v2)B + (ws +v3)y) ifa <0,
where
Xo11 + X111 Xo12 + X112 Xo13 + X113
W1:—7 W2:—? W3:—,
2 2 2
and
; __Your + Y111 v Yoz Y12 pa = 013 + Y113
1 = 2 ] 2 = 2 £ 3 = 2 .

Ra is the sign of a weighted sum of the relative strengths of the oscillations of the carrying
capacity fixed point, the individual carrying capacities, and the two arbitrary model parameters.
When u; = wy 4+ vy, uy = wp 4+ v,, and uz = w3 + v3, a compact expression for R is

Ra = sign(a(uio + uz 8 + uzy)).

Let
sign(wiot +wa 8 + wiy) ifa >0,
Sd =30 ifa = 0,
—sign(wja + w8 +way) ifa <0,

and

sign(via + v 8 + v3y) ifa >0,
Ta=10 ifa =0,
—sign(via + w8 +v3y) ifa <O.
Both S; and 7; are also the sign functions of a weighted sum of the relative strengths of the

oscillations of the carrying capacity fixed point, the individual carrying capacities, and the two
arbitrary model parameters. S; and 7; may be written compactly as

Sq = sign(@(wio + w8 + wiy)),
Ta = sign(a(via + v 8 + v3y)).

In the following result, we show that R, indicates when the 2-cycle is either attenuant or
resonant. Analogous results follow for S; and 7, which describe the individual responses of the
x-species and y-species, respectively, to a periodic environment.

THEOREM 5.3  Ifthe carrying capacity fixed point of Model (1) is hyperbolic, then for sufficiently
small |«|, |Bl, and |y|, Model (10) has an attenuant (a resonant) 2-cycle if Ry is negative
(positive).
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Proof Lemmas 5.1 and 5.2 establish that the average of the 2-cycle predicted in Corollary 4.2
satisfies

)C()(Ol, ﬁ» )/) +)’0(0l,,3, 7/) +.X1(C¥, ﬁ? J/) +)’1(Ol, ﬂ’ V)

2
Ro(, B,y) + So(e, B, Ri(a,B,v) + Si(x, B,
L+ M+ alna + wf +wy) + oler, 7/)2 o, B 7/)Jr 1(a, B J/)2 1(a, B J/).
Since
. Ro(e, B,7) . Ri(e, B,7)
lim _— = lim s
@)~ 000 a® + B2+ y?  (@py)—>000 a? + B2+ y?
and
li SO(asﬁs V) . Sl(a’ﬂ7 J/)
m _—_— — 1 — =0,
@)= 000 a® + B2+ y?  (@py)—>000 a? + B2+ y?
the sign of
xolee, p,y) +yole, p,y) +x1(e, B, y) +y1(a, b,
(@, B,¥) + Yol /33/)2 1@, B, ) +yi( ﬁV)_(L+M)
is the same as the sign of o (ujo¢ 4+ ux 8 + usy), which is R,. Thus, if
Xo(at, B, y) +yo(@, B, y) ;xl(a,ﬂ,y) +yi(.B.y) L+ M) >0,
then the 2-cycle is resonant and if
Xo(at, B, y) +yo(@, B, y) erxn(a,ﬁ,)/) +yi(e,B,y) L+ M) <0,
the 2-cycle is attenuant. |

THEOREM 5.4 If the carrying capacity fixed point of Model (1) is hyperbolic, then for all suffi-
ciently small |«|, |B|, and |y |, the x-species in Model (10) has an attenuant (a resonant) 2-cycle
if S, is negative (positive).

THEOREM 5.5 Ifthe carrying capacity fixed point Model (1) is hyperbolic, then for all sufficiently
small |a|, |8, and |y |, the y-species in Model (10) has an attenuant (a resonant) 2-cycle if T, is
negative (positive).

As demonstrated in Lemma 5.1, when both the individual carrying capacities, S and T, and the
two arbitrary model parameters, B and C, are fluctuating but the parameters L and M are constant
(i.e.aa =0,8 #0,and y # 0), the 2-cycle degenerates into a fixed point at the carrying capacity
fixed point. However, if the carrying capacity fixed point, (L, M), is fluctuating while the remaining
parameters are constant (o # 0, 8 = 0, and y = 0), Theorem 5.3 gives the following result.

COROLLARY 5.6  Ifthe carrying capacity fixed point of Model (1) is hyperbolic and the individual
carrying capacities, S and T, as well as the two arbitrary model parameters, B and C, are all
constant (B,y = 0), then for all sufficiently small ||,

(1) Rq = sign(uy) and Model (10) has an attenuant (a resonant) 2-cycle if u; is negative
(positive).

(i) S; = sign(wy) and the x-species in Model (10) has an attenuant (a resonant) 2-cycle if w;
is negative (positive).
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(iii) T4 = sign(vy) and the y-species in Model (10) has an attenuant (a resonant) 2-cycle if vy is
negative (positive).

Population models with six parameters which are 2-periodically forced are capable of
experiencing both resonance and attenuance. We formalize this in the following result.

COROLLARY 5.7 If the carrying capacity fixed point of Model (1) is hyperbolic, then for all
sufficiently small ||, |B|, and |y |, Model (10) has an attenuant 2-cycle and a resonant 2-cycle
for different choices of «, B, and y, provided that either u, or us is non-zero.

Proof Ifu, > 0,takea > 0,8 < —uja/uy,andy = 0. Then, ujo + u 8 + usy < 0,and Ry =
sign(a(uyo + up B + usy)) is negative. The 2-cycle is therefore attenuant. For a resonant 2-cycle,
take o > 0,8 > —ujo/up, and y = 0. If u, <0, take o > 0,8 > —uja/ur (B < —uja/uy),
and y = 0 to obtain an attenuant (resonant) 2-cycle. Similar arguments establish the rest of
the proof. |

Analogous results hold for Model (10) when considering the x-species or y-species separately.
In this case, either substitute wy, w,, and ws or vy, v», and v3 for u;, u,, and us, respectively,
in Corollary 5.7 to see that if either w, or ws is non-zero or either v, or v3 is non-zero, then
Model (10) is capable of generating both attenuant and resonant 2-cycles in the x-species or
y-species, respectively.

6. Signature functions for classical models

In this section, we use our theorems to study the impact of the combined effects of fluctuations in
the carrying capacities and in the arbitrary model parameters on the average total biomass of each
population governed by the models given in Table 1. Appendix 1 provides more specific details
for obtaining general formulas for Ry, Sy, and 7; in terms of g and g, and the partial derivatives
of g and gy, all evaluated at P(L, M). Unfortunately, each of these formulas is much too long to
be included, and for these reasons, we instead present some interesting results for the special case
where B=C,S=T,and L = M.
Under these conditions, the growth rate functions of Equation (3) reduce to

S—L
gl(B’ C’S’ T’L’M,X,y) = g <B’Sy-x + Ty) bl

S—L
8 B,C,S,T,L,M,x,y) =g (B,S, 2 x+y>,

from which it may be inferred that (S — L)/L must be close to 1 (with § < 2L) in order for a
subtle mutation to have occurred within the x-species, say. In this situation, the two competing
species share many common features, such as carrying capacities and intrinsic growth rates, as
could result from one species undergoing a mutation to produce a second competitive species
with very similar characteristics. For less subtle mutations, L could increase from below to almost
S and still maintain a positive carrying capacity in the model.

We observe what effects fluctuations in the parameters have on the total average biomass of the
system as well as on each species. The signature functions are computed in order to investigate
regions in the parameter space of attenuance and resonance of the 2-cycle which is perturbed from
the carrying capacity fixed point.
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In each model, the six constants a, b, c,d, e, and f are the maximal fractional oscillations of
the six parameters, while the parameters S,7,L, and M are also consistent with the general
periodically forced model (10). The arbitrary parameters B and C are regarded in the Logistic,
Ricker, and Beverton—Holt (with B, C > 1) models as inherent growth rates, but in the Hassell
model, they are more complicated and are taken instead to be demographic parameters.

Recall that each model given in Table 1 is assumed to be competitive at the carrying capacity
fixed point. This is realized if and only if dg;/dy and dg,/dx are both negative when evaluated
at P(L, L), the carrying capacity in this special case. Finally, we continue with the notation of
Model (10) by using

B=B(+ey(-1), C=CUA+fy(=D",
S=SU+cp(=D), T=TA+dB(-1)),
L=L1+ac(-1)"), M=M(1+ba(-1))

in the models.

6.1. Model I, Logistic

Both the carrying capacities and the inherent growth rates are 2-periodically forced in Model (10).
Using the classic Logistic model, we obtain

{— x(HOM —y() L+ y(t)S))
MS ’

—x(OM 4y L+ x(t)’r))
LT '

x(t+1) =x() <I+B<
(15)

y(t+1)=y(t)<1+C<1—

According to Table 2, the carrying capacity fixed point in a constant environment is
asymptotically stable as long as

4ST > BLT + CMS, MS+ LT > ST

and
(4 —BC)ST > (2—C)BLT + (2 — B)CMS.

In the special case when B = C,S = T, and L = M, these stability conditions become
4T? > 2CLT, 2LT >T? and (4—C*>T?> 22— C)CLT.
Using the fact that C, T, and L are positive gives
2T/L>C, 2L>T and (4—C»T > 22— C)CL.

For the Logistic model,

g1 _ & _CL-T1)
3y lpw.r) o P(L.L) - LT
and its competitive condition is thus
L<T.

Integrating this requirement into the above stability conditions gives

L<T<2L, C<2T/L, and(C—2)Q2CL— CT —2T) > 0.
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Note that 2CL — CT — 2T = 0 when C = 2T /(2L — T) and, since L > 2L — T > 0, we obtain

2T 2T
2<— < .
2L-T

Because (C — 2)(2CL — CT — 2T) = 0 is a concave up parabola in C, and C is less than the
larger horizontal intercept, it must be less than the smaller one as well. Thus, the stability and
competition conditions together reduce to simply

L<T<?2L and 0<C <?2.

Under these conditions, Corollary 4.2 predicts a stable 2-cycle in Model (15).

Since we are looking at the scenario where B = C, S = T, and L = M, we begin by considering
the case where the maximal oscillations in these pairs of parameters are also equal; that is, when
a=b,c =d, and e = f. The calculations discussed in Appendix 1 give

—4b°L
wp =V = (C——Z)z’
wy=vy =0,
—2bfL
w3 =V3 = m,
—8b°L
u = m,
u; =0,
—4bfL
uz = T—72
2b
Rd_51gn< <C 2oz+fy>>

Sd—SIgn< —5¢ <C 2a+fy>>,

T L 2b
4 = sign C—2 C_2a+fy .

Since S; = 7Ty, the resonant and attenuant properties of the two individual species are exactly
the same. On the stable region, C < 2. Thus, if there is no fluctuation in the inherent growth
rates (y = 0), then all three of the signature functions are negative on the stable region and we
get attenuance of each species as well as of the total biomass. In contrast, we observe a resonant
situation in the Logistic model when the fluctuations in the inherent growth rates are strong
enough, namely when « > 0 and

2b

Yy > f—(z— C)Ol

This is confirmed by Corollary 5.7.

Fluctuations in the components of the carrying capacity for the system (L, M), which is (L, L)
in our special case, are of paramount importance and should be investigated if they are fluctuating
differently. To study this case, we let c = d and e = f, but allow a and b to vary. This effectively
synchronizes the fluctuations of the intrinsic growth rates and of the individual carrying capacities,
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but not the fluctuations of the carrying capacities of the system. Here,

B 2(a — b)dTL?
~ (2L —-T)(CT +2T —2LC)’

Wy = —Vp

which forces u, = 0. This means that the resonance or attenuance of the total biomass is not a
function of the fluctuations in the individual carrying capacities. Instead, w, and v, are functions
of (a — b) and change sign when a = b. In particular, w, > 0 when a > b, assuming that we are
in the stable region.

When a # b, the relationship between w; and v, is more complicated. They become 2-forms
in @ and b and are equal when C = 2T (L — T)/(—4LT + T? + 2L?), which lies inside the stable
region. Their difference,

2L(a — b)(a + b)(QLAC + CT? — 2LT — ALCT + 2T?)
wp — vy =
e (C —2)Q2L — T)(CT + 2T — 2LC)

b}

also changes sign when a = £b and has a negative denominator in the stable region.

The quantities w; and v; are functions of a, b, C, T, and L, but if we restrict to a given hyperplane,
L = kT, the surface where u; = w; + v; = 0 is only a function of a, b, and C. Taking y = 0 and
L = 3T /4, the equation of the surface where u; = 0 is

a*C? + b*C? — 2abC? + 14abC? — 542C? — 5b°C?
+4a*C + 4b*C — 40abC + 48ab + 8b* + 8a*> = 0.

Figure 1 shows where the total biomass is resonant and attenuant within the stable region. One
observation from the graph is that when a and b have opposite signs and C is small, we can be in
a resonance region. Another observation is that the attenuance region is larger than the resonance
region and includes all of the cases where a and b have the same sign.

Figure 1. Regions of attenuance and resonance in the a, b, and C plane for the 2-periodic Logistic model when y = 0
and L = 3T /4.
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6.2. Model II, Ricker

When both the carrying capacities and the inherent growth rates are 2-periodically forced as in
Model (10), the classic Ricker model becomes

x(t+1) = x(t) exp [3 (1 _xOM—y(L A+ y(t)S)}

MS
—x(OM +y@®) L + x(t)T):|
LT ’

(16)

y(t+ 1) =y()exp |:C <1 —

From Table 2, in a constant environment, the conditions needed for the carrying capacity fixed
point to be asymptotically stable in the Ricker model are exactly the same as those in the Logistic
model. Since the derivatives at the carrying capacity fixed point are also identical, the stable region
for our Ricker model at B= C, S = T, and L = M is the same as that for the Logistic model:

L<T<?2L and 0<C <?2.

To see how two slightly mutated populations governed by a Ricker-type model respond to an
alternating environment, we let B = C, S = T, and L = M and then set the maximal oscillations
in these pairs of parameters equal; that is, a = b,c = d, and e = f. The calculations obtained
from Appendix 1 give

2b°L
c-2

wy =v; =0,

wy =V =

—2bfL
wy=v3=——,
3 )
4b°L
uy = s
Cc-2
uy =0,
—4bfL
u3 = —’
Cc-2
. 4bL
Rgq = sign o 20{(bcx -fv)),
2bL
Sy = sign (C — 2oz(boz —fy)) ,
. 2bL
T4 = sign c_ 2ot(boe -fv) -

The similarities between the Ricker model and the Logistic model continue with w3, v3, and u3
being the same for both models.

Once more S; = 7, and the resonant and attenuant dynamics of the two individual species are
exactly the same. As with the Logistic model, if there are no oscillations in the inherent growth
rates (y = 0), then all three of the signature functions are negative on the stable region (C < 2),
and we witness attenuance of each species as well as of the total biomass. Resonance is still
possible in Model (16), provided the oscillations in the inherent growth rates are strong enough.
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According to Corollary 5.7, this occurs when o > 0 and
yf > ab.

Since b is the maximal fractional oscillation and « is the fraction of the maximal oscillation in
the carrying capacity of the system, «b is the fractional oscillation in the carrying capacity of the
system. Similarly, yf is the fractional oscillation in the inherent growth rate. Thus, if > 0 and
the fractional oscillation in the inherent growth rate is larger than the fractional oscillation in the
carrying capacity of the system, then the 2-cycle of the Ricker model is resonant.

Oscillations in the components of the carrying capacity for this system, which is (L, L) in this
scenario, are of particular importance and, if they are fluctuating differently, should be investigated.
In this case, we let ¢ = d and e = f but assume that a and b can be different. The formulas for w,
and v, turn out the same as those in the Logistic model, where

2(a — b)dTL?

Q2L -T)(CT +2T —2LC)’
Hence u, = 0, and therefore neither the resonance nor the attenuance of the total biomass is a
function of the fluctuations in the individual carrying capacities. Note that the denominator is
positive in the stable region. From this formula, w, and v, are functions of (a — b) which change
sign at a = b, giving w, > 0 whena > b.

The relationship between w; and v, is no longer straightforward if a # b. They are 2-forms in
a and b and are equal when C = T/L, which belongs to the stable region. Their difference,

_ 4L(a—b)(a+b) (L —T)(LC —T)
~ (2L —T)(C — 2)(CT + 2T — 2LC)’

Wy = —Vp

wyp — Vi

also changes sign when a = £b.

As in the Logistic model, w; and v; are the functions of a, b, C, T, and L. Restricting to a given
hyperplane, L = kT, again reduces the surface where u; = 0 to a more manageable function of
three parameters, a, b, and C. To stay in the stable region, we must restrict 1/2 < k < 1, but the
surface retains its same basic shape for this range of k. Taking y = 0, there are four distinct regions,
two giving attenuance and two giving resonance. Taking y = 0 and L = 3T /4, the equation of
the surface where u; = 0 is

2abC — 6ab — a* — b* = 0.
Figure 2 illustrates where the total biomass is resonant and attenuant in the stable region. A

comparison of Figures 1 and 2 indicates that the regions of attenuance and resonance for the
Logistic model and Ricker model are very similar but not completely identical.

6.3. Model 111, Beverton—-Holt

If both the carrying capacities and the inherent growth rates are 2-periodically forced, as in
Model (10), the classic Beverton—Holt model becomes

BMS

B—-DMS +x(OM —y) L +y(1)S’
CLT

C—-DLT —x@OM+yOL+xOT

From Table 2, the carrying capacity fixed point, (L, M), is asymptotically stable in a constant
environment, provided

x(t+1) =x()

a7

yr+1) =y@)

4BCST > CLT + BMS, LT +MS > ST
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05 0 05
a

Figure 2. Regions of attenuance and resonance in the a, b, and C plane for the 2-periodic Ricker model for y = 0 and
L =3T/4.

and
4BC — H)ST > 2C — 1)LT + 2B — 1)MS.

Taking B= C,S =T, and L = M, these equations reduce to
4C?T? > 2CLT, 2LT >T?, and (4C>—1)T? > 2(2C — 1)LT.
Since C,T,L > 0, we have
2CT > L, 2L>T, and (2C—-1)(2C+ 1)T —2L) > 0.
Note that the Beverton—Holt model requires L < T for competition because

981
dy

_3g2 _L—T

P(L.L) - cr

P(L.L) ox

Hence,
L<T<?2L, L<?2CT, and Q2C-1)(2C+ 1T —-2L)>0.

The factors (2C — 1) and ((2C + 1)T — 2L) must have the same sign for stability. In the classic
Beverton—-Holt model, C > 1, which implies (2C + 1)T — 2L > 0 or, equivalently, C > (2L —
T)/2T. Inside the stable region,

2L-T L 1

0< < — < —.
2T 2T 2

Thus, the stability conditions together with the competition condition simplify to
L<T<?2L and C > 1.

Under these conditions, Corollary 4.2 predicts a stable 2-cycle in Model (17).
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We are investigating the case where B=C, S =T, and L = M, and as before, we start by
looking at the situation when the maximal oscillations in these pairs of parameters are also equal
(when a = b, c = d, and e = f). The calculations in Appendix 1 give

e (el )
MENE T e oy
wy =v; =0,
2bfCL
wy=vy= -
20— 1
86>CL(C — 1)
Uy =——"7~5 >
2C —1)?
up =0,
abfcL
Uy = ———"-,
20— 1
[ —4bCL [(2b(C — 1)
Rd—Slgn(zc_lot< 2C —1 0l+f)’))’
. [(=2bCL (2b(C —1)
Sy = :
d Slgn(zc-1“< 20— 1 a+fy))
. [=2bCL (2b(C — 1)
771—51gn(2C_1a< 2C — 1 0t+f)/>>~

Again, S; = T4, and the resonant and attenuant properties of the two individual species are
exactly the same. If there are no fluctuations in the inherent growth rates (y = 0), then all three
of the signature functions are negative within the stable region (C > 1), and we thus observe
attenuance in each species as well as in the total biomass. Attenuance is also possible when y is
non-zero, as long as o and y have the same sign. However, to observe a resonant response, o and
y must have opposite signs with

26(C — 1)

= al
fe2Cc -1

ly| >

This is implied by Corollary 5.7.

Next, we consider the situation where the components of the carrying capacity for the system,
(L, L) in this special case, might be oscillating differently, but the fluctuations of the remaining
parameters are synchronized. We fix ¢ = d and e = f, but allow a and b to differ. The simplest
result in this case is

B 2(a — b)dCTL?
T @QL-T)QCT+T —2L)’

Wy = —Vp

which has a positive denominator in the stable region. This gives u, = 0, which means that
the resonance or attenuance of the total biomass is not a function of the fluctuations in the
individual carrying capacities. Instead, w, and v, are functions of (@ — b) and change sign at
a = b, with wy > 0 when a > b. This is the same inequality we observe in both the Ricker and
Logistic models.

As with Models (15) and (16), the relationship in the Beverton—Holt model between w; and v;
is more complicated when a # b as they are again 2-forms in both a and b. They are equal when
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C=QL*- TZ)/ 2T (L — T), but, unlike the previous two models, this intersection does not lie
inside the stable region. Their difference,

2(a — b)(a + b)(—2CT? + 2LTC + T? — 2L*)CL
wy — vy = 5

(2C — DL —T)2CT + T — 2L)

changes sign only when a = b or when a = —b. Therefore, the only time w; = v; within the
stable region is at a = +£b.

The quantities w; and v; are still functions of a,b,C,T, and L. By restricting to a given
hyperplane, L = kT, the surface where #; = 0 reduces to one of three variables, a, b, and C. We
must restrict 1 /2 < k < 1 in order to remain inside the stable region, but we find that the surface
maintains a similar shape for these values of k. If y = 0, there are four distinct regions, two giving
attenuance and two giving resonance. Further taking y = 0 and L = 37 /4, the equation of the
surface where u; = 0 is

8a2C? + 80 C3 + 48abC? — 164> C? — 16b>C?
— 64abC? + 7a>C + Th*C + 22abC — 2ab — b* —a=0.

Figure 3 reveals the locations in the stable zone where the total biomass is resonant and attenuant
for k = 3/4. One observation from the graph is that when @ and b have the same sign, we are
usually (but not always) in an attenuance region. For instance, when C is close to 1, there are
positive values for a and b that give resonance. Another observation is that the resonance region
is larger than the attenuance region. This is opposite of what we observe in the Logistic and
Ricker models.

<05

T [ .
b 05 f“"r-jilél
1
Figure 3. Regions of attenuance and resonance in the a, b, and C plane for the 2-periodic Beverton—Holt model with
y =0and L =3T/4.
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6.4. Model 1V, Hassell

In the Hassell model, the B and C parameters are exponents. As a consequence, their roles are more
complicated than in the previous three models but can be thought of as demographic parameters.
When the carrying capacities and the demographic parameters are 2-periodically forced as in
Model (10), the classic Hassell model becomes

M1 + 8)F

M +x(OM =y L +y()S)B’
LA+ 7))

L —xOM+yO)L+x@®T)E"

x(t+1) =x(1)

18)

ye+1) =y

According to Table 2, the carrying capacity fixed point is asymptotically stable in a constant
environment whenever

40 +850+T7T)>BLA+T)+CM(1+S), LT+ MS > ST,

and
4—-BO)ST+4(14+S+T)> 22— C)BLT + (2 —B)CMS + 2(BL + CM).

In the special case where B = C, S = T, and L = M, these conditions simplify to
4(1+T)> >2CL(1+T), 2LT >T?,

and
(4 —CHT?* +4(1 +2T) > 2(2 — C)CLT + 4CL.

Because C, T, and L are positive, these conditions reduce further to
204+T)>CL, 2L>T,
and
0<4T? — C?T? 4+ 4+ 8T —2(2 — C)CLT —4ACL = (2T — CT + 2)(CT — 2CL + 2T +2).

For this Hassell model,
C{L-T1T)

981 _cae=-n
ren  LA+T)

dy

_ s

P(L.L) ox

and so its competitive condition must be
L<T.

Hence,

2T +2
L<T<?2L, C< L+ and (2T — CT +2)(CT —2CL + 2T +2) > 0.

For stability, the factors

Q2T —CT+2) and (CT —2CL+2T+2) (19)
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must have the same sign, but are zero when C = (2T + 2)/T and C = 2T + 2)/(2L — T). Since
T>L>L+(L—-T)=2L—-T > 0, we have

2T+2 2T +2 2T +2
< < .
T L 2L-T

Each factor in Equation (19) is negative when C is below the two surfaces, but note that C <
(2T + 2)/L and so we must be below the middle surface. Thus, C < (2T + 2)/T, and the stable
region is defined by

2T +2
L<T<?2L and C < ; .

Since we are considering the special case where B = C, S =T, and L = M, we start by taking
the maximal oscillations in these pairs of parameters to be equal (takinga = b,c = d, and e = f).
The formulas from Appendix 1 give

_ 2b’L(CT 4+ T°C —3T —T?> -2)

mEnE (2T — CT + 27 ’
2bdL
Wo)=V2= -~ ~>
2T - CT +2
2bfL(1+T)
W3 =V3 = ———————,
2T — CT + 2
_ 4BPL(CT +T?C —3T — T2 —2)
"= QT — CT +2)? :
4bdL
U = -~ ~>
2T —CT +2
4bfL(1 +T)
Uy = —————— =
YT AT —CT+2
, 4bL b(T + 1)(CT — T —2)
Ry = dB+f T+ 1y ) ),
d Slgn(ZT—CT+2a( —cry2 AT +)y>>
, 2L b(T + 1)(CT — T —2)
_ dB +f(T + 1
Sa Slgn(ZT—CT—i—Za( w—crya TP H/TEDY ).
, 2L BT + 1)(CT — T —2)
_ dB+f(T+1y)).
Ta Slgn(ZT—CT+2a( m—crr2  C TP +)y>>

Once more S; = 74, and the resonant and attenuant properties of the two individual species are
identical. Note also that no longer is w, = 0 = v,.

The signs of wy, v, and u; change from negative to positive as C goes from below to above
C=Q@T+T*+2)/(T*>+T) = (T +2)/T. Since (T +2)/T < (2T +2)/T, this sign change
occurs inside the stable region. With 8 = 0 and y = 0, we get attenuance in the stable region
when C < (T + 2)/T and resonance when C > (T + 2)/T. This is in marked contrast to what we
have seen in the first three models where only attenuance is observed. Since all of the remaining
wa, V2, Uy, W3, v3, and u3 are positive everywhere on the stable region, we get resonance in the
stable region provided that «, 8, and y are all positive and C > (T +2)/T.

Fluctuations in the components of the carrying capacity (L, M), which is (L, L) in our special
case, are of particular importance and should be investigated if they are oscillating differently.
We thus fix ¢ = d and e = f, but assume that a and b can vary. This Hassell model gives results
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that are quite different from those obtained for our first three models. In particular, u, # 0 since
wy # —V;. Instead,
2(a + b)dL
2T —-CT+2
which is positive in the stable region if a + b > 0 and negative whena + b < 0.
The relationship between w; and v, is also more complicated than those of the other three
models. This time both are different 2-forms in a and b and are equal on the surface:

2%)

_2L—-T*-2T
T O2L(L-T)

which cuts through the model’s stable region. Their difference,

2L(a — b)(a + b)(T + 1)(T? — 2CLT + 2T + 2CL? — 2L)
Wy — Vv = 5

(2L — T)(2T — CT + 2)(CT — 2LC + 2T + 2)

also changes sign when a £ b, meaning w; and v, are equal in the stable region if a = +£b.

Where u; changes sign is a function of a, b, C, T, and L. Unfortunately, when we fix a hyper-
plane, L = kT, the surface where u; = 0 is now a function of a, b, C, and T'. This would require a
four-dimensional graph to illustrate and so we cannot provide one. The equation for the surface is
a 2-form in a and b, but cubic in both C and 7. One can analyse u; to observe parameter regimes
in its stable region inducing both attenuance and resonance.

7. Conclusions

Many experimental and theoretical studies predict that single-species populations may either be
enhanced or suppressed by periodic environments [5,9,11,16,18]. We derived a discrete, two-
species, competitive, six-parameter model to investigate the effects of 2-periodic forcing of the
parameters. Our investigation supports these predictions by establishing parameter regions where
the total population is enhanced by the periodic forcing and other regions where it is suppressed.

Two of the parameters in the model give an interior fixed point which is globally attracting
in many example models and acts as the system carrying capacity. The next two parameters are
the carrying capacity of the individual species in the absence of the other. The remaining two
parameters can be quite general, but in our specific examples, they are taken either to be intrinsic
growth rates or to be more general demographic parameters.

The 2-periodic forcing is first realized by assuming that each of the six parameters has a
maximal fractional oscillation. Next, we introduce three bifurcation parameters, o, 8,y € (—1, 1),
in order to investigate the situation where the oscillations in the six model parameters range from
zero to plus or minus the maximal oscillation. These three relative strengths of the oscillation
parameters organize the six model parameters into three groups: the system carrying capacity, the
two individual carrying capacities, and the two arbitrary parameters.

We proved that small 2-periodic fluctuations are capable of supporting 2-cyclic oscillations of
the total biomass of the system and also of each species. We derived signature functions, R4, Sy,
and 7, for predicting the responses of the total biomass and of each of the two species to 2-periodic
fluctuations in the six parameters. Each signature function is the sign of a weighted sum of the
three relative strengths of the bifurcation parameters of the oscillations. Periodic environments are
deleterious for the total biomass and for each species when the corresponding signature function
is negative, but are favourable if the corresponding signature function is positive.

We applied these ideas to four models derived from the classic Logistic, Ricker, Beverton—Holt,
and Hassell models and observed both attenuance and resonance in each model. We also observed
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that changes in the relative strengths of these fluctuations can shift a system from attenuance to
resonance or vice versa. The resonance regions in the Logistic and Ricker models are quite similar
and considerably smaller than their attenuance regions, as opposed to the Beverton—Holt model
where the relative sizes of the regions are interchanged. The resonance and attenuance regions
for the Hassell model are more complicated to picture, but in some sense, resonance is a more
likely outcome than in the other three models. Special attention is paid to the situation where the
terms in each pair of the three groups of model parameters are equal and have the same maximal
oscillation. In this case, the two competing species share many common features as could result
from one species undergoing a mutation to produce a second competitive species with very similar
characteristics.

Our results indicate that the response of a population to a periodic environment is a complex
function of the period of the environment, the carrying capacities of the two species, the demo-
graphic characteristic, and the type and nature of the fluctuations. These relationships, which affect
the dynamics of populations living in periodic environments, are implicitly represented in the sig-
nature functions. Further investigations on these relationships and their biological implications
are welcome.
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Appendix 1

Here, we outline the derivation of the formulas for wy, wy, ws, vi, v2, and v3 which determine u1, uy, and u3. From these
coefficients, one may construct the signature functions derived in Section 5 in terms of (B, C,S,T,L,M), (a,b,c,d, e,f),
g1, 82, and the partial derivatives of g and g;. This appendix ends with proofs for Theorems 5.4 and 5.5.
‘We apply the implicit function theorem to
F(P(a.x.y)) = xg](léégf"iMxy)gﬂBC‘S’T[i/l;lxgﬂl?éS’f[A‘Mxy)ygz(lt}égf"iMxy))
HY) = vg2(B,C,8,T,L,M,x,y8)g:(B,C,85,T,L,M,xg\(B,C,8,T,L,M,x,y),yg2(B,C,8,T,L, M, x,y))

as in the proof of Theorem 4.1. The four linear equations found in the proof of Lemma 5.2 are solved to determine the
first derivatives of xo(«, B, ¥) and yo(«, B, v) at @ = (0,0, 0), which are

g1 0g gy 0g: 2 ( 9g1 9g: g1 0g: g g
L(arm (Yt — Se ) 4 py? (B ds — 20 00) o (a2 4 oM )

xo1 = ,
1,981 922 9g1 3¢ _ 981 98
2( e TM dy)+LM((TrTv - WW) +4
2 (981 382 _ 381 9% 921 382 _ 981 9% 922 g2
M(“L (WW_WE)'H’LM(WW_WW)_Z(“LE) + oM 3 ))
yor = ,

ag g 981 g g1 g
(L% Ml ) +om (e - ) 14

where all partial derivatives are evaluated at the carrying capacity fixed point.

Since
(xl (@, B, V)) _ <f15(1+ey),C(l+/‘v),s<1+cﬁ).r(|+1/ﬁ),L(|+na),M(1+ba) (xo(e, B, ¥), yo(at, B, V)))
yile, B,y) J2B(Ler). C1). S4BT +dB)L( +aay M (1bay K0 (2 By V), Yo (&, B, 7))
_ <xo(a B.7)81(B, C. 8.1, L M. xo(ct. B). yo (e, B, y)))
yoler, B, ¥)g2(B,C, 8, T, L, M, xo(ct, B), yo(at, B, y))
we have
5 Plo@p, ¥) 1B, C.8,T,L, M, xo(c, B, ¥).yo(et, B.¥))]
1 = Py ,
P(ot.x,y)=P(0,L,M)
oy Do B y) g2(B, €8, 1,1, M, xo(e, B, ), y0(t, B, )]
Vil = 902 .
P(ot.x,y)=P(0.L.M)
Similarly,
<x0(oz, B, V)) — <le(I—ey),C(lffV),S<l—rﬁ),T(l—dﬂ),L(l—aa),M(l—bu) (o(@, B, y), yi (@, B, 7/))>
Yola, B, y) sz(l—ey).C(lffy),S(1—L’ﬁ),T(l—dﬂ).L(l—aa)‘M(]—ba) (xo(e, B, ¥), y1 (e, B, 7))
_ <X1(a B v)81(B,C.5,T,L, M, x1 (@, B, ), y1 (@, B, y)))
i, B,y)g2(B,C, S, T,L,M,xi(a, B,y),y1(a, B, ¥))
implies
Dy — 3%[x1 (e, B, ) 81 (B, C. 8, T, L, M, x1 (e, B, y), 31 (et, B, ¥))]
011 = ) ,
P(a,x,y)=P(0,L,M)
o P y)gaB,C. 8T, LM, xi (e, B, y),y1(@, B, 1))
Yoir = 92
P(ot,x,y)=P(0,L.M)
Therefore,
g1 Il d 8
2(xo11 +x111) =2 <1 +L87> (xo11 +x111) +2Lf(yon +yin) +2 (2% +Lng]> 0 T2L— 9y 2 Yor
YN T TR aLd—wLbMEJr a2 8 8
dy xay ) OO aL M 3Ldx aMaox )

92 81 azg &2 33 81 2 3281 2 23281
4(al?*—2= + bLM —2— 2(a’L 2abL*M —>— + b*ILM?* —==
+ <a aray T M anay )00t ar T aLom + M2
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and
02> 8 8 2 0g2 3 2
20011 +y1i11) = 2M 2 (xony 4 x110) +2 (1 4+ M2 ) o114+ y111) +2M gx%1+2 zi"‘M% Yo
ax ay 0x2 ay ady
082 g , 9%
4 M—— 4 M
+ <3x M ey ) oo aLa aMox ) !

g2 g2 9%g , 0%
4(ar 8 £ Mm% 4 am bM
+ < o M om T M ey TP Saray )

a%g
2 (P M =22
+ < aL?

8%g 92
2 | 2abLM? m3 282,
BLdM M2
where all the partial derivatives are evaluated at P(L, M). Because we already have xo; and yo; interms of (B, C,S,T,L, M),

(a,b,c,d,e,f), g1, 82, and the partial derivatives of g; and g2, we can view these as two linear equations in xo11 + X111
and yo11 + y111. These are solved to form

Xo11 + X111 Yoi1 + i1 (xo11 + x111) + Gor1 + y111)
W= -5 Vi = ———, and uy = .
2 2 2
Similar procedures are performed to obtain formulas for
X012 + X112 Yoi2 + Y112 (x012 + x112) + (Vo12 + y112)
Wy = ————, =———" and wp=
2 2 2
as well as
X013 + X113 Yo13 + Y113 (x013 + x113) + (Yo13 + y113)
w3 = - vy = T — and u3z = 2 .

The signature functions can now be expressed in terms of (B,C,S,T,L,M), (a,b,c,d,e,f), g1,82, and the partial
derivatives of g; and g, via

Ra = sign(a(uio + uz B + uzy)),
Sy = sign(@(wia + wr 8 + w3y)),
Ta = sign(@(via +v28 +v3y)).

Proof of Theorems 5.4 and 5.5 Lemmas 5.1 and 5.2 establish that the average of the 2-cycle predicted in Corollary 4.2
satisfies the equation

xo(a, B,v) +x1(a, B, X011 +x X012 + X X013 +x Ro(x, B,y) + Ri(a, B,
o, B,y) +x1(e, B,¥) _p gt e Yt e Yot oo, B,y) + Ri(a, B,y)
2 2 2 2 2
Ro(e, B,v) + R (e, B,
— Lt awia+waB +wiy) + o(e, B,7) : 1, B )’)'
Since
. Ro(e, B,y) . Ri(e,B,y)
lim 21 /202 m 21 /22
(a.B.7)—(0,00) a* + B* 4+ y (a.B.7)—0,00) a* + =+ y
the sign of

xo(et, B,y) +x1(e, B, y)
2

—-L

is the same as the sign of a(wja + wp 8 + w3y ), which is S;. Therefore, if

xo(e, B,y) +x1(a, B,y)

—L>0,
2

then the 2-cycle is resonant, and if

xo(e, B,y) +x1(a, B,y)

—L <0,
2

then the 2-cycle is attenuant and similarly for Theorem 5.4. ]
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