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Abstract

In this paper, we revisit the dynamical interaction among prey (bird), mesopredator (rat), and
superpredator (cat) discussed in [Courchamp, F., Langlais, M., Sugihara, G., 1999. Cats protecting
birds: modelling the mesopredator releasedtif Journal of Animal Edogy 68, 282—292] First,
we develop a prey—mesopredator—superpredatr bird—rat—cat, briefly, BRC) model, where the
predator’s functionalasponses are derived based on thesital Holling’s time budget arguments.

Our BRC model overcomes several model construction problems in Courchamp et al. (1999), and
admits richer, reasonable and realistic dynamics. We explore the possible control strategies to save
or restore the bird by controlling or eliminating the rat or the cat when the bird is endangered.
We estabsh the existence of two tygeof mespredator release phenomena: severe mesopredator
release, where once superpredators are suppressed, a burst of mesopredators follows which leads
their shared prey to extinction; and mild mesopredatlease, where the mesopredator release could
assert more negative impact on the endemic prey but does not lead the endemic prey to extinction.
A sharp sufficent criterion is established for the occurrence of severe mesopredator release. We
also show that, in a prey—mesopredator—superpredator trophic food web, eradication of introduced
superpredators such as feral domestic cats in the BRC model, is not always the best solution to protect
endemic insular prey. The presence of a superpredator may have a beneficial effect in such systems.
© 2005 Society for Mathematical Biology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recent history indicates thatdhoceanic insular ecosystemseaextremely sensitive
to anthropogenic perturbation. Among those;cessful introduction of alien species is a
major cause of ecosystem perturbati@viljamson, 1996 on oceanic islands. Introduced
predators frequently have a dramatic effect on native pbegroond, 198) frequently
the cause of native species extinctioitKinson, 1989 Moors and Atkinson, 1984
Williamson, 199§. Many introduced species are highlyagptable, often find exceptionally
good conditions in these islandsgps, 1986, and encounter few pathogens and parasites
(Dobson, 1988 Such introduced alien predation is the major cause of 42% of island bird
extinctions in the past and a nwajfactor endangering 40% of currently threatened island
bird speciesKing, 1985. Among the most notorious and harmful introduced predators
are feral catd-elis catusand mongooseklagolestes auropunctatu€at and mongoose
have often been introduced in attempts to colmats, which generally reach ashore from
either hitching a ride on sealing or whaling boats or from shipwrelksofs and Atkinson,
1984), had a devastating effect on ground nesting birds and tree nesting birds, and prey on
eggs, chicks and sometimes the aduBapp, 2002 However, these introduced predators
often atack native prey @iamond, 1989Moors and Atkinson, 1984 which have no
anti-predation mechanism#lpors and Atkinson, 1984and have not co-evolved with
the intoduced predator (this is particularly true for seabirds, which must return to land
to raise their young, after nesting on islands). For example, feral cats are known to have
been introduced into at least 65 islands grand to be a major threat to many island birds
species Atkinson, 1989, and are responsible for the loss of numerous land and seabird
colonies, populations or even speci@dkinson, 1989 Rodriguez-Estrella et al., 1991
Cats also constitute a major threat to many endemic reptile species or subspataesl (
etal., 1993Caseand Bolger, 1991lverson, 1978and manmals Mellink, 1992 Spencer,
1991).

The feral domestic cat is a opportunistic predator, eating what is most easily available,
switching prey according to their relative spatial and temporal availabifitizgerald,
1988. When rats are more abundant than birds, reptiles or other mammals, the feral
domestic cats are known to prey largely upon them, whereas rats can constitute a smaller
part of the cat diet when birds, reptiles aher mammals are relatively more abundant
(Bloomer and Bester, 1998ogales and Medina, 1998logales et al., 1992

Invasive alien species interact with other elements of global change to cause
considerable damage to managed and nbsystems and to incur huge costs in society
(Mooney and Hobbs, 2000invasive species are a major cause of extinctions, second only
to habitat destruction, and they exact ataafsapproximately $120 billion per year in the
United States alondRussq 2004). In response, several measures have been developed and
deployed to control, contain or eradicate a &rdnge of invasive species in affected areas
(Zavaleta et al., 200Q1Invasive species eradication is an increasingly important component
of the conservation and management of natural ecosystésnaléta et al., 2001 Where
it is possible, eradication is the favored approatévéleta et al., 2001

The harm caused by the introduced predsibn oceanic islands is widely known, and
control programs are largely recognized as the best way to restore ecosyatkimsdn,
1988. Control of alien species has been mrnended by both theoretical and field
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conservationists. In many cases, introduced predators and preys both occur together. For
example atéast 80 islands have both alien cats and rats. Priority is then generally given
to the control 6 the predators, since they have the most direct and obvious short term
effects. Introduced feral cats have been thiejact of many control attempts. Eradication
of those alien cat populations is required in many cases, has often been tried and several
cat eradication programmes are currently underway (Eguychamp et al. (199%nd
references cited therein). Successful cat ieatthn has been repoddor severhislands
(Domm and Messersmith, 199®Rauzon, 198% However, the ecological context of
eradication is very complex and there is also evidence that, without sufficient planning,
successful eradications can have many undesired and unexpected impacts on native species
and ecosystems. For example, ‘Paradoxically, in some particular situations, the presence
of a controlled population of cats might be, at least temporarily, more beneficial to their
endemic prey than its eradication. Such is the case on many islands where rodents have also
been introduced’'Gourchamp et al., 1999Recently,Zavaleta et al. (2001deliberately
discussed the possible secondary effects #mtlt from the successful removal of invasive
species.

One typical impact among those resulting from the successful removal of invasive
species is the concept known to ecologistsresmpredator releaséSoule et al., 1988fol-
lowing superpredator (top predator) controfemoval (an example of a top-down trophic
cascade), which has been suggested as the cause of decline and extinction of some endemic
prey species. For example, it has been shown that the rapid eradication of cats could trigger
an explosive increase in the rat population after the removal, and then could lead to a more
severe negative impact on the endemic species. Such a expansion of rat population would
be more detrirantal for endemic small vertebrategSourchamp et al., 1999Attempted
reduction of the cat population of Amsterdam Island is alleged to have caused a compen-
sding rise in the number of rats and mice, and so has been abandG@oedchamp et al.,
1999. In short, the threat of mesopredator release following superpredator eradication is
very real and has been extensively report€drchamp et al., 199%€rooks and Soule,
1999 Rogers and Caro, 1998ogers and Heard, 2008oule et al., 1988

On the other hand, in some situations, the eradication of rodents first is necessary,
which, historically thought to be impossible, has been proven feasible and is how being
achieved regularly, even on relatively large island@laylor and Thomas, 1993Towns,
1996. However, the eradication of rodents such as rats and rabbits can cause problems by
forcing the superpredator (for example, cats) to switch prey, resulting in a brutal increase
in predation pressure on the endie prey species, as experienced by native stoats and rats
in New Zealand Murphy and Bradfield, 1992

It is reported Rogers and Heard, 20p@hat he mesopredator release is most likely
to occur in food webs characterized by (1) @fint predation with prey held well below
resource lintation, (2) lack of extensive omnivory, and (3) either low diversity of top
predators, or all top predators removed together. These conditions are generally met by
the landbird—mesopredator—superpredator system, in which a top predator feeds on two
species, one of which is also a predator on the thRRdders and Heard, 20RAlthough
many field conservationists are now aware of the existence of such complex relationships,
theoretical demonstration and chaterization is still lacking. In 199%ourchamp et al.
(1999) constructed a mathematical model of the interactions among a prey species,
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a megpredator species and a superpredator sgewihich are referred to below as bird,
rat and cat, respectively. The model is governed by the following system of ordinary
differential equations:

dB B B B

— =rnpB({1—— ) — R-— C

dt ~ P ( Kb> s+B"”" B1rR"™™

dR nons R R

— =rR(1- — C 1.1
dat r < leS+UsB B+ RMr , ( )
d_C —=r.C (1_ pbpur C ) 7

dt ur B+ upR

where it is assumed that the superpredator preys upon both the prey and the mesopredator,
and

e B(1), R(t) andC(t) denote the number of individuals at tirhi the prey, meopredator
and superpredator populations, respectively;
e Srepresents the quantity of non-avian food for mesopredators;
e I'y, Iy andr are the intrinsic growth rate of the prey, mesopredator, and superpredator,

respectively;

e 1p andns are the predation rate of the mesopredator on the prey and on other food items
(denoted byS) such as seds, leaves, invertebrates;

e Ky isthe carrying capacity of the environment for the prey population;

e upandu, are the predation rate of the superpredator on the prey and the mesopredator.

This theoretical work presents severalteresting features of direct concern to
conservation biology:

Conclusion 1 The presence of one predator only is sufficient to induce the extinction of
the endemic prey.

Conclusion 2 Whenboth the mesopredator and the superpredator are present, several
situations may arise, amng which is the case where the three species are present
with stable dynamics. Another interesting case is that both predator species can coexist
indefinitely, even after the eradication of the prey species.

Conclusion 3 The siperpredator causes the extinction of the mesopredator, but not of
the prey. The pesence of the superpredator may preclude the elimination of the prey by
the mesopredator. Inddition, the authors o€ourchamp et al. (1999)roposed that the
superpredator eradication practice should be carefully studied before its implementation to
prevent the mesopredator release effect.

Although the conclusions are plausible, the model formulatiod dj (s problematic.

For example fithe prey species is absent in the three-species system, itigmgdices to

dR T]sR
T RI122)
dt rr < S ) wrC,

dc /,ch
E_rcc (1— R )

where the predationfahe superpredator on the mesopredator depends only on the size of
the superpredator which is not natural or realistic. This situation also occurs in the case
when the mesopredator is absentirlj.
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Another serious drawback ol () is that it fdls to model the interference between
predator individuals, which has been suggested by large numbers of field and laboratory
experiments and observations (e@olman (1995). One significant component of the
predator—prey interaction is the predator’s rate of feeding upon prey, namely the so-called
predator’s functional responses. The consumption process is potentially influenced by
many factors; it is unlikely that one mathematical expression can describe the function
response in all systems. There are about 30 proposed equations for the functional
response (collections idost (1998). In (1.1), the predator’s functional responses are just
prey—dependent, i.eB/(S+ B) (predation rate by rat) and/(B + R) (predation rate by
cat) in the prey equation, ariR/ (B+ R) (predation by cat) in the mesopredator population,
which fails to model the interference between the predators.

In order to model the predators’ interference, the functional response must be predator
dependent. Many empirical and statistical studigsiditi et al., 1991 Dolman, 1995
Skalski and Gilliam, 2001show that predator dependeni the functional response
is very frequent in laboratory and natural systeniest and Ellner (2000)carried out
systematically statistical stugh and obtained significant evidence of predator dependence
in the functional response. Theoretical studies have shown that the dynamics of models
with predator-dependentfunctional responses can differ considerably from those with prey-
dependent functional responsé&s{ and Kuang, 200%

Oscillatory population dynamics is often observed in ecosystems that are subjected to
human disturbanceHwang and Kuang, 2003From this perspective, another possible
limitation of (1.1) is the lack of oscillatory dynamics.

Although the modell(.1) is problematic, the authors @ourchamp et al. (1999joted
the possible occurrence of the mesopredator release in its dynamics and gave the sufficient
criterion for that to happen in term of the control efforts. The authofSafrchamp et al.
(1999)also touched on the discussion of the control strategy to protect the birds. However,
the following impotantquestions are yet to be answered:

Question A: For a prey—mesopredator—superpredator system (without control), when can
the mesopredator release occur?
Question B: When it does occur, can it cause the extinction of the endemic prey?

In this paper, we will (1): develop a more realistic model of the prey—-mesopredator—
superpredator interactions; (2): obtaixpdicit conditions for the occurrence of the
mesopredator release phenomenon; (3): design control strategies to effectively restore
endangered endemic preys.

The rest of this paper is organized as follows.Saction 2 we derive he rat's and
the cat's functional responses based ondlassical Holling’s time budget argument and
formulate a prey—mesopredator—superpredator m&etion 3focuses on the equilibria
dynamics of this model. IrfSection 4 we systemcally investigate several different
control strategies to protect or to restore the endangered native bird species. In particular,
we establish the existence of two typeb roesopredator release phenomena in our
model: severe mesopredator release, where once superpredators are suppressed, a burst
of mesopredators follows which leads their shared prey to extinction; and moderate
mesopredator release, where the mesopoedatease could assert more negative impact
on the endemic prey but does not lead the endemic prey to extinction. A sharp sufficient
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criterion is established for the occurrence of severe mesopredator release. We also show
that, in a prey—mesopredator—superpredator trophic food web, eradication of introduced
superpredators such as feral domestic cats in the BRC model, is not always the best
solution to protect endemic inkar prey. In the discussion section, we examine additional
biological implications of our mathematical findings and state some biologically motivated
mathematical questions for future study.

Throughout this paper, extensive compudatl results are presented to illustrate or
complement our mathematical observations and findings.

2. Derivation of the model

For corvenierce, as inCourchamp et al. (1999we will frequently refer to the
indigenous prey population as the bird popuatirefer to the mesopredator population
as the rat population, and refer to the superpredator population as the cat population. For
simplicity, we will often refer to them as birdatand cat, instead of prey, mesopredator
and superpredator, respectively.

First, we derive suitable candidates for the rat's and the cat’s functional responses. We
will follow a classical Hdling time budget argumenBgeddington, 1975Holling, 1969.

2.1. Cat's functional response

We assume that the total time speby a cat for gathering food from both bird and rat is
T, whichcan be divided into four parts:

e Tcs: thetime spent by cat for searching bird and rat.

e Tchp the time spent by cat for handling caught bird.

e Tcnr: the time spent by cat for handling caught rat.

e Tcw: thetime wasted by cat for interfering with other cat.

The number of birds (rats) caught per cat is then proportional to the bird (rat) density
B(R) and the search time. Then

o the total number of birds caught per adicp) = acpB Tes,
e the total number of rats caught per q@c;) = acr RTes,

where

e wa¢p is the searching efficiency of cat for bird,
e g is the searching efficiency of cat for rat.

The cat has a series of choices when it captures prey: it may kill and consume the prey
immediately; or it may ‘play’ with the prey before killing or eating it; or it might also catch
prey to ealater (Fitzgerald and Turner, 2000For simgicity, on average, we assume that
the total time wasted for handling caught birds (rats) is equal to the product of the total
number of caught birds (rats) and the expected handlingtimgécn,) per unit bird (rat),
ie.,

Tenb = acbtchbB Tes, Tenr = tertenrRTes.
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The wasted timdl.y, can be partitioned further so that it is given by the product of the
number of encounters between cdtke) and the time wasted per encourttgr. Gererally,
cats living on dispersed natural prey do not form groups and typically live aldherf

et al., 2000. If the cats move randomlyce can be expressed as

Nee = acecTes(C — 1),

whereacc is the rate of encounter between cats, related to both their speed of movement
and the range at which they sense each other. The total time wasted due to encounters
between cats is then given by

Tow = aecTes(C — Ditew.
Hence,
T = Tes+ Tehb+ Tenr + Tew = [1 + acbtenbB + aertenr R + arcctew(C — 1)] Tes.

Consequently, the cat’s functional responses are

Neb _ cbB
T 1+ acptehbB + acrtenr R + arecten(C — 1)
N R

T 1+ acbtchnB + acrtenr R+ ctectew(C — 1)
2.2. Rat's functional response

When trere is no bird, rat can live on other food items such as seeds, leaves,
invertebrates and so on. In the following, wesume that the quantity of such non-avian
food is a constan®. The derivation of the rat’s functional response is similar to that of
the cat's. The parameters used to derive the rat’s functional response and their biological
meanings aréisted in the following table.

Paameters Biological definition

T the rat’s total time spent acquiring bird and non-avian food
Trs the time spent by rat for searching bird and non-avian food
Trhb the time spent by rat for handling caught bird

Trhi the time spent by rat for handling non-avian food

Trw the time wasted for interfering with other rats

rp the searching efficiency rate of rat for bird

of the searching efficiency rate of rat for non-avian food

arr the rate of encounter between rats

Nrb the total number of bird caught per rat

Nrf the total amount of non-avian food caught per rat

Nre the number of encounters between rats

trw the time wasted per encounter of rat

trhp the expected handling time per unit bird

trnf the expected handling time per unit non-avian food

Itis easy to obsere the fdlowing.

Nrb = Urp BTrS, Nl’f = orf STrSv
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Tehb = arbtrho B Trs, Tinf = orftrnf ST,
Trw = Nretew = or Trs(R — Dtew.
The total time of a rat spent preying bird and non-avian food is
T = Tis + Trnb + Trhf + Trw = (1 + arbtehb B + arf trnf S+ arr tew(R — 1) Trs.

By carrying out similar arguments as the prevous subsection, one can obtain the
following rat’s functional responses:

No _ B
T 1+ auptinbB + o tint S+ arrtew(R— 1)
N oS

T 1+ amtmpB + et S+ antew(R— 1)
2.3. The model

Let B(t), R(t), C(t) bethe densities of the birds, the rats and the cats, respectively. In
the absence of rats and cats, we assume that the birds’ growth obeys the simple logistic
growthlaw,

dB (1 B

dat K/’
wherer andK stand for thentrinsic growth rate and the environmental carrying capacity
of the birds, respectively. In the absenceaaf preys, the rats and the cats grow (decline)
exponentially:

dR dc

— = —dR, — = —dcC,

dt ' dt ¢
whered; andd. are the death rates of the rats and thhidsrespectively. In the following,
we assume that rats and cats consume the birds, the rats consume the non-avian food, and
the cats consume the rats according to tivecfional responses derived in the previous
subsections. Letyy, nif, nch @ndner be the conversion rates of prey biomass into that of
the corresponding predators. We obtain the following BRC model:

at K F(B,SSR G(B,RC)’
d_R _ nrbarh BR+ rlrfOlrfSR_drR_ acrRC ’ (2.1)
dt F(B,S R) G(B,R,C)
dcC NebchBC + neraer RC
— = —d.C
at et G(B,R,C) ’
where

F(B,S R) =14 amptpB + arfting S+ arrtew(R — 1),
G(B, R, C) = 1+ acptchbB + acrtehr R + acctew(C — 1).
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For simgicity, we rescale the parameters a J) by thefollowing substitutions:
arp arblrhb

8.1 - ) 8 = )

1+ arfteng S — orrtow 1+ arfteng S — ortow

arrtew

o =

1+ arfteng S — or tow

Qch Nch®cb NerQcer

a'2:71 Cl:77 02:71

1 — acctow 1 — acctew 1 — acctow

Nrb®rb nitS

bl - ) b2 = )

1+ arfteng S — orrtow 1+ arfting S — orrtow

Qcr

by = ———

1 — acctow

_ ochlchb B = ocrichr _ occlew
1- OlCCtCW’ 1- Olcctcw7 1- Olcctcw.
Then, the sgtem taks theform
dB _ms(1 B aaBR aBC
at K 1+8B+0oR 1+aB+BR+yC
dR  biBR+ bR bsRC 22)
d¢ 1+6B+oR ' 1+aB+BR+yC '
dC c1BC + c2RC
& _4c+ 1 + C2 .
ot 1+aB+BR+yC
If the bird and cat species are absentdr?), the rat equation reduces to

dR bR
W = 2 - dr R7
dt 1+0R

which is, mathematically, the same as the Smith single species growth ng&déh(
1963. If the rat or thecat is absent in2.2), then @.2) redwes to the so-called
predator—prey system with Beddington—-DeAngelis functional response, which has been
studied extensively in the literaturBgn and Kuang, 2004Hwang, 20032004.

To ensure ological relevance, we will assume th&¢0) > 0, R(0) > 0,C(0) > 0 and
all the parameters ir(2) arepositive.

3. Equilibria and their local stability

Before our systematic analysis &.¢), we present below some preliminary results such
as positivity, existence, and uniqueness without proof. They follow from some careful but
staendard mathematical arguments.

Lemma 3.1. For any B(O) > 0, R(0) > 0, C(0) > 0, (2.2) hasa uniquepostive solution
defined for all t> 0.

We now examine the condition for the exésice and local ability of boundary and
postive equilibria. The possible equilibria or steady states2o®)(arelisted below:

Eo: (0.0,0), Ev: (K, 0,0), Er : (0, %25%, 0),

’ (Tdr
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Erc : (0, R}, C3), whereR3 andCj solve

b2 b3C ~-0 R
1+0R ' 1+BR+yC 14+ BR+yC

Ebc : (B}, 0, Cj}), whereB; andC; solve

de = O; (3.1)

axC c1B

1-B/K)— ————— = —_—
" /K 1+aB+yC ’ 1+aB+yC

de = O; (3.2)

Epr : (BZ, Rg, 0), whereBZ andRg solve

aR . b1B + by
1+8B+oR 1+8B+0oR

Ebrc : (Bg, Rg, Cg), whereBg, R andCg solve

r(1—B/K)— d = 0; (3.3)

a R axC 0
1+6B+0R 14+aB+BR+yC
biB + by bsC _0
1+6B+oR ' 1+aB+BR+yC
c1B+ R
—d.=0.

1+aB+BR+yC
In order to determine the local stability of these equilibria, we calculate the variational
matiix of (2.2). After some straightforward addpraic calculations, we obtain

r(1— B/K)—

(3.4)

J(B, R, C) = (ajj)3x3, (3.5)
where
mlzr(l_g§>_ aR1+0R)  &C(1+BR+y0C)
K (14+6B+0R?2 (A+aB+BR+yC)2’
atpe — a1B(1+48B) apBBC
(1+8B+0R2  (14+aB+pBR+yC)%’
aB(l+aB + 8R)
a3 = — s
(1+aB+ BR+yC)2
b1R(1+0R) — R abzRC
a1 = + )
(14+6B+0R)2 (14+aB+ BR+yC)2 (3.6)
_ (b1B+bp)(1+6B) bsC(1+aB + yC) '
T (146B+oR2 ' (1+aB+BR+yC)?2’
Gps— — bsR(1+aB + B8R a31:c1C(1+ﬁR+yC)—aczRC
14+ aB+ BR+yC)2’ (1+aB+ BR+yC)2
. c2C(1l+aB+yC)—pc1BC
~ (14+aB+BR+y0C)2
aaz_%+(q8+qma+a5+ﬁm

(1+aB+ BR+yC)?
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The stability of equilibria(B*, R*, C*) is determined by the eigenvalues of the matrix
J(B*, R*, C*). For Eg, we have

r O 0
J(Eg) = J(0,0,00=|0 —dr O |.
0 0 —d¢

This yields the following theorem.

Theorem 3.1. (Ep) is always a saddle node and there cannot be total extinction of the
systen(2.2) for positive initial conditions.

Theorem 3.2. Ep = (K, 0, 0) always exists and is stable if

q b1 K + by q caK
"7 TIreK ©T 11 aK’
Er = (0, (b — dr)/(cd;), 0) exids if bp > dy and it is stable if

ro Co(b2 — dr)
1-— .
O<d’<b2( a1>’ de > o+ ploz— )

Proof. The conclusion directly follows from the fact that

_r_ _ a1 K _ aoK
K 146K 1+ aK
JE)=| o PKAE2 0
1+ 6K oK
1
0 0 Gt ek
and
r_ ag(by —dr) 0 0
ohy
(b1—5br)(b2—dr) dr (dr - b2) b3(b2—dr)
I(E) = _ 0
(&) T be otk + pbz— )
0 0 Co(bp —dr)

e ot + B(by —d)
Theorem 3.3. Assume that
Co(bp —dr)

d by, O0<d ,
r=" = C<Udr+,3(b2—dr)

then B¢ exids, where

e <Rj < b2 — dr .
C2 - ﬂdc Udr
Moreover, if
b b
C2y > bap, 0<dr <min{b2,E}_r_3’
oap ap

then E is locally asymptotically stable.
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Proof. Note thatE,; solves 8.1). Under the above assumption, one can show that the
following curves
_ G —d)R-odR? . (@—pdIR 1

bzd.(14 o R) ’ ydc Ty
intersect each other in the first quadrant of B¥C coordinate system and the coordinates
of the unique intersection are the last two componentaf
With the help of 8.1), (3.5 and @3.6), after doing some simple algebraic calculation,
we obtain

C

a1 O 0
J(Ere) = | @21 a2 a3
az1 as2 ass
where
a1R3 aC3
ajp=1r — - ,
1+o0R; 1+ BR;+yC3
a b1 R (1+ o RY) — 8z R3 absR;C3
2 (1+ o R;)2 (14 BR; +yCH?2’
o boo RS bsBR;C3 o — b3R5 (1+ BRY)
2T T @+ oR)Z T (14 AR+ yCHZ BT T AT AR +yCHZ
c1C5(1+ BRE + yC3) — ac2RECS o c2C5(1+ yC3)
1= . 2 = 5
1+ BR, +yC5)? (14 BR; + yC3)?
coy R3C3
a3 = — * *\2 "
We have
(rbg —azhy + azdr) + (rbzo —arhg + axdi o) Ry
a1l = <0,
b3(1+oRY)
boo R (b3B — coy)RECE
a2 +ag3z= — 3*2 ’ *y 3*32< .
(1+0oR9)*  (1+BR;+yC3)
bzcza Y R%"ZC:;k b3Cz R;Cék

. e >0,
22833 — 32323 (1+0R)2(L+ BR; +yCH2 ' (14 BR; + yC3)3

which implies that all the three roots of the characteristic equatiai{ Bfc) have negative
real parts. Therefords, is locally asymptotically stable. [

By carrying out similar arguments as that fiy., we derive he following sufficient
criteria for the existence and local asymptotical stabilitfggf and Ep,.

Theorem 3.4. Assume that
1K

0<d
SRS 1Tk
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then By exids, where

d
< - B; < K.
Cl—(xdc
Moreover, if
bar Kagby + axby — bar
C1y > aay, dr > maxiby — —,
1y = r= {2 a2 Kax$ + ap

then By is locally asymptotically stable.

Theorem 3.5. Assume that

biK +b ro . b
b2<d|r<i_|_78K2 or 0<b2<1—a—1)<dr<m|n{b2,?1}
then By, exigs. Moreover, if
a8 < byo, b1 > 8bo, dc > max{ﬂ, %} ,
o

then By exids and is locally asymptotically stable.

These theorems indicate that the simultaneous extinction of all the three populations
will never occur sinceEg is unstable. The bird population tends to its carrying capacity
in the asence of the alien populatiorts, while the rat tends to its carrying capacity
E; when there are no birds and salhe morenteresting scenarios include the possible
disappearance of the bird onlic), or the rdonly (Epc), or thecat only(Ey;). Numeical
simulations show that the bird, rat and cat can coexist together at an equiliBgdrfsee
Fig. 3.1(b)); the explicit expressions of its components are too complex to be presented
here (one can obtain them with the help of a Maple program). For the same reason, the
stability criteria forEp,c are also too complex to be presented. However, the deterministic
nature of the model allows us to carry out a systematic numerical study.

In addition to the above equilibrium dynamics, the systeh®)(can admit cyclic
dynamics. In some cases, the attractor can be a boundary periodic soRgtion
(B; (1), 0, C;(1)) (seeFig. 3.1(a)), while in some other cases, the attractor can be a positive
periodic solutionPyrc : (Bg (1), R (1), C5(1)) (seeFig. 3.1(c)). The dynamics of4.2) is
summarized inTable 1

Remark 3.1. In this section, we explored only the local stability of various equilibria.
The global dynamics of modeR(2) is conplex and very difficult to study analytically.

As mentbned above, the subsystem Bird—RAt) = 0 and Bird—Cat,R(t) = 0 are of
Beddington—-DeAngelis type. For these subsystems, the complete and elegant global results
of Hwang (20032004)apply.

Remark 3.2. Extensive numerical simulations suggest that both the boundary periodic
solutions andtte positive periodic solutions come from Hope bifurcations &ge3.3).
However, this is not obvious mathematically.
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(@)

e It 1 L L
0 50 100 150 200 250
time
(b)
8
— - bird
! - rat
6 N —cal
N
11 N ™ RIS SIS SSEs =
4H 1
[
AN}
g
0 N
0 50 100 150 200 250
time

Fig. 3.1. Possible outcomes &.p): (a) Py is an attractor, where the rat becomes extinct and the bird and the cat
coexist cyclicly. ¢ = 1, K =10,a; = 0.7,ap =1,§ = 05,0 = 05,0 = 06,8 =04,y =0.2,bl = 0.2,

b, = 0.5,dr =0.3,b3 =0.3,dc = 0.6,c1 = 0.7, cp = 0.1) (b) Epyc is an attractor, where the bird, rat and cat
coexist at equilibriumr(= 0.5, K = 10,a; = 0.4,ap = 0.9, = 05,0 = 05,0 = 06,8 =04,y = 0.2,

b1 =0.2,bp = 05,bg =04,cy =0.5,¢cp = 0.5,d = 0.3,dc = 0.7) (C) Pyrc is an attractor, where the bird,

rat andcat coexist cyclicly( = 0.5, K = 10,a1 = 0.4,ap = 1,§ = 05,0 = 05,0 = 06,8 =04,y = 0.2,

by =0.2,bp =05,dr =0.3,b3 =0.1,dc =0.3,c; = 1,cp =0.1).

In the following, we depict the parameter ranges for the dynamic scenari@s2pir(
thed,—d; plane. Define

Ape = 1(dr,do) : C1y > aap, dr > max{bz— t;izrv KaZbé:z;fzaz_ b3r}
0<dc<%},
Apr = {(dr, ) : @18 < byo, by > 5by, b2 (1— %) <O < %

dc > max{g,g}},
o p
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Table 1
Dynamics of bird—rat—cat model

1095

Existence Locally asymptotically stability
Eg no condition unstable (i.e., saddle-node)
b1K +b K
Ep no condition dr > 1 2, c > 1
146K 1+aK
ro
0<dr <b2(l—a—),
= by > dr 1
Co(bp —dr)
c> (V<
odr + B(by —dr)
dr < by Coy = bap,
co(by — d a b rb
B gogo 2029 0<d <min by, 23| 03
odr + By —dr) oa ap
C1y = aay,
K
Epc 0<d; < bar Kapby + ayby — bar
1+aK dr > maxqbp - —, ———=———
a Kapé + ap
b1K +b
by <d < :;.—}-(SKZ a18 < byo,
Epr C1 C
ro by > ébo, dec > max{ —, —

B

o

ro co(bp — d) }
Ar=1(dr,de):0<dh <b2|1——), )
' {(I‘ C) =% = 2( a]_> C>O'dr+/3(b2—dr)
a1b3 I‘b3

b2’—__

AI‘C = {(dr, dc) . Czy Z b3,8, 0 < dr < m|n{
oay ag
Co(bz — dr)

o +,3(b2—dr)}.

For (2.2), E;j is an attractor in4j, wherei = b, bc, br, r, rc. Fig. 3.2illustrates thed;, dc
parameter ranges for various extinction and coexistence scenarios with other parameters
fixed. It is clear thatd, and A, in Fig. 3.2 are dangerous regions for the birds since the
bird component of the attractor d2.Q) is zero. In other words, extinction in these regions
is inevitable for the birds.

In view of the above analysis arkdg. 3.2, we e that our criteria for the stability of
steady states have rodor improvement.

0<dc<

4. Control of alien species

The harm caused by introduced species ogamic islands is widely known, and control
programs are recognized as the best way to restore ecosysgtthimson, 1983. However,
the optimal strategy is not simple to find. In this section, we investigate the effects of
various controls of the alien predator species for mode)(

As in Courchamp et al. (1999)ve gpply control efforts on the rat population by varying
the artificially imposed death rajg and control efforts on the cat population by varying
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(a) parameters scenarios (b) bird bifurcation surface
2
4z R
. iy !
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15 A 7 ”Ilf'ng‘\‘:&x‘““ \
A
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SN )\
AN
- ity I;,};;;‘\:‘\}“\:x:“\\x‘
© 1\ AW
AN
A +? A
brc bc
05 Arc
0
0 0.5 1 1.5 2
d

r

(d) cat bifurcation surface

Fig. 3.2. Here = 0.8, K = 10,3y = 0.8,ap = 09,8 = 05,0 = 06,0 = 06,8 = 0.5,y = 0.8,b1 = 0.7,

b, = 1,b3 = 0.8,c1 = 0.8, cp = 0.55 and letd; andd; be parameters. (a) Parameter ranges for extinction
scenarios and possible coexistence. (b)—(d) Bifurcatimgrdms for the bird, the rat and the cat, respectively,
with dr anddc being the parameters. In the rest of thedc plane, i.e. Apc + ?, the lird, the rat and the cat can
possibly coexist at a positive equilibrium or coexist cyclicly.

the artificially imposed death rate.. The @ntrolled brd—rat—cat system takes the form of

dB—rB ,_B aiBR aBC

at K 1+8B+oR 1+aB+BR+yC’

dR biBR+ R bsRC

dR_ & 2R R- 3 —wR, (4.1)
dt  1+6B+0oR 1+aB+pBR+yC

dcC c1BC+ c2RC

— = —d.C — 1cC.

dt T TraBFpRI,C °

When we ircorporate the control effort of the rat and the cat into the natural death rate of
the rat and the cat, respectivel¥, 1) and @.2) arethe same. The qualitative analysis of the
dynamics of 4.1) is exacly the same as those Bection 3except replacingl, andd. with

dr + pr andd; + pc respectively, so the details are omitted here.

In the following discussiorkig. 3.2is helpful for us to understand the control strategy
of the rat or thecat in order to protect the bird.
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Fig. 3.3. A bifurcation diagram generdtey AUTO, using the parameter valueshig. 4.4c). See alsd-ig. 4.6

4.1. Protect the bird population by controlling the rat or the cat

First, we consider the casehen the birds are in danger:

ro Co(b2 — dr)
1— — .
O<d’<b2( ) °~ o0 + plba—dr)

ai
In this caseE; is an attractor. The rats have a low death rate while the cats have a high
death rate. The cats grow slowly. Consequently, the cats cannot effectively suppress the
rats. The rats have apid growth and exert a high predation pressure on the bigds.
is the attractor of4.1). The birds are thus in a very dangerous situatibimeorem 3.2
tells us that if we do not control the rats, the birds are doomed (see,Régg 4.1(a)).
In order to protect the birds, a effectiverdrol program shall be implemented. One can
observe that the control or the eradication of the cats cannot save or restore the birds since
any increased control effogic of the cats cannot alter the fact thgf is an attractor
of (4.1) (seeFig. 4.2(f)). The optimal and effective control strategy for protecting the
birds is to control the rats as much as possible. If the control is sufficient, for example, if
dr +ur > (1K +b2)/ (14 8K) anddc e > % the rats \ill be eventually eradicated
from the ecosystem and the bird population tends to its environmental carrying capacity
(seeFig. 4.1(d) and (f)); if the control is insufficient, i.ed; + wr < ba(1 — ro/a),
birds will die out (i.e.,E; = (0, (b2 — dr — ur)/(o(dr + ur)), 0) is still the attractor
of (4.1) (seeFig. 4.1(b) and (f)); if the control is mild such thdl, < dr + ur <
(b1K + b2)/(1 4 §K), then bids and rats will coexist anfty, is an attractor now (see
Fig. 4.1(c) and (f)). For this particular set of parameters, the extinction fate of the cats
cannot be altered by any control effort on the rats since the cats have a death rate too
high.
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(a) u=0, n =0 (b) =01, =0
15 15
bird — - bird
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(¢) 1,=0.4, u =0 (d) p=1, 1 =0
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\ rat 7 o rat
\ cat = — cat
5h\.. 5
7y
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(e) u=1.5,u =0 (f) parameters scenario and control strategies
10 = 2
4 i A A
bird br
o 4 - rat 150 KTt o el
cat e r
5 F,01
© ?
: 0.5 Arc Abr(:+ = Abc
ol 0
0 20 40 60 0 0.5 1 1.5 2
time d+

Fig. 4.1. Restore the birds by controlling the rats. (a) Both the birds and the cats will become extinct when there
is no control on the rats. (b) Insufficient control of thésraannot alter the fate of the birds. (c), (d) Sufficient
control results in the coexistence of the birds and tte (d) With the eradication of the rats, the bird population
tends to its carrying capacity. The fate of the cats is dooregdrdless of the rat control efforts. The parameters

in the above numerical simulations are= 0.8, K = 10,a; = 0.8,a = 0.9,§ = 05,0 = 0.6, « = 0.6,

B =05y =08bl=07by=1b3=08,cy =0.8,cp =055,d =02,dc =16.

Now, we investigate the following dangerous situation for the birds:

C2y > bgp, 0<d <min{b2,a1_b?’}_@’
oay ag

c2(bz —dr)
odr + B(by —dr)’

In this case, both the rats and the cats have a low death rate, and the cats have to spend
more time on interspecies interference than on searching and handling the caught rats (i.e.,
coy > bzp). In this case, the birds undergo predation pressure from both the rats and the
cats.Theorem 3.3ells us thatE,: is an attractor ofZ.2), which means that the birds will
become extinct and the rats and the cats coexistRgge 4.2and4.3(a) and (f)). In order

to protect the birds, we have seakcontrol strategies: control the cats, control the rats, or
control both the cats and the rats.

O0<d: <
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(a) u=0,p =0 (b) u=0, p =0.7
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(d) ur=0.7, uc:1 2
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Fig. 4.2. Restore the birds by controlling the cats first and then the rats. (a), (b) Control the cats only. After the
control, the cats are eradicated but the control is usédeestore the birds. (d), (€) Control both the cats and the
rats. The bird is restored em to its carrying capacity. The parameters used for numerical simulations are same as
those inFig. 3.2except thatdy = 0.1, d; = 0.5.

First, we disass the control of the cats. If we increase the ‘death rdtet e,
then, since the rats have lo#leath rate, one can observe titat will be the attractor
of the system. That is to say, the control of the cats has little effect in protecting the
birds. In order to protect the birds, along with a eradicative control of the cats, i.e.,
dec+uc > max{ci/a, c2/B}, an efective control of rats must be carried out simultaneously.
Mild control of the rats, i.e.b; < dr + ur < (b1K + bp)/(1 + §K), may resit in the
coexistence of the birds and the rats (§&g. 4.2(d) and (f)). If the control of the rats
is strong, say,dr + ur > (b1K + bp)/(1 + 8K), then he rats ae diminated from the
ecosystem and the bird tends to its carrying capacityeget.2(e) and (f)).

We now @nsider the control of the rats. After mild control of the rats, the system results
in the coexistence of the birghe rats andte cats, i.e.Ep¢ is an attractor (seleig. 4.3(b),
(c) and (f)). If the control effort is sufficient enough, séy ur > max{by, b1/5}, then the
rats are eradicated from the systend #imebirds and the cats coexist Bt (seeFig. 4.3(d)
and (f)). After the eradication of the rat, the control of the cat is more beneficial to the bird.
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Fig. 4.3. Restore the birds by controlling the rats first and then the cats. (a) No control of the rats or the cats;
the birds are in a dangerous situation: the birds becoriecexand the rats and the cats coexist. (b), (c) Mediate
sufficient control of the rats and no control of the cats: thedjirats and cats coexist. (d) Sufficient control of the

rats and not control of the cats: thegatre eadicated and the birds and the cats coexist. (e) Following the control

of the rats, the eradication control results in the faet the bird reaches its carrying capacity. The parameters
used for numerical simulations are same as tho$égn4.2

Sufficient control of the cat can help the bimcrease toward its carrying capacity (see
Fig. 4.3(e) and (f)).

4.2. Mesopredator release effect

Although in some cases, the control of cat has been proved to be effective in restoring
some endangered ecosystems, such strategiestuniversally applicable. In some cases,
it may cause a disastrous impact to marnhge natual ecosystems. The mesopredator
release effect is widely known to ecologistand it § one typical impact among the
results of eradication efforts of a superpredator. For the convenience of discussion, we
define two types of mesopredator release effestgere mesopredator releasehere
once superpredators (cats) are suppressed, a burst of mesopredators (rats) follows which
drives their shared preyirds) to extinction, andmild mesoprdator release where the
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Fig. 4.4. Severe mesopredatelease effect. (a)—(¢)= 1, K = 10,a; = 0.8,ap = 0.7, = 0.5,0 = 0.5,
o =06,8=04,y =02,b; =06,by =1,b3 =0.7,dc = 0.2,¢1 = 05,60 = 0.5,dr = 0.15,dc = 0.2,
wur = 0.1. (d)—(f) the parameters are same as thoségn3.2except thatd, = 0.38,dc = 0.1.

mesopredator release could assert negative impact on the endemic prey (birds) but does
not cause the extinction of the endemic prey.

In order to locate and understand the ctinds for the occurrence of mesopredator
release, let us start with some examplesdot), where the bird, the rat and the cat coexist
cyclicly or at an equilibrium (se&ig. 4.4(a) and (d)). In order to eradicate the cat from
the ecosystem, we increase the control effarfrom 0 tox = 0.2 and tken tou = 0.5.

This will eradicate the cats successfully (9€g. 4.4(b) and (c), (e) and (f)). After the
eradication of the cats, the birds are alsad@rated by the rats as a result of expansion of
the rat population resulting fro their predators being removed. That is to say, we have
theoretically proved the existence of the so-called mesopredator release effect.

We claim:

Severemesopredator release occursif dr < bp (1 —ro/ag).

Infact, if dr < bpa(1—ro/a1), the firal destiny of 2.2) is a tichotomy: the birds die out
and the rats and the cats coexist; or the birds, the rats and the cats coexist at an equilibrium
or cyclicly; or the rats survive and the birds and the cats die out. Although the birds,
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Fig. 4.5. Mild mesopredator release effect. (a) Bird, rat and cat coexist at an equilibrium. (b), (c) Increase the
control effortuc, then the cat are successfully eradicated. Althotigheradication of cats does not lead to the
extinction of birds, the rats keep the bird population size at a lower levek (.5, K = 10,a; = 0.5,ap = 0.7,
§=050=050a=068=04y =02b; =02by=05bg=09,¢ =050 =07,d =03,

dc =0.7)

the rats and the cats can coexist, the bird population density is usually very small and the
birds remain endangered. So, the control strategy to save the birds must be carried out. The
control or eradication of the cats is among the choices. If one adopts the control strategy to
eradicate the cats, whelg + ¢ > C2(d2 — dr)/(od; + B(b2 — dr)), Theorem 3.2ells us

that E; will be the attractor, that isotsay, thebirds die out following the eradication of the

cat. Severe mesopredator release occurs.

On the other hand, ifiy > bx(1 — ro/a1), from the theorems irSection 3and
Fig. 3.2, one can easily observe that, under any control strategies, especially the control
or eradication of the cat, the bird will not become extinct although it can be at a lower
level. That is to say, in this case, severe mesopredator release cannot occur.

The control or eradication of the cat does not always trigger severe mesopredator
release. In some cases, moderate mesapoedelease does occur (see for example
Fig. 4.5). Although the mesopredator release does not lead to the extinction of the bird, the
control or eradication of the cat is still detrimental to the bird since, after the eradication of
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(b) bifurcation curve with ur=0.85

(a) bifurcation surface
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Fig. 4.6. This figure shows that the control of the cat cagger a mild mesopredator release, and, in some cases,
it is positive to the bird. The parameters are the same as thésg.id.4c).

the cat, the rat put the bird species in a relatively lower level. However, in some other cases,
the @ntrol or eradication of the cat is beneficial to the bird (see, Eigs. 3.2and4.6).

5. Discussion

In this paper, we have developed a plausible mo2&) describing the dynamics of a
three-species prey—mesopredator-superpoedderadion. Our model overcomes several
model formulation problems arising in system (1.10ourchamp et al. (1999We show
that 2.2) can admit richer and more realistic dynamics than that of systeth Therefore
it provides much more information for conservation biology, especially for the design of
control programs. Based 08.0), our study of the control strategies shows that the fate of
the prey sensitively geends on both the superpredator control level and the mesopredator
control level.

Whend; < bz(1 —ro/ay), our findings strongly suggest that superpredator control or
eradication should be avoided since it will trigger a severe mesopredator release, which
leads to the extinction of thendemic prey (bird). This statement provides a set of reason-
able answers to the questions A and B posted in the introduction section. In the case of
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dr < b2(1—ro/a1), theoptimal control strategy is to control the rats as soon and as much
as possible, and the control effart must be greater tham(1 —ro/a1) — d;. Otherwise,

the control strategy cannot save the bird. After the sufficient and effective control of the
rat, one can control the cat further since toatrol of the cat is now beneficial to the bird.

Whend, > ba(1 —ro/ay), the bird will persist although the bird population size can
possibly be very small. Our suggestion is to control the rats first, then control the cats, or
to control the rats and the cats simultaneously.

In real applications, if the ecosystem on some island can be well described by
the prey—mesopredator—superpredator trophic web and the indigenous prey species is
endangered, in order to protect the endemic prey species, we shall carry out some well
conceived control strategy. First, we should determine the status of the ecosystem, i.e.,
determine the gameters in2.2), then study the qualitative dynamics of the system. Itis a
good idea to compute some diagrams simildfign 3.2and determine the positions of the
system in them. Then design the optimal cohsteateges based on thebave discussion,
policy restrictions, financial constrains and so on.

Our simulation work ked some light on the following interesting question: assuming
that in some ecosystems rats are present andagrable of driving the birds to extinction,
can one introduce a superpredator (e.g., cats) to ensure meaningful biological control?
This study suggests that the answer can be positive since the removal of cats may have
negative aspects on birds. However, their introduction cannot be lightly recommended
in most circumstances since real ecosysterasvary complicated and species are often
intricately linked.

A yet to beaddressed mathematical question 2:12Yis under what conditions all three
species coexist. This is the so-called persistence question. Global stability of the positive
equilibrium will ensure this, but it is much more difficult to work on. In this paper, we do
not study this topic since the persistence issue is not directly relevant to biological control
applications and the mesopredator release effect. An even more intriguing mathematical
guestion is whethe(2) is capable of generating chaotic dynamics. Our intensive but also
highly selective computational efforts so far fail to produce that.
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