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ot consume all the sheep? When a wolve consumes a sheep, it becomes
ger, and is more likely to breed and to produce more little wolves. The
predator system, thus, is inherently unstable.

at the whole world would swarm w1t

flev were not kent in check in the wav in which I know that viners are. Of a tru
Divine Providence does appear to be, as indeed one might expect beforehand, a wise

contriver. For timid animals which are a prey to others are all made to produce
oung abundantly, so that the species may not be entirely eaten up and lost; while

ou find in a hares belly, at one
yith fur, others quite naked, others

rutes brmgs forth young but once in her lifetime, and then a single cub; she cannot

possibly conceive again, since she loses her womb at the same time that she drops

her young. The reason of this is that as soon as the cub begins to stir inside the dam,
sclaws, which are sharper than those of any other animal, scratch the womb;

That’s where the last, when the DIFTT e_whole
Now with respect to the vipers and the wmged snakes of Arabla if they mcreased
theOry stands for as fast as their nature would allow, impossible were it for man to maintain himself
about 2500y upon the earth. Accordingly it is found that when the male and female come together,
at the very moment of impregnation, the female seizes the male by the neck, and
having once fastened, cannot be brought to leave go till she has bit the neck entirely
through. And so the male perishes; but after a while he is revenged upon the female
by means of the young, which, while still unborn, gnaw a passage through the womb,
and then through the belly of their mother, and so make their entrance into the

world. Contrariwise, other snakes which are harmless, lay eggs, and hatch a vast
number of young.25



POSSIble solutions to Herodotus
puzzle:

*Otherwise, It may happen that the system is actually unstable, but
migration between spatial patches is the stabilizing
factor. This is the possibility considered here. Why?




Yyie basic models for victim-exploiter system are
unstable.
Lotka-Volterra (1920’s)

When the sheep population
decreases, the wolves have no
food anymore

a=predator

b=prey

Phase
portrait
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S e  Density
vs. time

2 25 3

time (t)

| predator

00Tl VETISA H = \ b+ \oa — i In(a) — o In(b).

(0,0) (0,0) (/A ulA)

1d trajectories marginal stability !
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Species:

Random walk

=—pa+ Aab+n,(t) to extinction

=ob— Aab+ 7, (1)

Qi) Is the
chance  that
the system do
not hit the
walls until t,
and Is plotted
against t for
L S T several noise
RN a/71p/itudes.
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This model is “more” unstable! Even without
noise the oscillations grow until/ one of the
species gets extinct.




(O1d) Experimental demonstrations:
growing oscillations and extinction

g,

Gause 1935:Two protist species in
laboratory culture vials:
Paramecium grazes on algae in the

vials, Didinium preys on Paramecium
I

Srrielll Sysiter)s zire
zlc izl Lrsiz0lg, are of
;'f’/;' SIELIESN CIRCK UG
zlfirer z yirijle.

— ) n o
8 10 12 14 16
Time (days)

E. sexmaculatus (prey)
(a0yepaad) sijejuapioon - |

Huffaker's (1958) oranges:

& 3413 1048 10524 11014 1243 12027

6-spotted mite and
Typhlodromus

date (19535-1936)




.

N N

volumes: 30, 180, 270, and 750 mL. Subdivided microcosms, or **

Stable oscillations in large

microcosms typically
consist of arrays of
interconnected 30-mL
bottles, isolated 30-
mL bottles, or large
undivided bottles of
the same total habitat
size (not shown). The
predators and prey
both move freely
through the
interconnecting tubes.

" were groups of

nine or 25 linked 30-mL bottles (270 or 750 mL total volume). In arrays, predators and
prey persisted for 130 d (602 prey and 437 predator generations), at which point the
experiment ended. Predators went extinct in undivided microcosms of equivalent volumes
within a mean of only 70 d. Predators persisted for a mean of just 19 d in isolated 30-mL
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BACLeria playing rock-paper-
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SO0 Why there are stable

Prickly pear cactus — cactoblastis
cactorum (eastern Australia)

I I Y O

@
1

-

Sept 1927
first release o
Cactoblastis
\ Sactorom
| Y \_})

\ I
i ' - |
|Rd=E 1EES 1865 1875 [RRS 1895 J'.':'UE s 1923 435

infeszation rate:
1100 hectares per day

MILLIONS OF HECTARES INFESTED
S
L
«(5U0} o suonw) SSYWOIE

- 2200

—— Waolves

Lo
| —=— Moose L 2000 1800 1910 1920 1930 1930
*baged on an average of 620 lons per heclare

Al FIG. 4—Growth and collapse of prickly pear infestations 1900-1939. Sources: Survey data and
- 1 = [:I [:I estimates from Steele 1923; Dodd 1940; Johnston and Lloyd 1982.

B Experiments + theory suggest that it

500 has to do with the fact that the

N population is spatially structured, with

1955 1985 1975 1985 1995 2005 patches connected by migration.
Year But how ??




e wWriting was on the wall...
Nicholson 1933:

- ch have established new groups. s
EING & :3.1mull'a.nr:'=|_r1.m oscillation of the animals throughout the 'ﬁh!ﬂP envIron:
* ment, there are large numbers of independent local systems of oscillation, all
phases of oscillation being represented in the environment at any given time.
he fact that pa.m.sitea can dE'\relr.}]_:r only in areas in which hﬂafa QCOUT MEeans

'f-l.lliﬂl"-f._:[liﬂllﬂ"i'. t]lf- Pul‘ﬂsl 2 TRYe-toeoYer & 1aChion ﬂf t'}-lﬂ whole en-
vironment equal to the fraction of hUﬂtﬂ fh-t'l-t 18 EH.'ll‘l:I-luE..h but only need to cover
a much smaller fraction in order to find the surplus hosts. Therefore the density
of parasites, and consequently the density of hosts, necessary for balance under
the given conditions is much below the calculated values of the stea dy densities
of the animals.

Predator-prey system persist, even under the influence of 70/52, on
spatial domains connected by /7/grziiiorn due to
c/egyrictirornizaiior of different patches.

Nolse -+ Migraton -+ Desynchronization = staoility




Nicholson’s proposal -
two patches example:

1. I sthe two patches desynchronize, migration stabilizes the
oscillations:

2. Diffusion (migration)
between desynchronized
patches yields a flow towards
the fixed point, I.e.,
stabilization.

3. On the other hand, the
diffusion itself tend to

synchronize the two patches.




' tion'
'iu- niza
:a/l'l

I
gradients !




Jwo coupled LV patches

Viigration induced synchronization

0
=@, +Aab, + D(@, ~a,)

%bl = Obl _ﬁa1b1 + D(bz - bl)
al(t=0) =3

a2(t=0) = 1.5

b1(0)=b2(0) =1

D=0.2

Homogenous (invariant)
manifold



he challenge:

ind a mechanism that maintains
dESYyNchronization in the presence of migration,
hosallowing migration to be a stabilizer.

approach has remained elusive ....”
ence 290 1758 (2000)]

- I'and Pac

Wers:

The an

al heterogeneity
- * Environmental stochasticity
s Jansen’s mechanism

* Noise - nonlinearity induced stability.




bpatial heterogeneity- LV

o oa
%:—al+a1bl+D(a2—ai) — =02, + 43,0, + D(a, ~a,)

b ab =
Elzbl_aib1+D(b2_b1) —qubz_qa2b2+D(b1_bz) =&

Gray scale — -
later times are Same initial
darker. conditions for
both patches —
system initiated
on the invariant
manifold

Constant predator

phase Conver_gence

Between to _the fixed
point

demoi



ENvironmental stochasticity

0
%z—aﬁaibﬁD(az—al)

ob
El =b, —ab, +D(b,-b)

=-Qa, +ga,b, + D(a, —a,) g jumps
randomly

between 1.4
= db, —ga,b; + D(b, ~b,) and 0.6

oa,
ot
ob,
ot

SEINERRIE]
conditions for
both patches —
system initiated
on the invariant
manifold

Phase
oscillates Convergence
: f to the fixed
point

predator




Jansen’'s Mechanism

%)
=-a +ab +D(a,-4a) &Z_az +a,b, + D(a, —a,)

ot
ob ob
Elzbl_aitﬁ a—t2=b2—a2b2
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KeSUNIs. [rom Individual-bas

simulations

WU TPe0f any environmenta f differences,

TR CeITIS NIt even demographic

Wilson, de Roos, McCauley, Theor.
Pop. Bio. 43, 91 1993
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Figure &  ({a) Prodators aity (red) aod peoy bit) (hlue) densitios vs. time in &
simulation rmm on & 1024 = 1024 lattiss, with mndom initial distribortion, and rates
ool i 0.2 A = 1.0, and injtiel dersities a0 = 5(0) = 0.1. (k) Trajectary in tha
a4 plane from the simulation dets shown in (a), up to ¢ = 1000, [Colour ooline. )

stochastic Ity n

Fig. 2. Plot of prey and predator densities as a function of time for A =0.02, 7 = 0.006, u = 0.008, Upper panel shows simulations with
initial conditions near the fixed point. Here the system flows away from the fixed point. The lower panel shows the flow when the initial

conditions are set to be far from the fixed point. The converging behavior of the tajectories signals that the dynamics is attracted to a
limit cyele.

Kerr et. Al. , Nature 2006

Unrestricted: tragedy realized b Restricted: tragedy averted

== M3 I
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lf Prudant phage

Rapacious phage
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What is going on ?



LV patches

0 10000 20000 30000 40000 50000 60000 70000 80000
ot

Lifetime grows with diffusion -> appearance of an :ztiractive rnanifolcl.

What is going on ???



Noise and nonlinearity:

Noise induces
amplitude
differences.

+
Angular velocity
predator depends (0)4]
amplitude

desynchronization

15 2 25 3
predator

Phys. Rev. Lett.
98,

098104 (2007).



Unstable (NB) case: phase
iransition at finite noise

T T T T J
6000 8000

100000

80000

T 600004
‘ e o = A*exp[B/(D-D0)]
40000 . '\.%. . 0.00015 - D0 =0.00015

T T T T T T T 1
0.00002 0.00004 0.00006 0.00008 0.00010 0.00012 0.00014 0.00016

D




(bz - bl)_ w(r)a, +1,(t)

ob
: 8_'[2: D(bl—bz)_w(rz)az +17,(t)

15 2 25 3
predator

Colpled oscillators model for ADAV

Noise vyields finite distribution of r, NOW this
implies different angular velocities along different
trajectories. Thus <&°> acquires finite expectation
value, so does the “restoring force” on the invariant
manifold R.

This model supports all the 4 stability mechanisms.
May be used to classify the underlying stabilizer
using a-priory knowledge of model parameters or
aposteriori measurements of species abundance.

R=r,+1r r=r,—-r ¢=6,-6, 0=60,+6,

=—2DRsin2(%j+77R(t)

— _2Drcos?| 2 |+7.(t
- (2} 1, (t)

2 2
—r




10tka Volterra Vs. Coupled oscillators:
INTENIme as a function of migration rate

L otka-Volterra with additive noise Coubled oscillators

“Demographic
stochastisity”: LV
with discrete
agents, using
event-driven
algorithm. 1000
agents per site.




The skew shape of the average time to extinction
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Correlation length: 1D system- 64 patches
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ological effects
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Caneliisgiols

_Suggest that at least some victim-exploiter systems are unstable
n the well-mixed limit, and gain their stability due to migration

~a system only if it m_a_na%e to desynchronize. However,
hronization and stabilize the homogenous manifold.

heterogeneity, environmental stochasticity and
gils to explain the apparent stability of some
based simulations.

| systems and indi

ent angular velocity - does explain these

NB dynamics (unstable on a single patch) there is critical noise level
system becomes stable.

The wolf also shall dwell with the lamb ? ? wad ny ANt 2l

Only in a desyncronized, noisy and spatially extended environment, where
the angular velocitly is amplitude dependent....
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