N
N

N

HAL

open science

From the distributions of times of interactions to preys
and predators dynamical systems

Vincent Bansaye, Bertrand Cloez

» To cite this version:

Vincent Bansaye, Bertrand Cloez. From the distributions of times of interactions to preys and preda-
tors dynamical systems. Journal of Mathematical Biology, 2023, 87 (2), 10.1007/s00285-023-01925-5 .

hal-03183538v2

HAL Id: hal-03183538
https://hal.science/hal-03183538v2
Submitted on 18 May 2021 (v2), last revised 8 Jun 2023 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03183538v2
https://hal.archives-ouvertes.fr

From the distributions of times of interactions to
preys and predators dynamical systems

Vincent Bansaye* and Bertrand Cloez!

June 8, 2023

Abstract

We consider a stochastic individual based model where each predator searches
and then manipulates its prey or rests during random times. The time distributions
may be non-exponential and density dependent. An age structure allows to describe
these interactions and get a Markovian setting. The process is characterized by a
measure-valued stochastic differential equation. We prove averaging results in this
infinite dimensional setting and get the convergence of the slow-fast macroscopic
prey predator process to a two dimensional dynamical system. We recover classical
functional responses. We also get new forms arising in particular when births and
deaths of predators are affected by the lack of food.
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1 Introduction

Functional responses are widely used to quantify interactions between species in
ecology. The way functional responses arise at the macroscopic level and describe
population dynamics or evolution is a fundamental issue for species conservation or sta-
tistical inference of parameters. Indeed, their form influences the stability properties of
dynamics, their long time behavior or speed of convergence. The link between individual
behavior and macroscopic dynamics has attracted lots of attention for chemical reactions
and population dynamics from the works of Michaelis and Menten.

Macroscopic derivations from individual based model rely in general on a large pop-
ulation approximation of finite dimensional Markov processes describing the number of
individuals of each species, possibly structured in status (searching, handling...), space or
size. In this setting, Kurtz and Popovic [KKP14] obtain the classical Michaelis Menten
and Holling functional responses [Has13, AG12| in limiting dynamical systems and fluc-
tuations of processes around these limits. In our context of preys-predators interactions,
let us mention [DS13] which starts from a stochastic individual based model. They de-
rive a finite dimensional Markov chain and convergence to ODEs involving the classical
functional responses. In [CKBG14], a simple decision tree based on game-theoretical ap-
proach response is developed. Similarly, random walks and Poisson type process are used
in [AKF11] to describe functional responses. The reduced model counting only the total
number of preys and the total number of predators, without distinguishing their status, is
also classically derived directly from the macroscopic ODEs [JKT02, BDBS96, HDB97].
Again, it uses a slow-fast scaling and the associated quasi-steady-state approximation.
These Markov settings allow for justification of macroscopic equations in a context of
absence of memory of interactions. Indeed, the time for associated interactions are then
exponentially distributed, potentially up to the addition of the relevant successive state to
describe the interaction. For other kind of justification of the macroscopic deterministic
models with classical functional responses, we refer to [JC94, DMP*17, BGB*21]. Let
us also mention [AG12, BAH"22, DH20] for various stimulating applications.

Random times involved in ecological or biological interactions are in general non-
exponentially distributed, see [DKPvG15, BBC18] and references therein. Indeed,
handling or manipulation times may have small standard deviations compared to the
mean, while exponential distribution forces the value of variance once the mean is fixed.
Besides, foraging suggests that the probability of finding a prey eventually increases
with searching time for a given density of preys. Finally, as far as we see, these random
times seem to be distributed with one mode. The aim of this work is thus to consider
general distribution for the times describing interactions. We extend approximation
results relying on absence of memory and obtain a reduced model. We also obtain new
features due to the fact that mortality depends on prey consumption and times are not



exponentially distributed. This paper can be seen as a continuation of [BBC18] and
propose a mathematical framework for the derivation of macroscopic dynamical systems,
when the interactions are modeled by renewal processes. Each predator successively
searches during a random time and then manipulates during another random time,
which may include rest or other interactions. We assume that these time distributions
admit a density with respect to Lebesgue measure and are dependent of the prey density.
Extensions of the current approach to more than two status for predators would be
straightforward. We also believe that several type of preys could be considered with a
similar approach.

We consider an age structure which enables us to exploit a Markov framework for the
analysis. This Markov setting will be both useful for the construction of the process
and the study of scaling limits, in particular thanks to the generator and martingales
associated with. It consists in a classical extension of the state space of non-Markovian
dynamics. In this vein, we mention in particular the epidemiological models, where
age may be the biological age or infection age, or chemical reactions, where time of
reaction may be non exponential. For this latter, a recent related and stimulating work
[KKKR20] propose averaging results. But the interpretation of the age is different
and not density dependent. Furthermore, as far as we have seen, rigorous proofs are
not provided. In particular [KKKR20] does not deal with hypothesis required on time
distribution to make convergence of stochastic models hold.

Let us first describe informally the model. We write n; € N the number of preys and

ny € N the number of predators. Each predator searches (independently) preys during
a random time distributed as a random variable T's(n1). Typically the more n; is large,
the smaller Tis(n;) should be. At the end of searching times, one prey is caught and
the population of preys goes from n; to n; — 1. The predator which has caught a prey
changes its status and now manipulates during a time distributed as Ths(n; —1). Several
predators follow simultaneously and independently this dynamics, but they live with a
common number of preys and impact each other through this common resource. Besides,
each predator gives birth and dies with respective individual rates 7, (a) and 3, (a), which
depends on their status r € {S, M} and the time a from which they are in this status.
Typically, the fact that the predator does not find a prey make its death rate Bg(a)
increase with a. Preys also give birth and die, with fixed rates v and S.
We assume that the size of the populations of preys is of order of magnitude K; and
the size of the populations of predators is of order of magnitude Ko and that K; > Ko.
That means that preys are much more numerous than predators. A slow-fast dynamic
is considered : the time scale of prey-predator interactions is short compared to the
time scale of birth and death of predators and preys. It means that each predator eats
many preys during its life and, if a prey is not eaten by a predator then its life length
is comparable to that of predators, up to some factor. After scaling, we show, that the
couple of stochastic processes describing the quantities of preys and predators converge
in law in D([0,00),R?) as Ki, K> tend to infinity, to the unique solution (x,y) of an
ordinary differential equation:

where z is the quantity of preys and y the quantity of predators and ¢ is the death rate



of preys induced by predation and given by

1

) = BT + T @)

(1)

and v is the growth rate of predators including the gain from prey’s consumption and
defined by

B[ (s(a) = Bs(@)da + f ) (var(a) = Bar(@))da

v = E[T5(2) + T ()] - @

This limit theorem will be illustrated both by classical and new functional responses in
Section 3. We observe that the response ¢ of preys due to predatory is only sensitive
to mean time of interactions. It thus extends the exponential case to more general
distribution. At this macroscopic scale, for the population of preys, the distribution of
times involved in interactions plays a role only through its mean. In contrast, the growth
rate ¢ of the population of predators is in general sensitive to the other characteristics
of the distribution.

The fact that the time of interactions is both density dependent and non-exponentially
distributed leads us to extend the state space and consider rates of change of status
which are depend on the age in the current status and the number of preys. We
then exploit the generator and martingale problem and get also the age distribution
of predators. The problem arising is then an averaging in infinite dimension. The
strategy of proof follows the techniques developed in [KKP14] in finite dimension using
the occupation measure. The averaging phenomenon in finite dimension is classical
[KKP14, BKPR06, Cos16, MT12]. In infinite dimension, much less work has been done
up to our knowledge. Let us mention [MT12] which considers averaging with an age
structure and has also inspired this work. Two main differences appear in our context
: the age structure is due to interactions and the rates involved are not bounded, since
tail distribution of times may for instance decrease faster than exponentially. In this
paper, at the macroscopic scale the infinite setting reduces to a finite one describing the
number of preys and predators.

We consider a punctual measure whose atoms give the status and the age of predators,
which is the length of time since they have been in this status. Other relevant ages
could be added, in particular the time from the birth which would impact natality or
mortality. However, it seems superfluous at our stage. In our slow-fast dynamics, the
numbers of predators in each status are instantaneously at equilibrium. This enables
to reduce the infinite-dimensional model to a two-dimensional system of equations.
Following [Kur92, KKP14], the occupation measure I'®, given by I'(]0,t]) = fot dyxds
deals with the fast time component Y, here the predations. More precisely, for a
set A, T®([0,2] x A) represents the time that Y* spends in A. In our setting, YX is
the collection of ages and status and is thus defined as a punctual measure. Instead
of considering a measure whose atoms are punctual measures, we consider the mean
measure 'K ([0,t]) = fg’ YSK ds, which is enough for our purpose. Consequently, our

measure ' will not degenerate to some measure of the form fg dp(x,)ds, for some
function f, but tends to some specific distribution.



The paper is structured as follows. In Section 2, we present the model and main results
in more details. In Section 3, we provide examples and simulations and illustrate the
main results with different functional responses, classical or new. Section 4 is devoted to
rigorous construction and description of the objects and the proofs. It relies on stochastic
differential equations for punctual point processes and associated martingales. Finally,
the last section is a short discussion about motivations, extensions and perspectives.

Notation. We write ao € (0, +00] the maximal interaction age and
X ={S, M} x[0,an0),

the state space of predators endowed with the product o-algebra.

We denote by M(S) the set of finite measures on any topological space S endowed with
its Borel algebra. We endow 9t(S) with the narrow (or weak) topology: that is y, tends
to p if and only if for every continuous and bounded function f on S,

lim /fdun:/fdu.

For r € {S, M}, we write 7 the complementary status of r, i.e. the unique element of
{8, M}\ {r}.

We denote by C1P(X) (resp. C1P(U x X) and C1*([0,as))) the space of measurable and
bounded functions from {S, M} x [0, as) (resp. U x {S, M} X [0,ax) and [0,a~)) to R
such that f is continuously differentiable with respect to its second (resp. third, resp.
first) variable, with bounded derivative.

Finally, D(]0, T, Ry) stands for the Skorokhod space for cadlag functions, endowed with
its usual topology; see for instance [Bill3].

2 Model and main results

In this section, we introduce the assumptions and give an informal presentation of
our model. We also present our main result and detail some examples. A more rigorous
construction, some mathematical complements and the proofs are postponed in Section 4.

First, for convenience and sake of realism, we assume in the whole paper that birth
and deaths rate of predators are measurable and bounded (with respect to their age):

y = sup (vr(a) + Br(a)) < .
(r,a)e{S,M}xR4+

2.1 Interaction times

The random variables describing the interaction are denoted by T, (x) for a predator
which has been in status r € {S, M} for a time a € Ry when there is  preys. Working
directly with sequences of random variables is not practical. Indeed, the times are depen-
dent one from each other through the density of preys and have to be defined again once
a predation occur. A classical way to deal with this matter is the use of an age structure.
We thus write a,(z,a) for the (hazard) rates corresponding to the speed at which event
occur when a predator has been in status r during a time a. More precisely, we make the
following assumption in the whole paper :



Assumption 2.1. There exists as € (0,00] such that for any r € {S, M },
i) functions ay : [0,00) X [0, as) — [0,00) are continuous.
i) the random time for interaction T, (z) satisfies for any x > 0,

pr(fE,a) = ]P)(Tr(ﬁ) > a) — e foa ar(z,u)du

and
lim p,(z,a) =0, Va < aoo, pr(z,a) > 0.

a—0oo

iii) For any a >0, ag(0,a) =0, i.e. Tg(0) = oo almost surely.

For > 0, this assumption ensures that 7, (x) has a support (0,a~) which does
not depend on the density of preys nor of the status r (and no atom at the final value
a0 ). In particular, these random times are positive and finite almost surely (a.s.). When
there is no more prey (z = 0), the searching time explodes, which corresponds to ii3).
These assumptions could be relaxed at the cost of technicalities. We note that the mean
interaction time is

E(T-(z)) :/[0 )pr(ﬂf, a)da € (0, 00].

Let us also highlight that under the previous assumption, 7, () has non negative density
on [0, a), with respect to the Lebesgue measure, f.(x,-) and

_ fr(a, x) ‘
f[(ww) fr(u, x)du

ar(a, )

We do not assume that these interactions rates «,. are lower and upper bounded. Indeed,
for instance when the time of interaction has a finite support (a., < 00) or a subexpo-
nential tail, it is not upper bounded, even for a fixed number of preys. Let us detail some
classical distributions that will be captured in our setting:

e Exponential law: f(a,z) = Az)e *®® and a(a,z) = A(z), for some positive
bounded function A. This is the classical exponential setting with memory less
property for searching and manipulation.

e Log-normal distribution : f(a,z) = ———— ex <—M) for some positive

. 9 aa_(x)m p 20-(33)2 9 p

finite function o.
e Uniform law: f(a,z) = 1p1)(a) and a(a,z) = (1 —a) 1y y).
e Pareto law : f(a,z) = k(;r)(z(x)k(x)/a)k(x)IGZZ(x) and a(a,r) = k(r)/al,>.(y), for

some bounded functions k: N — (0,4+00) and 2z : N — (1, 4+00).

2.2 The stochastic individual based model

In this section, we introduce informally our discrete individual based model. A
definition using stochastic differential equations will be given in Section 4.

We write X (t) € N the number of preys at time ¢ and P(t) the set of predators at
time t. Each predator is characterized by a status r» € {S, M} and an age a € [0, aso)-
For each predator i € P(t), we write



e 7;(t) as predator status at time ¢, with r;(¢) = S meaning that predator searches
and r;(t) = M that it manipulates.

e q;(t) its age at time ¢, i.e. the time that he has already spent in its current status
7i(t).

Between two events, the age of predators grows at speed one :
VieP(t), ai(t)=1.

Each predator that has been searching for a given time a finds a prey with rate ag(a,x)
when the number of preys is . Then its status becomes M and its age 0:

(S,a) — (M,0) at rate ag(a,x),
and for the whole population, it causes the death of a prey

xr—>x—1 atrate Z as(a;, ).
i€P,ri=S

Similarly each predator that has been manipulating for a given time a switches to the
searching status with rate aps(a, z) when the number of preys is x:

(M,a) — (5,0) at rate aps(a,x).

Besides, predators may give birth or die with respective measurable rates v, and S,
which depend on their status r» € {S, M} and their interaction age a. We assume here
that the newborn is in status M with age O :

(rya) — (rya) + (M,0) at rate ~.(a).

This choice seems natural but may sound somewhat arbitrary. It will not have an impact
on the approximation result due to the fast scale. For the death transition, for each
predator

(r,a) — @ at rate [S.(a).

In the simplest case, 7,(a) and S,(a) depend neither on a nor on r. However, if a
predator occupies his status for too long, in particular if it does not find food for too long,
this affects his mortality or reproductive capacity. Besides hunting a prey and handling
one do not require the same energy. Staying for a long time in an activity requiring
energy without having any resources, regardless of its biological age, can have serious
consequences on the metabolism of the individual.

Finally, preys give birth and die with constant individual rates denoted by ~ and :

r—x+1 atrate v; x—x—1, atrate (.

All these events, with the associated rates, are summarized in Figure 1. The popu-
lation of predator is represented by a punctual measure Y (¢) = Ziep(t) Oiri(t),ai(t)) 3 S€€
[BM15] for details on modeling through Poisson point measure. We can define the dy-
namics more rigorously with the help of Poisson point measure. We then prove that under
Assumption 2.1, our model is well defined for any time, as soon as initially the age distri-
bution is not chosen arbitrarily close to the bound ao; see forthcoming Proposition 4.1
for details.



(X,Y - 5(i,M,a¢) + 5(i,5,0)) (X,Y + 5(°,M70))

Vi e P, 1ri:MaM(ai7 X) Tregsgft(:h (p?(j(ggt}tl)r)[vz P, Vrs (al)
pX v X
X 1,Y) <X ) X +1Y
( na)cural death ) Y natural bir(th )
(prey) (prey)
Vi e P,1,,—sas(a;, X)lcigzrﬁre (ﬁgﬁ{}r)lw € P, By, (a;)

(X -1, Y + 5(i,M,O) - 5(i,S,ai)) (Xv Y — 6(i,ri,ai))

Figure 1: Summary of all possible events. The rate of events are written near the arrow
of the event and the Dirac mass notation +d(; , ,) means the addition of the individual ¢
with status r and age a into the population and —d(; . o) means that it is removed.

2.3 Scaling and averaging

We introduce our scaling parameters K = (K1, K3) € (0,+00)? respectively for the
size of the populations of preys and the predators. These sizes are going to infinity.
Besides, in our scaling,
=%

tends to infinity. The rates for interactions are now density-dependent (rather than
population-size-dependent) and we set

AK

ozf,((a,x) = a,(a,z/Kq) (3)

for r € {S, M}. Birth and death of preys and predators (but the deaths of preys due to
predation) occur at a slower time scale and we set

BE(a) = \g'Br(a), ~E(a) = A\gtw(a),  BX =28, K =21, (4)

where (, and ~, are still non-negative and measurable and bounded functions and 3,y
are non-negative numbers.

To summarize, the population of preys is of order of magntiude K, the population of
predators is of order Ko, interactions occur at rate of order 1 but "natural” (in the sense
that that there are not due to interactions) births and deaths arise at rate of order 1/A\x.
To obtain existence of the process for any time ¢ > 0, we suppose that Assumption 2.1
holds for € [0,00). We note that the searching time may explode if the density of preys
vanishes and it can vanish if the number of preys explode, see forthcoming section for
examples. As in the previous section, the case when the number of preys is zero is a bit
special.

Let us now specify the admissible initial conditions.



Assumption 2.2. The initial number of preys and predators satisfy
XK(O) = LKlmOJa YK(O,M, {S,M},[O,aoo)) = LK21U0J7

for some constants xg,yo > 0.
Besides there exists ag € (0, ax0) such that YX(0,{S, M}, [ag, <)) = 0 a.s. for all K > 1.

The fact that initial population sizes of preys and predators are deterministic will be
convenient for proofs but could be easily relaxed. The fact that the initial age is not too
close to ass could also be partially relaxed using a domination of the tail distribution
and additional computations.

Under Assumptions 2.1 and 2.2, for each K = (K1, K3) € (0,+00)2, forthcom-
ing Proposition 4.1 ensures existence and strong uniqueness of the solution ZK =
(XK YE) of the system of stochastic differential equations (9-10) with parameters
af K BE K 3K given above. We consider now the accelerated and scaled process

defined, for all ¢ > 0, by

K K
For every T > 0, (Z5(t),t € [0,T]) belongs to the space D([0, T],Ry) x M([0,T] x X).

ZE@t) = (25 @), YE(t, dr, da)) = <1XK()\K7§), iYK(AKt,u,dr, da),> .
2

2.4 Main result

Our approximation result requires the following assumption on the interaction rates.
It involves the control of time distributions when the population density of preys belongs
to a compact set of (0,00). We set for r € {S, M} and K > 0,

a,(a, ) = inf ar(a,x), ar(a, )= su ar(a,x).
(6 K) z€(=1/K.K) (@2) (@) xe(—1/p/c,1C) ()

Assumption 2.3. For any K > 0, there exists a continuous function V : [0, ax) — [1,00)
such that limg_q_ V(a) = 400 and for r € {S, M},

/ V(a) (1 + @, (a, IC))eii Jow (&K ds gy o,
[0,a00)

We observe that this assumption ensures that E(7;(x)) is locally bounded on (0, o).
For r € {S, M}, we recall that p,(z,a) = exp(— [3’ (2, u)du) is the cumulative distri-
bution of the interaction times. We define

o(x) !

N f[O,aoo)(pS(L a) + py(x,a))da

()

P(x) = o(x) /[0 )((VS(Q)_/BS(G))pS(xaa)""('YM(G)_BM(C‘))pM(m’a))da‘ (6)

Let us refer to Equations (1) and (2) in introduction for an expression of ¢ and v in
terms of the random variables T, and the demographic rates. Our last assumption con-
cerns uniqueness of the limiting equation and the fact that the limit does not reach a
boundary (in finite time). For simplicity, we also assume here existence, but the limiting
procedure we prove would ensure existence up to this time when the process get close to
the boundary.



Assumption 2.4. The following system of ordinary differential equations,

P = (v B)e(t) - y(H)dz(t),
{y’<t> = YY), @

admits a unique global solution (z,y) € C*(Ry, (R%)?) such that (z(0),y(0)) = (zo,yo)-

The preceding assumption holds under classical regularity assumption and in partic-
ular, if ¢ and 3 are globally Lipschitz. Locally Lipschitz conditions are also sufficient
when the system does not explode in finite time. That is enough for our purpose. Our
main result can then be stated as follows.

Theorem 2.5. Let (z,y0) € (R%)?. Under Assumptions 2.1, 2.2, 2.3 and 2.4, the two
following assertions hold for every T > 0:

i) the process (EK (1), YK (t,{S, M}, 0, aoo))te[O,T] converges in law to (x(t), y(t))te[O’T]
in D([0,T],R%),

ii) for each r € {S, M}, the measure VX (t,{r},da)dt converges in law to the measure

yr(dt, da) = y(t)p,(x(t), a)p(x(t)) dt da
in the space M(]0,T] x [0,ac0)) endowed with narrow topology.

The fact that convergence of V¥ (¢, {r},da) hold on the associated Skorokhod space
is left open.

2.5 Behavior of the limiting ODEs

Writing A = v — 3, our main result gives a microscopic interpretation of dynamical

systems of the form :
{ d(t) = Ax(t) —y(t)e(x(t)),
y'@) = yt)o(x(t)).
Let us now consider some properties of the long-time behavior of this system, linked to
our motivations. A large literature exists on the topic and we refer e.g. to [MB14, Hsu05,
HS98] and references therein.
First, non-trivial equilibrium points (z*,y*) € Ry x R* of this system verifies

_G-fr
o) B

Uniqueness properties of such equilibrium may be delicate. In particular, the fact
that a — ~vg(a) — Bs(a), a — yp(a) — By(a) and mean times of interaction x
E[Ts(x)], E[Tar(x)] are decreasing do not guarantee uniqueness. The fact that v is strictly
monotone provides a sufficient condition.

The Jacobian matrix at this equilibrium is equal to

_ ((@(z*)/z* — ¢ (z*))y" —¢(a¥)

Consequently,

10



o if ¢'(x*) > 0 then Jy« ) admits two real eigenvalues whose signs are opposite,
consequently (x*,y*) is a saddle and unstable point;

e if ¢)/(2*) < 0 then either eigenvalues are complex conjugate or they are real with the
same sign. In any case, the sign of the real part of these eigenvalues are given by the
sign of ¢(x*) — ¢’ (x*)x*. Consequently, this point is stable when ¢(z*) — ¢’ (2*)z*

0, and unstable if ¢p(z*) — ¢'(x*)z* > 0.

In particular, for the commonly used function ¢ : = +— cx, for some ¢ > 0, (see
Section 3 for details), the eigenvalues have opposite signs or are pure imaginary (according
to the sign of ¢/(z*)). However, in this particular case, the long time behavior of this
dynamical system can be described through a first integral; namely a function that is
constant along the solutions of the ODE. More precisely, setting

log(x)
Lz, y) = log(y) — ey — / (e)du,

the function ¢ — L(x(t),y(t)) is constant along time. In particular, when the curve
L(z,y) = L(z(0),y(0)) is a bounded loop then (x,y) should be periodic.

3 Examples and numerical simulation

In this section, we consider some examples of dynamical systems which appear from
our approximation procedure. It can be easily seen that they satisfy our assumptions by
using V:a — af or V:a — (4o — a)~ 19 in Assumption 2.3, for some € > 0.

Recall that Ts(x) and Ths(x) are the random times for searching and manipulating
when the density of preys is . The death rate of preys induced by predation is

1
E[Ts(x)] + E[Ta ()]

¢(z) =

Note that it may be surprising that ¢ depends both on manipulation and searching time
although deaths of preys due to predation only occur after a searching time. However,
since predators necessarily change their status after catching a prey, the random times
between two prey captures are the sum of the time of manipulating and the time of
searching. Recalling that v, (a) (resp. (,(a)) is the birth (resp. death) rate of predators
which are in status r from time a and writing

Ar(a) = yr(a) — Br(a),

Ts(z) T ()
/ As(u)du + / A (w)du| .
0 0

We will present some forms of these functions from the more classical setting to the
more new ones. Up to our knowledge, the setting where ¢ and ¢ have a different form is
already less common.

the growth rate of predators is

(z) = o(x)E

11



3.1 Classical setting and functional responses : memory less interac-
tions

We assume in this section that the growth rate Ag and s of predators are constant
(they do not depend on age). Besides, we suppose that the mean manipulation time is
not density dependent : ¢ty = E[Ty/(x)]. Then

1 _ AsE[Ts(x)] + At

) = s i YT T Ems@)] i

= As + (A — As)tarp(x(t)).

In particular, ¢ and ¥ only depend on the law of Tg, Tjs through their mean. We recover
classical functional responses with usual supplementary assumptions that we detail now.
The limiting ODE becomes

{ d'(t) = Ax(t) —y(t)o(x(t))
y'(t) = Y@®)y(t) = Asy(t) + (Aur — As)tard((t))y(?).

In this last expression, interaction terms are given by ¢(x)y for preys and predators,
which correspond to a mass transfert (given by usual conversion of yield rate).

Let’s start by considering the working hypotheses with the least amount of memory.
It corresponds to constant birth and death rates and constant rate of change of status
(i.e. exponential times for each isolated events). Thus 7, = v,.(a), B, = 5r(a) and we we
can then introduce the growth rate of predators in each status r € {R, M} as follows:

Ar :’Yr_ﬂr-

For searching times, it can be justified with the hypothesis of rapid mixing of the preys
in the medium where predators live. In this section, we further assume that A\, Ap; > 0
and Ag < 0 to study the limiting ODE system.

3.1.1 Absence of manipulation and Lotka-Volterra form

When there is no manipulation ¢3; = 0 and E(Ts(x)) = 1/(cz) with ¢ > 0, we obtain
the classical Holling type I functional response and Lotka-Volterra form:

b(z) =cx, (@)= As.

Assuming the searching time is inversely proportional to the density of preys can be
justified when preys are supposed to be catch independently (minimum of exponential
variables has an exponential law whose parameter is the sum of the parameters). Note
however that the growth rate of predators is fixed and not linear here. Consequently, the
solution of the associated ODE leads to extinction of at least one of the two populations.

3.1.2 Manipulation and Holling type II

The case

1
ta > Oa E(TS(x)) = &7

where ¢ > 0 leads to Holling type II functional response (see [Has13, AG12]) :

CT CT

= =\ A — Ag )ty ——m.
o(z) Ty Y(x) = As + (A — As) M e

12



Constant (Ayr — Ag)to is related to the "yield constant” in microbial ecology, as in the
chemostat equation for instance. The limiting ODE is also related to the Rosenzweig-
MacArthur model. The difference between these two equations lies in the prey growth
term which is Az in our case and x(1 — z) (logistic growth) in the case of Rosenzweig-
MacArthur model. These difference is fundamental for the long time behavior. In par-
ticular, in our ODE system, there is a unique equilibrium point which is unstable. The
long time behavior consists then to extinction/explosion of the populations.

3.1.3 Rarefaction of preys and Holling type II1

If rarefaction of preys makes predators consider other species, one can let E(Ts(z))
be larger than c/x. Taking for instance E(Ts(x)) = 1/(cz?) leads to Holling type III
functional response (see [Has13, AG12]). This can be found using a modeling with several
species, as in [BBC18] for instance. This is not directly captured in our setting (to avoid
superfluous notation) but should work without difficulty.
In contrast with the models of the two preceding section, such assumption may lead to
a stable dynamical system. Indeed, when E(Ts(z)) = 1/(cz?), with £ > 0, then the ODE
system reads.

ca’

y 1+ tyreat

Y = Asy+ (Aur— As)tur

= lr—

C.CITZ

14 tyext

In particular, when ¢ > 1 the functional response is not a not convex. For this
dynamical system, there is a unique non-trivial equilibrium which is given by

1/¢ 1=t
a C)\MtM ’ ¥y = )\M )\MtMC M 57

Moreover, this equilibrium is exponentially stable when

As

(—1>——.
Am

We refer to Figure 2 and Figure 3 for a numerical simulation.

3.2 A first generalization : non-exponential time of interaction

We saw in the last subsection that classical functional responses arise easily when
searching times are supposed to be exponentially distributed. This can be justified
though independence and rapid mixing assumptions. Relaxing these two assumptions
leads different forms of functional responses. Keeping independence of prey catching but
assuming heavy tailed distribution of capture events can lead for instance to the form

E[Ts(x)] = 2~ /T <1 + i) . (8)

Indeed, from extreme value theory, the minimum of independent random variables nec-
essary belongs (asymptotically) to the Frechet, Weibull or Gumbel class of laws. Equal-
ity (8) is obtained through Frechet distribution Ts(z)~! ~ F(a, z/%,0).

13



40-
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b
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Figure 2: A sample path of the total number of preys and predator ¢ +—
(Z(t), Y(t,{S, M}, [0,4+00)) and the limiting ODE for the model described in Subsec-
tion 3.1.3 with K1 =500, K5 =50,4=2c=1,tg=1, vy =2,7% =0, By =0 Bg =1,
~v =2, =0 . The dashed line represents the ODE system and the solid line represents
the path of only one iteration of the individual based model. The blue lines represents
the predators and the red line represents the preys.

40-

predateur
1
2

0 2 4 6
prole

Figure 3: Phase portrait associated to the setting of Figure 2. In red we have the set
{(z(t),y(t)} and in black the set {(E(t), V(t,{S, M},[0,400))} for only one sample path
of the individual based model.
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Other laws can be genuinely considered. For instance, in [BBC18, Page 11|, preys are
supposed uniformly distributed in a space of two dimension and predators are supposed
to move directly, at a constant speed, towards the nearest prey. With this modeling then

the expected time is
1
ElTs(x)] = —.
Ts@)= =
In such case and more generally for models with spatially distributed preys considered
in [BBC18], the time for searching is non-exponential. Nevertheless, if we stick to this
set of hypotheses, apart from demonstrating a stronger convergence result than [BBC18]
(the convergence of a stochastic process), we do not provide additional keys for ecological

understanding based on our dynamic modeling.

3.3 A dome-shaped example

To simplify, let us continue to assume that Ag and Ay are constant and E[Ts(x)] =
1/cx. However, in contrast with the preceding model, we now do not assume that x —
E[Tys(x)] is constant. Indeed, in some ecosystems, the number of individuals and /or preys
affects the environment (creation of toxins, lack of oxygen, water resources, ...). These
effects can reduce the efficiency of the predators and increase their handling time. It then
may be natural to assume that = — E[Ty/(x)] is increasing. For sake of illustration, we
choose here E[Ty/(x)] = dzP. With this choice, we have

cx cdxPtt

o(z) = ¥ cdgp 1’ Y(x) = As + (Am — )\S)W'

Figure 4 and Figure 5 illustrate these two functional responses for particular param-
eters. In particular, we observe that ¢ is a dome-shaped function with maximum in
z = (edp) =1/ P+ and that 1) has a rather radical form.

100+

Figure 4: Plot of the functional re- Figure 5: Plot of t2he functional re-
sponsegb::zHH% sponseq/J:a:»—>1ji7

From the results of Section 2.5, we can show for this example that the ODE system
has again a trivial behavior (namely extinction and/or explosion of the one of the two

populations).

3.4 Influence of the distribution of the time of interaction

Our main result states that, at the first order approximation (i.e. the deterministic
limiting ODE without considering random fluctuations), the death rate of preys, induced

15



by predation, only depends on the interaction time distribution through its mean. Namely
the form of ¢ only involves the expectation of the interaction times. In particular, assum-
ing a Markov model, that is exponential law for these times, implies the same functional
response ¢.

Notwithstanding, the growth rate of predators depends on the whole law of the times
of interactions. Indeed, the births and deaths of predators depend on the times of search-
ing and manipulations in a non trivial way.

Let’s give an explicit example. Assume that for some A, B,C > 0, we have for a > 0,

)\5(61) =—A+ Be_Ca.

This models that the more a predator searches (without finding), the less it reproduces
and/or the more easily it dies.
Let us assume that Ts(x) is exponential distributed with mean 1/cz, we have

Ts(x)
E [/ )\S(u)du] :—é—}- B
0

cx cx+C’

and, as in the setting of Subsection 3.1, we can recover below two classical forms without
directly assuming a conversion of prey into predators.

3.4.1 Case without manipulation

When there is no manipulation, we have

cr
() = cx, P(x) = (—A + ch n C) As.
In particular, ¥(z) —z—0 —A and ¥(x) =400 tarB. That is ¢(x) behaves as exactly as
in the Lotka-Volterra model in contrast to ¥ which evolves as an Holling type II response.
This model is relatively close to Lotka-Volterra.
In Figure 6 and Figure 7, we simulate a path of our individual based model with the
associated ODE system :

/

= Az —yx

222y
y o= —ylt)+

1+

Indeed, we used the following parameters:

K; =1000, K3 =50, c=1, yg(a) =2¢"%, Bs(a)=1, y=3, =0.
Then A =2,B=1and C = 1. As the Lotka-Volterra system, this new ODE system
seems to have a stable orbit.
3.4.2 Case with constant manipulation (another dome-shaped response)

With constant manipulation time ¢;; and constant growth Aps, we have

cx
) = 1+ tycex
and . Py
Cx MAMCT
=—|(-A+B A _—.
¥(z) 1—|—tMca:< * cx—l—C’) S+1+tMca:
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Figure 6: A sample path of the total number of preys and predator ¢ +—
(2(t), Y(t,{S,M},[0,400)) and the limiting ODE for the model described in Subsec-
tion 3.4.1. The dashed line represents the ODE system and the solid line represents the
path of only one iteration of the individual based model. The blue lines represents the

predators and the red line represents the preys.

that is ¥ (z) =20 A < 0 and () =100 Ay > 0 Then it behaves as classical Holling
type Il prey-predator model:

x)=—-A+ .
¥(z) PR

Even if this form is still asymptotically similar to the Holling type II response, it can
nevertheless have very different and new forms, as shown in Figure 8. We do not see such
form of functional response in the literature and then it seems to be new.

4 Proofs and additional results

4.1 Existence of the process and trajectorial representation

To formalize conveniently our modeling, we label each predator using classical Ulam-
Harris-Neveu notation and describe the associated genealogical tree. The set of individ-

uals is then

U=N x Ukzo{l, Q}k.
For short, we write u = uguy ... ux € U and u then corresponds to an individual living
in generation |u| = k and whose ancestor in generation i is ug...u; for 0 < i < k. At
each reproduction event, we assume for simplicity that every predator u only gives birth
to one predator and we label the mother by u1 and its child by u2. The population of
predators alive at time ¢, denoted by P(t), is a random subset of U.
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number of predators
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0.0 25 5.0 7.5 10.0
number of preys

Figure 7: Phase portrait for the model described in Subsection 3.4.1. In red we have the
set {(z(t),y(t)} and in black the set {(Z(¢), V(t,{S, M}, [0,+00))} for only one sample
path of the individual based model.

Figure 8: Plot of the functional response 9 : x — (’;ﬁ% of Section 3.4.2.
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The state of the population is then given by the process
Z = (Z(t))iz0 = (X(t), Y (t))i>0,

where the measure Y describes the predators and is given for all ¢ > 0 by

Y(t) = Sama):

iE€P(t)

For any ¢t > 0, Y (t) € MU x X), where we recall that X = {S, M} X [0, as). Besides,
for any U C U, the projected measure

YU )= Y. duw

iEP(t), T (t):'r

gives the collection of ages of predators in status r at time t, whose labels belong to U.
The total number of predators at time ¢ is then Y (¢,U,{S, M}, R4 ).

Following for instance [FM04, Tra06, BT10], we construct and characterize (Z(t))¢>0
as the unique strong solution of a stochastic differential equation. For every i € U,
we let N be independent Poisson punctual point measures on Ri with intensity the
Lebesgue measure. These measures provide the random times when a predator changes
its status between searching and manipulating. We introduce also independent Poisson
point measures M* and Q on Ri with Lebesgue measure intensity. They are independent
of (M%,i € U) and describe births and deaths of preys and predators. We consider then
the following equation for the evolution of the number of preys for ¢t > 0,

/ Z / Lu<ai(s—)y N (ds, du)

ZE’P

/ / (Lugrx (-0} = Locu—ax(s-)<Bx(s—)y) Qds,du).  (9)

Indeed, the number of preys decreases when they are caught by a predator and also varies
independently by births and deaths. For every function f € C*(U x X)), we consider

Y (t).f) = / S Guf(irrils—), ails—) ds

1€P(s—)

t
+ /0 > [ Lucaier) D5 N ds.du)

i€P(s—) R+
+/0t /R (L (o) DG ri(5-), aa(5-))

1€P(s—)
~ Locu o )<pi(o) S0 7i(s=), ai(s-)) ) Q' (ds, du), - (10)
where 9, f stands for the partial derivative of f with respect to the third variable and

Df(Z, S) = f(iﬂTi(s)v 0)_f(i>ri(5)v ai(s))§ Af(i,’l“, (L) = f(il,’l‘, CL)—I—f(iQ, M,O)—f(’i,’l“, CL).
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Recall that 7 is the complementary status of r, i.e. the unique element of {S, M} \ {r}.

Let us state the existence result and characterize the process using the previous
stochastic differential equation.

Proposition 4.1. Let Z(0) = (X(0),Y(0)) with X(0) € N and Y(0) € MU x X)
a.s. such that Y (0,U,{S, M},[ap,0)) = 0 a.s. for some ap < aoo. Under Assumption
2.1, the system of stochastic differential equations (9-10) admits a unique strong solution

Z =(X,Y) in D([0,00), N x MU x X)) with initial condition Z(0).

Proof. The construction of the process and its uniqueness can be achieved iteratively,
using the successive random times between each event, see for instance [BM15]. The proof
is classical and we just give its sketch. The only point to justify is that the successive
times where an event (change of status, birth or death) occur do not accumulate. For
that purpose, we proceed by a localization procedure and introduce the hitting time
Tk = inf{t : X(t) > K}. Recalling that T,(z) is a.s. positive for any = € {0,..., K},
no accumulation of change of status occurs before T a.s. We also recall that birth and
death rates of preys and predators are upper bounded. So a.s. the jumps of the process
Z do not accumulate before T . We need now to justify that Tk tends a.s. to infinity as
K — oo. It is achieved by dominating the process X by a pure linear birth process (Yule
process) with birth rate per capita . The fact that this latter does not explode is well
known and can be derived for instance from the finiteness of its first moment. Pathwise
uniqueness of the system of stochastic differential equations is also obtained by induction
on the successive jumps, which are provided by the common Poisson point measures. The
arguments above ensure that existence and uniqueness holds for positive time. Let us
finally note that the system (9-10) is closed, since P(t) and (i, 7;(t), a;(t)) are determined
(uniquely) by the measure Y (¢), which is itself determined by its projections (Y'(¢), f) for
fechhu x x). O

4.2 First estimates and properties

We start by a sharp and useful bound on the first moment of the punctual measures
Y evaluated on tests functions which may be non bounded. For convenience, we write

Yt ) =Y U ) = ) Seae)

iEP(t)

the projection of the measure Y (¢) on X. We also introduce the exit time of the number
of preys of (1/C,K) for £ > 0 :

T =inf{t>0:X; & (1/K,K)}.
We consider the associated bounds on the rate of transitions for r € {S, M},

a-(a, )= su ar(a,z), a.(a,K)= inf o(a,z),
( ) xe(l/IIéJC) (@) ( ) ze(1/K,K) (a,2)

which are continuous by continuity of «,.. We also recall that

5y = sup yr(a) < oo.
re{S,M}, a€l0,a00)
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Lemma 4.2. Under assumptions of Proposition 4.1, there exists C' > 0 such that for any
continuous and non-negative function f :[0,a) — Ry and r € {S, M} and K > 0,

TATKc
/ / fla)Y(s,{r}, da)ds]
0 [0,a00)

< C(]. + T)GS/T/ f*(a)e 4 f[to,a) a, (u,K)du da,
[0,a00)

E

where tg = min(1, as/2) and f*(a) = 1[07t0)(a) SUP[o,4) f+ 1[t07aw)(a)f(a).

Proof. We consider first f continuous, non negative with compact support in [0, A), where
A € [0,a00). The conclusion for general f will follow with a monotone approximation
of f by compactly supported functions. Fix T' > 0 and consider an increasing sequence
(an)o<n<ng, where ant1 = an + t,, and (tp)o<n<ng—1 is a decreasing sequence of positive
numbers and a,, = A. For a predator i € U, a status r € {R, M} and a level n € N, we
set

) TIcNT
U:{ =K |:/0 l{iEP(s),ri(s):T, ai(s)e[an,anJrl)}dS

It is equal to the cumulative time spent by predator i, in status r and between ages a,
and an+1. Let also
N#T = Z l{iEP(s),ri(s):r, a;(s)=an}
s<Tc AT
be the number of times that predator ¢ € U reaches age a, while it is in status r. In
other words, writing b(¢) the birth time of individual 4, for every j € N, we can define
iteratively ' '
T;il,n = inf{t > T;’T | i€ P(t), ri(t) =1, a;(t) = an},

v

for j > 0, with Ty = b(i). We get

i7T j— g .
N = >1 Lair<menty:
V-

With this notation and writing 7 =T I for convenience, we have for n < ng — 2,

J,n+1
) 721‘1 Tj+tnt1
i,r
uhy SE| Y /T LiieP(s), as(s)€lant1,anta),ri(s)=r} Hvueo,sl:ix (wekyds | - (11)
j=1 “1j

Adding that (t,), decreases, the status cannot change twice during time t,11 and reach
level a,+1 again. So, on the event the process does not jump at all during the time period
[T, Tj + tn+1] on the event considered and for s < t,1,

E |:1{iE’P(Tj—i-s),ai(Tj—&—s)G[anJrl,anJrz),ri(Tj—‘,-s):r,Vue[O,s]:X(Tj—i-u)ElC} | T3, (X(t))thjJrs}
—F [6_ A O‘T'(G"H"'qu(Tﬁ'u))du1{vUe[O,5]:X(Tj+u)€IC}‘ Ty, (X(T; + u))ugs]

<e fos a,(an+1+u,K)du

9
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we get for n < ng — 2,

n+1 tn+1 s
n+1 <E Z / e~ Jo ar(antituK)du go <tpph E [N;_T_l} (12)
where
1 — e_gztn+1 .
py = ——, a =inf{a.(a,z): a € [apnt1,ant2],z € (1/K,K)}.

apty

Besides, as ages increase at rate 1, either predator i is born at an age between a,; and
an+2 or it has exactly spent the time ¢,, at level between ages [a,, an+1). In any case,

2,7
Un

ty

E [N <B(4})+

where '
Ay, =1{b(1) < T AN7K, a;(b(4)) € [any1, ant2)}

Combining these inequalities, we obtain
n+1 < Ppuy W tnanP’(A’ )

which then gives, by induction,
) n—1 n—1 n—1
W< ug” [T e+ > aP(Ap) [T w5
§=0 k=0 j=k

tjt+1 (1 g tJ+1
4

Using now p’; < ), when ?; 1 is small enough, and setting

J

n—1
Sy =Y ajtji1/4,

Jj=k
we get H? ,ip’; < ie 5% and then
1
. t ” & .
uy” < iug’re_so + 1ty Z P(AL)e 5k
k=0

To conclude for f compactly supported, we set fn = Supyc(q,, a,.,) f(a) and get

t
E [/0 £(ai(3)) Liep(s)ri(s)=rds]
no—1

n=0

SIED(b( <T ATK) antn <T+ZP i) < T Arce sg)’

to N1
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since ué’T < TPb(i) <T A7k). Let now g = min(1,a/2) and A € (tg,a~). For any
h > 0, we consider a positive strictly decreasing sequence (tﬁ) o1 such that

n<n,
ngfl
th = to, lim sup ! = 0, aZh = Z th = A
h—0 n>1 0 o

Using the following uniform convergence of the Darboux sum

1
sup ‘Sk — 4/ a,(u)du) "9,
k=0,...nf—1

which comes from the continuity of o and uniform continuity of f on [0, A], we get, by
letting h — 0,

TIcNT
E [/0 f(ai(s))l{iep(s),m(S)ZT}dS:|

< C’IP’(b(z) <TA TIC)/ f*(a)e— f[O,a) QT(U,IC)du/4da
[0,a00)

e (s e ([ atorm))]
( fal=a) ( [0, (b(i)))

for some constant C', where we recall that f*(a) = 1(94,)(a) supjo 4] f + Ljtg,a00)(@) f(@).
Recall also that a;(b(7)) has a compact support in [0, as) under our assumptions on the
initial condition (from Proposition 4.1), together with the fact that newborns have age
0. So the last term is bounded by a constant. Summing over all predators i yields the
result since

S TPO() ST Arx) SEF#{i €U :b(i) < T Arc}) < e"TE[V(0,{S, M}, [0, a00))]
€U

X

since #{i € U : b(i) < T A7k} is dominated by a pure birth process at time 7', with
individual birth rate 7. O

We define F, ; : Ry x M(X) — R by
Fy gz, 1) = g(x) + (1, f), (13)
where g : Ry — R and f: X — R are measurable and bounded functions. We introduce
LFyp(a,p) = ~ya(gle+1) —g()) + fx(g(z — 1) — g(z))

0
# [ (Bt @7 (01.0) = a0 ) il )

+ [ arla,a) (s (gla = 1) = g(e) + 7.0 = Flr,a))u(dr,do).
The operator £ is the generator of the Markov process (X (t),Y(¢))t>0. More precisely,

our SDE representation (9-10) yields the following family of martingales. Let g : R — R
be measurable and bounded and f € C1?(X). We define M (t) = M, f(t) for t > 0 by

M(t) = Fy (X (1), V(1) — Fy 7 (X(0),Y(0)) —/0 LFy 1(X(s), Y(s))ds
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Lemma 4.3. Under assumptions of Proposition 4.1 and assuming further that for any
K>0andre{S, M},

/ a,(a, IC)e_i Jio.ay (k) g 00, (14)
[0,a00)

then (M (t))t>0 is a local martingale. Besides (M(t A Tx));>q @5 a square-integrable mar-
tingale and its bracket is given, for allt >0, by
(M)(t A 7x)
tATIC
= /0 (VX (5)(g(X(5) +1) = g(X(5)))? + BX (s)(9(X (s) = 1) — g(X(5)))?) ds

2

F [0S ails) (Lms(9X(s) = 1) = (X)) + (F75(5),0) = F(rs(s) a(s))) s
0 iep(s)
tATKC

F [T GO0 4 B0 ris)ai(9)?) .
0 1€P(s)

Proof. The fact that M is a local martingale and the computation of its square variation
is derived from our SDE representation (9-10) . Indeed one can write the semi-martingale
decomposition of Fy ;(X,)) using the compensation of the Poisson point measures, see
for instance [FM04, BM15]. We only give details for the first component X:

9(X(t)) = 9(X(0)) + t > ai(s—)(g(X(s—) — 1) — g(X(s—)) ds
0
1€P(s—)
ri(s—)=5S

* /0 (YX(s=)((9(X(s—) +1) = g(X(s—)) + BX(s—)(9(X (5—) — 1) — g(X(s—))) ds
+/0 /R (I{USVX(S—)}((Q(X(S_) +1) — g(X(s—))

 Lpcu X (<X (s} (9(X (5=) = 1) = g(X () ) Olds, du),

where N and @ are the compensated measures of N i and Q.
Finally, square integrability of (M (¢ A 7xc))¢>0 is a consequence of Lemma 4.2 applied
to f = @, and Doob’s inequality and our integrability assumption (14). O

4.3 Construction and tightness of the sequence of scaled processes

hyp:timeint The proof is based on standard tightness and uniqueness arguments
involving the occupation measures and averaging [Kur92, KKP14] and localization. The
main new difficulties lie in the infinite dimension in the averaging procedure due to the
age structure combined with unboundedness of the interactions rates v, inherent in our
framework. In this section, we always assume that Assumptions 2.1 and 2.2 hold and
do not recall it in the statements.

24



First, under these assumptions, for each K = (K1, K3) € (0, +00)?, Proposition 4.1
ensures existence and strong uniqueness of the solution ZX = (X% VX)) of the system
of stochastic differential equations (9-10) with parameters o, vX 8K ~K BE given in
(3-4). Recall that we consider the accelerated and scaled process defined, for all t > 0,

by

zZK @) = K@), Y5 (t, dr,da)) = <I;XK<AK75), I;YKMKt,u, dr, da>,> :

Furthermore, Lemma 4.2 above directly implies the following counterpart for the
scaled process. It allows us to localize the age distribution. We set

5 =inf{t >0:2K ¢ (1/K,K)}.

Lemma 4.4. There exists C > 0 such that for any continuous non-negative function f
on [0,a00) and r € {S, M} and K > 0,

T/\T,é{
' f<a>yK<s,{r},da>ds]
0 [0,a00)

<O+ T)GVT/ Foa)e T g @@l g
[0,a00)

E

where tg = min(1, as/2) and f*(a) = 1[0,to)(‘1) SUP[0 ¢,] f+ l[to,aoo)(a)f(a).
Proof. We have

T/\T,é(
E ! / /[0 @G {r},da>ds]
1 )\K(T/\Tlé()
a)YE (s, {r}, da)ds| .
/ /[(L%o)f() (5. {r},da)

" kKo
Adding that Ag7E is the exit time of (Kj/K,K1K) for XK  and
YEO,U, {S,M},[0,ax)) = |Kayo| and v5(a) = Ag'v(a), the conclusion comes
from Lemma 4.2. O

E

We now give the counterpart of the martingales of Lemma 4.3 for the scaled process.
Recalling that F, r(xz,u) = g(x) + (i, f) where g : Ry — R is a bounded measurable
function and f € C1°(X), we set

LEFyg(z, 1) = K1z (y(g(z + 1/K1) — g(x)) + Blglz — 1/ K1) — g(x)))

+ / (v (a) f(M,0) = Br(a) f(r, a)) p(dr, da)
X
+AK /X <8aaf(r, a) + ar(a,z) (L=s (9(z — 1/ K1) — g(x)) + f(7,0) — f(r, a))> p(dr, da).

Lemma 4.5. Suppose that Assumption 2.8 also holds. Let g : Ry — R be a bounded
measurable function and f € CY*(X). Then the process M defined for t > 0 by

MK (1) = Fy(25(1) - Fyo(25(0)) - /0 CRFy o(25 (3))ds,
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is a local martingale. Besides (MY (t ATE))i>0 is a square integrable martingale and

(ME)(EATE)

:/0 " =5 () (1(g(E () + 1/K1) — 9(@)? + Bl9(EN (5) — 1) — glx))?) ds

t/\T,é( i
B [ anfails). Z4()
0 1€P(s)

2
X <1Ti(s)5(g(EK(8) — /K1) = g(EX () + 7= (f(Ti(s), 0) — f(ri(s), ai(S))) ds

tnrTE f(M, 0)2 Fri(s), ai(s))2
+ /0 E;() (%«s) (Gi(s))Tg + Bri(s) (ai(s))K22>

We introduce now the measures I'f on Ry x {S, M} x [0,an) defined a.s. for every
bounded measurable functions H by

o
rE(H) = / / H(s,r,a)l'E(ds,dr,da) = / / H(s,r,a)YX (s, dr,da)ds
Ry J X o Jx
We also set
ER) =ER@ATE),  YEM) =YE(EATE{S M}, [0,ax))

for the localized version of the processes counting preys and predators. Considering such
space-time measures for proving averaging results is inspired from [Kur92, KKP14]. How-
ever, we do not consider here the occupation measure of the fast variables VX (¢, dr, da).

Lemma 4.6. Suppose that Assumption 2.8 also holds, for every IC > 0 and T > 0, the
sequence (2K, VE TE) g is tight in D([0, T], R4 )? x 9M([0,T] x X).

Proof. On the first hand, using a domination of the process Y (-,{S, M}, [0,as)) by a
linear birth process, we have

sup E (supyK(s,{S, M}, [O,aoo))> < 0. (15)
K>1  \t<T
Then the first moment of the sequence of random variables (T'Z([0,7] x {S, M} x
[0,ac0))) K is bounded and it is a tight sequence in R.

On the second hand, we can combine Assumption 2.3 with Lemma 4.4 to obtain

T,?/\T
sup E [/ / V(a)YE (s, {r},da)ds
0 [0,a00)

K>1

< 400 (16)

for r € {S, M}. Then we get

Is(u>p11P’(F,IC<([O,T] X {S, M} X [a,a00)) =€) <e

for a close enough to an. Moreover, as H > 1, this also implies tightness of (I'f ([0, T] x
X))k>1. Lemma 1.1 of [Kur92] then entails the relative compactness of the sequence
(T'E)k>1 in the space of finite measures embedded with the weak (narrow) topology.
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Now, we show that (Ef)g>; is tight by using the Aldous-Rebolledo criterion.
Lemma 4.5 gives the semi-martingale decomposition

ER = E8(0) + A + MK,

A= [ o= s [ /0 s (a, ZE ()% (s, {5} da)ds

oryn = 2 [ v [T [ osta @Y. (5), duds

Hence, writing 75 the set of stopping times associated to E,IC(, for any o € TX and h > 0,

E [|[A® (o) — A% (0 + h)|]

(o+h)ATE
[
O’/\T’Ig [0,a00)

Using again Assumption 2.3 and Lemma 4.4 with now f(a) = ag(a, ), we get

T,?/\T
lim sup E [/ / as(a, E5(v)) Y& (s,{S}, da)ds
0 b,aco)

<hKly—-pBl+E

[I]

ENYE(v, S, da)dv ] .

=0.

b—aoo K>1

Using (15) and that a,g is bounded on compacts sets of [0, a) X (0, 00) by continuity, we
obtain for any b € [0, a0 ),

lim sup E
h—0 K>1,
oeTK h<s

(c+h)ATE
/ / as(a, X ()Y (v, S, da)dv| = 0.
o [0,b]

K
NTic

Combining these estimates yields

lim sup E UAK(O') — AR (o + h)|] = 0. (17)
6—0 K>1,
o€TH h<s

Besides, for each t > 0, the family of random variables (A% (¢))x is tight since the same
integrability argument ensures that (E(|AX(¢)|))x is bounded. Proceeding analogously
for the quadratic variation of M¥ and using [JM86, Theorem 2.3.2] ends the proof of
tightness of (E8)x>1. The proof of tightness of (V&) > is similar since birth and death
rates are bounded. O

4.4 Identification of limiting values and proof of convergence

We proceed now with identification of limiting points. In this section, we assume that
Assumptions 2.1 and 2.2 and 2.3 hold. Recall that the survival function of interaction
times is denoted by p, = P(T,(x) > a) = exp(— [, o (x,u)du) and response for prey is
¢, see (5).
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Lemma 4.7. Let T > 0, Ko > 0 and consider a limiting point (Zx,,'x,) of (:gO,FK )
in D([0,T],R4) x M([0, T] x X). For all but countably many IKC < Ko, it satisfies for any
r € {S,M}, and f continuous bounded on Ry X [0, as),

/m/ f(s,a)Tx,(ds,{r},da)
0 [0,a00)
/}C/[O (s,a)pr(Zx,(s),a)¢ (Ex,(s)) I, (ds, {S, M}, [0, as))da a.s.,

where
Tic =1nf{t > 0| Ex,(t) ¢ (1/K,K)}.

Proof. To avoid the use of a sub-sequence, we assume that the sequence (E,IéO,F,IC{O) K
converges in law to (Zk,,I'x,) as K — oo. Using Skorokhod representation, we also
assume that this convergence holds a.s. Following the proof of [EK09, Theorem 4.1
p.354], for all but countably many K < Ko, (T,é( )k converges a.s. to 7. Indeed, from
[JS13, Proposition 2.11, Chapter VI|, the hitting time T,é( is a continuous function of
the process EI,C(O, except for discontinuity points of EKO. This set of points is at most
countable, see [JS13, Lemma 2.10 b), Chapter VI].

Let us use Lemma 4.5 with ¢ = 0 and f € C"*(X) such that f(M,-) = 0. Writing
F(S,) = f € ([0, ac)),

1
>\K {/[O’%o) f(a)y,lc(o(t/\né(, {S},da) — /[07%0) f(a).);lféo(o7 {S},da)}
_ /MT,C / H(E/IC(0<S)’T’ a)F%O (ds,dr,da)
0 X

1 tATHE Q) — Bela) (@) VE (s ds
K/O /[o,%o)(%( ) = Bs(a)) f(a)Vic, (s, {S}, da)d

MH(t) =

is a square integrable martingale, where
H(z,5,a) = 0uf(a) — as(z,a)f(a), H(z,M,a) = ay(z,a)f(0). (18)

Step 1. Let us prove that

75/\7',C
lim / H(Zg, K (s),7, a)F,C (ds,dr,da)

K—x
tATIC
/ / H(= ),m,a)l'k, (ds,dr,da) in probability

Assumption 2.3 and Lemma 4.4 guarantee that

tATK
=sup E / / V(a (a IC))F,C (ds,dr,da)| < +o0.
K>1
Furthermore, Fatou Lemma ensures that
AT
E / / V(a)(1+ @ (a,K))'k,(ds,dr,da)| < C.
0 X
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The fact that V(a) — o0 as a — ac and

Hrra)|
sup — <0
zek,a€(0,a00) 1+ O‘T(a IC)

ensure by Markov inequality that for any € > 0,
1‘,/\7',C
lim supP / / ”,Iéo(s),r, a)l“l,éo(ds,dr, da)>e| =0
b=aco K S,M}x (b,ace)

tATKC
lim P / / H(Zk,(s),r,a)l'k,(ds,dr,da) > ¢ | = 0.
b—aco 0 {S,M}x (b,asc)

To conclude the first step, we need to prove that for any b € (0, a),

AT K K
lim / H(Zg,(s),r,a)T, (ds,dr,da)
(S, M}x[0,3]

K—oo 0
tATKC
/ / Ko (8),s 1, a) Tk, (ds, dr,da)  a.s.
{S,M}x[0 b]

Indeed, we observe that \AHK (s,r,a) and the limiting process Zx, is continuous

< %
and the convergence of (H,CO) K is uniform on [0, 7]. We add that the convergence of (F,Iéo)
to 'k, as K goes to infinity ensures that

sup I'f, ([0, T A 7E] x {8, M} x [0,b]) < +00.
K>1

We obtain

K—oo

t/\‘r,C
lim / 0( S), T, a)F,CO(ds dr,da)
SM}><[Ob

tATIC
/ / H(Ek,(s), T, G)F/Ic(O(dS,dT, da) =0 a.s.
(S, M}x[0,0]

Finally the fact that H is continuous and bounded on K x {S, M} x [0,b] ensures that

t/\T,C

lim / Ko(S), 7, a)F,CO(ds dr,da)
K—o0 S, M}x[0,b] b
tATIC
/ / H(Zk,(s),r,a)l'k,(ds,dr,da) =0 a.s,
{5, M}x[0,b]

which ends the proof.

Step 2. We can now prove that that for any ¢t > 0 and f € C'*([0, as)), we have

tATIC (o)
/ / H(Zk,(s),r,a)T'x,(ds,dr,da) =0 a.s. (19)
0 0

where we recall that H is defined in (18). Indeed, (15) ensures that
A

/ F(@)VE (t, (S}, da) - / F(@)VE (0, {5}, da) (20)
[O,aoo) [0,(100)

Cll flloo
< Ao up v 1, 51, 10,0000,
K t<T
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which tends to 0, in probability, as K — oo. Similarly, in probability,

) 1 t/\TIC
Jm = 0] () = Bs(@) F(@)V 5, (5} da)ds = 0.

Combining this three last convergence results, we obtain that M converges in law
to M, given, for all t > 0, by

tATIC
M(t) = —/0 /X H(Ex,(s),r,a)l'x,(ds,dr,da).

Process M remains a martingale. It is also a.s. Lipschitz because function H is bounded.
Consequently, it is null. It proves (19) and ends step 2.

Step 3. Using the previous step, let us prove that for r € {S, M}

L, (ds, {r}, da) = v, (s, {r}, [O,Cloo))f Pr(Ery(9). @) wdaAT(ds) a.s.,  (21)

[0,a00) pT(E/Co (S)v w)d

where i, (s, {r},-) is a measure on [0,a~) for any s > 0 and Ag a measure on R,.
Thanks to [Kur92, Lemma 1.4], there exist s — i, (s, {r},) is a measurable application
from [0, 7] to the space of probabilities on [0, ax ), and Ag is a measure on R such that

Tk, (ds,{S},da) = vic, (s, {S}, da)Ag(ds).

As (19) holds for every ¢t > 0, focusing on functions f such that f(0) = 0, we obtain a.s.
and for Ag-almost all s <t A 7xc,

/Ooo H(Zx,(5), S, a)vi, (s, {S}, da) = 0.

In conclusion, for every f € C'([0,as)) such that f(0) = 0 and for Ag-almost all
s <t A 7k, we almost surely have

/{0 (ufs(a) —as(Zxi 5), ) (@), (o {81 de) =0, (22)

Let us show now that this functional equation imposes the form of 7, through the
solutions of the associated Poisson Equation. We proceed with a fix realization of the
process and the results hold a.s. Consider s < tA7k. For any test function g € C}([0, as))
such that

/ g(0)ps(Ex, (s),v)dv =0,
0
the function f defined by

fra— ps(Ex,(s), a)~! /Oag(v)pS(E;CO(s), v)dv

is well-defined for each fixed s and belongs to C1*(X). This function verifies f(0) = 0
and is solution of the Poisson equation:

Va € [0, an0), Ouf(a) — as(Ex,(s),a)f(a) = g(a) a.s.
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By (22), it yields
/[O 915,53, d) = 0.

We extend this identity to g € C*([0,a00)) such that [5°g(v)ps(Ek,(s),v)dv = 0
by an approximation argument. We can then apply this identity to g : a —
h(a) — f[O,aoo) h(v)ps(Ex,(s),v)dv for any h € C([0,as)). Using that i, (s, {S},da)
is a probability measure, we obtain that ps(ZEx,(s),:) is the density of the measure
Vi (8, {S}, -) with respect to Lebesgue measure. It proves (21) for » = S and the case
r = M is obtained similarly.

Step 4. We can now conclude. Using (19) with f = 1 yields for every ¢ > 0,

tATKC tATIC
/ /[ as(a 5, ()T (4, (), da) = / /[ (0, B ()T (s (M), do).
0 0,000 0 0,a00

This implies the following equality of measures

/ as(a,Ex, (s))T'k, (ds,{S}, da) = / an(a,Ex, (s))Tx, (ds, {M}, da).
[0,a00) [0,a00)

Integrating (21) over [0, a~) and using the previous equality, we obtain

A6 AL 0.) (s (M), [0.0x))
fOOOpS(EKo(S)’w)dw fOOOpM(EICO(S),W)dw

Finally, we have

s(ds)

f[O,aoo) pr(s,w)d

7(37 {T’}, [07 aOO))AT(dS) = ‘ FKo(dsﬂ {57 M}7 [07 aOO))7

P(Ex,(s))
and —
U(ds,{r},da) = w%(da {S, M}, 0, ac0)) da.
P(Ex,(s))
It ends the proof. O

Let us now focus on the number of preys and the whole number of predators. We
prove that limiting points of the corresponding processes satisfy the ODE (7).

Lemma 4.8. Let T > 0 and Ko > 0 and (Ex,,T'x,) be a limiting point of (EEO,F,IC(O)K
in D([0,T],Ry) x M([0,T] x X). For all but countably many K < Ky, the measure
1< iy (ds, {S, M}, [0,a00)) admits a density Vi, with respect to the Lebesgue measure
and the couple (Zx,, Vi,) satisfies for all t > 0,

Exo (A Tr) = Ei (0) + /0 " (v = B) Bxo(8) = Vico (8)9(Eky (5))) ds

Vieo (t A 7ic) = Vieo (0) + /0 " Vi (5)(Exc (5))ds.
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Proof. As in Lemma 4.7, to avoid the use of sub-sequences, we assume that (:EO,FK )

converges to (Ex,,'k,) in law. We use again Lemma 4.5, with now f =0 and g =1d. It
ensures that M% | defined for every t > 0 by

75/\7'}C
MK<t>=E§O<tw>:Ko<o>+/ (8 — ) EK (s)ds

/ o / as(a, 8, (s))TE, (ds, {S}, da),

is a square integrable martingale. Then, using similar arguments to the first step of the
proof of Lemma 4.7, M (t) converges in law to M(t) as K — oo for every t > 0, where
M is defined by

tATIC
M(t) = EICO(t A T)C) — E]CO(O) + /0 (5 — ")/) E;C()(S)ds

- " 6(Zk ()T, (ds, (5. M. [0, 020)).

Besides M is a local martingale. Similarly and as computed in the proof of Lemma 4.6,

the bracket of (Mt/\ K)t>0 converges to 0 in probability and then Mz, = 0 a.s. It

proves the first part of the result.

We need now to describe T'*0(ds, {S, M}, [0, as)). Again, we apply Lemma 4.5 but
now with f =1 and g = 0, to obtain that M defined for all ¢t > 0 by

MK(t) = yK(t A Tg? [07 aoo)) - yK<07 [07 aoo)) + /0 " A(ﬂr(a)) - 7T(a)) Fﬁ(ds, dr, da)

is a square integrable martingale and
i 1 t/\‘l',é{
A0 =5 [ 30 (nfe)an(s) + o osts)) ds
1€P(s)

Using (15) ensures that E((M%)(T A 7)) converges in law to 0 as K — oo, for any
T > 0. By Doob and Cauchy Schwarz inequality, it implies that the random variable
fOT AR MK (t)dt tends in law to 0 as K — oo. Letting each term of the expression of M
converge, we get by identifying the limits

0="Tr,([0,T A7x], {S,M},[0,as)) — 210, a0)) (T A 7x)
T AT
/ dt/ (Br(a) — v (a))Tx,(ds,dr,da).
0,8 x
Using Lemma 4.7 with f(s,a) = 15<¢(8,(a)) —7r(a)) and the definition of v yields
Lico ([0, T A 7], {5, M}, [0, ass))

TATxc t
= y(O, {S’ M}’ [07 aoo))(T A TIC) + /0 dt/() ¢ (EICO(S)> FICo(dsv {57 M}7 [Oa aoo))
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This means that the measure 15<, . I'x,(ds, {S, M}, [0, as)) has a density Y with respect
to the Lebesgue measure, where ) is defined for all ¢ > 0 by

V(E) = V(0, 18, MY}, [0, ax)) + /0 ¥ (Zxa () V(s)ds.

It is the desired result. O

Adding that uniqueness of the limiting ODE holds under Assumption 2.4, we can
conclude the proof of the approximation result.

Proof of Theorem 2.5. Let (z0,y0) € (R*)? be the initial condition of (z,y). Assump-
tion 2.4 guarantees that for any time horizon T" > 0, there exists g > 0 such that for all
t < T, x(t) € (1/Ko,Ko). Let (B, Vico: Lky) be any limiting values of (2 , V& T8 )k
in D([0, T],R4+)? x M([0,T] x X). By continuity of x, we can choose some K < Ky such
that conclusion of Lemma 4.7 and Lemma 4.8 hold and z(t) € (1/K,K) for any ¢ < T.
Consequently, (Ex,,Vk,) and (z,y) satisfy the same evolution equation (7) on time in-
terval [0, T A 7c]. Uniqueness guaranteed by Assumption 2.4 ensures that they coincide
up to time T A7x. It follows that 7, > T because z(t) belongs to (1//C, K) for any t < T.
For any continuous and bounded function g, we have

T AT K00 TATKc
/O gOYE (t)dt = /0 g(t) Vi, (t)dt.
By Lemma 4.7 and Lemma 4.8, we also observe that
Lico(dt, {r}, da) = y(t)pr(2(t), a)(x(1)) dt da.

and using g Jo = pr(x(t),a)p(x(t)) da = 1, we get

TN K K —s00 ThTrc
| sovma s [ gt
Identification of the two previous limits ensures that
Vi, (1) = y(t) for almost every ¢ > 0.

As trajectories are cadlag, this identity holds for every ¢t > 0. Using now
Lemma 4.6, it ensures the convergence of (2K, VX (. {S, M},[0,ax)),I'%) over [0,T] to
(., y()pr (2(t), a)p(x(t)) dt da) in D([0, T], R4 )* x M([0, T] x X). O

5 Discussion

This work is a continuation of [BBC18] which aims at connecting in a general way the
successive time (and their distribution) spent at the individual level for interactions and
the macroscopic evolution of population sizes. The work [BBC18] was dedicated to count
the number of interactions, when the variations of density of preys and predators were
neglected. It was thus a way to relate the individual behavior (and potentially measurable
quantities) to the functional response which quantifies the speed at which interactions
occur on a short time window. In the current paper, we also take into account births and
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deaths in the population and the way these events are affected by interactions (in par-
ticular fertility and survival of predators depend on the searching time). This additional
step allows to connect the individual behavior to the macroscopic population dynamics.
Compared to the literature, the major mathematical difficulty is to take into account
memory effects (due to non exponential time distribution). It leads us to add an age
structure to describe the interactions and develop averaging techniques for slow fast sys-
tems in infinite dimension. Another difficulty to achieve such averaging is the role of the
scales, which allow to know in which case the deterministic ODE is a valid approximation.

In this work, we were interested in cases where the number of preys is much larger

than the number of predators and the time for interactions is much shorter that the time
to give birth or the time to die for preys and predator. Besides the time for searching
may impact the survival of offsprings (via natality rate) or the death probability.
This seems reasonable for many interactions. For instance, fox-rabbit, wolf-deer/caribou,
white bear-seal, bear-fish, bird-worm, where the time for searching is of order of days or
a week, while reproduction is of order of a year for both (and several years for death). A
relevant extension of the model considered here would consist in letting the mortality or
natality of predators depend not only on the time from the last change of status. Lack
of food could be taken into account more generally through the quantity of food eaten in
a largest period.

For most of the species mentioned above, extension of the model to several preys
for one predator and interference between several predators should be considered. Also
adding the biological age or non-exponential clock for birth and death (season effect,
maturity, menopause ...) are interesting points to address. We have focused in this work
on relaxing the memory less properties of interactions. But extensions mentioned above
seem accessible via the framework and techniques developed here even if technicalities
may fast increase.

Determining stochastic fluctuations around the limiting deterministic system is a
challenging and interesting problem. It is relevant in particular when population sizes are
not very large. The variance of interaction times should appear to describe fluctuations
and may be much larger than in the exponential case. The averaging approach of
[KKP14] provides a path for this issue via Poisson equation. Adapting these techniques
seems an interesting perspective and complement to this work. Owing to our infinite
dimensional, it is probably a challenging question.
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