M entropy

Article

The Stochastic Nature of Functional Responses

Gian Marco Palamara 1'%, José A. Capitan >

check for

updates
Citation: Palamara, G. M.; Capitan, J.
A.; Alonso, D. The Stochastic Nature
of Functional Responses. Entropy
2021, 23, 575. https://doi.org
/10.3390/€23050575

Academic Editors: Amos Maritan and

Andrea Giometto

Received: 10 April 2021
Accepted: 4 May 2021
Published: 7 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and David Alonso !

1 Theoretical and Computational Ecology, Center for Advanced Studies of Blanes (CEAB-CSIC),
Spanish Council for Scientific Research, Acces Cala St. Francesc 14, E-17300 Blanes, Spain;
dalonso@ceab.csic.es

Complex Systems Group, Department of Applied Mathematics, Universidad Politécnica de Madrid,
Av. Juan de Herrera 6, E-28040 Madrid, Spain; ja.capitan@upm.es

*  Correspondence: gianmarco.palamara@ceab.csic.es

Abstract: Functional responses are non-linear functions commonly used to describe the variation in
the rate of consumption of resources by a consumer. They have been widely used in both theoretical
and empirical studies, but a comprehensive understanding of their parameters at different levels
of description remains elusive. Here, by depicting consumers and resources as stochastic systems
of interacting particles, we present a minimal set of reactions for consumer resource dynamics. We
rigorously derived the corresponding system of ODEs, from which we obtained via asymptotic
expansions classical 2D consumer-resource dynamics, characterized by different functional responses.
We also derived functional responses by focusing on the subset of reactions describing only the
feeding process. This involves fixing the total number of consumers and resources, which we call
chemostatic conditions. By comparing these two ways of deriving functional responses, we showed
that classical functional response parameters in effective 2D consumer-resource dynamics differ from
the same parameters obtained by measuring (or deriving) functional responses for typical feeding
experiments under chemostatic conditions, which points to potential errors in interpreting empirical
data. We finally discuss possible generalizations of our models to systems with multiple consumers
and more complex population structures, including spatial dynamics. Our stochastic approach builds
on fundamental ecological processes and has natural connections to basic ecological theory.

Keywords: stochastic consumer-resource dynamics; Holling type II and type III functional responses;
Beddington-DeAngelis functional response; system’s size expansion; feeding experiments

1. Introduction

Models of predator-prey dynamics are the archetypal description of consumer-resource
interaction. Since the pioneering work of Lotka and Volterra [1,2], coupled first-order or-
dinary differential equations to describe the temporal variation of the abundance of two
species, a consumer and a resource, are used by ecologists in all sorts of applications [3-9].
In this context, the term functional response [10-12] was introduced to capture the vari-
ation in the rate of consumption of a resource by a consumer when the density of the
resource changes. Functional responses measure how per capita average rates of resource
consumption respond to the density of both resources and consumers. Such functions have
been derived by isolating the feeding process, that is by considering that both resource
and consumer densities remain constant. These responses can be summarized by plotting
the number of resource items consumed per unit time by a consumer as a function of
resource density. Holling [11,12] used the term type I to describe a linear relationship
between feeding rates and resource density, while the term type II describes a non-linear
relationship between feeding rates and resource density, where the slope of the curve
monotonically decreases with increasing resource density, saturating at a constant value
of resource consumption. Such a functional form is obtained assuming consumers move
from a phase where they actively search for resources to a handling phase where they are
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occupied with consuming/digesting and not able to search for new resource items [13].
The term type III is associated with similar non-linear functions, where the slope first
slightly increases, then, after a certain threshold, steeply increases, and finally, decreases,
producing a sigmoidal shape in the curve [14]. It has been shown both theoretically [15] and
empirically [16] that type III functional responses have a stabilizing effect on population
dynamics. Assuming that consumers can also interfere with each other, e.g., by competing
for the same resource item during searching and handling, the functional response becomes
a function of both resource and consumer density. Non-linear functional forms in both
consumer and resource density were independently proposed by Beddington [17] and
DeAngelis [18]. The Beddington—-DeAngelis functional response for predator interference
has been further characterized and extended in subsequent studies [19-22].

Functional responses are typically measured in feeding experiments with a controlled
resource density, which isolates the feeding process and enables quantifying resource
intake. Several statistical methods to infer functional response parameters from feeding
experiments are available [23-25]. Functional response parameters can also be directly
inferred from consumer resource time series obtained from empirical studies of population
dynamics [16,26-28]. Both empirical approaches and corresponding inference methods are
based on the assumption that the parameterizations of functional responses obtained by
feeding experiments are analogous to the parameterizations of the 2D ODEs describing
consumer resource population dynamics. The type II functional response is still the most
widely used functional response, and the corresponding differential equations for predator-
prey dynamics, also known as the the Rosenzweig-MacArthur equations [29], have been
widely studied in the dynamical systems literature [30-32]. Furthermore, the dynamical
properties of consumer resource equations with the Beddington-DeAngelis functional
response are well studied [33,34].

A complete review of the properties of these equations is beyond the scope of this
paper. Instead, here, we underline how to derive such macroscopic equations from the ele-
mentary processes affecting the dynamics of individuals. Statistical physics has developed
an array of powerful tools to scale up from microscopic to macroscopic dynamics [35,36].
These methods, originally developed to describe particle systems or chemical kinetics,
can be more generally applied to many-body systems, and their use in population and
community ecology has become widespread [37-45]. Examples of such derivations were
given by Dawes and Souza [46], who proposed a minimal set of reactions to derive type I, II,
and III functional responses, and by Van der Meer and Smallegange [21], who used similar
arguments to derive a stochastic version of the Beddington—-DeAngelis functional response.
We provide here a simpler derivation that can be easily extended to include a more general
set of reactions and accommodate different aspects of consumer resource interactions. We
made the model general by allowing immigration and resource logistic growth and by
defining the formation of a consumers-resource complex and triplets composed by two
consumers fighting for one resource, which describes handling and interference, respec-
tively. Although the stochastic description of the feeding process we provide here is not
exhaustive, since we are not including direct consumer interference, it provides the basis
for more elaborated reaction schemes. The paper is structured as follows

* InSection 2, we give the description of a minimal set of reactions to define consumer-
resource dynamics, including predators handling prey and predators interfering. We
use the Van Kampen, systems size expansion to get, through the master equation of
the discrete system, a mean field version of the model consisting in a set of four ODEs.

* In Section 3, we provide a detailed analysis of the dynamical properties of the 4D
ODE system, including bifurcation analysis.

® In Section 4, we show how different arguments of time scales’ separation give rise to
the classical 2D systems described in the ecological literature, i.e., predator-prey equa-
tions with Beddington—-DeAngelis and Holling type II and type I functional responses.

* In Section 5, we derive classical functional responses (Holling type II and III and
Beddington-DeAngelis) inspired by [14]. We emphasize their stochastic nature, by
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deriving the probability distribution of feeding events. By doing so, we clarify the
assumptions that enable all these derivations. We obtained functional responses that
differ in their parameterization and in their functional form (for the Beddington—
DeAngelis case) from the functional responses obtained via separation of time scales
in the previous section.

¢ InSection 6, we discuss potential limitations and possible generalizations of the model,
describing future avenues of research.

2. A Minimal Set of Stochastic Processes

Here, we describe the dynamics of S = 2 species, a resource ¢r and a consumer X 4.
We characterize the dynamics distinguishing the two species by defining a maximum
number of resource individuals N > 0 (N € N) that can be packed in the local community.
This parameter plays the role of the size of the system. This characterization introduces
a limit in the total immigration rate of the resource species, Ag, between zero, when the
system is full with N resource individuals, and N, when it is empty. This results in a
density-dependent total immigration rate and a density-independent death rate.

o M gy, 1)
o 2~ o, )

where Jp, is the intrinsic death rate of the resources and Ag(t) = Agr(N — ng(t)). Note that
we can always consider the system’s size as divided into N small portions or sites, which
means that A can be interpreted as an immigration rate per empty site. Here, ng(f) is the
number of resource individuals in the local community at time ¢. To further characterize
resource dynamics, we considered another reaction describing birth events,

P
pr +@  —  ¢r +¢Pr. ®)
Here, the per capita resource rate is given by B(t) = ,BN%RU), and f can be regarded as a
per capita birth rate when the system is almost empty.
The dynamics of the consumers is described by immigration and death reactions,

A

® I Xy, @)
)

X, —= 0, ®)

and by processes associated with interactions between consumer and resource individuals
describing, e.g., the feeding process with reactions:

u
Xa+¢9r  —— Xur +9, (6)
X[AR] + @ — XA +XA, (7)
where the formation of consumer-resource pairs X4 happens at a total rate Rra
and the degradation of pairs into newly born consumers happens at rate vnsg. In
Reactions (6) and (7), « is the encounter rate between consumers and resources and v is a
degradation rate of pairs, defining the “handling time” 7y := 1/v of individual consumers.

We can finally consider another process related to consumer interference formalized
in triplet formation, given by reactions of the kind:

X[AR] + Xa L’ X[ARA] + @, (8)
1
Xiara) +© —  Xar) + Xa, ©)

where Y is the rate of triplet formation that measures the propensity of free consumers
to attack handling consumers and 7 is the rate of triplet degradation, which defines the
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“interference time” 77 := 1/7. Note that we did not consider interference between free

consumers, i.e., reactions leading to the formation of consumer pairs X [AA]-

2.1. Derivation of Mean Field Approximations

The process defined by Reactions (1)—(9) can be formulated as a stochastic process.
Fixing the number of sites to N, the system state is completely defined by a vector
n = (1R, A, M AR}, N[ar4]), @and the dynamics is given by a discrete state Markov pro-
cess, where P(n, t|ny, fo) denotes the probability that the system is in state n at time t, given
it was in state ng at time o < ¢.

The transition rates associated with elemental processes are:

Tg = T(ng + 1,1, 14g), N{aga)n) = AR(N — ng) + w (10)
TR = T(HR -1, nA,n[AR n[ARA |Il) 1’lR, (11)
T+ :=T(ng,ng +1, N[AR]s [ARA] [n) = )\AN, (12)
Ty ==T(ng,na —1,nar), nara)N) = San4, (13)
anan
Tiag = TR = Lna — 1 nag) + 1 njaga)In) = ;\‘] R (14)
Tiagy = TR, 1A +2,mpaR) = 1 npaga M) = vitjap, (15)
XNANAR
Thigay = T(nr,na = Lnjag) = Lnjaga) + 1) = 7N[ L (16)
Tara) = TR ma + 1 npap) + 1,0 ara) = 1n) = 71paRA)- (17)

These transition rates are consistent with the set of reactions introduced above.

Let P(n, t) denote the conditional probability P(n, t|n, fp) obtained by imposing that
the initial state, at t = tg, is ng, i.e., P(n, tg) = §(n — ng). With this definition, the master
equation reads as:

= (Ex' —I)(T{ P) + (Er — I)(Tx P)

+(E," —I)(T4P) + (Ea —I)(T, P) (18)
+ (]EREAE ar) ~ DT P) + (E4*Ejag] = D(Tpp,P)
+ (EAE AR]E [ARA] H)(T[ZRA] )+ (EzlE[quR]E[ARA] —D(TuraP)
where we introduced the one-step operators:
Exf(...,nx,...)=f(...,nx+1,...),
xf(oonx,...) = f(... nx ) 19

Ex'f(..nx,...)=f(...,nx—1,...),

to make the notation compact. Observe that operator X acts on population abundance ny,
with X € {R, A, [AR], [ARA]}.

It can be shown, via a systematic Van Kampen expansion [35] of the master equation
on the system’s size (N), that the stochastic model defined above yields a deterministic ap-
proximation as the leading term of the expansion, together with a Fokker-Planck equation
describing the noise in the next-to-leading order [35]. The mean field version of the process
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associated with the general set of reactions (1)-(9) is given by a system of coupled ODEs
given by:

R _ AR(N —ng) — dgng + BN PR )R, (20)

dn (ang + xnpag))na

A — AAN = Sana + 20 ar) + (g a] — A 1)
dnsg (ang — xnpag))na

;t L - NMARA] — V[AR] T N[ Ty (22)
dniara XMIARINA

[dt = [N] — IM[ARA]- (23)

In Appendix A, we illustrate how the Van Kampen expansion for the master equation
proceeds for the case in which no triplet formation is considered, i.e., when x = 0 = 7.

3. Stability Analysis

The ODE system defined by Equations (20)—(23) has a rich behavior in terms of its
stability and the qualitative analysis of the equilibrium points it exhibits. We first analyzed
the equilibrium points of the full ODE system and found a transcritical bifurcation when
Aa = 0. The system has limit cycles that emerge after a Hopf bifurcation, which we show
in a particular case in Section 3.1.

At equilibrium, (23) yields 7nara) = %. Substitution into the r.h.s. of (22)
2MRMA  Therefore, substitution of these two relations into the r.h.s. of (21)

yields vnj ) =
gives, at equilibrium,
AAN—aAnA+%:0, (24)

which, together with (20), forms a non-linear system of degree three for equilibrium
abundances 14 and nr. This system can be reduced to a cubic equation for ng, which reads:

— fat+ (1= AR —0p +00) fa+

[h4
5 " (O — 1) + (8% + DA | fr — ARS, =0, (25)

where we made the definitions Ay := Aa/a, A := Ar/B, 8y :=da/n, and 6y := 6r/p and
used the resource abundance scaled by the system’s size fr := ng/N. However, for the
sake of simplicity, in what follows, we focus on the case of the absence of the immigration
of the predator, A4 = 0.

In this case, (24) yields a trivial solution, n4 = 0, which implies trivially that nj4g; = 0
and n4g 4) = 0. Therefore, the r.h.s. of (20) yields a second-order equation,

+

AR(1 = f&) = Orfr + (1= fR)fr = 0. (26)
This equation can be solved for fg,

1
it =5 (1M -2 e ), @)

where we introduced the control parameter g :=1— 0 =1 — %R, which can be seen as
the ratio between the intrinsic growth rate (r = § — dg) and the birth rate () of resources.
The solution f; is always negative, so we discarded it, and we obtained the first set of
solutions ng = Nfg and n4 = njag) = njaga) = 0.
On the other hand, for A4 = 0, Equation (24) yields also the constant (g-independent)
Nog _

solution ng = =4 = N&/,. Again, using the rh.s. of (20), we obtained a non-trivial

equilibrium solution for 1 4,
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N A
nA:f<—514+5§—0—q—/\§3> (28)

which, in turn, yields the equilibrium pair abundance,

N 2
miar = P (8,2 4 (g - A3 + Ak, 9)
and triplet abundance,
N ZX 2 2
N[ARA] = 175514 (5:4 —(q— AR — A%) . (30)

Now, we focus on the two equilibrium abundances for the resource, ng) =N fR+ and
(2)

ng’ =N (5;‘. These two solutions cross each other at:

A ) A aA
o R _ %A AR BAR 31
q A TAR A + B o, (31)

which is basically a restriction between model parameters,

5R (SA )\R DC)\R
1-=> =24+ - "= 32
B B B e

Then, using the Jacobian matrix of the system (20)—(23) evaluated at the two equilibria, it is

easy to show that the solution for ng) = N¢', is stable for ¢ < g* and unstable for g > g*.
Consistently, the equilibrium solution for ng) = Nf{ is unstable for g < g* and stable for
q > gq*. Therefore, we found a transcritical bifurcation at 4 = q* for A 4 = 0. Figure 1 shows
the transcritical bifurcation as the stability of the steady-state changes by increasing the

control parameter above the threshold g*.

q‘ -
— Solution (1)
g
e “
3
he]
c
a

N .
P Solution (2)
S 7 - - - -
> 4
@ - .7
[0] -
(4 -

o 4

T T T T T
-4 -2 0 2 4

Order parameter, q

Figure 1. Transcritical bifurcation for A = 28, A4 = 0, and 64 = 3a/2. Here, the vertical
axis stands for the scaled resource abundance fr, and the horizontal axis represents the control
parameter g = 1 —dg/B. For g < g = 13/6, the (upper) solution flgz) = 3/2 is stable and for
g > g* stability changes and fl(zl) = % <q -2+ \/m) becomes the stable resource scaled
abundance. Observe that for § > g*, consumer, pair, and triplet abundances become equal to zero in
the stable branch. Stable (unstable) solutions are marked with full (dashed) lines.

3.1. Hopf Bifurcation

We also observed the emergence of a Hopf bifurcation for several ranges of model
parameters. Here, we illustrate the existence of a Hopf bifurcation for A =0, A4 =0, and
or = 0, in which we were able to calculate a series expansion of eigenvalues for small . In
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order to derive analytical expressions in the simplest setting, we considered the model in
the absence of triplets.

Let us focus on the equilibrium abundances ng = NTJA, ng = N7ﬁ< - %A), and

nAR] = ij“‘ (1- %A). The bifurcation arises around this equilibrium point. Observe that
these densities are meaningful if & > 4. Notice that the threshold given by (32) reduces to
& = d4 in the particular case we considered (Ag =0, A4 = 0, and dg = 0). For a > 4, the
solution f lgz) = 04/« derived above is the stable one.

At that equilibrium point, the Jacobian matrix reads:

— B —64 0
= 4;(1*%) 254 2v | (33)
p1-%) o —v

For B = 0, it is easy to see that the eigenvalues of | are A = 0 (double) and A = =254 — v,
so the equilibrium point is neutrally stable, and a limit cycle appears. We now expand
these eigenvalues for B < 1. The characteristic polynomial is:

A3+ (25A + % +1/)/\2 + <35A“+" — 1)[3(5A/\+ <5; — 1)ﬁ5Au =0. (34

This cubic equation can be expanded in power series of B (for a similar expansion, we
refer the reader to [47]). First, we obtained a series expansion for the double root A = 0,
obtained when 8 = 0. The perturbation analysis starts by setting A = ap? and then trying
to determine the factor 2 and exponent b at leading order. Substitution into (34) yields:

) 6

— %‘fﬁﬂ’“ — (264 +v)a®B?. (35)
Therefore, the smallest powers in § are obtained by choosing b = 1/2. Canceling the
leading terms (which turn out to be of the order of 8), we can determine an expression for
a as the solution of:

(5Av<1 + 5;) — (264 +v)a® =0, (36)
ie.,
_ oav(da —a)
4= a(2044+v) 37)

Here, we see that for « > 64, the double eigenvalue A = 0 obtained for g = 0 splits into
two complex eigenvalues with the imaginary part equal to:

_ 4 Boav(e—d4)

Im(A) = 2T (38)

We can calculate the real part (at the lowest order in the  series expansion) by setting:

B Boav(a—64) .
A= e (39)
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Expanding the characteristic polynomial up to order f°/? and setting equal to zero the
coefficient of the leading term yields the following expression for c:

Sa(V?4+2(364 —a)(64 + 1))
20(264 + v)? ' (40)

c=—

Therefore, for B < 1, we obtained the two complex conjugate eigenvalues:

 Boa(P+2(364 —a)(Ga+v)) | |Bav(a—0a).
V= 206(25j+1/)2 . + 0:22514_’_1,? i+O(F?). (41)

By setting 12 +2(354 — «)(d4 +v) = 0, we found the threshold of a Hopf bifurcation,

which can be expressed as:
2

v
ac—3(5A+m. (42)
Observe that o > 64, so eigenvalues stemming from the splitting of A = 0 (for B = 0)
are complex. For & > a., Re(A) > 0, and for 64 < a < a., Re(A) < 01in the limit § < 1.
Therefore, the eigenvalues cross over the imaginary axis, and a Hopf bifurcation arises: for
x < ac, eigenvalues have a negative real part, which leads to stable oscillations around
the equilibrium point. Once the threshold «. is crossed over (x > «.), damped oscillations
(with Re(A) < 0) no longer exist, and the equilibrium point is unstable. The dynamics
converges to a limit cycle (i.e., we found a supercritical Hopf bifurcation as « increases).

For the sake of completeness, we provide here the series expansion for the third
eigenvalue, which can be obtained in a similar way:

2B6a(x —04)(6a +V))
B (204 +v)2 +O(B). )

)\2*25,4*1/

Notice that this eigenvalue remains negative for small perturbations in g > 0.

Figure 2 shows the stability of equilibrium solutions for arbitrary values of a and
B. The diagram shows the transcritical bifurcation threshold (32), which separates the
stable solution (1), where only the resource survives, from the coexistence equilibrium
(2). This solution is first asymptotically stable, and then, damped oscillations around this
stable equilibrium point arise. The rightmost threshold line in Figure 2 stands for the Hopf
bifurcation, which separates stable oscillations from limit cycles.

o
n | ! \
1 ' \
1 ' \
| ' '
o | h |
< ) I
' 1
| ! |
1 ! 1
o ! ! |
™ | ! ' o
@ Stable ' Stable | Damped ,  Limit
| . . .
resource coexistence, oscillations ,  cycles
IR ! ) !
1 ' 1
| ' |
1 ‘ 1
o | | 1 |
- 1 ’ 1l
1 4 1]
1 L’ |
1 P4 [
o L-- )
0 5 10 15 20

Figure 2. Parameter space showing transitions between different stability regimes for Ag = 0,14 =0,
and 6g = 0. In this case, the transcritical bifurcation threshold (32) reduces to the vertical line « = § 4.
The threshold a. (cf. Equation (42)) for the Hopf bifurcation is the limit (for B — 0) of the line that
separates stable oscillations and limit cycles. The remaining lines were computed by numerical

evaluation of the Jacobian eigenvalues.
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4. Derivation of Functional Responses via the Separation of Time Scales

In this section, we discuss the asymptotic dynamics of the mean field description of
the system (20)—(23). To simplify the calculations, we assumed there is no immigration in
the system (Ag = 0 and A4 = 0). A simple asymptotic derivation can be made for the type
I and type II functional responses. In this case, there is no interference between predators
(x =0, 7 = 0), and we can write the mean field Equations (20)—(23) as:

b (1) - 5 =

dn angn

TtA = 2Un{ag) — Oana — ;A, (45)
d”MR] QNRN A

dt = N - Un[AR]/ (46)

where r =  — g and K = rN/ 3 are the growth rate and carrying capacity of the resource.
Assuming that compounds disappear very fast from the system, the time scale of consumers

d
X4 is longer than the time scale of the compounds X 4. In this regime, putting ng[lftm] =0

in Equation (46), we obtained vn [AR] = ANANR / N, which we can substitute in Equation (45)
to get:

dng _ nR ANRNp

=1 ) - #7)
dnp  angnp

N danp, (48)

which are the classical predator-prey Lotka—Volterra equations [1,2], i.e., consumer-resource
equations with a type I functional response. Note that in Equation (48), the numerical
response, i.e., the per capita rate of food intake of the predator [48], is equivalent to the
functional response. In other words, the conversion efficiency of resource density into
predator density is one. In this case, the parameter « can be interpreted as the macroscopic
attack rate of the predator, whose density is given by np = n4.

In the opposite limit, when the time scale of compounds X 4] is longer than the time
scale of consumers X4, we can assume that the degradation rate of compounds and the
growth rate of resources are small compared to all the other parameters. Following [46],
these assumptions can be summarized by setting v = e? and r = €7 with 0 < € < 1,
while 7 and 7 remain O(1). For any positive parameters, Equations (44)—(46) have simpler
dynamics in the leading order. Making a simple rescaling in the time of the dynamics by
writing d/dt = ed/dFf and substituting into Equation (21), we can now derive an expression
for n 4 as:

2etn [AR]
= Satanx/N

which can be substituted into Equations (20) and (22) to obtain an ODE system of two
equations given by:

A + O(e?), (49)

dng . nR ANRNp
aF TR (1 ?) T+ atyng | ole). &0)
dnp _ _EARNP 5004 Oe), (1)

dF - 1+ aTyng

which is the classical Rosenzweig-MacArthur model for predator-prey dynamics [29],
where the total density of predators is slaved to the total number of compounds
np:=n4 +nag) = nag) + O(€). Equations (50) and (51) describe predator-prey dynam-
ics characterized by logistic growth for the prey and a typical type II functional response
with attack rate @ = 2a7/J 4, handling time Ty = 1/27, and death rate dp = 7. In this
case as well, the numerical response in Equation (51) is given by the functional response
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of Equation (48). Note also that in this case, the parameters of the macroscopic equations
can be expressed as a function of the parameters of the microscopic process (2)—(7), but
are not intuitively related to the same parameters obtained considering typical heuristic
arguments to derive functional responses [25].

Similar slaving arguments can be made for the general system (20)—-(23), where also
the degradation rate of triplets is small compared to the other rates (i.e, we additionally set
1 = €2fj). The derivation goes as follows.

Eliminating n 4 from Equation (21), we obtained, up to first order in €,

2617”[AR]

2
p— 2
(5A+tan/N+xn[AR]/N+O(€ ) (52)

na

which can be substituted into (20) to get an equation for the resource,

dng . R szﬁan[AR]
dF 7’111{(1 ?) N5A+anR+Xn[AR] O(G) (53)
On the other hand, summing Equations (22) and (23) yields:
d Zocﬂan[AR] _
Z7MAR] T MaRa)) = R ——— Tnpar) + O(e). (54)

If we assumed that 114 4 is proportional to 114 g along the dynamics, say n1jara] = K1[4R],
and we defined the total density of consumers as np := nsg) + njara) = (1 +%)n4g),
we finally obtained the typical functional form of the Beddington-DeAngelis functional
response [19], including predator handling and interference,

dng - nR ANRNp
—_— = 1 - - O 7 55
d mR( K) Né4 + ang + xnp +0(e) (55)
dnp AXNRNp -
— = -0 O(e), 56
AT~ Nos+ang+xnp PP () (56)
where the effective interference rate is given by ¥ = 12, the effective attack rate is & = 12%,

and the effective death rate of predators is given by 6p = 1+Lx However, we did not find a
straightforward way to determine « in terms of the parameters of the original dynamics
given by Equations (20)-(23). In addition, we had to assume that densities 4z and 114 4]
are proportional along the temporal dynamics to obtain (55) and (56).

5. Stochastic Feeding Rates

A rigorous definition of a predator functional response can be precisely given as the
number of resource units an average individual predator is able to consume per unit time.
Since predator consumption rates respond in principle to resource density, any empirical
approach intending to measure these rates will require fixing both resource and predator
densities. We call these conditions chemostatic, in analogy with experiments done in
chemostats, i.e., reactors where nutrient concentrations and density of microorganisms can
be controlled [49]. Given the processes that define the stochastic dynamics in Section 2, we
can now ask what type of functional response emerges under chemostatic conditions.

Therefore, let us assume that we maintain both the number of resource units n% and
the total number of consumers n?4 = 14 + nppg) constant. Let us also assume first no
formation of triplets and focus only on the feeding process. In this case, the dynamics can
be simply described by the following two processes:

Xa+¢r  —— Xug +O, (57)
Xag) ——  Xa, (58)
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where the first equation is tightly coupled to the addition of a new resource unit in order to
keep resources fixed to exactly the same level n% all the time.

In order to calculate the functional response, i.e., the number of resource units captured
by an individual predator per unit time, we introduced a new stochastic variable R, as
the number of resource units consumed by a total population of consumers 1%, in a time
interval, T. Then, the functional response, as a per capita feeding rate, over a certain period

T and a total number of consumers n%, becomes:

fOhosT) = 59)

This functional response is a stochastic per capita feeding rate. In principle, it is
assumed to be both prey and predator dependent. It is described by the probability
distribution of cumulative feeding events 1, realized by the total number of consumers 1%,
between Time 0 and T. If we characterize the configuration of the system by 7, the number
of accumulated feeding events, and 74, the number of free predators ready to attack
resources at any given time, the stochastic dynamics of the feeding process is governed by

the following total transition rates:

0

n
fupy = T(n+1,n4 —1)|(n,n4)] :aWR na, (60)

g = Tl(n, 14 +1)|(n,14)] = v(n} — n4). (61)

Equations (60) and (61) represent the rate at which the individual-based reactions (57)
and (58) occur. Compare these to reactions (6) and (7). Notice that here we did not consider
consumer growth nor resource depletion. When a consumer individual attacks a resource item,
this item is instantaneously replenished in order to maintain the resource density constant.
These rates can be then used to write a master equation (see Equation (A14) in Appendix B),
which governs the temporal evolution for the probability of having an accumulated total of
n resource items being consumed and 74 free consumers at time ¢, P(n,ny;t). This one-step
process is linear in 71,4 since both n, and n% are kept constant. Therefore, the probability
distribution P(n,n4;t), can be calculated exactly. The probability distribution characterizing
the stochastic variable Rr is, in fact, its marginal, i.e., the probability of having a given number
n of accumulated feeding events at time T, regardless how many free consumers 74 are around.
It will be given by:

o
P(n,t) = Y P(n,ng,t). (62)
n,=0
Before giving more details about the calculation of both the full probability distri-
bution P(n,n4;t) and its marginal, P(n,t), we first analyzed the average feeding rate,
(f(n%,n%; T)). It is clear that the average total number of resource units R = (Rr), con-
sumed by a population of consumers monotonically increases in time according to:

Z—I: = (x?\%n A (63)
which, by defining:
S (64)
can also be written in integral form as:
T
R(T) = 0 /0 na(t)dt. (65)
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Therefore, the average feeding rate per individual consumer over a period T can be
written as:

T
16 na (t)d t
(i ) = 1 Lo 2l (66)
T ny
Since the total number of consumers is kept constant (% = n4 + n4g]), the average
deterministic rate equations describing the feeding processes as defined in Reactions (57)
and (58) can be reduced to a single equation for 14,

dn
d—: =vn% — (0 +v)na. (67)
If we assume as initial condition 14 (0) = n%, i.e., all consumers are free and ready to feed
at time ¢ = 0, then we can integrate the last equation from zero to T as:

v 0 _
na(t) = - — [1 + e w*”ﬂ nY, (68)
and therefore:
T v 0
— _ ,—(6+v)T 0
/0 na(t)dt = {T+ e )} n9,. (69)

Now, going back to Equation (66), we can write:

o 6
(Flnf i T)) = =5 + o (L] (70)

This average rate per individual consumer tends to a stationary value as T tends to infinity,

which is: 8
0 o 1%
(o) = o2,

where we removed the time (to denote the asymptotic limit) and the consumer depen-
dence. After introducing again 6, as defined in Equation (78), it is clear that the average
consumption rate per individual consumer corresponds exactly to the typical Holling type
IT functional response, where v is the inverse of the handling time and « is the attack rate:

(71)

no
ol
(f(nR)) = —". (72)
1+ 05
See also the red curve in Figure 3. In an empirical setting, where we monitored the
total number of resource units consumed by a controlled population of n% consumers
under chemostatic conditions over a period T, we would obtain a different total number
for each experimental replicate. The scheme given by the reactions (57) and (58) predicts
a theoretical distribution that can then be compared to data. We give details about the
calculation of this distribution in Appendix B. In short, the transition rates given by
Equations (60) and (61) are first used to write a master equation from which an equation
for the probability generating function can be derived:

P — (g~ 106 (i) + 00— 9) —wyty - 112G, )
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where the precise definition of G(x, y, t) is given in Equation (58) in Appendix B. This PDE is

then solved under the initial condition G(x,y,0) = y”(/)% by the method of the characteristics,
with the normalization condition G(0,0, t) = 1, which yields the functional form:

0
yx”A
X

y) , (74)
x)

yg (1)e A0~y (x

)

G(x,y; t) _ evn%(y—l)t =
e—Dx)t _ Y=Y E

Yo

where y, (x), y§ (x), and A(x) are functions of x (see Appendix B). It can be checked that
this expression satisfies G(0,0,t) = 1, for any t, and G(x,y;0) = y"?‘& as required. In
addition, this allows the immediate calculation of the probability generating function of the
marginal distribution P(#; t) by simply evaluating the full probability generating function
aty =1

_ _ 1—yt )
Vi) e — g ) 1
Gl L) = A _ 1y () )
¢ T Ty ()

The distribution P(n;t) gives the probability of n prey items disappearing under the
pressure of a constant total number of consumers n%, from Time 0 until time t. Under
controlled experimental conditions [24], this probability can be used as the exact likelihood
function for inference purposes. See also [50] and the references therein, for a broader
description of the challenges of the experiments and the inference of functional response
parameters. Figure 3 shows stochastic simulations of the per capita rate compared to the
Holling type II average provided by (72).

LIJ a
=
< ©
n: [{e]
< o]
=
-
%3]
O o
. < © STOCHASTIC DYNAMICS
E - —— HOLLING TYPE II
o L

0 2000 4000 8000 10,000

RESOURCES

Figure 3. Plot of the per capita feeding rate of the stochastic process defined by the reactions (57)
and (58). Simulations were carried out using the Gillespie algorithm with 10,000 steps, while the
rates (black dots) were calculated, after a transient of 5000 steps, for different values of resource
concentrations and compared with the functional response given by Equation (72) (red line). The
simulation parameters are § = 1.5,04 =1, « = 2.5, v = 1, and N = 10,000. The total number of
consumers is fixed to n?q =1ng+naR = 200.

Note that the Holling type II functional response in Equation (72) naturally arises
as a per capita average asymptotic feeding rate after reaching stationarity under chemo-
static conditions. If the feeding mechanism differs from the simple one assumed by
the reactions (57) and (58), other functional responses will be obtained. For instance, if con-
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sumer feeding rates are strongly affected by the density of the resources, we can describe
feeding dynamics by the following two processes:

Xg+npr  ——=  Xpg +(n—1)¢r, (76)

Xagg —— Xa. (77)

If we repeat an analogous derivation as for Holling type II, we arrived formally at the same
Equation (67), but instead, parameter 6 should now be defined as:

0= a<’;§<> (78)

which leads to a Holling type III functional response:
(%)
= ﬁ'
()

Note that Reaction (76) can be regarded as if the presence of n — 1 extra resources facilitated
the attack by consumers. Resources would have a self-catalytic effect on their own loss. In
nature, it is plausible that when resources are clumped together, consumers encounter them
better and faster. However, a Holling type III of exact order n (Equation (79) represents
here of course an idealization.

Furthermore, let us now assume consumer interference through the formation of
triplets. Then, feeding dynamics is specified by the following scheme:

(79)

Xa+¢r — Xuagr +9, (80)
Xarg —= Xa (81)

Xiag + Xa  ——  Xaga) + O, (82)
Xiara) +@  ——  Xiag) + Xa, 83)

Again, under chemostatic conditions, the resource level n% and the total number of
consumers 1Y are both kept constant. In order to calculate the functional response as
a per capita feeding rate over certain period T, (f(n%,1n%;T)), we made use again of
the definition given by Equation (66). The total consumer population is kept constant
(n% = na +n[aR) + 2n[ara)) and is distributed among the three types: free consumers
n,, handling/feeding consumers n,), and interfering consumers engaged in triplet
formation nj4g 4. Once this distribution reaches the steady state, there will be a steady
number of consumers 1%, free to attack and deplete resources. Therefore, at stationarity,

Equation (66) becomes:
n
(f(n,ma)) =05, (84)

where we dropped the dependence of the averaging time interval T, because this is an

asymptotic rate and 6, defined again as in Equation (78), is a constant parameter, since n%

is assumed constant. The value of 17 is defined by the steady state that emerges from the
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rate equations describing the feeding mechanism depicted in the reaction scheme (80)—(83).
One can check that this system should read as:
7O

dTlA n[AR]

W:VTI[AR]—FUH[ARA]_“WR”A_X N na, (85)
dnisr n% NIAR
«gt 1 = NM[ARA] — VI[AR] + “WR na—x [N L, (86)
dnjara N[AR
[dt b x [N Ly - HN[ARA]- (87)

In order to determine the steady state of these feeding dynamics, we better work with
densities fo4 = na/N, flag) = njag)/N, and flara] = njara)/N and make use of the
constraint of a constant consumer population (1194 = na + ngr) + 21 og 4]), which reduces
the ODE system to the following two equations:

d

%:vf[AR]+g(fg_fA_f[AR])_QfA_Xf[AR]fA/ (88)
d

fL[i?R] - g(flo* — fa = flar) = Vfiar) + 0 fa — Xflar) fa- (89)

By making these two equations equal to zero, we obtained steady state densities. In
particular, the density of free consumers f can be written as:

fg:}1 —Z(1+g)+\/(;7€(1+;))2+8;7€gfg . (90)

Using this expression in Equation (84) and rearranging, we finally obtained the following
per capita feeding rate of consumers at steady state given by:

200 &

(f(ng,n%)) = N - .
n? n n% nd,

testhe (1) e

Note that this is a predator-dependent functional response that generalizes Holling type
II. If no triplet formation is considered (x = 0), we recovered Equation (72). Here, we
considered consumers interfering with other consumers that have already caught a resource
item, perhaps in the hope of getting a share. However, other possible forms of predator
interference are possible. Figure 4 shows the comparison with stochastic simulations.

The functional response given by (91) reduces almost to a Beddington-DeAngelis
form in the limit % < land § < 1. In this case, (91) reduces to:

©1)

(Flng ) =~ —— N ©2)

If we introduce the dimensionless rates 7(g) := §, which can be interpreted as the average
attack rate in units of handling time, and Tj4ry) = %(, standing for the ratio between
the pace of triplet formation and triplet degradation, respectively, we found that only
in the limit of 744 < 1 and 74g) < 1, Equation (92) is a suitable approximation of
Equation (91). The equation obtained is a predator-dependent functional response of the
Beddington-DeAngelis type except for the product % % in the denominator. Therefore,
we note that only if the system is at a very high resource density (1% ~ N), we would tend
to observe the exact Beddington-DeAngelis functional form.
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Figure 4. Plot of the per capita feeding rate of the stochastic process defined by the reactions (80)-(83).
Simulations were carried out using the Gillespie algorithm with 15,000 steps, while the rates (black
dots) were calculated, after a transient of 7500 steps, for different values of consumers concentrations,
and compared with the functional response given by Equation (91) (red line). The simulation
parametersare p = 15,04 =1,a =25v=1,7 =1, x = 100, and N = 10,000. The total number of
resources is fixed to n% = 5000.

6. Discussion

The aim of statistical physics is to develop phenomenological macroscopic results
from a probabilistic examination of the underlying microscopic processes. This allows
connecting processes at different levels of coarse-grained description. We applied this
approach to consumer-resource dynamics, connecting elemental processes of growth and
consumption at the individual level to a more coarse-grained description that leads, in the
limit of large populations, to a deterministic description in terms of the two-dimensional
typical predator-prey model (the macroscopic law, sensu Van Kampen [35]).

We set up individual dynamics in a way that makes contact with classic models
in ecology. For instance, if we consider only resource dynamics, we have a population
that invades an area characterized by N sites with a given immigration rate per site,
Ar. Then, local growth occurs, that is individuals send a number of propagules per
unit time that only settle down successfully in proportion to the number of free, still
non-colonized sites. This means that the system can only pack a maximum number of
individuals, N. Finally, individuals die at a density-independent per capita rate, Jg. Under
the usual assumption of one individual per site, this model corresponds to the open Levins
model [51-54]. The extension of this model to S resources that compete for the N sites
has been also carefully analyzed in the literature [55,56], both using one-step stochastic
process and in the deterministic limit. Furthermore, if we drop local growth, then we have
a system of S species undergoing an independent immigration-birth-death process, which,
under ecological equivalence, leads to a typical neutral model for biodiversity [57,58].
Interestingly, when we sample a total of Ng individuals from such a neutral community
dynamics, which are necessarily distributed in a vector of abundances # = (ny,...,ng),
the probability of obtaining a given configuration vector, 7, follows exactly the Etienne
likelihood function [59,60], the corner-stone of neutral biodiversity theory.

Consumer-resource dynamics was also set up in a general way although it clearly
allows for further generalizations. First, we considered also that consumers immigrate
from outside the N-site system at a per site rate, A 4. While the system can only pack N
resource individuals, in principle, there is no limit for the number of consumers. This
number will be dynamically controlled by the resource level. The size of the system only
directly limits resources. This differs from most approaches (e.g., [37,46,61,62]), but as we
showed, it is not a problem to expand the system in terms of the size parameter N and
recover, in this way, the corresponding deterministic rate equations in the large N limit.
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Some of the results we covered here, such as the existence of a Hopf bifurcations, can only
be recovered when there is no external immigration of consumers. Since natural systems
are most of the time open and subject to external inputs, this means that nice and stable
consumer-resource dynamics (limit cycles) should be very difficult to observe in nature
due to the stabilizing role of external immigration [63]. This does not preclude recovering
stable cycles under experimental, close-to-immigration, controlled conditions [64,65].

The way we set up the subset of reactions controlling feeding dynamics has also the
potential to clarify much of the discussion about predator-dependent functional responses
of the Beddington-DeAngelis type [20,66-68]. We defined interference between consumers
through structures that require multiple individuals to interact and stay together for an
amount of time. Under this assumption, incidentally, we showed that, by considering
only interference between handing consumers and free consumers, the exact Beddington—
DeAngelis functional form cannot be fully recovered. We believe this point requires careful
analysis that we will develop in a further publication.

The minimal set of reactions that we conceived reproduces consumer-resource dy-
namics in terms of four ODEs, Equations (20)—(23), in the deterministic limit. This involves
the description of the different processes driving dynamics at the individual level. Our
main result in this work has to do with the comparison between two alternative ways
of deriving functional responses. First, an asymptotic approximation for the mean field
version of the complete set of reactions, borrowing slaving arguments from [46], gives
rise to a consumer-resource model, which predicts a functional form for the average per
capita rate at which consumers deplete resources. Secondly, in a rather classic way [14,19],
we derived the functional responses by describing the setting of a typical feeding experi-
ment, that is the same system in chemostatic conditions, by only considering the subset of
reactions characterizing the feeding interaction. In the first case, when going from the four-
equation to the two-equation system, the dynamics of the usual kind, i.e., predator-prey
equations with Holling type I (Equations (47) and (48)), type 1I (Equations (50) and (51)),
and Beddington-DeAngelis (Equations (55) and (56)), are recovered by carefully assuming
separation of time scales in the processes involved. Moreover, depending on the particular
assumptions behind the separation of time scales, different functional forms may arise.
In general, our analysis showed that predator feeding rates in the 2D consumer-resource
models do not exactly match the typical functional responses presented in the literature,
which we mostly recovered here under chemostatic conditions. Therefore, our results
clearly demonstrated a discrepancy between the functional responses that emerge from the
analysis of the full consumer-resource system through asymptotic derivations and sepa-
ration of time scales and the functional responses derived under chemostatic conditions.
For example, the attack rate and the handling time of type II functional response obtained
under chemostatic conditions differ from the same parameters of the type II functional
response that results from asymptotic derivations.

Although finding effective low-dimensional representations from high-dimensional
dynamical systems is not an easy task, which formally requires methods from singular
perturbation theory [69,70], we believe that the origins of the discrepancy we report is
not related to the separation of time scales we assumed in order to go from the full, four-
equation ODE system to the typical predator-prey 2D model. We rather think that it has to
do with the simple way in which consumers transform resources into new consumers, the
so-called numerical response of consumers in the ecological literature [48]. The instanta-
neous coupling between consumption and reproduction we assumed here, which is also
assumed in simple predator-prey models, is not realistic and might be at the basis of this
inconsistency. Structured population models, which assume that consumers accumulate
mass or energy as they feed and reproduce at a later stage [71], may shed new light on
the relation between individual feeding dynamics and macroscopic functional responses.
Other possible generalizations, such as the explicit consideration of spatial dynamics [67]
(see also Appendix C), may also help explain the relation between individual feeding
dynamics and coarse-grained descriptions leading to effective functional responses. Future
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avenues of research include developing more robust methods to make inference from
experiments of consumer-resource systems based on stochastic dynamics [26,72,73] rather
than on simple ODE systems.

In sum, we demonstrated that the use of simple predator-prey models to analyze
both experiments and natural predator-prey interactions should be done with caution.
This includes food-web theory and applications. Models are simple representations of
reality. As such, it is not rare to find inconsistencies when we try different types of models
to analyze the same system. The art comes when theory is able to clearly establish the
range of situations in which a certain mathematical model matches reality, which allows
for both predictions and further experiments. However, a successful model of this kind
should never claim that the processes considered occur in exactly the same way as they
do in nature. Most of the time, process representation is a strong idealization. In this
sense, we believe that ecological theories, and probably theories in general, are always
effective theories.
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Appendix A. Van Kampen Expansion of the Master Equation

In the absence of triplets, the master Equation (18) reduces to:

aai; = (Ex' —I)(T P) + (Er — I)(Tg P) + (E,' —I)(T4 P)

+ (Ea = 1)(T; P) + (EREAE % — 1) (TjP) (AD
+ (Ep*Eag — 1) (TR P).
In this Appendix, we denote n = (ng, 14, N[AR] ). The expansion proceeds by decomposing
each abundance as a term associated with a macroscopic density plus a term associated

with noise,
ng = Nfg + N/2&,

na = Nfa+ N2y, (A2)
nar) = Nfiar) + N8 ar)s

where & = (Cr, &4, A R]) stands for the vector of noise terms. The expansion is based on
the change of variables n — ¢. In the new variables, we denote I1(¢, ) = P(n,t). Here, we
use the shorthand X to denote each one of the labels in the set X' := {R, A, [AR]}.
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Observe that Ex changes ny into nx +1 = Nfx + Nl/zé‘X + NY2N-1/2 There-
fore, after applying Ey, the noise &x changes into &x + N~1/2. This yields the following
asymptotic expansions for the operators ]E§ in the limit of large N,

Bt —peN-1290 119 i +. (A3)
X x 2 o
The time derivative in (A1) is taken at constant n. Therefore, taking time derivatives in (A2),
we obtain: i if
X _ 1/24/X
= = —N/“==, A4

dt dt (Ad)

Now, we apply the change of variables n — ¢. The chain rule yields:
=— - — = (A5)

o X;Y ofx dt ot X;X oCx dt

The Lh.s. of (A1) contains powers of N'/2 and N°. We expand the r.h.s. of (A1) up to
the leading and next-to-leading terms in N. We proceed term by term. The first term,
(Ex' —I)(Tg P), reduces to:

_ o 1., 02
(ERl—D(T;P)*‘( N e 1a¢%<><N<1—fR>—N”2¢R>x
B

(AR + g (Nfr+ NW@R))H(M). (A6)

Up to order N, this yields:
-1 + 1/2 oIl
(Br = DT P) ~ NYH(=Ar(1 = fr) = Bfr( = fr)) 570

0
- @(—/\R&z — Bfr¢r + B(1 = fr)ER)IT
1 Q11
+5 AR = fr) + BfR(L = fr)) 527 = +O(N7Y2),
Expanding up to order N° the following terms of the master equation, we obtain:

(Eg —I)(Tg P) ~ N2 (5 fir >a“

9 0211
+@(5R’§R )+ (5RfR)a€2 +O(N12),

o[l 1. 921
1 +py ~ N1/2 ~1/2
(B! ~D(T;P) % NV Aage + 5045 o= +ON1?),
_ 0
(Eqg =I)(T, P) = Nl/szAfA* + Fn (8aGAIT)

0Tl
+ (SAfA +O(N71/2).
BCA
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The remaining terms are a bit convoluted,

3 , 0 J
(EREAE (L — I)(T}P) ~ NY2(afgfa) <8€R toE, T af;’[Am> !

0 ) py
* (aéR Taea ag[AR]> (wfalr + i)l

02I1 01 9711
z(afRfA)<a§2 2 + gAR]>
9211 9211 9%T1
+ (afrfa) (agRagA EEEE agAaCMN)
+ O(N—l/Z),

(B *Ear —1)(TygP) ~ NY2(vfiag)) <_23‘§A " a‘:[AR]> B

+ (—28 + a) (VE[ar 1)

9Ca  9GaR]
+Lofn <4azn 11 11 )
2 02 8@' CAR] aCAaC[AR
+O(N"12),

Leading terms that multiply ag % and H respectively, yield a differential equation,
which together form the following macroscoplc mean field system of ODEs:

R AR )~ Bfr(1— fi) + i+ afafa,
de

Ayt safat afefa—20fian, (A7)
df
B f{?m = —afrfa+Vvfiar)

which coincides with (20)—(23) for x = 0 = 57 and changing back to the original variables
nx = Nfx (X € {R, A, [AR]}) in the limit of large N (i.e., ignoring the noise).
Next-to-leading terms yield the Fokker—Plank equation for the noise distribution

H(gft)/
%= Bty T 36136] it (A9

]EX
with a drift vector # whose components are given by:
pr = —(AR +0r = B+ afa)lr — afrGa,
pa = —afaGr — (64 +afr)Ga +2V8[aR), (A9)
HiaR] = @faCR + afRCA — VE[aR),
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and diffusion matrix D whose entries are defined as:
Drr = AR(1 = fr) + Bfr(1 — fr) + OrfR + afRfA,
Daa=Aa+0afa+afrfa+4vfiag),
DiaryjaR] = &fRfA + Vf|AR)s
Dgr.a = afrfa,
Dg ar) = —afrfa,
Daar) = —frfa — 2Vf|AR):

(A10)

Appendix B. The Method of Characteristics

Here, we give details about the derivation of probability generating function associated
with the Holling type II consumer-resource dynamics. We characterized the configuration
of the system by n, the number of accumulated feeding events, and the number of free
predators, n4, ready to attack resources, at any given time. We were interested in the
probability distribution of cumulative feeding events, 1, realized by the total number of
consumers, nY, between Time 0 and t. We calculated this distribution under the assumption
that, initially, at t = 0, there were a total of n% free consumers and, by definition, no feeding
events yet. If we write this probability distribution as P(n,n4;t), the initial condition
should be specified as:

[ 1 if n=0, m:n%,
P(n,m,0) = { 0 Otherwise. (ALD)

According to the feeding process, the stochastic dynamics is governed by the following
total probability rates:

tam = T[(n+1,m—1)|(n, )] =0m, (A12)
gnm = T[(n,m+1)|(n,m)] = —m), (A13)

where, for simplicity, we defined m :=n4, mg := n?q. Recall also that 6 = om% /N, as usual.

This leads to the master equation, which should be always seen as a system of coupled
ODEgs, in our case, for m = 0,...,mg, and n, in principle, taking integer values from —oo
to oo:

% O(m+1)P(n—1,m+1;t) +v(mg—m+1)P(n,m—1;t)

— [(6 —v)m +vmo|P(n,m;t). (Al4)

By definition, the probability generating function is:

[eS) my

(x,y;1) Z Z n,m;t) x" y™. (A15)

n=00 =

Multiplying each equation in the ODE system (A14) by the corresponding factor x" y and
summing over n and m, we obtained an equation in partial derivatives for the probability
generating function,

aG(x,y;t)

SV — oy~ 1)G(x:t) + 0(x —y) —vy(y - D)ZZEED (g

%

The initial condition can be written in terms of the probability generating function in a very
compact form, G(x,y,0) = y™0. Our objective was to find the function that fulfills both
Equation (A16) and this initial condition.
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We first note that x plays the role of a parameter. The relevant variables are y and t.
Therefore, we looked for an integral surface Uy (y,t) = G(x,y, t) satisfying Equation (A16).
Notice that our solution z = Ux(t,y) can be regarded as a surface embedded in the 3D
space defined by the variables ¢, y, and z. This method emphasizes that any surface in a
3D space can be characterized by a family of curves. These would be curves that, as a real
constant changes, cover and define the whole surface. These curves are called characteristic
curves. An equivalent way of writing our integral solution would be Z(t,y,z) = 0 with the
function Z(t,y,z) := Ux(t,y) — z. Furthermore, we could write the initial PDE in a very
compact form, as the following dot product:

F.7i=0, (A17)
where 7 is defined as:
7:= (1, 0lx —yl —vyly — 1, vmoly = 1] G(x,y;1)) (A18)
and 7i is the gradient of Z(t,y, z), thatis 7i = (Z;, Z, Z,), where:

7, = oZ _ aG(x,y;t) z,:

£Y4 _9Z _ 3G(x,y;t) oz
oot ot

== , Zyi=— =L A19

ay ay T oz (AL9)
Since 7i is the gradient of Z, it is normal to the integral surface at each and every point,
(t,y,z). Therefore, any curve on the surface should have a tangential direction, defined by
the vector @, that should be perpendicular to 7 at every point. Now, we write a curve in
parametric form:

F=1t(s),
y=y(s),
z = z(s),

and its tangent vector, 7, is therefore written as:

a—ﬁ
t_dsr

dy
[ly:%,
a—dj
2T ds”

As said, this curve is a characteristic curve of our integral solution only if its tangent vector
d is parallel to 7, as defined in Equation (A18). Therefore, a relation of proportionality
component a component should be fulfilled, i.e.,

& : = : A20
1 =8k —y-wyly—1  vmoly — 1 C(x,y:8) (A20)

which, for convenience, can be written as the following two ODEs to solve. Notice that
dz = dU, = dG:

dt dy

- = A21
L= 80—y —wyly 1 (A1)
ab_ 46 (A22)

1 vmyly—1]G
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After some algebra, respectively, the solutions of the first and second ODE become:
- _ e (A23)
y =¥y (%)
ermlv A24

where C; and C; are integration constants, and:
A(x) =1/(0—v)?+40vx,
¥ (1) = 5[0 - ) + AR
¥y (1) = 5 [~(6 —v) ~ A

Recall that Equations (A23) and (A24) define a family of characteristic curves on our integral
surface. This means that these curves draw this surface as a real parameter continuously
changes, which implies that C; and C, cannot be freely chosen, but should depend on each
other. This dependence can be written in terms of an arbitrary function, C; = ¥(C;). In
fact, one can check that the function:

oA Y Yo (¥) g el (A25)
v~y (x) Glx,yit)

is a general solution of the initial PDE given by Equation (A16) whatever the function
¥ (w) is. It is the initial condition that fully determines this function. We require that

G(x,y;0) = y™: B
Y=ty (%) :‘I’<i) (A26)
Y=y (%) yo
One can check that this function should be:
Yo (%) 1 Yo (%)
Y(w)=|1- + . (A27)
( Yo (x)> 1—wmoyg (x)  yg (%)
Plugging this expression into the general solution Equation (A25), we obtain:
At Y ]/o(x)_<1_y6(x)> 1 L) (A28)
- + vmg(y—1)t \ 10 + :
y =y (x) Yo (*) )1 (eG s ) yi(x) Yo ()

After bringing G(x, y;t) to the left-hand side of the equation, we obtain:

(x)\ ™0

+ Y=
y) ") , (A29)
x)

Yo (x)e_A( *)t —Yo (¥ (x

) =S
oDt _ Y=g (%)
—yo (x

G(x,y;t) = eVmo(y—1)t

which is Equation (74) of the main text. One can check that this function is a particular solu-
tion of Equation (A16) satisfying the initial condition G(x,y;0) = y™ and the normalization
requirement G(1,1,¢) = 1 for all t.

Appendix C. Generalization to Spatial Dynamics

In this Appendix, we describe the dynamics of discrete individuals of a given species
X moving in a two-dimensional discrete spatial lattice. The number of individuals in each
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site of the lattice (x,y) at time ¢ is given by n(x,y;t) withn > 0,n € N, x € [1,---,L],
y€[1,---,L],and t € R, where the total number of nodesis M = L x L.

The process is completely defined by the lattice edge L > 0, L € N, the initial number
of individuals in each site n(x,;0), (x =1,...,L,y = 1,..., L), the possible movements,
and the per capita movement rate of each individual into neighboring sites across the
lattice. Assuming the same rate u for every movement, the total rate of the process at time
t is given by:

M
R(t) = p ) n(x,yit), (A30)
i=1
This rate defines the distribution of times between movement events. This Markovian
process, in the limit of continuum densities, can be described by the following coupled
ODE system:

AN (x;,y;;t .
% = —miN(xyst)+p ), N(xyt), (A31)
jeN(xi/yi)

fori =1,..., M, where, here, we define:

pi= )
JEN (xiyi)
n(x;,y;t
N(xz,]/l,t) — ( lAyl )’
fori =1,...,M, and A would be a physical area associated with every patch, which,
assuming von Neumann neighbors, can be simply written as:

dN(Xi,yi}t) :4# 1 Z

T N(xj,yj;t)| — N(x;,yi;t) (A32)

JEN (xiy:)

fori = 1,..., M. Moreover, the definition of y as a per capita random movement rate
between patches ensures that the discrete model so defined also converges to the diffusion
equation in the continuum limit, in the limit of the lattice step tending to zero.

In addition, the model can also be regarded as a metapopulation model where popu-
lations are located at every node of a network. General network structures can be imple-
mented without much trouble. For instance, assume a network of patches at given physical
distances, dl-]-, from each other. By using the Hanski convention, that is that migration
decays exponentially as between-patch Euclidean distance increases, then the per capita
movement rate between patch i and j is defined as:

pij = poe M.

In this case, the total rate given by Equation (A30) is now written as:

M
R(t) = Z ﬁ (xi/yi)n(xiryi; t)/ (A33)
i=1

where /i (x;,y;) is defined, as in the case for fi;, analogously, as:

plxiy) =Y, i (A34)
JEN (xiy:)

Throughout the main text, we described processes occurring in a single site, i.e.,
without spatially explicit dynamics. This is usually called the reaction part of the dynamics.
However, in this Appendix, we showed that the diffusion part can be easily added by
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prescribing a metapopulation network topology in which individuals move from node to
node at a certain per capita movement rate, where each node represents a local community.

References

1. Lotka, A.J. Analytical note on certain rhythmic relations in organic systems. Proc. Natl. Acad. Sci. USA 1920, 6, 410-415.
[CrossRef]

2. Volterra, V. Fluctuations on the abundance of a species considered mathematically. Nature 1926, 118, 558-560. [CrossRef]

3.  Basset, A.,; De Angelis, D.L.; Diffendorfer, J.E. The effect of functional response on stability of a grazer population on a landscape.
Ecol. Model. 1997, 101, 153-162. [CrossRef]

4. Drossel, B.; McKane, A.].; Quince, C. The impact of nonlinear functional responses on the long-term evolution of food web
structure. J. Theor. Biol. 2004, 229, 539-548. [CrossRef]

5. Goss-custard, ].D.; West, A.D.; Yates, M.G.; Caldow, R.W.G,; Stillman, R.A.; Bardsley, L.; Castilla, J.; Castro, M.; Dierschke, V.; Le,
S.E.A,; et al. Intake rates and the functional response in shorebirds ( Charadriiformes ) eating macro-invertebrates. Biol. Rev.
2006, 1, 501-529. [CrossRef] [PubMed]

6.  Sarnelle, O.; Wilson, A.E. Type III functional response in Daphnia. Ecology 2008, 89, 1723-1732. [CrossRef]

7. Vucic-Pestic, O.; Birkhofer, K.; Rall, B.C.; Scheu, S.; Brose, U. Habitat structure and prey aggregation determine the functional
response in a soil predator—prey interaction. Pedobiologia 2010, 53, 307-312. [CrossRef]

8. Hunsicker, M.E.; Bailey, K M.; Buckel, A.; White, ].W,; Link, S.; Essington, T.E.; Gaichas, S.; Todd, W.; Brodeur, R.D. Functional
responses and scaling in predator-prey interactions of marine fishes: Contemporary issues and emerging concepts. Ecol. Lett.
2011, 14, 1288-1299. [CrossRef] [PubMed]

9.  Twardochleb, L.; Novak, M.; Moore, ].W. Using the functional response of a consumer to predict biotic resistance to invasive prey.
Ecol. Appl. 2012, 22,1162-1171. [CrossRef] [PubMed]

10. Solomon, M. The natural control of animal populations. |. Anim. Ecol. 1949, 18, 1-35. [CrossRef]

11.  Holling, C. The Components of Predation as Revealed by a Study of Small-Mammal Predation of the European Pine Sawfly. Can.
Entomol. 1959, 91, 293-320. [CrossRef]

12.  Holling, C. Some Characteristics of Simple Types of Predation and Parasitism. Can. Entomol. 1959, 91, 385-398. [CrossRef]

13.  Jeschke, ].M.; Kopp, M.; Tollrian, R. Predator functional responses: Discriminating between handling and digesting prey. Ecol.
Monogr. 2002, 72, 95-112. [CrossRef]

14. Real, L.A. The kinetics of functional response. Am. Nat. 1977, 111, 289-300. [CrossRef]

15. Palamara, G.M.; Delius, G.W.; Smith, M.].; Petchey, O.L. Predation effects on mean time to extinction under demographic
stochasticity. J. Theor. Biol. 2013, 334, 61-70. [CrossRef]

16. Daugaard, U.; Petchey, O.L.; Pennekamp, F. Warming can destabilize predator—prey interactions by shifting the functional
response from Type III to Type II. J. Anim. Ecol. 2019, 88, 1575-1586. [CrossRef] [PubMed]

17.  Beddington, ].R. Mutual interference between parasites or predators and its effect on searching efficiency. J. Anim. Ecol. 1975,
1, 331-340. [CrossRef]

18. DeAngelis, D.L.; Goldstein, R.; O'Neill, R.V. A model for tropic interaction. Ecology 1975, 56, 881-892. [CrossRef]

19. Ruxton, G.; Gurney, W.; De Roos, A. Interference and generation cycles. Theor. Popul. Biol. 1992, 42, 235-253. [CrossRef]

20. Skalski, G.T.; Gilliam, J.E. Functional responses with predator interference: Viable alternatives to the Holling type II model.
Ecology 2001, 82, 3083-3092. [CrossRef]

21.  VanDer Meer, J.; Smallegange, I.M. A stochastic version of the Beddington-DeAngelis functional response: Modelling interference
for a finite number of predators. J. Anim. Ecol. 2009, 78, 134-142. [CrossRef] [PubMed]

22.  De Villemereuil, P.B.; Lépez-Sepulcre, A. Consumer functional responses under intra- and inter-specific interference competition.
Ecol. Model. 2011, 222, 419-426. [CrossRef]

23. Casas, J.; Hulliger, B. Statistical analysis of functional response experiments. Biocontrol Sci. Technol. 1994, 4, 133-145. [CrossRef]

24. Zhang, ].F; Papanikolaou, N.E.; Kypraios, T.; Drovandi, C.C. Optimal experimental design for predator-prey functional response
experiments. J. R. Soc. Interface 2018, 15, 20180186. [CrossRef]

25. Rosenbaum, B.; Rall, B.C. Fitting functional responses: Direct parameter estimation by simulating differential equations. Methods
Ecol. Evol. 2018, 9, 2076-2090. [CrossRef]

26. Gilioli, G.; Pasquali, S.; Ruggeri, F. Bayesian inference for functional response in a stochastic predator-prey system. Bull. Math.
Biol. 2008, 70, 358-381. [CrossRef] [PubMed]

27. Boersch-Supan, P.H.; Ryan, S.J.; Johnson, L.R. deBInfer: Bayesian inference for dynamical models of biological systems in R.
Methods Ecol. Evol. 2017, 8, 511-518. [CrossRef]

28. Rosenbaum, B.; Raatz, M.; Weithoff, G.; Fussmann, G.F,; Gaedke, U. Estimating Parameters From Multiple Time Series of
Population Dynamics Using Bayesian Inference. Front. Ecol. Evol. 2019, 6, 234. [CrossRef]

29. Rosenzweig, M.L.; MacArthur, R.H. Graphical representation and stability conditions of predator-prey interactions. Am. Nat.
1963, 97, 209-223. [CrossRef]

30. Stollenwerk, N.; Sommer, P.F.; Kooi, B.; Mateus, L.; Ghaffari, P.; Aguiar, M. Hopf and torus bifurcations, torus destruction and

chaos in population biology. Ecol. Complex. 2017, 30, 91-99. [CrossRef]


http://doi.org/10.1073/pnas.6.7.410
http://dx.doi.org/10.1038/118558a0
http://dx.doi.org/10.1016/S0304-3800(97)01975-3
http://dx.doi.org/10.1016/j.jtbi.2004.04.033
http://dx.doi.org/10.1017/S1464793106007093
http://www.ncbi.nlm.nih.gov/pubmed/16863594
http://dx.doi.org/10.1890/07-0935.1
http://dx.doi.org/10.1016/j.pedobi.2010.02.003
http://dx.doi.org/10.1111/j.1461-0248.2011.01696.x
http://www.ncbi.nlm.nih.gov/pubmed/21985428
http://dx.doi.org/10.1890/11-0871.1
http://www.ncbi.nlm.nih.gov/pubmed/22827125
http://dx.doi.org/10.2307/1578
http://dx.doi.org/10.4039/Ent91293-5
http://dx.doi.org/10.4039/Ent91385-7
http://dx.doi.org/10.1890/0012-9615(2002)072[0095:PFRDBH]2.0.CO;2
http://dx.doi.org/10.1086/283161
http://dx.doi.org/10.1016/j.jtbi.2013.06.007
http://dx.doi.org/10.1111/1365-2656.13053
http://www.ncbi.nlm.nih.gov/pubmed/31257583
http://dx.doi.org/10.2307/3866
http://dx.doi.org/10.2307/1936298
http://dx.doi.org/10.1016/0040-5809(92)90014-K
http://dx.doi.org/10.1890/0012-9658(2001)082[3083:FRWPIV]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2656.2008.01480.x
http://www.ncbi.nlm.nih.gov/pubmed/19120601
http://dx.doi.org/10.1016/j.ecolmodel.2010.10.011
http://dx.doi.org/10.1080/09583159409355321
http://dx.doi.org/10.1098/rsif.2018.0186
http://dx.doi.org/10.1111/2041-210X.13039
http://dx.doi.org/10.1007/s11538-007-9256-3
http://www.ncbi.nlm.nih.gov/pubmed/17701377
http://dx.doi.org/10.1111/2041-210X.12679
http://dx.doi.org/10.3389/fevo.2018.00234
http://dx.doi.org/10.1086/282272
http://dx.doi.org/10.1016/j.ecocom.2016.12.009

Entropy 2021, 23, 575 26 of 27

31.
32.
33.
34.
35.
36.
37.

38.
39.

40.
41.

42.

43.
44.

45.

46.

47.

48.

49.
50.

51.
52.

53.
54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

Seo, G.; Wolkowicz, G.S. Sensitivity of the dynamics of the general Rosenzweig—-MacArthur model to the mathematical form of
the functional response: A bifurcation theory approach. J. Math. Biol. 2018, 76, 1873-1906. [CrossRef] [PubMed]

Beay, L.K.; Suryanto, A.; Darti, I. Trisilowati. Hopf bifurcation and stability analysis of the Rosenzweig-MacArthur predator-prey
model with stage-structure in prey. Math. Biosci. Eng. 2020, 17, 4080-4097. [CrossRef] [PubMed]

Zhou, X.; Song, X.; Shi, X. Analysis of competitive chemostat models with the Beddington-DeAngelis functional response and
impulsive effect. Appl. Math. Model. 2007, 31, 2299-2312. [CrossRef]

Fazly, M.; Hesaaraki, M. Periodic solutions for predator-prey systems with Beddington-DeAngelis functional response on time
scales. Nonlinear Anal. Real World Appl. 2008, 9, 1224-1235. [CrossRef]

Van Kampen, N.G. Stochastic Processes in Physics and Chemistry; Elsevier: Amsterdam, The Netherlands, 2011.

Gardiner, C.W. Handbook of Stochastic Methods for Physics, Chemistry and the Natural Sciences; Springer: Berlin, Germany, 1985.
McKane, A.]J.; Newman, TJ. Stochastic models in population biology and their deterministic analogs. Phys. Rev. E 2004, 70, 041902.
[CrossRef]

Alonso, D.; McKane, A.]. Sampling Hubbell’s neutral theory of biodiversity. Ecol. Lett. 2004, 7, 901-910. [CrossRef]

Volkov, I; Banavar, ].R.; Maritan, A. Organization of ecosystems in the vicinity of a novel phase transition. Phys. Rev. Lett. 2004,
92,218703. [CrossRef]

Azaele, S.; Pigolotti, S.; Banavar, J.R.; Maritan, A. Dynamical evolution of ecosystems. Nature 2006, 444, 926-928. [CrossRef]
Black, A.J.; McKane, A.J. Stochastic formulation of ecological models and their applications. Trends Ecol. Evol. 2012, 27, 337-345.
[CrossRef]

Chou, T.; Greenman, C.D. A hierarchical kinetic theory of birth, death and fission in age-structured interacting populations. J.
Stat. Phys. 2016, 164, 49-76. [CrossRef]

Bunin, G. Ecological communities with Lotka—Volterra dynamics. Phys. Rev. E 2017, 95, 042414. [CrossRef]

Altieri, A.; Franz, S. Constraint satisfaction mechanisms for marginal stability and criticality in large ecosystems. Phys. Rev. E
2019, 99, 010401. [CrossRef]

Cui, W.; Marsland, R.; Mehta, P. Effect of resource dynamics on species packing in diverse ecosystems. Phys. Rev. Lett. 2020,
125, 048101. [CrossRef]

Dawes, J.; Souza, M. A derivation of Holling’s type I, I and III functional responses in predator—prey systems. J. Theor. Biol. 2013,
327, 11-22. [CrossRef]

Cuenda, S.; Llorente, M.; Capitan, J.A. Collapse and recovery times in non-linear harvesting with demographic stochasticity.
Appl. Math. Comput. 2020, 380, 125236. [CrossRef]

Bayliss, P.; Choquenot, D. The numerical response: Rate of increase and food limitation in herbivores and predators. Philos. Trans.
R. Soc. London. Ser. B Biol. Sci. 2002, 357, 1233-1248. [CrossRef]

James, T.W. Continuous Culture of Microorganisms. Annu. Rev. Microbiol. 1961, 15, 27-46. [CrossRef]

Novak, M.; Stouffer, D.B. Systematic bias in studies of consumer functional responses. Ecol. Lett. 2021, 24, 580-593. [CrossRef]
[PubMed]

Levins, R. The strategy of model building in population biology. Am. Sci. 1966, 54, 421-431.

Levins, R. Some Demographic and genetic consequences of environmental heterogeneity for biological control. Bull. Entomol.
Soc. Am. 1969, 15, 237-240. [CrossRef]

Hanski, I.; Gilpin, M. Metapopulation dynamics: Brief history and conceptual domain. Biol. J. Linn. Soc. 1991, 42, 3-16. [CrossRef]
Alonso, D.; Mckane, A. Extinction dynamics in mainland-island metapopulations: An N-patch stochastic model. Bull. Math. Biol.
2002, 64, 913-958. [CrossRef] [PubMed]

Solé, R.V.; Alonso, D.; Saldafia, ]. Habitat fragmentation and biodiversity collapse in neutral communities. Ecol. Complex. 2004,
1, 65-75. [CrossRef]

Allouche, O.; Kadmon, R. A general framework for neutral models of community dynamics. Ecol. Lett. 2009, 12, 1287-1297.
[CrossRef] [PubMed]

Etienne, R.S.; Alonso, D.; McKane, A.]. The zero-sum assumption in neutral biodiversity theory. J. Theor. Biol. 2007, 248, 522-536.
[CrossRef]

Etienne, R.S.; Alonso, D. Neutral community theory: How stochasticity and dispersal-limitation can explain species coexistence.
J. Stat. Phys. 2007, 128, 485-510. [CrossRef]

Etienne, R.S. A new sampling formula for neutral biodiversity. Ecol. Lett. 2005, 8, 253-260. [CrossRef]

Etienne, R.S.; Alonso, D. A dispersal-limited sampling theory for species and alleles. Ecol. Lett. 2005, 8, 1147-1156. [CrossRef]
[PubMed]

McKane, A.J.; Newman, T.J. Predator-prey cycles from resonant amplification of demographic stochasticity. Phys. Rev. Lett. 2005,
94,218102. [CrossRef] [PubMed]

Capitdn, J.A.; Cuenda, S.; Alonso, D. How similar can co-occurring species be in the presence of competition and ecological drift?
J. R. Soc. Interface 2015, 12, 20150604. [CrossRef]

Tahara, T.; Gavina, M.K.A.; Kawano, T.; Tubay, ].M.; Rabajante, ].F,; Ito, H.; Morita, S.; Ichinose, G.; Okabe, T.; Togashi, T.; et al.
Asymptotic stability of a modified Lotka—Volterra model with small immigrations. Sci. Rep. 2018, 8, 1-7. [CrossRef]

Shertzer, K.W.; Ellner, S.P.; Fussmann, G.F,; Hairston, N.G. Predator—Prey cycles in an aquatic microcosm: Testing hypotheses of
mechanism. J. Anim. Ecol. 2002, 71, 802-815. [CrossRef]


http://dx.doi.org/10.1007/s00285-017-1201-y
http://www.ncbi.nlm.nih.gov/pubmed/29307085
http://dx.doi.org/10.3934/mbe.2020226
http://www.ncbi.nlm.nih.gov/pubmed/32987569
http://dx.doi.org/10.1016/j.apm.2006.08.010
http://dx.doi.org/10.1016/j.nonrwa.2007.02.012
http://dx.doi.org/10.1103/PhysRevE.70.041902
http://dx.doi.org/10.1111/j.1461-0248.2004.00640.x
http://dx.doi.org/10.1103/PhysRevLett.92.218703
http://dx.doi.org/10.1038/nature05320
http://dx.doi.org/10.1016/j.tree.2012.01.014
http://dx.doi.org/10.1007/s10955-016-1524-x
http://dx.doi.org/10.1103/PhysRevE.95.042414
http://dx.doi.org/10.1103/PhysRevE.99.010401
http://dx.doi.org/10.1103/PhysRevLett.125.048101
http://dx.doi.org/10.1016/j.jtbi.2013.02.017
http://dx.doi.org/10.1016/j.amc.2020.125236
http://dx.doi.org/10.1098/rstb.2002.1124
http://dx.doi.org/10.1146/annurev.mi.15.100161.000331
http://dx.doi.org/10.1111/ele.13660
http://www.ncbi.nlm.nih.gov/pubmed/33381898
http://dx.doi.org/10.1093/besa/15.3.237
http://dx.doi.org/10.1111/j.1095-8312.1991.tb00548.x
http://dx.doi.org/10.1006/bulm.2002.0307
http://www.ncbi.nlm.nih.gov/pubmed/12391862
http://dx.doi.org/10.1016/j.ecocom.2003.12.003
http://dx.doi.org/10.1111/j.1461-0248.2009.01379.x
http://www.ncbi.nlm.nih.gov/pubmed/19845727
http://dx.doi.org/10.1016/j.jtbi.2007.06.010
http://dx.doi.org/10.1007/s10955-006-9163-2
http://dx.doi.org/10.1111/j.1461-0248.2004.00717.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00817.x
http://www.ncbi.nlm.nih.gov/pubmed/21352438
http://dx.doi.org/10.1103/PhysRevLett.94.218102
http://www.ncbi.nlm.nih.gov/pubmed/16090353
http://dx.doi.org/10.1098/rsif.2015.0604
http://dx.doi.org/10.1038/s41598-018-25436-2
http://dx.doi.org/10.1046/j.1365-2656.2002.00645.x

Entropy 2021, 23, 575 27 of 27

65.

66.

67.

68.

69.

70.

71.

72.

73.

Massie, T.M.; Blasius, B.; Weithoff, G.; Gaedke, U.; Fussmann, G.F. Cycles, phase synchronization, and entrainment in single-
species phytoplankton populations. Proc. Natl. Acad. Sci. USA 2010, 107, 4236—4241. [CrossRef] [PubMed]

Abrams, P.A.; Ginzburg, L.R. The nature of predation: Prey dependent, ratio dependent or neither? Trends Ecol. Evol. 2000,
15, 337-341. [CrossRef]

Alonso, D.; Bartumeus, F; Catalan, ]. Mutual interference between predators can give rise to Turing spatial patterns. Ecology
2002, 83, 28-34. [CrossRef]

Rall, B.C.; Guill, C.; Brose, U. Food-web connectance and predator interference dampen the paradox of enrichment. Oikos 2008,
117,202-213. [CrossRef]

Auger, P; de la Parra, R.B.; Poggiale, ].; Sanchez, E.; Sanz, L. Aggregation methods in dynamical systems and applications in
population and community dynamics. Phys. Life Rev. 2008, 5, 79-105. [CrossRef]

Bender, C.M.; Orszag, S.A. Advanced Mathematical Methods for Scientists and Engineers I: Asymptotic Methods and Perturbation Theory;
Springer Science & Business Media: Berlin/Heidelberg, Germany, 2013.

De Roos, A.M.; Persson, L. Population and Community Ecology of Ontogenetic Development; Monographs in Population Biology,
Princeton University Press: Princeton, NJ, USA, 2013.

Palamara, G.M.; Childs, D.Z.; Clements, C.E; Petchey, O.L.; Plebani, M.; Smith, M.]. Inferring the temperature dependence of
population parameters: The effects of experimental design and inference algorithm. Ecol. Evol. 2014, 4, 4736-4750. [CrossRef]
Palamara, G.M.; Haenngi, C.; Dennis, S.; Schuwirth, N.; Reichert, P. A guide to selecting stochastic ecological models. Under Review.


http://dx.doi.org/10.1073/pnas.0908725107
http://www.ncbi.nlm.nih.gov/pubmed/20160096
http://dx.doi.org/10.1016/S0169-5347(00)01908-X
http://dx.doi.org/10.1890/0012-9658(2002)083[0028:MIBPCG]2.0.CO;2
http://dx.doi.org/10.1111/j.2007.0030-1299.15491.x
http://dx.doi.org/10.1016/j.plrev.2008.02.001
http://dx.doi.org/10.1002/ece3.1309

	Introduction
	A Minimal Set of Stochastic Processes
	Derivation of Mean Field Approximations

	Stability Analysis
	Hopf Bifurcation

	Derivation of Functional Responses via the Separation of Time Scales
	Stochastic Feeding Rates
	Discussion
	Van Kampen Expansion of the Master Equation
	The Method of Characteristics
	Generalization to Spatial Dynamics
	References

