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1. Introduction

The extinction of terrestrial megafauna in the Late Pleistocene
(approximately 120,000-15,000 years before present (BP)) was
not localized to particular habitats, and its primary cause remains
controversial (Koch, 2006; Foster, 2003). As is well-documented,
giant vertebrates existed in many ecosystems, and extinctions were
important events that triggered ecological transformations. Partic-
ularly, extinction in the Late Pleistocene is thought to be related to
either external environmental changes or human arrivals. Evidence
exists that humans used intentional fire as a type of prehistoric
weapon of mass destruction (Daniau et al., 2010). The present arti-
cle supports the idea that control and extensive use of fire by
anatomically modern humans was a determinant behavioral inno-
vation that assisted global spread of the species (McBrearty and
Brooks, 2000; Brown, 2009).

More explicitly, Rule (2012) suggested that megafaunal extinc-
tion in Australia some 50,000-45,000 years ago was governed by
human arrival rather than by climatic changes. In the broad context
of quaternary megafaunal extinction, Hortola and Martinez-
Navarro (2013) claimed that humans decimated Neanderthal
populations. It appears that anatomically modern humans directly
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intervened on the megafaunal niche by extended fire landscape and
depredation.

This article assumes a relationship between the Late Pleistocene
extinction and large-scale disruption by hunter activity. Neverthe-
less, human intervention and climatic changes are intermingled
and both can explain megafaunal extinction in a multifaceted way
(see for instance Gibbons, 2004). Indeed, by varying the param-
eters in our model, we could eventually introduce climatological
effects such as reduction in growth rate caused by natural cycle
dysfunction. Explicitly, by example, Kiltie (1984) studied season-
ality fluctuations in the post-glacial period and reproductive rates
of species with long gestation times. Troyer et al. (2014) studied
relationships between growth rates and climatic variations for par-
ticular mammals, also, avian variation rates were considered by
Saether and Bakke (2000). Mathematically similar topics have been
covered in a variety of interesting studies (Mosimann and Martin,
1975; Martin, 1984; Whittington and Dyke, 1984; Belovsky, 1988;
Mithen, 1993; Alroy, 2001). However, our analysis focuses on relat-
ing global-scale extinction times to territorial areas and human
diffusion coefficients. Similar to our work, Hamilton and Buchanan
(2007) considered a diffusion coefficient for modeling ancient peo-
ple migrations. The concepts of metapopulation, extinction and
colonization were studied by Elmhagen and Angerbjorn (2001).
Other researchers have applied agent-based techniques to large
scale human dispersal including Neanderthal dispersal (Callegari,
2013). Montoya et al. (2010) studied habitat fragmentation and
eventual species extinctions, and proposed a threshold hypothesis.
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Using algebraic relationships Charnov and Zuo (2011) quantified
an extinction threshold related to the hunting-fishing rate and
the adult mortality rate (this last expressed also as an allometric
function of the adult mass). In our case, the extinction threshold
becomes from dynamic nonlinear prey-predator equations (Sec-
tions 2 and 4).

Employing standard modeling tools of mathematical pop-
ulation dynamics, we analyzed a set of coupled differential
equations describing a predator-prey model of human hunting and
megafauna depredation at the end of the Pleistocene. We consider
the stability and the extinction times of species decimated by the
invaders. The condition for decimation (or ultimate coexistence)
is explicitly investigated. The elapsed extinction time in the corre-
sponding habitat emerges as straightforward function of the human
diffusion parameter and the effective area.

The paper is structured as follows. The nonlinear model is
proposed in Section2 and its equilibrium points are revealed in
Sections 3 and 4. The proposed extinction threshold (Section4) is
generic and applicable to a wide variety of cases. In Section 5 the
overkill condition is mathematically formulated and used in the
parameter estimation. In Section 6 the more relevant model param-
eters, including the elapsed extinction time, are roughly evaluated
in three cases of megafaunal extinction (or threat): (a) Australia,
(b) North America and (c) Africa critical case. Section 7 is devoted
to allometric considerations - in particular, a conceptual mass
threshold for extinction. Conclusions and remaining questions are
presented in Section 8.

Finally, we note that different species were threatened in the
large-scale terrestrial megafaunal extinction process (Koch, 2006).
In fact, some of these species still exist (Section 7) and our deter-
ministic model refers only to averaged numbers. Thus, we present
a type of mean field theory (Le Bellac, 1992).

2. Proposed model

In this work we shall consider a generalized Leslie’s
predator-prey model (Leslie, 1948; Boccara, 2010) for two inter-
acting groups, the megafauna M and modern humans H. Designing
by t the variable time, the proposed coupled equations are given by

dM M )

=™ (1 ~ KuD(H) ~ rKHH> ’ M
dH H
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where r and ’ are the respective growth rates and the variables M
and H represent the number of megafaunal and human individuals,
respectively. The parameter & represents the human depredation
rate, which is usually difficult to estimate and depends on many
factors, such as the (lithic) specialized technology, hunter strategies
(fire management, group strategy), and prey defensive strategies.
Moreover, as conjectured in the allometric discussion in Section 7,
§ also depends on the body mass of the species. For simplicity, we
assume a parameter that does not discriminate by age. The quan-
tities Ky and Ky are the natural carrying capacities of megafauna
and humans respectively, which largely depend for instance on cli-
matological conditions. The functions D(H) and G(M) decrease and
increase the carrying capacity, respectively, and account for carry-
ing capacity perturbations on the niches. Both positive functions
are assumed analytic and single-valued.

The model described by Eqs. (1) and (2) reduces to Leslie’s
model when D(H)= constant and G(M)xM. Such a model has
been widely applied in biological population dynamics, including
a generalization to Allee effect (Gonzales, 2011; Murray, 2004) in
ecology, understanding the Easter Island habitat collapse (Bologna
and Flores, 2008) and others (Boccara, 2010).

Note that Egs. (1) and (2) permit two routes of intervention by
modern humans on the megafaunal population: (i) direct depre-
dation via the one-by-one interaction term § and (ii) indirect
perturbation on the niche via the decreasing function D(H). On the
other hand, the carrying human perturbation factor G(M) is related
to human expansion subsequent to megafaunal habitat usurpa-
tion. Consequently, we impose the following conditions on the first
derivatives:

dD dG

g =0 and 0=<—m, (D(0)=G(0)=1). (3)
The resulting inequalities

DH)<1, and GM)=>1, (4)

will prove useful when determining the general properties of Eqs.
(1)and (2). Finally, we emphasize that inequalities (4) are sufficient
for our study goals, and that further specifications on D and G are
not required.

3. Megafauna and human equilibrium points on axes

This section focuses on the three equilibrium points of Egs. (1)
and (2), which occur on the axes (H=0, M) and (H, M =0). The stabil-
ity criteria are established by usual linearization techniques around
these fixed points (Boccara, 2010; Murray, 2004; Lakshmanan and
Rajasekar, 2002, see Appendices A and B for brief details).

(a) The first equilibrium point corresponds to the nonexistence of
species M; mathematically, M=0 and H=Kp. Assuming M=1n
and H=Ky + ¢, withn, e « 1, from Egs. (1) and (2) the differential
equation in the stability analysis is given by

d (n\ _ r—=4 0 n
dt(s>_(r’I<HG’(0) —r’) (s) ®)

The eigenvalues A of the dynamic matrix are A =(r—3§) and
Ay =—1. Assuming that r>§, this equilibrium point is a saddle
point (implying that the equilibrium is unstable); nevertheless,
it becomes a stable focus when r<§. In fact, as demonstrated in
the next section, it becomes the sole attractor in the ecological
system and ensuring that M becomes extinct.

(b) The next equilibrium point of Egs. (1) and (2) corresponds to an
ecological system devoid of humans; that is, M=Ky and H=0.
Assuming that M=Ky, +n and H=¢, the matrix equation in the
linear stability analysis becomes

d [ -r [rKMD/(O) — 8Ky /1<H] n
a = . (6)
€ 0 r €

Because the eigenvalues of the dynamic matrix are A = —r and
Ao =1, this equilibrium point is also a saddle point (and there-
fore unstable).

(c) The point H=0, M =0 is unstable because Allee effect (Gonzales,
2011; Murray, 2004) is not assumed in our analysis. It cor-
responds to a demographic effect with a minimal critical
population size, or density, to maintain species without col-
lapse.

4. Equilibrium points outside axes: extinction threshold

Besides the three equilibrium points discussed in Section 3, spe-
cific forms of the generic functions D(H) and G(M) yield a set of
points in the phase-space defined by H>0 and M > 0. A rigorous
investigation of these points usually requires additional informa-
tion on these regular functions. Nevertheless, for our purposes, it is
sufficient to specify the condition for non-existence of equilibrium
points in this case. For numerical calculations, and better flow, we
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Coexistence
Region

Fig. 1. Equilibrium points of the simultaneous prey-predator Egs. (1) and (2). Three
equilibrium points appear on the axes and coexistence is possible in the grey region.
On the human H-axis, the equilibrium point H=Ky (shown as unstable in the figure)
becomes a stable focus under the extinction condition for the dimensionless depre-
dation parameter d =(38/r)> 1 (Eq. (9), extinction threshold). Indeed, in this case, this
stable focus is the only attractor in the dynamic system and megafauna extinction is
inevitable. Furthermore, the grey triangle (potential region of coexistence) vanishes
when d=(8/r)>1.

define the dimensionless parameter d=4§/r. In fact, in this paper,
figures are referred to this dimensionless parameter.

In the dynamics of Egs. (1) and (2), the coexistence equilibrium
points (He, Me) (see Appendix A) are the solutions to the pair of
equations

M, 8
(1 - m) — - He and KuG(Me) = He. (7)

Furthermore, given the conditions Eq. (4) we can write the basic

inequalities:

M. 1)
0< m < <1 - rKHHe> and H. > Ky, (8)

which define the ultimate coexistence region (a triangle in the
phase space geometry). Note that under the special condition § <0,
the above inequalities are reinforced and can be directly inferred
to favor the development of M.

In Fig. 1, the triangulated grey area corresponds to the region
of existence of these (eventual) equilibrium points when the
inequalities (8) hold. The above-discussed three equilibrium points
(Section 3) are also plotted in the figure for the case r>4§. Impor-
tantly, when

§ >r (extinction threshold) 9)

the basic inequalities (8) cannot be verified and no equilibrium
points exist outside the axes (i.e. the grey region disappears in
Fig. 1). Or explicitly, the upper bound for the first inequality in
Eq. (8) will become negative when both the second inequality and
(9) hold. In this case, as mentioned in Section 3, the point (H =K,
M=0) becomes a stable focus and the sole attractor in the sys-
tem, meaning that species M is completely decimated. An algebraic
approach to megafaunal (age-discriminated) extinction thresholds
has also been implemented by Zuo et al. (2013) and Charnov and
Zuo (2011). In our case, however, this threshold arises from the
nonlinear dynamics Eqs. (1) and (2).

Note that Kiltie (1984) reported that seasonality (climactic fluc-
tuations) raise the extinction of large species by decreasing their
birth rate. In other words, climatic fluctuations could eventually
enforce inequality (9) by decreasing r.

Condition (9) is ecologically plausible, because it states that
extinction inevitably occurs when the depredation rate exceeds
the species growth-rate. In the critical region we have §=r and
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Fig. 2. Two typical trajectories on the phase space (M vs. H) when the extinction
condition (9) is satisfied or not satisfied. Both trajectories begin at H/Ky=0.1 and
M/Ku = 1. The extinction case leads to H/Ky =1 and M =0, whereas the coexistence
trajectory reaches an intermediate point (as discussed in Sections 3 and 4).

coexistence, eventually, emerges when § <r. Briefly, the extinction
condition (9) could occur via the routes:

(i) Large depredation rate.
(ii) Slow growth rate, induced by climatic changes or some other
factor.
(iii) Multifaceted interaction between depredation and altered
growth rate (Gibbons, 2004).

Fig. 2 shows two typical numerical trajectories of M and H as
functions of time in the phase-space. In one case, the condition (9)
is imposed. Both trajectories begin at H/Ky =0.1 and M/Ky;=1 (full
carrying capacity). In the extinction case, the end-point is the sta-
ble focus H/Ky =1 and M =0. In the coexistence case, the trajectory
terminates at an intermediate equilibrium point.

Fig. 3 plots the equilibrium solutions H, and M. as func-
tions of the dimensionless depredation parameter d=4/r for a
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Fig. 3. Typical equilibrium solutions (Appendix A) of Eqs. (1) and (2) (explicitly
Eq. (7)) with the choice simple D(H)=1 and G(M)=1+(M/Ky)?, as functions of the
dimensionless parameter d=(8/r). The solid lines correspond to the normalized
number of modern humans h=H, /Ky and the dashed to the normalized megafauna
m=M,[Kn. Note that m (or M,) becomes negative for d>1, implying megafauna
extinction. The positive dashed solutions when d <0 indicate that species M may
benefit of H and persist in this case. The four solutions (two-dashed and two-solid,
which match) are distinguished by different thicknesses.



J.C. Flores / Ecological Modelling 291 (2014) 218-223 221

representative numerical case with D(H) =1 and G(M) =1+ (M/Ky;)?.
As expected, no equilibrium solutions exist when the inequality
(9) is satisfied (d > 1). Equilibrium solutions do exist when d <0 (or
§<0), indicating that particular scenarios will benefit species M and
ensure its survival. In this particular case for D and G, Eqs. (7) admits
four solutions. These are superposed in Fig. 3 and discriminated by
different thickness (see legend for clarity).

5. Extinction time and diffusion time: overkill hypothesis

The extinction time in the Late Pleistocene can be determined
from the Lyapunov exponent (Prigogine, 1984). In principle, it can
be obtained by simultaneously solving Eqs. (1) and (2). Numeri-
cally, the solutions require an infinite amount of time to reach their
corresponding attractors. For practical purposes, however, we can
linearize the equations around the extinction point (Section 3) and
thereby upper-bound the elapsed extinction time 7ex: by (Appendix
B)
with §>r. (10)

1
Text = 5_r

Additional information on 7ex, can be obtained from the spread
of modern humans and their corresponding invasion of different
habitats. Bénichou et al. (2011) established that intermittence (dif-
fusion/relocation) is an optimal process of resource searching. A
similar concept, intensive and extensive searching, has been dis-
cussed by Barton and Hovestadt (2013) and Flores (2013). In this
context, niche exploitation is modeled by slow diffusion motion
(Appendix C), characterized by the diffusion coefficient Dy. For
example, the diffusion coefficient for the invasion of Europe by
modern humans around 50,000 years ago has been estimated
as Dy~ 1600 [km?2/yr] (Flores, 2011). Although modern humans
were resisted by Neanderthal groups throughout this invasion, we
nonetheless assume that Dy is generically applicable and adopt it in
the present work.

The overkill hypothesis (Martin, 1967, 1984; Mosimann and
Martin, 1975) posits that megafauna was (essentially) extinct at the
arrival time of modern humans (Gillespie, 2002), being already dec-
imated by fire control as an efficient ecosystems management tool.
In this hypothesis, the diffusion and extinction times are equiva-
lent and, the time required to diffuse over distance ~/A (where A is
the effective area) is approximately p ~A/Dy (see Appendix C). The
extinction time ey (~7p) is then related to the diffusion coefficient
by

A . .
rext~D—f (overkill hypothesis) (11)
where Ais the effective area of the devastated habitat. Thus, accord-
ing to Eq.(11), large areas will only be conquered over long periods.
Conversely, high diffusion permits a short extinction time. Note

that Eq. (11) is valid only if Eq. (9) is verified. Combining Eqs. (10)
and (11), the parameters in our model are related by

(8—r)~%. (12)

Eq. (12) provides useful estimations of the ecological and
anthropological parameters in the theoretical overkill extinction
framework. A particularly useful quantity is the relative rate
R=1/rt.xr between depredation and growth, which from Eq. (12)
is given by

S—r

R=". (13)

This relationship is evaluated for different cases in the next section.

6. Rough estimation of megafaunal extinction time from
ecological and archaeological data

Using the complementary expressions (10) and (11), we can
evaluate the parameters in different ecosystems that were deci-
mated by humans. We remark that these evaluations, and their
consequent predictions, are coarsely estimates only (we assume
Dy~ 1600 [km?yr], Section 5).

Ecological growth rates are usually difficult to measure (Begon
et al.,, 1996). In the event of massive extinctions, data collection is
complicated by the large volume of lost information. For instance,
the Late Pleistocene witnessed severe depletion of giant herbivores.
For conceptual purposes, we adopt the African elephant (Loxodonta
africana) as a representative megafaunal species. In fact, it is a well
documented species allowing to make comparable calculations in
our model (Section 5) and, ultimate, justified by the reasonable pre-
dictions for elapsed time in the three following cases (a, b and c).
Even for this extant species, estimations are difficult because the
parameters depend on captivity status (wild or captive), sex, and a
variety of other factors. Therefore, we follow von Aarde et al. (1999),
who documented the population growth of African elephants at
Kruger National Park, where culling was banned from 1995. Over
the next decade, the population grew from (approximately) 7300 to
9000. Thus, the per capita growth rate may be reasonably estimated
as Tejeph ~0.019 [1/yr]. In comparison, for ancient modern humans,
a growth rate of 1" ~0.01 [1/yr] was assumed (Fort and Méndez,
1999). Moreover, von Aarde et al. (1999) also estimated the equi-
librium density pepp, Of the order of ~0.37 elephants/km?. Although
these values may be regarded as purely hypothetical and derived
under unrealistic conditions, they provide useful first-approach
data for our coarse calculations. In every case, we assume that ele-
phants at Kruger National Park are representative of the megafauna
lost during the Late Pleistocene.

(a) Australia. The arrival of humans in Australia was accompanied
by a shift toward dry climatological conditions. The total area of
Australia 7.7 x 108 [km?2] can be assumed as the effective area
in the Pleistocene epoch. From Eq. (11), the elapsed extinction
time is then estimated as Tex; ~4800 [yrs]. Although the human
colonization time has not been clarified, it is known to have
occurred around 49,000 years BP and was widespread around
40,000 years BP (David, 1997; Rule, 2012). Therefore, our coarse
estimate is consistent with archaeological dates and may be rea-
sonably assumed as the elapsed extinction time in this case. The
relative rate (13)is then estimated as R~ 0.01 and the depreda-
tion parameter becomes 6 ~0.0192 [1/yr].

(b) North America. According to Gill et al. (2009), megafauna in
North America became extinct around 14,800-13,700 years ago,
and were likely decimated by human impact. To conceptualize
these dates, we emphasize that ancient America was occupied,
for instance, at Monte Verde (Chile) around 14,600 years ago
(Fiedel, 2002) and Buttermilk Creek (possibly) 15,500 years ago
(Walters et al., 2011; Goebel et al., 2008). The geographical
surface area of Canada and the United States is approximately
10 x 108 [km?2] and 9.6 x 10% [km?], respectively. Although not
all regions are hospitable to life, World Bank data report that
6.9% and 45% of the area covered by Canada and the United
States, respectively, is agriculturally cultivable. Assuming these
area as a first coarse estimate of viable life coverage, the effec-
tive livable region of the North Americas is A~ 5 x 106 [km?]. In
this case, Eq. (11) gives the estimated elapsed extinction time
as Text ~ 3000 [yrs]. The relative rate is calculated as R~0.018
and the depredation parameter § ~ 0.0193 [1/yr].

(c) Africa critical case. Anatomically modern humans purportedly
evolved approximately 200,000 years ago in Africa (McDougall
et al,, 2005; Fagan, 2012), where they have coexisted with
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numerous extant megafauna. Nevertheless, there are strong
indications of continued extinction on the African continent.
For example, according to the International Union for Conser-
vation of Nature, the Western Black Rhino is officially extinct.
This slow process of large-scale decimation in Africa represents
a critical case (§ ~r, Appendix B), in which an eigenvalue of the
dynamic matrix (5) is zero, and a decreasing temporal power
law behavior is expected. Setting H=Ky, §=r and (for simplic-
ity) G(M)=1 in Egs. (1) and (2), the evolution equation for M is
easily solved to give the following power law equation:

1 1 rt

M~ W, " RuD()' ()

where M, > 1 is the initial condition. In this slow (non-
exponential) regimen, the critical time 7. can be roughly
estimated by setting Mg,q=2 (two individuals, a technical
requirement for extinction) in Eq. (14). The analytical expres-
sion of the critical time is

Ky D(Ky)

Tch. (15)

To evaluate 7., we must estimate the growth decreasing fac-
tor D(H) imposed by territory usurpation of Kruger. First, note
that 7. does not explicitly depend on the effective area. In fact,
if the inhabitable area is restricted to AA, we can set D=AA/A
and because Ky, = pA, the critical time simplifies to t.~ pAA/2r.
At Kruger National Park, elephants are confined within AA=19,
000km?. Assuming a population density of p~0.37[1/km?]
(von Aarde et al., 1999), the critical time is given by t.~(19,
000 x 0.37)/(0.019 x 2)~ 185, 000 [yrs], roughly consistent with
the mentioned emergent-time of anatomically modern humans in
Africa.

7. Allometric considerations: extinction body-mass
threshold

Following the pioneering work of Huxley (1932) several decades
ago, allometry has become universally applied to biological and
ecological systems. Biological allometry considers differences
between a same parameter (for instance, rates) defined through
a mathematical power law (exponents different of unit) in terms
of a biological quantity as for instance body-mass. In particular,
parameters such as reproductive rates, generation times, and phys-
iological rates are fundamental to modeling population growth
and dynamics. Allometry has also been envisaged as valid in mas-
sive extinction modeling (Brook and Wand Bowman, 2005; Peters,
1983; Zuo et al., 2013; Charnov and Zuo, 2011). Furthermore, for
any given species, the population growth rate is related to the
individual-averaged mass Wasr=«a/W" with « proportionality con-
stant. The exponent v~ 0.25 appears to fit most biological species
(Giinther and Morgado, 2004; Brook and Wand Bowman, 2005).
Assuming that depredation is a mass selective process, we can
assume the following functional form of the interaction parameter
in Eq. (1): § = BW"' (with v/ >0), where the massless parameter 3
depends on the various biological and cultural factors as mentioned
in Section 1 (such as §). Consequently, the extinction condition, in
terms of the body mass threshold Eq. (9), becomes

W > /B (16)

This suggests that species with averaged body mass below the
threshold W, = (er/8)"/"*"") will escape extinction by depredation
(Koch, 2006). Similar conclusions on harvesting and adult mortal-
ity were obtained by Zuo et al. (2013). Note that Sibly and Brown
(2007) conducted an evolutionary data analysis incorporating ecol-
ogy and phylogeny (as a second axis). Allometric considerations and

their consequences are thoroughly discussed in Fagan et al. (2010)
and references therein.

8. Conclusions and open questions

Using a large-scale model Egs. (1) and (2), we established an
extinction threshold for megafaunal decimation during the Late
Pleistocene. From the model, we also estimated the elapsed extinc-
tion times following human colonization of individual continents.

The estimated quantities are roughly consistent with archaeo-
logical records. The threshold extinction condition was given as a
direct relationship between the depredation and growth rates (see
Eq. (9)). Allometric considerations allow the resetting of this con-
dition as a mass threshold (Section 7). Furthermore, assuming that
the overkill hypothesis Eq. (11)is applicable to the Late Pleistocene,
we evaluated coarsely the elapsed time of two major large-scale
prehistoric extinction events; namely, the decimation of terres-
trial megafauna in Australia (4800 years) and North America (3000
years). On the other hand, Africa, where representative megafauna
are extant, was presented as a critical case with a power-law
decline in population. In this case, the critical time roughly coin-
cides with the emergence of anatomically modern humans some
200,000 years BP in Africa. We have used, as representative actual
megafauna, elephants in Kruger Park. This is justified because they
are a well documented species and, finally, our results validate this
assumption.

Globally, large-scale megafaunal life persists in oceans. Whales,
like elephants, are representative of constant decimation and can
be used as a prototype species torealize rough parameter estimates.
Megafaunal extinction can be traced to the beginnings of modern
humans around 50,000 years BP and no evidence suggests that it
will terminate nowadays. The disastrous ecological consequences
of human colonization, such as occurred at Easter Island around
1400 AD (Diamond, 2005; Bologna and Flores, 2008), appear to be
a sadly natural part of our evolution.
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Appendix A.

The linearization technique used in Section 3 is a standard tool
for nonlinear systems (Boccara, 2010; Murray, 2004; Lakshmanan
and Rajasekar, 2002). Briefly, assume the nonlinear functions F;(H,
M) and F»(H, M) and the coupled evolution equations (for instance
(1) and (2)):

& ki, m,
M 17)
a F>(H, M),
with an equilibrium point (He, M) where
F1(He, Me) = F3(He, M) = 0. (18)

Stability criterion becomes from the study of the evolution around
of this equilibrium point. Namely, the evolution equations for the
(small) perturbations =M — M, and ¢ = H — He. From the pair (17),
one obtains formally the linearized evolution equations (deriva-
tives evaluated in the equilibrium point):

d (e OFy/OH OF /oM \ /¢
° - (19)
dt(n> OF,/0H 0F,/0H (n)
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The eigenvalues A1 and A, of the above matrix (see for instance
(5) and (6)) determine the stability criterion. For instance, if both
eigenvalues are positive then it becomes an unstable equilibrium
point, and so on (see Murray (2004) for classifications of equilib-
rium points).

Appendix B.

The inverse of the eigenvalues (real part) of the dynamic matrix
(19), 1/A1 and 1/X, are related to characteristic times for exponen-
tially fall (or depart) in the corresponding equilibrium point. In the
case of Section 5, to consider extinction (Eq. (10)), both eigenval-
ues are negatives when § >r. It describes the (only) attractor of the
prey-predator model Eqs. (1) and (2) and related to the extinction
condition (9). In the critical case where § =r (Africa case, Section 6)
one eigenvalue becomes zero and it is expected an algebraic behav-
ior like (14).

Appendix C.

In the work was used a coefficient of diffusion D which makes
reference to the well-known differential equation (Boccara, 2010;
Murray, 2004)

% =D;V?n, (20)

corresponding to a slow type of spatial motion for the scalar den-
sity n. The characteristic size x, of the dispersing cloud, varies as
X2~ Dyt and is related, in our case, to niche exploitation. We assume
x2 ~ A(effective area)in Section 5. The diffusion-relocation process,
mentioned in the paper (also, Section 5), is linked to a diffusive and
ballistic (x ~ t) superposition, a limit case of the paper by Bénichou
et al. (2011) and also discussed in Flores (2013).
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