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A mathematical model is presented in order to describe the dynamics of polygamous
populations, bearing in mind single individuals of both sexes and the development of
reproductive groups. In this context, the description leads us to consider positive homo-
geneous dynamical systems, establishing conditions for the stationary state existence
and its local stability. A fourth pre-reproductive stage was considered, i.e. males and
females spend part of their lives before being in condition to reproduce, as a first step
to consider more general models. Finally, we parametrized the proposed model using
southern elephant seal data, to analyze the direct applicability to a real population.
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1. Introduction

Differential equation and dynamical system theory has been developed in straight
linking with other disciplines, particularly the description of population dynamics
in continuous time. In this context, the description of a population with both sexes
leads to the consideration of a certain kind of nonlinear autonomous systems [11, 6].
The two-sex problem is well known in demography and population biology since
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classical linear population models are not appropriate for description of changes
in the sex ratio and its consequences, see [19] and references therein. Moreover,
mating models are particularly relevant for the study of sexually transmitted dis-
eases [2], and endangered populations with skewed sex ratios, due, for example, to
sex-selective hunting[14, 18].

A simple two-sex model was described by Hadeler et al. [10], taking into account
a population with three stages of reproductive individuals: solitary males, solitary
females and pairs; and conditions for the existence of a stationary state were given.
In the stationary solution, sex ratio becomes stable and the population increases
(or decreases) exponentially. This model presents some limitations and offers the
possibility to consider some interesting generalizations. On the one hand, the con-
cept of pairs can only be applied to monogamous populations while polygamy is a
common characteristic in wild populations. Moreover, the three-stage model implies
that individuals reach the reproductive state immediately, without a previous mat-
uration period.

In this work, we generalized the Hadeler et al. model [10] in two ways. First, we
considered reproductive groups with a mean number of males and females. Results
about stationary state existence and its local stability were the same as that in
[10], but analysis was different and we focused on sexual proportion of the groups,
that is, the social structure of the population. Then we extended our analysis to a
four-stage model, with a pre-reproductive stage. Finally, we applied the model with
elephant seal population parameters and compared the results with data from the
social structure observed in the field.

Positive homogeneous equations. The positivity and stability of differential systems
are very important issues since they are, in many situations, the first step to consider
the applicability to some real processes like dynamics of populations or ecological
models. In this work, we consider systems of the form X = F(X), where F : R* —
R™ is homogeneous of degree 1, that is F(aX) = aF(X) for all & > 0, and we will
assume that

F(X)>0 for X >0, X; =0,

so the system flow leaves the positive cone Rl invariant. The positivity is guaranteed
for that type of systems and we will restrict our analysis to the positive cone since
the vector X describes population densities in the considered models. On the other
hand, homogeneous assumption is usual when we are interested in the so-called
frequency-dependent models, as a first generalization of classical linear population
models. That is, we discard population regulation considering the possibility of
unlimited population growth. Demographic properties of such models depend only
on the relative magnitudes of the X;, and not on their absolute magnitudes [3]. We
refer the reader to [5] for a study of positivity in the linear case and to [4] for an
approach to density-dependent models like the Beverton—-Holt equation.

For general positive homogeneous systems we will recall the framework deve-
loped by Hadeler et al. [10] in Secs. 2 and 3. We know that X = 0 is the only
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stationary point and that X (¢) > 0 for all ¢ if X(0) > 0. Stationary solutions have
exponential growth, just like in the linear case, and we know that a stationary
exponential solution with growth rate \* and stationary structure X:

X(t) = X exp(\*t),

corresponds to a solution of the nonlinear eigenvalue problem: F(X) = A\* X. More-
over, let F/(X) be the Jacobian matrix at X, then F’(X)- X = A\ X and the
stationary solution is locally stable if and only if the numbers A — A* have negative

real part, for every \ eigenvalue of F'(X), A # \*.

2. Population Model with Three Stages

Following Hadeler et al. [10], we will expose a two-sex model with reproductive
group formation. The model is given by a system of three differential equations:

. ry
& = (kah + pyh 4+ oh)g — pax — ¢ (E’ E) h,

. x
y:(kyh—&—uzm—&—am)g—uyy—ga(ﬁ,%) m, (2.1)

. Ty
9:_(/~Lw+ﬂy+0)g+9@<ﬁva)~

System variables x,y and g represent unmated females, unmated males and repro-
ductive groups’ densities respectively. Population parameters are given by positive
constants: the rates of births, k., k,; the death rates, ji.,1y; and a separation
rate of reproductive groups, . Reproductive groups are formed by m males and
h females in average and we would assume that these quantities remain constant.
Group formation rate is represented by ¢. When a new group is formed, this sub-
tracts h females and m males from the unmated population, thus the coefficients
—h,—m and 1 that join ¢ in the three equations of system (2.1). We remark that
we related newborns linearly to the number of mated females hg, then k,hg repre-
sents the number of newborn females whereas kyhg the number of newborn males.
This introduces a kind of asymmetry in the first two equations of system (2.1),
with consequences on population dynamics. Group formation is a nonlinear process
determined by the mating function ¢ : R2 — R;. As usual in two-sex models [19],
we assume that ¢ is a homogeneous monotone function that satisfies:

p(x,0) = ¢(0,y) =0,
plax, ay) = ap(z,y), fora >0,
plr+u,y+v)>p(ey), foru>0;v>0.

We have then a positive homogeneous system in R? of the form X = F(X). We
know then that the system flow leaves the positive cone R invariant and we would
like to characterize the exponential stationary solutions. The following analysis is
basically the same as [10], but some modifications introduced will facilitate the
generalization to a four-stage model.
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2.1. Stationary solutions

Consider the nonlinear eigenvalue problem associated to (2.1):
_ _ - Ty
AT = (kzh + pyh + oh)g — 1T — ¢ (E’ E) h,
_ _ - Ty
AY = (kyh + pam +om)g — p,y — ¢ (E’ E) m, (2.2)

_ _ Ty
Ag=—(pa+py +0)g+¢ (g E)'
The system admits two trivial solutions:
vy = (1,0,0) for A = —p,,
ve = (0,1,0) for A = —p,.

In these solutions, the lack of group formation leads to the population extinction
since there are no births. Therefore, we are interested in the existence of positive
solutions of (2.2) with g # 0, which correspond to stationary solutions of (2.1) with
positive stationary structure. Dividing by g we can assume that g = 1, solving for

©(%, L) in the last equation of (2.2) and substituting in the previous two we have:

F ke 3 k, h

ey Y m T Gt m
Then, replacing in the last equation of (2.2) we find:
ky — piz — A kyh/m — p, — A
( pz+ X7 (g + )

with the condition that the right-hand side and both arguments of ¢ on the left-
hand side must be positive. We define:

) =ttt (2.3

A = max(—fiz, —fiy),
A = min(ky — fiz, (kyh/m) — )
and we will characterize conditions for the existence and stability of stationary

solutions with positive structure in terms of A and .

Theorem 2.1. If A\ > ), then the nonlinear eigenvalue problem (2.2) has no posi-
tive solution. If A\ < X, there are two cases:

(i) If —py < —pia, there exists only one nontrivial positive solution, associated to
an eigenvalue N\* > —pu,, if and only if

kypy(LO)  h

(hy + 0 +¢y(1,0)) m

(i) If —pe < —py, there exists only one nontrivial solution, associated to A* >
— by, if and only if

>y = M- (2.4)

km(ﬂm(Ov 1)
(pz + 0+ ¢2(0,1

>t (2.5)
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Proof. If A\ > ), there is no A such that the left-hand side of (2.3) has positive
arguments. Hence, the system only admits trivial solutions. On the other hand,
when A < A < ), the left-hand side of (2.3) continuously decreases from a positive
value K (possibly +00) to zero:
(kx — e — A kyh — (py +>\)m>

pe +A T (py+A)mo )

K= ){LmA ")
A>A
while the right-hand side of (2.3) increases linearly from p, + py + 0 + A to p, +
iy + o + A In the case of (2.3) there will be only one solution A*, A < \* < A, if
and only if K > p, +py +0 + A
Now, we remark that ¢(w,y) tends to ¢,(1,0)y and ¢(z,w) tends to ¢.(0,1)z
when w — oo, then:

vy (1,0) (k”h — iy "L"’”)m> A= 1o,

— g)m
I ) (y — )
R e I SE
Kz — Hy
and theorem follows. O

The following corollary summarizes conditions for the existence of the nontrivial
solution and corresponds to the existence result in [10].

Corollary 2.2. The system (2.1) admits a nontrivial stationary solution with pos-
itive stationary structure if and only if inequalities (2.4) and (2.5) are satisfied.

2.2. Local stability

To analyze the conditions for local stability of the solutions we will recall some
results from [10]. When the positive solution exists, we can apply the following
change of variables:
f= i =t
(hfm)g’ " (hjm)g’

reducing (2.1) to a system of dimension two. Analyzing the trace and determinant
of the resultant system, we can infer that positive stationary state is always locally
stable.

To analyze the stability of trivial solutions we will consider the Jacobian of the
right-hand side of (2.1):

e ((8) A G)E i
f(zy,9) = —¢u (% %) % —Hy — Py (% %) kyh + pzm 4+ om
L (%’ %) % Py (%’ %) % —(Hz + iy + )
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and its characteristic polynomial
P(X, (2,y,9)) = det(f'(z,y,9) — M3).

Theorem 2.3. Given the system (2.1) and considering the associated nonlinear
eigenvalue problem, let A = max(—piz, —fi,) corresponding to a trivial solution and
v be the associated eigenvector. We assume that A is not a double root of the char-
acteristic polynomial P(\,v), then:

(a) If there is a nontrivial stationary solution, this is locally stable while the two
trivial solutions are unstable.

(b) If there does not exist the positive solution, then the trivial solution correspond-
ing to \ is stable, while the one corresponding to min(—pg, —p,) is unstable.

Proof. Assume first that A = —p, > —pu,, we can see that:

Ty
P(—piz, (7,9,9)) = katpr (E’ E) (ty — p) >0,

P(=py, (2,y,9)) = —%kwy (% %) (ky = pz) < 0.
We have then, for every (z,y, g), that the characteristic polynomial has a real root
greater than or equal to —pu,, since P(\, (z,y,g)) tends to —oo when A — +o0. In
particular P(A, (0,1,0)) would have a real root greater than —,, and then we are
able to affirm that the solution corresponding to (0, 1,0) is unstable.
To analyze the stability of (1,0,0) let us consider P(\, (1,0,0)) = (uz + N)Q(N),
being @ the quadratic polynomial

QM) = ki (1,0) = (e + 11y +2,(1,0) 0+ X) sty +3).

Then Q(—pa) = %ky@y(la 0) + (y + y(1,0) + o) (1 — p1y), being Q(—pz) # 0 by
hypothesis. If Q(—p,) > 0, then (2.4) is fulfilled, positive stationary solution exists
and Q(A) has a real root greater than —p,, in consequence (1,0, 0) is unstable. On
the other hand, if Q(—pu,) < 0, then positive stationary solution does not exist and
we can see that () has two real roots less than —pu,, thus the trivial solution
(1,0,0) is stable.

When A = —p,y > —p, the analysis is similar, we have that (1,0,0) is unstable,
while (0,1, 0) is stable if positive stationary solution does not exist, and unstable

if it does exist. In the case of A = —p, = —puy, we can see, bearing in mind the
previous analysis, that positive stationary solution exists and is stable while other
trivial solutions are unstable. |

To illustrate solutions behavior we plot the stationary sex ratio r, = Z/(Z + )
when varying a key population parameter, the female death rate, and keep fixed
the rest of the parameters. A sex ratio r, = 1 corresponds to lack of males and
r, = 0 corresponds to lack of females, whereas 0 < r, < 1 indicates the existence
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Fig. 1. Stationary sex ratio and population growth for system (2.1) when varying female death
rate. The rest of the parameters were fixed: kz = 0.7,ky = 0.35, uy = 0.6,0 =0.5,h =6,m =1
and the mating function was proportional to the harmonic mean p(z,y) = zy/(z+y). Dashed lines
in the upper panel indicate unstable solutions. Population is increasing with positive stationary
sex ratio for 0 < pge < 0.191, decreasing with positive stationary sex ratio for 0.191 < p, < 0.893
and collapses due to lack of females if p; > 0.893.

of the positive solution, in such case we can consider the stationary growth rate A*
to distinguish between a decreasing or increasing population, see Fig. 1.

Regarding the structure of reproductive groups, we remark that if p, < p,,
there is a critical ratio between h and m, Hy > 0 given by (2.4) such that the
positive stationary state exists if and only if h/m > Hy:

— 1,0
Hy = P = )y + 0 +¢y(1,0)) (2.6)
ky@y(lvo)
On the other hand, if p, > p,, the stationary state existence depends on (2.5),
and is not dependent on the structure of reproductive groups. That is, a lack of
males could be compensated with a higher proportion of males in reproductive
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Fig. 2. Stationary sex ratio and population growth for system (2.1) when varying the sexual
proportion of reproductive groups. The rest of the parameters were fixed: ky = 0.7, ky = 0.35, iy =
0.6,0 = 0.5, uz = 0.2 and the mating function was proportional to the harmonic mean ¢(z,y) =
zy/(z+y). Population collapses due to lack of males if h/m < 2.4, whereas population is decreasing
with positive stationary sex ratio for 2.4 < h/m < 6.36 and increasing with positive stationary
sex ratio for h/m > 6.36.

groups whereas a lack of females could not be compensated. In Fig. 2, we show
the stationary sex ratio and growth rate when varying the sexual proportion of the
reproductive groups: h/m.

3. Population Model with Four Stages

We propose a model with four stages, including a pre-reproductive stage s. That
is, individuals spend part of their life before changing into reproductive males or
females. In our model, the difference between both sexes will be based on the death
rates (g, fty) and the recruitment rates (k,, k), that is the transition rates from the
pre-reproductive stage to the reproductive ones. This model is a first approximation

1550049-8


http://www.worldscientific.com/action/showImage?doi=10.1142/S1793524515500497&iName=master.img-157.jpg&w=293&h=334

Int. J. Biomath. Downloaded from www.worldscientific.com
by Dr. Mariano Ferrari on 04/07/15. For personal use only.

Dynamics of populations with two sexes

and it is important to mention that, for a more realistic description, it should be
considered one or more pre-reproductive stages for each sex and delayed equations
to model the different maturation times. Now, our four-stage system is described by:

. r 'y
Yy = kys—&—omg—i—ﬂwmg—/iyy—(p (E’E) m,
§$=kshg — (s + ks + ky)s,

. Ty
g=—(to +py +0)g+¢ (E’E)
Again, the associated nonlinear eigenvalue problem admits two trivial solutions:
v = (1,0,0,0) for A = —puy,
vy = (0,1,0,0) for A = —p,,.
If z = (z,y,5,9) is a positive solution, of the nonlinear eigenvalue problem, asso-

ciaéed to an eigenvalue A it must satisfy, assuming g = 1, that: § = m
and:

T _ kpks — (ps + ko + ky + A (1t + A)
h (st ke +ky + X)) (e +A)
Y kykih— (s + kg + ky + X)) (1y + )M
m (1a + ki + By + Nty + Nm

Moreover, from the last equation of (3.1) we have that
o(Z/h,y/m) = po + py + 0+ A. (3:2)
Thus, from § > 0 we have that A > —(us + k,; + k) and then, from Z,5 > 0 we

have that A > —p, and A > —p,,. If we call A} = max(—pp, —fty, — (s + kz + ky))
and

A = max(A > —(ps + ky + ky) : 2> 0 and g > 0),
then we can characterize the existence of the nontrivial solution as in the three

stages case.
From what follows, let us denote ¢, = ¢,(0,1) and ¢, = ¢,(1,0).

Theorem 3.1. Given the two-sex model with pre-reproductive stage (3.1), we have
that A, < A1 is a necessary condition for the existence of a nontrivial positive
solution. When it exists, the positive solution is unique and has an associated growth
rate \* > max(—jiz, —py, — (s + ke +ky)). Furthermore, if A\; < A1 three cases are
presented:

(i) If Ay = —pa, then the nontrivial solution exists if and only if
kykspy — h

(ty + 0 + @) m > (py — pa) (s — Haz + bz + Fy). (3.3)
Y Y

1550049-9
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(i) If Ay = —py, then the nontrivial solution exists if and only if

kz ks P

T > xr s + kI + k . 3'4

(iil) If Ay = —(us + ko + ky), then the nontrivial solution always exists.

Proof. If A\, > N1 there is no positive solution since there is no A such that
5,7,5 > 0. Now let \; < A < Ay, then (z/h,y/m) is a decreasing function. Let
K = lim ¢(z/h,y/m),
A=A
A <A

it results that (3.2) have only one solution A* if and only if K > pz + py +0 + A 5.
Now, we observe that:

kyksh — (py — pa) (s — poo + kg + ky)m
g, [Fateh = iy ) AL S
(y — pa)(ps — po + kaz + ky)m
K= {kzks_(ﬂm_uy)(ﬂ's_Uy+k1+ky):| f\, =
<)0:E 1 FAY B ,LLy,
(pz — :Uy)(,us — py + ko + ky)
o0 if Ay = —(ps + Kz + ky)
and we obtain the three cases of the theorem. O

We remark here that the three cases of Theorem 3.1 cannot be synthesized
in two inequalities, as we summarized the cases of Theorem 2.1 in Corollary 2.2.
On the other hand, the model still provides a critical proportion of reproductive
groups for the existence of the positive stationary solution. In fact, if p, < p,, and
Lo < s + kg + ky we have from (3.3) that the positive stationary solution exists if
and only if h/m > Hy:

Hy — (= #2) (s = o+ o+ by )y + 0+ 04(1,0)).
kyksioy(1,0)

Conditions for the local stability of solutions can be analyzed as in the previous
section. We will consider the Jacobian of the right-hand side of (3.1):

f'(@,y,5,9)
non(E) wGRE e e
I L e
0 0 —(ps + ks + ky) ksh
fGDE WEDE 0 s

1550049-10
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and the characteristic polynomial:

P(A (2,y,5,9)) = det(f'(z,y,5,9) — Aa).

In particular:

h
—Ha Py ky oh+ pyh
0 —py— k, om + fym
1'(1,0,0,0) = o !
0 0 — (s + ko + ky) ksh
1
0 Py 0 —(pa + piy +0)

since gow(%,O) =¢,(1,0) =0, goy(%ﬂ) = py(1,0) = ¢, and

—pz — 0z 0 ke oh+ pyh
01,00 —%% ~Hy ky am + pem
T 0 0 —(ps + ket ky) ksh ’
%% 0 0 —(pz + 1y + )

since ¢, (0, L) = ¢,(0,1) = 0 and ¢, (0, L) = ¢,(0,1) = ¢,. We remark here that

we do not use f/(1,0,0,0) and f'(0,1,0,0) to study stability around (1,0,0,0) and

(0,1,0,0) since there is no equilibrium points in system (3.1) other than (0, 0,0, 0).

The non-negativity of solutions is guaranteed although f’(1,0,0,0) and f’(0,1,0,0)

are not Metzler matrices [5] and eigenvalues determine here the stability of expo-

nential solutions with stationary structure (1,0,0,0) and (0, 1,0, 0) respectively.
Now, we can rewrite Theorem 2.3.

Theorem 3.2. The statements of Theorem 2.3 remain valid replacing system (2.1)
by system (3.1).

Proof. To analyze the local stability of the nontrivial solution we consider the
following change of variables, valid for g > 0:
__*r __Yy . __ S
gt " pmg' 0T Gjmyg
We then applied the Routh-Hurwitz’s method [17] to the resultant system of dimen-
sion three to verify that the real parts of the roots of its characteristic polynomial
are negative (we omit here the calculations). Thus we reached the conclusion that,
if there is a positive stationary state, it is stable.
For the trivial solutions stability, let us observe that:

P(_ﬂ'wv (sc,y, S,g)) = kskz (%a %) (Uz - Uy)v (3 5)

h x Yy
P(=py, (,y,5,9)) = —kskypy (? E) (ty = Ha)-

We assume first that —p, # —p,, and consider the three cases of Theorem 3.1.

1550049-11
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(1) —pe = max(—pa, —py, — (s + ka + ky))

From (3.5), P(—p, (x,y,8,9)) < 0 and P(\, (x,y,s,9)) has a real root
greater than or equal to —pu,. In particular, P(\,(0,1,0,0)) will have a real
root greater than —pu,, hence the point (0,1,0,0) corresponds to an unstable
solution. To evaluate the stability at (1,0, 0,0), we calculate P(,(1,0,0,0)) =
(1t + A)Q(A), being @ a cubic polynomial:

h
Q) = (pae + Hy + @y + 0+ )‘)(Ny + M) (s + ko + ky + A)— Ekyksw.y (3.6)

and

h
Q(—pz) = (/iy + iy + J)(ﬂy — o) (phs — po + ko + ku) - Ekyks‘zpyv

different from zero by hypothesis. If Q(—pu,) < 0 then (3.3) is verified, there
exists a positive, stable, stationary solution and Q(\) has a real root greater
than —p,, since Q(A) — 400 when A — oo. Hence (1,0,0,0) is unstable. On
the other hand, if Q(—p,) > 0, then the positive stationary state does not
exist. We consider:

h
Q) + Ekyksﬁpy = (K + py + @y + 0+ A)(py + A) (s + kz + Ky + A),
the roots of the right-hand side satisfy the inequalities:
—(pz + py + 0y +0) < —py < —pp and  —(us + Ky + ky) < —pa.

If we put in order these roots, we have ry < ry <rs < —p,, where some of the
inequalities between r; < ro < r3 must be strict. Then we see that, depending
on the magnitude of %kyksgow Q(A) has three real roots to the left of —p,
or one real root between r3 and —pu, and two complex conjugated roots with
real part less than ry, see Fig. 3. Thus the trivial solution corresponding to
(1,0,0,0), and associated to the eigenvalue —pu,, is locally stable.

(i) —py = max(—pa, —py, — (s + ko + ky))

The analysis is similar to the case (i). The solution (1,0,0,0) is unstable,
since P(—py, (2,y,s,9)) < 0 and then P(A, (1,0,0,0)) has a real root greater
than —p,. On the other hand, P(A, (0,1,0,0)) = (py + A)Q'(N), being Q' a
cubic polynomial

Q’()‘) = (o + My + Pz +0 + Az + A)(ps + Kz + ky + A) = kiksps.

If Q' (—py) < 0 then (3.4) is verified, the positive stable solution exists and
(0,1,0,0) is unstable while if Q'(—p,) > 0, positive solution does not exist
and (0,1,0,0) is stable.

(i) —(ps + ko + ky) = max(—pig, —piy, —(tts + ka + ky))

The nontrivial solution exists and it is stable. To show the instability of
the trivial solutions, let us suppose that —(us + ks + ky) > —pe > —pty. From
what was analyzed on (i), we have that the trivial solution corresponding to
(0,1,0,0) is unstable by (3.5). In addition, Q(—u,) < 0 and then the trivial

1550049-12



Int. J. Biomath. Downloaded from www.worldscientific.com
by Dr. Mariano Ferrari on 04/07/15. For personal use only.

Dynamics of populations with two sexes

Q(A)

Fig. 3. The cubic polynomial Q(X) from (3.6) with Q(—puz) > 0. Q(A) has three or one real root
but, in any case, the real parts of all roots are less than —pz.

solution (1,0,0,0) is unstable too. A similar argument is valid for the case
—(ps + ks + ky) > —py > —pg. Then we have completed all the cases if
—fa F [y

Considering now —p,; = —/iy, we have that the nontrivial solution exists and
we can see that Q(—pz), Q' (—py) < 0, hence both trivial solutions are unstable.
O

4. A Southern Elephant Seal Population

We consider an example of parametrization just to take the flavor of the applicability
of the model in a preliminary test and motivate future developments. The southern
elephant seal is a polygamous species in which males and females show different life
cycles and spend part of their life in a subadult stage until they reach the sexual
maturity. Thus, this species is an example where the three-stage model would be an
extreme simplification whereas the four-stage model, although still corresponding
to a simplified approximation, provides more flexibility to describe the life cycle.
The reproductive season of this species spans two months from the beginning
of August to early November. During this period, animals distribute themselves
along the beach forming reproductive groups called harems. Each harem consists
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of one dominant male, a group of females which can vary between two to hundred
individuals and some peripheral males. Females reproduce for the first time around
the age of four, while males do not participate actively in the reproductive season
until they reach the age of six [1,13].

To parametrize our model, we based on life tables of southern elephant seals
which present survival values of males and females until the age of 20 [16]. From
life tables we obtained If (i) and Im(i), which represent the probability that a female
(respectively male) pup will survive to age i. We will assume that adult females are
those within the age of four or older and adult males within the age of seven or
older. In consequence, the pre-reproductive stage corresponds to females that are
three years old or younger and males that are six years old or younger. The life table
was estimated for a population close to stability, which means that the number of
births remains constant year after year. Likewise, If (i) represents the proportion
of females in the age group 7 per born female and, because the sex ratio at births
is one-to-one, If (i) is the proportion of females in age group 4, with respect to all
individuals in the population.

Adult female annual survival can be estimated as the proportion of adult females
that remains as adults from a year to another:

_Uf(5) +1f(6) +--- +1f(20)
Pe = @) ¥ if ) + - + 1 (20)°
The female death rate can then be estimated by p, = exp(—pu,), as it is usual for
life table and matrix models [3,12]. In the same way, we can calculate the annual
survival of adult males and pre-reproductive individuals, with the corresponding
death rates:

8)+ -+ Im(20)
7)+ - +1m(20)
If(4

If(2)+1f(3)+ )+ Im(2) + - +Im(T) (1)
b= ) Q) + UG T im(1) + -+ Im(6) P
On the other hand, the female recruitment rate k, can be estimated as the
proportion of pre-reproductive individuals that will be adult females the next year
and, in the same way, we calculated the transition rate k, from pre-reproductive
individuals to adult males:

= exp(—fiy),

. i
Q) HU©2) +IFB) +Im(1) 4+ -+ 4+ Im(6)
y = Im(7)

D)+ U2+ 3) +Im(1) + -+ +1m(6)
The birth rate is given by the product of female fecundity (pregnancy rate in [16])
and the adult survival: ks = 0.88p,., calculated as birth pulse fertility in populations
with post-breeding censuses [12].

Finally, as a reference of the social structure, we have data from the population
of Peninsula Valdes, a population that was near stability during the last decade.
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(1Y) ] R R S ——

Fig. 4. Stationary sex ratio and population growth for the southern elephant seal population
model. Female death rate varies from 0 to 1.5 and the rest of the vital rates vary proportionally
according to life table estimates. We used a minimum mating function ¢(z,y) = min(z,y), and
a small harem size h/m = 6. Population is stable, with growth rate = 0, for u, = 0.121 and
collapses for p; > 1.123.

There the adult sex ratio, during the breeding season, is close to six females per male
and the median of the harem size around 13, with annual mean varying between
11 and 35 females per male [8, 15]. The reproductive groups are formed again each
season but we do not have any estimation of the separation rate, corresponding to
model parameter o, thus we set ¢ = 1 as a reference value.

Although population parameters were estimated from stable populations accord-
ing to life tables, when we evaluated these parameters in our continuous time model
we obtained a decreasing population. To analyze a stable population we increase p,
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varying the rest of the vital rates proportionally according to life table estimates:
py/pe = 0.84, ps/p, = 1.001, k, /p, = 0.118, k, /p, = 0.059 and ks /p, = 0.88. We
analyze stationary solutions using a minimum mating function, ¢(z,y) = min(z, y),
and small harem size, h/m = 6 corresponding to the adult sex ratio observed in
the field, Fig. 4. With this setting we are in case (i) of Theorem 3.1 and the popu-
lation collapses when p, = 1.123, which corresponds to very low annual survivals:
P = 0.325 and p, = 0.273. If we set p, = 0.121, corresponding to a stable popula-
tion, and we vary the harem size, Fig. 5, we find the critical harem size Hy = 1.534.
The break points in Fig. 5, which occur at Hy and H; ~ 4.9, show us how the
minimum function works on the model. For h/m below Hj, there does not exist
the positive stationary solution; for Hy < h/m < Hj, there exists the positive sta-
tionary solution but hy < ma in the stationary state, that is, the number of males
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Fig. 5. Stationary sex ratio and population growth for a potentially stable southern elephant
seal population when varying the sexual proportion of reproductive groups.
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is limiting the population growth, moreover the population is decreasing (A* < 0);
finally for h/m > H; we have that hy > ma in the stationary state, and population
is stable (A* = 0).

5. Conclusions and Discussion

The modification on a simple two-sex three-dimensional model allowed us to con-
sider the social structure in polygamous populations. An alternative approach was
presented in order to analyze the model in a way that it was possible to generalize
the results for a four-dimensional model, as a first step toward the study of more
general and complex systems.

The model’s solutions resulted in three possible situations: the existence of a
stationary state where the population’s structure stabilizes increasing or decreasing
exponentially and other two solutions, which lead to the population’s collapse by
means of lack of males or females.

The conditions were established for the existence of the stationary state and
its local stability, determining in this manner the critical sexual proportion of the
reproductive groups. The adult sex ratio and the structure of reproductive groups
are key variables in population dynamics and, in some cases can be directly esti-
mated [9,15]. This kind of models could be applied on wildlife populations with a
pre-reproductive stage and can help, as a first approximation, to assess the popu-
lation status according to its demographic and social parameters, in relation to the
critical structure.

When we parametrize the model for a southern elephant seal population, we
find threshold values for the harem size, Hy and H;, which determine the existence
of the stationary solution and the population stability respectively. These results
could be confronted with similar analyses based on discrete-time models [7]. The
critical harem size, Hy < 2, is below observed values, as we expect for a healthy
population. And, although small harems are observed in populations of southern
elephant seals, the collapse of a population due to small harems would not be a
possibility according to our model. On the other hand, the harem size needed for
a stable population H; is close to the adult sex ratio, observed at the breeding
season, but still below from the population’s mean harem size. We believe that
more complex population models and, specially a better description of the mating
function, would be needed to understand these big observed harems and, in general,
to analyze the breeding behavior in wildlife populations.
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