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a  b  s  t  r  a  c  t

Sib  cannibalism  seems  to  be  paradoxical  behaviour,  since  it decreases  the  survival  rate  of  the  closest
relative  juveniles,  so  the  rate  of sib  cannibalism  changes  the  demography  of the cannibal  phenotype.  In
the general  kin  demographic  selection  model  presented  here,  the long-term  growth  rate  of a  phenotype  is
determined  by  a Leslie  matrix  that depends  on  the life history  strategy,  and  a uniform  density-dependent
selection  process  takes  place,  keeping  the  total  population  size  at the  level  of the  carrying  capacity.  Using
this  model,  where  different  phenotypes  are  described  by  different  Leslie  matrices,  we  point  out  that
the  phenotype  optimizing  the  phenotypic  long-term  growth  rate  will  select  out  any  other  optimizing
eslie model phenotype.  We  find  that  sib  cannibalism  is  adaptive  if  the  sib  cannibal  can  decrease  its  developmental
time,  and  the  shorter  development  time  can increase  the rate  of survival  from  sib  cannibal  juvenile  to
adult,  and  also  when  sib  cannibalism  increases  fecundity  in  the  adult  stage.  Cannibalism  between  the
closest  relatives  can  be considered  as  a mutualistic  kin strategy  when  the benefit  of  cannibalism  is  greater
than  the cost  of  it.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cannibalism is surprisingly frequent in nature (Fox, 1975; Polis,
981). Polis (1981) asked the question: “Why  is cannibalism rela-
ively common?”  To get a possible answer to this problem, we  will
oncentrate on the energetic and/or nutritional benefit (Manica,
002) of cannibalism. Our starting point comes from Richardson
t al. (2010): in the case of non-carnivorous cannibal insects, “Can-
ibalism can be adaptive by improving growth rate, survivorship,
igour, longevity, and fecundity”. Our aim is to get some classical
arwinian insight into why cannibalism can win in the struggle for
xistence.

Cannibalism has at least two evolutionary advantages. The first
dvantage is the gain in energy and/or nutrition, in which can-
ibalism is similar to predation. The second advantage is that,

f a cannibal phenotype can mainly eat non-relative conspecific
Bonsall and Klug, 2011; Parsons et al., 2013), this strategy increases

he relative advantage over a non-cannibal phenotype, in a way  that
s similar to Hamiltonian spite (Hamilton, 1970; Garay and Móri,
011). What is more, the positive synergistic interference of these
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304-3800/© 2016 Elsevier B.V. All rights reserved.
two advantages should radically increase the selection advantage of
cannibalism. We  note that cannibalistic snails are unable to distin-
guish between sib, other kin and non-kin eggs (Baur, 1987; cf. Fea
et al., 2014). Thus the question arises of whether, without the sec-
ond advantage, cannibalism can be adaptive. From an evolutionary
point of view, cannibalism within the closest relatives (cf. Hamilton,
1964) seems paradoxical behaviour at first glance; for example, sib
cannibalism directly decreases the number of sibs, and thus also
the number of cannibalism genes. However, is this really the case
in all possible selection situations?

For the analysis of the two  advantages of cannibalism described
above, there are two  main classes of mathematical descriptions
of cannibalism. The first of these uses differential equations
(Argasinski and Broom, 2014; Bonsall and Klug, 2011; Dennis et al.,
2001; Klug and Bonsall, 2007). This method can easily deal with the
density-dependent interaction between cannibal and non-cannibal
phenotypes. The second class uses matrix models (Skurdal et al.,
1985; Stenseth, 1985), which are a kind of modified version of the
classical Leslie model. Our model belongs to the second class, since
we will not consider the interaction between phenotypes.

For many arthropods, cannibalism is a normal phenomenon, not

an anomaly. It has been documented in many insect orders, includ-
ing Odonata, Orthoptera,  Thysanoptera, Hemiptera,  Trichoptera,
Lepidoptera, Diptera,  Neuroptera,  Coleoptera and Hymenoptera.  It
occurs among predatory species and herbivores, and involves
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redation by the mobile adults and larvae or nymphs on each other
nd on immobile eggs and pupae (Capinera, 2008; Richardson et al.,
010). Our examples are inspired by the knowledge about insects
and in the general reasoning we shall also use terms related to
nsects), but we think that the demonstrated effects could work for
ther species, too.

We consider a species with non-reproductive juvenile and
eproductive adult stages with overlapping generations, where the
emales lay more eggs than the carrying capacity. More precisely,
he density resulting from oviposition together with the intrin-
ic (selection-independent) survival exceeds the carrying capacity.

hen interaction between different phenotypes takes place, we
ave to consider density- or frequency-dependent interactions,
hich makes the calculation harder. Furthermore, we  do not have

nough information to model the genetic background of cannibal-
sm, and thus we consider an asexual model. Thus our simplifying
ssumption is that there is only cannibalistic interaction between the
ffspring of a female, the population is asexual and the intensity of
annibalism as the strategy of a phenotype is a hereditary trait. We
onsider only sib cannibalism (the closest relative juveniles eat
ach other), and our results are based on the following:

Collector hypothesis.  Consider the case when each individual
ollects nutrients alone, and the accumulated nutrient mass deter-
ines the speed of development and the individual survival rate

cf. Joyner and Gould, 1987; Capinera, 2008; Santana et al., 2012).
utrients are limited: the collection of nutrients is a long pro-
ess and/or the food is imperfect, meaning that individuals are
alnourished, and the collection of the quantity of the limited

utrients necessary for development takes a long time. Our basic
dea is that, in this selection situation, sib cannibalism can be
onsidered as an effective “feeding strategy” for the cannibal phe-
otype, in the sense that the cannibalized juvenile has “collected
utrients” in its body for its surviving sibling. The Collector Hypoth-
sis is based on the following effects (see e.g. Richardson et al.,
010):

(a) Accelerating effect on development. If the collection of energy
nd nutrients sufficient for development takes a long time, and the
evelopment strictly depends on the consumed nutrient mass, then
ib cannibalism can increase the speed of nutrient collection for
evelopment. The development time is therefore decreased by sib
annibalism (cf. Duelli, 1981; Joyner and Gould, 1985; Klug and
onsall, 2007; Michaud, 2003).

(b) Survival effect on development. When adult females deposit
ore eggs than the carrying capacity, sib cannibalism can paradoxi-

ally increase the total survival rate under the following conditions.
f, without cannibalism, the survival rate is very small, then sib can-
ibalism can increase the survival rate on the part of the siblings,
nd, finally, the number of surviving cannibal siblings can be higher
han that of the surviving non-cannibal siblings. The survival rate of
he sib cannibal phenotype can increase for the following three rea-
ons. First, they grow more rapidly (Santana et al., 2012), and thus
he most risky juvenile stage is shorter (cf. polyphenic cannibalism
n tadpoles). Secondly, they have more nutrients, because the nutri-
nts of siblings that either starved to death or became injured or
nfected by parasites would be lost without cannibalism (cf. Storz,
004). Thirdly, a reduction in the local density of siblings reduces
he liberation of odour hints (semiochemicals), possible predation
nd the risk of parasitism (Chapman et al., 1999, 2000; Guerra-Sanz
nd Cabello, 2008).

(c) Effect on fecundity. In insects there are examples for which
ib cannibalism between juveniles can increase the fecundity of the
urviving sib cannibal nymphs during their adult stage (cf. Duelli,

981; Al-Zubaidi and Capinera, 1983).

In order to model the dynamics of cannibalism appropriately,
e worked out a general kin demographic selection model (as

xplained in Section 2) that can be used to find out which phenotype
elling 334 (2016) 51–59

will win in the struggle for life. Using this model, in Section 3, we
give theoretical examples of when sib cannibalism is evolutionarily
successful. We  finish the paper with our conclusions.

2. Kin demographic selection model

Here we  introduce a general kin demographic selection model,
based on the following Basic Assumptions: (a) different phenotypes,
determined by hereditary life history strategies, do not interact:
there are interactions only within the kin (such as between a female
and its offspring); (b) the survival rate depending on total density
is the same for all individuals, independently of their phenotype
and age; and (c) the interactions within the kin and the density-
dependent survival process are independent.

The new kin demographic selection model is a combination
of the following two  sub-models. In the first sub-model the
non-interacting females produce offspring, and the interactions
(determining the demographic parameters of the different pheno-
types) take place only within the kin–for example, between the
offspring of the same given single female. Here, the main point
is that the phenotype-dependent demographic parameters (the
fecundities and survivals of the Leslie model) determine the next
age-classified state vector of the phenotype. In the second sub-
model, a random survival process reduces the total population size
to the fixed value of the carrying capacity. Here, the main point
is that the density-dependent survival process has a uniform effect
on the demographic parameters of all individuals of all phenotypes.
This condition is reasonable for our modelling methodology if we
want to see the effect of the interaction within the considered kin
on the demography. Indeed, selection depending on phenotype or
age class might mask the effect we  are discussing.

Using Basic Assumption (c) we can combine the above two
sub-models in the kin demographic selection model, which,
although the “intrinsic population growth” and the selection occur
in two  independent “steps”, can be considered as a particular
density-dependent limited growth model where the demographic
parameters depend uniformly on the total density of the system.

2.1. Sub-model 1: Life history strategy dependent Leslie model

First we consider a general model for optimization by life his-
tory trait. We  start from the classical Leslie model, considering a
species where age structure and phenotypes are different only in
their life history traits. Under our Basic Assumptions (a)–(c), the
different phenotypes have different, not density-dependent Leslie
matrices that depend on the life history trait. Thus we consider
a Leslie matrix for each phenotype, where both the survival rates
0 < ωi(s) ≤ 1 and the fecundities ˛i(s) ≥ 0 depend on the phenotype’s
life history trait, parametrized by 0 ≤ s ≤ 1:

L(s) =

⎛
⎜⎜⎜⎜⎜⎜⎝

˛1(s) ˛2(s) . . . ˛n−1(s) ˛n(s)

ω1(s) 0 . . . 0 0

0 ω2(s) . . . . . .

. . . . . . 0 0

0 . . . 0 ωn−1(s) 0

⎞
⎟⎟⎟⎟⎟⎟⎠

. (1)

Observe that the model parameters depend both on the age i
(e.g. Metcalf and Pavard, 2007; Proaktor et al., 2007) and the life
history trait s, at the same time. We  emphasize that in this general
framework a number of different life history traits (e.g. timing of
reproduction, resource allocation, offspring care, cannibalism only

within the kin, etc.) can be investigated.

Now the question arises of what is the appropriate mathemati-
cal definition of fitness (cf. Brommer, 2000; Brommer et al., 2002;
Caswell, 1982, 2001; Schaffer, 1974; Stenseth, 1985) in the Leslie
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Fig. 1. The phenotypic long-term growth rate �(s) is the positive root of the char-
acteristic polynomial P(�) = �3 − (1 + s)�2 − (1 − s)2� − (1 − s)2. The life reproductive
success R(s) is always greater than the phenotypic long-term growth rate �(s), except
J. Garay et al. / Ecologica

odel. Selection takes place on different phenotypes. Thus, we
ave to point out first that different fitness functions, in general,
an define different phenotypes. For this purpose we concentrate
ow on two  phenotypes defined by the two different “objective

unctions”, phenotypic long-term growth rate and life reproductive
uccess.

Phenotype A maximizes the phenotypic long-term growth rate.
t is well-known that in the Leslie model the phenotypic long-term
rowth rate is equal to the unique positive dominant eigenvalue of
he Leslie matrix (see e.g. Caswell, 2001), which is the unique pos-
tive solution of the following characteristic equation of the above
eslie matrix:

(�) = �n − ˛1(s)�n−1 − ˛2(s)ω1(s)�n−2 − · · ·
− ˛n(s)ω1(s). . .ωn−1(s) = 0 (2)

Clearly, for all fixed s Eq. (2) has a unique positive solution �(s).
hus phenotype A has a trait s* that maximizes the phenotypic long-
erm growth rate; formally,

∗ = �(s∗) = max
s

�(s). (3)

Phenotype B maximizes life reproductive success (the average
umber of offspring of a given individual during its life), given by:

(s) = ˛1(s) + ˛2(s)ω1(s) + ˛3(s)ω1(s)ω2(s) + · · ·
+ ˛n(s)ω1(s). . .ωn−1(s). (4)

So phenotype B has a trait ŝ  that maximizes life reproductive
uccess,

(ŝ):=max
s

R(s). (5)

Observe that the long-term growth rate of phenotype A is not
ess than that of phenotype B, formally, �(ŝ) ≤ �(s∗).

Now the question arises of whether phenotypes A and B are
ifferent. In other words, do these two “objective functions” (phe-
otypic long-term growth rate and life reproductive success) take
heir maximum at the same s? The answer is that sometimes they
o, and sometimes they do not, as can be seen from the following
wo Remarks. We  emphasize that Remarks 1 and 2 have no direct
onnection with cannibalism.

emark 1. Sometimes phenotypes A and B are the same. Consider
he case where there is only one fertile age class, so the s-dependent
eslie matrix has the following form:

0 . . . 0 ˛n(s)

ω1(s) 0 . . . 0

0 . . . 0 0

.  . . 0 ωn−1(s) 0

⎞
⎟⎟⎟⎠ .

Here the individual life reproductive success is

(s) = ˛n(s)
n−1∏

1

ωi(s),

nd the phenotypic long-term growth rate is

(s) = n

√√√√˛n(s)
n−1∏
i=1

ωi(s).
In this case, our two objective functions (R and �) take their
aximum at the same s, since n

√
x strictly increases with x. The

ctopus and many insects are examples belonging to this category.
when s = 1, when they are equal. Observe that life reproductive success and the phe-
notypic long-term growth rate take their maxima at different extreme values of the
intensity of cannibalism.

Remark 2. In general, the above two  objective functions take their
maximum at different s. To see this, let us consider the following
s-dependent Leslie matrix
⎛
⎝

1 + s 1 − s 1 − s

1 − s 0 0

0 1 0

⎞
⎠ .

Observe that this Leslie matrix describes a theoretical situation
where there are two  trade-offs, the first between fecundity and
longevity, and the second between early and late reproduction.

Consider first phenotype B that maximizes life reproductive suc-
cess, that is:

R(s) = 2s2 − 3s + 3,

with maximum 3 at ŝ = 0 (see Fig. 1). Thus phenotype B (with ŝ  = 0)
lives for three time units, producing one offspring during each time
unit, the life reproductive success is 3, and phenotype B has the
following Leslie matrix:
⎛
⎝

1 1 1

1 0 0

0 1 0

⎞
⎠ ,

with phenotypic long-term growth rate of 1.83.
Now, to check phenotype A, we  consider the characteristic equa-

tion

P(�) = �3 − (1 + s)�2 − (1 − s)2� − (1 − s)2 = 0.

The phenotypic long-term growth rate takes its maximum at
s* = 1 (see Fig. 1). Phenotype A (with s* = 1) lives for only one time
unit and produces two  offspring, so the phenotypic long-term
growth rate is also 2.

To see the difference in growth rate between phenotypes A and
B, see Fig. 2.

The most important lesson from Remark 2 is that life repro-
ductive success takes its maximum at ŝ = 0, while phenotypic
long-term growth rate takes its maximum at s* = 1. Thus the fitness
concept is crucial in our situation, since different fitness concepts
give quite different predictions.
At the end of this subsection we note that, if there is no limit to
carrying capacity, then any s phenotype with �(s) > 1 would grow
exponentially in the long run. We  introduce the carrying capacity
in the subsection below.
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ig. 2. Tree A corresponds to phenotype A (s* = 1) living one time unit and having tw
ne  offspring in each time unit. Observe that at the third time unit phenotype A ha

.2. Sub-model 2: Selection model for uniform density-dependent
urvival according to carrying capacity

Let us consider phenotypes A and B, which have different strate-
ies that determine the demographic parameters of the phenotype,
mplying different phenotypic long-term growth rates. According
o the original Darwinian view, we need some density-dependent
election to keep the total density of these two phenotypes at
he carrying capacity. Since in the selection situation under con-
ideration (see Basic Assumptions (a)–(c)), there is no interaction
etween the phenotypes, and we are assuming that the phenotypes
iffer only in their demographic parameters, we can suppose that
here is a uniform survival process, that is, that the survival rate
orresponding to the carrying capacity is the same for all individ-
als. Now the question arises of which phenotype will win in the
truggle for existence over the long selection time scale (cf. Garay
nd Varga, 2005).

Let us suppose that phenotypes A and B develop according to
eslie models having the respective population vectors x(t), y(t),
nd matrices L1, L2, total densities ||x(t)|| =

∑
ixi(t), ||y(t)|| =

∑
iyi(t),

nd phenotypic long-term growth rates �1 and �2 with �1, �2 > 1
nd �1 > �2. Then the relative frequency of phenotype B tends to
ero, as is shown below.

Indeed, let us suppose that the subpopulations start from initial
tates x(0) and y(0), respectively, and that the time unit is chosen in
uch a way that in unit time the total density of the system always
xceeds the carrying capacity K, in particular

|L1x(0)|| + ||L2y(0)|| > K.

Now, by selection, the total density of the system reduces to K
roportionally:

(1) = K

||L1x(0)|| + ||L2y(0)|| L1x(0),

(1) = K
L2y(0).
||L1x(0)|| + ||L2y(0)||

Indeed, obviously ||x(1)|| + ||y(1)|| = K.
We emphasize that in this model we consider the “intrinsic”

urvival (described by the Leslie matrices) and the survival under
pring. Tree B corresponds to phenotype B (ŝ = 0) living three time units and having
d phenotype B has only 7 individuals.

selection independently. However, this model can be formally con-
sidered as a particular Leslie-type model that depends on the total
density of the system, where each demographic parameter in the
Leslie matrices L1 and L2 is multiplied by

K

||L1x(0)|| + ||L2y(0)|| .

Similarly, for all t = 1, 2, 3, . . . we get our kin demographic selec-
tion model for the two  different phenotypes:

x(t + 1) = K

||L1x(t)|| + ||L2y(t)|| L1x(t)

y(t + 1) = K

||L1x(t)|| + ||L2y(t)|| L2y(t)
. (6)

Now, for the proportion of phenotype B we  obtain:

||y(t)||
||x(t)|| + ||y(t)|| = 1

||x(t)||
||y(t)|| + 1

.

Here

||x(t)||
||y(t)|| =

(
�1

�2

)t
||x(t)||

�t
1

||y(t)||
�t

2

.

Since we can suppose that in both phenotypes the last two
fecundities are positive, the Perron–Frobenius theorem (see e.g.
Caswell, 2001) implies that both ||x(t)||/�t

1 and ||y(t)||/�t
2 tend to

finite positive limits as t→ ∞.  Therefore, lim
t→∞

||x(t)||
||y(t)|| = ∞,  implying

lim
||y(t)|| = 0.
t→∞ ||x(t)|| + ||y(t)||

Thus if �1 > �2, the relative frequency of phenotype B tends to
zero as t tends to infinity.
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.3. Kin demographic selection model: Life history strategy
ependent Leslie model combined with uniform
ensity-dependent survival according to carrying capacity

Under our Basic Assumptions (a)–(c), from the combination of
he models of Sections 2.1 and 2.2 (equalities (1) and (6)) we get
he kin demographic selection model:

x(t + 1) = K

||L(s1)x(t)|| + ||L(s2)y(t)|| L(s1)x(t)

y(t + 1) = K

||L(s1)x(t)|| + ||L(s2)y(t)|| L(s2)y(t)
. (7)

Observe that, K
||L(s1)x(t)||+||L(s2)y(t)|| describes the uniform density-

ependent survival of each individual under selection, and matrix
(si) describes the trait-dependent (but density-independent)
emography of the phenotype. According to our Basic Assumption
c), the product of these two factors describes the demography of
he different phenotypes.

Using the reasoning of Section 2.2, if there is a unique global
aximum �(s), at strategy s1, then this strategy will be fixed in the

ong run. If the maximum is attained at, say, two strategies s1 and
2, such that �(s1) = �(s2) > �(s), s1 /= s2 /= s, then strategies s1 and
2 are neutral with respect to each other, but outperform any other
ifferent strategies.

We  note that the often used assumption that the basic pheno-
ypic long-term growth rate equals 1 (e.g. Stenseth, 1985, where

 = 1 is assumed, to exclude infinite population growth in the classi-
al Leslie model), is not consistent with our model. On the one hand,
ur question is which phenotype will win. If both phenotypes have a
ong-term growth rate equal to 1, neither of the phenotypes would

in. Nevertheless, in our model, when the selection has already
xed one phenotype only, its growth rate stabilizes at 1. On the
ther hand, in the selection model presented, the total population
rowth rate is 1 for each time step (since the total size of the pop-
lation of the different phenotypes is fixed at the carrying capacity
) but during the selection process the evolutionarily most success-

ul phenotype has a higher growth rate than the growth rate of the
ther phenotypes.

Summing up Section 2, in spite of the fact that the life repro-
uctive success of phenotype B is greater than that of phenotype A,
henotype B will die out on the time scale of selection. The lesson

s that the average number of an individual’s offspring is not nec-
ssarily a good definition of fitness, when generations overlap and
dults have more than one reproductive period. We  emphasize that
ot only phenotype B, but also all other phenotypes, will die out,

f different fitness concepts (e.g. reproductive value, Fisher, 1930)
etermine different phenotypes.

Consequently, based on Remark 2, the phenotypic long-term
rowth rate can be considered as the Darwinian fitness. There-
ore, we compare below the phenotypic long-term growth rates
f cannibal and non-cannibal phenotypes.

. Kin demographic selection models for sib cannibalism

Sib cannibalism has two kinds of effect: an immediate one, dur-
ng the juvenile stage, and a delayed one, during the adult stage.

e will investigate these effects separately.

.1. Mechanism-based model for the derivation of the Leslie
atrix, when sib cannibalism can change only the juvenile

emographic parameters
To get an insight into the advantage of sib cannibalism between
losest relatives, in this subsection we will consider the maximal
ib cannibalism intensity.
lling 334 (2016) 51–59 55

For simplicity we  assume that there is the same prey density
for each plant. Assume that each female uses a different plant for
oviposition, so that we can assume that on each plant there is one
cohort at a time, or in other words that each female’s juveniles are
of the same size at every time moment. Let us fix the time unit
(which is based on temperature and real time: it is “degree day”
for insects). To compare different phenotypes we have to use the
same time unit. To develop from nymph to adult, a juvenile needs
energy E, and only the energy collection determines the develop-
mental time. Assume that, independently of the size of the juvenile,
during unit time, each juvenile collects energy e from its prey and,
for non-cannibal phenotypes, (E − e0)/e = 10 time units are needed
to develop from egg to adult, where e0 is the energy contained in a
new-born nymph. All adults live only two time units.

Non-cannibal phenotype.  For simple and shorter notation we
assume that the survival rate of a nymph does not depend on its
size, i.e. ωi = ω1, for i = 1, 2, . . .,  10, adult stages take two  time units,
with survival rate ω2, and only adults produce � eggs, then we  have
the following Leslie matrix for the non-cannibal phenotype:
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 0 0 0 0 0 0 0  ̨ ˛

ω1 0 0

0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 ω1 0 0

0 0 0 0 0 0 0 0 0 0 ω2 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Observe that the survival rate of a non-cannibal nymph from
egg to adult age is ω10

1 .
Sib cannibal phenotype.  For simplicity, we suppose that non-

conspecific predators totally consume what they kill, and that if
a sibling dies for some other reason (such as an infection) it is not
consumed by its cannibal sibling (e.g. it falls off the plant). During
unit time, a surviving cannibal juvenile can also collect energy e
from its prey, and we  assume that the time unit is small enough
such that a cannibal individual can eat only one of its sibs. Observe
that now s = 1 means that, in each time unit, each surviving sib can-
nibalizes one of its siblings. We  assume that, on average, a killed
sibling can only collect half the energy before it is killed by its can-
nibal sibling. Under these assumptions, sib cannibalism has two
effects:

Accelerating effect. At the end of the first time unit, the collected
energy is e0 + e + (e0 + 0.5e), where (e0 + 0.5e) is the energy content
of the cannibalized sibling at the first time unit. Thus in the tth time
unit, the total collected energy is:

E(t + 1) = 2E(t) + 1.5e,

and the series of values of collected energy is: E(0) = e0,
E(1) = 2e0 + 1.5e, E(2) = 4e0 + 4.5e, E(3) = 8e0 + 10.5e. Under our
assumption that collected energy determines developmental time,

a sib cannibal juvenile can mature in only three time units, while a
non-cannibal needs 10.

Juvenile’s survival effect. We assume that dying without a can-
nibal attack and dying in a cannibal attack are independent events
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n the sense of probability theory, and thus that the survival rate
s ω1/2 in each time unit. We  should emphasize that we  are not
ssuming that sib cannibalism can increase the survival rate of
uccessful juveniles, since ω1 does not increase with time.

Based on the above two effects, we get the following Leslie
odel for the sib cannibal phenotype:

0 0 0  ̨ ˛
ω1

2
0 0 0 0

0
ω1

2
0 0 0

0 0
ω1

2
0 0

0 0 0 ω2 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Observe that the survival rate of a sib cannibal juvenile from egg
o adult age is (ω1/2)3.

There are two  possible advantages of sib cannibalism:
Juvenile’s survival advantage.  In spite of the fact that during each

ime unit the survival rate strictly decreases, the survival rate from
uvenile to adult can increase, since the development time radically
ecreases. In the present case, the survival rate of a non-cannibal

uvenile ω10
1 is smaller than that of a sib cannibal (ω1/2)3 if and only

f ω1 < 0.743. This is illustrated by the following numerical example.

xample 1. If  ̨ = 10000, ω2 = 1, ω1 = 0.6, then the phenotypic long-
erm growth rate of the non-cannibal phenotype (1.78) is less than
hat of the cannibal one (4.27).

Now the question arises of whether it is true that, whenever the
xpected number of offspring of a new-born non-cannibal juve-
ile surviving to adult stage is higher than that of a cannibal one,
he phenotypic long-term growth rate of the non-cannibal pheno-
ype is also higher. To answer this question, consider the following
xample:

xample 2. If  ̨ = 10000, ω2 = 1, ω1 = 0.9, then the long-term
rowth rate of the non-cannibal phenotype (2.17) is less than that
f the cannibal one (5.72).

In Example 2, although sib cannibalism radically decreases the
umber of surviving juveniles, cannibalism ensures a higher long-
erm growth rate. Why? The answer is explained below.

Accelerating advantage.  Assume that the non-cannibal pheno-
ype has 8 generations, while the cannibal phenotype has 20
enerations, during one seasonal cycle. Clearly, in spite of the fact
hat the non-cannibal phenotype has more surviving offspring than
he cannibal one after one generation, the cannibal phenotype
an produce more offspring by the end of the reproductive period
han the non-cannibal one. Indeed, let X and Y be the numbers of
on-cannibal and cannibal phenotype offspring in one generation,
espectively, then at the end of the seasonal cycle X8 < Y20 for the
otal numbers of descendants could easily hold despite the inequal-
ty X > Y. More generally, Xk < Yl is equivalent to l > k(ln X/ln Y), which
s the condition for the accelerating advantage of cannibalism in this
ase.

xample 3. Let  ̨ = 100, ω2 = 1, ω1 = 1. Then the phenotypic long-
erm growth rate of the non-cannibal phenotype (1.58) is less than
hat of the sib cannibal one (2.07). We  note that in this exam-
le the life reproductive success of the non-cannibal phenotype

s 200, while that of the sib cannibal one is 25, since all non-

annibal juveniles mature, while only one-eighth of the cannibal
uveniles survive (7/8 of the siblings are cannibalized by their sur-
iving siblings). So, life reproductive success cannot be considered
s a definition of fitness.
elling 334 (2016) 51–59

The “paradoxical” lesson is this: when the developmental time
radically decreases because of sib cannibalism, the phenotypic
long-term growth rate can increase, even though the number of
surviving juveniles decreases because of sib cannibalism.

3.2. Sib cannibalism can also change the juvenile and adult
demographic parameters

As we have already mentioned, sib cannibalism between juve-
niles can increase longevity in the adult stage. To demonstrate the
consequence of this delayed phenomenon, we  have to ignore all
the effects of Section 3.1 that can mask the delayed effect of sib
cannibalism on longevity. Assume that sib cannibalism decreases
the survival rate in juveniles, does not decrease the developmental
time and can increase the survival rate of adults. Consider a theo-
retical example when both the juvenile and the adult stages take
two time units. Under these assumptions we consider the following
Leslie matrix for the cannibal phenotype:

⎛
⎜⎜⎜⎝

0 0  ̨ ˛

ω1 − cs 0 0 0

0 ω1 − cs 0 0

0 0 ω3 + bs 0

⎞
⎟⎟⎟⎠ ,

where the “cost” of sib cannibalism is 0 < c < ω1 and the “benefit”
of cannibalism is 0 < b < 1 − ω3 (where the latter inequality guar-
antees the consistency of the present model). Here s denotes the
intensity of sib cannibalism: 0 < s ≤ 1 corresponds to the sib cannibal
phenotype and s = 0 means no sib cannibalism.

In the Appendix we show that sib cannibalism can be adaptive
if the following sufficient condition holds:

2
�0 + ω3

ω1
<

b

c
(A.1)

Therefore, for any set of parameters ˛, ω1, ω3, condition (A.1)
holds whenever the benefit/cost proportion is large enough, so a
high benefit/cost proportion implies that sib cannibalism is adap-
tive. In the following numerical examples condition (A.1) will be
satisfied.

Example 4. Let us consider a case when sib cannibalism radically
increases the longevity in the adult stage:
⎛
⎜⎜⎝

0 0 100 100

0.5 − 0.01s 0 0 0

0 0.5 − 0.01s 0 0

0 0 0.01 + 0.86s 0

⎞
⎟⎟⎠ ,

The parameters  ̨ = 100, ω1 = 0.5, ω3 − 0.1, c = 0.01, b = 0.86 sat-
isfy condition (A.1), implying that the sib cannibalism is adaptive.
Furthermore, in this case, both the phenotypic long-term growth
rate and the life reproductive success take their maxima at s = 1 (see
Fig. 3).

Example 5. Now consider different parameters, namely:
⎛
⎜⎜⎝

0 0 100 100

0.5 − 0.06s 0 0 0

0 0.5 − 0.06s 0 0

0 0 0.1 + 0.8s 0

⎞
⎟⎟⎠ .
In this case the phenotypic long-term growth rate takes its max-
imum at s= 0.23, while the life reproductive success is maximal at
s = 1 (see Fig. 4).
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Fig. 3. In Example 4, phenotypic long-term growth rate and life reproductive success take their maxima at the maximal sib cannibalism intensity.
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Fig. 4. In Example 5, phenotypic long-term growth rate and life rep

. Conclusions

.1. Darwinian selection of fitness notions

Using the kin demographic selection model introduced here,
e have shown that the phenotype maximizing the phenotypic

ong-term growth rate will select out other different phenotypes
cf. Garay and Varga, 2005). For instance, the phenotype maximiz-
ng its life reproductive success and the phenotype maximizing its
eproductive value at every age (Fisher, 1930; Schaffer, 1974) are
utperformed by the phenotype maximizing its phenotypic long-
erm growth rate, when these phenotypes are different.

.2. Results assuming the Collector Hypothesis

The theoretical framework presented is strictly based on clas-
ical Darwinism for the following selection situation: there are
either density- nor frequency-dependent inter-phenotype inter-
ctions; cannibalism happens between the closest relatives; the
enerations overlap; and all other possible selection forces have
he same effect on all individuals. We  gave some theoretical exam-
les of when sib cannibalism between the closest relatives can

ncrease the phenotypic long-term growth rate. The basic biologi-
al assumption of our Collector Hypothesis is that it is mainly the

ood (nutrient) intake that determines the developmental time, the
urvival rate of pre-fertile juveniles, and the fecundity of adults.

e found that if the developmental time is a strictly decreasing
unction of food consumed, then a sib cannibal can decrease its
tive success take their maxima at different sib cannibal intensities.

developmental time. Shorter developmental time can increase the
survival rate from juvenile to adult. Consequently, the sib cannibal-
ism is adaptive. Sib cannibalism can also be adaptive if it increases
survival in the adult stage.

Essentially, the Collector Hypothesis claims that cannibalism
could be an effective feeding strategy for the phenotype. For
instance, Arctic char are often the only fish found in northern lakes,
and small and cannibalistic giant chars form a “food web”: the
small char feed on zooplankton, while a cannibalistic giant char
eats smaller char that are up to a third of its size (Byström, 2006).
In this case, cannibalism can be considered as a feeding strategy.

We hope that our prediction could be tested by experiments in
species for which food can either shorten the development time
or increase the survival in the adult stage, in each case radically
enough to overcompensate for the negative effect of cannibalism.

4.3. Connection with kin selection theory

From the point of view of individuals, cannibalism is an antag-
onist behaviour; from the point of view of phenotypes, in a
well-mixed population, cannibalism is a competitive behaviour
that can increase the relative advantage of the cannibal phenotype
over the non-cannibal one. However, as we have shown, sib canni-
balism between the closest relatives can be adaptive for kin. There

is a harmony between our models and Hamilton’s kin selection the-
ory, since in our case interactions also happen only within kin. Sib
cannibalism can be considered as an extreme version of mutualism,
when some juvenile (collecting nutrient in its body for its sib) pays
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he extreme cost and the benefit is a higher long-term growth rate
or its kin. So, if sib cannibalism is adaptive among the closest rela-
ives, then cannibalism is even more adaptive among non-relatives.
hus, we think that the evolutionary advantage of cannibalism can
ccur whatever the relatedness. Nevertheless, there will surely be
ome effect of relatedness on the likelihood of it occurring. In the
sexual case (when the genetic relatedness of the recipient to the
ctor is one), the actual version of the well-known Hamilton rule
trictly depends on the details of the life history (see inequality
A.1)), since the generations overlap. We  conjecture that in a sex-
al population sib cannibalism may  also be adaptive, but this is the
ubject of a further paper.

Our model is strictly based on the fundamental idea of kin selec-
ion theory (favouring the reproductive success of a sib, even at a
ost to the other sibs), but it is not the standard version of the kin
election model (since in our case the fitness is implicitly given).
oreover, the results for our model give some insight into the prob-

em of competition between sibs (cf. Gardner and West, 2004; West
t al., 2002). In spite of the fact that sib cannibalism is a negative
nteraction between sibs, if it can decrease the development time,
nd consequently can increase the total survival rate of juvenile
ibs, and furthermore can increase longevity in the adult stage, in
he end it can increase the long-term growth rate for sib cannibal-
stic kin. As far as we know our kin demographic model is the first
o have pointed out that a negative interaction between kin can be
n evolutionarily successful strategy for the kin (cf. Frank, 1998;
ueller, 1994).

.4. Relationship to biological pest control

In biological pest control, a natural enemy of the pest (insect or
ite) can be applied in two ways. If the biocontrol starts when

here is a high pest density, an inundative release is applied in
hich a large number of adult agents are released for an immedi-

te reduction of the pest. At a low initial pest density, by contrast,
n inoculative agent release may  be more cost efficient; the agents
eproduce themselves through several generations to provide long-
erm control (see e.g. Hajek, 2004). The long-term growth rate
tudied in the present paper then has obvious importance. Fur-
hermore, in the case of an inoculative release every single female

ay  find a different plant for oviposition. Since certain agents also
isplay sib cannibalistic behaviour (see e.g. Michaud, 2005), the kin
emographic model and the maximization of the phenotypic long-
erm growth rate may  have importance for biological control, as
ell.
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ppendix.

Consider the following Leslie matrix:

0 0  ̨ ˛

ω1 − cs 0 0 0

⎞
⎟

0 ω1 − cs 0 0

0 0 ω3 + bs 0

⎟⎟⎠ .
elling 334 (2016) 51–59

The phenotypic long-term growth rate is the unique positive
solution �(s) of the following characteristic equation for all fixed s:

�4 − ˛(ω1 − cs)2� − ˛(ω1 − cs)2(ω3 + bs)  = 0.

Now the question arises of when sib cannibalism can be adap-
tive. Formally, we  obtain below a sufficient (but not necessary)
condition, implying that �(s) is an increasing function at s = 0. In the
latter case, changing the intensity of the cannibalism from zero to
a small positive value increases the phenotypic long-term growth
rate. Using the implicit function theorem we  get

�′(s) = −
∂
∂s

[�4 − ˛(ω1 − cs)2� − ˛(ω1 − cs)2(ω3 + bs)]

∂
∂�

[�4 − ˛(ω1 − cs)2� − ˛(ω1 − cs)2(ω3 + bs)]

= −2˛c(ω1 − cs)� − ˛(ω1 − cs)[−2c(ω3 + bs)  + (ω1 − cs)b]

4�3 − ˛(ω1 − cs)2
.

Hence, at s = 0, with �0 = �(0), we  get

�′(0) = −2˛cω1�0 + ˛ω1[−2cω3 + ω1b]

4�3
0 − ˛ω1

2
.

Since from the characteristic equation it is easy to obtain 4�3
0 −

˛ω1
2 > 0, for �′(0) > 0, a necessary and sufficient condition is

−2˛cω1�0 + ˛ω1[−2cω3 + ω1b] > 0,

which can be guaranteed by

2
�0 + ω3

ω1
<

b

c
(A.1)

Summing up, inequality (A.1) is a sufficient condition for the
adaptivity of cannibalism in the model in Section 3.2.
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