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Abstract

Avoiding inbreeding, and therefore avoiding inbreeding depression in offspring fitness, is
widely assumed to be adaptive in systems with biparental reproduction. However, inbreed-
ing can also confer an inclusive fitness benefit stemming from increased relatedness be-
tween parents and inbred offspring. Whether or not inbreeding or avoiding inbreeding is
adaptive therefore depends on a balance between inbreeding depression and increased
parent-offspring relatedness. Existing models of biparental inbreeding predict threshold val-
ues of inbreeding depression above which males and females should avoid inbreeding, and
predict sexual conflict over inbreeding because these thresholds diverge. However, these
models implicitly assume that if a focal individual avoids inbreeding, then both it and its re-
jected relative will subsequently outbreed. We show that relaxing this assumption of recipro-
cal outbreeding, and the assumption that focal individuals are themselves outbred, can
substantially alter the predicted thresholds for inbreeding avoidance for focal males. Specifi-
cally, the magnitude of inbreeding depression below which inbreeding increases a focal
male’s inclusive fitness increases with increasing depression in the offspring of a focal fe-
male and her alternative mate, and it decreases with increasing relatedness between a
focal male and a focal female’s alternative mate, thereby altering the predicted zone of sex-
ual conflict. Furthermore, a focal male’s inclusive fithess gain from avoiding inbreeding is re-
duced by indirect opportunity costs if his rejected relative breeds with another relative of his.
By demonstrating that variation in relatedness and inbreeding can affect intra- and inter-
sexual conflict over inbreeding, our models lead to novel predictions for family dynamics.
Specifically, parent-offspring conflict over inbreeding might depend on the alternative mates
of rejected relatives, and male-male competition over inbreeding might lead to mixed in-
breeding strategies. Making testable quantitative predictions regarding inbreeding strate-
gies occurring in nature will therefore require new models that explicitly capture variation in
relatedness and inbreeding among interacting population members.
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Introduction

Inbreeding, defined as mating between related individuals, is a pervasive force in evolutionary
ecology that is postulated to drive the evolution of mating systems [1-3] and dispersal [4, 5],
and to influence population dynamics [6, 7] and the expression and persistence of mutation
load [8, 9]. Understanding these phenomena therefore requires a thorough understanding of
the evolution and occurrence of inbreeding itself.

Reproducing individuals might exhibit strategies of inbreeding preference or avoidance de-
fined as mating with more or less closely related individuals than expected given random mat-
ing, or exhibit inbreeding tolerance defined as random mating with respect to relatedness [10].
In general, the evolution of any such inbreeding strategy is expected to depend on the balance
between increased inheritance of identical-by-descent alleles by inbred offspring versus any de-
crease in survival or reproductive fitness of those inbred offspring due to inbreeding depres-
sion. This balance is well understood in the context of the evolution of self-fertilisation versus
outcrossing [11-16]. Specifically, in an outcrossing population, a mutant allele causing self-fer-
tilisation (the most extreme degree of inbreeding) is 50% more likely to be inherited identical-
by-descent by the selfing individual’s offspring than a homologous wild type allele underlying
outcrossing, but resulting inbred offspring will commonly show inbreeding depression [2, 12,
13, 17]. The net inclusive fitness benefit of self-fertilisation, and hence the frequency of the un-
derlying mutant allele, will therefore depend on the balance between increased offspring inheri-
tance of identical-by-descent alleles versus reduced offspring survival or reproductive fitness
[12, 13, 15-18].

The net inclusive fitness benefit of biparental inbreeding (i.e., inbreeding between two non-
self individuals) depends on this same balance. Inbreeding depression is widespread and can
substantially reduce offspring fitness in populations with biparental fertilisation [7, 19, 20].
Consequently, inbreeding depression is widely presumed to drive the evolution of inbreeding
avoidance in such populations [12, 21-23]. But the inclusive fitness increment of biparental in-
breeding relative to outbreeding—which stems from the higher probability that identical-by-
descent alleles will be inherited by inbred offspring—has been less widely factored into verbal
or quantitative models regarding the evolution of biparental inbreeding versus inbreeding
avoidance [10].

Models examining the evolution of self-fertilisation cannot be directly extrapolated to pre-
dict the evolution of biparental inbreeding strategy because they do not account for sex-specific
inclusive fitness benefits or differing reproductive strategies between males and females with
potentially conflicting evolutionary interests [10]. Instead, Parker [24, 25] provided a basic
conceptual model that specifically emphasised the inclusive fitness benefit of biparental in-
breeding stemming from increased probability of identity-by-descent, and this model was sub-
sequently extended by Waser et al. [26], Kokko and Ots [27], and Puurtinen [28]. These
models emphasise that inbreeding preference or tolerance might be adaptive even when in-
breeding depression occurs. They also predict evolutionary sexual conflict over inbreeding,
meaning that selection on inbreeding preference, tolerance, or avoidance might differ between
males and females [24, 25]. This sexual conflict arises because reproductive investment in in-
bred offspring differentially affects the mean inclusive fitness of each sex (assuming different
sex roles). If an individual of the sex whose reproduction is limited by resource availability in-
breeds, resources will be invested in less fit inbred offspring instead of fitter outbred offspring.
In contrast, an individual of the sex whose reproduction is limited by mate availability might
be able to inbreed without losing outbreeding success, as in systems where the mate-limited sex
provides no parental care. Where some care is provided, the relative cost of inbreeding for the
mate-limited sex has been modelled and interpreted as an opportunity cost in terms of missed
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opportunities to outbreed [24, 25]. Because some asymmetric investment in offspring is the
norm in systems with biparental reproduction, sexual conflict is predicted to be a fundamental
outcome of biparental inbreeding.

However, existing models of biparental inbreeding make strong and restrictive assumptions.
Most assume that the focal population primarily comprises outbred and unrelated individuals,
but also contains two focal relatives that might or might not inbreed with each other [24-26].
Under these assumptions, if a focal individual avoids inbreeding, then its rejected relative must
also avoid inbreeding. These models therefore implicitly assume mutual inbreeding avoidance.
In contrast, Puurtinen [28] assumes that females can optimise their inbreeding by selecting
males that are related to a specific degree. These conditions are very unlikely to apply in wild
populations in which biparental inbreeding might occur. Rather, both non-relatives and rela-
tives of different (but unlikely all optimal) degrees are likely to be available as potential mates.
Consequently, relatives that are rejected as mates by a focal individual might subsequently in-
breed to varying degrees whether by choice or coercion, or might avoid inbreeding. For exam-
ple, inbreeding might benefit rejected relatives if the encounter rate between potential mates is
low, meaning that avoiding subsequent inbreeding would increase the risk of breeding failure
[27, 29]. Alternatively, rejected females might be subsequently coerced into mating with anoth-
er relative [24, 25, 30]. Therefore, a focal individual that is ‘deciding’ whether or not to inbreed
cannot necessarily ensure or assume that its rejected relative will subsequently outbreed.

The degree to which rejected relatives subsequently inbreed is likely to be critical to inclusive
fitness calculations. Conceptual models that assume reciprocal inbreeding avoidance [24-26]
or the availability of optimally related kin [28] would have limited applicability or predictive
ability when the inclusive fitness benefits of inbreeding versus avoiding inbreeding are condi-
tional upon the subsequent mating decisions of rejected relatives. Nevertheless, multiple stud-
ies have attempted to apply quantitative predictions derived from existing models of biparental
inbreeding [24-27] to empirical systems [31-34]. Here we show that these predictions are un-
likely to be accurate when highly restrictive assumptions are violated.

We first formally summarise and review Parker’s [24, 25] basic conceptual model (hereafter
‘Parker’s model’) that illustrates the balance between the inclusive fitness benefit of biparental
inbreeding and inbreeding depression. We then extend this model in three ways. First, we relax
the assumption that focal individuals are outbred. Second, we relax the assumption that the re-
jected relatives of focal individuals will subsequently outbreed. Finally, we demonstrate that in-
direct opportunity costs may exist if a focal male’s rejected potential mate subsequently breeds
with his male relative. We discuss how our model relates to empirical and theoretical research
on biparental inbreeding, and to the broader context of inclusive fitness theory. We thereby
highlight new avenues of research for biparental inbreeding theory, including understanding
family dynamics and ultimately a more predictive evolutionary theory of inbreeding strategy.

Parker's model

Parker’s model evaluates the (inclusive) fitness costs and benefits of the decision to inbreed or
avoid inbreeding for each sex. For convenience, the sexes whose reproduction is limited by
mate availability and resource availability are labelled as ‘male’ and ‘female’, respectively. In the
most basic model, males can mate with any number of females during a reproductive bout to
increase their reproductive success, but females can only mate with one male and produce n
offspring, which is assumed constant for all females and reproductive bouts. Mates can be un-
related and produce outbred offspring, or be related by some degree and produce correspond-
ingly inbred offspring.
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Fig 1. Conceptual models of biparental inbreeding. Females (F7 and F2) produce n offspring. The focal
male (M7) is related by rys £ to the focal female (F7). The fitness of M7 and F1’s n offspring is decreased by
inbreeding depression &1 £1. Whether or not M1 inbreeds or avoids inbreeding with F7 does not affect his
opportunity to outbreed with an unrelated female (F2). In Parker's [24, 25] model (A), if M1 avoids inbreeding,
then F1 is assumed to outbreed with unrelated male (M2). In our extended model (B), if M1 avoids
inbreeding, F1’s alternative mate M2 may be related to M1 (fp1,m2) Of F1 (g k). If rvz F1 > 0, then the fitness
of M2 and F1’s offspring will be decreased by inbreeding depression (Sp2 £1).

doi:10.1371/journal.pone.0125140.g001

Parker’s model considers a potentially inbreeding focal male (M1) and focal female (FI)
that are related by some degree ry; r; (Fig 1A). All other potential mates of M1 and FI are as-
sumed to be unrelated to both M1 and F1I. Following inbreeding avoidance by one focal indi-
vidual (M1 or F1), the other focal individual is therefore assumed to outbreed [24-26]. For
example, if M1 avoids inbreeding with FI, then FI is assumed to outbreed with an alternative
male M2 (Fig 1A). The most basic model assumes that M1’s opportunity to outbreed with un-
related females (e.g., F2 in Fig 1A), is unaffected by whether or not he inbreeds or avoids in-
breeding with FI, so additional offspring that MI might sire do not need to be included in
inclusive fitness calculations. In contrast, if FI inbreeds with M1, she cannot also outbreed.

Parker [24, 25] calculated the inclusive fitness consequences of inbreeding versus avoiding
inbreeding for M1 and F1. When M1 avoids inbreeding with F1, a proportion r;; p; of F1's di-
rect allelic contribution to her offspring will be identical-by-descent with alleles carried by M1.
MT's inclusive fitness increment from avoiding inbreeding is therefore 2 x r,, ;,. Alternatively,
if M1 inbreeds with F1, identical-by-descent alleles will be contributed to inbred offspring by
both M1 (§) and FI (5 x 1y, ). This increases M1's inclusive fitness increment to
5+ 5 X 1y But this inclusive fitness increment due to inbreeding is decreased by inbreeding
depression such that inbred offspring produced by M1 and FI have (1 — 85 ) the fitness of
outbred offspring [24-27]. The magnitude of inbreeding depression below which inbreeding
benefits M1 is given by the values of 6, r; for which the inclusive fitness gain from inbreeding
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exceeds that of avoiding inbreeding [24-26],
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(14 > —(r

9 ( Ml,Fl) (1= 3y1m) D) ( MLI-‘I) .

—_——— N —
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offspring
Fig 2 shows threshold values of 6,1 ; below which inbreeding increases M1 ’s inclusive fitness
given different values of 7, r;. For the widely cited illustrative example where r,,, , = ; (e.g.,

M1 and F1I are full siblings with unrelated parents), M1’s inclusive fitness from inbreeding ex-
ceeds that from avoiding inbreeding if ,,, ;, < 2 [10, 24-27].

From the perspective of F1, the inclusive fitness gain from inbreeding with M1 versus avoid-
ing inbreeding can be calculated similarly [24, 25]. Because M1’s additional outbreeding suc-
cess is assumed to be unaffected by inbreeding with F1, it is irrelevant for calculating F1’s
inclusive fitness. If F1 avoids inbreeding with M1 and outbreeds with M2 instead, her inclusive
fitness is 2 (Fig 1A). If FI inbreeds with M1, her inclusive fitness is 2 (1 + er‘Fl) (1 =90yp1)- In-
breeding with M1 is therefore beneficial for F1I if,

n

. @)

(1 + er,Fl)(l - 5M1‘F1) > g
Fig 2 shows that the threshold of inbreeding depression below which inbreeding benefits F1I is
symmetrical to that for M1. For example, when FI and M1 are full siblings, inbreeding benefits
F1ifé,, ; < 3 compared to 2 for M1 [10, 24-27].

Parker’s model could therefore be interpreted to predict that inbreeding tolerance or prefer-
ence can be adaptive for one or both sexes, even given non-zero inbreeding depression (dxs 1
> 0; Fig 2). It also predicts a zone of sexual conflict, where inbreeding increases male fitness
but decreases female fitness for a substantial range of 6, r; (black zone, Fig 2). This zone is
greatest given small 7y, r; values and decreases to zero as ryy; r; approaches 1 (self-
fertilisation).

Relaxing the assumption that focal individuals are outbred

Parker’s model highlights that rp; £; is a key parameter underlying inclusive fitness calcula-
tions for inbreeding versus avoiding inbreeding, but ,; r; is rarely explicitly defined in bipa-
rental inbreeding theory (but see [10]). Parker’s [24] original derivation does not include rp; £;
at all, and focuses only on the specific case in which potential mates share exactly half their al-
leles (e.g., outbred full siblings). Waser et al. [26] explicitly equated rps; r; to Wright's [35] coef-
ficient of relationship, while Parker [25] and Kokko and Ots [27] define 1y, r; as ‘relatedness’
without further elaboration. Clearly, in order to calculate appropriate thresholds for inbreeding
avoidance or preference (Inegs. 1 and 2), relatedness must be appropriately defined for inclu-
sive fitness calculations.

In particular, it is not always appreciated that the relevant ry;; r; values depend on the de-
gree to which focal individuals are themselves inbred. The alternative implicit assumption, that
all focal individuals are outbred, is unlikely to be valid in populations where biparental inbreed-
ing might occur. The inclusive fitness consequences of inbreeding versus avoiding inbreeding
therefore need to be considered for focal individuals that are themselves inbred to some degree,
by defining rs; r; appropriately. In their developments of Parker’s model, Lehmann and Perrin
[36] and Puurtinen [28] account for inbred focal individuals by defining ras; £, as the
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Fig 2. Zones of parameter space in which inbreeding versus avoiding inbreeding is predicted to increase male and female inclusive fithess when
all other potential mates are unrelated. The x-axis shows the relatedness (ry1 1) between two focal potential mates, male M7 and female F1, where ryq £
=0 equates to outbreeding, and ry1 £1 = 1 equates to self-fertilisation. The y-axis shows the magnitude of inbreeding depression (6x1,£1) below which
inbreeding is beneficial for each sex. Areas where neither sex, both sexes, and males only benefit from inbreeding are shown in white, grey, and black,
respectively. The intersections between black and white areas and black and grey areas respectively demarcate the thresholds below which M7 and F1
benefit by inbreeding [24, 25].

doi:10.1371/journal.pone.0125140.g002

regression coefficient of relatedness [37, 38]. But, to our knowledge, this definition has not
been explicitly applied to Parker’s basic model.

If focal individuals are themselves inbred, then two homologous alleles have a non-zero
probability of occurring identical-by-descent within an individual. Specifically, the probability
that two of M1’s homologous alleles are identical-by-descent defines his coefficient of inbreed-
ing fur;.- The probability that an allele is directly transmitted to M1’s offspring then increases
from  to § (1 + f,;,). The regression coefficient of relatedness (henceforth denoted ry; ;) is
the proportion of M1's alleles expected to be carried identical-by-descent by F1 [38]. Therefore,
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MT1’s relatedness to F1 is,

"vim = 2/ . 3)
' 1 + fMl
The coefficient of kinship fys; 1 (sometimes denoted as kps; g7 Or 0 515 r7) is the probability that
an allele randomly sampled from M1 is identical-by-descent with a homologous allele random-
ly sampled from F1, and is therefore symmetrical between two individuals (i.e., fas1 F1 = friam)-
But if two individuals M1 and FI are inbred to different degrees (fis; # fr1), their relatedness—
calculated in the context of inclusive fitness [37]—may be asymmetrical (rp; 71 7 7F1,011)> SO

that F1's relatedness to M1 is,

2f,
Tpian = 1 j_l}/ﬂ . (4)
Fl

This asymmetry occurs because the denominators of Eqs (3) and (4) contain M1 and FI ’s coef-
ficients of inbreeding, respectively, which will differ if M1 and FI are inbred to
different degrees.

We now reformulate Parker’s model using Eqs (3) and (4) to show how fy; £, fars> and fr;
affect the predicted thresholds for inbreeding avoidance versus tolerance or preference. Substi-
tuting Eq (3) into Ineq. (1) for M1 yields the inbreeding depression threshold below which M1
benefits by inbreeding with F1,

]‘+fM1
0 < —F 5
ML 1 +fM1 + 2.fMLFl ( )

Substituting Eq (4) into Ineq. (2) gives the inbreeding depression threshold below which F1I
benefits by inbreeding with M1,

2f;31.M1

o < — 6
MU 4 foy 4 2 fran (6)

These expressions show that the thresholds for inbreeding versus inbreeding avoidance depend
directly on the coefficient of inbreeding of each focal individual, but do not depend on that of
their potential mate. Increasing fy; increases the right hand side of Ineq. (5), whereas increas-
ing fr; decreases the right hand side of Ineq. (6). Inbred males therefore benefit by inbreeding
at higher thresholds of dys; r; than outbred males, and inbred females benefit by avoiding in-
breeding at higher 8, r) thresholds than outbred females. Our extension of Parker’s model
therefore shows that the degree to which focal individuals are inbred cannot be ignored when
calculating relatedness, and hence when inferring thresholds defining sex-specific

inbreeding strategy.

Relaxing the assumption of mutual inbreeding avoidance

While Parker’s model illustrates that inbreeding can be adaptive and that sexual conflict over
inbreeding might occur, any quantitative conclusions are limited by the strong assumption
that rejected relatives will not inbreed. We now extend Parker’s model to show that subsequent
inbreeding by a rejected relative can greatly alter the inclusive fitness benefit of avoiding in-
breeding for a focal male, and therefore alter the benefit of inbreeding versus inbreeding avoid-
ance and change the expected magnitude of sexual conflict over inbreeding.

To relax the assumption that the focal M1's rejected relative FI will outbreed, we allow FI's
alternative mate M2 to be related to M1, F1, or both by rps; a2 and rg;g a0, respectively (Fig 1B).
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We limit our model to one additional relative (M2), rather than many differently related indi-
viduals for tractability. Our current aim is simply to demonstrate that an additional relative
can affect inbreeding depression thresholds defining inbreeding strategies, not to predict evolu-
tionary outcomes that might arise given realistic relatedness distributions within populations;
we therefore do not assume that a focal population comprises only three relatives, or that this
situation will persist over evolutionary time (see Discussion).

If F1 breeds with M2 after M1 avoids inbreeding with her, then inbreeding with F1I is benefi-
cial for M1 if,

n
"1 n
) ( + T’M1,F1) (1 — 5M11F1) > 5( MiF T er.M2) (1 _ 5M27F1) (7)
Fitness increment Reduced fitness  Fitness increment Reduced fitness
when M1 of M1 & F1's when M1 avoids  of M2 & Fl's
inbreeds

offspring  inbreeding with F1 offspring.

In Ineq. (7), Oarz,51 is the inbreeding depression in offspring produced by M2 and FI. The right
hand side of Ineq. (7) reduces to that of Ineq. (1) when M2 is unrelated to M1 and FI (i.e., ryp,
M2 =0and 81 p1 = 0). The inclusive fitness gain M1 receives by inbreeding with FI remains
the same as in Parker’s model (left hand side of Inegs. 1 and 7) because ;g and 81 ry are
unchanged (Fig 1A and 1B). Inequality (Eq 7) shows that M1’s fitness gain from avoiding in-
breeding with FI changes if FI subsequently breeds with a related M2 (whether by choice or co-
ercion). This is because rps; a2 O 812 £1, OF both, will be non-zero and hence affect M s
inclusive fitness. Although F1 will pass alleles to her offspring produced with M2 that are iden-
tical-by-descent to alleles carried by M1, the indirect fitness benefit to M1 will be decreased by
any inbreeding depression in F1's offspring that occurs when FI inbreeds with a related M2.
But if M1 avoids inbreeding with F1I, he can potentially gain indirect fitness through F1’s alter-
native mate M2 if M1 and M2 are related (i.e., 7as1 a2 > 0; Fig 1B). Explicitly considering non-
zero relatedness among M1, F1, and M2 can therefore increase or decrease M1's inclusive fit-
ness gain from inbreeding versus avoiding inbreeding.

In contrast, alternative female mates of M1 (and M2) do not need to be considered when de-
termining whether F1’s inclusive fitness is increased by inbreeding with M1 versus M2 if the
outbreeding success of both males is unaffected by F1's decision. The conditions where in-
breeding with M1 increases F1’s inclusive fitness more than breeding with M2 can be found by
comparing F1's relatedness to each male and the inbreeding depression in the resulting off-
spring. Inbreeding with M1 instead of M2 increases the inclusive fitness of F1 if,

n

D) (1 + rFl‘MQ)(l — Opa)- (8)

g (1 + rFLMl)(l - 5M1‘F1) >
The left hand side of Ineq. (8) is identical to that of Ineq. (2), and the right hand side reduces to
that of Ineq. (2) when rz; 51, = 0 and Spp 5y = 0.

To illustrate the inclusive fitness consequences that result from relaxing Parker’s [24, 25] as-
sumption of reciprocal inbreeding avoidance, we first consider three specific scenarios. We use
these scenarios as examples to illustrate why the existence of additional related potential mates
is important for predicting the evolution of inbreeding strategy, not to make specific quantita-
tive predictions for any particular species. Furthermore, the three focal individuals considered
in each scenario are not assumed to be the only individuals within a focal population, nor are
their relatedness combinations assumed to be representative of the full relatedness structure of
a larger population. Our objective here is simply to show that the presence of a related potential
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mate affects inclusive fitness calculations. Scenario 1 illustrates a case in which all three focal
individuals are equally related. Scenario 2 introduces an example in which relatedness differs
among all three focal individuals. Scenario 3 illustrates that when F1 is related to M1 and M2,
both 8y ;1 and Sy, ry affect inbreeding depression thresholds. Following the three illustrative
scenarios, we define inbreeding depression as a function of kinship to facilitate comparison
with Parker’s model, and provide a systematic summary of the implications of Inegs. (7) and
(8). For simplicity, our illustrative scenarios assume that focal individuals are outbred, but this
is not a condition of Ineqs. (7) and (8) given that relatedness is appropriately defined.

Scenario 1: M1, F1, and M2 are all equally related

If M1, F1, and M2 are all equally related (Fig 3A and 3B), then the magnitude of inbreeding de-
pression in F1's offspring can be assumed to be the same whether she mates with M1 or M2
(611,71 = Onra.p1)- Solving Ineq. (7) given these conditions reveals that inbreeding with FI in-
creases M1's inclusive fitness more than avoiding inbreeding with FI if 8y gy < 1. Therefore,
assuming there are no additional costs of inbreeding, M1 will never benefit from avoiding in-
breeding if F1 subsequently inbreeds with an equally close relative of both M1 and F1. This
conclusion contrasts with Parker’s model that assumes M2 is unrelated to M1 and FI (Fig 1A),
and which predicts that M1’s inclusive fitness is increased by avoiding inbreeding given suffi-
ciently high 8,1 1 (Fig 2).

From FI's point of view, there is no fitness difference between inbreeding with M1 versus
M2 because 1z pr1 = 1,02 and hence Sary p1 = Oar, 1 (Ineq. 8; Fig 1A and 1B). If an unrelated
M3 is also available, then the threshold of inbreeding depression below which inbreeding with
M1 or M2 is beneficial for F1 does not change from Parker’s model (Ineq. 2; Fig 2).

Scenario 2: M1 and F1 are half-siblings; M1 and M2 are cousins

In the scenario illustrated in Fig 3C and 3D, M1 and FI are outbred half-siblings (r,, ;, = {),
M1 and M2 are outbred first cousins (r,;, ,;, = 1), and M2 and FI are unrelated (ry,r = 0). Be-
cause M2 and FI are unrelated, there is no inbreeding depression in M2 and FI’s offspring
(Oara,r1 = 0). Solving Ineq. (7) for 8y r1 shows that M1 increases his inclusive fitness more by
inbreeding with FI rather than avoiding inbreeding with her if 0, ;, < 1. This threshold is
lower than that predicted by Parker’s model (0, ;, < ), which assumes that M2 is unrelated
to M1 and FI (Fig 2). The two thresholds differ because 71 1> > 0. This scenario illustrates
that when M1 and M2 are related, but FI and M2 are not, the threshold value of inbreeding de-
pression below which inbreeding with F1 benefits M1 is lower than predicted by Parker’s
model. In contrast, because FI and M2 are unrelated, FI increases her inclusive fitness by in-
breeding with M1 at the same values of 8y ) as predicted by Parker’s model (Fig 1A; Ineq. 2),
namely 6, ;; < ;. The combined decrease in M1’s inbreeding depression threshold and lack of
change in FI's threshold decreases the zone of 81 r; values over which sexual conflict exists
compared to Parker’s model.

Scenario 3: M1 and F1 are half siblings: M2 and F1 are cousins

In a final illustrative scenario, M1 and FI are outbred half-siblings, and M2 is an outbred cous-
in of FI and unrelated to M1, such that r,, ;; = §, 7an M2 = 0, and 1, = § (Fig 3E and 3F).
Here F1's offspring will be inbred whether she mates with M1 or M2. Therefore, it is likely that
Sprr1 > 0 and Sy > 0, so both will affect the conditions under which M1 increases his in-
clusive fitness by inbreeding versus avoiding inbreeding with FI (Fig 3E and 3F). From Ineq.
(7), M1 increases his inclusive fitness by inbreeding with FI if 4 > 56,11 51 — Oar2, ;1. In contrast,
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M1 inbreeds with F1

M1 avoids inbreeding with F1

rM‘I.M? = M1,M2 i
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A B

N

Scenario
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r =% r_ =%
M1 M1,F1 @ M2 F1 M2
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Fig 3. Three illustrative scenarios of biparental inbreeding in which the inclusive fitness benefits to a focal male M1 and female F1 depend on their
relatedness to the female’s alternative mate M2. F1 produces n offspring, whose fitness is reduced by inbreeding depression &1 1 Or Sps2 £1 if she mates
with M7 or M2, respectively. In scenario 1 (A and B), M1, F1, and M2 are all equally related such that ry s £1 = fis1 m2 = fmz e1 =1 In scenario 2 (C and D), M1
and F1 are half-siblings, M7 and M2 are first cousins, and M2 and F1 are unrelated. In scenario 3 (E and F), M7 and F1 are half-siblings, M1 and F1 are first
cousins, and M7 and M2 are unrelated.

doi:10.1371/journal.pone.0125140.g003

F1 will benefit by inbreeding with her half-brother M1 rather than her cousin M2if 1 > 108,,
r1 — 9%n.r1 (Ineq. 8). Any general solution to these inequalities requires a comparison of dyy;,
r1 and Sy r1, which requires a function relating parental kinship to the magnitude of inbreed-
ing depression in offspring. We now provide such a function, and thereby provide a systematic
analysis of Inegs. (7) and (8).

Systematic analysis of inbreeding avoidance thresholds

To better illustrate inbreeding depression thresholds and facilitate comparison with Parker’s
model for M1 and FI when M2 may be related to either or both, we define inbreeding depres-
sion as a function of M1 and F1's coefficient of kinship fis; r;, which is equal to their offsprings’
coefficient of inbreeding (f,4). From first principles, offspring fitness (W) is expected to de-
crease as a log-linear function of f,zsuch that In(W,z) = —B, — B fop assuming that genetic and
environmental influences on fitness are independent and that genetic effects are multiplicative
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across loci [7, 39, 40]. The slope 8; measures the load expressed due to inbreeding, and the in-

tercept f§, can be interpreted as a measure of load that is independent of inbreeding, but poten-
tially includes environmental and genetic effects expressed in an outbred population [41]. The
fitness of offspring produced by MI and FI can therefore be defined as,

e~ (Bothifin ) — (1-— 5M1,F1)- )

By substituting Eq (9) into Ineq. (7) and solving for §;, the conditions under which M1 in-
creases his inclusive fitness by inbreeding versus avoiding inbreeding with FI can be derived in
terms of coefficients of kinship and inbreeding instead of 8,1 r; and Sup Fi5

Q(fMl,Fl +fzvn,m)
M1 (1 + 2fM1,F1 +fM1)

! fMl,Fl _sz,Fl

The analogous condition under which a focal female F1 increases her inclusive fitness by in-
breeding versus avoiding inbreeding with M1 is given by substituting Eq (9) into Ineq. (8),

1 Jrfm + 2fM2,F1
1 Jrfm + 2fzvn,m

<
! fMLFl 7fM2‘F1

Inequalities Eqs (10) and (11) define threshold inbreeding depression slopes below which in-

—1In

(10)

(11)

breeding is beneficial for M1 and F1, respectively, given that F1’s alternative mate M2 might be
related to M1, F1, or both. These inequalities can be used to compare threshold values that pre-
viously could only be expressed in terms of both 8 r and Sap r1- For example, given scenario
3 (Fig 3E and 3F), inbreeding with FI increases M1’s inclusive fitness more than avoiding in-

breeding with her if 8" < 25.75. By contrast, Parker’s model predicts "' < 12.88 assuming

furrn = 5 fanmz = 0, and fup gy = 0. From the perspective of F1, inbreeding with M1 increases

F1s inclusive fitness more than inbreeding with M2 if ' < 1.69 given scenario 3, but

Parker’s model predicts B;' < 1.79. Our example scenario 3 therefore illustrates that the pres-
ence of a related M2 can affect the threshold slopes below which inbreeding is beneficial for a
focal M1 and FI, potentially increasing the predicted zone of sexual conflict over inbreeding.

Moving away from the three simple illustrative scenarios, a more systematic analysis of in-
breeding depression thresholds can be obtained using Inegs. (10) and (11) for different kinship
and inbreeding coefficients among M1, F1, and M2. Fig 4 illustrates how "' and ' vary with
Sarn, o fars vz and fago . For ease of illustration, these figures assume that focal individuals are
outbred (fy;; = 0 and fr; = 0), but Ineqs. (10) and (11) do not require these conditions. Each
panel shows a single constant combination of f;, r; and fas; a2 values. The top left panel is
equivalent to the classic figure derived from Parker’s model (i.e., Fig 2) from 7 g1 = 0 t0 a1 51
= 0.5 on the x-axis, but with sex-specific thresholds for inbreeding versus inbreeding avoidance
and resulting sexual conflict expressed in terms of In(3;) rather than 8, r;. Fig 4 shows that
farz,r1 and farr a2 both affect the conditions under which inbreeding with FI benefits M1 (Ineq.
10). Increases in fys, 7 (columns from left to right) increase ﬁf/“ , while increases in fy;; a2
(rows from top to bottom) decrease [3]1\“. In contrast, increases in fy, r; (columns from left to
right) decrease ﬁfl, but fas1, a2 does not affect ﬁfl (Ineq. 11). Fig 4 also shows that the zone of
sexual conflict over inbreeding between M1 and FI (black zone) increases with increasing fys,
r1 (left to right) due to higher inbreeding depression in FI's offspring when FI mates with her
relative M2 (which reduces M1’s inclusive fitness).
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Fig 4. Zones of parameter space in which inbreeding versus inbreeding avoidance is predicted to increase male and female inclusive fitness given
varying kinship between M1, F1, and M2. Inbreeding depression thresholds (y-axis shown on a natural log scale) illustrate the values below which M7 and
F1 have higher inclusive fitness by inbreeding instead of avoiding inbreeding. If M7 and F7 do not inbreed, F1 is assumed to breed with M2, who may or not
be related to M1 or F1. The kinship between M1 and F1 (fy1,1) increases along the x-axis of all plots. fy» £ and fy;7,p2 increase through 0, 0.0625, and 0.125
across left to right columns and top to bottom rows, respectively. Areas where neither sex, both sexes, and males only benefit from inbreeding are shown in
white, grey, and black, respectively. Negative threshold values are mathematically possible for some parameter combinations, but are biologically unrealistic
because they require that offspring fithess increases monotonically with inbreeding. Where negative thresholds would be required, inbreeding is therefore
assumed to never be beneficial. For simplicity, these examples assume focal individuals are outbred.

doi:10.1371/journal.pone.0125140.9004
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Overall, Fig 4 shows that relaxing one highly restrictive assumption of Parker’s model, that
Sfaz,r1 = 0and fg a2 = 0, can alter male and female thresholds of inbreeding avoidance and
hence the predicted zone of sexual conflict. Although Fig 4 assumes that focal individuals are
outbred, inspection of Inegs. (10) and (11) shows that increasing fy; increases the threshold
below which M1 benefits by inbreeding with F1, whereas increasing fx; decreases the threshold
below which F1I benefits by inbreeding with M1. These patterns remain similar when a linear
(i.e., W=—By — B fop) rather than a log-linear relationship between parental kinship and off-
spring fitness is assumed (Supporting Information S1 File). The effects of coefficients of kin-
ship and inbreeding on inbreeding depression thresholds are therefore likely to be robust to
different functions relating inbreeding to offspring fitness.

Opportunity cost of male inbreeding

Thus far, Parker’s basic model and our extensions to consider inbred focal individuals and re-
lated alternative males assumed that males do not forgo any additional outbreeding opportuni-
ties by inbreeding. This assumption may be unrealistic; if M1 inbreeds with F1, his opportunity
to mate with F2 might decrease (Fig 1A). Parker [24, 25] showed that M1’s inclusive fitness
gain through siring F2's offspring will then decrease by some fraction, ¢, such that the cost of
inbreeding to M1 is % (c can also be interpreted as approximately the ratio of male to female pa-
rental investment [24]). If ¢ = 1, M1’s fitness from outbreeding is completely lost if he inbreeds
with FI because both sexes invest equally and exclusively to produce # offspring. This cost of
inbreeding for M1 can be included in Parker’s model [24-26] so that,

n

n nc n
2 (1 + rMLFl) (1 - 5M1,F1) N E ~ 2 (rM]‘FI) : (12)
. . v v . .
Fitness increment Reduced fitness Ml1's Fitness increment

when M1
inbreeds

when M1

/s mating
of M1 & El's avoids inbreeding

offspring cost

Although Parker [24, 25] assumed an outbred population, Ineq. (12) applies to inbred focal in-
dividuals if relatedness between M1 and FI (ry; r;) is defined as the regression coefficient of re-
latedness (Eqs 3 and 4). Inequality (Eq 12) shows that the magnitude of inbreeding depression

below which inbreeding with FI benefits M1 decreases as ¢ increases from zero. For example, if
"vip = 5 then inbreeding with FI increases M1's inclusive fitness more than avoiding in-

2(1—¢) : fe s A+ (=0 _
, or, if M1 is inbred, then o < 20 Tf ¢ =0, then
3 MLFL (1+ﬁw1+2fM1.F1)

the threshold is the familiar 6, , < 3 [24-26].If ¢ = 1, then M1 cannot increase his fitness by
inbreeding with FI [24, 26]. To our knowledge, it has not been noted that avoiding inbreeding

breeding with her if §,,, , <

with FI can increase M1’s inclusive fitness more than inbreeding with her even if inbreeding
with F1 increases M1's likelihood of obtaining additional mating opportunities (i.e., ¢ < 0).
Mathematically, this occurs when 6, ;; > 3. It arises because the inclusive fitness benefit that
M1 receives from the outbred offspring of FI outweighs not only the potential cost of inbreed-
ing in terms of M1’s reduced ability to sire offspring, but also some amount of inclusive fitness
gain that could potentially result from access to new mates through inbreeding with FI (e.g., in
a polygynous system).

Parker’s model that includes the opportunity cost ¢ (Ineq. 12) again assumes reciprocal in-
breeding avoidance by the two focal individuals M1 and F1. We again relax this assumption by
introducing a relative M2 and determine the effect on M1's inclusive fitness gain from inbreed-
ing versus avoiding inbreeding with F1. Both M1 and M2 will then experience an opportunity
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cost ¢ of breeding with F1; moreover, these costs are not independent if rys 412 > 0. Specifically,
M1 will experience an indirect inclusive fitness cost of avoiding inbreeding with FI if he is re-
lated to F1’s alternative mate M2 (i.e., a1 a2 > 0). In this case, M1's inclusive fitness will de-
crease because of his relative M2's reduced opportunity to sire offspring with other females.
The indirect cost to M1 equals the opportunity cost to M2 (%) multiplied by ry;, 2. Extending
our model that includes M2 (Ineq. 7) to include direct and indirect male opportunity costs
shows that M1 increases his inclusive fitness by inbreeding with F1I instead of avoiding inbreed-

ing with her if,
E (1 +r ) ne >
2 MLEL (1 - 5M1,F1) - E
N———— —_——— ~—

Fitness increment Reduced fitness M1's

then Ml of M1 & Fl1's mating
inbreeds offspring cost
n nc 1)
5 (”MLm + TMLMQ) (1= 6pop) — §7M1.M2
N——— — — N——

Fitness increment Reduced fitness M1's indirect
when ML~ op npy g prs cost of M2
avoids inbreeding mating

offspring
To explore this model, we again consider the three simple illustrative scenarios shown in Fig 3.
In scenario 1, where M1, F1, and M2 are all equally related (Fig 3A and 3B), inbreeding with F1
increases M1’s inclusive fitness more than avoiding inbreeding with her if Sy, <1 -c.
Therefore, if there is no opportunity cost, M1 benefits by inbreeding with FI when sy 1 < 1,
as discussed previously. But if ¢ = 1, M1 never benefits by inbreeding (consistent with Parker
[24] and Waser et al. [26]). Including an opportunity cost in scenario 1 therefore decreases the
inbreeding depression threshold below which M1 benefits by inbreeding with FI versus
inbreeding avoidance.

In scenario 2 where 7y, 5 = 5 7y yo = 5 and a1 = 0 (Fig 3C and 3D), Sy, ;1 = 0 because
M2 and F1I are unrelated. Rearranging Ineq. (13) reveals that M1’s inclusive fitness gain from
inbreeding with F1 is higher than that gained by avoiding inbreeding if 3, ;, < 5 (1 — ¢).
Again, inbreeding is never beneficial for M1 if c = 1.

In scenario 3 where r;, ;; = % " a2 = 0, and 7, - = & (Fig 3E and 3F), Ineq. (13) reveals
that M1 increases his inclusive fitness more by inbreeding with FI than by avoiding inbreeding
with her if 4 > 581,51 — Sz, + 4c. If ¢ = 0, this condition is satisfied for M1 if 6, ,, <  (as-
suming Sy, 7 > 0). But when ¢ > 0, the values of §yp ) for which it is satisfied become more
restricted. If ¢ = 1, M1's inclusive fitness is never greater when inbreeding with FI except given
unrealistically high outbreeding depression (i.e., S, k1 > San1,r1)-

Discussion

The fitness costs associated with inbreeding, primarily inbreeding depression in resulting off-
spring, have caused a widespread assumption among animal ecologists that inbreeding avoid-
ance must be adaptive [10, 21, 22]. Meanwhile, empirical studies have reported a lack of
inbreeding avoidance [34, 42-47], or even an apparent preference for inbreeding [48-52], caus-
ing a mismatch between expectations and data [27]. This mismatch is partially resolved by
basic conceptual models of biparental inbreeding that imply that the inclusive fitness benefit of
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inbreeding might cause inbreeding tolerance or preference to be adaptive even given inbreed-
ing depression in offspring fitness, and that predict sexual conflict over inbreeding [24-28].

Here we show that relaxing key restrictive assumptions, namely that focal individuals are
themselves outbred, and that inbreeding avoidance is mutual, changes key quantitative and
qualitative predictions of Parker’s model [24, 25]. Specifically, the zone of sexual conflict over
inbreeding increased when a focal male’s inclusive fitness gain from avoiding inbreeding de-
creased because his rejected female relative subsequently inbred. Conversely, the zone of sexual
conflict decreased when a focal male’s rejected female relative instead mated with a male that
was related to the focal male but not to her, thereby increasing the focal male’s inclusive fitness
through his female relative’s alternative mate choice. Consequently, the zone of sexual conflict,
and thus the sexually antagonistic selection that drives coevolving mating traits [53], will de-
pend on the distributions of inbreeding and relatedness among potential mates, and on how
these potential mates interact to determine inbreeding versus inbreeding avoidance
among relatives.

Puurtinen’s [28] model differs from models that assume reciprocal inbreeding avoidance
[24-26]. Puurtinen [28] highlights an interesting algebraic implication of Parker’s model by
deriving the stable degree of inbreeding when females mate with optimal relatives. His model
assumes that optimally related mates are always available, and that sexual conflict is resolved in
favour of females, with negligible male opportunity cost and linear inbreeding depression. Fol-
lowing from Parker’s model, Puurtinen’s [28] development also assumes that inclusive fitness
effects are not conditional upon the mating decisions of relatives, so predictions might not be
quantitatively applicable if this assumption is violated.

When the inclusive fitness effects of an individual’s behaviour are conditional upon the be-
haviour of other individuals, the effects of social interactions are non-additive [54, 55]. In such
cases, the combined inclusive fitness effects of pair-wise social interactions for focal individuals
cannot simply be added up. In contexts other than biparental inbreeding, the complicating ef-
fect of non-additivity has long been recognised [56], and there is growing consensus that social
interactions are likely to have non-additive effects on inclusive fitness [55]. In the context of bi-
parental inbreeding, additive inclusive fitness effects are widely assumed [24-28], but are un-
likely to be biologically realistic. Our extensions of Parker’s model suggest that conceptual
models that assume reciprocal inbreeding avoidance [24-26] or ubiquitous availability of opti-
mally related kin [28] will have limited predictive ability when the foundational assumption of
additive inclusive fitness effects is violated. To develop a comprehensive theory of inbreeding,
it is therefore necessary to move beyond pair-wise interactions between potential mates and
consider inbreeding conflict in the broader context of populations characterised by complex
and non-additive interactions among realistic distributions of relatives.

Non-additive inclusive fitness effects are likely prevalent in both plant and animal popula-
tions in which biparental inbreeding occurs. Most models that focus on plants consider the fit-
ness costs and benefits of self-fertilisation versus outcrossing, but assume that non-selfing
individuals inevitably outbreed with no opportunity to cross with a non-self relative (but see
[57]; [11-16]). As in animal populations, when biparental inbreeding and inbreeding depres-
sion occur in plants [58-60], inbreeding conflict is expected, though very few studies have con-
sidered how such conflict might be resolved [61].

New directions for inbreeding theory

Our extension of Parker’s model of inbreeding between M1 and F1 to include another relative
M2 changed inclusive fitness outcomes both quantitatively and qualitatively, suggesting that
comprehensive new theory regarding the evolution of biparental inbreeding needs to be
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developed to make quantitative predictions about inbreeding strategies. Our extension was
minimal; to keep the model tractable while making our conceptual point, we only allowed
three individuals to be related (e.g., F2 was assumed to be unrelated to M1, F1, and M2; Fig 1).
In natural populations, multiple potential mates of both sexes might be related to each other to
different degrees. A more comprehensive theory of biparental inbreeding that incorporates re-
alistic variation in relatedness arising from any mating system and potential feedbacks between
relatedness and (inclusive) fitness is likely needed to make useful quantitative predictions. The
complexity inherent in modelling multiple interacting individuals that are related to different
degrees due to internally consistent ancestry means that further extensions to simple algebraic
models will quickly become intractable. Below we show how our model of inbreeding among
more than two relatives creates novel predictions regarding inbreeding conflict among nuclear
family members, and outline key steps towards predictive evolutionary models of

inbreeding strategies.

Family dynamics. The dynamics of interactions among nuclear family members, includ-
ing mating strategies, are of major interest in evolutionary and behavioural ecology [62-65].
Relaxing the assumption of additive inclusive fitness effects may alter predictions regarding
within-family sexual conflict over inbreeding. For example, Parker’s model predicts the thresh-
olds of inbreeding depression below which mother-son inbreeding increases inclusive fitness
more than inbreeding avoidance to be 6, ;; < 3and 0,, ;; < 3 for an outbred mother and son,
respectively (Inegs. 1,2), implying mother-son conflict over inbreeding. But if following in-
breeding avoidance by her son, the mother mates with her son’s father (as is likely in many so-
cially monogamous animal mating systems) rather than outbreeding with a mutually unrelated
male, her son’s inclusive fitness will increase because of his relatedness to his father [66]. If the
son’s mother and father are unrelated, they will produce outbred full siblings of the focal son.
Inequality (Eq 7) shows that the son’s threshold for inbreeding will then be d,, ;, < ; instead
of 0,y < 3. The magnitude of inbreeding depression below which a son increases his inclu-
sive fitness by inbreeding with his mother is therefore identical to that for his mother, eliminat-
ing mother-son conflict.

In contrast, father-daughter conflict over inbreeding is not predicted to be eliminated. This
is because any alternative mate of a daughter that is related to her father must also be related to
her. Therefore, daughters cannot outbreed with their father’s relatives in the same way that
mothers can with their son’s relatives. Thus, while Waser et al. [26] suggest that mother-son in-
breeding should be rarer than father-daughter inbreeding because sexual conflict is more likely
to be resolved in favour of older individuals, such age effects need not be invoked if a son's
mother will likely continue to breed with his father. If a son has high confidence in the identity
of both parents, he might benefit from ensuring that his parents continue to breed together to
ensure the production of full siblings (i.e., “mother guarding”; [67]). If the alternative mate of a
son’s mother is not his father, the son will be less closely related to his mother’s offspring, de-
creasing his inclusive fitness gain from avoiding inbreeding with his mother and therefore po-
tentially leading to inbreeding conflict. This simple example illustrates that accounting for the
alternative mates of relatives will be necessary for any comprehensive theory of
family dynamics.

Male-male conflict over inbreeding with a mutual female relative. While inter-sexual
conflict over inbreeding is often emphasised, the evolution of inbreeding strategy might also be
affected by interactions between same-sex relatives. Our model assumed that the inbreeding
strategy of any one focal male was not directly affected by the strategies of other males. Specifi-
cally, we assumed that when a focal male M1 avoided inbreeding, the other male M2 mated
with the focal female FI. We further assumed that when M1 inbred with FI, M2 did not
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interfere. But in reality, M1 and M2 might mutually compete to inbreed with F1, or might mu-
tually avoid inbreeding. If inbreeding conflict is generally resolved in favour of females, mean-
ing that females are successful at avoiding inbreeding when it benefits them to do so, then there
might be little selection for males to attempt inbreeding when there is sexual conflict. Alterna-
tively, if inbreeding conflict is generally resolved in favour of males, then a focal male’s repro-
ductive success will be affected by both his own inbreeding or inbreeding avoidance strategies
and the strategies of his male relatives. For example, competition between M1 and M2 may af-
fect the inclusive fitness benefits of inbreeding. Details of the mating system are therefore likely
to strongly influence the resolution of sexual conflict [25, 68].

As an illustrative example, if M1 and M2 are equally related to FI and inbreeding depression
is strong, then M1 and M2 will both benefit from mutual inbreeding avoidance. Both males
will lose fitness if either inbreeds with F1, but each will lose more if he avoids inbreeding with
F1 but his male relative inbreeds with FI. The decision for each male to inbreed with FI or not
can be modelled using a game-theoretic framework where payoffs are proportional to the in-
clusive fitness benefits for different mating situations. A full game-theoretic model is beyond
the scope of this paper, but a simple example illustrates a basic framework.

For simplicity, we assume an outbred population and define r = ryg py = g r1 = Fas e and
0 =Ox ;1 = Oz, 1. To further simplify the notation, we assume F1 produces two offspring
(n=2),s05 = 1 when calculating inclusive fitness; changing this assumption does not affect
the relative payoffs of different mating situations and therefore does not affect the generality of
the model. We further assume no opportunity cost of inbreeding (i.e., ¢ = 0). If both M1 and
M2 avoid inbreeding, we assume FI outbreeds with a different unrelated male. Both M1 and
M2 therefore have an indirect fitness benefit of r (%). If M1 inbreeds but M2 does not, then
MT’s inclusive fitness is (1 + r)(1 — 8), while M2's inclusive fitness is 2r(1 — §), with the opposite
inclusive fitness payoffs if M1 avoids inbreeding and M2 inbreeds. If both M1 and M2 attempt
to inbreed, we assume no shared paternity and that each has an equal chance of success; there-
fore each receives an expected inclusive fitness payoff of
HA+1=0)+2r(1—9)] =5(1+3r)(1—0).

These payoffs can be placed in a matrix (Table 1) to determine the evolutionary stable strat-
egy (ESS [69]) of inbreeding for M1 and M2 in terms of r and J. For many combinations of r
and J, the ESS for each male is pure (i.e., always inbreed or avoid inbreeding). For example, if
M1, F1, and M2 are full siblings of outbred parents (r = 3), and inbreeding depression is com-
plete (6 = 1), then M1 benefits only if both he and M2 avoid inbreeding. Inbreeding avoidance
is therefore an ESS for M1 (i.e., M1 should always avoid inbreeding), but the maximum payoff
is only realised if M2 also avoids inbreeding. In contrast, if there is no inbreeding depression (&

Table 1. A general payoff matrix for male relatives (M1, M2) for either inbreeding or avoiding inbreed-
ing with a female (F7) of equally close relatedness (r).

M2 strategy M1 strategy
Avoid Inbreed
Avoid nr 2r(1-90), (1 +n(1-9)
Inbreed (1+n( -9),2r(1 - 9) LA+3r(1—=9),2(1+3r)(1-9)

Unless both M1 and M2 avoid inbreeding, inbreeding depression (8) will reduce the fitness of F1's
offspring. If both males avoid inbreeding, for simplicity, F1 is assumed to mate with an unrelated male. F1 is
assumed to produce 2 offspring.

doi:10.1371/journal.pone.0125140.t001
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=0), attempting to inbreed always gives M1 a higher payoff, even if M2 also attempts
to inbreed.

Interestingly, a mixed strategy, in which inbreeding avoidance is probabilistic, is an ESS for
a narrow range of intermediate values. For example, if § = 32, then both M1 and M2 have an in-
clusive fitness benefit of ] in the case of mutual inbreeding avoidance, but only - if both at-
greater than if both mutually inbreed or avoid inbreeding. In contrast, M2 receives a payoff of
only &. This payoff matrix has the format of a Hawk-Dove game [69, 70] in which the ESS for

tempt to inbreed. If M1 inbreeds but M2 avoids inbreeding, then M1 will receive a payoff of

M1 (and M2) is mixed (i.e., for each interaction, a strategy is selected with some probability).
Instead of an absolute inbreeding avoidance, preference, or tolerance strategy, a probabilistic
strategy might therefore be predicted in some circumstances. This basic model makes multiple
restrictive assumptions, but it suggests that a game-theoretic approach might be useful for un-
derstanding mating conflicts among male relatives.

Predictive models of inbreeding strategy

Our models imply that the inclusive fitness costs and benefits of inbreeding versus avoiding in-
breeding will vary among individuals depending on their interactions with multiple different
relatives of both sexes, and on the degree to which focal individuals are themselves inbred. Un-
derstanding these costs and benefits and their combined consequences for the evolution of in-
breeding strategies therefore requires consideration of not only the relatedness of an individual
to its potential mate(s), but also the relatedness between the individual and the subsequent
mates of rejected relatives. Knowledge of the distribution of relatedness within a population is
therefore likely to be critical for understanding the evolution of inbreeding strategies. This dis-
tribution will in turn depend on the distribution of relatedness in previous generations and on
previously realised inbreeding strategies and inbreeding loads, thereby generating complex
feedbacks between inbreeding strategy, load, and relatedness. Because of the complexity inher-
ent in these systems, neither our conceptual model presented here nor its predecessors [24-28]
should be interpreted as providing quantitatively accurate predictions of inbreeding depression
thresholds underlying inbreeding avoidance versus preference that might apply to empirical
systems (as is sometimes attempted [31-34]).

A comprehensive theory of biparental inbreeding strategy will require new models that ex-
plicitly consider interactions among numerous relatives [10]. Because sexual conflict over in-
breeding is predicted [10, 24], the ultimate evolution of inbreeding strategy will depend on the
degree to which conflict is resolved in favour of males versus females [25]. Inbreeding strategy
might also depend on the encounter rate between potential mates. Like most predecessors
[24-26, 28], our model implicitly assumes that individuals have a rapid encounter rate among
potential mates. Kokko and Ots [27] relaxed this assumption, and showed that greater inbreed-
ing depression is required to make inbreeding avoidance beneficial given sequential rather
than simultaneous mate encounters (see also [29]). A general, comprehensive theory of in-
breeding must therefore propose some resolution of sexual conflict and consider appropriate
aspects of life-history and population ecology.

Sexual conflict and interactions among multiple non-self relatives are particular to biparen-
tal reproduction rather than self-fertilisation, but both types of inbreeding increase the expres-
sion of inbreeding load causing inbreeding depression in offspring [1, 2, 7, 12]. Inbreeding
depression may decrease inbreeding load by exposing deleterious homozygous recessive alleles
to selection [9, 71]. Resulting purging of deleterious recessive alleles may in turn affect the in-
clusive fitness benefit of inbreeding versus avoiding inbreeding causing inbreeding strategy and
inbreeding load to coevolve [12, 72, 73]. The consequences of this coevolution have been
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modelled extensively with respect to outcrossing versus selfing [12, 18, 72, 74-76], but have not
yet been modelled for the evolution of biparental inbreeding strategies [10]. Future theoretical
developments will therefore need to explicitly consider coevolution between biparental in-
breeding strategy and inbreeding load.

Predictive models of biparental inbreeding evolution cannot be simple, but their complexity
need not preclude generality [77]. Tractable approaches for developing inbreeding theory
might include game-theoretic models, or individual-based models that explicitly track ancestry
and inbreeding load, and thereby incorporate feedbacks among relatedness, load, and
inbreeding strategy.

Supporting Information

S1 File. Consequences of assuming that inbreeding depression in offspring is a linear func-
tion of parental kinship.
(PDF)

Acknowledgments

We thank Greta Bocedi, Sylvain Losdat, Matthew Wolak, and several anonymous reviewers for
their helpful comments.

Author Contributions

Analyzed the data: ABD JMR. Wrote the paper: ABD JMR. Evolutionary Modelling: ABD
JMR.

References

1. Goodwillie C, Kalisz S, Eckert CG. The evolutionary enigma of mixed mating systems in plants: occur-
rence, theoretical explanations, and empirical evidence. Annu Rev Ecol Evol Syst. 2005; 36: 47-79.
doi: 10.1146/annurev.ecolsys.36.091704.175539

2. Charlesworth D. Evolution of plant breeding systems. Curr Biol. 2006; 16: R726—R735. doi: 10.1016/j.
cub.2006.07.068 PMID: 16950099

3. Charlesworth D, Willis JH. The genetics of inbreeding depression. Nat Rev Genet. 2009; 10: 783-796.
doi: 10.1038/nrg2664 PMID: 19834483

4. Pusey AE. Sex-biased dispersal and inbreeding avoidance in birds and mammals. Trends Ecol Evol.
1987; 2:295-299. doi: 10.1016/0169-5347(87)90081-4 PMID: 21227869

5. Szulkin M, Sheldon BC. Dispersal as a means of inbreeding avoidance in a wild bird population. Proc R
Soc Lond B. 2008; 275: 703-711. doi: 10.1098/rspb.2007.0989

6. Saccheril, Kuussaari M, Kankare M, Vikman P, Hanski IA. Inbreeding and extinction in a butterfly meta-
population. Nature. 1998; 45: 1996—1999.

7. Keller LF, Waller DM. Inbreeding effects in wild populations. Trends Ecol Evol. 2002; 17: 19-23. doi:
10.1016/S0169-5347(02)02489-8

8. Byers DL, Waller DM. Do plant populations purge their genetic load? Effects of population size and mat-
ing history on inbreeding depression. Annu Rev Ecol Syst. 1999; 30: 479-513. doi: 10.1146/annurev.
ecolsys.30.1.479

9. Crnokrak P, Barrett SCH. Perspective: purging the genetic load: a review of the experimental evidence.
Evolution. 2002; 56: 2347—2358. doi: 10.1111/j.0014-3820.2002.tb00160.x PMID: 12583575

10. Szulkin M, Stopher KV, Pemberton JM, Reid JM. Inbreeding avoidance, tolerance, or preference in ani-
mals? Trends Ecol Evol. 2013; 28: 205-211. doi: 10.1016/j.tree.2012.10.016 PMID: 23182684

11. Charlesworth B. The cost of sex in relation to mating system. J Theor Biol. 1980; 84: 655—671. doi: 10.
1016/S0022-5193(80)80026-9 PMID: 7431946

12. Lande R, Schemske DW. The evolution of self-fertilization and inbreeding depression in plants. |. Ge-
netic models. Evolution. 1985; 39: 24—40. doi: 10.2307/2408514

PLOS ONE | DOI:10.1371/journal.pone.0125140 April 24,2015 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125140.s001
http://dx.doi.org/10.1146/annurev.ecolsys.36.091704.175539
http://dx.doi.org/10.1016/j.cub.2006.07.068
http://dx.doi.org/10.1016/j.cub.2006.07.068
http://www.ncbi.nlm.nih.gov/pubmed/16950099
http://dx.doi.org/10.1038/nrg2664
http://www.ncbi.nlm.nih.gov/pubmed/19834483
http://dx.doi.org/10.1016/0169-5347(87)90081-4
http://www.ncbi.nlm.nih.gov/pubmed/21227869
http://dx.doi.org/10.1098/rspb.2007.0989
http://dx.doi.org/10.1016/S0169-5347(02)02489-8
http://dx.doi.org/10.1146/annurev.ecolsys.30.1.479
http://dx.doi.org/10.1146/annurev.ecolsys.30.1.479
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00160.x
http://www.ncbi.nlm.nih.gov/pubmed/12583575
http://dx.doi.org/10.1016/j.tree.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23182684
http://dx.doi.org/10.1016/S0022-5193(80)80026-9
http://dx.doi.org/10.1016/S0022-5193(80)80026-9
http://www.ncbi.nlm.nih.gov/pubmed/7431946
http://dx.doi.org/10.2307/2408514

@ PLOS | one

Inbreeding among Multiple Relatives

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Lloyd D. Self- and cross-fertilization in plants. Il. The selection of self-fertilization. Int J Plant Sci. 1992;
153: 370-380. doi: 10.1086/297041

Tsitrone A, Duperron S, David P. Delayed selfing as an optimal mating strategy in preferentially out-
crossing species: theoretical analysis of the optimal age at first reproduction in relation to mate avail-
ability. Am Nat. 2003; 162: 318—-331. doi: 10.1086/375542 PMID: 12970840

Porcher E, Lande R. The evolution of self-fertilization and inbreeding depression under pollen discount-
ing and pollen limitation. J Evol Biol. 2005; 18: 497-508. doi: 10.1111/j.1420-9101.2005.00905.x PMID:
15842479

Porcher E, Kelly JK, Cheptou PO, Eckert CG, Johnston MO, Kalisz S. The genetic consequences of
fluctuating inbreeding depression and the evolution of plant selfing rates. J Evol Biol. 2009; 22: 708—
717.doi: 10.1111/j.1420-9101.2009.01705.x PMID: 19228271

Fisher RA. Average excess and average effect of a gene substitution. Ann Eugen. 1941; 11: 53-63.
doi: 10.1111/j.1469-1809.1941.tb02272.x

Schultz ST, Willis JH. Individual variation in inbreeding depression: the roles of inbreeding history and
mutation. Genetics. 1995; 141: 1209-1223. PMID: 8582625

Crnokrak P, Roff DA. Inbreeding depression in the wild. Heredity. 1999; 83: 260—270. doi: 10.1038/sj.
hdy.6885530 PMID: 10504423

Armbruster P, Reed DH. Inbreeding depression in benign and stressful environments. Heredity. 2005;
95: 235-242. doi: 10.1038/sj.hdy.6800721 PMID: 16077737

Blouin SF, Blouin M. Inbreeding avoidance behaviors. Trends Ecol Evol. 1988; 3: 230-233. doi: 10.
1016/0169-5347(88)90164-4 PMID: 21227237

Pusey A, Wolf M. Inbreeding avoidance in animals. Trends Ecol Evol. 1996; 5347: 298-301.

Tennenhouse EM. Inbreeding avoidance in male primates: a response to female mate choice? Etholo-
gy.2014; 120: 111-119.

Parker GA. Sexual selection and sexual conflict. In: Blum MS, Blum NA, editors. Sexual selection and
reproductive competition in insects. New York: Academic Press, Inc; 1979. p. 123—-166.

Parker GA. Sexual conflict over mating and fertilization: an overview. Philos Trans R Soc Lond B Biol
Sci. 2006; 361:235-259. doi: 10.1098/rstb.2005.1785 PMID: 16612884

Waser PM, Austad SN, Keane B. When should animals tolerate inbreeding? Am Nat. 1986; 128: 529—
537.

Kokko H, Ots I. When not to avoid inbreeding. Evolution. 2006; 60: 467—475. doi: 10.1554/05-613.1
PMID: 16637492

Puurtinen M. Mate choice for optimal (k)inbreeding. Evolution. 2011; 65: 1501-1505. doi: 10.1111/j.
1558-5646.2010.01217.x PMID: 21521199

Jamieson IG, Taylor SS, Tracy LN, Kokko H, Armstrong DP. Why some species of birds do not avoid in-
breeding: insights from New Zealand robins and saddlebacks. Behav Ecol. 2009; 20: 575-584. doi: 10.
1093/beheco/arp034

Clutton-Brock T, Parker GA. Sexual coercion in animal societies. Anim Behav. 1995; 49: 1345-1365.
doi: 10.1006/anbe.1995.0166

Ala-Honkola O, Uddstrém A, Pauli BD, Lindstrdom K. Strong inbreeding depression in male mating be-
haviour in a poeciliid fish. J Evol Biol. 2009; 22: 1396—1406. doi: 10.1111/.1420-9101.2009.01765.x
PMID: 19486236

Kuriwada T, Kumano N, Shiromoto K, Haraguchi D. Inbreeding avoidance or tolerance? Comparison of
mating behavior between mass-reared and wild strains of the sweet potato weevil. Behav Ecol Socio-
biol. 2011; 65: 1483-1489. doi: 10.1007/s00265-011-1158-6

Kuriwada T, Kumano N, Shiromoto K, Haraguchi D. The effect of inbreeding on mating behaviour of
West Indian sweet potato weevil Euscepes postfasciatus. Ethology. 2011; 117:822-828. doi: 10.1111/].
1439-0310.2011.01937.x

Tan CKW, L@vlie H, Pizzari T, Wigby S. No evidence for precopulatory inbreeding avoidance in Dro-
sophila melanogaster. Anim Behav. 2012; 83: 1433—-1441. doi: 10.1016/j.anbehav.2012.03.015

Wright S. Coefficients of inbreeding and relationship. Am Nat. 1922; 56: 330—-338. doi: 10.1086/279872

Lehmann L, Perrin N. Inbreeding avoidance through kin recognition: choosy females boost male dis-
persal. Am Nat. 2003; 162: 638—652. doi: 10.1086/378823 PMID: 14618541

Hamilton WD. Altruism and related phenomena, mainly in social insects. Annu Rev Ecol Syst. 1972; 3:
193-232. doi: 10.1146/annurev.es.03.110172.001205

Michod RE, Anderson WW. Measures of genetic relationship and the concept of inclusive fitness. Am
Nat. 1979; 114: 637-647. doi: 10.1086/283513

PLOS ONE | DOI:10.1371/journal.pone.0125140 April 24,2015 20/22


http://dx.doi.org/10.1086/297041
http://dx.doi.org/10.1086/375542
http://www.ncbi.nlm.nih.gov/pubmed/12970840
http://dx.doi.org/10.1111/j.1420-9101.2005.00905.x
http://www.ncbi.nlm.nih.gov/pubmed/15842479
http://dx.doi.org/10.1111/j.1420-9101.2009.01705.x
http://www.ncbi.nlm.nih.gov/pubmed/19228271
http://dx.doi.org/10.1111/j.1469-1809.1941.tb02272.x
http://www.ncbi.nlm.nih.gov/pubmed/8582625
http://dx.doi.org/10.1038/sj.hdy.6885530
http://dx.doi.org/10.1038/sj.hdy.6885530
http://www.ncbi.nlm.nih.gov/pubmed/10504423
http://dx.doi.org/10.1038/sj.hdy.6800721
http://www.ncbi.nlm.nih.gov/pubmed/16077737
http://dx.doi.org/10.1016/0169-5347(88)90164-4
http://dx.doi.org/10.1016/0169-5347(88)90164-4
http://www.ncbi.nlm.nih.gov/pubmed/21227237
http://dx.doi.org/10.1098/rstb.2005.1785
http://www.ncbi.nlm.nih.gov/pubmed/16612884
http://dx.doi.org/10.1554/05-613.1
http://www.ncbi.nlm.nih.gov/pubmed/16637492
http://dx.doi.org/10.1111/j.1558-5646.2010.01217.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01217.x
http://www.ncbi.nlm.nih.gov/pubmed/21521199
http://dx.doi.org/10.1093/beheco/arp034
http://dx.doi.org/10.1093/beheco/arp034
http://dx.doi.org/10.1006/anbe.1995.0166
http://dx.doi.org/10.1111/j.1420-9101.2009.01765.x
http://www.ncbi.nlm.nih.gov/pubmed/19486236
http://dx.doi.org/10.1007/s00265-011-1158-6
http://dx.doi.org/10.1111/j.1439-0310.2011.01937.x
http://dx.doi.org/10.1111/j.1439-0310.2011.01937.x
http://dx.doi.org/10.1016/j.anbehav.2012.03.015
http://dx.doi.org/10.1086/279872
http://dx.doi.org/10.1086/378823
http://www.ncbi.nlm.nih.gov/pubmed/14618541
http://dx.doi.org/10.1146/annurev.es.03.110172.001205
http://dx.doi.org/10.1086/283513

@ PLOS | one

Inbreeding among Multiple Relatives

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

Morton NE, Crow JF, Muller HJ. An estimate of the mutational damage in man from data on consan-
guineous marriages. Proc Natl Acad Sci U S A. 1956; 42: 855-863. doi: 10.1073/pnas.42.11.855
PMID: 16589958

Mills LS, Smouse PE. Demographic consequences of inbreeding in remnant populations. Am Nat.
1994; 144: 412—-431. doi: 10.1086/285684

Ralls K, Ballou JD, Templeton A. Estimates of lethal equivalents and the cost of inbreeding in mam-
mals. Conserv Biol. 1988; 2: 185-1983. doi: 10.1111/j.1523-1739.1988.tb00169.x

Keane B, Creel SR, Waser PM. No evidence of inbreeding avoidance or inbreeding depression in a so-
cial carnivore. Behav Ecol. 1996; 7: 480—489. doi: 10.1093/beheco/7.4.480

Jennions MD, Hunt J, Graham R, Brooks R. No evidence for inbreeding avoidance through postcopula-
tory mechanisms in the black field cricket, Teleogryllus commodus. Evolution. 2004; 58: 2472-2477.
doi: 10.1554/04-261 PMID: 15612290

Hoarau G, Boon E, Jongma DN, Ferber S, Palsson J, Van der Veer HW, et al. Low effective population
size and evidence for inbreeding in an overexploited flatfish, plaice (Pleuronectes platessaL.). Proc R
Soc Lond B. 2005; 272: 497-503. doi: 10.1098/rspb.2004.2963

Schmoll T, Quellmalz A, Dietrich V, Winkel W, Epplen JT, Lubjuhn T. Genetic similarity between pair
mates is not related to extrapair paternity in the socially monogamous coal tit. Anim Behav. 2005; 69:
1013-1022. doi: 10.1016/j.anbehav.2004.08.010

Holand O, Askim KR, Roed KH, Weladji RB, Gjostein H, Nieminen M. No evidence of inbreeding avoid-
ance in a polygynous ungulate: the reindeer (Rangifer tarandus). Biol Lett. 2007; 3: 36—39. doi: 10.
1098/rsbl.2006.0575 PMID: 17443960

Billing AM, Lee AM, Skjelseth S, Borg AA, Hale MC, Slate J, et al. Evidence of inbreeding depression
but not inbreeding avoidance in a natural house sparrow population. Mol Ecol. 2012; 21: 1487-1499.
doi: 10.1111/j.1365-294X.2012.05490.x PMID: 22335620

Cohen LB, Dearborn DC. Great frigatebirds, Fregata minor, choose mates that are genetically similar.
Anim Behav. 2004; 68: 1229—1236. doi: 10.1016/j.anbehav.2003.12.021

Kleven O, Jacobsen F, Robertson RJ, Lifjeld JT. Extrapair mating between relatives in the barn swal-
low: a role for kin selection? Biol Lett. 2005; 1: 389—-392. doi: 10.1098/rsbl.2005.0376 PMID: 17148214

Wang C, Lu X. Female ground tits prefer relatives as extra-pair partners: driven by kin-selection? Mol
Ecol. 2011; 20: 2851-2863. doi: 10.1111/j.1365-294X.2011.05070.x PMID: 21438933

Olson LE, Blumstein DT, Pollinger JR, Wayne RK. No evidence of inbreeding avoidance despite dem-
onstrated survival costs in a polygynous rodent. Mol Ecol. 2012; 21: 562—-571. doi: 10.1111/j.1365-
294X.2011.05389.x PMID: 22145620

Robinson SP, Kennington WJ, Simmons LW. Preference for related mates in the fruit fly, Drosophila
melanogaster. Anim Behav. 2012; 84: 1169-1176. doi: 10.1016/j.anbehav.2012.08.020

Chapman T, Arnqvist G, Bangham J, Rowe L. Sexual conflict. Trends Ecol Evol. 2003; 18: 41-47. doi:
10.1016/S0169-5347(02)00004-6

Grafen A. Optimization of inclusive fitness. J Theor Biol. 2006; 238: 541-563. doi: 10.1016/}.jtbi.2005.
06.009 PMID: 16046225

Ohtsuki H. Evolutionary dynamics of n-player games played by relatives. Philos Trans R Soc Lond B
Biol Sci. 2014; 369: 20130359. doi: 10.1098/rstb.2013.0359 PMID: 24686931

Grafen A. The hawk-dove game played between relatives. Anim Behav. 1979; 27: 905-907. doi: 10.
1016/0003-3472(79)90028-9

Uyenoyama MK. Inbreeding and the cost of meiosis: the evolution of selfing in populations practicing bi-
parental inbreeding. Evolution. 1986; 40: 388—404. doi: 10.2307/2408817

Nason JD, Elistrand NC. Lifetime estimates of biparental inbreeding depression in the self-incompatible
annual plant Raphanus sativus. Evolution. 1995; 49: 307-316. doi: 10.2307/2410341

Herlihy CR, Eckert CG. Experimental dissection of inbreeding and its adaptive significance in a flower-
ing plant, Aquilegia canadensis (Ranunculaceae). Evolution. 2004; 58: 2693-2703. doi: 10.1554/04-
439 PMID: 15696748

Hirao AS. Kinship between parents reduces offspring fitness in a natural population of Rhododendron
brachycarpum. Ann Bot. 2010; 105: 637—-646. doi: 10.1093/aob/mcq018 PMID: 20202970

Arnqvist G, Rowe L. Sexual Conflict. Princeton, New Jersey: Princeton University Press; 2005.

Emlen ST. An evolutionary theory of the family. Proc Natl Acad Sci U S A. 1995; 92: 8092-8099. doi:
10.1073/pnas.92.18.8092 PMID: 7667250

Sharp SP, Simeoni M, Hatchwell BJ. Dispersal of sibling coalitions promotes helping among immigrants
in a cooperatively breeding bird. Proc R Soc Lond B. 2008; 275: 2125-2130. doi: 10.1098/rspb.2008.
0398

PLOS ONE | DOI:10.1371/journal.pone.0125140 April 24,2015 21/22


http://dx.doi.org/10.1073/pnas.42.11.855
http://www.ncbi.nlm.nih.gov/pubmed/16589958
http://dx.doi.org/10.1086/285684
http://dx.doi.org/10.1111/j.1523-1739.1988.tb00169.x
http://dx.doi.org/10.1093/beheco/7.4.480
http://dx.doi.org/10.1554/04-261
http://www.ncbi.nlm.nih.gov/pubmed/15612290
http://dx.doi.org/10.1098/rspb.2004.2963
http://dx.doi.org/10.1016/j.anbehav.2004.08.010
http://dx.doi.org/10.1098/rsbl.2006.0575
http://dx.doi.org/10.1098/rsbl.2006.0575
http://www.ncbi.nlm.nih.gov/pubmed/17443960
http://dx.doi.org/10.1111/j.1365-294X.2012.05490.x
http://www.ncbi.nlm.nih.gov/pubmed/22335620
http://dx.doi.org/10.1016/j.anbehav.2003.12.021
http://dx.doi.org/10.1098/rsbl.2005.0376
http://www.ncbi.nlm.nih.gov/pubmed/17148214
http://dx.doi.org/10.1111/j.1365-294X.2011.05070.x
http://www.ncbi.nlm.nih.gov/pubmed/21438933
http://dx.doi.org/10.1111/j.1365-294X.2011.05389.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05389.x
http://www.ncbi.nlm.nih.gov/pubmed/22145620
http://dx.doi.org/10.1016/j.anbehav.2012.08.020
http://dx.doi.org/10.1016/S0169-5347(02)00004-6
http://dx.doi.org/10.1016/j.jtbi.2005.06.009
http://dx.doi.org/10.1016/j.jtbi.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16046225
http://dx.doi.org/10.1098/rstb.2013.0359
http://www.ncbi.nlm.nih.gov/pubmed/24686931
http://dx.doi.org/10.1016/0003-3472(79)90028-9
http://dx.doi.org/10.1016/0003-3472(79)90028-9
http://dx.doi.org/10.2307/2408817
http://dx.doi.org/10.2307/2410341
http://dx.doi.org/10.1554/04-439
http://dx.doi.org/10.1554/04-439
http://www.ncbi.nlm.nih.gov/pubmed/15696748
http://dx.doi.org/10.1093/aob/mcq018
http://www.ncbi.nlm.nih.gov/pubmed/20202970
http://dx.doi.org/10.1073/pnas.92.18.8092
http://www.ncbi.nlm.nih.gov/pubmed/7667250
http://dx.doi.org/10.1098/rspb.2008.0398
http://dx.doi.org/10.1098/rspb.2008.0398

@ PLOS | one

Inbreeding among Multiple Relatives

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Hinde CA, Johnstone RA, Kilner RM. Parent-offspring conflict and coadaptation. Science. 2010; 327:
1373-1376. doi: 10.1126/science.1186056 PMID: 20223985

Stucki D, Mathias K. Coevolutionary feedbacks between family interactions and life history. Evolution.
2013; 67: 3208-3220. doi: 10.1111/evo.12187 PMID: 24152003

Haig D. Asymmetric relations: Internal conflicts and the horror of incest. Evol Hum Behav. 1999; 98:
83-98. doi: 10.1016/S1090-5138(98)00042-7

Welbergen JA, Quader S. Mother guarding: how offspring may influence the extra-pair behaviour of
their parents. Proc R Soc Lond B. 2006; 273: 2363—-2368. doi: 10.1098/rspb.2006.3591

Parker GA, Partridge L. Sexual conflict and speciation. Philos Trans R Soc Lond B Biol Sci. 1998; 353:
261-274. doi: 10.1098/rstb.1998.0208 PMID: 9533125

Maynard Smith J, Price GR. The logic of animal conflict. Nature. 1973; 246: 15—18. doi: 10.1038/
246015a0

Maynard Smith J, Parker GA. The logic of asymmetric contests. Anim Behav. 1976; 24: 159—-175. doi:
10.1016/S0003-3472(76)80110-8

Barrett SCH, Charlesworth D. Effects of a change in the level of inbreeding on genetic load. Nature.
1991; 352:522-524. doi: 10.1038/352522a0 PMID: 1865906

Uyenoyama MK, Waller DM. Coevolution of self-fertilization and inbreeding depression. . Mutation-se-
lection balance at one and two loci. Theor Popul Biol. 1991; 40: 14—46. doi: 10.1016/0040-5809(91)
90052-H PMID: 1948770

Escobar JS, Auld JR, Correa AC, Alonso JM, Bony YK, Coutellec MA, et al. Patterns of mating-system
evolution in hermaphroditic animals: correlations among selfing rate, inbreeding depression, and the
timing of reproduction. Evolution. 2011; 65: 1233-1253. doi: 10.1111/j.1558-5646.2011.01218.x PMID:
21521187

Uyenoyama MK, Waller DM. Coevolution of self-fertilization and inbreeding depression. lll. Homozy-
gous lethal mutations at multiple loci. Theor Ecol. 1991; 40: 173-210.

Glémin S. How are deleterious mutations purged? Drift versus nonrandom mating. Evolution. 2003; 57:
2678-2687. doi: 10.1554/03-406 PMID: 14761049

Roze D, Blanckaert A. Epistasis, pleiotropy, and the mutation load in sexual and asexual populations.
Evolution. 2014; 68: 137-49. doi: 10.1111/evo0.12232 PMID: 24372600

Evans MR, Grimm V, Johst K, Knuuttila T, de Langhe R, Lessells CM, et al. Do simple models lead to
generality in ecology? Trends Ecol Evol. 2013; 28: 578-583. doi: 10.1016/j.tree.2013.05.022 PMID:
23827437

PLOS ONE | DOI:10.1371/journal.pone.0125140 April 24,2015 22/22


http://dx.doi.org/10.1126/science.1186056
http://www.ncbi.nlm.nih.gov/pubmed/20223985
http://dx.doi.org/10.1111/evo.12187
http://www.ncbi.nlm.nih.gov/pubmed/24152003
http://dx.doi.org/10.1016/S1090-5138(98)00042-7
http://dx.doi.org/10.1098/rspb.2006.3591
http://dx.doi.org/10.1098/rstb.1998.0208
http://www.ncbi.nlm.nih.gov/pubmed/9533125
http://dx.doi.org/10.1038/246015a0
http://dx.doi.org/10.1038/246015a0
http://dx.doi.org/10.1016/S0003-3472(76)80110-8
http://dx.doi.org/10.1038/352522a0
http://www.ncbi.nlm.nih.gov/pubmed/1865906
http://dx.doi.org/10.1016/0040-5809(91)90052-H
http://dx.doi.org/10.1016/0040-5809(91)90052-H
http://www.ncbi.nlm.nih.gov/pubmed/1948770
http://dx.doi.org/10.1111/j.1558-5646.2011.01218.x
http://www.ncbi.nlm.nih.gov/pubmed/21521187
http://dx.doi.org/10.1554/03-406
http://www.ncbi.nlm.nih.gov/pubmed/14761049
http://dx.doi.org/10.1111/evo.12232
http://www.ncbi.nlm.nih.gov/pubmed/24372600
http://dx.doi.org/10.1016/j.tree.2013.05.022
http://www.ncbi.nlm.nih.gov/pubmed/23827437


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


