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Parent sex ratio allocation has consequences for individual fitness, population

dynamics, and conservation. Theory predicts that parents should adjust

offspring sex ratio when the fitness returns of producing male or female off-

spring varies. Previous studies have assumed that only mothers are capable

of biasing offspring sex ratios, but have neglected fathers, given the expec-

tation of an equal proportion of X- and Y-chromosome-bearing (CBS) sperm

in ejaculates due to sex chromosome segregation at meiosis. This assumption

has been recently refuted and both paternal fertility and paternal genetic qual-

ity have been shown to bias sex ratios. Here, we simultaneously test the relative

contribution of paternal, maternal, and individual genetic quality, as

measured by inbreeding, on the probability of being born a son or a daughter,

using pedigree and lifelong offspring sex ratio data for the eastern bongo

(Tragelaphus eurycerus isaaci). Our models showed first, that surprisingly, as

individual inbreeding decreases the probability of being born male increases,

second, that paternal genetic effects on sex ratio were stronger than maternal

genetic effects (which were absent). Furthermore, paternal effects were oppo-

site in sign to those predicted; father inbreeding increases the probability of

having sons. Previous paternal effects have been interpreted as adaptive due

to sex-specific inbreeding depression for reproductive traits. We argue that

in the eastern bongo, the opposite sign of the paternal effect on sex ratios

results from a reversed sex-specific inbreeding depression pattern (present

for female but not male reproductive traits). We anticipate that this research

will help stimulate research on evolutionary constraints to sex ratios. Finally,

the results open a new avenue of research to predict sex ratio allocation in

an applied conservation context. Future models of sex ratio allocation

should also include the predicted inbreeding level of the offspring and

paternal inbreeding levels.
1. Introduction
Understanding the drivers of sex ratio variation has been a central question in evol-

utionary biology [1–3]. Theory poses that sex ratio allocation by parents should

maximize parental fitness returns [4]. In species showing large variance in male

reproductive success, such as polygynous ungulates, the direction of sex ratio

bias is relatively consistent, with mothers in good condition biasing towards

sons [5,6] (for a meta-analysis, see [7]), which is often the most costly sex [8,9].

Sons from mothers in good condition can advantageously compete for, and mon-

opolize females, thus deriving fitness benefits for those mothers. By contrast, the

relative contribution to sex ratio bias from fathers has remained largely unexplored,

[2,10], except for a handful of recent papers [11–15]. This is because in mammalian

males, sex chromosome segregation at meiosis is thought to preclude deviations

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2019.0345&domain=pdf&date_stamp=2019-05-08
mailto:aurelio.malo@uah.es
https://dx.doi.org/10.6084/m9.figshare.c.4491161
https://dx.doi.org/10.6084/m9.figshare.c.4491161
http://orcid.org/
http://orcid.org/0000-0002-0846-2096


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20190345

2
from equal numbers of X-chromosome-bearing sperm (CBS)

and Y-CBS. The first paper linking father phenotypic quality

and sex ratio deviations in vertebrates, experimentally showed

that highly fertile fathers bias towards sons [12]. Differences in

X- and Y-CBS numbers can exist before ejaculation [11,16],

and recent research on a wild mouse has shown that a non-addi-

tive fraction of genetic quality [17] affects offspring sex ratio at

birth, with less paternal inbreeding leading to more sons,

solely due to a precopulatory sperm trait effect [14]. We also

showed, for the first time, the possibility that fathers adaptively

control sex ratio bias, rather than being solely driven by a

maternal effect over X- and Y-CBS. Thus, fathers, like mothers,

can influence sex ratios independently. Here we go one step

further, and test, simultaneously, the relative contribution of

paternal, maternal, and individual genetic quality on the prob-

ability of being born a son or a daughter, using high-quality

pedigree data and lifelong offspring sex ratio data from parents

of the eastern bongo captive population.

The sex ratio is a key life-history trait that influences popu-

lation viability through its effects on population dynamics and

on the effective population size [18] (for details, see electronic

supplementary material). Thus, from a conservation perspec-

tive, understanding what drives sex ratio variation is relevant

for both in situ and ex situ population management [19,20].

On the one hand, a better assessment of the effects of paternal,

maternal, and individual genetics on life-history traits such as

sex ratios is fundamental to construct well-parametrized popu-

lation models applicable to wild populations, and to increase

our ability to manage them [21–23]. On the other, understand-

ing the drivers of sex ratios in ungulates can help captive

breeding programmes achieve desired ratios for particular

breeding populations or reintroduction programmes.

The discovery that the effects of the father on offspring sex

ratio can be independent from maternal effects [14] has opened

up the question of whether fathers and mothers have divergent

(antagonistic), coinciding, or neutral sex allocation interests

[10]. This question has important implications for our under-

standing of the constraints to the evolution of sex ratios and

sexual selection [16]. Here, we advance research in this direc-

tion by testing the contributions of father and mother quality

simultaneously (and individual offspring quality).

The bongo is a species with strong sexual body size

dimorphism, partly due to sexual selection [24], and in which

males also sport large horns [25]. The species is not territorial

[26] and has among the largest group sizes of the Tragelaphus
genus [27]. These two features promote competition for mates

and have been linked with the intensity of sexual selection

[28]. Thus, the biology of the eastern bongo and its conservation

status make it an excellent model to test these novel hypotheses

with basic (ecological) and applied (conservation) implications.

There are two potential reasons why such a parental sex

ratio bias driven by inbreeding can be adaptive. First, inbreed-

ing can itself be heritable [29,30] as well as heterozygosity

[31,32]. Secondly, inbreeding may affect other fitness-related

traits such as growth, body size, competitive ability, or home

range size [33], increasing the probability of inbred males of

mating with kin, and of having more inbred offspring than

outbred males, which can outcompete competitors, survive

for longer to reproduce, and range farther to find females.

The bongo ex situ population offers advantages to test the

paternal and maternal genetic quality effects on offspring sex

ratio. First, it is a non-domestic ungulate where domestication

has not depleted natural variation and hence is suitable to test
sex ratio theory. This maximizes the applicability of our results

to in situ and ex situ conservation contexts [34–36]. Second,

using a population where pairings are controlled allows us to

have certainty of paternity, and to account for maternal and

paternal effects on sex ratio bias. Third, because variation

in food supply between females is minimized, the relative

contribution of maternal diet or body condition to sex ratio

bias [37] is not expected. This also increases the statistical

power to detect maternal and paternal genetic effects. Also,

constant environmental conditions minimize the effects of sea-

sonality, density, or social interactions on female sex ratio bias

[38,39]. Thus, the probability of local resource competition

(local mate competition) and local resource enhancement

[40,41] of driving sex ratios [2] is minimized. Lastly, other vari-

ables influencing sex ratios, such as age of parents and total

offspring number [39,42], were also recorded and accounted

for in the statistical models conducted.

Here we tested whether paternal, maternal, and/or off-

spring genetic quality (a non-additive component [17], as

measured by inbreeding [33]), predicted offspring sex ratio at

birth. First, we predicted that fathers [12,14] and mothers [43]

with higher genetic quality would both be interested in biasing

offspring sex ratio towards sons as, according to theory [4], in a

dimorphic ungulate, parents would both derive higher benefits.

Second, we also predicted in line with previous results showing

a paternal genetic effect [14] considering that mothers have phe-

notypic control over the sex of the offspring and fathers do not,

that a father’s genetic quality effect would be stronger than that

of the mother. We did so accounting for father variation in life-

span, as this might lead to age effects introducing noise on sex

ratios as individuals age. Third, because sex-specific post-

weaning life trajectories fitness effects would be dependent on

offspring quality (independent of maternal or paternal quality),

we predicted that individual genetic variation would influence

sex at birth. Specifically, low inbreeding would increase the

probability of being born male, as higher variance in male

reproductive success would make inbreeding impact a male’s

competitive ability and fitness, more than a female’s.
2. Methods
(a) Study species
The eastern bongo, Tragelaphus eurycerus isaaci, is a highly social

antelope forming large herds, with average group size in the

wild of 13.5 individuals. It reaches sexual maturity approxi-

mately 2.5 years after birth. The litter size of this species is one,

and the gestation length is nine months (Estes, [27]). Recorded

maximum longevity is 19 years (PanTHERIA database) [44].

The International Union for Conservation of Nature (IUCN) lists

the eastern bongo as Critically Endangered with a total of 75–140 indi-

viduals split between four wild isolated populations in Kenya:

Aberdare Mountains, Mount Kenya, the Mau Escarpment, and

Mount Eburu [45]. With greater numbers of individuals living in cap-

tivity than in the wild, WAZA (the World Association of Zoos and

Aquariums) established an international studbook, and the North

American AZA (Association of Zoos and Aquariums) and EAZA

(European Association of Zoos and Aquaria) developed regionally

coordinated captive breeding regions, for the eastern bongo.

Currently, there are eight captive breeding regions for this species.

(b) Study populations and generations in captivity
Out of the eight captive breeding regions for the bongo, our team

had historical responsibility for managing the European breeding
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program (EEP). Providing not only complete access to the dataset,

but also a fully historical record of the programme management,

which was not available for the other regions. We briefly compare

below our European population with the other seven breeding

regions. There was high variation in the total number of fathers

with recorded offspring between regional breeding regions:

Africa¼ 35, North America ¼ 191, Europe ¼ 117, Middle East ¼

5, East Asia ¼ 6, southeast Asia¼ 3, Latin America ¼ 3,

Australasia¼ 2, see the electronic supplementary material, figure

S1). We present below descriptive analyses for the three largest

populations (Africa, Europe, and North America).

(c) Inbreeding and mean kinship
We calculated Wright’s coefficient of inbreeding (f ) from the pedi-

gree and used it as an absolute measure of paternal and maternal

genetic quality, and mean kinship (mk) as an indicator of genetic

similarity and uniqueness (higher or lower mk, respectively). mk
is defined as the average coefficient of kinship of an individual

to every other living non-founder individual in the pedigree

[46]. This measure summarizes genetic value [47,48] and breed-

ing programmes use it to retain the highest possible gene

diversity through minimizing the mean kinship of each male

and female that are paired [48–51]. Interestingly, the EEP pre-

sented a paternal level of inbreeding that was closer to the

range of values for which effects have been shown in a model

mammal species; mice [14,34] (electronic supplementary

material, figure S2).

(d) Life-history traits
For the first set of models, 367 fathers were initially considered,

born from January to December. Each father sired an average

of 7.23 offspring, over a range of 1–43 (see histogram of offspring

sired by father in the electronic supplementary material, figure

S3).

(i) Sex ratio
Secondary sex ratio (at birth) was calculated for fathers that sired

at least 1 offspring (n ¼ 367), of which 10.35% (n ¼ 38) lost at

least one offspring before weaning. The average number of

dead offspring for those fathers that lost at least one offspring

was 1.92 individuals (s.d. ¼ 2.58).

(ii) Father longevity (years)
This is a fixed value per father, the total number of years from birth

to death. It was included in the first model testing the drivers of

total lifetime sex ratios and reproductive success. Fathers’ lifespan

was on average 9.03 years (s.d. ¼ 3.084), with a range of 3–16.

(iii) Effects of breeding programme on variables of interest
There were no differences in mean sex ratio and number of offspring

between European, North American, and African populations

(ANOVA, F2,335¼ 0.24, p ¼ 0.77; F2,340¼ 0.16, p¼ 0.84, respect-

ively). There was, however, a nearly significant difference in

longevity between regions (ANOVA, F2,338 ¼ 2.78, p ¼ 0.063;

Africa, 10.03+4.48, mean+ s.d., n ¼ 33; North America, 8.48+
3.84, n ¼ 191; Europe, 9.03+3.07, n ¼ 117). Pairwise tests showed

longevity differs between Africa and North America ( p ¼ 0.039),

but not between either of them and Europe ( p . 0.14, in both cases).

(e) Data analysis
To test the novel hypotheses of this study, we used individuals

from the EEP population. We first tested whether father f (coeffi-

cient of inbreeding) and mk (mean kinship) explained variation

in the sex ratio of the total number of offspring fathers produced

during their lifespan. The sex ratio was the response variable and
included the father’s f, the total number of offspring that the

father sired throughout his lifetime, father longevity, and the fol-

lowing two-way interactions: number of offspring * father f,
number of offspring * longevity, father f * longevity, in the

model. In this analyses, each father that had produced offspring

represented a single row in the analysis (n ¼ 117). Thus, our

model was unable to capture the effect of nuanced mea-

sures of paternal quality that vary throughout the lifetime of the

individual, such as age or maternal contributions.

Second, we tested whether the probability that an individual

would be born a male (1) or a female (0) (sex as response vari-

able), was predicted by its own genetic quality ( f ), or by the f
of the mother or the father (fixed for the whole lifetime of an

individual), by the age at conception of each of the parents (we

account for ontogeny variation on the quality of the parents

throughout their reproductive lives), by the total number of

offspring produced over their lifetimes and/or by generation.

The correlation structure between the variables included in

the analysis was also explored. This second model used all

individuals born in the EEP that had captive-born parents as

rows (n ¼ 883) (note that in this case each individual born

represents a row in the analysis, while in the first set of models

only fathers that produced offspring represent a row).

To test whether the effect of male genetic quality varied

throughout the reproductive life of an individual, we included

father age at conception (how old the male was when he sired a

given offspring) as well as its interaction with the father’s f
(father age at conception * f father). Likewise, we included

mother age at conception and its interaction with the mother’s f
(mother age at conception * f mother). To ascertain whether the

effect of individual, paternal, and maternal inbreeding on sex

ratios was consistent across generations, the three interaction

terms of generation with inbreeding level of the individual, the

father and the mother (individual f*gen; father.f*gen; mother.f*gen)

were included in the models. Generation was included in the models

to control for sex ratio changes driven by a trend of inbreeding

accumulation as generations in captivity increase. Means and stan-

dard deviations are used to describe the variables included in the

models (table 1).

(i) Model specification
We used a mixed effects model (glme, binomial model with logit

link function) to include father ID and mother ID as random

factors, and then used a corrected Akaike’s Information Criterion

to assess model support and to select the best model (electronic

supplementary material; table S2). Before running the final

models, variables were standardized rescaling the numeric

parameters. The data were analysed using R software (version

3.3.2, http://www.R-project.org/) and STATISTICA (version 7.0,

StatSoft Inc., Tulsa, OK, USA).
3. Results
We first analysed the effects of only lifelong paternal traits on

sex ratio deviations. Overall, there were no significant differ-

ences in the mean sex ratios between all ex situ regions

(electronic supplementary material, figure S1), and differ-

ences in the mean f of the offspring (a), father f (b), and

mother f (c) (electronic supplementary material, figure S2,

in all cases p , 0.0001) between the three regions with the lar-

gest sample sizes (Africa n ¼ 35, North America n ¼ 191, and

Europe n ¼ 115).

Using the EEP dataset, for which we had greatest historical

detail, we then ran two different sets of analyses. This popu-

lation also presented inbreeding levels closest to those

previously observed as responsible for sex ratio deviations

http://www.R-project.org/
http://www.R-project.org/


Ta
bl

e
1.

De
sc

rip
tiv

e
sta

tis
tic

s
fo

r
th

e
co

nt
in

uo
us

va
ria

bl
es

in
clu

de
d

in
th

e
di

ffe
re

nt
m

od
els

co
nd

uc
te

d
fo

r
th

e
se

co
nd

se
t

of
an

aly
se

s
(ro

w
s

re
pr

es
en

t
in

di
vid

ua
lo

ffs
pr

in
g)

fo
r

th
e

EE
P.

Fa
th

er
f

an
d

m
ot

he
r

f
sta

nd
fo

r
th

e
co

ef
fic

ien
t

of
in

br
ee

di
ng

of
th

e
fat

he
ra

nd
th

e
m

ot
he

r,
re

sp
ec

tiv
ely

.N
um

be
ro

fi
nd

ivi
du

als
¼

88
3.

f
fa

th
er

f
m

ot
he

r
f

m
k

fa
th

er
m

k
m

ot
he

r
fa

th
er

ag
e

co
nc

ep
tio

n
(d

ay
s)

m
ot

he
r

ag
e

co
nc

ep
tio

n
(d

ay
s)

fa
th

er
nu

m
be

r
of

fs
pr

in
g

m
ot

he
r

nu
m

be
r

of
fs

pr
in

g
ge

ne
ra

tio
n

m
in

0
0

0
0

0
58

2
45

4
1

1
1

m
ax

0.
66

9
0.

48
2

0.
59

8
0.

08
5

0.
08

1
69

94
68

26
30

15
7.

25
5

ra
ng

e
0.

66
9

0.
48

2
0.

59
8

0.
08

5
0.

08
1

64
12

63
72

29
14

6.
25

5

m
ed

ian
0.

07
4

0.
03

9
0.

03
5

0.
03

7
0.

03
6

24
78

22
95

12
5

4.
43

8

m
ea

n
0.

10
1

0.
07

6
0.

08
2

0.
03

9
0.

03
8

26
53

.9
40

24
53

.9
65

13
.2

49
5.

57
9

4.
22

8

SE
.m

ea
n

0.
00

4
0.

00
3

0.
00

4
0.

00
0

0.
00

1
39

.6
15

38
.0

46
0.

26
8

0.
09

8
0.

04
9

CI
.m

ea
n.

0.
95

0.
00

7
0.

00
7

0.
00

7
0.

00
1

0.
00

1
77

.7
50

74
.6

72
0.

52
6

0.
19

3
0.

09
6

s.d
.

0.
10

5
0.

09
9

0.
10

6
0.

01
4

0.
01

5
11

77
.1

69
11

30
.5

58
7.

97
0

2.
92

1
1.

44
7

co
ef

.va
r

1.
03

5
0.

13
0

1.
29

0
0.

35
2

0.
39

3
0.

44
4

0.
46

1
0.

60
2

0.
52

4
0.

34
2

f
f sire

f dam
mk sire

mk dam
sire age conception

dam age conception
sire num. offspring

dam num. offspring
generation

f f s
ir

e
f d

am
m

k 
si

re
m

k 
da

m
si

re
 a

ge
 c

on
ce

pt
io

n
da

m
 a

ge
 c

on
ce

pt
io

n
si

re
 n

um
. o

ff
sp

ri
ng

da
m

 n
um

. o
ff

sp
ri

ng
ge

ne
ra

tio
n

1.0
0.8
0.6
0.4

–0.4
–0.6

–1.0
–0.8

0.2

–0.2
0

Figure 1. Correlations between genetic and life-history traits in the European
breeding programme (EEP). Blue and red colours represent positive and nega-
tive correlations, respectively. Colours blue and red indicate the positive or
negative sign of the relationship, respectively, colour intensity and the size
of the coloured area within cells reflect the strength of the correlation.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20190345

4

[14]. The first set of models, aimed at explaining paternal sex

ratios, captured lifelong events and traits (electronic sup-

plementary material; table S1) and used total sex ratio per

father, for those that had produced offspring (n ¼ 114), as the

rows. Sex ratios (mean ¼ 0.42, s.d. ¼ 0.26) varied significantly

across the global model, although there was little explanatory

power (F3,111 ¼ 2.98, p ¼ 0.03, variance explained ¼ 7.4%).

Three variables were significant: father inbreeding (slope+
s.e. ¼ 1.98+0.76; b ¼ 0.74+0.29; t ¼ 2.57, p ¼ 0.01); father

longevity (slope+ s.e. ¼ 0.037+0.013; b ¼ 0.44+0.16; t ¼
2.72, p ¼ 0.007); and most importantly their interaction

(slope+ s.e. ¼ 20.183+0.08; b ¼ 20.664+0.29; t ¼ 22.21,

p ¼ 0.029). Revealing that the probability of having sons

increased with inbreeding in younger fathers and reversed as

fathers grew older, or that fathers with lower inbreeding had

more sons as they grew older, while the opposite happened

in more inbred fathers.

We then looked at the pairwise associations between

paternal, maternal, and individual drivers of sex (figure 1).

There were strong positive correlations between the mother

and father mk, mother mk and generation, number of offspring

of the father and mk father. A negative correlation appeared

between number of offspring and generation. Interestingly,

there was a negative relationship between f mother and

number of offspring but not between father f and number of off-

spring suggesting that inbreeding depression on reproductive

traits was only present in females, but not males.

Interestingly, the linear mixed effect model, including

father and mother ID as random factors, and scaling the

variables, rendered a best-fit model (table 2) that showed a

novel result. First, as the individual coefficient of inbreed-

ing ( f individual) increased, the probability of being

a male decreased (slope+ s.e. ¼ 20.191+0.070, z ¼ 22.707,

p ¼ 0.007, table 2 and figure 2). Second, as in the previous set

of paternal-only models, father f was positively associated

with the probability of producing sons (slope+ s.e.¼ 0.147+
0.069, z ¼ 2.110, p ¼ 0.034; table 2). Contradicting the paternal

model, there was no interaction between father f and age at con-

ception. No effect of female genetic quality explained variation

in the probability of producing one sex or the other (z ¼ 20.720,



Table 2. Full and minimum adequate (final) general linear models after stepwise deletion of non-significant terms and scaling of numeric parameters, testing
for drivers of individual sex ratios. Individual, paternal, and maternal factors are considered. Individual f offspring, father f, and mother f represent the
coefficient of inbreeding of the individual, the father, and mother, respectively (n ¼ 883). Father and mother age at conception is measured in days. The
following two-way interactions (father.age.conception*father.f; mother.age.conception*mother.f; individual f*gen; father.f*gen; mother.f*gen) were included and
tested for significance in the full and minimum adequate models, but none had a significant effect on sex at birth ( p . 0.5 in all cases). Full model: null
deviance: 1.213 on 882df. Residual deviance: 1191 on 870df. AIC: 1217. Final model: residual deviance: 1198 on 878df. AIC: 1207.

estimate s.e. z p

full model term

intercept 20.250 0.069 23.587 ,0.001

f individual 20.1806 0.074 22.430 0.015

f father 0.138 0.071 1.938 0.052

f mother 20.054 0.074 20.720 0.471

generation 20.192 0.075 22.546 0.011

father age at conception 20.010 0.075 20.139 0.889

mother age at conception 0.076 0.078 0.969 0.332

father number offspring 0.041 0.079 0.517 0.605

mother number offspring 20.106 0.088 21.199 0.230

final model term

intercept 20.224 0.068 23.284 0.001

f individual 20.191 0.070 22.707 0.007

f father 0.147 0.069 2.110 0.034

generation 20.183 0.070 22.623 0.009
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Figure 2. Effect of individual level of inbreeding on the probability of being
born a male. A total of 883 bongos from the European breeding programme
(EEP) were used for this analysis.
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p ¼ 0.471; table 2). Finally, as generations in captivity increased

the probability of producing a male was also significantly

reduced (slope+ s.e. ¼ 20.192+0.075, z¼ 22.546, p ¼ 0.011;

table 2). The same effects were observed when the terms were

fitted independently.
4. Discussion
Here we have tested the effects of paternal, maternal, and indi-

vidual genetic quality on sex ratio bias in the eastern bongo,
a species with strong sexual size dimorphism in which high-

quality individuals are predicted to benefit more (increase

their marginal fitness benefit) from being males as compared

to being females. In contrast to the prevailing view in ver-

tebrates (and specifically ungulates) that only females can

bias offspring sex ratios [7], we did not detect maternal genetic

effects on offspring sex ratios when testing both paternal and

maternal genetic effects simultaneously. However, and in

agreement with [14] we did detect a paternal genetic effect.

We here also tested and detected for the first time, a relation-

ship between individual quality and sex identity, as shown

by the negative association between individual inbreeding

and the probability of being born a male. As predicted, individ-

uals with higher levels of inbreeding have a higher probability

of being females than males. One possibility is that genetic vari-

ation determines sex, which is hard to envision. A second,

more plausible explanation is that at some point between ejacu-

lation and birth [10], Y-CBS sperm or male embryos of higher

inbreeding have a lower probability of surviving up to birth

than female embryos. Reduced food availability tends to nega-

tively affect male embryo survival more than female survival

[37], suggesting an increased susceptibility of male embryos.

This susceptibility could also manifest differentially more in

male embryos in the case of inbreeding.

The effect of fixed traits of parents on offspring should be

larger in fathers as they mainly influence offspring genetically,

while mothers can influence offspring phenotypically through

gestation too. In agreement with this view, we did not find a

significant effect of female inbreeding on sex ratios while we

did detect a father effect. Previous results using lifelong

measures of offspring sex ratio and genetic quality have

allowed detection of paternal effects on sex ratios [14]. It has

been recently argued that paternal inbreeding could lead to
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increased costs of producing Y-CBS (leading to sons) which

could suffer a higher survival cost than X-CBS (leading to

daughters). This could allow for adaptive manipulation of X

versus Y sperm ratios. One possibility for this to happen is

that genetic quality is heritable. In highly structured popu-

lations heritability of inbreeding [29,30] and heterozygosity

[31,32] is expected, and we speculate this could be the case

for wild bongo populations. However, under captive breeding

programmes such as EEP or SSP, this structure might also

dilute throughout time, leading to no expectation of heritability

of inbreeding. Independently of the evidence of heritability of

inbreeding other factors may also be at play. For instance, less

inbred fathers have an overall higher probability of transmit-

ting dominant advantageous alleles to their offspring than

more inbred fathers. This is because the probability of having

mildly deleterious alleles in homozygosis increases with

inbreeding within and across loci [52]. Therefore, expectedly,

there is a net fitness benefit for being less inbred (being more

outbred, and having lower genetic loads), independently of

the female that the son reproduces with on the next generation,

and the father can be expected to contribute to the fitness of

grand offspring in an adaptive manner.

Interestingly, in this study, after testing the genetic effect

of the father, mother, and offspring on sex at birth we show

that the strongest association detected occurred between

the coefficient of inbreeding of the newborn and its sex,

suggesting a new possibility hitherto not contemplated, i.e.

that it is not only the independent qualities of the father or

the mother that influence the sex ratio of the offspring, but

the quality of the offspring (a property of the gene inter-

actions between the parents) that influences the sex of the

offspring. To our knowledge, this is the first report showing

that the genetic quality of an individual significantly influ-

ences its own sex. In the eastern bongo, individuals that are

conceived from matings of genetically dissimilar individuals,

i.e. newborns with lower inbreeding levels, have a higher

probability of being males, and more inbred individuals a

higher probability of being females. This result suggests a

parental (maternal or paternal) adjustment of the sex ratio

of the offspring based, not only on their own genetic quality

levels (on the expectation of consistent association between

parental and offspring inbreeding levels), but on the pre-

dicted quality of the offspring. This adaptive assessment of

future offspring quality by parents before mating is a con-

dition for sex allocation strategies to evolve. The

physiological and behavioural mechanisms that males use

to avoid inbreeding have also been described [53–58].

Thus, given the likely fitness implications, mechanisms pro-

moting outbred offspring through mating decisions, as well

as offspring sex allocation mechanisms to future zygotes of

differing genetic quality, should have evolved in mammalian

parents. To anticipate heterosis or genetic dissimilarity (lower

inbreeding) of future offspring, and adaptively bias offspring

sex ratio, mates could use phenotypic clues to evaluate their

dissimilarity, but there should exist a positive correlation

between phenotypic and genetic dissimilarity [59].

It has been known for a long time that mothers can bias sex

ratio [4,7,8,60]. Recent research and the present study have

shown that fathers can also affect secondary sex ratios indepen-

dently of maternal effects [11–14,61]. Two explanations are

possible, either an ability of parents to make those strategic

decisions (the adaptive explanation), or a higher susceptibility

of male sperm or male embryos to inbreeding. Regarding
susceptibility of male embryos to inbreeding there is evidence

of preferential culling in utero of frail male fetuses in human

populations [62,63].

As shown by the present study and another [14], the

effect of the genetic quality of the father has a larger effect

on sex ratio than that of the mother. It does seem reasonable

that mothers, who can phenotypically influence the sex

and the quality of the offspring [64] and are sensible to tem-

poral variation in body condition [65] and environmental

factors (benign versus stressful), would be less reliant on

fixed characteristics, such as genetic quality, to make the

sex allocation decisions to maximize its fitness than fathers.

On the contrary, fathers of species that only provide sperm,

and that only contribute to offspring quality genetically,

but not phenotypically, should make their sex allocation

decisions based on the assessment of their own quality.

If this response is adaptive, the lack of a negative association

(and presence of a positive one) between father f and sex ratio

may be due to a lack of negative effect of paternal inbreeding

on fertility traits [34,66,67], such as number of offspring pro-

duced during a lifetime (surrogate of fertility when there is

no between-male variation in mating opportunities). This

apparent absence of inbreeding depression for male repro-

ductive traits in the eastern bongo would not provide a

fitness advantage for those more outbred fathers biasing to

sons, but to those shifting the sex ratio to daughters, in this

case more sensitive reproductively to the negative effects

of inbreeding. The possibility that purging of deleterious

alleles with reproductive effects in males has occurred

throughout the generations in captivity cannot be completely

ruled out either.

Purging in captive breeding programmes [68,69], such as in

Cuvier gazelles [36], has been shown to reverse the effects of

inbreeding on viability traits such as juvenile survival. In our

study, the evidence that inbreeding depression for reproduc-

tive traits is observed in fathers, might explain the absence of

the negative effect of inbreeding on sex ratios.

Finally, two conservation considerations follow. First, male

ungulates are generally more costly for captive breeding pro-

grammes than females because they are more aggressive, and

do not produce offspring. Thus, in those species where avail-

able space in captivity is limited, managers are interested in

predicting offspring sex at birth to reduce the production of

males and reduce the need for ethical culling of males. Previous

studies have not identified a male trait that could be used to

predict the sign of sex ratio change. These results show that

the coefficient of inbreeding of the expected offspring can be

used to predict the probability of having a male. The magni-

tude of the effects observed, around 5–10% of the explained

variance, seem strong enough to consider the use of inbreeding

to predict sex ratio allocation.

Second, the results can also be relevant for small closed

natural or managed populations. A small closed population

(e.g. the bongo EEP) where mean inbreeding increases over

time, is likely to become female biased. If this continues

over generations, a handful of males may end up dominating

breeding, thereby accelerating inbreeding accumulation. Over

the generations, this may lead to inbreeding depression, loss

of genetic diversity (but see [70]), and population extinction.

This could be offset by bio-banking male gametes from the

extant generation and using them to mitigate inbreeding

depression (and sex ratio biases) in future generations, or in

genetic exchange with other populations.
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