





Figure 1: The distribution of the different forms of infanticide by females in relation to the social organisation across the mammalian species in our

sample (for picture credit see Supplementary File 2).
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Table 1: The social and life-history conditions associated with the distribution of infanticide by females

Females are more likely to commit infanticide in group-living species, but whether breeding females are philopatric or disperse does not appear to
be associated with the distribution of infanticide. In general, species with infanticide by females are characterized by high maternal investment,

with females having large litters, short lactational and interbirth periods, and relatively large offspring.

Sample of species all all associated breeders pair breeders social breeders
Type of infanticide any extraterritorial within-group within-group within-group
Infanticide is absent present| absent present| absent present | absent present| absent present
Sample size 200 89 253 33 34 19 29 16 92 20
Females solitary (% species) 38% 16% 39% 76% NA NA NA NA NA NA
Female philopatric (% species) 73% 68% 70% 70% 65% 100% 48% 31% 64% 63%
Maternal investment (per year relative to bodyweight) 39% 118% 47% 150% 48% 86% 110% 169% 29% 45%
Litter size 1.6 26 1.7 3.9 1.5 21 1.9 4 1.3 1.3
Interbirth interval (days) 365 180 340 104 308 212 308 181 453 522
Age at weaning (days) 127 61 113 35 107 59 105 42 229 273
Offspring weight (relative to bodyweight) 3.6% 3.9% 3.9% 2.8% 3.5% 5.9% 5.1% 2.8% 5.1% 3.0%
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Table 2: Testing the core predictions generated by the different hypotheses proposed to explain the distribution of infanticide by females

For each of the main hypotheses, we tested two core predictions in phylogenetic comparisons and two predictions about the individual traits from

the field observations. For the comparisons, we list the sample of species included.

Type of infanticide /

Predictions

Hypothesis . Core prediction(s Support? e . Support?
yp Sample of species P (s) PP on individual traits PP

Lo any form of infanticide - primarily in carnivores No killer: any reproductive state No

H1: exploitation ) i o S
across all species - infanticide also by males No victim: any age No
. any form of infanticide - harsher environments Yes killer: gestating/lactating Yes

H2: resource competition : i i S
across all species - higher maternal investment Yes victim: dependent on care Yes
extraterritorial infanticide - more burrow use Yes killer: gestating/lactating Yes

H2.1: over space . . .
across all species - exclusive home-ranges Yes victim: unweaned Yes
within group infanticide - higher energetic milk content No killer: lactating Yes

H2.2: over milk ictim: i i
across associated breeders | - faster offspring growth Maybe "'Ct"T" unweaned/killed during Yes
nursing attempt

within group infanticide - allocarers present Yes killer: gestating/lactating Yes

H2.3: over allocare ) . . : o
across pair breeders - higher offspring to carer ratio Yes victim: dependent on care Yes
. within group infanticide - nepotistic hierarchy present Yes killer: high social rank Yes

H2.4: over social status - o o
across social breeders - evictions occur Yes victim: any age Yes
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Figure 2: Factors associated with female competition and the distribution of infanticide by females

Species in which female infanticide is present are, on average, characterized by (a) living in harsher environments (lower and more unpredictable
rainfall and temperatures) and by (b) higher maternal energetic investment (total mass of weaned offspring produced per year relative to maternal

mass). Black lines indicate the median across the species in the sample, boxes contain 75% of the values, and whiskers extend to the extremes.

Q
”’

(o)
N’

o _ -+ o
_ o — c 3 o
% '5) : G) 8_ | |
c < : . = : '
N _ : : % I !
P > |
® - :
L = o I
— O 3 '
8 T =2
C : @®)) I
) | e :
£ ’ 2 % :
S — - | T i
< 5 ! ! — : I
'~ = : : CU | !
> 5 | — cC | |
- Qo | — X ! o
© =2 | Q & :
' — ®©
=

infanticide by females infanticide by females
absent present absent present

14


https://doi.org/10.1101/405688
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/405688; this version posted September 3, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

H1: Exploitation

We find no support for predictions suggesting that females kill conspecific offspring primarily
for exploitation (Table 2). Across species, infanticide by females is as likely to occur in the
absence of infanticide by males (44 of 147 species, 30%) as in its presence (43 of 135 species,
32%) (effect of presence of male infanticide on presence of female infanticide 2.1, 95% CI -
13.5-16.9, p=0.74). Similarly, carnivorous species are not more likely to show infanticide by
females (18 of 56 species, 32%) than in species in which meat does not constitute animportant
part of the diet (59 of 192 species, 31%) (effect of carnivory on presence of female infanticide
-0.7,95% Cl-11.2 - 10.0, p=0.89). The age of victims varies from birth to beyond independence
across species, but is more homogeneous within each type of infanticide (see below), so that

killings do not appear simply opportunistic.

H2: Resource competition

Infanticide by females appears more likely to occur where competition over resources is
expected to be more intense (Table 2). The climatic environments of species in which females
commit infanticide are harsher (as estimated by a principal component reflecting low
unpredictable rainfall and cold seasons) than the environments of species in which infanticide
has not been observed (effect of environmental harshness on presence of female infanticide
7.0, 95% Cl -0.2 — 14.7, p=0.03, 54 species with infanticide and 193 without)(Figure 2a). In
species where females commit infanticide, they invest substantially more energy into the
production of offspring, being able to produce the equivalent of 1.0 times their own body
mass in offspring mass per year (number of offspring times mass of weaned offspring; median
across 41 species, range 0.05 — 12.1 times) compared to 0.33 times in species in which

infanticide has not been observed (median across 77 species, range 0.03 — 11.1) (effect of
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maternal energetic investment on presence of female infanticide 25.8, 95% Cl 1.5 — 58.7,

p<0.001)(Figure 2b).

H2.1: Competition over breeding space

Thirty-two of the 33 species in which females kill juveniles outside their own home-range keep
their offspring in burrows or holes, compared to 93 of the 163 species in which infanticide by
females appears absent (effect of burrow use on the presence of infanticide by females 14.4,
95% Cl 6.0 — 22.9, p<0.001). The exception is Semnopithecus entellus, where “females
occasionally steal infants from a neighboring troop” [Hrdy 1976; Mohnot 1980]. In most
species in which females kill offspring in neighbouring home-ranges (25 of 33), females
generally appear not to tolerate other breeding females close by and most home-ranges only
contain a single breeding female (solitary or cooperatively breeding species), while in most
other species females form associations or groups (home-ranges contain a single breeding
female in 105 out of 268 species) (effect of presence of a single breeding female per home-
range on presence of infanticide by females 12.4, 95% Cl 0.3 — 30.1, p=0.007). In all cases, the
killer was either pregnant or had dependant young of her own (17 species with observations),

and all offspring that were killed were not yet weaned (17 species).

H2.2: Competition over milk

Across associated breeders, the energy content of milk produced by mothers in species in
which females have been observed to kill offspring within the same breeding space (2.8
MJ/100ml, median across 8 species, range 1.2-4.7) does not differ from that of species in
which such killings have not been observed (2.1 MJ/100ml, median across 7 species, range

0.8-5.7) (mean effect of milk energy on presence of infanticide by females 2.0, 95% Cl -66.3 —
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83.1, p=0.97). In associated breeders with female infanticide, offspring do not seem to have
greater growth rates (they gain on average 0.28% of their adult body mass per day until
weaning, median across 9 species, range 0.04% - 1.72%) than in species in which females have
not been observed to kill juveniles (offspring gain on average 0.17% of their adult body mass
per day until weaning, median across 11 species, range 0.05% - 0.73%) (effect of presence of
infanticide by females on offspring growth rate 6.1, 95% Cl -16.2 — 35.4, p=0.59). Killers are
either pregnant or have dependant young (21 out of 21 species) and are old, with most reports
suggesting that they had been observed to give birth in previous years (they are not
primiparous). All victims were reported to be unweaned (22 out of 22 species). In 7 out of 14
infanticide reports from associated breeders, victims were killed as they attempted to breast-

feed from the killer.

H2.3 Competition over allomaternal care

Infanticide by females in pair breeders occurs only when fathers provide care (all 16 species)
while fathers care for offspring in only 16 of the 39 pair breeding species in which this form of
infanticide is absent. In 15 of the 16 pair breeders with female infanticide, additional helpers
are present (cooperative breeders), while there are only a further 7 cooperatively breeding
species in which females have not been observed to kill juveniles from their own group
(female infanticide occurs in 68% [15/22] of cooperative breeders versus in 4% [1/23] of pair
breeders in which there are no other helpers). Across species in which offspring receive
allocare, the number of potential allocarers is higher in species with (3 allocarers per group,
median across 15 species, range 2-23) compared to species without (2 allocarers per group,
median across 13 species, range 1-20) female infanticide (effect of number of allocarers on

presence of infanticide 25.3, 95% Cl 1.9 — 48.6, p=0.02). The killer was usually the dominant
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breeder (as was regularly the case in 9 of 12 species) and was pregnant or with dependent
infants in all cases. In most instances the killer and the victim belonged to the same group (11
of 14 species), and were consequently related (10 out of 13 species). Victims were often a few

days old and all dependent.

H2.4: Competition over social status

Of the 27 social breeders with female philopatry (and available data), female group members
do not form social hierarchies in three species, hierarchical rank is determined by age in five
species, and rank is influenced by nepotism in 19 species. Females have been observed to kill
offspring born to other group members in eight of these latter 19 species, but in none of the
species where nepotism does not influence female rank (effect of presence of nepotistic rank
acquisition on presence of infanticide by females 134.1, 95% Cl 28.8 — 238.1, p<0.001).
Females are more likely to kill offspring born to other females in social breeders in which they
also aggressively evict other females from their group (infanticide has been observed in 6 of
10 species with evictions and 7 of 35 without evictions) (effect of occurrence of evictions on
presence of infanticide by females 7.8, 95% Cl -0.2 — 14.4, p=0.02). In all twelve social breeders
in which infanticide events have been observed, killers were old and high-ranking. Killers were
never pregnant, but in all cases had dependant young of their own. Victims were not yet
weaned, and in 5 out of 12 species victims might be related to the killer. There is only one
species where the data suggest that females might preferentially kill offspring of one sex: in
Macaca radiata (a species with female philopatry), female offspring appear to be the

predominant victims.
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Discussion

Our findings establish that female competition is widespread across mammals and that it is
frequently expressed as intensely as competition among males. Females have been observed
to kill conspecific juveniles in various species and our comparative analyses provide support
to the idea that this behaviour may be adaptive under a wide range of circumstances.
Infanticide is more likely to occur in species in which multiple adult females live or breed
togetherthan where females breed solitarily, and infanticide appears most frequent in species
where females only associate temporarily to breed. This may reflect the fact that
opportunities to commit and to observe infanticides may be greater where females live or
breed together. Within each type of social organisation, we do however find that females, like
males, appear to commit infanticide when the presence of the victim might otherwise limit
their own reproductive success. While infanticide by males has evolved in response to a single
cause - mate competition - across mammals [Lukas & Huchard 2014; Palombit 2015], the
evolutionary determinants of infanticide by females are apparently more complex, as females

may compete over multiple resources.

Several lines of evidence support this adaptive scenario of resource competition for the
occurrence of infanticide by females. First, infanticide appears associated with variation in
ecology and life-history. Specifically, it is most frequently observed in species facing harsh
climatic conditions and making the greatest reproductive efforts; it is unlikely that such
associations are due to variations in opportunities to observe or commit infanticides across
species. Rather, the potential costs of sharing critical resources might outweigh the risks

associated with committing infanticide in such circumstances.
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Second, specific ecological determinants of female infanticide identified at the population
level by field studies also seem to predict its distribution across species. Extraterritorial
infanticides were found to be most frequent in solitary species where females use burrows to
give birth and territories to raise offspring, allowing killers to free-up reproductive space for
their own offspring. Our findings further show that female infanticide occurs in pair breeders
where helpers — fathers or additional group mates - are present. Finally, patterns are slightly
more complex in social breeders. There, infanticide preferentially occurs in species where
aggressive competition among females leads to the eviction of some individuals — generally
young adults - from the group, especially at times when group size increases (e.g. [Kappeler
& Fichtel 2012]). In such cases, killing unrelated juveniles may limit future competition and
the related risk of being evicted for the killer’s offspring. In addition, in social breeders where
females are philopatric, infanticide was only found to occur where female rank acquisition is
nepotistic, a hierarchical system where each additional offspring may contribute to strengthen
the social status of a matriline — and where infanticide may consequently weaken competing

matrilines on the long term.

Anecdotal reports of female pinnipeds killing orphans as they attempted to breast-feed from
them inspired the hypothesis that females compete over milk in species where they only
associate to breed [Digby 2000]. While our comparative analyses did not reveal any difference
in the energy content of milk of associated breeders in which infanticide is present versus
absent, associated breeders nevertheless comprise the species with the highest energy
content of milk and the fastest growth rates, and we further found that offspring are weaned
at an earlier age in associated breeders with infanticide compared to those without it. The

lack of support for the milk competition hypothesis in our analyses may be explained by a
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noisy dataset, where the absence of infanticide in some species may be due to the fact that it
goes undetected if it is hard to observe, or to the evolution of counter-adaptations that
protect offspring against infanticide. Alternatively, milk is not the only resource over which
these females compete. For example, in the large breeding colonies of pinnipeds, space is
sometimes very restricted [Baldi et al. 1996], especially in the immediate vicinity of the harem
leaders. These bulls often protect their females and calves from attacks by younger males, and

may represent another source of competition for lactating females.

It is likely that, in any given species, infanticide may be triggered by more than one
determinant - including some that may not be considered here. A killer may accordingly get
multiple benefits from one infanticide event, but may also commit infanticides in more than
one context. For example, half of the species of pair breeders committing intra-group
infanticides also commit extraterritorial infanticides. It is therefore possible that different
types of female infanticide — following our classification - have followed a common
evolutionary path. Specifically, it is possible that infanticidal behaviour initially emerged in
response to one particular pressure (e.g., competition over access to allocare) in a given
species, which subsequently started to extend its expression to other competitive contexts
(e.g., competition over breeding territories). However, the limited number of species for
which observational data on infanticide are available, as well as heterogeneities in the sample
— such as an over-representation of group-living species — introduce uncertainty when
attempting to reconstitute the evolutionary history of the trait. It is consequently hard to infer
the ancestral state, whether each infanticide type has evolved independently, or how many

times infanticidal behaviour has emerged across mammals.
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In addition to the nature of the resources that may directly limit female reproductive success
in various types of social organisations, contrasts in the occurrence of infanticide across
species reveal other broad patterns on female reproductive competition in mammals. In
particular, the lack of association between female infanticide and philopatry across species
(Table 1), as well as a synthesis of observations revealing that killers and victims are commonly
related in some contexts, such as in pair breeders where reproductive suppression is common
[Lukas & Clutton-Brock 2018], suggest that matrilineality and subsequent increases in average
kinship among associated females does not necessarily lead to a reduction in competition
among females. Some previous work suggested that mammalian females might be
predisposed to behave positively and cooperatively with kin [di Fiore & Rendall 1994], such
that species with female philopatry would be characterized by stable social bonds [Silk 2007].
However, the factors leading to limited dispersal and the spatial association of kin frequently
also result in high local competition [Frank 1998] which can overcome the potential benefits
of cooperation among kin [West et al. 2002]. Studies of competition among males in such
circumstances have shown that contrasts in levels of aggression can be explained by variation
in the potential direct fitness benefits of winning [West et al. 2001], and it is likely that this
also applies to the observed pattern of infanticide by females — where the direct benefits of
infanticide in terms of increased access to a critical resource might outweigh its costs,

including the indirect fitness costs associated with killing related juveniles.

Our study compiles five decades of behavioural data across species and within populations to
elucidate the determinants of infanticide by mammalian females, which are less well
understood than those of male infanticide. Our analyses suggest that the distribution of

female infanticide across species is a consequence of contrasts in social organisation;
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infanticide is most frequent in species that breed in groups, which probably have more
opportunities for killings and also face greater breeding competition. Female infanticide
occurs where the proximity of conspecific offspring directly threatens the killer’s reproductive
success by limiting access to critical resources for her dependent progeny, including food,
shelters, care or a social position. Finally, these data support the idea that female killers
occasionally sacrifice related juvenile conspecifics, and may therefore actively harm their

indirect fitness in order to maximize their direct fitness.
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B) Citations for population observation with details on female infanticide

The table lists the references with the observations on the characteristics of the killer
and the victim and the circumstances of infanticide by females for the set of species
for which this information was available. All references are listed in full below.
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Supplementary File 2 for Lukas & Huchard: The evolution of
infanticide by females in mammals

Credit for animal drawings used in Figure 1

All drawings were downloaded from PhyloPic: http://phylopic.org

Picture information is listed as:

Common name listed in figure (taxon identifier for picture on PhyloPic): Author

Starting from top, clockwise:

Old World primate (Papio): Uncredited
Hare (Leporidae): Sarah Werning

Squirrel (Sciuridae): Catherine Yasuda
Marmot (Marmota monax): Michael Keesey
Mice (Muridae): Madeleine Price Ball
Marsupial (Marsupialia): Sarah Werning
Bat (Chiroptera): Michael Keesey
Mongoose (Herpestoidae): Michael Keesey
Felids (Panthera): Sarah Werning

Canids (Canidae): Michael Keesey

Bear (Ursus): Steven Traver

Seal & sealions (Pinnipedia): Steven Traver
Marten (Meles): Uncredited

Ungulate (Cervus): Steven Traver

Lemur (Daubentonia): Uncredited

Great ape (Gorilla): Michael Keesey

New World primate (Cebus): Sarah Werning
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