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Abstract

Allonursing is the nursing of the offspring of other mothers. Cooperation is an emergent

property of evolved decision rules. Cooperation can be explained by at least three evolved

decision rules: 1) direct reciprocity, i.e. help someone who previously helped you, 2) kin dis-

crimination, i.e. preferentially direct help to kin than to non-kin, and 3) generalized reciproc-

ity, i.e. help anyone if helped by someone. We assessed if semi-domesticated reindeer,

Rangifer tarandus, mothers allonursed according to the decision rules of direct reciprocity,

generalized reciprocity and kin discrimination over 2 years. To assess if reindeer mothers

allonursed according to the direct reciprocity decision rule, we predicted that mothers should

give more help to those who previously helped them more often. To assess if reindeer moth-

ers allonursed according to the kin discrimination decision rule, we predicted that help given

should increase as pairwise genetic relatedness increased. To assess if reindeer mothers

allonursed according to the generalized reciprocity decision rule, we predicted that the over-

all number of help given by reindeer mothers should increase as the overall number of help

received by reindeer mothers increased. The number of help given i) increased as the num-

ber of help received from the same partner increased in the 2012 group but not in both 2013

groups, ii) was not influenced by relatedness, and iii) was not influenced by an interaction

between the number of help received from the same partner and relatedness. iv) The overall

number of help given increased as the overall number of help received increased. The

results did not support the prediction that reindeer mothers allonursed according to the kin

discrimination decision rule. The results suggest that reindeer mothers may allonurse

according to the direct reciprocity and generalized reciprocity decision rules.
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Introduction

In cooperative and communal breeding social systems, members of the social group provide

parental care to the offspring of other parents [1,2]. Cooperative breeding can be defined as

breeding females assisted in protecting and caring for their offspring by non-breeding helpers,

and communal breeding can be defined as breeding females that pool their young and share

care and provisioning [3]. In singular breeding social systems, a single pair is responsible for

all reproduction and subordinate group members do not produce young, whereas in plural

breeding social systems, most or all adults within a group produce young of their own [4,5].

There are different types of alloparental care in cooperative and communal breeding social sys-

tems, such as communal defense of young, babysitting, adoption and allonursing. Allonursing

is the provision of milk to the offspring of other mothers [6,7].

Lactation is the most energetically expensive aspect of mammalian reproduction and

increases the energetic costs and metabolic demands, resulting in weight loss of lactating

females [8,9]. In the first few days or weeks after parturition, milk is the exclusive source of

nutrients for new-born mammals [10]. Allonursing increases nursing loads, and females with

heavier nursing loads may incur greater risks of mortality [11] and lower future fecundity

[11,12] than those with lighter nursing loads. Allonursing may increase the risk of pathogen

transmission between offspring and mothers [13] and may decrease the amounts of nutrients

available to a mother’s offspring.

Allonursing occurs in over 68 mammalian species and across most mammalian families

[6,7,14]. Animals in captivity allonurse more often than animals in natural populations, and

animals with larger litter sizes allonurse more often than animals with smaller litters [6]. Allo-

nursing is more common in polytocous species, i.e. giving birth to more than one offspring

per parturition, than monotocous species, i.e. giving birth to one offspring per parturition

[6,15]. Monotocous species tend to allonurse more often when group size is large, while poly-

tocous species tend to allonurse more often when group size is small [6]. The occurrence of

allonursing varies between taxa [6]. The incidence of allonursing is not greater in singular

cooperative breeders, which have greater mean within-group relatedness, than in non-singular

cooperative breeders, and the incidence of allonursing is not associated with relatedness in

these groups [15].

The misdirected parental care, i.e. either due to milk-theft and mismothering [7], kin selec-

tion [7], reciprocity [7], compensation [16], improved nutrition [6,17], milk evacuation [7],

neuroendocrine [18] and immunological function [13] hypotheses were proposed to explain

why females allonurse the offspring of other mothers. The kin selection hypothesis proposes

that lactating females preferentially allonurse closely over distantly related offspring, providing

inclusive fitness benefits [7]. The reciprocity hypothesis proposes that two females achieve a

higher fitness when nursing each other’s offspring to a similar extent than when they do not

share milk [7]. Reciprocal allonursing is the reciprocated feeding of offspring.

Altruism is a behaviour that is costly to the actor and beneficial to the recipient [19]. Help-

ing is a behaviour that provides an apparent benefit to the recipient [20]. Cooperation is the

simultaneous or consecutive acting together of two or more individuals by same or different

behaviours [20,21]. Kin selection is selection acting on the consequences of an individual’s

behaviour on the survival and/or reproduction of its relatives [22,23], and its three mecha-

nisms are kin discrimination, limited dispersal and greenbeards [19,24]. Hamilton’s rule sums

up indirect fitness and asserts that altruistic traits can spread within populations if the product

of the degree of relatedness, r, and the recipient’s benefit, b, is greater than the actor’s costs, c
[19]. The indirect fitness benefits as a result of helping appear to be smaller than originally

expected or may be underestimated, and the direct fitness benefits as a result of help appear to
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be greater than originally expected and may even be greater than the indirect fitness benefits

[21,25,26]. Both direct and indirect fitness can interact [21]. Help between kin is well explained

by indirect fitness [27], which cannot explain help between non-kin (e.g. reciprocity)

[20,21,25]. Reciprocity is an apparently cooperative trait or behaviour, which benefits the

recipient of the help at a cost to the actor, that increases the probability of the actor of the help-

ful behaviour receiving help in return from the same or different social partners [20,21]. For

reciprocity, the helping costs for the actor should be low; benefits for the receiver should be

high; and the probability of receiving help in return for help given should be high [28]. Coop-

eration between unrelated individuals is common across a wide range of taxa [20,21,28].

Reciprocal interactions can also occur between related and unrelated individuals, such that the

correlated pay-offs for the interacting partners can interact with relatedness [21], e.g. in female

Norway rats, Rattus norvegicus [29].

Lehman and Keller [30] proposed a theoretical framework and classification of models for the

evolution of cooperation. These models can be divided into four distinct categories [20]. Cooper-

ation can arise from the net fitness benefits of i) by-product mutualism [25,31–34]. Cooperation

can evolve from the net fitness benefits of altruism according to the correlated pay-offs of condi-

tional returns due to ii) an above-random chance that help provided to a social partner will

increase the likelihood of receiving help in return in the future, i.e. reciprocity [21,28,35,36]; or by

the correlated pay-offs of shared genes iii) kin selection [19,24,37–39]. Cooperation can evolve by

manipulation according to enforcement [40,41] or deception [42–46].

Cooperation is an emergent property of evolved decision rules [19–21,24,28,35,47–50].

Cooperation can be explained by at least three evolved, mechanistic decision rules: 1) direct

reciprocity, i.e. help someone who previously helped you (if A helped B, B helps A) [20,21], 2)

kin discrimination is the differential treatment of conspecifics as a function of their genetic

relatedness to the actor [20,24], and at the proximate mechanism level it implies a decision

rule: preferentially direct help to kin than to non-kin (if A and B are kin, but A and C are non-

kin, A preferentially helps B), and 3) generalized reciprocity, i.e. help anyone if helped by

someone (if A helped B, B is more likely to help anyone) [20,21]. These decision rules can gen-

erate evolutionarily stable cooperation [19–21,24,28,35,47–49]. Kin discrimination requires

that individuals can discriminate relatives from non-relatives and occurs by the use of environ-

mental or genetic cues [51]. Direct reciprocity requires individual recognition and the ability

to remember the outcomes of past interactions with an individual [21,52,53]. Generalized reci-

procity only requires the ability to remember if one received help or not in previous social

interactions, without needing to remember and identify the partner(s) [20,21].

Reciprocal cooperation has been reported in vertebrates and invertebrates [20,21,54,55].

Direct reciprocity was reported across several taxa, including mammals [28,29,56–62] (e.g.

vampire bats, Desmodus rotundus [57,58] and Norway rats, Rattus norvegicus [29,59–61,63–

65]), birds [20,21], fishes [54,55], and microorganisms [66,67]. Generalized reciprocity was

reported in humans [68,69], female Norway rats [60,64,70], dogs, Canis familiaris [71], capu-

chin monkeys, Sapajus apella [72], however generalized reciprocity was not supported in male

Norway rats [64,73], long-tailed macaques, Macaca fascicularis [74] and in vampire bats [57].

Generalized reciprocity is also known as upstream tit-for-tat [47], upstream indirect reciproc-

ity [75], upstream reciprocity [76], pay it forward [77–79], and serial reciprocity [80].

Most of the evidence for the importance of kin selection for the evolution of cooperation is

correlational. For empirical studies in taxa with a high social complexity, i.e. eusocial and

cooperative breeding social systems, the association between relatedness and cooperation was

positive [81–84], negative [85–87] or neutral [88–94]. In a comparative analysis of coopera-

tively breeding vertebrates, helping rates increased positively with relatedness, which explained

10% of the variation in helping rates [95], whereas altruism declined with increasing
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intragroup relatedness in a comparative analysis of eusocial hymenoptera [96]. Several studies

that experimentally manipulated relatedness found that relatedness reduced cooperation

rather than increase it [29,87,97,98], which contrasts with kin selection theory. Cooperation

can be explained by reciprocity and relatedness, and the fitness pay-offs of the interacting part-

ners are correlated [20,21]. Theoretical models predict i) a difference [99], and ii) an interac-

tion in the contribution of direct reciprocity and relatedness for the evolution of cooperation

[100,101]. Cooperation was better explained by direct reciprocity than relatedness [29,57,102]

and generalized reciprocity [74] in some empirical studies. Direct reciprocity and generalized

reciprocity can co-exist, such as in humans [68], female Norway rats [60,64,70], and in dogs

[71,103]. Theoretically, cooperation usually stems from the interaction of multiple evolution-

ary mechanisms [99–101,104,105]. Very little is known about the relative importance of these

3 decision rules, except in male Norway rats [29,73].

Previous findings suggested that reindeer, Rangifer tarandus, mothers allonursed i) recipro-

cally [106], ii) to improve the nutrition and mass gain of offspring [107], and iii) by kin dis-

crimination [97], whereas offspring were allonursed by stealing milk [108]. Reindeer mothers

reciprocated allonursing at the group level, i.e. across bouts and dyads, and most mothers had

at least one reciprocal partner [106]. Allonursing by reindeer mothers was positively associated

with offspring mass gain, which is consistent with improved nutrition, and male offspring

gained more mass than female offspring [107]. Relatedness did not influence the odds of allo-

nursing [108], however a group of closely-related mothers allonursed each other’s offspring

more often than a group of distantly-related mothers at the extremes of pairwise genetic relat-

edness [97]. There is no evidence in reindeer to support the mismothering [108], the compen-

sation [107] and the milk evacuation [109] allonursing hypotheses. There is indirect evidence

suggesting that reindeer can discriminate kin. Reindeer mothers rejected offspring attempting

to be allonursed more often than they rejected their own offspring attempting to be nursed

[108]. Reindeer mothers rejected nearly all attempts by offspring to be allonursed before the

mother’s offspring was suckling [97,108], and most attempts by offspring to be allonursed

occurred after the mother’s offspring was suckling [108].

Most allonursing studies reported no evidence to support reciprocal allonursing [6,7].

There are few empirical studies of the generalized reciprocity decision rule in animals

[60,64,68,70–72,74], and we need to further our knowledge of how widespread the generalized

reciprocity decision rule is in animals. Most animal species should be able to apply the general-

ized reciprocity decision rule, since several theoretical models found that generalized reciproc-

ity can generate evolutionarily stable levels of cooperation [21,47,48,49,75–77,110–114], and

the decision rule of generalized reciprocity is less cognitively demanding, i.e. a simpler deci-

sion rule, than the direct reciprocity decision rule [20,21]. No study of allonursing and, more

generally, alloparental care has yet tested the generalized reciprocity decision rule nor com-

pared it with the direct reciprocity decision rule.

There is an on-going debate over the utility of kin selection and alternative mechanisms

[20,21,51,115–119]. This reveals the need to experimentally test combinations of evolved deci-

sion rules to further understand the interactions and relative importance of the mechanisms

responsible for the evolution of cooperation. To improve on the superficial appreciation of the

involved mechanisms responsible for the evolution of cooperation, i) we address the evolved,

mechanistic decision rules of direct reciprocity, generalized reciprocity and kin discrimination

responsible for cooperation, and ii) we combine evolved decision rules of cooperation to assess

the interaction between the direct reciprocity and kin discrimination decision rules.

To further our understanding of the decision rules of reciprocal and kin-discriminated allo-

nursing, we tested if semi-domesticated reindeer mothers allonursed according to the decision

rules of direct reciprocity, generalized reciprocity and kin discrimination. To assess if reindeer
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mothers allonursed according to the direct reciprocity decision rule, we predicted that 1)

mothers should give more help to the offspring of mothers who previously helped them more

often, and 2) the likelihood to allonurse should increase as pairs of mothers are more recipro-

cal. To assess if reindeer mothers allonursed according to the kin discrimination decision rule

we predicted that 3) mothers should give more help to offspring as the pairwise genetic related-

ness of mothers increased, 4) the likelihood to allonurse should increase as the pairwise genetic

relatedness of mothers increases, and 5) the extent of reciprocity within pairs of mothers

should increase as the pairwise genetic relatedness of mothers increases. To assess if reindeer

mothers allonursed according to an interaction between the direct reciprocity and kin discrim-

ination decision rules, we predicted that 6) the effect of help received on help given should

depend on the relatedness between pairs of mothers, and 7) the effect of the extent of recipro-

cation within pairs of mothers on the likelihood of allonursing should depend on the related-

ness between pairs of mothers. To assess if reindeer mothers allonursed according to the

generalized reciprocity decision rule, we asked if receiving help in general increased subse-

quent help given, and we predicted that 8) the overall number of help given by reindeer moth-

ers should increase as the overall number of help received by reindeer mothers increased. We

compared reciprocal allonursing in reindeer by both the generalized reciprocity and direct rec-

iprocity decision rules. We propose that the propensity to help should be greater according to

direct reciprocity than according to generalized reciprocity, since direct reciprocity is less

prone to cheating than generalized reciprocity. Therefore, the effects of received help should

vanish more quickly if generalized reciprocity applies, so we predicted that 9) the distribution

of latencies to give help after receiving help should peak at shorter time intervals for general-

ized reciprocity than for direct reciprocity.

Materials and methods

This study was carried out in strict accordance with the Animal Ethics and Care Certificate of

Concordia University. The protocol was approved by the Animal Ethics and Care Certificate

of Concordia University (Protocol number: AREC-2010-WELA). We conducted this study at

the Kutuharju Field Reindeer Research Station near Kaamanen, Finland (69˚ N, 27˚ E): a 45

km2 fenced enclosure. The Kutuharju Field Reindeer Research Station is a research station,

and the reindeer are owned by reindeer herders, who manage the size of groups and in which

sections of the station different groups will roam during the calving season. The herd is also

managed to avoid inbreeding. Yearly, the semi-domesticated female reindeer are herded into

open fenced paddocks (approximately 10 ha), where data on the birth date, calf sex, and

mother-calf assignments were obtained. This population has been monitored since 1969 [120].

Female reindeer are monotocous, giving birth to one offspring in May–June, and they are plu-

ral breeders. Mothers gradually wean their offspring, and the lactation cycle usually ends in

September–October during rut [121].

In 2012, the first 25 offspring born and their mothers were selected and studied for 65

observations days over 10 weeks [106–108]. In 2012, the 25 offspring were born between May

4th and May 13th. In 2013, we studied two groups for 25 observations over five weeks and each

group consisted of eight mother-offspring pairs based on their pairwise genetic relatedness,

forming two groups at the extremes of pairwise genetic relatedness: one group of closely,

genetically related mothers and one group of distantly, genetically related mothers [97]. We

manipulated relatedness in 2013 by choosing reindeer mothers to form 2 groups at the

extremes of pairwise genetic relatedness in the population to assess if relatedness at the

extremes of relatedness in the population affected help allonursing given [97]. In 2013, the 16

offspring were born between May 8th and May 23rd. Mother-offspring pairs were assigned
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within 24–48 hours of parturition. No mother was removed from their own mother when they

themselves were young. Mothers were not separated from their offspring. Thus, reindeer

mothers’ ability to distinguish kin from non-kin was not affected. Mothers gave birth to their

offspring and raised their offspring with the rest of the herd in the calving paddocks for two to

5 weeks. Mother-offspring pairs selected for the study were then separated from the rest of the

herd, which was released in a large calving ground area. The study animals and the herd were

rejoined at the end of the study. Researchers fixed collar tags of different colours, with num-

bers inscribed, to individuals for identification. The manager of the herd maintained a popula-

tion of females ranging between 2–13 yrs in 2012 (mean ± SD = 7.32 ± 3.21 yrs) and between

2–12 yrs in 2013 (mean ± SD = 5.93 ± 3.76 yrs). The age of mothers ranged from 2–13 yrs in

the 2012 group (mean ± SD = 8.25 ± 2.96 yrs). The age of mothers ranged from 3–8 yrs in the

2013 closely-related group study group (mean ± SD = 6.00 ± 2.51 yrs), and the age of mothers

ranged from 5–11 yrs in the 2013 distantly-related group (mean ± SD = 8.12 ± 2.42 yrs).

Detailed descriptions of methods used to collect data in 2012 and 2013 were previously pub-

lished [97,106,108].

A successful allonursing bout was scored when an offspring was nursed for 5 s or more and

ended when the offspring no longer suckled the lactating female’s udder. A successful allonur-

sing bout was considered terminated when an offspring’s muzzle and a lactating female’s

udder were not in contact for 20 s or more. We selected a 5 s cut-off based on previous

research [108,122–125]. An unsuccessful allonursing attempt was scored when i) an offspring

brought its muzzle within a head from a lactating female’s udder, which did not allow the off-

spring the suckle (e.g. walking away, kicking calf, head threat to calf, chasing calf), or ii) the off-

spring suckled for less than 5 s [108,124], and the termination was due to the lactating female

not allowing the offspring to suckle any longer. Previous studies of allonursing in reindeer

reported that most mothers allonursed and most offspring were allonursed [122,126]. In 2012,

all reindeer mothers allonursed one or more offspring, and we recorded 1383 allonursing

bouts [108]. In the closely and distantly, genetically related groups in 2013, we recorded 113

and 48 allonursing bouts, respectively, performed by eight of the eight reindeer mothers in the

closely-related group and by seven of the eight reindeer mothers in the distantly-related groups

[97]. In both groups in 2013, seven of the eight offspring were allonursed [97]. Across both

years, we recorded 1544 allonursing bouts. It was not possible to record data blind because our

study involved focal animals in the field. In this study, we revisited the associations between

help given and i) help received and ii) pairwise genetic relatedness and their interactions by

updating the assessment of reciprocal and kin-discriminated allonursing by including all data

collected in 2012, i.e. all allonursing bouts lasting > 5 s rather than only the data with exact

known duration, and by adding a 2nd year of data, i.e. data collected in 2013. This allowed us

to further our understanding of the evolved, mechanistic decision rules responsible for recip-

rocal allonursing.

All mothers were habituated to human presence. Observations were conducted inside the

paddock at a distance ranging from 5 to 50 meters from animals by 3 trained observers in 2012

and 1 trained observer in 2013. Binoculars were used to reliably record observations of solicita-

tions, agonistic interactions, and identify individuals. Observations of nursing and allonursing

solicitations were collected on data collection sheets using behaviour sampling with continu-

ous recording [127]. For each solicitation, the occurrence of nursing and allonursing and the

identity of the mother and offspring were recorded. A solicitation was scored as an attempt

when an offspring brought its muzzle within a head from a mother’s udder, and the mother

did not allow the offspring to be nursed (e.g. walking away, kicking, head threat, chasing). A

solicitation was scored as a rejection when the offspring suckled for less than 5 seconds [124],

and the termination was due to the mother not allowing the offspring to be nursed any longer.

PLOS ONE Direct reciprocity and generalized reciprocity decision rules and allonursing in reindeer

PLOS ONE | https://doi.org/10.1371/journal.pone.0295497 December 14, 2023 6 / 30

https://doi.org/10.1371/journal.pone.0295497


A solicitation was scored as successful (i.e. a bout) when an offspring suckled for 5 seconds or

more and ended when the offspring no longer grasped the mother’s udder. We selected a 5 sec-

onds cut-off based on previous nursing and allonursing research with reindeer [122,128], and

a 5 seconds cut-off has also been selected to study nursing and allonursing in red deer, Cervus
elaphus [16,129], fallow deer, Dama dama [130], cows, Bos taurus [124], bactrian camels

(Camelus bactrianus) [125], zebras, Equus greyvi [131], bighorn sheep, Ovis canadensis [132].

Four behaviour sampling sessions of agonistic interactions of one hour each, using continu-

ous recording, were conducted daily in 2012 [127]. Throughout each observation day in both

2012 and 2013, agonistic interactions were opportunistically scored using ad libitum sampling

and continuous recording methods. An agonistic interaction was recorded as resolved when

an individual showed a submissive behaviour (“lose”), and the other did not (“win”). Unre-

solved agonistic interactions were recorded as unresolved when neither animal showed a sub-

missive behaviour. The agonistic interactions scored were displacement, head threat, push,

chase, kick, boxing, and other interactions [133,134], and their associated submissive behav-

iours were scored as ‘flee’ or ‘walk away’ if submission occurred. The rank of female reindeer is

fairly stable throughout the year [135], except for a very short time immediately following the

shedding of antlers [134–136].

We collected blood samples from all individuals and analyzed for 16 DNA microsattelite

loci as part of an on-going progeny testing within this experimental herd [137]. We assessed

parenthood assignments with the simulation program software CERVUS 3.0 [138], which is

based on likelihood ratios between candidate parents. We found all microsatellites within the

herd to be in Hardy Weinberg equilibrium and detected no mismatches in the assigned

mother-offspring combinations. The DNA analyses supported all mother-offspring assign-

ments from field observations. We used the program GenAlEx v 6.4 [139] to generate meth-

ods-of-moments estimators of pairwise genetic relatedness, LRM [140]. In 2013, we selected

groups at the extremes of pairwise genetic relatedness, and we selected one group of eight

mothers to be closely, genetically related and the other group of eight mothers to be distantly,

genetically related [97]. In 2013, we selected study animals for both groups with similar birth

masses, age of offspring, age of mothers and the numbers of male and female offspring [97].

The LRM estimates of pairwise genetic relatedness were calculated for the 3 groups (2012:

mean ± SE = -0.009 ± 0.003, 95% CI = -0.016–0.002, range = -0.144–0.239; 2013 closely-

related: mean ± SE = 0.024 ± 0.011, 95% CI = 0.00059–0.047, range = -0.072–0.152; 2013 dis-

tantly-related: mean ± SE = -0.023 ± 0.007, 95% CI = -0.038 –-0.009, range = -0.071–0.062).

Statistical analyses

There were 3 observers in 2012 and 1 observer in 2013. Inter-observer reliability was assessed

in 2012 between the pairs of observers using Pearson correlation coefficients for the duration

of allonursing, and the index of concordance for the identities of mothers and offspring allo-

nursing [127].

Observations of successful allonursing across bouts were summed within dyads for the

closely and distantly, genetically related groups. To assess dyadic reciprocity, we used the reci-

procity index presented by Mitani [141], which has been used to assess dyadic reciprocity for

allogrooming [141,142] and for allonursing [106], to create the reciprocal allonursing fre-

quency index (RAFI).

RAFI ¼ 1 � j
aAB

aAþ aB
�

aBA
aAþ aB

j ð1Þ

Where aAB is the amount of allonursing that individual A gave to individual B’s offspring,
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aBA is the amount of allonursing that individual B gave to individual A’s offspring, and aA
+ aB is the total amount of allonursing between the two individuals. The reciprocity index

quantifies the degree to which members of a dyad match one another’s exchange of allonursing

bouts. The reciprocal indexes range from 0 (no reciprocation and unidirectional, i.e. allonur-

sing performed by only one individual) to 1 (complete reciprocation). Index values equal to or

above 0.5 were interpreted as a tendency towards reciprocity; values below 0.5 were interpreted

as a tendency towards unidirectionality; values of 0.8 or above were interpreted as strong reci-

procity [106,142].

We recorded 4471 resolved, i.e. a winner and a loser were identified, agonistic interactions

between mothers in 2012 [106]. We recorded 517 resolved agonistic interactions between

mothers in the closely related group and 627 agonistic interactions between mothers in the dis-

tantly-related group in 2013 [97]. We generated a dominance hierarchy for reindeer mothers

in each group using observations of agonistic interactions with a winner and loser identified.

We reported the Landau linearity index [143]. The dominance hierarchy in the closely-related

group tended to be linear, with a Landau linearity index of 0.857 [97]. The dominance hierar-

chy in the distantly-related group was linear, with a Landau linearity index of 0.988 [97]. In

2012, the dominance hierarchy tended to be linear, with a Landau’s index of linearity of 0.785

[106]. Ranks were given values ranging 1 to 25 in 2012 and ranging 1 to 8 in both groups in

2013, with the largest number representing the most dominant mother and 1 representing the

least dominant mother. Female primates exchange allogrooming for itself and for rank-related

benefits, and they allogroom reciprocally [62,144–146]. We included absolute rank difference

in the statistical models for the direct reciprocity and kin discrimination decision rules to

assess if reindeer mothers allonurse for rank-related benefits.

To assess differences in the age of offspring between groups, we ran a generalized linear

mixed model with a Poisson distribution with age of the offspring on May 30th in either 2012

or 2013 as the response and group as the fixed effect. Year was a random intercept effect. Post

hoc Tukey comparisons were performed for multiple comparisons (i.e. distantly-related vs

closely-related groups), and we corrected the alpha to 0.025 to account for multiple testing.

Following a recommendation by Kline [147], all continuous variables were standardized to

z-scores to detect outliers with absolute z-score values greater than 3.3, and we used the scale

function to calculate the z-scores. If individuals with outlier scores or influential scores were

not from the same population as the rest of the individuals, then it may have been best to

remove that case from the sample [147]. We assessed for influential values with dfbetas and

Cook’s d. The cutoff values for dfbetas and Cook’s were based on 2/
p

N and 4/N, respectively,

with N representing the number of mothers (2012: N = 25; both groups in 2013: N = 8). The

cutoff values for dfbetas were 0.40 in the 2012 group and 0.71 in both of the 2013 groups, and

the cutoff values for Cook’s d were 0.16 in the 2012 group and 0.50 in both of the 2013 groups.

The individuals did belong to the population, and it was not best to remove these individuals

or values from the sample. The influential values were real data points from the study popula-

tion, so we kept them to avoid generating biased results due to selective removal of outliers

[147–149].

To assess the predictions for the direct reciprocity decision rule (prediction 1), the kin dis-

crimination decision rule (prediction 3) and the interaction between the direct reciprocity and

kin discrimination decision rules (prediction 6), we ran one generalized linear mixed model

for each group with a Poisson distribution with the number of help given as a response vari-

able, and the interaction between the number of help received and the pairwise genetic related-

ness, the absolute rank difference, the offspring birth mass difference, the similarity in

offspring sex (categorical variable with 2 levels: same sexes = 1, different sexes = 0) as fixed

effects. The offspring birth mass difference and the similarity in offspring sex were control
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variables. The individual identities of both mothers in each dyad were used as random effects.

If the interaction term between the number of help and pairwise genetic relatedness was not

significant (i.e. there was no interaction between the direct reciprocity and kin discrimination

decision rules; prediction 6), we removed the interaction term to estimate the main effect of

the number of received help to test the prediction for the direct reciprocity decision rule (pre-

diction 1) and the main effect of pairwise genetic relatedness to test the prediction for the kin

discrimination decision rule (prediction 3). If the interaction term was not significant, we

could use the conditional main effects to assess the predictions for the direct reciprocity deci-

sion rule (prediction 1) and the kin discrimination decision rule (prediction 3). To further

assess the relationship between help received and help given, a generalized linear mixed model

with a Poisson distribution with the same fixed and random effects was conducted with dyads

with a tendency to reciprocate, i.e. 95 dyads with RAFI values equal or greater than 0.50, in the

2012 group with the main effects for the number of help received and for pairwise genetic

relatedness. The residuals were not overdispersed in most models, except for the 2013 dis-

tantly-related group with the main effects for the number of help received and for pairwise

genetic relatedness. To account for overdispersion, a generalized linear mixed model with a

negative binomial distribution and the same fixed and random effects was conducted, and the

residuals were not overdispersed. We tested for multicollinearity using the “vif” function from

the car package. Variation inflation factor values of� 5.00 are interpreted as evidence of multi-

collinearity [150]. There was no multicollinearity in the models, except for the statistical model

for the 2013 distantly-related group with the interaction term between the number of help

received and pairwise genetic relatedness (the interaction and the conditional main effect of

the number of help received both had variation inflation factor values> 130). By removing the

interaction term in this model, there was no multicollinearity. In the 2012 group, there were 4

outliers for the number of help received, and 2 outliers for pairwise genetic relatedness. In the

closely-related group in 2013, there was 1 outlier for the number of help received. In the dis-

tantly-related group in 2013, there was 1 outlier for the number of help received. There were 3,

1, 0, 3, 1, 4 influential values in the models for the 2012 group with the interaction, for the

2012 group with the main effects for the number of help received and pairwise genetic related-

ness, for the 2012 group’s dyads with a tendency to reciprocate (RAFI� 0.50) with the main

effects for the number of help received and pairwise genetic relatedness, for the 2013 closely-

related group with the interaction, for the 2013 closely-related group with the main effects for

the number of help received and pairwise genetic relatedness, for the 2013 distantly-related

with the main effects for the number of help received and pairwise genetic relatedness, respec-

tively. Model results with the corrected outlier values were similar to the model results with

the outliers, so we reported the model results with the outliers. We reported incidence rate

ratios, their 95% confidence intervals and conditional R2.

To further assess the predictions for the direct reciprocity decision rule (prediction 2), the

kin discrimination decision rule (prediction 4) and the interaction between the direct reci-

procity and the kin discrimination decision rules (prediction 7), we ran separate generalized

linear mixed models per study group with a binomial distribution with successful (1) and

unsuccessful (0) allonursing attempts as a response variable, and RAFI, pairwise genetic relat-

edness, offspring sex (categorical variable: male vs female), and absolute rank difference as

fixed effects. The response variable of the likelihood of allonursing model equals 0 when an

attempt is unsuccessful, i.e. the lactating female did not allonurse the offspring of another

mother, and equals 1 when an attempt is successful, i.e. the lactating female did allonurse the

offspring of another mother. The number of help received and the number of help given by

mothers accounts for successful allonursing bouts received and given by mothers without

accounting for the allonursing rejections by mothers, i.e. unsuccessful allonursing attempts,
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however the likelihood of allonursing model accounts for both the successful and unsuccessful

allonursing attempts. We assessed whether more reciprocal dyads of mothers may be more

likely to allonurse, i.e. the odds of a successful allonursing attempt may be greater than the

odds of an unsuccessful allonursing attempt for more reciprocal dyads. In the 2012 data, there

were 11 outliers for pairwise genetic relatedness with an absolute z-score values greater than

3.3. The outliers were real data points, so we kept them. There were no outliers in the 2013

data. To assess the impact of these outliers, we changed them to the highest value below an

absolute z-score of 3.3, and we ran the model with these corrected outlier values. Model results

with the corrected outlier values were similar to the model results with the outliers, so we

reported the model results with the outliers. There was no multicollinearity. For each model,

when the interaction between pairwise genetic relatedness and RAFI was not significant, the

interaction was removed from the model to assess the main effects of RAFI and pairwise

genetic relatedness to test predictions 2 and 4. The individual identities of both individuals in

each dyad were used as random intercept effects. For the 2013 groups, the random intercept

effects explain zero variance. When this occurs, the glmer function with binomial distribution

returns the results of the glm function with a binomial distribution.

Two internal meta-analyses were performed to assess the direct reciprocity decision rule

among the three groups of reindeer mothers with the inverse variance method of pooling to

assess the pooled effect size with fixed effects models based on the between-study heterogene-

ity. The effect sizes were the incidence rate ratio and the odds ratio, and both effect sizes were

derived from the generalized linear mixed models. The estimates of the effect sizes were com-

parable among groups, since they were generated from generalized linear mixed models with

the same distributions, and fixed and random effects.

To further assess the prediction for the kin discrimination decision rule (prediction 5), we

ran separate generalized linear mixed models per study group with either a Poisson distribu-

tion or a negative binomial distribution, if the residuals were overdispersed, with the direct

reciprocity index, RAFI, as the response variable. The values of RAFI were multiplied by 100

and rounded to the nearest integer. The fixed effects were the pairwise genetic relatedness, the

absolute rank difference of mothers, the difference in offspring birth mass, and the absolute

difference in the age of mothers. The individual identities of both individuals in each dyad

were used as random intercept effects. In the 2012 data, there were 2 outliers for pairwise

genetic relatedness with an absolute z-score values greater than 3.3. There were no outliers in

the 2013 data. All values were real data points from the population, so we kept them. To assess

the impact of these outliers, we changed them to the highest value below an absolute z-score of

3.3, and we ran the model with these corrected outlier values. Model results with the corrected

outlier values were similar to the model results with the outliers, so we reported the model

results with the outliers. There was multicollinearity in the 2013 models and variables were

removed.

To assess the prediction for the generalized reciprocity decision rule (prediction 8), we

assessed if receiving help in general increased subsequent help given, and we ran a general lin-

ear model with a Poisson distribution with the overall number of help given by each reindeer

mother as a response variable, and the overall number of help received by each reindeer

mother as an independent variable. To account for the different number of observation days

between years, an offset for the number of observation days was included. There were 2 ran-

dom intercept effects: the identity of mothers receiving and giving help and year. There were

two influential values and one outlier. The generalized reciprocity decision rule states help

anyone if helped by someone. The cognitive demands for generalized reciprocity only require

the ability to remember whether or not one received help without having to identify or

remember the partner(s) [20,21]. The identity of the individual from whom one received or
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did not receive help is not relevant and so is the identity of future partners. To compare the

latency to give help to anyone after having receiving help (prediction 9), we calculated the

observed latencies to give help to anyone after having received help. When the time at the

end of a received help was not recorded, we added the mean duration of allonursing bouts,

i.e. 15 s, to the time at the start of receiving help. This decision has no significant effect on

the latencies to give help to anyone after having received help, since reindeer mothers i) did

not simultaneously help each other, ii) rarely helped each other within the same day, and

the latencies between help received and help given typically span multiple days. It is not pos-

sible to assign each allonursing bout given after having received help as direct reciprocity or

generalized, so we calculated the latencies to give help after receiving help according to both

direct reciprocity and generalized reciprocity. To compare direct reciprocity and general-

ized reciprocity, we ran a generalized linear mixed model with a Gaussian distribution with

the latency to give help after receiving help in days as a response variable. The comparison

between the direct reciprocity and generalized reciprocity decision rules as levels of a cate-

gorical variable, the age of mothers and offspring sex (M vs F), and pairwise genetic related-

ness were the fixed effects. There were two random intercept effects, i.e. the identity of

mothers receiving help and giving help in return and year. The latency to give help after

receiving help in days was log-transformed, so the model residuals were normally distrib-

uted. For all models, coefficients are reported with standard errors (SE), and an alpha of

0.05 was adopted. We used the “lme4” [151], “MASS” [152], “lmerTest” [153], “ggplot2”

[154], “effects” [155,156], “tidyverse” [157], “gridExtra” [158], “multcomp” [159], “MuMIn”

[160], “performance” [161], “car” [156] and “extrafont” [162] R packages in Rstudio [163]

with R version 4.2.2 [164].

Results

The Pearson correlation coefficients for the duration of allonursing between the 3 pairs of

observers were 0.997 (N = 418), 0.969 (N = 217), and 0.999 (N = 45). The identities of mothers

and offspring allonursing were reliably measured between the 3 pairs of observers (indexes of

concordance = 1.0). The number of nursing bouts per mother was 207.04 ± 7.95 (95% CI:

191.46–222.62) in the 2012 group, 49.25 ± 2.48 (95% CI: 44.39–54.11) in the closely-related

group and 59.38 ± 7.89 (95% CI: 43.91–74.84) in the distantly-related group in 2013. The num-

ber of allonursing bouts per mother was 55.32 ± 4.02 (95% CI: 47.44–63.20) in the 2012 group,

14.13 ± 3.15 (95% CI: 7.95–20.30) in the closely-related group and 6.00 ± 2.12 (95% CI: 1.84–

10.16) in the distantly-related group in 2013. In 2012, the mean duration of nursing bouts was

2.71 times longer than that for allonursing bouts (nursing bouts: 40.23 ± 0.63 s, 95%

CI = 39.00–41.46 s, N = 3396 nursing bouts; allonursing bouts: 14.85 ± 0.29 s, 95% CI = 14.29–

15.42 s, N = 1022 allonursing bouts). In 2013, the mean duration of allonursing bouts was

16.82 ± 0.74 s (95% CI = 15.37–18.27 s, N = 89 allonursing bouts).

The age of offspring on May 30th in the 3 groups was calculated (2012:

mean ± SE = 22.08 ± 0.47, 95% CI = 21.11–23.05; 2013 closely-related:

mean ± SE = 15.63 ± 0.86, 95% CI = 13.58–17.67; 2013 distantly-related:

mean ± SE = 15.38 ± 1.84, 95% CI = 11.02–19.73). The offspring in the closely-related group

were younger on May 30th 2013 than the offspring on May 30th 2012 (β ± SE: -0.35 ± 0.10,

P< 0.001), and the offspring in the distantly-related group were younger on May 30th 2013

than the offspring on May 30th 2012 (β ± SE: -0.36 ± 0.10, P< 0.001). There was no difference

in the age of offspring in the closely- and distantly-related groups on May 30th 2013 (Post-hoc

Tukey distantly-related vs closely-related: Estimate ± SE: -0.02 ± 0.13, P = 0.99).
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Decision rules of direct reciprocity, kin discrimination and their

interaction for the 2012 group

The interaction between the number of help received and pairwise genetic relatedness did not

significantly affect the number of help given (β ± SE: 0.29 ± 0.22, P = 0.17, IRR (95% CI): 1.34

(0.88–2.06)) in the 2012 group. The conditional main effect for the number of received help

when pairwise genetic relatedness was equal to 0 significantly influenced the number of help

given (β ± SE: 0.04 ± 0.02, P = 0.017, IRR (95% CI): 1.05 (1.01–1.08)). The conditional main

effect for the pairwise genetic relatedness when the number of received help was equal to 0 did

not significantly influence the number of help given (β ± SE: -0.17 ± 0.74, P = 0.82, IRR (95%

CI): 0.85 (0.19–3.60)). Absolute rank difference (β ± SE: -0.0008 ± 0.0063, P = 0.90, IRR (95%

CI): 1.00 (0.99–1.01)), similarity in offspring sex (β ± SE: 0.10 ± 0.07, P = 0.13, IRR (95% CI):

1.10 (0.97–1.26)), and offspring birth mass difference (β ± SE: -0.11 ± 0.08, P = 0.19, IRR (95%

CI): 0.90 (0.76–1.06)) did not significantly influence the number of help given. The intercept

was significant (β ± SE: 0.91 ± 0.15, P< 0.001). The random intercept effect for the first

mother in a dyad explained 0.06 (SD = 0.24) of the variance, and the random intercept effect

for the other mother in a dyad explained 0.25 (SD = 0.50) of the variance. The model’s condi-

tional R2 was equal to 0.52.

The number of help given increased as the number of help received increased (main effect:

β ± SE: 0.05 ± 0.02, P = 0.0096, IRR (95% CI): 1.05 (1.01–1.09), Fig 1A) in the 2012 group. For

a one unit increase in the number of help received, the number help given is expected to

increase by a factor of 1.05 (95% CI for IRR: 1.01–1.09). If a mother received help 1, 10 or 15

times, the mother is expected to give help 2.61, 4.10 and 5.26 times, respectively. The number

of help given was not significantly influenced by the pairwise genetic relatedness (main effect:

β ± SE: 0.39 ± 0.61, P = 0.52, IRR (95% CI): 1.48 (0.44–4.89), Fig 1B). Absolute rank difference

(β ± SE: -0.002 ± 0.006, P = 0.76, IRR (95% CI): 1.00 (0.99–1.01)), similarity in offspring sex (β
± SE: 0.10 ± 0.07, P = 0.13, IRR (95% CI): 1.10 (0.97–1.26)), and offspring birth mass difference

(β ± SE: -0.10 ± 0.08, P = 0.24, IRR (95% CI): 0.91 (0.77–1.08)) did not significantly influence

the number of help given. The intercept was significant (β ± SE: 0.91 ± 0.15, P< 0.001). The

random intercept effect for the first mother in a dyad explained 0.06 (SD = 0.24) of the vari-

ance, and the random intercept effect for the other mother in a dyad explained 0.26

(SD = 0.51) of the variance. The model’s conditional R2 was equal to 0.52.

Fig 1. Help given and (A) the direct reciprocity and (B) the kin discrimination decision rules for all dyads and (C) the

direct reciprocity decision rule for dyads with a tendency to reciprocate. Given allonursing bouts and received

allonursing bouts represent the number of allonursing bouts given and the number of allonursing bouts received in the

2012 group. A and B) All dyads, i.e. RAFI ranging from 0.00 to 1.00. C) Only the dyads with a tendency to reciprocate,

i.e. RAFI ranging from 0.50 to 1.00. The predicted effects (black line) are plotted with 95% confidence intervals (grey

areas). The black dots represent the raw data of food donations. NS> 0.05; **P< 0.01; ***P< 0.001.

https://doi.org/10.1371/journal.pone.0295497.g001
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For the 95 dyads with a tendency to reciprocate (RAFI� 0.50) in the 2012 group, the num-

ber of help given increased as the number of help received increased (main effect: β ± SE:

0.09 ± 0.02, P< 0.001, IRR (95% CI): 1.10 (1.05–1.15), Fig 1C). For a one unit increase in the

number of help received, the number help given is expected to increase by a factor of 1.10

(95% CI for IRR: 1.05–1.15). If a mother received help 1, 10 or 15 times, the mother is expected

to give help 2.48, 5.58 and 8.76 times, respectively. The number of help given was not signifi-

cantly influenced by the pairwise genetic relatedness (main effect: β ± SE: 1.45 ± 1.03, P = 0.16,

IRR (95% CI): 4.28 (0.54–32.24)). Absolute rank difference (β ± SE: 0.008 ± 0.009, P = 0.37,

IRR (95% CI): 1.01 (0.99–1.03)), similarity in offspring sex (β ± SE: 0.16 ± 0.11, P = 0.13, IRR

(95% CI): 1.18 (0.95–1.46)), and offspring birth mass difference (β ± SE: -0.13 ± 0.07, P = 0.08,

IRR (95% CI): 0.88 (0.76–1.02)) did not significantly influence the number of help given. The

intercept was significant (β ± SE: 0.82 ± 0.16, P< 0.001). The random intercept effect for the

first mother in a dyad explained 3.97e-10 (SD = 1.99e-5) of the variance, and the random inter-

cept effect for the other mother in a dyad explained 0.08 (SD = 0.29) of the variance. The mod-

el’s conditional R2 was equal to 0.38.

The interaction between RAFI and pairwise genetic relatedness did not significantly affect

the likelihood to allonurse (β ± SE: 0.56 ± 2.21, P = 0.80, OR (95% CI): 1.75 (0.02–133.17)) in

the 2012 group. The conditional main effect for RAFI when pairwise genetic relatedness was

equal to 0 significantly influenced the likelihood to allonurse (β ± SE: 0.72 ± 0.15, P< 0.001,

OR (95% CI): 2.05 (1.53–2.76)). The conditional main effect for the pairwise genetic related-

ness when RAFI was equal to 0 did not significantly influence the number of help given (β ±
SE: 0.02 ± 1.20, P = 0.99, OR (95% CI): 1.02 (0.10–10.72)). Sex of the offspring being allonur-

sursed (M vs F: β ± SE: -0.23 ± 0.17, P = 0.18, OR (95% CI): 0.79 (0.57–1.11)), absolute rank

difference (β ± SE: 0.003 ± 0.008, P = 0.67, OR (95% CI): 1.00 (0.99–1.02)), and offspring birth

mass difference (β ± SE: -0.14 ± 0.08, P = 0.09, OR (95% CI): 0.87 (0.74–1.02)) did not signifi-

cantly influence the likelihood to allonurse. The intercept was not significant (β ± SE:

0.08 ± 0.16, P = 0.62). The random intercept effect for the allonursing mother in a dyad

explained 0.05 (SD = 0.22) of the variance, and the random intercept effect for the mother of

the offspring being allonursed in a dyad explained 0.09 (SD = 0.30) of the variance. The mod-

el’s conditional R2 was equal to 0.07.

The likelihood of allonursing increased as RAFI increased (main effect: β ± SE: 0.71 ± 0.15,

P< 0.001, OR (95% CI): 2.03 (1.52–2.73), Fig 2A) in the 2012 group. The likelihood of allonur-

sing was not significantly affected by the pairwise genetic relatedness (main effect: β ± SE:

Fig 2. The likelihood of allonursing and the (A) direct reciprocity and (B) kin discrimination decision rules. RAFI

represents the reciprocal allonursing frequency index values. The predicted effects (black line) are plotted with 95%

confidence intervals (grey areas). The black dots represent the raw data of food donations. NS> 0.05, ***P< 0.001.

https://doi.org/10.1371/journal.pone.0295497.g002
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0.24 ± 0.81, P = 0.77, OR (95% CI): 1.27 (0.26–6.22), Fig 2B). Sex of the offspring being allo-

nursursed (M vs F: β ± SE: -0.23 ± 0.17, P = 0.18, OR (95% CI): 0.79 (0.57–1.11)), absolute

rank difference (β ± SE: 0.003 ± 0.008, P = 0.66, OR (95% CI): 1.00 (0.99–1.02)) and offspring

birth mass difference z-scored (β ± SE: -0.14 ± 0.08, P = 0.08, OR (95% CI): 0.87 (0.74–1.02))

did not significantly influence the likelihood of allonursing. The intercept was not significant

(β ± SE: 0.08 ± 0.16, P = 0.61). The random intercept effect for the allonursing mother in a

dyad explained 0.05 (SD = 0.22) of the variance, and the random intercept effect for the

mother of the offspring being allonursed in a dyad explained 0.09 (SD = 0.30) of the variance.

The model’s conditional R2 was equal to 0.07.

The pairwise genetic relatedness (main effect: β ± SE: -0.81 ± 2.88, P = 0.78, IRR (95% CI):

0.44 (1.58e-3–133.81)), the absolute rank difference (β ± SE: 0.02 ± 0.03, P = 0.47, IRR (95%

CI): 1.02 (0.97–1.07)), offspring birth mass difference (β ± SE: 0.02 ± 0.21, P = 0.92, IRR (95%

CI): 1.02 (0.67–1.52)), and the absolute age difference of mothers (β ± SE: 0.02 ± 0.07, P = 0.77,

IRR (95% CI): 1.02 (0.89–1.17)) did not significantly influence RAFI in the 2012 group. The

intercept was significant (β ± SE: 2.22 ± 0.64, P< 0.001). The random intercept effect for the

first mother in a dyad explained 6.50 (SD = 2.55) of the variance, and the random intercept

effect for the other mother in a dyad explained 0.00 (SD = 0.00) of the variance. The model’s

conditional R2 was equal to 0.62.

Decision rules of direct reciprocity, kin discrimination and their

interaction for the 2013 closely-related group

The number of help given in the 2013 closely-related group was not significantly influenced by

the interaction between the number of help received and pairwise genetic relatedness (β ± SE:

0.72 ± 1.22, P = 0.56, IRR (95% CI): 2.05 (0.16–42.19)), the conditional main effect for the

number of received help when pairwise genetic relatedness was equal to 0 (β ± SE: -0.06 ± 0.07,

P = 0.41, IRR (95% CI): 0.94 (0.82–1.11)), the conditional main effect for the pairwise genetic

relatedness when the number of received help was equal to 0 (β ± SE: -4.77 ± 4.10, P = 0.25,

IRR (95% CI): 8.51e-3 (4.07e-7–23.41)), absolute rank difference (β ± SE: 0.07 ± 0.10, P = 0.51,

IRR (95% CI): 1.07 (0.87–1.31)), similarity in offspring sex (β ± SE: 0.46 ± 0.28, P = 0.10, IRR

(95% CI): 1.58 (0.84–2.75)), and offspring birth mass difference (β ± SE: 0.41 ± 0.28, P = 0.14,

IRR (95% CI): 1.51 (0.78–2.66)). The intercept was not significant (β ± SE: 0.59 ± 0.37,

P = 0.11). The random intercept effect for the first mother in a dyad explained 1.36e-8

(SD = 0.0001) of the variance, and the random intercept effect for the other mother in a dyad

explained 0.23 (SD = 0.48) of the variance. The model’s conditional R2 was equal to 0.55.

The number of help given was not significantly influenced by the number of help received

(main effect: β ± SE: -0.05 ± 0.07, P = 0.49, IRR (95% CI): 0.96 (0.83–1.10)) in the 2013 closely-

related group. The number of help given was not significantly influenced by the pairwise

genetic relatedness (main effect: β ± SE: -3.43 ± 3.34, P = 0.30, IRR (95% CI): 0.03 (2.97e-5–

22.05)). Absolute rank difference (β ± SE: 0.04 ± 0.09, P = 0.66, IRR (95% CI): 1.04 (0.87–

1.24)), similarity in offspring sex (β ± SE: 0.44 ± 0.27, P = 0.11, IRR (95% CI): 1.55 (0.88–

2.69)), and offspring birth mass difference (β ± SE: 0.41 ± 0.27, P = 0.14, IRR (95% CI): 1.51

(0.86–2.62)) did not significantly influence the number of help given. The intercept was mar-

ginally significant (β ± SE: 0.65 ± 0.35, P = 0.06). The random intercept effect for the first

mother in a dyad explained 1.10e-9 (SD = 3.31e-5) of the variance, and the random intercept

effect for the other mother in a dyad explained 0.24 (SD = 0.49) of the variance. The model’s

conditional R2 was equal to 0.54. There were 9 dyads with a tendency to reciprocate, i.e.

RAFI� 0.50.
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The interaction between RAFI and pairwise genetic relatedness did not significantly affect

the likelihood to allonurse (β ± SE: -1.05 ± 7.63, P = 0.89, OR (95% CI): 0.35 (1.11e-7–1.10e6)

in the 2013 closely-related group. The conditional main effect for RAFI when pairwise genetic

relatedness was equal to 0 did not significantly influence the likelihood to allonurse (β ± SE:

-0.34 ± 0.46, P = 0.46, OR (95% CI): 0.71 (0.29–1.75)). The conditional main effect for the pair-

wise genetic relatedness when RAFI was equal to 0 did not significantly influence the number

of help given (β ± SE: -0.45 ± 4.66, P = 0.92, OR (95% CI): 0.64 (6.88e-5–5.91e4)). Sex of the

offspring being allonursursed (M vs F: β ± SE: 0.53 ± 0.32, P = 0.10, OR (95% CI): 1.70 (0.91–

3.18)), absolute rank difference (β ± SE: 0.09 ± 0.10, P = 0.36, OR (95% CI): 1.09 (0.90–1.33)),

and offspring birth mass difference (β ± SE: -0.31 ± 0.20, P = 0.12, OR (95% CI): 0.73 (0.50–

1.09)) did not significantly influence the likelihood to allonurse. The intercept was not signifi-

cant (β ± SE: 0.11 ± 0.41, P = 0.78). The random intercept effect for the allonursing mother in

a dyad explained 0.00 (SD = 0.00) of the variance, and the random intercept effect for the

mother of the offspring being allonursed in a dyad explained 0.00 (SD = 0.00) of the variance.

The model’s conditional R2 was equal to 0.08.

The likelihood of allonursing was not significantly influenced by RAFI (main effect: β ± SE:

-0.36 ± 0.44, P = 0.41, OR (95% CI): 0.70 (0.29–1.65), Fig 2A) in the 2013 closely-related

group. The likelihood of allonursing was not significantly affected by the pairwise genetic relat-

edness (main effect: β ± SE: -0.98 ± 2.71, P = 0.72, OR (95% CI): 0.38 (0.002–76.07), Fig 2B).

Offspring sex (M vs F: β ± SE: 0.53 ± 0.32, P = 0.10, OR (95% CI): 1.70 (0.91–3.18)), absolute

rank difference (β ± SE: 0.09 ± 0.10, P = 0.35, OR (95% CI): 1.09 (0.90–1.33)) and offspring

birth mass difference z-scored (β ± SE: 0.31 ± 0.19, P = 0.09, OR (95% CI): 0.73 (0.51–1.06))

did not significantly influence the likelihood of allonursing. The intercept was not significant

(β ± SE: 0.12 ± 0.40, P = 0.76). The random intercept effect for the allonursing mother in a

dyad explained 0.00 (SD = 0.00) of the variance, and the random intercept effect for the

mother of the offspring being allonursed in a dyad explained 0.00 (SD = 0.00) of the variance.

The model’s conditional R2 was equal to 0.08.

RAFI was not significantly influenced by the pairwise genetic relatedness (main effect: β ±
SE: -5.43 ± 12.80, P = 0.67, IRR (95% CI): 0.004 (5.63e-14–3.43e+8)) in the 2013 closely-related

group. RAFI decreased as the absolute age difference of mothers increased (β ± SE:

-0.75 ± 0.37, P = 0.045, IRR (95% CI): 0.47 (0.23–0.98)). RAFI marginally decreased as off-

spring birth mass difference increased (β ± SE: -2.37 ± 1.31, P = 0.07, IRR (95% CI): 0.09

(0.007–1.22)). The intercept was marginally significant (β ± SE: 3.42 ± 1.77, P = 0.053). The

random intercept effect for the first mother in a dyad explained 14.71 (SD = 3.84) of the vari-

ance, and the random intercept effect for the other mother in a dyad explained 0 (SD = 0) of

the variance. The model’s conditional R2 was equal to 0.92.

Decision rules of direct reciprocity, kin discrimination and their

interaction for the 2013 distantly-related group

The number of help given was not significantly influenced by the number of help received

(main effect: β ± SE: 0.11 ± 0.09, P = 0.23, IRR (95% CI): 1.12 (0.92–1.34) in the 2013 distantly-

related group. The number of help given was not significantly influenced by the pairwise

genetic relatedness (main effect: β ± SE: 17.32 ± 11.12, P = 0.12, IRR (95% CI): 3.32e+7 (0.03–

4.09e+17)). Absolute rank difference (β ± SE: 0.05 ± 0.13, P = 0.68, IRR (95% CI): 1.06 (0.82–

1.40)), similarity in offspring sex (β ± SE: 0.41 ± 0.42, P = 0.33, IRR (95% CI): 1.51 (0.64–

3.52)), and offspring birth mass difference (β ± SE: -0.25 ± 0.19, P = 0.18, IRR (95% CI): 0.78

(0.52–1.11)) did not significantly influence the number of help given. The intercept was not

significant (β ± SE: 0.77 ± 0.61, P = 0.21). The random intercept effect for the first mother in a
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dyad explained 1.00e-14 (SD = 1.00e-7) of the variance, and the random intercept effect for the

other mother in a dyad explained 9.14e-16 (SD = 3.02e-8) of the variance. The model’s condi-

tional R2 was equal to 0.25. There were 4 dyads with a tendency to reciprocate, i.e.

RAFI� 0.50.

The interaction between RAFI and pairwise genetic relatedness did not significantly affect

the likelihood to allonurse (β ± SE: -0.60 ± 30.52, P = 0.98, OR (95% CI): 0.55 (5.76e-27–

5.23e25)) in the 2013 distantly-related group. The conditional main effect for RAFI when pair-

wise genetic relatedness was equal to 0 did not significantly influence the likelihood to allo-

nurse (β ± SE: 0.46 ± 1.40, P = 0.74, OR (95% CI): 1.58 (0.10–24.63)). The conditional main

effect for the pairwise genetic relatedness when RAFI was equal to 0 did not significantly influ-

ence the number of help given (β ± SE: 0.01 ± 13.24, P = 1.00, OR (95% CI): 1.01 (5.42e-12–

1.88e11)). The likelihood to allonurse was greater for male offspring than for female offspring

(M vs F: β ± SE: 1.44 ± 0.46, P = 0.002, OR (95% CI): 4.22 (1.71–10.40)). Absolute rank differ-

ence (β ± SE: 0.10 ± 0.23, P = 0.66, OR (95% CI): 1.11 (0.70–1.73)), and offspring birth mass

difference (β ± SE: -0.12 ± 0.23, P = 0.59, OR (95% CI): 0.89 (0.57–1.39)) did not significantly

influence the likelihood to allonurse. The intercept was not significant (β ± SE: -1.36 ± 0.98,

P = 0.17). The random intercept effect for the allonursing mother in a dyad explained 0.00

(SD = 0.00) of the variance, and the random intercept effect for the mother of the offspring

being allonursed in a dyad explained 0.00 (SD = 0.00) of the variance. The model’s conditional

R2 was equal to 0.14.

The likelihood of allonursing was not significantly influenced by RAFI (main effect: β ± SE:

0.48 ± 0.83, P = 0.56, OR (95% CI): 1.62 (0.32–8.22), Fig 2A) in the 2013 distantly-related

group. The likelihood of allonursing was not significantly affected by the pairwise genetic relat-

edness (main effect: β ± SE: -0.13 ± 11.28, P = 0.99, OR (95% CI): 0.88 (2.20e-10–3.51e9), Fig

2B). The likelihood to allonurse was greater for male offspring than for female offspring (M vs

F: β ± SE: 1.44 ± 0.46, P = 0.002, OR (95% CI): 4.22 (1.71–10.40)). Absolute rank difference (β
± SE: 0.10 ± 0.23, P = 0.66, OR (95% CI): 1.11 (0.70–1.73)) and offspring birth mass difference

z-scored (β ± SE: -0.12 ± 0.22, P = 0.59, OR (95% CI): 0.89 (0.58–1.37)) did not significantly

influence the likelihood of allonursing. The intercept was not significant (β ± SE: -1.36 ± 0.95,

P = 0.15). The random intercept effect for the allonursing mother in a dyad explained 0.00

(SD = 0.00) of the variance, and the random intercept effect for the mother of the offspring

being allonursed in a dyad explained 0.00 (SD = 0.00) of the variance. The model’s conditional

R2 was equal to 0.14.

RAFI was not significantly influenced by pairwise genetic relatedness (main effect: β ± SE:

6.58 ± 47.82, P = 0.89, IRR (95% CI): 719.19 (1.41e-38–3.67e+43)) in the 2013 distantly-related

group. The absolute difference in the age of mothers (β ± SE: 1.13 ± 1.02, P = 0.27, IRR (95%

CI): 3.10 (0.42–22.89)) did not significantly influence RAFI. The intercept was marginally sig-

nificant (β ± SE: -12.43 ± 6.64, P = 0.06). The random intercept effect for the first mother in a

dyad explained 12.41 (SD = 3.52) of the variance, and the random intercept effect for the other

mother in a dyad explained 126.31 (SD = 11.24) of the variance. The model’s conditional R2

was equal to 1.00.

Meta-analyses for the direct reciprocity decision rule

For each additional help received by reindeer mothers, the rate of help given increased by 1.05

(fixed effects model for the incidence rate ratio: pooled effect size = 1.05 (95% CI: 1.01–1.08),

p< 0.001, N = 3 effect sizes), which supports the direct reciprocity decision rule for the

amount of help given and received. All effect sizes shared the same true effect size (Q = 2.00,

df = 2, p = 0.37; tau2 = 0.0001 (95% CI: 0.0000–0.2460); I2 = 0.1% (95% CI: 0.0%– 89.6%);
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H = 1.00 (95% CI: 1.00–3.10)). The effect size for the 2012 group accounted for 89.7% of the

weight for the pooled effect size for the incidence rate ratio, whereas the 2013 closely-related

and distantly-related groups accounted for 7.3% and 3.0%, respectively, of the weight for the

pooled effect size. The odds of allonursing bout increased as RAFI increased (fixed effects

model for OR: pooled effect size = 1.81 (95% CI: 1.38–2.39), p< 0.001, N = 3 effect sizes),

which supports the direct reciprocity decision rule for the likelihood of a successful allonursing

bout. All effect sizes shared the same true effect size (Q = 5.32, df = 2, p = 0.07; tau2 = 0.27

(95% CI: 0.00–12.36); I2 = 62.4% (95% CI: 0.0%– 89.3%); H = 1.63 (95% CI: 1.00–3.05)). The

effect size for the 2012 group accounted for 87.0% of the weight for the pooled effect size for

the OR, whereas the 2013 closely-related and distantly-related groups accounted for 10.1% and

2.8%, respectively, of the weight for the pooled effect size.

Generalized reciprocity decision rule and the comparison between

generalized reciprocity and direct reciprocity

The overall number of help given increased as the overall number of help received increased (β
± SE: 0.004 ± 0.002, P = 0.033, IRR (95% CI): 1.0038 (1.0004–1.0077)). The intercept was sig-

nificant (β ± SE: -0.78 ± 0.27, P< 0.001). The random intercept effect for the mother explained

0.29 (SD = 0.54) of the variance, and the random intercept effect for the year explained 0.12

(SD = 0.34) of the variance. The model’s conditional R2 was equal to 0.29. The latency to give

help after receiving help was shorter for generalized reciprocity than direct reciprocity by

18.31 days (mean ± SE latency for direct reciprocity: 19.42 ± 0.45 days (range: 1.00–64.09

days); mean ± SE latency for generalized reciprocity: 1.11 ± 0.04 days (range: 4.63e-5–16.31

days); model β ± SE: -3.68 ± 0.07, P< 0.001, Fig 3). As the age of the mother increased, the

latency to give help after receiving help decreased (β ± SE: -0.17 ± 0.07, P = 0.017). Sex of the

offspring (M vs F: β ± SE: 0.09 ± 0.14, P = 0.51) and pairwise genetic relatedness (β ± SE:

Fig 3. The latency to give help after receiving help according to generalized reciprocity and direct reciprocity. The

latencies are log-transformed days. The central dots and whiskers represent the predicted values and the 95%

confidence intervals. The black dots represent the raw data of food donations. ***P< 0.001.

https://doi.org/10.1371/journal.pone.0295497.g003
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0.13 ± 0.62, P = 0.83) did not significantly influence the latency to give help after receiving

help. The intercept was significant (β ± SE: 2.52 ± 0.25, P = 0.01). The random intercept effect

for the mothers explained 0.08 (SD = 0.29) of the variance, and the random intercept effect for

the groups explained 0.13 (SD = 0.36) of the variance. The model’s conditional R2 was equal to

0.56.

Discussion

The positive association between help received and help given in pairs of reindeer mothers

provided correlational evidence supporting the prediction for the direct reciprocity decision

rule (prediction 1: main effect of help received on help given) in the 2012 group but not in

both groups in 2013. These results were further supported by the positive association between

the dyadic index of reciprocity, RAFI, and likelihood of allonursing, since the odds of a suc-

cessful allonursing attempt were greater than the odds of an unsuccessful allonursing attempt

as RAFI increased in the 2012 group but not in the 2013 groups (prediction 2: main effect of

RAFI on the likelihood of allonursing). The results in the 2012 group provided further support

for the partial evidence suggesting that reindeer mothers reciprocated allonursing at the group

level, i.e. across bouts and dyads using matrix correlations [106]. A positive association

between help given and help received within dyads is a commonly accepted result for allo-

grooming by direct reciprocity in primates [62,142,165] and in Norway rats [166], for food

donations by direct reciprocity in Norway rats [61] and for food sharing by direct reciprocity

in vampire bats [57]. The results suggest that reindeer mothers cooperate with social partners

according to the evolved direct reciprocity decision rule (help someone who previously helped

you) in the 2012 group. The internal meta-analysis results further supported the direct reci-

procity decision rule among the three groups of reindeer mothers in 2012 and 2013, since 1)

the rate of help given increased as help received increased, and 2) the odds of allonursing

increased as RAFI increased among the 3 groups. The weight of the 2012 group for the pooled

effect sizes was� 87.0, which explains the significant internal meta-analysis results among the

three groups. The direct reciprocity decision rule is an evolved decision rule of cooperation

[20,21] that explains cooperation in various vertebrate taxa (mammals [28,29,56–62,64], birds

[20,21] and fishes [54,55]) and microorganisms [66,67].

The question of “why was there no correlational evidence of reindeer mothers in both 2013

groups cooperating with social partners according to the direct reciprocity decision rule?” is

unlikely to be explained by the cooperation mechanism of i) by-product mutualism [25,31–

34], which cannot be cheated, since allonursing can be cheated by offspring stealing milk

[7,108,167], and ii) enforcement [40,41], since neither the mothers nor the offspring coerced

the other to transfer milk from the mother to the offspring. Allonursing can be a product of

offspring stealing milk [6,7], and reindeer offspring do steal milk [108]. Thus, milk parasitism

as a form of cooperation by deception plays a role in this communal breeding social system.

Nonetheless, additional observation days were very likely required to assess the direct reciproc-

ity decision rule in 2013. The difference between years is the time period of observation, i.e. 65

observation days in 2012 versus 25 observation days in 2013. The latency to give help after

receiving help according to the direct reciprocity decision rule for allonursing reindeer moth-

ers is on average 19.42 ± 0.45 days, yet the observation period spans 25 observation days in

2013. Returning allonursing help received was not observed to occur simultaneously, within a

few minutes and within a day because i) lactation is the most energetically costly aspect of

mammalian biology [8,9], and ii) reindeer have smaller udders than most ungulates [121].

Relatedness did not positively associate with help given in the 3 groups, which provided

correlational evidence that did not support the prediction for the kin discrimination decision
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rule (prediction 3: main effect of relatedness on help given). Two additional results further val-

idated that reindeer mothers did not help each other by allonursing according to the kin dis-

crimination decision rule. Relatedness did not positively associate with the likelihood of

allonursing in the 3 groups, which provided correlational evidence that did not support the

second prediction for the kin discrimination decision rule (prediction 4: main effect of related-

ness on the likelihood of allonursing). The neutral associations between relatedness and RAFI

in the three groups did not support the third prediction for the kin discrimination decision

rule (prediction 5: main effect of relatedness on RAFI). These results suggest that reindeer

mothers did not cooperate according to the kin discrimination decision rule, i.e. preferentially

help kin. There are also neutral associations between relatedness and cooperation in correla-

tional studies of eusocial and cooperative breeding social systems [88–94]. A negative associa-

tion between relatedness and cooperation is supported by i) correlational studies of eusocial

and cooperative breeding social systems [85–87], ii) a comparative analysis of eusocial hyme-

noptera [78], experimental manipulations of relatedness [29,87,97,98], and a theoretical model

[99]. A larger range of relatedness is unlikely to positively associate with help given, the likeli-

hood of allonursing and RAFI, since reindeer mothers rarely associate with related individuals

during the calving season and during the rest of the year [135,168], except for mothers and

their yearling adult daughters during the mating season. Thus, indirect fitness benefits are

unlikely to be gained by cooperation in communally breeding reindeer.

We found no evidence to support the prediction for the effect of help received on help

given depending on relatedness (prediction 6). Furthermore, the effect of RAFI on the likeli-

hood of allonursing did not depend on relatedness (prediction 7). These results suggest that

reindeer mothers did not cooperate with social partners according to an interaction between

the direct reciprocity and kin discrimination decision rules. Cooperation in reindeer is better

explained by the direct reciprocity decision rule than the kin discrimination decision rule.

Direct reciprocity was relatively more important than relatedness in vampire bats [57] and in

non-human, female primates [102]. Male Norway rats gave more help to unrelated social part-

ners than to related social partners, and they gave more help to previously helpful social part-

ners than previously unhelpful partners [29]. There was no evidence for a kinship bias i) for

grooming in captive-born vampire bats forming new relationships, ii) for grooming rates in

new and symmetrical relationships, and iii) for the emergence of reciprocal food sharing [58].

An interaction between reciprocity and relatedness has yet to be reported in a study of allonur-

sing. A meta-analysis found that the incidence of allonursing was not associated with related-

ness in groups where females associate with kin [15]. Several studies reported that females that

allonurse associate with close kin allonurse the offspring of close kin [167,169–172], however

only a few studies reported that allonursing contributions varied with relatedness

[167,171,172]. Female dwarf mongooses breed communally with close relatives, and pregnant

dwarf mongoose subordinates and spontaneous lactators allonursed close relatives [171]. Lion

prides consist of closely related females, and the proportion of allonursing by lion mothers

increased as the probability that all females in a crèche were first order relatives [167]. Within-

group female relatedness in meerkats is high (0.41 ± 0.17), and the proportion of pregnant and

recently pregnant females allonursing increased as the relatedness to the litter mother

increased [172].

Receiving help from anyone increased help given to anyone, since there was a positive asso-

ciation between the overall number of help given and the overall number of help received by

reindeer mothers increased. This result provided correlational evidence supporting the predic-

tion for the generalized reciprocity decision rule (prediction 8), however the effect size was

small. The latency to give help after receiving help according to the generalized reciprocity

decision rule (help anyone after receiving help) is on average 1.11 ± 0.04 days. The latency to
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give help after receiving help was shorter by 18.31 days according to the generalized reciprocity

decision rule than according to direct reciprocity decision rule, which supported prediction 9.

Older mothers returned received help sooner than younger mothers, and we suggest that older

mothers may be more experienced in reciprocal interactions than younger mothers. The

results suggest that reindeer mothers helped each other according to the generalized reciproc-

ity decision rule, and they are the first evidence suggestive of the generalized reciprocity deci-

sion rule for allonursing and, more generally, alloparental care. The generalized reciprocity

decision rule has been assessed in the greater spear-nosed bats (Phyllostomus hastatus) [173].

In the greater spear-nosed bats, alloparental care is not explained by kinship and mistaken

identify, and it is unlikely to be explained by direct reciprocity and generalized reciprocity

[173]. An interplay between cooperative foraging and group membership may explain allopar-

ental care in greater spear-nosed bats [173]. A future experimental design is needed to assess if

reindeer mothers allonurse according to generalized reciprocity and direct reciprocity decision

rules or only according to one of these two decision rules. Both the direct reciprocity

[28,35,36] and the generalized reciprocity [48,49,75,110,112] decision rules can lead to the evo-

lution of cooperation.

Generalized reciprocity is cognitively less demanding than direct reciprocity, and general-

ized reciprocity does not require individual recognition and information about whether spe-

cific individuals previously helped them [21]. Humans help according to both direct

reciprocity [56] and generalized reciprocity [68,69,174]. An experimental study found that

female Norway rats, Rattus norvegicus, help more according to direct reciprocity than accord-

ing to generalized reciprocity [70], however a meta-analysis found no apparent difference in

the help given by female Norway rats to partners between the direct and generalized reciproc-

ity decision rules [64]. Male Norway rats help according to direct reciprocity but not general-

ized reciprocity [64,73]. Swiss military dogs, Canis lupus familiaris, appear to help each other

according to direct reciprocity, however the evidence supports that direct reciprocity is a by-

product of generalized reciprocity [71]. Long-tailed macaques help according to direct reci-

procity and indirect reciprocity, i.e. help someone who is helpful (if A helped B, C helps A) but

not according to generalized reciprocity, however spatial proximity may have affected the

assessment of the generalized reciprocity decision rule [74]. Capuchin monkeys help according

to generalized reciprocity [72]. Vampire bats help according to direct reciprocity but not gen-

eralized reciprocity [57]. The generalized reciprocity decision rule may be widespread and

should be investigated in both correlational and experimental studies, yet there are few empiri-

cal studies of the generalized reciprocity decision rule in animals [60,64,68,70–72,74,175,176].

Reindeer offspring suckled 3 times/hr [126] or 1.7 times/hr [128] during the first week, and

the frequency of suckling decreased throughout the lactation period. Researchers have

reported allonursing in reindeer [122,126,128]. Espmark [126] recorded 85 allonursing bouts,

where 14 of the 15 mothers allonursed, and all offspring solicitated to be allonursed. Six out of

six mothers allonursed (290 allonursing bouts observed), and each of their offspring were allo-

nursed [122]. The hypothesized causes of allonursing were not tested in these studies. Allonur-

sing occurs more often in larger groups [6]. Allonursing incidence is likely high in wild

reindeer and caribou, since they form very large herds. Sámi reindeer herders observe allonur-

sing in large herds of semi-domesticated reindeer (personal communication with Sámi rein-

deer herders at the Sámi Education Institute in Inari and Kaamanen, Finland). Cooperation in

reindeer may include babysitting, when a mother rests with the offspring while the other

mothers forage, however we seldom observed this behaviour.

Reindeer are neither diurnal nor nocturnal, and their activity is not limited by daylight dur-

ing the calving season. In the Arctic, there is daylight 24 h/day during the calving season. Nurs-

ing and allonursing in reindeer occur over 24 h/day based on preliminary observations.
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Twenty-four hour monitoring of the reindeer mothers would increase the number of observed

allonursing bouts and rejections, and the latency to return help received according to the direct

reciprocity may be detected at a much shorter period than an average of 19.42 observation

days. Such monitoring may also increase the effect size for the association between help

received and help given according to the generalized reciprocity decision rules. Another limi-

tation of this study is that we did not study the entire research population during the calving

season. Future research of allonursing in reindeer should assess this behaviour in the context

of the species’ social organization and structure to identify additional variables that influence

allonursing in reindeer.

Cooperation, like other behaviours, is an emergent property of evolved decision rules [19–

21,24,28,35,47–50]. The study of evolved decision rules of cooperation and their interactions

such as the kin discrimination, direct reciprocity and generalized reciprocity decision rules in

the context of allonursing may further our understanding of cooperation in communal breed-

ing social systems. These decision rules may be more common than previously believed. The

generalized reciprocity decision rule has been ignored as an evolved decision rule in allonur-

sing and has been seldom tested in the study of alloparental care. The alloparental care litera-

ture has rarely assessed if individuals help partners according to the direct reciprocity decision

rule. The study of the interactions between these decision rules has also been ignored in the

allonursing literature. Furthermore, there is yet no evidence to support that two females

achieve a higher fitness when allonursing reciprocally than when they do not [7].

The latency to give help after receiving help extended to several days, i.e. on average 19.42

days, by direct reciprocity, however a long time delay hints to the possibility that reindeer may

be capable of individual recognition, the ability to remember whether individuals previously

helped them and the outcomes of previous encounters. Researchers believed that only humans

met the requirements for direct reciprocity [52,53,177]. It was commonly believed that insects

could not recognize other individuals, yet it occurs in insects [178–180]. Direct reciprocity in

female Norway rats is mainly based on the outcome of the most recent encounter with a spe-

cific partner, independent of the last interaction preceding the test, as shown in a series of

experience phases with different partners with the delay between help received and help given

lasting up to 4 days [61,181]. These results highlight that Norway rats meet the required cogni-

tive demands of direct reciprocity [61], and Norway rats apply the direct reciprocity decision

rule rather than copying by imitation [63]. Future cognitive studies with reindeer as a model

system should assess if reindeer meet the required cognitive demands of direct reciprocity,

generalized reciprocity and kin discrimination.

Conclusion

There was a positive association between the number of allonursing bouts given and the num-

ber of allonursing bouts received in 2012 group but not in both 2013 groups. There was also a

positive association between the likelihood to allonurse and the extent to which pairs of moth-

ers were reciprocal in the 2012 group but not in both 2013 groups: pairs of mothers with

greater reciprocal index values were more likely to allonurse. The internal meta-analysis results

and the correlational evidence suggested that semi-natural reindeer mothers allonurse accord-

ing to the direct reciprocity rule (help someone who previously helped you). Correlation evi-

dence for both the number of allonursing bouts given and the likelihood of allonursing

suggested that reindeer mothers did not allonurse according to i) the kin discrimination deci-

sion rule, and ii) an interaction between the direct reciprocity and kin discrimination (prefer-

entially help close kin) decision rules. We reported the first correlational evidence suggesting

that semi-natural reindeer mothers allonurse according to the generalized reciprocity decision
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rule (help anyone if helped by someone), and, more generally, the first evidence for the gener-

alized reciprocity decision rule for alloparental care in non-human animals. The generalized

reciprocity decision rule may be widespread and should be investigated in correlational and

experimental studies. The latency to give after receiving help was shorter according to the gen-

eralized reciprocity decision rule than according to the direct reciprocity decision rule. These

findings suggest that reindeer mothers cooperate by allonursing according to the direct reci-

procity and generalized reciprocity decision rules.
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Cézilly F, Giraldeau LA, editors. Behavioural ecology. Oxford, UK: Oxford University Press; 2008. p.

29–53.

24. Hamilton WD. The genetical evolution of social behaviour. II. J Theor Biol. 1964; 7:17–52. https://doi.

org/10.1016/0022-5193(64)90039-6 PMID: 5875340

25. Clutton-Brock TH. Breeding together: kin selection and mutualism in cooperative vertebrates. Science.

2002; 296:69–72. https://doi.org/10.1126/science.296.5565.69 PMID: 11935014

26. Komdeur J, Richardson DS, Hammers M, Eikenaar C, Brouwer L, Kingma SA. The evolution of coop-

erative breeding in vertebrates. eLS. 2017; 17;1–11.

27. Clutton-Brock TH. Cooperation between non-kin in animal societies. Nature. 2009; 462:51–57. https://

doi.org/10.1038/nature08366 PMID: 19890322

28. Trivers RL. The evolution of reciprocal altruism. Q Rev Biol. 1971; 46:35–57.

29. Schweinfurth MK, Taborsky M. Relatedness decreases and reciprocity increases cooperation in Nor-

way rats. Proc R Soc B Biol Sci. 2018; 285:20180035. https://doi.org/10.1098/rspb.2018.0035 PMID:

29514963

30. Lehmann L, Keller L. The evolution of cooperation and altruism–a general framework and a classifica-

tion of models. J Evol Biol. 2006; 19:1365–76. https://doi.org/10.1111/j.1420-9101.2006.01119.x

PMID: 16910958

31. Brown JL. Cooperation—a biologist’s dilemma. Adv Study Behav. 1983; 13:1–37.

32. Connor RC. Pseudo-reciprocity: investing in mutualism. Anim Behav. 1986; 34:1562–1566.

33. Bergmüller R, Johnstone RA, Russell AF, Bshary R. Integrating cooperative breeding into theoretical

concepts of cooperation. Behav Processes. 2007; 76:61–72. https://doi.org/10.1016/j.beproc.2007.

07.001 PMID: 17703898

34. Dugatkin L. Animal cooperation among unrelated individuals. Naturwissenschaften. 2002; 89:533–

541. https://doi.org/10.1007/s00114-002-0379-y PMID: 12536274

35. Axelrod R, Hamilton WD. The evolution of cooperation. Science. 1981; 211:1390–1396.36. https://doi.

org/10.1126/science.7466396 PMID: 7466396

36. Nowak MA. Five rules for the evolution of cooperation. Science. 2006; 314:1560–1563. https://doi.org/

10.1126/science.1133755 PMID: 17158317

37. Gardner A, West SA. GREENBEARDS. Evolution. 2010; 64:25–38. https://doi.org/10.1111/j.1558-

5646.2009.00842.x PMID: 19780812

38. Keller L, Ross KG. Selfish genes: a green beard in the red fire ant. Nature. 1998; 394:573–575.

39. Queller DC, Ponte E, Bozzaro S, Strassmann JE. Single-gene greenbeard effects in the social

amoeba Dictyostelium discoideum. Science. 2003; 299:105–106.

40. Ågren JA, Davies NG, Foster KR. Enforcement is central to the evolution of cooperation. Nat Ecol

Evol. 2019; 3:1018–1029. https://doi.org/10.1038/s41559-019-0907-1 PMID: 31239554

41. Engelhardt SC, Taborsky M. Broad definitions of enforcement are unhelpful for understanding evolu-

tionary mechanisms of cooperation. Nat Ecol Evol. 2020; 4:322. https://doi.org/10.1038/s41559-019-

1088-7 PMID: 32042117

42. Oliveira RF, Taborsky M, Brockmann HJ. Alternative reproductive tactics: an integrative approach.

Cambridge: Cambridge University Press; 2008.

43. Taborsky M, Brockmann HJ. Alternative reproductive tactics and life history phenotypes. In: Kappeler

PM, editor. Animal Behaviour: Evolution and Mechanisms. Berlin, Germany: Springer; 2010. p. 537–

586.

PLOS ONE Direct reciprocity and generalized reciprocity decision rules and allonursing in reindeer

PLOS ONE | https://doi.org/10.1371/journal.pone.0295497 December 14, 2023 24 / 30

https://doi.org/10.1016/0022-5193%2864%2990038-4
https://doi.org/10.1016/0022-5193%2864%2990038-4
http://www.ncbi.nlm.nih.gov/pubmed/5875341
https://doi.org/10.1098/rstb.2015.0084
http://www.ncbi.nlm.nih.gov/pubmed/26729924
https://doi.org/10.1016/0022-5193%2864%2990039-6
https://doi.org/10.1016/0022-5193%2864%2990039-6
http://www.ncbi.nlm.nih.gov/pubmed/5875340
https://doi.org/10.1126/science.296.5565.69
http://www.ncbi.nlm.nih.gov/pubmed/11935014
https://doi.org/10.1038/nature08366
https://doi.org/10.1038/nature08366
http://www.ncbi.nlm.nih.gov/pubmed/19890322
https://doi.org/10.1098/rspb.2018.0035
http://www.ncbi.nlm.nih.gov/pubmed/29514963
https://doi.org/10.1111/j.1420-9101.2006.01119.x
http://www.ncbi.nlm.nih.gov/pubmed/16910958
https://doi.org/10.1016/j.beproc.2007.07.001
https://doi.org/10.1016/j.beproc.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17703898
https://doi.org/10.1007/s00114-002-0379-y
http://www.ncbi.nlm.nih.gov/pubmed/12536274
https://doi.org/10.1126/science.7466396
https://doi.org/10.1126/science.7466396
http://www.ncbi.nlm.nih.gov/pubmed/7466396
https://doi.org/10.1126/science.1133755
https://doi.org/10.1126/science.1133755
http://www.ncbi.nlm.nih.gov/pubmed/17158317
https://doi.org/10.1111/j.1558-5646.2009.00842.x
https://doi.org/10.1111/j.1558-5646.2009.00842.x
http://www.ncbi.nlm.nih.gov/pubmed/19780812
https://doi.org/10.1038/s41559-019-0907-1
http://www.ncbi.nlm.nih.gov/pubmed/31239554
https://doi.org/10.1038/s41559-019-1088-7
https://doi.org/10.1038/s41559-019-1088-7
http://www.ncbi.nlm.nih.gov/pubmed/32042117
https://doi.org/10.1371/journal.pone.0295497


44. Sato T. A brood parasitic catfish of mouthbrooding cichlid fishes in Lake Tanganyika. Nature. 1986;

323:58–59. https://doi.org/10.1038/323058a0 PMID: 3748180

45. Andersson M, Åhlund M, Waldeck P. Brood parasitism, relatedness and sociality: a kinship role in

female reproductive tactics. Biol Rev. 2019; 94:307–327. https://doi.org/10.1111/brv.12455 PMID:

30073752

46. Davies NB. Cuckoos, Cowbirds and Other Cheats. London, UK: T. & A.D. Poyser Ltd.; 2000.

47. Boyd R, Richerson PJ. The evolution of indirect reciprocity. Soc Networks. 1989; 11:213–36.

48. van Doorn GS, Taborsky M. The evolution of generalized reciprocity on social interaction networks.

Evolution. 2012; 66:651–664. https://doi.org/10.1111/j.1558-5646.2011.01479.x PMID: 22380430

49. Barta Z, McNamara JM, Huszár DB, Taborsky M. Cooperation among non-relatives evolves by state-

dependent generalized reciprocity. Proc R Soc B Biol Sci. 2011; 22:843–848.50. https://doi.org/10.

1098/rspb.2010.1634 PMID: 20861047

50. McNamara JM, Gasson CE, Houston AI. Incorporating rules for responding into evolutionary games.

Nature. 1999; 401:368–71. https://doi.org/10.1038/43869 PMID: 10517633

51. West SA, Griffin AS, Gardner A. Evolutionary explanations for cooperation. Curr Biol. 2007; 17:R661–

672. https://doi.org/10.1016/j.cub.2007.06.004 PMID: 17714660

52. Stevens JR, Hauser MD. Why be nice? Psychological constraints on the evolution of cooperation.

Trends Cogn Sci. 2004; 1:60–65. https://doi.org/10.1016/j.tics.2003.12.003 PMID: 15588809

53. Hammerstein P. Why is reciprocity so rare in social animals? A protestant appeal. In: Hammerstein P,

editor. Genetic and cultural evolution of cooperation. Cambridge, MA: MIT Press; 2003. p. 83–94.

54. Sneakers Taborsky M., satellites, and helpers: parasitic and cooperative behavior in fish reproduction.

Adv Study Behav. 1994; 23:1–100.

55. Dı́az-Muñoz SL, DuVal EH, Krakauer AH, Lacey EA. Cooperating to compete: altruism, sexual selec-

tion and causes of male reproductive cooperation. Anim Behav. 2014; 88:67–78.

56. Jaeggi A V, Gurven M. Reciprocity explains food sharing in humans and other primates independent

of kin selection and tolerated scrounging: a phylogenetic meta-analysis. Proc R Soc B Biol Sci. 2013;

280:20131615. https://doi.org/10.1098/rspb.2013.1615 PMID: 23945693

57. Carter GG, Wilkinson GS. Food sharing in vampire bats: reciprocal help predicts donations more than

relatedness or harassment. Proc R Soc B Biol Sci. 2013; 280:20122573. https://doi.org/10.1098/rspb.

2012.2573 PMID: 23282995

58. Carter GG, Farine DR, Crisp RJ, Vrtilek JK, Ripperger SP, Page RA. Development of new food-shar-

ing relationships in vampire bats. Curr Biol. 2020; 30:1275–1279.e3. https://doi.org/10.1016/j.cub.

2020.01.055 PMID: 32197089

59. Dolivo V, Taborsky M. Norway rats reciprocate help according to the quality of help they received. Biol

Lett. 2015; 11:20140959. https://doi.org/10.1098/rsbl.2014.0959 PMID: 25716088

60. Rutte C, Taborsky M. Generalized reciprocity in rats. PLoS Biol. 2007; 5:e196. https://doi.org/10.1371/

journal.pbio.0050196 PMID: 17608566

61. Kettler N, Schweinfurth MK, Taborsky M. Rats show direct reciprocity when interacting with multiple

partners. Sci Rep. 2021; 11:3228. https://doi.org/10.1038/s41598-021-82526-4 PMID: 33547347

62. Schino G, Aureli F. Grooming reciprocation among female primates: a meta-analysis. Biol Lett. 2008;

4:9–11. https://doi.org/10.1098/rsbl.2007.0506 PMID: 17999942

63. Engelhardt SC, Taborsky M. Food-exchanging Norway rats apply the direct reciprocity decision rule

rather than copying by imitation. Anim Behav. 2022; 194:265–274.

64. Engelhardt SC, Taborsky M. Reciprocal altruism in Norway rats. Ethology. Accepted.

65. Engelhardt SC, Taborsky M. Assessment of help value affects payback in Norway rats. Roy Soc Open

Sci. 2023; 10:231253.

66. Pande S, Shitut S, Freund L, Westermann M, Bertels F, Colesie C, et al. Metabolic cross-feeding via

intercellular nanotubes among bacteria. Nat Commun. 2015; 6:6238. https://doi.org/10.1038/

ncomms7238 PMID: 25703793

67. Preussger D, Giri S, Muhsal LK, Oña L, Kost C. Reciprocal fitness feedbacks promote the evolution of

mutualistic cooperation. Curr Biol. 2020; 30:3580–90. https://doi.org/10.1016/j.cub.2020.06.100

PMID: 32707067

68. Stanca L. Measuring indirect reciprocity: whose back do we scratch? J Econ Psychol. 2009; 30:190–

202.

69. Baker WE, Bulkley N. Paying it forward vs. rewarding reputation: mechanisms of generalized reciproc-

ity. Organ Sci. 2014; 25:1493–510.

PLOS ONE Direct reciprocity and generalized reciprocity decision rules and allonursing in reindeer

PLOS ONE | https://doi.org/10.1371/journal.pone.0295497 December 14, 2023 25 / 30

https://doi.org/10.1038/323058a0
http://www.ncbi.nlm.nih.gov/pubmed/3748180
https://doi.org/10.1111/brv.12455
http://www.ncbi.nlm.nih.gov/pubmed/30073752
https://doi.org/10.1111/j.1558-5646.2011.01479.x
http://www.ncbi.nlm.nih.gov/pubmed/22380430
https://doi.org/10.1098/rspb.2010.1634
https://doi.org/10.1098/rspb.2010.1634
http://www.ncbi.nlm.nih.gov/pubmed/20861047
https://doi.org/10.1038/43869
http://www.ncbi.nlm.nih.gov/pubmed/10517633
https://doi.org/10.1016/j.cub.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17714660
https://doi.org/10.1016/j.tics.2003.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15588809
https://doi.org/10.1098/rspb.2013.1615
http://www.ncbi.nlm.nih.gov/pubmed/23945693
https://doi.org/10.1098/rspb.2012.2573
https://doi.org/10.1098/rspb.2012.2573
http://www.ncbi.nlm.nih.gov/pubmed/23282995
https://doi.org/10.1016/j.cub.2020.01.055
https://doi.org/10.1016/j.cub.2020.01.055
http://www.ncbi.nlm.nih.gov/pubmed/32197089
https://doi.org/10.1098/rsbl.2014.0959
http://www.ncbi.nlm.nih.gov/pubmed/25716088
https://doi.org/10.1371/journal.pbio.0050196
https://doi.org/10.1371/journal.pbio.0050196
http://www.ncbi.nlm.nih.gov/pubmed/17608566
https://doi.org/10.1038/s41598-021-82526-4
http://www.ncbi.nlm.nih.gov/pubmed/33547347
https://doi.org/10.1098/rsbl.2007.0506
http://www.ncbi.nlm.nih.gov/pubmed/17999942
https://doi.org/10.1038/ncomms7238
https://doi.org/10.1038/ncomms7238
http://www.ncbi.nlm.nih.gov/pubmed/25703793
https://doi.org/10.1016/j.cub.2020.06.100
http://www.ncbi.nlm.nih.gov/pubmed/32707067
https://doi.org/10.1371/journal.pone.0295497


70. Rutte C, Taborsky M. The influence of social experience on cooperative behaviour of rats (Rattus nor-

vegicus): direct vs generalised reciprocity. Behav Ecol Sociobiol. 2008; 62:499–505.

71. Gfrerer N, Taborsky M. Working dogs cooperate among one another by generalised reciprocity. Sci

Rep. 2017; 7:43867. https://doi.org/10.1038/srep43867 PMID: 28262722

72. Leimgruber KL, Ward AF, Widness J, Norton MI, Olson KR, Gray K, et al. Give what you get: capuchin

monkeys (Cebus apella) and 4-year-old children pay forward positive and negative outcomes to con-

specifics. PLoS One. 2014; 9:e87035.

73. Schweinfurth MK, Aeschbacher J, Santi M, Taborsky M. Male Norway rats cooperate according to

direct but not generalized reciprocity rules. Anim Behav. 2019; 152:93–101.

74. Majolo B, Schino G, Aureli F. The relative prevalence of direct, indirect and generalized reciprocity in

macaque grooming exchanges. Anim Behav. 2012; 83:763–71.

75. Nowak MA, Roch S. Upstream reciprocity and the evolution of gratitude. Proc R Soc B Biol Sci. 2007;

274:605–610. https://doi.org/10.1098/rspb.2006.0125 PMID: 17254983

76. Iwagami A, Masuda N. Upstream reciprocity in heterogeneous networks. J Theor Biol. 2010; 265:297–

305. https://doi.org/10.1016/j.jtbi.2010.05.010 PMID: 20478314

77. Chiang YS, Takahashi N. Network homophily and the evolution of the pay-it-forward reciprocity. PLoS

One. 2011; 6:e29188. https://doi.org/10.1371/journal.pone.0029188 PMID: 22195019

78. Fowler JH, Christakis NA. Cooperative behavior cascades in human social networks. Proc Natl Acad

Sci. 2010; 107:5334–5338. https://doi.org/10.1073/pnas.0913149107 PMID: 20212120

79. Gray K, Ward AF, Norton MI. Paying it forward: generalized reciprocity and the limits of generosity. J

Exp Psychol Gen. 2014; 143:247–254. https://doi.org/10.1037/a0031047 PMID: 23244034

80. Moody M. Serial reciprocity: a preliminary statement. Sociol Theory. 2008; 26:130–151.

81. Emlen ST, Wrege PH. The role of kinship in helping decisions among white-fronted bee-eaters. Behav

Ecol Sociobiol. 1988; 23:305–315.

82. Komdeur J. The effect of kinship on helping in the cooperative breeding Seychelles warbler (Acroce-

phalus sechellensis). Proc R Soc London Ser B Biol Sci. 1994; 256:47–52.

83. Russell AF, Hatchwell BJ. Experimental evidence for kin-biased helping in a cooperatively breeding

vertebrate. Proc R Soc London Ser B Biol Sci. 2001; 268:2169–74.

84. Nam KB, Simeoni M, Sharp SP, Hatchwell BJ. Kinship affects investment by helpers in a cooperatively

breeding bird. Proc R Soc B Biol Sci. 2010; 277:3299–3306.

85. Magrath RD, Whittingham LA. Subordinate males are more likely to help if unrelated to the breeding

female in cooperatively breeding white-browed scrubwrens. Behav Ecol Sociobiol. 1997; 41:185–192.

86. Doutrelant C, Dalecky A, Covas R. Age and relatedness have an interactive effect on the feeding

behaviour of helpers in cooperatively breeding sociable weavers. Behaviour. 2011; 148:1393–411.

87. Stiver KA, Dierkes P, Taborsky M, Lisle Gibbs H, Balshine S. Relatedness and helping in fish: examin-

ing the theoretical predictions. Proc R Soc B Biol Sci. 2005; 272:1593–9. https://doi.org/10.1098/rspb.

2005.3123 PMID: 16048775

88. Dunn PO, Cockburn A, Mulder RA. Fairy-wren helpers often care for young to which they are unre-

lated. Proc R Soc London Ser B Biol Sci. 1995; 259:339–343.

89. Keller L. Indiscriminate altruism: unduly nice parents and siblings. Trends Ecol Evol. 1997; 12:99–103.

https://doi.org/10.1016/s0169-5347(96)10065-3 PMID: 21237992

90. Clutton-Brock TH, Brotherton PN, O’Riain MJ, Griffin AS, Gaynor D, Sharpe L, et al. Individual contri-

butions to babysitting in a cooperative mongoose, Suricata suricatta. Proc R Soc London B Biol Sci.

2000; 267:301–305.

91. Clutton-Brock TH, Brotherton PNM, O’Riain MJ, Griffin AS, Gaynor D, Kansky R, et al. Contributions

to cooperative rearing in meerkats. Anim Behav. 2001; 61:705–710.

92. Field J, Cronin A, Bridge C. Future fitness and helping in social queues. Nature. 2006; 441:214–7.

https://doi.org/10.1038/nature04560 PMID: 16688175

93. Leadbeater E, Carruthers JM, Green JP, van Heusden J, Field J. Unrelated helpers in a primitively

eusocial wasp: is helping tailored towards direct fitness? PLoS One. 2010; 5:e11997. https://doi.org/

10.1371/journal.pone.0011997 PMID: 20700463

94. Le Vin AL, Mable BK, Taborsky M, Heg D, Arnold KE. Individual variation in helping in a cooperative

breeder: relatedness versus behavioural type. Anim Behav. 2011; 82(3):467–477.

95. Griffin AS, West SA. Kin discrimination and the benefit of helping in cooperatively breeding verte-

brates. Science. 2003; 302:634–636. https://doi.org/10.1126/science.1089402 PMID: 14576431

96. Wenseleers T, Ratnieks FLW. Enforced altruism in insect societies. Nature. 2006; 444:450. https://

doi.org/10.1038/444050a PMID: 17080081

PLOS ONE Direct reciprocity and generalized reciprocity decision rules and allonursing in reindeer

PLOS ONE | https://doi.org/10.1371/journal.pone.0295497 December 14, 2023 26 / 30

https://doi.org/10.1038/srep43867
http://www.ncbi.nlm.nih.gov/pubmed/28262722
https://doi.org/10.1098/rspb.2006.0125
http://www.ncbi.nlm.nih.gov/pubmed/17254983
https://doi.org/10.1016/j.jtbi.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20478314
https://doi.org/10.1371/journal.pone.0029188
http://www.ncbi.nlm.nih.gov/pubmed/22195019
https://doi.org/10.1073/pnas.0913149107
http://www.ncbi.nlm.nih.gov/pubmed/20212120
https://doi.org/10.1037/a0031047
http://www.ncbi.nlm.nih.gov/pubmed/23244034
https://doi.org/10.1098/rspb.2005.3123
https://doi.org/10.1098/rspb.2005.3123
http://www.ncbi.nlm.nih.gov/pubmed/16048775
https://doi.org/10.1016/s0169-5347%2896%2910065-3
http://www.ncbi.nlm.nih.gov/pubmed/21237992
https://doi.org/10.1038/nature04560
http://www.ncbi.nlm.nih.gov/pubmed/16688175
https://doi.org/10.1371/journal.pone.0011997
https://doi.org/10.1371/journal.pone.0011997
http://www.ncbi.nlm.nih.gov/pubmed/20700463
https://doi.org/10.1126/science.1089402
http://www.ncbi.nlm.nih.gov/pubmed/14576431
https://doi.org/10.1038/444050a
https://doi.org/10.1038/444050a
http://www.ncbi.nlm.nih.gov/pubmed/17080081
https://doi.org/10.1371/journal.pone.0295497


97. Engelhardt SC, Weladji RB, HolandØ, Røed KH, Nieminen M. Allonursing in reindeer, Rangifer taran-

dus: a test of the kin-selection hypothesis. J Mammal. 2016; 97:689–700.
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