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Abstract
Empirical studies have tested and confirmed a positive relationship between relatedness and the degree of altruistic behavior, as 
predicted by kin selection theory. In contrast, researchers have studied the relationship between reproductive value—the extent to 
which an individual of a given “state” contributes to future generations—and the degree of altruistic behavior far less frequently, 
although reproductive value should be considered when testing kin selection. Here, we reviewed empirical studies examining 
such relationships in social mammals. Overall, > 50% of these studies demonstrated that the degree of altruistic behavior (1) 
decreases with the reproductive value of the actor, and (2) increases with the reproductive value of the recipient, supporting the 
importance of reproductive value in altruistic behavior. However, these studies cannot rule out all other explanations than kin 
selection. Few empirical studies have adopted a stronger test that uses the product of relatedness and reproductive value (i.e., 
their two-way interaction in a linear model). Such tests should be particularly useful when studying long-lived vertebrates, for 
which the direct estimation of fitness benefits and costs is impractical. To achieve a better understanding of the evolution of 
kin-directed behaviors, future studies should use the product of relatedness and reproductive value.
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Introduction

“The extent of altruism should be a function of the product of 
the receiver’s reproductive value and his degree of related-
ness to the altruist.” (Milinski 1978).

It has been more than 35 years since several researchers 
(e.g., Emlen 1973; Milinski 1978; Altmann 1979) advo-
cated considering reproductive value as well as relatedness 
in empirical tests of kin selection theory (Hamilton 1964). 
Reproductive value is a standard measure of the expected 
contribution of an individual in a given state to the future 
population (Fisher 1930; Taylor 1990; Frank 1998; Hou-
ston and McNamara 1999). In other words, reproductive 

value represents the relative contribution of a state (e.g., 
an individual at a particular age) to descendants far into the 
future, i.e., the number of descendants left by an individual 
in a particular state relative to those left by an individual in 
a reference state (Houston and McNamara 1999; see also 
Appendices 1 and 2 for calculations). Reproductive value 
can be calculated in any state-structured matrix as the domi-
nant left eigenvector of a given population matrix (Caswell 
1989; Grafen 2006), though it is most often utilized in an 
age-structured matrix (i.e., a Leslie matrix), as was first 
advocated by Fisher (1930). For example, as shown in Fig. 1, 
individuals in different age classes (where age class is a state 
variable) markedly differ in their expected contributions to 
the future population (e.g., the contribution of 2-year-old 
yellow-bellied marmot females to future descendants is four-
fold that of 1-year-old females; Fig. 1). This is because states 
differ in their transition rates to other states (i.e., survival 
and fecundity in an age-structured population; see Appendix 
1 for their contributions to reproductive values).

Reproductive value has a huge impact on the propaga-
tion of shared genes when kin-directed behavior occurs, 
so it should be considered in empirical tests of kin selec-
tion. Milinski (1978) succinctly summarized core predic-
tions incorporating reproductive value as follows. First, 
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the degree of altruism (i.e., social interactions that benefit 
recipients at the expense of the fitness of the actor; see West 
et al. 2007) among relatives should decrease with the actor’s 
reproductive value. Second, the degree of altruism among 
relatives should increase with the recipient’s reproductive 
value. Third, the extent of altruism should be positively 
related to the product of the receiver’s reproductive value 
and his degree of relatedness to the altruist (Milinski 1978). 
These predictions, however, have received limited attention 
in empirical studies, due in part to a lack of understanding 
of the advantage or the theoretical background, or to the 
scattered empirical evidence, all of which prevent empirical 
researchers from incorporating reproductive value into their 
studies of kin selection.

The purpose of the current paper is to advocate for the use 
of reproductive value in empirical studies of kin selection. 
To this end, we first explain the advantage of using repro-
ductive value in kin selection studies and the theoretical per-
spectives of these predictions. Then we review empirical 
studies examining the three predictions noted above (and 
their derivatives) to determine general patterns and future 
prospects. We focus on social interactions of mammal socie-
ties, which should be particularly suited to the application 
of the predictions. In mammals that form “individualized 

societies” (sensu de Waal and Tyack 2003; also see Bergman 
and Beehner 2015), a longitudinally stable group contains 
long-term and multigenerational relationships (de Waal and 
Tyack 2003), resulting in variation in relatedness among 
dyads and according to other individual attributes (e.g., 
age, dominance; Kutsukake 2009). Group members have 
repeated opportunities to interact with and recognize other 
group members, and are predicted to employ social tactics 
that are fine-tuned to their own and group members’ attrib-
utes as well as to the relatedness to the partner. Considering 
reproductive value permits unique predictions that are use-
ful for testing kin selection explanations without being con-
founded by alternative explanations of (seemingly) altruistic 
behaviors such as reciprocity (West et al. 2007; Bergmüller 
et al. 2007), as we explain below. Although we mainly focus 
on mammals, the same logic based on reproductive value 
can be applied to other taxa.

Tests of Hamilton’s rule are impractical in empirical 
studies

The three predictions above are still useful for studying kin 
selection today because the direct estimation of fitness ben-
efits (of recipient b) and costs (of actor c) in Hamilton’s rule 
(i.e., rb − c > 0, where r denotes relatedness; Hamilton 1964) 
is impractical, particularly in long-lived animals (e.g., mam-
mals). In these animals, fitness benefits and costs cannot be 
measured (e.g., a grooming event may have a subtle effect 
on the actor and recipient fitness), which explains why only 
a limited number of empirical studies have tested Hamil-
ton’s rule (e.g., see Bourke 2014, in which no mammal stud-
ies are included). Immediate effects of altruistic behavior 
such as increases in survival or fecundity can sometimes 
be measured in these species, but measuring effects of kin-
directed behavior on survival or fecundity is not enough to 
apply Hamilton’s rule. For example, one may assume that a 
30% increase in offspring production of the recipients off-
sets a < 7.5% decrease in offspring production of the altruist 
when their relatedness r = 0.25. However, this is not true. 
When a recipient produces lower quality offspring than an 
altruist, the altruist should cease their altruistic behavior 
toward the recipient (also see Appendix 2). In other words, 
b and c measure the long-term contribution to the descend-
ant rather than the immediate increase/decrease in survival, 
fecundity, or lifetime reproductive success. Even the num-
ber of grandchildren or great grandchildren will often be 
inadequate (Houston and McNamara 1999). Therefore, we 
should take account of long-term fitness using the reproduc-
tive value (i.e., benefits/costs in terms of descendants far into 
the future cannot be estimated without using reproductive 
value—see the next section for a detailed explanation; also 

Fig. 1  Two examples of reproductive values of mammals based on 
the Leslie matrix: the female rhesus macaque as a representative 
long-lived mammal (data from Table A1 in the Appendix of Hernán-
dez-Pacheco et  al. 2013), and the female yellow-bellied marmot, 
Marmota flaviventris, as a representative short-lived mammal (data 
from Schwartz et al. 1998)
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note that, in some cases, immediate effects cannot be directly 
compared, e.g., increased fecundity of the recipient at the 
expense of the survival of the actor).

Clearly, examining nepotism (i.e., the positive relation-
ship between r and social behaviors) is not enough to study 
social behaviors in the context of kin selection, even in 
combination with the immediate effect of the behaviors on 
fitness components, as we exemplified above. Considering 
reproductive value would advance our understanding of kin-
directed behavior and its function in wild animals. So, how 
does the consideration of reproductive value increase our 
understanding of social behaviors? In this present work, we 
focused on the theoretical perspectives of reproductive value 
in the context of kin selection, particularly its mathemati-
cal equivalence to Hamilton’s rule and how it enhances the 
tractability of Hamilton’s rule (even if fitness benefits/costs 
or immediate effects cannot be estimated).

Theoretical perspective

From a theoretical perspective, the above predictions match 
the derived form of Hamilton’s rule in a state-structured 
population, rb′Vrecipient − c′Vactor > 0 (Taylor and Frank 1996; 
Frank 1998), where Vactor and Vrecipient denote the reproduc-
tive values for an actor and a recipient in forthcoming (not 
the current) states; b′ and c′ represent the benefits and costs, 
measured as the immediate changes in survival or reproduc-
tion. We use b′ and c′ here to distinguish this from Hamil-
ton’s original rule (note that Hamilton’s rule incorporates all 
fitness components, i.e., offspring production, the timing of 
reproduction, and the state of offspring were also considered; 
see Oli 2003). In a state-structured population, fitness benefit 
b and cost c in Hamilton’s original rule can be regarded as 
b′Vrecipient and c′Vactor, respectively. More technically, these 
represent changes in the transition rate from a given state to 
the forthcoming states after an actor’s behavior. For exam-
ple, in species that live for two years, the transition can con-
sist of annual survivorship (e.g., infants to yearlings, and 
yearlings to 2-year-olds) and infant production by yearlings 
or 2-year-olds (Frank 1998). Thus, b′Vrecipient and c′Vactor rep-
resent increased and decreased contributions to descendants 
far into the future for the recipient and actor, respectively, by 
the focal behavior. For example, when an actor’s behavior 
increases the yearly survivorship of any mature recipients by 
10% (i.e., b′ = 0.10), the behavior provides the actor with a 
fitness benefit in proportion to the recipients’ reproductive 
value (e.g., if the reproductive value for age 4, 5, 6 = 0.5, 1, 
2, respectively, then the fitness benefit by supporting ages 
3, 4, and 5 will be 0.05, 0.10, 0.20, respectively). Reproduc-
tive value can consider three fitness correlates—in addition 
to the total number of offspring produced (a well-known 
fitness correlate), reproductive value can also consider the 

timing of reproduction and the state of offspring (Houston 
and McNamara 1999). State can be any variable, includ-
ing sex, size, stage, dominance, body condition, and age. 
Reproductive values based on age can be calculated using 
the Leslie matrix (or the Lefkovitch matrix for reproductive 
value based on other categorical state variables).

Assuming that b′ and c′ are unbiased among candi-
date recipients and actors, Taylor and Frank’s inequality, 
rb′Vrecipient − c′Vactor > 0, yields nepotism (i.e., the degree of 
altruism should increase with the relatedness between actor 
and recipient) and the above predictions of reproductive 
value. That is, the degree of altruism among relatives should 
decrease with the actor’s reproductive value (i.e., prediction 
A) and increase with the recipient’s reproductive value (i.e., 
prediction B). By using rVrecipient as a unit, we can derive 
a prediction that the extent of altruism increases with the 
product of the receiver’s reproductive value and its degree 
of relatedness to the altruist (i.e., prediction C).

Empirical studies

We provide a review of empirical studies testing the first two 
simple predictions that the degree of altruism among rela-
tives should (1) decrease with the actor’s reproductive value 
(Fig. 2a) and (2) increase with the recipient’s reproductive 
value (Fig. 2b). The derivative of these two predictions is 
that individuals with lower expected reproductive values 
should invest in individuals with higher expected reproduc-
tive values (Fig. 2c); thus, we also provide an empirical test 
of the prediction combining these two simple predictions 
(“prediction A&B” hereafter). Lastly, in addition to these 
predictions that focus solely on reproductive value, we pre-
sent an empirical study investigating the powerful prediction 
(prediction C) that the extent of altruism can be explained 
by the product of the receiver’s reproductive value and their 
degree of relatedness to the altruist (Milinski 1978).

Literature survey

For this purpose, we gathered literature focusing on repro-
ductive value in the context of social behavior. Articles 
were searched for using Google Scholar with the keywords 
“reproductive value” AND mammal AND behavior OR 
behaviour. We collected all of the matching papers published 
in scientific journals before 31st December 2015 (total 152 
studies; Table S1 in the Electronic supplementary material, 
ESM). When gathering information, we did not distinguish 
among methodologies of measuring reproductive value (e.g., 
projection matrix or other methods) or relatedness (e.g., 
pedigree or genetic marker).

Because reproductive value can be predicted from 
state variables (e.g., reproductive value increases until 
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maturation and then decreases with age; see Appendix 
3 for the background logic), we included all studies that 
examine the pattern between reproductive value (or its 
indirect measures, such as age, sex, and so on) and social 
interactions, including parental investment. For example, 
in life history studies, terminal investment is a well-known 
phenomenon in which older individuals (often mothers) 
with low expected reproductive values (i.e., low “residual 
reproductive value;” Pianka and Parker 1975; see also 
Morris 1986) invest more in current reproduction than 
younger individuals do. This pattern can be tested with-
out directly measuring reproductive value; indeed, most 
studies have tested this pattern using age, which is tightly 
linked to reproductive values and is easier to estimate than 
reproductive value. We judged whether the prediction 
was supported or not based on the authors’ conclusion, 
founded on statistical analyses. Because the use of such 
indirect measures leads to some uncertainty compared 
with directly estimating the reproductive value, we also 
focused on patterns among studies that directly estimated 
reproductive values.

Our database included studies of social interactions and 
parental investment that might accompany behavioral com-
ponents. We excluded data on nonsocial behaviors (e.g., for-
aging, mating, or personality traits; note that we included 

parent–offspring interactions because, theoretically, social 
interactions between parent and offspring and those between 
other relatives are not different).

Although this type of literature review often accom-
panies a quantitative meta-analytic approach using effect 
size, we avoided such an approach because of our highly 
heterogeneous dataset. For example, most studies have not 
used reproductive value itself; they have used state variables 
such as age or sex instead (note that, in empirical studies, 
some states are known to have higher reproductive values 
than others, e.g., older individuals have lower reproductive 
values after maturation; see Appendix 3). For this reason, 
effect size is difficult to interpret. Even if reproductive value 
increases with age until maturation (and decreases thereaf-
ter), the exact increase or decrease in reproductive value per 
age depends on each age class as well as the species’ life 
history (Fig. 1), so effect size based on age or other state 
variables has little meaning when used to infer the quanti-
tative effect of reproductive value. Moreover, predictions 
based on reproductive value are highly variable, i.e., some 
analyses predict simple linear relationships between repro-
ductive value (or the state variable) and social behaviors, 
while others predict specific patterns of behavior (e.g., the 
existence of “youngest ascendancy,” as we explain in the 
discussion of prediction B later in the paper). Therefore, we 

Recipient

Actor 1
V     = 0.1 t+1 

Actor 2
V     = 3.0 t+1 

(a)

Recipient 2
V     = 2.0 t+1 

Recipient 1
V     = 1.0 t+1 

Actor

(b)

indiviudal 2
V     = 0.1 t+1 

indiviudal 1
V     = 1.0 t+1 

(c)

Fig. 2  Simple Predictions of altruistic behavior based on reproduc-
tive value among kin individuals given the same relatedness r. Each 
individual with a given state at time t is shown with a given expected 
reproductive value at the next time period (Vt+1), and solid arrows 
indicate the predicted main directions of the altruistic behavior. a 

Case in which there are two potential actors that could benefit a recip-
ient. b Case in which an actor can benefit one of two potential recipi-
ents. In a and b, an example context is meat sharing in chimpanzees. 
c Case in which two related individuals will be either actor or recipi-
ent. In c, an example context is grooming in chimpanzees
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adopted a classic (or narrative) literature review in which 
we summarized the overall pattern. This type of literature 
review based on the overall pattern is normally less effective 
at identifying a general pattern than a quantitative meta-
analysis (e.g., see Borenstein et al. 2009 for a recent review). 
Thus, our review may have underestimated rather than over-
estimated the overall effect of reproductive value. Still, we 
think that this approach is a good starting point for reviewing 
the currently scattered information on reproductive value 
and stimulating a more systematic review in the future.

Overall pattern

Overall, >50% of empirical studies have supported these 
predictions (Table 1; also see Table S1 in the ESM for 
detailed information). Although those studies have mostly 
been correlational, experimental studies have also been 
performed (Schwanz 2008a, b; see also Nehring et  al. 
2012 for a similar experiment in social insects). Most stud-
ies have substituted age for reproductive value due to the 
predictable relationship between the two (Fig. 1); only a 
few studies have calculated reproductive value (Table 1; 
see Table S1 in the ESM for detailed information). Thus, 
most studies are based on the assumption that reproduc-
tive values change in a predictable manner in age-struc-
tured populations, and its age-related pattern depends on 
the species considered, so caution must be applied during 

interpretation. Only a fraction of the reported studies used 
other state variables (e.g., size, rank, condition) when test-
ing the predictions, except for prediction B, in which sex 
rather than age was used as a predominant state variable 
(Table 1). Unfortunately, when investigating social interac-
tions, no study has calculated reproductive value based on 
state variables other than age (Table 1).

Although some studies have focused on reproductive 
effort in which a behavioral component is not ascertained 
(e.g., milk provision/intake), studies with clear behavioral 
components (e.g., defensive behavior, grooming, aggres-
sion, and so on) have demonstrated similar patterns to those 
obtained in all studies (Tables 1, 2). Thus, again, the major-
ity (66%) of the studies found support for the importance of 
reproductive value (Table 2). Most of these studies focused 
on the mother–offspring or sibling relationship (Table 2), 
but similar findings (i.e., support for the prediction based on 
reproductive value) have been obtained in studies on grand-
mothers, aunts (Fairbanks 1988), and more distant relatives 
(Borries et al. 1994). We provide a short summary of the 
literature review, a detailed explanation, and some examples 
for each prediction below.

Prediction A: The frequency/intensity of investment 
between related individuals should be negatively related 
to the reproductive values of the actors

In the 83 studies that we listed, 50.6% of them showed posi-
tive results, although only a few estimated reproductive value 
(Table 1). Among all 83 studies, age was the most frequently 
used state variable, and support for this state variable was 
slightly below 50% (46.4%; Table 1). The majority of the 
studies supported the prediction when we focused solely on 
studies with clear behaviors (i.e., focused on a limited num-
ber of studies; see Table 2). An alternative explanation for 
this pattern is that animals effectively adjust their investment 
towards kin members through behavioral components rather 
than other components (e.g., purely physiological maternal 
investment). The effect size of age-based reproductive value 
remains to be clarified in the future.

In prediction A, actors who are expected to have low 
future reproductive values should invest more in kin mem-
bers than should those with high reproductive values. Since 
the first application in Hrdy and Hrdy (1976), several studies 
have supported this prediction. In female Hanuman langurs, 
Presbytis entellus, Hrdy and Hrdy (1976) found that older 
females had a low reproductive value and in fact behaved 
altruistically, i.e., were subordinate and spent more time 
defending the troop, while young females had a high repro-
ductive value and hence behaved selfishly, i.e., were more 
dominant and defended the troop less (also see Croft et al. 
2015 for post-reproductive lifespan).

Table 1  Summary of a review of the literature supporting predictions

See main text for a detailed explanation of each prediction

Overall Sorted by state variable

Age alone Others

Overall pattern
 Prediction A 51% (42/83) 46% (32/69) 71% (10/14)
 Prediction B 74% (42/57) 50% (4/8) 78% (38/49)
 Prediction A&B 91% (10/11) 100% (9/9) 50% (1/2)
 Prediction C 0% (0/1) 0% (0/1) − (0/0)
 Total 62% (94/152) 52% (45/87) 75% (49/65)

Studies using state variables
 Prediction A 50% (38/76) 45% (28/62) 71% (10/14)
 Prediction B 76% (41/54) 60% (3/5) 78% (38/49)
 Prediction A&B 90% (9/10) 100% (8/8) 50% (1/2)
 Prediction C − (0/0) − (0/0) − (0/0)
 Total 63% (88/140) 52% (39/75) 75% (49/65)

Studies calculating reproductive values
 Prediction A 57% (4/7) 57% (4/7) − (0/0)
 Prediction B 33% (1/3) 33% (1/3) − (0/0)
 Prediction A&B 100% (1/1) 100% (1/1) − (0/0)
 Prediction C 0% (0/1) 0% (0/1) − (0/0)
 Total 50% (6/12) 50% (6/12) − (0/0)
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Likewise, other empirical evidence supports the idea 
that older individuals (often mothers) with low expected 
reproductive values (i.e., low “residual reproductive 
value;” Pianka and Parker 1975; see also Morris 1986) 
invested more in current reproduction (“terminal invest-
ment;” Clutton-Brock 1991; note that the state variable 
‘age’ was often used as a substitute for reproductive value 
due to the predictable link between age and reproductive 
value; also see the next section for the potential problems 
this might cause). For example, Descamps et al. (2007) 
showed that female red squirrels, Sciurus vulgaris, invested 
more in their offspring as they aged (in this case, the pro-
pensity to bequeath their territory to juveniles increased 
with female age). In addition to these correlational stud-
ies, experimental studies have also been performed. When 
the residual reproductive value was reduced by parasite 
infection in deer mice, Peromyscus maniculatus, females 
increased their current reproductive output, producing 
heavier offspring at birth compared with those in a control 
group (Schwanz 2008a, b).

Prediction B: The frequency/intensity of investment 
between related individuals should be positively related 
to the reproductive values of the recipients

In the 57 studies that we listed, the majority (73.7%) of them 
showed positive results, although only three estimated repro-
ductive value (one of the three supported the prediction). 
In contrast to other predictions in which age was used as a 
major state variable, most studies used sex as a state vari-
able in this prediction (35 studies, of which 28 supported the 
prediction). Only a few studies used age as a state variable 
(Table 1). Although most studies focused on sex allocation, 
in which behavioral components are not clearly mentioned, 
some studies focused on specific types of behaviors (see 
Table 2).

In prediction B, actors should prefer kin individuals with 
a high reproductive value over others of the same related-
ness. Offspring age has been the focus of previous studies, 
as reproductive value should change predictably with age: 
older offspring have a higher reproductive value than that 
of younger ones until maturation, and vice versa after mat-
uration. Schulman and Chapais (1980) provided a simple 
application. They proposed that the youngest ascendancy, 
in which the youngest daughter obtained the highest rank 
among sisters in cercopithecine primates (and the spotted 

Table 2  Summary of a review 
of the literature supporting 
predictions when confined to 
studies of clear behavior

See main text for a detailed explanation of each prediction
Note that all studies without clear behaviors focused on close relatives, i.e., parent–offspring or sibling 
relationships (see Table S1 of the ESM)

Overall Sorted by

State variable Participants

Age alone Others Close relatives Others

Overall pattern
 Prediction A 62% (24/39) 59% (20/34) 80% (4/5) 54% (15/28) 82% (9/11)
 Prediction B 63% (12/19) 43% (3/7) 75% (9/12) 63% (10/16) 67% (2/3)
 Prediction A&B 100% (8/8) 100% (7/7) 100% (1/1) 100% (5/5) 100% (3/3)
 Prediction C 0% (0/1) 0% (0/1) − (0/0) − (0/0) 0% (0/1)
 Total 66% (44/67) 61% (30/49) 78% (14/18) 61% (30/49) 78% (14/18)

Studies using state variables
 Prediction A 63% (22/35) 60% (18/30) 80% (4/5) 54% (14/26) 89% (8/9)
 Prediction B 69% (11/16) 50% (2/4) 75% (9/12) 64% (9/14) 100% (2/2)
 Prediction A&B 100% (7/7) 100% (6/6) 100% (1/1) 100% (4/4) 100% (3/3)
 Prediction C − (0/0) − (0/0) − (0/0) − (0/0) − (0/0)
 Total 69% (40/58) 65% (26/40) 78% (14/18) 61% (27/44) 93% (13/14)

Studies calculating reproductive values
 Prediction A 50% (2/4) 50% (2/4) − (0/0) 50% (1/2) 50% (1/2)
 Prediction B 33% (1/3) 33% (1/3) − (0/0) 50% (1/2) 0% (0/1)
 Prediction A&B 100% (1/1) 100% (1/1) − (0/0) 100% (1/1) − (0/0)
 Prediction C 0% (0/1) 0% (0/1) − (0/0) − (–/–) 0% (0/1)
 Total 44% (4/9) 44% (4/9) − (0/0) 60% (3/5) 25% (1/4)
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hyena Crocuta crocuta; Holekamp and Smale 1993), could 
be explained by maternal support for the youngest daughter 
over older siblings, because the youngest daughters would 
have the highest reproductive value when they matured.

Similarly, the reproductive value of offspring depends on 
their sex (Trivers and Willard 1973; Milinski 1978; Leimar 
1996). As predicted based on the primary sex ratio (Lei-
mar 1996; Komdeur 2012; Schindler et al. 2015), mothers 
should allocate more postnatal investment to the sex with 
the highest expected reproductive value, depending on their 
own state (i.e., sex-biased parental investment; note that 
the sex with the highest reproductive value depends on the 
life history of the species considered). For example, in the 
bank vole (Clethrionomys glareolus), mothers allocate more 
resources to daughters than sons, which is predicted because 
a larger body size is more important for female reproductive 
success in this species (Koskela et al. 2009). Although these 
examples focus on the reproductive value of single offspring, 
recipients need not be single offspring—they can be groups 
(e.g., litter size, in which the reproductive value of the litter 
equals the sum of the reproductive values of the individuals; 
Montgomerie and Weatherhead 1988; e.g., the bank vole; 
Koskela et al. 2000).

Prediction A&B

All of the studies except for one showed positive results, 
although this category was less well studied than separate 
analyses of predictions A and B (Table 1). A comparison 
of dyads would control for some potential confounding fac-
tors such as relatedness (e.g., mother and daughter have the 
same relatedness to each other). This might contribute to the 
high support for this prediction, though the small sample 
size might have also affected the results. Most of the studies 
(70%) accompany specific types of behavior (Table 2).

Individuals with lower expected reproductive values 
should invest in individuals with higher expected reproduc-
tive values, rather than vice versa. For example, Kurland 
(1977) showed that older Japanese macaques, Macaca fus-
cata (and thus individuals with smaller reproductive val-
ues), groomed younger counterparts, rather than vice versa, 
among siblings and parents–offspring. These analyses that 
focus on which of the participants act altruistically represent 
special cases in which actors and recipients have an invest-
ment opportunity. In other cases, opportunities for altruis-
tic acts would differ among the participants (e.g., parental 
investment). Relative reproductive values affect the actors’ 
behavior (reviewed in Lindström 1999 for parental invest-
ment), and rank reversal between parent and offspring is one 
such example. In the savannah baboon, Papio cynocepha-
lus, Combes and Altmann (2001) found that rank reversal 

occurred when a daughter’s reproductive value became 
higher than that of the mother.

Prediction C: The extent of altruism can be explained 
by the product of the receiver’s reproductive value 
and their degree of relatedness to the altruist

To date, only one empirical study has examined this relation-
ship (see Tables 1 and 2; Van Horn et al. 2007), which corre-
sponds to only 0.7% of all studies included (i.e., 1/152). Van 
Horn et al. (2007) studied group choice by female savan-
nah baboons (Papio cynocephalus) during group fission 
events. In their study, relatedness played a significant role in 
female group choice in some events but not in others. When 
the reproductive value was considered, the results did not 
change qualitatively, indicating that the product of reproduc-
tive value and relatedness did not increase the predictability 
of social behavior. As Van Horn et al. (2007) wrote, it is 
unclear if females could not assess the reproductive values 
of others or if kin were of value to females through their 
direct benefits rather than their indirect benefits. Another 
possibility is that a reproductive value based on a specific 
time point (i.e., at group division) might not predict long-
term association after group division. It would therefore be 
premature to propose a general pattern for this prediction.

Advantages of testing prediction C

As we demonstrated above, empirical studies that have tested 
and support predictions A and B are now accumulating, but 
few have focused on the product of reproductive value and 
relatedness. We suggest that it is critical to consider this 
product not only when testing the role of reproductive value 
but also when testing the kin selection explanation in empiri-
cal studies. We explain each of these in turn.

Advantage 1: Widening the applicability of Hamilton’s rule

The product of reproductive value and relatedness provides a 
better perspective on social behavior than do separate analy-
ses of each factor. Imagine a case in which an actor has to 
choose a recipient from among a full sibling, a half-sibling, 
or non-kin with differing future reproductive values (1, 3, 5, 
respectively; Fig. 3). Assuming constant b′ and c′ values at 
the social interaction, neither the individual with the highest 
reproductive value (non-kin) nor the one with the highest 
relatedness (full sibling) should be chosen. Rather, we can 
predict that the half-sibling with the highest rV value will 
be chosen. The same prediction holds unless b′/c′ is at least 
1.5-fold higher for the first than for the second individual. 
Thus, studying rV would greatly widen the applicability of 
Hamilton’s rule.
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A rational but rarely conducted approach to testing this 
prediction is to use linear models, as done in nepotism stud-
ies (reviewed in Smith 2014) or in studies of reproductive 
value, as we reviewed here (Tables 1, 2). By including the 
product of reproductive value and relatedness, i.e., rV, as 
an independent variable, one can test whether the extent of 
altruism should be a function of the product of the receiver’s 
reproductive value and his/her degree of relatedness to the 
altruist.

Rather than including the product, a better approach 
would be to include the interaction term between r and 
Vrecipient (i.e., rVrecipient) as well as each main effect, so that 
predictions from the kin selection theory could be tested in 
linear models with the degree (e.g., frequency) of altruistic 
behavior as a response variable (Fig. 4a, b). This approach 
is necessary to study whether the product increases the pre-
dictability of the focal behavior, as predicted by theory. In 
addition to the influence of these terms, altruistic behavior 
on the part of an actor should also be examined in linear 
models (i.e., it should decrease monotonically with Vactor; 
Fig.  4c). Because there are ample studies investigating 
nepotism (Smith 2014) and reproductive value (this study), 
the lack of empirical studies that use the interaction term 
together with the main terms would be simply due to igno-
rance or underestimation of its importance (see Smith 2014 
for a detailed explanation of each method). This point will 
be explained in the next section.

Actor

Recipient 3
V     = 5.0

r = 0
rV     = 0

 t+1 

Recipient 1
V     = 1.0

r = 0.5
rV     = 0.5

 t+1 

Recipient 2
V     = 3.0
r = 0.25

rV     = 0.75

 t+1 

 t+1 

 t+1 

 t+1 

Fig. 3  The predicted effects of relatedness and reproductive value on 
altruistic behavior, exemplified by meat sharing in chimpanzees. An 
actor chooses from among a given set of potential recipients. Each 
individual with a given state at time t has given expected reproductive 
values at the next time period (Vt+1). The solid arrows indicate the 
predicted main directions of the altruistic behavior (see main text for 
more detailed information)

(a)

(b)

(c)

Fig. 4  Prediction of altruistic behavior based on relatedness and 
reproductive value, all else being equal: intensity of altruistic behav-
ior in relation to a relatedness, b reproductive value of the recipient, 
and c reproductive value of the actors within a given group. Broad 
lines indicate the predicted intensity/frequency of social behavior. 
When intensity/frequency of social behavior is predicted to be zero, 
Hamilton’s rule predicts no altruistic behavior. Otherwise, it is pre-
dicted that an actor allocates its investment to potential recipients 
according to relatedness (r) and the expected reproductive value of 
the recipient at the next time period (Vrecipient). The value of the inter-
cept (and the slope of the line) can change according to the social set-
ting for which the proportional mark (∝) is used
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Advantage 2: Distinguishing the kin selection hypothesis 
from other explanations

Although many empirical studies support the prediction 
(see Tables 1, 2), there are several alternative explana-
tions of (seemingly) altruistic behaviors other than kin 
selection, such as reciprocity (West et al. 2007), and these 
alternative hypotheses may predict a pattern similar to kin 
selection; that is, high investment in group members with 
higher reproductive value and relatedness due to the link-
age with other variables. For example, suppose that some 
individuals favor other healthy individuals (e.g., of prime 
age) who have high reproductive value among relatives due 
to reciprocity, or for other reasons (e.g., to avoid infection). 
Relatives may also behave cooperatively because of direct 
fitness benefits (e.g., Chapais 2001; Silk 2009). Since indi-
vidual state (e.g., age) often covaries with other character-
istics (e.g., experience) of the individual, it is also likely 
that these characteristics rather than state itself affect the 
intensity/frequency of social behavior (e.g., the apparently 
high maternal investment of older mothers, which have low 
reproductive value, may simply be derived from more suc-
cessful behavior due to their greater experience; Cameron 
et al. 2000).

The multiplicative use (i.e., taking the product) of repro-
ductive value and relatedness should improve the situation, 
as the interaction is not predictable by alternative explana-
tions or confounding factors. In cases in which the approach 
to quantifying inclusive fitness is impractical (i.e., when b′ 
and c′ cannot be measured), this statistical approach would 
be the best way to test the kin selection hypothesis for social 
behavior. Even when reproductive value itself is not avail-
able, a linear predictor—if any—can be used as a substitute, 
broadening the applicability of this statistical tool (e.g., if 
the focal animal has fixed annual survivorship and fecundity, 
reproductive value decreases linearly with age after matura-
tion; see also Fig. 1).

Although our prediction, depicted in Fig. 4, is based 
solely on the kin selection explanation, it is possible to set 
an additional term to account for the effect of another expla-
nation that is not mutually exclusive to kin selection in its 
effect on the focal behavior. For example, imagine a case in 
which the overall intensity/frequency of the focal behavior 
was determined by both direct and indirect fitness benefits. 
The intercept value (i.e., the altruistic behavior among non-
relatives) of the linear model can be shifted upward due to 
the direct fitness effect, while the effects of relatedness and 
reproductive value can be tested by their interaction and 
main effects. Therefore, this would not only be the way to 
distinguish kin selection and other explanations; it would 
also provide a standard method for evaluating the relative 
importance of each mechanism.

Caveats

As previously noted, the predictions above are based on 
the assumption that the behavior in question has unbiased 
b′ and c’ among group members. When this is not the case, 
the predictions do not stand, which should be kept in mind. 
If this caveat is not considered, unrealistic predictions 
can be made. For example, one might predict that infants 
should invest more in their mothers rather than vice versa 
when the infants have lower future reproductive value than 
their mothers do. This prediction is obviously wrong, as 
infants have a lower b′/c′ ratio than their mothers, violating 
the assumption. Another assumption is that the reproduc-
tive values of group members should be estimated from a 
stable population, independent of the given behavior (i.e., 
the behavior will affect transition rates of the focal indi-
viduals but not the reproductive value of each state in the 
entire population), as in the previous analysis of reproduc-
tive value (Table 1). The dynamic change in reproduc-
tive value (or nonequilibrium reproductive value)—which 
depends on the focal behavior—is an alternative approach, 
at least in theory (e.g., Wild 2011), but its use is impracti-
cal in empirical studies. These assumptions might be met 
in many cases, as in previous studies using reproductive 
values (Table 1), but should be considered when making 
predictions using reproductive value.

Conclusion

We have provided empirical support for the importance of 
reproductive value in the context of social interaction in 
mammal societies, although this variable is rarely used in 
the multiplicative form with relatedness. At present, we 
are in a better position than ever to apply the product of 
reproductive value and relatedness because of the accu-
mulating population matrix (e.g., longitudinal research in 
primates: Kappeler and Watts 2012; see also Salguero-
Gómez et al. 2016 for a recently established database), 
more sophisticated statistics to measure reproductive value 
(e.g., the integral projection model; Rees et al. 2014), and, 
of course, theoretical development in this study field (e.g., 
Pen and Weissing 2000; Alizon and Taylor 2008; John-
stone et al. 2012). In a famous episode, J.B.S. Haldane 
is believed to have said that “he would be prepared to lay 
down his life for the sake of two brothers or eight cousins” 
(Davies et al. 2012, p 313; note that this should be “more 
than” two brothers or eight cousins in a strict sense). From 
an adaptive perspective, however, one should not forget to 
weight relatedness using future prospects (i.e., reproduc-
tive values) before laying down one’s life.
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Appendix 1

See Fig. 5.

Age 0
0.5

(a)

(c) 

Age 2

Age 0   Age 1   Age 2   Age 3
Age 01                        

Age 1                      
Age 2                   
Age 3     

Age 1

1.4
0.0        
0.4
0.0             

1.5 
0.0
0.0 
0.2            

0.4

1.4

0.0 
0.5
0.0 
0.0            

Age 3
0.2

(b)

1.5

                 No.            No.         lx       lx/lx-1   m   x      Vx             females   daughters 
Age 0       100              0          1.00     ––      0.0    1. 0 1                        

Age 1         50            70          0.50     0.5     1.4    2.0          
Age 2         20            30          0.20     0.4     1.5    1. 5
Age 3           4              0          0.04     0.2     0.0    0. 0

0.0 
0.0
0.0 
0.0      

Fig. 5  Population that has been state-structured on the basis of 
age: a life table with annual survey intervals; b “projection matrix” 
based on the life table; c life cycle graph, which is mathematically 
equivalent to the projection matrix. In this example, the population 
structure is subdivided into ages 0 (infant state), 1 and 2 (reproduc-
tive states), and 3 (post-reproductive state). Survivorship and fecun-
dity are denoted as lx, (i.e., the probability of surviving to age x) and 
mx (i.e., the mean number of female offspring produced per year by 
a female of age x; Fisher 1930), respectively. The reproductive value 
of age x (Vx) can be calculated via exp(rx)/lx*∑ exp(− rt) lt mt (which 
reduces to ∑ lt/lx mt in a stable population where r = 0) in the Leslie 
matrix or using the dominant left eigenvector in general (note that r 

is the intrinsic rate of increase per individual). In the life cycle graph 
c, each state is represented by a node, and arrows between the nodes 
represent the probabilities of moving from one state to the next (i.e., 
the transition rate). In the matrix, each movement between states is 
represented by the value in each cell [i.e., the transition rate from the 
row to the column in each cell; e.g., the transition rate from “Age 0” 
(first row) to “Age 1” (second column) is 0.5, which means that on 
average 50% of age 1 individuals survive to age 2; likewise, 1.4 indi-
cates that each age 1 female gives birth to 1.4 daughters on average]. 
See detailed information on the life table, projection matrix, and life 
cycle graph given in the literature (e.g., Caswell 1989; Albert and 
Altmann 2003; Fox 2008)

Appendix 2

See Fig. 6.
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Appendix 3

Age dependency of reproductive value. In an age-structured 
population, the reproductive value at age x (see Appendix 
1) can be rewritten as Vx = mx + lx+1/lx*Vx+1, which can be 
subdivided into current reproduction (mx) and residual repro-
ductive value (lx+1/lx*Vx+1). In this equation, it is clear that 
Vx is always smaller than Vx+1 before maturation (i.e., until 
mx > 0). The residual reproductive value can decreases with 
an increase of age after particular age class (which occurs 
after maturation), and thus, at least when current reproduc-
tion (mx) is a constant or a decreasing function of age, the 
reproductive value simply decreases with age.
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