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Abstract
Nature abounds with a rich variety of altruistic strategies, including public resource enhancement,
resource provisioning, communal foraging, alarm calling, and nest defense. Yet, despite their
vastly different ecological roles, current theory typically treats diverse altruistic traits as being
favored under the same general conditions. Here we introduce greater ecological realism into
social evolution theory and find evidence of at least four distinct modes of altruism. Contrary to
existing theory, we find that altruistic traits contributing to “resource-enhancement” (e.g.,
siderophore production, provisioning, agriculture) and “resource-efficiency” (e.g., pack hunting,
communication) are most strongly favored when there is strong local competition. These resource-
based modes of helping are “K-strategies” that increase a social group’s growth yield, and should
characterize species with scarce resources and/or high local crowding caused by low mortality,
high fecundity, and/or mortality occurring late in the process of resource-acquisition. The opposite
conditions, namely weak local competition (abundant resource, low crowding), favor survival
(e.g., nest defense) and fecundity (e.g., nurse workers) altruism, which are “r-strategies” that
increase a social group’s growth rate. We find that survival altruism is uniquely favored by a novel
evolutionary force that we call “sunk cost selection”. Sunk cost selection favors helping that
prevents resources from being wasted on individuals destined to die before reproduction. Our
results contribute to explaining the observed natural diversity of altruistic strategies, reveal the
necessary connection between the evolution and the ecology of sociality, and correct the
widespread but inaccurate view that local competition uniformly impedes the evolution of
altruism.

INTRODUCTION
Altruism is widespread in nature, with organisms ranging in complexity from microbes to
insects and mammals expressing a vast diversity of specific strategies for helping others at a
personal cost (Buss 1987; Dugatkin 1997; Crespi 2001). Organisms help by warning others
of the presence of predators, and by assisting in the construction of defensive nests.
Organisms help by feeding reproductive queens, and by caring for her offspring. They risk
misfortune by foraging outside of the protective confines of the nest to retrieve food for
nestmates, they help in the planting and harvesting of crops, and they expend personal
energy to synthesize biomolecules that they release for use by neighbors. They help in the
hunt, and by communicating the location of food. These traits provide benefits in different
currencies (survival, fecundity, resources, efficiency), and appear to serve different
ecological functions. Some appear to increase the growth rate of individuals and groups,
others their growth yield. Some appear to increase resource competition, others to
ameliorate it. Yet, despite this observed diversity, and despite the fact that evolutionary
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theory is principally concerned with explaining diversity, social evolution theory, in its
attempt to identify general principles, has been largely silent when it has come to describing
and explaining the origin and/or maintenance of altruism diversity.

Explaining altruism diversity requires identifying the ecological roles played by alternative
altruistic strategies, and determining how these roles influence selection. To this end, we
introduce here a simple consumer-resource model of fitness where reproductive success is
the outcome of an explicitly ecological process of resource-acquisition, metabolism, growth
and reproduction in patches of conspecifics competing over a shared resource pool. Our
formulation allows results to be tuned among the three canonical functional responses of
ecology (Type’s I, II, and III) (Holling 1959; Tilman 1982; Murdoch et al. 2003), which
determine how resource supply maps onto reproductive output. Our model identifies the
existence of at least four distinct types of altruism, and shows that these altruism types differ
in their ecological roles, and, as a consequence, in the selection pressures they experience.

Most investigations into the evolutionary ecology of altruism have revolved around the
concept of “local competition”. Local competition is universally thought to impede altruism
evolution by pitting social partners against one-another in a zero-sum game wherein helping
one individual necessarily harms others (Boyd 1982; Grafen 1984; Wade 1985; Taylor
1992; Wilson et al. 1992; Queller 1994; Frank 1998; Lehmann and Rousset 2010; Van
Dyken 2010). In these models, local competition is imposed by constraining the
reproductive output of groups via density regulation. With strictly local density regulation,
all social groups are regulated by external (non-heritable) factors to a constant, uniform size
at some stage in the life cycle (these populations are said to be “inelastic”). At the other
extreme is strictly global density regulation, where groups vary in size in proportion to their
(heritable) productivity (these populations are “elastic”). Three approaches for modeling
social evolution with local competition currently dominate. The “free-parameter approach”
introduces a scale of competition parameter that is tuned between 0 and 1 to modulate
results between strict local or global density regulation (Grafen 1984; Frank 1998; Whitlock
2002). Alternatively, the “structural approach” assumes a specific pattern of dispersal among
groups and then imposes an assumption about the scale of density regulation, typically either
strictly local or strictly global regulation (e.g., (Wade 1985; Frank 1986; Taylor 1992;
Rousset 2004; Lehmann et al. 2006; Lehmann and Rousset 2010). Models using a hybrid of
these two approaches have also been proposed (Gardner and West 2006b; Van Dyken 2010).
Finally, “graph-based approaches” use individual-based simulations and corresponding
analytical theory (such as spatial moment equations (van Baalen and Rand 1998)) wherein
individuals compete for occupancy of vacant sites on a spatial array (Nowak and May 1992;
Wilson et al. 1992; Nakamaru et al. 1997; van Baalen and Rand 1998; Mitteldorf and
Wilson 2000; Ohtsuki et al. 2006; Alizon and Taylor 2008; Lion and Gandon 2009, 2010).
Models on graphs have the advantage that individuals explicitly compete over a shared
limiting resource (space), but since the number of available sites is fixed by the initial
structure of the graph, populations are necessarily inelastic and, in existing formulations,
evolvable traits cannot increase local carrying capacity.

Methods that impose competition via density regulation assumptions face two shortcomings.
First, density regulation is a consequence of competition, not its cause. Such models, then,
impose an outcome by assumption. A preferable approach would be to create a causal model
of competition and allow the consequences to emerge as a result, rather than by assumption.
Secondly, density regulation assumptions force competition to be a function of the same
parameters that determine genetic relatedness, namely group size, dispersal rate and
dispersal pattern (Kelly 1992; Taylor 1992; Kelly 1994a; Queller 1994; Van Dyken 2010),
rather than the parameters that actually control competition, namely resource availability
relative to physiological requirements (Tilman 1982). We suggest that this feature of models

Van Dyken and Wade Page 2

Evolution. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



creates a correlation between relatedness and local competition that needn’t reflect
biological reality. Yet, many biological conclusions have been drawn from such models,
including the conclusion that population viscosity (low dispersal rates from natal groups)
does not promote altruism despite increasing genetic relatedness (Taylor 1992; Wilson et al
1992), and the universally accepted conclusion that local competition impedes altruism
evolution.

Here, we decouple the causes of genetic relatedness from those governing competition,
allowing each to be controlled by different, independent causal forces (competition by
resource availability relative to physiological need, relatedness by population structure and
dispersal). We find that some altruistic traits intrinsically create population elasticity, which
causes them to be beneficial when competition is most intense. Methods that assume a fixed
scale of density regulation have artificially prevented such a result. We show that there are
also altruism types that cannot increase elasticity on their own, and so require extrinsic
sources of population elasticity (abundant resources, low crowding). In general, we provide
a simple mechanistic model for the interaction between sociality and ecology that resolves
some previous dilemmas, provides a set of novel empirical predictions, and reveals a
number of new phenomena.

MODEL
Life Cycle

We assume a metapopulation composed of a large (technically, an infinite) number of
discrete social groups (e.g., families, demes, habitat patches, nests) linked by dispersal.
Generations are discrete and non-overlapping. We further assume a monoecious, haploid
population for simplicity of presentation, but our methods are readily extended to include
other breeding and genetic systems, such as diploidy and haplo-diploidy (Agrawal 2010;
Van Dyken 2010; Van Dyken et al. 2011). The life cycle begins with the formation of

groups, followed by reproduction. A group produces a total of  offspring, where

 is the mean fecundity of adults founding group i and Ni is the number of these adults
(all symbols are defined in Table 1.). Following reproduction, offspring compete locally for
access to a spatially localized, limited resource essential for growth and reproduction. We
assume that offspring consume resources but that adults do not, although adults may still
contribute parental care, for example in the form of resource provisioning or nest defense.
Thus, adults may stay alive after reproduction and even contribute parental care, but they do
not compete for resources. After the resource acquisition stage of the life cycle, adults die
and offspring disperse to form new groups, completing the life cycle. Note that these life
cycle assumptions (non-overlapping generations, competition and altruism in the same life
stage, and spatially localized resources) are the most restrictive for the evolution of altruism
according to previous models (Van Dyken 2010).

We assume that the population dynamics of the resource species is weakly coupled to the
focal (consumer) species (Murdoch et al. 2002; Murdoch et al. 2003), such that evolution of
the focal species, or activities such as differential consumption or enhancement of resources,
does not alter the amount of resource available at the beginning of each generation. For
examples of evolutionary models that relax this assumption, see (Gurney and Lawton 1996;
Laland et al. 1996; Odling-Smee et al. 1996; Murdoch et al. 2003; Odling-Smee et al. 2003;
Hauert et al. 2006; Lehmann 2007, 2008; Wakano et al. 2009).

Competition in our model emerges as a consequence of resource availability. Our model
differs from those proposed previously in that the parameters determining local competition
are not the same as those determining relatedness, so open-form solutions conceal no hidden
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relationships between model parameters (given our specific life cycle assumptions). We thus
report all our solutions (Table 2) in open form, which highlights their generality with respect
to population structures. Also note that our weak selection assumption, which we make
throughout, obviates the need to assume constant Ni, as Ni changes in size by a factor of (b −
c) over the course of evolution, which has a negligible impact on results when b, c ≪1.

Consumer-Resource Fitness Model
Fitness is the outcome of the following process: organisms consume resources acquired
from the environment, which they then convert into biomass (growth, offspring) and
chemical and mechanical work (metabolism, behavior). The mapping of resource
availability onto fitness requires the specification of a “functional response”, which comes in
three canonical forms (Holling 1959; Tilman 1982; Murdoch et al. 2003). A Type I (linear)
functional response assumes that reproductive output is linearly proportional to resource
availability, such that individuals produce an infinite number of offspring in an unlimited
environment. This is clearly unrealistic. Necessary biological factors such as respiration,
energetic costs of foraging, search and handling times, and satiation prevent a 1:1
correspondence between resource supply and growth (Holling 1959; Tilman 1982; Yodzis
and Innes 1992). In the strictest sense, Type I functional responses violate the Second Law
of Thermodynamics. More common are Type II (concave, e.g., Monod or Michaelis-Menten
kinetics) and Type III (sigmoidal) functional responses, which make reproductive output a
saturating function of resource abundance, so that a finite maximum (asymptotic) number of
offspring is produced when resources are infinite. This accords with most laboratory
experiments and empirical observations (Gause 1934; Monod 1949; Tilman 1982), with
Type II functional responses having the most widespread empirical support. We employ a
general model that allows us to modulate between Type I, II and III functional responses
(Yodzis and Innes 1992; Otto and Day 2007). Allowing for a Type II or III functional
response is one feature that distinguishes our model from most existing niche-construction
models (Odling-Smee et al. 1996; Kerr et al. 1999; Odling-Smee et al. 2003; Lehmann 2007,
2008) and most other explicit resource models of social evolution (although see Whitlock et
al (2007)), which typically model fitness as a Type I (linear, non-saturating) functional
response.

In Appendix A we derive the following equation for the absolute fitness (total number of
offspring produced) by the jth individual in the ith social group (see also Agrawal (2010)):

(1)

vijfij is individual ij’s asymptotic fitness; that is, its resource-independent probability of
survival to maturity (viability, vij) times its maximum fecundity (fij). The parameters x ∈
{1,2} and y ∈ {0,1} modulate Equation 1 between Type I (x = 1, y = 0), Type II (x = 1, y =
1) and Type III (x = 2, y = 1) functional responses (Otto and Day 2007). Note that y may be
defined as a continuous variable ( y ∈ [0,1] ) representing the “handling time” required to
subdue, consume and digest a resource item (Holling 1959). The quantity, Si = ST,i/Ni, is the
per-capita resource supply in the ith group at the beginning of a generation (before births or
stochastic deaths), which we assume is constant (i.e., held in a steady quasi-equilibrium).
kS,i is the mean “half-saturation constant” (Monod 1949; Healey 1980; Tilman 1982) of
individuals in the ith group, which is the value of the resource concentration, S, at which
fitness is half its maximum.
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ωi measures crowding. Specifically, it is a function of the mean fecundity of group founders

( ), the group mean resource-independent survival probability (vi), and the mean rate at
which resources within the group are consumed by individuals that die before reproduction,
TD,i. We refer to TD as the “sunk cost” parameter because it quantifies the unrecoverable
loss in resources due to deaths (note that “cost” here is in units of resources, not necessarily
fitness). When TD = 0, deaths occur before any resources are consumed, while TD = 1
indicates that deaths occur after individuals have consumed as much of the local resource as
those which survive to reproduction (Agrawal 2010). We make the simplifying assumption
that TD and v are uncorrelated, which may often be violated (A. Agrawal, pers. comm.).

Here, we write crowding as , or, approximately,

(2)

ω corresponds to the degree of “habitat saturation” (Lion and Gandon 2010), modeled as
“empty sites” in graph-based spatial models (Alizon and Taylor 2008; Lion and Gandon
2010). Notably, here ω includes cases where “sites” have been vacated by deaths, but the
dead individuals have already consumed resources. Unlike in graph theoretic models, such
deaths do not relax local resource competition.

The following parameter appears in our results after rearrangement, and we define it as a
measure of the intensity of local competition,

(3)

Importantly, this parameter is a model outcome, not an input parameter. (Throughout,
unsubscripted parameters (f, v, kS, ω and S) indicate values in the absence of altruists). Eqn.
3 shows that local competition is most intense with high crowding, scarce resources, and
high resource demand. When costs and/or benefits affect survival, the following “sunk-cost
selection” term arises:

(4)

This term accounts for additional fitness consequences resulting from deaths that waste
resources but do not contribute to group productivity. Note that e ∈ [0, a], where e = 0 when
TD = 0, and e = a when TD = 1.

Results in Table 2 apply for all three functional responses (Type I, II, and III), with the
appropriate values of x and y substituted throughout. Importantly, a Type I functional
response creates a condition where a = 1 for all values of S and ω (see Equation 3). This is
not true of Types II and III functional responses, where local competition is strictly
determined by resource availability and crowding, and approaches zero as S → ∞. To
understand this effect of a Type I functional response on local competition, we can substitute
x = 1 and y = 0 into Equation 1, giving: Wij = Sivijfij/(kS,ivjfi) for TD = 0, and Wij = Sivijfij/
(kS,ifi) for TD = 1. This shows that a linear functional response makes the fitness
consequences of survival and fecundity effects (when TD = 0) or just fecundity effects
(when TD = 1) strictly relative to the performance of others in the group. This dependence of
absolute fitness on the fitness of social partners is, by definition, local competition (Frank
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1998). Most previous models have tacitly or implicitly assumed a Type I functional
response. Allowing for the more realistic Type II and III functional responses is responsible
for many of the novel results we identify here.

Allele Frequency Recursions
The evolutionary change in global frequency of an altruism allele is given by the Robertson-
Price equation (Robertson 1966; Price 1970),

(5)

where cov() is covariance, pij is the frequency of the altruism allele in the jth individual in
the ith group, and Wij/W̄ is the global relative fitness of individual ij. In our haploid model,
for carriers of the altruism allele, pij = 1, and for carriers of the non-altruistic allele, pij = 0
(Wade 1985). Eqn. 5 is quite simple to use. First, one defines a fitness function, Wij (we will
use Equation 1 throughout), which then gives W̄ by taking expectations. Once the relative
fitness (Wij/W̄) is found, one simply applies the rules of covariance’s and expectations (e.g.
Lynch and Walsh(1998)) to find the solution. The solution will contain genetic covariances
that can be written as a function of global allele frequency and the degree of population
genetic structure (Wright 1931; Wright 1951; Wright 1965; Whitlock 2002; Rousset 2004).
In our present model, we need only the following haploid genetic covariances:

(6a)

(6b)

Here r is the kin selection coefficient of genetic relatedness, which is equal to the proportion
of total genetic variance among groups (Crow and Kimura 1970; Michod and Hamilton
1980; Frank 1998), and which, in our haploid model, is equivalent to Wright’s FST, the
probability that two alleles chosen at random from within a group are identical-by-descent
(Wright 1965).

We assume linear social effects throughout, such that the effect of two altruists is twice that
of one, and so on. Thus, while the fitness surface is nonlinear due to the functional response
(eq. 1), we assume that it behaves approximately linearly throughout the course of invasion
and fixation of a single mutant allele. This is reasonable provided phenotypic effects are
small, i.e., b and c ≪ 1. Our aim here is not to investigate how non-linear fitness interactions
influence the statics and dynamics of altruism evolution, which has been investigated
elsewhere (Smith et al. 2010; Archetti and Scheuring 2011), but instead to demonstrate the
existence of multiple, diverse ecological modes of altruism and to investigate their
interaction with the factors influencing local competition. Our weak selection assumption
can be relaxed using previous methods (Smith et al. 2010). In addition, we derive results in
terms of “whole-group” fitness (Pepper 2000), where altruists receive their own benefit.
This is by no means a necessary assumption, and is only made to simplify the presentation
and to provide results in a familiar form. A simple change of variables suffices to obtain the
“others-only” analogues (e.g., Van Dyken (2010)).
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RESULTS
Altruism is typically modeled as increasing a recipients’ survival or fecundity. However, our
model (Eqn. 1) provides four different parameters that control fitness, each of which can be
modified by altruism, as we now show. Analytical results are summarized in Table 2.

Survival Altruism
“Survival altruism” includes common altruistic traits such as defense against predators or
parasites, alarm calling to warn of danger (e.g., in ground squirrels, meerkats, monkeys,
ungulates), nest climate control (e.g., in naked mole rats, termites, ants, bees) and collective
thermoregulation (e.g., bees, mice). The defensive sting of ants, bees and wasps (Starr 1985)
is a salient example of survival altruism, as stinging deters predators but often causes death
of the defender. Construction and defense of nests, i.e., “fortress defense”, is a more general
example of survival altruism (Queller and Strassmann 1998; Wilson 2008). Targets of
selection include stingers, mandibulate mouthparts used in nest construction (Holldobler and
Wilson 1990), and stereotyped behaviors contributing to nest construction and agonistic
response to invaders.

As is typical in kin selection models, we assume that the survival of an individual, vij, is
increased by an amount bk for every altruist in its group. Let b = bkN be the “maximum
benefit” received in a hypothetical group fixed for altruism. In the case of a survival trade-
off, which we derive for the sake of illustration, altruists suffer reduced personal survival by
an amount, c. Let v and f be the survival and fecundity rates of individuals in the absence of
altruism. Thus, assuming small phenotypic effects, we can write,

(7a)

(7b)

Substituting these values into Eqn. 1 and using Eqn’s 2–4, we find to first order,

(8)

Again, the parameters a and e (eqns. 3 and 4, respectively) emerge after some algebra.
Substituting Eqn. 8 into Eqn. 5 and using the identities in 6a,b gives,

(9)

Altruism spreads when Δp > 0 (Table 2).

It is clear from eq. [9] that local competition (high crowding, scarce resources) impedes
survival altruism. When resources are infinite (and thus not limiting), such that a = e = 0, we
recover the familiar form of Hamilton’s rule (Hamilton 1964), with resource-independent
linear benefits, b, and costs, c (Table 2). When TD = 0 (deaths occur before resources are
consumed) such that e = 0 (no wasted resources), we recover as a special case previous
theoretical results for altruism under local competition (Boyd 1982; Grafen 1984; Frank
1998; Van Dyken 2010), namely, (1 − a)br − c(1 − ar)> 0, except that the abstract “scale of
competition” (Frank 1998) parameter used previously is replaced by eq. [3], which is an
explicit, causal function of environmental and physiological variables.
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Novel results appear when TD > 0, which corresponds to the existence of “sunk costs” or
“wasted resources” (Agrawal 2010), wherein deaths remove resources from the group
without contributing to group productivity. Sunk cost selection, which is controlled by the
parameter e, favors traits that increase survival when sunk costs are high (TD > 0) (Figure 1).
This selection acts to reduce resource waste. To demonstrate this effect, note the following:
When TD = 1, then e = a, so that survival altruism evolves when br − c > 0, which is
independent of resources or crowding. This occurs because individuals that have already
consumed resources are no longer competitors: helping them does not increase local
competition. Another way to look at this effect is to note that reducing wasted resources
creates elasticity: groups that eliminate waste are more efficient with their collective
resource use, which increases their relative productivity. This sunk-cost effect distinguishes
survival altruism from fecundity altruism (see next section), not only quantitatively but
qualitatively (Figure 1). Survival altruism is always more strongly favored than fecundity
altruism when TD > 0. This is because survival altruism, but not fecundity altruism, reduces
resource waste due to premature death.

Fecundity altruism
“Fecundity altruism” occurs when help donated by an actor causes recipients to increase
their investment in reproductive effort, thereby increasing the gross number of offspring
produced by a maximum amount b. Fecundity-altruism is best exemplified by the eusocial
Hymenoptera and termites, where care by sterile “nurse workers” allows queens to lay
hundreds to millions of eggs (Holldobler and Wilson 2009). The greatly distended, egg-
filled abdomen of termite queens (Shellman-Reeve 1997; Holldobler and Wilson 2009) is a
clear morphological example. One must be careful to distinguish between survival and
fecundity benefits, as increasing the survival of an individual may be mistakenly counted as
increasing the fecundity of that individual’s parents. We avoid double-counting costs and
benefits by simply restricting the effects of a behavior to within a single generation (Wolf
and Wade 2001).

The fecundity of an individual, fij, is increased by a maximum amount b by associating with
altruists. We present again the case of a survival trade-off, where altruists suffer reduced
personal survival by an amount, c (results for fecundity trade-offs are found in Table 2).
Thus, assuming small phenotypic effects, we have,

(10a)

(10b)

Once again assuming weak selection and following the previous derivation, we find that the
change in allele frequency is, to first order,

(11)

Like survival altruism, fecundity altruism is favored in elastic environments (low crowding
and/or abundant resources) (Table 2; Figure 1). However, as discussed above, fecundity
altruism is more heavily favored when deaths occur early in life (TD is small) (Figure 1c),
because wasted resources increase local competition.

Another fact to note is that, whenever altruistic costs reduce personal survival or fecundity,
the negative impact of this cost on fitness is diminished with increasing local competition
and relatedness (that is, the cost is ameliorated by a factor (1 − ar)). This effect is a
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consequence of “byproduct altruism,” wherein the premature death or reduced reproductive
output of the altruist frees up resources for group members. This effect on fitness depends
on the intensity of local competition, a, as freed-up resources are a greater boon when
competition is fierce, and on the proportion of those that benefit from this incidental
resource-enhancement who are related, by r, to the prematurely deceased altruist.

Resource-enhancement Altruism
“Resource-enhancement” helping occurs when altruists act to increase local resource
concentration, S. Such traits are widespread in nature, and include provisioning behaviors
(Hawkes et al. 1997; Marlowe 2003; Costa 2006; Page et al. 2006; Wilson 2008), agriculture
(Diamond 1997; Mueller et al. 2005) rearing of livestock (Diamond 1997) (e.g., aphids
milked by ants for their “honeydew” (Holldobler and Wilson 2009)) and many types of
niche construction (Jones et al. 1994; Odling-Smee et al. 1996, 2003). Microbial resource-
supply altruism typically involves costly production of publicly available biomolecules
(Platt and Bever 2009), such as secretion of “siderophores” that increase the local supply of
usable iron (Buckling et al. 2007; Kummerli et al. 2009b), (Chao and Levin 1981; Brown et
al. 2009), proteolytic exo-enzymes used to subdue and digest prey (Velicer and Mendes-
Soares 2009), or exo-enzymes involved in carbohydrate digestion, such as invertase in yeast
(Greig and Travisano 2004; Gore et al. 2009).

Because these traits modify the resource component of fitness, they need to be modeled
accordingly. Allowing the per-capita resource concentration in a group to be increased by a
maximum amount b by the altruists within it, and again assuming small phenotypic effects,
gives,

(12)

This feature formally makes this a niche-construction model (Gurney and Lawton 1996;
Laland et al. 1996; Odling-Smee et al. 1996, 2003), wherein organisms influence fitness by
modifying their environment. Viability and fecundity trade-offs can be modeled as above,
and the results in Table 2 are found by substituting eq. [12] into eq. [1] and following the
derivations above.

Contrary to previous theory (e.g., (Boyd 1982; Grafen 1984; Wade 1985; Taylor 1992;
Queller 1994; Frank 1998; Alizon and Taylor 2008; Platt and Bever 2009; Lehmann and
Rousset 2010; Lion and Gandon 2010; Van Dyken 2010), local competition actually
enhances selection for altruism in these cases (Table 2; Fig. 1). The fitness benefit of
resource-based altruism is equal to, B = ab. Note that this effect is not due to resource
altruism overcoming local competition; rather, local competition is a prerequisite for the
evolution of resource altruism. This occurs because resource-enhancement increases growth
yield, creating elasticity. If the environment is elastic (low crowding and abundant
resources), then there is little relative benefits of creating elasticity. Consider for example an
altruist that forages away from the nest and brings back food to share with nest mates. This
behavior comes with costs, as it exposes the altruist to risks such as predation and causes
them to invest in foraging rather than reproductive output. Benefits will outweigh these costs
only if food at the nest is sufficiently scarce, but if food is abundant in the nest (a is close to
zero), then a marginal increase in provisioning effort will not be worth the accompanying
costs.

Resource-efficiency Altruism
“Resource-efficiency” helping enhances the efficiency with which social partners convert
resources into fitness. Communication of the location and quality of a food source to colony
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members using chemical cues (e.g., pheromone trails in ants) or visual cues (e.g., the
“waggle dance” in honeybees) increases the efficiency of foraging by preventing wasted
time and effort (Holldobler and Wilson 1990, 2009). Other examples include communal
foraging (Kelly 1994b) and “pack hunting” (Creel and Creel 1995). Resource-efficiency
altruism is possible when the net caloric intake from foraging (calories consumed minus
calories expended) is greater when done in groups than when done alone, as has been
documented in mammalian (Creel and Creel 1995) and arachnid (Yip et al. 2008) carnivores
that cooperatively hunt large prey. For instance, pack hunting increases the success rate of
hunting, the size of prey captured, and reduces the probability that prey is stolen by other
species (Fanshawe and Fitzgibbon 1993). Altruists increase the hunting efficiency of others
but suffer a loss in personal viability or fecundity due to increased investment in
cooperation.

Resource-efficiency altruism is modeled by modifying the half-saturation constant, kS, in eq.
[1]. Increased efficiency corresponds to decreased kS, as fewer resources are required to
produce the same unit of fitness. Thus, altruists increase the efficiency of resource-use by
decreasing kS by a total amount, b, such that,

(13)

Again, results reported in Table 2 are derived from eq. [8] as shown above. As with
resource-enhancement helping, resource-efficiency helping increases growth yield, creating
population elasticity. Resource-efficiency helping requires strong local competition in order
to be favored by selection.

Constraints on Resource-based Helping
In real populations, the ability of organisms to enhance local resource supply, or to use
resources more efficiently, may have an upper maximum determined by global resource
limitation or physiology. For example, provisioning by animals enhances local resource
supply as they capture resources from outside of the group; as a result, enhancement is
constrained by global resource supply (or at least the supply that can be reached by
foragers). Microbes are relatively immobile and so typically enhance resources by
biochemical conversion of local raw materials into usable substrate (Platt and Bever 2009).
In this case, constraints derive from the local availability of these convertible raw materials.
Diffusible iron-scavenging siderophore molecules, for example, increase the local supply of
usable iron, but they cannot increase this supply above the amount of raw iron provided by
the environment. Agriculture may be constrained by technology and crop needs, such as
water, fertilizer, or space (Diamond 1997; Mueller et al. 2005).

To formalize these constraints, we define a maximum achievable (given existing strategies)
local resource concentration, Smax. Let b̃ denote the asymptotic proportional increase in
resource supply due to the actions of altruists, which is the increase in resource supply due
to altruism in unlimited populations. It can be thought of as the effort invested in resource
enhancement. This is to be distinguished from b, which is the actual proportional increase in
resource supply due to altruists, which may vary depending on the environment. Using the
logistic equation, we can define the local resource supply under enhancement as,

(14)
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Equation [14] can be substituted into all our previous fitness models (i.e., eq. [5]) to
introduce an enhancement maximum, or, equivalently, the quantity, b̃(1 − S/Smax), can be
substituted for b. For example, the condition for invasion of a resource-enhancement allele
is,

(15)

Note that this maximum enhancement constraint is distinct from a local competition
constraint. Local competition constrains (survival/fecundity) altruism through negative
feedback caused by increased competition with kin (Grafen 1984; Taylor 1992; Queller
1994). Helping others to survive or reproduce increases crowding, which increases resource
competition, which decreases fitness when resources are limiting. On the other hand,
resource-based altruism is promoted, not constrained, by local competition (Table 2). The
evolutionary constraint imposed by maximum enhancement, then, does not come about via
negative feedback owing to increasing local competition, it comes from the inability to
acquire more resources despite selection to do so.

Assuming a fixed resource maximum may often be unrealistic. Selection imposed by local
competition will favor novel traits that increase the maximum level of resource enhancement
(Smax), so that these constraints are themselves evolvable. For example, exhaustion of
nearby resources may be overcome by nest relocation (“counteractive relocation” niche-
construction (Odling-Smee et al. 2003)), by broadening the resource base through
generalism or metabolic novelties (“inceptive perturbation” niche-construction (Odling-
Smee et al. 2003)), or by overcoming agricultural limitation with innovation (e.g., better
fertilizer, irrigation, crop-rotation, artificial selection (Diamond 1997)). Traits that enhance
locomotion, such as adaptations for better flight in bees, expand an individual’s foraging
range making available more resources for provisioning. As a consequence, a resource
maximum is not a fixed quantity, and may itself serve as a selection pressure favoring
specific adaptations. As such, a “fixed” resource maximum may not be as severe a constraint
as implied by the static equations above.

DISCUSSION
Theoretical and empirical studies commonly treat diverse modes of altruism as ecologically
and evolutionarily equivalent. For instance, when providing real-life examples to motivate
theoretical models, workers regularly state that the trait they are modeling can be thought of
as, say, either resource sharing or warning of attack by predators, as if these two behaviors
were ecologically and evolutionarily equivalent to one another. Empirical studies, whether
motivated by theoretical work or not, also conflate diverse altruistic strategies. Studies
ranging from investigations of human economic behavior to laboratory experiments with
microbes regularly aim to test theory formulated for one altruism type with experiments that
probe another (see further below for specific examples). Here we have shown that conflation
of altruism types is not only unjustified, it is misleading. Different altruistic strategies face
different evolutionary constraints and selection pressures; in fact, resource-based altruism
and survival/fecundity altruism are favored under polar opposite environmental conditions.
Identifying the specific ecological function of an altruistic trait is not only essential to
understanding its evolution, it is required in order to inform experimental design, to avoid
false inferences from experimental results, and to accurately predict responses of species to
specific medical or management interventions.
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Connection to Previous Theoretical Work
Our aim here was introduce a simple, mathematically tractable yet ecologically realistic
mechanistic theory of social evolution. Our approach is prefigured by that of Agrawal
(2010), although our fitness model is extended to include crowding effects, the half-
saturation constant, Type’s I and III functional responses and social interactions. Agrawal
(2010) also introduced what we call the “sunk cost” parameter, TD, which figures
prominently in our model.

The approach we have taken is similar to that of classic density-dependent selection models,
where selection is determined by a logistic growth equation with parameters for growth rate,
r, and yield, K, under genetic control (Charlesworth 1971; Roughgarden 1971; Roughgarden
1979). Logistic growth models, in general, have been criticized on the grounds that they
abstract away from the causes of competition and include only its consequences (namely
density regulation) via the implicit parameters of growth rate and carrying capacity (Stewart
and Levin 1973; Tilman 1982). In our consumer-resource model, carrying capacity is caused
by resource availability, S, and the physiological requirements of growth, kS, while growth
rate is the product of survival and fecundity. We find that survival and fecundity altruism
increase the growth rate of social groups, while resource-supply and resource-efficiency
altruism increase the growth yield of social groups. These two altruism classes, then,
represent r- and K-strategies (MacArthur and Wilson 1967), respectively.

It is straightforward to recover previous results from social evolution theory as special cases
of those in Table 2, revealing a number of implicit assumptions in previous work. As noted
above, the results for survival and fecundity altruism recover the classic form of Hamilton’s
rule when S → ∞, which makes sense because Hamilton did not consider resources in his
model. Previous social evolution work also has not considered wasted resources; thus, when
TD = 0, our results for survival and fecundity altruism recover previous results for altruism
under local competition ((1 − a)br − c(1 − ar) > 0) (Boyd 1982; Grafen 1984; Frank 1998;
Van Dyken 2010), although a in our results is an explicit function of resource supply,
efficiency of resource use, and crowding. Because we have assumed a life cycle that is least
conducive to (survival/fecundity) altruism evolution (i.e., competition for resources is
strictly among social partners and occurs in the same life stage as cooperation), we would
like to know if we can find the set of assumptions that recovers the previous result that
altruism cannot evolve in our life cycle. We find that this previous result for our life cycle is
recovered when we assume 1) survival/fecundity benefits, 2) TD = 0, 3) and a linear
mapping of resources onto fitness (Type I functional response). While the first assumption is
explicit in previous work, the latter two assumptions are entirely implicit, since previous
work did not explicitly model resources as a determinant of both fitness and the intensity of
local competition. Hence, assuming a Type I functional response, survival/fecundity
benefits, and TD = 0, we recover the previous result for the evolutionary dynamics of
altruism under our life cycle, Δp = −p(1 − p)c(1 − r) (Rousset 2004; Van Dyken 2010).

Our model identifies several ways that altruism can evolve in this restrictive life cycle. First,
with saturating (Type II and III) functional responses, which tend to be the rule in nature,
local competition is ameliorated as resource supply increases. Thus, even when competition
is spatially localized and directed at kin, survival/fecundity altruism can evolve as long as
resources are sufficiently abundant. Second, survival altruism can evolve in this life cycle
when TD > 0, even with a Type I functional response, due to sunk-cost selection. The
dynamics in this case, with TD = 1, are: Δp= p(1 − p)[br − c(1− r)]. Finally, altruism can
evolve in this life cycle when benefits are delivered in the currency of enhanced resource
supply or increased efficiency of resource use, even with a linear functional response.
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Previous work has found that the effect of local competition differs in some cases depending
on whether payoffs occur in the currency of survival or fecundity (Ohtsuki et al. 2006;
Grafen and Archetti 2008; Lion and Gandon 2010; Taylor 2011). This difference occurs
with overlapping generations or births occurring before deaths in graph-based spatial
models. Here we have found another factor that causes selection to differ between survival
and fecundity altruism, even in a non-spatially explicit model with non-overlapping
generations. This factor is sunk-cost selection, which favors traits that prevent resources
from being wasted by premature deaths. Graph theoretic models have not included factors
analogous to TD, and so have not found such an effect. In addition, graph-based models have
not discovered the distinction between survival/fecundity payoffs and resource-based
payoffs, as we have here, because resource availability is fixed in these models by the
amount of available space. Graphs impose inelasticity, so that even traits that create
elasticity in nature, such as resource-based altruism, cannot evolve in these models. Future
work should seek to allow resource-based payoffs in graph theoretic models, and to
introduce factors that allow resource supply and use to be controlled by traits in the
population.

Our model contributes to previous work aimed at introducing greater ecological realism into
social evolution theory through explicit resources. Whitlock et al (2007) modeled resource-
based reciprocity where fitness was a concave function of resources, similar to our Type II
functional response. Most explicit resource models of social evolution assume a Type I
functional response, including those applying a niche construction approach (Odling-Smee
et al. 2003; Lehmann 2007, 2008, 2010), and dynamical consumer-resource models (Aviles
1999; Hauert et al. 2006; Wakano et al. 2009). As we have shown, the use of a Type I
functional response produces results that differ qualitatively from those applying saturating
responses. In particular, Type I models have the unrealistic consequence that high resource
abundance does not ameliorate local competition, so that survival and fecundity altruism
always require special demographic assumptions in order to evolve. On the other hand,
increasing resource supply via resource-enhancement benefits is always favored with a Type
I response, even when resources are already abundant. While we have avoided these
anomalies by introducing saturating functional responses, we have also sacrificed realism
for tractability by assuming weak coupling between consumer and resource species, so that
we did not have to track the coupled population dynamics of both species (Murdoch et al.
2002; Murdoch et al. 2003). Strong coupling can lead to novel evolutionary outcomes,
including instability causing local extinction (Aviles 1999; Hauert et al. 2006; Wakano et al.
2009), so that extending our model in this direction may lead to novel insights.

Non-Linearities
Our model can be generalized further by allowing for non-linear social interactions. These
non-linearities will arise in our model when phenotypic effects (b and c) are sufficiently
large that the effect of each additional altruist on fitness will be either smaller (negative
synergism, diminishing returns) or larger (positive synergism, increasing returns) than
adding the previous one (Queller 1985). In the neighborhood of the fitness peak, the sign of
fitness may even change as altruists of large effect are added. In this case, altruists can
invade a population, but cannot fix, leading to the maintenance of stable polymorphisms of
“cheaters” and altruists.

Relaxing the weak selection assumption is straightforward, although often tedious, as it
introduces a potentially infinite number of higher order identity coefficients that must be
quantified (Smith et al 2010). These higher order identity coefficients are typically difficult
to compute, and general equations for computing them are currently lacking for most
population structures. Non-linearity is more straightforward to model when assuming
panmictic populations (reviewed in (Archetti and Scheuring 2011)), where the complication

Van Dyken and Wade Page 13

Evolution. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



introduced by higher order identity coefficients is avoided, at the cost of reduced generality.
Future work should relax our weak selection assumption in order to provide a fully general
model.

Emprical Implications
Ironically, the system most commonly used to experimentally test the prediction that local
competition impedes altruism evolution is one involving public resource enhancement. The
opportunistically pathogenic bacteria, Pseudomonas aeruginosa, cooperates by secreting
“siderophores,” diffusible iron-scavenging molecules that increase the local supply of usable
iron (West and Buckling 2003; Buckling et al. 2007). Tests of local competition theory in
this system (e.g., (Griffin et al. 2004b; Kummerli et al. 2009a)) have not recognized the
distinction between resource-based altruism and survival/fecundity altruism. Instead, results
from survival/fecundity altruism models (e.g., (Taylor 1992; Gardner and West 2006a))
were imported to provide the conceptual basis for these experiments. Many of these local
competition experiments in P. aeruginosa imposed experimental conditions that directly
recreated model assumptions (Griffin et al. 2004a; Kummerli et al. 2009a), rather than
actively testing these assumptions. That is, instead of introducing factors that cause local
competition, such as iron scarcity, they imposed the consequence of local competition,
namely strict local density regulation. This experimental treatment prevents differences in
local resource enhancement from contributing to differential group productivity, prohibiting
positive selection for public resource enhancement. In contrast, in a local competition
experiment in this system where selection was not experimenter-imposed (Kummerli et al.
2009b), siderophore-producing strains evolved more readily in more viscous populations, as
predicted by our theory but not previous theory (see also Le Gac and Doebeli (2010), who
also found that viscosity promotes altruism in experiments with altruistic bacteriocin-
production in Escherichia coli). However, this viscosity effect does not offer unambiguous
experimental support of our theory because, as noted by Kummerli et al (2009b) as an
explanation for why their results did not conform to predictions, siderophore-production
may create direct benefits that prevent it from being truly altruistic. As public goods
production in microbes typically involves the secretion of diffusible molecules in diffusion-
limited microhabitats, direct benefits may be a universal property of resource-based
cooperation in microbes (Gore et al. 2009; Driscoll and Pepper 2010; Smith et al. 2010),
frustrating attempts at an unequivocal experimental test of local competition theories in
these systems.

Altruistic resource-enhancement in P. aeruginosa highlights the importance of eco-
evolutionary theories of sociality. Because P. aeruginosa is a common pathogen, one of the
leading causes of infection of patients with cystic fibrosis, our understanding of the factors
promoting or impeding the evolution of virulence in this and other species has implications
for medicine and public policy. Indeed, previous local competition theory has been used to
suggest clinical conditions that could increase or decrease virulence evolution by altering
local competition (Griffin et al. 2004a; Buckling et al. 2007). When virulence is caused by
an altruistic trait, the ecological mode of altruism must be carefully considered before
manipulation of local competition is suggested as a means to control pathogens. More
generally, future work on social evolution should be clear about the ecological role played
by specific social traits in order that the evolutionary forces impinging on these traits are
made clear.

Cheater Diversity
Just as there is a diversity of modes of altruism, so too is there necessarily an associated
diversity of modes of social conflict in the form of selfish “cheating” strategies. Cheaters
create conflict by reaping the benefits of altruism donated by others but suffering none of the
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costs of contributing to the public good. The relative abundance of cheaters and their
ecological mode of action depend on the strength of selection favoring the altruistic
strategies on which they cheat. With linear social interactions, the frequency of cheaters in
populations is determined by the balance between their rate of introduction (by mutation,
migration, etc.) and their rate of removal by kin selection (the “kin selection-mutation
balance” (Van Dyken et al. 2011)). When kin selection is weak, cheaters can prevail.
Therefore, we predict that resource-based cheating will be common when resources are
abundant, because selection favoring resource-based altruism will be weak. Similarly,
survival/fecundity cheating will be common when resources are scarce, because these are
the conditions where selection favoring survival/fecundity altruism is weakest. Just as
altruism types should be clearly classified based on their ecological mode of action, so too
should their associated cheaters.
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Appendix A
Assuming discrete, non-overlapping generations leads to the fact that fitness, the per capita
number of offspring produced, is equivalent to the rate of population growth (Crow and
Kimura 1970; Roughgarden 1979; Rice 2004). Mean population fitness, W̄, maps the
number of individuals in generation t onto the number at t + 1 (Crow and Kimura 1970;
Roughgarden 1979; Rice 2004)

(A1)

Subtracting N(t) from both sides gives the total change in population size over a generation,
and then dividing by N(t) gives the per capita rate of change,

(A2)

This is the birth rate minus the death rate, where the death rate equals one as a consequence
of the fact that we are modeling discrete, non-overlapping generations so that the probability
of death every generation is one.

We may now substitute any model of population growth for fitness. Previous evolutionary
models have used the logistic equation (Charlesworth 1971; Roughgarden 1971;
Roughgarden 1979; Frank 2010) and Holling’s disc equation (Type II response curve)
(Agrawal 2010). Because we are interested in the relationship between fitness and the
underlying causal factors of competition, namely resource abundance, we use an explicit
consumer-resource model (Monod 1949; Stewart and Levin 1973; Tilman 1982). Doing so,
we can write the per capita rate of change in population size as (Tilman 1982),

(A3)

where, again, death rate has been set equal to one and is explicitly density-independent
(individuals die by the end of each generation regardless of population density). The
parameter λ is the maximal rate of population increase, ST is the total resource
concentration (often written as R, but not here in order to avoid confusion with the kin
selection coefficient of relatedness), kS,T is the half-saturation constant for the total
population, and x ∈ {1,2} and y ∈ {0,1} are parameters that modulates A3 between Type I
(y = 0, x = 1), Type II (y = 1, x = 1) and Type III (y = 1, x = 2) functional responses.
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To get an expression for fitness that is useful for studying evolution in structured
populations, we must redefine terms in A3. First, we replace total resource supply, ST, with
the per-consumer resource concentration in the ith group, ST,i/ωiNi, where ωi is the
crowding factor and Ni is the number of founders of the ith group. As Agrawal (2010)
showed, the number of consumers per group depends on the mortality rate and the timing at
which mortality occurs with respect to resource consumption. We denote the effect of dead
individuals on resources by TD. Following Agrawal (2010), when TD = 0, all deaths occur
before the resource consumption phase of the life cycle, while TD = 1 means that all pre-
reproductive deaths occur after resource consumption, so that a dead individual has the same
effect on resource supply as an individual that survives to reproduction. Thus, we can define
the “resource effective number” of group members as ωN, where, ω = v+ (1 − v)TD. We
now extend this to allow for life cycles where resource competition occurs among the
offspring of group founders before dispersal, and where founders have variable number of
offspring. Defining f(t−1) as the fecundity of founders, we now have,

(A4)

which we use throughout. In order to be on the proper scale, we replace the total half
saturation constant in A3 with the per-capita half-saturation constant, ks,i, where the
subscript i indicates that groups may differ in their resource requirements and that the
correct value is the mean of the ith group. The competition term is now dimensionless
(Healey 1980). Substituting these values into A3, and multiplying through by the crowding
term to make it explicit in the function, we have,

(A5)

where Si = ST,i/Ni is the per-founder supply of resources at the beginning of a generation.

From Equation A2, we see that fitness corresponds to the first term on the right-hand-side
(r.h.s.) of Equation A5. From this, we can now write a function for the fitness of individual j
in the ith group:

(A6)

Here, W̃ij is the asymptotic fitness of an individual (i.e., fitness when resources are infinite,
which is equivalent to the discrete time, per capita intrinsic rate of increase, λ. Asymptotic
fitness can be written as a function of individual viability and fecundity, W̃ij = fij vij.
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Figure 1. The diversity of altruistic strategies and their evolutionary response to model
parameters
Survival altruism (solid black line), fecundity altruism (solid gray line), resource-
enhancement altruism (dashed black line), and resource-efficiency altruism (dashed black
line), with survival trade-offs (fecundity trade-offs not shown). The horizontal dotted line at
Selection Gradient = 0.04 is the value for (br − c), which is “Hamilton’s rule” for survival or
fecundity altruism in the absence of resource competition. Note that resource-enhancement
and resource-efficiency altruism have identical first order effects on fitness, which is why
the plots show three instead of four curves. Column 1 gives results for Type I functional
responses (x = 1, y = 0), Column 2 for Type II responses (x = 1, y = 1), and Column 3 for
Type III responses (x = 2, y = 1). Note also that fecundity altruism cannot evolve under
these parameter values with a Type I response, so that a gray line does not appear in Column
1. Parameter values for all curves are b = 0.1, c = 0.01, and r = 0.5. Unless used as the
independent variable for a given graph, the remaining parameter values are S = v = f = TD =
0.5.
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Table 1

Symbols and definitions.

Symbol Definition

a Intensity of local competition

e Intensity of sunk cost selection

r Coefficient of relatedness

pij, pi, p Frequency of altruism allele (in individual ij, in group i, and in global metapopulation, respectively)

b Maximum benefit of altruism

c Direct effect of altruism

Wij, Wi, W Fitness (of individual ij, mean of group i, and mean of global metapopulation, respectively)

fij, fi, f Fecundity, i.e., the gross number of pre-regulation offspring produced (individual, mean group, and in absence of altruists,
respectively)

f (t −1) Mean fecundity of parents

vij, vi, v Viability, i.e., resource-independent probability of survival to reproductive stage (individual, mean group, and in absence of
altruists, respectively)

Si, S Resource supply, i.e., per-consumer amount of resources available to a group (mean group, and in absence of altruists,
respectively)

TD Sunk cost parameter, i.e., the average proportion of total resources consumed by an individual before pre-reproductive death

kS,i, kS Half-saturation constant, i.e., per-capita resource supply at which fitness is half its asymptotic value (mean group, and in absence
of altruists, respectively)

ωi, ω Coefficient of local crowding (in group i and in a group without altruists, respectively)

Ni, N Number of founders of a deme (in group i and in a group without altruists, respectively)

x Dummy variable used to modulate among Type I, II and III functional responses

y As directly above, but can also be interpreted as the “handling time” of prey
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Table 2
Conditions for positive selection of altruism types

These conditions arise from first-order “inclusive fitness effects” as derived in the main text. b is the
maximum altruistic benefit, c the cost of acting altruistically, r is the genetic relatedness of social partners, a is
the intensity of local resource competition (Equation 3) and e accounts for “sunk-cost selection” (Equation 4).
Results apply for Types I, II, and III functional responses.

Benefit Cost Condition For Spread (“Hamilton’s Rule”) Examples

Survival

Survival Cost (1 − a + e)br − c(1 − ar + re)> 0 Nest defense
Alarm calling

Nest climate control
Communal rearing

Fecundity Cost (1 − a + e)br − c(1 − ar) > 0

Fecundity
Survival Cost (1 − a)br − c(1 − ar + re)> 0 Worker care of queens (“nurse workers”)

Allocation of survival gains to reproductive
effortFecundity Cost (1 − a)br − c(1 − ar) > 0

Resource-Enhancement

Survival Cost abr − c(1 − ar + re)> 0 Provisioning
Agriculture

Livestock rearing
Exoenzymes
Siderophores

Fecundity Cost abr − c(1 − ar) > 0

Resource-Efficiency
Survival Cost abr − c(1 − ar + re)> 0 Pack hunting

Communal foraging
CommunicationFecundity Cost abr − c(1 − ar) > 0
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