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In mammals, altricial birds and some invertebrates, parents care for their offspring by providing them
with food and protection until independence. Although parental food provisioning is often essential for
offspring survival and growth, very little is known about the conditions favouring the evolutionary inno-
vation of this key component of care. Here, we develop a mathematical model for the evolution of parental
food provisioning. We find that this evolutionary innovation is favoured when the efficiency of parental
food provisioning is high relative to the efficiency of offspring self-feeding and/or parental guarding.
We also explore the coevolution between food provisioning and other components of parental care, as
well as offspring behaviour. We find that the evolution of food provisioning prompts evolutionary changes
in other components of care by allowing parents to choose safer nest sites, and that it promotes the evol-
ution of sibling competition, which in turn further drives the evolution of parental food provisioning. This
mutual reinforcement of parental care and sibling competition suggests that evolution of parental food
provisioning should show a unidirectional trend from no parental food provisioning to full parental
food provisioning.

Keywords: coevolution; environmental conditions; kin selection; nest site selection; parental feeding;
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1. INTRODUCTION

Parental care includes any behaviour that enables an indi-
vidual to promote offspring survival, growth and/or
development by ameliorating conditions that are harmful
to offspring [1]. Parental care is a highly diverse trait that
varies with respect to duration, the form and level it takes,
and whether it is provided by the male, the female or both
parents [1]. The large theoretical literature on the causes
and consequences of this diversity has focused on the
impact of environmental variation, brood size, mate
attractiveness and paternity uncertainty on overall levels
of care (e.g. [2—4]), as well as sex differences in care
and their consequences for mating systems and sexual
selection (e.g. [5]). However, although this is a highly
successful branch of theory that has stimulated much
empirical work on mammals, birds, fishes and invert-
ebrates (e.g. [6—8]), it has mainly focused on the
evolution of overall levels of care, thus overlooking the
fact that parental care is often characterized by complex
suites of parental and offspring traits [1,9,10].

In mammals, altricial birds and some invertebrates,
parental care is associated with multiple parental beha-
viours such as nest building, protection of eggs or
embryos, and guarding and provisioning of food after
hatching or birth [1,9,10], as well as with offspring beha-
viours such as begging and sibling aggression [11,12].
The most conspicuous and well-studied component of
care is parental food provisioning, which is often essential
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for offspring survival and growth [1]. Comparative evi-
dence suggests that parental food provisioning is a
derived form of care that evolved from an ancestral state
resembling that of contemporary precocial birds, where
parents guard their offspring against predators and off-
spring self-feed independently of the parents [13].
Guarding of offspring after hatching (hereafter termed
‘offspring guarding’), in turn, evolved from egg guard-
ing—the most basal form of care—through the simple
extension of guarding beyond hatching [14]. Yet, despite
the important role of parental food provisioning in altri-
cial birds and mammals, little is known about the
factors driving the evolutionary innovation of this key
component of care.

The most important ecological conditions shaping the
evolution of parental care are food availability and preda-
tion risk [10,15]. These ecological conditions may drive
the evolution of parental food provisioning by influencing:
(i) the choice of nest site, as parents need to balance pre-
dation risk against food availability for offspring after
hatching [16,17]; and (ii) the effectiveness of guarding
against predators, as any time spent collecting food
away from the nest site would conflict with guarding
at the nest site [18]. In addition, the evolution of
parental food provisioning is associated with changes in
offspring development and behaviour, as neonates are
often dependent on parents and show high levels of
sibling competition [11,14]. Thus, theoretical work
needs to take into account how the evolution of parental
food provisioning may be shaped by environmental
factors, such as predation risk and food availability,
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Table 1. A summary of model notation.

meaning

a efficiency of parental guarding

b efficiency of parental food provisioning

¢ efficiency of sibling competition

F offspring feeding (whole brood)

F offspring feeding (single individual)

p proportion of offspring food provisioned by the
parent

within-brood genetic relatedness

offspring safety

parental fitness

offspring fitness (single individual)

nest safety strategy

parental feeding strategy

sibling competition strategy

and how the subsequent evolution of parental food provi-
sioning may be driven by evolutionary modifications in
offspring traits.

Here, we develop a mathematical model examining the
conditions favouring the evolutionary innovation of par-
ental food provisioning, and the subsequent coevolution
between this and other components of parental care, as
well as sibling competition for parentally provisioned
food. We first consider the trade-off between safety and
food availability at nest sites in the absence of parental
food provisioning, and examine the scope for innovation
in parental food provisioning to be favoured and to
reduce the necessity for food availability at the nest site.
We then consider the evolution of sibling competition,
and determine its role in the reinforcement of parental
nest choice and food-provisioning strategies. Relating
this evolutionary progression to ecological factors—in
particular, the relative efficiencies of parental guarding
and feeding strategies—the model goes some way towards
explaining the diversity of parental care behaviours
observed in the natural world.

2. MODELS AND ANALYSES

(a) Basic model

We consider the decisions faced by a parent, with respect to
the choice of nest site and type of parental care, and by an
offspring, with respect to feeding strategy. We develop a
simple model of uniparental care that captures the
tension, interplay and coevolution of parent and offspring
strategies. We assume a trade-off between the intrinsic
safety x and food availability 1 — x of a nest site (0 < x <
1). We assume a trade-off between the investment a
parent makes into food provisioning y versus guarding
1 — y its offspring (0 <y < 1). And we assume a trade-off
between the investment an offspring makes in competition
for parentally derived food z versus self-feeding 1 — z
(0 < z<1). For simplicity, we assume linear trade-offs in
each case. Model notation is summarized in table 1.

We assume that parental fitness is the product of two
quantities: offspring safety (S; i.e. probability of brood
survival versus predation) and offspring feeding (F; i.e.
expected reproductive success of the brood conditional
upon their surviving predation). Offspring safety is a
function of intrinsic nest safety (x) and parental guarding
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(1 — y) strategies:

S=(1-a)x+a(l—y), (2.1)

where a denotes the efficiency of guarding (0 < a < 1),
i.e. the impact of investment into guarding upon
offspring safety, relative to choosing a safer nest. Off-
spring feeding is a function of the intrinsic food
availability at the nest site (1 — x), the investment made
by the offspring into self-feeding (1 — 2z) and the invest-
ment made by the parent into provisioning of food for
the offspring (y):

F=(1-6)(1-x)(1-2)+by, (2.2)

where b denotes the efficiency of parental food provision-
ing (0 <b<1), ie. the impact of investment into food
provisioning upon offspring feeding, relative to choosing
a nest with greater food availability. Parental fitness is
therefore given by w =S x F, or

w=((1-a)x+a(l-y)((1-5)(1-x)(1-z)+by).
(2.3)

We assume that offspring safety is the same for all indi-
viduals in the brood but that, owing to differential
investment in sibling competition, food intake may vary
between siblings in the same brood. Thus, offspring fit-
ness is the product of brood safety S (given by equation
(2.1)) and own food intake F’, given by

1—c+c2

F=1-b)1-x)(1-2)+by——
(1= =91 =)+ by

(2.4)
where 2’ is the investment made by the focal offspring into
competition for parentally derived food, z is the average
investment made by all offspring within the brood and
¢ is the relative efficiency of competition (0 <c¢< 1),
i.e. the impact of investment into sibling competition
upon the individual’s share of parentally provisioned

food. Thus, the fitness of an offspring is given by »' =
Sx F, or

W = ((1 — a)x+a(1 —y)) x ((1 —b)(1—x)(1 - 2)

1—c+cz’>

b
+ yl—c—i—cz

(2.5)

Note that the average of @' over all offspring in the
brood (obtained by making the substitution 2’ — z in
equation (2.5)) is equivalent to parental fitness w (given
by equation (2.3)).

Finally, a quantity of key interest is the proportion p of
offspring food intake that is derived from parental provi-
sioning versus offspring self-feeding. This is given by

_ by
(1 -b)(1—x)(1—2)+by’

2 (2.6)

This quantity emerges as a function of parental nest
choice (x) and food provisioning (y) strategies, and
offspring sibling competition () strategy. Assuming 0 <
b < 1, then all offspring food intake is derived from self-
feeding (p = 0) in the absence of parental provisioning
(y = 0), and all offspring food intake is derived from par-
ental provisioning (p =1) if parents choose the safest
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Figure 1. The ancestral state. (a) In the absence of parental
feeding (y = 0), a parent must balance safety (x) and food
availability (1 — x) at the nest site. Irrespective of feeding effi-
ciency (b), high guarding efficiency (high a) promotes the
choice of an unsafe nest with greater food availability (low
x*). (b) In the absence of parental feeding (y=0), the
proportion of offspring food that is parentally provisioned
is (obviously) zero.

nests (with no food availability; x = 1) and/or offspring
invest fully in sibling competition (z = 1).

(b) Ancestral condition

We consider first the ancestral state of no parental food
provisioning (y = 0) and hence no investment in compe-
tition for parentally derived food (z = 0). Here, the sole
decision faced by the parent is over the choice of nest
site, balancing safety (x) against food availability (1 — x).
We obtain the following result.

Result 1. If the efficiency of parental guarding is high
(a > 1/2), then it is optimal to choose a nest that maxi-
mizes food availability (x* = 0), whereas if the efficiency
of parental guarding is low (a < 1/2), then a safer nest
is optimal (x* = (1 — 2a)/(2(1 — a))). Owing to the lack
of parental feeding in this ancestral condition, the safest
nest sites with zero food availability are never chosen
(x*<1lforall0<a<1l).

Derivation of this analytical result is provided in appen-
dix A. Figure 1 shows graphically how evolutionarily
stable choice of nest site (x*; figure 1a) and the proportion
of offspring food that is parentally provisioned (p; figure 15)
vary as a function of model parameters (0 < a,b < 1).

(¢) Evolution of parental food provisioning
Taking the ancestral state (§2b) as an evolutionary start-
ing point, we now consider that parents may provision
food for their offspring (y > 0), and allow this trait to co-
evolve with nest choice (x). We obtain the following results.
Result 2. Parental food provisioning evolves (y* > 0)
if it is efficient relative to offspring self-feeding (b > 1/2)
and/or efficient relative to parental guarding (b > a).
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Result 3. Parental food provisioning favours parental
choice of safer nest sites (dx*/dy > 0). The evolution of
parental provisioning permits parents to choose the
safest nest sites with zero food availability.

Result 4. Parental choice of safer nests favours
parental food provisioning (dy*/dx > 0). Taken together
with result 3, this reveals that these two traits are mutually
reinforcing.

Result 5. More generally: (i) if parental guarding and
parental food provisioning are both inefficient (a < 1/2
and b < 1/2), then no parental provisioning evolves
when guarding is more efficient than provisioning (x* =
(1 -2a)/2(1 — a) and y* =0 when a > b), whereas full
parental provisioning evolves when provisioning is more
efficient than guarding (x*=1/2(1 —b) and y*=1
when a < b); (ii) if parental guarding is efficient and par-
ental provisioning is inefficient (a > 1/2 and b < 1/2),
then no parental provisioning evolves (x* =0 and y* =
0); (iii) if parental guarding is inefficient and parental pro-
visioning is efficient (¢ <1/2 and b > 1/2), then full
parental provisioning evolves (x* =1 and y*=1); and
(iv) if both parental guarding and parental provisioning
are efficient (¢ > 1/2 and b > 1/2), then an intermediate
level of parental provisioning evolves (x* =0 and y* =
(2b — 1)/2b when a > b, and x* =1 and y* = 1/2a when
a <b).

Derivations of these analytical results are provided in
the appendix. Figure 2 shows graphically how the
choice of nest site (x*; figure 2a), parental food provision-
ing (y*; figure 2b) and proportion of offspring food that is
parentally provisioned (p; figure 2¢) vary as a function of
model parameters (0 < a,b < 1).

(d) Sibling competition

We now consider that offspring may invest in competition
with their siblings for parentally derived food (2 > 0), and
we allow this trait to coevolve with parental choice of nest
site (x) and parental food provisioning (v). We obtain the
following results.

Result 6. Safer nests and increased parental food pro-
visioning promote sibling competition (dz*/dx > 0 and
dz*/dy > 0). Both factors reduce the relative importance
of self-feeding for an offspring’s fitness, and hence
reduce the cost of investment in sibling competition. Sib-
ling competition cannot evolve when parental food
provisioning is either absent (y = 0) or unhelpful (b=
0), or when siblings are clonally related (r=1). In all
other scenarios, sibling competition may evolve (z* > 0)
if the efficiency is sufficiently high (¢ larger than a
threshold value that is always less than 1).

Result 7. Sibling competition promotes parental
choice of safer nests and increased parental food provi-
sioning (dx*/dz > 0 and dy*/dz > 0). Increased sibling
competition reduces the relative importance of self-
feeding, and hence favours safer nests and parental
provisioning. Taken together with result 6, this reveals
that these traits are mutually reinforcing.

Result 8. Total absence of offspring self-feeding is evo-
lutionarily stable over the whole space of parameters (p =
1 for all 0 < a,b < 1). In particular, the combination of
parental choice of the safest nests (x = 1), intermediate
or full parental food provisioning (y = min(1/24,1)) and
full sibling competition (z = 1) is always evolutionarily



Sib competition drives parental care

A. Gardner & P. T. Smiseth 199

(b)

()

Figure 2. Optimal nest safety and parental food provisioning
in the absence of sibling competition. When parents pro-
vision their offspring with food, this allows them to choose
safer nest sites with lower food availability and, correspond-
ingly, to invest less in guarding and more in food
provisioning. (a) Low guarding efficiency (low @) and high
feeding efficiency (high b) promote the choice of a safe nest
site with lower food availability (high x*). (b) Low guarding
efficiency (low @) and high feeding efficiency (high &) pro-
mote investment into parental food provisioning versus
guarding (high y*). (¢) Low guarding efficiency (low a) and
high feeding efficiency (high &) lead to a greater proportion
of offspring food being provisioned by the parent versus
self-feeding (high p).

stable. However, this evolutionarily stable state need not
be attainable from all starting conditions.

Derivations and more details of these analytical results
are provided in the appendix A. Figure 3 presents
solutions obtained by numerical simulation, illustrating
graphically how the choice of nest site (x*; figure 3a), par-
ental food provisioning (y*; figure 3b), sibling
competition (z*; figure 3¢) and proportion of offspring
food that is parentally provisioned (p; figure 3d) evolve
from a condition comprising the absence of sibling com-
petition (§2c¢), as a function of model parameters (0 < a,
b < 1). It is difficult to derive clear predictions of when
the total loss of offspring self-feeding will occur, as this
will depend upon the relative rate of evolution of each
trait in the model, which in turn depends upon such
details as standing genetic variance and supply of
beneficial mutations.
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Figure 3. Optimal nest safety, parental food provisioning and
sibling competition. (a) Sibling competition favours parental
choice of safer nests with lower food availability (higher x*,
cf. figure 2a). (b). Sibling competition favours parental
food provisioning (higher y*, cf. figure 256). (¢) Sibling com-
petition evolves only when parents provision their offspring
with food (2* > 0 only when y* > 0). (d) Sibling compe-
tition increases the proportion of offspring food that is
parentally provisioned (higher p, cf. figure 2¢). In all
panels, solutions were obtained by numerical simulation,
with competition efficiency ¢=1 and sibling relatedness
r=1/2, and a range of guarding efficiencies (0 <a < 1)
and parental feeding efficiencies (0 < b < 1).

3. DISCUSSION

We have developed a model examining the conditions
favouring the evolutionary innovation of parental food
provisioning, and the subsequent coevolution between
food provisioning, guarding and sibling competition for
food provided by the parent. Previous models of parental
care have considered this as a unitary trait, and have
examined the evolution of overall levels of care rather
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than specific components of care. Our model shows that:
(i) the evolutionary innovation of parental food provision-
ing is favoured under conditions where a parent is
efficient at providing her offspring with food compared
with offspring efficiency at self-feeding and/or parental
efficiency at guarding the offspring against predators;
(ii) the evolution of food provisioning triggers evolution-
ary changes in parental care by favouring the use of
safer nest sites and prompting the evolution of sibling
competition for food provided by the parent; and (iii)
mutual reinforcement between parental food provision-
ing, choice of safer nests and sibling competition drives
further advances in parental food provisioning. Below,
we provide a more detailed discussion of our results and
their implications for our understanding of elaborate
parental care.

Previously, little has been known about the conditions
favouring the evolution of parental food provisioning from
an ancestral state where parents simply guard their off-
spring. Our model suggests that parental food
provisioning is most likely to evolve when (i) the parent
is more efficient at providing the offspring with food
than the offspring are at self-feeding or (ii) the parent is
more efficient at food provisioning than she is at guarding
against predators (result 2; figure 2b). The first condition
is likely to be met in situations where a guarding parent
can enhance offspring fitness by supplementing the off-
spring’s diet with high-quality food that is otherwise
unprofitable to offspring owing to costs associated with
catching or digesting such food. There is some support
for this prediction from species with facultative parental
food provisioning in which parents increase offspring fit-
ness by finding food [19] or pre-digesting food for the
offspring [20]. The second condition is likely to be met
in situations where the parent can enhance offspring fit-
ness more effectively by supplementing their diet than
by guarding them against predators. This condition
might be met when parental food provisioning shortens
the developmental period during which offspring are
most vulnerable to predators, or allows the parent to
move her offspring to a safer habitat that otherwise pro-
vides insufficient food for offspring. Unfortunately,
there are currently no data to test this prediction. To
this end, we now need data on parental guarding effi-
ciency, and effects of parental food provisioning on
offspring development and habitat use in closely related
species with and without parental food provisioning.

Our model also explores how parental food provision-
ing coevolves with other parental behaviours, such as the
choice of nest site and guarding. We first consider how
selection shapes parental behaviours in the ancestral
state directly preceding the evolution of parental food
provisioning. Our model shows that, in this ancestral
state where the parent simply guards her offspring against
predators, parental efficiency at guarding has a strong
impact upon the optimal choice of nest site. The parent
should choose a safer nest site if she is inefficient at guard-
ing, whereas she should choose a nest site that provides
better access to food if she is efficient at guarding
(result 1; figure 1a). There is some support for this pre-
diction from studies on precocial birds showing that
parents choose nest sites that provide protection from pre-
dators and avoid nest sites that offer the best possible
feeding opportunities to the offspring [21-23]. However,
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further evidence for this prediction requires data on the
nest site selection of precocial species with different
guarding efficiencies, which is currently lacking. Our
model shows that, among precocial species, the parent
cannot breed in the safest nest sites with zero food avail-
ability (result 1), and that this option only becomes
available once parental provisioning has evolved, because
the parent can then bring food in from the surrounding
area where it may be more abundant (results 3 and 5;
figure 2a). There is support for this prediction from
studies on many altricial birds and mammals, showing
that parents select specific nest sites, such as burrows,
hollow trees or even isolated oceanic islands, that are
safe from predators but devoid of food for the offspring
[24]. An important result of our model is that parental
choice of safer nests in turn promotes the evolution of
parental food provisioning (result 4). This result suggests
that the evolution of parental behaviour is driven by
mutual reinforcement between parental food provisioning
and choice of nest site.

Finally, our model explores coevolution between par-
ental food provisioning and offspring behaviours such as
self-feeding and sibling competition (figure 3). Our
model shows that the evolution of parental food provi-
sioning promotes the evolution of sibling competition
(result 6; figure 3¢). In support of this prediction, it is
widely recognized that intense sibling competition is
common in species where the parent provides food for
the offspring [11]. For example, sibling aggression is
common in egrets and raptors [11], while begging scram-
bles are common in passerine birds [25]. An important
result of our model is that the evolution of sibling compe-
tition in turn promotes the evolution of parental food
provisioning and parental choice of safer nests (result 7;
figure 3a,b). Thus, our model shows that the evolution
of these traits is driven by mutual reinforcement between
parental food provisioning and sibling competition.
Indeed, this reinforcement leads to full parental provi-
sioning of offspring resources being evolutionarily stable
(though not necessarily attainable) over the whole of the
model’s parameter space (result 8; figure 3d). Based on
this result, we predict that the evolution of parental
food provisioning should show a unidirectional trend
from no provisioning to full provisioning, while there
should be very few or no reversals. This prediction
could be tested by comparative analysis of taxa character-
ized by a mixture of species with and without parental
food provisioning.

We have developed the simplest model that captures
the tension between nest safety and food availability,
between parental feeding and guarding, and between
self-feeding and sibling competition. This simple model
neglects other factors, such as sibling competition over
self-feeding. In order to provide a general overview, this
model has not been tailored to the biology of any particu-
lar species. For conceptual simplicity and ease of analysis,
we have considered that the focal traits (termed x, y and 2
in our model) may evolve while certain model parameters
(a, b, c and r) remain fixed over the course of evolution. It
may be more realistic to allow some of these parameters to
change in response to evolution of parental care. For
example, if parents forage in the immediate vicinity of
the nest, the efficiency of parental provisioning may
decrease (lower b) as parents choose safer, but more
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remote, nests (higher x). This could tend to counteract
the mutual reinforcement between the choice of nest
site and parental provisioning. Moreover, newly arisen
traits that have not been well-honed by natural selection
will tend to be inefficient relative to other, more estab-
lished strategies, which may present a barrier to any
form of evolutionary innovation. Incorporating such rea-
lism, including tuning the model to the biology of
particular study species, is an important avenue for
future development of theory on this topic.

Our model is not the first to address the coevolution of
parental food provisioning and sibling competition such
as offspring begging. Game-theoretic models show that
parents should adjust their food-provisioning behaviour
to offspring begging behaviour because it provides parents
with honest information on the offspring’s condition
[26,27], while quantitative genetics models show that
coadaptation resulting from the combined effects of par-
ental and offspring behaviours on offspring fitness
generate a genetic correlation between parental and off-
spring behaviour [28,29]. Both types of model have
been highly successful in stimulating empirical research
(e.g. [12,25,30]). Our model extends this existing theor-
etical framework by incorporating additional parental
and offspring traits to those dealt with in previous
models, and by exploring the causes and consequences
of the evolution of parental food provisioning. It also
provides insights into the conditions favouring the evol-
utionary innovation of parental care, which is lacking
from existing modelling approaches. Indeed, we argue
that theoretical modelling provides the most promising
avenue with which to elucidate this important yet largely
ignored issue. This is because it is difficult for empiricists
to disentangle the ancestral conditions that favour
evolutionary innovations in parental care from the sub-
sequent coevolutionary changes in parental nest site
selection and guarding, and offspring development and
behaviour.

We thank Jonathan Wright and two anonymous referees for
valuable comments. A.G. is supported by a Royal Society
University Research Fellowship; P.T.S. is funded by a grant
from NERC (NE/G004293/1).

APPENDIX A

(a) Ancestral condition

First we consider the ancestral condition, where we
assume no parental feeding and hence no sibling compe-
tition for parentally derived food (y=2z=0). From
equation (2.3) of the main text, the direction of selection
acting upon parental choice of nest site (x) is given by the
marginal fitness:

dw
dx =20

= (1-b)((1 - a)(1 - 2x) — a). (A1)

Assuming that the evolutionarily stable strategy (ESS;
[31]) for the choice of nest site takes an intermediate
value (0 < x* < 1), then we can determine this value by
setting the right-hand side of equation (A 1) to zero,
and solving for x. This obtains x* = (1 — 2a)/2(1 — a),
which takes an intermediate value for all a < 1/2. For all
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a > 1/2, the marginal fitness is negative at x =0, and
hence x* = 0. This recovers result 1 of the main text.

(b) Evolution of parental feeding

Beginning with the ancestral state (previous section), we
now allow parental feeding to evolve under the assump-
tion of no sibling competition (z = 0). The direction of
selection acting upon the choice of nest site (x) is given by

dw
P =(1—-a)(1-06)(1-2x)

z=0

+(1—a)by—a(l-0)(1—-y), (A2)

and the direction of selection acting upon parental feed-
ing is given by

dw

e b((1 —a)x +a(l —y)) —a((1 —b)(1 —x) + by).

z2=0

(A3)

For any given value of y, we may calculate the ESS for
the choice of nest site as a function of investment into par-
ental feeding in the usual way, by setting the right-hand
side of equation (A 2) to zero and solving for x. This
obtains

._(1—a)1-8)+(1—a)by—a(l-b)(1-y)

Xt = ,

2(1 —a)(1—-0)

(A4)

upon the assumption that it takes an intermediate value.
Differentiating the right-hand side of equation (A 4)
with respect to y obtains dx*/dy = [(1 — a)b + a(1 — b)]/
[2(1 — a)(1 — b)], which is positive for all 0 < a, b <1,
recovering result 3 of the main text.

Similarly, we may set the right-hand side of equation
(A 3) to zero and solve for y, obtaining the ESS

. 1-2(1-5)(1—-x)
y = 2b )

(A5)

upon the assumption that this takes an intermediate
value. Differentiating the right-hand side of equation
(A 5) with respect to x obtains dy*/dx= (1 — b)/b,
which is positive for all 0 < b < 1, recovering result 4 of
the main text.

If we consider the coevolution of nest choice and par-
ental feeding, then there are three possible qualitative
outcomes for each of the two traits: it takes value 0, or
value 1, or an intermediate value at the ESS. Hence, a
priori, there are 3° =9 qualitatively different joint ESS
solutions to consider. Assuming that both traits take
intermediate values at the joint ESS, we may employ
the usual approach of setting the right-hand side of
both equations (A 2) and (A 3) to zero, and simul-
taneously solving for x and y. This obtains x* = a/(a — b)
and y* = (1 — b)(a — b). Note that this solution is never
valid, since it implies x* > 1 if a>b, x* <0 if a<b
and x* undefined if a = b. Hence, we rule out the possi-
bility that both traits take intermediate values. For the
eight remaining possibilities, we may check the joint
ESS condition for each in turn. This reveals that there
are six different possible outcomes, each mutually
exclusive, and between them covering the entire space
of parameter values—as detailed in result 5 (see also
result 2) of the main text.
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(¢) Sibling competition

We now consider sibling competition (z > 0), and allow
this to coevolve with parental traits. The marginal fitness
for nest choice (x), parental feeding (y) and sibling
competition (z) strategies are now given by

ii:: (1= a)(1 — b)(1 — 2x)(1 — 3) + (1 — a)by
—a(l1-0)(1-y)(1-z2), (A6)
dw
d—y:b((l —a)x+a(l —y))
—a((1 = 5)(1 = %)(1 —3) + by) (A7)
and
T~ (—axrai—y)

x (by#m(l — 1) = (1-b)(1 —x)>7
(A8)

where r = dz/dz’ is the ‘whole-group’ kin-selection coeffi-
cient of relatedness within sibships [32—34]. Solving for
the (intermediate) ESS values as before, we obtain

(1-a)(1-0)(1—2)+(1—a)by—a(1-56)(1—y)(1—2)

¥= 2(1—a)(1-b)(1—2) ’
(A9)
y*:(l—a)bx+ab—a2(ib— b)(1—x)(1 —=2) (A10)
and
. be(1—r)y—(1-06)(1—-c¢)(1 —x)
i (1= b)e(1 ) ' (A1)

Differentiating the right-hand side of equations (A 9)
and (A 10) with respect to z obtains dx*/dz = by/
2(1 — 51 — 2)? and dy*/dz = (1 — b)(1 — x)/2b, respect-
ively. These are both positive quantities, and hence we
recover result 7 of the main text. Differentiating the
right-hand side of equation (A 11) with respect to x and
y obtains dz¥/dx = by(1 — /(1 — b)(1 — x)*> and dz*/
dy=06(1 — r)/(1 — b)(1 — x), respectively. These are both
positive quantities, and hence we recover result 6 of the
main text.

The right-hand side of equation (A 11) is positive
when

(1-06)(1-x)

-t -b)1-x) (A12)

and this provides the condition for sibling competition
to evolve (z* > 0). The right-hand side of inequality
(A12) is always less than unity if by(1 —r) >0, so
fully efficient sibling competition (c=1) can always
evolve. Finally, we can assess the stability of full sibling
competition (z* =1) by examination of the condition
do'/d2'|y=.=1 > 0, or

(1-05)(1 —x)
b(1 —r)y

Condition (A 13) is always favoured if x = 1, provided
sibling competition is not totally inefficient (¢ > 0),

c> (A13)
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siblings are not clonally related (r<1) and parental
feeding is both present and useful (6 > 0,y > 0). Further-
more, the right-hand side of equation (A 9) tends to
infinity as z — 1, provided (1 — a)by > 0, so that if par-
ental food provisioning is present (y > 0), then full sib
competition favours parental choice of the safest nests
(x* =1). And evaluating equation (A10) at x=2=1
obtains y* = 1/2a, which is always greater than zero, and
hence positive parental food provisioning is also stable.
Thus, the joint ESS (x*, y*, z*)= (1, min(1/2a,1),1)
is evolutionarily stable for all 0 <a, b <1, recovering
result 8 of the main text.
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