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ABSTRACT

Question: Why do some wood-burrowing insects (e.g. bark beetles) live in and feed on inner
bark only, whereas others (e.g. ambrosia beetles) live in and feed on sapwood only?

Mathematical model: An ovipositing female burrows into both the inner bark and the
sapwood. Each of her offspring chooses which microhabitat to stay in and feed on.

Key assumptions: Larvae choose their microhabitat depending on their mother’s burrowing
behaviour, which makes the model a dynamic game between the mother and her larvae. Larvae
within each microhabitat compete with each other. Alternative assumption: If their mother
does not burrow in order to oviposit, either no larvae survive or some do.

Results: If no larvae survive without maternal burrowing, two evolutionarily stable strategies
(ESS) exist. Either both adults and larvae use only the inner bark, or else they use only the
sapwood. Which ESS evolves depends on the relative suitability of the two microhabitats, the
cost of burrowing by adults, and the intensity of competition. However, if some larvae survive
in the absence of maternal burrowing, the ESS can be a mixture of both microhabitats.

Conclusion: Wood burrowing insects are likely to evolve to use either the inner bark only or
the sapwood only. If larvae can grow despite the absence of maternal burrowing, they may
evolve to use both microhabitats.

Keywords: ambrosia beetle, bark beetle, dynamic game, evolutionarily stable strategy,
wood-burrowing beetles.

INTRODUCTION

In bark and ambrosia beetles, adults burrow inside trees and produce a system of tunnels
called ‘galleries’, wherein they oviposit. This behaviour is a form of parental care (Kirkendall

et al., 1997). Bark beetles bore into inner bark and oviposit there. The inner bark contains rich
organic nutrients (Mattson, 1980; Franceschi et al., 2005), but also defensive chemicals (Franceschi et al.,

2005) and many competitors, such as Cerambycidae and Buperestidae (Farrell et al., 2001;

Harrington, 2005).
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In contrast, ambrosia beetles burrow and reproduce in sapwood (Mizuno and Kajimura, 2002;

Hulcr et al., 2007). Although sapwood is nutrient-poor, ambrosia beetles solve this problem by
using symbiotic fungi (Farrell et al., 2001; Six and Klepzig, 2004). When females disperse to a new host,
they carry fungi from their native gallery using a specialized structure called a ‘mycangia’.
A female enters the wood, inoculates fungi, and lays her eggs; her offspring then eat the
fungi (Mueller et al., 2005).

Most beetles use dead trees; however, some species use live trees and may kill them. The
latter group can cause considerable damage to forests over a wide area (Raffa et al., 2008). To
evaluate the extent of damage and to control infestations, mathematical and computational
models of beetle population dynamics have been developed (e.g. Logan et al., 1998; Powell et al., 1998;

Økland and Bjørnstad, 2006). Wood-burrowing beetles often interact with diverse symbiotic
organisms, such as mites (Lombardero et al., 2003), nematodes (Cardoza et al., 2006), and bacteria
(Scott et al., 2008), in addition to symbiotic fungi.

In this study, we examined the evolution of wood utilization by wood-burrowing insects,
focusing on their use of microhabitats (i.e. the inner bark or sapwood). We examined the
dynamic interactions between a mother and her offspring. Specifically, an ovipositing
female first burrows in the inner bark and sapwood, after which time each of her offspring
chooses which microhabitat to stay in and use. Larvae compete with one another within
a single microhabitat. A mother’s choice is made based on the belief that her offspring
will behave optimally following her own burrowing behaviour, while offspring choose
their behaviour based on the structures produced by their mother. Thus, there exists an
asymmetry of information; offspring make decisions after knowing their mother’s choice,
whereas the mother must make her decision without knowing the choices of her offspring.
Thus, the situation is a dynamic game (for other examples, see Sjerps et al., 1993). In the evolutionarily
stable strategy (ESS), larvae often utilize only sapwood or only the inner bark. The
conditions for these two cases depend on the relative suitability of the two microhabitats,
the cost of burrowing by adults, and the intensity of larval competition.

MODEL

Here we consider two different types of agents, a mother and her offspring. A mother
should choose how many offspring are laid, as well as how much burrowing activity should
be allocated between the inner bark and the sapwood. Note that there is a trade-off between
oviposition activity and burrowing activity, and also between burrowing in the inner bark
and burrowing in the sapwood. The mother should choose her behaviour to maximize her
own Darwinian fitness. After hatching, each larva chooses where it stays, continues to
burrow, and eats wood and symbiotic fungi. Larvae growing in the same microhabitat
(inner bark or sapwood) will compete with each other. In choosing between two micro-
habitats, larvae consider their own fitness as well as that of their siblings. By moving out of
the best location, a larva may lose its own Darwinian fitness, but can improve the fitness
of its siblings, thus gaining inclusive fitness (Hamilton and May, 1977). The magnitude of this
effect may depend on the relatedness among siblings, which is determined by the mother’s
polygamy. The present analysis is limited to examining cases of female monogamy,
as Kirkendall (1983) reported that females of most wood-burrowing species are nearly
monogamous. The degree of competition should be affected by the size of the burrow,
which is chosen by the mother.
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Dynamic game

In the following, we calculate the ESS for the evolutionary game among larvae by assuming
that each larva maximizes its own inclusive fitness. Alternatively, we can derive the same
result by adopting a personal fitness model, as explained in Appendix A. In this analysis, the
Price formula is used to calculate trait evolution by considering the fitness modified by
individuals related to the focal individual.

Let �mother be the fitness of the mother and � IF
larva be the inclusive fitness of a larva. Let Wb

and Ws be the fitness of a larva in the inner bark and in the sapwood, respectively, in the
absence of larval regulation. Since the inner bark is more nutrient-rich than sapwood, the
fitness of a larva in inner bark is higher than that of a larva in the sapwood: Wb > Ws. The
mother’s burrowing activities in the inner bark and in the sapwood are denoted by xb and xs,
respectively. The number of eggs is denoted by ne, and the total reproductive effort a mother
can allocate between burrowing and oviposition is T, which satisfies

T = Cbxb + Csxs + Cene, (1)

where Cb and Cs are the cost of burrowing in the inner bark and that of burrowing sapwood
respectively, expressed per unit size of the hole. Ce is the cost of oviposition per egg.

We consider the case in which the fitness of the mother is as follows:

�mother (xs, xb) =
neyWs

1 +
k

xs

ney

+
ne (1 − y)Wb

1 +
k

xb

ne (1 − y)

. (2)

Larvae use the sapwood and inner bark with the ratio y to 1 − y, respectively. The first term
on the right-hand side of equation (2) indicates the total fitness achieved by the larvae in
the sapwood. The fitness of a larva in the sapwood decreases with larval density, given by
Ws /(1 + k(ney/xs)), where the larval density is the number of larvae in the sapwood ney
divided by the size of the gallery in the sapwood xs. The intensity of competition among
larvae is k.

Similarly, the fitness of a larva utilizing the inner bark is Wb/(1 + k(ne(1 − y)/xb)), where
the competition among larvae is determined by the number of larvae in the inner bark
ne (1 − y) and the size of the gallery xb. Hence, the second term on the right-hand side of
equation (2) is the total fitness achieved by the larvae in the inner bark.

The fraction of larvae using sapwood y is determined by the game among larvae that
maximize their own inclusive fitness. Hence y is not a constant, but a function of xs and xb,
which are determined by the mother.

Inclusive fitness of a larva, denoted by � IF
larva, is the weighted sum of the fitness of an

individual and the fitness of its siblings (Hamilton, 1964). An individual and its siblings use
sapwood at rates y and y*, respectively. The inclusive fitness of an individual larva is:

� IF
larva (y) =

yWs

1 +
k

xs

{y + (ne − 1)y*}

+
(1 − y)Wb

1 +
k

xb

{1 − y + (ne − 1) (1 − y*)}

+
ne − 1

2 �
y*Ws

1 +
k

xs
�y + (ne − 1)y*�

+
(1 − y*)Wb

1 +
k

xb
�1 − y + (ne − 1) (1 − y*)� �

. (3)
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The first two terms represent the fitness of an individual in sapwood and the fitness in inner
bark, respectively. Compared with equation (2), the denominators change from ney to
y + (ne − 1)y* and from ne(1 − y) to 1 − y + (ne − 1) (1 − y*). This is because the effective
number of larvae in the sapwood is y + (ne − 1)y*, because of the use by the focal individual
y and the fraction y* of its siblings that stay in the sapwood.

The quantity within the brackets of the last term on the right-hand side of equation (3) is
the fitness of a sibling. Compared with the fitness of the focal individual, y is replaced by y*.
The fitness of a sibling is multiplied by the number of siblings of an individual, ne − 1, and
their relatedness, 1/2, which is justified by the assumption that females of wood-burrowing
insects are monogamous (Kirkendall, 1983).

The ESS of a mother and her offspring can be calculated using the following procedure.
First, for any given choice of burrowing behaviour by the mother, each of her offspring
should choose between the inner bark and the sapwood, resulting in an ESS distribution
wherein each larva maximizes its own inclusive fitness. The ESS is the Nash equilibrium
among an n-person game in which players are larvae and the payoff function of each player
is the inclusive fitness. As a result of this game among larvae, we obtain the ESS distribution
of larvae as a function of a mother’s burrowing activities (xs, xb).

Second, we calculate the fitness of the mother based on the ESS distribution of larvae,
and then choose the optimal pair among a mother’s burrowing activities (xs, xb) that
maximizes the mother’s fitness, given the constraint of the total reproductive effort of the
mother T.

To be specific, we first set parameters: Ws, Wb, Cs, Cb, Ce, k, and T. For each pair (xs, xb),
we then calculate the ESS fraction of larvae staying in the sapwood, denoted by y*(xs, xb),
which depends on (xs, xb). This can be calculated from the optimization of the inclusive
fitness by each larva (∂� IF

larva/y) |y = y* = 0, considering the symmetry between larvae. Fraction
y is constrained to be 0 ≤ y ≤ 1.

Third, we calculate the mother’s fitness �mother assuming that the larval behaviour
is the ESS y*(xs, xb) given as a function of her own choice. Finally, we choose the
optimum (xs, xb) that maximizes mother’s fitness �mother under the constraint of
T = Cbxb + Csxs + Cene. [See Appendix B for details.]

THE EVOLUTIONARILY STABLE STRATEGY

Figure 1 illustrates the evolutionarily stable fraction of larvae utilizing sapwood (y*) and
adult burrowing in sapwood (xs) and in inner bark (xb). The horizontal axis shows Ws /Wb,
the fitness of a larva in sapwood relative to that in the inner bark. In the case illustrated in
the figure, the mother oviposits some eggs (ne > 1), and the fitness of a larva in the inner bark
is higher than that of a larva in the sapwood in the absence of sib competition (Wb > Ws).
This assumption is quite plausible because the inner bark is more nutrient rich than the
sapwood (Mattson, 1980; Franceschi et al., 2005).

Exclusive use of one microhabitat

The numerical results of the ESS, as illustrated in Fig. 1, clearly show that there are two
different situations. In one, the mother burrows only in the inner bark and all of the larvae
choose the inner bark. In the other, a mother burrows in sapwood and larvae choose to use
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the sapwood only. In between these two cases, there is an extremely narrow parameter
region in which the mother burrows into both the inner bark and the sapwood and
larvae use both microhabitats. If the cost of burrowing in sapwood is greater than that of
burrowing in inner bark, the ESS always favours the sapwood only. Therefore, in the
following we focus on cases in which the cost of burrowing in the inner bark is greater than
that of burrowing in the sapwood (Cb > Cs).

When larval competition is very strong or very weak

Next, we examined the conditions under which the sapwood is used by larvae in the ESS.
According to the analysis in Appendix B, we can calculate the ESS mathematically when
larval competition is very strong or very weak.

Fig. 1. The evolutionarily stable (ESS) fraction of larvae using sapwood (y) when larvae can survive
without the mother’s burrowing. A mother’s burrowing activities in the sapwood (xs) and in the
inner bark (xb) are indicated by open triangles and by solid squares, respectively. The horizontal
axis represents the relative fitness of a larva in sapwood (Ws /Wb). Ws /Wb changes by 0.025. Other
parameters are: k = 1, Ce = 10, Cb = 5, Cs = 2, and T = 900.
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When competition is very strong (k is very large)

When competition among siblings is severe, 1 � (k/xs)ney and 1 � (k/xb) ne (1 − y) hold in
the denominators of equation (2). This is because xs and xb are less than T and ne > 1 holds.
Therefore, the mother’s fitness, given by equation (2), is rewritten as

�mother (xs, xb) =
Wsxs + Wbxb

k
+ O� 1

k2�. (4)

O(1/k2) indicates small terms of higher order with respect to 1/k. This is independent
of the fraction of larvae using the sapwood (y). In this case, larval behaviour does not
influence the mother’s behaviour. Since the number of eggs (ne) is not included in the
dominant term �mother (xs, xb) increases as the mother produces an extensive gallery and
lays fewer eggs to reduce the larval competition. A partial derivative of equation (4) with
respect to xs is

∂�mother (xs)

∂xs

=
Ws − Wb

Cs

Cb

k
+ O� 1

k2�. (5)

If Ws /Wb < Cs /Cb, �mother (xs) is a decreasing function of xs, and the mother should burrow
in the inner bark only. In contrast, if Ws /Wb > Cs /Cb, the mother’s fitness �mother (xs) is an
increasing function of xs, and the mother should burrow in the sapwood only. The threshold
relative fitness separating these two situations occurs when the ratio of the two fitnesses is
close to the ratio of costs Ws /Wb ≈ Cs /Cb. Figure 2 illustrates the evolutionary equilibrium
calculated numerically and the theoretical prediction in the limit of a very large k. As the
relative fitness of a larva in sapwood Ws /Wb increases gradually, the ESS fraction of larvae
using sapwood is 0 initially and then suddenly jumps to 1, when Ws /Wb = Cs /Cb (indicated
by squares in Fig. 2).

When competition is very weak (k is very small)

If k is very small, equations (2) and (3) become

�mother (xs, xb) = ne {yWs + (1 − y)Wb} + O(k), (6a)

� IF
larva (y) = yWs + (1 − y)Wb +

ne − 1

2
{y*Ws + (1 − y*)Wb} + O (k). (6b)

Equation (6a) shows that the fitness of a mother is a decreasing function of xs and xb

because ne = (T − Csxs − Cbxb)/Ce. Hence, the mother should reduce her investment in
gallery formation and produce more eggs. In contrast, equation (6b) is independent of xs or
xb. Thus, the larva decides y, the microhabitat to remain in, almost independently of the
mother’s behaviour. The partial derivative of equation (6b) by y is

∂� IF
larva (y)

∂y �
y = y*

= Ws − Wb + O (k). (7)

If Ws < Wb, the larval inclusive fitness is a decreasing function of y and the ESS y should be
close to 0. If Ws > Wb, the larval inclusive fitness is an increasing function of y, and is close
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to 1 in the ESS. As the relative fitness Ws /Wb increases gradually, y is 0 for Ws /Wb < 1 and 1
for Ws /Wb > 1; it jumps from 0 to 1 around Ws /Wb = 1. Figure 2 illustrates the ESS
calculated numerically (indicated by triangles) and the analytical solution when k is
very small.

For an intermediate magnitude of larval competition

For an intermediate magnitude of competition, we can perform numerical analyses.
Figure 3 illustrates the threshold level of relative fitness. The horizontal axis shows
the intensity of competition among larvae (k) and the vertical axis presents the cost
of oviposition (Ce). The contour lines indicate the relative fitness of a larva in sapwood
(Ws /Wb) when the ESS sapwood ratio (y) changes from 0 to 1. The larger k becomes, the
lower the threshold level. The numerical analysis is consistent with the mathematical results
described above when k is very large or very small.

We also examined the model numerically for a wide range of parameters. We almost
always found that larvae use either sapwood only or inner bark only for most parameters.
In no cases was a mixed use of sapwood and inner bark observed in the ESS. More
importantly, a mother’s optimal choice of microhabitat was almost always the same as that
made by the larvae. Whether insects evolved to use sapwood only or to use inner bark only
should be determined by the relative fitness of the two microhabitats, but also depends on
the intensity of larval competition and the relative cost to the mother for burrowing into
both microhabitats. These results suggest that wood-burrowing beetles are likely to have
evolved to utilize only inner bark or only sapwood.

Fig. 2. The evolutionarily stable (ESS) fraction of larvae using sapwood (y). The horizontal axis
shows the relative fitness of a larva in sapwood in the absence of competition (Ws /Wb). Different
symbols indicate the results for different intensities of larval competition: squares represent strong
competition (k = 50,000), circles represent medium-intensity competition (k = 1), and triangles indicate
weak competition (k = 0.0001). Ws /Wb changes by 0.01. Broken lines show the threshold values for the
analytical solutions for very large and very small k. Other parameters are: Ce = 10, Cb = 5, Cs = 1, and
T = 900.

A dynamic game in wood-burrowing beetles 613



WHEN THE MOTHER’S BURROWING IS NOT INDISPENSABLE

In contrast to our results, in some bark beetles, larvae use both microhabitats. Specifically,
larvae first dig into the inner bark, but later dig into the sapwood during the late
developmental stages (Nobuchi, 1974; Harrington, 2005). In these cases, the larval microhabitat
used does not always match the burrowing effort allocation of the mother. To explain
this pattern, we developed a model with differences in functional form from equations (2)
and (3). In terms of the fitness of larvae assumed in these equations, larval habitat
use is strongly constrained by the mother’s burrowing behaviour. Suppose that the
mother uses one microhabitat only (say, inner bark only; xs = 0), then the larvae
cannot use the second microhabitat (sapwood) because the fitness gain from there would
be zero irrespective of y (fitness gain from the first term of equation (2) is zero if xs = 0).
It is possible, however, that this is too constraining. The larvae may be able to
achieve some fitness from the sapwood even if their mother allocates no burrowing
effort there. In this case, the model may exhibit an ESS in which larvae use both
microhabitats.

We examined the following modified functional forms of fitness. Equations (2) and (3) are
written as:

Fig. 3. Threshold level of the relative fitness of a larva in sapwood (Ws /Wb), where the ESS fraction
of sapwood use (y) changes from 0 to 1. The horizontal axis represents the intensity of competition
among larvae (k) and the vertical axis represents the cost of oviposition (Ce). Other parameters are:
Cb = 5, Cs = 1, and T = 900.
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�mother (xs, xb) = ne � yWs

1 +
k

xs + x0

ney

+
(1 − y)Wb

1 +
k

xb + x0

ne (1 − y)� , (8a)

� IF
larva (y) =

yWs

1 +
k

xs + x0
�y + (ne − 1)y*�

+
(1 − y)Wb

1 +
k

xb + x0
�1 − y + (ne − 1)(1 − y*)�

+
ne − 1

2 �
y*Ws

1 +
k

xs + x0
�y + (ne − 1)y*�

+
(1 − y*)Wb

1 +
k

xb + x0
�1 − y + (ne − 1)(1 − y*)� �

. (8b)

In these equations, xs and xb are replaced by x0 + xs and x0 + xb, respectively. This implies
that the mother’s burrowing activity can enhance the capacity of the microhabitat, but may
not be indispensable. Even without the contribution by the mother, larvae may achieve a
positive fitness due to x0 > 0. Figure 4 illustrates the ESS when equation (8) is adopted. For
the value indicated by a filled arrow, larvae use sapwood as well as inner bark even if adults
burrow into the inner bark only in the ESS (Fig. 4). This is exactly the pattern reported for
some bark beetle species (e.g. Nobuchi, 1974; Harrington, 2005). In contrast, for the value indicated
by an open arrow in Fig. 4, larvae use both microhabitats while adults burrow into the
sapwood only. If Ws < Wb, at least some larvae use the inner bark in the ESS.

DISCUSSION

We analysed the wood utilization ESS by the bark beetle and ambrosia beetle formalized as
a dynamic game between a mother and her offspring. When a mother’s burrowing activity
in a microhabitat is indispensable for larvae to survive and grow, the strategy using both
inner bark and sapwood is not the ESS, except for within a very narrow parameter range.
Burrowing in the sapwood only, as observed for the ambrosia beetle, is adaptive if a beetle
can easily burrow into sapwood, if competition among larvae is strong, and if larval fitness
in sapwood is sufficiently high. If the opposite conditions are true, burrowing into the inner
bark only is the ESS, as observed for the bark beetle.

Defence by live and dead trees

The inner bark is much more nutrient rich for larvae than the sapwood (Mattson, 1980; Franceschi

et al., 2005). However, the cost to adults of burrowing into inner bark and in sapwood depends
on the tree species and on whether the host tree is alive or dead. The chemical defences of
trees are an important factor in the burrowing cost, and the conifer family in particular has
a well-developed defence system (Franceschi et al., 2005). Tree defences consist of constitutive
defences and inducible defences. Examples of constitutive defences are lignified cells, consti-
tutive resin ducts, and sclerenchyma (hard dead cells) (Franceschi et al., 2005). These mechanisms
operate strongly in the inner bark to prevent attack by beetles. In contrast, inducible
defences work when wood-boring insects or fungi succeed in breaking these constitutive
defences. For example, Pinaceae species produce toxic resin ducts in sapwood (Nagy et al., 2000;
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Franceschi et al., 2005). Thus, when beetles use live trees, constitutive defences work strongly in
the inner bark and inducible defences have a strong effect in sapwood.

If the density-independent larval fitness is relatively greater and the burrowing cost
for adults is smaller in the inner bark than in the sapwood (Wb > Ws and Cb < Cs), then
adults and larvae share mutual interests. The model predicts that their joint optimal wood
utilization functions to use the inner bark only, as is the case for bark beetles who utilize
recently killed or weakened trees, such as Dendroctonus ponderosae (Hopkins) and Ips
cembrae (Heer).

The inducible defences of dead trees may be weaker, but constitutive defence by resins is
stronger in the inner bark than in the sapwood. Thus, the cost of burrowing in the inner
bark might be greater than that of burrowing in the sapwood (Cb > Cs). Conversely, since
nutrients are more abundant, the larval fitness may be greater in the inner bark than in the

Fig. 4. The evolutionarily stable (ESS) fraction of larvae using sapwood (y) when larvae can survive
without the mother’s burrowing. A mother’s burrowing activities in the sapwood (xs) and in the inner
bark (xb) are indicated by open triangles and by solid squares, respectively. The horizontal axis
represents the relative fitness of a larva in sapwood (Ws /Wb). Ws /Wb changes by 0.025. Arrows
indicate the values at which larvae use both microhabitats and adults burrow either only the inner
bark or only the sapwood (see main text). Other parameters are: k = 15, Ce = 9, Cb = 2.5, Cs = 0.9,
T = 900, and x0 = 300.
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sapwood (Wb > Ws), resulting in an adult–larvae conflict. In this case, the key factor
determining whether larvae should use inner bark or sapwood in the ESS is the intensity of
competition within each microhabitat, as shown herein.

A small number of ambrosia beetle species kill their angiosperm host trees (Kuhnholz et al.,

2003). Trees of angiosperm species do not have strong inducible defences, such as the toxic
resin ducts present in confers. Therefore, the cost of burrowing in sapwood may be less than
that of burrowing in inner bark, which may explain the anomalous wood usage patterns by
the ambrosia beetle.

Competition among larvae

Larvae in the same microhabitat compete for food (Beaver, 1974; Kajimura and Hijii, 1994), which
suggests that competition among larvae is strong in these species. According to the model, if
larval competition is very intense, the adults should allocate more energy to burrowing than
to oviposition (Fig. 5), and both adults and larvae should utilize the microhabitat with a
higher ratio of larval fitness to adult burrowing cost (Fig. 2). These hypotheses explain the
behaviours of many species of bark beetles and ambrosia beetles.

In contrast, for a relatively small number of species including Dendroctonus micans
(Kug.), larvae feed in a group (Deneubourg et al., 1990; Storer et al., 1997). We hypothesize that
the competition among larvae should be weak in these species. The model predicts that
the adults of such species do not allocate much effort to burrowing activity, but rather
invest most of their energy in oviposition, and that both adults and larvae should use
the microhabitat with the higher larval fitness (irrespective of the adult’s burrowing
cost). This pattern is consistent with the behaviour exhibited by Dendroctonus micans
(Kug.), which utilizes the inner bark only, given its higher nutrient content compared
with sapwood.

Fig. 5. A mother’s evolutionarily stable (ESS) activity of burrowing in the inner bark (xb). The
horizontal axis represents the intensity of competition among larvae (k). Other parameters are:
Wb = 100, Ws = 0, Ce = 10, Cb = 5, Cs = 1, and T = 900.
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Symbiotic fungi

Symbiotic fungi may improve the larval fitness of sapwood (Ayres et al., 2000). In our model, if
the relative fitness of a larva in the sapwood (Ws /Wb) is sufficiently small, sapwood use is
not the ESS (Fig. 2). Therefore, improving the larval fitness of the sapwood is necessary for
sapwood use to be the ESS. Apart from the ambrosia beetle, other bark beetle species such
as Dendroctonus frontalis (Zimm.) and D. ponderosae (Hopk.) use symbiotic fungi as larval
food (Harrington, 2005). Improving nutrition in the sapwood by using symbiotic fungi could be
an important factor in the evolution of wood utilization in the ambrosia beetle as compared
with the bark beetle (Nobuchi, 1974).

Survival of larvae without adult burrowing

If larvae do not survive in microhabitats in which the mother did not burrow, the ESS for
larvae is either to use inner bark only or to use sapwood only. However, the larvae of a few
bark beetle species use both the inner bark and sapwood (Nobuchi, 1974; Harrington, 2005). We
demonstrated that this pattern is the ESS if the mother’s burrowing activity improves the
survival and growth of the larvae, but is not indispensable. In these cases, larvae may use
both inner bark and sapwood in the ESS, even if the mother beetle burrows in the inner
bark only or in the sapwood only (as shown by Fig. 4). Our analysis also shows that, in some
cases, larvae may use both the inner bark and sapwood even though the ESS is that adults
burrow only in sapwood; however, this pattern has never been reported in the wild.

Adults of Cerambycidae and Buprestidae oviposit without much burrowing, but their
larvae actively burrow into wood (Masada, 2001; Allison et al., 2004). In our model, this behaviour
can be the ESS if x0 is sufficiently large. In this case, the optimal behaviour of adults is to
invest most of their reproductive effort in oviposition (xs = xb = 0, ne = T/Ce). Since larval
fitness is greater in the inner bark than in the sapwood (Wb > Ws), the optimal behaviour
for the larvae is to use only the inner bark (y* ≈ 0), or to use both the inner bark and
sapwood (0 < y* < 1) when sib competition is strong. However, it is never the case that the
ESS is to use sapwood only. This prediction is consistent with the observation that larvae
of Cerambycidae and Buprestidae use inner bark (Masada, 2001; Allison et al., 2004).

Future research

The analyses reported here outline a simplified case. Some of the assumptions made here
should be relaxed in future theoretical studies. First, the wood conditions of a dead tree are
known to change over time (Schowalter et al., 1998). Our model can be modified to include
time, which would provide more information regarding beetle behaviour. Furthermore, we
focused on cases in which the mother is monogamous. However, mating systems of the
bark and ambrosia beetles are diverse. For example, the tribe Xyleborini includes many
inbreeding species (Bright, 1968). The evolution of wood use for different mating systems is
an important topic for future studies. Finally, we ignored any competition with larvae
laid by different mothers of the same species or with individuals of different species.
However, Farrell et al. (2001) highlighted the importance of interspecific competition
among beetles. Therefore, examining the effects of intraspecific and interspecific
competition on the evolution of wood utilization by larvae is also an important focus
of future theoretical studies.
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APPENDIX A

Derivation of the ESS of larvae using personal fitness

In the main text, we explain the ESS of larvae in terms of a game between siblings who
maximize their own inclusive fitness. Here we derive the same ESS using an alternative
method. Specifically, we consider how natural selection works by considering the personal
fitness of a larva, which is given as follows:

�larva (yego, y1, y2, . . . , yne − 1) =
Wsyego

1 +
k

xs
�yego + �

ne − 1

i = 1

yi�
+

Wb (1 − yego)

1 +
k

xb
�(1 − yego) + �

ne − 1

i = 1

(1 − yi)�
. (A1)

The focal individual uses sapwood at rate yego and other individuals (the focal individual’s
siblings) use sapwood at rate yi (i = 1, 2, . . . ne − 1). Assuming that yi and yego are near the
population average ŷ, equation (A1) can be rewritten as

�larva (yego, y1, y2, . . . , yne − 1) = �larva (ŷ) + (yego − ŷ)
∂�larva

∂yego

+ �
ne − 1

i = 1

(yi − ŷ)
∂�larva

∂yi

+ O (y2), (A2)

Uchinomiya and Iwasa620



where partial derivatives are estimated near ŷ. �larva (ŷ) is the value of �larva when all y are
replaced by ŷ. O (y2) indicates small terms of higher order with respect to y2. According to
Price’s equation,

∆y =
Cov [yego, �larva (yego, y1, y2, . . . , yne − 1)]

�larva

=
1

�larva
�Var (yego)

∂�larva

∂yego

+ �
ne − 1

i = 1

Cov (yego, yi)
∂�larva

∂yi
�

, (A3)

where �larva is the population mean fitness. Relatedness between individual ego and i is
defined as

r =
Cov (yego, yi)

Var (yego)
. (A4)

In the ESS, ∆y = 0 holds, and hence

∂�larva

∂yego

+ r (ne − 1)
∂�larva

∂yi

= 0 (A5)

holds. Calculating ∂�larva/∂yego and ∂�larva/∂yi, using equation (A1), we have

∂�larva

∂yego

=

Ws�1 +
k

xs
�
ne − 1

i = 1

yi�

�1 +
k

xs
�yego + �

ne − 1

i = 1

yi��
2

−

Wb �1 +
k

xb
�
ne − 1

i = 1

(1 − yi)�

�1 +
k

xb
�(1 − yego) + �

ne − 1

i = 1

(1 − yi)��
2

, (A6a)

∂�larva

∂yi

=
−Ws

k

xs

yego

�1 +
k

xs
�yego + �

ne − 1

i = 1

yi��
2

+
Wb

k

xb

(1 − yego)

�1 +
k

xb
�(1 − yego) + �

ne − 1

i = 1

(1 − yi)��
2

. (A6b)

Due to the symmetry, all larvae use the same fraction of sapwood in the ESS. If we let
yi = yego = y*, equation (A5) can be rewritten as

Ws�1 + (1 − r) (ne − 1)
k

xs

y*�
�1 +

k

xs

ney*�
2

−

Wb�1 + (1 − r) (ne − 1)
k

xb

(1 − y*)�
�1 +

k

xb

ne (1 − y*)�
2

= 0. (A7)

If r = 1/2, equation (A7) is the same as equation (B1) shown below. The evolutionary
equilibrium based on personal fitness, considering the effect received by relatives, is the
same as that achieved by the inclusive fitness explained in the main text.
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APPENDIX B

Equilibrium larval sapwood using rate y*

We wish to find the y* at which the inclusive fitness of each larva is maximized. We calcu-
lated the partial derivative of � IF

larva with respect to y evaluated at y = y*,

∂� IF
larva

∂y �
y = y*

=
1

2
[ f (y*) − g(y*)] = 0 , (B1)

where

f (y) =
xsWs {2xs + k(ne − 1)y}

(xs + kney)2 , (B2a)

g(y) =
xbWb{2xb + k(ne − 1)(1 − y)}

(xb + kne(1 − y))2 . (B2b)

When, ne > 1, f (y) and g(y) are a decreasing and increasing function, respectively, for y > 0.
Therefore, equation (A1) has at most one solution in 0 < y < 1. When f (0) > g(0) and
f (1) > g(1), f (y*) can be equal to g(y*) for y > 1 only, and we set y* = 1. Similarly, when
f (0) < g(0) and f (1) < g(1), f (y) and g(y) can be equal only for y < 0, and therefore we
set y* = 0.

The intensity of competition: k

When k is very large, we can rewrite equations (2) and (3) as follows:

�mother (xs, xb) =
Wsxs + Wbxb

k
+ O� 1

k2� , (B3a)

� IF
larva (y) =

yWs

k

xs

{y + (ne − 1) y*}

+
(1 − y)Wb

k

xb

{1 − y + (ne − 1)(1 − y*)}

+
ne − 1

2 �
y*Ws

k

xs

{y + (ne − 1) y*}

+
(1 − y*)Wb

k

xb

{1 − y + (ne − 1)(1 − y*)}� + O� 1

k2� . (B3b)

O(1/k2) indicates small terms of higher order with respect to 1/k. Equation (B3a) shows that
the mother’s fitness is almost independent of y. By using T = Cbxb + Csxs + Cene, equation
(B3a) can be rewritten as

�mother (xs) =
Wsxs + Wb (T − Csxs − Cene)/Cb

k
+ O� 1

k2�. (B4a)

From this, we have

d�mother (xs)

dxs

=
Ws − Wb Cs /Cb

k
+ O� 1

k2�. (B4b)
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Since �mother (xs) is a decreasing function of xs when Ws /Wb < Cs /Cb, the optimal strategy of
the mother is to use the inner bark only: xs = 0. In contrast, when Ws /Wb > Cs /Cb, �mother (xs)
is an increasing function of xs. Therefore, her optimal strategy is to burrow in the
sapwood only. In this situation, a mother does not burrow in inner bark (xb = 0) because
of limited energy. Rather, the mother should burrow in bark even if she reduces the number
of eggs.

Next, we determine the case when competition among siblings is very weak: k ≈ 0.
We rewrite equations (2) and (3) as follows:

�mother (xs, xb) = ne {yWs + (1 − y)Wb} + O (k), (B5a)

� IF
larva(y) = yWs + (1 − y)Wb +

ne − 1

2
{y*Ws + (1 − y*)Wb} + O (k). (B5b)

Since equation (B5a) is independent of the effect of a mother’s burrowing, the larvae
choose y independent of xs or xb. From equation (B5b), we have

∂� IF
larva (y)

∂y �
y = y*

= Ws − Wb + O (k). (B6)

When Ws < Wb, larval inclusive fitness is a decreasing function of y, and a larva should
decrease y. As a result, using only the inner bark is optimal: y = 0. In contrast, when
Ws > Wb, larval inclusive fitness is an increasing function of y. Then the ESS strategy of a
larva is to use the sapwood only: y = 1. A mother should oviposit as many eggs as she can
when competition among siblings is very weak.
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