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Reproduction in many species includes courtship feeding and nuptial gifts which may
cease at some point with a divorce. This paper offers a theory to explain these phenomena
based on the principal-agent problem in economics.

1. The Phenomena

1.1. Birds. In some species males feed females primarily while the eggs are being incu-
bated, whereas in others this “courtship feeding” extends prior to egg incubation (Lack
1940). In some, only the female incubates (finches, titmice, crows) and in others, males
also incubate the eggs and yet still feed the females (gulls, terns, pigeons). Conversely,
in many songbirds only the female incubates and yet no courtship feeding takes place.
Furthermore, in some species the courtship feeding seems closely linked with copulation,
and in others it isn’t. A theory of courtship feeding should account for this variety in
how courtship behavior is expressed. Here are two examples.
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Figure 1. Courtship Feeding in the Blue Tit. Photo by Nicole Bouglouan, 2005
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Figure 2. Courtship Feeding in the Northern Cardinal. Photo by Linda
Hartong, 2008.

In 1966 Royama noted that most authors had been emphasizing a “symbolic” aspect
to courtship feeding rather than any nutritional importance. After studying Great Tits
(Parus major) and Blue Tits (Parus caeruleus, see Figure 1) in England during the
breeding seasons from 1958 to 1960, he found that males fed females frequently when the
females had just started laying eggs and then continued through egg incubation. When
the females started egg-laying they begin uttering begging calls and followed after their
mates who responded with feeding. On the average, the female received about 60 feeds
per day during the egg-laying period, and about 150 feeds per day when incubating.
Based on the bird’s energetics, Royama concluded that courtship feeding related largely,
if not altogether, to the provision of food which the female was not able to obtain herself.
He wrote that “in tits of the genus Parus most cases of feeding of females by males are
explained more convincingly by supposing the behaviour to have a nutritional function—
that the males provide a substantial part of the females’ food, both when the females
have to produce a large number of eggs on successive days, and later when they cannot
spend much time feeding while they are incubating.”

Here in Hawaii, courtship feeding is readily observed in pairs of the introduced and
widespread Northern cardinal (Cardinalis cardinalis, see Figure 2). According to Halkin
and Linville (1999), Northern cardinals are usually socially monogamous, with occasional
polygyny. Northern cardinals engage in extra-pair copulations and one study reports 9 to
35% of nestlings come from extra-pair copulations. Pair formation begins with physical
displays by the male including courtship feeding.
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Figure 3. Nuptial Gift in Empis tesselata, a Large European Dance Fly.
Photo by Rob Knell, 2006

1.2. Insects. Nuptial feeding is considered to encompass any form of nutrient transfer
from the male to the female during or directly after courtship and/or copulation. In
insects, nuptial gifts may take the form of food captured or collected by the male, parts,
or even the whole of the male’s body, or glandular products of the male such as salivary
secretions, external glandular secretions, the spermatophore (capsule containing sperm)
and substances in the ejaculate. Nuptial gifts may function as “paternal investment”—to
increase the fitness and/or number of the gift-giving male’s own offspring or as “mating
effort”—to attract females, facilitate coupling, and/or to maximize ejaculate transfer
(Boggs 1995, Vahed 1998). Here are two examples.
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Figure 4. The “Spermatophylax” Nuptial Gift in Ephippiger ephippiger,
the European Saddleback Bushcricket. Photo from BBC Nature, 2012.

In most dance fly species, males form mating swarms in which each male carries a
nuptial gift of insect prey. Females enter the swarm and select a mate. During copulation,
the female feeds upon the prey item and the pair remains in copulation until the female
finishes her meal (Cumming, 1994, see Figure 3). In some species, the prey is lightly
wrapped in silk before being offered to the female, in others the insect prey item is partly
encased in a much more complex silk balloon before being presented to the female. In
one species the silk balloon contains a minute prey item which is crushed, desiccated
and apparently useless as food and in other species the complex and inedible silk balloon
contains no prey at all. It is passed to the female during copulation and is manipulated by
the female, but is not eaten (Kessel, 1955). Similarly, it is reported that in several species
males typically offer the female a dead insect, but occasionally “cheat” by offering a fake
gift such as a wind-blown seed (Cumming, 1994). Dance flies illustrate the mating-effort
function of nuptial gifts.

Bushcrickets (also called katydids) illustrate a possible paternal-effort function of nup-
tial gifts. In a majority of bushcricket species, males secrete from their accessory glands
a gelatinous mass that does not contain sperm called a “spermatophylax”—it is attached
to the spermatophore that contains the sperm (Vahed 1998, see Figure 4). At the end of
copulation, females consume the spermatophylax who then go on to eat the remainder of
the spermatophore. In bushcrickets, the spermatophylax can be very large, up to 22% of
the male’s body mass in one species and down to 3% in another species.

The function of the spermatophylax is receiving debate concerning the paternal invest-
ment vs. mating effort hypotheses. These are not considered mutually exclusive however.
The mating effort hypothesis (often referred to as the ejaculate protection hypothesis)
proposes that the spermatophylax has evolved and currently functions to prevent the
female from removing the spermatophore before sperm transfer is complete. The pa-
ternal investment hypothesis proposes that even though the spermatophylax may have
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originated as a sperm protection device, its large size is currently maintained by selec-
tion for male nutritional investment in offspring. Radio-labelled spermatophylax proteins
have been found incorporated into both the female’s body and her developing eggs in the
bushcrickets (Gwynne 1984, 1997, Simmons 1995, Reinhold 1999). The consensus among
entomologists however, appears to be that mating effort is the primary evolutionary con-
sideration, and paternal investment secondary.

1.3. Divorce. Monogamy is common in birds although rare in mammals. Indeed, 90%
of bird species are monogamous in the sense that a family consists of one male and one
female who pair-bond to each other and raise young together during at least one breeding
season—called social monogamy (Cockburn, 2006). Social monogamy does not imply
genetic monogamy. In most bird species, some nests contain young that are sired by
males other than their social parent—called extra-pair paternity (Griffith et al., 2002,
Akçay and Roughgarden 2007). In contrast, 90% of mammal species are polygynous,
meaning one-male-many-female. In mammals, females typically occur in groupings of
two or more who are serviced by one male. (Clutton-Brock 1989).

Even though most bird species are socially monogamous, a pair can break up during
the breeding season, called a “divorce”. Cezilly and Nager (1995) report annual divorce
rates as low as 2.4% in the barnacle goose (Branta leucopsis) of northern Europe, 2.5%
in the silvereye (Zosterops lateralis), a forest bird which eats berries in Australia, New
Zealand and the Fiji Islands, and 2.7% in Cory’s shearwater (Calonectris diomedea) of
Long Island to Nova Scotia. The highs were 36% in the European shag (Phalacrocorax
aristotelis) which is similar to a cormorant but more marine, and 30.6% in Parus major,
the European woodland songbird mentioned previously in connection to courtship feeding.

Divorce rate correlates with mortality. In birds where the annual survival rate is only
40–80% the divorce rate is high, and in birds where the annual survival rate is 90% or
more the divorce rate is low.

2. Model

Subtle vocabulary differences attend the bird and insect studies. Ornithologists are
drawn to the phrase “courtship feeding” for males that repeatedly feed the female over
an extended period. This period that may begin before the female lays the eggs and
extend through her sitting on the eggs as they attain a temperature suitable for devel-
opment. In contrast, entomologists are drawn to the phrase “nuptial gift” for a single
parcel of material given by the male in advance of mating and perhaps during the time
actually spent in copulation. The size of an insect nuptial gift is a proportionally larger
fraction of a male insect’s body mass than is the tiny bug or seed given by a male bird
during each instance of its courtship feeding. Furthermore, ornithologists tend to re-
gard courtship-feeding’s function to be paternal investment whereas entomologists tend
to regard a nuptial-gift’s function to be securing the opportunity to copulate.

To frame an evolutionary model that explains these phenomena, it’s helpful to abstract
somewhat from the biological details, and to adopt a usage for the phrases “nuptial gift”
and “courtship feeding” that is consistent with their biological meanings but is more
precise in a modeling context. Specifically, for both birds and insects, a nuptial gift will
be considered as food from the male prior to copulation. For birds, courtship feeding
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will be considered as food obtained while the eggs are developing prior to being laid plus
food obtained while the eggs are being incubated after being laid. For insects, courtship
feeding will be considered as food obtained during copulation.

The idea introduced here is that courtship feeding and nuptial gifts can be viewed in
terms of the principal-agent problem in economic theory. The principal-agent problem
deals with the incentives that a firm’s owner (principal) should pay an employee (agent)
to further the firm’s profit. The female here is the “principal” because she produces and
controls the eggs. The male is the “agent” because he supplies the female with forage in
return for payment consisting of the opportunity to fertilize some of the female’s eggs.
This application of principal agency theory for biology receives some precedent in the
synthesis of agency theory with household theory in literature on “family firms” (Schulze
et al. 2001, 2003, Greenwood 2003). This application is also relevant to the economic
theory of a dowry and bride price (Anderson 2007), of divorce (Dnes and Rowthorn 2004),
and more generally to the theory of the family (Becker 1991, Grossbard-Shechtman 1993,
Bryant and Zick. 2006). The simple and deterministic principal-agent model presented
here draws on Gibbons (1997, 1998, 2004).

2.1. A Simple Formulation. In evolutionary models, the counterpart of profit (or util-
ity) in economics is fitness—this is the number of offspring successfully placed by an
individual into the next generation. Natural selection causes populations to consist of
individuals whose traits confer upon them the highest fitness. However, the behavioral
traits acted upon by natural selection are the result of many day-to-day decisions made
throughout an organism’s life. Behavioral theory therefore might focus on these day-
to-day decisions and then cumulate the effects of all these to arrive at the total fitness
relevant to evolutionary success. Hence in the model introduced here, it is assumed that
the quantities the principal and agent seek to maximize are each’s daily fitness increment.
These increments are then accumulated to yield the fitnesses that might be plugged into
a population genetic model for evolutionary change. Thus, the modeling is envisioned
to proceed bottom-up in two “tiers”, a fast tier for behavioral time measured in days
nested within a slow tier for evolutionary time measured in generations (Roughgarden
2009, Akçay et al. 2009, Akçay and Roughgarden 2011, Roughgarden 2012a). The model
here is developed specifically for the behavioral tier.

The fitness increment for the female (principal) on a given day is Wf . The female
receives fitness on that day from the male’s nuptial gift where N is the incremental
number of eggs she lays with the food contained in the gift. (A negative N is allowed,
indicating that the female offers a gift to the male.) The female also receives fitness on
that day from the male’s courtship feeding where C > 0 is the incremental number of
eggs she lays with the food contained in the courtship feeding. However, unlike the gift,
the female must compensate the male for his feeding by awarding incubation time in birds
and copulation time in insects, time that is then unavailable to her for other activities or
that in some way exposes her to a hazard like predation. The cost to the female of the
courtship feeding is MC where M depends on the amount of time she awards to the male
per unit of food value that the male supplies. Finally, Wfo is the female’s outside option,
the fitness increment she obtains that day regardless of the male’s feeding, say as a result
of foraging on her own for food. (The female is assumed to have mated at least once so
that she carries enough sperm in sperm storage tubules for birds and in a spermatheca
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for insects to fertilize any eggs she happens to produce). These considerations lead to an
equation for a female’s fitness increment

(1) Wf = N + C −MC + Wfo

The fitness increment for the male (agent) on a given day is Wm. The male receives
fitness on that day from the time it spends with the female sMC where s ∈ (0, 2) is the
number of sires he obtains per unit of time granted to him by the female. If s is less
than one the male benefits less from his compensation in terms of sires than the female
loses in terms of eggs, and if s is greater than 1 he benefits more from his compensation
in terms of sires than the females loses in eggs. The cost the male incurs through his
foraging is assumed to accelerate with the amount of work he does to obtain food, and is
conveniently taken as proportional to C2 with a constant of proportionality, f . Foraging
for the nuptial gift costs the male gN where g is a constant of proportionality. Finally,
the male too has an outside option, and can earn a fitness increment of Wmo by not
working with this female, say by mating instead with some other female who does not
solicit nuptial gifts or courtship feeding. These considerations lead to an equation for a
male’s fitness increment

(2) Wm = sMC − fC2 − gN ≥ Wmo

The female’s policy decision is to set M , its compensation rate to the male for the
feeding it receives, and the male’s policy decision is to set C, its degree of feeding given
to the female. Either might potentially also need to decide on the size of the gift, N . If
N is positive (the typical case), then setting N is the male’s policy decision, otherwise it
is the female’s.

2.2. The Nash Competitive Equilibrium. To find the Nash equilibrium policies for
this game (Nash 1951), first compute the optimal C by the male, from the first-order
condition ∂Wm

∂C
= 0 leading to

(3) Copt(M) =
sM

2f

Next compute the optimal M by the female given that the male is delivering its optimal

amount of courtship feeding from the first-order condition
dWf

dM
|C=Copt = 0 leading to

(4) Mnce =
1

2

Hence, the realized Copt is

(5) Cnce = Copt(Mnce) =
s

4f

Both Copt and Mnce are independent of the gift size, N , and the outside options, Wfo and
Wmo. These Nash optimal policies yield the following fitness increments for both parties

Wf,nce = Wf |C=Cnce,M=Mnce = N +
s

8f
+ Wfo(6)

Wm,nce = Wm|C=Cnce,M=Mnce = −gN +
s2

16f
≥ Wmo(7)
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If Wm,nce is not greater than Wmo, the male should not participate in the relationship.
For this solution, neither the male nor female should supply any nuptial gift, N , because
varying N cannot feedback into a higher compensation rate Mnce to the male or into a
higher degree of nuptial feeding, Cnce to the female. Hence, N can be set to 0 for this
solution. These Nash optimal fitness increments are labeled in Figure 5 as the “NCE
Threat Point, Gift = 0”, illustrated assuming parameter values of s → 1, f → 1/2,
g → 1, Wfo → 0, and Wmo → 0. For these parameters, the policies work out to be,
Mne = 1

2
, Cnce = 1

2
, and assuming N = 0, Wf,nce = 1

4
and Wm,nce = 1

8
.

Although this solution is expected if the female and male are playing against each
other, the solution is not efficient. That is, alternative values for C, N , and M yield
improvements for both parties that could be realized provided the male and female could,
in some sense, cooperate.

2.3. Total Surplus. Consider the sum of the fitness increments

Wsum = Wf |C=Copt(M) + Wm|C=Copt(M)(8)

= N − gN +
sM

2f
− sM2

2f
+

s2M2

4f
+ Wfo

The compensation level, M , that maximizes Wsum could lead to a win-win outcome
relative to the Nash solution, assuming suitable side arrangements were negotiated. That
is, because the sum of the fitness increments can be larger than that realized at the
Nash solution, a surplus can be created through cooperation that can be divided up and
given to both parties, resulting in a win-win situation. The value of M that maximizes
Wsum is the efficient compensation rate. So, solving for M from the first order condition,
dWsum

dM
= 0 yields

(9) Mef =
1

2− s

Any value of s between 0 and 2 leads to a compensation rate that exceeds that in the
Nash solution. So, the task for the male is to supply a nuptial gift, N , to induce the
female to increase her compensation level from Mnce to Mef . The courtship feeding this
compensation produces is

(10) Cef = Copt(Mef ) =
s

2f(2− s))

These policies yield the following fitness increments for both parties

Wf,ef (N) = Wf |C=Cef ,M=Mef
(11)

= N − s

2f(2− s)2
+

s

2f(2− s)
+ Wfo

Wm,ef (N) = Wm|C=Cef ,M=Mef
(12)

= −gN +
s2

4f(2− s)2
≥ Wmo

The curve of payoffs to each party as function of N , assuming efficient compensation, is
the efficient frontier. It is a vector-valued function of N

(13) Efficient Frontier(N) = (Wm,ef (N), Wf,ef (N))
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Figure 5. s→ 1, f → 1/2, g → 1, Wfo → 0, Wmo → 0

and is depicted in Figure 5 as line running diagonally, as N varies from 0 to 1
2
, from (1

2
, 0)

at the lower right up to (0, 1
2
) in the upper left of the quadrant, based on parameters

of s → 1, f → 1/2, g → 1, Wfo → 0, and Wmo → 0. Figure 5 illustrates an interval
of points along the efficient frontier that are better for both the male and female. This
interval lies between the points labeled as “Gift = 1/4” and “Gift = 3/8”. For the male
to induce the female to increase its compensation rate from Mnce to Mef so that he can
enjoy a point on the efficient frontier, he must offer a nuptial gift, N . But how big a gift
should he offer?

According to the formula for Wf in Eq. (1), the female is paying a compensation of
MC in return for a courtship feeding level of C. For the parameters of Figure 5, Mef = 1.
Therefore, the female is paying the male for his courtship feeding just as much as she is
receiving from him for that behavior, with a net profit to her of zero. Therefore, the net
value of any feeding for the female must come entirely from the nuptial gift behavior, not
the courtship feeding behavior, when M = Mef .

For the parameters in Figure 5, the Nash solution (with N = 0) is (1
8
, 1

4
), i.e., the male

earns 1
8
. Now, the male could acquire a fitness increment of as much as 1

2
if only the

female would cooperate and set M = Mef , as depicted at the point labeled “Gift = 0”
at the lower right of the frontier curve. But, since all the female’s net fitness increment



10 JOAN ROUGHGARDEN, HAWAI‘I INSTUTUTE OF MARINE BIOLOGY

is coming from the nuptial gift, and if the male is offering no gift, then the female’s net
fitness increment from feeding is 0. Hence the point (1

2
, 0) labeled with “Gift = 0“ is

untenable from the female’s standpoint. However, relative to this point of reference, the
male has a potential surplus of 3

8
with which to pay for a nuptial gift and still come out

ahead relative to the 1
8

he obtains in the Nash solution.

Meanwhile, the female acquires a fitness increment of 1
4

in the Nash solution. The male
must offer enough for the female to come out ahead relative to this. Hence, the male
must supply a nuptial gift of at least 1

4
to bring the female’s fitness increment up to what

she would receive using Mnce instead of the Mef .
Thus, the minimum gift the male must provide to get the female to use Mef instead of

Mnce is 1
4
, and the maximum the male can afford is 3

8
. A gift between these limits, 1

4
and

3
8
, induces a win-win improvement over the Nash solution. Moreover, with a minimum

gift, the male and female both wind up overall with equal fitness increments, whereas
with a maximum gift, the female’s overall fitness increment winds up being three times as
large as the male’s. So, what is nuptial gift between these limits? For a possible answer,
consider a prediction from the Nash bargaining solution.

2.4. Nash Bargaining Solution. The female has a strong bargaining position and
doesn’t have to accept a minimum gift. If offered a near minimum gift, she can de-
cline to use Mef , forfit the gift and threaten to revert to using Mnce, and still come out
earning 1

4
. The female incurs little cost in pursuing the Nash solution rather than to re-

ceive a near minimum gift. Reverting to Mnce however, reduces the earnings of the male
considerably, by 50% from the 1

4
he had hoped to make based on paying the minimum

gift down to the 1
8

he gets in the Nash solution. Therefore the male has to compromise
and offer a gift considerably larger than the minimum to avoid the threatened loss to its
fitness increment.

The bargaining problem is for the female to adjust her compensation rate M and for
the male to adjust his nuptial gift, N . The Nash bargaining solution (Nash 1950) to
this problem is the pair, (M, N) that jointly maximize the Nash product of the fitness
increments relative to a threat point. The threat point is taken as the Nash competitive
equilibrium with N = 0. Thus

Wf,tp = Wf,nce|N=0 =
s

8f
+ Wfo(14)

Wm,tp = Wm,nce|N=0 =
s2

16f
(15)

and the Nash product is

Wproduct(M, N) = (Wf |C=Copt(M) −Wf,tp)(Wm|C=Copt(M) −Wm,tp)(16)

=
(
N − s

8f
+

sM

2f
− sM2

2f

)(
− gN − s2

16f
+

s2M2

4f

)
Solving the first order conditions (

∂Wproduct

∂M
= 0,

∂Wproduct

∂N
= 0) simultaneously for (M, N)

yields the Nash bargaining solution for the female’s compensation rate and the male’s
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Figure 6. s→ 1, f → 1/2, g → 1, Wfo → 1/16, Wmo → 0

nuptial gift

Mnbs =
1

2− s/g
(17)

Nnbs =
(6g − s)s3

32fg(s− 2g)2
(18)

This M in turns leads to the Nash bargaining solution’s courtship feeding level of

(19) Cnbs = Copt(Mnbs) =
s

2f(2− s/g)

The fitness increment realized by the female then is

(20) Wf,nbs = − g2s

2f(2g − s)2
+

s3(6g − s)

32fg(s− 2g)2
+

gs

2f(2g − s)
+ Wfo
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and by the male is

(21) Wm,nbs =
g2s2

4f(2g − s)2
− s3(6g − s)

32f(s− 2g)2

For the parameters in Figure 5, these expressions evaluate to Mnbs = 1, Cnbs = 1, Nnbs =
5
16

, Wf,nbs = 5
16

, and Wm,nbs = 3
16

. As Figure 5 illustrates, the Nash bargaining solution
lies happily midway between the minimum and maximum gifts. One possible mechanism
by which the male and female may proceed to attain the Nash bargaining solution is
through the joint pursuit of pleasure in social interaction (Roughgarden 2012b).

2.5. Female With Outside Option. The possibility of an outside option for the female,
Wfo > 0, leads to little change—the entire picture is merely shifted up by the amount of
the outside option. As Figure 6 illustrates with Wfo → 1/16, all the points and the line
are shifted vertically by 1/16. This means the policies, M , N , and Copt are unaffected,
and the female’s payoff, Wf , at each point in the figure is increased by Wfo, whereas the
male’s payoff, Wm, remains unchanged.

2.6. Male With Outside Option. In contrast, an outside option for the male, Wmo > 0
may indeed lead to a new picture. If Wmo > Wm,nce then the male should discontinue
with any feeding because he can earn more fitness through his outside option that he does
at a Nash competitive equilibrium with the female. By continuing to gather food for the
nuptial gift and courtship feeding, he doing worse that he does by himself. In this case,
the female must be the one to offer a nuptial gift to the male to induce him to remain in
the relationship.

To illustrate, suppose Wmo → 5
32

. Figure 7 shows a shaded area to the left of the
quadrant that indicates the space in which Wm < Wmo and any Nash solution in this
region is not acceptable to the male. In particular the Nash solution that was illustrated
in the preceding Figures 5 and 6 is not acceptable. So to induce the male to enter the
relationship, she must offer the nuptial gift, a gift at least large enough to ensure that the
male does at least as well with her than by himself. The amount the female must offer is

(22) Wmo −Wm,nce|N=0

Then the new threat point becomes

Wm,tp,mo = Wmo(23)

Wf,tp,mo = Wf,nce|N=0 − (Wmo −Wm,nce|N=0)(24)

=
s

8f
+

s2

16f
+ Wfo −Wmo(25)

For Figure 7, the NCE with N = 0, which was the original threat point from Figure 5, is
(1

8
, 1

4
) which lies in the shaded zone. The amount needed to bring the male’s fitness from

1
8

up to 5
32

, his outside option, is 1
32

. So when the female pays this amount her fitness

drops from 1
4

down to 7
32

, and this new threat point is depicted in the figure. If the male
and female are competitive with each other, then this threat point winds up becoming
their equilibrium social behavior.

As before, cooperation between the male and female can produce some win-win out-
comes. These will involve the male resuming the role of the sex who is contributing the
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Figure 7. s→ 1, f → 1/2, g → 1, Wfo → 0, Wmo → 5/32

nuptial gift. And, again a Nash bargaining solution can be found for the optimal nuptial
gift. This will be less than in Figure 5 because the male’s outside option has strength-
ened his bargaining position, as reflected in the new threat point at which the male has
a higher fitness and the female a lower fitness relative to the previous threat point. The
new bargaining solution is found by first writing a Nash product that includes the new
threat point

Wproduct(M, N) = (Wf |C=Copt(M) −Wf,tp,mo)(Wm|C=Copt(M) −Wm,tp, mo)

=
(
− sM2

2f
+

sM

2f
− s2

16f
− s

8f
+ N + Wmo

)(s2M2

4f
− gN −Wmo

)
(26)

Again solving the first order conditions (
∂Wproduct

∂M
= 0,

∂Wproduct

∂N
= 0) simultaneously for

(M, N) yields the Nash bargaining solution for the female’s compensation rate and the
male’s nuptial gift

Mnbs,mo =
1

2− s/g
(27)

Nnbs,mo =
g (−16fWmo + s2 + 2s)− 16fWmo − 8g3s

(s−2g)2
+ 12g2s2

(s−2g)2

32fg
(28)
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The formula for the compensation rate, Mnbs,mo, in Eq. (27) is the same as that for Mnbs

in Eq. (17) and therefore the courtship feeding is also unaffected by the male’s outside
option.

(29) Cnbs,mo = Copt(Mnbs,mo) =
s

2f(2− s/g)

In contrast, the presence of the male’s outside option does affect the level of nuptial gift,
Eq. (28). The fitness increment realized by the female then is

Wf,nbs,mo = − g2s

2f(2g − s)2
+

g (−16fWmo + s2 + 2s)− 16fWmo − 8g3s
(s−2g)2

+ 12g2s2

(s−2g)2

32fg

+
gs

2f(2g − s)
+ Wfo(30)

and by the male is

(31) Wm,nbs,mo =
g2s2

4f(2g − s)2
−

g (−16fWmo + s2 + 2s)− 16fWmo − 8g3s
(s−2g)2

+ 12g2s2

(s−2g)2

32f

For the parameters in Figure 7, these expressions evaluate to Mnbs,mo = 1, Cnbs,mo =
1, Nnbs,mo = 9

32
, Wf,nbs,mo = 9

32
, and Wm,nbs = 7

32
. As Figure 7 illustrates, the Nash

bargaining solution for a male with an outside option lies below and toward the right
relative to the bargaining solution for a male without an outside option.

2.7. Both Male And Female With Outside Options. If both male and female have
outside options, the results are simply a combination of previous illustrations. Specifically,
with both male and female having outside options, the points and lines in Figure 7 shift
up vertically to yield Figure 8.

2.8. Divorce By Female. An optimal principal-agent relationship that is immediately
beneficial to both parties is always subject risks of dissolution when future contingencies
are admitted.

The female might decide to accept the nuptial gift and the courtship feeding, but
decline to reciprocate her payment to the male. The male will then cease further feeding
and the female will be left only with her outside option. Under what conditions is this a
good strategy from the female’s standpoint?

The temptation for the female to default on her payment, Tf , is the expression for Wf

from Eq. (1) with the compensation term omitted,

(32) Tf = N + C + Wfo

The female can enjoy this fitness increment only one time. In subsequent days she receives
as punishment only her outside-option fitness increment of

(33) Pf = Wfo

Alternatively the female can continue to cooperate, earning the benefit from the relation-
ship,

(34) Bf = Wf,nbs,mo

For the parameters of Figure 8, Tf = 43/32, Pf = 1/16, and Bf = 11/32.
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Figure 8. s→ 1, f → 1/2, g → 1, Wfo → 1/16, Wmo → 5/32

Consider now a sequence of days. Let L be the probability that the parties who are
cooperating on a given day will both be available to cooperate on the next day. The
expected cumulative fitness acquired from this day going forward for the female who
defaults on her payment is

Wf,divorce,∞(L) = Tf + LPf + L2Pf . . .(35)

= Tf + Pf

∞∑
i=1

Li = Tf + Pf
L

1− L

Meanwhile, if the female remains paired with the anticipation of doing so in the future,
then her expected cumulative fitness is

Wf,pair,∞(L) = Bf + LBf + L2Bf . . .(36)

= Bf

∞∑
i=0

Li = Bf
1

1− L
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Now, on any given day, it is advantageous for the female to default on her payment,
provoking a divorce, if the possibility of both her and the male being together on the
next day is remote. The daily survival, L, must exceed a threshold level, Lf,min,∞, for the
female to forego the temptation to default on her payment. That threshold is the root,
L, of Wf,divorce,∞(L) = Wf,pair,∞(L), which is

(37) Lf,min,∞ =
Tf −Bf

Tf − Pf

Conversely, if the daily survival is below this threshold, then the female should succumb
to temptation, default on her payment to the male, and thus provoke divorce. For the
parameters of Figure 8, Lf,min,∞ = 32/41, which to six decimal places = 0.780488.

The higher the mortality risk experienced by either the male or female, the less likely
that the threshold survival level will be exceeded, resulting in a divorce. So, divorces are
more likely in populations with a high mortality rate.

2.9. Divorce By Male. The male might offer a worthless decoy nuptial gift and decoy
insects during courtship feeding, when genuine food was expected. The female will then
cease accepting decoy food and reimbursing the male for worthless food, so that the male
is left only with his outside option. Under what conditions is this a good strategy from
the male’s standpoint?

The temptation for the male to default on his gift and feeding, Tm, is the expression
for Wm from Eq. (2) with costs of the nuptial gift and courtship feeding omitted,

(38) Tm = sMC

The male can enjoy this fitness increment only one time. In subsequent days he receives
as punishment only his outside-option fitness increment of

(39) Pm = Wmo

Alternatively the male can continue to cooperate, earning the benefit from the relation-
ship,

(40) Bm = Wm,nbs,mo

For the parameters of Figure 8, Tm = 1, Pm = 5/32, and Bm = 7/32.
Again consider a sequence of days. Let L be the probability that the parties who are

cooperating on a given day will both be available to cooperate on the next day. Repeating
the same derivation as Eq. (35), the expected cumulative fitness acquired from this day
going forward for the male who offers a decoy gift and courtship feeding is

(41) Wm,divorce,∞(L) = Tm + Pm
L

1− L

Repeating the same derivation as Eq. (36), if the male remains paired with the anticipation
of doing so in the future, then his expected cumulative fitness is

(42) Wm,pair,∞(L) = Bm
1

1− L

On any given day, it is advantageous for the male to offer a decoy food, provoking a
divorce, if the possibility of both him and the female being together on the next day is
remote. The daily survival, L, must exceed a threshold level, Lm,min,∞, for the male
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to forego the temptation to offer worthless food. That threshold is the root, L, of
Wm,divorce,∞(L) = Wm,pair,∞(L), which is, like Eq. (37)

(43) Lm,min,∞ =
Tm −Bm

Tm − Pm

Conversely, if the daily survival is below this threshold, then the male should succumb
to temptation, offer worthless food to the female, and thus provoke divorce. For the
parameters of Figure 8, Lm,min,∞ = 25/27, which to six decimal places = 0.925926.

Assuming a sufficiently long breeding season length, Y , of say, ten days or more, the
divorce will take place the if the day-to-day probability of survival, L, is less than the
higher of the two threshold vales, {Lf,min,∞, Lm,min,∞}. For the parameters of Figure 8,
the higher threshold is that of the male at 25/27 compared with that for the female at
32/41. Therefore, if a cooperative male/female relationship is initially negotiated and
carried in circumstances where L is greater than 25/27, and if the environment thereafter
deteriorates so that L drops below 25/27, then the party who initiates the divorce will
be the male because it is his threshold that is first transgressed.

3. Biological Predictions

The theory for the evolution of nuptial gifts and courtship feeding in this paper is
drawn from the principal-agent problem in economics.

The main prediction evident in Figures 5–8 is the contrast between the type and degree
of feeding expected if the male and female compete with each other resulting in a Nash
equilibrium compared with that expected if the male and female can negotiate their
relationship resulting in a higher sum total fitness increment for them both and possibly
arriving at a Nash bargaining solution. The Nash-equilibrium male/female relationship
is predicted to feature no nuptial gift, a modest degree of courtship feeding for which
the male is partially reimbursed, and a modest fitness increment for each. The Nash-
bargaining solution male/female relationship is predicted to feature a large nuptial gift, a
large degree of nuptial feeding for which the male is fully reimbursed, and a large fitness
increment for each.

The main prediction from the analysis of the condition for a Nash-bargaining solu-
tion male/female relationship to endure is that dissolution is expected unless the daily
survival probability exceeds a threshold. Divorces initiated by the female defaulting on
her reimbursement to the male for his courtship feeding, or by the male supplying decoy
and worthless food, are both more probable in high-mortality situations. The male or
female initiates the divorce depending on which has the higher threshold daily survival
requirement because the higher threshold is first to be transgressed when the survival
probability deteriorates.
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