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When parents decide how much to invest in current versus future offspring
and how many offspring to divide their current investments between, the
optimal decision can be affected by the quality of their partner. This differen-
tial allocation (DA) is highly dependent on exactly how partner quality affects
reproductive costs and offspring benefits. We present a stochastic dynamic
model of DA in which females care for a series of clutches when mated
with males of different quality. In each reproductive event, females choose
the size and number of offspring. We find that if partner quality affects repro-
ductive costs, then DA in total reproductive investment occurs only via
changes in the number of offspring. DA in the optimal size of the offspring
occurs only if partner quality affects the offspring benefit function. This is
mostly in the form of greater female investment per offspring as male quality
decreases. Simultaneously, we find that adaptive DA increases the number of
offspring, and thus the amount of total investment, as male quality increases.
Only certain model scenarios produce the positive DA in offspring size seen
in empirical studies, providing a predictive framework for DA and how
partner quality affects reproductive costs and offspring benefits.

1. Introduction

Parents face a series of critical decisions regarding reproduction [1-3], which
incurs costs both in males and females [4,5]. The first major decision is whether
to reproduce at all, and if so then how much to invest in any current offspring.
The optimal choice maximizes lifetime reproductive success by trading off cur-
rent versus future reproduction. Such decisions are affected by many factors,
including how the costs of reproduction tracks increases in current investments,
plus factors that may affect the marginal returns on parental investments in cur-
rent versus expected future offspring. Many features of the environment may
affect these trade-offs, but parental quality is often an important one [6]. There-
fore, the quality of one’s partner can have a strong effect on the value of current
offspring [7-9]. ‘Differential allocation” (DA) describes adjustments a parent
makes to investment in offspring produced with different partners [10,11]. Posi-
tive DA describes increasing investment with partner quality, while negative
DA involves greater investment in offspring from lower-quality partners [7],
a pattern also termed reproductive compensation [12-14].

In multiple-offspring broods, identifying positive and negative DA is not as
straightforward as observing a change in a single component of parental invest-
ment when mate quality changes. Parental investment is a composite trait,
consisting of a number of different elements. Commonly used response variables
in DA studies range from egg size [15—-20], clutch size [21-24] and egg contents
such as proteins, hormones and carotenoids [18,19,25-28] to parental feeding
rates [11,29-33]. Less common traits used in this context include probability of
breeding [34], date of laying onset [24], number of broods per season [35],
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intra-clutch variation in offspring and offspring sex or sex
ratios [36,37]. Whether each trait is suitable to determine the
presence or absence of DA obviously depends on the taxon
in question and the presence of correlated responses in other
parental investment and life-history traits. However, without
carefully considering the underlying theory, especially
regarding the multiple effects of mate quality on reproductive
benefits and costs [38,39], any result, or lack thereof, in any
given trait could be misinterpreted when considered in iso-
lation. As an example of this challenge, Galeotti et al. [40]
showed that female freshwater crayfish (Austropotamobius
pallipes) laid larger eggs but smaller clutches when mated
with small males with relatively larger chelae, but they laid
smaller eggs and larger clutches for large males with relatively
smaller chelae. In order to interpret results such as these in an
adaptive perspective, we need to understand how the optimal
offspring size versus number trade-off differs for females
under specific scenarios of male quality effects.

Depreciable parental investment (sensu [3]) is investment
that parents must divide among multiple current offspring,
such as the energetic contents going into an egg, whereas
predator defence, for example, represents a form of non-
depreciable parental care, affecting all offspring equally
independently of the number of offspring. This points to
another and much more well understood trade-off that
parents face: the one between number and quality or size of
offspring [41]. If a parent is free to divide its resources
among as many offspring as it likes, it should do so based
upon the marginal gain of increasing investment in the qual-
ity or size of each individual offspring. In other words, the
parent should maximize the units of offspring fitness it will
gain for each unit of investment it makes, and this takes
into account that it is the surviving number of reproductive
offspring that matters for fitness rather than just the
number of offspring produced. Interestingly for DA theory,
this may depend upon the quality of the partner [39].

All the components of these trade-offs in parental care
have been investigated in empirical studies of DA (see
[7,8,39]). However, the lack of a comprehensive predictive
theoretical framework for DA when parental care is depreci-
able has resulted in a less than systematic empirical approach.
Here, we present a stochastic dynamic optimization model
that investigates some potentially adaptive explanations for
the DA patterns observed in nature. Specifically, we model
how partner quality affects how the parent adjusts the total
level of investment and the allocation of investment among
different offspring. Throughout, we discuss how females
adjust their investments according to the quality of the
father of their offspring, but the exact same logic would
hold for a male adjusting his paternal investment according
to the quality of the mother of the offspring. We investigate
how optimal investment in offspring depends on partner
quality effects via the elevation or the slope of (i) the off-
spring fitness function and/or (ii) the parental cost function
of the mother. When partner quality effects are multiplicative
(affecting the slope of either of the functions), a single-
offspring (i.e. non-depreciable care) model predicts strong
DA patterns, but when male quality effects are additive
(i.e. affecting only the elevation), no DA in (i) and very
weak DA in (ii) is predicted [38]. These simple predictions
may hold in the cases when parental care is non-depreciable,
but they may change when adding the possibility of prod-
ucing several offspring and thus the trade-off between

offspring quality and quantity. We therefore extend the n

model presented by Haaland et al. [38] and investigate differ-
ent basic scenarios, varying both offspring fitness functions
and maternal cost functions systematically. We then explore
some more complex, but possibly more biologically realistic,
scenarios. Our model allows us to produce a framework for
understanding the effects of DA on investments per offspring
versus offspring number in order to provide more complete
predictions for future empirical studies.

2. Model description

The model core is the same as the stochastic dynamic model
in [38], although the notation has been changed to facilitate
the extension that allows for multiple offspring. This model
follows females throughout their lives as they make a series
of decisions concerning their investment in current reproduc-
tion (u) each time step, but here females also decide how
many offspring to divide their resources between (o).
Female energetic state, X, is tracked throughout life, and
decisions are state-dependent based upon energetic reserves,
age and the quality of the male paired to in the current time
step. Maximum energetic reserves are Xmax = 100 and the
lower critical level of reserves is x.y =2, below which
females die. There are three classes of males in the model
(low, medium and high), and the distribution of males
between these classes stays constant throughout one model
run. The baseline distribution of males is P = {0.3, 0.4, 0.3}
of low, medium and high quality, respectively. The female
is paired to a random male from this distribution each repro-
ductive event or time step. The survival probability until next
breeding season, «, is constant over time and low enough
(¢ =0.8 unless otherwise stated) that no females survive
until the end (100 time steps). Therefore, our results are not
complicated by any effects of adaptive terminal investment.
Each time step, the female has a given probability, A, of find-
ing food that will add to her energetic state, and the value of
food, y, is set to 30 in all model runs.

For each combination of state variables (age, energetic
state, partner quality), the optimal investment is determined.
The optimal investment consists of the combination of total
investment, u*(x, m, t), and the number of offspring o0*(x, m, t)
that give the highest expected lifetime reproductive success.
Reproductive success in the current breeding attempt is
given by the multiplication of the number of offspring, o,
with the offspring fitness given by the offspring fitness
function, dependent on per-offspring investment, u/o. This
offspring fitness function is specific to the male that the
female is paired with, and dependent upon the level of
female reproductive investment, b,,(u/0). Female reproduc-
tive investment has a cost, manifested as a reduction in her
energetic reserves, and this cost can also be male-specific,
¢n(¢t). The fitness obtained for a female in state x, with male
of quality m, at time t, given an investment of u divided
between o offspring, will then be

Wio(x, m, t)=by, (%) X0+ «a

Ny
D PAAW (x — c(u) + y,it + 1)
i=1

+ (1= AN)W*(x —cp(u),it+1)}

2.1)

y/018L07 :S8T g 20S Y 20id  biobuysygndfisposjeorqds


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on August 1, 2018

Fitness achieved by employing the optimal strategy, W*,
is found by using the dynamic programming equation
[42,43],

W*(x, m, t) = max{W,,,(x,m,t)}, (2.2)

and the combination of u and o producing the highest W, , is
saved as u*(x, m, t) and o*(x, m, t).
Offspring fitness is given by

b(%) =a (23)

o) 1+ e8/o—q "

Note that the scale of fitness is completely arbitrary, and
any fitness value is only meaningful in comparison to other
values, given the chosen parameters.

Cost of reproduction is given by

c(u) =dy + spu + 10", (2.4)

where a, k, g, q, d, v and s are parameters describing the exact
shape of the offspring fitness—lower asymptote (baseline:
—11), upper asymptote (baseline: 11), growth rate (baseline:
0.2) and inflection point (baseline: 5}—and cost functions—
intercept (baseline: 0), shape (baseline: 1.3) and slope (baseline:
0.2) (see also electronic supplementary material, table S1).

We also investigated the possible effects of changing other
parameters (mortality rate, environmental stochasticity, dis-
tribution of males) in the model. None of these parameter
changes had any qualitative effects on the results, and only
produced minor quantitative effects except for mortality
rate that has a relatively strong effect of reducing any patterns
in DA when high (results not shown).

We use our results to simulate what a range of individual
female reproductive patterns of investment would look like
in populations where these optimal decisions are being
applied. To verify that DA patterns found by the stochastic
dynamic programme can actually be expected to be seen
in a real population, we simulated lifetime trajectories of
individual females by running forward simulations. These
simulations used exactly the same model parameters as the
scenario under investigation and females in the simulations
invested in both number and total investments according to
the optimal investments from the model output.

The entire model was created in R v. 3.3.1 [44], and the
code uses the additional package abind [45].

3. Scenarios and results

All results are reported in detail in electronic supplementary
material, S1 and summed up in figure 1. Here, we describe all
scenarios, but report only the main findings and highlight the
results we consider most illuminating. Each scenario shows
different ways that male quality may affect the fitness conse-
quences of female reproductive investment decisions, and we
divide these scenarios into two classes in the same way as
Haaland et al. [38]. The first class of scenarios (1A-D)
involves male quality effects on the elevation and the slope
of the offspring fitness function. We also explore the possi-
bility of male quality affecting the position of the offspring
fitness function along the x-axis (parental investment).
After first investigating each of these conceptually distinct
possibilities in turn, we move on to some more complex
combinations that they may be more realistic in many cases.

The second class of scenarios (2A-D) involves male
effects on maternal costs. For these, we also go systematically
through the basic scenarios where male quality affects
elevation, slope and position of the female cost function, fol-
lowed by some examples of combinations of these and other
scenarios where offspring number is constrained. We end by
investigating one scenario (3A) where the quality of the male
affects both offspring fitness function and maternal reproduc-
tive cost function. All scenarios and results are summarized
in figure 1.

(a) Male quality effects on the offspring fitness function
In these scenarios, males of different qualities affect the
fitness function of each individual offspring. Such effects
could be genetic or environmental through a wide range of
paternal effects such as provisioning or the habitat quality
available to the offspring [38].

(i) Male quality effects on the elevation of the offspring fitness

function: scenario 1A

In our first scenario, male quality only affects the elevation of
the offspring fitness function (subtracting 6 or 3 from b(u/0)
for low- and medium-quality males, respectively), and the
cost function remains the same for all males (figure 1). We
find that this leads to smaller offspring when paired to
high-quality males (negative DA; figures 1 and 2c). We also
find a strong pattern of positive DA in both number of off-
spring and total investment (figures 1 and 2a,b), meaning
that the total investment in offspring is higher when paired
to a high-quality male. However, the strength of DA here is
highly state-dependent and only apparent for females in
moderate to high states (figure 2).

(i) Male quality effects on the slope of the offspring fitness

function: scenario 1B

When male quality affects the slope of the offspring fitness
function (growth rate of the sigmoid function b(u/0), g, =
{0.05, 0.125, 0.2}), we find very similar effects on DA as
with changes in the elevation of the same function (scenario
1A). We therefore predict negative DA in offspring size and
a relatively strong positive DA in offspring number and
total investment in this case (figure 1).

(iii) Male quality effects on the position of the offspring fitness

function: scenario 1C

When male quality affects the position of the offspring fitness
function (parameter g in offspring fitness function changed
for different males, g,, = {15, 10, 5}), DA is qualitatively similar
to that found in scenarios 1A and 1B, with positive DA in off-
spring number, negative DA in offspring size and positive DA
in total investment (figure 1). Biologically, this could represent
a scenario where the male invests energy in the offspring with-
out regard to the subsequent level of female investment (i.e. a
sealed bid parental investment game in which males always go
first, e.g. [46]).

(iv) Combined effects of offspring fitness function elevation

and slope: scenario 1D
In this scenario, we imagine high-quality males that will pro-
duce offspring with potentially very high fitness, but that
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Figure 1. Overview of all basic scenarios presented. Upper rows (row 1 and row 3) of plots show offspring fitness functions in the different scenarios, and lower
rows (row 2 and row 4) shows cost functions in the same scenarios. Note that the cost function is the same in all scenarios when the male affects the offspring
fitness function, and likewise the offspring fitness function is the same in all scenarios when the male affects the maternal cost function. The red (darker) lines
always represent the high-quality male, while the orange and yellow (lighter) lines represent the medium- and low-quality males, respectively. The grey dashed
lines in the fitness functions represent the tangent from the origin to each of the fitness functions, and in all cases represented in this figure, they hit the fitness
function in the same place as where the optimal per-offspring investment is found (represented by a star). The red ‘+’, yellow ‘~" and green ‘0’ signs placed in
each panel indicate whether the predicted DA is positive, negative or not present (colours correspond to the male quality receiving the highest investment). In the
top row, it is the investment per offspring DA (i.e. offspring size) that is represented, while in the bottom row, these signs indicate DA in total investment. This can
also be seen by comparing where on the x-axis the stars indicating the optimal investments for each male quality falls, and when the red star is left of the yellow

star investments will be higher for low-quality males. (Online version in colour.)

those offspring require more energy from the female to get to
that high fitness (a,, = {—5, —8, —12}, g,, = {0.15, 0.10, 0.05},
k,, = {6, 9, 13}, g = 6). In this case, the slope of the offspring
fitness function is then lower for high-quality males, but the
upper asymptote is also higher for high-quality males
(which is why we call them high quality) (figure 1). The
result then becomes the opposite of what we have seen in
the other scenarios (1A—-C): negative DA for total investment
and number of offspring, but positive DA for offspring
size (figure 1).

(v) Constraints on the number of offspring

The trade-offs between size versus number of offspring, and
between current versus future reproduction, may be affected
by other factors. If we limit the maximum number of offspring,
the female can produce to two for the scenario where male

quality affects the elevation of the offspring fitness function
(scenario 1A), we find that most of the DA effects described
above disappear, and it is only at very low female states that
we see the same patterns as when the number of offspring is
not limited. These results are in concordance with our previous
results for DA when parental care is non-depreciable [38].
Interestingly, when the number of offspring is limited and
the male quality effect is via the slope of the offspring fitness
function (in the same way as in scenario 1B), we find the oppo-
site pattern to most of the other scenarios: little DA in offspring
number, but negative DA in offspring size and total investment
(see electronic supplementary material, S1). The difference in
this result compared to scenario 1B in our previously published
model [38] is obviously that the offspring fitness function we
are using here has diminishing returns on parental investment,
rather than being a simple linear function.
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Figure 2. Scenario 1A (figure 1). Plots showing results from the stochastic dynamic optimization. In each plot, the different optimal investments along the axis of
female energetic state (x-axis). Yellow lines correspond to low-quality males, orange medium-quality and red high-quality males. (a) Total investments given
maternal energetic state. (b) Number of offspring given maternal energetic state. () Investment per offspring given maternal energetic state. Lines in (a) are

products of the lines in (b) and (c). (Online version in colour.)

Instead of simply limiting the number of offspring, we
can perhaps more realistically assume a large cost of having
a higher number of offspring:

c(u) = ey + Syt + 70 4 0. (3.1)

This is similar to equation (2.4) but has an additional term
including o, the number of offspring.

In this case, we find that the patterns are qualitatively the
same as when there are no limitations on the number of off-
spring. However, the differences in optimal reproductive
decisions between females paired with different qualities of
males are smaller (i.e. DA is less pronounced). There is also
no interaction between the effect of male quality (either on
the elevation or on the slope of the offspring fitness function)
and this penalty of larger numbers of offspring (see electronic
supplementary material, S1).

(b) Male quality effects on the female cost function
The second class of male quality effects involves changes in
female reproductive costs. The partner may affect how invest-
ment translates into reductions in female state either through
the elevation of the cost function, the slope of the cost
function or a combination of the two. We also investigate
the possibility that male quality affects the position of the
female on her cost function, which would be the biological
equivalent of males providing nuptial gifts of different
energetic value.

(i) Male quality effect on cost function elevation: scenario 2A

When male quality affects the elevation of the cost function
(intercept d in cost function varies for different males,
d,, = {10, 5, 0}), hardly any DA is found at all, except for
the effect of the additional amount of resources being made
available during breeding (figure 1). The amount of DA
(difference in total investment, number of offspring and
investment per offspring from different quality males) is
thus directly proportional to the difference in parental cost
caused by the different males (see electronic supplementary
material, S1). DA is also predicted to be very state-dependent
and, as opposed to scenarios where males affect offspring

fitness function, greater for females in lower state (see
electronic supplementary material, S1).

(i) Male quality effect on cost function slope: scenario 2B
When male quality affects the slope of the female cost func-
tion (parameter s in cost function varies for different males,
sm={0.22, 0.20, 0.18}), we find positive DA in total invest-
ment and offspring number, but no DA in investment per
offspring (figure 1; electronic supplementary material, S1).
Here, DA is largest for females in high energetic state.

(iii) Male quality effects on position of cost function: scenario 2C
When male quality affects the position of the cost function
(investment u gives costs c(u + 5) and c(u — 5) for low- and
high-quality males, respectively), our model predicts small
positive DA in total investment and number of offspring
(figure 1; see electronic supplementary material, S1). It
also predicts mixed results for investment per offspring
with alternating, but relatively small, positive and negative
DA depending on maternal state and number of offspring
(see electronic supplementary material, S1).

(iv) Male quality combined effects on cost function elevation

and slope: scenario 2D

In a scenario where the high-quality male offers a low
elevation (d,, = {10, 5, 0}), but a steep slope (s,, = {0.17,
0.2, 0.23}) for the female cost function (figure 1), we find
an overall negative DA in total investment and number of off-
spring. However, this effect is highly state-dependent and,
interestingly, for low female energetic states, the pattern is
opposite: positive DA mostly manifested as no reproduction
with low-quality males.

(c) Male quality effects on both offspring fitness
and female cost function: scenario 3A

Most of the results for basic male quality effects on offspring
fitness function and female cost function separately are
relatively straightforward and all point in the same direction
(scenarios 1A-C, 2A-C). It would therefore be uninteresting
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to combine them in ways where high-quality males have
positive effects on both components because the results
plainly show that such effects would simply accumulate in
the same direction. However, there are many equally realistic
ways that male quality could affect female costs and offspring
fitness to produce effects that are more complex. We have
chosen to show one such scenario here, which corresponds
to a situation where high-quality males provide genetic
benefits for the offspring, but also provide less protection
for their females (because of more extra-pair matings) or
even costs in the form of sexually transmitted diseases.
In this scenario, therefore, high-quality males have a positive
effect on the slope of the offspring fitness function (g,, = {0.1,
0.15, 0.2}), but a negative effect on the elevation of the female
cost curve; that is, costs are higher with high-quality males
(+5 or +10 added to c(u) for medium- and high-quality
males, respectively). Results from this scenario are relatively
intuitive and show that females should then invest more
per offspring with low-quality males (i.e. negative DA in off-
spring size), but have more offspring with high-quality males
(i.e. positive DA in offspring number; figure 1). If the positive
and negative effects are balanced, such as in this example,
total investment will be very similar for all male qualities
(figure 1) and in essence only depend on maternal energetic
state (electronic supplementary material, S1). There was a
slight tendency for negative DA in total investment for low
maternal states, and positive DA in total investment for
high maternal states (electronic supplementary material, S1).

4. Discussion

Our model shows that the main patterns of DA are not theor-
etically difficult to predict for a specific population if one is
able to (i) disentangle whether partner quality affects the off-
spring fitness benefits or the parental investment costs, and
(ii) understand how partner quality affects the shape of the
offspring fitness function. In general, we predict that higher
total investment and number of offspring when paired with
high-quality partners should be a relatively common pattern
under a range of scenarios. Females should also always base
their investment per offspring upon maximizing the marginal
value per unit of investment [39,41]. Therefore, when the
male quality effect is on the offspring fitness function (scen-
arios 1A-C), we commonly expect negative DA (lower
investment in offspring from high-quality males) in invest-
ment per offspring (offspring size). To understand this
negative DA in offspring size, it can be helpful to look at
where the tangent from origin hits the offspring fitness func-
tion (figure 1, scenarios 1A—C). This happens at lower levels
of investment for offspring of high-quality males, but also
allows females to receive more fitness per invested unit of
energy when mated to high-quality males. This explains
the positive DA for total reproductive investment in these
baseline scenarios, but this investment is best divided up
between more offspring each time. It is only in scenario 1D,
when the partner affects both the slope and the maximum
value of the offspring fitness, that we find positive DA
(higher investment in offspring from high-quality males) in
offspring size. When partner quality affects female costs
(scenarios 2A-C), all of the positive DA we find in total
reproductive investment is coming from an increased
number of offspring with high-quality males, because male
quality does not affect the optimal offspring size.

Our results generally agree well with previous models
where there is overlap in the biological scenario. Kindsvater
& Alonzo [39] chose to focus on parameter values in the off-
spring fitness function and they relate all predicted changes
in optimal investment to those parameters rather than to
partner quality. One exception is their nuptial gift scenario,
which corresponds to our scenario 2C where male quality
affects the position of the female cost curve. The scenario
where we investigate male quality effects on the slope of
the offspring fitness function (1B) is in many ways similar
to the rest of the scenarios presented in Kindsvater &
Alonzo [39], and none of our results in this regard directly
contradict the predictions made by their model. However,
we also show that there should be additional trade-offs,
because in our model we allow a change of partners between
breeding seasons. Therefore, we not only find DA in off-
spring number and size, but also in total reproductive
investment as well.

Our predictions for partner effects on offspring fitness
(scenarios 1A-C) differ from those derived for cases when
females invest in only one offspring at a time or investment
is non-depreciable [38]. Our current model predicts that simi-
lar results can be found even when male quality has no effect
on the slope of the offspring fitness function, but only on its
elevation or its position. Because females can divide their
resources between as many offspring as they like in the cur-
rent model, the decision concerning the size of offspring is
decoupled from the trade-off between current and future
reproduction. When these trade-offs are decoupled, females
are able to maximize fitness per investment independently
of total investment (given large enough energetic reserves
relative to optimal offspring size). If females are limited to
only one offspring or care is non-depreciable, female fitness
per investment is decided based only upon total investment
in the current reproductive attempt [38], and therefore
cannot be decoupled from the trade-off with future reproduc-
tion. We investigated two intermediate scenarios to explore
this difference in detail (see above, ‘Constraints on the
number of offspring’). When we limit the female to only
two offspring, we unsurprisingly find DA results very similar
to the non-depreciable care model [38]. By contrast, introdu-
cing a cost that increases with the number of offspring does
not have such decisive effect, and the results are instead simi-
lar to the effect in the baseline scenario and clearly different
from the non-depreciable care model [38].

Our results underline the importance of understanding the
exact effects of partner quality on the costs and benefits in
order to produce robust predictions for DA in all components
of parental investment. Few empirical studies to date have
investigated this and it is therefore hard to validate our
model with existing data. A review of DA in birds suggests
that biparental species tend to show positive DA in offspring
number, whereas species with female-only care tend to show
positive DA in egg size [47]. This is in general agreement with
our results, if we make the sensible assumption that male
quality in biparental systems will tend to also include effects
on female costs, for example via territory qualities or a
reduced need to fend off predators. In the systems with
female-only care, we expect to find more polygynous species
where male quality effects on offspring fitness are likely to
be similar to our combined effects scenario (1D).

Scenario 1D (figure 1) illustrates that if offspring from
high-quality males have the potential to obtain a higher
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fitness eventually, but require a larger investment to reach
that potential fitness, females should invest more in each
offspring from high-quality males and have fewer offspring.
This is a realistic scenario, for example in polygynous
mating systems with high reproductive skew, where individ-
uals with the highest potential fitness may have sexually
selected ornaments that are genetically determined and
costly to grow. The pattern is akin to the differential invest-
ment in sons over daughters seen in many polygynous
species [48,49]. Studies on gallinaceous birds, such as pea-
fowl [18,36], quail [50] and mallards [51,52], as well as
other species with high reproductive skew (the lekking
lance-tailed manakin [37]), tend to show positive DA in
per-offspring investment but no DA in clutch size. Only the
first part of these results aligns with our predictions from
scenario 1D. In this scenario, we also expect negative DA in
clutch size, which is not seen in these studies. There are
several plausible explanations for this discrepancy, such as
a prohibitively large cost of producing more offspring when
mated with poor-quality males, an alternative shape to the
maternal cost function or possibly another trade-off not
accounted for in our model. Detailed empirical examination
of the effect of male quality on both offspring fitness and
maternal cost functions alongside the modelling framework
presented here should reveal an explanation for the patterns
of DA observed in maternal investments in these birds.

It is not only reproductive skew systems where model
scenario 1D may be useful. Galeotti et al. [40] showed that
female crayfish laid larger but fewer eggs when paired with
small males with relatively large chelae, and more but smal-
ler eggs for large males with relatively small chelae, but there
were no significant effects of male quality on total clutch
weight. It is plausible here that offspring of younger (smaller)
higher quality males can provide females with higher fitness
returns (due to higher mating success) later in life, but that
they demand more resources from her during the extended
period of uniparental care [53]. Interestingly, Caro et al. [54]
show that parent birds tend to feed offspring of higher
quality more than their lower-quality siblings when the
environment is poor and there is a chance of adaptive
brood reduction, while the reverse is true for good envi-
ronments where it is possible to raise all the offspring
successfully and so offspring in most need are preferentially
fed. One could also imagine systems with alternative life-
history strategies, in which some ‘low-quality’ individuals
have low average fitness, but also require less parental invest-
ment to produce, and so the marginal fitness gains for
parents could be similar for both types, as described in the
patterns predicted by Lessells [55].

Another commonly reported positive DA pattern in
empirical studies is an increase in offspring number, with
no effect (or no mention of an effect) on per-offspring invest-
ment (e.g. [21-24]). When interpreting these findings, we
must consider that in natural systems, the possibilities for

References

1. Stearns SC. 1992 The evolution of life histories. 3.
Oxford, UK: Oxford University Press.

2. Royle NJ, Smiseth PT, Kolliker M. 2012 The evolution 4.
of parental care. Oxford, UK: Oxford University Press.

Clutton-Brock TH. 1991 The evolution of parental

care. Princeton, NJ: Princeton University Press.

Bleu J, Gamelon M, Sxther B-E. 2016 Reproductive 5.
costs in terrestrial male vertebrates: insights from

DA in the different components of reproduction may be -

constrained if the number of offspring or per-offspring invest-
ment is decided at some time before the female meets her
partner. In such cases, our current model would predict
this observed pattern of positive DA only if male quality
affects the reproductive costs of the mother (scenarios
2A-C). Our results for these types of scenarios are also
well aligned with previous theoretical models of DA in
non-depreciable care situations [38].

DA with respect to mate quality may be seen as just a
special case of a more general theory of reproductive allo-
cation in different environments [6]. How a parent should
adjust their allocation of investment in offspring size versus
number and current versus future offspring is a topic that
has been extensively studied [1,56,57]. For example, egg
sizes differ between environments in nature [58] and it has
been shown that the relationship between egg size and corre-
lates of offspring fitness can differ according to population
density [59,60], various abiotic environmental variables [61],
host species differences [62] and probably due to interactions
with other species. Viewing our results in a more general
light suggests that the male quality effects we show on
maternal investment, in terms of changes in the offspring
fitness or maternal cost functions, could also predict optimal
maternal responses to variation in population density or
any other environmental factor important to reproduction.
In general, empirical studies show a larger environmental
effect on variation in fecundity than on offspring size
[63,64]. This matches the predictions of our model if the
main environmental effects operate through the costs associ-
ated with reproduction rather than via changes in offspring
fitness benefits, which seems reasonable.

In conclusion, we challenge empiricists to test our model
by assessing partner effects on both total reproductive effort
and on offspring size versus number in the same systems.
Crucial information is also required concerning likely partner
effects on offspring fitness functions versus parental cost
functions to allow comparisons against the appropriate DA
models predictions (figure 1). Lastly, interpretations of
empirical results must take into account that the direction
of any DA is expected to differ for the different measures
of parental investment (e.g. per offspring versus per brood).

Data accessibility. The R code is available from the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.3kf1913 [65].

Authors” contributions. All authors contributed to the ideas behind the
study. LLR. coded the model based on a script from T.RH. LLR.
wrote the manuscript with input from all authors. All authors gave
final approval for publication.

Competing interests. We declare we have no competing interests.
Funding. LLR. and T.R.H. were supported by the Research Council of
Norway through their Young Talented Researchers funding scheme
in FRIMEDBIO, project no. 240008 to L.LR., and all authors received
support through Centre for Biodiversity Dynamics at NTNU funded
by the Research Council of Norway through its Centres of Excellence
funding scheme, project no. 223257.

bird studies. Proc. R. Soc. B 283, 20152600. (doi:10.
1098/rsph.2015.2600)

Hamel S, Gaillard JM, Yoccoz NG, Loison A,
Bonenfant C, Descamps S. 2010 Fitness costs of

~

y/018L07 :S8T g 20S Y 20id  biobuysygndfisposjeorqds


http://dx.doi.org/10.5061/dryad.3kf1913
http://dx.doi.org/10.5061/dryad.3kf1913
http://dx.doi.org/10.1098/rspb.2015.2600
http://dx.doi.org/10.1098/rspb.2015.2600
http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on August 1, 2018

reproduction depend on life speed: empirical
evidence from mammalian populations. Ecol. Lett.
13, 915-935. (doi:10.1111/.1461-0248.2010.
01478.x)

Krist M, Munclinger P. 2015 Context-dependence
of maternal effects: testing assumptions of
optimal egg size, differential, and sex allocation
models. Ecology 96, 2726 —2736. (doi:10.1890/
14-2450.1)

Ratikainen II, Kokko H. 2010 Differential allocation
and compensation: who deserves the silver
spoon? Behav. Ecol. 21, 195-200. (doi:10.1093/
beheco/arp168)

Sheldon BC. 2000 Differential allocation: test,
mechanisms and implications. Trends Ecol. Evol. 15,
397-402. (doi:10.1016/50169-5347(00)01953-4)
Harris WE, Uller T. 2009 Reproductive investment
when mate quality varies: differential allocation
versus reproductive compensation. Phil. Trans.

R. Soc. B 364, 1039—1048. (doi:10.1098/rsth.2008.
0299)

Burley N. 1986 Sexual selection for aesthetic traits
in species with biparental care. Am. Nat. 127,
415-445. (doi:10.1086/284493)

Burley N. 1988 The differential-allocation
hypothesis: an experimental test. Am. Nat. 132,
611-628. (doi:10.1086/284877)

Gowaty PA, Anderson WW, Bluhm CK, Drickamer LC,
Kim Y-K, Moore AJ. 2007 The hypothesis of
reproductive compensation and its assumptions
about mate preferences and offspring viability. Proc.
Natl Acad. Sci. USA 104, 1502315 027. (doi:10.
1073/pnas.0706622104)

Gowaty PA. 2008 Reproductive compensation.

J. Evol. Biol. 21, 1189—1200. (d0i:10.1111/j.1420-
9101.2008.01559.x)

Bluhm CK, Gowaty PA. 2004 Social constraints on
female mate preferences in mallards, Anas
platyrhynchos, decrease offspring viability and
mother productivity. Anim. Behav. 68, 977—983.
(doi:10.1016/j.anbehav.2004.01.013)

Cunningham EJA, Russell AF. 2001 Differential
allocation and ‘good genes'—comment from
Cunningham & Russell. Trends Ecol. Evol. 16, 21.
(doi:10.1016/50169-5347(00)02049-8)

Kolm N. 2001 Females produce larger eggs for large
males in a paternal mouthbrooding fish.

Proc. R. Soc. Lond. B 268, 2229—2234. (doi:10.
1098/rspb.2001.1792)

Osorno JL, Morales J, Moreno J, Merino S, Tomés G,
Vasquez RA. 2006 Evidence for differential maternal
allocation to eggs in relation to manipulated male
attractiveness in the pied flycatcher (Ficedula
hypoleuca). J. Ornithol. 147, 605—611. (doi:10.
1007/510336-006-0085-1)

Loyau A, Saint Jalme M, Mauget R, Sorcd G. 2007
Male sexual attractiveness affects the investment of
maternal resources into the eggs in peafowl (Pavo
cristatus). Behav. Ecol. Sociobiol. 61, 1043—1052.
(doi:10.1007/500265-006-0337-3)

Bolund E, Schielzeth H, Forstmeier W. 2009
Compensatory investment in zebra finches: females
lay larger eggs when paired to sexually unattractive

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

males. Proc. R. Soc. B 276, 707-715. (doi:10.1098/
rsph.2008.1251)

Bonato M, Evans MR, Cherry MI. 2009 Investment in
eqgs is influenced by male coloration in the ostrich,
Struthio camelus. Anim. Behav. 77, 1027—-1032.
(doi:10.1016/j.anbehav.2008.12.019)

Reyer HU, Frei G, Som C. 1999 Cryptic female
choice: frogs reduce clutch size when amplexed
by undesired males. Proc. R. Soc. Lond. B 266,
2101-2107. (doi:10.1098/rspb.1999.0894)

Head ML, Brooks R. 2006 Sexual coercion and the
opportunity for sexual selection in guppies.

Anim. Behav. 71, 515—522. (doi:10.1016/j.anbehav.
2005.04.017)

Lopez-Rull 1, Gil D. 2009 Do female spotless
starlings Sturnus unicolor adjust maternal
investment according to male attractiveness?

J. Avian Biol. 40, 254-262. (doi:10.1111/j.1600-
048X.2009.04553.x)

Alonso-Alvarez C, Pérez-Rodriguez L, Ferrero M,
de-Blas E, Casas F, Mougeot F. 2012 Adjustment of
female reproductive investment according to male
carotenoid-based ormamentation in a gallinaceous
bird. Behav. Ecol. Sociobiol. 66, 731—742. (doi:10.
1007/500265-012-1321-8)

Balzer AL, Williams TD. 1998 Do female zebra
finches vary primary reproductive effort in relation
to mate attractiveness? Behaviour 135, 297—-309.
(doi:10.1163/156853998793066230)

Michl G, Torok J, Péczely P, Garamszegi LZ,
Schwabl H. 2005 Female collared flycatchers adjust
yolk testosterone to male age, but not to
attractiveness. Behav. Ecol. 16, 383—388. (doi:10.
1093/beheco/ari002)

Navara KJ, Hill GE, Mendonga MT. 2006 Yolk
androgen deposition as a compensatory strategy.
Behav. Ecol. Sociobiol. 60, 392—398. (doi:10.1007/
500265-006-0177-1)

Goncalves 1B, Mobley KB, Ahnesjd |, Sagebakken G,
Jones AG, Kvarnemo C. 2010 Reproductive
compensation in broad-nosed pipefish females.
Proc. R. Soc. B 277, 1581—1587. (doi:10.1098/rspb.
2009.2290)

Mahr K, Griggio M, Granatiero M, Hoi H. 2012
Female attractiveness affects paternal investment:
experimental evidence for male differential
allocation in blue tits. Front. Zool. 9, 1-8. (doi:10.
1186/1742-9994-9-14)

Limbourg T, Mateman AC, Lessells CM. 2012
Opposite differential allocation by males and
females of the same species. Biol. Lett. 9,
20120835. (doi:10.1098/rshl.2012.0835)

Walters LA, Olszewski N, Sobol K. 2014 Male House
Wrens provide more parental provisioning to nests
with a brighter artificial egg. Wilson J. Ornithol.
126, 508—515. (doi:10.1676/13-221.1)

Cantarero A, Jimena L-A, Plaza M, Irene S-G,
Moreno J. 2016 Males feed their mates more

and take more risks for nestlings with

larger female-built nests: an experimental study
in the Nuthatch Sitta europaea. Behav. Ecol.
Sociobiol. 70, 1141-1150. (doi:10.1007/500265-
016-2122-2)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

48.

Dakin R, Lendvai AZ, Ouyang JQ, Moore IT, Bonier F.
2016 Plumage colour is associated with partner
parental care in mutually ornamented tree
swallows. Anim. Behav. 111, 111-118. (doi:10.
1016/j.anbehav.2015.10.006)

Drickamer LC, Gowaty PA, Wagner DM. 2003 Free
mutual mate preferences in house mice affect
reproductive success and offspring performance.
Anim. Behav. 65, 105—114. (doi:10.1006/anbe.
2002.2027)

de Lope F, Mgller AP. 1993 Female reproductive
effort depends on the degree of ornamentation of
their mates. Evolution 47, 1152—1160. (doi:10.
1111/}.1558-5646.1993.th02142.x)

Pike TW, Petrie M. 2005 Offspring sex ratio is related
to paternal train elaboration and yolk corticosterone
in peafowl. Biol. Lett. 1, 204-207. (doi:10.1098/
rshl.2005.0295)

Sardell RJ, DuVal EH. 2014 Differential allocation in
a lekking bird: females lay larger eggs and are more
likely to have male chicks when they mate with less
related males. Proc. R. Soc. B 281, 20132386.
(doi:10.1098/rspb.2013.2386)

Haaland TR, Wright J, Kuijper B, Ratikainen II. 2017
Differential allocation revisited: when should mate
quality affect parental investment? Am. Nat. 190,
534-546. (doi:10.1086/693484)

Kindsvater HK, Alonzo SH. 2014 Females allocate
differentially to offspring size and number in
response to male effects on female and offspring
fitness. Proc. R. Soc. B 281, 20131981. (doi:10.1098/
rspb.2013.1981)

Galeotti P, Rubolini D, Fea G, Ghia D, Nardi PA,
Gherardi F, Fasola M. 2006 Female freshwater
crayfish adjust egg and clutch size in relation

to multiple male traits. Proc. R. Soc. B 273,
1105-1110. (doi:10.1098/rsph.2005.3345)

Smith CC, Fretwell SD. 1974 The optimal balance
between size and number of offspring. Am. Nat.
108, 499-506. (doi:10.2307/2459681)

Houston Al, McNamara JM. 1999 Models of adaptive
behaviour. Cambridge, UK: Cambridge University
Press.

Clark CW, Mangel M. 2000 Dynamic state variable
models in ecology. Oxford, UK: Oxford University Press.
Team RC. 2016 R: a language and environment for
statistical computing. Vienna, Austria: R Foundation
for Statistical Computing.

Plate T, Heiberger R. 2016 abind: combine
multidimensional arrays. See https://rdrr.io/cran/
abind.

Houston Al, Davies NB. 1985 The evolution of
cooperation and life history in the dunnock, Prunella
modularis. In Behavioural ecology: the ecological
consequences of adaptive behaviour (eds R Sibly,

R Smith), pp. 471-487. Oxford, UK: Blackwell.
Horvathova T, Nakagawa S, Uller T. 2012 Strategic
female reproductive investment in response to male
attractiveness in birds. Proc. R. Soc. B 279,
163—170. (doi:10.1098/rsph.2011.0663)

Hewison AJM, Gaillard J-M. 1999 Successful sons or
advantaged daughters? The Trivers— Willard model
and sex-biased maternal investment in ungulates.

y/018L0T :§8T g 20§ Y 20id  bio-buiysigndfranosjeforqdsi H


http://dx.doi.org/10.1111/j.1461-0248.2010.01478.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01478.x
http://dx.doi.org/10.1890/14-2450.1
http://dx.doi.org/10.1890/14-2450.1
http://dx.doi.org/10.1093/beheco/arp168
http://dx.doi.org/10.1093/beheco/arp168
http://dx.doi.org/10.1016/S0169-5347(00)01953-4
http://dx.doi.org/10.1098/rstb.2008.0299
http://dx.doi.org/10.1098/rstb.2008.0299
http://dx.doi.org/10.1086/284493
http://dx.doi.org/10.1086/284877
http://dx.doi.org/10.1073/pnas.0706622104
http://dx.doi.org/10.1073/pnas.0706622104
http://dx.doi.org/10.1111/j.1420-9101.2008.01559.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01559.x
http://dx.doi.org/10.1016/j.anbehav.2004.01.013
http://dx.doi.org/10.1016/S0169-5347(00)02049-8
http://dx.doi.org/10.1098/rspb.2001.1792
http://dx.doi.org/10.1098/rspb.2001.1792
http://dx.doi.org/10.1007/s10336-006-0085-1
http://dx.doi.org/10.1007/s10336-006-0085-1
http://dx.doi.org/10.1007/s00265-006-0337-3
http://dx.doi.org/10.1098/rspb.2008.1251
http://dx.doi.org/10.1098/rspb.2008.1251
http://dx.doi.org/10.1016/j.anbehav.2008.12.019
http://dx.doi.org/10.1098/rspb.1999.0894
http://dx.doi.org/10.1016/j.anbehav.2005.04.017
http://dx.doi.org/10.1016/j.anbehav.2005.04.017
http://dx.doi.org/10.1111/j.1600-048X.2009.04553.x
http://dx.doi.org/10.1111/j.1600-048X.2009.04553.x
http://dx.doi.org/10.1007/s00265-012-1321-8
http://dx.doi.org/10.1007/s00265-012-1321-8
http://dx.doi.org/10.1163/156853998793066230
http://dx.doi.org/10.1093/beheco/ari002
http://dx.doi.org/10.1093/beheco/ari002
http://dx.doi.org/10.1007/s00265-006-0177-1
http://dx.doi.org/10.1007/s00265-006-0177-1
http://dx.doi.org/10.1098/rspb.2009.2290
http://dx.doi.org/10.1098/rspb.2009.2290
http://dx.doi.org/10.1186/1742-9994-9-14
http://dx.doi.org/10.1186/1742-9994-9-14
http://dx.doi.org/10.1098/rsbl.2012.0835
http://dx.doi.org/10.1676/13-221.1
http://dx.doi.org/10.1007/s00265-016-2122-2
http://dx.doi.org/10.1007/s00265-016-2122-2
http://dx.doi.org/10.1016/j.anbehav.2015.10.006
http://dx.doi.org/10.1016/j.anbehav.2015.10.006
http://dx.doi.org/10.1006/anbe.2002.2027
http://dx.doi.org/10.1006/anbe.2002.2027
http://dx.doi.org/10.1111/j.1558-5646.1993.tb02142.x
http://dx.doi.org/10.1111/j.1558-5646.1993.tb02142.x
http://dx.doi.org/10.1098/rsbl.2005.0295
http://dx.doi.org/10.1098/rsbl.2005.0295
http://dx.doi.org/10.1098/rspb.2013.2386
http://dx.doi.org/10.1086/693484
http://dx.doi.org/10.1098/rspb.2013.1981
http://dx.doi.org/10.1098/rspb.2013.1981
http://dx.doi.org/10.1098/rspb.2005.3345
http://dx.doi.org/10.2307/2459681
https://rdrr.io/cran/abind
https://rdrr.io/cran/abind
http://dx.doi.org/10.1098/rspb.2011.0663
http://rspb.royalsocietypublishing.org/

49.

50.

51.

52.

53.

Downloaded from http://rspb.royalsocietypublishing.org/ on August 1, 2018

Trends Ecol. Evol. 14, 229—234. (d0i:10.1016/50169-
5347(99)01592-x)

Kruuk LEB, Clutton-Brock TH, Rose KE, Guinness FE.
1999 Early determinants of lifetime reproductive
success differ between the sexes in red deer.
Proc. R. Soc. Lond. B 266, 1655—1661. (doi:10.
1098/rspb.1999.0828)

Uller T, EKIGF J, Andersson S. 2005 Female egg
investment in relation to male sexual traits and the
potential for transgenerational effects in sexual
selection. Behav. Ecol. Sociobiol. 57, 584—590.
(doi:10.1007/500265-004-0886-2)

Cunningham EJA, Russell AF. 2000 Egg investment
is influenced by male attractiveness in the mallard.
Nature 404, 74-77. (doi:10.1038/35003565)
Giraudeau M, Duval C, (zirjdk GA, Bretagnolle V,
Eraud C, McGraw KJ, Heeb P. 2011 Maternal
investment of female mallards is influenced by
male carotenoid-based coloration. Proc. R. Soc. B
278, 781-788. (doi:10.1098/rsph.2010.1115)
McLay C, van den Brink A. 2016 Crayfish growth
and reproduction. In Biology and ecology of crayfish
(eds M Longshaw, P Stebbing), pp. 62—116. Boca
Raton, FL: CRC Press.

54.

55.

56.

57.

58.

59.

60.

Caro SM, Griffin AS, Hinde CA, West SA. 2016
Unpredictable environments lead to the evolution of
parental neglect in birds. Nat. Commun. 7, 1-10.
(doi:10.1038/ncomms10985)

Lessells CM. 2002 Parentally biased favouritism:
why should parents specialize in caring for different
offspring? Phil. Trans. R. Soc. Lond. B 357,
381-403. (doi:10.1098/rsth.2001.0928)

Roff DA. 2002 Life history evolution. Sunderland,
MA: Sinauer Associates.

Fox CW, Czesak ME. 2000 Evolutionary ecology

of progeny size in arthropods. Annu. Rev. Entomol. 45,
341-369. (doi:10.1146/annurev.ento.45.1.341)
Morrongiello JR, Bond NR, Crook DA, Wong BBM.
2012 Spatial variation in egg size and egg number
reflects trade-offs and bet-hedging in a freshwater
fish. L. Anim. Ecol. 81, 806—817. (doi:10.1111/].
1365-2656.2012.01961.x)

Robertsen G, Skoglund H, Einum S. 2013 Offspring
size effects vary over fine spatio-temporal scales in
Atlantic salmon (Salmo salar). Can. J. Fish. Aquat.
Sci. 70, 5-12. (doi:10.1139/cjfas-2012-0152)
Einum S, Fleming IA. 1999 Maternal effects of egg
size in brown trout (Salmo trutta): norms of

61.

62.

63.

64.

65.

reaction to environmental quality. Proc. R. Soc.
Lond. B 266, 2095—2100. (doi:10.1098/rspb.
1999.0893)

Blanckenhorn WU. 2000 Temperature effects on egg
size and their fitness consequences in the yellow
dung fly Scathophaga stercoraria. Evol. Ecol. 14,
627 - 643. (doi:10.1023/a:1010911017700)

Fox CW, Thakar MS, Mousseau TA. 1997 Eqgg size
plasticity in a seed beetle: an adaptive maternal
effect. Am. Nat. 149, 149-163. (doi:10.1086/
285983)

Christians JK. 2002 Avian egg size: variation within
species and inflexibility within individuals. Biol. Rev.
Camb. Philos. Soc. 77, 1-26. (doi:10.1017/
$1464793101005784)

Johnston T, Leggett C. 2002 Maternal and
environmental gradients in the egg size of an
iteroparous fish. Ecology 83, 1777—-1791. (doi:10.
1890/0012-9658(2002)083[1777:MAEGIT]2.0.0;2)
Ratikainen II, Haaland TR, Wright J. 2018 Data from:
Differential allocation of parental investment and
the trade-off between size and number of offspring.
Dryad Digital Repository. (doi:10.5061/dryad.
3kf1913)

y/018L0T :§8T g 20§ Y 20id  bio-buiysigndfranosjeforqdsi


http://dx.doi.org/10.1016/s0169-5347(99)01592-x
http://dx.doi.org/10.1016/s0169-5347(99)01592-x
http://dx.doi.org/10.1098/rspb.1999.0828
http://dx.doi.org/10.1098/rspb.1999.0828
http://dx.doi.org/10.1007/s00265-004-0886-2
http://dx.doi.org/10.1038/35003565
http://dx.doi.org/10.1098/rspb.2010.1115
http://dx.doi.org/10.1038/ncomms10985
http://dx.doi.org/10.1098/rstb.2001.0928
http://dx.doi.org/10.1146/annurev.ento.45.1.341
http://dx.doi.org/10.1111/j.1365-2656.2012.01961.x
http://dx.doi.org/10.1111/j.1365-2656.2012.01961.x
http://dx.doi.org/10.1139/cjfas-2012-0152
http://dx.doi.org/10.1098/rspb.1999.0893
http://dx.doi.org/10.1098/rspb.1999.0893
http://dx.doi.org/10.1023/a:1010911017700
http://dx.doi.org/10.1086/285983
http://dx.doi.org/10.1086/285983
http://dx.doi.org/10.1017/S1464793101005784
http://dx.doi.org/10.1017/S1464793101005784
http://dx.doi.org/10.1890/0012-9658(2002)083[1777:MAEGIT]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[1777:MAEGIT]2.0.CO;2
http://dx.doi.org/10.5061/dryad.3kf1913
http://dx.doi.org/10.5061/dryad.3kf1913
http://rspb.royalsocietypublishing.org/

	Differential allocation of parental investment and the trade-off between size and number of offspring
	Introduction
	Model description
	Scenarios and results
	Male quality effects on the offspring fitness function
	Male quality effects on the elevation of the offspring fitness function: scenario 1A
	Male quality effects on the slope of the offspring fitness function: scenario 1B
	Male quality effects on the position of the offspring fitness function: scenario 1C
	Combined effects of offspring fitness function elevation and slope: scenario 1D
	Constraints on the number of offspring

	Male quality effects on the female cost function
	Male quality effect on cost function elevation: scenario 2A
	Male quality effect on cost function slope: scenario 2B
	Male quality effects on position of cost function: scenario 2C
	Male quality combined effects on cost function elevation and slope: scenario 2D

	Male quality effects on both offspring fitness and female cost function: scenario 3A

	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	References


