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Increased individual resources (condition) can be correlated with either increased or decreased longevity. While variation in
resource acquisition and allocation can account for some of this variation, the general conditions that select for either pattern
remain unclear. Previous models suggest that nonlinearity of payoffs from investment in reproduction (e.g., male secondary sexual
traits) can select for high-condition individuals that sacrifice longevity to increase reproductive opportunity. However, it remains
unclear what mating systems or patterns of sexual competition might select for such life-history strategies. We used a model
of condition-dependent investment to explore how expected payoffs from increased expression of secondary sexual traits affect
optimal investment in lifespan. We find that nonlinearity of these payoffs results in a negative relationship between condition and
lifespan under two general conditions: first, when there are accelerating marginal benefits from increasing investment; second,
when individuals that invest minimally in secondary sexual trait expression can still achieve matings. In the second scenario, the
negative relationship occurs due to selection on low-condition individuals to extend lifespan at the cost of secondary sexual trait
expression. Our findings clarify the potential role of sexual selection in shaping patterns of condition-dependent ageing, and
highlight the importance of considering the strategies of both low- and high-condition individuals when investigating patterns of
condition-dependent ageing.
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Impact Summary

In some species, when access to resources is increased, for ex-
ample through higher quality diet, expected lifespan increases.
Yet, in other species expected lifespan is decreased with in-
creasing resources. Why do these different patterns exist? We
developed a new theory to explore the conditions under which
either pattern might occur. We uncovered two important factors
related to investment in sexual traits (e.g., weapons, ornaments,
or other traits that males use to compete for access to females
and fertilizations) that might explain these different patterns of
ageing. First, how mating success is determined by sexual trait
expression is important. For example, if the highest quality
males with the most elaborate sexual traits are able to effec-
tively monopolize access to females, then the best strategy is
to increase investment in those traits at the sacrifice of lifes-

pan. On the other hand, if this type of monopolization does
not occur then the best strategy for high quality males is to in-
crease lifetime mating success by extending lifespan instead.
Second, the ability to obtain matings without bearing elabo-
rate traits is important. For example, a poor quality male may
never have the resources to compete with high quality males.
So, the best strategy may be to extend lifespan and rely on
sneak matings to increase lifetime reproductive success. But
this strategy can only evolve where sneak matings are possi-
ble. Both these factors can independently contribute to patterns
ageing in response to individual access to resources. Our re-
sults show how the interplay between resources and mating
systems could drive the evolution of different ageing strate-
gies. This can shed light on broad patterns of ageing observed
in the animal kingdom.
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Ageing, the deterioration in performance with age, is an al-
most universal trait with important fitness consequences (Hughes
and Reynolds 2005; Bouwhuis et al. 2012; Jones et al. 2014;
Kowald and Kirkwood 2015), but the rate of ageing can vary con-
siderably both between and within populations. There is growing
evidence that some of this variation is related to variation in indi-
vidual condition. We use the term “condition” here to refer to the
pool of metabolic resources available to the individual to invest
in all fitness-enhancing traits. The size of this pool is determined
by both environmental quality and individual genetic quality, and
(at least under natural conditions, where resource overabundance
is unlikely) an individual’s condition is generally expected to in-
fluence the expression of its costly fitness-enhancing traits and
to predict its net fitness (Andersson 1982; Nur and Hasson 1984;
Rowe and Houle 1996; Hill 2011). In males, condition-dependent
investment in reproduction via secondary sexual trait expression
is well documented (Cotton et al. 2004; Bonduriansky 2007), as
is the trade-off between investment in reproduction and survival
(Lemaitre et al. 2015). Hence, variation in condition-dependent
ageing may be linked to condition-dependent investment in sec-
ondary sexual traits.

Empirical investigations have revealed contrasting patterns of
covariation between condition, secondary sexual trait expression,
and ageing. In some species, high-condition individuals have both
increased expression of secondary sexual traits, and the longest
lifespans. This includes crickets (Judge et al. 2008), damselflies
(Munguia-Steyer et al. 2010), zebra finches (Simons et al. 2012),
scarlet-tufted malachite sunbirds (Evans 2003), and barn swallows
(Saino et al. 1997). Furthermore, overall reproductive success or
fitness is positively correlated with lifespan in many species, such
as mute swans (McCleery et al. 2008), great tits (Bouwhuis et al.
2009), and bighorn sheep (Bérubé et al. 1999), indicating that
high-condition individuals invest more in somatic maintenance
and reproduction simultaneously.

However, a number of studies also show the opposite pattern,
whereby high-condition individuals experience accelerated age-
ing compared to low-condition individuals. For example, male
Neriid flies reared on a nutrient-rich larval diet express exag-
gerated secondary sexual traits but experience faster reproduc-
tive ageing and decreased life spans (Hooper et al. 2017). Sim-
ilar patterns have also been shown in bulb mites (Radwan and
Bogacz 2000) and crickets (Hunt et al. 2004). Additionally, there
is correlational evidence of this pattern in houbara bustards, where
the most extravagant males experienced more rapid reproductive
senescence (Preston et al. 2011).

Within-species variation in condition-dependent ageing also
extends to differences between sexes. For example, in barn swal-
lows, increasing tail length is associated with decreased male
survival but with increased female survival (Mgller and Szép
2002). Similarly, in Neriid flies, increased condition extends fe-
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male lifespan, but decreases male lifespan (F. Spagopoulou, A.
Hooper, Z. Wylde, R. Bonduriansky and A. A. Maklakov, un-
publ. data). Interestingly, we have been unable to find examples
of decreased lifespans in high-condition females suggesting that
the relationship between condition and ageing is more variable in
males. Why the relationship between condition and ageing varies
so markedly between and within species remains unclear.

Any resources invested in secondary sexual traits reduce re-
sources that otherwise might be invested in traits such as intracel-
lular machinery that maintains DNA integrity. This direct trade-
off between investment in reproduction and traits that maintain
the soma is the basis for the disposable soma theory of ageing
(Kirkwood 1977; Kirkwood and Rose 1991). A number of the-
oretical studies have shown that variation in this direct trade off
and its relationship to variation in resource availability is cen-
tral to understanding of variation in life history and ageing (van
Noordwijk and de Jong 1986; Roff and Fairbairn 2007; Boggs
2009). Some studies have investigated the effect of resource avail-
ability on the shape of the trade-off between investment in survival
versus investment in reproduction (Descamps et al. 2016), while
others have examined the timing of terminal investment strategies
(Davison et al. 2014), effects of maternal age at breeding (van den
Heuvel et al. 2016), and effects of compensatory growth (Mangel
and Munsch 2005). These studies show that factors that promote
unequal reproductive investment in low- versus high-condition
individuals can thereby affect patterns of condition-dependent
ageing. However, there have been few attempts to incorporate
sexual selection into models of the evolution of ageing.

An important exception are models by Kokko, showing that
optimal patterns of condition-dependent investment may be de-
termined by the shape of the payoff functions from investment in
somatic maintenance versus investment in secondary sexual traits
(Kokko 1998, 2001). In particular, Kokko (2001) showed that vari-
ation in the relationship between sexual advertisement and fitness
returns can result in different relationships between condition and
lifespan. When there are accelerating marginal fitness benefits
from increasing investment in reproduction, this can select for
high condition individuals to decrease investment in survival, re-
sulting in a negative correlation between condition and survival.
These models showed that both positive and negative relation-
ships between condition and lifespan are possible in the context
of the good genes hypothesis and honest signaling. However, the
specific mating system parameters and patterns of sexual com-
petition that select for different patterns of condition-dependent
ageing are still unclear.

Here, we extend these models to explore how variation in the
payoff function for investment in secondary sexual traits can affect
patterns of optimal investment in lifespan (via resource alloca-
tion to somatic maintenance) in individuals of varying condition.
Kokko (2001) explored multiple functions representing payoffs
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from investment in advertisement (mating success), while always
assuming a saturating function for the fitness payoffs from invest-
ment in survival. We extend Kokko’s analysis to include functions
where the fitness payoffs from investing in both survival and mat-
ing success were potentially variable. Furthermore, while Kokko
showed that increasing nonlinearity of payoffs from investment in
secondary sexual traits can select for high-condition individuals
to sacrifice investment in longevity, we ask whether this finding is
generalizable to different function shapes representing other pat-
terns of sexual competition, such as mating systems where low-
condition males engage in alternative reproductive tactics that do
not require secondary sexual trait expression. We also model a
wider range of condition values to encompass individuals that are
extremely resource limited.

While our results support the findings of Kokko (2001), we
also uncover another scenario that can select for a negative re-
lationship between condition and lifespan. When low-condition
males are able to gain some mating success without investing in
a secondary sexual trait, their investment strategy changes, and
they are selected to increase investment in longevity. Hence, al-
ternative tactics pursued by low-condition individuals can shape
patterns of condition-dependent ageing.

THE MODEL

As we are primarily interested in how secondary sexual trait ex-
pression affects mating success and ultimately fitness, our model
focuses on investment decisions by males. Thus, in the context
of the model description, “individuals” refers to males within a
population.

We assume that all individuals in a population vary in the total
amount of resources available to them, 7, to invest in traits relating
to fitness. T therefore represents individual condition (see Table 1
for all parameters). Individuals use this pool to invest in two
traits related to fitness: somatic maintenance, w, and a secondary
sexual trait, y. As we are primarily interested in investment in
secondary sexual traits, we assume investment in y is the only
determinant of reproductive success. However, in many species
reproductive success can depend on multiple traits, and investment
in one reproductive trait can trade off against investment in another
(e.g., Simmons et al. 2017). In such cases, y can be interpreted as
total reproductive investment (i.e., the sum of investments in all
reproductive traits).

The sum of investment in w and vy is limited by the individ-
ual’s total resource pool (i.e., its condition), so that:

T =w+y (1)

Therefore, if ¢ is the proportion of 7'that is invested in somatic
maintenance, then:

w = gqT 2)

Table 1. Key terms and parameters.

Term Description

T Total resources that the individual has available
to allocate to fitness-related traits
Total investment in somatic maintenance
Total investment in a secondary sexual trait
Proportion of 7 allocated to somatic
maintenance
Total fitness
Mating success
Lifespan
Value of g that optimises total fitness, W, for
any given value of T
Value of E that optimizes total fitness, W, for
any given value of T
Y Value of y that optimizes total fitness, W, for
any given value of 7'
p Lifespan function shape parameter
n Power parameter for the power mating success
function, which determines the shape of the
relationship between y and b as either linear
(n = 1), decelerating power (0 < n < 1), or
accelerating power (n > 1)
m, r Parameters that determine the shape of the tan
b function
Parameters that determine, respectively, the
maximum, slope, and midpoint of the
logistic b function
s Determines minimum mating success for each
b function

e

Q<

o

y=0-q) T 3)

Mating success, b, is determined by investment in the sec-
ondary sexual trait, and lifespan, E, is determined by investment
in somatic maintenance, so that b is a function of y, E'is a function
of w, and hence both are functions of ¢. Individual fitness, W, is
the product of mating success, b, and lifespan, E.

W = bE “

Hence, fitness is a function of secondary sexual trait expres-
sion and somatic maintenance, and individuals should invest more
in whichever trait yields the higher marginal fitness returns on that
investment. Below, we first find optimal ¢, denoted q*, which is
the allocation to somatic maintenance that maximizes W for each
value of condition over the range 0 < T < 1. This allows us to
investigate the relationship between T and optimal lifespan, E*,
the lifespan that maximizes W.

As mating success depends largely on external factors, in-
cluding behaviors of other individuals, the relationship between
secondary sexual trait expression and mating success can be
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Figure 1. The five potential relationships for b(y) explored in this article: Linear (dotted—large), decelerating power (dotted—small),

accelerating power (dashed), and logistic (dash—dot), and tan (solid).

expected to vary between populations, and take on a variety of
function forms. As such, we investigate four potential relation-
ships: Linear, decelerating power, accelerating power, and logistic
(Fig. 1). We also included a tan function as a second accelerating
power function, as was used in Kokko (2001). These functions will
be influenced by an organism’s ecology and mating system. For
example, if only males with very exaggerated trait sizes achieve
high mating success, then mating success will increase nonlin-
early with increasing secondary sexual trait size, and can be de-
scribed using a power function with accelerating returns, or, in the
most extreme cases, by a tan function. Such relationships might
be observed in species where males congregate in leks or defend
large harems of females, such as in red deer (Kruuk et al. 2002).
These two functions therefore represent similar biological scenar-
ios, but in the tan function, the marginal benefits increase at an
accelerating rate, and hence increase more steeply than in the ac-
celerating power function. Alternatively, we might expect a more
linear relationship between secondary sexual trait expression and
mating success. For example, in common yellowthroats, extra
pair paternity increases approximately linearly with male mask
size (Thusius et al. 2001). Where mating success is partly deter-
mined by factors independent of the secondary sexual trait (such
as scramble competition or alternative mating tactics), we expect
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diminishing returns from investment in the trait, corresponding
to a decelerating power function. Lastly, if there is a threshold
of secondary sexual trait size that dramatically increases mating
success, subject to diminishing returns at very large trait sizes,
this will result in a logistic function. Although we believe that
these function shapes are biologically plausible, the relationship
between secondary sexual trait size and reproductive success re-
mains poorly known, and more empirical research in species with
varying mating systems is required to confirm these assumptions
of our model.

On the other hand, the relationship between investment in so-
matic maintenance and lifespan is likely to be much less variable.
Because return on investment in somatic maintenance in terms of
increased lifespan is associated with internal physiological pro-
cesses such as increasing efficiency of cellular maintenance, we
expect a function with diminishing returns. Therefore, we assume
a function form representing diminishing lifespan returns on in-
vestment in somatic maintenance:

E = o’
S E =Ty @)

where 0 < p < 1. This curve passes through the points (0,0)
and (1,1) meaning that an individual that invests nothing in
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Table 2. Models of fitness based on different hypothetical relationships between investment in a secondary sexual trait and mating

success.
Sy) E b w
Power
Linear: n =1 (gT)” A =q)T)" +s @T)" (1 =)T)" +9)
Decelerating power: 0 < n < 1
Accelerating power: n > 1
Logistic (gT)? T + S qT) * (r=irar= +5)
Tan qT)” Tan(m((lfq)T)) +s (qT)? (1an(m(('l‘*q)T))) +s

somatic maintenance has zero lifespan, and the maximum pos-
sible lifespan is 1. A linear relationship between investment in
somatic maintenance and lifespan is also plausible, but using this
function form leads to qualitatively similar results (see Supple-
mentary Materials, Figs. S1 and S2, for effects of varying p).

ANALYSIS
Functions for mating success and fitness used in our models are
outlined in Table 2. To investigate linear, accelerating power, and
decelerating power function shapes, the general “power” model
in Table 1 was initially parameterized as follows: for the linear
model, n = 1; for the decelerating power model, n = 1/3; and for
the accelerating power model, n = 3. For the tan function, m and
rare set at 1.5 and 14.101, respectively so that this function is the
same shape as the one used by Kokko (2001), but is constrained
to the same limits as the other functions used in our analysis. In
the logistic model, the constants x, y, and z are set at 1, 12, and
0.5, respectively so that the function asymptotes to zero and one
at its” minimum and maximum, respectively. The other functions
pass through (0,0) and (1,1), meaning that b is zero if males
invest nothing in the secondary sexual trait, and the maximum
value of b is 1 for values 0 < T < 1 (Fig. 1). We also initially
assume that males that do not express the secondary sexual trait
achieve no matings (i.e., s = 0). Therefore, for the values of T
that we are interested in, the b(y) functions only differ in shape,
but do not differ in the minimum or maximum expected mating
success (Fig. 1), hence any differences in optimal investment arise
due to differences in marginal benefits, rather than differences in
absolute minimum or maximum values. We assume throughout
that lifespan is a saturating function of investment in somatic
maintenance (p = 1/3). Numerically solving each W(q,T) equation
for ¢* yields a function ¢"(T), which represents how ¢* changes
with condition over the range 0 < T < 1. This allows us to find the
optimal lifespan, E*, over the same values of T using equation (5).
Figure 2 shows the relationship between condition, 7, and op-
timal allocation to somatic maintenance (¢*), and optimal lifespan
(E™) for each of the fitness functions representing different rela-
tionships between secondary sexual trait expression and mating
success (Table 2). In agreement with the findings of Kokko (2001),

these results show that the shape of the mating success curve can
affect the patterns of condition-dependent investment in somatic
maintenance. Generally, there is a positive relationship between
condition and lifespan, except when mating success increases very
sharply at high levels of investment in a secondary sexual trait, as
in the tan function, where there is a negative correlation at high
values of condition. For all forms of the power function that we
examined, including the linear function, q* is constant over all
values of condition, but varies depending on whether the value of
n is greater than or less than 1. This results in a positive correlation
between condition and lifespan for each of these functions. Under
the logistic model, there is no relationship between condition and
optimal lifespan at low values of condition, but at higher values
of condition lifespan increases rapidly with increasing condition.

Figure 2 also shows the optimal allocation to secondary sex-
ual trait expression, y*, for each model. In each case, there is
an overall positive relationship between condition and secondary
sexual trait expression, although under the logistic model the slope
of this relationship declines at high values of condition.

THE EFFECT OF MINIMUM MATING SUCCESS

In the preceding analysis, we assumed that minimum mating suc-
cess is zero when investment in the secondary sexual trait is zero
(i.e., s = 0), but this is probably not the case in many mating sys-
tems. Low-condition males of many species are able to achieve
matings in ways that do not involve the use of the signal or weapon
traits employed by high-condition males (Gross 1996). For exam-
ple, subordinate males of many species resort to sneaker tactics,
including horned beetles (Emlen 1997), amphipods (Clark 1997),
and peacock blennies (Gongalves et al. 2003). Minimum expected
mating success might also be greater than zero for males that do
not express the secondary sexual trait if there is a high element
of chance to mating. For example, under scramble competition,
males may be able to gain some matings just by being around
females long enough. Low-condition males of some species (e.g.,
some horned beetles: Emlen 1994) can suppress secondary sexual
trait expression almost completely; by contrast, in other species
(such as some cervids: Suttie and Hamilton 1983), even males
in low condition still express the secondary sexual trait to some

EVOLUTION LETTERS FEBRUARY 2018 41



AMY K. HOOPER ET AL.

Linear Decelerating power  Accelerating power Logistic Tan
1 1 1 1 1
08 08 08 08 08
%x 06 0.6 0.6 06 0.6
ey
0.4 0.4 04 04 0.4
02 02 02 02 02{_\
0 ) o 0 )
0 02 04 06 08 1 [ 02 04 06 08 1 o 02 04 06 08 1 0 02 04 06 08 1 [ 02 04 06 08 1
1 1 1 1 1
0.8 0.8 08 08 08
0.6 0.6 0.6 06 0.6
*
W4 0.4 0.4 0.4 0.4
0.2 02 0.2 02 02
0 0 o 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 08 08 1 0 02 04 06 08 1 0 02 04 06 08 1
1 1 1 1 1
08 08 08 08 08
06 06 06 06 06
*
> o4 04 04 04 04
0.2 0.2 0.2 0.2 0.2
0 0 0 0 0
0 02 04 06 08 1 0 02 04 06 08 1 o 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
T T T T T

Figure 2. Optimal allocation to somatic maintenance, q*, and resulting optimal lifespan, E*, and secondary sexual trait expression, y",
as a function of condition, T, for the models outlined in Table 2 and in text, with s=0.
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Figure 3. Optimal allocation to somatic maintenance, g*, and resulting optimal lifespan, E*, and secondary sexual trait expression, Y,
as a function of condition, T, for the models outlined in Table 2 and in text, with s=0.1.

degree, perhaps as aresult of developmental constraints. However,
regardless of the minimum possible level of secondary sexual trait
expression, y = 0 represents the minimum biologically possible
level of investment in the secondary sexual trait in our models.
When s > 0, the function relating male mating success to in-
vestment in the secondary sexual trait does not pass through the
origin: that is, when y = 0, b > 0.

We therefore asked how the ability to achieve matings with-
out investment in the secondary sexual trait affects optimal ¢
across the range of condition. To address this question, we ad-
justed the same models for mating success as outlined above by
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setting the constant, s, to a positive value (i.e., s > 0; Table 2).
The maximum mating success therefore becomes 1 + s, and the
minimum mating success (when y = 0) becomes b = s for each
model. For the following analyses s = 0.1. Varying s over a wide
range of values does not qualitatively change patterns of optimal
g" and E*, except in some cases at very high values of s that
select for decreased investment in secondary sexual traits (see
Supplementary materials Fig. S3).

Figure 3 shows the relationship between T and ¢, and the
subsequent optimal lifespan (E") and optimal secondary sexual
trait expression (y*) for the models shown in Table 2 where
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Figure 4. The change in ¢* and E* with increasing condition for six fitness functions where the relationship between secondary sexual
trait expression and mating success is an accelerating power function, where s = 0 (A), and s = 0.1 (B). The value of n for each function

is shown in the legend.

s = 0.1. With the accelerating power, tan, and logistic func-
tions, low-condition individuals are selected to allocate all of
their resources to somatic maintenance, and invest nothing in the
secondary sexual trait. In the tan function, this results in a similar
overall relationship as where s = 0: there is a positive relationship
between condition and lifespan at low values of condition, but a
negative relationship at high values of condition. However, in the
accelerating power and logistic models, the patterns of optimal
allocation indicate that there are two distinct optimal life-history
strategies within the population. While low-condition individu-
als invest in extending their lifespan, high-condition individuals
are selected to increase investment in the secondary sexual trait.
This results in a negative correlation between condition and lifes-
pan across the specified range of condition. On the other hand,
when payoffs from investing in a secondary sexual trait increase
linearly, or have a saturating response (decelerating power func-
tion), optimal allocation patterns do not change qualitatively with
changing values of s: there is always a positive correlation be-
tween condition and lifespan.

Our results suggest that a negative correlation between con-
dition and lifespan emerges only when the payoffs from investing
in the secondary sexual trait increase nonlinearly with increasing
investment. Thus, we further investigated how patterns of non-
linearity affect evolution of optimal lifespan for the accelerating
power and logistic functions (Figs. 4 and 5). When s = 0, increas-
ing nonlinearity in both the accelerating power function model
(increasing n parameter, Fig. 4) and the logistic function model
(increasing the slope, y, parameter, Fig. 5) selects for increased
investment in the secondary sexual trait over all values of T (Figs.
4A, 5A). In these cases, low-condition individuals are never se-
lected to decrease investment in the secondary sexual trait to
increase life span, because this would reduce their mating success
to zero. On the other hand, a small increase in secondary sexual
trait expression has a significant effect on overall fitness because
the relative increase in mating success is high for both low- and
high-condition individuals. Although this pattern changes at very
high values of T in the logistic function, where the marginal ben-
efits for investing in a secondary sexual trait begin to decrease

EVOLUTION LETTERS FEBRUARY 2018 43



AMY K. HOOPER ET AL.

0 02 04 06 08 1

0.8

T

B s=0.1

0.8

~N oo

12

0.6 15

0.4 {

0.2

T

Figure 5. The change in ¢* and E* with increasing condition for six fitness functions where the relationship between secondary sexual

trait expression and mating success is logistic, where s = 0 (A), and s = 0.1 (B). The value of y for each function is shown in the legend.

(Fig. 5A), the overall affect is that increasing nonlinearity does
not affect the overall positive correlation between condition and
lifespan. Hence, the allocation patterns from the tan function ap-
pear to be specific to this function shape: increasing the steepness
of the payoff curve does not select for a negative relationship
between condition and lifespan in other function shapes we used
(table 2).

By contrast, when minimum mating success is greater than
zero (s > 0), the optimal allocation patterns for low-condition
individuals change. In the high-condition individuals, increas-
ing nonlinearity still selects for increased investment in the sec-
ondary sexual trait, resulting in a similar investment pattern for
this region of condition as in models where s = 0. However, the
marginal benefits of investing in a secondary sexual trait decrease
for low-condition individuals. The overall effect is that increasing
nonlinearity of mating success selects for high-condition individ-
uals to increase investment in y, but for low-condition individuals
to decrease their investment in y to zero and instead extend their
lifespan. This results in greater discontinuity in patterns of optimal
lifespan and secondary sexual trait expression, as low and high-
condition males gain higher fitness with increasingly different
investment strategies. As a result, as n increases, the relationship
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between condition and optimal lifespan becomes more negative
across the range of condition. The patterns in Figs. 4B and 5B indi-
cate that it is this selection on low-condition individuals that drives
the overall pattern of relatively shorter lifespans in high-condition
individuals, rather than solely selection on high-condition indi-
viduals to sacrifice investment in lifespan to increase investment
in reproduction.

We also investigated the consequences of adjusting the value
of n in the decelerating power model, to make mating success
payoffs more or less similar to a linear model. For the decelerat-
ing power model, the positive relationship between lifespan and
condition persists regardless of the value of the exponent both
when s = 0 and when s = 0.1 (Supplementary materials, Fig. S4).

Discussion

Our models have uncovered two different scenarios where we
expect a negative relationship between condition and lifespan to
evolve. The first scenario involves accelerating marginal ben-
efits to investment in a secondary sexual trait. In line with
Kokko (2001), we find that a rapidly accelerating relationship be-
tween investment in secondary sexual trait expression and mating
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success (the tan function) can select for high-condition individuals
to decrease investment in survival. Also in agreement with Kokko
(2001), we found that selection for reduced investment in lifespan
is not a general feature of all functions with a similar shape to
the tan function. The second scenario occurs when investment in
secondary sexual traits is not the only possible route to mating,
such that males that invest minimally in secondary sexual traits
still achieve nonzero average mating success. We find that, in such
cases, a negative relationship between condition and lifespan also
emerges because low-condition males are selected to invest exclu-
sively in lifespan. Hence, we show that selection on low-condition
individuals is also important to consider when investigating pat-
terns of condition-dependent ageing. These findings predict the
patterns of sexual selection and types of mating systems that
could select for different patterns of condition-dependent ageing
observed in empirical studies, and could lead to an enhanced un-
derstanding of variation in the condition-dependence of lifespan
and ageing both within and between species.

As shown by Kokko (2001), when the payoffs from investing
in a secondary sexual trait increase at an accelerating rate with
increasing investment in the trait (represented by a tan function),
males in high condition are selected to decrease investment in
longevity, so that at higher levels of condition there is a negative
relationship between condition and lifespan. A tan function repre-
sents a case where, at high levels of investment, marginal benefits
of investment in secondary sexual trait expression increase at an
increasing rate. This may represent a biological system where
the males that invest heavily in traits that confer an advantage
in male-male competition are very effective at monopolising fe-
males, such as in mandrills (Setchell et al. 2005) and elephant
seals (Le Boeuf 1974). Hence, in these systems, if there are no
resource-limited individuals within the population and little vari-
ation in resource acquisition between individuals, then we expect
a negative relationship between condition and lifespan to evolve.

Alternatively, a negative relationship between condition and
lifespan can evolve when low-condition individuals are selected
to increase investment in lifespan at the cost of secondary sexual
trait expression. This occurs where the payoffs from investing in
a secondary sexual trait are the highest for high-condition indi-
viduals and much lower for low-condition individuals (shown in
our accelerating power and logistic models), and when minimum
expected mating success is greater than zero. In these cases, low
and high-condition males pursue different allocation strategies,
which results in a discontinuous allocation pattern (rather than a
gradual decrease in investment in lifespan, such as that observed
with the tan functions). The population might therefore consist
of longer lived sneaker males, and shorter lived males with large
secondary sexual traits. Interestingly, the patterns of secondary
sexual trait expression obtained with these models approximate
observed patterns of male secondary sexual trait (horn) expres-

sion in some species of beetles that show sigmoidal trait scaling
and condition-dependent male mating strategies, including alter-
native/sneak tactics in low-condition males (e.g., Emlen 1994,
1997). Hence, our analysis suggests that nonlinear payoffs from
investment in reproduction could favor the evolution of two dis-
tinct condition-dependent male life-history strategies within the
population. Our results also highlight the general importance of
considering minimum mating success, a factor that could have
important consequences for the evolution of both mating and life-
history strategies. In a model similar to the one used here, nonzero
minimum mating success was shown to promote the evolution
of positive allometry of secondary sexual traits (Fromhage and
Kokko 2014). Our analysis shows that nonzero minimum mating
success could also have important consequences for the evolution
of condition-dependent ageing.

Where the marginal benefits from increasing investment in
a secondary sexual trait are similar for large and small trait sizes
(linear model), or higher for small trait sizes (decelerating power
model), positive associations between condition and lifespan are
predicted regardless of whether matings can be achieved without
expressing the secondary sexual trait. These findings are consis-
tent with previous theoretical studies including Nur and Hasson
(1984). Data from common yellowthroats may fit these predic-
tions. In this socially monogamous species, male mating success
is correlated with mask size, males achieving more extra pair cop-
ulations with increasing mask size, and extra pair matings increase
approximately linearly with mask size (Thusius et al. 2001). As
such, the finding that larger mask size is associated with increased
survival probability (Dunn et al. 2013) fits the predictions of our
model.

Our findings reflect the key assumption that the payoffs from
investment in lifespan do not increase steeply in the way that pay-
offs from investment in reproduction do. We also assume that the
mating success function is highly variable between populations,
and can take on multiple forms, while the relationship between
investment in somatic maintenance and lifespan is less variable be-
tween populations. We believe that this is a reasonable assumption
because of the nature of the physiological systems that determine
ageing rate, and the fact that these systems are unlikely to vary
between species to the same extent as the traits that determine mat-
ing success. We also assumed that the costs of secondary sexual
traits arise only through resource allocation trade-offs. However,
secondary sexual traits can also impose other types of costs. For
example, increased secondary sexual trait expression can result
in increased predation pressure (Zuk and Kolluru 1998), physio-
logical costs such as increased telomere erosion rates (Giraudeau
et al. 2016), or reduced immunocompetence (Faivre et al. 2003).
Including other types of costs in the model may further reduce
the expected lifespan of males with high investment in secondary
sexual traits.
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Our model assumes that resource allocation decisions are
fixed at the onset of reproduction. This assumption is reason-
able for systems such as holometabolous insects that invest in
expression of morphological secondary sexual traits during ju-
venile development, and cannot alter this investment as adults.
However, in long-lived, iteroparous species where investment can
be adjusted at each breeding season (such as in male cervids that
regrow antlers each year, or birds that invest in nuptial plumage at
the start of each breeding season), optimal investment strategies
may change with age or in response to somatic wear-and-tear.
Such facultative adjustment is also likely to characterize invest-
ment in costly sexual behavior. Such systems and traits may be
characterized by feedback between secondary sexual trait expres-
sion and resulting somatic wear-and-tear, such that individuals
might be selected to dynamically adjust their investment in sec-
ondary sexual traits and in somatic maintenance so as to maximize
expected lifetime reproductive success. Understanding the evolu-
tion of condition-dependent ageing in such systems may require
the development of more complex models.

Our results reveal a wide variety of shapes in the relationship
between condition and optimal lifespan. For example, in the tan
function there is an inverted-U shape when the range of condition
encompasses both the relatively flat portion of the curve as well as
the quickly accelerating portion of the curve. In the logistic model
where s = 0 (males cannot achieve matings without investing in
the secondary sexual trait), there is only a very weak positive
relationship between condition and lifespan at low levels of con-
dition, but a positive relationship at higher levels of condition.
Additionally, with the logistic model where s > 0, our analysis
predicts that individuals with intermediate values of T will have
the shortest lifespans, because those intermediate individuals have
the most to gain from sacrificing investment in lifespan for the
sake of enhancing secondary sexual traits. These patterns sug-
gest that an empirical study of condition-dependent ageing could
find any correlation between condition and lifespan — positive,
negative, or neutral — depending on how the range of conditions
investigated relates to the curves that define mating success and
lifespan. Hence, future empirical studies of condition-dependent
ageing would benefit from including more than just two condition
values or treatments in their analyses (as is frequently done, see
Cotton et al. (2004) for a review) to reduce the risk of obtaining
misleading patterns.

Our model can also provide insight into differences between
the sexes in condition-dependent ageing. In many species, males
benefit more than females by sacrificing longevity for reproduc-
tive opportunities. This is because males are selected to pursue
strategies involving high risk and immediate fitness pay-offs (i.e.,
mating opportunities), whereas females are selected to pursue
strategies involving less risky strategies with delayed payoff (i.e.,
resource accumulation and offspring production) (Vinogradov
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1998; Bonduriansky et al. 2008; Adler and Bonduriansky 2014).
In most species, females with the highest investment in reproduc-
tion are unlikely to be able to monopolize limiting resources in
the same way that males can do. Thus, in females, the payoff from
investment in reproductive traits, such as ovary size, egg size, or
clutch size, is most likely to be linear or decelerating, while accel-
erating payoff function shapes are unlikely. Given that the only
models in our study to predict a negative relationship between
condition and lifespan featured increasing marginal benefits to
increasing investment in reproduction, the fact that females rarely
show a negative relationship between condition and lifespan may
therefore be explained by the fact that female reproductive success
rarely increases nonlinearly with increasing investment.

Whist empirical observations are broadly consistent with our
predictions, we have not been able to find empirical studies report-
ing all the information required to fully test our models. In partic-
ular, there is a lack of studies that have quantified the relationship
between secondary sexual trait expression and mating success in
sufficient detail. Additionally, estimates of pay-off functions for
investment in somatic maintenance, as well as experimental stud-
ies investigating the relationship between condition and lifespan,
are needed to test the predictions of our models.

Conclusions

We show how variation in mating success payoffs from invest-
ment in a secondary sexual trait could shape condition-dependent
ageing patterns. Our results suggest that negative relationships
between overall condition and survival or lifespan do not nec-
essarily arise because of selection on high-condition individuals
to decrease investment in somatic maintenance. Under particular
circumstances, low-condition individuals could be selected to in-
crease investment in somatic maintenance, and the evolution of
investment strategies in low-condition males can thereby poten-
tially determine patterns of condition-dependent ageing. In par-
ticular, we find that, when low-condition individuals can gain
matings despite minimal investment in secondary sexual trait
expression, low-condition individuals are selected to invest all
their resources in extending their lifespan. Hence, we demon-
strate the importance of considering the strategies of both low-
and high-condition individuals when investigating the evolution
of condition-dependent ageing patterns. Our findings have impli-
cations for both the evolution of condition-dependent ageing and
the evolution of condition-dependent life-history strategies. While
our predictions are consistent with evidence from several species,
further empirical research is needed to test these predictions.
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Figure S4. The change in q* and E* with increasing condition for six fitness functions where the relationship between secondary sexual trait expression
and mating success is a decelerating power function, where s = 0 (A), and s = 0.1 (B). The value of m for each function is shown in the legend.
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