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Abstract. Theory predicts that males and females should often join the mating pool at different times (sex-
ual dimorphism in timing of emergence [SDT]) as the degree of SDT affects female mating success. We utilize
an analytical model to explore (1) how important SDT is for female mating success, (2) how mating success
might change if either sex’s mortality (abruptly) increases, and (3) to what degree evolutionary responses in
SDTmay be able to mitigate the consequences of such mortality increase. Increasing male pre-mating mortal-
ity has a non-linear effect on the fraction of females mated: The effect is initially weak, but at some critical
level a further increase in male mortality has a stronger effect than a similar increase in female mortality.
Such a change is expected to impose selection for reduced SDT. Increasing mortality during the mating sea-
son has always a stronger effect on female mating success if the mortality affects the sex that emerges first.
This bias results from the fact that enhancing mortality of the earlier emerging sex reduces female–male
encounter rates. However, an evolutionary response in SDTmay effectively mitigate such consequences. Fur-
ther, if considered independently for females and males, the predicted evolutionary response in SDT could
be quite dissimilar. The difference between female and male evolutionary response in SDT leads to marked
differences in the fraction of fertilized females under certain conditions. Our model may provide general
guidelines for improving harvesting of populations, conservation management of rare species under altered
environmental conditions, or maintaining long-term efficiency of pest-control measures.
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INTRODUCTION

A shared attribute of (rapidly) changing envi-
ronmental conditions—often a consequence of
human interference—is the intended or unin-
tended impact on population dynamics (Shea
1998). Depending on target or reason of interfer-
ence, we may be interested in understanding
means either to mitigate its negative effects on
populations (e.g., in the case of conservation or

harvesting) or to maximize effects (e.g., in the
case of pest control). For a proper understanding,
it is primarily important (and often sufficient) to
evaluate the mechanisms that affect female num-
ber and reproductive success. Nonetheless,
assuming that males would more or less be irrel-
evant for population growth is not always justi-
fied (Rankin and Kokko 2007). For example, in
butterflies—and particularly among moths—rel-
evant fractions of females may remain unmated
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because they fail to find a mating partner
(Rhainds 2010); these females will not contribute
to the next generation and this will obviously
affect growth of populations.

In insects, birds, or fish, a sexual difference in
emergence or arrival in the mating pool is fre-
quent, usually referred to as “reproductive asyn-
chrony” or “sexual dimorphism in timing of
emergence” (SDT). For semelparous (reproduction
once in a lifetime) species, SDT is known to have
an effect on the fraction of females that success-
fully mate (Wiklund and Fagerstr€om 1977, Zonn-
eveld and Metz 1991, Morbey 2002, Kokko et al.
2006, Larsen et al. 2012, Degen et al. 2015), and
that SDT can indeed increase the fraction of
females that mate. This funding is of general rele-
vance as nearly all annual animals, many insects,
some Coleoidea, and a few vertebrates such as fish
(e.g., pacific salmon, freshwater eels, and capelin,
which are all examples of important commercial
target species) and mammals (only in a few didel-
phid and dasyurid) are semelparous species (Cole
1954, Braithwaite and Lee 1979, Cortez et al. 1995,
Murphy and Rodhouse 1999, Gjøsæter et al. 2002).
However, the work of Calabrese and Fagan (2004)
and Calabrese et al. (2008) shows that the level of
SDT that maximizes female mating success also
depends on population density—at low density
encounters may become so unlikely that any level
of reproductive asynchrony would reduce the
mating success of females and thus population
growth. Matters are further complicated by the
fact that the evolutionary perspectives of females
and males in this matter are similar but not neces-
sarily identical (Zonneveld and Metz 1991, Degen
et al. 2015); the level of SDT is an evolutionarily
stable strategy (ESS) (1) for females if it minimizes
the risk of mating failure—waiting cost hypothesis
—and (2) for males if an invasive male with a dif-
ferent mean time of emergence or arrival achieves
less access to mating partners—mate opportunity
hypothesis (Zonneveld and Metz 1991, Morbey
and Ydenberg 2001).

However, the discrepancy between the females’
and males’ perspective on the evolutionarily
stable level of SDT and the resulting conflict of
interest has previously been supposed to be small
(review: Morbey 2013). This statement is based on
the results of studies that assume equal mortality
rates for females and males (Fagerstr€om and Wik-
lund 1982, Zonneveld and Metz 1991). In a

previous study, we modified the model of Zonn-
eveld and Metz (1991) to account for divergent,
sex-specific mortality rates during the mating sea-
son (Degen et al. 2015). With this approach, we
demonstrated for polygynous and seasonal mat-
ing systems that protandry (males emerging
before females) is generally more likely to evolve
but protogyny may evolve if female survival dur-
ing the mating season is considerably larger than
male survival; in this case, a conflict of interest
between females and males over the level SDT
may become substantial (Degen et al. 2015).
In any case, we can expect that the level of SDT

is adapted to the typical (“natural”) conditions
and population densities that occurred in the past.
Currently, many populations are dramatically
influenced by human activities, however, and
populations may thus exist under conditions dif-
ferent from those under which SDT evolved. It is
important to bear in mind that altered environ-
mental conditions can affect mortality rates in the
period ahead of the mating season or mortality
during the mating season; obviously combined
effects are also conceivable. The former occurs, for
example, by enhancing larval mortality in insects
and the latter, for example, by pheromone traps
used to control pest species (review: Card�e 1995,
Witzgall et al. 2010). Further, mortality may in the
simplest case just be random with respect to gen-
der—but in many cases, added mortality risks
may predominately and sometimes even exclu-
sively affect one sex. Examples include the male-
biased attraction of moth to artificial light at night
(Altermatt et al. 2009, Truxa and Fiedler 2012,
Degen et al. 2016), sex-specific consequences of
global warming (Martins et al. 2012), sex-specific
pest control (Witzgall et al. 2010), or harvesting
that affects one sex more than the other (Hilborn
and Walters 1992). Consequently, it is important
to understand how far the prevailing (“natural”)
level of SDT contributes to and possibly enhances
population decline under altered conditions; how
such effects depend on the life stage they affect, as
this has important effects on population regula-
tion (Ratikainen et al. 2008); and how SDT might
possibly evolve in the future and potentially miti-
gate the effects of changed mortality.
Previous studies have already investigated

how altered environmental conditions and modi-
fied population density might affect mating or
reproductive success of females (Calabrese and
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Fagan 2004, Robinet et al. 2007, Calabrese et al.
2008, Larsen et al. 2012), but these studies did
not specify to what extent such effects would be
caused by a possible maladaptation of SDT to
new environmental conditions.

In this study, we want to investigate how
maladapted SDT contributes to female mating
failures and therefore to population decline, and
how SDT might change when adapting to new
conditions. More specifically, we will take into
account that altered conditions do not necessarily
affect the survival of both sexes similarly, nor
affect different life stages equally: For simplicity
and sake of argument, we will take a look at the
two most extreme assumptions of such human
interference, that is, that the added mortality
occurs either only before (“pre-mating”) or dur-
ing the mating season. To investigate these ques-
tions, we modified a previously developed
model (Degen et al. 2015) reflecting the semel-
parous lifestyle in such a way that it accounts for
different mortality rates before (and during) the
mating season. The model correspondingly
assumes (1) that any individual only participates
in a single mating season; (2) that females mate
only once or die unmated, whereas males are
capable of multiple matings; (3) that each mating
contributes equally to reproductive success; and
(4) that mating does not reduce the male’s chance
for future matings. As females do not compete
(over mating opportunities), finding the evolu-
tionarily stable level of SDT from their perspec-
tive, that is, the SDT maximizing the fraction of
fertilized females, is a simple optimization prob-
lem, whereas for males that do compete over
mating opportunities, frequency-dependent sel-
ection mandates an invasion analysis.

MATERIALS AND METHODS

The primary target of our analysis is under-
standing how rapid (anthropogenically induced)
changes either in pre-mating mortality or in mor-
tality during the mating season would affect
female mating success and population dynamics
and how such changes might affect evolution of
SDT. To evaluate this, we first model the popula-
tion dynamics of mate-seeking individuals dur-
ing the season and derive the evolutionarily
stable level of SDT under “natural conditions,”
that is, before anthropogenic effects commence.

The temporal development of male and female
population densities during a reproductive sea-
son can be described by two differential equa-
tions that have been introduced and thoroughly
evaluated by Zonneveld and Metz (1991) and
Degen et al. (2015). The model describes the tem-
poral sequence of female and male emergence
and the resulting probability that females will
mate and reproduce before dying. Accordingly,
the relative densities of virgin females V(T) and
males M(T) increase at any moment due to the
emergence of new individuals and decline due to
mortality and—in the case of virgin females—
due to the transition of virgin females that mate
successfully into the “class” of mated females.
For large populations of females and males—
where stochastic effects and extinction can be
ignored—the temporal dynamics in abundance
can be described by the equations

oMðTÞ
oT

¼ w.mgðT; sÞ � kmMðTÞ (1)

oVðTÞ
oT

¼ ð1� wÞ.f gðT; 0Þ � ðkf þ uMðTÞÞVðTÞ.
(2)

We assume that emergence of females and
males follows a probability density function
g(T, l) that is similar in shape for females and
males but offset by the mean difference in emer-
gence timing s—s is the measure of SDT in the
population. The sex-ratio at birth (e.g., at egg-
laying) is determined by the fraction of males (w)
and females (1 � w). Changes in pre-mating sea-
son survival are accounted for by additional sex-
specific mortality factors (ϱm and ϱf); if these are
different between sexes, they alter the sex-ratio at
emergence compared to that at birth. Note that
this sex-ratio is not identical with the “opera-
tional sex-ratio” at any specific moment during
the mating season.
Following emergence, virgin female and males

are continuously removed due to sex-specific
mortality rates that affect survival in the mating
period (kf and km, respectively, second terms in
Eqs. 1, 2. In addition, the pool of virgin females is
also reduced by successful mating; matings occur
with encounter rate φ. Females mate only once
and reproduce immediately after fertilization,
whereas males are capable of multiple mating
(polygynous mating system); whole population
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reproductive output is thus determined by the
term φM(T)V(T) integrated over the whole season.

We assume—similar to Zonneveld and Metz
(1991) and Degen et al. (2015)—that the probabil-
ity of emergence at a given time (T) of males and
females follows a logistic function with mean
value l.

gðT; lÞ ¼ eTþl

ð1þ eTþlÞ2 (3)

Without loss of generality, we can choose lf = 0
for the mean time of female emergence. As in
Zonneveld and Metz (1991) and Degen et al.
(2015), real time t is transformed to a “scaled time”
T = t/b indicating that temporal variables are mea-
sured in units of variance of the emergence proba-
bility distribution. The model version here extends
the approach of Degen et al. (2015) by accounting
for additional pre-reproductive and sex-specific
mortality risks by factors 1 – ϱm and 1 – ϱf.

The dynamics of male and female densities can
be calculated by numerical integration of Eqs. 1, 2
(for details see Zonneveld and Metz 1991, Degen
et al. 2015). From the females’ perspective, mating
and thus reproductive success (H(s)) depend on
the level of SDT (s) in a population—natural
selection should tune s to maximize success as
has been studied in detail by Zonneveld and Metz
(1991) and Degen et al. (2015).

max
s2R

HðsÞ ¼
Z1

�1

u
w.m

MðT; sÞVðT; sÞdT (4)

From the males’ perspective, the optimal SDT
should instead maximize the number of matings.
The optimal SDT (s) is obviously frequency-
dependent as males compete for matings and
can be determined by an adaptive dynamics
approach: We have to analyze the total number
of matings �Hð�s; sÞ achieved by rare mutant males
(emerging on average �s time units ahead or later
depending on sign of �s) within a resident popu-
lation with scaled SDT (s). Zonneveld and Metz
(1991) and Degen et al. (2015) have already pre-
sented a step-by-step procedure to optimize
�Hð�s; sÞ for a given set of parameter, we just refer
to these publications for further details. The
approach is not complicated or changed by the
addition of a pre-mating mortality that was not
included in our original model, that is,

�Hð�s; sÞ ¼
Z1

�1

u
w.m

MðT;�sÞVðT; sÞdT. (5)

A resident strategy s is an ESS if any choice of �s
results in less or equal reproductive success for
the invasive males than for the residents. As
already outlined in the introduction, the evolu-
tionarily stable level of SDT is often nearly identi-
cal as seen from the perspective of females and
males; under some conditions—especially if
female mortality in the mating season is consider-
ably lower than that of males—the two evolution-
arily stable strategies can deviate substantially,
however (Degen et al. 2015). Applying these
methods, we will first identify—for a given
parameter setting—the evolutionarily stable level
of SDT to define reproductive performance under
the “original (natural)” situation as reference. This
will then be compared to the reproductive perfor-
mance emerging in scenarios with deviating eco-
logical conditions, that is, with altered mortality
rates either before or during the mating season.
In fact, it can easily be shown that

�Hð�s; s;uÞ ¼ .f
.m

�Eð�s; s; .muÞ (6)

with �Eð�s; s; .muÞ, the corresponding fitness func-
tion from Degen et al. (2015). In other words,
�Hð�s; s;uÞ changes in accordance with the sex-
ratio at emergence and the absolute number of
males emerging.

RESULTS AND DISCUSSION

Ecological consequences of added pre-mating
mortality
We will first consider a scenario where some

added mortality factor reduces the number of
individuals emerging or arriving in the breeding
area. Such factors could be habitat disturbance,
pest control or, for example, harvesting of sal-
mon (Morbey 2000) that remove individuals
from the population ahead of the mating season.
We will show the consequences of such mortality
risks for the number of females that will mate
successfully scaled to the number of females
originally emerging; the number of females mat-
ing and reproducing in turn determines the pop-
ulation size in the next generation. Note that this
fraction corresponds directly to the total number
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of matings achieved by males. To explore the
immediate effect of such added pre-mating mor-
tality risk, we assume that timing of emergence
is adapted to the initial (“natural”) conditions
where such added risk did not occur. We thus
use the methods described above to identify the
evolutionary level of SDT (s) under natural con-
ditions from the females’ and males’ perspective.
Intuitively and trivially, results demonstrate that
removal of females has (initially) a stronger effect
on the proportion of females fertilized than the
removal of males; in a polygynous mating

system as assumed here, the loss of some males
can easily be compensated for by other males
(Fig. 1). Further, and equally trivial, we recog-
nize that the effect of added female mortality is
strictly linear. This must be so as the mating
probability for a virgin female (φM(T)) at a given
moment (T) is not affected by the number of
females that emerge (see Eq. 2).
In contrast, selectively killing males would ini-

tially have little effect on the number of females
that will reproduce successfully. However, if males
become too rare, females face an increasing risk of

(a) (b)

(c) (d)

Fig. 1. Fraction of females successfully mating (scaled to the number emerging) as a function of added pre-
mating mortality risk. Circles mark scenarios where mortality affects females only, and squares indicate scenarios
where only male mortality is changed. The shaded area envelops all outcomes for scenarios combining female
and male mortality. The hatched lines indicate the maximum total harvest rate that was possible under the con-
straint that 50% of the females emerging in the population must mate for the population to persist. (a) Male and
female mortality rates are equal (k = 0.1), encounter rate φ = 30. (b) Male and female mortality rates are equal
(k = 0.1), encounter rate φ = 2. (c) Female mortality rate during breeding season kf = 1, male mortality km = 0.1,
encounter rate φ = 30. (d) Female mortality rate kf = 0.1, male mortality km = 1, encounter rate φ = 30.
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not finding a mating partner before dying—male
mortality reduces the mating term in Eq. 2 as male
number is reduced. We found that beyond a criti-
cal male mortality (1� .�m ), removal of further
males from the population would have a propor-
tionally stronger effect for the number of repro-
ducing females than the removal of females
themselves (Fig. 1). Formally, this must be so
because both curves must ultimately reach the bot-
tom line (no fertilized females) as the pre-mating
mortality of the sex under investigation reaches
100%. The magnitude of 1� .�m depends on mor-
tality rates during the mating season and encoun-
ter rate, that is, the parameters that define the
females’ difficulty in finding mating partners: If
finding a mating partner is easy, for example, if
mating season mortality (k) is low and female–
male encounter rate (φ) is high, we could indeed
remove a large fraction of males before it becomes
less damaging to remove females instead of males
(e.g., ~90% of males; φ = 30 and kf = km = 0.1;
Fig. 1a). In contrast, if encounter rate (φ) is low or
the mortality (k) rate during the mating season is
high, the value of males becomes larger and the
critical mortality 1� .�m becomes smaller (e.g.,
~70% of males; φ = 2 and kf = km = 1; Fig. 1b). In
a laboratory experiment with beetles, Snyder et al.
(2014) found that harvesting had an effect on the
population density when they harvested females
only (66% of the females), but not when they

harvested randomly or males only (66% of the
males). They suggested, however, that continued
removing of males could have an effect.
Scenarios where the added mortality is ran-

dom with respect to sex provide very similar
results to those with pure female mortality (re-
sults not shown): The fraction of females mated
primarily and linearly depends on the fraction of
individuals removed except if the pre-mating
mortality risk becomes very large.

Ecological consequences of added mortality
during the mating season
If we consider the effect of changing mortality

during the mating season, we mostly find results
just opposite to those described above: In the
majority of scenarios, increasing male mortality
has a stronger effect on the number of females
mating successfully than a similar increase in
female mortality (Fig. 2); the only exception occurs
in scenarios where protogyny evolves under “nat-
ural conditions,” that is, where long-lived females
emerge ahead of males (Fig. 2b). Indeed, this
result just points to the more general principle—
increasing the mortality of the early-emerging sex
typically has a much stronger effect on the fraction
of females mating than increasing the mortality of
the later emerging sex. Under natural conditions,
selection tends to favor earlier emergence of the
sex that survives better in the mating season

(a) (b)

Fig. 2. Fraction of females successfully mating in response to changes in mortality rates during the mating
season with sexual dimorphism in timing of emergence fixed to evolutionarily stable level for initial conditions
(female perspective; see Introduction). Circles mark scenarios with increased female mortality and squares scenar-
ios with increased male mortality rate. Solid lines indicate scenarios with high encounter rate (φ = 30) and
hatched lines scenarios with low encounter rates (φ = 2). In all scenarios, only the mortality of one sex increases.
In (a), the mortality of the sex which is not affected (arrow on the x-axis) is 0.1; in (b), it is 1.
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(Degen et al. 2015). Abruptly increasing the mor-
tality of just that sex would have the consequence
that the two sexes will hardly encounter each other
anymore so that the female average waiting time
before successfully mating can increase greatly
and consequently a large fraction of females may
die unmated. Because in polygynous mating sys-
tems there is a fundamental bias toward earlier
emergence of males, explained by the male compe-
tition for mating opportunities (Wiklund and
Fagerstr€om 1977, Zonneveld and Metz 1991,
Degen et al. 2015), protandry is the more typical
evolutionary outcome. It is this reason that
increasing male mortality should typically have a
stronger effect on the fraction of females that mate
than increasing female mortality.

Effect of evolutionary response for mitigating
mortality effects

Up to this moment, we have analyzed how a
rapid change in either pre-mating mortality risk
or mortality rates during the mating season
would affect the number of females that mate and
reproduce. A substantial and lasting deviation
from original (“natural”) conditions would, how-
ever, impose selective pressure to adjust SDT (s)
to new conditions because individuals with alter-
native emergence times may gain higher fitness.

Consequently, the level of SDT that originally
evolved in a population may be adjusted, thus
mitigating the effect of added mortality—a desir-
able effect in the case of harvesting or in threat-
ened species, but an evolutionary response that
might undermine efficiency in pest control.
To evaluate the effect of evolutionary adjust-

ment in the level of SDT and separate the effect
of elevated mortality as such from that of
maladaptation in SDT, we thus compare the
effect of elevated mortality assuming the ESS
SDT from the original mortality values with
those for an SDT that is an ESS under the altered
conditions. Considering the case of increased
mortality risk in the pre-mating season, we rec-
ognize that increased female mortality risk has
no effect on the mating success of the females
surviving and consequently has no effect on the
evolutionarily stable level of SDT (Fig. 3a)—this
must be so as pre-mating mortality (1� .f ) does
not affect the terms relevant for a virgin female’s
mating success in Eq. 4. This is different, how-
ever, if the added mortality affects males—in this
case, adjustment of SDT is selected for with a
shift toward more similar emergence timing of
females and males. Especially for scenarios
where the evolutionarily stable level of SDT is
large—those with low male mortalities during

(a) (b)

Fig. 3. (a) Evolutionarily stable level of sexual dimorphism in timing of emergence (SDT) from females’ (black)
and males’ (gray) perspective for different added female (circles) and male (squares) pre-mating mortality risks
(ϱ). (b) Relative change in the number of females mated resulting from an evolutionary adjustment of SDT from
initial ŝ to new conditions�sððHð�sÞ �HðŝÞÞ=HðŝÞ). Solid lines indicate scenarios with high encounter rate (φ = 30)
and hatched lines scenarios with low encounter rates (φ = 2). Both male and female mortality rates during mat-
ing season are equal to 0.1. Added pre-mating mortality of sex not affected is fixed at 1 – ϱ = 0.

 ❖ www.esajournals.org 7 May 2017 ❖ Volume 8(5) ❖ Article e01820

DEGEN ET AL.



the breeding season—an increased mortality risk
in the pre-mating season could reduce the evolu-
tionarily stable level of SDT substantially
(Fig. 3a). However, such an adaptive response
would have little effect on the fraction of females
that reproduce successfully and would thus have
little effect on the ecological impact of added pre-
mating mortality (Fig. 3b). This result holds
regardless of whether we assume that SDT
evolves toward the females’ or males’ ESS.

Matters change considerably if added mortality
affects survival rates during the mating season. In

all scenarios, the mortality of one sex was fixed,
while the mortality rate of the other sex was
increased (Fig. 4). Expectedly, an increase in male
mortality generally shifts the evolutionarily stable
level of SDT in the direction of protogyny because
protogyny is favored when females survive
longer than males (Degen et al. 2015), whereas an
increase in female mortality shifts the evolution-
arily stable level of SDT in the opposite direction,
that is, toward (increased) protandry. However, if
initial survival of both sexes is high, increasing
female mortality has a rather limited effect on the

(a) (b)

(c) (d)

Fig. 4. Evolutionarily stable level of sexual dimorphism in timing of emergence (SDT) from females’ (black)
and males’ (gray) perspective for different added female (circles) and male (squares) mortality risks during the
mating season (k; panels a and c). Relative change in the number of females mated resulting from an evolution-
ary adjustment of SDT from initial ŝ to new conditions�sðHð�sÞ=HðŝÞ � 1) (panels b and d). In all scenarios, only
the mortality rate of one sex increases: Circles indicate scenarios with increased female and squares scenarios
with increased male mortality rates. Scenarios with high encounter rate (φ = 30) are identified by solid lines and
scenarios with low encounter rates (φ = 2) by hatched lines. In (a) and (b), the mortality rate of the sex which
does not change (arrow on the x-axis) is 0.1, whereas in (c) and (d) it is 1.
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evolutionary change in SDT. Also note that a
change in mortality rates can affect the discrep-
ancy between the females’ and males’ ESS. Com-
mon to all substantial deviations between the
females’ and males’ ESS is that females prefer a
SDT shifted more toward protogyny than males
(Degen et al. 2015); that is, females would prefer
to emerge earlier than the males would like them
to do. Such discrepancy would, however, be rele-
vant for the fraction of fertilized females only in
scenarios with low encounter rates and high con-
stant male mortality rate (Fig. 4d).

More importantly, we recognize that an adap-
tive response in SDT could substantially mitigate
the effect of increased mortality rates (Fig. 4b, d).
There we define “mitigation potential” by the rel-
ative change (ðHðsÞ �HðŝÞÞ=HðŝÞ) in the number
of females mated (H(s)) resulting from an evolu-
tionary adjustment of SDT (s) from initial ŝ to
new conditions s. For example, in scenarios with
increased male mortality the relative change in
the fraction of females that reproduce success-
fully (H(s)) could be 1.8—that is, female mating
success is 2.8 times higher in adapted compared
to non-adapted populations.

PRACTICAL IMPLICATIONS AND CONCLUSION

Our results may have practical implications in
various fields of applied ecology. For example,
encounter and mortality rate during the mating
season define the mating success of females, and
knowing these rates could allow optimizing har-
vesting strategies: Assuming that a population
can be maintained if, for example, 50% (including
a sensible safety margin) of females that emerge
reproduce successfully, we can define the combi-
nation of male and female numbers to be
removed that would maximize pre-mating har-
vesting without surpassing this margin (see exam-
ple and gray-shaded areas in Fig. 1). Especially if
females find mating partners easily (Fig. 1a), we
could harvest in the non-reproductive season
~90% of males (ignoring possible genetic effects)
in addition to ~45% of the females. This would
allow for an overall harvesting rate of ~67%. In
contrast, if mate finding is challenging (Fig. 1b),
we could harvest ~70% of males in addition to
~17% of the females. This would allow for an
overall harvesting rate of ~43%. Strategies com-
pletely focusing on harvesting males (below the

critical value!) would in this case already be near
the optimal harvesting rate. More generally, our
results caution against targeting the sex that
emerges earlier in the breeding season especially
if harvesting takes place in the mating season.
In the case of pest control implemented during

the mating season, for example, when utilizing
pheromone traps (mass trapping and “attract-
and-kill”), measures often target males (review:
Witzgall et al. 2010). Typically, a high proportion
of males must be removed to produce a signifi-
cant effect. It is known, however, that protandry
improves the effect of removing males and that
pheromones are increasingly efficient at low pop-
ulation densities (review: Witzgall et al. 2010).
Our results demonstrate that under protandry—
the more typical case among insects (Larsen et al.
2012)—male killing in the breeding season should
indeed be more efficient in reducing the number
of females reproducing than killing of virgin
females (in similar numbers). In fact, the non-lin-
ear shape of curves in Fig. 2 suggests increasing
returns with increasing efficiency of pest control!
Our results also show, however, that conse-

quences of altered environmental conditions
within the reproductive season could over time be
diminished—sometimes even massively so—by
an adaptive response. The mechanism outlined
here is especially interesting as it is not due to
declining efficiency of the control strategy per se
(as is the case with evolution of resistance or toler-
ance (Georghiou 1972) but due to a change in gen-
eral life history, that is, a change in timing of
emergence. The potential for such evolutionary
response should caution against light-handed and
regular application of such pest management.
Pest control limited to periods of severe pest out-
breaks (i.e., integrated pest management) may
preserve or at least prolong the efficiency of such
control strategies (Furlong et al. 2011). Interest-
ingly enough, an evolutionary response to altered
environmental conditions affecting mortality in
the pre-mating period would have little effect on
the fraction of females fertilized. More generally,
our results suggest that in pest control, measures
affecting the early-emerging sex during the breed-
ing season are always promising.
The potential for a (strong) mitigating effect of

adaptation to new conditions may indeed be bad
news for pest control but would be welcome in the
context of harvesting or conservation. Light
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pollution, for example, is a matter of great concern
as artificial light sources attract flying insects in
great numbers (Frank 1988, Eisenbeis and H€anel
2009), in moth often enough predominantly males
(Altermatt et al. 2009, Truxa and Fiedler 2012,
Degen et al. 2016). Over time, adaptation may pos-
sibly reduce the damage done by such “light traps”
to populations. Indeed, just because artificial light
is usually turned on and off in very predictable
patterns—inducing a constant change of mortality
rates—such adaptation may occur rather fast.

In insects, polygyny is the most common mating
strategy, but it is far from being ubiquitous
(Zonneveld 1992, Matthews and Matthews 2010).
However, even if females were completely polyan-
dric (i.e., readiness to mate is independent of
the number of matings), protandry is an ESS if
matings are weighted (e.g., mating virgin females
is more valuable to males’ reproductive success
than mating non-virgin females). Consequently, as
the degree of polyandry is probably low in most
species, protandry is an ESS even if matings
are unweighted Zonneveld (1992). Therefore, we
believe that even though we restrict our discussion
to monoandry, the ideas developed here are also
relevant if females mate more than once in their life.

In summary, our model might explain differ-
ences in SDT between populations, for example,
salmon (Morbey 2000), predict evolutionary
response to changed environmental conditions,
and may be useful in pointing out under which
conditions sex-specific management strategies
could be especially profitable, whether it is in the
case of managing threatened populations,
improving efficiency of pest control, or optimiz-
ing harvesting strategies.
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