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Introduction

Abstract

One prediction from life-history theory is that males should increase
investment in reproductive effort as they age because the opportunity
for future reproductive events declines. However, older males may not
be able to increase their reproductive effort if condition declines with
age. The effect of age-related changes in condition may be especially
important for energetically costly activities such as moving within and
between habitat patches while searching for mates. Although such
searching is a component of many mating systems, the relationship
between age and active mate searching has not been investigated. We
investigated whether mate-searching effort increased with age in the
thornbug treehopper, Umbonia crassicornis (Hemiptera: Membracidae). In
this species, males search for females using a ‘fly-call-walk’ strategy con-
sisting of three phases: (1) flying from one plant to another; (2) walking
and signalling while on a plant; and (3) close-range courtship of
encountered females. We measured several aspects of mate-searching
behaviour over the month-long period of a male’s reproductive lifetime.
Over the relevant period of male sexual activity (19-33 d), male condi-
tion remained stable. However, older males (25-33 d) did not search
more actively than younger males as predicted; instead, younger males
(19 d) had greater plant-to-plant flight activity and found females faster.
Within-plant walking rates and courtship duration did not differ among
age classes. These results suggest that thornbug males may be investing
so heavily in mate searching at younger ages that they are unable to
increase investment in searching effort when they get older. As a result,
older males are likely to be at a competitive disadvantage when active
searching is required to locate sparsely distributed females.

positive relationship between RRV and reproductive
effort include visual and acoustic mate advertisement

Life-history theory predicts that as males age they
should increase investment in reproductive effort
because their residual reproductive value (RRV) —
the opportunity for future reproductive events —
declines (Stearns 1992). Such investment is often
manifested as age-related increases in the intensity,
rate, or duration of a costly behaviour important for
acquiring mates. Sexual traits showing the predicted
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signals (Bertram 2000; Miller & Brooks 2005; Gar-
amszegi et al. 2007; Jacot et al. 2007; Bitton et al.
2008; Alonso et al. 2010), and courtship behaviour
(Woodhead 1986; Hoglund & Lundberg 1987; Con-
ner 1989; Felton et al. 2006; Alonso et al. 2010).
Recent studies, however, have shown that the physi-
cal condition of males is an important influence on
the nature of the relationship between age and
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reproductive effort. If condition is high in young
males, they may invest so heavily in sexual display
that they either die young or lose condition as they
get older, in which case they may be physiologically
unable to make further investments in reproductive
effort (Hunt et al. 2004). On the other hand, youn-
ger males in high condition can also invest more in
survival early on and then devote more resources
towards increasing reproductive effort when they are
older (Judge et al. 2008). Accordingly, whether older
males increase reproductive effort depends greatly
on how condition changes over the reproductive
lifetime of an individual.

In many species, males engage in exploitation
competition through signalling for mates and/or
moving through the habitat searching for females
(Parker 1978; Andersson 1994; Shuster & Wade
2003). Age-related increases in signalling effort are
well documented and have been shown to be influ-
enced greatly by a male’s condition (Howard 1978;
Zeigler & Stewart 1985; Hedrick 1986; Ritchie et al.
1995; Kokko 1997; Brooks & Kemp 2001; Gil et al.
2001; Fischer et al. 2004; Forstmeier etal. 2005;
Garamszegi et al. 2007; Jacot et al. 2007; Judge et al.
2008). However, the combined effects of age and
condition on active mate-searching behaviour have
never been explored. This is surprising, considering
that mate searching is an important component of
mate acquisition in a number of species and has
been extensively studied in many other respects
(Woolbright et al. 1990; Forbes et al. 1996; Duvall &
Schuett 1997; Sikkel 1998; Brown & Weatherhead
1999; Uy et al. 2001; Diaz & Thiel 2004; Dunn &
Whittingham 2007; Kasumovic et al. 2007). If active
mate searching varied with age and condition, there
might exist different mating strategies between
younger and older males (De Fraipont et al. 1993),
which could have consequences for mating system
evolution (Shuster & Wade 2003). Accordingly,
some researchers have recently advocated the need
for more experimental studies examining the extent
to which life-history processes such as ageing and
condition influence variation in the expression of
male mating behaviours (e.g. Brooks & Kemp 2001;
Bonsall & Mangel 2004; Hunt et al. 2004; Fischer
et al. 2008).

Plant-dwelling insects provide an opportunity to
examine the relationships between age, condition,
and active mate searching because in many species,
males conduct frequent plant-to-plant flying, com-
bined with extensive walking within plants, to locate
receptive females (Claridge 1985; DeWinter & Rol-
lenhagen 1990; Hunt & Nault 1991; Claridge & de
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Vrijer 1994; Hunt 1994; Cokl et al. 1999; Cocroft
2003; Demary et al. 2006). As with mate advertise-
ment signalling, the intensity of mate searching may
also be influenced by age-associated changes in con-
dition. For example, if condition is stable with age,
older males might increase their investment in mate-
searching effort as predicted from life-history theory,
resulting in greater levels of flight activity and
within-plant walking behaviour, and thus increased
female encounter rates. On the other hand, if condi-
tion declines with age, older males may be physio-
logically unable to make further investments in
searching effort and might exhibit decreased search-
ing activity, and thus fewer encountered females.
However, if low condition older males could switch
their reproductive effort to another activity that was
not as energetically demanding, such as close-range
courtship of encountered females, they may still be
successful at acquiring mates (Woodhead 1986;
Andersson 1994; Felton et al. 2006; Engqvist 2009).
Additional time spent with one female, though, has
an opportunity cost, taking time away from seeking
other potential mates (Parker 1978; Jordan & Brooks
2010).

In the thornbug treehopper, Umbonia crassicornis
(Hemiptera: Membracidae), individuals develop in
aggregations of one or more family groups, from
which males disperse before females (Wood 1974).
Females mate only once, and do so under one of
two conditions: some mate while still in their family
aggregation, while others mate after dispersing
(Wood & Dowell 1985). Although females that dis-
perse before mating are sparsely distributed through-
out their habitat, they represent a significant pool of
mating opportunities for mate-searching males
(Wood & Dowell 1985; Masters 1997). Accordingly,
dispersed females are most likely to be encountered
by males that are best at active searching. Males
search for females using a ‘fly-call-walk’ strategy
consisting of three phases: (1) flying from one plant
to another; (2) walking and signalling while on a
plant; and (3) close-range courtship of encountered
females. Flying males will land on a plant and adver-
tise for females using substrate-borne vibrational
mating signals. Receptive females reply with a vibra-
tional signal, but if no female replies are received
the male usually leaves the plant and flies to
another (Cocroft & McNett 2006; De Luca & Cocroft
2009). If a female reply is detected, the male and
female engage in an ongoing duet that enables the
male to locate the female. The male then engages in
close-range courtship, which involves climbing onto
the side of the female (Wood 1974; De Luca &
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Cocroft 2008) while producing a series of vibrational
signals and attempting genital contact (PA De Luca,
own data). In addition to signalling to elicit a reply
from receptive females, males will court any female
that is encountered during searching, including sex-
ually immature females that are still aggregated in
their family group. Two previous studies with
U. crassicornis found that aggregated pre-dispersal
females mated more often with older (30 d) than
younger (20 d) males, and furthermore, in these
high-density aggregations older males also courted
females at significantly greater rates (Wood & Dowell
1985; De Luca & Cocroft 2008). Whether older
males also have a mating advantage with dispersed
females is unknown, but this is likely to depend on
whether older males can outperform younger males
during active mate searching.

Here, we examine the relationships between age,
condition, and active mate-searching behaviour to
determine whether U. crassicornis males increase
investment in mate-searching effort as they get
older. For individual males, we measure changes in
physical condition and characterize the three phases
of mate searching (flight activity, within-plant walk-
ing, and courtship) weekly over the month-long per-
iod of their reproductive life span. To the extent that
condition remains stable with age, we predict that
older males will increase their mate-searching effort
by exhibiting higher levels of flight and walking
activity, enabling them to find females faster on a
plant. However, if condition declines with age, we
predict that older males will be unable to make addi-
tional investments in flying and walking behaviour
and therefore will not be as active in mate searching,
resulting in longer search times to find females.
Under these circumstances, we further predict that
older males will spend more time courting individual
females when they are encountered, to compensate
for their decreased searching activity.

Methods

Study Organism

Thornbug treehoppers range from Colombia to
southern Florida, USA (Mead 1962). This species
uses a variety of host plants, primarily in the Mimos-
aceae (McKamey & Deitz 1996). Females are monog-
amous and lay a single clutch of eggs in their
lifetime (Wood 1974). Females care for their devel-
oping young by making feeding slits on the host
plant stem, and by protecting them from predators
(Cocroft 2002). Siblings eclose to adulthood within
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2-3 d of one another and then remain aggregated
for 15-20 d before dispersing from their natal plant
(Wood & Dowell 1985; Masters 1997). Adult males
and females reach sexual maturity at approximately
12 and 21 d, respectively (De Luca & Cocroft 2008).
Males disperse earlier than females: by the time
females reach sexual maturity, 25% of males and
50% of females remain in their natal aggregation
(Wood & Dowell 1985). The life span of adult males
in the field is unknown, but males reared in a preda-
tor-free greenhouse environment do not live beyond
50-60 d. Accordingly, the period of male sexual
activity begins approximately 12 d after adult eclo-
sion and ends 4-5 wk later (De Luca & Cocroft
2008).

Insect Maintenance

We used individuals in this study that were first-
generation descendents of insects collected in and
around Miami, FL, USA, in 2006. We collected nine
family groups (20-40 individuals each) as late-instar
nymphs or teneral adults that were still aggregated.
We kept the families in a greenhouse at the Univer-
sity of Missouri (Columbia, MO, USA) and caged
each family separately on a potted Albizia julibrissin
(Mimosaceae) host plant. Approximately 1 wk after
a family eclosed to adulthood, we caged the sexes on
different A. julibrissin plants to prevent sibling mat-
ing. We produced the families used in this study
through selective mating of unrelated individuals.

Study Design

We measured male mate-searching behaviours once
per week over 4 consecutive weeks beginning at the
onset of male sexual maturity, i.e. at 12, 19, 25, and
33 d old post-adult eclosion. We conducted the
experiment between Nov. 2006 and Jan. 2007, in a
temperature controlled room (25 £ 2°C) at a green-
house at the University of Missouri. We kept humid-
ity between 40% and 50% using a humidifier and
set the photoperiod for a 13:11 (L:D) cycle.

We used two cages (145 x 68 x 92 cm) that we
monitored simultaneously. Within each cage, we
placed two potted A. julibrissin plants (approximate
plant height = 80 cm) at opposite ends. We marked
each A. julibrissin plant with coloured nail polish in
5 cm intervals along its stem, branches and petioles
to measure within-plant walking rates (see ‘Mate-
searching behaviour’” below). This method of mark-
ing the substrate has been used in previous studies
with treehoppers and does not affect either plant
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health or treehopper behaviour (Sullivan-Beckers &
Cocroft 2010).We used the same plants in each cage
for the entire duration of the experiment. After each
set of observations was completed, we washed the
plants with a mild detergent soap to remove any
potential chemical cues left by the previous group of
insects, and we re-marked the plants with nail polish
as needed.

We examined males from 12 different families.
We randomly selected individuals from their respec-
tive family groups for use in this study. We first
placed six adult sibling females into each cage (three
per plant), placing them near the tops of the plants.
Females did not move off the plant they were placed
on, and tended to remain in the same location near
the top of the plant where the foliage was thickest
throughout an observation period. Females were 10—
15 d old post-eclosion and so were not yet sexually
mature (see ‘Courtship behaviour’ below). We kept
female age constant over the duration of the experi-
ment by using different females each week of the
correct age drawn from our greenhouse colony.
Once females were in the cages, we then immedi-
ately placed six sibling males (three per plant), near
the base of the plants. Males were not related to
females within the same cage. We marked each male
with a numbered plastic tag (3 mm?) glued to the
left side of the pronotum. We allowed insects to set-
tle for approximately 1 h before observations began.
When occasional mortality reduced the number of
males in a family, we reduced the number of
females in that cage accordingly to maintain an
equal sex ratio within the cages. This ratio occurs in
natural populations in Florida where our colony was
derived (Wood & Dowell 1984).

When focal males were not being observed, we
kept them with their brothers on a potted A. julibris-
sin plant enclosed within a screen cage in another
room in the greenhouse. During this time, they were
kept with an equal number of unrelated females.
We did this to provide males the opportunity to
interact with females as they would in nature, so
that during the observation periods the behaviours
we observed would be as natural as possible, and
not the result of sexually mature (and naive) males
being isolated from females for extended periods of
time.

Male Condition

We weighed males individually on an electronic bal-
ance (Ohaus AS64) to the nearest 0.1 mg prior to
placing them into a cage for observations. Because it
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was necessary to glue the identification tag to the
males prior to beginning observations, we subtracted
the tag’s weight from the male’s weight before cal-
culating its condition. We calculated condition for
each male each week by taking the ratio of body
mass to an index of volume (Cotton et al. 2004).The
pronotum of U. crassicornis (as with all species of
treehoppers) extends over the entire dorsal surface
of the body and thus provides a good approximation
of body volume (Wood & Morris 1974). Accordingly,
we multiplied three measures of the pronotum
(length, width, and height) to estimate body volume.
We measured each male’s pronotum twice to the
nearest £0.01 mm with Manostat calipers, and we
used the average values in the analysis.

Mate-Searching Behaviour

We examined age-based changes in flight activity
and within-plant movement. For each of the four
age classes, we made observations of both cages
every 15 min for 3 consecutive hours. During obser-
vations, we recorded the location of each male as
well as the occurrence of any courtship encounter.
Recording male locations in each cage wusually
required approximately 5 min; we spent the remain-
ing time conducting scan sampling of males in both
cages to monitor the occurrence of courtship behav-
iour.

We assessed flight activity for each male by
observing how many times a male flew off the
plants during an observation period. We divided the
number of flights by the total amount of time spent
on the plants (No. flights/min) to obtain a flight
rate. Under natural conditions, males will fly from
one plant to another. In the cages, flight paths were
sometimes interrupted when males encountered the
screen. If a male flew from a plant to the screen and
then flew back to the same plant, we omitted those
two flight events from our counts. However, if a
male flew to the screen and then flew to other plant,
we included that sequence as one flight event in our
calculations. We averaged the data for all males
within the cage to obtain a family mean.

We assessed within-plant movement by calculat-
ing how far each male moved over the 3 h period.
We measured the total distance a male walked by
using the marks of nail polish on the stem, branches,
and petioles to record a male’s precise location at
each of the 15-min sampling periods, and then we
summed his total movement on the plant starting
from his initial location at the plant’s base. Prelimin-
ary observations of male movement rates suggested
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that sampling male locations as described above pro-
vided a reliable index of within-plant movement.
Occasionally, some males would walk from a plant
to the side or top of the screen cage, but these
off-plant movements were excluded to eliminate
any potential influence of the artificial substrate
on a male’s walking behaviour. This reduced total
(plant + screen) walking movement by 51% [3.98 +
2.09 cm per male (x £ SD); n = 72 males], but it did
not alter the results with respect to age-related
movement patterns. For each male, we calculated
his movement rate (cm moved/min) and then aver-
aged the data for all males within the cage to obtain
a family mean.

Courtship Behaviour

Male U. crassicornis will court both receptive and
unreceptive females (Wood 1974; De Luca & Cocroft
2008). Furthermore, in their natural habitat males
are more likely to encounter and court unreceptive
females during mate searching (Wood & Dowell
1985). We therefore decided to use immature, unre-
ceptive females which are unresponsive to male
courtship. Receptive females vary in the length of
time they permit a male to court before actively
accepting or rejecting him, and mated females will
immediately reject a courting male by shaking him
off (PA De Luca, own data). Our goal was to isolate
the effect of age on the duration of male courtship,
so by using sexually unreceptive females any varia-
tion among males would not be attributed to varia-
tion in female behaviour as a result of differences in
receptivity. For each male that courted, we first
measured the time from the start of the observation
period to when he was observed courting for the
first time. This provided a measure of how quickly
males were able to find a female and initiate court-
ship. We then measured the duration of each court-
ship encounter, starting from the time the male
climbed onto the female to when he dismounted.
We averaged courtship durations for all males within
a cage to obtain a family mean.

Statistical Analyses

Our experimental unit for all statistical analyses was
the mean response of males from one family
(n = 12). Parametric statistical analyses were con-
ducted using JMP IN v.5.1 (SAS Institute Inc. 2003).
We assessed age-based changes in male condition
using a repeated-measures ANOVA with age (fixed
effect) and family identity (random effect) as factors.
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We log-transformed condition to achieve normality
(Shapiro-Wilk W = 0.993, p = 0.35) and homogene-
ity of variance (Bartlett test, p = 0.83).

We examined the effect of age on flight activity
using a non-parametric Quade test as the data could
not be normalized with an appropriate transforma-
tion (Shapiro-Wilk W = 0.539, p < 0.0001; Bartlett
test, p < 0.0001). This test is analogous to the Wilco-
xon signed rank test for more than two groups and
also allows for post-hoc comparisons between treat-
ment levels using an analysis specific to the Quade
test (Conover 1980).

We examined the effect of age on within-plant
movement using a repeated-measures ANOVA with
age (fixed effect) and family identity (random effect)
as factors. We log-transformed within-plant move-
ment rate to achieve normality (Shapiro-Wilk W =
0.981, p=20.62), and homogeneity of variance
(Bartlett test, p = 0.68).

We evaluated age-based differences in the time it
took males to locate a female for courtship. How-
ever, males in some families courted at only one
age, and males in other families never courted; thus,
the data were unbalanced both within and between
age classes. Accordingly, we used a non-parametric
Durbin test. This test is similar to the Quade test, but
is appropriate when there are missing cells in the
data (Conover 1980). We also used a Durbin test to
examine the effect of age on courtship duration, as
there were missing cells in that data set. We did not
include data from males that did not court (i.e.
courtship duration = 0 min) in our analyses. In some
cases, 33-d-old males continued to court even when
the 3 h observation period ended. When this
occurred, we did not disturb the individuals to allow
the courtship sequence to proceed to its own conclu-
sion.

Results

Condition was highest for 12-d-old males and
declined as males reached 19 d old but then stabi-
lized (Fs33=13.97, p<0.0001, Fig. 1A). Pair-wise
multiple comparisons revealed differences only
between males aged 12 and 19, 12 and 25, and 12
and 33 d (x = 0.05, critical # = 2.03 for multiple com-
parisons: 12 vs. 19d, t =4.49; 12 vs. 25d, t = 5.43;
12 vs. 33d, t=5.64; all p<0.0001). Mortality
reduced the number of males over the course of the
experiment. The mean proportion of surviving males
at 19, 25, and 33 d was 0.72, 0.66, and 0.61, respec-
tively. No family suffered complete mortality before
the end of the study period.
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Flight rates were highest for 12- and 19-d-old
males and then decreased for 25 and 33 d old males
(Quade test: n =12 families, t=4.62, p < 0.05;
Fig. 1B). Males never flew between locations on the
same plant, but rather flew between plants or from
a plant to the cage screen. Pair-wise multiple com-
parisons revealed differences only between males
aged 12 and 25, 12 and 33, 19 and 25, and 19 and
33 d (o = 0.05, critical t = 82.01 for multiple compar-
isons: 12 vs. 25d, t=116.5; 12 vs. 33 d, t = 97.5; 19
vs. 25d, t=114.5 19 vs. 33d, r=99.5 all
p < 0.05).

Within-plant movement varied with age (F533 =
3.83, p =0.02, Fig. 1C). Walking rates increased as
males aged from 12 to 19d and then stabilized.
Pair-wise multiple comparisons revealed differences
only between males aged 12 and 19, and 12 and
25 d (o = 0.05, critical ¢t = 2.03 for multiple compari-
sons: 12 vs. 19d, t=2.98; 12 vs. 25d, t=3.07; all
p < 0.005).

(a) Condition index
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We never observed males from the youngest age
class (12 d) engaging in courtship behaviour. We
recorded courtship events from males from eight
families only. The time it took a male to find a
female and initiate courtship increased significantly
from 19 to 25 d and then stabilized (Durbin test:
n = 8 families, t = 6.5, p = 0.039, Fig. 1D). Pair-wise
multiple comparisons revealed significant differences
only between males aged 19 and 25, and 19 and
33 d (x = 0.05, critical t = 1.89 for multiple compari-
sons: 19 vs. 25d, t =4, p<0.05;, 19 vs. 33d, t =6,
p < 0.05).

We observed a total of 88 courtships. Within
each age class, there were 33 (19d old, n =52
males), 41 (25 d old, n = 48 males), and 14 (33 d
old, n = 44 males) courtships observed. There was
no significant difference in average courtship dura-
tion between age classes (Durbin test: n = 8 fami-
lies, t=4, p=0.13, Fig. 1E), although 33-d-old
males had the longest maximum courtship times,

(b) Flight rate

0.15- 0.024
] 2 a
0.1454 g 0.02 a
% p z
2 oo0l4q 7 5 0016
; 1 =
_g 0.1354 b b g 0.012+4
3 1 b >
£ 0134 2 0.008-]
S ] =z b b
0.1254 & 0.004-
1 [
0.124 0-
r T T T 1 T T T T 1
12 19 25 33 12 19 25 33
Age (d) Age (d)
_ (c) Within-plant movement (d) Time to first courtship
£ 69 100 b
£ £ 904
5 o b £ b
z b = 804
=
2 44 ab Z 704
3] el = 60
2 3 a
g 34 a % 504
E 2 404
= 2 2
£ £ 304
= =
= 20
B r T T T 1 r T 1
12 19 25 33 19 25 33
Age (d) Age (d)
- (€) Courtship duration Fig. 1: The effect of age on different aspects

Courtship duration (min)

of mate acquisition behaviour in Umbonia
crassicornis. (A) Physical condition. (B) Flight
rate. (C) Within-plant movement. (D) Time to
first courtship. (E) Courtship duration. Graphs
A-D show the x + SE. Box-plot in E shows
the 90th, 75th, median, 25th, and 10th per-
centiles, with black squares representing the
mean. For all graphs, letters indicate age
groups that were significantly different follow-
ing post-hoc tests.
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which in three cases exceeded the 3 h observation
period.

Discussion

In thornbug treehoppers, age has a significant effect
on mate-searching behaviour. In contrast to our first
prediction, older (25 and 33 d) males did not
increase mate-searching effort relative to younger
(19 d) males even though their condition did not
decrease. Rather, younger males found and initiated
courtship with females in approximately half the
time required by older males, possibly as a result of
their greater rates of plant-to-plant flight. Our dis-
cussions below are limited to comparisons among
the three oldest age classes (19, 25, and 33 d old) as
it is within this age range that the complete reper-
toire of mate acquisition behaviour in U. crassicornis
was expressed. The high level of flight activity and
low within-plant movement rates for 12-d-old males
are consistent with the onset of dispersal that occurs
at this age (Wood & Dowell 1985; Masters 1997).
Furthermore, the complete lack of courtship behav-
iour indicated that 12-d-old males were not yet
searching for females.

Although condition remained stable for males
aged 19-33 d, the sharp decline in flight activity
after 25 d suggests that some (as yet undetermined)
factor affected the ability of older males to sustain
high flight rates. The ratio of mass to volume we
used to characterize condition is one of several indi-
ces that are used (Otronen 1995; Blanckenhorn &
Hosken 2002; Kotiaho 2002; Cotton et al. 2004), yet
this condition proxy does not explain the decline in
flight activity for older thornbug males. It is there-
fore possible that other age-related physiological pro-
cesses are affecting older males so their flight activity
is reduced. For example, changes in the structure
and composition of insect flight muscles are com-
monly linked to a decrease in flight in older males
(Sohal 1976; Collatz & Wilps 1986; Casey 1989;
Matsubara et al. 2005). Reductions in carbohydrate
and lipid reserves used to supply flight muscles with
energy may also affect flight activity (Kutsch 1989;
Marden & Rollins 1994; Otronen 1995; Marden
2000; Roberts & Elekonich 2005), although changes
in mass from 19 to 33 d were not large enough to
indicate that older males had lost significant energy
reserves. Whatever the cause of reduced flight activ-
ity, within-plant walking rates did not undergo the
same age-related decline, which suggests that walk-
ing behaviour may not be as sensitive to the kinds
of physiological processes that reduce flight activity.
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Nevertheless, as male thornbugs must actively seek
out stationary females, the walking rates exhibited
by older males were not nearly sufficient to compen-
sate for their low flight activity as evidenced by the
longer search times needed to locate females.

What might explain the higher female encounter
rates of younger males, given that they did not have
higher rates of within-plant movement? Our sam-
pling method did not provide us with individual
search paths, but we hypothesize that the success of
younger males in locating females is because of their
greater rates of plant-to-plant flight. This could be
the case if flying males are guided (perhaps by visual
cues) to sites where females are most likely to be
encountered. Female thornbugs are typically found
near the growing tips of branches in their natural
habitat (Wood & Dowell 1985; Masters 1997; Cocroft
2002), so any cues that would allow the insects to
identify new growth (see Coley & Barone 1996)
would also bias searches towards likely female loca-
tions (see Hunt & Nault 1991). Flight may increase
encounter rates relative to within-plant walking,
which might take longer as a consequence of plant
architecture (e.g. a male moving from one branch
tip to the next must traverse the length of both
branches and the intervening main stem). Although
older males would also be expected to fly towards
probable female locations, their flight rates were
over four times lower than those of younger males.
Given that female thornbugs mate only once in their
lifetime, younger males that are able to locate a dis-
persed female first are thus likely to have a signifi-
cant mating advantage over older rivals.

The lack of a difference in average courtship dura-
tions between age classes was unexpected, especially
because condition did not decline as males aged. In
many species older males often display a longer will-
ingness to persist in reproductive behaviours such as
courtship, even when they are in poor condition
(Woodhead 1986; Andersson 1994; Felton et al.
2006; Kemp et al. 2006; Fischer et al. 2008; Kemp
2008; Engqvist 2009). Although some males in the
oldest age class courted for the longest maximum
times (e.g. 200 min vs. 120 min for 19 d old males),
the low number of courtships suggests that older
males were not increasing courtship effort in
response to low flight activity. Furthermore, given
that courtship durations varied greatly within age
groups, it appears that males were making choices
regarding courtship investment that were not age-
dependent. Instead, the time a male devoted to
courtship might have been based on an assessment
of the cost/benefit ratio of actively searching for
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receptive females vs. stationary courtship of a female
of unknown receptivity status (Parker 1974, 1978;
Engqvist 2009). Some males (regardless of age) may
therefore have been more willing to remain with a
female for several hours and devote their effort to
courtship, rather than continued mate searching,
whereas other males chose the opposite approach. If
males were aware that females were unreceptive
courtship times should have been uniformly short,
but average times ranged from 30 to 60 min across
age classes, suggesting that males were unable to
determine a female’s receptivity status. It is possible
that low courtship times were the result of males
becoming familiar with females in the cage, and thus
promptly terminating an encounter with a previ-
ously courted female (Jordan & Brooks 2010).
Another factor that may have contributed to varia-
tion in courtship duration among males was interfer-
ence competition. Females in this study were
sometimes courted by two males simultaneously, a
situation that is common in natural populations
(Wood 1974; Wood & Dowell 1985). Although we
did not assess the extent of male competition during
courtship, it is possible that for some males courtship
decisions were influenced by the presence of other
competing males in the vicinity (Schafer & Uhl
2003; Radwan et al. 2005; Wong & Candolin 2005),
although additional research is needed to test this
hypothesis.

One aspect of thornbug searching behaviour that
we did not evaluate for age-related increases in
effort was mate advertisement signalling. Establish-
ing a duet with a sexually receptive female is one
way for a male to achieve pair formation in U. crassi-
cornis (Cocroft & McNett 2006; De Luca & Cocroft
2009). However, in their natural habitat males must
also conduct mate searching without the benefit of
female reply vibrations (Wood & Dowell 1985), and
our experiment was specifically designed to investi-
gate age effects on searching behaviour under these
conditions. Accordingly, the relationship between
age and signalling effort remains an avenue for
future research in this species. Age-related increases
in signalling effort occur in many species (reviewed
in Brooks & Kemp 2001), and if older thornbug
males increased calling rates when searching within
a plant, it could compensate for their reduced flight
activity if it helped to increase encounter rates with
sexually responsive females (Scheffer et al. 1996;
Bailey 2003; Miranda 2006; Stewart & Sandberg
2006).

In conclusion, our study reveals that flight activity
is more important than within-plant walking for
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mate-searching thornbug males when females are
sparsely distributed, and furthermore, males may be
investing so heavily in flight at younger ages that
they are unable to allocate resources to maintain
high flight activity when they get older. Accordingly,
these findings imply a mating advantage for younger
thornbug males when active searching is required to
locate dispersed females. However, a previous study
with U. crassicornis found that older males are more
successful at mating when females are tightly aggre-
gated in family groups (De Luca & Cocroft 2008).
We offer an explanation to reconcile the present
results with those of the former study. Recall that
females can mate in one of two social contexts:
while still in their natal aggregation or after dispers-
ing (Wood 1974; Wood & Dowell 1985). For pre-
dispersal females that are still aggregated with their
family, mating decisions are biased towards older
males, probably because older males are more fre-
quent visitors to these high-density aggregations and
perform more courtships here as well (Wood & Do-
well 1985; De Luca & Cocroft 2008). However,
under low-density conditions, i.e. when females are
dispersed, mating likely favours younger males as
their greater rates of plant-to-plant flight enable
them to locate females much faster. Accordingly,
whether younger or older thornbug males are more
successful at mating may depend greatly on the
social environment (high vs. low female density)
experienced during mate searching, in addition to
individual differences among males in their ability to
solicit matings from females.
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