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1  |  INTRODUC TION

Sexual ornaments can reveal information to conspecifics about how 
good a male is as a partner, competitor or parent (Andersson, 1994). 
Such sexual signals often correlate with body size, with larger males 
carrying larger and more conspicuous ornaments (Kodric- Brown 
et al., 2006). Static allometric scaling (sensu lato) of sexual ornaments 
with body size is widespread and has been documented across a 
broad range of taxa (reviewed by Bonduriansky, 2007; Kodric- Brown 
et al., 2006). As body size is also commonly associated with viabil-
ity and outcome of male- male competition (Benson & Basolo, 2006; 
Kingsolver & Huey, 2008; Mitchem et al., 2019; Sokolovska et al., 

2000), body size- dependent sexual ornaments are often used in as-
sessment of potential mates or rivals in mate choice and male- male 
competition.

Body size dependence, however, is not unique to sexual or-
naments because nearly all structural traits scale with body size. 
Theory posits that a signalling trait under sexual selection should 
exhibit steeper isometric, or sometimes, allometric scaling with body 
size than morphological traits that are not under sexual selection 
(Bonduriansky & Rowe, 2005). This is because when a sexual orna-
ment is under directional sexual selection, the fitness return of the 
signal is expected to increase with resource allocation to it, which 
in turn, favours individuals that allocate as much of their resource 
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Sexual ornaments, signalling individual quality to choosy females or rival males, often 
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ual's ornaments are derived (i.e. its affordability) is essential for understanding the 
maintenance of honesty of sexual signals.
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pool as possible towards the sexual ornament until it is countered by 
natural selection (Bonduriansky & Day, 2003; Rowe & Houle, 1996). 
In comparison, a non- signalling trait would have lower fitness return 
from increased allocation, hence, is expected to receive a base- line 
level of resource allocation and exhibit a base- line degree of body 
size scaling (Bonduriansky, 2007). In addition, ornaments with a 
steeper scaling relationship with body size often show a higher level 
of phenotypic variance (Cotton et al., 2004), making such ornaments 
more effective in accentuating variation in the underlying signalling 
content (Emlen & Nijhout, 2000).

Resource allocation plays a central role in the expression of 
sexual ornaments, especially when resources required for develop-
ing the ornaments are limiting. Yet, most of our understanding on 
resource allocation of sexual ornaments comes from indirect em-
pirical data on phenotypic trade- offs between sexual ornaments 
and other traits (e.g. Baeta et al., 2008; Contreras- Garduño et al., 
2008; Simmons & Emlen, 2006), likely because the specific resource 
needed for expressing sexual ornaments is not conducive to direct 
quantification. Whereas phenotypic data on trade- offs can reveal a 
competing relationship between the expression of sexual ornaments 
and other traits, such evidence only offers indirect insights into the 
mechanistic causation between resource allocation and expression 
of sexual ornaments. In addition, a comprehensive understanding of 
resource allocation requires knowledge of both the amount of re-
source allocated to the trait of interest and the total available re-
source pool. The latter is important because it provides a context 
within which affordability of a specific amount of investment can be 
interpreted. Using a simple hypothetical example, assume it costs 
one thousand dollars to add a bedroom to a house. Although the 
absolute marginal cost of expanding the house is the same across 
homeowners with different incomes, the affordability of adding a 
bedroom varies with income: A thousand dollars is more affordable 
for someone with an income of one million dollars than for someone 
with an income of five thousand dollars. By analogy, understanding 
the affordability of a signal enhancement requires knowing the re-
source pool, which is often elusive or difficult to quantify.

One outstanding question about resource allocation of sexual 
ornaments concerns allocation to the ornaments in relation to the 
resource pool (i.e. ‘affordability’ of the ornament). Although it is 
generally agreed that larger males are expected to allocate more to-
wards expressing sexual ornaments, the resource pool from which 
the allocation is made is also expected to increase with body size. 
Thus, whether relative resource allocation (i.e. the proportion of 
total resource allocated to sexual ornaments) changes with body 
size remains an open question. If allocation to sexual ornaments and 
total resource increase with body size at the same rate, then the pro-
portion should be invariable with body size (Figure 1). Alternatively, 
if allocation to sexual ornaments increases at a faster rate than the 
resource pool, we expect the proportion of resource directed to-
wards sexual ornaments to increase with body size. Conversely, if 
allocation to sexual ornaments increases at a slower rate than the 
resource pool, we expect the proportion of resource directed to 
sexual ornaments to decrease with body size. These scenarios have 

contrasting implications for the fitness payoff as well as the main-
tenance of honesty of sexual ornaments. For example, increasing 
relative allocation should reflect an increasing fitness return and de-
creasing affordability of the signal as body size increases. Yet, empir-
ical data on relative allocation remain scant (Kotiaho, 2001).

Here, we present evidence for negative body size- dependent 
resource allocation underlying the development of positive body 
size- dependent wax- based sexual ornaments in the neotropical 
giant damselfly Megaloprepus caerulatus, a rare system where both 
resource allocation to sexual ornaments and the resource pool 
from which the allocation is made can be directly measured. In 
M. caerulatus, both males and females have iridescent blue wing 
bands (Figure 2). This structural colour trait provides a visual sig-
nal that flashes with each wing stroke. Whereas the blue band 
showed negative allometry, the flashing feature of this signal 
likely serves both sexes in attracting the attention of conspecif-
ics (Schultz & Fincke, 2009). In addition to the blue wing band, 
females have white tips, a cue of their sexual identity, whereas 
males have relatively clear wing tips (Schultz & Fincke, 2009). 
Additionally, males have a sex- specific white wing band proximal 
to the blue band (Figure 2a). The male white wing band and fe-
male white wing tip are structural colours made of nano- sized wax 
crystals secreted by epidermal cells and transferred to the wing 
surface by a canal system (Gorb et al., 2000; Schultz & Fincke, 
2009). These wax filaments can cause Mie scattering, giving the 
appearance of the white colour (Schultz & Fincke, 2009). Fatty 
acids stored in fat reserves serve as a precursor for wax synthesis 
in insects (Arrese & Soulages, 2010). Therefore, fat reserve stored 
in the body represents the resource pool from which wax used to 
produce the male white wing bands and female white wing tips 
is allocated. Interestingly, newly emerged immature males have 
female- like white wing tips, which significantly dim within 36 h 

F I G U R E  1  Diagram of three hypothetical examples where 
proportion of resource allocated to sexual ornaments increases, 
remains the same or decreases with body size. The light- coloured 
circles indicate resource pools and the dark- coloured pie sections 
represent proportions of resource allocated to sexual ornaments
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(herein), rendering most of the male wing tips almost transparent 
in sexually mature adult males (Fincke et al., 2018 and herein).

In M. caerulatus, males defend water- filled tree holes in forest 
light gaps where females come to mate and lay eggs (Fincke, 1984, 
1992a). The male white wing band functions as a signal of fighting 
ability in territorial contests (Xu & Fincke, 2015). The size of the 
male white wing band increases with body size, which in turn, cor-
relates with territory ownership and mating success (Fincke, 1992a). 
Information from both size and colouration of the white wing band 
is used by males to settle territorial contests (Fincke, 1992a; Xu & 
Fincke, 2015). Controlling for body size, males with larger white wing 
bands are more likely to win territorial contests and contest dura-
tion decreases with size difference in the wing bands between two 
contestants (Xu & Fincke, 2015). In addition, males with more UV 
reflectance from the white wing band are more likely to win con-
tests. In comparison, female white wing tips signal sexual identity 
to territorial males (Schultz & Fincke, 2009). Males react sexually 
to individuals with white wing tips and experimentally blackening a 
female's white wing tips leads to aggressive reaction from territorial 
males (Schultz & Fincke, 2009).

Water- filled tree holes are a detritus- based food web where nu-
trients come from organic matter that falls into or is deposited in 
the tree holes. In such an ecosystem, nutrients are usually extremely 
limited (Kitching, 2000; Yanoviak, 2001). Male body size, which is 

under strong sexual selection, is positively correlated with the vol-
ume of the natal tree hole (Fincke, 1992a), which in turn, positively 
correlates with nutrient availability (Paradise, 2004) and the time 
available for larvae to develop before tree holes dry up seasonally 
(Fincke, 1992a; Yanoviak, 1999). Development of a larva to adult-
hood requires a water- filled tree hole of at least 0.1 L in volume 
(Fincke, 1992a) and tree species with sufficiently large tree holes 
are relatively rare (Fincke, 2006). Therefore, food availability from 
this detritus food web is a major limiting resource during larval 
development.

In this paper, we first investigate the relationship among adult 
body size, ornament size and larval food availability in a rearing ex-
periment where we manipulated food availability of full- sib larvae, 
simulating differences in tree hole volume that correlate with the 
amount of total nutrient available in nature. We also compare body 
size scaling between male white wing band area and two control 
traits, blue wing band area and squared length of the left middle leg 
femur, neither of which are expected to be under strong selection 
for size. For the wing tips in females and males, we used femur as a 
control trait. We then examine whether the male white wing band 
advertises any signalling content independent of body size. We hy-
pothesized that the white wing band may reflect flight muscle mass 
and/or fat reserves, both of which play a role in performance during 
aerial territorial contests (Contreras- Garduño et al., 2008; Marden & 

F I G U R E  2  Wing morphology of (a) 
mature male, (b) mature female and 
(c) newly emerged male showing the 
irredescent blue wing band, the white 
wing band proximal to the blue wing band, 
common to mature and immature males, 
and the white wing tip similar to that 
of mature females. Note that the white 
wing tips in (c) disappear shortly after 
emergence, becoming almost transparent 
as in (a)

(a)

(b)

(c)
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Waage, 1990). Lastly, we quantified both the wax deposited on the 
wings that forms the white wing band and tip and the fat reserve 
inside the body. Using these data, we test three alternative predic-
tions: that the proportion of fat allocated to the two wax- based, sex- 
specific ornaments (1) does not change, (2) increase or (3) decrease 
with body size.

2  |  MATERIAL S AND METHODS

2.1  |  Egg collection and food manipulation

We mated eight field- caught female M. caerulatus with unique males 
at natural territories in the lowland moist forest on Barro Colorado 
Island, Panama (9.15°N, 79.85°W) during the wet season between 24 
September and 17 November 2010. After a mating was completed, 
the female was caught and placed in a plastic jar with wet filter 
paper as oviposition substrate to lay eggs (Fincke & Hadrys, 2001). 
Its lengthy and unique copulation behaviour indicates M. caerulatus 
uses repeated bouts of sperm removal and replacement to achieve 
last male sperm precedence; we assume that eggs laid immediately 
after a mating are full siblings (Fincke, 1984, 2011; Fincke & Hadrys, 
2001).

Eggs from different families were placed in separate plastic con-
tainers with 1 L aerated water to develop. Hatchlings from a fam-
ily that hatched on the same day were placed in plastic containers 
in groups of 5 with 250 ml aerated water and ad lib. brine shrimp 
eggs, which hatch readily in freshwater. Once a larva reached 4 mm 
in body length, it was randomly assigned to one of three food treat-
ments. Larvae from the high, medium and low food treatments 
were fed every one, two, and four days respectively. Live one- day- 
old Physalaemus pustulosus tadpoles and mosquito larvae roughly 
5 mm in length were used as food sources, both natural prey of 
M. caerulatus (Fincke, 1992b). The mean dry weight of the tadpoles 
and the mosquito larvae used were 0.75 ± 0.02 mg (n = 29) and 
0.47 ± 0.03 mg (n = 18) respectively. The amount of food per feed-
ing was adjusted for larval size across all three treatments: 4– 7 mm 
larvae received two tadpoles or 6 mosquito larvae, 7– 10 mm larvae 
received four tadpoles or 8 mosquito larvae, larvae between 10 
and15 mm received six tadpoles or 10 mosquito larvae, and lar-
vae > 15 mm received 8 tadpoles. Larvae < 15 mm in body length 
were kept individually in small plastic containers with 200 ml water, 
whereas those >15 mm were kept individually in large plastic con-
tainers with 1 L water. All containers had dead leaves as perching 
sites. We changed water and cleaned the containers after each larval 
moult. All larvae were reared in an outdoor screened shed with nat-
ural light cycle, humidity and temperature.

2.2  |  Adult trait measurements

Once a final instar larva with swollen wing pads stopped feed-
ing, signalling imminent emergence, we moved its container into 

a cylindrical emergence cage made of window screen. A newly 
emerged adult was kept in its cage for 36 h until its wings dried, after 
which it was frozen. Loss of white colouration on the male wing tips 
occurred within 36 h. We photographed the left hindwing of male 
and female offspring with a ruler in view and measured the area of 
the hindwing, the male white wing band, the male blue wing band, 
and both male and female wing tips (i.e. the area between the outer 
edge of the blue band and the edge of the wing) in ImageJ (National 
Institutes of Health, Bethesda, USA). Hindwing area was used as a 
proxy for body size (Fincke & Hadrys, 2001). The femur length of the 
left middle leg was measured with digital callipers. In addition, we ob-
tained relative reflectance spectra of the male white wing band and 
the female white wing tip from left hindwing using an OceanOptics 
SD 2000 spectrometer with a PX- 2 xenon light source (OceanOptic, 
Dunedin, USA). In the relative spectrum, 0 was calibrated by tak-
ing a measurement in a dark room and 100 was calibrated using a 
WS- 1- SL diffuse reflectance standard (OceanOptic, Dunedin, USA). 
We measured brightness (i.e. total relative reflectance) of the white 
wing traits from the reflectance spectra interpolated between 300 
and 700 nm.

We measured the amount of thoracic muscle in male offspring by 
dissolving the muscle tissue in 0.35 mol/L NaOH solution according 
to a method described by Marden (1987). In addition, we measured 
the amount of wax on the wings that made up the white bands and 
tips and fat reserve inside the body using a Soxhlet extraction pro-
cedure (Marden, 1989). Briefly, we soaked samples in chloroform 
under room temperature for 8 h and then extracted fat in a Soxhlet 
apparatus with boiling chloroform for 8 h. After the extraction, the 
male white wing bands and the female white wing tips completely 
disappeared, confirming that our fat extraction protocol was effec-
tive in extracting wax from the wings. Because 36 h after emergence 
when we sacrificed adults, the males’ white tips had almost com-
pletely disappeared (see Figure 2a,c), and the wax extracted from 
male wings was primarily from the male white wing bands.

2.3  |  Statistical analyses

In all statistical analyses below, we used linear mixed models (LMMs) 
with family as a random effect variable. Individual ID was used as an 
additional random effect variable nested within family when mul-
tiple measures from one individual were used in a model. We ex-
amined the relationship between larval food availability and body 
size as well as wing traits using LMMs with body size (i.e, hindwing 
area) or area of the white wing band, the blue wing band and female 
wing tips as the dependent variable. Because larval developmental 
time decreased with more food fed (see Supplementary Material), 
we used total dry weight fed, instead of treatment, as a continuous 
fixed effect variable in the above LMMs.

To examine body size scaling of the wing traits, we used LMMs 
with wing ornament area as the dependent variable and body size 
as a fixed effect variable. To account for the large difference in the 
scale of the area of different wing traits, we standardized trait area 
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by taking the difference between trait area measurement and the 
mean trait area and then dividing it by the mean trait area. To inves-
tigate whether the male white wing band and female white wing tip 
showed different degrees of body size scaling from control traits, 
we tested for a significant trait by body size interaction. In those 
models, we used the squared femur length to make it comparable 
with area measures of wing colour traits. Relationships between the 
brightness of the white wing band and larval food availability as well 
as body size were also examined using similar LMMs with brightness 
as the dependent variable and body size as a fixed effect variable.

To test whether the male white wing band signalled quality inde-
pendent of body size, we first calculated the standardized residuals 
from regressing white wing band area on hindwing wing area and 
then performed LMMs with the residual as the dependent variable 
and fat reserve or thoracic muscle mass as the independent variable. 
A significant relationship would signify that fat reserve or thoracic 
muscle mass can explain additional variance in white band area that 
body size fails to explain and hence would indicate that the white 
band signals either fat reserve or thoracic muscle mass independent 
of body size. In the model for fat reserve, we excluded one individual 
representing an outlier (see grey arrow in Figure S1a). Including this 
individual did not change any conclusion.

To investigate resource allocation towards the male white wing 
band and the female white wing tip, we first confirmed that more 
total dry weight fed resulted in more total fat in adults. We then 
tested whether fat reserve inside the body and wax deposit on the 
wings increased with body size using LMMs with fat reserve or wing 
wax as the dependent variable and wing area as a fix effect variable. 
We also examined whether wax density on the white wing band var-
ied with body size to understand the marginal production cost of this 
signal. Wax density was calculated as the amount of wax on the wing 
divided by the area of the white band. To examine whether individ-
uals of different body size allocated fat differently, we used LMM to 
test the effect of wing area on arcsine transformed fraction of total 
fat deposited on the wings.

Linear mixed models were run using package lme4 in R (version 
3.6.3, R Core Team, 2020). Throughout, means are shown with stan-
dard errors.

3  |  RESULTS

3.1  |  Nutrition sensitivity, body size scaling and 
information content of the male white wing band

Among 42 F1 males, hindwing area increased with total dry weight 
fed (χ2

1 = 11.29, p = 0.001, Figure 3a). Similarly, the area of the white 
band, blue band and squared middle femur length also increased 
with total dry weight fed (white band: χ2

1 = 7.95, p = 0.005, blue 
band: χ2

1 = 6.54, p = 0.01, middle femur: χ2
1 = 22.19, p < 0.001, 

Figure 3b- d). Standardized area of white band, blue band and 
squared middle femur length increased with wing area (white 
band: χ2

1 = 19.25, p < 0.001, blue band: χ2
1 = 49.23, p < 0.001, 

middle femur: χ2
1 = 35.46, p < 0.001, Figure 4a). The three male 

traits differed significantly in their isometric scaling with body size 
(χ2

1 = 34.2, p < 0.001, Figure 4a). Specifically, the white band area 
increased with body size at a steeper slope (b = 0.002) than both 
the blue band (b = 0.001, χ2

1 = 4.49, p = 0.03) and femur (b = 0.001, 
χ2

1 = 26.84, p < 0.001). In addition, the brightness of the white band 
increased with wing area (χ2

1 = 5.25, p = 0.02, Figure 5a).
On average, fat reserve and flight muscle made up 8.5 ± 0.3% and 

25.8 ± 0.2% of total dry weight of male offspring respectively. The 
residual white band size explained neither fat reserve (χ2

1 = 2.34, 
p = 0.13, Figure S1a) nor flight muscle mass (χ2

1 = 0.97, p = 0.32, 
Figure S1b).

3.2  |  Nutrition sensitivity and body size 
scaling of the wing tip

Among 63 F1 females, body size and white tip size increased with 
total dry weight fed (body size: χ2

1 = 31.20, n = 63, p < 0.001, wing 
tip: χ2

1 = 8.92, n = 63, p = 0.002, Figure S2). The area of both the fe-
male white wing tip and male's nearly transparent wing tip increased 
with body size (female: χ2

1 = 65.23, p < 0.001, male: χ2
1 = 70.06, 

p < 0.001, Figure 4b), and the slopes did not differ between the 
sexes (female: b = 0.0017, male: b = 0.0019, χ2

1 = 1.45, p = 0.23, 
Figure 4b). Unlike the male white band, the brightness of the female 
white wing tip did not change with body size (χ2

1 = 0.19, p = 0.66, 
Figure S3). Using standardized trait value, the area of female and 
male wing tip increased with body size at steeper slopes than the 
female squared middle femur length (b = 0.0008) and male squared 
middle femur length (b = 0.001) respectively (female: χ2

1 = 10.75, 
p = 0.001, male: χ2

1 = 8.56, p = 0.003, Figure 4b).

3.3  |  Resource allocation to the male white wing 
band and female white wing tip

We extracted fat from a total of 42 and 52 male and female offspring 
respectively. Total dry fat mass increased with total dry weight fed 
in both sexes (male: χ2

1 = 11.66, p = 0.001, female: χ2
1 = 39.04, 

p < 0.001). On average, males and females allocated 23.1 ± 0.7% and 
23.8% ± 0.8% of total fat towards white wing bands and white wing 
tips respectively. The absolute amount of fat reserve and wax on 
the wings both increased with body size for both males and females 
(males: fat reserve: χ2

1 = 23.60, p < 0.001, wing wax: χ2
1 = 27.03, 

p < 0.001, Figure 6a, females: fat reserve: χ2
1 = 34.40, p < 0.001, 

wing wax: χ2
1 = 32.09, p < 0.001, Figure 6b). Wax density of the male 

white wing band did not change with body size (χ2
1 = 0.32, p = 0.57), 

whereas wax density of the female white wing tip increased with 
body size (χ2

1 = 33.61, p < 0.001). The proportion of fat allocated 
to the wings decreased with body size for both males (χ2

1 = 4.11, 
p = 0.04, Figure 7a) and females (χ2

1 = 5.75, p = 0.02, Figure 7b). 
In male offspring, the highest proportion of fat allocated to the 
wing was 31.8% in males, made by the smallest male (wing area of 
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512.3 mm2), compared with the lowest proportion of 14.9% made by 
the fifth largest male (wing area of 712.0 mm2, Figure 6a). The alloca-
tion by the smallest male resulted in a white band of 88.05 mm2 with 
a relative brightness of 4.31%, compared with a band of 157.2 mm2 
with a relative brightness of 7.01% of the male allocating only 14.9% 
of his fat.

4  |  DISCUSSION

Conspicuous sexual ornaments are common in nature yet systems 
that offer a direct view of the physiological mechanisms underlying 
the production and maintenance of such signals are rare (Warren 
et al., 2013). Here, by taking advantage of the damselfly M. caerula-
tus, where both investment in the sexual ornaments and the size of 
the resource pool from which investment is allocated can be directly 
assessed, we found negative body size- dependent relative resource 
allocation underlies heightened body size scaling of wax- based sex-
ual ornaments.

We found that both body size and the size of the male white wing 
band are sensitive to food availability during larval development. 
Since adult body size does not change after emergence in this spe-
cies, this common relationship with larval nutrition renders the male 
white wing band an appropriate trait to signal body size. Indeed, the 
male white band is positively correlated with body size but not fat 
reserve or thoracic muscle mass controlling for body size, indicat-
ing this ornament is primarily a signal of body size but not fat or 
muscle content. The relationship between the male white wing band 
size, larval nutrition and body size, which is a primary determinant 
of male territorial ownership (Fincke, 1992a), reflects a causal link 
between larval development and reproductive success. In addition, 
the lack of a relationship between the white band and fat reserves 
of immature males, controlling for body size, contrasts with findings 
from Calopteryx damselflies where fat reserves of mature males 
play a large role in determining contest outcome (Marden & Rollins, 
1994; Marden & Waage, 1990). Whereas those contests are fre-
quent, highly escalated, and prolonged, sometimes lasting for hours, 
contests in Megaloprepus are less frequent, typically much shorter, 

F I G U R E  3  Positive relationships between total dry weight fed and area of (a) hind wing, (b) the white wing band, (c) the blue wing band 
and (d) squared femur length in male offspring

(a) (b)

(c) (d)
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lasting on the scale of seconds, and are often resolved without es-
calation (Fincke et al., 2018; Xu & Fincke, 2015). The frequency and 
nature of contests by mature M. caerulatus suggest that selection on 
fat reserve and flight muscle mass in the context of territorial con-
tests may have been relaxed compared with species with escalated 
and prolonged contests.

The finding that the male white wing band showed steeper body 
size scaling than control traits has implications for the efficacy of this 
sexual ornament. Without coloured wing ornaments, the otherwise 
completely transparent wings of M. caerulatus would be difficult 
to see and compare by conspecifics. The white, UV reflective wing 

band is conspicuous against the dark, UV absorbing forest back-
ground (Endler, 1993, also see Rüppell & Fincke, 1989, video online 
at https://doi.org/10.3203/IWF/E- 2976 eng#t=0,00:36), offering an 
easily perceivable advertisement of body size. Furthermore, when 
initiating a territorial contest, males typically face off with each 
other, during which the wings of the contestants are displayed while 
hovering, a behaviour that should facilitate perception and compar-
ison of the wing bands. The steeper slope of the white wing band 
effectively augments the difference in body size compared with 
control traits, rendering the white wing band an amplifier (Emlen & 
Nijhout, 2000), facilitating the comparison of body size during aerial 
contests.

Like the male white wing band, the sexually dimorphic white 
wing tip of females also showed sensitivity to food availability during 
larval development and steeper body size scaling in adults. This trait 
signals sexual identity to territorial males, who use the information 
to decide whether to fight or mate with the individual coming to the 
territory (Schultz & Fincke, 2009; Xu & Fincke, 2015). Although it 
is unclear whether and how the size of the female trait affects its 
function, the steeper body size scaling of the female white wing tip 
suggests that this trait may be also under selection for size, perhaps 
because larger size improves the detectability of a potential mate 
for territorial males. On the contrary, the white wing tip in newly 
emerged males, which disappears within 36 h, is not expected to be 
under selection for its size, but exhibited similar steeper body size 
scaling, likely due to genetic and/or developmental correlation with 
the female wing tip. The fact that males of M. brevistylus, the most 
ancestral species of the genus Megaloprepus (Feindt, 2019), along 
with the two other congeners, have more female- like white wing 
tips (Fincke et al., 2018) and that the white wing tips of M. caerulatus 
males disappears shortly after emergence is consistent with a devel-
opmental constraint.

F I G U R E  4  Relationship between body size, measured as 
hindwing area, and standardized trait size for the (a) white wing 
band, the blue wing band and squared femur length in male 
offspring and (b) wing tip and squared femur length in male and 
female offspring from eight families. Trait size was standardized by 
taking the difference between a trait size measure and the mean 
trait size, divided by the mean trait size. Here, intercepts estimated 
from all families pooled and slope coefficients estimated from the 
linear mixed models are shown in the figure. Coefficients from the 
linear mixed models allowing family specific intercepts are reported 
in Results
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Although sexual ornaments are widespread, the physiological 
mechanism underlying their development remains unclear in most 
cases. Perhaps, the only other direct empirical data to date come 
from carotenoid- based colour ornaments where the precursor for 
the pigments cannot be synthesized de novo and come exclusively 
from an individual's diet (Blount & McGraw, 2008; Pérez- Rodríguez, 
2009; Peters, 2007; Svensson & Wong, 2011). Our results offer 
another rare and direct view into resource allocation for the devel-
opment of a sexual ornament. Data showed that smaller males, not 
larger males, invested disproportionally more resource towards the 
white wing band; a similar pattern is also seen for the female white 
wing tip. In fact, compared with the male that spent the lowest pro-
portion of the total fat on white wing band, the smallest male allo-
cated more than twice his proportion of total fat to the white wing 
band (Figure 7a), but still his white wing band was roughly only half 
the size and 40% less bright (Figure 5) than the male investing the 
lowest proportion of fat to his ornament. These results highlight that 

knowing the affordability of a sexual signal is key to understanding 
the mechanism underlying its honesty.

Importantly, this finding demonstrated that ‘affordability’ of 
exaggeration should not be interpreted outside the context of the 
resource pool. We found that wax density did not change with male 
body size, indicating that the absolute amount of wax needed to ex-
aggerate one unit area of wing band (i.e. marginal production cost 
of cheating) was the same for small and large males. Yet because 
smaller males begin with small fat reserves and spend a dispropor-
tionally larger proportion of the fat reserve to develop the white 
wing bands, the extra fat required for exaggeration, although the 
same absolute amount as for larger males, is less affordable and may 
involve higher survival risk. Condition- dependent cost of exagger-
ation is, in fact, the crux of the condition- dependent handicap hy-
pothesis for the maintenance of signal honesty (Grafen, 1990; Iwasa 
& Pomiankowski, 1994, 1999; Iwasa et al., 1991; Zahavi, 1977). This 
hypothesis proposes that the expression of the sexual signal changes 

F I G U R E  6  Positive relationship between the dry fat reserve 
mass and dry mass of wax on the wing and body size in (a) male 
offspring and (b) female offspring
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according to condition and that differential cost associated with ex-
aggerating the signal for individuals in low and high conditions offers 
a mechanism to maintain signal honesty. Although the male white 
wing band is not condition- dependent, our findings of both positive 
body size scaling of and negative body size- dependent resource al-
location to the wing ornaments are analogous to the mechanism for 
the maintenance of signal honesty in condition- dependent handicap 
hypothesis. Moreover, our data highlight an important but implicit 
nuance for empiricists: an appropriate interpretation of the cost (or 
conversely, affordability) of exaggeration requires knowledge about 
the size of the resource pool and lack of this knowledge can result in 
misleading conclusions.

Differential fat allocation in males also offers insights into fitness 
payoff and trade- offs of this sexual ornament. Previous data showed 
that when the difference in the white band size between rivals is 
large, territorial contests are resolved without escalating to energet-
ically expensive aerial fights (Xu & Fincke, 2015), which dramatically 
decrease fat reserves in odonates (Marden, 1989). Therefore, a one- 
time investment in this signal of fighting ability at emergence has the 
potential to repeatedly generate payoffs during adulthood. On the 
contrary, fat is a primary fuel for flight in odonates (Marden, 1989). 
Like many odonates in seasonal habitats, M. caerulatus are not active 
during extreme dry season or extensive rains in wet season (Fincke, 
1992b). Hence, initial fat reserves can be crucial for survival for adults 
emerging during such inclement weather (Arrese & Soulages, 2010; 
Marden, 1989). The differential fat allocation strategy by males of 
different sizes thus reflects, to some extent, a trade- off between 
investment into reproductive success (white wing band) and invest-
ment into survival (fat reserve). In contrast to sexual ornaments that 
continue to develop in adults (e.g. Grether, 1996; Guillermo- Ferreira 
et al., 2014; Moore, 2021), the size of the white wing band and wing 
tip cannot be augmented in adults, nor can individuals make them 
brighter because wax cannot be added to the wing after emergence 
(Gorb et al., 2009). Therefore, the only time an individual can invest 
in this signal is before emergence. In comparison, fat reserves vary 
among adults, depending on their foraging success (Anholt et al., 
1991; Fitzstephens & Getty, 2000; Marden, 1989). This may explain, 
at least partially, why smaller individuals prioritize ornament over fat 
reserve at the time of emergence. This also raises interesting ques-
tions such as whether the resource allocation pattern we observed 
is common to ornaments that stop developing at the time of emer-
gence or maturity, and whether animals whose sexual ornaments 
continue to grow follow a different allocation pattern.

Interestingly, Megaloprepus caerulatus belongs to a genus of four 
closely related species (Feindt et al., 2014, Feindt et al.2019) where 
the other three lack the male white wing band (Fincke et al., 2018). 
Compared with M. caerulatus, congeneric species in Mexico, the 
Pacific side of Costa Rica, and Nicaragua exhibited lower popula-
tion density, more undefended suitable territories and lower male- 
male interaction rates, all of which made male territorial contests 
relatively rare, suggesting the male white wing band is a response 
to sexual selection imposed by greater frequency of male territorial 
contests (Fincke et al., 2018). We suggest that the evolution of this 

wing signal may have altered contest dynamics in M. caerulatus by 
discouraging prolonged escalation. Although lacking the white wing 
band, males of congeneric Megaloprepus species have wax- based 
white wing tips, which are not under apparent selection for size or 
brightness. It thus would be particularly interesting to compare fat 
allocation strategy among species lacking the white bands as doing 
so may provide clues to whether the negative body size- dependent 
allocation strategy found in M. caerulatus is adaptive. Wax- based 
sexually dimorphic signals that occur in the males of other territo-
rial odonates, such as those in the families Polythoridae (Sánchez- 
Herrera et al., 2010) and Libellluidae (Paulson, 2009), offer further 
tests for a resource allocation mechanism underlying development 
of conspicuous sexual ornaments.
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