& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

Michel Baguette,
Muséum National d'Histoire Naturelle, France

Sergio Castellano,

University of Turin, Italy

Scott Nunes,

University of San Francisco, United States

Jason T. Vance
vancejt@cofc.edu

21 August 2024
22 October 2024
18 November 2024

Vance JT and Swallow JG (2024)
The development of compensatory
ability for a sexually-selected
ornament in stalk-eyed flies.

Front. Ethol. 3:1484454.

doi: 10.3389/fetho.2024.1484454

© 2024 Vance and Swallow. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Ethology

Brief Research Report
18 November 2024
10.3389/fetho.2024.1484454

The development of
compensatory ability for a
sexually-selected ornament
in stalk-eyed flies

Jason T. Vance™ and John G. Swallow?

‘Department of Biology, College of Charleston, Charleston, SC, United States, 2Department of
Integrative Biology, University of Colorado Denver, Denver, CO, United States

Female preference for longer eyespan has driven exaggerated sexual
dimorphism in several species of stalk-eyed flies. Longer eyespan increases a
fly's moment of inertia, and flies experience significant increase in body mass
across age as they mature sexually. These costs may impact flight behavior and
fitness through maneuverability and predator evasion, and appear ameliorated by
co-selection for compensatory traits, as flies with longer eyespans tend to have
larger thoraces and wings, allowing them to perform turns similar to flies with
shorter eyespans. However, the capacity to compensate for a potentially costly
ornament may not be limited to morphological traits which are fixed at the time
of eclosion: as flies age, they also accumulate thorax mass and improve their
flight performance. The purpose of this study was to investigate the
compensatory ability of two populations of stalk-eyed flies (Teleopsis dalmanni
and Diasemopsis meigenii) through comparing morphology and flight
performance relative to eyespan. ‘Over-compensators’ should exhibit greater
morphological and/or performance traits relative to eyespan, whereas ‘under-
compensators’ should exhibit relatively less across these metrics. Flight
performance was assessed using high-speed videography and variable-density
gas-mixtures to determine maximal flight capacity. Young adult flies eclosed as
‘under-compensators’, with less thorax mass, wing velocity and flight capacity
relative to their eyespan as compared to older flies. As flies aged and
accumulated thorax mass, they became ‘over-compensators’. Thus,
compensation for long eye-stalks is not a fixed trait; instead, variation in
compensatory ability appears to be associated with the development of thorax
muscle and flight performance across age.
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1 Introduction

Sexual-selection on morphological traits may lead to the
exaggeration of ‘ornaments’ over evolutionary time. Although
ornaments may reflect the quantity and quality of investment
displayed by potential mates, ornaments should be costly to those
that bear them (Zahavi, 1975). However, despite the intuition that
exaggerated ornaments should impact locomotor performance and
behaviors, ornaments have often evolved with little to no decrease
in performance (Kotiaho, 2001; Lailvaux and Irschick, 2006; Husak
and Swallow, 2011). Husak and Swallow (2011) proposed that,
concomitant to female choice of ornaments, direct selection on
morphology interacts with the detrimental effects of the ornament
to indirectly drive the evolution of performance. Thus, natural
selection may limit elaboration and exaggeration of ornaments
(Andersson, 1994; Kotiaho, 2001), and selection on the integrated
whole organism may result in correlated selection for compensatory
traits that reduce the putative negative effects of ornaments (Iwasa
et al,, 1991; Moller, 1996; Oufiero and Garland, 2007; Irschick et al.,
2008; Swallow et al., 2009), which may occur at multiple stages of
development and life history (Stearns, 1992; Charnov, 1993; Pitnick
et al., 1995; Lailvaux and Husak, 2014).

Stalk-eyed flies (family Diopsidae) are an attractive model-
system to explore the interaction between a costly, sexually-
selected ornament and morphological traits that offset
performance costs. These dipterans possess peculiar head
morphology (Supplementary Figure S1), with eyes located
laterally on long peduncles (Burkhardt and de la Motte, 1983).
Dimorphic species within this family display exaggerated eyespan
length in males which, influenced through both female choice and
male-male competition, contributes to increased mating success
(Burkhardt and de la Motte, 1985; Panhuis and Wilkinson, 1999;
Small et al., 2009; Burkhardt and de la Motte, 1987, Burkhardt and
de la Motte, 1988; Wilkinson et al., 1998). These exaggerated
ornaments in males should impose costs on flight behaviors and
maneuvering through increased moment of inertia. However, flies
with larger eyespans possess larger thoraces and wings which
contribute to their compensatory ability, allowing males to
perform turning manuevers similar to females with shorter
eyespans (Husak et al., 2011; Swallow et al, 2000; Ribak and
Swallow, 2007).

Adult stalk-eyed flies reach sexual maturity after 3-4 weeks of age
(Baker et al., 2001; Bath et al., 2015; Bellamy et al., 2013; Bubak et al.,
2016; Egge et al, 2011; Pomiankowski et al., 2005; Reguera et al.,
2004; Rogers et al., 2005). Growth of the testes and accessory glands
increase in length by 200-300% over this period (Baker et al., 2003)
and contribute to a significant increase in abdominal mass (Vance
et al, 2023). This growth should further impair flight performance
across age, particularly because the abdomen does not contribute to
aerodynamic force production. Although the dimensions of the
thorax and wings are fixed post-eclosion, thorax mass increases
with age, improving wing velocity and maximal flight capacity as
flies mature sexually (Vance et al., 2023). Thus, compensatory ability
may not be determined solely by fixed traits, such as thorax or wing
size; rather, compensatory ability may be facilitated by age-related
variation in thorax mass. Within a population composed of
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individuals spanning a broad range of age, there should exist
‘under-compensators’ possessing lesser thorax mass relative to their
eyespan, and ‘over-compensators’ possessing greater thorax mass
relative to their eyespan.

The purpose of this study is to characterize the relationship
between morphological compensation and flight performance of
male stalk-eyed flies, Teleopsis dalmanni and Diasemopsis meigenii.
Both species are dimorphic, where female preference has driven the
exaggeration of eyespan in males. Whereas prior research on
compensatory morphology has focused on older, sexually-mature
adults (Husak et al., 2011), both T. dalmanni and D. meigenii exhibit
significant variation in thorax, abdominal and total body mass, and
flight performance, as they age (Vance et al., 2023). Thus, life-time
compensatory ability may not be best-characterized by a fixed
morphological trait, such as wing size; rather, compensatory ability
may instead change as thorax mass, a proxy for the flight
musculature, increases with age. We hypothesize that ‘over-
compensators’ will demonstrate greater relative flight performance
than ‘under-compensators’, and that compensatory ability will
increase with age.

2 Materials and methods

Specific details of the methods used to collect and analyze
morphological and flight performance data are described in
Vance et al. (2023). Adult Teleopsis dalmanni and Diasemopsis
meigenii (Supplementary Figure S1A) were collected within one day
post-eclosion and housed in 3L chambers, separated by age and
species. Male flies (T. dalmanni, n=123; D. meigenii. n=84) selected
for assessment of flight performance and allometry possessed intact
wings and were free of morphological defect. Flight performance
was assessed using variable density, normoxic gas mixtures which
consisted of oxygen and nitrogen and/or helium (Dudley, 1995;
Vance et al., 2009), and ranged from normodense air (0% Heliox:
21% O,, 79% Ny; 1.21kg m™) to hypodense heliox (100% Heliox:
21% O,, 79% He; 0.41kg m’s) in 0.08kg m~> increments. An
interval-halving method was used to determine the order of
hypodense gases presented to the fly, beginning with air. Because
the aerodynamic power required to maintain hovering flight is
inverse to gas density, maximal flight capacity was determined to be
the least-dense gas (LDG, in percent-heliox) where hovering flight
was observed.

The gasses were mixed using an electronic flow controller (Sable
Systems MFC-4) and valves (Tylan FC-2910), which were plumbed
into an 8L cylindrical acrylic chamber. During any given gas
mixture condition, flies were flown until sustained hovering flight
was observed and recorded, or hovering flight was attempted but
failed. Hovering flight kinematics were determined from the wing
motions in the horizontal plane, recorded by a high-speed (5930
fps) digital video camera (RedLake IDT MotionPro N3-S4). The
camera was oriented above the flight chamber and focused such that
the depth of field was in focus in the middle 1/3 of the chamber,
sufficiently away from the bottom and sides of the chamber to avoid
aerodynamic ‘ground’ and ‘edge’ effects (Supplementary Figure
S1B). The digital video sequences were analyzed using DLTdv8
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(Hedrick, 2008). Flight kinematics were calculated according to
Vance and Roberts (2014): wingbeat frequency and wing stroke
amplitude (Supplementary Figure S1C) were determined from the
average of 10 successive wingstrokes, and average wing velocity was
calculated from these kinematics and individual wing-length data.
Following assessment of flight performance, flies were euthanized,
weighed, dissected and photographed. Custom software (MatLab,
The Mathworks) was used to determine eyespan (the distance from
the lateral edges of the right and left eyes), thorax and
wing morphometrics.

Multiple regression was used to determine the effects of eyespan
and body mass on thorax mass; the effects of eyespan and thorax
mass on wing velocity; and, the effects of eyespan and wing velocity
on maximal flight capacity. Multiple regression was also used to
determine the effects of eyespan and age on body mass, thorax mass,
wing velocity and maximal flight capacity; because we predict
logarithmic growth across age due to the constrains of the
exoskeleton, the natural log of age was used for this analysis.
Analysis of compensatory traits was performed using methods
modified from Husak et al. (2011). Linear regression was used to
analyze the relationships of morphology and flight performance
across eyespan for each species. Relative values for body mass,
thorax mass, wing velocity and flight capacity were calculated
from the residual values of each observation relative to the
linear regression across eyespan. Because of the mechanistic
relationships between these variables, relative thorax mass was
evaluated across relative body mass; relative wing velocity was
evaluated across relative thorax mass; and, relative flight capacity
was evaluated across relative wing velocity. Logarithmic regression
was used to evaluate the ontogeny of relative thorax mass, wing
velocity and flight capacity across age. Finally, individuals were
grouped as ‘over-compensators’ (positive residuals) or ‘under-
compensators’ (negative residuals) based on the regression of
thorax mass across eyespan. Analysis of variance (ANOVA) was
then used to compare the observed values for morphology (eyespan,
thorax and wing size), thorax mass and flight performance between
the ‘over-compensating’ and ‘under-compensating’ groups.

3 Results

Evaluating variation in these populations naive to the age of
individuals, flies with longer eyespans were generally heavier (linear
regression: T. dalmanni, Td, R?>=0.19; D. meigenii, Dm R? = 0.18)
and had greater thorax mass (74, R? =0.12; Dm, R? = 0.20) than
flies with shorter eyespans (Figures 1A, B). Wing velocity had no
relationship to eyespan in T. dalmanni (Figure 1C; R?<0.01) or D.
meigenii (R*> = 0.02), and maximal flight capacity had no
relationship to eyespan (Figure 1D; R* = 0.01 for both species).
Multiple regression for the effects of eyespan and body mass on
thorax mass revealed no effect of eyespan (P>0.05) and a significant
effect of body mass (P<0.001) for both species (Supplementary
Table S1; multiple regression: Td, R” = 0.89; Dm, R* = 0.93). There
was a significant effect of eyespan (P<0.001) and thorax mass
(P<0.001) on wing velocity for both species (Td, R* = 0.80; Dm,
R* = 0.70). And, there was no effect of eyespan (P>0.05) and a
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significant effect of wing velocity (P<0.001) on flight capacity for
both species (Td, R? = 0.45; Dm, R? = 0.46). These relationships
tested via multiple regression persisted when analyzing the eyespan-
relative values (Figure 2): strong, positive relationships were
observed between relative body mass and relative thorax mass
(Figure 2A; linear regression: Td, R* = 0.88; Dm, R*> = 0.92),
between relative thorax mass and relative wing velocity
(Figure 2B; Td, R? = 0.80; Dm, R? = 0.70), and between relative
wing velocity and relative flight capacity (Figure 2C; Td, R* = 0.44;
Dm, R* = 0.45).

Multiple regression for the effects of eyespan and age were
significant for body mass (Table 1; P<0.001 for all comparisons; Td,
R? = 0.77; Dm, R?> = 0.71) and thorax mass (P<0.001 for all
comparisons; Td, R? = 0.76; Dm, R? = 0.76). Multiple regression

for the effects of eyespan on was significant for T. dalmanni
(P=0.003) but not for D. meigenii (P=0.536), and was significant
for age on wing velocity for both species (P<0.001; Td, R* = 0.78;
Dm, R? = 0.73); and, the effects of eyespan were not significant
(P>0.05) but age was significant on maximal flight capacity for both
species (P<0.001; Td, R? = 0.26; Dm, R? = 0.52). Again, these
relationships evaluated with multiple regression persisted when
analyzing the eyespan-relative values across age (Figure 3):
Relative thorax mass (Figure 3A; logarithmic regression: Td, R* =
0.72; Dm, R* = 0.68), relative wing velocity (Figure 3B; Td, R*=0.77;
Dm, R* = 0.71), and relative flight capacity (Figure 3C; Td, R* = 0.26;
Dm, R* = 0.51) increased logarithmically across age.

Based on classification via relative thorax size (residuals
calculated from linear regressions between eyespan and thorax
mass), the eyespans of ‘over-compensators’ was not different than
‘under-compensators’ (Supplementary Figure S2; ANOVA: P>0.05
for both species). Likewise, there was no difference in thorax width
or wing area between ‘over-’ and ‘under-compensators’ (P>0.05 for
all comparisons). However, wing length of ‘over-compensators’ was
1.6% longer in T. dalmanni (F 15, = 4.49; P=0.036) and 1.8% longer
in D. meigenii (F; g3 = 5.0; P=0.028) than ‘under-compensators’.
T. dalmanni ‘over-compensators’ had 32% heavier bodies
(Supplementary Figure S2; F) 15, = 136.9; P>0.001), 48% heaver
thoraces (Fy 125 = 212.9; P>0.001), 27% greater wing velocity (F; 12,
= 219.9; P>0.001), and 57% greater flight capacity (F) ;,, = 43.4;
P>0.001) than ‘under-compensators’. D. meigenii ‘over-
compensators’ had 30% heavier bodies (Supplementary Figure S2;
Fig3 = 105.9; P>0.001), 33% heavier thoraces (F;g3 = 140.4;
P>0.001), 21% greater wing velocity (F;g; = 94.7; P>0.001), and
38% greater flight capacity (F;g; = 21.9; P>0.001) than ‘under-
compensators’. ‘Over-compensators’ were older flies as compared to
‘under-compensators’ (Td, Fy 15, = 150.0, P<0.001; Dm, F; g5 = 86.3,
P<0.001). The logarithmic regression representing the population as
a function of age transitioned from ‘under-compensating’ to ‘over-
compensating’ at 11.1 days for T. dalmanni and 7.2 days for D.
meigenii (Figure 3).

4 Discussion

In sexually-dimorphic species of stalk-eyed flies, female
preference for long eyespans has led to the exaggeration of this
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FIGURE 1 FIGURE 2
Variation in morphology and flight performance of T. dalmanni Relationship between compensatory trait residuals in T. dalmanni
(filled circles) and D. meigenii (open circles) across eyespan. (filled circles) and D. meigenii (open circles) across eyespan.
(A) Body mass: T. dalmanni (linear regression, solid line), M, = (A) Relative thorax mass: T. dalmanni (linear regression, solid line),
-4.45 + 1.33eyespan, R? = 0.19; D. meigenii (dashed line), My, = M, = 0.45 My, R?> = 0.88; D. meigenii (dashed line), M, = 0.39M,,
-10.48 + 2.48eyespan, R? = 0.18. (B) Thorax mass: T. dalmanni (solid R? = 0.91. (B) Relative wing velocity: T. dalmanni (solid line), v = 1.17
line), M, = -1.81 + 0.51leyespan, R?> = 0.12; D. meigenii (dashed line), M, R? = 0.80; D. meigenii (dashed line), v = 0.96 M,, R? = 0.70.
M, = -4.66 + 1.04eyespan, R? = 0.20. (C) Wing velocity T. dalmanni (C) Relative Flight capacity: T. dalmanni (solid line), LDG = 1.87v,
(solid line), v = 3.93 + 0.07eyespan, R? = 0.001; D. meigenii (dashed R? = 0.44; D. meigenii (dashed line), LDG = 2.57v, R? = 0.45.

line), v = 2.14 + 0.37eyespan, R? = 0.02. (D) Flight capacity: T.
dalmanni (solid line), LDG = 8.51 + 4.48eyespan, R® = 0.01; D.
meigenii (dashed line), LDG = -2.60 + 9.36eyespan, R* = 0.01.
Maximal flight capacity, LDG, is defined as the least dense gas
allowing for flight, where 0% Heliox is air (21% O,, 79% N,, 0% He;
density: 1.21 kg m™®) and 100% is pure Heliox (21% O,, 0% Ny, 79%
He; density: 0.41 kg m™>).
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TABLE 1 Multiple regression for the effects of eyespan and age on body mass, thorax mass and maximal flight performance.

Yint Eyespan log(age)
.BO ﬁeyespan t

Body Mass

T. dalmanni -8.59 1.58 11.7 <0.001 0.908 17.6 <0.001 0.77

D. meigenii -8.60 1.91 5.45 <0.001 1.293 12.0 <0.001 0.71
Thorax Mass

T. dalmanni -3.82 0.629 9.64 <0.001 0.440 17.7 <0.001 0.76

D. meigenii -3.87 0.803 6.14 <0.001 0.543 13.6 <0.001 0.76
Wing Velocity

T. dalmanni 1.20 0.229 3.02 0.003 0.599 20.7 <0.001 0.78

D. meigenii 3.07 0.089 0.621 0.536 0.639 14.6 <0.001 0.73
LDG

T. dalmanni -3.63 0.713 1.823 0.071 0.983 6.59 <0.001 0.27

D. meigenii 2.73 0.031 0.043 0.966 2.06 9.35 <0.001 0.52

Natural logarithm of age, log(age); Y-intercept, By; eyespan regression coefficient, B,g; age regression coefficient, Buody masss maximal flight capacity (least dense gas allowing for flight), LDG.

Significant t-statistic (P<0.05) are indicated in bold.

ornament in males (Burkhardt and de la Motte, 1985), which
significantly affects moment of inertia and flight dynamics
(Hedrick et al., 2009), potentially impacting flight behaviors,
maneuverability and predator avoidance. Co-evolution of thorax
and wing size (Ribak and Swallow, 2007; Husak et al., 2011) reflects
compensatory investment into the ‘flight motor’ to offset locomotor
costs imposed by bearing longer eyespans. The development of
physical traits and behaviors across flies’ life-history, however,
doesn’t cease upon eclosion, nor remain fixed across the adult-
stage. Sexual maturation in adult stalk-eyed flies occurs over several
weeks, resulting in profound increases in abdominal mass (Vance
et al,, 2023). Since the abdomen does not contribute to the flight
motor, this increase in mass should impair flight-dependent
behaviors (Isaacs and Byrne, 1998) and reduce flies’ available
aerodynamic reserve capacity (Vance et al., 2009). However,
relative thorax mass also increases with age (Figure 3A; Table 1),
and maintains a very tight relationship with relative body mass
(Figure 2A; Supplementary Table S1), which generally maintains
the ratio of thorax mass to body mass (Vance et al., 2023).
Although flies with longer eyespan have larger thoraces and
wings, fixed morphological traits —although evidence for
compensation (Ribak and Swallow, 2007; Husak et al., 2011)—
may not serve as the best index for compensatory ability. Instead,
eyespan-relative thorax mass was used to categorize individuals
within the populations as either ‘under-compensators’ or ‘over-
compensators’, as the growth in thorax mass that accompanies
sexual maturation has a significant effect on how an individual
compares to the population average. All adult flies 1-5 days old were
‘under-compensators’, whereas all 26- to 30-day old T. dalmanni,
and all but one 16- to 20-day old D. meigenii, were ‘over-
compensators’ (Figure 3A). Likewise, relative wing velocity was
strongly associated with relative thorax mass (Figure 2B), and
trends in relative wing velocity between young and old flies

Frontiers in Ethology

(Figure 3B) were similar to those observed in relative thorax mass
described above. Thus, young adults eclose as ‘under-compensators’
and as they acquire resources and accumulate muscle tissue, they
improve their wingbeat frequency and ability to generate wing
velocity (Vance et al., 2023), developing into ‘over-compensators’ as
they age.

Relative flight capacity was associated with relative wing velocity
(Figure 2C) and increased with age in both species (Figure 3C). This
relationship is not as distinct as that observed for relative thorax mass
and wing velocity. As flies become heavier with age, aerodynamic
power demands increase, yet individual variation in wing size,
abdomen and overall body mass may interact with the
improvements in the ‘flight motor’ (Vance et al., 2023).
Nonetheless, the concurrent development of the thorax generally
offsets the mass associated with abdominal growth, resulting in
improved relative flight capacity across age (Figure 3C). The
compensatory ability of T. dalmanni and D. meigenii transitioned
from ‘under-compensating’ to ‘over-compensating’ at approximately
11 and 7 days of age, respectively. ‘Over-compensating’ T. dalmanni
and D. meigenii had 57% and 38% greater flight capacity, respectively,
than ‘under-compensators’, demonstrating a significant behavioral
advantage that accompanies the development of the ‘flight motor’.

Prior studies have focused on sexually-mature flies, presumably
to avoid the variation in body mass during sexual maturation in
young adults from confounding allometric relationships and
behaviors (Egge et al., 2011; Ribak and Swallow, 2007; Husak
et al, 2011). Eyespan had a significant effect on body mass and
thorax mass (Table 1), suggesting that at any age, the larger body
planforms associated with longer eyespans were capable of housing
more tissue within the body’s segments. This alone may generally
compensate for the locomotor costs of bearing larger eyespans, as
eyespan had no effect on flight capacity in any comparison tested
here. Longer eyespans do not predispose individuals to be better
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FIGURE 3

Variation in compensatory trait residuals across age in T. dalmanni
(filled circles) and D. meigenii (open circles). (A) Relative thorax mass:
T. dalmanni (logarithmic regression, solid line), M = -1.05 + 0.44log
(age), R? = 0.72; D. meigenii (dashed line), M, = -1.06 + 0.53log(age),
R? = 0.68. (B) Relative wing velocity: T. dalmanni (solid line),

v = -143 + 0.59log(age), R? = 0.77; D. meigenii (dashed line),

v = -1.24 + 0.63loglage), R? = 0.71. (C) Relative flight capacity:

T. dalmanni (solid line), LDG = -2.34 + 0.97log(age), R? = 0.26;

D. meigenii (dashed line), LDG = -4.00 + 2.02log(age), R? = 0.51.

fliers; however, age-related variation in thorax mass impacts the
life-history of every fly. The improvement in relative thorax mass,
wing velocity and flight capacity across age in T. dalmanni and
D. meigenii suggests that compensatory ability is not a constant trait
but, rather, develops alongside sexual maturation (Figure 3). Young,
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sexually-immature flies, in addition to their reduced fecundity,
‘under-compensate’ for the size of their ornament by having
lesser thorax mass relative to eyespan than older flies (Figure 3A).
This ‘under-compensation’ results in reduced relative wing velocity
and flight capacity as compared to ‘over-compensators’, which may
impact flight-dependent behaviors, such as maneuvering and
predator evasion, and decrease survivorship and fitness. Despite
most young flies ‘under-compensating’ for relative flight capacity, a
significant fitness advantage should exist for those flies that
demonstrate relative flight capacities near or exceeding the
population mean as early as possible in their life-history. On the
contrary, older flies that fail to accumulate sufficient thorax mass
(or accumulate disproportionately greater abdominal mass or
possess relatively small wings) may remain ‘under-compensators’
and exhibit flight performance below the population mean; these
flies may be at a fitness disadvantage, even if sexually viable.

Thorax size and size wing size in stalk-eyed flies have also
evolved to compensate for the inertial and aerodynamic costs
associated with having longer eyespan and a larger body (Husak
etal., 2011, Husak et al., 2013; Ribak and Swallow, 2007; Ribak et al.,
2009). These allometric relationships persist in the T. dalmanni and
D. meigenii studied here; flies with longer eyespan had wider
thoraces, longer wings, and greater wing area (Vance et al.,, 2023).
Although thorax and wing-size are fixed post-eclosion and
presumably do not account for age-related variation in flight
performance, selection should favor these traits as they constrain
the morphology through which compensatory ability develops
across age. Wing size is an important determinant of wing
velocity and aerodynamic lift for a given kinematic output,
assuming there is sufficient muscle to generate the necessary
power. However, there was no difference in wing area despite
‘over-compensators’ having 2% longer wings than ‘under-
compensators’. The capacity to accumulate muscle mass across
age is limited by the constraints of the thorax exoskeleton, which
may ultimately determine the ceiling of maximal aerodynamic
performance. Although ‘over-’ and ‘under-compensators’ did not
differ in thorax width, it’s unknown whether thorax size influences
the rate at which muscle accumulates across age.

Compensatory ability in stalk-eyed flies is critically dependent
upon the development of the thorax. The performance of flight
muscle in adult insects is influenced by physiological changes that
occur after eclosion, including increased pyruvate kinase and citrate
synthase activity (Harrison, 1996), and alternative splicing
of troponin variants which affect muscle calcium sensitivity
(Marden et al., 1999; Schippers et al., 2006). However, few studies
in adult insects have characterized developmental changes in thorax
mass, especially associated with age-related variation in flight
performance. For example, honeybees do not vary thorax mass
across caste-specific behaviors (Harrison, 1996), whereas beetles
accumulate thorax lipid reserves leading up to dispersal (David
et al,, 2015). Dragonflies, however, increase thorax mass between
tenerel and mature stages (Marden, 1989), which is attributed to
muscle growth. Marden (2000) further explains that muscle growth
within the fixed exoskeleton of adult insects is possible through the
displacement of air sacs. Indeed, microscopic inspection of young
flies reveals the presence of voids within the thorax, indicating there
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is available volume to allow the growth of muscle. We posit that the
increased thorax mass in stalk-eyed flies results from growth of
muscle, rather than accumulation of energy stores via lipids, as the
increased flight performance associated with thorax mass is
achieved through increased wingbeat frequency and wing velocity,
requiring elevated muscle stiffness and power to drive the indirect
actuation of the wings (Vance et al., 2023).

Although our compensation model is inspired by methods
employed by Husak et al. (2011), it differs in several ways.
Notably, Husak et al. (2011) regressed morphological variables
across a proxy for body length (head to wingtip); then, relative
compensatory trait (wing size) and relative ornament size (eyespan)
were calculated from the residuals of these regressions.
Compensation in this framework is assessed by where an
individual lies with respect to the regression of relative ornament
size across relative compensatory trait; importantly, the regression
line represents the average compensatory ability of the population,
and does not necessarily reflect an optimum range of compensation
that is adaptive. In our model, we regressed non-normalized traits
(morphological and flight performance variables) directly across
non-normalized ornament size (eyespan; Figure 1). The resulting
eyespan-relative traits are the residuals from this regression, as the
regression represents the average relationship between trait and
ornament across the population; ‘over-” and ‘under-compensators’
for that trait are positive and negative residual values, respectively.
The utility in this modified approach is that relationships between
eyespan-relative traits may then be directly compared, particularly
between those variables which have mechanistic relationships to
one another (Figure 2), or are predicted to vary across age
(Figure 3). These trends are largely supported by the multiple
regression analyses of these relationships (Table 1 and
Supplementary Table S1), and provide further insight into life-
time variation in compensatory ability than was revealed by our
prior MANCOVA analysis (Vance et al., 2023). However, the
multiple regression analyses revealed several results that required
further investigation.

First, the multiple regression of eyespan and thorax mass on
wing velocity was significant (Supplementary Table S1), however,
the partial regression coefficients revealed that wing velocity was
inversely related to eyespan. This seems counterintuitive when
considering that flies with longer eyespans have greater thorax
mass regardless of age (Supplementary Table S1), and a strong
relationship exists between thorax mass and wing velocity
(Figure 3A). However, aerodynamic forces scale with wing area,
and T. dalmanni and D. meigenii with larger eyespans had greater
wing area (Vance et al., 2023); less wing velocity should be required
to generate a given magnitude of aerodynamic lift. Larger wings are
also heavier wings, which may reduce the resonant frequency of the
flight motor (Vance and Roberts, 2014). Indeed, the multiple
regression for eyespan and thorax mass on wingbeat frequency
revealed an inverse relationship between eyespan and frequency
(partial regression: P<0.001 for both species). Thus, although larger
wings may require less wing velocity, the flight motor may be
constrained kinematically, which may compound those challenges
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faced by younger flies, where lesser-developed thorax muscle may
not be as capable of generating power to drive large wings.

Second, the multiple regression for eyespan and age on wing
velocity was significant in both species (Table 1), however, there was
no relationship between eyespan and wing velocity for D. meigenii
(partial regression: P=0.536), and there was a direct relationship
between eyespan and wing velocity for T. dalmanii (partial
regression: P=0.003). Although the latter result contradicts the
inverse relationship revealed by the multiple regression of
eyespan and thorax mass on wing velocity discussed above, the
effect of the partial regression for eyespan is relatively small
compared to the effect for age (Table 1: t=3.02 vs t=20.7). Since
flies with longer eyespans may ultimately develop greater thorax
muscle than flies with lesser eyespans, it is possible that the mature
flight muscle of older, longer-eyespan flies contributed to this
positive relationship. But, consider that the linear regression for
eyespan and wing velocity is not significant on its own (Figure 1C),
and the effect of eyespan on wing velocity does not emerge until one
investigates eyespan alongside a separate driving parameter (i.e.
thorax mass or age). This instead suggests that the contradicting
relationships between eyespan and wing velocity may be influenced
by how the driving parameter aligns the data; and, these effects of
the driving parameters, revealed by the partial regressions, appear
sufficient to maintain these relationships when evaluating the
eyespan-relative parameters in compensation space (Figures 2, 3).

Assessing the costs of bearing ornaments is elusive where
compensatory traits and behaviors offset those putative impairments
(Oufiero and Garland, 2007; Moller, 1996; Tomkins et al., 2005).
Thorax size and wing size appears to have co-evolved with eyespan in
stalk-eyed flies (Husak et al, 2011, Husak et al, 2013; Ribak and
Swallow, 2007; Ribak et al., 2009); however, ‘over-’ or ‘under-
compensating’ for eyespan critically depends on flies’ ability to use
this morphology, as determined by the development of thorax muscle
and improvement in wing velocity and flight capacity over time.
Although selection should favor mechanisms that accelerate an
individual’s development towards ‘over-compensation’, there may be
a specific range over which ‘over-compensating’ is an optimal strategy,
or contexts where ‘over-compensating’ may be maladaptive.
Compensatory morphology and behaviors have their own associated
costs, including investment into larger body and wing planforms, and
the accumulation of resources and energy to facilitate thorax muscle
growth, as well as meet the life-time metabolic expenditures associated
with elevated flight performance; all of which may compete with
concurrent reproductive tissue growth in the abdomen. Future
research that investigates variation in compensatory ability, perhaps
through constraining or enhancing the time-history of thoracic and
abdominal growth, may provide insight into fecundity and functional
and costs of bearing large ornaments.
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