[

Aerodynamics, Thermoregulation, and the Evolution of Insect Wings: Differential Scaling and
Evolutionary Change

Author(s): Joel G. Kingslover and M. A. R. Koehl

Source: Evolution, Vol. 39, No. 3 (May, 1985), pp. 488-504

Published by: Society for the Study of Evolution

Stable URL: http://www.jstor.org/stable/2408648

Accessed: 25/02/2009 13:22

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of ajournal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher?publisherCode=ssevol.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is a not-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the
scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that
promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

Eocilety for the Sudy of Evolution is collaborating with JSTOR to digitize, preserve and extend access to
volution.

http://www.jstor.org


http://www.jstor.org/stable/2408648?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=ssevol

Evolution, 39(3), 1985, pp. 488-504

AERODYNAMICS, THERMOREGULATION, AND THE EVOLUTION OF

INSECT WINGS: DIFFERENTIAL SCALING AND
EVOLUTIONARY CHANGE

JoEL G. KINGSOLVER! AND M. A. R. KOEHL
Department of Zoology, University of California, Berkeley, CA 94720

Summary.— We examine several aerodynamic and thermoregulatory hypotheses about pos-
sible adaptive factors in the evolution of wings from small winglets in insects. Using physical
models of Paleozoic insects in a wind tunnel, we explore the potential effects of wings for
increasing gliding distance, increasing dispersal distance during parachuting, improving
attitude control or stability, and elevating body temperatures during thermoregulation. The
effects of body size and shape, wing length, number, and venation, and meteorological
conditions are considered. Hypotheses consistent with both fixed and moveable wing artic-
ulations are examined.

Short wings have no significant effects on any of the aerodynamic characteristics, relative
to wingless models, while large wings do have significant effects. In contrast, short wings
have large thermoregulatory effects relative to wingless models, but further increases in wing
length do not significantly affect thermoregulatory performance. At any body size, there is
a wing length below which there are significant thermoregulatory effects of increasing wing
length, and above which there are significant aerodynamic effects of increasing wing length.
The relative wing length at which this transition occurs decreases with increasing body size.

These results suggest that there could be no effective selection for increasing wing length
in wingless or short-winged insects in relation to increased aerodynamic capacity. Our results
are consistent with the hypothesis that insect wings initially served a thermoregulatory
function and were used for aerodynamic functions only at larger wing lengths and/or body
sizes. Thus, we propose that thermoregulation was the primary adaptive factor in the early
evolution of wings that preadapted them for the subsequent evolution of flight. Our results
illustrate an evolutionary mechanism in which a purely isometric change in body size may
produce a qualitative change in the function of a given structure. We propose a hypothesis
in which the transition from thermoregulatory to aerodynamic function for wings involved
only isometric changes in body size and argue that changes in body form were not a pre-
requisite for this major evolutionary change in function.

Received May 14, 1984. Accepted January 28, 1985

The first winged insects arose appar-
ently during the early to late Devonian,
some 350-400 million years ago (Woot-
ton, 1976). The evolution of wings ca-
pable of sustained, flapping flight was
perhaps the most important evolutionary
event in the enormous diversification of
insects during the Carboniferous, so it is
of some interest to understand possible
adaptive factors associated with the evo-
lution of wings.

Hypotheses on the structural origins of
insect wings continue to focus on the lat-
eral thoracic lobes, found in many

! Present address: Program in Ecology and Evo-
lutionary Biology, Division of Biology and Medi-
cine, Brown University, Providence, RI 02912.

nymphal and adult insects from the Car-
boniferous and Permian (Wootton, 1981).
The orthodox paranotal lobe hypothesis
suggests that wings arose from rigid lat-
eral extensions of the terga. Recently,
evidence and support has gathered for a
pleural origin of wings, in which wings
derived from pre-existing mobile struc-
tures (Wigglesworth, 1976, Kukalova-
Peck, 1978; Robertson et al., 1982). While
there is disagreement as to whether the
winglets of primitive Paleozoic nymphs
were articulated (Wootton, 1981; Ku-
kalova-Peck, 1983), the embryological
evidence for a pleural origin appears
strong, and this hypothesis avoids the dif-
ficulties, inherent in the paranotal hy-
pothesis, in the development of a com-
plex articulation de novo.
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To understand the evolution of a com-
plex structure like the insect wing, we need
to identify its possible adaptive value
during the transition from wingless to
winged insects, before the development
of flapping flight. A variety of hypotheses
have been suggested, involving aerody-
namics (Hinton, 1963; Wigglesworth,
1976), courtship display (Alexander and
Brown, 1963), gill ventilation and aquat-
iclocomotion (Kukalova-Peck, 1978) and
temperature regulation (Douglas, 1981),
but almost no tests of these hypotheses
have been made. Flower (1964) used en-
gineering formulae for short, blunt cyl-
inders to suggest the size range within
which selection for aerodynamic char-
acteristics could have operated but did
not consider the effects of wings. Douglas
(1981) presented results of an experiment
with butterflies to support his thermo-
regulatory hypothesis.

The potential functional importance of
the nature of the articulation in insect
winglets is highlighted by recent work on
the evolution of preflight in vertebrates
(Caple et al., 1983). This study suggests
that the control of body motion during
leaping (or falling) is crucial to the evo-
lution of flight and proposes a mecha-
nism by which lift forces contribute to
attitude control. It is well-known that,
because of differences in physical scaling,
the aerodynamics of insect flight differ
importantly from those in vertebrates
(Ellington, 1984), and the results of Caple
et al. should be applied to insect flight
with caution. Nevertheless, because of
continuing disagreement as to the nature
of the articulation of winglets, it seems
prudent to consider hypotheses for both
fixed and moveable winglets.

The purpose of this study is to evaluate
several aerodynamic and thermoregula-
tory hypotheses about the evolution of
wings. Our approach is to construct a se-
ries of physical models of Paleozoic in-
sects, and to measure aerodynamic and
heat transfer characteristics of these
models as functions of body size and
shape, and the number, size, and physical
characteristics of wings. Our results il-
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lustrate how the differences by which
aerodynamics and heat transfer scale with
body and wing size have important con-
sequences for the evolution of insect
wings. Such differential scaling yields an
evolutionary mechanism by which a
purely isometric change in body size can
lead to a major evolutionary change in
function.

HYPOTHESES
Aerodynamics

Several popular hypotheses for adap-
tive factors in the early evolution of wings
involve aerodynamics (Hinton, 1963;
Wigglesworth, 1963). One can identify
three distinct roles for wings in relation
to aerodynamics: gliding, parachuting or
ballooning, and attitude stability or con-
trol. Note that the gliding and parachut-
ing hypotheses may apply to either fixed
or moveable wings, while the attitude
stability hypothesis assumes moveable
wings.

Gliding.—1In this view, wings initially
functioned as aerofoils for steady-state
gliding. This capacity for gliding could
allow insects to leap from vegetation and
glide as a means of movement or pred-
ator escape (Hinton, 1963). For steady-
state gliding (Fig. 1A), the horizontal
distance (G) that a glider travels before
landing is proportional to the ratio of lift
(L) to drag (D):

G « L/D. (1)

Thus, glide distance is maximum at the
angle of attack that maximizes lift/drag.

Parachuting. —1In this view, wings ini-
tially functioned to slow the rate of de-
scent of a falling insect by increasing drag
on the insect. By decreasing the descent
rate, the insect could be passively dis-
persed by the wind for long distances, as
occurs in many present-day insects
(Johnson, 1969). For parachuting, the
time aloft (P) is:

P x [D/m]%? 2

where m is the mass of the insect. The
maximum drag force D,, generally occurs
at an angle of attack (a) of 90° thus the
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maximum time aloft P can be evaluated
by determining D,, at a = 90°.

Attitude Stability. —In this view, wings
initially functioned as lateral stabilizers,
which could help a falling insect to land
right-side-up (Flower, 1964; Hinton,
1963). The strength of this potential sta-
bilization can be evaluated by measuring
the moment (A4) about the body axis pro-
duced by the wings (Fig. 1B). To estimate
the maximum M that could be produced
by winglets, we consider moments on
models with the body axis perpendicular
to wind direction (a = 90°) with the wings
on the left side extending laterally from
the body (i.e., normal to the wind) and
the wings on the right side extending dor-
sally from the body (i.e., parallel to the
wind). In addition, we consider the effects
of legs as stabilizers by measuring M for
wingless models with the legs on the left
side extending laterally from the body
and the legs on the right side extending
ventrally from the body.

Thermoregulation

Douglas (1981) suggested that wings
initially functioned as thermoregulatory
structures to increase body temperatures
by absorbing radiation, thus allowing
more vigorous or longer periods of lo-
comotory activity, as occurs in many
present-day insects (see Heinrich, 1981,
for a recent review). Consider an insect
at a steady-state body temperature 7, at
which heat flux (Q) inputs and outputs

balance:
Qin = Qout (33)
BAS =H(T,— T,) (3b)
(T, — T, = BAS/H (3¢c)

where 8 is the absorptivity of the insect,
A is an effective surface area for radiation
absorption, S is the radiation flux den-
sity, H is the total heat transfer coeffi-
cient, and T, is air temperature (see Gates,
1980, for a discussion of energy balance
models). The transfer coefficient H is a
function of wind speed, insect size and
shape, and the effective radiative tem-
perature of the environment. As (3c) il-

J. G. KINGSOLVER AND M. A. R. KOEHL

B. Attitude Control

~. )

Fic. 1. A) Diagram of gliding wing, illustrating
the definitions of lift (L), drag (D), and angle of
attack (a). B) Diagram illustrating the use of wings
for attitude control, showing the moment M pro-
duced by wing positioning during a vertical descent.

lustrates, there are two possible effects of
wings on the body temperature excess
over air temperature (7, — 7T,): 1) wings
may change the effective area 4 or ab-
sorptivity for radiation absorption, and/
or 2) wings may change the heat loss coef-
ficient H.

The conductivity of heat in the wings
of present-day insects is quite small, with
a thermal conductivity on the order of
that of paper (Douglas, 1978; Kingsolver
and Moffat, 1982). The fossil record sug-
gests that the wings of early insects were
thicker and more heavily venated, and
that they contained more hemolymph
than do wings of present-day insects (Ku-
kalova-Peck, 1978). These factors would
increase the conductance of heat through
the wings, with potentially important im-
plications for thermoregulation. We shall
consider the effects of conductivity of
wings in the design of our models and
experiments.

MATERIALS AND METHODS
The Models

Models were made of insects with two
different body shapes, representing both
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Fic. 2. Models of Paleozoic insects. A) Dorsal view of the wide, flattened body shape, with legs
attached. B) Dorsal view of the slim, cylindrical body shape, with wings mounted dorsally. C) Side view
of the wide, flattened body. The positions of the thermocouple (t) within the mesothorax and of the
thermocouple wires (w) are indicated. D) Cross-sections of the mesothorax of a slim, cylindrical body
with wings mounted dorsally (top diagram) and laterally (bottom diagram).

flying and non-flying forms; these were
based on published reconstructions of
Paleozoic insect fossils. The shapes were
chosen to represent a range of possible
forms, rather than particular ancestral
forms with winglets, since the fossil rec-
ord is clearly inadequate to identify such
ancestral forms. One shape used was a
wide-body form (Fig. 2A, C) similar to
the bodies of such insects as an adult Pa-
leodictyopteran from the upper Carbon-
iferous (Kukalova-Peck, 1978 fig. 23) or
a young nymphal Protorthopteran from
the lower Permian (Kukalova-Peck, 1978
fig. 35). The other shape used was a slim,
cylindrical form (Fig. 2B) similar to the
bodies of animals such as an adult Mega-
secopteran from the upper Carboniferous
(Kukalova-Peck, 1978 fig. 32) or an old
nymphal Protereismatid from the lower
Permian (Kukalova-Peck, 1978 fig. 28).
The models were made of an epoxy
(Uniset A-312; Amicon Corp.) that was
chosen because its density and thermal
conductivity are similar to those of pres-

ent-day insects (Kingsolver and Moffat,
1982). Three body lengths (B) were con-
sidered for each body shape: 2, 6, and 10
cm. Legs were constructed from either
wire (aerodynamic experiments) or balsa
wood (thermoregulatory experiments)
(Fig. 2A). Unless otherwise stated, all re-
sults reported are for models with three
pairs of thoracic legs. ]

For the aerodynamic experiments,
wings were constructed with copper wire
enclosing thin, plastic membranes (Form-
a-Film; Joli Plastic Co.). Flat wings were
used, differing in wing length (W) (dis-
tance from wing tip to the point of artic-
ulation on the body) and mounting po-
sition (lateral or dorsal) (Fig. 2D). The
width of each wing was approximately
95% of the length of the corresponding
thoracic segment.

For the thermoregulatory experiments,
a copper-constantan thermocouple wire
was implanted in the second thoracic seg-
ment of each model (Fig. 2A, C). Two
materials of very different thermal con-
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ductivity were used in the wings: con-
struction paper and aluminum foil
(thickness = 0.2-0.4 mm).

The Experiments

All experiments were conducted in an
open circuit, open jet wind tunnel with a
30-cm working section. Two wire mesh
screens were used in the tunnel to sup-
press turbulence generated by the fan.
Wind velocity was measured with a con-
stant temperature hot-wire anemometer
(Thermonetics Co.).

Aerodynamics. — All measurements of
aerodynamic force used resistance-type
strain gages (Micromeasurements, Inc.)
mounted on shimstock steel beams. Gage
output was inserted into a bridge circuit
and amplified (Gould Bridge Amplifier),
passively filtered to eliminate high fre-
quency noise, and monitored with a dig-
ital voltmeter.

Lift and drag were measured separately
with gage and beam devices, with the
models mounted on hollow aluminum
rods 6-8 cm in length. Measurements
were made for angles of attack from
—10°-45° at 5° intervals, for four to six
different wing lengths at several wind
speeds. The wind speeds chosen were
within the range of sinking speeds esti-
mated for present-day insects during
gliding (Vogel, 1981). Preliminary results
indicated that mounting position of the
wings (dorsal or lateral) did not signifi-
cantly affect lift or drag; thus all aero-
dynamic results reported here are for
dorsally mounted wings. We present re-
sults in terms of a dimensionless wind
speed, the Reynolds number: Re = Vx/v,
where V'is wind speed, » is the kinematic
viscosity of air, and the characteristic di-
mension x of the model is the maximum
width of the thorax.

Moment measurements were made
with the model fixed vertically on a ver-
tical aluminum rod (1 mm diameter)
mounted with pivot pin bearings (Fig.
1B). A shimstock steel beam with strain
gage was mounted perpendicular to the
rod, with the far end of the beam fixed
to a vertical post.

J. G. KINGSOLVER AND M. A. R. KOEHL

Thermoregulation.—The principal
output parameter considered was the
steady-state body temperature above air
temperature (7, — T,). The heat transfer
coefficient H (see Eq. 3) was also evalu-
ated using transient cooling experiments
(Kingsolver and Moffat, 1982), but the
results for H are used only in passing (see
Discussion).

Models were mounted from below on
a wooden toothpick, placed in the wind
tunnel (@ = 10°), and radiated from above
with a photoflood lamp (500 W, 3200K;
Kodak Co.). Both body and wings were
painted flat black (Solar absorptivity =
95%) to eliminate effects of differential
absorptivity. Air temperature was mea-
sured with a radiation-shielded thermo-
couple; air (7,) and body (7}) tempera-
ture signals were electronically referenced
(Omega-CJ), amplified (Omega Omni-
amp, Omega Engineering Inc.), and re-
corded on a two-channel chart recorder
(Gould Equipment Corp.).

Steady-state body temperature was
monitored at specified radiation, wind
speed, and air temperature conditions for
each model as a function of wing length
and wing thermal conductivity. The ra-
diation source was then turned off, and
the transient cooling response of the
model, from which the heat transfer coef-
ficient H may be estimated (see King-
solver and Moffat, 1982, for details), was
measured.

Data Presentation

To examine the effects of wing length
on aerodynamic and heat transfer char-
acteristics, we wish to present results in
a form that is standardized relative to
wingless models. Thus, we define the rel-
ative temperature excess RTE as the body
temperature excess over air temperature
for a model with wings of length W = x,
relative to the temperature excess for the
corresponding wingless model (W = 0):

(Ty — T,

S @ g
-ty ™

RTE(x) =
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FiG. 3. Polar diagram of lift (in mN) as function of drag (in mN) for a model of cylindrical body shape
and 6 cm body length at a wind velocity of 2.5 m/sec. Each solid line represents results for a particular
wing length W (in cm); points along each line represent different angles of attack. In all figures, vertical

bars indicate 95% uncertainty intervals.

Thus, for example, an RTE of 1.5 in-
dicates that wings increase the body tem-
perature excess by 50% relative to a wing-
less model. To compare geometrically
similar models at different sizes, we also
often wish to consider results in terms of
a relative wing length RWL = W/B,
where B is body length.

Similar measures are used for the aero-
dynamic variables. Thus, relative maxi-
mum drag is defined as the maximum
drag for a model with wings of length x,
relative to the maximum drag for the cor-
responding wingless model:

D’"|w=x

. (4b)
D'"|w=0
The relative maximum lift-to-drag ratio
is similarly defined. Because the mo-
ments M produced by wingless models

are near zero, we report absolute rather
than relative values of M.

The 95% uncertainty intervals are giv-
en for all output results. Uncertainty
analysis takes into account how uncer-
tainty in measured outputs (e.g., milli-
volts, cm) translates into uncertainty in
the desired calculated outputs (e.g., RTE,
lift/drag). See Kingsolver and Moffat
(1982) for a discussion and application
to physiological data. In reporting re-
sults, we define a significant difference as
one which falls outside the 95% uncer-
tainty intervals.

RESULTS
Aerodynamics

Figure 3 shows the polar diagram for
one model, body length B = 6.0 cm, at
a wind velocity of v= 2.5 m/sec (Re =
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Fic. 4. Relative maximum lift/drag as a function of A) wing length (in cm) and B) relative wing length
(wing length/body length) for several different body lengths. B = Body length: 2 cm (J); 6 cm (X); 10 cm

(®). Wind velocity is 2.5 m/sec.

2600). The polar diagram gives lift and
drag as a function of angle of attack a for
the model for a number of wing lengths
W. For long wing lengths, lift increases
rapidly with a for values between 0° and
15°, while drag increases slightly; at large
a, lift remains constant or drops slightly,
while drag increases rapidly. As wing
length decreases, lift decreases and be-
comes independent of a. These results
are consistent with values reported for
insect wings and other aerofoils in this
Re range (see e.g., Vogel, 1981).

From such polar diagrams, we can
identify the angle of attack yielding the
maximum lift/drag (L/D) for a particular
model as a function of wing length. Recall
that L/D is directly related to gliding dis-
tance. We report maximum L/D for
models with wings in terms of a relative
maximum L/D, which has been stan-
dardized relative to the maximum L/D
for a wingless model (see Data Presen-
tation). There is no significant effect of
increasing wing length on relative max-
imum L/D for wing lengths less than 1.0-
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1.5 cm (Fig. 4A), except perhaps at the
largest body size. For lengths greater than
1.0 cm, relative maximum L/D increases
significantly with wing length. These re-
sults are independent of body shape, wind
velocity, the presence or position of legs,
and the mounting position of the wings
on the thoracic segments.

To consider geometrically similar
models of different size, we can replot
these data in terms of wing length relative
to body length (W/B). Such plots (Fig.
4B) reveal that the W/B above which
there is a significant effect of wing length
on relative maximum L/D decreases with
body length (B). Thus for the B = 2.0 cm
model, wing length must exceed 70% of
body length before there is any effect on
L/D; for the 6.0 cm model the corre-
sponding relative wing length is 10%.

While the relation of relative L/D to
wing length is similar at different body
lengths, the absolute maximum L/D is
about 4-5 times larger for the 2 and 6 cm
body lengths than for the 10 cm length.
(This is the reason for the large uncer-
tainty intervals for the 10 cm curves in
Figs. 4A and 4B.) Flow visualization ex-
periments suggest that, for the large
models, 1) the point of initial separation
of flow from the upper surfaces occurs
earlier and 2) the downwash angle (the
angle through which flow is diverted from
free stream as it passes over the upper
surface) is much smaller. These two fac-
tors reduce the maintainence of a bound
vortex around the wing, thus reducing lift
production for the large models.

The relationship of relative maximum
drag (at an angle of attack of 90°) to wing
length is given in Figure SA. Recall that
the maximum drag (D,,) is directly re-
lated to the time aloft during parachut-
ing. For wing lengths less than 1.0-2.0
cm, there is no significant effect of in-
creasing wing length on relative D,,. For
wing lengths above about 1.0-2.0 cm,
relative D,, increases significantly with
wing length. These qualitative results are
independent of body size and shape, wind
velocity, and the presence of legs. Again
considering geometrically similar models
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(Fig. 5B), the relative wing length (RWL)
above which there is a significant effect
ofincreasing RWL on relative D,, is about
0.2 for all body sizes.

The maximum moment M produced
by the wings shows a similar relationship
to wing length (Fig. 6A, solid lines). There
is no significant effect of wing length on
M for wing lengths less than 1.0-2.0 cm,
regardless of body size. For wing lengths
greater than 1.0-2.0 cm the maximum
moment increases significantly with in-
creasing wing length for all body sizes.
Note that increases in leg length alone
can be quite effective in producing a mo-
ment (Fig. 6A, dashed line). If we con-
sider geometrically similar models (Fig.
6B), the relative wing length RWL above
which there is a significant effect of in-
creasing RWL on M decreases with body
size. RWL must exceed 50-90% for ef-
fects on M to be observed for the 2 cm
model, but only 20% for the 10 cm mod-
el.

Finally, we consider the aerodynamic
effects of adding prothoracic lobes: i.e.,
the effects of three pairs of short (W =
0.9 cm) thoracic wings rather than two
(Fig. 7). There is no significant effect of
adding prothoracic lobes on lift, drag or
L/D at any angle of attack. This result is
independent of body size and shape and
of wind speed.

In summary, we emphasize the follow-
ing aerodynamic results:

1. Relative maximum lift/drag (i.e.,
gliding distance), relative maximum
drag (i.e., time aloft), and maximum
moment (i.e., attitude control) do not
change significantly for wing lengths
less than about 1 cm, regardless of
body size and shape. One possible ex-
ception is for relative maximum L/D
for the 10 cm model, for which wings
less than 1 cm long may have impor-
tant effects. Relative L/D, D,,, and M
do increase significantly for wing
lengths greater than 1.0 cm.

2. The relative wing length RWL above
which relative L/D and M increase
with RWL decreases with body size.
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Relative Maximum Drag
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Relative Maximum Drag

w
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FiG. 5. Relative maximum drag (in mN) during ballooning (a = 90°) as a function of A) wing length
(in cm) and B) relative wing length (WW/B) for several different body lengths. B = Body length: 2 cm (O);

6 cm (X); 10 cm (@). Wind velocity is 2.5 m/sec.

The relative wing length above which
relative D,, increases with RWL is in-
dependent of body size.

3. Short prothoracic lobes have no sig-
nificant effects on lift, drag, or lift/
drag.

Thermoregulation and Combined Effects

The effects of wings on thoracic tem-
perature are revealed by comparing the
body temperature excess of a model with

wings to the excess for the same model
without wings (i.e., relative temperature
excess, RTE, as defined in Materials and
Methods).

Figure 8 shows the relative tempera-
ture excess RTE as a function of wing
length for several body lengths and wind
velocities. At all body sizes, RTE in-
creases rapidly for wing lengths from 0
to about 0.5-1.0 cm; for lengths greater
than 1.0 cm, there is no significant effect
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or leg (dashed line) length (in cm) and B) relative wing length (W/B) for several different body lengths.
B = Body length: 2 cm (O); 6 cm (X); 10 cm (@). Wind velocity is 2.5 m/sec. Dashed line (in 6A) indicates

results for a wingless model for various leg lengths.

of wing length on RTE. Wind velocity
does not affect RTE. The maximum ef-
fect of wings on RTE decreases signifi-
cantly with body size. These results are
independent of air temperature, radia-

tion intensity, body shape, and the pres-
ence of legs.

The relative temperature excess is also
independent of the thermal conductivity
of the wings (Fig. 9A). Again note the
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Fic. 7. Lift (in mN) as a function of drag (in
mN) for models of body length B=6 cm with
(solid line) and without (dashed line) prothoracic
lobes. Wing length (L) is 0.9 cm on each winged
segments; wind velocity is 2.5 m/sec. Points along
each line represent different angles of attack.

strong effects of body size: the presence
of wings increases the maximum tem-
perature excess by about 80% for small
(B = 2.0 cm) models, but by only 20-
25% for large (10.0 cm) models.

If we consider geometrically similar
models by using relative wing lengths,
RWL (Fig. 9B), we see that the RWL
above which there is no significant change
in RTE decreases with body size. Thus,
the maximum RTE isachievedbya RWL

2.0(

10cm/s
N
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of about 0.35-0.40 for the small model,
but at a RWL of only 0.05 for the large
model.

Finally, we can consider the effects on
RTE of adding a pair of short (1.0 cm)
wings to the prothoracic segment (Fig.
10). Except for the large body size, the
addition of prothoracic lobes significant-
ly increases RTE. The addition of wings
on abdominal segments has no signifi-
cant effect on RTE.

Figure 11 summarizes both the aero-
dynamic and heat transfer consequences
of wings: Relative temperature excess
RTE and maximum lift/drag L/D are
plotted as functions of relative wing length
RWL. Atany body size, there is a relative
wing length above which there is no ad-
ditional thermal effect, and below which
there is no significant aerodynamic effect.
The relative wing length at which this
transition from thermal to aerodynamic
effects occurs decreases with body size.
For the 2.0 cm model the transition oc-
curs at a wing length of 40-60% of body
length; for the 10.0 cm model, it occurs
at about 10%.

In summary, we emphasize the follow-
ing thermal and combined results:

1. The relative temperature excess RTE

B=2cm

Relative Temperature Excess

Wing Length (cm)

Fic. 8. Relative body temperature excess (see Data Presentation) as a function of wing length (in cm)
for several body lengths B and wind velocities. B = Body length: 2 cm (O); 6 cm (X); 10 cm (@). Wind
velocity: 10 cm/sec (—-); 50 cm/sec (— - —); 100 cm/sec (—).
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Relative Temperature Excess
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Relative Temperature Excess
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Relative Wing Length (L/B)

FiG. 9. Relative temperature excess as a function of A) wing length (in cm) and B) relative wing length
(W/B) for several different body lengths and wing thermal conductivities. Wind velocity is 50 cm/sec. B =
Body length: 2 cm (O0); 6 cm (X); 10 cm (@). Wing thermal conductivity: paper (low conductivity), solid

lines; foil (high conductivity), dashed lines.

is independent of wind speed, body
shape, and the thermal conductivity
of the wings. The maximum RTE de-
creases significantly with body size.

2. Relative temperature excess RTE in-
creases rapidly for wing lengths from
0 to about 1 cm, regardless of body
size and shape. RTE does not change
significantly for wing lengths greater
than about 1 cm.

3. The relative wing length above which
there is no significant change in RTE
decreases with body size.

4. The addition of prothoracic wings or
lobes significantly increases RTE for
the smaller body sizes.

5. At any body size, there is a relative
wing length below which there are sig-
nificant thermal effects, and above
‘which there are significant aerody-
namic effects due to increasing wing
length. The relative wing length at
which this transition occurs decreases
with body size.

DiscussioNn
The Evolution of Insect Wings
The early fossil record for insects is
very incomplete. There are no fossils rep-

resenting transitional stages between
wingless and flying insects (Kukalova-
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Fic. 10. Relative temperature excess as a function of the number of winged segments for several body
lengths. Wind velocity is 50 cm/sec. The order for thoracic segments 1, 2, and 3 is mesothorax, metatho-
rax, and prothorax, respectively. Symbols as in Figure 9.

Peck, 1978). Based on morphological and
systematic evidence, it is generally be-
lieved that winged insects arose from
ancestors of about 2-4 cm body length
during the early to late Devonian (Woot-
ton, 1976; Wigglesworth, 1976). Given
these uncertainties, any understanding of
selective factors operating during this
crucial period in insect evolution must
be speculative. At best, we can eliminate
certain hypotheses as untenable and doc-
ument other hypotheses as at least plau-
sible.

Our results indicate that, of the three
aerodynamic hypotheses that have been
proposed for selection for insect wings,
there are no significant aerodynamic dif-
ferences between wingless and short-
winged insects. One possible exception is
for relative maximum lift/drag (i.e., glide
distance) for the 10 cm model, for which
wings less than 1 cm long may have im-
portant effects. For insects in the size
range from which winged insects prob-
ably arose, wing lengths more than 30—
60% of body length are required before
there are any significant aerodynamic ef-
fects of wings. Thus, gradual selection for
increased wing length in wingless insects
could not occur on the basis of aerody-

namic performance. In addition, the
presence of prothoracic lobes would have
no effects on aerodynamic capacity.

These results follow from the nature of
fluid flow at the tips of aerofoils (Light-
hill, 1977). Fluid vortices are generated
and shed at the tips of the wings; the
energy lost to these vortices prevents the
effective generation of lift (or in the case
of a = 90°, effective generation of pres-
sure drag). It is only when wings are of
sufficient length that the energy lost in tip
vortices becomes small relative to the en-
ergy gained in lift. The size dependence
of this phenomenon, such that smaller
models are less effective aerodynamically
than are geometrically similar larger
models, relates to the greater importance
of friction drag at lower Re (e.g., Vogel,
1981).

We emphasize that these aerodynamic
results hold for hypotheses consistent
with both fixed (gliding, parachuting) and
moveable (attitude stability) winglet ar-
ticulations. Our results provide a con-
trast to those of a recent analysis of the
evolution of preflight in vertebrates (Ca-
ple et al., 1983). These workers conclude
that small increments of lift generated by
the limbs could dramatically improve at-



EVOLUTION OF INSECT WINGS

501

)

Relative Temperature Excess (

)
E
(o]

4130

20

Relative Maximum Lift/Drag (———)

o

1
0.6

1
0.8 10

Relative Wing Length (W/B)

Fic. 11. Relative temperature excess (left ordinate, solid lines) and maximum lift/drag ratio (right
ordinate, dashed lines) as a function of relative wing length (wing length/body length) for several body
lengths. Data from Figures 4B and 9B. B = Body length: 2 cm (O); 6 cm (@); 10 cm (X).

titude (roll) stability. Their result as-
sumes that the lift force is applied on a
limb extended three body radii to one
side of the body. This is an appropriate
assumption for vertebrates, but clearly
does not apply to insect winglets. In fact,
our results (Fig. 6A) suggest that in-
creases in leg length alone could be nearly
as effective in improving attitude stabil-
ity as are increases in wing length. Thus,
the “leap control” hypothesis for verte-
brates is not valid for insects.

Our aerodynamic results can also ad-
dress the question of aquatic locomotion
in a limited way. This question is of in-
terest because a number of workers have
proposed that wings evolved in an aquat-
ic setting and were perhaps involved in
aquatic locomotion (Kukalova-Peck,
1978). Using Reynolds number scaling,
the results on the effects of wing length
apply to aquatic locomotion for models
in the size range considered for velocities
of movement of 10-20 cm/sec, a low to
moderate swim speed. Our results thus
suggest that, at least for fixed wings, short
wings would not have been effective in
aquatic locomotion or attitude control.
Further experiments would be needed to
see whether flapping would alter this pre-

diction. We note that our results do not
address the gill ventilation hypothesis on
the evolution of wings (Kukalova-Peck,
1978).

On the other hand, as suggested by
Douglas (1981), short wings can have
large thermoregulatory effects, particu-
larly at the small body sizes probably typ-
ical of the early insects. For these small
sizes, increasing wing length significantly
increases temperature excess for wing
lengths up to 20-40% of body length.
These effects are largely independent of
details of body and wing shape, radiation
and wind conditions, and the conduc-
tance of heat through the wings. Our tran-
sient analyses indicate that, for wings of
low thermal conductivity (as in present-
day insects), the wings act to increase the
effective surface area for radiation ab-
sorption, rather than to decrease the heat
transfer coefficient. For wings of high
thermal conductivity, wings both greatly
increase the effective surface area and in-
crease the heat transfer coeflicient.

Recent studies of butterfly thermoreg-
ulation have clarified the physical basis
for the use of wings as radiation-absorb-
ing devices (Wasserthal, 1975; Douglas,
1978). To affect body temperature, heat
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absorbed by the wings from radiation
must be conducted along the wings to the
body before being lost to convection from
the wing. This balance between conduc-
tion and convection determines the dis-
tance along the wing beyond which ab-
sorbed radiation cannot be effectively
conducted to the body. For this reason,
changes in wing length have little effect
on body temperature for wing lengths
greater than about 1 cm. We note that,
for insects that bask on substrate sur-
faces, increases in wing lengths may con-
tribute to thermoregulation even at long
wing lengths, since such insects may trap
hot surface air under their wings (Tracy
et al., 1979).

The possible adaptive advantages of
increasing body temperature in early
winged insects depend in part on climatic
conditions in the Devonian period dur-
ing which pterygotes probably first ap-
peared. The later early Devonian was
characterized by a high climatic gradient,
with a cool high latitude region and warm
and seasonally dry regions at middle and
low latitudes. The late Devonian had a
lower climatic gradient with less latitu-
dinal variation (Boucot and Gray, 1983).
Unfortunately, the spatial and temporal
scales at which Devonian climate is
known are far greater than those relevant
to evolution within an insect population
or species. We point out that many pres-
ent-day insects from all latitudes exhibit
adaptations for elevating body temper-
atures (Casey, 1981).

Our results are consistent with the hy-
pothesis that the initial evolution of wings
from ancestors with small winglets was
related to selection for increased ther-
moregulatory capacity, which would be
particularly effective at the small body
sizes of the earliest insects. After this ini-
tial period, effective selection for in-
creased aerodynamic capacity could oc-
cur. For small insects, this could only
occur for wing lengths greater than about
50-60% of body length; for larger insects
this could occur at relatively smaller wing
lengths. Thus, we propose that thermo-
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regulation was the primary adaptive fac-
tor in the early evolution of wings, pre-
adapting them for the subsequent
evolution of flight.

Two consequences of this hypothesis
are particularly relevant to the evolution
of flapping flight. First, the effectiveness
of wings as structures for regulating body
temperature is greatly enhanced if the
wings can be moved. Many present-day
insects, such as butterflies and dragon-
flies, use wing positioning as an impor-
tant means of thermoregulation (Casey,
1981). Thus, moveable articulations
would have considerable adaptive value
for thermoregulation, an essential pre-
requisite for the evolution of flapping
flight. Second, this scenario suggests that,
during the period in which flight evolved,
insects already possessed some thermo-
regulatory capacity. Thermoregulation
and flight are intimately associated in
present-day insects: a high and narrow
range of body temperatures is necessary
for vigorous flight in many insects (Hein-
rich, 1981). We suggest that this associ-
ation began at the origins of flight.

Finally, these results provide new in-
sight into the thermoregulatory role of
wings in present-day insects. Previous
work established that the basal regions of
wings in many insects are important in
thermoregulation (Watt, 1968; Wasser-
thal, 1975). Our study indicates that the
thermal effects of wings are strongly size
dependent and that the relative length of
the wings contributing to heat transfer is
also size dependent. This information is
essential to understanding the allometry
of thermoregulatory mechanisms in in-
sects and in interpreting the thermal sig-
nificance of wing pigmentation patterns.
In this regard, it is useful to note that
many Paleozoic Paleodictyoptera had
complex wing pigmentation patterns, in-
cluding basal wing pigmentation (see
Carpenter, 1969).

Scaling and the Evolution of Function

The basis for our results lies in the dif-
ferent ways in which mechanics and heat
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transfer scale with wing length. One con-
sequence of this differential scaling is that
a given structure may serve different
functions at different stages in its evo-
lution. On this basis, we have suggested
that wings represent a preadaptation with
respect to flight. For the present case, there
are two distinct aspects to the evolution
of flight through preadaptation. First,
what was the primary adaptive factor fa-
voring increasing wing length before the
development of flight? We have argued
that this primary adaptation may have
involved thermoregulation. Second, how
did the transition from thermoregulatory
to aerodynamic function occur? In the
previous section, we suggested that this
transition could have occurred as a result
of further small changes in wing length,
once wings had achieved lengths of 1 cm
or so. We now propose an alternative hy-
pothesis for this transition, involving not
changes in wing length but changes in
body size.

We have shown that there is a switch
in functional capacity from thermoreg-
ulation to aerodynamics with increasing
wing length at all body sizes. However,
the relative wing length, or geometry, at
which this switch occurs depends on body
size. This means that geometrically iden-
tical (i.e., isomorphic) forms may serve
different functions at different body sizes.
Consider, for example, an insect with
wings 50% as long as the body. In a small
insect, these wings could function effec-
tively for thermoregulation, but not for
aerodynamics; in a large insect, these
same wings could serve quite effectively
as aerodynamic structures. Thus, a pure-
ly isometric change in body size during
evolution may yield a change in function
of a given structure.

Most interest in scaling phenomena in
evolution has focused on the allometric
changes with size required to maintain a
given function. Accordingly, much re-
cent emphasis has been placed on the de-
velopmental mechanisms and selective
pressures by which geometrically dissim-
ilar structures could be generated, with
the associated maintenance of the func-
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tion of these different structures (e.g., Al-
berch et al., 1979). We wish to emphasize
the converse phenomenon as a poten-
tially important mechanism in evolu-
tion: that isometric changes in body size
may produce qualitative shifts in the
function of a given structure, with the
associated changes in selective pressure.

The potential for isometric growth in
overall body form in insects is well de-
veloped. Dyar’s rule and Przibam’s rule
for insect development, which state that
cuticular structures increase in linear di-
mensions by a constant ratio at each
moult (see Wigglesworth, 1965) imply
isometric growth. More detailed studies
suggest that these rules strictly hold only
for a minority of cuticular structures: ex-
amples both of different ratios for differ-
ent structures and of a changing ratio for
a single structure during development
have been documented (Brown and Da-
vies, 1972; Davies, 1966). Nevertheless,
at a gross level, growth that is approxi-
mately isometric appears commonly in
insects.

These considerations suggest an alter-
native scenario for the transition from a
thermoregulatory to an aerodynamic
function for insect wings. Elongation of
the wings first evolved in small insects as
a result of selection for thermoregulatory
capacity, followed by an isometric in-
crease—either gradual or abrupt—in body
size, after which wings could function as
aerodynamic structures. Thus, we argue
that changes in body form were not a
prerequisite for this major evolutionary
change in function.

Note that this scenario would not work
for increasing glide distance for large in-
sects. At large body lengths (6-10 cm),
increasing body size may decrease glide
distance, because of changes in the nature
of the fluid flow affecting lift production,
even though the relative effect of wings
increases with body size. These effects
make the very large Protodonates with
extremely long wings in the Carbonifer-
ous particularly interesting.

Finally, our results illustrate that one
cannot predict a priori the functional
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consequences of small changes in a char-
acter. Changes in wing length may have
large or insignificant effects on thermo-
regulation and aerodynamics, depending
on body size and wing length. It is in
exploring the functional consequences of
such structural changes that engineering
analyses can play a useful role.
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