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Studies made with both entomological and meteorological radars over the last 40 years have frequently
reported the occurrence of insect layers, and that the individuals forming these layers often show a con-
siderable degree of uniformity in their headings—behaviour known as ‘common orientation’. The
environmental cues used by nocturnal migrants to select and maintain common headings, while flying
in low illumination levels at great heights above the ground, and the adaptive benefits of this behaviour
have long remained a mystery. Here we show how a wind-mediated mechanism accounts for the
common orientation patterns of ‘medium-sized’ nocturnal insects. Our theory posits a mechanism by
which migrants are able to align themselves with the direction of the flow using a turbulence cue, thus
adding their air speed to the wind speed and significantly increasing their migration distance. Our mech-
anism also predicts that insects flying in the Northern Hemisphere will typically be offset to the right of
the mean wind line when the atmosphere is stably stratified, with the Ekman spiral in full effect. We report
on the first evidence for such offsets, and show that they have significant implications for the accurate
prediction of the flight trajectories of migrating nocturnal insects.

Keywords: orientation behaviour; windborne insect migration; nocturnal boundary layer;
atmospheric dispersion models

1. INTRODUCTION

Early authors, if they considered the matter at all, thought
that insects flying at high altitude at night would orient at
random owing to the presumed lack of environmental
cues ‘in what is almost a sensory vacuum’ (Berry &
Taylor 1968; see also Taylor 1974; Kennedy 1975). How-
ever, when X-band scanning radars were first deployed
for entomological purposes, it became clear that large
(greater than 40 mg) nocturnally migrating insects (such
as acridoid grasshoppers or noctuid moths) often
showed a degree of common alignment (Riley 1975;
Schaefer 1976), sometimes with quite small angular dis-
persions (approx. 15°) around the mean. Aerial
densities were often far too sparse for the insects to
have maintained the alignments by visual reference to
one another (Riley 1989), and so the orientation patterns
must have been due to individual responses to some
environmental cue or cues. Recent observations using
Doppler meteorological radars (e.g. Lang er al. 2004;
Rennie er al. 2008) have revealed echo patterns sympto-
matic of common alignment over huge areas,
demonstrating that the degree of uniformity in heading
is not due to insects following localized linear landmarks,
such as roads or rivers.

Entomological scanning radars showed that the
observed orientation directions were often close to the
downwind direction (Schaefer 1976; Riley & Reynolds
1986) and this would seemingly be adaptive in that
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large insects could add their self-propelled flight speed
(air speed) to the wind speed, thus maximizing their
displacement distance in a given time.

Many populations of high-flying nocturnal insect
migrants are plainly influenced by wind-related factors
when taking up their flight headings. For example, in
some radar studies, the mean heading closely followed
the downwind direction despite veering of the wind with
altitude (Schaefer 1976; Riley & Reynolds 1983). In
other cases, insects flying at the same altitude maintained
their (relatively large) off-wind orientation angle after a
substantial shift in the wind direction (Drake 1983;
Riley & Reynolds 1986). Drake (1983), for example,
reports a case where orientation was maintained at
about 40° to the downwind direction before and after a
sudden change in wind direction by approximately 90°.
There is also evidence that insects take account of wind
velocity by flying preferentially (and thus forming hori-
zontal layers) at altitudes with fast-moving and stable
wind streams (see references in Reynolds ez al. 2009).

The question thus arises as to how this wind-related
orientation is maintained at altitudes of several hundreds
of metres often under conditions of severely reduced illu-
mination, and this problem has proved difficult to resolve.
The obvious means for a flying insect to determine the
wind direction is by the visual perception of the apparent
movement of the ground, in a similar way to the ‘optomotor
response’ that occurs in flight near the ground (Kennedy
1951; Franceschini er al. 2007; Webb 2007). However,
evidence has steadily accumulated which suggests
that, in some cases at least, a visually mediated
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optomotor-type mechanism is unlikely. This evidence
includes the following points.

(1) Authors are agreed that the presence and degree of
the common orientation do not seem to depend on
the intensity of the illumination—it occurs at all
illuminance levels between overcast and clear
moonlit nights; tight orientation also occurs in
situations where there is very little in the way of
significant light sources on the ground (e.g. in
remote places in Mali, West Africa; Riley &
Reynolds 1986; Riley 1989).

(i) Migrants are able to orient in conditions (i.e. flying
hundreds of metres above the ground at night, as
mentioned above) that would entail the detection
of very small angular movements under illumina-
tion levels that often seem to be inadequate (Riley
et al. 1988), and with very stringent stability con-
straints on the ‘viewing platform’ (i.e. the insect’s
head) (Kennedy 1975; Riley & Reynolds 1986).

(iii) There appears to be no general indication that
angular dispersion increases with altitude as
might be expected with an optomotor-based
mechanism; in fact, the opposite occurs (Riley
1989 and see results below).

@iv) It is not straightforward to account for the frequent
offsetting of the orientation direction with respect
to the mean wind direction (Riley & Reynolds
1986; Riley 1989). If the off-wind orientations
were achieved by maintaining the speed of apparent
ground movement rransverse to the body axis at
some preferred value, one would expect the angle
to the wind to increase with height; and if the
insects orientated so as to produce a symmetric dis-
tribution of transverse angular rates, this would
result in a skewed heading distribution (provided
that headings are more than 45° from the down-
wind direction) (Riley & Reynolds 1986). Neither
of these features is observed, although in the latter
case the skewness may often be negligibly small
because observed headings are within 45° to down-
wind. An alternative hypothesis—that off-wind
headings are maintained by the ratio of lateral to
backward angular rates—would account for the
independence of off-wind angle with altitude, but
not the general symmetry of observed off-wind
heading distributions.

(v) The height above the surface at which an insect is
no longer constrained by the optomotor effect of
ground patterns (either because the pattern is
not resolvable or the image motion is too slow to
produce a compensatory response) is termed the
‘maximum compensatory height’ (Kennedy
1951). The maximum compensatory height,
above which an insect is ‘unembarrassed by opto-
motor responses’ (Johnson 1965) and free to ride
fast-moving airstreams, seems to occur at quite
low altitudes (a few metres or tens of metres) in
day-flying locusts (Kennedy 1951). It thus seems
unlikely that nocturnal insects would be able to
use this mechanism on dark nights at heights up
to and beyond a kilometre above the ground,
where common orientation has been habitually
observed.

Proc. R. Soc. B (2010)

Rather than being due to relative movement of ground
features, there are increasing indications that high-
altitude orientation may be maintained by some intrinsic
feature of the wind itself—perhaps some form of anisotro-
pic turbulence that provides cues for the selection of both
orientation direction and flight altitude (Reynolds ez al.
2009). In this connection, it is worth noting that increases
in the degree of orientation seem to be associated with
increases in the extent to which migrants are layered
(Drake 1983; Hobbs & Wolf 1989; Drake & Rochester
1994), indicating that the same cues might facilitate
both phenomena. In a recent paper, it was suggested
that certain insect layers could form if individuals actively
climbed or descended in the direction of gusts in the ver-
tical component of wind velocity (Reynolds ez al. 2009).
This active response would lead to migrants preferentially
concentrating into regions where the turbulent kinetic
energy has local minima, thereby minimizing the ener-
getic costs of flight. The formation of these layers
closely mimics field observations (Drake & Farrow
1988), both in terms of the degree of concentration of
the layers and the rate at which they form. In the present
paper, we show that such responses also provide a mech-
anism for orientation, and account for the consistent bias
for flight headings to be offset to the right of the mean
downwind direction. This phenomenon is revealed
through the analysis of a substantial dataset on the
migratory flights of ‘medium-sized’ (10—70 mg) noctur-
nal insects observed by two vertical-looking radars
throughout the summer in the UK. These migrants did
not show compensatory orientation in preferred seasonal
directions, and thus are very different from large noctur-
nal insects (i.e. noctuid moths, such as Autographa
gamma; approx. 100-200 mg), which do show these
specialized orientation behaviours (Chapman ez al.
2008a,b and J. W. Chapman 2009, unpublished data).

2. A WIND-MEDIATED MECHANISM FOR

LAYERING AND ORIENTATION

It is instructive to consider first the case of neutrally buoy-
ant particles that are passively advected by a turbulent
airstream. Provided that the particle density is much
greater than the air density, many terms in the general
particle momentum equation can be neglected. These
neglected terms include the pressure gradient force, the
virtual mass and the Basset history integral (Maxey &
Riley 1983). The particle momentum equation then
reduces to:

C:;: =7 (u; — ;) +%,
where v; is the velocity of the particle, u; is the velocity of
the airstream at the particle location and 7 is the aerody-
namic response time of the particle, which determines
how rapidly the particle responds to changes in the air vel-
ocity. F is a body force that when present propels the
particle and m is the mass of the particle. For small
spherical particles, the aerodynamic response time can
be approximated by 7= (p/p,)(d?/18v), where p is the
particle density, p, is the air density, d is the particle dia-
meter and v is the kinematic viscosity. The subscripts
denote Cartesian components (i.e. u#y, U, U3, respectively,
denote the streamwise, crosswind and vertical component
of the air velocity).

(2.1)
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According to equation (2.1), the particle velocity is:

dv,— F1
Vi = U; TE + TE
dui 8”,’ auz Fi
~ U; — = Uu; — —_— ;= —, 22
T T T(at+MJGXj)+Tm (2.2)

where there is summation over repeated indices and
where the particle acceleration, dv/dz, has been approxi-
mated by the acceleration of the surrounding air, du/dz;
an approximation that produces accurate predictions for
the velocities of particles where 7 is much less than the
time scale over which fluctuations in wind speed are
correlated (Rani & Balachandar 2003). Results from
this approximate but illustrative approach are found
to be consistent with data from state-of-the-art simu-
lations, described later, in which the approximation
dv/dr ~ du/dr is not made. As a consequence of equation
(2.2), the average velocity of a particle in a statistically

stationary  (0%;/0r = 0) incompressible air flow
(Ou;/0x; = 0) is given by:
doj F;
T =T — Tl et (2.3)
Ox; m

where the overbar denotes an average over particles and
air flows through an elemental volume at a given spatial
location, and o = uu; are the Reynolds stresses owing
to turbulence. It is apparent from equation (2.3) that
the body forces give rise to an air speed
a, =7, —u; = 7F;/m when gradients in the Reynolds
stresses, OJoj;/Oxj, vanish. It is also apparent from
equation (2.3) that even in the absence of a driving
force the mean particle velocity, 7, will in general be
different from the mean velocity of the surrounding air-
stream, #. Consider, for example, the case when the air
velocity co-variances vary with height, z, but not with
the streamwise and crosswind positions; a scenario corre-
sponding to a homogeneous atmospheric boundary layer.
In this case, the mean air velocity # = (U, 0,0) while the
mean particle velocity is:

7= (U — T_da'13 ,0, _Td0'33>7
dz

dz

when F = 0. Particles, unlike air parcels, will therefore
tend to drift upwards at a rate —7(do33/dz) to become
preferentially concentrated in regions of the air flow
where the turbulent kinetic energy is low; typically corre-
sponding to the regions of fast-moving air. The degree of
layering predicted by this model is, however, very much
weaker than that observed in the field (Reynolds er al.
2009). Nevertheless, models closely related to equation
(2.1) in which organisms actively respond to turbulent
gusts by amplifying their effects, do predict layer for-
mation that closely resembles the field observations
(Reynolds er al. 2009). A previously overlooked conse-
quence of these mechanisms is the fact that the average
streamwise velocity of the particle U — 7(doy3/dz) is
less than the average streamwise velocity of the air
when, as is usually the case, doj3/dz > 0 (figure 1). In
other words, air is on average flowing past the particle,
and this provides a cue for the mean wind direction. We
note that this cue is only present in sheared turbulent
flows—particles moving within laminar airstreams and
within homogeneous turbulence move with an average
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speed equal to the average speed of the surrounding air-
stream. Passive particles with an aerodynamic response
time 7= (p/p,)(d?/18v) ~ 100 s (equating to a 100 mg
moth of length 0.01 m) will on average be travelling
about 0.05-0.1ms ! slower than the average velocity
of the surrounding airstream in a nocturnal boundary
layer (figure le, f). Thus, an insect that is moving faster
than |7(doy3/dz)|, as would normally be the case, would
experience an average air flow over its body directly
from front to back only when moving precisely in a
streamwise direction. Insects could therefore use this
average air flow to determine the mean wind direction.
This affect could be enhanced if the effective value of 7
were larger than the aerodynamic 7, as would happen if
insects try for a while (i.e. for time 7) to deliberately
resist any wind changes, as may be the case (Reynolds
et al. 2009). Air flows do, however, decrease with decreas-
ing insect size (equation (2.3)) and for sufficiently small
insects will be undetectable, so precluding wind-mediated
orientation in these species.

The presence of an Ekman spiral complicates matters
slightly. The Ekman spiral is the rotation of the mean
wind direction with increasing height owing to the Coriolis
effect. Surface winds in the Northern Hemisphere tend to
blow to the left of winds aloft while in the Southern
Hemisphere they tend to blow to the right of winds
aloft. The effect is most apparent in stably stratified
boundary layers where turbulent mixing is low. When
the mean air velocity # = (U, VV,0) turns with height, so
will the mean particle velocity:

- d0'13 d0'23 d0'33
vf<U—sz ,V—sz ,—T dz)o

Continuous stably stratified boundary layers are typically
characterized by the presence of a low-level jet with mean
speed u = (U,0,0) and, for the most part, by turbulent
profiles with doj3/dz>0 and for the Northern
Hemisphere by do,;/dz>0 (for the Southern
Hemisphere doys/dz < 0) (e.g. Saiki et al. 2000).
Particles will preferentially concentrate into the jet
where the turbulence is a local minimum. Particles
within and just below the jet will not be moving in the
direction of the jet but instead their displacements will
be offset to the right of the mean wind line;

_ doj;  doas
‘U—<U sz’ sz 70).

Thus, if insects orient at any angle other than

d0'23 dO’ 13 °
arctan( 1 / e > < 45°
they will experience a net sideways flow to which they
could be expected to respond by turning until it disap-
pears. Insects would then be flying to the right of the
mean wind line (in the Northern Hemisphere). Left off-
sets would arise if the mean wind direction turned
anticlockwise rather than clockwise with increasing
height. This would be a common occurrence in the
Southern Hemisphere, but rare in the Northern Hemi-
sphere being associated with baroclinicity (variation of
geostrophic wind with height), developing or evolving
flows and advective effects (horizontal inhomogeneity).
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Figure 1. Mean airstream velocity profiles, U, and mean air speeds, AU =V — U = —1(doy3/dz) (equation (2.3)), of
passively advected particles with aerodynamic response time 7~ 100s. The mean air speed of a particle is the
difference between the mean speed of the particle and the mean speed of the surrounding air. Profiles are shown for: (a,b)
a weakly sheared convective boundary layer («, = 0.3 m s™!, @, = 2.0 m s~!, 2 = 1000 m); (c,d) a more strongly sheared con-
vective boundary layer (u, =08ms ! w,=05ms ! A=1000m); (e,f) a stably stratified boundary layer
({(w)y = —0.05 mK s~ !, Uy =15.0m s™!, hc = 500 m), where u, is the friction velocity and w, is the convective velocity
scale, # is the height of the boundary layer, (wb), is the temperature flux at the ground, U, is the speed of the geostrophic
wind and 7. is the height of the inversion top. Mean velocity profiles and estimates of AU are based on the flow parameteriza-
tions of Rotach er al. (1996) and Saiki et al. (2000). (a,b) Around sunset following a warm summer day, AU ~Oms .
(c—f) For more stable atmosphere conditions that are expected after sunset, predicted ‘signal-to-noise’ ratios |[AU|/\/o11
tend to increase with increasing height, peaking at around 0.1 (o7, is the airstream velocity variance). Consequently, angular

dispersion is predicted to decrease with increasing height.

Predictions from the foregoing analytic analysis are
supported by the results of simulation data from Lagran-
gian stochastic models of particle trajectories within the
atmospheric boundary layer with stabilities ranging from
purely convective to stably stratified (data not shown). A
description of this modelling approach, which is cur-
rently the best way to model atmospheric dispersal,
can be found in Reynolds er al. (2009). These models
take explicit account of the instantaneous turbulent
structures, ‘gusts’, and the observed differences between
up and down gusts as encapsulated by velocity skewness
statistics and turbulent dissipation rates.
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3. ORIENTATIONS TO THE RIGHT OF THE

MEAN WIND DIRECTION

To look for evidence of wind-mediated common orien-
tation in nocturnal insect migrants, we used data from
two specially developed vertical-looking entomological
radars (VLRs) located in the southern UK that provide
information on the flight characteristics of individual,
high-altitude, insect migrants (Chapman et al. 2003,
2004a; Reynolds ez al. 2005). Overflying insects can be
simultaneously detected within 15 different height
bands (‘range gates’ of 45 m depth), between approxi-
mately 150 and 1200 m above the VLRs, and the
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displacement direction and body alignment of each indi-
vidual is routinely recorded. This enabled us to examine
the orientation behaviour of medium-sized (10—70 mg)
nocturnal insects migrating high above the ground, in
relation to the wind currents in which they were flying
(Chapman et al. 2008a,b). Nocturnal migrants in this
size class are likely to be predominantly composed of
larger ‘micro’-Lepidoptera (e.g. including migrant pyra-
lids such as Nomophila noctuella and Udea ferrugalis),
some small noctuid moths, green lacewings (Neuroptera)
and certain families of Diptera and Coleoptera (Chapman
et al. 2002, 2004b, 2006; Reynolds et al. 2005, 2008;
Wood et al. 2006, 2009). Small insects (less than
10 mg) are only detectable within the lowest sampling
ranges of the VLRs, and thus were excluded from our
dataset.

We selected 58 occasions during the summer months
of 2000-2006 when sufficient individual insects were
recorded during a 1h period sometime after dusk
within a small number of range gates (typically 4 or 5,
spanning approx. 300 m of the vertical sampling region
of the VLRs) to analyse the collective orientation patterns
of the migrants. This dataset may include some occasions
when the wind was turning anticlockwise with height
(rather than clockwise as is typical for the Northern
Hemisphere). We calculated the mean displacement
direction, and the mean heading direction, of the
migrants flying within the 4 or 5 range gates that con-
tained the greatest density of insects during the 1h
period on each occasion (ranging from 16 to 242 individ-
uals on each night, with an overall total of 3530 insects),
using the procedure previously described (Chapman et al.
2008a). Two further parameters were calculated for each
occasion: the mean resultant length ‘R’ (a measure of
angular dispersion, ranging from O to 1), and the prob-
ability that the distribution of directional data differed
from uniform (using the Rayleigh test of uniformity for
circular data; Fisher 1993). Occasions where the Rayleigh
test of the distribution of headings produced a p-value
greater than 0.05 (indicating a uniform distribution)
were excluded from further analysis. If the p-value for
the distribution of flight headings was less than 0.05,
this was taken to be indicative of significant unimodal
mutual alignment (i.e. common orientation along a pre-
ferred direction). The displacement direction of these
small insects is assumed to be very similar to the down-
wind direction (as wind speeds at migration altitudes
are typically between five and 10 times faster than the
air speeds of these insects), and so has been used as a
proxy for downwind direction at flight height in our ana-
lyses. The final stage was to calculate the degree of offset
of the mean heading direction from the mean displace-
ment direction (downwind direction), and the direction
of this offset (i.e. to the left or right), for each of the
occasions with significant common orientation. Left off-
sets were arbitrarily assigned negative values, while right
offsets were assigned positive values. We then analysed
the distribution of offsets to see whether there was a sig-
nificant bias towards one side of the downwind
direction or not, by calculating the mean offset and 95
per cent confidence intervals (CI) and comparing these
with an expected mean offset of zero.

On 48 of the 58 occasions analysed, the distribution of
flight headings exhibited significant collective orientation

Proc. R. Soc. B (2010)

(@) (b)

Figure 2. Circular distributions of directional data from high-
altitude migrations (300-900 m above the ground) of
medium-sized (10-70 mg) nocturnal insects. The mean
direction from each of the 48 migration events with
common orientation is plotted (small filled circles at periph-
ery). The bearing of the arrow indicates the overall mean of
the mean directions, and the length of the arrow is pro-
portional to the angular dispersion of the dataset around
the overall mean direction. (a) The mean flight headings
(body orientations) of the 48 migration events (no significant
overall mean direction, R= 0.18, p = 0.196). (b) The mean
displacement directions (migratory tracks) of the 48
migration events (no significant overall mean direction,
R=0.17, p=0.231). Neither dataset shows consistent
migratory headings or tracks in any particular direction;
thus, in these insects, the common orientation phenomenon
occurs on winds from all compass directions.

about a common direction (Rayleigh test, p < 0.05 on all
48 occasions). There was no obvious overall pattern to the
mean flight headings (figure 2a), as they were randomly
distributed and occurred in most possible compass direc-
tions (Rayleigh test, no overall mean direction, n = 48,
R=0.18, p = 0.196). The mean displacement directions
on each of the 48 occasions were also randomly
distributed (Rayleigh test, no overall mean direction,
n=48, R=0.17, p=0.231), indicating that winds
blew in all possible compass directions during the
occasions analysed (figure 2b). Mean flight headings
were typically close to the downwind direction on each
occasion, but offset by a reasonable amount (mean
offset + 1 s.em. =33 + 3°, range 1-78°, n=48).
These results indicate that there were no clear seasonal
patterns of bi-directional migrations, as seen in large noc-
tuid moth migrants (Chapman ez al. 2008a,b), and that
insect orientation was related to the downwind direction,
but was not usually closely aligned with it. Considering
the direction of the offsets relative to the downwind direc-
tion, only nine of the offsets were to the left of the mean
flow (assigned negative values), while 39 of the offsets
were to the right (positive values). This distribution of
offsets was significantly different from zero (mean
offset = +22°, 95% CI=9° p<0.00001, figure 3),
indicating that offsets were much more likely to occur
on the right of the mean flow than on the left.

These results provide support for our theory that the
mechanism underlying the take-up of common flight
headings by nocturnal insects along the downwind direc-
tion is a wind-mediated mechanism, and that the
preponderance of right offsets was a result of the physical
action of the Ekman spiral on the flying insects. An
additional analysis of variation in orientation patterns
with flight altitude also provides further evidence that
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Figure 3. Mean offset angles (difference between heading
direction and displacement direction) for the 48 migration
events. An offset of 0° (small filled circles at periphery) indi-
cates that the mean heading direction of the nocturnal insects
was exactly aligned with the mean displacement direction
(and therefore the downwind direction) on that particular
occasion. Offsets to the left of the downwind direction were
assigned negative values, while offsets to the right were
assigned positive values. The bearing of the arrow shows
the mean direction (422°, i.e. 22° to the right of the mean
wind flow), and the solid lines show the upper and lower
95% CI. This distribution is significantly different from
zero (p < 0.00001), indicating that offsets to the right of
the downwind direction were much more likely to occur
than simply by chance, thus fitting the outcome of our
theory for wind-mediated orientation in medium-sized
nocturnal insects.

the insects use wind-related cues to take up their head-
ings, rather than the visual assessment of movement
direction relative to the ground. If the insects were able
to visually assess the downwind direction, then we
would expect their ability to do this to decrease with
height above the ground. However, we found the opposite
to be the case: angular dispersion of the distribution of
headings significantly decreased with altitude (linear
regression of R-values against flight height, n =48,
Fy46=10.7, ¥*=0.17, p = 0.002; figure 4), indicating
that insects were better at orientating with respect to the
wind direction the higher they were above the ground,
as predicted by our model (see figure 1 and caption).
The right offsets exhibited by these medium-sized noctur-
nal insects will have a substantial effect on their migration
trajectories: for example, a migrating insect with an air
speed of 3ms™ ! and flying with a mean offset of 20°
from an airstream moving at 20 ms_l, in comparison
with an insect flying precisely downwind, will have a lat-
eral displacement of 27 km after a single hour’s flight
(of 74 km distance).

4. DISCUSSION

The evidence quoted in §1, and our results on the vari-
ation of angular dispersion of heading directions with
altitude, casts doubt on the proposition that high-altitude
nocturnal insect migrants are using visual mechanisms to
detect the wind direction. Accordingly, we have presented
a new fluid-dynamic theory that accounts for the frequent
occurrence of layer concentrations and the considerable
degree of common orientation, in a predominantly
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Figure 4. Regression of R (a measure of angular dispersion
around the mean flight heading) against insect flight altitude
for the 48 migration events. Higher values of R denote
occasions with lower angular dispersion (i.e. ‘tighter’ orien-
tation around the mean). There is a highly significant
positive relationship between R and flight altitude (r*=
0.17; p=0.002), indicating that nocturnal insects orient
their flight headings with respect to the downwind direction
better at higher altitudes. This provides strong evidence
that visual assessment is not the mechanism used for
alignment of headings with the downwind direction.

downwind direction, in these migrants. The theory thus
explains two facets of insect migration that have puzzled
researchers for more than 40 years in one simple but com-
prehensive package. Additionally, the theory predicts that
insect flights in the Northern Hemisphere should be
orientated to the right of the downwind direction. The
offsets and the degree of orientation are predicted to
increase with increasing stability to become most appar-
ent when the atmosphere is stably stratified
(figure le,f). We report the first evidence for this effect
in data for medium-sized nocturnal insect migrants
from two vertical-looking insect-monitoring radars. The
theory fills the gap between, on the one hand, some
large (greater than 100 mg) high-flying noctuid moths
that employ a range of orientation strategies (some of
which involve quite complex compass-mediated behav-
iour) to facilitate long-range movements (Chapman
et al. 2008a,b; J. W. Chapman 2009, unpublished data)
and, on the other hand, small migrant insects (less than
10 mg). Some of the latter, such as the brown planthop-
per (Nilaparvata lugens), orient more or less at random
(Riley et al. 1991) while other (crepuscular) species
appear to make use of sunset (polarized light) patterns
(J. W. Chapman 2009, unpublished data).

Our work reveals clearly that there really are asymme-
tries in the small-scale, accelerative motion of wind flow,
and that these motions could, in principle at least, provide
directional cues that insects could detect and orient to (as
has long been suspected in general terms; Williams ez al.
1942; Nisbet 1955). Similar cues could lead to layering
(Reynolds ez al. 2009). In this case, it is not the (vertical)
turbophoretic advective flow itself that produces insect
layering, but the active climb/descend response of the
insects to the accelerative cues (Reynolds ez al. 2009).
The weak horizontal advective flow may be similarly
enhanced.
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Horizontal components of the fluctuating flow
(equations (2.1)—(2.3)) tend to be aligned with the
mean wind direction, or offset to one side if the Ekman
spiral is in full effect. We believe that the orientation pat-
terns analysed here are the result of insects trying to head
downwind so as to maximize their displacement distance
in a given time, but that they are frequently being ‘misled’
by the action of the Ekman spiral. These angular offsets
seem to have no biological significance and are quite dis-
tinct from the above-mentioned compensatory flights of
large moths, where flying to one or other side of the
wind line results in displacements towards a seasonally
favourable goal. It would be interesting to test whether
medium-sized nocturnal insects in the Southern Hemi-
sphere have a tendency to fly to the left of the mean
wind direction, as predicted.

Our findings have clear implications for the accurate
prediction of the flight trajectories of migrating nocturnal
insects, because over long distances even relatively small
but consistent offsets will have quite significant effects.
The mechanism(s) by which airborne insects detect
turbulent air flows remain to be elucidated. The mechanism
could involve, for example, differential measurements of
air pressure on either side of the body, linear or angular
acceleration, or proprioceptors in the wings (that feed
directly into neurons controlling wing beat and angle of
attack). If so, then it may not be necessary to compensate
or set the ranges of these signals against ‘noise’ due to
wing beats. Antennae could also be the mechano-
receptors responsible for detecting the weak air flows
(through their action on Johnston’s organ) (Sane et al.
2007; Kamikouchi et al. 2009; Yorozu er al. 2009).
Together, the antennae and Johnston’s organ are involved
in very sensitive responses to cues that result in changes in
flight behaviour. Wind-sensitive setae like those on the
face of the desert locust (Camhi 1969) may well be
involved. Mechano-receptors on the antennae or on the
anterio-dorsal head capsule are, of course, positioned in
front of the vortices produced by the flapping wings,
which will tend to dampen small lateral differences in
the airstream about the insect. Finally, we note that
some insects possess sensors that are capable of detecting
extremely faint air movements—of the order of pms ™’
(Magal et al. 2006).
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