
Active Aerial Dispersal of Minute Wingless Arthropods: 
Exploitation of Boundary-Layer Velocity Gradients 

Abstract. The wingless first instars of the coccid Pulvinariella mesernbryanthemi 
exhibit active aerial dispersal behavior by standing on their hind legs. This behavior 
is an age-specific response to the ambient wind velocity by which the instars are able 
to capitalize on air velocity gradients in the thin boundary layer surrounding the host 
plant substrate. This dispersal tactic may be a convergent evolutionary strategy for 
many minute terrestrial arthropods. 

Dispersal of living organisms results in 
the expansion of the range and distribu- 
tion of species through colonization of 
new habitats and reduction in the risk 
of extinction from local, catastrophic 
events. For insects, the evolutionary de- 
velopment of functional wings greatly 
expanded their ability to disperse and 
dominate terrestrial habitats (I). Despite 
the absence of functional wings in imma- 
ture insects and other arthropods, some 
still effectively disperse by wind. Exam- 
ples include ballooning spiders and many 
first instar lepidoptera that use silk 
threads for dispersal. Others include 
small mites and scale insects (length I 1 
mm) whose presence in the aerial plank- 
ton is well documented (2, 3). 

We describe aerial dispersal behavior 
of the exotic ice plant scale, Pulvinar- 
iella mesembryanthemi (Homoptera: su- 
perfamily Coccoidea), an Old World coc- 
cid recently introduced into California 
(4), showing it to be an age-specific re- 
sponse to airstreams in which boundary- 

layer velocity gradients are used to be- 
come airborne. 

Scale insects are economically impor- 
tant herbivores with worldwide distribu- 
tion. Only the short-lived and fragile 
males possess wings, but they alone are 
unable to disperse and colonize new hab- 
itats. Instead, many scales disperse by 
wind during the first instar or crawler 
stage (3), and once they establish a feed- 
ing site on a host they display little 
tendency to move (5). Although aerial 
dispersal of scales is well documented, 
little is known of how crawlers enter the 
air column. Other investigators have 
suggested that crawlers are accidentally 
detached from their host plants (6),  but 
our observations indicate that scales de- 
liberately enter the air. 

Pulvinariella mesembryanthemi repro- 
duces parthenogenetically with each fe- 
male producing up to 2400 crawlers. The 
progeny are minute (mean length, 0.41 
mm, N = 50) and can live up to 8 days 
without feeding. We tested P.  mesem- 

Velocity (mlsecl 
0 1 2 3 4 5  
I I I I I I 

Fig. 1 .  Crawlers of 
P. mesembryanth- 
emi on leaves of 
Carpobrotus aequa- 
lateris. (A) Walking 
(left) and standing 
(right) postures of 
crawlers are shown 
near leaf edge 
( ~ 5 6 ) .  (B) Typical 
upright dispersal 
posture showing the 
position of antennae 
and prothoracic legs 
(X56). 

Fig. 2. Vertical velocity pro- 
files for two free stream ve- 
locities 2.0 mm (five body 
lengths) from the leading 
edge of a flat plate and 
scaled illustrations of P. me- 
sembryanthemi in (A) walk- 
ing and (B) standing pos- 
tures. 

bryanthemi crawlers in a wind tunnel 
where dispersal behavior could be ob- 
served through a stereomicroscope 
(magnification, x6 to XSO). To deter- 
mine orientation of crawlers in an air- 
stream, wind speeds at which dispersal 
occurs, and age at which crawlers dis- 
perse, individual crawlers were placed 
on a circular, horizontal arena (2 cm in 
diameter) on the stage of the micro- 
scope, and exposed to a stream of air (7). 

Randomly chosen crawlers from 1 to 5 
days old were tested first, and each was 
observed while the airstream across the 
arena was gradually increased from 0 to 
4 mlsec. For each animal we recorded 
movement, orientation to the wind, and 
the speed at which dispersal behavior, if 
it occurred, began. While searching for a 
feeding site, crawlers walked about and 
periodically tapped the substrate with 
their antennae. Before dispersing crawl- 
ers lifted their antennae above the dor- 
sum of the body and rotated laterally to 
face downwind; 92 percent (N = 88) of 
responsive crawlers oriented to within 
10" of facing directly downwind. They 
then lifted the prothoracic legs and ante- 
rior of the body above the substrate, 
arched backward, and supported the 
body with the meso- and metathoracic 
legs (Fig. 1). Some crawlers lifted both 
the pro- and mesothoracic legs, support- 
ing themselves only on the metathoracic 
legs. In this standing posture the longitu- 
dinal axis of the crawler body was 45" to 
90" to the substrate, and this posture was 
held until they were blown from the 
arena. If the airstream was reduced or 
removed, crawlers remained standing 
and rotated for as long as 50 seconds. 
Individual crawlers exhibited dispersal 
behavior in airstreams from 1.8 to 4.0 ml 
sec (mean, 3.7 & 0.4 mlsec; N = 20), 
but many were unaffected by currents as 
high as 4 mlsec and did not show system- 
atic orientation to the wind. 

We tested responses of crawlers of 
varying ages (8), reasoning that the 
youngest crawlers would not exhibit 
wind dispersal behavior because the 
probability of settling on a suitable host 
plant is low. Rather, they should initially 
search for feeding sites since, under nat- 
ural conditions, crawlers hatch on plants 
that provide the requisites for successful 
development of their parent. The age at 
which unfed crawlers showed dispersal 
behavior (mean, 76 hours; N = 18) was 
greater than crawlers without dispersal 
behavior [mean, 40 hours; N = 40; 
P c 0.005; t(56) = 4.591. Animals (N = 

8) tested for several days became pro- 
gressively responsive to airstreams. 

Because of their small size, crawlers 
are rapidly embedded in the laminar 
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boundary layer formed at the leading 
edge o f  the plant substrate. W e  estimat- 
ed velocity profiles within this boundary 
layer by the Blasius solution ( 9 )  for free 
stream velocities o f  1.8 and 4.0 mlsec 
(see Fig. 2).  At the lowest free stream 
velocity for which dispersal was ob- 
served (1.80 mlsec) the velocity distribu- 
tion is approximately linear over the 
standing height o f  the crawlers (0.34 
mm). At positions further from the lead- 
ing edge, the velocity profile over the 
standing height o f  the crawlers becomes 
more precisely linear as the boundary 
layer thickens. At the points in the 
boundary layer occupied by the crawl- 
ers, the vertical velocity gradient is larg- 
est, and changes in the vertical extent o f  
the crawlers produce large increases in 
the range o f  velocities experienced. At a 
free stream velocity o f  4.0 misec the 
crawlers extend well above the nearly 
linear region o f  the velocity profile. This 
situation would also occur at 1.8 mlsec i f  
the crawlers were closer to the leading 
edge o f  the plant substrate. 

Crawlers in the dispersal posture 
experience more drag than those in walk- 
ing posture because o f  the greater fluid 
momentum higher in the boundary layer. 
W e  calculated Reynolds numbers for 
both the standing and walking postures 
from the average velocity over the height 
o f  the crawlers for the two positions (10). 
The Reynolds numbers for walking and 
standing crawlers are 6 and 15, respec- 
tively, for a free stream velocity o f  1.80 
mlsec. The drag coefficient (Cd)  in this 
range o f  Reynolds numbers must be de- 
termined by observation and numerical 
simulation (11). For spheres in this 
Reynolds number range approximate re- 
sults are available. White (12) gives an 
empirical relation for the variation o f  Cd 
with the Reynolds number; over the 
range 6 to 15 the total drag increases by a 
factor o f  about 3.5 for small spheres. W e  
interpret this as a lower bound for the 
actual increase in drag force on the 
crawlers between the walking and stand- 
ing postures because (i) the cross-sec- 
tional area of  the crawlers is roughly 
doubled while standing, and (ii) the legs 
and antennae are extended while stand- 
ing. 

T o  become airborne a crawler appar- 
ently must generate enough drag to tear 
its tarsi from the substrate. During our 
experiments some crawlers dangled by a 
single tarsus and were unable to release. 
Crawlers are exposed to much lower 
drag forces while walking and are thus 
unlikely to be accidentally blown o f f  the 
substrate as has been suggested (6) .  It is 
not clear why crawlers consistently 
adopt a standing posture with the dorsal 

side upwind. Possibly the drag coeffi- 
cient is higher in this range o f  Reynolds 
number, or tarsal detachment from the 
substrate may be easier i f  the animal 
faces downwind. 

Before dispersing, crawlers move up 
the plant (13). This moves the take-off 
point higher into the turbulent planetary 
boundary layer in which the plant is 
embedded and aids in the vertical en- 
trainment o f  the crawlers into the air 
column. W e  have captured crawlers on 
sticky traps at heights o f  50 m indicating 
that this vertical, turbulent entrainment 
can be very effective. 

Once airborne, crawlers arch back- 
ward arid extend their legs and antennae 
outward. W e  determined the terminal 
velocities o f  freshly killed and live crawl- 
ers and found that this posture decreases 
the average terminal velocity o f  live 
crawlers in comparison with dead ones 
from 32.7 to 26.2 cmlsec (14). This lower 
terminal velocity increases the probabili- 
ty that crawlers will be dispersed into the 
planetary boundary layer. The observed 
decrease in terminal velocities implies an 
increase in drag coefficient from 7.2 to 
11.2 at Reynolds numbers o f  7.0 and 5.6, 
respectively (15). For a sphere at Reyn- 
olds number 7.0, the Cd is 5.5, and at 
Reynolds number 5.6, the Cd is 6.5 (12). 
Thus, the dead crawlers fall more nearly 
like small spheres. Despite the vastly 
differing shapes between a descending 
live crawler and a small sphere, the drag 
coefficients differ by less than a factor o f  
2. 

Boundary layers represent barriers 
which must be crossed by animals dis- 
persing into fluids (16). For P. mesem- 
bryanthemi two velocity gradients must 
be crossed in aerial dispersal: (i) the 
laminar boundary layer at the plant sub- 
strate and (ii) the velocity gradient at the 
base of  the planetary boundary layer. 

The responses o f  crawlers to light and 
gravity serve to locate new leaf tissues 
(the preferred feeding sites) and situate 
the crawlers on the periphery o f  the 
plant, where aerial dispersal is most easi- 
ly facilitated. Similar behavioral re- 
sponses of  other scales and mite species 
serve the same purpose (1 7, 18). Mites o f  
three families (Tetranychidae, Phytoseii- 
dae, and Eriophyidae) commonly dis- 
perse by wind, and where individual 
behavior has been observed (2) the ani- 
mals display postures similar to P. mes- 
embryanthemi. Eriophyid mites possess 
anal suckers to support their bodies 
above the substrate (18), while phyto- 
seiids and tetranychids stand upright on 
their posterior legs (2). Crawlers o f  other 
coccids (for example, Pulvinaria delottoi 
and Saissetia oleae) have behavioral re- 

sponses to wind streams identical to P.  
mesembryantherni. Such postures may 
encourage aerial dispersal by capitalizing 
on air velocity gradients at the substrate- 
air interface and may represent a com- 
mon dispersal strategy for many minute 
arthropods. 
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