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Abstract Spiders use a unique type of aerial dispersal called “ballooning” to move
from one location to another. In order to balloon, a spider must first release one
or more flexible, elastic, silk draglines from its spinnerets. Once enough force is
generated on the dragline(s), the spider becomes airborne. This “take-off” stage of
ballooning is followed by the “flight” stage and finally the “settling” stage when
spiders land in a new location. Though the ecology of spider ballooning is well
understood, little is known about the physical mechanisms. This is in part due
to the significant challenge of describing the relevant physics for spiders that are
ballooning across large distances. One difficulty, for example, is that properties
of both the spider, such as body size and shape, and the silk dragline(s) can
vary among species and individuals. In addition, the relevant physics may differ
among the three stages of ballooning. Finally, models must take into account the
interaction between the flexible dragline and air, and resolving this multi–scale,
fluid–structure interaction can be particularly difficult. Here, we review the literature
on spider ballooning, including the relevant physics, meteorological conditions that
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favor ballooning, and previous mechanical models used to describe ballooning. We
then highlight challenges and open questions relevant to future modeling of spider
ballooning.

1 Ecology of Spider Dispersal

Dispersal, or the movement of individuals from their birth location to a new location
[10], is a critical stage in the life cycle of many species. The benefits of dispersal
include reduced competition for resources (e.g., reproductive mates and food) and
inbreeding avoidance [11, 30, 48], which may ultimately lead to greater survival and
reproduction.

Given the importance of dispersal for reproductive success, species have evolved
a variety of mechanisms to move to new locations. One such mechanism that can
be observed in spiders (Araneae) is a type of aerial dispersal called “ballooning”
[5, 16]. To become airborne via ballooning, a spider first climbs to a high point and
initiates a “tiptoe” posture in which it stands on the ends of its tarsi and elevates its
abdomen (Fig. 1). The spider then releases one or more silk lines, or draglines, from
its spinnerets [38]. With enough force on the dragline(s), the spider is lifted and
becomes airborne [36, 38]. This “take-off” stage is followed by the “flight” stage
in which individuals can travel as high as 5 km above ground [15] and as far as
3200 km in distance [23]. Finally, a spider reaches the “settling” stage when it lands
in a new location.

Because adult spiders can have hundreds of spiderlings—or young spiders—
from a single reproductive event, ballooning allows spiderlings to avoid competition
and cannibalism from siblings and conspecific adults [44]. Though some species
of spider are known to balloon at any time of year and any phenological stage
[45], other species balloon only during specific time periods and clearly defined
stages [13]. Regardless of when they disperse, ballooning spiders rarely have a mass
greater than 100 mg [38, 46] (but see [34] for exception), which suggests constraints
on body size for aerial dispersal. In addition, wind speeds for take-off appear to
always be below 3 m/s [44].

Despite all we know about ballooning and its importance in the ecology and
evolution of spiders, the physical mechanisms related to this unique type of dispersal
are still poorly understood. Generating a model for spider ballooning seems simple
in practice, but it is a complex problem given the variety of parameters involved.
Ballooning is used by a host of species that come in different shapes and sizes.
Both inertial and viscous forces in the surrounding air are important. Models must
also consider dragline properties, including number of threads, length, elasticity,
electrostatics, and compliance as well as constraints on wind speed [44] and spider
mass [38, 46]. After incorporating all of the various parameters, one is left with
a host of possible regimes, and different regimes could dominate during the three
stages of spider ballooning (i.e., take-off, flight, and settling).
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Fig. 1 Prior to ballooning, spiders display a tiptoe behavior which involves standing on the ends
of the tarsi, angling the abdomen upward, and releasing one or more silk draglines from spinnerets.
© Sarah Rose

Here, we review the existing literature on the physics of this fascinating mode
of ecological dispersal and identify areas for future research. We first examine the
relevant physics related to ballooning. We then discuss previous analytic models that
researchers have used to parse out the dominant regimes. Finally, we highlight the
remaining questions surrounding spider ballooning and how future research might
address these questions.

2 Relevant Physics

2.1 The Physical Parameter Space

The parameters relevant to models of spider ballooning can be broadly characterized
as those relating to individual morphology, dragline characteristics, and ambient
environmental conditions. Individual morphology can be a constraining factor in
flight [27], where mass determines the amount of vertical drag force required to lift
off and sustain flight. Due to upper limits in dragline tensile strength and ambient air
velocity, larger masses may completely preclude take-off for individuals [38, 42].
This can partially explain why ballooning as a dispersal mechanism is typically
observed in younger instars and smaller taxa [3].

Body length and shape influence the amount of drag generated to sustain flight.
Despite the large variation in body shapes among spider taxa that balloon (Fig. 2), all
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Fig. 2 Spiders may display unique body shapes that cannot be realistically modeled as a sphere,
including spiders in the genera (clockwise from the top left) Cyrtarachne, Poltys, Gasteracantha,
and Ariamnes. Photo credit to Yung Yi Tsai, Fisher Chen, Robert Tsai, Sun Jong Liu

previous work on spider ballooning has used a spherical shape to model the spider
[27, 31, 32]. Post-release posturing of the legs may have additional implications for
terminal velocities [38], but the effects of a spider’s eight legs on drag and flight
speed have thus far been ignored.

The physical characteristics of the dragline act together with the body to
create surfaces for aerodynamic drag to be generated. Dragline mass is generally
considered negligible in models since it is minuscule compared to the spider’s body
mass. This is true even in cases where an individual may release two or more
dragline threads, as has been observed across multiple ballooning taxa [14, 34].
Unlike mass, dragline length has been shown to be important in take-off dynamics
and in decreasing terminal velocity [2, 37], but its influence during flight and on
dispersal distance has been debated [31]. Because silk can flex and extend [31],
distortion and bending during flight can decrease the effective length of the dragline.
Interestingly, however, observations of entangled draglines during ballooning have
not been reported.

Dragline flexibility influences the spider’s movement through space. Since the
dragline bends and adapts to flow structures in the air, it subjects the attached
spider to variations in flow profiles. Thus, factors that influence dragline flexibility,
including elasticity, stiffness, bending rigidity, and flexural rigidity, should be
included in models.
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Another important characteristic to consider when modeling ballooning is the
electrostatic properties of silk [28]. Electrically charged silk may explain how a
long, single dragline can avoid becoming entangled during flight. In cases where
dozens of silken threads are released together, electrostatic repulsion in individual
strands may similarly prevent mass entanglement [34]. Electrostatic forces are
speculated to act independently from adjective and aerodynamic forces on the
spider, thus providing additional lift [19].

Lastly, environmental conditions play a substantial role in spider take-off,
flight, and landing. Meteorological conditions seem to affect the initiation of
tiptoe behavior; multiple field observations suggest that spiders balloon during
daylight hours, under sunny and clear skies, and at wind speeds less than 3 m/s
[13, 22, 27, 38, 44]. Wind speed has strong implications for take-off velocities
and distance traveled. Horizontal wind velocity is directly related to the horizontal
velocity that ballooning spiders attain [27, 37], whereas vertical wind velocity
and the resulting drag generated counteracts the falling speed of the body. Given
the small spatial scales in which ballooning spiders operate, minor variations in
meteorological conditions can subject individuals to frequent changes in velocity
and direction [38].

2.2 Relevant Dimensionless Parameters

Several dimensionless parameters are relevant to models of spider ballooning and
can be obtained through scale analysis, which describes fluid flow behavior. Scaling
estimates the magnitudes of various forces acting on a body and governing fluid
motion. Thus, scale analysis can be used to understand the meteorological state of
the atmosphere that favors the initiation and maintenance of spider ballooning.

Initiation of the spider ballooning, or the take-off, could be aided by the presence
of thermals. Thermals are parcels of hot air that develop as a result of convection
when cold air sinks and hot air rises as shown in Fig. 3. The atmospheric conditions

Fig. 3 The development of a
thermal, with the rise of hot,
lighter air initiating
convection
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that favor thermal formation can be established by examining the Richardson
number, which characterizes the relationship between buoyancy and shear forces
and is defined by

Ri D N2

�
d NU
dz

�2
D �

�
g

�0

� d N�
dz�

d NU
dz

�2
; (1)

where g is the gravitational constant, N� is the mean pressure, NU is the mean
horizontal wind velocity, z denotes the vertical coordinate direction, and N is the
Brunt–Vaisala frequency or buoyancy frequency. The Richardson number quantifies
the ratio of buoyancy-generated to shear-generated instability in the flow field [40].

Observational studies of aerial dispersal of spiders show a strong correlation
between the number of spiders caught during dispersal and the Richardson number
[42, 43]. The number of spiders caught in traps was significantly larger when the
Richardson number was negative, which characterizes strong, unstable stratification
and/or weak horizontal wind shear typical of calm, sunny days [21, 43]. This number
could be used to describe the overall general conditions of take-off, though it does
not relate to the properties of take-off or flight of the spider itself.

Another important dimensionless number relevant to spider ballooning is the
Reynolds number. As an object moves through the air, aerodynamic forces between
the object and the air are generated. The magnitude of forces depends on the shape,
speed, and mass of the object, as well as properties of the fluid, specifically the
viscosity, or stickiness, and the density. The Reynolds number relates the inertial
forces to the viscous forces and is defined as

Re D �UL

�
; (2)

where � and � are the density and the dynamics viscosity of the surrounding media
(air), respectively, U is the characteristic velocity, and L is the characteristic length,
which could be either the spider’s body length or the length of the dragline [29].
The Reynolds number is used to characterize different flow regimes. Re < 2000

is typical for laminar flows, and Re > 4000 characterizes turbulent flows [29].
For spider ballooning, values of ReD < 10 (where D is the spider’s body length)
indicate that the stimulus prompting the ballooning activity is too weak. In contrast,
for values of ReD > 200, it seems that the motion of the wind is too vigorous for the
spiders to safely conduct aerial dispersal [27].

A third important dimensionless parameter used to analyze aerodynamic forces
is the Froude number. Defined as the ratio of the inertial force to the gravitational
force, it is used to quantify the effect of gravity on the moving object. The Froude
number is described as Fr D Up

gL
, where U is the wind velocity or the velocity

of free fall, L is the characteristic length of the moving object, and, in the case of
spiders, L is the diameter of the body. The Froude number has been used in studies
of both terrestrial and aquatic locomotion to account for the effect of gravity on
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movement of arthropods and mammals [4]. It has not, however, been used in relation
to spider ballooning. One of the goals of our future research is to use this parameter
to evaluate the significance of gravity on the dynamics of spider ballooning.

The last dimensionless number that is important for models of spider ballooning
is the Strouhal number (St), which is defined as St D fL

U ; where f is the frequency
of vortex shedding (found numerically or experimentally), L is the length of the
dragline, and U is the velocity of air relative to the velocity of the dragline (found as
a sum of free fall velocity and wind speed). The Strouhal number is frequently used
to describe the tail or wing kinematics of swimming or flying animals because it is
known to govern a well-defined series of vortex growth and shedding regimes for
airfoils undergoing pitching and heaving motions [25, 39]. Propulsion efficiency is
high under a narrow range of Strouhal numbers and usually peaks within the interval
0:2 < St < 0:4 [39]. The Strouhal number has not been used in analyses of spider
ballooning dynamics. One of our future goals is to evaluate the Strouhal number for
the passive locomotion of spider ballooning both numerically and experimentally.

3 Meteorological Conditions Favoring Spider Ballooning

Small, negative Richardson numbers are found on calm, sunny days when unstable
stratification and/or weak horizontal wind shears dominate. Such meteorological
conditions are known to be favorable for spider ballooning and occur close to the
Earth’s surface in the early morning or late afternoon when temperature convection,
or temperature inversion, happens naturally in the atmosphere [1]. The vertical
movement of warmer air up and cooler air down results in static instabilities in
the atmosphere and leads to the formation of a vertical, turbulent layer filled with
vortices, called thermals, that can be used as a lifting force by ballooning spiders.

Greenstone [22] focused on defining meteorological variables related to the
production and maintenance of thermals and used them to predict the number of
ballooning spiders. The author showed that clear sky meteorological conditions,
which are necessary for thermal production, were present in only 82% of spider bal-
looning observations. This suggests that another source of uplift for ballooning that
can generate vertical velocity may be present. A continuously stratified atmosphere
can destabilize if the Richardson number is less than 0.25 (i.e., 0 < Ri < 0:25).
Kelvin–Helmholtz instability can take place as shown in Fig. 4 and vortices that
grow in amplitude can lead to turbulence and vertical mixing as well [12]. However,
a recent study showed that the timing of spider ballooning is not purely dominated
by convection as some horizontal shear is also present [32].

The Kelvin–Helmholtz instability is only one particular type of instability that
can affect spider ballooning. A zone with a wind shear, or a sudden change in the
wind’s speed or direction, is a well-known source of turbulence. The shearing, which
can be horizontal, vertical, or both, creates forces that produce eddies along the
mixing zone. The formed eddies may range in diameter from a couple of meters to
several hundred meters [1]. Shear layers are a major cause of turbulence and, if they
are formed high in the atmosphere, can often produce clear-air turbulence.



170 K.S. Sheldon et al.

Fig. 4 Kelvin-Helmholtz shear instability resulting in the formation of turbulent eddies and
mixing

Shear layers can also be found near the Earth’s surface, where turbulent whirling
eddies are formed due to the roughness of the ground. As wind blows over a
landscape full of obstacles such as trees and mountains, it breaks into irregular air
motions known as wind gusts or turbulent eddies. The size and shape of these eddies
depend on the dimensions of obstacles and the wind speed and can influence the air
flow for hundreds of meters above the surface [1].

Another source of eddies are orographic perturbations, which occur when strong
winds blow perpendicular to mountain ranges. Air flowing over the top of a
mountain produces perturbations when it reaches the other side. The associated
updrafts and downdrafts formed on the leeward side of the mountain may extend
to heights from 2 to 20 times the height of the mountain peaks [1]. All of the
meteorological scenarios summarized above may produce turbulence and/or eddies
and may serve as a driving force for spider lift and subsequent dispersal.

4 Previous Mechanical Models for Ballooning

4.1 Humphrey’s Take-Off Model

The first analytical model for spider ballooning was built by Humphrey [27] who
studied the phenomenon with a simple fluid mechanical model (see Fig. 5a). In
Humphrey’s model, the spider was represented as a solid sphere. Attached to the
solid sphere was a rigid, inextensible, cylindrical rod that was used to approximate
a silk dragline, thus producing a “lollipop” appearance. The rod was considered to
be massless relative to the spider.
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�

m

K

m0 = m

i = 1

i = N

(a) Humphrey’s model (b) Reynolds et al.’s model

Fig. 5 Schematic of previous mechanical models of spider ballooning. In (a) Humphrey repre-
sented the spider as a solid sphere (m) attached to a rigid, inextensible, cylindrical, slender rod (`)
that approximates a dragline. The rod is considered to be massless relative to the sphere. In (b)
Reynolds et al. represented the spider as a mass point m0 attached to a flexible dragline made of
a chain of N springs with spring constant K. The mass of the dragline is distributed on the nodes
along the chain

For the lollipop model, the governing equation of the model was a balance of
inertia, buoyancy, frictional and pressure forces:

�sVs
dU
dt

D ���Vs
d.U � V/

dt
� ˛jU � Vj.U � V/

C.� � �s/Vsg C �Vs
dV
dt

C B.t/; (3)

where �s and Vs are the sphere’s density and volume, respectively, ˛ and U are the
sphere-rod drag coefficient and velocity, respectively, V is the fluid (air) velocity, �

is the density of fluid (i.e., air), � is the coefficient of added mass (0.5 for a sphere),
g is the gravity vector, and B.t/ is the Basset term. Both added fluid mass and Basset
force are due to the unsteadiness of the problem and the author ended up neglecting
the Basset force in the simulation. Equation (3) was modified from previous research
[6, 26] in which ˛ was not specified for a sphere-rod system. A range of Reynolds
numbers was defined based on wind velocity, spider length, and mass. For the drag
coefficients for silk, slender bodies in low Reynolds number regimes were taken
from Happel and Brenner [24]. The equations for the drag coefficient for the sphere
were empirical correlations reported by Clift et al. [6]. However, the drag expression
used to obtain the vertical take-off velocity of the spider was that of the turbulent
regime:

mg D Cd d `
1

2
.Vz/

2
min ; (4)
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where m is the mass of the spider, g is the acceleration due to gravity, Cd is
the filament drag coefficient, d is the filament diameter, ` is the filament length,
and .Vz/min is the minimum vertical component of air velocity required to initiate
ballooning. In this model, drag determines environmental conditions necessary for
take-off and is highly dependent on the dragline length. Numerical simulations
were used to examine the spider-filament free fall in a quiescent environment and
in sinusoidally oscillating vertical wind with average background wind vertical
velocity of NVz D 0. The minimum vertical wind required to initiate ballooning
and the distance travelled over time were reported as relations of spider mass and
dragline length.

Humphrey’s results were supported by empirical investigations of drag on spiders
and their silk by Suter [36–38]. However, the physical properties and dimensions
in Humphrey’s model were not validated. In particular, the numerical simulation
of the system of Ordinary Differential Equations (Eq. (1.3) in Humphries 1987)
for the simple lollipop model suggested that spiders with short silk draglines in
strong winds travel faster and farther than the same sized spider with a long dragline
in weaker winds. This contradicts the observation that spiders usually balloon in
<3 m/s winds. Finally, Humphrey’s lollipop model suggested that a group of small
spiders on a silk dragline would travel faster and farther than a single spider of
equivalent mass on the same dragline and in the same wind conditions.

4.2 Reynolds et al.’s Passive Dispersal Model

Instead of the rigid rod used in Humphrey’s model [27], Reynolds et al. [31, 32]
modeled the silk dragline as a chain of springs and spheres that resist stretching
but not bending (Fig. 5b). Passive dispersal of the flexible silk filament was then
modeled in turbulent flow that approximated the atmospheric boundary layer.
Similar to Humphrey’s work [27], take-off dynamics were not described. The
Reynolds et al. model [31] described the force Fi acting on each node i D 0; N
as follows:

Fi D mi�
�1
s .ui � vi/ C K.pi;i�1si;i�1 C pi;iC1si;iC1/ C m0gıi;0; (5)

where u is the local air velocity, m0 is the spider mass, v0 is the velocity located at
node i D 0, mi and vi are mass and velocities at nodes i D 1; � � � ; N along the chain,
and K is the spring constant. si;j are differences between the spring lengths to the
fixed rest lengths from node i to node j. pi;iC1 are unit vectors orientated along the
segment joining the i node and the i C 1 node. �s is the aerodynamic response time
of the dragline, and ıi;0 is the Kronecker delta. This model reflects the assumption
of massless spring and that gravity only acts on the node i D 0 (i.e., the body of the
spider).

In a subsequent Reynolds et al. paper [32], the simplistic model of turbulence
used in the first Reynolds et al. simulation [31] was extended to a Lagrangian
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stochastic model. Lagrangian stochastic models for the velocity (u) and position
(x) are in the following form

dui

dt
D ai.x; u; t/ C

p
C0�

d�i

dt
; (6)

dx
dt

D u;

where the indices i D 1; 2; 3 denote Cartesian directions, C0 D 5 is the Kol-
mogorov’s Lagrangian velocity structure constant, � is the mean rate of dissipation
of turbulent kinetic energy divided by the density of air, � is the Wiener white noise,
and ai is a solution of the Fokker–Plank equation. This approach considered a simple
model of turbulence.

Contrary to Humphrey’s results [27], Reynolds found that the length of a dragline
did not affect dispersal distance [31]. With the flexible dragline model, the condition
for maximum dispersal distance was found to be a gradient Richardson number of
approximately �3:2 [32]. This model showed that dispersal over several hundred
kilometers was possible. However, based on the flexible dragline model, silk could
become entangled (Fig. 6). Interestingly, experimental studies report that the silk
dragline does not become entangled or clump in this manner once the spider is in
flight [34].

4.3 Thomas et al.’s Diffusion Model

Instead of using a turbulence model that approximates the atmospheric boundary
layer [32], Thomas et al. [41] built a one-dimensional diffusion model,

Fig. 6 The entanglement of the silk dragline predicted by Reynolds et al. model [31]. This figure
was redrawn from [31] with permission
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@n

@t
D Ds

@2n

@x2
; (7)

to capture evolution of the spatial and temporal number of ballooning spiders n.x; t/.
The solution to the diffusion Eq. (7) is [7]

n.x; t/ D n0

2
Erfc

 
x

2
p

Ds.t/t

!
; (8)

where n0 is the initial number of spiders at position x0, n is the number of spiders
at position x at time t, Ds.t/ is the diffusion coefficient of the species s at time t, and
Erfc is the complementary error function. Based on the distribution of spiders in
space and time, Thomas and colleagues estimated considerable horizontal distance
traveled by the ballooning spider on the order of up to 90 km in 8h [42].

4.4 Models Incorporating Electrostatics

Electrical charging of the spider’s dragline is believed to create electrostatic
repulsion both within and among the silk filaments [28], allowing filaments to
avoid the type of entanglement shown in Fig. 6. Researchers have suggested that,
combined with aerodynamic force, the negative surface charge density of the Earth
may play a role in spider ballooning. Though meteorological conditions are often
believed to be the dominant driver in the take-off stage of spider ballooning, Gorham
[19] conjectured that the electrostatic field is a necessary condition for take-off. In
Gorham [19], an exponential approximate model for the atmospheric electric field
is assumed to be

E.h/ D E0e�˛h .Vm�1/;

where h is height, ˛ is the exponential rate for the exponential fit to the electric
field (i.e., ˛ D 3:0 � 10�4 m�1), and E0 is the electric field at h = 0 (i.e.,
E0 D �120 Vm�1). Assuming a constant acceleration for a single dragline in a
pure electrostatic field, the charge required for take-off is computed as

Qaccel D m.anet C g/=E0 � 100 .nC/; (9)

where m is the mass of the spider and an initial net vertical acceleration is in the
range of anet D 3 � 6 ms�2. The author concluded that spiders use electrostatic
forces only to lift them into the air [19]. Electrostatics may account for some
unexplained ballooning phenomena, such as high velocity ballooning in conditions
of little or no wind or the observation made by Charles Darwin that spiders were
ballooning from his ship, The Beagle, in horizontal movements [8, 19]. However, the
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role of electrostatics may not be significant since empirical research has shown that
spiders are using rising thermals on hot days without wind [34] and, thus, thermal
currents could provide all the necessary lift for ballooning.

5 Challenges, Open Questions, and Needs

Describing the relevant physics for models of spiders that are ballooning across large
distances in turbulent flows presents significant challenges. The material properties
of spider silk are complex and can vary among species, individuals, and even within
the same organism [17, 20]. The interaction between the flexible dragline and air
must be taken into consideration, and resolving this fluid–structure interaction can
be particularly difficult.

Spider ballooning is also an inherently multiscale problem. When zooming into
the flow around an individual spider, turbulence can be handled explicitly using
direct numerical simulation. When considering dozens of organisms within large-
scale geophysical flows, it is necessary to use turbulence models such as Reynolds
averaged Navier–Stokes equations (RANS) [18, 47] or large eddy simulations [9,
33, 35]. Both methods average out either the entire or the sub-grid flow structure
for computational efficiency. However, the details of the flow near the spider and
the dragline are critical to resolving the silk’s reconfiguration. The development
of new multiscale methods, such as hybrid direct numerical simulation / RANS
models, may be required to resolve both the viscous flow near the dragline and the
atmospheric turbulent flows.

In addition to resolving the flow near the elastic dragline, there are challenges
to modeling the atmospheric processes relevant to spider ballooning. The vertical
ascent and descent of the spider is likely sensitive to short-term turbulent variability.
Mathematical models that average velocities across relatively large distances and
over long time intervals may not be appropriate since these simplifications can
effectively smooth strong nonlinearities relevant to take-off and flight. On the other
hand, resolving such details can quickly make numerical simulations that describe
long distance ballooning intractable. As an example, for some ballooning events, it
may be desirable to simulate a meteorological pressure system for which the relevant
length scale of the pressure system would be on the order of tens to hundreds of
kilometers. In contrast, the relevant length scale of the smallest vortices or eddies
may be on the order of one millimeter and the relevant length scale of the spider
itself may be on the order of hundreds of microns.

In terms of temporal resolution, ballooning events may take place over the time
scale of days, while transient flows that affect ballooning may occur on the scale
of milliseconds. Brute force simulation of such a problem would require on the
order of 1024 spatial grid points and 108 time steps. Highly efficient, adaptive, and
parallelized algorithms that can refine spatial and temporal scales are required to
handle this challenge. Scaling laws evaluating the relevant and dominant features
required for such modeling would also be critical.
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There are a variety of ways in which detailed fluid–structure interaction modeling
could help us understand the dynamics of the silk dragline and the ballooning
behavior of spiders. Predictive multiscale and multiphysics models could allow us
to determine if spiders prefer to take off in certain conditions such as updrafts or
within rolling eddies. These models may also help us understand other aspects of
ballooning such as turbulence sensing during the tiptoeing behavior and how flow
structures may be utilized to enable very long distance dispersal.

In addition to improved numerical methods and mathematical models describing
spider ballooning, additional experimental data are needed to guide and validate
such models. Wind tunnel studies could be used to examine not only the desired
wind speed for takeoff but also the desired wind direction and/or turbulent profile.
Spatial and temporal resolution of dispersal patterns could be used to validate
models that couple the elastic dynamics of the dragline with complicated flow
structures. Visualization of the dynamics of the silk dragline in the air could aid
in the selection of the appropriate dragline model.

By combining modeling and experimental approaches, a host of possible ques-
tions could be explored, including:

• Is elasticity of the dragline (both in terms of resistance to bending and stretching)
important for take-off and flight in turbulent regime?

• Is there an optimal dragline length or wind flow profile for take-off, flight, and
settling?

• Why do we see such a narrow range of body sizes in ballooning spiders?
• Why is there a maximum wind speed for take-off?

Addressing such questions would help shed light on an interesting ecological
mystery surrounding dispersal that has implications for species distributions, inva-
sion biology, and impacts of climate change.
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