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Summary

 

1.

 

Understanding seed dispersal by wind and, in particular, long-distance dispersal (LDD) is
needed for management of plant populations and communities, especially in response to changes
in climate, land use and natural habitats. Numerical models designed to explore complex, nonlinear
atmospheric processes are essential tools for understanding the fundamental mechanisms involved
in seed dispersal. Yet, thus far, nearly all such models have not explicitly accounted for the spatial
heterogeneity that is a typical feature of all ecosystems.

 

2.

 

The recently developed Regional Atmospheric Modelling System (RAMS)-based Forest Large
Eddy Simulation (RAFLES) is used here to explore how within-stand canopy heterogeneity
impacts LDD. RAFLES resolves microscale canopy heterogeneity such as small gaps and variable tree
heights, and it simulates their impacts on turbulence inside and above the canopy in the atmospheric
boundary layer (ABL). For that purpose, an Eulerian–Lagrangian module of seed dispersal is
added to RAFLES to simulate seed trajectories.

 

3.

 

Particular attention is paid to the sensitivity of statistical attributes of the dispersal kernels (i.e.
mean, mode, variance, tail) to key simplifications common to all seed dispersal models, such as
horizontal homogeneity in the canopy and flow field, and the tight coupling between air parcel
trajectories and seed trajectories (i.e. neglecting seed inertia). These attributes appear to be sensitive
to various factors operating at scales ranging from the seed scale to the ABL scale.

 

4.

 

Simulations with RAFLES show that LDD is characterized by a dispersal kernel with a ‘tail’,
asymptotically approaching a power law decay of –3/2 (mainly occurring for lighter seeds at high
wind speeds). This is consistent with asymptotic predictions from analytical models. The wind
speed threshold at which seed abscission occurs, set-up to be twice the standard deviation of the
vertical wind speed, is shown to affect short-distance dispersal, but has no significant impact on
LDD. Ignoring the effects of seed inertia on the seed trajectory calculations has a minor effect on
short-distance dispersal and no effect on the probability of seed uplift. Thus, it has no significant
impact on LDD.

 

5.

 

Synthesis

 

. Tree-scale canopy heterogeneity affects the turbulence characteristics inside and
above the canopy and, consequently, this affects dispersal kernel statistics. A key finding from this
study is that ejection is enhanced above the shorter trees of the canopy. Seeds dispersed above
shorter trees have a higher probability of experiencing LDD while their short-distance dispersal
remains practically the same. At inter-annual time scales, such interactions could affect species
composition.
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Introduction

 

Interest in seed dispersal has risen rapidly over the last decade,
motivated by the importance of this factor on the structure
and dynamics of populations and communities (Nathan &
Muller-Landau 2000; Levin 

 

et al

 

. 2003; Levine & Murrell
2003). This is also motivated by the need to estimate, and
possibly mitigate, anthropogenic effects such as biological
invasions, conservation and transgene escape on plant
populations (Trakhtenbrot 

 

et al

 

. 2005; Williams 

 

et al

 

. 2006;
Wilson 

 

et al

 

. 2007). In particular, rare long-distance dispersal
(LDD) events are of disproportionate importance for popu-
lation expansion following habitat or climate changes, and in
meta-population dynamics (Clark 

 

et al

 

. 1999, 2001; Nathan
2006). LDD events are anticipated to facilitate colonization
of recently disturbed or new habitats, enable coexistence of
competing species, affect population survival and genetic
variability, and determine the consequences of management
and conservation efforts (Kot 

 

et al

 

. 1996; Higgins & Cain 2002;
Volis 

 

et al

 

. 2005).
Field studies have yielded important insights into complex

dispersal processes (Levey 

 

et al

 

. 2002; Forget 

 

et al

 

. 2004).
However, due to the inherent difficulty in observing and
quantifying rare events, analytical, phenomenological and/or
mechanistic models are the major tools currently available to
study and predict LDD (Nathan 

 

et al

 

. 2002, 2003; Kuparinen
2006; Nathan 2006). Early models used to study LDD include
several simplifications on the canonical structure of the flow
field and seed trajectories. Notably, these models use Eulerian
higher-order closure techniques to represent the turbulence
statistics needed for seed trajectory calculations (e.g. Katul &
Albertson 1998; Katul & Chang 1999). Furthermore, they
assume a tight coupling between the air parcel trajectories and
seed trajectories. Earlier models often use three-dimensional
(3D) Lagrangian trajectories forced by profiles of the first and
second moments of the flow statistics (e.g. Poggi 

 

et al

 

. 2006).
Such trajectories are intended to reproduce observed dispersal
kernels at relatively long (i.e. seasonal and annual) time scales.
However, at these time scales, variation in meteorological
conditions and leaf area density are substantial and, therefore,
need to be considered.

Land-surface heterogeneity is likely to affect seed dispersal
by wind, and LDD in particular (e.g. Nathan & Katul 2005;
Nuttle & Haefner 2005; Schurr 

 

et al

 

. 2008). Yet, except for a
few preliminary attempts, mechanistic modelling of  wind-
dispersed seeds in 3D heterogeneous landscapes remains a
major unresolved challenge, mostly because of the complexity of
the nonlinear processes involved. Nonetheless, such a modelling
capability is highly desirable to broaden our understanding of
the fundamental mechanisms involved in dispersal processes
in naturally heterogeneous and anthropogenically fragmented
landscapes at the various scales. For simplification, and partly
because detailed measurements of the 3D variability in leaf area
density were not available, previous models have traditionally
assumed planar-homogeneous flow. However, with recent
advancements in remote sensing such as airborne canopy
light detection and ranging (LIDAR) technologies, it is now

feasible to obtain this information (Weishampel 

 

et al

 

. 2000;
Lefsky 

 

et al

 

. 2002). Recently, Bohrer 

 

et al

 

. (2007) proposed a
novel technique to incorporate such massive and detailed
data into numerical models.

Thus, a model that accounts for the landscape heterogeneity
that is found in the real world is amenable to study a variety of
important applications. For example, it has been hypothesized
that within-stand canopy heterogeneity, such as variation in
canopy height and crown densities, could promote differential
arrival of wind-dispersed seeds to canopy gaps (e.g. Aug-
spurger & Franson 1988). This remains to be demonstrated.
The importance of accurately estimating dispersal kernels in
heterogeneous landscapes has also been emphasized for
assessing dispersal limitation as a factor structuring plant
communities (Dalling 

 

et al

 

. 2002).
In this study, the Regional Atmospheric Modelling System

(RAMS)-based Forest Large-Eddy Simulation (RAFLES)
(Bohrer 2007, hereafter referred to as ‘B07’) is used to explore
how within-stand canopy heterogeneity impacts dispersal
kernels and LDD. Large-eddy simulation (LES) is a numerical
modelling technique that solves in space and time the conser-
vation of mass, momentum and energy of a fluid, formulated
by the Navier-Stokes equations (e.g. Avissar & Schmidt 1998).
It resolves the 3D dynamic structures of the fluid or eddies,
which are the building blocks of  turbulent flow. In the
atmospheric boundary layer (ABL), these eddies exist at a
wide range of  scales, from the height of  that layer (up to a few
kilometres), to the sub-millimetre viscous dissipation length
scale. The kinetic energy associated with eddies smaller than
the model resolution is represented through sub-grid scale
(SGS) parameterization. LES is a reasonable compromise
for the simulation of  LDD events because heavy particles can
be held aloft by short-lived bursts of  strong vertical wind of
small spatial scale, yet the domain relevant for these events
is much larger than can be simulated with direct numerical
simulations.

RAFLES is applicable to 3D, heterogeneous canopies
and includes the effects of stem obstruction, leaf drag and
canopy fluxes on the flow (see formulation in Supplementary
Appendix S1). This state-of-the-art model is further enhanced
here to include Eulerian–Lagrangian (E–L) transport of heavy
particles.

Eulerian–Lagrangian transport models (e.g. Walko 

 

et al

 

.
2001; Weil 

 

et al

 

. 2004) use the combination of  resolved
Eulerian velocity from an atmospheric model, such as RAMS,
and a parameterization of the SGS velocity, which includes a
random component to account for the effects of SGS eddies.
The effects of particle mass are accounted for through three
mechanisms: (i) the addition of  gravitational acceleration to
the vertical particle movement; (ii) partial decoupling
between the particle SGS velocity and the air SGS velocity
due to the particle fall velocity and the particle inertia, as both
limit the particle’s ability to instantaneously follow velocity
fluctuation; and (iii) the implementation of a drag force that
moves the particle as a function of its velocity difference with
the air. The third mechanism is typically ignored in E–L models,
and by also ignoring inertia, these models assume that the
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particle velocity is only a result of the air velocity and its fall
velocity.

The main purpose of this paper is to explore the physical
mechanisms that affect seed dispersal in general, and LDD in
particular, in heterogeneous environments and across multiple
spatial scales. Here, the performance of the E–L dispersal
module of RAFLES is evaluated against mass seed release
field experiments. Then, a numerical case study is used to
explore how the canopy-top structure and the horizontal
distribution of leaf area impact the dispersal kernels.

As explained in B07, the part of the canopy that has smaller
trees is more prone to updraft anchoring. Based on these
findings, we hypothesize that canopy heterogeneity, through
its impact on turbulence, affects seed dispersal kernels. We
also hypothesize that the probability of seed ejection above
the canopy is increased near the shorter trees and, therefore,
LDD is more likely from these trees.

Furthermore, we hypothesize that the minimal wind speed
needed for abscission (hereafter referred to as ‘AWS’) affects
dispersal. Particularly with light seeds, which are strongly
coupled to the flow, a strong AWS is expected to promote seed
uplifting in the same large eddies that lead to the seed abscission,
and thereby increase LDD (Greene & Johnson 1992; Schippers
& Jongejans 2005). Finally, seed inertia and temporal varia-
tion in drag force is commonly neglected in nearly all models.
Here, we evaluate the importance of these neglected elements
on seed dispersal.

 

Methods

 

EULERIAN

 

–

 

LAGRANGIAN

 

 

 

S IMULATION

 

 

 

OF

 

 

 

SEED

 

 

 

D ISPERSAL

 

Formulation

 

The Einstein notation is used throughout the manuscript for vector
equations (Supplementary Appendix S1). For this study, seeds are
considered ‘heavy particles’ meaning that they have inertia, and they
are moved as a result of the sum of forces created by gravity and
drag between the particle surface and the fluid. A non-physical class
of particles (i.e. virtual tracers) is added to the model to explore the
relevance of ignoring inertia (e.g. Andersen 1991; Katul 

 

et al

 

. 2005;
Nathan & Katul 2005). The particle location, 

 

x

 

pi

 

, is updated in time
using the following set of equations:

eqn 1

where 

 

u

 

pi

 

 is the particle velocity, 

 

a

 

pi

 

 is the particle acceleration, 

 

u

 

Li

 

 is
the air velocity at the particle location, 

 

v

 

t

 

 is the particle terminal fall
velocity (defined as the velocity of a free-falling object when the
gravitational force is at equilibrium with the drag), and 

 

f

 

D

 

 is defined
here as the particle drag frequency (see eqn 6 below). Superscript ‘

 

t

 

’
represents present time, and 

 

Δ

 

t

 

 is the integration time step. The
equation for acceleration is solved implicitly in time to avoid the

numerical instability that can lead to ‘rogue particle trajectories’
(Yee & Wilson 2007), assuming the drag frequency and air velocity
are constant over a single time step (0.02 s in this study). This balance
formulation only accounts for the main forces – drag and gravity –
on smooth objects. It neglects the possible aerodynamic effects of
‘Bernouli sailing’ (suggested by Horn 

 

et al

 

. 2001), uplift on wing
surfaces (Greene & Johnson 1989) and rotation (Azuma & Okuno
1987). Greene & Johnson (1990) determined that the rotational
movement of seeds did not result in a nonlinear effect and can be
parameterized by the terminal fall velocity. Though some of the
other aerodynamic effects may be important, the grid scale needed
to resolve these three effects is less than a millimetre and is therefore
currently not feasible as part of a canopy-scale model. Some of the
combined mean effects of these mechanisms are accounted for
through the parameterization of the effective terminal velocity
described in the next section.

The wind velocity at the particle location, 

 

u

 

Li

 

, is the sum of the
resolved, , and SGS, , components. The resolved velocity is
interpolated from the LES wind fields, and the SGS velocity is
parameterized using a stochastic differential equation based on
Thomson (1987), Weil 

 

et al

 

. (2004) and Kim 

 

et al

 

. (2005):

eqn 2

where 

 

é

 

 is the SGS turbulence kinetic energy (TKE), and 

 

f

 

s

 

 = 

 

é

 

/

 

I

 

expresses the importance of SGS TKE relative to the total (i.e.
resolved + SGS) TKE, 

 

I

 

. Note, a tilde marks a horizontal cross
section averaging and time averaging over a period during which
turbulence statistics are considered stationary (typically 30 min).

 

d

 

ξ

 

i

 

 = 

 

N

 

(0, 

 

Δ

 

t

 

) is a random Gaussian increment.  is a Lagrangian
time scale for the particle obtained by modifying the Lagrangian
time scale for the air (Csanady 1963; Reynolds & Lo Iacono 2004;
Weil 

 

et al

 

. 2004) to include the effects of the particle’s inertia

eqn 3

where 

 

ε

 

 is turbulence dissipation (Supplementary Appendix S1,
eqn A.12), 

 

τ

 

p

 

 is the particle relaxation time (defined as a property of
the seed in eqn 5), 

 

β

 

 expresses the ratio between the Lagrangian and
Eulerian time scales in the LES model and 

 

C

 

0

 

 is the Kolmogorov
constant for the Lagrangian structure function. Here, 

 

β

 

 = 1.5 (Sawford
& Guest 1991), and 

 

C

 

0

 

 = 4 (Thomson 1987) were used, although the
exact value of both parameters remains a subject of active research
(see Sawford & Guest 1991; Lien & D’Asaro 2002).

The probability of a seed to be intercepted by a canopy element,

 

I

 

p

 

 

 

=

 

 1 

 

−

 

 exp(

 

−

 

L

 

d

 

 | Δ

 

X

 

p

 

 |

 

) is determined by the leaf area density in that
element, 

 

L

 

d

 

, and by the incremental path length of the seed through
the canopy at each time step, 

 

| Δ

 

X

 

p

 

 |

 

 (Raupach 

 

et al

 

. 2001). When a
seed is intercepted  and 

 

u

 

p

 

 are zeroed. This represents a seed
colliding with a leaf and continuing to fall. The effects of the
aerodynamic shape of the seed on its probability of collision, and
collisions with trunks are neglected. These might have a significant
effect (Pounden 

 

et al

 

. 2008) but, to date, no empirical data exist to
allow incorporating these effects in the system we simulated here.

 

REPRESENTATION

 

 

 

OF

 

 

 

THE

 

 

 

AERODYNAMIC

 

 

 

PROPERTIES

 

 

 

OF

 

 

 

SEEDS

 

Wind-dispersed seeds have complex aerodynamic shapes. Common
formulations assume small, smooth and spherical shapes and,
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therefore, are not applicable for most seeds. In our formulation,
we compare seeds to each other based on their mass, 

 

m

 

p

 

, effective
diameter, 

 

d

 

p

 

 and terminal fall velocity, 

 

v

 

t

 

. These characteristics have
frequently been reported for many species. Given that these character-
istics are proportional to the drag acting on a seed, they can be used
to determine the effective drag frequency and Lagrangian relaxation
time, 

 

τ

 

p

 

, which are needed to solve eqns 1–3. An analytical solution
for 

 

v

 

t

 

 can be obtained from the equation of motion by assuming that
the seed starts falling from rest in motionless air, and moving only
in the vertical direction:

eqn 4

where 

 

w

 

p

 

 is the vertical component of the particle velocity, 

 

C

 

d

 

 is the
particle drag coefficient, Ap is the surface area of the particle, and
ρa0s = 1.23 kg m–3 is the reference air density at the model ground
level. The ground level air density is used here because in most cases,
empirically observed values of vt, which are substituted into eqn 4 to
obtain the seeds drag coefficient, are measured near at the ground sur-
face (and not at high altitudes).

For a large seed, τp is defined as the time it takes the seed to reach
vt from rest. It can be derived analytically from eqn 4:

eqn 5

where  is the reference air density at the seed location. It is needed
to account for changes in the terminal fall velocity due to the
decreased air density at higher elevations. Because the fall velocity
converges asymptotically to the terminal velocity, (i.e. 
a convergence parameter is defined as φ = wp/vt = 0.99.

As many types of seeds can have Reynolds numbers much larger
than unity when they are close to their terminal velocity (i.e.
Re > 10), it is reasonable to formulate their drag coefficients in a
similar manner to that of large objects. The instantaneous Cd is a
nonlinear function of the slippage Reynolds number and the seed
aerodynamic shape. This function is rarely known and depends on
seed morphology. Aerodynamics studies in wind tunnels at a broad
range of Re are needed to determine the drag function for each seed
species. On average, Re > 10, and we therefore treat Cd as a constant.
The particle drag frequency is accordingly, and based on eqn 4:

eqn 6

where | VL − Vp | is the magnitude (scalar) of the difference between
the air velocity and the particle velocity (often referred to as slippage
velocity).

FIELD EXPERIMENT

Katul et al. (2005), hereafter referred to as ‘K05’, measured seed dis-
persal kernels in an 80–100-year-old second-growth oak hickory
hardwood forest stand at the Black Division of the Duke Forest,
near Durham, NC, USA. They manually released a large number of
seeds of eight common wind-dispersed tree species. Additional
details of the field experiment are provided in K05. Results from one
of these manual release experiments were used for evaluation of the
E–L component of RAFLES. The model’s results were not signifi-
cantly different than the kernels obtained in the field experiment
(Supplementary Appendix S2).

NUMERICAL EXPERIMENT

Rationale

To simulate the ABL during a specific period, RAFLES must be
forced with realistic, mean atmospheric conditions, which could be
obtained from meteorological observations. When not available, a
regional model (e.g. RAMS) can be used to provide these conditions.
In its current version, RAFLES also requires the spatial distribution
of surface fluxes (B07). In a new version under development, a multi-
layer energy balance equation is being introduced into RAFLES,
which coupled to the atmospheric dynamics, will be able to calculate
these fluxes.

Quite unfortunately, the spatial variability of these surface fluxes
and atmospheric conditions aloft were not available for the days K05
performed their experiments. Thus, we had to choose between two less-
than-optimal alternatives for our sensitivity analysis: (i) Approximate
the surface fluxes in simulating the observations of K05; or (ii) use
the simulations of B07, which were carefully crafted and evaluated,
and proved to be reliable. These simulations were conducted for the
same canopy used by K05, and it appears that the meteorological
conditions adopted in their spring case were similar to those
experienced by K05 on 13 May 2001. Therefore, we opted to use
these simulations together with the observations collected by K05 on
13 May 2001. It is important to note that canopy structure has a
major impact on turbulence across the entire flow domain and this
structure did not change significantly between the time simulated by
B07 and the field experiment of K05.

Large-eddy simulations

As explained above, the same atmospheric conditions and canopy
structures used in B07 are used for our LES. The background
atmospheric conditions, the atmospheric forcing, prescribed surface
fluxes, and the vertical profiles of the simulated horizontal mean
atmospheric variables are summarized in Supplementary Appendix S1
(Table A1.1, Fig. A1.1).

In the ‘control’ case, a heterogeneous canopy with the observed
properties and structure of the hardwood stand used in K05 (McCarthy
et al. 2007) was produced with the virtual canopy generator (V-
CaGe) developed by Bohrer et al. (2007). V-CaGe mimics natural
forests by generating 3D canopies in which the canopy top height
and ground-accumulated leaf area index are correlated, as expected
from the observed allometric relationship at the simulated forest
stand. In the ‘homogeneous’ case, the same domain-averaged canopy
properties were used but spatial variability was eliminated, resulting
in a horizontally homogeneous canopy.

The model horizontal domain was 1280 × 1280 m2 with a mesh
spacing of 5 × 5 m2. In the vertical, the domain extended up to 1460 m
above ground level (AGL) with vertical mesh spacing of 3 m from
the ground surface up to twice the mean canopy height. Above that
height, the grid was stretched by a factor of 1.1 from grid level to grid
level up to a maximal spacing of 30 m. The model time step was 0.02 s.

Virtual seed dispersal

Seeds were virtually released only after the initialization period was
completed. A total of 6 528 000 seeds were released during the 25 min
following the initialization period (Supplementary Appendix S1) in
both the control and the homogeneous simulations. The virtual
seeds were released at 40 locations as schematically illustrated in
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Supplementary Appendix S1 (Fig. A1.2). In the naturally hetero-
geneous ‘control’ case, the canopy height, hc, varied over the
domain between 16.1 and 39.4 m AGL. In the homogeneous case,
hc = 24.6 m everywhere, which corresponds to the mean height in
the control case. The canopy height was produced by V-CaGe but
lost some of its resolution when implemented into the grid of
RAFLES. Trees characterized by different heights and locations
were selected for the virtual seed release. At these locations, the canopy
was either the highest (between 38.86 and 39.4 m), moderately high
(30 ± 0.01 m), around the mean height (25 ± 0.01 m), or the lowest
(between 16.1 and 17.0 m). For convenience, these locations are
annotated as hc = 39, 30, 25 or 17 m AGL, respectively. For each
canopy height, 10 replicates at random locations with that height
canopy were selected. At each location, seeds were released from four
heights, zr = 39, 30, 24 and 18 m AGL. These release heights are
located at the centres of model grid cells. A small SGS component
within the grid cell was added to the exact horizontal location of the
release point, i.e.  where i = 1, 2 (horizontal
components only), a subscript ‘0’ marks the release location, Δx is
the horizontal grid spacing and U is a random uniform function. The
exact same locations were used in the homogeneous canopy case.

In the real world (where canopies are heterogeneous), seed release
above the height of the canopy top is possible. For example, a tall
deciduous tree in a mixed forest releases seeds during the season that
it is leafless, above the evergreen trees and understorey. Although
this is not the case for the species tested in K05, the model results are
not specific to these species (i.e. their precise drag and seed morphology
is not employed) and can represent any other seed species with similar
fall velocities and sizes.

Four virtual seed ‘species’ were used, with vt of 0.67, 1.1, 1.43 and
1.89 m s–1, based on those reported in K05. These terminal fall
velocities were selected to obtain a broad range of vt values, and
correspond to the mean vt reported for species used in the K05 field
experiment. The characteristics of these seeds are summarized in
Table 1. Other ecological and biological characteristics of these
species, such as vertical and horizontal distribution of seed sources,
release heights, conditions necessary for abscission, and seed
maturation timing, were not treated explicitly. However, it should be
emphasized that in K05, the seeds were released manually from the
meteorological tower and did not reflect the species-specific release
heights, abscission and maturation timing.

The total number of seeds virtually released in a simulation is a
compromise between computational capability constraints and the
need to sample as extensively as possible in space and time to account
for the highly variable nature of turbulence and of the tail of the
dispersal kernel. To bypass this constraint, a single value of terminal
velocity was adopted for each representative virtual species, realizing
that the lack of variability in this parameter was an unavoidable
drawback of our study. Note, however, that K05 find a within-
species coefficient of variation of vt of about 20%, much smaller than
the interspecies variation that is used here to compare kernels.

Nathan & Katul (2005) reported that within-species variation of vt is
less important than interspecies variation and other variables
such as release height and canopy density.

Each virtual seed species included four seed types, which were
differentiated by their drag coefficient and abscission conditions:
(i) ‘Natural’ seed, that is the control type, with the mean terminal fall
velocity, mass and size as reported in K05 and with no minimal wind
speed necessary for their abscission (i.e. AWS = 0 m s–1); (ii) ‘Tracer’
seed, which are equivalent to the natural seed but have no inertia (see
eqn 1); (iii) Low AWS seed, which are similar to the natural seed
except AWS = 0.5 m s–1 (as in Williams et al. 2006); and (iv) High
AWS seed, which are similar to the natural seed except
AWS = 1.0 m s–1 (as observed in maple trees by Greene & Johnson
1992). Fifty seeds of each virtual species and type were virtually
released at each location and each release height, every 30 s, during
the 25-min numerical experiments. This release frequency was
selected to match that of K05.

Data analysis

The release and settling locations of all seeds were recorded. A
histogram of the dispersal distances was built for each seed type,
release location and release height. These histograms, intended to
approximate the dispersal kernel, consisted of 200 bins. In cases
when the farthest dispersed seed travelled < 100 m, the width of all
bins was 0.5 m. Otherwise, the first 100 bins were 0.5-m wide, and the
other 100 bins equally divided the space between 50 m and the
distance of the farthest seed. The histograms were normalized by the
bin width and total sample size to produce the dispersal kernel.

Throughout this paper, the term dispersal kernel is used to represent
the one-dimensional (binned) probability of a seed to travel the
distance from the seed release point to its deposition site (that falls
within the bin limits), averaged over all seeds from all sources with
the same characteristics in a specific LES. We do not consider pre- or
post-dispersal processes that affect, for example, seed viability
and germination. The statistical properties of the dispersal kernel
(i.e. mean, mode, variance, tail) are used to compare the numerical
experiments. The median and mode of the kernel were used to quantify
short-distance dispersal because they are independent of the tail of the
dispersal kernel. We define LDD by combining its proportional and
absolute definitions (Nathan 2005), using the average distance
travelled by the 0.01-percentile of the furthest reaching seeds, and the
probability of dispersing further than 100 m, respectively.

Results

MEAN DISPERSAL KERNELS

As can be expected, the simulated dispersal kernels of ‘natural’
seeds (Fig. 1) show that slower terminal velocity (vt) and

   
x x U xp i p i i0 0

4    (  / )= + ± Δ

Table 1. Mean terminal fall velocities (vt), mean seed mass (mp), and estimated mean length (dp) of the simulated seed species from Katul et al.
(2005)

Species Common name vt (m s–1) mp (kg) dp (m)

Carpinus caroliniana American hornbeam 1.89 5.46E-05 0.026
Fraxinus pennsylvanica Green ash 1.43 5.13E-05 0.04
Acer saccharinum Silver maple 1.10 16.50E-05 0.05
Acer rubrum Red maple 0.67 1.81E-05 0.02
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higher release height (zr) shift the dispersal kernels to the
right, toward longer dispersal distances with higher variance
around the mean. Similar strong effects for vt and zr were also
observed using a long-term seed-rain data in a tropical environ-
ment (Muller-Landau et al. 2008). Dispersal kernels can be
separated into two types based on the absolute definition of
LDD (>100 m): (i) Those that only describe short-distance
dispersal and have a unimodal shape with an exponential
slope at the far end; and (ii) those that include LDD and

have a distinct tail at the far end. The slope of a power-law fit
for the tail of these LDD dispersal kernels is less steep than the
far end of the short-distance-only dispersal kernels. When LDD
is significant, the magnitude of the slope reaches a minimum of
1.6 (Table 2). A conceptual divide, hereafter referred to as the
‘LDD-divide’ (Fig. 1), can be drawn between the short-
distance-only kernels, where LDD is very unlikely, and the
kernels in which slow vt and high zr enable some of the seeds to
be uplifted above the highest point in the canopy (40.5 m) and
experience LDD. In fact, the seed dispersal distance is well
correlated with the maximal flight height if  the seeds are
ejected above the canopy (Fig. 2).

ASSUMPTION OF NO-INERTIA

In almost all cases, whether experiencing LDD or not, the
virtual tracers dispersed farther than the natural seeds (Table 3).
This is more pronounced with the fast-falling seeds (whose
mean distance increased by about 15%) than with the slow-
falling seeds, which are more susceptible to LDD (up to only
about 5%). Ignoring inertia has similar effects on the variance
of the dispersal distance, but has no significant effects on the
LDD tail of the kernel (represented by the mean distance of
the 0.01-percentile of the farthest-dispersing seeds).

ABSCISSION WIND SPEED

Figure 3 summarizes the results of the AWS experiment. It
emphasizes that under the considered conditions, an AWS of
0.5 m s–1, which is about the same magnitude as the standard
deviation of the vertical wind (σw) has only a minor impact on
the dispersal kernels in general, and LDD in particular. An

Fig. 1. Simulated dispersal kernels for the heterogeneous canopy, with different terminal velocities (vt, m s−1) and release heights (zr, m AGL).
Note the logarithmic scale in both axes. The solid red line separating the frames indicates the ‘LDD divide’.

Table 2. Decay rate of the dispersal kernel tail. Cases that displayed
some degree of LDD (see Fig. 1) are in bold

zr (m) vt (m s–1)

hc (m)

17 25 30 39

18 1.89 –5.3 –6.3 –6.0 –6.6
1.43 –5.1 –4.7 –4.9 –5.9
1.1 –4.9 –4.4 –4.8 –5.2
0.67 –4.3 –5.4 –4.0 –4.0

24 1.89 –5.4 –5.7 –5.4 –6.0
1.43 –4.9 –4.6 –5.0 –5.3
1.1 –5.0 –4.5 –4.6 –5.2
0.67 –2.1 –2.0 –2.5 –4.6

30 1.89 –3.5 –4.7 –4.7 –5.5
1.43 –3.6 –4.6 –4.7 –5.4
1.1 –3.6 –2.7 –3.9 –5.4
0.67 –1.7 –1.9 –1.7 –2.0

39 1.89 –3.8 –5.7 –4.6 –4.5
1.43 –2.9 –5.6 –5.4 –4.8
1.1 –2.0 –2.1 –2.3 –2.2
0.67 –1.8 –1.9 –1.7 –1.6
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AWS of 1 m s–1 (about twice σw) with optimal conditions for
LDD (low vt and high zr) shows an increase of about 20% for
the median dispersal distance, but appears to have no conclu-
sive effect on the dispersal kernel tail.

TREE-SCALE CANOPY HETEROGENEITY

Table 4 summarizes the effects of canopy height (hc) at the
release point, which should not be confused with the seed
release height (zr). hc has a significant effect on LDD, but does
not consistently affect short-distance dispersal, expressed by
the median dispersal distance. Low hc increases the probability
of uplift by promoting stronger and more frequent atmos-
pheric mass ejection events in the lower parts of the canopy
(illustrated in Fig. 4). Seeds not prone to LDD (high vt and
low zr) are, therefore, not affected by the canopy-top height.
However, seeds that have a better chance of being uplifted
experience longer LDD when released from a location with a
low hc. This non-intuitive effect is apparent in the borderline

cases where LDD is possible but extremely rare, such as for
seeds with vt = 0.67 m s–1 released from zr = 24 m, and seeds
with vt = 1.1 or 1.43 m s–1 released from zr = 39 m. Kernels of
seeds with these release heights and terminal velocities have
a distinct tail only for those seeds released from low canopies
(i.e. hc = 17 m and hc = 25 m, Fig. 1, purple and light blue
lines), kernels of  seeds with the same vt and zr combinations
but released from tall canopies (i.e. hc = 30 m and hc = 39 m,
Fig. 1, green and red lines) do not display LDD.

Discussion

An upsurge in research interest in biological transport
processes through the atmosphere (Nathan et al. 2005; Nathan
2006) is perhaps best exemplified by the recent advances in
mechanistic modelling of seed dispersal by wind (Levin et al.
2003; Kuparinen 2006). Several simple mechanistic models
introduced in the last two decades have been shown to match
dispersal data measured at local scales (e.g. Okubo & Levin

Table 3. Mean and variance of the dispersal distance (m) and the distance of the 0.01% farthest reaching seeds (the kernel’s ‘0.01%-tail’), in
natural seeds (N) and virtual tracers (VT) (columns) for combinations of vt and zr representing extreme dispersal kernels, i.e. no-LDD cases in
the top four rows, and LDD-dominant cases in the lower three rows

vt (m s–1) zr (m)

Mean Variance 0.01%-tail distance

VT N VT N VT N

1.89 18 5.61 4.81 8.56 6.46 13.99 12.47
24 7.61 6.59 14.2 11.44 19.62 18.21

1.43 18 6.9 6.13 11.94 10.02 17.79 16.4
24 9.72 8.79 21.08 18.4 24.69 23.78

1.43 39 22.09 21.27 111.21 106.16 896.37 980.97
1.1 39 35.13 33.99 3667.32 3200.52 1396.18 1207.04
0.67 39 92.5 87.95 47140.96 40367.83 2124.21 2259.96

Fig. 2. Correlation between maximal height
reached and dispersal distance. zr = 39 m
AGL in all panels. Ejected seeds are those
that at some point of their flight reached the
model grid layer above the tallest tree
(40.5 m). The maximal height reached is
correlated with farther dispersal distance
only for ejected seeds.
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Fig. 3. Impacts of AWS on dispersal distance
statistics. Black, grey and white bars represent
AWS = 0, 0.5, and 1 m s–1, respectively, hc = 17 m
in all cases. The left columns are for short-
distance-only and the right columns are for
LDD-dominant cases.

Table 4. Percentage of seeds that travelled more than 100 m, 0.01%-tail distance, and median dispersal distance (m) of seeds released from
locations with different canopy heights (hc, m) for different combinations of vt and zr (rows)

vt (m s–1) zr (m)

% > 100 m 0.01%-tail distance Median

hc = 17 hc = 39 hc = 17 hc = 39 hc = 17 hc = 39

1.89 39 0 0 38.73 37.38 15.00 11.05
1.43 39 0.08 0 980.97 59.19 19.30 16.11
1.1 39 1.65 0.60 1207.04 1508.56 25.46 21.98
0.67 39 10.6 9.51 2259.96 2139.50 41.15 36.10
0.67 30 4.59 1.37 1944.50 1966.08 28.33 23.94
0.67 24 0.94 0.11 1414.43 188.28 18.91 18.63
0.67 18 0.03 0 184.15 40.31 12.74 13.10

Fig. 4. Cross section (x–z) of wind velocities
in a 200 × 200 × 100 m3 sub-domain of the
control simulation. Colours on the vertical
plane indicate the vertical component of the
wind, and arrows indicate the wind vector.
Canopy tops contour is green and stems are
brown. Three momentum ejections sites are
highlighted with dashed contours, and occur
where the canopy top is relatively low.
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1989; Greene & Johnson 1995; Skarpaas et al. 2004), but have
failed to fit or explain LDD (e.g. Greene & Johnson 1995;
Nathan et al. 2001). These models were recently followed by
two main modelling approaches, one based on local, high-
resolution wind measurements (PAPPUS, Tackenberg 2003)
and assumed to be planar homogeneous throughout the
dispersal domain, the other coupling Eulerian closure
techniques with Lagrangian simulations of particle trajectories
(e.g. CELC, Nathan et al. 2002; Soons et al. 2004; Nathan &
Katul 2005). These newer models performed well when
compared to observed data and, by relaxing some unrealistic
assumptions of their precedents, have provided new insights
into the mechanisms underlying LDD. Despite this important
progress, two main challenges in mechanistic modelling of
seed dispersal by wind remained, leading to two opposing
motivations guiding subsequent model development. On the
one hand, high-resolution E–L models are computer-intensive
and cannot be applied for long-term large-scale problems
for which LDD plays a major role (Neilson et al. 2005;
Trakhtenbrot et al. 2005). On the other hand, CELC and
nearly all other advanced E–L models (e.g. Boehm & Aylor
2005; Kuparinen et al. 2007) neither relax nor examine several
key simplifying assumptions such as landscape homogeneity,
wind speed independent seed release, and perfect tracking of
wind flow by seeds caused by the lack of inertial effects on the
seed. Yet all these factors can be assumed to significantly
affect the distance travelled by wind-dispersed seeds.

Research motivation to facilitate the application of
mechanistic wind dispersal models to long-term population
dynamics has recently yielded WALD, an analytical model
derived from CELC with some additional simplifications of
the underlying mechanisms (K05). WALD was shown to
match empirical data well and to resolve the high computing
demands of its precursors (K05; Skarpaas & Shea 2007). The
opposing motivation to explore wind dispersal mechanisms
in more depth has yielded RAFLES, the model introduced in
the present paper. To our knowledge, RAFLES is the first
LES-based E–L model capable of simulating seed dispersal
by wind in 3D heterogeneous canopies. It is far more detailed
than any previous mechanistic model of seed dispersal by
wind and, as such, has considerably higher computational
demands. Whereas such computational demands imply that
RAFLES cannot be applied to predict long-term dispersal
dynamics, its ability to simulate nonlinear processes and to
relax and examine some major simplifications common to
nearly all previous models, uniquely fulfills the important
alternative motivation of using wind dispersal models to better
understand the mechanisms underlying the dispersal process.

Interestingly, in spite of their conceptual difference, WALD
and RAFLES converge to the same asymptotic behaviour for
LDD in the case of lighter seeds (and high winds). WALD
predicts an asymptotic power-law slope of –3/2 for the most
favourable LDD conditions (seeds with low terminal velocity
transported by strong winds). Dispersal kernels predicted by
RAFLES depict a distinct LDD tail for slow-falling seeds
released from higher points (Fig. 1, below the ‘LDD divide’).
The slower the fall velocity and the higher the release point,

the more prevalent LDD becomes and the fitted power-law
slope of the tail approaches the same asymptotic value of –3/2
(Table 2).

By virtue of its high resolution and detailed mechanistic
approach, RAFLES explicitly incorporates physical processes
that have only been parameterized or neglected in other
models. The physical processes that are explicitly resolved
in RAFLES include the effects of canopy structure on ABL
dynamics and turbulence, wind speed conditioned seed
release and seed inertia effects. It can simulate the mechanistic
processes that account for the possible feedbacks between
canopy structure, atmospheric dynamics and seed biology,
occurring at different spatial scales. In the following sections,
we discuss the key interactions underlying wind dispersal
at two different spatial scales: those of  the seed and the
tree.

SEED SCALE

Abscission

The mechanical force that detaches the seed from the tree is
generated by drag, acting in the direction of the air flow. Here,
abscission was implemented as a threshold function of the
instantaneous wind speed, which is a directionless scalar. But,
abscission is only effective if it occurs in limited periods of time,
characterized by infrequent (strong) wind gusts. Turbulence
is characterized by coherent structures in the flow field
(Raupach et al. 1996; Finnigan 2000; Watanabe 2004), which
are generated near the canopy top by mechanical shear and/
or buoyancy. These structures, or eddies, evolve while they are
advected through the ABL. Seeds that are released by strong
eddies, may then be transported by them. When the abscission
process is biased toward strong eddies, ‘riding’ on the eddies
will allow the seeds to be ejected above the canopy more often
and disperse greater distances. By explicitly resolving the seed
movement in deterministic eddy structures, RAFLES can test
this mechanism. The low AWS used here, on the order of 1 SD
of the vertical wind speed, (σw = 0.4 – 0.6 m s–1, depending on
the release height), has only minor effects on the dispersal
kernels. The stronger AWS, about 2 × σw affects the median
dispersal distance but does not affect LDD. This finding
nullifies our hypothesis as well as general expectations from
wind tunnel experiments (Schippers & Jongejans 2005). It
may be explained by the tendency of strong wind gusts to
occur in both ejections (updrafts) and sweeps (downdrafts),
generated by shear between the wind aloft and the slower air
flow inside the canopy, and by convection. While the mean
vertical wind is zero, sweeps are more common but weaker
than ejections within the canopy (Kaimal & Finnigan 1994;
Poggi et al. 2004). Therefore, in weak wind conditions as tested
here, an AWS > 0 may result in more dispersal events during
sweeps than during ejections. Setting AWS to a value higher
than the maximum wind speed simulated in our numerical
experiment would prevent the virtual release of these seeds.
Of course, over the season that is relevant for seed dispersal, the
likelihood of much stronger wind gusts than those simulated
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here cannot be neglected. Clearly, it is the relationship
between AWS and the frequency of such strong wind gusts
that matters (Schippers & Jongejans 2005). An AWS of above
4 m s–1 was observed in two grassy species (Soons & Bullock
2008). Such a high value very close to the ground (the wind
gets weaker close to the ground, following a logarithmic pro-
file) indicates that AWS may be affecting dispersal at longer
(days-season) time scales, yet our simulations suggest that as
long as the AWS is contained within 2 × σw, it affects neither
the mean nor the tail of the dispersal distribution.

Effects of  Inertia

Neglecting inertia and treating dispersing seeds (or other
particles in the atmosphere) as passive tracers is a common
and convenient assumption, which simplifies the system in
general, and its numerical modelling in particular. RAFLES
represents some of the effects of inertia on seeds movements.
By comparing the dispersal kernels of ‘natural’ seeds and passive
tracers that are only subjected to gravity, one can ‘bracket’ the
magnitude of the error introduced by neglecting inertia. Our
simulations show that, at most, the mean dispersal distance is
increased by 15% with the no-inertia assumption, but the
probability of LDD is not significantly affected. It is important
to emphasize that we have not exhausted this issue and that
our conclusions may not hold for different species. For
instance, seeds of some tropical tree and liana species such as
the tropical vine Alsomitra macrocarpa (Azuma & Okuno
1987) are heavy yet have relatively low terminal velocity and
modelling their movement may exhibit a much stronger
sensitivity to inertia. The aerodynamic shapes of some seed
species can lead to strong nonlinearity in the relationship
between the drag coefficient and Re, and generate a stronger
effect on the simulated dispersal path than found in this study.

TREE-SCALE

Tree-scale heterogeneity refers here to variation in leaf area
density and tree-top height from tree to tree of a common
canopy. To date, most models assumed horizontal homoge-
neity of the surface. Unlike RAFLES, other mechanistic and
spatially explicit E–L models that use turbulence statistics
cannot resolve the effects of individual trees on eddy structures.
Therefore, they are unable to resolve the interactions between
canopy structure and dispersal. Yet B07 have shown that
tree-scale heterogeneity affects the spatial occurrences of
momentum ejections and, to a lesser extent, sweeps. Strong
updrafts, which are associated with momentum ejection
events, are anchored in areas of the canopy where the trees are
short and leaf area density is low (Fig. 4). Based on these
results, we hypothesized that the change in turbulence
structure that is caused by tree-scale canopy structures will
also affect dispersal. The simulations presented here show
that, indeed, when seeds are released from an area with
increased momentum ejection activity, the probability that
they will encounter a strong updraft and escape the canopy is
higher. Then, they also travel larger distances (Fig. 2) because

higher above the surface, the stronger horizontal wind can
carry the seeds further away during the time period that it
takes for such seeds to fall to the ground. This mechanism is
particularly effective in cases where LDD is possible but
extremely rare (Fig. 1, Tables 2 and 4).

Conclusions and future directions

Using RAFLES coupled with an E–L seed dispersal module,
we have studied how the interactions among 3D canopy
structure, wind (turbulence), and seed (aerodynamic) properties
impact dispersal kernels. In particular, we have explored
the importance of canopy heterogeneity, seed inertia and
wind speed dependent seed abscission in a realistic canopy
submitted to observed meteorological conditions in Durham,
NC, USA.

The high resolution of RAFLES and its highly detailed
mechanistic approach led to three main novel insights on the
effects of small-scale turbulent eddies on seed dispersal. First,
our simulations demonstrate that for the set of atmospheric
conditions, seed properties and abscission conditions tested
here, AWS of up to twice the standard deviation of the vertical
wind affects mostly SDD and not LDD. Second, we show that
the uplifting probability and LDD are not sensitive to the
assumption of no inertia, at least within the assumption of a
constant Cd. Furthermore, the incorporation of seed inertia
and drag forces induce a relatively small (< 15%) change in
the predicted mean dispersal distance. This is surprising
because seeds of most wind-dispersed tree species, like those
included in our study, are relatively heavy and thus the com-
monly-held assumption of no inertia taken thus far by all seed
dispersal models has been questioned by scholars experi-
enced with modelling of pollen, dust and other very small par-
ticles, for which neglecting inertia is soundly based on theory and
measurements. Third, we found that seeds released from rel-
atively short trees not overcast by taller canopy trees, are
more likely to encounter strong updrafts and higher proba-
bilities of being ejected above the canopy and experiencing
LDD than trees in other parts of the forest. This non-intuitive
novel finding concretely demonstrate the power of RAFLES
in elucidating the wind dispersal mechanisms in non-homo-
geneous landscapes. It suggests that particular (diagnosable)
sites within a heterogeneous forest are ‘hotspots’ of LDD.
Thereby local structures, such as a leafless deciduous tree within
an evergreen canopy, or natural and anthropogenic distur-
bances such as selective logging, parasite infestation, wind
damage, and local fire that change the canopy structure at the
tree-scale, can affect long-term large-scale tree population
dynamics.

RAFLES is too demanding of computer resources to be
used for explicit seed dispersal predictions at long time-scales
and/or large domains. Its computational demands prevented
us from testing other interesting cases, which would be quite
valuable for thoroughly understanding the multiple complex
processes involved in seed dispersal by wind. For example, it
seems that it would be quite valuable to examine how stormy
weather, coupled with high AWS, affects LDD. Indeed, one
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could speculate that with high AWS, trees can ‘wait’ for the
less frequent events (e.g. thunderstorms) characterized by
exceptionally strong winds favourable for LDD. Other major
unanswered questions most suitable for future model explora-
tion relate to how canopy gaps of different shape and size
affect airflow and seed dispersal (release, flight and deposition)
patterns. Seed dispersal from trees at the forest edge is another
interesting complexity that could be investigated. Combined
with improved methods of  seed-rain observation and
interpretation, such as long-term seed trapping and genetic
methods (e.g. Jones & Muller-Landau 2008) insights gained
by such numerical studies may be used to develop and test
parameterizations of less complex models. Finally, the scope
of questions can be extended to those relevant to the study of
wind dispersal of other life forms in heterogeneous vegetation
formations other than forests.
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