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Abstract. Long-distance seed dispersal isan important topic in ecology, but notoriously
difficult to quantify. Previous modeling approaches have failed to simulate long-distance
dispersal, and it has remained unclear which mechanisms determine |ong-distance dispersal
and what their relative importance is. We simulated wind dispersal of grassland plant seeds
with four mechanistic models of increasing complexity and realism to assess which pro-
cesses and which attributes of plants and their environment determine dispersal distances.
We compared simulation results of the models to each other and to data from field dispersal
experiments. The more complex and realistic models predicted short-distance dispersal
more accurately and were the only models able to simulate long-distance dispersal. The
model comparisons showed that autocorrelated turbulent fluctuations in vertical wind ve-
locity are the key mechanism for long-distance dispersal. Seed dispersal distances are
longest under high wind velocity conditions, when mechanically produced turbulent air
movements are large. Under very low wind velocity conditions seeds are dispersed farther
when there is more surface heating, but never as far as during strong wind events. Model
sensitivity analyses showed that mean horizontal wind velocity, seed release height, and
vegetation height are crucial determinants of dispersal potential and dispersal distances.
Between plant species (but not within a species), seed terminal velocity is an additional
important determinant of long-distance dispersal. These results imply that seed release
height is the most important plant-controlled dispersal parameter for grassland plants, and
that the structure of the local vegetation greatly affects dispersal distances. Thus, manage-
ment plans for grasslands should take into account that changes in vegetation structure,
e.g., due to eutrophication, can reduce the seed dispersal ability of wind-dispersed plant
species.

Keywords: atmospheric stability; dispersal experiments; grassland; long-distance seed dispersal;
mechanistic dispersal models; seed release height; terminal velocity; turbulence; uplifting; wind dis-
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INTRODUCTION

The dispersal of plant seeds in space has many im-
plications for population, community, and ecosystem
biology and has been the topic of many recent studies.
The ecological importance of long-distance dispersal
(LDD) has been especially stressed (Cain et al. 1998,
2000, Clark 1998, Clark et al. 1999, 2001, Nathan and
Muller-Landau 2000, Nathan 2001), although LDD is
notoriously difficult to quantify (Bullock and Clarke
2000, Cain et al. 2000, Nathan et al. 2003). The main
mechanism of LDD that has been studied is wind dis-
persal (e.g., Greene and Johnson 1995, Horn et al.
2001, Nathan et al. 2002b). Wind dispersal is one of
the most common LDD mechanisms (Van der Pijl 1982,
Bouman et al. 2000), and appears to be less complex
than the other LDD mechanisms, such as dispersal by
large animals.
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Important insight in the wind dispersal process has
been gained from experimental studies (e.g., Augspur-
ger and Franson 1987, McEvoy and Cox 1987, Greene
and Johnson 1993, Bullock and Clarke 2000) and var-
ious mechanistic modeling approaches (e.g., Okubo
and Levin 1989, Andersen 1991, Greene and Johnson
1996, Nathan et al. 2002b, Tackenberg 2003). These
studies, however, also provided different and some-
times conflicting answers as to which processes and
which plant and environmental attributes determine
seed dispersal distances, and in particular LDD. Many
studies focused on seed terminal velocity as a major
determinant because it is a seed attribute (e.g., Matlack
1987, Andersen 1992, 1993, Greene and Johnson
1993). A recent model study confirmed that seed ter-
minal velocity isimportant in determining LDD (Tack-
enberg et al. 2003). However, others state that wind
velocity is much more important in determining LDD
than any plant attribute (Augspurger and Franson 1987,
Greene and Johnson 1992, Horn et al. 2001, Nathan et
al. 2001). This has lead to recent model developments
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in which great effort was made to simulate horizontal
and vertical wind velocities in a realistic way. Tack-
enberg (2003) suggested that a mean upward vertical
wind velocity under unstable atmospheric conditions
(i.e., when high surface heating and low horizontal
wind velocity cause air parcelsto move upward locally)
is the most important wind characteristic responsible
for seed uplifting events, and that seed uplifting is the
key mechanism for LDD in grasslands. Studies on for-
ests have put forward the effects of gusts and other
rapid fluctuations in the wind field that occur under
near-neutral atmospheric conditions (i.e., when high
horizontal wind velocities create large turbulent wind
movements) as the most important processes for seed
uplifting, and hence LDD (Horn et al. 2001, Nathan et
al. 2002b).

The relative importance of different processes and
different attributes of plants and their environment, and
especially the role of vertical wind movements, in de-
termining LDD are now central research themesin dis-
persal ecology. We address these themes for grassland
ecosystems, in which the statistics of wind flow are
relatively simple to parameterize. We used a combi-
nation of model simulations and field experiments to
determine which wind flow-related processes and
which plant-controlled and environmental-controlled
parameters determine seed dispersal distances, and in
particular long distances. Our approach differs from
previous studies because we used a hierarchical frame-
work of mechanistic models of increasing complexity
and realism to assess the relative importance of specific
processes. We used field data to test whether the ad-
dition of specific processes to the simulation of dis-
persal improved the realism of the simulations. We also
carried out model sensitivity analyses to assess which
parameters are most important in determining seed dis-
persal distances. We conclude this study by discussing
the implications of our findings for the dispersal ability
of plantsin grassland ecosystems.

METHODS
The simulation models

To model seed dispersal, we considered the trajec-
tories of single seeds in Cartesian coordinates (X, = X,
X, =Y, X3 = 2). The general form of a seed dispersal
trajectory is given by

t+At
X (t + At) = x(t) + f (U, — vd;3) dt i=123
t

(€

where u; is the instantaneous wind velocity in direction
X, At is the discrete simulation time interval, v, is the
seed terminal velocity, and 8,5 is 1 fori = 3 and 0
otherwise. The velocity of the seed is assumed to adjust
to the wind velocity instantaneously.

It is necessary to compute the instantaneous velocity
U, across the entire seed trgjectory to estimate seed
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dispersal. Different mechanistic modeling approaches
vary in the level of realism and complexity in which
they compute u;. We compared four different mecha-
nistic seed dispersal trajectory models of increasing
realism. The first model is used as a basic reference
model, because of its simplicity and minimal data re-
quirements. The other three models form a series of
model development and extend the basic model with
(1) random fluctuations in vertical wind velocity, (2)
(auto-) correlated mechanically produced wind turbu-
lence, or (3) (auto-) correlated mechanically produced
and buoyantly produced wind turbulence. Along with
the increasing realism, the level of complexity of the
models also increases. Comparison of the results of the
models allows assessment of the optimal model for
simulating seed dispersal, and especially LDD.

1. The simple deterministic model.—The simplest
mechanistic model, which serves as our basic model,
describes the trajectory of a seed as determined by the
air resistance and gravitational forces. It assumes that
the seed dispersal distance (D) depends only on the
falling time of a seed from its release height (H,) to
its interception height and on the horizontal wind ve-
locities it experiences during this time. The mean (i.e.,
time-averaged) horizontal wind velocity (U ) increases
with height above the ground surface (Monteith 1973,

Stull 1988):
U@ = ”—k* |n<Z . d) ©)

Zy

where u, is the friction velocity, z is the height from
the ground surface, d is the zero-plane displacement
height, z, is the momentum roughness length, and k =
0.4 is the Von Karman constant. The overbar indicates
time averaging, typically over periods of 15-60 min-
utes. The seed interception height is set at (z, + d), the
height at which U is reduced to zero. Estimates of d
and z, can be obtained from the mean vegetation height
(h) for dense canopies, using d = 0.63 X h and z, =
0.13 X h (Monteith 1973). Based on these assumptions,
an analytical function for D can be derived (cf. Nathan
et a. 2001) as follows:

Ho—d
e X z,

U

D:kxvt

(Hy — d)In( ) S B )]

Advantages of this model are its simplicity, fast ana-
lytical computation, and the deterministic relation be-
tween model input and output (Fig. 1a). Therefore, this
model was used as a baseline model in several dispersal
studies (Sharpe and Fields 1982, McCartney 1990, Na-
than et al. 2001, 2002a). However, it is a disadvantage
that upward vertical air movement is not included in
this model (Fig. 2a). Upward vertical air movement
may cause seed uplifting, which is generally assumed
to be akey process determining LDD (Horn et al. 2001,
Nathan et al. 2002b, Tackenberg 2003). Although it is
possible to add upward vertical air movement to this
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simple model, this must be constrained to be at alower 2. The simple stochastic model.—The simplest way

absolute velocity than v, (Nathan et al. 2001), and to incorporate vertical air movement without con-
hence, seed uplifting cannot be simulated. The follow-  straints is to assume that seeds are subject to random
ing three models incorporate vertical air movements and uncorrelated fluctuations in vertical wind velocity

with increasing realism and complexity. (w") while moving horizontally with U. To assess how
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Fic. 2. Randomly selected time series of simulated fluctuations in vertical wind velocity (w') are much more realisticin
the two Markov chain models (STG and ASC) than in the two simple models. (a) The simple deterministic model, no
simulation of vertical wind velocity; (b) the simple stochastic model, with simulation of random fluctuations in vertical wind
velocity; (c) the Markov chain STG model, with simulation of mechanically produced autocorrelated fluctuations in vertical
wind velocity; (d) the Markov chain ASC model, with simulation of mechanically and buoyantly produced autocorrelated
fluctuations in vertical wind velocity; (€) the Markov chain ASC model with increased sensible heat flux (Q, = 250 W/m?);
and (f) a measured time series of fluctuations in vertical wind velocity from a long-term micrometeorological study in a
grassland (measured with atriaxial sonic anemometer, sampling rate 56 Hz, height 5 m, data from ¢http://www.env.duke.edu/
faculty/katul/sample_data.html)). Simulated time series are based on the measured data set (with Us,, = 3.3 m/s, T = 32°C,
Qu = 43 W/m?), except for Q in (e).
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random vertical velocity fluctuations affect seed dis-
persal distances, the previous model is extended by
adding a vertical velocity component given by

W =0

w=W-W =g, X gt

oy = (W22 4

where Wisthe mean (i.e., time-averaged) vertical wind
velocity, W is the instantaneous vertical wind velocity,
o,, is the standard deviation of the fluctuations in ver-
tical wind velocity (w'), and (t) is a Gaussian white-
noise random variable with zero mean and unit vari-
ance. For near-neutral atmospheric conditions, o,, =
1.25 X u, (Panofsky and Dutton 1984, Kaimal and
Finnigan 1994, Katul et al. 1995). The Gaussian (t)
ensures that the probability density function of w' fol-
lows the statistical distribution of turbulent velocity
fluctuations under near-neutral atmospheric conditions,
which is near-Gaussian (Chu et al. 1996).

This model requires numerical calculation. The ver-
tical wind velocity W is computed from W and a ran-
domly assigned w' for each calculation time step At.
For each At, the vertical displacement, computed from
W and v,, and new vertical position of the seed are
determined. The rest of the model is a numerically
calculated version of the simple deterministic model;
the calculations stop when the seed reaches the inter-
ception height (z, + d). Due to the fluctuations in ver-
tical velocity, this model produces stochastic dispersal
trajectories (Fig. 1b). However, the temporally uncor-
related vertical velocity fluctuations are not very re-
alistic (Fig. 2b, f).

We are not aware of any studies that have used this
exact same modeling approach to simulate seed dis-
persal. Greene and Johnson (1996) used random ver-
tical wind velocity fluctuations following a realistic
Gaussian distribution (zero mean, fixed o) to calculate
the variance of seed drop times. They then used the
seed drop times in a model similar to a stochastic ver-
sion of the simple deterministic model to simulate the
post-dispersal density distribution of alarge number of
seeds. In their model, stochastic variation in vertical
wind velocity was incorporated in the dispersal distri-
bution of seeds, instead of in the trgjectory of each
single seed. For our study, we selected the trajectory-
based approach to facilitate comparison between mod-
els.

3. The Markov chain model for Synthetic Turbulence
Generation (STG model).—In reality, fluctuations in
wind velocity are spatially and temporally correlated
(Fig. 2f). Severa authors have elaborated the simple
deterministic model to include autocorrelated fluctua-
tions in vertical wind velocity. Greene and Johnson
(1995) used autocorrelated vertical wind velocity fluc-
tuations to calculate the variance in drop time of tree
seeds in amodel otherwise closely similar to their pre-
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viously discussed model (Greene and Johnson 1996,
see previous section, Methods, The simple stochastic
model). Andersen (1991) and Jongejans and Schippers
(1999) used a version of the simple stochastic model
in which w' was autocorrelated. Their approach was
mechanistic but highly simplified, and ignored the con-
servation of turbulent kinetic energy, effects of theveg-
etation structure, and the correlation between fluctua-
tionsin vertical and horizontal wind velocities. There-
fore, we selected the mechanistic dispersal model of
Nathan et al. (2002b) to simulate turbulence (i.e., the
fluctuations in both vertical and horizontal wind ve-
locity) in a realistic manner, and adjusted this model
for grassland ecosystems. In this model, the instanta-
neous wind velocities W and U are random variables
that possess the basic statistical properties of canopy
and surface layer turbulence, namely spatial and tem-
poral coherence of eddies. Thiswas shown to be crucial
in predicting realistic LDD of tree seedsin forests (Na-
than et al. 2002b). Spatial and temporal correlationsin
wind velocity areincorporated based on their statistical
properties and in a manner designed to retain the same
simpleinput parameters as used in the previous models.
Only one additional input parameter is required: the
vegetation leaf areaindex (LAI), avegetation structure
characteristic that influences turbulence.

The model is a Lagrangian stochastic dispersion
model, which assumes that the change in position and
velocity of a seed are described by a Markov chain
process. Basic concepts, details, and references to the
use of this approach in atmospheric sciences are given
by Rodean (1996). Using the Markov process assump-
tion, the change in u; can be expressed by

du, = a(x;, u;, t)dt + b(x;, u;, 1)dQ 5)

where u; is the instantaneous wind velocity in direction
X, a is the drift coefficient, b is the stochastic accel-
eration coefficient, and dQ) is a Gaussian random var-
iable with zero mean and variance dt, with dt dependent
on the time-scal e of turbulent air movements (dt = 0.05
X T.; Appendix A). The estimation of a and b is de-
scribed in Appendix A. We refer to Nathan et al.
(2002b) for a more detailed description of the model,
and to Appendix B for an overview of the model equa-
tions adjusted for grasslands.

The major advantage of this model over the previous
models isthe (auto-) correlation of fluctuationsinwind
velocity, which greatly increases model realism (Fig.
2c, f) and results in coherent stochastic seed dispersal
trajectories (Fig. 1c). However, the Markov process
assumption and the incorporation of a coherent time
scale, which ensure this (auto-) correlation, also greatly
increase model complexity.

A less complex approach to simulate realistic au-
tocorrelated fluctuations in vertical wind velocity was
taken by Tackenberg (2003). He simulated vertical
wind velocity by drawing from a database of time series
of W as measured at one study site at 0.6 m height
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(Tackenberg 2001). His method results in highly re-
alistic simulations of vertical wind velocity for that
specific site and height. However, the simulations can-
not be extrapolated to other sites, other heights above
the ground surface, or other conditions than those under
which W was specifically measured. Given that Tack-
enberg used measured time series with non-zero W, it
is especially important that his measured series are not
extrapolated to other sites. In the general case W = 0.
W = 0 is a necessary condition for a planar-homoge-
neous boundary layer flow and the validity of the log-
arithmic wind-profile (Eq. 2), which Tackenberg also
applied in hismodel. A non-zero Wimpliesthat U must
vary in both x and z via the continuity equation for
incompressible flows, not just z as assumed by the log-
arithmic wind profile. As consistent spatial variation
in U is not incorporated in Tackenberg's model, data
series with non-zero W can never be applied to other
sites than the site at which W was measured. For this
reason, we selected the mechanistic and general,
though more complex, STG model for our model study.

4. The Markov chain model with Atmospheric Sta-
bility Correction (ASC model).—The STG model sim-
ulates mechanically produced turbulence caused by
frictional drag of wind flowing over and within the
vegetation. This form of turbulence dominates under
near-neutral atmospheric boundary layer conditions.
Another important source of fluctuationsin vertical and
horizontal wind velocity is buoyantly produced tur-
bulence. Buoyantly produced turbulence dominates un-
der unstable boundary layer conditions, when solar
heating of the ground causes parcels of warm air to
rise. As a final step in increasing model realism, we
accounted for atmospheric stability and simulate both
mechanically and buoyantly produced turbulence, and
any combination thereof. For this purpose, we devel-
oped a new simulation model by extending the STG
model to calculate atmospheric stability corrections to
all first- and second-order model statistics, turbulent
kinetic energy, and the mean turbulent kinetic energy
dissipation rate using the standard surface layer for-
mulations described by Hsieh and Katul (1997). For a
specified sensible heat flux (Q,) and U at a reference
height z, the value of u, is now computed by nu-
merically solving

T = Ylinfze =) _ (2
Uzref - k ln( Zo ) \Pm(L) (6)
where
3
L= - ”*Q %
X g— <o
kX8 C < T,

L is the Obukhov length, g is the gravitational accel-
eration, p is the mean air density, C, is the specific
heat capacity of dry air under constant pressure, T, is
the air temperature, and W, is the stability correction
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function for mean momentum (Katul et al. 1995, Hsieh
and Katul 1997). L is an indicator of the relative im-
portance of buoyantly produced vs. mechanically pro-
duced turbulence (Stull 1988): When U is low (and
hence u, is low) and Q, is high, buoyantly produced
turbulence is dominant, whereas mechanically pro-
duced turbulence is dominant at high U (and hence high
u,) and low Q. The values of Q, and U determine
whether the model computes turbulent wind fluctua-
tions typical of more unstable or more neutral atmo-
spheric conditions.

In the ASC model, turbulent fluctuations adjust to
the atmospheric stability conditions, resulting in larger
fluctuations under more unstable boundary layer con-
ditions (compare Fig. 2d, for a summer day with rel-
atively low surface heating, to Fig. 2e, for a summer
day with high surface heating). Thisisthemost realistic
and flexible model of the series used in this study,
simulating a wide range of possible seed trajectories
(Fig. 1d). However, it is also the most complex model,
and it is important to assess the value of the added
realism and complexity.

Field data

We compared the different models using seed dis-
persal data from field experiments. These experiments
were carried out in several grassland ecosystemsin The
Netherlands, ranging from mown Lolium perenne pro-
duction grasslands to species-rich Molinia caerulea
grassland reserves. All sites were located in flat and
open terrain to insure planar homogeneity in the wind
flow. Seeds were released on six days with different
weather conditions (but no rain). In total, 330 seeds
werereleased individually from specific rel ease heights
and observed successfully during their entire dispersal
trajectory. The horizontal dispersal distance of each
seed was measured as the straight line connecting re-
lease point to landing point. Vegetation height (ex-
cluding protruding flowering stalks) was measured at
each experimental site. LAl and leaf area density pro-
files of the selected grassland types were estimated
from literature (Fliervoet and Werger 1984, Werger et
al. 1986). During theflight of each seed, air temperature
and horizontal wind velocity were measured close to
the seed release point using a transportable mini-me-
teorological station (Eijkelkamp Agrisearch Equip-
ment, Giesbeek, The Netherlands; thermometer at 2.7
m height; cup-anemometers at three heights (0.7, 2.7,
and 5.2 m); data logged every 10 s).

The experimentally released seeds were collected
from several populations of four wind-dispersed grass-
land forbs. Seeds of two species, Cirsium dissectum
(L.) Hill and Hypochaeris radicata L. (both Astera-
ceae), are equipped with plumes that facilitate LDD by
wind (Bouman et al. 2000). Seeds of the other two
species, Centaurea jacea L. (Asteraceae) and Succisa
pratensis Moench (Dipsacaceae), are also classified as
wind dispersed, but their plumeless seeds are dispersed
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by wind over much shorter distances. The smooth-sur-
faced seeds of C. jacea are gjected from the seed head,
and transported farther by wind, when wind gusts fling
the seed head back and forth (Bouman et al. 2000).
Seeds of S. pratensis are surrounded by their persistent
calyx, which functions as a balloon (Bouman et al.
2000). After collection, the seeds were air-dried,
weighed, and measured. The terminal velocity (v,) of
each seed was calculated using previously derived spe-
cies-specific relationships between v,, seed mass, and
plume diameter (Soons and Heil 2002). Thus, the val-
ues of model input parameters v,, Hy, U, Z« h, and
LAI, and of model output D were known for each ex-
perimentally dispersed seed (Table 1). All other model
parameters were computed from this set of input pa-
rameters.

Testing the models

We compared simulation results of the different mod-
els with measured dispersal distances and with each
other to assess the accuracy and realism of the model
simulations. For these comparisons, we carried out
model simulations using the exact same input param-
eters as measured during the dispersal events in the
field experiments. For the simple deterministic model,
each set of input parameters yields a single dispersal
distance. This allowed a one-to-one comparison be-
tween simulated and measured dispersal distances. For
the stochastic models, we cal culated a probability den-
sity function (PDF) of dispersal distances for each set
of input parameters by simulating 5000 seed trajecto-
ries. We then compared the median values of the sim-
ulated PDFs to the measured distances. We compared
the simulated and measured dispersal distances using
linear regression analyses. To test for significant dif-
ferences in regression coefficients and intercepts be-
tween the models, we carried out a linear multiple re-
gression analysis with the models as groups and an
interaction term ‘‘group X simulated distances.”

The comparison of simulated median distances with
measured distances assesses the accuracy of the sim-
ulated medians and provides a basis for cross-com-
parison with the deterministic model. However, there
is no physical or statistical justification for expecting
that the simulated medians represent the measured dis-
persal distances of the individual seed release experi-
ments. For the two stochastic models, we therefore also
calculated which percentage of the measured distances
were within the range of the simulated PDFs (for both
the full range of the PDFs and a more narrow range
around the medians defined by the 25th- and 75th-per-
centile distances). To compare all models further, we
combined the individual dispersal events to a PDF of
measured dispersal distances. We compared this PDF
to simulated PDFs based on the same input parameters
(for the simple deterministic model we created a PDF
by combining all simulated dispersal events). This
comparison was made for each plant species separately,
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because between-species variation in dispersal distance
was large compared to within-species variation. We
compared model performance between models and spe-
cies using a Kolmogorov-Smirnov test for two inde-
pendent samples. This test does not provide a measure
of absolute model performance, however, because the
measured distances are not afully representative subset
of the true PDFs of all species. For C. dissectum and
H. radicata, the set of measured distances is biased
towards shorter dispersal distances, because seeds that
dispersed faster and further had a higher probability of
being lost from sight and thus of being not included
in the data set.

The ASC model could not be tested with the field
data, because the temporal range of the temperature
measurements was too low to calculate Q,,. Therefore,
a separate sensitivity analysis was carried out for this
model to determine the importance of incorporating
stable atmospheric conditions (see next section). All
statistical analyses were carried out in SPSS (1999).

Sensitivity analyses

For the simple deterministic model and the STG
model, sensitivity analyses were carried out to assess
which input parameters are the most important deter-
minants of seed dispersal distances under natural con-
ditions. No separate sensitivity analysis for the simple
stochastic model was carried out, as results would be
exactly the same as for the deterministic model. Table
1 lists the input parameters assessed per model. We
studied the full natural range of variation of each of
the input parameters to assess their importance under
the full range of natural conditions. Therefore, we used
a method for sensitivity analysis described by Nathan
et al. (2001). Per model: (1) The natural range of values
of each selected parameter was divided into 20 equal
intervals. (2) A random set of 20 Latin hypercubeswas
created so that each interval of each selected parameter
was selected once in each hypercube. (3) From each
parameter interval in each hypercube, a random value
was selected to be the parameter value in the model
simulation. One simulation was carried out for each
hypercube. Steps (2) and (3) were repeated 10 times,
so that 200 parameter combinations were simulated.
(4) Theresulting 200 sets of independent variables (the
input parameters) and dependent variables (the calcu-
lated distances) were rank-transformed and analyzed
using stepwise multiple linear regression analysis in
SPSS (1999). Sensitivity analyses were carried out for
all species lumped together, and for each species sep-
arately (species specific v, values from Table 1, species
specific values of H, and h from Soons and Heil 2002).

A separate sensitivity analysis was carried out for
the ASC model to assess the sensitivity of dispersal
distances to Q. As the effect of Q, changes with U,
we simulated seed dispersal for different combinations
of Qy and U (5000 dispersal trajectories for each com-
bination). We carried out these simulations for three
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Summary of the values of the model input parameters as measured during the field experiments, and mean values

Terminal velocity, v, (m/s)T

Condition Cd Hr Cj S
Dispersal experiments 0.30-0.45 0.28-0.40 3.17-5.17 1.72-2.59
Natural conditions

Mean 0.38 0.34 4.33 2.14

Range 0.30-0.51 0.24-0.54 3.17-5.57 1.64-2.60
S.A. simple + + + +
SA. STG + + + +

Notes: Model input parameters included in the sensitivity analysis of the simple deterministic model (S.A. simple) or the
Synthetic Turbulence Generation model (S.A. STG) are indicated by + symbols. The experimental parameter values are
subsets of the full natural ranges, except for H,, for which experimental values exceed the natural ranges of the species used
in the experiments. Model sensitivity analyses were carried out using the full natural range of each parameter. Means and
ranges are from Soons and Heil (2002), except LAl and wind velocity (see Methods, Field data and Sensitivity analysis).

T Species abbreviations: Cd, Cirsium dissectum; Hr, Hypochaeris radicata; Cj, Centaurea jacea; and Sp, Succisa pratensis.

¥ Horizontal wind velocity at reference height.

types of seeds. plumeless seeds of C. jacea with rel-
atively high terminal velocity (4.33 m/s), plumed seeds
of H. radicata with low terminal velocity (0.34 m/s),
and Cirsium arvense plumes without achenes, which
have a very low terminal velocity (0.15 m/s; Tacken-
berg 2001). Simulated levels of Q, ranged from 0O to
300 W/m? and are representative of the full range of
heat flux valuesin temperate grasslands during daytime
(approximately —10 to 300 W/m?; Stull 1988). Simu-
lated values of U ranged from 0.01 to 16 m/s at a
reference height of 10 m, and are representative of the
range of values in open landscapes in the inner area of
The Netherlands (Wieringa and Rijkoort 1983) during
the dispersal season (June to October).

ReEsuLTS
Model predictions and field data

Figs. 1 and 2 demonstrate the differences between
the modelsin simulating seed dispersal trajectories and
vertical wind velocities. Performance of the modelsin
simulating dispersal distances was assessed by com-
paring simulated dispersal distances to measured dis-
persal distances from the field experiments and com-
paring simulated distances among the models.

Thefirst model test compares the simulated distances
of the simple models and the STG model to the mea-
sured distance per dispersal event. Median dispersal
distances simulated by the STG model are better pre-
dictors of the measured distances than median distances
simulated by the simple stochastic model and distances
simulated by the simple deterministic model: The me-
dian distances simulated by the STG model have a
regression coefficient significantly closer to 1 (0.92 vs.
1.33 for the simple models; P = 0.008) and an intercept
closer to 0 (0.36 vs. 0.61 and 0.62 for the simple mod-
els; not significant, all calculated intercepts not sig-
nificantly different from 0). Statistics of the model
comparison are presented in Table C1 (Appendix C).

Not only do the medians simulated by the STG model
better predict the measured dispersal distances than the

medians simulated by the simple stochastic model. For
the STG model, the probability is also higher that the
measured dispersal distances are realizations of the
PDFs simulated per dispersal event. Of all measured
dispersal events, 92% are within the range simulated
for them by the STG model, and 25% are even within
the range defined by the simulated 25th- and 75th-
percentile distances. For the simple stochastic model,
these percentages are much lower: 21% and 3%, re-
spectively.

The second model test compares the PDFs simulated
by the stochastic models and the PDFs calculated for
the simple deterministic model to the PDFs of the mea-
sured dispersal events (Fig. 3). For the species with
plumed seeds (C. dissectum and H. radicata), adapted
to LDD by wind, the stochastic models predict longer
dispersal distances than measured in the field, due to
limitation of measurements. The PDFs of these species
are significantly different from the PDFs simulated by
the stochastic models (Table C1). Thisis caused by an
underestimation of the frequency of short-distance dis-
persal events (~2 m). For the species with short-dis-
tance seed dispersal by wind (C. jacea and S. pra-
tensis), the PDFs simulated by the STG model are not
statistically different from the measured PDFs. In con-
trast, the PDFs simulated by the simple stochastic mod-
el are significantly different from the measured PDFs
(Table C1). For all species the PDFs for the determin-
istic model are most different from the measured PDFs
(Fig. 3). These differences are not significant, however,
because only =80 simulated distances per species
could be used to calculate PDFs for the simple deter-
ministic model (Table C1).

When comparing the models to each other, the main
difference between the models is their ability to sim-
ulate LDD for the two species with plumed seeds. The
STG model simulates more LDD events and LDD over
longer distances (even >100 m) than the two simple
models (Kolmogorov-Smirnov test, P < 0.001). The
simple stochastic model is hardly able to simulate
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TaBLE 1. Extended.
Release Vegetation Reference
height, height, Leaf area Horizontal wind height,
Hy (m) h (m) index, LAI velocity, U, (Mm/s)F Z« (M)
0.50-1.50 0.15-0.40 2.5-6.0 0-6.9 (per 10-s interval) 5.2
0.45 0.30 35 3.8 (per 1-h interval) 10
0.09-0.96 0.1-0.8 2.0-6.0 0-15.2 (per 1-h interval) 10
+ + +
+ + + +

LDD: All simulated dispersal distances are <34 m. The
simple deterministic model is not able to simulate
LDD: All simulated dispersal distances are <12 m.

The effect of surface heating

To assess the importance of buoyantly produced fluc-
tuations in wind velocity for dispersal distances, we
carried out simulations with the ASC model for aseries
of mean horizontal wind velocities (U) and heat fluxes
(Qn) (Fig. 4). Seed dispersal distances are longest at
high U. The large-scale buoyantly produced fluctua-
tions in wind velocity that occur under highly unstable
atmospheric conditions with high Q,; and low U have
the potential to lift seeds with a low terminal velocity
up high (relatively large w' and large autocorrelation
time scale T, ; Fig. 5). However, even when such seeds
are lifted up high, they are not transported very far in
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a horizontal direction because of the low U. The high
values of U that occur under near-neutral atmospheric
conditions have the greatest potential for transporting
seeds horizontally. Even though the turbulent wind ve-
locity fluctuations under these conditions are almost
exclusively mechanically produced and have a lower
potential to uplift seeds (large w’, but small T; Fig.
5), seeds are dispersed much farther under stormy con-
ditions than under unstable atmospheric conditions.

Sensitivity analyses

Results of the sensitivity analyses demonstrate that
in the simple models and the STG model the same
parameters are most important in determining seed dis-
persal distances. For each model, regression analyses
were carried out on two groups of data. One group
consisted of all data and the other consisted of a subset
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Fic. 3. Probability density functions (PDFs) of measured dispersal distances (solid diamonds) and simulated dispersal
distances using the simple deterministic model (open circles), simple stochastic model (open triangles), and STG model (open
diamonds) in four species. The STG model simulates dispersal over longer distances than the two simple models for the two
species with plumed seeds adapted to LDD by wind (C. dissectum and H. radicata). For these two species, the models
simulate PDFs that are significantly different from the measured PDFs. In contrast, for the two species with plumeless wind-
dispersed seeds (C. jacea and S. pratensis), the PDFs simulated by the STG model are not significantly different from the
measured PDFs. Probabilities are for log(distance categories) and per meter of distance (log scale). Zero probabilities are

not plotted.
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FiGc. 4. The 95th-percentile dispersal distances simulated
by the Markov chain ASC model increase strongly with in-
creasing mean horizontal wind velocity (U,q,). The 95th-per-
centile distances increase much less with increasing levels of
sensible heat flux (Qy), and only at low horizontal wind ve-
locities. Sensible heat flux has a greater effect on dispersal
distances for seeds with alower terminal velocity. ASC model
simulations are for plumeless seeds of C. jacea (v, = 4.33
m/s), plumed seeds of H. radicata (v, = 0.34 m/s), and Cirsium
arvense plumes without achene (0.15 m/s; Tackenberg 2001);
Hy= 0.45m, h = 0.30m, LAI = 3.5. Distances of H. radicata
seeds and C. arvense plumes are plotted on a log scale.

of the data including only the parameter combinations
for which seed release height was above the height at
which the wind velocity is zero, i.e., Hy, > (d + Zz).
This was done because a large number (28%) of the
simulated parameter combinations resulted in condi-
tions for which seeds did not disperse from the mother
plant, because wind velocity was zero at the seed re-
lease height. The regression analysisincluding all sim-
ulated parameter combinations shows that seed release
height (H,) is the most important determinant of seed
dispersal distances, followed by vegetation height (h)
and mean horizontal wind velocity U, (Table D1, in
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Appendix D). Seed terminal velocity (v) was only a
significant determinant of dispersal distances in the
analysis for all species together and for S. pratensis.
This indicates that between-species variation in v, is a
significant source of variation in dispersal ability, but
that within-species variation in v, hardly contributes to
variation in dispersal. The regression analysis includ-
ing only the seeds with a probability of dispersal (H,
> (d + z)) shows that U, is, overall, the most im-
portant determinant of dispersal distances, followed
closely by H, and then h (Table D1 in Appendix D).
Also, v, is now a significant parameter for dispersal,
especially when all species are analyzed together. Seed
V, is more important in determining LDD than median
dispersal distances. In the STG model, the LAI isin-
significant in determining median dispersal distances,
but does contribute to determining LDD.

DiscussioN

The processes that determine seed
dispersal distances

The STG model performs better than the simple de-
terministic model and the simple stochastic model in
simulating realistic dispersal distances. The STG model
simulates measured dispersal distances generally more

1.5
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a, (m/s
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Fic. 5. The standard deviation of the fluctuations in ver-
tical wind velocity (o, top) increases strongly with increas-
ing mean horizontal wind velocity (U,,,) and increases to a
much lower degree with increasing levels of sensible heat
flux (Qy). The autocorrelation time scale of the fluctuations
in vertical wind velocity (T,; bottom) declines rapidly with
increasing mean horizontal wind velocity (U,,,). Thisdecline
becomes less rapid with increasing levels of sensible heat flux
(Qu); Ho = 0.45 m, h = 0.30 m, LAl = 3.5, T = 20°C.
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accurately, although the difference in accuracy between
the modelsisrelatively small. Unfortunately, we could
only test model performance for relatively short dis-
persal distances (measured dispersal distances range
from 0 to 16 m, with one dispersal event of 80.4 m),
as our field experiments again confirmed the difficulty
in obtaining LDD data (Bullock and Clarke 2000, Cain
et al. 2000, Nathan et al. 2003). When considering only
relatively short dispersal distances (less than =15 m),
the simple deterministic model may be the most suit-
able wind dispersal model in many situations, because
it performs almost as well as the STG model and has
a much lower complexity.

However, the two simple models cannot simulate
LDD, whereas the STG model can. Simulation results
from the STG model and the simple models show that
adding spatially and temporally coherent fluctuations
in vertical and horizontal wind velocity greatly in-
creases model realism and allows simulation of LDD.
Simulation of these (auto-) correlated fluctuations in
wind velocity by the STG and ASC models creates
more coherent dispersal trajectories. Some seeds ex-
perience coherent updrafts propelling them farther and
farther as they experience stronger horizontal wind ve-
locities at greater heights, while other seeds experience
downdrafts until they land in the vegetation. The up-
lifting of seeds in coherent upward dispersal trajecto-
ries greatly increases their dispersal distance. Random
vertical wind velocity fluctuations are also able to uplift
seeds, but their upward trajectories are not sustained
long enough in time to achieve LDD. These results are
in agreement with the finding of Nathan et al. (2002b)
and Tackenberg (2003) that seed uplifting is crucial in
determining LDD ability. We add to their finding that
it is not simply instantaneous uplifting, but the sus-
tainability of this upward lifting for a sufficiently long
time that is crucial.

1. The importance of fluctuations in vertical wind
velocity for LDD.—The simulations with the Markov
chain STG and ASC models show that autocorrelated
upward deviations from the mean vertical wind velocity
are the key mechanism for the coherent upward tra-
jectories of uplifted seeds. All modelsused in this study
simulated a zero mean vertical wind velocity (W = 0),
but the model results are very different based on the
differences in the way the turbulent fluctuationsin ver-
tical wind velocity (w') are simulated. Our finding is
in contrast, however, with Tackenberg's (2003) recent
suggestion that a positive W under unstable atmospher-
ic conditions is the key mechanism for seed uplifting
and LDD. We here discuss three important differences
between our modeling approach and Tackenberg's ap-
proach, which explain the different conclusions drawn
by us and by Tackenberg.

First, values of W are usually too small to cause seed
uplifting, even under unstable atmospheric conditions.
Tackenberg (2001) published values of W for unstable
atmospheric conditions, ranging from =*=-0.10—
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0.35 m/s. Although 0.35 m/sis an extremely high value
(the natural range of values of W given by Stull (1988)
is £—0.2-0.3 m/s), it is only barely enough to uplift
the seeds with the lowest terminal velocities (Table 1).
Most plant seeds, even plumed seeds, have a terminal
velocity that is too high to be dispersed over long dis-
tances by the rising parcels of warm air in convective
plumes and thermal s (two weather phenomenathat may
occur under unstable atmospheric conditions). In con-
trast, the amplitude of the fluctuations w' is usually
much larger: Examples from Stull (1988) indicate
+—-2.0-25 m/s, and Tackenberg (2001) reports
+—0.25-1.10 m/s. Thus, the turbulent fluctuations w’
have a much greater potential to uplift seeds over sig-
nificant distances than a positive W, if the positive val-
ues of w' are sustained long enough in space and time.
We simulated realistic autocorrelation of w’, including
the increase in the size of w’ and the autocorrelation
of w' with height. Thus, in our model, seeds that are
uplifted experience the larger and more correlated tur-
bulence that occurs at greater heights, and hence are
likely to continue moving up and to disperse over a
long distance. Tackenberg, however, used only time
series of w’ that he measured at a single height of 0.6
m, and which contain only the relatively damped and
randomized fluctuations w' that occur at this low
height. His extrapolation of these values to all heights
greatly underestimates the sustainability of seed up-
lifting by w’' and its importance for LDD.

Second, Tackenberg's (2003) conclusion is based on
his use of a consistent positive W during simulation of
seed dispersal under unstable atmospheric conditions.
However, a consistent non-zero Wis alocal, and never
a general, phenomenon (see Methods, The simulation
models, 3. The Markov chain model for Synthetic Tur-
bulence Generation (STG model)). A local positive W
can occur due to a convective plume or thermal, but
convective plumes and thermals move horizontally
with U and are preceded and followed by air columns
in which air flows downwards (Stull 1988). Assuming
alocal positive W for seed dispersal is unrealistic, be-
cause a large population of seeds will in reality ex-
perience local positive and local negative W during
dispersal, with overall W = 0. A positive W that is
consistent in time and space can only occur under spe-
cific and spatially heterogeneous conditions, such as
topography changes on uphill slopes (e.g., Nathan et
al. 2001) or changes in landscape structure or vege-
tation type. The effect of a positive W on dispersal
distances reflects specific and unique local situations,
and overestimates the importance of a positive W in
the general case.

Third, Tackenberg’'s (2003) conclusion depends crit-
ically on his assumption that U and W are linearly
negatively correlated. This assumption is based on his
measurement series from a single site and a single
height, and is dependent on the local conditions (see
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previous paragraph). In general, this relationship is not
applicable.

We therefore conclude that strong turbulence, spe-
cifically large fluctuations in w’, and sufficient sus-
tainability of these fluctuations in space and time are
the most important mechanism for seed uplifting and
LDD. Incorporation of realistic turbulence in a mech-
anistic dispersal model is crucial for the simulation of
coherent upward wind and seed movements and LDD
of seeds.

2. The importance of atmospheric stability condi-
tions for LDD.—Some authors suggested that strong
buoyancy under unstable atmospheric conditionsisthe
main mechanism for LDD by wind (Sheldon and Bur-
rows 1973, Tackenberg 2003), while others suggested
that storms (which occur during near-neutral condi-
tions) are the main mechanism (Horn et al. 2001, Na-
than et al. 2002b). Our graphical analysis of simula-
tions with the ASC model clearly demonstrates the rel-
ative importance of Q4 and U (Figs. 4 and 5). Our
results show that high wind velocities are the main
mechanism for LDD by wind in grasslands. A strong
heat flux increases dispersal distances, but only under
low wind velocity conditions (U,,,, < 4 m/s), and then
the dispersal distances are much lower than during
stronger winds. Also, the increase in dispersal distance
caused by even the strongest heat flux is very small
(<1 m), evenfor plumed seedswith avery low terminal
velocity (0.34 m/s).

It is conceivable, however, that under convective
conditions a seed travels upwards to a very high ele-
vation (even to the top of the atmospheric boundary
layer) with a convective plume or thermal. This pos-
sibility is not included in the ASC model. Although
the probability that this would happen is very low, and
the probability that a seed rising up under convective
conditions also disperses far horizontally is also very
low, the ASC model thus underestimates dispersal dis-
tances under convective conditions. Quantification of
this underestimation requires a dispersal model that
simulates the full boundary layer dynamics under con-
vective conditions (and not simply the addition of a
constant positive W). Ongoing model developments ad-
dress this issue. So far, however, our results show that,
for realistic simulation of LDD, a model for only near-
neutral atmospheric conditions (such as the STG mod-
el) is highly suitable. Deviations from the results of
such models due to different levels of sensible heat flux
under low wind velocity conditions can be estimated
from Fig. 4.

The parameters that determine seed
dispersal distances

Our results show that the height of seed release (H,)
and of the surrounding vegetation (h) play a crucial
role in determining seed dispersal in grasslands. H, and
h determine whether aseed isreleased at aheight where
there is sufficient wind speed to transport it, determine
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the minimal falling time of a seed, and affect the level
of turbulence, and hence probability of uplifting, at the
location of seed release. The importance of plant height
and vegetation height is often underestimated in seed
dispersal studies; we are aware of only few studies in
which both parameters were investigated (McEvoy and
Cox 1987, Soons and Heil 2002).

For the seeds that are released at a height of non-
zero wind velocity (i.e., H, > (d + z)), the most im-
portant parameter determining seed dispersal distances
is U, followed by H, and h. Augspurger and Franson
(1987), Greene and Johnson (1992), Horn et al. (2001),
and Nathan et al. (2001) attributed the greater impor-
tance of U for dispersal distancesto itslarger variation
in comparison to other dispersal parameters. Our data
confirm this observation: The natural range of U at 10
m height above grasslands in The Netherlands (ex-
cluding extremes) is much larger than the ranges of H,,
h, and LAI (Table 1). The between-species range of
seed terminal velocity (v,) islarger than that of H,, and
between species v, is the second most important deter-
minant of dispersal distance. Within species the ranges
of v, are relatively small (Table 1), and the importance
of v, for dispersal distancesisrelatively low. This same
result was found for wind-dispersed tree seeds (Greene
and Johnson 1992, Nathan et al. 2001). Theimportance
of v, for seed dispersal distances may be overestimated
in dispersal studies that focus on only within-species
variation in v, (e.g., Augspurger 1988, Andersen 1992,
Greene and Johnson 1992).

These results imply that within wind-dispersed
grassland plant species, changing H, is the most im-
portant mechanism under the plant’s control to affect
seed dispersal distance. This not only holds for plants
with a low H, relative to h, but also for plants with
high protruding flowering stalks, because seedsthat are
released higher above the vegetation experience higher
horizontal wind velocities, have a longer falling time,
and have a higher probability of uplifting (for the same
wind conditions). The great importance of a high re-
lease height for seed dispersal explains the large in-
vestment of many grassland plant species, especially
rosette plants, in stalk length (Bazzaz et al. 2000).

Consequences for plant dispersal ability

Mean horizontal wind velocity, seed release height,
vegetation height, and between-species variation in
seed terminal velocity are crucial in determining seed
dispersal distances. These are predominantly environ-
mental and vegetation factors; even seed release height
is important mainly in relation to vegetation height.
Also, vegetation LAI plays a role in determining the
probability of LDD. Changes in these environmental
and vegetation parameters will affect seed dispersal. In
species-rich grasslands in northwest Europe, the cur-
rent process of eutrophication increases vegetation
height (h) and seed interception height (0.76 X h), also
relative to the seed release height of wind-dispersed
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plant species (Soons and Heil 2002). This will reduce
wind dispersal ability in species that are not able to
increase H, sufficiently. Management plans for grass-
lands should take this issue into account. Whenever a
seed is dispersed, the most important determinant of
the dispersal distance is, however, the horizontal wind
velocity. Changes in the frequency of occurrence of
extreme wind velocity events such as storms, therefore
seem to have the highest potential to change the future
dispersal of grassland plant seeds by wind.

ACKNOWLEDGMENTS

This research was supported by the Research Council for
Earth and Life Sciences (ALW), with financial aid from the
Netherlands Organization for Scientific Research (NWO), the
Schure-Beijerinck-Popping Fonds, Hugo de Vries Fonds, and
Miquel Fonds. R. Nathan acknowledges support from the
National Science Foundation (NSF-IBN), the German-Israeli
Foundation (GIF), and the Israeli Science Foundation (ISF).
G. Katul acknowledges support from the National Science
Foundation (NSF-EAR, NSF-DMS) for developing the Mar-
kov chain STG model. F Schieving and B. Timmermans pro-
vided helpful discussions on the model theory, and B. Tim-
mermans helped with the field experiments. The park rangers
of Staatsbosbeheer kindly permitted us to collect seeds and
carry out experiments in nature reserves. M. J. A. Werger, J.
M. van Groenendael, and two anonymous reviewersimproved
the manuscript by their valuable comments.

LITERATURE CITED

Andersen, M. C. 1991. Mechanistic modelsfor the seed shad-
ows of wind dispersed plants. American Naturalist 137:
476-497.

Andersen, M. C. 1992. An analysis of variability in seed
settling velocities of several wind-dispersed Asteraceae.
American Journal of Botany 79:1087—1091.

Andersen, M. C. 1993. Diaspore morphology and seed dis-
persal in several wind-dispersed Asteraceae. American
Journal of Botany 80:487-492.

Augspurger, C. K. 1988. Mass allocation, moisture-content,
and dispersal capacity of wind-dispersed tropical diaspores.
New Phytologist 108:357-368.

Augspurger, C. K., and S. E. Franson. 1987. Wind dispersal
of artificial fruits varying in mass, area, and morphology.
Ecology 68:27-42.

Bazzaz, F A., D. D. Ackerly, and E. G. Reekie. 2000. Re-
productive allocation in plants. Pages 1-30 in M. Fenner,
editor. Seeds: the ecology of regeneration in plant com-
munities. CABI Publishing, Wallingford, UK.

Bouman, F, D. Boesewinkel, R. Bregman, N. Devente, and
J. G. B. Oostermeijer. 2000. Verspreiding van zaden.
KNNYV Uitgeverij (Royal Dutch Society for Study of Wild-
life), Utrecht, The Netherlands.

Bullock, J. M., and R. T. Clarke. 2000. Long-distance seed
dispersal by wind: measuring and modelling the tail of the
curve. Oecologia 124:506-521.

Cain, M. L., H. Damman, and A. Muir. 1998. Seed dispersal
and the Holocene migration of woodland herbs. Ecological
Monographs 68:325-347.

Cain, M. L., B. G. Milligan, and A. E. Strand. 2000. Long-
distance seed dispersal in plant populations. American
Journal of Botany 87:1217-1227.

Chu, C. R., M. B. Parlange, G. G. Katul, and J. D. Albertson.
1996. Probability density functions of turbulent velocity
and temperature in the atmospheric surface layer. Water
Resources Research 32:1681-1688.

Clark, J. S. 1998. Why trees migrate so fast: confronting
theory with dispersal biology and the paleorecord. Amer-
ican Naturalist 152:204-224.

LONG-DISTANCE SEED DISPERSAL BY WIND

3067

Clark, J. S., M. Lewis, and L. Horvath. 2001. Invasion by
extremes: population spread with variation in dispersal and
reproduction. American Naturalist 157:537-554.

Clark, J. S., M. Silman, R. Kern, E. Macklin, and J.
HilleRisLambers. 1999. Seed dispersal near and far: pat-
terns across temperate and tropical forests. Ecology 80:
1475-1494.

Fliervoet, L. M., and M. J. A. Werger. 1984. Canopy structure
and microclimate of two wet grassland communities. New
Phytologist 96:115-130.

Greene, D. F, and E. A. Johnson. 1992. Can the variationin
samara mass and terminal velocity on an individual plant
affect the distribution of dispersal distances? American
Naturalist 139:825-838.

Greene, D. F, and E. A. Johnson. 1993. Seed mass and dis-
persal capacity in wind-dispersed diaspores. Oikos 67:69—
74

Greene, D. F, and E. A. Johnson. 1995. Long-distance wind
dispersal of tree seeds. Canadian Journal of Botany 73:
1036-1045.

Greene, D. F, and E. A. Johnson. 1996. Wind dispersal of
seeds from a forest into a clearing. Ecology 77:595-609.

Horn, H. S., R. Nathan, and S. R. Kaplan. 2001. Long-dis-
tance dispersal of tree seeds by wind. Ecological Research
16:877-885.

Hsieh, C. 1., and G. G. Katul. 1997. Dissipation methods,
Taylor’s hypothesis, and stability correction functions in
the atmospheric surface layer. Journal of Geophysical Re-
search 102:16,391-16,405.

Jongejans, E., and P. Schippers. 1999. Modeling seed dis-
persal by wind in herbaceous species. Oikos 87:362—372.

Kaimal, J. C., and J. J. Finnigan. 1994. Atmospheric bound-
ary layer flows; their structure and measurement. Oxford
University Press, New York, New York, USA.

Katul, G., S. M. Goltz, C. I. Hsieh, Y. Cheng, FE Mowry, and
J. Sigmon. 1995. Estimation of surface heat and momen-
tum fluxes using the flux-variance method above uniform
and non-uniform terrain. Boundary-Layer Meteorology 74:
237-260.

Matlack, G. R. 1987. Diaspore size, shape, and fall behavior
in wind-dispersed plant species. American Journal of Bot-
any 74:1150-1160.

McCartney, H. A. 1990. Dispersal mechanisms through the
air. Pages 133-158 in R. G. H. Bunce and D. C. Howard,
editors. Species dispersal in agricultural habitats. Belhaven
Press, London, UK.

McEvoy, P.B., and C. S. Cox. 1987. Wind dispersal distances
in dimorphic achenes of ragwort, Senecio jacobaea. Ecol-
ogy 68:2006—2015.

Monteith, J. L. 1973. Principles of environmental physics.
Edward Arnold, London, UK.

Nathan, R. 2001. Dispersal biogeography. Pages 127-152 in
S. A. Levin, editor. Encyclopediaof biodiversity. Academic
Press, San Diego, California, USA.

Nathan, R., H. S. Horn, J. Chave, and S. A. Levin. 2002a.
M echanistic modelsfor tree seed dispersal by wind in dense
forests and open landscapes. Pages 69—-82 in D. J. Levey,
W. R. Silva, and M. Galetti, editors. Seed dispersal and
frugivory: ecology, evolution and conservation. CAB In-
ternational Press, Oxfordshire, UK.

Nathan, R., G. G. Katul, H. S. Horn, S. M. Thomas, R. Oren,
R. Avissar, S. W. Pacala, and S. A. Levin. 2002b. Mech-
anisms of long-distance dispersal of seeds by wind. Nature
418:409-413.

Nathan, R., and H. C. Muller-Landau. 2000. Spatial patterns
of seed dispersal, their determinants and consequences for
recruitment. Trends in Ecology and Evolution 15:278-285.

Nathan, R., G. Perry, J. T. Cronin, A. E. Strand, and M. L.
Cain. 2003. Methods for estimating long-distance dispers-
al. Oikos 103:261-273.



3068

Nathan, R., U. N. Safriel, and I. Noy-Meir. 2001. Field val-
idation and sensitivity analysis of a mechanistic model for
tree seed dispersal by wind. Ecology 82:374-388.

Okubo, A., and S. A. Levin. 1989. A theoretical framework
for data analysis of wind dispersal of seeds and pollen.
Ecology 70:329-338.

Panofsky, H., and J. Dutton. 1984. Atmospheric turbulence:
models and methods for engineering applications. John Wi-
ley, New York, New York, USA.

Rodean, H. C. 1996. Stochastic Lagrangian models of tur-
bulent diffusion. American Meteorological Society, Bos-
ton, Massachusetts, USA.

Sharpe, D. M., and D. E. Fields. 1982. Integrating the effects
of climate and seed fall velocities on seed dispersal by
wind: a model and application. Ecological Modelling 17:
297-310.

Sheldon, J. C., and E M. Burrows. 1973. The dispersal ef-
fectiveness of the achene-pappus units of selected Com-
positae in steady winds with convection. New Phytol ogist
72:665—-675.

Soons, M. B., and G. W. Heil. 2002. Reduced colonisation
capacity in fragmented populations of wind-dispersed
grassland forbs. Journal of Ecology 90:1033-1043.

MEREL B. SOONS ET AL.

Ecology, Vol. 85, No. 11

SPSS. 1999. SPSS for Windows. Version 10.0.5, standard
version. SPSS, Chicago, Illinois, USA.

Stull, R. B. 1988. An introduction to boundary layer mete-
orology. Kluwer Academic Publishers, Dordrecht, The
Netherlands.

Tackenberg, O. 2001. Methoden zur Bewertung gradueller
Unterschiede des Ausbreitungspotentials von Pflanzenar-
ten. Dissertation. Philipps-Universitat Marburg, Marburg,
Germany.

Tackenberg, O. 2003. Modeling long distance dispersal of
plant diaspores by wind. Ecological Monographs 73:173—
189.

Tackenberg, O., P. Poschlod, and S. Bonn. 2003. Assessment
of wind dispersal potential in plant species. Ecological
Monographs 73:191-205.

Van der Pijl, L. 1982. Principles of dispersal in higher plants.
Springer-Verlag, Berlin, Germany.

Werger, M. J. A., E. M. Dusink, and L. M. Fliervoet. 1986.
Types of phytomass- and leaf area index profiles in grass-
land vegetation. Vegetatio 65:39—45.

Wieringa, J., and P. J. Rijkoort. 1983. Windklimaat van Ned-
erland. KNMI, Staatsuitgeverij, Den Haag, The Nether-
lands.

APPENDIX A
The calculation of the Markov chain dispersion process is available in ESA’s Electronic Data Archive: Ecological Archives

E085-101-A1.

APPENDIX B
The Markov chain Synthetic Turbulence Generation (STG) model is available in ESA’s Electronic Data Archive: Ecological

Archives E085-101-A2.

APPENDIX C
Results of the model comparisons (statistics) are available in ESA's Electronic Data Archive: Ecological Archives E085-

101-A3.

APPENDIX D
Results of the sensitivity analyses (statistics) are available in ESA's Electronic Data Archive: Ecological Archives E085-

101-A4.



