1
In: Seed Dispersal and Frugivory: Ecology, Evolution and Conservation.
D. J. Levey, W. R. Silva and M. Galetti (Eds.) CAB International Press, Oxfordshire. UK. 2001

M echanistic modelsfor tree seed dispersal by wind in dense forests and
open landscapes

RAN NATHAN, HENRY S. HORN, JEROME CHAVE and SIMON A. LEVIN
Department of Ecology and Evolutionary Biology, Princeton University,
Princeton, New Jersey 08544-1003, USA



Wind dispersal of tree seeds Nathan et al.
INTRODUCTION

Seed digpersd is the man process linking spatid patterns of parent plants and their
descendants (Harper, 1977; Schupp and Fuentes, 1995; Nathan and Muller-Landau, 2000). To
examine the consequences of seed dispersd for patterns of plant recruitment, the spatid patterns
of digpersed seeds must be quantified and their determinants understood (Nathan and Muller-
Landau, 2000). A powerful framework towards this end is a combination of theoreticad modes
and fieldwork (Okubo and Levin, 1989; Nathan and Muller-Landau, 2000).

Wind is a common dispersa agent of seeds, especidly of temperate and bored trees (Howe
and Smallwood, 1982; van der Fijl, 1982). Early mechanistic models of seed dispersa by wind
have recently been extended to a broad array of species and systems (reviewed in Nathan et al.,
2001). However, while our understanding of the mechanisms of seed dispersd by wind continues
to improve, fundamenta issues reman largely unexplored. In particular, it is wel known that the
roughness dructure of the ground surface strongly affects wind conditions at the ‘surface layer’
(the lower part of the ‘atmospheric planetary boundary layer’; Oke, 1987; Stull, 1988), where
seed dispersd mostly takes place. Thus, landscepe structure can strongly influence depostion
patterns of wind-dispersed seeds. For example, it has long been suggested that treefdl gaps act as
snks for wind within and over a forest and therefore should receive a diproportionate number of
wind-blown seeds (Augspurger and Franson, 1988; Schupp et al., 1989). Overdl, the suggested
mechanisms and the predictions about gspatid didributions of wind-dispersed seeds remain
relatively unexplored.

Only two mechanigic wind dispersd modds have explicitly incorporated landscape
sructure: a model of seed dispersa from a forest into a clearing (Greene and Johnson, 1996), and
one of secondary dispersd on snow (Greene and Johnson, 1997). No comparison has yet been
made between the predicted didributions of dispersd digance under different landscape
dructures. Yet, such comparisons ae important to assess how dispersd may determine
recruitment in different environments

In this study we compare wind dispersal of tree seeds in two digtinct landscape structures:
dense forests and trees scattered in an open landscgpe. These two environments differ greatly in
wind conditions. The characterisic wind profile, which describes mean horizontal windspeed &t
different heights, is typicdly logarithmic over low vegeaion in open landscapes and exponentid
within dense forests (Kamd and Finnigan, 1994; see Methods; Fig. 1). Winds in open landscapes
are typicaly stronger than winds within dense forests. Moreover, the different shape of the wind
profiles implies that seeds digpersed in open landscgpes encounter relatively strong horizontal
winds over a much wider vertical range during their flight than seeds rdleased from amilar height
within dense forests. This can be illustrated by comparing the length of the arrows indicating the
horizontd wind speed in the two profiles in Fig. 1. Thus, everything dse being equd, the
digribution of the dispersa distances is expected to be more limited in dense forest than in open
landscapes. We shdl examine this prediction with two mathematicd models of seed dispersa by
wind that differ only in the shape of the wind profile. Then, we will agpply and test the modd’s
predictions againg extensve seed trap data collected in an isolated stand of Aleppo pine Pinus
halepensis Mill.) in Igad. In paticular, we compare fits of the two models for dispersa data
collected within versus outsde the stand, expecting the mode that incorporates the exponentia
profile to perform better within the stand, and the one that incorporates the logarithmic profile to
perform better outside the stand.
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Fig. 1. Main factors influencing tree seed dispersal in open landscapes, as modeled in WINDISPER-L, and
in dense forests, as modeled in WINDISPER-E. In both landscape types, the horizontal component of seed flight
is determined by the horizontal windspeed (U), and the vertical component by the terminal velocity (F), i.e., the
constant rate of seed fall in still air, and the vertical windspeed (W). The two landscape types differ in the vertical
wind profiles, describing the change in U with height ¢ above the ground surface. A logarithmic profile is
typically observed in open landscapes above short vegetation, characterized by the roughness length (z) and the
displacement height (), where d+z, is the height at which U = 0. An exponentia profile is typically observed
within aforest below the canopy height (Hy).

METHODS

WIND DISPERSAL SIMULATIONS

The logarithmic wind profile has dready been implemented in a mechanigic wind dispersa
model (Sharpe and Fieds, 1982) and in WINDISPER (Nathan et al., 2001). WINDISPER
amulaes the tempordly and spatidly explicit dynamics of seed dispersd by wind by
incorporating stochedticity in dl operative factors. Usng the same modeling approach, we
introduce here a new mechanistic modd to describe the dispersd of seeds by wind within dense
forest canopy. We call this mode 'WINDISPER-E' ('E' indicates the use of an exponentid wind
profile). For congstency, we refer to the origind model, WINDISPER, as 'WINDISPER-L' (L'
indicates the use of a logarithmic wind profile). We emphasse that the generd dructure of the
two modesisidenticd; they differ only in the wind profiles used.

In the following three subsections, we first describe the genera moddling approach and the
man assumptions.  In the second subsection, we briefly summarise the origind  modd
(WINDISPER-L); we refer readers to Nathan et al. (2001) for a complete description of this
modd. The third subsection describes the new modd (WINDISPER-E) in deal. The man
parameters are defined in Table 1.
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General modelling approach and main assumptions
In both models, dispersd of individud seeds is smulated in a square grid with 1 n? cdls
representing a smulated landscape. Seeds are dispersed from source (tree canopy) cells and can
be deposited in any cell depending on the dispersal direction (R) and the dispersal distance D).
The dispersd direction is randomly sdected from the wind directions observed during the
smulated period, and is assumed to be congtant during flight. The dispersd distance, defined as
the horizontd distance a seed is carried by the wind, can be caculated as
H>U

F-W (1)

where H is the height of seed rdease, U is the mean horizonta windspeed during seed flight,

F is the termindl velocity of a seed fdling in gill ar and W the mean vertical windspeed during
flight, which is negative downward and positive upward.

Because wind-dispersed tree seeds typicdly reach termind velocity (F) shortly after release,
the vertical distance travelled before reaching F (cdled the relaxation distance) is typicaly smdll
compared to the vertical distance travelled after F is reached (Guries and Nordheim, 1984,
Nathan et al., 1996). Therefore, we assume that the relaxation distance is negligible We dso
assume that W is congtant during flight and, to ensure finite dispersd distances, we force it to be
gndler than F. Thus, events of seed uplifting are precluded, as we assume they play only a
minor role in short-digtance dispersd of most seeds (dthough they may be crucid for long-
distance dispersa).

Ingtead of using the mean horizontal windspeed U as in Eq. 1, the two models incorporate the
veticd profile of U, assumed to be logarithmic in open landscapes (WINDISPER-L) and
exponentid in dense forests (WINDISPER-E). In both models, the parameters that determine U
(see below), as wel as dl the other parameters of Eq. 1, are randomly sdected from ther
messured didribution (Table 1) for each seed dispersed. The horizontal  windspeed
determinigtically decreases during seed fdl, as dictated by the respective wind profile. Thus, the
models do incorporate variaion between different dispersd events, but do not incorporate
random fluctuations in the horizonta windspeed during a seeds flight, assuming that these
fluctuations do not have a sgnificant effect during the typicdly short time most seeds reman
arborne. We dso assume seeds are released at random with respect to either Wor U. We
emphasise that these assumptions do not always hold. Rather, we assart that they generaly hold
for short-distance dispersd. Models of long-distance dispersal, however, will likely require that
they be relaxed.

WINDISPER-L - the logarithmic wind profile model
The logarithmic wind profile describes the decline in horizontal windspeed, U, with
decreasing height above the surface, due to the surface resstance, as.

UZ = i |na-_dg (2)

K % g
where U, is the mean U a height z above the ground, u- is the friction velodty; K is the von
Kaman congant (»0.40); and zy and d are two roughness parameters, termed roughness length
and displacement height, respectively (Stull, 1988). Eq. 2 only applies for z3 d + z, below which
U = 0 (Fig. 1). The roughness length scales the amount of drag the ground surface exerts on the

wind and is closdly related to the average height of the roughness dements, i.e, the plants.
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Tightly-packed plants (eg., those forming a dense canopy) act as though the surface is located a
some height above the red surface. The height of this 'disdlaced surface is cdled the
displacement height. These two roughness parameters are not directly messurable physica
guantities, they are best determined empiricdly by measuring U a severd heights above a
surface and fitting Eq. 2. Recall that WINDISPER-L describes seed dispersal from trees scattered
in an open landscagpe of much shorter vegetation. Thus, its wind profile is assumed to be
determined only by the dominant short vegetation, not by the scattered trees (Fig. 1). Numerous
dudies have shown that the logarithmic profile works wel in describing the horizonta
windspeed above various vegetation types (Stull, 1988; Wieinga, 1993; Kama and Finnigan,
1994). As detailed in Nathan et al. (2001), EqQ. 2 can be incorporated into Eq. 1 to provide the
following equation for dispersd distance (D):

-4 -dI?tﬂgog
° K(F'W)gH )n Xz, B+Z B (3

WINDISPER-E - the exponential wind profile model
The profile of the horizontd windspeed within plant canopies usudly follows an exponentid
relationship (Cionco, 1965):

exrz 00
U,=U,_exp aé*- 1= 4
" é He oy

where Hc is the height of the canopy top; U, _is U at Hc; and a is the attenuation coefficient

(Cionco, 1965), dso cdled the canopy flow index (Cionco, 1978). The atenuation coefficient
tends to increase with increasng canopy dendty (Cionco, 1978; Raupach, 1988; Kama and
Finnigan, 1994); i.e, the decline in horizontal windspeed from the canopy top Hc) downwards is
mos regpid in forests of high foliage and sem dendty. The exponentid profile generdly fits
observed data well (Cionco, 1978, Amiro and Davis, 1988; Amiro, 1990; Gardiner, 1994; Kaima
and Finnigan, 1994). One exception occurs when a bare-trunk layer results in a smal secondary
peak in windspeed a the lower hdf of the canopy height. This effect does not occur in stands
with well-developed understory vegetation (Amiro, 1990; Gardiner, 1994).

We shdl now describe how the exponentiad wind profile is incorporated in the basic equation
of dispersa distance (Eq. 1). As dtated above, the vertica wind velocity is assumed to have a
congtant vaue, W, during flight. Then, D is equd to the distance a seed travels between the time
of release (top = 0) and t1, the time it hits the ground. Therefore,

4
D=¢y(t) Q)
0
where U(t) isU a timet and, following Eq. 1, t; is
H
t=——, 6
e (6)

i.e, the time until a seed fdling a an arerage velocity F-W) from height H reaches the ground (z
=0). The verticd position, z(t), of aseed during flight a time't is equd to:
z(t)=H - (F - W)x. 7
Subdtituting z(t) from Eq. 7 into Eq. 4 resultsin:
- (F - 50
H.- (F WM% ®

Hc 20

U()=U,_ apgééa_' ~
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and integration within the limits of Eq. 5 yidds

Nathan et al.

A
p=. YnHe (- HC-(F-W)>¢)§ | ©
a(F-w) é H. )
Giventp = 0and t; asin Eq. 6, EQ. 9 can be smplified to:
U, Hc.2e aa(H-H.)o 0
= _fle P exp(- a)z. (10)
He o o

“a(F-w)

Table 1. Main variables used in WINDISPER-L and WINDISPER-E. Apart from Q, which varies only among the
simulated periods, all parameters given in capital |etters vary among individual dispersd events.

Symbol Definition (units) Formulation/Distribution [model] T Standard values
Mean (SD)
State parameters
D Horizontal dispersal distance (m) Eqg. 3[L]; Eq. 10[E]
R Dispersal direction (radians) Follows meteorological data[L,E]
Species parameters
Q Number of seeds released Follows meteorological data[L,E]
(seeds-canopy section-day) *
F Terminal falling velocity (m/s) Normal §[L,E] 0.81 (0.14)
H Height of seed release (m) TH - PTIL,E]
TH Tree height (m) Normal¥ [L,E] 9.09 (1.94)
PT Proportion of TH from which seedsare  Normal [L,E] 0.61 (0.07)

rel eased

Meteorological parameters

R Wind direction (radians) Follows meteorological data[L,E]

U Horizontal windspeed (m/s) L og-normal 8, Follows meteorological data[L,E]
U Friction velocity (m/s) Follows meteorological data[L]

d Displacement height (m) [L] 0.36/0.30*
Z Roughness length (m) [L] 0.21/0.07*
a Attenuation coefficient [E] 20

W Vertical windspeed (m/s) Normal 8 [L,E] 0.10 (0.35)

T Capital letters in square brackets indicate the factors used in the two models, incorporating logarithmic [L] or
exponential [E] wind profile.
*Each canopy sectionis1x1x THm
In agreement with Greene & Johnson (1989, 1996) and with site-specific empirical data (Nathan et al. 2001).
Y In agreement with site-specific empirical data (Nathan et al. 2001).
X The left and right values refer to the study site and its reference meteorological station, of the Isragli
Meteorological Service at ‘En-Karmel, respectively.
MODEL EVALUATION
Spoecies and site
Pinus halepensis is a native Mediterranean tree (Mirov, 1967; Barbéro et al., 1998) that has
been widely introduced throughout the world (Richardson and Higgins, 1998). Adult trees reach
raively low heghts (usualy <15 m) for pines (Nathan and Neeman, 2000). Seed rdease is
simulated by fire and by Sharav events, which are dry and hot spdlls of < 1 week, characteristic
of the eastern Mediterranean. These events typicdly occur during spring and fdl and have
sronger horizontal, and especidly vertical, windspeeds than other periods (Nathan et al., 1999).
We do not ded here with fire-induced seed release.
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Pinus halepensis seeds are samaralike dructures typicd of wind-dispersed pines, with a
sngle asymmetric wing that generates autorotation during fal. The species is congdered a very
successful  coloniser (Acherar et al., 1984; Lepat and Debussche, 1991; Rgmanek and
Richardson, 1996). Isolated individuas have been found severd kilometres from a stand (Lepart
and Debussche, 1991; R. Nathan, unpublished data). Most seeds, however, do not attain
distances >20 m from the canopy edge (Acherar et al., 1984; Nathan et al., 1999; 2000).

Of the two study sites described in Nathan et al. (1999; 2001), we sdected the Ste at Nir-
‘Ezyon, on the lower western dopes of Mt. Carmel (32°41'N; 34°58'E, 116 m dtitude) for this
anayss because of the larger database and the greater isolation of the focal stand (Fig. 2). Seed
dispersa was monitored by 94 identical seed traps (0.99 x 0.84 x 0.15 m; length x width x height)
placed in 62 dations within and around the stand. Fourteen dations, each with a single trap, were
placed within the stand, haf under tree canopies and hdf in the gaps between the trees. The
remaining 48 dations were aranged dong eght transects, radiating from the foca dand in the
eight main compass directions. Each transect had sx dations, a gpproximate distances of 5, 10,
15, 25, 50 and 100 m from the focd stand. Two traps were placed in each station at 50 m, and 4
a 100 m, to compensate for the increase in area as the distance from the source increased. This
design provided 11-16 traps per 10-m annular interva up to 40 m from the nearest tree, and 4-8
traps per 10-minterva from 40 to 110 m from the nearest tree.

Fig. 2. The study site south of Nir- [ « ¥ <
‘Ezyon at the lower western slopes of ey KL "
Mt. Carmel. Shaded blotches show Pl R4 m X e
adult (seed-producing) trees, and R aﬁf{@m
circles indicate seed-trap stations. The e 1 e ) .
areas “within” and “outside” the focal g TR
stand are distinguished by aline 20 m . e B
from the nearest central location of an / 'fﬁg A Y
adult tree. | - ,\;; gt
g L i Ia ! '
* e * F-'l:-:}: b g Ry Iﬁ " ll
" ﬁ(‘:'{'.:_a‘ % Tl 2 T_‘ =
tn é;f‘ - . .
- .‘.i’} . \E:F' t‘-\?\ I'
- L] =
e - - = * .’.'
- e

0 50 100 Meters
t [ .
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Seeds were collected from traps regularly between October 1993 and November 1994 (n=36
collections, mean intervd 11 days) and later only during the dispersal seasons (spring and fdll
1995 and spring 1996, n = 34, mean interva 7 days). Wind measurements were taken from the
Issael Meteorologicd Service (IMS) daion at ‘En-Karmd, 1.5 km southwest of the ste. This
dation is locaed in an open landscgpe over short vegetdion, in which the wind profile is
typicdly logarithmic. A comparison between contemporaneous measurements taken at the IMS
reference dtation and in the dte (outsde the stand, Fig. 2) during 32 days in fdl 1995 did not
reved dggnificant differences in wind direction and horizonta wind velocity (Nathan et al.,
1999). We smulate seed dispersal only during the intensve periods of seed release, thus taking
into account the particular wind conditions that characterise Sharav events (there were no fires in
the study ste during the study period). More dealed information on the study Ste and the
procedures for seed trapping and wind measurements are given in Nathan et al. (1999; 2000).

Parameter estimation
Termind veocity (F) was estimated by anadysng video photos of faling seeds (Nathan et al.
1996). The height of seed release ) was caculated as the product of tree height (TH) and the
proportional  didtribution of seeds with tree height (PT), both measured directly in the fidd
(Nathan et al., 2001). Edimates of verticd windspeed (W), displacement height (d) and
roughness length (zp) were based on wind measurements taken in the study Ste. The values of d
and 2z, caculated by Robinson's (1962) iterative method as modified by Haend (1993), are
typicad of smilar vegetation surfaces (shrubland) surrounding the stand (Wieringa, 1993). Data
on wind direction (R) and horizontal windspeed (U) were taken from wind measurements taken
in the IMS reference dation during the dispersal seasons. As described by Nathan et al. (2001),
U was assumed to beidentica for the Nir-*Ezyon and IMS stes. Thus, from Eq. 2:
K>U,,
u =—— (1)

&0-d, 9

Iné =

% g

where the subscript r symbolises vaues of the reference dation, and Uig is U measured 10 m
above the ground. The mean horizontal windspeed at canopy height (U, ) was estimated as three

times u~ . This reationship is extracted from Eq. 2, given the empiricaly based agpproximation
that d and z equd roughly two-thirds and one-tenth of the canopy height, respectively (Oke
1987). Because wind was not measured within the stand, we used the association with stand
densty (larger vaues characterisng stands with denser canopy; see Methods: WINDISPER-E) to
sdect the atenuation coefficient (a). Reported values of a for forest canopies range from 1.7 to
4.8 (Cionco, 1978, Pinker and Moses, 1982; Amiro and Davis, 1988; Amiro, 1990; Mursch
Radigruber and Kovacic, 1990; Kamad and Finnigan, 1994; Su et al., 1998). We selected a
relatively low vaue, a = 2.0, for our Ste because our pine stand was rlatively small and sparse.

Model validation

We use the proportions of seeds a each seed trgp dation relative to the total number of seeds
counted in al seed trgps (corrected for differences in the number of traps between sampling
dations) as a descriptor of the gpatial pattern of dispersd. The dispersa data collected in Nir-
‘Ezyon during fdl 1993 and spring 1994 were used to estimate the tempora pattern of seed
rdease, and the predictions of the two modds were tested for the remaning four dispersa
seasons. We aso test the modd’s prediction for two partial sets of seed trgp stations within (0-20
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m from the nearest central location of a tree) and outside (20-110 m) the focd stand (Fig. 2). The
areas covered by the two sectors were 28,644 and 48,736 nf, with 23 and 39 stations (23 and 71
seed trgps), respectively.

For datigtica validation of predicted vs. observed data, we apply linear regresson andysis
testing for zero intercept and dope = 1. Square root transformation corrected heteroscedasticity
and nonrnormality of both predicted and observed data. The coefficient of determination (FP),
measuring the proportion of explaned variance, was caculaed as the squared multiple
correlation coefficient (SMCC) between the response and the predictor variables, and dso by the
method of Kvaseth (1985) for situations in which the variables were transformed (see Soka and
Rohlf, 1995, p. 538). We aso report the mean squared error of prediction (MSE) as a measure of
predictive accuracy (Wallach and Goffinet 1989).

RESULTS

Predicted distance distributions

For each modd, we randomly selected 1,000,000 dispersd distances cadculated during an
ordinary modd run. Smulations of WINDISPER-E were repeated for vaues of the attenuation
coefficient @) other than the chosen value @ = 2.0), covering the range reported in the literature.
All digance didributions are both postively skewed and leptokurtic with the mode just a few
meters away from the point of reease (Fig. 3, Table 2). However, the digributions generated by
the two models differ markedly in their shape a very short distances (Fig. 3). WINDISPER-L
generated markedly larger dispersd distances, as indicated by dl summary datidics (Table 2).
Even very sparse forests (a = 1.0) generated distance digtributions that were much more shifted
toward the source than those generated by isolated trees in open landscapes. Very dense forests
(a = 5.0) produced very redtricted seed shadows, with 99% of the seeds travelling less than 2.7 m
(Table 2). Note that the kurtosis vaue does not accurately reflect the fatness of the didtribution’s
tal because it is influenced by the proportion of dispersd distances near the digtribution centre
and in the shoulders.

Table 2. Summary statistics of 1,000,000 randomly selected dispersal distances (in meters) calculated during
simulations of the logarithmic (WINDISPER-L) and the exponential (WINDISPER-E) models. Simulations of
the exponential model were repeated for values of the attenuation coefficient (&) other than the chosen value (a
= 2.0), covering the range reported in the literature.

Wind profile Mean  SE. Skewness  Kurtoss  Mode Percentile

50 95 9
Logarithmic 32.9 1.8 460 254987 3.6 10.5 60.1 198.7
Exponentid:
a=10 7.5 0.5 382 282804 1.0 22 12.4 40.8
a=20 34 0.2 541 341870 0.5 11 6.1 20.2
a=30 18 0.1 435 224186 0.2 0.5 3.0 10.0
a=40 0.9 0.1 903 862328 0.1 0.3 1.6 51

a=>50 04 0.1 978 968800 0.1 01 0.8 2.7
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Field validation

The modd’s predictions of the proportions of seeds dispersed to a seed trgp dation fit the
empirica dita sets reasonably well (Table 3). For the entire study area (al seed trap dations), the
95% confidence limits (CL) for the regresson dopes are narrowly distributed around unity in al
cases. The CL for the intercepts are narrowly distributed around zero (for al WINDISPER-L
samulations), or ae dightly larger than zero (for some of WINDISPER-E smulations). The
modd’s predictions accounted for 83 - 90% of the variation in the observed data for
WINDISPER-L, and for dightly higher percentages (87% - 94%) for WINDISPER-E. The
maximum absolute error in the modd’s predictions for the proportions of seeds in a seed trap
station was low (< 0.2%; Table 3).

The modd’s predictions for the area defined as ‘within' the focal stand (see Methods:. model
validation) aso fit the empiricd data set collected between fal 1994 and spring 1996 (Table 3).
As for the entire data set, WINDISPER-L exhibited better performance for the hypotheses
assuming unity regresson dope and zero intercept, while the predictions of WINDISPER-E
accounted for a higher percentage (90% vs. 81%) of the variance in the observed data The
performance of both models is consderably lower for the area defined as 'outsde’ the focal stand,
with WINDISPER-L explaining a dightly higher percentage (59% vs. 57%) of the variance in the
observed data.

Table 3. Statistical validation of model’s predictions (means of 50 independent model runs) of the proportion of
seeds dispersed to a seed-trap station against observed data. Both predicted and observed data are square-root
transformed.

Dispersal season(s) Linear regression

MSE" rRZ* Slope Intercept
SMCC  Kvd- (95% CL)
seth

Logarithmic wind profile

Fal 1994 0.0010 0.83 084 1.05(0.92,1.17) -0.011 (-0.031,0.008)
Spring 1995 0.0008 0.86 087 0.99(0.88,1.09) -0.001 (-0.017,0.016)
Fal 1995 0.0008 0.86 0.86 1.03(0.92,1.14) -0.008 (-0.025,0.009)
Spring 1996 0.0008 0.87 084 1.01(0.91,1.11) -0.005 (-0.021,0.011)
Fall 1994 - Spring 1996 s 0.0006 0.90 0.90 1.03(0.94,1.12) -0.008 (-0.023,0.007)
Within the stand > 0.0017 0.81 0.86 1.11 (0.87,1.35) -0.028 (-0.082,0.026)
Outside the stand ® 0.0002 0.59 0.61 0.82(0.59,1.05) 0.017 (-0.007,0.041)
Exponential wind profile

Fal 1994 0.0004 0.93 0.94 0.95(0.88,1.02) 0.007 (-0.004,0018)
Spring 1995 0.0008 0.87 0.87 0.88(0.79,0.97) 0.020 (0.005,0.034)
Fal 1995 0.0008 0.87 0.90 0.90(0.81,0.99) 0.015 (0.000,0.029)
Spring 1996 0.0006 0.90 0.87 0.91(0.83,0.98) 0.015 (0.003,0.028)
Fall 1994 — Spring 1996 s 0.0004 0.94 0.94 0.93(0.87,0.99) 0.012 (0.002,0.022)
Within the stand > 0.0009 0.90 091 0.86 (0.73,1.00) 0.031 (0.000,0.061)
Outside the stand ® 0.0001 0.57 0.59 1.96 (1.39,2.53) -0.097 (-0.155,-0.039)

T Mean squared error of prediction.

* The coefficient of determination (R?) calculated as squared multiple correlation coefficient (SMCC) or by
Kvalseth’ s (1985) method.

$ validation of model’s predictions for the total data set, and for the sectors within and outside the focal stand,
separately.
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DiscussiON

How does landscape structure affect seed dispersal?

Vaiaion in seed digpersd has critica implications for population and community dynamics
of plants (Harper, 1977; Howe and Smalwood, 1982; Schupp and Fuentes, 1995; Nathan and
Muller-Landau, 2000). Magor sources of variation include internd (parent-controlled) factors,
such as seed morphology and height of rdease, and extend factors that influence the
performance of the dispersd agent(s). The dructure of the landscape affects wind flow, and thus
can determine the spatid dynamics of wind-dispersed species inhabiting diverse habitats. In
paticular, the wind profile experienced by a tree seed during flight typicdly has an exponentid
shape within dense forests and logarithmic shape above short vegetation in open landscapes. We
found a ggnificant difference between the didributions of digpersd distances generated in the
two landscape types — dispersd distances in dense forests are considerably shorter than in open
landscapes. A review of seed dispersd in Dipterocarps in SouthrEast Asa reached a samilar
conclusion based on empirica studies (Tamari and Jacalne, 1984).

Short- versus long-distance dispersal

In generd, most seeds are dispersed over short distances, only few travel far from the source
(Can et al., 2000). Although both short- and long-distance dispersa can be generated by
dochadtic effects, these types of dispersd often result from different mechanisms (Nathan and
Muller-Landau, 2000). Moreover, the implications for recruitment after short-distance dispersa
could be fundamentdly different from those after long-distance dispersal. We therefore need to
diginguish between the effects of landscgpe dructure on short- and on long-distance dispersd,
dthough the didinction between the two is not sharp. Using tree height as a quditetive criterion
traditionally used by foresters (see Bullock and Clarke, 2000), one can refer to the scale of up to a
few tree heights (a few tens of meters for Pinus halepensis), where most seeds are deposited, as
short-distance dispersd, and the scde of tens of tree heights (hundreds of meters for Pinus
halepensis), where only very few seeds are deposted, as long-distance dispersad. Our results
show that such a rough criterion can be mideading since trees of the same height can generate
consderably different seed shadows in different landscapes. For example, the distance travelled
by 99% of the seeds can vary between dmost 200 m (22 times the measured mean tree height)
and less than 3 m (less than a third of the measured tree height), depending on the landscape type
(Table 2).

We developed the two models to describe short-distance dispersa. Extrgpolation to long-
distance dispersd is inappropriate because five basc assumptions become unredistic when larger
spatid and tempord scdes are consdered. Fird, it is assumed that a seed flies in a draight line in
the sdected wind direction. Second, seed release is assumed to be independent of windspeed;
however, seeds may typicdly be rdeased in higher-than-average windspeeds (Greene and
Johnson, 1992). Third, the roughness parameters of the two wind profiles are assumed to be
congant in time and space. Fourth, variaion in U and W (the mean verticad windspeed) during
individud flights is not conddered. Fifth, and most importantly, for each dispersd event, F (the
seed fdling velocity in dill ar) is condrained to be larger than W, thus seed uplifting, a process
citicd for long-distance dispersal (Greene and Johnson, 1995), is not taken into account.
Accordingly, our tests have shown that both modds explain short-distance dispersal considerably
better than long-distance dispersal.
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Seed dispersal under different wind profiles: small-scale implications

Short-distance dispersd of the vast mgority of the seeds generates a smdl-scale pattern that
has critica implications for loca recruitment (Janzen, 1970; Connell, 1971, Schupp and Fuentes,
1995; Nathan and Muller-Landau, 2000). A basic feature of this pattern, the rapid decline in seed
dendties with disance from the source (Harper 1977, Willson 1993), leads to strong sibling
compstition and intensve seed predation in the vicinity of adult trees (Janzen, 1970; Connel,
1971). Because dispersal distances are consderably shorter within dense forests than in open
landscapes, Janzen-Conndl effects are likey to be more powerful in forests. This is amplified by
differences in fecundity. But, even without differences in fecundity, overlapping seed shadows in
forets ae likey to generate much higher seed dendties close to adult trees than in open
landscgpes. Moreover, the high seed dendties within forests could reach a level a which
predators become satiated, hence increasng seed surviva (Janzen 1971) and favouring selection
for reduced dispersd distances. Strong Janzen-Connell effects, and especidly predator satiation
effects, are less likdy in open landscgpes. Overdl, evauaion of the potentid implications of the
redricted dispersa distances within forests requires data on fecundity, dispersd and seed
survival. Our models could help to edtimate the effects of fecundity and dispersd, and to guide
experimental studies on seed survival.

Seed dispersal under different wind profiles: large-scale implications

The criticd importance of seed dispersd for various post-dispersa processes a the loca
(smdl) spatid scde has long been recognised (Harper 1977, Howe and Smallwood 1982).
Recently, studies have emphasised the disproportionate importance of long-distance dispersal in
determining large-scale patterns such as spatia soread, gene flow and metapopulation dynamics
(Kot et al., 1996; Clark et al., 1998; Cain et al., 2000; Nathan, 2001). Although application of our
models to long-distance dispersd would require relaxation of some basc assumptions, we can
dill suggest which landscape type favours long-distance dispersal. Seeds dispersed by wind in
open landscapes travel much farther than those dispersed within a forest due to differences in the
shape of the wind profile. Accordingly, the exponentid profile better fits dispersd data within a
forest, while the logarithmic profile does better outsde the stand. Furthermore, dense forests and
open landscapes differ not only in the shgpe of the wind profile but dso in the absolute wind
veodities;, winds in open landscapes are typicaly stronger (Stull, 1988) and produce grester
dispersal disances. This difference is further amplified by the typicaly sronger wind updrafts
above rather than within a plant canopy (Stull, 1988; Kamad and Finnigan, 1994):. stronger
horizontd winds generate dronger shear-generated  updrafts.  Buoyancy-generated  updrafts
(thermals) are also more frequent in open landscapes (Stull, 1988).

Because of the predominance of better wind conditions for long-distance dispersal in open
landscapes, isolated trees or trees at the forest edge could be important for tree spatiad Spread,
gene flow and metapopulation dynamics. This supports the notion that long-distance dispersa
events can generate 'great legps forward' that determine population spread (Mollison, 1972; Kot
et al., 1996; Clark et al., 1998). However, the effect of landscape structure on population spread
depends on multiple factors, including the relative fecundity of isolated versus forest trees, on the
trangtion between the logarithmic and exponentil models, and on the relative probability of seed
surviva to adulthood in different landscapes.



14
Wind dispersal of tree seeds Nathan et al.

Prospects for future research

We show that mechanigic understanding of the physical and biologica conditions affecting
seed dispersal by wind at smdl scades can be trandated to smple tools that reiably predict the
dispersal of most seeds a a spatiad resolution of 1 n?. However, questions on how landscape
dructure affects dispersd will require consderation of wind dispersd mechaniams acting a large
scales, too. In the absence of field data on long-distance dispersd (Cain et al., 2000), models are
even more important for speculating about large-scale processes. Indeed, models may help in the
desgn of experiments, which may increase the likdihood of observing intringcdly rare events.
Mechanistic models of long-distance dispersa can enhance the recent progress in predicting seed
dispersa patterns over large scdes through phenomenologica modds (Kot et al., 1996; Clark,
1998; Clark et al., 1998; 1999; Higgins and Richardson, 1999). This is because only mechanistic
models provide the means for generdisation beyond the studied systems, and yield indghts into
the main operative factors (Okubo and Levin, 1989; Nathan and Muller-Landau, 2000). Thus,
they dlow examination of other puzzles, for example, how winds behave (and carry seeds) in the
trangtion between the forest and open fields, and whether the biologica parameters of dispersa
(eg., heght of rdease and seed terminad velocity) aso vary with landscape type. Answering
these questions will necesstate integration of modes and empiricd sudies, and will require
cregtive solutions to chdlenges imposed by the complicated yet important aspects of long-
distance dispersa (see Greene and Johnson, 1995; Bullock and Clarke, 2000). Further, given the
success of mechanigic models in predicting wind dispersd (Nathan and Muller-Landau, 2000),
we need to develop a comprehensve mechanistic approach for seed dispersal by animas and by
other agents.
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