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Abstract: Natural regeneration in forest management, which relies on artificial planting, is considered
a desirable alternative to reforestation. However, there are large uncertainties regarding the natural
regeneration processes, such as seed production, seed dispersal, and seedling establishment. Among
these processes, seed dispersal by wind must be modeled accurately to minimize the risks of natural
regeneration. This study aimed to (1) review the main mechanisms of seed dispersal models, their
characteristics, and their applications and (2) suggest prospects for seed dispersal models to increase
the predictability of natural regeneration. With improving computing and observation systems, the
modeling technique for seed dispersal by wind has continued to progress steadily from a simple
empirical model to the Eulerian-Lagrangian model. Mechanistic modeling approaches with a dis-
persal kernel have been widely used and have attempted to be directly incorporated into spatial
models. Despite the rapid development of various wind-dispersal models, only a few studies have
considered their application in natural regeneration. We identified the potential attributes of seed
dispersal modeling that cause high uncertainties and poor simulation results in natural regeneration
scenarios: topography, pre-processing of wind data, and various inherent complexities in seed dis-
persal processes. We suggest that seed dispersal models can be further improved by incorporating
(1) seed abscission mechanisms by wind, (2) spatiotemporally complex wind environments,
(3) collisions with the canopy or ground during seed flight, and (4) secondary dispersal, long-distance
dispersal, and seed predation. Interdisciplinary research linking climatology, biophysics, and forestry
would help improve the prediction of seed dispersal and its impact on natural regeneration.

Keywords: Japanese larch; seed dispersal; wind-dispersal; seed tree method; forest management

1. Introduction

Renewing a forest stand through natural regeneration has various economic, envi-
ronmental, and ecological advantages over artificial regeneration [1-3]. However, it also
has difficulties and risks in practice because natural regeneration is largely dependent on
highly uncertain interactions between biological and environmental factors [4,5]. Specifi-
cally, seed dispersal determines the distribution of seeds and trees during the process of
natural regeneration and is influenced by both biological (e.g., wing loading of seeds, seed
yield, and distance between seeds and the ground) and environmental factors (e.g., wind
environment, topography, and climate), which increase the overall uncertainty.
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Therefore, seed dispersal models can be useful for simulating seed dispersal and its
impact on natural regeneration. Because of the highly stochastic nature of seed dispersal,
it is important to better understand the mechanisms of different seed dispersal models,
identify the sources of uncertainties, and validate model simulations by comparing them
with observations. In this review, we identify the key processes and uncertainties in seed
dispersal and natural regeneration. We further investigate the mechanisms of seed dispersal
models and the challenges in predicting seed dispersal in natural regeneration scenarios.
Finally, we discuss the future directions for developing seed dispersal models for the best
practice of natural regeneration.

2. Natural Regeneration and Seed Dispersal

Natural regeneration is defined as the development of a new stand from seeds or
sprouts sourced from pre-harvesting or adjacent stands after a portion of the canopy
is harvested by clear-cutting, partial-cutting, selective-cutting, or seed-tree methods [6].
The key principle of natural regeneration is to imitate natural disturbance regimes with
various intensities, such as fires, windthrows, and flooding, which create niches with
favorable environmental conditions (e.g., light, nutrients, and lack of competitors) for
newly established seedlings or sprouts [7,8]. Natural regeneration is expected to promote
vigorous belowground development in seedlings [5] and lower costs by reducing the need
for the nurseries, planting, and seeding procedures required for artificial regeneration [2,9].

Natural regeneration processes can be divided into three stages: seed production, seed
dispersal, and seedling establishment (Figure 1) [4,6,7]. These are mainly affected by the
microclimate (e.g., wind, temperature, rainfall, and light) and stand structure [4,5]. In the
seed production phase, seeds are produced following the flowering, pollination, and the
maturation of fertilized seeds in the strobilus or ovary. Seed production results from the
allocation of primary production and is influenced by the microclimate and physiology of
flowering and fruiting.
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Figure 1. Natural regeneration processes from seed production to seedling establishment of tall
forest trees depend on wind-dispersal of seeds. Microclimate (e.g., temperature, rainfall, wind, and
solar radiation) and stand structure (e.g., canopy, topography, and ground vegetation) interactively
regulate the regeneration processes. Human-induced transformations due to climate change and
forest management practices could alter microclimate and stand structure, respectively.

During the seed dispersal phase, the seed is carried by the wind because of its winged
or pappus assemblages [10]. The morphological unit of dispersal (i.e., diaspores) differs
between species. Gymnosperm seeds from genera such as Pinus, Abies, and Picea have wings
and are released directly into the atmosphere. In contrast, the dispersal unit of angiosperms
such as those from the genera Acer, Fraxinus, and Alnus is a winged fruit, generally called
a samara [11], which carries the seeds. Additionally, for angiosperms with capsule-type
fruits such as Populus, Salix, and Catalpa, seeds are released from dehisced fruits and
dispersed with the aid of a pappus [12]. Morphologically, the dispersal of angiosperms
should be distinguished from that of winged gymnosperm seeds. Nevertheless, we refer
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to the release of all these morphologically different bodies as seed dispersal in practice.
They may move by parachuting, gliding, rocking, or rotating (i.e., spinning) depending
on the species [10] and reach a steady state of falling at a certain terminal velocity [13].
The movement of seeds is regulated by various aerodynamic forces, such as gravity, drag,
and lift, owing to the interactions between the aerodynamic structures of the seed and
air [10,14]. Finally, the seed lands on the ground directly or after colliding with parts of
the tree’s crown during its descent. Seeds that arrive on the ground may be transported
further by wind, gravity, or water flow greater than the frictional force of the ground. This
is called secondary dispersal [4,15,16] and is distinct from primary dispersal following the
initial release of seeds from the plant into the air. Wind, the primary factor controlling seed
dispersal, is regulated by the climate, topography, and stand structure. Animals also aid
seed dispersal, and animal-mediated seed dispersal is an effective and significant means
for plant migration in various ecosystems [17-19]. Nevertheless, most silviculture species
in temperate forests (e.g., pine, larch, spruce, fir, and ash) have winged seeds that have
evolved to rely on seed dispersal by wind. During the seedling establishment phase, seeds
break dormancy, if any, and germinate depending on environmental conditions, such as
light quantity, light quality, temperature, and water availability, and develop into seedlings.

The results of natural regeneration are highly uncertain because they depend on
processes, such as seed production, dispersal, and germination, which are influenced by
the interaction between biological and environmental factors. Natural regeneration can
fail when seeds disperse to locations and conditions that are not feasible for germination
and growth [4,5,8,20]. The success of natural regeneration practices requires site-specific
knowledge and experience to determine the optimal size, design, and timing of harvest-
ing [4,21,22] to ensure that environmental conditions are feasible for regeneration processes.
Otherwise, a regenerating stand may develop undesirably in terms of species composition,
density, or growing stock. Natural regeneration has been widely applied in North America
and Europe, where modern silviculture skills have been used for over a century, but not in
countries where these skills have not yet been widely adopted.

Natural regeneration should be predictable to provide a viable alternative and replace-
ment for some areas now managed with artificial regeneration. However, there are no
models that can simulate the entire process of natural regeneration from seed production to
seed dispersal and seedling establishment. Few studies have reported empirical or geospa-
tial models for seedling establishment [4,21,22]; however, the studies using a mechanical
approach for seed dispersal in the context of natural regeneration are scarce.

Modeling seed dispersal, which mainly regulates seedling establishment, could ef-
fectively minimize the uncertainty of natural regeneration. Seed dispersal models can
support science-based programs by optimizing the design of natural regeneration, such as
(1) displacement, size, and shape of harvesting patches or (2) displacement and the number
of remaining seed trees, based on predicting spatial patterns and the effective range of seed
dispersal from site information (e.g., stand structure, micro-climate, properties of seeds
of a particular tree species, and other factors). In the following section, we review seed
dispersal models in more detail.

3. Key Mechanisms of Seed Dispersal Models

Among the seed dispersal processes, wind-dispersal is the most studied and mod-
eled [23]. Therefore, several empirical and mechanistic models have been developed to
simulate windborne seed dispersal. Additionally, highly complex models have been de-
veloped more recently due to improvements in observation technology and computing
performance that enabled more advanced physical calculations (Table 1). Here, we review
the key mechanisms of seed dispersal models by wind and their application to natural
regeneration practices in forest management.
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Table 1. A brief description of major seed dispersal models.

Model Type Characteristic Basic Equation and Key Input Variables References
Typical examples: Power law or exponential b
models, The 2Dt (bivariate Student’s t y=as
distribution) model Source: Gregory [24] Clark et al. [25];
Strengths: (1) simple and easy to obtain data f(r)= % -exp [7 (g)f] Frarr?rtoi :tAal \[2/6]'
Empirical for fitting the model; (2) effective in Source: Clark et al. [25] Gfegory [24]‘ ;
models Aapproximating the spatial pattern of seed Tree-dependent variables: dispersal distances, some parameters for Katul et al. [27];
dispersal; (3) widely used in various research exponential curve, seed release height, seed production rate, Portnoy and Willson [28]
Weaknesses: (1) do not reflect physical parameters for bivariate kernels, fall velocities, etc.
mecha‘msms ‘?f,seed dlspersal; (2) require Environmental variables: none or wind speed
site-specific seed dispersal data
Typical examples: Ballistic model,
long-distance dispersal (LDD) model xg = B
Strengths: (1) realistic representation of Source: Okubo and Levin [31] Kruse et al. [30];
Mechanistic dispersal processes; (2) more accurate Tree-dependent variables: Nathan et al i29j‘
models description of LDD e

Weakness: atmospheric diffusion is not applied
Adapted in the WINDISPER (Nathan et al. [29])
and the LAVESI-WIND (Kruse et al. [30])

mass of seed, falling velocity of seed, height of seed release, efc.
Environmental variables: mean wind speed; modal dispersal
distance, etc.

Okubo and Levin [31]

Eulerian and
Lagrangian
model

Typical examples: Gaussian Plume model,
Coupled Eulerian-Lagrangian closure models,
(CELC), Large-eddy simulations (LES) model
Strengths: (1) predict seed dispersal based on
the motions of eddies; (2) high accuracy and
more realistic representation of seed dispersal;
(3) useful to describe ecological phenomena
associated with seed dispersal; (4) account for
the effect of the canopy structure of the seed
trees; (5) simulate seed dispersal pattern for the
individual seed
Weakness: might be too complicated for the
broader use across regions
Adapted by PAPPUS (Tackenberg et al. [32])
and TurbSeed (Horn et al. [33])

aC —dC _ 9 aC .
5 +”/'aT]- =3 <KJ‘]‘W‘;> +S(x, t)forj=1,2,3
Source: Loos et al., 2003 [34]
ay = L0 [mww — 6% (u — U)] + %% +waa—lzl +

52 52 -
1|52 0% () _ 9y 2 QW () 2 oUW ,\2
0 (u—Uw — w0 5L w> — ww%E (u — U)w + 5; G w

w9z
Source: Aylor and Flesh [35]
R

2
—c (2P — pT _ 9l
ﬂfcﬂ(poo) =0 T o

Source: Bohrer et al. [36]
Tree-dependent variables: canopy leaf area density, seed release
height, seed quantity, seed terminal velocity, fraction velocity, the

height above the ground surface, dry deposition velocity, point source

concentration, etc.

Environmental variables: above-canopy wind statistics, air
temperature, wind velocity, air density, acceleration due to gravity,
geostrophic wind, parameters of eddy diffusivity for near and far
distribution, etc.

Bohrer et al. [36];
Di-Giovanni and
Beckett [37]; Loos et al. [34];
Maurer et al. [38];
Nathan et al. [39]; Thompson
etal. [40];

Treep et al. [41];

Treep et al. [42];
Williams et al. [43];
Wright et al. [44]

3.1. Simple Empirical and Mechanistic Dispersal Models

The most widely used empirical models to describe seed dispersal are the inverse

power law model [24] and the negative exponential model [26,45]. Despite their simplic-
ity, they effectively describe the asymptotic distribution of seeds (as well as spores or
pollen) along the course between the release and landing points. The inverse power law
(Equation (1)) and negative exponential (Equation (2)) models are described as follows:

y= st @M

y=ae"’ )

where s is the distance from the source; y is the probability density associated with dispersal;
and a and b are constants.

The negative exponential model can be converted into a log-linear model through log
transformation. The advantage of this transformation is that the y value can be estimated
when s approaches 0. Therefore, the log-linear model is preferred over the negative
exponential model, although both models are similarly accurate [24,46].

With the development of mathematical theories, empirical models for trees have been
developed using log-normal, 2Dt (bivariate Student’s t distribution), and two-parameter
Weibull functions [25,47,48]. These functions are better descriptors of dispersal curves than
negative exponential models. In particular, 2Dt can better illustrate long-distance dispersal
(LDD) than classic empirical models. Skarpaas et al. [49] confirmed that the 2Dt model
performed realistic and flexible fitting for the dispersal of leafless hawk’s beard (Crepis
praemorsa) in both field release experiments and trap monitoring. Mechanistic models
have also been applied to simulate seed dispersal by animals and humans [50,51]. How-
ever, practitioners still disagree on the most appropriate functional form of the dispersal
curve [25,48,52,53].
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The major advantage of the empirical models is their simplicity. They require only two
parameters to be used, which are easy to obtain from widely available in-situ measurements.
Empirical models are effective in approximating the range of seed dispersal. However,
they reproduce observations with measured parameters in a specific environment rather
than imitating physical mechanisms. Thus, applying the empirical models to different
environments where parameter measurements are limited is challenging. In this context,
mechanistic models have better universality than empirical models because they imitate
physical mechanisms.

Empirical modeling makes it easier to calibrate dispersal kernels than mechanistic
modeling. Mechanistic models include a realistic representation of processes such as
seed abscission and turbulence [54]. Several mechanistic dispersal models are based on a
simple ballistic equation that predicts the distance from the point of particle release to the
deposition location [55,56] (Equation (3)).

h-u
Xq = N ®)
where x, is the deposition location,  is the release height of the particle, u is the horizontal
wind velocity at which the particle was released, and v; is the particle’s terminal velocity.

However, these early mechanical models could not explain the variation in dispersal
with wind speed and vertical and horizontal directions [55-57]. Moreover, it is difficult to
quantify the LDD of seeds based on the average dispersal distance derived from a simple
mechanistic dispersal model [55].

Similar to empirical models, mechanistic wind-dispersal models have improved and
expanded. Mechanistic wind-dispersal models have been used to identify the variation
in dispersal with the interaction between external factors and plants [44,57,58]. Using
mechanistic model calculations, Wright et al. [44] evaluated the spatial pattern of dispersed
seeds for 16 factorial combinations of four traits for two contrasting tropical tree species.
They showed that the spatial pattern of dispersed seeds was affected by a combination of
seed terminal velocity, seed release height, seed release in response to sensible heat flux,
and seasonal differences in wind direction.

Few studies have used empirical or mechanistic seed dispersal models for
trees [49,59-62]. For example, negative exponential regression using two dispersal kernels
was used to estimate the relative seed density of birch clear-cut within a specific distance
from the trees in Sweden [61]. Axer et al. [59] applied a log-normal model to predict oak
regeneration density in a natural regeneration plot.

3.2. Eulerian and Lagrangian Modeling Approach

Based on the theory of atmospheric diffusion, the Eulerian modeling approach can de-
scribe the random motion of particles around the mean eddy. In principle, particle motion
can be characterized by an uncorrelated, homogeneous random motion (diffusion) around
deterministic drift (advection), and is therefore expressed as an advection-diffusion equa-
tion [63,64]. According to the gradient diffusion theory, the mass-conservation equation,
which is the key equation of Eulerian modeling, is expressed as

]]an

ot Moy T ax

aC aC a< aC
]

> +S(x, t)forj=1,2,3 (4)

where Kj; is the eddy diffusivity, u; is the wind velocity, and S is the source or sink distribu-
tion at location x = (x, y, z) at time f.

The Gaussian plume model is a representative Eulerian model developed based on
Equation (4) and is a simplified model of the effects of gravity, deposition, and spatiotem-
poral fluctuations of particle motion (Equation (5)). This model was designed to increase
the model accuracy of seed dispersal by the wind to reflect the random motion of seeds
according to the airflow [65,66]. Applying the Gaussian plume model, assuming the flow of
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uy and uy, velocities in the x-and y-directions (Kyyx, Ky, and K;; are constants), the average
concentration of the particles in the airflow can be explained as follows (Equation (5)):

2
S (x —uyt)?  (y—uyt)” 22
C(x/y/Z/ t) = X exp{ — (5)
21/2(7t)? (KyxKyyKez) 4Kt 4Kyt 4Kt

A common problem with seed dispersal models based on the Eulerian modeling
approach is that adding more variables to the equation for improvement is challen-
ging [31,37]. For example, the canopy affects actual seed dispersal, but mathematically solv-
ing an equation that reflects this effect is either impossible or requires overgeneralization.
Therefore, in general, the effect of canopy structure on seed dispersal was not considered in
the Eulerian modeling approach [31,34,67]. While Eulerian methods focus on population-
level patterns, Lagrangian approaches consider the movements of individual seeds. The
simplest method for obtaining a straight-line trajectory of airborne particles was devised
to calculate the landing point based on fixed horizontal and vertical wind speeds [29,68].
This trajectory simulation was performed in the following steps: (1) dividing time into
short individual steps, (2) considering specific airflow conditions at each time step, and
(3) synthesizing the estimation of particle dispersal at each time step [32,69]. In many
previous studies, the Lagrangian stochastic (LS) turbulence model has been proposed to
represent transient airflow more realistically [35,68-70]. This model simulates the airflow by
estimating the acceleration of the air compartments under atmospheric conditions [35,69],
and simulate seed dispersal more accurately than other types of wind-dispersal mod-
els [32,68].

Over the last two decades, the LS turbulence model has been widely used to develop a
wind-dispersal model for seeds or pollen by (1) considering wind flow in three dimensions
and local changes in ground surface roughness [69]; (2) describing particle dispersal from
forest canopies [70], fields, and grasslands [35,68]; and (3) reflecting the change in the
trajectory of particles as they descend from one air stream to another due to gravity [35,71].

The seed acceleration can be calculated from the drag forces and integrated along
the trajectory. This principle can be realized by coupling Eulerian flow statistics to
the Lagrangian description of seed motion, resulting in the Coupled Eulerian model
(CELC) [70,72]. The dispersal kernel of the CELC, which describes seed dispersal, is the
probability density function (PDF). The CELC has been used to analyze seed dispersal
patterns, such as LDD and secondary dispersal, and to understand ecological phenom-
ena, such as migration and succession [40-44,73,74]. However, CELC or Eulerian and
Lagrangian modeling approaches have not yet been used to inform natural regeneration.

3.3. Long-Distance Dispersal

By accumulating empirical data and developing modeling techniques, models can
be used to predict the average seed dispersal distance. However, the tail of the disper-
sal curve in the model results tends to be underestimated [17,51,75-77]. For instance,
Nathan et al. [70] modeled the seed dispersal of five tree species and showed that 1-5%
of fallen seeds traveled an extremely long distance (~10 km), which was much farther
than the commonly conceived distance (<100 m). This is called LDD and is an important
ecological event (resource use, species coexistence, and large-scale metapopulation dy-
namics) as well as in the context of evolution (gene flow, genetic structure, and species
diversity) [78-82]. Seed dispersal should be distinguished between short-distance disper-
sal and LDD modeling because their main mechanisms are different [39]. Short-distance
dispersal is affected by fall height, horizontal wind speed, and terminal velocity, whereas
LDD dispersal is mainly influenced by gusts and updrafts [39]. Over the past two decades,
one of the primary research topics on seed dispersal models has been improved LDD
methodology. This is because of the practical requirements of the associated research
fields, and a scientific objective to overcome the inherent difficulties and complexity of
LDD simulations.
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Nathan et al. [83] classified studies related to LDD into the following four types based
on the methodologies followed. (1) The biogeographic approach. Through observation
of LDD, the phenomenon is identified. It also contributes to data construction for the
advancement of dispersal algorithms. (2) The migration/redistribution approach. The
pattern, rate, and extent of animal and plant reproduction are quantified by tracking the
migration/redistribution of an individual or population. This is typically divided into two
sub-groups: Eulerian and Lagrangian modeling. (3) The genetic approach. The genetic
marker methodology that can distinguish the genetic composition and characteristics of
plants and animals is used to observe, identify, and verify LDD. (4) The model approach. A
mathematical modeling methodology is used to describe and implement LDD.

Although insight into and understanding of LDD have been greatly improved as each
methodology has been advanced and linked, human activities cause unpredictable LDD of
seeds, making overall interpretation and prediction more difficult [83].

3.4. Challenges in Seed Dispersal Prediction for Natural Regeneration Using the WINDISPER

As a case study, we tested a mechanistic model to simulate seed dispersal in a naturally
regenerating Japanese larch (Larix kaempferi) stand in South Korea to evaluate model perfor-
mance and address potential improvements for the effective use of the model in the context
of natural regeneration (see details of materials, methods, and results in Appendix A). In
short, the WINDISPER model [29] poorly simulated seed dispersal compared with the
observed seed dispersal data from seed traps (Figures 2 and A1). The coefficient of determi-
nation (R?) for the simple linear regressions between the spatial patterns of predicted and
observed seed dispersal was up to 0.357, but generally low (<0. 1), or the relationship was
occasionally insignificant, depending on the natural regeneration patch and wind speed
threshold (Table A2).

Several challenges in predicting seed dispersal for natural regeneration design using
the WINDISPER remain. First, the effects of topography on seed dispersal were not
included in the algorithms of current seed dispersal models. Forests in South Korea
generally develop on mountainous, complex terrains with relatively small sedimentary
flatlands. The Korean Peninsula consists mainly of land with slopes from 10-25° (44%)
or above 25° (20%), indicating a much steeper topography than other East Asian regions,
with Taiwan being the exception [84]. Depending on the slope direction and steepness,
seed flight may be longer or shorter than the estimated flight distance on flat terrain.
However, most previous seed dispersal models have disregarded flight distance extension
or reduction by slope, resulting in serious errors in seed dispersal prediction in steep
terrains. Recently, a few modeling studies have considered the effects of terrain on seed
dispersal [74,85]. Trakhtenbrot et al. [74] developed a seed dispersal model combining
Eulerian wind statistics and Lagrangian trajectory algorithms to consider topographic
effects on the wind environment around the canopy and the landing location of the seed.
They predicted the different seed dispersal patterns between the hillcrest and bottom of a
mountainous landscape.

The second challenge relates to how pre-treatment wind environment data produced
different outcomes of seed dispersal simulations using the WINDISPER model. There
is no concrete definition of “seed dispersal-effective wind flow.” Although the presence
of a wind speed threshold at which seeds begin to abscise from a seed tree and flight
might be assumed, a portion of seeds can fall to the ground vertically under calm wind
conditions, which may be lower than the assumed wind speed threshold. Wind flows
could be heterogeneous between the shapes of natural regeneration patches, depending on
horizontal distances from shelterbelts or seed trees, and vertical heights from the ground
or canopy. Although the WINDISPER model presents algorithms that model a vertical
profile of wind speed from the wind speed at a certain height, the corrected wind speed
may not be sufficient to represent the complexity of wind flow in the space of natural
regeneration patches. In summary, these uncertainties in wind flow data are a barrier to
accurate simulation of seed dispersal.
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Figure 2. Distributions of natural regeneration patches and seed trees (a), measured seed dispersal
using seed traps (b) and predicted seed dispersal using wind flow dataset filtered by different wind
speed thresholds (c—f). Third, various inherent complexities contribute to errors in seed dispersal

predictions.

Third, various inherent complexities contribute to errors in seed dispersal predictions.
The height of the seed trees and the seed yield are not homogeneous. Seed flight ability,
mainly represented by terminal velocity, could have intraspecific variations [86]. The
WINDISPER model addresses this issue by stochastically generating the height of seed
trees, seed production, and terminal velocity of seeds from their mean and standard
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deviation. However, this model cannot reproduce the fine-scale spatial patterns of actual
seed dispersal in natural regeneration patches. Moreover, unpredictable random events
affecting flowing seeds, such as changes in wind flow, sudden turbulence, or collisions
with remnant trees, make it difficult to predict the seed dispersal trajectory accurately.

4. Prospects for Seed Dispersal Models Applicable to Natural Regeneration

We discovered four complexities resulting in unpredictable patterns of seed dispersal
in a naturally regenerated forest, especially on mountainous terrain (Figure 3). The fol-
lowing section explores the challenges and future prospects for developing seed dispersal
modeling to a level sufficient to support the field of natural regeneration.

- (2) Complexity of spatio-temporalwind
environment in/around harvested and
reserved forest patches

(3) Complexity of
-, mountainous forest terrain
" “and canopy patches
' .""nw
V % (4-1) Complexity of
N # v secondarydispersal
A Grouped seed trees v
c or remnant stand = ’
ﬁ (1) Complexity of seed 1 (4-3) Complexity of
abscission fromstrobilus. seed predation

gl
/.

Figure 3. Challenges in seed dispersal modeling for natural regeneration estimation, especially in
managed forest stands on mountainous terrain.

4.1. Seed Abscission Mechanisms by Wind

Current seed dispersal models are primarily based on the unrealistic assumption
that seeds are released evenly or randomly over a period set by the user. However, seed
abscission from the strobilus or twig could be affected by various factors such as wind
force, the openness of the strobilus, and the development of the abscission layer between
the twig and samara. To make this assumption more realistic, Pazos et al. [87] hypothesized
two mechanisms that determine the wind speed threshold for seed abscission: (1) the
maximum deflection angle at which seeds can escape throughout the acute angle of gaps
in the strobilus or dehisced fruit, and (2) the material fatigue of seed attachment tissue
through cumulative stress by the wind.

If seed abscission is initiated at wind speeds above a certain level, the effective wind
environment involved in seed dispersal is much more intensive than the ambient wind
environment. For example, the mean wind speed and direction differed depending on
the wind speed threshold adopted in the case study (Table Al). Consequently, more seeds
can be dispersed over longer distances than the general seed dispersal models predict [88].
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Therefore, the stochasticity of seed abscission by wind speed must be developed and
applied to an advanced seed dispersal model to support natural regeneration practices.
It is necessary to secure experimental and field data to investigate the effects of wind
speed on seed abscission [54,89]. Solar radiation and atmospheric temperature also affect
seed dispersal, but they are not directly related to wind. They are usually ignored in seed
dispersal models, even though they are correlated with the seed dispersal period and
mass [90,91].

In addition, the microscale wind environment near a strobilus is complex [92]. More-
over, the stochastics of seed abscission may be heterogeneous, depending on the species-
specific morphological structure of the strobilus. The scales of the strobilus open and close
when they are dry and wet, respectively [93,94]; therefore, the degree of scale opening,
which responds to the lapse of time after rain and air humidity, affects the probability
of seeds being exposed to and released by the wind. A mechanistic understanding and
experiments on seed abscission timing are required [95].

Most seed dispersal models have been developed to explain the movement of seeds
carried by airflow or falling patterns of seeds by distance from seed trees. However, some
seeds could land below the trees due to gravity or morphological characteristics. Attempts
to distinguish this phenomenon in the modeling approach from general dispersal by wind
have not been made. Similarly, research on the effects of rain or raindrops on seed dispersal,
such as wet fall by raindrops or reduction in dispersal distance owing to high humidity, is
insufficient [35].

4.2. Primary Dispersal by Spatio-Temporally Complex Wind Environment

Silviculture practices for natural regeneration create a land mosaic of harvesting
patches for newly regenerated seedlings, and remnant patches for seeded trees, result-
ing in a heterogeneous canopy structure. Various eddies generate extremely complicated
three-dimensional (3D) distributions of longitudinal, latitudinal, and vertical wind speeds
in managed stands. For example, remnant patches distort wind flow, resulting in unpre-
dictable eddies [96-99].

Therefore, the wind environment of a natural regeneration stand is complex and
depend on the interior or exterior of the harvesting patch, distance from the harvesting
patch boundary or shelterbelt, height from the ground, and direction of the slope. Its
characteristics also depend on the outside and distance from the edge of the forest. In
addition to the spatial complexity of the wind environment, temporal complexity is also
expected to be significant. The wind environment changes with seasonal changes in the
prevailing wind, weather phenomena such as typhoons, and the leaf area index (LAI) of
the forest canopy according to leaf unfolding and senescence [100,101].

Seed dispersal prediction using models is highly sensitive to the wind environ-
ment [29,39] because wind determines the seeds’ flight. The spatiotemporal complexity
of the wind environment in a natural regeneration stand is a major source of uncertainty.
For example, in the case study presented herein, wind environment input data for the
WINDISPER model were obtained from the automatic weather station (AWS) installed on
the surface of the harvested patch (S5C). However, the data would only represent superficial
characteristics and not the overall characteristics of the wind in the natural regeneration
stand. Additional observational data from a nearby meteorological station would be of no
value in this case. Large-eddy simulation (LES) can delineate the complex wind environ-
ment in heterogeneous canopy structures [36]; however, the computational requirement
for LES operation is too high to be efficiently deployed in silviculture. Therefore, the
spatiotemporal complexity of wind environments in the context of natural regeneration
should be investigated. Multiple approaches would secure representative data suitable for
model operation, combining the sensor network for continuously detecting high-frequency
temporal patterns of the wind environment [102], UAV monitoring for 3D patterns of wind
environments with high resolution [103,104], and regional-scale time-series analysis using
a mountainous meteorology observation system [105].
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4.3. Termination of Seed Flight via Collisions with Canopy or Ground

The seed flight is completed when it collides with the ground. The wind and slope
directions on mountainous terrain determine this moment. The flight time and distance can
be shortened or extended several times by considering the slope effect. Therefore, an algo-
rithm in which the slope affects the horizontal flight distance of seeds must be developed
using correction factors (Box 1, Table 2). Furthermore, developing a real-time simulation
from the initiation of seed flight from the seeding tree to its landing on the ground and
producing a 3D trajectory of seed dispersal would be more progressive. Visualization of 3D
seed trajectory using a real-time simulator would be effective in enhancing field foresters’
understanding of seed dispersal and communication with stakeholders.

Table 2. Correction factors for applying a seed dispersal distance which is predicted on flat terrain
into that on up or down slope.

Correction Factor

Slope Degree (°)
Up Slope Down Slope
5 0.92 1.10
10 0.85 1.21
15 0.79 1.37
20 0.73 1.57
25 0.68 1.87
30 0.63 2.37
35 0.59 3.34
40 0.54 6.22

Box 1. A simple correction of seed dispersal distance for sloped terrain

The extended or reduced distance of seed dispersal caused by slope can be calculated using the

following function (Equation (6)):
af
de = tan(x) + 1 ©)

where d. indicates the corrected distance of seed dispersal for sloped terrain, dy indicates the distance
originally predicted for seed dispersal on flat terrain, and x indicates the slope angle in degrees.

According to Equation (6), compared to the seeds on flat terrain, the seeds on a downslope of
20° would fly 57% further; on the other hand, the seeds on an upslope of 20° would travel 27% less.
When on a down-slope of 40°, seed dispersal distance can be extended approximately six times that
of the flat terrain. This exponential increase suggests that the estimation of seed dispersal is very
sensitive to the variation of seed dispersal direction and slope direction/inclination. Therefore, care
should be taken, especially when a seed dispersal model is applied to a region of more complicated
topography (e.g., mountains). The issue can be overcome in the short term by applying correction
factors (Table 2) using Equation (6) to the predicted seed dispersal distance on the flat terrain. For
example, if the seed dispersal distance is predicted to be 20 m on flat terrain, the expected dispersal
distance on a downslope of 25° is 37.4 m (20 m multiplied by 1.87).

In general, the displacement design of seeded trees (number, location, cluster type,
etc.) is closely associated with the success of natural regeneration. What is often overlooked
in this work is that seed trees are not only the source of seeds but also an obstacle to seed
dispersal by the wind. For example, there is a possibility that a seed released from the
seeding trees may collide with a leaf or branch of a tree in a shelterbelt or remnant patch
during flight, stopping it and sending it to the ground. Therefore, the seed dispersal model
for natural regeneration requires an algorithm to quantify the effect of surrounding trees
blocking seed dispersal [106].
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However, the effects of blocked seed dispersal between trees have been neglected in
previous studies. First, most studies have focused on the interpretation and simulation of
the seed dispersal phenomenon; thus, the link between the model and forest management
is not considered a high priority. Second, the empirical data to reflect this phenomenon are
insufficient [107]. Recently, with the development of mechanical models and models apply-
ing large-eddy simulation (LES), models that can reflect airflow changes according to the
canopy’s density and structure have been developed. However, falling owing to collisions
with stems has not yet been well reflected in the model [36,39,108]. Therefore, in further
modeling of the seed dispersal process, it is necessary to predict the probability of colliding
with the physical structures of the stand through wind tunnel experiments [109,110], field
observations, and simulations.

4.4. Secondary Dispersal, LDD, and Consumption by Herbivores

Seed dispersal is controlled by primary wind-dispersal at the local scale and by
additive mechanisms such as secondary dispersal [111,112] and LDD [70,78,113]. Even
after a seed lands on the ground and completes its flight, it can be exposed to various
forces such as gravity, wind, water flow, and even animal predation, which transports it to
unexpected places. For example, long-distance secondary dispersal downhill and overland
by floating in rivers was reported for the tree-of-heaven (Alianthus altissima), a well-known
wind-dispersing angiosperm species [15]. Secondary dispersal of wind-dispersed seeds by
animals can occur; however, this is less likely to occur than animal-dispersed seeds [114,115].
Several studies using mechanistic modeling [112], field experiments [116,117], and wind
tunnel experiments [16,118] have been conducted to elucidate the processes and patterns
of secondary dispersal by wind. For example, Zhu et al. [16] reported a trade-off between
primary and secondary dispersal, particularly of a smoother surface. A seed with a lower
primary dispersal ability and faster terminal velocity has greater secondary dispersal ability
because the greater vertical/horizontal ratio allows more opportunity for exposure to
ground wind flow than the frictional force of the ground [16].

Based on the integration of currently available but insufficient knowledge, secondary
dispersal is expected to significantly affect the spatial distribution of seeds and seedlings in
the context of natural regeneration. Secondary dispersal by animals may not be sufficient
for silvicultural species that generally produce wind-dispersed and small-sized seeds. How-
ever, the scarped ground surfaces of naturally regenerating patches have low roughness.
They are exposed to wind and water flows, resulting in feasible conditions for secondary
dispersal by wind or water. Experimental studies and field observations of the secondary
dispersal of major silvicultural species in naturally regenerating patches are required.

Although LDD is an important mechanism for plant migration and colonization,
it may be less meaningful in the context of natural regeneration. While a minority of
seeds make the migration of species, metapopulations, or genes possible at the landscape,
regional, and even intercontinental scales [70,78,113], most seeds correspond to the peak
of the distribution curve and only move within tens of meters. These determine the fate
of natural regeneration. In other words, interest in natural regeneration focuses on the
local dispersal of seeds by standard mechanisms. LDD prediction may not be an urgent
challenge; nevertheless, it is not necessary to exclude LDD prediction from seed dispersal
models for natural regeneration.

Lastly, the consumption of seeds by herbivores during the pre-and post-dispersal
stages can substantially slow natural regeneration [119-121]. Pre- and post-dispersal seeds
are affected by tree species, seed production, the number and type of herbivores and
predators, site characteristics, and climate conditions [119-124]. However, the impact of
seed consumption by herbivores has been neglected in most cases because of its strong
dependency on site-specific environments and limited empirical data.
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5. Conclusions

In this study, we reviewed the literature on representative wind-dispersal models for
seeds. A case study was also presented, which compared the observed spatial patterns
of seed dispersal with the results of the WINDISPER model. Finally, based on these
results, prospects for developing a seed dispersal model to support natural regeneration on
mountainous terrains were suggested. Seed dispersal modeling has rarely been applied
to natural regeneration practices despite advances in seed dispersal modeling along with
improved analytical methodologies, observation equipment, simulation techniques, and
computer systems. We believe that developing a seed dispersal model designed to support
the planning and evaluation of natural regeneration programs will motivate the scientific
community in this field to contribute to reducing uncertainties in the neglected aspects of
seed dispersal. In the long run, efforts to improve seed dispersal models will help reduce
the risk of natural regeneration and make it a reliable forest management practice.

For example, in South Korea, a nationwide afforestation program half a century ago led
to the rehabilitation of formerly devastated mountainous lands covering approximately two-
thirds of the national land cover [125-128]. Most afforestation and reforestation practices
(over 200 km? year‘l) rely heavily on artificial regeneration, costing 10 billion KRW every
year [129]. In 2021, the South Korean Forest Service announced a 3 billion tree-planting
plan concluding in 2050 to support national carbon neutrality under the Paris Agreement,
with planted trees being supplied by nurseries. Natural regeneration is not elected as a
major practice in this plan but is allowed to be tested for experimental purposes [130-132].
Some of the early attempts at natural regeneration were unsuccessful because of the failure
to control natural processes, such as seed production, dispersal, and germination [131,133].
Despite the need to expand the use of natural regeneration in terms of the economic
compatibility of South Korean forestry [129], the uncertainty about the success of natural
regeneration made decision-makers turn their back on it, favoring artificial regeneration
instead [134]. However, advances in seed dispersal modeling will contribute to minimizing
the uncertainty and risks in natural regeneration and support the practice thereof.

In addition, the development of wind-dispersal models will contribute greatly to ad-
vancing interdisciplinary research in climatology, biophysics, and forestry, such
as (1) upgrading knowledge of the forest wind environment and wind-related forest
disturbances, (2) estimating seed dispersal patterns and future species distribution by forest
management and climate change, and (3) satisfying the societal needs for ecologically
friendly forest management and net-zero carbon objectives.
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Appendix A. Case of Seed Dispersal Simulation by the WINDISPER

To test the applicability of the currently available seed dispersal model, seed dispersal
in a naturally regenerated stand of Japanese larch in South Korea was simulated using
the WINDISPER model [29]. Japanese larch, a major conifer species in South Korean
forestry, was introduced from Japan to Korea in the early 1900s. During the last five years
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(2016-2020), Japanese larch was planted in 17% of the afforestation and reforestation stands
(234 km? year~!) in South Korea [135].

Appendix A.1. Study Site

The study site is located in central Korea (37°54'47” N, 127°20'3” E, elevation: 360 m).
Four different harvesting methods (i.e., seed tree (ST), grouped seed tree (GST), reserved
seed tree (RST), and strip clear-cut (SC)) was used in a Japanese larch plantation in Septem-
ber 2016 [136]. The plantation was originally established in the 1970s, and natural regen-
eration is practiced. The mean diameter at breast height and height of the pre-harvesting
stand were 37.2 cm (31.6-41.1 cm) and 27.4 m (26.6-28.3 m), respectively [136]. After
harvesting, stand density decreased from 165 to 20 trees ha~! for ST, 20 trees ha—! for GST,
40 trees ha~! for RST, and 0 trees ha~! for SC (Figure Ala,c). Two shelterbelts consisting
of the remaining larch trees were placed above and below the SC (Figure Ala). Soil scari-
fication and scraping were performed after harvest to create feasible conditions for seed
germination. The organic horizon, including the forest floor and humus layer, harvest
residues, and removable rocks, were removed using a forestry excavator (EC55C, Volvo)
assembled with a wood grapple and bucket. Mesh fences (height: 1.6 m) were installed
along the boundaries of regeneration patches to prevent the invasion of wild animals.

Appendix A.2. Seed Dispersal Monitoring

A total of 102 seed traps were installed to monitor seed dispersal (Figure Alb). The
seed traps were evenly distributed in each patch using a square lattice design (e.g., 5 x 3
for ST and RST, 3 x 3 for GST, and 3 x 5 for SC). In addition, one and three sets of 12 seed
traps each were installed in ST and GST, respectively, to observe the distance-dependence
pattern of seed dispersal by distance from a selected seed tree. In each set, 12 seed traps
(4 sides x 3 distances) were installed 0, 10, and 20 m from the four sides of a selected seed
tree (“radial design”). The seed traps under the square lattice and radial designs were
integrated into the geospatial analysis. Each seed trap covered 0.25 m? and was installed
1 m above the ground.

Seeds in the traps were retrieved monthly from October 2016—-April 2017 and the
numbers were recorded. Monthly monitoring might be limited to observing fine-scale
temporal patterns of seed dispersal; nevertheless, this was the best monitoring interval for
our limited workforce. The proportion of monthly seed inflow to total seed inflow during
the seed-fall period was 5.3% in September, 15.3% in October, 16.7% in February, and 10.1%
in March and April [31]. The germination rate from seed quality testing was over 40% for
seeds trapped before November 2016 and decreased from 27.8% in December 2016 to 12.8%
in February 2017.

The coordinates of all seed trees and traps were recorded in the field using a global
navigation satellite system (GNSS) (Trimble R2, Trimble, CA, USA). The climate of the
stand, including wind direction and speed, was recorded every 5 min by an AWS located at
the center of the SC. The wind direction patterns for the seed dispersal season of 2016-2017
were in line with the typical wind environment in this region, in which northwest wind
was predominant (Figure A2).
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Figure A1l. Placement of natural regeneration patches and seed trees (a), placement of seed traps (b),
and photographs of the study site taken in May 2020 (c).
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Figure A2. Monthly wind rose plots in the seed dispersal season of 2016-2017. Data in December
2016 was unavailable because of the AWS failure.

Appendix A.3. Modeling Procedures

The WINDISPER model is a mechanistic model based on a ballistic algorithm for
simulating the trajectory of seed flight caused by wind [39]. The input variables for model
operation include the arrangement and height of seed trees, the terminal velocity of seeds,
density and vertical distribution of seeds in the crown, wind direction and speed. Finally,
the model output is a number representing the number of dispersed seeds in each grid
with a predefined size (e.g., 1 m x 1 m). The WINDISPER model, scripted in C language, is
open source software [29].

Key input parameters were prepared from various field surveys and experiments for
model operation. The terminal velocity of the seed was 0.98 m s~! (Lee et al. unpublished),
determined using video camera recordings [137]. The arrangement of the seed trees
followed the coordinates of the seed trees obtained from the field survey (Figure Ala). To
determine the number and vertical distribution of seeds in a seed tree, three harvested
trees were analyzed in September 2016. The number of cones in the upper, middle, and
lower crowns, total number of cones, and number of seeds per cone were measured. The
mean bole height of the seed trees was 10.1 m. The mean and standard deviation of the
portion height were set to 0.70 £ 0.087. Seed production in 2016 was estimated to be
690,339 seeds tree 1. Based on the ratio of the number of seeds collected from seed traps
to the estimate of total seed production, it was assumed that 29% of the seeds in cones
were abscised and dispersed [133]. Assuming that the number of abscised seeds was
210,000 seeds tree~ !, the crown diameter was 6 m, and the seed dispersal period was 180 d,
the seed abscission rate was estimated to be 39 seeds m~2 d 1.

The seeds were not uniformly abscised at the different wind speeds. A wind speed
threshold for seed abscission in Japanese larch can be assumed; however, an accurate
value of this figure remains unknown. Because the relationship between wind speed and
seed abscission is unavailable, we simulated seed dispersal based on four scenarios that
assumed different wind speed thresholds for seed abscission (0, 0.5, 1, and 2 m s~ 1. In each
scenario, wind speeds above the threshold were extracted from the entire dataset for the
seed dispersal period (October 2016-February 2017). Observations above the wind speed
threshold at 0,0.5,1,and 2 m s~ represented 64.6%, 45.1%, 15.4%, and 2.1% of the entire
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dataset, respectively (Table Al). The wind speeds in the extracted dataset were assigned to
eight wind directions (N, NE, E, SE, S, SW, W, and NW) and were natural log-transformed
to satisfy the required structure for the wind input data of the WINDISPER model.

The wind directions were evenly distributed when the wind speed above 0 m s~
was analyzed. The proportions of the wind direction ranged from 6.6% (N) to 18.7% (E)
(Table Al); however, the proportion of winds from the east (90°) notably increased to 40.6%
at2 m s~! of the wind speed threshold (Table A1). The dominance of breezes and gales
faster than 2 m s~! from east to west was probably due to the topography of the studied
stand, in which the valley developed towards the west. The shape of the SC, in which the
AWS was placed, may also have influenced this, as it elongated from east to west.

1

Table A1l. Wind flow characteristics by applying different wind speed thresholds (0, 0.5, 1, and 2 m
s Htoa naturally regenerating Japanese larch site during the seed dispersion period (from October
2016—February 2017).

Oms1 0.5ms—1 Ims1 2ms1
Wind Direction (°)

Mean % Mean % Mean % Mean %

0 0.60 6.6 0.86 5.8 1.48 3.0 2.51 0.7
45 0.78 10.6 1.07 11.1 1.71 12.6 2.69 16.7
90 0.86 18.7 1.13 20.8 1.74 27.1 2.68 40.6
135 0.88 10.5 1.12 12.0 1.69 15.6 2.64 18.9
180 0.72 9.6 1.00 9.7 1.57 9.5 2.55 6.5
225 0.72 13.2 1.04 12.8 1.61 14.5 2.60 10.2
270 0.61 13.8 0.93 11.8 1.53 8.5 2.53 4.6
315 0.64 16.9 0.89 159 1.45 9.1 2.44 1.7
Total * 0.72 64.6 1.02 45.1 1.64 154 2.65 2.1

* Percentages in the total column indicate the proportion of frequency over the wind speed threshold for
all observations.

The other input parameters unavailable at our study site were assigned default values
of the WINDISPER model. The source codes of the WINDISPER model were compiled
and run in Visual Studio 2019 (Microsoft) to simulate seed dispersal from early autumn
(September) to late winter (February). We modified the random number generator to allow
the generation of stochastic distributions of wind speed, the terminal velocity of seeds,
vertical distribution of seeds, etc., from their mean and standard deviation defined by the
user, as this functionality was not provided in the source codes of the WINDISPER.

The output data of the wind-dispersal simulation were analyzed using R [138]. The
relationships between the observed (i.e., seed trap-based) and simulated seed dispersal
were tested using simple linear regressions with combinations of the four wind speed
thresholds and natural regeneration methods (ST, GST, RST, SC, and global). To visual-
ize the spatial patterns of seed dispersal, the ggplot2 package in R [139] and QGIS [140]
was used.

Appendix A.4. Results of Seed Dispersal Simulation Using the WINDISPER

Overall, in the simulations adopting a lower wind speed threshold (0 and 0.5 m s~ 1),
seed dispersal mainly occurred where seed trees were densely distributed (e.g., the west
side of SC and the downside of the GST) (see Figure 2¢,d). In contrast, simulations adopting
a larger wind speed threshold (1 and 2 m s~!) estimated widely scattered seed dispersal
around the natural regeneration patches (see Figure 2e,f). The estimated spatial patterns
of seed dispersal may differ depending on the wind speed threshold adopted. The strong
sensitivity of predicted seed dispersal to wind speed is not surprising, given that seed
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dispersal is mechanistically dependent on wind flow. The stronger the wind and taller the
tree, the longer and further the seeds will fly.

In comparison with the measured seed dispersal (i.e., the number of seeds trapped
in seed traps), none of the simulations satisfactorily reproduced the spatial patterns of
measured seed dispersal (Table A2). A statistically significant linear relationship between
predicted seed dispersal using 0 and 2 m s~! and measured seed dispersal was observed
in the dataset of all natural regeneration patches (i.e., global); however, the coefficient of
determination was insignificant (R? = 0.035 and 0.038, respectively). In addition, linear
regression was tested separately in each natural regeneration patch to account for the
differences in stand structure and wind flow between the natural regeneration methods
(Table A2). Nevertheless, small improvements in the model reliability were observed. For
example, the observed seed dispersals were best fitted by seed dispersal predicted using
a wind speed threshold of 1 m s~! (R? = 0.321) for the SC patch and 2 m s~ ! (R? = 0.357)
for the RST. The observed seed dispersal patterns of ST and GST were not predicted by
simulations using any wind speed threshold.

Table A2. Simple linear regressions between spatial patterns of predicted and observed seed dispersal
by applying different wind speeds threshold (0, 0.5, 1, 2 m s~!) and by natural regeneration patches.
A dash indicates a statistically insignificant R? (p > 0.10).

Oms™1 0.5ms1 Ims™1 2ms1
R? p-Value R? p-Value R? p-Value R? p-Value
Seed tree method - 0.793 - 0.515 - 0.615 - 0.981
Grouped seed tree 0.091 0.044 0.067 0.086 0.077 0.064 - 0.109
Reserved seed tree - 0.246 - 0.436 - 0.567 0.357 0.019
Strip cutting - 0.478 - 0.147 0.321 0.028 - 0.525
Global 0.035 0.059 - 0.102 - 0.636 0.038 0.050
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