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Abstract

Migration of plant populations is a potential survival response to climate change that depends critically on seed dis-

persal. Biological and physical factors determine dispersal and migration of wind-dispersed species. Recent field and

wind tunnel studies demonstrate biological adaptations that bias seed release toward conditions of higher wind

velocity, promoting longer dispersal distances and faster migration. However, another suite of international studies

also recently highlighted a global decrease in near-surface wind speeds, or ‘global stilling’. This study assessed the

implications of both factors on potential plant population migration rates, using a mechanistic modeling framework.

Nonrandom abscission was investigated using models of three seed release mechanisms: (i) a simple drag model; (ii)

a seed deflection model; and (iii) a ‘wear and tear’ model. The models generated a single functional relationship

between the frequency of seed release and statistics of the near-surface wind environment, independent of the abscis-

sion mechanism. An Inertial-Particle, Coupled Eulerian-Lagrangian Closure model (IP-CELC) was used to investigate

abscission effects on seed dispersal kernels and plant population migration rates under contemporary and potential

future wind conditions (based on reported global stilling trends). The results confirm that nonrandom seed abscission

increased dispersal distances, particularly for light seeds. The increases were mitigated by two physical feedbacks: (i)

although nonrandom abscission increased the initial acceleration of seeds from rest, the sensitivity of the seed dis-

persal to this initial condition declined as the wind speed increased; and (ii) while nonrandom abscission increased

the mean dispersal length, it reduced the kurtosis of seasonal dispersal kernels, and thus the chance of long-distance

dispersal. Wind stilling greatly reduced the modeled migration rates under biased seed release conditions. Thus,

species that require high wind velocities for seed abscission could experience threshold-like reductions in dispersal

and migration potential if near-surface wind speeds continue to decline.
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Introduction

The potential speed at which plant populations can

migrate is an important determinant of the likely

impact of climate change on species distributions and

biodiversity (Loarie et al., 2009). When plant popula-

tions have a suitable environment available to colonize,

their maximum migration rate becomes strongly deter-

mined by seed dispersal (Clark, 1998; Higgins & Rich-

ardson, 1999; Clark et al., 2001; Thompson & Katul,

2008). The transport of wind-dispersed seeds can be

described using physical models (Okubo & Levin, 1989;

Tackenberg, 2003; Kuparinen et al., 2007; Nathan et al.,

2011b) that aim to predict the seed dispersal kernel,

which is the probability density function of seed travel

distances from the parent source. The moments of the

dispersal kernel determine important ecological and

evolutionary outcomes for plants (Portnoy & Willson,

1993). As examples, the mean dispersal distance is

related to seedling survival and recruitment, especially

in situations where predation decreases with distance

from the parent (Hubbell, 1980; Thompson et al., 2009,

2010). In addition, high kurtosis in the kernel indicates

a high probability of long-distance travel events, and is

connected to rapid rates of migration (Clark, 1998; Hig-

gins & Richardson, 1999; Clark et al., 2001; Thompson

& Katul, 2008).

The form of the seed dispersal kernel is determined

by a combination of biological and physical factors,

including the (i) mass and release height of seeds; (ii)

leaf area distribution in the plant canopy; and (iii) pre-

vailing wind conditions during dispersal (Katul et al.,

2005; Nathan & Katul, 2005; Jongejans et al., 2007).

While most predictions of maximummigration rate and

seed dispersal assume that these factors are unchang-

ing, recent studies highlight that most observed mean

near-surface wind speeds have declined in the past

30–50 years (McVicar et al., 2008; Guo et al., 2011;

McVicar et al., 2012b). This decline has been attributed
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to increased surface roughness due to vegetation

growth, afforestation, or urbanization (McVicar et al.,

2008; McVicar & Roderick, 2010; Vautard et al., 2010),

suppression of the East Asian monsoon (Xu et al. 2006),

and the warming effect of aerosols on the upper atmo-

sphere (McVicar & Roderick, 2010; Vautard et al., 2010).

The mean global trend in wind speed over the past

30 years has been estimated as �0.014 ms�1a�1, or a

�15% decline, based on regional studies with at least 30

site observations over at least 30 years (Roderick et al.,

2007; McVicar et al., 2012b). This global stilling trend is

widespread in the Northern Hemisphere (Vautard et al.,

2010; McVicar et al., 2012b), where wind-dispersed

plants are common, and the implications on plant

migration are a recognized ecological outcome of

slowing near surface wind speeds that requires inves-

tigation (McVicar et al. 2012a). Effects on migration

may be particularly marked in plants that only release

seeds for dispersal during high wind speed conditions

(Wright et al., 2008). Such nonrandom abscission is

now reported in field studies (Greene & Johnson,

1992; Maurer et al., 2013) and wind tunnel experi-

ments (Jongejans et al., 2007; Soons & Bullock, 2008;

Greene & Quesada, 2011). Bias in seed release arises

as a consequence of adaptive strategies that alter the

geometry and material structure of links between

plants and seeds (Pazos et al., 2013). By biasing seed

release toward higher wind speeds, plants could

hypothetically increase their dispersal length scales

and migration rates under ambient wind conditions

(Greene & Johnson, 1992; Greene, 2005; Skarpaas

et al., 2006; Bohrer et al., 2008; Soons & Bullock, 2008;

Greene & Quesada, 2011). In the context of an

observed decline in wind speeds, however, seed

releases that are biased toward high wind speeds

could be disproportionately reduced, potentially

resulting in a nonlinear, or threshold-like, decline in

dispersal and migration of these species under contin-

ued global stilling scenarios.

This study examines the sensitivity of maximum

predicted plant population migration rates of wind-dis-

persed species to reductions in near-surface wind speed

and bias in seed release conditions. First, we examine

the potential modes of nonrandom seed abscission.

Researchers have identified a range of empirical pat-

terns of abscission behavior (Jongejans et al., 2007;

Soons & Bullock, 2008; Greene & Quesada, 2011), while

modeling studies have tended to prescribe sigmoidal or

threshold dependencies of seed release on ambient

wind speed (Greene & Johnson, 1992; Schippers & Jon-

gejans, 2005; Bohrer et al., 2008; Pazos et al. 2013). We

investigate the genesis of these different patterns and

the justification for a particular choice of abscission

probability function by developing three contrasting

physical models of seed abscission and subjecting them

to different patterns of mean wind speed variation.

Second, the seed release results are generalized and

combined with a Coupled Eulerian-Lagrangian Closure

(CELC) model (Nathan & Katul, 2005; Poggi et al.,

2006), modified here to account for inertial particles (IP-

CELC), to explore the sensitivity of seed trajectories

and dispersal kernels to nonrandom abscission. The

novelties of the IP-CELC approach include accounting

for the following: (i) multiple timescales of variability

in the wind-field; (ii) the effects of a plant canopy on

wind (critical for wind-dispersed tree species); and (iii)

the effects of seed inertia, or imperfect coupling

between wind and seed velocities. This mechanistic

framework is essential to explore the effects of initial

conditions of seed and wind velocity, as well as vertical

variation in the wind statistics, on the dispersal kernel.

These factors are not addressed by simpler analytical

models (Katul et al., 2005). Third, to address the role of

stilling, predicted changes in mean hourly wind speed

are converted to predicted changes in the probability

density function (pdf) of hourly mean wind speeds,

assuming that the pdf can be described with a conven-

tional Weibull probability law (Thompson et al., 2008).

The joint effects of stilling and nonrandom abscission

are then investigated by combining the kernels gener-

ated from IP-CELC with the projected stilled wind

speed pdfs. We consider the end-member cases of per-

fect and spherical coupling between the wind and the

seed velocities, and the sensitivity of the results to dif-

ferent mean canopy heights and seed terminal veloci-

ties. The resulting kernels from these simulations are

fitted with an analytical dispersal model (the WALD

Model) (Katul et al., 2005). The parameters of WALD

can be related to maximum potential population migra-

tion rates as shown elsewhere (Thompson & Katul,

2008), allowing an exploration of the sensitivities of

stilling and nonrandom seed release on maximum

migration rates. Finally, the potential ecological conse-

quences of an interaction between stilling and abscis-

sion dynamics on the composition of migrating forest

assemblages are illustrated with a synthetic example.

A schematic diagram is presented in Fig. 1, illustrating

the connections between the different models and

processes.

Materials and methods

The development of the models for abscission, the modifica-

tion to generate IP-CELC, and their implementation are

described here. Further theoretical details, including specifics

of the abscission models, the unmodified CELC and WALD

models, and details of the wind and canopy datasets, are pro-

vided as Supporting Information. The methods section starts
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with a discussion of how different timescales of fluctuation in

wind speed influences seed abscission, seed dispersal and

thus migration rates, because these relationships underpin all

subsequent analyses.

Timescales of fluctuations in wind speed and their
implications

Abscission influences seed dispersal in two ways, on widely

separated timescales: (i) by biasing the initial wind velocity

experienced by the seed at the time of release (Greene, 2005);

and (ii) by changing the wind environment experienced by

the population of dispersing seeds. To elaborate on this

point, variation in the wind speed on different timescales

must be distinguished. The fastest variations in the wind

speed (on the order of seconds) are turbulent fluctuations

around the hourly mean wind speed (Nathan et al., 2011b),

illustrated in Panel b, Fig. 1, and designated by u0 [ms�1].

These fluctuations determine the instantaneous velocity that

creates drag and provides the energy for seed abscission.

Turbulent fluctuations inside canopies are coherent on time-

scales of around 1–10 s (Katul et al., 1997). The fluctuations

persist long enough to lift mobile seeds above the canopy,

exposing them to the elevated mean wind speeds prevailing

above the canopy (Nathan et al., 2002; Katul et al., 2005). Tur-

bulent fluctuations therefore increase dispersal length scales

and potential migration rates, and must be accounted for

when considering abscission and dispersal (Clark et al., 1998;

Clark, 1998; Nathan et al., 2011b). The second timescale is set

by variation in the mean horizontal wind velocity u [ms�1],

where the over-bar denotes hourly time averaging. This

velocity is often statistically steady on timescales of 0.5–1 h

(Van der Hoven, 1957), so individual seeds experience a

single mean wind speed during dispersal. A population of

seeds, however, disperses over a period of days to months,

during which time the hourly mean wind speeds fluctuate.

These fluctuations often follow a Weibull probability distri-

bution (Panel d in Fig. 1). The Weibull fluctuations in hourly

mean wind speed interact with turbulent variations to

increase dispersal distances and migration rates (Thompson

& Katul, 2008). Nonrandom abscission increases the instanta-

neous (turbulent) wind velocity at release, biasing the initial

conditions of the seed and potentially the remainder of its

trajectory. At seasonal timescales, nonrandom abscission

skews the distribution of hourly wind speeds experienced by

the dispersing seeds, compared to the ambient Weibull dis-

tribution (Pazos et al., 2013). Of course, long-term phenom-

ena such as global stilling may change the parameters of the

Weibull distribution itself.

Above uniformly distributed vegetated canopies, flow

properties such as the hourly mean wind speed vary with

elevation z [m] [e.g. (Prandtl, 1904)]. A conveniently height-

independent metric of the wind properties is provided by the

shear or friction velocity (u� [ms�1]) above the canopy. The u�

measures the kinematic turbulent shear stress at the top of the

canopy. Numerous canopy experiments show that the wind

statistics scale with u� (Raupach & Thom, 1981; Finnigan,

2000) for nonstratified atmospheric flows. Variability of the

wind speed and its statistics can thus be determined from u�.
For example, when the hourly variations in u follow a Weibull

distribution, u� generally follows a similar probability law (see

Fig. 2).

Seed abscission mechanisms

Abscission is the separation of a seed from its attachment to

the parent plant. Modeling the effects of nonrandom seed

abscission requires relating the abscission probability to
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Fig. 1. Conceptual model illustrating the progression from release mechanism to dispersal kernel, via the fluctuations in u and u�.
Panel a illustrates seeds swaying on a tree. Panel b relates the fluctuations in the wind speed u to the stem angle, h. Oscillations in h will

lead to different abscission behavior under a threshold angle model (hthresh is shown as a dashed line) and an accumulated energy

model (starred locations). The models result in different probabilities of abscission, f(u), given the instantaneous wind speed (Panel c),

or the hourly shear velocity (gðu�Þ, Panel e). When combined with the seasonal distribution of the shear velocity (Panel d), and hourly

dispersal kernels generated from IP-CELC, the seasonal dispersal kernels can be predicted given different release scenarios (Panel f).
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instantaneous wind conditions, and ultimately the wind statis-

tics. Several authors have proposed sigmoidal or threshold

functional relationships between abscission probability and

instantaneous wind speeds (Greene & Johnson, 1992; Schip-

pers & Jongejans, 2005; Bohrer et al., 2008; Pazos et al., 2013).

Here, the aim was to investigate the theoretical basis for such

assumptions. Three hypotheses for the separation mechanism

are considered. First, the drag force exerted on the seed by the

wind could exceed the tensile strength of the connective

tissue, causing it to break. The tensile strength could be fixed

(Hypothesis 1), or might decline as wind causes the seed to

move back and forth (Panel a, Fig. 1). The decline in tensile

strength should scale with the absorption of angular kinetic

energy (from the shaking seed) by the connective tissue

(Hypothesis 2). A third mechanism (Hypothesis 3) assumes

that seeds are held in rigid pods or cones that expose seed for

dispersal once tilted beyond some threshold. These hypothe-

ses focus on localized wind-seed interactions, and variations

in temperature, humidity, and seed maturity that also affect

abscission require separate consideration (Greene & Johnson,

1992; Skarpaas et al., 2006). To account for angular motion of

seeds (required for the wear and tear and threshold angle

hypotheses), a simplified numerical model of wind-forced

plant motion was used (de Langre, 2008) and is fully

described in the Supplementary Material. If tensile strength is

fixed, however, then abscission probabilities can be analyti-

cally determined from the statistics of the wind.

Fixed tensile strength: the simple rupture model. In this

model, abscission occurs if the instantaneous drag force D, [N]

on a seed exceeds the tensile strength of the seed-plant con-

nection. The drag (D) exerted on an object in turbulent flow is

given by (Batchelor, 1967):

D ¼ CDqASu2

2
; ð1Þ

where CD is the dimensionless drag coefficient ( � 0.4), q,[kg
m�3� is the fluid density, As, [m

2] the surface area intercepting

the flow, and u, [ms�1] the instantaneous wind speed.

The abscission probability p(abs) is zero provided u is less

than the threshold velocity at which D causes rupture,

denoted uthresh. For u � uthresh, p(abs) = 1. For a steady mean

wind speed u and neutral atmospheric conditions, u has a

near-Gaussian distribution with variance r2u (Chu et al., 1996).

The frequency of abscission f(u) (Panel c, Fig. 1) on hourly

timescales is approximated from the cumulative density func-

tion of u:

fðuÞ ¼
Z 1

uthresh

1

ru
ffiffiffiffiffiffi
2p

p e�
�ðu�uÞ2

2ru du: ð2Þ

The D needed for rupture may be estimated from the ten-

sile strength of plant tissue: For example, 0.1–5 Nmm�2 for

nonlignified, desiccated tissue (Hedderson et al., 2009). Scan-

ning electron microscope images of dandelion pappi suggest

their surface area As is � 2.2 cm2; and the point of contact

between diaspore and plant around 50–100 lm (Sudo et al.,

2008). Terminal velocity data indicate that CD � 0:4 (Sudo

et al., 2008), giving uthresh � 4� 8 ms�1 Eqn (1). Similar seeds

have been observed to abscise when u > 2 ms�1 (Skarpaas

et al., 2006; Soons & Bullock, 2008; Greene & Quesada, 2011).

If turbulence generates near-Gaussian fluctuations in u, with

ru ranging between 1 and 2 ms�1, then for u > 2 ms�1 abscis-

sion would occur > 5% of the time. The simple rupture

model is thus broadly consistent with observations (Skar-

paas et al., 2006; Soons & Bullock, 2008; Greene & Quesada,

2011).

Assuming a Gaussian u distribution, the abscission proba-

bilities can be derived as a function of the u�. First, u and

ru are expressed in terms of u� as u ¼ a1u� and ru ¼ a2u�,
where a1 and a2 are specific to the canopy geometry (see

Supporting Material). Noting that
R1
xo
ð1=2Þ exp ð�x2Þdx ¼

ð ffiffiffiffiffiffiffiffi
p=2

p Þerfðxo=
ffiffiðp
2ÞÞ, Eqn (2) can be re-expressed to give the

probability of abscission as a function of the hourly u�:

gðu�Þ ¼ 1� 1

2
1þ erf

uthresh � a1u�

a2u�
ffiffiffi
2

p
� �� �

: ð3Þ

When plotted (Panel e, Fig. 1), Eqn (3) describes a dispersed

form of the usual sigmoidal Gaussian cumulative density
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Fig. 2. Comparison of the measured u� distribution at Duke Forest and the Weibull distribution that best fits it, on left. Eddy covari-

ance results become unreliable at low u�, so we fit the u� > 0:1 data only. As shown in the right-hand panel, the condition u�=Vt > I is

upheld in most cases, meaning that initial conditions do not influence seed trajectories.
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function (CDF). The distribution of u� values experienced by a

nonrandomly abscising seed population, pðu�Þ, is obtained by

taking the product of the Weibull distribution of u� and the

abscission probability for each u�, and normalizing the result.

That is:

pðu�Þ ¼ Weibðu�Þgðu�ÞR1
0 Weibðu�Þgðu�Þdu� : ð4Þ

The normalization in Eqn (4) assumes that all seeds disperse

and all variability in u� is sampled. In the derivation above,

we assumed that the fluctuations in u0 followed a true Gauss-

ian distribution, even though the u distribution can be posi-

tively skewed (Katul et al., 1997) in forest canopies. Such

skewness, however, does not change the sigmoidal form of f

(u) and gðu�Þ, as shown in the Supporting Material.

Threshold angle and wear and tear models. Seed release con-

ditions in the threshold angle and ‘wear and tear’ models are

based on the motion and history of motion of seeds in the

canopy. Tree movement can be approximated with an elastic

beam model (Flesch & Grant, 1991) in which fluctuating wind

drag initiates tree movement, which is modified by gravity,

damping, and the elasticity of the wood. In this simplified

model, a deflection in the tree position (quantified by the tree

angle h from the vertical) starts a swaying motion. The tree

sway behavior depends on only three factors: (i) a damping

coefficient f, (ii) a drag term F that modifies the effects of the

wind speed, and (iii) the fluctuations and magnitude of the

wind speed itself. Example output from the tree sway model

is shown schematically in Panel b of Fig. 1, and the full model

derivation is provided in the Supporting Material. The model

was run for different values of the f, F, and a representative

threshold angle for seed release hthresh, shown in Table 1. Seed

abscission frequencies were computed from the rate at which

h > hthresh, and the rate at which the accumulated angular

kinetic energy ðdh=dtÞ2 exceeded the thresholds given in Table

1. The probability of seed release from all three mechanisms

was described by a generalized sigmoidal function:

gðu�Þ ¼ au�
b

cþ u�b
: ð5Þ

When ðu�Þb >> c, gðu�Þ ! a. Provided that a is large

enough for abscission to occur during a dispersal season, the

normalization in Eqn (4) means that seed dispersal outcomes

are independent of a. Eqn (5) provides a generalization of the

effects of nonrandom abscission.

Inertial Particle Coupled Eulerian-Lagrangian Closure
Model (IP-CELC)

IP-CELC for stationary u�. The (CELC) model is a stochastic

Lagrangian model that tracks the movement of individual

fluid parcels and seeds (particles) within a neutrally stratified,

turbulent flow field (Nathan & Katul, 2005; Poggi et al., 2006).

CELC models the profiles of the first and second moments of

the flow field in a Eulerian frame of reference using conven-

tional second-order closure assumptions to explicitly account

for turbulence and the presence of a vegetated canopy (Mass-

man & Weil, 1999). Once the Eulerian flow field is computed,

Lagrangian fluid and seed velocities are constructed with a set

of Langevin equations whose drift and dispersion formulation

preserve the Eulerian flow statistics. The model is run for an

ensemble of seeds to generate probability distributions of flights.

One shortcoming of the original CELC model is that it neglects

the inertia of seeds, which causes seeds to ‘slip’ in the wind, and

for the wind and seed velocities to be imperfectly coupled to

each other. The CELC model was modified to account for iner-

tial particles (Wilson, 2000; Li & Taylor, 2005). In the modified

framework, the autocorrelation timescale is adjusted according

to a dimensionless parameter b0 that accounts for inertia as

follows:

CP ¼ Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðb0Vt

rw
Þ2

q ; ð6Þ

where Γ[t] is the Lagrangian correlation timescale of the

turbulence, Vt [ms�1] the terminal velocity of the seed, and

rw[ms�1] the standard deviation of the vertical velocity fluctu-

ations. For noninertial particles that are fully coupled to the

flow, b0 ¼ 0 and seeds move perfectly with the fluid. For

spherical particles that slip in the flow field, b0 ¼ 1:5. The

autocorrelation is applied when updating the local air velocity

around the seeds, as detailed in the Supporting Material. The

seed velocity dynamics in the IP-CELC model are summarized

below. A full description of the fluid equations is given in the

Supporting Information. The seed is accelerated or decelerated

in the longitudinal (x), lateral (y), and vertical (z) directions by

drag forces that arise from the difference between the velocity

of the seed vp~ðup; vp;wpÞ and the fluid, v~ðu; v;wÞ, where by con-

vention u [ms�1] denotes the wind speed in the x direction, v

[ms�1] the speed in the y direction and w [ms�1] the speed in

the z direction:

dup
dt

¼ Ajv~� vp~j u� up
� �

dvp
dt

¼ Ajv~� vp~j v� vp
� �

dwp

dt
¼ Ajv~� vp~j w� wp

� �
;

ð7Þ

where g0 ¼ gðqp � qÞ=qp½ms�2] is the reduced gravity experi-

enced by the particle (with density qp½kgm�3]) in the fluid

(with density qÞandg½ms�2] is the gravitational acceleration.

The coefficient A½m�1� is computed from the fluid drag as fol-

lows:

A ¼ 3

8

q
qp

CD

r
; ð8Þ

Table 1. Model parameters used

Abscission ðdh=dtÞ2 hthresh Damping

coefficient, f

F

1, 10, 1000 p/2 0.01, 0.1, 1 0.5

IP-CELC r Vt qair b0

3 mm 0.5, 1, m/s 1.38 kg/m3 0, 1.5

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 1720–1735
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where r[m] is the effective seed radius, and the dimensionless

CD is computed as CD ¼ a1
Rep

ð1þ a2RepÞ. The dimensionless

particle Reynolds number, Rep ¼ jv~� vp~jd=v, quantifies the

velocity difference between the fluid and the seed. As the seed

velocity approaches the air velocity Rep ! 0, CD ! 1, attach-

ing the seed to the surrounding air, and generating the nonin-

ertial case. In the limit of large particle Reynolds numbers

(large slippage), the drag coefficient approaches a constant

that depends on the seed morphology. Coefficients a1 and a2
are not known for most seeds, so typical values for smooth

spheres: a2 ¼ 0:016 and a1 ¼ 24 were adopted. Stoke’s flow

was assumed to relate the seed terminal velocity to its density:

qp ¼
3

8

CDS

gr
V2

t ; ð9Þ

where, from analysis of, for example, the data of Sudo et al.

(2008), the Stokes drag coefficient CDS is close to 0.4 (very simi-

lar to the drag coefficient of a sphere at large Rep). Parameters

used in the IP-CELC calculations are shown in Table 1.

Eulerian wind statistics: contemporary and global
stilling scenarios

Contemporary conditions. The IP-CELCmodel requires speci-

fication of the second-order flow statistics throughout and above

a vegetated canopy. This profile was simulated for a mixed

hardwood canopy using an analytical second-order closure

model (Massman & Weil, 1999) (see Supplementary Material).

Neutral atmospheric stability and planar-homogeneous flow

conditions were assumed. Representative temporal variations

in u� were taken from 10 years (1998–2008) of measurements

made at the Duke Forest, located near Durham, North Carolina,

USA. The Weibull distribution describing the u� variations at

Duke Forest has a scale parameter of 0.44, a shape parameter of

1.91, and a seasonal mean u� of 0.38 ms�1, equivalent to a sea-

sonally averaged u of 1.3 ms�1 at the canopy top (Fig. 2).

Wind statistics with a global stilling scenario. Studies of glo-

bal stilling report changes in the mean wind velocity which

must be translated into changes in the (Weibull) pdf of the

mean hourly wind speed. Here, it was assumed that changes in

the mean wind speed due to stilling can be absorbed by the

scale parameter of the distribution, leaving the shape of the dis-

tribution unaltered. The global mean annual change in surface

wind speed reported byMcVicar et al. (2012b),�0.014 ms�1a�1

was applied over time horizons of 20 and 50 years to the Wei-

bull pdf measured at Duke forest. To accommodate these

changes in the mean wind speed, the Weibull scale parameter

changed from 0.44 to 0.12 (20 years) and to 0.06 (50 years).

Model implementation

To generate dispersal kernels, seed release was simulated just

beneath the canopy height. Seed trajectories were computed

until they arrived within 0.1 m of the z = 0 boundary, at

which point they were assumed to have settled, and their x

location was recorded. Models were run for five different seed

terminal velocities (Vt ¼ 0:5; 0:625; 0:75; 0:875; 1:0 ms�1), two

different assumptions about inertia (b0 ¼ 0 and 1.5), three

canopy heights (h = 5,10 and 20 m), three different initial con-

ditions, and 10 values of u� spanning the Duke Forest Weibull

distribution. At least 10 000 simulated seeds were released for

each factorial combination of the parameters.

Nonstationary u� in seasonal dispersal kernels. The Duke

Forest u� distribution provided the starting point for comput-

ing the effects of nonstationarity in u� under all scenarios. The
empirical u� distribution was discretized into 10 bins.

IP-CELC was run with u� fixed at the centroid of each bin,

generating 10 hourly dispersal kernels. The resulting seasonal

dispersal kernel from unbiased seed release was computed as

the superposition of each hourly kernel, weighted according

to Weib ðu�Þ. Nonrandom abscission was accounted for by

weighting the hourly kernels with Eqn (4) rather than Weib

ðu�Þ. Seasonal kernels were generated for three kinds of abscis-

sion: (i) random abscission (b = 0, c = 0); (ii) moderately

biased abscission (b = 5, c = 1); and (iii) Strongly biased

abscission (b = 15, c = 100), and for three mean wind speed

cases, (a) the contemporary wind environment, and the (b) 20

and (c) 50 year stilling cases. Events with probabilities

<1 9 10�4 were assumed not to occur within a dispersal sea-

son and were set to zero.

Initial conditions on u and up. The effect of the initial hori-

zontal velocities was tested with three different model runs.

Unbiased initial conditions were generated by selecting uo
from a Gaussian pdf. Nonrandom initial conditions were

implemented by rejecting the uo value with probability 1�p

(u), where p(u) was generated for the simple rupture case,

using four different values of uthresh : 2; 3; 7:5, and 15 ms�1,

spanning the range of possible wind speeds above a 10 m can-

opy. Resulting distributions of uo were positively skewed, par-

alleling observations in grasses (Pazos et al. 2013). The initial

particle velocity, upo was set to either equal uo, or to zero,

bounding the physical range of possibilities. Dispersal kernels

were generated for the three initial conditions: (i) unbiased uo,

upo ¼ 0; (ii) biased uo, upo ¼ 0 and (iii) biased uo, upo ¼ u.

Analysis of dispersal kernels and computation of migration

rates. The seasonal dispersal kernels were characterized by

their first through fourth-order moments, allowing a direct

evaluation of abscission effects on seed flights. To compute

the migration rates, seasonal dispersal kernels were fit with

the analytical WALD model (Katul et al. 2005) using maxi-

mum likelihood estimators. The WALD parameters (l, k, see
Supporting Information) are directly related to the maximum

population migration rate (Thompson & Katul, 2008), and

can be decomposed into contributions from the wind statis-

tics (an effective mean wind speed ueff , fluctuating vertical

velocity rw;eff, and scaling constant j�0.6), and contributions

from the seed characteristics:

l ¼ ueffzr
Vt

; k ¼ ueffzr
2jhrw;eff

; ð10Þ

where zr is the seed release height [m], h the canopy height

[m], and Vt the terminal velocity [ms�1]. We used the effective
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wind statistics to estimate the sensitivity of migration rates to

nonrandom abscission and stilling for 15 wind-dispersed spe-

cies described in Thompson & Katul (2008), Nathan et al.

(2011a) (parameters given in Table 2). For each species, we

used the IP-CELC generated with h and Vt parameters that

most closely matched the properties of that species to estimate

the WALD parameters and the migration rates.

Results

Abscission probabilities

Similar sigmoidal forms of the functions f(u) and gðu�Þ
could be described using Eqn (5) regardless of the spe-

cific details of the three seed release models. Typical

results are shown in Fig. 3. The function f(u) was steep,

with an asymptote near unity for the simple rupture

and deflection mechanisms, reflecting the threshold

responses. The asymptote occurred at f(u)<<1 for the

accumulated energy mechanism. This was due to the

deflection angles and angular velocities being bounded.

These bounds imposed a minimum timescale over

which the seed-plant connection could weaken, and

resulted in a lower frequency of abscission. Eqn (5) was

fitted to experimental observations: five distinct wind-

dispersed species studied by Jongejans et al. (2007),

Soons & Bullock (2008), Greene & Quesada (2011) – see

Fig. 4 – and described the data well, supporting the

generality of the sigmoidal relationships, although fit-

ted values of a, b, and c varied. The functional response

of seed release probabilities to bias in the abscission

mechanisms therefore seems to be general, presumably

because abscission probabilities always derive from

integration of the pdf of u0.

How do changes in initial conditions influence the
dispersal kernels?

The moments of hourly dispersal kernels generated

using the same u0, but with up0 ¼ 0 in one case and

up0 ¼ u0 in the other, differed by only 3%. Biases in the

initial velocity of the seeds due to nonrandom abscis-

sion therefore have a negligible effect on seed transport.

The initial wind velocity u0 altered the hourly dispersal

kernels of heavy seeds, but only when uthresh and u�

were both low. For instance, for heavy seeds, with

uthresh ¼ 2 ms�1 and u� ¼ 0:3 (u = 1.1 ms�1), the mean

travel distance was 2.5 times greater for seeds released

only when u > uthresh than for seeds released randomly

into the same wind conditions. This effect was dimin-

ished, however, for higher u�, uthresh, and for light seeds.

The decline in the influence of the initial wind speed

arises from two causes. First, as u� increases with fixed

uthresh, the proportion of the instantaneous wind distri-

bution truncated by the release mechanism declines.

Second, to control for this effect, the ratio of the

moments of the kernels was plotted as a function of

the percentage truncation of the u� pdf. Sensitivity to

the initial conditions continued to decline with increas-

ing u�, uthresh, and decreasing terminal velocity, even as

the truncation of u� became less pronounced, as shown

in Fig. 5. For light seeds, initial conditions never altered

the dispersal distances by more than 10%. Paradoxi-

cally, therefore, the greater the bias in initial conditions

due to nonrandom abscission, the less effect it had on

the subsequent seed dispersal.

How does the distribution of u� affect dispersal kernels?

On seasonal timescales, nonrandom abscission alters

dispersal by changing the distribution of u� (Eqn (4))

experienced by dispersing seeds, due to the weighting

of the u� distribution by gðu�Þ, the seed release proba-

bilities (Eqn (5)). Figure 6 shows the effect of varying b

and c on gðu�Þ, and on the mean seasonal dispersal

length for light, inertial particles. The trends are repre-

sentative of all values of Vt and b’. Low b values and

low c values recover random abscission (near-uniform

probability of seed release for all u�). All other cases

lead to an increase in abscission frequency with u�,
increasing the mean dispersal distance l. The effect of

gðu�Þ on the higher order moments of the light, inertial

particle dispersal kernels is shown in Fig. 7. Like the

mean, the variance of the dispersal kernel increased as

abscission became more biased. This trend was

reversed, however, for the third- and fourth-order

moments. Although the kernel was always positively

skewed and leptokurtic, both the skewness and kurto-

sis declined as abscission was biased toward high u�.

Table 2. Characteristics of 15 wind-dispersed tree species

Vt;ms�1

Release

height (m)

Canopy

height (m)

Acer rubrum 0.67 10 17

Acer saccharum 1.0 10 17

Acer negundo 0.92 9.5 19

Acer saccharinum 0.87 12.5 25

Betula lenta 1.6 15 20

Betula papyrifera 0.55 16 21

Carpinus caroliniana 0.98 8.3 11

Fraxinus americana 1.4 13 19

Fraxinus pennsylvanica 1.6 12 17

Liquidamber styraciftua 1.05 16 26

Liriodendron tulipifera 1.48 17 26

Picea glauca 0.62 17 23

Pinus strobus 0.93 34.5 46

Pinus taeda 0.7 22 31

Tilia americana 2.92 12 16
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The decrease was particularly dramatic (around two

orders of magnitude) in the kurtosis.

Effect of different seed and canopy properties on the
predicted seed dispersal kernels

Seed properties altered the absolute value of the

moments of the dispersal kernels, although the trends

in these moments with g u�ð Þ were consistent. Increased

terminal velocity (predictably) resulted in shorter

dispersal distances regardless of b’. The lower order

moments of the kernels were sensitive to the seed ter-

minal velocity as shown in Table 3: the mean, for exam-

ple, scaled with 1=Vt, in agreement with the predictions

of the WALD model (Katul et al., 2005). This scaling

was preserved across the range of nonrandom abscis-

sion behaviors treated, suggesting that even the com-

posite monthly dispersal kernels generated by the

convolution of the Weibull (or truncated Weibull) and

the hourly dispersal kernels preserved the general

behavior of a Wald Distribution. For all terminal veloci-

ties with h = 10, changing b’ altered the moments of the

kernels by 5%–10%. The limited sensitivity of the

kernels to the specification of inertial or noninertial

behavior by the seeds indicates that the timescales over

which the wind was able to accelerate seeds were short

compared to the timescale on which seeds would reach

the ground. Consistent with this interpretation, the

moments of inertial and noninertial kernels differed on

average by 19% for h = 5, by 12% for h = 10 and by 6%

for h = 20, suggesting that as the timescale for seeds to

fall increases, the effect of inertia declines. As shown in

Table 3, the inertial seeds were typically more sensitive

to the effects of nonrandom abscission than were the

noninertial seeds, suggesting that the longer response

timescales of these seeds tends to exaggerate long-dis-

tance dispersal. Higher canopies exaggerated long-dis-

tance dispersal effects, with the kurtosis of the kernels

scaling near-linearly with the inverse of the canopy

height – again as would be anticipated if the dispersal

behavior approximated a Wald Distribution. The

damping of these effects arises in part because the wind

statistics as well as the seed environment scale with the

canopy height. The overall sensitivity of the kernels to

the properties of seeds and canopies was consistent with

the predictions based on Wald Distribution (Katul et al.,
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Fig. 3. Results from the abscission models. The left-hand column shows the probability of seed release as a function of the instanta-

neous horizontal wind speed, u, which describes a step-function in all cases. For the simple rupture and threshold angle models, release

probabilities approached 100% at high u. For the energy accumulation model, the saturating probability was < 100%. The right-hand
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2005), even when there was considerable variation in

the hourly mean wind speed. This provides justification

in proceeding to use the WALD model to estimate

migration behavior.

WALD kernels and migration rates

Figure 8 shows the sensitivity of the migration rates for

the wind-dispersed species in Table 2 grouped accord-

ing to the wind conditions (current, 20 years stilling,

50 years stilling): quantitative details are presented in

Table 4. The changes in potential migration rate were

strongly influenced by canopy height and seed terminal

velocity: the higher the terminal velocity the less sensi-

tive the migration rate was to changing ambient wind

conditions and nonrandom abscission. For heavy seeds,

however, high canopies lead to a greater sensitivity

of the migration rates to nonrandom abscission and

stilling. For light seeds, nonrandom abscission affected

migration rates most greatly for trees with high

canopies. These changes were largely independent of b’.
Reductions in mean wind speed reduced potential

migration rates, most strongly for the 50-year stilling

case. Migration rates of several species were dramati-

cally sensitive to nonrandom abscission: strongly

biased abscission increased the maximum potential

migration rates by factors of 100–200. These increases

were strongly sensitive to the wind conditions: stilling

scenarios over a 50-year time-frame effectively elimi-

nated the effects of nonrandom abscission on migra-

tion. Nonrandom abscission therefore appears to have

the potential to cause strongly nonlinear dependence of

dispersal behavior and population migration potential

on mean wind speed conditions.

The ecological implications of this nonlinear sensitiv-

ity can be explored through a synthetic example using

some well-characterized wind-dispersed species. The

synthetic nature of the example arises from the limited

data regarding nonrandom abscission in realistic plant

communities. The example consists of the migration

potential of an assemblage consisting of silver maple

Acer saccharinum, white ash Fraxinus americana, and lob-

lolly pine Pinus taeda, three distinct wind-dispersed tree

species that currently grow in the Eastern USA. Greene

& Johnson (1992) estimated that the abscission proba-

bility of silver maple seeds was related to the wind

speed as fðuÞ ¼ 0:0022u2:31 (with u in [ms�1]). Delcourt

& Delcourt (1987) provide estimated population migra-

tion velocities for these species from the palynological

record: approximately, 163 m yr�1 for silver maple,

123 m yr�1 for white ash and 240 m yr�1 for loblolly

pine. These velocities are consistent with those
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with the mean wind speed according to the proposed sigmoidal

g u�ð Þ function. Data presented include the mean of measure-

ments from Soons & Bullock (2008); updraft and longitudinal

wind speed tests from Greene & Quesada (2011) and measure-

ments made for peak turbulence and temperature test cases by
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predicted from the WALD model using the seed and

growth properties of these species and the wind statis-

tics of the contemporary eastern USA computed from

Ameriflux towers (Thompson & Katul, 2008). The his-

torical migration velocities are therefore taken as rea-

sonable estimate of the current migration potential of

these three species. We computed the dispersal kernels

and migration velocities for the three species after 20

and 50 years of stilling, assuming firstly random abscis-

sion, and second that all the plants exhibit the same

abscission behavior as the silver maple. Results are

illustrated in Fig. 9.

Under contemporary conditions, loblolly pine

migrates nearly twice as fast as the other two trees. If it

established successfully, then the two slower hardwood

species would migrate into an establishing coniferous

forest. This pattern is similar to the normal successional

sequence in south-eastern forests (Stoy et al., 2006), sug-

gesting that all species would ultimately spread in this

scenario. If, however, the invasion did not commence

for 20 years, during which time the stilling trend

continued, then the loblolly pine and white ash would

migrate at similar rates (assuming random seed abscis-

sion). Seedling competition between the two species

could then determine the nature of the forest that the

slowly migrating maple would invade, and the likely

success of that invasion. Finally, under a scenario

where all trees abscise nonrandomly and the stilling

trend continues for 50 years, the maple and ash popula-

tions would outpace the pine. Successful migration of

all three species would depend on whether a pioneer

species (loblolly pine) could successfully invade a later-

successional forest assemblage (hardwoods). Typical

successional dynamics suggest that this process would

Fig. 6. Effect of varying the parameters b and c on the frequency of abscission as a function of u� (panels i–iv) and on the overall mean

dispersal length l for light, inertial particles (main panel). The gðu�Þ functions in panels i–iv are normalized by their maximum values.

High b and low c values (panel i) yield a sigmoid. Low b and low c lead to near-uniform abscission probabilities, recovering the random

seed release case. High c and high b values (iii) lead to a near-linear increase in abscission frequency but with absolute value <0.0001,

interpreted as no abscission (white region in the center panel). Finally, high c but low b values (panel iv) result in a power-law increase

in the abscission probability with u�, which does not saturate for physically reasonable u� values.
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likely be slow, dependent on disturbance, and thus not

conducive to spreading of the pine population. This

example, although synthetic, illustrates the potential for

different combinations of stilling and nonrandom

abscission applied to an assemblage of wind-dispersed

species to generate different patterns of migration.

Given the nonlinear competition and survival dynamics

between different species at different life stages, the

long-term composition of areas subject to invasion by

wind-dispersed species could vary dramatically based

on these invasion patterns. At a minimum, given the

current understanding of A. saccharinum, stilling com-

bined with the nonrandom abscission of the maple

seeds could slow migration from the historical 163 m

yr�1 to as little 16 m yr�1. Predictions that ignore the

current habit of nonrandom abscission would over-

estimate the future migration rate by a factor of three.

Discussion

The aim of this study was to (i) provide a theoretical

basis for empirical relationships between abscission

and the wind environment (Greene & Johnson, 1992;

Greene, 2005; Skarpaas et al., 2006; Jongejans et al.,

2007; Soons & Bullock, 2008; Bohrer et al., 2008; Greene

& Quesada, 2011); (ii) to determine the dominant fac-

tors that influence the form of dispersal kernels formed

when seeds abscise nonrandomly (Greene, 2005); and

(iii) to investigate the joint effects of nonrandom abscis-

sion and a slowing near-surface wind environment on

dispersal and population migration rates (McVicar

et al., 2008; Loarie et al., 2009; Guo et al. 2011; McVicar

et al., 2012b, a).

The results demonstrate that abscission probabilities

depend on the integrated pdf of the instantaneous wind

Table 3. Range in the mean, standard deviation, skewness, and excess kurtosis for seeds released from 10 m canopies at five dif-

ferent terminal velocities, over the range of b and c parameters that defined the synthetic f(u) functions

l r Skewness Excess kurtosis

Min Max Min Max Min Max Min Max

Vt ¼ 1, b0 ¼ 1:5 7.12 138 23.2 274 3.77 33.6 19.5 1950

Vt ¼ 0:875, b0 ¼ 1:5 8.45 201 34.1 406 3.77 34.1 19.7 2010

Vt ¼ 0:75, b0 ¼ 1:5 10.6 305 52.3 622 3.49 32.3 15.8 1730

Vt ¼ 0:625, b0 ¼ 1:5 14.6 460 81.3 929 3.43 29.1 15.2 1420

Vt ¼ 0:5, b0 ¼ 1:5 22.7 805 142 1520 3.06 25.4 12.3 1060

Vt ¼ 1, b0 ¼ 0 7.56 117 20.7 249 4.17 36.5 24.4 2380

Vt ¼ 0:875, b0 ¼ 0 8.63 171 30.1 365 4.07 36.3 22.8 2290

Vt ¼ 0:75, b0 ¼ 0 10.5 240 45.1 506 3.62 31.0 16.6 1550

Vt ¼ 0:625, b0 ¼ 0 13.9 405 74.1 850 3.47 30.2 15.5 1500

Vt ¼ 0:5, b0 ¼ 0 21.1 708 132 1430 3.31 27.3 14.6 1230
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speed for three different mechanisms tested, and that

due to the near-Gaussian form of this PDF, sigmoidal

(error-function-like) relationships between abscission

probability and wind speed are likely to be general

regardless of the abscission mechanism. Nonrandom

abscission, as expected, increased dispersal length

scales and potential plant population migration rates,

primarily by truncating the pdf of u� experienced by

dispersing seeds (Pazos et al., 2013). Although nonran-

dom abscission positively biased the initial conditions

experienced by seeds, this bias only influenced seed tra-

jectories under low wind speed conditions, mitigating

the effect of the change in initial conditions. Similarly,

although nonrandom abscission increased the mean

wind speed experienced by dispersing seeds, it reduced

the variability in the wind speed distribution, and thus

the kurtosis of the dispersal kernel. Seeds released

under nonrandom conditions therefore travel further as

a population, but are less likely to take long excursions

from the modal behavior of the population. As high-

lighted by Clark et al. (1998), Clark (1998), and Nathan

et al. (2011b), truncation of these long excursions slows

the rate of population migration relative to a scenario

where the mean travel distance increased without a

reduction in the kurtosis of the kernel. Thus, biological

and physical tradeoffs limit the extent to which nonran-

dom abscission can accelerate population migration

rates. Finally, the effects of nonrandom abscission were

strongly sensitive to the statistics of the ambient wind

environment. Changes that lower ambient wind

speeds, such as the observed global stilling phenome-

non, disproportionately inhibit the dispersal and migra-

tion of seeds with biased release when compared to

seeds that are released randomly. As illustrated in the

synthetic case study, these interactions can determine

community composition and patterns of invasion and

migration that change as a function of global stilling

scenarios and the abscission characteristics of individ-

ual species.

Tradeoff 1: bias in initial condition vs. sensitivity to
initial conditions

Although nonrandom abscission biases the initial wind

speeds experienced by dispersing seeds, seed trajecto-

ries become decoupled from these initial conditions as

u� increases. Therefore, the more biased the initial con-

dition due to nonrandom dispersal, the less it affects

the overall dispersal kernel. Low sensitivity to initial

conditions can be attributed to the relatively long-flight

times of dispersing seeds and can be interpreted via a

scaling argument. The seed fall time is on the order of

s ¼ h=Vt. The integral timescale of eddies inside dense

canopies is on the order of t0 ¼ Ih=u�, where h is the

canopy height and I�0.1 is a parameter describing the

integral timescale of the flow (see Lai et al., 2002).

Table 4. Sensitivity of migration rates of 15 wind-dispersed tree species to nonrandom abscission and stilling. Inertial (In.) and

Non-Inertial (NI) data shown separately. Two nonrandom abscission cases are illustrated

Current wind speed 25 Year simulated stilling 50 Year simulated stilling

Rd.

b = 5,

c = 1

b = 15,

c = 100 Rd.

b = 5,

c = 1

b = 15,

c = 100 Rd.

b = 5,

c = 1

b = 15,

c = 100

In. NI In. NI In. NI In. NI In. NI In. NI In. NI In. NI

Acer rubrum 1 19 20 120 120 0.38 0.41 1.6 1.6 24 25 0.16 0.20 0.38 0.43 1.4 1.5

Acer saccharum 1 7.6 6.9 33 31 0.58 0.63 1.4 1.4 8.6 7.9 0.28 0.38 0.62 0.69 1.3 1.4

Acer negundo 1 9.6 9.7 48 47 0.53 0.57 1.4 1.4 11 12 0.25 0.33 0.56 0.62 1.3 1.3

Acer saccharinum 1 9.4 9.3 47 45 0.55 0.59 1.4 1.4 10 12 0.27 0.35 0.58 0.64 1.3 1.4

Betula lenta 1 7.2 6.5 31 28 0.60 0.66 1.4 1.4 8.2 7.4 0.31 0.41 0.65 0.72 1.3 1.4

Betula papyrifera 1 19 19 110 110 0.40 0.44 1.6 1.6 23 23 0.18 0.22 0.41 0.46 1.4 1.5

Carpinus caroliniana 1 17 15 110 97 0.45 0.56 1.5 1.6 21 18 0.22 0.37 0.48 0.61 1.3 1.4

Fraxinus americana 1 7.4 6.7 32 29 0.60 0.65 1.4 1.4 8.4 7.6 0.30 0.40 0.64 0.71 1.3 1.4

Fraxinus pennsylvanica 1 7.4 6.8 32 30 0.59 0.64 1.4 1.4 8.5 7.7 0.29 0.39 0.63 0.70 1.3 1.4

Liquidambar styraciftua 1 7.1 6.4 31 28 0.61 0.66 1.4 1.4 8.1 7.3 0.32 0.42 0.66 0.73 1.3 1.4

Liriodendron tulipifera 1 7.1 6.4 30 27 0.61 0.66 1.4 1.4 8.1 7.3 0.32 0.42 0.67 0.73 1.4 1.4

Picea glauca 1 27 27 180 159 0.31 0.33 1.7 1.8 32 35 0.12 0.14 0.30 0.33 1.5 1.6

Pinus strobus 1 7.8 7.4 36 33 0.62 0.66 1.5 1.5 8.8 9.3 0.35 0.44 0.70 0.74 1.5 1.5

Pinus taeda 1 30 28 200 160 0.32 0.41 1.7 1.8 35 37 0.14 0.24 0.33 0.43 1.4 1.6

Tilia americana 1 16 14 97 85 0.49 0.59 1.5 1.5 19 16 0.26 0.41 0.53 0.65 1.4 1.5

Mean 1 13 12 76 68 0.51 0.57 1.5 1.5 16 15 0.26 0.35 0.55 0.62 1.4 1.5

Min 1 7.1 6.4 30 27 0.31 0.33 1.4 1.4 8.1 7.3 0.12 0.14 0.30 0.33 1.3 1.3

Max 1 30 28 200 160 0.62 0.66 1.7 1.8 35 37 0.35 0.44 0.70 0.74 1.5 1.6
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Whenever the seed fall timescale exceeds the eddy

timescale, that is, s=t0 >> 1, significant velocity fluctua-

tions or uplift can occur, causing seed flights to ‘lose

memory’ of the initial condition. For s=t0 >> 1, we

require that u�=Vt > I. Nonlinear abscission truncates

small values of u�, increasing u�=Vt and causing the ini-

tial conditions to become decoupled from the transport

behavior of most seeds, as illustrated by Fig. 5. The pri-

mary consequence of the low sensitivity to initial condi-

tions is that the effects of nonrandom abscission on

dispersal arise primarily at seasonal timescales, due to

changes in the distribution of u� during dispersal.

Tradeoff 2: increase in mean dispersal distance vs.
decrease in kurtosis of dispersal kernels

At seasonal timescales, nonrandom abscission tends to

truncate the lower component of the u� pdf. By limiting

abscission to high wind speeds, nonrandom dispersal

increases the mean seasonal value of u� compared to

random dispersal scenarios, increasing the mean dis-

persal distance (Bohrer et al., 2008; Maurer et al. 2013).

Truncation of the Weibull distribution of u�, however,

makes the resulting distribution more uniform in nat-

ure. By converting the Weibull to a near-uniform distri-

bution, nonrandom abscission removes the potential

for interactions between the tails of the Weibull and

Wald distributions (Thompson et al., 2008), reducing

the kurtosis of the seasonal kernel. This interpretation

is supported by recent results of Pazos et al. (2013, in

review), who investigated two different shapes for a u�

distribution. Nonrandom abscission truncated the low

u� probabilities. If the u� distribution was strongly

skewed toward low u�, the truncated distribution was

near-uniform. Dispersing seeds thus experienced a

wide range of wind speeds, leading to a fat-tailed dis-

persal kernel. Conversely, where the u� distribution

was skewed toward high u�, a small range of u� values
near the truncation threshold dominated the u� distri-

bution. Dispersing seeds experienced a largely uniform

wind environment, and the resulting kernels were more

platykurtic.

In this context, the value of nonrandom abscission

as an evolutionary strategy to promote long-distance

dispersal may also be limited by biological factors

rather than physical processes. Requiring ever-higher

wind speed conditions for seed release risks never

releasing the seeds at all, exposing them to predation;

or releasing seeds under conditions corresponding to

extreme weather events which may be conducive to

long-distance transport, but probably not to successful

seed lodging and germination. Selective pressure on

seeds lies in maximizing recruitment success, rather

than maximizing dispersal length scales per se.

Assuming that increased dispersal improves recruit-

ment success, there are three pathways plants can

adopt: (i) developing specialized dispersal structures;

(ii) biasing seed release; and/or (iii) decreasing seed

size to lower Vt. Of these three options, correlations

between seed size and germination success are well

documented, if complex (Westoby et al., 1992; Jakobs-

son & Eriksson, 2003; Gomez, 2004; Moles & Westoby,

2004). One value of nonrandom abscission for seeds

may lie in boosting dispersal length scales without

requiring reductions in seed mass. Quantifying seed

abscission bias between different plant species, seed

masses and release heights could offer insight into the

variation in the significance of seed abscission condi-

tions between species, and thus into the significance

of transport and biological tradeoffs in shaping abscis-

sion behavior.
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Fig. 9. Example of Acer saccharinum (silver maple), which

Greene & Johnson (1992) showed exhibits nonrandom abscis-

sion, and which the pollen fossil record suggests exhibited an

historical population migration rate of approximately 160 myr�1

(Delcourt & Delcourt, 1987). Fraxinus americana (ash) and Pinus

taeda (loblolly pine) migration rates are shown for reference.

Dark-shaded bars in the figure indicate the projected migration

rates of all species under stilling scenarios assuming that they

undergo random abscission. Light shaded bars indicate the same

scenarios but now assuming that all species undergo nonrandom

abscission with the same u dependency identified for A. sacchari-

num. Cases (i) to (iii) illustrate three different but plausible

migration patterns that could result if these three species were

migrating together: (i) the contemporary case in which maple

and ash must invade pine forests; (ii) a 20 year scenario in which

pine and ash continue to abscise randomly, but the interaction

between nonrandom abscission and stilling stalls the migration

of maple; and (iii) a 50 year scenario assuming all plants

undergo similar nonrandom abscission. Now the pine migration

is stalled, and ash andmaple (slowly!) migrate together.
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Tradeoff 3: vulnerability to changing wind statistics

Strongly biased seed release promoted large maximum

migration rates when investigated in the context of the

contemporary wind environment, as shown in Fig. 8.

However, it was also apparent that this release strategy

was associated with sensitivity to global stilling scenar-

ios: up to 200-fold declines in migration rates were

predicted if stilling trends were to continue for

50 years. Conversely, the average reduction in migra-

tion velocity due to stilling for random seed abscission

was 50%. As illustrated for the case of Acer sacchari-

num, when changing migration rates are considered

across a heterogeneous community of wind-dispersed

plants, the interaction between abscission and stilling

can also impact the composition of migrating plant

communities. Given the significance of founder effects

and species-level interactions, different wind environ-

ments and species-level differences in abscission

behavior could produce drastically different long-term

ecological trajectories. Clearly, the importance of these

effects depends on very uncertain parameters, in

particular the current seed abscission and transport

behavior and the persistence of the global stilling

trend. There are relatively few observations that char-

acterize species-specific abscission behavior (Greene &

Johnson, 1992; Greene, 2005; Skarpaas et al., 2006;

Bohrer et al., 2008; Soons & Bullock, 2008; Greene &

Quesada, 2011; Maurer et al., 2013). The abscission

behavior explored here neglected environmental condi-

tions such as humidity and maturation schedules all of

which alter abscission and may well enhance migration

(Greene & Johnson, 1992; Skarpaas et al., 2006; Jonge-

jans et al., 2007; Maurer et al., 2013). Field technologies

for observing plant populations, tracking release

dynamics, and monitoring dispersing seeds are rapidly

improving (Hamilton et al., 2007), and there is great

scope to improve understanding of abscission by

detailed observational studies across multiple species.

The implications for seed migration can be assessed

with increasing fidelity by drawing on statistics of the

friction velocity over many different canopy types

representing different climatic zones and ecosystems,

which are now widely available due to the increasing

deployment of eddy covariance technologies (Baldoc-

chi et al., 2001), or which can be estimated from canopy

leaf profiles generated by high resolution and multi-

waveform LIDAR is available to profile the distribution

of leaf density within canopies (Lefsky et al. 2002; Wei

et al., 2012). Even the second-order controls on migra-

tion imparted by the seed drag and inertial properties

can be inferred by confronting high resolution particle

tracking models like CELC with wind tunnel transport

data.

Future work should also address the ongoing

changes in the near-surface wind environment, includ-

ing analysis of how the observed trends in global aver-

age wind speeds are translated into changes in the

hourly wind speeds pdfs, which is currently unclear.

Vautard et al. (2010) found that the changes in average

wind speed were reflected by declines in extreme wind

speeds in some regions, but not universally. Klink

(1999) found that the decline in mean wind speeds

was accompanied by an increase in monthly maxima

in 160 stations in the USA. The validity, causes and

future trajectories of wind speed stilling merit further

research in their own right (McVicar et al., 2012b), and

clarifying these issues will sharpen the implications for

seed dispersal. For example, if observed trends in

global wind speeds arise from increased vegetation

cover, then the effects on the forest canopy species

addressed in the case study may be less than indicated

by the global data, since existing forests are unlikely to

further increase in aerodynamic roughness. If stilling

is attributed to other causes, then it has the potential to

alter predictions of plant migration and adaptation to

future climate scenarios. The significance of these

changes will likely increase if the stilling trend contin-

ues. However, even if the observed trends in near-

surface wind speed are not maintained in future

decades, the results here assist in understanding

wind-mediated plant migration during the period of

stilling over the past 50 years.

Conclusion

This study demonstrated that multiple abscission

mechanisms lead to a single functional relationship

between abscission frequency and friction velocity,

resulting in a monotonic increase in mean dispersal dis-

tance and population migration rate, but decrease in

the kurtosis of dispersal kernels when seed releases are

biased. These changes can be attributed to the moving

seeds sampling a small and biased fraction of the over-

all hourly wind speed variability, with limited effects

of the initial wind velocity and initial seed velocity on

the resulting dispersal kernels. Despite the complexity

of the resulting dispersal kernels, the analytical WALD

model remained a valuable tool to investigate scaling of

the dispersal kernels with seed and canopy properties.

For a suite of tested species, nonrandom abscission

increased potential migration by 1–2 orders of magni-

tude. This increase was not robust in the face of nonsta-

tionary wind conditions. When confronted with global

stilling, all wind-dispersed plant migration rates are

likely to decrease, but the decreases for randomly abs-

cising species were on the order of 50% vs. a 200-fold

reduction for the most extreme nonrandom abscission
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scenarios. Species-level features relating to seed veloc-

ity and canopy structure mean that different (synthetic)

combinations of abscission and stilling dynamics lead

to different predictions about founding plant communi-

ties, subsequent patterns of succession and invasion,

and the timescales on which these changes can occur.

Characterizing abscission dynamics for key wind-dis-

persed species provides an opportunity to refine exist-

ing predictions about migration and climate change

(e.g., Nathan et al., 2011a) based on the highly nonlin-

ear interactions of stilling and abscission bias.
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