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Abstract. Predicting forest-tree seed dispersal across a landscape is useful for esti-
mating gene flow from genetically engineered (GE) or transgenic trees. The question of
biocontainment has yet to be resolved, although field-trial permits for transgenic forest
trees are on the rise. Most current field trials in the United States occur in the Southeast
where Pinus taeda L., an indigenous species, is the major timber commodity. Seed dispersal
distances were simulated using a model where the major determinants were: (1) forest
canopy height at seed release, (2) terminal velocity of the seeds, (3) absolute seed release,
and (4) turbulent-flow statistics, all of which were measured or determined within a P.
taeda plantation established from seeds collected from wild forest-tree stands at the Duke
Forest near Durham, North Carolina, USA. In plantations aged 16 and 25 years our model
results showed that most of the seeds fell within local-neighborhood dispersal distances,
with estimates ranging from 0.05 to 0.14 km from the source. A fraction of seeds was
uplifted above the forest canopy and moved via the long-distance dispersal (LDD) process
as far as 11.9-33.7 km. Out of 10° seeds produced per hectare per year, roughly 440 seeds
were predicted to be uplifted by vertical eddies above the forest canopy and transported
via LDD. Of these, 70 seeds/ha traveled distances in excess of 1 km from the source, a
distance too great to serve as a biocontainment zone. The probability of LDD occurrence
of transgenic conifer seeds at distances exceeding 1 km approached 100%.

Key words:  Duke Forest (North Carolina, USA); gene flow; genetically modified conifers;, gym-
nosperms; long-distance dispersal; pine plantation; Pinus taeda; seed dispersal; transgenic trees.

by wild P. taeda forests. Pinus taeda can now be clon-
ally produced from genetically identical somatic em-
bryos as part of highly intensive plantation silvicultural
systems and, more recently, genetically transformed P.
taeda is being field tested although not yet planted on
a commercial scale (Mann and Plummer 2002) and
transgenic field tests are destroyed at reproductive on-
set.

INTRODUCTION

Risk analysis of gene flow from genetically modified
or transgenic forest trees requires reliable estimates of
seed dispersal distances. One class of forest trees,
pines, disperses seeds on the order of kilometersin old-
growth forests (Nathan et al. 2002) but dispersal dis-
tances have not yet been predicted for young pine plan-
tations, which reproduce at | east a decade before timber
harvest.

Our case study is based on Pinus taeda, a major
commodity forest species in the United States indig-
enous to the southeastern United States (Baker and
Langdon 1990). Dispersal distances are relevant be-
cause molecular domestication is rapidly changing the
genetic composition of private forests often surrounded
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Predicting seed dispersal

Most seeds fall near their source, a dispersal process
defined as local-neighborhood diffusion (LND) (Hen-
geveld 1989). A small fraction is lifted above the can-
opy by vertical updrafts then moved far from source
via long-distance dispersal (LDD) (Fig. 1; Nathan et
al. 2002). While no formal definition exists, LDD is
often quantified using one of two quantities: (1) the
distance traveled by the 99.9th percentile of seeds
(Dpaw) @nd (2) the distance traveled by the 99th per-
centile of the seeds (Dg). LND events constitute an
advancing wave of seedling regeneration around the
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TaBLE 1. A summary of seed dispersal models, listed by increasing complexity, within type.

Model type

Comments/description

Mechanistic
Ballistic models

Only consider transport by mean wind speed.

Reproduce the dispersal kernel mode reasonably well, but not long-distance dispersal

(LDD).
Analytical solutions for sim-
plified advection-diffusion
equations
Coupled Eulerian-Lagrang-
ian closure models, CELC

The vertical inhomogeneity introduced by the canopy on the flow statistics is not con-
sidered. The resulting kernels are heavy tailed but unbounded in variance.

Vertical inhomogeneity introduced by the canopy elements, atmospheric stability, and
organized turbulent excursions are all resolved.

The effect of vertical velocity skewness is not addressed.
Computationally demanding.

Large-eddy simulations,

All the dynamics of large-scale eddies transporting seeds are explicitly considered at

Computationally prohibitive for simulating more than a few hours of real time.

Monotonically decaying kernels with limited number of fitting parameters.

Kernels do not distinguish between dispersal patterns near and far from the source.
Kernel parameters are typically fitted to dispersal data collected near the seed source,

LES short time scales.
Empirical
Power-law and exponential
models
making inferences about LDD unrealistic.
Mixed models

Able to account for the fact that the dispersal-kernel behavior near the seed source is

different from the dispersal-kernel behavior far from the source.
The number of parameters needed ranges from 4 to 6, but a broad range of dispersal
distances must be collected for reliably determining them.

The 2Dt (bivariate Student’s

t distribution) model skewed.

This is the most popular empirical and heavy-tailed kernel, parsimonious, but not

Some justification for its usage, as it may be connected with Tsallis's thermostatic en-

tropy.

periphery of the source but LDD events are the source
of remote satellite colonies (Moody and Mack 1988,
Nichols and Hewitt 1994, LeCorre et al. 1997, Clark
et al. 1998).

Several mechanistic and empirical models have been
proposed for modeling dispersal and these include at-
tempts to separate LND and LDD dispersal processes
(summarized in Table 1). Given the absence of dis-
persal data for genetically modified seeds, empirical
models may not be viable. However, mechanistic mod-
els can be adapted to predict seed dispersal if seed
traits, release height, and the flow statistics are known.
We chose the coupled Eulerian-Lagrangian closure
(CELC) model because it accounts for the turbulent
velocity excursions inside the forest canopy, particu-
larly in the vertical direction, at fine scales (~10 sec-
onds) and because it has been verified across a wide
range of ecosystems (Nathan et al. 2002, Soons et al.
2004). In this approach, first and second moments of
the velocity statistics inside the forest canopy are first
computed using higher-order Eulerian moment-closure
principles (Katul and Albertson 1998). Next, a three-
dimensional Lagrangian trajectory model generates
random velocity fluctuations at fine time scales with
statistical moments identical to those computed by the
Eulerian approach. The resulting synthetic flow field is
used to disperse seeds in three dimensions within and
above the forest canopy at one or more transport levels
above the earth’s surface. Generating the flow field us-

ing large-eddy simulations (LES) (Table 1) might be
more desirable than a CELC model. The drawback is
that LES adds a steep computational cost, prohibitive
for this application, requiring more than 10 seconds of
computer time to simulate 1 second of turbulence. The
CELC model is thus deemed optimum in terms of pre-
dictive skills and computational demands (Table 1).
In this study, seed dispersal distanceswere quantified
using the CELC model. Variables for predicting seed
dispersal and spread are shown in a schematic diagram
(Fig. 1). Seed dispersal distances were predicted for
plantation conditions using plantation height at seed
release, terminal velocity for P. taeda seeds, wind sta-

1) Above-canopy wind statistics
2) Canopy leaf area density

3) Seed release height Input
4) Seed quantity

5) Seed terminal velocity

CELC Model Seed dispersal TranSgemC
computes seed ?Agzgﬁ&?g efrom I »seed
rejodtories Output | dispersal kermel) dispersal

Fic. 1. Schematic diagram of the CELC (coupled Euler-
ian—-Lagrangian closure) model input/output used for pre-
dicting seed dispersal kernels. Actual measurements for |eaf-
area density (and index), seed-release height and terminal
velocity, and wind statistics above the canopy were for a
Pinus taeda plantation situated at the Blackwood division of
the Duke Forest near Durham, North Carolina, USA.
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tistics above the plantation’s canopy, |eaf-area density,
and drag properties of the canopy.

METHODS AND MATERIALS
Measurements from a wild Pinus taeda plantation

Seed dispersal distances were computed from repro-
ductive data measured in a Pinus taeda plantation es-
tablished from wild forest-tree seed. The plantation is
located in the free-air CO, enrichment (FACE) pine
plantation in the Duke Forest, near Durham, North Car-
olina, USA (35°97’ N, 79°09" W). Trees in this well-
studied plantation have shallow root systems that limit
water and nutrient availability (Oren et al. 1998, Oren
et al. 2001)

Site attributes.—Planting density is 1730 stems/ha
and the genetic composition is local wild forest-tree
seed source (LaDeau and Clark 2001). The mean can-
opy height (h) at 16 years or reproductive onset is 14.6
m and projected to increase to 21.3 m by age 25 (har-
vest age). Leaf-areaindex (LAI), defined asfoliage area
per unit ground area, is 4.6 m?m? for the 16-yr-old
stand during the dispersal season (Schafer et al. 2003).
At 21 years the measured LAI is 5.5 m?¥m? and rep-
resents the expected maximum LAl for this stand.
Hence, for the purposes of model cal culations and not-
ing the limited nutrient availability, we assumed LAI
equals 5.5 m¥m? for the 25-yr-old stand.

Based on fecundity data from 1998-2000, we esti-
mate an annual seed production of ~10° seeds/ha for
age 16 and used this value for all simulations. This
was an approximation based on the following observed
release of quantities of sound seed at the Duke Forest
plantation: 6321 seeds in 1998, 85289 seeds in 1999,
and 145493 seeds in 2000.

Seed attributes.—Seed terminal velocity for P. taeda
seeds is 0.7 = 0.23 m/s (mean * sb) and was deter-
mined from a nearby stand (Nathan et al. 2002). The
mean seed-rel ease height in the model calculationswas
set to 0.8 h (at 16 years) and 0.9 h (at 25 years) to
reflect age-related changes in crown seed distribution.

Wind statistics.—As part of along-term carbon-flux
monitoring initiative, the three components of thewind
velocity are collected (since 1998) above the canopy
using a CSAT3 triaxial sonic anemometer (Campbell
Scientific, Logan, Utah, USA) at 10 Hz and averaged
every 30 min. To extrapolate these wind statistics to
the 25-yr-old case, we fitted a Weibull function to the
30-min measured friction velocity (u, ) histogram (pdf
[probability density function]) for 1998-2003 data,

cug?t

given by
(U’
b b

and assumed that the parameters of the resulting Wei-
bull distribution (b = 2.11 and ¢ = 0.456) remain sta-
tionary.

pdf(u,) = exp
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A predictive CELC model for seed dispersal

To model seed trajectory, we used a Lagrangian ap-
proach originally applied to seed dispersal by Nathan
et al. (2002) and Soons et al. (2004) in which the seed
coordinate at position x; is described as

X (t + At) = x(t) + JHM (u — 85V, dt

i=12 3. 1)

Here y, is the seed velocity along direction x, with x,,
X,, and X; being the longitudinal, lateral, and vertical
velocities, respectively, V, isthe seed terminal velocity,
At isthe discrete simulation timeinterval, and tistime.
The model, with instantaneous velocity in the hori-
zontal and vertical directions, has random variables
possessing many statistical attributes of canopy and
surface-layer turbulence. These attributes are aimed at
reproducing the well-known spatial and temporal co-
herence of canopy eddies. We use a Lagrangian sto-
chastic-dispersion approach to generate the turbulent
velocity excursions based on the assumption that the
evolution of the position and velocity of afluid element
are described by a Markov process. Basic concepts,
details, and many references to the use of this approach
in atmospheric sciences have been reviewed in Rodean
(1996). Using the Markov process assumption, the evo-
lution of u,, needed to compute fluid element trajec-
tories x;, can be expressed by

du’ = a;(x, W, Hdt + B(x, u, Hde, )

where u/ is, as before, the instantaneous turbulent ve-
locity along direction x;, «; are the drift coefficients,
B;; are the random acceleration coefficients, and dQ is
a Gaussian random variable with zero mean and var-
iance dt.

For stationary and inhomogeneous near-Gaussian
turbulent flows, «; and B;; are estimated from Thom-
son’s (1987) ‘‘simplest solution’ using the procedure
outlined in Rodean (1996) to preserve the so-called
“well-mixed” condition. The well-mixed condition
states that if the concentration of a speciesis initially
uniform in a turbulent flow, it will remain uniform if
there are no sources or sinks, consistent with the second
law of thermodynamics. Thomson's (1987) *‘ simplest so-
lution” in three dimensions results in the following:

Cye) a(uy) 1 oupuz)
— /+ ! + ! -
> Nzl + Ng3Ug) % U3 27 0%,
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du; =
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. <s) 1a<u3u3) __The closure model for computing (uy, (u'w’), (u'?,
du; = (Aisth + Aglls) + 2 ox. 9% dt (V'?), (w'?), simplifies to the following set of ordinary
— differential equations (ODES) upon temporal and spa-
+ M()\uui + A gsl)) tial averaging of the conservation-of-momentum equa-
0X3 tions and following standard closure approximations of
a () canopy flows (Katul and Albertson 1998):
3333 (A13Up + Ng3u3) 3dt + VCo(&)dQ  1ean momentum:
3) 0=— d<l;W ) _ Cqa(2)()?
where C, (=5.0) is asimilarity constant (related to the z
Kolmogorov constant), the overbar indicates time av- tangential stress budget:
eraging, (-) indicates spatial averaging, and \;;, Ny3, Ao, d<3 d(W)
and A\, are given by the following equations: 0= —(w ’2> dz(q)\l e )
1
Ay = — Q<U'W’> d<_>
— 1u5)2 - + C
(wpy — ) 3, oz
(U3u3)

Ay = (UpUy)~t

e = 1

3 —
R u’u’ 2
(g — B

(upu)
N = 1
13 - ’ ’ ’ ’
() — (ugug Xusug)
1

(urug)

where (U;) is the Eulerian mean longitudinal velocity
(defined such that (Uy) = 0); (Ui (=07), (WU (=0?),
and (ujus)(=02) are the Eulerian variances of the three
velocity components (subscript v represents the lateral
velocity and subscript w represents the vertical veloc-
ity); (uiug)(=(w’u’)) isthe Reynolds (mean momentum)
stress; and (e) is the mean turbulent kinetic-energy dis-
sipation rate (note that both index and meteorological
notations are used interchangeably). These flow statis-
tics can be computed from a one-dimensional Eulerian
second-order closure model developed for canopy
flows and described next. We estimate dt from the La-
grangian integral time scale T, given by

1
7(0'2 + o2+ 02)

(&)

For our simulations, we set dt = 0.05T,_, which is
sufficiently fine to ensure numerical convergence. In
this model, the existence of a coherent time scale T,
ensures that turbulent excursions are autocorrelated.
That is, a fluid element carrying a seed experiencing
an updraft is likely to experience an updraft in the next
time step as compared to a downdraft. A recent study
by Pope (2000) demonstrated that such a model for the
Lagrangian acceleration is in close agreement with di-
rect numerical simulation (DNS) calculationsin rough-
wall boundary-layer flows, and this further added con-
fidence about the realism of our approach to this par-
ticular problem.

T =

longitudinal velocity variance:

«w ou'2)
+ 3
—2uw )—= pr dz(q)\ e 2C a(2(u)
A (e ¥ 2@
3>\2(<“ ) 3) 3N
lateral velocity variance:
dv2\ A (- @) 2¢
0= dz(q)‘1 dz ) V2 T3 T3
vertical velocity variance:
d{,. dw?\ q @\ _ 20
0=—(3g\ w2 - ==
dz(qldz> 3)\2< ) 3\,
where q = V{(UU') is a characteristic velocity scale
related to the turbulent kinetic energy; C, is a drag
coefficient (~0.2); a(2) is a leaf-area density (recall
that LAl = [§ a(2) d2); \; = aL,e with L, a charac-
teristic length scale specified using the formulation in
Katul and Albertson (1998) and not permitted to in-
crease at arate larger than k = 0.4, the von Karmann
constant; and a;, a,, a;, and C are determined so that
the flow conditions well above the canopy reproduce
well-established surface-layer similarity relations.
With estimates of the four constants (a;, a,, a;, C), as
described in Table 2 and the Appendix, the above five
ODEs can be solved iteratively for the five flow vari-
ables (U), (u'w’), (U'2), (v'?), (W'?), which are used to
drive the Lagrangian model described earlier. The Ap-
pendix describes the computational grid, numerical
scheme, and boundary conditions.

Model implementation

In the CELC model calculations, 10° seeds were re-
leased for each stand age. For each seed, a u, was
drawn from the following:

=
-

=b Iog(1

where p O [0, 1] is a uniformly distributed random
number. If the modeled velocity at release height did

1/c
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not exceed 0.5 m/s, another u, was drawn. (This ve-
locity is estimated as the minimum velocity necessary
to overcome frictional forces and commence rotating
the cups of a standard cup anemometer. Hence, dis-
lodging seeds would require at minimum this threshold
velocity.)

The trajectory of each seed was computed using Eq.
1 with the velocity fluctuations being modeled from
the numerical solution of Eq. 3. For each u, the \
parameters in Eq. 3 were computed from the second-
order closure model. Once the forest floor intercepted
a seed, its distance from the release point was deter-
mined. The dispersal kernel was then computed as the
histogram of all these distances (i.e., 10° distances).
An example of the resulting kernel is shown in Fig. 2
for illustration. We draw attention to four features about
this kernel.

1) More than six decades of distances and five de-
cades of probability densitieswere simulated by CEL C;
hence, ‘‘extreme’’ value statistics were well resolved.

2) Because of a preset threshold velocity (0.5 m/s)
on seed dislodging, none of the seeds will fall exactly
at the source location.

3) Most of the seeds will fall between 10* and 10?
m (mode is ~25 m).

4) Few seeds moved via meso-transport dispersal—
or dispersal distances farther than the height of the
atmospheric boundary layer (~10° m during daytime
conditions).

We summarized the kernel statistics for each stand
age in Table 3 and then discussed these summaries.
Note that while the u, distributions and terminal ve-
locity were identical for the two stand ages, both seed-
release height and |eaf-area densities differed. The ef-
fect of seed-release height was accounted for in the
initial conditions of Eq. 1. The effect of |eaf-area den-
sity differences was accounted for in the term Cg,a of
the Eulerian model, which then affectsthe N parameters
in Eg. 3, and ultimately the trajectories in Eq. 1.

REsuLTS

Dispersal distance (Dgy,) from source widened more
than four-fold as seed-rel ease height increased from age
16 to 25 years (Table 3). Most released seeds were
subject to local neighborhood dispersion (LND) and
these distances ranged from 0.05 to 0.14 km (Table 3).
The fraction of seeds caught in updrafts above the can-
opy traveled at a maximum distance (D,,,) of 11.9 km
in the 16-yr-old stand and at a distance of 33.7 km in
the older 25-yr-old stand (Table 3).

Using these coupled Eulerian-Lagrangian closure
(CELC) simulation results for a stand at age 16 years
and assuming release of 10° seeds/ha annually, we pre-
dicted roughly 440 seeds (10° X 0.0044) will be up-
lifted and transported via long-distance dispersal
(LDD) (Table 3). About 70 seeds (10° X 0.0007) will
reach distances in excess of 1 km from source (Table
3), a distance too great to serve as a biocontainment
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TaABLE 2. Dimensionless closure constants used in the Eu-
lerian model calculations.

Constant Value
a, 0.30
a, 1.58
ag 20.8
a 0.07
C 0.12
Cq 0.2

Notes: The dimensionless constants a,, a,, and a, relate the
characteristic length scal es describing the flux-transport term,
the return-to-isotropy term, and the viscous-dissipation term
in the second-order closure model to the basic mixing length
scale, respectively. They are computed assuming that the di-
mensionless standard deviations of the longitudinal (A,), lat-
eral (A), and vertical (A,) velocity components, respectively,
are A, = 2.2, A, = 2.0, and A, = 1.4 above the canopy (as
discussed in Katul et al. [2006]). Here, these vel ocity standard
deviations are normalized by the friction velocity (u,.) above
the canopy. The dimensionless constant « relates the mixing-
length scale of the model to the canopy leaf-area density and
drag coefficient, C4. The constant C is a similarity constant
related to the pressure—velocity interactions and can be com-
puted from a,;, a,, a;, A, A,, and A,.

zone. Of these, roughly four seeds will survive asfirst-
year seedlings, assuming germination rates of 6%
(DeSteven 1991). Each year, a 10-hafield trial at a 16-
yr-old stand would disperse 40 seeds that would col-
onize at distances in excess of 1 km from source.

Results were similar for astand at age 25 yearswhere
nearly 420 (105 X 0.0042) seeds were uplifted and
transported via LDD (Table 3). About 25% of the es-
caped seeds reached distances in excess of 1 km (e.g.,
Fig. 2), and of these roughly six seeds per year ger-
minated. For a 10-ha transgenic planting at age 25
years, this would translate into 60 seedlings colonizing
at least 1 km from source each year.

DiscussioN

We used computer simulation based on measure-
ments from a plantation established by wild forest-tree
seeds because experiments using transgenic trees is
prohibited under U.S. regul atory statutes (available on-
line).® Long-distance dispersal distances of Pinustaeda
seeds ranging from 11.9 to 33.7 km were consistent
with an anecdotal report of pine seed dispersal at dis-
tances of 8-25 km in treeless areas of the Southern
Hemisphere (Richardson et al. 1994). Long-distance
seed-dispersal estimates are greater by an order of mag-
nitude when compared to average seed-dispersal dis-
tances of 60 to 90 m for P. taeda (Baker and Langdon
1990). The explanation is that use of average dispersal
distance is less informative about the dispersal pro-
cesses due to its bimodal nature.

However, the mode of the predicted CELC kernel in
Fig. 2 was 20-50 m, quite close to the average dispersal
distances reported elsewhere (Baker and Langdon

6 (http://www.aphis.usda.gov/brs)
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Fic. 2. The variation of the modeled seed dispersal kernel (pdf, probability density function) expressed as a function of
dispersal distance (d) from the release source for the 25-yr-old stand is shown on a log—og scale, given the wide range in
values of distance and probability. The pdf should be interpreted as the fraction of released seeds (dimensionless) dispersing
at a distance d from the source. Note that the area under the entire density function is unity if all the released seeds fall on
the ground. The percentage of seeds moving at meso-transport distances of 1 km or greater are shown by the shaded area.

Note that the log—log presentation is not ‘‘area preserving.”

1990). In any event, long-distance dispersal of pine
seeds, like long-distance pollen dispersal (Katul et al.
2006) can move on the order of kilometers.

Our predicted results, when extrapolated to trans-
genic seed dispersal distances, are conservative for
three reasons:

1) Model parameters were based on measurements
from a moderately low-fertility site (Oren et al. 2001)
so improved conditions on more fertile sites or on fer-
tilized sites will accelerate seed production and rate of
height growth with a predictable enhancement of ab-
solute seed production and seed escapes via long-dis-
tance dispersal (LDD).

2) LDD predictionsreported here excluded sonic an-
emometer data from occasional hurricane-force winds

occurring during autumn seed dispersal because equip-
ment power outages typically occur during hurricanes.
As a result, LDD seed movement may be underesti-
mated by use of the fitted Weibull function for the 30-
min sonic anemometer velocity measurements.

3) Seed production in P. taeda plantations is un-
derestimated for elevated atmospheric CO, conditions.
Elevated CO, triples seed production (LaDeau and
Clark 2001) and range expansion is predicted to double
for P. taeda (Iverson and Prasad 2002). Elevated CO,
predictions over the next 50 years directly challenge
our model’s assumption of constant fecundity over
time.

What are the implications for gene-flow dynamics
for genetically modified or transgenic forests? Our

TaBLE 3. Input and output variables for CELC model (Fig. 1) for Pinus taeda seed dispersal

distances.
Variable 16-yr-old stand 25-yr-old stand

Input

Seed-release height (m) 12.3 19.0

Leaf-area index, LAI 4.1 55
Output

Local-neighborhood diffusion, LND (km) 0.05 0.14

Dy (km)T 0.79 3.59

Da (km)F 11.90 33.70

Fraction of uplifted seeds 0.0044 0.0042

Fraction of seeds dispersed >1 km 0.0007 0.0011

T The distance traveled by 99% of the seeds.

¥ The distance traveled by 99.9% of the seeds.
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modeling results confirm that gene flow for transgenic
conifersis more complex when compared to transgenic
food crops (Williams 2005). Each year, moretransgenic
conifer seeds and pollen will travel farther from the
same plantation for at least three reasons. (1) long-
distance dispersal occurs at micro-, meso-, and possibly
macro-transport distances, (2) seed production starts at
least a decade prior to timber harvest and annually
recurs for the same plant, and (3) forest canopy heights
increase with age, which in turn increases the dispersal
distances.

First, Pinus taeda disperses unwanted seeds as well
as pollen on the order of kilometers. Establishing of
remote satellite colonies via LDD seed movement has
high probability of success because dispersed P. taeda
seeds retain viability for a few months prior to ger-
mination (Little and Somes 1959, Baker and Langdon
1990). Gene flow from transgenic conifer seeds de-
serves closer scrutiny in conjunction with pollen move-
ment.

Second, uplifted seed movement depends on realistic
seed production within the Duke Forest plantation. Our
estimates are conservative because producing 10° seeds
per year is low for a species characterized by heavy
annual seed production at mature ages (Cain and Shel-
ton 2001). Annual production of 74000 sound seeds
per hectare is poor for a mature P. taeda forest, and
198 000 sound seeds per hectare is a good crop (Baker
and Langdon 1990). Consider too that numbers of LDD
seeds will increase when sound seed yields exceed 1.6
million per hectare per year for P. taeda old-growth
forests (Cain and Shelton 2001).

Third, the annual height increment of the forest can-
opy with ageincreases dispersal distances. Eventhough
we held released seed quantity constant between plan-
tation ages 16 and 25 years, dispersal distance still
increased with age. Thiswas a net outcome of two age-
related changes in forests: (1) added annual height for
seed release increased the distance of LDD seed trans-
port but (2) increased LAI (leaf-area index) attenuated
wind speed and other flow statistics within the canopy,
decreasing the distance. Seed-release height proved to
be the more important of these two factors, resulting
in increased LDD distances with age.

Only a few escaped transgenic seedlings can cause
colonization and spread if the transgene is favored by
selection (Meagher et al. 2003, Williams and Davis
2005). Our results here merely point to the inadequacy
of biocontainment zones for P. taeda, contrary to the
recommendations for transgenic eucalypt field trials
(Linacre and Ades 2004).

These seed dispersal distance predictions can be used
for ecological risk analyses associated with the com-
mercial release of transgenic P. taeda (Williams and
Davis 2005). Focusing on long-distance dispersal
(LDD) distances is more realistic for this type of risk
analysis than using averages for seed dispersal dis-
tances because seed dispersal and satellite colonization
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of transgenic conifers moving farther from source pos-
es problems for adjacent landowners who manage for
indigenous forests or practice less intensive silvicul-
ture. Risk analysis should focus on LDD distances,
taking into account that there are no public conser-
vation banks or in situ repositories for commodity for-
est species in the United States to serve as insurance
against harm to indigenous conifer forests. Our results
suggest that escape of transgenic P. taeda seeds is a
certainty under the planting conditions represented in
this study.
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