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Summary

• Gene flow is a primary determinant of potential ecological impacts of transgenic trees.

However, gene flow is a complex process that must be assessed in the context of realistic

genetic, management, and environmental conditions.

• We measured gene flow from hybrid poplar plantations using morphological and genetic

markers, and developed a spatially explicit landscape model to simulate pollination, dispersal,

establishment, and mortality in the context of historical and projected disturbance and land-

use regimes.

• Most pollination and seed establishment occurred within 450 m of the source, with a very

long tail. Modeled transgene flow was highly context-dependent, strongly influenced by the

competitive effects of transgenes, transgenic fertility, plantation rotation length, disturbance

regime, and spatial and temporal variation in selection. The use of linked infertility genes even

if imperfect, substantially reduced transgene flow in a wide range of modeled scenarios. The

significance of seed and vegetative dispersal was highly dependent on plantation size.

• Our empirical and modeling studies suggest that transgene spread can be spatially exten-

sive. However, the amount of spread is highly dependent on ecological and management

context, and can be greatly limited or prevented by management or mitigation genes such as

those that cause sexual infertility.

Introduction

There are substantial concerns about the spread of transgenic
plants into wild and feral plant communities. These concerns are
heightened for perennial species such as trees and grasses that
have undergone little domestication and that provide extensive
ecological services (James et al., 1998; Ellison et al., 2005;
Hoenicka & Fladung, 2006; Reichman et al., 2006). A first step
in assessing the potential ecological effects of transgenes beyond
areas of cultivation is the estimation of potential transgene
dispersal (Wilkinson et al., 2003b; Hails & Morley, 2005;
Chandler & Dunwell, 2008). However, such studies present
substantial technical and theoretical challenges because forest
trees are at an early stage of domestication, and have extensively
outcrossing mating systems, long life cycles, and long-distance
dispersal of pollen and ⁄ or seeds (James et al., 1998; Williams &
Davis, 2005; Williams, 2010). Transgene spread must therefore
be considered over very large spatial scales and long timeframes,
precluding conventional experimental approaches in contained
environments (James et al., 1998; Kuparinen & Schurr, 2008).

Furthermore, regulatory restrictions would prevent direct study
of transgene dispersal in most species of trees and environments
before their full deregulation, further complicating accurate
assessment of transgenic risks (Strauss et al., 2010).

Various methods have been proposed to constrain transgene
flow, but an integrated framework is needed to assess the poten-
tial utility of these approaches. For example, the release of pollen
and ⁄ or seeds can be prevented through incorporation of a sterility
transgene in the transformation construct (Brunner et al., 2007;
Kwit et al., 2011). Alternatively, in cases where flowering is
needed for commercial or ecological purposes, it has been pro-
posed that incorporation of other types of ‘mitigation transgenes’
could be an effective containment strategy. For example, genes
that produce reduced stature and therefore provide high produc-
tivity in a plantation setting but low competitiveness in the wild
have been proposed as mitigation transgenes (Gressel, 1999; Al
Ahmad et al., 2006). Another approach where flowering is
permitted is to use recombinases to excise transgenes from
genomes during gamete development, but before pollen or seed
release (Moon et al., 2009). Chloroplast transformation would
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effectively prevent pollen flow in most angiosperms, but allow
spread by seed (Daniell, 2002). However, this approach has come
under criticism as providing incomplete containment in some
scenarios due to transmission by seed (Stewart & Prakash, 1998;
Allainguillaume et al., 2009) or incomplete maternal inheritance
(Svab & Maliga, 2007). Finally, the most common way of con-
trolling transgene spread is through management practices,
including harvesting on short rotations before flowering begins,
and ⁄ or the use of buffer zones where pollination and seed estab-
lishment are prevented, thereby mitigating spread outside the
confines of plantations. Such strategies have been called into
question because of the incomplete containment they provide in
empirical (Watrud et al., 2004; Reichman et al., 2006) and
simulation studies (Kuparinen & Schurr, 2008).

Modeling has played a key role in assessments of the efficacy of
containment strategies and, more generally, in attempts to assess
potential impacts of transgene dispersal at a landscape or regional
scale. For example, potential gene flow from Brassica napus fields
has been assessed at a regional scale in the United Kingdom using
simulation models that incorporate mechanistic representations of
pollen and seed dispersal, informed by empirical data on hybrid-
ization and establishment and field surveys of wild relatives
(Wilkinson et al., 2003a). Similarly, potential dispersal of trans-
genic loblolly pine seeds has been inferred from mechanistic
modeling of seed dispersal based on seed terminal velocity and tur-
bulent flow (Williams et al., 2006), and a deterministic population
genetics model parameterized with demographic and silvicultural
data (Williams & Davis, 2005). Alternatively, transgene introgres-
sion has been modeled as a metapopulation following an island
model, with underlying competitive dynamics represented by a
standard selection model (Meirmans et al., 2009). While valuable
insights have been gained from such studies, inferences are limited
due to the lack of spatial and ecological context (Sears et al., 2001;
Wilkinson et al., 2003a; Allainguillaume et al., 2009).

A spatially explicit modeling approach that incorporates land-
scape-scale analyses of ecosystem dynamics, empirical measures
of gene flow, land management regimes, and specific fitness
effects of transgenes enables ‘virtual experiments’ to help identify
the critical factors determining levels of potential transgene
spread. For example, the AMELIE model combines mechanistic
models of seed and pollen dispersal with phenomenological mod-
els of plant establishment and competition in a spatially explicit
context (Kuparinen & Schurr, 2007). However, even this model
lacks essential details about management practices and landscape
composition that are necessary for evaluating realistic scenarios of
transgenic crop cultivation. Here we report a model that fulfills
most of the above criteria, enabling the testing of hypotheses
important to ecological assessments and regulatory decisions
about transgenic crops. Our specific goals in this work were to:
directly measure levels of gene flow and establishment from
poplar plantations into adjacent wild populations; assess the
relative importance of biological and management factors in
determining the extent of transgene spread in a simulation
modeling framework; and assess how management might miti-
gate or promote spread, and whether linked infertility genes can
be effective in attenuating spread.

We report on gene flow from hybrid poplar plantations into
wild populations of black cottonwood (Populus trichocarpa) in
the Pacific Northwest region of the USA. Hybrid poplar planta-
tions have been cultivated in the study region for > 20 yr in close
proximity to stands of wild P. trichocarpa (Fig. 1), enabling us to
gather empirical data from conventional plantations as a baseline
for calibrating our models of transgene dispersal from possible
future transgenic plantations. We found that potential transgene
spread can be spatially extensive. However, the large majority of
dispersal is local and can be substantially attenuated or prevented
by management practices such as early harvest, coppicing, or the
use of linked sterility or other mitigation genes.

Materials and Methods

Choice of study species

We selected poplar as a model for studying potential transgene
spread because it is the preeminent model species for forest bio-
technology (Brunner et al., 2004), it is a potential biofuel crop
(Perlack et al., 2005; Hinchee et al., 2009), and its long-standing
cultivation in the Pacific Northwest USA allowed us to study a
realistic model ecosystem in which transgene deployment might
occur. Transgenic poplars have been used in numerous regulated
field trials in the USA and elsewhere (Strauss et al., 2004), and are
currently being commercially cultivated in China (Sedjo, 2005).
There is a large potential for additional transgenic applications
because the poplar genome has been sequenced (Tuskan et al.,
2006), many genotypes are amendable to genetic transformation,
and transformation appears capable of improving its high value for
bioremediation (Doty et al. 2007) as well as a number of other
traits (Boerjan, 2005). Furthermore, poplar is an excellent model
for study of large-scale transgene flow because several of its biologi-
cal characteristics make extensive gene flow possible (Vanden
Broeck et al., 2004, 2006; Meirmans et al., 2010). Poplars are
dioecious and wind-pollinated, and produce abundant, small
seeds with cotton-like appendages that facilitate long-distance
dispersal by wind and water (DeBell, 1990). Finally, wild relatives
are often interfertile with cultivated clones, and extensive wild popu-
lations commonly occur in the vicinity of commercial plantations.

Study sites

Studies of plantation gene flow were performed in the vicinity of
P. trichocarpa · P. deltoides (TD) hybrid poplar plantations
growing in the Pacific Northwest USA. Two of the sites were
located within large-scale, commercial hybrid poplar farms on
the lower Columbia River (Fig. 1), which also formed the basis
for the simulation modeling described below. The River Ranch
site was located near the confluence of the Westport Slough and
the Columbia River, and contained c. 110 ha of flowering hybrid
poplar clones (46�8¢6¢¢N, 123�20¢20¢¢W). The Clatskanie site
was located near the confluence of the Clatskanie and Columbia
Rivers (46�7¢35¢¢N, 123�13¢1¢¢W) (Fig. 1).

The Willamette site was located north of Corvallis, OR
(44�35¢12¢¢N, 123�11¢30¢¢W) and contained a 2.5 ha plantation
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that was established in 1990 to test growth of 27 hybrid poplar
clones, principally diploid P. trichocarpa · P. deltoides. Adjacent
to the plantation was a riparian population of P. trichocarpa con-
sisting of large, mature trees, and an abandoned gravel pit with
smaller trees that had apparently become established within the
previous 20 yr (Slavov et al., 2010).

Studies of natural establishment of hybrid seedlings were per-
formed in additional locations where wild black cottonwood
(Populus trichocarpa Torr. & Gray) seedlings had recently become
established in close proximity to large flowering plantations of
TD hybrid trees at three sites: along the Columbia River,
between the Clatskanie River and the Westport Slough
(46�8¢48¢¢N, 123�13¢30¢¢W) with 2350 ha of plantations
(Fig. 1); on the Skagit River in Washington (48�29¢41¢¢N,
122�9¢15¢¢W) with 44.4 ha of plantations; and on the Fraser
River in British Columbia (49�13¢16¢¢N, 121�55¢33¢¢W) with
190 ha of plantations.

Detection of hybrid gene flow

Establishment, survival, and growth rates of seedlings were
assessed using experimental ‘establishment’ plots that were estab-
lished in areas near plantations, where vegetation was cleared and
trees were watered during dry periods. These permissive condi-
tions were intended to emulate the rare opportunities for recruit-
ment for a small seeded, highly shade-intolerant species in a
region with long summer droughts. These establishment plots
were paired with adjacent seed traps constructed from wood
frames and mosquito netting. In total, 45 plots and traps were

established along four transects at each site located parallel to the
plantation edges at distances ranging from 10 to 100 m. Seeds
were collected weekly from traps and germinated in the lab to
enable identification of hybrids. Naturally established seedlings
were tagged and measured weekly within the establishment plots.

Seeds and seedlings derived from plantation hybrids were read-
ily identified using morphological and molecular markers that
were specific for P. deltoides, which is not native to the study area.
Over 9900 seeds collected from 56 wild P. trichocarpa trees at the
three sites and 4300 seeds from seed traps were germinated in a
glasshouse, then grown in a common garden at 30 cm spacing
with irrigation and weed control for 1 yr. Seedlings were mor-
phologically analyzed for evidence of TD hybrid parentage using
one of several foliage characteristics that distinguish P. deltoides
from P. trichocarpa, including petiole shape, abaxial leaf color,
leaf margin dentation, and leaf blade shape (Eckenwalder, 1984).

All putative hybrids plus a sample of 1650 randomly selected
seedlings were subjected to molecular analysis. We first used six
unlinked dominant RAPD markers (OPA2-640, OPA2-475,
UBC105-570, UBC406-700, UBC413-310, UBC417-1900)
and one microsatellite marker (win3) (Heinze, 1997) that were
highly species-specific. These markers were present in all 33
P. trichocarpa · P. deltoides F1 hybrids that were growing at the
study sites, and absent in a random sample of P. trichocarpa trees
from the same study sites (n = 178). These markers were presum-
ably heterozygous in the F1 hybrids, so the probability of cor-
rectly identifying hybrid progeny with this method was 0.99
based on independent Mendelian segregation of the markers.
The presence of any single marker was sufficient for declaration
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Fig. 1 Habitat types for the modeled landscape. Habitat types were delineated based on 1991 air photos and converted to a GIS layer, which was
subsequently converted to grid format with 10 · 10 m cells, and then converted to a binary input file for the simulation model. Descriptions of habitat
types can be found in Table S1.
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of putative TD hybrid parentage. Morphological and molecular
assessments were found to be in agreement 99.9% of the time.
We next used 10 microsatellite markers with an average of 17.5
alleles per locus and an average expected heterozygosity of 0.77
(Slavov et al., 2009). Using these markers, we confirmed putative
hybrid seedlings using parentage analysis based on modified
genotypic exclusion (Slavov et al., 2009).

Paternity analysis

Pollen flow was estimated for the Marchel site based on paternity
analysis for five P. trichocarpa mother trees and 45–48 seedlings
per tree. Mothers, progeny, and all male trees within the sampled
area were genotyped using the 10 microsatellite loci described
above. We assigned paternity using a genotypic exclusion method
that accounts for cryptic gene flow using Monte Carlo simula-
tions and allows up to three mismatching loci between offspring
and putative fathers to compensate for genotyping error,
mutations, and null alleles (Slavov et al., 2005, 2009). We used
maximum likelihood to model pollination distances by exponen-
tial, exponential power, and Weibull distributions, but these
provided a poor fit to observed data, severely under-predicting
long-distance dispersal. We therefore modeled pollination using
a mixture model, with local pollination described by an expo-
nential distribution, and long-distance dispersal modeled as a
uniform distribution, which provided an excellent fit to the
observed pollination data (Slavov et al., 2009).

Simulation model

We developed a simulation model to explore the implications of
transgene dispersal at the large spatial scales and long timeframes
required for ecological assessment. The model, called ‘Simulation
of Transgene Effects in a Variable Environment’ (STEVE), simu-
lated most aspects of the gene flow process, including pollination,
seed dispersal, stand establishment, and density-dependent mor-
tality (Fig. 2). The model and underlying data are described in

detail in Supporting Information Methods S1–S7. The model
was coded in C (source code available upon request from first
author) with modules representing each of the plant and manage-
ment processes described below. Each iteration, representing an
annual cycle, begins with reading data from a spatial database
containing information about each pixel on the landscape. Vari-
ables contained in these data structures are altered by plant and
management processes and written to the spatial database at the
end of each cycle. Pixel data are parsed with C utilities and perl
scripts and converted to GIS layers using ARC ⁄ INFO tools for
visualization.

Our target landscape was a 46 631 ha area along the Columbia
River, where hybrid poplar plantations are a significant compo-
nent of the landscape (Fig. 1). The model started with a specified
landscape containing various habitat types, including plantations
of transgenic trees (Table S1). Because P. trichocarpa in this area
has specialized ecological requirements for regeneration (Braatne
et al., 2007), the rate of establishment of propagules was
determined by prevailing disturbance and land-use regimes. The
simulations therefore included alterations of landscape composition
due to management activities, ecological succession, and natural
disturbance events (e.g. flooding). Transition rates were inferred
from a chronosequence of air photos. Briefly, we created a GIS
representation of habitat types in the study area by interpretation
of air photos from the Army Corps of Engineers (Allen, 1999).
This included delineation of P. trichocarpa populations and
hybrid poplar plantations. We compared GIS layers from the
years 1961, 1973, 1983, and 1991 to estimate rates of transition
among habitat types and therefore rates and patterns of establish-
ment of P. trichocarpa in different habitat types. Model structure
was also based on information on poplar demography and silvi-
culture from the literature, and on consultations with resource
management professionals (Methods S2). The simulation model
employed a spatially explicit landscape with 100 m2 pixels where
poplar seedling cohorts became established and then changed
through time as competitive exclusion occurred, until a single
tree occupied the cell or the habitat was altered by disturbance.
This pixel size approximates the crown-width of a mature
P. trichocarpa tree.

Poplar mating, dispersal, regeneration, growth, and competi-
tion occurred on an annual basis for 50 yr time periods. Empiri-
cal and theoretical values of model parameters, and their
variances, were specified to study how they singly, or in combina-
tion, influenced transgene spread. The primary measure of trans-
gene spread was the percentage of all pixels on the landscape
containing mature (usually > 5 yr old) wild poplars that had at
least one transgenic tree in the cohort (referred to as % area of
mature transgenics). This measure is directly related to the total
basal area of transgenics (Fig. S1), and is therefore a reasonable
index of the extent of transgenic plants on the landscape.

In most runs the model assumed that one-half of the pollen
was distributed locally according to an exponential pollen dis-
persal kernel and one-half was the result of landscape-wide pollen
immigration where transgene frequencies were calculated as a
proportion of all pollen produced on the landscape. This assump-
tion was consistent with the mixture model parameters we

Flooding/disturbance 

Plant processes

Establishment Vegetative  
propagules 

Growth/mortality 

Pollen 

Seeds 

Management 

Spatial 
database  

GIS Output 

Fig. 2 The STEVE model. Model begins with preprocessing of GIS layers
representing initial simulation conditions. Data are stored in a spatial
database containing information about elevation, cover type, poplar
populations, plantations, and agricultural fields. Simulation begins with
management activities such as plantation harvesting and herbicide
spraying. Poplar establishment and mortality is simulated in the
disturbance function. Seed, pollen, and vegetative propagules are
produced proportional to basal area of each genotype, followed by
dispersal, establishment, growth and mortality. Outputs are text files and
spatial data layers.
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estimated using paternity analysis data and maximum likelihood
(Slavov et al., 2009). Probability of pollination was modulated
by phenological overlap (Table S2) and wind direction. Seed
movement was calculated similarly to pollen, except that only 1–
10% of seed movement was considered to be non-local based on
results from seed trap studies. Vegetative dispersal was primarily
local and based on an exponential function parameterized by
observations of interclonal distances in wild stands (Methods S3;
Table S3).

Competitive effects of transgenes were simulated through
effects on size using the equation:

Baga ¼ a
Ng t ð1� e�0:04aÞ

N maxa
Eqn 1

where Baga is the basal area of genotype g (transgenic or conven-
tional) at age a, a is the relative difference in growth of transgenic
trees relative to average trees (or half the difference between trans-
genic and conventional trees), Ng is the number of trees of each
genotype, Nmaxa is the carrying capacity at age a, and t is time
(Methods S4).

Transgene effects were also simulated through differential
effects on mortality using an approach similar to the Lotka–
Volterra equation for two-species interactions (MacArthur &
Levins, 1967; Shugart, 1998), except the competitive differential
of one genotype is the exact opposite of that of the alternate
genotype. Mortality of conventional trees was:

M0 ¼ N0
N0 þ 1þ að ÞN1

N maxa

� �
� 1

� �
Eqn 2

and mortality of transgenics was:

M1 ¼ N1
N0 1� að Þ þ N1

N maxa

� �
� 1

� �
Eqn 3

For insect resistance simulations, the value of a depended
on the amount of insect herbivory that occurred in a pixel
(Methods S4).

We tested the functioning of the STEVE model by parameter-
izing runs to represent the same sites where we assessed pollen

and seed dispersal as described above. We created GIS layers rep-
resenting these sites and assessed pollen and seed flow at locations
approximating the distances and directions to the mother trees,
seed traps, and establishment plots described above. We studied
the influence of all major model parameters on transgene spread
using sensitivity analyses (Methods S5; Table S4). For computa-
tional efficiency in sensitivity analyses, we created a smaller artifi-
cial landscape (2500 ha) containing the same relative proportions
of the different habitat types as the full landscape. This portion
of the landscape was based primarily on the River Ranch site used
to generate much of the empirical data described above. We
simulated two levels of cultivation of transgenic trees: a large field
trial (19 ha) in an agricultural setting, and large-scale cultivation
(480 ha, 50% transgenic). For factors with substantial effects in
isolation, we performed a fractional factorial analysis, where each
factor was investigated at two levels in a systematic sample of all
factorial combinations to reveal main effects and two-factor inter-
actions. This was a resolution V fractional factorial experiment
(Box et al., 1978), in which 11 main effects (Tables 1, S5) and
all two-factor interactions were examined. This required 128
factor combinations, selected using the Factex procedure of SAS.

Results

Empirical observations of gene flow from plantations

Parentage analyses revealed that cultivated TD hybrid males suc-
cessfully pollinated female P. trichocarpa trees growing in close
proximity to plantations, though hybrid offspring accounted
for < 0.5% of seeds analyzed (Fig. 3). Hybrid seedlings (i.e.
those with at least one cultivated TD hybrid parent) grew at least
as well as P. trichocarpa seedlings in establishment experiments
adjacent to plantations, and in a common garden (Fig. 4).

Spatially explicit simulations of transgene dispersal and
establishment

We assessed the functioning of the STEVE model by generating
model predictions for pollen and seed flow for three different
levels of transgenic fertility, 0.1-, 0.5-, and 1.0-fold compared to

Table 1 Parameters varied in fractional factorial analyses

Parameter Description

Vegetative dispersal Rate parameter of the exponential distribution used to model the spread of vegetative propagules.
Vegetative establishment Percentage of established individuals in a new cohort that are derived from vegetative propagules.
Plantation sex Ratio of male to female plantation blocks.
Distant seed establishment Percentage of seedlings derived from nonlocal seeds (i.e. from a seed cloud that is panmictic at the landscape scale).
Rotation Time between plantation establishment and harvest.
Distant pollination Percentage of seeds that are sired by nonlocal males (i.e. from a pollen cloud that is panmictic at the landscape scale).
Age of flowering plantations Age at which plantations trees become reproductively mature.
Phenological compatibility Percent overlap in floral phenology between transgenic and wild trees.
Transgenic fertility Seed or pollen production of transgenic trees relative to wild trees.
Disturbance regime Rate of disturbance. ‘Obs.’ is the empirical regime that results in a 15% reduction of poplar populations over 50 yr,

as observed for the study area. 3· is a regime that causes a 15% increase in wild poplar over the same period.
Transgenic competitiveness A competitive differential for transgenic trees. Reflects differences in size (basal area) between transgenic and

nontransgenic trees and rates at which transgenic and nontransgenic trees die during density-dependent mortality.
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non-transgenic trees (i.e. at rates that bracket levels of fertility
observed in controlled crosses, Fig. S2) for the same sites where
pollen and seed flow were empirically determined. These predic-
tions were closest to fitting observed levels of pollen and seed flow
at the lowest fertility levels tested, though the model showed a
strong tendency to over-predict transgene flow (Figs S3, S4).

Using sensitivity analyses, we tested a wide variety of biological
and managerial factors for their potential influence on transgene
dispersal (Table 1). A fractional factorial sensitivity analysis
revealed that fertility, competitiveness, plantation rotation length,
and the disturbance regime had the most important and consis-
tent effects on transgene spread (Fig. 5). Because the fractional
factorial allows simultaneous testing of multiple parameters at a
range of levels, factors that are significant in this analysis can be
considered to be the most important determinants of transgene
spread. Fertility was by far the single largest factor affecting trans-
gene spread. Incomplete sterility (fertility of 0.01 relative to wild-
type) gave a dramatic reduction in the extent of spread, as did
various forms of unstable sterility (Brunner et al., 2007). The

importance of fertility was driven in part by the wide range of
parameter values tested, ranging from 1 to 100%. However,
fertility was still an important factor in a fractional factorial in
which all parameters were varied ± 10% from their default
values, though parameters such as competitiveness, rotation
length, and disturbance regime had stronger effects on transgene
spread (Fig. S5). Therefore, the range of parameters tested does
determine the relative importance of each variable in the sensi-
tivity analysis. However, fertility was still the most important
variable when all other factors were varied in biologically
reasonable ranges.

We also compared fractional factorial sensitivity analyses for
two different scenarios of transgenic poplar cultivation: an
isolated 19 ha ‘field trial’ and a 480 ha ‘commercial cultivation’
scenario, where transgenic plantations occupied nearly 10% of
the landscape. In our simulations, the relative effects of some
variables differed markedly between these scenarios, suggesting
scale-dependent effects on factors controlling transgene dispersal
(Fig. 5). Transgene spread was significantly affected by para-
meters related to the relative degree and distance of spread of
vegetative propagules, and to the extent of long-distance seed
movement only for the commercial cultivation scenario, but not
the field trial scenario. By contrast, increasing the proportion of
pollinations that were due to long-distance rather than local pol-
len dispersal resulted in significantly higher transgene spread in
the field trial scenario but not the commercial scenario (Fig. 5).
In all cases, however, spread from the commercial planting was
similar to or < 25-fold higher than from the field trial, similar to
the ratio of transgenic plantation sizes between the two scenarios
(480 ⁄ 19).

Simulations of transgene fitness and partial sterility

For simulations with stochastic variation on the full landscape,
we first considered the behavior of transgenes with no effect on
competitiveness (e.g. marker transgenes) by simulating their
spread over the entire study landscape (46 631 ha) over a 50 yr
period (Methods S6; Table S6). Stochastic variation was incor-
porated for all key parameters identified from the sensitivity anal-
yses. The maximum level of abundance of neutral transgenes was
c. 1% when relative fertility levels were equal to that of fully
fertile hybrid trees (i.e. relative fertility of 0.5; Fig. 6). With the
introduction of a sterility gene (relative fertility of 0.001), the
abundance was c. 0.4% (Fig. 6), and was mostly accomplished by
localized dispersal through vegetative propagules (Brunner et al.,
2007).

In all scenarios with neutral transgenes, there was a strong ten-
dency for establishment sites to be near plantation sources
(Fig. 7). Transgenes occurred in a diversity of sites throughout
the riparian areas of the landscape due to the combined effects of
long distance gene flow via pollen and seeds, and the sporadic
creation of suitable habitat due to flooding and other disturbance.
However, transgenic trees had mostly disappeared from these
sites by age 20 due to density-dependent mortality, and mature
transgenic trees were very rare at sites distant from plantations
(Fig. 7).
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We modeled transgene spread in relation to various combina-
tions of insect herbivory (% of leaf area affected) and associated
fitness benefit from having a resistance transgene when insects are
active (Methods S7). Because the fitness landscape for most traits
is expected to be highly environment-dependent (Raybould,
2007; Warwick et al., 2009; Beckie et al., 2010), we considered
the effects of different distributions and intensities of detrimental
insect activity. Substantial levels of pest pressure (> 27% of area)
and transgenic competitive differential (> 30%) were required
for transgenic trees to exceed 5% areal abundance at the end of
the simulation period (Fig. 8). Surprisingly, when both a strong
resistance transgene (competitive differential of 30%, 50% of
area affected) and a linked but imperfect transgene for fertility
reduction were employed (relative fertility of 0.001), the level of
transgene abundance after 50 yr was virtually identical to that of
a neutral gene (Fig. 6).

Discussion

We described a series of empirical and simulation studies that
provided insights into the factors likely to govern the rate and

extent of transgene dispersal, establishment, and introgression
from hybrid poplar plantations into wild sympatric populations
of P. trichocarpa in the Pacific Northwest USA. A full risk
assessment requires the identification of endpoints of concern,
enumeration of hazards contributing toward the risk of those
endpoints, assessment of potential exposure to the hazards, and a
delineation of options for mitigating or minimizing undesired
outcomes (Graham et al., 1991; Hails & Morley, 2005;
Raybould, 2007; Chandler & Dunwell, 2008). The tools and
data for determining gene dispersal that we describe here –
because they address the magnitude of ‘exposure’ and the
distribution of impact – will have application to all of these
phases of risk assessment.

Potential for long-distance transgene dispersal

Not surprisingly, our empirical research suggested that some level
of transgene spread from fertile hybrid poplar plantations was
highly likely. In some settings, transgenic plantations would
likely be phenologically compatible with extensive, co-occurring
wild populations. Furthermore, results from controlled crosses
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Fig. 5 Least square means for main effects from a
resolution V fractional factorial experiment. Response
was the percentage of all pixels with mature wild poplars
that had at least one transgenic tree in the cohort. Results
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over a 50 yr simulation. Variables are described in
Table 1 and the Supporting Information Methods,
section. **, P < 0.01; ***, P < 0.001.
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and field experiments suggested that hybrid parentage would not
inhibit establishment and competitiveness of seedlings, although
these results are based on controlled conditions and may not
hold in the wild. Nevertheless, transgenes have the potential to
introgress in a manner similar to native genes once they become
established via backcrosses (Stewart et al., 2003).

Long-distance dispersal is likely to be a major determinant of
the rate of transgene spread in natural populations (Clark et al.,
1998; Nathan et al., 2002; Higgins et al., 2003; Smouse et al.,
2007). We have also recently demonstrated that gene flow covers
great distances in P. trichocarpa, with effective pollination dis-
tances possibly averaging as much as 7.6 km (Slavov et al.,
2009). Therefore, there appears to be substantial potential for
long-distance transgene dispersal and rapid introgression from
poplar plantations into wild populations when there is a large

excess of transgenic vs wild pollen, or a strong selective advantage
imparted. This finding is consistent with studies of dispersal and
introgression of alleles from exotic cultivated poplar trees in
Canada (Meirmans et al., 2010; Thompson et al., 2010) and
Europe (Benetka et al., 1999; Pošpı́sková & Šálková, 2006;
Smulders et al., 2008). However, the level of introgression from
plantations may be extremely low (e.g. far below 1% beyond only
10 m from plantations), even after many decades of plantation
culture (Vanden Broeck et al., 2005; Csencsics et al., 2009). The
actual level of introgression is likely to depend on the relative
proportions of propagules, hybrid fertility, species compati-
bilities, and fitness of hybrid derivatives in the wild.

Importance of ecological context

Our modeling studies provided additional insight into the factors
that would likely control the rate and extent of transgene spread.
Our results suggest that some of the previous predictions of
extensive transgene spread (e.g. Williams et al., 2006) were not
supported. One of our most surprising findings was that the pres-
ence of sympatric, compatible wild populations did not necessar-
ily lead to a rapid, monotonic increase of transgene frequencies,
contrary to predictions of other simulations of transgene spread
(Kuparinen & Schurr, 2007; Meirmans et al., 2009). For transg-
enes not providing a strong selective advantage, this was mostly
due to chance exclusion of transgenics from cohorts of seedlings
that were dominated by non-transgenic trees, particularly at sites
distant from plantations. This effect was accentuated by the long
juvenile period of plantation trees during which no seed or pollen
is produced, the large and continuous influxes of non-transgenic
pollen and seed into wild stands, and by the episodic occurrence
of establishment opportunities in the vicinity of plantations. This
latter effect is not captured by models lacking spatially explicit
landscapes and empirically determined disturbance regimes. For
all types of genes, the ability to greatly diminish both male and
female fertility via hybrid breeding and genetic engineering had a
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Fig. 7 Frequency of pixels containing transgenic trees as
a function of tree age and minimum distance from
transgenic plantations that were mature at the time of
establishment. Simulations (30 iterations) were run for
the same scenario as in Fig. 5, with a neutral transgene
and stochastic variation in fitness. As a result of
competitive exclusion, transgenic trees occurred at
frequencies > 10% only by age 20 and within 2 km from
their source plantation.

Fig. 6 Results from simulations of neutral transgene (Neut) and insect
resistance (IR) transgene with a 30% fitness advantage under two levels of
fertility over 50 yr. Lines represent average transgene spread by year on
full landscape, with upper and lower 99% confidence intervals (dotted
lines) based on 30 runs of the model.
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strong mitigating effect (Strauss et al., 1997). Therefore, the
proximity and interfertility of wild and non-transgenic populations
do not necessarily provide a conduit for unmitigated transgene
spread, as has often been assumed (Hancock, 2003; Chapman &
Burke, 2006).

Ecological context also makes it difficult to predict transgenic
fitness differentials over the long term and in wild settings due to
spatial and temporal variation in selection pressures (Gould,
1998; Mason et al., 2003; Warwick et al., 2009). Nonetheless,
there is substantial concern about potential environmental
impacts of transgenes that confer a fitness benefit in the wild,
especially for pest or stress tolerant transgenic trees with feral or
wild relatives (van Frankenhuyzen & Beardmore, 2004; Beckie
et al., 2010). Because insect resistant poplars have already been
produced and planted in precommercial trials (Sedjo, 2005), we
explored a range of scenarios related to deployment of this trait.
Rates of spread were highly dependent on the context in which
the transgenics were deployed. In some scenarios, transgene
spread increased monotonically throughout the duration of the
simulation, suggesting that substantial establishment in wild
populations could occur with high insect pressure, a strong trans-
genic advantage, and no mitigation transgenes. However, the
level of herbivory in wild populations was nearly as important for
determining spread as the direct fitness effects of the transgene in
the presence of insects, and insect pressure is known to vary
stochastically over time and space in natural populations, such as
tent caterpillar outbreaks in aspen populations in boreal regions
(Roland, 1993; Huang et al., 2008). This highlights the impor-
tance of an integrated risk assessment program that combines
results of lab studies and small-scale field trials with surveys
of insect pressure in wild populations (Chandler & Dunwell,
2008).

Model verification

Our model consistently over-predicted transgene dispersal and
establishment of transgenic organisms in the wild compared with
that observed in our empirical studies. This was most likely due
to assumptions built into the model that were purposely biased
toward enhanced transgenic establishment. Two of the more
important assumptions were a lack of pollen and seed limitation
(i.e. all females had full seed production regardless of the absolute
amount of pollen input, and all establishment sites received
excess seeds), and panmixia for the long-distance dispersal com-
ponent that occurred at the scale of the entire landscape. The low
rates of observed gene flow from hybrid plantations are likely to
be the result of several factors, including: a low proportion of
planted compared with wild trees on the landscape, even where
there has been substantial reduction of wild poplars due to agri-
culture, as is typical of the study area (Fig. 1); the limited num-
ber of years in which planted trees flower due to the delayed
reproduction of trees (beginning at c. 5 yr of age in a harvest
cycle of 6–12 yr); and the reduced fertility of hybrids compared
with wild trees (Fig. S2). Therefore, transgenic trees with neutral
or slightly deleterious combinations of transgene loci are unlikely
to establish a conspicuous presence except very near plantations.
In the direct vicinity of plantations, 25% of cohorts contained
transgenics in the early years of establishment, before declining to
c. 5% by 20 yr of age as a result of density-dependent mortality
(Fig. 7).

Verification of the model predictions requires long-term field
plantings and monitoring over many years. However, another
surprising finding from our work was that small-scale field trials
were not very effective for identifying factors that are important
for gene flow from commercial-scale plantations (Fig. 5). This
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Fig. 8 Transgene flow under a variety of insect pressures (expressed as % of trees affected) and mean levels of transgenic competitiveness (expressed as
the % advantage relative to conventional trees). High insect pressure in the wild (> 27% of trees affected) and transgenic competitiveness (‡ 50%) was
required before transgenic advantage due to an insect resistance transgene resulted in transgene spread > 10%.

New
Phytologist Research 9

� 2012 The Authors

New Phytologist � 2012 New Phytologist Trust

New Phytologist (2012)

www.newphytologist.com



discrepancy can be explained by the rarity of establishment sites
near plantations in our system, and the small size of the field trial
relative to natural populations. Both of these factors effectively
precluded establishment at sites beyond the local seed and vegeta-
tive dispersal neighborhoods. By contrast, long-distance pollen
dispersal was disproportionately important in the field trial
scenario because these were the primary means by which transg-
enes were dispersed to distant establishment sites. However, the
absolute amount of predicted transgene flow was consistent
between scenarios and proportional to the area of plantations.
From this standpoint, small-scale trials will be valuable for
predicting some dimensions of transgene flow.

The modeling results suggest that gene flow would best be
estimated from commercial-scale plantations rather than extrapo-
lated from small-scale field trials, as has been observed in other
systems (Beckie et al., 2010). However, the simulations also sug-
gest that there are a wide variety of transgenes that could be safely
employed in an ‘adaptive management’ (i.e. learn by doing) strat-
egy where gene flow is predicted to be low due to the use of
linked sterility-imparting genes. This may allow monitoring of
transgenic fitness and spread in ecologically realistic settings and
at appropriate scales with a tolerable level of risk (Kareiva et al.,
1996; Beckie et al., 2010).

Factors controlling transgene spread

Our model allowed for quantitative evaluation of mitigating genes
that might inhibit transgene spread. Some transgenes are them-
selves likely to have negative effects on fitness of trees in the wild,
and thus retard their own spread. This may include genes that pro-
mote bioremediation, encode new industrial products such as
biopolymers, reduce stature, or modify wood quality to make it more
susceptible to chemical or biological breakdown during pulping or
liquid fuel production (Strauss et al., 2001; Strauss, 2003). Reduc-
tions of lignin content often lead to fitness-reducing traits, such as
reduced growth and survival, sensitivity to stress, and lodging
(Pedersen et al., 2005). Alternatively, transgenes may be closely
linked or flanked by mitigation genes (Gressel, 1999). Scenarios
with low but not complete infertility (e.g. relative fertility of 0.001;
Fig. 6), or with unstable sterility (Brunner et al., 2007), can be
viewed as forms of mitigation. Our simulations showed that such
genes, even if their effects are modest, incomplete, or unstable, can
be effective mitigating agents for transgene flow.

Our modeling studies provided insights into the relative
importance of diverse biological and management factors in
determining rates of transgene spread. Transgenic competitive-
ness, fertility, and rates and patterns of dispersal have received
substantial attention in recent analyses of transgene dispersal
(Haygood et al., 2004; Hails & Morley, 2005; Chapman &
Burke, 2006; Meirmans et al., 2009). However, we have shown
that levels of transgene spread are strongly affected by ecological
and management factors that affect habitat creation and the
abundance of mature transgenic trees on the landscape. Recent
analyses based on simple, context-free population genetics
models have reached conclusions that clearly do not hold in our
system. For example, Chapman & Burke (2006) used a relatively

simple stepping-stone model of gene flow to infer that gene flow
is relatively unimportant compared to the selective effects of
transgenes in determining rates of spread. Similarly, Haygood
et al. (2004) and Meirmans et al. (2009) simulated transgene
spread using non-dimensional population genetic models with
no explicit ecological or management components. In contrast to
our findings, these studies concluded that recurrent gene flow
from transgenic crops could overwhelm wild populations over
time, even in the presence of partial sterility of the transgenic
crop (Haygood et al., 2004) or when cultivation of the transgenic
crop is halted after only 15 yr of flowering (Meirmans et al.,
2009). One difference in our philosophical approaches is these
latter studies generally consider outcomes on evolutionary time-
scales of thousands to tens of thousands of years, while we
confined our simulations to decadal scales. Our choice was driven
by the desire to perform our simulations in a time frame that is
relevant to management and policy timeframes, and because of
the vast, unknowable climatic, land use, and biotic uncertainties
associated with long-term projections. Nonetheless, our results
demonstrate that for near- to mid-term assessments of potential
transgene spread, it is essential to explicitly consider the ecologi-
cal and agronomic contexts of transgene deployment for risk
assessment (Snow et al., 2005).

The implications of the work presented here extend well
beyond our specific model system. Our simulations suggest that
for transgenes with a wide variety of effects, a tree with exten-
sive pollen and seed flow and large populations of interfertile
wild relatives will not necessarily result in a substantial fraction
of transgenic trees in wild populations. The key element, which
has been missing from other studies thus far, is the competitive
interactions between wild and transgenic trees in a highly
dynamic and heterogeneous ecological and management setting.
Although our range of direct inference is necessarily limited to
poplar trees in the Columbia River Gorge where the simulations
occurred, the lessons appear general, and the model can be read-
ily extended to other organisms for which large-scale distur-
bance is a prerequisite for establishment and for which habitat
requirements and transition rates are well-defined. Adapting the
model to other scenarios only requires the development of GIS
layers from different habitats and landscapes, and altering the
model parameters (controlled by simple text files) to fit the biol-
ogy of the species under study. The approach we propose here
therefore provides a flexible way to assess the complex interact-
ing factors that control gene spread, whether from transgenic,
exotic, or wild species.
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Fig. S1 Relationship between area of mature transgenics and
transgenic basal area for a trait with neutral fitness (Neut.), and
insect resistance (Bt) and with fertility of 0.5 and 0.1.

Fig. S2 Seed production per catkin from controlled crosses
involving P. trichocarpa · P. deltoides (TD) hybrids and
P. trichocarpa (T) wild trees.

Fig. S3 Comparison of modeled versus observed pollen flow
from plantations. Points represent observed pollination as deter-
mined from paternity analyses.

Fig. S4 Comparison of modeled versus observed seed flow from
plantations. Points represent observed percentage hybrid seeds as
determined from maternity analyses of seeds captured in traps
near plantations at River Ranch.

Fig. S5 Least square means from fractional factorial for lower
and upper values of main effects explanatory variables in an
analysis that varied each main effect by ± 10% from default
values.

Table S1 Description of habitat types in original data layers
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Table S2 Classes used in phenology measurements

Table S3 Frequency and extent of cottonwood clones in the wild
for a variety of studies

Table S4 Baseline conditions for sensitivity analyses

Table S5 Parameter values used in fractional factorial analyses

Table S6 Baseline conditions for risk assessment analyses

Methods S1 Landscape data.

Methods S2 Disturbance.

Methods S3 Production and dispersal of pollen, seeds, and vege-
tative propagules.

Methods S4 Establishment and competition.

Methods S5 Sensitivity analysis.

Methods S6 Risk assessment simulations.

Methods S7 Insect resistance scenario.
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