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Abstract
Genetically modified (GM) alfalfa is the first perennial, highly outcrossing, insect
pollinated species to receive authorization for deregulation. It is not yet clear
whether co-existence is possible between GM and non-GM alfalfa. Our research
in Western Canada indicates that roadside feral alfalfa populations are common
and fully dynamic. These populations can serve as reservoirs for trait or
transgene movement and as such are potential barriers for achieving co-
existence. Mowing can reduce the dynamics of feral populations but not eliminate
them in the short term. Strict feral alfalfa stewardship would greatly reduce gene
flow potential and would in part aid the co-existence of GM and non-GM alfalfa.
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Introduction
Most of the GM crops authorized and commercially cultivated to-date are annuals
with limited persistence in nature. Perennial crops with high outcrossing potential,
on the other hand, may pose great challenges for transgene confinement.

Genetically modified glyphosate resistant (GM-GR) alfalfa was approved for
unconfined release in Canada (CFIA, 2005) and the United States (US) (USDA-
APHIS, 2005) in 2005. In 2005, GM-GR alfalfa was grown on over 260,000 acres
on more than 5400 farms in the US. In 2007, a permanent injunction order was
issued by a US district court on further sales and cultivation of GM-GR alfalfa
upon the grounds that they could have contaminated organic and conventional
alfalfa fields in the production system (USDC, 2007). The US court
recommended a thorough investigation on the biosafety of GM-GR alfalfa before
it is deregulated again.

Among the GM crops developed to-date, alfalfa is a high risk crop in terms of
transgene movement (Table 1). The biology and ecology of alfalfa is favorable for
gene flow (Bagavathiannan and Van Acker, 2009). In particular, alfalfa’s
pollination biology favors outcrossing. The flowers of alfalfa need to be tripped for
pollination (Bolton, 1962). Pollination in alfalfa is therefore primarily insect
mediated and insects such as leaf-cutter bees (Megachile rotundata) (Richards,
1991), honey bees (Apis mellifera) (Bohart, 1957), bumble bees (Bombus spp.)
(Holm, 1966; Osborne et al., 2008) and alkali bees (Nomia melanderi) (Stephen,
1959) are efficient in tripping and pollinating alfalfa. Moreover, the existence of
self-incompatibility supports cross pollination in alfalfa (Allard, 1988).

Alfalfa is also capable of escaping cultivation and establishing in unmanaged
natural and semi-natural habitats (Kendrick et al., 2005). A deep tap root system,
cold and drought tolerance and symbiotic nitrogen fixation are traits of alfalfa that
aids its ferality potential. Feral populations of cultivated crops may act as sources
and sinks of transgenes and aid in gene flow at landscape scale (Mueller, 2004;
Bagavathiannan and Van Acker, 2008). In nature, the intraspecific movement of
traits among sub-populations occurs in the context of a metapopulation (Crawley
and Brown, 1995). In agricultural landscapes, and for crop species, the
metapopulation includes subpopulations of cultivated crops, volunteers and feral
plants (Van Acker, 2007). The presence of feral populations may hinder
transgene confinement under field conditions.

Our research in Western Canada was aimed at characterizing roadside feral
alfalfa populations and to determine their role in transgene movement across the
landscape. We worked to answer a few basic questions including: a) What is the
extent of occurrence of escaped alfalfa populations in roadside habitats? b) Are
escaped populations capable of establishing self-sustaining feral populations? c)
What is the level of outcrossing between cultivated and escaped alfalfa
populations?
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Table 1 Comparison of the ecology and biology of major GM crops.

Sources: Agbios (2008), CFIA (2008)
†SWSS (1998)

Common

name

Scientific

name

Life cycle Type of

pollination

Mode of

pollination

Level of self-

incompatibility

Issue of

volunteers

Ferality

potential

Other remarks Risk of

gene flow

Alfalfa Medicago
sativa

Perennial Predominantly
outcrossing

Insect High Low –
medium

High Can be
weedy/invasive†

High

Canola Brassica
napus

Annual Selfing/
outcrossing

Insect,
wind

Low High Medium –
high

Seed shattering/
huge seed bank

Medium -
high

Cotton Gossypium
hirsutum

Annual/
perennial

Predominantly
selfing

Insect Negligible Low Medium Can be
weedy/invasive†

Low -
medium

Creeping
bentgrass

Agrostis
stolonifera

Perennial Predominantly
outcrossing

Wind High N/A High Both vegetative
propagules/seeds

High

Flax Linum
usitatissimum

Annual Predominantly
selfing

Insect Low Medium Medium Hermaphroditic
flowers

Low -
medium

Lentil Lens culinaris Annual Predominantly
selfing

Insect Low Medium Negligible Pollination occurs
before flower opens

Low

Maize Zea mays Annual Selfing/
outcrossing

Wind Low Low –
medium

Low Staminate and
pistillate flowers

Medium

Potato Solanum
tuberosum

Annual Selfing/
outcrossing

Insect Low Low –
medium

Low True seeds and
tubers

Low

Rice Oryza sativa Annual Predominantly
selfing

Wind Low Medium Low –
medium

Can be
weedy/invasive†

Medium

Soybean Glycine max Annual Predominantly
selfing

Insect Negligible Low Negligible Flowers attract few
bees

Low

Sugar
beet

Beta vulgaris Biennial Predominantly
outcrossing

Wind,
insect

High Medium High High levels of self-
sterility

High

Sunflower Helianthus
annuus

Annual Predominantly
outcrossing

Insect Medium - high Medium Low –
medium

Recent varieties are
self compatible

Low -
medium

Wheat Triticum
aestivum

Annual Predominantly
selfing

Wind Low Medium –
high

Low-
medium

Florets remain open
only for short period

Medium
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Materials and Methods
Roadside survey

A survey was conducted in August 2006 along roadsides in three rural
municipalities in Southern Manitoba (Springfield, Hanover and MacDonald). The
survey methodology was adapted from Kendrick et al. (2005) with some
modifications. In each location, 30 observation sites were identified. Data
pertaining to the population size (number of patches population-1) and patch size
(number of individuals patch-1) were documented at each of these sites (~500 m2

per site). Alfalfa plants that occurred within 1m of each other were considered to
be part of a single patch and each patch consisted of at least one plant. Data
pertaining to the number of escaped populations, existence of cultivated alfalfa
fields, type of production (hay/seed) and distance as well as flowering synchrony
between cultivated and escaped alfalfa populations were documented while
traveling between each of the observation sites. Flowering in hay production
fields were confirmed if there was at least one fully opened flower in a minimum
of 10% of the branches. The degree of roadside mowing along the survey route
was also noted.

Demography of escaped populations

Research sites were identified in the municipalities of Springfield, Hanover and
MacDonald in Southern Manitoba in 2006. In each location, four sites 150 to
200m long and 10 to 15m wide were chosen and at each site 30 escaped alfalfa
plants of different age and size were randomly selected for further investigation.
A total of 360 plants were studied for a period of more than two years. The plants
were harvested at the end of the season and seed output was estimated. Plant
survival was documented during May (winter survival) and August (summer
survival) for three consecutive years. Three soil cores were taken around each
plant (10cm diameter and 7cm deep) in early May and the seed bank was
estimated by growing out the samples in a greenhouse. Soil seedbank samples
were subjected to freeze-thaw cycles to break dormancy. In addition, sub-
samples were drawn from collected soil and were washed out to find the seeds
that failed to germinate. Seedling recruitment around each plant was noted
during early May prior to the collection of seedbank samples. Roadsides were
partially mowed by rural municipalities twice each year (June-July and August-
September). Plants in the mown zone were mown once but harvested before the
second mowing.

Gene flow

We determined the gene flow between cultivated and escaped alfalfa populations
using white flower color as a scoreable marker (Kehr, 1973; Pedersen, 1974;
Pedersen and Barnes, 1973; Barnes, 1972). A white flowering alfalfa plant was
clonally multiplied and used as the female pollen recipient population. The gene
flow experiment consisted of four treatments and three replications in a
completely randomized design. The treatments were designed to test levels of
gene flow in the following situations: a) among individuals within an escaped
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alfalfa population, b) from hay production fields to escaped populations, c) from
seed production fields to escaped populations, and d) from escaped to cultivated
populations.

In each treatment, 10 white flowering female clones were randomly planted at
intervals of about 5m. The surrounding alfalfa populations were controlled such
that the pollen would only come from the male population under investigation.
Leaf-cutter bees were released in the seed production fields and in other
treatments the seed set was based on natural pollinators. The clones were
harvested at the end of the season and planted in small trays in the greenhouse
and allowed to grow until flowering. Positive scoring for outcrossing was carried
out in the progenies based on the presence of pigmented petals and roots (other
than white).

We used the following formula to determine the sample size required for
detecting gene flow at a given level:

N = ln(1-P)/ln(1-p) (Alibert et al. 2005)

Where, P-probability of detection of one individual in least frequent class; p-
probability of the least frequent class

Based on this calculation, 458 individuals were screened in each replication in
order to allow us to test gene flow at 1% detection level (p=0.01) with 99%
probability (P=0.99).

Data analyses

The survey data were analyzed using a Mixed Procedure analysis (PROC
MIXED) using the Statistical Analysis Software (SAS) version 9.1 (SAS Institute,
2003). Dependent variables were examined using analysis of variance (ANOVA).
The locations were considered as fixed effects while the detailed observation
sites were regarded as random effects. The demography data was also analyzed
using PROC MIXED, with the locations as fixed effects and the replications within
locations as random effects. Gene flow data were analyzed following a
Generalized Linear Model procedure (PROC GLM) of SAS. In each analysis,
outliers were removed based on the studentized residual values and normality
was confirmed using Kolmogorov-Smirnov test. Mean separation was performed
using Fisher’s protected Least Significant Difference (LSD) at P≤0.05. Letter
groupings were carried out using the PDMIX800 macro in SAS (Saxton 1998).

Results
Roadside survey

Escaped alfalfa populations were common along the roadsides in the rural
municipalities we surveyed. Frequency of occurrence and population size varied
among municipalities. In MacDonald, frequency was only 20% of frequency in
Hanover or Springfield (Table 2). Frequency showed some relationship to the
extent of alfalfa cultivation within a given municipality (Table 3).
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Table 2 Prevalence of escaped alfalfa populations in road side habitats

Parameter Hanover MacDonald Springfield

Mean SE Mean SE Mean SE

Number of
populations km-1

1.68  a 0.16 0.21  b 0.04 1.32  a 0.15

Number of patches
population-1

11.52 b 1.11 12.57 b 1.33 17.54 a 1.66

Number of
individuals patch-1

3.04 0.38 4.06 0.67 3.68 0.37

Values within each row followed by different letters are significantly different (α=0.05)

Table 3 Alfalfa production data of the rural municipalities included in the survey†

Particulars Hanover MacDonald Springfield

Number of farms cultivated to
alfalfa

51 27 40

Production area (acres) 3,807 1849 2,320

Total production (tones) 7,655.59 2150.32 4,511.13
†Production data from 2006, Source: MMPP (2008)

Across all municipalities, patches were generally small (about 3.5 individuals
patch-1) (Table 2) and there were no significant differences in patch size among
the municipalities. Roadside alfalfa populations were often observed close to the
cultivated alfalfa fields. In 68% of cases, the roadside alfalfa populations were
found within 250m of a cultivated alfalfa field (fig.1).
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Fig.1 Distance of escaped alfalfa populations to the alfalfa production fields. The center line of the boxes
represents sample median. Lower and upper hinges are the estimates respectively of the first and third
quartiles representing the lower and upper halves of the samples respectively.
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We observed flowering synchrony between roadside and cultivated alfalfa
populations but it varied depending on whether the cultivated alfalfa was a hay or
seed field. Flowering synchrony between roadside and cultivated seed fields was
absolute in our study. For hay fields, flowering was observed in only one third of
the fields at the time of the survey. More than 90% of the alfalfa fields along the
survey route were hay fields. More than 80% of the roadside ditches along the
survey route were mown which impacted the amount of flowering in the roadside
populations.
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Fig. 2 Reproductive output (A,B), soil seed bank (C, D) and number of seedlings recruited around the study
plants (E, F) both under mowed and not mowed conditions among different locations in 2006 and 2007.
Statistical significance was determined at P≤0.05.

Demography of escaped alfalfa
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We found dormant alfalfa seeds in our roadside soil seedbank samples as well
as successful alfalfa seedling recruitment and reproductive success. Mowing
substantially (and often significantly) reduced the reproductive success of alfalfa
and subsequently soil seedbank population size as well as the number of
seedlings recruited in the roadside habitats (fig. 2). Averaged across municipality
and year, reproductive output was 146 and 1259 seeds plant-1 in mowed and not-
mowed areas respectively. Most mowed plants were not reproductively
successful.

The alfalfa seedbank around the study plants contained only a fraction of the
seeds that the adult roadside plants could produce (fig. 2). Nevertheless there
was a relationship between adult seed production level and seedbank size and
mowing affected the size of the seedbank likely because it affected the
reproductive output of adult plants. Seed extraction and tetrazolium testing
revealed an average of 78 viable but ungerminated alfalfa seeds m-2, in our
roadside seedbanks. On average, recruitment levels represented only 3% of the
germinable seedbank.

Cumulative adult alfalfa plant mortality in the roadside populations ranged
between 13% and 22% over our three year monitoring period (fig. 3). Mowing
had no significant effect on mortality of adult alfalfa plants in our study.
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Fig. 3 Mortality over a three year monitoring period for adult alfalfa plants occurring along roadsides in three
rural municipalities in Manitoba, Canada. Values followed by different letters show significant differences in
means among municipalities for a given date (α=0.05). Bars around markers represent standard error of the
mean.

Gene flow in escaped alfalfa populations

The gene flow study revealed greater levels of outcrossing in escaped alfalfa
populations (fig.4). Estimated levels of outcrossing varied between 62% and 85%
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across an average distance of 15m. Lower levels of outcrossing (62%) were
observed when the pollen recipients were planted adjacent to the seed
production fields (with leaf cutter bee pollination) when compared to other
treatments.
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Fig.4 Outcrossing levels estimated by white flowering clones as influenced by outcrossing within escaped
populations (WE); outcrossing from escaped alfalfa to field alfalfa (EF); outcrossing  from hay fields to
escaped populations [F(H)E]; outcrossing from seed production fields to escaped populations [F(S)E].
Columns followed by different letters are significantly different (α=0.05). Bars above columns represent
standard error of the mean.

Discussion
The widespread occurrence of escaped alfalfa populations along roadsides
demonstrates alfalfa’s feral capability. A greater frequency of roadside
populations in areas with widespread alfalfa cultivation suggests that farming
activities play a role in the escape of alfalfa to roadside habitats and this result is
similar to that reported by Kendrick et al. (2005) for surveys in the US. The size
of individual populations, however, showed no relationship to the extent of alfalfa
cultivation in the region. Population size may be related to habitat conditions
which impact recruitment and establishment. Larger patches may also represent
a single large founding while smaller patches may represent the effects of auto-
allelopathy as per Jennings and Nelson (2002).

The reproductive success of escaped plants, dormant seeds in the soil seedbank
and seedling recruitment in roadside habitats indicate that alfalfa is capable of
establishing self-perpetuating feral populations in unmanaged environments. The
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detrimental effect of mowing on reproductive success shows that mowing is one
means of limiting roadside population growth. The length of the period between
mowings determines the likelihood of the reproductive success. The extent and
frequency of mowing varies greatly among routes within rural municipalities and
even among rural municipalities in Manitoba (Moffat, B. Springfield Municipality
manager, Personal Communication) and this can lead to tremendous variation in
the nature, growth and success of roadside alfalfa populations. Roadside alfalfa
plants that are not mowed can form a more dynamic population.

In our experiment, a substantial portion of the seeds we retrieved from soil
seedbank had a very hard seed coat and were viable but not germinable. This is
evidence that alfalfa can form a persistent seedbank in roadside habitats. Multi-
year alfalfa seed dormancy has been demonstrated by other authors (Wilton et
al. 1978; Rincker 1983) but not for seed extracted from roadside seedbanks.

Many of the roadside alfalfa populations we observed were 250m or less from
cultivated alfalfa fields, a distance sufficient for outcrossing at a level of 0.28%
and 1.5% respectively under leaf cutter bee (Fitzpatrick et al. 2003) and honey
bee (Teuber et al. 2004) mediated pollination. Both cultivated and escaped
populations exhibit cross compatibility and flowering synchrony and the
indeterminate growth habit of alfalfa further extends the period of flowering
synchrony improving the chances for outcrossing (Bolton 1962).

Our outcrossing study revealed a very high potential for pollen mediated gene
flow between escaped and cultivated populations of alfalfa. The significantly
lower outcrossing from the white flowering clones to the seed production fields
(versus the hay production fields) seemed counter intuitive to us and it could
have been due to preferential pollination by leaf-cutter bees with respect to flower
color as has been demonstrated by Kehr (1973) and Steiner et al. (1992). If this
is true then our results would represent an underestimation of the outcrossing
potential to alfalfa seed fields given that flowers in the roadside populations were
typically coloured. The results of our gene flow study also show that gene flow
from hay fields to roadside alfalfa populations is possible and this corroborates
the results of a study by Forage Genetics International (FGI 2008). Hay fields are
typically harvested before flowering yet hay harvests are never absolute and
flowering adult plants can commonly be observed in field corners and along field
edges. In addition, unfavorable weather conditions often cause unavoidable
harvest delays leading to flowering prior to harvest. We observed high levels of
outcrossing among individuals within roadside populations and these results
were similar to those of St. Amand et al. (2000). Our results support the idea that
feral alfalfa populations can act as a genetic bridge for traits and transgenes. In
this respect, the management of feral alfalfa populations will be important for
managing the coexistence of GM and non-GM alfalfa.

The results of our studies confirm that alfalfa can commonly maintain fully
dynamic roadside populations in rural municipalities in Manitoba, Canada. Our
results show that mowing is effective at reducing the population dynamics of feral
alfalfa populations but within a three year time span mowing will not eliminate
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feral populations. If there is a need and/or desire to confine specific alfalfa crops,
perhaps GM alfalfa and/or alfalfa which produces a specific trait then roadside
feral populations need to be considered in the confinement protocols and
practices, and the elimination of feral alfalfa populations in the short term
requires more than just mowing.
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