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We studied the occurrence of the crop-to-wild introgressive hybridization in the Medi-
cago sativa-falcata complex in the distribution area of the native M. sativa ssp. falcata 
(hereafter falcata) in western and northern Estonia. Flower colour and pod shape were 
used as the diagnostic genetic characters to assess the extent of hybridization from 
cultivated lucerne to populations of falcata. Among the 106 populations examined, 
only 15 were pure yellow-flowered falcata populations. In the remaining 91 popula-
tions, 1%–90% of the plants had variegated flowers typical of hybrid plants, indicat-
ing widespread but highly variable introgression. Hybrid plants were detected most 
frequently in disturbed man-made habitats, mostly roadsides, wastelands and fallow 
fields. Hybrid plants with variegated flowers were found to have not only pod shapes 
characteristic of falcata but also coiled pods characteristic of cultivars, indicating that 
due to introgression hybrid populations have become morphologically more diverse.

Introduction

Hybridization between domesticated taxa and 
their wild relatives is quite common under natu-
ral conditions in areas of their sympatric dis-
tribution and it has been surveyed in many 
papers (e.g. De Wet & Harlan 1975, Small 1984, 
Raybould & Gray 1993, Rieseberg & Wendel 
1993, Ellstrand et al. 1999, Jarvis & Hodgkin 
1999, Ellstrand 2003, Hails & Morley 2005, 
Lane 2005). Introgressive hybridization can neg-
atively affect wild populations in various ways, 
e.g. by promoting development of aggressive 
weeds (Ellstrand et al. 2010), by genetic modi-
fication and assimilation of native wild forms 

(Riesenberg & Ellstrand 1993, Levin et al. 1996, 
Rhymer & Simberloff 1996, Ellstrand et al. 
1999, Lane 2005), through outbreeding depres-
sion (Hails & Morley 2005) and through possi-
ble escape of crop transgenes to natural popula-
tions (Lavigne et al. 2002, Chapman & Burke 
2006, Chèvre et al. 2007, Warwick et al. 2008).

Likelihood of the gene flow for each crop-
weed or crop-wild relative combination is differ-
ent and depends on many factors (Lane 2005). 
Therefore, for successful hybrid formation some 
important assumptions must be fulfilled. The 
crop and its wild relative should grow in close 
proximity, they should share the same pollina-
tors, their flowering times should overlap and 
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their hybrids should be viable and fertile (Chap-
man & Burke 2006). As the gene flow from 
cultivated plants to natural ones is mainly pol-
len-mediated, it can range over long distances 
(Raybould & Gray 1993, St. Amand et al. 2000, 
Lane 2005). In addition, cultivated alfalfa has 
been shown to disperse by seeds and to be able 
to establish itself in roadside habitats (Baga-
vathiannan et al. 2010) were it is able to hybrid-
ize with the native sickle medic (e.g. Jenczewski 
et al. 1999a, 1999b).

The Medicago sativa-falcata complex is an 
excellent example for examining hybridization 
between a crop and its wild form. Medicago 
sativa ssp. falcata (= M. falcata, sickle medic, 
hereafter falcata) is characterised by yellow 
flowers and sickle-shaped pods, while M. sativa 
ssp. sativa (hereafter sativa) has purple flowers 
and highly coiled pods (Lesins & Lesins 1979). 
Their hybrid is called M. sativa ssp. varia (here-
after varia), and it also has coiled pods but its 
flowers are variegated. The flower colour can 
be mixed purple-yellow, whitish, and greenish, 
even brown (Small & Brookes 1984). At the 
same ploidy level (2n = 32), the three taxa mate 
freely producing fertile hybrids and are therefore 
treated as subspecies of M. sativa s. lato (Small 
& Brookes 1984, Quiros & Bauchan 1988). 
Although falcata and sativa have also diploid 
forms (2n = 16), diploid sativa is considered a 
separate subspecies, M. sativa ssp. caerulea, 
while the diploid forms of falcata have not been 
recognized as a separate taxon (Small 1984). 
Whereas crossing is more difficult between 
ploidy levels, formation of unreduced gametes 
in diploids is frequent (Barcaccia et al. 2003, 
Small 2011) thus making hybridization possible 
between diploid and tetraploid taxa.

Extensive hybridization between the native 
and cultivated forms of sativa has been observed 
in Spain (Jenczewski et al. 1999a, 1999b, Muller 
et al. 2001, Prosperi et al. 2006) and Kazakhstan 
(Greene et al. 2008), whereas in Switzerland 
(Rufener Al Mazyad & Ammann 1999) and Ger-
many (Bleeker et al. 2007) frequent hybridiza-
tion between native falcata and cultivated sativa 
and varia has been recorded. It was concluded 
that natural populations of falcata in Europe are 
under strong introgression pressure from culti-
vated sativa and varia (Muller et al. 2003).

Medicago sativa ssp. falcata is native to 
Estonia, being mostly distributed on calcare-
ous grasslands, alvars (calcareous grasslands on 
limestone plain with thin soil), and also along 
roadsides and on wastelands (Kukk 1999) in 
western and northern Estonia. Medicago sativa 
ssp. sativa was introduced to Estonia in 1830 
(Miljan 1932). At present, sativa has escaped 
from cultivation and has become partly natural-
ized, growing all over the country, but more 
often in western Estonia (Kukk & Kull 2005). 
Cultivated varia is widely distributed throughout 
Estonia, being well adapted to the local natural 
conditions (Kukk 1999, Kukk & Kull 2005). 
Different introduced cultivars of sativa are not 
as resistant to the Estonian climate as are cul-
tivars of varia, which have become more read-
ily naturalized. During the 150-year cultivation 
period, ample diverse plant material has been 
introduced to Estonia from western Europe and 
North America, and even from the surroundings 
of the Caspian Sea and the Black Sea (Bender 
& Tamm 1998). Thus, highly different genetic 
material of alfalfa cultivars, able to cross with 
the local native sickle medic, has been accu-
mulated in Estonia. The first notes about such 
hybrid swarms were published in the 1970s and 
1990s (Bender & Tamm 1998).

The general goal of this study was to assess 
the occurrence of crop-to-wild gene flow in the 
M. sativa-falcata complex in Estonia. Our spe-
cific objectives were: (1) to describe the distri-
bution of hybrid plants among Estonian natural 
falcata populations, (2) to find out how hybridi-
zation has influenced two morphological char-
acteristics (flower colour, pod shape) in falcata 
mixed populations, (3) to clarify if habitat type 
has any influence on the occurrence of hybrid 
plants, (4) to elucidate if changes in land use 
have affected the abundance of hybrid swarms.

Material and methods

Studied taxa

The subspecies falcata, sativa and varia are all 
perennial, autotetraploid (2n = 32), cross-pol-
linated (Lesins & Lesins 1979) and partially 
self-incompatible (Viands et al. 1988). Although 
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pared with the current situation as described for 
67 populations during our fieldwork.

Data analyses

The data were analysed with the statistical soft-
ware STATISTICA (StatSoft Inc.). One-way 
ANOVA followed by Tukey’s post hoc test was 
used to test whether the differences between the 
population characteristics (habitat type and land-
use changes in the studied populations) and per-
centage of hybrid plants in populations are sig-
nificant. The relationship between flower colour 
and pod shape was tested using the χ2-test.

Landscape analysis was applied to estimate 
changes in habitat types. Land use changes in 
the studied populations were described by inter-
pretation of aerial photos (large-scale ortophoto 
maps 1:10 000) from 1951–1957 using the map-
ping package MapInfo Professional (MapInfo 
Corporation 2004).

Results

Among the 106 populations studied only 15 
were pure falcata populations without varia or 
sativa plants (Fig. 1). In the remaining 91 popu-
lations, 1%–90% of the plants had variegated 
flowers, indicating widespread but highly vari-
able introgression. Pure populations occurred 
on alvars (six), on dry grasslands (four), along 
roadsides (three), on a fallow field (one) and one 
inhabited an old sandpit.

In the studied populations, the flower colour 
and the pod shape varied on a large scale, and 
the flower colour varied independently of the 
pod shape. According to the χ2-test, yellow-
flowered falcata plants never had coiled pods. 
However, plants with variegated or pale yellow 
flowers may have pods characteristic of falcata, 
or coiled pods (χ2

1 = 9.1, p = 0.002). Some 
plants had intermediate morphological charac-
ters as compared with those of their parental 
taxa. Those plants had greenish-yellow flow-
ers and pod shapes characteristic of falcata or 
varia. The greenish-yellow flower colour indi-
cates first-generation hybrids between falcata 
and varia (Small & Brookes 1984). Comparison 

of hybrids with greenish-yellow flowers and 
yellow-flowered falcata revealed that plants with 
yellow flowers had never coiled pods, whereas 
hybrids had coiled pods or pods characteristic of 
falcata equally frequently (χ2

1 = 9.3, p = 0.002). 
Comparison of hybrids with greenish-yellow 
flowers with hybrids that had variegated flowers 
revealed that flower colour and pod shape were 
not associated. Hybrid plants with variegated or 
greenish-yellow flowers had coiled pods or pods 
characteristic of falcata equally frequently (χ2

1 = 
0.68, p = 0.4). Occurrence of hybrid plants was 
not dependent on the habitat type (F4,101 = 0.8, p 
= 0.53). However, on roadsides and wastelands 
the percentage of hybrid plants in a population 
was on the average 20–25, which is higher than 
that in the other habitat types.

Land-use changes had no influence on the 
abundance of hybrid plants (F1,65 = 1.98, p = 0.16). 
In populations where land use has changed, the 
average percentage of hybrid plants was higher, 
but that difference was not statistically signifi-
cant. In populations where land use has remained 
the same, the average percentage of hybrid plants 
was 14%; in populations with changed land use 
it was on average 22%. Land use changes took 
place in 64% of the studied populations. Accord-
ing to the maps from 1951–1957, the investigated 
populations inhabited the following habitats: 
pastures, grasslands, forest, fields, shrubs, and 
fallow fields. The observations made during the 
fieldwork showed that only 9% of these pastures 
are nowadays still used for grazing, 38% of the 
former pastures are now grasslands which are still 
mowed, and 48% are abandoned. Of the former 
pastures 5% are wastelands (Fig. 2). Two former 
grasslands are used nowadays as grasslands. One 
former grassland and one former field are now 
abandoned sandpits. Of the former fields, 57% 
are nowadays fallow fields and 28% are man-
aged grasslands. Wastelands, overgrown fields 
and unmanaged grasslands account for 5% each 
(Fig. 2). The area of two populations was in the 
years 1951–1957 overgrown with shrubs. Today 
one of these populations is an abandoned grass-
land and the other is a wasteland. One former 
fallow field is used today as a grassland. In 36% 
of the populations, land use is the same as it was 
60 years ago. They are mostly roadsides (84%), 
grasslands (8%) and pastures (8%).
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Discussion

Variation in diagnostic morphological 
traits

Hybrid plants in the M. sativa-falcata complex 
have traditionally been identified on the basis of 
flower colour and pod shape (Small & Brookes 
1984, Jenczewski et al. 1998). We also used 
flower colour and fruit characteristics to iden-
tify hybrid plants. To distinguish hybrid plants, 
one should examine both flower colour and pod 
shape, because of their independent variation 
among individuals. A confusing and limiting 
circumstance in the interpretation of the data 
obtained was that hybrid plants are sometimes 
hard to distinguish on the basis of morphological 
characters. Moreover, two Estonian varia culti-
vars bred for pastures have pale-yellow flowers 
and their pods may vary from sickle-shaped 
to spirally-coiled (Bender 2006). In addition, 
the pod characteristics of falcata are variable: 
pods can be occasionally twisted like a cork-
screw (Lesins & Lesins 1979, Quiros & Bauchan 
1988). In Estonia, owing to morphological simi-
larities between natural falcata and pale yellow-
flowered varia, the latter has sometimes been 
misidentified as falcata. According to the latest 
distribution map (Kukk & Kull 2005), the dis-
tribution area of falcata has expanded to south-

ern and southeastern Estonia, but these more 
southeastern localities are evidently inhabited by 
yellow-flowered varia.

Earlier studies have indicated a continuum 
of variation among falcata, sativa and varia, 
but intermediacy between falcata and varia is 
smaller. More complete intergradation occurs 
between sativa and falcata (Small & Brookes 
1984, Quiros & Bauchan 1988). We also found 
that flower colour and pod shape varied in the 
observed populations on a large scale, however, 
there was no strong association between them. 
We found that yellow-flowered falcata plants 
never had highly-coiled pods but they were quite 
often corkscrew-twisted. Plants with variegated 
flowers may have pods characteristic of falcata, 
or even coiled pods characteristic of sativa. 
It has been reported (Small & Brookes 1984) 
that stabilized recombinant populations with 
odd character associations, for example, yellow-
flowered plants with coiled fruits are frequent in 
some parts of the world. Obviously, the Estonian 
plants with pale yellow flowers and coiled pods 
belong to varia and plants with variegated flow-
ers are hybrids with introgressed traits of falcata.

Yet no specific molecular markers were found 
to distinguish between cultivated and wild pools, 
but the populations of wild and cultivated plants 
were genetically distinguished by allele frequen-
cies (Jenczewski 1998, Jenczewski et al. 1999a, 
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Fig. 2. Land-use changes in (a) fields and (b) pastures during the past 60 years.
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1999b, Muller et al. 2001, Greene et al. 2008). 
On the other hand, diploid forms of ssp. falcata 
and ssp. sativa were well distinguishable using 
SSR markers (Şakiroğlu et al. 2010) and cpDNA 
sequences (Havananda et al. 2010). Because of 
the large overlapping of morphological character-
istics and molecular data in the M. sativa-falcata 
complex, both selected molecular markers and 
morphological characters are needed to study 
introgressive hybridization in more detail.

Distribution of hybrids in populations 
depending on the habitat type and 
changes in land use

Human activities often give rise to ruderal land 
which can easily be colonized by numerous taxa, 
mostly species with a high colonization ability. 
Habitat disturbance creates suitable habitats for 
hybrid taxa and increases opportunities for spon-
taneous hybridization. In disturbed habitats, for-
merly separated taxa may come into contact as 
human activities have destroyed ecological and 
spatial barriers (De Wet & Harlan 1975, Levin 
et al. 1996). It is also known that hybrid taxa are 
most successful in disturbed habitats but usually 
not in habitats preferred by their parental taxa 
(De Wet & Harlan 1975).

In breeding programs, falcata has been inten-
sively used for improving winter hardiness and 
grazing tolerance of varia cultivars. In Estonia, 
two grazing-tolerant yellow-flowered varia cul-
tivars have been bred. As a result, differences 
in the requirements for habitat and environmen-
tal conditions between falcata and varia have 
diminished, and domesticated plants of varia 
are able to survive and spread under natural 
conditions. This is well evident in Canada were 
roadside feral populations of escaped cultivars 
with high parentage from falcata are very viable 
(Bagavathiannan & Van Acker 2009, Bagavathi-
annan et al. 2010). These populations seem to 
be under natural selection for winter survival 
and clonal growth. It was assumed that these 
traits of falcata may support persistence of road-
side hybrid populations (Bagavathiannan & Van 
Acker 2009, Bagavathiannan et al. 2010). Even 
more first-generation hybrids between sativa and 
falcata show the effects of heterosis i.e., vigor-

ous growth, larger plants and a more erect habit 
(Riday & Brummer 2004). In Estonia, the traits 
of falcata may support the establishment of 
hybrid plants in natural populations on alvars 
and dry grasslands in addition to roadside habi-
tats, as only six populations growing on alvars 
appeared to be pure.

Besides alvars and dry grasslands, three pure 
falcata populations were growing at roadsides, 
one pure population occurred on a fallow field and 
one pure population in an old sandpit. Presumably, 
these populations were recently established by the 
initial seedling recruitment from falcata seeds. It 
may be expected that in the course of time, hybrid 
plants will appear also in these populations from 
the nearby cultivated fields or as a consequence 
of human activity (e.g. road-construction works). 
It has been shown that gene flow by pollen from 
cultivated sativa and varia fields may cover long 
distances (St. Amand et al. 2000). Furthermore, 
also gene flow via seeds can be essential and 
may increase gene exchange between natural and 
cultivated populations (Muller et al. 2001). We 
suppose that there may be three main reasons 
why hybrid plants are missing from some popula-
tions: (1) unsuitable environments for dispersal of 
hybrid plants, (2) lack of cultivated fields nearby 
natural populations of falcata, (3) populations 
in disturbed habitats that have been established 
by falcata seeds are now densely occupied by 
plants of falcata and other competitive species. 
As the results of this study show that habitat type 
had no influence on frequency of hybrid plants, 
the impact of other factors, e.g. those mentioned 
above, which do not support spreading of hybrid 
plants, may play an important role.

Prevalent processes in the Estonian agricul-
tural landscapes are forestation, abandonment 
and overgrowing of grasslands with shrubs and 
trees, and expansion of fallow fields in for-
merly arable land (Kana et al. 2008). This is in 
accordance with our observations which also 
confirm that former grasslands, pastures and 
arable fields are often abandoned and overgrown 
by shrubs. In these unmanaged areas the disper-
sal of competitive and large-sized invasive spe-
cies, for example Galega orientalis and Lupinus 
polyphyllus, is promoted (Eek & Kukk 2008).

In many cases, it is not known if falcata and 
varia are growing on pastures and grasslands nat-
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urally or have been sown there during the period 
of intensified agricultural practices since 1950 
until 1990. At many sites, plants sown in that 
period have persisted until now (Bender 2006). 
One can claim that cultivation of grasslands and 
pastures has historically contributed to better dis-
tribution of hybrid plants, making co-occurrence 
of the two taxa possible. Also abandonment of 
sandpits and former arable fields has enabled both 
falcata and varia to colonize new open areas. 
However, we found no significant difference 
in the occurrence of hybrid plants at sites with 
changed land-use as compared with sites where 
the land use had remained the same, although 
escaped cultivars obviously have more favourable 
conditions for spreading at roadsides. It is evident 
that varia has adopted traits of falcata which sup-
port persistence of hybrid plants in man-made as 
well as in natural habitats, largely owing to the 
abandonment of former agricultural areas.

Conclusions

In summary, the present study on hybridization 
in the Medicgo sativa-falcata complex showed 
that there have remained only a few pure falcata 
populations in Estonia; out of the 106 popula-
tions studied by us only 15 were pure falcata 
populations, while the remaining 91 popula-
tions contained hybrid plants. These results indi-
cate ongoing and variable hybridization in natu-
ral populations of falcata. The still preserved 
pure populations are of high conservation value 
because introgression from cultivated alfalfa is 
reported throughout Europe (e.g. Jenczewski et 
al. 1999a, Rufener Al Mazyad & Ammann 1999, 
Bleeker et al. 2007).

The occurrence of hybrid plants in the popula-
tions does not depend significantly on the habitat 
type and is not strongly influenced by changes in 
land use. However, it can be argued that the most 
favourable habitats for the growth and dispersal 
of hybrid lucerne plants are disturbed man-made 
habitats, mostly roadsides, but also wastelands 
and fallow or abandoned fields. Pure popula-
tions of falcata contain only individuals with 
yellow flowers and sickle-shaped pods, while 
hybrid plants in mixed populations have indi-
viduals with a pod shape and flower colour char-

acteristic of falcata, sativa or varia. The habitat 
preferences and morphological characteristics of 
varia and falcata have become more diverse in 
hybrid plants through introgressive hybridization 
in mixed populations, favouring their invasion to 
disturbed and natural habitats. In addition, pure 
falcata populations on calcareous grasslands and 
alvars of northern and western Estonia, growing 
on the northern margin of the distribution range, 
should deserve special attention as a valuable 
genetic resource adapted to cold winters and 
frequent summer droughts, and because they can 
spread vegetatively. Ex situ conservation of pure 
falcata gene pool is carried out in Estonia by the 
Jõgeva Plant Breeding. In 2002–2009, expedi-
tions were carried out in north and west Estonia 
to collect seeds from natural populations of fal-
cata and other legumes and grasses. Our previous 
study on the genetic diversity in small and frag-
mented pure populations of the sickle medic in 
Estonia showed that it still has remained high and 
deserves protection (Kaljund & Jaaska 2010). 
Therefore, in situ conservation measures of these 
populations should be considered, such as a ban 
of cultivation of sativa and varia in the radius 
of possible gene flow distance, and preserving 
remained populations from destruction through 
human activities. But even then, the populations 
are not fully protected against gene flow from 
cultivated crops due to pollinator-mediated gene 
flow or occasional long-distance seed dispersal 
of cultivars. Thus, the conservation measures of 
falcata in Estonia are still moderate and in the 
future falcata deserves more attention as a valu-
able genetic resource.

Acknowledgements

This research was funded by grant ETF 7513 from the Esto-
nian Science Foundation and grant SF 0170052s08 from 
the Estonian Ministry of Education and Science. The text 
was linguistically revised by Mrs. Ester Jaigma. Herbarium 
material is preserved in the herbarium of vascular plants and 
mosses (TAA) of Estonian University of Life Sciences.

References

Bagavathiannan, M. V. & Van Acker, R. C. 2009: The biol-
ogy and ecology of feral alfalfa (Medicago sativa L.) 



30 Kaljund & Leht • ANN. BOT. FENNIcI Vol. 50

and its implications for novel trait confinement in North 
America. — Critical Reviews in Plant Sciences 28: 
69–87.

Bagavathiannan, M. V., Gulden, R. H., Begg, G. S. & Van 
Acker, R. C. 2010: The demography of feral alfalfa 
(Medicago sativa L.) populations occurring in roadside 
habitats in southern Manitoba, Canada: implications for 
novel trait confinement. — Environmental Science & 
Pollution Research 17: 1448–1459.

Barcaccia, G., Tavoletti, S., Mariani, A. & Veronesi, F. 2003: 
Occurrence, inheritance and use of reproductive mutants 
in alfalfa improvement. — Euphytica 133: 37–56.

Barnes, D. K. & Hanson, C. H. 1967: An illustrated summary 
of genetic traits in tetraploid and diploid alfalfa. — 
Technical bulletin 1370, Agricultural Research Service, 
U.S. Department of Agriculture, Washington.

Barnes, D. K. 1966: Flower colour inheritance in diploid and 
tetraploid alfalfa: a reevaluation. — Technical bulletin 
1353, Agricultural Research Service, U.S. Department 
of Agriculture, Washington.

Bender, A. 2006: Lutsernid. — In: Bender, A. (ed.), Eri-
tüübiliste rohumaade rajamine ja kasutamine, I osa: 
192–207. Tartu Ülikooli kirjastus, Jõgeva.

Bender, A. & Tamm, S. 1998: About breeding value of Esto-
nian natural lucerne populations. Productivity and qual-
ity of agricultural crops. — Transactions of the Estonian 
Agricultural University 199: 114–124. [In Estonian with 
English abstract].

Bleeker, W., Schmitz, U. & Ristow, M. 2007: Interspecific 
hybridisation between alien and native plant species in 
Germany and its consequences for native biodiversity. 
— Biological Conservation 137: 248–253.

Chapman, M. A. & Burke, J. M. 2006: Letting the gene 
out of the bottle: the population genetics of genetically 
modified crops. — New Phytologist 170: 429–443.

Chèvre, A. M., Adamczyk, K., Eber, F., Huteau, V., Cori-
ton, O., Letanneur, J. C., Laredo, C., Jenczewski, E. & 
Monod, H. 2007: Modelling gene flow between oilseed 
rape and wild radish. I. Evolution of chromosome struc-
ture. — Theoretical and Applied Genetics 114: 209–221.

De Wet, J. M. J. & Harlan, J. R. 1975: Weeds and domesti-
cates: evolution in the man-made habitat. — Economic 
Botany 29: 99–108.

Eek, L. & Kukk, K. (eds.) 2008: Maismaa võõrliikide käsi-
raamat. — Keskkonnaministeeriumi väljaanne, Tallinn.

Ellstrand, N. C. 2003: Current knowledge of gene flow in 
plants: implications for transgene flow. — Philosophical 
Transactions of the Royal Society B 358: 1163–1170.

Ellstrand, N. C., Heredia, S. M., Leak-Garcia, J. A., Heraty, 
J. M., Burger, J. C., Yao, L., Nohzadeh-Malakshah, S. & 
Ridley, C. E. 2010: Crops gone wild: evolution of weeds 
and invasives from domesticated ancestors. — Evolu-
tionary Applications 3: 494–504.

Ellstrand, N. C., Prentice, H. C. & Hancock, F. J. 1999: Gene 
flow and introgression from domesticated plants into 
their wild relatives. — Annual Review of Ecology and 
Systematics 30: 539–563.

Greene, S. L., Kisha, T. J. & Dzubenko, N. I. 2008: Con-
serving alfalfa wild relatives: is past introgression with 

Russian varieties evident today? — Crop Science 48: 
1853–1864.

Hails, R. S. & Morley, K. 2005: Genes invading new popula-
tions: a risk assessment perspective. — Trends in Ecol-
ogy & Evolution 20: 245–252.

Havananda, T., Brummer, E. C., Maureira-Butler, I. J. & 
Doyle, J. J. 2010: Relationships among diploid members 
of the Medicago sativa (Fabaceae) species complex 
based on chloroplast and mitochondrial DNA sequences. 
— Systematic Botany 35: 140–150.

Jarvis, D. I. & Hodgkin, T. 1999: Wild relatives and crop cul-
tivars: detecting natural introgression and farmer selec-
tion of new genetic combinations in agroecosystems. 
— Molecular Ecology 8: 159–173.

Jenczewski, E., Angevain, M., Charrier, A., Génier, G., 
Ronfort, J. & Prosperi, J.-M. 1998: Contrasting patterns 
of genetic diversity in neutral markers and agromor-
phological traits in wild and cultivated populations of 
Medicago sativa L. from Spain. — Genetics Selection 
Evolution 30: 103–119.

Jenczewski, E., Prosperi, J.-M. & Ronfort, J. 1999a: Dif-
ferentiation between natural and cultivated populations 
of Medicago sativa (Leguminosae) from Spain: analy-
sis with random amplified polymorphic DNA (RAPD) 
markers and comparison to allozymes. — Molecular 
Ecology 8: 1317–1330.

Jenczewski, E., Prosperi, J.-M. & Ronfort, J. 1999b: Evi-
dence for gene flow between wild and cultivated Medi-
cago sativa (Leguminosae) based on allozyme markers 
and quantitative traits. — American Journal of Botany 
86: 677–687.

Kaljund, K. & Jaaska, V. 2010: No loss of genetic diversity 
in small and isolated populations of Medicago sativa 
subsp. falcata. — Biochemical Systematics and Ecology 
38: 510–520.

Kaljund, K. & Leht, M. 2010: Medicago falcata L. in 
Estonia: chromosomal and morphological variability, 
distribution and vulnerability of taxa. — Acta Biologica 
Universitatis Daugavpiliensis suppl. 2: 107–119.

Kana, S., Kull, T. & Otsus, M. 2008: Change in agriculturally 
used land and related habitat loss: A case study in eastern 
Estonia over 50 years. — Estonian Journal of Ecology 
57: 119–132.

Kukk, T. 1999: Eesti taimestik. — Teaduste Akadeemia Kir-
jastus, Tallinn–Tartu.

Kukk, T. & Kull, T. (eds.) 2005: Eesti taimede levikuatlas. — 
Eesti Maaülikool, Põllumajandus- ja keskkonnainstituut, 
Tartu.

Lane, A. 2005: Gene flow from crops to their wild relatives. 
— In: Carmen de Vicente, M. (ed.), Issues on gene flow 
and germplasm management: 6–16. IPGRI, Rome.

Lavigne, C., Klein, E. K. & Couvet, D. 2002: Using seed 
purity data to estimate an average pollen mediated gene 
flow from crops to wild relatives. — Theoretical and 
Applied Genetics 104: 139–145.

Lesins, K. A. & Lesins, I. 1979: Genus Medicago (Legumi-
nosae). A taxogenetic study. — Dr. W. Junk Publishers, 
The Hague.

Levin, D. A., Francisco-Ortega, J. & Jansen, R. K. 1996: 



ANN. BOT. FENNIcI Vol. 50 • Hybridization between cultivated lucerne and the native sickle medic 31

Hybridization and the extinction of rare plant species. — 
Conservation Biology 10: 10–16.

MapInfo Corporation 2004: MapInfo Professional, ver. 7.8. 
— MapInfo Corporation, Troy, NY.

Martin, A. J., Mänd, M., Luik, A., Maavara, V. & Bender, 
A. 1998: Visitors of alfalfa flowers and their pollina-
tion efficiency. — Proceedings of the Estonian Agri-
cultural University 199: 130–137. [In Estonian with 
English abstract].

Miljan, A. 1932: Lutserni kasvatamisest Eestis. — Niit ja 
karjamaa IV: 35–44.

Muller, M.-H., Prosperi, J.-M., Santoni, S. & Ronfort, J. 
2001: How mitochondrial DNA diversity can help to 
understand the dynamics of wild-cultivated complexes. 
The case of Medicago sativa in Spain. — Molecular 
Ecology 10: 2753–2763.

Muller, M.-H., Prosperi, J.-M., Santoni, S. & Ronfort, J. 
2003: Inferences from mitochondrial DNA patterns on 
the domestication history of alfalfa (Medicago sativa). 
— Molecular Ecology 12: 2187–2199.

Prosperi, J.-M., Jenczewski, E., Angevain, M. & Ronfort, 
J. 2006: Morphologic and agronomic diversity of wild 
genetic resources of Medicago sativa L. collected in 
Spain. — Genetic Resources and Crop Evolution 53: 
843–856.

Quiros, C. F. & Bauchan, G. R. 1988: The genus Medicago 
and the origin of the Medicago sativa complex. — Agro-
nomical Monographs 29: 93–124.

Raybould, A. F. & Gray, A. J. 1993: Genetically modified 
crops and hybridization with wild relatives: a UK per-
spective. — Journal of Applied Ecology 30: 199–219.

Rhymer, J. M. & Simberloff, D. 1996: Extinction by hybridi-
zation and introgression. — Annual Review of Ecology, 
Evolution, and Systematics 27: 83–109.

Riday, H. & Brummer, E. C. 2004: Morphological variation 
of Medicago sativa subsp. falcata genotypes and their 
hybrid progeny. — Euphytica 138: 1–12.

Rieseberg, L. H. & Ellstrand, N. C. 1993: What can molec-

ular and morphological markers tell us about plant 
hybridization? — Critical Reviews in Plant Sciences 
12: 213–241.

Rieseberg, L. H. & Wendel, J. 1993: Introgression and its 
consequences in plants. — In: Harrison, R. (ed.), Hybrid 
zones and the evolutionary process: 70–109. Oxford 
University Press, New York.

Rufener Al Mazyad, P. & Ammann, K. 1999: The Medicago 
falcata/sativa complex, crop-wild relative introgression 
in Switzerland. — In: Van Raamsdonk, L. W. D. & Den 
Nijs, J. C. M. (eds.), Plant evolution in man-made habi-
tats: Proceedings of the VIIth International symposium 
of the International Organization of Plant Biosystema-
tists: 271–286. Hugo de Vries Laboratory, Amsterdam.

Şakiroğlu, M., Jeffrey, J., Doyle, J. J. & Brummer, E. C. 
2010: Inferring population structure and genetic diver-
sity of broad range of wild diploid alfalfa (Medicago 
sativa L.) accessions using SSR markers. — Theoretical 
and Applied Genetics 121: 403–415.

Small, E. 1984: Hybridization in the domesticated-weed-
wild complex. — In: Grant, W. F. (ed.), Plant Biosystem-
atics: 195–210. Academic Press, Toronto.

Small, E. 2011: Alfalfa and relatives. Evolution and clas-
sification of Medicago. — NRC Research Press, Ottawa.

Small, E. & Brookes, B. S. 1984: Taxonomic circumscrip-
tion and identification in the Medicago sativa-falcata 
(alfalfa) continuum. — Economic Botany 38: 83–96.

St. Amand, P. C., Skinner, D. Z. & Peaden, R. N. 2000: Risk 
of alfalfa transgene dissemination and scale-depend-
ent effects. — Theoretical and Applied Genetics 101: 
107–114.

Viands, D. R., Sun, P. & Barnes, D. K. 1988: Pollination 
control: mechanical and sterility. — Agronomical Mono-
graphs 29: 931–960.

Warwick, S. I., Légère, A., Simard, M.-J. & James, T. 2008. 
Do escaped transgenes persist in nature? The case of an 
herbicide resistance transgene in a weedy Brassica rapa 
population. — Molecular Ecology 17: 1387–1395.

This article is also available in pdf format at http://www.annbot.net


