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a b s t r a c t
Reproductive patterns in ten species of Gagea Salisb. were compared by counts and measurements of
bulbs, bulbils and ﬂowers in large cohorts including all life stages. Two types of bulbils were found: taxa
with “type I bulbils” start to develop a single to several bulbils as soon as the replacement bulb has reached
a certain diameter and then continue to form them indeﬁnitely throughout the life of the plant. “Type II
bulbils” are only temporarily produced in immature, non-ﬂowering plants of some species, but not in fully
grown, ﬂowering individuals, a phenomenon termed “reproductive switch”. Patterns of bulbil formation
are species-speciﬁc: G. davlianidzeae, G. nigra, G. peduncularis, G. pratensis, and G. spathacea produce only
type I bulbils; G. angelae, G. fedschenkoana and G. lutea develop only type II bulbils. Both bulbil types occur
simultaneously in G. fragifera and G. villosa. The quantitative investigations demonstrate the existence
of species-speciﬁc thresholds for the development of bulbils as well as ﬂowers. Compared to the adult
volume of the replacement bulb (where 90% of all plants ﬂower), both types of bulbils have usually
low thresholds: 0–5% (type I, all but one species) and 3–13% (type II). Inﬂorescences develop if plants
attain between 38 and 60% of the adult bulb volume. Minor changes in patterns of bulbil formation and
thresholds for their development may ensure survival of highly sterile taxa (e.g. G. spathacea, G. fragifera).
This, in turn, can facilitate speciation in the genus driven by both hybridization and polyploidization.
© 2013 Elsevier GmbH. All rights reserved.

Introduction
Like many monocotyledons, the species of the genus Gagea
Salisb. (Liliaceae) show rather strict growth patterns with only
subtle differences. This already attracted the attention of early
botanists, describing branching patterns and individual development (Buxbaum, 1937; Graebner and Kirchner, 1934; Horn, 1874;
Irmisch, 1850). The species of Gagea are small bulbous plants with
cryptodicyclic development (Levichev, 2006) and often vegetative
multiplication by bulbils. With respect to their general morphology, all species of Gagea have two basal leaves (Levichev, 2006). The
ﬁrst leaf of the present-year shoot is a free assimilating basal leaf,
its axillary bud develops the replacement bulb, i.e. the parent bulb
of the next season. This is the minimum set for very young plants.
The second basal leaf can be reduced to a scale or is often concaulescent with the inﬂorescence scape (many species in sections Gagea
and Minimae; Levichev, 2006). Therefore, in many species only a
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single basal leaf is visible, but in others, like G. spathacea (Hayne)
Salisb., vigorously growing vegetative plants develop two free basal
leaves. As it is common in sect. Didymobulbos (Peterson et al., 2008;
Tison et al., 2013), older vegetative and ﬂowering plants of G. villosa (Bieb.) Sweet have two basal leaves. The axil of this second
leaf can support a single to several basal bulbils. If more than one
basal bulbil is formed, one of these is often larger than the others
and/or may have a different colour or shape (Levichev, 1999). Even
more adventive bulbils (one to many) can be formed in the axils
of leaves on the inﬂorescence shoot. In non-ﬂowering plants, the
latter may be situated above the replacement bulb on short erect
shoots (“Bulbillenköpfchen”; Levichev, 1999: 384; suprabasal bulbils, compare Tison et al., 2013), which is the usual case in Gagea
fragifera (Vill.) Ehr.Bayer & G.López Gonzalez. In ﬂowering plants of
some species, bulbils are developed in the axils of the third and following upper leaves below the inﬂorescence (e.g. Gagea gageoides
(Zucc.) Vved., Ali and Levichev, 2007). Detailed schematic drawings of different growth patterns in representatives of Gagea are
provided by Levichev (2013: 414, Fig. 2).
Bulbils are not always sessile, but may also develop on stolon(s)
of various lengths (compare Plate 6 in Levichev, 1999). Generally,
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bulbils will be released with the decay of their supporting leaf
at the latest, but often rupture of its base and bulbil release
occurs much earlier. Bulbils lay often dormant, and in this case
bulbils from previous years are recognizable by a usually darker
colour.
In his study on the morphology of the genus, Levichev (1999)
found for all but three species of Gagea vegetative reproduction
via bulbils. Their shape, quantity and location provide important
morphological characters for species differentiation, which was
illustrated by Levichev (1999, 2013), Peterson et al. (2011) and
Tison et al. (2013). Different numbers of bulbils formed per year and
plant, reaching from one (G. nigra) to several dozen (G. spathacea,
Schnittler et al., 2009), indicate that the relative proportions of
vegetative vs. generative reproduction are likely to be speciesspeciﬁc and very variable. Extremes may be exclusive vegetative
reproduction (G. spathacea; Pfeiffer et al., 2011, 2012a), or exclusive generative reproduction, which can be expected for the few
species lacking bulbils (compare Levichev, 1999; G. robusta Zarrei
and Wilkin in Zarrei et al., 2010).
Levichev and Jezniakowsky (2008) stated that the species of
Gagea follow rather rigid species-speciﬁc growth patterns during
ontogenesis. Although these growth patterns are well documented
for a number of species (e.g. Levichev, 2013), quantitative analyses
of vegetative and generative reproductive traits are largely missing.
Investigations in G. lutea (L.) Ker Gawl. and G. spathacea (Schnittler
et al., 2009) revealed that bulbil formation in the former species
shows a reproductive switch: non-ﬂowering plants form bulbils,
ﬂowering ones do not. In contrast, G. spathacea develops bulbils
in all ontogenetic stages. This difference is crucial for the balance
between sexual and vegetative reproduction (Pfeiffer et al., 2011;
Schnittler et al., 2009) and grants survival of the latter, sexually
sterile species (Pfeiffer et al., 2012a).
In the present study we provide a quantitative assessment of
the reproductive strategies in eight Gagea species: we measured
diameter and counted numbers of bulbs and bulbils of ﬂowering
and non-ﬂowering individuals in natural populations of G. angelae
Levichev et Schnittler, G. davlianidzeae Levichev, G. fedtschenkoana
Pascher, G. fragifera, G. nigra L.Z. Shue, G. peduncularis (J. Presl & C.
Presl) Pascher, G. pratensis (Pers.) Dumort, and G. villosa. In addition, the results of an earlier study (Schnittler et al., 2009) on G.
lutea and G. spathacea are considered. Our aims are to (i) illustrate
and quantify species-speciﬁc patterns of bulbil and ﬂower development, (ii) derive estimates for resource-dependent thresholds
for the development of these organs, (iii) to generalize the ﬁndings
to characterize the realized reproductive strategies of the studied
taxa.
Materials and methods
Study species
For each of the eight investigated species of Gagea one to ten
populations totalling between 166 and 572 individuals were measured (see Appendix 1). To determine the respective thresholds for
bulbil and ﬂower formation, we collected all life stages, although
extremely large plants are naturally rare and seedlings are difﬁcult
to ﬁnd in all taxa.
Morphological analysis
For this study, we distinguish three types of bulbs. Parent bulbs
(from the previous year) nourish the leafy present-year shoot,
which grows into the inﬂorescence, or, in juvenile plants, is represented solely by one, more rarely two basal leaves. Replacement
bulbs develop in the axil of the ﬁrst basal leaf and will carry the plant

into the next year (becoming then the parent bulb). In all investigated species except for G. pratensis the replacement bulb develops
within the parent bulb, sometimes accumulating remnants of previous year storage leaves (tunics). Smaller bulbs, called bulbils, can
be formed in the axils of the following leaves, and act as vegetative
diaspores accounting for clonal multiplication.
All studies were carried out on freshly excavated plants. Using
a ruler and/or a digital calliper (precision ± 0.02 mm) the following
organs were counted and measured in fresh condition: (1) replacement bulbs: diameter (or length and width for ellipsoid bulbs;
usually with the thin tunic of the former parent bulb); (2) bulbils:
diameter, number, position (only bulbils of the current year were
considered; the numerous small bulbils of G. fragifera and G. villosa
were only counted); (3) ﬂowers: number.
To determine the number of bulbils per life stage and the thresholds for the formation of bulbils and ﬂowers, respectively, we
constructed plots based on class widths of 0.5 mm diameter of
the replacement bulb and calculated the proportions of individuals developing the respective structures. Using a routine built
into SigmaPlot 3.0 (SyStat GmbH); these graphs were ﬁtted against
equations in the form y = 1/[1 + e−(x−x0 )/b ] which describe a sigmoid
function with x0 as the threshold for bulb diameter, i.e. the turning
point of the graph’s slope (compare Schnittler et al., 2009). For bulbils formed exclusively by juvenile plants (see below) only the part
of the curve up to the maximum proportion of plants with such bulbils was considered for regression. For the graphical comparison of
thresholds in Fig. 2, we estimated the diameter of the replacement
bulbs, assuming a round (ellipsoid) shape. We also included results
of similar investigations for G. lutea and G. spathacea published in an
earlier study (Schnittler et al., 2009). As a proxy for stored resources,
we calculated the volume corresponding to the measured bulb
diameter to derive the relationships pictured in Fig. 2. Round bulbils were measured once, with volumes calculated according to that
of a sphere. For ovate bulbils, like those of G. pratensis, length and
width were measured and the respective volume was calculated
according to an ellipsoid. Average measurements are always given
with the standard error of means (SEM).
Results
Types of bulbils
Following bulbil development throughout all life stages, two
types of bulbils were recognized in the investigated Gagea species
(see Table 1).
Type I bulbils
These bulbils develop as soon as the replacement bulb has
reached a certain diameter and are persistently formed throughout
the life of the plant in non-ﬂowering as well as ﬂowering individuals. They are typically developed as basal bulbils in the axil of the
second basal leaf (Levichev, 2013). For average number and average
diameter of bulbils see Table 1. We detected these type I bulbils in
seven of the studied species. Gagea davlianidzeae develops rather
small collateral bulbils, arranged around the replacement bulb like
garlic cloves (max. 2.39 mm, 464 bulbils from 119 plants measured).
In ﬂowering plants of G. fragifera, especially in plants with multiple
ﬂowers, the single basal bulbil (max. 2.70 mm diameter, 309 plants
are counted) is often smaller than in large non-ﬂowering individuals and hard to detect. Gagea nigra develops one bulbil over its
entire life and is the only species where the thresholds for bulbil
and ﬂower production are very close to each other (Table 2). Virtually all ﬂowering plants of this species have this bulbil, which is
large in relation to the replacement bulb diameter (max. 3.99 mm,
252 plants measured). On average 2.6 ﬂowers are formed per plant,
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Table 1
Systematic afﬁliation, reproductive patterns, mean numbers and sizes for bulbils and/or ﬂowers (±SEM) and chromosome data of the analyzed Gagea species.
Species

Sectionof Gageaa

Reproductive
pattern

Mean number of bulbils/ﬂowersb

Flowers
G. angelae
G. davlianidzeae
G. fedtschenkoana
G. fragifera
G. luteaf
G. nigra
G. peduncularis
G. pratensis
G. spathaceaf
G. villosa

Gagea
Minimae
Gagea
Didymobulbos
Gagea
Minimae
Didymobulbos
Gagea
Spathaceae
Didymobulbos

B
A
B
A+B
B
A
A
A
A
A+B

3.70
3.25
2.20
2.67
3.95
2.58
1.67
1.88
1.51
5.00

±
±
±
±
±
±
±
±
±
±

0.23
0.42
0.09
0.15
0.12
0.11
0.12
0.07
0.06
0.42

Mean size of bulbils (mm)

Chromosome
numbers

Bulbils type I

Bulbils type II

Bulbils type I

Bulbils type II

(2n)c

–
3.90 ±
–
1.00 ±
–
1.00 ±
1.00 ±
1.32 ±
9.29 ±
1.00 ±

2.94 ±
–
1.00 ±
10.39 ±
8.65 ±
–
–
–
–
11.46 ±

–
1.22 ±
–
0.90 ±
–
2.12 ±
2.04 ±
4.56 ±
1.27 ±
2.14 ±

1.44 ± 0.03
–
1.34 ± 0.07
0.3–1.0d
1.49 ± 0.01
–
–
–
–
0.4–1.3d

–
24, 28
18e
60, 84
72
–
36
60
∼102, 106
(36), 48

0.29
0.00
0.00
0.00
0.03
0.47
0.00

0.15
0.00
0.57
0.35

0.70

0.02
0.03
0.03
0.04
0.07
0.02
0.05

a

For infrageneric classiﬁcation, see Peterson et al. (2008, 2011), Peruzzi et al. (2008) and Peruzzi (2012b).
b
Average numbers for all individuals developing the respective structure (ﬂowers and/or bulbils).
c
Chromosome data according to Peruzzi (2003, 2008b), Peruzzi et al. (2011), and literature cited therein.
d
Bulbil size estimated from occasional measurements.
e
This would be an aneuploid state (1.5×), but ﬂow cytometric measurements of relative DNA content comply by comparison to Central European taxa with the tetraploid
level, i.e. 2n = 48.
f
See Schnittler et al., 2009 for detailed data.

but with large differences that seem to be correlated with habitat moisture (small and often single-ﬂowered plants in the steppe
zone but large multi-ﬂowered plants in the mountains). Plants of
G. peduncularis start soon to develop a single, comparatively large
bulbil (max. 4.53 mm, 325 plants measured). For G. pratensis, virtually no threshold for bulbil production exists, even the smallest
plants were already found with bulbils. Notable is their large size
(max. 12.9 mm × 7.9 mm, 595 bulbils from 452 plants analyzed).
The majority of non-ﬂowering plants (76%) had only one bulbil;
for 144 ﬂowering plants we counted on average 1.3 bulbils and 1.9
ﬂowers. The numerous small bulbils of G. spathacea belong as well
to type I (Schnittler et al., 2009). Similar to G. fragifera, G. villosa
develops a single but larger basal bulbil (max. 4.05 mm, 205 plants
measured).
Type II bulbils
The second type of bulbils develops temporarily in nonﬂowering plants of ﬁve of the investigated species. These bulbils can
be formed on stolons (G. angelae), appear as basal bulbils solitary (G.
fedtschenkoana) or in groups (G. lutea), or are clusters of very small
suprabasal bulbils in G. fragifera and G. villosa. Non-ﬂowering plants
of Gagea angelae form bulbils on a stolon of up to 7.9 cm length
(mean 2.3 cm). One of these bulbils is larger than the others (max.
5.85 mm, average 1.94 ± 0.07 mm diam., 239 plants with 702 bulbils analyzed). However, virtually all plants stop to develop a stolon
when ﬂowering. Similar is G. lutea (Schnittler et al., 2009), but in
this species the group of bulbils is sessile (max. 2.90 mm, largest

bulbil on average 1.86 ± 0.03 mm diam., 226 plants with 1955 bulbils analyzed). Large non-ﬂowering plants of G. fedtschenkoana form
a single bulbil (max. 2.88 mm, 53 plants measured), which ceases
to be developed in ﬂowering individuals.
Thresholds for bulbil and ﬂower formation
The graphics on the left-hand side of Fig. 1(A and B) show the
proportion of plants with type I and/or type II bulbils and ﬂowers in
dependence from the diameter of the replacement bulb; the ﬁgures
on the right side of both ﬁgure panels display numbers of bulbils
and ﬂowers, respectively. From the plots, a threshold for the diameter of the replacement bulb can be determined, where 50% of all
plants can be expected to develop the respective structure. Table 2
lists these thresholds for bulbil and ﬂower formation, respectively,
and the correlation coefﬁcients of the regression with a sigmoid
function. In all species characterized by type II bulbils, larger plants
had either these bulbils or ﬂowers, with very few exceptions (G.
angelae: six large plants with inﬂorescences plus in addition one
stolon with bulbils; G. lutea: one plant with a group of bulbils in
an otherwise normal inﬂorescence; G. villosa: three plants with
mixed inﬂorescences; G. fedtschenkoana: one plant with ﬂowers
and a bulbil).
If adult plants are deﬁned as those individuals attaining a bulb
diameter where 90% of all plants are expected to ﬂower, we can
take this value from the regression function (Fig. 1, left columns of
partial ﬁgures) and calculate the corresponding bulb volume. This

Table 2
Thresholds for development of ﬂowers and bulbils in ten species of Gagea. Given is the mean average diameter [mm] of the replacement bulb where 50% of the plants develop
the respective structure (equal to the parameter x0 of the sigmoidal functions shown in Fig. 1). The goodness of ﬁt R according to a sigmoidal function is given (see Section
“Materials and methods” for explanation).
Species

Threshold for bulbil/ﬂower formation (mm replacement bulb diam.)
Bulbils type I

G. angelae
G. davlianidzeae
G. fedtschenkoana
G. fragifera
G. luteaa
G. nigra
G. peduncularis
G. pratensis
G. spathaceaa
G. villosa
a

–
1.90 ±
–
2.55 ±
–
3.56 ±
1.03 ±
0.00
2.44 ±
2.77 ±

R

0.01

0.999

0.07

0.985

0.06
0.04

0.995
0.995

0.10
0.16

1.000
0.935

For plots like these shown in Fig. 1 see Schnittler et al. (2009).

Bulbils type II

R

Flowers

3.23 ±
–
1.82 ±
3.47 ±
2.55 ±
–
–
–
–
3.01 ±

0.13

0.987

0.93
0.09
0.09

0.945
0.996
0.980

0.25

0.984

7.43
3.88
3.27
5.74
6.94
3.87
3.63
8.74
5.34
7.05

±
±
±
±
±
±
±
±
±
±

0.42
0.10
0.02
0.07
0.04
0.02
0.04
0.35
0.13
0.20

R
0.974
0.990
0.999
0.995
0.998
0.999
0.998
0.979
1.000
0.964
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Fig. 1. (A and B) Reproductive patterns in the investigated species of Gagea. Left: proportions of plants forming type I bulbils (white circles), type II bulbils (grey) and/or
ﬂowers (black) in classes of 0.5 mm diameter width of the replacement bulb. The increasing parts of the graphs are ﬁtted against the equation y = 1/[1 + e−(x−x0 )/b ] with x0 as
the threshold for the formation of the respective structure (see Table 2). Vertical dotted lines indicate the position of this threshold. Right: numbers of bulbils and/or ﬂowers
per plant in the respective diameter classes; bars denote the standard error of means. For graphs of G. lutea and G. spathacea see Schnittler et al. (2009).

allows to express the respective thresholds (for the formation of
the two bulbil types and ﬂowers, respectively) as a fraction of adult
bulb volume (Fig. 2). Except for G. nigra which starts to grow its
single type I bulbil only if the replacement bulb has reached nearly
the size when ﬂowering starts, the thresholds for the production
of all types of bulbils are low (type I: 0–5%, type II: 3–13% of adult
bulb volume) and well comparable between the analyzed species.
The difference is with respect to ﬂowering: inﬂorescences start to

Fig. 2. Proportion of volume (deﬁned as the replacement bulb volume where 90% of
all plants of a species ﬂower) which must be reached that 50% of all plants develop
type I bulbils (open circles), type II bulbils (grey circles) or ﬂowers (black circles).

develop when between 38 and 65% of the adult bulb volume are
reached.
Discussion
Reproductive patterns
Our study is in agreement with earlier studies (e.g. Levichev,
1999, 2013; Schnittler et al., 2009) showing that relative proportions of vegetative vs. generative reproduction are likely to be
species-speciﬁc and very variable within the genus Gagea. Comparing the species, we can differentiate two main reproductive
patterns (see Table 1): (A) species with type I bulbils only (G.
davlianidzeae, G. nigra, G. peduncularis, G. pratensis, G. spathacea),
which latter are indeﬁnitely formed in immature as well as sexually reproducing individuals; and others (B) forming only type II
bulbils, which are no longer developed by ﬂowering adult plants (G.
angelae, G. fedtschenkoana, G. lutea). In addition, both strategies can
occur simultaneously (G. fragifera, G. villosa). The latter two taxa,
combining both bulbil types, possess a single, basal bulbil which
develops already in rather weak plants. With more resources, plants
form additional type II bulbils. In these two species, the two types
of bulbils can be distinguished morphologically: type I bulbils are
basal, most likely developing in the axil of the second leaf (compare Levichev, 2013: 414), whereas type II bulbils are suprabasal
and arise most likely from the axils of the third and upper reduced
leaves on a short (G. fragifera) to extremely short (G. villosa) scape.
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Due to this reproductive and morphogenetic variability, it is
currently too speculative to synthesize our ﬁndings into a general growth and reproduction scheme applicable at section (see
Table 1) or even genus level (see Section “Introduction”). Recently,
some species-speciﬁc growth and ontogenetic patterns, derived
from observations of wild and cultivated plants, were well illustrated by Levichev(2013: 414), including G. lutea, G. fragifera (=G.
liotardii (Sternberg) Schult. and Schult.), G. pratensis and G. villosa from our study species. These schematic drawings illustrate
the different realized reproductive strategies, i.e. patterns (A) in
G. pratensis, (B) in G. lutea and the mixture of both in G. fragifera,
respectively.
Thresholds for reproductive structures and size of bulbils
Throughout this study we found clear dependencies for the formation of all reproductive structures from the diameter of the
replacement bulb. The latter is the organ storing resources to carry
the plant into the next year. This fact provides strong evidence that
it is the resource status of the plant that determines the formation
of the respective reproductive structures. The detected thresholds
are species-speciﬁc (compare Blodgett, 1910, for likewise speciesspeciﬁc thresholds for ﬂowering in Erythronium). Bulbil formation
is generally less costly than ﬂowering (Schnittler et al., 2009), irrespective of the bulbil type.
For Gagea species of dry habitats, we expect that a larger size of
bulbils will be advantageous to survive long periods of drought in
summer, thus limiting the number of bulbils per plant. From our
set of study species, this especially applies to G. nigra, G. peduncularis and G. pratensis, all these species inhabiting rather dry habitats
compared to other species of Gagea found in the respective regions.
This strategy is especially prominent in G. nigra, a species from the
Chinese Tian-Shan mountains, inhabiting as well the steppe region
of the foothills. Here the single basal bulbil is comparatively large
(>2 mm), and the threshold for its development stays high (Fig. 2).
Extremely large bulbils are also formed in G. pratensis with one
basal bulbil (rarely more). In this species, bulbil formation in upper
leaves (at least the third) was reported to occur regularly by some
early authors (e.g., Horn, 1874; Irmisch, 1850), but this was doubted
by other authors (Martinovský, 1930). We have rarely seen such
aerial bulbils, and they were not considered here for the analysis.
For this species, we were unable to detect an effective threshold
for basal bulbil formation. Hence, we assume that plants growing
from bulbils can develop their own basal bulbil already in their ﬁrst
year. According to Irmisch (1850) (see also Graebner and Kirchner,
1934), the basal bulbil is even able to produce an inﬂorescence in
the next year, i.e. it can ﬂower along with its parent plant. As seed
set is virtually absent in the pentaploid populations of this species
investigated by Pfeiffer et al. (2012b), very small plants grown from
seeds were not found. However, populations in southern Central
Europe and the Mediterranean region are reported to be tetraploid
and can thus be expected to set seed (Gutiérrez and Vázquez, 2010;
Peruzzi, 2003).
Resource-dependent bulbil formation
Whereas type I bulbils are formed consecutively as soon as a certain size of the replacement bulb is reached, type II bulbils normally
cease to be developed if a plant is large enough to produce ﬂowers.
With growing bulb size, the decrease in the proportion of plants
with type II bulbils mirrors the increase in proportion of ﬂowering
plants (Fig. 1). We have termed this resource-dependent change
between bulbil and inﬂorescence formation to be a “reproductive
switch” (compare Schnittler et al., 2009), a term already coined
by Wang and Cronk (2003) for a study on meristem fate in the
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Gesneriaceae Titanotrichum oldhamii, where young plants develop
bulbils in the inﬂorescence instead of ﬂowers.
For the genus Gagea, two explanations for the only temporary formation of type II bulbils appear possible, both related to
resources stored in replacement bulbs. The ﬁrst of these possibilities would be a resource-dependent conversion of ﬂower
meristems into bulbils like in Titanotrichum (Wang and Cronk,
2003). If we assume that ﬂoral meristems do not develop into
(sexual and resource-consuming) ﬂowers but into (asexual and
cheaper; Schnittler et al., 2009) bulbils, weak plants will produce
bulbilliferous instead of true inﬂorescences. This appears likely to
be the case for G. fragifera and G. villosa. In both species, weak plants
develop a single basal bulbil and, in addition, groups of suprabasal
bulbils in the axils of upper reduced leaves, i.e. at the same position
which is typically assumed by inﬂorescence(s) in ﬂowering individuals. This is most obvious in G. fragifera, since the bulbil group
resembles a true inﬂorescence: a short scape elevates the bulbils
to surface level, the lowermost bract is a rather large green assimilating leaf, followed by reduced further bracts (see Levichev, 2013:
414). We demonstrated that such bulbil heads (which can be interpreted as bulbilliferous inﬂorescences, following this mechanism)
occur in weaker, immature plants, to be replaced by true inﬂorescences in well-provisioned, large plants. This phenomenon seems
to be common in several species of Gagea sect. Didymobulbos. Here
groups of suprabasal (type II) bulbils (compare Tison et al., 2013) are
likely to represent converted inﬂorescences. In G. villosa, a species
closely related to G. fragifera (Peruzzi et al., 2011), the adventive
suprabasal bulbils are located on extremely short scapes, but occasionally plants develop mixed inﬂorescences with bulbils in the
axils of lower leaves and ﬂowers on top. Already Irmisch (1850)
stated that sometimes ﬂowers can be replaced by bulbils (see also
Fig. 180 in Graebner and Kirchner, 1934; Horn, 1874). In agreement
with their transient nature, such mixed inﬂorescences tend to have
shorter scapes than true ones (compare Fig. 179 in Graebner and
Kirchner, 1934).
The Gagea species with type II bulbils which do not develop
in suprabasal position, but basal (G. angelae: bulbils at the tip of
a stolon, G. lutea: a group of bulbils, and G. fedtschenkoana: single bulbil, all from sect. Gagea) show a similar, usually complete,
reproductive switch. In these cases a second explanation for the
resource-dependent formation of bulbils is conceivable: ﬂowering plants may lack resources to produce bulbils in addition to an
inﬂorescence.
A reproductive switch between vegetative reproduction by bulbils in juvenile stages and sexual reproduction through seeds with
the onset of ﬂowering also occurs in other Liliaceae s.str.: in immature Tulipa sylvestris, an adventive bulb is formed on an extending
(rarely very short to absent) stolon, its apex is the terminal bud of
the non-ﬂowering mother bulb and consequently substituted by
an inﬂorescence in adult individuals (Irmisch, 1850, 1863a; Jäger,
1973). In Erythronium, the bud producing the bulbils in immature
stages is replaced by the bud forming the renewal bulb in the then
sympodially growing, ﬂowering plants in most species (Blodgett,
1910). However, there might be an additional resource-induced
component, as “under cultivation axillary buds in adult bulbs in
most species develop into bulbs” (Blodgett, 1910: footnote on page
350); for cultured E. dens-canis the development of rather large
adventive bulbs (often able to ﬂower in the next season; compare G.
pratensis) was already reported by Irmisch (1863b). An exception is
E. propullans, where the switch is missing and ﬂowering plants continue to reproduce vegetatively. But the additional production of
adventive bulbs on elongated lateral stolon’s is costly, and probably
explains the reduced ﬂower size in this species (Blodgett, 1910).
Many species of Allium (Alliaceae), another species-rich genus
with a diversity centre in Central Asia (Gregory et al., 1998), produce variable proportions of bulbils and ﬂowers. Whereas in Gagea
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at least some species have a nearly complete switch, i.e. produce
either all bulbils or all ﬂowers, in Allium both bulbils and ﬂowers
usually coexist in a single inﬂorescence. The respective diaspores
may have different dispersal options and reproductive success,
depending on environmental conditions in a given year (Ceplitis,
2001). However, a study by Ronsheim and Bever (2000) proofed
the occurrence of heritable allocation patterns to seeds, subterranean and aerial bulbils in A. vineale, thus limiting the potential
of these genotypes to adapt their reproductive strategy in response
to resource availability.

may regain fertility by changes in ploidy level, thus effectively
preserving their “genetic conﬁguration” for further evolution. This
phenomenon seems to be especially common in species-rich plant
genera where hybridization and sometimes reticulate evolution
includes sexually highly sterile taxa (see examples in Wang and
Cronk, 2003). Species of Allium (Alliaceae) with odd ploidy levels are
other examples how bulbil production ensures survival of populations in case of low or absent generative reproduction (e.g. Mathew,
1996; A. monathum: Kawano and Nagai, 1975; A. oleraceum: Fialov
and Duchoslav, 2013).

Bulbils as an escape strategy for sexually sterile taxa

Conclusion

In many plant taxa, various means of vegetative reproduction
supplement sexual reproduction by seeds. In all investigated Gagea
species, the often proliﬁc production of bulbils enabling extensive
clonal multiplication occurs at least in immature life stages. Especially in taxa with efﬁcient sexual reproduction of adult plants,
the vegetative reproduction loses its former importance or is even
completely abandoned (reproductive switch in taxa with type II
bulbils). Prime examples are G. lutea (hexaploid, groups of type II
bulbils but complete reproductive switch), which sets seed regularly (Pfeiffer et al., 2012b; Takahashi and Tani, 1997) and G. nigra
(with a single basal type I bulbil), which was also regularly observed
with seeds (99% of all plants, n = 95, mean 19.5 seeds per capsule;
Peterson et al., 2011). However, not all species of Gagea can use
both bulbils and seeds for reproduction; many species with high
and/or odd ploidy levels (compare Peruzzi, 2003, 2008a, 2012a for
chromosome data) seem to have limited (e.g. G. pratensis; Pfeiffer
et al., 2012b) to no seed set (Bianchi, 1946; Gargano et al., 2007;
Tison et al., 2013). In such cases of sexual sterility, the production
of many bulbils (especially of type I, produced indeﬁnitely over
the entire lifetime of a plant) could be an effective escape strategy.
In nonaploid G. spathacea with virtually absent seed set, survival
is ensured only through numerous type I bulbils (without reproductive switch). The entire species is made up by virtually a single
clone (Pfeiffer et al., 2012a). Likewise in G. davlianidzeae, where
seeds appear to be aborted (Peterson et al., 2011), several type I bulbils are formed and grant survival. However, the few investigated
species do not allow for a general conclusion.
The often sterile G. fragifera (Bianchi, 1946) does likely switch
from bulbilliferous to true inﬂorescences (compare Graebner and
Kirchner, 1934: 342). In addition, the formation of one basal type I
bulbil accounts for minimal vegetative multiplication even in ﬂowering individuals. If we assume seed sterility, the ﬁtness of a plant
(measured as number of bulbils formed per plant) should reach its
optimum around 5 mm diameter of the replacement bulb (Fig. 1),
but should strongly decrease for larger plants effectively reproducing only by the single basal bulbil despite of ﬂowering. The same
mechanism is principally valid for G. villosa; in this taxon occasionally mixed inﬂorescences occur (our observations; Horn, 1874;
Martinovský, 1930).
The manifold variation in patterns of bulbil production and
hence reproductive strategies generated by mere changes in the
respective thresholds for the formation of reproductive structures opens a new window of opportunity for evolution through
hybridization (see Peruzzi, 2008b; Peterson et al., 2009), since
divergent parental reproductive strategies might generate novel
reproductive combinations in hybrid offspring. Bulbil production
may thus be the key for the survival of sterile hybrids between
G. lutea and G. pratensis (Pfeiffer et al., 2012b) and several hybridogenic species of sect. Didymobulbos (Tison et al., 2013). With a
strong selection for increasing fertility of newly created hybrids
(Ramsey and Schemske, 2002), vegetative reproduction via bulbils
allows survival of initially sterile hybrids, which may extent even
to the level to be recognized as species. Such “transient species”

We demonstrated for the ten analyzed species of Gagea that
the balance between reproduction through generative (ﬂowers)
and/or vegetative means (bulbils) can be dramatically altered by
slight changes in a few traits, namely (i) number of bulbils and (ii)
the way and timing of their formation during the plant’s individual
life. Whereas inﬂorescences start to develop at ca. 40% of the adult
bulb volume, bulbils develop at less than 13% (except for G. nigra)
of volume of the adult replacement bulb. Data for resource allocation to bulbils and seeds in G. lutea (Schnittler et al., 2009) may
explain the much lower thresholds for the formation of bulbils in
comparison to inﬂorescences. The thresholds for the formation of
the respective reproductive structures seem to be highly speciesspeciﬁc and determine the survival potential of sterile taxa. Hence,
quantitative analyses of reproductive traits, as provided in this
study for a small selection of ten Gagea species, are a promising
approach to analyze reproductive patterns and understand their
importance for speciation, especially via hybridization and polyploidization, in Gagea. More investigations combined with analyses
on genetic diversity are necessary to elucidate which factors shape
these patterns, especially the interaction between environmental
factors and phylogenetic constraints.
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Appendix 1. Localities and numbers of investigated plants
Gagea angelae
China: 1–76 Xinjiang Prov., Eastern Tian-Shan, Heaven Lake,
Jurte settlement, stony, open slopes, 88◦ 06 02 E, 43◦ 53 31 N
±250 m, 2173 ± 50 m a.s.l., 30.4.2007; 77–140 Eastern Tian-Shan,
Heaven Lake, road through Jurte settlement, stony, open slopes,
88◦ 06 02 E, 43◦ 53 31 N ±250 m, 2173 ± 50 m a.s.l., 26.4.2007;
141–162 Eastern Tian-Shan, Heaven Lake, side valley above Jurte
settlement, poor soil on alpine meadows, 88◦ 05 42 E, 43◦ 53 25 N
±250 m, 2224 ± 50 m a.s.l., 28.4.2009; 163–279 Eastern Tian-Shan,
Heaven Lake, side valley above Jurte settlement, richer soil,
alpine meadows, 88◦ 05 42 E, 43◦ 53 25 N ±250 m, 2224 ± 50 m
a.s.l., 28.4.2009; 280–352 Eastern Tian-Shan, Heaven Lake, Jurte

M. Schnittler et al. / Flora 208 (2013) 591–598

settlement, gravelly, open slopes, 88◦ 06 02 E, 43◦ 53 31 N ±250 m,
2173 ± 50 m a.s.l., 29.4.2009; 353–379 Eastern Tian-Shan, Heaven
Lake, S-exp. slope in a valley 5.5 km SE of the lake, near loghouse camp, alpine meadow, 88◦ 10 14 E, 43◦ 50 18 N ±100 m,
2170 ± 50 m a.s.l., 26.4.2009.
Gagea davlianidzeae
China: 1–166 Xinjiang Prov., Eastern Tian-Shan, Heaven Lake,
fringes of spruce forest below the lake, 88◦ 06 50 E, 43◦ 54 35 N
±250 m, 1920 ± 75 m a.s.l., 27.4.2009.
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Gagea peduncularis
Greece, Crete, southern slopes of the Psilioritis massive: 1–31
Mires, rocky outcrops within a Kermes oak forest ca. 600 m
SSW Miamou, 24◦ 56 17 E, 34◦ 57 57 N ±50 m, 490 ± 25 m a.s.l.,
18.03.2013; 32–244 Mires, phyrgana on loamy soil below limestone, W-exp. shallow slope above the road to Lentas, 24◦ 56 46 E,
35◦ 00 16 N ±50 m, 173 ± 25 m a.s.l., 18.03.2013; 246–342 Psilioritis massive, Anogia: shallow loamy soil accumulated between
dolomitic limestone rocks with Acer sempervirens, heavily grazed,
ca. 3 km S Anogia, near the road to the Nida plateau, 24◦ 53 09 E,
35◦ 15 15 N ±50 m, 1186 ± 50 m a.s.l., 20.03.2013.

Gagea fedtschenkoana

Gagea pratensis

Kazakhstan, Astana region: 1–180 Korgalzhyn national reserve
ca. 115 km WSW Astana, slight depressions in steppe around the
station of the reserve near a lake (old ﬁshing factory), 69◦ 32 44 E,
50◦ 28 38 N ±100 m, 305 ± 25 m a.s.l., 18.4.2012; 181–201 Astana,
city limits, mown lawns with some steppe remnants in front
of the administrative building of the L.N. Gumilyov Eurasian
National University, Munaitpasov Str., 71◦ 25 23 E, 51◦ 10 52 N
±50 m, 355 ± 25 m a.s.l., 20.4.2012; 202–245 Astana, city limits,
mown lawns with some steppe remnants, scattered tree plantations along Munaitpasov Str., 71◦ 25 24 E, 51◦ 10 52 N ±50 m,
355 ± 25 m a.s.l., 22.4.2012.

Germany: 1–45 Mecklenburg-Western Pomerania, Behrenhoff,
park of the former estate, N and W of the lake, 54◦ 00 13 E,
13◦ 23 11 N ±100 m, 20 ± 5 m a.s.l., 1.5.2006; 46–213 Greifswald,
Botanical Garden W of the old city, 54◦ 05 37 E, 13◦ 22 03 N
±30 m, 10 ± 4 m a.s.l., 9.5.2008; 214–236 Behrenhoff, access
road from B110, between Behrenhoff and Müssow, ﬁeld margins, 54◦ 00 08 E, 13◦ 24 42 N ±100 m, 20 ± 5m a.s.l., 8.5.2009;
237–345 Wrangelsburg, access road to castle, ﬁeld margins,
54◦ 00 40 E, 13◦ 35 58 N ±100 m, 20 ± 5 m a.s.l., 8.5.2009; 346–356
Rügen Island, Trent, church yard, 54◦ 31 14 E, 13◦ 15 28 N ±50 m,
10 ± 5 m a.s.l., 20.4.2009; 357–368 Rügen Island, Zirkow, church
yard, 54◦ 23 17 E, 13◦ 32 23 N ±50 m, 10 ± 5 m a.s.l., 20.4.2009;
369–419 Groß Mohrdorf, church yard, 54◦ 23 18 E, 12◦ 56 49 N
±50 m, 20 ± 10 m a.s.l., 25.4.2009; 420–472 Rügen Island, Trent,
near a church yard, 54◦ 31 14 E, 13◦ 15 28 N ±50 m, 10 ± 5 m a.s.l.,
20.4.2009; 473–547 Rügen Island, Gingst, church yard, right of
the church under linden trees, 54◦ 27 23 E, 13◦ 15 39 N ±50 m,
12 ± 5 m a.s.l., 21.4.2010; 548–572 Greifswald, Krullstrasse, park,
54◦ 05 08 E, 13◦ 24 02 N ±50 m, 10 ± 4 m a.s.l., 11.04.2010.

Gagea fragifera
China: 1–19 Xinjiang Prov., Eastern Tian-Shan, Heaven Lake,
alpine meadows near melting snow, 88◦ 05 16 E, 43◦ 53 14 N
±250 m, 2452 ± 50 m a.s.l., 20.4.2007; 20–173 Eastern Tian-Shan,
Heaven Lake, 88◦ 05 29 E, 43◦ 53 10 N ±250 m, 2348 ± 50 m a.s.l.,
20.4.2007; Italy: 174–250 Piemont, Cuneo, settlement St. Anna
4 km SW Sampeyre, alpine meadows, 44◦ 33 52 E, 7◦ 10 15 N
±100 m, 1458 ± 50 m a.s.l., 6.5.2010; 251–351 settlement Pontechianale 5 km W Casteldelﬁno, alpine pastures, 44◦ 37 10 E,
7◦ 01 37 N ±250 m, 1668 ± 50 m a.s.l., 7.5.2010; 352–412 settlement Sant Anna, near Meleza, ca. 8 km WSW Casteldelﬁno,
alpine meadows, 44◦ 34 27 E, 6◦ 58 31 N ±150 m, 1852 ± 50 m
a.s.l., 8.5.2010.
Kazakhstan: 413–480 Ili Alatau range, Almaty, road from the
city to Medeu stadium, ca. 1 km above mudslide shelter dams,
rich deciduous forest, 77◦ 02 25 E, 43◦ 10 09 N ±25 m, 1498 ± 40 m
a.s.l., 22.04.2013; 481–535 Almaty: Medeu valley ca. 1.2 km WNW
Shymbulak ski resort, alpine meadow on a shallow NNE-exp. slope,
77◦ 03 51 E, 43◦ 08 30 N ±25 m, 1941 ± 50 m a.s.l., 21.04.2013.
Gagea nigra
China: 1–110 Xinjiang Prov., Urumqi, Southern Mountains, Sarqokka, West Biayangou valley, open alpine meadow, 87◦ 09 93 E,
43◦ 25 46 N ±250 m, 2034 ± 20 m a.s.l., 16.4.2007; 111–270
Urumqi, Southern Mountains, Sarqokka, West Biayangou valley,
open alpine pasture, 87◦ 10 17 E, 43◦ 25 46 N ±250 m, 2096 ± 20 m
a.s.l., 16.4.2007; 271–369 Eastern Tian-Shan, Heaven Lake, pastures near Jurte settlement, 88◦ 06 02 E, 43◦ 53 31 N ±250 m,
2173 ± 50 m a.s.l., 20.4.2007; 370–393 Eastern Tian-Shan, Heaven
Lake, meadows above Jurte settlement, 88◦ 05 42 E, 43◦ 53 25 N
±250 m, 2224 ± 50 m a.s.l., 20.4.2007; 394–447 Urumqi, city
limits, Jarmalak hill, N-exp. slope with tree plantations on remnants of natural steppe vegetation, 87◦ 34 51 E, 43◦ 48 01 N
±100 m, 942 ± 20 m a.s.l., 23.4.2009; 449–457 Eastern Tian-Shan,
Heaven Lake, drier meadows above Jurte settlement, 88◦ 05 42 E,
43◦ 53 25 N ±250 m, 2224 ± 50 m a.s.l., 20.4.2007.

Gagea villosa
Germany: 1–35 Mecklenburg-Western Pomerania, Rügen
Island, Trent, churchyard, along the way to cemetery, 54◦ 31 14 E,
13◦ 15 28 N ±50 m, 15 ± 5 m a.s.l., 21.04.2010; 36–63 Rügen
Island, Samtens, cemetery, near the parking lot, 54◦ 21 25 E,
13◦ 17 43 N ±50 m, 15 ± 5 m a.s.l., 21.04.2010; 64–77 Rügen
Island, Gingst, church yard, 54◦ 27 23 E, 13◦ 15 39 N ±50 m,
12 ± 5 m a.s.l., 21.4.2010; 78–128 Greifswald, Krullstrasse, road
margins around trees, 54◦ 05 08 E, 13◦ 24 02 N ±50 m, 10 ± 4 m
a.s.l., 11.04.2010; 129–180 Rügen Island, Patzig, church yard,
54◦ 05 00 E, 13◦ 24 00 N ±800 m, 10 ± 4 m a.s.l., 21.04.2010;
181–199 Thuringia, Ingersleben, woodland fringe near river Gera,
50◦ 55 16 E, 10◦ 57 48 N ±500 m, 222 ± 25 m a.s.l., 10.04.2010;
200–218 Molsdorf castle, park, 50◦ 53 58 E, 10◦ 57 38 N ±150 m,
240 ± 20 m a.s.l., 10.04.2010; 219–251 Molsdorf Castle, slope
to the castle, 50◦ 54 02 E, 10◦ 57 37 N ±50 m, 240 ± 20 m a.s.l.,
10.04.2010.
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