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e Background and Aims Most studies on seed position-dependent effects have focused on germination character-
istics. Our aim was to determine the effects of seed position in the spikelet on differences in timing of germina-
tion and on the ecological life history of the grass Eremopyrum distans in its cold desert habitat.

e Methods For seeds in three spikelet positions, morphology, mass and dormancy/germination characteristics
were determined in the laboratory, and seeds planted in field plots with and without watering were followed
to reproduction to investigate seedling emergence and survival, plant size and seed production.

e Key Results After maturation, of the seeds within the spikelet, basal ones (group 1) are the largest and have the
highest proportion with physiological dormancy, while distal ones (group 3) are the smallest and have the highest
proportion of non-dormant seeds. A higher percentage of seeds after-ripened in groups 2 and 3 than in group
1. Seeds sown in the field in early summer and watered at short, regular intervals germinated primarily in
autumn, while those under natural soil moisture conditions germinated only in spring. Both cohorts completed
their life cycle in early summer. Seeds in group 1 had lower percentages of seedling emergence and higher per-
centages of seedling survival than those in groups 2 and 3. Also, plants from group 1 seeds were larger and pro-
duced more seeds per plant than those from groups 2 and 3.

e Conclusions Seed position-dependent mass was associated with quantitative differences in several life history
traits of E. distans. The environmentally enforced (low soil moisture) delay of germination from autumn to spring
results in a reduction in fitness via reduction in number of seeds produced per plant.

Key words: Eremopyrum distans, physiological dormancy, plant size, seed mass, seed position-dependent

effects, seed production, seedling survival.

INTRODUCTION

The position of a seed or fruit on a plant can affect its
morphology, mass and dormancy/germination characteristics
(Gutterman, 2000; Baskin and Baskin, 2001; Moravcova
et al., 2005), and these responses are described as ‘position-
dependent effects” (Cheplick and Sung, 1998; Moravcova
et al., 2005). Variations in dormancy and germination may
occur in seeds/fruits from subterranean versus aerial flowers
of amphicarpic plants (Baskin and Baskin, 2001) or from
flowers produced in/at different (a) parts of the same inflores-
cence (Datta er al., 1970), (b) inflorescences at different pos-
itions on a plant (Venable and Lawlor, 1980; Venable et al.,
1987), (c) heights on the stem (Baskin and Baskin, 2001) or
(d) positions in a bur (Baskin and Baskin, 2001) or fruit
(Maun and Payne, 1989). These differences may be due to
(a) resources not being allocated equally to all seeds (Datta
et al., 1970) and/or (b) seeds produced at one position (e.g.
at the base of an inflorescence) developing under different
environmental conditions than those produced at another pos-
ition (e.g. at the top of an inflorescence), including differences
in physiological age of the mother plant at the time seeds are
produced (Baskin and Baskin, 2001).

Recently, most studies of position-dependent effects have
focused on germination characteristics of seeds at different pos-
itions. The best examples of how the position within an inflores-
cence influences germination of the progeny are found in a
number of species of Asteraceae with both disc (central) and
ray (peripheral) flowers in the head (Baskin and Baskin, 2001).
Other examples of variation in germination responses by seeds
produced in different parts of the same inflorescence include
some species of Poaceae, e.g. Aegilops ovata (Datta et al.,
1970), A. neglecta, A. geniculata and A. triuncialis (Marafion,
1987). In these grasses, the basal seed (caryopsis) in a spikelet
is larger and less dormant than the upper one. The annual dune-
grass Triplasis purpurea exhibits a position-dependent seed het-
eromorphism in seed number, mass and dormancy/germination
characteristics (Cheplick and Sung, 1998). However, little is
known about the effects of seed position in the spikelet on differ-
ences in timing of germination and the consequences on the eco-
logical life history of annual grasses.

The effects of seed position in the spikelet on seed morphology
and mass, seed dormancy/germination characteristics, seedling
survival, plant size and seed production of the cold desert
annual grass Eremopyrum distans were investigated. The
primary objective of the research was to determine whether
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there are seed position-dependent effects in spikelets of E. distans
and, if so, what the consequences are for the ecological life history
of the species in its cold desert habitat with summer rainfall.

MATERIALS AND METHODS

Study species, seed collection site and germination
test temperatures

Eremopyrum distans (C. Koch) Nevski, a close relative of cul-
tivated wheat (Liu and Ding, 1996), grows in the former Soviet
Republics of central Asia, and in Caucasus, Asia Minor, Iran,
Himalayas and the northern part of Xinjiang Province in China
(Cui et al., 1996; Fedorov, 1999). In the Junggar Desert of
Xinjiang Province, it is widely distributed and is an important
component of the desert vegetation in early spring. The species
has important ecological value since it increases the roughness
of the ground and helps stabilize sandy soil. Also, it is one of
the prime early-spring native forage species for livestock (Lv
and Tan, 2005). There are several tillers on an individual
plant, and each has one compound spike that contains
several spikelets. The number of florets in a spikelet varies
from 1 to 7, and florets in a spikelet were numbered from 1
(the most basal) to 7 (the most distal; Fig. 1). None of the
most distal florets in spikelets produced seeds, and <1 % of
florets in positions 4—6 produced seeds (A. B. Wang, pers.
obs.). Thus, seeds in positions 1, 2 and 3 were used in this
study and were placed in groups 1, 2 and 3, respectively.

The study site, on Yamalic Mountain, about 2 km from the
laboratory in Uriimqi, China, has typical desert vegetation,
gravelly grey desert soil and a continental climate (Sun
et al., 2009). The site is located on the southern edge of
Junggar Desert of Xinjiang Province in north-west China
(43°79'94-2"N, 87°56'70-4"E, 920 m a.s.l.). Whole spikelets
containing fresh-matured caryopses (hereafter seeds) were
collected from plants of E. distans growing at the study site
on 8 June 2008, at which time spikelets were dispersing natu-
rally. After collection, seeds were divided into three groups
according to their position in the spikelets.

A spikelet

During the germination tests, seeds were incubated at daily
(12/12 h) temperature regimes of 30/15, 25/15, 20/10, 15/2
and 5/2°C in light (12-h daily photoperiod, about
100 pmol m 2 s~ !, 400-700 nm, cool white fluorescent
light) or in constant darkness (seeds in Petri dishes were put
in black bags) for 28 d. A seed was considered to be germinated
when the radicle had emerged. The four higher temperature
regimes approximate mean daily maximum and minimum
monthly air temperatures in the vicinity of Uriimqi at different
times during the growing season: March, April and
November, 15/2 °C; May, September and October, 20/10 °C;
June and August, 25/15°C; and July, 30/15°C (Sun et al.,
2009). Since the winter temperature in the vicinity of Urlimqi
is below 0 °C and seeds would not germinate at this temperature,
the 5/2 °C temperature regime was used to simulate late winter
temperature and test the effects of low temperature on germina-
tion of the seeds (Sun et al., 2009).

Effect of seed position on seed morphology and mass

Average dimensions and mass of seeds produced were deter-
mined in each of the three spikelet positions. The lemma and
palea were removed from 30 seeds of each group and their
lengths and widths measured by a vernier caliper. Also,
lengths of trichomes, awns and teeth were measured. Ten repli-
cates of 100 seeds each were weighed using an electronic
analytical balance.

Effect of seed position, light and temperature on germination
of fresh seeds

To investigate germination responses of fresh seeds, four
replicates of 25 fresh seeds each of the three groups were incu-
bated on two layers of Whatman No. 1 filter paper moistened
with 2.5 mL of distilled water in 9-cm-diameter plastic Petri
dishes in light and in constant darkness at the five temperature
regimes, as described above. Germination in light was exam-
ined daily for 28 d, and any seeds that had germinated were
removed at each counting; distilled water was added as
needed. Seeds incubated in constant darkness were checked
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Fic. 1. Compound spike and spikelet of Eremopyrum distans. These diagrams represent gradations of spikelets from top to bottom of the compound spike.

Numbers 1-7 refer to seeds in a spikelet. Seeds in positions 1, 2 and 3 were placed in study groups 1, 2 and 3, respectively. The shaded position in a spikelet
indicates a filled seed (all seeds used in this study were filled and presumably viable), and non-shaded position indicates an empty seed.
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only after 28 d, and thus they were not exposed to any light
during the incubation period.

The rate of germination in light was estimated using the
Timson index of germination velocity: germination index =
3.Glt, where G is seed germination percentage at 1-d intervals
and ¢ the germination period (Timson, 1965; Wang et al.,
2008). In this equation, a high value indicates rapid germination,
with the highest value obtainable being 100 (i.e. 2800/28).

Tetrazolium viability tests were conducted on ungerminated
seeds in each group of E. distans seeds. Embryos were
removed from seeds and cut into halves and then one part of
each embryo was placed in 0-1 % aqueous 2,3,5-tripheny] tet-
razolium chloride solution in the dark for 24 h at 30 °C.
Embryos that stained red or pink were considered to be
viable. The proportion of seeds in each group giving a positive
test for viability was recorded.

Breaking seed dormancy

Germination of fresh seeds of each group in light and in
darkness at all temperature regimes was <80 %. Seed viability
tests using tetrazolium chloride gave a positive test in nearly
95 % of the ungerminated seeds in each group, indicating
that most of the ungerminated seeds were still viable but
dormant. Therefore, effects of dry storage and gibberellic
acid (GA3) on dormancy-break were determined for seeds of
the three groups.

Dry storage. After-ripening is one of the characteristics of
seeds with non-deep physiological dormancy (PD) (Baskin
and Baskin, 2001). Thus, this experiment aimed to determine
if seeds come out of dormancy (after-ripened) during dry
storage. Seeds of each group were stored for O (control) and
12 months in a closed cotton bag under room conditions
(18-25°C, 15-30% relative humidity), beginning on 22
June 2008. After dry storage, four replicates of 25 seeds of
each group were incubated in Petri dishes on two layers of
filter paper moistened with distilled water at each temperature
regime in light and in constant darkness for 28 d.

GAj treatments. GAj is a plant growth regulator that can break
dormancy in seeds with non-deep PD (Nikolaeva, 1977). To
test the effects of GA; on dormancy break, four replicates of
25 fresh seeds of each group were incubated in O (distilled
water control), 0-1, 1 and 10 mmol L' GA; solutions in
light at the optimal temperature regimes for each seed position
of E. distans for 28 d. Germination was checked daily.

Effect of seed position on germination of seeds after burial in field

After 2 weeks of dry storage at room temperature, approx.
600 seeds of each group were placed in each of 12 fine-mesh
nylon bags, i.e. the total number of bags for each group was
12. Each bag was buried to a depth of 7cm in soil in a
16-cm-diameter, 19-5-cm-deep plastic pot with drainage
holes, and then the pots were buried (the top of the pot was
even with the soil surface) in gravel desert soil in the exper-
imental garden of Xinjiang Agricultural University, in
Uriimgqi, about 2 km from the site where seeds were collected.
Seeds were subjected to natural temperature and soil moisture

conditions; temperature and rainfall data were recorded at a
weather station about 30 m from the pots.

Germination tests were conducted on seeds of each group
that had been buried for 1—12 months. Beginning on 22 July
2008, seeds were exhumed on the same day of each month
for 12 months (except in January and February 2009, when
the soil was frozen and seeds could not be exhumed). All
seeds were incubated in 9-cm-diameter plastic Petri dishes,
and four replicates of 25 seeds each were placed in light at
each temperature regime for 28 d. Germination was examined
daily for 28 d. Any seeds that had germinated were removed at
each counting, and distilled water was added when needed.

Effect of seed position on seedling emergence and survival,
plant size and seed production

Six replicates of 100 seeds of each group were sown on 30
June 2008 in 1-m (length) x 0-5-m (width) plots in gravel
desert soil in the experimental garden of Xinjiang
Agricultural University. Seeds were protected from predation
by formation of a 20-cm high ridge of soil around each plot,
and two layers of fine-mesh netting were placed over the
plots (resting on the ridge of soil). The netting was removed
in late autumn, when seedlings were well established and
ungerminated seeds had become covered by soil. Three repli-
cates of each seed group were kept under natural soil moisture
conditions, while the other three were watered to field capacity
regularly. The watering intervals were set as follows: at 2-d
intervals from June to August 2008 and from late March to
May 2009 and at 3-d intervals in September and October
2008 and June 2009. During November to mid-March, seeds
received natural soil moisture regimes; snow continuously
covered the plots during this period of time. Plots were
checked daily, and newly-emerged seeds were marked. The
total number of germinated and living seedlings was recorded
every week until 1 June 2009, by which time plants had flow-
ered and set seeds. From these data, the number of seedlings
that died each week could be determined. The viability (or
not) of ungerminated seeds in the plot was not determined at
the end of the study. For each surviving plant, the height,
numbers of tillers per plant, spikelets per tiller and seeds per
spikelet were recorded in June 2009. The number of seeds
per plant and total number of seeds from all surviving plants
were calculated. Temperature and rainfall data in the field
where the plots were located were obtained from a weather
station about 30 m from the plots.

Data analysis

Data were transformed as necessary to meet normality
and homogeneity of variance assumptions. If the ANOVA
assumptions were violated after data transformation, treatment
differences were assessed by using the more conservative
Kruskal-Wallis non-parametric test. While analysis was
done on transformed data, non-transformed data are presented
in the figures.

These data were analysed using SPSS for Windows, Version
13-0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA tested
for effect of seed position on seed dimensions and mass,
percentages of seedling emergence, percentages of seedling
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survival, plant size and seed production in the experimental
garden. Two-way ANOVA was used to test for the significance
of main effects (seed position and temperature) and their inter-
action on germination of buried seeds and on germination vel-
ocity of fresh seeds. Three-way ANOVA was used to test for
significance of main effects (seed position, light and tempera-
ture) and their interaction on germination percentage of fresh
seeds and main effects [seed age (fresh seeds or seeds after
12 months of dry storage), temperature and seed position]
and their interaction on germination rate of seeds, and main
effects (GA; concentration, temperature and seed position)
and their interaction on germination of fresh seeds. Four-way
ANOVA was used to test for significance of main effects
[seed age (fresh seeds or seeds after 12 months of dry
storage), light condition, temperature and seed position] and
their interaction on germination percentages. Tukey’s HSD
test was performed for multiple comparisons to test for signifi-
cant (P < 0-05) differences between individual treatments.
Statistical tests were conducted at P = 0-05. Values are
means + 1 standard error (Sokal and Rohlf, 1995).

RESULTS
Effect of seed position on seed morphology and mass

Seed position had significant effects on seed dimensions,
except for length of palea and of palea teeth, with the dimen-
sion of each character decreasing as seed position increased
(Table 1). Mass of the intact seed, of seed without lemma
and palea and of lemma and palea decreased significantly as
seed position increased (Fig. 2).

Effect of seed position, light and temperature on germination
of fresh seeds

Germination percentage was significantly affected by seed
position (P < 0-001), light (P < 0-001), temperature (P <
0-001), the interaction between seed position and temperature
(P < 0-001), the interaction between seed position and light
(P =0-016) and the interaction between seed position, light
and temperature (P << 0-001), but not by the interaction
between light and temperature (P = 0-394). For fresh seeds,
germination percentages increased as seed position increased
at all temperature regimes both in light and in darkness
(Fig. 3A and B). Germination velocity of fresh seeds was sig-
nificantly affected by seed position (P < 0-001), temperature
(P < 0-001) and their interaction (P < 0-001), and it increased
as seed position increased at each temperature regime

(Fig. 4A). In light, group 1, 2 and 3 seeds had the highest ger-
mination percentage and germination velocity at 5/2, 20/10
and 25/15 °C, respectively.

Breaking seed dormancy

Dry storage. After 12 months of dry storage, germination per-
centages were higher than those of fresh seeds. Generally, ger-
mination percentages of 12-month-old seeds were higher for
group 2 and 3 seeds than for group 1 seeds in both light and
constant darkness (Fig. 3C and D). The main factors and
their interactions significantly affected germination except
for the interaction among seed age, light condition and seed
position (Table 2). In light, germination of group 2 and
group 3 seeds was >85 % at all temperature regimes, and
maximum germination was 97-0 +0-5% (at 20/10°C)
and 99-0 + 0-3 % (at 25/15 °C) for the two groups, respect-
ively. Maximum germination for group 1 seeds was 92.0 +
0-5% (at 5/2°C). In constant dark, maximum germination
was 80 +22% (at 5/2°C), 85+ 3-8% (at 20/10°C) and
86 + 2:9 % (at 25/15 °C) for groups 1, 2 and 3, respectively.
After 12 months of dry storage, germination velocity of
seeds was higher than that of fresh seeds and increased as
seed position increased (Fig. 4B). Germination velocity was
significantly affected by seed age (P < 0-001), temperature
(P <0-001), seed position (P <<0-001), the interaction
between seed age and temperature (P = 0-003), the interaction
between seed age and seed position (P < 0-001), the inter-
action between temperature and seed position (P << 0-001)
and the interaction among the three main factors (P < 0-001).

GA; treatments. Germination percentages of fresh seeds
were significantly different at different GAj3 concentrations
(P < 0-001) and seed positions (P < 0-001). However, tempera-
ture (P = 0-451) did not significantly affect germination. The
highest germination for group 1, 2 and 3 seeds was 28 + 4-3 %
(at 1 mmol L™ GAs, 5/2°C), 86:0 + 2:6 % (at 0-1 mmol L ™"
GAs, 20/10°C) and 87-0 + 3-4 % (at 0-1 mmol L™ GA;, 25/
15 °C), respectively (Fig. 5).

Effect of seed position on germination of seeds after burial in field

After 1 month of burial in soil, group 1, 2 and 3 seeds germi-
nated to a significantly higher percentage than did fresh ones at
all temperature regimes in light (P < 0-001). At the five temp-
erature regimes, germination after 1 month of burial ranged
from 14-4 + 2-0 to 36-7 + 497 % for group 1, 45-0 + 1.9 to
89-0 &+ 1-0 % for group 2 and 68-6 + 5-0 to 93-0 + 1-9 % for

TaBLE 1. Dimensions (mm, mean + standard deviation) of seeds and of lemma and palea and associated structures in the three seed
groups of Eremopyrum distans (n = 30)

Length of Length of awn on  Length of trichomes Length of Length of teeth Length of Width of Thickness of
Group lemma lemma on lemma palea on palea seed seed seed
Group 1 10-97 4+ 0.28* 2-63 + 0-11* 1.96 + 0-08* 7-04 4+ 0-17* 0-86 + 0-05% 3.31 + 0-05* 098 + 0-02° 0-92 + 0-02*
Group 2 10-71 4+ 0.27* 2-51 4+ 0-10* 1-68 + 0-06° 6-88 4+ 0-31* 0-78 + 0-04* 322 +3.06°  0-89 + 0.03° 0-92 + 0-02°
Group 3 8-36 + 0-23° 1-47 4+ 0-06° 121 +0-10° 6-48 +0-18° 076 +0-04*  3.07 +0-05° 0-89 + 0-02° 0-69 + 0-03°
P <0-001 <0-001 <0-001 0217 0-207 0-017 0-007 <0-001

Different letters within a column indicate significant differences (Tukey’s HSD, P = 0-05).
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group 3 seeds. After 2 months of burial, germination at the five
temperature regimes had declined to 3-0 + 1-0to 324 + 6-0 %
for group 1, 24-0 + 3-3 to 79-0 + 1-9 % for group 2 and 7-0 +
2-5to 21-0 &+ 1-9 % for group 3 seeds, and after 3 months of
burial it was only 0-0 +0-0 to 4.0+ 0-0% for group 1,
11.0 + 1-0 to 27-0 + 0-4 % for group 2 and 0-0 + 0-0 to 1-0 +
0-1 % for group 3 seeds. Germination for all seed groups at all
temperature regimes ranged from 0-0 £ 0-0 to 30+ 9%
after 4 and 5 months of burial and from 0-0 4+ 0-0 to 7-0 +
4.7 % after 8, 9 and 10 months (data not shown). After 11
months of burial, none of the seeds germinated, and all of
them collapsed when gently pinched with forceps, indicating
that they were empty and dead.
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Effect of seed position on seedling survival, plant size
and seed production

Under natural temperature and soil moisture conditions, no
seeds germinated in autumn, but they did germinate in
spring (Figs 6C and 7). When watered regularly, seeds of
each group germinated in summer—autumn and in spring;
most seeds germinated in autumn and only a few in spring
(Fig. 6A). Regular watering of each seed group resulted in
percentages of seedling emergence (P < 0-001) and survival
(P <0-001) that were significantly higher for summer—
autumn germination than for spring germination. Height of
plants (P < 0-001), number of tillers per plant (P < 0-001),
number of spikelets per tiller (P < 0-001) and number of
seeds per spikelet (P < 0-001) of plants from seeds that germi-
nated in summer—autumn were significantly greater than those
of plants from seeds that germinated in spring (Table 3).

Seedling emergence (%) in summer—autumn (watering;
P =0-001) and spring (natural moisture; P < 0-001) increased
significantly as seed position increased (Table 4). Percentages
of seedling emergence in spring (watering) were not signifi-
cantly affected by seed position (P =0-159), but they
increased as seed position increased. Seedling survival in
summer—autumn (watering; P = 0-340), spring (watering;
P = 0-858) and spring (natural moisture; P = 0-472) was not
significantly affected by seed position, but decreased as seed
position increased (Table 4). Height of plants, number of
tillers per plant and number of seeds per spikelet from seed-
lings derived from summer—autumn (watering), spring
(natural moisture) and spring (watering) germination all
decreased significantly as seed position increased (P << 0-05).
However, the number of seeds per spikelet produced by
plants from spring (natural moisture) germination was not
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significantly affected by seed position (P = 0-055). On the other
hand, the number of spikelets per tiller increased significantly as
seed position increased (P < 0-05). The heights of plants
decreased significantly as seed position increased (P < 0-001),
regardless of whether or not seeds were watered or when they
germinated (summer—autumn versus spring). The surviving
plants from group 1 seeds produced a larger number of seeds
per plant than those from either group 2 or group 3 seeds.
However, the total number of surviving plants from group 2
or group 3 seeds was larger than that from group 1 seeds, and
all surviving plants from group 1 seeds produced a smaller
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total number of seeds than surviving plants from either group
2 or group 3 seeds (Table 3).

DISCUSSION

Caryopses (seeds) from three positions in spikelets of
E. distans differed significantly in size, with the basal seed
being largest and the distal one smallest, which is the same
as that in some other Poaceae such as Aegilops spp. (Datta
et al., 1970; Maranon, 1989). When resources are limited,
fruits or seeds at the position nearest to the source of the photo-
synthetic product and nutrition have priority in space to
compete for resources, and fruits or seeds that develop
earlier have the priority in time to compete for resources
(Wyatt, 1980, 1982; Webb and Bawa, 1985; Vaughton,
1993). Thus, seeds of E. distans at the basal position in spike-
lets developed first, and there was a greater time period over
which seeds could increase in size. Seed filling in grass spike-
lets occurs with the growth of plants, and the length of the seed
maturation period decreases with increasing seed position.
Thus, the variation in seed mass associated with seed position
may be a function of variation in the timing and duration of
reproductive development (Cheplick and Clay, 1989).

In many species, including grasses, the position on the
mother plant where the seed matures has an effect on seed dor-
mancy and germination. In various grasses, including speices
of Aegilops (Maranon, 1987), Agrostis (Gonzalez-Rabanal
et al., 1994) and Avena (Salimi and Ghorbanli, 2001), the
basal seed in the spikelet is larger and less dormant than the
upper one. In Avena fatua, the basal seed is non-dormant,
but the second one has PD (Raju and Ramaswamy, 1983).
Thus, seeds in the spikelet of E. distans are similar to those
of Aegilops, Agrostis and Avena in that the basal seed (group
1) had greater mass than group 2 or group 3 seeds. However,
in contrast to the species mentioned above, the basal (group
1) seeds in spikelets of E. distans were more dormant than
group 2 or group 3 seeds, as reflected by lower germination
percentages of fresh group 1 than fresh group 2 or 3 seeds.

The only kind of dormancy known to occur in the Poaceae is
non-deep PD (Baskin and Baskin, 1998, 2001). Depending on

TaBLE 2. Four-way ANOVA of effects of seed age, light condition, temperature and seed position and their interactions on seed
germination percentages of Eremopyrum distans (n = 4)

Source d.f. SS MS F-value P-value
Seed age (SA) 1 147510-417 147510-417 6461-096 <0-001
Light (L) 1 3920417 3920-417 171718 <0-001
Temperature (T) 4 4945.933 1236-483 54-159 <0-001
Seed position (SP) 2 47346233 23673-117 1036-905 <0-001
SA x L 1 570-417 570-417 24985 <0-001
SAxT 4 931-333 232-833 10-198 <0-001
LxT 4 258-000 64-500 2-825 0-026
SAxLxT 4 367-000 91.750 4.019 0-004
SA x SP 2 8178-633 4089-317 179-116 <0-001
L x SP 2 717-033 358-517 15-703 <0-001
SA x L x SP 2 35-033 17-517 167 0-466
T x SP 8 4441.767 555221 24.319 <0-001
SA x T x SP 8 4208-367 526-046 23-041 <0-001
LxTxSP 8 945-300 118-163 5176 <0-001
SA XL xT x SP 8 656-300 82-038 3-593 0-001
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Eremopyrum distans seeds incubated in different concentrations of GA; and at
different temperatures (n = 4). Columns within a temperature and within a
GA; concentration with different letters are significantly different (P < 0-05).

the species, freshly matured seeds of grasses may be non-
dormant (Grime et al., 1981; Washitani and Masuda, 1990),
or they may have PD (Gutterman et al., 1996; Baskin and
Baskin, 1985a). In the present study, evidence for presence
of non-deep PD in the three groups of E. distans seeds is
2-fold. (1) A portion of seeds in each group after-ripened
during dry storage under room conditions and also while
they were buried in the field from June to July. However,
more seeds of groups 2 and 3 after-ripened than did those in
group 1. (2) GA; broke dormancy in a substantial portion of
group 2 and group 3 seeds but only in a small portion of
group 1 seeds. In E. distans, there is a mixture of non-dormant
and PD seeds in the collection, like the summer annual grasses
Leptochloa panicoides (Baskin et al., 1993) and Setaria
glauca (Baskin et al., 1996). In E. distans, however, seeds dif-
fered in dormancy among the groups. Group 3 had the highest
proportion of non-dormant seeds, while group 1 had the
highest proportion of seeds with PD.

Dormancy break via after-ripening of seeds during summer
means they are capable of germinating in autumn if soil moisture
and light/dark conditions are favourable; this timing of
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F1G. 6. Number of seedlings emerging (A, C) and dying (B, D) in field plots
of the three groups of Eremopyrum distans seeds watered regularly (A, B) and
exposed to natural soil moisture conditions (C, D) (n = 3).

dormancy break and germination is a characteristic of seeds of
winter annuals (Baskin and Baskin, 2001). A portion of seeds
in each group of E. distans after-ripened in summer and thus
exhibited the winter annual pattern of timing of dormancy
break. However, unlike seeds of winter annuals that exhibit
changes in the range of temperatures during dormancy break
at which seeds will germinate (Baskin and Baskin, 1985b0), the
three groups of E. distans seeds exhibited no increase or decrease
in the temperature range for germination, i.e. fresh, as well as
after-ripened group 1, 2 and 3 seeds germinated at all five temp-
erature regimes. During the after-ripening period, germination
percentages increased at all temperatures, but temperature
range for germination did not change.

Seed mass can have an influence on germination percen-
tages and rates. In general, large seeds of a species germi-
nate to higher percentages than small ones, e.g. the grass
Leymus arenarius (Greipsson and Davy, 1995), but some-
times small seeds of a species germinate to high percentages
than large ones, e.g. Lolium spp. (Akpan and Bean, 1977).
Germination rates are often higher for the small than the
large seeds of a species, e.g. Leymus arenarius (Greipsson
and Davy, 1995) with exceptions in some species such as
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TaBLE 3. Plant size and seed production of Eremopyrum distans in the experimental garden (n = 3)

Seed groups Gl G2 G3 P

Su-A (W)
No. of surviving plants per plot 4.7+ 1.7 150+ 13 22:0 + 24
Height of plants (cm) 36-1 + 05 3124+ 04 242 + 05 <0-001
No. of tillers per plant 103 + 0-8 6-8 + 0-2 45+ 02 <0-001
No. of spikelets per tiller 109 + 0-5 12.0 + 06 153+ 04 <0-001
No. of seeds per spikelet 3.2+ 01 27 4+ 0-1 22 4+ 0-1 <0-001
No. of seeds per plant 375 229 147
Total no. of seeds from all plants 1762 3428 3240

S (W)
No. of surviving plants per plot 1.7+ 07 2.0+ 0-6 23409
Height of plants (cm) 306 + 12 270 + 1-1 219 + 05 0-001
No. of tillers per plant 62+ 11 3.6 +0-8 334+03 0-003
No. of spikelets per tiller 10-8 + 07 119+ 03 119 + 0-6 0-012
No. of seeds per spikelet 24 4+ 0-1 24 4+ 0-1 2-1 +0:-1 0-005
No. of seeds per plant 159 102 86
Total no. of seeds from all plants 271 3082 4209

S (N)
No. of surviving plants per plot 37+03 120+ 15 13-7 £ 2-1
Height of plants (cm) 343 + 06 29-8 + 0-6 23.0 + 05 0-044
No. of tillers per plant 66 + 0-5 4.8+ 02 34402 <0-001
No. of spikelets per tiller 109 + 07 126 + 05 133 + 04 0-001
No. of seeds per spikelet 2:6 + 0-1 2:54+0-1 22 4+ 0-1 0-055
No. of seeds per plant 184 142 94
Total no. of seeds from all plants 682 1706 1282

Values are means + s.d. G, Group; Su-A (W), summer—autumn germination of seeds that were watered at regular intervals; Sp (W), spring germination of
seeds that were watered at regular intervals; Sp (N), spring germination of seeds under natural soil moisture conditions. All of the data are from plants that

survived.

Psammochloa villosa (Zhu et al., 2005). In E. distans, ger-
mination percentages and rates were highest for group 3
seeds, which had the smallest mass, and lowest for group
1 seeds, which had the greatest mass. It is not known why
the large group 1 seeds germinated more slowly and to a
lower percentage than the smaller group 2 and 3 seeds.
However, the germination percentages and rates of different
groups/ sizes of E. distans seeds do not seem to be excep-
tional in view of the response of seeds of various sizes in
other grass species.

Regardless of whether seeds after-ripened in dry storage or
in the soil in the field, they gained the ability to germinate at
autumn temperatures. By autumn, the temperatures both in
the habitat and those required for germination overlap, but
seeds usually cannot germinate in autumn because sufficient
soil moisture is not present. In 2008, precipitation in the
garden in Urlimqi, where the experimental plots were
located, was 9-6 mm, 21-4 mm, 17-1 mm and 16-8 mm for
June, July, August and September, respectively (Fig. 7).
Thus, without regular watering the soil under natural moisture
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TaBLE 4. Germination percentages (mean + standard deviation) per plot in three seed groups of Eremopyrum distans that emerged

in the field in autumn and in spring and survival (mean + s.d.) of

seedlings to reproductive maturity per plot under regular watering

and natural soil moisture conditions (n = 3)

Watered at regular intervals

Natural moisture condition

Summer—autumn germination

Spring germination Spring germination

Germination (%) Survival Germination (%) Survival Germination (%) Survival
Group 1 83 +22 68-3 +43 4.5+ 1-1 50-0 + 1-7 121 +2-3 427 +0-8
Group 2 333 +47 596 + 59 74 +23 546 + 14 379 + 1-8 393453
Group 3 554 +32 49-8 +5-0 82+ 31 50-0 + 29 613 +33 283 +4-0
P 0-001 0-340 0-159 0-858 <0-001 0472

conditions was dry most of the time in August and September.
With regular watering, some seeds in groups 1, 2 and 3 germi-
nated in August and September, and the number of seeds that
germinated increased as seed position increased. Thus, some
seeds of each group are capable of germinating in autumn,
as would be expected for a winter annual, if water is supplied.

Under natural soil moisture conditions, none of the seeds
germinated in autumn 2008, thereby preventing the species
from behaving as a winter annual. Many of the seedlings
(67 %, 56 % and 46 % for seed groups 1, 2 and 3, respect-
ively) that germinated under the regular watering regime in
autumn survived. Thus, it can be concluded that if seeds
germinate in autumn, the resulting plants behave as winter
annuals. In spring, precipitation (including snow) in Uriimqi
was 35 mm, 66 mm and 75 mm in March, April and May
2009, respectively (Fig. 7), suggesting the soil probably was
moist most of the time. Under natural soil moisture conditions
in spring, some seeds in each group of E. distans germinated;
the number of seeds that germinated increased as seed pos-
ition increased. The plants from seeds that germinated in
spring were short-lived summer annuals or spring ephemerals.
Thus, E. distans has the potential to behave as a winter annual,
but since natural soil moisture conditions prevent germination
in autumn its seeds normally germinate in spring. It should be
noted that some seedlings of E. distans have been observed in
the field during relatively moist autumns and that the seed-
lings survive during the winter (A. B. Wang and D. Y. Tan,
pers. obs.). In autumn 2008, no seedlings of E. distans were
observed in the field, except in watered plots.

The delay of germination until spring also occurs for some
seeds of temperate-zone facultative winter annuals, but the
delay in germination of E. distans and facultative winter
annuals may be for different reasons. In facultative winter
annuals, seeds exposed to natural low-temperature regimes in
late autumn and winter lose the ability to germinate at high,
but not at low, temperatures, i.e. they enter conditional dor-
mancy. Thus, seeds can germinate at low habitat temperatures
in spring (Baskin and Baskin, 1981). The buried seeds of
E. distans died, so it is not known if there were any changes
in temperature responses of the seeds during winter. However,
germination of seeds in the natural soil-moisture plots show
that they not only remained viable on the soil surface but
were capable of germinating at early spring temperatures.

Although more buried seeds of group 2 than of groups 1 and
3 were alive after 2, 3 and 4 months of burial, essentially all
seeds of the three groups were dead after 5 months of burial.

Seed survival from June 2008 to March and April 2009,
when germination occurred in the field, obviously was
higher for seeds on the soil surface than for those buried in
the soil. The reason why all the buried seeds died is not
known, but these results suggest that E. distans would not
form a persistent soil seed bank. Seeds of many species of
grasses do not form a soil seed bank (Baskin and Baskin,
1998); thus, the short life span of E. distans seeds buried in
the soil is not too surprising. Since E. distans apparently
does not form a soil seed bank, it is important that the
species sets seeds each year. Having the flexibility to germi-
nate in either autumn (if soil moisture is sufficient) or spring
(when soil moisture is almost always sufficient for germination
and plant growth) helps ensure the survival of the species.

Seed position also had an effect on seedling emergence and
survival in the field experiment, and on subsequent plant size
and seed production; however, this effect was always associ-
ated with seed mass. Regardless of soil moisture regime in
the field or season of germination, fewer seeds from group 1
germinated, but a higher proportion of seedlings from group 1
seeds survived than from group 2 or 3 seeds. Likewise, seedlings
from large seeds of the grass Amphicarpum purshii survived
better than those from small seeds (Cheplick and Quinn,
1982, 1983). In each soil moisture condition and at each
germination time, plants from group 1 seeds were larger and
produced more seeds than those from either group 2 or 3
seeds. The reason for this phenomenon may be that, compared
with small seeds, large seeds always had more food reserves
(Stanton, 1985), and seedlings from large seeds were larger
(Venable and Levin, 1985; Imbert er al.,, 1997) and had a
greater ability to grow (Ellison, 1987; Beneke et al., 1993).
Thus, plants from large seeds had more reproductive output
than those from small seeds (Venable and Levin, 1985).
Given the vulnerability of the seedling phase in many
species (Fenner, 1987) and the potential difficulties of seedling
establishment in the desert environment (Sun et al., 2009), in
some years seed mass may be especially critical to successful
establishment in the annual ephemeral E. distans.

In considering the relationship of E. distans seedlings with
other life-history stages of this species, it is important to
know the number of surviving offspring from seeds at different
positions (sizes) in the spikelet and the number of seeds the
survivors produce (see Moles and Leishman, 2008). If only
the E. distans seeds that germinated under natural soil-
moisture conditions (i.e. in spring) were considered, the
highest percentage survival of seedlings would be for offspring



104

of group 1 seeds. However, since fewer group 1 than group 2
or 3 seeds germinated, there were actually more living off-
spring from group 2 and 3 than from group 1 seeds in the
plots. Further, although plants from group 1 seeds produced
more seeds per plant than those from group 2 or 3 seeds, the
total number of seeds produced by plants from group 2 or 3
seeds was higher than that of plants from group 1 seeds. Of
course, each plant produced by a seed from any of the three
groups, regardless of when the seed germinates, will produce
group 1, 2 and 3 seeds, ensuring that there will be a diversity
of germination responses and survival and reproductive strat-
egies in the next generation.

Seeds in different positions in spikelets may represent differ-
ent strategies in the life history of E. distans. Distal seeds have a
‘high-risk’ strategy in which germination is fast and germina-
tion percentages are high, but the fitness of seedlings is rela-
tively low. Basal seeds have a ‘cautious’ or ‘low-risk’ strategy
in which germination is slow and germination percentages are
low, but the fitness of seedlings is high. The possession of
two seed strategies may represent a form of bet-hedging
(Venable and Levin, 1985) which can spread risk in time and
space. If all seeds in a spikelet had a fast rate and high percen-
tage of germination strategy, it might prove to be disastrous if
the rain that promoted germination was followed by a long
drought or severe disturbance. In contrast, if all seeds in a spike-
let had a slow rate and low percentage of germination strategy,
seedlings might avoid disastrous environmental conditions but
not be capable of taking advantage of relatively brief periods
of favourable conditions for growth. Thus, two strategies
among the offspring of a single plant help ensure that successful
germination, seedling survival and seed production will occur.

Although there is a potential for both a high-risk and a cau-
tious strategy in E. distans, the rigors of the desert environ-
ment, especially the dryness in most autumns, prevents a
strong expression of the two strategies, i.e. the soil is too dry
in most years for any seeds to germinate in autumn, and germi-
nation occurs only in spring. Thus, the environmentally
enforced (by low soil moisture) delay of germination of
seeds from all positions from autumn to spring results in a
reduction in the number of seeds produced per plant and con-
sequently a reduction in fitness. However, even if all seeds
from the different positions in the spikelet germinate in
spring, there is still some evidence of the two strategies, i.e.
although spring germination results in a reduction of fitness
of plants from group 1, 2 and 3 seeds, plants from group 1
seeds (probably due to their greater mass) produce more
seeds per plant than those from group 2 or 3 seeds.
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