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addition to this, seed dimorphism under increasing aridity 
could become a bet-hedging trait allowing a population to 
survive periods of insufficient rainfall through dormancy.

Keywords Seed polymorphism · Bet hedging · Seed 
mass · Temporal heterogeneity · Adaptive variation

Introduction

Adaptive variation in seed size and/or morphology has 
been a subject of much research (reviewed in Howe and 
Swallowed 1982; Ellner 1987; Rees 1996). Despite the 
small scale of spatial environmental variation that a seed 
usually experiences, and a large maternal effect that masks 
genetic variation of the offspring, heritable differences in 
seed size and shape are expected to evolve in environments 
that differ in temporal or spatial predictability (Venable 
1985; McGinley et al. 1987; Lalonde 1991; Geritz 1995; 
Rees 1996; Leishman et al. 2000; Volis and Bohrer 2013; 
Gremer and Venable 2014).

Intra-individual variation in seed size and morphology is 
often associated with variation in seed dormancy (reviewed 
in Baskin and Baskin 1998; Gutterman 1993; Imbert 2002; 
Childs et al. 2010). Although previous theoretical research 
identified seed size and dormancy as two substitutable 
strategies used to cope with environmental unpredictability 
(Venable and Brown 1988), recent theoretical and empiri-
cal research showed that seed size and germination frac-
tions are positively correlated with the predictability of the 
environment (Volis 2012; Volis and Bohrer 2013).

Variation in seed size (with a concomitant effect on dor-
mancy) can take the form of seed heteromorphism, e.g., 
production by a single individual of seeds differing in their 
external appearance. This is a well-known phenomenon in 

Abstract Variation in seed size and dormancy can take 
the form of seed heteromorphism, i.e., production of dif-
ferent kinds of seeds by a single individual. In this paper, 
I tested for the effect of seed position within a spikelet on 
its germination over time, and the contribution of this effect 
to population differentiation along an aridity gradient in an 
annual grass, Triticum dicoccoides. The results show that 
the upper grain in a spikelet is larger than the bottom grain, 
and either germinates in the season following dispersal, or 
dies. In contrast, a substantial fraction of the bottom grains 
do not germinate in the first season, but remain dormant in 
the soil seed bank for 1 and, very rarely, 2 years. This pat-
tern was observed in seeds of all origins, but the bottom 
grains from the most arid location had the lowest, and from 
the least arid location, the highest germination fraction in 
the 1st year and vice versa in the 2nd year. This difference 
in germination fraction was observed under controlled irri-
gation conditions but not in the field experiment. These 
mixed results suggest that seed dimorphism is a life his-
tory trait with a complicated evolutionary history and wide 
adaptive implications. Seed dimorphism in T. dicoccoides 
could initially be an adaptation for reducing competition 
in productive (i.e., high precipitation) environments. In 
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plants (reviewed in Imbert 2002; Matilla et al. 2005) which 
includes discrete heteromorphism (when seeds fall within 
several categories, e.g., dispersing/non-dispersing seeds) 
and continuous heteromorphism (when seed variation can-
not be attributed to clearly defined categories of size, shape 
or color). Within the latter category seed heteromorphism 
can be due to architecture (i.e., position within the fruit, 
inflorescence or dispersal unit) (Diggle 1995) or environ-
mental effects associated with season length (Cavers and 
Steel 1984; Wolfe 1992). Cases of continuous seed hetero-
morphism at the level of the inflorescence are well docu-
mented with a general trend for seeds of flowers at distal 
positions to be smaller than seeds of flowers at basal posi-
tions (Winn 1991; Ashman 1992; Wolfe 1992; Obeso 1993; 
Moravcová et al. 2005; Hughes and Simons 2014). How-
ever, much less is known about seed variation due to posi-
tion within a dispersal unit (but see Datta et al. 1970; Wang 
et al. 2010; Volis 2014).

In the Poaceae family, seeds differing in their position 
within a dispersal unit often vary in size and dormancy 
(Phaneerdranath et al. 1978; Gosling et al. 1981; Dyer 
2004; Wang et al. 2010). In several Poaceae genera with 
a dispersal unit containing more than one seed, the first-
formed and therefore better developed (and also larger) 
seeds have lower dormancy (Johnson 1935; Datta et al. 
1970; Froud-Williams and Ferris 1987; Marañon 1989; 
Dyer 2004; Volis 2014). However, in Triticum, the younger 
upper grain in the spikelet is usually better developed, 
larger and less dormant than the bottom grain (Gosling 
et al. 1981; Horovitz 1998).

This study focuses on the effect of seed position on dor-
mancy, defined as the temporary inability of a viable seed 
to germinate under physical conditions that normally favor 
the process (Bewley and Black 1994; Baskin and Baskin 
1998; Koornneef et al. 2002). As seed dormancy and soil 
seed bank are traits conferring adaptation of plants to 
their environment, and seed dormancy is predicted to be 
positively associated with temporal heterogeneity (Cohen 
1966; Brown and Venable 1986; Venable and Brown 1988; 
Klinkhamer et al. 1987; Rees 1994; Volis and Bohrer 
2013), the importance of position-related seed dormancy 
can vary among conspecific populations originating from 
environments with different temporal predictability.

Wild emmer wheat, Triticum turgidum L. ssp. dicoc-
coides (Körn.) Thell. (hereafter T. dicoccoides) is an annual 
grass. In Israel, it occurs in various locations that differ 
in terms of amount and predictability of rainfall (300–
1600 mm of annual precipitation), topography (different 
rockiness, slope exposition) and soil type (basaltic soils on 
basalt bedrock, terra rossa soil on hard limestone bedrock 
and rendzina).

In Israel the north–south aridity gradient creates 
steep climatic and ecological clines over relatively short 

distances (Bitan and Rubin 1991; Aronson et al. 1992; Kad-
mon and Danin 1997). Water is the main limiting and fluc-
tuating resource in this area, which creates a severe aridity 
gradient from xeric desert to mesic Mediterranean. Because 
there is a negative exponential relationship between annual 
rainfall amount and its coefficient of variation [R2 = 0.79, 
n = 25; see Fig. 1 of Volis et al. (2002)], an increase in 
annual precipitation is associated with decreased inter-
annual variability in precipitation and lower probability 
of plant reproductive failure (Aronson et al. 1992). This 
productivity-predictability gradient provides an excellent 
opportunity for studying adaptive shifts in traits within a 
species. In annual plants adaptation to increasing aridity 
was shown to be associated not only with physiological, 
morphological and phenological traits, such as decreased 
plant biomass, leaf surface area and surface/volume ratio 
(Shmida and Burgess 1988), earlier flowering (Inouye 
1991; Aronson et al. 1992; Del Pozo et al. 2002; Eckhart 
et al. 2004; Franke et al. 2006; Hall and Willis 2006;), and 
higher reproductive output (Aronson et al. 1990; Petrů et al. 
2006), but also with higher percentage of seeds that remain 
dormant in the soil seed bank (Volis et al. 2002; Volis 2009; 
Tielborger et al. 2012).

In this paper, I asked whether an association between 
seed position within a spikelet and seed dormancy in T. 
dicoccoides is genetically determined and not affected 
by maternal environment (precipitation amount and soil 
type), and whether this phenomenon contributes to pop-
ulation differentiation in this species. If an association 
between seed position and dormancy is just the artifact of 
the architecture of the plant spikelet, when grains within 
a spikelet compete for available resources and hormones, 
the pattern of grain germination should not vary across 
the species range. If, however, seed positional effect 
evolved as the means to cope with environmental unpre-
dictability (i.e., bet-hedging against future environmen-
tal stochasticity through variation in time of emergence 
among genetically identical offspring), the degree of 
grain dormancy should be related to the population envi-
ronmental conditions. Specifically, under bet-hedging the 
seed bank resulting from grain dormancy should be more 
important in the population dynamics of populations 
occupying temporally heterogeneous and unpredictable 
environments.

Thus, the specific objectives of this paper included test-
ing for (1) a seed positional effect within a spikelet on its 
germination during 3 consecutive years, and (2) population 
differences in a pattern of seed germination. I predicted a 
consistent difference in a pattern of germination, independ-
ent of soil type/amount of supplied water, between upper 
and bottom grains, and an increase in this difference along 
an aridity gradient from more predictable to less predict-
able population environments.
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Materials and methods

Study species

Triticum turgidum L. ssp. dicoccoides (hereafter T. dicoc-
coides) is a predominantly self-pollinated winter annual 
grass. In this species, a spike at maturity disarticulates 
into arrow-shaped spikelets comprising two or rarely three 
grains of which the larger grain develops from the youngest 
fertile floret. The awns balance the spikelet as it falls and 
propel it on and into the ground (Elbaum et al. 2007).

Seedlings emerge after the first rain in October–Novem-
ber and subsequent rains during winter, grow and mature 
through winter to early spring and senesce before summer. 
Seeds that do not germinate in the autumn to winter follow-
ing dispersal either die or enter the soil seed bank where 
they can remain dormant for 1 or 2 years (Horovitz 1998).

Study sites

The studied populations are shown on Fig. 1. The 
Ammiad conservation site from which two of the popula-
tions are derived [Ammiad Karst (K) and Ammiad North 
(N)] is located north of the Sea of Galilee in Northeast-
ern Galilee at altitudes between 240 and 350 m above 

sea level (Anikster and Noy-Meir 1991). The soil there is 
terra rossa with limestone uneven micro-relief. It features 
a typical Mediterranean climate with an average annual 
rainfall of 580 mm (±151 mm SD). Ammiad North is 
located on a moderate north-facing slope at an elevation 
of 260–280 m with relatively low rock cover (20–60 %). 
Ammiad Karst is on a steep south-facing slope of rockier 
micro-relief (40–80 % rock cover) at 320–340 m above 
sea level. The two sub-sites were chosen within the 
Ammiad location to account for its high topographic het-
erogeneity. The Mount Hermon (MH) population is the 
northern-most population that was found in Israel. The 
site is located on a south-facing slope at an elevation of 
1500 m with terra rossa soil. The mean annual rainfall is 
more than 1300 mm (at Majdal Shams, a few kilometers 
away) and the climate is much cooler than in Ammiad 
(the area is covered with snow during winter months). The 
Har Amasa (HA) population is the southern-most popu-
lation that was found in Israel, 19 km south of Hebron 
and on the edge of the Judean Desert. It was found at an 
elevation of about 900 m and on an east-facing slope with 
loess soil. The climate is arid and the mean annual rainfall 
is assumed to amount to less than 300 mm (383 mm was 
measured in Daharyyia, about 15 km northwestwards in 
the Judean Mountains).

Fig. 1  Map of Israel showing isohyets of multi-year averages of annual rainfall amount (mm), locations of studied populations [Mount Hermon 
(MH), Ammiad North (N), Ammiad Karst (K), Har Amasa (HA)] and design of the two soil seed bank experiments
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Field experiments

Two field experiments were conducted to test whether ger-
mination fractions of the two grains (experiment 1, within 
an intact spikelet; experiment 2, when separated) will 
exhibit population by environment interactions as predicted 
under bet-hedging.

As the initial sources for these experiments, in 2007 I 
collected seeds in natural populations from plants at least 
1 m apart. To generate spikelets with reduced environmen-
tal maternal effect, I grew a subset of this collection (from 
20 genetically unrelated mother plants per population) from 
October 2007 to April 2008 in a greenhouse at the Berg-
man Campus of Ben-Gurion University. The plants were 
arranged in a completely randomized design and watered 
twice a week using drip irrigation. For each population, the 
spikelets were pooled (each mother plant contributed an 
equal number of spikelets) and stored outside. In October 
2008, the resulting four population pools (N, K, MH, HA) 
were used for two simultaneous experiments.

For the first experiment, to test germination over time 
of intact spikelets, and their origin by site interaction, 
I used five 15 × 13 cell trays (height 2.5 cm, cell size 
1.5 × 1.5 cm) open at the bottom and containing 42 × 4 
spikelets of different origin. The spikelets were recipro-
cally buried flush with the ground at (1) each transplant 
site, and (2) an additional location beyond the current range 
of T. dicoccoides, in the Negev desert (Beer Sheva loca-
tion—Bergman Campus of Ben-Gurion University) that 
has around 200 mm of annual rainfall (Fig. 1). An intact 
spikelet was placed in a separated cell of a plastic tray filled 
with soil of the transplant site. In February/March the trays 
were removed, brought to the laboratory and the spikelets 
classified as two-grain germinated, one-grain germinated 
or non-germinated. In May 2009 the one-grain germinated 
and non-germinated spikelets were buried again in trays at 
the respective transplant sites, and checked for germination 
in the subsequent February/March as described above. The 
procedure was repeated in the following year.

For the second experiment, to test the effect of grain 
position on germination, the two grains within a spike-
let (upper and bottom one) were physically separated and 
then placed in separated cells of a plastic tray with the 
same dimensions as above. At each of the four sites two 
trays were buried (Fig. 1). Each tray contained 90 spikelets 
(90 × 2 grains) of the origin that corresponded to the site of 
burial. In February/March the trays were removed, brought 
to the laboratory and grains classified as germinated or 
non-germinated. In May 2009 the non-germinated grains 
were buried again in trays at the respective transplant sites, 
and checked for germination in the subsequent February/
March as described above. The procedure was repeated in 
the following year.

Greenhouse experiments

In two greenhouse experiments, germination of the upper 
and bottom grains from four population origins was tested 
under controlled irrigation conditions in a greenhouse at the 
Bergman Campus, Beer Sheva, Israel. The greenhouse was 
unheated and therefore the temperature inside during the 
growing season was close to that outside, but followed the 
natural variation in temperature within and among seasons.

The first experiment tested whether the pattern of germi-
nation of the two separated grains corresponds to that pre-
dicted under bet-hedging and does not depend on amount 
of precipitation. On the other hand, this experiment was 
supposed to quantify a relationship between the amount 
of water in the first rain event and the germination frac-
tion, and identify the amount of rainfall that triggers mass 
germination in T. dicoccoides. In this greenhouse experi-
ment, 150 each of the upper and bottom grains were sown 
in winter 2010–2011 in pots (bottom diameter 12 cm, top 
diameter 20 cm, height 12 cm) filled with the soil from the 
grain origin location and received water treatment simulat-
ing the first effective rain event (>10 mm of rainfall) of dif-
ferent quantity. The amount of water applied was equiva-
lent to 10, 15, 20, 25, 30 and 40 mm of rainfall. Two weeks 
after the first water treatment, the uniform second effective 
rain of 40 mm was applied to all treatments. In August 
2011 the grains were dug out and classified as germinated 
or non-germinated. The non-germinated grains from each 
particular origin were pooled and sown again in winter 
2011–2012. The plants received twice, with a 2-week inter-
val between treatments, the amount of water equivalent to 
40 mm of rainfall per watering.

The second experiment was designed to test whether the 
pattern of germination of the two kinds of grains is affected 
by the soil type. One hundred and fifty each of the upper 
and bottom grains of four population origins were sown 
in winter 2011–2012 in pots (bottom diameter 12 cm, top 
diameter 20 cm, height 12 cm) filled with three soil types, 
terra rossa, rendzina and loess. Terra rossa is a red clay soil 
produced by the weathering of limestone. Rendzina is gray-
ish-brown, humus-rich soil also produced by the weather-
ing of limestone. Loess is pale yellow predominantly silt-
sized sediment soil that is formed by the accumulation of 
wind-blown dust. These soil types differ in water perme-
ability, water-holding capacity and evaporation rate, which 
potentially can affect the germination process. Populations 
of emmer wheat grow naturally in these soil types. Three 
amounts of water simulating the first effective rain were 
applied (equivalent to 10, 15 and 20 mm of rainfall), fol-
lowed in 2 weeks by the uniform second effective rain of 
40 mm. The rest of the procedure did not differ from the 
first experiment.
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 At the end of the experiment, in neither field nor green-
house experiments did I apply staining or any other method 
to test for seed viability because all seeds classified as dead 
were in fact decayed.

Data analysis

The differences in seed germination among introduc-
tion sites and origins were determined by a χ2-test. In the 
second field experiment, in addition to the χ2 test, I used 
the generalized linear model of Statistica (StatSoft 2004). 
To simplify the analysis, two cases of germination at the 
MH site in the 3rd year were excluded, so that I could use 
a binomial linear model with a logit link to test germina-
tion of detached grains over time. The response variable 
included two categories (1st and 2nd year of germination). 
It was not possible to include the block (viz. tray) effect 
nested within a site and therefore germination of detached 
grains was analyzed with the model including two fixed 
effects, population origin (=transplant site) and grain posi-
tion within a spikelet.

The generalized linear model with binomial distribution 
of the residuals and logit link was also used to analyze the 
data from the two greenhouse experiments. In both experi-
ments, the data were analyzed for the 1st year germination 
and germination over the 2 years. For the 1st year germi-
nation, the two response variable categories were germina-
tion vs. no germination. Germination of the two kinds of 
grains was tested either after the first rain event or as the 
cumulative germination after the two rain events. Germina-
tion over the 2 years was tested only for the bottom grains 
because the upper grains did not germinate in the 2nd year. 
In this test the two response variable categories were 1st 
and 2nd year of germination. In the first greenhouse 

experiment the independent variables were origin (HA, 
K, N, MH), rainfall (10, 15, 20, 25, 30 and 40 mm) and 
position (upper, bottom), and in the second greenhouse 
experiment the independent variables were origin (HA, 
K, N, MH), rainfall (10, 15, 20 mm), position (upper, bot-
tom) and soil (terra rossa, rendzina, loess). The significance 
of effects was estimated with the Wald test statistic that is 
tested against the χ2 distribution as implemented in Statis-
tica (StatSoft Inc. 2004).

In the second greenhouse experiment, the bottom grain 
germination counts were also analyzed by log-linear analy-
sis with three factors, origin (HA, K, N, MH), year (first, 
second), and soil (terra rossa, rendzina, loess). The partial 
association between two particular factors was computed 
by comparing the fit of the model that included all two-way 
interactions with the model that excluded the interaction 
between these two factors.

Results

Field experiments

A scheme of spikelet germination at the five sites over 3 
consecutive years is depicted on Supplemental Fig. 1 and 
the fractions of intact spikelets that germinated in each of 
the 3 consecutive years are shown in Fig. 2. For all five 
sites, germination was highest in the 1st year, lower in the 
2nd year and negligible in the 3rd year. The spikelet germi-
nation significantly differed between the introduction sites 
in the first and third, but not the 2nd year after introduction 
(Table 1). In the 1st year, the highest and lowest percentage 
of spikelets germinated (with either one or two grains ger-
minated) was observed at the MH and BS site, respectively, 
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with a general decrease in germination percentage along 
the aridity gradient (from MH to K/N, HA and BS). In the 
3rd year, germination was observed only at the MH site. 
Over introduction sites, spikelets of different origin did not 
differ in germination percentage in the 1st year, but did dif-
fer in the 2nd and the 3rd year with spikelets of K and N 
origin having higher germination than spikelets of other 
origin (Table 1). The spikelet origin by site interactions in 
germination percentage during the 1st, 2nd and 3rd year 
were inconclusive (Fig. 2).

In the second experiment, comparing germination of the 
two grains that were removed from the spikelet and sown 
separately, a clear pattern of spikelet position-dependent 
germination was found. Effect of grain position within 
a spikelet was highly significant (Wald statistic 20.2, 
p < 0.001), while population origin and their interaction 
were not significant (Wald statistic 0.6 and 0.6, p > 0.05). 
At all the sites, the upper grain germinated exclusively in 
the 1st year, and the bottom grain germinated in high pro-
portions in the first 2 years. A very small fraction of the 
bottom grains also germinated in the 3rd year at the MH 
site (Fig. 3). There was a trend of decrease in percent ger-
mination of the upper grain in the 1st year with a decrease 

Table 1  Percentage of intact spikelets that germinated in each of 3 
consecutive years in the field experiment and results of a χ2-test test-
ing the differences in seed germination among introduction sites and 
origins

Spikelet was considered germinated in a particular year if either or 
both of the two grains germinated in that year. As two grains could 
germinate in different seasons, maximum cumulative percentage of 
germinated spikelets over 3 years is bounded by 200 %

 ** p < 0.01, *** p < 0.001; n.s. not significant

First year Second year Third year

Sites

 Mount Hermon 91.3 26.1 8.7

 Ammiad North 79.6 28.0 0

 Ammiad Karst 85.6 26.1 0

 Har Amasa 76.4 33.1 0

 Beer Sheva 67.1 32.1 0

 χ2 14.4** 7.3 n.s. 216.3***

Origins

 Mount Hermon 84.0 21.3 0.4

 Amiad North 77.3 32.5 1.9

 Ammiad Karst 82.5 35.1 5.5

 Har Amasa 81.1 26.5 0

 χ2 1.6 n.s. 28.7*** 85.0***

Fig. 3  Graphical depiction of 
fates of upper and bottom grains 
in a spikelet in four sites in the 
second soil seed bank experi-
ment over 3 years. a–d Data for 
upper grain are shown behind 
those of bottom grain
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in annual precipitation at the population location. The high-
est mortality of upper grains in the 1st year was observed 
at the HA site (69.9 vs. 33.3, 34.4 and 13.9 %; N, K and 
MH, respectively), but mortality of the bottom grain at 
this site did not differ from the other sites (21.9 vs. 12.2, 
21.0, 8.9 %; N, K and MH, respectively). Germination of 
the bottom grain in either the 1st year (38.1, 29.4, 38.9, 
50.6 %; HA, N, K and MH, respectively), or the 2nd year 
(40.2, 41.0, 26.0, 31.7 %; HA, N, K and MH, respectively) 
did not differ across sites (Fig. 3).

Greenhouse experiments

A test of germination of the two grains comprising a spike-
let under controlled greenhouse conditions and using soil 
from the plant origin-specific locations confirmed the pat-
tern of spikelet position-dependent germination observed in 
the field experiment (Fig. 4). Under all irrigation treatments 
and for spikelets of all origins, the upper grain germinated 
exclusively in the 1st year, and the bottom grain germinated 
in high proportions in the first 2 years. No grain survived 
until the 3rd year.

Both greenhouse experiments simulated different 
amounts of rainfall during the first rainfall event that usu-
ally triggers seed germination. In the first experiment, ger-
mination fractions after the first simulated rain event were 
affected by plant origin, amount of rainfall and grain posi-
tion within a spikelet, as well as by all possible interactions 
among the three effects. Similarly, the cumulative germi-
nation fractions after the two simulated rain events were 
affected by all the effects except for rainfall and all the 
interactions (Table 2). The germination of bottom grains 
over 2 years differed among spikelets of different popu-
lation origin (Table 2) with germination fractions in the 
2nd year being the highest for HA origin, and the lowest for 
MH origin (Fig. 4d). Both the upper and bottom grains of 
K, N and MH origin germinated well under the full range 
of water treatments (78–95 % upper grain and 15–81 % 
bottom grain), while germination of HA grains was more 
plastic. The germination percentages of the HA bottom 
grains were 0, 7 and 32 % and of the upper grains were 
12, 75 and 91 % for 10, 15 and 20 mm of rainfall, respec-
tively. After 25 mm of rainfall a further increase in amount 
of water had no effect on either HA grain type (Fig. 4a, c).
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However, in this experiment the HA grains experienced 
a different soil environment than the grains of other origins 
(loess vs. terra rossa). The effects of soil and grain origin 
were separated in the second germination test conducted 
under controlled greenhouse conditions and using three soil 
types, terra rossa, rendzina and loess.

In the second greenhouse experiment, germination frac-
tions after the first simulated rain event were affected by 
plant origin (O), amount of rainfall (R), grain position 
within a spikelet (P) and soil type (S), but only interac-
tions of grain position P × O, P × R and P × O × R × S 
were significant. Among interactions involving soil, S × O, 
S × R and S × O × R were significant. The cumulative ger-
mination fractions after the two simulated rain events were 
affected by all the effects except for rainfall. The interac-
tions of grain position P × O, P × O × R, P × O × S and 
P × R × S, and of soil type S × O and S × O × R were 
significant (Table 2). The germination of bottom grains 

over 2 years was affected by both plant origin and soil type, 
as well as their interaction (Table 2).

In this experiment, the soil type had an effect on ger-
mination of the upper and to a lesser extent of the bottom 
grain only under low rainfall (10 and 15 but not 20 mm). 
In terra rossa soil under these irrigation treatments seeds of 
all origin had higher germination percentages than in either 
rendzina or loess, with no difference between the latter two 
(Fig. 5a, c). On the other hand, soil type did not affect the 
general germination pattern of the two grains, viz. exclu-
sive germination of the upper grain in the first season and 
germination of the bottom grain in both seasons. The log-
linear analysis of the bottom grain germination revealed 
significant effects of the year and origin but not soil 
(Table 3). There was also a highly significant interaction 
between bottom grain origin and year. The bottom grains 
of HA had the lowest and MH the highest germination frac-
tion in the 1st year and vice versa in the 2nd year (Fig. 5d).

Table 2  Results of generalized 
linear modeling on germination 
of the detached grains in the 
two greenhouse experiments

a Germination in the 1st year was tested after the first rain event (10–40 mm) and as the cumulative germi-
nation after the two rain events for upper and bottom grains
b Germination over the 2 years was tested as the cumulative germination of the bottom grains only

Source df First yeara Over 2 yearsb

After first rain Cumulative Wald p

Wald p Wald p

First greenhouse experiment

 Origin (O) 3 123.7 <0.001 34.8 <0.001 197.9 <0.001

 Position (P) 1 865.1 <0.001 1093.8 <0.001

 Rainfall (R) 5 132.1 <0.001 4.2 ns

 O × P 3 52.9 <0.001 68.5 <0.001

 O × R 15 140.4 <0.001 32.5 <0.01

 P × R 5 33.1 <0.001 36.8 <0.001

 O × P × R 15 47.0 <0.001 51.0 <0.001

Second greenhouse experiment

 Origin (O) 3 144.9 <0.001 123.8 <0.001 339.8 <0.001

 Soil (S) 2 205.9 <0.001 17.9 <0.001 7.9 <0.05

 Position (P) 1 458.7 <0.001 1019.6 <0.001

 Rainfall (R) 2 170.7 <0.001 1.6 ns

 O × S 6 15.8 <0.05 69.9 <0.001 69.4 <0.001

 O × R 6 5.7 ns 66.7 <0.001

 O × P 3 105.0 <0.001 283.2 <0.001

 R × P 2 36.5 <0.001 5.2 ns

 R × S 4 90.1 <0.001 6.0 ns

 P × S 2 0.0 ns 4.2 ns

 O × P × R 6 5.9 ns 26.0 <0.001

 O × S × R 12 33.1 <0.001 52.3 <0.001

 O × S × P 6 10.2 ns 21.4 <0.001

 R × S × P 4 6.4 ns 20.7 <0.001

 O × R × S × P 12 26.4 <0.01 13.4 ns
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A difference between the previous and current experi-
ment was that bottom grains germinated in higher propor-
tion in the 2nd year than in the first one, which suggests 
that germination fractions are not fixed and depend not only 
on amount of water but also on ambient temperature dur-
ing the growing season. The season 2011–2012 was colder 
than the preceding season (average minimum daily temper-
ature 10.0, 7.4, 6.6 and 7.9 vs. 14.5, 10.3, 8.6 and 9.9 °C, 

and average maximum daily temperature 21.9, 20.2, 16.5 
and 18.2 vs. 30.0, 23.5, 19.1 and 19.3 °C for November, 
December, January and February, respectively).

Discussion

As was already noted (Volis 2014) most of the previous 
studies of germination in grass species with seed hetero-
morphism were conducted either under artificial conditions 
or too brief a time frame. An advantage of this study was 
that the germination of seeds that had different positions in 
a spikelet was tested over time under both field and con-
trolled conditions.

The results of both germination tests under controlled 
conditions and soil seed bank field experiments show a 
clear pattern of seed heteromorphism and associated seed 
dormancy in T. dicoccoides due to seed position within a 
dispersal unit (spikelet). The upper grain in a spikelet is 
larger than the bottom grain, and either germinates in the 
season following dispersal or dies. In contrast, a substantial 
fraction of the bottom grains does not germinate in the first 
season but remains dormant in the soil seed bank for one 
and very rarely 2 years. Germination is triggered by a rain 
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Fig. 5  Germination of the upper and bottom grains of different population origin in a, b the first season after maturation and c, d over two sea-
sons in the greenhouse experiment. In the first season, data are shown for three rainfall treatments

Table 3  Log-linear analysis for partial association of bottom grain 
germination counts with various factors after the second rain event of 
40 mm

The partial association between two factors was computed by com-
paring the fit of the model that included all two-way interactions with 
the model that excluded these interactions

 * p < 0.05, ** p < 0.01, *** p < 0.001; n.s. not significant

Effect df χ2

Origin 3 65.8***

Year 1 1148***

Site 2 1.1 n.s.

Origin × year 3 564***

Origin × site 6 22.2**

Year × site 2 8.7*
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event of as small as 10 mm of rainfall. This pattern of ger-
mination is not affected by population origin or soil type, 
although under low precipitation (10–20 mm of rainfall) 
a higher germination percentage of both types of grains 
was observed in terra rossa as compared with rendzina and 
loess soil types. The seed germination percentage in the 
1st year was positively associated with the amount of water 
received by the seeds, as demonstrated by tests under con-
trolled conditions and germination in situ at sites located 
along the aridity gradient. However, although both grains 
responded positively to increased water availability under 
controlled conditions, the upper grains contributed to 
in situ germination of spikelets in the 1st year much more 
than the bottom grains (Fig. 3).

Physiologically, heteromorphism in T. dicoccoides can 
be a result of developmental constraints on seed size within 
a spikelet, i.e., bottom grains get less metabolites or growth 
regulators than upper grains because of competition for 
these resources, and therefore have higher dormancy (Wur-
zburger et al. 1976). However, if resources are in good sup-
ply, as happens with plants grown in a greenhouse, compe-
tition for essential resources between the two grain types 
is unlikely or minor. Under greenhouse conditions the dif-
ference in size between upper and bottom grain is subtle 
(S. Volis, personal observations), but a difference in grain 
dormancy is retained. Thus competition for resources alone 
hardly can explain the two grain difference in dormancy. 
It seems that, in addition to a physiological mechanism of 
grain development that leads to a difference in grain sizes 
within a spikelet, some other mechanism contributes to 
differential dormancy between the two grain types. There 
are several hypotheses for a selective advantage of produc-
ing seeds with an unequal probability of germinating. Pro-
duction of both dormant and non-dormant seeds can be a 
bet-hedging strategy to deal with environmental unpredict-
ability (Cohen 1966; Brown and Venable 1986), or a means 
of reducing sib competition (Ellner 1986; Cheplick 1992; 
Dyer 2004) or competition in general (Tielbörger and Val-
leriani 2005) in species with low seed dispersal ability.

A bet-hedging hypothesis predicts a positive correlation 
between germination fractions and the probability of expe-
riencing a favorable (i.e., rainy) year (Cohen 1966; Brown 
and Venable 1986; Klinkhamer et al. 1987; Valleriani 
2006). Therefore, we may expect, all other features being 
equal, that importance of a seed bank and delayed germina-
tion for population dynamics will increase with a decrease 
in rainfall amount and its predictability [which were shown 
to be positively related (Volis et al. 2002)]. This implies 
that the importance of position-related seed dormancy may 
change among conspecific populations inhabiting environ-
ments that differ in rainfall predictability.

I tested the pattern of germination of bottom vs. upper 
grains from spikelets of plants that had different population 

origin, i.e., were from three locations of different aridity [K 
and N populations that were only 1 km apart did not differ 
in performance across the two micro-habitats in a study of 
Volis et al. (2014), and can be considered to represent the 
same environment]. The plants from these three locations 
were found to be locally adapted by a field home-advantage 
test (Volis et al. 2015). In that test the population growth 
rates of experimentally introduced genotypes of different 
population origin were measured and compared over time 
(after 4 years), and therefore seed survival in the soil was 
accounted for. As seeds of T. dicoccoides can stay dormant 
in the soil seed bank for 1 year [Horovitz (1998) and this 
study], a population can survive a year with an amount of 
rainfall below a threshold for plant survival and reproduc-
tion. This means that a higher proportion of dormant seeds 
can be more important under lower and less predictable 
rainfall conditions.

Of course, factors other than rainfall amount and pre-
dictability (e.g., winter temperature or soil type) may 
contribute to local adaptation in T. dicoccoides across its 
range. Potentially, lower winter temperatures at MH could 
have a more detrimental effect on seed survival in the soil 
seed bank there than at the other three locations. This, 
however, was not the case (Fig. 2). Similarly, the soil type 
affected only the threshold for the first effective rain event 
in the second greenhouse experiment, but not the germi-
nation pattern over two seasons (Fig. 5). According to the 
results of the second greenhouse germination experiment, 
lower permeability of loess (the native soil type for HA 
plants) in comparison with terra rossa could cause low ger-
mination in situ of the upper grains at HA if no rain event 
above 15 mm of rainfall occurred at this location in the 
1st year.

Thus position-related seed dormancy can be a trait con-
tributing to local adaptation of T. dicoccoides plants to 
their native locations that differ in precipitation amount 
and predictability. However, the field and greenhouse 
experiments produced mixed results. The germination tests 
under controlled conditions revealed some, although not 
very pronounced, increases in seed dormancy of the bot-
tom grains with an increase in rainfall unpredictability of 
their locations. These findings agree with an adaptive role 
of seed heteromorphism as a bet-hedging trait buffering 
against environmental unpredictability, but are not direct 
proof of the latter. It must be noted that most of the empiri-
cal studies that have attempted to test whether seed dor-
mancy increases with increasing environmental unpredict-
ability and represents a bet-hedging strategy either failed 
or had limited support (Jain 1982; Hacker 1984; Philippi 
1993; Kigel 1995; Clauss and Venable 2000; Tielborger 
et al. 2012). This is because demonstrating the adaptive 
role of a positive relationship between germination frac-
tion and environmental predictability is methodologically 
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challenging (see Tielborger et al. 2012; Volis 2012). Thus 
it is not surprising that there were no clear differences in 
the two grains’ dormancy across sites and origins in the 
field-introduction experiments, especially considering their 
shortcomings such as no replication over time and a limited 
number of blocks in the spatial design.

On the other hand, the presence of seed heteromorphism 
and associated seed dormancy in spikelets of all origins and 
relatively small differences in dormancy among grains of 
different origin under controlled conditions suggest that 
heteromorphism and positional seed dormancy did not 
originally evolve in this species as adaptations to low and 
unpredictable precipitation but resulted from other evolu-
tionary processes. This conclusion is reinforced by theo-
retical predictions of Volis and Bohrer (2013) who modeled 
optimal seed size and germination fraction in environ-
ments that differ in rainfall amount and predictability, and 
found that large and small seeds with a range of germina-
tion fractions can be co-optimal under high but not low 
precipitation.

Taken together, the results of the present study are not 
consistent with a single evolutionary cause for seed poly-
morphism, reflecting the fact that variable seed dormancy 
is a life history trait with a complicated evolutionary his-
tory and wide adaptive applicability. Seed polymorphism in 
T. dicoccoides can be the important adaptation for reduc-
ing competition in productive (high precipitation) envi-
ronments (Ellner 1986, 1987), and under increasing arid-
ity, when the amount of precipitation and its predictability 
decrease, seed polymorphism becomes a bet-hedging trait, 
allowing survival during periods of insufficient rainfall.
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