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a  b  s  t  r  a  c  t

Delayed  seed  germination  is considered  to be  a bet-hedging  strategy,  but experimental  evidence  of its
adaptive  role  as  an  inherited  trait  is still lacking.  In each  of  two co-occuring  annual  grass  species,  pop-
ulations  of Mediterranean  and  desert  origin  were  studied  during  three  consecutive  years  for  population
demography  and  seed  germination  in  the  reciprocally  introduced  experimental  soil  seed  banks.  The  two
environments  strikingly  differed  in  productivity  (annual  rainfall)  and  predictability  (variation  in amount
and  timing  of  annual  rainfall).  The  two species  exhibited  highly  similar  pattern  of  seed  size  and  dormancy
across  the  two  environments.  In both  species,  a higher  proportion  of  dormant  seeds was  observed  at  the
desert location  and  for the seeds  of  desert  origin,  consistent  with  bet-hedging  buffering  against  unpre-
dictability  of  rainfall  and  high  probability  of  drought  in  this  environment.  In  addition,  in both  species
seed  mass  was  significantly  less  in  plants  of  desert  origin  than  in  plants  of  Mediterranean  origin. The
ridity gradient
ordeum spontaneum
vena sterilis
et-hedging

two  environments  differed  in  demographic  consequences  of  temporal  variation  in precipitation.  In the
Mediterranean  population,  even  in the year  of  least  precipitation,  adults  grew  to  maturity  and  seeds  were
produced.  These  seeds  served  to  maintain  population  size.  In contrast,  in  the  desert  population,  in  the year
of least  rainfall  no  seedlings  survived  to  maturity  and  the soil seed  bank  was  the only source  of  population
persistence.  Altogether,  the  results  concur  with  predicted  by  adaptive  bet  hedging  importance  of  delayed
germination  under  marginal  precipitation.
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ntroduction

Delayed seed germination can be an adaptive bet-hedging strat-
gy (Slatkin, 1974; Seger and Brockmann, 1987) if it increases the
eometric mean fitness by sacrificing arithmetic mean fitness, i.e.
hen it reduces temporal variance in individuals’ reproductive suc-

ess. While delayed seed germination as an adaptive bet-hedging
trategy is well studied theoretically (Cohen, 1966, 1967; Ellner,
985; Brown and Venable, 1986; Klinkhamer et al., 1987; Venable
nd Brown, 1988; Sasaki and Ellner, 1995; Mathias and Kisdi,
002; Valleriani, 2005), empirical tests are still scarce (Philippi,
993; Pake and Venable, 1996; Venable and Pake, 1999; Clauss
nd Venable, 2000; Evans et al., 2007; Venable, 2007; Simons,
009). Recognition of the adaptive role of fractional germination

s technically challenging because it can be estimated only over
 long-term scale and requires demonstration of (i) its direct rela-

ionship with environmental fluctuations and (ii) fitness advantage
s compared with non-fractional germination (reviewed in Childs
t al., 2010; Simons, 2011). One approach to provide evidence that
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ractional germination is a bet hedging adaptation is to correlate
ariation among populations in degree of dormancy with variation
n the magnitude of a surrogate for risk associated with emergence
n those environments (e.g. low annual precipitation) (Philippi,
993; Clauss and Venable, 2000). However, in studies using this
pproach a direct link between environmental unpredictability and
tness consequences of seed dormancy is only surmised. A bet-
er approach is one that infers long-term population consequences
f delayed germination using demographic observations, parame-
erized population models and stochastic simulations (Kalisz and

cPeek, 1993; Clauss, 1999; Evans et al., 2007). A drawback of this
pproach is that it is based on data gathered within a very limited
ime period (usually several years) and may  miss the rare extreme
limate fluctuations. More direct evidence was recently provided
y Venable (2007) performing across species correlation between
ean germination fraction and variation in per capita reproduc-

ive success based on long-term demographic data. In the study of
enable (2007),  a relationship between germination strategies and
opulation demography was  analyzed via interspecific compari-

on at the same desert location. In this study, I investigated seed
ermination in relation to population demography of only two co-
ccuring species, but at two locations, one of which was  and the
econd was  not expected to select for delayed germination. The

dx.doi.org/10.1016/j.ppees.2012.07.002
http://www.sciencedirect.com/science/journal/14338319
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attern of germination was tested using reciprocal introduction of
eeds and with maternal effects removed prior to experiment. The
atter was necessary for disentangling genetic and environmen-
al components of environmentally-dependent seed germination,
iz. role of seed origin vs. conditions experienced by a germinat-
ng/dormant seed.

In Israel the north-south aridity gradient creates steep climatic
nd ecological clines over relatively short distances (Bitan and
ubin, 1991; Aronson et al., 1992; Kadmon and Danin, 1997). Water

s the main limiting and fluctuating resource in this area, and
reates an increasingly severe productivity-predictability gradient
rom mesic Mediterranean to xeric desert (Aronson et al., 1992). In
his study, I conducted demographic observations and reciprocally
ntroduced experimental soil seed banks to compare population
emography and pattern of germination over three years in two
nnual grasses, Avena sterilis and Hordeum spontaneum. Two pop-
lations of each, one representing the desert and the other the
editerranean environment, were compared. Here, I asked (i)
hether germination fractions of seeds of desert vs. Mediterranean

rigin and at the desert vs. Mediterranean site in the two species
ill correspond to what is theoretically predicted by the bet-
edging theory; and (ii) whether inter-population differences in

 pattern of seed germination will have different consequences for
opulation demography. I predicted that (i) germination fractions
ill be lower in the desert than in the Mediterranean environ-
ent; (ii) plants of desert origin possess traits consistent with

et-hedging such as higher seed dormancy and longer persistence
n the soil; (iii) delayed germination will have a positive effect
n population demography at the desert location; and (iv) the
bserved patterns will coincide in the two species.

aterials and methods

tudy species

Hordeum spontaneum Koch (wild barley) and Avena sterilis L.
wild oat) are winter annual grasses that have wide and largely
verlapping distributions. Both species are abundant in open vege-
ation formations of the Mediterranean climatic zone and penetrate
nto favorable desert habitats (wadi beds and loessy depressions)
Zohary, 1983). Seeds are produced in spring (April–May) and are
nnately dormant at dispersal requiring high temperature after
ipening. A specific amount of rainfall as a single rainy event
>10 mm)  is needed to trigger germination in fall (Gutterman and
ozlan, 1998). Seedlings emerge in November–December, grow
nd mature throughout winter – early spring and senesce before
ummer. Seeds that do not germinate in the autumn following dis-
ersal either die or enter the soil seed bank where they can remain
ormant for several years (Volis et al., 2004; Volis, 2009). In these
pecies, dispersal units are spikelets with a short dispersal dis-
ance from the mother plant (95% of shuttered spikelets fall within
.0 and 1.5 m,  H. spontaneum and A. sterilis,  respectively) (Volis,
npublished data).

hoice of populations

One research site was established in each of the Mediterranean
nd desert climatic zones in Israel. The Mediterranean populations
M)  are in Beit Guvrin National Park located in the Shefela Hills (ele-
ation 300 m,  average annual precipitation 400 mm).  The area is a

emi-steppe batha on rendzina soil with mosaic of shrub–semi-
hrub cover (Sarcopoterium spinosum, Calicotome villosa,  Cistus
alvifolius) and dense stands of H. spontaneum and A. sterilis among
ther grasses.

g
N
y
a

ig. 1. Annual precipitation at the two  studied locations over the last half century.
otted lines indicate the period of demographic observations.

The desert populations (D) are in a wadi in the Negev
esert (elevation 400 m,  average annual precipitation 90 mm)
ithin a fenced experimental area of the Mitrani Depart-
ent for Desert Ecology, Ben-Gurion University. There

s sparse desert vegetation on loess soil (dominated by
hrubs and semi-shrubs including Retama raetam,  Thymelea
irsuta, Zygophyllum dumosum,  Hammada scoparia) with
atchily distributed H. spontaneum and A. sterilis within the
adi.

The D site was found to be less predictable in annual rainfall
mount than the M site (CV in annual rainfall over 60 years is
.43 and 0.32 in D and M site, respectively) (Israeli Meteorological
ervice) (Fig. 1).

xperimental design

eed introduction experiment

In 1997, spikelets of A. sterilis and H. spontaneum were collected
rom randomly selected adult plants at least 2 m apart in proxim-
ty to the plots under observation. From these accessions, fifteen (A.
terilis) and ten (H. spontaneum) spikelets (one spikelet per acces-
ion) from each population were planted in the following season
n a greenhouse at the Bergman Campus, Ben Gurion University
n Beer Sheva (mean annual precipitation 202 mm)  to obtain F1
eeds with maternal effects removed. Equal numbers of F1 seeds
er parent comprised a bulk population seed sample. In fall 1998,
andomly chosen seed sample spikelets from each of the two  F1
opulations were reciprocally buried at each transplant site. The
umber of spikelets buried at each site was 220 (A. sterilis)  and
24 (H. spontaneum). Unequal species sample size was  a result of
ifferent seed availability. A spikelet was  placed in a separated cell
.5 cm × 1.5 cm of a plastic tray filled with sieved soil (to remove the

ocal seeds) of the transplant environment, placed flush with the
round level and covered with fine metal net to prevent seed preda-
ion by ants, rodents and birds. Two  months after the first effective
ains (>10 mm of rainfall) the trays were removed, brought to the
aboratory and spikelets classified as germinated (with the radi-
le protruded) or non-germinated. The non-germinated spikelets
ere returned and buried again at the respective transplant sites

mmediately after examination and the procedure was  repeated in
999/2000; this was  repeated again in 2000/2001. In A. sterilis,  a
pikelet contains more than one seed. A spikelet was considered
erminated if a radical protruded from at least one of its seeds.

o seed survived in the experimental soil seed bank after three
ears, i.e. all the seeds that did not germinate either rotted or dis-
ppeared.
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opulation demographic survey

Plant individuals of each species were counted at seedling and
dult stage, and seed production quantified in each permanently
arked 1 m2 plot (30 and 50 plots at the M and D site, respec-

ively). Emerging seedlings were censused every two weeks and
arked by colored toothpicks during the first two  months after

ermination. At maturation and prior to seed dispersal, all adult
lants were counted and 12 randomly-chosen plants per plot were
cored for number of panicles/spikes and number of spikelets per
anicle/spike. As monitored plots remained intact throughout the
tudy, the number of seeds per plot was estimated from the num-
er of mature adults multiplied by the average yield per adult.
ecundity per adult was  calculated for each plot.

easuring seed weight

An experimental plot of about 100 m2 was established within
00 m from each of the M and D sites. The plots were cleared of
egetation. To minimize the effects of maternal and paternal envi-
onmental variation, (i) seeds were collected in a single year (1996);
ii) ten randomly-selected field-collected seeds were germinated
nd grown under greenhouse conditions in a fully randomized
esign; (iii) the two-week old self-progeny of ten mother plants
omposed the seedling pools that were transplanted in each envi-
onment within two weeks after the first rain of more than 10 mm
effective rain). A randomized block design was established with
ach block containing plants from the two populations arranged
s a lattice pattern, with 10 cm spacing. At seed maturity, 100–200
pikelets were collected from each population/block and average
pikelet weight per population/block was estimated.

ata analysis

Significance of differences in seed germination between plant-
ng sites and seeds of different origin was determined by �2 tests

ith Yates correction for continuity. Mann–Whitney U test was
sed for comparison of demographic parameters between the two
ites. The effects of seed origin and planting site on spikelet weight
ere analyzed by 2-way ANOVA.

esults

eed introduction experiment

In both species, spikelet viability was found not to exceed 3 years
nd in both, the effect of introduction site and the effect of seed
rigin on spikelet germination were important (Fig. 2).

The spikelet germination differed between the introduction
ites in the three consecutive years after introduction (oat, �2

1 =
58.0, 14.6 and 15.9, p < 0.001; barley, �2

1 = 227.0, 60.7 and 12.6,
 < 0.001).

In oat, in the first year, lower percentage of spikelets germinated
as observed at the D site (47.0 and 38.4%, D and M,  respectively) as

ompared with the M site (81.0 and 92.0%, D and M,  respectively).
pikelets of D and M origin did not differ in percent germination at
he desert site (�2

1 = 2.3, p > 0.05), but germination of D spikelets
as lower than germination of M spikelets at the M site (�2

1 = 9.7,
 < 0.01). In the second year, proportion of germinated spikelets
hat were dormant in a previous year was higher at the D site (18.3

nd 8.5%, D and M,  respectively) as compared with the M site (6.6
nd 3.0%, D and M,  respectively). The D spikelets had significantly
igher germination proportion at the D site (�2

1 = 7.7, p < 0.01) but
ot at M site (�2

1 = 2.2, p > 0.05). In the third year, germination was

t
M

b

ig. 2. Germination fractions over three years in A. sterilis and H. spontaneum exper-
mental soil seed banks. Two bars at each introduction site denote seeds of desert
D) and Mediterranean origin (M).

igher at the D site (5.9 and 2.4%, D and M,  respectively) than at the
 site (0%), but the difference between D and M spikelets was  not

ignificant (�2
1 = 1.8, p > 0.05).

Similarly, in barley, percentage of spikelets that germinated in
he first year was  lower at the D site (34.6 and 61.6%, D and M,
espectively) than at the M site (77.4 and 86.3%, D and M,  respec-
ively). Germination of D spikelets was lower than germination of

 spikelets at both sites (�2
1 = 57.7 and 17.3, p < 0.001). In the sec-

nd year, germination fraction was  higher at the D site (19.7 and
.7%, D and M,  respectively) than at the M site (2.0 and 2.1%, D and
,  respectively), and D spikelets had higher germination propor-

ion than M spikelets at the D site (�2
1 = 47.1, p < 0.01). Analogous

esults were observed in the third year (5.2 and 0.3% at the D site,
nd 1.0 and 0% at the M site, D and M,  respectively), with higher
ermination of D than M spikelets at the D site (�2

1 = 16.0, p < 0.05)
ut not at the M site (�2

1 = 2.4, p > 0.05).

emographic observations

In oat, probability of survival from seed to seedling stage in both
997/98 and 1998/99 was significantly higher at the M site than
t the D site (Mann–Whitney U test, U = 82.0 and 33.0, p < 0.001)
Table 1). However, the opposite was true for the probability
f survival from seedling to adult (years 1997/98 and 1998/99,
ann–Whitney U test, U = 368.5 and 30.0, p < 0.05 and <0.001,

espectively). There was  no difference in adult fecundity between

he two populations in the same year of observations (year 1997,

ann–Whitney U test, U = 449, p > 0.05).
In barley, probability of survival from seed to seedling stage in

oth 1997/98 and 1998/99 (Table 1) was  significantly higher at
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Table 2
Two-way ANOVA of effects of seed origin and site of planting (both are fixed) on
weight of spikelets of A. sterilis and H. spontaneum.

Source of variation A. sterilis H. spontaneum

df F df F

Site 1 0.1 ns 1 0.3 ns
Origin 1 65.5*** 1 175.6***

t
i
w
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Site × Origin 1 0.5 ns 1 0.1 ns
Error 24 28

he M site than at the D site (Mann–Whitney U test, �2 approx-
mation = 25.5 and 47.1, both p < 0.001). However, the opposite

as true for the probability of survival from seedling to adult
years 1997/98 and 1998/99, Mann–Whitney U test, �2 approxima-
ion = 7.4 and 14.8, p < 0.01 and <0.001, respectively) and for adult
ecundity (years 1997/98 and 1998/99, Mann–Whitney U test, �2

pproximation = 9.6 and 42.6, p < 0.01 and <0.001, respectively).
In both species, no plant reached maturity and produced seeds

n year 1999/2000 at the D site.

eed weight

Weight of spikelets (=dispersal units) of M and D origin
rown reciprocally at both locations was  significantly different in
oth species (Table 2). Spikelets of M origin were heavier than
pikelets of D origin (58.4 ± 1.1 vs. 36.7 ± 0.9 mg  and 66.0 ± 1.3
s. 50.9 ± 1.3 mg,  barley and oat, respectively). The difference in
eight was independent of place of planting/growth (Table 2).

iscussion

It has been predicted that heritable differences in seed size and
ormancy are expected to evolve in environments that differ in
emporal climatic heterogeneity, i.e. in temporal predictability of
nvironment (Cohen, 1966; Brown and Venable, 1986; Klinkhamer
t al., 1987; Venable and Brown, 1988). Specifically, the fraction of
ropagules emerging is predicted to increase with the probability
f years of reproductive success (Cohen, 1966), and optimal seed
ize to depend on biotic interactions such as intensity of compe-
ition and predation, and on other seed traits, such as dormancy
Venable and Brown, 1988; Geritz, 1998; Geritz et al., 1999).

In my  study, I observed a remarkable similarity between the
wo annual plant species in persistence of seeds in the soil seed
ank, patterns of seed germination in the desert vs. Mediterranean

ocation, and weight of seeds of desert vs. Mediterranean origin.
For analysis of the soil seed bank, I used reciprocal introduction

f seeds. Reciprocal introduction can effectively detect local adap-
ation as a significant genotype × environment interaction with an
dvantage of a genotype in its own environment (Kittelson and
aron, 2001; Volis et al., 2002; Etterson, 2004). For traits in which

he relationship with fitness is not obvious, such as dormancy and
ersistence in the soil seed bank, reciprocal introduction can pro-
ide an important insight on the trait expression in non-native vs.
ative environments.

An important and novel aspect of this study was a fact that in
he first year after introduction, seeds of both species experienced
t the desert site relatively rare event of precipitation not sufficient
or germinated seeds to develop into reproducing adults.

There were a higher proportion of dormant seeds and more
equential germination in the second and third years at the desert

s compared with the Mediterranean location in the seed intro-
uction experiment. This pattern agrees with bet-hedge buffering
gainst unpredictability of rainfall and the higher probability of a
ear in which seed production fails in the desert environment.
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Similarly, seeds originating in the less predictable desert envi-
onment had more sequential germination over time, i.e. higher
roportion of seeds being in the soil for one and more years, in
ative desert compared with the Mediterranean environment.

Germination fraction does not appear to be fixed for seeds of
ny origin, but is a very plastic trait highly dependent on amount
nd timing of precipitation. On the other hand, if precipitation is
ar from optimal, proportion of seeds that survive in the soil seed
ank and germinate in the second or third year is always higher
or plants of desert origin. This means that increased persistence
n soil seed bank and fractional germination are selected for in the
ess predictable environment and are inherited traits.

A clear genetically determined difference in size was  detected
etween seeds of desert and Mediterranean origin. Seeds of
esert origin were consistently smaller than seeds of Mediter-
anean origin. Seed size is positively related with seedling growth
nd establishment (Turnbull et al., 1999; Leishman et al., 2000;
eiwa et al., 2002; Rodriguez-Girones et al., 2003) and there-
ore with seedling success in competitive environments (Eriksson,
999; Jakobsson and Eriksson, 2000; Leishman, 2001; Dalling and
ubbell, 2002; Turnbull et al., 2004; Moles and Leishman, 2008).
n the other hand, large seed size may  trade-off with lower persis-

ence in the seed bank due to predation and with reduced dispersal
istance (Price and Joyner, 1997; Reader, 1993; Thompson et al.,
993; Moegenburg, 1996; Gomez, 2004). Moreover, Gomez (2004)
xperimentally demonstrated that the optimal seed size can be a
umulative function of contrasting selective pressures involving
everal fitness components. In his experiment, the size of acorns
f Quercus ilex was directly related to seedling establishment, but
lso was directly related to probability of seedling loss through
ncreased predation of larger than of smaller seeds.

In my  reciprocal seed transplant study, biotic interactions were
xcluded. This is a weakness of the experimental design and pre-
ented assessment of the potential importance of seed predation in
he environment studied. However, I observed much stronger seed
redation by foraging ants, rodents and birds in the desert than

n the Mediterranean environment (Volis, personal observations)
ue to the overall low productivity of the desert environment. Thus
redation intensity may  be a selective force contributing to the dif-
erences in size between the seeds of desert and Mediterranean
rigin.

Seed lifetime in the soil in both studied species did not exceed 3
ears, which corresponded to a short-term persistent seed bank
seeds surviving 1–4 years) in classification of Thompson et al.
1997). Seed longevity of annuals is often low (Rice, 1989; Kemp,
989; Milberg, 1995; Thompson et al., 1997) and absence of a

ong-term persistent seed bank in the two studied species is not
urprising. However, this study demonstrated that in occasional
xtremely dry years when amount or timing of rainfall is insuf-
cient for plants to mature or even for seeds to germinate, a
hort-term seed bank becomes the only means ensuring popula-
ion persistence. Occasional occurrence of years when successful
ermination is followed by complete reproductive failure is a dis-
inct feature of desert environments (Tevis, 1958; Beatley, 1967;
nouye, 1991; Venable and Pake, 1999). The results show a clear
ifference in demographic consequences of temporal variation

n precipitation in desert vs. Mediterranean environment. In the
editerranean population, even in the most unfavorable years,

dults are present and seeds are produced. Consequently, these
eeds serve to restore initial population size. In contrast, in the
esert population, in years of insufficient rainfall a situation of

o adults surviving to seed production is possible (as happened

n season 1998–99 and in the past, see Fig. 1). Under these cir-
umstances the only source of population recovery is the soil seed
ank.

L

on and Systematics 14 (2012) 335– 340 339

A  general rule in the studied species appears to be an increasing
ole of germination-regulating mechanisms that reduce tempo-
al variation in population growth rate from the more predictable
editerranean towards less predictable desert environments.
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