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Abstract

We compared the demography of two populations of wild barley, Hordeum spontaneum, that occupy
environments of different aridity (desert and Mediterranean) and represent distinct parts of the
species’ distribution (periphery and core) in Israel. Our demographic study included a survey of
survival and fecundity of adults in quadrate plots marked at two sites in natural vegetation (one site
per population), and the creation of experimental seed banks examined over three years. We mea-
sured variability in population growth rate and investigated the role of the seed bank in the demo-
graphy of two populations. The latter employed construction of two-stage, three age-class transi-
tion matrices and usage of elasticity analysis. At both sites, population dynamics appear to be tran-
sient with high fluctuations of population growth rate due to variability in annual rainfall and, most
likely, intra- and inter-specific density dependence. The importance of the seed bank differed among
two populations. Seed dormancy had almost no demographic effect on the Mediterranean popula-
tion, while it was of paramount importance in the desert population. The two populations also dif-
fered in seed and seedling survival and per adult fecundity, presumably due to the difference be-
tween two sites in (i) relative impact of seed predation, (ii) effects of density dependence on popula-
tion demography, and (iii) lower vigor of seeds of desert vs. Mediterranean origin. Our study high-
lights the importance of life history adaptations that may evolve under specific selective forces in
different parts of a species’ range, which, in certain circumstances, may be critical for the persistence
of a species.

Wir verglichen die Demographie von zwei Populationen Wilder Gerste, Hordeum spontaneum, die
Habitate unterschiedlicher Trockenheit (Wüste und mediterran) besetzen und die unterschiedliche
Bereiche der Artenverbreitung (Peripherie und Kern) in Israel repräsentieren. Unsere demographi-
schen Untersuchungen bestanden in einer Erfassung der Überlebensrate und der Fruchtbarkeit aus-
gewachsener Pflanzen in quadratischen Versuchsfeldern, die in zwei Untersuchungsflächen in der
natürlichen Vegetation (eine Untersuchungsfläche pro Population) markiert wurden und in der
Herstellung einer experimentellen Samenbank, die über drei Jahre beobachtet wurde. Wir erfassten
die Variabilität der Populationswachstumsrate und untersuchten die Rolle der Samenbank in der
Demographie der beiden Populationen. Letzteres erforderte die Konstruktion von Zwei-Stadien,
Drei-Altersklassen-Transitions-Matrizen und die Verwendung einer Elastizitäts-Analyse. Die Popu-
lationsdynamiken scheinen in beiden Untersuchungsflächen kurzlebig zu sein, mit einer hohen
Fluktuationsrate des Populationswachstums aufgrund der Variabilität des jährlichen Niederschlags
und am wahrscheinlichsten aufgrund der intra- und interspezifischen Dichteabhängigkeit. Die
Bedeutung der Samenbank unterschied sich zwischen den beiden Populationen. Die Samendormanz
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hatte bei der mediterranen Populationen nahezu keinen demographischen Effekt, während sie bei
der Wüstenpopulation von herausragender Bedeutung war. Die beiden Populationen unterschieden
sich auch in der Überlebensrate der Samen und Keimlinge und der Pro-Pflanzen-Fruchtbarkeit, ver-
mutlich aufgrund der Unterschiede der beiden Untersuchungsflächen in (i) der relativen Wichtigkeit
der Samenprädation, (ii) den Effekten der Dichteabhängigkeit der Populationsdemographie und (iii)
der geringen Vitalität der Samen der Wüsten-Herkunft im Gegensatz zur mediterranen Herkunft.
Unsere Studie hebt die Bedeutung einer Anpassung im Lebenszyklus hervor, die bei spezifischen
selektiven Faktoren in den unterschiedlichen Teilen eines Verbreitungsgebietes einer Art evolvieren
können und die unter bestimmten Umständen wichtig für den Bestand einer Art sein können. 
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Introduction

Variation in temporal and spatial patterns of seed ger-
mination and plant establishment among populations
of an annual species may result from many factors,
such as rainfall (Wagner & Spira 1994, Marone et al.
2000), local topography and soil properties (Reich-
man 1984, Cabin et al. 2000), availability of suitable
sites (Milton 1995, Aguiar & Sala 1997), and biotic
interactions (Milton 1995, Mull & MacMahon 1996).
The importance of these factors in the demography of
populations distributed along environmental gradients
(such as aridity) is largely unknown. Because a gradi-
ent of aridity in many cases determines the limits of
species distribution (Gaston 1990, Brown et al. 1996),
populations from a species distributional periphery
often occupy the extremes of such gradient. For exam-
ple, many species reach the edge of their distribution
range along a steep climatic gradient in Israel . The im-
portance of peripheral populations in the maintenance
of the entire species has been recognized by ecologists
and conservation biologists (Scudder 1989, Safriel
et al. 1994, Lesica & Allendorf 1995, Kark et al. 1999)
and, therefore, understanding population dynamics
and its causes in different parts of a species’ distribu-
tion may have both theoretical and applied merits.

Compared to core populations, populations at a
species’ periphery tend to be more isolated and patchi-
ly distributed (Carter & Prince 1988), with lower and
more fluctuating population densities (Gaston 1990,
Brown et al. 1995, Holt et al. 2002). Analytical mod-
els and simulations using transition matrices predict a
higher probability of extinction: 1) under higher envi-
ronmental variability, and 2) in populations with
lower finite rate of increase, λ and higher variation in
λ (Goodman 1987, Menges 1992, Lande 1993). As a
peripheral population is likely to have lower and more
variable λ-values than a population from a species
core, it may have a higher probability of becoming ex-
tinct. However, the assumption of lower and more
variable λ-values in peripheral populations may not be

correct if sufficient evolutionary time and strong natu-
ral selection led to different plant strategies evolving in
peripheral parts of the species’ distribution. Plants
from a less predictable periphery may have specific
adaptations to temporal heterogeneity or to a complex
pattern of site availability, disturbance regime, preda-
tion and competition.

Seed banks are recognized for their importance in
population dynamics of plants, and, in particular, of
annuals (Kalisz & McPeek 1992, Philippi 1993, Pake
& Venable 1996). Delayed germination through per-
sistence in the seed bank is considered to be an adap-
tive bet-hedging strategy buffering against the detri-
mental effects of a temporally-varying environment
(Cohen 1966, Venable & Lawlor 1980, Klinkhamer et
al. 1987). Therefore, we may expect, all other features
being equal, that a seed bank will be more important
in the population dynamics of populations occupying
temporally heterogeneous and unpredictable environ-
ments.

A gradient of aridity distinguishing Mediterranean
(mesic) and desert (xeric) environments in Israel paral-
lels a concomitant gradient of environmental produc-
tivity and predictability. This phenomenon results from
an inverse relationship between the variation in annual
precipitation with its mean. Deserts are renowned for
their highly unpredictable patterns of precipitation
(Noy-Meir 1973, Ludwig 1986, Polis 1995) and over-
all low productivity, although patches of relatively high
productivity do occur (Noy-Meir 1981). Compared to
deserts, Mediterranean-climate regions are character-
ized by a more predictable onset of the rainy season,
more reliable within-season supply of water and a
longer growing season (Shmida & Burgess 1988). In
1996 we started a comparative study of two popula-
tions, Mediterranean and desert, of wild barley
Hordeum spontaneum Koch. Several manipulative ex-
periments with reciprocal seed and seedling introduc-
tions conducted on these two populations (Volis et al.
2002a) demonstrated higher fitness of plants in their
indigenous locations suggesting local adaptation. The
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desert and Mediterranen plants differed in number of
traits, including phenology, reproductive allocation
pattern and seed dormancy. The observed differences
in seed dormancy may indicate their importance for
local population persistence, as well as a difference in
barley spatio-temporal population dynamics in two
parts of the species distribution. The objective of pre-
sent study was determining whether two populations
differ in the manner expected of core and peripheral
populations (as outlined above) with regard to: (1) spa-
tio-temporal dynamics (more variable in the periphery
if not compensated by local adaptation of life history);
and (2) relative importance of age/stage classes, includ-
ing the seed bank in their effects on population growth
rate λ (seed bank more important in the periphery). 

Materials and methods

The study species

Wild barley, Hordeum spontaneum, in Israel is one of
the major annual components of open park-forests
with Quercus ithaburensis and of Mediterranean
grasslands, but also occupies ephemeral river valleys
(wadis) in arid environments (the Negev and Judean
deserts). The abundance of H. spontaneum varies
greatly, with a decline in population size from mesic
(Mediterranean) toward a xeric (desert) climate. How-
ever, population density within the wadis is often as
high as in the more climatically favorable environ-
ments due to water accumulating from runoff from the
adjoining hillsides.

Seeds are produced in spring (April–May). Disper-
sal of seeds is usually restricted to the radius of a
mother plant, when spikelets fall and either are im-
paled in the dry remnants of the dead mother plant
(Gutterman 1992) or penetrate into soil cracks by the
combined effect of wind and gravity (Volis, personal
observations), where they remain until germination in
the following season. Buried seeds gain an advantage
in post-dispersal predation avoidance, while those
lying on the soil are intensively harvested by ants and
granivorous rodents (Volis, personal observations).
Some spikelet mobility also occurs by wind (a few me-
ters) or by being entrapped in the fur of animals (long
distances). Seeds are innately dormant at dispersal and
require high temperature after ripening (Gutterman
1993). A specific amount of rainfall as a single rainy
event (>10 mm) is needed to trigger germination in fall
(Gutterman & Gozlan 1998). Seedlings emerge in
November–December, grow and mature through win-
ter–early spring and senesce before summer. Seeds that
do not germinate in the autumn following dispersal ei-
ther enter the seed bank or die.

The study sites

One research site was established per Mediterranean
and desert climatic zone in Israel (for a detailed de-
scription see Volis et al. 2002a). The Mediterranean
wild barley population (M) is in a semi-steppe batha
(shrubland kind vegetation community), and the
desert population (D) is in a wadi (ephemeral river
valley). The D site was found to be more spatially
variable in available nitrogen (Volis, unpublished
data) and to be less predictable in annual rainfall
amount than the M site (mean annual precipitation
is 90 and 400 mm, and CV in annual rainfall over
50 years is 0.43 and 0.32 in D and M site, respec-
tively).

In March–April 1996, four 10-m long transects dis-
tributed along a slope 20 m apart were marked in the
M site. Five 1 × 1 m quadrates 1 m apart were perma-
nently marked along each transect. At this site, the dis-
tribution of H. spontaneum, despite high variation in
abundance, is more or less continuous. At the D site,
where barley distribution is highly patchy and discon-
tinuous, neither transects nor equidistant spacing was
possible. Therefore a 1 m2 permanent plot (1 × 1 m
quadrate) was marked in each barley patch. Fifty plots
were marked at the D site. The number of plots was
double that of the number of quadrates at the M site
to account for high spatial heterogeneity. In December
1996, additional two transects were marked in the M
site.

Seed bank dynamics

We created two experimental seed banks and moni-
tored the fate of the seeds during 3 consecutive
years. These two seed banks were a part of a larger
seed bank set of reciprocally introduced seeds of
different origin (Volis et al. 2002b). Seeds of
H. spontaneum were collected from adult plants
near the plots under observation and 10 genotypes
from each population were planted in 1997–1998
in a greenhouse to obtain F1 seeds. Offspring (F1)
were combined into two bulk seed samples. The
1998–1999 season was extremely dry (39.6 mm
versus 90 mm mean annual rainfall for the last
50 years) and there was a very low germination per-
centage at D site. In order to trace the inter-seasonal
differences in germination and survival, the ten
genotypes per population were used again to obtain
F1 seeds and the experiment was repeated in 1999
at the D site. We earlier reported (Volis et al. 2002a)
the results of 1998 and 1999 seed bank experiments
for the first year after dispersal. In this paper, we
present the results of a three-year germination sur-
vey for each experiment.
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which the H. spontaneum transition probability matrix
was based (Fig. 1) assumed two stages: (A) for adult
plants at maturation but prior to seed dispersal, and (S)
for a seed in the seed bank. S1, S2 individuals are seeds
that persisted in the seed bank for 1 and 2 years; A1 in-
dividuals are adults developed from seeds produced in
the previous season; and A2, A3 are plants developed
from seeds that entered the seed bank two and three
years ago, respectively. The adult stage encompasses the
whole individual lifespan except the seed stage, i.e.
seedling stage and includes reproduction as well. Vital
rates (Fig. 1) were calculated following Kalisz &
McPeek (1992), with the same assumptions of i) equal
survival probabilities and expected fecundities of adults
derived from seeds of different age; and ii) equal proba-
bility of entering seed bank in a given year for seeds
produced by adults derived from seeds of different age.
Seeds were found not to persist in the seed bank for
more than two years. Therefore, our matrix has two
seed and three adult stages with vital rates > 0. P21 and
P32 are the probabilities of remaining dormant for seeds
after being in the seed bank for one and two years, re-
spectively. P51 and P62 are the probabilities of germinat-
ing for seeds that have been in the seed bank for one
and two years, respectively. B14 = B15 = B16 are the multi-
plicative probabilities: (probability of survival from ger-
mination to reproduction) (S) × (fecundity) (F) × (prob-
ability of a newly formed seed to enter the seed bank)
(E). B44 = B45 = B46 are the multiplicative probabilities:
(probability of survival from germination to reproduc-
tion) (S) × (fecundity) (F) × (probability of a newly

Plant demography and transition probability matrix

Plant individuals were counted at seedling and adult
stage, and seed production quantified in each 1 m2

plot. Emerging seedlings were censused every two
weeks and marked by colored toothpicks during the
first two months after germination. At maturation
and prior to seed dispersal, all adult plants were
counted and 12 randomly-chosen plants per plot
were scored for number of spikes and number of
spikelets per spike. Three stage life tables were con-
structed for each site and each year of observation.
As monitored plots remained intact throughout the
study, the number of seeds per plot was estimated
from the number of mature adults multiplied by the
average yield per adult. As experimental seed bank
dynamics and plant demography were monitored in
different years, the absence of a direct link between
the two data sets prevented calculation and incorpo-
ration of the soil seed bank into year-specific life ta-
bles. Therefore, life tables assumed no seed bank. As
our results show below, this assumption is not justi-
fied for years with exceptionally low rainfall only.
Survival from the previous to next stage, and yield
per adult were calculated for each plot and their
means over plots were used for construction of the
transition probability matrix.

To construct a transition probability matrix for
H. spontaneum that accounts for seed bank we adopted
a two-stage, age-structured life cycle and transition ma-
trix from Kalisz & McPeek (1992). The life cycle on
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Fig. 1. Life cycle graph and transition matrix for H .
s p o n t a -
n e u m adopted from Kalisz & McPeek (1992) with two stages
(adult and seed) and three ages-classes (from 1 to 3 years old). S1–S3 are seeds and A1–A3 are adults from 1 to 3 years old, respectively. The matrix transition



gram RESAMPLING STATS (Simon 1995). Demo-
graphic parameters (number of reproductive individu-
als within a plot) subjected to t-tests were log-trans-
formed to meet the assumption of normality. 

The relative importance of different transition ma-
trix elements, life history stages and demographic pa-
rameters on population growth is most efficiently eval-
uated using elasticity analysis (de Kroon et al. 1986).
Elasticity (eij = δ λ /δ aij · aij /λ = δ lnλ/δ ln aij) measures
a proportional contribution of transition matrix ele-
ments aij to λ. Since elasticities always sum up to unity,
they allow inter-species or inter-population compar-
isons, and, because they can be summed across select-
ed regions of the matrix, they allow complex compar-
isons of matrix elements (e.g. seed and adult stages). In
our study we applied elasticity analysis to compare the
relative importance of the seed bank among popula-
tions and years.

Results

Seed demography

The percentage of viable seeds that did not germinate
in a year following dispersal was 7.6 for the M site,
and 18.5 and 56.6 for the D site (“good” and “poor”
years, respectively) (Fig. 2). The percentage of seeds
persisting for 2 years was 0.2 of at the M site, and 0.3
and 15.1 for the D site (“good” and “poor” years, re-

formed seed to germinate in the following fall) (G). P21,
P32, P51 and P62 were calculated from experimental seed
bank dynamics. Probabilities needed to derive other
matrix elements (B14 – B16 and B44 – B46) were either cal-
culated from life tables (S, F and G) or from a system of
two equations (E):

x + y + z + h = N
A + B + C = 1

where N is number of seeds per plot after dispersal;
x is number of germinated seeds; y is number of non-
germinated dead seeds; z is the number of dormant
seeds entering the seed bank; h is number of harvested
or consumed seeds removed from the plot before the
first rain; A, B and C are the first year fractions of ger-
minating, dying without germination and becoming
dormant seeds, respectively, determined in the experi-
mental seed bank. We assume that x : A = y : B = z : C.
N and x are the life table values and h is the remainder
when all other parts of the equation are known. Prob-
ability E is then z/N. This was the procedure for ob-
taining probability E for Mediterranean (M) matrices
and for desert (D) “good year” matrices (a definition
of “good year” and “poor year” see below). The pro-
cedure for deriving E for desert “poor year” matrices
was slightly different. For a poor year, we assumed the
same probability of seed harvest and consumption as
for a good year because they take place before rains
start. Therefore, h was taken from a “good year”, en-
tered into equation together with N, and other values
were calculated accordingly. Probability S for desert
“poor year” matrices was approximated by survivor-
ship of germinated seeds in the experimental seed bank
of 1998/99 and probability G was calculated as x/N.
Three transition matrices were constructed for each of
two seasons, 1996/97 and 1997/98: one matrix for the
M population and two matrices for the D population.
These two D matrices assumed two possible scenarios
of a following “good year” with relatively favorable
amount of precipitation and timing during a season (at
least one early, November to January, rain with
≥15 mm of precipitation, Aronson & Shmida 1992)
(seed bank of 1999) and a “poor year” where these re-
quirements are not met (seed bank of 1998). A distinc-
tion between “poor” and “good” year appears to be
crucial for understanding seed bank dynamics and pat-
tern of germination in wild barley, because this is a dis-
tinction between a year when triggering of mass germi-
nation occurs and a year when it does not. An effective
rain (a single event with ≥15 mm) is such a trigger. No
“poor” by this definition years happen at M site.

The 95% confidence intervals were estimated for
demographic parameters by bootstrapping with ran-
dom reassignment to regenerate the original sample
sizes repeated 1000 times. This was done by the pro-

{
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Fig. 2. The fates of seeds in experimental seed banks established at the M
site in 1998, and at the D site in 1998 and 1999 over three year period. The
D1 and D2 represent “good year” and “poor year”, respectively.



spectively). No seeds persisted for three or more years
in the experimental seed bank at any site. Percentage
persistence of seeds for one year was significantly
lower at the M site that at the D site in either the
“good” or “poor” year (χ2 = 5.2, p < 0.05 and
χ2 = 55.0, p < 0.001).

Plant abundance and patch dynamics

The spatial distribution and local abundance of wild
barley was found to be very patchy at a small scale of
meters, as reflected by the confidence intervals for
both sites (Table 1). Average population size and num-
ber of reproductive individuals within a plot varied
greatly among years at both sites but with higher
abundance and lower patchiness at M as compared
with D site in two of three years (Fig. 3). Only in 1996
was there no difference in the distribution of number
of reproductive individuals within a plot between
two sites (Kolmogorov-Smirnov D = 0.262, p > 0.05),
while in 1997 and 1998 the distributions were signifi-
cantly different (Kolmogorov-Smirnov D = 0.323 and

0.708, p < 0.05 and <0.001, respectively). Repeated
measures analysis of variance with one grouping fac-
tor (sites) and one within factor (years) revealed that
number of reproductive individuals within a plot
differed among three years (F2,130 = 24.8, p < 0.001),
among two sites (F1,65 = 8.0, p < 0.01) and in site pat-
terns of change through time as reflected by the site by
year interaction (F2,130 = 18.8, p < 0.001). Number of
adults per plot in a given year was a strong determi-
nant of number of adults per plot in the following year
at D site (1996–97, R2 = 0.65, F = 65.8, p < 0.001;
1997–98, R2 = 0.75, F = 104.0, p < 0.001), while at
M site, the relationship of per plot abundances in
consecutive years was weaker or absent (1996–97,
R2 = 0.06, F = 1.1, p > 0.05; 1997–98, R2 = 0.59,
F = 41.1, p < 0.001; 1998–99, r2 = 0.38, F = 17.1,
p < 0.001).

Despite high fluctuation in number of plants per
plot over time, plot occupancy remained close to
100% for the whole period of observation at both
sites (D site 91.1 and 91.1 in 1997 and 1998; M site
100, 96.7, 100 in 1997, 1998 and 1999).
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Table 1. Life table data for two populations, M and D, years 1996–2000 (assuming no seed bank). Means over plots (above) are presented with 95% confi-
dence intervals.

Stage Year
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1996 1997 1998 1999 2000

M population Seeds – 736 1346 2236 139
578–1253 1566–5057 1520–3040 91–182

Seedlings – 195 363 – –
122–284 241–495

Adults 31 84 196 29 –
14.5–31.6 53.7–119.8 143–253 21.1–38.1

Fecundity 37.2 22.5 10.5 4.7 –
32.9–42.3 15.1–23.0 9.0–12.1 3.6–6.1

Ro – 1.57 1.73 0.12 –
0.95–2.27 1.41–2.04 0.07–0.17

D population Seeds – 1190 1505 913 –
768–1879 785–2567 402–1638

Seedlings – 64 43 – –
39.4–93.6 21.3–73.6

Adults 20 39 31 0 –
13.7–30.0 22.9–62.0 14.6–56.5

Fecundity 53.2 35.8 29.7 0 –
42.7–63.3 30.1–43.0 25.5–33.7

Ro – 1.07 0.77 0 –
0.80–1.38 0.58–0.99

– not estimated



in Ro of two populations (M and D) through time
correlated with annual rainfall (Pearson correlation,
r = 0.58, p < 0.001 for both sites) with Ro of the M
population significantly higher than that of the D pop-
ulation in two seasons out of three (Mann-Whitney U
test, χ2 approximation = 1.7, 20.2 and 60.0, p > 0.05,
<0.001 and <0.001, years 1997, 1998 and 1999,
respectively) (Fig. 4).

Transition matrices and elasticity analysis

The population growth rate, λ, of the M population
was estimated as 2.67 and 2.05 in the years 1997 and
1998, assuming seed bank dynamics of the experimen-
tal seed bank (Table 2). Estimation of λ of the D popu-
lation for the same years (1997 and 1998) accounted

General demographic patterns

Probability of survival from seed to seedling stage in
both 1997 and 1998 (Table 1) was significantly higher
at the M site than at the D site (Mann-Whitney U test,
χ2 approximation = 25.5 and 47.1, both p < 0.001).
However, the opposite was true for the probability of
survival from seedling to adult (years 1997 and 1998,
Mann-Whitney U test, χ2 approximation = 7.4 and
14.8, p < 0.01 and < 0.001, respectively) and per adult
fecundity (years 1996, 1997 and 1998, Mann-Whit-
ney U test, χ2 approximation = 15.7, 9.6 and 42.6,
p < 0.001, < 0.01 and < 0.001, respectively).

Net reproductive rate (Ro), calculated for each plot
as Fx/Nx under the assumption of no seed bank equals
the finite rate of population increase, λ. The changes
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Fig. 3. Plot-size distributions (number of
adult plants per 1 m2) for the desert (D)
and Mediterranean (M) population of H.
spontaneum surveyed during 1996–1999.
No adults survived to maturation at the D
site in 1999.



for two possible scenarios in the following season,
being either a “good year” or “poor year”. These two
scenarios predicted λ of 1.48 and 1.01 in “good” and
0.44 and 0.30 in “poor” following seasons for 1997
and 1998, respectively (Table 2). It is legitimate to
compare λ of two populations calculated using data of
1997 and 1998 assuming for D population the “good
year” scenario, because in both these years annual
rainfall at both sites was close to the multiyear mean
amount. Comparison of population λ’s shows no
significant difference in inter-seasonal λ variation
between the desert and Mediterranean populations
(CV = 19% and 13%, χ2 = 1.3, p > 0.05).

Relative importance of stage/age classes in influenc-
ing population growth rate (λ) while accounting for the
seed bank was investigated by elasticity analysis (Fig.
5). In the M population, elasticities of stage/age classes
other than A1 summed up to less than 2% in both 1997
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Table 2. Population projection matrices and elasticities of matrix elements for two populations, M and D, in years 1997 and 1998. For the D population there
are two possible scenarios of seed germination in the following year (“poor” with no single rainy event ≥15 mm, and “good” with at least one such event).

Projection matrices Elasticities
–––––––––––––––––––––––––––––––––––––––––––––––––––––––– –––––––––––––––––––––––––––––––––––––––––––––––––––––––––
S1 S2 A1 A2 A3 S1 S2 A1 A2 A3

M population 1997 S1 0 0 0.351 0.351 0 0 0 0.013 0.001 0
λ = 2.67 S2 0.031 0 0 0 0 0.001 0 0 0 0

A1 0 0 2.636 2.636 0 0 0 0.957 0.014 0
A2 0.281 0 0 0 0 0.014 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0

1998
λ = 2.05 S1 0 0 0.168 0.168 0 0 0 0.011 0.001 0

S2 0.031 0 0 0 0 0.001 0 0 0 0
A1 0 0 2.033 2.033 0 0 0 0.965 0.011 0
A2 0.281 0 0 0 0 0.011 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0

D population 1997 S1 0 0 0.232 0.232 0.232 0 0 0.113 0.146 0.090
“poor” year S2 0.276 0 0 0 0 0.135 0 0 0 0
λ = 0.44 A1 0 0 0.141 0.141 0.141 0 0 0.052 0.069 0.043

A2 0.347 0 0 0 0 0.217 0 0 0 0
A3 0 0.344 0 0 0 0 0.135 0 0 0

“good” year S1 0 0 0.318 0.318 0 0 0 0.093 0.013 0
λ = 1.48 S2 0.014 0 0 0 0 0.001 0 0 0 0

A1 0 0 1.309 1.309 0 0 0 0.696 0.093 0
A2 0.784 0 0 0 0 0.104 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0

1998 S1 0 0 0.106 0.106 0.106 0 0 0.078 0.148 0.135
“poor” year S2 0.276 0 0 0 0 0.175 0 0 0 0
λ = 0.30 A1 0 0 0.065 0.065 0.065 0 0 0.021 0.041 0.036

A2 0.347 0 0 0 0 0.191 0 0 0 0
A3 0 0.344 0 0 0 0 0.175 0 0 0

“good” year S1 0 0 0.166 0.166 0 0 0 0.100 0.015 0
λ = 1.01 S2 0.014 0 0 0 0 0.001 0 0 0 0

A1 0 0 0.882 0.882 0 0 0 0.670 0.100 0
A2 0.784 0 0 0 0 0.114 0 0 0 0
A3 0 0 0 0 0 0 0 0 0 0

Fig. 4. Changes in net reproductive rate (Ro) over three consecutive years in
the desert (D) and Mediterranean (M) population, and the amount of annual
rainfall in corresponding study sites.



and 1998. In the D population, elasticity of A1 was also
great but lower for a “good year” scenario (79% and
77%) while it was the lowest or among the lowest for a
“poor year” scenario (17% and 10%). In the “poor
year”, elasticities of other stage/age classes substantial-
ly increase as compared with a “good year”, and elas-
ticity of S1 becomes the highest (35% and 36%).

Partitioning of elasticity values into functional
groups I–IV (Fig. 5) shows the following. The Group I
(aging of dormant seeds in the seed bank) has elasticity
of zero for both the M population and “good year”
scenario for the D population, while its elasticity is
14% and 17% for the “poor year” scenario for the D
population. The group II (emergence from the dor-
mant seed bank) and the group IV (entering dormant
seed bank) elasticities are low in the M population
(less than 1.5% in both years), higher in the “good
year” scenario for the D population (10–12%) and are
the highest among other functional groups in the
“poor year” scenario D population (35–37%). The
group III elasticity (germination without entering the
seed bank) predominates in the M population (98% in
both years) and in “good year” scenario for the D
population (77–79%) but becomes low in “poor year”
scenario for the D population (10–16%).

Discussion

High and stable patch occupancy (despite high fluctu-
ation in plant number) makes unlikely a metapopula-
tion structure and dynamics for wild barley. This con-
clusion holds for two habitats with different climate
and spatio-temporal heterogeneity, Mediterranean
(mesic) and desert (xeric). Although H. spontaneum is
a ruderal species able to occupy frequently-disturbed
environments, wild barley, nevertheless, was found not
to be prone to local extinction.

On the other hand, we found the lifetime of
H. spontaneum seed in soil not to exceed 3 years,
which is inconsistent with the notion that there is a
long-lived and large seed bank, and it should be classi-
fied as a short-term persistent seed bank (seeds surviv-
ing 1–4 years) (Thompson et al. 1997). Seed longevity
of most grassland annuals (Rice 1989, Milberg 1995,
Thompson et al. 1997) and of many annuals inhabit-
ing deserts (Kemp 1989) was reported to be low and
inconsistent with a large and persistent seed bank. As
wild barley is not a true desert species and occupies the
most favorable microsites of relatively high water
availability in arid environment, the absence of a long-
term persistent seed bank in this species is not surpris-
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Fig. 5. Summed elasticities for each
stage/age class and for each functional
group calculated for two populations,
desert (D) and Mediterranean (M).



ing. However, our study demonstrates that, in occa-
sional extremely dry years when amount or timing of
rainfall is insufficient for plants to mature or even for
seeds to germinate, a short-term persistent seed bank
becomes the most important demographic stage ensur-
ing population existence. Occasional occurrence of
years of annual rainfall insufficient to sustain plant
growth is a distinct feature of desert environments (In-
ouye 1995). Relatively small changes in seed probabil-
ity of becoming dormant and entering the seed bank
under extremely dry conditions have the greatest con-
sequences among transition probabilities for popula-
tion growth rate. We may expect such susceptibility to
induced dormancy to have evolutionary benefits and
therefore to be under selection. Indeed, H. sponta-
neum seeds of desert origin had a lower germination
fraction than seeds from the Mediterranean popula-
tion in a year following seed dispersal and a relatively
more persistent seed bank in the next two years in
both native (desert) and alien (Mediterranean) intro-
duction sites.

Spatial (between-site) and temporal (between-sea-
son) variation in percent germination exhibited by
seeds of the same genetic origin and maternal environ-
ment undoubtedly shows that, in addition to innate
dormancy (Gutterman 1993), wild barley possesses
conditional dormancy, i.e. germination over a narrow
range of conditions. H. spontaneum appears to exhibit
a D/CD (“dormant/conditionally dormant”) annual
seed dormancy cycle (sensu Baskin et al. 1993) in
which seeds are dormant since maturity throughout
summer and enter conditional dormancy in autumn.
The proportion of conditionally-dormant seeds that
germinate may be close to unity if conditions required
for germination are met or it may be close to zero if
they are far below the conditions needed. Conditional
dormancy, however, does not exclude some complica-
tions like a certain degree of “coin-flipping” in germi-
nation in wild barley (Kaplan & Cooper 1984). A gen-
eral rule in this species appears to be an increasing role
of germination-regulating mechanisms that reduce
temporal variation in population growth rate from the
more predictable Mediterranean towards less pre-
dictable desert environments.

Our results suggest that, in both desert and
Mediterranean populations, λ may seriously drop in
unfavorable years, but with a difference in recovery in
the following season. In the Mediterranean popula-
tion, even in the most unfavorable years, adults are
present and seeds are produced. Consequently, these
seeds serve to restore initial population size. A con-
tributing effect of the seed bank is negligible. In con-
trast, in the desert population, in years of insufficient
rainfall a situation of no adults surviving to seed pro-
duction is possible (as happened in season 1998–99).

Under these circumstances the only source of popula-
tion recovery is the seed bank.

It is important to note that “good” and “poor”
years in our study denote only conditions for germina-
tion (specifically, a sufficiently large first effective rain
that serves as a triggering germination threshold and
adequate soil moisture during the period needed for de-
velopment of a seed into seedling) (Freas & Kemp
1983, Gutterman & Evenari 1994, Gutterman & Go-
zlan 1998) and are not implied to be related to envi-
ronmental conditions following germination. Thus,
high seed germination observed in the experimental
seed bank in the “good” 1999–2000 year was accom-
panied by high seedling mortality in the field caused by
insufficient rainfall during the rest of the season. Inter-
estingly, the only significant difference between the two
consecutive seasons 1998–1999 and 1999–2000 was in
the first effective rain (10.8 mm vs. 15.3 mm). The dif-
ference of less than 5 mm resulted in a large increase in
D seed percent germination and survival of seedlings. A
15 mm threshold of autumnal rainfall to trigger germi-
nation of most annual species was also reported by Pitt
& Heady (1978) for California grasslands.

Survival of seeds at the desert site was found to be
lower in the plots under observation as compared with
the Mediterranean site but not much different in the
experimental seed banks (where ant, rodent and bird
foraging were excluded) in a “good” year (Fig. 2). The
latter appears to reflect the high impact of seed preda-
tion on population demography at this site. In con-
trast, seedling survival and per adult fecundity were
lower in the Mediterranean than in the desert popula-
tion. Altogether these findings may indicate i) lower
vigor of desert vs. Mediterranean seeds and ii) greater
density dependence at Mediterranean vs. desert sites. 

Unrealistically high values of λ (for a long period)
calculated for the M population (2.67 and 2.05 using
data of 1997 and 1998, respectively) undoubtedly sug-
gest transient dynamics of wild barley in this habitat,
which only partly is due to temporal variation in an-
nual rainfall. Other processes at the population and
community level, such as intra- and interspecific densi-
ty dependence, appear to be as important in the mesic
environment. The demographic dynamics of the D
population also appears to be transient but the effects
of temporal heterogeneity (inter-annual variation in
rainfall) on population dynamics appears to be
stronger, reducing population size in unfavorable years
to a very low level. In these seldom and unpredictably
occurring unfavorable years, a decrease in the desert
population’s λ will be greater than in the Mediter-
ranean population, but in more favorable years we
may expect no significant difference in inter-seasonal λ
variation between the desert and Mediterranean popu-
lations.
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netic diversity across an ecological gradient. Conservation
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Kemp PR (1989) Seed banks and vegetation processes in
deserts. In: Leck MA, Parker VT, Simpson RL (eds) Ecolo-
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tions valuable for conservation. Conservation Biology 9:
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Ludwig J (1986) Primary production variability in desert
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Albuquerque, pp 5–17.
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dispersal fate of seeds in the Monte desert of Argentina:
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Journal of Ecology 88: 940–949.

Our results show that, although there is strong local
adaptation to the desert environment at the species pe-
riphery through conditional seed dormancy, which has
a strong effect on population demography, it can not
fully compensate for the difference between the species
core (Mediterranean) and periphery (desert) in climat-
ic unpredictability. However, despite a difference in
the amplitude of demographic fluctuations between
the Mediterranean and desert populations, they had
similarly low and almost zero local extinction at a fine
spatial scale of 1 m2 during 3 years of observations.
This implies that conditional seed dormancy and a
short-term persistent seed bank ensure persistence of
peripheral barley populations at a level similar to that
of core populations.
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