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Summary

1. Grassland management must be based on an understanding of key species’
responses to various grazing regimes to achieve both production and conservation
objectives. An experiment was designed to investigate several population processes that
may potentially (i) contribute to the decline of Triticum dicoccoides (wild wheat) in
intensively grazed grasslands, and (ii) promote the persistence of wild wheat in these
grazing regimes.
2. The experiment was conducted in natural Mediterranean grassland on the Korazim
Plateau in northern Israel in the 1991–92 growing season. Nursery-grown seed of two
morphologically distinct wild wheat genotypes were sown in plots with defined mulch
applications and clipping regimes.
3. Mulch application did not affect seedling emergence or establishment, but it did
reduce tiller number per plant and ear size compared with plants grown without mulch.
The detrimental effects of mulch on plant performance throughout the growing season
indicated that both radiation and nitrogen limitations may have contributed to growth
suppression. Mulch application reduced wheat biomass to a greater extent than that
of interspecific competitors. The negative response indicated that mulch removal by
intensive grazing during the dry season was unlikely to contribute to the decline of wild
wheat in response to intensive livestock grazing.
4. Both vegetative and reproductive performance of wild wheat increased by 50% in
response to a reduction of interspecific competition following defoliation of neighbour-
ing plants. A single severe clipping of vegetative wheat plants in defoliated neighbour-
hoods did not affect plant survival or tiller number, but did reduce ear and spikelet
numbers and vegetative and reproductive biomass, compared with unclipped wheat
plants. The positive wheat response to the reduction of interspecific competition almost
exactly compensated for the negative effect of direct clipping on wheat fitness, and may
thus contribute to the persistence of wheat populations.
5. A second severe clipping of wheat plants in the reproductive growth phase severely
reduced plant survival to reproduction, reproductive biomass, and seed quantity and
quality in those plants that did become reproductive. One-half  of  the ears initiated
following late-season clipping did not emerge from the flag leaf and produced mostly
thin seed with reduced germinability.
6. Geniculate genotypes exhibited greater grazing tolerance and reproductive perform-
ance than the erect genotypes in response to the second severe clipping. An increase in
the relative abundance of geniculate genotypes in intensively grazed communities may
provide an important persistence mechanism for wild wheat populations.
7. An integrated estimate of wild wheat fitness, calculated as the mean reproductive
output per seed sown, was < 1 in plants clipped during the later phase of reproductive
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growth. This indicates that wheat populations would experience local extinction if  this
defoliation regime were continued for several successive years.
8. Management prescriptions to conserve this key annual species must focus on the
reduction or deferment of late-season grazing during the reproductive growth phase to
ensure population persistence.

Key-words: annual grasslands, grassland ecology, herbivory, mulch accumulation,
plant–animal interactions, population persistence, Triticum dicoccoides.
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Introduction

Grasslands in the eastern Mediterranean have been
grazed intensely since livestock domestication
occurred in this region between 9000 and 8000 

(Noy-Meir & Seligman 1979; Smith 1995). Conse-
quently, plant populations and communities have been
shaped, in both the ecological and evolutionary sense,
by this long history of intensive grazing (Milchunas,
Sala & Lauenroth 1988; Perevolotsky & Seligman
1998). The flora includes a rich assemblage of small
annuals and geophytes that persist under intensive
grazing and account for the high diversity of herba-
ceous communities in the region (Whittaker 1977;
Noy-Meir, Gutman & Kaplan 1989). However, some
tall grasses have survived millennia of intense livestock
grazing, including the annual wild cereals, the progen-
itors of cultivated wheat (Triticum), barley (Hordeum)
and oats (Avena). Greater insight into the ecological
and evolutionary mechanisms regulating the response
of the wild cereals to grazing are central to the man-
agement and conservation of these grasslands and for
in situ conservation and utilization of the genetic diver-
sity of these wild cereal populations (Harlan & Zohary
1966). Wild cereals also provide a valuable forage
resource for livestock production systems in the east-
ern Mediterranean region. Ecological mechanisms
contributing to the grazing tolerance and population
persistence of perennial grasslands are relatively well
established (Briske & Richards 1995), but these mech-
anisms are less well defined in annual grasslands
(Briske & Noy-Meir 1998).

Wild emmer wheat Triticum dicoccoides (nomencla-
ture of Zohary & Feinbrun-Dothan 1966–86) was the
source for domestication of emmer wheat T. dicoccum
about 9800  (Zohary & Hopf 1988; Smith 1995).
Recent authors consider wild emmer to be a subspecies
of  hard wheat T. turgidum (Smith 1995). Triticum
dicoccoides was apparently so rare in the 19th century
that intensive botanical exploration failed to discover
it, until it was identified in 1906 by Aaronsohn at
Rosh-Pinna in Galilee. At this time, wild wheat popul-
ations were restricted to rocky outcrops and adjacent
to spinescent shrubs (Aaronsohn 1909). However,
Zohary & Brick (1961); Harlan & Zohary (1966)
observed that wild wheat became more abundant and

locally dominant in a wider range of habitats following
reduced grazing pressure in the 1950s. They suggested
that the rock and shrub microhabitats had provided
refuges from the intensive grazing pressure prevailing
in the region. The abundance of T. dicoccoides has since
been documented consistently to decrease with an
increasing intensity of cattle grazing in northern Israel
(Noy-Meir, Gutman & Kaplan 1989; Noy-Meir 1990).

Previous investigations clearly indicate that grazing
intensity is a major factor controlling the distribution
and abundance of T. dicoccoides in eastern Mediterra-
nean grasslands. The large seeds and erect habit of T.
dicoccoides grant it a competitive advantage over asso-
ciated annuals in communities with dense canopies,
while the same attributes and its high palatability
render it susceptible to grazing. Despite its apparent
sensitivity to grazing, local populations of wild wheat
have survived 8000 years of pastoralism in this region.
These observations raise two important ecological
questions. (i) What ecological processes and mechan-
isms have contributed to the decline of T. dicoccoides
populations under intensive grazing? (ii) What popu-
lation persistence mechanisms have prevented regional
extinction of T. dicoccoides under intensive grazing?

We proposed several specific hypotheses relevant to
each of these questions, which were tested in manipu-
lative field experiments.

Hypotheses

  

Mulch germination/establishment hypothesis

Mulch removal by intensive grazing during the dry
season reduces seed germination and seedling establish-
ment of wild wheat early in the growing season.

Zohary & Brick (1961) suggested that dry plant
remnants provided safe sites for spikelet burial, germina-
tion and establishment of wild wheat. Removal of the
mulch layer by intensive grazing exposes bare soil and
reduces the availability of safe sites, except near rocks
(Noy-Meir 1990). The potential role of mulch in reduc-
ing evaporation and facilitating germination has long
been recognized; however, mulch effects on grassland
composition and production are complex and often
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contradictory (Ellison 1960; Seligman & Gutman
1979; Bartolome, Stroud & Heady 1980; Fowler 1988;
Facelli & Pickett 1991; Foster & Gross 1998). Mulch
affects soil water availability, temperature and light
conditions, all of which are known to influence germ-
ination and seedling establishment (Briske & Wilson
1978; O’Connor 1996).

Mulch competition hypothesis

Mulch removal by intensive grazing during the dry season
reduces the competitive advantage of the larger-seeded
wild wheat compared with associated smaller-seeded
annual species.

The wild cereals have larger seeds than most other
annual grasses and dicots in the community. This may
enable them to emerge rapidly through relatively thick
layers of mulch and grant them a competitive advant-
age over associated small-seeded annuals in ungrazed
grasslands (Noy-Meir, Gutman & Kaplan 1989; Noy-
Meir, Agami & Anikster 1991a). Mulch removal by
grazers may minimize this advantage and reduce
the ability of wild wheat to compete successfully for
resources.

Vegetative damage hypothesis

Severe grazing of wild wheat in the vegetative stage
reduces plant fitness by suppressing leaf area and
whole-plant photosynthesis.

Plant fitness and population persistence of wild
wheat may be suppressed in intensely grazed areas
by the direct removal of biomass during vegetative
growth, which may critically reduce whole-plant
photosynthesis and carbon availability to constrain
subsequent plant growth (Noy-Meir 1975, 1978, 1990;
Noy-Meir, Gutman & Kaplan 1989). The relatively tall
and erect growth form of T. dicoccoides renders it more
susceptible to defoliation than smaller annuals, even in
response to non-selective grazers like cattle. The rock
microhabitat with which wild wheat is frequently
associated may provide refuges by reducing the ability
of large grazers to access and prehend plants within
close proximity to rocks (Noy-Meir, Agami & Anikster
1991a; Noy-Meir et al. 1991b; Noy-Meir 1996).

Reproductive damage hypothesis

Severe grazing of wild wheat plants in the reproductive
stage reduces fitness by removing primary ears late in the
growing season, when insufficient time and resources
remain for the development of replacement ears.

Wild wheat is also highly vulnerable to direct graz-
ing damage in the reproductive stage, because ears
are located at the terminal end of tall erect culms that
emerge and set seeds later than most other annual
grasses. Results from a grazing experiment suggested
that the removal of primary ears in the reproductive
stage was the major mechanism contributing to a 50%

reduction of fitness in grazed compared with protected
wild wheat populations (Noy-Meir & Briske 1996).
Soil water is typically depleted by early May in these
eastern Mediterranean grasslands, which provides a
limited growth period for the development of replace-
ment ears from secondary tillers.

  

Reduced competition hypothesis

A reduction in interspecific competition resulting from
non-selective grazing by cattle may limit the direct effects
of defoliation on the growth and fitness of wild wheat.

Plants may benefit from defoliation of their neigh-
bours coincident with their own defoliation in a pro-
cess termed competitive fitness (Belsky 1986). Cattle
grazing in these grasslands is non-selective, except for
height, at high grazing intensity and most herbaceous
species are clipped to a uniform height of 3–5 cm (Noy-
Meir & Briske 1996). This reduction in diffuse com-
petition may indirectly benefit wheat plants and at least
partially counteract the detrimental effects of grazing.
The expression of competitive fitness will then depend
upon the relative herbivory tolerance of  wild wheat
relative to their interspecific neighbours (Anderson &
Briske 1995; Augustine & McNaughton 1998). The
experimental reduction of interspecific competition by
clipping of neighbouring plants can disentangle the
indirect positive effect of reduced competition from the
direct negative effect of grazing on wild wheat plants.

Genotypic selection hypothesis

Natural selection under different grazing intensities has
caused differentiation in growth form and developmental
strategies between Triticum genotypes that are better
competitors and genotypes that are better adapted to
grazing.

Phenotypic variation among individuals of the same
species in response to distinct grazing histories may
involve both genetic differentiation and phenotypic
plasticity (Detling & Painter 1983; Carman & Briske
1985; Archer & Tieszen 1986; Briske & Anderson 1992;
Briske & Richards 1995). Long-term intensive grazing
selects against tall, erect genotypes and favours geno-
types characterized by a larger number of shorter, more
prostrate tillers. These grazing morphotypes may be
better adapted to intensive grazing than more erect
morphotypes, based on greater expression of both
grazing avoidance and grazing tolerance (Briske 1996).
Grazing morphs are best documented in perennial
grasses, but there is evidence to suggest that they occur
also in wheat. Some genotypes of wild wheat expressed
greater grazing tolerance than cultivated wheat (T. tur-
gidum) in a common garden, indicating the occurrence
of divergent selection since domestication (Waisel
1987). Wild wheat populations in northern Israel are
genetically and morphologically diverse; ‘robust’ and
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‘slender’ types have been distinguished (Poyarkova,
Gerechter-Amitai & Genizi 1991).

The various hypothetical mechanisms by which wild
wheat populations may be suppressed by intensive live-
stock grazing, and the mechanisms by which grazing
damage may be mitigated, are not mutually exclusive.
The important questions are, which mechanisms are
most relevant, and what are the relative contributions
of these mechanisms to the grazing response of T. dic-
occoides? The objective of this study was to evaluate
experimentally these non-exclusive hypotheses concern-
ing the ecological mechanisms involved in the reduc-
tion of wild wheat populations in response to intensive
livestock grazing. The experiment was designed to test
each mechanism relative to the corresponding null
hypothesis and to estimate the relative contribution of
the hypotheses that would not be rejected.

Methods

   

Seeds were collected from populations of  wild wheat
T. dicoccoides with different growth morphology at two
basalt grassland sites, 3 km distant from each other, on
the Korazim Plateau in eastern Galilee, Israel. In the
‘erect’ population, collected from an ungrazed exclo-
sure on a slope with large basalt rocks in the Karei-
Deshe Experimental Range, most tillers tended to grow
vertically from the soil and to elongate rapidly. In the
‘geniculate’ population, collected from an intensely
grazed open range on a plateau near the Bedouin
village Tuba-Zangharia, most tillers tended to be short
and initially horizontal or inclined, bending upwards
to grow vertically only in the reproductive stage. More
than 50 plants were sampled from each population,
and five spikelets of each plant were sown for propaga-
tion. In the nursery, progeny of the two populations
showed pronounced differences in growth morphology
similar to those observed in the field, indicating genet-
ically based differences between an erect and a genicu-
late genotype. At maturity, ears from the progeny of
each population were harvested and stored separately.

The experimental site was located in Mediterranean
grassland on basaltic soil, in a heavily grazed cattle
paddock 2 km west of Almagor, and about 2–5 km
south of the sites of the source populations (32°55′ N,
35°35′ E). At this site, there was only a sparse natural
population of wild wheat, which was concentrated
mainly near rocks.

 

The experiment was carried out in the 1991–92 growing
season. At the end of October 1991, after grazing cattle
had removed most of the mulch, a 25 × 25-m area was
fenced to exclude further grazing. Within the exclosure,
16 replicate blocks of the experiment were located in
areas without rock outcrops. Each block was divided

into 16 30 × 30-cm plots, the inner 20 × 20 cm of
which was marked for sowing of T. dicoccoides. The
plots were allocated to combinations of mulch and
clipping treatments in an incomplete factorial design,
and to seed source (genotype), as follows.
(a) Without addition of  mulch; 2 seed sources × 4

clipping treatments:
0, no clipping (control);
1, wheat not clipped, all other plants clipped (reduced
competition);
2, wheat plants clipped once, all other plants clipped; 
3, wheat plants clipped twice, all other plants clipped.

(b) Mulch added at two levels; 2 seed sources × 4
mulch + clipping treatments:
single mulch amount (120 g m–2) × clipping treat-
ments 0, 1 and 2; 
double mulch amount (240 g m–2) – no clipping.
This design, with 16 treatment combinations,

enabled us to test for the main effects of mulch, clipp-
ing and genotype as well as for the interaction effects
genotype × mulch, genotype × clipping, and mulch
treatments 0 and 1 × clipping treatments 0, 1 and 2.
The clipping treatments imposed were relatively
artificial compared with the defoliation patterns of
livestock. However, these treatments were not intended
to mimic livestock defoliation patterns, but to establish
experimentally the basis for wild wheat responses
to cattle grazing as documented in a companion
experiment (Noy-Meir & Briske 1996). Clipping was
imposed at two distinct growth phases, rather than
continuously through the growing season, to compare
the vegetative and reproductive damage hypotheses.

Wild wheat spikelets were separated into the two
parts, each containing one seed, and only the part
containing the terminal seed, which germinates more
readily, was used in the experiment. On 6–7 November
1991, 16 terminal half-spikelets were sown, in four rows
at 5-cm intervals, in the central (20 × 20-cm) portion of
each plot. A total of 4096 (16 × 16 × 16) seeds was
sown. The half-spikelets were inserted vertically into
the soil, to a depth of about 1 cm. The soil surface was
still moist from a prior rain (47 mm) at this time, but
it was drying rapidly. Therefore, supplemental water
equivalent to 6 mm of precipitation was added to each
plot. An additional 7-mm precipitation event occurred
3 days following sowing.

Immediately after sowing, mulch that had been
collected earlier in the vicinity, consisting mainly of
stems and leaf sheaths of annual grasses, was spread
over the appropriate plots at 120 g m–2 (single) and
240 g m–2 (double amount). The mulch was held in
place by a coarse wire mesh, until subsequent rains
pressed it into the soil.

In plots allocated to clipping treatments 1, 2 and 3,
all plants other than the experimental wheat were
clipped as close as possible to the surface on 15–17
February 1992. The regrowth was clipped again on two
subsequent dates. In clipping treatments 2 and 3, wheat
plants were clipped down to a length of  1 cm on all
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tillers on 1–2 March; in treatment 3, the regrowth was
clipped again to 1 cm tiller length on 1 April. Clipping
was imposed to a constant residual length, rather
than to a constant height, so that both horizontal and
vertical tillers received a similar clipping intensity. This
was to enable us to compare the grazing tolerance of
the erect and geniculate genotypes without confound-
ing by grazing avoidance.

 

The emergence of individual seedlings, the survival of
individual plants, and the number of tillers of each
plant, were recorded on several dates during the grow-
ing season. Near the end of the growing season (26
April), the number of ‘emerged’ ears (those that had
emerged from the flag leaf ) and of ‘enclosed’ ears was
recorded for each plant. Finally, all plant material in
each plot was harvested and separated into wheat ears
(emerged and enclosed separately), wheat vegetative
material, and other plants. Each treatment was har-
vested when flag leaves and awns were dry in most
plants, beginning with the unclipped treatment on
6 May, and ending with the twice-clipped treatment on
15 May 1992. The harvested material was weighed
air-dry, and a subsample was weighed oven-dry; the
difference was only about 5%, regardless of treatment.
The number of harvested ears (emerged and enclosed
separately) and of spikelets per ear of each type was
counted for each plot.

Seeds were extracted from a subsample of 10 spikelets
from each ear type in each plot. Seeds were classified and
counted by position in the spikelet (basal or term-
inal) and by ‘seed fullness’ (‘full’ or ‘thin’). A seed was
defined as full when all sides were convex or planar, and
as thin when one or more of its sides was visibly con-
cave, wrinkled or shrivelled. Seed germinability was
tested on samples of up to 100 seeds (or as many as were
available), classified by grain position (basal or terminal),
seed fullness (full or thin), ear stage (emerged or
enclosed), genotype (geniculate or erect) and clipping
treatments. Each of  the 40 classified seed samples
was placed in a Petri dishes containing wet filter paper,
at approximately 20 °C in April 1992. Germination
occurred after 2 days and the number of germinating
seeds was recorded and removed daily for 8 days.

 

The basic data analysed were means (for continuous
and count variables) and frequencies (for binary
variables) of plant variables in experimental plots
(n = 256). Normalizing transformations were applied
to some variables before analysis of variance. Frequen-
cies varied widely and were a priori transformed to
arcsine of  the square root. Count variables and
biomass variables that showed strongly left skewed
distributions were transformed to square root and log-
arithm, respectively. The transformations produced

more symmetric distributions that were similar to
normal, in most cases.

Each of the plant response variables was analysed by
a general linear model for the main effects of mulch
treatment, clipping treatment and wheat genotype,
pairwise interactions between these treatments, and
the block effect. Main effects, mulch × genotype and
clipping × genotype interactions were evaluated over
all plots (n = 256). Mulch × clipping interactions were
evaluated in a restricted data set that included mulch
treatments 0 and 1 and clipping treatments 0, 1 and 2
(n = 192). The clipping × genotype interaction was
significant (P < 0·05) for many variables. Means of
all variables for the main treatments were calcul-
ated and compared by a multiple range test (Tukey;
P < 0·05) when three or more treatments were com-
pared. Although mulch × clipping interactions were
not significant, means for mulch treatments after the
first clipping are presented for unclipped plots, where
all mulch treatments were present (n = 96). Means
for combinations of  clipping treatment and wheat
genotype are presented when the clipping × genotype
interaction was significant.

Results

  

Wheat germination, establishment and early survival

Adequate soil water at the time of sowing encouraged
rapid and massive germination of annuals, including
the experimentally sown wheat seeds. Within 10 days,
88% of the seeds had emerged successfully, and cumu-
lative emergence reached 93% in early January. On the
first sampling date, emergence was slightly higher (3–
5%, P < 0·01) in plots devoid of mulch than in plots
with mulch (Table 1).

A very high percentage of seedlings survived
through the winter. Only 8% of seedlings died in the
first 2 months, another 1% in the third month, and 6%
in the following 6 weeks prior to the end of March. In
January, seedling survival was slightly higher (4%,
P < 0·01) in plots without mulch.

Vegetative growth

As early as 5 weeks after emergence, the frequency of
plants that had initiated secondary tillers was 76%
greater (P < 0·001) in plots without mulch than in plots
with added mulch (Table 1). The number of live tillers
per plant was 10–17% greater (P < 0·005) in plots with-
out mulch throughout most of the vegetative growth
phase. Live tiller number per plant reached a maximum
in mid-February and then declined by 15% at the end of
March, indicating that some tiller mortality had
occurred. On the latter date, tiller number per plant was
not significantly different (P > 0·05) between plots
with and without mulch.
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Reproduction

Approximately 81% of the wheat plants in unclipped
plots that were established on 18 February survived
through most of the growing season (26 April). About
93% of the surviving plants or 75% of the established
seedlings produced at least one mature, fully emerged,
ear and another 5% produced only enclosed ears
(Table 1). Plant survival to reproduction was not sig-
nificantly affected by the mulch treatment (P > 0·05).

The mean number of ears per reproductive plant was
not significantly affected by the mulch treatment. However,

the number of spikelets per ear and per reproductive
plant was 9% lower in plots with mulch than in plots
without mulch (P < 0·01). The number of seeds per spikelet
was not significantly affected by mulch treatment.

Biomass

The final biomass of  associated vegetation was not
significantly affected by mulch treatment (Table 1).
However, wheat biomass per plot was reduced by 31%
in unclipped plots that had either single or double
amounts of  mulch added to them (P < 0·01). Both

Table 1. The effects of single (120 g m–2) and double (240 g m–2) mulch treatments on germination, survival and vegetative and
reproductive growth variables of wild wheat plants. Significance refers to P(F ) of the main mulch effect in a general linear model
analysis over all plots (n = 256) that included block, mulch, clipping and genotype main effects, clipping × genotype and
mulch × genotype interactions; mulch × clipping interactions were not significant for any variable. Significance levels: NS,
P > 0·05; *P < 0·05; **P < 0·01; ***P < 0·001. Means for mulch treatments are presented for unclipped plots (n = 256 until the
first clipping, thereafter n = 96). In multiple comparisons, values with shared letters are not significantly different (P > 0·05) as
indicated by Tukey’s multiple range test. Significantly higher values are in bold

Mulch treatment

Significance None Single Double Single + double

Emergence and survival
% cumulative emergence to date
17.11.91 ** 90a 87b 85b
22.12.91 NS 93 92 89
12.01.92 NS 94 93 91

% cumulative survival of seedlings to date
12.01.92 ** 94a 90b 91ab
18.02.92 NS 91 90 91
30.03.92 NS 86 85 82
Survival of plants established on 18.02.92–26.4.92
% surviving NS 86 84 76
% with ears NS 85 83 71
% with emerged ears NS 81 77 67

Vegetative growth
% of plants with > 1 live tiller on date
22.12.91 *** 30 17
12.01.92 *** 55 41
18.02.92 *** 62 50
30.03.92 NS 46 39
Number of live tillers per live plant on date
22.12.91 *** 1·40 1·27
12.01.92 *** 1·97 1·68
18.02.92 *** 2·16 1·84
30.03.92 NS 1·82 1·68

Reproduction
Number of ears per reproductive plant, 26.04.92 NS 1·33 1·22
Number of ears per reproductive plant, final harvest NS 1·41 1·35
Number of spikelets per ear ** 6·5 6
Number of spikelets per reproductive plant ** 9·2 8·3

Biomass
Weight (g) per plot at final harvest
Associated plants NS 29 25
Wheat-total ** 26 18

Vegetative ** 13 9
Reproductive ** 13 9

% wheat reproductive/total NS 51 49
Weight (g) per wheat plant
Total ** 2·08 1.61

Vegetative ** 1·03 0.82
Reproductive *** 1·07 0.85

Weight (g) per emerged ear *** 0·83 0·7
Weight (g) per spikelet: emerged ears ** 0·118 0·109
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vegetative and reproductive biomass of wheat were
reduced in mulch plots by similar amounts. The repro-
ductive fraction of wheat biomass was 50%.

The total, vegetative and reproductive weight per
wheat plant surviving at the final harvest was reduced
by about 20% in mulched plots (P < 0·01). Weight per
emerged ear was reduced 16% by mulch addition
(P < 0·001), which was accounted for by reductions of
8% each in the number of spikelets per ear and in spike-
let weight (both P < 0·05).

   

Vegetative growth

On 30 March, the proportion of wheat plants with > 1
tiller in plots in which associated vegetation had been
clipped was twice that in unclipped plots (P < 0·001)
(Table 2). The mean number of tillers per plant was
75% greater (P < 0·001) in plots where associated
plants had been clipped compared with control plots.

Table 2. The effects of clipping treatments on survival and vegetative and reproductive growth variables of wild wheat plants.
Significance refers to P(F ) of the main clipping effect in a general linear model analysis over all plots (n = 256) that included block,
mulch, clipping, clipping × genotype and mulch × genotype interactions; mulch × clipping interactions were not significant for
any variable. Significance levels: NS, P > 0·05; *P < 0·05; **P < 0·01; ***P < 0·001. Means for clipping treatments are presented
for all plots (n = 256). In multiple comparisons, values with shared letters are not significantly different (P > 0·05) as indicated by
Tukey’s multiple range test. Significantly higher values are in bold

Clipping treatment

Significance 0 1 2 3

Neighbours clipped No Yes Yes Yes
Wheat clipped No No Once Twice

Vegetative growth
% of plants with > 1 tiller, 30.03.92 *** 41b 79a 86a
Number of live tillers per plant, 30.03.92 *** 1·70b 3·01a 2·95a

Survival
Survival of plants established on 18.02.92–26.04.92
% plants surviving *** 83a 84a 86a 65b
% with ears *** 82a 81a 84a 35b
% with emerged ears *** 75a 73a 74a 5b

Reproduction
Mean number of ears per reproductive plant on 26.04.92
Emerged ears *** 1·10b 1·52a 1·14b 0·07c
Enclosed ears *** 0·13c 0·40b 0·35b 1·04a
All ears *** 1·24c 1·92a 1·49b 1·10c
Mean number of ears per reproductive plant, final harvest
Emerged *** 1·24c 1·81a 1·51b 1·53b
Enclosed *** 0·15b 0·23b 0·19b 1·25a
Total *** 1·36d 2·04b 1·67c 2·67a
Mean number of spikelets per ear
Emerged ears *** 6·4a 6·3a 5·5b 4·2c
Enclosed ears *** 4·0a 3·7a 3·5a 2·8b
All ears *** 6·2a 5·9a 5·2b 3·7b
Mean number of spikelets per reproductive plant
Emerged ears *** 8·1b 11·6a 8·4b 6·4b
Enclosed ears *** 0·6b 0·9b 0·7b 3·3a
All ears *** 8·5b 12·4a 9·0b 9·2b

Biomass
Weight (g) per plot: final harvest
Associated plants *** 26a 7b 8b 1c
Wheat total *** 21b 33a 20b 5c

Vegetative *** 10b 16a 10b 3c
Reproductive *** 10b 17a 11b 2c

Weight (g) per plot: cumulative
Wheat, total *** 21b 33a 22b 9c

% wheat reproductive/total: final harvest *** 50b 49b 55a 45c
Weight (g) per wheat plant

Total *** 1·77b 2·74a 1·66b 0·48c
Vegetative *** 0·89b 1·33a 0·77b 0·26c
Reproductive *** 0·91b 1·41a 0·89b 0·23c

Weight (g) per ear: emerged ears *** 0·74a 0·77a 0·59b 0·26c
Weight (g) per ear: enclosed ears ** 0·18a 0·19a 0·19a 0·10b
Weight (g) per spikelet

Emerged ears *** 0·114ab 0·121a 0·106b 0·063c
Enclosed ears ** 0·043bc 0·047ab 0·053a 0·034c
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The number of live tillers increased after 18 February in
response to clipping of associated vegetation, while it
declined in unclipped plots. This indicated that clip-
ping of interspecific competitors both reduced tiller
mortality and increased tiller initiation in wheat plants.
However, clipping of wheat plants at the beginning of
March had no further effect on the number of tillers per
plant at the end of March.

Reproduction

Clipping of both wheat plants and associated neigh-
bours in early March had no effect on survival of estab-
lished wheat plants to the reproductive phase or on the
proportion of plants producing emerged ears (Table 2).
However, a second clipping in early April significantly
(P < 0·001) reduced the survival of wheat plants (by
24%) and drastically (by 93%) reduced the proportion
of plants producing emerged ears by the end of April.
Although 75% of the plants clipped a second time did
regrow vegetatively, only one-half  of them produced
ears.

The number of ears per reproductive wheat plant on
26 April was 55% greater (P < 0·001) where associated
plants had been clipped than in control plots. The first
clipping of wheat reduced ear number by 22%
(P < 0·05), but it was still 20% greater (P < 0·05) than
in control plots where neither wheat nor neighbours
had been clipped. The second clipping caused an addi-
tional 26% reduction (P < 0·05) in the total number of
ears per reproductive plant. More than 90% of the ears
in the plots clipped twice were still enclosed within the
flag leaf on 26 April, compared with only 10–23% of the
ears in plots that were unclipped or clipped only once.

A substantial increase in the number of emerged ears
and total ears per reproductive plant occurred between
26 April and the final harvest (6–15 May), particularly
in wheat plants clipped twice. At the final harvest,
plants clipped twice had a similar number of emerged
ears and significantly (P < 0·001) more enclosed (and
hence more total) ears than plants clipped once.
Approximately 47% of the ears remained enclosed in
plants that were clipped twice compared with 10%
in the other clipping treatments. Otherwise, effects
at the final harvest were similar to those observed
on 26 April: a 50% increase in ear number per plant
in response to clipping of associated vegetation
(P < 0·001), and a 20% reduction in response to early
season clipping of wheat (P < 0·01).

Wheat plants that had been clipped once produced
ears with 13% fewer spikelets (P < 0·05) than un-
clipped plants. The second clipping caused an addi-
tional 29% reduction (P < 0·001) in the number of
spikelets per ear. Clipping of interspecific neighbours
did not significantly affect ear size.

Clipping of associated vegetation increased spikelet
number per plant by 46% (P < 0·001), but early season
clipping of wheat negated this response by reducing
spikelet number to a level similar to that of the control

plants. The second clipping did not affect the total yield
of  spikelets per reproductive plant, but it did reduce
the proportion of  spikelets produced in emerged
(vs. enclosed) ears from 93% to 70%.

Each spikelet of wild wheat can potentially produce
two grains (basal and terminal), although the upper-
most spikelet usually produces only one grain. Over all
treatments, 88% of spikelets in emerged ears had a
basal grain and 78% had a terminal grain. In ears that
ended their development while still enclosed in the flag
leaf, only about 25% of spikelets had a basal grain and
only 12% a terminal grain. Moreover, 90% of the seeds
produced in enclosed ears were classified as ‘thin’ com-
pared with 54% of the seeds produced in emerged ears
(data not shown).

Clipping treatments had highly significant (P < 0·01
or P < 0·001) effects on the number of seeds per spike-
let in most seed positions and fullness categories
(Table 3). Clipping of neighbours only and a single
clipping of wheat plants had no significant effect on the
number of  seeds per spikelet in emerged ears. The
second clipping of wheat reduced the number of both
basal (by 19%) and terminal (by 26%) seeds per spikelet
in emerged ears, and drastically reduced the number of
full seeds in both positions, compared with plants
clipped once. The total number of seeds per spikelet in
enclosed ears was significantly (P < 0·001) increased
by clipping of associated plants, but was not further
affected by one or two clippings of wheat.

Biomass

Clipping of associated plants drastically reduced their
biomass at the final harvest and released experi-
mental wheat plants from interspecific competition
(Table 2). Clipping of associated plants alone increased
wheat biomass per plot at the final harvest by 57%
(P < 0·001); both vegetative and reproductive comp-
onents increased similarly. However, a single clipping
of wheat in early March reduced final wheat biomass
by 40%, to a value similar to that of the control plants.
The second clipping of wheat, in early April, further
reduced wheat biomass at the final harvest to 25%
of the biomass in the plots clipped once (P < 0·001).
When biomass removed in the two clippings was
included into the total biomass production, cumulative
wheat biomass harvested from plots clipped twice was
only 40% of biomass in plots clipped once.

The reproductive fraction of wheat biomass was 50%
in unclipped wheat plants, regardless of the clipping of
associated plants. A single early season clipping of
wheat increased the reproductive biomass fraction to
55% at the final harvest. However, this response was
negated when the clipped biomass was included in the
total biomass estimate. The second clipping reduced
the reproductive biomass fraction to 45% at the final
harvest (P < 0·001).

Mean total, vegetative and reproductive biomass
per plant surviving to final harvest showed similar
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responses to clipping, as did biomass per plot. The
mean weight of ears enclosed in the flag leaf was only
25% that of emerged ears, due to fewer spikelets which
had 42% of the mean weight per spikelet in emerged
ears. The mean weights per ear and per spikelet were
not significantly affected by clipping of neighbours
alone. A single clipping of wheat reduced weight per
ear by 23% and per spikelet by 12% (P < 0·05) in
emerged ears, compared with unclipped plants. The
second clipping caused further reductions in weight
per ear (56%) and per spikelet (41%) in emerged ears
(P < 0·001), compared with plants clipped once. The
weight of enclosed ears and spikelets was also reduced
by a second clipping.

     ×  
 

Wheat germination, establishment and early survival

There was no difference (P > 0·05) in seedling, estab-
lishment and survival between the two genotypes.
Seedling emergence and survival were 94% and 92%,
and 86% and 84%, for the geniculate and erect geno-
types, respectively, at the end of the vegetative growth
phase on 30 March. Seedlings of both genotypes
showed 91% seedling establishment at this time.

Vegetative growth

During the entire vegetative growth phase the fre-
quency of  tillering plants and the mean number of
tillers per plant were substantially greater (P < 0·001)
in plants from the geniculate population than in those
from the erect population (Table 4). At the first
sampling date in December there was a significant
(P < 0·001) genotype × mulch interaction. Genotypes
expressed a greater difference in initial tiller number
in the bare plots than in the mulched plots.

On 30 March, the proportion of plants that devel-
oped tillers, and the mean number of tillers per plant,
were still significantly (P < 0·001) greater, over all clip-

ping treatments, in the geniculate than in the erect gen-
otype. However, clipping of associated plants reduced
the advantage of the geniculate over the erect genotype
in the percentage of plants that developed tillers
(genotype × clipping interaction, P < 0·01; Table 5).

Reproduction

There was no difference between genotypes in survival
to reproduction in unclipped plots or averaged over
clipping treatments. Geniculate plants appeared to sur-
vive the second clipping better than erect plants, but the
interaction was not significant (P = 0·16).

The number of emerged ears per reproductive plant
on 26 April was significantly greater in the erect than in
the geniculate genotypes, in plots where interspecific
neighbours had been clipped and wheat had been
clipped once (interaction P < 0·05; Table 5). In con-
trast, the number of enclosed ears per plant on this date
was considerably greater in the geniculate than in the
erect genotype, for the same clipping treatments (inter-
action P < 0·001). The total number of ears on 26 April
did not show a significant genotype × clipping inter-
action. However, the total number of ears was 11%
greater in the geniculate than in the erect genotype
(P < 0·01) over all clipping treatments at this date.

The number of emerged ears per reproductive plant
at the final harvest (5–15 May) was similar to the
number of total ears per plant on 26 April, for both
genotypes and for most genotype × clipping combina-
tions. This correspondence indicates that an additional
10–15 days was sufficient for enclosed ears present on
26 April to emerge by the final harvest. As the number
of late emerging ears was greatest in the geniculate gen-
otype, this genotype had 12% more emerged ears than
the erect genotype at the final harvest over all clipping
treatments (P < 0·01; Table 4). However, in twice-
clipped plots, an additional late cohort of ears
appeared after 26 April that remained enclosed in the
flag leaf until they senesced prior to 15 May. The
number of late-developing enclosed ears was consider-
able greater in erect than in geniculate genotypes

Table 3. The effects of clipping treatments on the percentage of wild wheat spikelets that produced seeds of various types.
Notation as in Table 2

Clipping treatment

Significance 0 1 2 3

Neighbours clipped No Yes Yes
Wheat clipped No No Once Twice

Emerged ears
Basal grain
Total ** 93a 93a 89a 72b
Full seeds *** 35a 39a 40a 6b
Thin seeds NS 58 54 49 69
Terminal grain
Total *** 83a 83a 77a 57b
Full seed *** 49a 49a 49a 3b
Thin seeds *** 34b 34b 28b 54a
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(genotype × clipping interaction P < 0·01; Table 5).
Therefore, the total number of ears (emerged and
enclosed) at the final harvest was 15–23% greater for
geniculate than erect genotypes for all treatments, except
when wheat plants were clipped twice. In this treatment,
the total number of ears was 24% greater for erect than
for geniculate genotypes (interaction P < 0·05).

The number of spikelets per emerged or enclosed
ears was not significantly different between genotypes.
However, the mean number of spikelets per ear in plots

clipped twice was 20% greater for geniculate than for
erect genotypes, while in plots where wheat had not
been clipped it was 10% greater for erect genotypes
(interaction P < 0·05). The total number of spikelets
per reproductive plant was 13% greater in geniculate
genotypes, over all treatments (P < 0·05).

Over all clipping treatments, emerged ears of the
erect genotype had 7% more total (full + thin) seeds per
spikelet (P < 0·01) than those of the geniculate geno-
type (Table 6). The proportion of full seeds in emerged

Table 4. The effects of genotype on survival, vegetative and reproductive growth variables of wild wheat plants. Significance
refers to P(F ) of the main genotype effect in a general linear model analysis over all plots (n = 256) that included block, mulch,
clipping, clipping × genotype and mulch × genotype interactions; mulch × clipping interactions were not significant for any
variable. Significance levels: NS, P > 0·05; *P < 0·05; **P < 0·01; ***P < 0·001. Means for genotypes are presented for all plots
(n = 256). In multiple comparisons, values with shared letters are not significantly different (P > 0·05) as indicated by Tukey’s
multiple range test. Significantly higher values are in bold

Genotype

Significance Geniculate Erect

Vegetative growth
% of plants with > 1 tiller on date
11.12.91 *** 34 14
12.01.92 *** 61 37
18.02.92 *** 70 38
30.03.92 *** 75 59

Mean number of live tillers per live plant
11.12.91 *** 1·50 1·17
12.01.92 *** 1·99 1·55
18.02.92 *** 2·41 1·59
30.03.92 *** 2·93 2·06

Survival
Survival of plants established on 18.02.92–26.04.92
% surviving NS 83 80
% with ears NS 77 75
% with emerged ears NS 63 68

Reproduction
Mean number of ears per reproductive plant on 26.04.92
Emerged NS 1·08 1·15
Enclosed *** 0·46 0·24
Total ** 1·53 1·39
Mean number of ears per reproductive plant: final harvest
Emerged ** 1·57 1·40
Enclosed NS 0·32 0·28
Total * 1·86 1·65
Mean number of spikelets per ear
Emerged NS 5·8 6·0
Enclosed NS 3·8 3·4
Total NS 5·4 5·7
Mean number of spikelets per reproductive plant
Emerged ears NS 9·3 8·5
Enclosed ears NS 1·2 0·8
Total * 10·3 9·1

Biomass
Weight (g) per plot: final harvest
Wheat: total NS 21 23

Vegetative NS 11 10
Reproductive ** 10 13

% wheat reproductive/total: final harvest *** 47 54
Weight(g) per wheat plant

Total NS 1·74 1·93
Vegetative NS 0·94 0·85
Reproductive *** 0·82 1·08

Weight (g) per ear: emerged * 0·53 0·79
Weight (g) per spikelet: emerged ears *** 0·09 0·126
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ears was much greater in the erect than in the geniculate
genotype (51% vs. 26% in basal grains, and 72% vs. 37%
in terminal grains, respectively). In the basal and ter-
minal positions, respectively, there were 128% and
114% more full seeds per spikelet in the erect genotype,
but 52% and 118% more thin seeds in the geniculate
genotype (P < 0·001). The total number of seeds per
spikelet in enclosed ears was 86% higher (P < 0·01)
in the geniculate than in the erect genotype. There
were no significant clipping × genotype interactions
in numbers of seeds per spikelet.

Biomass

Reproductive wheat biomass per plot was 25–30%
higher (P < 0·001) in the erect than in the geniculate

genotype, in unclipped plots as well as over all clipping
treatments (Table 4). This was partly offset by a non-
significant trend of greater vegetative biomass in the
geniculate genotype, so that total biomass was not sig-
nificantly different between genotypes. The reproduct-
ive biomass fraction was generally greater in the erect
than in the geniculate genotype (P < 0·001). However,
the reproductive biomass fraction of the geniculate
genotype was less depressed by the second clipping
(interaction P < 0·05).

The erect genotype had significantly greater repro-
ductive weight per plant (by 32%, P < 0·001) over all
clipping treatments, despite its smaller number of ears.
This resulted from a substantially greater weight per
emerged ear (by 49%, P < 0·05) and per spikelet in
emerged ear (by 40%, P < 0·001) than in plants of the
geniculate genotype. The advantage of the erect geno-
type in these three measures was enhanced by clipping
of  associated plants only, but it was reduced by the
second clipping of wheat (clipping × genotype inter-
action, P < 0·01).

   

Percentage germination was analysed by a general
linear model, using clipping treatment, genotype, ear stage
(emerged/enclosed), seed position (basal /terminal) and
seed fullness (full/thin) as factors. Seed position and
seed fullness were the only factors that contributed
significantly (P < 0·05) to the model. These two factors
accounted for 75% of  variation in germinability.
Germinability of terminal seeds was much higher than

Table 5. Significant effects of genotype × clipping interaction on some vegetative and reproductive variables of wild wheat plants.
In all other variables there was no significant genotype × clipping interaction. Notation similar to Table 2, but significance refers
to the clipping × genotype interaction. In each cell the first value is for the geniculate type and the second for the erect type. Bold:
cells where the difference in favour of the geniculate type is greatest (or the difference in favour of the erect type is least); bold italic:
cells where the difference in favour of the erect type is greatest (or the difference in favour of the geniculate type is least)

Clipping treatment

Significance 0 1 2 3

Neighbours clipped No Yes Yes Yes
Wheat clipped No No Once Twice

Vegetative growth
% of plants with > 1 tiller on date 30.03.92 ** 54/27 88/78

Reproduction
Mean number of ears per reproductive plant on 26.04.92
Emerged * 1·15/1·10 1·46/1·59 1·01/1·27 0·03/0·10
Enclosed *** 0·15/0·12 0·53/0·25 0·56/0·14 1·13/0·94
Mean number of ears per reproductive plant at final harvest
Enclosed ** 0·21/0·10 0·29/0·17 0·27/0·11 0·94/1·56
Total * 1·49/1·23 2·18/1·89 1·85/1·50 2·38/2·95
Mean number of spikelets per ear
All ears * 5·9/6·5 5·7/6·2 5·1/5·3 4·0/3·3

Biomass
% wheat reproductive/total: final harvest * 46/54 45/56 45/51 23/19
Weight(g) per wheat plant

Reproductive ** 0·79/1·02 1·13/1·70 0·81/0·97 0·23/0·23
Emerged ears * 0·78/1·02 1·09/1·67 0·79/0·96 0·21/0·22

Weight (g) per ear: emerged ** 0·60/0·89 0·59/0·97 0·50/0·67 0·23/0·29
Weight (g) per spikelet: emerged ears *** 0·10/0·13 0·10/0·15 0·09/0·12 0·05/0·07

Table 6. The effects of genotype on the percentage of wild
wheat spikelets that produced seeds of various categories.
Notation as in Table 4

Genotype

Significance Geniculate Erect 

Emerged ears
Basal grain
Total ** 87 92
Full seeds *** 21 48
Thin seeds *** 67 44

Terminal grain
Total ** 75 82
Full seeds *** 28 60
Thin seeds *** 48 22
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of  basal seeds, and germinability of  full seeds was
considerably higher than that of  thin seeds. In fact,
virtually all full terminal seeds (98%) germinated
within 8 days, compared with only 29% of full basal
seeds. This was consistent with the results of field trials
and is probably associated with the occurrence of dor-
mancy or some other mechanism of inhibition in basal
seeds (Horovitz 1998). Surprisingly, even the seeds
classified as thin showed fairly high germinability
(64%), insofar as they came from the terminal position
in the spikelet.

After accounting for the effects of seed position and
fullness, additional differences in germinability between
clipping treatments were neither significant nor con-
sistent. The only significant (P < 0·05) genotype effect
was a higher fraction of  germinable seeds in the first
2 days of the experiment in the geniculate (83%) than in
the erect genotype (68%).

     


An integrated estimate of fitness throughout the grow-
ing season was calculated as the mean reproductive
output per seed sown, using the number of spikelets in
emerged ears, the number of full seeds, and the weight
of emerged ears as measures of reproductive output.
Mulch addition caused a moderate reduction in two of
these measures (Table 7) and the erect genotype was
superior to the geniculate genotype in two of the three
measures. All three measures were substantially
affected by clipping treatment (Table 7). The reproduc-
tive output of plants in the twice-clipped treatment was
far less than in the other treatments. The number of full
seeds produced per seed sown, a maximum estimate of
the per capita population growth rate, was < 1 in the
twice-clipped treatment, indicating that a population
would decline to extinction under such treatment. In all

other treatments, this estimate was considerably and
significantly > 1, indicating population persistence.

The ratio of per capita reproductive output between
the two genotypes or two treatments is an overall meas-
ure of relative ‘fitness’ during the growing season.
Overall fitness is the product of ‘fitness components’
(Noy-Meir & Briske 1996), i.e. between-genotype or
between-treatment ratios of demographic variables
expressing relative survival or performance at different
phases or processes within the growth cycle (Table 8
and Fig. 1). Treatment responses at successive growth
phases may amplify or, in some cases, counteract each
other partially or completely.

The negative effect of mulch on tiller initiation was
compensated for by greater tiller survival to reproduc-
tion; thus, the suppression of  overall fitness (–22% to
–32%) in the mulch treatments was mainly the result of
lower ear size and weight (Table 8 and Fig. 1). The
large (+49% to +59%) positive effect of  clipping
interspecific neighbours on the reproductive success
of wheat plants resulted largely from a substantial
increase in tiller density during the vegetative phase
that was partially negated by a reduction in the propor-
tion of tillers that became reproductive.

Clipping of  wheat plants in the vegetative stage
did not have a negative effect on plant survival and
growth in the vegetative growth stage (Table 8 and
Fig. 1). The negative effect (–27% to –35%) of clipping
in the vegetative phase on overall fitness resulted from
the accumulation of small negative after-effects in the
reproductive stage (proportion of reproductive tillers,
ear and spikelet size). The drastic (–68% to –97%)
reduction of fitness caused by clipping wheat plants in
the reproductive stage resulted from a peculiar combi-
nation of effects. Late-season clipping was associated
with a large reduction in the proportion of plants pro-
ducing mature ears, but within those few fertile plants
there was no effect on tiller survival to reproduction. A

Table 7. Effects of mulch and clipping treatments and genotype on three measures of per capita reproductive output of wild
wheat seeds sown. Means for mulch treatments are over unclipped plots (n = 96) and means for clipping treatments and genotype
are over all plots (n = 256). Significance of main effects was determined by non-parametric analysis of variance (Kruskal–Wallis).
Significance levels are as in Table 1

Measures of per capita 
reproductive output

Spikelets (emerged) 
per seed sown

Full seeds (emerged) 
per seed sown

Ear weight (emerged) 
per seed sown

Mulch treatments
No mulch 6·6 5·2 0·81
Single or double mulch 5·2 3·9 0·55

Mulch effect * NS *

Clipping treatments
No clipping 5·7 4·3 0·64
Only neighbours clipped 8·4 7·0 1·02
Wheat clipped once 6·1 5·3 0·66
Wheat clipped twice 2·0 0·2 0·12

Clipping effect *** *** ***

Genotypes
Geniculate 6·3 2·9 0·58
Erect 5·7 6·5 0·78

Genotype effect NS *** **
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further reduction in the size and quality of the ears fol-
lowing the second clipping further contributed to the
extremely low overall fitness in plants subjected to two
intensive clippings.

The fitness of geniculate and erect genotypes was
similar when measured by number of spikelets, because
opposing responses in various fitness components par-
tially cancelled each other (Table 8 and Fig. 1). How-
ever, the lower quality of spikelets in the geniculate
genotype reduced fitness, as measured by reproductive
biomass and by number of full seeds, (–26% and –55%,
respectively) compared with the erect genotype.

Discussion

 ⁄ 


The minimal effect of mulch application on seedling
emergence and early survival of wheat plants in this
investigation may have been a response to the prevail-
ing precipitation patterns. Rainfall events were fre-
quent early in the growing season and the soil remained
moist for long periods in both plots with and without
mulch. Consequently, the potentially beneficial effect
of mulch associated with the conservation of water
near the soil surface was minimized. Mulch may have a

more positive effect on seedling emergence and survival
when partial germination is induced by a small rain
event (15–20 mm) early in the season, followed by an
extended dry period (Noy-Meir, Agami & Anikster
1991a). This precipitation pattern occurred in only
four seasons out of 10 in the period 1983–93. The var-
iable timing and amount of  early season precipita-
tion probably contributes to the inconsistent effects
of mulch on seedling emergence and establishment
among years and investigations.

      
  

Mulch accumulation had unexpected negative effects
on tiller number per wheat plant throughout the vege-
tative phase. The effect was initially observed within 1
week following seedling emergence from the soil and
shortly after wheat seedlings had overtopped the mulch
layer. A similar delay in tiller initiation of wheat plants
in ungrazed compared with grazed plots was docu-
mented in a companion grazing experiment (Noy-Meir
& Briske 1996). Several mechanisms may have contrib-
uted to the detrimental influence of mulch on wheat
growth in the vegetative phase. First, a reduction in
light intensity at the soil surface may have initially
retarded seedling growth and tiller initiation (Kays &

Table 8. Effects of mulch treatment, clipping treatment and genotype on ‘fitness components’ of wild wheat. The values are
between-treatment ratios of means of demographic variables at various growth phases. The symbols k1, k2, etc., associate each
variable and fitness component with a specific process or phase within the growing season as shown in Fig. 1. Intermediate and
overall fitness components are related to basic components as indicated by the equations in terms of k. Ratios that are significantly
(P < 0·05) different from 1 are shown in bold

Fitness of treatment

Mulch 
(single 
+ double)

Clip only 
other 
plants

Clip wheat in 
vegetat. stage

Clip wheat 
also in 
reprod. stage

Geniculate 
type

Compared to reference treatment No mulch
No 
clipping

Clip only 
other plants

Clip wheat 
only in 
vegetat. stage Erect type

Basic fitness components
k1: germination + establishment: plants 18·02/seeds 0·99 1·00 1·00 1·00 1·00
k2: plant survival: end of season/18·02 0·95 1·01 1·02 0·76 1·04
k3: fertile plants/plants surviving end of season 0·97 0·96 0·99 0·09 0·89
k4: maximum number of tillers /plant 0·85 1·77 0·98 1·00 1·42
k5: tiller survival: live end of March/maximum number 1·08 1·00 1·00 1·00 1·00
k6: emerged ears/live tillers at end of March 1·04 0·82 0·85 1·01 0·79
k7: number of spikelets /emerged ear 0·92 0·98 0·87 0·76 0·97
k8: full seeds/spikelet in emerged ear 0·99 1·05 1·01 0·10 0·45
k9: weight per emerged spikelet 0·92 1·06 0·88 0·59 0·71

Intermediate fitness components
k10 = k1 × k2: plants surviving end of season/seed 0·94 1·01 1·02 0·76 1·04
k11 = k3 × k10: fertile plants/seed 0·91 0·97 1·01 0·07 0·93
k12 = k4 × k5: live tillers at end of March/plant 0·92 1·77 0·98 1·00 1·42
k13 = k6 × k12: emerged ears/fertile plant 0·96 1·46 0·83 1·01 1·12
k14 = k7 × k13: emerged spikelets /fertile plant 0·88 1·43 0·72 0·76 1·09
k15 = k8 × k14: full seeds/fertile plant 0·87 1·50 0·73 0·08 0·49
k16 = k9 × k14: weight emerged ears/fertile plant 0·81 1·52 0·63 0·45 0·77

Overall growing season fitness
k17 = k11 × k14: emerged spikelets /seed sown 0·78 1·49 0·73 0·32 1·11
k18 = k11 × k15: number of full seeds/seed sown 0·75 1·61 0·76 0·03 0·45
k19 = k11 × k16: weight emerged ears/seed sown 0·68 1·59 0·65 0·18 0·74
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Harper 1974; Gautier, Varlet-Grancher & Hazard
1999). Secondly, tiller initiation may have been sup-
pressed by a reduction of the red : far-red radiation
ratio (R : FR) (Kasperbauer & Karlen 1986; Casal
1988; Skinner & Simmons 1993) in light transmitted
through or reflected by the mulch layer, relative to that
of ambient radiation. However, senescent plant tissues
often function as neutral filters with respect to R : FR
(Ballare et al. 1987; Kasperbauer & Hunt 1987; Hunt,
Kasperbauer & Matheny 1989; Masoni et al. 1994) and
some may even enhance the R : FR in reflected light
(Kasperbauer 1999). Thirdly, reflection of radiation by
the mulch layer may have reduced soil temperatures
in the Mediterranean winter growing season. This
could reduce tillering, both directly by reduced root
growth and nutrient absorption and indirectly by
slowing nitrogen mineralization and reducing nitrogen
availability (Knapp & Seastedt 1986). Although the
precise mechanism requires further investigation, the
suppression of tiller initiation in response to moderate
mulch accumulation may be an important, but often
ignored, process in the response of plant populations
and communities to various grazing regimes.

The greater number of tillers in the vegetative phase
in the plots without mulch was not expressed as a
greater number of reproductive tillers. Competition for
light and carbohydrates between primary and second-
ary tillers may have contributed to tiller mortality prior
to the reproductive phase in non-mulched, non-clipped
plots (Ong, Marshall & Sagar 1978; Del Moral & Del

Moral 1995). However, plants in mulched plots had
fewer spikelets per ear and lower reproductive biomass
per plant than plants in plots without mulch. This
suggests a lower availability of soil resources, possibly
nitrogen, in the mulched plots at the time when the
apical meristem became reproductive and the number
of floral primordia was determined.

The negative effect of mulch on the growth of wild
wheat is consistent with the observed increases in wild
wheat cover the season following mulch removal by fire
(Noy-Meir 2001). Evidence for a mulch-induced resource
limitation on wheat growth in this annual grassland is
consistent with the transient maxima hypothesis described
for mesic C4 perennial grasslands in North America
(Seastedt & Knapp 1993). This hypothesis suggests
that infrequent fires optimize the availability of both
soil nitrogen and light the season following burning to
maximize primary production. In subsequent years
without fire, litter accumulation decreases primary
production by shading and soil nitrogen correspond-
ingly increases. Non-selective grazing by cattle may
mimic the effect of fire on mulch removal (Knapp et al.
1998). A similar set of multiple resource limitations
mediated by fire and grazing may be regulating primary
production in Mediterranean annual grasslands.

  

Wheat biomass was reduced to a greater extent than
that of associated species by mulch accumulation. This

# Seeds sown

     k1      –MULCH
 +RED COMP
 +GENIC

# Established plants   Maximum # tillers
       k4

      k2        k5

                –CLIP REP
               
# Surviving plants   # Surviving tillers
                                              –RED COMP

     k3       k6      –CLIP VEG
                    –GENIC
  –CLIP REP

             
# Fertile plants   # Emerged ears

         –MULCH
   k7         –CLIP VEG

        –CLIP REP

# Spikelets

             –MULCH
      –CLIP VEG

                                                                   –CLIP REP       k9                  k8      –CLIP REP
                                                               –GENIC                                                  –GENIC

          Ear biomass   # Full seeds

Fig. 1. Schematic model of several growth phases and processes in a wild wheat population. The fitness component associated
with each phase or process is designated by k1 to k9 and corresponds with those presented in Table 8. The factors that had
significant (P < 0·05) effects on each phase or process are indicated by an abbreviation of the factor name (MULCH, mulch
application; RED COMP, reduction of competitors; CLIP VEG, clipping in the vegetative phase; CLIP REP, clipping in the
reproductive phase; and GENIC, geniculate vs. erect genotype). Sign denotes whether each factor had a positive or negative effect.
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contradicts the hypothesis that wheat abundance
increases in ungrazed grasslands because mulch dis-
proportionately suppresses competitors with smaller
seeds and seedlings.

The results of  this experiment did not support
the two hypotheses involving removal of  dry plant
remnants during the dry season as a major and con-
sistent mechanism contributing to the decline of wild
wheat populations under intense grazing. On the con-
trary, they suggest that removal of the natural mulch
may actually enhance vegetative and reproductive
growth of wild wheat plants in Mediterranean grass-
land, by mechanisms that as yet can only be speculated
upon.

  

The reduction of interspecific competition induced by
severe clipping of interspecific neighbours increased
the performance of wheat plants in both the vegetative
and the reproductive growth phase by at least 50%
compared with plants grown with unclipped neigh-
bours. The initial increase in tiller number in the vege-
tative phase, like that observed in a parallel grazing
experiment (Noy-Meir & Briske 1996), can be partially
explained by reduced competition for light. An
increase in the intensity and R : FR ratio of light within
plant canopies has been documented to increase tiller
development in wheat and related annual grasses
(Kasperbauer & Karlen 1986; Casal 1988; Skinner &
Simmons 1993).

However, the positive effect of reduced interspecific
competition persisted throughout the reproductive
growth phase of wheat, leading to a 50% increase in the
number and weight of ears, spikelets and seeds per
plant. This implies that clipping of interspecific neigh-
bours increased resource availability to wheat plants
not only early in the season, but throughout the entire
growing season. Additional resources would have been
necessary to support the survival and growth of the
greater number of secondary tillers through the end of
the vegetative phase and in the reproductive phase
when spikelet number was determined and seed filling
occurred. The reduction in interspecific competition
probably increased the availability of soil water and
nutrients, as well as light, during the latter portions of
the growing season. Competition has been shown to
have a strong influence on tiller initiation, growth and
survival by mediating resource availability in grasses
(Kays & Harper 1974; Briske & Butler 1989; Derner &
Briske 1999) and on plant size and seed weight in
annual dicots (Sheppard, Smyth & Swirepik 2001). An
increase in tiller density in response to greater resource
availability conforms to the reserve meristem hypoth-
esis as an ecological interpretation for the role of apical
dominance (Aarssen 1995). The plastic developmental
responses exhibited by tiller initiation is anticipated to
be of adaptive value in environments where individuals
experience large fluctuations in resource availability

and interspecific competition at various spatial and
temporal scales associated with variable grazing and
variable rainfall patterns (Bullock, Clear & Silvertown
1994b; Bullock, Mortimer & Begon 1994).

  

Wheat plants were tolerant of a single severe clipping in
the vegetative growth phase that removed all photosyn-
thetic tissue from plants. Clipping at this phase appar-
ently did not damage the apical meristems located at or
near the soil surface; or, if  it did, there was an exact
numerical replacement by juvenile tillers. Therefore,
clipping did not reduce live tiller number per plant or
tiller survival compared with unclipped plants grown
with clipped neighbours; but neither did clipping
stimulate an increase in the number of tillers in clipped
plants. These results contrast with those from con-
trolled experiments with containerized T. dicoccoides
plants, where clipping plants twice during the vegeta-
tive phase to heights of 1 and 2·5 cm did significantly
increase tiller numbers per plant (Gutman et al. 2001).
The inconsistent response of  tiller number per
plant between the two experiments may be partially
explained by the difference in clipping treatments and
the greater abundance of soil resources in the container
experiments. Contrasting plant responses in these two
experimental approaches supports the interpretation
that tiller initiation in grazed systems may be influ-
enced to an equal or greater extent by extrinsic or
indirect mechanisms (McNaughton 1983; Noy-Meir &
Briske 1996) than by intrinsic or direct mechanisms,
e.g. apical dominance (Richards, Mueller & Mott 1988;
Murphy & Briske 1992; Hendon & Briske 1997).

Although a severe clipping in the vegetative phase
did not affect plant or tiller numbers, it substantially
reduced reproductive performance as measured by
numbers of ears and spikelets, and ear weight. Clipped
tillers had to replace their entire leaf area in the remain-
ing 2 months of the growing season. Even though
regrowth was relatively rapid, because light and soil
resources were abundant following clipping, this time
period was not sufficient for the clipped plants to
compensate fully for either reproductive or total shoot
production compared with unclipped plants. A reduc-
tion in biomass per tiller following clipping probably
limited leaf area and reduced carbohydrate availability
for spikelet and ear development. The ears and flag
leaves of clipped plants remained green for up to a week
longer than those of unclipped plants, presumably by
utilizing the soil water that remained in response to
reduced transpiration associated with clipping (Wraith
et al. 1987).

Seed and biomass production of wheat plants that
were clipped once and grown with clipped interspecific
neighbours was similar to that of unclipped wheat
plants grown with unclipped neighbours. The negative
effects of severely clipping wheat plants and the posit-
ive effects of  clipping their neighbours were nearly
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balanced when clipping occurred at mid-growing season
when wheat plants had an opportunity for substantial
regrowth. These counteracting responses indicate that
the competitive fitness of wild wheat was neither
increased nor reduced by non-selective clipping relative
to its interspecific neighbours (McNaughton 1979;
Belsky 1986).

These experimental results do not support the
hypothesis that grazing in the vegetative growth phase
is an important mechanism contributing to the decline
of wild wheat populations, as long as cattle graze non-
selectively, on the basis of sward height. Wheat may
respond differently if  it was selectively grazed by sheep
or other small ruminants in the vegetative phase.

  

A second severe clipping, 1 month following the
first clipping, substantially magnified the detrimental
effects on wheat plants. The primary tiller in each
plant, and possibly one or more secondary tillers, had
elevated their apical meristems beyond the 1-cm clip-
ping length by this point in the growing season. Con-
sequently, many plants did not regrow at all following
the second defoliation, because all active meristems
had been removed and soil resources may have been
insufficient to support juvenile tiller initiation from
axillary buds. Many of the plants that did regrow veg-
etatively, did not accumulate sufficient resources to
develop reproductive tillers in the remaining 5–6 weeks
of the growing season, and only a few plants completed
the development of reproductive tillers after the second
clipping. Although the total number of ears per plant
in those few survivors was similar to or greater than in
unclipped plants, approximately 50% of the ears initi-
ated following the late season clipping did not develop
sufficiently to emerge from the flag leaf before desicca-
tion. Even those ears that did emerge were not fully
developed and had fewer spikelets, less weight per
spikelet and per ear, and fewer, smaller seeds compared
with unclipped plants. Tillers that regrew after clipping
in the reproductive phase apparently had neither suffi-
cient time, nor sufficient leaf area and carbohydrate
supply, to develop the normal number of reproductive
primordia and to complete seed filling. In experiments
conducted with T. dicoccoides grown in containers,
repeated clipping had little or no effect on vegetat-
ive biomass production, but even a single moderate
clipping in the reproductive phase greatly reduced
reproductive biomass and its proportion of total pro-
duction (Gutman et al. 2001). Previous investigations
have reported that grazing delayed reproduction, and
reduced the proportion of plants setting seeds (Bul-
lock, Clear Hill & Silvertown 1994a; Bastrenta, Lebre-
ton & Thompson 1995; Ehrlén 1995) and the number
of seeds set per inflorescence (Stechman & Laude 1962;
Hill & Watkin 1975).

In cultivated wheat, barley and other annual cereals,
grain yield is progressively reduced as mowing or

grazing is imposed later into the period of reproductive
growth (Ramos et al. 1996; Redmon et al. 1996;
Young, Chilcote & Youngberg 1996; Royo 1999). The
sensitivity of seed production to defoliation during the
reproductive phase is a critical factor in the manage-
ment of dual-purpose winter cereal crops for both for-
age and grain production (Bonachela, Orgaz & Fereres
1995; Royo 1997; Gooding et al. 1998). The results of
this investigation and a companion grazing experiment
(Noy-Meir & Briske 1996) indicate that the sensitivity
of seed production to defoliation in the reproductive
phase is strongly expressed in a wild ancestor of wheat,
T. dicoccoides, and it is not necessarily a by-product of
selection during domestication.

Most seeds produced by plants clipped twice, as well
as most seeds in enclosed ears and one-half  the seeds in
emerged ears in other treatments, were classified as
thin. Despite the shrivelled and immature appearance
of these seeds, the germinability of seeds in the terminal
position was only 34% less than that of full seeds. This
indicates that the embryo had fully developed, but that
the size of the endosperm was compromised in thin
compared with full seeds. Although thin seeds were
capable of germination, they may result in lower rates
of seedling emergence and survival in the field com-
pared with full seeds (Mutikainen, Walls & Ojala 1993;
Bockus & Shroyer 1996; Kidson & Westoby 2000).

The results from this experiment support and
explain the results obtained in a grazing experiment
with natural wheat populations (Noy-Meir & Briske
1996). The combined results from both experiments
demonstrate that a drastic reduction of viable seed pro-
duction per plant, caused by grazing of wheat plants in
the reproductive phase, is the principal mechanism
contributing to the observed reductions in wild wheat
abundance. Plants that were clipped at both the middle
and latter portions of  the growing season had per
capita seed production << 1, which is well below that
required for population maintenance. Although cattle
rarely graze wheat plants as severely as the clipping
treatments (1 cm tiller length) imposed in this investi-
gation, clipping of tillers to heights of 3–4 cm is com-
mon under intensive grazing (Noy-Meir & Briske
1996). This defoliation intensity would be sufficient to
remove most developing ears as well as most photosyn-
thetic tissue from wheat plants in the reproductive
phase.

  

Plants of the geniculate genotype initially produced
more tillers than plants of the erect genotype, in all
treatments including the most shaded conditions
(no clipping, double mulch). This indicates a weaker
expression of apical dominance in the geniculate com-
pared with the erect genotype, which pre-adapts the
two genotypes for competition in intensively grazed
and ungrazed or lightly grazed grasslands, respectively.
The strong tendency to initiate secondary tillers provides
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the geniculate genotype with an advantage in capturing
horizontal space and light in open grassland commu-
nities. In contrast, the tendency of  the erect genotype
to concentrate resources into rapid vertical growth of
the primary tiller favours it in grasslands with a dense
leaf  canopy. Contrasting genotypes of  both annual
and perennial grasses have shown different degrees of
success in distinct competitive environments (Bullock,
Mortimer & Begon 1994; Hazard & Ghesquiere 1995;
Finck & Mundt 1996; Huel & Huel 1996). However,
both genotypes expressed considerable phenotypic
plasticity in response to defoliation of interspecific
neighbours.

Ear development occurred earlier and more biomass
was allocated to reproduction in the erect than in the
geniculate genotype. Greater tiller production in genic-
ulate genotypes eventually enabled them to produce
slightly more ears, but the ears of the erect type were
heavier and more of  the seeds were fully developed.
A greater commitment to reproductive effort would
probably pre-adapt the erect genotype to greater fitness
in dense grasslands characterized by intense competi-
tion for resources. The extended vegetative growth
phase of the geniculate genotype would have an advan-
tage only in intensively grazed grasslands character-
ized by less competition, where the period of available
soil moisture for growth and seed filling is extended.
However, both genotypes were capable of extending
the period of  reproduction following severe clipping.
In all but the most extreme clipping treatments, the
number of emerged spikelets per plant did not differ
between genotypes, but the number of full seed and ear
weight were significantly greater in plants of the erect
compared with the geniculate genotype.

A prostrate or geniculate growth form, with low tiller
height and angles, obviously confers greater structural
grazing avoidance (Briske 1996) by reducing the
amount of photosynthetic and meristematic tissue
removed at a given grazing height (Hodgkinson et al.
1989). It is less obvious whether prostrate genotypes
also possess greater grazing tolerance, i.e. greater
capacity for regrowth after a given intensity of defoli-
ation (Briske 1996). In this experiment we were able to
evaluate the relative expression of herbivory tolerance,
because all tillers were clipped to a constant length
(1 cm), rather than a constant height, thus negating the
expression of structural grazing avoidance in the genic-
ulate genotype. Following a severe clipping during the
vegetative growth phase there were differences in
regrowth tiller dynamics between the two genotypes,
but the final effect on reproductive biomass and fitness
was negligible. The second clipping, during the repro-
ductive phase, severely reduced plant survival, bio-
mass, seed production and fitness in both genotypes.
Among plants that survived and regrew, those of the
erect type actually produced more reproductive tillers,
but the regrowth ears of the geniculate type compen-
sated with a greater number and weight of spikelets.
Plants of  the geniculate genotype may have possessed

a greater number of  juvenile tillers at various stages
of development that were immediately available to
replace the damaged reproductive tillers. On the other
hand, stronger apical dominance in plants of the erect
genotype may have required a greater time interval for
the development of  replacement tillers (Olson &
Richards 1988; Pierson, Mack & Black 1990).

The imposition of two intensive clippings signific-
antly reduced and negated the advantage of the erect
genotype in reproductive biomass per plant compared
with the geniculate genotype. Thus, the more equitable
pattern of meristem activation and resource allocation
among tillers in plants of the geniculate genotype pro-
vided them with an advantage over the erect geno-
type in production of reproductive biomass following
intense late season grazing. Although the effect was
significant for biomass, but not for seed number, it indic-
ates a greater expression of grazing tolerance in the
geniculate genotype, in addition to the greater grazing
avoidance naturally associated with the decumbent
growth form. Greater grazing tolerance in plants that
possess a larger number of active meristems following
defoliation conforms to the ‘meristem model’ of her-
bivory tolerance (Briske & Richards 1995).



We conclude from this extensive data set that the direct,
detrimental, effect of  late season grazing on plant
fitness is the primary mechanism contributing to the
decline in wild wheat populations in response to
intensive livestock grazing. Wheat plants exhibited
substantial grazing tolerance to defoliation early in the
growing season to minimize the detrimental conse-
quences to fitness. The indirect grazing effect of mulch
removal had a stimulatory, rather than a detrimental,
effect on wild wheat, so it is unlikely to contribute to a
decline in wild wheat abundance. Two distinct mechan-
isms contribute to the population persistence of wild
wheat in grazed systems, in addition to refuges pro-
vided by rocks on the soil surface. The reduction of
interspecific competition associated with non-selective
grazing in the vegetative growth phase effectively
negated the direct detrimental effects of grazing on
wheat plants. A potentially more important persistence
mechanism is an increase in the relative abundance of
geniculate wheat genotypes, which possess both greater
grazing avoidance and tolerance than the erect geno-
types in intensively grazed communities.

  

The conclusions from this series of manipulative experi-
ments strengthen the recommendations for sustainable
grazing management of wild wheat populations that
were based on an actual grazing experiment (Noy-Meir
& Briske 1996). Grazing of plant remnants during the
dry season and grazing during the vegetative phase can
be quite intensive without endangering the persistence
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of wild wheat populations. However, in the case of
intensive grazing, a reduction of grazing intensity or
deferment of grazing during the last 4–6 weeks of the
reproductive phase is necessary to ensure viable seed
production at a rate sufficient for population persistence.

These data also possess broader implications for
the selection and development of  genetic materials
for both wild and domestic wheat. The occurrence
of  similar defoliation responses between wild wheat
populations and those reported for domesticated
wheat indicate that morphological and physiological
mechanisms have not been fundamentally altered by
thousands of years of divergent selection. However, we
did find substantial quantitative differences between
genotypes of T. dicoccoides in their response to com-
petition and defoliation that may be utilized in the
selection and development of genetic materials. The
domestication of cereals for grain production has often
been associated with an increase in apical dominance
and a reduction in secondary tiller development
(Doebley, Stec & Hubbard 1997) and in grazing toler-
ance (Waisel 1987) compared with the wild ancestors.
We found that the erect genotype expressed these traits
to a similar extent as domestic wheat cultivars, while
the geniculate genotype expressed greater tillering and
defoliation tolerance. These latter traits may be of
value in the development of cereal cultivars for forage
or for dual-purpose forage and grain production.

Acknowledgements

We thank Michal Ramati-Amitai, Mark Rubin and
Judith Canetti for efficient technical assistance in both
the field and laboratory and two anonymous referees
for constructive comments on the manuscript. The
research was supported by a grant from the US-Israel
Binational Science Foundation (89–14/1), which is
gratefully acknowledged.

References

Aaronsohn, A. (1909) Contribution à l’histoire des céréales.
Le blé, l’orge et le seigle à l’état sauvage. Bulletin Sociéte
Botanique France, 56, 196–203, 237–245, 251–258.

Aarssen, L. (1995) Hypotheses for the evolution of apical
dominance in plants: implications for the interpretation of
overcompensation. Oikos, 74, 149–156.

Anderson, V.J. & Briske, D.D. (1995) Herbivore-induced
species replacement in grasslands: is it driven by herbivory
avoidance or tolerance? Ecological Applications, 5, 1014–1024.

Archer, S.R. & Tieszen, L.T. (1986) Plant response to defoli-
ation: hierarchical considerations. Grazing Research at
Northern Latitudes (ed. O. Gudmundsson), pp. 45–59.
Plenum Press, New York, NY.

Augustine, D.J. & McNaughton, S.J. (1998) Ungulate effects
on the functional species composition of plant commun-
ities: herbivore selectivity and plant tolerance. Journal of
Wildlife Management, 62, 1165–1183.

Ballare, C.L., Sanchez, R.A., Scopel, A.L., Casal, J.J. &
Ghersa, C.M. (1987) Early detection of neighbour plants
by phytochrome perception of spectral changes in reflected
sunlight. Plant, Cell and Environment, 10, 551–557.

Bartolome, J.W., Stroud, M.C. & Heady, H.F. (1980) Influ-
ence of natural mulch on forage production on differing
California annual range sites. Journal of Range Manage-
ment, 33, 4–8.

Bastrenta, B., Lebreton, J.D. & Thompson, J.D. (1995)
Predicting demographic change in response to herbivory: a
model of the effects of grazing and annual variation on the
population dynamics of Anthyllis vulneraria. Journal of
Ecology, 83, 603–611.

Belsky, A.J. (1986) Does herbivory benefit plants? A review of
the evidence. American Naturalist, 127, 870–892.

Bockus, W.W. & Shroyer, J.P. (1996) Effect of seed size on
seedling vigor and forage production of winter wheat.
Canadian Journal of Plant Science, 76, 101–105.

Bonachela, S., Orgaz, F. & Fereres, E. (1995) Winter cereals
grown for grain and for the dual purpose of forage plus
grain. Field Crop Research, 44, 1–11.

Briske, D.D. (1996) Strategies of  plant survival in grazed
systems: a functional interpretation. The Ecology and
Management of  Grazing Systems (eds J. Hodgson &
A.W. Illius), pp. 37–67. CAB International, Wallingford,
UK.

Briske, D.D. & Anderson, V.J. (1992) Competitive ability of
the bunchgrass Schizachyrium scoparium as affected by
grazing history and defoliation. Vegetatio, 193, 41–49.

Briske, D.D. & Butler, J.L. (1989) Density-dependent
regulation of ramet populations within the bunchgrass
Schizachyrium scoparium: interclonal versus intraclonal
interference. Journal of Ecology, 77, 693–974.

Briske, D.D. & Noy-Meir, I. (1998) Plant responses to grazing:
a comparative evaluation of annual and perennial grasses.
Ecological Basis of Livestock Grazing in Mediterranean
Ecosystems (eds V.P. Papanastasis & D. Peter), pp. 13–26.
Proceedings of European Union Workshop, Thessaloniki,
Greece. Official Publication of the European Community,
Luxembourg.

Briske, D.D. & Richards, J.H. (1995) Plant responses to
defoliation: a physiologic, morphologic and demographic
evaluation. Wildland Plants: Physiological Ecology and
Developmental Morphology (eds D.J. Bedunah & S.E.
Sosebee), pp. 635–710. Society for Range Management,
Denver, CO.

Briske, D.D. & Wilson, A.M. (1978) Moisture and tempera-
ture requirements for adventitious root development in
blue grama seedlings. Journal of Range Management, 31,
359–361.

Bullock, J.M., Clear Hill, B. & Silvertown, J. (1994a) Demog-
raphy of Cirsium vulgare in a grazing experiment. Journal of
Ecology, 82, 101–111.

Bullock, J.M., Clear Hill, B. & Silvertown, J. (1994b) Tiller
dynamics of two grasses: responses to grazing, density and
weather. Journal of Ecology, 82, 331–340.

Bullock, J.M., Mortimer, A.M. & Begon, M. (1994) The effect
of clipping and interclonal competition in the grass Holcus
lanatus – a response surface analysis. Journal of Ecology,
82, 259–270.

Carman, J.G. & Briske, D.D. (1985) Morphologic and alloz-
ymic variation between long-term grazed and non-grazed
populations of the bunchgrass Schizachyrium scoparium
var. frequens. Oecologia, 66, 332–337.

Casal, J.J. (1988) Light quality effects on the appearance
of tillers of different order in wheat (Triticum aestivum).
Annals of Applied Biology, 112, 167–173.

Del Moral, M.B.G. & Del Moral, L.F.G. (1995) Tiller pro-
duction and survival in relation to grain yield in winter and
spring barley. Field Crops Research, 44, 85–93.

Derner, J.D. & Briske, D.D. (1999) Intraclonal regulation in a
perennial caespitose grass: a field evaluation of above- and
below-ground resource availability. Journal of Ecology, 87,
737–747.



277
Response of wild 
wheat populations 
to grazing

© 2002 British 
Ecological Society, 
Journal of Applied 
Ecology, 39,
259–278

Detling, J.K. & Painter, E.L. (1983) Defoliation responses of
western wheatgrass populations with diverse histories of
prairie dog grazing. Oecologia, 57, 65–71.

Doebley, J., Stec, A. & Hubbard, L. (1997) The evolution of
apical dominance in maize. Nature, 386, 485–488.

Ehrlén, J. (1995) Demography of the perennial herb Lathyrus
vernus. I. Herbivory and individual performance. Journal
of Ecology, 83, 287–295.

Ellison, L. (1960) Influence of grazing on plant succession in
rangelands. Botanical Review, 26, 1–78.

Facelli, J.M. & Pickett, S.T.A. (1991) Plant litter: its dynamics
and effects on plant community structure. Botanical
Review, 57, 1–32.

Finck, M.R. & Mundt, C.C. (1996) Temporal dynamics of
plant competition in genetically diverse wheat populations
in the presence and absence of stripe rust. Journal of Applied
Ecology, 33, 1041–1052.

Foster, B.L. & Gross, K.L. (1998) Species richness in a
successional grassland: effects of nitrogen enrichment and
plant litter. Ecology, 79, 2593–2602.

Fowler, N.I. (1988) What is a safe site: neighbour, litter, ger-
mination data and patch effects. Ecology, 69, 947–961.

Gautier, H., Varlet-Grancher, C. & Hazard, L. (1999) Tiller-
ing responses to the light environment and to defoliation in
populations of perennial ryegrass (Lolium perenne L.)
selected for contrasting leaf length. Annals of Botany, 83,
423–429.

Gooding, M.J., Cosser, N.D., Thompson, A.J. & Davies, W.P.
(1998) Sheep grazing and defoliation of contrasting varie-
ties of organically grown winter wheat with and without
undersowing. Grass and Forage Science, 53, 76–87.

Gutman, M., Noy-Meir, I., Pluda, D., Seligman, N., Roth-
man, S. & Sternberg, M. (2001) Biomass partitioning fol-
lowing defoliation of annual and perennial Mediterranean
grasses. Conservation Ecology, 5(2), 1 (online).  http://
www.consecol.org/vol5/iss2/art1.

Harlan, J.R. & Zohary, D. (1966) Distribution of wild wheats
and barley. Science, 153, 1074–1080.

Hazard, L. & Ghesquiere, M. (1995) Evidence from the use of
isozyme markers of competition in swards between short-
leaved and long-leaved perennial ryegrass. Grass and Forage
Science, 50, 241–248.

Hendon, B.C. & Briske, D.D. (1997) Demographic evaluation
of a herbivory-sensitive perennial bunchgrass: does it pos-
sess an Achilles heel? Oikos, 80, 8–17.

Hill, M.J. & Watkin, B.R. (1975) Seed production studies on
perennial ryegrass, timothy and prairie grass. I. Effect of
tiller age on tiller survival, ear emergence and seedhead
components. Journal of British Grassland Society, 30, 63–
71.

Hodgkinson, K.C., Ludlow, M.M., Mott, J.J. & Baruch, Z.
(1989) Comparative responses of the savanna grasses
Cenchrus ciliaris and Themeda triandra to defoliation.
Oecologia, 79, 45–52.

Horovitz, A. (1998) The soil seed bank of wild emmer. Pro-
ceedings of the International Symposium on In Situ Conser-
vation of Plant Genetic Diversity (eds N. Zencirci, Z. Kaya,
A. Anikster & W.T. Adams), pp. 185–188. Central Research
Institute for Field Crops, Ankara, Turkey.

Huel, D.G. & Huel, P. (1996) Genotypic variation for com-
petitive ability in spring wheat. Plant Breeding, 115, 325–329.

Hunt, P.G., Kasperbauer, M.J. & Matheny, T.A. (1989) Soy-
bean seedling growth responses to light reflected from dif-
ferent colored soil surfaces. Crop Science, 289, 130–133.

Kasperbauer, M.J. (1999) Cotton seedling root growth
responses to light reflected to the shoots from straw-
covered versus bare soil. Crop Science, 39, 164–167.

Kasperbauer, M.J. & Hunt, P.G. (1987) Soil color and surface
residue effects on seedling light environment. Plant and
Soil, 97, 295–298.

Kasperbauer, M.J. & Karlen, D.L. (1986) Light-mediated
bioregulation of tillering and photosynthate partitioning in
wheat. Physiologia Plantarum, 66, 159–168.

Kays, S. & Harper, J.L. (1974) The regulation of plant and
tiller density in a grass sward. Journal of Ecology, 62, 97–
105.

Kidson, R. & Westoby, M. (2000) Seed mass and seedling
dimensions in relation to seedling establishment. Oecolo-
gia, 125, 11–17.

Knapp, A.K. & Seastedt, T.R. (1986) Detritus accumulation
limits productivity in tallgrass prairie. Bioscience, 36, 662–
668.

Knapp, A.K., Briggs, J.M., Blair, J.M. & Turner, C.L. (1998)
Patterns and controls of aboveground net primary produc-
tion in tallgrass prairie. Grassland Dynamics: Long-Term
Ecological Research in Tallgrass Prairie (eds A.K. Knapp,
J.M. Briggs, D.C. Hartnett & S.C. Collins), pp. 193–221.
Oxford University Press, New York, NY.

McNaughton, S.J. (1979) Grazing as an optimization process:
grass–ungulate relationships in the Serengeti. American
Naturalist, 113, 691–703.

McNaughton, S.J. (1983) Compensatory plant growth as a
response to herbivory. Oikos, 40, 159–169.

Masoni, A., Ercoli, L., Mariotti, M. & Barberi, P. (1994)
Changes in spectral properties of ageing and senescing
maize and sunflower leaves. Physiologia Plantarum, 91,
334–338.

Milchunas, D.G., Sala, O.E. & Lauenroth, W.K. (1988) A gen-
eralized model of the effects of grazing by large herbivores
on grassland community structure. American Naturalist,
130, 168–198.

Murphy, J.S. & Briske, D.D. (1992) Regulation of tillering by
apical dominance: chronology, interpretive value, and cur-
rent perspectives. Journal of Range Management, 45, 419–
429.

Mutikainen, P., Walls, M. & Ojala, A. (1993) Effects of sim-
ulated herbivory on tillering in an annual ryegrass, Lolium
remotum. Oecologia, 95, 54–60.

Noy-Meir, I. (1975) Stability of grazing systems: an application
of predator–prey graphs. Journal of Ecology, 63, 459–481.

Noy-Meir, I. (1978) Grazing and production in seasonal pas-
tures: analysis of  a simple model. Journal of Applied
Ecology, 15, 809–835.

Noy-Meir, I. (1990) The effects of grazing on the abundance
of wild wheat, barley and oat. Biological Conservation, 51,
299–310.

Noy-Meir, I. (1996) The spatial dimensions of  plant–
herbivore interactions. Rangelands in a Sustainable Bio-
sphere (ed. N.E. West), pp. 152–154. Proceedings of the
Fifth International Rangeland Congress. Society for Range
Management, Denver, CO.

Noy-Meir, I. (2001) Ecology of wild emmer wheat in Medi-
terranean grassland in Galilee. Israel Journal of Plant Sci-
ences, 49, S43–52.

Noy-Meir, I. & Briske, D.D. (1996) Fitness components
of grazing-induced population reduction in a dominant
annual, Triticum dicoccoides (wild wheat). Journal of Eco-
logy, 84, 439–448.

Noy-Meir, I. & Seligman, N.G. (1979) Management of semi-
arid ecosystems in Israel. Management of Semiarid Ecosys-
tems (ed. B.H. Walker), pp. 113–160. Elsevier, Amsterdam,
the Netherlands.

Noy-Meir, I., Agami, M. & Anikster, Y. (1991a) Changes
in the population density of wild emmer wheat (Triticum
turgidum var. dicoccoides) in a Mediterranean grassland.
Israel Journal of Botany, 40, 385–395.

Noy-Meir, I., Agami, M., Cohen, E. & Anikster, Y. (1991b)
Floristic and ecological differentiation of  habitats within
a wild wheat population at Ammiad. Israel Journal of
Botany, 40, 363–384.



278
I. Noy-Meir & 
D.D. Briske

© 2002 British 
Ecological Society, 
Journal of Applied 
Ecology, 39,
259–278

Noy-Meir, I., Gutman, M. & Kaplan, Y. (1989) Responses of
Mediterranean grassland plants to grazing and protection.
Journal of Ecology, 77, 290–310.

O’Connor, T.G. (1996) Hierarchical control over seedling
recruitment of the bunch-grass Themeda triandra in a semi-
arid savanna. Journal of Applied Ecology, 33, 1094–1106.

Olson, B.E. & Richards, J.H. (1988) Tussock regrowth after
grazing: intercalary meristem and axillary bud activity of
Agropyron desertorum. Oikos, 51, 374–382.

Ong, C.K., Marshall, C. & Sagar, G.R. (1978) The physiology
of tiller death in grasses. II. Causes of tiller death in a grass
sward. Journal of the British Grassland Society, 33, 205–211.

Perevolotsky, A. & Seligman, N.G. (1998) Role of  grazing
in Mediterranean rangeland ecosystems. Bioscience, 48,
1007–1017.

Poyarkova, H., Gerechter-Amitai, Z.K. & Genizi, A. (1991)
Two variants of wild emmer (Triticum dicoccoides) native to
Israel: morphology and distribution. Canadian Journal of
Botany, 69, 2772–2789.

Pierson, E.A., Mack, R.N. & Black, R.A. (1990) The effect of
shading on photosynthesis, growth, and regrowth following
defoliation for Bromus tectorum. Oecologia, 84, 534–543.

Ramos, J.M., Del Moral, L.F.G., Boujenna, A., Serra, J., Insa,
J.A. & Royo, C. (1996) Grain yield, biomass and leaf area of
triticale in response to sowing date and cutting stage in
three contrasting Mediterranean environments. Journal of
Agricultural Science, 126, 253–258.

Redmon, L.A., Krenzer, E.G., Bernardo, D.J. & Horn, G.W.
(1996) Effect of  wheat morphological stage at grazing
termination on economic return. Agronomy Journal, 88,
94–97.

Richards, J.H., Mueller, R.J. & Mott, J.J. (1988) Tillering in
tussock grasses in relation to defoliation and apical meris-
tem removal. Annals of Botany, 62, 173–179.

Royo, C. (1997) Grain yield and yield components as affected
by forage removal in winter and spring triticale. Grass and
Forage Science, 52, 63–72.

Royo, C. (1999) Plant recovery and grain-yield formation in
barley and triticale following forage removal at two cutting
stages. Journal of Agronomy and Crop Science, 182, 175–183.

Seastedt, T.R. & Knapp, A.K. (1993) Consequences of non-
equilibrium resource availability across multiple time
scales: the transient maxima hypothesis. American Natural-
ist, 141, 621–633.

Seligman, N.G. & Gutman, M. (1979) Cattle and vegetation
responses to management of Mediterranean rangeland in
Israel. Proceedings of First International Rangeland Con-
gress (ed. D.N. Hyder), pp. 616–618. Society for Range
Management, Denver, CO.

Sheppard, A.W., Smyth, M.J. & Swirepik, A. (2001) The
impact of a root-crown weevil, Mogulones larvatus, and
pasture competition on the winter annual Echium plantag-
ineum. Journal of Applied Ecology, 38, 291–300.

Skinner, R.H. & Simmons, S.R. (1993) Modulation of leaf
elongation, tiller appearance and tiller senescence in spring
barley by far-red light. Plant, Cell and Environment, 16,
555–562.

Smith, B.D. (1995) The Emergence of Agriculture. Scientific
American Library, New York, NY.

Stechman, J.V. & Laude, H.M. (1962) Reproductive poten-
tial of four annual range grasses as influenced by season of
clipping or grazing. Journal of Range Management, 15, 98–
103.

Waisel, Y. (1987) Evolution of erect growth forms in domes-
ticated wheats: possible effects of grazing. Oecologia, 73,
630–632.

Whittaker, R.H. (1977) Animal effects on plant species diver-
sity. Vegetation and Fauna (ed. R. Tüxen), pp. 409–425.
Bericht des Internationalen Symposium Rinteln. J.
Cramer, Vaduz, Lichtenstein.

Wraith, J.M., Johnson, D.A., Hanks, R.J. & Sisson, D.V.
(1987) Soil and plant water relations in a crested wheatgrass
pasture: response to spring grazing by cattle. Oecologia, 73,
573–578.

Young, W.C., Chilcote, D.O. & Youngberg, H.W. (1996)
Annual ryegrass seed yield response to grazing during early
stem elongation. Agronomy Journal, 88, 211–215.

Zohary, D. & Brick, Z. (1961) Triticum dicoccoides in Israel:
notes on its distribution, ecology and natural hybridization.
Wheat Information Service, 13, 6–8.

Zohary, D. & Hopf, M. (1988) Domestication of Plants in the
Old World. Oxford University Press, Oxford, UK.

Zohary, M. & Feinbrun-Dothan, N. (1966–86) Flora Palaes-
tina. I-IV. Israel Academy of Sciences and Humanities,
Jerusalem, Israel.

Received 11 September 2000; final copy received 4 December
2001


