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Summary

� During the origin of agriculture in the Fertile Crescent, the broad spectrum of wild plant

species exploited by hunter-gatherers narrowed dramatically. The mechanisms responsible for

this specialization and the associated domestication of plants are intensely debated. We inves-

tigated why some species were domesticated rather than others, and which traits they shared.
� We tested whether the progenitors of cereal and pulse crops, grown individually, produced

a higher yield and less chaff than other wild grasses and legumes, thereby maximizing the

return per seed planted and minimizing processing time. We compared harvest traits of spe-

cies originating from the Fertile Crescent, including those for which there is archaeological evi-

dence of deliberate collection.
� Unexpectedly, wild crop progenitors in both families had neither higher grain yield nor, in

grasses, less chaff, although they did have larger seeds. Moreover, small-seeded grasses actu-

ally returned a higher yield relative to the mass of seeds sown. However, cereal progenitors

had threefold fewer seeds per plant, representing a major difference in how seeds are pack-

aged on plants.
� These data suggest that there was no intrinsic yield advantage to adopting large-seeded

progenitor species as crops. Explaining why Neolithic agriculture was founded on these spe-

cies, therefore, remains an important unresolved challenge.

Introduction

The Neolithic transition from a hunter-gatherer lifestyle to an
agriculture-based existence c. 10 000 yr ago was a transformative
event in human history. In one of the best-documented centres
of agricultural origins, the Fertile Crescent, archaeobotanical evi-
dence indicates that the change to agricultural subsistence was
associated with a significant narrowing of the spectrum of
exploited species (Weiss et al., 2004; Willcox et al., 2008). Out of
the dozens of wild species that were collected, processed and
stored by hunter-gatherers (Weiss et al., 2004; Savard et al.,
2006; Willcox et al., 2008), there are eight confirmed Neolithic
founder crops, seven of which are cereals and pulses (einkorn and
emmer wheat, barley, chickpea, pea, lentil and bitter vetch), plus
flax (Zohary et al., 2012). Previous work raised the possibility
that further wild species may have been domesticated in the Fer-
tile Crescent at this time, including a two-grained type of einkorn
(thought to be derived from Triticum boeoticum ssp. thaoudar or
Triticum urartu; van Zeist, 1999) and a separate variant of
emmer (possibly derived from Triticum araraticum; Jones et al.,
2000), both of which are no longer cultivated. Early

domestication of rye has also been suggested (Hillman, 1978)
although this claim is contentious (Colledge & Conolly, 2010).
The quality of the archaeobotanical evidence relating to these
suggested early domestication events has been debated by Fuller
et al. (2012b) and Abbo et al. (2013). Certainly, by later prehis-
toric periods, both rye and oats were domesticated (Zohary et al.,
2012). Even if these plants were domesticated early, they still
remain a small proportion of the available plant species. The
mechanisms responsible for why certain plant species were
domesticated and others were not are currently debated.

One explanation for why certain species were adopted as crops
is grounded in optimal foraging theory, where foragers rank food
items according to their energetic value relative to harvesting and
processing costs (Smith, 1983; Stephens & Krebs, 1986; Parker
& Maynard Smith, 1990). For traits commonly measured in
experimental situations, total seed mass may act as a proxy for
energetic value, and the quantity of chaff may relate to processing
time. In this case, we would expect crop progenitors to be high-
yielding with little chaff, as these traits are predicted to increase
energetic value and decrease processing costs. Recently, propo-
nents of optimal foraging theory have strongly encouraged
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researchers studying the origins of agriculture to embrace meth-
ods grounded in evolutionary theory, and to use these methods
to describe regional scale patterns (Gremillion et al., 2014a).
However, this has provoked intense debate among those who
believe that optimal foraging theory has failed to prove itself a
useful tool for understanding the development of agriculture
(Smith, 2014; Zeder, 2014; and see also Gremillion et al., 2014b,
c).

Alternatively, crop progenitors may have been ranked lower in
terms of energetic return, and additional pressures linked to
demography or climate forced people to select these species
despite lower energetic returns (Winterhalder & Kennett, 2006).
In debates concerning the origins of agriculture in the Fertile
Crescent, it has been argued by some researchers (e.g. Abbo et al.,
2010a) that crop species were chosen and domesticated deliber-
ately during a rapid and localized event, while others argue for a
protracted transition to agriculture occurring over a wide geo-
graphic range (e.g. Fuller et al., 2012a). Regardless of how crop
progenitors were selected, long-term interactions between
humans and plants have led to changes in both. This process can
be described in terms of niche construction theory (Smith, 2011;
Zeder, 2012), whereby people engineered the environment to
increase the abundance of species that were highly valued; or as a
coevolutionary relationship between people and the species that
responded positively to exploitation (Rindos, 1984; Fuller et al.,
2010).

Central questions in this field, therefore, are: why were certain
species domesticated while others were not; and what selective
pressures drove the domestication process? These can be
addressed using a comparative approach by looking for traits that
differ between those species that were ultimately domesticated
and other wild species. Fertile Crescent cereal crop progenitors
generally have large seeds relative to most of the other wild grasses
(whether annual or perennial) that grow in the region (Blumler,
1998; Kluyver, 2013). This observation has led previous authors
to hypothesize that large-seeded plants are preferred over
small-seeded ones because they give a greater harvestable yield
(Ladizinsky, 1975; Evans, 1993; Bar-Yosef, 1998); have a higher
ratio of grain to chaff, leading to a greater processing efficiency
(Harlan, 1967); and/or are advantageous when planted in
cultivated fields, as they better survive deeper burial and soil
disturbance (Harlan et al., 1973; Fuller et al., 2010).

General ecological comparisons across multiple wild species
show that large-seeded species typically have a higher biomass at
maturity, and greater total reproductive output than small-seeded
species (Stougaard & Xue, 2004; Rees & Venable, 2007). How-
ever, to date, there have been very few analyses of yield compar-
ing Fertile Crescent crop progenitors with other wild plants
thought to have been collected as a food source before agriculture
(Harlan, 1967; Ladizinsky, 1975; Abbo et al., 2011), and studies
often include only one or two species. A comparison across nine
grass species from the Fertile Crescent showed that cereal crop
progenitors had the potential to produce a higher yield than other
wild grasses, but did not measure grain yield at maturity (Cunniff
et al., 2014). If this result proves to be general across all Fertile
Crescent seed crop progenitors, it provides a mechanism for why

large-seeded species could have been considered high-value food
items.

Here, we address the key question of whether crop progenitors
are higher yielding than other wild species in the Fertile Crescent
that could have become crops but never did. We report a com-
parative screening experiment of wild plants from the Fertile
Crescent, which represents a significant advance on previous
work in two important respects. First, where possible, we sample
wild plants for which there is archaeological evidence of purpose-
ful gathering during the time period of earliest cultivation in this
region, or plants from genera that are well represented on early
archaeological sites. These include the wild progenitors of the
earliest domesticates. Second, we consider both wild grasses and
wild legumes and, for both families, we include species with a
range of seed sizes. We hypothesize that cereal and pulse crop
progenitors have: higher seed yield because they produce larger
plants or have greater allocation to reproduction, and greater
allocation to seeds relative to chaff, than other wild species that
were available during the transition to cultivation but were never
adopted as crops.

Materials and Methods

Plant material

Two yield experiments were established, one in summer 2011
and one in summer 2013, using 24 grass species and 19 legume
species in total, and between one and five accessions per species
(Supporting Information Tables S1, S2). We included the pro-
genitors of all the cereal and pulse crops known with certainty to
have been domesticated at early sites in the Fertile Crescent
which comprised barley (Hordeum vulgare ssp. spontaneum), ein-
korn wheat (Triticum monococcum ssp. aegilopoides), emmer
wheat (Triticum turgidum ssp. dicoccoides), lentil (Lens culinaris
ssp. orientalis), chickpea (Cicer reticulatum), pea (Pisum sativum
ssp. elatius var. pumilio) and bitter vetch (Vicia ervilia). These
species were compared with a range of other wild grass and
legume species that were never domesticated, including those for
which archaeobotanical evidence suggests purposeful gathering
and/or storage in Neolithic settlements. We also considered spe-
cies that archaeobotanical evidence suggests may have been
domesticated in the Fertile Crescent, but are no longer cultivated
(T. araraticum, of which Triticum timopheevi is the domesticated
form, and T. urartu). Finally, we considered Secale vavilovii, a
species for which the evidence of early domestication in the Fer-
tile Crescent is equivocal, but which was certainly domesticated
later (as S. cereale).

The full list of wild species was selected from a database com-
piled at the University of Sheffield, which collates all published,
and some unpublished, archaeobotanical samples from Late Epi-
palaeolithic and Pre-Pottery Neolithic sites throughout western
Asia, building on an earlier site-by-site database (Connolly &
Shennan, 2007). It incorporates over 3000 discrete archaeobo-
tanical samples from 71 archaeological sites, and allowed us to
identify the taxa at these sites to the lowest taxonomic level possi-
ble (sample ubiquity shown in Tables S3, S4). The archaeological
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context of each sample is recorded in the database, which allows
identification of in situ storage in some cases. When archaeobo-
tanical identifications exist only at the level of genus, an appropri-
ate species (based on occurrence in the study region) was selected.

Species were obtained as seed from the National Plant
Germplasm System (United States Department of Agriculture,
Beltsville, MD, USA), the John Innes Centre Germplasm
Resources Unit (Norwich, UK), the Millennium Seed Bank
(Kew Gardens, Wakehurst Place, UK) and IPK Gatersleben
Genebank (Stadt Seeland, Germany) using accessions collected
predominantly from western Asia, including the Fertile Crescent.
For grasses, two comparisons were made: one using a conservative
list of crop progenitors, with T. araraticum, T. urartu and
S. vavilovii included in the nonprogenitor category, and a second
comparison where these three species were included in the crop
progenitor group (labelled on figures as putative crop progeni-
tors). Note also that T. araraticum and T. urartu were only
included in the 2013 experiment. There is also some debate over
the progenitor of domesticated pea, with the literature naming
both P. sativum ssp. elatius and P. sativum ssp. elatius var. pumilio
(Smykal et al., 2011; Zohary et al., 2012). Thus, both are
included as progenitors in this study.

Growth conditions

In each of the two yield experiments, the fresh mass of individual
seeds was measured before planting, after the removal of outer
glumes, where necessary. Legumes were scarified with sandpaper
before sowing, to break dormancy. Seeds were germinated during
April 2011 and March 2013, in trays containing plastic inserts
with a 1 : 1 mixture of John Innes no. 2 compost (LBS Garden
Warehouse, Colne, UK) and Chelford 52 washed sand (Sibelco
UK Ltd, Sandbach, UK). The growth medium was saturated
with water, and seeds were placed in rows to enable individuals
to be identified throughout germination.

Trays were placed in a controlled-environment growth cabi-
net (Conviron BDW 40, Conviron, Winnipeg, MB, Canada)
with conditions set to approximate the growing season for win-
ter annuals in the Fertile Crescent. Temperature was set to
20 : 10°C, day : night, an 8 h photoperiod and a photosynthetic
photon flux density (PPFD) of 300 lmol m�2 s�1. Following
germination, when seedlings reached the two-leaf stage, they
were transferred to a second cabinet at a constant temperature of
4°C (with the same light regime) for a 6–8 wk vernalization
treatment to stimulate flowering. Once vernalization was com-
pleted, in July 2011 and July 2013, plants were moved to a
glasshouse (Arthur Willis Environment Centre, University of
Sheffield, UK) and individuals were transferred into 11 l square
pots (209 209 25 cm), again with a 1 : 1 mixture of John
Innes no. 2 compost and Chelford 52 washed sand. These large
pots greatly exceeded the recommended minimum soil volume
(1 l for each 2 g of dry plant mass) required to avoid restriction
of root growth in comparative experiments (Poorter et al.,
2012). The temperature was maintained at 24 : 15°C, day : night,
and the glasshouse was naturally sunlit during the high-light con-
ditions of summertime.

Experimental design

The experiment in 2011 was split between three glasshouse
rooms, with a randomized block design and 20 blocks in total
(six or seven blocks per room). Each block contained one individ-
ual of each species where possible. Plants were watered three
times per week and given Long Ashton nutrient solution (50%
concentration) at two points during the growing period. Plant
mortality and flowering were tracked during the experiment,
focusing on the first flowering date. Whilst the vast majority of
species can self-pollinate, the two Secale species (S. strictum and
S. vavilovii) are self-incompatible, and cross-pollination was
therefore carried out manually using a paintbrush. Seeds were
allowed to develop to maturity and, to prevent dispersal of wild
grass seed (through natural shattering of the brittle rachis), trans-
lucent, cellophane crossing bags (Focus Packaging and Design
Ltd, Worlaby, UK) were used on a subset of spikes (> five per
plant) for each plant. For wild legume species, seeds were har-
vested as soon as they were ripe (before shattering). For the exper-
iment in 2013, two glasshouse rooms were used, again with a
randomized block design and 10 blocks in total, with one
individual of each species per block. All other aspects of the
experimental setup were the same as in the first experiment.

Trait measurements

In the first experiment, when plants reached maturity, after
2 months of growth in September 2011, maximum total plant
height for grasses was measured, with the plant fully extended.
For legumes, the longest shoot length was measured, again fully
extended. Also at this time, tiller number was counted for all
grass species, and then above-ground biomass was harvested, and
divided into vegetative and reproductive tissues. The harvested
biomass was oven-dried at 40°C for 3 d before weighing. The
components of seed yield were assessed by measuring the number
of seeds and mean seed size for a subset of the spikes/pods of each
plant. The total number of spikes or pods per plant was also
counted and used to calculate the total seed mass per plant (mean
mass of seed per spike or pod9 number of spikes or pods),
referred to as the total seed yield. Also measured for grasses were
the mass of seeds per spike, the seed number per spike, the num-
ber of spikes per plant, and the mass of chaff per seed (shown as a
percentage of the unthreshed grain). Time to flowering is
reported as the Julian date of first flower. We distinguish between
individual seed mass at the time of sowing (hereafter simply
called individual seed mass), and individual seed mass at harvest,
which is the mean individual mass of seeds produced by each
plant at the end of the experiment. In the second experiment,
seed yield and total above-ground biomass were measured using
the same methods.

Phylogeny

Comparisons between the species were performed in a phyloge-
netic context (see the following section on statistical analyses).
This approach was taken in order to account for the
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nonindependence of related species without relying on taxo-
nomic classifications of species. This is because taxonomy does
not always follow phylogenetic relationships, meaning that a
comparative analysis based on genus would have been inappro-
priate in some cases. In particular, in the grasses, phylogenetic
analyses have revealed that the Triticum and Aegilops species can-
not be distinguished at the genus level, with one branch of the
phylogenetic tree including Aegilops speltoides, T. araraticum and
T. dicoccoides, and another containing Aegilops crassa,
Aegilops tauschii, T. urartu and T. monococcum ssp. aegilopoides
(Petersen et al., 2006; Marcussen et al., 2014). In the legumes
there is a similar situation with V. ervilia, which comprises a sister
group to other Vicia species (Oskoueiyan et al., 2010). These
relationships were confirmed by our phylogenies.

In order to apply these approaches, separate phylogenetic trees
were constructed for the grasses and legumes (Figs S1, S2). For
legumes, the phylogeny was based on the plastid marker
trnKmatK and, for grasses, on the plastid markers ndhF and
trnKmatK. Sequences were first retrieved from GenBank for the
species of interest and a number of closely related species not used
in the screening experiments. For species not available in Gen-
Bank, genomic DNA was isolated using the DNeasy Plant Mini
Kit (Qiagen). The plastid markers were then PCR-amplified and
sequenced using published protocols and primers, following
Christin et al. (2011) for legumes and the Grass Phylogeny
Working Group II (2012) for grasses. The markers were then
independently aligned for the grasses and legumes using
MUSCLE (Edgar, 2004), and the alignments were manually
refined. These sequence data have been submitted to GenBank
under the accession numbers KM487280–KM487296. Ultra-
metric phylogenetic trees were then obtained through Bayesian
inference as implemented in BEAST (Bayesian evolutionary
analysis by sampling trees; Drummond & Rambaut, 2007). The
substitution model was set to a GTR +G + I, without partition.
A relaxed log-normal molecular clock was used, with a Yule spe-
ciation prior. The age of the root of each tree was set to an arbi-
trary value of 10. The tree was rooted by forcing the monophyly
of both the outgroup and ingroup. For grasses, the outgroup of
the clade of interest (the Pooideae subfamily) is the Nardeae
(Lygeum and Nardus; Grass Phylogeny Working Group II,
2012). For legumes, the subfamily Cesalpinioideae, represented
by Lemuropisum and Pterogyne, was used as the outgroup
(Wojciechowski et al., 2004). For each dataset, two different
analyses were run, each for 10 000 000 generations, sampling a
tree every 1000 generations. Convergence, effective sample size
(ESS), and appropriateness of the burn-in period were assessed
with Tracer (Rambaut & Drummond, 2007). The burn-in
period was set to 1000 000 generations, and the maximum-
probability tree of all 18 000 000 sampled trees was selected. Age
nodes were plotted as medians over the sampled trees.

Statistical analyses

Data were analysed in a phylogenetic context using linear mixed-
effects models in R, using the lmekin function in the coxme pack-
age, and generalized least-squares, using the pgls function in the

caper package. Both methods were used, as each has different
advantages. The lmekin analysis is preferable as it uses all the data
rather than summary statistics (e.g. mean values as in the pgls
analysis). However, inference for mixed models is more compli-
cated and P-values for fixed effects are often too small. We there-
fore also used pgls models applied to the species means, as
statistical inference in this case is more straightforward and the
P-values are more conservative. In all cases, we quote the most con-
servative P-values (usually from the pgls analysis), but calculate
effect sizes from the mixed model. In both models, we estimated
Pagel’s k to account for variation between species not related to
phylogeny. The difference in plant traits between crop progenitors
and other wild species was tested as a fixed effect in both analyses.
The relationship between total yield and individual seed mass was
also tested using the same statistical methods. When data were
combined from the two experiments, an additional random effect
for experiment was included in the mixed model analysis.

An example of the model used in the lmekin analysis is as fol-
lows: lmekin (ln.seed.mass ~ status + (1|species) + (1|experiment),
data = grass, varlist = list (list (spp.var,var.cov.tree))). An example
of the model used in the pgls analysis is as follows: pgls
(ln.yield.g ~ status, data = dat, lambda = ‘ML’). For lmekin analy-
ses on grasses, the number of replicates per species was 11–20 for
traits measured in 2011 only, and nine to 30 for traits measured
in both years. For legumes, the replication was 10–20 for the
2011 data, and nine to 29 for both years. In the pgls model, we
averaged the data for each species over both experiments; there-
fore the number of replicates is equal to the number of species.
For grasses this was 15 in the 2011 experiment and 24 for both
years together, and for legumes this was nine in 2011 and 19 for
both together. There was no significant effect of accession, and
therefore this was not included in the models. Loge transforma-
tions were applied to all variables. All comparisons were tested at
the 0.05 significance level.

Results

Cereal crop progenitors had, on average, larger seeds (individual
seed mass) than the sample of wild grass species that were never
domesticated. This was true for both the conservative list of crop
progenitors (2.7 times larger, 95% CI: 1.4–4.9, P < 0.05) and
the longer list, including possible additional early crop progeni-
tors (3.4 times larger, 95% CI: 2.4–4.8, P < 0.001) (Table 1;
Fig. 1). The same pattern was observed for pulse crop progenitors
and the sample of other wild legume species, although the differ-
ence was nonsignificant (1.1 times larger, ns) (Table 1; Fig. 2).
There was a greater range of individual seed mass amongst the
pulse crop progenitors (Fig. 2).

A comparison of reproductive and vegetative traits between
crop progenitors and other wild plant species showed no differ-
ence in the total seed yield per plant for either grasses or legumes
(Figs 3, 4). When compared across species, total seed yield was
not correlated with individual seed mass for grasses, and there
were two small-seeded grasses that had high total seed yield –
Hordeum murinum ssp. glaucum and Bromus brachystachys. How-
ever, there was a strong positive correlation between these two
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traits across the legume species (P < 0.001) (Fig. S3). There was
also no difference between crop progenitors and other wild spe-
cies in allocation to chaff in grasses (Fig. 5) or allocation to repro-
ductive biomass in either family (Table 1). However, for grasses,
there were differences in the components of yield, and these var-
ied depending on which founder crop progenitors were included.
Hence, using the shorter, conservative list, crop progenitors had a
greater individual seed mass at harvest (3.1 times larger, 95% CI:
1.4–7.3, P < 0.05), fewer spikes per plant (other wild species have

2.89 more, 95% CI: 1.7–4.4, P < 0.001) and fewer seeds per
plant (other wild species have three times as many, 95% CI: 1.5–
5.7, P < 0.01) (Table 1). When rye was also included as a founder
crop progenitor (we did not collect data for T. araraticum and
T. urartu in 2011), progenitors again had a larger individual seed
mass at harvest (3.5 times larger, 95% CI: 2.1–5.9, P < 0.0001)
and fewer seeds per plant (other wild species have 2.5 times as
many, 95% CI: 1.2–5.2, P < 0.05). However, there was no differ-
ence in spike number, and instead spike mass was greater in crop
progenitors (3.1 times larger, 95% CI: 1.8–5.4, P < 0.001). The
variability of these traits is shown in Figs S4, S5.

There were no significant differences in total above-ground
biomass, height or time to flowering between crop progenitors

Table 1 Differences in reproductive and vegetative traits between crop progenitor and other wild species of grasses and legumes (mixed-effects model
with a genetic random effect and additional random effect of experiment when necessary)

Trait

Grasses Legumes

Effect size Fdf, P Effect size Fdf, P

Individual seed mass (sown) Progenitors 2.8 times larger 7.01,22, < 0.05 No effect ns
Total seed yield No effect ns No effect ns
Individual seed mass at harvest Progenitors 2.3 times larger 6.01,13, < 0.05 No effect ns
Seed number per spike No effect ns – –
Spike mass No effect ns – –
Spike/pod number Wild 2.2 times greater 19.81,13, < 0.001 No effect ns
Seed number per plant Wild 4.6 times greater 12.51,13, < 0.01 – –
Biomass No effect ns No effect ns
Height No effect ns No effect ns
Reproductive/vegetative biomass ratio No effect ns No effect ns
Flowering date No effect ns No effect ns
% Chaff No effect ns No effect ns

The results for the grasses are those using the list of three confirmed cereal progenitors. P < 0.05 indicates a significant difference between crop progenitors
and other wild species. ns, no significant difference; –, trait that was not measured for legumes.
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Fig. 1 The mass of individual seeds sown for grass species, shown as the
loge of seed mass (mg). Data are shown in categories of domestication
status (confirmed founder crop progenitors, putative crop progenitors and
other wild species) in descending order of individual seed mass. Species are
Hordeum vulgare ssp. spontaneum, Triticum turgidum ssp. dicoccoides,
Triticum monococcum ssp. aegilopoides, Triticum araraticum, Secale
vavilovii, Triticum urartu, Avena sterilis, Avena fatua, Aegilops tauschii,
Aegilops speltoides, Aegilops crassa, Secale strictum, Taeniatherum
caput-medusae, Hordeummurinum ssp. glaucum, Eremopyrum distans,
Bromus tectorum, Hordeummarinum ssp. gussoneanum,
Eremopyrum orientale, Bromus brachystachys, Eremopyrum bonaepartis,
Lolium rigidum, Phalaris minor, Phalaris paradoxa and Stipa capensis.
Error bars show � 1 SEM. Crop progenitors have larger seed mass both
when the conservative list of confirmed progenitors is used (F1,22 = 7.0,
P < 0.05) and when the putative progenitors are included (F1,22 = 43.8,
P < 0.001).
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Fig. 2 The mass of individual seeds sown for legume species, shown as the
loge of seed mass (mg). Data are shown in categories of domestication
status (crop progenitors and other wild species) in descending order of
individual seed mass. Species are Cicer reticulatum, Pisum sativum ssp.
elatius var. pumilio, P. sativum ssp. elatius, Vicia ervilia, Lens culinaris
ssp. orientalis, Vicia narbonensis, Lupinus angustifolius, Lathyrus cicera,
Pisum fulvum, Vicia peregrina, Lathyrus aphaca, Lathyrus inconspicuus,
Cicer judaicum, Scorpiurus muricatus, Lens culinaris ssp. odemensis, Lens
nigricans,Medicago polymorpha, Coronilla scorpioides andMelilotus

indicus. Error bars show � 1 SEM.
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and other wild species, in either family. For cereals, there was a
weak positive correlation between the mass of individual seeds
sown and above-ground biomass (P < 0.05) but not with height.
For the legumes in our comparison, there were no significant dif-
ferences in any traits between progenitors and other wild species
(Table 1). However, there were positive correlations between the
mass of individual seeds sown and above-ground biomass
(P < 0.001) and height (P < 0.05).

Discussion

This study is the first to compare a comprehensive breakdown of
yield components among a broad sample of grain species that
were potentially gathered at pre-agricultural sites in the Fertile
Crescent. It is also the first to investigate whether crop progeni-
tors could produce a clear yield advantage over other wild species
available in the local species pool. Our experimental data do not
support the often-assumed yield advantage of crop progenitor
species. For legumes, in general, we found no trait differences
between crop progenitors and other wild species. However, our
data highlight a number of differences in reproductive and vege-
tative traits between cereal crop progenitors and other wild grass
species. These traits may have been important for the foraging
decisions made by gatherers during the transition to agriculture,

and hence in filtering which wild species were taken into cultiva-
tion and domesticated, and which were abandoned as food
plants.

Previous work on grasses (Blumler, 1998) has shown that
cereal crop progenitors had larger seeds than most other wild
grasses. Pulse crop progenitors, however, are not exclusively the
largest seeded legume species available in the Fertile Crescent.
Our experiments found no difference in the total seed yield per
plant between crop progenitors and other wild species in either
family. Although the cereal crop progenitors were larger-seeded
than the other wild grass species, there was no relationship
between yield and seed size in comparisons across species. Some
of the small-seeded wild grass species were therefore capable of
producing seed yields equivalent to those of crop progenitors.
The pulse crop progenitors were not significantly larger-seeded
than the other wild legumes in the experiments, but in this case
there was a yield–seed size relationship. Overall, then, there was
no difference in total seed yield between crop progenitors and
other wild species, but this arose for different reasons in the two
plant families. Additionally, there was no difference in allocation
to reproductive biomass, the percentage of chaff in grasses, or the
number of pods in legumes, which also confounds previous
expectations about the selection of crop progenitors being related
to shorter processing times.

Our results strongly challenge the view that crop progenitors
have greater value to gatherers because they produce a higher
yield per plant (Ladizinsky, 1975; Evans, 1993; Bar-Yosef, 1998)
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Fig. 3 Total seed yield (g) of cereal crop progenitors and other wild grasses
that were potentially gathered before the transition to agriculture. Crop
progenitors are separated into confirmed and putative progenitors. Data
shown are for all individuals (grey circles) and the species mean (black
circles), and species are in descending order of individual seed mass at
sowing within each group. Species are Hordeum vulgare ssp. spontaneum,
Triticum turgidum ssp. dicoccoides, Triticum monococcum ssp.
aegilopoides, Triticum araraticum, Secale vavilovii, Triticum urartu,
Avena sterilis, Avena fatua, Aegilops tauschii, Aegilops speltoides,
Aegilops crassa, Secale strictum, Taeniatherum caput-medusae,
Hordeummurinum ssp. glaucum, Eremopyrum distans, Bromus tectorum,
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difference in total yield between the two groups of species.
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Fig. 4 Total seed yield (g) of pulse crop progenitors and other wild
legumes that were potentially gathered before the transition to
agriculture. Data shown are for all individuals (grey circles) and the species
mean (black circles), and species are in descending order of individual seed
mass at sowing within each group. Species are Cicer reticulatum, Pisum
sativum ssp. elatius var. pumilio, P. sativum ssp. elatius, Vicia ervilia, Lens
culinaris ssp. orientalis, Vicia narbonensis, Lupinus angustifolius, Lathyrus
cicera, Pisum fulvum, Vicia peregrina, Lathyrus aphaca, Lathyrus
inconspicuus, Cicer judaicum, Scorpiurus muricatus, Lens culinaris ssp.
odemensis, Lens nigricans,Medicago polymorpha, Coronilla scorpioides,
Melilotus indicus. There is no difference in total yield between the two
groups of species.
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or, for grasses, that they are easier to process because their ears
contain a lower proportion of chaff (Harlan, 1967). Whilst there
are examples of previous studies that have cast doubt on the cen-
tral importance of yield maximization (Abbo et al., 2010b), the
majority of explanations for why certain species became domesti-
cated do assume higher yields, or at least higher calorific values.
Our results provide an important, novel contribution because we
quantify seed yield in an experimental setting, for a large number
of species; and we specifically test the difference between crop
progenitors and other wild species (rather than domesticated spe-
cies), which is the critical comparison to make when trying to
understand selection of crop progenitors.

To understand the implications of yield being independent of
individual seed mass for the selection of crop species, we need to
consider two harvesting and storage scenarios. In the first, we
imagine that a constant number of seeds were stored for use the
following year. In this scenario, because total seed yield is inde-
pendent of individual seed mass, there is no inherent advantage
to storing and using large-seeded species. In fact, it is more effi-
cient to use small-seeded species, as a lower fraction of harvested
seed mass needs to be stored. In the second scenario, we imagine
that a constant mass, or volume, of seeds is stored for sowing in
the following year. In this case, the total seed yield from all seeds
sown is inversely proportional to individual seed mass. So there is
an enormous advantage to using small-seeded species (halving the
mass of seeds sown doubles the seed yield).

The fact that smaller-seeded species were overwhelmingly not
domesticated in the Fertile Crescent, despite their potentially
high yield per mass of seeds sown, suggests that factors other than
yield were involved in the selection of large-seeded species as
crops. Crop selection may be linked to traits that affect how
many plants can grow in a given area as, from the viewpoint of
an early cultivator, yield may be more important at the stand level
rather than for individual plants. It has frequently been shown in
crops that, when the number of plants growing in a given area is
increased, there is an increase in total yield (e.g. Nerson, 1980;
Loss et al., 1998; Spink et al., 2000), but only up to a certain den-
sity of plants. After that density (which varies depending on the
species), there are no further gains in yield, owing to the phe-
nomenon of constant final yield (Harper, 1977; Weiner &
Freckleton, 2010), whereby yield is stabilized through mecha-
nisms such as greater tiller death (Kirby, 1967) or a reduction in
the number of seeds produced by each plant (Spink et al., 2000;
El-Zeadani et al., 2014). Our data show that large-seeded cereal
crop progenitors have fewer seeds per plant and fewer spikes per
plant than other wild species, whilst maintaining the same total
seed yield per plant. A similar pattern emerged if a longer list of
potential founder crop progenitors was considered. These traits
could contribute towards greater yield per unit area, if the pro-
duction of fewer flowering tillers allows individual plants to grow
closer together.

In our experiment, we investigated yield at the individual level,
as this enabled us to compare more species and have more repli-
cates than if we had been trying to establish a field experiment.
The density of individual plants among pots was 25 individu-
als m–2, which is far lower than modern-day seeding rates of c.
300 seeds m–2 (Spink et al., 2000), and is likely to be lower than
the natural densities of these species in the wild. Growth at a
higher plant density would certainly change the yield, and com-
ponents of yield, of individual plants. We must therefore be care-
ful not to assume that the traits of individually grown plants
correspond exactly with traits of plants grown in competition
(Neytcheva & Aarssen, 2008). Indeed, there is a requirement for
further research on the impacts of density on intraspecific compe-
tition within crop progenitors compared with other wild species.

Selection of crop progenitors may also be related to how easy it
is to harvest or handle the seeds, as this has been shown to be true
of domesticated species (Evans, 1993; Tzarfati et al., 2013; Abbo
et al., 2014), which implies a deliberate human choice, or to
other traits not dependent on deliberate human selection related
to an unconscious process. Although we found no differences in
the proportion of chaff in cereal seeds, the differences we found
relating to the number and size of spikes and seeds per plant may
have contributed to more efficient processing of cereal crop pro-
genitors, because seeds are concentrated in fewer spikes.

Overall, our data do not support the view that the origins of
agriculture can be explained within the optimal foraging theory
framework. However, caution must be exercised in extrapolating
from our results from individual plants growing in pots within a
glasshouse to the situation of plant stands growing in the field.
Finally, further alternative hypotheses about the selection of crop
progenitors may consider yield stability (rather than yield

5
10

20
50

Grasses

C
ha

ff 
(%

)

H
. s

po
nt

an
eu

m

T.
 d

ic
oc

co
id

es

T.
 a

eg
ilo

po
id

es

S
. v

av
ilo

vi
i

A
. s

te
ril

is

A
. f

at
ua

A
. t

au
sc

hi
i

A
. s

pe
lto

id
es

S
. s

tri
ct

um

T.
 c

ap
ut

−m
ed

us
ae

H
. m

ar
in

um

E
. o

rie
nt

al
e

B
. b

ra
ch

ys
ta

ch
ys

E
. b

on
ae

pa
rti

s

P
. p

ar
ad

ox
a

Progenitors Other wild

Fig. 5 Chaff of grasses, shown as a percentage of the total grain and chaff
mass. Crop progenitors are separated into confirmed and putative
progenitors. Data shown are for all individuals (grey circles) and the
species mean (black circles), and species are in order of descending order
of individual seed mass at sowing within each group. Species are Hordeum
vulgare ssp. spontaneum, Triticum turgidum ssp. dicoccoides, Triticum
monococcum ssp. aegilopoides, Secale vavilovii, Avena sterilis, Avena
fatua, Aegilops tauschii, Aegilops speltoides, Secale strictum,
Taeniatherum caput-medusae, Hordeummarinum ssp. gussoneanum,
Eremopyrum orientale, Bromus brachystachys, Eremopyrum bonaepartis,
Phalaris paradoxa. There is no difference in allocation to chaff between
the two groups of species.
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maximization) (Abbo et al., 2010b) – implying intentional
human decisions – as well as traits that may have allowed crop
progenitors to outcompete other plant species in anthropogenic
environments during the transition to agriculture (Cunniff et al.,
2014) – a potential unintended consequence of plant collection
and cultivation. Future studies should aim to test these hypothe-
ses experimentally, ideally in field experiments in western Asian
environments.

Our experimental screening of wild grass and legume species
that could have been gathered in the Fertile Crescent during the
transition to agriculture demonstrates that, contrary to expecta-
tions, crop progenitors do not inherently produce a greater total
seed yield than other wild species. We also found no evidence
that grasses produce a lower ratio of chaff to seed. Instead, for
grasses but not legumes, crop progenitors were distinguished
from other wild species by a suite of other harvest traits related to
the packaging of seeds in spikes, and these coincided with a large
difference in individual seed mass. Assumptions about the value
of deliberately selecting larger-seeded species, in order to achieve
higher yields, may need to be reconsidered if we are to fully
understand the origins of agriculture.

Acknowledgements

Research support was provided by the Natural Environment
Research Council grant NE/H022716/1 and European Research
Council grant 269830-EOA.

References

Abbo S, Lev-Yadun S, Gopher A. 2010a. Agricultural origins: centers and

noncenters; a Near Eastern reappraisal. Critical Reviews in Plant Sciences 29:
317–328.

Abbo S, Lev-Yadun S, Gopher A. 2010b. Yield stability: an agronomic

perspective on the origin of Near Eastern agriculture. Vegetation History and
Archaeobotany 19: 143–150.

Abbo S, Lev-Yadun S, Gopher A. 2014. The ‘Human Mind’ as a common

denominator in plant domestication. Journal of Experimental Botany 65: 1917–
1920.

Abbo S, Lev-Yadun S, Heun M, Gopher A. 2013.On the ‘lost’ crops of the

neolithic Near East. Journal of Experimental Botany 64: 815–822.
Abbo S, Rachamim E, Zehavi Y, Zezak I, Lev-Yadun S, Gopher A. 2011.

Experimental growing of wild pea in Israel and its bearing on Near Eastern

plant domestication. Annals of Botany 107: 1399–1404.
Bar-Yosef O. 1998. The Natufian culture in the Levant, threshold to the origins

of agriculture. Evolutionary Anthropology: Issues, News, and Reviews 6: 159–177.
Blumler M. 1998. Evolution of caryopsis gigantism and agricultural origins.
Research in contemporary and applied geography: a discussion series. New York,

NY, USA: Binghampton University.

Christin P-A, Sage TL, Edwards EJ, Ogburn RM, Khoshravesh R, Sage RF.

2011. Complex evolutionary transitions and the significance of C3–C4

intermediate forms of photosynthesis in Molluginaceae. Evolution 65: 643–
660.

Colledge S, Conolly J. 2010. Reassessing the evidence for the cultivation of wild

crops during the Younger Dryas at Tell Abu Hureyra, Syria. Environmental
Archaeology 15: 124–138.

Connolly J, Shennan SJ. 2007. The origin and spread of Neolithic plant economies
in the Near East and Europe (data-set). York, UK: Archaeology Data Service.

Cunniff J, Wilkinson S, Charles M, Jones G, Rees M, Osborne CP. 2014.

Functional traits differ between cereal crop progenitors and other wild grasses

gathered in the Neolithic Fertile Crescent. PLoS ONE 9: e87586.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by

sampling trees. BMC Evolutionary Biology 7: 214.
Edgar RC. 2004.MUSCLE: multiple sequence alignment with high accuracy and

high throughput. Nucleic Acids Research 32: 1792–1797.
El-Zeadani H, Puteh AB, Mondal MMA, Selamat A, Ahmad ZA, Shalgam MM.

2014. Seed growth rate, seed filling period and yield responses of soybean

(Glycine max) to plant densities at specific reproductive growth stages.
International Journal of Agriculture and Biology 16: 923–928.

Evans LT. 1993. Crop evolution, adaptation and yield. Cambridge, UK:

Cambridge University Press.

Fuller DQ, Allaby RG, Stevens C. 2010. Domestication as innovation: the

entanglement of techniques, technology and chance in the domestication of

cereal crops.World Archaeology 42: 13–28.
Fuller DQ, Asouti E, Purugganan MD. 2012a. Cultivation as slow evolutionary

entanglement: comparative data on rate and sequence of domestication.

Vegetation History and Archaeobotany 21: 131–145.
Fuller DQ, Willcox G, Allaby RG. 2012b. Early agricultural pathways: moving

outside the ‘core area’ hypothesis in Southwest Asia. Journal of Experimental
Botany 63: 617–633.

Grass Phylogeny Working Group II. 2012. New grass phylogeny resolves deep

evolutionary relationships and discovers C4 origins. New Phytologist 193: 304–
312.

Gremillion KJ, Barton L, Piperno DR. 2014a. Particularism and the retreat from

theory in the archaeology of agricultural origins. Proceedings of the National
Academy of Sciences, USA 111: 6171–6177.

Gremillion KJ, Barton L, Piperno DR. 2014b. Reply to Smith: on distinguishing

between models, hypotheses, and theoretical frameworks. Proceedings of the
National Academy of Sciences, USA 111: E2830.

Gremillion KJ, Barton L, Piperno DR. 2014c. Reply to Zeder: maintaining a

diverse scientific toolkit is not an act of faith. Proceedings of the National
Academy of Sciences, USA 111: E2828.

Harlan JR. 1967.Wild wheat harvest in Turkey. Archaeology 20: 197–201.
Harlan JR, de Wet JMJ, Price EG. 1973. Comparative evolution of cereals.

Evolution 27: 311–325.
Harper JL. 1977. Population biology of plants. London, UK: Academic Press.

Hillman G. 1978.On the origins of domestic rye: Secale cereale: the finds from
Aceramic Can Hasan III in Turkey. Anatolian Studies 28: 157–174.

Jones G, Valamoti S, Charles M. 2000. Early crop diversity: a “new” glume

wheat from northern Greece. Vegetation History and Archaeobotany 9: 133–146.
Kirby EJM. 1967. The effect of plant density upon the growth and yield of

barley. The Journal of Agricultural Science 68: 317–324.
Kluyver TA. 2013. A global perspective on the origins of agriculture: the importance
of unconscious selection. PhD thesis, University of Sheffield, Sheffield, UK.

Ladizinsky G. 1975. Collection of wild cereals in Upper Jordan Valley. Economic
Botany 29: 264–267.

Loss SP, Siddique KHM, Jettner R, Martin LD. 1998. Responses of faba bean

(Vicia faba L.) to sowing rate in south-western Australia I. Seed yield and

economic optimum plant density. Australian Journal of Agricultural Research
49: 989–997.

Marcussen T, Sandve SR, Heier L, Spannagl M, Pfeifer M, The International

Wheat Genome Sequencing Consortium, Jakobsen KS, Wulff BBH,

Steuernagel B, Mayer KFX et al. 2014. Ancient hybridizations among the

ancestral genomes of bread wheat. Science 345: 1250092.
Nerson H. 1980. Effects of population density and number of ears on wheat yield

and its components. Field Crops Research 3: 225–234.
Neytcheva MS, Aarssen LW. 2008.More plant biomass results in more offspring

production in annuals, or does it? Oikos 117: 1298–1307.
Oskoueiyan R, Kazempour Osaloo S, Maassoumi AA, Nejadsattari T,

Mozaffarian V. 2010. Phylogenetic status of Vavilovia formosa (Fabaceae-
Fabeae) based on nrDNA ITS and cpDNA sequences. Biochemical Systematics
and Ecology 38: 313–319.

Parker GA, Maynard Smith J. 1990.Optimality theory in evolutionary biology.

Nature 348: 27–33.
Petersen G, Seberg O, Yde M, Berthelsen K. 2006. Phylogenetic relationships of

Triticum and Aegilops and evidence for the origin of the A, B, and D genomes

of common wheat (Triticum aestivum).Molecular Phylogenetics and Evolution
39: 70–82.

New Phytologist (2015) 207: 905–913 � 2015 The Authors
New Phytologist � 2015 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist912



Poorter H, Fiorani F, Stitt M, Schurr U, Finck A, Gibon Y, Usadel B, Munns R,

Atkin OK, Tardieu F et al. 2012. The art of growing plants for experimental

purposes: a practical guide for the plant biologist. Functional Plant Biology 39:
821–838.

Rambaut A, Drummond AJ. 2007. Tracer. [WWW document] URL http://

beast.bio.ed.ac.uk/Tracer [accessed 21 July 2014].

Rees M, Venable DL. 2007.Why do big plants make big seeds? Journal of Ecology
95: 926–936.

Rindos D. 1984. The origins of agriculture: an evolutionary perspective. Orlando,

FL, USA: Academic Press.

Savard M, Nesbitt M, Jones MK. 2006. The role of wild grasses in subsistence

and sedentism: new evidence from the northern Fertile Crescent.World
Archaeology 38: 179–196.

Smith BD. 2011. A cultural niche construction theory of initial domestication.

Biology Theory 6(3, Sp. Iss. SI): 260–271.
Smith BD. 2014. Failure of optimal foraging theory to appeal to researchers

working on the origins of agriculture worldwide. Proceedings of the National
Academy of Sciences, USA 111: E2829.

Smith EA. 1983. Anthropological applications of optimal foraging theory – a
critical review. Current Anthropology 24: 625–651.

Smykal P, Kenicer G, Flavell AJ, Corander J, Kosterin O, Redden RJ, Ford R,

Coyne CJ, Maxted N, Ambrose MJ et al. 2011. Phylogeny, phylogeography
and genetic diversity of the Pisum genus. Plant Genetic Resources –
Characterization and Utilization 9: 4–18.

Spink JH, Semere T, Sparkes DL, Whaley JM, Foulkes MJ, Clare RW, Scott

RK. 2000. Effect of sowing date on the optimum plant density of winter

wheat. The Annals of Applied Biology 137: 179–188.
Stephens DW, Krebs JR. 1986. Foraging theory. Princeton, NJ, USA: Princeton

University Press.

Stougaard RN, Xue QW. 2004. Spring wheat seed size and seeding rate effects on

yield loss due to wild oat (Avena fatua) interference.Weed Science 52: 133–141.
Tzarfati R, Saranga Y, Barak V, Gopher A, Korol AB, Abbo S. 2013. Threshing

efficiency as an incentive for rapid domestication of emmer wheat. Annals of
Botany 112: 829–837.

Weiner J, Freckleton RP. 2010. Constant final yield. Annual Review of Ecology,
Evolution, and Systematics 41: 173–192.

Weiss E, WetterstromW, Nadel D, Bar-Yosef O. 2004. The broad spectrum

revisited: evidence from plant remains. Proceedings of the National Academy of
Sciences, USA 101: 9551–9555.

Willcox G, Fornite S, Herveux L. 2008. Early Holocene cultivation before

domestication in northern Syria. Vegetation History and Archaeobotany 17: 313–
325.

Winterhalder B, Kennett DJ. 2006. Behavioral ecology and the transition from

hunting and gathering to agriculture. In: Kennett DJ, Winterhalder B, eds.

Behavioral ecology and the transition to agriculture. Berkeley and Los Angeles,

CA, USA: University of California Press, 1–21.
Wojciechowski MF, Lavin M, Sanderson MJ. 2004. A phylogeny of legumes

(Leguminosae) based on analysis of the plastid matK gene resolves many well-

supported subclades within the family. American Journal of Botany 91: 1846–1862.
Zeder MA. 2012. The broad spectrum revolution at 40: resource diversity,

intensification, and an alternative to optimal foraging explanations. Journal of
Anthropological Archaeology 31: 241–264.

Zeder MA. 2014. Alternative to faith-based science. Proceedings of the National
Academy of Sciences, USA 111: E2827.

van Zeist W. 1999. Evidence for agricultural change in the Balikh basin, northern

Syria. In: Gosden C, Hather J, eds. The prehistory of food: appetites for change.
London, UK: Routledge, 350–373.

Zohary D, Hopf M, Weiss E. 2012. Domestication of plants in the Old World.
Oxford, UK: Oxford University Press.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Grass phylogeny for the 24 species used in our experi-
ments.

Fig. S2 Legume phylogeny for the 19 species used in our experi-
ments.

Fig. S3 Relationship between total seed yield and individual seed
mass.

Fig. S4 Variability of traits relating to total seed yield in grasses.

Fig. S5 Variability of traits relating to total seed yield in legumes.

Table S1 List of grass accessions used, including accession num-
ber on the Germplasm Resources Information System (GRIN)
database, country of origin and mean individual seed mass in mg
(� 1SE)

Table S2 List of legume accessions used, including accession
number on the Germplasm Resources Information System
(GRIN) database, country of origin and mean individual seed
mass in mg (� 1SE)

Table S3 Sample ubiquity (number of samples in which taxon
occurs) list for the grass taxa used in this study, acquired from the
archaeobotanical database

Table S4 Sample ubiquity (number of samples in which taxon
occurs) list for the legume taxa used in this study, acquired from
the archaeobotanical database

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

� 2015 The Authors
New Phytologist � 2015 New Phytologist Trust

New Phytologist (2015) 207: 905–913
www.newphytologist.com

New
Phytologist Research 913

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer

