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Abstract Local patterns of seed regeneration and

trade that occur outside the formal breeding sector

(seed exchange networks) can have a strong influence

on the genetic diversity and evolution of traditional

crop varieties. Despite this, little is known about the

extent to which seed exchange networks influence

gene flow and genetic structure in traditional crop

varieties. Here we study barley (Hordeum vulgare

subsp. vulgare) in rural communes of Northern

Morocco in 2008 and 2009. We quantified seed

regeneration and exchange by farmers within the seed

exchange network using structured interviews. Using

SSR markers, we also quantified the neutral genetic

diversity and structure of a complex of traditional

varieties referred to as Beldi that is managed in this

exchange network. The majority of farmers ([88 %)

report cultivating Beldi. Most seeds of Beldi

(70–90 %) are maintained on-farm, while the remain-

der of seeds are obtained from local markets within the

commune. Beldi has high genetic diversity and there is

weak but significant genetic structure between com-

munes (FST = 0.031). From SSR marker data there is

evidence of a high level of gene flow between

communes not reported in interviews. Seeds pur-

chased in local markets likely represent seeds from a

larger geographic region, leading to lower genetic

structure among communes than expected based on

the reported level of on-farm seed regeneration and

local sourcing of seed. We discuss the implications of

this seed exchange network for the conservation of

traditional barley varieties in the study region.

Keywords Farmer seed system � Genetic structure �
Hordeum vulgare � Informal seed system � In situ

conservation � Landrace � Traditional seed system

Introduction

Gene flow in plant populations occurs via both seed

and pollen dispersal. In wild plant populations,

geographic isolation frequently acts as a limit to gene

flow and leads to the establishment of genetic
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structure, often in a pattern of isolation by distance

(Wright 1943). In the case of cultivated crop plants,

however, gene flow by seed dispersal is usually

dependent upon human intervention. For many mod-

ern crop varieties, seed dispersal occurs primarily

through the formal breeding sector, with genetically

homogeneous varieties distributed on a continental or

intercontinental scale and cultivated in large-scale

monocultures. In large areas of the developing world,

however, agroecosystems devoted mainly to tradi-

tional crop varieties (often referred to as ‘‘landraces’’)

are the principal drivers of agricultural production,

representing over 10 million ha worldwide (Altieri

2004). Farmers with small land holdings and/or

agriculturally marginal lands are particularly depen-

dent on traditional varieties that are adapted to local

conditions (e.g. low rainfall, soil composition, etc.).

These traditional varieties can be considered to be

‘‘population-varieties’’ (Bustarret 1944) because they

are genetically heterogeneous and continue to be

subjected to the evolutionary forces of mutation,

recombination, selection (both natural and artificial),

and drift under cultivation. They typically have higher

genetic diversity than formal breeding sector varieties

and represent important reservoirs of potentially

adaptive genes for agriculture.

In many developing countries, farmers maintain

traditional varieties independently of the formal

breeding sector, with seed often obtained from rela-

tives, neighbours or local markets (McGuire 2008).

These informal seed supply systems have been

referred to using a variety of terms, including ‘‘seed

exchange networks’’, ‘‘farmer seed systems’’, ‘‘tradi-

tional seed systems’’, and ‘‘informal seed systems’’.

Here, we will use the term ‘‘seed exchange networks’’,

because it most precisely describes the complex

movements of seeds among people and does not make

assumptions about the social context in which seed

movement is occurring or the identity of the partic-

ipants in the network. Seed exchange networks are the

most important factor in the movement and use of crop

germplasm for traditional varieties and they therefore

have a strong influence on the genetic diversity and

structure of cultivated crops (Hodgkin et al. 2007). As

a result, the way that seed is handled and distributed in

seed exchange networks has the potential to affect the

evolution of traditional crop varieties because it

influences processes of gene flow, genetic drift,

founder effects, local extinctions, and selection

(Almekinders et al. 1994; Brush 1995). This is

particularly true for self-fertilizing crops because gene

flow via pollen dispersal is restricted (Loveless and

Hamrick 1984; Brown and Brush 2000; Epperson

2007; Soleri and Cleveland 2007).

A seed exchange network is structured by many

cultural, economical, political, social and geographic

factors, all of which may limit or enhance germplasm

movement among farmers. It is therefore rare for

populations of traditional crop varieties to be structured

following a simple pattern of isolation by distance

(Pusadee et al. 2009). Instead, they are structured

according to interactions among many factors, including

agro-climatic zone, altitude, biotic stressors, ethnolin-

guistic regions, access to markets and agricultural

extension services, and marriage networks (Teshome

et al. 2001; Mercer et al. 2008; Samberg et al. 2010;

Delêtre et al. 2011). If we want to implement effective

conservation strategies for a crop in a particular region,

it is therefore important to understand both the structure

of the seed exchange network and the influence it exerts

on the genetic structure of a crop.

Traditional crop varieties have previously been

characterized using a number of different methods that

can be broadly grouped into two categories: (1)

descriptions of seed exchange networks derived from

interviews with farmers and, (2) measurements of the

genotypic composition and structure of a population

made using genotypic markers (Soleri and Cleveland

2001; Pautasso et al. 2012). Studies that quantify seed

exchange networks with data gathered from farmer

interviews have used such information to infer the

likely impact that farmer seed management has on

genetic diversity and structure (e.g. Alvarez et al.

2005). The flow of seeds between farmers varies with

the crop and the agroecosystem, and ranges from as

low as 10 % of seeds or less being sourced off-farm

via seed exchange networks for maize in Mexico

(Badstue et al. 2007), to as high as 76 % of seeds for

rice in the Philippines (Carpenter 2005). It is not

generally known, however, if these levels of seed

exchange translate to genetic differentiation among

populations. Conversely, analysis of genotypes at

neutral molecular markers such as simple sequence

repeats (SSRs) can provide the best indicators of

realized gene flow among populations; yet on the other

hand provide no direct information about the seed

exchange network that is mediating this gene flow

(Parzies et al. 2004).
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Although these two approaches are frequently used

separately, in a recent review of seed exchange

networks, Thomas et al. (2011) concluded that an

integration of genetic and ethnobotanical analyses are

the key to a quantitative interpretation of how farmers’

practices affect genetic diversity. The few existing

studies that have concurrently examined both the seed

exchange network and the genetic diversity and

structure of traditional crop varieties as assessed with

molecular marker data confirm this, and provide useful

interpretations of the distribution of genetic diversity

in the context of a seed exchange network (Perales

et al. 2005; Pandey et al. 2011; Bajracharya et al. 2012;

Thomas et al. 2012).

In this study, we focus on a seed exchange network

for barley (Hordeum vulgare L. subsp. vulgare) in

rural communes of Taounate province in Northern

Morocco. In Africa, seed exchange networks are often

the major sources of seeds for a community (rather

than seeds from the formal sector) with as many as

20–30 % of non-commercial seeds sourced off-farm

via seed exchange networks (Tripp and Rohrbach

2001). If this level of off-farm seed sourcing holds true

for barley in Morocco, it would suggest a relatively

high level of gene flow within the seed exchange

network. However, despite the likely importance of

the seed exchange network in determining gene flow,

few published reports are available detailing the

patterns of barley seed exchange for farmers in

Morocco, and none of these have used molecular

marker data (Mahdi 2002; Rhrib et al. 2002). We used

interviews with farmers to identify the varieties of

barley cultivated in the study region. Results of

interviews revealed that a complex of morphologically

similar varieties referred to by farmers as Beldi

dominates barley cultivation in the region. We then

characterized the seed exchange network for Beldi by

identifying and quantifying sources of seed. In con-

junction, we characterized the genetic diversity,

population structure, and gene flow among popula-

tions of Beldi in these communes using SSR markers.

Using these tools, we were able to compare and

contrast expectations for genetic diversity based on

farmer interviews with observed patterns of molecular

diversity and thereby obtain a more comprehensive

description of gene flow via the seed exchange

network. Detailed knowledge of the seed system and

associated genetic structure and gene flow can provide

a more reliable assessment of the current state of

genetic resources for this crop in the region studied.

Furthermore, it can help inform the design of effective

strategies for both in situ and ex situ conservation.

Methods

Study location

Although Morocco is not a center of origin for barley

(Morrell and Clegg 2007), it is considered a center of

diversity (Perrino et al. 1986; Dakir et al. 2002), and

85 % of the cultivated barley area is still composed of

traditional varieties (Saidi et al. 2006). This proportion

increases to over 95 % in semi-arid and marginal sites

(Jarvis et al. 2008). Traditional barley varieties in

Morocco are distinct from Middle Eastern varieties

(Orabi et al. 2009). Most cereal seed cultivated in

Morocco is sourced from seed exchange networks,

which include seed maintained on farm and seed

obtained through exchanges and local markets (89 %

of seed), rather than from certified seed sources (11 %

of seed) (Van Mele et al. 2011).

This study was conducted in the Province of

Taounate, in the Rif Mountains region of Northern

Morocco. This region has a mountainous topography,

with severe erosion due to deforestation, overgrazing,

and cultivation on steep slopes (Sabir et al. 2002).

Precipitation in this region varies between 400 and

600 mm a year. The region is vulnerable to drought,

and a severe drought in 2007, the year prior to our

study, resulted in a reduced barley harvest with yields

decreasing by over 50 % compared to other years

(FAOSTAT 2010). In the years of our study (2008 and

2009), the barley harvest was either average (2008), or

exceptional (2009) (FAOSTAT 2010). We selected

two rural communes for study in 2008: Tissa and

Ourtzagh (Fig. 1). For the household surveys in 2009

we added a third commune: Galaz (Fig. 1). Rural

communes are administrative divisions that encom-

pass one municipal center and a number of smaller

villages. Each commune has a market and an agricul-

tural extension office. Although the communes we

studied are situated within the same province, they

provide contrasting agro-ecological conditions repre-

sentative of the region. Tissa commune, in particular,

has more farms in more agriculturally productive

lowland areas. Ourtzagh and Galaz communes, in

contrast, have more farms at higher altitudes, on
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marginal and sloping terrain. As a result, the study of

these contrasting communes should provide a good

approximation of diversity patterns and gene flow

within the larger region across this agroecological

gradient.

On-farm interviews and seed collection: 2008

In February of 2008 we met with farmers in the rural

communes of Ourtzagh and Tissa to conduct an initial

series of interviews and collect samples of the barley

varieties cultivated in the region. We visited 10

villages (douars) in Ourtzagh and 9 villages in Tissa

(Table 1). These villages were selected to cover a

broad area within each commune. Each commune has

a weekly local market that is the principal location for

seed exchange (Arbaoui 2003). Villages were located

at distances ranging between 0.1 and 14.6 km from the

market associated with their commune. We inter-

viewed a total of 70 farmers (43 in Ourtzagh, 27 in

Tissa). Farmers were randomly selected for interviews

that started with an informal discussion, followed by a

short, structured, interview (i.e. the interview uses a

questionnaire where respondents chose between

a selection of answers). Farmers were asked to identify

the names of the barley varieties cultivated locally as

well as their origin (traditional versus modern). These

data were used to determine the overall frequency of

use of the different traditional and modern varieties

used in the region. During interviews, it became

apparent that a traditional variety complex referred to

as Beldi dominates barley cultivation in the region.

Subsequent questions asked farmers their reasons for

preferring to use Beldi compared to other varieties and

to identify the sources of the seeds used for planting

(e.g. local market, maintained on farm). We also asked

farmers to specify the uses made of the barley harvest

(e.g. animal fodder, human consumption, etc.).

Following the interview, a small seed sample of

approximately 50 g of the variety currently under

cultivation was requested from the farmer for further

study using SSR markers. Geographic coordinates of

Ourtzagh Galaz

Tissa

Fig. 1 The administrative centers of the three rural communes of Taounate Province (Tissa, Ourtzagh and Galaz), where interviews

and/or seed sampling were conducted in 2008 and 2009
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each site were recorded using a GPS unit and used to

calculate the Euclidean distance between the village

and the local market serving the commune.

On-farm interviews: 2009

In March and April of 2009 we conducted more

detailed structured individual interviews in the com-

munes of Tissa, Ourtzagh and Galaz to obtain more

detailed information regarding barley cultivation and

the use and turnover of varieties in the region. A large

portion of the questionnaire used in the interviews

focused on Beldi, specifically, farmer use and valua-

tion of Beldi, temporal patterns of seed regeneration

and sources of gene flow within and among popula-

tions Beldi. We revised the questionnaires twice, using

test subjects to ensure that the questions were effective

for gathering the desired data and to eliminate

potential ambiguities. Prior to conducting the inter-

views, a 5-day training course in participatory rural

assessment methods was organised for farmers and

community members, with an equal representation of

men and women among the course attendees. In

addition to providing training, this course fostered the

establishment of social relationships and trust among

the participants. All the interviewers were selected

from the course attendees.

A total of 158 farmers, representing 158 house-

holds, were randomly selected for participation in

the interviews in the three rural communes: Galaz

(N = 63), Ourtzagh (N = 44) and Tissa (N = 51).

Interviews were conducted during March and April of

2009 as part of an overall assessment of farmer

knowledge and perception of genetic diversity, disease

incidence and pest resistance in barley and fava bean

crops conducted in collaboration with IAV Hassan II

and Bioversity International (Rome, Italy).

Farmers were asked to report the area and number

of plots devoted to barley cultivation on their farms.

They also reported the different varieties they were

Table 1 Villages in Ourtzagh and Tissa communes where farmer interviews were conducted and barley seed samples were collected

in 2008

Rural commune Village (douar) Altitude (m)a Distance to market (km)a Nint
b Nssr

c

Ourtzagh Ain Bouchrik 515.6 3.3 4 –

Ourtzagh Ain Chajra 169.1 2.2 4 8

Ourtzagh Ain Kchir 200.6 11.0 4 –

Ourtzagh Beni Moumen 178.9 6.1 4 12

Ourtzagh Benihelal 505.8 5.4 4 15

Ourtzagh Boubiad – 11.7 6 –

Ourtzagh Bouferrah 235.2 8.4 4 –

Ourtzagh Koudia – – 5 –

Ourtzagh Sidi Snoun 273.6 11.0 4 –

Ourtzagh Tcharou 212.6 10.4 4 12

Tissa Abdejlalat 151.3 14.6 2 –

Tissa Bratla (Ras El Oued) 190.9 0.1 2 –

Tissa Coop. Alaouia 212.8 6.4 4 12

Tissa Coop. Youssoufia 155.4 8.6 3 –

Tissa Gaada – – 2 8

Tissa Hammoudiate 238.1 7.0 3 –

Tissa Hashimia 216.4 6.7 4 –

Tissa Jiahna 174.6 8.8 3 10

Tissa Massakine 184.2 4.1 4 7

a Calculated from GPS coordinates. Missing values are due to a GPS malfunction
b The number of farmers interviewed
c The number of samples genotyped using SSR markers. Four villages per commune were randomly selected for sample genotyping

among the villages visited during interviews. Three or four seeds were genotyped from each sample selected
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cultivating and the area devoted to each variety was

then used to calculate Simpson’s diversity index. We

assessed change and turnover in barley varieties over

time by asking farmers to name the varieties that they

currently cultivate and the varieties that they have

previously cultivated.

All subsequent interview questions were used for

characterising the seed exchange network and,

because Beldi dominated the cultivation area, we

asked farmers to only report this data for Beldi.

Farmers reported how long they had been cultivating

Beldi, either as a number of years or as the statement

‘‘for a long time’’. To determine how often new Beldi

seeds are introduced to the Beldi seed stock main-

tained on-farm, farmers were asked to report the

number of years between seed changes (i.e. times

when they procure seed from an outside source, such

as a market). Some farmers answered, ‘‘it depends’’,

and specified that renewal is dependent on variable

external factors (e.g. drought, seed loss during

storage), resulting in irregular intervals of seed

renewal. Farmers were also asked to report the reason

underlying their decision to procure seeds from an

outside source. Farmers then reported the volume of

seed obtained from each of several potential different

sources. This included seed that was maintained on-

farm, obtained from neighbours, local markets, and

seed companies. The mean percentage of seed

obtained from each source was then calculated for

each commune.

Genetic diversity analysis

To genotype barley samples, we tested a subset of

Beldi seeds collected from farmers during the 2008

interviews. Seeds came from four randomly selected

villages in each commune and from two to four

farmers within each village. For each sample, three to

four seeds were used. This resulted in a total of 84

samples (37 in Tissa, 47 in Ourtzagh) (Table 1). Seeds

were germinated and DNA was extracted from a 3 cm

segment of the primary leaf using the QIAGEN

DNeasy plant mini kit (QIAGEN). DNA samples were

genotyped using single sequence repeat (SSR)

markers at six loci located on separate chromosomes.

The selected loci were: Bmag0013, Bmag0321,

Bmag0345, Bmac0316, Bmag0125 and EBmac0541

(Ramsay et al. 2000). Each locus was amplified using

sequence-specific primers tagged with an M13 tail and

a fluorescently labelled M13 primer (Schuelke 2000).

Alleles were resolved on an acrylamide gel using a

Li-Cor sequencer (Model 4300) and allele size was

quantified using SAGA software (Li-Cor). Detailed

methods have previously been described elsewhere

(Jensen et al. 2012).

We characterized genetic diversity parameters

including allelic richness, and allelic diversity per

locus and per site (commune) using the program

FSTAT for windows, V 2.9.3.2 (Goudet 2002).

Because sample sizes were slightly different between

communes, we also performed rarefaction analysis to

calculate adjusted allelic richness (standardized to a

common sample size) (Kalinowski 2004). For this, we

used the program HP-RARE V.1.1 (Kalinowski 2005)

and set the number of genes per site to 30, as this was a

number slightly lower than that of the site with the

lowest number of genes. We also calculated private

allelic richness adjusted for population size, as an

indicator of the genetic uniqueness of the barley

populations in the two communes.

To compare the partitioning of genetic variation

among villages and between communes we conducted

an analysis of molecular variance (AMOVA) using

Arlequin 3.5 (Excoffier and Lischer 2010). To detect

both fine-scale local structure and slightly broader

structure we calculated pairwise FST-values among

villages and between communes using the program

MSA (Daniel and Christian 2003). We calculated the

number of migrants per generation between the two

communes from the values of the fixation index (FST)

using the equation, FST = 1/(1 ? 4Nem), where Nem

represents the absolute number of migrant organisms

entering the population each generation (Wright

1943). This method provides an estimate for migration

but makes assumptions regarding population param-

eters that may be violated in real populations. Because

barley is inbreeding, random mating and Hardy–

Weinberg equilibrium within subpopulations are not

expected. Moreover, many generations are required to

reach genetic equilibrium between drift and migration,

and it is unlikely that it has been established in a crop

that is subject to changes in population structure due to

human-mediated seed movement.

Because of these potential problems in the calcu-

lation of migration rates using FST-based measures, we

also used two specialized programs, IMa2 (Hey and

Nielsen 2007) and MIGRATE (Beerli and Felsenstein

2001; Beerli 2006), that use the coalescent theory and
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Bayesian methods to calculate long-term migration

rates between populations. IMa2 uses a model that

separates population isolation from migration (gene

flow), and is therefore particularly appropriate to our

data. Furthermore, IMa2 does not assume genetic

equilibrium and is appropriate for populations that

may have recently separated. MIGRATE does not

make this distinction, but is still a useful estimator for

long-term gene flow. We calculated population migra-

tion rates (M = 2Nem) between communes and

effective population sizes scaled for a diploid organ-

ism (h = 4Nel) within each commune using both

programs.

In IMa2, we ran a Bayesian inference with uniform

priors for migration rate, theta, and splitting time of

the population. Prior values were determined empir-

ically based on outputs of initial runs. A stepwise

mutation model was applied. We used a burn-in of

1,000, 20 heated chains with a geometric heating

scheme, and swap rates between 40 and 80 % between

successive chains. A total of 100,000 samples were

collected. Chain mixing and convergence were veri-

fied by running successive chains from different

random starting points and plotting values of esti-

mated parameters over time.

In MIGRATE, we used the Bayesian inference

option with FST-values as starting values for M and

Theta and wide uniform priors for both M and Theta. We

used the Brownian approximation of the ladder model to

account for stepwise mutation in microsatellite markers.

The range of priors was determined by a number of

preliminary runs to test chain convergence and the range

of possible solutions. For the final analysis we ran ten

replicates of a long chain with a burn-in of 10,000,

sampling increments of 20, and a total of 50,000

genealogies sampled. Slice sampling was used to

determine new possible states. Four heated chains were

run to explore the parameter space more thoroughly.

To determine the number of genotypic clusters

present in Beldi in the region and assess if these

clusters were associated with specific geographic

locations (i.e., communes), we analyzed the data using

SRUCTURE V. 2.2 (Pritchard et al. 2000). We set the

number of clusters as ranging from K = 1 through

K = 10, with five iterations for each value of K, and a

burn-in length and run length of 100,000 each. The

most probable number of clusters present in the data

was estimated from the probability of the data for each

value of K and also by using an ad hoc estimation

method (Evanno et al. 2005). Outputs of STRUC-

TURE analysis were plotted using DISTRUCT

(Rosenberg 2004).

Results

On-farm interviews, 2008

During informal discussion in 2008, farmers identified

the two major varieties cultivated in the region as

Beldi and Roumi. Both are six-row types, but Beldi is

considered by farmers to be the traditional local

variety. In Arabic, Beldi translates as ‘‘local’’ or ‘‘of

the land’’, while Roumi is considered to be an imported

variety derived from the formal breeding sector. In

contrast to Beldi, the word Roumi translates as

‘‘foreign’’ or ‘‘exotic’’, possibly deriving from the

word ‘‘European’’, or ‘‘Roman’’. The simple distinc-

tion between the names Beldi and Roumi may,

however, hide a more complex reality. Because Beldi

means ‘‘local’’, the term could potentially refer to a

number of morphologically distinct varieties, rather

than one specific variety, particularly across a broad

geographic area. In the case of our study, farmers

identified a suite of morphological traits that allow

them to distinguish Beldi from other varieties, includ-

ing 6-row spikes, seed morphology, low spike density,

a high proportion of vegetative biomass, and tall

stature. There remains the possibility, however, that

Beldi also encompasses other morphological types not

identified in this study. Furthermore, farmers some-

times conceptualize Beldi as a series of distinct local

populations, in which case the name of an individual

farmer is used to qualify a particular sample of Beldi.

For these reasons, we have referred to Beldi through-

out this paper as a ‘‘complex of traditional varieties’’,

rather than as a single variety. All the other varieties

identified during interviews, but not studied exten-

sively, are referred to as ‘‘named varieties’’. In both

communes, the majority of farmers (88.9 % in Tissa,

97.7 % in Ourtzagh) cultivate Beldi (Table 2). The

remaining barley is almost exclusively Roumi. There

were no significant differences between communes for

use frequency of Beldi (v2 = 2.37, df = 1, p = 0.12)

or of Roumi (v2 = 1.04, df = 1, p = 0.31).

The majority of barley seeds of all varieties were

maintained on-farm in both communes (Fig. 2). This

proportion was lower in Tissa than in Ourtzagh (82 %
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compared to 93 %), although not significantly so

(v2 = 2.18, df = 1, p = 0.14). The remaining seeds

were mostly purchased or traded in markets. The

distance from the villages to the nearest market varied

from 0.1 to 14.6 km. When considering only seeds of

Beldi, the proportion of seeds maintained on-farm was

nearly identical (93 % in Tissa and 92 % in Ourtzagh)

in both communes.

The major reason cited by farmers in both com-

munes for preferring to cultivate Beldi was ‘‘high

productivity’’ (67 and 64 % in Tissa and Ourtzagh,

respectively) (Table 3). In Ourtzagh, the second most

important reason was ‘‘resistance to drought’’ (31 %);

this was significantly higher than in Tissa (only 8.5 %)

(v2 = 5.13, df = 1, p = 0.02). Conversely, farmers in

Tissa cited ‘‘cost effectiveness’’ (50 %), which was

significantly more than farmers citing this reason in

Ourtzagh (24 %) (v2 = 4.66, df = 1, p = 0.03). Sim-

ilar proportions of farmers in both communes cited

local adaptation as a factor in their variety choice

(approximately 21 %).

The use made of the barley harvest in both

communes was principally as animal fodder (both

grain and vegetative biomass) and as seed for planting

the following year (Table 4). A high proportion of

farmers (58 and 63 % in Ourtzagh and Tissa, respec-

tively) sold a portion of their seed production in local

markets. Barley was used for human consumption by

33 and 42 % of farmers in Ourtzagh and Tissa,

respectively. Some farmers reported setting aside a

portion of the harvest specifically for use as seed in the

following year. This practice was significantly more

common in Ourtzagh (21 %) than in Tissa (4 %)

(v2 = 4.02, df = 1, p = 0.04).

Table 2 The percentage of farmers cultivating the different

barley varieties (or variety complexes) in Ourtzagh and Tissa

in 2008

Communea Farmers using each variety (%)

Beldi (TV)b Roumi (MV)c Rouiza (MV)c

Ourtzagh 97.7 2.3 0

Tissa 88.9 7.4 3.7

a There were no significant differences between communes for

Beldi in a Chi-squared test (v2 = 2.37, df = 1, p = 0.12) or for

Roumi (v2 = 1.04, df = 1, p = 0.31)
b TV refers to a traditional variety or variety complex
c MV refers to a modern variety or variety complex

On-farm 

Purchased/Traded 

Borrowed 

Ourtzagh Tissa 

A
ll 

va
rie

tie
s

B
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Fig. 2 The sources of the seeds used for planting in 2008 in the

rural communes of Ourtzagh and Tissa. Data is presented for all

varieties combined (top) and for the Beldi variety complex only

(bottom). The majority of seeds were maintained on-farm, but a

small proportion of seeds was obtained from outside sources in

both communes. The seeds obtained from outside sources in

Tissa commune is higher for all varieties combined than for

Beldi considered alone
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On-farm interviews, 2009

Farmers in all three communes cultivated barley in a

number of small plots (less than one hectare in size),

with total cultivation area and plot size being larger in

Tissa than in Galaz or Ourtzagh (Table 5). Farmers

cultivated a total of six barley varieties or variety

complexes, with Beldi dominating cultivation in all

communes (97, 95 and 87 % of cultivation area in

Galaz, Ourtzagh and Tissa, respectively) (Table 6).

Farmers did not report the use of variety mixtures as a

strategy to increase yield or yield stability. The

modern variety Roumi was the second most important

cultivar, followed by Rouiza (a 2-row variety whose

name can be translated as ‘‘small grain’’), while the

remaining three varieties (six-row Rouiza, Touinssi

roumi and Stati) were extremely rare, each being

reported by only one farmer. The names attributed to

these rare varieties provide some indication of their

characteristics and/or origin. Six-row Rouiza refers to

a small-grained variety with six rows. Touinssi roumi

denotes a foreign variety of Tunisian origin and Stati

refers to a variety originating from the town of Settat,

in the Gharb valley region of Morocco. Although the

current varietal richness of six is relatively high,

values for Simpson’s diversity index, which represents

the probability that two randomly selected individuals

will belong to the same variety, were also high,

indicating low diversity. This is due to the dominance

of Beldi. Tissa had the highest varietal diversity and

richness of the three communes. A comparison of

varieties currently cultivated and varieties no longer

cultivated (Table 7), showed that most farmers in all

three communes (over 95 %) currently cultivate Beldi.

The use of Roumi is increasing in all three communes,

with more farmers currently cultivating Roumi than

farmers who report discontinuing use of Roumi.

Conversely, use of Rouiza is decreasing in all com-

munes, with much higher percentages of previous use

than of current use. There is also evidence of turnover

in the varieties available in the region, with six-row

Rouiza, Touinssi roumi and Stati representing newly

introduced varieties while a free-threshing variety

named Chaı̈r Nabi (i.e. ‘‘the Prophets’ barley’’) and a

variety named Zbiti represent varieties that were

previously cultivated in the region but are no longer

available.

In the case of Beldi, the majority of farmers in all

three communes report that they have been cultivating

it ‘‘for a long time’’ (Fig. 3a), often stating that they

inherited their Beldi seeds from their parents. Many

farmers in each commune (between 25 and 60 %)

report that they never renew their seed stock of Beldi

from outside sources (Fig. 3b). This was the most

frequent response in both Ourtzagh and Tissa com-

munes, although in Galaz commune the majority of

farmers report renewing their seed every 2 years. The

remaining farmers reported periodically using outside

seeds to renew or supplement their seed supply. These

responses were mostly distributed between seed

renewals every year to every 5 years, indicating

relatively frequent influxes of new seed. Some farmers

(2–12 %) also indicated that frequency of seed

renewal depends on outside factors and, as such, is

variable.

Table 3 Percentage of farmers citing specific reasons for

preferring to use Beldi over other varieties in 2008

Reason for selecting Beldi Commune

Ourtzagh Tissa

Productivity 64.3 66.7

Resistance to drought 31.0* 8.3*

Cost effectiveness 23.8* 50.0*

Local adaptation 21.4 20.8

Fodder quality 19.0 8.3

Personal habit 11.9 8.3

Resistance to biotic stress 9.5 4.2

Cooking quality 7.1 12.5

Cost 7.1 4.2

Market value 0.0 12.5

* Indicates a significant difference in a Chi-squared test

(p \ 0.05)

Table 4 Percentage of farmers citing specific postharvest uses

of the barley crop in 2008

Harvest use Commune

Ourtzagh Tissa

Fodder 95.2 87.5

Grain 95.2 83.3

Sale 59.5 62.5

Food 33.3 41.7

Seed reserve 21.4* 4.2*

* Indicates a significant difference in a Chi-squared test

(p \ 0.05)
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Farmers report a number of reasons for renewing

their seeds of Beldi from outside sources (Table 8).

The most frequent reasons cited included that the

farmers’ seeds were mixed with seeds of other,

undesirable, species (i.e. weeds), the seed supply was

insufficient, or the seeds had poor germination. The

number of farmers citing insufficient seed supply was

significantly higher in Galaz than in Ourtzagh or Tissa

(v2 = 7.104, df = 2, p = 0.03). On average, for each

farmer, 70–90 % of the Beldi seeds planted in 2009

came from stocks that had been maintained on-farm

(‘‘self’’) (Fig. 4). The remaining seeds were sourced

from local markets, neighbours, seed companies, or

non-local markets. There were no significant differ-

ences among the three communes in the percentage of

seeds obtained from these different sources.

The seed exchange network in 2008 and 2009

Overall, the seed exchange network is similar in each

of the three communes studied and is also similar in

both years studied. The Beldi variety complex has

been cultivated for a long time in the region and is

maintained almost exclusively through an informal

seed exchange network, with very few seeds

purchased from seed companies. Farmers in all

Table 5 Number of barley plots, plot size and barley cultivation area per farmer in 2009

Commune Total area

surveyed (ha)

Mean no. barley

plots/farmer (SD)

Mean plot

size in ha (SD)

Mean cultivation

area (ha) per farmer (SD)

Galaz 80.80 2.43 (1.17) 0.55 (0.47) 1.40 (1.20)

Ourtzagh 47.80 2.26 (1.09) 0.49 (0.46) 1.11 (0.87)

Tissa 110.18 2.90 (1.54) 0.77 (0.65) 2.01 (1.47)

Table 6 Percentage of the total barley cultivation area in each commune devoted to the different barley varieties or variety

complexes cultivated in 2009

Commune Cultivation area devoted to each variety (%) Simpson’s diversity index

Beldi
(TV)a

Roumi
(MV)b

Rouiza
(MV)

6-row

Rouiza (MV)

Touinssi
roumi (MV)

Stati
(MV)

Galaz 96.9 2.7 0.5 0 0 0 0.94

Ourtzagh 94.8 4.4 0.8 0 0 0 0.90

Tissa 86.7 7.3 0.8 2.5 1.8 0.9 0.76

a TV refers to a traditional variety or variety complex
b MV refers to a modern variety or variety complex

Table 7 Percentage of farmers presently cultivating and previously cultivating (i.e. no longer cultivating) the reported barley

varieties or variety complexes in 2009

Variety name Galaz Galaz Ourtzagh Ourtzagh Tissa Tissa

Current Previous Current Previous Current Previous

Beldi 96.7 0 95.5 2.3 95.9 4.1

Roumi 11.7 8.3 15.9 6.8 14.3 4.1

Rouiza 3.3 21.7 4.6 9.1 4.1 12.2

Chaı̈r nabi 0 3.3 0 3.3 0 0

6-row Rouiza 0 0 0 0 1.7 0

Touinssi roumi 0 0 0 0 1.7 0

Stati 0 0 0 0 1.7 0

Zbiti 0 1.7 0 0 0 0
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communes produce most of the seeds used for planting

on-farm (over 90 % in 2008 and over 75 % in 2009).

Most of the remainder of seed is purchased in local

markets. A relatively small proportion of farmers

reserve a specific portion of the harvest for use as seed

in the following year, but most do not reserve seed

specifically for this purpose and simply plant the new

crop using the seed remaining from the previous year.

The reasons cited by most farmers for obtaining

seed from outside sources reflect problems with their

own seed source, such as having insufficient seeds, a

seed stock that is contaminated with too many weed

seeds, or poor germination. There does not appear to

be a conscious choice to renew their seed from outside

sources in the hopes of obtaining new adaptive traits or

to increase the diversity of their own seed stock.

Although many farmers report never needing to use

seed from outside sources, many others report using

outside seeds, mostly at intervals varying from every

year to every 5 years.

Genetic diversity, gene flow and genetic structure

in Beldi

In samples of Beldi, between 6 and 8 alleles were

identified for each SSR locus (Table 9). Values of

gene diversity were high, and similar in both com-

munes with most values being above 0.6. Similarly,

allelic richness was nearly identical between Tissa and
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Fig. 3 The patterns of use of Beldi over time represented as the

number of years that farmers report cultivating Beldi (a) and the

frequency with which farmers renew their supply of Beldi seeds

from outside sources (b). (Data from the 2009 interviews)

Fig. 4 The sources of Beldi seeds used for planting in 2009 in

the rural communes of Galaz, Ourtzagh and Tissa. The

percentage of seeds obtained from each source is expressed as

a percentage (?SE). There are no significant differences among

communes

Table 8 Percentage of farmers citing specific reasons for

renewing their seed supply of Beldi from outside sources in

2009

Reason for renewal Commune

Galaz Ourtzagh Tissa

Insufficient seed supply 43.1* 23.8* 21.3*

Presence of weed seeds 29.3 21.4 12.8

Poor seed germination 8.6 14.3 2.1

To increase yield 12.1 0 4.3

Seeds had lost resistance 12.1 0 0

Poor seed quality 6.9 0 0

To reduce disease 5.2 0 0

To renew the seeds 3.5 4.8 4.3

Seeds were diseased 3.5 2.4 0

No reason given 3.5 2.4 0

* Significantly different in a Chi-squared test (p \ 0.05)
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Ourtzagh, especially when rarefaction analysis was

used to compensate for differences in sample size

between communes (approximately 4.8 alleles per

locus are expected in a sample size of N = 30 for each

commune). Private alleles were present and there was

similar private allelic richness in each commune.

Overall, private allelic richness was relatively low,

with approximately one private allele per locus

expected in samples of the same size from each

commune. Observed heterozygosity was extremely

low, as is expected for a crop with an inbreeding

mating system (results not shown). FST-values

between villages were not significant (results not

shown). In contrast, the FST-value measuring genetic

differentiation between communes was low, but

significant (FST = 0.031, p = 0.02). The number of

migrants per generation between the two communes as

calculated from the FST value was very high

(Nem = 7.81). Similarly, results of AMOVA found

a small (1.9 %), but significant proportion of variation

partitioned between communes, whereas the variation

partitioned among villages within a commune (12 %)

was not significant (Table 10). The majority of

variation (86 %) was present within villages within

communes, indicating high diversity maintained in

each village. Bayesian analysis of population migra-

tion rates between communes using IMa2 identified

similar and high levels of gene flow (with 95 %

confidence intervals) occurring in both directions

between the communes [MT?O = 2.12 (0.28, 9.14)

and MO?T = 2.82 (0.80, 8.60)]. Analysis with

MIGRATE gave values for population migration rates

similar to those obtained using IMa2 [MT?O = 1.53

(0.05, 8.77) and MO?T = 2.13 (0, 9.29)]. The rates of

Table 9 Gene diversity, number of alleles, allelic richness (Rs) and private allelic richness of Beldi in Tissa and Ourtzagh (Ourt.)

communes

Locus No. of allelesa Gene diversity Allelic richnessb Private allelic richnessb

Tissa Ourt. Tissa Ourt. Tissa Ourt. Tissa Ourt.

Bmac0316 4(1) 5(2) 0.6 0.7 4.0 4.6 1.3 1.9

Bmag0013 6(1) 7(2) 0.8 0.8 5.9 6.1 1.5 1.8

Bmag0125 5(1) 6(2) 0.7 0.5 4.9 4.8 1.5 1.4

Bmag0321 5(2) 4(1) 0.6 0.6 4.4 3.3 1.5 0.5

EBmac0541 5 5 0.8 0.7 5.0 4.7 0.3 0.0

Bmag0345 5 6(1) 0.7 0.7 4.4 5.3 0.1 1.0

Totalc – – 0.7 0.7 4.8 4.8 1.1 1.1

a Numbers in parentheses represent the number of private alleles for each locus
b Adjusted for sample size using rarefaction
c Average over loci

Table 10 Partitioning of variance between different hierarchical levels of sampling as determined by AMOVA

Locus Percent of variation

Between

communes

Among villages

within communes

Within villages

within communes

Bmac0316 4.82390* 21.7602** 73.41589*

Bmag0013 -2.23766 21.74040** 80.49726

Bmag0125 5.22475 12.38034 82.39492

Bmag0321 0.75996 4.20511 95.03493

EBmac0541 2.50659 4.83007 92.66334

Bmag0345 0.92468 4.40354 94.67178

All loci 1.88163* 11.94537 86.17301***

* p \ 0.05; ** p \ 0.01; *** p \ 0.001 (1,023 permutations)
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mutation-scaled migration (mT?O = 1.08) and

mO?T = 1.72) in the MIGRATE analysis were

similar to the mutation scaled population-sizes

(hTissa = 1.78 and hOurtzagh = 2.54) indicating extre-

mely high rates of historical gene flow between the

two communes.

The most probable number of clusters identified

using STRUCTURE was K = 4. A relatively high

proportion of genotypes from Tissa (fre-

quency = 0.421) were assigned to cluster 3, while

genotypes from Ourtzagh were more likely to be

assigned to cluster 1 (frequency = 0.374) or cluster 4

(frequency = 0.337) (Fig. 5). Fewer genotypes over-

all were assigned to cluster 2, but it was much more

frequent in Tissa (frequency = 0.151) than in Ourt-

zagh (frequency = 0.052). These clusters indicate the

presence of some geographic structure between com-

munes, but there is also considerable overlap between

communes, with some individuals in each commune

assigned to each of the four clusters.

Combined results of interview and genotype data

The combination of interview data and genotypic data

results in a more comprehensive depiction of seed

exchange networks in Ourtzagh and Tissa (Fig. 6).

Because the IMa2 model conforms more closely to our

data than the MIGRATE model, we have elected to

report the IMa2 values in the figure representing gene

flow in the seed exchange network (Fig. 6). Although

interview data identified the likely presence of gene

flow among farms within a commune, genotypic data

identified, in addition, a high level of gene flow

between communes that was not reflected in the

interviews data.

Discussion

Diversity of barley in the study region

In all three communes, the diversity of the named

barley varieties identified in interviews is relatively

low because a complex of morphologically similar

traditional varieties identified by the name Beldi

occupies most of the cultivation area. For this reason,

we have focused primarily on Beldi in our analyses

and discussion. A variety named Beldi in this region

generally represents a traditional variety that has been

cultivated by most farmers for so long that they are

unable to report the specific time when they started

cultivating it. Most farmers report obtaining their

original stock of Beldi seeds from their parents, further

confirming that varieties identified by this name have

been present in the region for a long time. Farmers

value Beldi because it has high productivity in the

region and is resistant to drought. As a result, Beldi is

considered reliable, cost effective and of good market

value. Furthermore, the Beldi plant has a higher

proportion of vegetative biomass than Roumi and

therefore provides good quality animal fodder, which

is a major use of the barley crop in the region, even

more important than use as human food.

Beldi populations on individual farms have high

genetic diversity and low structure, with each village

containing a large proportion of the diversity of the

population as a whole. This is similar to results for

barley in other agro-ecosystems. In central Morocco,

an evaluation of traditional varieties using storage

proteins (hordeins) as markers also identified high

diversity (Dakir et al. 2002). In Eritrea, a study using

SSR markers also found high diversity and low

Tissa Ourtzagh

Fig. 5 Population structure of Beldi seeds from Tissa and Taounate communes estimated using genotypic clustering in STRUCTURE

for K = 4 clusters (red cluster 1, yellow cluster 2, blue cluster 3, green cluster 4). (Color figure online)
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structure, with the average individual field retaining

97 % of the diversity of the population (Backes et al.

2009). By contrast, in Tunisia, barley varieties also

have high diversity, but show some structuring

according to geographic origin (Raoudha et al. 2007).

The large percentage of farmers cultivating Beldi

indicates that farmers are maintaining a high use and

valuation of Beldi, despite the availability of other

named varieties, including varieties from the formal

breeding sector. However, the slight increase in the

use of Roumi in all communes indicates that Roumi has

replaced Beldi in a small portion of the barley

cultivation area. Further studies of this region in

future years will be necessary to determine if use of

Roumi will continue to increase, and potentially

displace Beldi. We believe it is likely, however, that

Beldi will remain important in this region. The

continued use of traditional varieties despite the

availability of other varieties has been observed in

other major crops, including maize in Mexico (Perales

et al. 2003) and wheat in Turkey (Brush and Meng

1998). In these cases, genetic erosion of traditional

varieties is inhibited because the local varieties are

uniquely adapted to both agro-ecological conditions

and cultural needs (Bellon 1996). As a result, their role

in the local agro-ecosystem is not easily replaced and

they provide better food security than most varieties

from the formal breeding sector. This is particularly

the case for barley in Morocco, where the different

parts of the plant fill a large number of niches in

traditional Moroccan farming systems. The grain

provides both fodder for livestock (80 % of produc-

tion) and food for humans (20 % of production)

(Ceccarelli et al. 2001). In addition, the quality of

barley straw is important because it provides livestock

feed during the dry season (Rhrib and Amri 2005) and

can represent a significant proportion of the crop value

(Annicchiarico and Pecetti 2003). Beldi typically has

better quality straw and much more straw biomass.

Farmers in this region also practice ‘‘green stage

grazing’’, allowing livestock to graze the barley plants

in the early stages of growth and then allowing the

plants to recover to produce tillers and grains (Belaid

and Morris 1990; Johnson 1996). This is an

Fig. 6 The Beldi seed exchange network and gene flow within

and between the rural communes of Tissa and Ourtzagh. The

sources of seed (indicated as percentages of total seed used in a

year) are derived from interview data. The seeds sourced within

the village include seeds renewed on-farm and seeds obtained

from a neighbour in the same village. Population migration rates

(the rate at which genes from one commune are supplanted by

genes from the other commune) are calculated from SSR data

using IMa2 and are reported as M values (M = 2Nem) with

95 % confidence intervals. Farmers in both rural communes

report using over 80 % of their own seed and buying the

remainder from local markets within the commune
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advantageous practice that can increase the overall

biological yield of the crop by 1,000–2,000 kg annu-

ally without reducing grain yield (Yau 2003). Very

few modern cultivars can perform as well as tradi-

tional cultivars under this practice (Anderson 1985;

Yau and Mekni 1987). These multiple uses are

reflected in farmer selection criteria, which differ

from formal breeding sector criteria that prioritize

semi-dwarf, high grain-yielding varieties (Ceccarelli

et al. 2001; Yau 2003).

The seed exchange network for Beldi

By combining interview data with genotypic data, we

have obtained a more comprehensive characterization

of genetic diversity and gene flow within the seed

exchange network than with either method used alone.

Because of this, we have focused our discussion of the

seed exchange network for Beldi in Tissa and Ourt-

zagh communes, where both types of data are

available. In each commune, in a given year, approx-

imately 10–20 % of the seed supply is purchased in

local markets, while the remainder of the seeds are

from the farmers’ own seed supplies. These influxes of

seed should lead to a moderate level of gene flow

within the commune.

There are some differences in the valuation and

conservation of seed for Beldi between Tissa and

Ourtzagh, that may be related to the differences in

agroecological conditions between the two communes.

In particular, the marginal conditions in Ourtzagh may

increase vulnerability to drought, which may explain

the much higher number of farmers in Ourtzagh who

cite drought resistance as a reason for cultivating Beldi.

Farmers in Ourzagh were also much more likely to

reserve a portion of their seeds for planting the

following year. This could be because they are more

likely to experience low yields (due to smaller

cultivated areas, poor soil, and higher vulnerability to

drought), and have therefore adopted this practice to

help mitigate against years with a poor harvest.

The use of outside seeds does not appear to be

higher in 2008 (the year following a poor harvest after

a drought year in 2007) than in 2009 (the year

following a good harvest). This is likely because some

seeds from the 2006 harvest remained from the harvest

in the year prior to the drought and these were used to

plant the 2008 crop. In Ourtzagh, this may be partly

due to the farmer practice of reserving a portion of the

harvest specifically for planting. This conservation of

seeds for planting was also undoubtedly helped by aid

provided to farmers by the Moroccan government

after the drought. Free sacks of barley were distributed

to farmers through the local agricultural extension

offices. Farmers used these seeds to feed their

livestock, allowing them to retain their own seed for

planting. If, however, the government does not

provide assistance after a drought, or there are poor

harvests for two or more subsequent years, seed

reserves may be exhausted, leading to higher influxes

of outside seed.

Based solely on the results of interview data, gene

flow appears to be restricted to the scale of the

commune because it occurs mainly between the local

market and farms within the commune. There is also a

small influx of seed from the formal breeding sector

(seed companies) in the Tissa commune. However, the

very small volume of seed from the formal sector is

indicative of the overall dominance of seed exchange

networks as the main source of seed.

Data from molecular markers indicates that gene

flow is also occurring on a larger scale than the

commune, with a high number of migrants between

Beldi populations in the two communes, as indicated

both by classical population genetic tests and esti-

mates of gene flow using Bayesian methods. High

gene flow between communes is also corroborated by

the low private allelic richness in each commune. This

gene flow between communes is high enough that

genetic structure between communes, although pres-

ent, is weak.

Because the interview data do not directly indicate

the cause of gene flow between communes, we must

consider a number of different explanations. Gene

flow between communes could occur through three

potential routes: (1) vendors who sell seed in both of

the local markets, (2) farmers from one commune

travelling to the market in the other commune to

purchase seed, or (3) farmers from different com-

munes purchasing or trading seeds amongst them-

selves. It is also possible that the gene flow detected

represents the signature of common ancestry of the

Beldi populations in both communes, rather than

ongoing gene flow, though this seems a less likely

explanation because our model distinguishes popula-

tion isolation from gene flow.
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We believe that route (1), vendors selling seed in

more than one local market, is most likely to account

for gene flow. This type of gene flow would be

facilitated by the structure of traditional rural markets

in Morocco. These markets are periodic, i.e. they

convene once a week in each market place, and the day

of the week for the markets in a region are staggered,

allowing one vendor or one farmer to attend more than

one market. Historically, the markets have attracted

vendors and buyers from a small radius of approxi-

mately 20–30 km due to poor road conditions (Mike-

sell 1958). However, with improvements in roads and

transportation (Buerli et al. 2008), this radius may

have expanded, resulting in increased long-distance

gene flow, although recent data is not available. This is

likely the mechanism for high gene flow between

communes, and suggests that genetic structure in the

region may have decreased in recent years, compared

to times when travel was more difficult and vendors

would have been limited to fewer markets. The low

genetic structure of Beldi among communes is there-

fore consistent with the levels of seed exchange and

gene flow reported by farmers, given that market seed

is likely to represent seed from a broader region than

the commune. Similarly, a study of traditional maize

varieties in Mexico (an outcrossing species), found

that a reported 5 % influx of seed per year from outside

the community was sufficient to obscure any evidence

of neutral genetic structuring between communities

(Perales et al. 2005).

The other two explanations for gene flow among

communes (farmers travelling to markets in other

communes and farmers obtaining seed from farmers

in other communes) are less likely to be significant

because they would have been identified in the

farmer interviews. On the questionnaire, farmers had

the option to identify either ‘‘local markets’’ or

‘‘non-local markets’’ as the source of their seed, so

farmers purchasing from non-local markets as a

source of gene flow would have been detected

during the interviews. Similarly, on the question-

naire, farmers had the option to identify ‘‘friend or

relative from another village’’ as a source of seed

and this was not reported, making it unlikely that

significant levels of gene flow occurred via direct

trade between farmers in different communes. Gene

flow between communes occurring due to vendors

selling in both local markets, however, was not

accounted for in the survey questions.

The seed exchange network for barley appears to be

similar to that for fava bean (Vicia faba L.), a legume

crop that is cultivated in rotation with barley in the

region. In the case of V. faba, most seed exchanges

happen locally, between neighbours or relatives in the

same area. However, some seed exchanges happen on

a larger scale, when farmers purchase from vendors

representing a larger geographic area (Arbaoui 2003).

It is therefore likely that these two interconnected

crops share similar patterns of genetic diversity and

genetic structure.

A recent study of traditional barley varieties in

high-hill agro-ecosystems in Nepal identified levels of

seed exchange for two different barley varieties

similar to those reported in this study, with 20–25 %

of barley seeds obtained through exchanges with other

farmers in a given year (Bajracharya et al. 2012). This,

coupled with frequent renewal of seed stocks follow-

ing crop failure led to a similar lack of genetic

differentiation, particularly in marginal and poor

environments. The parallels between our findings

and those for barley in Nepal likely reflect the similar

environments in which traditional barley varieties are

cultivated, i.e. agriculturally marginal environments

that are unsuitable for higher value crops such as

wheat or rice.

Conservation implications

Close to 100 % of barley seed stocks in the region are

managed via the seed exchange network with very few

inputs from the formal seed sector. The seed exchange

network is therefore critical to barley supply and

diversity in the region, even more so than for other

cereals in Morocco (mainly wheat) where it accounts

for 89 % of seed (Van Mele et al. 2011). As a result,

any vulnerability in the seed exchange network will

likely have an impact on the diversity and evolution of

Beldi.

This study highlights some vulnerable points in the

seed exchange network that should be considered in

the context of crop yield stability and food security in

the region, as well as for in situ conservation of barley

diversity in this region. In particular, the small

proportion of farmers who set aside seed specifically

for use in planting the following year is a cause for

concern because in the case of a year (or a series of

years) with a poor harvest (e.g. due to drought, fungal

disease, or insect pests), farmers may use all their
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seeds prior to planting time, and may then be forced to

purchase seeds from outside sources. These seeds may

not be of high quality or may come from a different

region and be poorly adapted to local conditions. This

effect is currently mitigated by government aid

programs that provide additional seeds to farmers for

feeding their livestock after a poor harvest, allowing

farmers to retain some of their own seeds for planting

in the following year.

Even in a year with a good harvest, however, the

remaining seeds from the previous harvest that are

used for planting the new crop may not be the highest

quality seeds, resulting in poor germination, or poor

yield. This vulnerability in the seed system is already

apparent in the number of farmers who periodically

renew their seed supply from outside sources because

their own seed is insufficient or of poor quality rather

than because of a deliberate choice to acquire new

seeds. By comparison, in other seed exchange net-

works, there are frequent reports of farmers deliber-

ately choosing to renew their seeds in search of new

traits (e.g. culinary properties, early maturity), to

increase quality and yield, or as a component of a

social ritual (e.g. a gift or exchange at a wedding) (e.g.,

Asfaw et al. 2007; Delaunay et al. 2008).

Additional factors that cause decreased yields and

poor quality harvest, such as climate change, are likely

to compound this vulnerability in the seed system and

may have an influence on the continued evolution of

Beldi in the region (Pautasso et al. 2012). Morocco has

been subject to drier conditions and prolonged periods

of drought since the 1980s (Esper et al. 2007). In this

context, it is especially important for farmers to

reserve a portion of their stored seed for planting the

crop in the following year. Additional interventions

that can help mitigate loss of seed stores due to adverse

environmental conditions include community seed

banks, diversity-kits, diversity fairs, and micro-credit

schemes (Jarvis et al. 2011). Any strategies that

involve the development of new community seed

storage facilities will, however, require good design

and monitoring to avoid seed loss to pests (e.g. insects

and rodents) and/or poor storage conditions (e.g.

excess heat and humidity).

Future research directions

This study points to a number of questions that merit

further study. The combined use of interview data and

molecular markers has identified local markets as a

potential source of cryptic long-distance gene flow. In

future studies, assessing the diversity and sources of

seeds available in local markets would provide

valuable information regarding sources of gene flow.

Also, although we only detected weak genetic struc-

ture on the basis of neutral molecular markers, it is

possible that markers for adaptive traits or loci would

show some structuring across an agro-climatic gradi-

ent. Further research should therefore investigate

differences in adaptive traits, in addition to neutral

markers. It is also possible that we did not detect

strong structure because the spatial scale investigated

was too small and future studies might detect stronger

barriers to gene flow if samples are collected from a

much larger geographical area.

Here, we have identified Beldi as a traditional

variety complex that has been cultivated in the region

for a long time. A suite of common morphological

characteristics is consistently associated with the

varieties identified as Beldi in the study region.

However, because the variety name simply means

‘‘local’’, it is possible that the variety considered to be

local has changed over time, but the name has remained

the same. Work on traditional crop varieties in

Morocco has demonstrated that, with increasing geo-

graphic distance, varieties with the same names tend to

differ morphologically (Sadiki et al. 2007). It is

likewise possible that with increasing time, varieties

with the same name will also differ morphologically.

Further work using samples collected at previous times

and stored in seed banks will be required to ensure that

the same morphological variety is being referred to and

that Beldi is, in fact, representative of varieties that

have historically been cultivated in the region.

Conclusions

Future studies of barley in this region should focus

more extensively on the complex of varieties identi-

fied as Beldi, given the high importance and valuation

of Beldi, rather than on the other named varieties

identified in this study. This will allow better under-

standing of the nature of this variety complex, in

particular the extent of morphological divergence

among different populations of Beldi. The use of a

combination of interview and molecular data in the

study of traditional crop varieties allows a more
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comprehensive assessment of gene flow via the seed

exchange network than either method used alone. In

this case, combining both methods allowed us to

identify moderate to high levels of gene flow both

within and between communes. It is advisable to

combine both types of data, particularly in systems

that are not yet well characterized. Insights obtained

using this approach may then be used to refine future

studies and conservation strategies. Finally, the seed

exchange network in this region is likely to be

vulnerable to years with poor harvests, which may

be compounded by the effects of climate change and

periodic drought. Efforts at in situ conservation of

barley in this region should aim to increase the

proportion of farmers and/or communities maintaining

a reserve supply of seeds.
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