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perspectives

Plant breeding has been a key science in improving crop 
production, with an estimated contribution to productivity 

increases of around 50% (Fehr, 1984). Over the past decades, it 
has remained a vibrant science, with continued success in devel-
oping and deploying new cultivars on a worldwide basis (Gepts 
and Hancock, 2006).

A plant breeding program is a cyclical process aimed at the 
development of new cultivars, whereby each cycle consists of three 
major phases (Allard, 1960; Schnell, 1982; Gepts, 2002; Cecca-
relli, 2009): (i) generating genetic variability: this includes making 
crosses, inducing mutation, introducing exotic germplasm, and 
using genetic engineering techniques; (ii) selection and testing to 
identify superior recombinants: in self-pollinated, cross-pollinated, 
and vegetatively propagated crops, which is done with different 
methods such as marker-assisted selection, introgression of quan-
titative trait loci (QTL), or use of high-throughput phenotyping 
platforms, and which terminates with the identification of potential 
cultivars; (iii) release, distribution, and adoption of new cultivars: 

Efficiency of Plant Breeding

Salvatore Ceccarelli*

ABSTRACT
participatory plant breeding (ppB) has been prac-
ticed for several reasons, including sociological, 
humanitarian, and egalitarian. This paper aims to 
demonstrate that ppB should be practiced sim-
ply because it increases plant breeding efficiency, 
which is defined as (i) the ratio between the num-
ber of varieties adopted and the number of crosses 
made, (ii) the response to selection, and (iii) the 
benefit/cost ratio, not only as often done by pub-
lic breeding programs, by the number of varieties 
released by public breeding programs. After review-
ing the reasons for the lack of adoption of several 
of the varieties released, and the theoretical basis 
justifying the use of correlated response to measure 
selection gains, the issue of the benefit/cost ratio 
is discussed within the context of adoption rates. 
The assumption is that without adoption, no ben-
efit will occur. Ways to increase the three measures 
of breeding efficiency are discussed in detail, and 
the conclusion is made that the three measures can 
be increased by combining decentralized selection 
with farmers’ participation in a ppB program. The 
essential features of a ppB program are reviewed, 
including the experimental designs and statisti-
cal analysis used to increase the precision of on-
farm trials. The findings show that ppB increases 
breeding efficiency, both in terms of response to 
selection measured over the time from the initial 
cross to adoption and in terms of the benefit/cost 
ratio as a consequence of a higher adoption rate. 
In a ppB program, adoption starts during the pro-
cess of selection and precedes variety release. In 
a conventional plant breeding (CpB) program, the 
sequence is reversed. other differences between 
a ppB and a CpB program include the increase of 
agrobiodiversity, which in a ppB program is higher 
because of the rapid spatiotemporal turnover of 
varieties, and because the seed of new varieties 
is readily available to farmers, thus contributing to 
food security. Because of its decentralized nature, 
ppB can accommodate organic farms and become 
easily adopted by both national and international 
public breeding programs as one way of adapting 
crops to climate changes.
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the yield testing in multienvironment trials (METs) is either 
the last step of the second phase or the first step of the third. 
Two additional steps are often included as essential com-
ponents of a breeding program, namely, setting the objec-
tives and evaluating the program in terms of reaching those 
objectives. These two steps come before and after, respec-
tively, the three phases mentioned earlier.

In this paper, we consider three measures of plant breed-
ing efficiency: (i) the ratio between the number of varieties 
adopted and the number of crosses made at the beginning 
of a given breeding cycle (Witcombe et al., 2013); (ii) the 
response to selection for the trait or traits selected (usually 
expressed as percentage of the value of the same traits in a 
reference variety); and (iii) the benefit/cost ratio of differ-
ent plant breeding methodologies. Plant breeding efficiency 
is different from selection efficiency, although the two are 
sometimes used synonymously (Wallace et al., 1993).

The objectives of this paper are to (i) discuss the valid-
ity of the most commonly used methods of measuring the 
efficiency of a breeding program, (ii) suggest alternative 
ways of measuring the efficiency of a plant breeding pro-
gram, and (iii) show how decentralization and the inclusion 
of farmers’ participation increase the efficiency of a plant 
breeding program using the three measures listed above.

Measures of Plant Breeding Efficiency
In most public breeding programs, including those of the 
CGIAR (formerly the Consultative Group on Interna-
tional Agricultural Research), the most common way of 
measuring the efficiency of a plant breeding program is 
by the number of varieties released, as indicated by the 
annual reports of National and International Research 
Centers. The efficiency of a plant breeding program is 
less commonly measured in terms of selection gain (or 
response to selection) obtained in a particular cycle (con-
sisting of the five phases described above) or as the average 
of a number of cycles, and as benefit/cost ratio, which has 
been used mostly by economists in impact studies (Mare-
dia and Raitzer, 2010).

variety Release
The number of varieties released is, as mentioned above, 
the most common way of measuring the efficiency of plant 
breeding by public institutions, both national and interna-
tional, presumably because it is easy to measure. The annual 
reports of these institutes typically publish updated tables 
with the number of varieties released for the various crops. 
See, for example, the Annual Reports of the CGIAR at 
www.cgiar.org. Those tables do not mention whether the 
varieties have been adopted by farmers. In some cases, the 
tables note the estimated net benefit, but without an indi-
cation of the levels of adoption assumed to obtain those 
estimates, although exceptions exist (ICRISAT, 2012). 
Whenever used, adoption is defined as the percentage of 

the area of the crop grown with a given variety at any point 
in time, or by the percentage of farmers growing the vari-
ety. In measuring adoption, the importance of the length of 
time a new variety is cultivated remains unclear given that 
farmers often adopt new varieties for a short time and/or on 
a limited area before returning to the previously adopted 
variety or to the landrace.

The number of varieties released is a gross overestimate 
of the efficiency of a breeding program. In fact, if we accept 
that plant breeding generates benefits when the varieties it 
produces are used by the farmers (Morris and Heisey, 2003; 
Maredia and Raitzer, 2010), a released variety never adopted 
by farmers does not generate benefit. One can argue that 
such a variety can still be of benefit to the breeders when 
used as a parent, but this benefit would only be reflected in 
the adoption of varieties derived from that parent.

Variety release is merely an administrative recognition 
often based on poorly designed and unrepresentative trials 
(see below), and in several countries is needed to legally 
commercialize the seed. However, in many developing 
countries, the “legal” seed, particularly in crops grown in 
marginal environments, only represents a small percentage 
of the seed that is actually planted, while the majority of 
seed is produced by the informal sector, defined as the total 
of farmers’ seed production, selection, and seed exchange 
activities (Bishaw and Turner, 2008). This makes variety 
release an even less credible measure of plant breeding effi-
ciency. The issues of seed availability and variety adoption 
are intimately connected, as lack of adoption is often attrib-
utable to the unavailability of seed from improved varieties.

It is widespread and common knowledge that, particu-
larly in developing countries, a mismatch exists between 
the varieties released and those grown by farmers, in the 
sense that there are varieties released but not adopted, and 
varieties grown by farmers but not released. This mismatch 
varies with the crop, usually being higher for crops grown 
in marginal environments (Aw-Hassan et al., 2008). Exam-
ples of this mismatch are given in Table 1, with examples 
of different adoption in different agroecologies. In the last 
four rows of the table, numerical examples of the difference 
between varieties released versus adopted for different crops 
and countries are presented. A similar situation has been 
described for maize (Zea mays L.) in the Guangxi Province 
of China (Li et al., 2012) and for sorghum [Sorghum bicolor 
(L.) Moench] in Nigeria (Flower, 1996).

The reasons for lack of adoption or for limited adop-
tion are several and have been discussed by Weltzien and 
Witcombe (1989), Ceccarelli et al. (1991), Saade et al. 
(1993), Brush (1995), Legg and Thresh (2000), Sall et al. 
(2000), Hossain et al. (2012), Li et al. (2012), Reguieg et 
al. (2013), and Yahiaoui et al. (2014).

Even if the yield of improved varieties is greater than 
or similar to that of the local variety, farmers may not 
adopt them. Yield is not the only criterion for adoption 
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slight differences from country to country. In the second 
system, the breeder prepares a report on the performance 
of the lines in his or her own breeding trials and the report 
is submitted to the ad hoc committee, which decides if the 
variety can be accepted for release. The first system adds 
an additional 3 to 4 yr to the time needed to obtain a new 
variety with conventional breeding, while the second is 
about 2 to 3 yr shorter than the first.

Tripp et al. (1997) identified four categories of problems 
associated with the information needed to submit a vari-
ety for release, namely, efficiency, standards, participation, 
and transparency (Table 2). Some of the problems listed in 
Table 2 have been mentioned earlier by Wien (1987) and 
Thomas (1987) and, more recently, with specific reference 
to organic agriculture, by Belicka and Bleidere (2005).

An additional problem observed in variety testing, 
and not only in developing countries, is the use of obso-
lete experimental designs and statistical analysis, with 
no attempts to capture spatial variability and correlation 
between the plot errors (Singh et al., 2003; Ceccarelli, 
2012) or of increasing the number of locations by the use 
of partial replication (Cullis et al., 2006) combined with 
optimized randomization (www.austatgen.org/software; 
accessed 14 Sept. 2014). One example of the failure of 
official variety testing is given by the rejection in Syria of 
three barley (Hordeum vulgare L.) varieties, which were later 
adopted by dryland farmers on areas of between 10,000 
and 50,000 ha (ICARDA, 2007; Ceccarelli et al., 2013b). 
Obviously not all variety-testing systems suffer from all 
the drawbacks listed in Table 2, but only a few of them are 
sufficient to affect the results in such a way that the variety 
released has a low probability of adoption.

(Sall et al., 2000; Jalleta, 2004), as shown also by Aw-
Hassan et al. (2008), who listed 15 different criteria used 
by farmers to decide whether to adopt a variety. Lack of 
adoption of a variety may adversely affect the adoption 
of other agricultural technologies, as farmers have been 
known to adopt technologies in a stepwise fashion (Byer-
lee and de Polanco, 1986).

The literature on the issue of variety adoption is very 
rich, suggesting that in general, it is very difficult during 
the breeding program to predict whether or not the vari-
eties will be adopted. This is in part because in a conven-
tional system, 5 to 6 yr typically pass after official release 
before appreciable adoption commences (Morris et al., 
1992; Witcombe et al., 1998), and during this time, farm-
ers’ priorities, agronomic conditions (e.g., availability of 
irrigation or fertilizer price), policy measures (e.g., intro-
duction or removal of subsidies), and market demands may 
change, making the breeding objectives set at the begin-
ning of the breeding program obsolete.

Ex post impact studies by socioeconomists consistently 
show that farmers’ perception of a new technology signifi-
cantly affects its adoption, and therefore, the participation 
of farmers in technology development seems to be the 
most logical strategy to increase the probability of adop-
tion, and hence, the efficiency of the breeding program 
(Adesina and Baidu-Forson, 1995; Sall et al., 2000).

The nonadoption of numerous released varieties is 
likely to be due to the process of variety release. This 
process differs from country to country. The two most 
common systems are first, independent trials that are con-
ducted at the end of the breeding program with results 
submitted to an ad hoc committee that decides if the vari-
ety can be accepted for release. If accepted, the produc-
tion of certified seed starts, although there could be some 

Table 1. Adoption of varieties (percentage of area) as affected by the crops (Jansen et al., 1990) and the region (Kelley et al., 
1996), and as a ratio over the number of varieties released.

Crop† Country Region

Adoption 

Quoted  
from% area

ratio adopted/
released

Wheat india 83% Jansen et al., 1990

Rice india 60% Jansen et al., 1990

Sorghum india 32% Jansen et al., 1990

Pearl millet india 49% Jansen et al., 1990

Maize india 36% Jansen et al., 1990

Pearl millet india Gujarat, Tamil nadu, and Andhra Pradesh 90% Kelley et al., 1996

Pearl millet india dry areas of Haryana, Karnataka, and 
Maharashtra‡

30% Kelley et al., 1996

Rice india 2/525 Witcombe et al., 1996

Barley Algeria 2/16 Reguieg et al., 2013

Barley Syria 10% 2/8 ceccarelli et al., 2011

Rice nepal 10–11% of 
household

Sthapit et al., 1996

† Wheat (Triticum aestivum L.), Rice (Oryza sativa L.), Sorghum [Sorghum bicolor (L.) Moench], Pearl millet [Pennisetum glaucum (L.) R. Br.], Maize (Zea mays L.), Barley (Hor-
deum vulgare L.).

‡ Represents 40% of the pearl millet area.
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Selection Gains (or Response to Selection)
The selection gain (or response to selection) is defined as 
R = S h2, where S is the selection differential (the differ-
ence between the mean of the selected individuals and the 
mean of the whole population) and h2 is the heritability of 
the target traits (Falconer, 1981). The selection differen-
tial is determined by the intensity of selection (i), which 
depends on the percentage of individuals selected and is 
equal to S/sp, where sp is the square root of the pheno-
typic variance. Therefore, the response to selection can 
also be expressed as R = i h2 sp.

Breeding methods may differ in the number of sea-
sons required per cycle. Eberhart (1970) introduced the 
number of seasons per cycle (y) into the formula, so that it 
becomes, in a simplified form,

R = (i h2 sp)/y,   [1]

where the heritability h2 is equal to

h2 = sg
2/sp

2 = sg
2
/Öse

2/(re) + sge
2/r + sg

2,

where sp
2, se

2, sge
2, and sg

2 are the phenotypic, environ-
mental, genotypic × environment interaction (GEI), and 
genotypic variances, respectively, and r and e are the number 
of replications and the number of environments (locations, 
years, or location–years combinations), respectively.

Formula [1] assumes that the selection environment 
and the target environment are the same. However, the 
most common case is that the selection environment (one 
or more research stations) is different from the target envi-
ronment (the farmers’ fields), with some Australian breed-
ing programs being the best-known exception. Therefore, 
the formula of the direct response to selection (1) is, in most 
cases, irrelevant because the research station cannot possi-
bly be the target environment. The selection gains should 

then be calculated as the correlated response to selection 
(CR) in the target environment, which is equal to

CRt = Rs ht
2/hs

2 rg or i ht hs rg spt   [2]

(Falconer, 1981; Annicchiarico, 2002), where Rs is the 
response to selection in the selection environment, ht

2 is the 
heritability in the target environment, hs

2 is the heritability 
in the selection environment, rg is the genetic correlation 
coefficient between the measures of the trait object of selec-
tion in the two environments, and spt is the phenotypic 
standard deviation of the trait in the target environment.

In the case of a target population of environments 
(TPE), which are several geographical areas the breeding 
program aims to serve, CRt can be calculated separately for 
each target environment or across the TPE, if the same vari-
ety is selected for the entire TPE. Eventually, CRt should 
also be expressed in terms of cycle time, as in the case of R.

An issue debated for a long time by plant breeders, par-
ticularly in relation to breeding for stress environments, is 
whether it is more efficient to select directly in the target 
environment (Rt), or to select in the research station (Rs), 
which is considered as an ideal selection environment 
because of higher heritability (Allen et al., 1978), and rely 
on the correlated response to selection in the target envi-
ronment (CRt) (Calhoun et al., 1994; Ceccarelli, 1994; 
Cooper et al., 1997; Atlin et al., 2001; Annicchiarico et 
al., 2005; Annicchiarico, 2007). The relationship between 
CRt and Rt, assuming that y is the same, is given by

CRt/Rt = rg (hs/ht),   [3],

which will also apply in the case of selection for one trait to 
obtain a gain from selection in another trait (Falconer, 1981).

When ht = hs, the maximum value of CRt/Rt is 1, 
when rg = 1. When heritabilities are the same, direct selec-
tion will always be more effective (Rt > CRt) because the 
genetic correlation coefficient will always be less than 1. 
With low genetic correlations (0.1–0.2), which are often 
found between high-yielding breeding nurseries and low-
yielding target environments (Atlin et al., 2001), hs must 
be at least 5 to 10 times higher than ht for CRt to be 
greater than Rt. A literature review showed that the ratio 
between hs and ht does indicate that generally Rt > CRt 
(Ceccarelli, 1996). Heritability alone is not sufficient to 
determine the optimum selection environment because 
when rg, is negative, as in the case of GEIs of crossover 
type, the magnitudes of hs and ht become irrelevant.

Costs and Benefits of a Breeding Program
The ratio between the benefits generated by a new vari-
ety and the cost associated with developing that variety 
could be an additional way of measuring the efficiency 
of a plant breeding program, although it has been mostly 

Table 2. Problems associated with the way trials for variety 
release are organized and conducted. Modified from Tripp et 
al. (1997).

Problems Examples

efficiency Low frequency of variety replacement

Uneven resource allocation to different trial stages

Prolonged variety testing

inappropriate site selection

inappropriate zoning

Standards Unrepresentative trials management

Trials’ analysis biased against poor environments

Lack of attention to farmer-relevant variety traits

Participation Lack of participation by related organizations

Lack of farmers’ participation

Transparency Lack of coordination between national and regional 
testing systems and lack of accountability and linkages
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The cost–benefit analysis has been criticized as suffering 
from several drawbacks (Simmonds and Smartt, 1999), but it 
does not have alternatives and is the only way to consider the 
output of a breeding program in a social context. Two exam-
ples of a cost–benefit analysis of alternative ways of imple-
menting a breeding program are given later in the paper.

Increasing Plant Breeding Efficiency
On the basis of the definitions given earlier, plant breed-
ing efficiency can be increased by increasing either the 
response to selection, the adoption of varieties, or the ben-
efit/cost ratio (Fig. 1). Using the formula for CR, response 
to selection in the target environment can be increased by 
reducing the cycle time, y, which breeders call the time 
from cross to cross, although it is perhaps better defined 
as the time from cross to variety adoption. This can be 
achieved, for example, by using off-season nurseries at 
lower latitudes or in the opposite hemisphere, using two 
cropping seasons in a situation of bimodal rain distribu-
tion, single-seed descent in self-pollinated crops (Goulden, 
1939), the double-haploid technique, or via biotechnology 
tools such as the introgression of QTLs (Ribaut and Hois-
ington, 1998). However, the adoption of biotechnological 
tools is still limited, particularly for complex traits like 
yield under environmental stress (Ribaut et al., 2010), for 
which an increase in selection efficiency is most needed. 
An example of reduction of the breeding cycle time is the 
development of rice varieties tolerant to salinity, when the 
savings was at least 2 to 3 yr (Alpuerto et al., 2009).

Other ways of increasing response to selection (Fig. 
1) are to increase h2 by increasing the number of repli-
cations in the selection environment and to increase the 
magnitude of rg by conducting decentralized selection. 
Increasing the number of replications is expensive and is 
contrary to the current trend of reducing replications and 

used in impact studies (Maredia and Raitzer, 2010). Sev-
eral impact assessment studies consistently show that the 
economic benefits generated by plant breeding are large, 
positive, and widely distributed (Morris and Heisey, 2003), 
even if concerns have been expressed about the method-
ology used. Many of these studies assume, implicitly or 
explicitly, that a benefit could not occur unless the vari-
eties are adopted (Maredia and Raitzer, 2010), thus sup-
porting the argument that adoption, rather than release, 
should be used as a measure of efficiency (Sall et al., 2000). 
However, the benefits could be of a different nature to 
different people (Simmonds and Smartt, 1999) and come 
at varying costs depending on the breeding methodology, 
the crop, the country, and the social context, thus bring-
ing economic criteria into a breeding program.

The reasons why variety release and variety adoption 
are the measures of plant breeding efficiency predomi-
nantly used in public and private breeding, respectively, 
are probably associated with the issue of who benefits from 
the production of new varieties (Simmonds and Smartt, 
1999). Obviously, the private breeders must make a profit, 
which is only possible through seed sale. Profit increases if 
farmers have to purchase the seed every year, which may 
influence the production of certain varieties versus others 
(e.g., hybrids instead of open-pollinated varieties), but in 
any case, adoption is a key factor. To a public breeder, the 
release of a variety could be the ultimate goal. In several 
countries, this becomes part of the breeders’ scientific rec-
ognition, particularly if the lack of adoption can be attrib-
uted, as mentioned earlier, to the lack of seed. Seed pro-
duction and distribution are not considered the breeders’ 
direct responsibility. In the case of nonadoption, the social 
benefits one would expect from a public breeding pro-
gram will not be fulfilled (Simmonds and Smartt, 1999).

Figure 1. Plant breeding efficiency can be increased by increasing response to selection, adoption, and benefit/cost ratio.
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increasing the number of locations in METs. Decentral-
ized selection makes the selection environment and the 
target environment as similar as possible (Atlin et al., 
2001), so that a response to selection that approximates R 
rather than CR will be measured. This will also result in 
a reduction in σge

2, namely the variance component due 
to GEI, commonly considered as one of the major factors 
reducing the efficiency of plant breeding programs. This 
is achieved by subdividing GEI into its two components, 
namely genotype × locations (GL) and genotype × years 
(GY), by assessing the repeatability of GL and eventually 
subdividing the TPE in such a way that the GEI within 
each subgroup is lower than that across the entire TPE 
(Windhausen et al., 2012). The increase in selection gain, 
by selecting for specific adaptation within subgroups of 
target locations as opposed to selecting for wide adap-
tion across groups, was demonstrated experimentally by 
Annicchiarico et al. (2005) and Annicchiarico (2007).

Decentralized selection, defined as selection in the 
early stages of a breeding program conducted in the target 
environments (Falconer, 1981; Simmonds, 1991), is a key 
factor in increasing response to selection. The research 
stations cannot fully capture the farmers’ agronomic man-
agement practices, including soil preparation and tillage, 
use of chemical input, irrigation, and crop rotations.

Although the strategies to increase breeding efficiency 
by increasing the response to selection may appear obvious, 
the reality of most public plant breeding programs, both 
at national and international institutions, is that several 
cycles of selection are conducted on research stations, and 
only the final testing of relatively few lines is conducted in 
farmers’ fields. The resistance to decentralization, both by 
national and international plant breeders, is often justified 
by the superior precision of the breeding trials conducted 
on-station. While often true, this may be irrelevant. Work 
in Australia showed that genetic correlations between the 
yield of breeding lines on-station and yield under on-farm 
conditions were low in comparison to the genetic correla-
tions between different on-farm experiments (Pederson 
and Rathjen, 1981; Cooper et al., 1997). Although lower 
experimental errors and higher heritability are obtained 
on research stations, the results have limited relevance to 
genotype performance in the on-farm target population 
of environments (Bänziger and Cooper, 2001). Therefore, 
the issue is how to make the breeding trials conducted on-
farm more precise. This brings up the second reason often 
used to justify centralized selection, namely the limited 
amount of seed generally available in the early stages of 
a breeding program. The prevalent practice is to use all 
the seed available to do an unnecessarily large number 
of replications on-station, with no seed left to plant trials 
outside the station. Today, new classes of experimental 
designs, such as the partially replicated design in rows 
and columns, the use of optimized randomization (www.

austatgen.org/software, accessed 14 Sept. 2014) and of spa-
tial analysis (Ceccarelli, 2012), makes it possible to sac-
rifice replications in favor of locations, thus allowing an 
early evaluation of the breeding material in METs with 
a sufficiently high degree of precision. In the early stages 
of a breeding program, the benefits from replications are 
less clear, as the main focus is on ranking genotypes rather 
than predicting their yields (Kempton and Gleeson, 1997).

The solutions discussed above, while capable of 
increasing response to selection, do not necessarily increase 
variety adoption, which is critical to increasing breed-
ing efficiency (Sall et al., 2000) and result in an increased 
benefit/cost ratio if not associated with a disproportion-
ate cost increase (Fig. 1). Many programs found that one 
effective way to increase the efficiency of plant breeding 
is to involve farmers, or more generally, the clients of the 
products of a breeding program, in the development of 
new varieties, rather than only in the final stage of testing 
(Bellon, 2006). This can be done by combining decen-
tralization and farmer participation in what is known as 
participatory plant breeding (PPB; Ceccarelli et al., 2009).

Increasing Breeding Efficiency through 
decentralized Participatory Plant Breeding
This section will show how PPB increases the efficiency 
of plant breeding by increasing the response to selection, 
variety adoption, and benefit/cost ratio. Given the five 
phases of a plant breeding program as described earlier, a 
PPB program differs from a conventional plant breeding 
(CPB) program as follows:

1. The objectives are established in communication with 
the farmers (Weltzien and Christinck, 2009), who often 
express their preferences for the type of genetic mate-
rial to use in the program (e.g., landraces vs. modern 
varieties, populations vs. fixed lines) and for specific 
traits (e.g., seed color, plant height, fodder quality).

2. The breeding material is tested in farmers’ fields at a 
much earlier stage than in a CPB program, ideally at 
the beginning of the third of the five phases.

3. Farmers are involved in all major decisions and particu-
larly in deciding which material to carry further and 
which material to discard at the end of each cropping 
season. They also often suggest methodological innova-
tions in the way selection is conducted or the trials are 
planted. Details of who participates and how are given 
in Ceccarelli et al. (2009) and Ceccarelli et al. (2013a).

4. Locations, chosen to sample as extensively as possible 
the target populations of environments and users, are 
treated as independent units of selection, that is, selec-
tion is done within each location regardless of how the 
best breeding lines in that location perform in other 
locations. Selection is fully decentralized and is for 
specific adaptation.
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5. The agronomic management of the trials is established 
with the farmers’ consent, and different agronomic 
options, including organic farming, can be incorpo-
rated into the breeding trials.

6. The objectives of the program are continuously moni-
tored with the participating farmers.

Details, such as when to transfer the breeding mate-
rial from research station to farmers’ fields and the type of 
genetic material, vary with the crop, with farmers’ prefer-
ences, and with the objectives of the program (Ceccarelli 
et al., 2009). For example, in those cases in which resis-
tance to a pest is essential, the screening for that pest can 
be done on-station using molecular markers when avail-
able. Similarly, screening for the appropriate phenology, a 
key adaptation and high heritability trait can conveniently 
be done on-station. Traits important for marketing the 
crop can also be conveniently screened on-station, when 
not affected by GEI. The same can be done for other high 
heritability traits. This has the advantage of reducing the 
amount of breeding material to be tested in farmers’ fields.

In the model we have developed for self-pollinated 
crops (Fig. 8.8 in Ceccarelli et al., 2013a), which is fully 
applicable to vegetatively propagated crops, the breeding 
material undergoes four cycles of selection in each loca-
tion, in as many cropping seasons. Many agronomic and 
phenological data are recorded on a plot basis. Selection is 
done in two stages. First, selection is done by the farmers 
by visually scoring all the plots shortly before harvesting, 
while scientists measure several agronomic traits. Second, 
selection is done jointly by breeders and farmers on the 
basis of the adjusted means (BLUPs, or best linear unbi-
ased predictors) generated by spatial analysis of all data 
recorded in the trial. The material selected at the end of 
the first year, usually 10 to 15% of the total, is tested for a 
second year following the same procedures. The material 
selected again at the end of the second year is tested for a 
third year, at the end of which usually 1 to 3 entries are 
left for the fourth and final year of testing in each location. 
At this point, the farmers name the entries they consider 
the best over the 4-yr period and start seed multiplication. 
This is followed by seed sale outside the group of farmers 
who participated regularly in the selection process. The 
participating farmers have free access to the seed. This 
is considered as the initial adoption of the variety. The 
named entries are used by the breeders as parental mate-
rial for crosses that will generate the breeding material for 
further cycles of decentralized participatory selection.

The principles of the method are applicable to cross-
pollinated crops as well, with technical modifications 
that depend on the type of variety (e.g., hybrid, open-
pollinated variety, synthetic) that is being produced. In 
the first-year trials, partially replicated row and column 
designs (Cullis et al., 2006) combined with optimized 

randomization are used, while in the second-, third-, and 
fourth-year trials, a randomized complete block design, 
with two replications in rows and columns with opti-
mized randomization, is used. In all cases, the data are 
submitted to a spatial analysis (Singh et al., 2003), which 
generates the BLUPs to be used in joint meetings with 
farmers for selection as described earlier.

Eventually, while in each village one farmer grows the 
first-year trial, the second-, third-, and the fourth-year trials 
are usually grown by between three to five farmers (one 
farmer also grows the first-year trial) within the same vil-
lage. This facilitates exposure of the breeding material, at 
an early stage of the breeding program, to several soil types 
and agronomic treatments because farmers, even within the 
same village, may use different amounts and types of input. 
In a CPB program, this takes place only at a much later stage.

The data generated during the 4 yr of testing are 
equivalent to a MET data set; therefore, they can be used 
to submit the entries named by the farmers to the variety 
release committee for formal release with the designated 
area(s) for which they are recommended.

One of the main differences between a PPB program, 
as described above, and a CPB program is the temporal 
relationships between release and adoption. In a CPB pro-
gram, a variety is first released and then adopted. In a PPB 
program, a variety is released after its adoption has already 
begun, and by the time the variety is released, it could be 
already grown on a few thousand hectares.

The model described above had been initially imple-
mented in Syria with barley in 1996–1997 and gradually 
extended to Morocco, Tunisia, Jordan, Egypt, Algeria, 
Yemen, Eritrea, Ethiopia, and Iran with crops like barley, 
bread (Triticum aestivum L.) and durum wheat (Triticum tur-
gidum L. var. durum), lentil (Lens culinaris Medikus subsp. 
culinaris), faba bean (Vicia faba L.), and chickpea (Cicer ari-
etinum L.) (Ceccarelli and Grando, 2012). Recently similar 
programs have been started in Kenya with sorghum and 
in Uganda with cowpea (Vigna unguiculata L. Wasp). The 
PPB programs in other countries and crops are described 
by Cleveland and Soleri (2002).

Another important difference between a PPB pro-
gram and a CPB program is the impact on agrobiodiver-
sity (Gepts, 2006) and adaptation to climate changes. In a 
PPB program, because of the selection strategy described 
under (4) above, both the number of varieties produced 
and their turnover are higher than in a CPB program, 
thus increasing both spatial and temporal agrobiodiversity 
(Ceccarelli et al., 2013a).

Two examples of the contribution of PPB to agrobio-
diversity, as compared with CPB, are offered by Syria and 
Algeria. In Syria, by 2011, 93 new barley varieties were 
named, adopted, and grown by farmers on areas between 
a few thousand hectares and 50,000 ha. In contrast, the 
General Commission for Scientific and Agricultural 
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Research (GCSAR) released eight barley varieties 
between 1978 and 2004 (www.gcsar.gov.sy/gcsarEN/spip.
php? article119, accessed 14 Sept. 2014), of which only two 
were actually grown by the farmers on less than 10% of 
the area. In Western Algeria, at the end of a PPB cycle of 
5 yr, eight barley varieties were selected by farmers and 
multiplied for further distribution (Reguieg et al., 2013). 
Since its establishment in 1966, the Institut National de la 
Recherche Agronomique d’Algerie (INRAA) released 16 
barley varieties, including the purification of two landra-
ces. These two landraces are the only two of the 16 variet-
ies that have actually been adopted (Reguieg et al., 2013). 
Similar results have been obtained with bread and durum 
wheat in Eastern Algeria, with five bread wheat and three 
durum wheat varieties already planted in farmers’ fields 
(A. Benbelkacem, personal communication, 2014). Other 
examples of a farmer participatory crop improvement pro-
gram contributing to agrobiodiversity are given by Wit-
combe et al. (1996).

In addition to the contribution to agrobiodiversity, 
other advantages of PPB are the following:

1. The speed with which new varieties became available 
to farmers and, therefore, the contribution to achiev-
ing food security ( Jones et al., 2014).

2. The ability to address gender-based crops vis-à-vis 
the increasing feminization of agricultural labor in 
developing countries (Ceccarelli et al., 2013a).

3. The possibility of improving underutilized crops.
4. The possibility of selecting varieties for organic agri-

culture (Wolfe et al., 2008).

A PPB program organized as described above increases 
plant breeding efficiency by:

1. Increasing the magnitude of rg by transferring the 
selection from the research station to one or more 
farmers’ fields chosen as the most representative of 
the TPE in terms of climate, soil type, agronomic 
practices, and socioeconomic context.

2. Increasing h2 by subdividing the TPE into many 
small subgroups, hence, reducing the σgl

2 component 
of σge

2. Note that the subdivision of TPE into small 
groups can be optimized by analyzing the discrimi-
nating ability of the test environments and their 
representativeness using GGE Biplot software (Yan et 
al., 2007).

3. Reducing the breeding cycle y (as time from cross to 
release) by eliminating the on-farm testing needed 
in many systems for the release of varieties, as almost 
the entire program is on-farm. Even more impor-
tantly, it reduces the time from cross to adoption 
because adoption precedes release.

4. Increasing the ratio of varieties adopted to crosses 
made, because the preferences of the farmers are part 
of the selection process, and the breeding material 
that reaches the end of the selection process has been 
chosen by the farmers under their growing condi-
tions, thus reducing or eliminating the negative 
effects of GEI.

5. Increasing the benefit/cost ratio (see below) as a 
direct consequence of the increased ratio of variety 
adopted/crosses made.

Two Examples of a Cost–Benefit Analysis 
of Participatory and Conventional Plant 
Breeding Programs
We compared the cost of a CPB program with that of a 
PPB program using the example of Syria, where the two 
breeding program types coexisted for a sufficient number 
of years and the necessary data were available. That com-
parison indicated that in the case of the International 
Center for Agricultural Research in Dry Areas (ICARDA) 
barley breeding program, no relevant cost differences were 
incurred between the PPB and CPB programs (Mangione 
et al., 2006), largely because the PPB program reaches the 
same level of development of the breeding material 3 yr 
earlier than the CPB program. Depending on the type of 
CPB program and on the combination of the number of 
sites and number of farmers per site in the PPB program, 
the aggregated costs of the PPB program were lower than 
those of the CPB program by between 5 and 28%.

The study described above did not consider the benefit/
cost ratio associated with different ways of organizing a breed-
ing program. This type of analysis was performed in Mexico 
(Smale et al., 2003) and in Syria (Ceccarelli et al., 2012).

In the Mexican case, farmers as a group earned a high 
benefit/cost ratio from participating, although the returns 
were low from the perspective of private investors. The 
project also generated social benefits, but these would 
be difficult and costly to measure. In the case of Syria, 
the study was based on estimated adoption rates in the 
PPB and CPB programs and weighted yield gains from 
the respective varieties. Using a gross economic benefit 
model, benefits were calculated for both PPB and CPB 
and compared with the estimated investment costs borne 
by the respective institutions for PPB and CPB. Under the 
baseline scenario, the benefit/cost ratio for PPB was 39 
and the internal rate of return (IRR) was 46%. In the case 
of CPB, the benefit/cost ratio was 15, while the IRR was 
19%. Sensitivity analysis, assuming that only 50% of the 
adoption rate and 50% of the yield gain for the varieties 
produced by the two programs would be realized, resulted 
in the benefit/cost ratio and IRR remaining favorable at 
10 and 33%, respectively, for PPB.

The decentralization component of a PPB program 
is often considered to be the most expensive part. The 
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most convincing evidence that decentralization per se is 
cost effective is given by the breeding programs in Austra-
lia, which remained decentralized even after privatization 
(Pederson and Rathjen, 1981; Cooper et al., 1997).

CoNClUSIoNS
The objectives of this paper were to critically review the 
most common ways of measuring plant breeding effi-
ciency and to redefine plant breeding efficiency in terms of 
response to selection, adoption, and cost effectiveness. The 
main conclusion of the paper is that increasing the response 
to selection, adoption, and the benefit/cost ratio is possible 
by combining decentralized selection and farmers’ (or gen-
erally clients’) participation in a PPB program. Selection 
theory shows that decentralization (i.e., direct selection in 
the target environment) is nearly always more efficient in 
terms of response to selection (Simmonds, 1991). The com-
bination of decentralized selection and farmers’ participa-
tion in a PPB program, briefly described in this paper and 
detailed elsewhere (Ceccarelli and Grando, 2007), increases 
the efficiency of a plant breeding program by increasing 
adoption and, hence, increasing the benefit/cost ratio.

The paper also showed that a PPB program has other 
advantages, one of which is the increase in agrobiodiver-
sity with a rapid turnover of varieties both in space and 
time. Such a level of agrobiodiversity creates an almost 
insurmountable barrier to pests and diseases, and allows a 
rapid and continuous adaptation to climate changes. Given 
the importance of agrobiodiversity and the dangers associ-
ated with its decline (Cardinale et al., 2012; Hooper et al., 
2012), and given that many measures of genetic diversity 
are available (Mohammadi and Prasanna, 2003), we con-
clude that a measure of agrobiodiversity between variet-
ies adopted by farmers and generated by different breeding 
programs could be used as an additional measure of breed-
ing efficiency. Therefore, PPB could reverse the tendency 
of modern plant breeding toward uniform varieties (Cecca-
relli et al., 2013a), as if uniformity were the key to produce 
enough food. Therefore, PPB being one of the recommen-
dations of the Special Rapporteur to the United Nations 
on the Right to Food is not surprising (De Schutter, 2014).

International breeding programs such as those of the 
CGIAR can easily be modified into PPB programs, which 
can be achieved by first decentralizing most of the selection 
work to national programs by gradually replacing the tra-
ditional international nurseries with targeted segregating 
populations, with the possible addition of specific genetic 
stocks. The distribution of segregating populations reduces 
the danger of useful lines being discarded because of their 
relatively poor performance at research stations (Ceccarelli 
et al., 1994). This will benefit from the extensive training 
programs on plant breeding conducted by CGIAR during 
the last 30 yr. An example of what CGIAR centers could 
do to contribute to agrobiodiversity is shown in Fig. 8.10 

in Ceccarelli et al. (2013a), which reflects the decentraliza-
tion of ICARDA’s barley breeding program. It was started 
in 1991, with the distribution of targeted segregating 
populations first to Morocco, Algeria, Tunisia, and Libya 
(Ceccarelli et al., 1994) and later to Iraq in 1992, to Egypt 
in 1995, and gradually to other countries.

In that model, a CGIAR breeding program generates 
genetic variability by performing targeted crosses. These 
crosses are distributed through the various national pro-
grams to farmers’ fields where PPB programs are imple-
mented. The adopted varieties can be used directly by the 
national programs as parents in their crossing programs 
or handed over to the CGIAR breeding program for the 
same purpose, and a new cycle starts. During the process, 
material and information feedback is essential to making 
the entire process more precisely targeted. Because the 
adopted variety can be related to a specific number of tar-
geted crosses, at least one of the efficiency measures can be 
easily calculated. A scheme such as the one shown in Fig. 
8.10, if applied by all CGIAR centers to the main food 
crops in the poorest countries, would represent a major 
contribution to the increase of agricultural production, 
the enhancement of agrobiodiversity, and thus to adapta-
tion to climate changes and to food security.
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