
ORIGINAL PAPER

Genetic diversity trends in twentieth century crop cultivars:
a meta analysis

Mark van de Wouw • Theo van Hintum •

Chris Kik • Rob van Treuren • Bert Visser

Received: 10 March 2009 / Accepted: 14 December 2009 / Published online: 7 January 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract In recent years, an increasing number of

papers has been published on the genetic diversity trends

in crop cultivars released in the last century using a

variety of molecular techniques. No clear general trends

in diversity have emerged from these studies. Meta

analytical techniques, using a study weight adapted for

use with diversity indices, were applied to analyze these

studies. In the meta analysis, 44 published papers were

used, addressing diversity trends in released crop varieties

in the twentieth century for eight different field crops,

wheat being the most represented. The meta analysis

demonstrated that overall in the long run no substantial

reduction in the regional diversity of crop varieties

released by plant breeders has taken place. A significant

reduction of 6% in diversity in the 1960s as compared

with the diversity in the 1950s was observed. Indications

are that after the 1960s and 1970s breeders have been

able to again increase the diversity in released varieties.

Thus, a gradual narrowing of the genetic base of the

varieties released by breeders could not be observed.

Separate analyses for wheat and the group of other field

crops and separate analyses on the basis of regions all

showed similar trends in diversity.

Introduction

In the last century, scientific plant breeding has made an

enormous impact on the agricultural landscape. In the early

twentieth century knowledge about hybrids and mutations,

and the application of Mendel’s work on inheritance was

instrumental in a dramatic leap forward in plant breeding

(Murphy 2007). Breeders have continuously introduced

new varieties with higher yields and which are adapted to

changing farming systems and user demands. This has

contributed to a large extent to the major increases in

agricultural productivity which have been observed in the

twentieth century (Dudley 1994). Especially the Green

Revolution of the 1960s and 1970s was a very important

achievement of plant breeders, contributing to global food

security (Evenson and Gollin 2003).

However, concern has been raised that the major

breeding efforts in the twentieth century have been a strong

force in the reduction of crop genetic diversity (Gepts

2006). It is generally thought that continuous selection

among crosses of genetically related cultivars has led to a

narrowing of the genetic base of the crops on which

modern agriculture is based, contributing to the genetic

erosion of the crop gene pools on which breeding is based

(Plucknett et al. 1987).

In the past, genetic uniformity of crops has led to several

devastating attacks of pests and diseases. Well-known

examples are the potato blight epidemic in Ireland in the

1840s, and the corn leaf blight which devastated maize

production in the USA in the 1970s (Lopez 1994). New

strains of old diseases might threaten future agriculture

productivity. A new strain of stem rust is now a cause of

concern to wheat growers (Singh et al. 2006b) and it is

feared that the global banana production will face severe

losses in the near future due to a new strain of Panama
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disease which is attacking the very widely planted

‘Cavendish’ banana clone (Ploetz 2006). Many breeders

are very much aware of these painful reminders of the

importance of diversity, but it is not clear to what extent

scientific plant breeding has been instrumental in reducing

crop diversity any further since the switch from traditional

landraces and farmers’ varieties to modern cultivars.

In the last decade, the availability of new molecular

techniques and the interest in crop diversity have led to

many published scientific papers addressing trends in

diversity in released crop varieties. Diversity levels as

found in these studies often fluctuate strongly from one

time period to the next (Christiansen et al. 2002; Tian et al.

2005; White et al. 2008). Papers from the same crop and

same regions sometimes show conflicting results (Huang

et al. 2007; Roussel et al. 2004) and in general no clear

pattern emerges from these studies, as both increases and

decreases in diversity are observed (e.g. Fu et al. 2006;

Hazen et al. 2002; Hysing et al. 2008).

A traditional, qualitative and narrative, literature review

of publications on the impact of breeding on diversity

trends in crops demonstrated the difficulty in drawing

general conclusions, although the tentative conclusion was

that the possible diversity reduction over time was most

likely small (Fu 2006). In a traditional narrative review or

by using ‘‘vote counting’’ methods (e.g. Peters et al. 2009;

Stewart et al. 2004), the direction and magnitude of the

effect which is being studied is difficult to estimate as the

number of significant outcomes in the studies has little

direct relation with the size of the effect (Rosenberg et al.

2000). A meta analysis can overcome these limitations by

using formal statistical techniques for combining the

results of independent experiments in order to reach

general conclusions.

In the current study, meta analysis techniques were used

to distil a general trend in the genetic diversity as output by

breeders in the form of released varieties. The aim of this

study was to quantify the impact plant breeding has had in

the last century on the genetic diversity of crops using the

large body of literature which has appeared on the subject

in recent years. As this is the first meta analysis using

diversity indices, the meta analytical methods were adapted

for use with these indices.

Materials and methods

Selection of studies

A meta analysis starts with the selection of appropriate

studies for inclusion in the analysis. Using Scopus, Web of

Sciences and CAB abstracts a literature search was made

for publications on diversity trends in modern breeding in

the twentieth century using molecular techniques. Publi-

cations based on morphological diversity or pedigree

analysis were not included. Keywords used in these sear-

ches were, among others, genetic erosion, impact of

breeding and diversity trends. The search was limited to

publications in the following languages: English, French,

Spanish, Portuguese, German and Dutch. When a relevant

study was found, papers which were cited by the study, as

well as papers which cited the study were checked, to

obtain an as complete set of papers as possible.

Extracting data

Diversity measures such as Nei’s gene diversity index (Nei

1973) or average genetic distances were extracted from the

text, tables or figures of the papers selected. Variants of

these measures were found in most papers. All these

indices have in common that they look at evenness in the

distribution of alleles, whereby diversity decreases when

the distribution of alleles over the varieties gets more

skewed. In some papers more than one diversity measure

was used, in these cases preference was given to either

Nei’s gene diversity index or average distances measured

with the simple matching coefficient, as these two mea-

sures are identical (Kosman 2003). Many of the diversity

indices which were used are essentially the same and only

needed a simple transformation to obtain Nei’s gene

diversity index. In addition to the diversity indices, other

information extracted from the papers are the number of

varieties studied for each period, the number of loci stud-

ied, the marker system used, the average PIC value

(Anderson et al. 1993) of the markers, the region of study

and the crop.

For the meta analysis a temporal division in decades was

chosen. Although some studies also included varieties from

before 1900 and after 2000, it was decided to limit the meta

analysis to the twentieth century as both the varieties from

the first decade of the twenty-first century and varieties

released before the 1900s were not well represented. Since

for the older decades only very few varieties were included

in the studies, it was decided to combine the first three

decades into a single group, 1900–1929. The meta analysis

was limited to the diversity in modern cultivars and

diversity data on historical landraces were excluded.

In many cases, the definitions of the time periods in the

publications did not follow a decadal division or the

diversity data were not reported in a way which allowed

them to be directly used in the meta analysis. In one case a

simple recalculation could transform the data into a decadal

division (Priolli et al. 2004). In all other cases where a

decadal division was not followed or the relevant data were

difficult to extract from the paper, authors were contacted

to obtain missing information or some clarification about
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the figures or the analysis. Many authors responded by

recalculating their data to follow the decadal divisions and

the use of adjusted Nei’s diversity index or by providing

the original data (Table 1).

When raw data were available either from the authors or

directly extracted from some of the papers (Metakovsky

et al. 1991, 1994, 2000; Novoselskaya-Dragovich et al.

2003), they were analysed using spread sheet software or

Arlequin 3.1 (Excoffier et al. 2005) to obtain Nei’s adjusted

gene diversity index on a decade by decade basis.

Not all authors responded or were able to provide the

requested assistance, and these papers were reviewed to

find other ways to fit them in the meta analysis. In studies

where diversity was not exactly split into decades, the

diversity values found were assigned to the most closely

related decade (Bauer et al. 2007; Novoselskaya-Dragovich

et al. 2007; Reif et al. 2005a, b). In cases where the

reported diversity measure was based on more than one

decade, they were assumed to be constant for these decades

(Figliuolo et al. 2007; Mantegazza et al. 2008; Nersting

et al. 2006; Novoselskaya-Dragovich et al. 2007; Reif et al.

2005a). In the subsequent meta analysis these values are

used as relative to the other values of pooled decades in the

same study. In these cases the number of cultivars was

divided over the decades to avoid an additional weighting

of these diversity indices in the subsequent analyses.

Obviously, diversity indices derived from pooled decades

were not used to compare the decades within the pool. The

other way round, when the time period in the study was

shorter than needed for the meta analysis, the average

diversity of the time periods belonging to a decade was

calculated for use in the meta analysis (Figliuolo et al.

2007). One paper did not indicate the number of cultivars

analyzed for each time period, and in this case the number

of cultivars analyzed for each decade was assumed to be

proportional to the total number of cultivars used in the

study (Novoselskaya-Dragovich et al. 2007). From Kim

et al. (2005) the average dissimilarities were used by

transforming the reported average similarities, as in this

paper the reported PIC values were calculated by averaging

over primers and not over loci.

Several papers which were originally selected for the

meta analysis had to be rejected at closer inspection as the

data in the papers were not presented in a way that made

them useable in the meta analysis (Khlestkina et al. 2004;

Koebner et al. 2003; Smýkal et al. 2008). One other paper

(Martos et al. 2005) was rejected on closer inspection as

the sample size used was so small that a further division in

decades was not sensible.

It appeared that several times the same sets of varieties

were used in different studies using different molecular

marker systems (Donini et al. 2000; Cooke and Law 1998;

Fu et al. 2003b, 2004, 2005, 2006; Kolodinska Brantestam

et al. 2003, 2004, 2007). To avoid an implicit additional

weighting of these sets of varieties, the results of the

studies were averaged based on the number of loci in each

study. Several publications have used more than one

marker system. In cases where separate analyses were

reported for each marker system (Donini et al. 2000;

Manifesto et al. 2001; Zheng et al. 2003), the analyses were

combined by taking weighted averages of the diversity

indices based on the number of loci studied in each marker

system.

A single publication might contribute more than once to

the meta analysis if a separate analysis was done for dif-

ferent regions (Huang et al. 2007; White et al. 2008) or if

more than one crop type was studied (Kim et al. 2005; Le

Clerc et al. 2006). Also in a paper on wheat (Novoselskaya-

Dragovich et al. 2007) two different regions were studied,

but as the Italian data originated from another paper

(Metakovsky et al. 1994) which had already been included

in the meta analysis, these were disregarded. For papers in

which in addition to an overall analysis, also an analysis

split into regions was done, only the results from

the overall analysis were used in the meta analysis (e.g.

Kolodinska Brantestam et al. 2004).

Effect size and study weight

Using the diversity values extracted from the publications,

the effect size for use in the meta analysis was calculated as

the log response ratio:

Eij;k ¼ Ln
Hj;k

Hi;k

� �

where Eij,k is the effect size of study k and decades i and j

and Hi,k and Hj.k are the diversity indices from study k in

respectively decade i and j. The natural log of the response

ratio was used as this has preferable statistical properties,

since the log ratio is equally affected by changes in either

numerator or denominator (Hedges et al. 1999). The

diversity effect was calculated for all possible combina-

tions of decades.

In a meta analysis weighting of effect sizes from the

individual studies occurs either on the basis of the reci-

procal of the sampling variances (Gurevitch et al. 2001) or,

when sampling variances are not available, a weight might

be based on sample size (Sánchez-Meca and Marı́n-

Martı́nez 1998) or some other assessment of reliability

(Manly 2001). In the current meta analysis a weight on the

basis of the sampling variance was not an option as sam-

pling variances are often not mentioned.

Diversity indices, as used in the current study, show two

dimensions to the sampling process: the number of varie-

ties used in each study and the number of loci studied (Nei

1987). A variance curve will, with increasing sample sizes
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Table 1 Studies on diversity trends in crops using molecular techniques

Reference Crop Region Time

period

No of

Cultivars

Notes

Bauer et al. (2007) Maize Serbia 1966–2001 24 Temporal adjustments made

Christiansen et al. (2002) Wheat Nordic Countries 1901–1993 75 Original data received from authors

Condón et al. (2008) Barley Mid West, USA 1958–1998 61 Original data received from authors

Cooke and Law (1998) Wheat UK 1930–1999 55 Data from paper

Donini et al. (2000) Wheat UK 1930–1999 55 Diversity data from Law et al. (1997)

Feng et al. (2006) Maize USA 1930–2004 53 Recalculated by authors

Figliuolo et al. (2007) Wheat Italy 1900–1999 131 Temporal adjustments made

Fu et al. (2003a) Oat Canada 1886–2001 96 Original data received from authors

Fu et al. (2003b) Flax North America 1908–1998 54 Original data received from authors

Fu et al. (2004) Oat Canada 1886–2001 96 Original data received from authors

Fu et al. (2005) Wheat Canada 1845–2004 75 Original data received from authors

Fu et al. (2006) Wheat Canada 1845–2004 75 Original data received from authors

Fu et al. (2007) Soybean Canada 1934–2001 45 Original data received from authors

Hao et al. (2006) Wheat China 1950–1999 968 Data from paper

Hazen et al. (2002) Wheat Shaanxi, China 1950–1999 23 Data from paper

Huang et al. (2007) Wheat UK & Europe 1940–1999 282 Data from paper

Hysing et al. (2008) Wheat Nordic Countries 1900–2003 166 Recalculated by authors

Khlestkina et al. (2004) Wheat Siberia 1926–1999 54 Excluded from the analysis

Kim et al. (2005) Barley Korea 1932–1999 44 Data from paper

Koebner et al. (2003) Barley UK 1920–1999 134 Excluded from the analysis

Kolodinska Brantestam et al. (2003) Barley Nordic & Baltic countries 1900–2000 240 Original data received from authors

Kolodinska Brantestam et al. (2004) Barley Nordic & Baltic countries 1900–2000 227 Original data received from authors

Kolodinska Brantestam et al. (2007) Barley Nordic & Baltic countries 1900–2000 197 Original data received from authors

Landjeva et al. (2006) Wheat Bulgaria 1925–2003 91 Recalculated by authors

Le Clerc et al. (2005) Maize France 1950–1999 114 Recalculated by authors

Le Clerc et al. (2006) Maize France 1970–2004 2137 Recalculated by authors

Le Clerc et al. (2006) Pea France 1950–2004 268 Recalculated by authors

Malysheva-Otto et al. (2007) Barley Europe 1900–1999 510 Recalculated by authors

Manifesto et al. (2001) Wheat Argentina 1938–1995 105 Original data received from authors

Mantegazza et al. (2008) Rice Italy 1850–2001 135 Temporal adjustments made

Martos et al. (2005) Wheat Italy & Spain 1900–2000 24 Excluded from the analysis

Metakovsky et al. (1991) Wheat Yugoslavia 1970–1988 38 Recalculated from data in paper

Metakovsky et al. (1994) Wheat Italy 1930–1990 121 Recalculated from data in paper

Metakovsky et al. (2000) Wheat Spain 1950–2000 97 Recalculated from data in paper

Metakovsky and Branlard (1998) Wheat France 1945–1992 187 Original data received from authors

Nersting et al. (2006) Oat Nordic 1898–2000 64 Temporal adjustments made

Novoselskaya-Dragovich et al. (2003) Wheat SE Russia 1924–2000 39 Recalculated from data in paper

Novoselskaya-Dragovich et al. (2007) Wheat Serbia 1960–1999 94 Temporal adjustments made

Priolli et al. (2004) Soybean Brazil 1970–1999 184 Data from paper

Qi et al. (2006) Rice China 1950–1999 257 Data from paper

Reif et al. (2005a) Maize Central Europe 1951–2001 85 Temporal adjustments made

Reif et al. (2005b) Wheat Developing countries 1950–1997 123 Temporal adjustments made

Roussel et al. (2004) Wheat France 1840–2000 497 Original data received from authors

Roussel et al. (2005) Wheat Europe 1840–1999 480 Original data received from authors

Russell et al. (2000) Barley UK 1884–1999 95 Original data received from authors

Smýkal et al. (2008) Pea Czech & Slovak Rep. 1950–2000 164 Excluded from the analysis

Tian et al. (2005) Wheat China 1940–1999 242 Data from paper
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and/or number of loci, reach a point whereby it will be very

difficult to decrease the variance any further, showing

diminishing marginal returns of an extra investment in

increasing sample size or number of loci. A study weight

needs to reflect all these aspects and we have therefore

developed the following formula, which is a modification

of a weight based on sample size:

wij;k ¼
1

NV
i;k
þNV

j;kð Þ
NV

i;k
�NV

j;kð Þ þ
C1

PICk�NL
kð Þ þ C2

where wij;k is the weight of the effect size of decades i and j

of study k; NV
i;k; NV

j;k the number of varieties in decade i and

decade j of study k; PICk the average PIC value of study k;

NL
k the number of loci in study k; and C1 and C2 are the

constants.

The first part of the denominator is a reflection of a weight

based on sample size developed for use in a meta analysis

(Hedges and Olkin 1985), which has been found to be an

improvement on using the total sample size only (Sánchez-

Meca and Marı́n-Martı́nez 1998). The second part of the

denominator reflects the variance reduction obtained by

increasing the number of loci in the study. Also the molec-

ular marker system that has been used plays an important

role, as the potential number of alleles per locus depends on

the type of marker system used. The average Polymorphic

Information Content (PIC) value of all loci used in the study

was therefore added as an additional weighting of the

number of loci. The first constant reflects the relative con-

tribution of the number of loci and the number of varieties in

the reduction of the sampling variance. The second constant

sets a limit to the maximum weight possible, and avoids in

this way that very large studies would dominate the final

results. This latter constant can be viewed as a reflection of

any other components in the variance not covered in the first

two parts of the denominator, such as the effect of the crop or

the region. The final weight of each study is obtained by

adding the various components, reflecting the way the

variance of the diversity indices is constructed (Nei 1987),

and then taking the inverse.

For this study the first constant was set to a value of 2

based on the different recommendations for sample size

(10–20 samples, Singh et al. 2006a; Zhao et al. 2006), and

number of loci (30 for SSRs and 70 for AFLP loci). The

second constant was set to a value of 0.4, resulting in a

maximum weight of 2.5 for a study in which the other

components are approaching 0. In the current meta analysis

this resulted in a fivefold difference in weight between the

smallest and largest study. The influence of small varia-

tions of the constants in the weight formula on the results

of the meta analysis was tested.

Meta analysis

Using the Metawin 2.0 program (Rosenberg et al. 2000)

95% bias corrected bootstrap confidence intervals were

calculated for all mean effect sizes obtained from the pair

wise comparisons of decades, and a significant effect was

concluded where the confidence interval did not intersect 0.

Both unweighted and weighted analyses were carried

out, and the results compared. The data were explored for a

possible publication bias using a modified funnel plot

(Light and Pillemer 1984), whereby the effect sizes are

plotted against the study weight. The data were further

checked for possible underlying structures by classifying

studies into groups according to crop group or region and

carrying out separate analyses for each group.

The relative diversity values for the eight decades that

collectively best explained the total set of decadal com-

parisons were estimated by an optimisation procedure

using all effect sizes and their weights. In this procedure at

first the estimated effect sizes between the decades were all

set to zero. Then the weighted sum of squared differences

between estimated and observed effect sizes for the total

set of pair wise comparisons was minimized by an iterative

process in which the estimated values were varied in small

steps. The estimated effect sizes belonging to the minimal

sum of squared differences was considered to best fit the

observed effect sizes and from these values the diversity

values for each decade were calculated, setting the diver-

sity in the decade with the lowest diversity to 100. The

optimisation procedure was carried out by a tailor made

program written in Turbo Pascal (available upon request)

and the results were plotted in graphs.

Results

A total of 48 publications were found which compare

varieties from different eras using molecular marker tech-

niques (Table 1). The earliest paper, based on seed pro-

teins, dated from 1991, but only four papers were published

Table 1 continued

Reference Crop Region Time

period

No of

Cultivars

Notes

White et al. (2008) Wheat Australia, UK & USA 1845–2005 240 Recalculated by authors

Zheng et al. (2003) Wheat Sichuan, China 1936–1995 40 Data from paper

Theor Appl Genet (2010) 120:1241–1252 1245

123



before 2000 and the large majority of papers dated from the

last few years. Although a variety of different crops have

been studied, the studies have in common that they address

field crops (mostly cereals) which are planted from seeds.

Furthermore most of the studies focussed on North

American or European varieties, although also studies from

South America, Asia and Australia were found. A large

array of molecular techniques has been used in these

studies. Large fluctuations in diversity were often observed

in studies based on only few loci or few cultivars (e.g.

Christiansen et al. 2002; Hazen et al. 2002; Novoselskaya-

Dragovich et al. 2003).

A total of 732 pair-wise comparisons of diversity levels

between sets of decades were extracted from the publica-

tions. The more recent decades showed the highest number

of comparisons (up to 42), while the older decades were

represented in only few studies and as a result the number

of comparisons remained as low as 13 (Tables 2, 3).

The unweighted meta analysis showed a maximum

difference of almost 9% between the decade with the

lowest and the decade with the highest genetic diversity. A

clear and significant reduction in diversity could be

observed in the 1960s (Fig. 1a), the level of diversity being

significantly lower then in the three previous decades

(Table 2). The diversity appeared to recover in the periods

thereafter, and in the 1990s it was significantly higher then

it was in the 1960s. The weighted meta analysis showed

similar trends (Fig. 1b), but in general smaller changes in

diversity between decades were observed. Also in the

weighted meta analysis a low diversity was observed in

the 1960s, with a significant reduction in diversity from the

1950s to the 1960s and 1970s (Table 3). The oldest period

showed comparatively low diversity in the released varie-

ties. However, relatively few studies included varieties

from this time period, and the values obtained did not show

significant differences with any of the other decades.

Varying constant C1 in the weight formula between 1.5

and 3.5 and constant C2 between 0.2 and 0.6 resulted in

only small differences in the final results, demonstrating

that the weight is reasonably robust under small fluctua-

tions in these constants.

The funnel plot (Fig. 2) followed the expected pattern of

more variation in the effect size observed in the smaller

sized studies. The larger studies showed small diversity

differences of less then 10%, while large diversity effects

are mostly limited to decadal comparisons with few loci

and few varieties. The difference in the diversity effect

Table 2 Number of comparisons of diversity for pairs of decades

(above diagonal) and significance of the effect size using 95%

bootstrap confidence intervals in the unweighted meta analysis (below

diagonal, s significant, ns not significant)

Decade \1929 1930s 1940s 1950s 1960s 1970s 1980s 1990s

\1929 14 13 15 16 16 16 16

1930s ns 16 19 23 25 25 25

1940s ns ns 19 24 26 26 26

1950s ns ns ns 30 36 35 36

1960s ns s s s 35 37 38

1970s ns ns ns ns ns 41 42

1980s ns ns ns ns ns ns 42

1990s ns ns ns ns s ns ns

Table 3 Number of comparisons of diversity for pairs of decades

(above diagonal) and significance of the effect size using 95%

bootstrap confidence intervals in the weighted meta analysis (below

diagonal, s significant, ns not significant)

Decade \1929 1930s 1940s 1950s 1960s 1970s 1980s 1990s

\1929 14 13 15 16 16 16 16

1930s ns 16 19 23 25 25 25

1940s ns ns 19 24 26 26 26

1950s ns ns 30 36 35 36

1960s ns ns ns s 35 37 38

1970s ns ns ns s ns 41 42

1980s ns ns ns ns ns ns 42

1990s ns ns ns ns ns ns ns

98

100

102

104

106

108

110

<1929 1930s 1940s 1950s 1960s 1970s 1980s 1990s

Decade

G
en

et
ic

 d
iv

er
si

ty

<1929 1930s 1940s 1950s 1960s 1970s 1980s 1990s

Decade

98

100

102

104

106

108

110

G
en

et
ic

 d
iv

er
si

ty

B

A

Fig. 1 Crop genetic diversity in the twentieth century based on an

unweighted (a) and a weighted (b) meta analysis of 44 publications.

The diversity in the decade with the lowest diversity was set to 100
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found in the weighted (Fig. 1b) and unweighted (Fig. 1a)

meta analysis form another indication that the smaller

studies showed larger diversity differences between the

decades. The shape of the funnel plot does not indicate a

publication bias, as also small effects are reported for the

smaller sized studies.

Wheat has been the most popular crop for studies on

genetic diversity trends as 421 out of a total of 732 decadal

comparisons in this meta analysis involved wheat. To

check whether the wheat studies dominated the final result,

two additional analyses were carried out with only the

wheat studies and excluding the wheat studies respectively

(Fig. 3a, b). Although in these smaller analyses no signi-

ficant effects could be observed, the general trends were

similar, with a low diversity around the 1960s still visible

in both cases. The analyses of the wheat studies showed a

relatively later, in the 1990s, recovery of the genetic

diversity, while the other crops showed this recovery

already in the 1970s.

Two regions with a larger number of studies (North

America and Europe) were also analysed separately to

check for regional differences (results not shown). Also the

regional analyses showed similar general trends as were

observed in the overall analysis. In the North American

group a dip in diversity was observed in the 1970s, albeit

without significant effects. The European group, which

included the largest number of studies, had its lowest

diversity in the 1960s, which significantly differed from the

diversity as observed in the 1950s.

Discussion

Meta analysis

Studies with small sample sizes and modest effects are

vulnerable to a negative bias (Gurevitch et al. 2001), that is

a bias against detecting true effects. Many of the studies

used in this meta analysis had small sample sizes, and the

overall diversity effect was not very large. Under such

circumstances, ‘‘vote counting’’ techniques or narrative

reviews of results would easily result in the true effects

remaining unrecognized. Indeed, a narrative review of

some of the publications used in this meta analysis (Fu

2006) did not recognize the significant decrease in diversity

in the 1960s and 1970s as we found in this analysis.

Contacting authors for clarifications and missing infor-

mation for use in a meta analysis has been reported to give

in general a very low level of return (Gurevitch et al. 2001).

In the current meta analysis this has not been the case, as an

unexpectedly high level of cooperation with the authors of

the original studies has been experienced, whereby authors

handed over original data or recalculated their data for use

in the meta analysis. The level of cooperation might vary

according to the professional field to which the meta

analysis applies, but it appears worthwhile, when con-

ducting a meta analysis, to at least try contacting authors.

Apparently in the field of plant breeding and agriculture the

level of cooperation can be extremely high, possibly as the

result of a remaining spirit of open access to research

results.
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A weighted meta analysis on the basis of sample size

where large studies contribute more than small studies, has

shown to be an improvement compared to an unweighted

meta analysis (Hunter and Schmidt 2004). However, the

approach could be troublesome if one study would have an

extremely large sample size as compared to all the other

studies, as this study would then completely dominate the

final result of the meta analysis. If at the same time this

large study is deviant in a certain way, or uses a very

specific sample group which is not representative for the

group as a whole, the weighted meta analysis might result

in wrong conclusions. In the current meta-analysis we

introduced a constant (C2) in the weight formula, which

effectively sets a limit to the maximum weight possible,

thereby avoiding that a very large study will entirely define

the result of the meta analysis, while still maintaining much

of the added accuracy of weighting in the meta analysis.

No evidence for a publication bias in the form of under

reporting of non significant results was found. This type of

publication bias does not seem likely to have influenced the

current meta analysis, given that many studies on which

this meta analysis is based do not report clear significant

differences or do not mention confidence levels of the

results at all.

Trends in diversity

Although individual studies might report large fluctuations

in diversity, this meta analysis shows that overall no major

reduction in diversity as released by plant breeders has

taken place. We did find a significant reduction in the

diversity of released varieties in the 1960s, but even then

the diversity reduction as compared with the diversity

levels in the 1950s is only 6%. If this would have been the

start of a continuing trend in reduction in diversity there-

after, very severe losses in diversity would have occurred

by now. However, indications are that after the 1960s and

1970s breeders have been able to again increase the

diversity of released varieties. An overall gradual narrow-

ing of the genetic base of the varieties released by breeders

has not been observed.

In the 1960s and 1970s the introduction of the new

Green Revolution-type cultivars for the major staple crops

led to concerns on the disappearance of the world’s varietal

wealth of crop plants (Harlan 1970; Pistorius 1997). The

widely shared concerns ultimately resulted in the estab-

lishment of a worldwide network of international gene-

banks hosted by the CGIAR research centres. The seed

samples stored in these genebanks facilitated access of the

world’s crop diversity to plant breeders world wide. It

seems likely that the easy access to crop diversity provided

by the genebanks, improved communication among

breeders and easier exchange of seeds were factors

contributing to the reversal of the initial trend in diversity

reduction as observed in this meta analysis. Also the

increased use of crop wild relatives for breeding and in

recent years the use of synthetic wheats will have con-

tributed to the observed diversity increase.

The low diversity observed in the meta analysis among

the cultivars released before 1930 might have been caused

by an initially low output of breeding programmes, as this

is the time when scientific breeding started to gain

momentum, but it could as well be the result of sampling

problems. The diversity as observed in the oldest group is

based on few studies, with often few varieties, and there-

fore yields an unreliable estimate of the diversity, which

resulted in no significant effects and large fluctuations in

diversity between subgroups of publications in this meta

analysis.

The availability of historic cultivars is essential for

temporal studies. The longer the period covered in the

study, the more likely that part of the historic cultivars is no

longer available and cannot be included in the study. A bias

might thus be introduced, as those cultivars which can still

be found in collections, might be in particular those culti-

vars which have been used for subsequent breeding and are

therefore more closely related to the newer cultivars. Old

cultivars which were not used in breeding programmes

might have been lost, which could cause an underestimate

of the diversity in the early decades. An additional problem

is that the historic cultivars will have gone through many

regeneration cycles in order to maintain viable seeds. As a

result, genetic integrity might have been compromised and

some diversity might have been lost due to genetic drift or

selective pressures during regeneration (van Hintum et al.

2007).

Cultivars released in the 1950s were probably still

widely used at the time the large genebanks were set up and

are probably well represented in the germplasm collections.

This might explain the high difference in numbers of

studies that include cultivars of the 1940s and cultivars of

the 1950s found in this meta analysis. One might also

expect that cultivars which were in use when the large gene

banks were set up might more closely resemble the original

material, based on growing awareness of proper seed

storage and regeneration protocols.

The diversity measures used in this meta analysis are an

indication of evenness based on the frequencies of alleles

in the group of cultivars studied. Maintenance of diversity

levels does not mean that no alleles get lost at all, since

already rare alleles might still have disappeared and a shift

in alleles might have occurred. Whether the alleles which

have been lost are in fact useful is not known, but they

might be of importance for future plant breeding efforts

and therefore it is useful to maintain the varieties which

contain these alleles in ex situ collections.
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Scope of the meta analysis

Two stages can be recognized in the genetic erosion of crop

diversity due to a modernization bottleneck: the initial

replacement of landraces by modern cultivars and further

trends in diversity as a consequence of modern breeding

(van de Wouw et al. 2009). Whereas this meta analysis

focused on the second stage of the modernization bottle-

neck and showed that little or no loss of diversity occurred

in varieties released during the twentieth century by the

formal sector, this leaves the question unanswered how

much crop diversity was lost at the time of shift from

landraces and farmers’ varieties to modern varieties. Evi-

dence exists that such loss of diversity did occur (e.g. Reif

et al. 2005b; Roussel et al. 2004) and this loss might be the

major component of genetic erosion, threatening both the

sustainability of agricultural production and the raw

material for future plant breeding.

The publications used for this meta analysis all focused

on the diversity at a regional level, and the meta analysis

has shown that in general diversity has been maintained.

Whether this conclusion can be extrapolated to trends in

global crop diversity remains to be determined. A reduction

of the diversity in the global set of released varieties might

still occur if unique regional alleles are replaced by glob-

ally common alleles, even though at a regional level

diversity levels have been maintained. The increased

dominance of large multinational seed companies in

breeding (Pistorius and van Wijk 1999) might be instru-

mental in a possible diversity reduction at a global scale if

the increased role of these companies means that increas-

ingly similar cultivars are released in different regions.

The studies used as input in this meta analysis have

focused on the time of release of the cultivars. Although this

reflects the amount of diversity released by the breeders in a

specific decade, it is also a reflection of the level of breeding

activity in that decade for the crop under study. Less

diversity will be released during periods with little breeding

activity, even though the total number of cultivars available

to farmers and the diversity at farm level or at seed pro-

ducers’ level might not have changed as a result of the

persistence of older varieties in the farming systems.

Although breeders have an important role in supplying

diverse material, farmers make the ultimate varietal choi-

ces. The choice of the farmers can still strongly limit the

diversity grown in the fields if most farmers select the same

varieties. This danger is especially high in a period in

which large advances in breeding are made, and in which a

few of the newly released cultivars outcompete other

varieties because of a significant higher yield or an unique

resistance to an important pest or disease. This has

happened in Australia at the time of introduction of new

midge resistant sorghum hybrids, which were planted by

more than 80% of the farmers. The move to these hybrids

was associated with a narrowing of genetic diversity (Jor-

dan et al. 1998). The dip in diversity observed in this meta

analysis in the 1960s, which coincides with the introduc-

tion of the short straw cereal cultivars, might have been

aggravated by the varietal choices made by farmers.

Often it is not clear how well the cultivars from the

studies used in this analysis represent the cultivars actually

released. Information on the total number of cultivars

which have been released in the studied time periods is

often lacking. Therefore it remains often unknown what

part or proportion of the released diversity has been studied

although in some studies it is stated that the analysed

cultivars are representative of the cultivars which were

used the most (e.g. Reif et al. 2005a; Russell et al. 2000).

Only one study on maize and pea (Le Clerc et al. 2006)

looked at the complete set of cultivars listed in the French

catalogue. This study showed a very large increase in the

number of varieties listed in the last 50 years.

Although a higher number of released cultivars does not

necessarily translate in a higher diversity, allelic richness

will most probably be higher when the group of cultivars is

larger. The basis of plant variety protection is the DUS test,

which stipulates that a new variety has to be distinct, uni-

form and stable. The distinctness principle ensures that a

new variety contributes new diversity to the existing pool of

varieties. This can be just a new combination of alleles

already present in the existing varieties, but there is a strong

likelihood that also new alleles are introduced, therefore

increasing the richness of the group of released varieties.

In most of the studies selected for the meta analysis

anonymous markers are used. These markers target ran-

domly both non-coding and coding regions of the genome.

In two studies on Canadian wheat cultivars both anony-

mous SSR (Fu et al. 2005) and EST-derived SSR markers

(Fu et al. 2006) were used to study the same group of

cultivars. Very similar results were found using either

marker set, which seems to indicate that anonymous

markers are also a reflection of the diversity found in

functional regions of the genome. More research would be

needed to confirm this finding.

The studies used in this meta analysis were based on

eight different crop species. These species have in common

that they are all major field crops grown from seeds with an

emphasis on cereals. No studies on temporal trends in

diversity as a result of breeding were found for horticul-

tural crops. Whether horticultural crops will exhibit the

same general diversity trends as field crops remains

unclear. In horticultural crops breeding objectives are more

consumer directed, while in field crops breeding objectives

are mostly grower directed (Janick 2005). These different

breeding objectives may have caused different trends in

diversity. Diversity trends for horticultural crops might
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follow socio-economic trends, by which more affluent

consumers pose higher quality demands and will expect a

wider choice in the horticultural crops they consume.

Concluding remarks

No general trends pointing at a loss in regional genetic

diversity as released by breeders in the last century have

been observed in this meta analysis. However, this does not

rule out the possibility of diversity loss for specific crops

and regions. Also, as the technical possibilities in plant

breeding are advancing rapidly, it is unclear what will

happen with future crop diversity levels. New techniques

leading to the incorporation of genes from organisms out-

side the primary and secondary gene pool of the crop and

the use of synthetic wheats in wheat breeding could in

theory lead to an increased diversity among the released

varieties. However, the strong technical demands and large

investments needed to apply these new techniques in

developing new cultivars might also mean that breeding

continues to become more centralized and run by an ever

reducing numbers of breeding companies, a development

which could then be counter effective with regards to

diversity levels. It remains important that trends in diver-

sity are monitored, and that a back-up system for the

conservation of important crop diversity is in place.
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