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A B S T R A C T

Increasing the biodiversity of cropped plants is a key leverage for agroecology, aiming to replace chemical inputs
by ecological processes and regulations. Cultivar mixtures are a straightforward way to increase within-crop
diversity, but they have so far been poorly used by farmers and they are not encouraged by advisory services.
Based on the methodology developed by Kiær et al. (2009), we achieved a meta-analysis of cultivar mixtures in
wheat. Among the 120 publications dedicated to wheat, we selected 32 studies to analyze various factors that
may condition the success or failure of wheat mixtures by calculating overyielding, i.e. the difference in pro-
ductivity of a variety mixture compared with the weighted mean of its component varieties in pure stand. The
analysis highlighted a significant global overyielding of 3.5%, which reached 6.2% in condition of high disease
pressures. Overyielding was not affected by seeding density or plot size. Under high disease pressure, over-
yielding increased by 3.2% point per added component variety. Overyielding was respectively 5.3% and 3.3%
higher for mixtures heterogeneous in disease resistance or phenology than for homogeneous ones, and did not
vary when considering height. Overyielding reached its highest values in the 1980s and 1990s, which reflects the
predominance of disease-focused studies during this period. Our results confirm that cultivar mixtures are a
potential way to increase yield relatively to pure varieties, especially under low pesticide cropping systems.
Literature suggests that mixture practice is impeded by the lack of general rules that could help to mixing
varieties. To design such rules it is needed to (1) achieve new experiments manipulating the heterogeneity in
variety traits, (2) determine experimentally the ecological mechanisms underlying mixture performance and (3)
develop new models allowing testing and analyzing these mechanisms.

1. Introduction

High yield gains have been achieved during the 20th century
through the breeding of elite crop lines or hybrids adapted to the
homogeneous cropping conditions of modern agriculture (Tilman et al.,
2001) that strongly relies on chemical inputs and simplified rotations.
However, this agricultural model seems to reach its limits, and many
authors point out the side effects of intensification: water and air pol-
lution, greenhouse gas emissions, deleterious impacts on natural eco-
systems and human health issues (Carpenter et al., 1998; Robertson
et al., 2000; Vitousek et al., 1997). Besides, agriculture is facing global
climate changes, which is in part responsible for an increase in annual
variability and, for some crops, a stagnation of yields (Brisson et al.,

2010; Grassini et al., 2013). Stabilizing the production and switching to
a more sustainable agriculture requires a paradigm shift, as advocated
by many authors (Altieri, 1989; Malézieux, 2011). Adopting agroeco-
logical practices is one of the options for such a shift. Covering a wide
range of practices, agroecology aims to replace chemical inputs by
ecological processes and regulations. Biodiversity, whether species di-
versity (Loreau et al., 2001) or genetic diversity within species (Hughes
et al., 2008) has been shown to play a critical role for the functioning of
natural ecosystems, and increasing diversity of cropped plants has been
proposed as a key leverage for agroecology (Malézieux, 2011). Many
ecological mechanisms identified in natural ecosystems, such as com-
plementarity and facilitation, are also at play within crop fields, both in
co-culture of multiple species (Gaba et al., 2015; Litrico and Violle,
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2015) and in cultivar mixtures (Barot et al., 2017). Cultivar mixtures
(variety blends) are certainly the most straightforward way to increase
within-crop diversity and their documented use in agriculture dates
back to the eighteenth century (Wolfe, 1985). The interest of scientists
for genetic diversity and cultivar mixtures in cereals rose in the late
1960s and remained constant during twenty years, as illustrated by the
number of publications on the subject (Fig. 1).

However, after the 1990s the number of publications on cultivar
mixtures dropped to approximately 4 publications/year since year
2000. Indeed, such stagnation denotes a declining interest of scientists
for the subject, when compared to the strong increase in publications
dealing with cereals genetics and agronomy in general (Fig. 1). Inter-
estingly, the main themes addressed by publications on cereal mixtures
also varied across years (see Fig. 2 and also supplementary material).
First, one predominant question has been whether mixtures can out-
perform in yield their pure component varieties, i.e. present “over-
yielding”. Second, the burst in cultivar mixtures studies between 1970
and 1990 was mainly carried by phytopathologists encouraged by
success stories such as spring barley mixtures in Germany that reduced
powdery mildew incidence and fungicide use by 80% during
1984–1990 (Wolfe et al., 1992). Third, more recently, new interests for
cultivar mixtures have emerged due to raising concerns about the sus-
tainability of agriculture, leading to a diversification of research themes
(Fig. 2), more oriented towards a better understanding of the ecological
mechanisms involved in the ecosystem services potentially provided by

mixtures (Gaba et al., 2015). Examples include exploitation of water
(Adu-Gyamfi et al., 2015; Fang et al., 2014; Wang et al., 2016), control
of insect pests (Shoffner and Tooker, 2013; Smith et al., 2014) and weed
suppression (Kiær et al., 2009).

Despite some success stories in the past (Finckh et al., 2000), there
has been a very limited use of cultivar mixtures by farmers in developed
countries, and an even more limited incitation by most farm advisory
services. Besides practical and legal barriers in the wheat chain that can
impede cultivar mixture adoption, two main explanations can be pro-
posed for the poor use of cultivar mixtures. First, the strong positive
effects of cultivar mixtures might have been demonstrated under spe-
cific environmental and cropping conditions that do not correspond to
dominant cropping systems. For example, mixtures could present po-
sitive effects under high disease pressures and low input levels that are
not common under intensive agriculture. Indeed, according to the stress
gradient hypothesis (Lortie and Callaway, 2006), overyielding should
increase with disease pressure and abiotic stress because stresses can
foster positive interactions and complementarity and compensation
between the varieties of the mixture (Creissen et al., 2013). Second,
academic researchers might have missed to address key questions on
mixtures, partly because the development of alternative studies (as in
agroecology) has stayed on the margins of dominant policy and re-
search objectives, leading to a lock-in situation (Vanloqueren and Baret,
2009). For example, multi-resistant varieties that can contribute to the
reduction of pesticides use have a little commercial success, partly due

Fig. 1. Global evolution of publications concerning cereal cultivars (26,250 papers) and cereal cultivar mixtures (298 papers) between 1939 and 2015.
The proportion of publications on mixtures compared to publications on cereals is represented at the top of the bars.

Fig. 2. Evolution in the main themes addressed by publications dedicated to cultivar mixtures. (298 papers analyzed).
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to the fact that the same companies often sell pesticides and seeds
(Vanloqueren and Baret, 2008). Considering the seed market, its busi-
ness is mainly relying on rapid innovation and registration of new
cultivars. Public and private researches are therefore mainly oriented
toward genetic engineering of varieties and not on their durability, as
potentially provided by mixtures or multi-resistant varieties. The re-
quired changes in scientific objectives are indeed impeded by high
overcosts for scientists (knowledge, reputation, networks, access to
research grants) (Vanloqueren and Baret, 2009). Finally, the use of
mixtures by farmers might have also been impeded by the lack of
practical rules derived from available scientific knowledge, a pre-
requisite for helping farmers to design cultivar mixtures.

In order to assess the validity of these different hypotheses, we
developed an up-to-date review of publications on cultivar mixtures in
wheat, a crop for which an informal practice of mixtures is currently
spreading in France and other countries (Faraji, 2011). Building on an
earlier meta-analysis (Kiær et al., 2009), we scrutinized additional ex-
perimental factors that may condition mixture performance to better
understand the mechanisms involved in the success or failure of wheat
mixtures. Specifically, we analyzed how overyielding responds to dis-
ease pressure and heterogeneity in traits of the mixed varieties. The
response to disease pressure was used to test the stress gradient hy-
pothesis, which assumes that interactions between varieties in mixtures
become more significant as stress increases (Barot et al., 2017). We also
tested whether the knowledge about mixtures has been accumulated
over time, allowing mixtures to better perform in recent experiments
than in former ones. We finally reviewed the published rules for
blending cultivars, and highlighted the missing knowledge on me-
chanisms at the origin of mixtures performances.

2. Materials and methods

2.1. Literature review

We compiled publications on cereal cultivar mixtures included in
The Science Citation Index Expanded database (Web of Science,
Clarivate), published between 1900 and 10 October 2015, using
Boolean search targeting cereal cultivar mixtures (Table S1). Over the
278 papers reported, 16 were discarded after abstract checking and 36
were added after additional research in the cited references of principal
review papers, resulting in a total of 298 papers.

Among these 298 publications, 120 were dedicated to wheat, of
which we selected 32 studies between 1939 and 2010 clearly reporting
the yields of pure stands and their mixtures in field experiments:
Akanda and Mundt, 1996; Bacon et al., 1987; Baker, 1977; Brophy and
Mundt, 1991; Chapman et al., 1969; Cowger, 2008; Cox, 2004; Dai,
2012; Dubin and Wolfe, 1994; Finckh, 1992; Frankel, 1939; Gallandt,
2001; Gieffers and Hesselbach, 1988; Jackson, 1997; Karjalainen and
Salovaara, 1987; Kaut, 2009; Khalifa, 1974; Knott and Mundt, 1990;
Kovacs and Abranyi, 1985; Mahmood et al., 1991; Manthey, 1993;
Mengistu et al., 2010; Mille, 1997; Mundt, 2002b; Mundt, 1995b;
Pridham and Martin, 2007; Sage, 1971; Salovaara and Karjalainen,
1987; Sammons, 1985; Sarandon, 1995; Sharma and Dubin, 1996; and
Swanston et al., 2005. These data allow the calculation of overyielding
(see 2.2.1.). Overyielding is defined as the ratio between the yield of a
variety mixture and the mean yield of its component varieties in pure
stand (if necessary weighted by the proportion of the varieties sown).
Note that the majority of studies were conducted in North America (18
studies) and in Europe (9 studies), two important areas but not fully
representative of all world wheat producing areas.

The final data set included 386 mixtures (356 mixtures of winter
wheat) for a total of 1320 entries, i.e. area-based grain yields of a pure
stand or a mixture, in a given combination of year, location and agro-
nomic management (in some cases, data were pooled in a mean yield
including several sites), and yield variance. Variance estimates of each
reported yield were derived from provided measures of yield

variability, following Kiær et al. (2009).
In addition to yield data, a number of background variables were

extracted to describe the study context: main study objective (yield,
yield stability, disease control, quality, survival, lodging reduction,
weed suppression), spring/winter type, plot size, seed density, number
of replicates, agricultural management system (conventional/organic/
low-input), disease pressure in relation to fungicide applications (low
disease pressure i.e. intensive fungicides applications, moderate disease
pressure i.e. fungicides applications and high disease pressure i.e. no
fungicides applications and fungal inoculations), type of disease (rusts,
septoria, mildew…) and harvesting year. Mixture characteristics were
also extracted, i.e. number of component varieties, cultivar traits con-
sidered for mixing (disease resistance, crop height, phenological traits,
yield potential, quality…) and whether heterogeneous or homogeneous
associations of each trait were used as mixing criteria. A mixture was
considered homogeneous for disease resistance if all its components
were either resistant or susceptible to a specific disease. For other traits
such as height or earliness, a mixture was qualified as heterogeneous
when studies explicitly mentioned these traits as mixing criteria. Some
characteristics were retrievable from all studies, whereas others were
retrievable from subsets of the studies (see Appendices for further data
description).

2.2. Statistical analyses

We followed the general methodology developed by Kiær et al.
(2009), performing the meta-analysis on the basis of computed effect
sizes or inputed ones when missing, and paying attention to effect size
independence. A total of 606 mixture entries were thereby collated.

2.2.1. Effect size
Overyielding was quantified as the log-response-ratio, having

lnRR = X Xln( / )M C , where XM and XC denote mean yields of mixtures
and component varieties, respectively, the latter being averaged over k
varieties as = ∑ =

X X k/C i
k

i1
Assuming that genotypic yields were independently distributed
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where sM
2 denotes the variance of the mixture yield, sM

2 denotes the
mean variance of component yields, and nM and nC denote the corre-
sponding sample sizes. Notice that average component performance is
estimated more precisely than mixture performance, being averaged
over k times the number of observations for the mixture, where k is the
number of component varieties of the mixture.

2.2.2. Imputation of missing values
In order to keep a maximum number of studies, we chose to impute

SD when missing. Effectively, Ellington et al. (2015) demonstrated that
omission of studies (‘complete case removal’) can lead to biased and
imprecise coefficient estimates, concluding that multiple imputation in
ecology and evolution performed particular well when the imputed
values were weighting variables, such as SD. Multiple imputation was
used to derive Var(lnRR) for the studies not reporting this information
(59%). First, coefficients of variation were calculated for each mixture
with a standard deviation, dividing this by the overyielding, lnRR.
Missing coefficients of variation were then imputed by random sam-
pling with replacement among this set of coefficients, either among all
(when continuous moderators were tested) or a sub-set of observations
within the same category level (when categorical explanatory variables
were tested). Finally, each imputed value was converted back to stan-
dard deviation by multiplying with the reported mean of the imputed
overyielding, allowing all mixtures to be included in quantitative meta-
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analysis. This procedure was repeated 100 times, and final parameter
estimates were obtained as the average across runs (Ellington et al.,
2015; Wiebe et al., 2006).

2.2.3. Modelling of non-independence
Conflicting with the assumption of effect size independence, many

studies reported yields of specific genotypes and mixtures from multiple
field trials (e.g. in different sites or years), and some studies used the
same mixtures as others (i.e. from the group of C.C. Mundt). To account
for this multi-level (hierarchical) structure in the data, effect sizes based
on the same cultivar mixture, and evaluated under the same crop
management and disease pressure regime, were assigned an additional
shared (group-specific) random effect. Thus, following the three-level
notation of Konstantopoulos (2011), the i’th effect size estimate Tig in 1,
…, k effect sizes, belonging to the g’th of 1,…, m groups, is given as

Tig = γ•• + υ•g + ηig + εig,

where γ•• is the overall mean, υ•g is a normally distributed level-3 unit
(group) specific random effect, ηig is a normally distributed level-2 unit
(study-specific) random effect, and εig is a normally distributed overall
error term.

2.2.4. Meta-analysis
Meta-estimates of overyielding were obtained from random effects

meta-analysis models in which calculated effect sizes were weighted by
the inverse of their respective variances (Hedges and Olkin, 1985). A
range of ‘mixed effect’ meta-regression models were used to evaluate
(as regression coefficients) the change in overyielding over the different
a priori selected background variables (moderators; see Viechtbauer,
2010 for details). Where appropriate, multiple meta-regressions were
used to compare the correlation with continuous moderators in various
categorical groups. Among the subset of studies using multiple mixing
criteria (as defined above), pairwise contingency tables of combined
mixing criteria were set up. By disregarding small sample sizes and
searching for the most meaningful contrast among the remaining levels
of the combined factors (i.e. compared groups sharing one mixing cri-
teria and each having reasonable sample size, using 15 mixtures as the

threshold), we were able to test the correlation of combined mixing
criteria with overyielding. It should be noted that individual analyses
can only be regarded as exploratory and do not prove cause-effect re-
lationships, acknowledging also the possibility of collinearity among
moderators.

Uncertainty of regression coefficients was quantified by 95% con-
fidence intervals. Overyielding is presented in the text as percentage of
yield change (in mixtures compared to weighted mean of pure stands),
following exponential back-transformation (elnRR). All analyses were
run in the R environment, version 3.2.1 (R Development Core Team,
2011), using matrix notation as implemented in the metafor package
(Viechtbauer, 2010). R code is available upon request.

3. Results of the meta-analysis

3.1. General overyielding

The distribution of raw overyielding values gathered for the meta-
analysis range from −40% up to +60%, with a positive mean of 2.9%
(Fig. 3). There was no overall publication bias in the dataset, as tested
with linear regression (Egger et al., 1997) and the trim-and-fill method
(Duval and Tweedie, 2000; results not shown). Mixtures of winter
wheat provided a global overyielding (4.3%) that was significantly
higher (p-value < 0.05) than mixtures of spring wheat, for which
global overyielding was not significant (Table 1). A significant level of
residual heterogeneity indicated substantial variability across the data
set. Overall, overyielding was not systematically affected by number of
component varieties in mixture (2–5), plot size (1.3–2500 m2) or
seeding density (40–395/m2) (Table 1). Overyielding was significantly
affected by trial year (1935–2010) according to a quadratic regression
with a maximum fitted value of 4.4% in 1987 (Appendix A.4.1.)

3.2. Effect of diseases on overyielding

Overyielding from mixtures generally increased with disease pres-
sure (Fig. 4). Global overyielding was significant under high disease
pressure only (6.2%), based mostly on studies where mixtures were

Fig. 3. Distribution of overyielding values used for the meta-analysis.
Green and pink bars represent the values reported as significant (p.value.
0.05 and 0.01 respectively), blue bars are the non-significant values, and
grey bars are values with missing significance test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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inoculated (56% of the studies) rather than naturally infected by fungal
spores. This was significantly higher (p-value < 0.05) than the global
overyielding under low disease pressure (2.6%; p-value = 0.093) where
mixtures were treated with fungicides. Within trials involving winter
wheat, overyielding under low disease pressure turned to be significant
(2.6%; p-value < 0.05: see Appendix A.1.). The number of spring
wheat mixture studies providing information on disease pressure was
too small for analysis. Under high disease pressure, overyielding was
found to generally increase by 3.2% point (respectively 3.3% for winter
wheat only, Fig. 5) per added component variety (p-value < 0.05),
mostly when moving from two to three component varieties). Seeding
density differed significantly between disease pressure groups (t-test;
not shown), with averages of 286, 231 and 320 seeds per m2 for low,
moderate and high disease pressure, respectively. Overyielding was not
influenced by seeding density within any of these groups (meta-re-
gressions; see Appendix A.2.). Plot size had no significant influence on
overyielding under any disease pressure (see Appendix A.3.). We found
no systematic change in studied disease pressures over studied years
(see Appendix A.4.2.).

3.3. Effects of trait heterogeneity within mixtures

Mixtures composed of varieties with contrasting levels of resistance
towards one or more fungal diseases (15 studies) were distributed
evenly among trials with low, moderate and high disease pressure.

These mixtures tended to provide larger overyielding, but with a mar-
ginally significant test (+2.5%;p-value < 0.1), than mixtures com-
posed of cultivars with similar disease resistance or without any re-
ported consideration of resistance. As expected, this overyielding was
enhanced when handled resistances were specific to a disease seriously
affecting the plots (2.9%; p< 0.05; see Appendices B.1. and B.2.)
(Fig. 4). Mixtures with declared objective to enhance disease control,
based on resistance diversity rather than resistance similarity provided
higher overyielding (+5.2%) but with a marginally significant test (p-
value < 0.1; Appendix B.4.). The 9 studies presenting diversity for
resistance levels for rust or mildew diseases do not exhibited a sig-
nificantly higher overyielding than the 6 other studies addressing other
diseases (even if with a higher mean, see Appendix B.3.).

Mixtures without reported consideration of height, and certainly
displaying homogeneity for this trait, had significantly lower over-
yielding when compared to mixtures diverse in height (3.8%; p-
value< 0.05). This result was also true for the winter wheat subset
(see Appendix B.5.).

Considering multiple mixing criteria within the 433 mixtures de-
signed for resistance diversity, the mixtures presenting height diversity
(176) presented a higher overyielding (+3.6%) than mixtures for
which no information on height diversity was provided (183 mixtures,
p< 0.05) (see Appendix B.7.).

Finally, different contrasts show that diversity for plant height or
earliness in mixtures never provide a significant negative impact on
overyielding when compared to mixtures composed of varieties with
similar height or earliness, or with no information (and even a positive
trend, see Appendices B.5., B.6. and B.8.).

4. Discussion

We have surveyed the wheat bibliography to update a published
meta-analysis on overyielding in cereals cultivar mixtures (Kiær et al.,
2009), gathering more publications (a total of 32 studies), and col-
lecting complementary information on methods implemented in these
experiments. We first interpret and discuss the results of the meta-
analysis. This is followed by a broader discussion on the conditions
required for a generalization of the use of mixtures, based both on the
meta-analysis and a qualitative assessment of the literature on mixtures.

Table 1
Meta-Metaestimates of overyielding and effects of season, number of mixed component
cultivars, plot size, seeding density and trial year, including number of mixtures in the
group (k), confidence limits (CL) and test probabilities (p-values).

k Meta-estimate CL (lower) CL (higher) p-value

Overall 606 0.0351 0.024416 0.04576 <0.001
Springwheat 150 0.0142 −0.00843 0.036858 0.232
Winter wheat 456 0.0418 0.029721 0.05395 <0.001
Component number 606 0.0113 # −0.00365 0.026196 0.160
Plot size 578 0.0000 # −0.00002 0.00002 0.833
Seedingdensity 425 0.0000 # −0.00020 0.00016 0.743

# Slope from meta-regression.

Fig. 4. Meta-estimates (and confidence intervals) of mixture
overyielding under high, moderate and low disease pressure,
shown for all cultivar mixtures (full diamonds) and the subset of
mixtures designed for component diversity in resistance towards
diseases specific to the testing field (open diamonds).
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4.1. The global view from the meta-analysis

4.1.1. Global overyielding patterns
Our meta-analysis first highlighted a significant global overyielding

of 3.5% in wheat cultivar mixtures. This aligns with previous results
(5.4% in the unweighted analysis of Smithson and Lenne, 1996); 3.9%
in the meta-analysis of Kiær et al. (2009), confirming the potential of
cultivar mixtures for increasing crop yield relatively to pure varieties.
When considering general experimental features, we did not find any
significant influence of seeding density or plot size, and no linear effect
of the number of cultivars in the mixture. Seeding density is known to
affect interactions between individual plants in pure stands. Therefore,
increasing seeding density potentially would increase between-cultivar
interactions, which could in turn increase the intensity of synergy/
compensation/competition mechanisms and support positive mixing
effects. Likewise, higher mixture efficiency might be expected in large
plots (Cowger and Weisz, 2008; Mille et al., 2006; Wolfe, 1985; Zhu
et al., 2000) as inoculum dispersal is maintained into plots (Mundt and
Leonard, 1986). An explanation of the absence of significant effect of
seeding densities and plot size in our meta-analysis could be that these
parameters were not variable enough in the studies taken into account.
The number of cultivars in mixtures (generally 2–5) has been found to
be positively correlated to overyielding (Kiær et al., 2009; Mundt et al.,
1995a; Smithson and Lenne, 1996), and in our analysis this correlation
was significant under high disease pressure only, as suggested by Mundt
and Leonard (1986).

Finally, we tested a historical question: has the accumulation of
knowledge over the years allowed designing more effective mixtures,
and resulted in a gradual increase in overyielding? Instead of such
progress, the highest performance of mixtures was found in the 1980s
and 1990s, reflecting the changes in research focus over time, and the
importance of disease-focused studies during this period. This high-
lights the need to disentangle the ecological mechanisms behind mix-
ture performance that can both impact the effect of mixtures on the
disease reduction and on the abiotic stress tolerance.

4.1.2. Testing the stress gradient hypothesis
4.1.2.1. Biotic stresses. There was a clear increase in overyielding with
the disease pressure (Fig. 4). This suggests that mixtures of varieties
could be more beneficial in low pesticide cropping systems. When
mixtures were designed to control specific diseases occurring on the
study area, the overyielding was 2.9% higher than mixtures designed
without disease consideration, both under low and high disease
pressure (Fig. 4). In the publications addressing disease control, the
mixed varieties were generally heterogeneous in their resistance
capacity and complementary on specific resistance genes, offering
little power to disentangle these two resistance components. On the
basis of experiments on rusts, mildews and septoria, numerous authors
(Finckh and Mundt, 1992; Mundt et al., 1995a; Østergård, 1983; Ram

et al., 1989; Wolfe, 1985) have highlighted how cultivar mixtures
improve the control of airborne diseases through 5 mechanisms:
dilution and barrier effects, induced resistance, disruptive selection
and compensation effects (Fig. 6).

As for single variety stands, the mixture ability to control diseases is
strongly dependant on the nature of resistances mobilized. Major genes
can provide immunity to the plant (often pathogen race specific) and
quantitative resistance genes lower pathogen fitness (less pathogen race
specific). In a cultivar, the combination of quantitative and major re-
sistances have complex and synergistic interactions, the latter poten-
tially increasing the durability of the former (Palloix et al., 2009).
Heterogeneity in resistance mechanisms within a mixture of varieties
impacts strongly the genetic structure of pathogen populations. Mana-
ging non-specific resistance can promote disruptive selection, fostering
pathogen diversity and subsequently competition between pathogen
genotypes and reducing the general fitness and aggressiveness (i.e.
“virulence” in ecology) of the pathogen (Mundt, 2002b; Sapoukhina
et al., 2013). Published studies have illustrated that the type of pa-
thogen and the type of resistance influence the ability of a mixture to
limit the disease impact. However, there are so far too few studies, and
too sparse information in these studies on resistance and pathogen
characteristics, to test the generality of these findings through a meta-
analysis. For example, we were unable to detect a significant difference
in overyielding between mixtures affected by rusts and mildews, or by
other pathogens, possibly due to a lack of statistical power, as well as
confounding effects. Nevertheless, we found that overyielding is 2.5%
higher for mixtures heterogeneous in the resistance capacity than for
mixtures homogeneous in this capacity. We were not able to test the
effect of the proportion of resistant/susceptible varieties because most
studies did not manipulate this proportion. The higher overyielding in
“diversified” mixtures can be explained by the protection provided to
their more susceptible varieties by their more resistant varieties, while
homogeneous mixtures do not foster any protection effect.

Theoretical work has highlighted how within-field genetic diversity
mobilizes the five mechanisms listed above and increases disease con-
trol. This is especially true for airborne pathogens (such as rusts), as
they usually perform many cycles of multiplication per year due to a
short life-cycle duration and most of all are easily transmitted between
neighboring plants (low self-contamination rates: Garrett and Mundt,
1999; Gigot et al., 2013; Mundt and Leonard, 1986). The few studies on
Septoria confirmed a moderate to low impact of resistance com-
plementarity on disease progression (Gigot et al., 2013; Jackson and
Wennig, 1997; Manthey and Fehrmann, 1993). Indeed, the Septoria is
spread through a short distance by rain-splash, therefore dilution me-
chanism (Fig. 6 (a)) in mixture is less effective. Also, very few cultivars
are resistant and cultivar resistant levels to Septoria are not wide,
compared to rust diseases. Similarly, mixtures may be less efficient on
soil-borne diseases, as they have a single cycle each year and develop
within the plant since an early host infection (see for e.g. eyespot due to

Fig. 5. Overyielding as a function of the number of component variety associated in mixtures, in groups based on season and disease pressure: winter-low (A), winter-moderate (B),
winter-high (C).
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Pseudocercosporella herpotrichoides in Saur and Mille (1997). However,
some studies have detected a reduction in the impact of some soil-borne
diseases in mixed-crop mixtures. For example, wheat-barley mixtures
reduced by 5–30% the severity of an attack by Rhizoctonia cerealis be-
cause of larger inter-root distances in mixed-crop systems (Hiddink
et al., 2010). Potentially the same mechanisms could also allow mix-
tures of varieties to be less impacted by soil-borne pathogens.

The phytopathologists' extensive studies of air-borne disease control
by cultivar mixtures highlight the overall interest of within field di-
versity in the context of biotic stresses, a finding in agreement with the
stress gradient hypothesis.

4.1.2.2. Abiotic stresses. Many other major regulations potentially
provided by mixtures have been neglected and certainly deserve
better attention. The stress gradient hypothesis also predicts that
mixtures could be more beneficial when growing or abiotic
conditions are not optimal, i.e. (1) when low quantities of fertilizers
are used, (2) when irrigation is insufficient, (3) in the presence of heat/
drought/frost climatic stresses, (4) on infertile/degraded soils. Evidence
of these complementary relationships among varieties can be found in
some publications. Such complementarity necessarily requires some
phenotypic diversity among the mixed cultivars. The phenological
diversity within a mixture leading to differing precocity at key
phenological stages (heading, maturity) can be responsible for an
increased grain yield (Gallandt et al., 2001) through (i) an improved
resources use (complementarity), because it allows nutrient uptake to

occur at different times (Essah and Stoskopf, 2002; Francis, 1989;
Sarandon and Sarandon, 1995), (ii) compensation mechanisms, as the
deficiencies in yield or grain quality of the cultivars hit by a stress
during a critical development phase can be balanced by the cultivars
escaping to this same stress (Sammons and Baenziger, 1985; Stutzel and
Aufhammer, 1990). For example, compensation has been exemplified
when a component of a cultivar mixture is damaged from frost (Bowden
et al., 2001). In relation to the stress gradient hypothesis, because
compensation mechanisms require the temporal variability in growing
condition (occasional occurrence of stressful conditions during short
period of time) and because complementarity mechanisms might
become ineffective in optimal conditions when all resources are
abundant (e.g. with an intensive use of fertilizers), the benefits of
mixture-associated phenotypic diversity should decrease in optimal
growing conditions. Our attempt to test the influence of abiotic stress
was however unsuccessful, in part because statistical power is too low
to test potential mixture effects. It is possibly due to: (i) a lack of
relevant studies, (ii) missing information on agricultural practices in the
published studies, and most of all (iii) missing information on the
principal abiotic stresses impacting the experiments. However, our
meta-analysis revealed two other interesting effects of trait diversity.
First, mixtures with different heights provided on the average an
additional overyielding of 2.8% compared to mixtures designed
without consideration of height although they did not differ
significantly from mixtures designed with similar heights. Second,
overyielding was 3.3% higher in mixtures with heterogeneous

Fig. 6. illustration of the different mechanisms involved in diseases reg-
ulation. Control of airborne diseases can be summarized through 5 prin-
cipal mechanisms (Finckh and Mundt, 1992; Mundt et al., 1995a,b): (a)
the lower density in susceptible plants results in a lower probability for
spores to find a susceptible host (dilution effect); (b) the presence of re-
sistant plants among susceptible plants constitutes a physical barrier, re-
straining the dispersion of a virulent pathogen; (barrier effect) (c), the
genetic diversity of varieties leads to more diverse pathogen populations
where virulent and avirulent spores coexist. Therefore, the stimulation of
plant defenses, especially through systemic responses, by avirulent spores
allows preventing or limiting further infections by virulent spores (in-
duced resistance); (d) In a mono-genotypic field, the best fitted patho-
genic strain are quickly selected, while in mixtures selection pressures on
pathogens are more diverse and reduce the overall speed of adaptation of
pathogens to the crop species (disruptive selection); (e) In a cultivar
mixture the individuals of the most susceptible varieties have a poor
growth or yield, but this can be compensated by individuals of less sus-
ceptible varieties that better use available resources (compensation ef-
fect).
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phenology than in mixtures with homogeneous phenology. Similar
trends were found in studies using multiple mixing criteria: combined
heterogeneity in height and in phenology between mixed varieties
chosen for resistance diversity leads to a 3.6% and 2.1% overyielding,
respectively, in comparison to mixtures for which no information on
height or phenology diversity is provided. These effects are likely due to
complementarity and selection/compensation effects between varieties
and should thus depend on abiotic conditions. Hence many questions
remain to be addressed for the key height and earliness traits, while
many other architectural or physiological root/shoot traits might foster
complementarity/compensation effects, and these aspects remain fully
absent from the bibliography (see 4.2.2.).

These results on cultivar mixture performance under biotic or
abiotic stresses are overall in accordance with the stress gradient hy-
pothesis, but point to the need of in-depth studies addressing specific
hypothesis testing, in order to build the knowledge necessary for
handling multiple trait diversity, and potentially reach higher over-
yielding.

4.2. Finding rules to design mixtures

In this meta-analysis, 17 studies over 32 had a declared objective to
enhance disease control through mixing cultivars with complementarity
in resistances, but most of them did not explicit any assembly rules.
Much fewer publications paid attention to diversity for other cultivar
traits, considering first the diversity in plant height (7 studies) and
earliness (6 studies), but in most of the cases as secondary traits in
disease oriented studies (only 3 studies were dedicated to height/ear-
liness complementarity). Scientists seem to have used dominant or well-
studied cultivars, certainly missing part of the available genetic varia-
bility. Relatively few scientists paid a thorough attention at the in-
dividual characteristics of each cultivar used in the mixture. Hence,
publications rarely address the following issues: What are the important
traits when designing mixtures? What trait combinations allow pro-
viding particular services under given circumstances? When mechan-
isms allowing for a beneficial effect of a mixture have been identified,
can these mechanisms be mapped into rules to design mixtures for
breeders and farmers?

4.2.1. Mixing varieties for disease control
As seen in 4.1.2.1., a pivotal issue when mixing varieties for disease

control is the impact of heterogeneity for resistance, i.e. how susceptible
and resistant varieties interact and impact the disease progression.
However the extended scientific knowledge available on disease control
has been only very recently (and only partly) translated in practical
rules to design mixtures. Phytopathologists have tested how the pro-
portion of susceptible plants (S:R ratio) affect the control of diseases,
with extended studies on barley mildew (Cox et al., 2004), wheat stripe
rust (Huang et al., 2012; Sapoukhina et al., 2013), and septoria (Gigot
et al., 2013, 2014). Manthey and Fehrmann (1993) and de Vallavieille-
Pope (2004) reported that a proportion of 1:3 susceptible:resistant al-
lows to protect the mixtures from mildew and rust. Here scientists
provided very practical advices, converting scientific knowledge in
simple criteria to mix varieties. In direct link with the combination of
resistances, the question of the optimal number of cultivars has been
addressed by epidemiologists, stating that it is highly depending on the
number of resistances carried by each cultivar, as well as the epidemic
cycle of the pathogen (Leonard and Czochor, 1980; Mikaberidze et al.,
2014; Wolfe, 1985), varying from 2 to 3 cultivars to a hundred. How-
ever, experiments (Mille et al., 2006) and recent models (Sapoukhina
et al., 2013) have reduced this number to 4–5, stressing that the cultivar
number (genetic diversity) is less influential than the type of cultivar
resistances assembled (functional diversity). Note that in our meta-
analysis, the overyielding was increased by 3.3% per added component
variety (over a range of 2–5 components per mixtures), for winter
wheat under high disease pressure (Fig. 5).

When refining the interplay between quantitative and specific re-
sistances, assembly strategies have not been subject to the same sim-
plification effort, certainly because of the poor knowledge available on
quantitative resistances in registered varieties. Even if recommenda-
tions are to mix seed instead of sowning the different cultivar on se-
parate rows, the spatial arrangement of component cultivars within plot
(Garrett and Mundt, 1999; Gigot et al., 2014; Newton and Guy, 2011;
Xu, 2011) has not been fully investigated. Likewise, impacts of het-
erogeneity in plant height and canopy structure have been studied
(microclimate effect on Blast: Zhu et al., 2005), but this knowledge has
never been used to design rules to provide optimized cultivar mixtures.

4.2.2. Mixing varieties for other synergies
While some mixing rules have been developed for disease re-

sistance, very few recommendations have been proposed for other
traits. Plant height and earliness have been the subject of some atten-
tion, due to their known role in plant competition. To maintain a ba-
lanced proportion of cultivars in the mixtures under study, as well as for
general technical concerns (i.e. harvest), agronomists and phyto-
pathologists generally advice for homogeneous height and earliness
between cultivars (Bowden et al., 2001; Dai et al., 2012). Strong dif-
ferences in earliness and height can indeed induce competition for light
and nutrients, as the earlier cultivar can get an advantage over the later
one (Faraji, 2011) or the taller cultivar can disturb grain filling of
smaller ones (Khalifa and Qualset, 1974; Mille and Jouan, 1997; Rao
and Prasad, 1984; Wolfe, 1985). However, we were unable to find any
publication demonstrating a real negative impact of diversity for these
two traits on mixture performance, and our meta-analysis even suggests
higher overyielding in mixtures presenting diversity in earliness and
height. Indeed differences in plant height have been cited as a way to (i)
limit lodging − generally the shorter varieties may support the growth
of taller ones, (ii) improve light interception, (iii) create a wavy canopy
affording water losses reduction by evaporation (Adu-Gyamfi et al.,
2015; Faraji, 2011) and (iv) improve competitive ability toward weeds
(Mason et al., 2008). Combining height and earliness diversity can
further improve weed control: a mixture of early maturing varieties
with tall varieties could provide a higher competitive ability and yield
stability (Kaut et al., 2009).

More than general effect of height or earliness, defining assembly
rules need to quantify the effect of differences in height/earliness be-
tween varieties on overyielding and competitiveness and very few re-
ferences addressed these issues (but see Khalifa and Qualset, 1974;
Thomas and Schaalje, 1997).

Providing assembly rules based on height, earliness or other traits of
potential interest such as the stem, leaf and root architecture therefore
require additional and dedicated researches. As the impact of the as-
sembly rules may depend on the cropping environment, it should be
advised that those experiments focused on the mechanisms of compe-
titions and facilitations in mixtures submitted to various levels of stress
and resources. This implies a precise and dynamic description of the
experimental conditions (technical and environmental), the use of
models to disentangle the mechanisms underneath the observed mix-
ture effects and a phenotyping effort to measure the proportion of each
component variety in mixture at least in the harvest and even better in
the vegetation cover.

Finally, it should not be forgotten that those assembly rules must be
compatible with the technical constraints of the farmer. For instance,
the difference in maturity earliness may complicate the harvest ca-
lendar and the difference of height may complicate the disease sur-
veillance in the crop.

5. Perspectives

Agriculture is increasingly required to be multifunctional and thus
to provide other services (e.g. climate regulation, maintenance of soil
fertility, water quality or conservation of biodiversity), in addition to
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the quantity of food produced. In the present meta-analysis, we em-
phasize that the conclusions of our meta-analysis have been limited by
the fact that published studies (1) focus on yield and do not document
other ecological functions or ecosystem services or the stability of yield,
(2) only intentionally manipulate a limited number of traits (3) do not
describe well enough the experimental conditions (e.g. major agro-
nomic limiting factors, as nitrogen, water…).

Therefore a huge work is still required to understand and disen-
tangle the physiological and ecological mechanisms (facilitation, com-
plementarity, compensation, and competition) that may coexist and
determine the type of interactions between mixed varieties, or between
mixtures of varieties and other organisms. This will in particular require
knowledge, so far nearly missing, on the links between the traits of
varieties and other services than grain production. Grain quality, es-
sential for the wheat supply chain (protein content, specific weight,
baking quality…) is little affected in mixtures (Gallandt et al., 2001;
Mille et al., 2006). However some positive interactions were also re-
ported (Belhaj Fraj, 2003) and deserve better attention. Similarly, few
studies have directly tested the hypothesis that cultivar mixtures could
be more efficient in exploiting water or mineral nutrients, through
specific characteristics of root systems (Adu-Gyamfi et al., 2015; Fang
et al., 2014; Newton et al., 2012; Wang et al., 2016). Interactions be-
tween mixtures and other organisms are also important for providing
potentially important services such as weed control, pest control or
increase in nutrient uptake. Mixtures have already been shown to in-
crease the population of natural enemies of some plant pests (Smith
et al., 2014). Mixtures could increase populations of spiders by pro-
viding diverse food resources or more complex crop architecture
(Chateil et al., 2013). Mixtures can directly control pests through dis-
semination of volatile organic compounds that might influence the
growth rate and size of aphid populations (Shoffner and Tooker, 2013),
and through the use of pest resistance genes as illustrated for wheat
midges (Vera et al., 2013).

Many traits of the varieties that are mixed are probably often in-
teracting to determine the provision of each service. When analyzing
competitive ability, 2 key traits are earliness (spike emergence), or
plant height (Essah and Stoskopf, 2002; Zhou et al., 2014) that can be
broken down in many developmental/architectural parameters such as
phyllochron, photoperiod or vernalization sensitivity, branching, leaf
surfaces, leaf insertion angles, specific leaf area, and specific root
length. However, the causal links between combinations of these traits
and beneficial ecological mechanisms are still poorly known, in part

because cultivar choices have been confined in the past to components
with comparable heights and maturation times, following agronomic
recommendations (Bowden et al., 2001). Dedicated research in-
tegrating a broader germplasm and manipulating many traits is really
needed to decipher the effects of diversity in various traits, before as-
sembly rules can be provided to farmers and breeders.

Finally, there is a lack of experiment dedicated to the study of
cultivar mixtures, and their better knowledge requires a similar effort
(field trials) than the one dedicated to cultivars. Then, the experimental
evaluation of all possible mixtures is a vain goal, due to the almost
infinite number of variety combinations. A first solution, already
mentioned above, is to study the ecological mechanisms through case
studies and to use traits to predict how these mechanisms can be used in
mixtures that have never been tested but for which the traits of the
mixed varieties are known. A second solution would be to use models to
better understand specific mechanisms involved in mixture perfor-
mances. Statistical models could be used to estimate experimentally
“mixing abilities” (Lopez and Mundt, 2000), without specific attention
to traits (Barot et al., 2017). The trait-based alternative is to build
ecophysiological models to study and even predict the mixture perfor-
mance, as for example the simulation of epidemic progress in a cultivar
mixture (Sapoukhina et al., 2013; Xu, 2011) or the light partitioning
within heterogeneous crops (Barillot et al., 2014; Zhu et al., 2015). New
models should be also developed to address other issues: e.g. the ca-
pacity of a mixture to exploit mineral nutrients and water, or to interact
with soil communities.

More and more farmers are turning towards cultivar mixtures to
face economic and climatic constraints, calling for intensified research
efforts as well as new practical recommendations. Due to the com-
plexity of cultivar assembly, such a challenge requires coordinated re-
search efforts and the implication of all wheat supply chain actors who
can be mobilized through participatory approaches.
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Appendices

Details of the meta-analysis results

Appendix A. Effect of diseases on overyielding

A.1 Disease pressure vs. season

Here and below, the first lines − the first time each moderator level is mentioned − provides the number of mixtures in the group (k), the meta-
estimate of that group, its standard deviation and confidence limits, as well as test probabilities for the metaest< >0 for each moderator level
separately. The p(Q_mods) and AIC are probability value for the test if the moderator significantly explains variability in the data, and the Akaikes
Information Criterion for the same. All additional lines provide pairwise comparisons of moderator levels − given in two lines. As an extra model
check, the first line provides output on one moderator level. The second line provides the estimated between-level difference in meta-estimates and a
test probability of this difference.

Winter wheat mixtures gave the largest overall significant effect of mixing under high disease pressure (6.25%) but also under low disease
pressure (2.6%). The number of spring wheat mixtures providing information on disease pressure was much smaller and hence not comparable.

m Meta-estimate

spring-high (1) 13 0.040 (−0.037;0.117)
spring-low (2) 17 −0.017 (−0.089;0.055)
winter-high (3) 183 0.061 (0.0410;0.080) ***
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winter-low (4) 129 0.026 (0.001;0.050) *
winter-moderate (5) 44 0.035 (−0.012;0.081)
2:1 −0.057 (−0.163;0.049)
3:1 0.021 (−0.059;0.101)
4:1 −0.014 (−0.095;0.066)
5:1 −0.005 (−0.096;0.085)
3:2 0.078 (0.002;0.153) *
4:2 0.042 (−0.034;0.119)
5:2 0.051 (−0.035;0.138)
4:3 −0.035 (−0.067;-0.004) *
5:3 −0.026 (−0.077;0.025)
5:4 0.009 (−0.044;0.062)

A.2 Disease pressure vs. seeding density

Overyielding was not affected by the seeding density under any disease pressure, indicating also that overyielding under disease did not change
with seeding density.

m Meta-estimate

intcpt low (1a) 146 0.074 (−0.0164;0.1652)
intcpt moderate (2a) 44 0.008 (−0.2678;0.2838)
intcpt high (3a) 196 0.07 (−0.018;0.1579)
slope low (1b) 0 (−0.0005;0.0001)
slope moderate (2b) 0 (−0.001;0.0012)
slope high (3b) 0 (−0.0003;0.0003)
2b:1b 0 (−0.0015;0.0009)
1b:3b 0 (−0.0003;0.0006)
2b:3b 0 (−0.0013;0.001)

A.3 Disease pressure vs. plot size

Overyielding under different disease pressure was not affected by the plot size.

m Meta-estimate

intcpt low (1a) 382 0.013 (−0.0463;0.072)
intcpt moderate (2a) 382 0.04 (−0.026;0.1069)
intcpt high (3a) 382 0.066 (0.0443;0.0873) ***
slope low (1b) 0.001 (−0.0064;0.0086)
slope moderate (2b) 0 (−0.0012;0.001)
slope high (3b) 0 (0;0)
2b:1b 0.001 (−0.0063;0.0088)
1b:3b −0.001 (-0.0086;0.0064)
2b:3b 0 (−0.001;0.0012)
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A.4 Harvest year

A.4.1 Quadratic regression
Overyielding in lnRR showed a quadratic relationship with the latest harvest year of trials, peaking in 1987.

A.4.2 Disease pressure vs. harvest year
Overyielding under different disease pressure was not affected by the harvest year.

m Meta-estimate

intcpt low (1a) 386 2.770 (−6.1504;11.6913)
intcpt moderate (2a) 386 1.809 (−15.0002;18.6175)
intcpt high (3a) 386 −0.754 (−12.6310;11.1227)
slope low (1b) −0.001 (−0.0059;0.0031)
slope moderate (2b) 0.001 (−0.0093;0.0075)
slope high (3b) 0 (−0.0056;0.0064)
2b:1b 0 (−0.0100;0.0091)
1b:3b 0.002 (−0.0057;0.0092)
2b:3b 0.001 (−0.0091;0.0116)

Appendix B. Effects of trait diversity

B.1 Resistance diversity

Mixtures designed for diversity in resistance toward fungal diseases generally provided larger overyielding than mixtures with similar disease
resistance or without consideration of resistance:

m Meta-estimate

Similarity (1) 19 0.017 (−0.0044;0.0383)
Diversity (2) 433 0.041 (0.0289;0.0535) ***
2:1 0.024 (−0.0004;0.0489) (*)

B.2 Specific resistance diversity

Overyielding was larger in mixtures designed for diversity in specific disease resistance to the testing area, compared to mixtures designed for
similar disease resistance or without consideration of resistance:

m Meta-estimate

Similarity (1) 17 0.018 (−0.0009;0.0359) (*)
Diversity (2) 393 0.046 (0.0326;0.0589) ***
2:1 0.028 (0.0056;0.0508) *
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B.3 Types of diseases

The majority of mixtures with specific resistance diversity targeted rust and mildew disease, as compared to other types of disease. The effect of
mixing was not significantly higher:

m Meta-estimate

Other (1) 42 0.019 (−0.0267;0.0655)
Rust or mildew (2) 350 0.047 (0.0338;0.0609) ***
2:1 0.028 (−0.0201;0.076)

B.4 Study objective

Studies with the declared objective to improve disease control by the use cultivar mixtures provided larger overyielding, overall, but not
significantly:

m Meta-estimate

Not disease-related (1) 172 0.023 (0.0036;0.0429) *
Disease-related (2) 433 0.041 (0.0288;0.0541) ***
2:1 0.018 (−0.0052;0.0416)

Among the studies explicitly using mixtures for disease control, overyielding tended to be 5.3% higher in mixtures based on resistance diversity
compared to mixtures based on resistance similarity:

m Meta-estimate

ResSim:DisCtrlObj (1) 18 −0.007 (−0.0591;0.0459)
ResDiv:NotDisCtrl (2) 53 0.022 (−0.0107;0.0538)
ResDiv:DisCtrlObj (3) 380 0.045 (0.0318;0.0586) ***
N/A:NotDisCtrl1 (4) 20 0.027 (0.0016;0.0518) *
N/A:DisCtrlObj (5) 33 −0.009 (−0.0763;0.0589)
2:1 0.028 (−0.0335;0.0898)
3:1 0.052 (−0.0024;0.1061) (*)
4:1 0.033 (−0.0249;0.0917)
5:1 −0.002 (−0.0878;0.0836)
3:2 0.024 (−0.0112;0.0585)
4:2 0.005 (−0.0357;0.046)
5:2 −0.03 (−0.1052;0.0447)
4:3 −0.019 (−0.0471;0.0099)
5:3 −0.054 (−0.1229;0.015)
5:4 −0.036 (−0.1079;0.0368)

B.5 Height diversity

Overyielding did not differ systematically between mixtures designed for diversity or similarity in height, but mixtures designed for height
diversity gave significantly larger effect than mixtures without reported consideration to height:

m Meta-estimate

Similarity (1) 119 0.029 (0.0031;0.0552) *
Diversity (2) 221 0.05 (0.0331;0.0674) ***
N/A (3) 265 0.023 (0.0066;0.0387) **
2:1 0.021 (−0.01;0.0523)
3:1 −0.006 (−0.0371;0.0242)
3:2 −0.028 (−0.0511;-0.0041) *
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Also when focusing solely on winter crops, overyielding did not differ systematically between mixtures designed for diversity or similarity in
height:

m Meta-estimate

Similarity:Spring (1) 45 −0.012 (−0.0657;0.0412)
Similarity:Winter (2) 74 0.046 (0.0142;0.0772) **
Diversity:Spring (3) 40 0.02 (−0.0233;0.064)
Diversity:Winter (4) 181 0.055 (0.0359;0.0744) ***
2:1 0.058 (−0.0041;0.12) (*)
3:1 0.033 (−0.0364;0.1017)
4:1 0.067 (0.0101;0.1244) *
3:2 −0.025 (−0.0792;0.0285)
4:2 0.009 (−0.0277;0.0465)
4:3 0.035 (−0.0135;0.0825)

B.6 Phenological diversity

Overyielding was overall significant in mixtures designed for phenological diversity, whereas overyielding was overall lower and insignificant in
mixtures designed for phenological similarity but not significant:

m Meta-estimate

Similarity (1) 78 0.013 (−0.0213;0.047)
Diversity (2) 296 0.045 (0.0303;0.0594) ***
N/A (3) 229 0.027 (0.0093;0.045) **
2:1 0.032 (−0.0051;0.0694)
3:1 0.014 (−0.0243;0.0528)
3:2 −0.018 (−0.0408;0.0053)

Within the group of winter crops, mixtures designed for phenological diversity yielded more than double compared to mixtures designed for
phenological similarity, but this difference was not significant:

m Meta-estimate

Similarity:Spring (1) 376 −0.005 (−0.0537;0.043)
Similarity:Winter (2) 376 0.02 (−0.0213;0.0622)
Diversity:Spring (3) 376 0.022 (−0.005;0.05)
Diversity:Winter (4) 376 0.052 (0.0363;0.0684) ***
2:1 0.026 (−0.0381;0.0897)
3:1 0.028 (−0.0278;0.0835)
4:1 0.058 (0.0062;0.1094) *
3:2 0.002 (−0.0479;0.052)
4:2 0.031 (−0.0149;0.0773)
4:3 0.029 (−0.0032;0.0621) (*)

B.7 Height diversity vs. resistance diversity

Based on the contingency table of resistance diversity and height diversity, all groups of mixtures with resistance similarity were disregarded due
to small sample sizes.
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The additional effect of height diversity among the mixtures with resistance diversity was 3.6% yield increase, compared to the group of mixtures
without any provided information on height diversity. However, among mixtures with resistance diversity, there was no significant difference
between mixtures based on height diversity and mixtures based on height similarity:

m Meta-estimate

Sim:Div (1) 604 −0.019 (−0.1147;0.0771)
Sim:Unknown (2) 604 −0.003 (−0.0654;0.0596)
Div:Sim (3) 604 0.044 (0.0133;0.0744) **
Div:Div (4) 604 0.058 (0.0394;0.0775) ***
Div:Unknown (5) 604 0.023 (0.0038;0.0418) *
Unknown:Sim (6) 604 −0.01 (−0.0609;0.0404)
Unknown:Div (7) 604 0.03 (−0.0139;0.0731)
Unknown:Unknown (8) 604 0.032 (−0.0022;0.0652) (*)
…
6:3 −0.054 (−0.1133;0.0051) (*)
5:4 −0.036 (−0.0625;-0.0087) *
6:4 −0.069 (−0.1228;-0.0146) *
4:3 0.015 (−0.0215;0.0506)

B.8 Phenological diversity vs. resistance diversity

Based on the contingency table of resistance diversity and phenological diversity, all groups of mixtures with resistance similarity were dis-
regarded due to small sample sizes.

The additional effect of phenological diversity among the mixtures with resistance diversity was 2.1% yield increase, compared to the group of
mixtures without any provided information on phenological diversity, but this difference was not significant:

m Meta-estimate

Sim:Div (1) 604 −0.019 (−0.1147;0.0771)
Sim:Unknown (2) 604 −0.003 (−0.0654;0.0596)
Div:Sim (3) 604 0.044 (0.0133;0.0744) **
Div:Div (4) 604 0.058 (0.0394;0.0775) ***
Div:Unknown (5) 604 0.023 (0.0038;0.0418) *
Unknown:Sim (6) 604 −0.01 (−0.0609;0.0404)
Unknown:Div (7) 604 0.03 (−0.0139;0.0731)
Unknown:Unknown (8) 604 0.032 (−0.0022;0.0652) (*)
…
6:3 −0.054 (−0.1133;0.0051) (*)
5:4 −0.036 (−0.0625;-0.0087) *
6:4 −0.069 (−0.1228;-0.0146) *
4:3 0.015 (−0.0215;0.0506)

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.fcr.2017.09.006.
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