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Abstract

Aims

The potential for mixtures of plant species to produce more biomass

than every one of their constituent species in monoculture is still con-

troversially discussed in the literature. Here we tested how this so-

called transgressive overyielding is affected by variation between and

within species in monoculture yields in biodiversity experiments.

Methods

We use basic statistical principles to calculate expected maximum

monoculture yield in a species pool used for a biodiversity experi-

ment. Using a real example we show how between- and within-

species variance components in monoculture yields can be obtained.

Combining the two components we estimate the importance of sam-

pling bias in transgressive overyielding analysis.

Important Findings

The net biodiversity effect (difference between mixture and average

monoculture yield) needed to achieve transgressive overyielding

increases with the number of species in a mixture and with the

variation between constituent species in monoculture yields. If there

is no significant variation between species, transgressive overyield-

ing should not be calculated using the best monoculture, because in

this case the difference between this species and the other species

could exclusively reflect a sampling bias. The sampling bias

decreases with increasing variation between species. Tests for trans-

gressive overyielding require replicated species’ monocultures.

However, it can be doubted whether such an emphasis on monocul-

tures in biodiversity experiments is justified if an analysis of transgres-

sive overyielding is not the major goal.
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Introduction

Almost 150 years ago, Darwin and Wallace (1858) summarized

the results of the first biodiversity experiments (Hector and

Hooper 2002) with the following statement: ‘We know that

it has been experimentally shown that a plot of land will yield

a greater weight if sown with several species and genera of

grasses, than if sown with only two or three species.’ More

than a century later, agronomists compared monocultures

with mixtures of two plant species in substitutive replacement

series (de Wit 1960). They found that although their so-called

relative yield total (RYT) was often larger than one, consistent

with some form of ‘complementarity’, the mixture generally

did not ‘transgressively overyield’ the better monoculture.

Harper (1977) summarized these results with this statement:

‘The general conclusion is that there is no advantage to

a farmer in sowing a mixture of grass species if his aim is to

maximize dry matter production under ideal and constant con-

ditions.’ Had he disproved the earlier statement of Darwin and

Wallace? As we discuss below, the issue of whether mixtures

generally show transgressive overyielding remains a critical is-

sue to this day and lies at the heart of the recent debate over

biodiversity experiments.

One key distinction is between overyielding and transgres-

sive overyielding. A mixture overyields when its biomass pro-

duction is greater than that of the average monoculture of the

� The Author 2008. Published by Oxford University Press on behalf of the Institute of Botany, Chinese Academy of Sciences and the Botanical Society of China.

All rights reserved. For permissions, please email: journals.permissions@oxfordjournals.org

http://www.jpe.oxfordjournals.org


species contained in the mixture. This is the approach which is

commonly used in biodiversity experiments. In contrast, farm-

ers and more recently restoration managers may be interested

in finding a potentially best monoculture species that would be

as productive as or even more productive than the mixture

(Garnier et al. 1997). The contrast between these two

approaches has received renewed attention with the interpre-

tation of results from biodiversity experiments. A majority of

researchers did find that average productivity increased with

species richness, in particular in experimental grassland com-

munities (Balvanera et al. 2006, Cardinale et al. 2006, 2007).

However, when mixtures were compared with monocultures

of their component species, the best monoculture was gener-

ally as productive as the mixture (Cardinale et al. 2006, Hector

et al. 2002). Probably the only well-known exceptions to this

general finding are few-species mixtures of grasses and

legumes (Harper 1977, Kirwan et al. 2007). Cardinale et al.

(2006) suggested that the general finding (best monoculture

�mixture) was evidence for a so-called sampling effect (Aarssen

1997, Huston 1997, Tilman et al. 1997): the species which was

most productive in monoculture must also have dominated

the mixture. In the extreme, such an interpretation would re-

quire that the mixture had turned into a monoculture of that

species. If there were still other species present in the mixture,

then either the ‘sampled’ best species did not make up the full

yield or the mixture would have to show transgressive over-

yielding. Because, in none of the cases where the contribution

of the different species could still be recognized at harvest,

mixtures had become monocultures, the interpretation of

Cardinale et al. (2006) is difficult to maintain. In fact, in a reas-

sessment by Cardinale et al. (2007), using those studies for

which an additive partitioning analysis (Loreau and Hector

2001) could be carried out, it turned out that selection or sam-

pling effects were far less general than originally suggested by

Cardinale et al. (2006).

So, why was transgressive overyielding so infrequent in bio-

diversity experiments? Several nonmutually exclusive hy-

potheses can explain this observation. Here we present one

hypothesis, which is very likely to have affected this finding

irrespective of other, biological mechanisms. Unequal sam-

pling is inherent to the comparison of a single high-diversity

mixture with many or all of the constituent species in mono-

culture. By comparing the best of many species in monocul-

ture with a single high-diversity mixture of the same

species, one tests not only the sampling effect but also the

probability of finding an extreme value among a large sample

of monocultures that matches the value for the mixture. We

will show that this probability depends, first, on the true var-

iation in monoculture yields ‘between’ species and, second, on

the sampling variation of monoculture yields ‘within’ species.

We start with the first, go on to the second and then combine

the two. Once these sources of variation between monoculture

yields have been estimated, we will discuss the consequences

for analyses of transgressive overyielding in biodiversity

experiments.

Variation in Monoculture Yields
between Species

Let us assume a farmer can select one out of N = 10 plant spe-

cies whose true monoculture yields (aboveground biomass

production during one yearly vegetation period) mi (i = 1

. . . N) follow a normal distribution with a mean of M = 530

g m�2 and a between-species standard deviation of S = 238

g m�2 (these values are taken from real data presented below).

Which yield mmax could he expect when he plants the highest

yielding species? To answer this question, we simply need to

find out in which region of the normal distribution the most

extreme 10% of all values fall. For a standard normal distribu-

tion with mean zero and standard deviation one, 10% of all

values are expected to be >1.28 (Fig. 1a). The value of 1.28

is the x-value for which the area under the standard normal

distribution to the left is p = 1 � (1/N) = 0.9. This is called

the standard normal deviate or quantile of p, ND(p), which

Figure 1 (a) standard normal distribution with mean = 0 and stan-

dard deviation = 1. For the normal distribution, 10% of all values

lie outside 1.28 times the standard deviation right of the mean. Thus,

among 10 values we expect one >1.28 standard deviations larger than

the mean. The value 1.28 is the normal deviate or quantile calculated

for the probability 1 � 1/N as argument, where N is the number of

species in the example from the text. (b) Simulations show that on

average the most extreme in a sample of 10 values from a normal dis-

tribution lays 1.54 standard deviations above the mean.
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can easily be calculated, e.g. in Excel with the function ‘NOR-

MINV’ or in the statistical software R with the function

‘qnorm’. Thus,

NDðpÞ= ND

�
1 � 1

N

�
= 1:28:

In this example, we would expect one out of 10 values to be

at least 1.28 between-species standard deviations larger than

the mean:

EðmmaxÞ>530 g m�2 +1:283 238 g m�2 = 835 g m� 2:

The average value of mmax obtained by simulation (Fig. 1b),

however, is larger than the value obtained from the normal

deviate (Script S1 in online supplementary material):

MeanðmmaxÞ � 530 g m�2 +1:543 238 g m�2 = 897 g m� 2:

It should be noted that the distribution of simulated values is

skewed; thus, the most likely value we would expect to obtain

will be between the lower limit of 835 g m�2 and the upper

value of 897 g m�2. Nevertheless, we can conclude that a mix-

ture of our 10 species would have to produce about 897 g m�2

biomass per year in order to reach the same yield as the best

species in monoculture. In other words, the mixture would

have to produce d = 897 g m�2 � 530 g m�2 = 367 g m�2 more

biomass than the average monoculture in order to reach the best

monoculture (Fig. 2a). Beyond this ‘break-even point’ the mix-

ture would transgressively overyield the best monoculture.

For the farmer the above result implies that if he has a large

number of species with considerable yield differences in

monoculture, he will be better off selecting the best monocul-

ture unless the mixture of all species has a much higher yield

than the average monoculture. For a researcher the result

implies that transgressive overyielding may be found more

easily if a pool of species with similar rather than vastly differ-

ent yields in monoculture is selected for a biodiversity exper-

iment. This is normally taken as a rule for replacement-series

experiments (de Wit 1960, Harper 1977, Kirwan et al. 2007).

In biodiversity experiments, the between-species standard

deviation S can be estimated from the between-species vari-

ance component in monoculture yields. This requires, how-

ever, that monocultures of species are replicated and that

within-species variation in monoculture yields can be pooled

across species, a common practical assumption in analysis of

variance (ANOVA). Using monoculture data from the second

year of the Jena Experiment in Germany (Roscher et al. 2004,

2005), we estimated the variance component between 47

well-established species in monoculture as 238 g m�2 per year

(Table 1), the value used for the above first example. The mean

yield of species in monoculture was 530 g m�2, which served as

value for M in the first example.

One might argue that the assumption of normally distrib-

uted true monoculture yields of species is rarely fulfilled. Like

in other biological situations, it is impossible to find negative

values and very unlikely to find very large values of monocul-

ture yields. However, even in this case, the normal distribution

can still be a useful approximation for calculation purposes.

First, species differ in many traits, creating the typical situation

of multiple factors influencing a variable, in this case

Figure 2 samples of monoculture means of N = 10 species with overall mean M = 530 g m�2 and n = 2 replicates per species but different be-

tween- (S) and within-species (s) standard deviations: (a) S = 238 g m�2 and s = 0 g m�2 (first example in text); (b) S = 0 g m�2 and s = 178 g m�2,

yielding a standard deviation between species of sm = 126 g m�2 (second example in text); (c) S = 238 and s = 178, yielding a standard deviation

between species of Ss = 269 g m�2 (third example in text). The graphs in the top row show the distributions of monoculture means and the graphs

in the bottom row indicate cases for the three examples where a mixture of the 10 species would just begin to transgressively overyield the best

monoculture (see text).
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monoculture yield. Thus, according to the central limit theo-

rem we expect a normal distribution. Second, a normal distri-

bution is typically used in ANOVAs when genetic variation

between species or lower units is estimated such as in quan-

titative genetic analyses (Falconer and Mackay 1996). It might

be useful in some cases to use log-transformed values of bio-

mass yields because environmental factors often have a multi-

plicative rather than additive influence on plant growth. In the

case of the Jena Experiment, the monoculture means did show

a tendency toward a log-normal distribution (Fig. 3); however,

we used the normal distribution for simplicity and comparabil-

ity with biodiversity studies (see, e.g. Cardinale et al. 2006) in

our demonstration examples. Deviations from a normal or log-

normal distribution of species monoculture yields will cause

under- or overestimation of the expected maximum monocul-

ture yield.

Variation in Monoculture Yields within
Species

As suggested above, one could expect that transgressive over-

yielding should be more easily detected if all the species in

a mixture had the same (true) yield in monoculture. However,

yield estimates in monocultures will always have some sam-

pling variation. In this case, the observed species’ yields in

monoculture will differ even if the true values are all the same.

The extent of this sampling bias decreases with increasing

number of replicates for each species grown in monoculture

and can be estimated if such replication is not totally lacking

(as is unfortunately the case in most biodiversity experiments).

Thus, let us assume a true monoculture yield of M = mi = 530 g

m�2 for all species (i.e. S = 0) and a within-species sampling

variation of s = 178 g m�2 (values again taken from the Jena

Experiment, see Table 1). Which yield mmax obswould we ex-

pect to observe in a biodiversity experiment where each mono-

culture is replicated once, i.e. n = 2 per species (as in the Jena

Experiment)?

According to statistical theory, the standard error of the

mean for the observed monoculture yields is inversely propor-

tional to the square root of the number of replicates. In this

second example given here

sm =
s

n0:5
=

178

20:5
= 126 g m� 2:

In other words, we will obtain the following estimates for M

and S:

EðMÞ= meanðmiÞ= 530 g m� 2; EðSÞ= sm = 126 g m� 2:

Applying the normal deviate function again we would ex-

pect one out of 10 observed means to be at least 1.28 sm’s larger

than the mean:

EðmmaxobsÞ>530 g m�2 +1:283 126 g m�2 = 691 g m� 2:

Ifmmax obs is determined by simulation with the values given

in the second example, we find an average value of:

MeanðmmaxobsÞ � 530 g m� 2 +1:543 126 g m� 2 = 724 g m� 2:

To test for transgressive overyielding we would normally

compare this highest observed species yield in monoculture

(a mean over all the replicate monoculture plots of this species)

with the mixture yield, mix. Thus, only if mix >724 g m�2

would we start to observe transgressive overyielding. In other

words, the mixture would still have to produce about d = 724 g

m�2 � 530 g m�2 = 194 g m�2 more biomass per year than the

average monoculture to reach the highest observed monocul-

ture mean (Fig. 2b), even though we know from our assump-

tion that the true monoculture means of all species were the

same.

This example shows that one should not do a transgressive

overyielding analysis before one has tested if species differ in

monoculture yields by an ANOVA as shown in Table 1. If the

ANOVA does not show differences between species in mono-

culture yields, it is not appropriate to use the species with the

highest observed yield in monoculture for the calculation of

transgressive overyielding, rather one should then conserva-

tively use the average or not calculate transgressive overyield-

ing at all. However, to our knowledge monoculture yields have

never explicitly been tested for significant differences between

species before transgressive overyielding analyses have been

carried out in the literature (Cardinale et al. 2006, Hector

et al. 2002). Often this could not be done because there were

no replicates for species grown in monoculture. Once a test like

the one in Table 1 has shown significant differences between

species in monoculture yields, the danger that they did not in

fact differ is only that of making a type I error. Even if there is

true variation between species in monoculture yields, the

Table 1 ANOVA (a) and variance components estimated by

restricted maximum likelihood (b) for monoculture data from

a biodiversity experiment (Jena Experiment, see Roscher et al.

2004, 2005)

(a) ANOVA

Source of variation d.f. s.s. m.s. F-ratio

Species 46 6 658 559 144 751 4.56

Replicates 47 1 490 929 31 722

(b) Estimated variance

components

Source of variation var.comp. s.e.(v.c.)

Standard

deviation

Between species 56 515 15 442 S = 237.7

Within species 31 722 6544 s = 178.1

The monoculture yield was estimated as the sum of two aboveground

harvests (cut at a height of 3 cm) in May and August 2003. Each species

occurred in two replicate plots as monoculture. The ‘Species’ term in

(a) is highly significant (P < 0.001); units of original data and standard

deviations are gram per square meter. Abbreviations: d.f. = degree of

freedom, s.s. = sum of squares, m.s. = mean squares, var. comp. =

variance component, s.e.(v.c.) = standard error of variance compo-

nent, S = between-species standard deviation and s = within-species

standard deviation. Note that restricted maximum likelihood estimates

of standard deviations do not depend on sample size.
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observed monoculture yields will still have a sampling bias.

However, as we will show in the next section, in this case

the sampling bias has only a weak effect on the analysis of

transgressive overyielding.

Variation in Monoculture Yields between
and Within Species

In the Jena Experiment a within-species standard deviation of

s = 178 g m�2 combines with a between-species standard de-

viation of S = 238 g m�2 (see Table 1). We can guess that the

large between-species variation reduces the effect of sampling

bias, because it is unlikely that the most extreme within-spe-

cies deviation from a species mean combines with the most ex-

treme between-species deviation from the overall mean. This

is an effect of pooling of variances, which is just the inverse to

the partitioning of variances in an ANOVA. The pooled stan-

dard deviation Ss is obtained as

Ss =

�
S2 +

s2

n

�0:5

:

Thus, combining the first and second example from above,

we have N = 10, n = 2, M = 530 g m�2, S = 238 g m�2, s =

178 g m�2 and

Ss =

�
2382 +

1722

2

�0:5

= 269 ðall in units of g m� 2Þ:

Using again the normal deviate for p = 1 � 1/N = 0.9 we

obtain

EðmmaxobsÞ>530 g m� 2 + 1:283 269 g m� 2 = 874 g m� 2:

If mmax obs is determined by simulation, the value is

MeanðmmaxobsÞ � 530 g m� 2 +1:543 269 g m� 2 = 944 g m� 2:

In a biodiversity experiment, the mixture of the 10 species

would have to produce about d = 944 g m�2 � 530 g m�2 =

414 g m�2 more biomass per year than the observed mean of

the best monoculture to reach transgressive overyielding

(Fig. 2c). This d-value is only (414 � 367)/367 3 100% =

12.8% larger than the d-value of the first example. Thus,

we see that the sampling bias is not as severe if there is true

variation between species in monoculture yield as if there is

none. This is even the case if, as in the example, s is almost

as large as S and within-species replication is minimal with

n = 2.

This result shows that if a pool of species with vastly differ-

ent yields in monoculture is selected for a biodiversity exper-

iment, the sampling bias is reduced to a small level where it

may be neglected. Remember, however, that transgressive

overyielding in such experiments is probably less likely than

in experiments using pools of species with similar monoculture

yields (see third paragraph in ‘Variation in Monoculture Yields

between Species’). In these cases, the sampling bias is not

masked as strongly by the between-species variation in mono-

culture yields and it is therefore more important to reduce the

sampling bias via increased replication of monocultures at the

within-species level.

Transgressive Overyielding and the
Number of Species in Biodiversity
Experiments

In all examples, we have used species pools of size N = 10. Ob-

viously, if we have larger species pools, it is more likely that the

best species in monoculture will have an even more extreme

maximum yield,mmax. We simply have to take the correspond-

ing normal deviates and simulated multipliers for each partic-

ular level of N to obtain minimum expected or average values

for mmax obs. A range of values is listed in Table 2.

Table 2 shows that the yield of the best species in mono-

culture increases at a decreasing rate with increasing num-

ber N of species in the species pool. In other words, if the best
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monoculture species is compared with the mixture of all

species in a pool, the mixture has to produce an increasing

amount of biomass with increasing N to reach or even

transgressively overyield this monoculture species. In fact,

the net biodiversity effect NE (Loreau and Hector 2001),

which is the difference between the mixture and the aver-

age monoculture species, has to be at least as large as the

difference between the best and the average monoculture

species:

NEtrans>ND

�
1 � 1

N

�
Ss:

In Fig. 4a this relationship between NEtrans and the number

of species in the mixture (which here corresponds to the num-

ber N of species grown in monoculture) is shown for the case

with n = 2, M = 530 g m�2, S = 238 g m�2, s = 178 g m�2 and Ss =

269 g m�2, the values used in the third example above.

If biodiversity–productivity relationships saturated at a low

species number, e.g. already at N = 2 as suggested by Cardinale

et al. (2006), then NE would be constant for all mixtures withN

> 2. In this case, the log-ratio between the mixture and the

best monoculture, the LRmax used by these authors to test

for transgressive overyielding, would decline as indicated in

Fig. 4b, still assuming the values of the third example. With

a constant NE of 414 g m�2 (corresponding to the d-value

in the third example), mixtures with N < 10 would show trans-

gressive overyielding, whereas mixtures with N > 10 would

show transgressive underyielding (Fig. 4b). A similar picture

is obtained if Loreau’s (1998) Dmax index is used instead of

LRmax. This index measures the difference between the mix-

ture and the best monoculture scaled by the best monoculture

(Fig. 4c).

Interestingly, Cardinale et al. (2006) did not find a decreasing

LRmax with increasing N. This may be the strongest evidence

found so far that the net biodiversity effect NE continues to

increase far beyond N = 2. However, these authors also found

that LRmax not only was constant across increasing values of N

but also that LRmax was not significantly different from zero,

indicating that NE � NEtrans for the large number of biodiver-

sity experiments they analyzed. This observation led them to

suggest a pervasive sampling effect. As mentioned at the begin-

ning, however, this would require that mixtures essentially re-

duce to monocultures of the best species and in addition that

the RYT remains at 1 (Schmid et al. 2002). To our knowledge

the joint occurrence of these two conditions has never been
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Figure 4 (a) net biodiversity effect NEtrans that a mixture of N species must reach to be as productive as the best species in monoculture (n = 2,

M = 530 g m�2, S = 238 g m�2 and s = 178 g m�2 as in the third example in the text). NEtrans is obtained as the difference between the simulated

best and the average species in monoculture. If in an experiment a mixture has an observed NE = NEtrans, then the measures for transgressive

overyield are zero, i.e. LRmax = Dmax = 0. The points are function values for species richness levels corresponding to the entries in the column

headed ‘N’ in Table 2. (b and c) If mixture yields do not increase with species richness, e.g. if they are constant at NE = 414 g m�2 (as suggested in the

third example in the text), then LRmax and Dmax must decrease with increasing species richness, unless S = s = 0.

Table 2 standard normal deviate (ND) for probability p = 1 � 1/N

and corresponding value of multiplier for standard deviation to

obtain the expected differences between maximum and average

values in a sample of size N (see text for details)

N P ND Multiplier

1 0 undefined 0

2 0.50 0.00 0.57

3 0.67 0.43 0.85

4 0.75 0.67 1.03

5 0.80 0.84 1.16

6 0.83 0.97 1.27

7 0.86 1.07 1.35

8 0.88 1.15 1.42

9 0.89 1.22 1.49

10 0.90 1.28 1.54

20 0.95 1.64 1.87

50 0.98 2.13 2.25

100 0.99 2.33 2.51

500 0.998 2.88 3.04

1000 0.999 3.09 3.24

The values for the multiplier were derived from simulations with

100 000 runs each (see Script S1 in supplementary online material).
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reported in the literature so far, and new analyses have since

rejected this hypothesis (Cardinale et al. 2007).

The Danger of Oversampling Monocultures
in Biodiversity Experiments

It appears that the main difficulty of current meta-analyses of

biodiversity–productivity studies (see, e.g. Balvanera et al.

2006, Cardinale et al. 2006) lies in the massive oversampling

of communities at the lowest level of species richness in most

experiments. Ironically, this oversampling is the result of ini-

tial concerns about the possibility of so-called sampling effects

(Aarssen 1997, Huston 1997, Tilman et al. 1997). In fact, this

oversampling has now led to sampling effects of the opposite

sort, i.e. the chances to find an extreme monoculture value are

continuously increasing with the number of species used in an

experiment, while at the same time only one mixture of all

species at the highest richness level is available. As long as

mean values are compared, the problem of unequal sampling

at the different richness levels is not severe. But as soon as we

take extreme values for comparisons, as is done in analyses of

transgressive overyielding and as is sometimes advocated for

all analyses of biodiversity experiments (Garnier et al. 1997),

unequal sampling has severe consequences.

A farmer or restoration manager may want to increase his

chances to find an extreme monoculture by using a large ‘di-

versity’ of species to choose from rather than putting his bets

on the ‘single’ mixture of all these species. However, even this

approach will only work if the sampling bias due to variation

between monocultures within species can be separated from

variation between species. This can be done under the assump-

tion of normally (or log-normally) distributed monoculture

yields by an ANOVA, if monocultures have been replicated

within species—potentially across another experimental factor

that was varied such as fertilizer level or soil volume (Dimitra-

kopoulos and Schmid 2004). Unfortunately, the dogma ‘al-

ways grow all species in monoculture’ sometimes can only

be fulfilled by reducing the number of replicate monocultures

per species. If there is only one monoculture per species, there

is of course no possibility to separate the variation between

species from the variation within species. And, if we are strict,

then there is no possibility to test for transgressive overyielding

because we cannot estimate the sampling bias.

There is one additional caveat against choosing a best mono-

culture over a mixture. If yields of particular species in mono-

cultures or particular species compositions in mixture vary

between years, such variation will further increase the sam-

pling bias against the mixture. It is quite likely that the best

species in monoculture in one year was just by chance having

a good year and will not have as high a yield, or perhaps not

even be the best species, in the next year. This increase in the

sampling bias will be even stronger if temporal variation is

higher in monocultures than in mixtures. Indeed, monocul-

ture yields usually have larger temporal coefficients of varia-

tion than mixture yields (Loreau et al. 2001, Pfisterer et al.

2004, van Ruijven and Berendse 2007, Tilman et al. 2006),

which means that they also have larger standard deviations

if they reach the same yield (as suggested for the best mono-

cultures). This problem of increased sampling bias due to

stronger variation in monocultures is a consequence of the

so-called insurance effect (Yachi and Loreau 1999), which

has often been mentioned as an important consideration in

biodiversity management (Hooper et al. 2005) to protect

a farmer against low yields in particular years.

Improving the Assessment of
Transgressive Overyielding in
Biodiversity Experiments

In the face of the above-mentioned problems, are there any

possibilities to improve the analysis of previous experiments

or to design better experiments with a view to assessing trans-

gressive overyielding? First, from the three examples pre-

sented above, it becomes clear that an estimation of the

sampling bias in analyses of transgressive overyielding is only

possible if replicate monocultures exist for at least some spe-

cies. If we accept the assumption that the within-species var-

iation in monoculture yield is constant across species, the

pooled estimate can be used for all species, including those

for which n = 1. Second, if there are replicate monocultures

within species, we can use an ANOVA to separate the variation

in monoculture yields into its between- and within-species

components. If this analysis does not reveal significant varia-

tion between species, then the average monoculture yield

should be taken as the estimate for all species and transgressive

overyielding be calculated using this average. However, if

there is significant variation between species in monoculture

yields, there will be a best species which can be compared with

the mixture. The sampling bias then still affects the measure of

transgressive overyielding, but it is relatively small, especially

if the between-species variance component in monoculture

yields is larger than the within-species variance component.

Under these conditions, even the minimum number of two

replicates for monocultures within species is sufficient.

Supplementary Data

An R-script (Script S1) to run the simulations mentioned in

the text with the statistical software R (www.r-project.org)

as supplementary data is available at Journal of Plant Ecology

online.
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Kirwan L, Lüscher A, Sebastia MT, et al. (2007) Evenness drives con-

sistent diversity effects in intensive grassland systems across 28 Eu-

ropean sites. J Ecol 95:530–9.

Loreau M (1998) Separating sampling and other effects in biodiversity

experiments. Oikos 82:600–2.

Loreau M, Hector A (2001) Partitioning selection and complementarity

in biodiversity experiments. Nature 412:72–6.

Loreau M, Naeem S, Inchausti P, et al. (2001) Biodiversity and ecosys-

tem functioning: current knowledge and future challenges. Science

294:804–8.

Pfisterer AB, Joshi J, Schmid B, et al. (2004) Rapid decay of diversity–

productivity relationships after invasion in experimental plant com-

munities. Basic Appl Ecol 5:5–14.

Roscher C, Schumacher J, Baade J, et al. (2004) The role of biodi-

versity for element cycling and trophic interactions: an experi-

mental approach in a grassland community. Basic Appl Ecol 5:

107–21.

Roscher C, Temperton VM, Scherer-Lorenzen M, et al. (2005) Over-

yielding in experimental grassland communities—irrespective of

species pool or spatial scale. Ecol Lett 8:419–29.

van Ruijven J, Berendse F (2007) Contrasting effects of diversity on the

temporal stability of plant populations. Oikos 116:1323–30.
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