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Abstract Recent empirical studies have shown that
genetic factors can influence the invasion success of
alien species. Like species diversity, higher genetic
diversity can increase plant performance or invasion
success via selection effects or complementarity
effects. The latter have also been referred to as nonadditive effects because in this case individual genotypes show a different performance in mixtures than in
monocultures. Based on a manipulation experiment in
the field, a recent study found that such non-additive
effects of genotype mixing become stronger over time
in an invasive plant, probably due to higher resource
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uptake or facilitation between genotypes. Other
researchers criticized this interpretation because in
their view complementarity or non-additive effects
should lead to transgressive over-performance which
could not occur based on selection effects alone,
where simply differences of performance between
genotypes would enhance the invasion ability of
multiple-genotype patches. In a commentary paper
we applied Monte Carlo permutation and Loreau and
Hector’s additive partitioning to two datasets and
found that although transgressive over-performance
cannot occur due to only selection effects and thus is
the most stringent test for the existence of complementarity effects, complementarity effects also commonly occur without transgressive over-performance.
Keywords Complementarity effects  Genotypic
diversity  Invasive ability  Non-additive genotypic
effects  Selection effects

Genetic variation has been long understood as the
basis for a species to improve performance in changing environments. Empirical studies in the last decade
have confirmed several benefits of high genetic
variation in plant populations, including increased
biomass (e.g., Hughes and Stachowicz 2004), promoted tolerance to or resilience from disturbance (e.g.,
Reusch et al. 2005) and enhanced resistance to
invasions (e.g., Crutsinger et al. 2008). Improved
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plant performance by high genetic diversity may occur
via selection effects, whereby diverse populations
have a higher probability of containing high performance genotype, or complementarity effect, whereby
niche differentiation, facilitation or counteraction
among genotypes results in increased mixture performance. The latter have also been referred to as nonadditive effects (Crawford and Whitney 2010) because
in this case individual genotypes show a different
performance in mixtures than in monocultures.
The positive relationship between genetic variation
and instantaneous or long-term performance at the
population level provides important information for
conservation and restoration strategies (Hughes and
Stachowicz 2004). For an alien species, high genetic
variation may also promote their performance, and
thus increase its potential to become invasive.
Although bottleneck effects during the introduction
may lead to substantial loss of genetic variation,
multiple introductions over time or from different
source regions may restore genetic variation or and
similar or even increased genetic diversity may be
observed in the introduced compared with the native
range. Such increases in genetic diversity by multiple
introductions and reshuffling and recombination of
different source regions have in fact been detected in
some celebrated cases of successful invaders, e.g.
Bromus tectorum (Novak and Mack 1993), Phalaris
arundinacea (Lavergne and Molofsky 2007), Ambrosia artemisiifolia (Genton et al. 2005) and Phragmites
australis (Kirk et al. 2011).
Spartina alterniflora Loisel (Poaceae) or smooth
cordgrass is a perennial grass native to the Atlantic
coast of the Americas. When it was intentionally
introduced to China in 1979, seeds were collected from
three sites in North America and mixed in Luoyuan
Bay, Fujian Province of China (An et al. 2007). Now
this species is widely distributed along coastlines of
China. Although transplantation by people may accelerate the long-distance spread of this species, a number
of biological properties such as fast growth, high salt
tolerance and strong ability of clonal growth (Li et al.
2009) make S. alterniflora a superior competitor over
native species. Shen (2007) analyzed genetic variation
in Chinese and native populations using microsatellites. He found that populations in the invasive range
had considerable levels of genetic variation comparable to native populations, suggesting that genetic
factors may contribute to its invasion success.
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To understand the potential role of genetic variation
in the rapid spread of S. alterniflora in China, we
compared the performance of 1-, 3- and 6-genotype
patches of S. alterniflora in an experiment (Wang et al.
2012). We found that patches of high genotype
richness did outperform patches of low genotype
richness. Two nonexclusive mechanisms can be used
to explain increased mixture performance leading to
the observed positive relationship between species or
genetic diversity and performance (Bernasconi et al.
2003). Selection (Loreau and Hector 2001) or sampling (Huston 1997) effects refer to the fact that
population patches of high genotypic diversity have a
high probability to contain advantageous genotypes
that have a disproportionate effect on a property at the
patch level. Complementarity (Loreau and Hector
2001) or non-additive (Crawford and Whitney 2010)
effects refer to the fact that different genotypes may
differ in their resource use or facilitate each other and
thus the better performance in patches with high
genotypic diversity can be due to higher resource
uptake or facilitation.
Loreau and Hector (2001) provided a method to
calculate the two effects and this method has been used
many times in biodiversity–ecosystem functioning
experiments (see e.g. Cardinale et al. 2007). This
method needs information about the performance of
each species or genotype in monoculture and mixture.
Unlike species identity, which can be easily determined
by morphological traits, genotype identity cannot be
easily determined without genotyping. Because shoots
of invasive species can increase to a very large number
in a short time (Zhang et al. 2006), genotyping each
shoot is an expensive and time-consuming work. In our
study, shoot number of S. alterniflora increased from 18
to *2,700 in the mixture patches in less than two
growing seasons. Therefore, we used a Monte Carlo
permutations test and found that both selection and nonadditive effects contributed to the increased outputs of
genotype mixing resulting in the positive relationship
between genotypic diversity and performance of experimental patches. Furthermore, non-additive effects
became stronger over time, as also observed in species
mixtures (Cardinale et al. 2007; Marquard et al. 2009).
Our experiment provided the first direct evidence that
genotypic diversity can promote the invasion potential
of an alien species.
Based on our manipulation experiment, Le Roux
et al. (2014) emphasized that selection effects most
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likely were the main mechanism driving the results. In
our view, their argumentation mixes up two issues that
are not logically connected in a one-to-one relationship. First, in statistical terms non-additivity is usually
defined more broadly than suggested above (Crawford
and Whitney 2010), namely as a deviation of mixture
performance from the mean performance of the
monoculture species or genotypes making up the
mixture. This includes in addition to complementarity
effects also selection effects. If the deviation between
mixture and average monoculture performance is
positive, we speak of positive net biodiversity effects
(Loreau and Hector 2001). This net effect can then be
related to the sum of selection and complementarity
effects. Clearly our experiment showed a positive net
biodiversity effect on variables related to invasion
success. Second, Le Roux et al. (2014) seemed to
imply that if our net biodiversity effects were mainly
or even only due to selection effects, they would not be
relevant for invasion success. However, this is clearly
not true, because even if after the invasion process
only one genotype would remain it would still mean
that starting with a larger diversity of genotypes we
could increase the probability of successful invasion.
Le Roux et al. (2014) then seemed to convert the
logical statement ‘as long as the mixture is not better
than the best genotype it is possible that the mixture
has been reduced to that single genotype’ to the
statement ‘whenever a single genotype does have the
same performance as the mixture it must be so that this
genotype has taken over the mixture.’ Therefore,
under this worst-case scenario they use the strict test of
transgressive over-performance (Schmid et al. 2008)
to allow that complementarity effects have occurred.
In the genetic analogy this would be called overdominance, i.e. offspring vigor surpassing the vigor of
even the better of two parents.
Le Roux et al. (2014) make some further very strict
recommendations that are in principle or in practice
not possible to fulfill in biodiversity experiments.
They implicitly suggest that the confounding of the
increased representation of a single genotype with
increasing diversity level should be broken, but this is
not possible in principle as long as all genotypes are to
be tested in monoculture as well as in mixture. In fact,
each genotype is represented in the single most diverse
mixture that can be created using all genotypes in an
experiment. Le Roux et al. (2014) also implicitly
suggest that all genotypes should have no significant
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differences in performance in monoculture, which in
practice will almost never the case. Finally, in certain
places such as the final sentence of the paper, they
seem to relate non-additive genotypic diversity
effects, which are measured at population level, to
effects of non-additive genetic variation (see Bernasconi et al. 2003 for such an analogy), which affect
phenotypic variation at the individual level and where
again these non-additive effects are defined as deviation of offspring values from parental means (dominance), not as over-dominance. Using the usual
definitions of terms, we show in the following that,
although we cannot be absolutely sure if the nonadditive genotypic effects that we observed in Wang
et al. (2012) were only due to selection effects, this
was highly unlikely and in fact complementarity
effects were probably more important and increasing
with time relative to selection effects.
Le Roux et al. (2014) stated that non-significant
transgressive over-performance and poorer performance in some single-genotype patches than the
mixtures suggested selection effects rather than complementarity effects explaining the enhanced invasibility of genotypic mixtures. They raised an important
question about how to detect the roles of selection and
complementarity effects in experiments examining
biodiversity–ecosystem functioning relationship.
They also argued that sexual recruitment may have
changed the genotypic compositions, and that studying invasion should not be restricted in plots of
0.5 9 0.5 m2. Here, we consider these issues and,
specifically, test their method in detecting transgressive effects using an artificial data set of genotype
richness–shoot number as well as a species richness–
biomass experiment where selection and complementarity effects had been well studied (Cardinale et al.
2007).
Le Roux et al. (2014) used a non-parametric
method to test the difference between monocultures
of the best performing genotype and six-genotype
patches, and found no significant difference, resulting
in their conclusions of only selection and no complementarity effects. However, Le Roux and co-authors
misunderstood the detection of complementarity
effects. Their method was to test whether mixtures
performed significantly better than the best monoculture because this would prove that the net biodiversity
effects must be due to more than only selection effects.
However, as analyzed in detail by Schmid et al.
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In this data set, four genotypes (A, B, C, D) were assumed. Numerals after the codes of genotypes are shoot numbers of the corresponding genotypes

A240, B32, C28, D50

8

350
297
256
96
88
80
36
32
28
48
43
38
400
320
Total

360

A200, B28, C24, D45
A160, B36, C20, D40
D96
D88
D80
C36
C32
C28
B48
B43
B38
A400
A360
A320
Comp.
End

A2, B2, C2, D2
A2, B2, C2, D2

8
8

A2, B2, C2, D2
D8

8
8

D8
D8

8
8

C8
C8

8
8

C8
B8

8
8

B8
B8

8
8

A8
A8

Total

2

8

A8

8

Comp.
Beginning

2
1
1
1
1

3

B
A

2

3

C

2

3

D

2

3

1

Mixture
Monoculture

Table 1 An artificial data set on the relationship between genotypic diversity and shoot number

(2008), such transgressive over-performance is extremely rare even when complementarity effects abound
in mixtures, let alone significant transgressive overperformance, due to simple statistical causes as well as
sampling bias. In our case, significant non-transgressive over-performance and transgressive over-performance, though not significant, were observed,
indicating the very likely role of positive complementarity effects.
Although Le Roux et al. (2014) realized that shoot
number of a specific genotype was different in singlegenotype and mixture patches, they did not consider
this difference in their analyses. To test the usefulness
of their method, we compared the outputs of their
method with those of Loreau and Hector’s (2001) and
our methods using an artificial dataset and a classical
biodiversity–productivity experiment.
The artificial data are shown in Table 1. There are
two levels of genotype richness (one- and four-genotype), and each treatment has three replicates. At the
beginning, each patch contained 8 shoots, and at the end,
the composition and shoot number of each single
genotype and mixtures were as shown in Table 1. At the
end, shoot numbers of the mixtures were lower, but not
significantly so, than those of the best genotype
(genotype A), showing no transgressive over-performance (Fig. 1a). According to Le Roux et al.’s method,
complementarity could not have played an important
role, and selection effect should have dominated the
output. However, the situation is totally different if we
consider the performance of each genotype in monoand polycultures. Increases in shoot numbers of every
genotype (number of shoots at the end/number of shoots
at the beginning) were significantly higher in mixtures
than in monocultures (Fig. 1b). In other words, every
genotype performed significantly better in mixtures than
in monocultures, which can only be explained by
complementarity effects. Using a Monte Carlo permutations test (Crawford and Whitney 2010), the actual
mean fell outside the 95 % confidence interval, indicating non-additive effects. Calculated with Loreau and
Hector’s method, the complementarity effect was 202,
while the selection effect was negative (-32). Both our
and Loreau and Hector’s (2001) methods indicated that
complementarity effects rather than selection effects
played a more critical role in explaining the nonadditive outputs in the artificial dataset.
We also applied Le Roux et al.’s (2014) method to a
long-term grassland experiment in Cedar Creek LTER
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Fig. 1 Shoot number of single-genotype and mixture patches at
the end (a) and folds of increase in shoot number of each
genotype in single-genotype and mixture patches (b) of the

artificial data set (see Table 1). **Significant level at p \ 0.01,
and ***significant level of p \ 0.001, tested by ANOVA

Fig. 2 Boxplots of aboveground plant biomass (m-2) for
monocultures of the best two species and polycultures of 16
species of Cedar Creek Biodiversity II (E120) in a 1996 and
b 2003. Data were downloaded from Cedar Creek LTER

website (www.cedarcreek.umn.edu). Complementarity effects
(CE) and selection effects (SE) were extracted from Cardinale
et al. (2007)

(Tilman et al. 2001). We used data of 1996 and 2003.
Both complementarity and selection effects played
positive roles in aboveground plant biomass in 1996,
while complementarity effects were positive and
selection effects were negative in 2003 (Cardinale
et al. 2007) (Fig. 2). Because replicates of monocultures of each species were less than 3, we combined
data of the best two species and compared with those
of 16-species mixtures. For the two years, no significant differences in yield between the best two species
and mixtures of 16 species (Fig. 2) suggest no
complementarity effect according to Le Roux et al.’s
(2014) approach, contrasting to conclusions drawn
from Loreau and Hector’s (2001) method.
In the above two cases, Le Roux et al.’s method
cannot obtain correct conclusions. Although significant transgressive over-performance can not only be
caused by selection effects, complementarity effects

among genotypes not necessarily result in significant
transgressive over-performance. Therefore, Le Roux
et al. (2014) method is not suitable for separating
selection from complementarity effects.
We agree that sexual reproduction is important in
invasive species, for colonizing unoccupied areas,
but may be less important for recruitment in dense
patches of species with strong ability of clonal
growth. Spartina alterniflora has a very strong
capacity of clonal growth, and can form dense
patches consisting of a single genotype. Nevertheless, potential impact of seedling recruitment was
considered in our experiment, which lasted less than
two growth seasons. However, in the first year, due
to a late start of the experiment (June 2006), no
seeds could reach maturity even though a few
individuals flowered. In the second growing season,
the plants flowered and set seeds in autumn. We
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ended the experiment in winter, and thus the impact
of seedling recruitment can be neglected. Furthermore, our experimental site was relatively isolated
from other S. alterniflora patches. If there was
seedling recruitment, seedlings had a high probability to survive in the gaps between S. alterniflora
patches. However, no scattered individuals were
observed around the experimental patches in the first
and second years. Thus, the impact of seedling
recruitment at the study site could not have been
large.
Le Roux et al. (2014) also claimed that our plots
were too small (0.5 9 0.5 m) and were not suitable for
conducting an invasion experiment. However, the
author misunderstood the patch size. In fact, 0.25 m2
was the size when 18 ramets were planted to make sure
each patch having the same size at the beginning. We
did not set up any barrier to restrict the expansion of
individuals, and the size of each patch was monitored
as a variable of invasion ability. As found in our paper
as well as in the commentary paper, both patch size
and spread distance were used to evaluate the invasion. Nevertheless, Le Roux and co-authors had
pointed out an important difference in manipulation
experiments between invasion ecology and biodiversity–ecosystem functioning.
Roles of genetic factors in the invasive success of
alien species have been widely recognized. However,
the potential mechanisms may be different. Some
species have very low genetic diversity, even only one
genotype in the extreme case, in populations in the
invasive range, while in some other aliens high genetic
diversity was observed (Dlugosch and Parker 2008;
Roman and Darling 2007). Therefore, understanding
underlying mechanisms is critical for management
and controls of specific invasive species. Like in
species diversity–ecosystem functioning relationship,
we found that selection effects played an important
role in the early stages of invasion, and complementarity effects played a more important role as time
passed. However, more studies in other invasive
species are needed to understand the generality of
such a pattern. We agree with Le Roux et al.’s opinion
that well-designed manipulation experiments are
needed to estimate the roles of selection and complementarity effects. Because invasive plants can have a
great increase in shoot number in a short time, and
genotyping each shoot takes a lot of time and money,
we suggest to genotype a subset of shoots randomly

123

X.-Y. Chen et al.

sampled from the patches. Then we can have an
estimation of the performance of each genotype. In
addition, we may detect new genotypes other than the
planted ones to understand the impact of seedling
recruitment and resistance of each patch to invasion of
alien genotypes. Furthermore, like various designs
have been used to test the relationship between species
diversity and ecosystem functioning, different specific
designs are needed to test specific mechanisms in the
genetic diversity–invasion relation. We believe, as
manipulation experiments are accumulating, the roles
of selection and complementarity effects in species
invasions will become clearer in the future.
Acknowledgments This paper was financially supported by
the Agricultural Commission of Shanghai (2003-15-3) and the
Leader Fund of Minhang Human Resources and Social Security
Bureau to XYC.

References
An SQ, Gu BH, Zhou CF, Wang ZS, Deng ZF, Zhi YB, Li HL,
Chen L, Yu DH, Liu YH (2007) Spartina invasion in
China: implications for invasive species management and
future research. Weed Res 47:183–191
Bernasconi G, Paschke M, Schmid B (2003) Diversity effects in
reproductive biology. Oikos 102:217–220
Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A,
Srivastava DS, Loreau M, Weis JJ (2007) Impacts of plant
diversity on biomass production increase through time
because of species complementarity. Proc Natl Acad Sci
USA 104:18123–18128
Crawford KM, Whitney KD (2010) Population genetic diversity
influences colonization success. Mol Ecol 19:1253–1263
Crutsinger GM, Souza L, Sanders NJ (2008) Intraspecific
diversity and dominant genotypes resist plant invasions.
Ecol Lett 11:16–23
Dlugosch KM, Parker IM (2008) Founding events in species
invasions: genetic variation, adaptive evolution, and the
role of multiple introductions. Mol Ecol 17:431–449
Genton BJ, Shykoff JA, Giraud T (2005) High genetic diversity
in French invasive populations of common ragweed,
Ambrosia artemisiifolia, as a result of multiple sources of
introduction. Mol Ecol 14:4275–4285
Hughes AR, Stachowicz JJ (2004) Genetic diversity enhances
the resistance of a seagrass ecosystem to disturbance. Proc
Natl Acad Sci USA 101:8998–9002
Huston MA (1997) Hidden treatments in ecological experiments: re-evaluating the ecosystem function of biodiversity. Oecologia 110:449–460
Kirk H, Paul J, Straka J, Freeland JR (2011) Long-distance
dispersal and high genetic diversity are implicated in the
invasive spread of the common reed, Phragmites australis
(Poaceae), in northeastern North America. Am J Bot
98:1180–1190

Complementarity effects and over-performance
Lavergne S, Molofsky J (2007) Increased genetic variation
and evolutionary potential drive the success of an
invasive grass. Proc Natl Acad Sci USA 104:3883–3888
Le Roux JJ, Blignaut M, Gildenhuys E, Mavengere N, BerthoulySalazar C (2014) The molecular ecology of biological
invasions: what do we know about non-additive genotypic
effects and invasion success? Biol Invas 16:997–1001
Li B, Liao C-Z, Zhang X-D, Chen H-L, Wang Q, Chen Z-Y, Gan
X-J, Wu J-H, Zhao B, Ma Z-J, Cheng X-L, Jiang L-F, Chen
J-K (2009) Spartina alterniflora invasions in the Yangtze
River estuary, China: an overview of current status and
ecosystem effects. Ecol Eng 35:511–520
Loreau M, Hector A (2001) Partitioning selection and complementarity in biodiversity experiments. Nature 412:72–76
Marquard E, Weigelt A, Temperton VM, Roscher C, Schumacher J, Buchmann N, Fischer M, Weisser WW, Schmid B
(2009) Plant species richness and functional composition
drive overyielding in a six-year grassland experiment.
Ecology 90:3290–3302
Novak SJ, Mack RN (1993) Genetic variation in Bromus tectorum (Poaceae): comparison between native and introduced populations. Heredity 71:167–176

535
Reusch TBH, Ehlers A, Hammerli A, Worm B (2005) Ecosystem recovery after climatic extremes enhanced by genotypic diversity. Proc Natl Acad Sci USA 102:2826–2831
Roman J, Darling JA (2007) Paradox lost: genetic diversity and the
success of aquatic invasions. Trends Ecol Evol 22:454–464
Schmid B, Hector A, Saha P, Loreau M (2008) Biodiversity
effects and transgressive overyielding. J Plant Ecol
1:95–102
Shen DW (2007) Genotypic diversity and its relationship to
invasive ability of Spartina alterniflora. Master Thesis,
East China Normal University
Tilman D, Reich PB, Knops J, Wedin D, Mielke T, Lehman C
(2001) Diversity and productivity in a long-term grassland
experiment. Science 294:843–845
Wang X-Y, Shen D-W, Jiao J, Xu N–N, Yu S, Zhou X-F, Shi M–
M, Chen X-Y (2012) Genotypic diversity enhances invasive
ability of Spartina alterniflora. Mol Ecol 21:2542–2551
Zhang D, Yang M–M, Li J-X, Chen X-Y (2006) Vegetative
dispersal ability of Spartina alterniflora in Eastern End of
Chongming Island. J East China Normal Univ (Nat Sci)
2:130–135

123

