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Genotypic richness and phenotypic dissimilarity enhance
population performance
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Abstract. Increases in biodiversity can result from an increase in species richness, as well
as from a higher genetic diversity within species. Intraspecific genetic diversity, measured as
the number of genotypes, can enhance plant primary productivity and have cascading effects
at higher trophic levels, such as an increase in herbivore and predator richness. The positive
effects of genotypic mixtures are not only determined by additive effects, but also by
interactions among genotypes, such as facilitation or inhibition. However, so far there has
been no effort to predict the extent of such effects. In this study, we address the question of
whether the magnitude of the effect of genotype number on population performance can be
explained by the extent of dissimilarity in key traits among genotypes in a mixture. We
examine the relative contribution of genotype number and phenotypic dissimilarity among
genotypes to population performance of the soil arthropod, Orchesella cincta. Nearly
homogeneous genotypes were created from inbred isofemale lines. Phenotypic dissimilarity
among genotypes was assessed in terms of three life-history traits that are associated with
population growth rate, i.e., egg size, egg development time, and juvenile growth rate. A
microcosm experiment with genotype mixtures consisting of one, two, four, and eight
genotypes, showed that genotypic richness strongly increased population size and biomass
production and was associated with greater net diversity effects. Most importantly, there was a
positive log-linear relationship between phenotypic dissimilarity in a mixture and the net
diversity effects for juvenile population size and total biomass. In other words, the degree of
phenotypic dissimilarity among genotypes determined the magnitude of the genotypic richness
effect, although this relationship leveled off at higher values of phenotypic dissimilarity.
Although the exact mechanisms responsible for these effects are currently unknown, similar
advantages of trait dissimilarity have been found among species. Hence, to better understand
population performance, genotype number and phenotypic dissimilarity should be considered
collectively.

Key words: biomass production; egg development time; egg size; genetic diversity; juvenile growth rate;
net diversity effect; Orchesella cincta; phenotypic trait; population size.

INTRODUCTION

The relationship between biodiversity and community

and ecosystem functioning is a central issue in ecology,

because biodiversity can affect primary productivity,

carbon storage, nutrient acquisition, decomposition

rate, and ecosystem stability (Hector et al. 1999, Mulder

et al. 2001, Hättenschwiler et al. 2005). Increases in

biodiversity can result from an increase in species

richness and functional diversity, as well as from a

higher genetic diversity within species. The role of

intraspecific genetic diversity in biodiversity has received

growing attention over the past years because of the

emerging synthesis of evolutionary biology and com-

munity ecology (Johnson and Stinchcombe 2007). In

parallel to the community effects of species richness, a

large body of experimental work has now shown several

community effects of increasing genetic diversity within

species. First, a positive relationship was found between

the number of genotypes and net plant primary

productivity (Reusch et al. 2005, Crutsinger et al.

2006, Kotowska et al. 2010; but see Vellend et al.

2010), which is key to supporting a larger number and

diversity of herbivores and predators. Second, the

number of genotypes also has indirect community

effects, such as an increase in coexistence of competing

plant species (Booth and Grime 2003), arthropod

richness (Crutsinger et al. 2006, Johnson et al. 2006),

colonization success (Gamfeldt et al. 2005, Crawford

and Whitney 2010), and resistance to invasion (De

Meester et al. 2007). Hence, in addition to the well-

known evolutionary impacts, these studies have docu-

mented the ecological impacts of intraspecific genetic

diversity (reviewed in Hughes et al. 2008).

More detailed studies have proposed that the positive

effect of genotypic mixtures is not only determined by

properties and frequencies of constituent genotypes

(additive effects) but also by interactions among

genotypes (nonadditive effects; Reusch et al. 2005,
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Crutsinger et al. 2006, Crawford and Whitney 2010).

Positive interactions, such as resource partitioning or

facilitation, can increase population performance of

genotype mixtures above that predicted from the

performance of the genotype in monocultures, whereas

negative interactions, such as inhibition or interference,

may cause a relative decrease in mixture performance

(Loreau and Hector 2001, Hughes et al. 2008). Although

the existence of nonadditive effects in genotype mixtures

is now generally accepted, so far there has been no effort

to predict the extent of such effects. This type of

interaction, positive or negative, has been hypothesized

to depend on the functional dissimilarity of its

components, but until now, this hypothesis has only

been tested for interspecific diversity. Using microcosm

experiments, at least two studies have demonstrated that

the effect of species composition on key ecosystem

processes is determined by dissimilarity in species traits

rather than species number (Heemsbergen et al. 2004,

Wojdak and Mittelbach 2007). Facilitative interactions

occurred in species mixtures with high trait dissimilarity

or low niche overlap, respectively. If we can extrapolate

this relationship to other levels of biological organiza-

tion, the extent of dissimilarity in key life-history traits

among genotypes in a mixture should predict the

magnitude of the effect of genotype number on

population performance.

Although the variation in phenotypic traits among

genotypes is likely to be smaller than that among

species, it is large enough to impact population

performance and community functioning. Empirical

evidence shows that differences among genotypes

significantly affect population performance, such as

disease infection (Roscher et al. 2007), and arthropod

abundance and diversity (Johnson and Agrawal 2005,

Crawford et al. 2007). Genotypic identity often affects

population productivity (Vellend et al. 2010), and has

cascading effects on other trophic levels (Kotowska et

al. 2010). For example, experiments with genetically

different isolates of the arbuscular mycorrhizal fungus

Glomus intraradices, show that AMF genotype can

affect plant growth response (Munkvold et al. 2004,

Koch et al. 2006), which in turn may shape diversity at

higher trophic levels.

However, no study has measured the extent of

dissimilarity in phenotypic traits among genotypes in

mixtures; instead genetic diversity is taken to be the

number of genotypes present. Although chances are

negligible that two genotypes are exactly identical, that

still leaves a wide range of dissimilarities possible.

Moreover, it is well-known that genetic variation only

matters if it translates into phenotypic variation upon

which natural selection can act (Merila and Crnokrak

2001, Reed and Frankham 2001). Therefore, it is

necessary to quantify the degree of phenotypic dissim-

ilarity among genotypes to predict population perfor-

mance or other population properties. We hypothesize

that the extent of dissimilarity in phenotypic traits can

be used to predict the extent of nonadditive effects

among genotypes.
In this study, we examine the relative contribution of

genotype number and phenotypic dissimilarity among
genotypes to population biomass production and

population growth rate in the springtail species Orche-
sella cincta (Collembola). Springtails are a globally

significant group of organisms that play a major role in
soil functioning (Rusek 1998), particularly through their
effect on the rate of litter decomposition and nutrient

fluxes (Cragg and Bardgett 2001). Presence of collem-
bolan species has cascading effects on other trophic

levels, as they enhance or reduce, for instance, plant
growth by changing the functioning of mycorrhizae

(Gange 2000). Moreover, collembolan community com-
position modifies impacts of leaf herbivory, by reducing

feeding intensity or enhancing plant growth (Barker
2006). Orchesella cincta (see Plate 1) is found in the litter

layer of forests and under bark and moss on tree trunks,
where it is feeding on fungi and algae (Hopkin 1997,

Berg 2007). It can reach extremely high population
numbers, with annual average density up to 1500

individuals/m2 (Van Straalen 1989). It is an important
food source for soil predators, such as spiders,

pseudoscorpions, and ground beetles; therefore O. cincta
population size directly affects the abundance at higher
trophic levels. The high predation pressure on O. cincta

makes population growth rate a crucial parameter for
population survival (Van Straalen 1985).

In our experiment, we use nearly homogeneous
genotypes created from inbred isofemale lines in a

microcosm experiment with genotype mixtures consist-
ing of one, two, four, and eight genotypes. Genotypes

were characterized using amplified fragment length
polymorphism (AFLP) analysis to determine genetic

diversity among genotypes. Phenotypic dissimilarity
among genotypes was assessed in terms of three life-

history traits that are associated with population growth
rate: egg size, egg developmental rate, and juvenile

growth rate. We show that population biomass produc-
tion and growth rate is increased by the number of

genotypes present, but more importantly, that the extent
of phenotypic dissimilarity among genotypes determines

the magnitude of the genotypic richness effect.

MATERIALS AND METHODS

Study species and experimental populations

Orchesella cincta (Linnaeus) is a bark- and soil-
dwelling arthropod species widely distributed across

Europe. It is a sexually reproducing species with
moderately high levels of genetic diversity found within

populations (Timmermans et al. 2005, Janssens et al.
2008). To study of the effect of genotypic richness,

numerous identical individuals of each genotype are
required. Therefore, we created inbred isofemale lines to

obtain nearly identical genotypes within each line for the
experiment. Each line was initiated by one parental pair

from a laboratory culture that had been outbred in the
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laboratory for five generations (see Driessen et al. 2007

for details). In subsequent generations, population size

of the inbred lines was increased to five individuals to

reduce strong deleterious inbreeding effects. Lines were

kept at 208C and a photoperiod of 12 hours light : 12

hours dark. Food consisted of pieces of bark overgrown

with green algae (Desmococcus sp.) and was always kept

in excess. At the start of the experiment the lines had

gone through 11 generations of inbreeding.

Genetic relatedness between lines

AFLP analysis was performed on each isofemale line

to establish genetic relatedness between lines. Total

DNA was extracted using Wizard SV Genomic DNA

purification system (Promega, Madison, Wisconsin,

USA). DNA was dissolved in 100 lL nuclease-free

water. Five to 10 individuals from each isofemale line

were used for the AFLP analysis (70 individuals in

total). AFLP procedure followed Vos et al. (1995) with

minor modifications. For digestion, 20 lL DNA was

used. Instead of radioactive labeling, amplification was

conducted using fluorescent-labeled primers. Genomic

DNA was digested with EcoRI and MseI, and double-

stranded EcoRI and MseI adapters were ligated to the

sticky ends of the fragments. Preselective primers, with

one selective base (EcoRI þ A and MseI þ C), and

selective primers with additional selective bases (EcoRI

þ AC and MseI þ CAC) were used for amplification.

Preliminary experiments showed that these primer pairs

resulted in banding patterns that were variable and easy

to score. Amplification products were separated on 6.5%
polyacrylamide gels. Up to 60 samples were loaded on

one gel. Gels were run for 2 h on a LI-COR automated

sequencer (LI-COR, Lincoln, Nebraska, USA). Frag-

ments in a range of 70–350 bp size were scored by hand

with image master 1-D elite 4.00 software (Amersham

Pharmacia, Piscataway, New Jersey, USA). Bands

showing identical size on gel were assumed to be

homologous. A peak was scored as present (1) or absent

(0). Using the program TFPGA (M. P. Miller,

unpublished program), average heterozygosity and per-

centage polymorphism were calculated as an estimate

for the genetic homogeneity of each isofemale line.

Average heterozygosity was 0.064 6 0.016 (mean 6 SE)

and average polymorphism within each isofemale line

was 16.15% 6 4.15%. This confirmed that the isofemale

lines were strongly inbred.

Experimental design

Eight isofemale lines (hereafter genotypes) were

selected for the experiment. First, we characterized each

genotype for three life-history traits: egg size, egg

development time, and juvenile growth rate (Ellers and

Driessen 2011). Per genotype, five pairs were created by

randomly selecting males and females from the stock

population. Each pair was kept at 228C in a plastic

container of 2 cm diameter, a moistened bottom of

plaster of Paris and food, and inspected daily for eggs.

When the first eggs appeared, five of them were

randomly chosen, transferred to a separate container

and checked twice a day for hatching. Egg development

rate was calculated as the inverse of the time between

laying and hatching. Emerging juveniles were reared for

20–25 days, after which their wet mass was determined

to the nearest 1 lg on a microbalance (Mettler Toledo

UMT2, Columbus, Ohio, USA). During this period they

grow exponentially (Janssen and Joosse 1987). Because

the initial juvenile mass after hatching (;5 lg) is

negligible compared to the mass at the moment of

measurement (average .350 lg), daily exponential

growth rate can be calculated as the natural logarithm

of the wet mass divided by the time between hatching

and weighing (in hours). The second batch of eggs of

each pair was used to measure egg size. Eggs of O. cincta

are perfectly spherical; therefore we used diameter as an

estimate of egg size. Ten randomly chosen eggs of each

batch were photographed using a digital camera (Leica

DC200, Allendale, New Jersey, USA) connected to a

stereomicroscope. The diameter of the eggs was mea-

sured using public software ImageJ 1.30v (available

online).2

Second, we calculated the phenotypic dissimilarity

among genotypes based on the three life-history traits

studied. The mean trait values were normalized between

0 and 1 for each of the three life-history traits.

Phenotypic dissimilarity among pairs of genotypes was

expressed as Euclidian distance, the most common

metric measure (Legendre and Legendre 1998). Pheno-

typic dissimilarity values ranges from 0 (no dissimilarity

between a given pair of genotypes) to 1.732 (maximum

dissimilarity between a given pair of genotypes). When

more than two genotypes were combined in a microcosm

the average phenotypic distance between all possible

pair-wise genotype combinations was calculated

(Heemsbergen et al. 2004). We also calculated an

alternative distance measure using the FunctDiv Excel-

macro developed by Lepš et al. (2006) to determine the

sensitivity of phenotypic dissimilarity for the distance

measure selected. Lepš’ method expresses phenotypic

dissimilarity as the difference in mean trait value

between two genotypes, averaged over all three traits

(using the binary data option). Since both distance

measures were strongly correlated (Pearson correlation r

¼ 0.992) we only report the analysis with the Euclidian

distance measure. We also calculated phenotypic dis-

similarity for each of the three traits separately, and

assessed the correlation of each of the single trait

dissimilarity with the overall phenotypic dissimilarity.

For all three single trait dissimilarities the correlation

with overall similarity was very high (egg development r

¼ 0.930, juvenile growth rate r ¼ 0.900, egg size r ¼
0.912), therefore all three traits contributed more or less

equally to the overall phenotypic dissimilarity value.

2 hhttp://rsb.info.nih.gov/ij/index.htmli
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Third, we created microcosms with different levels of

genotypic richness. Each microcosm was founded with

one, two, four, or eight genotypes (Appendix A).

Genotype combinations were chosen to maximize the

total range of phenotypic dissimilarities, while taking

into account an equal distribution of genotypes over the

combinations, when possible. For each genotype,

monoculture microcosms were initiated with eight males

and eight females randomly sampled from our stock

populations. Mixed microcosms were created in the

same way but with each genotype equally represented in

the founding population, keeping the total abundance in

each microcosm constant. For example, in a four-

genotype microcosm, the initial population consisted of

two males and two females of each contributing

genotype. In total there were eight monocultures, five

two-genotype, four four-genotype, and one eight-geno-

type microcosms, all with five replicates each, adding up

to a total of 90 experimental communities.

Microcosms consisted of a 20 cm diameter plastic

container with a moistened bottom of plaster of Paris,

and twigs and bark covered with algae for food (ad

libitum). They were kept in a climate room at 228C with

a photoperiod of 12 hours light : 12 hours dark and

moved around three times a week to avoid any bias due

to position within the climate room.

After nine weeks, which allows for two generations,

the total number of individuals in each microcosm was

counted. The content of the microcosms was sieved and

all remaining food items were carefully removed. The

live animals were spread on a white background and

photographed using a digital camera (Leica DC200).

When the total number of individuals was too high, they

were divided over multiple photos to avoid animals

clumping together in the photo. The number of

individuals on each photo was counted with the software

Scion Image (Scion Corporation, Frederick, Maryland,

USA) using the particle analyzer procedure with

threshold set at 1–17 pixels for juvenile O. cincta and

the threshold set at 18–999 pixels for adults. A subset of

photos was counted by hand as well as with Scion

software, to determine the repeatability and range of

error of digital analysis. Digital counts differed on

average by 12.9% 6 6.0% (mean 6 SD) from hand

counts, with a consistent upward bias for the digital

counts. Repeatability of digital counts was 91.4% and of

hand counts 92.8%. To determine the total biomass in

each microcosm, all individuals from one microcosm

were placed in a plastic tube, freeze dried for 24 hours at

�408C in a desiccator, and weighed to the nearest 1 lg
on a microbalance (Mettler Toledo UMT2).

Statistical analysis

To show significant phenotypic differences among

genotypes in the three life-history traits, a general linear

models ANOVA was carried out with genotype as fixed

factor and pair as random factor nested in genotype,

followed by Tukey hsd post hoc tests. To check if the

assignment of genotypes to microcosms did not lead to

inherent differences in average trait values of two-

genotype and four-genotype microcosms, a t test was

used. We also tested whether differences between

genotypes in their phenotypic traits were related to their

genetic distance. We calculated Nei’s genetic distances

from the AFLP data using the program TFPGA (M. P.

Miller, unpublished program) to construct a genetic

distance matrix of the eight genotypes. Next, we used

a Mantel test with a 1000 permutations to assess the

correlation between genetic distance and phenotypic

dissimilarity and its statistical significance.

The gross effect of genotype number on population

size and biomass was determined by log-linear regres-

sion (Y ¼ b0 þ b1ln[x]). Net diversity effects were

obtained by subtraction of the population size of each

replicate of the mixed microcosms from the predicted

population size, calculated as the average of the

component monocultures (c.f. Loreau and Hector

2001). The same procedure was repeated for biomass.

The net diversity effect for each variable was tested

against zero using a two-sided t test. To detect a further

increase in net diversity effect between mixtures of four

and eight genotypes, a two-sample t test was carried out.

Multiple regression was used to test for the effect of

number of genotypes and phenotypic dissimilarity of the

mixtures on the net diversity effect. Phenotypic dissim-

ilarity was ln-transformed because a log-linear regres-

sion gave a better fit compared to the linear model for all

three population measures (biomass, number of juve-

niles, and number of adults). Therefore, we used

ln(phenotypic dissimilarity) and genotype number as

variables in the multiple regression for each of the three

population measures. In addition, we tested if the

positive relationship between phenotypic dissimilarity

and net diversity effect also holds for the higher levels of

phenotypic dissimilarity. The dataset was split evenly

into a lower and upper half of phenotypic dissimilarity

values, and regression analysis was performed on each

half.

All the analyses for net diversity effects were carried

out using the average of the five replicates for each

genotype mixture as data points, to avoid pseudorepli-

cation.

RESULTS

The eight genotypes showed significant variation in

egg size (F7,22¼2.93, P¼0.025) and juvenile growth rate

(F7,37¼ 2.62, P¼ 0.027; Fig. 1). There was no significant

main effect of genotype on egg development rate (F7,35¼
1.41, P ¼ 0.234), although post hoc tests showed that

genotype 5 and 6 differed significantly from several

other genotypes (Tukey hsd, 7 out of the 28 possible

pair-wise comparisons between genotypes were signifi-

cant). There was no significant correlation between the

average heterozygosity of a genotype and its trait values

(egg development rate r ¼ �0.325, P ¼ 0.432; juvenile

growth rate r¼ 0.073, P ¼ 0.864; egg size r¼ 0.157 P¼
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0.711). The rank order of genotypes differed per life-

history trait; in other words, genotypes that did best in

one trait did not routinely rank high in another trait.

For example, genotype 8 had the smallest eggs but it was

intermediate in juvenile growth rate and egg develop-

ment rate. The genotype mixtures used for the mixed

microcosms showed no differences in the average values

of the three life-history traits between two- and four

genotype treatments (Appendix A; egg size t¼ 0.28, df¼
7, P¼ 0.79; egg development t¼�0.52, df¼ 7, P¼ 0.62;

juvenile growth rate t ¼�0.15, df ¼ 7, P ¼ 0.88).

Based on the AFLP data, the average Nei’s genetic

distance between genotypes was 0.312. Genotype 1 and 2

were genetically most similar with a genetic distance of

0.158, whereas genotype 1 and 5 showed the largest

genetic distance (0.570; Appendix B). There was no

significant correlation between the genetic distance of

genotypes and the dissimilarity of their phenotypes (Z¼
25.54, r ¼ 0.166, P ¼ 0.19).

Effect of genotypic richness

Genotypic richness had a strong effect on average

population size and total biomass of treatments. There

was a positive log-linear relationship between the

number of genotypes per microcosm and the number

of juveniles, the number of adults, and total dry mass

(respectively r¼ 0.550, P , 0.001; r¼ 0.414, P , 0.001;

and r ¼ 0.546, P , 0.001; Fig. 2).

The net genotypic richness effect was positive across

all mixtures (grand mean) for the number of juveniles (t

¼5.9, df¼9, P , 0.001), the number of adults (t¼5.4, df

¼ 9, P , 0.001) and total biomass (t ¼ 6.0, df ¼ 9, P ,

0.001). On average, four-genotype treatments had 256%
more juveniles, 228% more adults, and 248% more dry

mass than that predicted from monocultures. An

additional increase in net genotypic richness effect was

found between mixtures of four and eight genotypes for

dry mass (t¼ 2.61, P¼ 0.016), but not for juveniles (t¼
1.20, P¼ 0.242) and adult population size (t¼ 0.30, P¼
0.765). A linear regression revealed a significant increase

in effect size with net genotypic richness for the total dry

mass, but not for the number of juveniles and number of

adults (Table 1, Fig. 3a, c, e).

Effect of the magnitude of phenotypic dissimilarity

The range in phenotypic dissimilarity was quite large,

ranging from 0.22 to 1.06. Mean phenotypic dissimilar-

ity among genotypes in the mixture treatments contrib-

uted significantly to the net diversity effect, independent

of the number of genotypes (Table 1, Fig. 3b, d, f ). We

observed a significant log-linear relationship between

phenotypic dissimilarity and net diversity effects for

juvenile population size and total biomass (Table 1). The

net diversity effect for number of adults was not

significantly higher for mixtures with more dissimilar

phenotypes. The magnitude of the phenotypic effect was

similar or even larger than the genotypic richness effect;

hence it explained a considerable part of the variation

observed (Table 1). The log-linear shape of the

relationship shows that the effect of phenotypic dissim-

ilarity levels off. For the number of juveniles, there is no

significant increase in net diversity effect over the upper

half of phenotypic dissimilarity values (t¼�0.152, df¼
5, P ¼ 0.893). For total biomass the net diversity effect

still shows an increase for the upper half of the

dissimilarity range (t ¼ 6.78, df ¼ 5, P ¼ 0.021).

FIG. 1. The mean (6SE) values for (a) egg size, (b) egg
development rate, and (c) juvenile growth rate (measured as lg/
d) for eight genotypes of Orchesella cincta in monoculture.
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However, the variation in the net diversity effects is

large, and the number of combinations in the low range

of phenotypic dissimilarity values was low. The small

diversity effect observed in the mixture with the lowest

phenotypic dissimilarity is an important driver of the

relationship.

DISCUSSION

Our results demonstrate that intraspecific diversity in

Orchesella cincta is a key factor determining several

measures of population performance. Two crucial

results support this conclusion. First, genotype number

strongly increased population size and biomass produc-

tion and was associated with greater net diversity effects.

Second, the extent of phenotypic dissimilarity between

genotypes enhanced the diversity effect, independent of

the number of genotypes present in the population. The

notion that phenotypic dissimilarity between genotypes

is an essential component of biodiversity emphasizes

that the number of genotypes and their phenotypic

dissimilarity collectively affect productivity in O. cincta.

Positive effects of genotypic richness

In O. cincta, all measures of population productivity

increased with genotypic richness within microcosms.

The benefits of additional genotypes were diminished in

mixtures with more than four genotypes, but the

population productivity was still significantly higher in

eight-genotype mixtures than in four-genotype mixtures.

Similar effects of genotypic richness on population

productivity have been documented for various plant

populations (Reusch et al. 2005, Crutsinger et al. 2006),

but in other studies these effects are absent (see Fowler

and Partridge 1986, Bell 1991). Genotypic mixtures have

been suggested to outyield single genotype populations

because of complementary interactions between geno-

types (Martin et al. 1988, Lopez-Suarez et al. 1993,

Santos 1997). As a preface to discussing positive

interactions between genotypes, we start by considering

alternative explanations for the increase in productivity

in genotype mixtures in our study.

Part of the difference between the monocultures and

genotype mixtures may be due to the inbred nature of

our isofemale lines, and the potential for heterosis in

genotype mixtures. Mating between multiple genotypes

may alleviate inbreeding depression through the pro-

duction of more-fit heterozygous offspring. This may

account for the larger effect of genotype number in our

experiments compared to previous studies. For example,

nearly all combinations of genotypes gave positive net

diversity effects. Also, benefits of additional genotypes

accrued up to eight genotypes, whereas previous studies

found saturation at lower numbers of genotypes

(Reusch et al. 2005, Crutsinger et al. 2006). Using

AFLP markers, the average percentage of polymorphic

loci within the lines was estimated to be between 1.54%

FIG. 2. The relationship between genotypic richness and population performance of Orchesella cincta populations: (a) the
number of juveniles, (b) the number of adults, and (c) biomass production in dry mass as a function of the number of genotypes
after nine weeks in microcosms. Each data point is a different genotype mixture. Data show mean (6SE) of five replicates.

TABLE 1. Multiple linear regression of genotype number and phenotypic dissimilarity on net diversity effect measured for number
of juveniles, number of adults, and biomass.

Genotype number ln(phenotypic dissimilarity)

Parameter r B (SE) Beta P B (SE) Beta P

Number of juveniles 0.766 277.4 (157.7) 0.431 0.122 1450.2 (611.0) 0.581 0.049
Number of adults 0.568 25.39 (16.95) 0.470 0.178 55.50 (65.67) 0.265 0.426
Biomass 0.868 0.014 (0.004) 0.587 0.017 0.052 (0.017) 0.569 0.020

Notes: The analyses takes genotype mixture as the level of replication (n ¼ 10 replicates). The Beta coefficients, obtained on
standardized variables (mean¼ 0 and SD¼ 1), show the relative contribution of each independent variable in the prediction of the
dependent variable. B is the slope of the regression.
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and 38.5%, whereas outbred populations of O. cincta

typically have estimates of around 80% (Timmermans et

al. 2005).

However, two lines of evidence suggest that the fitness

effects of inbreeding in our isofemale lines, although not

absent, were not very severe. First, there was no

correlation between the level of inbreeding and the trait

values for any of the three life-history traits considered

in this study, while inbreeding is known to cause

deleterious effects on several life-history parameters

(DeRose and Roff 1999). Second, a previous study with

these lines also showed no change in a stress resistance

nor heat shock protein (Hsp70) induction (Bahrndorff et

al. 2010), traits usually associated with inbreeding

depression (Kristensen et al. 2002). The relative lack of

inbreeding effects may be due to the slow rate of

inbreeding, as minimal population size was never

smaller than five individuals. A slow rate of inbreeding

FIG. 3. The effect of increasing number of genotypes and phenotypic dissimilarity on the net diversity effect in Orchesella cincta
populations. Net diversity effect is shown for (a, b) number of juveniles, (c, d) the number of adults, and (e, f ) biomass production
in dry mass after nine weeks in microcosms. The calculation of net diversity effect is explained inMaterials and Methods: Statistical
analyses.
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allows deleterious alleles to be purged, hence reducing

the fitness effects of inbreeding (Pedersen et al. 2005).

Nevertheless, we cannot exclude that a significant part

of the increase in performance in genotype mixtures

compared to monocultures could be due to outbreeding

and the associated increase in heterozygosity in the

offspring. Yet, even if heterosis enlarged the effect of

genotypic richness on population performance, it does

not change our main result, which is the importance of

phenotypic dissimilarity among genotypes.

An additional concern when testing genotypic rich-

ness effects is the possibility of sampling artifacts,

because mixtures with more genotypes have a higher

chance of containing one or more highly productive

genotypes. This is known as the selection effect (Huston

1997), which can potentially produce erroneous corre-

lations between genotypic richness and productivity.

The contribution of the selection effect and a comple-

mentarity effect can be distinguished based on the

relative productivity of each genotype in mixtures

compared to productivity of monocultures of the same

genotype (Loreau and Hector 2001). Unfortunately, in

this study the selection–complementarity partitioning

was not possible due to a lack of information on how

each genotype actually performed in mixtures. Despite

this limitation, we found that the mixture performance

exceeded that of the most productive monoculture,

which suggests complementarity or facilitation among

genotypes, rather than selection in O. cincta.

One of the key differences between this study and

previous plant-based studies is that this species was

followed through multiple sexual generations. On one

hand, this is an improvement in terms of temporal scale

and realism, but it also comes at the cost of making it

more difficult to get at underlying mechanisms. For

example, as noted above, the selection–complementarity

analysis is impossible due to recombination of geno-

types. Recombination can also change trait values and,

consequently, the extent of phenotypic dissimilarity in

genotype combinations. If complementarity among trait

combinations is a major factor in determining popula-

tion performance, diversifying and/or frequency-depen-

dent selection on these traits would be expected. A

comparison of the magnitude of genetic variation for the

traits of interest before and at the end of the experiment

could elucidate if differences in trait variation will be

maintained throughout the experiment, possibly

through complementarity, or if recombination and

selection will cause a convergence in trait variation

across combinations. Incorporating these kinds of

measurements into future studies should substantially

deepen the insights into the mechanisms underlying the

diversity effect.

The relevance of the magnitude of phenotypic dissimilarity

for the diversity effect

Our results show that the magnitude of net diversity

effects significantly correlates with the extent of dissim-

ilarity in phenotypic traits. In the range of two to eight

PLATE 1. An adult individual of the springtail Orchesella cincta foraging on algae-covered pieces of bark. Photo credit:
Theodoor Heijermans.
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genotypes, higher phenotypic dissimilarity was associat-

ed with an increased net diversity effect in biomass and

number of juveniles, independent of the mere number of

genotypes present. The extent of phenotypic dissimilar-

ity was not determined by genetic distance between

genotypes; therefore it is not an indirect genetic effect.

While other population genetic studies have shown

positive effects of genotype number (Perez Tome et al.

1982, Lopez-Suarez et al. 1993, Gamfeldt et al. 2005,

Reusch et al. 2005), few studies have looked at the

factors influencing the magnitude of this effect. Fitness

enhancements in genetically diverse populations have

been attributed to competitive release experienced by

individuals due to micro-niche differentiation (Semlitsch

et al. 1997, Tagg et al. 2005). Indeed, comparison among

genotypes has shown divergence in functional traits

(e.g., Madritch et al. 2006), but the degree of trait

divergence has not been linked to population perfor-

mance. The strength of a trait-based approach has been

shown in interspecific studies, looking at the effects of

dissimilarity among species traits (Heemsbergen et al.

2004, Wojdak and Mittelbach 2007). Communities

consisting of a species composition with highly dissim-

ilar traits showed a significant increase in community

functioning measured as decomposition rates, or soil

respiration. Given that the range of variation in traits

among species is usually much larger than within species

(Heemsbergen et al. 2004), it is surprising that the more

subtle intraspecific trait dissimilarity can provide similar

advantages. However, the exact shape of the relation-

ship between intraspecific trait dissimilarity and the net

diversity effect remains to be determined.

In this study, we only considered three life-history

traits: egg size, growth rate, and egg development time.

How could divergence in these variables cause positive

diversity effects? We hypothesize that these traits are

indicative of contrasting life-history strategies enabling

nonadditive effects because of competitive release or

resource specialization. Ernsting et al. (1993) found

evidence for a negative relationship between growth rate

and size at maturity in O. cincta in an experiment that

manipulated food availability. The broad range of life-

history strategies in a field-derived population of O.

cincta indicates that these genotypes can coexist under

natural conditions. Genetic variation for the ability to

cope with differences in food nutrient content has been

found to be correlated to growth rate and to facilitate

coexistence of Daphnia genotypes (Weider et al. 2005).

Also, larger eggs give rise to larger offspring which may

have a competitive advantage in size-based competitive

interactions (Fielding 2004). We only considered a

limited number of life-history traits in this study and it

is possible that including other traits may enhance the

predictive power of the phenotypic dissimilarity ap-

proach.

In addition to an increase in the number of traits, it

may also be important to consider the performance of

genotypes and their interactions under different envi-

ronmental conditions. In our experiment, abiotic vari-

ables such as humidity, temperature, and photoperiod

were kept constant, whereas under more natural

situations these would show strong fluctuations. Pheno-

typic traits can be moderated by the environment

through genotype by environment interactions or

phenotypic plasticity. Especially life-history traits, such

as considered here, are highly sensitive to temperature

and nutritional conditions (Ernsting and Isaaks 2000,

Ellers et al. 2008, Liefting and Ellers 2008, Liefting et al.

2010). The sensitivity of genotypic interactions to

environmental conditions can be expected to be as

important as species interactions.

Community consequences of the extent

of phenotypic dissimilarity

Earlier studies on the interface between evolutionary

biology and community ecology have mainly focused on

the community effects of genotypic richness of plants.

Relatively few studies have looked at the community

effects of intraspecific variation in animal populations,

but genotype number is known to increase resistance to

invasion in Daphnia (De Meester et al. 2007) and

enhance settling success in marine invertebrates (Gam-

feldt et al. 2005). Together with the present results, this

suggests that the positive effects of genotypic richness

are unspecific to taxon or phylogeny, but instead are

generally applicable. Increased population productivity

is important to community composition because it can

influence the abundance of higher trophic levels; in the

case of primary productivity it increases abundance of

herbivores and their associated predators (Cardinale et

al. 2006). In much the same way, O. cincta is an

important food source for many predators, which

strongly suggests that productivity mediated by the

number of genotypes in O. cincta also affects diversity at

higher trophic levels. Vice versa, our study indicates that

the community effects of genotype number of plants can

be predicted more accurately if the degree of phenotypic

dissimilarity among plant genotypes is taken into

account.

The question remains to be answered if the positive

effects of genotypic richness and the extent of

phenotypic dissimilarity are additive to the positive

effects of species diversity or if they are mutually

exclusive. It has been proposed that a positive

correlation exists between genetic diversity and species

diversity in natural populations, which would suggest

that processes are acting in parallel at the two levels

(Vellend and Geber 2005). Future research using an

experimental setup that includes both genotypic rich-

ness and species diversity may determine the relative

importance of both.
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Lepš, J., F. de Bello, S. Lavorel, and S. Berman. 2006.
Quantifying and interpreting functional diversity of natural
communities: practical considerations matter. Preslia 78:481–
501.

Liefting, M., and J. Ellers. 2008. Habitat-specific differences in
thermal plasticity in natural populations of a soil arthropod.
Biological Journal of the Linnean Society 94:265–271.

Liefting, M., M. Weerenbeck, C. van Dooremalen, and J.
Ellers. 2010. Temperature induced plasticity in egg size and
resistance of eggs to temperature stress in a soil arthropod.
Functional Ecology 94:1291–1298.

Lopez-Suarez, C., M. A. Toro, and C. Garcia. 1993. Genetic
heterogeneity increases viability in competing groups of
Drosophila hydei. Evolution 47:977–981.

Loreau, M., and A. Hector. 2001. Partitioning selection and
complementarity in biodiversity experiments. Nature 412:72–
76.

JACINTHA ELLERS ET AL.1614 Ecology, Vol. 92, No. 8



Madritch, M., J. R. Donaldson, and R. L. Lindroth. 2006.
Genetic identity of Populus tremuloides litter influences
decomposition and nutrient release in a mixed forest stand.
Ecosystems 9:528–537.

Martin, M. J., J. M. Perez Tome, and M. A. Toro. 1988.
Competition and genotypic variability in Drosophila mela-
nogaster. Heredity 60:119–123.

Merila, J., and P. Crnokrak. 2001. Comparison of genetic
differentiation at marker loci and quantitative traits. Journal
of Evolutionary Biology 14:892–903.

Mulder, C. P. H., D. D. Uliassi, and D. F. Doak. 2001. Physical
stress and diversity–productivity relationships: the role of
positive species interactions. Proceedings of the National
Academy of Sciences USA 98:6704–6708.

Munkvold, L., R. Kjoller, M. Vestberg, S. Rosendahl, and I.
Jakobsen. 2004. High functional diversity within species of
arbuscular mycorrhizal fungi. New Phytologist 164:357–
364.

Pedersen, K. S., T. N. Kristensen, and V. Loeschcke. 2005.
Effects of inbreeding and rate of inbreeding in Drosophila
melanogaster: Hsp70 expression and fitness. Journal of
Evolutionary Biology 18:756–762.

Pérez-Tomé, J. M., and M. A. Toro. 1982. Competition of
similar and non-similar genotypes. Nature 229:153–154.

Reed, D. H., and R. Frankham. 2001. How closely correlated
are molecular and quantitative measures of genetic variation?
A meta-analysis. Evolution 55:1095–1103.

Reusch, T. B. H., A. Ehlers, A. Hammerli, and B. Worm. 2005.
Ecosystem recovery after climatic extremes enhanced by
genotypic diversity. Proceedings of the National Academy of
Sciences USA 102:2826–2831.

Roscher, C., J. Schumacher, O. Foitzik, and E. D. Schulze.
2007. Resistance to rust fungi in Lolium perenne depends on
within-species variation and performance of the host species
in grasslands of different plant diversity. Oecologia 153:173–
183.

Rusek, J. 1998. Biodiversity of Collembola and their functional
role in the ecosystem. Biodiversity and Conservation 7:1207–
1219.

Santos, M. 1997. Resource subdivision and the advantage of
genotypic diversity in Drosophila. Heredity 78:302–310.

Semlitsch, R. D., H. Hotz, and G. D. Guex. 1997. Competition
among tadpoles of coexisting hemiclones of hybridogenetic
Rana esculenta: support for the frozen niche variation model.
Evolution 51:1249–1261.

Tagg, N., D. J. Innes, and C. P. Doncaster. 2005. Outcomes of
reciprocal invasions between genetically diverse and geneti-
cally uniform populations of Daphnia obtusa (Kurz).
Oecologia 143:527–536.

Timmermans, M. J. T. N., J. Ellers, J. Marien, S. C. Verhoef,
E. B. Ferwerda, and N. M. Van Straalen. 2005. Genetic
structure in Orchesella cincta (Collembola): strong subdivi-
sion of European populations inferred from mtDNA and
AFLP markers. Molecular Ecology 14:2017–2024.

Van Straalen, N. M. 1985. Comparative demography of forest
floor Collembola populations. Oikos 45:253–265.

Van Straalen, N. M. 1989. Production and biomass turnover in
2 populations of forest floor collembola. Netherlands Journal
of Zoology 39:156–168.

Vellend, M., E. B. M. Drummond, and H. Tomimatsu. 2010.
Effects of genotype identity and diversity on the invasive-
ness and invasibility of plant populations. Oecologia
162:371–381.

Vellend, M., and M. A. Geber. 2005. Connections between
species diversity and genetic diversity. Ecology Letters 8:767–
781.

Vos, P., R. Hogers, M. Bleeker, M. Reijans, T. Vandelee, M.
Hornes, A. Frijters, J. Pot, J. Peleman, M. Kuiper, and M.
Zabeau. 1995. AFLP—a new technique for DNA finger-
printing. Nucleic Acids Research 23:4407–4414.

Weider, L. J., W. Makino, K. Acharya, K. L. Glenn, M.
Kyle, J. Urabe, and J. J. Elser. 2005. Genotype 3
environment interactions, stoichiometric food quality
effects, and clonal coexistence in Daphnia pulex. Oecologia
143:537–547.

Wojdak, J. M., and G. G. Mittelbach. 2007. Consequences of
niche overlap for ecosystem functioning: an experimental test
with pond grazers. Ecology 88:2072–2083.

APPENDIX A

Key variables of the genotype mixtures used for the mixed microcosms (Ecological Archives E092-135-A1).

APPENDIX B

UPGMA dendrogram based on Nei’s genetic distance between genotypes (Ecological Archives E092-135-A2).

August 2011 1615TRAIT DISSIMILARITY RAISES PRODUCTIVITY



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


