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There is abundant evidence that the probability of successful
establishment in novel environments increases with number of
individuals in founder groups and with number of repeated intro-
ductions. Theory posits that the genotypic and phenotypic variation
among individuals should also be important, but few studies have
examined whether founder diversity influences establishment in-
dependent of propagule pressure, nor whether the effect is model
or context dependent. | summarize the results of 18 experimental
studies and report on a metaanalysis that provides strong evidence
that higher levels of genotypic and phenotypic diversity in founder
groups increase establishment success in plants and animals. The
effect of diversity is stronger in experiments carried out under
natural conditions in the wild than under seminatural or standard-
ized laboratory conditions. The realization that genetic and pheno-
typic variation is key to successful establishment may improve the
outcome of reintroduction and translocation programs used to
vitalize or restore dedlining and extinct populations. Founder di-
versity may also improve the ability of invasive species to establish
and subsequently spread in environments outside of their native
community, and enhance the ability of pathogens and parasites to
colonize and invade the environment constituted by their hosts. It is
argued that exchange of ideas, methodological approaches, and
insights of the role of diversity for establishment in different contexts
may further our knowledge, vitalize future research, and improve
management plans in different disciplines.
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Insight into factors that increase the ability of species to es-
tablish in novel environments is critical to improve conserva-
tion management actions aiming to protect biodiversity by (re)
introducing individuals to locally extinct and declining popula-
tions, or by preventing the colonization and subsequent spread
outside their native range of invading species (1-4). An improved
understanding of what makes certain parasites and pathogens
more prone to infect their hosts may also aid the development of
means for improved protection against epizootics and epidemics
(5, 6). Previous research suggests that species traits, such as re-
productive life history characteristics, behavioral properties, and
degree of ecological specialization influence establishment ca-
pacity and invasiveness (1, 7, 8). However, evidence is mounting
that the outcome of founder events is also determined by emer-
gent traits that exist only as collective properties of individuals.
Accordingly, establishment has been found to increase with in-
creasing number of individuals included in the founder group,
and with increasing number of repeated introduction events
(reviewed in refs. 1, 2, and 9). A positive effect of propagule
pressure may arise both because larger populations are less vul-
nerable to extinction driven by demographic stochasticity, and
because larger founder groups may harbor more genetic diversity
and greater variation in functionally important phenotypic traits
(1, 8, 10, 11).

There are multiple mechanisms by which genotypic and phe-
notypic diversity can positively influence establishment and pop-
ulation persistence (12-14). These include a higher probability
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that more diverse groups harbor preadapted phenotypes, i.e.,
a sampling effect (15, 16), niche complementarity resulting from
reduced competition in groups where different phenotypes ex-
ploit different resources (17, 18), and facilitation, i.e., when the
presence of one genotype or phenotype promotes the success of
other phenotypes (19, 20). In addition, diverse populations of
animals and plants may be less vulnerable to predators, diseases,
and pathogens (21, 22). Finally, genetic and phenotypic variation
may promote population persistence because it buffers against
selection in changing environments and enables adaptations to
novel and changing conditions (10, 23-25). The above mecha-
nisms are neither exhaustive nor mutually exclusive. A positive
effect of diversity on establishment has potentially important
implications, both from theoretical and applied perspectives.
However, few studies have experimentally examined how estab-
lishment success is influenced by founder diversity per se (i.e.,
independent of founder size), and it is not known whether the
effect is model or context dependent.

Here, I review experimental studies on plants and animals and
perform a metaanalysis to examine whether there is empirical
support for the prediction (12-14, 26) that greater genotypic var-
iation and phenotypic diversity in functionally important traits
increases establishment success. Although high intraspecific vari-
ability may increase establishment and reduce risk of extinction,
the ecological success and dynamics of populations may also affect
patterns of genetic and phenotypic diversity, resulting in a complex
interplay of ecoevolutionary dynamics (27, 28). Because of this
feedback loop, firm demonstrations of causal relationships and
mechanisms linking founder diversity to population fitness require
experimental manipulations and replication. I therefore include in
this review only studies in which the investigator first manipulated
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the level of genotypic or phenotypic diversity in experimental
founder groups and then examined the effect on establishment
success. In addition, I investigate whether the effect of diversity on
establishment is manifest more strongly in experiments executed
under natural conditions in the wild under the influence of mul-
tiple mechanisms, than in experiments carried out in less complex
environments with fewer interactions under seminatural or under
standardized laboratory conditions.

Review Findings
The literature search uncovered 18 studies (S Results) in which
experimental groups containing different numbers of clones,
strains, or phenotypic variants (morphs) were used to test for
effects of genetic or phenotypic diversity on establishment—or
the reverse of establishment, viz extinction. These studies in-
cluded both vascular plants (n = 9) and animals [n = 9: inverte-
brates (n = 8) and vertebrates (n = 1)]. Experimental durations
ranged from less than one (e.g., ref. 29) to approximately eight
(30) generations, depending on organism type. The number of
diversity levels ranged from 2 to 7 (mean = 3.5, SD = 1.34). Seven
studies reported on experiments performed under standardized
conditions in the laboratory or greenhouse, three under semi-
natural conditions, and eight under natural field conditions in the
wild. A brief summary of the experiments, sorted in chronological
order, separately for plants and animals, is available in SI Results.
The results of all but 1 (31) of the 18 experiments (binomial test,
P =0.001) were in qualitative agreement with the prediction (12—
14, 26) that higher diversity increases establishment and reduces
extinction risk. Average effect size of diversity across all studies
differed significantly from zero (mean Cohen’sd = 1.38 + 1.30 SD,
t=4.49,df =17, P =0.0003). In three studies (32-34), the outcome
fell short of statistical significance while the trend was in the
positive direction predicted by theory. Higher levels of diversity
did not significantly reduce establishment in any of the studies.
Comparisons of effect sizes indicate that higher levels of di-
versity promoted establishment success to similar extents in plants
and animals, and that the effect was stronger in experiments
carried out under natural conditions in the wild than in experi-
ments performed under seminatural or standardized laboratory
conditions [general linear model (GLM), effect of organism type:
F,15) = 1.14, P = 0.30; effect of experimental setting: F(q 15y =
5.73, P = 0.030; Fig. 1]. There was no association across studies
between the effect of diversity and the number of treatment levels
in the experiment (r = —0.20, n = 18, P = 0.44). Effect size was not
correlated with year of publication (r = —0.03, n = 18, P = 0.91).
The funnel plot indicates that there is no strong publication
bias toward small (in terms of number of replicates) studies
reporting high effects of founder diversity on establishment, as
evidenced by the presence also of small studies that report low
effect sizes (Fig. 2). Effect size was not associated with sample
size (regression analysis of effect size on log number of repli-
cates; F(1 15 = 1.63, P = 0.22, R* = 0.09).

Discussion

Previous research implicates propagule pressure as a determinant
of initial establishment success (1, 2, 9), but few studies have used
an experimental approach to examine whether there is an im-
portant contribution of founder diversity per se, given a certain
founder size. Furthermore, no previous systematic comparison
has evaluated whether the effect of diversity is model or context
dependent. Overall, the 18 experimental studies included in the
metaanalysis provide firm almost invariable evidence, in agree-
ment with predictions from theory (12-14, 26), that higher levels
of among individual genotypic and phenotypic variation promotes
establishment, in both plants and animals.

The main virtues of experimental approaches in ecological
research are to reduce or eliminate the contribution to variation
in the response variable of uncontrolled environmental factors
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Fig. 1. Comparison of effect sizes in experiments testing whether genotypic
and phenotypic diversity promotes establishment success. Mean (+SD) effect
size measured as Cohen’s d in plants and animals, and for experiments
performed in the laboratory, under seminatural conditions or under field
conditions in the wild. The numbers above the horizontal axis indicate
sample sizes. The figure shows raw data, but the statistical analyses were
based on log(x + 1)-transformed data.

(i.e., noise) that may obscure true effects, establish causal rela-
tionships, and identify underlying mechanisms. In view of this, it
may seem counterintuitive that the effect of diversity on estab-
lishment and population persistence appears to be stronger (not
weaker) in experiments performed in the wild than in experi-
ments performed under seminatural or laboratory conditions
(Fig. 1). A possible resolution to this apparent paradox is that
a larger fraction of the multifarious pathways and mechanisms by
which diversity may contribute to increased establishment suc-
cess and population fitness (12-14, 16, 20, 26) are operative
under complex natural environmental conditions that encompass
a broader array of ecological interactions than in simpler, stan-
dardized laboratory settings. In the wild, individuals are faced
with competitors, predators (or herbivores), and heterogeneous
sometimes adverse abiotic conditions. Therefore, selection dif-
ferentials are likely more variable, and the buffering effect of
diversity and need for evolutionary potential more severe under
natural settings. Moreover, inbreeding depression is usually
greater in more stressful environments (35).
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Fig. 2. Funnel plot to assess publication bias in experimental tests for
effects of founder diversity on establishment success. The figure shows the
relationship between study size, measured as number of replicates, and ef-
fect size measured as Cohen'’s d. Publication bias might be suspected if small
studies (with few replicates) reporting low effect sizes are absent but small
studies reporting high effect sizes are present. Effect size was not signifi-
cantly related to study size [regression of effect size on log number of
replicates; F(116) = 1.63, P = 0.22, R = 0.09].
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Experimental durations were generally short, ranging from less
than one to approximately eight generations. There is therefore
a need for more long-term studies to determine whether the
positive effect of diversity on initial establishment translates into
increased persistence (36). Similarly, the taxonomic bias among
the studied species leaves some uncertainty with regard to gen-
erality of the findings. The consequences of variation depend on
the spatiotemporal scale of change relative to the life span and
dispersal capacity of the organism (37). The studies on vascular
plants reviewed here generally used annual or biannual species,
and eight of the nine studies on animals used small-sized, short-
lived invertebrates (SI Results). It remains an open question
whether the positive effects of diversity on establishment dem-
onstrated here are manifest also in more long-lived taxa with
overlapping generations.

Implications for Conservation Biology and (Re)introduction Programs.
Assisted colonization, translocations, and reintroductions are
often used in conservation biology to overcome endangerment
and risks of extinction associated with habitat loss, habitat
fragmentation, and reproductive isolation (36). That increased
genotypic and phenotypic diversity offers a means to increase
establishment success illustrates that the role of individual vari-
ation deserves increased consideration by designers, managers,
and practitioners involved in conservation biology (3, 38). In this
context, it should be emphasized that mixing individuals from
different populations to increase diversity can actually reduce
population fitness (39). It is particularly promising that diversity
seems to contribute to successful establishment most strongly in
experiments performed under natural conditions in the wild,
because in those studies the fate of the introduced individuals
and their progeny may be influenced by a plethora of abiotic
factors and biotic interactions beyond the control of the ex-
perimenter, as in reintroduction and translocation programs.
Further support for the pivotal role of diversity for population
fitness comes from comparative studies across different spe-
cies, indicating that greater variability in morphological, life
history, and color pattern traits buffers against extinction in
bivalves, ostracods, frogs, snakes, lizards, birds, and mammals
(24, 40-44). The results reported here also support the notion
that founder diversity is potentially important in biological
invasions (3, 25).

Implications for Invasion Biology. In addition to boosting estab-
lishment in novel environments, diversity may enable evolutionary
rescue, allow for local adaptations in response to new selective
regimes, and thereby promote long-term persistence (10, 25, 45,
46). A downside of this is that some species that successfully es-
tablish and spread in novel environments may negatively affect
local communities and species (47, 48). Studies aiming to develop
tools for identifying potentially invading species before they invade
have focused largely on behavioral traits and life history charac-
teristics (3). The results reported here, and in previous reviews (1),
implicate founder diversity as important in biological invasions,
and suggest that adding the level of genotypic and phenotypic
variation to the list of characteristics may help us identify and
foresee which species may constitute future outbreaks.

Most invasive populations have reduced genetic diversity
(measured as allelic richness and heterozygosity) compared with
their source populations (49). However, a positive effect of di-
versity on establishment may be one explanation as to why some
of the most well-known invasive animal species that have un-
dergone extreme range expansions (e.g., the harlequin ladybird,
Harmonia axyridis, the zebra mussel, Dreissena polymorpha, the
Spanish slug, Arion vulgaris, the lizard, Anolis sagrei, the brown
tree snake, Boiga irregularis, the cane toad, Bufo marinus, and the
Trinidadian guppy, Poecilia reticulata) all show high color pat-
tern variability (7, 47, 48, 50-53). However, these examples are
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suggestive only, and the proposed role of color polymorphism
for invasiveness needs systematic evaluation. It should also be
emphasized here that it is not necessarily color pattern vari-
ation per se that has promoted invasiveness in these species.
Coloration is genetically, developmentally, and functionally
associated with several important ecological traits in many
types of animals (for examples, see reviews in refs. 54 and 55),
and this leaves opportunity for alternative mediating mechanisms.

It has been argued that additional evidence that greater ge-
netic diversity promotes establishment and spread comes from
the many examples in which hybridization has stimulated the
evolution of invasiveness, because recombination in hybrids
generates novel heritable variation (1, 25, 56). However, ge-
netic admixture resulting from interbreeding between individ-
uals from different source populations may have either positive
or negative effects on population fitness, depending on the
evolutionary history, genetic architecture, and environmental
contexts of the populations involved (1, 4, 39, 57, 58). 1
therefore excluded from the present review studies in which
individuals from different populations were intermixed to cre-
ate the diverse treatments.

Implications for Infection Biology and Disease. The key challenges
and mechanisms of importance in invasion biology are similar in
many respects to those of interest for researchers and practi-
tioners concerned with ecology and evolution of host-parasite
interactions, infectious diseases, and epidemiology. Support for
the notion that diversity promotes population fitness comes also
from experimental demonstrations that genetic diversity makes
populations more resistant to infectious diseases (22, 59-61).
Conversely, evidence is mounting that genetically diverse viruses,
bacteria, and parasites are better able to infect their vectors and
hosts. Simultaneous exposure to diverse genotypes or strains may
lead to more efficient exploitation of host resources and faster
parasite multiplication (62). Simultaneous attack and coinfection
may also compromise the immune system of the host (i.e., fa-
cilitation) (63, 64). For instance, surveys of genetic diversity
among avian influenza viruses in wild birds frequently show ev-
idence of a high proportion of mixed subtype infections (65, 66)
consistent with the notion that subtype diversity may allow for
host-adaptation and promote the rate of infection. Further-
more, most pandemic viruses have originated through coin-
fections, for example, the latest HIN1 swine flu (67), although firm
experimental evidence that coinfections increase establishment suc-
cess and virulence seems to be lacking. Experimental coinfections
have been performed both on bacteria and on parasites with com-
plex life cycles. Wilson et al. (68) experimentally demonstrated
a strong correlation between genetic diversity of Campylo-
bacter jejuni bacteria subpopulations and their ability to col-
onize the gastrointestinal tract of broiler chickens and mice.

That diversity may facilitate host colonization has been
demonstrated also in multicellular parasites with complex life
cycles. For instance, Ferguson and Read (69) investigated the
importance of parasite genetic variation for vector virulence
and found that, in standard conditions, mortality was highest
in Anopheles stephensi mosquitoes infected with mixed geno-
types of the rodent malaria parasite Plasmodium chabaudi. In
a later study of the same model system, mixed genotype infections
were also found to reduce mosquito fecundity more than did single-
genotype infections (70). Ganz and Ebert (59) experimentally ex-
posed Daphnia magna hosts to different genetic diversity levels
(one, two, three, or four strains) of the microsporodian gut parasite
Ordospora colligata and found that parasite prevalence increased
strongly with increasing number of parasite strains. Karvonen et al.
(71) experimentally exposed rainbow trout Oncorhynchus mykiss
fishes to cercariae of the trematode Diplostomum pseudopathaceum
that originated from Lymnaea stagnalis snail vectors infected with
either a single or with two different trematode genotypes. The
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proportion of parasites that established in the fish was higher (25%
difference) if cercariae originated from double-genotype-infected
snails than from single-genotype—infected snails, supporting the
facilitation hypothesis. Additionally, artificial genotype mixtures
had a higher infection success than did single genotypes (71). These
examples indicate that knowledge of the roles of founder diversity
for colonization and establishment is essential for a better un-
derstanding of host—parasite dynamics and spread of infectious
disease, and of relevance from a human health perspective.

Conclusions

The recognition of the key role of founder genotypic and heri-
table phenotypic diversity for successful establishment has im-
portant implications for different areas and calls for some
changes in policy and management. For instance, conservation
programs that use reintroductions and translocations to vitalize
or restore declining and locally extinct populations and species
should focus at least as much on founder diversity as on prop-
agule pressure and degree of environmental match between the
habitat occupied by the source population and the properties at
the introduction site. From the perspective of invasive species
management, an increased focus on the role of diversity may
help improve our ability to identify and protect against potential
harmful invaders. Substantial research has attempted to identify
traits and ecological characteristics that typify invasive species
and properties that make environments susceptible or resistant to
colonization and invasion. The results reported here suggest that
founder diversity may influence the ability of invasive species
to establish and subsequently spread outside of their native
community, as well as the ability of pathogens and parasites to
colonize and invade the environment constituted by their hosts.
It therefore seems likely that an exchange of ideas, methodo-
logical approaches, and insights of the role of diversity for es-
tablishment in different contexts may further our knowledge,
vitalize future research, and improve management plans in
different areas.

Methods

Protocol for Literature Search. The objective of the study was to review
experimental studies to investigate the primary question whether there
is empirical support for the proposition that higher levels of phenotypic
and genetic variation among individuals included in experimental founder
groups promotes establishment success. The study was carried out in
line with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines, but did not adhere to all formal requirements for
systematic reviews; e.g., the review and review protocol was not regis-
tered, and the number of studies identified and removed through the
different phases was not recorded. | used the Institute for Scientific In-
formation (ISI) Web of Knowledge [Science Citation Index Expanded (1945
to present)] database (72) to search for experimental studies to include in
the review. The following combination of search terms was used (an asterisk
denotes a wild-card search term allowing for several permutations of each
intervention type): (propagule OR founder OR group OR popul*) AND
(genet* OR phenot*) AND (varia* OR divers* OR richness OR polymorph*)
AND (establ* OR coloni* OR extinc* OR persist*) AND (experiment* OR
manipul*). The search criteria used are listed in the display table below.

Article

English

Environmental Sciences Ecology
Marine Freshwater Biology
Evolutionary Biology
Entomology

Biodiversity Conservation

Plant Sciences

Microbiology

Zoology

Document type =
Language =
Research area =

Forsman

The initial search generated nearly 2,000 returns. Studies were initially
selected by Title, but if there was any doubt of the studies relevance, the
Abstract was also acquired and judged. When the relevance of the study
could not be assessed based on Title and Abstract, the full-text version was
examined. For each included study, | used the reference citation map in ISI
forward and backward to find additional studies.

Inclusion Criteria and Study Quality Assessment. | included studies that report
on controlled experiments in which the effect of phenotypic and/or genetic
variation was investigated based on comparisons between replicated
treatment groups in which the levels of among individual variation had
been manipulated. The means used to achieve this varied among studies
depending on type of organism. In several studies, comparisons were made
between treatments that contained different number of clones, strains, or
morphs. | included studies that tested for effects of either genetic or phe-
notypic variation. Studies on phenotypic variation were included regardless
the type of trait (e.g., morphology, physiology, behavior, or life history) and
regardless whether the variation reflected an underlying genetic poly-
morphism, developmental plasticity, phenotypic flexibility, or combinations
thereof. I included only studies in which the response variables was measured
in a quantitative manner, and in which the outcome of comparisons between
treatments was reported in a way that allowed for unambiguous interpretation
and extraction of results.

| excluded studies in which all of the diverse treatments were obtained by
mixing individuals that originated from different source populations. The
rationale for excluding such experiments is that genetic admixture resulting
from interbreeding between individuals from different populations may have
either positive or negative effects on population fitness depending on the
evolutionary history, genetic architecture, and environmental contexts of the
populations involved, rather than on the degree of genetic and phenotypic
variation per se (1, 39, 57, 58). This is because even though immigration may
alleviate the effects of inbreeding depression, it may also disrupt local
adaptations and result in the breakup of coadapted gene complexes and
favorable trait-value combinations (i.e., outbreeding depression) (23, 73).

lincluded studies on both plants and animals. Whether studies should be
included in or excluded from the review was determined without consid-
eration of type of organism and species.

Data Extraction. | used full-text articles to classify studies with regard to
whether they were performed either under standardized conditions in the
laboratory, under seminatural conditions, or under natural conditions in the
wild; whether the outcome was in qualitative agreement or in conflict with
the prediction from theory; and whether the outcome was statistically sig-
nificant (P < 0.05). The outcome, or response variable, of the experiments
used as a measure of establishment success or population persistence dif-
fered depending on the type of study organism (S/ Results). In some studies,
establishment was determined based on data on survival, growth, and ma-
turity of the introduced propagules after a given time period. In other
studies, establishment was determined according to individuals that resulted
from recruitment of offspring produced in situ by the propagules included in
the experimental founder groups. Examples of response variables used in
the included studies were as follows: number or proportion of introduced
individuals alive; proportion of introduced populations alive (or extinct);
population size; total biomass; number of recruited adults; number of
seedlings; number of recruits; or percentage growth (or maximum spread
distance in some plants) after a given time (S/ Results).

Metaanalysis. | investigated whether the effect of diversity on establishment
was different in plants and animals, and whether it was condition dependent
and manifest more strongly under natural conditions in the wild under the
influence of multiple complex mechanisms, compared with less heterogeneous
environments with fewer interactions. To this end, | estimated and compared
effects sizes, Cohen'’s d (74, 75), between studies on plants and animals, and
between studies performed under standardized conditions in the laboratory,
under seminatural or under natural conditions in the wild. Before analyses,
effect sizes were log(x + 1) transformed to normalize distributions and ho-
mogenize variances. To examine whether effect size differed between plants
and animals, and whether it increased with increasing ecological complexity of
the experimental setup (i.e., from laboratory via seminatural to natural con-
ditions), | used a GLM approach (74, 76), as implemented with procedure GLM
in SAS 9.1.3 for Windows (SAS) software package. Pearson correlation analysis
was used to test (in separate analyses) whether effect size was associated with
number of diversity treatments used in the experiment, or with year of pub-
lication. Statistical combination approaches, whether simple or based on so-
phisticated algorithms, can be trusted only if it is known with certainty that all
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studies that have been carried out are included in the review (77). Because this
is virtually impossible, and as the number of studies included in this review is
relatively small, the result from the comparison of effect sizes is tentative and
should be evaluated with care.

A funnel plot (a graph of effect size versus number of replicates in each
study) was used to assess whether it is likely that publication or availability
bias (74, 75) has influenced to an important degree the results and con-
clusions. This approach is based on the assumption that, in the absence of
publication or availability bias, average effect size is expected to be similar in
small- and large-sample studies, but vary more in smaller studies due to
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