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a b s t r a c t

Considering ongoing biodiversity losses, translocations of threatened plant species into the
wild has become a common conservation technique although they are considered labo-
rious, expensive and rarely successful. It is broadly accepted that the choice of suitable
translocation sites and the translocation of many individuals increase their success.
Moreover, high genetic diversity among introduced plants is suggested to be important but
has been rarely assessed for populations of threatened species. Here, we tested whether
higher genetic diversity generally increases early establishment of threatened plant species
after a translocation. We translocated plantlets of eight rare and threatened species of
Switzerland at one apparently suitable site per species. We planted 40 to 312 plants per
site at two levels of genetic diversity, monoculture plots with offspring of single seed
families per species, and mixture plots with offspring of several seed families per species.
In the early translocation stages, plots with individuals of several seed families had a
higher survival than plots with individuals of only one seed family, however, the positive
effect of diversity disappeared with time. Our study suggests that a high genetic diversity is
important at least for the short-term survival of translocated populations of threatened
plant species. Translocations should therefore always aim to maximise genetic diversity in
founder populations. Experimental approaches as the one we present here are important
tools to realise long-term translocation experiments that are needed to enhance our un-
derstanding of the underlying factors responsible for success or failure of translocations of
threatened plant species. We therefore recommend close collaborations between experi-
mental plant ecologists, field botanists and conservation practitioners in future trans-
locations of threatened species.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Species diversity has been lost at an unprecedented rate (Dirzo and Raven, 2003; Taberlet et al., 2012). Habitat loss and
fragmentation are the greatest drivers of the rapid decline in biodiversity (Sala, 2000; IPBES et al., 2018) and measures to
prevent further biodiversity loss have received considerable attention. Among those, habitat protection and restoration are
the most important and most commonly used conservation methods (Maunder, 1992; IUCN, 2014). For threatened plant
species, however, habitat protection and management are often insufficient, and translocations, i.e. the deliberate release of
organisms in a natural habitat (Wolf et al., 1996; Weeks et al., 2011), have become an essential conservation technique
(Vergeer et al., 2004; Menges, 2008; IUCN, 2014).

Translocations aim to ensure the long-term survival of threatened species, either by reinforcing the size and genetic di-
versity of present populations, or by creating new self-sustaining populations in suitable habitats (Wolf et al., 1996; Menges,
2008;Weeks et al., 2011). Despite their broad acceptance as an important tool to overcome dispersal limitation (Vergeer et al.,
2004) and to complement in situ conservation measures (IUCN, 2014), their use is discussed controversially as they are
labour-intensive, expensive and often unsuccessful (Maunder, 1992; Godefroid et al., 2011; Drayton and Primack, 2012;
Maschinski et al., 2012). Many factors can affect the success of rare plant species translocations, including the choice of a
suitable habitat (No€el et al., 2011), the number and type (e.g. seeds, plants) of propagules introduced (Frankham et al., 2010)
and the origin and genetic diversity of these propagules (Price andWaser, 1979; Menges, 2008; Maschinski et al., 2012). So far
the relative importance of these factors for translocations is unclear and not equally well studied.

Many studies underline the importance of high genetic diversity for the fitness and survival of natural populations
(Oostermeijer et al., 1994; Fischer and Matthies, 1998). High genetic diversity increases the chance of having pre-adapted ge-
notypes to future perturbations (Gamfeldt andK€allstr€om, 2007). It can also lead to complementarity betweendifferent genotypes
of a single species, i.e. increased fitness of individuals from different maternal plants due to e.g. resource partitioning caused by
different traits (Loreau and Hector, 2001), or it may decrease the impact of enemies such as herbivores or pathogens (Zhu et al.,
2000; Tooker and Frank, 2012). Finally, a high genetic diversity increases the probability of a population to adapt to changing
environmental conditions (Mayr, 1963; Ouborg and van Treuren, 1994; Jump et al., 2009; Weeks et al., 2011) and reduces
inbreeding levels and thus the expression of inbreeding depression (Charlesworth and Charlesworth, 1987; Ellstrand and Elam,
1993; Godt et al., 1996; Krauss et al., 2002; Ottewell et al., 2016). Therefore, high genetic diversity might be crucial for successful
translocations (Lesica and Allendorf, 1999; Vergeer et al., 2005; Prati et al., 2016; Ottewell et al., 2016). There are for example
studies that tested the influenceof the sizeof the source populationson seedfitness andgermination (Godefroid et al., 2016), how
multi-source translocations can be beneficial due to increased genetic diversity (Zavodna et al., 2015) and how the fitness of
offspring can be increased by outcrossing (Barmentlo et al., 2018). There is, however, only limited experimental evidence for the
positive effect of genetic diversity on single-source translocations of threatened species, which often have reduced levels of ge-
netic diversity due to lowor declining population sizes (Gaston, 2006). Such single source populations are still oftenperformed in
conservation practice, as source material is often rare (personal communication with Info Flora, National Data and Information
Centre on the Swiss Flora). A fewexperimental studies showed that translocations of individualsof several seed families (i.e. seeds
originating fromdifferentmaternal plants) ofArnicamontanahad increased survival comparedwith translocations of individuals
of only one seed family (Vergeer et al., 2005). Moreover, reintroductions of several genotypes of the clonal Ranunculus reptans, a
rareplant speciesof Switzerland,weremore successful than reintroductionsof only singlegenotypes (Prati et al., 2016). Further, in
a meta-analysis, Forsman (2014) found strong evidence of increased establishment success in plants and animals with higher
levels of genetic and phenotypic diversity. However, of the nine studies on plants included in thismeta-analysis only sevenwere
performed in natural conditions and none of these studies translocated rare or threatened plant species. Therefore, it remains
unclear whether it is a general pattern that high genetic diversity increases translocation success of rare and threatened plant
species in natural conditions.

In Switzerland, 30% of the species-rich flora are considered threatened (Moser et al., 2002; Bornand et al., 2016). Based on a
large database on plant records (Bornand et al., 2016) and comprehensive knowledge on species characteristics and re-
quirements of plants native in Switzerland (Landolt and B€aumler, 2010), a list of priority species for conservation was
established, taking into account the degree of threat and the responsibility Switzerland has at a global level to preserve a
particular species (FOEN, 2011). For this study, we selected eight rare and threatened plant species from this priority list,
originating from different habitats and plant families (Table 1). We then grew seedlings from field-collected seeds and
performed translocations with plantlets into wild habitats. For each species, we introduced plants at two levels of genetic
diversity by either planting offspring of only single maternal plants (monoculture plots) or offspring of different maternal
plants (mixture plots) and compared their survival, plant height and the number of flowering individuals in the first two
years. With this design, the main goal was to test the fundamental questionwhether increased genetic diversity enhances the
early establishment of translocated populations of threatened plant species. Further, wemonitored the translocations for four
years to assess the potential of creating viable populations of such rare species on the short term.



Table 1
Study species. Study species with their plant family, IUCN category of threat (VU: vulnerable, EN: endangered, CR: critically endangered, Red List of
Switzerland, Moser et al., 2002), priority for conservation in Switzerland (1: very high, 2: high, 3: moderate, 4: low; List of National Priority Species, FOEN,
2011), their habitat preference (Lauber et al., 2012) and a selection of important life-history traits (Landolt et al., 2010).

Species Plant family Red list status
(CH)

Priority (CH) Habitat Growth form Vegetative
propagation

Mating system
& pollination

Allium angulosum Amaryllidaceae VU 4 Wet meadows Geophyte Bulbs & basal
lateral shoots

Self-pollination
& insect
pollination

Campanula cervicaria Campanulaceae EN 3 Clay soils in
shady places,
changing soil
humidity

Hemicryptophyte No vegetative
dispersal

Insect
pollination

Cleistogenes serotina Poaceae VU 4 Dry grasslands Hemicryptophyte Below-ground
runners

Wind
pollination

Inula helvetica Asteraceae VU 2 Often next to
bushes along
water and at
forests edges

Hemicryptophyte Below-ground
runners

Cross-
pollination

Ludwigia palustris Onagraceae CR 2 Trenches, at the
margins of
ponds,
occasionally
flooded

Hemicryptophyte Parts breaking
off & creeping
shoots

Self-pollination
& insect
pollination

Oenanthe lachenalii Apiaceae CR 2 Wet grasslands Geophyte Basal lateral
shoots

Insect
pollination

Senecio erraticus Asteraceae EN 3 Along moist
forest paths,
brooksides, and
alluvial soils

Hemicryptophyte Basal lateral
shoots

Insect
pollination

Teucrium scordium Lamiaceae EN 3 In fens, in
trenches, and
on river banks

Hemicryptophyte Below- &
above-ground
runners

Cross-
pollination
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2. Material and methods

2.1. Study species and study sites

In 2011 and 2012 seeds of the eight selected rare plant species of conservation priority in Switzerland (Table 1, Moser et al.,
2002; FOEN, 2011) were collected from single natural populations. The seeds were harvested from 10 to 20 maternal plants per
species. The maternal plants were located at least 5 m apart from each other and covered the whole area of the population. The
seed families (i.e. seeds originating from the same maternal plant) were stored separately. In spring 2013, we sowed the seeds
(separated by species and seed family) in germination trays. The seedlings were then transplanted into pots (diameter 9 cm)
filled with normal potting soil (Ricoter, Aarberg, Switzerland) and placed in a common garden (Botanical Garden of the Uni-
versity of Bern, Switzerland). Between July and October 2013we transplanted each species into a separate natural site (Table A1).
We selected the translocation sites for each species in collaboration with expert botanists and local conservation practitioners
who know the habitats, the species and the existing populations to minimize geographical distance and to maximise ecological
similarity with the source populations and to ensure suitable management for the individual species.
2.2. Study design

We defined two levels of genetic diversity: monoculture plots (each with individuals of a single seed family) and mixture
plots (with individuals of several seed families). With this approach we aim to answer the fundamental question of whether a
high genetic diversity is important for the short-term translocation success, similar to proof of concept studies in biodiversity
ecosystem functioning research (Zeng et al., 2017). The reader should be aware that translocations for conservation practice
should always be conducted with offspring from many seed families (see guidelines for Switzerland and from the IUCN,
https://www.infoflora.ch/de/flora/ansiedlung/ansiedlung.html; IUCN, 2013). We planted n (n ¼ number of seed families per
species, ranging from 5 to 13) monoculture plots and n mixture plots per species. Each monoculture plot consisted of n-1
individuals of one seed family. Each mixture plot consisted of a unique combination of n-1 individuals of different seed
families (Fig. 1, see Table A2 for more information on the translocation design for each species). We planted the individuals at
20 cm distance within plots and with 40 cm distance between plants of different plots. With the distance of 40 cm between
individuals of different plots, we ensured to have no direct interactions between individuals of different plots in the first two
seasons after the translocations. The monoculture and mixture plots were alternated to consider possible underlying not

https://www.infoflora.ch/de/flora/ansiedlung/ansiedlung.html


Fig. 1. Design of the translocation plots. Example: Allium angulosum (180 individuals, 10 seed families, 10 monoculture plots, 10 mixture plots). Each entry
represents one individual plant and each symbol represents one seed family.
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visible gradients of abiotic conditions. All plants were planted in the existing vegetation and were watered immediately after
planting. Next to the normal site management suitable for the respective species, no additional care was provided thereafter.
2.3. Measurements

Two months after the translocations (1st season), and in spring 2014 (seven to ten months after the translocations, 2nd

season), we recorded plant survival, measured the height of the introduced plants as a non-destructive estimation of plant
performance, and recorded whether plants were flowering. Flowering could only be analysed for Ludwigia palustris and
Oenanthe lachenalii in the 2nd season, as the other species had not flowered yet or at very low numbers. In the 1st season,
individuals from three species were too small to be measured with the same precision as the other species. Thus, we did not
record plant height for these species at this stage.

In autumn 2015 (two years after the translocations, 3rd season) and in autumn 2016 (three years after the translocations,
4th season) we monitored the translocated populations again. As only the plots but not the individuals themselves were
marked, mortality of individuals and the production of offspring by sexual reproduction or vegetative propagation prohibited
us from identifying the originally planted individuals unequivocally. Therefore, we refrained from assigning the plants to their
respective seed families or treatments at this stage. For each species, we counted the number of individuals, calculated
population performance as the number of individuals divided by the number of individuals planted, and also counted the
total number of flowering individuals.
2.4. Statistical analysis

To test whether plant performance was affected by genetic diversity, we used generalized linear mixed effect models
(glmer) with a binomial error distribution for the survival and flowering data and linear mixed effect models (lmer) for the
continuous plant height data (package lme4, Bates et al., 2015).We tested for the effect of genetic diversity after the 1st season
and after the 2nd season. Plant height for dead individuals was set to NA to only look at the diversity effect on surviving
individuals. Themodels included treatment (monoculture plot, mixture plot) as fixed effect, and species, seed family, and plot
identity as random factors. We also included the time since transplantation (in days) as a covariate. We additionally carried
out the analyses for each species separately, where we only included seed family and plot identity as random factors. We log-
transformed plant height to account for non-normal distribution. Examples of the code for survival across all species and for
the individual species can be found in Appendix A3.

The effect of the diversity treatment could not be analysed beyond the 2nd season (see above), as we were not able to
assign the individual plants to their original treatment any longer. The data of the 3rd and 4th season therefore only serves as a
measure of population performance of our translocations in the longer run. We calculated population performance as the
number of individuals counted in relation to the number of individuals planted.

All data were analysed using R, Version 3.3.2 (R Core Team, 2016).
3. Results

3.1. Effect of genetic diversity over all species

During the 1st season, over all species survival was by 5% higher in the mixture plots than in the monoculture plots
(p ¼ 0.03), while plant height was not affected by the genetic diversity treatment (Fig. 2a,c, Table 2). By the 2nd season overall
species survival (Fig. 2b) and plant height (Fig. 2d) did not differ between mixture and monoculture plots (Table 2).



Fig. 2. Overview of effects of genetic diversity. Effects on a) survival rate for the 1st and b) 2nd season in relation to the number of planted individuals, and c)
plant height for the 1st and d) 2nd season of all eight plant species in monoculture plots (individuals of one seed family) and mixture plots (individuals of several
seed families). Plotted values are the calculated means of the raw data, bars indicate the standard errors.
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3.2. Effect of genetic diversity on individual species

Analysing each species separately, we found few differences in survival and plant height between monoculture and
mixture plots. During the 1st season, individuals of Allium angulosum tended to survive better in the mixture plots (p ¼ 0.07,
Fig. 3a, Table 2). Individuals of Cleistogenes serotinawere taller when growing in the mixture plots (p ¼ 0.03, Fig. 3b, Table 2).
However, for both species, these effects were transient and disappeared later. In the 2nd season, individuals of Inula helvetica
tended to be taller in themixture plots (p¼ 0.10, Fig. 3c, Table 2), while individuals of Oenanthe lachenalii tended to be taller in
the monoculture plots (p ¼ 0.06, Fig. 3d, Table 2).
3.3. Survival and performance of translocated populations

By the 1st season (Fig. 4, Table 3) between 56% and 100% of the introduced individuals per species had survived and by the
2nd season between 41% and 97% of the introduced individuals per species had survived, indicating that all translocations
showed a promising short-term establishment. After the 2nd season we found flowering individuals in the translocated
populations of Ludwigia palustris (37%), Oenanthe lachenalii (65%) and Senecio erraticus (3%) (Table 3).

By the 3rd season, four of the translocated populations had a population performance between 28% and 78% (Senecio
erraticus, Campanula cervicaria, Oenanthe lachenalii, Cleistogenes serotina), while the other four populations had a population
performance lower than 10% (Allium angulosum, Ludwigia palustris, Teucrium scordium, Inula helvetica; Fig. 4, Table 3). We
found 30% of the individuals of Campanula cervicaria and 3.5% of the individuals of Cleistogenes serotina flowering (Table 3)
and observed some clonal propagation in the translocated populations of Cleistogenes serotina and Senecio erraticus.

By the 4th season, Campanula cervicaria had a population performance of 28% and Senecio erraticus had a population
performance of 39% (Fig. 4, Table 3). Due to clonal propagation Cleistogenes serrotina now had an increased population size



Table 2
Outcome of linear mixed effect models testing for the effect of genetic diversity (monoculture plots vs. mixture plots). Effects on survival, plant height
and flowering of experimentally translocated individuals of eight threatened plant species. In the models over all species, we included time since
transplantation as a covariate and genotype, species and plot identity as random terms (see example of R code in Appendix A3). In the single species models,
we included seed family and plot identity as random terms. Estimates are given for the significant and marginally significant terms only. Additionally, p-
values, degrees of freedom (df) and Chi square (c2) are given for each of the model’s outputs.

Mean survival rate Plant height Flowering

Estimate p-value df c2 Estimate p-value df c2 Estimate p-value df c2

1st season Over all species 0.67 0.03 1 5.01 e 0.48 1 0.50 e e e e

Allium angulosum 0.79 0.07 1 3.34 e 0.60 1 0.28 e e e e

Campanula cervicaria e 0.15 1 2.01 e 0.17 1 1.86 e e e e

Cleistogenes serotina e 0.24 1 1.40 0.23 0.03 1 4.60 e e e e

Ludwigia palustris e 0.56 1 0.35 e e e e e e e e

Inula helvetica e 0.60 1 0.28 e e e e e e e e

Oenanthe lachenalii e e e e e 0.57 1 0.32 e e e e

Senecio erraticus e 1.00 1 0.00 e 0.11 1 2.63 e e e e

Teucrium scordium e e e e e e e e e e e e

2nd season Over all species e 0.34 1 0.90 e 0.65 1 0.20 e e e e

Allium angulosum e 0.24 1 1.38 e 0.51 1 0.43 e e e e

Campanula cervicaria e 0.76 1 0.09 e 0.46 1 0.55 e e e e

Cleistogenes serotina e 0.52 1 0.42 e 0.71 1 0.14 e e e e

Ludwigia palustris e 0.34 1 0.92 e 0.67 1 0.18 e 0.92 1 0.01
Inula helvetica e 0.68 1 0.17 0.41 0.10 1 2.74 e e e e

Oenanthe lachenalii e e e e �4.40 0.06 1 3.61 e 0.25 1 1.30
Senecio erraticus e 0.70 1 0.15 e 0.88 1 0.02 e e e e

Teucrium scordium e 1.00 1 0.00 e 0.76 1 0.09 e e e e
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with a population performance of 250% (Fig. 4, Table 3). We found 12% of the individuals of Campanula cervicaria, 15% of the
individuals of Cleistogenes serotina and 6% of the individuals of Oenanthe lachenalia flowering (Table 3).

4. Discussion

4.1. Relevance of high genetic diversity

Initially, plants growing in plots of higher genetic diversity survived better than plants growing in plots of lower genetic
diversity. This is in line with general considerations on ecological consequences of genetic diversity (Hughes et al., 2008,
Godefroid et al., 2016; Barmentlo et al., 2018) and it is consistent with the existing literature on the effect of genotypic
variation on establishment success (Vergeer et al., 2005; Forsman, 2014; Prati et al., 2016). Higher genetic diversity is ex-
pected to increase the probability of having genotypes adapted to different biotic and abiotic conditions (sampling effect). It
may also lead to increased resistance to enemies such as herbivores and pathogens (Zhu et al., 2000; Tooker and Frank, 2012)
or decreased intraspecific competition for resources between different genotypes (complementarity effect, Loreau and
Hector, 2001). The latter two mechanisms might have caused the positive diversity effect on survival that we found in the
very first stage of our translocations shortly after planting, where stresses due to transplantation such as drought, root
disturbance, abiotic differences, or the encountering of new enemies such as herbivores and pathogens can be particularly
drastic (South and Zwolinski, 1997). We showed that genetic diversity can enhance the survival of translocated populations,
however, this effect might only occur at particularly stressful stages, in our case the early stage of a translocation. Accordingly,
Prati et al. (2016) found a positive effect of genetic diversity on translocated populations of Ranunculus reptans only after a
severe flood, in this case several years after the translocation.

In the 2nd season of our experiment, the effect of genetic diversity disappeared, suggesting that other factors such as
propagule pressure, habitat suitability or environmental stochasticity might be more important for the mid-term to longer-
term survival of translocated plant populations. Nevertheless, high genetic diversity seemed to be important for the im-
mediate survival after transplantation, and it is expected to become particularly important at even longer time scales once the
consequences of longer-term evolutionary processes become apparent (Vergeer et al., 2005; Weeks et al., 2011). Future
studies should therefore monitor the introduced populations as long as possible to disentangle the relative importance of a
high number of founder individuals and genetic diversity on translocation success.

Plant height, which we measured as an additional parameter is often used as an indicator of plant fitness as being tall is
correlated with a high biomass production and associated with high fecundity (Cornelissen et al., 2003). On the other hand, a
greater height might indicate stronger competition for light (Falster andWestoby, 2003; Schmitt et al., 2003; Grundman et al.,
2017). In our study, over all species, height was not affected by genetic diversity. For the individual species, we found mixed
effects of genetic diversity on height. Cleistogenes serotina and Inula helvetica had taller plant individuals in mixture plots than
in monoculture plots, either indicating better plant performance or increased intraspecific competition for light. In contrast,
Oenanthe lachenalii had smaller individuals in mixture plots than in monoculture plots, either indicating poorer performance
or reduced intraspecific competition for light. To assess plant performancemore precisely, other components of fitness would



Fig. 3. Significant species-specific effects of genetic diversity. Effects on mean survival rate and height in monoculture (offspring of one seed family, light grey
bars) and mixture plots (offspring of several seed families, dark grey bars) for the species showing a significant or marginally significant effect of genetic diversity
on survival rate or plant height. Each dot represents the mean value for a single plot. The error bars represent the standard errors.
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need to be measured, such as biomass or seed production (e.g. Younginger et al., 2017; Richman et al., 2020). However, as we
did not want to interfere with the translocated plants, we refrained from taking destructive measures.

The strength of the diversity effect on survival in the first year differed between species, partly because mortality in some
species (Teucrium scordium, Oenanthe lachenalii) was too low to show any effect of genetic diversity. It may also be that
differences in the strength of the genetic diversity effect reflects differences in genetic variation between source populations
of our species. For example, for very rare species with very small, isolated or declining populations, monoculture andmixture
plotsmay hardly differ from each other, because the sampled genotypes may be genetically very similar (Gaston, 2006; Leimu
et al., 2006). Species characteristics may also affect the genetic diversity of a population. For example, populations of species
that propagate clonally are likely to be genetically less diverse than populations who do not propagate clonally (Ottewell et al.,
2016). In our experiment, the strength of the diversity treatment was not related to the size of the populations from which
seeds were collected, and it was also not related to the ability of clonal propagation or to the threat status of the species in
Switzerland (Table A3). However, with only eight species (and less for some analyses, see Table A3) we were very limited in
our ability to detect the factors driving variation in the strength of diversity effects. We suggest that future studies should take
into account life history traits and population characteristics for many rare and threatened plant species to quantify the
importance of population and species-specific characteristics (e.g. population size, life form, pollination system) on trans-
location success more thoroughly.

We did not measure genetic diversity of the source populations and of our maternal plants and can therefore only assume
that plots with individuals from several maternal plants have a higher genetic diversity than plots with individuals of only one



Fig. 4. Mean population performance (number of individuals counted relative to the number of individuals planted) of the eight rare plant species over
the four measurements. 1st season was two months after the translocations, 2nd season was seven to ten months after the translocations, 3rd season was two
years after the translocations and 4th season was three years after the translocation.

Table 3
Results of the experimental translocation of plants of eight rare species, each into a different field site. Population performance: number of individuals
counted during monitoring/number of introduced individuals; Height: mean plant height in cm; Flowering: number of flowering individuals of the
translocated populations in the 1st, 2nd, 3rd and 4th season of the experiment.

Species 1st season 2nd season 3rd season 4th season

Performance Height Flowering Performance Height Flowering Performance Flowering Performance Flowering

Allium angulosum 0.67 4.9 0 0.49 7.8 0 0.02 0 0.1 0
Campanula cervicaria 0.83 6.3 0 0.63 13.7 0 0.33 30 0.28 12
Cleistogenes serotina 0.98 14.1 0 0.8 7.1 0 0.78 2 2.5 15
Inula helvetica 0.56 NA 0 0.41 7 0 0.08 0 0.08 0
Ludwigia palustris 0.96 NA 0 0.53 2.7 66 0.03 0 0 NA
Oenanthe lachenalii 1 3.5 0 0.97 48 93 0.43 NA 0.06 6
Senecio erraticus 0.99 17.4 0 0.5 23 5 0.28 0 0.39 0
Teucrium scordium 1 NA 0 0.85 3.8 0 0.03 0 0 NA
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maternal plant. Since we found several diversity effects this indicates that the difference between our diversity treatments
was large enough to test for an effect of genetic diversity, at least for most species. Thus, although we might have under-
estimated the importance of genetic diversity in our study, as all our species were threatened species (and their genetic
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diversity may generally be lower than in common species, Gaston, 2006; Ottewell et al., 2016), the fact that we still found a
positive effect of genetic diversity in the very first stage of establishment underlines the importance of using genetically
diverse plant material for translocations. Genetic diversity is likely to become even more important in the long-term when
recruitment starts to take place (Krauss et al., 2002; Weeks et al., 2011; Ottewell et al., 2016). Translocations of threatened
plant species should therefore always try to maximise the genetic diversity of the source material.

4.2. Translocation of rare and threatened plant species

The translocation of threatened plant species has become an increasingly important conservation method. Unfortunately,
several studies show that translocations are often not successful. In a meta-analysis including 249 plant translocations,
Godefroid et al. (2011) assessed amean survival rate over all translocations included in their study of approximately 52% and a
flowering rate over all translocations of about 19% after one year, and a further decrease of survival and flowering rate with
time. Further, Drayton and Primack (2012) found in their study that six out of eight introduced species had died after 15 years.
In our study, all eight translocated populations were still alive one year after the translocationwith a survival rate from 41% to
97%, and three translocated populations had flowering individuals. After two years, in four out of the eight translocated
populations most individuals had died (survival rate < 10%), most likely due to the exceptionally dry summer in 2015, where
sites, which are normally occasionally flooded, fell dry during the whole year (Allium angulosum, Ludwigia helvetica, Teucrium
scordium) and did not meet the species requirements anymore. Two species suffered from intensive perturbations, grazing by
wildlife immediately after planting (Allium angulosum) or soil erosion from water running over the plot (Inula helvetica).
Nevertheless, four out of eight translocated populations still had a survival rate between 28% and 78% after two years, and out
of those, three translocated populations had flowering individuals or vegetative propagation. Lastly, after three years one
population had increased its population size compared with the initially planted individuals due to intensive clonal propa-
gation by a factor of 2.5 (Cleistogenes serotine) and two other populations still had a survival rate of 28% (Campanula cervicaria)
and 39% (Senecio erraticus). In addition to the one species showing an increased population growth, two species showed
positive trends after a strong initial population decline (Senecio erraticus, Allium angulosum). These observations reflect the
difficulties of meeting habitat requirements of translocated species and highlight the importance of introducing a large
number of individuals and translocations at multiple sites and microsites or over several years to overcome environmental
stochasticity such as extreme weather events or disturbances (see also Dunwiddie and Martin, 2016; Silcock et al., 2019;
Caughlin et al., 2019). Due to our focus on a test of the general importance of genetic diversity, we translocated fewer plant
individuals (40e312 per site) than is recommended in Switzerland (at least 500, Info Flora, 2016). Nevertheless, our results
also reflect that combining population biological knowledge and botanical expert knowledge on species and habitats of
threatened species can be promising. We suggest that future plant translocations should be accompanied by both scientists
and practitioners to comprehensively address questions on species biology, habitat suitability, choice of a large sample sizes
and genetic material of founder individuals, high number of introduced individuals, transplant design and data analysis.
Bridging the gap between scientists and practitioners, combined with long-term monitoring of population growth, allows to
disentangle the relative importance of the various factors driving translocation success of rare and threatened plant species.

5. Conclusion

Our study shows that a higher genetic diversity generally enhances the short-term survival of translocated populations.
This highlights the importance of using genetically diverse plant material for the translocation of rare and threatened plant
species. Our study also demonstrates the power of experimental approaches in conservation. We therefore recommend close
collaborations between experimental plant ecologists, field botanists and conservation practitioners at all stages of trans-
locations, during species and site selection, when designing and setting up experiments and during monitoring. Only
scientifically assisted long-term translocation experiments will enable us to disentangle the role of different potentially
important factors for translocation success and therefore to enhance our understanding of these underlying factors for the
success or failure of translocations of threatened plant species. This will help us tomake translocations of species and assisted
migration a promising tool to face the decline of biodiversity under ongoing global change.
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Appendix

Table A1
List of the origins of the study species and the translocation locations. The abbreviations stand for different cantons in Switzerland, BE ¼ Bern, GE ¼ Gen�eve,
TI ¼ Ticino, VD ¼ Vaud, VS ¼ Valais, ZH ¼ Zürich.
Species
 Seed origin
 Size of source population
 Year of seed collection
 Location of translocation
Allium angulosum
 M€origenbucht, BE
 >1000
 2012
 M€origenbucht, BE

Campanula cervicaria
 Chlosteralp und Forst, BE
 50e100
 2012
 Chlosteralp, BE

Cleistogenes serotina
 Ayent, VS
 <50
 2011
 Aven, VS

Inula helvetica
 Aeust am Albis, ZH
 >1000
 2012
 Thürlerseegebiet, ZH

Ludwigia palustris
 Bolle di Magadino, TI
 >1000
 2011
 Verzasca Delta, TI

Oenanthe lachenalii
 Au, ZH
 50e200
 2011
 Au, ZH

Senecio erraticus
 Aire-La-Ville, GE
 ~200
 2012
 Commugny, VD

Teucrium scordium
 Plaine des l’Orbe, VD
 >1000
 2012
 NSG H€aftli, BE
Table A2
Details on the design of the experimental species translocations
Species
 Number of seed families
 Number of plots
 Number of individuals per plot
 Total number of translocated individuals
Allium angulosum
 10
 20
 9
 180

Campanula cervicaria
 13
 26
 12
 312

Cleistogenes serotina
 6
 12
 5
 60

Inula helvetica
 7
 14
 6
 84

Ludwigia palustris
 10
 20
 9
 180

Oenanthe lachenalii
 9
 18
 8
 144

Senecio erraticus
 10
 20
 9
 180

Teucrium scordium
 5
 10
 4
 40
A3: Supplementary material and methods: R code of the statistical model testing for treatment effects for a) single species and b) over all species.
a)m1<-glmer(survival ~ treatment þ (1|seedfamily) þ (1|plot), data ¼ dataspecies, family ¼ binomial) m2<-glmer (survival ~ (1| seedfamily) þ (1|plot),
data ¼ dataspecies, family ¼ binomial) anova(m1, m2).
b)m1 <- lmer (survival ~ growing_period þ treatment þ (1|species/seedfamily) þ (1|plot), data ¼ dataall, family ¼ binomial) m2 <- lmer
(survival ~ growing_period þ (1|species/seedfamily) þ (1|plot), data ¼ dataall, family ¼ binomial) anova(m1, m2).

Table A3
Output of linear models analysing the influence of the size of the source populations, status of threat and the ability of vegetative propagation of the study
species on the strength of the diversity effect (estimate for diversity) in first and second season survival and plant height. Due to the low number of species
(replicates), we analysed each explanatory variable in a separate model. Given are the Estimates, standard errors, F-values, p-values and the degrees of
freedom (DF1 (response variable) and DF2 (residuals)). For survival, we excluded species from the analysis that did not show any mortality or were only one
individual died (as we considered this to be potentially also chance). Note, that the number of species is therefore very limited to draw broad and general
conclusions.

st nd
1 season
 2 season
Treatment effect for mean survival rate
 Treatment effect for mean survival rate
Estimates
 Standard error
 F-value
 p-value
 DF1/DF2
 Estimates
 Standard error
 F-value
 p-value
 DF1/DF2

https://doi.org/10.1016/j.gecco.2020.e01240
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Table A3 (continued )
1st season
 2nd season
Treatment effect for mean survival rate
 Treatment effect for mean survival rate
Estimates
 Standard error
 F-value
 p-value
 DF1/DF2
 Estimates
 Standard error
 F-value
 p-value
 DF1/DF2
Source population size
 0.001
 0.000
 4.236
 0.132
 1/3
 0.000
 0.000
 1.774
 0.240
 1/5

Red List status (CH)
 0.212
 0.261
 0.661
 0.476
 1/3
 �0.211
 0.184
 1.326
 0.302
 1/5

Vegetative propagation
 �0.039
 0.441
 0.008
 0.934
 1/3
 �0.375
 0.273
 1.883
 0.228
 1/5
Treatment effect for plant height
 Treatment effect for plant height

Estimates
 Standard error
 F-value
 p-value
 DF
 Estimates
 Standard error
 F-value
 p-value
 DF
Source population size
 �0.001
 0.002
 0.325
 0.609
 1/3
 0.001
 0.001
 1.274
 0.302
 1/6

Red List status (CH)
 0.807
 0.650
 1.540
 0.303
 1/3
 1.061
 0.671
 2.501
 0.165
 1/6

Vegetative propagation
 0.781
 1.135
 0.473
 0.541
 1/3
 �0.497
 1.426
 0.121
 0.740
 1/6
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