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Abstract: Ex situ conservation is widely used to protect wild plant species from extinction. However, it remains
unclear how genetic variation of ex situ plant collections reflects diversity of wild source populations. We con-
ducted a global meta-analysis of the genetic representativeness of ex situ populations by comparing genetic diver-
sity (i.e., AR, allelic richness; H,, expected heterozygosity; PPB, percent polymorphic bands; and SWI, Shannon-
Winner index), inbreeding coefficient (Fjs), and genetic differentiation between ex situ plant collections and their
wild source populations. Genetic diversity (i.e., H,, PPB, and SWI) was significantly lower in ex situ populations
than their wild source populations, whereas genetic differentiation between ex situ and wild populations (ex-
situ-wild Fgp), but not that among ex situ populations, was significantly higher than among wild populations.
Outcrossing species, but not those with mixed mating system, had significantly lower genetic diversity in ex
situ populations and significantly higher ex-situ-wild Fs;. When the collection size for ex situ conservation was
>30 or 50, PPB, H,, and ex-situ-wild Fs; were not significantly different between ex situ and wild populations,
indicating a relatively high genetic representativeness. Collecting from the entire natural distribution range and
mixing collections from different sources could significantly increase the genetic representativeness of ex situ
populations. Type of ex situ conservation (i.e., planting or seed bank) had no effect on genetic representativeness.
The effect size of H, decreased and the effect size of ex-situ-wild Fgr increased as the duration of ex situ conser-
vation increased. Our results suggest that current ex situ plant collections do not effectively capture the genetic
variation of wild populations. Low genetic representativeness of ex situ populations was caused by both initial
incomplete sampling from wild populations and genetic erosion during ex situ conservation. We emphasize that
it is necessary to employ more thorough sampling strategies in future collecting efforts and to add new individuals
where needed.

Keywords: biodiversity conservation, genetic differentiation, genetic erosion, living ex situ collection, sam-
pling strategy, seed bank, small population size

Resumen: La conservacion ex situ se usa ampliamente para proteger de la extincion a las especies silvestres de
plantas. Sin embargo, todavia no esta claro como la variacion genética de las colecciones ex situ de plantas reflejan
la diversidad de las poblaciones de origen silvestre. Realizamos un metaanalisis mundial de la representatividad
genética de las poblaciones ex situ al comparar la diversidad genética (es decir, RA: riqueza alélica, H,: hetero-
cigosidad esperada, BPP: bandas polimérficas porcentuales, e ISW: indice de Shannon-Weiner), el coeficiente de
endogamia (Fy) vy la diferenciacion genética entre las colecciones ex situ de plantas y sus poblaciones de origen
silvestre. La diversidad genética (i.e., H,, BPP e ISW) fue significativamente mas baja en las poblaciones ex situ
que en sus poblaciones con origen silvestre, mientras que la diferenciaciéon genética entre las poblaciones ex situ
y las silvestres (ex situ-silvestre Fsy), pero no aquella entre las poblaciones ex situ, fue significativamente mas alta
que entre las poblaciones silvestres. Las especies con fertilizacion cruzada, pero no aquellas con un sistema de
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apareamiento mixto, tuvieron una diversidad genética significativamente mas baja en las poblaciones ex situ y
significativamente mas alta ex situ-silvestre Fgr. Cuando el tamafio de la coleccion para la conservacion ex situ
fue >30 o 50, las BPP, H,, y el Fy ex situ-silvestre no fueron significativamente diferentes entre las poblaciones
silvestres y las ex situ, lo que indica una representatividad genética relativamente alta. La recoleccion a partir de
puntos en toda la extension de la distribucion natural y la mezcla de colecciones a partir de diferentes origenes
podria incrementar significativamente la representatividad genética de las poblaciones ex situ. El tipo de con-
servacion ex situ (es decir, plantacion o banco de semillas) no tuvo efecto sobre la representatividad genética.
El tamano del efecto de H, disminuy6 y el tamafio del efecto de la Fs; ex situ-silvestre increment6é conforme
increment6 la duraciéon de la conservacion ex situ. Nuestros resultados sugieren que las colecciones actuales
de plantas ex situ no capturan de manera efectiva la variacion genética de las poblaciones silvestres. La baja
representatividad genética de las poblaciones ex situ fue causada tanto por el muestreo inicial incompleto en las
poblaciones silvestres y la erosion genética durante la conservacion ex situ. Recalcamos que es necesario emplear
estrategias de muestreo mas minuciosas en los siguientes esfuerzos de colecta y que se deben afiadir nuevos
individuos en donde sea necesario.

Metaanalisis de la Representatividad Genética de Poblaciones de Plantas bajo Conservacion Ex Situ en Contraste
con Poblaciones de Origen Silvestre

Palabras Clave: banco de semillas, coleccion viviente ex situ, conservacion de la biodiversidad, diferenciacion
genética, erosién genética, estrategia de muestreo, tamafio poblacional pequefio, “E ¥ ZREVEMRI, B IL 1k, i
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Anthropogenic activities are causing rapid climate warm-
ing, habitat fragmentation, and habitat loss. These
changes have led to an increased risk of extinction for
wild plant populations (Pimm et al. 2014). Indeed, lo-
cal extirpation of wild plant populations and losses of
local biodiversity are occurring across the world (Wiens
2016; Gonzalez et al. 2020). Because of these impacts,
ex situ conservation strategies have become an essential
approach to protecting wild plants and preventing total
extinction (Havens et al. 2006; Mounce et al. 2017; Abeli
et al. 2020). Living plant collections and seed banks are
the 2 main types of ex situ conservation for wild plants
(Schoen & Brown 2001; Oldfield 2009; Mounce et al.
2017).

Preserving genetic variation is one of the primary goals
of ex situ plant conservation (Maunder & Byers 2005).
Genetic representativeness, which indicates how much
of the genetic variation in wild populations has been

captured in ex situ populations, is a crucial parameter
for quantifying the success of ex situ conservation strate-
gies (Cibrian-Jaramillo et al. 2013). Several theoretical
reviews point to the critical role of genetic diversity in
individual plant fitness and population persistence (Booy
et al. 2000; Reed & Frankham 2003; Jump et al. 2009).
Empirical studies also show that genetic diversity is of
importance for the survival, growth, and reproduction
of transplanted individuals at ex situ conservation sites
(Williams 2001; EnRlin et al. 2011; Evans et al. 2018).
Genetic representativeness of ex situ populations can
be influenced by species characteristics, sampling strate-
gies for ex situ conservation, and types of ex situ
conservation. These can exert impacts during the fol-
lowing processes. First, whether ex situ plant popula-
tions capture enough genetic variation from the source
populations can be determined at the beginning of the
ex situ conservation action (Haven et al. 2006; Oldfield
2009; Kashimshetty et al. 2017). This process involves
several key sampling strategies, including collection size
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(i.e., number of samples collected for ex situ conser-
vation), collection range, and mixing collections for ex
situ conservation (Koskela et al. 2013; Guerrant et al.
2014; Hoban & Strand 2015; McGlaughlin et al. 2015;
Bucharova et al. 2019; Hoban 2019; Hoban et al. 2020).
Collection range, which refers to whether collections for
ex situ conservation were from part of or the entirety
of the target species’ natural distribution range (Christe
et al. 2014), is related to spatial sampling design (Neel
& Cummings 2003; Hoban & Schlarbaum 2014; Hoban
& Strand 2015; Kashimshetty et al. 2017; Hoban et al.
2018). For example, small collection size and biased
collection range could reduce genetic variation through
founder effects or genetic bottlenecks (Christe et al.
2014). In contrast, mixing of collections from different
sources in a given ex situ population can increase its
genetic representativeness (Yuan et al. 2010; Bucharova
et al. 2019).

Second, ex situ plant populations may undergo genetic
erosion over time (Enf3lin et al. 2011; Lauterbach et al.
2012). Ex situ populations have many of the same neg-
ative genetic consequences as small populations in the
wild (Havens et al. 2006). Theoretical and empirical stud-
ies show that founder effects or genetic drift, as well as
inbreeding effects, can result in a decline in genetic diver-
sity in small and isolated populations (Ellstrand & Elam
1993; Aguilar et al. 2008). Plant species with different
intrinsic characteristics (e.g., life form and mating sys-
tem) exhibit distinct responses in the face of decreased
population size and increased spatial isolation (Aguilar
et al. 2008, 2019; Miiller et al. 2017). Because genetic
erosion is expected to be stronger after several gener-
ations, negative genetic consequences are more likely
to occur in herbs, which have short life cycles, than in
woody plants (Young et al. 1996; Aguilar et al. 2008).
In small populations, outcrossing and self-incompatible
plants are more prone to lose genetic variation than self-
compatible plants with selfing or mixed mating systems
(Aguilar et al. 2008, 2019). Furthermore, extrinsic char-
acteristics of plants, such as economic value and threat
status, can also influence ex situ conservation efforts and
thus genetic representativeness. Plants with economic
value have typically been cultivated and domesticated
(Yuan et al. 2010). Artificial selection for desired traits
may result in decreases in genetic diversity beyond those
from the bottleneck effect alone (Doebley et al. 20006).
Due to the heavy ex situ load but limited resources, con-
servation organizations have to devote more resources
to the ex situ conservation of threatened plants (Havens
et al. 2006), which are expected to have a higher genetic
representative than nonthreatened plants.

Third, the type of ex situ conservation (i.e., planting
or seed bank) can also influence the genetic represen-
tativeness of ex situ populations. Seed banks can store
seeds at very high density, reducing space requirement,
and are thus expected to harbor larger population sizes
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and to facilitate higher genetic representativeness than is
practical in living plant collections (Wyse et al. 2018; Dal-
rymple & Abeli 2019). For species with long-lived seeds,
seed banks may also have the advantage that collections
suffer less genetic erosion caused by genetic drift or arti-
ficial selection during the process of ex situ conservation
(Dalrymple & Abeli 2019). For some species, however,
seed collections lose genetic variation during the period-
ical regeneration cycles needed to maintain seed viability
(Schoen & Brown 2001).

Due to the different species characteristics and con-
servation efforts, the results of empirical research on the
genetic representativeness of ex situ plant populations
remain mixed. Results of multiple studies show that ge-
netic diversity of ex situ populations is lower than in nat-
ural populations (Li et al. 2005; Lauterbach et al. 2012;
Yokogawa et al. 2013; Wilson et al. 2017; Chacén-Vargas
et al. 2020), whereas others indicate similar (Enflin et al.
2011) or even higher (LaBonte et al. 2017) levels of ge-
netic diversity in ex situ populations. Inbreeding coef-
ficient also exhibits mixed results among ex situ con-
servation genetic studies (Aavik et al. 2012; Yokogawa
et al. 2013). Furthermore, the levels of genetic differen-
tiation among ex situ populations (among-ex-situ Fsy) or
between ex situ and wild populations (ex-situ-wild Fsr)
are similar or higher compared with those among wild
populations (among-wild Fgr) (Li et al. 2005; Lauterbach
et al. 2012; Yokogawa et al. 2013; Miao et al. 2015).

We conducted a global meta-analysis of genetic rep-
resentativeness of ex situ plant collections. Specifically,
we asked the following questions. Do ex situ plant pop-
ulations capture the genetic diversity found in wild pop-
ulations? Is among-ex-situ Fsr or ex-situ-wild Fg; higher
than among-wild Fg;? Does genetic representativeness of
ex situ populations vary between species with different
characteristics (i.e., life form, mating system, threat sta-
tus, and economic value), sampling strategies for ex situ
conservation (i.e., collection size, collection range, and
mixing of collections), and ex situ conservation types
(i.e., planting and seed bank)?

Methods

Literature Search and Data Extraction

We used the ISI Web of Science and the online databases
of 3 major publishers (Elsevier, Springer, and Wiley) to
search for peer-reviewed articles published from 1900
to July 2017. We used the following 3 keyword com-
binations: (“ex situ conservation” OR plantation OR
planted OR cultivation OR cultivated) AND (plant)
AND (geneticx), (“ex situ conservation” OR plantation
OR planted OR cultivation OR cultivated) AND (plant)
AND (genotypicx), and (“ex situ conservation”) AND
(’seed bank”) AND (geneticx). We also obtained 42



Wei & Jiang

articles through cross-references, within which there
were some papers published after July 2017. In total, we
obtained 3599 relevant articles. We selected these papers
according to their title, abstract, or full text. We selected
articles that met the following 5 criteria: living plants or
seed banks were used for ex situ conservation; genetic
variations between ex situ and wild populations were
compared; population sample size was >5; there were
>3 populations for both ex situ and wild populations;
data on at least 1 measure of genetic diversity, inbreed-
ing coefficient (Fig), or genetic differentiation were used.
Here, measures of genetic diversity included allelic rich-
ness (AR), expected heterozygosity (H,), percentage of
polymorphic bands (PPB), and Shannon-Wiener index
(SWI). Measures of genetic differentiation included Fgr,
Dgst, Rgr, Ggr, and @gr. Because there were few data
points for each of the last 4 measures, we combined all 5
measures of genetic differentiation in further analyses. In
the end, we obtained 84 publications (Appendix S1). A
detailed flowchart depicting the process and outcome
of the publication search and selection is provided in
Appendix S2.

We compiled the following data: the value of every
genetic parameter, number of populations, and sample
size of each population. We obtained more than one set
of data for a given parameter from some studies that fo-
cused on more than one species or used more than one
kind of molecular marker. Because the measures of ge-
netic diversity and genetic differentiation and the num-
ber of data points varied among studies, the total number
of cases for each genetic parameter varied. As a result,
we had 207 data points among the 4 measures of genetic
diversity, 18 data points for Fjg, and 58 data points for
genetic differentiation measures from the 84 studies with
98 cases (Appendix S3).

We also recorded the following information: article
publication year, molecular marker, country where the
study was conducted, study species, family of study
species, duration of ex situ conservation, species charac-
teristics (i.e., life form, mating system, threat status, and
economic value), sampling strategies for ex situ conser-
vation (i.e., collection size, collection range, and mixing
of collections), and ex situ conservation type (i.e., plant-
ing or seed bank). If not stated, we used the sample size
of the ex situ population, which is no more than the ex
situ population size, as collection size because the initial
collection size for ex situ conservation is not always avail-
able in case studies. We considered a plant had economic
value if it was used for an economic purpose, including
agriculture, medicines, ornamentals, or timber. Informa-
tion was extracted from the source literatures, not from
other data sets, except for species threat status, which
was categorized following the IUCN Red List of Threat-
ened Species IUCN 2020).

15

Statistical Analyses

We calculated mean and standard error for each genetic
parameter. The differences in genetic parameters be-
tween ex situ and wild populations were tested with
paired £ tests. We tested the influence of sample size on
each genetic parameter with regression analysis. We cor-
related effect size of each genetic parameter based on
the duration of ex situ conservation. If the data did not
satisfy the assumptions of normality and homogeneity of
variance after transformations, we used nonparametric
tests or Spearman’s rank correlation coefficient. We used
SPSS 16.0 (SPSS, Chicago, Illinois, U.S.A.) to perform all
statistical analyses.

We used Hedge’s d as measure of effect size and es-
timated it as the unbiased standardized mean difference
between the mean values of the genetic parameter for ex
situ and wild populations:

a=2"% 1
_T]’ @

where x, and x; are the mean values of a given genetic
parameter for ex situ and wild populations, respectively,
§ is the pooled standard deviation across all populations,
and J is a correction factor for the effect of small sample
size (Gurevitch & Hedges 2001). For genetic differentia-
tion, x, is the mean value of among-ex-situ Fgr or ex-situ-
wild Fsr, and x, is among-wild Fgr. Following Reed and
Frankham (2003), we weighted each study according to
[(K-2)N]1'2, where K is the number of populations stud-
ied and N is the mean number of samples per popula-
tion. This weighting allowed accounting for not only the
number of populations, but also the number of samples
genotyped (Honnay & Jacquemyn 2007). A negative d
value implies lower genetic diversity or Fs in €x situ pop-
ulations than in wild populations. For genetic differentia-
tion, a positive value of effect size implies that among-ex-
situ Fgr or among-ex-situ Fgr is higher than among-wild
F. ST-

We used standard meta-analysis to estimate the over-
all effect size of each genetic parameter. We conducted
subgroup meta-analysis to test whether genetic repre-
sentativeness varied among different species characteris-
tics, sampling strategies for ex situ conservation, and ex
situ conservation types. Categories with <3 data points
were excluded because of low reliability (Gonzalez et al.
2020).

Closely related species are probably more similar in
morphological or physiological characteristics than dis-
tantly related species. Therefore, shared phylogenetic
history for closely related species can result in similar
estimates of effect sizes (Koricheva et al. 2013). To avoid
the potential effect of this phylogenetic signal, we used
a Brownian-motion model to perform a phylogenetic
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meta-analysis. Species that were not found in the Phylo-
matic database were removed prior to analysis. With the
remaining species, we made a phylogenetic tree in Phy-
lomatic version 3 (http://phylodiversity.net/phylomatic/)
and estimated branch lengths with Phylocom version 4.2
(Webb et al. 2008).

For standard meta-analysis, conventional random-
effect models were used to combine effect sizes across
studies. For subgroup meta-analysis, although studies
within each subgroup share a fixed effect, there was also
other random variation among studies. Therefore, we
also used traditional random-effect models to combine
effect sizes across studies for each subgroup. For phy-
logenetic meta-analysis, we used phylogenetic random-
effect models to estimate the grand mean effect size
(Wallace et al. 2017). In contrast to fixed-effect models,
random-effect models are often used in ecology because,
besides random sampling variation, there is true variation
in study-specific effects caused by different experimen-
tal conditions or natural environments (Koricheva et al.
2013). We conducted the analysis with restricted maxi-
mum likelihood estimators to calculate the parameters.
If the 95% confidence interval (CI) of d did not overlap
with 0, the effect size was considered significant, indicat-
ing that the genetic parameter was significantly different
between different groups.

Studies with significant results have a greater possi-
bility of being published than those with nonsignificant
results, and this could result in publication bias, which
means studies included in ecological meta-analysis may
have more cases with significant results. Therefore, we
tested publication bias in our sample with 2 commonly
used methods. First, we generated a funnel plot to show
the effect size plotted against standard error (Egger et al.
1997). A symmetrical funnel shape of the scatterplot
around the mean effect size indicates the results of the
meta-analysis are robust to publication bias. Next, we cal-
culated the fail-safe number (FSN) for significant effect
with the Rosenthal approach (Rosenthal 1979). Here, if
FSN is > 5k + 10 (where & is the number of data points in
the analysis), the results of the meta-analysis are expected
to be robust to publication bias. We used OpenMEE soft-
ware to complete all meta-analyses and publication bias
tests (Wallace et al. 2017).

Results

Summary of Data Set

The 98 studies from the 84 publications were carried out
in 49 countries or regions, including China (30 cases),
Germany (12), United States (10), Brazil (6), Mexico (6),
Spain (5), Turkey (5), and others with <5 cases (Ap-
pendix S4). Although approximately 30% of the 98 cases
were from China, there was no effect of country on the
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significance of effect size of any parameter, except SWI
(Appendix S5).

After the 2000, the number of studies increased
rapidly, although there was significant interannual vari-
ability (Appendix S6). Eight kinds of molecular markers
were recorded (Appendix S6). The most commonly used
markers were nuclear simple sequence repeats (nSSR;
35.7%), followed by random amplification of polymor-
phic DNA (RAPD) (18.4%), intersimple sequence re-
peats ASSR) (15.3%), amplified fragment length polymor-
phisms (AFLP) (12.2%), and allozymes (12.2%). The use
of different molecular markers (i.e., ISSR+RAPD vs. oth-
ers) had no influence on the significance of effect size of
any parameter, except PPB (Appendix S7).

Paired t Test and Regression Analyses

Ex situ populations had significantly lower genetic diver-
sity than wild populations for 3 of the 4 measures (H,:
Z = -3.041, p = 0.002; PPB: t = -3.403, p = 0.001; SWI:
Z=-3.743, p < 0.001; but not AR: t = -0.328, p = 0.746)
(Appendix S8). The Fjs was not significantly different
between ex situ and wild populations (Fis: Z = -0.283,
p = 0.777) (Appendix S8). None of the genetic diversity
measures or Fig was significantly related to sample sizes
of either ex situ or wild populations, except that F;s was
negatively correlated with sample size of wild popula-
tions (Appendix S9).

Among-ex-situ Fg; was not significantly different from
among-wild Fgr (t = 0.937, p = 0.356), but ex-situ-wild
Fgr was significantly higher than among-wild Fgr (t =
-3.565, p = 0.001) (Appendix S8).

Meta-analyses

Both standard and phylogenetic meta-analyses revealed
that the overall effect sizes of H,, PPB, and SWI, but not
AR and Fjg, were significantly negative, whereas the ef-
fect size of ex-situ-wild Fgy, but not that of among-ex-situ
Fgr, was significantly positive (Fig. 1).

Subgroup meta-analyses revealed that the effect sizes
of AR and F;s were not significant under any kind of
species characteristics (Appendix S10). We observed sig-
nificant lower genetic representativeness for both H, and
SWI regardless of life form, threat status, or economic
value of the study species (Fig. 2). The PPB showed simi-
lar results, with the exception that the effect size of PPB
was not significant for plants with economic value but
was significantly negative for plants with no information
on economic value (Fig. 2). For H,, PPB, and SWI, the ef-
fect sizes of outcrossing plant species were significantly
negative, whereas the effect sizes of plants with a mixed
or selfing mating system were nonsignificant (Fig. 2).

The effect size of among-ex-situ Fgy was not sig-
nificant for any species characteristic (Appendix S10).
However, the effect size of ex-situ-wild Fgr was
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Figure 1. Effect sizes (Hedge'’s d) and 95% Cls of
genetic parameters based on both standard
meta-analysis (SMA) and phylogenetic meta-analysis
(PMA) (parentheses, number of data points for each
measure; vertical dashed lines, Hedge’s d = 0; filled
dots, significant effect size; AR, allelic richness; Fys,
inbreeding coefficient; H., expected beterozygosity;
PPB, percentage of polymorphic bands; SWI,
Shannon-Wiener index; among-ex-situ Fgr, genetic
differentiation among ex situ populations; and
ex-situ-wild Fsy, genetic differentiation between ex situ
and wild populations). A mean effect size is
significantly different from O when its 95% CI does not
include 0. A negative mean effect size indicates ex situ
populations bad lower genetic diversity or Fig than
wild populations. A positive mean effect size suggests
that among-ex-situ Fgr or ex-situ-wild Fsy was bigher
than among-wild Fgr.

significantly positive regardless of economic value, but
not significant for both woody plants and herbs (Fig. 2).
The effect size of ex-situ-wild Fgr for outcrossing plants
was significantly positive, but not significant for plants
with mixed mating systems (Fig. 2). The effect size of ex-
situ-wild Fg; for nonthreatened plants was significantly
positive, but not significant for threatened plants (Fig. 2).

Subgroup meta-analyses revealed that the effect sizes
of AR and Fjs were not significant under any sampling
strategy or type of ex situ conservation (Appendix S11).
The effect sizes of H, and SWI were significantly nega-
tive whether the collection size for ex situ conservation
was >30 or <30 (Fig. 3). The effect size of PPB was not
significant when the collection size was >30, but it was
significantly negative when the collection size was <30
(Fig. 3). The effect sizes of H, and PPB were not signif-
icant when the collection size was >50, but the effect
sizes of H,, PPB, and SWI were all significantly negative
when the collection size was <50 (Fig. 3). The effect
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sizes of H,, PPB, and SWI were all significantly negative
for ex situ collections obtained from only part of target
species’ natural distribution ranges, whereas none were
significant when ex situ collections covered the entirety
of their ranges (Fig. 3). The effect sizes of H,, PPB, and
SWI were all significantly negative if a mixed collection
strategy was not adopted, whereas none were significant
when collections from different sources were mixed for
ex situ conservation (Fig. 3). The effect size of H, for
both planting and seed bank was significantly negative
(Fig. 3).

The effect size of among-ex-situ Fg; was not significant
under any sampling strategy or type of ex situ conser-
vation, although it was significantly positive when the
collection size was >30 for ex situ conservation (Ap-
pendix S11). The effect size of ex-situ-wild Fg; was sig-
nificantly positive when the collection size was <30 or
50, whereas it was not significant when the collection
size was >30 (Fig. 3). The effect size of ex-situ-wild Fgr
was significantly positive when the ex situ collections
obtained from only part of target species’ natural distri-
bution ranges, whereas it was not significant when col-
lections covered the entire ranges (Fig. 3). The effect size
of ex-situ-wild Fgr was significantly positive if a mixture
strategy was not adopted, whereas it was not significant
when collections from different sources were mixed for
ex situ conservation (Fig. 3).

The effect sizes of H, and ex-situ-wild Fg; were nega-
tively (r = -0.375, p = 0.006) and positively (r = 0.660,
P = 0.007) correlated with duration of ex situ conserva-
tion, respectively (Fig. 4).

For all 3 kinds of meta-analysis, examination of the fun-
nel plots for each genetic parameter revealed a generally
symmetric funnel shape (Appendix S12; Appendix S13).
Likewise, FSN suggested that the results for H,, PPB,
SWI, and ex-situ-wild Fgr were all robust to publication
bias. However, the results of both standard and subgroup
meta-analyses for ex-situ-wild Fgr (FSN < 5k +10) should
be interpreted with caution (Appendix S3).

Discussion

It is widely recognized that ex situ conservation plays
an important role in protecting wild plant species and
species diversity (Mounce et al. 2017). However, our
findings demonstrate that genetic diversity, the other
level of biodiversity, in ex situ plant populations is signif-
icantly lower than in their wild source populations, and
genetic divergence between ex situ and wild populations
was higher than that among wild populations (Fig. 1).

Lower Genetic Diversity in Ex Situ Populations

Our results showed that H,, PPB, and SWI, but not AR,
were significantly lower in ex situ populations compared
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Figure 2. Effects of species characteristics on effect sizes (Hedge's ) of genetic parameters ((a) He, (b), PPB,

(©) SWI, (d) ex-situ-wild FST) based on subgroup meta-analyses (parentheses, number of data points for each
measure; vertical dashed lines, Hedge’s d = 0, filled dots, significant effect size; H., expected beterozygosity; PPB,
percentage of polymorphic bands; SWI, Shannon-Wiener index; ex-situ-wild Fsr, genetic differentiation between ex
situ and wild populations; ND, no data;, and NT, not threatened). A mean effect size is significantly different from O
when the 95% CI does not include 0. A negative mean effect size indicates that ex situ populations bave lower
genetic diversity than wild populations. A positive mean effect size suggests that ex-situ-wild Fgsy is bigher than

among-wild Fgr.

with wild populations, regardless of a species’ economic
value, threat status, or life form. This reflects the preva-
lence of low genetic representativeness in ex situ plant
conservation practices. However, in contrast to our ex-
pectation, AR, which is more likely to change in small
and isolated populations than H, (Nei et al. 1975), was
not significantly different between ex situ and wild pop-
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ulations. This may be because AR was always rarefied to
the smallest sample size used in each individual study,
and the similar and relatively small sample sizes used to
estimate AR for both ex situ and wild populations re-
sulted in comparable values.

We found evidence for 2 primary explanations of the
lower genetic diversity in ex situ plant populations. First,
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ex-situ-wild Fgr is bigher than among-wild Fgr.

ex situ plant populations did not capture enough ge-
netic variation from the wild populations at the begin-
ning of the ex situ conservation practice due to poor
sampling strategies. We found evidence that ex situ
populations had low genetic representativeness for some
genetic parameters when the collection size was <30 or
50, but high genetic representativeness when the collec-
tion size was >30 or 50 (Fig. 3). As compared with col-
lecting only from part of the natural distribution ranges
of target species, collections from the entire distribu-
tion ranges can also increase the genetic representative-
ness (Fig. 3). In contrast to not mixing collections from

different sources, mixtures of collections showed similar
genetic diversity in ex situ and wild populations (Fig. 3).
For example, mixing collections from multiple wild pop-
ulations for ex situ conservation can make genetic diver-
sity of the ex situ populations comparable to or even
higher than wild populations (Li et al. 2005; Yuan et al.
2010; Christe et al. 2014; Labonte et al. 2017). Our find-
ings reflect that there are effective approaches (i.e., with
collection size >30 or 50, collecting from the entire nat-
ural distribution ranges, and mixing collections from dif-
ferent sources) that can increase genetic representative-
ness, but they have not yet been widely adopted. We
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emphasize the importance of thorough sampling strate-
gies for high levels of genetic representativeness in future
studies.

Second, ex situ plant populations lost genetic di-
versity during ex situ conservation. The direct evi-
dence for this is that the effect size of H, decreased
significantly as the duration of ex situ conservation in-
creased (Fig. 4a). Empirical studies show that genetic
diversity of rare or endangered plant species decreases
as cultivation time in botanic gardens increases (Enf3lin
et al. 2011; Lauterbach et al. 2012). The negative effect
of artificial selection on genetic diversity in ex situ pop-
ulations, especially for economic plants, is also prone
to increase as cultivation time increases (Doebley et al.
2006). Furthermore, we found that outcrossing species,
but not plants with mixed or selfing mating system, had
lower genetic diversity in ex situ populations than in wild
populations. Given that our findings echo the results of
studies of wild isolated and small populations under in-
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tensifying human disturbance (Aguilar et al. 2008; 2019),
we stress that both wild and ex situ populations with
small population sizes and increased spatial isolation are
threatened by negative genetic consequences, such as
genetic erosion, which is challenging the maintenance
of genetic variation in wild plant species.

Higher Genetic Differentiation between Ex Situ and Wild
Populations

We found that among-ex-situ Fgr was not significantly dif-
ferent from among-wild Fgr. This supports the assump-
tion that it is better if among-ex-situ Fg; is comparable
to among-wild Fgr because biased genetic composition
of ex situ populations is thought to jeopardize the effec-
tiveness of ex situ conservation (Li et al. 2005). However,
this is only meaningful if the numbers and geographic
distributions of ex situ populations are similar to these
of the wild populations. That is because both genetic
composition and geographic connectivity, 2 important
factors determining genetic differentiation between pop-
ulations, are mainly determined by sampling strategies
for ex situ populations but are naturally formed for wild
populations (Li et al. 2005). However, we cannot verify
whether the ex situ and wild populations of the studies
we obtained the 30 data points of among-ex-situ Fg; had
similar distributions.

We also found that ex-situ-wild Fgr was significantly
higher than among-wild Fg;. This means that gene flow
between ex situ and wild population was greatly re-
duced. Similar to genetic diversity, the higher ex-situ-wild
Fgr could also be caused at the beginning of ex situ con-
servation by incomplete sampling and during the cultiva-
tion of the transplanted individuals. Incomplete sampling
strategies, such as with collection size <30 or 50, col-
lecting only from part of the natural distribution ranges,
and no mixture of collections from different sources,
strengthened ex-situ-wild Fgy and vice-versa (Fig. 3). Be-
cause of the small population sizes, increased spatial
isolation, and artificial selection caused by incomplete
sampling strategies, high levels of ex-situ-wild Fs;r have
been reported in several empirical studies, even between
ex situ populations and the wild populations where they
were collected (Lauterbach et al. 2012; Miao et al. 2015;
Miiller et al. 2017). Furthermore, the effect size of ex-situ-
wild Fgr significantly increased as the duration of ex situ
conservation increased (Fig. 4b), indicating that cultiva-
tion time is also a critical factor to determine the level of
ex-situ-wild Fgr. Additionally, high level of ex-situ-wild Fgr
can also be ascribed to the lack of effective pollinators in
ex situ collections (Xiao et al. 2019).

Comparable Inbreeding Coefficient in Ex Situ and Wild
Populations

Our meta-analysis results showed that F;¢ was not signif-
icantly different between ex situ and wild populations
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for any of the species characteristic, sampling strategy,
or type of ex situ conservation. Two potential scenarios
are likely to account for this finding. First, if a species has
only a few wild populations with a small number of indi-
viduals, one may expect to see similar levels of inbreed-
ing in both ex situ and wild populations. Second, if the
cultivation time of ex situ conservation for a long-lived
species is shorter than its life history, one can only detect
Fig of the transplanted individuals because an increase in
inbreeding coefficient can only be detected after at least
one generation. Theoretically, the time elapsed since the
beginning of transplantation is an important factor in de-
termining the expression and magnitude of inbreeding
depression in ex situ populations (Aguilar et al. 2008;
Fernandez & Gonzalez-Martinez 2009). In small popula-
tions, as is the norm for most ex situ populations, Fjs
could increase immediately in the next generation of the
transplanted individuals (Aguilar et al. 2008). For long-
lived species, however, most studies were conducted on
transplanted individuals with a relatively short period at
€x situ sites.

Caveats

We recorded 8 kinds of molecular markers, including
ISSR and RAPD, which have been criticized as unreli-
able and irreproducible. However, the use of different
molecular markers did not affect the significance of ef-
fect sizes, except that the effect size of PPB was signifi-
cantly negative for studies in which ISSR or RAPD were
used, but not for those in which other molecular markers
were used (Appendix S7). This is probably because, for
PPB, the percentage of studies with a collection size >30
within the studies in which ISSR or RAPD was used was
lower than that within the studies that used other kinds
of molecular markers (ISSR or RAPD: 5 of 32; others: 11
of 25).

There was bias in the geographic distribution of the
case studies we used (Appendix S4). More than 30%
(30/98) of the cases were done partly or completely in
China. However, this bias did not significantly influence
the significance of effect sizes except that the effect size
of SWI was significantly negative for studies from China
but not those from all the other countries and regions
(Appendix S5). This is probably because, for SWI, the
percentage of studies for which samples were collected
from only parts of the target species’ natural distribution
ranges was higher in China than that in the rest of the
world (China: 14 of 20; not China: 5 of 11).

In most cases, there was a period between collect-
ing materials (seeds or seedlings) for ex situ conserva-
tion and sampling for comparison of genetic variation
between wild and ex situ populations. During this pe-
riod, the wild populations may be changed through
ecological and evolutionary processes in a shifting en-
vironment (Aguilar et al. 2008; Moritz & Agudo 2013).
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However, up to now, almost all the cases studies ne-
glected this factor. For wild plant species with extremely
small populations, transplanting individuals from wild
populations to ex situ populations can reduce the pop-
ulation size and genetic diversity of wild populations
(Furlan et al. 2020). This can lead to an overestimate of
the genetic representativeness of ex situ populations.

There was a large difference in the number of studies
focusing on the genetic representativeness of planting
collections and seed banks (Fig. 3). We had only enough
data points (>3) to analyze H, when we used planting
(87) and seed bank (7) as categories, and both types
of ex situ conservation did not capture enough genetic
variation from the wild populations (Fig. 3). We empha-
size the need to increase the genetic representativeness
of both types of ex situ plant conservation. The limited
number of studies available for seed banks highlights the
need for more investigations of the genetic representa-
tiveness of this important approach to ex situ plant con-
servation in the future (Schoen & Brown 2001; Gargiulo
et al. 2019).

Recommendations

Because studies comparing genetic variation between ex
situ and wild populations have steadily increased over
the past 2 decades, genetic representativeness of ex situ
populations can now be assessed for a wide range of
plant species worldwide. In general, genetic diversity of
ex situ populations is lower than that of wild source
populations and ex-situ-wild Fg; is higher than among-
wild Fgr. To prevent low genetic representativeness, we
recommend the following. First, a thorough sampling de-
sign based on integrating information about spatial dis-
tribution range, genetic diversity, and genetic structure,
as well as life-history traits of target plant species, should
be employed. Ideally, collections should occur across the
entire distribution range of the target species (Hoban &
Schlarbaum 2014; Hoban & Strand 2015; Kashimshetty
et al. 2017; LaBonte et al. 2017; Hoban et al. 2018;
Hoban 2019). Our results also showed that the collec-
tion size should be >30 or 50, and this is largely consis-
tent with previous studies (Hoban & Schlarbaum 2014;
Hoban et al. 2018, 2020). At each ex situ site, mixing
collections from different sources within the nearby re-
gion is also an effective approach to increase genetic
variation. Given the limited resources of most botanical
gardens and arboreta, it is challenging to achieve all of
these, but as many as possible need to be done to in-
crease genetic representativeness.

Second, it is necessary to assess levels of genetic di-
versity and genetic composition of the ex situ popula-
tions that already exist but have not yet been assessed
and to add new individuals to the collections when nec-
essary (Kashimshetty et al. 2017; Wilson et al. 2017).
Third, genetic variation, inbreeding, and functional trait
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composition of different cohorts should be simultane-
ously compared between ex situ and wild populations
to reveal the potential genetic erosion and fitness de-
cline in both the transplanted individuals and their
progenies. That is because, in contrast to the huge
number of studies focusing on genetic representative-
ness, only a few studies have assessed changes in per-
formance of ex situ populations (i.e., plant size, leaf
traits, flower traits, fertility, seed mass, seed germi-
nation, etc.), which may be caused by genetic ero-
sion, artificial habitats, or both (Williams 2001; Enflin
et al. 2011; Li et al. 2012; Ensslin et al. 2015, 2018;
Rauschkolb et al. 2019). To do so, conservation ge-
nomic tools (such as genomic sequencing and genotype-
trait association) should be used in future studies
(Benestan et al. 2016); these methods more powerfully
associate selective genetic variation with fitness than
the neutral molecular markers that are commonly used
(Appendix S6).
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