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Collecting and conserving genetic diversity from plant populations for ex situ collections is a major objective of
seed banks and botanic gardens. However, current guidelines for collecting germplasm to preserve plant species
ex situ might not adequately capture the genetic diversity present in real plant population systems. Here, we

(S:i‘ri:ebrizlt(ion lannin tested a previously unexplored challenge for sampling practices: when populations of a rare plant species vary in
Simulation P 9 size. We hypothesized that sampling proportional to the population size would capture more genetic diversity
Molecular ecology than sampling an equal number of individuals from every population. Using simulations of a hypothetical rare
Demography species, we tested equal and proportional strategies and calculated how many alleles were captured by either

strategy. The effects of migration rate, recent bottlenecks, and sampling intensity on genetic diversity capture

were also examined. We found that when population sizes differ (e.g., one population 3 times the size of median
population size), proportional sampling captures more genetic diversity under constant size populations. The
relatively modest improvement (1-5% more allelic diversity for most cases) was observed across all parameters

of migration and intensity tested—except when there were recent bottlenecks. We also created simulations
tailored to three IUCN Red List threatened oaks (Quercus oglethorpensis, Q. engelmanii, and Q. acerifolia) and found

similar results for these detailed case studies as for our generic simulations. We conclude that sampling pro-
portional to population size may often be a useful sampling strategy to create genetically diverse ex situ plant
populations, ultimately resulting in more efficient use of resources.

1. Introduction

Determining an appropriate sampling strategy has been a topic of
great interest and importance in population genetics, evolutionary
biology, and conservation science (Nei et al., 1975; Hamilton, 1994;
Braasch et al., 2021). An inappropriate sampling strategy can lead to
false signals of adaptation (Selmoni et al., 2020), incorrect inference of
admixture (Toyama et al., 2020), and misidentification of distinct stocks
and gene flow (Ostergren et al., 2020), among other problems that affect
conservation decisions (Meirmans, 2015). In recent years, increasing
attention has been given to sampling strategies for establishing or sup-
plementing ex situ conservation populations (Kashimshetty et al., 2017;
Bragg et al., 2019; Hoban et al., 2020), complementing many years of
work on managing ex situ populations, e.g., captive breeding (Ralls and
Ballou, 1986; Lacy, 1987). The pace of anthropogenic change and cor-
responding losses of habitat and populations (Ceballos et al., 2017),
combined with highly limited conservation resources, means that opti-
mizing sampling strategies for ex situ conservation is an urgent and
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valuable research agenda (Cavender et al., 2015). This knowledge is of
particular value to the approximately 3000 botanic gardens and arbo-
reta worldwide who play a key role in conserving and sustainably using
plant biodiversity, including genetic diversity (Oldfield, 2009; Mounce

et al., 2017).

Botanic gardens hold germplasm (e.g., seed and tissue banks) and
living collections (e.g., individuals and populations of whole living
plants) that are irreplaceable resources for scientific research, educa-
tion, and conservation. In addition to safeguarding plants ex situ and
thus forestalling extinction, these collections contribute to action such as
producing material for restoration, and educating and inspiring the
public (Fant et al., 2016; Smith, 2018). Indeed, because botanic gardens
conserve 30% of all plant species diversity, and 41% of threatened plant
taxa (Mounce et al., 2017), and hold unique horticultural and taxonomic
knowledge, botanic gardens may be the foremost mechanism for pre-
venting plant extinctions (Westwood et al., 2021). Botanic gardens also
seek to help meet international commitments and treaties such as the
Global Strategy for Plant Conservation (GSPC), Sustainable
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Development Goals, and Convention on Biological Diversity, which all
have targets for ex situ conservation. However, Cavender et al. (2015)
stated that the U.S. was less than halfway toward achieving GSPC Target
8 (75% of plant species conserved ex situ) in 2015, while Hoban et al.
(2020) showed that some of even the most well-protected rare plants do
not achieve GSPC Target 9 (70% of species' genetic diversity is
conserved ex situ, https://www.cbd.int/gspc/targets.shtml). The qual-

ity and diversity of collections varies immensely among species (Beck-
man et al., 2019). This further emphasizes the importance of effective,
efficient sampling to fully conserve plant species and their genetic
diversity.

The ultimate goal of ex situ conservation is often reintroduction or
supplementation of wild populations. Long-term persistence and adap-
tation of wild and restored populations, especially during rapid climate
and environmental change, will require high genetic diversity. High
genetic diversity allows recovery of populations after extreme events,
and persistence in the face of new pests and disease (Reusch et al., 2005;
Reynolds et al., 2012; Morikawa and Palumbi, 2019). Genetic diversity
is correlated to fitness, and alleviates inbreeding depression (Spielman
et al., 2004; Griffith et al., 2014). Recent work also shows that genetic
diversity is important to the services provided to society, e.g., “nature's
contribution to people (NCP)” (Stange et al., 2020) and to both the
stability of ecosystems and community structure (Raffard et al., 2017).
Genetic diversity is even needed to maintain botanic garden populations
over multiple generations; genetic collapse can occur in garden pop-
ulations as well as wild ones (Fant et al., 2016; Westwood et al., 2021).
Aside from conservation purposes, genetic diversity in botanic gardens
also helps showcase to the public the remarkable trait diversity within
species and provides breeders and researchers with diverse material to
work with. Collections must therefore represent a sufficient amount of
genetic diversity (Guerrant et al., 2004), typically understood as
capturing 95% of the alleles present in wild populations (Brown and
Marshall, 1995), although other thresholds have been proposed (Law-
rence, 2002; reviewed in Lockwood et al., 2007).

Ex situ collections are often established from seed or cuttings from
the wild. Therefore, genetic diversity ex situ is almost always a reduced
subset of that in situ; the amount conserved is strongly determined by
sampling size and strategy (Guerrant et al., 2004). The first generalized
‘rule of thumb’ for sampling a minimum number of plants to capture
genetic diversity recommended sampling about 50 individuals per
population, based on early analytical models (Marshall and Brown,
1975) showing that 30 to 60 random samples should capture 95% of
alleles greater than 0.05 frequency (note they aimed to capture only
common alleles). This is similar to recommendations in population ge-
netics for sampling a majority of alleles and for estimating genetic dif-
ferentiation (Sjogren and Wyoni, 1994; Hale et al., 2012). Numerous
guidance documents in forestry, agriculture and conservation have been
based on this minimum number for several decades (see Table 1 in
Hoban and Strand, 2015). However, empirical studies of collections
have started to reveal that many current living collections under-
represent the genetic diversity of wild populations, with recent
research showing that few species' collections conserve 95% of diversity
even while holding more than 50 samples, likely due to over-
representing maternal lines in sampling (Hoban et al., 2020). This sug-
gests that sample strategies still need improvement.

Recent research is building on and improving the aforementioned
generic minimum sampling guidance. Several studies have shown it is
possible to create genetically representative collections by tailoring
sampling to species biology and geographic distribution. Hoban and
Strand (2015) found that a more genetically diverse sample can be ob-
tained when sample strategies account for species biological traits (such
as dispersal distance and life span), history, and other factors (2015).
Hoban (2019) and Hoban and Schlarbaum (2014), using simulations,
determined that population structure and migration rates between
populations also strongly impact the minimum sampling needed.
Interestingly, parallel work in landscape genomics has shown that
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sampling should be tailored to species' dispersal, with more samples
needed in widely dispersing species (Selmoni et al., 2020). Meanwhile,
Griffith et al. (2017), using an empirical study in cycads, showed that
sampling across multiple years may be needed for infrequently flower-
ing species. These studies have provided important guidance, especially
by demonstrating that minimum sampling for most species will exceed
50 samples (often 100 or more are needed, especially when samples do
not come from individual genets), and yet there remain notable
knowledge gaps in sampling design due to the small number of empirical
studies and relatively simple simulations used.

Here, we addressed a major knowledge gap for seed collectors to
create and maintain genetically rich and representative collections of
plants. We focused on allocating sampling effort-how much to sample
under different conditions—when in situ population sizes differ. Prior
simulation work on this topic has always assumed equal population sizes
and equal sampling in populations across a species distribution (Hoban
and Schlarbaum, 2014; Hoban, 2019), a strong simplification of reality.
In fact, simulations in population and conservation genetics often as-
sume equal population sizes (e.g., number of individuals on each side of
a barrier in Landguth et al., 2010; bottleneck population in Chikhi et al.,
2010; carrying capacity in Lotterhos and Whitlock, 2014). However,
many species have populations that vary greatly in size, such as a few
dozen individuals in one population to a few hundred or thousand in
another population. Examples of such plants in the United States include
Erigeron maguirei, Penstemon penlandii, Astragalus osterhoutii, Quercus
boyntonii, and Quercus oglethorpensis (U.S. Fish and Wildlife Service,
1992; U.S. Fish and Wildlife Service, 1995; Kenny et al., 2016; Beckman,
2017a, b). Since conservation organizations are strongly limited in funds
for field collection, proper allocation of effort to collect maximum
genetically diverse collections may help optimize use of limited funds.

This study focused on determining the strategy to implement when
population sizes vary significantly for a rare species. We tested whether
a proportional sampling strategy (sample more in big populations, less in
small ones) captures more genetic diversity than sampling an equal
amount from every population. We predicted that proportional sampling
can be more efficient because large populations tend to hold more ge-
netic diversity (Kimura and Crow, 1964; Lira-Noriega and Manthley,
2013). A proportional strategy may reach these additional alleles
because it samples more individuals from larger populations and fewer
individuals from smaller populations. While this proposal is intuitive,
this may not be the case; alternatively, a proportional strategy may
perform worse, because small populations may hold unique alleles
(private to one population) and insufficient attention to these pop-
ulations may miss them (Lesica and Allendorf, 1995). The relationship
between population size, allelic diversity, and the appropriate sampling
strategy may also depend on historical population size changes, or
bottlenecks (Hoban et al., 2013; Hoban et al., 2014). Many rare species
have had recent population reductions which could also affect diversity
levels and therefore capture of diversity (Miller et al., 2019; Walker
et al., 2020).

Testing these hypotheses requires simulations, a useful tool in ecol-
ogy, evolutionary biology, conservation, epidemiology and other fields
(Balkenhol and Landguth, 2011; Hoban et al., 2012; Hoban, 2014).
Simulations are useful for quantifying and uncovering ecological pro-
cesses that would be difficult or impossible to do empirically (Peck,
2004; Hoban, 2014). Because simulations replicate a rules-based rep-
resentation of the world and can be run via many repetitions to see
different results, they can be useful in predicting outcomes or responses
in a quantifiable manner (Peck, 2004; Lotterhos et al., 2018). We first
used a set of simulations representing a ‘model’ species, in a fully crossed
experimental design where we modify parameters representing biolog-
ical traits applicable to real taxa (Hoban and Schlarbaum, 2014). We
focused primarily on the degree of population size variance, but also
modified migration rate, sampling intensity, and historical population
size. We then simulated more realistic scenarios for three case study
species—Quercus acerifolia, Quercus oglethorpensis, and Quercus
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engelmannii-in which parameters match closely the geographic distri-
bution and abundance of the species. They also differ in overall abun-
dance- one of these species has a much larger total census size while the
other two are rare. We chose these species because they are all IUCN Red
List Threatened, they have observational data on variation in sizes of
populations, and Quercus (oaks) all have recalcitrant seed which means
they must be maintained ex situ as living individuals, not seeds. The use
of case studies to complement a robust simulation study is an important
aspect of testing simulation results (Heller et al., 2013; Hoban and
Strand, 2015; Ostergren et al., 2020).

In summary, we tested two sampling strategies: sampling propor-
tional to the population size and sampling equally from every popula-
tion. We hypothesized that:

1) When a species' population sizes vary strongly, a proportional
strategy captures more genetic diversity than an equal strategy.

2) The relative advantage of a proportional strategy will decrease as
population sizes become similar.

3) The effect will be stronger when migration rates are lower and
sampling intensity lower.

2. Methods

2.1. Overview

Simulations were used to assess the genetic diversity captured by
different sampling strategies on populations of varying sizes. The pro-
cedure has four steps which apply both to our generic simulations and
our case studies: 1) We created parameter files to represent a hypo-
thetical rare species for our first set of simulations, a similar approach as
in prior work (Hoban and Schlarbaum, 2014; Hoban and Strand, 2015;
Hoban, 2019). 2) Parameter files were then used by the simulation
software to create outputs of realistic genotypes from the parameters
given, representing the entire population system. 3) We sampled from
the simulated output, representing sampling seed in the wild, using two
strategies: equally across all populations, and proportional to the pop-
ulation size. 4) We analyzed the samples and the entire simulated pop-
ulation to calculate the proportion of the total alleles captured by each
strategy. The proportion of alleles captured describes the genetic con-
servation success of the strategy.

2.2. Generic simulations with fully crossed design and sampling from
simulation outputs

We ran backwards-in-time simulations in the software Simcoal 2
(Version 2.1.2, Laval and Excoffier, 2004) to simulate genetic datasets
based on 5 unequal populations. Simcoal 2 uses the coalescent theory to
model genealogies-the history of a sample of genes from the current
population (Excoffier, 2003). It has been used in simulating genetic di-
versity in hundreds of population and conservation genetic studies
including many studies of rare species (e.g., Rodriguez et al., 2011;
Lozier, 2013). We defined a ‘scenario’ as simulations in which popula-
tion size differs. Each scenario consisted of 5 populations summing to
1500 individuals; however, each scenario had varying population
sizes—from extremely different population sizes, to moderately different
population sizes, to equal population sizes. Scenarios 1-8 had varied
population sizes with the general pattern of one small population, three
medium-sized populations, and one large population. Scenario 9 had
equal population sizes. Table 1 shows the population sizes of each sce-
nario, and Fig. 1 shows a visual representation of some of the scenarios
used.

Parameters represent values of the species' traits; we focused pri-
marily on varying population sizes but varied some other parameters. In
the first set of simulations, the following parameters were held constant
across all scenarios and categories: 0 growth rate and a historical event
10,000 generations in the past where all populations merged to allow
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Table 1
Population sizes for each scenario.
Scenario Population 1 Populations 2, 3, and 4 Population 5

1 30 100 1170
2 40 150 1010
3 50 200 850
4 100 200 800
5 150 200 750
6 200 250 550
7 200 300 400
8 290 300 310
9 300 300 300

coalescence. Then, two types of bottleneck simulations were imple-
mented: in bottleneck type 1, deme size was reduced by 10 X in each
population (each population was formerly ten times its current size). In
bottleneck type 2, all historical populations were initially the same size
(3000 individuals) and then constricted to yield the current unequal
population sizes due to differing degrees of constriction (i.e., present day
scenario 1 with 30, 100, 100, 100, 1170, and scenario 9 with 300, 300,
300, 300, 300). In all bottleneck simulations, the total historical species
size was 15,000 individuals. Bottleneck events occurred 5 generations in
the past and were instantaneous. A visual representation of each type of
bottleneck is shown in Fig. 2. We also defined the type of genetic marker
used in the parameter files—20 independently assorting (unlinked) mi-
crosatellite loci with mutation rates of 0.0005 applied to all markers, to
allow comparability to previous work and because microsatellite
markers are still the most common marker used in rare plants. Addi-
tionally, for all scenarios 1-9 we simulated both low migration (0.001)
and high migration (0.01) which can represent species with a narrow
range that is animal dispersed vs. wind dispersed (Nybom, 2004), with
equal migration among all populations. Genetic differentiation,
measured by Nei's Fst, was used to assess whether the scenarios resulted
in realistic levels of genetic structure. In cases with low migration rates
and high Fst, populations should be more genetically differentiated and
more locally rare alleles may be present (Slatkin, 1985). Nei's Fst was
calculated using the function pairwise.neifst() in the R package hierfstat
(version 0.5-7), which estimates pairwise Fst by dividing the amount of
gene diversity among populations by the total gene diversity (Goudet,
1995).

For each scenario, migration rate, and bottleneck type, we ran 100
replicates of the simulation to incorporate stochasticity of the outcome
of the simulation. The output files of the simulation contain the geno-
types of individuals of the population in Arlequin format. Arlequin files
were converted to Genepop files, and Genepop files were converted to
genind objects using the R package Adegenet (Jombart et al., 2020).

To ‘simulate’ sampling from the populations, we created R scripts to
randomly select a number of individuals (according to the pro-
portion—high or low %) from each population (custom written R scripts
are available with comments and a readme file at (https:/github.
com/kayleejorose/Morton-REU). For example, based on Scenario 1 in
Table 2, the code randomly selects 3, 10, 10,10, and 117 individuals
from their respective populations for the proportional strategy. Note
that this simulates selection of an individual to be placed in the ex situ
collection, representing a grafted cutting or a single outcrossing seed.
Caveats to this simulated sampling are presented in Section 4.4 of the
Discussion.

We tested both strategies, equal and proportional, on every simula-
tion replicate across each of the 9 scenarios, for both high and low
migration, and for both bottleneck types. Additionally, we tested two
sampling intensities, high and low, on each replicate of each scenario.
Two sampling intensities were tested to represent the effort invested for
a certain amount of genetic diversity captured. For high intensity sam-
pling, we sampled 10% of every population, or 30 individuals per
population when sampling equally. For low intensity sampling, we
sampled 5% of every population, or 15 individuals per population when
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fig. 1. a) Representation of three of the nine scenarios. Scenarios range from extremely varied population sizes to equal population sizes. b) An example of the
sampling strategies used, showing high intensity sampling. For the proportional strategy, we sampled a percentage of the population size (10% for high intensity, 5%
for low). For the equal strategy, an equal number of individuals were sampled from each population (30 for high intensity, 15 for low). These numbers were chosen
such that between the two strategies, the same total sample size would be obtained (150 individuals for high intensity, 75 for low).

sampling equally. If the proportion resulted in a decimal value (only in a
few cases), we rounded up to the next whole individual. The total sample
size for each strategy is equal (150 individuals for high intensity, 75
individuals for low intensity). Fig. 1b shows an example of high intensity
sampling on the populations of scenario 1. In summary, we simulated
nine scenarios of populations with constant size, each with high and low
migration, and each sampled at low and high intensity, with each tested
via proportional and equal sampling, resulting in 18 parameter files
sampled four ways. We followed the same procedure for simulating nine
scenarios for each of two types of historical bottlenecks, resulting in
another 36 parameter files sampled four ways.

2.3. Statistical analysis

Using data from the generic, non-bottleneck simulations, we con-
structed a generalized linear model (GLM) to evaluate: which sampling
strategy captures more genetic diversity; identify for which scenarios the
strategies are significantly different; and to determine whether migra-
tion rate and sampling intensity impacted those results. The response
variable is the number of alleles captured (i.e., number of successes) and
the number of alleles not captured (number of failures), which is
modeled using the binomial distribution with a logit link function.
Scenario (1-9), migration rate (low, high), sampling intensity (low,
high), and sampling strategy (equal, proportional) were included as
categorical predictors and main effects in the GLM. Additionally, we
included interactions among the model predictors to determine how
these variables affect one another. For example, we included an inter-
action between scenario and sampling strategy to determine how vari-
ation among population sizes influences whether proportional sampling
performs better than equal sampling (one of our research hypotheses).
We included interactions for: scenario and strategy; scenario and
migration rate; and a four-way interaction between scenario, migration
rate, sampling strategy, and sampling intensity (shown in Supplemental

Eq. (S1)). We performed pairwise contrasts on the GLM output to answer
questions about interactive effects. The GLM was run using the gim
function in base R, and pairwise contrasts were evaluated using the
Ismeans package (Lenth, 2016; R Core Team, 2021).

Using the simulations with historical bottlenecks, we constructed a
GLM like the one described for the non-bottleneck simulations, with one
difference. We included bottleneck type (1 or 2) as a categorical vari-
able, which acted as both a main effect and an interactive effect (a 4-way
interaction between scenario, strategy, migration rate, and bottleneck
type).

To visualize which sampling strategy captured more genetic di-
versity, we calculated and plotted the proportion of the total alleles
captured in the sample by each strategy for any given scenario (across all
simulation replicates). This proportion represents the genetic conser-
vation success-a higher proportion represents more genetic diversity
conserved in the sample. The assumption that the number of alleles
should be the primary focus of ex situ collections will be visited in the
Discussion. We also calculated the total number of alleles in each sce-
nario and identified their frequency in their populations to determine
how each sampling strategy captured 'rare' alleles compared to more
common alleles.

2.4. Case studies: Q. acerifolia, Q. oglethorpensis, and Q. engelmannii
equal and proportional sampling simulations and analyses

We chose three oak species for our case studies: Quercus acerifolia,

Quercus oglethorpensis, and Quercus engelmannii. These three oak species

are rare (to varying degrees) and have unequal population sizes.
Detailed information about each species' population sizes was obtained
from the IUCN Red List (htips://www.iucnredlist.org/, accessed 21
September 2020). Quercus acerifolia has about 600 known individuals
total across its distribution. There are 4 populations with sizes 288, 147,
52, and 29 individuals (Wenzell et al., 2016). These values were rounded
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Fig. 2. Visual representation of the two types of bottlenecks we used for simulation. Scenario 1 (which has unequal population sizes) is shown as an example. a) In
bottleneck type 1, all historical populations experienced bottlenecks which constricted population sizes 10  x. This represents an event that impacts all populations
equally (e.g., climate change). b) In bottleneck type 2, all historical populations were the same size (3000 individuals), but populations have experienced bottlenecks
of varying degrees, leading to current unequal population sizes. This represents an event that impacts certain populations more than others (e.g., habitat destruction

in one area).

Table 2

Population sizes for each species used for simulation, and percent sampled from each population (with the total number of individuals sampled in parentheses).

Species Pop 1 Pop 2 Pop 3 Pop 4 Pop 5 High intensity sampling Low intensity sampling
Q. acerifolia 300 150 50 30 - 12% (64 individuals) 6% (32 individuals)

Q. oglethorpensis 600 200 100 50 50 10% (100 individuals) 5% (50 individuals)

Q. engelmannii 18,500 1200 200 100 - 2% (400 individuals) 1% (200 individuals)

to multiples of 10 to simplify simulations and sampling. Quercus ogle-
thorpensis has around 1000 total mature individuals (Beckman, 2017a,
b). Due to the large number of ‘sites’ described on the Red List, and

based on firsthand knowledge of the species, we aggregated these into 5
larger populations to simplify the simulation. Quercus engelmannii had
the largest total size, estimated at around 200,000 individuals
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(Beckman, 2017a, b). We simplified the simulation by using 10% of the
total size for our simulations, or 20,000 individuals total. The proportion
of individuals in each population was provided in the Red List. 93% of
the total individuals reside in one population, with 6%, 0.5%, and 0.1%
in the remaining populations (Beckman, 2017a, b). The population sizes
we used for simulations are described in Table 2.

We ran simulations for each case study species to test whether
sampling proportional to the population size captures more genetic di-
versity than sampling an equal number of individuals from each popu-
lation, using a similar framework as described in detail above. However,
different from the simulations above, we did not vary most of the
parameter values used for simulation of our case study species. Param-
eter values were approximated to fit each species-no high or low
migration scenarios were created since migration values were chosen
realistically for each case study species. The only parameter values that
were varied in these simulations were historical events. Historical
bottleneck simulations were added, as described above in Section 2.2 of
the methods. To simulate sampling, we used a similar R script to the
above simulations. Because the population sizes for each species were
very different, we sampled a different total number of individuals for
each species (e.g., not 5% and 10% as above), described in Table 2. We
couldn't exceed 2% for high intensity sampling for Q. engelmannii due to
the large difference between the largest population and the smallest
population, and because we aimed for realism in these numbers based on
realistic seed sampling for rare plants. Note that these sample numbers
are consistent with the recommendations from Hoban (2019)-a larger
number of samples (but lower percentage) for species/populations with
larger census size. For each case study species, we ran 100 replicates of
the simulation.

Similar to the methods in Section 2.2, we ran Nei's pairwise Fst on
case study populations to determine if our parameter files represented
known or realistic levels of genetic differentiation between populations
of these species. We then calculated allelic richness within the resulting
sample populations and then ran a GLM to compare the outcome of
proportional and equal sampling on these species. The GLM used the
same response variable as described for the generic simulations: number
of alleles captured (successes) and number of alleles not captured
(failures). As with the generic simulations, we modeled the response
using a binomial distribution with the logit link function. For the cate-
gorical predictor variables, we used species, sampling strategy, and in-
tensity as the main effects. We also included interactive effects: species
and sampling strategy; species and intensity; and a three-way effect of
species, strategy, and intensity. We performed pairwise contrasts on the
model results to evaluate how different combinations of sampling in-
tensity and strategy lead to differences in the number of alleles captured
for the three oak species. We visualized these results using the propor-
tion of alleles captured, representing the genetic conservation success.

For the case study simulations using historical bottlenecks, we con-
structed the same GLM as described for the non-bottleneck case study
simulations, with the addition of bottleneck type (1 or 2) as a categorical
variable. Bottleneck type serves as a main effect and a 4-way interactive
effect between strategy, intensity, species, and bottleneck type.

Table 3
Mean Nei's Fst values calculated for 100 simulation replicates for scenarios 1, 5, a
generation) rates as well as Fsts for case studies.
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3. Results

3.1. Overview

As a reminder, for the constant population size simulations, each
combination of scenario and migration rate (9 X 2 = 18 simulation
models) was sampled in four different ways (low/high intensity with
equal/proportional strategy). For historical bottleneck simulations, we
simulated each combination of scenario, migration rate, and bottleneck
type (i.e., 36 simulation models), then sampled using the four ap-
proaches. The realism of each scenario's migration rate was assessed for
genetic differentiation, as measured by Nei's pairwise Fst. In simulations
with constant population sizes, Nei's pairwise Fst ranged from 0.011 to
0.093 in high migration scenarios while in lower migration scenarios
ranged from 0.075 up to 0.405 in the most genetically distinct pop-
ulations (Table 3, Supplemental Table S1), all of which are within ex-
pected ranges of differentiation for plant species (Nybom, 2004). Nei's
pairwise Fst in bottleneck simulations ranged from 0.043-0.12 in
bottleneck type 1 and 0.041-0.279 in bottleneck type 2 (Supplemental
Tables S2, S3). In low migration combinations, more alleles total were
present (168), than in high migration combinations (161), whereas in
both bottleneck types the total number of alleles were similar (Bottle-
neck 1, high migration: 199.9; bottleneck 1, low migration: 199.88;
bottleneck 2, high migration: 199.84; bottleneck 2, low migration:
199.83).

3.2. Genetic diversity capture results for either equal or proportional
sampling strategies

Whether sampling with low intensity (5%) or high intensity (10%),
the proportional strategy captured more alleles across scenarios 1-5
(where there was a greater variance between population size). However,
when sampling with low intensity, fewer alleles were captured overall.
The high intensity sampling strategy captured >93% alleles on average,
while the low intensity sampling strategy captured about 90%. In sim-
ulations with historical bottlenecks, a higher proportion of alleles was
captured even when sampling with low intensity, as shown in Fig. 3,
panels E and F. On average> 97% of the alleles were captured for both
bottleneck simulations. Note that we have only included figures for low
migration and low sampling intensity for both bottleneck simulations.

For most combinations (compare white and blue bars), the propor-
tional sampling strategy performs significantly better when population
sizes vary (in scenarios 1-5, Supplemental Table S17). For example, for
scenario 1, low migration and low sample intensity (panel D), the pro-
portional strategy captured >90% of the alleles, while the equal strategy
captured ~86%. As the population sizes become more equal (i.e., in
scenarios 6-9), the difference of proportion of alleles captured between
strategies becomes non-significant. In addition, when migration rates
are high, less diversity is captured for all but one scenario in comparison
to low migration rates (compare panel A to panel B, and panel C to panel
D; Supplement Table S17). However, in both bottleneck simulations,
proportional or equal sampling did not have a significant effect on allelic
capture (compare panels E and F) and allelic capture was high for all

nd 9 with high migration rates (0.01 per generation) and low migration (0.001 per

Scenario Scenario 1 Scenario 5 Scenario 9 Case studies
High Low High Low High Low Quercus Quercus Quercus
migration migration migration migration migration migration acerifolia engelmannii olgethorpensis
Mean Pairwise Fst  0.051 0.250 0.019 0.126 0.015 0.098 0.309 0.113 0.239
Maximum 0.093 0.405 0.028 0.172 0.018 0.116 0.473 0.214 0.393
Pairwise Fst
Minimum 0.019 0.115 0.012 0.080 0.011 0.079 0.151 0.016 0.092
Pairwise Fst
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$ig. 3. Results for all combinations of migration rates and sampling intensity for our main simulations with constant population sizes (panels A-D). Each combination
is represented by a different panel. Panels E and F show the results for low migration and low sampling intensity for each of the bottleneck simulations. Significant

results are indicated by stars, with ** =P < 0.01, *** =P < 0.001 and ****

scenarios. Proportional sampling appears to perform better for bottle-
neck type 1 in a few scenarios and equal sampling appears to perform
better for bottleneck type 2, but these differences are not significant.
Only sampling intensity exhibited a significant effect on allelic capture
in bottleneck scenarios. We also observe an unexpected phenomenon,
that, across all combinations, a lower proportion of alleles is captured in
scenarios with unequal populations (scenario 1-5) when using either
sampling strategy. In contrast, scenarios with relatively equal

= P < 0.0001.

population sizes capture a greater proportion of alleles (scenario 6-9)
with both strategies. This trend is especially apparent in combinations
with high migration, visualized by the upward trend in proportion of
alleles captured across scenarios from left to right (see panels A and C).
In other words, both sampling strategies, equal and proportional, cap-
ture less diversity when population sizes are unequal compared to when
populations are all of relatively equal sizes.
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3.3. Case studies: Q. acerifolia, Q. oglethorpensis, and Q. engelmannii
equal and proportional sampling strategy genetic diversity capture

All case study species exhibited similar results to the generic simu-
lation. Case study Fst values ranged from low in Quercus engelmannii
with @ minimum pairwise Fst of 0.016 and maximum pairwise Fst of
0.214 to much higher in Q. acerifolia which ranged from 0.151 to 0.473
(Table 3). Overall, these values are realistic for many species depending
on life history traits and fragmentation history of populations (Gregorius
et al., 2007; Borkowski et al., 2017; Di Pietro et al., 2020). For all three
species, with constant size populations, sampling proportional to the
population size captured significantly more genetic diversity than
sampling an equal number of individuals from each population. Addi-
tionally, when sampling species with high intensity, a greater proportion
of alleles is captured compared to low intensity sampling. Results for low
intensity sampling for all three species are shown in Fig. 4. For the
bottleneck simulations, each species exhibited a different result. For
Q. acerifolia, proportional sampling captured more alleles than equal
sampling for bottleneck 1; however, equal sampling captured more al-
leles for bottleneck 2. Similarly for Q. oglethorpensis, proportional sam-
pling performed better for bottleneck 1, whereas there was no difference
between sampling strategies for bottleneck 2. For bottlenecks 1 and 2,
both sampling strategies captured all alleles for Q. engelmannii, so there
were no statistical differences. Fig. 4, panel A shows the results of case
study species with constant population sizes, and Fig. 4, panels B and C
show the results of the simulations with historical bottlenecks (for high
intensity sampling—see Supplemental Fig. S1).

4. Discussion

4.1. Summary

Obtaining genetically diverse seed collections to form ex situ pop-
ulations in arboreta and botanic gardens is an important step to safe-
guard plant species against extinction. It is increasingly known that the
generalized sampling guideline typically applied to all species (50
samples per population) does not capture equal amounts of genetic di-
versity for every species, and likely would not capture a sufficient
amount of genetic diversity for many species (Hoban and Schlarbaum,
2014; Hoban et al., 2020). A recent meta-analysis showed that current
collections represent less genetic diversity than is found in wild pop-
ulations (Wei and Jiang, 2020), while a recent empirical study showed
that collections could be 40% more effective with an improved sampling
design (Hoban et al., 2020). Therefore, it is important to develop and
practice sampling strategies that maximize the amount of genetic di-
versity captured, especially considering scarce resources for conserva-
tion. In this paper, we provide further support to the general hypothesis

that a species-tailored sampling guideline can help capture more genetic di-

versity in ex situ collections than a generalized approach. As opposed to
other work focused on the minimal sampling size, we focus on allocation
of effort among populations across species' geographic distributions.
Prior work has assumed species have populations of equal sizes, but this
may not be the case for many species (see Discussion in Hoban and
Schlarbaum, 2014; Hoban and Strand, 2015). This is the first work to
address how to sample genetic diversity from populations with unequal
population sizes. We hypothesized that sampling proportional to the
population size would capture more genetic diversity than sampling an
equal number of individuals from every population.

4.2. Overall genetic diversity capture in generic simulations

Our main hypothesis was partially supported. When population sizes
vary to a substantial degree (scenarios 1-5), a proportional strategy
captures significantly more genetic diversity than sampling an equal
number of individuals from every population, as long as populations
have not undergone historical bottlenecks (especially type 2
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bottlenecks). After scenario 5, the difference between population sizes is
not drastic enough to cause a significant result; in such cases, sampling
equally or proportionally has the same outcome. This is expected,
because as population sizes become more homogenous, the sample sizes
approach equality, even when sampling proportionally. Therefore,
when population sizes are quite similar (in our results when the largest
population was no more than 3 times the median population size) or

have experienced certain historical bottlenecks, sampling an equal
number of individuals from every population will suffice.

We also found that migration has a relatively small but noticeable
impact on the outcome but does not change the pattern associated with
sampling strategy. Specifically, a lower proportion of alleles (e.g., 1-3%)
was captured in high migration scenarios. This may be because a high
migration system (m = 0.01, Fst range from 0.007 to 0.131) acts more
like a single, large population, with a single large effective population
size (Ryman et al., 2019; Hoban et al., 2021), which can maintain more
rare alleles. Examining the allele counts in different frequency cate-
gories, we do find more rare alleles in the high migration scenario
(Supplemental Table S4 and S7). As these are harder to capture, we
expect, overall, any sampling strategy to perform worse in the high
migration strategy when population sizes differ. Interestingly, this is the
opposite of previous results in constant size populations—in constant size
populations more alleles are generally captured in situations of high
migration (Hoban, 2019; Hoban and Schlarbaum, 2014). This further
emphasizes the importance of considering the size of populations being
sampled from.

These results held for sampling with low intensity, although low
intensity sampling captured fewer alleles than high intensity sampling.
The difference in the proportion of alleles captured between low and
high sampling intensities was not very large-only a few percent. This is
because of known 'diminishing returns' when sampling-most alleles are
captured with relatively low effort, and it is only when seeking to cap-
ture approximately 95% or more of the alleles present that quite large
sample sizes are needed (Brown and Marshall, 1995). Seed sampling
efforts should consider logistical and practical aspects of sampling (time,
resources, and the species' biological limitations e.g., fruiting season and
frequency), when deciding if sampling with low intensity may be 'good
enough.' Readers interested in more thorough investigations optimizing
the minimum sample size can see Hale et al. (2012) and McGlaughlin
et al. (2015). We note that although a few percent seems small, this has
the outcome that several sampling strategies can exceed the recom-
mended 95% of alleles while other strategies fall below this conservation
threshold.

Finally, we observed an unexpected and intriguing result. In sce-
narios where the population sizes were unequal (Scenarios 1 to 5), either
sampling strategy captured noticeably less genetic diversity compared to
scenarios where population sizes are approximately equal (Scenarios 6
to 9), even though the total species abundance was constant at 1500
individuals (compare the height of box plots on the left vs. right of each
plot-on the left all boxplots are lower and the percentage rises across
scenarios, even though sample size and the sum of all populations is con-
stant). This trend is especially apparent in scenarios with high migration
(panels A and C) but is noticeable in all simulations and for low and high
sample intensities. For example, in scenario 1 in Fig. 4, both strategies
capture <87% alleles, while scenario 8 captures ~93% alleles with
either strategy. Upon closer inspection of results, scenario 1 had fewer
alleles total compared to scenario 9 (where all populations were equal
sizes); however, scenario 1 had more rare alleles (Supplemental Tables
S4-S9). This is likely due to scenarios with a large variance in size (e.g.,
Scenarios 1 to 5) also having one very large population (see Table 1). In
large populations, rare alleles are less likely to be lost to drift (Wright,
1931, 1939; Young et al., 1996; Honnay and Jacquemyn, 2007). We
confirm this by examining allele frequency histograms and find that
Scenario 1, for example, has many more alleles (below a frequency of
about 0.02) than Scenario 9 (Supplemental Figs. S2, S3). This is in spite
of there being fewer total alleles in Scenario 1 (Supplemental Table S4),
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§ig. 4. Results for all case study species with low intensity sampling. Panel A shows the results for simulations without historical bottlenecks, and panels B and C
show results for the sets of simulations with bottlenecks. Significant results are indicated with **** = p < 0.0001.
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as expected based on lower global Ne in a metapopulation with varying
population sizes (Nunney, 1999, Whitlock and Barton, 1997). In sum-
mary, in spite of harboring fewer total alleles in their lower global Ne,
Scenarios 1 to 5 have more alleles in the rare, and especially very rare,
frequency bins due to single large populations. Since rare alleles are
more difficult to capture in sampling, this explains the lower overall
allelic diversity captured in scenario 1. Still, proportional sampling
helps—proportional sampling consistently captures alleles at lower fre-
quencies (Supplemental Fig. S3).

The practical outcome of this observation of more rare alleles in these
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while under bottleneck type 1, proportional sampling performs better

and under bottleneck type 2, equal sampling performs better. In other
words, we reached the same conclusion as we did when simulating a
‘hypothetical’ species. Thus, the general results and our suggestions
likely apply to other rare species with unequal population sizes across
their distribution. The case studies also suggest that some real species
are more similar to scenario 1 than to scenario 8 or 9. For most case
study simulations, sampling with high intensity captured more genetic
diversity than low intensity sampling. However, even when sampling

with low intensity (as low as 1% in the case of Q. engelmannii) a greater

variable population systems is that sampling strategies in realistic situations @fmount of genetic diversity was captured when sampling proportionally

varying population sizes may capture less diversity than expected from pre-

vious simulation-based studies (e.g., Hoban, 2019) which simulated spe-
cies with populations of equal sizes. This further emphasizes a need for
exploring sampling strategies with simulations, which can uncover re-
sults we cannot predict a priori, and for increasing realism in simulations
(Lotterhos et al., 2018). When considering sampling guidelines, collec-
tors may need to increase sample intensity collecting from species with
unequal population sizes in order to achieve their goals for collection.

Proportional sampling did not, however, capture significantly more
diversity when bottleneck scenarios were implemented in populations'
histories. In either bottleneck scenario, there was no significant differ-
ence in genetic diversity captured by equal or proportional sampling—
though proportional sampling appears to perform a little better for type
1 and equal sampling for type 2. Populations that have experienced
historical reductions in population size due to bottlenecks have likely
lost many rare alleles, which makes it easier to capture all alleles (Lui-
kart et al., 1998). This was supported by our examination of allele fre-
quency categories, which had very few rare alleles in bottleneck types
(Supplemental Tables S12-S15). While numerous rare species have
recently undergone bottlenecks from human activities (Miller et al.,
2019; Walker et al., 2020), there is still litle known about how most
species' demography has changed over time (Convention on Biological
Diversity, 2010; Pope et al., 2015). With either sampling strategy, >97%
of diversity was captured in bottleneck scenarios, so equal or propor-
tional sampling from each population may suffice. If a species is being
sampled with little knowledge of its demographic history, as is the case
with most rare species, we still recommend sampling proportional to
population size.

It is interesting to compare our findings to the oft-cited '50 sample'
recommendation for capturing 95% of alleles. Our main (non bottle-
neck) simulations had different total number of samples (150 total for
high intensity, 75 for low intensity), as did our case studies (from 400 to
32). Examining Figs. 3 and 4, it is clear that our sampling usually did not
capture 95% of the alleles (note that we consider all alleles, not just
common ones)- especially for highly unequal population sizes or low
migration situations. Only sample sizes approaching those of
Q. engelmanii (200 to 400) were often sufficient to do so. For a multi-
population system, it is clear that much more than 50 samples total
are needed, probably several hundred total, though something less than
50 samples per population, as suggested by Hoban (2019). However,
under bottleneck populations, 50 samples often seems sufficient,
emphasizing that the impact of bottlenecks on minimum sample size
needs more research.

4.3. Case study species patterns in comparison to generic simulations

The purpose of simulating case study species (Q. acerifolia, Q. ogle-
thorpensis, and Q. engelmannii) was to determine if the main hypothesis is
supported when applied to more realistic scenarios with parameter
values based on real species. Each case study species has populations
that vary in size and number of populations from the simple situation we
simulated above (which was designed to test hypotheses in a fully
crossed design). For all three species, sampling proportional to the
population size captured significantly more genetic diversity than
sampling equally among all populations in non-bottleneck scenarios,

for all species (upwards of 85%).

Tree species were chosen for our case studies because 10% of all tree
species are threatened with extinction (Cavender et al., 2015).
Furthermore, trees adapt slower to climate change than other species
due to their longevity and relatively small population sizes (Enquist
et al., 2019), so conservation efforts are increasingly more important
(Cavender et al., 2015). Oaks in particular are keystone species, serving
as the foundation for diverse ecosystems, and at least one quarter of oak
species within the Americas are Threatened under the IUCN Red List
(Beckman et al., 2019). Results from our case studies show that this
advice is directly applicable and can inform increasing efforts to coor-
dinate on sampling Quercus and other tree genera globally (htips
:/lwww.bgci.org/our-work/projects-and-case-studies/a-global-conser
vation-consortium-for-oak/, accessed 18 January 2021). Future simu-
lations could be created for all rare species in a genus, if sufficient de-
mographic and geographic knowledge (number of populations,
population size, and distance among populations) are available for
designing the simulations.

There are very few comparable studies to ours that exist. One pre-
vious study, Hoban et al. (2018), investigated how to sample across the
range of a widespread common species, Fraxinus excelsior. They tested
allocation of samples to the 'core' and 'margin’ of the range and found
that it was most efficient to sample more populations in the core (larger
populations) and less in the margin (small populations). This performed
better than all other strategies including equal allocation of effort to core
and margin. They emphasize that it was not very effective to ignore
small populations entirely. While the parameters of this simulation
matched a particular very common species ( >1000 populations simu-
lated with  >1 million individuals), the general conclusion to sample
more in large populations matches our results here for rare species.
These results support the general supposition in the literature that small
populations do retain conservation value and may hold unique alleles
(Lesica and Allendorf, 1995).

4.4. Caveats

Simulations represent simplified versions of reality. These tools
provide insight on systems that are difficult to quantify with empirical
studies, by allowing otherwise infeasible numbers of replicates and fine
scale combinations of parameters (e.g., 9 fully crossed scenarios here)
but they are not perfect. The main assumption in simulation studies is
that the model well-represents real processes (Peck, 2004; Hoban, 2014;
Hoban and Strand, 2015). Here, we used fairly simple geographic ranges
as well as case studies with realistic parameter values to verify our re-
sults from our first set of simulations. The parameter values used in our
first set of simulations represent a hypothetical rare species with 1500
individuals spread over 5 populations. We assume that populations can
be identified, and that the population size can be estimated, though
sometimes this is difficult such as for continuously distributed species
(Waples and Gaggiotti, 2006; Hoban et al., 2021). Simplifications of
reality include that populations are not experiencing colonization or
geographic range shifts over time and are undergoing constant migra-
tion—our simulations are not representative of common species spread
over a large area. We also assume that demographic processes within
populations are similar, including seed and pollen dispersal distances,
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reproductive success, and sex ratios, though we acknowledge that such
processes can vary among populations and would impact genetic di-
versity (Hamrick and Godt, 1996; Nybom, 2004; De Kort et al., 2021).
Further research is needed to determine whether these aspects will
impact the choice of proportional or constant seed sampling effort. Also,
in simulating our case study species, it was necessary to simplify the
parameters used for simulation by aggregating localities or sites into
larger populations for Q. oglethorpensis, and by simulating 10% of the
total census size of Q. engelmannii.

Additionally, our sampling itself was simplified for simulation. Our
strategies assume collectors take only one ‘seed’ from each maternal
plant (see Hoban et al., 2018 for details), or equivalent to taking a
cutting from a plant for grafting or tissue propagation. In reality, this
may not be feasible. Often, collectors take multiple samples/seeds from
each maternal plant either because only a few plants are reproductive at
any given time, or because resources don't allow for extensive and
widespread sampling (Hoban and Strand, 2015). Simulations could be
performed to examine the genetic diversity captured when sampling
many seeds per plant. However, it is recommended to sample from as
many unique plants as possible to obtain more genetically diverse seed
samples (Hoban, 2019; Hoban et al., 2020). In addition, all populations
were visited, and sampling was random within populations, which may
not be possible in reality due to logistical constraints like time, funding,
or land access. Of note for practical conservation efforts, Hoban and
Strand (2015) found that random sampling outperforms spatially biased
sampling, so in cases where random sampling is not feasible, sampling
efforts should be increased.

We also note that we simulated markers under neutral evolution, e.
g., no adaptive pressure, an important caveat. It may be argued that ex
situ collections should focus on adaptive genetic diversity. However,
lower levels of neutral genetic diversity are correlated to increased
levels of inbreeding depression and loss of fitness (Forstmeier et al.,
2012; Ruiz-Lopez et al., 2012), reduction in adaptive potential that is
needed during times of environmental change, and decreased ability to
support ecosystem functions and for keystone species to survive extreme
weather (Stange et al., 2020; Des Roches et al., 2021). In addition, a
focus on ‘gene targeted conservation,” or optimization of conservation
for alleles of known or suspected adaptive advantage, has several
downsides, including ignoring tradeoffs among traits, reducing diversity
at other loci, increasing relatedness among populations, and the risk that
the environment does not change as predicted or presents challenges
that were not anticipated (Jump et al., 2009; Kardos and Shafer, 2018).
Lastly, neutral genetic diversity and adaptive genetic diversity seem to
lead to similar prioritization outcomes for conservation in some cases
(Fernandez-Fournier et al., 2021), though not in others (Reeves et al.,
2012). Preserving neutral genetic diversity likely remains a worthwhile
approach for a robust conservation collection.

Finally, for our simulations, we used microsatellite-like genetic
markers. There are some limitations associated with using microsatellite
markers in real studies, including the risk of null alleles and homoplasy
(Lemopoulos et al., 2019). Also, some populations may have limited
microsatellite variation due to prior bottlenecks (Lemopoulos et al.,
2019). Therefore, if the history of a species has resulted in extremely low
genetic diversity, using other markers, like several thousand SNPs,
might be more useful. SNPs can identify more genetic variation in low
diversity populations due to the large number of SNPs present in the
genome. We used microsatellites for computational efficiency and
because they remain a common marker in conservation genetics and
molecular ecology for managing ex situ populations (Puckett, 2017;
Guzman et al., 2020; Vashistha et al., 2020). Also, they represent loci
with numerous alleles including rare alleles. Future work should repli-
cate the simulations with SNP markers to test whether the same results
are generated, though when looking at SNPs, haplotypes are a useful
metric rather than SNPs because there will be many more alleles (Reeves
and Richards, 2017). We also assume that the number of alleles is the
primary measure of conserving genetic diversity in ex situ collections.
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Alternative goals exist, as early work on this topic noted (Brown and
Marshall, 1995; Richards et al., 2007). Minimization of kinship is
commonly used for managing collections, while inbreeding or hetero-
zygosity can also be used. However, Brown and Marshall (1995) points
out that alleles are ultimately the target of selection and should likely be
conserved ex situ. It would be better to conserve traits, but there are few
traits whose genetic architecture and conservation importance are
generally understood for numerous plant species.

4.5. Utility in seed collections for ex situ conservation

Utilizing information about the species of conservation interest can
lead to a more informed and tailored sampling strategy to efficiently
capture the most genetic diversity of a species, though model realism is
an important consideration. In this project, we found that for pop-
ulations without bottlenecks allocating sampling efforts proportional to
population sizes will capture more genetic diversity than sampling an
equal number from every population when population sizes of a rare
species vary greatly (when one population is three times the size of
median population size); these results were reiterated in three case study
species. Sampling proportionally was not significantly better when
populations have undergone bottlenecks, emphasizing a need for further
analyses of population history to understand when this strategy is
appropriate. The results of this project directly and immediately
contribute to sampling guidelines for other rare species when pop-
ulations differ strongly in size. Our results build on and complement past
studies that have established recommended minimum sampling
numbers for a variety of simulated and empirical situations (Hoban and
Schlarbaum, 2014; Hoban, 2019; Hoban et al., 2020; Wei and Jiang,
2021). Creating sampling guidelines tailored to species traits remains
important to accomplish the goals of individual gardens as well as global
conservation goals for conserving species— and we note that results
should apply to animals (e.g., coral, see Afig-Rosli et al., 2019; or tor-
toises, see Quinzin et al., 2019) as well as plant ex situ collections.
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