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Abstract
Premise: In this study, we use simulations to determine how pollen flow and
sampling constraints can influence the genetic conservation found in seed collections.
Methods: We simulated genotypes of parental individuals and crossed the parentals
based on three different ranges of pollen flow (panmictic, limited, and highly limited)
to create new seed sets for sampling. We tested a variety of sampling scenarios
modeled on those occurring in nature and calculated the proportion of alleles
conserved in each scenario.
Results: We found that pollen flow greatly influences collection outcomes, with
panmictic pollen flow resulting in seed sets containing 21.6% more alleles than limited
pollen flow and 48.6% more alleles than highly limited pollen flow, although this
impact diminishes when large numbers of maternal plants are sampled. Simulations
of realistic seed sampling (sampling more seed from some plants and fewer from
others) showed a relatively minor impact (<2.5%) on genetic diversity conserved
compared to ideal sampling (uniform sampling across all maternal plants).
Discussion: We conclude that future work must consider limited pollen flow, but
collectors can be flexible with their sampling in the field as long as many unique
maternal plants are sampled. Simulations remain a fruitful method to advance ex situ
sampling guidelines.
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Botanic gardens and arboreta are important conservation
resources, preserving species’ genetic diversity ex situ. In some
cases, botanic gardens can conserve a large proportion of
species’ wild genetic diversity, creating a reservoir of genetic
material for future restoration efforts or to safeguard genetic
material in case a species goes extinct in the wild (Hoban, 2019;
Hoban et al., 2020; Zumwalde et al., 2022). Creating and
maintaining genetically diverse collections is becoming an
increasingly important goal for gardens in the changing climate
(Westwood et al., 2021), but often requires large investments of
both time and effort (see Zumwalde et al., 2022).

Carefully informed sampling strategies are required to
create genetically diverse ex situ collections (Guerrant et al., 2014;
Bragg et al., 2021). As collections are created from seed or
cuttings from wild populations, they often represent a reduced

subset of wild genetic diversity. Collector decisions about which
and how many populations, plants, and seeds to sample can
have a large impact on the genetic diversity conserved ex situ. In
addition, the collection of genetic diversity often shows
diminishing returns with increased effort (Hoban et al., 2020;
Rosenberger et al., 2022) due to inherent mathematical
relationships (Exposito‐Alonso et al., 2022).

Early recommendations used analytical models to show
that a sample size of 50 individuals per population
conserves at least 95% of common alleles (frequency
>0.05) for crop species (Marshall and Brown, 1975), a
guideline that is still widely applied today (Hoban and
Strand, 2015). However, simple, rule‐of‐thumb sampling
guidelines may not be appropriate for all collection goals. In
a recent study using DNA markers, Hoban et al. (2020)
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compared genetic diversity between in situ populations and
ex situ collections and determined that many ex situ
collections do not adequately conserve 95% of wild genetic
diversity. The reasons for suboptimal conservation of
genetic diversity include distribution of genetic diversity
over multiple populations, over‐representing maternal lines
in sampling (sampling many seeds from one plant), and not
considering the species’ mating system (e.g., pollen and seed
dispersal, dispersal distance, and frequency of seed produc-
tion). For example, Lu‐Irving et al. (2023) showed that twice
as many populations should be sampled from to adequately
conserve genetic diversity in a selfing vs. non‐selfing Hakea
species in Australia.

Recent research has improved sampling strategies,
showing that more genetically diverse collections can be
created by sampling according to species biology and
geographic distribution. For example, Hoban and Strand
(2015) determined that when sampling strategies account
for the dispersal distance, life span, and life history of a
species, a more genetically diverse sample can be obtained.
Rosenberger et al. (2022) used geographic models of 14
threatened oak species to establish minimum sample
guidelines tailored to each species’ particular geography,
history, and population sizes.

Simulation models have been a vital tool in this research
to develop plant conservation sampling guidelines
(Hoban, 2014, 2019; Hoban and Strand, 2015; Rosenberger
et al., 2022). Because simulations represent a simplified
version of reality, they are useful for exploring and
quantifying complex processes that would be difficult or
impossible to recreate using traditional empirical experi-
ments (Menges et al., 2004; Yuan et al., 2012). In the context
of plant conservation, simulations facilitate the creation of
artificial data sets that represent expected genetic patterns
among populations and individuals, based on population
size, number, and migration. Such simulated data sets
represent an abstracted version of reality, as though the
investigator has a fully genotyped species. These in silico
data sets can then be sampled in various ways to test the
effectiveness of ex situ conservation strategies. The robust-
ness of a strategy can be quickly and cheaply evaluated by
simulating and sampling species with different character-
istics using different sampling approaches; these approaches
are termed “scenarios.”

However, simulations simplify biological reality. The
commonly used, computationally efficient, and flexible soft-
ware SIMCOAL 2.0 makes assumptions such as random,
population‐wide mating under the Wright–Fisher model
(Excoffier and Foll, 2011), where all individuals in the
population are equally likely to mate with any other, and they
produce a relatively equal (Poisson‐distributed) number of
offspring. Often this assumption is not observed in real species,
because mating for plants is restricted based on phenological
overlap (flowering at the same time), spatially limited pollen
and seed dispersal, and in many plants, self‐incompatibility
mechanisms. Even in wind‐pollinated plants, pollen flow can
be highly localized, meaning the closest individuals (spatially)

to a given maternal plant are most likely to pollinate it (Sork
et al., 2002; Bacles and Ennos, 2008). Consequently, a sample
of seeds from a single maternal plant may contain genetic
contributions from many paternal lines for highly dispersing
species (similar to the SIMCOAL assumption), or from only a
few of the closest plants (or indeed a single plant) for species
with limited dispersal (e.g., insect dispersal). This will influence
the amount of genetic diversity conserved in those seeds. In
practice, past simulation‐based research relying on the
assumption of random, population‐wide mating could be
overestimating the amount of diversity in a sample of seeds
from one maternal plant, impacting real‐world conservation
outcomes.

In addition, the sampling designs used in previous
simulation studies have often been simplified compared to
reality. Much of the research using resampling techniques
based on simulated data has assumed that only one “seed”
(equivalent to taking one cutting) is sampled from each
plant sampled in a population (Hoban et al., 2018;
Hoban, 2019; Bragg et al., 2021; Rosenberger et al., 2022;
Zumwalde et al., 2022). It is known that sampling many
unique maternal lines is the most efficient and effective
method of sampling genetic diversity from a population
(Hoban, 2019; Hoban et al., 2020); however, in reality, more
than one seed is sampled per plant. In addition, seed
collectors may not be able to sample the exact same number
of seeds from each plant in the population due to
differential reproduction. Some plants are often more
productive than others, and occasionally, some plants do
not reproduce at all in a given year or for many years
(Griffith et al., 2015). This can be quite common in
threatened plants. For example, rare species such as Quercus
acerifolia (E. J. Palmer) Stoynoff & W. J. Hess and Zamia
integrifolia L. f. often have only a few maternal individuals
producing fruit in a given year, possibly due to environ-
mental conditions, self‐incompatibility alleles, Allee effects,
and similar issues (Schumacher et al., 2023). Simplifications
about sampling seed that were assumed in previous
simulation‐based resampling studies may generate recom-
mendations resulting in significantly lower genetic diversity
being conserved in practice by overrepresenting maternal
lineages.

Here, we aim to correct some of these limitations of
previous sampling guidelines based on simulations, by
increasing the complexity of both the biology of the system
and the sampling design, to quantify how simplifications
assumed in previous studies impact the genetic diversity
conserved in ex situ collections. In particular, we create
more biologically realistic simulations of pollination systems
and determine the impact of different pollen dispersal types
on the diversity conserved in a given sampling strategy.
Additionally, we aim to model sampling strategies that are
closer to the reality faced by conservation seed collectors
and determine both the relative impact of sampling more
than one seed per plant and how sampling an unequal
number of seeds per plant impacts the diversity conserved
with a given sample size.
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To accomplish these goals, we first simulate parental
genotypes, then create seed sets from the parentals by
crossing individuals based on three defined pollen
donation types that are generalizations of real pollen
dispersal mechanisms. We sample these seed sets in
various ways to represent how collectors may sample seed
in the wild, ranging from idealized sampling strategies
previously assumed in simulation studies to scenarios that
more closely resemble sampling in the field. We investigate
the relationships between genetic diversity conservation
and the total seed sample size, the pollen donor type, and
the particular sampling strategy used (ideal or realistic) to
identify which variables significantly impact the genetic
diversity conserved in a sample.

We hypothesize that for a given sampling strategy, the
pollen donor type will impact the genetic diversity represented
in the sample relative to the number of potential pollen
donors, such that fewer potential pollen donors will result in
less genetic diversity being conserved (Aim 1 in Figure 1).
Furthermore, we hypothesize that the difference in diversity
conserved for each pollen donor type will be largest when

fewer maternal plants are sampled. Similarly, when sampling
more seeds per unique maternal plant, we hypothesize that the
effect of the number of potential pollen donors will have a
stronger impact on the genetic diversity conserved (Aim 2 in
Figure 1). Lastly, we hypothesize that sampling an equal
number of seeds per plant in the population will result in more
genetic diversity conserved from a given sample, compared to
sampling an unequal number of seeds from each plant (Aim 3
in Figure 1). We expect this difference to be most apparent,
e.g., the strongest effect, in scenarios with a limited number of
potential pollen donors.

METHODS

Overview of the methodology

An overview of our methodology is outlined in Figure 2. We
simulated generic in silico species to determine the impact
of more realistic sampling strategies and pollen dispersal
types on the genetic diversity conserved in a sample. First,

F IGURE 1 A visual representation of aims and how we test their impact on the diversity conserved in a sample of seeds. In Aim 1, we determine the
impact of different types of pollen dispersal, ranging from a scenario where all plants in the population can pollinate any other, to a scenario in which only a
single plant can pollinate another. Arrows indicate pollen movement. In Aim 2, we determine the impact of sampling an increased number of seeds from a
given plant. Here, arrows indicate sampling seed from the plant. In Aim 3, we determine the impact of sampling an unequal number of seeds per plant,
compared to an idealized equal number per plant. We test each aim over a range of total sample sizes and varying number of maternal plants sampled.
Figure created with Biorender.com.
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we simulated the genotypes of a hypothetical, moderately
rare, or Vulnerable species based on the International
Union of Conservation of Nature (IUCN) Red List criteria
(see “Simulating a model species,” below, and Step 1 in
Figure 2). Using these simulated data files to represent
parental plants in a population, we created a set of seeds by
selecting maternal plants and several pollen‐donor plants,
according to the three pollination scenarios defined below
(see “Simulating pollen flow and creating new populations
of seeds,” and Step 2 in Figure 2). Each seed was created by
randomly selecting alleles from each parent to create a new
individual genotype; this differs from most previous
simulations of ex situ collections, which sample a maternal
genotype directly rather than simulating pollination. We
sampled following various seed sampling strategies as
defined in more detail below (under “Sampling seeds”),
representing a conservationist collecting seeds in the field.
Lastly, we assessed the genetic diversity conserved in the
sample by the proportion of wild alleles represented by
sampling (see “Calculations,” below, and Step 3 in Figure 2).
We test our hypotheses by comparing the proportion of
alleles conserved from a given sampling strategy across
different pollen dispersal types (Aim 1 in Figure 1) and for
more realistic vs. ideal sampling strategies (Aims 2 and 3 in
Figure 1), across a large range of maternal plants and seeds
available (see “Statistical analyses,” below).

Simulating a model species

We ran simulations in the software SIMCOAL 2.0 (version
2.1.2; Laval and Excoffier, 2004) to simulate population
genetic data sets for a generic species, as previously done in
similar studies (Hoban et al., 2014; Hoban and Strand, 2015;
Hoban, 2019; Rosenberger et al., 2022), because it allows
hypotheses to be tested in a controlled environment. We
wrote parameter files (.par files) for two sets of simulations
representing two hypothetical species: one with a single
population of 2500 individuals and another with two
populations each of 2500 individuals (5000 individuals
total). In the simulation with two populations, we modeled
a migration rate of 0.001. Populations were held at a
constant size. In both simulations, we modeled 20 unlinked
microsatellite loci with mutation rates of 0.0025 per
generation and an allele limit of 20 (constrains the number
of alleles per locus). The SIMCOAL 2.0 output files
represent the individual genotypes of the population. We
ran 50 replicates for both simulations to account for the
stochasticity of the simulation output.

Simulating pollen flow and creating new
populations of seeds

We simulated three different pollen dispersal types to
create a realistic population of seed to sample from and to
determine the impact of different pollen donor types on

F IGURE 2 Overview of the study methodology summarizing how
each step is completed. Step 1: generate an initial population of genotypes
using the software SIMCOAL 2.0. Step 2: create a new population of
genotypes (representing seeds) by defining different pollen donors to
pollinate other plants resulting in a new seed set, then sample from this
population of seeds. Step 3: calculate the proportion of the total alleles in
the population that were captured to determine genetic conservation
success. Figure created with Biorender.com.
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the diversity conserved within a sample. For each of the
following scenarios, the output from SIMCOAL 2.0
represents the parental or adult individuals; thus, all of
the scenarios have the same data set as a starting point
prior to creating the seed set based on the different pollen
dispersal types.

First, we simulated a scenario of random, population‐
wide mating that is similar to the assumptions of previous
simulation studies. In this scenario (referred to here as
“panmictic”), all individuals in the population have equal
probability of pollinating a given maternal plant. Next, we
simulated a limited‐dispersal scenario that may better
represent pollen dispersal in reality, in which the closest
plants spatially to a given maternal plant are most likely to
pollinate that plant. Here, the number of potential donors
for a given maternal plant is restricted to a maximum of 10
potential donors—one with a 60% chance to donate pollen,
one with a 20% chance to donate, three with a 5% chance to
donate, and five with a 1% chance (hence, we refer to this
scenario as “limited”). Lastly, we modeled a highly limited
dispersal scenario representing a simplified version of
reality, where there is only one potential pollen donor for
a given maternal plant (referred to as “highly limited”). This
single pollen donor in the highly limited situation is almost
always another plant (non‐selfing), although a small amount
of selfing occurs in the system (about 0.000016%). A visual
depiction of our pollen donor scenarios is provided in
Figure 1 (Aim 1).

In each scenario, a new set of seeds is created by
randomly selecting maternal plants to sample seeds from
and creating a list of potential pollen donors for those
plants. To make a seed, a pollen donor is first chosen
from the list based on the probabilities defined. Alleles
from the maternal plant and the selected pollen donor are
randomly selected to create the seed's genotype (no
mutations occur during the formation of seed). This is
repeated for every seed sampled from a maternal plant.
After all maternal plants have been sampled, the function
returns a matrix containing the genotypes of the new seed
population. The code to create new populations of
seeds can be found at our GitHub repository (see Data
Availability Statement).

Sampling seeds

We sampled from this seed set according to two defined
sampling scenarios: an ideal strategy (where an even, equal
number of seeds is sampled per plant) and a realistic strategy
(where an uneven, unequal number of seeds is sampled from
each plant) to determine if more realistic sampling results in
significantly lower genetic diversity conservation (see Aim 3 in
Figure 1 for a visual representation).

For the ideal strategy, we sampled seeds from a range of
maternal plants (1, 2, 5, 10, 25, 50, and 100) and sampled
1–500 seeds per plant. We sampled a range of seeds from
each maternal plant to determine the relative balance of
sampling seeds and maternal lineages (see Aim 2 in
Figure 1). In total, we defined 935 ideal sampling scenarios,
which are applied for each pollen donor type.

For the realistic strategy, we sampled an unequal number of
seeds per plant, such that the majority of the total sample size
was sampled from a single maternal plant. For example, we
defined a scenario of sampling 200 total seeds from 100
maternal plants, in which we sampled 50% of the total sample
size from one individual (100 seeds), 1% of the total sample size
from another individual (two seeds), and 0.5% of the total
sample size from each of 98 other individuals (one seed each, 98
seeds combined). Here, we defined scenarios that varied slightly
from the ideal strategy, sampling 2, 5, 10, 25, 50, and 100
maternal plants (because sampling an unequal number of seeds
per plant cannot occur with only one plant sampled), and
sampled 5–400 seeds total. Based on these percentages and by
avoiding sampling a fraction of a seed, fewer realistic scenarios
were defined than the ideal scenarios. We defined a total of 217
realistic sampling scenarios, which were applied for each pollen
donor type. Sampling scenarios are shown in detail in Tables S1
and S2 in Appendix S1 (see Supporting Information with this
article) for the ideal and realistic sampling strategies, respec-
tively, with a subset of scenarios shown in Table 1.

Calculations

We calculated the genetic diversity conserved in a sample in
terms of the proportion of alleles conserved, by dividing the

TABLE 1 Subset of the 935 ideal sampling scenarios we tested. This table represents only a small subset, meant to demonstrate the possible
combinations of variables. In these scenarios, we sample a varying number of seeds from a given number of maternal plants. The seed populations are
created based on three different pollen donor types: panmictic, highly limited, and limited. A complete listing of scenarios is provided in Tables S1 and S2 in
Appendix S1 for all ideal and realistic sampling scenarios, respectively.

No. of maternal
plants sampled

No. of seeds sampled
per maternal plant Pollen donor types Total seeds sampled

Possible combinations
of parameters

100 1, 2, 3 … 5 Panmictic, limited, highly limited 100, 200, 300 … 500 5

25 1, 2, 3, 4, 5, 6, 7 … 20 Panmictic, limited, highly limited 25, 50, 75 … 500 20

10 1, 2, 3 … 50 Panmictic, limited, highly limited 10, 20, 30 … 500 50

2 1, 2, 3 … 250 Panmictic, limited, highly limited 2, 4, 6, 8 … 500 250

1 1, 2, 3 … 500 Panmictic, limited, highly limited 1, 2, 3, 4 … 500 500
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number of alleles captured in the sample by the total number
of alleles present in the system. We recognize that seed
collections may have other goals, such as focusing only on rare
alleles, conserving multiple allele copies, or on relatedness,
effective population size, or other metrics of “success”;
however, here we focus on all alleles. We calculated this over
50 simulation replicates, 935 ideal and 217 realistic sampling
scenarios, and three different pollen donor types, resulting in
172,800 total calculations.

Statistical analyses

To determine the impacts of different pollen donor types on
the genetic diversity conserved across a range of total seed
sample sizes and maternal plants sampled, we created a linear
regression model to compare the proportion of alleles
represented in seed samples from our different sampling
scenarios. We used the function lm() in base R (version 4.3.0; R
Core Team, 2023) to predict the proportion of total alleles
conserved from the total seeds sampled, number of maternal
plants sampled, and pollen donor type, and all pairwise
interactions between these factors. There was a distinct
nonlinear trend in the data when 1–10 maternal plants were
sampled, but when 25–100 maternal plants were sampled, the
relationship was linear. Therefore, we ran separate linear
models on these subsets of the data. Specifically, we log‐
transformed the numeric response variables (total seeds
sampled and number of maternal plants) in scenarios where
1–10 maternal plants were sampled and did not use a
transformation when 25–100 maternal plants were sampled,
resulting in a piecewise regression. We assessed the significance
of each factor and each interaction, with an alpha threshold of
0.05. We ran the models for ideal and realistic sampling
strategies separately; ideal vs. realistic sampling was not a
predictor in the model. The equation of the linear regression is
provided in Appendix S1.

To determine whether ideal sampling outperforms realistic
sampling, we ran a series of pairwise analyses using the
function t.test() in R to determine significant differences in the
proportion of alleles conserved for key scenarios. Specifically,
we compared the mean proportion of alleles conserved for
ideal and realistic sampling scenarios for each donor type
when 200 total seeds were sampled, for different numbers of
maternal plants, with a series of t‐tests (18 t‐tests total,
representing the different combinations of number of maternal
plants and pollination types). To correct for multiple
comparisons, we used the Benjamin–Hochberg procedure to
adjust P values. We report both raw and adjusted P values.

RESULTS

Overview

We created new seed sets from each model species (one
and two population simulations) and sampled seed based

on the defined sampling strategies. We repeated each
sampling scenario for each pollen donor type. This
process resulted in a total of 172,800 seed sets between
the ideal and realistic scenarios. In simulations with one
population, the total number of alleles simulated across
replicates ranged from 235 to 288 (due to the stochasticity
of the simulations), which for our 20 loci is approxi-
mately 12 to 14 alleles per locus, a reasonable number
for a microsatellite study. We focus here on the results of
the single population simulations and provide results
for the two‐population scenarios in Figures S4–S6 and
Tables S6–S8 in Appendix S1.

Increasing the number of maternal plants
sampled

Figure 3 shows the genetic diversity conservation for all
ideal sampling scenarios (ideal vs. realistic seed sampling
will be discussed below under “Aim 3”) and for each
donor type, along with the fitted linear regression model
(model coefficients and P values are provided in Table S3
in Appendix S1). When more unique maternal plants
were sampled, the proportion of genetic diversity
conserved increased for all donor types (curves approach
100% diversity conservation as maternal plants sampled
increase).

Aim 1: Impact of pollen donor types

Across nearly all scenarios, the “panmictic” pollen donor
type conserved the most genetic diversity, followed by
“limited” and “highly limited,” visualized by the differ-
ences in the curves for each donor type in Figure 3. The
difference in diversity conservation between pollen donor
types is largest when few maternal plants are sampled and
when many seeds are sampled from those plants. In
scenarios with 10 or fewer maternal plants sampled, the
pollen donor type had a particularly strong impact on the
diversity conserved for a given sampling scenario. For
instance, when two maternal plants are sampled and 200
total seeds are collected, “panmictic” scenarios conserve
86.3% of the total alleles as predicted by the linear model,
“limited” pollination conserves 65.9%, and “highly
limited” pollination conserves just 39.3%. Thus, the same
sampling effort in scenarios with a single pollen donor
conserves less than half the diversity compared to
scenarios where pollen dispersal is population‐wide. In
extreme cases of a single pollen donor (“highly limited”)
and a single maternal plant, conserved genetic diversity
does not exceed 25%. In scenarios with many maternal
plants sampled (25 or more), the difference in the
proportion of alleles conserved between pollen donor
types became small, and at 100 maternal plants, is
negligible. Nearly all factors were significant in the
regression, with the exception of the interaction of the
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“limited” and “panmictic” donor types, and the interac-
tion of maternal plants and the “limited” donor type
when 25–100 maternal plants were sampled (Table S4 in
Appendix S1). When 200 total seeds are collected from
100 maternal plants, all pollen donor types conserve
around 92% of the total alleles, as predicted by the linear
model.

Aim 2: Sampling multiple seeds from
a maternal plant

In general, sampling additional seeds from each maternal
plant in the population slightly increased genetic diversity
conservation for some scenarios, although not as strongly as
sampling more unique maternal plants. Specifically, as
additional seeds were sampled from each plant in the
population, the conserved genetic diversity increased for
both the “limited” and “panmictic” pollen donor types,
although with diminishing returns (see Figure 3, where the
curve along the x‐axis increases slightly before leveling off).
Sampling additional seeds per plant for the “highly limited”
pollen donor scenarios did not result in much more genetic
diversity conserved (“highly limited” scenarios have a slope
close to 0), although this interaction was significant in the
regression (Table S4 in Appendix S1). Thus, the amount of

possible increase in genetic diversity conservation from
resampling an individual depends on the number of pollen
donors.

Aim 3: Ideal vs. realistic sampling

The relationships between the number of maternal plants
sampled, pollen donor types, total sample size, and
proportion of alleles conserved were often similar between
the ideal and realistic sampling scenarios (see Figure S1 in
Appendix S1 for a comparison to Figure 3). In other words,
sampling an unequal number of seeds per plant appeared to
have a small impact on the genetic diversity conserved by a
given sampling strategy. In Figure 4, we compare the
diversity conserved between ideal and realistic sampling
strategies for each pollen donor type in scenarios when 200
total seeds are sampled, because this is when most scenarios
can be directly compared. Figure 4 indicates comparisons
between ideal and realistic sampling for each pollen donor
type, and Table 2 shows the P values for each t‐test and as
the actual difference in the proportion of alleles conserved
for ideal and realistic sampling. The ideal sampling scenario
performs significantly better than realistic sampling when
50–100 maternal plants are sampled and in some other
scenarios for “limited” and “highly limited” pollen donor

F IGURE 3 Genetic diversity conserved for all ideal sampling scenarios and donor types. Genetic diversity conservation is shown on the y‐axis as the
proportion of all wild alleles conserved by sampling, and the x‐axis represents the total number of seeds sampled, ranging from 1 to 500. Each facet on the plot
represents the number of unique maternal plants sampled. Colors represent each pollen donor type, and each point on the plot is a single sampling scenario.
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types, although there is often less than a 2% difference (see
Tables S1 and S2 in Appendix S1 for detailed notes on this
particular sampling scenario).

DISCUSSION

Overview

In this paper, we aimed to determine how pollination
biology, sampling more maternal plants, and realistic on‐
the‐ground sampling will impact the genetic diversity
captured in a sample of seed collected for conservation
purposes, such as for conservation planting or storing in a
seed bank. Recent empirical and simulation work has shown
that current widely used rule‐of‐thumb sampling strategies
may not effectively conserve genetic diversity of species ex
situ; this can be due to, for example, species’ biological traits
or population structure, or to overrepresentation of
maternal lines in sampling (Griffith et al., 2017; Hoban
et al., 2020). Past simulation studies (e.g., Hoban and
Schlarbaum, 2014; Hoban, 2019) have lacked several key
elements of realism for this issue. Here, we implemented
more complex pollination biology and realistic sampling
strategies on a simulated population genetic data set to

determine how these factors influence the wild genetic
diversity that can be represented in a sample.

Key results

We confirmed that representing more unique maternal
lineages is the most efficient way of adequately representing
diversity ex situ (as described in Hoban and Strand, 2015;
Hoban et al., 2018; Griffith et al., 2019). That is, the number
of maternal individuals to sample is one of the most
important factors to consider when designing a sampling
strategy. In a recent study, Bragg et al. (2021) also confirmed
this result by resampling from an empirically derived data
set, in contrast to the data set we created in silico. Although
this finding has been established in the field, we confirm this
is true in all cases of varying pollination biology and realistic
sampling employed here.

We determined that genetic diversity is more difficult to
represent ex situ for species with limited pollen dispersal
than for species with widespread pollen dispersal. For
species with limited or highly limited dispersal, it becomes
increasingly important to sample more unique maternal
plants to adequately conserve genetic diversity ex situ. In
scenarios with limited pollen donors, assuming the

F IGURE 4 Genetic diversity conserved between ideal and realistic sampling scenarios for all pollen donor types when 200 total seeds are sampled across
the population. The colors represent the type of sampling strategy, ranging from lighter (realistic scenarios) to darker shades (ideal scenarios). The y‐axis
represents the proportion of wild alleles conserved by sampling, and the x‐axis shows the pollen donor types. The plot is faceted based on the number of
maternal plants sampled.
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conservation target is representing more alleles, sampling
additional seeds per individual does not result in signifi-
cantly more novel genetic diversity conserved. The diversity
available from a sample of seeds from a single maternal
plant is limited to the number of pollen donors, i.e., less
genetic diversity is available with fewer pollen donors. For
example, in Figure 3, for scenarios with only one potential
pollen donor (“highly limited” scenarios), sampling addi-
tional seeds from a maternal plant does not result in more
genetic diversity conserved after fewer than 50 seeds are
sampled (slope for these curves = 0). We also note that such
seed sets are more likely to produce inbred future
populations because there are fewer parental contributions.
Thus, it is necessary to sample more unique maternal
individuals for pollen‐limited species than for widely
dispersing species to conserve sufficient genetic diversity.
This is an important observation for seed collectors in the
field, who sometimes may find only a single fruiting plant in
a given year. Unfortunately, if the species’ pollen dispersal is
limited, collecting hundreds of seeds from this plant may
not significantly increase the genetic diversity conserved.
Knowledge about the extent of pollen dispersal may not be
available for a target species, as pollen dispersal is influenced
by many factors, including abundance, density, ecosystem
management, the type of pollinators and their abundance,
and phenological overlap (Ghazoul, 2005). Usually, pollen is

not panmictic (Degen et al., 2004; Wagenius and Lyon, 2010;
Deacon and Cavender‐Bares, 2015; Xiang et al., 2022), with
many species being more similar to our “limited” scenario;
therefore, we advise seed collectors to (a) consider these
biological factors of their target species, and (b) in the
absence of knowledge, assume that the species is limited or
highly limited and sample many unique maternal lineages
per population.

Lastly, we determined that sampling an unequal number
of seeds per plant (which is more realistic than sampling an
idealized, equal number of seeds per plant, as assumed in
previous studies) has a small impact on the genetic diversity
conserved by sampling. We did observe significant differ-
ences in the mean proportion of alleles conserved for some
ideal vs. realistic scenarios, occurring mostly in “limited”
pollen donor scenarios and when more maternal plants
were sampled; however, the actual difference was only
1–2.5% or less (Table 2). In fact, the difference between ideal
and realistic sampling strategies is negligible when com-
pared to the variation between pollen donor types and
sampling more unique maternal plants. This result indicates
that in practice, seed collectors can sample an unequal
number of seeds per plant (up to 50% of the total seed
collection size from a single maternal individual in some
cases), as long as many unique maternal plants are sampled.
This result was surprising, as we expected realistic sampling

TABLE 2 Significance levels from t‐tests comparing the mean proportion of alleles conserved in ideal vs. realistic sampling scenarios for each donor
type, when 200 seeds were sampled total. Boldfaced text indicates significant differences.

No. of maternal
plants sampled Donor type

Proportion of alleles
conserved (ideal)

Proportion of alleles
conserved (realistic)

Difference
(ideal − realistic) P values

Adjusted
P values

2 Highly limited 0.390 0.395 −0.005 0.291 0.349

2 Limited 0.684 0.671 0.013 0.026 0.051

2 Panmictic 0.878 0.883 −0.005 0.130 0.191

5 Highly limited 0.600 0.596 0.004 0.434 0.459

5 Limited 0.777 0.761 0.016 <0.001 0.002

5 Panmictic 0.882 0.886 −0.004 0.160 0.206

10 Highly limited 0.723 0.726 −0.004 0.500 0.500

10 Limited 0.824 0.816 0.008 0.060 0.098

10 Panmictic 0.886 0.894 −0.008 0.019 0.043

25 Highly limited 0.838 0.832 0.006 0.138 0.191

25 Limited 0.877 0.862 0.015 <0.001 0.001

25 Panmictic 0.894 0.900 −0.006 0.058 0.098

50 Highly limited 0.891 0.872 0.019 <0.001 <0.001

50 Limited 0.905 0.881 0.024 <0.001 <0.001

50 Panmictic 0.906 0.909 −0.003 0.342 0.384

100 Highly limited 0.914 0.890 0.024 <0.001 <0.001

100 Limited 0.919 0.896 0.024 <0.001 <0.001

100 Panmictic 0.919 0.910 0.010 0.003 0.007
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to perform significantly worse, as described above under
Aim 3. Nonetheless, this is encouraging for seed samplers in
the field.

Related work

Our work builds on research conducted over the past
several decades, developing informed sampling guidelines to
conserve genetic diversity in ex situ collections, while
addressing some limitations of previous work. Similar to
Hoban and Strand (2015), we examined the effects of short‐
and long‐distance dispersal (“limited” and “panmictic”
scenarios in our study, respectively) and sampling more
seeds per maternal plant. To build on their work, we
included the additional case of a single pollen donor
(“highly limited” scenario in our study), representing a
species with extremely limited dispersal. We also increased
the complexity of sampling by investigating ideal vs. realistic
sampling scenarios. We implemented a wide range of
realistic sampling scenarios in which an unequal number of
seeds were sampled per plant in the population (for
example, 50 seeds from one plant, and one seed from 49
other plants). Lastly, to build on previous work, we
examined each scenario in detail and determined when
the pollination biology significantly impacts the diversity
conserved in a sample (i.e., very little after 50 maternal
plants are sampled; see Figure 3). In related work, Bragg
et al. (2021) examined the spatial arrangement of establish-
ing the plants in the ex situ collection, to avoid pollination
among close relatives (inbreeding) and conserve genetic
diversity in future generations.

Our results indicate that the commonly used 50‐
sample guideline (originating from Marshall and
Brown, 1975) is robust to different pollen dispersal types
if the samples come from 50 unique maternal plants. As
shown in Figure 3, when 50 maternal plants are sampled,
there are negligible differences in the diversity conserved
between pollen donor types. However, we note that the
50‐sample guideline should be followed with caution, as
we did not exceed 95% genetic diversity (a common
threshold for adequate genetic diversity) in any of our
sampling scenarios when all alleles were considered. This
reinforces the finding that this generic guideline may not
adequately conserve genetic diversity for all species,
depending on collection goals.

Caveats and future work

Simulations are a useful tool for uncovering complex
biological processes; however, they have limitations.
Although we build on the complexity of pollen movement
within a population, we make other simplifying biological
assumptions. First, we do not explicitly model a spatial
distribution in the simulation, i.e., individuals are not
arranged in a fixed position throughout space. Instead,

maternal plants and pollen donors are chosen from
throughout the population. In reality, genetic diversity is
clustered within a population according to a particular
structure. However, the limited pollen pool defined here
implements a spatial distribution implicitly by restricting
the pollen movement to a subset of the population. Future
work could model the population with an explicit spatial
distribution.

In addition, our simulated species is assumed to be
hermaphroditic (i.e., each individual can produce both
pollen and seeds), but some species are dioecious. To make
the results generalizable, a future study could determine if
the same results will be found for both hermaphroditic and
dioecious species. In a dioecious species, the total pollen
pool is proportionally smaller compared to hermaphroditic
species, which may reduce the amount of genetic diversity
in seeds collected. Furthermore, because individuals are
randomly selected from the population as maternal plants
and pollen donors, there is a small chance of selfing if a
maternal plant is also chosen as the pollen donor. In reality,
not all plant species are self‐compatible, while others have
very high rates of selfing.

Here, we modeled microsatellite loci, which may not
represent genetic diversity that has adaptive value for a
species. We also did not consider species with a historical
bottleneck resulting in low genetic diversity (see
Rosenberger et al., 2022). Finally, we did not implement
mutations when we created the population of seeds. Future
work can help better link plant biology, genomics, and
effectiveness of conservation outcomes, and we emphasize
that there remain many opportunities for more realistic
simulations to refine seed sampling guidance. Sometimes, as
with our observations on a small impact of “realistic”
sampling, simulations will help reveal unexpected results;
moreover, simulations are often the only way to obtain such
knowledge (Peck, 2004; Landguth et al., 2010; Hoban
et al., 2012).

Lastly, our recommendations are based on the assump-
tion that the goals of this conservation collection are for
planting as a living collection or for storage in a seed bank.
In this study, we do not consider the use of seed collected
for other purposes, such as scientific study or conserving
multiple allele copies. We note that if conserving multiple
allele copies is important for a collection, sampling will need
to be increased, particularly for pollen‐limited systems
(Hoban et al., 2018; Schumacher et al., 2023).

Conclusions

We conclude that simulating a more complex level of
biological and logistical reality can help improve guid-
ance for seed samplers. In particular, the degree to which
a maternal plant receives highly limited, moderately
limited, or unlimited/panmictic paternal pollen pools
greatly impacts the genetic diversity in a conservation
seed collection, especially when relatively few maternal
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plants and large numbers of seeds are collected. The
situation of few maternal plants and large numbers of
seeds is commonly encountered by seed collectors,
particularly when sampling rare species. Our results
suggest that the minimum sampling guidelines for species
with limited pollen dispersal should likely be even higher
than previously suggested. Conservation seed collectors
must understand and account for pollination biology. On
the other hand, and surprisingly, logistical realities in
allocating sampling effort among plants had less impact
on genetic diversity conservation. We still recommend
that collectors sample as many maternal plants as
possible, but our results demonstrate that collectors do
not need to worry about sampling precisely the same
amount of seed from every plant. There are many future
avenues for simulations to generate more precise
guidance for seed collectors.
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