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Abstract: Forest resources face numerous threats that require costly management. Hence, there is
an increasing need for data-informed strategies to guide conservation practices. The introduction
of the emerald ash borer to North America has caused rapid declines in ash populations (Fraxinus
spp. L.). Natural resource managers are faced with a choice of either allowing ash trees to die,
risking forest degradation and reduced functional resilience, or investing in conserving trees to
preserve ecosystem structure and standing genetic diversity. The information needed to guide
these decisions is not always readily available. Therefore, to address this concern, we used eight
microsatellites to genotype 352 white ash trees (Fraxinus americana L.) across 17 populations in the
Allegheny National Forest; a subset of individuals sampled are part of an insecticide treatment
regimen. Genetic diversity (number of alleles and He) was equivalent in treated and untreated
trees, with little evidence of differentiation or inbreeding, suggesting current insecticidal treatment is
conserving local, neutral genetic diversity. Using simulations, we demonstrated that best practice is
treating more populations rather than more trees in fewer populations. Furthermore, through genetic
screening, conservation practitioners can select highly diverse and unique populations to maximize
diversity and reduce expenditures (by up to 21%). These findings will help practitioners develop
cost-effective strategies to conserve genetic diversity.
Keywords: emerald ash borer (Agrilus planipennis Fairmaire); in situ conservation; forest pest;
disturbance; Fraxinus; integrated pest management
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1. Introduction
The intentional and unintentional spread of non-native species is contributing to the global
reduction of plant diversity and the homogenization of plant communities [1,2]. Non-native insect pests
and pathogens represent major destructive forces in forests, impacting productivity, biogeochemical
cycling, hydrology and forest successional dynamics [3–5]. Conserving the genetic diversity of
imperiled forest tree species is essential for maintaining the long-term sustainability and resilience
of forest ecosystems. Genetic diversity provides the basis for adaptation to environmental and
anthropogenic change [6], increases ecosystem stability and resilience [7,8], and promotes species
diversity [9]. Particularly influential is the genetic diversity of foundational species, such as large
trees. Although it is well established that conserving genetic diversity is crucial in preventing the
extinction of populations and species, very few management plans incorporate genetic monitoring in
their action plans [10].
Conserving genetic diversity typically relies on both an ex situ approach, in which a
species is preserved outside of its natural habitat, and an in situ approach, in which viable,
reproducing populations are maintained within the species’ natural habitat. Ex situ conservation
can involve either maintenance of living trees, or storing seeds in long term storage such as a seed
bank. Although ex situ approaches have the potential to save a majority of a species’ diversity,
they also have their limitations. Seed banks only work for species with orthodox seeds, and accessions
may be compromised either during the collection (selection bias) [11] or storage (e.g., seed death,
mutation accumulation). Likewise, trees maintained in living collections require large planting areas,
diversity can be lost through cycles of regeneration, and there is potential for adaptation to cultivated
conditions [12,13]. The value of ex situ collections may also be limited if it is not associated with any
in situ strategies. Reintroductions, with ex situ material, may be hampered by the degradation of
underlying ecosystem properties associated with the initial disturbance and extirpation and loss of in
situ mutualists, like pollinators, seed dispersers, and fungi. Recent evidence suggests that Fraxinus
are associated with unique soil microbial assemblages which may be altered if ash were to be lost
from a forest ecosystem [14]. Additionally, black ash (Fraxinus nigra Marshall) has been shown to
help to maintain the hydraulic balance of sensitive wetland forests, and its loss from these systems
because of the invasive emerald ash borer (Agrilus planipennis Fairmaire, EAB) may prevent the future
establishment of black ash and other tree species [15]. Therefore, in situ conservation is often the
preferred means of conserving a species, especially when used in conjunction with ex situ conservation.
Refinement of in situ approaches for maintaining imperiled species is required if managers
are to maximize the genetic diversity conserved while minimizing costs. Developing such tools is
increasingly necessary as outbreaks of forest pest and pathogen become more prevalent and result
in widespread disturbances [16]. EAB, a non-native forest pest accidentally introduced into North
America in the 1990’s, has spread from south eastern Michigan to over 31 states, resulting in a dramatic
decline in numbers of ash trees [17]. There are 16 native species of ash trees (Fraxinus spp.) across
North America [18], which collectively represent ~2.5% of the trees in the United States, with the
greatest density and abundance in the Great Lakes Region [19]. EAB larvae, which feed predominately
on phloem and cambial tissue, create serpentine galleries that effectively girdle host trees [20,21] and
result in >99% tree mortality (for black, white and green ash see [22,23], relative to ~71% survival for
blue ash see [24]). Due to this infestation, five ash species are now listed as critically endangered on the
International Union for Conservation of Nature red list (F. pennsylvanica Marshall, F. americana, F. nigra,
F. profunda (Bush) Bush, and F. quadrangulata Michx.) and one is listed as endangered (F. caroliniana
Mill.) [25]. The loss of ash trees has been estimated to cost upwards of $60 billion USD, not including
replacement costs [26], which will be significant in cities like Chicago, where there were significant
numbers of ash trees (>600,000). Because of the lethal effects and speed with which EAB is spreading,
managers need new tools to mitigate the impact.
The threat to ash trees has led to the development of a combined ex situ and in situ conservation
approach. Ex situ methods include seed collection and storage, which have yielded collections
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from 1982 ash trees from five species (US National Plant Germplasm System). Meanwhile, the in situ
methods include insecticide treatment of standing trees to protect them from future EAB attacks. In situ
preservation will help maintain breeding populations of large trees in the landscape, thereby protecting
ecosystems services, helping to ensure future ash reintroduction, and allowing continued natural
selection and adaptation. Evidence from early in situ Fraxinus conservation efforts suggest a degree
of associational protection, in which insecticide treatment of a small number of ash trees in a stand
can promote the health of untreated trees [27]. However, the optimal treatment densities to achieve
maximal associational protection remain unknown and are under investigation [28]. While insecticides
have been used frequently for protection of urban street trees and yard trees, these cultivated ash
are not representative of, and do not help to preserve, natural levels of genetic diversity. To address
this concern, insecticide treatment has been expanded to multiple, naturally-occurring populations,
managed by a diverse assemblage of landowners. Multiple insecticide formulations are available,
but all require repeated treatments (yearly or every 3 years, depending on the insecticide used).
The cost of emamectin benzoate injections, which have been demonstrated to be most effective at
controlling EAB [29,30], range from $50 to $150 USD per tree, depending on tree diameter. Multiple
entities have expressed interest in expanding these efforts; however, practical information is needed to
help managers maximize the benefits of insecticide treatments while minimizing resource use.
As treating all trees in an area is usually not an option, a subset of trees will need to be chosen
for treatment. If the objective is to maintain local standing genetic diversity, population models
suggest that treating more trees will maximize the chance of conserving a substantial portion of the
local alleles [31,32]. However, the relationship between allelic diversity and sample size is non-linear,
hence there is a point at which additional individuals provide minimal gains in diversity. Ex situ
seed collections protocols suggest that in order to maximize the local diversity collected, you need to
sample a minimum of 50 unrelated maternal trees per population, and repeat for as many populations
as possible [33]. However, the appropriate design of a conservation collection depends on various
aspects of the target species, including population size, reproductive biology, recent population history,
and connectivity among populations [34–39]. Given that it is nearly impossible to preserve all genetic
material, determining the optimum number and spatial arrangement of treated trees will be important
in efforts to conserve the majority of local genetic variation.
Here we investigated the genetic diversity of white ash trees (F. americana) across the Allegheny
National Forest (ANF), and utilized the results to optimize a regional in situ conservation plan.
Our goals were specifically to: (1) determine the genetic diversity and structure of white ash
populations across the ANF; (2) quantify how varying levels of treatment (number of trees and
populations) will affect the preservation of ash genetic diversity; and (3) formulate optimal strategies,
including identifying which populations preserve the greatest proportion of genetic diversity.
To achieve this, we conducted a genetic survey of white ash trees, then used computer algorithms to
subsample the dataset with different possible sampling strategies (100 plants, 20 plants, etc.). Finally,
we discuss implications for white ash, as well as caveats to this approach.
2. Materials and Methods
2.1. Site Selection
Our study was conducted in the Allegheny National Forest (ANF) in northwestern Pennsylvania,
USA, which covers over 2075 km2 (Figure 1). The forest sits atop an unglaciated portion of the
Allegheny plateau, and exhibits considerable variability in topographic relief. The forest ecosystem
is comprised largely of secondary successional mixed deciduous forests, which regenerated after
extensive anthropogenic disturbances in the late 1800’s and early 1900’s. The forest is managed
intensively for timber and is dominated by black cherry, maples, and other hardwoods; Fraxinus spp.
comprise nearly 3% of trees across the ANF, comparable to densities across the eastern US, but not as
high as densities near the epicenter of the EAB outbreak.
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Figure 1. Map of the Allegheny National Forest with white ash foliar sampling locations denoted with
stars (red stars denote low elevation and yellow sites upper elevation sites). Inset map denotes the
position of the ANF in the greater region.

2.2. Sample Collection
During 2015, 27 (100 m radius, 3.14 ha) permanent research plots were established across the ANF
for in situ conservation efforts. These plots represent a portion of a larger network of plots across the
ANF which was established to track the arrival and spread of EAB, as well as the decline of ash in the
region. For the insecticide conservation effort, plots widely distributed across the ANF containing at
least 20 ash trees were selected (Figure 1). These plots contained anywhere from 21 to 201 specimens.
In May 2015, to protect these trees from EAB, a random subset of 20 ash trees within each site was
treated with 0.157 g a.i./cm diameter at breast height of the systemic insecticide emamectin benzoate
(Tree-äge® ; Arborjet, Woburn, MA, USA) using the Arborjet Quick-Jet system (as directed by the
manufacturer: Arborjet, Woburn, MA, USA). As such, in these plots, between ~10% and 95% of the ash
were inoculated with insecticide. In July 2016, foliar samples were collected from 17 plots distributed
across the ANF (see Figure 1; Table 1); these plots represent a subset of those assigned to the insecticide
trial, as well as several other plots that did not receive insecticide treatment that comprise a wider
geographic footprint. Furthermore, because many of the insecticide treated plots are paired (high and
low elevation), sampling each of the paired plots would not be necessary to assess population genetics
across the ANF, and would represent similar local alleles. Although it would be unexpected to see
genetic differentiation between groups of individuals in close vicinity, it is possible that trees may
exhibit phenological differences in flowering across systems with considerable topographic complexity
as in this system. As such, we incorporated five of these areas into the study (denoted in Figure 1
below). In each plot, foliar samples were collected from ~30 trees (if available) which were randomly
selected. Foliar samples were stored on ice in the field, and frozen until analysis, for a total of 352 trees
sampled (consisting of 274 inoculated trees and 78 non-inoculated trees). Obviously, because of
randomly selecting trees within the treatment plots, foliar samples were sourced from both insecticide
and non-insecticide treated trees.
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Table 1. Averages for genetic parameters by population, including population name (PopID), whether
trees were treated with insecticide (Y = yes, N = no), topographic position of the site (upland or
lowland), number of trees sampled (n), average number of alleles (Na), average effective number of
alleles (Ne) corrected for sample size, gene diversity (He), number of Private alleles (P) and Inbreeding
coefficient (Fis).
PopID

Insecticide Treated

Topography

n

Na

Ne

He

P

Fis

104
150
162
186
200
103
149
6
26
88
126
142
158
166
5
25
87

N
N
N
N
N
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Lowland
Lowland
Lowland
Lowland
Lowland
Upland
Upland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Upland
Upland
Upland

16
23
3
2
23
7
1
30
29
30
24
22
23
30
29
30
30

4.88
5.88
2.63
1.63
5.00
4.13
1.38
8.25
7.50
7.50
6.13
5.38
5.75
7.50
7.13
6.63
7.25

2.89
3.13
2.11
1.58
2.88
2.83
1.38
3.40
3.14
3.32
2.89
2.76
2.99
3.45
3.26
3.10
3.58

0.60
0.64
0.48
0.23
0.61
0.60
0.25
0.62
0.61
0.65
0.61
0.59
0.63
0.64
0.65
0.63
0.64

0
0
0
0
2
0
0
7
7
0
1
1
0
2
1
2
3

0.00
0.13
−0.09
−0.64
0.04
0.16
−1.00
0.08
0.07
0.07
0.11
0.09
0.02
0.08
0.08
0.08
0.17

2.3. Genetic Analysis
Genomic DNA was extracted from ~1 cm2 of silica dried leaf tissues using a modified Cetyl
trimethylammonium bromide (CTAB) method, developed by Doyle and Doyle [40]. Following DNA
extraction and purification, the quality and concentration of DNA were evaluated using
spectrophotometry (Nanodrop 2000, ThermoScientific, Waltham, MA, USA). A subset of samples
was screened using 23 microsatellites primers pairs previously designed for F. excelsior L. [41–44],
and 15 expressed sequence-simple sequence repeats (EST-SSR) designed from F. americana [41].
From these, 10 primer pairs amplified reliably and were polymorphic in our samples. The remainder
produced no bands (9), were monomorphic (6), or did not amplify reliably (13). The final primer sets
used in this study included FEMSATL 11 & FEMSATL 16 [41], FR639485 [44], M230 [45] and Fp21068,
Fp20239, Fp19681; Fp12378; Fp14665; and Fp17710 [46].
To visualize the alleles, each forward primer was modified with the addition of an M13 sequence
to the 5’ end (50 -CACGACGTTGTAAAACGAC-30 ), to allow post-polymerase chain reaction (PCR)
labeling with fluorescent dyes [47]. An initial PCR was conducted in a 10 µL reaction mixture
containing 5 ng template DNA, 25 nM of forward and reverse primer, and 5 µL of MyTaqTM Master mix
(Bioline, Taunton, MA, USA). This PCR mix was run for 2 min initial annealing (94 ◦ C), then 15 cycles
of 94 ◦ C for 40 s, 57 ◦ C for 40 s, and 72 ◦ C for 90 s, and a final extension (72 ◦ C) for 5 min. Once the
initial PCR product was generated, it was labeled through a second PCR through the addition of 2.5 µL
of MyTaqTM Master mix (Bioline, Taunton, MA, USA), 2.25 µL of DNA grade water and 0.25 µL M13
primer labeled with either WellRed Black (D2), Green (D3) or Blue (D4) fluorescent dye (Sigma-Proligo,
The Woodlands, TX, USA-Sigma-Aldrich, St. Louis, MO, USA). The labeling PCR’s were conducted at
94 ◦ C for 2 min, 27 cycles of 94 ◦ C for 30 s, 55 ◦ C for 30 s, and 72 ◦ C for 1 min, and an extension of 72 ◦ C
for 10 min. PCR products were analyzed on a CEQ 8000 Genetic Analysis System with GenomeLab
400 internal size standard (ABSCIEX, Chicago, IL, USA).
2.4. Data Analysis
The program GENALEX [48] was used to generate descriptive parameters, including common
metrics of genetic diversity such as mean number of alleles per locus (Ap ) effective number of
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alleles per loci (Ae ), expected heterozygosity (He ), and number of private alleles (P), as well as
measures of inbreeding, using Weir and Cockerham’s [49] estimates of Wright’s inbreeding co-efficient
(FIS ). The average pairwise relatedness of each population was calculated using the Queller and
Goodnight [50] estimator in GENALEX. A generalized linear model was used to test for differences
between treated and untreated trees for all genetic parameters using the lme4 statistical package
in the statistical program R version 3.3.1 [51] (R Development Core Team, 2009). Pairwise genetic
distances (Fst) were calculated using GENALEX [48]. The Bayesian clustering analysis software
STRUCTURE [52] was used to determine if there was any geographic structure of genotypes within
the ANF. We used the parameters: ploidy level two, length of burnin period 100,000, and the number
of Markov chain Monte Carlo reps after burn 100,000 for the admixture model. To identify the optimal
value of K, 20 replicates of each value of K was used from 1 to 20, which is 3 more than a total number
of populations used [53]. Structure Harvester [54] was used to choose the most likely K.
2.4.1. Assessing the Success of In Situ Treatments
To determine the degree to which currently treated ash trees represent the genetic diversity
of the entire ash population, we counted alleles present in the entire genotyped sample (ATotal ),
as well as alleles present only in the insecticide-treated sample (ATreated ). ATreated /ATotal is the
proportion of genetic diversity currently protected. We calculated this proportion for each of several
categories of alleles: all, very common (overall frequency > 0.10), common (overall frequency > 0.05),
low frequency (overall frequency < 0.10 and > 0.01), rare (overall frequency < 0.01), and “locally
common” (present in only one population at frequency > 0.15 and in all other populations at
frequency < 0.05). “Locally common” is included because this is the pattern reminiscent of local
adaptation (high frequency in one local population only).
2.4.2. Optimizing In Situ Treatments
The following methods aim to test possible conservation strategies, in terms of number of trees
and populations to treat. To test other possible treatment strategies, we used a resampling technique
in which we repeatedly selected (from the genotyped dataset) at random a given number of trees from
a given number of local populations for “treatment” (i.e., in situ conservation). For each sampling
strategy, we calculated the proportion of genetic diversity protected in terms of all alleles (as above),
and the identity of the selected populations was recorded. We tested various possible strategies,
i.e., all combinations of 2 to 20 randomly chosen trees per population and 1 to 10 randomly chosen
populations (thus there are 190 combinations of trees and trees per population), without replacement.
As some populations are small (see Table 1), if a sampling strategy was attempted that exceeded
population size, all trees available were sampled. Each of the 190 sampling strategies was performed
100,000 times (replicates), using the adegenet package [55] and a custom written set of functions in R
version 3.3.1 [51] (see the R code file in Supplemental Materials). For each possible treatment strategy,
we calculated the mean and standard deviation of alleles captured over all replicates.
It is possible that treating certain populations will be more effective than treating others, as some
have more unique allelic diversity than others. As such, treating certain sets of populations can
provide complementarity to cover all the unique alleles. Thus, an optimal set has the highest
number of alleles. To identify the “best” or optimal sets of populations to treat, the 100,000 replicates
(additional runs of 200,000 replicates showed identical results) were sorted by genetic diversity
preserved for each of the 190 sampling combinations. The identity of the particular combinations of
populations resulting in the highest number of alleles were recorded as the optimal set. For each of
the 190 optimal sets, these populations were resampled an additional 100,000 times with different
individuals. This resampling is designed to determine the distribution of allelic diversity from
treating these populations. Lastly, the improvement due to sampling the optimal set was calculated
as the difference between sampling a random set of populations and the optimal set of populations,
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assuming the random choice of trees within populations, for the 190 combinations, and for each
allele category.
3. Results
3.1. White Ash Genetic Variability across the ANF
Across all sites, the average number of alleles per locus (Na) ranged from 1.4 to 8.2, the effective
number of alleles ranged from 1.4 to 3.6, and gene diversity (He) ranged from 0.23 to 0.65 (Table 1).
A total of 26 private alleles (P) were detected from 8 microsatellites across all populations. The numbers
by population ranged from 0 to 7, with all being found in treated populations except for 2, which were
located in one lowland population of untreated trees (PopID 200). For a few untreated sites, the death
rate was so high that our sample size was reduced to only a handful of trees. As a consequence,
the genetic diversity for these sites was the lowest. As genetic diversity metrics can be limited at small
sample sizes, these populations were excluded for the statistical comparisons between treated and
untreated plots. Once these plots were removed we found a significant difference between treated and
untreated populations for number of alleles per loci (t1,11 = 2.85, p = 0.02), with treated populations
being higher. There were no significant differences in the number of effective alleles (t1,11 = 1.82,
p = 0.10) or gene diversity (t1,11 = 0.94, p = 0.37). Inbreeding coefficient ranged from −1.00 to 0.16,
although for populations which had larger samples sizes (n > 16), the range was restricted from 0.00
to 0.14, suggesting low to moderate levels of inbreeding. The result was supported by a comparison
of the degree of relatedness between trees within populations, which was close to zero, suggesting
most trees sampled were unrelated (Figure 2). There was no significant difference between treated and
untreated trees for inbreeding (t1,11 = 0.31, p = 0.76). Pairwise genetic distances (Fst) showed low (0.01)
to moderate (0.09) genetic differentiation between populations, with no obvious differences for treated
and untreated sites. This was supported by the Structure analysis which showed a gradual drop in
maximum likelihood from its peak at K = 1, which suggests little to no structure. This was supported
by visualization with all populations being comprised of both genetic groups for K = 2.

Figure 2. Mean relatedness (r) within the population, box plots (blue) represent average relatedness
and standard error. Red bars represent 95% confidence intervals about zero, which is determined by
sample size.

3.2. Assessing the Success of In Situ Efforts
Overall, there were 131 alleles (28 very common, 38 commons, 45 low frequency, 58 rare,
8 locally common and 68 locally rare). Assuming the genotyped trees are representative of the
ash meta-population across the ANF (see Discussion), the 536 trees that were treated in the larger scale
treatment regimen capture a substantial proportion of the neutral genetic variation present. Specifically,
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the proportion of all alleles captured at least once in the genotyped dataset is 97.7%. The proportion of
all other categories is 100%, except with rare alleles (94.8%).
A forest manager is often faced with decision making about how to spend funds. We first aimed to
examine the consequences of potential alternative choices. These simple choices are arbitrary of course,
but illustrate major lessons about gene conservation. We modeled different treatment scenarios to
determine the genetic diversity that would be preserved with less expensive alternatives. Protecting the
same number of trees in fewer populations is one management option, i.e., treating 4 populations as
opposed to 10 populations. Our results show that this decrease would result in a lower proportion of
genetic diversity preserved for the same number of trees (Table 2). This decrease is most noticeable in
the low frequency and locally common alleles (about 6% and 13% respectively). It is worth noting for
this comparison that a maximum of 61 trees was used, which is on average the maximum number of
trees that can be sampled from 4 randomly chosen populations in our dataset. This is illustrative of the
difference that can be expected for other numbers of trees.
Table 2. Proportion of genetic diversity preserved in 61 trees, whether these trees are chosen from 4
(option 1) or 10 (option 2) populations, randomly.
Management
Option
Option 1
Option 2
Difference

No. of
Populations
4
10

All

Very
Common

Common

Low Freq

Rare

Locally
Common

64.4%
66.6%
2.2%

~100%
~100%
<0.1%

99.4%
99.9%
0.5%

84.8%
91.1%
6.3%

31.4%
31.4%
<0.1%

75.5%
88.4%
12.9%

Another option is protecting the same number of populations but fewer trees. This would also
substantially reduce the genetic variation protected. Reducing the number of currently protected
trees approximately by half (in our dataset, from 274 to 140), albeit with trees still spread across
10 populations, would decrease the proportion of alleles saved from 97.7% to 81.1%.
We then examined all possible combinations of the number of trees per population and number
of populations. In general, our results show that it is better to protect more populations (Figure 3).
The slightly higher slope and the narrower distance between lines on the left panels suggest that
typically, more genetic variation is gained by adding a new population than a new individual. It can
also be observed that the lines for adding more trees look to be reaching a plateau sooner than is
the case when more populations are added. A specific example of the choice of more trees or more
populations is that the same proportion of locally common alleles can be protected by treating 77 trees
across 10 populations or 102 trees across 7 populations.

Figure 3. Accumulation of genetic variation as more populations or trees are added. The two plots in
panel (a) represent “global alleles” (i.e., all alleles) and the two in panel (b) “locally common” alleles.
In the graphs with number of populations on the X axis, the successive lines are additional numbers of
trees per population; likewise, in the graphs with number of trees on the X axis, the lines are additional
numbers of populations those trees are sampled from.
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3.3. Optimizing Insecticide Treatment
An optimal set of populations to sample was recorded for each of the 190 treatment combinations.
Our iterative approach consistently identified several populations across the span of minimum
numbers of populations. For 10 treated populations, the optimal set is 5, 6, 25, 26, 87, 88, 142,
166, 200, and one of either 103 or 149 (Figure 4). Note that this is the ranking when choosing sets
of populations to maximize preservation of all alleles. If the optimality “criteria” is to maximize a
given category of the allele, the ranking of populations by their optimality does change; for example,
to maximize locally common alleles the top populations are 5, 88, 149, and 166. Note that for pairs of
plots that are close together, i.e., 25 and 26 (one is upland, and one is lowland), typically only one of
these pairs shows up as optimal, suggesting that maintaining a minimum distance between treated
populations would be prudent for maximizing diversity.

Figure 4. Frequency with which each population was observed in the 190 optimal sets of populations
when optimality is defined as capturing all alleles.

The optimal populations are often, but not exclusively, those with a larger number of genotyped
trees in our study. For example, populations 6, 26, 87, and 166 were frequently chosen and all have
30 trees genotyped; population 200, however, is frequently chosen and only 22 trees were sampled.
In addition, we find that when treatment strategies are limited to three or fewer trees per population,
nearly the same populations are chosen as optimal, suggesting they are not optimal merely because
of the larger sample size. To further investigate whether the number of trees genotyped influenced
the inclusion of a population as optimal, we plotted the genetic diversity captured compared to the
number of trees treated (Figure 5), which shows an improvement on allele preservation using the
optimal set.
On average, treating an optimal set of populations increased the proportion of all alleles
preserved by 7.7% and a maximum of 16.1%, with similar gains observed for the low frequency,
rare, and “locally common” alleles. Again, this result is based on using all alleles as the ranking
criteria, although examining plots for other allele categories reveals similar substantial improvement.
On average, the optimal populations captured more variation than randomly chosen ones, even for
the same number of trees (Figure 5), suggesting some populations do indeed have an optimal genetic
diversity content. Optimal populations tend to have higher allelic diversity and heterozygosity,
although not consistently (populations 150 and 158). The fact that all populations are chosen at least a
few times (Figure 4), suggests that there can be multiple combinations of populations that can conserve
the same level of diversity. As such, there is not just one optimal set for managers to use.
These results show that if a conservation practitioner chose populations to treat at random,
they would have to treat more trees in order to preserve the same amount of genetic diversity as
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an optimal set. For example, two strategies—treating a total of 153 from 10 random populations
and treating a total of 121 trees from 10 optimal populations—both capture about 83% of all alleles.
This equates to about 21% fewer trees requiring treatment, under the optimal plan, to preserve the
same genetic variation. If this percentage is transferred to the cost of treating 536 trees as opposed to
675 trees (21% fewer), these savings would be 139 fewer trees and thus nearly $13,900 USD per year
that the treatment is applied (assuming $100 USD/tree treatment costs). Costs of genotyping may be
between $5 USD and $10 USD per tree, which would total $6750 ($10/tree × 675 trees). Thus, in year
one, the savings of treating an optimal set more than offsets the genotyping costs. From then on, the
savings will only accumulate with every treatment cycle. The exact cost savings will depend on the
number and distribution of trees of course, and the criteria for optimality, but it is likely that the cost
of sampling and genetic analysis of trees before embarking on an insecticide treatment plan could lead
to greater savings in treatment costs by allowing managers to optimize treatment strategies.

Figure 5. Proportion of genetic variation preserved for a given number of individuals treated depending
on whether optimal populations or random populations are selected.

4. Discussion
In this study, we have found that the optimal tree sampling strategy identified here, i.e.,
treating more populations, rather than more trees per population, maximizes conservation of genetic
diversity of ash while reducing management costs by >20%. The F. americana populations of the
Allegheny National Forest showed minimal genetic structure (in terms of low Fst), suggesting that
genetic diversity within white ash is evenly distributed across the region. Efficiencies may be even
higher in forests with more structured populations. The cost savings associated with reduced treatment
expenses can easily offset the costs of genetic analyses. The low genetic structure and high genetic
diversity observed herein compliments findings in other ash species (i.e., F. excelsior [56,57]), and is
consistent with other common, wind-pollinated tree species (oaks [58,59] such as pine [60,61] and
beech [62]). This likely reflects adequate gene flow between populations, common in species with
wind-dispersed pollen and seeds. Hence, we suggest that our findings on landscape population
patterns and management may be transferable to conservation efforts of other wind dispersed tree
species. However, in complex landscapes with high levels of environmental variability, a high degree
of adaptation to local environments may occur.
A number of studies have examined how many trees and populations to sample for ex situ
conservation, both empirically [34,36–38], and theoretically [33,63–65]. These studies have shown that
appropriate sampling strategies depend on the species and the situation. They have also provided
several consistent messages: (1) a relatively small number of well-chosen samples can preserve most
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of the genetic diversity; (2) many samples are needed to preserve all of the genetic diversity; and (3)
diminishing returns are observed as more samples are added. More importantly, protecting multiple
populations is almost always necessary to capture most of the genetic diversity. These results are
consistent with these commonalities from previous studies. We found that even for a species with
moderately low genetic differentiation across populations, protecting more populations is more
valuable for maintaining a maximum level of genetic diversity. Our study helps address the paucity of
specific information aimed at designing an optimal in situ or ex situ strategy for conserving the genetic
variation in plants (though see [66,67]), and provides the first gene conservation strategy for designing
in situ pest management approaches.
We show that for F. americana in the Allegheny region, the current strategy of treating 536 trees
from 27 plots (of which 10 plots were in our analyzed data) will likely protect the majority of the known
genetic variation, based on our samples. The alleles that are not protected are typically rare (frequency
less than 0.01), or are restricted to, but common in, one population (locally common). We demonstrate
that protection of a larger number of populations with insecticide treatment is more useful and cost
effective than a treatment applied to more trees per population. Protecting numerous populations
has the additional benefit of ensuring against disturbances caused by fire, windstorms, or other
local environmental change. However, the number of trees protected per population should still be
substantial (20 or more if possible) so that future seed production will remain highly heterozygous.
To test whether it is possible to reduce costs without sacrificing genetic diversity, we examined
alternative strategies for treating fewer trees (thus reducing the amount of insecticide needed), or fewer
populations (reducing travel time and transportation costs for treatment). Our results show that
protecting the same number of trees but in fewer populations would result in a small loss (2%) of
diversity, but a larger loss (13%) in locally common diversity. An attempt to reduce cost expenditures
further might consider reducing the number of individuals treated by half; this would result in a larger
loss (16%) of diversity (primarily rare alleles). Lastly, we demonstrate that an optimal set of populations
can be identified that could result in greater genetic preservation and cost reductions. This is likely
due to the principle of complementarity; an optimal set of populations has minimal overlap in alleles,
and thus each population complements the others [34]. Considering that it was possible to identify
optimal strategies for F. americana, a common and wind-pollinated species with low genetic structure,
this method should provide even greater benefit for species with higher genetic structure.
While we consider our results to be robust in these main findings, we need to be cautious as
we used a small number of neutral microsatellite markers and a small sample size of untreated
trees. While neutral markers are good at detecting effective population sizes and migration rates,
their connection to fitness and “adaptive potential” is more tenuous. A number of studies have
demonstrated that with low differentiation there can still be extensive between-population differences
in adaptive traits [60,61,68]. Thus, there may be adaptive genetic differences that were not captured
in our study, nor might they be captured in a treatment program guided by neutral markers;
indeed, capturing them is a difficult task, regardless of methods used [69]. Despite this limitation,
neutral markers are the most cost-effective tools available, and alleles are the only “currency” we have
for measuring the gain in genetic diversity from a conservation action. In addition, sparse densities of
ash as well as EAB induced mortality in the region limited the number of untreated trees available for
the study. The exact estimates of the ‘proportion of genetic variation’ preserved for a given number of
trees would decrease as more of the untreated trees were genotyped, and future studies may benefit
from collecting additional samples before EAB expands to those areas (Figure 6). An accumulation
curve of resampling our datasets, adding individuals one by one, supports this supposition; there are
likely many more rare alleles in existence, but the other categories have likely reached an asymptote
(Figure 6). It is important to note that the broad conclusions about sampling more trees or more
populations derived from our approach is unlikely to be changed by using other marker approaches
or increasing sampling size.
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Figure 6. Accumulation analysis which shows an asymptote of low frequency (a) and rare (b) alleles as
more individuals trees are selected across all samples, demonstrating an asymptote is likely reached
for locally common but not for all alleles (due to rare alleles).

Natural demographic loss is an important consideration when determining an optimal number
of populations and trees for treatment. With ex situ seed collections, the minimum number of
seeds needed to preserve genetic variation is increased to account for germination and recruitment
failures [70]. For our in situ treatment, the main dangers include the loss of populations due to abiotic
disturbances (e.g., fire or windstorms), or the lack of treatment efficacy [30]. A recent estimate of
disturbance levels gleaned from Forest Inventory and Analysis Data suggests that in the eastern US,
approximately 3% of all trees are lost across a 5-year period [71]. Although these disturbance levels are
relatively low, we suggest factoring disturbance into treatment plans, in order to help ensure that the
27 treated populations persist long term (i.e., 100 years). This may be achieved through a moderate
increase in the number of populations treated (5 to 10 additional populations), and an increase in
individuals per population (to perhaps 25), as well as the wide spatial distribution of populations.
A more detailed regional analysis of mortality frequency from past catastrophic events may be useful
to determine the likelihood that sufficient treated populations and trees will survive over the long
term. Insecticide treatment efficacy should also be considered when deciding how many individuals
to treat within a population. Because treatment efficacy decreases in less healthy trees [30], more trees
must be treated in strains that are already in decline, to ensure the survival of the target number of
trees for genetic conservation. In sum, our analysis represents a minimum number of white ash trees
and populations to treat based on standing genetic diversity; as some trees will be lost to disturbance
or insecticide failure, this minimum number could be increased to ensure that a minimum persists into
the future.
A more complete genotyping of the populations containing fewer samples would help fully verify
these results. Sequencing a large number of genes with a known function would provide an important
complement to this work, by providing information on functional genetic variation [72]. Additionally,
layering in a biological control strategy may help mitigate EAB pressures while contributing to the
maintenance of ecosystem stability [73]. As such, efforts should be made to incorporate insecticide
treatments into broader in situ or combined in situ and ex situ conservation program(s) [74].
Lastly, including information on the soil, vegetation, slope and other environmental variables may be
useful to ensure the preservation of ecologically relevant adaptations, by demonstrating that treated
trees are found through the full environmental range of the species.
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5. Conclusions
In this study, we used genetic data from microsatellite markers to determine the effectiveness
of current insecticide treatments for protecting the neutral genetic variation of white ash in situ in
the Allegheny National Forest. We determined that treating a smaller number of trees across more
populations is more effective than more trees in fewer populations, especially for locally common
alleles. Furthermore, our iterative approach for identifying optimal sets of populations can be used to
increase the efficiency of treatment, resulting in cost savings that would essentially offset the cost of
the genetic study within one to two years.
Supplementary Materials: The source code for R scripts is available online at http://www.mdpi.com/1999-4907/
9/4/202/s1.
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