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Abstract

Population bottlenecks can reduce genetic diversity and may lead to inbreeding depression.
However, some studies have provided evidence that long lifespans buffer negative genetic effects
of bottlenecks. Others have cautioned that longevity might merely mask the effects of genetic
drift, which will still affect long-term population viability. We used microsatellite data from actual
populations of tuatara (Sphenodon punctatus) and eastern massasaugas (Sistrurus catenatus)
as a starting point for simulated population declines to evaluate the performance of bottleneck
tests under a range of scenarios. We quantified losses in genetic diversity for each scenario and
assessed the power of commonly used tests (i.e., M-ratio, heterozygosity excess, and mode-
shift) to detect known bottlenecks in these moderate- to long-lived species. Declines in genetic
diversity were greater in bottlenecks simulated for eastern massasaugas, the shorter-lived species,
and mode-shift and heterozygosity excess tests were more sensitive to population declines in
this species. Conversely, M-ratio tests were more sensitive to bottlenecks simulated in tuatara.
Despite dramatic simulated population declines, heterozygosity excess and mode-shift tests
often failed to detect bottlenecks in both species, even when large losses in genetic diversity had
occurred (both allelic diversity and heterozygosity). While not eliminating type Il error, M-ratio
tests generally performed best and were most reliable when a critical value (M) of 0.68 was used.
However, in tuatara simulations, M-ratio tests had high rates of type | error when M_was calculated
assuming 0 = 10. Our results suggest that reliance on these tests could lead to misguided species
management decisions.
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Large reductions in population size, or population bottlenecks, are
increasingly prevalent in wildlife populations due to mounting an-
thropogenic impacts such as habitat destruction, climate change,
the introduction of invasive species, overexploitation, and inter-
actions among these factors (Ceballos et al. 2017). Population
bottlenecks often lead to reduced genetic diversity and increased
inbreeding (Nei et al. 1975; Frankham 1995; Allendorf and Luikart
2007). Reduced genetic diversity leaves populations vulnerable be-
cause they have a lessened ability to adapt and respond to envir-
onmental change (Frankham 1996, 2005; Frankham et al. 1999),
while inbreeding and the related buildup of deleterious alleles can
decrease a population’s average fitness (Mills and Smouse 1994;
Crnokrak and Roff 1999). Interactions between genetic effects and
demographic stochasticity can create a positive feedback loop that
augments the probability of extinction (i.e., an extinction vortex;
Gilpin and Soulé 1986).

Because of the threat bottlenecks pose to population viability,
knowing whether a population has experienced a reduction in size
is often of conservation interest. However, conservationists rarely
know the historic size of a population or its historic levels of genetic
diversity. Other options for inferring whether a significant bottle-
neck has occurred include comparing the genetic diversity of the
population of interest to museum specimens (e.g., Hoelzel et al.
2002; Wisely 2002) or to conspecific populations with known sta-
bility (e.g., Ohnishi et al. 2007), but these data are often unattainable
or unreliable. Therefore, due to their relative ease and accessibility,
methods that infer past bottlenecks using current genetic data col-
lected from a single point in time are widely employed in the sci-
entific literature (Peery et al. 2012). Three of the most common
methods applied to microsatellite data include the M-ratio (Garza
and Williamson 2001), heterozygosity excess (Cornuet and Luikart
1996), and mode-shift (Luikart et al. 1998) tests.

These 3 bottleneck detection tests have different underlying as-
sumptions and focus on different aspects of variation in the data. The
M-ratio is calculated as the number of alleles divided by range in al-
lele size, and it is expected that this ratio will decrease when a popu-
lation experiences a bottleneck (Garza and Williamson 2001). This
generally occurs in loci with > 5 alleles because the loss of any allele
reduces the numerator in the ratio while only the loss of the largest
or smallest alleles reduces the denominator (Garza and Williamson
2001). Therefore, the calculated M-ratio for a population can be
compared to the ratio expected for a population in mutation-drift
equilibrium (i.e., the critical value or M) to infer whether a bottle-
neck has occurred (Garza and Williamson 2001). The heterozygosity
excess test is based on the assumption that allelic richness decreases
at a faster rate than heterozygosity (H,) during population bottle-
necks (Cornuet and Luikart 1996). Thus, heterozygosity, as defined
by Nei (1973), will be greater in a recently bottlenecked population
than expected for a population in mutation-drift equilibrium, when
taking into account the actual number of observed alleles (Cornuet
and Luikart 1996; Piry et al. 1999). The mode-shift test assumes that
when population size is greatly reduced, low-frequency alleles are
lost from a population more readily than intermediate frequency al-
leles (Luikart et al. 1998). Consequently, the mode of a population at
mutation-drift equilibrium occurs at low allele frequency, while the
mode of a recently bottlenecked population occurs at intermediate
allele frequency (Luikart et al. 1998; Piry et al. 1999).

Previous studies have noted that negative impacts of bottle-
necks on genetic diversity appear to be reduced in long-lived species
(Kuo and Janzen 2004; Hailer et al. 2006; Lippé et al. 2006). Hailer
et al. (2006) suggested that this could be a consequence of longevity

buffering declines in genetic diversity, where longer generation times
result in a much slower loss of diversity on timescales measured in
years. However, Kuo and Janzen (2004) cautioned that longevity
may only mask the effects of genetic drift. Bottlenecks will still af-
fect population viability via greater vulnerability to demographic
stochasticity and an eventual reduction in fitness if populations are
not restored.

Reptiles provide a useful model to test these hypotheses due to
the long lifespans of many species. Additionally, the low vagility of
many reptiles coupled with isolated patches of suitable habitat may
result in limited to no migration between populations. Therefore,
genetic variation lost during a bottleneck is less likely to be regained
through gene flow, and bottlenecks experienced by these popula-
tions are likely to be of greater impact than in more vagile species.
Here, we used observed data for 2 reptile species, the eastern massa-
sauga (Sistrurus catenatus) and the tuatara (Sphenodon punctatus),
to assess the effects of their longevity on bottleneck severity and
detectability.

The eastern massasauga is a small rattlesnake with a distribu-
tion extending from the midwestern United States into Ontario,
Canada (Harding 1997). Many populations throughout the spe-
cies’ range have been impacted by habitat loss and fragmentation,
among other threats (Szymanski 1998). Consequently, this species is
listed as threatened under the US Endangered Species Act (US Fish
and Wildlife Service 2016) and Canada’s Federal Species at Risk Act
(Environment Canada 2012). The eastern massasauga is a wetland
specialist, often occurring in isolated patches of habitat and exhib-
iting small home-range size and short daily movements (Reinert and
Kodrich 1982; Weatherhead and Prior 1992; Johnson 2000; Moore
and Gillingham 2006; Bailey et al. 2012). Significant genetic dif-
ferentiation has been observed, even between geographically close
populations (~5-7 km apart; Gibbs et al. 1997; Chiucchi and Gibbs
20105 Sovic et al. 2019). Depending on locality, individuals sexually
mature between 2 and 6 years of age (Szymanski et al. 2015); lon-
gevity is generally unknown in the wild, but captive Sistrurus spp.
have lived up to 20 years (Snider and Bowler 1992).

The tuatara is the only extant species of the ancient reptilian
order Rhynchocephalia. Endemic to New Zealand, this species was
extirpated from the 2 main islands, likely due to habitat destruction
and predation by invasive rats (Miller et al. 2012). Natural popu-
lations are now limited to small offshore islands, with high genetic
differentiation observed among island populations (MacAvoy et al.
2007; Hay et al. 2010; Miller et al. 2010). Estimates of sexual ma-
turity range from 9 to 20 years of age (Castanet et al. 1988; Cree
et al. 1992; Allendorf and Luikart 2007) and the estimated max-
imum longevity of wild tuatara (based on mark-recapture data) is at
least 91 years (Moore et al. 2007).

In this study, we simulated instantaneous population bottle-
necks that varied in level of severity (i.e., length of time and pro-
portional decrease in population size), with initial parameters
based on microsatellite data observed from tuatara and eastern
massasaugas. This allowed us to assess whether the M-ratio, het-
erozygosity excess, or mode-shift tests can reliably detect known
(simulated) population bottlenecks in moderate- to long-lived
species. Additionally, we analyzed the effects of bottlenecks on
genetic diversity by quantifying pre- and post-bottleneck meas-
urements of allelic richness and heterozygosity. Based on pre-
vious studies (e.g., Kuo and Janzen 2004; Williamson-Natesan
2005; Hailer et al. 2006; Peery et al. 2012; Hoban et al. 2013),
we hypothesized that detection of bottlenecks would be imper-
fect, with false negatives (type Il error) more prevalent than false
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positives (type I error), and that these standard bottleneck tests
would have diminished power to detect population declines in
long-lived species.

Materials and Methods

Eastern Massasaugas, Bruce Peninsula Data

We obtained genetic data from the Dryad Digital Repository (Dileo
et al. 2013a, 2013b). Data used in our analyses include microsatellite
genotypes at 12 loci collected for 162 eastern massasaugas sampled
from the northern Bruce Peninsula in Ontario, Canada between May
2008 and October 2010 (Dileo et al. 2013b; Supplementary Material
1). Sampling was conducted with an effort to represent the continuous
distribution of the species in this area and occurred mainly along road-
ways (see Figure 1 in Dileo et al. 2013b). The Bruce Peninsula is at the
species’ northern range limit (Weatherhead and Prior 1992) and com-
prises one of the largest extant populations of this species (Parks Canada
Agency 2015). Additionally, Dileo et al. (2013b) identified massasaugas
from the Bruce Peninsula as a genetically distinct panmictic population,
suggesting that signals of possible population bottlenecks are unlikely
to be confounded by unrecognized population structure. Furthermore,
Sovic et al. (2019) did not detect a recent bottleneck in this population
using maximum likelihood methods and genome-scale data.

Tuatara, Takapourewa Data

We obtained genotypes at 7 microsatellite loci collected from 272
individuals sampled from Takapourewa/Stephens Island, New
Zealand between March 2003 and March 2007 (Moore et al. 2008;
Supplementary Material 1). Sampling occurred at 8 sites on the
island and was distributed throughout the available remnant forest
and pasture landcover types (see Figure 1 in Moore et al. 2008).
Despite extensive habitat loss from farming in the early 1900s
(Brown 2000), Takapourewa contains the largest extant population
of tuatara (Moore et al. 2007). Tuatara on the island are considered
a single population, but evidence of low-level fine-scale genetic struc-
turing was observed by Moore et al. (2008).

Genetic Diversity and Bottlenecks

For each species, we calculated mean number of alleles per locus
(A), mean effective alleles per locus (A,), observed heterozygosity
(H,), and expected heterozygosity (H,). We tested all loci for devi-
ations from Hardy-Weinberg equilibrium using x? tests implemented
in GenAlEx v.6.502 (Peakall and Smouse 2006, 2012). To test for
linkage disequilibria, we performed pairwise exact tests between all
loci in GenePop v.4.6 (Rousset 2008) using a Markov chain Monte
Carlo method with 10 000 batches, 10 000 iterations, and 10 000
dememorizations, according to the algorithm of Guo and Thompson
(1992). For Hardy—Weinberg and linkage disequilibria tests, we a
priori set a = 0.05 to evaluate significance and applied a sequen-
tial Bonferroni correction to account for multiple tests (Holm 1979;
Rice 1989).

We ran 1,000 iterations in program BOTTLENECK v.1.2.02
(Piry et al. 1999) to test for evidence of a recent bottleneck in each
species. We selected a 2-phase mutation (TPM) model with 90%
single-step mutations, as recommended by Garza and Williamson
(2001) based on available published data on microsatellite mutation,
and we assumed a variance (o7) of 12 as reccommended by Piry et al.
(1999). We tested for heterozygosity excess (Cornuet and Luikart
1996) using a 1-tailed Wilcoxon test with a = 0.05, and we evalu-
ated allele frequency distributions using the mode-shift test (Luikart
et al. 1998).

We calculated the M-ratio for each dataset using the formula
M= ﬁ, where k represents the number of alleles for a locus and
R represents the range of allele sizes divided by the repeat unit (e.g.,
di-, tri-, or tetra-nucleotide; Garza and Williamson 2001). To assess
whether a recent bottleneck had occurred, we compared each es-
timated M-ratio to 2 different critical values (M ). The first value
(M, = 0.68) was identified by Garza and Williamson (2001) as a
reasonable cutoff for assuming a recent population bottleneck. For
the second value, here termed calculated M, we used the Critical_M.
exe software and the conservative parameterization recommended
by Garza and Williamson (20015 i.e., proportion of 1-step muta-
tions = 0.90 and mean size of multi-step mutations = 3.5). We set 6 to
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Figure 1. Model parameters and conditions used in simulations. (A) Diagram depicting a simulated population bottleneck, where a pre-bottleneck starting
population size N, is reduced to a bottlenecked population size N, and remains at its reduced size for length of time t,. (B) Plot of population size through time
for each value of N, simulated (i.e., 20, 50, 100, 1000) with each value of t, assessed (i.e., 50, 100, 200) indicated with an arrow. The value shown for N, (6300)
represents the census size estimate for the population of eastern massasaugas used to obtain allele frequencies for initiating the simulation.The census estimate
(and N,) for the tuatara population was 25 000. Scenarios in which no bottleneck occurred (i.e., N, = N,) were also simulated for each species. See online version

for full color.
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a value of 10, which assumes a mutation-drift equilibrium effective
population size of 5000 and a mutation rate of 5 x 107* (Garza
and Williamson 2001).

Simulations

We used program BOTTLESIM v.2.6 (Kuo and Janzen 2003) to
simulate multiple bottleneck scenarios for each species. We selected
this software based on its ability to simulate allele frequency changes
over time in species with overlapping generations (Kuo and Janzen
2003, 2004). Simulations varied by 1) length of time (z,): 50, 100,
and 200 years, 2) starting population size (N): estimated census
population size and one order of magnitude above and below, and
3) bottlenecked population size (N,): 20, 50, 100, 1000, and N, (the
lattermost N, = N scenario representing a constant population size
with no bottleneck). Simulated eastern massasauga populations with
a starting population size of 630 (one order of magnitude below
the estimated N;) were not modeled with N = 1000 as this would
constitute an increase in population size. For each scenario, we simu-
lated an instantaneous bottleneck in the population, which remained
constant at its reduced N, size for ¢, years (Figure 1). Each starting
(i.e., pre-bottlenecked) population was assigned allele frequencies
corresponding to the actual data observed from the respective spe-
cies, so that all simulations reflected empirical populations. Thus,
all starting populations for a given species effectively had the same
genetic effective population size (N ), so varying the N, parameter
only tested whether BOTTLESIM was sensitive to the initial census
size specified. For all simulations, we performed 1000 iterations and
set the reproductive system as dioecy with random mating, a 1:1 sex
ratio, and 100% generational overlap. Setting generational overlap
at 100% means that all individuals in the population are randomly
assigned an age value at the start of the simulation that ranges from
age zero to the longevity of the given species (Kuo and Janzen 2003).

The remaining simulation parameters (i.e., starting population
size, age at sexual maturity, and longevity) were based on the nat-
ural history and demography of each species. For eastern massa-
saugas, an estimated census population size of 6300 individuals was
obtained from Miller’s (2005) population estimate for the northern
Bruce Peninsula mainland. We set age of sexual maturity at 5 years
based on average age of first reproduction in females from a nearby
population (Rouse 2005), and we set longevity at 12 years based
on the estimated maximum breeding age for the Bruce Peninsula
population (Miller 2005). For tuatara, we conservatively estimated
a population size of 25 000 based on Newman’s (1987) estimate
of ~30 000-50 000 individuals. We set age of sexual maturity at
14 years and conservatively assumed a longevity of 80 years based
on records reported by Cree et al. (1992) and Moore et al. (2007).

To discern any effects of using a greater number of microsatel-
lite loci in the eastern massasauga dataset compared to the tuatara
dataset, we randomly selected 7 loci from the eastern massasauga
dataset. Using this reduced dataset, we conducted a set of simula-
tions with the same values for ¢, and N as described above and set
N, equal to estimated census population size. All other simulation
parameters remained the same.

We separately evaluated the sensitivity of our results to vari-
ation in simulated longevity and age of sexual maturity (hereafter
jointly referred to as life history parameters) within each species.
Accordingly, we again simulated bottlenecks using the values for z,
and N, described above and set N equal to estimated census popula-
tion size for each species. Age of sexual maturity and longevity were
set at 10 years and 50 years, respectively, for both species. Simulating

the same set of values for these parameters for each species also al-
lowed us to make comparisons across the 2 species where these life
history parameters were the same, but initial effective population
size (represented as initial genetic diversity) differed.

For each simulated scenario, BOTTLESIM produced 1000 in-
dependent datasets, each constituting one panmictic population,
which included genotypes of all individuals immediately following
the final year of the bottleneck. We randomly subsampled 90% of
individuals from each simulated post-bottleneck population, with
an upper limit of 150 sampled individuals, using the PopGenKit
package in R (Paquette 2012). We did this in order to produce a
more realistic sampling situation because it is rare to sample every
individual from a population. Each subsampled population was ana-
lyzed using program BOTTLENECK with the same parameters and
tests implemented with the original datasets (see Genetic Diversity
and Bottlenecks section). To determine the power of each test to de-
tect a bottleneck for a given scenario, we calculated the proportion
of simulated populations with heterozygosity excess (P < 0.05) and
the proportion of populations with a shifted mode. We also calcu-
lated the proportion of simulated populations for each scenario that
had M-ratios below the M_ values previously described. To batch
process the large number of M-ratio calculations required (i.e.,
1000 simulated populations per bottleneck scenario), we created
a custom workflow in R (www.r-project.org) to calculate M-ratios
from a GENEPOP file (Supplementary Material 2). We quantified
the average decrease in genetic diversity for each bottleneck scenario
using the output provided by BOTTLESIM, which consisted of mean
A,A,, H,and H, (for all iterations combined).

Results

Eastern Massasaugas, Bruce Peninsula Data

Three loci (scuS, scu211, and sca2a$) had heterozygote deficiency
and were not in Hardy-Weinberg equilibrium after applying a se-
quential Bonferroni correction. We did not detect linkage disequi-
libria between any pairs of loci (P > Bonferroni-corrected « in all
cases). We retained all loci for all simulations and analyses. Mean
number of alleles per locus (A) was 10.83 (SE = 1.23) and mean
effective alleles per locus (A,) was 5.59 (SE = 0.65). Observed het-
erozygosity (H,) was 0.751 (SE = 0.04) and expected heterozygosity
(H,) was 0.789 (SE = 0.03). A bottleneck was not detected using
the heterozygosity excess test (P = 0.48), mode-shift test (allele fre-
quencies displayed a normal L-shaped distribution), or M-ratio test
(M-ratio = 0.816 vs M_ = 0.68 or calculated M_= 0.750).

Tuatara, Takapourewa Data

Two loci (HSH and C12F) had heterozygote deficiency and were
not in Hardy-Weinberg equilibrium after applying a sequential
Bonferroni correction. We did not detect linkage disequilibria be-
tween any pairs of loci (P > Bonferroni-corrected « in all cases).
We retained all loci for all simulations and analyses. Mean A was
14.29 (SE = 3.71), mean A, was 6.50 (SE = 1.72), H_ was 0.755
(SE = 0.06), and H, was 0.780 (SE = 0.05). A bottleneck was not
detected using the heterozygosity excess test (P = 0.85), mode-shift
test (allele frequencies displayed a normal L-shaped distribution), or
M-ratio test (M-ratio = 0.742 vs M_= 0.68 or calculated M_=0.733).

Simulations
Varying N, among simulation scenarios confirmed that BOTTLESIM
is insensitive to starting population census size, demonstrating that
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all populations assigned the same initial allele frequencies are af-
fected the same by a given #, and N, regardless of N (Supplementary
Material 3). Accordingly, the remainder of our results and discus-
sion focus on scenarios run with N, = estimated census size (i.e.,
6300 eastern massasaugas; 25 000 tuatara). No-bottleneck scenarios
(N, = N,) exhibited little or no loss of genetic diversity for massa-
saugas (<0.9%; Figure 2) and no loss of genetic diversity for tuatara
(Figure 2).

In simulations run using full datasets and realistic life history
parameters, among scenarios with a decrease in population size
simulated for massasaugas, bottlenecks were detected with 0-77%
power using the mode-shift test, 3-74% power using the heterozy-
gosity excess test, and 0-100% power using M-ratio tests (Figure 3).
Among the same scenarios simulated for tuatara, power to detect a
bottleneck ranged from 0 to 35% using the mode-shift test, from
0% to 37% using the heterozygosity excess test, and from 9% to
100% using M-ratio tests (Figure 3). For both species, mean A and
A, decreased in all scenarios where a reduction in population size
was simulated, and generally decreased proportionally to bottleneck
severity (i.e., according to duration and post-bottleneck population
size; Table 1; Figure 2). Mean H,, and H, followed the same trend
as mean A and A,, but percent losses in heterozygosity were smaller
than percent losses in allelic diversity for a given scenario (Table 1;
Figure 2). For all measures of genetic diversity, percent losses were
smaller in tuatara than in eastern massasaugas for each scenario
(Table 1; Figure 2).

Mean Ho (% loss)
14.6%

6.3% 13.5%

MaESzZtSe;Ega 32%  74%  14.3%
03%  07%  15%

0.1%  01%  0.3%

04%  36%  11.3%

01%  15%  4.5%

Tuatara 0.1% 0.7% 2.6%

0.0% 0.1% 0.3%

0.0% 0.0% 0.0%

50 100 200

With the exception of bottlenecks simulated for eastern massa-
saugas with N, = 1000 individuals or with N, = 100 individuals
and ¢z, = 50 years (using M_= 0.68), M-ratio tests demonstrated the
highest rates of bottleneck detection in both species, followed by
heterozygosity excess tests, and mode-shift tests (Figure 3). Very few
bottlenecks simulated for massasaugas were detected using mode-
shift tests, except in the most extreme scenarios (e.g., N = 20 indi-
viduals; Figure 3). Among tuatara simulations, very few bottlenecks
were detected using mode-shift tests or heterozygosity excess tests,
even in extreme bottlenecks, and fewer bottlenecks were detected in
tuatara simulations than in massasauga simulations using both of
these tests (Figure 3). In contrast, using M-ratio tests, more bottle-
necks were detected in tuatara simulations compared to massasauga
simulations (Figure 3). Bottleneck detection generally increased cor-
responding to bottleneck severity, except in massasauga simulations
using the heterozygosity excess test (Figure 3). Using this test for
simulations in this species, detection rate peaked in the scenario with
N, = 100 individuals and #, = 200 years, at which point detection of
bottlenecks decreased with decreasing N, (Figure 3).

For the M-ratio test applied to massasauga simulations, we ob-
served little difference in bottleneck detection between the 2 types
of M_ values used, but using calculated M_ generally resulted in a
slightly higher probability of bottleneck detection (Figure 3). Among
tuatara simulations, we observed greater differences in bottleneck
detection between the 2 types of M, values. Using calculated M, ra-
ther than assuming M_ = 0.68 resulted in much higher bottleneck

Mean 4 (% loss)

20

50

100

3.1% 6.7% 12.0% 1000

0.0% 0.1% 0.9% Ny

18.9% 25.5%

(gN) uonejndod Mosus10g-1S0d

1.0% 2.3% 5.1% 1000
0.0% 0.0% 0.0% Ny

50 100 200

Length of time (years)

Mean % decrease in genetic diversity

0% 10% 20%

30% 40% =50%

Figure 2. Mean percent decreases in observed heterozygosity (H,) and mean number of alleles per locus (A) from simulated bottlenecks for tuatara and eastern
massasaugas. Starting population census size (N,) = 25 000 tuatara or 6300 massasaugas. Simulations varied by bottlenecked population size (N,) and bottleneck
duration. N, = N, indicates simulations of constant population size (i.e., no bottleneck). See online version for full color.

€202 YoJelN 90 U0 1sonB Aq L£89GZY/9VE /T | L/OI0NIE/PaIBY[/L0d"dNO oIS PED.//:SARY WO.) PAPEOUMOQ


http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esab025#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esab025#supplementary-data

Journal of Heredity, 2021, Vol. 112, No. 4

351

Mode-shift

0.02 0.19 0.42

Heterozygosity excess

0.47

MaEsz:tseamga g DO 02

0 0 0 0.03 0.11 0.28
0 0 0 0.01 0 0.02
0.02 0.1 0.35 0.16 0.25 0.37
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Figure 3. Proportion of simulated bottlenecks detected in tuatara and eastern massasaugas using common bottleneck tests. Starting population census size
(N,) = 25 000 tuatara or 6300 massasaugas. M-ratios were compared to either a critical value (M) = 0.68 or M_ calculated using Critical_M.exe software and the
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detection for bottlenecks with N}, =1000 tuatara, but also yielded ex-
tremely high rates of false-positive results in constant population size
(N, = N,) scenarios (Figure 3). Assuming M_ = 0.68 resulted in a low
percentage of false-positive results for tuatara simulations (4-6%),
which was still higher than the rate of false positives resulting from
heterozygosity excess or mode-shift tests.

Repeating the simulations using the reduced eastern massasauga
dataset of 7 randomly selected loci resulted in similar losses in gen-
etic diversity and bottleneck detection as conducting the analyses
with all 12 loci. However, rates of bottleneck detection by the het-
erozygosity excess test were slightly higher using the full 12-locus
dataset. Still, the trends described above between the eastern massa-
sauga and tuatara results were the same regardless of whether the full
or reduced dataset was used to make comparisons (Supplementary
Materials 4 and 5).

Repeating the simulations for the full eastern massasauga dataset
with increased life history parameter values resulted in reduced
losses in genetic diversity compared to simulations conducted using
the realistic life history values (Figure 4A). Similarly, the power of
all tests to detect bottlenecks was generally diminished when eastern
massasauga life history parameters were increased (Figure 4A).
Likewise, repeating the simulations for the tuatara dataset using the
decreased life history parameters relative to the realistic life history
values resulted in greater losses in genetic diversity (Figure 4B). The
power of bottleneck tests generally increased slightly or remained
approximately the same when tuatara life history parameters were
decreased, depending on the test and the bottleneck severity (Figure
4B).

When simulations using the same life history parameters for both
species were compared, bottlenecks simulated for the tuatara dataset
produced greater losses in allelic richness than those simulated for

the eastern massasauga dataset, but both datasets produced compar-
able losses in heterozygosity (Figure SA). The power of mode-shift
tests to detect bottlenecks was low and was similar for both species
(range = 0-51%; Figure 5B). Heterozygosity excess tests performed
better in eastern massasauga simulations, but the power difference
between the 2 species was smaller compared to simulations using
the realistic life history parameters for each species (Figure 5B). The
power of M-ratio tests was greater for tuatara simulations and this
difference in power was larger than when comparing simulations
with realistic life history parameters (Figure 5B). M-ratio tests on
the tuatara simulations resulted in false positives ranging from 5%
to 6% when assuming M_= 0.68 and from 93% to 96% when using
calculated M_ (Supplementary Material 5).

Discussion

In this study, we used empirical microsatellite data from popu-
lations of tuatara and eastern massasaugas as a starting point
for simulated population declines to evaluate the performance
of bottleneck tests under a range of scenarios, for moderate- to
long-lived species. Similar to Peery et al. (2012), we found that
some of the most commonly employed methods for detecting re-
cent bottlenecks are often unreliable. Among the methods we con-
sidered, the mode-shift test was generally least effective and the
Me-ratio test was typically most effective at detecting simulated
bottlenecks. Unlike previous studies that assessed the reliability of
these tests, we quantified pre- and post-bottleneck genetic diver-
sity to compare known losses in allelic richness and heterozygosity
to bottleneck detection. This allowed us to infer whether failures
to detect bottlenecks in long-lived species are solely attributable
to limited genetic diversity losses caused by the buffering effect of
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Table 1. Tuatara and eastern massasauga population bottleneck simulation results

Tuatara
N, t, (years) Calculated M_ Mean M-ratio (SD) % A, lost % H, lost
20 50 0.62 0.57 (0.05) 26 6
20 100 0.62 0.54 (0.05) 36 10
20 200 0.62 0.51 (0.06) 48 17
50 50 0.68 0.62 (0.03) 13 2
50 100 0.68 0.60 (0.04) 20 4
50 200 0.68 0.57 (0.05) 30 7
100 50 0.71 0.66 (0.02) 7 1
100 100 0.71 0.63 (0.02) 12 2
100 200 0.71 0.61 (0.04) 20 4
1000 50 0.72 0.70 (0.01) 1 0
1000 100 0.72 0.69 (0.01) 1 0
1000 200 0.72 0.68 (0.01) 3 0
N, 50 0.72 0.70 (0.01) 0 0
N, 100 0.72 0.70 (0.01) 0 0
N, 200 0.72 0.70 (0.01) 0 0
Eastern Massasauga
N, t, (years) Calculated M_ Mean M-ratio (SD) % A, lost % H, lost
20 50 0.65 0.56 (0.04) 45 20
20 100 0.65 0.53 (0.05) 58 34
20 200 0.65 0.60 (0.08) 69 56
50 50 0.71 0.64 (0.03) 27 9
50 100 0.71 0.58 (0.03) 40 16
50 200 0.71 0.54 (0.05) 54 29
100 50 0.73 0.71 (0.02) 16 4
100 100 0.73 0.66 (0.03) 26 8
100 200 0.73 0.59 (0.03) 39 15
1000 50 0.75 0.79 (0.01) 2 0
1000 100 0.75 0.78 (0.01) 4 1
1000 200 0.75 0.76 (0.02) 7 2
N, 50 0.75 0.80 (0.01) 0 0
N, 100 0.75 0.80 (0.01) 1 0
N, 200 0.75 0.80 (0.01) 1 0

Starting population census size (N;) = 25 000 tuatara or 6300 massasaugas. Simulations varied by bottlenecked population size (N;) and bottleneck duration

(,). Calculated critical values (calculated M ) were compared to M-ratios as one method of testing for a population bottleneck. M_values were calculated using

Critical_M.exe software and the parameters 6 = 10, proportion of 1-step mutations = 0.90, and mean size of multi-step mutations = 3.5. Mean percent losses in

effective number of alleles (% A, lost) and expected heterozygosity (% H, lost) were obtained from simulation outputs. N, = N, indicates simulations of constant

population size (i.e., no bottleneck).

long generation times. Our results demonstrate that even when
large losses of genetic diversity have occurred (both allelic diver-
sity and heterozygosity), mode-shift and heterozygosity excess
tests are likely to produce a false negative result (i.e., fail to detect
a bottleneck when one occurred). Thus, although longevity may
buffer some losses in genetic diversity, as suggested by Hailer et al.
(2006), these tests perform unreliably even when bottlenecks are
severe enough to cause dramatic and biologically relevant losses
of diversity.

We observed much smaller declines in genetic diversity for
bottlenecks simulated in the longer-lived tuatara compared to the
more moderate-lived eastern massasauga, supporting that longer
generation time may lead to smaller losses in genetic diversity.
Furthermore, manipulating longevity resulted in similar changes
in genetic diversity. Specifically, when we artificially increased lon-
gevity in eastern massasauga simulations, we observed smaller
losses in genetic diversity for this species and when we artificially
decreased longevity in tuatara simulations, we observed larger losses

in genetic diversity. As Hailer et al. (2006) demonstrated, this makes
sense given the expectation for the effect of time measured in (¢)
generations on current heterozygosity (H,), given past heterozygosity

(H,,) and effective population size (N ): H, = Ho(l - ziNe)t (Wright
1931). However, we caution that although long generation time de-
creases the rate of genetic drift in absolute time, this can also mask
critical reductions in census size that make a population vulnerable
to demographic stochasticity and result in a lack or delay of needed
management action (Kuo and Janzen 2004).

Using mode-shift and heterozygosity excess tests, detection of
bottlenecks was much greater for massasaugas, the species with
larger losses in genetic diversity, than for tuatara. Surprisingly, how-
ever, detection of bottlenecks using M-ratio tests was typically greater
for tuatara, despite smaller losses in genetic diversity. The initial tua-
tara dataset had higher allelic richness than the initial massasauga
dataset and similar heterozygosity, but a lower M-ratio. The lower
initial M-ratio of the tuatara population likely led to this higher rate
of bottleneck detection using the M-ratio test. It is possible that the
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parameters: realistic values for the given species vs. 50-year longevity and 10-year age of maturity. Left panels show the mean percent loss in number of alleles
(A) and observed heterozygosity (H,) for 1000 iterations. Right panels show the proportion of iterations in which a bottleneck was detected using each test. To
assess a positive M-ratio test, M-ratios were compared to either a critical value (M) = 0.68 or a Mc calculated using Critical_M.exe software and the parameters
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(i.e., no bottleneck). See online version for full color.

lower initial M-ratio is a consequence of true mutation parameters
(i.e., mutation rate, proportion of single-step mutations, average size
of non-single step mutations) differing between these species (Garza
and Williamson 2001; Williamson-Natesan 2005; Peery et al. 2012).
Alternatively, undetected population structure can result in smaller
Me-ratio values (Garza and Williamson 2001). The larger initial popu-
lation size of tuatara may have also contributed to greater bottle-
neck detection using M-ratio tests. Because we simulated the same set
of N, values for both massasaugas and tuatara, tuatara experienced
comparatively larger population declines for each N

We also observed false-positive M-ratio results in tuatara simu-
lations of constant population size with no genetic diversity loss.
The rates of false positives were exceptionally high (94-95%) when

we used the calculated M_value as a threshold for tuatara. Previous
studies have demonstrated that incorrectly identifying microsatel-
lite mutation model parameters can result in false positive or false
negative bottleneck test results, and that the M-ratio test is par-
ticularly sensitive to departures from mutation model assumptions
(Garza and Williamson 2001; Williamson-Natesan 2005; Peery
etal.2012). Specifically, underestimating the proportion of or mean
size of multi-step mutations can yield a false positive M-ratio result,
and the opposite can yield a false negative (Williamson-Natesan
2005). Underestimating 0 (i.e., 4N u, where u represents the micro-
satellite mutation rate and N, represents the effective population
size at mutation-drift equilibrium) in determining M, can also re-
sult in a false positive (Williamson-Natesan 2005). Conversely, for
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(calculated M). Starting population census size (N,) = 25 000 tuatara or 6300 massasaugas. Simulations varied by bottlenecked population size (N;) and
bottleneck duration. N, = N, indicates simulations of constant population size (i.e., no bottleneck).

the heterozygosity excess test, overestimating the proportion of
multi-step mutations can yield a false-positive result, and the op-
posite can yield a false negative (Williamson-Natesan 2005; Peery
et al. 2012). The mode-shift test is qualitatively based on graphing
the proportion of alleles within each allele frequency class and does
not assume a specific mutation model or rate (Luikart et al. 1998).
While increasing the number of loci sampled can significantly in-
crease the power of bottleneck tests to detect bottlenecks (Hoban
et al. 2013; Davy and Murphy 2014), doing so can result in a much
higher rate of false-positive results if mutation model parameters
are incorrect (Williamson-Natesan 2005).

Unfortunately, the true values of mutation model parameters
are not known for most species, so users of these tests often choose
recommended values or default software settings. The values we
selected to represent the mutation models included mean size of
multi-step mutations of 3.5 (M-ratio test), variance in the size of
multi-step mutations of 12 (heterozygosity excess test), and propor-
tion of 1-step mutations of 0.90 (heterozygosity excess and M-ratio
test). These were the most common values used for these bottleneck
tests in a review of the literature conducted by Peery et al. (2012)
and are values recommended by Garza and Williamson (2001) and
Piry et al. (1999). Therefore, while these parameters may not repre-
sent the true mutation model for these species, they represent values
likely to be used in testing for bottlenecks. Similarly, using a M_value
of 0.68 or calculating M, using a 6 value of 10 is common for com-
paring M-ratios to infer whether there has been a bottleneck. Using
a 0 value of 10 is based on assuming a mutation rate equal to an
average microsatellite mutation rate (5 x 107% Selkoe and Toonen
2006) and a mutation-drift equilibrium effective population size of
5000 individuals. However, microsatellite mutation rates have been
estimated to be as low as 107° or as high as 102 (Schlotterer 2000),

and it may be impossible to know the equilibrium effective popula-
tion size of a population being studied.

To evaluate the sensitivity of our results to variation in life his-
tory parameters, we repeated our simulations with longevity set at
50 years and age of sexual maturity set at 10 years for both species
(Figure 5). In doing so, we observed nearly identical heterozygosity
losses between species, but larger allelic diversity losses in tuatara.
Mode-shift tests performed similarly across species; however, hetero-
zygosity excess tests continued to perform better for massasaugas,
but by a smaller degree. As in the analyses using biologically real-
istic life history parameters, we found a greater statistical power
of M-ratio tests in tuatara than in massasaugas and this difference
increased in magnitude, likely because of the larger allelic diver-
sity losses in this species under these contrived conditions. M-ratio
false-positive rates remained comparable to when the more realistic
life history values were used. Overall, lower values for life history
parameters within a species typically resulted in greater losses in gen-
etic diversity and correspondingly higher bottleneck detection. Thus,
it appears that some, but not all, of the differences in bottleneck
detection between these species are directly linked to longevity. The
remaining differences are likely due to variation in starting allele
frequencies, which is related to unequal effective population sizes.
Using the empirical datasets, tuatara had higher allelic diversity at
the start of simulations, but heterozygosity was similar between the
species (H, = 0.751 for massasaugas vs H_ = 0.755 for tuatara and
H, = 0.789 for massasaugas vs H, = 0.780 for tuatara). These meas-
ures of genetic diversity differed between tuatara and massasaugas
because we used actual allele frequency data to achieve more realistic
results. Kuo and Janzen (2004) found that using actual allele fre-
quencies and simulating overlapping generations resulted in greater
(and more realistic) genetic diversity losses. It is likely that using
a greater number of loci also contributed to higher heterozygosity
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excess test power in massasaugas relative to tuatara, but to a lesser
extent than the species’ shorter longevity.

All bottleneck simulations resulted in greater losses in allelic
diversity than heterozygosity. This was expected given the hetero-
zygosity excess test hinges on the assumption that allelic richness
decreases at a faster rate than heterozygosity (Cornuet and Luikart
1996). Heterozygosity is the most widespread estimate of genetic
diversity used to compare populations because it is less sensitive
to sample size and more comparable across populations than al-
lelic richness (Allendorf and Luikart 2007). However, while het-
erozygosity is a useful indicator of short-term adaptability, allelic
richness is more important to the long-term adaptive potential of
populations (Allendorf 1986). Because lost alleles cannot be re-
covered without migration or mutation, this highlights the threat
to population persistence for many reptiles and other species with
low vagility occurring in isolated patches of suitable habitat. For
an island inhabitant like the tuatara, gene flow may be impossible
without human intervention (i.e., augmentation). Most remnant
populations of eastern massasaugas also persist in small habitat “is-
lands,” and some on actual islands (e.g., Kudla et al. 2021), with no
connectivity for gene flow.

Despite dramatic losses in population size and concurrent losses
of genetic diversity (particularly allelic diversity), M-ratio, hetero-
zygosity excess, and mode-shift tests were unreliable at identifying
bottlenecks in both eastern massasauga and tuatara simulations, with
high rates of both type I and type II error. These bottleneck tests will
likely have even less power in real-world scenarios where population
size reductions occur more gradually over time (Hoban et al. 2013).
Therefore, reliance on these tests could result in misinformed species
management and conservation decisions. False negatives could result
in bottlenecked populations being overlooked and assumed stable,
while false positives could result in unnecessary management inter-
ventions. Errors like these could mean misappropriation of already-
limited conservation funds and misguided management efforts.

Supplementary Material

Supplementary material can be found at Journal of Heredity online.
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