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Abstract Given the ever-increasing anthropogenic
changes to natural ecosystems, it is imperative that temporal changes in genetic diversity be monitored to help safeguard the future viability of species. Capensibufo rosei is a
small, range-restricted bufonid from South Africa, believed
to have experienced an enigmatic decline likely due to the
suppression of natural fires and the loss of grazing animals
from some areas. Without these disturbances, their habitat
becomes overgrown, which might affect the characteristics
of their breeding pools. Since the 1980s, four breeding sites
have been lost, presumably due to loss of breeding habitat
through encroachment of vegetation. Currently, there are
only two known populations [Cape of Good Hope (CGH)
and Silvermine nature reserves] both within Table Mountain
National Park. Consequently, this species may be vulnerable
to stochastic events and genetic erosion through the loss of
metapopulation connectivity. To assess the genetic status
of this species, genetic diversity within both populations
was quantified for two time periods using 11 microsatellite
markers. Despite evidence of severe population bottlenecks,
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both populations possess levels of diversity similar to other
anurans, and Silvermine has greater diversity than CGH. A
close examination of the data revealed both populations to
be genetically dynamic through time, with the loss and gain
of rare alleles. Both populations also experienced a slight
increase in overall diversity between sampling periods.
While the latter was not statistically significant, the monitoring period was perhaps too short to understand changes in
diversity over time. These results will form the baseline for
future monitoring to better understand this threatened and
declining species and to track genetic erosion or recovery.
Keywords Africa · Bufonidae · Genetic monitoring ·
Rose’s mountain toadlet

Introduction
Genetic diversity, in particular intraspecific genetic diversity,
provides the basis for evolutionary change and is therefore
the foundation for all biological diversity. The erosion of
genetic diversity may increase a species’ vulnerability to
threats and increase extinction risk (Spielman et al. 2004;
Frankham 2005). Not only does genetic diversity affect the
fate of species, but it has also been shown to affect ecosystem function and resilience (e.g., Hughes and Stachowicz
2004; Reusch et al. 2005; Roger et al. 2012; Oliver et al.
2015). Given the ever-increasing anthropogenic changes
to natural ecosystems, it is imperative that the temporal
changes in genetic diversity be monitored to help safeguard
the future viability of species and ecosystems (Schwartz
et al. 2007). Genetic monitoring has already proven useful
in evaluating the effects of habitat fragmentation, determining population stability, and identifying critical declines in
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the genetic diversity of threatened species (Sork et al. 2002;
Schwartz et al. 2007; Hieb et al. 2014).
The importance of monitoring genetic diversity is recognized globally. For example, the conservation of genetic
diversity is an explicit goal of the Convention on Biological
Diversity (CBD; Strategic Goal C, Target 13 of the Aichi
Biodiversity Targets: https://www.cbd.int/sp/targets/). However, studies indicate that implementation concerning the
conservation and monitoring of genetic diversity has lagged
behind implementation for other levels of biodiversity (Laikre et al. 2010, 2016). This has generally been attributed to
the lack of genetic diversity indicators and thresholds (Walpole et al. 2009; Laikre 2010; Laikre et al. 2010). There are
examples of conservation genetic studies utilising genetic
parameters, such as allelic diversity and heterozygosity,
to monitor changes in the genetic composition of species
over time (e.g., Nielsen et al. 1997; Hutchinson et al. 2003;
Le Clerc et al. 2005; Chevolot et al. 2008; Demandt 2010;
Hieb et al. 2014; Jordan et al. 2016). Nevertheless, there
has been no consistent and comparable approach among
them with respect to the number of sampling periods, sampling intervals, the genetic markers used, and the number
of individuals sampled. Consequently, it has been difficult
to identify simple and direct indicators sensitive enough to
detect genetic erosion. To rectify this, a recent study examined six genetic indicators, which are common summaries
of a population’s genetic status (Hoban et al. 2014): number of alleles (i.e., allelic richness: AR), allelic size range
(S), observed heterozygosity (HO), expected heterozygosity
(HE), the Garza-Williamson M-ratio bottleneck statistic, and
Wright’s inbreeding coefficient (FIS). The authors found that
the degree of genetic loss, the time lag, and the ability to
detect it, varied among the indicators tested, with allelic
richness showing the greatest power to detect change.
As a member of the CBD, South Africa is committed
and obliged to achieving the main objectives of the CBD,
as well as the Aichi Biodiversity Targets. With respect to
genetic diversity, Strategic Goal C, Target 13 specifically
applies (“By 2020, the genetic diversity of cultivated plants
and farmed and domesticated animals and of wild relatives,
including other socio-economically as well as culturally valuable species, is maintained, and strategies have been developed and implemented for minimizing genetic erosion and
safeguarding their genetic diversity”) (https://www.cbd.int/
sp/targets/). As of 2013, the main contributions to achieving
this target were guidance and framework documents relating
to risk analysis of genetically modified organisms (DEAT
2014). There has been no reporting on the genetic monitoring of wild populations.
As a means of putting the available knowledge on genetic
biodiversity indicators to practice, we carried out a temporal genetic monitoring study on a small (c. 2–3 cm in
length), range-restricted threatened amphibian, Capensibufo
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rosei (Rose’s mountain toadlet), endemic to the Cape Peninsula of South Africa (Fig. 1). This toadlet is found only
in the naturally fire-prone fynbos habitat (heathland vegetation type endemic to the Cape of South Africa: Mucina
and Rutherford 2006). Unlike most anurans, C. rosei has
no calling or auditory apparatus, making it the only known
voiceless amphibian in southern Africa (Grandison 1980).
These cryptic toadlets breed in small, shallow (10–30 mm
depth, ca. 10–50 cm diameter) ephemeral pools formed by
winter rainfall, with masses of males aggregating at these
breeding pools during their relatively short breeding season
(approximately 2 weeks in July or August) (Minter et al.
2004; Edwards et al. 2017). The pools are scattered within
an area not usually more than a few hundred metres across.
Individual females enter the pools briefly only to lay eggs
(clutch size <100 eggs: Grandison 1980), which are externally fertilized by males. Females leave as soon as spawning
is complete, while males remain at the pool throughout the
breeding season (Becker et al. in press; Edwards et al. 2017;
K. A. Tolley, pers. obs.).
Capensibufo rosei is believed to have experienced an
enigmatic decline, with the loss of several of its historical
breeding populations despite the presence of apparently
suitable habitat with natural vegetation and pools of water
(Cressey et al. 2015). It is speculated that the suppression of
natural fires and the loss of grazing wild animals from the
Cape Peninsula may be the primary cause of this decline
(Becker 2014; Cressey et al. 2015). Without these disturbances, the fynbos becomes overgrown and can even revert
to thicket or forest (Bond 1997), and although some pools
might still form, the pool characteristics (depth, size, shading, water retention) are probably affected. The loss of historical breeding sites has resulted in a considerable reduction
in this species’ distribution. Although this toadlet is currently assessed as Vulnerable on the IUCN Red List (Measey
2011, SA-FRoG 2010), this status is the result of incorrect
taxonomy resulting in an over-inflated estimate of its distribution size (e.g., Cressey et al. 2015). Updated taxonomic
change confines C. rosei sensu stricto to the Cape Peninsula
(Channing et al. 2017), resulting in an Area of Occupancy of
<10 km2, which will undoubtedly elevate its Red List status.
Currently, there are only two known populations of C.
rosei (Cressey et al. 2015) both within Table Mountain
National Park—one historical site in Silvermine Nature
Reserve and a new breeding site discovered in 2010 in the
Cape of Good Hope (CGH) Nature Reserve (Fig. 1). The
Silvermine and CGH populations are approximately 20 km
apart and population genetic analyses have shown that there
is strong population structure with presumably no gene flow
between sites (Cressey et al. 2015; da Silva et al. 2016). The
loss of the other historical C. rosei breeding sites over the
past three decades has likely disconnected dispersal pathways (Cressey et al. 2015). Moreover, within a 7-year time
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Fig. 1  Map depicting the approximate locations of the two breeding sites (white circles) of Capensibufo rosei (inset) on the Cape Peninsula

period (2008–2014), the survival and recruitment rates of
C. rosei fluctuated considerably in response to rainfall, with
high survival and low recruitment during low rainfall years,
and the inverse during high rainfall years (Becker et al. in
press). Their isolation and the sharp fluctuations in their survival could potentially translate into population size fluctuations (e.g., Altwegg et al. 2003; McCaffery and Maxell
2010; Newell et al. 2013), which could result in changes in
genetic diversity within a relatively short time period. This
scenario may be especially relevant to the CGH population
given that, at its first discovery, only tens of individuals were
found. The CGH population has since increased in numbers
with hundreds of adults found each year since management
interventions started at the site in 2012. These interventions
include the use of predator exclosures over the egg masses
and the trampling of vegetation to keep the breeding pools
free of encroachment (K. A. Tolley, unpub). However, if the
size of the CGH population was small for only a very short
duration (i.e., a few decades; several generations), the population bottleneck may not have translated to genetic erosion.
The apparent size of the Silvermine population appears
to be larger than CGH, with major breeding pools annually containing hundreds of adults (Becker et al. in press).

Given that survival rates were found to fluctuate considerably during this time in relation to rainfall, this population may be supplemented by high recruitment, which is
influenced by the number of eggs laid, tadpole and juvenile survival, and the proportion of new, surviving recruits
that breed in a given year (Becker et al. in press). These
recruits should help maintain the genetic diversity within
the population, even during extreme fire events such as
that experienced in March 2015, when a large veld fire
spread across the Cape Peninsula, moving through the
Silvermine site. The impact of the fire on the landscape
was the clearing and “re-birth” of the fynbos habitat. Fynbos is a fire-adapted vegetation that requires fairly regular
burning (every 10–15 years) for its persistence (Forsyth
et al. 2010). Because C. rosei is adapted to this fire-prone
habitat, we do not expect the fire to have had any adverse
effects on the population. These toadlets seek refuge from
fires by using burrows and tunnels dug by other animals,
such as rodents (K. A. Tolley, pers. obs.). Therefore, there
is unlikely to have been a dramatic decline in population
numbers resulting from this event. In fact, the maintenance
of the vegetation by the fire may have actually facilitated
population growth by providing more clearings or space
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for ephemeral breeding pools to form, and potentially providing new areas for colonisation.
The CGH site was untouched by the 2015 veld fire; however, the pools at this site are presumably maintained over
time through the presence of grazing animals (e.g., Bontebok and Eland) in that section of the national park, which
trample and eat the vegetation. Indeed, the pools at the C.
rosei breeding site are formed in areas utilised by these animals. Thus, the two breeding sites are potentially maintained
through different ecological processes, fire at Silvermine and
grazing at CGH. These processes do not occur in the other
historical sites that have been lost, suggesting that habitat
modification through natural disturbance could be essential
for the survival of this species.
Because evaluating trends in genetic diversity can help
identify serious declines and possible extinction risks for
threatened populations, we set up a genetic monitoring
program for this species to monitor for genetic erosion. We
establish a baseline for genetic diversity using the genetic
indicator(s) most sensitive for detecting change over time
and we examine these indicators for change across two
time periods. In addition, the 2015 Silvermine veld fire provided a unique opportunity for examining effects of fire on
the genetic diversity of this species. We hypothesised that
given the presumably larger population size at Silvermine,
this population would be less prone to genetic erosion and
therefore have higher diversity than CGH. We also suggest
that there would be little change in allele diversity in the
short 5-year time period in either population. Furthermore,
we assume that because this species inhabits a naturally fireprone habitat, the 2015 veld fire would have no detectable
effect on genetic diversity.

Materials and methods
Sampling and laboratory protocols
During a capture-mark-recapture monitoring programme
(Becker et al. in press), toe clips were taken from adult
toadlets at Silvermine (2008–2015) and CGH (2011–2015)
during the winter breeding season (July–September) and
stored in 99% ethanol. The toe clips serve as annual batch
marks, which have been used to estimate survival (Becker
et al. in press), and also ensures that no toadlet gets resampled. We chose to estimate genetic diversity for two time
periods—2011 and 2015 because (1) the 5-year time interval
fits within the temporal sensitivity requirement of genetic
monitoring studies (i.e., at least one generation time of a
species: Pereira et al. 2013; for C. rosei, this time period
encompasses between two and five generations), (2) 2011
represents the earliest year in which samples from both populations were available, and (3) 2015 represents the most
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recent batch of samples, and is immediately after the veld
fire (late February 2015), providing a unique opportunity to
examine the potential genetic impacts of fire on this species.
This 5 year time period allows for an initial investigation
into the appropriate intervals for detecting change and/or
genetic erosion.
Total genomic DNA was extracted using MacManes’
(2008) salt extraction protocol and polymerase chain reactions (PCRs) were carried out to amplify 11 microsatellite
markers specifically designed for this species (da Silva et al.
2016). Polymerase chain reactions were carried out in 10 µl
reaction volumes containing approximately 20–30 ng of
DNA template, 2× QIAGEN Multiplex PCR Master Mix,
10× primer mix (with a final concentration of 2 µM for
each primer), and RNAse-free water. Volume ratios were
maintained at a 1:1 ratio of QIAGEN Multiplex PCR Master Mix to primer mix and DNA template as per manufacturer’s instructions (QIAGEN Multiplex PCR Kit; QIAGEN,
Valencia, CA, USA). Annealing temperatures (Ta) varied
between loci (refer to Table 1 in da Silva et al. 2016). Thermal cycling parameters followed QIAGEN’s microsatellite
cycling protocol: 95 °C for 15 min, followed by 40 cycles at
94 °C for 30 s, T
 a for 90 s, 72 °C for 60 s, and a final extension at 60 °C for 30 min. Two microlitres of PCR product
were visualized on an ethidium bromide stained 2% agarose
gel and verified with a Gelpilot 100 bp ladder (QIAGEN).
Successful products were then profiled at the Central Analytical Facility at Stellenbosch University using an ABI
3500xl Prism (Applied Biosystems, Foster City, CA, USA),
GeneScan 500 LIZ (Applied Biosystems) as the internal size
standard and POP-7 as the polymer, as per manufacturer’s
recommendation. Alleles were scored and binned using the
microsatellite plugin in Geneious version 9.1.5 (http://www.
geneious.com, Kearse et al. 2012).
Data analysis
Microsatellites were screened for genotyping errors using
Micro-Checker version 2.2.3 (Van Oosterhout et al. 2004).
For each locus, allelic size range (S), observed (HO) and
expected (HE) heterozygosity (Nei 1987), and deviations
from Hardy–Weinberg equilibrium (HWE) were estimated
separately for each population and time period using ARLEQUIN version 3.5.1.2 (Excoffier and Lischer 2010). We
tested for deviations from HWE with a test analogous to
Fisher’s exact test, but employs a triangular contingency
table based on a modified version of the Markov-chain
random walk algorithm (Guo and Thompson 1992), using
1.0 × 106 Markov chains and 100,000 dememorization steps.
For the two breeding sites and sampling periods, we used
the program ADZE [Allelic Diversity Analyzer] version
1.0 (Szpiech et al. 2008) to calculate mean allelic richness
(AR: number of alleles) and private allelic richness (PAR:
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Table 1  Descriptive statistics of genetic variability for 11 Capensibufo rosei microsatellite loci across two populations
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number of unique alleles) with rarefaction. This was done
to account for differences in sample size and sampling effort
(Kalinowski 2004; Szpiech et al. 2008; Hoban et al. 2014).
Both measures of allelic richness are key indicators for
monitoring changes in genetic diversity as they more accurately capture fluctuations in population size (Rodriganez
et al. 2008; Hoban et al. 2014). Private allelic richness is an
especially important indicator of gene flow and migration
patterns (e.g., Slatkin 1995; Szpiech et al. 2008).
GENEPOP on the web (Raymond and Rousset 1995;
Rousset 2008) was used to test for linkage disequilibrium
(LD) between loci (Cockerham and Weir 1977), estimate
allele frequencies, and calculate inbreeding coefficients
per loci (FIS and ρIS [RhoIS]:Weir and Cockerham 1984).
ρIS is allele size-based covariance—a modified version of
FIS designed for use in stepwise mutation processes that
are postulated to apply to microsatellites. Analyses for LD
were run with a MCMC dememorization of 10,000 for 100
batch runs of 1000 iterations using the log-likelihood ratio
test. The inbreeding coefficients, FIS and ρIS, can range from
−1 to 1, with 0 indicating no inbreeding and values larger
than 0 suggesting non-random mating due to inbreeding. To
minimize the possibility of Type I errors, tests for linkage
and Hardy–Weinberg disequilibria were corrected for multiple comparisons by applying Holm’s sequential Bonferroni
(Holm 1979) correction (Rice 1989).
For loci showing deviations from HWE, we investigated
the possible presence of null alleles using Micro-Checker
version 2.2.3. Loci containing null alleles are not typically considered useful in population-level studies as they
may affect the estimation of population differentiation, for
example, by reducing the genetic diversity within populations (e.g., Paetkau and Strobeck 1995). Some studies have
attempted to correct for their presence by statistically adjusting the visible allele and genotype frequencies (e.g., Roques
et al. 1999; Chapuis and Estoup 2007). However, the estimation of null alleles can be biased upwards in populations
that are either inbred or consist of closely related individuals
(Chybicki and Burczyk 2009; Campagne et al. 2012); and,
conversely, that estimations of Wright’s FIS can be biased
upwards when null alleles or genotyping errors occur (e.g.,
Björklund 2005). Consequently, automatically correcting for
null alleles might be unnecessary and inappropriate.
To better assess the likely presence of null alleles, we
conducted a simultaneous estimation of the inbreeding coefficient (f), null allele frequencies (n), and random genotyping failure (b) using the software INEst v2 (Chybicki et al.
2011). This method uses a Bayesian approach to simultaneously estimate the three parameters, which should provide
a more accurate estimation of each parameter because it
allows for the relative contribution of each through selection of the best fitting model [i.e., model with the lowest
Deviance Information Criterion (DIC)]. The MCMC was
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run with 500,000 cycles and 10% burn-in, saving parameters every 100 cycles. The DICs from each model were then
compared, with the better (lowest) scoring model considered
a better fit. Given that the effects of null alleles are locusspecific (Dakin and Avise 2004), their presence should be
reflected in the best fitting models of each population. An
examination of the p[j,k] parameter from the INEst results,
where p[j,0] denotes the null allele frequency at the j-th
locus (Chybicki et al. 2011), should provide confirmation
of the locus/loci containing null alleles. For these loci, we
manually adjusted allele frequencies using the Brookfield
1 algorithm implemented in MICRO-CHECKER to reflect
the expected number of homozygotes (i.e., the second allele
for randomly selected homozygotes were coded as missing
data). This method discounts non-amplifying individuals
when calculating null allele frequencies (Brookfield 1996).
By correcting for null alleles in this way, we were able to
maximize sample size and retain loci that may have sufficient variability to detect patterns. All subsequent analyses
were conducted on this corrected dataset.
We tested for signatures of genetic bottlenecks in the two
populations for both time periods using the Garza-Williamson M-ratio (G-W: Garza and Williamson 2001) carried
out in ARLEQUIN. M-ratio is estimated according to the
equation M = k/ R + 1, where k represents the number of
alleles at a locus and R is the associated allelic range (Garza
and Williamson 2001). Populations that have experienced a
reduction in their effective population size exhibit a larger
reduction in allele numbers than range (Excoffier and Lischer 2010). Accordingly, an M-ratio less than 0.68 (value
derived from stable wild populations) would indicate that the
population has been through a bottleneck at the locus under
examination, whereas a value closer to one is indicative of
stationary/stable populations (Garza and Williamson 2001;
Peery et al. 2012).
To examine trends in genetic diversity between the two
breeding sites across sampling years, we compared several
indicators of genetic diversity: AR, PAR, HO, HE, FIS, ρIS,
and G-W M-ratio. The statistical significance of temporal
trends was tested using paired T-tests with loci as replicates
(Dornelas et al. 2013; Hoban et al. 2014).
An analysis of molecular variance (AMOVA) was then
performed in ARLEQUIN to evaluate whether genetic
composition varied temporally and/or spatially. To do
this, we conducted a hierarchical AMOVA partitioning the
data among the two breeding sites and then between the
two sampling periods. This spatio-temporal structure was
assessed through the Bayesian program STRUCTURE 2.3.4
(Pritchard et al. 2000; Falush et al. 2003). Results were compared from 10 independent runs under the admixture model
with correlated allele frequencies for K = 1 to K = 6 (number
of breeding sites x time periods, plus 2), with a MCMC
of 500,000 iterations following a burn-in of 100,000. The
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optimal K scenario was then determined via the ΔK likelihood from Evanno et al. (2005) using STRUCTURE
HARVESTER Web v0.6.92 (Earl and vonHoldt 2012). The
10 runs associated with the modal ΔK were further processed in CLUMPP version 1.1.2 (Jakobssen and Rosenberg
2007). This was done to correct for possible label switching or genuine multimodality issues (Pritchard et al. 2000).
DISTRUCT version 1.1 (Rosenberg 2004) was then used
to visualise the results as barplots of individual cluster
membership.
We then estimated the effective population size (N e)
for both C. rosei populations. Ne is central to conservation genetics and evolution as it quantifies the magnitude
of genetic drift and inbreeding in real-world populations
(Charlesworth and Charlesworth 2010; Frankham et al.
2010; Wang et al. 2016). It is defined as the size of an “ideal
population” (i.e., a hypothetical population with a constant
population size, equal sex ratio and no immigration, emigration, mutation, or selection) that would experience the
effects of drift or inbreeding to the same degree as a natural
population (Wright 1931; Frankham et al. 2010). Given that
genetic impoverishment due to small effective population
size and isolation can reduce a population’s fitness and its
ability to respond to changing environmental changes, which
can ultimately compromise its viability (Spielman et al.
2004; Frankham 2005; Pertoldi et al. 2007), Ne is usually
one of the most important factors determining the levels of
genetic variability in natural populations; and, as such has
become a key parameter in population genetics and conservation biology (Husemann et al. 2016; Wang et al. 2016).
For this study, Ne was estimated using a temporal method
implemented in MLNE v1.0 (Wang et al. 2003). MLNE’s
maximum likelihood method has been shown to be among
the best known methods (with respect to high accuracy and
minimal bias) for estimating a population’s contemporary
Ne (Gilbert and Whitlock 2015). Samples collected in 2011
represented t0 and those collected in 2015, t1. Because the
actual generation time for this species is unknown, we conducted a sensitivity analysis based on time to reach sexual
maturity being 1 year or 2–3 years, resulting in the timespan
of this study encompassing five generations or two generations, respectively. Moreover, the maximal Ne was set to
50,000—the maximum computational value for the program.
Finally, we used the Approximate Bayesian Computation
(ABC) framework implemented in DIYABC 2.1 (Cornuet
et al. 2014) to infer the putative demographic history of
the two populations. Specifically, we simulated five simple demographic history scenarios (Fig. S1): (1) population
divergence, (2) population bottleneck followed by divergence, (3) divergence followed by bottlenecks occurring
concurrently within both populations, (4) divergence followed by bottlenecks occurring at different times within
both populations, and (5) divergence followed by bottlenecks

occurring at different times and for different durations within
both populations. Based on the results from the Ne estimation, we chose uniform prior distributions for population
sizes (i.e., N1 and N2: refer to Fig. S1) bounded between
population sizes determined for the dataset spanning two
and five generations (see RESULTS). The duration of the
bottleneck events (counted in generations) was set between
1 and 30. Population priors for all scenarios defined the current population size of Silvermine being greater than that
at CGH, and the ancestral population sizes being greater
than the current (Fig. S1). We simulated a total of 4,000,000
datasets for each of the four demographic models. The scenario that best fits the data was ascertained by an examination of posterior probabilities, which were computed by
multinomial logistic regression (Beaumont et al. 2009). We
evaluated the fit of the selected scenario using the model
checking option in DIYABC to determine the extent the
selected scenario and associated posterior distributions
are corroborated by the observed data. This was done by
simulating 1000 datasets from the posterior distribution
of parameters obtained under the selected scenario. If the
observed statistics fall within the distributions of simulated
statistics, then the model is considered to be a good fit. Principal component analysis (PCA) was used to visualize this
fit. Confidence in the chosen model was determined by an
investigation of Type I and Type II errors. For each scenario,
the proportion of Type I and Type II errors were calculated
from 500 simulated datasets using the same prior distribution parameter values as the scenario. A small proportion
of Type II errors suggests there is good confidence in the
results, even if the proportion of Type I error is large (Bermond et al. 2012). The posterior distributions of parameters
were estimated for the chosen model and a combined parameter, called the bottleneck severity index (BS) was computed
for both populations (Cornuet et al. 2008). This index is
calculated as BS = DB × Ns/NF, where DB is the duration
of the bottleneck, Ns is the size of the stable population
prior to bottleneck, and NF represents the current effective
population size.

Results
Genotypes based on the 11 microsatellite loci were generated for 91 individuals from the two populations over the
two sampling years (Cape Point: n 2011 = 23, n2015 = 24; Silvermine: n2011 = 22, n2015 = 22). There was no evidence of
large allele dropout or scoring errors due to stutter peaks,
and none of the loci were linked as indicated by the loglikelihood ratio test after Bonferroni correction.
For both CGH and Silvermine populations, all loci
were polymorphic with the number of alleles ranging
between two and 22 (Table 1). When taking rarefaction into
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account, the allelic richness for both populations decreased
slightly (Table 2). Nevertheless, the CGH population was
still found to have a lower allelic richness (2011: ARO =
6.9, ARR = 5.6; ARO2015: 7.5) than the Silvermine population (2011: ARO = 8.2, ARR = 6.3; 2015: ARO = 9.1, ARR
= 7.6). Moreover, allelic richness was higher for the 2015
sampling period compared to 2011 for both breeding sites.
All of these outcomes were mirrored by the private allelic
richness (Table 2). Although there was a net gain in alleles
for the two sites, they experienced both losses and gains of
private alleles between the two sampling periods, most of
which were rare (i.e., frequencies between 0.01 and 0.05;
Table S1).
Observed heterozygosity (HO) was found to fall within
the range of expected heterozygosity (HE) across breeding
Table 2  Allelic richness (R)
and private allelic richness (PR)
of 11 microsatellite loci for
Capensibufo rosei, examined for
each breeding site as a whole
(a) and across temporal periods
(b)

Scenario

a

sites and sampling periods after Bonferroni correction,
except for loci Cro21 and Cro23 (Table 1). For these loci, a
homozygote excess was found. For Cro21, the homozygote
excess, and hence deviation from HWE, was only detected
for the 2011 population at CGH; and, as such, is unlikely due
to null alleles. For Cro23, however, deviations from HWE
were found for both breeding sites across the two timeframes (Table 1), suggesting the influence of null alleles.
Even though high FIS values were estimated for this locus
(Table 1), the influence of inbreeding was discounted by the
program INEst, which found that the best fitting model for
the data to be one with null alleles, either alone or in combination with genotyping errors (Table 3).
To address the influence of null alleles on the dataset,
30 homozygote genotypes for Cro23 were modified as

Population

Allelic richness (AR)

Cape of Good Hope
Silvermine
Cape of Good Hope 2011
Cape of Good Hope 2015
Silvermine 2011
Silvermine 2015

b

Private allelic richness (PAR)

ART

ARO

ARR

PART

PARO

PARR

97
121
76
83
90
100

8.818
11.00
6.909
7.545
8.182
9.091

7.365
9.393
5.583
5.800
6.299
7.606

28
52
7
8
12
16

2.545
4.727
0.636
0.727
1.091
1.455

2.574
4.602
0.729
0.874
1.155
1.695

Total number of observed alleles (ART) and private alleles (PART), and mean number of alleles and private
alleles observed per locus (ARO, PARO) and estimated by rarefaction (ARR, PARR) with uniform sample sizes
of g = 44 and 22 for the difference scenarios, respectively
Table 3  Results of Bayesian individual inbreeding model
Model

Cape of Good Hope 2011 (n = 23)

Model

DIC

ΔDIC

Avg (FIS)

95% HPD

nb
nfb
fb
n
nf
b

1263.976
1265.014
1285.081
1289.605
1290.147
1290.871

1.038
20.067
4.524
0.542
0.724
–

NA
0.0162
0.0811
NA
0.0330
NA

NA
0.0000–0.0527
0.0236–0.1459
NA
0.0000–0.0848
NA

Model

Silvermine 2011 (n = 22)

nb
nfb
n
nf
fb
b

DIC

ΔDIC

Avg (FIS)

95% HPD

1447.832
1449.023
1453.875
1454.457
1458.793
1460.016

1.191
4.852
0.582
4.336
1.223
–

NA
0.0224
NA
0.0224
0.0525
NA

NA
0.0000–0.0614
NA
0.0000–0.0614
0.0000–0.1035
NA

Cape of Good Hope 2015 (n = 24)
DIC

ΔDIC

Avg (FIS)

95% HPD

nb
nfb
n
nf
b
fb

1374.844
1376.743
1381.149
1381.817
1388.659
1390.467

1.899
4.406
0.668
6.842
1.808
–

NA
0.0110
NA
0.0160
NA
0.0247

NA
0.0000–0.0365
NA
0.0000–0.0453
NA
0.0000–0.0673

Model

Silvermine 2015 (n = 22)

n
nb
nfb
fb
b
nf

DIC

ΔDIC

Avg (FIS)

95% HPD

1453.875
1513.147
1515.002
1531.209
1532.086
1590.572

59.272
1.855
16.207
0.877
58.486
–

NA
NA
0.0163
0.0755
NA
0.0858

NA
NA
0.0000–0.0542
0.0000–0.1382
NA
0.0000–0.1540

Models were run using all 11 loci. Model parameters include inbreeding (f), null alleles (n) and random genotyping errors (b)

DIC deviance information criterion, Δ DIC different in DIC from the best model, Avg (FIS) average inbreeding coefficient for the population,
HPD highest probability density
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recommended by the Brookfield 1 algorithm in Microchecker (Cape Point: n 2011 = 5, n 2015 = 7; Silvermine:
n2011 = 10, n2015 = 8). All subsequent analyses were then
performed using the modified dataset.
Significant bottleneck signatures were detected for
both populations and time periods using Garza and Williamson’s M-ratio test (Table 1). Average M values across
all loci ranged from 0.208 to 0.262 regardless of whether
null alleles were excluded from the analysis. These values
fall well below the critical M-value of 0.68, indicating that
both populations have likely experienced severe population
bottlenecks.
Although all seven genetic diversity indicators considered
in this study (AR, PAR, HO, HE, FIS, ρIS, and G-W M-ratio)
revealed similar patterns, with diversity being higher for
Silvermine compared to CGH and increasing from 2011 to
2015 (Tables 1, 2), T-tests revealed no significant differences across the dataset (Table 4). This is reflected in the
AMOVA results (Table 5), which found significant differences among breeding sites, but not sampling years at each
site. Furthermore, the STRUCTURE results identified two

Table 4  Summary statistics from paired T-tests (d.f. = 20) investigating differences in genetic diversity between sampling periods for
the two breeding sites across seven diversity indicators
Breeding site

Indicator

t

s.e.

p

Cape of Good Hope

AR
PAR
HO
HE
FIS
ρIS
G-W M-ratio
AR
PAR
HO
HE
FIS
ρIS
G-W M-ratio

0.1401
0.3915
0.4994
0.3649
0.0408
0.1752
0.0587
0.4991
0.6183
0.1752
0.5336
0.2512
0.1846
0.6326

1.332
0.406
0.115
0.105
0.100
0.116
0.077
1.667
0.818
0.104
0.077
0.092
0.115
0.057

0.8900
0.6996
0.6229
0.7190
0.9679
0.8627
0.9538
0.6232
0.5434
0.8672
0.5995
0.8043
0.8554
0.5342

Silvermine

distinct populations, grouping data from the two sampling
periods for each breeding site (Figs. 2 and S2; Table S2).
Ne estimates based on the temporal maximum likelihood
method conducted in MLNE varied considerably between
populations, as well as within populations depending on the
number of generations assumed to separate the sampling
periods (i.e., two or five). For the CGH population, the effective population size based on a two generation time interval
(Ne [2]) was estimated at 238 individuals and Ne[5] at 405
individuals. Ne estimates for the Silvermine population were
much higher:Ne[2] = 37 863; Ne[5] = 2 320.
Of the five proposed historical demographic scenarios
for C. rosei, scenarios 4 and 5 (divergence followed by bottlenecks occurring at different times) were the most highly
supported, with posterior probability scores of 0.4516 and
0.4873, respectively, and overlapping confidence intervals
(Table S3). The other three scenarios had much lower support. Although the two leading scenarios were found to
have moderately high Type I error rates (Scenario 4: 0.38;
Scenario 5: 0.44; Table S3), their Type II error rates indicate that the likelihood of selecting either of these scenarios when they are not the true scenario is extremely low
(Scenario 4: 0.0.2–0.04; Scenario 5: 0.00–0.08; Table S3).
Indeed, the results reveal that Scenario 4 and 5 are most
often mistaken for the other, which corresponds with their
overlapping posterior probabilities, and suggests that the
impact in differing bottleneck durations for the two populations is minimal. Based on these simulations, either Scenario
4 or 5 is likely to represent the true demographic history for
C rosei. In agreement with these results, the PCA plots for
both scenarios showed the observed data roughly centred
amidst the simulated datasets, illustrating high goodness of
fit (Fig. S3). Consequently, subsequent analysis on the estimation of posterior distribution of parameters was carried
out under both scenarios. Based on these estimated posterior
distributions, the severity of the CGH bottleneck was determined to be approximately 50% more severe than what was
experienced by the Silvermine population (Table S4).

Table 5  Results of a hierarchical AMOVA examining the spatio-temporal variation within Capensibufo rosei
Source of variation

Sum of squares

Variance compo- Percentage varinents
ation

R-statistics

p

Among breeding sites
Among sampling years within breeding sites
Among individuals within sampling years
Within individuals

36988.61
9535.61
578431.67
520930.00

391.33
−60.08
557.31
6171.51

RCT: 0.055
RSC: −0.009
RIS: 0.083
RIT: 0.126

0.004
0.6744
0.1304
0.0654

5.54
−0.85
7.89
87.41

Significant values highlighted in bold
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Fig. 2  Barplot of estimated population assignment of individuals
based on a Bayesian clustering approach implemented in STRUCTURE 2.3.4. Each vertical line represents an individual’s probability
of belonging to one of K clusters (represented by different colours) or

a combination thereof if ancestry is mixed. K = 2 was identified as the
optimal number of clusters across breeding sites and sampling periods

Discussion

prior to the enigmatic declines (loss of historical breeding
sites), it is not possible to determine whether our baseline
is representative of the original composition of diversity, or
whether historical diversity could have been even higher.
A plausible explanation for diversity levels that are higher
than anticipated given the small population sizes and the
strong bottleneck signature could be that the bottlenecks
events were recent and “weak” (i.e. of short duration). When
a large and stable population undergoes a bottleneck, alleles
will be lost from the gene pool even if the bottleneck is of
short duration. The post-bottleneck gene pool is likely to
consist of highly divergent alleles, which are artefacts of a
wide range of alleles from the pre-bottleneck period (Hawks
et al. 2000).
It has been argued that fairly high genetic diversity in
small, isolated populations may be a burden upon those
populations, because the population is obliged to exist as a
metapopulation or network in order to maintain their levels
of diversity and avoid inbreeding (Habel and Schmitt 2012).
Disruption of the metapopulation (e.g. through habitat loss)
reduces or halts gene flow, which eventually results in the
irreversible loss of genetic diversity in the now isolated
populations. In turn, this can cause the sudden and often
unexpected extinction of the isolated populations, further
disrupting the metapopulation process. In connection with
the disruption of the natural ecological processes that have
impacted the integrity of the pools at the C. rosei breeding
sites, this could have compounded the risk at the now lost
historical breeding sites. If so, then the levels of diversity
found within the remaining breeding populations could

Despite C. rosei undergoing an enigmatic decline and having
highly variable survival and recruitment rates (Cressey et al.
2015; Becker et al. in press), the two remaining breeding
populations have levels of diversity similar to other anurans
(e.g., Wilkinson et al. 2007; Wu and Hu 2010; Roth and
Jehle 2016; da Silva et al. 2017). Moreover, the Silvermine
population has higher diversity than CGH, likely stemming
from the CGH population experiencing a more severe bottleneck. Although sample size has been known to affect
bottleneck estimations (Garza and Williamson 2001), the
M-values reported here are so low (Table 1) that it is very
likely that the bottleneck signatures are genuine. This is supported by the ABC results, which identified the most likely
historical demographic scenario to be one in which the two
remaining populations were initially unified, then through
processes such as isolation by distance, they diverged and
subsequently underwent bottlenecks at different time periods. Both populations are genetically stable over the 5-year
time interval in terms of retention of total diversity, and levels of genetic diversity increased slightly between sampling
periods for both populations, although this increase was not
statistically significant.
The level of genetic diversity for C. rosei is similar to
other anurans, which might be unexpected for a species that
has undergone extensive population decline and/or exists in
small isolated populations (e.g., Allentoft and O’Brien 2010;
Habel and Schmitt 2012; Willoughby et al. 2015; Potvin
et al. 2016). Because genetic data are lacking for the period
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mask their extinction risk, assuming that the populations
are indeed too small to maintain such levels of diversity.
If the inferred effective population size (Ne) estimates
are reliable, there is the possibility that these populations
may be sufficiently large to maintain the observed levels
of genetic diversity and avoid inbreeding. Amphibians are
known for their large fluctuations in abundance and have
developed several life history strategies (e.g., sex-biased
dispersal) that enable them to withstand and survive large
losses in numbers (Green 2003). However, there remains a
critical threshold below which populations cannot recuperate, termed the minimum viable population (MVP: Shaffer 1981). The MVP for C. rosei may be far less than the
hundreds of adults observed at the breeding sites. However,
considering short-lived vertebrates, such as these toadlets,
are expected to require larger MVPs (Lannoo 2005), this
seems unlikely. Our observations of hundreds of individuals at breeding pools are probably an underestimate of the
true population size. Indeed, the effective population sizes
estimated for both populations are considerably higher than
field observations would suggest, especially for Silvermine.
Studies are currently underway to more accurately estimate
population sizes for Silvermine and CGH, and annual surveys continue in an attempt to uncover additional breeding
populations, which will help us better assess the fate and
extinction risk of the remaining populations.
Although each population was not found to differ genetically between the two sampling periods, the data reveal
changes in allele frequencies, as well as the loss and gain of
alleles within both populations across all microsatellite loci
examined (Table S1). While we cannot draw strong conclusions about trends in genetic diversity given the short timeframe, with continued monitoring we could potentially pick
up important shifts in the composition of alleles that will
allow us to make inferences about risk to this species. Our
results at present suggest that five years could be a practical
minimum sampling interval to pick up allele shifts, given
that we did detect some changes.
There were no observable shifts in genetic diversity
within the Silvermine population post-fire, suggesting this
species is not negatively impacted by fire, at least in the
short-term of our study. We would expect this species to
be well-adapted for such disturbance; and, considering that
a slight increase in allelic richness and heterozygosity was
observed between sampling periods, the fire may have actually been beneficial (Tables 1, 4). This habitat disturbance
created a more open landscape, which allowed for additional
breeding pools to be formed and utilised (K. A. Tolley, pers.
obs.). It might also have facilitated dispersal from other,
unknown breeding sites, bringing new alleles into this population. The slight increase in genetic diversity potentially
corresponds to a preliminary population size estimate that
indicates the population size has also increased substantially

post-disturbance (Becker 2017). This likely indicates that
habitat disturbances, such as fire (and grazing), facilitate
recruitment, dispersal and/or population growth for C. rosei.
Moveover, since the discovery of the CGH breeding site,
that population has grown from dozens to hundreds of individuals, presumably due to management interventions. Since
2012, predator exclosures have been erected over the egg
masses. While only correlative, the population size has substantially increased (Becker 2017) and, with it, an apparent
increase in genetic diversity. Taken together, the results indicate that these populations should grow (or remain stable)
given appropriate habitat, and this is essential for avoiding
genetic erosion.
Recommendations for future genetic monitoring
This study interrogated the changes in genetic diversity
within a five-year sampling interval and despite slight
increases in allelic richness, found no statistically significant differences between temporal periods within the two
remaining populations of C. rosei. According to Hoban et al.
(2014), this lack of differentiation may simply be due to
the sampling interval being too short to register any large
changes in diversity. The authors found that, in order for
reasonable power to be achieved in detecting genetic change,
at least seven generations should separate sampling periods.
Our study only spans two to five generations. Consequently,
future genetic assessments on this species should ensure that
at least the prescribed minimum sampling interval of seven
generations be incorporated, and compared to the current
sampling interval. Assuming only two generations were captured within this five-year study, the next 15 years would be
critical in deciphering the optimal sampling interval for this
species. During this time, we recommend genetic assessments take place every five years. Thus, the next assessment would incorporate data from 2019, comparing the data
from the two five-year sampling intervals (2011–2015 and
2015–2019), as well as the 10-year interval (2011–2019). If
at all possible, future genetic assessments should also incorporate additional microsatellite markers to help improve the
statistical power in detecting changes in genetic diversity.
Hoban et al. (2014) found that 20 microsatellite markers
provided good statistical power in detecting such change.
Ideally, it would be extremely beneficial to include historical data from museum and natural history collections to
establish a more distant baseline of genetic diversity; however, to date, this has not been possible. Specimens do exist
in collections both nationally and international; yet, the data
associated with many of these specimens (i.e., locality and
date of collection) are quite vague or missing; thereby making it impossible to accurately compare the same populations
across time periods. Even where the provenance of specimens and collection dates are known, too few samples exist
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for accurate and robust comparisons. Moreover, the majority
of these specimens are fixed in formalin, making it difficult
to extract enough usable DNA.
Conservation implications
This study and future assessments will surely assist in the
conservation of this species, predominantly through information being fed into annual reporting to South African
National Parks—the authority responsible for the management of species on national parks land. To date, our population and genetic monitoring has been used to make recommendations for the adaptive management of the species.
Although speculative, our results, in conjunction with
preliminary population size estimates, which show a substantial increase in numbers following the 2015 fire, suggest
that habitat quality is an important factor influencing the
viability of C. rosei (Becker 2017). Until concrete evidence
to the contrary is provided, we recommend that the remaining breeding sites and surrounding areas be adequately
maintained to prevent vegetation from becoming overgrown.
Indeed, similar management interventions might also help
restore some of the historical breeding sites where the species has gone locally extinct. Some areas of Table Mountain
have not been burned in over 70 years due to the suppression
of fires—a time period that far exceeds the burning interval
required for fynbos (Forsyth et al. 2010). Grazers have also
been absent from most sections of the Cape Peninsula for
decades (Skead 1980), with the exception of the Cape of
Good Hope where large grazers, such as Eland and Bontebok, have been re-introduced and maintained since the 1940s
(J. Buchmann, South African National Parks, pers.comm.
2017). Although circumstantial, the historical breeding sites
have disappeared from the same areas where these ecological processes (i.e. fire, grazing) have been lost.
To gain a better understanding of the potential effects of
maintaining C. rosei habitat quality, future genetic monitoring should examine whether the perceived increases in
genetic diversity are truly attributed to habitat maintenance,
whether they are simply a consequence of random population fluctuations within the species, or whether sampling
bias has produced this result. For the Silvermine site in
particular, understanding how genetic structure and diversity changes as the fynbos recovers would be extremely
valuable. It would also be very informative to know that
if fire was excluded, and the vegetation allowed to become
overgrown, will there be any loss of genetic diversity within
the population? Would there be any genetic consequences
if fire frequency increased (e.g., Potvin et al. 2016)? Similarly, for the CGH site, is there a pivotal grazer density
above which the C. rosei population would be adversely
affected or below which would cause the loss of essential
ecological processes? Answering these questions would help
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guide conservation efforts to help prevent any further enigmatic declines within this species and ensure its long-term
persistence.

Conclusions
Although this study was mainly conducted to establish a
baseline of genetic diversity to assist in future genetic monitoring for a threatened South African amphibian, our results
have several implications for the conservation of small, isolated populations. First, the present study revealed fairly
standard of levels of genetic diversity within the species (as
compared to other anurans) despite evidence of severe bottlenecks. These findings were surprising given that small,
isolated populations are typically expected to have relatively
low levels of diversity. This suggests that although the species has undergone an enigmatic decline, the remaining populations of C. rosei may be genetically stable/viable. Further
research on population size trends will help verify this claim.
If true, it could suggest that current management interventions are effective and should be maintained. If false, then
alternative measures need to be determined and incorporated
into the adaptive management of the species. This stresses
the importance of quantifying and understanding genetic
diversity of taxa that exist in small, isolated populations.
Second, our empirical tests support the findings of Hoban
et al. (2014) with respect to the proposed genetic monitoring
indicators. Allelic richness exhibited the greatest power at
detecting temporal shifts in diversity, showing the greatest
change between periods compared to all other indicators
investigated. The lack of a significant difference between
temporal periods could simply be due to the sampling interval being too short to register any large changes in diversity,
as discussed above.
Third, given the general lack of time series data sources
(i.e., temporally spaced genetic data of the same species at
the same site) globally (Tittensor et al. 2014), short-term
genetic monitoring studies, such as the one presented here,
are necessary to understand whether genetic erosion poses a
risk, particularly for threatened taxa. Studies such as ours are
a critical first step in establishing more long-term monitoring
programs, especially for wild species.
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