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Abstract: Genomics can provide conservation-relevant insights into population size, genetic diversity, and 
connectivity with relatively little sampling effort. However, for frogs and other small vertebrates, invasive genetic 
sampling (e.g. toe-clipping) can impact animals’ long-term survival and welfare. Minimally-invasive genetic 
sampling methods may be required to facilitate robust conservation genomic studies of small vertebrates. In 
Aotearoa | New Zealand, previous genetic studies of the three native Leiopelma spp. frogs have relied almost 
entirely on toe-clips or whole specimens, creating an ethical barrier to genomic studies. Here, we trialled 
duplicate buccal swabbing as a minimally-invasive genetic sampling method on the small-bodied pepeketua, 
Hamilton’s frog (Leiopelma hamiltoni) and Hochstetter’s frog (Leiopelma hochstetteri). DNA yield was primarily 
influenced by our duplicate swabbing method rather than by frog body size, condition, or species. The second 
swab had a significantly higher DNA yield (721 ± 104 ng), more than twice that of the first swab (317 ± 49 
ng). We compared the utility of buccal swabs and toe clips for genotyping-by-sequencing (GBS) in Hamilton’s 
frogs and assessed the suitability of buccal swabs for long-range PCR in Hochstetter’s frogs. Buccal swabs 
were as effective as toe-clips for GBS, with the proportion of missing single-nucleotide polymorphisms not 
significantly different between sampling methods. However, only 7/20 buccal swabs amplified successfully 
with long-range PCR. Our results indicate that genetic sampling of Leiopelma spp. could move towards buccal 
swabbing as a standard method. Toe-clipping and euthanasia of individuals should be limited to situations where 
high molecular weight DNA is crucial for analysis (e.g. genome assembly) or whole voucher specimens are 
needed for taxonomy.
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Introduction

Small vertebrates often display behavioural crypsis and can 
be long-lived, making field study and long-term population 
monitoring difficult (Ferreira et al. 2018; Martin et al. 2022; 
Stock et al. 2023; Johnson et al. 2024). Compared to field 
studies, conservation genomics requires relatively little 
sampling effort, and can provide complementary insights 
into population structure, dispersal, genetic diversity, and 
demography (Shafer et al. 2015; Ambu & Dufresnes 2023; 
Stock et al. 2023; Theissinger et al. 2023; Martin et al. 2024). 
Conservation genomics of small vertebrates has traditionally 
relied on invasive genetic sampling methods (e.g. toe-clipping 
or euthanasia; Zemanova 2019, 2020). Invasive sampling 
methods likely endure because scientists may perceive an 
increased reliability for downstream analysis compared to 
minimally-invasive methods (e.g. buccal swabs or faecal 
sampling) and may assume that the conservation benefits of the 
study outweigh any ethical concerns (Zemanova 2019, 2020). 

However, invasive sampling methods can impart significant 
stress to animals and impact their welfare or long-term survival 
(Narayan et al. 2011; Ferreira et al. 2018). Invasive sampling 
may be particularly inappropriate for endangered or sensitive 
species, because the negative consequences of invasive 
sampling can be exacerbated at the population and/or individual 
level (Ferreira et al. 2018; Zemanova 2019, 2020; Ambu & 
Dufresnes 2023). Developing efficient, minimally-invasive 
genetic sampling methods is therefore needed to minimise 
welfare impacts and permit robust conservation genomic 
studies of small vertebrates (Shafer et al. 2015; Ferreira et al. 
2018; Ambu & Dufresnes 2023; Theissinger et al. 2023).

Frogs are among the most threatened and sensitive of 
small-vertebrates (Luedtke et  al. 2023). Genetic sampling 
methods for adult frogs include euthanasia, toe-clipping, 
and buccal or skin swabbing (Germano 2023; Rainey et al. 
2024). As for other small vertebrates, invasive sampling is 
predominant (Zemanova 2019; Ambu & Dufresnes 2023). 
The effect of toe-clipping on frog survival and movement is 
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debated. Studies report both neutral and negative long-term 
effects (Bell & Pledger 2010; Narayan et al. 2011; but see 
Zamora-Camacho et al. 2023). In the short term, toe-clipping 
can elicit a significant hormonal stress response (Narayan et al. 
2011). Zamora-Camacho et al. (2023) reported no negative 
effects on jumping distance. Yet, despite the existence of 
specialised toe-pads in some species (like Leiopelma spp.), 
the long-term effect on other movements, such as walking, 
climbing, or swimming, has not been evaluated (Waddle et al. 
2008; Easton 2018; Zamora-Camacho et al. 2023).

Swabbing methods are minimally invasive (Ambu & 
Dufresnes 2023; Martin et al. 2024). Skin swabbing involves 
minimal handling but is almost solely useful for salamanders, 
with a lower efficacy for frogs (Prunier et al. 2012; Pichlmüller 
et al. 2013; Easton 2018; Ringler 2018). Frogs’ sloughed skin 
can be dry and covered in secretions which inhibit PCR-based 
analyses (Melzer et  al. 2011; Easton 2018; Ringler 2018). 
Conversely, buccal swabbing has found wide efficacy as a 
minimally-invasive genetic sampling method across many frog 
species (Goldberg et al. 2003; Pidancier et al. 2003; Poschadel 
& Möller 2004; Gallardo et al. 2012; Easton 2018; Ambu & 
Dufresnes 2023; Martin et al. 2024; Rainey et al. 2024).

Buccal swabbing was first developed for larger frog species 
(Goldberg et al. 2003; Pidancier et al. 2003). Its use for small 
frogs raises ethical questions and doubts about its utility for 
genomic approaches (Pidancier et  al. 2003; Ringler 2018; 
Rainey et al. 2024). There is a risk of bleeding or injury to the 
mouth, which may be exacerbated in small anurans (Pidancier 
et  al. 2003; Ringler 2018). Although recent studies have 
indicated buccal swabbing small anurans is possible (Mudke 
2020; Rainey et al. 2024), no specific, practical protocol for 
swabbing small anurans has been published. A practical guide 
is especially pertinent for frogs which resist opening their 
mouths because there is a heightened risk of injury to the lips, 
tongue, and jaw (Ambu & Dufresnes 2023; Rainey et al. 2024). 
Furthermore, published studies on small anurans only quantify 
the efficacy of buccal swabs for PCR-based genetic techniques 
(e.g. microsatellites, mitochondrial DNA) and quantify DNA 
yield using spectrophotometry, which can overestimate DNA 
yield at lower concentrations (Gallardo et al. 2012; Nakayama 
et al. 2016; Mudke 2020; Martin et al. 2024; Rainey et al. 
2024). Case studies of buccal swabbing and its application 
in genomic studies of small anurans are needed.

Aotearoa | New Zealand has three endemic frog species, 
all in the genus Leiopelma (Burns et al. 2025). Conservation 
genetic studies of Leiopelma have lagged behind those of 
other endemic herpetofauna, in part because minimally-
invasive sampling techniques have not been developed. 
For New  Zealand’s endemic lizards, mitochondrial-based 
phylogenies have provided a basis for modern population 
genomic studies, largely using tail-tip samples (Chapple et al. 
2009; Nielsen et al. 2011; Adams & Angus 2022). Lizard tail 
tips regenerate, so tail-tipping is generally viewed to be more 
ethical than toe-clipping (Adams & Angus 2022; Germano 
2023). Previous genetic studies of Leiopelma almost wholly 
involve taking toe-clips, which do not regenerate (e.g. Gleeson 
et al. 2010), or whole specimens (e.g. Fouquet et al. 2010). 
A single study trialled skin swabbing on kurī peke | Archey’s 
frog (Leiopelma archeyi) and pepeketua | Hamilton’s frog 
(Leiopelma hamiltoni) but could not reliably amplify nuclear 
microsatellite markers (Easton 2018). Toe-clipping is permitted 
by the New  Zealand Department of Conservation and is 
still used for individual identification in mark-recapture of 
select Leiopelma populations in order to maintain long-term 

population studies (Bell et al. 2004; Bell & Pledger 2010, 2023). 
A long-term monitoring study has not reported any negative 
effect of toe-clipping (Bell & Pledger 2010). Nevertheless, 
within the New Zealand context, the ethical concerns around 
genetic sampling of Leiopelma are particularly pertinent. 
Leiopelma frogs are considered taonga (treasured) species 
by Māori, the indigenous people of Aotearoa (Bishop et al. 
2013; Cisternas et al. 2019). Many iwi (tribes) have an intimate 
relationship with Leiopelma frogs, are heavily involved in their 
conservation as kaitiaki (guardians) (Cisternas et al. 2019) and 
are not supportive of invasive genetic sampling.

In the current study, we aimed to establish the efficacy 
of buccal swabbing as a minimally-invasive genetic sampling 
method for small anurans, using the terrestrial Hamilton’s 
frog (snout-vent-length [SVL] ≤ 52 mm) and the semi-aquatic 
pepeketua | Hochstetter’s frog (Leiopelma hochstetteri; SVL ≤ 
47 mm) as a model system (Bell 1978; Bell & Pledger 2023). 
Specifically, we sought to (1) understand the influence of 
sampling technique and frog species, body size, and condition 
on total DNA yield, (2) compare the utility of buccal swabs 
to toe clips for genotyping-by-sequencing (GBS), and (3) 
assess the suitability of buccal swabs for long-range PCR of 
the mitochondrial genome, which presents a useful paradigm 
to compare buccal swabs to toe-clips. Long-range PCR is 
considered a more traditional genetic method, and typically 
requires input fragment lengths of ≥ 10kb, while GBS, a 
genomic method, has a much shorter input length. However, 
because mitochondria are present in multiple copies per cell, we 
expect greater efficacy from long-range PCR for mitochondrial 
DNA compared with GBS which targets variation across the 
whole genome (Elshire et al. 2011; Horn 2012).

Methods

Buccal swabbing
Hamilton’s frogs were sampled from a translocated population 
on Motuara Island in the Marlborough Sounds during June 
2024 as part of a separate study investigating the outcome 
of the translocation to Motuara Island (HPM unpubl. data). 
We searched for emerged Hamilton’s frogs by spotlighting a 
standardised site-occupancy monitoring grid. Twenty-nine 
juveniles (SVL < 20 mm) and subadults (SVL 20–35 mm) 
were buccal swabbed.

Twenty Hochstetter’s frogs were sampled from four wild, 
relict populations (five per population), one at Sanctuary 
Mountain Maungatautari in the Waikato, and three at field sites 
across Auckland’s Rodney District: Moir’s Hill, Tamahunga, 
and Totara Peak, during July 2024. We hand searched potential 
daytime retreat sites near streams and seepages.

We followed standard protocol for Leiopelma frog surveys 
in New  Zealand (Nájera-Hillman et  al. 2009). All objects 
moved during surveys were carefully replaced in the same 
position as found to reduce habitat disturbance. Frogs were 
captured with gloved hands and placed into new, partially closed 
resealable bags. We weighed frogs to the nearest tenth of a 
gram using a 10 g Pesola balance (Pesola®, Chur, Switzerland). 
Snout-vent-length was measured to the nearest millimetre by 
holding a ruler above the frog’s body, extended flat against 
the palm. To minimise the potential spread of disease, new 
gloves were used for each frog. All equipment was cleaned 
with F10 veterinary disinfectant (F10® Products, Gauteng, 
South Africa) between study sites.
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We modified published buccal swabbing protocols (Ambu 
& Dufresnes 2023; Martin et al. 2024) for Leiopelma frogs 
(see Supplementary Material for more detail). Frogs were 
removed from resealable bags and gently held in one hand, 
so that the head exited between the thumb and the pointer 
and middle fingers, with the thumb on the belly. This hold 
ensured the head did not move during buccal swabbing and 
prevented Hochstetter’s frogs from pushing loose against the 
palm; in contrast, Hamilton’s frogs are placid in-hand. Using 
the other hand, a sterile 200 μL pipette tip was used to open 
the mouth. The pipette tip was manoeuvred under the top 
lip, in the corner of the mouth, to get the frog to chew before 
inserting the pipette tip further and moving towards the middle 
of the mouth. Once the mouth was open, the pipette tip was 
inserted slightly further and gently pressed down to keep the 
mouth ajar.

A second person then inserted the swab, avoiding the lips 
as much as possible. We used Copan FLOQSwabs® 516C 
(flocked swabs) with plastic shafts and a nylon ultra-mini tip 
to sample small-bodied Leiopelma frogs (SVL < 50 mm) (Bell 
1978). Swabs were rubbed around the inside of the mouth, 
focusing on the tongue and cheeks, for 15–30 seconds or until 
wet. The first swab was then removed before inserting a second 
swab and collecting another replicate sample for downstream 
analyses. The 200 μL pipette tip was removed from the mouth 
after inserting the second swab or once swabbing was complete. 
Whenever there were any concerns for a frog’s well-being, 
only a single swab was taken. After swabbing, frogs were 
briefly (about two minutes) returned to resealable bags to 
check for any injury or aberrant movements. We broke the 
swabs off into 1.5 mL microcentrifuge tubes containing 70% 
(Hochstetter’s frogs) or 100% (Hamilton’s frogs) ethanol. We 
used ethanol concentrations available in the field at the time 
but recommend 70% as a standard method. Swabs were stored 
at ambient temperatures in the field for up to three days and 
then refrigerated at 4 °C for up to three months before DNA 
extraction. Research carried out after our sampling has since 
shown that storage at −20 or −80 °C are preferable options 
for mid to long-term storage (Martin et al. 2024).

In addition, 55 toe-clip samples were obtained from long-
term monitoring studies of three populations of Hamilton’s 
frog: Takapourewa | Stephen’s Island (n = 15), Te Pākeka | 
Maud Island, including the relict population (n = 20) and the 
translocated population in restored coastal forest at Boat Bay  
(n = 20). Toe-clips were collected between 2018 and 2024. Toe-
clips were frozen and stored in 70% ethanol until extraction.

DNA extraction and quantification 
DNA was extracted using a QiagenTM DNeasy Blood and 
Tissue Kit. Toe-clips were extracted following the protocol 
for animal tissue. The following modifications were made for 
buccal swabs: to remove excess alcohol, swabs were transferred 
from collection tubes to fresh 1.5 mL microcentrifuge tubes and 
dried for five minutes at 30 °C in an Eppendorf Concentrator 
plusTM. Swabs were vigorously vortexed with buffer ATL 
and Proteinase K to aid the release of mucosal cells from 
flocked swabs. Following overnight incubation, we removed 
swabs from the digest and took care to recover the digest 
supernatant from swabs by pressing hard against the walls 
of the microcentrifuge tube. After the addition of buffer AL, 
samples were incubated for a further 10 minutes in a MS-100 
Thermoshaker Incubator set to 56 °C at 600 rpm. To maximise 
DNA yield, two separate DNA elutions were performed using 

buffer AE warmed to 56 °C.
We quantified the DNA yield of buccal swabs using a 

QubitTM dsDNA Quantification High Sensitivity Assay Kit 
following the manufacturer’s instructions. Samples below 
the detection level of the kit (< 0.005 ng μL−1) were treated 
as zero values and were not used for further genetic analysis. 
To obtain total yield for each swab, QubitTM concentrations 
were multiplied by elution volume (200 μL).

Genotyping by sequencing
Hamilton’s frog buccal swabs were prepared for GBS analysis 
alongside toe-clips. Library preparation followed Elshire et al. 
(2011), with modifications from Dussex et al. (2016). Samples 
were assigned unique DNA indexes, and the pooled library 
was size-selected (200–600 bp) and sequenced at AgResearch 
Invermay on an Illumina Novaseq with a lane of an S4 flow 
cell alongside other libraries.

We called single-nucleotide polymorphisms (SNPs) using 
Stacks v. 2.61 (Catchen et al. 2013; Rochette et al. 2019). In 
short, adapter sequences and low-quality reads were identified 
using FASTQC v. 0.12.1 (Andrews 2010) and removed by 
CUTADAPT v. 4.4 (Martin 2011). Stacks module process_
radtags was used to demultiplex sequence data. To assemble 
loci, and call SNPs de novo (i.e. without a reference genome), 
we used the denovo_map.pl pipeline. To address computational 
constraints of clustering a large number of sequences, we 
limited each sample to a maximum of 5 million reads. The 
number of reads per sample was a reflection of the amount 
of DNA that was sent to sequencing after concentration was 
normalised across samples, not a reflection of sample quality. 
Parameters controlling denovo_map.pl were optimised for the 
highest number of polymorphic loci across 80% of samples 
(r80 rule): n = M = 2 and m = 3 (Paris et al. 2017). A single 
frog (sampled via buccal sampling) was excluded from further 
analysis with > 60% missing data. For subsequent analyses, 
only the first SNP was kept from each locus, and the minimum 
coverage depth was set to five.

Long-range PCR of mitogenomes
We attempted to amplify the whole-mitogenome of 
Hochstetter’s frog from buccal swabs using long-range 
PCR in two overlapping fragments (Table 1). Long-range 
PCR was performed using PrimeSTAR® GXL DNA 
Polymerase (TaKaRa). Each 25 μL PCR reaction contained 
1X PrimeSTAR® GXL buffer, 0.2 mM of each dNTP, 0.625 
U of PrimeSTAR® GXL DNA Polymerase, 0.2 µM of each 
primer, and 50–100 ng of genomic DNA. Following PCR, 
we visualised amplification products using agarose gel 
electrophoresis. Each sample was run on a 1% agarose gel 
stained with SYBR safe (Invitrogen), alongside GeneRuler 
DNA ladder Mix (Thermo Fisher).

Statistical analysis
All analyses, graphing, and model checking were completed 
in R v. 4.5.0 (R Core Team 2025). To understand the effect of 
frog biology and sampling methods on DNA yield (ng), we 
ran a linear mixed model, using the package “lme4” (Bates 
et al. 2015). A fourth root transformation of DNA yield was 
utilised to improve normality because the DNA yield (ng) was 
highly left-skewed and contained zero values. Fixed predictor 
variables included species, snout-vent-length, body condition 
(see below), swab number (taken first or second), and time 
in days from collection until extraction. Not all buccal swabs 
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Table 1. List of long-range PCR primer pairs used to amplify the Hochstetter’s frog (Leiopelma hochstetteri) mitogenome, 
including fragment length (bp) and cycling conditions (′′ = minutes, ′ = seconds).
__________________________________________________________________________________________________________________________________________________________________

Primer 	 Primer sequence	 Fragment length (bp)	 Cycling conditions
__________________________________________________________________________________________________________________________________________________________________

ATP_F	 AGTTAAACCCAGGCCCATGAC		  (98 °C for 15′′ → 62 °C for 15′′ → 		
		  c. 7000	 68 °C for 12′)
Thr_NC	 GGCTTACAAGGYCGGTGC		  *27 cycles
		
Cytb_F	 CAAATTGCCTCAATYACCTACTTCTC		  (98 °C for 15′′ → 60 °C for 15′′ → 		
		  c. 10 000	 68 °C for 12′)
ATP_R	 GGGCTCATTAATKGGYTGGTG		  *40 cycles
__________________________________________________________________________________________________________________________________________________________________

were extracted at the same time; therefore, time until extraction 
was included to understand whether buccal swab DNA was 
degrading in storage. ‘Frog ID’ was included as a random 
effect to address non-independence between first and second 
swabs from the same individual.

Body condition was measured as the scaled mass index 
(SMI) to account for allometric growth (Peig & Green 2009) 
and because it accurately predicts individual health and fitness 
in frogs (Brodeur et  al. 2020). SMI was calculated using 
equation (1):

		  (1)

where Mi is the body condition (scaled weight) for 
individual i, Mi and Li are the measured body mass and SVL of 
individual i respectively, L0 is the mean SVL value of the study 
population and b is the scaling exponent which determines the 
dimensional balance between mass and SVL (Peig & Green 
2009; Brodeur et al. 2020). We calculated b as the slope of 
a non-linear regression of mass and SVL. For herpetofauna, 
this method ensures that SMI is independent of body size 
(Brodeur et al. 2020). L0 and b were determined independently 
for Hamilton’s and Hochstetter’s frogs to account for different 
growth patterns between species (Peig & Green 2010).

Model validation was completed by checking residual 
plots and using the “car” and “lmtest” packages (Zeileis & 
Hothorn 2002; Fox & Weisberg 2019). Residual plots and 
the Breusch-Pagan and Shapiro tests indicated a good fit for 
the model. P-values, confidence intervals, standard errors, 
and pseudo-R2 values were calculated using the “lmtest” and 
“MuMIn” packages (Zeileis & Hothorn 2002; Barton 2009).

Additionally, we compared GBS sequence data from 
Hamilton’s frog buccal swabs and toe-clips. VCFtools v. 0.1.15 
(Danecek et al. 2011) output option –depth provided the total 
number of sites and --missing-indv the proportion of missing 
SNPs for each individual. Mean values of the total number 
of loci and proportion of missing sites for buccal swabs and 
toe-clips were compared via a Welch’s t-test accounting for 
unequal variance. Graphs were produced with the package 
“ggplot2” (Wickham 2016).

Results

We buccal swabbed a total of 29 Hamilton’s frogs (mean SVL 
= 27.1 mm) and 20 Hochstetter’s frogs (mean SVL = 35.8 
mm), resulting in 53 individual swabs from Hamilton’s frogs, 
and 39 from Hochstetter’s frogs. Singular swabs were taken 
from five Hamilton’s and one Hochstetter’s frog. Leiopelma 
frogs are known to have a stress response to overheating, 
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which causes them to lose their righting reflex (J. Germano, 
Department of Conservation, Nelson, pers. comm.). This 
overheating can occur with extensive handling by researchers 
with warm hands and was observed in two Hamilton’s frogs 
and one Hochstetter’s frog. After regaining their righting 
response, we continued to observe frogs for a few minutes to 
ensure they were active before release.

DNA yield per swab was highly variable. Swab number 
was the only variable with a significant effect, with the second 
swab having more than twice the DNA yield of the first 
swab (Fig. 1). Swab one had a DNA yield (mean ± standard 
error) of 317 ± 49 ng and swab two of 721 ± 104 ng, a mean 
percentage difference of 127%. The fixed effects alone 
explained a relatively low proportion of the variance in the 
data (R2

marginal = 0.252), while the inclusion of both fixed and 
random effects increased the explained variance (R2

conditional 
= 0.365). Frog characteristics, including SVL (Appendix S2 
in the Supplementary Material), SMI, and species had little 
effect on DNA yield, with confidence intervals overlapping 
with zero (Table 2).

DNA yields were sufficient for downstream genetic 
analysis, including both long-range PCR, and high-throughput 
GBS techniques. DNA yield per swab was 389 ± 63 ng 
(mean ± standard error) for Hamilton’s frogs and 663 ± 105 
ng for Hochstetter’s frog. During GBS library preparation of 
Hamilton’s frog swabs, it was often necessary to pool first 
elutions extracted from both swabs, and sometimes all elutions 
(taken from a single frog), to reach (or approach) the 500 ng of 
DNA called for by these laboratory methods. However, frogs 
with yields as low as 100 ng still produced sufficient SNP data 
after sequencing. Our results indicate that buccal swabs from 
Leiopelma were as effective as toe-clips for GBS analyses (Fig. 
2). The GBS dataset resulted in a total of 21 250 variant sites 
for downstream analyses. The total number of sites was not 
significantly different between toe-clips and buccal swabs (t 
= −0.35, df = 45.44, p = 0.72) and nor was the proportion of 
missing SNPs (t = 0.59, df = 49.42, p = 0.56).

Buccal swabs were only partially successful for long-range 
PCR. Despite the buccal swabs appearing to have sufficient 
DNA concentration, mitogenome amplification was successful 
for only 7/20 Hochstetter’s frogs. Amplification success was 
correlated with concentration, working only for those seven 
frogs with the highest concentration from a single swab.

Discussion

Although buccal swabbing has become a popular genetic 
sampling method for frogs, concerns persist surrounding its 
application to genomics and the ethics of swabbing smaller 
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Figure 2. Boxplots showing the total number of variable sites (left) and the proportion of missing single-nucleotide-polymorphisms 
(SNPs; right) of individual Hamilton’s frogs (Leiopelma hamiltoni), compared between buccal swab (n = 28) and toe-clip (n = 55) samples. 
Neither the total number of sites (p = 0.72) or the proportion of missing SNPs (p = 0.56) were significantly different. Boxes encompass 
the middle 50% of data, with the middle line representing the median; whiskers show minimum and maximum values.

Figure 1. Boxplot showing total DNA yield in ng from the first and 
second swabs collected from Hamilton’s (Leiopelma hamiltoni) 
and Hochstetter’s (L. hochstetteri) frogs. Boxes encompass the 
middle 50% of data, with the middle line representing the median; 
whiskers show minimum and maximum values, excluding the 
outliers shown as dots. The second swab had a significantly higher 
DNA yield than the first swab (p < 0.001).

Table 2. Model coefficients of the fixed effects in the linear mixed model, with the fourth root of the total DNA yield as 
the response variable. Hochstetter’s frog (Leiopelma hochstetteri) is compared to Hamilton’s frog (L. hamiltoni), and the 
second swab to the first.
__________________________________________________________________________________________________________________________________________________________________

Fixed Effect	 Coefficient	 Standard Error	 2.5% Interval	 97.5% Interval	 T-value	 P-value
__________________________________________________________________________________________________________________________________________________________________

Species Hochstetter’s	 0.595	 0.709	 −0.759	 1.103	 0.839	 0.406
Scaled Mass Index	 0.143	 0.201	 −0.24	 0.528	 0.714	 0.480
Snout-vent-length	 −0.029	 0.027	 −0.081	 0.022	 −1.095	 0.278
Swab number	 1.148	 0.294	 0.565	 1.72	 3.909	 < 0.001
Time to extraction	 −0.002	 0.005	 −0.012	 0.008	 −0.359	 0.721
__________________________________________________________________________________________________________________________________________________________________
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species (Pidancier et al. 2003; Ringler 2018; Ambu & Dufresnes 
2023; Rainey et al. 2024). Previous studies on small frogs 
have trialled buccal swabbing for PCR-based genetic analyses 
and quantified DNA yield using spectrophotometry, a method 
known to be inaccurate at low concentrations (Gallardo 
et  al. 2012; Nakayama et  al. 2016; Mudke 2020; Martin 
et  al. 2024; Rainey et  al. 2024). To encourage the uptake 
of, and collaboration on, conservation genomic projects by 
practitioners, researchers, and indigenous communities, we 
have shown buccal swabs are effective for population genomic 
analysis using GBS, and as such, have included a clear buccal 
swabbing protocol for Leiopelma frogs in Appendix S1 of the 
Supplementary Material.

Buccal swabs had a low yet highly variable DNA yield, 
which was similar to that of larger frog species (Martin et al. 
2024). DNA yield was seemingly not influenced by frog species, 
body size, or body condition. Instead, variation in DNA yield 
was driven by swab order, with the second swab having more 
than twice the DNA yield of the first swab. Yet, both swabs were 
collected using the same standardised technique. The higher 
DNA yield of the second swab probably reflects the removal 
of surface moisture and mucus by the first swab, thereby 
increasing friction and promoting epithelial cell detachment 
during the second swabbing, rather than differences in handling 
or technique (Poschadel & Möller 2004). Swabs were only 
in the mouth for 15–30 seconds, whereas for larger Anurans 
swabs can be in the mouth for up to a minute (Goldberg et al. 
2003). Either a single longer swab (Goldberg et al. 2003) or 
a second duplicate swab may produce higher DNA yields. 
Previous research has already revealed swabbing technique 
can drive variation in DNA yield; “gentle swabbing”, whereby 
inexperienced handlers are overly cautious, results in low DNA 
yield (Ambu & Dufresnes 2023; Rainey et al. 2024). Although 
a single swab left in the mouth for up to a minute may be 
efficient for larger anurans (Goldberg et al. 2003), duplicate 
swabbing is useful for Leiopelma, in spite of the lower yields 
of the first swab. Leiopelma are prone to heat stress during 
handling (Germano 2023), and given the small size of their 
mouths, swabs can become contaminated by touching the skin. 
Duplicate swabbing allows frogs to be returned to a partially 
closed resealable bag if concerns for their well-being arise, or 
if the frog grabs (thus contaminating) the swab, allowing the 
frog to recover before deciding whether to take a second swab.

Our SNP dataset had ample variable sites for downstream 
population genomic analysis (Shafer et al. 2015; Theissinger 
et al. 2023). Buccal swabs from Leiopelma were as effective 
as toe-clips for GBS with no significant difference in the 
total number of sites or proportion of missing SNPs (Fig. 2). 
Comparatively, buccal swabs were only partially successful 
for long-range PCR of the mitogenome. The specific long-
range PCR method used here required DNA fragments 7 kb 
or longer for successful amplification, and the primer pair 
Cytb-F / ATP- R (Table 1.) spans a large duplication in the 
Hochstetter’s frog mitogenome (Carr et al. 2015). Conversely, 
GBS requires a shorter input length. Our results indicate 
that DNA from buccal swabs is representative of the entire 
genome but is somewhat fragmented, particularly for samples 
with lower DNA yields. Compared to the current study, more 
careful preservation, i.e. storing swab samples at −20 °C or 
−80 °C (Martin et  al. 2024), amplifying the mitochondrial 
genome over several shorter fragments (Irisarri et al. 2010), 
or using hybridisation-capture techniques (Horn 2012) would 
potentially enable recovery of the mitogenome. Our DNA 
extraction method could also be improved. Additional tests 

in the lab demonstrated that, following overnight incubation, 
swabs can be removed from the digest and transferred to a 
0.5 mL tube with a small hole pierced in the bottom using an 
18-gauge needle, nested within a 1.5 mL microcentrifuge tube. 
After centrifuging at 8000 rpm for 2 minutes, an additional 
c. 20 μL of digestion supernatant can be recovered. We also 
vortexed swabs vigorously to aid the release of cells, but 
overnight incubation may be sufficient alone. Replacing any 
further vortexing steps with gentle pipetting may also help to 
minimise shearing of high molecular weight. Regardless, we 
recovered sufficient DNA yield from buccal swabs of small 
frogs for modern conservation nuclear genomic protocols.

Levering open the mouth is the most delicate step in the 
field (Rainey et al. 2024). Special care needs to be taken for 
smaller frogs, especially for Leiopelma that are resistant to 
opening their mouth. Because the buccal cavity is so small, 
care needs to be taken not to aggravate the lips or inadvertently 
touch the underside of the eyes with the pipette tip. For juvenile 
frogs, incomplete ossification of the jaw exacerbates these 
issues (Easton 2018). However, once the mouth is open, using 
a medical, flocked swab with a small nylon tip makes swabbing 
simple (Ambu & Dufresnes 2023; Martin et al. 2024; Rainey 
et al. 2024). We observed Hamilton’s frogs as small as 18 
mm SVL moving immediately after swabbing and showing 
no visible signs of stress or discomfort. Buccal swabbing such 
small frogs without injury is relatively easy, but researchers 
should explicitly justify the need to swab juvenile Leiopelma 
to reduce the risk of harm.

We did, however, record three frogs that became limp 
during the swabbing procedure. Leiopelma frogs are susceptible 
to heat-stress and going limp is a common response to any 
extended periods of handling, particularly with warm hands 
(Germano 2023). Leiopelma usually recover their righting 
response quickly when immediately placed in a cool (≤ 16 °C) 
environment before being released (Germano 2023). To avoid 
heat stress, we strongly suggest that any handlers (1) utilise cool 
river stones or ice packs to cool their hands before swabbing 
Leiopelma, and (2) practice several times. In New Zealand, the 
invasive brown tree frogs (Rawlinsonia ewingii) are common, 
and practical for learning buccal swabbing of Leiopelma given 
their small size, active temperament in the hand (compared 
to Leiopelma) and semi-aquatic habitat (slippery in hand). 
Furthermore, practice on brown tree frogs would avoid so 
called “gentle swabbing”, improving DNA yield (Ambu & 
Dufresnes 2023).

Genomics could be a crucial facet of Leiopelma 
conservation management and overcome the difficulties 
faced by traditional field-based studies (Shafer et al. 2015; 
Stock et al. 2023). Leiopelma frogs are sit-and-wait predators, 
which display behavioural crypsis (Bell 1978; Bishop et al. 
2013; Reilly et al. 2015). Field studies of Leiopelma frogs can 
struggle to accurately monitor populations beyond single count 
surveys (Nájera–Hillman et al. 2009; Johnson et al. 2024). 
Such monitoring difficulties are especially apparent for the 
widespread Hochstetter’s frog (Bishop et al. 2013; Johnson 
et al. 2024), for which mark-recapture has been unsuccessful 
and long-term monitoring datasets fail to confidently estimate 
population trends (Bell & Pledger 2023; Johnson et al. 2024). 
Conservation genomic methods would require only a simple 
daytime survey of Hochstetter’s frog habitat, but provide crucial 
information on effective population size, genetic diversity, and 
connectivity (Bell 1996; Shafer et al. 2015; Stock et al. 2023; 
Theissinger et al. 2023). Hochstetter’s frogs are thought to be 
in decline across New Zealand, and it is unknown whether they 
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disperse overland between catchments (Bishop et al. 2013; 
Burns et al. 2025). Effective conservation prioritisation across 
Hochstetter’s frog’s eleven evolutionary-significant-units, 
without an adequate understanding of their rate of decline or 
population connectivity, is near impossible (Gleeson et  al. 
2010; Johnson et al. 2024). To date, large conservation genomic 
studies on Leiopelma have, at least in part, been prevented 
by a lack of minimally-invasive sampling techniques, making 
ethical permissions and iwi approval complex (Cisternas et al. 
2023). The fact that buccal swabbing is adequate for population 
genomic research on Leiopelma frogs should encourage its 
uptake in future conservation management (Taylor et al. 2017; 
Zemanova 2020; Ambu & Dufresnes 2023).

Currently, toe-clipping is the standard for genetic sampling 
(Germano 2023), but this presents ethical issues for Leiopelma. 
No effects on survival have been detected from mark-recapture 
studies using toe-clipping to date (Waddle et al. 2008; Bell & 
Pledger 2010; Zamora-Camacho et al. 2023). However, the 
effects of toe-clipping on Leiopelma locomotion, especially 
the arboreal behaviour observed in Archey’s and Hamilton’s 
frog, are yet to be assessed (Altobelli et al. 2021; Cisternas 
et al. 2023; Zamora-Camacho et al. 2023). Hamilton’s frogs 
have mushroom-like expansions on their phalanges for 
climbing (Clarke 2007; Easton 2018). Further, toe-clipping 
protocols in New Zealand do not restrict clipping of the longest 
fourth toe, despite its involvement in frog behaviours such 
as moulting (Germano 2023; Zamora-Camacho et al. 2023). 
Because toe-clipping could impede movement or moulting, 
future research should investigate whether toe-clipping has 
any long-term behavioural or movement effects in Leiopelma 
or other walking and/or arboreal frogs (Waddle et al. 2008).

We suggest that scientists move towards buccal swabbing 
as a standard method for genetic sampling of frogs. Toe-clipping 
and euthanasia should be limited to situations where long DNA 
fragments (and high concentrations) are key to successful 
analysis (e.g. genome assembly) or voucher/type specimens 
are needed for taxonomy. Where possible, within the research 
questions being addressed, the use of ethanol-preserved legacy 
collections housed in museums and universities should be 
investigated as well. Unless researchers can explicitly justify 
the need for toe-clipping, buccal swabbing should be preferred 
(Zemanova 2019; Martin et  al. 2024). Buccal swabbing 
can provide genome-wide insights suitable for population 
genomic questions that have remained unresolved using PCR-
based genetic approaches in Leiopelma frogs (Fouquet et al. 
2010; Gleeson et al. 2010; Shafer et al. 2015; Easton 2018; 
Theissinger et al. 2023).
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Supplementary material

Additional supporting information may be found in the 
supplementary material file for this article:

Appendix S1. Practical buccal swabbing protocol.

Appendix S2. Scatterplot showing DNA yield (ng) against 
snout-vent-length (mm).

The New  Zealand Journal of Ecology provides online 
supporting information supplied by the authors where this 
may assist readers. Such materials are peer-reviewed but not 
copy-edited. Any issues relating to this information (other than 
missing files) should be addressed to the authors.


