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Abstract We used non-invasive real-time genomic approaches to monitor one of the last 
surviving populations of the critically endangered kākāpō (Strigops habroptilus). We first established 
an environmental DNA metabarcoding protocol to identify the distribution of kākāpō and other 
vertebrate species in a highly localized manner using soil samples. Harnessing real-time nanopore 
sequencing and the high-quality kākāpō reference genome, we then extracted species-specific DNA 
from soil. We combined long read-based haplotype phasing with known individual genomic variation 
in the kākāpō population to identify the presence of individuals, and confirmed these genomically 
informed predictions through detailed metadata on kākāpō distributions. This study shows that indi-
vidual identification is feasible through nanopore sequencing of environmental DNA, with important 
implications for future efforts in the application of genomics to the conservation of rare species, 
potentially expanding the application of real-time environmental DNA research from monitoring 
species distribution to inferring fitness parameters such as genomic diversity and inbreeding.

eLife assessment
This work presents important findings regarding the use of soil environmental DNA for non-invasive 
monitoring of the endangered kākāpō parrot population in New Zealand. The approach based on 
sequence analysis is convincing but comparisons to established methods are lacking. The tools 
presented in this study are innovative and will be relevant to those working with environmental DNA 
and the conservation of biodiversity.

Introduction
Across the world, wild populations are declining at an alarming rate (Ceballos et al., 2017). The 
consequent small population sizes directly increase the risk of species extinction and result in a 
loss of genomic diversity (Charlesworth and Charlesworth, 1987), which further impairs resil-
ience to environmental fluctuations (Frankham, 2005). Rapidly assessing population fluctuations 
by monitoring individuals and their genomic diversity is therefore a key tool for modern conserva-
tion programs of critically endangered species. Obtaining such data however usually requires the 
capture and handling of the target species, such as transmitter fitting for individual tracing or blood 
sampling for genomic analysis. Non-invasive monitoring of individuals and their genomic diversity 
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based on hair, feathers, or fecal samples has successfully been applied to endangered populations 
(Khan et al., 2020; Ramón-Laca et al., 2018), reducing costs as well as disturbance, stress and risk 
of injury in wild species. We are, however, still in search of a step change that would allow genomic 
data to be obtained directly from environmental samples such as soil and water, which are easily and 
universally accessible for any species around the world. Here, we report a significant contribution to 
this step change by combining environmental DNA (eDNA) approaches with real-time sequencing 
enabled by nanopore sequencing to analyze species-specific genomic data from environmental 
material.

The analysis of eDNA, DNA fragments isolated from environmental sources such as water, soil 
or, most recently, air (Clare et  al., 2021), has significantly advanced conservation biology and 
biodiversity management by informing about species presence and variety (Ruppert et al., 2019). 
Most eDNA research relies on metabarcoding to identify species compositions in aquatic and 
terrestrial ecosystems (Thomsen and Willerslev, 2015). To date, eDNA studies have assessed the 
accuracy of species detection (Jeunen et  al., 2020; Murakami et  al., 2019) and quantification 
(Sassoubre et al., 2016; Uthicke et al., 2018), and have even been employed directly in the field 
(Truelove et al., 2019; Urban et al., 2021). Many eDNA studies focus on water as the source of 
DNA due to relatively straightforward processing through filtering (Ushio et al., 2018). The appli-
cation of soil eDNA, on the other hand, has evolved from studying fungal and bacterial diversity 
(Delmont et al., 2011; Edwards and Zak, 2010) to the analysis of a wide range of taxa of past 
and present ecosystems (Edwards et  al., 2018; Epp et  al., 2012; Foucher et  al., 2020; Rota 
et al., 2020), specifically of endangered species (Walker et al., 2017; Kucherenko et al., 2018; 
Leempoel et al., 2020).

While traditional eDNA analysis can discover the presence and distribution of species, information 
about a species’ characteristics such as its population structure or genomic diversity have rarely been 
retrieved from environmental samples beyond mitochondrial diversity (Barnes and Turner, 2016; 
Sigsgaard et  al., 2020). Previous studies identified nuclear microsatellites to discern individuals, 
including research on snow footprints (Hellström et al., 2019), phylogenetic inferences in the silver 
carp (Stepien et al., 2019), and comparisons between eDNA- and tissue-derived allele frequencies in 
the round goby (Andres et al., 2021). Shotgun sequencing of ancient DNA from cave sediments has 
further enabled the creation of the environmental genome of extinct species, potentially expanding 
ancient eDNA research into the population genomics domain (Gelabert et al., 2021; Pedersen et al., 
2021; Zavala et al., 2021). More recently, Farrell et al., 2022 have been the first to showcase the 
potential to unlock information about individual and population-level diversity via shotgun sequencing 
of DNA extracted from sand to infer individual turtle source populations (Farrell et al., 2022).

Here, we use non-invasive real-time genomics to monitor one of the last surviving populations of 
the critically endangered kākāpō (Strigops habroptilus). The kākāpō (Strigops habroptilus) is a critically 
endangered bird species endemic to New Zealand that has undergone severe population bottlenecks 
due to habitat fragmentation and invasive mammalian predators, reducing the entire species to just 
252 individuals (as of 15/08/2022). The species is therefore highly inbred and suffers from low repro-
ductive success (Dussex et al., 2021; Lloyd and Powlesland, 1994; Savage et al., 2020; Triggs et al., 
1989; White et al., 2015). Kākāpō are intensively monitored by the Kākāpō Recovery Programme of 
the New Zealand Department of Conservation. The conservationists keep track of the home range, 
health, and reproductive success of each individual kākāpō by regularly handling the birds, which 
currently imposes financial and organizational burdens onto the conservation programme, and distur-
bance and stress onto the wild populations.

Here, we demonstrate that soil eDNA can reliably identify the distribution of kākāpō and other 
vertebrate species in a highly localized manner. We then use real-time nanopore sequencing which 
allows for selective sequencing based on digital genomic data (aka ‘adaptive sampling’; see Kovaka 
et al., 2021; Payne et al., 2021) and the high-quality kākāpō reference genome (Dussex et al., 2021; 
Guhlin et al., 2022) to extract species-specific DNA from the soil samples. By combining the resulting 
long haplotypes with known genomic variation in the kākāpō population, we are able to reliably predict 
the presence of individuals across the kākāpō habitat. We therefore demonstrate that real-time long-
read genomics can achieve individual identification in a wild species purely based on genomic material 
from non-invasive samples, and we showcase the utility of this approach for real-world conservation.

https://doi.org/10.7554/eLife.84553
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Results
Metabarcoding and species variety
We established a metabarcoding approach based on 12 S rRNA gene amplification and applied it to 
soil samples and negative controls (see Methods). The negative controls resulted in no sequencing 
output, except for one which contained some human DNA (sample 8/‘control 1’; Supplementary 
files 2 and 3). As we had included a negative control for each extraction batch (n=5), we ruled out 
any external or cross-sample contamination in any of our samples. Across 37 soil samples taken from 
Whenua Hou and four samples taken from aviaries in the Dunedin Botanic Garden, we identified seven 
dropouts at six sites with no identifiable sequencing output (samples 6, 20, 21, 23, 41, 48, and 49; 
Supplementary file 2). These samples, however, showed good Cq values (<35), suggesting that PCR 
inhibition was not the cause of the negative results; we therefore hypothesize that degraded DNA or 
the absence of any vertebrate DNA was the reason for these dropouts (Supplementary file 2). As we 
had processed two replicates per site, we were still able to report results across nearly all sample sites 
(except for the site at 4 m distance from feeding station 2 where both samples resulted in dropouts). 
After confirming that all replicates showed similar species composition (Supplementary file 3), we 
averaged the species proportions across both replicates to obtain final relative read counts per site.

Across all soil samples, we identified 21 avian and mammalian species and genera, including 
kākāpō (Figure 1a) and we found differences in relative taxa abundance between sampling locations 
(Figure 1b; Supplementary file 3). The kākāpō display sites contained the most kākāpō DNA, but 
the signal dropped quickly with increasing distance from the display sites. We also found large rela-
tive amounts of kākāpō DNA at feeding stations, but nearly none in recently abandoned nest sites, 
suggesting that kākāpō eDNA signals were both spatially and temporally highly resolved. We found 
no kākāpō DNA in the aviaries of the species’ closest relatives, the Nestor parrots kea and kākā, but 
DNA of the Nestor parrots, humans, other exotic bird species and of invasive mammalian predators 
(Figure 1b).

Nanopore sequencing and genomic analyses
We sequenced kākāpō-specific DNA of three soil samples with high DNA concentration, high kākāpō 
DNA content and a large number of long reads (samples 3, 11, and 35; Supplementary file 1) by using 
selective real-time nanopore sequencing (aka “adaptive sampling”) on one GridION flow cell per 
sample for ~12 hr (see Materials and methods). For samples 3 and 35, technical limitations led to the 
production of selective and non-selective sequencing data, which we directly harnessed to compare 
our selective nanopore sequencing approach with ‘normal’ non-selective sequencing of all soil DNA 
contained. The non-selective nanopore sequencing approach required additional sequence filtering 
after sequencing to only retrieve kākāpō-specific DNA (see Materials and methods). Table 1 summa-
rizes the overall number of passed reads and bases (Q-score >7), and the number and percentage 
of reads and bases that mapped to the kākāpō reference genome. This shows that non-selective 
sequencing resulted in an increased relative number of mapped reads and bases (Table 1).

Figure 2 shows the read distribution of all the sequencing runs. We subsequently combined the 
non-selective and selective sequencing to extract read-based haplotypes that were also detected in 
the extant kākāpō population (Materials and methods). For sample 3, we identified 30 haplotypes 
that completely overlapped with haplotypes present in the extant kākāpō population, for sample 11, 
21 haplotypes, and for sample 35, 29 haplotypes. We subsequently calculated haplotype agreement 
scores that describe the percentage of overlapping haplotypes between each soil sample and each 
Whenua Hou kākāpō individual.

According to the haplotype agreement scores, we found that sample 3 was most similar to Moss 
and Sinbad (Figure 3a), sample 11 to Sinbad and Merv (Figure 3b), and sample 35 to Sinbad and 
Zephyr (Figure 3c). We combined these predictions with the extensive kākāpō metadata and found 
that sample 3 was taken from kākāpō Moss’s display site, sample 11 from Merv’s display site and 
sample 35 from Nora’s feeding station (Materials and methods): For sample 3, we were therefore able 
to identify the ‘correct’ kākāpō of the sampled home range as the individual with the best haplotype 
agreement score. For sample 11, we identified the correct kākāpō individual, Merv, as the second-
best hit, with Sinbad as the best hit; these two individuals together explained all haplotypes that were 
found in the respective soil sample. For sample 35, we again identified Sinbad as the best hit; the 
second-best hit was the kākāpō Zephyr, Nora’s daughter.

https://doi.org/10.7554/eLife.84553


 Research article﻿﻿﻿﻿﻿﻿ Ecology | Genetics and Genomics

Urban et al. eLife 2023;12:RP84553. DOI: https://doi.org/10.7554/eLife.84553 � 4 of 16

K k p

Human

Kea/K k  (Nestor sp)

Rifleman

Kerer

Red-crowned parakeet

Tomtit

Yellowhead (Mohoua sp)

Fantail

Morepork

T
Bellbird

Thrush (Turdus sp)

Petrel (Pterodroma sp)
Shearwater (Ardenna sp)

Polynesian rat

House mouse

Common brushtail possum

Eclectus parrot
Blue-and-yellow macaw

Native birds

NZ lesser short-tailed bat

Seabirds

Mammalian predators

Exotic birds

Taxa

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

kea
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

kaka
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0
0m 4m 20m 0m 4m 20m 0m 4m 20m

re
la

ti
v
e
 t

a
xo

n
 a

b
u
n
d
a
n
ce

M
A

M
M

A
LS

OW
LS

SEABIRDS

PARROTS

SO
N

G
B

IR
D

S

PIGEONS
Hemiphaga novaeseelandiae (Kereru)
Turdus sp.Petroica macrocephala (Tomtit)

Acanthisitta chloris (Rifleman)

Rhipidura fuliginosa (Fantail)

Pros
the

mad
era

 no
va

es
ee

lan
dia

e (
Tu

i)

An
tho

rn
is 

mela
nu

ra
 (B

ell
bir

d)

M
oh

ou
a 

sp
.

Ar
a 

ar
ar

au
na

 (B
lu

e−
an

d−
ye

llo
w 

m
ac

aw
)

St
rig

op
s 

ha
br

op
til

a 
(K

ak
ap

o)

C
ya

no
ra

m
ph

us
 n

ov
ae

ze
la

nd
ia

e 
(R

ed
−c

ro
w

ne
d 

pa
ra

ke
et

)

Eclectus roratus (Eclectus parrot)

Nestor sp.

Pterodrom
a sp.

Ardenna sp.

Ninox novaeseelandiae (Morepork)

Trichosurus vulpecula (Common brushtail possum)

Mystacina tuberculata (New Zealand lesser short−tailed bat)

Homo sapiens (Human)
Mus musculus (House mouse)

Rattus exulans (Polynesian rat)

a

b

Figure 1. Vertebrate biodiversity in New Zealand from soil eDNA. (a) Cladogram of all species and genera detected by 12 S rRNA metabarcoding of 
soil samples from Whenua Hou and from parrot aviaries in the Dunedin Botanic Garden. (b) Relative taxon abundances of sampled locations averaged 
across replicates (from left to right: kākāpō display sites, feeding stations, abandoned nests, and Nestor parrot aviaries). Two different sites per location 
were sampled (top and bottom) at three different distances, and two aviaries of the Nestor species kea and kākā. For feeding station 2 (4m), both 
replicates resulted in dropouts.

https://doi.org/10.7554/eLife.84553
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To investigate the omnipresent DNA signal of the kākāpō Sinbad across all samples, we used a 
complimentary Bayesian inference approach (Methods) to estimate mixing proportions (Figure 3d) 
and posterior means of individual assignment (Figure 3e) per sample. While Sinbad’s signal is equally 
omnipresent in the mixing proportions and in the posterior means, the mixing proportion estimated 
all three individuals correctly when ignoring Sinbad’s signal (Figure 3e–f). As the haplotype agree-
ment score and our Bayesian inference approaches both predicted the presence of the kākāpō Sinbad, 
we analysed extensive radio transmitter and proximity sensor metadata on the movement of all indi-
vidual kākāpō, which confirmed that Sinbad had indeed been close to our sampling sites three days 
before our sampling date (Figure 3—figure supplement 1).

Our maximum likelihood calculations (Materials and methods) predicted that the most likely 
number of contributing kākāpō individuals was three for sample 3 (MLE = 1.4 x 10–6), two for sample 
11 (MLE = 7.2 x 10–4) and larger than five for sample 35 (MLE for six individuals = 6.4 x 10–12). For 
sample 35, the MLE kept increasing with an increasing number of individuals, pointing towards several 
kākāpō individuals contributing DNA to this sample.

Our analysis of the background DNA of the three nanopore-sequenced soil samples found that 
97% of sequencing reads were classified as of bacterial origin, and 3% as of eukaryotic origin. Most 
bacterial reads were assigned to the soil bacteria Bradyrhizobium and Streptomyces; other frequent 
taxa include typical environmental bacteria such as Pseudomonas, Mycobacterium, Mesorhizobium, 
Burkholderia, and Sphingomonas.

Discussion
This study shows that environmental genomic material can be used to assess both species variety 
and within-species genomic variability in a non-invasive and efficient manner. We show that individual 
identification is feasible in wild populations through real-time nanopore sequencing of eDNA and 
subsequent long-read haplotype calling. While the prospect of non-invasive individual identification 
represents an important step change for the conservation of critically endangered species on its own 
(Sigsgaard et al., 2020), our approach might have additional implications for in-depth monitoring 
of rare and elusive species, potentially expanding the application of eDNA research from monitoring 
species distribution to inferring fitness-related parameters such as inbreeding, genomic diversity and 
adaptive potential from non-invasive genomic material.

Previous eDNA research has mostly studied the presence and distribution of species, but the poten-
tial of retrieving in-depth within-species information has been recognized for some time (Barnes and 
Turner, 2016). Our shotgun sequencing approach alleviates many challenges that are associated with 
traditional PCR- and amplicon-based approaches, including the risk of allelic dropout due to scarce 
or fragmented DNA (Smith and Wang, 2014) and amplification of closely related species (Wilcox 
et al., 2013), while simultaneously avoiding laborious and expensive pre-processing of DNA such as 
required for DNA hybridization capture and creating unbiased genomic data that can be leveraged 
across populations and generations despite evolutionary divergence.

We first establish that eDNA extracted from soil samples is an accurate and replicable method 
for monitoring a flightless bird species, the kākāpō, and for monitoring other avian and mammalian 
taxa. We show that less than a gram of surface soil allows for highly accurate kākāpō monitoring while 
detecting additional 20 species, including the elusive and threatened New Zealand lesser short-tailed 

Table 1. Number of passed nanopore reads and bases (Q-score >7), number of reads and bases mapping to the kākāpō reference 
genome, and relative amount [%] of mapped reads and bases per soil sample.
For samples 3 and 35, the results of the selective and the non-selective nanopore sequencing runs are shown.

Sample Run # reads # bases # mapped reads # mapped bases % mapped reads % mapped bases

Sample 3 selective 903,250 313,408,229 137 67,480 0.015 0.022

non-selective 3,942,038 6,134,919,092 2,739 7,983,165 0.069 0.130

Sample 11 selective 4,914,329 2,062,605,132 769 435,963 0.016 0.021

Sample 35 selective 2,151,935 802,633,273 563 324,114 0.026 0.040

non-selective 4,133,117 7,708,401,775 3,854 10,720,441 0.093 0.139

https://doi.org/10.7554/eLife.84553
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Figure 2. Resulting read length distribution (log10 scale) of nanopore sequencing of three exemplary soil samples (samples 3, 11 and 35; 
Supplementary file 1). Left: Distribution of all passed (Q-score >7) reads; right: Distribution of all passed (Q-score >7) reads that map to the kākāpō 
reference genome using minimap2. The subset of mapped reads that have been accepted by selective sequencing (not ‘unblock’ reads; Methods) is 
highlighted in orange. The selective sequencing results are shown by (a) and (b) (Sample 3), (c) and (d) (Sample 11), (e) and (f) (Sample 35). The non-

Figure 2 continued on next page
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selective nanopore sequencing data is shown by (g) and (h) (Sample 3) and (i) and (j) (Sample 35). The selective runs result in many reads of ~500 bp 
length, which is the average sequencing length at which reads are long enough to be taken a decision upon and to be rejected.

Figure 2 continued
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Figure 3. Individual identification from soil nanopore sequencing data. (a–c) Distribution of haplotype agreement scores between all Whenua Hou 
kākāpō and (a) soil sample 3 (Moss’ display site), (b) soil sample 11 (Merv’s display site), and (c) soil sample 35 (Nora’s feeding station). (d) Mixing 
proportions [%; log10 scale] and (e) posterior means of individual assignment per sample (y-axis) assessed through Bayesian inference of individual 
assignments (see Materials and methods). The heatmaps show Sinbad’s omnipresent signal in the first column, the best hit when disregarding Sinbad in 
the second column, the second-best hit in the third column, and the mean values of all remaining Whenua Hou kākāpō in the last column.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Stamen terrain map of the sampling sites of the three soil samples 3 (Moss’ site), 11 (Merv’s site), and 35 (Nora’s site), and of the 
radio transmitter signal receiver that recorded Sinbad’s presence far away from his home range (‘Sinbad’s bowl’) and in the middle of the sampling sites, 
on February 24, 2019, three days before our sampling efforts.

https://doi.org/10.7554/eLife.84553
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bat (Mystacina tuberculata), and invasive mouse and possum species. We importantly detected a 
few reads of the invasive Polynesian rat (Rattus exulans) on Whenua Hou, which serves as a predator-
free sanctuary for the surviving kākāpō population. As we only found very weak evidence in only 
one sample, we however postulate that the rat genomic material might have been transported to 
the island via avian predators. Alternatively, contamination could have happened in the laboratory 
which handles ancient R. exulans samples. The application of soil eDNA research can therefore make 
an essential contribution to conservation by enabling efficient detection of both endangered and 
invasive predators, obviating other labor- and cost-intensive invasive methods that are currently 
being employed in New Zealand and around the world. Our soil eDNA approach has a high spatial 
and temporal resolution, as shown by the rapid drop in signal with increasing distance from kākāpō 
hotspots and by the scarcity of kākāpō DNA in recently abandoned nests. We show that our approach 
can distinguish DNA from kākāpō from its closest relatives, the Nestor parrots kea and kākā: We, 
as expected, did not find any kākāpō signal in the artificial Nestor aviaries, but evidence of Nestor, 
human, exotic birds, and mammalian pest DNA.

We then show that real-time nanopore sequencing can be leveraged for non-invasive individual 
identification in wild populations. To overcome problems associated with increased sequencing error 
rates of nanopore sequencing, we use the long nanopore reads to create robust haplotypes. We 
importantly observe that the low proportion of target DNA in our soil samples (<0.1%) makes stan-
dard ‘non-selective” nanopore sequencing even more efficient than selective nanopore sequencing 
(aka ‘adaptive sampling’) at producing species-specific sequencing reads. When the target DNA is 
less than 0.1% in the selective sequencing approach, more time will be spent on read-unblocking 
than sequencing target DNA (internal communications with ONT). We therefore recommend deter-
mining the target DNA content in an exploratory sequencing run to evaluate the potential of selective 
sequencing. We, however, anticipate that selective nanopore sequencing will rapidly increase in effi-
ciency, resulting in reduced pore-clogging and potentially faster decision-making with less sequencing 
efforts spent on read-unblocking. Selective nanopore sequencing further brings the prospect of 
targeting finer scales, such as selecting specific chromosomes or genomic regions that are highly 
representative of a species’ genome-wide diversity. Standard non-selective nanopore sequencing can, 
on the other hand, be advantageous since it allows for within-species assessments across multiple 
taxa, combining species detection with within-species monitoring. We also show that nanopore 
sequencing can provide a more holistic view of an ecosystem by simultaneously assessing its micro-
biome by successfully ascertaining the soil’s characteristic bacterial composition.

We achieved individual identification through two complementary approaches, haplotype agree-
ment scoring and Bayesian inference. As our haplotype agreement scores require an exact overlap 
between soil- and population-based haplotypes to stringently account for nanopore sequencing 
errors, the number of remaining haplotypes is sparse (ranging from 21 to 30). We anticipate that this 
approach can be more lenient in the future given the increasing accuracy of nanopore sequencing 
of >99%. A larger number of haplotypes might then allow us to cover a larger proportion of the 
genome and to discern family relationships more accurately. This could resolve individual identifica-
tion in highly inbred populations, which has been limited in our current approach where we were not 
able to discern the genomic signal of the kākāpō Nora and her offspring. We, however, anticipate that 
the accuracy of our presented approach is already sufficient for delineating families and subpopula-
tions in a wild species, allowing for in-depth population-based conservation management.

We also leveraged Bayesian inference approaches for conditional genetic stock identification to 
infer contributions of kākāpō individuals to the soil sample. This approach together with our maximum 
likelihood estimations of the number of contributing individuals confirmed the unexpected detection 
of the kākāpō Sinbad in our samples. Leveraging extensive metadata of kākapō whereabouts, we were 
able to show that Sinbad had indeed visited a location close to our sampling sites three days before 
data collection. This shows that our approach can accurately describe mixtures of individuals, which 
will be essential for monitoring non-territorial and migrating species.

We here show that nanopore sequencing can enable real-time in-depth monitoring of wild popu-
lations, both on the level of species variety and individual genomic variability. This further indicates 
that it might be feasible to assess the genetic health and adaptive potential of wild populations in a 
completely non-invasive manner. Our approach will, as a tangible example, directly assist the kākāpō 
conservationists in monitoring individuals in an efficient and non-invasive manner, and in detecting 

https://doi.org/10.7554/eLife.84553
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potentially remnant populations in the wild. Even more importantly, we show that the integrated 
application of eDNA to detect endangered and invasive species and to monitor individuals and 
subpopulations in endangered populations has the potential to substantially aid universal conserva-
tion management around the globe.

Materials and methods
Sample acquisition
Soil sampling was performed on Whenua Hou, New Zealand, the island with the largest kākāpō popu-
lation (Figure 4a), on February 27, 2019. We sampled sites of interest, including male display sites 
(shallow bowls in the ground that are frequented by males every night during breeding seasons), 
recently abandoned nests (~30 days), and supplementary feeding stations. At each site, sampling 
time, location, and environmental observations were recorded (Figure  4b). Per site, a new set of 
nitrile gloves was used for sample collection, debris and leaf litter were removed and a finger-full of 
soil (~5–10 g) from the surface was put into a small sterile plastic bag; two replicates were taken at 
each site and subsequently stored in a medium-sized bag to avoid cross-contamination across repli-
cates. Per site, samples and respective replicates were additionally taken at distances of 4 and 20 m. 
All samples per site were stored in a large plastic bag to avoid cross-contamination across sites, and 
frozen at –20 °C as soon as possible (at the latest after five hours). Altogether, 37 samples were taken 
at six sites (Supplementary file 1; Figure 4b).

We additionally sampled soil in aviaries of the kākāpō’s two closest relative species, the kea (Nestor 
notabilis) and kākā (Nestor meridionalis). We sampled two aviaries per species in the Dunedin Botanic 
Garden, Dunedin, New Zealand, on September 18, 2020.

DNA extraction
DNA was extracted from the Whenua Hou (n=37) and Botanic Garden (n=4) soil samples using 
Qiagen’s DNeasy PowerSoil Pro kit following the manufacturer’s recommendations for extraction of 
genomic DNA from average-wet soil (recommended amount of 250 mg; for exact amounts of soil, 
see Supplementary file 1). Extractions were performed in a designated PCR-free hood which was 
cleaned with bleach and deionized water, followed by UV exposure for 30 min. A cleaned benchtop 

Figure 4. The critically endangered kakapo and its New Zealand habitat. (a) A kākāpō (picture credit: Lydia Uddstrom). (b) Map enhancement of 
sampling locations on Whenua Hou, New Zealand (service layer credit: Esri, Maxar, GeoEye, Earthstar, Geographics, CNES/Airbus DS, USDA, USGS, 
AeroGRID, IGN, and the GIS User Community).

https://doi.org/10.7554/eLife.84553
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(wiped with bleach and deionized water) and a new set of nitrile gloves were used for each sample 
during the initial extraction step (weighing and placing samples into new PowerSoil tubes). In addi-
tion, extraction negative controls (deionized water) were included in every extraction run (n=5) to 
ensure no contamination was introduced during the extraction process (Supplementary file 1). The 
extracted DNA concentration was measured using the Qubit 4 Fluorometer (Thermo Fisher Scientific) 
(Supplementary file 1) and stored at –20  °C. We additionally assessed the DNA fragment length 
distribution of several DNA extracts using the QIAxcel gDNA High Sensitivity protocol (QX DNA Size 
Marker of 250 bp–8 kb and QX Alignment Marker of 15 bp/10 kb).

Metabarcoding and amplicon sequencing
DNA quality/quantity analysis, adapter-fusion, indexing and amplification were carried out in single-
step quantitative PCR reactions on an Applied Biosystems QuantStudio 1 qPCR instrument. DNA 
extracts were PCR-amplified using the "RV" fusion-tag mitochondrial 12 S rRNA-V5 ecoPrimers for the 
detection of bird, mammalian and fish species (RV forward primer: 3`-​AATG​​ATAC​​GGCG​​ACCA​​CCGA​​
GATC​​TACA​​C​TGAC​​GACA​​TGGT​​TCTA​​CA​XXXXXXXX​GACG​​TTAG​​ATAC​​CCCA​​CTAT​​GC-5`; RV reverse 
primer: 5`-​CAAG​​CAGA​​AGAC​​GGCA​​TACG​​AGAT​​XXXXXXXX TAGA​ACAG​GCTC​CTCT​AG-3`; adapted 
from Riaz et al., 2011; shown with Illumina P5 and P7 adapter sequences underlined, Illumina TruSeq 
sequencing primer-binding site unmarked, 8  bp unique index tags as X strings and locus-specific 
primers in bold). All 8 bp index tags differed from each other by at least 3 bp. Each reaction contained 
5 µl SensiFAST 1 x LoRox SYBR Mix (Bioline), 0.25 µl forward primer (10 µM), 0.25 µl reverse primer 
(10 µM), 0.5 µl BSA (10 mg ml–1, Sigma Aldrich), 2 µl deionised water and 2 µl template DNA. qPCR 
cycling conditions included an initial denaturation of 3 min at 95  °C, followed by 40 cycles of 5  s 
at 95 °C, 10 s at 52 °C, and 15 s at 72 °C. DNA quality and quantity were confirmed by assessing 
that a sigmoidal log-amplification curve was visible at a Cq value of <35. A negative control reaction 
containing 2 µl of deionised water in place of the template DNA was included with each run.

Sequencing libraries were pooled at approximately equimolar concentration using the final normal-
ized ΔRn fluorescence values as a guide and cleaned and double-end size selected using AMPure 
XP magnetic beads (0.9 x and 1.2 x for lower and upper size bounds, respectively). The final pooled 
library concentration was determined using a Qubit 4 Fluorometer (Thermo Fisher Scientific) and 
the concentration was adjusted to 50 pM in sterile DNAse/RNAse-free water. The library was then 
loaded onto an iSeq i1 V2 reagent cartridge with a 300-cycle flow cell (Illumina) with 5% Phi X and run 
for 290 cycles in a single direction on an Illumina iSeq 100 (see Supplementary file 2 for number of 
sequencing reads).

Amplicon sequence variant generation and taxonomic assignment
The iSeq output FASTQ files were de-multiplexed using the R programming language (R Develop-
ment Core Team, 2021), using the insect package v1.4.0 (Wilkinson et al., 2018) trimmed sequences 
were filtered to produce a table of exact ASVs using DADA2 (Callahan et  al., 2016). ASVs were 
identified to the lowest possible taxonomic rank using the following process: (1) ASVs were exact-
matched against a New Zealand-specific database of previously detected eDNA sequences curated 
by Wilderlab; (2) remaining (i.e., non-matched) ASVs were exact-matched against a larger local refer-
ence sequence database compiled of trimmed 12 S rRNA sequences from GenBank (Benson et al., 
2009) and BOLD (Ratnasingham and Hebert, 2007) matching ASVs were assigned at the lowest 
common ancestor level (LCA; assigned to genus level if matched with 100% identity to more than one 
species, or to family level if matched to more than one genus); (3) remaining ASVs that were >50 bp 
in length were matched with single indel/substitution tolerance against the same GenBank/BOLD 
reference database and matching ASVs were assigned at LCA level; and, finally, (4) remaining ASVs 
were queried against the local GenBank/BOLD reference database using the SINTAX classification 
algorithm (Edgar, 2016) with a minimum conservative assignment threshold of 0.99 and genus level 
as maximum taxonomic resolution (Supplementary file 2). We subsequently restricted the taxonomic 
assignments to the species and genus level to only consider highly resolved ASVs (Supplementary file 
3); we hereby included the genus level since DNA sequence databases are incomplete with respect to 
New Zealand’s fauna and therefore often do not allow taxonomic assignment to the species level. We 
further removed samples from Supplementary file 3 that produced either no reads or only unintelli-
gible reads with no species or genus taxonomic classifications.

https://doi.org/10.7554/eLife.84553
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Nanopore sequencing
Based on the 12 S rRNA amplicon analysis, we identified three samples (samples 3, 11 and 35) with 
high DNA concentrations (>200 µg/ml; Supplementary file 1), many kākāpō-assigned 12 S rRNA reads 
(>1500; Supplementary file 3) and a strong peak at the maximum read length (at ~10 kbp; upper 
limit of the QIAxcel gDNA High Sensitivity protocol). We subsequently prepared these samples for 
nanopore sequencing. Briefly, we prepared the sequencing libraries using the SQK-LSK109 protocol, 
following the manufacturer’s recommendations. We added a bead-cleanup step before library prepa-
ration, using a 1:1 mixture of deionized water and freshly prepared 80% ethanol, to remove any small 
DNA fragments. We then used 1 µg of DNA as input for library preparation and diluted the final library 
in 15 µl elution buffer (Table 2). We extended the incubation of DNA repair and end-preparation to 
30 min at 20 °C (followed by the standard 5 min at 65 °C), used the kit’s Short Fragment Buffer, and 
incubated the library for 10 min at 37 °C at the end of library preparation to improve the recovery of 
long reads. We then loaded one library per sample onto an R9.4.1 flow cell and ran them for approx-
imately 12 hr on a GridION Mk1, using the FAST basecalling mode and the high-quality kākāpō refer-
ence genome (NCBI taxonomy ID: 2489341) as digital target sequence template (Table 2).

Nanopore sequencing data processing
We used Guppy v3.2 (Wick et al., 2019) for high accuracy (HAC) basecalling and adapter trimming 
of all passed output reads (across all selective sequencing decisions, including ‘unblock’ for rejected 
reads, ‘no_decision’ for reads that were too short for a decision to be taken, and ‘stop_receiving’ for 
accepted reads). We then used Nanofilt v2.6 (De Coster et al., 2018) to filter all reads for quality 
(Q-score >7) and aligned all reads to the kākāpō reference genome using minimap2 v2.17 (Li, 2018). 
We included all reads since some of the rejected and undecided reads aligned to the reference 
genome using minimap2 but were not included as accepted reads, mostly due to their short length. 
We then used SAMtools v1.10 (Li et al., 2009) to transform the resulting sam files to sorted bam files, 
filter the bam files for mapped reads, index them and count the number of mapped reads.

We used Medaka v1.2.5 (nanoporetech, 2019) to call variants against the reference genome using 
medaka_variant; medaka_variant intrinsically uses WhatsHap (Martin et al., 2016) to estimate the 
underlying haplotypes per genomic site. We used these haplotype probabilities and the medaka snp 
command to create a gvcf variant file. We then compared the resulting vcf (which, as opposed to the 
gvcf file also contains indels) and gvcf files with an existing population-wide genomic variant callset 
using the Python package PySAM v0.15.3 (pysam-developers, 2022). Briefly, the existing population 
variant callset was produced by the Kākāpō125+consortium by applying DeepVariant (Poplin et al., 
2018) to the genomic dataset of nearly the entire kākāpō population (n=169 out of 171 alive kākāpō 
as of 31/12/2018) and by filtering the resulting high-quality variant set for genotype missingness 
of <20% and a minor allele frequency >1% (resulting in 1,612,477 variants; Guhlin et al., 2022).

To account for sequencing errors due to potentially degraded DNA and the increased sequencing 
error rate inherent to nanopore’s R9.4.1 flow cell chemistry (estimated at ~8% by Urban et al., 2021), 
we used customized Python 3.5.2 scripts and only retained the variants that were identical in location 
and alleles in both, the soil and population variant callsets. We then retrieved the soil haplotypes as esti-
mated by Medaka and assigned the variants to haplotypes. Again, we only retained those haplotypes 

Table 2. Details of the three soil samples subjected to nanopore sequencing.
DNA concentration after bead clean-up [ng/ul]; volume used as input for library preparation [ul] to achieve a DNA input amount 
of 1 µg per library preparation; amount of DNA in the final library [ng] used as input for sequencing; number of active pores per 
nanopore flow cell; and metadata of each sample.

Sample number
Concentration after clean-up 
[ng/ul]

Volume library preparation 
[ul]

Final amount of DNA in 
library [ng] # pores Metadata

3 91.2 12.3 584 1547
Display site of kākāpō 
individual Moss

11 202.0 5.0 257 1374
Display site of kākāpō 
individual Merv

35 119.0 12.0 615 1712
Feeding station of kākāpō 
individual Nora

https://doi.org/10.7554/eLife.84553
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that matched between the soil and population variant callsets. Based on these identical haplotypes, we 
calculated haplotype agreement scores between each soil sample and every individual in the popula-
tion variant callset. We additionally used the R package rubias v0.3.2 (Moran and Anderson, 2019) to 
apply Markov Chain Monte Carlo (MCMC) methodology with a uniform prior distribution for estimating 
mixture proportions and individual posterior probabilities of assignment through MCMC iterations 
conditional on the reference allele frequencies (2000 iterations; burn-in of 100).

We performed contributor analyses to estimate the most likely number of kākāpō individuals 
contributing to each sample. We used a combinatorial maximum likelihood analysis based on our 
haplotypes, with the likelihood of each combination of individuals being calculated as the product 
of per-haplotype probability. The per-haplotype probability was calculated as the relative number 
of individuals that matched the soil haplotype. To account for missing values, we mean-imputed the 
missing values across individuals on a per-haplotype basis. We calculated the maximum likelihood 
estimate (MLE) of n=1 up to n=6 individuals contributing to each of the soil samples.

We finally assessed the taxonomic origin of the background DNA produced by nanopore 
sequencing approach (i.e., reads classified as ‘unblock’ or ‘no_decision’) using ONT’s cloud-based 
EPI2ME’s What’s in my Pot (WIMP) (Juul et al., 2015) platform.

All plots were produced in Python, using Matplotlib v1.5.3.
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