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ABSTRACT
Accurate identification of evolutionarily significant units of rare and threatened organisms provides a foundation for effective 
management and conservation. Up to seven subspecies of the critically endangered Yellow-crested Cockatoo (Cacatua sulphurea) 
have been described, four of which were commonly recognised pre-2014. In the absence of genotypic data, C. sulphurea subspe-
cies delimitation has been based on morphology, behaviour and biogeography. To clarify genetic relationships and shed light on 
the diversification of this parrot radiation, whole genomes were sequenced for 16 museum specimens, covering the geographic 
range of the proposed seven subspecies as well as one C. galerita galerita. Combined with four museum-derived wild Cacatua 
sequences from NCBI, the results indicate there are three distinct C. sulphurea subspecies clusters centred in different biogeo-
graphic subregions of Wallacea (Timor; Sumba; as well as the Sulawesi Region and the main Lesser Sunda chain), separated by 
shallow genetic distances (da < 0.148%). The results raise questions about the recent species-level elevation of the phenotypically 
most distinct subspecies, C. s. citrinocristata, and about the origins of C. s. abbotti, the only subspecies west of Wallace's Line. 
Our analyses suggest C. s. abbotti is unlikely to be embedded within C. sulphurea, suggesting its origin on the remote Masalembu 
islands may be due to human translocation via historical trade routes. These genomic results inform the prioritisation and 
streamlining of conservation measures for the critically endangered C. sulphurea by identifying and delimiting likely conserva-
tion units.

1   |   Introduction

Accurately identifying evolutionarily significant units is es-
sential to informing conservation actions (Agnarsson and 

Kuntner  2007; Thomson et  al.  2018; Sadanandan et  al.  2020), 
particularly for species threatened by ongoing rapid anthropo-
genic and environmental pressures. Approaches integrating 
multiple characters, including biogeographic, phenotypic and 
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genotypic data, are believed to produce the most reliable de-
limitation of taxonomic units and the understanding of under-
lying biological diversity (Wortley and Scotland  2006; Padial 
et al. 2010; Gwee et al. 2021; Chornelia, Lu, and Hughes 2022) 
and thereby guide meaningful conservation efforts.

Historic approaches of classifying our planet's biota have been 
based on morphological, behavioural and biogeographic in-
formation, with genetic data being integrated more recently as 
technologies have evolved. Traditional DNA-based techniques 
were generally restricted to few mitochondrial or nuclear genes, 
often producing distorted, incomplete or erroneous pictures of 
the past because of the well-documented biases associated with 
phylogenetic analyses based on few markers (e.g., Rheindt and 
Edwards 2011; Harris et al. 2018; Guo et al. 2019). Such analy-
ses have often remained unable to capture the full complexity 
of differentiation at variable rates across the genome (Rheindt, 
Christidis, and Norman 2009; Harrison and Kidner 2011; Jarvis 
et al. 2014). Recent advances in whole genome sequencing have 
greatly improved our ability to infer evolutionary relationships 
among taxonomic units, as well as their delimitation. However, 
for threatened species it can be challenging to access fresh sam-
ples, and in this scenario museomics can help overcome this 
limitation (Fong et al. 2023).

Classification of evolutionarily significant units in the cockatoos 
(genus Cacatua) has relied heavily on biogeography, since many 
members of this non-migratory genus reside on separate islands 
across Australasia. Some studies have characterised cocka-
too diversity based on morphology (Smith  1975), behaviour 
(Courtney  1996) and biochemistry (Adams et  al.  1984), while 
molecular studies have aimed to reconstruct the cockatoo phy-
logeny based on variation in chromosome number (Christidis, 
Shaw, and Schodde 1991), mitochondrial DNA, as well as sin-
gle- (Brown and Toft  1999) and multi-locus nuclear markers 
(White et al. 2011). However, studies based on entire genomes, 
which provide much higher resolution, are lacking. As higher-
level phylogenies of parrots are becoming better resolved (Olah 
et al. 2021; Rheindt et al. 2014), there continues to be a dearth of 
research on intrageneric relationships, particularly in cockatoos 
(Provost, Joseph, and Smith 2018). Meanwhile, Southeast Asia—
and Indonesia in particular—have been identified as regions of 
high priority for parrot conservation due to their elevated levels 
of species richness and endemism, and the severity of threats 
such as deforestation and trapping for trade (Olah et al. 2016).

The Wallacean archipelago is the home of the Yellow-crested 
Cockatoo (C. sulphurea). This species is classified as Critically 
Endangered by the International Union for the Conservation of 
Nature (IUCN; BirdLife International 2021a), with an estimated 
cumulative total of fewer than 2000 individuals (IUCN  2023), 
mainly due to exploitation for pet trade, which at its peak ex-
ceeded 96,700 individuals exported from Indonesia between 
1981 and 1992 (Cahill, Walker, and Marsden 2006). Parrot trade 
has impacted the contemporary demographic structure of cocka-
too populations elsewhere in Indonesia (Nandika et al. 2021) and 
is likely to have also fragmented and reduced the populations of 
various C. sulphurea subspecies at different levels of severity.

Historically, four to six C. sulphurea subspecies have been rec-
ognised depending on taxonomic authority (e.g., Forshaw 1989; 
Clements  2000; Dickinson and Remsen  2013): C. s. sulphurea 
(Gmelin, 1788), C. s. parvula (Bonaparte, 1850), C. s. citrinocri-
stata (Fraser, 1844), C. s. abbotti (Oberholser, 1917), and some-
times (e.g., Eaton et al. 2021) also C. s. occidentalis Hartert, 1898, 
and C. s. djampeana Hartert, 1897 (Figure  1). A recent taxo-
nomic review based on morphological characters proposed the 
existence of a seventh subspecies, C. s. paulandrewi (Collar and 
Marsden 2014; Figure 1), which has subsequently been accepted 
by some modern treatments (e.g., Eaton et al. 2021). One of these 
seven subspecies, C. s. citrinocristata from Sumba, differs sub-
stantially from the others phenotypically and has been proposed 
to warrant elevation to species status (Eaton et al. 2021; BirdLife 
International 2021b; Reuleaux et al. 2022). The notable differ-
ences in biological characters of C. s. citrinocristata, such as its 
distinctly orange rather than yellow crest and its unique juvenile 
beak colouration, have been mentioned repeatedly in the litera-
ture—as has the need for genetic studies to confirm its species 
status (Eaton et al. 2021; Collar and Marsden 2014).

One of the greatest biogeographic puzzles surrounding Yellow-
crested Cockatoos involves the origin and taxonomic valid-
ity of C. s. abbotti from just beyond the western boundary of 
Wallacea—a subspecies with a notably larger body size than 
all other C. sulphurea subspecies (Collar and Marsden  2014). 
It is unknown whether the presence of this most isolated of C. 
sulphurea subspecies, found on the remote Masalembu islands 
(Figure  1), is due to human-mediated introduction or natu-
ral colonisation (Collar and Marsden  2014). The Masalembu 
Islands fall ~250 km west of Wallace's line, which delimits the 
westernmost extent of many Australasian-derived faunal com-
ponents (Mayr  1944; Ali, Aitchison, and Meiri  2020). There 
are only a few cases of Australasian-centred radiations known 
to extend slightly beyond Wallacea; other examples include 
the Philippine cockatoo Cacatua haematuropygia on Palawan 
Island and Lepidodactylus listeri geckos on Christmas Island 
(Ali, Aitchison, and Meiri  2020). Although it is possible that 
cockatoos self-colonised Masalembu through overwater disper-
sal, it is more likely that they were brought there via historical 
trade routes, with trade in cockatoos from this part of the world 
recorded as far back as the 13th century (Dalton et  al.  2018). 
Though parrot trade has had a considerable impact on cockatoos 
in Indonesia, the precise impacts vary (Pires et al. 2021)—some 
populations or subspecies may have been translocated, others 
over-harvested, fragmented and driven to extinction, and yet 
others may have become admixed.

The aim of this study was to use genomic data to further our 
understanding of the evolutionary trajectories of, and relation-
ships among, the seven described subspecies of C. sulphurea. To 
this end, we conducted whole genome resequencing of museum 
specimens of C. sulphurea sampled across its geographical dis-
tribution, representing all recognised subspecies. We used this 
data to test whether 1) there may be fewer than seven genetically 
distinct groups within C. sulphurea, 2) if C. s. citrinocristata is 
sufficiently distinct to warrant species-level elevation and 3) to 
shed light on the origin of C. s. abbotti.
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2   |   Material and Methods

2.1   |   Sampling

Cacatua sulphurea is rare and difficult to access in the wild, to 
the point that collecting modern wild samples for all subspecies 
has been described as ‘virtually or entirely impossible’ (Collar 
and Marsden  2014) and would be ethically questionable from 
a conservation perspective. Therefore, this study used one to 
four historical museum specimens to represent each currently 
named taxon in the C. sulphurea complex (Figure 1). There are 
approximately 125 known individual specimens of C. sulphurea 
subspecies held in museum collections worldwide. Toepad 
samples from 15 native-range C. sulphurea specimens across 
Indonesia and two Sulphur-crested Cockatoos (Cacatua galerita 
galerita) were incorporated (one from the Australian National 
Wildlife Collection, Canberra, and the other downloaded from 
NCBI (Accession number: GCA_035583095.1); Table  1). Raw 
reads for three additional wild-sourced museum-derived ge-
nomes were downloaded from NCBI for the Little Corella 
(Cacatua sanguinea; GCA_030265285.1), Solomons Cockatoo 
(Cacatua ducorpsii; GCA_025448155.1) and Long-billed Corella 
(Cacatua tenuirostris; GCA_030265375.1) and incorporated into 
certain analyses (details below). For estimating heterozygosity 

loss associated with decreasing coverage, we used one C. sul-
phurea individual from a feral Hong Kong population sequenced 
to a higher coverage (Table 1).

2.2   |   DNA Extraction and Library Preparation

Historical DNA is usually degraded and damaged, contain-
ing low volumes of target DNA in short fragments (Pääbo 
et  al.  2004), but specific methods can be applied to mitigate 
these issues (e.g., Chattopadhyay et al. 2019; Ewart et al. 2019). 
Genomic DNA was extracted using a modified DNeasy Blood & 
Tissue Kit (QIAGEN, Hilden, Germany) protocol following the li-
brary preparation procedures of Chattopadhyay et al. (2019), see 
Appendix. This was done in a dedicated historical DNA facility 
at the National University of Singapore (NUS), strictly isolated 
from any post-PCR workspace (Poinar and Cooper 2000). These 
samples were sequenced by Macrogen (Seoul, South Korea) on 
an Illumina NovaSeq platform, with a target depth of between 
40 and 60× coverage, using PE150 paired-end sequencing.

Three additional samples (RA7636; ZA9265; ZA9267) were 
extracted at the Institute for Animal Ecology & Systematics, 
Justus Liebig University Gießen, in a sterile environment 

FIGURE 1    |    Origins of Cacatua sulphurea museum samples used in this study coloured by their subspecies designations as per Collar and 
Marsden (2014). The most-commonly accepted subspecies treatment pre-2014 (e.g., Dickinson and Remsen 2013) is shown in orange shapes that 
encompass the four previously recognised subspecies. Bathymetric visualisation and depth legend derived from the General Bathymetric Chart of 
the Oceans 2021 Grid by OpenDEM. One additional C. s. djampeana sample incorporated in the study is not shown due to unconfirmed locality 
data. The C. s. occidentalis specimen from Lombok had insufficient coverage of nuclear DNA, and was only used in analyses for mitochondrial DNA.
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where birds have never been processed. Samples were pre-
pared using the same protocols, with library construction 
carried out by the Beijing Genome Institute (BGI) using 
the KAPA library prep kit and sequenced using proprietary 
DNBseq sequencing technologies. Library kits used in each 
location were tailored for degraded samples and had similar 
size and fragment specifications. Macrogen library prep was 
done in-house, so there was more control over the quality of 
library prep success, while library prep of BGI samples was 
carried out by BGI. The BGI returns were generally of lower 
coverage yield, although target coverage was the same for 
both companies.

2.3   |   Whole Genome Sequence Processing

Since the historical samples were 50–150 years old (Table  1) 
and were likely degraded, we applied protocols specific for 
processing historical samples and eliminating damaged and 
low-quality genotype information (see Wu et al.  2020). First 
adapters were removed with AdapterRemoval v2.2.3 (Schubert, 
Lindgreen, and Orlando 2016) for each sequencing platform. 
The raw reads were screened for contamination using FastQ 
Screen Version 0.11.9 (Wingett and Andrews  2018), retain-
ing only reads that mapped uniquely to cockatoo reference 
sequences, including the Palm Cockatoo (Probosciger aterri-
mus) GenBank assembly accession: GCA_013397665.1 (Feng 
et al. 2020) and others (see Appendix). After that mate pairs 
were repaired with BBTools repair.sh (sourc​eforge.​net/​proje​
cts/​bbmap​/). Alignment of raw reads was carried out using 
Burrows Wheeler Aligner (BWA mem; Li and Durbin 2010), 
mapping to the reference genome of the Palm Cockatoo 
(Probosciger aterrimus). Merging, sorting, and duplicate 
marking was conducted with Picard-Tools (broad​insti​tute.​
github.​io/picard/), and indexing of BAM files were done with 
SAMtools. The latter tool also provided mapping success sta-
tistics (Li et al. 2009) including the average coverage across the 
genome for each individual sample. We then examined bam 
files for post-mortem damage and rescaled them accordingly 
using mapDamage2 (Jónsson et  al.  2013). A final check was 
run using Qualimap 2 (Okonechnikov, Conesa, and García-
Alcalde  2016), which suggested that trimming 15 base pairs 
off the ends of each read would be sufficient to remove degra-
dation. We retained 15 C. sulphurea samples for downstream 
analyses, as well as two C. g. galerita and three wild-sourced 
Cacatua museum samples available on NCBI. Cacatua san-
guinea was used as an outgroup to root the phylogenetic tree, 
as well as for genetic distance estimates along with C. ducorp-
sii and C. tenuirostris.

To maximise accuracy of our low-coverage whole genome se-
quences (Lou et al. 2021), we utilised genotype likelihood calling 
in ANGSD (Korneliussen, Albrechtsen, and Nielsen 2014) using 
the SAMtools genotype model (−GL 1), with parameters set to 
control for low-quality data, including: (1) only retaining reads 
that map uniquely to the reference genome (–uniqueOnly 1), (2) 
removing reads that are marked as duplicates or that have a low 
base quality score (−remove_bads 1), (3) removing 15 potentially 
degraded base pairs on either end of the read (−trim 15), (4) fil-
tering out reads that are not properly paired (−only_proper_pairs 
1), (5) removing false positives by only retaining SNPs with a 

p-value of less than 1 × 10−6 (–SNP_pval 1e-6), (6) removing reads 
with a mapping quality score below 30 (−minMapQ 30) and a 
base quality score below 30 (−minQ 30), (7) requiring a minor 
allele frequency of 0.01 to remove sequencing errors (−minMaf 
0.01), (8) ensuring all SNPs are present at a read depth of at least 
3 (−geno_minDepth 3), (9) requiring that at least three individ-
uals have data at a specific site (–setMinDepthInd 3), and (10) 
requiring that a SNP is present in at least 90% of the individuals 
included. This produced a beagle file for two data subsets: (1) C. 
sulphurea plus C. galerita, and (2) C. sulphurea, C. galerita plus 
C. sanguinea.

After variant calling, filtering, and pruning for linkage disequi-
librium (LD), the beagle file from ANGSD for the C. sulphurea 
plus C. galerita dataset contained 24,284 high-quality unlinked 
SNPs. Pruning for linkage disequilibrium (LD) was carried out 
using a correlation coefficient higher than 0.2 as measured in 
PLINK 1.90 (Chang et al. 2015), a window size of 50 and a step 
size of 5 (–indep-pairwise 50 5 0.2).

For phylogenomic analyses, the C. sanguinea sample (Table 1) 
was added as an outgroup, and an additional beagle file was pro-
duced for this dataset in ANGSD, using the same parameters 
as outlined above and pruned for LD by the same means, ulti-
mately retaining 29,256 SNPs.

2.4   |   Population-Genomic and Phylogenomic 
Analyses

2.4.1   |   Subspecies Relationships

To assess population structure, a principal component analy-
sis (PCA) was run for the C. sulphurea plus C. galerita dataset, 
using PLINK 2 (Chang et al. 2015). We also plotted missing data 
to determine if this had any influence on the PCA patterns (Yi 
and Latch 2022), which it did not (Figure S1). PCA plots were 
generated in ggplot2 (Villanueva and Chen 2019) using R statis-
tical environment 3.6.2 (R Core Team 2021).

To further explore genetic relationships, admixture analyses were 
conducted to estimate individual admixture proportions among 
possible groupings (K). NGSadmix (Skotte, Korneliussen, and 
Albrechtsen  2013) was implemented on the C. sulphurea plus 
C. galerita genotype likelihood file for a set number of K rang-
ing from 1 to 11. To compute the optimum K, we followed the 
method detailed in ngsAdmix_tutorial.md available at alexkrohn/
AmargosaVoleTutorials. In brief, we ran NGSadmix 10 times per 
K value (K = 2 through K = 11), created a file of all the log likeli-
hoods and formatted it for CLUMPAK (Cluster Markov Packager 
Across K; Kopelman et al. 2015). The file was then imported into 
CLUMPAK to estimate the best K, using methods developed by 
Evanno, Regnaut, and Goudet (2005). Scenarios K = 3–7 were plot-
ted using R as the most supported and realistic among assessments.

2.4.2   |   Patterns of Divergence

Phylogenetic analyses were run to elucidate the evolutionary and 
divergence patterns among C. sulphurea subspecies using the 
maximum likelihood approach in IQ-TREE 2 (Minh et al. 2020). 
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For this we used the genotype likelihood file containing all indi-
viduals from C. sulphurea, C. galerita and C. sanguinea to create a 
consensus fasta with a minimum of four samples per SNP using 
the python script vcf2phylip.py (Ortiz  2019), designating the C. 
sanguinea sample as the outgroup. We then generated a maximum 
likelihood consensus tree using IQ-TREE 2 with 10,000 boot-
strap replicates (−v –m GTR + ASC –bb 10,000 –bnni –st DNA 
–nt AUTO), applying the TVM + F + Γ4 best-fit model of sequence 
evolution as determined during the run. The tree was visualised 
in SplitsTree Version 3 (Huson and Bryant 2006). Additionally, a 
bifurcating tree with bootstrap support labels on nodes was gener-
ated using FigTree v1.4.4 (Rambaut 2018), see Figure S2.

2.4.3   |   Genetic Distances

To explore the level of divergence among putative subspecies com-
pared to divergences typically seen among different species, sub-
species and populations, pairwise net nucleotide differences (da) 
were estimated and compared to pairwise comparisons of over 40 
other species and subspecies combinations (Table  S1), retrieved 
from Roux et al. (2016). We first generated a genotype likelihood 
file using ANGSD including only the highest-coverage individual 
from each of the seven putative C. sulphurea subspecies. Adding 
to the standard flags used to account for museum sample degra-
dation mentioned above, we applied –setMaxDepth 40 –skipTrial-
lelic 1 and adjusted the –minInd to 5 –setMinDepthInd to 2, which 
produced a beagle file with 233,425,555 common sites that were 
converted into a position file and added to the subsequent ANGSD 
run to produce a 1D Site Frequency Spectrum (SFS) file for each 
putative subspecies, as well as for C. g. galerita, C. sanguinea, C. 
ducorpsii and C. tenuirostris. For this, we used the -doSaf 1 and 
realSFS ANGSD functions, included the Palm Cockatoo genome 
mentioned above as the ancestral reference, and provided a con-
tig map and position file. This SFS output was run through an R 
script to calculate nucleotide diversity (π) and heterozygosity for 
each individual subspecies, available at Nopaoli/Demographic-
Modelling/tree/master/Diversity_fromSFS on Github. The site 
allele frequency output was then used to compute pairwise SFS 
between the seven putative subspecies using winsfs (Rasmussen 
et al. 2022), a tool to infer SFS for low-depth samples. The 2D SFS 
outputs from these were run through an R script from Momigliano 
et al. (Momigliano, Florin, and Merilä 2021; also available from the 
aforementioned GitHub page) to calculate absolute sequence diver-
gence (dxy). Finally, the net nucleotide difference (da) between pairs 
of subspecies was estimated using the formula (Nei and Li 1979):

The pairwise da data points for C. sulphurea subspecies were 
plotted together with pairwise comparisons of different popu-
lations, subspecies and species of animals retrieved from Roux 
et al. (2016). The figure was generated using ggplot2 in R.

2.4.4   |   Demographic History

To examine demographic patterns over time in the different sub-
species groups, we used the Pairwise Sequentially Markovian 
Coalescent (PSMC; Li and Durbin 2011) method which examines 

the density of diverse sites across the genome to infer tempo-
ral changes in effective population size (Ne) since it is inversely 
proportional to coalescent rate. While PSMC typically requires 
higher-coverage genomes around 18× (Nadachowska-Brzyska 
et al. 2016) to ensure that all heterozygous sites are appropriately 
captured, generating genomes at that level of coverage can be a 
challenge for rare, extinct or non-model species (e.g., Von Seth 
et al. 2021) and there are means by which to account for heterozy-
gosity loss in low-coverage samples (e.g., Palkopoulou et al. 2015). 
In our case, we used only C. sulphurea samples with > 8× cover-
age (n = 3). We removed pseudo-sex chromosomes and downsam-
pled one 20× C. sulphurea individual from the feral Hong Kong 
population to measure heterozygosity loss at each level of cover-
age down to 5×. This practice allowed us to input the relevant het-
erozygosity loss metric for each individual in the PSMC as a false 
negative rate at the plotting stage, scaling the curve accordingly 
(Li and Durbin 2011); see Appendix for details.

We called consensus sequences with bcftools mpileup -C 50 -q 30 
-Q 20 -Ou and called variants with bcftools call version 1.9 (Li 
et al. 2009), only including regions with a minimum depth of cov-
erage representing a third of the average depth (-d) and a max-
imum depth double the average (-D) for each sample. Then we 
converted the resulting Variant Call Format (VCF) files to Fastq 
files using the ‘vcfutils.pl. vcf2fq’ script. We then ran PSMC with 
settings optimised for birds: -N30 -t5 -r5 -p ‘4 + 30*2 + 4 + 6 + 10’ 
(Nadachowska-Brzyska et al. 2016). For plotting, we used a muta-
tion rate per generation (μ) of 1.05e-8, which is halfway between 
the mutation rates of the Blue-throated Macaw (Ara glaucogu-
laris; Bergeron et  al.  2023) and Kea (Nestor notabilis; Martini 
et al. 2021). The generation time used was 14.3 for C. sulphurea 
(BirdLife International 2021a), and the heterozygosity loss false 
negative rate metrics were 0.318 for the 8× coverage sample, 
0.278 for the 9× coverage sample, and 0.208 for the 10× coverage 
sample, all of which were factored in during the plotting stage. 
All PSMC plots were constructed with ggplot2 using a custom R 
script (Eliason et al. 2022; github.​com/​thain​sCEB/​birbs​cripts).

2.4.5   |   Mitogenomic Analyses

To generate bam files for the mitogenomes of each sample, 
we followed the same pipeline as outlined above for nuclear 
DNA, except that we mapped to an unpublished reference C. 
galerita mitogenome generated using MitoZ (Meng et al. 2019) 
from specimen B34682 of the Australian National Wildlife 
Collection, Canberra. We then created two fasta files per sam-
ple using Angsd –doFasta 2 –doCounts 1 and –trim 2 com-
mands. Here, one fasta file was generated with lenient quality 
requirements (−minQ 10) and the other with stringent quality 
requirements (−minQ 35 –minMapQ 50) for each sample. We 
used the Clustal Omega alignment tool in Geneious Prime 
(genei​ous.​com) to compare the stringent and lenient setting 
fasta files for each sample, and by referring to these side by 
side we were able to fill in any gaps that may be present in the 
stringent fasta file sequences with information from lenient 
fasta file sequence—since the latter may be more complete, 
although with less certainty around calls. After validation, we 
retained the fasta sequence with stringent settings for each 
individual. Individual gene fastas for COI, ND2 and CytB 
were then extracted and exported using Geneious Prime, and 

da =
dxy −

(

�x + �y

)

2
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haplotype networks were generated in R using a custom script 
(github.​com/​Astri​dAlex​Ander​sson/​CacSul).

3   |   Results

3.1   |   Sequencing

Average depth of sequence coverage for the museum sam-
ples ranged from 0.6 to 14.3×. The C. s. occidentalis specimen 
from Lombok with 0.6× coverage was omitted from nuclear 
DNA analyses, but included in mitochondrial DNA analyses. 
Genotyping/missingness rates ranged from 0.00003 to 0.3459 
(generated with Plink –missing, and calculated based on miss-
ing positions in the C. sulphurea, C. galerita and C. sanguinea 
beagle file).

3.2   |   Subspecies Relationships

The PCA analyses revealed four distinct clusters: (1) C. s. citri-
nocristata, (2) C. s. parvula, (3) C. s. abbotti with C. g. galerita 
on PCs 1–3, and (4) one tight cluster including all four remain-
ing putative C. s. sulphurea subspecies (C. s. djampeana, C. 
s. paulandrewi, C. s. sulphurea and to a lesser extent C. s. oc-
cidentalis), particularly along PCs 2–4, which cumulatively 
accounted for ~37% of variation (Figure 2A,B). The distance 
among the four putative subspecies grouped together in a tight 
cluster in group (4) was less than the distance between the 
two samples of C. s. parvula, which separated out very clearly 
from this cluster and from the equidistant C. s. citrinocristata. 
These same groupings were also apparent in the haplotype 
network for the mitochondrial DNA gene CytB (Figure 2D) as 
well as COI and ND2 (Figure  S3). Among the C. sulphurea 
subspecies, C. s. abbotti emerged as the most distinct unit in 
all PCA analyses, grouping more closely with the two C. g. 
galertia samples than with its fellow putative C. sulphurea 
subspecies. These patterns were also echoed by the net nu-
cleotide differences (da)—with the lowest pairwise differences 
(< 0.00049) between C. s. djampeana, C. s. paulandrewi, C. 
s. sulphurea and C. s. occidentalis, and between C. s. abbotti 
and C. g. galerita (0.00048), see Figure  4 and Table  S1. C. s. 
citrinocristata and C. s. parvula exhibited a slightly higher 
pairwise da when compared with the other C. sulphurea sub-
species (0.00095–0.00125).

3.3   |   Patterns of Divergence

The maximum likelihood consensus tree revealed that the C. s. 
abbotti sample from Masalembu, west of Wallace's Line, emerged 
outside the clade comprising all other C. sulphurea subspecies in 
a position which suggests that it may be genetically closer to C. 
g. galerita than to C. sulphurea (Figure 2C). The tree shows C. s. 
parvula and C. s. sulphurea as the most distant among the popu-
lations living east of Wallace's Line, with C. s. djampeana being 
nested within C. s. sulphurea, rendering C. sulphurea paraphy-
letic. These findings follow patterns seen in PCA, and da esti-
mates (Figure 4); for example, pairwise da between C. s. parvula 
and C. s. sulphurea is the largest among C. sulphurea subspecies 
(excluding C. s. abbotti).

The optimum number of population clusters (K) in the admixture 
analysis was K = 4 (ΔK = 9.061), followed by K = 5 (ΔK = 2.344; 
Figure S4). All K scenarios depicted in Figure 3 reveal at least 
some overlap in inferred ancestry between nominate C. s. sul-
phurea and the putative subspecies in its closest geographic prox-
imity, namely C. s. djampeana and C. s. paulandrewi, with the 
latter also showing shared ancestry with its southern neighbour 
C. s. occidentalis in K = 3, K = 4 and K = 5. Admixture analyses 
also indicated shared ancestry between C. s. abbotti and C. g. 
galerita, particularly among K = 3–7.

3.4   |   Genetic Distances

Net nucleotide differences (da) in all pairwise combinations in-
volving the seven putative C. s. sulphurea subspecies—including 
C. s. citrinocristata—were generally low when contrasted with 
subspecies comparisons between other animal taxon pairs, and 
when compared with congeners C. sanguinea, C. ducorpsii and 
C. tenuirostris (Figure 4; Roux et al. 2016). All C. sulphurea sub-
species divergence rates fell below 0.5% (0.005 on the plot), mean-
ing they can plausibly be considered to be outside ‘the grey zone 
of speciation’ (i.e., the zone where species delimitation based on 
molecular data is problematic, or where there exist at least par-
tial barriers to gene flow, Roux et al. 2016) and more concordant 
with divergences among populations within the same species 
which lack intrinsic barriers to gene flow. Pairwise comparison 
between C. g. galerita and C. s. sulphurea was also below this 
speciation ‘grey zone’ (Roux et  al.  2016). C. g. galerita shared 
the lowest da with C. s. abbotti. Within the main Wallacean 
C. sulphurea cluster, the lowest pairwise da was between C. s. 
djampeana and C. s. sulphurea (−0.000085; Table  S1). Having 
a negative da is possible and is an artefact of the da calculation 
process—for more information, see Appendix. For nucleotide 
diversity (π) and heterozygosity data for each individual subspe-
cies, see Table S2.

3.5   |   Demographic History

The PSMC plot indicated a parallel increase in Ne in three C. 
sulphurea subspecies throughout most of the last major pe-
riod of global cooling, up until the last glacial maximum at 
~20,000 years ago (Figure 5).

4   |   Discussion

As global biodiversity faces unprecedented threats, accurate 
identification of evolutionarily significant units becomes in-
creasingly important for directing conservation efforts. These 
issues are particularly acute for rare species where access to live 
specimens can be prohibitively difficult. Here we obtained ge-
nomic data from museum samples to provide a robust dataset 
to help address questions about the evolutionary history, diver-
sification and conservation status of the C. sulphurea radiation. 
Research delimiting species boundaries requires thoroughly 
comprehensive sampling—an obstacle for extremely rare non-
model species. The availability of museum specimens made 
this study possible, but also limited the inferences that can be 
made due to low sample size. Nevertheless, the genomic data 
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presented here does provide a robust interpretation of evolution-
arily significant units across this species, particularly in com-
bination with insights provided by prior biogeographical and 
morphological analyses.

The data presented here indicates that there are three distinct 
evolutionary lineages within the C. sulphurea complex in 
Wallacea: C. s. parvula from Timor, C. s. citrinocristata from 

Sumba, and the main cluster of subspecies from Sulawesi and 
most of the Lesser Sunda Islands (Figures 2 and 3, Figure S4). 
This latter cluster consists of the nominate subspecies C. s. 
sulphurea from Sulawesi in addition to three putative subspe-
cies on relatively nearby islands—C. s. djampeana, C. s. pau-
landrewi, and the somewhat more distant C. s. occidentalis. 
In stark contrast to the Wallacean subspecies, C. s. abbotti 
from the Masalembu Islands emerged as genetically distinct 

FIGURE 2    |    (A) Results of principal component analysis showing the difference among seven putative Cacatua sulphurea subspecies and Cacatua 
galerita galerita. The percentage of variance accounted for by each principal component (PC) is stated in brackets along the plot axis. Coloured cir-
cles indicate samples that belong to the same putative subspecies as per Collar and Marsden (2014), while the most-commonly accepted subspecies 
treatment pre-2014 is shown in orange shapes encompassing samples from the four previously recognised subspecies. PC1 and PC2 for all seven pu-
tative subspecies of C. sulphurea and two C. g. galerita. (B) PC3 and PC4 for all seven putative subspecies of C. sulphurea and two C. g. galerita. (C) 
Maximum likelihood consensus tree generated with IQ-TREE 2 from 29,256 SNPs showing all individuals and their subspecies designation (indicat-
ed by font colour), two C. g. galerita samples and one Cacatua sanguinea sample as the outgroup. Unrooted tree was generated with SplitsTree. (D) 
Haplotype network for mitochondrial gene CytB for museum specimens of all C. sulphurea subspecies and two C. g. galerita samples, generated in R.
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from all other C. sulphurea subspecies, grouping closer to  
C. g. galerita and sharing the lowest genetic distance with  
C. galerita compared to other C. sulphurea subspecies. 
Increased taxon sampling of all Cacatua species in the region 
in the future will be needed to further corroborate that C. s. 
abbotti is not embedded within C. sulphurea, determine its 
closest relatives, and test whether this population originates 
from human introduction.

The three major C. sulphurea subspecies clusters separate neatly 
into the three principal paleo-island groups within the Lesser 
Sunda Islands (i.e., Nusa Tenggara) in southeast Indonesia: (1) 
Timor, the largest Lesser Sunda Island, inhabited by C. s. par-
vula; (2) the isolated outlier Sumba, inhabited by the phenotyp-
ically distinct C. s. citrinocristata; (3) and the main island chain 
of the Lesser Sundas ranging from Lombok in the west to Alor in 
the east, inhabited by C. s. occidentalis, which forms part of the 
nominate C. s. sulphurea cluster including C. s. djampeana, C. 
s. paulandrewi and C. s. occidentalis. The Lesser Sunda Islands 
that comprise the range of C. s. occidentalis, is today composed 
of ~5 larger and numerous smaller islands, lower sea levels 
during the last period of global cooling would have exposed land 
bridges connecting most of those islands into a group of two 
major paleo-islands separated by a small strait of ~2–3 km width 
(Lambeck, Yokoyama, and Purcell 2002; Lambeck et al. 2014). 
In contrast, expanses of dozens of kilometres of deep sea have 
separated the ranges of the nominate C. s. sulphurea cluster from 
C. s. parvula and C. s. citrinocristata since the formation of these 
islands, and likely acted as a catalyst for their differentiation.

Our findings are in keeping with major biogeographic divisions 
within Wallacea, and support a model by which the ancestor of C. 
sulphurea is likely to have been of eastern provenance, potentially 
colonising Wallacea from Australia—a scenario that would be 
consistent with cockatoos' inferred origin in Australia and Papua 
(Schweizer et al. 2010; White et al. 2011; Selvatti et al. 2022). It is 
possible that Timor's C. s. parvula may have first been colonised 
over water from an ancestral population in Australia, whose 
current overwater distance from Timor (~500 km) was reduced 
to < 150 km during multiple glacial peaks of the past (Siddall 
et al. 2003). Other interpretations are also possible, but the data 
presented here in multiple analyses seems to indicate a degree 
of shared ancestry between C. s. parvula and the Australasian C. 
g. galertia. The lack of deep genomic differentiation between the 
three subspecies from Sulawesi and satellites (C. s. sulphurea, C. 
s. paulandrewi, C. s. djampeana) versus C. s. occidentalis from the 
Lesser Sundas suggests a more recent overwater colonisation of 
the Sulawesi region from the south, likely via stepping stone is-
lands in the Flores Sea nowadays inhabited by C. s. djampeana.

For three subspecies (C. s. parvula, C. s. citrinocristata, C. s. 
occidentalis), we had genomic data of sufficient coverage to 
trace the trajectory of effective population size across the last 
couple of periods of global cooling. Our results reveal a par-
allel trajectory for all three subspecies despite their different 
geographic ranges. Different factors can influence Ne such 
as introgression and population subdivision (Nadachowska-
Brzyska, Konczal, and Babik 2022). In our case, effective pop-
ulation sizes generally underwent a steady increase from the 
last interglacial into the last period of global cooling (roughly 

FIGURE 3    |    Admixture plot showing groupings under K = 3 through 
K = 7 scenarios with individuals representing all seven putative subspe-
cies of Cacatua sulphurea plus Cacatua galerita galerita. Delta values 
are shown alongside each K plot and the most-likely scenario (K = 4) is 
indicated with an asterisk.
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from 100 to 30kya), reaching their peaks slightly before the 
last glacial maximum (~20kya). Cacatua sulphurea parvula 
from Timor and C. s. citrinocristata from Sumba exhibited 
the steepest fluctuations, including the steepest gains during 
global cooling, consistent with their residence on the most sea-
sonal and most arid islands in the archipelago, on which sur-
vival conditions and habitat parameters would dramatically 
improve for a frugivore such as C. sulphurea during colder 
global periods. In C. s. occidentalis from less arid islands, these 
fluctuations were much less pronounced. Many of the islands 

which encompass its distribution had been connected during 
periods of global cooling, supporting higher population densi-
ties, while the two subspecies on Timor and Sumba essentially 
constitute single-island taxa living on more peripheral land 
masses. Unfortunately, our sample sizes are not applicable to 
methods allowing estimation of demographic trends since the 
last glacial maximum.

All putative subspecies of C. s. sulphurea exhibited pairwise 
genetic distances (da) across genome-wide SNPs much below 

FIGURE 4    |    The net genetic distance or net nucleotide difference (da) in all possible pairings of the seven putative Cacatua sulphurea subspecies 
plotted (log10 scale) alongside pairwise da data from Cacatua galerita galerita, Cacatua sanguinea, Cacatua ducorpsii and Cacatua tenuirostris, as 
well as populations, subspecies and species retrieved from Roux et al. (2016), with the ‘grey zone of speciation’ at 0.005–0.02 (or 0.5%–2%) demarcat-
ed. For additional data see Table S1. Pairwise comparison of C. s. sulphurea and C. s. djampeana not plotted because it was negative (see Appendix 
for more information).

(da)

FIGURE 5    |    Pairwise Sequentially Markovian Coalescent (PSMC) plot (log10 scale) showing the demographic histories of three Cacatua sul-
phurea subspecies. All plots are based on autosomal positions only and with false negative rate corrections to account for any heterozygosity lost due 
to low coverage.
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0.5%—placing all C. s. sulphurea subspecies below the ‘grey zone’ 
of the speciation continuum delineated by Roux et  al.  (2016). 
The da among C. s. sulphurea. C. s. djampeana, C. s. paulandrewi 
and C. s. occidentalis (−0.0008–0.00049) are comparable to the 
within-subspecies, population-level da for other species includ-
ing Common Teal (Anas crecca nimia) on the Aleutian Islands 
(between 0.00006–0.00035) and the da of 0.0007 between pop-
ulations of Eurasian Blue tit (Cyanistes caeruleus) across France 
(Roux et  al.  2016). Changes in sea levels would have offered 
more opportunity for these taxa to exchange genetic informa-
tion, which would also contribute to their lower levels of genetic 
divergence compared to other subspecies, and the sharing of (or 
similarity between) their mitochondrial haplotypes which par-
allels the nuclear DNA patterning in identifying three main ge-
netic groups within the core C. sulphurea radiation (Figure S3). 
Notably, the da between C. g. galerita and C. s. abbotti is among 
the lowest in our analyses, lower than the pairwise da between 
C. s. abbotti and the other putative C. s. sulphurea subspecies 
(Table  S1), and the distinctiveness of C. s. abbotti is also sup-
ported by the mitochondrial haplotypes (Figure S3). The genetic 
distance between C. g. galerita and C. s. sulphurea is also below 
the ‘grey zone of speciation’ (Roux et  al.  2016)—suggesting 
more research into the relationships among taxa comprising 
the C. galerita and C. sulphurea species complex is warranted. 
In contrast, genetic distances between C. sulphurea/C. galerita 
and congeners C. sanguinea, C. ducorpsii and C. tenuirostris fall 
within or above this ‘grey zone', which is to be expected given 
that these are comparisons between different subgenera of white 
cockatoos and corellas, recognised as Cacatua and Licmetis, 
respectively.

Subspecies within the C. sulphurea complex have been de-
scribed often on the basis of subtle morphological characters. 
Considering the fitful nature of evolution, and the difficulties 
in accurately identifying evolutionarily significant units, it is 
possible that some bird species may have experienced taxo-
nomic inflation (Holt and Jønsson 2014)—being over-assigned 
units based on phenotypic traits that, though visually pres-
ent, account for shallow genomic divergence (e.g., Safran 
et al. 2016; Semenov et al. 2018). Subspecies is the most pliant 
category in the Linnaean hierarchical system, and valid sub-
species may range anywhere from populations defined on the 
basis of minute character differences to highly distinct units 
that are close to the species boundary (Remsen 2010). Our ge-
nomic data, particularly the patterns revealed on the PCA, ad-
mixture analyses, phylogenetic tree and genetic distance plots, 
suggest that some of the subspecies in C. sulphurea, especially 
those on Sulawesi satellites, lack substantial genomic differ-
entiation and may not warrant subspecies rank recognition, 
but in some cases their synonymisation should await confir-
matory evidence from morphological datasets. At a minimum, 
we conclude that C. s. djampeana and C. s. paulandrewi from 
small islands geographically peripheral to Sulawesi consis-
tently emerge as embedded within C. s. sulphurea—the sub-
species from Sulawesi. Indeed these smaller islands in the 
Flores Sea and Banda Sea region are likely to have been step-
ping stones from which the species recently invaded, or spread 
out from, the much larger landmass of Sulawesi. To preclude 
unnecessary taxonomic and conservation focus on undifferen-
tiated lineages, it appears safe to propose the synonymisation 
of C. s. djampeana and C. s. paulandrewi under C. s. sulphurea 

since they are weakly differentiated, and retaining them as 
separate subspecies likely constitutes taxonomic inflation. 
Moreover, synonymisation would enable these populations to 
function as a potential source of individuals for reintroduction 
and rescue for the near-extinct nominate Sulawesi population 
(IUCN 2023; Reuleaux et al. 2022).

The distinct morphological characters of C. s. citrinocristata 
(i.e., orange versus yellow crest, wing and tail length, darker 
juvenile beak coloration) have prompted its classification as 
a separate species by some scholars and the IUCN (BirdLife 
International 2021b; Reuleaux et al. 2022). However, genetically 
it is embedded within the subspecies radiation of C. sulphurea. 
In the PCA, C. s. citrinocristata is as separate from the other C. 
sulphurea subspecies as C. s. parvula is, while in terms of pair-
wise net nucleotide differences (da), C. s. citrinocristata shows 
a lower or equal divergence than that between the other puta-
tive subspecies. Moreover, if C. s. citrinocristata is to be main-
tained at species level (as per IOC v14.1), based on the presented 
phylogenetic analysis, this would necessitate that C. s. parvula 
be elevated to species level in order to avoid a paraphyletic C. 
sulphurea. However, this is ill-advised given the low levels of 
divergence between C. s. citrinocristata, C. s. parvula and the 
remaining C. s. sulphurea subspecies, which fall well below the 
threshold typically seen in species-level divergences (Figure 4). 
All this supports the view that C. s. citrinocristata deserves rec-
ognition as a highly distinct subspecies embedded within C. 
sulphurea.

While we deployed complete taxon sampling within the C. sul-
phurea radiation, our sampling of closely related cockatoo spe-
cies was sparse. This sampling design limits our ability to assess 
the evolutionary position of the mysterious taxon C. s. abbotti, 
which appears to be genetically distinct from all the other sul-
phurea subspecies, and seems likely to be more closely related to 
C. galerita based on the PCA, phylogenetic tree, admixture anal-
yses and genetic distance plots. If C. s. abbotti is an odd natural 
population of the remote Masalembu islands, on the ‘wrong’ side 
of Wallace's Line, it would have been there for a long period of 
time, likely going back much further than the history of human 
colonisation of southeast Indonesia. Isolation and genetic drift 
may explain its genetic differentiation from all the other C. sul-
phurea subspecies, but its unusual divergence—grouping closer 
to C. g. galerita—would necessitate a time of divergence on the 
order of hundreds of thousands of years. Future studies should 
include a denser sampling of the Cacatua genus to investigate 
whether C. s. abbotti may in fact be a population introduced 
by humans travelling through the Wallacean region for trade 
(Dalton et al. 2018).

The genotypic data presented here for C. sulphurea can help 
direct the prioritisation and practical application of conserva-
tion for this species. While the overall IUCN Red List status 
‘Critically Endangered’ remains intact, our results suggest that 
initiatives to safeguard this species can target three distinct C. 
sulphurea subspecies clusters rather than upholding the barely 
divergent island populations like C. s. paulandrewi and C. s. 
djampeana as distinct subspecies and therefore dividing limited 
resources and coordinating logistically demanding efforts to 
manage seven distinct subspecies as separate units. In addition, 
our results suggest that C. s. abbotti may need to be removed 
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from any discussions and efforts directed to manage C. sul-
phurea populations. This Masalembu Islands population could 
instead be the recipient of dedicated and separate conservation 
action, although its possible status as an introduced, non-native 
population should also be considered.

Identifying evolutionarily distinct entities with whole genome 
analyses is particularly pertinent to heavily traded and threatened 
species such as C. sulphurea, since it can inform conservation 
efforts including translocation, genetic rescue and conservation 
breeding (Collar et al. 2012; Collar and Butchart 2014) to a much 
more comprehensive degree than single-gene data. For exam-
ple, genetic reference points from this study can be applied to 
develop toolkits for subspecies identification by frontline con-
servationists and authorities (e.g., Cardeñosa et al. 2018). Hence 
it is particularly important from a conservation perspective to 
examine whole genome data for taxa that are distributed across 
multiple islands and are targets for illegal trade, and which 
may therefore be frequently seized, rehabilitated and released 
(e.g., Zein et al. 2017). In this scenario, single-gene data is not 
adequate for accurate repatriation to subspecies level—and re-
leasing individuals that originated from another island on an 
entirely different island could lead to admixture and unnatural 
dilution of the subspecies.

Accurate native-range repatriation is crucial for a long-lived 
highly traded species with low fecundity, such as cockatoos, 
that are intercepted by customs and also potentially for C. 
sulphurea individuals present in ex-situ populations in Hong 
Kong, Singapore and Taiwan (Lin and Lee  2006; Neo  2012; 
Andersson et al. 2021). The whole genome data presented here 
makes it possible to assess to what extent these introduced pop-
ulations are functioning as genetic reservoirs or admixture hot 
spots for this otherwise rare species, in a level of detail and pre-
cision that would not be possible with multiple-gene data. Such 
evidence-based conservation interventions have been lever-
aged to support other threatened species in the genus Cacatua, 
including C. moluccensis on Seram, where rehabilitation and 
release of individuals confiscated by customs helped repop-
ulate areas (Nandika et al. 2021), and for C. s. abbotti, where 
similar action has been instrumental in avoiding the complete 
extinction of this population, of which just 20–30 individuals 
remain (IUCN 2023).

One of the benefits of museomics is the ability to examine ge-
netic data from species that are extinct, rare or inaccessible 
(Garg et al. 2022; Fong et al. 2023; Tan et al. 2023). It also pro-
vides an opportunity for consistency and continuity in the ad-
vancement of scientific knowledge—for example, in our case we 
were able to examine the genomes of some of the exact same 
specimens used in the morphological study on C. sulphurea by 
Collar and Marsden  (2014). However, use of historical speci-
mens from museum collections also introduces challenges such 
as mislabelling or genetic degradation—the latter of which can 
necessitate limiting the amount of genomic markers used, for 
example, to only include sites in ultra-conserved elements of 
the genome (e.g., Smith et al. 2020). When examining degraded 
samples, it is important to employ a genome-scale study, since 
from a technical perspective testing single-locus primers on de-
graded museum DNA would be time-consuming and result in 
less genetic information.

Ultimately, the genomic data retrieved in this study was of rea-
sonable quality (Table 1), and missing data had little-to-no influ-
ence on overall patterns shown in the analyses (e.g., Figure S1). 
In addition, the SNPs were filtered to account for damage, and 
we included multiple individuals from the same subspecies for 
five of the seven putative subspecies for cross-validation—with 
different samples from the same subspecies consistently group-
ing together in all analyses despite varying levels of DNA deg-
radation, coverage and missing data. We were therefore able to 
make use of 15 C. sulphurea samples and genotypes from across 
the entire genome in downstream analyses, adding valuable 
data from both mitochondrial genes and whole-genome derived 
SNPs to our collective knowledge of this critically endangered 
species.

4.1   |   Conclusions

Our comprehensive genomic analyses of all putative C. sul-
phurea subspecies support the recognition of three genetically 
distinct subspecies clusters. One of these contains four closely 
related subspecies from the Sulawesi and Lesser Sunda re-
gion (C. s. sulphurea, C. s. djampeana, C. s. occidentalis and 
C. s. paulandrewi), of which C. s. djampeana and C. s. paulan-
drewi consistently emerged as poorly supported and embed-
ded within C. s. sulphurea so as to suggest its synonymisation; 
other subspecies may require synonymisation pending re-
analyses of morphological datasets. Our results also call into 
question the designation of C. s. citrinocristata as an indepen-
dent species, as it emerged embedded within C. sulphurea. 
Our analyses further highlight the potential misclassification 
of C. s. abbotti, suggesting that it may not be a member of the 
C. sulphurea radiation. Its taxonomic status remains to be ad-
dressed. Apart from resolving genetic and evolutionary affili-
ations among the different populations and subspecies of this 
iconic and critically endangered species, our results should be 
useful in guiding conservation and management of the rem-
nant wild C. sulphurea populations.
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