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Introduction

Abstract

The European breeding programme (EEP) for palm cockatoos Probosciger aterrimus has managed two
subspecies, P. a. goliath and P. a. aterrimus, separately since it was found that only these two subspecies
were distinct genetic lineages. Until recently a captive palm cockatoo was assigned to one or the other
subspecies relying solely on morphology, P. a. goliath being reputedly larger than P. a. aterrimus. This
study aimed at first to determine the subspecies of 78 captive palm cockatoos — mainly members
of the EEP population — by sequencing a mitochondrial marker which had proved relevant for wild
specimens. We also collected several anatomical measurements in order to compare the morphology
with the molecular marker and to assess the presumed link between morphology and subspecies.
Ten different haplotypes were found over 54 non-related samples, which could be arranged into two
groups consistent with the subspecies P. a. goliath and P. a. aterrimus. Morphometric analyses revealed
significant differences between the two subspecies, although there was some overlap between values
for P. a. goliath and P. a. aterrimus. A stepwise discriminant analysis, which included one criterion for
females and two criteria for males, allowed a correct assignation of 95% on average for our sample.
These results allowed us to confirm that the captive population of palm cockatoos consists of two
distinct genetic subgroups, which overall match with morphotypes. Therefore to preserve these two
different conservation units we advise that P. a. goliath and P. a. aterrimus continue to be managed
as two separate breeding populations. Morphology using a recommended set of measurements gives
a fairly reliable insight into the subspecies identity for a newly introduced palm cockatoo, but testing
mtDNA is highly recommended to confirm the correct subspecies determination.

for a character between populations regardless of the extent of
overlap, thus ignoring the predictability issue (Patten and Unitt

In modern zoology, including ornithology, the subspecies is
the only recognised infraspecific taxonomic rank; it is the
lowest rank included in the official nomenclature of the
International Code of Zoological Nomenclature (ICZN 1999),
which has established the standard trinomial nomenclature
of genus—species—subspecies. The subspecies concept was
originally based on differences in geographical distribution
of phenotypic traits in populations within a species (Mayr
1942; Wilson and Brown 1953). This concept has, however,
encountered numerous criticisms and remains controversial: in
the biological species concept as defined by Mayr, subspecies,
unless separated by physical boundaries, interbreed at
their boundaries resulting in gene flow between them and
blurring of morphological characters. However many species
unquestionably consist of a set of populations represented
by subspecies, so detractors have not criticised the concept
of subspecies in itself but rather its improper application.
Indeed taxonomists have often focused on mean differences
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2002). For that matter, a standard level for defining a subspecies
has been largely established on the “75% rule”, meaning that
75% of a population must lie outside 99% of the range of other
populations for a given defining character or set of characters
to be recognised as a subspecies (Patten and Unitt 2002; Mayr
and Ashlock 1991).

Controversy further intensified with the development of
genetic tools used to study infraspecific variations. So far
molecular studies have relied mainly on mitochondrial DNA
(mtDNA) markers, which trace back the history of the different
populations forming a species (Joseph and Omland 2009).
Phylogeographic studies now tend to use mtDNA together
with several loci from nuclear DNA (nDNA) to take into
account demographic processes such as gene flow (Zink and
Barrowclough 2008; Backstrom et al. 2008; Joseph and Omland
2009). The subspecies definition now includes this molecular
criterion: it is usually considered as a breeding population that
occupiesadistinctsegment of the geographicrange of its species
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Figure 1. Approximate distribution of Probosciger aterrimus subspecies, as accepted before the research on the phylogeography of palm cockatoos by

Murphy et al. (2007). Based on data in Murphy et al. 2007.

and that is measurably distinct in its phenotype, genotype or both.
Ideally these multiple criteria would co-vary but several studies
have revealed a lack of consistency between the traditionally
recognised subspecies and the phylogenetic clusters identified
using molecular methods. Subspecies traditionally recognised are
rarely distinct phylogenetic units, but island subspecies are more
likely to show monophyly compared to continental subspecies
(Zink 2004; Phillimore and Owens 2006).

The palm cockatoo Probosciger aterrimus is a large black parrot
and the only member of the tribe Microglossini. It is classified as
Least Concern by IUCN and has ever been since 2004, though the
population trend is known to be decreasing. Its range consists of
New Guinea and surrounding islands and Cape York Peninsula
in Australia. Traditional taxonomy recognised three subspecies:
P. a. aterrimus, P. a. goliath and P. a. stenolophus (Coates 1985,
Rowley 1997; Marchant and Higgins 1999; Taylor 2000). Other
subspecies that have been proposed include P. a. macgillivrayi, P.
a. intermedius and P. a. alecto, but these are reported to lack any
clear morphological distinction (Rand and Gilliard 1967; Schodde
and Mason 1997; Marchant and Higgins 1999). Figure 1 shows
the approximate location of subspecies. P. a. goliath is reputedly
larger than P. a. aterrimus, and P. a. stenolophus is described as
the same size as or larger than P. a. goliath and to have narrower
crest feathers (Rand and Gilliard 1967; Rowley 1997; Marchant
and Higgins 1999, Taylor 2000), although no quantitative data on
biometrics are available for any of the subspecies. More recent
research on the phylogeography of palm cockatoos has revealed
that, according to use of an mtDNA marker, only two east-west
lineages could be distinguished (Murphy et al. 2007). Murphy et
al. (2007) therefore proposed that only two subspecies should
be recognised and given independent conservation status: P.

a. goliath in the Vogelkop up to the Weyland Range and in the
western islands, and P. a. aterrimus elsewhere.

Captive management of palm cockatoos has been supervised
since 1988 in North America by a Species Survival Plan (SSP)
(Taylor 2000) and since 1991 in Europe by a European Breeding
Programme (EEP) (Bairrdo Ruivo 2012). In both cases the captive
population is believed to consist of both P. a. goliath and P. a.
aterrimus, and both the SSP and EEP want to avoid the production
of subspecific hybrids (Taylor 2000; Bairrdo Ruivo 2012). In France,
this management decision follows a ministerial decree enacted in
2004 by the Ministry of Ecology and Agriculture (Article 17 Arrété
du 25 mars 2004). Until the current study was undertaken for the
EEP population, subspecies determination was based on weight
and size only. The SSP generally consider birds weighing less than
800 g to be P. a. aterrimus and those weighing near to or more
than 1000 g to be P. a. goliath (Taylor 2000), whereas the birds in
the EEP were considered as P. a. aterrimus when weighing around
500-600 g and as P. a. goliath aat round 800-1000 g (Bairrao
Ruivo, personal communication).

The use of an mtDNA marker (Murphy et al. 2007) represented a
new opportunity to have the captive population of palm cockatoos
studied genetically. The palm cockatoo EEP thus decided to
support genetic research to investigate subspecific identification in
the EEP population of palm cockatoos. It was acknowledged that
some individuals may be hybrids between the two subspecies and
that these could not be identified through maternally inherited
mtDNA.

This research thus aimed first at assessing whether the same
haplotypes as identified by Murphy could be found in the palm
cockatoo EEP population. This possible genetic test would bring
an additional criterion to help identify captive individuals as
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belonging to one or the other currently recognised subspecies. The
second aim was to assess the correlation between the genotype
and the phenotype using several anatomical measurements and
weight. These results would indicate if it was relevant to maintain
breeding populations for the two presumably distinct groups. If
so, each individual palm cockatoo within the breeding programme
should be investigated and its subspecies updated according to
genetic and morphological data.

Materials and methods

Sampling

In 2011, institutions holding palm cockatoos included in the EEP
were sent an information note and a questionnaire to complete. It
was indicated that all palm cockatoos in the EEP should be tested
as to subspecies and those that were not tested could not have
a breeding recommendation. The participants were requested to
take a blood sample using the tubes provided, containing EDTA
and thymol, to provide information on identification, suspected
subspecies, sex and age, and to take body measurements
according to illustrations provided (see “Morphometrics” below
for more details). All the information and blood samples were to
be sent back to us, and we stored the blood samples at around 4°C
until processing them.

Genetic analysis

DNA extraction was performed with DNeasy Blood and Tissue
kit (Qiagen®), following the indications for blood samples with
nucleated blood cells.

Sex determination or confirmation was performed by PCR using
primers 2550F and 2718R to amplify introns from the CHD-Z and
CHD-W genes (Fridolfsson and Ellegren 1999).

A 280 base pair (bp) sequence in domain Il of the
control region — a non-coding area of the mtDNA — was
amplified using primers designed by Murphy et al. (2007)
(PCd3F#3: CGTTTGTTCGTGATCAACTCGTGTC; PCd3R#1:
TGGTGGTAATCCATCTTAGCATC)

Each reaction contained 2 pl buffer (containing 25 uM MgCl,),
1 ul DMSO, 0.8 pl of a 6.6 mM dNTP mix, 0.32 pl of a 10 pM/
ml solution of each primer, 0.12 pL (0.6 units) of Quiagen Taq
polymerase and sterile water up to 20 pl.

PCR thermal cycling for both consisted of an initial denaturing
step of 5 min at 94° C, followed by repeated denaturing, annealing,
and extension steps for 35 cycles of 40 s at 94° C, 40 s at 49° C, and
60 s at 72° C, with a final extension step of 5 min at 72° C.

Samples were then placed in a 2% agarose gel containing 10
pl ethidium bromide and electrophoresis was run in 0.5X TBE at
135 V for approximately 15 min. Gels were visualised under UV
light and photographs were taken of all successful runs.

Female sex was assigned if both the CHD-Z and CHD-W bands
were present, and male sex was assigned if a single CHD-Z band
was present.

The amplification of the mtDNA marker was considered
successful if a band appeared around 300 bp, comparing it to the
100 bp ladder obtained with the DNA molecular weight marker
XIV.

Sequencing was performed on ABI 3730xl (96-capillary)
following the manufacturer’s instructions and the sequences were
then aligned in CodonCode Aligner 3.7.1. Analyses of sequences
variability were performed with Mega 5.1.

Morphometrics

Eight body-size measurements were taken for each bird: body
mass (+1 g), wing chord length (carpal joint to longest primary
feather unflattened chord, +1 mm), tarsometatarsus length (0.5
mm), beak length, beak height and beak width (all £0.5 mm), red
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cheek patch height and length (+0.5 mm). We gave no particular
recommendation concerning the time when the measurements
should be taken, so weight could correspond to an empty or full
crop weight.

Statistical analyses were performed with Tanagra 1.4.42
Software (2003). Since no data on biometrics had been published
for the wild population, the statistical analysis only concerns the
samples collected for the purposes of this research.

A multivariate analysis of variance (MANOVA) was performed to
evaluate overall differences between sexes and subspecies based
on the genotype determined previously. Analysis of variance for
each measurement was then performed separately for males and
females, with a t-test assuming unequal variance between the two
subspecies groups.

In order to test for clustering in groups based on morphology,
regardless of the subspecies — either assumed or based on the
mtDNA marker — a clustering analysis using a k-means algorithm
was performed. This method enables later evaluation of the extent
to which the subspecies and/or the sex subgroups match with the
morphology subgroups.

Finally a forward step-wise general discriminant analysis
(Williams 1983; Wilson et al. 2012) was performed separately for
males and females to evaluate whether the morphology could be
used to identify reliably an individual’s subspecies.

Results

Sampling

We collected 78 samples from 19 institutions, among which 60 —
from 18 institutions — are part of the palm cockatoo EEP. Twelve
birds from Jurong Bird Park in Singapore and six confiscated
birds from the CITES Centre in Prague were also included. After
determination by PCR, 45 males and 33 females were found. This
population includes known close relatives (parents—offspring or
siblings).

Genetic analysis

The amplified sequences were aligned and consisted of up to
286 bp. For further analysis, only the sequences from site 6 to site
221 —resulting in a 216-bp sequence — were taken into account in
order to exclude from the analysis end sequences, which were of
poor quality for some samples.

Of the 78 samples collected, 24 were either offspring of a female
included in the study and/or siblings. These individuals obviously
shared exactly the same sequence, and their sequences were
therefore discarded to avoid biases in genetic distance analyses.
The following statistics have thus been calculated with 54 a priori
non-related samples.

Over the 216-bp defined sequence, 14 variable sites were
identified, among which six sites were singletons —each of these six
mutations was present in one sample only. Apart from these single
nucleotide mutations, two insertion—deletion (indel) mutations
were identified: a single nucleotide indel in one individual and the
same 7-bp indel as found by Murphy et al. (2007) in 10 birds —and
eight offspring. We found 10 different haplotypes, five of them
showing the 7-bp indel (Table 1).

A network representation was drawn manually to show all 10
haplotypes according to the number of mutations that link them,
thus representing genetic distances among them (Figure 2). They
can be clustered into two groups, A and B, separated by seven
mutational steps. Group B gathers samples with the 7-bp indel.
Note that for the network’s construction we chose to consider
each base substitution and each indel as one mutational event.
Therefore the 7-bp indel here appears as one event, but should
it result from seven independent events, the distance between
groups A and B would be increased by six additional steps.



Bussiére et al.

Table 1. Haplotype diversity within 54 palm cockatoos for a 216-bp sequence.

Informative sites

Haplo- Number of
type 30 42 43 66 68 121 122 134 137 146 148 151 161 162 163 164 165 166 167 168 180 215 individuals®
1 G C C c T c T C - T T C - - - - - - - T C T 35
2 C . - - - - - - - - 6
3 T - - - - e 1
4 T - - - - - - - 1
5 G - - - - - - - 1
6 A - c T A T € A C c T C T C 2
7 A T - C T A T C A C C T C T C 5
8 A T - c ¢ 1T A T C A C c T C T C 1
9 A T T - C T A T c A C C T C T C 1
10 AT . . c T - C T A T € A C c T C T C 1

'Haplotype 1 and Haplotype 8 were shared respectively by 16 and 8 other individuals, offspring or siblings.

In group A, two haplotypes were linked by only one mutational
step and in group B two haplotypes were linked by one or two
mutational steps. Nucleotide divergence was found to be 1.25%
overall. It reached 3.65% between groups A and B and was 0.164%
and 0.572% within each respective group.

According to this genetic analysis, we found 44 non-related
birds plus 16 offspring or siblings — 33 males and 27 females —

Haplotype 3
N=1
Haplotype 4
. D
.
s
.
Haplotype 5
N=1 Haplotype 1 Haplotype 2
N=235 1 N=o
Group A
O
e
o)
Q
O
O
(‘:\
It
. Haplotype 6
N=2
Haplotype & Haplotype 10
Nl Haplotype 7 (_) N-1
N=5 -
Huplotype 9
N=1
Group B

Figure 2. Network representation of the 54 non-related palm cockatoos in
this study. Note: Boxes represent haplotypes and their size is proportional
to sample size. Circles indicate missing haplotypes.

belonging to group A and 10 non-related birds plus 8 offspring —
12 males and 6 females — belonging to group B. All these results
are summarised in Table 2.

Referring to the findings of Murphy et al. (2007), groups A and B
defined here correspond to clades 2.1 and 2.2, which were found
to gather eastern — P. a. aterrimus — and western — P. a. goliath —
birds respectively. Individuals belonging to either group A or B will
therefore be referred to as aterrimus or goliath respectively in the
remainder of this paper.

Morphometrics

All the birds were at least one year old — and up to 37 years old
— at the time when measurements were taken, and were thus
all considered fully-grown adults. We relied on growth curves
recorded in the birds’ husbandry notes at ZooParc de Beauval,
which showed that hand-reared palm cockatoos reached adult size
before one year. For the 69 individuals — 39 males and 30 females
— for which all measurements were available, overall morphology
differed between the sexes (Wilks’ A = 0.24, Fg ¢0) = 24.28, p <
0.0001). This result led us to compare each measurement and
perform further discriminant analyses separately for males and
females.

An outcome of the previous mtDNA analyses was that six
of 69 individuals were found to have parents belonging to
the two different genetic groups. Unless indicated otherwise,
morphometric data for these six hybrids were discarded from
further statistical analyses.

For the remaining 63 individuals — 17 goliath and 46 aterrimus
— the overall morphology differed between subspecies (Wilks’” A =
0.29, Fg 54y = 16.66, p < 0.0001).

Table 2. Distribution of the 78 individuals in our sample® according to
genetic results.

Male Female Total
Group A 33 (26) 27 (18) 60 (44)
Group B 12 (11) 6 (5) 18 (16)
Total 45 (37) 33(23) 78 (60)

The numbers of individuals from the palm cockatoo EEP population are
indicated in brackets.
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Table 3. Body size (mm) and body mass (g) measurements.

aterrimus* goliath*
Mean SD Range Mean SD Range p-value?
Male
Weight 793.5 108.1 593-1000 1056.7 97.8 790-1184 <0.001
Wing 339.1 19.3 277-369 384.5 13.5 353-405 <0.001
Tarso-metatarsus 35.9 3.8 24-41 41.9 2.1 38-45 <0.001
Beak length 87.1 7.9 60-108 95.1 5.9 85-106.5 0.0019
Beak height 41.3 2.7 34-45 47 4 42-53 <0.001
Beak width 237 3.2 18-36 28.1 3.1 19-32 <0.001
Red cheek patch height 61.4 6.3 40-71 65.7 7.5 56-81 0.11
Red cheek patch length 54.9 9.5 37-72 60.7 6.8 53-73.5 0.047
Female

Weight 590.0 68.5 460-810 857.8 86.4 730-950 0.0021
Wing 321.9 18.8 260-355 360.8 19.0 325-380 0.0093
Tarso-metatarsus 335 4.1 24-39 38.0 3.0 33-42 0.036
Beak length 70.0 5.9 57-82 77.2 5.6 69-84 0.060
Beak height 35.4 2.4 29-41 41.4 3.2 37-46 0.016
Beak width 21.4 2.5 13-24 25.6 1.0 24-27 <0.001
Red cheek patch height 49.9 6.9 30-59 51.8 4.6 46-60 0.51
Red cheek patch length 49.3 11.9 28-83 50.6 4.5 46-59 0.70

Sample sizes: aterrimus — 29 males except for weight (27) and red cheek patch length (28) and 22 females except for weight (20); goliath — 12 males and
5 females. 2Significant comparisons (significance level set to 0.05) given in italics.

For males, all measurements except for the red cheek patch
measures differed significantly with a strong p-value in goliath
and aterrimus birds (Table 3). These measurements were
approximately 9-19% higher — 33% for weight — on average for
the goliath group. However, it should be noted that the ranges
of recorded values overlap for all measurements between the
goliath and aterrimus groups. This statement is also true for
measurements among females. Only beak length and both the

red cheek patch measurements failed to be significantly different
in females. Wing length, tarsometatarsus length, beak height and
width were significantly higher by 10-20% and weight by 45% on
average for goliath female birds.

In the light of these results, red cheek patch measurements do
not seem to be appropriate distinctive measurements. Several
participants also reported these measurements as the most
difficult ones to take and the most variable ones depending on the

(M1IPCA_2_Axis_1 we (M2) PCA_2_Axiz_2 by () Sexefzubspecies

- c_kmeans_1 c_kimeans_2 0 c_kimeans_3
- small medium large
A % O A aterrimus female
' H
A“ A ‘A‘ A |:|:‘|:| - o [ aterrimus male
O +
, At g = O [Tle i L H @ goliath female
[ L] T
A A = A %I] DI:I 4 e =+ goliath male
A
1 A A o A ] CF [} + il A hybrid female
Iy A i
‘A | hybrid male
+
2 A

Figure 3. Principal Component Analysis (PCA) scatter plot representing the 69 palm cockatoos included in the k-means clustering.
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Table 4. Contingency table displaying the distribution of the 69 palm
cockatoos included in the k-means clustering among the three defined
morphological clusters

C_kmeans_1 C_kmeans_2 C_kmeans_3
“ " P “ ” Total
small medium large

aterrimus 19 1 0 20
female

aterrimus 3 2 1 26
male

goliath 0 4 1 S
female

goliath 0 1 11 12
male

hybrid 0 5 0 5
female

hybrid 0 1 0 1
male

Total 22 34 13 69

opening of the beak. These factors resulted in a lack of reliability
for red cheek patch measurements, and so they were not used in
further analyses.

The clustering analysis was performed using a k-means
algorithm setting the number of clusters to three in order to
get three different size groups referred to as small, medium and
large. Our designation is arbitrary and does not reflect the actual
size of the birds: all six measurements have equal importance in
the determination of clusters. Since this statistical method does
not depend on classification of individuals — neither for their
subspecies or sex — all the palm cockatoos including hybrids were
included in the analysis. A contingency table between the resulting
morphological clusters and the “subspecies based on genotype +
sex” group reveals a significant difference in frequencies (Table
4; x*=100, p < 0.0001). It is noteworthy that there is no goliath
individual, neither male nor female, in the first “small” group, and
no aterrimus female in the third “large” group. Figure 3 shows the
distribution of the 69 palm cockatoos included in the clustering
analysis.

The final discriminant function obtained by a forward step-
wise discriminant analysis selected two variables as significant
measurements for distinguishing males between the subspecies:
wing and tarso-metatarsus lengths. Assignation was correct for
26 out of 26 (100%) for aterrimus and 11 out of 12 (92%) for
goliath. This model leads to the same error rates as when all six
measurements were taken into account in the linear discriminant
analysis. The unstandardised discriminant model derived from
these two discriminating variables is as follows:

D = 0.058 x wing length (mm) + 0.185 x tarso—metatarsus
length (mm) —27.60

A male palm cockatoo was defined as belonging to the goliath
subgroup if its measures led to a positive D, or to the aterrimus
subgroup if D was negative; the overall error rate obtained by
cross validation was 6.7%.

For females, only the weight was included in the final
discriminant function. The percentage of correct assignation
was lower, with 4 out of 5 (80%) goliath and 19 out of 20 (95%)
aterrimus correctly identified. This model has again the same error
rate as the discriminant analysis taking all six criteria into account.
The unstandardised discriminant model derived from the variable
weight is as follows:

D =0.0133 x Weight (g) — 8.53

A female palm cockatoo was defined as belonging to the goliath
subgroup if its measures led to a positive D, or to the aterrimus
subgroup if D was negative; the overall error rate obtained by
cross validation was 10%.

Discussion

The two genetic clusters we found for captive palm cockatoos are
consistent with the two clades identified by Murphy et al. (2007)
from wild specimens. The nucleotide variability figures were also
similar, although we found an average nucleotide divergence lower
for each group. Since we excluded related samples — offspring and
siblings — from the variability analysis, this observation cannot be
explained by this bias. However, we cannot rule out a possible
family relationship between founders of the captive population.
The precise geographical origin of these palm cockatoos — which
are of wild or unknown origin — is generally unknown; their
distribution could therefore be less representative of the overall
geographic range of palm cockatoos than the sample studied by
Murphy et al. It may also be accounted for by lower sample sizes
for both subspecies.

Mitochondrial DNA is maternally inherited and cannot therefore
identify possible hybrids between P. a. goliath and P. a. aterrimus
subspecies. For this particular aim, we tried simultaneously
throughout this research to identify nuclear markers for
subspecies. Because nuclear introns — non coding sequences
— are known for their high sequence variation (Primmer et al.
2002), and thus more likely to show variability between the two
subspecies, we investigated a dozen of them —autosomal or linked
to the Z chromosome — for single nucleotide polymorphism (SNP).
Unfortunately, no relevant SNP was found in the markers tested.
Even though the sequenced introns overall represented 7060 bp,
identification of relevant SNP for subspecies identification in palm
cockatoos could be looked for in the future using restriction-site
associated DNA (RAD) sequencing, which would enable much
higher throughput genotyping (McCormack et al. 2013).

The morphometric analysis is most probably biased by a lack
of consistency due to different people taking the measurements,
and due to differences between institutions in diet and husbandry
conditions that may affect body condition or other morphometric
measurements such as beak length (which depends on how much
it is worn down). Despite these biases, our morphometric analysis
showed that there is a significant correlation between overall size
— taking into account all six measurements — and the subspecies—
sex category. Palm cockatoos carrying the goliath haplotype were
found to have higher values for each measurement than those
carrying the aterrimus haplotype. This finding is consistent with
all previous morphological descriptions for P. a. goliath and P. a.
aterrimus. However, we found that each morphological criterion
measured here shows overlap between the two subgroups.
Subspecies assignation relying on morphology cannot lead to a
100% correct classification. Predictive discriminant analysis using
wing length and tarsometatarsus length remains satisfactory for
males, since it enables a correct subspecies assignation with a
6.7% error rate, which is equal to the prediction obtained with
six measurements. For females, the resulting equation is not as
satisfactory since it only takes into account weight, which is a
criterion dependent on other parameters — full vs empty crop,
diet, activity, possible illness, reproductive status — and it shows
a higher error rate of 10%. It would be interesting to have a
larger sample size for females in order to calculate a more robust
equation.

For 51 out of the 60 individuals included in the EEP, the
marker sequence belonged to the group corresponding to the
presumed subspecies. If we base this solely on genotyping,
subspecies assignation was thus correct in 85% of the cases
using a morphology overview — without precise measurement —
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and of course based on the parents’ origin when it was known.
Among the remaining nine individuals, three had their subspecies
determinations changed: two females from P. a. goliath to P. a.
aterrimus and one male from P. a. aterrimus to P. a. goliath. These
three individuals were of unknown or wild origin, without any
geographical indication for the latter. Their previous subspecies
determinations were based only on their size. We can assume
that the two females were considered as rather large and the
male as rather small to be respectively determined as goliath and
aterrimus. However, in this study these two females are classified
in cluster 1, “small”, and the male in cluster 3, “large”, which means
that they have a morphotype corresponding to their subspecies.
These three individuals indicate the lack of reliability of assigning
a palm cockatoo to a subspecies only on visual inspection without
precise measurements and without comparison with individuals
belonging to both subspecies. Six individuals were determined
to be hybrids: one was born from a female goliath and a male
aterrimus and five were siblings and born from a female aterrimus
and a male goliath. Interestingly all these hybrids — five females
and one male — are assigned to group 2, “medium”.

For captive breeding programmes, dealing with subspecies can
be challenging. If breeding programme coordinators choose to
manage subspecies separately, they create an artificial barrier that
prevents gene flow for populations that may actually interbreed
to a greater or lesser extent in the wild. In the particular case of
palm cockatoos, little is known about the zone of hybridisation in
New Guinea and the surroundings island: Murphy et al. (2007)
mentioned the possibility of a hybrid population in the Weyland
range. Nuclear markers are lacking to confirm this hypothesis. It
has, however, been recommended that independent conservation
status should be given to P. a. aterrimus and P. a. goliath, since
they correspond to distinct east—-west genetic lineages endemic
to each area (Murphy et al. 2007). In terms of morphology,
there are unfortunately no data available regarding geographical
distribution in situ that could show a similar correlation as found
in our sample.

From an ecological point of view, subspecies are populations with
different phenotypes corresponding to adaptive traits to particular
environments in terms of diet, habitat, population density, and
competing species (Hamilton 1961; Grant 1968). Conservation
efforts in situ aim at preserving these adaptive traits: subspecies
are therefore considered as conservation units and should be
maintained. Conservation breeding programmes in captivity
should follow the same management directive, all the more when
there is a clear discrimination between infraspecific populations
as observed in this study. In the light of these results, we therefore
conclude that captive breeding programmes for palm cockatoos
should continue to manage separate breeding populations of P.
a. aterrimus and P. a. goliath. The main difficulty for the future
for the European Breeding Programme, which was confirmed by
this research, is the very low number of representatives of P. a.
goliath.
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