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([HFXWLYH�6XPPDU\ 
In April 2015, the Australian Centre for Wildlife Genomics (ACWG), Australian Museum 
Research Institute was engaged by the Roads and Maritime Service (RMS) to provide a 
genetic assessment of a Koala (Phascolarctos cinereus) population found within and 
around the Wardell area of the mid-north coast of New South Wales, with the aim of 
providing information on four project deliverables. 

On the 17th June 2015, 38 Koala tissue samples were received by the ACWG at the 
Australian Museum in Sydney. Using standard operating procedures, DNA was 
successfully extracted from all 38 samples and a portion of the mitochondrial DNA 
(mtDNA) Control Region was sequenced. All 38 samples were successfully genotyped for 
15 microsatellite loci (at the Australian Genome Research Facility, Melbourne). 

Standard population genetics diversity indices for both the mtDNA and microsatellite 
data were generated for the Wardell Koala population and compared to data generated 
from four other sites in northern NSW and southern Queensland. The results of this 
analysis suggest that the levels of genetic diversity present in Wardell Koalas is 
comparable to that found at other locations in the region. 

Analysis of the genetic structure among the Koalas sampled from Wardell revealed no 
pre-existing population sub-structure (Project deliverable 1). In a regional context there 
was evidence for gene flow across the populations sampled in the region (for both 
mtDNA and microsatellites), but with some genetic differentiation associated with 
geographic distance. This pattern indicates that populations that are geographically 
closer to one another are more closely related genetically than those that are 
geographically further apart. This is a pattern of differentiation often seen in wildlife 
population of species with some limitations to dispersal and therefore gene flow (Project 
deliverable 2)  

Specific locus allele frequencies for the Wardell Koala population are given in Appendix 1 
(Project deliverable 3) 

Details of laboratory methods, data validation and analysis are given on pages 4-7 
(Project deliverable 4). 
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3URMHFW�%DFNJURXQG� 
As part of its flagship research project, The Koala Genome Project, 
(http://koalagenome.org/drupal/) the Australian Centre for Wildlife Genomics (ACWG), 
at the Australian Museum Research Institute has an established research programme 
investigating the population genetics of northern New South Wales (NSW) Koala 
populations. The primary aim of this research is to understand the genetic diversity and 
structure of Koala populations in the Port Macquarie and Coffs Harbour regions. These 
populations have been examined to identify causes of population structuring, including 
natural biogeographic barriers or more recent barriers to gene flow such as major roads. 
This research project has recently expanded to also include populations from southern 
Queensland, Victoria as well as captive NSW Koalas, with the aim of collating one of the 
largest population genetics assessments of this species to date. Thus far over 250 
individual Koalas have been sampled from northern NSW and south eastern Queensland 
(i.e. Port Macquarie, Coffs Harbour, Tyagarah, and Coomera) and analysed using both 
microsatellite markers and mitochondrial DNA (mtDNA). 

3URMHFW�0HWKRGV� 

6DPSOHV�DQG�'1$�H[WUDFWLRQ��� 
A total of 38 tissues samples of Wardell Koalas were received by the ACWG on the 17th 

June 2015. Genomic DNA was extracted from the 38 tissue samples using the high salt 
method (Sunnucks and Hales, 1996) following standard protocols. 

For comparison, additional samples held by the ACWG as part of an ongoing research 
programme investigating the population genetics of Koalas across their distribution (as 
outlined in Project Background), were also extracted using the protocol above and 
included in subsequent analyses. For microsatellite analyses, a total of 231 Koala 
samples from four surrounding locations – Port Macquarie, Coffs Harbour, Tyagarah and 
Coomera were genotyped and included as described in the Microsatellite section below. 
For mtDNA analyses a total of 454 Koala samples were included from across the species’ 
distribution, including 243 from the four sites included in the microsatellite analyses as 
outlined in the Mitochondrial DNA section below. 
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Figure 1: Map of Koala distribution, showing natural distribution (blue) and reintroduced 
sites (red). Insert shows the focal site (Wardell in yellow) and surrounding sampling 
locations in north-eastern NSW and south-eastern Qld (in black). Distribution map 
adapted from Van Dyck & Strahan (2008). 

0LFURVDWHOOLWH�PDUNHUV��� 
Development and amplification: To screen for tetra-, tri- and di-nucleotide 
microsatellite loci in the Koala, DNA was extracted from muscle tissue of one Koala 
specimen (Australian Museum Mammals #M.35147.004) using the DNeasy blood and 
tissue DNA extraction kit (QIAGEN). A total of 15.0μg of RNAse-treated genomic DNA 
was used in 1/8 of a plate for pyrosequencing by an external service provider, the 
Australian Genome Research Facility (www.agrf.com.au), on a Roche GL FLX (454) 
system. Using QDD (Meglécz et al. 2010), a program designed for both microsatellite 
detection and primer design for large data sets, we identified 1482 sequences that 
contained putative microsatellite motifs with five or more repeats and which had 
sufficiently-long flanking regions free of nanosatellites for which primers could be 
designed. 17 loci were identified that consistently and reliably amplified; these were 
optimised and used for genotyping. 

Polymerase Chain Reaction (PCR) amplification was conducted using the following 
conditions: 94 °C for 5 min followed by 11 cycles at 94 °C (30 s), 60–55 ° (45 s; dropping 
0.5 °C per cycle), and 72°C (45 s); followed by 19 cycles at 94°C (30 s), 55 °C (45 s), and 
72 °C (45 s); followed by 8 cycles at 94 °C (30 s), 53 °C (45 s), and 72 °C (45 s); and a final 
extension step at 72 °C for 10 min. Multiplexed PCR products using labelled primers 
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were run on a AB3730xl Sequencer by AGRF (Melbourne) and scored using 
GENEMAPPER 4.1 (Applied Biosystems). Any ambiguous genotypes were re-amplified. 
To ensure amplification and scoring consistency, at least 10% of samples at each locus 
were independently rerun and genotyped (Project deliverable 4). MICROCHECKER 2.2 
(Van Oosterhout et al. 2004) was used to check for the presence of null alleles (Project 
deliverable 4). 

Population genetic analyses: 
Genetic diversity: To assess the levels of genetic diversity within the Wardell population 
and surrounding locations we calculated standard population genetics diversity indices, 
including allelic diversity (NA), allelic richness (AR; which allows for comparisons between 
sites comprising different sample sizes), private alleles (AP; the average number of alleles 
only found in that population) and levels of expected (HE) and observed heterozygosity 
(HO). Exact tests for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) 
were conducted in GenAlEx 6.5 (Peakall & Smouse, 2012; 2006), GENEPOP 4.2 (Rousset 
2008) and FSTAT 2.9 (Goudet 2001; Project deliverable 4). 

Population genetic structure: The degree of genetic structure within the Wardell 
population (Project deliverable 1 & 3), and among surrounding Koala sampling localities 
(Project deliverable 2; i.e. Port Macquarie, Coffs Harbour, Coomera and Tyagarah – see 
Figure 1) was assessed using six different analytical approaches: STRUCTURE, DAPC, F-
statistics, AMOVA, assignment tests, IBD (details provided below). 

We calculated FST to assess levels of differentiation between sampling localities 
following the Weir & Cockerham (1984) approach in FSTAT 2.9. 

An analysis of molecular variance (AMOVA) was implemented in GENALEX 6.5 to 
investigate if significant genetic partitioning occurred among our sampling locations, 
with significance calculated via bootstrapping (999 permutations). 

To test for isolation by distance (IBD), a Mantel test was performed to test for a 
correlation between genetic and geographic distance matrices using genetic distances 
calculated in GENALEX 6.5.  

To provide an indication of movement/gene flow between Wardell and surrounding 
sites, we undertook an assignment test in GENALEX 6.5. This test determines the 
likelihood of an individual originating from the population it was sampled in, based on 
allele frequencies within each population. 

Spatial autocorrelation, implemented in GENALEX 6.5, was used to investigate spatial 
genetic structure within the sampled Wardell population. The SinglePops model was 

� �� 



 
   

 

  
 

   
   

  
 
 
 

  
  

  
 

 
 
 
 
 
 
 
 

  
 
 
 
 

    
  

 

 
 

  
   

  
    

used to calculate average pairwise relatedness at various distance classes ranging from 
50 m – 15 km, with significance values calculated by bootstrapping with 999 
permutations.  

To assess the levels of genetic structure both within the sampled Wardell population 
and surrounding populations within north-eastern NSW and south-eastern Qld, 
STRUCTURE 2.3 (Pritchard et al. 2000) was used to assess genotypic clustering and 
calculate assignment probabilities. Within Wardell, we examined values of K = 1-5, using 
the ‘admixture’ model with correlated allele frequencies, running ten replicates for each 
value of K, with 105 Markov Chain Monte Carlo (MCMC) iterations and 104 burn-in 
iterations. When examining all the sampled populations, analyses were run for values of 
K = 1-10 (twice the number of localities sampled). Two analyses were run using the 
‘admixture’ model, one assuming correlated and one assuming independent allele 
frequencies. Again, ten replicates were run for each value of K, with 105 MCMC 
iterations and 104 burn-in iterations. The most likely number of genetic clusters (K) 
within Wardell and among sample localities was determined by first manually examining 
log-likelihood values and using the ΔK method of Evanno et al. (2005). 

In addition to STRUCTURE 2.3, we used discriminant analysis of principal components 
(DAPC) to describe the genetic relationship among sampling localities. DAPC is a 
multivariate method that uses principal components analysis (PCA) to transform data 
into uncorrelated components, which are then analysed using a linear discriminant 
method (Jombart et al. 2010). This method is ideal for assessing small and potentially 
fragmented populations because, unlike STRUCTURE, it does not assume HWE and 
linkage equilibrium, which are assumptions often violated in natural populations. We 
used the R package, adegenet (Jombart 2008), implemented in R 2.12 (R development 
core team 2013; www.r-project.org) to run DAPC. Missing data were replaced with the 
mean, following Horne et al. (2011) and Dennison et al. (2015). The number of genetic 
clusters was selected using the find.clusters function and Bayesian Information Criterion 
(BIC). In DAPC, retaining too many principal components (PCs) as predictors with respect 
to sample size can result in over-fitting the model, while retaining too few can reduce 
statistical power. The a.score function in the R package, adegenet (Jombart 2008), 
suggests the optimal number of PCs to retain taking into account this trade off, so 
following a.score’s recommendation, a conservative 8 PCs were retained for our DAPC 
analysis. 

Mitochondrial DNA: 
Amplification: A ~800 base pair (bp) fragment of Domain 1 of the mitochondrial DNA 
Control Region (CR) was also amplified from each individual using primers L15999M and 
H16498M (Fumagalli et al. 1997). PCRs were carried out in 25 μl reactions with 1000 ng 
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of genomic DNA; BiolineMyTaq buffer; 2 pmol corresponding primers. Negative controls 
were included in each PCR. PCRs were performed on an Eppendorf Mastercycler EpS 
under the following conditions: initial denaturation (94 qC for 3 min); 36 cycles of 
denaturation (94 qC for 20 s); annealing (60 qC for 40 s) and extension (72 qC for 40 s) 
followed by a final extension (5 min at 72 qC). PCR products were cleaned using ExoSap-
IT � (USB Corporation, Cleveland, Ohio, USA). Sequencing was resolved on an AB 3730xl 
Sequencer at AGRF Sydney, and verified. Any individuals with ambiguous sequence data 
or unique singleton haplotype (i.e. it was the only individual possessing that sequence) 
were re-amplified and verified.  Five samples were re-amplified and sequenced as 
controls to ensure data integrity. Once verified, all sequences were aligned using the 
CLUSTAL X algorithm implemented in MEGA 6 (Tamura et al. 2013). Generated 
haplotypes were compared to existing published Koala haplotypes (available on 
Genbank; accession numbers AJ005846 to AJ005863; KJ530551 to KJ530556; KC505325; 
GQ851933 to GQ851940; AJ012057 to AJ012064; KF745869 to KF745875) 

Data analysis: To estimate the levels of mtDNA CR diversity, haplotypic diversity (h – the 
number of different sequences/haplotypes present) and nucleotide diversity (π – the 
degree of differences between sequences; Tajima. 1983) were calculated within sites 
using ARLEQUIN 3.5.2.1 (Excoffier & Lischer 2010). These measures of genetic diversity 
were also calculated for surrounding localities (Port Macquarie, Coffs Harbour, Tyagarah 
and Coomera) for comparison. 

The levels of differentiation at the mtDNA CR between Wardell and surrounding 
sampled populations were assessed via pairwise ΦST. Analysis of molecular variance 
(AMOVA), which utilises the distribution of, and sequence divergence between, 
haplotypes was implemented in ARLEQUIN 3.5.2.1 to assess how mtDNA diversity was 
partitioned (either within or between populations). We also assessed the influence of 
geographic distance by comparing the extent of differentiation (ΦST) with the geographic 
distance between populations. The significance was estimated using Mantel’s test, with 
10000 permutations in ARLEQUIN 3.5.2.1. 

For the mtDNA CR haplotypes found in Wardell we constructed a haplotype network 
using the TCS procedure (Clement et al. 2002) implemented in PopART 
(http://popart.otago.ac.nz) to show how the different haplotypes were related. We then 
constructed a network containing all existing Koala mtDNA haplotypes to place Wardell 
in a broader distributional context.  

3URMHFW�5HVXOWV� 
� 
Genomic DNA was successfully extracted from all 38 samples provided from Wardell. All 
individuals were also successfully genotyped at 17 microsatellite loci and sequenced for 
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a ~800 bp portion of the mtDNA CR. Two microsatellite loci were removed from 
subsequent analyses; locus Pcin01 was found to be monomorphic at all sampling 
localities and locus Pcin13 showed evidence of null alleles at Wardell and three out of 
the other four sampled populations. The probability of identity, which is the probability 
of obtaining two identical microsatellite genotype profiles by chance using this 
combination of loci was 1.7 x 10-15, indicating that this is a powerful marker set. 
Comparisons of the duplicate individuals used to assess consistency of genotype scoring 
showed that all individuals were consistently scored across all loci. All of the remaining 
15 microsatellite loci were found to be in HWE and there was no evidence for LD 
(Project deliverable 4). Two out of the five localities, Port Macquarie and Coffs Harbour 
were significantly out of HWE. This in not surprising, given sampling at these localities 
covered a broader geographical area than other sites and this disequilibrium is possibly 
due to a Wahlund effect from some within-site spatial structure (Wahlund 1928). 

A summary and explanation of the results of each analysis undertaken to assess genetic 
diversity and structure (see Project deliverables 1 & 2) is provided below; separated into 
four sections; 1. Levels of genetic diversity, 2. Genetic sub-structuring within Wardell, 3. 
Gene flow between Wardell and surrounds, and 4. Genetic structure within north
eastern NSW/south-eastern Qld (i.e. Wardell in the context of the surrounding area). 

��� /HYHOV�RI�JHQHWLF�GLYHUVLW\�� 
A summary of standard genetic diversity indices can be found in Table 1. Based on the 
samples provided, the Wardell population contained an average of 5 (±0.4) alleles per 
locus (range 3 – 9 alleles per locus), with an average expected heterozygosity of 0.62 
(±0.03; Table 1). Two mtDNA CR haplotypes were identified, Pc7 and Pc13, which were 
separated by 11 base pairs and correspond to published haplotypes H5/Q1 and H2/Q8 
respectively (Houlden et al. 1999; Fowler et al. 2000). These levels of diversity are similar 
to those found in other Koala populations in north-eastern NSW and southern 
Queensland (Table 1). However, compared with populations in the southern parts of the 
range, such as French Island and Western Victoria, Wardell exhibits high levels of genetic 
diversity (Houlden et al. 1999; ACWG unpublished data 2015). In general, while 
measures of genetic diversity obtained from different microsatellite loci are not directly 
comparable these indices of genetic diversity suggest that Koalas contain moderate 
levels of genetic diversity compared with other marsupials (Eldridge et al. 2010). For 
example, levels of genetic diversity appear lower in Koalas compared with highly mobile 
macropodids (e.g. western grey kangaroo; Neaves et al. 2009; 2012) and some arboreal 
species (e.g. ring-tailed possum, Lancaster et al. 2011) but are similar to those observed 
in other species with similar dispersal tendencies/habitat requirements, particularly in 
fragmented landscapes (e.g. long-nosed potoroo (Frankham et al. 2015) and spotted-
tailed quoll (Firestone et al. 1999)).  
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��� *HQHWLF�VXE�VWUXFWXULQJ�ZLWKLQ�:DUGHOO� 
We investigated patterns of genetic structure within the sampled Wardell population to 
determine if there was any sub-structuring present (Project deliverable 1). Multiple 
analyses (PCA, DAPC and STRUCTURE) all showed a single genetic unit within the focal 
area. That is, no genetic structure was detected. Spatial autocorrelation showed no 
significant genetic structure at all distance classes assessed within Wardell (Figure 2), 
and STRUCTURE and DAPC analyses (graphs not shown) assigned all individuals from 
Wardell to one genetic cluster.  Furthermore, as Figure 3 shows individuals sampled 
from ‘eastern’ and ‘western’ regions of the focal area (based on data provided) form a 
single cluster. This lack of spatial genetic structure within the focal site is expected given 
the potential for Koalas to move large distances (Dique et al. 2003). Mitochondrial DNA 
also revealed no sub-structuring within Wardell, with 37 of the 38 individuals sampled 
sharing a haplotype. 

Figure 2. Spatial autocorellogram of Koalas sampled at Wardell. Average pairwise 
relatedness (± SE) is given at a range of distance classes. Red dotted lines represent the 
95% confidence interval around which relatedness is effectively zero (i.e. random mating 
with no genetic structure). 
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Figure 3: PCA plot showing the genetic distance between individuals within the Wardell 
focal area. Red diamonds represent individuals sampled in the west, while blue circles 
represent those sampled in the east of the focal area. 

��� *HQH�IORZ�EHWZHHQ�:DUGHOO�DQG�VXUURXQGLQJ�ORFDWLRQV� 
To determine how genetic diversity is partitioned among Wardell and surrounding sites 
we used an AMOVA. This analysis revealed that the genetic diversity present in the 
region is found primarily within sites, rather than partitioned between them (Table 2). 
This is reflected in the low numbers of private alleles (those found only within a single 
population) in Wardell or any other sampled population in the surrounding area (Table 
1). A detailed summary of the by-locus allele frequency can be found in Appendix 1 
(Project deliverable 3). 

Mitochondrial DNA CR diversity showed a different pattern, reflecting the fact that 
mtDNA is maternally inherited. The AMOVA showed that mtDNA diversity was primarily 
partitioned between our sampled populations within the region surrounding Wardell, 
with only a small portion of the diversity found within populations. This result, likely 
reflects more limited movement in female Koalas, compared to males, leading to 
differences in the maternal lineages found at each site. On a larger landscape scale, 
however, the two haplotypes present at Wardell have also been recorded elsewhere in 
the range (see section 4 for details). 
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Table 2: AMOVA showing the partitioning of genetic diversity between and 
within Koala ‘populations’ for a. microsatellite markers and b. mitochondrial 
DNA 
Source df SS MS Est. Var. % 

a. Microsatellite 
Among Pops 4 620.727 155.182 3.456 25% 
Within Pops 264 2717.198 10.292 10.292 75% 
Total 268 3337.926 13.748 100% 

b. Mitochondrial DNA  
Among Pops 4 576.555 4.157 92.71 
Within Pops 230 75.152 0.327 7.29 
Total 234 651.707 4.484 100% 

The levels of genetic differentiation varied between 0.101 and 0.217 among the sampled 
sites for microsatellites (FST) and between 0.000 and 0.991 for mtDNA data (ΦST) (Table 
3). For the microsatellite data, there were significant levels of differentiation between all 
the sampled populations. Similarly, significant differentiation was found between all the 
sampled populations for mtDNA, with the exception of Tyagarah and Coomera. At this 
scale, these levels of population differentiation are expected given the geographic 
separation of our sampling sites and do not indicate an absence of gene flow between 
these locations. There was a significant positive correlation between genetic distance 
and the geographic distances separating sampling sites (Figure 4), an effect common in 
wildlife populations and known as isolation by distance. Hence, the further sampled sites 
were away from one another the more likely they were to be different, but each site is 
connected to others by gene flow from nearby locations. These data indicate gene flow 
occurs between Wardell and the surrounding areas.  

Estimating numbers of animals moving between sites accurately is not possible without 
additional samples from nearby locations and, ideally, intensive tagging (either physical 
or genetic) and monitoring of individuals. However, to provide an idea of the movement 
of individuals between our sties we assessed the likelihood of individuals originating 
locally within Wardell. This analysis revealed evidence that at least two individuals 
appeared to originate from elsewhere (possibly the Coffs Harbour and Tyagarah areas), 
suggesting relatively recent immigration into the Wardell population. One of these 
individuals also possessed a distinct mtDNA haplotype to other Koalas in Wardell, 
further suggesting a non-local origin for this Koala. Additionally, examination of the 
other sampling localities suggested movement out of Wardell, with two individuals from 
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Coffs Harbour being more similar to Koalas found in Wardell than Coffs Harbour. 
Together these data indicate that gene flow has historically occurred amongst 
populations of Koalas throughout this region and maintenance of this gene flow (i.e 
maintenance of habitat corridors to facilitate this gene flow) is likely to be critical to 
maintaining genetic diversity within these populations in the future. 

Table 3: Levels of differentiation between Wardell and surrounding locations. FST values 
calculated from microsatellite data are given above the diagonal and ΦST calculated from 
mitochondrial data are given below. * denotes significance at the 5% level. 

� Wardell 
Port 
Macquarie 

Coffs 
Harbour 

Tyagarah Coomera 

Wardell - 0.180* 0.140* 0.115* 0.181* 
Port Macquarie 0.933* - 0.101* 0.217* 0.204* 
Coffs Harbour 0.960* 0.204* - 0.171* 0.155* 
Tyagarah 0.961* 0.940* 0.991* - 0.174* 
Coomera 0.955* 0.937* 0.0990* 0.000 -

Figure 4: Relationship between genetic distance (GD; y-axis) and geographic distance 
(GGD; x-axis) between locations in north-eastern New South Wales and south
eastern Queensland based on microsatellite data. (Isolation by distance) 
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��� *HQHWLF� VWUXFWXUH� ZLWKLQ� QRUWK�HDVWHUQ� 16:� DQG� VRXWK� 
HDVWHUQ� 4OG� �L�H�� :DUGHOO� LQ� WKH� FRQWH[W� RI� VXUURXQGLQJ� 
ORFDWLRQV� 

To place Wardell in a wider context we investigated the presence of genetic structure 
across the region for microsatellites, and across the distribution for mtDNA CR 
haplotypes. Figure 5 shows a PCA plot based on microsatellite genotypes, which 
provides a detailed picture of how genetically similar/dissimilar individual sampled 
Koalas are to one another. As the figure shows, the five sampled locations show some 
differences, reflecting the geographic distances that separate them, but there is no 
evidence of major genetic breaks within the region. This pattern is indicative of isolation 
by distance (as described above) and further sampling of intervening locations is likely to 
bridge the gaps between our localities. 

PCA 1-2�Coffs Harbour� 
Tyagarah� 
Port Macquarie� 
Wardell� 
Coomera� 

Figure 5: PCA plot showing Wardell and the four surrounding sampling sites. Each dot 
represents an individual Koala, and colours indicate the location from which they were 
sampled. The open circles represent the 95% confidence ellipses for each group. 

STRUCTURE (using both correlated and independent allele frequencies) and DAPC 
analyses both indicated three genetic clusters are present in our dataset, which 
corresponded geographically to Port Macquarie, Coffs Harbour and the three northern
most sites – Wardell, Tyagarah and Coomera (Figure 6).  Unlike the analyses undertaken 
to assess gene flow between sites (described in section 3), these methods are not reliant 
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on sampling information and identify genetic clusters based on the genetic similarity 
between individuals (regardless of their geographic location). There is however, some 
overlap in the genetic clusters (DAPC scatterplot Figure 6a) suggesting gene flow occurs 
(or has occurred recently) between them and it is likely that additional sampling 
between the five sites will show further evidence of the gene flow between these 
clusters. These results highlight the importance of maintaining habitat connectivity 
between Koala populations to prevent isolation of any individual population or 
restricting gene flow along the coast, which may lead to the loss of genetic diversity and 
decline in population health. 
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Figure 6. a. DAPC plot showing the three genetic clusters (encompassed by 95% confidence 
ellipses) identified in north-eastern NSW and south-eastern QLD. b. Plot showing the probability 
of assignment to the three potential genetic clusters generated by DAPC. Individuals are 
grouped according to the location they were sampled from. Cluster 1 corresponds to Port 
Macquarie, cluster 2 to Coffs Harbour and cluster 3 contains individuals from Tyagarah, Coomera 
and Wardell. c. Equivalent population assignment plot generated in STRUCTURE using the 



  
   

 
  

  
  

  

  
 
 

  
 

  
  

  
 
 
 

    

“admixture” model with independent allele frequencies; 1 corresponds to Port Macquarie, 2 to 
Coffs Harbour, 3 to Tyagarah, 4 to Coomera and 5 to Wardell. 

An analysis of mtDNA CR haplotypes from individuals distributed throughout the range, 
encompassing Qld, NSW, Vic and reintroduced Koala populations in South Australia 
(derived from samples held by ACWG and published data) revealed that overall there is 
little evidence of mtDNA genetic structure in Koalas. Within the north-eastern 
NSW/south-eastern Qld region, five haplotypes were identified, one (Pc7) was shared 
among Wardell, Tyagarah and Coomera, while Pc2 was shared between Coffs Harbor 
and Port Macquarie and the remaining three were unique to the populations they were 
sampled from (e.g. Pc13 in Wardell; Figure 7a). However, at the broader distributional 
scale for Koalas, very few haplotypes were restricted to a single location and several 
were present in multiple states (Figure 7b). For example, both haplotypes present in 
Wardell (Pc7 and Pc13) were also found elsewhere in NSW (e.g. Kyogle, Lismore, 
Narrandera, Tyagarah, Iluka Round Mountain, Tanglewood area) and Qld (e.g. Coomera, 
Gold coast and Mutdapilly; Figure 7b). Additionally, the haplotypes identified within the 
examined populations in north-eastern NSW and south-eastern Qld were present 
throughout the distribution (Figure 7a).  The patterns observed in mtDNA data reflects a 
long history of gene flow across Koala populations but with some localized structure 
reflecting the more limited short-term dispersal of females. 
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a 

b 

Figure 7: Mitochondrial DNA Control Region haplotype TCS networks for a. north-eastern NSW 
and south-eastern Queensland sites and b. all Koalas across the range. Hatches represent single 
base pair mutations, black circles are unsampled haplotypes and coloured circles are sampled 
haplotypes. The size of each circle reflects the number of times that haplotype was sampled and 
is divided according to the proportion of samples from each sampling location. a. Haplotypes 
from Wardell are shown in yellow, Tyagarah in red, Coomera in purple, Port Macquarie in pink 
and Coffs Harbour in blue b. Haplotypes from NSW are shown in blue, Qld in yellow and SA and 
Vic are shown in pink.  Haplotype Pc7 and Pc13 were found in Wardell, indicated by the black 
arrows. 
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6XPPDU\� 
x� Wardell is a genetically diverse Koala population, exhibiting similar levels of 

diversity to other sites sampled in this region (and higher than  southern Koala 
populations) 

x�	 Based on the samples provided, there is no evidence of sub-structuring or spatial 
genetic structure within Wardell 

x�	 All sites sampled showed some degree of genetic differentiation consistent with 
isolation by distance. 

x�	 Gene flow is apparent between Wardell and other sites sampled in the 
surrounding area. In addition, there is evidence of recent movements of 
individuals, with two Wardell individuals appearing to have originated from 
outside Wardell. 

x�	 Genetically, Wardell is most similar to sampling locations further north (i.e. 
Tyaragah and Coomera) but there is evidence of a long history of gene flow (both 
nuclear and mitochondrial) throughout the region, and across the species’ entire 
distribution.  

3URMHFW�'HOLYHUDEOHV� 
The requested project deliverables are referred to throughout the report, but a 
summary is also provided below: 

1.�	 Analyses of population structure and gene flow within the focal area will 
be conducted. The results of these analyses revealed there was no 
evidence of genetic structure within the focal area. See section 2 for 
details. 

2.�	 Analysis will be conducted to determine whether the focal population 
appears to be connected to populations in the surrounding area.  For this 
analysis, animals from neighbouring regions closer to Ballina will be 
compared.  Gene flow connects the focal population to other sampled 
locations within the surrounding area (i.e. Port Macquarie, Coffs Harbour, 
Tyagarah and Coomera). See sections 3 and 4 for details 

3.�	 By-locus allele frequency information for the population as a whole, and, if 
subpopulation structure is present, allele frequencies for each 
subpopulation will be reported. A summary of the allele frequencies for 
each locus for all Wardell samples can be found at the end of this report. 
These values are for all individuals sampled at Wardell as there was no 
evidence of sub-structure. 
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4.� Summary of procedures undertaken for data validation will be reported 
(e.g. replicates and controls).  Including testing for Hardy-Weinberg 
equilibrium and null alleles. A summary of all the validation procedures 
can be found in the methods section of this report. In brief, this included 
the use of positive and negative controls in all laboratory protocols and at 
least 10% of all samples were replicated to ensure consistency in 
genotyping and sequencing. For microsatellite loci, tests for Hardy-
Weinberg equilibrium, linkage disequilibrium and null alleles were 
conducted. The results of these analyses are described at the start of the 
results section. 
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Locus Alleles Frequency 
Pcin3 

137 0.105 
141 0.013 
145 0.263 
149 0.039 
153 0.474 
157 0.105 

Pcin5 
176 0.342 
180 0.066 
188 0.276 
192 0.276 
200 0.039 

Pcin6 
153 0.447 
157 0.250 
161 0.303 

Pcin7 
133 0.434 
137 0.276 
141 0.158 
145 0.132 

Pcin8 
138 0.263 
142 0.566 
146 0.118 
158 0.026 
162 0.026 

Pcin9 
123 0.395 
125 0.250 
127 0.118 
129 0.013 
131 0.145 
135 0.079 

Pcin10 
129 0.197 
131 0.013 
141 0.763 
143 0.026 
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Pcin11 
129 0.421 
133 0.053 
135 0.316 
139 0.013 
143 0.013 
145 0.066 
147 0.013 
149 0.105 

Pcin14 
132 0.224 
140 0.408 
142 0.013 
144 0.355 

Pcin15 
138 0.039 
140 0.105 
142 0.250 
144 0.105 
152 0.013 
154 0.158 
156 0.197 
158 0.118 
162 0.013 

Pcin19 
88 0.618 
97 0.289 
100 0.092 

Pcin20 
253 0.566 
256 0.421 
259 0.013 

Pcin21 
215 0.237 
221 0.079 
227 0.579 
230 0.092 
233 0.013 

Pcin22 
310 0.039 
313 0.013 
316 0.105 
319 0.066 
322 0.303 

� ��� 



  
  

  
  
  
  

  

325 0.474 
Pcin23 

87 0.026 
90 0.118 
96 0.776 
99 0.039 
102 0.039 
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13th October 2015 

Australian Centre for Wildlife Genomics Results Report 

Addendum Report 

This is an addendum to the previous report by Neaves et al. (2015), relating to the genetic 
assessment of a Koala (Phascolarctos cinereus) population in the Wardell area of the mid-
north coast of New South Wales, which was conducted by the Australian Centre for Wildlife 
Genomics (ACWG), Australian Museum Research Institute and submitted to the Roads and 
Maritime Service (RMS) on the 12th August 2015. 

Addendum details: 

On the 7th of October 2015 RMS requested further assistance in the interpretation of the 
results of genetic analyses, including undertaking two additional analyses:  

(1) calculation of the genetic distance measure Aij (Rousett 2000) to estimate the size of the 
genetic neighbourhood, and; 

(2) calculation of the relatedness coefficient (r) (Wang 2002); 

These analyses were to be completed prior to the Koala Expert Advisory Committee 
workshop held on 14th October 2015. 

Using the same 38 Koala samples provided by RMS from the Wardell area and 17 
microsatellite markers described in the original report (Neaves et al. 2015), we calculated 
pairwise Wang’s (2002) relatedness coefficient (hereafter, r) and Rousset’s ‘Aij’ (hereafter, 
Aij) using SPAGEDI v.1.5 (Hardy & Vekemans 2002). 

The average r was -0.012 (SE = 0.008), the average Aij was 0.025 (SE = 0.005) and the 
average geographic distance between individuals was 6.5 km (SE = 0.16). No relationship 
between geographic distance and either of the genetic variables (r or Aij) was evident (Fig. 
1), which is consistent with our initial findings (See Fig. 2 Neaves et al. 2015). A reliable 
estimate of genetic neighbourhood could not be calculated from the available data. This was 
most likely due to the limited spatial genetic structure detected (see below for an 
explanation). 

The distances between potential first-order relatives (FOR = parent-offspring, full siblings) 
averaged 2.7 km, but ranged from 3 m to 11 km. This suggests substantial movement of 



  
Koalas across the site and is consistent with the lack of genetic structure previously reported 
by Neaves et al. 2015 in Wardell. 

These additional analyses are consistent with the patterns of dispersal previously reported in 
Neaves et al. (2015). The details of the analyses and results are described below and a 
complete list of the pairwise values is appended at the end of this report. 

Yours sincerely, 

Dr Rebecca Johnson, on behalf of the co-authors listed below.
 

Dr Linda Neaves, Siobhan Dennison, Dr Greta Frankham, and Dr Mark Eldridge
 

Accredited for compliance with (ISO/IEC 17025) interpreted for research 
using CITAC Guide CG2 “Quality Assurance for Research and Non 

Routine Analysis” (1998) 
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Details of Analyses and Results: 

1.	 Distance measure Aij (Rousett 2000) - estimate the size of the genetic 

neighbourhood
 

Using the genotypic data generated from the initial analyses (Neaves et al. 2015), we 
calculated pairwise Rousset’s ‘Aij’ (hereafter, Aij) for the 38 Koala samples from Wardell 
provided by RMS using SPAGEDI v.1.5 (Hardy & Vekemans 2002). The average geographic 
distance between individuals was 6.5 km (SE = 0.16), and average Aij was 0.025 (SE = 
0.005). 

Genetic neighbourhood size (Nb) is calculated by regressing the slope of Aij and log-
geographic distance over a restricted geographic range (Hardy & Vekemans 2002). We 
tested a range of geographic distance classes and densities based on those reported by 
Phillips and Chang (2013) and Phillips et al. (2015). However, the models failed to converge 
under all tested scenarios and therefore no reliable estimate of Nb (or gene dispersal; σ) 
could be calculated (Hardy et al. 2006). This can be attributed to (1) low marker 
polymorphism, (2) too narrow a sampling scale, or (3) weak spatial genetic structure (Hardy 
et al. 2006). Each of these limitation is likely to contribute to the lack of convergence in this 
instance, particularly point (3), as our previous analyses indicated Wardell Koalas exhibit 
little spatial genetic structure (Neaves et al. 2015). This is further demonstrated in the 
additional analyses reported here, as evidenced by the lack of a relationship between 
genetic and geographic distance (Fig. 1). 

2.	 Relatedness coefficient (R) (Wang 2002) 

Using the genotypic data generated from the initial analyses (Neaves et al. 2015), we 
calculated pairwise Wang’s (2002) related coefficients (hereafter, r) for the 38 Koala 
samples from Wardell provided by RMS using SPAGEDI v.1.5 (Hardy & Vekemans 2002). 

Relatedness values ranged from -0.59 (unrelated) to 0.69 (likely FOR), averaging -0.012 (SE 
= 0.008). As there were no data available on known relationship swe determined the range 
of potential relatedness values for FOR via a simulation analysis performed in 
CONANCESTRY (Wang, 2011; using the known allele frequencies for Wardell and 
simulating 1000 Koalas for 5 relatedness classes – parent-offspring, fullsibs, halfsibs, first 
cousins and unrelated). Based on this analysis we determined the relatedness values for 
FOR to be those greater than 0.38. This indicated 38 pairs (out of 703 pairwise 
comparisons) of Koala within Wardell were likely FOR. It should also be noted that based on 
the simulated dataset there is a 26% chance of misassignment of second-order relatives to 
FOR (and 10% for third-order relatives). The geographic distance between these likely FOR 
averaged 2.7 km and ranged from 3 m to 11 km. The proximity of some closely related 
Koalas may reflect daughters remaining near their mothers, as is observed in other 
marsupials (e.g. Frankham et al. 2012), but without associated data on the sex of Koalas 
this is uncertain. Regardless, these data indicate substantial movement of Koalas within 
Wardell consistent with previous finding of a lack of genetic structure (Neaves et al. 2015). 

Australian Centre for Wildlife Genomics | Australian Museum Research Institute 
Australian Museum, 1 William St, Sydney, NSW 2010 
http://www.australianmuseum.net.au/Australian-Centre-for-Wildlife-Genomics 

Page 3 of 23 

http://www.australianmuseum.net.au/Australian-Centre-for-Wildlife-Genomics


Fig. 1. The levels of genetic relatedness (top) and genetic distance (bottom) do not change 
substantially as geographic distance increases. 
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Appendix 

Table A1. Table of pairwise geographic distance (in km), relatedness (Wang 2002), 
and genetic distance (Rousset 2000) calculated from 38 Koala samples from 
Wardell. 
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From: Rod Kavanagh 
To: RAVALLION Julie A 
Cc: WILSON Simon; LAWRENCE Scott B 
Subject: FW: Dispersal Estimates - additional information 
Date: Tuesday, 3 November 2015 4:04:53 PM 
Attachments: image001.png 

image002.wmz 
image003.gif 

Hi Julie, 

These are the “comparative” results received late on Friday from Siobhan from the Australian
 Museum – for your records. 

Regards, 

Rod 

'U�5RG�.DYDQDJK 

3ULQFLSDO�5HVHDUFK�(FRORJLVW 
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From: Siobhan Dennison [mailto:Siobhan.Dennison@austmus.gov.au] 
Sent: Friday, 30 October 2015 4:03 PM 
To: Rod Kavanagh 
Cc: Linda Neaves; Greta Frankham; Rebecca Johnson; Mark Eldridge; 'William Sherwin' 
Subject: Dispersal Estimates - additional information 

Dear Rod, 

Here is the additional information you requested following our conversation earlier today. I have re-
calculated Nm for both within-Wardell (East vs West of the proposed upgrade), and between Wardell
 and Tyagarah. 

After we spoke, I had some further correspondence with Bill Sherwin too, who suggested that the
 arithmetic mean was the correct value to use rather than the value I had reported, which was output
 by Genalex. I have therefore included the arithmetic mean and standard error from these new
 analyses in Table 1 below for you. 

In addition, I re-calculated the arithmetic mean and standard error from the original analyses in
 Addendum II (calculated using the sHua cut-off of 0.0001) for these areas: 

Between Tyagarah and Wardell, Nm = 3.375 (SE = 1.886)
 
Within Wardell, East and West of the proposed upgrade, Nm = 11.365 (SE = 4.215)
 

I hope this helps! The values in the table below seem to align more with the values you gave me from
 the SCU report. Please do not hesitate to get back in contact if you have any further questions. 

Thank you and Kind Regards, 

mailto:Siobhan.Dennison@austmus.gov.au


 

 

 

 

 

Siobhan 

Table 1. Locus by locus estimates of Nm between (i) eastern and western sides of the proposed
 upgrade within Wardell, and (ii) between Wardell and Tyagarah (sHua cut-off = 0.01) 

Wardell East-West of proposed road Tyagarah & Wardell 
(East N = 5, West N = 33) (Tyagarah N = 17, Wardell N = 38) 

Locus Nm Locus Nm 
Pcin3 4.044 Pcin3 1.198 

Pcin5 26.355 Pcin5 0.200 

Pcin6 5.232 Pcin6 0.232 

Pcin7 5.407 Pcin7 35.732 

Pcin8 47.839 Pcin8 0.664 

Pcin9 31.291 Pcin9 0.324 

Pcin10 6.700 Pcin10 3.506 

Pcin11 5.171 Pcin11 0.103 

Pcin14 -* Pcin14 0.538 

Pcin15 4.275 Pcin15 0.632 

Pcin19 45.999 Pcin19 1.316 

Pcin20 -* Pcin20 0.662 

Pcin21 38.103 Pcin21 26.459 

Pcin22 6.545 Pcin22 0.585 

Pcin23 33.159 Pcin23 0.180 

Mean** (SE) 17.341 (4.538) Mean** (SE) 4.822 (2.799) 

* no estimate could be made for this locus, because sHua fell below the cut-off value 
** arithmetic mean 
� 
� 
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PEER REVIEW OF TWO REPORTS: 

“AMRI” 

“Koala population genetics management.  A report to the Roads and Maritime Service (RMS)”  12th 
August 2015.  Linda E. Neaves, Siobhan B. Dennison,, Greta J. Frankham, Mark D. B. Eldridge and 
Rebecca N. Johnson.  Australian Museum Research Institute 

and 

“SCU” 

“Genetic profiling of koalas: Woolgoolga to Ballina Pacific Highway Upgrade (Section 10-Wardell to 
Coolgardie)”.  August 2015.  Dr J.A. Norman, Dr C. Blackmore, Assoc. Prof. R. Goldingay & Prof L. 
Christidis. Southern Cross University. 

ASSESSMENT BY:  
PROFESSOR WILLIAM B SHERWIN 
Evolution & Ecology Research Centre 
Deputy Head, School of Biological, Earth and Environmental Science 
BEES, UNSW Australia, SYDNEY 2052 AUSTRALIA    FX: +61 (2) 9385 1558   PH: +61 (2) 9385 2119 
EM:W.Sherwin@unsw.edu.au  Web:http://www.bees.unsw.edu.au/staff/academic/Sherwin 
CRICOS Code: 00098G 

UNSW DISLCAIMER 

Peer comment is a process of subjecting research methods and findings to the scrutiny of 
others.  The peer comment process is integral to scholarly research.  The University of New South 
Wales (UNSW) attempts to ensure the accuracy and reliability of the information contained in this 
peer comment. UNSW will endeavour to correct any inaccuracies reported in any information in the 
peer comment in a timely manner.  UNSW accepts no liability for any loss or damage a person 
suffers because that person has directly or indirectly relied on any information contained in the peer 
comment. 

ASSESSMENT PROVIDED FOR 
MR SIMON WILSON 
Environment Officer 
Environment | Infrastructure Development 
Roads and Maritime Services 
Level 2 76 Victoria Street Grafton NSW 2460 
T  02 6640 1376 M  0477 315 247 
E Simon.WILSON@rms.nsw.gov.au 
www.rms.nsw.gov.au 
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SUMMARY and RECOMMENDATIONS 

In the Wardell area of northern NSW, a planned upgrade to the Pacific Highway passes through an 
area inhabited by koalas. NSW Roads and Maritime Services wishes to assess the possible impact of 
the upgrade on the koala population, and have commissioned two genetic reports: AMRI (by 
Australian Museum Research Institute) and SCU (by Southern Cross University). 

The question “Could the upgrade disrupt koala dispersal sufficiently to reduce the viability of the 
koala population?” is expressed as a series of deliverables, plus the apparent intention to follow up 
with a Population Viability Analysis (PVA).  I presume that PVA will be used comparatively, examining 
chance of population persistence over multiple generations, with various levels of dispersal between 
sub-populations. Such comparative use of PVA is called “sensitivity analysis”. 

To set the baseline for such a PVA, genetic methods can be used to assess the natural amount of 
dispersal between areas.  The margins of areas to be investigated can be set for various reasons 
including habitat suitability or human alteration (eg the highway upgrade). 

AMRI and SCU each used a number of different methods to assess genetic subdivision, without 
converting them to dispersal estimates.  It is currently not possible to make a direct comparison 
between the results of AMRI and SCU at Wardell, because there is insufficient corresponding 
geographic information.  This should be clarified with detailed geographic information for each 
individual at Wardell and immediate surrounds.  However, in both studies, there was a general 
pattern of increasing genetic similarity at decreasing separation (“Isolation by Disatnce”), but there 
were no clear boundaries where one locality was genetically isolated from another. 

But what is the dispersal across these boundaries?  In each report only one method specifically 
targeted dispersal, by identifying particular koalas who might have dispersed in the most recent 
generation:  those that were genetically assigned to a location other than the one in which they 
were sampled (AMRI); or those with first-order relatives in a location other than the one in which 
they were sampled (SCU).  Only a small number of individuals were identified as potential dispersers, 
but it is worth noting that only small numbers are needed to halt genetic differentiation by chance 
processes in transmission.  Thus the areas within Wardell, appear to be important for mutual 
support of each other, and adjacent areas. 

Both studies indicated that dispersal was relatively high both between subpopulations within 
Wardell, and between Wardell and adjacent areas. This dispersal probably does two things: opposes 
loss of genetic variation within subpopulations, and forestalls immediate extinction.  Therefore, a 
precautionary conservation management approach would be to avoid any reduction of the 
measured level of dispersal, pending results of the PVA-sensitivity analysis. 

There are two limitations to the use of AMRI’s and SCU’s genetic dispersal estimates as base-line 
dispersal for the PVA-sensitivity analysis.  The first limitation is that sample sizes are unavoidably 
small, so that the estimates are subject to high error rates.  This is compounded by the fact that 
these particular analyses only tell us about dispersal in the most recent generation. AMRI and SCU 
were correct to avoid methods that convert their genetic subdivision estimates into dispersal rates, 
because this has been criticised on various grounds. 

However, there exists a Mutual Information method that avoids the problems that beset other 
genetic dispersal measures, and can deal with the widest possible range of population sizes and 
dispersal rates.  The data from AMRI and SCU should be used in this way, to produce dispersal 
assessments as a baseline in the PVA-sensitivity analysis, to investigate how the koala population’s 
viability might be affected if the Pacific Highway upgrade reduces dispersal below this baseline. 

AMRI and SCU also produce estimates of Genetic variation within subpopulations, which can be 
included in some PVA programs. 

Finally, in commissioning the analysis of sensitivity of population extinction to altered dispersal, I 
encourage the Roads and Maritime Services to require information on not only the most likely 
outcome, but also the worst-case outcome, to facilitate precautionary management. 
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GENERAL COMMENTS
 

In the Wardell area of northern NSW, a planned upgrade to the Pacific Highway passes through an 
area inhabited by koalas. NSW Roads and Maritime Services wishes to assess the possible impact of 
the upgrade on the koala population, and have commissioned two genetic reports: AMRI (by 
Australian Museum Research Institute) and SCU (by Southern Cross University). 

The scope of the two reports appears to be slightly different.  The question “Could the upgrade 
disrupt koala dispersal sufficiently to reduce the viability of the koala population?” is expressed as 
deliverables that are listed by AMRI and SCU.  These deliverables are abbreviated as follows. 

1.	 CONNECTIVITY WITHIN WARDELL. AMRI 1: Analyses of population structure and gene flow 
within the focal area. Also SCU 1: Is the Wardell KMP spatially structured? 

2.	 CONNECTIVITY BETWEEN WARDELL AND SURROUNDS.  AMRI 2: Determine whether the 
focal population appears to be connected to populations in the surrounding area.  Also SCU 
2: Is the Wardell KMP an important source population for surrounding areas? 

3.	 WITHIN-LOCALITY GENETIC VARIATION.  AMRI 3. Allele frequency information for the 
population as a whole (and for each subpopulation if relevant). 

4.	 VALIDATION.  AMRI 4. Summary of procedures undertaken for data validation. 

The SCU report indicated the intention to follow these reports with a formal Population Viability 
Analysis (PVA).  I presume that PVA will be used comparatively, examining chance of population 
persistence over multiple generations, with various levels of dispersal between sub-populations.  
Such comparative use of PVA is called “sensitivity analysis” (Penn et al. 2000; Reed 2009). 

To set the baseline for such a PVA, genetic methods can be used to assess the natural amount of 
dispersal between areas.  The margins of areas to be investigated in this way might be set for various 
reasons including habitat suitability, human alteration (eg the highway upgrade), or intrinsic 
differences such as genetic incompatibilities (the latter are unlikely in the case of koalas, Sherwin et 
al. 2000).  In these reports, the AMRI and SCU are asked to assess dispersal between areas within 
Wardell KMP (deliverable 1), and between Wardell KMP and adjacent areas (deliverable 2). 

The spatial arrangement of sampling within Wardell was evident in the SCU study, but not in the 
AMRI study – perhaps AMRI did not have access to detailed location data.  

There are many different methods that use genetic data to estimate average levels of dispersal 
between areas for a PVA.  The AMRI and SCU reports each use a number of different methods to 
assess genetic subdivision, most of which were not converted to dispersal estimates.  In both 
studies, there was a general pattern of increasing genetic similarity at decreasing separation 
(“Isolation by Disatnce”), but there were no clear boundaries where one locality was genetically 
isolated from another. 

In each report only one method specifically targeted dispersal, by identifying some individuals who 
might have dispersed in the most recent generation: koalas that were genetically assigned to a 
location other than the one in which they were sampled (AMRI); or koalas with first-order relatives 
in a location other than the one in which they were sampled (SCU). 

Both studies indicated that dispersal was relatively high both between subpopulations within 
Wardell, and between Wardell and adjacent areas. As the authors point out, this dispersal probably 
does two things: opposes loss of genetic variation within subpopulations (thus potentially aiding 
future adaptability, Frankham et al. 2010), and forestalls immediate extinction, which is a risk in 
small isolated populations, including koalas (Lunney et al. 2002). 

Therefore, a precautionary conservation management approach would be to avoid any reduction of 
the measured level of dispersal, unless there had been assessment of the potential effects of such 
reduction.  However, if PVA-sensitivity analysis shows that a certain reduction of dispersal (x%) is not 
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likely to significantly affect population viability, then it would be reasonable to implement particular 
management options, if it could be reliably demonstrated that these options would reduce dispersal 
by no more than x%. 

SCU recommends that the genetic measures of dispersal be incorporated into the future PVA.  There 
are two limitations to the use of AMRI’s and SCU’s genetic dispersal estimates as base-line dispersal 
for the PVA-sensitivity analysis.  The first limitation is that sample sizes are unavoidably small, so that 
the estimates are subject to high error rates.  This is compounded by the fact that these particular 
analyses only tell us about dispersal in the most recent generation.  AMRI and SCU were correct to 
avoid methods that purport to assess dispersal over tens of generations, but have been criticised on 
various grounds. 

However, there exists a Mutual Information method that can successfully assess dispersal over tens 
of generations, from genetic data (Sherwin 2006, 2010, Dewar et al 2011, Chao et al 2015). This 
method avoids the problems that beset other genetic diversity and dispersal measures, and, unlike 
the other methods, can deal with the widest possible range of population sizes (10 upwards) and 
dispersal rates (from one in a thousand, to one-third of the population, per generation; Sherwin 
2006).  All the data from AMRI and SCU should be analysed by the Mutual Information method, to 
produce robust multigeneration dispersal assessments; the Mutual Information calculations can be 
carried out in the freeware GENALEX (http://biology.anu.edu.au/GenAlEx) which was used for other 
tasks by AMRI.  The GENALEX website also contains a guide for conversion of Mutual Information for 
microsatellites to a dispersal estimate.  For the mitochondrial DNA, such a conversion could be 
achieved by following either Dewar (2011, equation 8) for each variable site, or Chao et al. (2015 
supplement equations B5-7) for entire haplotypes.  

These dispersal assessments from Mutual Information could then be used as baseline in the PVA-
sensitivity analysis to investigate how the viability of the koala population might be affected if the 
upgrade of the Pacific Highway reduces dispersal below this baseline level.   The PVA-sensitivity 
analysis should assess the effect of the highway upgrade, including any measures likely to increase 
or decrease the road corridor’s permeability to koalas, such as fences or overpasses.   

The other data that can be included in the PVA is AMRI’s and SCU’s estimates of genetic variation 
within subpopulations, which can be included in some PVA programs.  Its inclusion will add to 
realism, especially allowing assessment of when the genetic diversity at Wardell might fall below the 
lowest levels listed in populations of koalas and other species, reviewed by AMRI. 

Finally, in commissioning the analysis of sensitivity of population extinction to altered dispersal, I 
encourage the Roads and Maritime Services to require information on not only the most likely 
outcome, but also the worst-case outcome, to facilitate precautionary management. 

http://biology.anu.edu.au/GenAlEx
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DETAILED COMMENT – AMRI REPORT 

SAMPLING THE LOCALITIES AND INDIVIDUALS: 

From Wardell there were 38 samples for microsatellite and mitochondrial DNA.  The lack of 
identification of position for East and West Wardell makes it difficult to assess their importance 
relative to the proposed highway upgrade, and to compare this to the SCU report, which uses other 
nomenclature.  Also the tiny number of samples from East makes any conclusions weak. 

Four other sites near the NSW/Queensland border  (Macquarie, Coffs Harbour, Tyagarah and 
Coomera) were sampled for both microsatellite and mitochondrial DNA, plus a sample set from the 
whole koala range for mitochondrial DNA only. 

THE GENES USED AND THEIR VALIDATION – DELIVERABLE 4. 

1. Microsatellites – biparental inheritance 

The analysis was based on a good number of genes -15, and appeared suitable for the tasks of 
determining variability within location, and differentiation and dispersal between locations.  The 
genes were checked carefully.  Two other microsatellite genes were excluded for good reasons, and 
10% of individuals were independently  re-genotyped. The probability of two individuals having the 
same microsatellite profile was low (10-15), showing that a good battery of genes had been analysed.  
Variants at the 15 genes appeared to be inherited independently, so that each provided useful 
information for the analysis (no “linkage disequilibrium”).  In most cases there was no evidence of 
non-random mating within site (ie, there were few cases of genes out of “HWE”). 

2. Mitochondrial DNA – maternal inheritance 

An 800 bp portion of the mitochondrial DNA control region was sequenced, and appeared suitable 
for the tasks of determining variability within location, and differentiation and dispersal between 
locations. 

WITHIN-LOCALITY GENETIC VARIATION – DELIVERABLE 3. 

Microsatellite diversity within locations was summarised by a suitable array of measures: allelic 
diversity, allelic richness, private alleles (AP on page 6, called Pa later in Table 1) expected and 
observed heterozygosity, Hardy-Weinberg equilibrium (HWE–Fis Table 1) and linkage disequilibrium.  
These measures were not out of the ordinary for koalas (Table 1). 

For mitochondrial DNA, within-locality variation was assessed by suitable statistics - haplotypic 
diversity and nucleotide diversity - within Wardell and the four other main sites.  Wardell values 
were not out of the usual for koalas, although 37 out of 38 individuals had the same mitochondrial 
genotype (haplotype) at Wardell. 

CONNECTIVITY WITHIN WARDELL _DELIVERABLE 1.

  And 

CONNECTIVITY BEWTEEN WARDELL AND SURROUNDING AREAS – DELIVERABLE 2. 

1. Microsatellites – biparental 

Microsatellite geographic structure was assessed by a number of suitable methods: STRUCTURE, 
DAPC, F-statistics, AMOVA, Isolation-by-distance tests in Mantel, Spatial autocorrelation of pairwise 
relatedness in GENALEX 6.5. Many analyses were presented without saying which type of gene 
(microsatellite or mitochondrial) they were based upon; I believe that in all such cases, they were 
microsatellites.   

The authors avoided specifying definitive management units, which I consider to be wise given the 
relatively low differentiation indicated by most measures.  There was only one genetic cluster at 
Wardell (deliverable 1), and gradually increasing differentiation with distance from Wardell, but no 
sharp breaks, a pattern called “Isolation by Distance” (deliverable 2). 
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As well as the DAPC, there was also a PCA presented on P11 (Fig 3), but not described in the 
methods section.  This appears to be an analysis of microsatellite data, though that is not stated. 
The PCA showed that the five koalas from “East of focal area” were scattered amongst those from 
the west of focal area.  The text states that the data in Fig 3 come from within Wardell.  Thus “East 
of focal area” appears to mean the East part of Wardell itself, rather than an area to the east of the 
Wardell area, which would be the interpretation in other parts of the document, where the whole of 
Wardell appears to be referred to as the “focal area”.  Perhaps for the purposes of the PCA, the 
“focal area” means the proposed upgraded highway.  If that interpretation is correct, then there 
appears to be no justification, at least with this small sample, for considering the koalas on either 
side of the proposed upgraded highway to be members of distinct separate populations. This should 
be clarified with detailed geographic information for each individual, so that there could be direct 
comparison with the results of SCU, which is currently not possible. 

There were only two exceptions to the pattern of low differentiation, but I would not prioritise these 
two findings over the general consensus that there is little geographic differentiation within Wardell 
or between Wardell and other populations).  Fst and Phi-st did show significant departures from 
zero, but there are many criticisms of Fst, and only partial fixes for these criticisms (Sherwin 2010, 
Wang 2015).  Phi-st likely suffers from many of the same problems as Fst, because Phi-st is also a 
variance partition and an “order 2” diversity measure (Hill, 1973), the two characteristics that are at 
the root of Fst’s many problems. 

Of course, low differentiation may be due to high dispersal, and some of these measures (including 
Fst) can be converted to measures of dispersal, but the authors wisely did not do so, given the 
criticisms mentioned already. 

However, there was one assessment of dispersal in and out of Wardell by microsatellites. 
Microsatellite DNA is biparentally inherited, so it traces dispersal of both sexes.  Microsatellites were 
used to assess dispersal by identifying some individuals who might have dispersed in the most recent 
generation:  koalas that were genetically assigned to a location other than the one in which they 
were sampled.  The assignment test used was in GENALEX 6.5.  It showed that some individuals were 
likely to have moved between Wardell and nearby localities such as Coffs Harbour, but the authors 
noted that the conclusions were hampered by a lack of samples from localities immediately adjacent 
to Wardell.  Only a small number of individuals were identified as potential dispersers, but it is worth 
noting that only small numbers are needed to halt genetic differentiation by chance processes in 
transmission (Kimura and Crow, 1970). 

2. Mitochondrial DNA – female dispersal 

Mitochondrial DNA generally confirmed the results of the microsatellite analysis, but indicated 
slightly reduced dispersal of females, relative to males 

Mitochondrial DNA is maternally inherited, so traces female dispersal.  Mitochondrial geographic 
structure was assessed by suitable methods: AMOVA/Phi-ST versus distance, and a haplotype 
network.  The AMOVA showed that 92% of mitochondrial variation was within locations. This 
contrasts with 75% of biparentally-inherited microsatellite variation being within locations, 
suggesting limited female dispersal.  However, Wardell mitochondrial haplotypes do occur 
elsewhere, so that there must be some female dispersal. Also, mitochondrial DNA suggested that 
one individual was an immigrant to the Wardell area. 
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DETAILED COMMENT – SCU REPORT 

SAMPLING THE LOCALITIES AND INDIVIDUALS: 

Tables 1 and 5 show 47 samples sourced from the Wardell KMP plus two adjacent localities to the 
north: Lynwood and Dalwood.  This group of samples will be collectively referred to as “Wardell” 
throughout this assessment. There were also an additional 88 koalas outside Wardell, whose locality 
information was somewhat scattered in the document, but from Figure 4 it seems that there were 
three sample sets from localities immediately to the west of Wardell, named from north to south as 
30 koalas from “North Lismore”, 20 from “South Lismore” and 22 from “Western”.  There were also 
16 other koalas from further to the west of Wardell (“Far-western”). 

THE GENES USED AND THEIR VALIDATION – DELIVERABLE 4 (not listed as such by SCU). 

The SCU analysis used only microsatellite genes - fourteen of them, and adequate number.  It is not 
clear if this set of genes overlaps the set of genes analysed by AMRI.  The variation at these genes 
was sufficient to give a 99% chance that a non-parent would be excluded as a potential parent. 
Microsatellite analysis of one known parent-offspring pair gave a relatedness estimate of 
approximately 0.5 (the correct value for such a pair.  These values give confidence to the subsequent 
work assigning first-order relatives (FOR – parent-offspring or full-sibling).  It was stated that these 
microsatellites are “able to detect the presence of genetic differentiation amongst populations with 
a power of 0.975 or higher after 10 generations and assuming an effective population size of 50-
200”.  It was not explained how this power analysis was carried out. 

WITHIN-LOCALITY GENETIC VARIATION – DELIVERABLE 3 (not listed as such by SCU). 

Microsatellite diversity within-locations was not unusual for koalas (Table 5).  In the north part of 
Wardell, there was marginally higher genetic variation than in the south (Table 5, with no confidence 
limits, so the significance of the difference cannot be evaluated).  In the north part of Wardell, there 
was also lower mean relatedness (Table 3).  If real, these two differences could indicate that the 
north has larger population size, or that it receives more immigration from elsewhere. 

CONNECTIVITY WITHIN WARDELL _DELIVERABLE 1. 

Genetic Subdivision 

There appears to be mild genetic substructure within the Wardell area, but no complete isolation. 

On Page 10 it is stated that “Genetic neighbourhood size in the Wardell KMP was estimated to be 
21-30 Km2. This confirms a pattern of limited dispersal across the study area and the likely presence 
of multiple subpopulations.”  A genetic neighbourhood is the size of an area within which mating 
appears to be random.  Fig 1 indicates that the Wardell area is about 6km x20km, so that multiple 
neighbourhoods a few km across could indeed fit into the Wardell area.  However, note that 
neighbourhood calculations are based on the idea that the population is continuous over a much 
larger scale than the neighbourhood, so they give no indication of sharp boundaries – indeed they 
assume that no such boundaries exist. 

Sharp boundaries were also not supported by the FOR analysis, which suggested that connectivity 
between localities within Wardell is greatest between the closest localities, and decreases with 
distance (called “Isolation by Distance” page 10, paragraph 2). 

Fst and a related quantity Rst suggest subdivision within Wardell.  These measures of genetic 
differentiation are relatively high between North and South Wardell, compared to their values for 
differentiation between Wardell and the two closest localities (South Lismore and Western) west. 
However, these values are presented with neither significance testing, nor confidence limits.  I 
suspect that the latter would be so wide that the comparison is meaningless - Fst has poor statistical 
properties, as discussed above. 

On page 12 it is stated that “We also reject a model in which the Wardell KMP is divided into an 
eastern and western subpopulation corresponding to the two large tracts of remnant schlerophyll 
woodland and forest”.  It should be clarified why this model was rejected, and where on the map are 
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the two large remnant tracts.  It is also not clear how to compare this result to AMRI’s “East” and 
“West”, but if the division is the same in the two reports, then AMRI’s finding in their PCA would 
confirm the SCU assertion.  However, the correspondence cannot be known until the geographic and 
genetic data for both studies are plotted on a single map. 

Genetic Estimates of Dispersal 

Only one method specifically targeted dispersal, by identifying some individuals who might have 
dispersed in the most recent generation: koalas with first-order relatives (FOR) in a location other 
than the one in which they were sampled.  Fig 3 showed that first-order relative pairs were found to 
be shared between most parts of Wardell , though decreasingly so at greater distances.  Most 
pertinently for the purpose of the study, on pages ii and 10 it is stated that the FOR analysis 
confirmed that dispersal occurs across the proposed highway upgrade, at two places: Bagotville in 
the south, as well as in the north. 

CONNECTIVITY BEWTEEN WARDELL AND SURROUNDING AREAS – DELIVERABLE 2. 

Similarly to the pattern within Wardell, there is some evidence that localities more distant to 
Wardell are more genetically differentiated from Wardell (Table 4, again without significance testing 
or confidence limits).  This is also reflected in the pattern of inferred dispersal events (Fig 4). 

The authors also suggest that dispersal into the northern Wardell area is indicated by its relatively 
high levels of genetic variation (Table 5), however, as discussed above, the difference is marginal and 
has no confidence limits to allow assessment of its significance. 

It was asserted several times that dispersal was asymmetrical, but few data were available to 
confirm this.  There are programs such as MIGRATE that can attempt to fit models of asymmetric 
dispersal to genetic data, but I suspect that these programs would fail to converge, due to lack of 
data.  With the existing smaller dataset, it might be possible to infer directionality of dispersal from 
the FOR data, if (1) there are data on ages of members of each FOR pair, (2) it is assumed that the 
younger member of the pair is an offspring, and (3) it is assumed that offspring are more likely to 
disperse.  These assumptions mean that such an analysis might have only dubious value. 

OTHER 

Page 17 talks of “the potential significance of the Southern subpopulation of the Wardell KMP as the 
remaining relatively pure gene pool for koalas in this region”.  It is not clear how genetic purity is 
defined, nor is it explained why genetic purity is needed.  Generally, the opposite - higher genetic 
variability - is good for conservation management (Frankham et al 2010), unless there are problems 
of genetic incompatibility between different races of koalas, which no-one has every suggested, to 
my knowledge. 

Page 17 says that the south part of Wardell is more like a “functional koala metapopulation” than 
the north.  There are two definitions of “metapopulation” (Levins 1969, Hanski 1999), either of 
which could probably apply to both north and south Wardell.  I recommend that this term should 
not be used without further explanation. 
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