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Abstract
Management programs that successfully recovered wild salt-
in the

Northern Territory of Australia did so with an expanding

water crocodile (Crocodylus porosus) populations
commitment to maintaining public safety. One aspect of the
program is the ongoing removal of resident and immigrant
crocodiles within Darwin Harbor (since 1979), the main urban
center. We determined the likely sources of crocodiles caught
as problem animals between 2015-2017 by comparing
recently developed methods for population assignment.
Depending on the assignment model used, we estimated that
between 30% and 50% of crocodiles in Darwin Harbor
originated from the Adelaide and Mary rivers, and the Kakadu
region east of Darwin, and between 20% and 30% of
crocodiles originated from the Finniss, Reynolds, and Daly
rivers southwest of Darwin. Saltwater crocodiles occur at
particularly high densities in these catchments. The remainder
came from a mixture of different sources across the Northern
Territory. The most common animals captured were immature
(150-180 cm) males that have traveled 100-200 km. We did
not identify any relationships between the distance from the

inferred origin to Darwin Harbor and the size and sex of the
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Many large predator populations, including a number of crocodilian species (Groombridge 1987), were depleted
historically by direct hunting but were subsequently rebuilt by conservation action, potentially compromising public
safety in various ways (Ferretti et al. 2015, Wallach et al. 2015, Marshall et al. 2016, Pooley et al. 2021). In the
Northern Territory (NT) of Australia, the depletion and recovery of saltwater crocodiles (Crocodylus porosus), one of the
largest and most aggressive of extant crocodilian species, exemplifies this conundrum. The NT now contains the largest
population of saltwater crocodiles throughout its range (Webb et al. 2010, Fukuda et al. 2011). While valued highly by
some stakeholders for aesthetic, cultural, ecological, and economic reasons (Lanhupuy 1987, Ryan 1998, Saalfeld
et al. 2015, Campbell et al. 2022), widespread public and political support to sustain large wild populations depends on
minimizing crocodile attacks on people (Webb 2012, Fukuda et al. 2014).

The management protocols that evolved after protection in 1971 for saltwater crocodiles were initially focused on
preserving a small remnant population (Webb et al. 1984, 1994). But by the end of the 1970s, with crocodile
abundance increasing across coastal wetlands, direct action regarding public safety became increasingly important
(Webb 2014, 2021). This was the basis of the decision to remove crocodiles from Darwin Harbor in 1979, where the
highest human population of the NT occurs in residential and industrial areas that are expanding (Australian Bureau of
Statistics 2022). Current government programs manage approximately 32 traps across Darwin Harbor to maintain
crocodile density at minimal levels for public safety (Fukuda et al. 2014, Saalfeld et al. 2016, Department of
Environment, Parks and Water Security [DEPWS] 2021). Roughly 250-300 crocodiles are removed annually (Fukuda
et al. 2014, Saalfeld et al. 2016, DEPWS 2021). The removed crocodiles are predominantly sexually immature males
(150-200 cm total length), thought to be excluded by dominant males from core habitats and searching for a potential
home territory in marginal habitats along the coastlines (Nichols and Letnic 2008, Fukuda et al. 2014, 2022b). Although
saltwater crocodiles are highly adapted for saline environments, and they may travel along coastlines or take long sea
voyages (Read et al. 2004, Campbell et al. 2010, Fukuda et al. 2019, Spennemann 2021), they need access to lower
salinity waters if remaining in a marine environment for long periods (Grigg et al. 1980, Taplin and Grigg 1981,
Taplin 1985). Their breeding areas are largely confined to freshwater or low salinity parts of rivers and associated
wetlands (Webb et al. 1977, Magnusson 1980, Webb 1991, Fukuda and Cuff 2013, Fukuda et al. 2022a). To build
nests, females use a reasonably narrow range of vegetation types such as tall, closed tussock grasslands with rice
(Oryza spp.) and open forests of eucalyptus (Eucalyptus spp.), paperbark (Melaleuca spp.), and screw pine (Pandanus spp.)
with tussock sedgeland ground layers (Magnusson 1980, Fukuda et al. 2007, Fukuda and Cuff 2013). Extensive
vegetation mapping across the NT indicates that such suitable nesting habitat is extremely limited in the Darwin Harbor
catchment (Fukuda et al. 2007, 2022a; Fukuda and Cuff 2013). Subsequently, very few hatchlings have ever been
encountered in Darwin Harbor (Messel et al. 1981, Nichols and Letnic 2008, Fukuda et al. 2014). All these suggest that
most crocodiles caught in the harbor are not locally recruited but are migrants from other populations within variable
proximities. In addition, recent molecular analyses suggested fairly high gene flow among crocodile populations in the
NT, with approximately 42% of 515 crocodiles sampled across the NT being identified as originating from areas outside
where they were sampled (Fukuda et al. 2022b).
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If the source populations and more detailed movement patterns of crocodiles caught in Darwin Harbor can be
identified, safety programs can be more strategic and effective at mitigating potential conflicts between crocodiles
and people. For example, if a certain population is the source of most crocodiles in the harbor, management efforts
that often have limited resources, can be focused on that population as a priority. Alternatively, if crocodiles are a
mixture from different origins, they may be managed more efficiently within the harbor.

In this study, we tested a hypothesis that crocodiles found in Darwin Harbor, where local recruitment is
considered minimal, are sourced from other populations by applying various, recently developed genetic population
assignment methods. After we determined the likely sources of crocodiles in the harbor, we also examined whether
crocodiles from different origins varied in their length, sex, and time of capture.

STUDY AREA

The study focused on Darwin Harbor, with reference samples collected from a focused region around the Top End of
NT and East Kimberley of Western Australia (WA, Figure 1A) and lower density sampling from a broader area across
northern Australia and Southeast Asia (Figure 1B). The Top End of the NT (~400,000 km?, elevation 0-300 m) and East
Kimberley (117,5100 km?, elevation 0-1,200 m) contain numerous coastal rivers and creeks, lined with mangroves and
under tidal influence, and extending upstream from the sea to a diversity of freshwater, non-tidal floodplain wetlands
and sand and rock-lined water courses (Webb 1991). All are occupied by saltwater crocodiles at different densities, as
indicated by spotlight surveys, ranging from 0.1 to 15 crocodiles sighted per kilometer of river (Fukuda et al. 2007, 2011;
Saalfeld et al. 2016). The species also occurs along the coastline between rivers and occupies near coastal islands
(Webb and Manolis 1989, Webb 1991). The climate in the study region is monsoonal, with a distinct wet season with
heavy rains from November to April, and a dry season from May until October with little rain. Available wetlands
expand during the wet season when crocodiles nest, and contract during the dry season (Webb 1991, Fukuda and
Cuff 2013), when many temporary waterbodies dry completely if early rains are delayed. Crocodiles tend to remain in
permanent waterbodies during the dry season, but are sometimes forced to aestivate in drying mud (Webb and
Manolis 1989, Lindner 2004). In the NT, there is limited intensive agriculture and most coastal and riparian vegetation
communities remain intact (Fukuda et al. 2007). Outside Australia, the species is distributed in many Indo-Pacific
countries ranging from the eastern coasts of India in the west, to Vanuatu in the east, and from the Philippines in the

north to around 23°S latitude in Australia in the south.

METHODS
Sample collection and genotyping

We collected 939 geo-referenced saltwater crocodile tissue samples from across northern Australia and the nearby
countries of Cambodia, Indonesia, Malaysia, New Caledonia, Papua New Guinea (PNG), Singapore, Timor-Leste, and
Vietnam (Figure 1). The tissue samples were pieces of skin collected randomly from 1) free-ranging crocodiles using a
biopsy pole (Barrow and Halford 2019) or by hand capture in 2016-2021, 2) crocodiles captured as part of the public
safety programs in 2015-2017 (Fukuda et al. 2014, Saalfeld et al. 2016), 3) embryos that failed to develop to term
during incubation in 2015-2020, or 4) museum samples that had been collected for previous studies in 1997-2000
(FitzSimmons et al. 2001, 2002). The embryos came from eggs collected from wild populations as part of the NT's
commercial egg ranching program (Leach et al. 2009, Saalfeld et al. 2016), and we used one egg per clutch collected
from a geo-referenced nest location. The free-ranging crocodiles sampled ranged from 0.3 m to 5.1 m long.
Technicians conducted DNA extraction and genotyping at Diversity Arrays Technology (Canberra, Australia)

using the DArTseq approach (Kilian et al. 2012). This method uses genome complexity reduction and next
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FIGURE 1 Locations of genetic samples of saltwater crocodiles collected in A) the Northern Territory and
Western Australia, Australia and B) the neighboring countries between 1997 and 2022. The number in parentheses
is the number of the samples collected for each location.
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generation sequencing conceptually similar to RADseq, in this case based around an Sphl enzyme digestion of
genomic DNA and Illumina HiSeq. 2500 sequencing. We ran 30% of samples twice as technical replicates to assess
the repeatability of single nucleotide polymorphism (SNP) calls. Initial sequence processing and SNP calling by DArT
yielded 22,227 SNP loci across 16,637 contigs. The reference genome assemblies were CroPor_comp1 (Mississippi
State University 2016) and Cpor_3.0 (The International Crocodilian Genomes Working Group [ICGWG] 2020). We
retained 19,630 SNPs that mapped to either of these assemblies. As an initial data exploration step, we plotted
basic SNP metrics on sequence depth and other quality metrics and explored relationships between these metrics
and basic population genetics statistics, including observed and expected heterozygosity. We used the graphical
analysis to evaluate whether genotype properties (e.g., observed heterozygosity) were associated with SNP quality
metrics such as mean sequencing depth.

Population assignment-broad scale

Before assigning crocodiles samples (with unknown, mixed origins) from Darwin Harbor to broad geographic
sources, we filtered the SNPs, using the dartR package in R 4.2.2 (Gruber et al. 2017), according to call rate (>0.80),
repeatability (>0.95), mean total depth (10-200), and mean ratio of sequence depth (0.5-2). We set the allele depth
ratio criterion to remove loci in which one allele was preferentially detected, indicating potential susceptibility to
null alleles through polymerase chain reaction bias. We also dropped 1) SNPs (ranked by polymorphic information
content) within sequences with >1 SNP present, 2) SNPs that did not align to the reference genomes (Mississippi
State University 2016, ICGWG 2020) with an e-value threshold of -10 or lower, and 3) SNPs that mapped to >1
location on the reference genome. We dropped genotypes of individuals for which >10% of SNPs were not
genotyped. Following these filtering steps, we retained 1,270 SNPs in 912 of the 939 sampled individuals with a
minor allele frequency of >0.02, corresponding to 220 allele copies for analysis. We graphed the distribution of the
genetic diversity statistics to visualize any unexpected patterns with regard to Hardy-Weinberg expectations within
populations but did not filter any further based on this graphical analysis (Figure S1, available in Supporting
Information).

Depending on the location of the 912 filtered samples, we broadly grouped the Australian samples (n = 732)
as being from Darwin Harbor (n =95), non-Darwin Harbor NT (n=463), Queensland (QLD; n=126), and WA
(n=55), and other samples as PNG (n = 100), Southeast Asia (n = 49; Cambodia, Indonesia, Malaysia, Singapore,
Vietnam), and Timor-Leste (n=18; Figure 1B). We excluded New Caledonia from this analysis because of its
geographic isolation and small sample size (n=4). We kept PNG and Timor-Leste samples separate because of
their close proximity to Darwin Harbor. We calculated the observed heterozygosity (Hp), expected
heterozygosity (Hg), inbreeding coefficient (F;s) within populations, and genetic differentiation among populations
(FsT) to assess the genetic differentiation differences between these broad groups, using GenAlEx (Peakall and
Smouse 2006, 2012).

For the broad genetic assignment, we used the R package assignPOP (Chen et al. 2018) and program Structure
(Pritchard et al. 2000, Wang 2017). The assignPOP package estimates membership probabilities of each individual
with unknown origins in a supervised machine-learning framework (Chen et al. 2018). We used the support vector
machines (SVM) option with linear kernel and parameter cost = 1 to build the predictive models for estimating
probabilities, as it generally gives higher accuracies than other models in mixed-stock analyses (Chen et al. 2018,
Euclide et al. 2021). In Structure, we set 20,000 for the length of burn-in period and 80,000 for the number of
Markov chain Monte Carlo (MCMC) repetitions after burn-in with 2 iterations. We used the admixture model with
GENSBACK =2, MIGPRIOR =0.05, and ALPHA =0.03 and the correlated allele frequency model with 0.01 prior
mean, 0.05 prior standard deviation, and 1.0 lambda. We also considered other population assign methods (BONE
[Kuismin et al. 2020] and rubias [Moran and Anderson 2018]), but found these more sensitive to differences in the

sample size than assignPOP and Structure (Figure S2, available in Supporting Information).
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Population assignment—fine scale

As all broad genetic assignments indicated that the crocodiles sampled in Darwin Harbor were most likely related to the
NT group (Figure 2), we conducted further analyses at a finer scale within the Northern Territory (Figure 1A). We used
the same criteria for the SNP filtering but only used the NT samples and Ord River (n = 565). Prior to filtering, we
excluded the McArthur River (n = 3) and Roper River (n = 10) from the analysis because of their distance from Darwin
Harbor (>2,000 km along the coast) and small sample sizes. Analyzed sample locations from west to east included Ord
River (n=>5), Victoria River (n=14), Moyle River (n=14), Daly River (n=52), Finniss and Reynolds rivers (n=85),
Adelaide River (n=26), Mary River (n=25), Tiwi Islands (n =52), Kakadu (n=55; Cobourg Peninsula and Murganella
Creek with n = 16, East Alligator River with n = 18, South Alligator River with n = 21), West Arnhem Land (n = 40; Blyth
River with n = 23, King Goomadeer River with n = 17), Goyder River (n = 60), and East Arnhem Land (n = 22; Figure 1A).

We estimated Ho, Hg, Fis, and Fst within the NT as the smallest unit of the collected samples. Because of the
generally low genetic differentiation among the catchments (Figure S3, available in Supporting Information) and
some sample sizes being so low (Table 1), we combined the catchments into distinct genetic clusters for the
population assignments within the NT. For this, we conducted discriminant analysis of principal components
(DAPC) using the R package adegenet (Jombart 2008, Jombart et al. 2010). We selected the optimized number of
clusters with the lowest value of Bayesian Information Criterion (BIC) estimated by DAPC (Figure 3A). Based on the
a-score analysis (Jombart 2008; Figure 3B), we set the number of retained principal components at 52 and the
number of retained discriminant functions at 4. Based on the results of DAPC (Figure 3C-F), we separated the NT
and Ord River samples into 6 groups of Darwin Harbor (n = 95), Daly River-Finniss and Reynolds rivers (n = 137),
Adelaide River-Mary River-Kakadu (n = 106), West and East Arnhem Land (n = 62), Goyder River (n = 60), Moyle
River-Victoria River-Ord River (n=33), and Tiwi Islands (n=52). Although DAPC grouped Tiwi Islands with
Adelaide-Mary-Kakadu when the number of clusters was set at 5 (Figure 3), we separated it as an independent
cluster because of its geographic isolation as islands and specific management interest as one of the major sources

100%
B Western Australia
B Timor Leste
Southeast Asia

B Queensland

50% B Papua New Guinea
B Northern Territory

0%

assignPOP SVM Structure

FIGURE 2 Probability of saltwater crocodiles sampled in Darwin Harbor (n = 95) being assigned by the different
methods (assignPOP with support vector machines [SVM] or Structure) to broad state-wide populations in Australia
and neighboring countries between the 1997 and 2022.
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TABLE 1 Number of genetic samples of saltwater crocodiles collected from individual catchments in the
Northern Territory (NT) and Ord River (Western Australia), Australia, 1997-2022, before and after data filtering
and their genetic diversity statistics: Hg = expected heterozygosity, Ho = observed heterozygosity, and Fis =
inbreeding coefficient estimated as (mean Hg - mean Hp)/mean He. Cluster includes a combination of the
individual catchments used for the NT population assignments.

Cluster Catchment Before filter After filter Hg Ho Fis
Adelaide River, Mary River, Kakadu Adelaide River 26 26 0.20 0.19 0.02
Coburg, Murganella Creek 16 16 0.19 0.19 0.00
East Alligator River 21 18 0.20 0.20 0.00
Mary River 25 25 0.20 0.19 0.04
South Alligator River 22 21 020 0.20 0.02
East and West Arnhem Land Blyth River 23 23 021 021 0.00
East Arnhem Land 22 22 0.21 021 0.00
King, Goomadeer rivers 17 17 020 0.20 0.01
Daly River, Finniss River, Reynolds River Daly River 52 52 0.19 0.19 0.00
Finniss, Reynolds rivers 85 85 0.19 0.19 0.04
Goyder River Goyder River 60 60 0.21 0.20 0.06
Moyle River, Ord River, Victoria River Moyle River 14 14 0.20 0.18 0.10
Ord River 5 5 0.17 0.19 -0.11
Victoria River 14 14 0.19 0.18 0.02
Tiwi Islands Tiwi Islands 53 52 0.21 020 0.02

of eggs for commercial ranching; we thus used 6 clusters in total. As above, we used assignPOP (SVM) and
Structure to assign the Darwin Harbor crocodiles to the populations.

With the possible sources of the individual samples from Darwin Harbor inferred by the different methods (with >0.8
probability), we examined whether there was any particular trend between the inferred origins and their biological
attributes including total length (TL), sex, and year of capture (2015-2017). We examined these relationships using
generalized liner modeling (GLM) and set the distance from the inferred origin to Darwin Harbor as the response variable
and TL, sex, and capture year as the explanatory variables. Because saltwater crocodiles rarely move long distances over
land (Baker et al. 2019, Fukuda et al. 2019), we measured the distance to the harbor along the coastlines rather than
overland, using the path distance function in ArcGIS 10.6.1 (Esri, Redlands, CA, USA) with a land cover surface derived
from Fukuda et al. (2022) being set as the input cost raster. Because the plot of the response variable against the
explanatory variable TL showed a somewhat quadratic relationship, we made the variable a quadratic term in the models
(and a linear term to compare). We used the Gaussian link function in both the linear and quadratic models. We ran the
models on the results given by each of the population assignment methods. We also used G-test to determine whether

the proportions of these variables (TL, sex, travel distance, and inferred source) varied significantly.

RESULTS

We filtered SNPs using stringent criteria to retain a set of SNPs consistently genotyped across a large sample size
across all populations. From the obtained 19,630 SNPs in 939 individuals, we filtered the dataset to 1,270 SNPs
(6.47%) in 912 individuals (97.12%) for the broad-scale analysis. The filtering resulted in a change in total expected
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FIGURE 3 Discriminant analysis of principal components (DAPC) of genetic samples of saltwater crocodiles
collected in the Northern Territory and Western Australia, Australia, 1997-2021, with A) Bayesian Information
Criterion (BIC) estimated for increasing number of clusters, B) eigenvalues estimated by discriminant analysis, and C)
cross-validation, D) scatterplot, E) geographic map, and F) bar chart of the genetic clusters separated by DAPC.

heterozygosity (Ht) from 0.19 to 0.20, mean subpopulation heterozygosity (Hs) from 0.13 to 0.15, observed
heterozygosity (Ho) from 0.12 to 0.16, and F;s from 0.12 to -0.02. For the fine-scale analysis, we retained 1,259
SNPs (6.41%) in 545 individuals (58.04%) from the NT and north-eastern WA populations.

The broad-scale analyses showed a high overall level of genetic differentiation (Fst =0.144, SE =0.004). As
expected, animals within the Australian regions showed less genetic differentiation relative to more distant
locations (Fst=0.035 between the NT and WA, 0.042 between the NT and QLD, 0.102 between the NT and
Southeast Asia, 0.089 between the NT and Timor-Leste, and 0.074 between the NT and PNG). The broad genetic
assignment of the Darwin Harbor samples by the different methods consistently showed the highest mean
probability for the NT among the above 6 regions and countries (Figure 2). Using assignPOP, we estimated the
membership probability as 99.9% for the NT, whereas Structure estimated it at 96.6%. Structure estimated a 1.60%
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TABLE 2 Genetic diversity statistics for the regional clusters of saltwater crocodiles sampled in the Northern Territory
(NT) and Ord River (Western Australia), Australia, 1997-2022, including sample size (n), expected heterozygosity (Hg),
observed heterozygosity (Ho), and inbreeding coefficient (F\s) estimated as (mean Hg - mean Ho)/mean He.

Cluster n He Ho Fis

Adelaide River, Mary River, Kakadu 106 0.20 0.19 0.05
Arnhem Land 62 0.21 0.21 0.03
Daly River, Finniss River, Reynolds River 136 0.19 0.19 0.03
Goyder River 60 0.21 0.20 0.06
Moyle River, Ord River, Victoria River 33 0.20 0.18 0.10
Tiwi Islands 52 0.21 0.20 0.02

probability for WA (<0.01% for PNG, QLD, Southeast Asia, and Timor Leste). Structure assigned one individual to
WA, but assignPOP assigned no individuals to any of the interstate or international groups.

In the fine-scale analyses of the NT and WA, the overall Fst for the individual catchments was 0.065 (SE = 0.003).
The highest value of pairwise Fst was 0.062 between the Goyder River (NT) and Ord River (WA). The lowest Fst value
was 0.004 between Daly River and the nearby Finniss-Reynolds rivers (NT). The DAPC suggested 5 clusters based on the
lowest BIC when testing with 1-20 clusters (Figure 3A). We retained 4 discriminant functions (Figure 3B). Cross
validation (Figure 3C), principal components analysis (Figure 3D), and probability of assignment to clusters (Figure 3F)
showed distinct genetic separation among the clusters. The genetic diversity statistics (Hg, Ho, and Fis) estimated for the
clusters defined by DAPC showed similar values to the catchments (Ho and Hg = 0.18-0.21, Fs=0.02-0.10; Table 2).
The overall genetic differentiation (Fst) for the 5 clusters was 0.045 (SE = 0.003). The highest value of pairwise Fst was
0.083 between the Goyder River and Moyle-Ord-Victoria rivers. The lowest Fst was 0.014 between Adelaide River-Mary
River-Kakadu and Tiwi Islands (Figure S4, available in Supporting Information).

The probability estimates from the finer-scale genetic assignment of the Darwin Harbor samples varied across
the different methods for the 6 clusters in the NT (Figure 4). In all cases, the proportions of the clusters as a possible
origin varied (P < 0.1). The combined Adelaide-Mary-Kakadu reference population was the largest source of Darwin
Harbor animals and the Goyder River and Moyle-Ord-Victoria the smallest. The combined Finniss-Reynolds-Daly
rivers reference group was identified as the second largest source of Darwin crocodiles. Both assignPOP and
Structure showed competing probabilities for most individuals between the clusters (Figure 5).

The proportion of the sex of the Darwin Harbor crocodiles was skewed toward males (75.5% male, P < 0.1) and
the population assignments indicated that the distance most commonly traveled to Darwin Harbor was
100-200km for both females and males (P<0.1; Figure 6A). The TL of these crocodiles ranged from
119-400cm for males and from 118-276cm for females, with the most common size class between
150-180 cm for both sexes (P < 0.1; Figure 6B).

The population assignment methods, both the linear and quadratic models, did not provide evidence of
relationships between the response variable (distance from the inferred origin to Darwin Harbor) and explanatory
variables of TL, sex, or year (P> 0.1 in all cases). Similarly, we did not find a relationship between these variables

when we analyzed females and males separately (P > 0.1 for both female and male; Figure 7).

DISCUSSION

Our results indicate that the region encompassing the Adelaide River, Mary River and Kakadu, to the east of
Darwin, is the source of about 50% of the animals found in Darwin Harbor, with the remainder originating from a

mixture of the different sources across the NT. The combined Adelaide River, Mary River, and Kakadu National Park

sdny) sUORIPUOD pue SR L 8Y} 885 *[7202/80/82] U0 AR1q1T8UlUO AB|IM ‘AisiBAIuN UOEN UeIRISNY AQ 2622 BLMI/Z00T 0T/10p/u0o" A3 1M ARIg1RUI U041 P |IM//SARY WO} papeojuMOq ‘Z ‘v20Z ‘LT8ZLE6T

fo 1M

-pUe-SL.

85UB0 17 SUOLIIOD 31810 3|ce! (dde auy Aq peusenob a.e sapie YO ‘8sn Jo Sajni Jo) Ariqi auluo AS|IM uo



10 of 18 | FUKUDA ET AL.

100%

B Arnhem Land

s
| H Moyle-Ord-Victoria
Tiwi Islands
I M Goyder River
50% | M Daly-Finniss-Reynolds
M Adelaide-Mary-Kakadu
0%

assignPOP SVM Structure

FIGURE 4 Probability of saltwater crocodiles sampled in Darwin Harbor (n = 95) being assigned by assignPOP
(with support vector machines [SVM]) and Structure to the 6 clusters identified by discriminant analysis of principal
components that grouped rivers in the Northern Territory and Ord River in Australia sampled between 1997

and 2022.

region has a very high density of the species and individuals in Kakadu National Park are not subject to any
commercial egg collection, harvest, or culling (Fukuda et al. 2011, Saalfeld et al. 2016). The second largest source
region (about 20-25%) as estimated in both models for Darwin Harbor encompasses the Daly, Finniss, and
Reynolds rivers. These have extensive freshwater floodplains that are highly productive breeding habitats (Fukuda
and Cuff 2013) subject to intensive but regulated egg harvesting for the ranching program (Saalfeld
et al. 2015, 2016). The Tiwi Islands were the third largest source region for Darwin Harbor (about 15-20%),
which is also subject to large egg harvesting (Saalfeld et al. 2015). The other regions were located farther away
(>200 km) from Darwin Harbor and inferred as possible sources of crocodiles in much lower numbers.

These results are consistent with a previous finding that environmental resistance, which is a combination of
geographic distance and land cover types, affects the species' dispersal patterns (Fukuda et al. 2022b). For example,
the Cobourg Peninsula functions as a geographic barrier to east-west and west-east movement (Fukuda et al. 2019),
and the relatively small proportion of the Darwin Harbor crocodiles assigned to the sources beyond the Peninsula
(<10% for Arnhem Land and Goyder River combined) reflects this. The Goyder River is associated with the Arafura
Swamp, one of the largest breeding sites in the Northern Territory (Fukuda and Cuff 2013, Saalfeld et al. 2016), but
contributes little to Darwin Harbor. One of the crocodiles assigned to the Goyder River by all 4 methods was
confirmed to be an escapee from a commercial farm near Darwin. This crocodile was harvested as an egg from the
Arafura Swamp and brought to Darwin, hatched in an incubator, and escaped from the facility to Darwin Harbor but
was able to be identified when caught as a problem crocodile. It is possible that the others from the Goyder had a
similar history.

Based on the population assignment results, the distance most commonly traveled by crocodiles in Darwin

Harbor was 100-200 km for both females and males of all sizes. This is consistent with the previous study, where
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FIGURE 5 Probability of individual saltwater crocodiles sampled in Darwin Harbor (n = 95) being assigned by A)
assignPOP and B) Structure to the 6 clusters identified by discriminant analysis of principal components in the
Northern Territory and Ord River in Australia between 1997 and 2022.

the most commonly traveled distance by crocodiles outside the harbor was 150-200 km in the NT (Fukuda
et al. 2022b). Both studies identified a few individuals that traveled long distances (>400 km), and in our study, the
long-distance travelers were medium-sized crocodiles (200-250 cm TL). This size range includes males, not sexually
mature, and females at or near maturity. They may well be dispersing from core habitats in search of new resources
or territories (Campbell et al. 2013; Baker et al. 2019, 2022; Fukuda et al. 2022b). This contrasts situations in QLD
where densities are much lower than the NT (Read et al. 2004, Brien et al. 2017, Taplin et al. 2020) and crocodiles
display greater site fidelity with their dispersal generally limited to <50 km from the site of origin (Lloyd-Jones
et al. 2023). These differences in carrying capacity (and gene flow) are largely influenced by the availability of
breeding sites in freshwater floodplains that are much more limited in QLD (Fukuda et al. 2007, Taplin et al. 2020).

Two crocodiles captured in Darwin Harbor (268 and 293 cm long) had individual barnacles (Chelonibia
testudinaria) on the tail and dorsal osteoderms. The population assignments suggested that both originated from the
Daly, Finniss, and Reynolds rivers region that is approximately 200 km west of Darwin Harbor. These marine
barnacles are commonly found on sea turtles but cannot survive in low salinity water (505 cyprid survival at 10 psu;
Yasuyuki et al. 2011). Given the size of the largest barnacles (~25 mm in diameter) on the larger crocodile and their
growth rates (Sloan et al. 2014, Ewers-Saucedo et al. 2015, Doell et al. 2017), this crocodile is likely to have spent at

least 90 days in seawater before it was caught in Darwin Harbor.
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FIGURE 6 Frequencies of saltwater crocodiles caught as problem crocodiles in Darwin Harbor (n = 95) in the
Northern Territory, Australia, 2015-2017, by A) distance traveled from their inferred origins and B) their measured
total length (TL).

With regard to public safety, crocodiles over 3 m long arriving in Darwin Harbor represent an immediate threat
to swimmers (Fukuda et al. 2014, 2015), and their interception is a management priority. Smaller crocodiles, if not
removed, may become established in the various tributaries feeding into Darwin Harbor, some of which are popular
swimming sites (e.g., Berry Springs and Howard Springs). All the larger crocodiles (>3 m) sampled in Darwin Harbor
appeared to originate from the nearby sites (100-200 km), not from long distances away (>400 km).
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FIGURE 7 Relationships between A) the distance traveled from the identified source population and total
length of saltwater crocodiles caught as problem crocodiles (n = 95) in Darwin Harbor, Northern Territory, Australia,
2015-2017 and B) the distance traveled and year when the crocodiles were caught.

We were not able to assign the Darwin Harbor samples to the individual catchments with enough confidence
(61.8% of the samples had an assignment probability <80%); thus, we combined catchments into statistically
determined clusters. There is a clear trade-off between the geographic precision and the confidence of the genetic
assignment. This study did not collect genetic samples from all the major river systems in the NT. The Wildman and
West Alligator rivers in Kakadu are major gaps, as are many of the creeks, rivers, and swamps in the Gulf region of
the NT. Given more samples, more detailed population assignment with greater confidence may be possible in the
future. Full genome sequencing that can generate many more SNPs may also help (Pérez-Reche et al. 2020).

Tracking tools in telemetry such as acoustic, radio, and satellite transmitters may complement the genetic methods
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(Balaguera-Reina et al. 2016, Combrink et al. 2017, Fukuda et al. 2019, Baker et al. 2022, Mascarenhas-Junior
et al. 2023).

MANAGEMENT IMPLICATIONS

Our analyses consistently suggested that crocodiles found in Darwin Harbor are migrants from multiple sources.
Emigration from a known source may be able to be reduced by strategic harvesting (pre-migration), but individuals
from other sources would still arrive. Thus, targeting a source population may not be effective in reducing
management effort required to reduce the risk of crocodile attacks in the harbor. Management should focus on
continuing to remove crocodiles within the harbor (post-migration). In addition, given that approximately 50%
crocodiles caught in Darwin Harbor come from the rivers to the immediate east, intercepting them closer to the

eastern mouth of the harbor may be a strategy worth testing.
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