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Abstract
Biological invasions are a major threat to biodiversity and have particularly devastating impacts on island ecosystems.  
The New Caledonia archipelago is considered a biodiversity hotspot due to its diverse native flora. Javan rusa deer (Rusa 
timorensis) were introduced to New Caledonia in 1870 and the population consists of several hundred thousand individuals 
today. They directly threaten rare endemic species and affect the composition and structure of the vegetation. While a rusa 
deer management plan has identified ten priority areas for deer control operations, removing deer could be offset by the 
dispersal of animals back into the control areas. Here, we genotyped 628 rusa deer using 16 microsatellite markers to analyse 
the genetic structure of the animals in New Caledonia. We aimed to assess fine-scale genetic structure, to identify natural 
barriers to deer movement and to assess functional connectivity by optimising individual-based landscape resistance models. 
Our results suggested that rusa deer formed a single genetic population on the main New Caledonian island. The isolation-
by-distance pattern suggested that female dispersal was limited, whereas males had larger dispersal distances. We assessed 
functional connectivity using different genetic distance metrics and all models performed poorly (mR2 ≤ 0.0043). Landscape 
features thus hardly affected deer movement. The characteristics of our results suggested that they were not an artefact of the 
colonisation history of the species. Achieving an effective reduction of deer population sizes in specific management areas 
will be difficult because of the deer’s high dispersal capabilities and impossible without very substantial financial investment.
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Introduction

Biological invasions are a major global threat to biodiver-
sity and can have devastating impacts on island ecosystems 
(Sax and Gains 2008). Alien species can thrive on islands as 
native species have often evolved free of strong competition, 
herbivory, predation or parasitism. Consequently, invaders 
can have a strong negative impact on their plant food, com-
petitors or animal prey (Courchamp et al. 2003). At the same 

time, remote islands frequently have a high rate of endemism 
and make an important contribution to biodiversity relative 
to their size. They are thus often classified as biodiversity 
‘hotspots’ (Myers et al. 2000). Eradication or management 
of island invasive species is thus a global conservation prior-
ity (de Wit et al. 2020).

New Caledonia, a large archipelago in the South  
Pacific, has been classified as a biodiversity hotspot due 
to its remarkably diverse native flora (Myers et al. 2000; 
Wulff et al. 2013). Over 3400 species of vascular plants 
have been recorded, around 74% of which are endemic to 
these islands (Morat et al. 2012; Munzinger et al. 2022). 
Much of this important floral diversity is severely threat-
ened as a result of extreme environmental degradation 
(Wulff et al. 2013). For example, New Caledonia’s tropi-
cal dry forest contains at least 424 indigenous species 
of which 233 are endemic to the archipelago and 67 are 
restricted to this habitat (Jaffré 2009). However, this forest 
type is considered to be one of the most threatened tropical 
ecosystems worldwide (Aronson et al. 2005). Alongside 
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intense open-cast mining, logging, wildfires and urbani-
sation (Pascal et al. 2008; Mansourian et al. 2018), an 
important threat also arises from introduced ruminant 
herbivores.

Javan rusa deer (Rusa timorensis) were introduced 
to New Caledonia in 1870 and have since become a 
major environmental threat. The population originated 
from 12 founders but underwent a dramatic expan-
sion, reaching more than 200,000 individuals by 1940 
(De Garine-Wichatitsky et al. 2003), and consisting of 
250,000–370,000 individuals today (Barrière and Fort 
2021). The deer are widespread in practically all terres-
trial habitats, reaching particularly high densities in savan-
nahs and tropical dry forests (De Garine-Wichatitsky et al. 
2004). Through their browsing, they affect the composi-
tion and structure of the vegetation, blocking the natural 
regeneration process of, for instance, the tropical dry for-
est (Mansourian et al. 2018). Around half of their diet 
consists of native plants and they directly threaten some 
rare endemic species (De Garine-Wichatitsky et al. 2004, 

2005). By overgrazing, trampling and debarking the trees, 
rusa deer degrade the forest undergrowth, thereby signifi-
cantly contributing to soil erosion (Tramier et al. 2021).

An island-wide management plan has identified ten pri-
ority areas for deer control operations with regard to the 
maintenance of biodiversity and ecosystem services (Fig. 1a; 
Tron and Barrière 2016). Since 2018, large-scale control 
operations, including helicopter-based hunts, have been 
performed in three priority areas (Anonymous 2022). How-
ever, an effective reduction in population sizes within these 
areas is difficult (Tron and Barrière 2016). Furthermore, 
even if population densities were considerably reduced to 
consider removal as successful, it is unclear whether nat-
ural dispersal would offset the removals. The greater the 
dispersal or home range of a species, the larger the spatial 
scale of such a source-sink effect (Woodroffe et al. 2005). 
While telemetry studies suggest that deer have home ranges 
of a few square kilometres (Moriarty 2004; Spaggiari and 
de Garine-Wichatitsky 2006; Amos et al. 2022), Moriarty 
(2004) provided evidence of dispersal of sub-adult males 

Fig. 1   Geographic distribution of Rusa timorensis samples from New 
Caledonia. a Origin of all the samples included in this study. The yel-
low lines show the ten priority areas for deer control operations and a 
digital elevation model is used as background map. b The distribution 
of adult females, adult males and adults of unknown sex included in 

the IBD or the ResistanceGA analyses. The different geographic areas 
represent the different municipalities located on the main New Cal-
edonian island (Grande Terre). Inset: Location of New Caledonia in 
the Indo-Pacific
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from a high- to a low-density deer area. Reliable information 
on dispersal behaviour is thus required for the implementa-
tion of effective management measures.

The analysis of spatial genetic patterns allows inferences 
about animal dispersal without expansive observational or 
telemetry data. Genetic clustering tools allow inference of 
the presence of movement barriers by associating the loca-
tion of abrupt genetic discontinuities with landscape ele-
ments that could disrupt dispersal (Guillot et al. 2009). 
Dispersal patterns can be analysed by means of an isola-
tion-by-distance analysis. If dispersal is limited within a 
population, the genetic differentiation between individuals 
will increase with geographical distance and higher levels 
of philopatry will lead to a more pronounced pattern (Frantz 
et al. 2009, 2010). A genetic study based on limited sample 
size appeared to confirm a dispersal distance of 2 km or 
less for rusa deer on New Caledonia (de Garine-Wichatitsky 
et al. 2009). Finally, by statistically relating the distribu-
tion of genetic similarities among individuals to landscape 
characteristics, it is possible to relate gene flow patterns to 
landscape structure and develop rigorous empirical models 
of the functional connectivity of a landscape (McRae 2006; 
Kimmig et al. 2020).

Our overall objective was to use population and landscape 
genetic methods to gain a better understanding of the move-
ment ecology of rusa deer in New Caledonia in order to 
optimise management strategies based on controlling deer 
numbers. In the light of telemetry studies, we hypothesised 
that (1) the presence of natural barriers as well as certain 
landscape features exerts a strong influence on the dispersal 
patterns and genetic structure of the deer and (2) the dis-
persal distances of the deer are inherently limited. Under-
standing landscape resistance and dispersal characteristics 
of the species will help us to understand the scale at which 
to operate management strategies and adjust the boundaries 
of the management areas to coincide with natural barriers 
to deer dispersal.

Materials and methods

Study area

New Caledonia has an area of 18,575 km2, making it the 
fourth largest archipelago in the South Pacific. The main 
island of Grande Terre is approximately 400 km long and 
40–65 km wide (Fig. 1a; Fotsing and Dumas 2021). It is 
dominated along its entire length by the Chaîne Centrale 
mountain range with summits that reach 1628 m a.s.l. in 
the north and 1618 m in the south of the island (Fig. 1). 
The windward east coast is characterised by steep moun-
tains rising abruptly from the sea, interrupted by narrow 
alluvial valleys, and the more arid west by hills and plateaus 

above large prairies and wetlands (Dumas 2013; Fotsing and 
Dumas 2021). Above 500 m a.s.l., the Chaîne Centrale is 
covered mostly by dense tropical rainforests. At lower alti-
tudes on the west coast and the north of Grande Terre, land 
clearing and wildfires have led to savannah and scrub veg-
etation replacing forest habitats (Fotsing and Dumas 2021).

The south-western coastland around the capital Nouméa 
is highly urbanised while population densities are low else-
where (Dumas 2013). The west coast has a shallow relief 
and is extensively used for agriculture, particularly cattle 
breeding. The majority of the forests have been converted 
to savannah as a result (Mansourian et al. 2018; Fotsing 
and Dumas 2021). Due to its narrow coastal strip and steep 
slopes, the eastern coast is much less developed (Fotsing 
and Dumas 2021). Extensive nickel reserves have resulted 
in intensive open-cast mining activities that currently cover 
15% of New Caledonia’s total surface area (Losfeld et al. 
2015; Fotsing and Dumas 2021). This type of mining has 
a particularly high environmental impact leading to habitat 
destruction and loss of local biodiversity (Pascal et al. 2008; 
Losfeld et al. 2015).

Sample collection

Between 2018 and 2019, we collected muscle tissue from 
628 legally harvested rusa deer (Fig. 1a) and stored samples 
in 96% ethanol. The age category of most animals was deter-
mined based on the presence of permanent incisor teeth. In 
farmed animals, the first permanent incisors erupt at around 
15 months (Bianchi et al. 1997). Animals without permanent 
incisors were thus classified as juveniles. Animals older than 
15 months include both sub-adults and adults; we will refer 
to them as ‘adults’ for ease of reference. We also recorded 
the sex of most animals. The dataset consisted of 251 adult 
females, 196 juvenile females, 72 adult males, 41 juvenile 
males, 33 unsexed adults, 19 unsexed juveniles, 3 animals of 
unknown age class (two females, one male) and 13 animals 
without any information other than their geographic origin. 
Hunters provided the geographic origin of a sample based on 
official toponyms (place names), each of which is associated 
with geographical coordinates that correspond to the central 
location of a given area. New Caledonian place names are 
based on the history of Caledonian populations, their cul-
tural practices and the geographical features of the island. 
They are sufficiently abundant to provide us with adequate 
geographic referencing, giving the spatial resolution of our 
study (Chatelier 2007).

Laboratory work and genotyping

We extracted DNA using an ammonium acetate–based 
salting-out procedure (Miller et al. 1988). DNA extracts 
were quantified using a Drop-Sense 16 spectrophotometer 
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(Trinean, Gentbrugge, Belgium). Samples were genotyped 
using 16 microsatellite loci (Table 1) originally developed 
for red deer (Cervus elaphus), sheep (Ovis aries) and cattle 
(Bos taurus). Markers were selected based on the panels 
developed by Bonnet et al. (2002), Kuehn et al. (2003) and 
Pérez-Espona et al. (2008). The loci were amplified in four 
multiplex PCR reactions (Table 1). Each PCR contained 
1 × GoTaq Master Mix (Promega, Walldorf, Germany) and 
0.2 μM of each primer (except primer MM12, 0.1 μM). For 
multiplexes 1, 3, and 4, the PCR conditions were as follows: 
after a 5-min denaturation at 95 °C, the PCR consisted of 35 
cycles of denaturation at 95 °C for 30 s, annealing at 56 °C 
(multiplexes 1 and 4) or 57 °C (multiplex 3) for 45 s and 
an extension at 72 °C for 45 s. The PCR was ended with a 
final extension for 10 min at 68 °C. In the case of the PCR 
for multiplex 2, the main PCR cycled consisted of a ‘touch-
down’ profile, where the initial annealing temperature of 
60 °C was reduced by one degree every cycle for ten cycles. 
This was followed by 24 cycles of annealing at 50 °C. PCRs 
were performed using a Mastercycler nexus cycler (Eppen-
dorf, Hamburg, Germany) and products were separated on 
an ABI 3730 DNA sequencer (Applied Biosystems). All 
samples were genotyped at 13 loci at least.

We tested the 16 loci for heterozygote deficiency or  
excess (i.e. deviations from Hardy-Weinberg equilibrium 
(HWE)) and for linkage disequilibria among loci using 
a Markov chain method in genepop v3.4 (Raymond and 

Rousset 1995), with 10,000 dememorisation steps, 500 
batches and 10,000 subsequent iterations. We tested the 
complete dataset (N = 628) for deviations from HWE. When 
analysing a dataset collected over a large geographic area, 
we would normally expect deviations from HWE at some 
loci due to the presence of distinct genetic populations in the 
dataset (Wahlund effect; Frankham et al. 2010). In our spe-
cific case, a number of loci in the complete dataset deviated 
from HWE proportions, but the dataset was not character-
ised by distinct genetic populations (see “Results”). Frantz 
et al. (2009) have shown that the presence of an isolation-by-
distance gradient can cause loci to deviate from HWE, even 
in the absence of genetic discontinuities that are detectable 
by genetic clustering programs. In addition, the presence 
of related individuals in a dataset can lead to deviations 
from HWE (and to the inference of spurious genetic clus-
ters; Bourgain et al. 2004; Anderson and Dunham 2008). To 
avoid deviations from HWE resulting from the presence of 
related individuals and isolation-by-distance (Frantz et al. 
2009), we also subdivided the complete dataset arbitrarily 
into populations based on the municipalities of New Caledo-
nia (Fig. 1b). We then performed the analyses only for those 
13 municipalities from which ≥ 18 genetic profiles were 
available (range 18–127). The false discovery rate technique 
was used to limit false assignment of significance by chance 
(Verhoeven et al. 2005). We tested for the presence of null 
alleles using micro-checker (van Oosterhout et al. 2004).

Table 1   Characteristics of the 
microsatellite loci used in this 
study

We added the ‘pigtail’ sequence ‘GTT​TCT​T’ to the 5′-end of the reverse primer of the microsatellite loci 
marked with an asterisk
N number of individuals in which marker was successfully amplified, A number of alleles, Ho observed het-
erozygosity, He expected heterozygosity
1 Moore et  al. (1994); 2Steffen et  al. (1993); 3Mommens et  al. (1994); 4Ede et  al. (1995); 5Jones et  al. 
(2002); 6Buchanan and Crawford (1993); 7Buchanan et al. (1994); 8Bishop et al. (1994); 9Mezzelani et al. 
(1995); 10Barendse et al. (1994)

Primer Multiplex Size range N A Ho He Reference

CSSM014 1 148–167 565 5 0.6513 0.6708 1
ETH225* 1 159–171 598 7 0.6488 0.7501 2
MM12 1 84–86 626 2 0.5144 0.4922 3
OarCP26* 1 134–146 459 4 0.6797 0.5960 4
T501 1 217–233 596 4 0.6443 0.6363 5
CSSM003* 2 208–220 581 4 0.3879 0.3791 1
CSSM016 2 156–158 626 2 0.4297 0.4007 1
OarFCB304 2 128–132 622 2 0.5643 0.4931 6
OarFCB5 2 95–107 603 3 0.6269 0.5977 7
BM1225 3 250–254 617 2 0.4684 0.4281 8
IDVGA55* 3 211–227 614 6 0.7085 0.6835 9
TGLA57 3 85–87 542 2 0.3395 0.3364 10
TGLA226* 3 136–140 620 3 0.5048 0.4920 10
BM1818 4 254–256 607 2 0.3278 0.3874 4
BM757 4 180–192 622 4 0.3392 0.3550 4
T156 4 143–147 616 2 0.5795 0.4973 5
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Data analysis: Population genetics

We estimated the most-likely number of genetic clusters (K) 
in the complete dataset (N = 628) using structure v. 2.3.4 
(Pritchard et al. 2000), conducting ten independent runs of 
K = 1–5 with 106 Markov chain Monte Carlo (MCMC) itera-
tions after a burn-in of 105 iterations, using the admixture 
and correlated-allele-frequency models. ALPHA, the Dir-
ichlet parameter for the degree of admixture, was allowed 
to vary between clusters. The most probable number of clus-
ters was chosen based on the inferred log-likelihood values. 
We also analysed the complete dataset using the spatially 
explicit genetic clustering method implemented in the pro-
gram BAPS v.6.0. (Corander et al. 2008). We performed 
100 runs for K = 20. We used genetix v.4.05.2 (Belkhir et al. 
2004) to estimate genetic diversity in the complete dataset 
in terms of number of alleles (A), as well as observed (Ho) 
and expected (He) heterozygosities.

We tested for the presence of an isolation-by-distance 
(IBD) pattern by using Spagedi v.1.5 (Hardy and Vekemans 
2002) to regress pairwise estimates of Loiselle’s kinship 
coefficient Fij (Loiselle et al. 1995; Vekemans and Hardy 
2004) against the natural logarithm of inter-individual 
straight-line geographic distances. The slope of this regres-
sion was tested for significant difference from zero by 10,000 
permutations of the locations of the individuals. As shown 
by empirical data and simulations (Vekemans and Hardy 
2004), Loiselle’s kinship coefficient is a relatively unbiased 
estimator of genetic relatedness with low sampling variance. 
It performs very well in detecting fine-scale genetic structure 
and estimating axial mother-daughter distance (see below). 
If samples shared the same geographic origin, we manually 
introduced a slight discrepancy (a few metres at most) in the 
coordinates to prevent them from being identical. We limited  
the IBD analyses to individuals defined as adults, as the 
inclusion of juveniles may bias results towards in a greater 
correlation between spatial and genetic distances (Coltman 
et al. 2003; Comer et al. 2005; Frantz et al. 2010). We thus 
performed an IBD analysis for all adult individuals (N = 356) 
as well as for the 251 adult females and the 72 adult males 
(Fig. 1b). The allele frequencies obtained from the complete 
data set were used in the separate analyses for males and 
females. A total of 10,000 randomizations of spatial loca-
tions were conducted to test the significance of the overall 
spatial structure (Hardy and Vekemans 2002).

Based on the IBD pattern observed with adult females 
(no IBD pattern with adult males; see “Results”), we used 
Spagedi to generate approximate estimates of the average 
axial mother-daughter distance (σ). When regressing relat-
edness coefficients on distance for diploid organisms in a 
two-dimensional space, σ can be inferred as σ = (− (1 − F(1)) 
/ b4πD)0.5, where F(1) is the mean kinship coefficient 
between individuals in the first distance class, b the slope 

of the regression between pairwise spatial and genetic dis-
tances and D the effective population density (Vekemans 
and Hardy 2004). We used 12 spatial distance classes that 
Spagedi defined in such a way that the number of pairwise 
comparisons within each interval was constant. The first 
distance class had a maximum distance of 10.5 km. F(1) 
is usually close to zero and a small error in its estimation 
should be negligible (Vekemans and Hardy 2004). In con-
trast, the value chosen for D is important, as there can be 
large differences in effective and census densities (Frankham 
et al. 2010; Frantz et al. 2010). Census densities of the deer 
in New Caledonia have been estimated to range from 1 
to 20 deer/km2 in rainforests (Le Bel et al. 2001) and to 
reach > 100 deer/km2 in some favourable habitats (savannah, 
tropical dry forest; de Garine-Wichatitsky et al. 2009). In 
general, effective population sizes are approximately 1/10 of 
census population sizes (Frankham et al. 2010). In order to 
generate a range of possible values, we estimated σ assuming  
maximum and minimum effective densities of 100 deer/km2 
and 1 deer/km2.

Data analysis: Landscape genetics

Functional connectivity was assessed using ResistanceGA 
4.2–8 (Peterman 2018). This R package allows the evalua-
tion of how landscape features influence genetic connec-
tivity by statistically relating the distribution of genetic 
distance among individuals to landscape characteristics 
associated with alternative landscape resistance models. It 
makes use of a machine learning algorithm (a genetic algo-
rithm in R package GA; Scrucca 2013) to optimise resist-
ance surfaces with genetic data, thus avoiding user-specified 
resistance values. We used log-likelihood as the objective 
function during the optimisation process which was obtained 
from linear mixed-effects models fit with pairwise genetic 
distance as the response variable and pairwise resistance 
distance as the explanatory variable. Mixed-effects models 
were fitted using the maximum likelihood population effects 
(MLPE) parameterisation implemented in R package lme4 
(Bates et al. 2015), in order to account for non-independence 
among pairwise genetic and environmental distances. We 
assessed the support for optimised resistance surfaces based 
on Akaike information criteria corrected for small sample 
size (AICc).

ResistanceGA can optimise categorical and continu-
ous resistance surfaces, as well as multiple resistance sur-
faces simultaneously. All analyses in this work were based 
on continuous surfaces. We used the Circuitscape library 
(Hall et al. 2021) in program Julia v.1.6.7 (Bezanson et al. 
2017) to calculate pairwise inter-individual resistance dis-
tances. Using the GA.PREP() function, we defined a range 
of 1–5000 for the resistance values of continuous surfaces 
to be assessed during optimization. If the difference in AICc 
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(ΔAICc) between two models was > 2 AICc units, the model 
with the smaller AICc value was considered to be a better fit.

We obtained our spatial data (Table S2) from the geo-
graphical information portal of the New Caledonian govern-
ment (https://​georep.​nc/). We chose to analyse the impact 
of eight landscape features: (i) agricultural/open areas: 
including all agricultural land and open areas with little or 
no vegetation; (ii) built-up areas: including all artificial hab-
itat, such as urbanised areas (including urban green areas), 
industrial zones and landfill sites; (iii) dry forest/shrubland: 
former area of dry forest that nowadays is shrubland consist-
ing mostly of introduced plant species; (iv) forests: includ-
ing all woodland and tree plantations (excluding the former 
area of dry forest); (v) mines: all land and infrastructure 
associated with mining; (vi) roads: all sealed roads; (vii) 
ultramafic soils: distribution of ultramafic soils. The soil 
of Grande Terre is composed of either metamorphic and 
volcano-sedimentary rocks or ultramafic rocks (Isnard et al. 
2016). Ultramafic soils have a reduced fertility and the flo-
ristic assemblage differs significantly from other substrates 
(Morat 1993; Isnard et al. 2016). Soils can have an effect 
on the distribution of rusa deer in New Caledonia (Rouys 
and Theuerkauf 2003); (viii) water bodies: all water bodies.

We used ArcMap v.10.3 (ERSI Inc.), to generate rasters 
with 2000 × 2000 m grids. We chose this resolution as a com-
promise between the scale of the underlying process affecting 
the relationship between gene flow and landscape structure in 
a large mobile mammal and computational speed of the anal-
ysis. Also, the lack of precise coordinates precluded an analy-
sis using a finer grain. We used two different approaches to 
parameterise the resistance surfaces corresponding to each 
feature. First, we calculated the percentage of each feature 
within each grid cell. In simulation studies, the optimisation 
of continuous resistance surfaces (rather than categorical 
surfaces) led to more accurate inference of landscape resist-
ance (Cushman and Landguth 2010; Peterman et al. 2019). 
Second, we used the gDistance() function in R package rgeos 
v.0.5–2 (Bivand and Rundel 2019) to calculate the distance 
from the centroid of each grid cell to the nearest polygon 
of each respective landscape feature. We considered this 
approach, as in some instances the suitability of a habitat 
feature may increase (e.g. distance from road infrastructure) 
or decrease (e.g. distance from water source) following a cer-
tain pattern. Similarly, the avoidance of certain man-made 
environmental features may increase or decrease depending 
on the distance from the features in question (e.g. distances 
from road infrastructure, built-up areas and mining activities; 
Kimmig et al. 2020).

Furthermore, based on the digital elevation model, we 
analysed the following features: (ix) elevation: a reduced-
resolution version of the digital elevation model; (x) slope: 
calculated from the reduced-resolution digital elevation 
model; (xi) roughness: the difference between the maximum 

and the minimum value of a grid cell of the reduced- 
resolution digital elevation model and its eight surrounding 
cells. We used R package raster v.3.1–5 (Hijmans 2020) to 
aggregate the 100 × 100 m grid cells of the original eleva-
tion model to 2000 × 2000 m grids and assigned the median 
elevation of the smaller grid cells to each new cell. We used 
the terrain() function of raster to calculate the slope and 
roughness of each cell (both in radians) using its eight neigh-
bouring cells.

Inter-individual genetic distance metrics are not all 
equally accurate in model selection in a landscape genetic 
framework (Beninde et al. 2023). Following Beninde et al. 
(2023), we therefore aimed to analyse the data using 28 dif-
ferent genetic distance metrics. We considered the following 
eight metrics: (i) Kc.Lo (referred to as Loiselle’s kinship 
coefficient Fij above); (ii) Kc.R (Ritland 1996); (iii) Rc.L&R 
(Lynch and Ritland 1999); (iv) Rc.Li (Li et al. 1993); (v) 
Rc.Q&G (Queller and Goodnight 1989); (vi) Rc.W (Wang 
2002); (vii) Rousset’s â (Rousset 2000); (viii) the propor-
tion of shared alleles DPS (Bowcock et al. 1994). With the 
exception of DPS, which was estimated using the R package 
adegenet 2.1.1 (Jombart 2008), all metrics were calculated 
using Spagedi. We furthermore considered 20 metrics that 
were derived from a principal component analysis (PCA) or 
the closely related factorial correspondence analysis (FCA). 
We used genetix to create an allele count contingency 
Table (0, 1, or 2) per individual for all alleles in the popula-
tion. Subsequently, we utilised the R package ade 4 1.7.13 
(Dray and Dufour 2007) to conduct FCAs and PCAs (with 
rescaled allele counts) on the contingency table, determining 
the position of each individual across axes ranging from 1 to 
10. Next, we employed the R package ecodist 2.0.1 (Goslee 
and Urban 2007) to generate genetic distance matrices based 
on the Euclidean distance between individual positions on 
an increasing number of axes (first matrix based on position 
on axis 1, second matrix based on positions on axes 1 and 
2, and so on) up to the first 10 axes. Please refer to Beninde 
et al. (2023) for further information on the characteristics of 
all distance metrics.

ResistanceGA is unlikely to perform meaningful  
optimisations based on a non-significant IBD slopes 
(B. Peterman, pers. comm.). We therefore first tested for the 
presence of a significant isolation-by-distance (IBD) pattern  
when employing each metric in the regression of genetic 
distance/relatedness metric against the natural logarithm of 
inter-individual straight-line geographic distances. Again, to  
reduce bias from the inclusion of pre-dispersal individuals,  
we performed these tests for adult females (N = 251), all 
adult males (N = 72) and all adult animals (251 females, 72 
males and 33 adults of unknown sex; Fig. 1b). The allele 
frequencies obtained from the complete data set were used 
in the separate analyses for males and females. In the case 
of the FCA- and PCA-based metrics, the position of each 

https://georep.nc/
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individual in the analysis of the complete dataset was used 
during the separate analyses for males, females and all  
individuals. We tested for significance by randomisation of 
spatial location using a custom-written R script (Appendix 
S1). We only performed the ResistanceGA optimisation for 
metrics that gave rise to a significant IBD pattern.

For each of the genetic metrics that fulfilled this criterion, 
we first used the SS_optim() command in ResistanceGA to 
optimise the resistance of all single environmental predic-
tors (Appendix S2). To check for convergence, we executed 
each optimisation run twice. We then used the resist.boot() 
command to perform 1000 iterations of a (pseudo-)bootstrap 
procedure (Appendix S2). This was done in order to assess 
the relative support of each optimised resistance surface and 
the robustness of the model selection results given differ-
ent sample combinations. In this procedure, individuals and 
resistance matrices are subsampled without replacement at 
each iteration, the MLPE model is refitted to different resist-
ance distance matrices and AICc scores are recalculated. We 
sampled 75% of the observations at each iteration. While 
we performed two optimisation runs for each predictor, we 
only used the results of the optimisation with the lower AICc 
value for bootstrapping.

We then performed multi-surface analyses using the 
MS_optim() function. For each genetic distance measure, 
we performed those analyses for all combinations of pre-
dictors that explained gene flow patterns better than the 
distance-only model (difference in AICc > 2) in the initial 
single-predictor analysis. However, when both versions of 
an environmental feature (the percentage of each feature 
within each grid cell and the distance from the centroid of 
each grid cell to the nearest polygon) explained gene flow 
better than distance, we only included the version with the 
lower AICc value in the multi-surface analysis. To check for 
convergence, we executed each optimisation run twice. We 
then used the resist.boot() function to perform a bootstrap 
procedure on the original better-than-distance models and 
the corresponding multi-surface models (1000 iterations, 
75% of the observations sampled at each iteration). We only 
used the results of the optimisation run with the lowest AICc 
value for bootstrapping.

Results

When analysing the complete dataset, five loci deviated from 
HWE after correcting for multiple test (BM1818, ETH225, 
OarCP26, OarFCB304, T156; P < 0.0156). However, our 
loci did not systematically deviate from HWE when analys-
ing geographically coherent subsamples (arbitrarily based 
on political boundaries). When subdividing the dataset into 
municipalities, all the loci were in HWE in nine of these 13 
pre-defined populations and no locus deviated from HWE 

in more than three municipalities (Table S2). Furthermore, 
only five different pairs of loci were in linkage disequilib-
rium across all 13 municipalities after correcting for multi-
ple tests. We did not find any evidence for the presence of 
null alleles. All loci were thus retained for further analysis.

Structure did not provide evidence for population genetic  
structure as the highest log-likelihood values were obtained 
for K = 1 (Fig. 2). Similarly, when performing spatial cluster-
ing of individuals, BAPS inferred a probability of p(S) = 1 
for the presence of one genetic population. The loci were 
characterised by an average of 3.4 alleles (SD 1.6; range 
2–7), an average observed heterozygosity of Ho = 0.526 (SD 
0.131; range 0.327–0.709) and an average expected hete-
rozygosity of He = 0.512 (SD 0.129; 0.337–0.750; Table 1).

Based on Loiselle’s kinship coefficient (Kc.Lo), we 
obtained a significant IBD pattern when considering all 
adults (slope = − 0.0022; s.e.: 0.0004; P < 0.001). How-
ever, when focusing on the different sexes, the IBD pattern 
was significant for females (slope = − 0.0017; s.e.: 0.0005; 
P < 0.001), but not for males (slope = 0.0021; s.e.: 0.0012; 
P = 0.228). The average axial mother-daughter distance (σ) 
was estimated to range between 0.62 km (effective density 
100 deer/km2) and 6.17 km (1 deer/km2). The average pair-
wise distance between females was 89.52 km (SD 66.28) and 
67.27 km (SD 64.07) between males, but males had larger 
maximal pairwise geographic distances than females (males, 
488.7 km; females, 332.0; Fig. S1).

Aside from Loiselle’s kinship coefficient (Kc.Lo), 
only the Kc.R, Rc.L&R and Rc.Q&G metrics gave rise 
to a significant IBD pattern both when considering adult 
females or all adults (Table S3). No other metric gave rise 

Fig. 2   Plot of the number of Structure clusters tested against their 
estimated log-likelihood
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to a significant IBD pattern in any of the three categories 
considered. When optimising landscape resistance sur-
faces based on adult females, no single environmental fac-
tor explained gene flow patterns better than the Euclidean 
distance between pairs of animals when using the Kc.Lo, 
Kc.R and Rc.L&R metrics for single-surface optimisation 
(Tables S4–S6). In the case of the Rc.Q&G metric, two 
environmental features explained gene flow patterns bet-
ter than the distance-only model (Table S7). However, the 
corresponding multi-feature model did not outperformed 
the best single-feature model (ΔAICc < 2; Table 2), but the 
best single-feature model distance to shrubland performed 
extremely poorly overall (mR2 = 0.0038).

When considering all adults, no single environmen-
tal factor better explained gene flow patterns than the 
Euclidean distance between pairs of animals when using 
the Kc.Lo and Kc.R metrics for single-surface optimisa-
tion (Tables S4–S5). In contrast, five and seven environ-
mental features explained gene flow patterns better than 
the distance-only model when using the Rc.Q&G and 
Rc.L&R metrics, respectively (Tables S6–S7). In the case 
of both metrics, no multi-feature model outperformed the 
best single-feature model (ΔAICc < 2; Tables 2 and 3). In 

both cases, the best single-feature model (Rc.Q&G: dis-
tance to shrubland; Rc.L&R: distance to roads) performed 
extremely poorly overall (Rc.Q&G: mR2 = 0.0043; Rc.L&R: 
mR2 = 0.0018).

Discussion

We analysed the population and landscape genetic structure 
of rusa deer in New Caledonia to identify natural barriers 
and understand landscape resistance in order to generate 
basic ecological knowledge that may help optimise man-
agement strategies. We did not find any evidence for the 
presence of population genetic structure, providing evidence 
for the population being interconnected across the whole of 
the Grande Terre Island and for the absence of significant 
movement barriers.

Our results are in line with the landscape only having a 
very limited effect on deer dispersal. The Bayesian cluster-
ing algorithms did not provide evidence for a genetic dis-
continuity in the study area. While the presence of an IBD 
pattern can also be indicative of the presence of genetic dis-
continuities (Guillot et al. 2009), we did not find evidence 

Table 2   Bootstrap results of the multi-surface ResistanceGA analy-
sis based on the Rc.Q&G (Queller and Goodnight 1989) metric as 
genetic distance. Analyses were performed for adult female rusa deer 
(a) and all adults (b). In the case of the all adults dataset, only (com-
bination of) features are shown whose model support was ΔAICc > 2 
relative to the distance-only model in the bootstrap analysis. We 
performed two optimisation runs for each predictor, but only used 

results of the optimisation with the lower AICc value for bootstrap-
ping. Land cover–based predictors were analysed either in terms of 
the percentage a feature within each grid cell (feature %) or as the dis-
tance from the centroid of each grid cell to the nearest polygon of the 
feature (feature: dist.). We performed the multi-surface analyses only 
for the predictors whose model support was ΔAICc > 2 relative to the 
distance-only model in the initial single-predictor analysis (Table S7)

Avg. AICc average of the AICc values obtained for each model in 1000 bootstrap iterations, k number of parameters, ΔAICc difference in the avg. 
AICc values between the best-supported model (lowest avg. AICc) and each subsequent model, Avg. rank average of the rank of each model in 1000 
bootstrap iterations, Avg. mR2 average marginal R2 of 1000 bootstrap iterations. Predictors are sorted according to increasing avg. AICc values

Predictor Avg. AICc k ΔAICc Avg. rank Avg. mR2

(a)
   Shrubland: dist  − 3055.2 4 0 1.5 0.0038
   Mines %  − 3053.9 4 1.3 1.9 0.0027
   Distance  − 3051.7 2 3.5 2.8 0.0019
   Shrubland: dist./mines %  − 3048.6 7 6.6 3.8 0.0038

(b)
   Shrubland: dist  − 6184.6 4 0 2.6 0.0043
   Ultramafic soil: dist./shrubland: dist  − 6181.3 7 3.3 4.8 0.0050
   Mines %  − 6179.3 4 5.3 6.8 0.0032
   Built-up areas: dist./shrubland: dist  − 6178.3 7 6.3 7.7 0.0043
   Open areas %  − 6178.8 4 5.8 7.9 0.0050
   Mines %/shrubland: dist  − 6177.9 7 6.7 9.0 0.0044
   Built-up areas: dist  − 6178.1 4 6.5 9.1 0.0049
   Open areas %/shrubland: dist  − 6177.8 7 6.8 9.2 0.0045
   Ultramafic soil: dist  − 6178.0 4 6.6 9.7 0.0066
   Open areas %/ultramafic soil: dist  − 6176.6 7 8.0 11.0 0.0053
   Distance  − 6174.1 2 10.5 15.3 0.0023
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for IBD when focusing on males. Landscape resistance only 
had a very minor, if any, role in the dispersal of rusa deer at 
the scale of the Grande Terre Island.

Depending on the chosen metric, either no single envi-
ronmental factor better explained gene flow patterns than 
the Euclidean distance or the best-supported models had 
extremely low power (mR2 ≤ 0.0043) to accurately predict 
the distribution of genetic distances among individuals based 
on landscape resistance models. Other individual-based 
landscape genetic studies have reported mR2 > 0.3 for the 
best ResistanceGA landscape resistance model (e.g. Kimmig 
et al. 2020; Bauder et al. 2021).

Following Vekemans and Hardy (2004), we chose Loi-
selle’s kinship coefficient Fij for estimating the extent of 
the fine-scale genetic structure in the dataset and to derive 
the axial mother-daughter distance. Our results showed 
a significant difference in patterns of fine-scale genetic 
structure between males and females. A similar result was 
obtained when comparing the IBD patterns of female and 
males using the Kc.R, Rc.L&R and Rc.Q&G metrics. These 
IBD patterns obtained using these four metrics thus sug-
gested that the dispersal of rusa deer in New Caledonia was 
male-biased, a result that has also been observed in red deer 
(Frantz et al. 2008). The absence of IBD implies in principle 
that male dispersal distances were large compared to the 
size of the study area (Guillot et al. 2009). While telemetry 
studies reported rusa deer to have home ranges of a few 
square kilometres (Moriarty 2004; Spaggiari and de Garine-
Wichatitsky 2006; Amos et al. 2022), there is also evidence 
for sub-adult males dispersing from high- to low-density 
deer areas in a study area in Australia (Moriarty 2004). It 
should be mentioned, however, that, in order to compare 
IBD patterns in a meaningful way, datasets should have simi-
lar distributions of pairwise geographic distances (Frantz 

et al. 2010). Here, maximum pairwise geographic distances 
were larger in males than in females, and the absence of IBD 
in males was thus not due to the analysis being performed 
over a smaller spatial extent. Nevertheless, we cannot com-
pletely rule out the possibility that the absence of an IBD 
pattern in males is an artefact of the sampling distribution.

Depending on the effective density, the average female 
dispersal distance was estimated to range between 0.62 and 
6.17 km. In favourable habitats, where effective densities 
are bound to be higher than 1 deer/km2, female dispersal 
distances are thus likely to be limited to a few kilometres on 
average. These distances must be interpreted with caution as 
effective density estimates were approximate and will vary 
by habitat type. In addition, in contrast to males (Moriarty 
2004), females possibly remain with their mothers at least 
for the first 2 years of their lives, as they do in red deer 
(Bützler 1986) and fallow deer (Dama dama; Heidemann 
1986). Some females with permanent incisors may thus 
not have dispersed yet, leading to an overestimate of the 
strength of the IBD slope and an underestimate of dispersal 
distances. Despite these caveats, female dispersal distances 
are likely to be small in relation to the size of the study area.

A potential problem with our analyses is that the initial 
introduction and range expansion may be too recent for the 
effects of mutation and drift to be at equilibrium (Fitzpatrick 
et al. 2012). After their introduction 150 years ago, the deer 
underwent a rapid expansion, colonising the whole island 
by the 1940s at the latest. Landguth et al. (2010) have per-
formed simulations to assess the time lag between creating a 
physical barrier and detecting a genetic signal. They showed 
that an individual-based landscape resistance approach using 
DPS as a genetic distance measure generally detected a new 
barrier 15 generations after its establishment. Furthermore, 
population genetic systems that are mainly characterised by 

Table 3   Bootstrap results of the multi-surface ResistanceGA analysis 
of adult female rusa deer based on the Rc.L&R (Lynch and Ritland 
1999) genetic metric. The results of the four best-supported models 
(out of a total of 59 models whose support was ΔAICc > 2 relative 
to the distance-only model in the bootstrap analysis) are shown and 
compared to the distance-only model. We performed two optimisa-
tion runs for each predictor, but only used results of the optimisa-
tion with the lower AICc value for bootstrapping. Land cover–based 
predictors were analysed either in terms of the percentage a feature 
within each grid cell (feature %) or as the distance from the centroid 
of each grid cell to the nearest polygon of the feature (feature: dist.). 

We performed the multi-surface analyses only for the predictors 
whose model support was ΔAICc > 2 relative to the distance-only 
model in the initial single-predictor analysis (Table  S6). Avg. AICc, 
average of the AICc values obtained for each model in 1000 bootstrap 
iterations; k, number of parameters; ΔAICc, difference in the avg. 
AICc values between the best-supported model (lowest avg. AICc) 
and each subsequent model; Avg. rank, average of the rank of each 
model in 1000 bootstrap iterations; Avg. mR2, average marginal R2 of 
1000 bootstrap iterations. Predictors are sorted according to increas-
ing avg. AICc values

Predictor Avg. AICc k ΔAICc Avg. rank Avg. mR2

Ultramafic soil: dist./roads: dist  − 13,035.3 7 0 7.7 0.0022
Mines: dist./ultramafic soil: dist./roads: dist  − 13,034.3 10 1.0 8.8 0.0024
Roads: dist./shrubland: dist  − 13,034.0 7 1.3 9.6 0.0022
Roads: dist./  − 13,033.7 4 1.6 16.1 0.0018
…
Distance  − 13,021.5 2 13.8 72.7 0.0011
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drift or that preserve genetic signals of historical connec-
tivity should not be characterised by isolation-by-distance 
patterns (Hutchison and Templeton 1999). The fact that 
we observe an isolation-by-distance pattern in females, but 
not males, is thus likely to be a genuine result indicative of 
female philopatry. Therefore, considering that we detected 
only a minor influence of the landscape on dispersal pattern 
and that male dispersal was large relative to the site of the 
study area, we believe that the absence of population genetic 
structure was a biologically meaningful result.

Conservation implications

One of the key measures of the management plan for rusa 
deer in New Caledonia has been the identification of ten 
priority areas for deer control operations. Large-scale con-
trol operations, including helicopter-based hunts, have been 
performed in three of these areas (Anonymous 2022). Our 
results showed that the deer formed a single genetic popula-
tion on the main New Caledonian island and had large dis-
persal distances, with gene flow barely affected by landscape 
features. It is uncertain whether a sufficiently large propor-
tion of deer is removed to effectively reduce population sizes 
within the management areas (Tron and Barrière 2016). In 
any case, our results suggest that the removal of deer from 
priority areas is likely to create a population sink, with natu-
ral dispersal offsetting the removal operations.

The obvious solution to controlling an interconnected 
population is to reduce deer population size to sustainable 
levels across the whole of Grande Terre. Even if large-scale 
helicopter-based operations could feasibly reduce island-
wide population densities, this approach is likely prohibi-
tively expensive (Tron and Barrière 2016) and would need 
to be repeated regularly. Moreover, despite their serious 
ecological impact, the deer are of major cultural and eco-
nomic significance. Venison constitutes a key source of 
animal protein for local communities and hunting plays an 
important role in the life of many New Caledonians (De 
Garine-Wichatitsky et al. 2004). It is thus far from certain 
that large-scale control, even if feasible, would gain societal 
acceptance (De Garine-Wichatitsky et al. 2004; Tron and 
Barrière 2016).
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