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Abstract
The dispersal tendencies of individuals can provide an important adaptive basis to counter 
environmental and ecological variation to increase fitness and benefit populations. We eval-
uated whether indirect genetic-based measures of dispersal of a large monitor lizard (Vara-
nus varius) were sex-biased and further covaried with putative demographic and ecological 
differences across a forest ecotone in Southern Australia. The mean corrected assignment 
index (i.e., mAIC) estimated that lace monitors had significant male-biased dispersal. There 
was strong evidence that common dispersal promoting influences, including lace monitor 
density and arboreal mammal prey availability, but not the overall male-biased sex ratio, 
differed with forest type across the ecotone. These different forest types influenced the 
extent of sex-biased dispersal, with lace monitors captured in banksia woodland having a 
significant male bias in dispersal, whilst lace monitors sampled in adjacent eucalypt forest 
showed no difference in assignment values indicating no sex-biased dispersal. However, 
individual-based spatial autocorrelation analyses and mixed effect models indicated no spa-
tial mediated genetic structuring nor evidence of sex or habitat-related effects. Estimates of 
recent migration (i.e., < 3 generations) indicated strong and symmetrical migration between 
banksia woodland and eucalypt forest patches suggesting limited habitat resistance to gene 
flow across an ecotonal landscape. Not discounting method-specific evidence for male- and 
forest-type-biased dispersal, the absence of spatial genetic structuring suggests lace mon-
itors retain a high dispersal capacity. An absence of landscape-scale genetic structure is 
consistent with this species’s high vagility. This landscape-scale result is further supported 
because only the most significant biogeographic barriers (e.g., mountain ranges) impede 
gene flow within the species’ extensive range distribution, allowing for genetic structuring 
among populations.
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Introduction

Dispersal, the movement of an individual and its genes, can strongly influence ecological 
dynamics at many biological levels (Gadgil 1971; Garant et al. 2007; Bonte et al. 2012; 
Clobert 2012; Jessop et al. 2018). Individuals differ considerably in their dispersal capaci-
ties because of complex interactions among adaptive processes (i.e., evolution and pheno-
typic plasticity) and environmental (e.g., habitat quality), demographic (e.g., population 
density) or phenotypic influences (Greenwood 1980; McPeek and Holt 1992; Baguette 
2003; Hendry et al. 2004; Massot et al. 2008; Clobert et al. 2009). For example, kin avoid-
ance is a major cue that individuals can use to inform dispersal (Clobert et al. 2009; Ste-
vens et al. 2014; Cayuela et al. 2018). Additionally, ecological factors such as low-quality 
habitats may induce animals to disperse into more favourable habitats, promoting source-
sink dynamics in landscape-scale population dynamics (Hanski 1999). Such examples 
highlight the importance of informed, compared to random, animal dispersal, which poten-
tially allows individuals to respond to environmental, demographic, life-history or pheno-
typic variation (Ronce 2007; Clobert et al. 2009).

Sex-biased dispersal can result from multiple selective pressures and is a typical exam-
ple of non-random dispersal in animals (Greenwood 1980; Pusey 1987; Trochet et  al. 
2016). Sex-biased dispersal is favoured if males or females experience different fitness 
costs associated with site philopatry. For example, the sex of an individual can influence 
fitness costs from intraspecific resource competition (Greenwood 1980), local mate com-
petition (Dobson 1982) or inbreeding (Pusey 1987). Parental care and sexual dimorphism 
are additional forces that govern the gender and extent of sex-biased dispersal (Trochet 
et al. 2016). The fitness cost of dispersal can be higher for the more dispersive sex than if 
it remained resident in its natal habitat (Hendry et al. 2004; Bonte et al. 2012; Jessop et al. 
2018). Additionally, landscape features (topography, habitat resource differences) can pro-
mote or suppress resistance to dispersal-related gene flow (Slatkin 1985). These processes 
may also interact with sex-specific drivers of dispersal to allow for spatially mediated vari-
ation in the extent of sex-biased dispersal within or among populations (Lane and Shine 
2011; Tucker et al. 2017).

Estimating sex-biased dispersal in animals can be achieved by both direct (e.g., mark-
recapture or biotelemetry) or indirect methods (e.g., molecular approaches) (Slatkin 
1985). Analyses of multilocus genotypes may offer a practical methodology for identify-
ing sex-biased dispersal in animal populations (Banks and Peakall 2012). Multiple sta-
tistical approaches can be used to evaluate sex-biased dispersal between or within pop-
ulations using molecular markers (Mossman and Waser 1999; Prugnolle and De Meeˆus 
2002; Peakall and Smouse 2012). In particular, individual-based statistical analyses such 
as assignment indices and spatial autocorrelation analyses are often used to evaluate pro-
cesses affecting the contemporary dispersal behaviours of organisms (Smouse and Peakall 
1999; Goudet et al. 2002). Frequentist and Bayesian “assignment tests” can be used to esti-
mate the probability that an individual’s genotype is drawn from either immigrants or resi-
dents within the population in which it was captured (Paetkau et al. 1995; Favre et al. 1997; 
Pritchard et al. 2000). Here it is expected that individuals of the most dispersive sex will 
exhibit frequency differences in their genotypes compared to more philopatric individuals 
because they will have a higher frequency of rare genotypes that belong to recent immi-
grants (Mossman and Waser 1999; Goudet et al. 2002; Banks and Peakall 2012). Another 
approach is to use tests that evaluate sex-related differences between pairwise individual 
genetic relatedness and geographic distance (Smouse and Peakall 1999). If one sex exhibits 
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sufficiently restricted gene flow (i.e., an absence of migrants) it can produce positive spatial 
autocorrelation (i.e. genetic structuring) because relatedness among genotypes decrease 
with geographic distance (Banks and Peakall 2012). There is good evidence from studies 
that concurrently used direct and indirect methods to indicate that genetic-based methods 
can accurately infer sex-biased dispersal (Goudet et al. 2002).

We used biparentally inherited markers (eight microsatellite loci), analyzed with 
molecular tests of sex-biased dispersal to explore differences in the gene flow (i.e., indi-
rect dispersal) of the lace monitor (Varanus varius) in a temperate coastal forest ecosystem 
of Southern Australia. Lace monitors are a sizeable predatory lizard (< 10 kg) distributed 
across Eastern and Southern Australia (Jessop et al. 2012, 2015; Smissen et al. 2013). Pre-
vious research shows that this species has limited genetic (i.e., mitochondrial and nuclear 
markers) structure over its vast distribution (Smissen et  al. 2013). Indeed lace monitors 
appear able to maintain gene flow (i.e., an absence of population genetic structure) across 
vast geographic scales (100 s-1000 s of km) (Smissen et al. 2013). Nevertheless, little is 
known about the drivers of lace monitor dispersal related gene flow at the landscape scale 
(i.e., 10 s of km). Aside from sex, lace monitors, at this spatial scale, are likely exposed to 
multiple cues or selective pressures that might affect their dispersal (Anson et al. 2014). 
Such processes could include spatial variation in habitat types, disturbance regimes and 
associated ecological resources that influence population densities that may select for dis-
persal differences among individuals. Thus evaluating how sex and or environmental fac-
tors might influence dispersal is essential to better understand what key processes affect 
lace monitor spatial population dynamics at this landscape scale.

For our first aim, we examined whether there is sex dispersal bias in lace monitors by 
estimating genetic differentiation and spatial genetic structure at a landscape scale. Most 
reptiles exhibit male-biased dispersal (Tucker et al. 1998; Keogh et al. 2006; Dubey et al. 
2008; Ujvari et al. 2008). However, some reptiles can have female-biased dispersal (Olsson 
and Shine 2003; Ryberg et  al. 2004) or lack sex-biased dispersal altogether (Lukoschek 
et al. 2008). The much larger body size of an adult male compared to a female lace moni-
tor suggests the presence of intrasexual competition (e.g. “local mate competition hypoth-
esis”), which could promote male-biased dispersal in these lizards (Dobson 1982; Trochet 
et al. 2016).

We measured if the two adjacent dominant forest types, banksia woodland and euca-
lypt forest, differed in lace monitor population density, sex ratio, and prey availability for 
our second aim. We measured these three factors because they are widely recognised as 
critical drivers of animal dispersal-related responses (Bohonak 1999; Clobert et al. 2009; 
Bonte et al. 2012). Suppose these processes indeed differ among forest types. In that case, 
it could provide a basis to test if key habitat associated differences also influenced mean 
or sex-related gene flow tendencies within this lace monitor population. For example, our 
study area occurred in an ecotone where the dominant vegetation communities transitioned 
from banksia woodland to mixed eucalypt forest. Such substantial habitat differences can 
also provide a basis for producing landscape-scale ecological resource gradients. Else-
where, ecotones have significant ecological consequences for individuals, populations and 
communities (Kark 2013), but their influence on landscape-scale animal dispersal is less 
obvious.

Our third aim evaluated if differences in lace monitor dispersal were evident between 
eucalypt forest and banksia woodland. Habitat mediated differences in gene flow could 
arise if this ecotone produces a spatial resource gradient or differs spatially in other dis-
persal selective processes. In that case, we may see increased gene flow in the more dis-
persive lace monitor sex occurring within low resource habitats compared to high resource 
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habitats. We may also see asymmetrical rates of gene flow between habitat types consistent 
with underlying habitat mediated source-sink dynamics (Cure et  al. 2017; Edelaar et  al. 
2017; Lowe and Addis 2019). Here we would predict that if there are significant resource 
differences in prey between forest types, lace monitor gene flow might increase from low 
into high-prey density habitat types. However, such asymmetrical gene flow could be 
opposed if high-prey density habitats also support greater densities of lace monitors. In 
this latter scenario opposing density-dependent could counter asymmetrical gene flow to 
promote otherwise similar rates of gene flow across the study area.

Materials and methods

Study area

This study was conducted in Cape Conran Coastal Park (37° 49’S, 148° 44’E) and the adja-
cent Murrungowar State Forest (37° 37’S, 148° 44’E) in East Gippsland, Victoria, Aus-
tralia (Fig. 1). Annual rainfall for the region averaged approximately 846 mm, and mean 
maximum and minimum temperatures ranged from 27.0 °C (January) to 4.7 °C (July) from 
2007 to 2011 (Bureau of Meteorology 2017). Climatic conditions were generally uniform 
across the study area, and elevation ranged from sea level to 350 m. The study area com-
prised 42,000 hectares of coastal lowland vegetation communities consisting mainly of two 

Fig. 1  Map of study area comprising coastal forest in East Gippsland, Victoria. This study area is over-
laid onto eucalypt forest-banksia woodland ecotone. The yellow polygon represents individuals captured 
within coastal eucalypt forest, and the green polygon represents individuals captured in banksia woodland. 
Points represent the individual capture locations of lace monitors with males represented by black points 
and females by pink points
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widespread vegetation types: coastal woodland dominated by Banksia serrata and Bank-
sia integrifolia, with emergent eucalypts and a shrub-rich understorey; and lowland forest 
dominated by Eucalyptus sieberi and Eucalyptus globoidea, with a diverse understorey of 
shrubs, grasses and herbs (see Anson et al. 2013).

Study species

Lace monitors are common semi-arboreal predators in the study area and reach consider-
able length (2.1 m) (Jessop et al. 2012; Smissen et al. 2013). This species has a generalist 
diet, where typical prey items include insects in juveniles and arboreal mammals, birds 
and eggs in adults (Jessop et al. 2010; McCurry et al. 2015). This species is very active 
during the summer months, and adult males use large home range areas (i.e. an average of 
65 ± 34 ha) (Weavers 1993; Jessop et al. 2013).

Lace monitor sampling design, capture and genetic sampling

Three annual summer (December to January) surveys were conducted to capture lace moni-
tors at or between 76 fixed trapping sites across the study area. Each site (a 1 ha forest area) 
was spaced at a 2 km interval. Lace monitors were captured using traps (methods detailed 
below) or a lasso pole in banksia woodland (N = 63) and eucalypt forest (N = 48) distrib-
uted across the study site (Fig. 1). Captures in each summer (commencing in November 
2007 and ending in January 2010) were centred around 76 fixed trapping locations. Across 
the three summers, we obtained 111 genetic samples from adult lace monitors of mixed-
sex (N = 35 F: 76 M; sex determination explained below). There was no evidence of spa-
tial sampling differences between male and female lace monitors across the sampling area 
(Fig. 1).

We maintained a consistent survey effort (6 days) and sampling design over the study 
duration, resulting in 35, 36 and 40 lace monitor genetic samples obtained in each annual 
sampling period.

Following lace monitor capture, we restrained each lizard to collect 0.5  ml of blood 
from the ventral coccygeal vein using a 22G needle attached to a 3 ml syringe (Scheel-
ings and Jessop 2011). Blood was transferred into tubes and stored in blood lysis buffer to 
preserve DNA until subsequent genetic analyses. All lizards were marked with a passive 
integrated transponder to prevent duplication in blood samples among years and released at 
their capture point.

Microsatellite screening and genetic sex determination

Genomic DNA was extracted from blood (~ 20 µl) in lysis buffer using DNeasy® Blood 
and Tissue Kit (250), following the manufacturer’s protocol (Qiagen Inc., Valencia). Eight 
polymorphic microsatellite loci were used to genotype individuals sampled across the 
study site. The eight loci were successfully cross amplified from five microsatellite loci 
developed for V. komodoensis (K24, K23, K22, K20, K9; (Ciofi et al. 2011)), and three loci 
developed for V. acanthurus (Va34, Va25, Va7; (Fitch et al. 2005)).

DNA amplifications were done in a 20µL total volume, containing ~ 10 ng DNA, 1 unit 
GoTaq (Promega), 0.25 µM of each fluorescently labelled primer and  mqH2O to make up a 
total volume of 20µL. A touchdown PCR protocol was used as follows: initial denaturation 
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of 94 °C for 5 min, followed by two cycles of 94 °C for 30 s, an annealing step of 65 °C 
for 30 s and 72 °C for 90 s; this cycle was repeated with annealing temperatures of 60 °C, 
55 °C and 50 °C (two cycles each) and a final annealing temperature of 48 °C for 30 cycles. 
Then a final extension step at 72 °C for ten minutes. Negative controls were included in 
each reaction, and amplifications were checked on a 1.2% agarose gel or on the QIAx-
cel System (Qiagen). Fragment analysis of PCR products was undertaken at the Australian 
Genome Research Facility on an ABI3730 DNA Analyser and analysed using ABI Gen-
eMapper software.

Null alleles were tested using MICRO-CHECKER v. 2.2.3 (Van Oosterhout et al. 2004). 
GENEPOP v. 4.1.0 (Rousset 2008) was used to test for linkage disequilibrium between 
pairs of loci. Heterozygote deficit and excess were tested using exact tests in GENEPOP 
v. 4.1.0, and a posthoc Bonferroni test (Rice 1989) was applied. Bias-corrected FIS were 
calculated, with the Robertson & Hill’s value preferential for populations with low genetic 
diversity (Raufaste and Bonhomme 2000). GENALEX v. 6.5 (Peakall and Smouse 2006) 
was used to calculate the effective number of alleles (AE), observed (HO) and expected 
(HE) heterozygosity, and departures from Hardy–Weinberg equilibrium (HWE). We pre-
sent these results in the supplementary material (Table  S1). The absence of sex-linked 
markers was confirmed by the presence of heterozygous males at each loci (Table S1) in a 
species with a ZW female/ZZ males sex determination system (Iannucci et al. 2019). There 
was also no statistical evidence supporting that male and female lace monitors significantly 
differed in their allelic distributions at any of the eight loci (Tables S2-S9; Figures S1-S8).

The sex of lace monitors is challenging to infer from external morphology, and conse-
quently, we used genetic sexing techniques to assign sex to each individual captured (Jes-
sop et al. 2012). Lizards were genetically sexed using 2 sets of PCR primers that amplified 
sex-specific alleles (Halverson and Spelman 2002). Amplifications were performed in a 
20µL total volume, containing 2µL of DNA (diluted 1:10 in TE buffer), 10µL Gotaq (Pro-
mega), 0.5µL of each primer (10 µM) and 7µL of  H2O. PCR amplifications were performed 
on a Corbett Palm-Cycler using a touchdown thermal cycle program with the following 
parameters: initial denaturation @ 94 °C for 5 min, followed by two cycles of 94 °C for 
30 s, an annealing step @ 65 °C for 30 s and 72 °C for 90 s; 2 cycles each with annealing 
temperatures of 60 °C, 55 °C and 50 °C; 30 cycles with an annealing temperature of 48 °C; 
then a final extension step of 10 min @ 72 °C. Amplified PCR products were run on a 1.2% 
agarose gel, and amplification patterns were compared to those of a male and female whose 
sex had been verified anatomically. One bright band indicated female, and multiple fainter 
bands indicated male for both primer combinations.

Analysis of sex effects on lace monitor dispersal

We used three complementary genetic statistical based tests to analyze sex-specific dif-
ferences in lace monitor dispersal patterns. The first approach was to use an assignment 
index test implemented in FSTAT version 2.9.3 (Paetkau et al. 1995; Favre et al. 1997; 
Goudet 2001; Goudet et al. 2002). This software calculated the mean corrected assign-
ment index (mAIC) and the mean–variance of the corrected assignment index (vAIC) 
of  AIC  and gene diversity (HS) for each sex. The assignment index in (Goudet et  al. 
2002) was calculated for each lace monitor genotype. This equation estimates allele 
frequencies to calculates the expected frequency of each individual’s genotype at each 
locus. Then by multiplying the expected frequency of each genotype across all loci it 
produces a probability value for each individual. This value is log transformed to give 
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a log likelihood of occurrence and the AIc value is the calculated as the individual’s 
log likelihood minus the mean log likelihood from all individuals (i.e., the mean value) 
sampled within the study area (Favre et al. 1997). Statistical significance for sex related 
differences in these indices was determined using a Mann Whitney U-test with 10,000 
randomizations.

A bias in dispersal between the sexes should be reflected in a statistically signifi-
cant difference between males and females in the estimated parameters. Lace monitors 
with positive AIC values indicate individuals that were residents in the study area (i.e., 
highly philopatric). Individuals with negative AIC values indicate those genotypes that 
are less likely to occur randomly in the population (i.e., as expected from immigrants). 
Thus, on average, the dispersive sex should possess a negative mAIC compared to the 
more philopatric sex’s mAIC. This assignment test was selected because both empirical 
studies and simulated data have shown that this test is robust at estimating sex or other 
phenotypic biases in animal dispersal (Banks and Peakall 2012). For the same reason, if 
the dispersive sex possesses a higher proportion of immigrants and thus rarer genotypes 
(i.e., increased allelic composition and diversity), it would be expected that the vAIC 
and Hs is higher than that of the more philopatric sex (i.e. common genotypes) (Goudet 
et al. 2002; Wang et al. 2020).

Second, we used spatial autocorrelation analyses to compare the pairwise relation-
ship between the genetic and spatial distance of male and female lace monitors using 
GENALEX v.6.5 (Peakall and Smouse 2006). We used 0.25, 0.5, 1, 2, 5 and 10 km dis-
tance classes for both sexes to capture the relevant ecological scale at which lace moni-
tor dispersal processes might occur while maintaining an adequate sample size within 
each distance class. This method estimates the autocorrelation coefficient (r) at each 
predefined distance interval. Whereby r (range: -1 to 1) measures the genetic similarity 
between all pairs of individuals whose geographic separation falls within each distance 
class. Each analysis was conducted using a permutation procedure with 999 simulations 
to test for deviations from zero and 1000 bootstraps to estimate the confidence inter-
vals around r. A heterogeneity test based on ω (Omega) was used to test for significant 
departures (α = 0.01) from the null hypotheses of no geographic pattern in the genetic 
structure of each sex (Peakall and Smouse 2006; Banks and Peakall 2012). To infer 
sex-biased dispersal, we assessed for a significantly positive relatedness coefficient (i.e. 
where the mean r and associated 95% credible intervals do not overlap zero) within 
the first distance interval of each sex to provide evidence of increased relatedness due 
to increased philopatry (i.e. restricted dispersal) among individuals (Banks and Peakall 
2012).

Third, we tested associations between geographic distance and pairwise genetic dis-
tances for each sex using a linear mixed effect model (LMM) incorporating a maximum 
likelihood population effect (MLPE). These models were run using lme4 (Bates et al. 2015) 
in R. These models incorporate a random effect structure to control nonindependence 
among pairwise genetic and geographic data (Clarke et  al. 2002; Peterman et  al. 2014). 
Individual based pairwise genetic distance (i.e., codominant genotypic distance estimated 
in GENALEX v.6.5) was used as the dependent variable, and log-transformed Euclidean 
geographic distance was included as the dependent factor in models. For geographic dis-
tance to have a significant effect, we considered that the beta coefficient for genetic dis-
tance must produce 95% confidence intervals that did not overlap zero. We also calculated 
the Marginal  R2 for further inference to assess the strength of the association between geo-
graphic and genetic distance for each lace monitor sex using the MuMIn package (Barton 
and Barton 2019).
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Effects of forest type on lace monitor abundance, sex ratio, and preferred prey

To consider if the distinct transition in vegetation communities (i.e., forest type) influ-
enced ecological processes that might affect lace monitor dispersal across the study 
area, we measured lace monitor abundance, sex ratio, and preferred prey (i.e., possums 
and gliders) resources in the two ecotonal forest types. The methods for estimating these 
measures are defined below:

Estimates of habitat‑specific lace monitor population density estimates

Six repeated count surveys of lace monitors were conducted in the summer (December 
to January) of 2008/2009 at 76 sites using detections tallied daily from four concurrent 
sampling methods; box traps, baited sand pads, and visual count methods (Anson et al. 
2013, 2014; Jessop et al. 2016). Each site was 500 m long and spaced 2 km apart along 
management tracks; this interval ensured spatial independence as it greatly exceeded 
the maximum home range area of lace monitors (Weavers 1993). Aluminium box traps 
(2 × 0.3 × 0.3 m) were positioned randomly along each transect and left in-situ for six 
days per sampling occasion, baited with beef infused with tuna emulsion oil. Visual sur-
veys of tracks and adjacent forest were conducted by two observers driving at 10 km/h 
during the hottest hours of the day. Mixed searches recorded lace monitors opportun-
istically whilst observers were at each site conducting other activities (e.g., walking to 
check traps and sand pads) or driving through them (40 km/h). Climatic conditions can 
potentially influence the activity of these poikilothermic animals. Therefore surveys 
were restricted to days with reduced cloud cover and mean daytime temperatures above 
26 °C(Jessop et al. 2013).

We used the Royle-Nichols abundance induced heterogeneity model to estimate lace 
monitor abundance at each site in PRESENCE v12.1 (Hines 2006). The model estimates 
the parameters λ and r, representing average abundance per sampling station and innate 
species detectability, respectively (Royle and Nichols 2003). These models were fitted 
with a Poisson distribution. We compared four models where λ was modelled with and 
without the effects of forest type or where detection rate was considered invariant across 
surveys or as survey-specific (i.e., complete identity) in all models (i.e. λ. and r). A null 
model was also compared to ensure that the top model produced a better fit to the data 
than chance alone. We ranked models using Akaike Information Criterion adjusted for 
small sample sizes  (AICc) and Akaike weights to assess the relative support for each 
model (Burnham and Anderson 2003). Models with ∆AIC < 2 from the top-ranked 
model were considered substantially supported, provided that the null model did not 
receive similar support.

Estimates of habitat specific lace monitor sex ratio

From using data produced by using the genetic sexing techniques to assign sex to each 
individual captured, we assessed for significant sex ratio bias. We first used a one-sample 
binomial test to test if the sex ratio differed from parity. Next, we used a generalised linear 
model with a binomial distribution and logit link to test the effect of habitat differences on 
sex ratios.
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Estimates of habitat specific prey population abundance

To estimate the relative abundance of common prey of lace monitor, we counted seven 
marsupial possums and glider species across the forest ecotone using 76 transects overlaid 
onto lace monitor sampling sites (Jessop et al. 2010; Anson et al. 2014). Each transect was 
500 m long and spaced 2 km apart along management tracks; this interval ensured spatial 
independence as it greatly exceeds these marsupials’ maximum home range areas. We per-
formed six repeated nocturnal (7 pm- 12 am) counts of possums and gliders along each 
transect over two years between January 2008 and December 2009.

We again used a Royle-Nichols abundance induced heterogeneity model to estimate 
arboreal possums and glider abundance (λ) at each site. We compared four models where λ 
was modelled with and without the effects of forest type or where detection rate was con-
sidered invariant across surveys or as survey-specific (i.e., full identity) in all models (i.e., 
λ. and r). A null model was also compared to ensure that the top model produced a better fit 
to the data than chance alone.

Effects of habitat type on lace monitor gene flow

To evaluate the effect of habitat variation on sex-biased dispersal, we assigned individuals 
to their respective habitat types recorded at capture. We used the mean corrected assign-
ment index and spatial autocorrelation analyses to test for habitat effects on sex-biased dis-
persal. Next, we used BayesAss (ver. 3.04; Wilson and Rannala 2003) to estimate recent 
migration rates (i.e., within the last one to three generations) among and within banksia 
woodland and eucalyptus forest. This program allows the estimation of asymmetrical 
gene flow using a Bayesian clustering algorithm (Markov chain Monte Carlo; MCMC) to 
make inferences about levels of migration (i.e., the proportion of migrants between 0 and 
1) and population inbreeding using diploid neutral genetic markers. We used the follow-
ing settings: number of iterations, 10,000,000; sampling frequency, 100; length of burn-
in, 1,000,000. The delta (D) values were set to 0.50, 0.30 and 0.80 for allele frequency, 
migration rate and inbreeding, respectively, to ensure good mixing and adequate sampling 
from the posterior distribution. We constructed 95% confidence intervals around the mean 
recent migration rates as mean ± 1.96 * standard deviation. Some BayesAss runs can have 
poor MCMC sampling, where values approach the bounds of the priors (Faubet et al. 2007, 
Meirmans 2014). Hence, following the protocol Faubet et  al. (2007) suggested, we ran 
BayesAss 10 times under identical conditions but with different random number seeds. We 
then calculated the Bayesian deviance information criterion (DIC) value for each run and 
reported the estimated dispersal rates using the run with the lowest DIC value (Faubet et al. 
2007, Meirmans 2014).

Results

Measures of sex‑biased dispersal

We used genotypes from 111 lace monitors genetically sexed (i.e., using PCR) as 35 
females and 76 males. Our first analysis of sex-biased dispersal estimated that male lace 
monitors had a mean negative mAIc value (-0.260 ± 0.193) that was significantly different 
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(Mann–Whitney U test: Z = 2.735, P = 0.006) from the mean positive mAIc (0.594 ± 0.246) 
value estimated for females (Fig. 2A). The  Hs scores also significantly differed (P = 0.007) 
between males (0.68) and females (0.64). These results indicated that males comprised a 
higher proportion of rarer genotypes indicative of a greater number of male migrants in 
the study area. In contrast, females were estimated to have an overall mean positive mAIc 
value, indicating that females on average showed a greater similarity in genotypes and evi-
dence of greater philopatry. However, it is important to note that some females also had 
negative AIc values (i.e., 9 of 35 individuals) suggesting that some females were possible 
immigrants into the population (Fig.  2A). The vAIc score was not significantly different 
(P > 0.05) between males (14.95) and females (9.52).

Spatial autocorrelation analyses, pending the distance class (i.e., 0.25, 0.5, 1, 2, 5 and 
10 km), indicated significant spatial heterogeneity in the genetic structure between and 

Fig. 2  The mean assignment index values (± SEM) (blue dots) were estimated for male and female lace 
monitors across the entire study area (A) and within banksia woodland and eucalyptus forest (B). Individual 
lace monitor assignment values are presented along with the sex specific distribution of these values. Sam-
ple sizes (N) for each group are reported below each figure
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within male and female lace monitors (Table  1). Generally, females exhibited greater 
spatial heterogeneity in genetic structure than males. However, there was no evidence 
of sex-biased dispersal, given the lack of significant positive relatedness within the first 
distance interval estimated at any distance class (Fig. 3; Fig. S9). There was no evidence 
of significant associations between geographic distance and pairwise genetic related-
ness in male (LMM: β = 0.001 ± -0.001 – 0.012 [95% confidence intervals]; marginal 
 R2 = 0.001) and female (LMM:  β = -0.051 ± -0.161 – 0.064; marginal  R2 = 0.001) lace 
monitors.

Table 1  Results of heterogeneity 
test based on ω (Omega) to test 
for deviations from the null 
hypotheses of no pattern in 
spatial genetic structure between 
or within each lace monitor sex

Following Banks and Peakall (2012), the significance of the test is 
declared when P < 0.01
Significant distance specific heterogeneity tests are denoted by bold 
P-values

Male vs. Female Female Male

Distance 
class (km)

ω P-value Ω P-value ω P-value

0.25 486.45 0.001 496.72 0.00 463.08 0.00
0.5 223.93 0.001 253.76 0.00 218.18 0.01
1 109.53 0.017 126.49 0.00 101.63 0.06
2 49.17 0.164 57.92 0.03 49.79 0.14
5 19.25 0.238 25.48 0.08 19.27 0.23
10 10.75 0.232 9.16 0.31 11.02 0.22

Fig. 3  Examples of spatial correlogram plots reporting the genetic correlation coefficient (r) as a function of 
distance for female (A-B) and male lace monitors (C-D) at two different distance classes (1 and 5 km). The 
bootstrapped 95% confidence interval error bars are shown. Where both the upper and lower confidence 
intervals do not cross zero within a specific distance interval, individuals can be considered more signifi-
cantly related (error bars for r > 0) and hence philopatric; or less significantly related and comprise migrants 
(error bars for r < 0) than the mean relatedness of individuals (r = 0). The pairwise sample size for each dis-
tance interval is reported by the number at the top of each error bar



998 Evolutionary Ecology (2022) 36:987–1006

1 3

Effect of forest type on lace monitor abundance, sex ratio, and preferred prey

There was evidence that eucalypt forest and banksia woodland were associated with sig-
nificant differences in two of the three common processes influencing animal dispersal. 
Model ranking of Royle-Nichols models indicated a strong forest type effect (untrans-
formed B = 0.66 ± 0.24; wi = 0.86) compared to the null model (ΔAICc = 3.79; wi = 0.06) 
on lace monitor site abundance (Table 2a). This index of population density was estimated 
to be nearly two-fold higher in banksia woodland (5.41 ± 0.99 individuals/site) compared 
to sites sampled in eucalypt forest (2.79 ± 0.79 individuals/site) (Fig. 4A). Lace monitors 
demonstrated a significant male bias (1.9 M: 1 F) within the study population (One sam-
ple binomial test: -3.091, P < 0.002). However there was no evidence of a significant for-
est type-related effect (B = -0.308, 95% CI = -1.35—-0.29) on sex ratio (GLM: χ2 = 0.68, 
P = 0.41, Fig. 4B).

Model ranking of Royle-Nichols models again indicated a strong effect of forest type 
(untransformed B = 0.78 ± 0.14; wi = 1) compared to the null model (ΔAICc = 91.12; 
wi = 0.00) on possum and glider abundance (Table 2b). With possum and glider abundance 
being greater in banksia woodland (6.59 individuals/transect, CI = 4.96—8.77) compared 
to transects surveyed in eucalypt forest (3.01 individuals/transect, CI = 2.29 -3.97; Fig. 4C).

Effects of forest type on sex‑biased dispersal and migration rate

Population-level assignment analyses estimated a significant difference in mAIc value 
between male and female lace monitors in banksia woodland (Mann–Whitney U test: 
Z = 2.133, P = 0.033). However, there was no difference in genetic structure between male 
and female mAIc values sampled in the eucalypt forest (Mann–Whitney U test: Z = 0.097, 
P = 0.922) (Fig. 2B). Spatial autocorrelation analyses indicated no evidence of a habitat by 
sex effect on spatial genetic heterogeneity nor evidence that habitat type influenced sex-
biased dispersal, given the lack of significant positive relatedness within the first distance 
interval (Fig. 3E). BayesAss analyses estimated that non-migrant lace monitors comprised 
the majority of individuals sampled within each forest type (~ 75% of individuals) (Fig. 5). 

Table 2  Model selection results of site abundance (λ) and probability of detection (r) of lace monitors (a) 
and possum and gliders (b; i.e. prey resources) estimated using Royle–Nichols heterogeneity models

Column headings include AIC, Akaike Information Criterion; ΔAIC, the difference between AIC of the 
target model and the most parsimonious model; ω, model weight; model likelihood; K, number of estimated 
parameters; and LogLik, the model log-likelihood

Model AIC ∆AIC ω Model likelihood K LogLik

(a) Lace monitors
λ (forest type), r(.) 1062.88 0.00 0.86 1.00 3.00 1056.88
λ (.), r(.) 1066.67 3.79 0.13 0.15 2.00 1062.67
λ (forest type), r(survey) 1072.48 9.60 0.01 0.01 8.00 1056.48
λ (.), r(survey) 1076.26 13.38 0.00 0.00 7.00 1062.26
(b) Possums and gliders
λ(forest type), r(survey) 1672.28 0.00 1.00 1.00 8.00 1656.28
λ (.), r(survey) 1700.54 28.26 0.00 0.00 7.00 1686.54
λ (forest type), r(.) 1733.38 61.10 0.00 0.00 3.00 1727.38
λ (.), r(.) 1763.40 91.12 0.00 0.00 2.00 1759.40
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Fig. 4  Effect of forest type on 
mean lace monitor- site abun-
dance (A); sex ratio (B), and on 
the mean transect counts (with 
95% CIs) of possum and gliders 
(i.e., prey) (C)
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However, there was strong evidence for near equal bi-directional migrant exchange 
(25%–26% migrant movement) between both forest types. These results indicated that hab-
itat type did not affect migration across the study area.

Discussion

Studies that evaluate if informed, unlike random, dispersal is present within a population 
are essential to document if its individuals have the adaptive capacity to alter movement 
and gene flow tendencies to improve fitness (Clobert et  al. 2009). Sex-biased dispersal 
is a common example of adaptive dispersal as it allows individuals of the dispersing sex 
to avoid fitness costs associated with spatial philopatry (Greenwood 1980; Trochet et  al. 
2016). We found method-specific evidence of sex-biased and forest type influenced dis-
persal in lace monitors. The mean assignment index (mAIc) method indicated evidence 
of a male sex-biased dispersal in lace monitors. Here increased dispersal was inferred by 
male lace monitors having a more negative mean assignment value than females to indicate 
that males are more likely than average to be recent immigrants into the local population 
(Mossman and Waser 1999; Goudet et al. 2002).

Male biased dispersal in lace monitors is consistent with findings from other reptiles 
that also report males being the more dispersive sex (Keogh et al. 2006; Ujvari et al. 2008, 
François et al. 2021). The operational sex ratio of this lace monitor population appeared 
strongly male-biased, and this attribute may provide an important basis for intrasexual 
competition and hence selection for male-biased dispersal in this species (King and Green 

Fig. 5  Lace monitor recent 
migration rates (± SD) estimated 
using the BayesAss program. 
Significant migration rates 
indicate bolded values with a 
95% confidence interval that do 
not span zero and thus indicate 
significant migration from the 
source destination
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1999, Trochet et  al. 2016). If so, male-biased dispersal, as advocated for other species, 
could reduce competition or inbreeding among male lace monitors (Greenwood 1980; 
Goudet et al. 2002). Conversely, genetic evidence of increased philopatry for female lace 
monitors may provide a basis for increased fitness by allowing individuals to exploit local 
habitat resources of known quality, including nesting sites, rather than dispersing into hab-
itats of unknown and possibly inferior quality (Hendry et  al. 2004; Jessop et  al. 2018). 
Additionally, phenotypic differences at the time of dispersal, such as body size, could fur-
ther impose sex-specific dispersal costs during dispersal and add to the adaptive basis of 
male-biased dispersal in lace monitors (Bonte et al. 2012).

The forest type in which individuals were captured was also associated with differences 
in the mean assignment index of each sex. In particular, male lace monitors reported a 
strong negative mean assignment index value in banksia woodland compared to no differ-
ences in eucalypt forest. These results suggest that ecological or environmental processes 
within this forest type could influence male-biased dispersal across the population (Fraser 
et al. 2004). Our measures indicated that banksia woodland had an almost two-fold higher 
lace monitor and arboreal prey abundance than the adjacent eucalypt forest, which may pro-
vide two possible explanations for this difference. Animal dispersal is widely recognised as 
a density- and habitat quality-dependent process with higher dispersal rates generally pre-
dicted out of higher-density and poorer quality habitat patches (Clobert et al. 2004; Bowler 
and Benton 2005; Clobert 2012). The higher dispersal of male lace monitors in banksia 
woodland might reflect their responses to counter-selection from increased local popula-
tion densities that could increase both resource or kin competition. The absence of sex-
biased dispersal in the eucalypt forest is also intriguing. It may suggest that selection for 
sex-biased dispersal is weaker in this forest type, possibly as an advent of lower lace moni-
tor population densities reducing intraspecific competition. Other forest type-dependent 
processes, including structural habitat resistance that impedes movement to alter dispersal 
costs, could be conceived as additional mechanisms that might attenuate sex-biased disper-
sal in this forest type. Similarly, we cannot discount that because of the smaller sample size 
obtained from eucalypt forest that we simply lacked statistical power to demonstrate that 
this habitat type was also associated with sex biased dispersal in lace monitors (Berry et al. 
2004). Further experimental research is needed to tease apart which mechanisms may lead 
to sex and habitat-related differences in lace monitor genetic differentiation.

Importantly, other tests used in this study did not detect similar evidence of sex or habi-
tat biased dispersal in lace monitors. First, we did not detect sex-related differences in the 
variance associated with assignment values (i.e., vAIc). While this test can provide a more 
robust inference to assess sex-biased dispersal than the mean value (Goudet et al. 2002). It 
also rapidly loses sensitivity to detect differences in dispersal between the sexes when there 
is some capacity for both sexes to disperse or because there is insufficient power to detect 
differences due to small sample sizes (Goudet et al. 2002). For example, other studies have 
indicated that non-significant differences in vAIc arise when both male and females can 
disperse (Mossman and Waser 1999; Goudet et al. 2002). Thus, we interpret these results 
to suggest that while males contain a greater proportion of rare migrant associated geno-
types, females too contain sufficient migrants (i.e., negative AIc values) to limit statistical 
differences in the mean variance of assignment values between each sex.

Additionally spatial autocorrelation analyses, linear mixed effect models and Bayes-
ian assignment tests provided no evidence of sex or habitat biased lace monitor dis-
persal. These results arose because either sex or habitat types produced non-significant 
trends between genetic and geographic distance or because different habitat types con-
tained and high and similar levels of immigration. These results clearly point to the 
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absence of spatial genetic structuring within the population. Fine scale genetic structure 
within populations can be weak or non-existent for several reasons (Smouse and Peakall 
1999). For example, even if there is a difference in the proportion of dispersers within 
each sex, the less dispersive sex may maintain enough ongoing dispersal that sees 
gene flow prevent fine scale genetic structure from arising within a sex. Furthermore, 
given lace monitors, possess extensive daily movements, large home ranges, promiscu-
ous mating and are dietary generalists (Guarino 2001, 2002; Jessop et al. 2012, 2018). 
These traits are expected to promote ongoing gene flow that negate genetic drift or the 
physical clustering of related genotypes and limit spatial genetic structuring within pop-
ulations (Smith et  al. 1996; Aguillon et  al. 2017). Similarly, the high level of largely 
symmetrical migrant exchange (i.e. > 20%) between forest types suggests an impressive 
dispersal capacity of lace monitors across this complex landscape. Indeed, it is likely 
that the absence of fine scale genetic structuring at the landscape scale and relatively 
high rates of migration explain why this species can maintain current gene flow across 
vast areas of its extensive range distribution (~ 2 million  km2), with inter-population 
genetic structuring only recorded at Eastern Australia’s most significant biogeographic 
barriers (Smissen et al., 2013).

We also recognize that the capacity of multilocus spatial autocorrelation analyses to 
detect sex-biased dispersal can be strongly influenced by sample size and, to a lesser 
extent, the number of loci evaluated (Berry et al. 2004; Banks and Peakall 2012). Again, 
it is possible our study lacked adequate and predominantly female sample sizes to apply 
these three methods successfully. Adding additional samples and loci are now needed to 
discount if lace monitors definitively lack sex or habitat informed gene flow across the 
different statistical methods used in this study.

In conclusion, adaptive dispersal is widely regarded as a critical trait that can influ-
ence fitness and metapopulation function in species responses to environmental and 
ecological change (Clobert et  al., 2009). However, for any animal to alter its disper-
sal, it inevitably requires the sensory capacity to register changes in potentially multi-
ple selections and counter-selection processes operating within their environment. Our 
study shows method dependent evidence of sex and habitat-related effects on disper-
sal in lace monitors, suggesting the possibility of this species adaptively responding to 
demographic or ecological variation at the landscape scale. Moreover, evidence of high 
dispersal capacity suggests that this species can attenuate the effects of ecological or 
environmental processes that could otherwise lead to genetic structuring within the pop-
ulation at the landscape scale.
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